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Preface

I wrote the � rst edition of Human Physiology to provide my 
students with a readable textbook to support the lecture 
material and help them understand physiology concepts they 
would need later in their health curricula and professions. 
This approach turned out to have very wide appeal, which 
afforded me the opportunity to re� ne and update the text 
with each new edition. Writing new editions is a challenging 
educational experience, and an activity I � nd immensely 
enjoyable. Although changes have occurred in the scienti� c 
understanding and applications of physiological concepts, 
the students using this twelfth edition have the same needs 
as those who used the � rst, and so my writing goals have 
remained the same. I am thankful for the privilege of being 
able to serve students and their instructors through these 
twelve editions of Human Physiology.

�Stuart Ira Fox

Features
What Sets This Book Apart?
The study of human physiology provides the scienti� c 
foundation for the � eld of medicine and all other professions 
related to human health and physical performance. The scope of 
topics included in a human physiology course is therefore wide-
ranging, yet each topic must be covered in suf� cient detail to 
provide a � rm basis for future expansion and application. The 
rigor of this course, however, need not diminish the student�s 
initial fascination with how the body works. On the contrary, a 
basic understanding of physiological mechanisms can instill a 
deeper appreciation for the complexity and beauty of the human 
body and motivate students to continue learning more.

�The rigor of this course, however, need not 
diminish the student�s initial fascination with how 
the body works. On the contrary, a basic 
understanding of physiological mechanisms can 
instill a deeper appreciation for the complexity 
and beauty of the human body and motivate 
students to continue learning more.�

�Stuart Fox

Human Physiology, twelfth edition, is written for the 
undergraduate introductory human physiology course. Based 
on the author�s extensive experience with teaching this 
course, the framework of the textbook is designed to provide 

basic biology and chemistry (chapters 2�5) before delving 
into more complex physiological processes. This approach 
is� appreciated by both instructors and students; speci� c 
references in later chapters direct readers back to the 
foundational material as needed, presenting a self-contained 
study of human physiology.

In addition to not presupposing student�s preparedness, 
this popular textbook is known for its clear and approachable 
writing style, detailed realistic art, and unsurpassed clinical 
information.

What Makes This Text 
a Market�Leader?
Writing Style�Easygoing, Logical, 
and�Concise
The words in Human Physiology, twelfth edition, read as if 
the author is explaining concepts to you in a one-on-one 
conversation, pausing now and then to check and make sure 
you understand what he is saying. Each major section begins 
with a short overview of the information to follow. Numerous 
comparisons (�Unlike the life of an organism, which can be 
viewed as a linear progression from birth to death, the life of 
a cell follows a cyclical pattern�), examples (�A callus on the 
hand, for example, involves thickening of the skin by 
hyperplasia due to frequent abrasion�), reminders (�Recall 
that each member of a homologous pair came from a different 
parent�), and analogies (�In addition to this �shuf� ing of the 
deck� of chromosomes . . .�) lend the author�s style a 
comfortable grace that enables readers to easily � ow from 
one topic to the next.

Exceptional Art�Designed from 
the Student�s Point of View
What better way to support such unparalleled writing than 
with high-quality art? Large, bright illustrations demonstrate 
the physiological processes of the human body beautifully in 
a variety of ways:

�Fox provides excellent figures and illustrations 
and is ahead of all others in creativity and usability 
for instructors.�

�Vikki McCleary, University of North Dakota School 
of�Medicine and Health Sciences
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Macro-to-micro art helps student put context around 
detailed concepts.

�The illustrations in Fox�s Physiology are by far 
the best. They are very detailed and accurate.�

�Nida Sehweil-Elmuti, 
Eastern Illinois University

Clinical Applications�No Other Human 
Physiology Text Has More!

 Clinical Application Boxes
 These in-depth boxed essays explore relevant topics of 

clinical interest and are placed at key points in the 
chapter to 
support the 
surrounding 
material. 
Subjects covered 
include 
pathologies, 
current 
research, 
pharmacology, 
and a variety of 
clinical diseases.

Stepped-out art clearly depicts various stages or 
movements with numbered explanations.

 Labeled photos placed side by side with illustra-
tions�allow diagrammatic detail and realistic 
application.

 Clearly labeled atlas-quality cadaver images of 
dissected human cadavers provide detailed�views 
of�anatomical structures, capturing the�intangible 
characteristics of actual human anatomy that can be 
appreciated only when viewed in�human specimens.

�This book is very visually pleasing. The layout 
is� clear and highlighted areas emphasize 
key� concepts. I particularly like the use of 
photomicrographs, in addition to schematic 
illustrations, to give students an idea of how a 
structure actually looks, e.g., Fig. 8.17 (dendritic 
spines) and Fig. 10.33 (lens).�

�Phyllis Callahan, 
Miami University (Ohio)
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CLIN ICAL  APPL ICATION

Many drugs act on the RAS to promote either sleep or wake-
fulness. Amphetamines, for example, enhance dopamine 
action by inhibiting the dopamine reuptake transporter, thereby 
inhibiting the ability of presynaptic axons to remove dopamine 
from the synaptic cleft. This increases the effectiveness of the 
monoamine-releasing neurons of the RAS, enhancing arousal. 
The antihistamine Benadryl, which can cross the blood-brain 
barrier, causes drowsiness by inhibiting histamine-releasing 
neurons of the RAS. (The antihistamines that don�t cause 
drowsiness, such as Claritin, cannot cross the blood-brain bar-
rier.) Drowsiness caused by the benzodiazepines (such as 
Valium), barbiturates, alcohol, and most anesthetic gases is 
due to the ability of these agents to enhance the activity of 
GABA receptors. Increased ability of GABA to inhibit the RAS 
then reduces arousal and promotes sleepiness.

vi Preface
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Fitness Application Boxes
These readings explore physiological principles as applied 
to well-being, sports 
medicine, exercise 
physiology, and 
aging. They are also 
placed at relevant 
points in the text to 
highlight concepts 
just covered in the 
chapter.

Chapter-Opening Clinical Case Investigations, Clues, 
and Summaries
These diagnostic clinical case studies open every chapter 
with intriguing scenarios based on physiological concepts 
covered in that particular chapter. Clues to the case are 
given at key points where applicable material is discussed, 
and the case is � nally resolved at the end of the chapter.

Clinical Relevance Woven into Every Chapter
The framework of this textbook is based on integrating 
clinically germane information with knowledge of the 
body�s physiological processes. Examples of this 
abound throughout the book. For example, in a clinical 
setting we record electrical activity from the body: this 
includes action potentials (chapter 7, section 7.2); 
EEG (chapter 8, section 8.2); and ECG (chapter 13, 
section 13.5). We also record mechanical force in 
muscle contractions (chapter 12, section 12.3). We 
note blood plasma measurements of many chemicals 
to assess internal body conditions. These include 
measurements of blood glucose (chapter 1, section 
1.2) and the oral glucose tolerance test (chapter 19, 
section 19.4); and measurements of the blood 
cholesterol pro� le (chapter 13, section 13.7). These 
are just a few of many examples the author includes 
that focus on the connections between the study of 
physiology and our health industry.

�This is an excellent text with a clinical orientation 
that makes discussion of disease processes and 
pathophysiology easy.�

�John E. Lopes, Jr., 
Central Michigan University

Systems Interactions pages
These special pages appear at the end of all of the 
systems chapters and list the many ways a major 
concept applies to the study of different body systems, 
in addition to how a given system interacts with other 
body systems. Each application or interaction includes a 
page reference.

�The clarity of the explanations is superb. The 
Clinical boxes are excellent introductions to future 
material in the text and its medical relevance. They 
draw the student into the drier, more theoretical 
material by giving it physiological meaning.�

�Gail Sabbadini, 
San Diego State University

Case Investigation
Jason, a 19-year-old college student, goes to 

the doctor complaining of chronic fatigue. The doctor pal-
pates (feels) Jason’s radial pulse, and comments that it is 
fast and weak. He orders various tests, including an echo-
cardiogram, an electrocardiogram, and later an angiogram. 
He also requests that particular blood tests be performed.

Some of the new terms and concepts you will 
encounter include:
� Red blood cell count, hemoglobin, and hematocrit

measurements and anemia
� Ventricular septal defect and mitral stenosis
� ECG waves and sinus tachycardia
� LDL cholesterol and atherosclerosis

Case Investigation CLUES
Jason’s blood tests reveal that he has a low red 

blood cell count, hematocrit, and hemoglobin concentration.
� What condition do these tests indicate?
� How could this contribute to Jason’s chronic fatigue?

F ITNESS APPL ICATION

Interestingly, the blood contributed by contraction of the atria 
does not appear to be essential for life. Elderly people who 
have atrial �brillation (a condition in which the atria fail to 
contract) can live for many years. People with atrial �brillation, 
however, become fatigued more easily during exercise 
because the reduced �lling of the ventricles compromises the 
ability of the heart to suf�ciently increase its output during 
exercise. (Cardiac output and blood �ow during rest and exer-
cise are discussed in chapter 14.)

Case Investigation
S U M M A R Y

Jason has anemia, and the reduced delivery of oxygen to his 
tissues probably contributed to his chronic fatigue. He also 
has a heart murmur due to the ventricular septal defect and 
mitral stenosis, which were probably congenital. These con-
ditions could reduce the amount of blood pumped by the left 
ventricle through the systemic arteries, and thus weaken his 
pulse. The reduced blood flow and consequent reduced 
oxygen delivery to the tissues could be the cause of his 
chronic fatigue. The lowered volume of blood pumped by 
the left ventricle could cause a reflex increase in the heart 
rate, as detected by his rapid pulse and the ECG tracing 
showing sinus tachycardia. Jason’s high blood cholesterol is 
probably unrelated to his symptoms. This condition could be 
dangerous, however, as it increases his risk for atherosclero-
sis. Jason should therefore be placed on a special diet, and 
perhaps medication, to lower his blood cholesterol.

viiPreface
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Incomparable Instructor and Student 
Resources�Making Teaching�Easier 
and Learning Smarter!

New! In-text 
Learning Outcomes 
and Assessment 
Questions are also 
tied to Connect Course Management System.
New! Connect Course Management system, with 
additional, all-new, interactive Case Investigations, 
allows instructors to customize, deliver, and track 
assignments and tests easily online.

 Anatomy and Physiology  |  REVEALEDfi features �melt-
away� dissection of real cadavers and new physiology 
content.
Lecture Power Point presentations feature embedded 
animations
Text-speci� c Instructor�s Manual offers additional 
guidance.

 Customizable Testbank makes testing easier.
New! Access to media-rich e-Book allows students more 
freedom.

Twelfth Edition Changes
What�s New?
Human Physiology, twelfth edition, incorporates a number of 
new and recently modi� ed physiological concepts. This may 
surprise people who are unfamiliar with the subject; the 
author is indeed, sometimes asked if the � eld really changes 
much from one edition to the next. It does; that�s one of the 
reasons physiology is so much fun to study. Stuart has tried 
to impart this sense of excitement and fun in the book by 
indicating, in a manner appropriate for this level of student, 
where knowledge is new and where gaps in our knowledge 
remain.

The list that follows indicates only the larger areas of text 
and � gure revisions and updates. It doesn�t indicate instances 
where passages were rewritten to improve the clarity or 
accuracy of the existing material, or smaller changes made in 
response to information from recently published journals and 
from the reviewers of the previous edition.

Global Changes:
Addition of Learning Outcomes for each major section 
in all chapters.
All A-heads are now numbered for ease of assigning 
readings and for referencing.
Checkpoint assess questions are now tied to learning 
outcomes.
Chapter cross-references are now speci� c to numbered 
A-head sections.

Chapter 1: The Study of Body Function
Revised discussion of negative feedback loops.
Updated discussion of drug development.
Legends expanded and revised in � gures 1.5 and 1.6.

Chapter 2: Chemical Composition of the Body
Revised discussion of dehydration synthesis and 
hydrolysis.
New discussion of amphipathic molecules and revised 
discussion of micelle formation.
Expanded discussions of prostaglandins and 
nucleotides.

Chapter 3: Cell Structure and Genetic Control
Expanded discussion of mitochondria and 
mitochondrial inheritance.
New discussion of retrograde transport and the Golgi 
complex.
Revised description of RNA polymerase action.
Updated and expanded explanation of RNA interference 
and microRNA.
Updated discussion of alternative splicing of exons.
Updated and expanded explanation of tRNA action.
Revised description of cyclins.
Updated and expanded descriptions of telomeres and 
telomerase.
Updated and expanded explanation of gene silencing in 
epigenetic inheritance.

Chapter 4: Enzymes and Energy
Figure 4.1 revised.
New Clinical Applications box on gene therapy.

Chapter 5: Cell Respiration and Metabolism
 Interstitial � uid added to � gure 5.1.
 Legends to � gures 5.6 and 5.10 expanded.
 Table 5.2 completely revised.
 Updated description of brown adipose tissue.

Chapter 6: Interactions Between Cells and the 
Extracellular Environment

 Revised description of the different forms of membrane 
transport.

 New discussion of mean diffusion time.
 Revised explanation of plasma osmolality regulation.
 Updated descriptions of primary and secondary glucose 

transporters.
 Updated and expanded description of amino acid 

transport.

Chapter 7: The Nervous System: Neurons and Synapses
 Updated and revised description of axonal transport 

processes.
 Updated and revised clinical information on multiple 

sclerosis.

viii Preface
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 Updated description of astrocyte function.
 Revised and updated explanation of action potential 

measurements.
 Legend to � gure 7.14 revised and expanded.
 Updated description of gap junctions.
 Revised and updated information regarding chloride 

channels and iPS cells.
 New discussion added on agonist and antagonist drugs.
 Table 7.6 completely revised.
 Clinical information on Alzheimer�s disease revised and 

updated.
 Description of monoamine neurotransmitters expanded 

and revised.
 New information added on glutamate-releasing 

synapses in the cerebral cortex.
 New section on ATP and adenosine as neurotransmitters.
 Expanded description of opioid receptors.
 Explanation of long-term depression expanded and 

updated.

Chapter 8: The Central Nervous System
 Updated and revised section on neurogenesis.
 Updated discussion of the functions of the insula.
 Updated discussion of Alzheimer�s disease.
 Discussion of magnetoencephalograms added.
 Updated discussion of basal ganglia and Parkinson�s 

disease.
 Updated, revised, and expanded discussion of synaptic 

changes in memory.
 Updated and revised explanation of the brain areas 

involved in memory formation.
 Updated discussion of circadian clock genes.
 New discussion of neural pathways involved in relapse 

in abused-drug-seeking behavior.
 New clinical discussion of brain mechanisms involved 

in alcohol abuse.
 New discussion of the primary and supplementary 

motor cortex.

Chapter 10: Sensory Physiology
 Updated and expanded description of nociceptors.
 New information added on neural pathway for itch 

sensation.
 New discussion of interoceptors and exteroceptors.
 Updated and expanded discussion of taste bud locations 

and neural pathways of taste.
 Updated and expanded discussion of endolymph 

composition and how hair cells become depolarized.
 Updated explanation of organ of Corti function.
 New Clinical Applications box on glaucoma.
 Updated discussion of trichromatic color vision.
 New information on gene therapy for color blindness.
 Updated and expanded discussion of melanopsin and 

visual re� exes.
 Updated and expanded discussion of complex and 

hypercomplex neurons.

Chapter 11: Endocrine Glands: Secretion and Action 
of�Hormones

 Steroid hormone description modi� ed and � gure 11.2 
revised.

 Protein kinase description modi� ed and � gure 11.8 
revised.

 Description of insulin receptor updated and revised, 
with revised � gure 11.11.

 Description of pars tuberalis revised, with revised 
� gure�11.12.

 Revised Clinical Applications box on pituitary 
cachexia.

 Updated and revised explanation of the regulation of 
ADH secretion.

 Updated and revised description of the regulation of 
TSH secretion, with revised � gure 11.16.

 Revised Clinical Applications information on Cushing�s 
syndrome.

 Updated information added to discussion of stress and 
the adrenal glands.

 Updated and revised discussion of hyperthyroidism and 
myxedema.

 Updated discussion of melatonin and the reproductive 
system.

Chapter 12: Muscle: Mechanisms of Contraction 
and Neural Control

 Updated discussion of muscular dystrophy.
 Revised description of cross-bridge cycle with revised 

� gure 12.12.
 Updated discussion of excitation-contraction coupling.
 Updated discussion of creatine supplementation 
effects.

 Updated and expanded discussion of the causes of 
muscle fatigue.

 New discussion on skeletal muscle triglycerides.
 Updated and revised description of satellite cells and 

muscle repair.
 New discussion on titin, nebulin, and obscurin.
 Updated clinical information on ALS.

Chapter 13: Blood, Heart, and Circulation
 Updated and revised description of hematopoiesis 

during development.
 New information on the abuse of recombinant 

erythropoietin.
 New information on iron homeostasis and hepcidin 

action.
 Updated description of extrinsic clotting pathway, with 

revised � gure 13.9.
 Updated and revised information on the action of 

anticoagulants.
 Reorganized section on heart murmurs and heart 

structure defects.
 Updated and revised description of heart pacemakers 

and the SA node.

ixPreface
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 Updated and revised explanation of HCN channel 
regulation and the heartbeat.

 Revised descriptions of cardiac action potential and 
excitation-contraction coupling.

 Updated and revised description of complete AV node 
block.

 New information on the use of troponin assay for 
myocardial ischemia.

Chapter 14: Cardiac Output, Blood Flow, 
and Blood Pressure

 Updated description of Frank-Starling law.
 Revised description of paracrine regulation of blood � ow.
 Updated and revised description of the regulation of 

coronary blood � ow.
 Updated and expanded description of cerebral blood 

� ow during exercise.
 Revised � gure 14.22 with revised legend.
 Updated and revised descriptions of the dangers of 

hypertension and of preeclampsia.

Chapter 15: The Immune System
 Updated and revised description of macrophage function.
 Updated and revised description of the events in an 

in� ammation.
 New description of the roles of the germinal centers of 

secondary lymphoid organs.
 Updated and expanded description of immunoglobulins.
 Revised explanation of antibody diversity.
 Updated and revised explanation of regulatory 

T lymphocyte function.
 Updated clinical information related to HIV and 

vaccinations.
 New description of Langerhans cells.
 Expanded information regarding effector and memory 

T cells.
 New information on TH17 helper T cells.
 Updated and expanded description of how vaccines 
are�produced.

 New information on adjuvants to vaccines.
 Updated and expanded information on the immune 

system and cancer.
 Updated and revised explanation of NF-�B function.
 Updated and revised description of natural killer cells.
 Updated and expanded description of the effects of 

stress on the immune system.
 Updated explanation of IgE function and allergy.

Chapter 16: Respiratory Physiology
 Updated and expanded discussion of asthma.
 Updated and expanded description of COPD and smoking.
 New Clinical Applications box on obstructive sleep apnea.
 New Clinical Applications box on carbon monoxide 

poisoning.

 Updated and revised discussion of sickle-cell anemia.
 Updated discussion of ventilatory changes at high 

altitude.
 Updated discussion of kidney secretion of 

erythropoietin.

Chapter 17: Physiology of the Kidneys
 New discussion of the guarding and voiding re� exes in 

the control of micturition.
 Updated discussion of polycystic kidney disease.
 Updated and revised discussion of the � ltration barriers 

of the glomerulus and capsule.
 Revised description of the functions of the ascending 

limb of the loop.
 Revised description of aquaporins in the collecting ducts.
 Updated and revised discussion of renal acid-base 

regulation.
 Updated and expanded discussion of microalbuminuria, 

proteinuria, and nephrotic syndrome.

Chapter 18: The Digestive System
 Updated and expanded discussion of the three phases of 

swallowing.
 New description of mucous neck cells.
 Updated and expanded discussion of gastric acid secretion.
 Updated and expanded clinical discussion of 

gastroesophageal re� ux disease.
 Updated discussion of peptic ulcers.
 New description of Paneth cells and updated and 

expanded description of intestinal crypt function.
 Updated description of interstitial cells of Cajal and 

regulation of slow waves.
 New section on intestinal microbiota, with updated 

information.
 Expanded information on the structure of liver 

sinusoids and on the relationship between the hepatic 
circulation and hepatic clearance.

 New clinical information on chronic alcohol abuse and 
liver disease.

 Updated and revised sections on the regulation of 
pancreatic juice and bile secretions.

Chapter 19: Regulation of Metabolism
 Updated and expanded discussion of the actions of 

vitamin E and retinoic acid.
 Updated discussion of antioxidants.
 Updated and expanded discussions of adipocytes and 

the endocrine function of adipocytes.
 Updated and expanded discussions of obesity, health 

risks of obesity, and metabolic syndrome.
 Updated and expanded discussion of the regulation of 

hunger.
 Updated and expanded discussions of brown adipose 

tissue, nonshivering thermogenesis, and obesity.
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 Updated and expanded discussion of insulin action.
 Updated and revised explanation of blood glucose 

regulation during the postabsorptive state.
 Updated description of insulin resistance and type 2�

diabetes.
 Updated and expanded clinical information on the 

drugs used to treat type 2 diabetes.
 Updated and revised discussions of the actions of 

parathyroid hormone and calcitonin.
 Expanded discussion of skin production versus food 

sources of vitamin D.
 Updated discussion of estrogen action on bone and 

its�relation to RANK and RANKL.
 New question on the calculation of BMI in the Test 

Your�Quantitative Ability section.

Chapter 20: Reproduction
 Updated clinical information on endometriosis and the 

pulsatile secretion of GnRH.
 Updated information regarding melatonin in 

reproduction.
 New information on plasma testosterone levels in 

aging men.
 Revised description of FSH action in the testes.
 Updated and expanded description of the causes of 

secondary amenorrhea.
 Updated and revised descriptions of stem cells, induced 

pluripotent stem cells, and regenerative medicine.

Teaching and Learning Supplements
McGraw-Hill offers various tools and technology products to 
support the twelfth edition of Human Physiology. Students can 
order supplemental study materials by contacting their 
campus bookstore. Instructors can obtain teaching aids 
by�calling the McGraw-Hill Customer Service Department at 
1-800-338-3987, visiting our Anatomy and Physiology catalog 
at www.mhhe.com/ap, or contacting their local McGraw-Hill 
sales representative.

Anatomy & Physiology | 
REVEALEDfi Student Tutorial
Anatomy & Physiology | REVEALEDfi 
is a unique multimedia study aid 
designed to help students learn and 
review human anatomy using digital 
cadaver specimens. Dissections, 
animations, imaging, and self-tests all 
work together as an exceptional tool 
for the study of structure and 
function.

Anatomy & Physiology | REVEALEDfi includes:

 Integumentary System
 Skeletal and Muscular Systems
 Nervous System
 Cardiovascular, Respiratory, and Lymphatic Systems
 Digestive, Urinary, Reproductive, and Endocrine 

Systems
 Expanded physiology content
 Histology material

An online version of Anatomy & Physiology | REVEALEDfi is 
also available. Visit www.mhhe.com/aprevealed for more 
information.

Laboratory Manual
A Laboratory Guide to Human Physiology: Concepts and 
Clinical Applications, also authored by Stuart Fox, is self-
contained so students can prepare for laboratory exercises 
and quizzes without having to bring their textbook to the 
lab. The introductions to each exercise contain cross- 
references to� pages in this textbook where related 
information can be found. Similarly, those � gures in the 
textbook are also cross-referenced. Both of these features 
help students better integrate the lecture and laboratory 
portions of their course. The manual provides laboratory 
exercises, classroom-tested for a number of years, that 
reinforce many of the topics covered in this textbook and in 
the human physiology course.

Connect Website
The Connect website that accompanies Human Physiology at 
www.mhhe.com/fox12 allows instructors and students to 
enhance and customize their learning experience in a 
number of special ways. Help is just a click away!

 Art Full-color digital � les of all illustrations in the 
book and unlabeled versions of the same artwork can 
be readily incorporated into lecture presentations, 
exams, or custom-made classroom materials.
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 Photos Digital � les of all photographs from the text 
can be reproduced for multiple classroom uses.

 Tables Every table that appears in the text is available 
to instructors in electronic form.

 Animations Numerous full-color animations 
illustrating physiological processes are provided. 
Harness the visual impact of processes in motion by 
importing these � les into classroom presentations or 
online course materials.

 Lecture PPTs Three different sets of PPTs are now 
available for instructors, including one with embedded 
animations. Rather build your own? No problem! All 
McGraw-Hill art is at your disposal with an easy-to-use 
search engine.

 EZ Test online A comprehensive bank of test 
questions is provided within a computerized test bank 
powered by McGraw-Hill�s � exible electronic testing 
program. Select from multiple test banks or author your 
own questions. Visit: www.eztestonline.com to learn 
more about creating and managing tests, online scoring 
and reporting, and support resources.

 eBook If you, or your students, are ready for an 
alternative version of the traditional textbook, 
McGraw-Hill offers innovative and inexpensive electronic 
textbooks. By purchasing eBooks from McGraw-Hill, 
students can save as much as 50% on selected titles 
delivered on an easy-to-use, advanced eBook platform.
The eBook allows students to do full text searches, add 

notes and highlight, and share notes with classmates. 
The media-rich eBook for Seeley�s Anatomy & Physiology 
includes relevant animations and videos for a true 
multimedia learning experience. Contact your 
McGraw-Hill sales representative to discuss eBook 
packaging options or visit www.CourseSmart.com to 
learn more and try a sample chapter.

 New! Tegrity Tegrity Campus is a service that allows 
class time to be any time by automatically capturing 
every lecture in a searchable video format for students 
to review at their convenience. With a simple one-click 
process, you can capture all computer screens and 
corresponding audio. Students may replay any part of 
your class with simple browser-based viewing on a PC 
or Mac. Educators know that the more students can see, 
hear, and experience class resources, the better they 
learn. Help turn all your students� study time into 
learning moments by supplying them with your lecture 
videos. To learn more about Tegrity, watch a two-
minute Flash demo at http://tegritycampus.mhhe.com.

Physiology Interactive Lab 
Simulations (Ph.I.L.S) 3.0
This unique student study tool is the perfect way to reinforce key 
physiology concepts with powerful lab experiments. Created by 
Dr. Phil Stephens of Villanova University, the program offers 
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37� laboratory simulations that may be 
used to supplement or substitute for wet 
labs. Students can adjust variables, view 
outcomes, make predictions, draw 
conclusions, and print lab reports. 
The� easy-to-use software offers the 
� exibility to change the parameters of 
the lab experiment�there is no limit 
to� the number of times an experiment 
can be repeated.

MediaPhys 3.0 Tutorial
This physiology study aid offers detailed explanations, high-
quality illustrations, and amazing animations to provide a 
thorough introduction to the world of physiology. MediaPhys 
is � lled with interactive activities and quizzes to help 
reinforce physiology concepts that are often dif� cult for 
students to understand.
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This is because animals, including humans, are more alike 
than they are different. This is especially true when compar-
ing humans with other mammals. The small differences in 
physiology between humans and other mammals can be of 
crucial importance in the development of pharmaceutical 
drugs (discussed later in this section), but these differences 
are relatively slight in the overall study of physiology.   

  Scientific Method 
  All of the information in this text has been gained by people 
applying the  scientific method.  Although many different 
techniques are involved when people apply the scientific 
method, all share three attributes: (1) confidence that the 
natural world, including ourselves, is ultimately explainable 
in terms we can understand; (2) descriptions and explana-
tions of the natural world that are honestly based on obser-
vations and that could be modified or refuted by other 
observations; and (3) humility, or the willingness to accept 
the fact that we could be wrong. If further study should yield 
conclusions that refuted all or part of an idea, the idea would 
have to be modified accordingly. In short, the scientific 
method is based on a confidence in our rational ability, hon-
esty, and humility. Practicing scientists may not always dis-
play these attributes, but the validity of the large body of 
scientific knowledge that has been accumulated�as shown 
by the technological applications and the predictive value of 
scientific hypotheses�are ample testimony to the fact that 
the scientific method works. 

 The scientific method involves specific steps. After certain 
observations regarding the natural world are made, a  hypoth-
esis  is formulated. In order for this hypothesis to be scientific, 
it must be capable of being refuted by experiments or other 
observations of the natural world. For example, one might 
hypothesize that people who exercise regularly have a lower 
resting pulse rate than other people. Experiments are con-
ducted, or other observations are made, and the results are 
analyzed. Conclusions are then drawn as to whether the new 
data either refute or support the hypothesis. If the hypothesis 
survives such testing, it might be incorporated into a more 
general  theory.  Scientific theories are thus not simply conjec-
tures; they are statements about the natural world that incor-
porate a number of proven hypotheses. They serve as a logical 
framework by which these hypotheses can be interrelated and 
provide the basis for predictions that may as yet be untested. 

 The hypothesis in the preceding example is scientific 
because it is  testable;  the pulse rates of 100 athletes and 100 
sedentary people could be measured, for example, to see if 
there were statistically significant differences. If there were, 
the statement that athletes, on the average, have lower rest-
ing pulse rates than other people would be justified  based on 
these data.  One must still be open to the fact that this con-
clusion could be wrong. Before the discovery could become 
generally accepted as fact, other scientists would have to 

   1.1 INTRODUCTION TO PHYSIOLOGY 
  Human physiology is the study of how the human body 
functions, with emphasis on specific cause-and-effect 
mechanisms. Knowledge of these mechanisms has been 
obtained experimentally through applications of the sci-
entific method.

L E A R N I N G  O U T C O M E S

    After studying this section, you should be able to:

 �    Describe the topics covered in human physiology.  

 �   Describe the characteristics of the scientific method.      

  Physiology  (from the Greek  physis   =  nature;  logos   =  study) 
is the study of biological function�of how the body works, 
from molecular mechanisms within cells to the actions of tis-
sues, organs, and systems, and how the organism as a whole 
accomplishes particular tasks essential for life. In the study 
of physiology, the emphasis is on mechanisms�with ques-
tions that begin with the word  how  and answers that involve 
cause-and-effect sequences. These sequences can be woven 
into larger and larger stories that include descriptions of the 
structures involved (anatomy) and that overlap with the sci-
ences of chemistry and physics. 

 The separate facts and relationships of these cause- and-
effect sequences are derived empirically from experimental 
evidence. Explanations that seem logical are not necessarily 
true; they are only as valid as the data on which they are 
based, and they can change as new techniques are developed 
and further experiments are performed. The ultimate objective 
of physiological research is to understand the normal 
functioning of cells, organs, and systems. A related science�
 pathophysiology �is concerned with how  physiological 
processes are altered in disease or injury. 

 Pathophysiology and the study of normal physiology 
complement one another. For example, a standard technique 
for investigating the functioning of an organ is to observe 
what happens when the organ is surgically removed from an 
experimental animal or when its function is altered in a spe-
cific way. This study is often aided by �experiments of 
nature��diseases�that involve specific damage to the func-
tioning of an organ. The study of disease processes has thus 
aided our understanding of normal functioning, and the 
study of normal physiology has provided much of the scien-
tific basis of modern medicine. This relationship is recog-
nized by the Nobel Prize committee, whose members award 
prizes in the category �Physiology or Medicine.� 

 The physiology of invertebrates and of different verte-
brate groups is studied in the science of  comparative physiol-
ogy.  Much of the knowledge gained from comparative 
physiology has benefited the study of human physiology. 
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consistently replicate the results. Scientific theories are based 
on  reproducible  data. 

 It is quite possible that when others attempt to replicate 
the experiment, their results will be slightly different. They 
may then construct scientific hypotheses that the differences 
in resting pulse rate also depend on other factors, such as 
the nature of the exercise performed. When scientists attempt 
to test these hypotheses, they will likely encounter new prob-
lems requiring new explanatory hypotheses, which then 
must be tested by additional experiments. 

 In this way, a large body of highly specialized informa-
tion is gradually accumulated, and a more generalized expla-
nation (a scientific theory) can be formulated. This explanation 
will almost always be different from preconceived notions. 
People who follow the scientific method will then appropri-
ately modify their concepts, realizing that their new ideas will 
probably have to be changed again in the future as additional 
experiments are performed.  

   Use of Measurements, Controls, 
and Statistics 
 Suppose you wanted to test the hypothesis that a regular exer-
cise program causes people to have a lower resting heart rate. 
First, you would have to decide on the nature of the exercise 
program. Then, you would have to decide how the heart rate 
(or pulse rate) would be measured. This is a typical problem in 
physiology research because the testing of most physiological 
hypotheses requires quantitative  measurements.  

 The group that is subject to the testing condition�in 
this case, exercise�is called the  experimental group.  
A� measurement of the heart rate for this group would be 
meaningful only if it is compared to that of another group, 
known as the  control group.  How shall this control group be 
chosen? Perhaps the subjects could serve as their own 
 controls�that is, a person�s resting heart rate could be mea-
sured before and after the exercise regimen. If this isn�t pos-
sible, a control group could be other people who do not 
follow the exercise program. The choice of control groups is 
often a controversial aspect of physiology studies. In this 
example, did the people in the control group really refrain 
from  any  exercise? Were they comparable to the people in 
the experimental group with regard to age, sex, ethnicity, 
body weight, health status, and so on? You can see how dif-
ficult it could be in practice to get a control group that could 
satisfy any potential criticism. 

 Another possible criticism could be bias in the way that 
the scientists perform the measurements. This bias could be 
completely unintentional; scientists are human, after all, and 
they may have invested months or years in this project. To 
prevent such bias, the person doing the measurements often 
does not know if a subject is part of the experimental or the 
control group. This is known as a  blind measurement.  

 Now suppose the data are in and it looks like the experi-
mental group indeed has a lower average resting heart rate 

than the control group. But there is overlap�some people in 
the control group have measurements that are lower than 
some people in the experimental group. Is the difference in 
the average measurements of the groups due to a real physi-
ological difference, or is it due to chance variations in the 
measurements? Scientists attempt to test the  null hypothesis  
(the hypothesis that the difference is due to chance) by 
employing the mathematical tools of  statistics.  If the statisti-
cal results so warrant, the null hypothesis can be rejected 
and the experimental hypothesis can be deemed to be sup-
ported by this study. 

 The statistical test chosen will depend upon the design of 
the experiment, and it can also be a source of contention 
among scientists in evaluating the validity of the results. 
Because of the nature of the scientific method, �proof� in sci-
ence is always provisional. Some other researchers, employing 
the scientific method in a different way (with different measur-
ing techniques, experimental procedures, choice of control 
groups, statistical tests, and so on), may later obtain different 
results. The scientific method is thus an ongoing enterprise. 

 The results of the scientific enterprise are written up as 
research articles, and these must be reviewed by other scien-
tists who work in the same field before they can be pub-
lished in  peer-reviewed journals.  More often than not, the 
reviewers will suggest that certain changes be made in the 
articles before they can be accepted for publication. 

 Examples of such peer-reviewed journals that publish 
articles in many scientific fields include  Science  ( www.
sciencemag.org/ ),  Nature  ( www.nature.com/nature/ ), and 
 Proceedings of the National Academy of Sciences  ( www.pnas.
org/ ). Review articles on physiology can be found in  Annual 
Review of Physiology  ( physiol.annualreviews.org/ ),  Physiolo-
gical Reviews  ( physrev.physiology.org/ ), and Physiology 
  (physiologyonline.physiology.org). Medical research journals, 
such as the  New England Journal of Medicine  ( content.nejm.
org/ ) and  Nature Medicine  ( www.nature.com/nm/ ), also 
publish articles of physiological interest. There are also many 
specialty journals in areas of physiology such as neurophysi-
ology, endocrinology, and cardiovascular physiology. 

 Students who wish to look online for scientific articles 
published in peer-reviewed journals that relate to a particular 
subject can do so at the National Library of Medicine web-
site,  PubMed  ( www.ncbi.nlm.nih.gov/entrez/query.fcgi ).  

  Development of Pharmaceutical Drugs 
 The development of new pharmaceutical drugs can serve as 
an example of how the scientific method is used in physiol-
ogy and its health applications. The  process usually starts 
with basic physiological research, often at cellular and 
molecular levels. Perhaps a new family of drugs is developed 
using cells in tissue culture ( in vitro,  or outside the body). 
For example, cell physiologists studying membrane transport 
may discover that a particular family of compounds blocks 
membrane channels for calcium ions (Ca 2 +  ). Because of their 
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knowledge of physiology, other scientists may predict that a 
drug of this nature might be useful in the treatment of hyper-
tension (high blood pressure). This drug may then be tried 
in animal experiments. 

 If a drug is effective at extremely low concentrations  in 
vitro  (in cells cultured outside of the body), there is a chance 
that it may work  in vivo  (in the body) at concentrations low 
enough not to be toxic (poisonous). This possibility must be 
thoroughly tested utilizing experimental animals, primarily 
rats and mice. More than 90% of drugs tested in experimen-
tal animals are too toxic for further development. Only in 
those rare cases when the toxicity is low enough may devel-
opment progress to human/clinical trials. 

 Biomedical research is often aided by  animal models  of 
particular diseases. These are strains of laboratory rats and 
mice that are genetically susceptible to particular diseases 
that resemble human diseases. Research utilizing laboratory 
animals typically takes several years and always precedes 
human (clinical) trials of promising drugs. It should be noted 
that this length of time does not include all of the years of 
�basic� physiological research (involving laboratory ani-
mals) that provided the scientific foundation for the specific 
medical application. 

 In  phase I clinical trials,  the drug is tested on healthy 
human volunteers. This is done to test its toxicity in 
humans and to study how the drug is �handled� by the 
body: how it is metabolized, how rapidly it is removed 
from the blood by the liver and kidneys, how it can be 
most effectively administered, and so on. If significant 
toxic effects are not observed, the drug can proceed to the 
next stage. In  phase II clinical trials,  the drug is tested on 
the target human population (for example, those with 
hypertension). Only in those exceptional cases where the 
drug seems to be effective but has minimal toxicity does 
testing move to the next phase.  Phase III trials  occur in 
many research centers across the country to maximize the 
number of test participants. At this point, the test popula-
tion must include a sufficient number of subjects of both 
sexes, as well as people of different ethnic groups. In addi-
tion, people are tested who have other health problems 
besides the one that the drug is intended to benefit. For 
example, those who have diabetes in addition to hyperten-
sion would be included in this phase. If the drug passes 
phase III trials, it goes to the Food and Drug Administra-
tion (FDA) for approval.  Phase IV trials  test other poten-
tial uses of the drug. 

 Less than 10% of the tested drugs make it all the way 
through clinical trials to eventually become approved and 
marketed. This low success rate does not count those that 
fail after approval because of unexpected toxicity, nor does it 
take into account the great amount of drugs that fail earlier 
in research before clinical trials begin. Notice the crucial role 
of basic research, using experimental animals, in this pro-
cess. Virtually every prescription drug on the market owes 
its existence to such research. 

|  C H E C K P O I N T 

    1. How has the study of physiology aided, and been aided 
by, the study of diseases?  

   2. Describe the steps involved in the scientific method. 
What would qualify a statement as unscientific?  

   3. Describe the different types of trials a new drug must 
undergo before it is �ready for market.�    

     1.2 HOMEOSTASIS AND 
FEEDBACK CONTROL 
  The regulatory mechanisms of the body can be under-
stood in terms of a single shared function: that of main-
taining constancy of the internal environment. A state 
of relative constancy of the internal environment is 
known as homeostasis, maintained by negative feed-
back loops.

L E A R N I N G  O U T C O M E S

    After studying this section, you should be able to:

 � Define homeostasis, and identify the components of 
negative feedback loops.  

 � Explain the role of antagonistic effectors in maintaining 
homeostasis, and the nature of positive feedback 
loops.  

 � Give examples of how negative feedback loops 
involving the nervous and endocrine systems help to 
maintain homeostasis.        

  History of Physiology 
  The Greek philosopher Aristotle (384�322 B.C.) speculated 
on the function of the human body, but another ancient 
Greek, Erasistratus (304�250? B.C.), is considered the father 
of physiology because he attempted to apply physical laws 
to the study of human function. Galen (A.D. 130�201) wrote 
widely on the subject and was considered the supreme 
authority until the Renaissance. Physiology became a fully 
experimental science with the revolutionary work of the 
English physician William Harvey (1578�1657), who dem-
onstrated that the heart pumps blood through a closed sys-
tem of vessels. 

 However, the father of modern physiology is the French 
physiologist Claude Bernard (1813�1878), who observed 
that the  milieu interieur  (internal environment) remains 
remarkably constant despite changing conditions in the 
external environment. In a book entitled  The Wisdom of the 
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Table 1.1  |  History of Twentieth- and Twenty-First-Century Physiology 
(two citations per decade)               

1900 Karl Landsteiner discovers the A, B, and O blood groups.

1904 Ivan Pavlov wins the Nobel Prize for his work on the physiology of digestion.

1910 Sir Henry Dale describes properties of histamine.

1918 Earnest Starling describes how the force of the heart�s contraction relates to the amount of blood in it.

1921 John Langley describes the functions of the autonomic nervous system.

1923 Sir Frederick Banting, Charles Best, and John Macleod win the Nobel Prize for the discovery of insulin.

1932 Sir Charles Sherrington and Lord Edgar Adrian win the Nobel Prize for discoveries related to the functions of neurons.

1936 Sir Henry Dale and Otto Loewi win the Nobel Prize for the discovery of acetylcholine in synaptic transmission.

1939�47 Albert von Szent-Györgyi explains the role of ATP and contributes to the understanding of actin and myosin in muscle contraction.

1949 Hans Selye discovers the common physiological responses to stress.

1953 Sir Hans Krebs wins the Nobel Prize for his discovery of the citric acid cycle.

1954 Hugh Huxley, Jean Hanson, R. Niedergerde, and Andrew Huxley propose the sliding filament theory of muscle contraction.

1962 Francis Crick, James Watson, and Maurice Wilkins win the Nobel Prize for determining the structure of DNA.

1963 Sir John Eccles, Sir Alan Hodgkin, and Sir Andrew Huxley win the Nobel Prize for their discoveries relating to the nerve impulse.

1971 Earl Sutherland wins the Nobel Prize for his discovery of the mechanism of hormone action.

1977 Roger Guillemin and Andrew Schally win the Nobel Prize for discoveries of the brains� production of peptide hormone.

1981 Roger Sperry wins the Nobel Prize for his discoveries regarding the specializations of the right and left cerebral hemispheres.

1986 Stanley Cohen and Rita Levi-Montalcini win the Nobel Prize for their discoveries of growth factors regulating the nervous system.

1994 Alfred Gilman and Martin Rodbell win the Nobel Prize for their discovery of the functions of G-proteins in signal transduction in cells.

1998 Robert Furchgott, Louis Ignarro, and Ferid Murad win the Nobel Prize for discovering the role of nitric oxide as a signaling molecule 
in the cardiovascular system.

2004 Linda B. Buck and Richard Axel win the Nobel Prize for their discoveries of odorant receptors and the organization of the olfactory 
system.

2006 Andrew Z. Fine and Craig C. Mello win the Noble Prize for their discovery of RNA interference by short, double-stranded RNA 
molecules.

Body,  published in 1932, the American physiologist Walter 
Cannon (1871�1945) coined the term  homeostasis  to 
describe this internal constancy. Cannon further suggested 
that the many mechanisms of physiological regulation have 
but one purpose�the maintenance of internal constancy. 

 Most of our present knowledge of human physiology 
has been gained in the twentieth century. Further, new 
knowledge in the twenty-first century is being added at an 
ever more rapid pace, fueled in more recent decades by the 
revolutionary growth of molecular genetics and its associ-
ated biotechnologies, and by the availability of more power-
ful computers and other equipment. A very brief history of 
twentieth- and twenty-first-century physiology, limited by 
space to only two citations per decade, is provided in 
 table 1.1 . 

     Most of the citations in  table 1.1  indicate the winners of 
Nobel prizes. The  Nobel Prize in Physiology or Medicine  
(a single prize category) was first awarded in 1901 to Emil 
Adolf von Behring, a pioneer in immunology who coined the 
term  antibody  and whose many other discoveries included 
the use of serum (containing antibodies) to treat diphtheria. 
Many scientists who might deserve a Nobel Prize never 
receive one, and the prizes are given for particular achieve-
ments and not others (Einstein didn�t win his Nobel Prize in 
Physics for relativity, for example) and are often awarded 
many years after the discoveries were made. Nevertheless, 
the awarding of the Nobel Prize in Physiology or Medicine 
each year is a celebrated event in the biomedical commu-
nity, and the awards can be a useful yardstick for tracking 
the course of physiological research over time.   
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  Table 1.2  |  Approximate Normal Ranges 
for Measurements of Some Fasting 
Blood Values  

Measurement Normal Range

Arterial pH 7.35�7.45

Bicarbonate 24�28 mEq/L

Sodium 135�145 mEq/L

Calcium 4.5�5.5 mEq/L

Oxygen content 17.2�22.0 ml/100 ml

Urea 12�35 mg/100 ml

Amino acids 3.3�5.1 mg/100 ml

Protein 6.5�8.0 g/100 ml

Total lipids 400�800 mg/100 ml

Glucose 75�110 mg/100 ml

Sensor

Effector

Integrating centerX

1

X

2

–

X

1 2

Time

Sensor activated Effector activated

Normal
range

Figure 1.1 A rise in some factor of the internal 
environment (�X) is detected by a sensor.  This information 
is relayed to an integrating center, which causes an effector to 
produce a change (1) in the opposite direction (�X). The initial 
deviation is thus reversed (2), completing a negative feedback 
loop (shown by the dashed arrow and negative sign). The 
numbers indicate the sequence of changes.

  Negative Feedback Loops 
  The concept of homeostasis has been of immense value in 
the study of physiology because it allows diverse regulatory 
mechanisms to be understood in terms of their �why� as 
well as their �how.� The concept of homeostasis also pro-
vides a major foundation for medical diagnostic procedures. 
When a particular measurement of the internal environment, 
such as a blood measurement ( table 1.2 ), deviates signifi-
cantly from the normal range of values, it can be concluded 
that homeostasis is not being maintained and that the person 
is sick. A number of such measurements, combined with 
clinical observations, may allow the particular defective 
mechanism to be identified. 

 In order for internal constancy to be maintained, 
changes in the body must stimulate  sensors  that can send 
information to an  integrating center.  This allows the inte-
grating center to detect changes from a  set point.  The set 
point is analogous to the temperature set on a house ther-
mostat. In a similar manner, there is a set point for body 
temperature, blood glucose concentration, the tension on a 
tendon, and so on. The integrating center is often a particu-
lar region of the brain or spinal cord, but it can also be a 
group of cells in an�endocrine gland. A number of different 
sensors may send information to a particular integrating 
center, which can then integrate this information and direct 
the responses of effectors�generally, muscles or glands. 
The integrating center may cause increases or decreases in 
effector action to counter the deviations from the set point 
and defend homeostasis. 

 The thermostat of a house can serve as a simple example. 
Suppose you set the thermostat at a set point of 70° F. If the 
temperature in the house rises sufficiently above the set point, 

a sensor connected to an integrating center within the ther-
mostat will detect that deviation and turn on the air condi-
tioner (the effector in this example). The air conditioner will 
turn off when the room temperature falls and the thermostat 
no longer detects a deviation from the set-point temperature. 
However, this simple example gives a wrong impression: the 
effectors in the body are generally increased or decreased in 
activity, not just turned on or off. Because of this, negative 
feedback control in the body works far more efficiently than 
does a house thermostat. 

 If the body temperature exceeds the set point of 37° C, 
sensors in a part of the brain detect this deviation and, 
acting via an integrating center (also in the brain), stimulate 
activities of effectors (including sweat glands) that lower the 
temperature. For another example, if the blood glucose con-
centration falls below normal, the effectors act to increase 
the blood glucose. One can think of the effectors as �defend-
ing� the set points against deviations. Because the activity of 
the effectors is influenced by the effects they produce, and 
because this regulation is in a negative, or reverse, direction, 
this type of control system is known as a  negative feedback 
loop  ( fig. 1.1 ). (Notice that in  figure 1.1  and in all  subsequent 
figures, negative feedback is indicated by a dashed line and 
a negative sign.) 

         The nature of the negative feedback loop can be under-
stood by again referring to the analogy of the thermostat and 
air conditioner. After the air conditioner has been on for 
some time, the room temperature may fall significantly below 
the set point of the thermostat. When this occurs, the air con-
ditioner will be turned off. The effector (air conditioner) is 
turned on by a high temperature and, when activated, pro-
duces a negative change (lowering of the temperature) that 
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Figure 1.2 A fall in some factor of the internal 
environment (�X) is detected by a sensor. (Compare this 
negative feedback loop with that shown in figure 1.1.)

Sweat

Shiver

Normal
range

Sweat

Shiver

37° C

Figure 1.4 How body temperature is maintained 
within the normal range. The body temperature normally has a 
set point of 37° C. This is maintained, in part, by two antagonistic 
mechanisms�shivering and sweating. Shivering is induced when 
the body temperature falls too low, and it gradually subsides as the 
temperature rises. Sweating occurs when the body temperature is 
too high, and it diminishes as the temperature falls. Most aspects 
of the internal environment are regulated by the antagonistic 
actions of different effector mechanisms.

–
Set point
(average)

Normal
range

–

–

–

–

–

Figure 1.3 Negative feedback loops maintain a state 
of dynamic constancy within the internal environment. The 
completion of the negative feedback loop is indicated by negative 
signs.

ultimately causes the effector to be turned off. In this way, 
constancy is maintained. 

 It is important to realize that these negative feedback 
loops are continuous, ongoing processes. Thus, a particular 
nerve fiber that is part of an effector mechanism may 
always display some activity, and a particular hormone that 
is part of another effector mechanism may always be present 
in the blood. The nerve activity and hormone concentra-
tion may decrease in response to deviations of the internal 
environment in one direction ( fig. 1.1 ), or they may 
increase in response to deviations in the opposite direction 
( fig. 1.2 ). Changes from the normal range in either direc-
tion are thus compensated for by reverse changes in effec-
tor activity. 

 Because negative feedback loops respond after devia-
tions from the set point have stimulated sensors, the internal 
environment is never absolutely constant. Homeostasis is 
best conceived as a state of  dynamic constancy  in which 
conditions are stabilized above and below the set point. 
These conditions can be measured quantitatively, in degrees 
Celsius for body temperature, for example, or in milligrams 
per deciliter (one-tenth of a liter) for blood glucose. The set 
point can be taken as the average value within the normal 
range of measurements ( fig. 1.3 ). 

      Antagonistic Effectors 
 Most factors in the internal environment are controlled by 
several effectors, which often have antagonistic actions. 
Control by antagonistic effectors is sometimes described as 
�push-pull,� where the increasing activity of one effector is 
accompanied by decreasing activity of an antagonistic effec-
tor. This affords a finer degree of control than could be 
achieved by simply switching one effector on and off. 

 Room temperature can be maintained, for example, by 
simply turning an air conditioner on and off, or by just 

 turning a heater on and off. A much more stable tempera-
ture, however, can be achieved if the air conditioner and 
heater are both controlled by a thermostat. Then the heater 
is turned on when the air conditioner is turned off, and vice 
versa. Normal body temperature is maintained about a set 
point of 37° C by the antagonistic effects of sweating, shiver-
ing, and other mechanisms ( fig. 1.4 ). 

     The blood concentrations of glucose, calcium, and other 
substances are regulated by negative feedback loops involving 
hormones that promote opposite effects. Insulin, for example, 
lowers blood glucose, and other hormones raise the blood glu-
cose concentration. The heart rate, similarly, is controlled by 
nerve fibers that produce opposite effects: stimulation of one 
group of nerve fibers increases heart rate; stimulation of 
another group slows the heart rate.  

  Quantitative Measurements 
 Normal ranges and deviations from the set point must be 
known quantitatively in order to study physiological mecha-
nisms. For these and other reasons, quantitative measure-
ments are basic to the science of physiology. One example of 
this, and of the actions of antagonistic mechanisms in main-
taining homeostasis, is shown in  figure 1.5 . Blood glucose 
concentrations were measured in five healthy people before 
and after an injection of insulin, a hormone that acts to lower 
the blood glucose concentration. A graph of the data reveals 
that the blood glucose concentration decreased rapidly but 
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Figure 1.5  Homeostasis of the blood glucose 
concentration.  Average blood glucose concentrations of five 
healthy individuals are graphed before and after a rapid intravenous 
injection of insulin. The �0� indicates the time of the injection. The 
blood glucose concentration is first lowered by the insulin injection, 
but is then raised back to the normal range (by hormones 
antagonistic to insulin that stimulate the liver to secrete glucose into 
the blood). Homeostasis of blood glucose is maintained by the 
antagonistic actions of insulin and several other hormones.

was brought back up to normal levels within 80 minutes 
after the injection. This demonstrates that negative feedback 
mechanisms acted to restore homeostasis in this experiment. 
These mechanisms involve the action of hormones whose 
effects are antagonistic to that of insulin�that is, they pro-
mote the secretion of glucose from the liver (see chapter 19). 

         Positive Feedback 
  Constancy of the internal environment is maintained by 
effectors that act to compensate for the change that served as 
the stimulus for their activation; in short, by negative feed-
back loops. A thermostat, for example, maintains a constant 
temperature by increasing heat production when it is cold 
and decreasing heat production when it is warm. The oppo-
site occurs during  positive feedback �in this case, the action 
of effectors  amplifies  those changes that stimulated the effec-
tors. A thermostat that works by positive feedback, for 
example, would increase heat production in response to a 
rise in temperature. 

 It is clear that homeostasis must ultimately be main-
tained by negative rather than by positive feedback mecha-
nisms. The effectiveness of some negative feedback loops, 
however, is increased by positive feedback mechanisms that 
amplify the actions of a negative feedback response. Blood 
clotting, for example, occurs as a result of a sequential acti-
vation of clotting factors; the activation of one clotting factor 
results in activation of many in a positive feedback cascade. 
In this way, a single change is amplified to produce a blood 
clot. Formation of the clot, however, can prevent further loss 
of blood, and thus represents the completion of a negative 
feedback loop that restores homeostasis. 

 Two other examples of positive feedback in the body are 
both related to the female reproductive system. One of these 

examples occurs when estrogen, secreted by the ovaries, stim-
ulates the women�s pituitary gland to secrete LH (luteinizing 
hormone). This stimulatory, positive feedback effect creates 
an �LH surge� (very rapid rise in blood LH concentrations) 
that triggers ovulation. Interestingly, estrogen secretion after 
ovulation has an inhibitory, negative feedback, effect on LH 
secretion (this is the physiological basis for the birth control 
pill, discussed in chapter 20). Another example of positive 
feedback is contraction of the uterus during childbirth (partu-
rition). Contraction of the uterus is stimulated by the pituitary 
hormone oxytocin, and the secretion of oxytocin is increased 
by sensory feedback from contractions of the uterus during 
labor. The strength of uterine contractions during labor is thus 
increased through positive feedback. The mechanisms 
involved in labor are discussed in more detail in chapter 20 
(see fig. 20.50).   

  Neural and Endocrine 
Regulation 
  Homeostasis is maintained by two general categories of reg-
ulatory mechanisms: (1) those that are  intrinsic,  or �built 
into� the organs being regulated (such as molecules pro-
duced in the walls of blood vessels that cause vessel dilation 
or constriction); and (2) those that are  extrinsic,  as in regu-
lation of an organ by the nervous and endocrine systems. 
The endocrine system functions closely with the nervous 
system in regulating and integrating body processes and 
maintaining homeostasis. The nervous system controls the 
secretion of many endocrine glands, and some hormones in 
turn affect the function of the nervous system. Together, the 
nervous and endocrine systems regulate the activities of 
most of the other systems of the body. 

 Regulation by the endocrine system is achieved by the 
secretion of chemical regulators called  hormones  into the 
blood, which carries the hormones to all organs in the body. 
Only specific organs can respond to a particular hormone, how-
ever; these are known as the  target organs  of that hormone. 

 Nerve fibers are said to  innervate  the organs that they 
regulate. When stimulated, these fibers produce electrochemi-
cal nerve impulses that are conducted from the origin of the 
fiber to its terminals in the target organ innervated by the 
fiber. These target organs can be muscles or glands that may 
function as effectors in the maintenance of homeostasis. 

 For example, we have negative feedback loops that help 
maintain homeostasis of arterial blood pressure, in part by 
adjusting the heart rate. If everything else is equal, blood 
pressure is lowered by a decreased heart rate and raised by 
an increased heart rate. This is accomplished by regulating 
the activity of the autonomic nervous system, as will be dis-
cussed in later chapters. Thus, a fall in blood pressure� 
produced daily as we go from a lying to a standing 
position�is compensated by a faster heart rate ( fig. 1.6 ). As 
a consequence of this negative feedback loop, our heart rate 
varies as we go through our day, speeding up and slowing 
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Figure 1.6 Negative feedback control of blood pressure. Blood pressure influences the activity of sensory neurons from the 
blood pressure receptors (sensors); a rise in pressure increases the firing rate, and a fall in pressure decreases the firing rate of nerve 
impulses. When a person stands up from a lying-down position, the blood pressure momentarily falls. The resulting decreased firing rate 
of nerve impulses in sensory neurons affects the medulla oblongata of the brain (the integrating center). This causes the motor nerves to 
the heart (effector) to increase the heart rate, helping to raise the blood pressure.

down, so that we can maintain homeostasis of blood pres-
sure and keep it within normal limits. 

    Feedback Control 
of Hormone Secretion 
  The nature of the endocrine glands, the interaction of the 
nervous and endocrine systems, and the actions of hormones 
will be discussed in detail in later chapters. For now, it is 
sufficient to describe the regulation of hormone secretion 
very broadly, because it so superbly illustrates the principles 
of homeostasis and negative feedback regulation. 

 Hormones are secreted in response to specific chemical 
stimuli. A rise in the plasma glucose concentration, for 
example, stimulates insulin secretion from structures in the 
pancreas known as the  pancreatic islets,  or  islets of Langer-
hans.  Hormones are also secreted in response to nerve stim-
ulation and stimulation by other hormones. 

 The secretion of a hormone can be inhibited by its own 
effects, in a negative feedback manner. Insulin, as previously 
described, produces a lowering of blood glucose. Because a 
rise in blood glucose stimulates insulin secretion, a lowering 
of blood glucose caused by insulin�s action inhibits further 
insulin secretion. This closed-loop control system is called 
 negative feedback inhibition  ( fig. 1.7 a  ). 

     Homeostasis of blood glucose is too important�the 
brain uses blood glucose as its primary source of energy�to 

entrust to the regulation of only one hormone, insulin. 
So, when blood glucose falls during fasting, several mecha-
nisms prevent it from falling too far ( fig. 1.7  b ). First, insulin 
secretion decreases, preventing muscle, liver, and adipose 
cells from taking too much glucose from the blood. Second, 
the secretion of a hormone antagonistic to insulin, called 
glucagon,  increases. Glucagon stimulates processes in the 
liver (breakdown of a stored, starchlike molecule called 
glycogen; chapter 2, section 2.2) that cause it to secrete glu-
cose into the blood. Through these and other antagonistic 
negative feedback mechanisms, the blood glucose is main-
tained within a homeostatic range. 

 |  C H E C K P O I N T 

 4. Define homeostasis and describe how this concept can 
be used to explain physiological control mechanisms.

 5. Define negative feedback and explain how it 
contributes to homeostasis. Illustrate this concept by 
drawing and labeling a negative feedback loop.

 6. Describe positive feedback and explain how this 
process functions in the body.

 7. Explain how the secretion of a hormone is controlled by 
negative feedback inhibition. Use the control of insulin 
secretion as an example.

9The Study of Body Function
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Figure 1.7 Negative feedback control of blood glucose. (a) The rise in blood glucose that occurs after eating carbohydrates 
is corrected by the action of insulin, which is secreted in increasing amounts at that time. (b) During fasting, when blood glucose falls, 
insulin secretion is inhibited and the secretion of an antagonistic hormone, glucagon, is increased. This stimulates the liver to secrete 
glucose into the blood, helping to prevent blood glucose from continuing to fall. In this way, blood glucose concentrations are maintained 
within a homeostatic range following eating and during fasting.

only four major types of tissues. These  primary tissues  are 
(1) muscle, (2) nervous, (3) epithelial, and (4) connective 
tissues. Groupings of these four primary tissues into anatom-
ical and functional units are called  organs.  Organs, in turn, 
may be grouped together by common functions into  sys-
tems.  The systems of the body act in a coordinated fashion 
to maintain the entire organism.   

  Muscle Tissue 
   Muscle tissue  is specialized for contraction. There are three 
types of muscle tissue:  skeletal, cardiac,  and  smooth.  Skele-
tal muscle is often called  voluntary muscle  because its con-
traction is consciously controlled. Both skeletal and cardiac 
muscles are  striated;  they have striations, or stripes, that 
extend across the width of the muscle cell ( figs. 1.8  and  1.9 ). 
These striations are produced by a characteristic arrangement 
of contractile proteins, and for this reason skeletal and car-
diac muscle have similar mechanisms of contraction. Smooth 
muscle ( fig. 1.10 ) lacks these striations and has a different 
mechanism of contraction. 

          Skeletal Muscle 
 Skeletal muscles are generally attached to bones at both ends 
by means of tendons; hence, contraction produces move-
ments of the skeleton. There are exceptions to this pattern, 

    1.3 THE PRIMARY TISSUES 
  The organs of the body are composed of four different 
primary tissues, each of which has its own characteristic 
structure and function. The activities and interactions of 
these tissues determine the physiology of the organs.

L E A R N I N G  O U T C O M E S

    After studying this section, you should be able to:

 �    Distinguish the primary tissues and their subtypes.  

 �   Relate the structure of the primary tissues to their 
functions.      

 Although physiology is the study of function, it is diffi-
cult to properly understand the function of the body without 
some knowledge of its anatomy, particularly at a micro-
scopic level. Microscopic anatomy constitutes a field of study 
known as  histology.  The anatomy and histology of specific 
organs will be discussed together with their functions in 
later chapters. In this section, the common �fabric� of all 
organs is described. 

  Cells  are the basic units of structure and function in the 
body. Cells that have similar functions are grouped into 
categories called  tissues.  The entire body is composed of 
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Nucleus

Striations

Figure 1.8 Three skeletal muscle fibers showing the 
characteristic light and dark cross striations. Because of 
this feature, skeletal muscle is also called striated muscle.

Intercalated
disc

Nucleus

Figure 1.9 Human cardiac muscle. Notice the striated 
appearance and dark-staining intercalated discs.

Nucleus

Figure 1.10 A photomicrograph of smooth muscle 
cells. Notice that these cells contain single, centrally located 
nuclei and lack striations.

however. The tongue, superior portion of the esophagus, 
anal sphincter, and diaphragm are also composed of skeletal 
muscle, but they do not cause movements of the skeleton. 

 Beginning at about the fourth week of embryonic devel-
opment, separate cells called  myoblasts  fuse together to 
form  skeletal muscle fibers,  or  myofibers  (from the Greek 
 myos   =  muscle). Although myofibers are often referred to 
as skeletal muscle cells, each is actually a  syncytium,  or 
multinucleate mass formed from the union of separate cells. 
Despite their unique origin and structure, each myofiber 
contains mitochondria and other organelles (described in 
chapter 3) common to all cells. 

 The muscle fibers within a skeletal muscle are arranged 
in bundles, and within these bundles the fibers extend in 
parallel from one end of the bundle to the other. The par-
allel arrangement of muscle fibers ( fig. 1.8 ) allows each 
fiber to be controlled individually: one can thus contract 
fewer or more muscle fibers and, in this way, vary the 
strength of contraction of the whole muscle. The ability to 
vary, or �grade,� the strength of skeletal muscle contrac-
tion is obviously needed for precise control of skeletal 
movements.  

  Cardiac Muscle 
 Although cardiac muscle is striated, it differs markedly from 
skeletal muscle in appearance. Cardiac muscle is found only 
in the heart where the  myocardial cells  are short, branched, 
and intimately interconnected to form a continuous fabric. 
Special areas of contact between adjacent cells stain darkly to 
show  intercalated discs  ( fig. 1.9 ), which are characteristic of 
heart muscle. 

 The intercalated discs couple myocardial cells together 
mechanically and electrically. Unlike skeletal muscles, there-
fore, the heart cannot produce a graded contraction by vary-
ing the number of cells stimulated to contract. Because of 
the way the heart is constructed, the stimulation of one 
 myocardial cell results in the stimulation of all other cells in 
the mass and a �wholehearted� contraction.  

  Smooth Muscle 
 As implied by the name, smooth muscle cells ( fig. 1.10 ) do 
not have the striations characteristic of skeletal and cardiac 
muscle. Smooth muscle is found in the digestive tract, blood 
vessels, bronchioles (small air passages in the lungs), and the 
ducts of the urinary and reproductive systems. Circular 
arrangements of smooth muscle in these organs produce con-
striction of the  lumen  (cavity) when the muscle cells contract. 
The digestive tract also contains longitudinally arranged lay-
ers of smooth muscle. The series of wavelike contractions of 
circular and longitudinal layers of muscle known as  peristalsis  
pushes food from one end of the digestive tract to the other. 

 The three types of muscle tissue are discussed further in 
chapter 12.    

  Nervous Tissue 
   Nervous tissue  consists of nerve cells, or  neurons,  which 
are specialized for the generation and conduction of electri-
cal events, and of  supporting cells,  which provide the neu-
rons with anatomical and functional support. Supporting cells 
in the nervous system (particularly in the brain and spinal 
cord) are referred to as  neuroglial  (or  glial )  cells.  

11The Study of Body Function
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Figure 1.11 A photomicrograph of nerve tissue. 
A single neuron and numerous smaller supporting cells can 
be seen.

 Each neuron consists of three parts: (1) a  cell body,  
(2)  dendrites,  and (3) an  axon  ( fig. 1.11 ). The cell body con-
tains the nucleus and serves as the metabolic center of the 
cell. The dendrites (literally, �branches�) are highly branched 
cytoplasmic extensions of the cell body that receive input 
from other neurons or from receptor cells. The axon is a sin-
gle cytoplasmic extension of the cell body that can be quite 
long (up to a few feet in length). It is specialized for conduct-
ing nerve impulses from the cell body to another neuron or 
to an effector (muscle or gland) cell. 

 The supporting (neuroglial) cells do not conduct impulses 
but instead serve to bind neurons together, modify the extra-
cellular environment of the nervous system, and influence 
the nourishment and electrical activity of neurons. In recent 
years, neuroglial cells have been shown to cooperate with 
neurons in chemical neurotransmission (chapter 7), and to 
have many other roles in the normal physiology (as well as 
disease processes) of the brain and spinal cord. Neuroglial 
cells are about five times more abundant than neurons in 
the nervous system and, unlike neurons, maintain a limited 
ability to divide by mitosis throughout life. 

 Neurons and supporting cells are discussed in detail in 
chapter 7.   

  Epithelial Tissue 
   Epithelial tissue  consists of cells that form  membranes,  
which cover and line the body surfaces, and of  glands,  which 
are derived from these membranes. There are two categories 
of glands.  Exocrine glands  (from the Greek  exo   =  outside) 

secrete chemicals through a duct that leads to the outside of 
a membrane, and thus to the outside of a body surface.  Endo-
crine glands  (from the Greek  endon   =  within) secrete chemi-
cals called  hormones  into the blood. Endocrine glands are 
discussed in chapter 11.  

   Epithelial Membranes 
 Epithelial membranes are classified according to the number of 
their layers and the shape of the cells in the upper layer 
( table 1.3 ). Epithelial cells that are flattened in shape are  squa-
mous;  those that are as wide as they are tall are  cuboidal;  and 
those that are taller than they are wide are  columnar  
( fig. 1.12  a�c ). Those epithelial membranes that are only one 
cell layer thick are known as  simple membranes;  those that are 
composed of a number of layers are  stratified membranes.  

               Epithelial membranes cover all body surfaces and line 
the cavity (lumen) of every hollow organ. Thus, epithelial 
membranes provide a barrier between the external environ-
ment and the internal environment of the body. Stratified 
epithelial membranes are specialized to provide protection. 
Simple epithelial membranes, in contrast, provide little pro-
tection; instead, they are specialized for transport of sub-
stances between the internal and external environments. In 
order for a substance to get into the body, it must pass 
through an epithelial membrane, and simple epithelia are 
specialized for this function. For example, a simple squa-
mous epithelium in the lungs allows the rapid passage of 
oxygen and carbon dioxide between the air (external envi-
ronment) and blood (internal environment). A simple colum-
nar epithelium in the small intestine, as another example, 
allows digestion products to pass from the intestinal lumen 
(external environment) to the blood (internal environment). 

 Dispersed among the columnar epithelial cells are spe-
cialized unicellular glands called  goblet cells  that secrete 
mucus. The columnar epithelial cells in the uterine (fallopian) 
tubes of females and in the respiratory passages contain 
numerous  cilia  (hairlike structures, described in chapter 3) 
that can move in a coordinated fashion and aid the functions 
of these organs. 

 The epithelial lining of the esophagus and vagina that 
provides protection for these organs is a stratified squamous 
epithelium ( fig. 1.13 ). This is a  nonkeratinized  membrane, 
and all layers consist of living cells. The  epidermis  of the 
skin, by contrast, is  keratinized,  or  cornified  ( fig. 1.14 ). 
Because the epidermis is dry and exposed to the potentially 
desiccating effects of the air, the surface is covered with dead 
cells that are filled with a water-resistant protein known as 
 keratin.  This protective layer is constantly flaked off from the 
surface of the skin and therefore must be constantly replaced 
by the division of cells in the deeper layers of the epidermis. 

     The constant loss and renewal of cells is characteristic of 
epithelial membranes. The entire epidermis is completely 
replaced every two weeks; the stomach lining is renewed 
every two to three days. Examination of the cells that are 
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Type Structure and Function Location

Simple Epithelia Single layer of cells; function varies with type Covering visceral organs; linings of body 
cavities, tubes, and ducts

Simple squamous epithelium Single layer of flattened, tightly bound cells; 
diffusion and filtration

Capillary walls; pulmonary alveoli of lungs; 
covering visceral organs; linings of body 
cavities

Simple cuboidal epithelium Single layer of cube-shaped cells; excretion, 
secretion, or absorption

Surface of ovaries; linings of kidney tubules, 
salivary ducts, and pancreatic ducts

Simple columnar epithelium Single layer of nonciliated, tall, column-shaped 
cells; protection, secretion, and absorption

Lining of most of digestive tract

Simple ciliated columnar epithelium Single layer of ciliated, column-shaped cells; 
transportive role through ciliary motion

Lining of uterine tubes

Pseudostratified ciliated columnar 
epithelium

Single layer of ciliated, irregularly shaped cells; 
many goblet cells; protection, secretion, ciliary 
movement

Lining of respiratory passageways

Stratified Epithelia Two or more layers of cells; function varies 
with type

Epidermal layer of skin; linings of body openings, 
ducts, and urinary bladder

Stratified squamous epithelium 
(keratinized)

Numerous layers containing keratin, with outer 
layers flattened and dead; protection

Epidermis of skin

Stratified squamous epithelium 
(nonkeratinized)

Numerous layers lacking keratin, with outer layers 
moistened and alive; protection and pliability

Linings of oral and nasal cavities, vagina, and 
anal canal

Stratified cuboidal epithelium Usually two layers of cube-shaped cells; 
strengthening of luminal walls

Large ducts of sweat glands, salivary glands, 
and pancreas

Transitional epithelium Numerous layers of rounded, nonkeratinized 
cells; distension

Walls of ureters, part of urethra, and urinary 
bladder

Table 1.3 | Summary of Epithelial Membranes

(b)

Figure 1.12 Different types of simple epithelial membranes. (a) Simple squamous, (b) simple cuboidal, and (c) simple 
columnar epithelial membranes. The tissue beneath each membrane is connective tissue.

(a)
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Figure 1.14 The epidermis is a stratified, squamous, 
keratinized epithelium. The upper cell layers are dead and 
impregnated with the protein keratin, producing a cornified 
epithelial membrane, which is supported by layers of living cells. 
The epidermis is nourished by blood vessels located in the loose 
connective tissue of the dermis.

(a)

Figure 1.13 A stratified squamous nonkeratinized epithelial membrane. This is a photomicrograph (a) and illustration 
(b) of the epithelial lining of the vagina.

Connective tissue

Basement membrane

Mitotically active
germinal area

Squamous
surface cells

Nucleus

Cytoplasm

(b)

lost, or �exfoliated,� from the outer layer of epithelium lining 
the female reproductive tract is a common procedure in 
gynecology (as in the Pap smear). 

 In order to form a strong membrane that is effective as a 
barrier at the body surfaces, epithelial cells are very closely 
packed and are joined together by structures collectively 
called  junctional complexes  (chapter 6; see fig. 6.22). There 
is no room for blood vessels between adjacent epithelial 
cells. The epithelium must therefore receive nourishment 
from the tissue beneath, which has large intercellular spaces 
that can accommodate blood vessels and nerves. This under-
lying tissue is called  connective tissue.  Epithelial membranes 
are attached to the underlying connective tissue by a layer of 
proteins and polysaccharides known as the  basement mem-
brane.  This layer can be observed only under the microscope 
using specialized staining techniques. 

 Basement membranes are believed to induce a polarity 
to the cells of epithelial membranes; that is, the top (apical) 
portion of epithelial cells has different structural and func-
tional components than the bottom (basal) portion. This is 
important in many physiological processes. For example, 
substances are transported in specific directions across 
simple epithelial membranes (discussed in chapter 6; see 
fig. 6.21). In stratified membranes, only the basal (bottom) 
layer of cells is on the basement membrane, and it is these 
cells that undergo mitosis to form new epithelial cells 
to replace those lost from the top. Scientists recently dem-
onstrated that when these basal cells divide, one of the 
daughter cells is attached to the basement membrane 
(renewing the basal cell population), while the other is not. 
The daughter cell that is �unstuck� from the basement 
membrane differentiates and migrates upward in the strati-
fied epithelium.  
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Figure 1.15 The formation of exocrine and endocrine glands from epithelial membranes. Note that exocrine glands 
retain a duct that can carry their secretion to the surface of the epithelial membrane, whereas endocrine glands are ductless.
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Figure 1.16 The structure of exocrine 
glands. Exocrine glands may be simple invaginations 
of epithelial membranes, or they may be more complex 
derivatives.

  Exocrine Glands 
  Exocrine glands  are derived from cells of epithelial mem-
branes. The secretions of these cells are passed to the out-
side of the epithelial membranes (and hence to the surface of 
the body) through  ducts.  This is in contrast to  endocrine 
glands,  which lack ducts and which therefore secrete into 
capillaries within the body ( fig. 1.15 ). The structure of endo-
crine glands will be described in chapter 11. 

 The secretory units of exocrine glands may be simple 
tubes, or they may be modified to form clusters of units 
around branched ducts ( fig. 1.16 ). These clusters, or 
 acini,  are often surrounded by tentacle-like extensions of 
 myoepithelial cells  that contract and squeeze the secre-
tions through the ducts. The rate of secretion and the 
action of myoepithelial cells are subject to neural and 
endocrine regulation. 

   Examples of exocrine glands in the skin include the lacri-
mal (tear) glands, sebaceous glands (which secrete oily sebum 

CLIN ICAL  APPL ICATION

Basement membranes consist primarily of a structural protein 
known as collagen (see fig. 2.29), together with assorted other 
types of proteins. The specific type of collagen in basement 
membranes is known as collagen IV, a large protein assembled 
from six different polypeptide chains coded by six different 
genes. (The structure of proteins is described in chapter 2, and 
the genetic coding of protein structure in chapter 3.)

Alport�s syndrome is a genetic disorder of the collagen 
subunits. This leads to their degradation and can cause a vari-
ety of problems, including kidney failure.

Goodpasture�s syndrome is an autoimmune disease�
one produced when a person�s own immune system makes 
antibodies against his or her own basement membrane com-
ponents. When basement membranes are attacked in this way, 
a person may develop lung and kidney impairment. 
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Figure 1.17 Loose connective tissue. This illustration 
shows the cells and protein fibers characteristic of connective 
tissue proper. The ground substance is the extracellular 
background material, against which the different protein fibers 
can be seen. The macrophage is a phagocytic connective tissue 
cell, which can be derived from monocytes (a type of white 
blood cell).

Collagen fibers
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Figure 1.18 Dense regular connective tissue. In this 
photomicrograph, the collagen fibers in a tendon are packaged 
densely into parallel groups. The ground substance is in the tiny 
spaces between the collagen fibers.

into hair follicles), and sweat glands. There are two types of 
sweat glands. The more numerous, the  eccrine  (or  merocrine) 
sweat glands,  secrete a dilute salt solution that serves in ther-
moregulation (evaporation cools the skin). The  apocrine sweat 
glands,  located in the axillae (underarms) and pubic region, 
secrete a protein-rich fluid. This provides nourishment for bac-
teria that produce the characteristic odor of this type of sweat. 

 All of the glands that secrete into the digestive tract are 
also exocrine. This is because the lumen of the digestive 
tract is a part of the external environment, and secretions of 
these glands go to the outside of the membrane that lines 
this tract. Mucous glands are located throughout the length 
of the digestive tract. Other relatively simple glands of the 
tract include salivary glands, gastric glands, and simple 
tubular glands in the intestine. 

 The  liver  and  pancreas  are exocrine (as well as endo-
crine) glands, derived embryologically from the digestive 
tract. The exocrine secretion of the pancreas�pancreatic 
juice�contains digestive enzymes and bicarbonate and is 
secreted into the small intestine via the pancreatic duct. The 
liver produces and secretes bile (an emulsifier of fat) into the 
small intestine via the gallbladder and bile duct. 

 Exocrine glands are also prominent in the reproductive 
system. The female reproductive tract contains numerous 
mucus-secreting exocrine glands. The male accessory sex 
organs�the  prostate  and  seminal vesicles �are exocrine 
glands that contribute to semen. The testes and ovaries (the 
gonads) are both endocrine and exocrine glands. They are 
endocrine because they secrete sex steroid hormones into 
the blood; they are exocrine because they release gametes 
(ova and sperm) into the reproductive tracts.    

  Connective Tissue 
   Connective tissue  is characterized by large amounts of extra-
cellular material between the different types of connective tis-
sue cells. The extracellular material, called the connective 
tissue  matrix,  varies in the four primary types of connective 
tissues: (1) connective tissue proper; (2) cartilage; (3) bone; 
and (4) blood.  Blood  is classified as a type of connective tis-
sue because about half its volume is an  extracellular fluid, 
the blood plasma (chapter 13, section 13.1). 

  Connective tissue proper,  in which the matrix consists 
of protein fibers and a proteinaceous, gel-like  ground sub-
stance,  is divided into subtypes. In  loose connective tissue  
(also called  areolar connective tissue ), protein fibers com-
posed of  collagen  (collagenous fibers) are scattered loosely 
in the ground substance ( fig. 1.17 ), which provides space for 
the presence of blood vessels, nerve fibers, and other struc-
tures (see the dermis of the skin, shown in  fig. 1.14 , as an 
example).  Dense regular connective tissues  are those in which 
collagenous fibers are oriented parallel to each other and 
densely packed in the extracellular matrix, leaving little room 
for cells and ground substance ( fig. 1.18 ). Examples of dense 
regular connective tissues include tendons (connecting bone 
to bone) and ligaments (connecting bones together at joints). 

16 Chapter 1

fox78119_ch01_001-023.indd   16fox78119_ch01_001-023.indd   16 25/06/10   8:55 PM25/06/10   8:55 PM



Fat
globule

Nucleus of
adipocyte

Cytoplasm

Cell
membrane

(a)

(b)

Figure 1.19 Adipose tissue. Each adipocyte contains 
a large, central globule of fat surrounded by the cytoplasm of 
the adipocyte. (a) Photomicrograph and (b) illustration of 
adipose tissue.
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Figure 1.20 The structure of bone. (a) A diagram 
of a long bone, (b) a photomicrograph showing osteons 
(haversian systems), and (c) a diagram of osteons. Within 
each central canal, an artery (red), a vein (blue), and a nerve 
(yellow) is illustrated.

 Dense irregular connective tissues,  forming tough capsules 
and sheaths around organs, contain densely packed collage-
nous fibers arranged in various orientations that resist forces 
applied from different directions. 

  Adipose tissue  is a specialized type of loose connective 
tissue. In each adipose cell, or  adipocyte,  the cytoplasm 
is stretched around a central globule of fat ( fig. 1.19 ). The 
synthesis and breakdown of fat are accomplished by 
enzymes within the cytoplasm of the adipocytes. 

      Cartilage  consists of cells, called  chondrocytes,  surrounded 
by a semisolid ground substance that imparts elastic properties 
to the tissue. Cartilage is a type of supportive and protective tis-
sue commonly called �gristle.� It forms the precursor to many 
bones that develop in the fetus and persists at the articular 
(joint) surfaces on the bones at all movable joints in adults. 

  Bone  is produced as concentric layers, or  lamellae,  of 
calcified material laid around blood vessels. The bone-
forming cells, or  osteoblasts,  surrounded by their calcified 
products, become trapped within cavities called  lacunae.  
The trapped cells, which are now called  osteocytes,  remain 
alive because they are nourished by �lifelines� of cytoplasm 
that extend from the cells to the blood vessels in  canaliculi  
(little canals). The blood vessels lie within central canals, 
surrounded by concentric rings of bone lamellae with their 
trapped osteocytes. These units of bone structure are called 
 osteons,  or  haversian systems  ( fig. 1.20 ). 
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Figure 1.21 A cross section of a tooth showing pulp, 
dentin, and enamel. The root of the tooth is covered by 
cementum, a calcified connective tissue that helps to anchor the 
tooth in its bony socket.

     The  dentin  of a tooth ( fig. 1.21 ) is similar in composition 
to bone, but the cells that form this calcified tissue are located 
in the pulp (composed of loose connective tissue). These 
cells send cytoplasmic extensions, called  dentinal tubules,
into the dentin. Dentin, like bone, is thus a living tissue that 
can be remodeled in response to stresses. The cells that form 
the outer  enamel  of a tooth, by contrast, are lost as the tooth 
erupts. Enamel is a highly calcified material, harder than 
bone or dentin, that cannot be regenerated; artificial �fillings� 
are therefore required to patch holes in the enamel. 

|  C H E C K P O I N T

   8. List the four primary tissues and describe the 
distinguishing features of each type.

   9. Compare and contrast the three types of muscle tissue.
 10. Describe the different types of epithelial membranes 

and state their locations in the body.
 11. Explain why exocrine and endocrine glands are 

considered epithelial tissues and distinguish between 
these two types of glands.

 12. Describe the different types of connective tissues 
and explain how they differ from one another in their 
content of extracellular material.

    1.4 ORGANS AND SYSTEMS 
  Organs are composed of two or more primary tissues 
that serve the different functions of the organ. The skin is 
an organ that has numerous functions provided by its 
constituent tissues.

L E A R N I N G  O U T C O M E S

    After studying this section, you should be able to:

 � Use the skin as an example to describe how the 
different primary tissues compose organs.  

 � Identify the body fluid compartments.      

 An  organ  is a structure composed of at least two, and 
usually all four, primary tissues. The largest organ in the 
body, in terms of surface area, is the skin ( fig. 1.22 ). In 
this section, the numerous functions of the skin serve to 
illustrate how primary tissues cooperate in the service of 
organ physiology. 

        An Example of an Organ: The Skin 
  The cornified  epidermis  protects the skin against water loss 
and against invasion by disease-causing organisms. Invagi-
nations of the epithelium into the underlying connective tis-
sue  dermis  create the exocrine glands of the skin. These 
include hair follicles (which produce the hair), sweat glands, 
and sebaceous glands. The secretion of sweat glands cools 
the body by evaporation and produces odors that, at least in 
lower animals, serve as sexual attractants. Sebaceous glands 
secrete oily sebum into hair follicles, which transport the 
sebum to the surface of the skin. Sebum lubricates the cor-
nified surface of the skin, helping to prevent it from drying 
and cracking. 

 The skin is nourished by blood vessels within the der-
mis. In addition to blood vessels, the dermis contains wan-
dering white blood cells and other types of cells that protect 
against invading disease-causing organisms. It also contains 
nerve fibers and adipose (fat) cells; however, most of the 
adipose cells are grouped together to form the  hypodermis
(a layer beneath the dermis). Although adipose cells are a 
type of connective tissue, masses of fat deposits throughout 
the body�such as subcutaneous fat�are referred to as  adi-
pose tissue.  

 Sensory nerve endings within the dermis mediate the 
cutaneous sensations of touch, pressure, heat, cold, and pain. 
Motor nerve fibers in the skin stimulate effector organs, 
resulting in, for example, the secretions of exocrine glands 
and contractions of the arrector pili muscles, which attach to 
hair follicles and surrounding connective tissue (producing 
goose bumps). The degree of constriction or dilation of cuta-
neous blood vessels�and therefore the rate of blood flow�
is also regulated by motor nerve fibers. 

 The epidermis itself is a dynamic structure that can 
respond to environmental stimuli. The rate of its cell 
 division�and consequently the thickness of the cornified 
layer�increases under the stimulus of constant abrasion. 
This produces calluses. The skin also protects itself against 
the dangers of ultraviolet light by increasing its production 
of  melanin  pigment, which absorbs ultraviolet light while 
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Figure 1.22 A diagram of the skin. The skin is an organ that contains all four types of primary tissues.

producing a tan. In addition, the skin is an endocrine gland; 
it synthesizes and secretes vitamin D (derived from choles-
terol under the influence of ultraviolet light), which func-
tions as a hormone. 

 The architecture of most organs is similar to that of the 
skin. Most are covered by an epithelium that lies immedi-
ately over a connective tissue layer. The connective tissue 
contains blood vessels, nerve endings, scattered cells for 
fighting infection, and possibly glandular tissue as well. If 
the organ is hollow�as with the digestive tract or blood 
vessels�the lumen is also lined with an epithelium overly-
ing a connective tissue layer. The presence, type, and dis-
tribution of muscle tissue and nervous tissue vary in 
different organs.  

   Stem Cells 
 The different tissues of an organ are composed of cells 
that are highly specialized, or  differentiated.  The process 
of differentiation begins during embryonic development, 
when the fertilized egg, or  zygote,  divides to produce 
three embryonic tissue layers, or  germ layers: ectoderm, 
mesoderm,  and  endoderm  (chapter 20; see fig. 20.45 a ). 
During the course of embryonic and fetal development, 

the three germ layers give rise to the four primary tissues 
and their subtypes. 

 The zygote is  totipotent �it can produce all of the dif-
ferent specialized cell types in the body. As development 
proceeds, the cells become increasingly differentiated (spe-
cialized) and lose the ability to form unrelated cell types. 
Some specialized cells�such as neurons and striated mus-
cle cells�lose even the ability to divide and reproduce 
themselves. Because the specialized cells have a limited 
lifespan, many organs retain small populations of cells that 
are less differentiated and more able to divide to become 
the specialized (and generally related) cell types within 
the organ. These less-differentiated cells are known as 
 adult stem cells.  In the bone marrow, for example, the 
stem cell population gives rise to all of the different 
blood�cells�red blood cells, white blood cells, and plate-
lets (chapter 13). Similarly, there are stem cells in the 
brain (chapter 8), skeletal muscles (chapter 12), and intes-
tine (chapter 18). 

 Scientists have recently discovered that there are also 
stem cells in the bulge region of the hair follicle ( fig. 1.23 ). 
These stem cells form keratinocytes, which migrate down to 
the matrix of the hair follicle and divide to form the hair 
shaft and root sheath. Other cells derived from the stem cells 
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Figure 1.23 The bulge region of the hair follicle 
with stem cells. Stem cells in this region migrate to form the 
differentiated cells of the hair follicle, sebaceous gland, and 
epidermis.

System Major Organs
Primary 
Functions

Integumentary Skin, hair, nails Protection, 
thermoregulation

Nervous Brain, spinal cord, 
nerves

Regulation of other 
body systems

Endocrine Hormone-secreting 
glands, such as 
the pituitary, 
thyroid, and 
adrenals

Secretion of 
regulatory 
molecules called 
hormones

Skeletal Bones, cartilages Movement and 
support

Muscular Skeletal muscles Movements of the 
skeleton

Circulatory Heart, blood vessels, 
lymphatic vessels

Movement of blood 
and lymph

Immune Bone marrow, 
lymphoid organs

Defense of the body 
against invading 
pathogens

Respiratory Lungs, airways Gas exchange

Urinary Kidneys, ureters, 
urethra

Regulation of blood 
volume and 
composition

Digestive Mouth, stomach, 
intestine, liver, 
gallbladder, 
pancreas

Breakdown of food 
into molecules that 
enter the body

Reproductive Gonads,external 
genitalia, 
associated glands 
and ducts

Continuation of the 
human species

Table 1.4 | Organ Systems of the Body

can migrate upward to replace cells in the sebaceous glands 
and epidermis. The bulge region also contains melanocyte 
stem cells, which migrate to the matrix of the follicle and 
give the hair its color. Scientists have now shown that gray-
ing of the hair with age is caused by loss of the melanocyte 
stem cells in the bulge of the hair follicles. The melanocyte 
stem cells appeared to be present in most of the hair follicles 
of people aged 20 to 30 and absent from most hair follicles of 
people aged 70 to 90. 

       As demonstrated by the stem cells in the bulge of the 
hair follicle, adult stem cells can form a variety of related 
cell� types; the adult stem cells are therefore described as 
  multipotent.  This is different from  embryonic stem cells,  
which are less differentiated and more capable of forming 
unrelated cell types; embryonic stem cells are described as 
 pluripotent.  The topics of embryonic and adult stem cells are 
discussed in more detail in the context of embryonic devel-
opment (chapter 20, section 20.6).    

  Systems 
  Organs that are located in different regions of the body 
and� that perform related functions are grouped into  sys-
tems. �These include the integumentary system, nervous sys-
tem, endocrine system, skeletal system, muscular system, 
 circulatory system, immune system, respiratory system, uri-
nary system, digestive system, and reproductive system 
( table 1.4 ). By means of numerous regulatory mechanisms, 
these  systems work together to maintain the life and health 
of the entire organism. 

          Body-Fluid Compartments 
  Tissues, organs, and systems can all be divided into two major 
parts, or compartments. The  intracellular compartment  is 
that part inside the cells; the  extracellular compartment  
is�that part outside the cells. Both compartments consist pri-
marily of water�they are said to be  aqueous.  About 65% of 
the total body water is in the intracellular compartment, while 
about 35% is in the extracellular compartment. The two com-
partments are separated by the cell membrane surrounding 
each cell (chapter 3, section 3.1). 

 The extracellular compartment is subdivided into two 
parts. One part is the  blood plasma,  the fluid portion of the 
blood. The other is the fluid that bathes the cells within the 
organs of the body. This is called  tissue fluid,  or  interstitial 
fluid.  In most parts of the body, blood plasma and tissue 
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fluid communicate freely through blood�capillaries. The kid-
neys regulate the volume and composition of the blood 
plasma, and thus, indirectly, the fluid volume and composi-
tion of the entire extracellular compartment. 

 There is also selective communication between the 
 intracellular and extracellular compartments through the 
movement of molecules and ions through the cell mem-
brane, as described in chapter 6. This is how cells obtain 
the  molecules they need for life and how they eliminate 
waste products. 

compensate for the initial deviations that were 
detected by the sensor.     

    2.  Positive feedback loops serve to amplify changes and 
may be part of the action of an overall negative 
feedback mechanism.  

    3.  The nervous and endocrine systems provide extrinsic 
regulation of other body systems and act to maintain 
homeostasis.  

    4.  The secretion of hormones is stimulated by specific 
chemicals and is inhibited by negative feedback 
mechanisms.     

    B.  Effectors act antagonistically to defend the set point 
against deviations in any direction.    

  1.3 The Primary Tissues 10 
     A.  The body is composed of four types of primary 

tissues: muscle, nervous, epithelial, and connective 
tissues.

     1.  There are three types of muscle tissue: skeletal, 
cardiac, and smooth muscle.

     a.  Skeletal and cardiac muscle are striated.  
    b.  Smooth muscle is found in the walls of the internal 

organs.     
    2.  Nervous tissue is composed of neurons and supporting 

cells.
     a.  Neurons are specialized for the generation and 

conduction of electrical impulses.  
    b.  Supporting cells provide the neurons with 

anatomical and functional support.     
    3.  Epithelial tissue includes membranes and glands.

     a.  Epithelial membranes cover and line the body 
surfaces, and their cells are tightly joined by 
junctional complexes.  

    b.  Epithelial membranes may be simple or stratified, 
and their cells may be squamous, cuboidal, or 
columnar.  

    c.  Exocrine glands, which secrete into ducts, and 
endocrine glands, which lack ducts and secrete 
hormones into the blood, are derived from 
epithelial membranes.     

|  C H E C K P O I N T

 13. State the location of each type of primary tissue in the 
skin.

 14. Describe the functions of nervous, muscle, and 
connective tissue in the skin.

 15. Describe the functions of the epidermis and explain 
why this tissue is called �dynamic.�

 16. Distinguish between the intracellular and extracellular 
compartments and explain their significance.

              SUMMARY 
  1.1 Introduction to Physiology 2 
     A.  Physiology is the study of how cells, tissues, and organs 

function.
     1.  In the study of physiology, cause-and-effect sequences 

are emphasized.  
    2.  Knowledge of physiological mechanisms is deduced 

from data obtained experimentally.     
    B.  The science of physiology overlaps with chemistry and 

physics and shares knowledge with the related sciences of 
pathophysiology and comparative physiology.

     1.  Pathophysiology is concerned with the functions of 
diseased or injured body systems and is based on 
knowledge of how normal systems function, which is 
the focus of physiology.  

    2.  Comparative physiology is concerned with the 
physiology of animals other than humans and shares 
much information with human physiology.     

    C.  All of the information in this book has been gained by ap-
plications of the scienti� c method. This method has three 
essential characteristics:

     1.  It is assumed that the subject under study can 
ultimately be explained in terms we can understand.  

    2.  Descriptions and explanations are honestly based on 
observations of the natural world and can be changed 
as warranted by new observations.  

    3.  Humility is an important characteristic of the scientific 
method; the scientist must be willing to change his or 
her theories when warranted by the weight of the 
evidence.       

  1.2 Homeostasis and Feedback Control 4 
A. Homeostasis refers to the dynamic constancy of the inter-

nal environment.
     1.  Homeostasis is maintained by mechanisms that act 

through negative feedback loops.
     a.  A negative feedback loop requires (1) a sensor that 

can detect a change in the internal environment 
and (2) an effector that can be activated by the 
sensor.  

    b.  In a negative feedback loop, the effector acts to 
cause changes in the internal environment that 

21The Study of Body Function

fox78119_ch01_001-023.indd   21fox78119_ch01_001-023.indd   21 25/06/10   8:55 PM25/06/10   8:55 PM



    4.  Connective tissue is characterized by large intercel lular 
spaces that contain extracellular material.

     a.  Connective tissue proper is categorized into 
subtypes, including loose, dense fibrous, adipose, 
and others.  

    b.  Cartilage, bone, and blood are classified as 
connective tissues because their cells are widely 
spaced with abundant extracellular material 
between them.          

  1.4 Organs and Systems 18 
     A.  Organs are units of structure and function that are com-

posed of at least two, and usually all four, of the primary 
types of tissues.

     1.  The skin is a good example of an organ.
     a.  The epidermis is a stratified squamous keratinized 

epithelium that protects underlying structures and 
produces vitamin D.  

    b.  The dermis is an example of loose connective 
tissue.  

    c.  Hair follicles, sweat glands, and sebaceous glands 
are exocrine glands located within the dermis.  

    d.  Sensory and motor nerve fibers enter the spaces 
within the dermis to innervate sensory organs and 
smooth muscles.  

    e.  The arrector pili muscles that attach to the hair 
follicles are composed of smooth muscle.     

    2.  Organs that are located in different regions of the body 
and that perform related functions are grouped into 
systems. These include, among others, the circulatory 
system, digestive system, and endocrine system.  

    3.  Many organs contain adult stem cells, which are able 
to differentiate into a number of related cell types.

     a.  Because of their limited flexibility, adult stem cells 
are described as multipotent, rather than as 
totipotent or pluripotent.  

    b.  For example, the bulge region of a hair follicle 
contains stem cells that can become keratinocytes, 
epithelial cells, and melanocytes; the loss of 
the melanocyte stem cells causes graying of 
the hair.        

    B.  The � uids of the body are divided into two major com-
partments.

     1.  The intracellular compartment refers to the fluid 
within cells.  

    2.  The extracellular compartment refers to the fluid 
outside of cells; extracellular fluid is subdivided into 
plasma (the fluid portion of the blood) and tissue 
(interstitial) fluid.        

  REVIEW ACTIVITIES 
  Test Your Knowledge 
    1. Glands are derived from

    a. nervous tissue.  
   b. connective tissue.  
   c. muscle tissue.  
   d. epithelial tissue.     

   2. Cells joined tightly together are characteristic of
    a. nervous tissue.  
   b. connective tissue.  
   c. muscle tissue.  
   d. epithelial tissue.     

   3. Cells are separated by large extracellular spaces in
    a. nervous tissue.  
   b. connective tissue.  
   c. muscle tissue.  
   d. epithelial tissue.     

   4. Blood vessels and nerves are usually located within
    a. nervous tissue.  
   b. connective tissue.  
   c. muscle tissue.  
   d. epithelial tissue.     

   5. Most organs are composed of
    a. epithelial tissue.  
   b. muscle tissue.  
   c. connective tissue.  
   d. all of these.     

   6. Sweat is secreted by exocrine glands. This means that
    a. it is produced by endocrine cells.  
   b. it is a hormone.  
   c. it is secreted into a duct.  
   d. it is produced outside the body.     

   7. Which of these statements about homeostasis is  true? 
    a. The internal environment is maintained absolutely 

constant.  
   b. Negative feedback mechanisms act to correct deviations 

from a normal range within the internal environment.  
   c. Homeostasis is maintained by turning effectors on 

and off.  
   d. All of these are true.     

   8. In a negative feedback loop, the effector organ produces 
changes that are
    a. in the same direction as the change produced by the 

initial stimulus.  
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   b. opposite in direction to the change produced by the 
initial stimulus.  

   c. unrelated to the initial stimulus.     
   9. A hormone called parathyroid hormone acts to help raise 

the blood calcium concentration. According to the 
principles of negative feedback, an effective stimulus for 
parathyroid hormone secretion would be
    a. a fall in blood calcium.  
   b. a rise in blood calcium.     

   10. Which of these consists of dense parallel arrangements of 
collagen fibers?
    a. skeletal muscle tissue  
   b. nervous tissue  
   c. tendons  
   d. dermis of the skin     

   11. The act of breathing raises the blood oxygen level, lowers 
the blood carbon dioxide concentration, and raises the 
blood pH. According to the principles of negative feedback, 
sensors that regulate breathing should respond to
    a. a rise in blood oxygen.  
   b. a rise in blood pH.  
   c. a rise in blood carbon dioxide concentration.  
   d. all of these.     

   12. Adult stem cells, such as those in the bone marrow, brain, 
or hair follicles, can best be described as , 
whereas embryonic stem cells are described as 

  .
    a. totipotent; pluripotent  
   b. pluripotent; multipotent  
   c. multipotent; pluripotent  
   d. totipotent; multipotent       

  Test Your Understanding 
    13. Describe the structure of the various epithelial membranes 

and explain how their structures relate to their functions.    
     14. Compare bone, blood, and the dermis of the skin in terms 

of their similarities. What are the major structural 
differences between these tissues?  

   15. Describe the role of antagonistic negative feedback 
processes in the maintenance of homeostasis.  

   16. Using insulin as an example, explain how the secretion 
of a hormone is controlled by the effects of that 
hormone�s actions.  

   17. Describe the steps in the development of pharmaceutical 
drugs and evaluate the role of animal research in this 
process.  

   18. Why is Claude Bernard considered the father of modern 
physiology? Why is the concept he introduced so 
important in physiology and medicine?    

  Test Your Analytical Ability 
    19. What do you think would happen if most of your 

physiological regulatory mechanisms were to operate by 
positive feedback rather than by negative feedback? Would 
life even be possible?  

   20. Examine  figure 1.5  and determine when the compensatory 
physiological responses began to act, and how many 
minutes they required to restore the initial set point of 
blood glucose concentration. Comment on the importance 
of quantitative measurements in physiology.  

   21. Why are interactions between the body-fluid 
compartments essential for sustaining life?  

   22. Suppose a person has collapsed due to a rapid drop in 
blood pressure. What would you expect to find regarding 
the rate and strength of this person�s pulse? Explain how 
this illustrates the principle of negative feedback 
regulation.  

   23. Give examples of adult stem cells and explain their 
abilities and limitations. Why are adult stem cells needed 
in the body?    

  Test Your Quantitative Ability 
 Suppose body temperature varies between 36.6° C and 37.7° C 
over a period of a few hours.
    24. Calculate the set point as the average value.  
   25. Calculate the range of values (lowest to highest).  
   26. Calculate the sensitivity of the negative feedback loop; this 

is the deviation from the set point to the lowest (or 
highest) value.                         

Visit this book�s website at www.mhhe.com/Fox12
for chapter quizzes, interactive learning exercises, and 
other study tools.
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Atom Symbol
Atomic 
Number

Atomic 
Mass

Electrons 
in Shell 1

Electrons 
in Shell 2

Electrons 
in Shell 3

Number of 
Chemical Bonds

Hydrogen H 1 1 1 0 0 1

Carbon C 6 12 2 4 0 4

Nitrogen N 7 14 2 5 0 3

Oxygen O 8 16 2 6 0 2

Sulfur S 16 32 2 8 6 2

Table 2.1 | Atoms Commonly Present in Organic Molecules

Case Investigation
George decides it is immoral to eat plants or 

animals, and so resolves to eat only artificial food he 
obtains from his chemistry lab: D-amino acids and 
 L-sugars. After several days, he feels very weak and seeks 
medical attention.

Some of the new terms and concepts you will 
encounter include:

� Stereoisomers (D- and L-amino acids and sugars)
 � Ketone bodies and ketonuria

total weight of an average adult. Of this amount, two-thirds 
is contained within the body cells, or in the  intracellular 
compartment;  the remainder is contained in the  extracellular 
compartment , a term that refers to the blood and tissue fluids. 
Dissolved in this water are many organic molecules (carbon-
containing molecules such as carbohydrates, lipids, proteins, 
and nucleic acids), as well as inorganic molecules and ions 
(atoms with a net charge). Before describing the structure and 
function of organic molecules within the body, it would be 
useful to consider some basic chemical concepts, terminol-
ogy, and symbols.   

  Atoms 
Atoms  are the smallest units of the chemical elements. They 
are much too small to be seen individually, even with the 
most powerful electron microscope. Through the efforts of 
generations of scientists, however, atomic structure is now 
well understood. At the center of an atom is its  nucleus.
The nucleus contains two types of particles� protons,  which 
bear a positive charge, and  neutrons,  which carry no charge 
(are neutral). The mass of a proton is equal to the mass of 
a neutron, and the sum of the protons and neutrons in an 
atom is the  mass number  of the atom. For example, an atom 
of carbon, which contains 6 protons and 6 neutrons, has an 
atomic mass of 12 ( table 2.1 ). Note that the mass of elec-
trons is not considered when calculating the atomic mass, 
because it is insignificantly small compared to the mass of 
protons and neutrons. 

 The number of protons in an atom is given as its  atomic 
number.  Carbon has 6 protons and thus has an atomic num-
ber of 6. Outside the positively charged nucleus are nega-
tively charged subatomic particles called  electrons.  Because 
the number of electrons in an atom is equal to the number of 
protons, atoms have a net charge of zero. 

 Although it is often convenient to think of electrons as 
orbiting the nucleus like planets orbiting the sun, this sim-
plified model of atomic structure is no longer believed to be 
correct. A given electron can occupy any position in a certain 
volume of space called the  orbital  of the electron. The orbit-
als form a �shell,� or energy level, beyond which the elec-
tron usually does not pass. 

   2.1 ATOMS, IONS, AND 
CHEMICAL BONDS 
  The study of physiology requires some familiarity with 
the basic concepts and terminology of chemistry. A 
knowledge of atomic and molecular structure, the 
nature of chemical bonds, and the nature of pH and 
associated concepts provides the foundation for much 
of human physiology.

L E A R N I N G  O U T C O M E S

    After studying this section, you should be able to:

 �    Describe the structure of an atom and an ion, and the 
nature of covalent, ionic, and hydrogen bonds.  

 �   Identify the characteristics of organic molecules.  

 �   Explain the meaning of the terms  polar  and  nonpolar; 
hydrophilic  and  hydrophobic.   

 � Define  acid  and  base,  and explain the pH scale.      

 The structures and physiological processes of the body 
are based, to a large degree, on the properties and inter-
actions of atoms, ions, and molecules. Water is the major 
constituent of the body and accounts for 60% to 70% of the 
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Proton Neutron Electron

Hydrogen
1 proton

1 electron

Carbon
6 protons
6 neutrons
6 electrons

H2
Figure 2.1 Diagrams of the hydrogen and carbon 
atoms. On the left, the electron shells are represented by 
shaded spheres indicating probable positions of the electrons. 
On the right, the shells are represented by concentric circles.

Figure 2.2 A hydrogen molecule showing the 
covalent bonds between hydrogen atoms. These bonds are 
formed by the equal sharing of electrons.

 There are potentially several such shells surrounding a 
nucleus, with each successive shell being farther from the 
nucleus. The first shell, closest to the nucleus, can contain 
only 2 electrons. If an atom has more than 2 electrons (as 
do all atoms except hydrogen and helium), the additional 
electrons must occupy shells that are more distant from the 
nucleus. The second shell can contain a maximum of 8 elec-
trons, and higher shells can contain still more electrons that 
possess more energy the farther they are from the nucleus. 
Most elements of biological significance (other than hydro-
gen), however, require 8 electrons to complete the outermost 
shell. The shells are filled from the innermost outward. Car-
bon, with 6 electrons, has 2 electrons in its first shell and 
4 electrons in its second shell ( fig. 2.1 ). 

       It is always the electrons in the outermost shell, if this 
shell is incomplete, that participate in chemical reactions and 
form chemical bonds. These outermost electrons are known 
as the  valence electrons  of the atom.  

   Isotopes 
 A particular atom with a given number of protons in its 
nucleus may exist in several forms that differ from one 
another in their number of neutrons. The atomic number 
of these forms is thus the same, but their atomic mass is 
different. These different forms are called  isotopes.  All of 
the isotopic forms of a given atom are included in the term 
 chemical element.  The element hydrogen, for example, has 
three isotopes. The most common of these has a nucleus 
consisting of only 1 proton. Another isotope of  hydrogen 

(called  deuterium ) has 1 proton and 1 neutron in the nucleus, 
whereas the third isotope ( tritium ) has 1 proton and 2 neu-
trons. Tritium is a radioactive isotope that is commonly used 
in physiological research and in many clinical laboratory 
procedures.    

  Chemical Bonds, Molecules, 
and Ionic Compounds 
  Molecules are formed through interaction of the valence 
electrons between two or more atoms. These interactions, 
such as the sharing of electrons, produce  chemical bonds  
( fig. 2.2 ). The number of bonds that each atom can have is 
determined by the number of electrons needed to complete 
the outermost shell. Hydrogen, for example, must obtain 
only 1 more electron�and can thus form only one chemical 
bond�to complete the first shell of 2 electrons. Carbon, by 
contrast, must obtain 4 more electrons�and can thus form 
four chemical bonds�to complete the second shell of 8 elec-
trons ( fig. 2.3 ,  left ). 

          Covalent Bonds 
  Covalent bonds  result when atoms share their valence elec-
trons. Covalent bonds that are formed between identical 
atoms, as in oxygen gas (O 2 ) and hydrogen gas (H 2 ), are the 
strongest because their electrons are equally shared. Because 
the electrons are equally distributed between the 2 atoms, 
these molecules are said to be  nonpolar  and the bonds 
between them are nonpolar covalent bonds. Such bonds 
are also important in living organisms. The unique nature 
of carbon atoms and the organic molecules formed through 
covalent bonds between carbon atoms provides the chemical 
foundation of life. 
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Figure 2.3 The molecules methane and ammonia represented in three different ways. Notice that a bond between 
2�atoms consists of a pair of shared electrons (the electrons from the outer shell of each atom).

Figure 2.4 A model of a water molecule showing its 
polar nature. Notice that the oxygen side of the molecule is 
negative, whereas the hydrogen side is positive. Polar covalent 
bonds are weaker than nonpolar covalent bonds. As a result, 
some water molecules ionize to form a hydroxide ion (OH�) and a 
hydrogen ion (H+).

 When covalent bonds are formed between two different 
atoms, the electrons may be pulled more toward one atom than 
the other. The end of the molecule toward which the electrons 
are pulled is electrically negative compared to the other end. 
Such a molecule is said to be  polar  (has a positive and negative 
�pole�). Atoms of oxygen, nitrogen, and phosphorus have a 
particularly strong tendency to pull electrons toward them-
selves when they bond with other atoms; thus, they tend to 
form polar molecules. 

 Water is the most abundant molecule in the body and serves 
as the solvent for body fluids. Water is a good solvent because it 
is polar; the oxygen atom pulls electrons from the 2�hydrogens 
toward its side of the water molecule, so that the oxygen side 
is more negatively charged than the hydrogen side of the mol-
ecule ( fig. 2.4 ). The significance of the polar nature of water in 
its function as a solvent is discussed in the next section. 

         Ionic Bonds 
  Ionic bonds  result when one or more valence electrons from 
one atom are completely transferred to a second atom. Thus, 
the electrons are not shared at all. The first atom loses elec-
trons, so that its number of electrons becomes smaller than 
its number of protons; it becomes positively charged. Atoms 
or molecules that have positive or negative charges are called 
 ions.  Positively charged ions are called  cations  because they 
move toward the negative pole, or cathode, in an electric 
field. The second atom now has more electrons than it has 
protons and becomes a negatively charged ion, or  anion  (so 
called because it moves toward the positive pole, or anode, 
in an electric field). The cation and anion then attract each 
other to form an  ionic compound.  

 Common table salt, sodium chloride (NaCl), is an exam-
ple of an ionic compound. Sodium, with a total of 11 elec-
trons, has 2 in its first shell, 8 in its second shell, and only 1 
in its third shell. Chlorine, conversely, is 1 electron short of 
completing its outer shell of 8 electrons. The lone electron 
in sodium�s outer shell is attracted to chlorine�s outer shell. 
This creates a chloride ion (represented as Cl � ) and a sodium 
ion (Na  +  ). Although table salt is shown as NaCl, it is actually 
composed of Na  +  Cl �  ( fig. 2.5 ). 
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Figure 2.5 The reaction of sodium with chlorine to 
produce sodium and chloride ions. The positive sodium and 
negative chloride ions attract each other, producing the ionic 
compound sodium chloride (NaCl).

Figure 2.6 How NaCl dissolves in water. The negatively charged oxygen-ends of water molecules are attracted to the 
positively charged Na+, whereas the positively charged hydrogen-ends of water molecules are attracted to the negatively charged 
Cl�. Other water molecules are attracted to this first concentric layer of water, forming hydration spheres around the sodium and 
chloride ions.

       Ionic bonds are weaker than polar covalent bonds, and 
therefore ionic compounds easily separate (dissociate) when 
dissolved in water. Dissociation of NaCl, for example, yields 
Na  +   and Cl � . Each of these ions attracts polar water mol-
ecules; the negative ends of water molecules are attracted 
to the Na  +  , and the positive ends of water molecules are 
attracted to the Cl �  ( fig. 2.6 ). The water molecules that sur-
round these ions, in turn, attract other molecules of water to 
form  hydration spheres  around each ion. 

     The formation of hydration spheres makes an ion or a mol-
ecule soluble in water. Glucose, amino acids, and many other 
organic molecules are water-soluble because  hydration spheres 
can form around atoms of oxygen, nitrogen, and phosphorus, 
which are joined by polar covalent bonds to other atoms in 
the molecule. Such molecules are said to be   hydrophilic.  By 
contrast, molecules composed primarily of nonpolar covalent 
bonds, such as the hydrocarbon chains of fat molecules, have 
few charges and thus cannot form  hydration spheres. They 
are insoluble in water and appear repelled by water molecules 
(because the water molecules preferentially bond with each 
other; fig. 2.7). For this reason, non polar molecules are said to 
be  hydrophobic  (�water fearing�).  

  Hydrogen Bonds 
 When a hydrogen atom forms a polar covalent bond with an 
atom of oxygen or nitrogen, the hydrogen gains a slight posi-
tive charge as the electron is pulled toward the other atom. 
This other atom is thus described as being  electronegative.  
Because the hydrogen has a slight positive charge, it will have 
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Figure 2.7 Hydrogen bonds between water 
molecules. The oxygen atoms of water molecules are weakly 
joined together by the attraction of the negatively charged 
oxygen for the positively charged hydrogen. These weak bonds 
are called hydrogen bonds.

a weak attraction for a second electronegative atom (oxygen or 
nitrogen) that may be located near it. This weak attraction is 
called a  hydrogen bond.  Hydrogen bonds are usually shown 
with dashed or dotted lines ( fig. 2.7 ) to distinguish them from 
strong covalent bonds, which are shown with solid lines. 

       Although each hydrogen bond is relatively weak, the sum 
of their attractive forces is largely responsible for the folding 
and bending of long organic molecules such as proteins and 
for the holding together of the two strands of a DNA mol-
ecule (described in section 2.4). Hydrogen bonds can also 
be formed between adjacent water molecules ( fig. 2.7 ). The 
hydrogen bonding between water molecules is responsible 
for many of the biologically important properties of water, 
including its  surface tension  and its ability to be pulled as 
a�column through narrow channels in a process called  capil-
lary action.     

  Acids, Bases, and the pH Scale 
  The bonds in water molecules joining hydrogen and oxygen 
atoms together are, as previously discussed, polar covalent 
bonds. Although these bonds are strong, a small propor-
tion of them break as the electron from the hydrogen atom 
is completely transferred to oxygen. When this occurs, the 
water molecule ionizes to form a  hydroxide ion  (OH � ) and 
a hydrogen ion (H  +  ), which is simply a free proton (see 
 fig. 2.4 ). A proton released in this way does not remain free 
for long, however, because it is attracted to the electrons of 
oxygen atoms in water molecules. This forms a  hydronium 
ion,  shown by the formula H 3 O  +  . For the sake of clarity in 
the following discussion, however, H  +   will be used to repre-
sent the ion resulting from the ionization of water. 

 Ionization of water molecules produces equal amounts 
of OH �  and H  +  . Only a small proportion of water molecules 
ionize, so the concentrations of H  +   and OH �  are each equal 
to only 10� 7  molar (the term  molar  is a unit of concentration, 
described in chapter 6; for hydrogen, 1 molar equals 1 gram 
per liter). A solution with 10 �7  molar hydrogen ion, which is 
produced by the ionization of water molecules in which the 
H  +   and OH �  concentrations are equal, is said to be  neutral.  

 A solution that has a higher H  +   concentration than that 
of water is called  acidic;  one with a lower H  +   concentration 
is called  basic,  or  alkaline.  An  acid  is defined as a molecule 
that can release protons (H  +  ) into a solution; it is a �proton 
donor.� A  base  can be a molecule such as ammonia (NH 3 ) 
that can combine with H  +   (to form NH 4  

 +  , ammonium ion). 
More commonly, it is a molecule such as NaOH that can ion-
ize to produce a negatively charged ion (hydroxide, OH � ), 
which, in turn, can combine with H  +   (to form H 2 O, water). 
A base thus removes H  +   from solution; it is a �proton accep-
tor,� thereby lowering the H  +   concentration of the solution. 
Examples of common acids and bases are shown in  table 2.2 . 

          pH 
 The H  +   concentration of a solution is usually indicated in pH 
units on a pH scale that runs from 0 to 14. The pH value is 
equal to the logarithm of 1 over the H  +   concentration:

pH = log   1 _____ 
[ H + ]

  

where [H  +  ]  =  molar H  +   concentration. This can also be 
expressed as pH =   �log [H  +  ]. 

 Pure water has a H  +   concentration of 10 �7  molar at 25 °  C, 
and thus has a pH of 7 (neutral). Because of the logarithmic 
relationship, a solution with 10 times the hydrogen ion con-
centration (10 �6  M) has a pH of 6, whereas a solution with 
one-tenth the H  +   concentration (10 �8  M) has a pH of 8. The 
pH value is easier to write than the molar H  +   concentration, 
but it is admittedly confusing because it is  inversely related  
to the H  +   concentration�that is, a solution with a higher H  +   
concentration has a lower pH value, and one with a lower 
H  +   concentration has a higher pH value. A strong acid with 
a high H  +   concentration of 10 �2  molar, for example, has a pH 
of 2, whereas a solution with only 10 �10  molar H  +   has a pH 

Acid Symbol Base Symbol

Hydrochloric acid HCl Sodium hydroxide NaOH

Phosphoric acid H3PO4 Potassium hydroxide KOH

Nitric acid HNO3 Calcium hydroxide Ca(OH)2

Sulfuric acid H2SO4 Ammonium hydroxide NH4OH

Carbonic acid H2CO3

Table 2.2 | Common Acids and Bases
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of 10.  Acidic solutions,  therefore, have a pH of less than 7 
(that of pure water), whereas  basic (alkaline) solutions
have a pH between 7 and 14 ( table 2.3 ). 

         Buffers 
 A  buffer  is a system of molecules and ions that acts to pre-
vent changes in H  +   concentration and thus serves to stabilize 
the pH of a solution. In blood plasma, for example, the pH is 
stabilized by the following reversible reaction involving the 
bicarbonate ion (HCO 3  

� ) and carbonic acid (H 2 CO 3 ):

HC  O  3   � +  H +  ��  H  2 C O  3        

 The double arrows indicate that the reaction could go 
either to the right or to the left; the net direction depends on 
the concentration of molecules and ions on each side. If an 
acid (such as lactic acid) should release H  +   into the solution, 
for example, the increased concentration of H  +   would drive 
the equilibrium to the right and the following reaction would 
be promoted:

HC  O  3   � +  H  + �  H  2 C O  3        

 Notice that in this reaction, H  +   is taken out of solution. 
Thus, the H  +   concentration is prevented from rising (and the 
pH prevented from falling) by the action of bicarbonate buffer.  

  Blood pH 
 Lactic acid and other organic acids are produced by the cells 
of the body and secreted into the blood. Despite the release 
of H  +   by these acids, the arterial blood pH normally does not 
decrease but remains remarkably constant at pH�7.40 –   0.05. 
This constancy is achieved, in part, by the buffering action 
of bicarbonate shown in the preceding equation. Bicarbonate 
serves as the major buffer of the blood. 

 Certain conditions could cause an opposite change in 
pH. For example, excessive vomiting that results in loss of 
gastric acid could cause the concentration of free H  +   in the 
blood to fall and the blood pH to rise. In this case, the reac-
tion previously described could be reversed:

     H  2 C O  3  �  H +  + HC  O  3   �   

 The dissociation of carbonic acid yields free H  +  , which 
helps to prevent an increase in pH. Bicarbonate ions and car-
bonic acid thus act as a  buffer pair  to prevent either�decreases 
or increases in pH, respectively. This buffering action 
 normally maintains the blood pH within the narrow range 
of 7.35 to 7.45. 

 If the arterial blood pH falls below 7.35, the condition is 
called  acidosis.  A blood pH of 7.20, for example, represents sig-
nificant acidosis. Notice that acidotic blood need not be acidic 
(have a pH less than 7.00). An increase in blood pH above 7.45, 
conversely, is known as  alkalosis.  Acidosis and alkalosis are 
normally prevented by the action of the bicarbonate/carbonic 
acid buffer pair and by the functions of the lungs and kidneys. 
Regulation of blood pH is discussed in more detail in chapters 
16 and 17.    

  Organic Molecules 
Organic molecules  are those molecules that contain the 
atoms carbon and hydrogen. Because the carbon atom has 
4 electrons in its outer shell, it must share 4 additional elec-
trons by covalently bonding with other atoms to fill its outer 
shell with 8 electrons. The unique bonding requirements of 
carbon enable it to join with other carbon atoms to form 
chains and rings while still allowing the carbon atoms to 
bond with hydrogen and other atoms. 

 Most organic molecules in the body contain hydrocarbon 
chains and rings, as well as other atoms bonded to carbon. 
Two adjacent carbon atoms in a chain or ring may share one 
or two pairs of electrons. If the 2 carbon atoms share one 
pair of electrons, they are said to have a  single covalent bond;
this leaves each carbon atom free to bond with as many 
as 3 other atoms. If the 2 carbon atoms share two pairs of 

 

H+ 
Concentration 
(Molar)* pH

OH� 
Concentration 
(Molar)*

Acids 1.0 0 10�14

0.1 1 10�13

0.01 2 10�12

0.001 3 10�11

0.0001 4 10�10

10�5 5 10�9

10�6 6 10�8

Neutral 10�7 7 10�7

Bases 10�8 8 10�6

10�9 9 10�5

10�10 10 0.0001

10�11 11 0.001

10�12 12 0.01

10�13 13 0.1

 10�14 14 1.0

Table 2.3 | The pH Scale

*Molar concentration is the number of moles of a solute dissolved in one liter. 
One mole is the atomic or molecular weight of the solute in grams. Since 
hydrogen has an atomic weight of one, one molar hydrogen is one gram of 
hydrogen per liter of solution.
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 electrons, they have a  double covalent bond,  and each car-
bon atom can bond with a maximum of only 2 additional 
atoms ( fig. 2.8 ). 

         The ends of some hydrocarbons are joined together to 
form rings. In the shorthand structural formulas for these 
molecules, the carbon atoms are not shown but are under-
stood to be located at the corners of the ring. Some of these 
cyclic molecules have a double bond between 2 adjacent 
carbon atoms. Benzene and related molecules are shown as 
a six-sided ring with alternating double bonds. Such com-
pounds are called  aromatic.  Because all of the carbons in 
an aromatic ring are equivalent, double bonds can be shown 
between any 2 adjacent carbons in the ring ( fig. 2.9 ), or even 
as a circle within the hexagonal structure of carbons. 

         The hydrocarbon chain or ring of many organic mole-
cules provides a relatively inactive molecular �backbone� to 
which more reactive groups of atoms are attached. Known 
as  functional groups  of the molecule, these reactive groups 
usually contain atoms of oxygen, nitrogen, phosphorus, or 
sulfur. They are largely responsible for the unique chemical 
properties of the molecule ( fig. 2.10 ). 

         Classes of organic molecules can be named according 
to their functional groups.  Ketones,  for example, have a  car-
bonyl group  within the carbon chain. An organic molecule is 
an  alcohol  if it has a  hydroxyl group  bound to a hydrocarbon 
chain. All  organic acids  (acetic acid, citric acids, lactic acid, 
and others) have a  carboxyl group  ( fig. 2.11 ). 

     A carboxyl group can be abbreviated COOH. This group 
is an acid because it can donate its proton (H  +  ) to the solu-
tion. Ionization of the OH part of COOH forms COO�   and H  +   

Figure 2.8 Single and double covalent bonds. Two carbon atoms may be joined by a single covalent bond (left) or a double 
covalent bond (right). In both cases, each carbon atom shares four pairs of electrons (has four bonds) to complete the 8 electrons 
required to fill its outer shell.

Figure 2.9 Different shapes of hydrocarbon 
molecules. Hydrocarbon molecules can be (a) linear or (b) cyclic 
or have (c) aromatic rings.
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( fig. 2.12 ). The ionized organic acid is designated with the 
suffix - ate.  For example, when the carboxyl group of lactic 
acid ionizes, the molecule is called  lactate.  Because both ion-
ized and unionized forms of the molecule exist together in 
a solution (the proportion of each depends on the pH of the 
solution), one can correctly refer to the molecule as either 
lactic acid or lactate. 

          Stereoisomers 
 Two molecules may have exactly the same atoms arranged 
in exactly the same sequence yet differ with respect to the 
spatial orientation of a key functional group. Such molecules 
are called  stereoisomers  of each other. Depending upon 
the direction in which the key functional group is oriented 
with respect to the molecules, stereoisomers are called either 
 D-isomers  (for  dextro,  or right-handed) or  L-isomers  (for  levo,  
or left-handed). Their relationship is similar to that of a right 
and left glove�if the palms are both pointing in the same 
direction, the two cannot be superimposed. 

Figure 2.10 Various functional groups of organic 
molecules. The general symbol for any functional group is R.

Figure 2.11 Categories of organic molecules based 
on functional groups. Acids, alcohols, and other types of 
organic molecules are characterized by specific functional groups.

Figure 2.12 The carboxyl group of an organic 
acid. This group can ionize to yield a free proton, which is a 
hydrogen ion (H+). This process is shown for lactic acid, with the 
double arrows indicating that the reaction is reversible.

     These subtle differences in structure are extremely 
important biologically. They ensure that enzymes�which 
interact with such molecules in a stereo-specific way in 
chemical reactions�cannot combine with the �wrong� ste-
reoisomer. The enzymes of all cells (human and others) can 

CLIN ICAL  APPL ICATION

Severe birth defects often resulted when pregnant women used 
the sedative thalidomide in the early 1960s to alleviate morning 
sickness. The drug contains a mixture of both right-handed (D) 
and left-handed (L) forms. This tragic circumstance emphasizes 
the clinical importance of stereoisomers. It has since been 
learned that the L-stereoisomer is a potent tranquilizer, but the 
right-handed version causes disruption of fetal development 
and the resulting birth defects. Interestingly, thalidomide is now 
being used in the treatment of people with AIDS, leprosy, and 
cachexia (prolonged ill health and malnutrition).
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combine only with L-amino acids and D-sugars, for example. 
The opposite stereoisomers (D-amino acids and L-sugars) 
cannot be used by any enzyme in metabolism. 

 Carbohydrates and lipids are similar in many ways. Both 
groups of molecules consist primarily of the atoms carbon, 
hydrogen, and oxygen, and both serve as major sources of 
energy in the body (accounting for most of the calories con-
sumed in food). Carbohydrates and lipids differ, however, 
in some important aspects of their chemical structures and 
physical properties. Such differences significantly affect the 
functions of these molecules in the body.     

  Carbohydrates 
Carbohydrates  are organic molecules that contain carbon, 
hydrogen, and oxygen in the ratio described by their name�
carbo  (carbon) and  hydrate  (water, H 2 O). The general formula 
for a carbohydrate molecule is thus C  n  H 2 n  O  n  ; the molecule 
contains twice as many hydrogen atoms as carbon or oxygen 
atoms (the number of each is indicated by the subscript  n ).  

   Monosaccharides, Disaccharides, 
and Polysaccharides 
 Carbohydrates include simple sugars, or  monosaccharides,  
and longer molecules that contain a number of monosaccha-
rides joined together. The suffix - ose  denotes a sugar molecule; 
the term  hexose,  for example, refers to a six-carbon monosac-
charide with the formula C 6 H 12 O 6 . This formula is adequate 
for some purposes, but it does not distinguish between related 
hexose sugars, which are  structural isomers  of each other. The 
structural isomers glucose, galactose, and fructose, for exam-
ple, are monosaccharides that have the same ratio of atoms 
arranged in slightly different ways ( fig. 2.13 ). 

     Two monosaccharides can be joined covalently to form 
a  disaccharide,  or double sugar. Common disaccharides 
include table sugar, or  sucrose  (composed of glucose and fruc-
tose); milk sugar, or  lactose  (composed of glucose and galac-
tose); and malt sugar, or  maltose  (composed of two glucose 
molecules). When numerous monosaccharides are joined 
together, the resulting molecule is called a  polysaccharide.  

 The major polysaccharides are chains of repeating 
glucose subunits.  Starch  is a plant product formed by the 
bonding together of thousands of glucose subunits into long 
chains, and  glycogen  (sometimes called animal starch) is 
similar, but more highly branched ( fig. 2.14 ). Animals have 
the enzymes to digest the bonds (chemically called alpha-1,4 
glycosidic bonds) between adjacent glucose subunits of 
these polysaccharides.  Cellulose  (produced by plants) is also 
a polysaccharide of glucose, but the bonds joining its glu-
cose subunits are oriented differently (forming beta-1,4 gly-
cosidic bonds) than those in starch or glycogen. Because of 
this, our digestive enzymes cannot hydrolyze cellulose into 
its glucose subunits. However, animals such as cows, horses, 
and sheep�which eat grasses�can digest cellulose because 
they have symbiotic bacteria with the necessary enzymes in 
their digestive tracts.  Chitin  (poly-N-acetylglucosamine) is a 

Case Investigation CLUES
George ate only D-amino acids and L-sugars 

that he obtained from the chemistry lab.
� What are these, and how do they relate to the amino 

acids and sugars normally found in food?
 � What would be his nutritional status as a result of 

this diet?

|  C H E C K P O I N T

 1. List the components of an atom and explain how they 
are organized. Explain why different atoms are able to 
form characteristic numbers of chemical bonds.

 2. Describe the nature of nonpolar and polar covalent 
bonds, ionic bonds, and hydrogen bonds. Why are 
ions and polar molecules soluble in water?

 3. Define the terms acidic, basic, acid, and base. Also 
define pH and describe the relationship between pH 
and the H+ concentration of a solution.

 4. Using chemical equations, explain how bicarbonate 
ion and carbonic acid function as a buffer pair.

 5. Explain how carbon atoms can bond with each other 
and with atoms of hydrogen, oxygen, and nitrogen.

     2.2 CARBOHYDRATES AND LIPIDS 
  Carbohydrates are a class of organic molecules that 
includes monosaccharides, disaccharides, and polysac-
charides. All of these molecules are based on a charac-
teristic ratio of carbon, hydrogen, and oxygen atoms. 
Lipids constitute a category of diverse organic molecules 
that share the physical property of being nonpolar, and 
thus insoluble in water.

L E A R N I N G  O U T C O M E S

    After studying this section, you should be able to:

 �    Identify the different types of carbohydrates and lipids, 
and give examples of each type.  

 � Explain how dehydration synthesis and hydrolysis 
reactions occur in carbohydrates and triglycerides.    
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polysaccharide similar to cellulose (with beta-1,4 glycosidic 
bonds) but with amine-containing groups in the glucose sub-
units. Chitin forms the exoskeleton of arthropods such as 
insects and crustaceans. 

       Many cells store carbohydrates for use as an energy 
source, as described in chapter 5. If many thousands of 
separate monosaccharide molecules were stored in a cell, 
however, their high concentration would draw an excessive 
amount of water into the cell, damaging or even killing it. 
The net movement of water through membranes is called 
osmosis, and is discussed in chapter 6. Cells that store car-
bohydrates for energy minimize this osmotic damage by 
instead joining the glucose molecules together to form the 
polysaccharides starch or glycogen. Because there are fewer 
of these larger molecules, less water is drawn into the cell by 
osmosis (see chapter 6).  

  Dehydration Synthesis and Hydrolysis 
 In the formation of disaccharides and polysaccharides, the 
separate subunits (monosaccharides) are bonded together 
covalently by a type of reaction called  dehydration synthe-
sis,  or  condensation.  In this reaction, which requires the par-
ticipation of specific enzymes (chapter 4), a hydrogen atom is 
removed from 1 monosaccharide and a hydroxyl group (OH) is 
removed from another. As a covalent bond is formed between 
the 2 monosaccharides, water (H 2 O) is produced. Dehydration 
synthesis reactions are illustrated in  figure 2.15 . 

       When a person eats disaccharides or polysaccharides, 
or when the stored glycogen in the liver and muscles is to be 
used by tissue cells, the covalent bonds that join monosac-
charides to form disaccharides and polysaccharides�must 
be broken. These  digestion reactions  occur by means of 
 hydrolysis.  Hydrolysis (from the Greek  hydro   =  water; 
 lysis   =  break) is the reverse of dehydration synthesis. 
When a covalent bond joining 2 monosaccharides is 
broken, a water molecule provides the atoms needed to 
complete their structure. The water molecule is split, and 
the resulting hydrogen atom is added to one of the free 
 glucose molecules as the hydroxyl group is added to the 
other ( fig. 2.16 ). 

       When you eat a potato, the starch within it is  hydrolyzed 
into separate glucose molecules within the small intestine. 
This glucose is absorbed into the blood and carried to the 
tissues. Some tissue cells may use this glucose for energy. 
Liver and muscles, however, can store excess glucose in 
the form of glycogen by dehydration synthesis reactions in 
these cells. During fasting or prolonged exercise, the liver 
can add glucose to the blood through hydrolysis of its stored 
glycogen. 

 Dehydration synthesis reactions not only build larger 
carbohydrates from monosaccharides, they also build lipids 
from their subunits (including fat from fatty acids and glyc-
erol; see fig. 2.19), proteins from their amino acid subunits 
(see fig. 2.26), and polynucleotide chains from nucleotide 
subunits (see fig. 2.30). Similarly, hydrolysis reactions break 
down carbohydrates, lipids, proteins, and polynucleotide 
chains into their subunits. In order to occur, all of these 
reactions require the presence of the appropriate enzymes.    

Figure 2.13 Structural formulas for three hexose 
sugars. These are (a) glucose, (b) galactose, and (c) fructose. All 
three have the same ratio of atoms�C6H12O6. The representations 
on the left more clearly show the atoms in each molecule, while 
the ring structures on the right more accurately reflect the way 
these atoms are arranged.
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Figure 2.14 The structure of glycogen. Glycogen is a polysaccharide composed of glucose subunits joined together to form 
a large, highly branched molecule.

Figure 2.15 Dehydration synthesis of disaccharides. The two disaccharides formed here are (a) maltose and (b) sucrose 
(table sugar). Notice that a molecule of water is produced as the disaccharides are formed.
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  Lipids 
  The category of molecules known as  lipids  includes several 
types of molecules that differ greatly in chemical structure. 
These diverse molecules are all in the lipid category by vir-
tue of a common physical property�they are all  insoluble in 
polar solvents  such as water. This is because lipids consist 
primarily of hydrocarbon chains and rings, which are non-
polar and therefore hydrophobic. Although lipids are insolu-
ble in water, they can be dissolved in nonpolar solvents such 
as ether, benzene, and related compounds.  

   Triglyceride (Triacylglycerol) 
  Triglyceride  is the subcategory of lipids that includes fat 
and oil. These molecules are formed by the condensation of 
1�molecule of  glycerol  (a three-carbon alcohol) with 3 mole-
cules of  fatty acids.  Because of this structure, chemists cur-
rently prefer the name  triacylglycerol,  although the name 
 triglyceride  is still in wide use. 

 Each fatty acid molecule consists of a nonpolar hydro-
carbon chain with a carboxyl group (abbreviated COOH) on 
one end. If the carbon atoms within the hydrocarbon chain 
are joined by single covalent bonds so that each carbon atom 
can also bond with 2 hydrogen atoms, the fatty acid is said to 
be  saturated.  If there are a number of double covalent bonds 
within the hydrocarbon chain so that each carbon atom can 
bond with only 1 hydrogen atom, the fatty acid is said to be 
 unsaturated.  Triglycerides contain combinations of different 
saturated and unsaturated fatty acids. Those with mostly satu-
rated fatty acids are called  saturated fats;  those with mostly 
unsaturated fatty acids are called  unsaturated fats  ( fig. 2.17 ). 

Figure 2.16 The 
hydrolysis of starch. The 
polysaccharide is first hydrolyzed 
into (a) disaccharides (maltose) 
and then into (b) monosaccharides 
(glucose). Notice that as the 
covalent bond between the 
subunits breaks, a molecule of 
water is split. In this way, the 
hydrogen atom and hydroxyl 
group from the water are added to 
the ends of the released subunits.

F ITNESS APPL ICATION

The saturated fat content (expressed as a percentage of total 
fat) for some food items is as follows: canola, or rapeseed, 
oil (6%); olive oil (14%); margarine (17%); chicken fat (31%); 
palm oil (51%); beef fat (52%); butter fat (66%); and coconut 
oil (77%). Health authorities recommend that a person�s total 
fat intake not exceed 30% of the total energy intake per day, 
and that saturated fat contribute less than 10% of the daily 
energy intake.

Animal fats, which are solid at room temperatures, are 
more saturated than vegetable oils, because the hardness of 
the triglyceride is determined partly by the degree of satura-
tion. Trans fats, which are also solid at room temperature, are 
produced artificially by partially hydrogenating vegetable oils 
(this is how margarine is made). This results in trans fatty 
acids, in which the single hydrogen atom bonded to each 
 carbon atom is located on the opposite side of the double 
bond between carbons, and the carbon atoms form a straight 
chain. By contrast, in most naturally occurring unsaturated 
fatty acids the hydrogen atoms are on the same side as the 
double bond (forming cis fatty acids), and their carbon atoms 
bend at the double bonds to produce a sawtoothed pattern 
(fig. 2.18). Trans fats are used in almost all commercially pre-
pared fried and baked foods. Saturated fat and trans fatty 
acids have been shown to raise LDL cholesterol (the �bad� 
cholesterol), lower HDL cholesterol (the �good� cholesterol), 
and thereby to increase the risk of coronary heart disease. The 
Food and Drug Administration (FDA) now requires all manufac-
turers to list trans fats on their food labels.
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Carbon
Hydrogen

Cis double bond Trans double bond

Oxygen

Figure 2.17 Structural formulas for fatty acids. (a) The formula for saturated fatty acids and (b) the formula for unsaturated 
fatty acids. Double bonds, which are points of unsaturation, are highlighted in yellow.

Figure 2.18 The structure of cis and trans fatty 
acids. Oleic acid is a naturally occurring fatty acid with one 
double bond. Notice that both hydrogen atoms (yellow) on the 
carbons that share this double bond are on the same side of the 
molecule�this is called the cis configuration. The cis configuration 
makes this naturally occurring fatty acid bend. The fatty acid on 
the right is the same size and also has one double bond, but its 
hydrogens here are on opposite sides of the molecule, known as 
the trans configuration. This makes the fatty acid stay straight, 
more like a saturated fatty acid. Note that only these hydrogens 
and the ones on the carboxyl groups (bottom) are shown. Those 
carbons that are joined by single bonds are also each bonded to 
2 hydrogen atoms, but those hydrogens are not illustrated.

     Within the adipose cells of the body, triglycerides are 
formed as the carboxyl ends of fatty acid molecules condense 
with the hydroxyl groups of a glycerol molecule ( fig. 2.19 ). 
Because the hydrogen atoms from the carboxyl ends of fatty 
acids form water molecules during dehydration synthesis, 
fatty acids that are combined with glycerol can no longer 
release H  +   and function as acids. For this reason, triglycer-
ides are described as  neutral fats.  

           Ketone Bodies 
 Hydrolysis of triglycerides within adipose tissue releases  free 
fatty acids  into the blood. Free fatty acids can be used as an 
immediate source of energy by many organs; they can also be 
converted by the liver into derivatives called  ketone bodies
( fig. 2.20 ). These include four-carbon-long acidic molecules 
(acetoacetic acid and  � -hydroxybutyric acid) and acetone 
(the solvent in nailpolish remover). A rapid breakdown of 
fat, as may occur during strict low-carbohydrate diets and in 
uncontrolled diabetes mellitus, results in elevated levels of 

Case Investigation CLUES
George has his urine tested in the laboratory, 

where they discover that he has ketonuria (elevated levels 
of ketone bodies in the urine).

� What are ketone bodies, and how do they originate?
� What benefit does George�s body derive from the 

ketone bodies?
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Figure 2.19 The formation of a triglyceride (triacylglycerol) molecule from glycerol and three fatty acids by 
dehydration synthesis reactions. A molecule of water is produced as an ester bond forms between each fatty acid and the glycerol. 
Sawtooth lines represent hydrocarbon chains, generally 16 to 22 carbons long, which are symbolized by an R.

Figure 2.20 Ketone bodies. Acetoacetic acid, an acidic 
ketone body, can spontaneously decarboxylate (lose carbon 
dioxide) to form acetone. Acetone is a volatile ketone body that 
escapes in the exhaled breath, thereby lending a �fruity� smell to 
the breath of people with ketosis (elevated blood ketone bodies).

the glycerol molecule is attached to a phosphate group, and the 
phosphate group, in turn, is bound to other molecules. If the 
phosphate group is attached to a nitrogen-containing choline 
molecule, the phospholipid molecule thus formed is known as 
 lecithin  (or  phosphatidylcholine ).  Figure 2.21  shows a simple 
way of illustrating the structure of a phospholipid�the parts of 
the molecule capable of ionizing (and thus becoming charged) 
are shown as a circle, whereas the nonpolar parts of the mol-
ecule are represented by sawtooth lines. Molecules that are 
part polar and part nonpolar, such as phospholipids and bile 
acids (which are derived from cholesterol), are described as 
 amphipathic  molecules. 

Phospholipids are the major component of cell mem-
branes; their amphipathic nature allows them to form a dou-
ble layer with their polar portions facing water on each side 
of the membrane (chapter 3). When phospholipids are mixed 
in water, they tend to group together so that their polar parts 
face the surrounding water molecules (fig. 2.22). Such aggre-
gates of molecules are called micelles. Bile acids (which are 
not phospholipids, but are amphipathic molecules derived 
from cholesterol) form similar micelles in the small intestine 
(chapter 18, section 18.5). The amphipathic nature of phos-
pholipids (part polar, part nonpolar) allows them to alter the 
interaction of water molecules and thus to decrease the sur-
face tension of water. This function of phospholipids makes 
them surfactants (surface-active agents). The surfactant 
effect of phospholipids prevents the lungs from collapsing 
due to surface tension forces (chapter 16, section 16.2).

ketone bodies in the blood. This is a condition called  ketosis.  
If there are sufficient amounts of ketone bodies in the blood 
to lower the blood pH, the condition is called  ketoacidosis.  
Severe ketoacidosis, which may occur in diabetes mellitus, 
can lead to coma and death. 

   Phospholipids 
 The group of lipids known as  phospholipids  includes a num-
ber of different categories of lipids, all of which contain a phos-
phate group. The most common type of phospholipid molecule 
is one in which the three-carbon alcohol molecule glycerol is 
attached to two fatty acid molecules; the third carbon atom of 
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Figure 2.21 The structure of 
lecithin. Lecithin is also called 
phosphatidylcholine, where choline is the 
nitrogen-containing portion of the molecule. 
(Interestingly, choline is also part of an 
important neurotransmitter known as 
acetylcholine, discussed in chapter 7.) The 
detailed structure of the phospholipid (top) 
is usually shown in simplified form (bottom), 
where the circle represents the polar portion 
and the sawtoothed lines the nonpolar 
portion of the molecule.

Figure 2.22 The formation of a micelle structure by 
phospholipids such as lecithin. The hydrophilic outer layer of 
the micelle faces the aqueous environment.

       Steroids 
 In terms of structure,  steroids  differ considerably from triglyc-
erides or phospholipids, yet steroids are still included in the 
lipid category of molecules because they are nonpolar and 
insoluble in water. All steroid molecules have the same basic 
structure: three six-carbon rings joined to one five-carbon ring 
( fig. 2.23 ). However, different kinds of steroids have different 
functional groups attached to this basic structure, and they 
vary in the number and position of the double covalent bonds 
between the carbon atoms in the rings. 

      Cholesterol  is an important molecule in the body because 
it serves as the precursor (parent molecule) for the steroid 
hormones produced by the gonads and adrenal cortex. The 
testes and ovaries (collectively called the  gonads ) secrete 
 sex steroids,  which include estradiol and progesterone 
from the ovaries and testosterone from the testes. The adre-
nal cortex secretes the  corticosteroids,  including hydrocorti-
sone and aldosterone, as well as weak androgens (including 
dehydroepiandrosterone, or DHEA). Cholesterol is also an 
important component of cell membranes, and serves as the 
precursor molecule for bile salts and vitamin D 3 .  

  Prostaglandins 
  Prostaglandins  are a type of fatty acid with a cyclic 
hydrocarbon group. Their name is derived from their origi-
nal discovery in the semen as a secretion of the prostate. 
However, we now know that they are produced in almost 
all organs where they serve a variety of regulatory functions. 
Prostaglandins are implicated in the regulation of blood vessel 
diameter, ovulation, uterine contraction during labor, inflam-
mation reactions, blood clotting, and many other functions. 
Structural formulas for different types of prostaglandins are 
shown in  figure 2.24 . 
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|  C H E C K P O I N T 

 6. Describe the structure characteristic of all carbohydrates, 
and distinguish between monosaccharides, 
disaccharides, and polysaccharides.

 7. Explain, in terms of dehydration synthesis and hydrolysis 
reactions, how disaccharides and monosaccharides can 
be interconverted and how triglycerides can be formed 
and broken down.

 8. Describe the characteristics of a lipid, and discuss the 
different subcategories of lipids.

 9. Relate the functions of phospholipids to their structure, 
and explain the significance of the prostaglandins. 

Figure 2.24 Structural formulas for various 
prostaglandins. Prostaglandins are a family of regulatory 
compounds derived from a membrane lipid known as 
arachidonic�acid.

     2.3 PROTEINS 
  Proteins are large molecules composed of amino acid 
subunits. There are about 20 different types of amino acids 
that can be used in constructing a given protein, so the 
variety of protein structures is immense. This variety allows 
each type of protein to perform very specific functions.

L E A R N I N G  O U T C O M E S

    After studying this section, you should be able to:

 �    Identify peptide bonds and describe how they are 
formed and broken.  

 � Describe the different orders of protein structure, the 
different functions of proteins, and how protein 
structure grants specificity of function.      

Figure 2.23 Cholesterol and some of the steroid 
hormones derived from cholesterol. The steroid hormones 
are secreted by the gonads and the adrenal cortex.
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Figure 2.25 Representative amino acids. The figure 
depicts different types of functional (R) groups. Each amino acid 
differs from other amino acids in the number and arrangement of 
atoms in its functional groups.

Figure 2.26 The formation of peptide bonds by dehydration synthesis reactions. Water molecules are split off as the 
peptide bonds (highlighted in green) are produced between the amino acids.

 The enormous diversity of protein structure results from 
the fact that there are 20 different building blocks�the  amino 
acids �that can be used to form a protein. These amino acids, 
as will be described in the next section, are joined together to 
form a chain. Because of chemical interactions between the 
amino acids, the chain can twist and fold in a specific man-
ner. The sequence of amino acids in a protein, and thus the 
specific structure of the protein, is determined by genetic infor-
mation. This genetic information for protein synthesis is con-
tained in another category of organic molecules, the  nucleic 
acids,  which includes the macromolecules DNA and RNA. The 
structure of nucleic acids is described in the next section, and 
the mechanisms by which the genetic information they encode 
directs protein synthesis are described in chapter 3.   

  Structure of Proteins 
   Proteins  consist of long chains of subunits called  amino 
acids.  As the name implies, each amino acid contains an 
 amino group  (NH 2 ) on one end of the molecule and a  carboxyl 
group  (COOH) on another end. There are about 20 different 
amino acids, each with a distinct structure and chemical 
properties, that are used to build proteins. The differences 
between the amino acids are due to differences in their  func-
tional groups. R  is the abbreviation for the   functional group  
in the general formula for an amino acid ( fig. 2.25 ). The  R  
symbol actually stands for the word  residue,  but it can be 
thought of as indicating the � rest  of the molecule.� 

       When amino acids are joined together by dehydration 
synthesis, the hydrogen from the amino end of one amino 
acid combines with the hydroxyl group in the carboxyl end 
of another amino acid. As a covalent bond is formed between 
the two amino acids, water is produced ( fig. 2.26 ). The bond 
between adjacent amino acids is called a  peptide bond,  and 
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the compound formed is called a  peptide.  Two amino acids 
bound together are called a  dipeptide;  three, a  tripeptide.  
When numerous amino acids are joined in this way, a chain 
of amino acids, or a  polypeptide,  is produced. 

       The lengths of polypeptide chains vary widely. A hor-
mone called  thyrotropin-releasing hormone,  for example, is 
only three amino acids long, whereas myosin, a muscle pro-
tein, contains about 4,500 amino acids. When the length of a 
polypeptide chain becomes very long (containing more than 
about 100 amino acids), the molecule is called a  protein.  

 The structure of a protein can be described at four differ-
ent levels. The first level of structure describes the sequence 
of amino acids in the particular protein; this is the primary 
structure of the protein. Each type of protein has a different 
primary structure. All of the billions of  copies  of a given type of 
protein in a person have the same structure, however, because 
the structure of a given protein is coded by the person�s genes. 
The primary structure of a protein is illustrated in  figure 2.27  a.  

     Weak hydrogen bonds may form between the hydrogen 
atom of an amino group and an oxygen atom from a different 
amino acid nearby. These weak bonds cause the  polypeptide 

chain to assume a particular shape, known as the  secondary 
structure  of the protein ( fig. 2.27  b,c ). This can be the shape 
of an  alpha  ( � )  helix,  or alternatively, the shape of what is 
called a  beta  (�  )  pleated sheet.  

 Most polypeptide chains bend and fold upon  themselves 
to produce complex three-dimensional shapes called the 
 tertiary structure  of the protein ( fig. 2.27  d ). Each type of 
protein has its own characteristic tertiary structure. This is 
because the folding and bending of the polypeptide chain 
is produced by chemical interactions between particular 
amino acids located in different regions of the chain. 

 Most of the tertiary structure of proteins is formed and 
stabilized by weak chemical interactions between the func-
tional groups of amino acids located some distance apart 
along the polypeptide chain. In terms of their strengths, these 
weak interactions are relatively stronger for ionic bonds, 
weaker for hydrogen bonds, and weakest for van der Waals 
forces ( fig. 2.28 ). The natures of ionic bonds and hydrogen 
bonds have been previously discussed.  Van der Waals forces  
are weak forces between electrically neutral molecules that 
come very close together. These forces occur because, even 

Figure 2.27 The structure of proteins. The primary structure (a) is the sequence of amino acids in the polypeptide chain. The 
secondary structure is the conformation of the chain created by hydrogen bonding between amino acids; this can be either an alpha helix 
(b) or a beta pleated sheet (c). The tertiary structure (d) is the three-dimensional structure of the protein. The formation of a protein by the 
bonding together of two or more polypeptide chains is the quaternary structure (e) of the protein. Hemoglobin, the protein in red blood 
cells that carries oxygen, is used here as an example.
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in electrically neutral molecules, the electrons are not always 
evenly distributed but can at some instants be found at one 
end of the molecule. 

 Because most of the tertiary structure is stabilized by 
weak bonds, this structure can easily be disrupted by high 
temperature or by changes in pH. Changes in the tertiary 
structure of proteins that occur by these means are referred 
to as  denaturation  of the proteins. The tertiary structure of 
some proteins, however, is made more stable by strong cova-
lent bonds between sulfur atoms (called  disulfide bonds  and 
abbreviated S�S) in the functional group of an amino acid 
known as cysteine ( fig. 2.28 ). 

     Denatured proteins retain their primary structure (the 
peptide bonds are not broken) but have altered chemical 
properties. Cooking a pot roast, for example, alters the texture 

of the meat proteins�it doesn�t result in an amino acid soup. 
Denaturation is most dramatically demonstrated by frying an 
egg. Egg albumin proteins are soluble in their native state in 
which they form the clear, viscous fluid of a raw egg. When 
denatured by cooking, these proteins change shape, cross-
bond with each other, and by this means form an insoluble 
white precipitate�the egg white. 

 Hemoglobin and insulin are composed of a number of 
polypeptide chains covalently bonded together. This is the 
 quaternary structure  of these molecules. Insulin, for example, 
is composed of two polypeptide chains�one that is 21 amino 
acids long, the other that is 30 amino acids long. Hemoglobin 
(the protein in red blood cells that carries oxygen) is composed 
of four separate polypeptide chains (see  fig. 2.27  e ). The com-
position of various body proteins is shown in  table 2.4 . 

     Many proteins in the body are normally found combined, 
or  conjugated,  with other types of molecules.  Glycoproteins  
are proteins conjugated with carbohydrates. Examples of 
such molecules include certain hormones and some proteins 
found in the cell membrane.  Lipoproteins  are proteins con-
jugated with lipids. These are found in cell membranes and 
in the plasma (the fluid portion of the blood). Proteins may 
also be conjugated with pigment molecules. These include 
hemoglobin, which transports oxygen in red blood cells, and 
the cytochromes, which are needed for oxygen utilization 
and energy production within cells.   

  Functions of Proteins 
  Because of their tremendous structural diversity, proteins can 
serve a wider variety of functions than any other type of mol-
ecule in the body. Many proteins, for example, contribute sig-
nificantly to the structure of different tissues and in this way 
play a passive role in the functions of these tissues. Exam-
ples of such  structural proteins  include collagen ( fig. 2.29 ) 
and keratin. Collagen is a fibrous protein that provides ten-
sile strength to connective tissues, such as tendons and liga-
ments. Keratin is found in the outer layer of dead cells in the 
epidermis where it prevents water loss through the skin. 

     Many proteins play a more active role in the body where 
specificity of structure and function is required.  Enzymes  
and  antibodies,  for example, are proteins�no other type of 
molecule could provide the vast array of different structures 

Figure 2.28 The bonds responsible for the tertiary 
structure of a protein. The tertiary structure of a protein is held in 
place by a variety of bonds. These include relatively weak bonds, 
such as hydrogen bonds, ionic bonds, and van der Waals 
(hydrophobic) forces, as well as the strong covalent disulfide bonds.

Protein Number of Polypeptide Chains Nonprotein Component Function

Hemoglobin 4 Heme pigment Carries oxygen in the blood

Myoglobin 1 Heme pigment Stores oxygen in muscle

Insulin 2 None Hormonal regulation of metabolism

Blood group proteins 1 Carbohydrate Produces blood types

Lipoproteins 1 Lipids Transports lipids in blood

Table 2.4 | Composition of Selected Proteins Found in the Body

43Chemical Composition of the Body 

fox78119_ch02_024-049.indd   43fox78119_ch02_024-049.indd   43 25/06/10   8:58 PM25/06/10   8:58 PM



Elastic fibers

Collagenous
fibers

Phosphate
group

Five-carbon
sugar

Base

Guanine

Thymine

Cytosine

AdenineA

O

O

O

O

O

T

C

G

Bases

Nucleotide

needed for their tremendously varied functions. As another 
example, proteins in cell membranes may serve as  receptors
for specific regulator molecules (such as hormones) and as 
carriers  for transport of specific molecules across the mem-
brane. Proteins provide the diversity of shape and chemical 
properties required by these functions. 

Nucleotides  are the subunits of nucleic acids, bonded 
together in dehydration synthesis reactions to form long 
polynucleotide chains. Each nucleotide, however, is itself 
composed of three smaller subunits: a five-carbon ( pentose ) 
sugar, a phosphate group attached to one end of the sugar, 
and a  nitrogenous base  attached to the other end of the sugar 
( fig. 2.30 ). The nitrogenous bases are nitrogen-containing 
molecules of two kinds: pyrimidines and purines. The  pyrim-
idines  contain a single ring of carbon and nitrogen, whereas 
the  purines  have two such rings. 

        Deoxyribonucleic Acid 
  The structure of  DNA (deoxyribonucleic acid)  serves as the 
basis for the genetic code. For this reason, it might seem logi-
cal that DNA should have an extremely complex structure. 
DNA is indeed larger than any other molecule in the cell, but 
its structure is actually simpler than that of most proteins. 
This simplicity of structure deceived some early investiga-
tors into believing that the protein content of chromosomes, 
rather than their DNA content, provided the basis for the 
genetic code. 

 Sugar molecules in the nucleotides of DNA are a type 
of pentose (five-carbon) sugar called  deoxyribose.  Each 
 deoxyribose can be covalently bonded to one of four possible 

Figure 2.29 A photomicrograph of collagenous 
fibers within connective tissue. Collagen proteins strengthen 
the connective tissues.

|  C H E C K P O I N T 

 10. Write the general formula for an amino acid, and 
describe how amino acids differ from one another.

 11. Describe and account for the different levels of 
protein�structure.

 12. Describe the different categories of protein function in 
the body, and explain why proteins can serve functions 
that are so diverse.

    2.4 NUCLEIC ACIDS 
  Nucleic acids include the macromolecules DNA and 
RNA, which are critically important in genetic regula-
tion, and the subunits from which these molecules are 
formed. These subunits are known as nucleotides.

L E A R N I N G  O U T C O M E S

    After studying this section, you should be able to:

 �    Describe the structure of nucleotides and distinguish 
between the structure of DNA and RNA.  

 � Explain the law of complementary base pairing, 
and�describe how that occurs between the two 
strands�of DNA.      

Figure 2.30 The general structure of a nucleotide.
A polymer of nucleotides, or polynucleotide, is shown above. This is 
formed by sugar-phosphate bonds between�nucleotides.
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bases. These bases include the two purines ( guanine  and 
 adenine ) and the two pyrimidines ( cytosine  and  thymine ) 
( fig. 2.31 ). There are thus four different types of nucleotides 
that can be used to produce the long DNA chains. If you 
remember that there are about 20 different amino acids used 
to produce proteins, you can now understand why many sci-
entists were deceived into thinking that genes were composed 
of proteins rather than nucleic acids. 

     When nucleotides combine to form a chain, the phos-
phate group of one condenses with the deoxyribose sugar of 
another nucleotide. This forms a sugar-phosphate chain as 
water is removed in dehydration synthesis. Because the nitrog-
enous bases are attached to the sugar molecules, the sugar-
phosphate chain looks like a �backbone� from which the 
bases project. Each of these bases can form hydrogen bonds 
with other bases, which are in turn joined to a different chain 
of nucleotides. Such hydrogen bonding between bases thus 
produces a  double-stranded  DNA molecule; the two strands 
are like a staircase, with the paired bases as steps ( fig. 2.32 ). 

 Actually, the two chains of DNA twist about each other 
to form a  double helix,  so that the molecule resembles a spi-
ral staircase ( fig. 2.32 ). It has been shown that the number 
of purine bases in DNA is equal to the number of pyrimidine 
bases. The reason for this is explained by the  law of comple-
mentary base pairing:   adenine can pair only with thymine  
(through two hydrogen bonds), whereas  guanine can pair 
only with cytosine  (through three hydrogen bonds). With 
knowledge of this rule, we could predict the base sequence 

of one DNA strand if we knew the sequence of bases in the 
complementary strand. 

     Although we can be certain which base is opposite a 
given base in DNA, we cannot predict which bases will be 
above or below that particular pair within a single polynucle-
otide chain. Although there are only four bases, the number 
of possible base sequences along a stretch of several thou-
sand nucleotides (the length of most genes) is almost infi-
nite. To gain perspective, it is useful to realize that the total 
human  genome  (all of the genes in a cell) consists of over 3 
billion base pairs that would extend over a meter if the DNA 
molecules were unraveled and stretched out. 

 Yet even with this amazing variety of possible base 
sequences, almost all of the billions of copies of a particular 
gene in a person are identical. The mechanisms by which 
identical DNA copies are made and distributed to the daugh-
ter cells when a cell divides will be described in chapter 3.   

  Ribonucleic Acid 
  DNA can direct the activities of the cell only by means of 
another type of nucleic acid� RNA (ribonucleic acid).  Like 
DNA, RNA consists of long chains of nucleotides joined 
together by sugar-phosphate bonds. Nucleotides in RNA, 
however, differ from those in DNA ( fig. 2.33 ) in three ways: 
(1) a  ribonucleotide  contains the sugar  ribose  (instead of 
deoxyribose), (2) the base  uracil  is found in place of thymine, 

Figure 2.31 The four nitrogenous bases in deoxyribonucleic acid (DNA). Notice that hydrogen bonds can form between 
guanine and cytosine and between thymine and adenine.
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and (3) RNA is composed of a single polynucleotide strand 
(it is not double-stranded like DNA). 

     There are three major types of RNA molecules that function 
in the cytoplasm of cells:  messenger RNA (mRNA), transfer RNA 
(tRNA),  and  ribosomal RNA (rRNA).  All three types are made 
within the cell nucleus by using information contained in DNA 
as a guide. The functions of RNA are described in chapter 3. 

In addition to their participation in genetic regulation as part 
of RNA, purine-containing nucleotides are used for other pur-
poses as well. These include roles as energy carriers (ATP and 

C

A T

G C

G

A T

T A

T A

G C

A T

C G

A

C G

A T

G

A

C

T

G

G

C

C

Sugar-phosphate
backbone

Sugar-phosphate
backbone

Complementary
base pairing

Hydrogen 
bond

Figure 2.32 The double-helix structure of DNA. The two strands are held together by hydrogen bonds between 
complementary bases in each strand.
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|  C H E C K P O I N T 

 13. What are nucleotides, and of what are they composed?
 14. Describe the structure of DNA, and explain the law of 

complementary base pairing.
 15. List the types of RNA, and explain how the structure of 

RNA differs from the structure of DNA.

Case Investigation
S U M M A R Y

Because our enzymes can recognize only L-amino acids 
and D-sugars, the opposite stereoisomers that George 
was eating could not be used by his body. He was weak 
because he was literally starving. The ketonuria also may 
have contributed to his malaise. Because he was starving, 
his stored fat was being rapidly hydrolyzed into glycerol 
and fatty acids for use as energy sources. The excessive 
release of fatty acids from his adipose tissue resulted in 
the excessive production of ketone bodies by his liver; 
hence, his ketonuria.

GTP); regulation of cellular events (cyclic AMP, or cAMP); and 
coenzymes (nicotinamide adenine dinucleotide, or NAD; and 
flavine adenine dinucleotide, or FAD). These are discussed in 
chapters 4, 5, and 6. Purines (ATP and adenosine) are even used 
as neurotransmitters by some neurons (chapter 7, section 7.6).
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      SUMMARY 
  2.1 Atoms, Ions, and Chemical Bonds 25 
     A.  Covalent bonds are formed by atoms that share electrons. 

They are the strongest type of chemical bond.
     1.  Electrons are equally shared in nonpolar covalent 

bonds and unequally shared in polar covalent bonds.  
    2.  Atoms of oxygen, nitrogen, and phosphorus strongly 

attract electrons and become electrically negative 
compared to the other atoms sharing electrons with 
them.     

    B.  Ionic bonds are formed by atoms that transfer electrons. 
These weak bonds join atoms together in an ionic 
compound.

     1.  If one atom in this compound takes an electron from 
another atom, it gains a net negative charge and the 
other atom becomes positively charged.  

    2.  Ionic bonds easily break when the ionic compound is 
dissolved in water. Dissociation of the ionic compound 
yields charged atoms called ions.     

    C.  When hydrogen bonds with an electronegative atom, it 
gains a slight positive charge and is weakly attracted to 
another electronegative atom. This weak attraction is a 
hydrogen bond.  

    D.  Acids donate hydrogen ions to solution, whereas bases 
lower the hydrogen ion concentration of a solution.

     1.  The pH scale is a negative function of the logarithm of 
the hydrogen ion concentration.  

    2.  In a neutral solution, the concentration of H  +   is equal 
to the concentration of OH � , and the pH is 7.  

    3.  Acids raise the H  +   concentration and thus lower the 
pH below 7; bases lower the H  +   concentration and 
thus raise the pH above 7.     

    E.  Organic molecules contain atoms of carbon and hydrogen 
joined together by covalent bonds. Atoms of nitrogen, 
oxygen, phosphorus, or sulfur may be present as speci� c 
functional groups in the organic molecule.    

  2.2 Carbohydrates and Lipids 33 
     A.  Carbohydrates contain carbon, hydrogen, and oxygen, 

usually in a ratio of 1:2:1.
     1.  Carbohydrates consist of simple sugars 

(monosaccharides), disaccharides, and 
polysaccharides (such as glycogen).  

    2.  Covalent bonds between monosaccharides are formed 
by dehydration synthesis, or condensation. Bonds are 
broken by hydrolysis reactions.     

    B.  Lipids are organic molecules that are insoluble in polar 
solvents such as water.

     1.  Triglycerides (fat and oil) consist of three fatty acid 
molecules joined to a molecule of glycerol.  

    2.  Ketone bodies are smaller derivatives of fatty acids.  

    3.  Phospholipids (such as lecithin) are phosphate-
containing lipids that have a hydrophilic polar group. 
The rest of the molecule is hydrophobic.  

    4.  Steroids (including the hormones of the adrenal cortex 
and gonads) are lipids with a characteristic four-ring 
structure.  

    5.  Prostaglandins are a family of cyclic fatty acids that 
serve a variety of regulatory functions.       

  2.3 Proteins 40 
     A.  Proteins are composed of long chains of amino acids 

bound together by covalent peptide bonds.
     1.  Each amino acid contains an amino group, a carboxyl 

group, and a functional group. Differences in the 
functional groups give each of the more than 20 
different amino acids an individual identity.  

    2.  The polypeptide chain may be twisted into a helix 
(secondary structure) and bent and folded to form the 
tertiary structure of the protein.  

    3.  Proteins that are composed of two or more 
polypeptide chains are said to have a quaternary 
structure.  

    4.  Proteins may be combined with carbohydrates, lipids, 
or other molecules.  

    5.  Because they are so diverse structurally, proteins serve 
a wider variety of specific functions than any other 
type of molecule.       

  2.4 Nucleic Acids 44 
     A.  DNA is composed of four nucleotides, each of which 

contains the sugar deoxyribose.
     1.  Two of the bases contain the purines adenine and 

guanine; two contain the pyrimidines cytosine and 
thymine.  

    2.  DNA consists of two polynucleotide chains joined 
together by hydrogen bonds between their bases.  

    3.  Hydrogen bonds can only form between the bases 
adenine and thymine, and between the bases guanine 
and cytosine.  

    4.  This complementary base pairing is critical for DNA 
synthesis and for genetic expression.     

    B.  RNA consists of four nucleotides, each of which contains 
the sugar ribose.

     1.  The nucleotide bases are adenine, guanine, cytosine, 
and uracil (in place of the DNA base thymine).  

    2.  RNA consists of only a single polynucleotide chain.  
   3 .  There are different types of RNA, which have different 

functions in genetic expression.        
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  REVIEW ACTIVITIES 
  Test Your Knowledge 
    1. Which of these statements about atoms is  true? 

    a. They have more protons than electrons.  
   b. They have more electrons than protons.  
   c. They are electrically neutral.  
   d. They have as many neutrons as they have electrons.     

   2. The bond between oxygen and hydrogen in a water 
molecule is
    a. a hydrogen bond.  
   b. a polar covalent bond.  
   c. a nonpolar covalent bond.  
   d. an ionic bond.     

   3. Which of these is a nonpolar covalent bond?
    a. bond between 2 carbons  
   b. bond between sodium and chloride  
   c. bond between 2 water molecules  
   d. bond between nitrogen and hydrogen     

   4. Solution A has a pH of 2, and solution B has a pH of 10. 
Which of these statements about these solutions is  true? 
    a. Solution A has a higher H  +   concentration than 

solution B.  
   b. Solution B is basic.  
   c. Solution A is acidic.  
   d. All of these are true.     

   5. Glucose is
    a. a disaccharide.  
   b. a polysaccharide.  
   c. a monosaccharide.  
   d. phospholipid.     

   6. Digestion reactions occur by means of
    a. dehydration synthesis.  
   b. hydrolysis.     

   7. Carbohydrates are stored in the liver and muscles in the 
form of
    a. glucose.  
   b. triglycerides.  
   c. glycogen.  
   d. cholesterol.     

   8. Lecithin is
    a. a carbohydrate.  
   b. a protein.  
   c. a steroid.  
   d. a phospholipid.     

   9. Which of these lipids have regulatory roles in the body?
    a. steroids  
   b. prostaglandins  
   c. triglycerides  

   d. both  a  and  b   
  e. both  b  and  c      

   10. The tertiary structure of a protein is  directly  determined by
    a. genes.  
   b. the primary structure of the protein.  
   c. enzymes that �mold� the shape of the protein.  
   d. the position of peptide bonds.     

   11. The type of bond formed between two molecules of water is
    a. a hydrolytic bond.  
   b. a polar covalent bond.  
   c. a nonpolar covalent bond.  
   d. a hydrogen bond.     

   12. The carbon-to-nitrogen bond that joins amino acids 
together is called
    a. a glycosidic bond.  
   b. a peptide bond.  
   c. a hydrogen bond.  
   d. a double bond.     

   13. The RNA nucleotide base that pairs with adenine in DNA is
    a. thymine.  
   b. uracil.  
   c. guanine.  
   d. cytosine.     

   14. If four bases in one DNA strand are A (adenine), 
G (guanine), C (cytosine), and T (thymine), the 
complementary bases in the RNA strand made from this 
region are
    a. T,C,G,A.  
   b. C,G,A,U.  
   c. A,G,C,U.  
   d. U,C,G,A.       

  Test Your Understanding 
    15. Compare and contrast nonpolar covalent bonds, polar 

covalent bonds, and ionic bonds.    
           16. Define  acid  and  base  and explain how acids and bases 

influence the pH of a solution.  
   17. Explain, in terms of dehydration synthesis and hydrolysis 

reactions, the relationships between starch in an ingested 
potato, liver glycogen, and blood glucose.  

   18. �All fats are lipids, but not all lipids are fats.� Explain why 
this is an accurate statement.  

   19. What are the similarities and differences between a  fat and 
an oil? Comment on the physiological and  clinical 
significance of the degree of saturation of fatty  acid chains.  

   20. Explain how one DNA molecule serves as a template for 
the formation of another DNA molecule and why DNA 
synthesis is said to be semiconservative.    
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  Test Your Analytical Ability 
    21. Explain the relationship between the primary structure of a 

protein and its secondary and tertiary structures. What do 
you think would happen to the tertiary structure if some 
amino acids were substituted for others in the primary 
structure? What physiological significance might this have?  

   22. Suppose you try to discover a hormone by homogenizing 
an organ in a fluid, filtering the fluid to eliminate the solid 
material, and then injecting the extract into an animal to 
see the effect. If an aqueous (water) extract does not work, 
but one using benzene as the solvent does have an effect, 
what might you conclude about the chemical nature of the 
hormone? Explain.  

   23. From the ingredients listed on a food wrapper, it would 
appear that the food contains high amounts of fat. Yet on 
the front of the package is the large slogan, �Cholesterol 
Free!� In what sense is this slogan chemically correct? In 
what way is it misleading?  

   24. A butter substitute says �Nonhydrogenated, zero trans 
fats� on the label. Explain the meaning of these terms and 
their relationship to health.  

   25. When you cook a pot roast, you don�t end up with an 
amino acid soup. Explain why this is true, in terms of the 
strengths of the different types of bonds in a protein.    

Visit this book�s website at www.mhhe.com/Fox12 
for chapter quizzes, interactive learning exercises, and 
other study tools.

  Test Your Quantitative Ability 
 The molecular weight is the sum of the atomic weights (mass 
numbers) of its atoms. Use  table 2.1  to perform the following 
calculations. 
    26. Calculate the molecular weight of water (H 2 O) and glucose 

(C 6 H 12 O 6 ).  
   27. Given that fructose is a structural isomer of glucose (see 

 fig. 2.13 ), what is its molecular weight?  
   28. Review the dehydration synthesis of sucrose in 

 figure 2.15b  and calculate the molecular weight of sucrose.  
   29. Account for the difference between the molecular weight 

of sucrose and the sum of the molecular weights of 
glucose and fructose.                 
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  3.1 PLASMA MEMBRANE AND 
ASSOCIATED STRUCTURES  
 The cell is the basic unit of structure and function in the 
body. Many of the functions of cells are performed by 
particular subcellular structures known as organelles. 
The plasma (cell) membrane allows selective communi-
cation between the intracellular and extracellular com-
partments and aids cellular movement. 

L E A R N I N G  O U T C O M E S

 After studying this section, you should be able to:

 �    Describe the structure of the plasma membrane, cilia, 
and flagella.  

 �   Describe amoeboid movement, phagocytosis, 
pinocytosis, receptor-mediated endocytosis, and 
exocytosis.      

 Cells look so small and simple when viewed with the 
ordinary (light) microscope that it is difficult to think of each 
one as a living entity unto itself. Equally amazing is the fact 
that the physiology of our organs and systems derives from 
the complex functions of the cells of which they are com-
posed. Complexity of function demands complexity of struc-
ture, even at the subcellular level. 

 As the basic functional unit of the body, each cell is a 
highly organized molecular factory. Cells come in a wide vari-
ety of shapes and sizes. This great diversity, which is also 
apparent in the subcellular structures within different cells, 
reflects the diversity of function of different cells in the body. 
All cells, however, share certain characteristics; for example, 
they are all surrounded by a plasma membrane, and most of 
them possess the structures listed in  table 3.1.  Thus, although 
no single cell can be considered •typical,Ž the general structure 
of cells can be indicated by a single illustration ( fig. 3.1 ).           

Figure 3.1 A generalized 
human cell showing the 
principal organelles.  Because 
most cells of the body are highly 
specialized, they have structures 
that differ from those shown here.

  Case Investigation 
 Timothy is only 18 years old, but he appears to 

have liver disease. A liver biopsy is performed and reveals 
microscopic abnormalities as well as an abnormal chemical 
test. Timothy admits that he has a history of drug abuse, 
but claims that he is now in recovery. 

 Some of the new terms and concepts you will 
encounter include:

   �  Glycogen granules and glycogen hydrolysis  
   �  Smooth endoplasmic reticulum and lysosomes     
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 For descriptive purposes, a cell can be divided into three 
principal parts:

     1.   Plasma (cell) membrane.   The selectively permeable 
plasma membrane surrounds the cell, gives it form, and 
separates the cell•s internal structures from the 
extracellular environment. The plasma membrane also 
participates in intercellular communication.  

    2.   Cytoplasm and organelles.   The cytoplasm is the 
aqueous content of a cell inside the plasma membrane 
but outside the nucleus. Organelles (excluding the 
nucleus) are subcellular structures within the cytoplasm 
that perform specific functions. The term  cytosol  is 
frequently used to describe the fluid portion of the 
cytoplasm„that is, the part that cannot be removed by 
centrifugation.  

    3.   Nucleus.  The nucleus is a large, generally spheroid body 
within a cell. The largest of the organelles, it contains 
the DNA, or genetic material, of the cell and thus directs 
the cell•s activities. The nucleus also contains one or 
more  nucleoli.  Nucleoli are centers for the production of 
ribosomes, which are the sites of protein synthesis.       

 Structure of the Plasma Membrane  
 Because the intracellular and extracellular environments (or 
•compartmentsŽ) are both aqueous, a barrier must be pres-
ent to prevent the loss of enzymes, nucleotides, and other 
cellular molecules that are water-soluble. This barrier sur-
rounding the cell cannot itself be composed of water-soluble 
molecules; it is instead composed of lipids. 

Table 3.1 | Cellular Components: Structure and Function

Component Structure Function

Plasma (cell) membrane Membrane composed of double layer of 
phospholipids in which proteins are embedded

Gives form to cell and controls passage of materials 
into and out of cell

Cytoplasm Fluid, jellylike substance between the cell 
membrane and the nucleus in which organelles 
are suspended

Serves as matrix substance in which chemical 
reactions occur

Endoplasmic reticulum System of interconnected membrane-forming 
canals and tubules

Agranular (smooth) endoplasmic reticulum metabolizes 
nonpolar compounds and stores Ca 2+ in striated 
muscle cells, granular (rough) endoplasmic reticulum 
assists in protein synthesis

Ribosomes Granular particles composed of protein and RNA Synthesize proteins

Golgi complex Cluster of flattened membranous sacs Synthesizes carbohydrates and packages molecules 
for secretion, secretes lipids and glycoproteins

Mitochondria Membranous sacs with folded inner partitions Release energy from food molecules and transform 
energy into usable ATP

Lysosomes Membranous sacs Digest foreign molecules and worn and damaged 
organelles

Peroxisomes Spherical membranous vesicles Contain enzymes that detoxify harmful molecules and 
break down hydrogen peroxide

Centrosome Nonmembranous mass of two rodlike centrioles Helps to organize spindle fibers and distribute 
chromosomes during mitosis

Vacuoles Membranous sacs Store and release various substances within the 
cytoplasm

Microfilaments and 
microtubules

Thin, hollow tubes Support cytoplasm and transport materials within the 
cytoplasm

Cilia and flagella Minute cytoplasmic projections that extend from 
the cell surface

Move particles along cell surface or move the cell

Nuclear envelope Double-layered membrane that surrounds the 
nucleus, composed of protein and lipid 
molecules

Supports nucleus and controls passage of materials 
between nucleus and cytoplasm

Nucleolus Dense nonmembranous mass composed of 
protein and RNA molecules

Produces ribosomal RNA for ribosomes

Chromatin Fibrous strands composed of protein and DNA Contains genetic code that determines which proteins 
(including enzymes) will be manufactured by the cell
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 The  plasma membrane   (also called the  cell membrane  ), 
and indeed all of the membranes surrounding organelles 
within the cell, are composed primarily of phospholipids and 
proteins. Phospholipids, described in chapter 2, are polar 
(and hydrophilic) in the region that contains the phosphate 
group and nonpolar (and hydrophobic) throughout the rest 
of the molecule. Since the environment on each side of the 
membrane is aqueous, the hydrophobic parts of the mole-
cules •huddle togetherŽ in the center of the membrane, leav-
ing the polar parts exposed to water on both surfaces. This 
results in the formation of a double layer of phospholipids in 
the cell membrane. 

 The hydrophobic middle of the membrane restricts the 
passage of water and water-soluble molecules and ions. 
 Certain of these polar compounds, however, do pass through 
the membrane. The specialized functions and selective 
transport properties of the membrane are believed to be due 
to its protein content. Membrane proteins are described as 
peripheral or integral.  Peripheral proteins  are only partially 

embedded in one face of the membrane, whereas  integral 
proteins  span the membrane from one side to the other. 
Because the membrane is not solid„phospholipids and 
proteins are free to move laterally„the proteins within the 
phospholipid •seaŽ are not uniformly distributed. Rather, 
they present a constantly changing mosaic pattern, an 
arrangement known as the  fluid-mosaic model   of mem-
brane structure ( fig. 3.2 ).     

 Scientists now recognize that the fluid-mosaic model 
of the plasma membrane is somewhat misleading, in that 
the membrane is not as uniform in structure as implied by 
  figure 3.2.  The proteins in the plasma membrane can be local-
ized according to their function, so that their distribution is 
patchy rather than uniform. Thus, proteins in some regions 
are much more crowded together in the plasma membrane 
than is indicated in  figure 3.2.  This can be extremely impor-
tant, as when the membrane proteins serve as receptors for 
neurotransmitter chemicals released by nerve fibers at the 
synapse (chapter 7). 

Figure 3.2 The fluid-mosaic model of the plasma membrane.  The membrane consists of a double layer of phospholipids, 
with the polar regions (shown by spheres) oriented outward and the nonpolar hydrocarbons (wavy lines) oriented toward the center. 
Proteins may completely or partially span the membrane. Carbohydrates are attached to the outer surface.
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 The proteins found in the plasma membrane serve a 
variety of functions, including structural support, transport 
of molecules across the membrane, and enzymatic control of 
chemical reactions at the cell surface. Some proteins function 
as receptors for hormones and other regulatory molecules 
that arrive at the outer surface of the membrane. Receptor 
proteins are usually specific for one particular messenger, 
much like an enzyme that is specific for a single substrate. 
Other cellular proteins serve as •markersŽ (antigens) that 
identify the tissue type of an individual. 

 In addition to lipids and proteins, the plasma membrane 
also contains carbohydrates, which are primarily attached 
to the outer surface of the membrane as glycoproteins and 

glycolipids. Certain glycolipids on the plasma membrane of 
red blood cells serve as antigens that determine the blood 
type. Other carbohydrates on the plasma membrane have 
numerous negative charges and, as a result, affect the inter-
action of regulatory molecules with the membrane. The neg-
ative charges at the surface also affect interactions between 
cells„they help keep red blood cells apart, for example. 
Stripping the carbohydrates from the outer red blood cell 
surface results in their more rapid destruction by the liver, 
spleen, and bone marrow.          

 Phagocytosis  
 Most of the movement of molecules and ions between the 
intracellular and extracellular compartments involves pas-
sage through the plasma membrane (chapter 6). However, the 
plasma membrane also participates in the  bulk transport   of 
larger portions of the extracellular environment. Bulk trans-
port includes the processes of  phagocytosis  and  endocytosis.  

 White blood cells known as  neutrophils,  and connective 
tissue cells called  macrophages  (literally, •big eatersŽ), are 
able to perform  amoeboid movement   (move like an amoeba, 
a single-celled animal). This involves extending parts of their 
cytoplasm to form  pseudopods  (false feet), which pull the 
cell through the  extracellular matrix  „generally, an extracel-
lular gel of proteins and carbohydrates. This process depends 
on the bonding of proteins called  integrins,  which span the 
plasma membrane of these cells, with proteins in the extra-
cellular matrix. 

C L I N I C A L  A P P L I C A T I O N

The plasma membrane contains cholesterol, which accounts for 
20% to 25% of the total lipid content of the membrane. The cells 
in the body with the highest content of cholesterol are the 
Schwann cells, which form insulating layers by wrapping around 
certain nerve fibers (chapter 7, section 7.1). Their high cholesterol 
content is believed to be important in this insulating function. The 
ratio of cholesterol to phospholipids also helps to determine the 
flexibility of a plasma membrane. When there is an inherited 
defect in this ratio, the flexibility of the cell may be reduced. This 
could result, for example, in the inability of red blood cells to flex 
at the middle when passing through narrow blood channels, 
thereby causing occlusion of these small vessels.

Pseudopod

(a)

Pseudopods
forming food
vacuole

(b)

Figure 3.3 Scanning electron micrographs of phagocytosis.  (a) The formation of pseudopods and ( b) the entrapment of the 
prey within a food vacuole.
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 Cells that exhibit amoeboid motion„as well as certain 
liver cells, which are not mobile„use pseudopods to surround 
and engulf particles of organic matter (such as bacteria). This 
process is a type of cellular •eatingŽ called  phagocytosis.  It 
serves to protect the body from invading microorganisms and 
to remove extracellular debris. 

 Phagocytic cells surround their victim with pseudopods, 
which join together and fuse ( fig. 3.3 ). After the inner mem-
brane of the pseudopods has become a continuous mem-
brane surrounding the ingested particle, it pinches off from 
the plasma membrane. The ingested particle is now con-
tained in an organelle called a  food vacuole  within the cell. 
The food vacuole will subsequently fuse with an organelle 
called a lysosome (described later), and the particle will be 
digested by lysosomal enzymes.     

 Phagocytosis, largely by neutrophils and macrophages, 
is an important immune process that defends the body and 
promotes inflammation. Phagocytosis by macrophages is also 
needed for the removal of senescent (aged) cells and those 
that die by  apoptosis  (cell suicide, described later in this 
chapter). Phagocytes recognize •eat meŽ signals„primarily 
phosphatidylserine„on the plasma membrane surface of 
dying cells. Apoptosis is a normal, ongoing activity in the 
body and is not accompanied by inflammation.    

 Endocytosis  
  Endocytosis  is a process in which the plasma membrane fur-
rows inward, instead of extending outward with  pseudopods. 
One form of endocytosis,  pinocytosis,   is a nonspecific pro-
cess performed by many cells. The plasma membrane invagi-
nates to produce a deep, narrow furrow. The membrane near 
the surface of this furrow then fuses, and a small vesicle 
containing the extracellular fluid is pinched off and enters 
the cell. Pinocytosis allows a cell to engulf large molecules 
such as proteins, as well as any other molecules that may be 
present in the extracellular fluid. 

 Another type of endocytosis involves a smaller area of 
plasma membrane, and it occurs only in response to spe-
cific molecules in the extracellular environment. Because the 
extracellular molecules must bind to very specific  receptor 
proteins  in the plasma membrane, this process is known as 
 receptor-mediated endocytosis.   

 In receptor-mediated endocytosis, the interaction of spe-
cific molecules in the extracellular fluid with specific membrane 
receptor proteins causes the membrane to invaginate, fuse, 
and pinch off to form a vesicle ( fig. 3.4 ). Vesicles formed in 
this way contain extracellular fluid and molecules that could 
not have passed by other means into the cell.  Cholesterol 

Figure 3.4 Receptor-mediated endocytosis. In stages 1 through 4 shown here, specific bonding of extracellular particles with 
membrane receptor proteins results in the formation of endocytotic vesicles.
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attached�to specific proteins, for example, is taken up into artery 
cells by receptor-mediated endocytosis. This is in part respon-
sible for atherosclerosis, (chapter 13, section 13.7). Hepatitis, 
polio, and AIDS viruses also exploit the process of receptor-
mediated endocytosis to invade cells.      

 Exocytosis  
  Exocytosis  is a process by which cellular products are 
secreted into the extracellular environment. Proteins and 
other molecules produced within the cell that are destined 
for export (secretion) are packaged within vesicles by an 
organelle known as the Golgi complex. In the process of 
exocytosis, these secretory vesicles fuse with the plasma 
membrane and release their contents into the extracellular 
environment (see  fig. 3.12 ). Nerve endings, for example, 
release their chemical neurotransmitters in this manner 
(chapter 7, section 7.3). 

 When the vesicle containing the secretory products of the 
cell fuses with the plasma membrane during exocytosis, the 
total surface area of the plasma membrane is increased. This 
process replaces material that was lost from the plasma mem-
brane during endocytosis.    

 Cilia and Flagella  
  Cilia   are tiny hairlike structures that project from the sur-
face of a cell into the extracellular fluid.  Motile cilia   (those 
able to move) can beat like rowers in a boat, stroking in 
unison. Such motile cilia are found in only particular loca-
tions in the human body, where they project from the apical 

Figure 3.5 Cilia, as seen with the electron microscope.  (a) Scanning electron micrograph of cilia on the epithelium lining 
the trachea; (b) transmission electron micrograph of a cross section of cilia, showing the •9 +  2Ž arrangement of microtubules within 
each cilium.

 surface of epithelial cells (the surface facing the lumen, or 
cavity) that are stationary and line certain hollow organs. 
For example, ciliated epithelial cells are found in the respi-
ratory system and the female reproductive tract. In the 
respiratory airways, the cilia transport strands of mucus to 
the pharynx (throat), where the mucus can be swallowed or 
expectorated. In the female reproductive tract, the beating 
of cilia on the epithelial lining of the uterine tube d raws the 
ovum (egg) into the tube and moves it toward the uterus. 

 Almost every cell in the body has a single, nonmo-
tile  primary cilium.   The functions of the primary cilia in 
most organs of the body are not presently understood, but 
primary cilia are believed to serve sensory functions. For 
example they are modified to form part of the photorecep-
tors in the retina of the eyes (chapter 10) and are believed 
to detect fluid movement within the tubules of the kidneys 
(chapter 17). 

 Cilia are composed of  microtubules  (thin cylinders formed 
from proteins) and are surrounded by a specialized part of the 
plasma membrane. There are 9 pairs of microtubules arranged 
around the circumference of the cilium; in motile cilia, there 
is also a pair of microtubules in the  center,  producing an 
arrangement described as •9  +   2Ž ( fig. 3.5 ). The nonmotile 
primary cilium lacks the central pair of microtubules, and so is 
described as having a •9  +  0Ž arrangement.     

 Sperm cells are the only cells in the body that have 
  flagella.   The flagellum is a single, whiplike structure 
that propels the sperm through its environment. Like the 
motile cilia, a flagellum is composed of microtubules with 
a •9  +   2Ž arrangement. The subject of sperm motility by 
means of  flagella is considered with the reproductive system 
in chapter 20.    
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 Microvilli  
 In areas of the body that are specialized for rapid diffusion, 
the surface area of the cell membranes may be increased by 
numerous folds called  microvilli.   The rapid passage of the 
products of digestion across the epithelial membranes in the 
intestine, for example, is aided by these structural adapta-
tions. The surface area of the apical membranes (the part 
facing the lumen) in the intestine is increased by the numer-
ous tiny fingerlike projections ( fig. 3.6 ). Similar microvilli 
are found in the epithelium of the kidney tubule, which must 
reabsorb various molecules that are filtered out of the blood.          

 3.2 CYTOPLASM AND ITS 
ORGANELLES  
 Many of the functions of a cell are performed by struc-
tures called organelles. Among these are the lysosomes, 
which contain digestive enzymes, and the mitochondria, 

where most of the cellular energy is produced. Other 
organelles participate in the synthesis and secretion of 
cellular products. 

L E A R N I N G  O U T C O M E S

 After studying this section, you should be able to:

 �    Describe the structure and function of the cytoskeleton, 
lysosomes, peroxisomes, mitochondria, and 
ribosomes.  

 �   Describe the structure and functions of the 
endoplasmic reticulum and Golgi complex, and explain 
how they interact.         

 Cytoplasm and Cytoskeleton  
 The material within a cell (exclusive of that within the nucleus) 
is known as  cytoplasm.   Cytoplasm contains structures called 
organelles  that are visible under the microscope, and the fluid-
like  cytosol  that surrounds the organelles. When viewed in a 
microscope without special techniques, the  cytoplasm appears 
to be uniform and unstructured. H owever, the cytosol is not a 
homogeneous solution; it is, rather, a highly organized struc-
ture in which protein fibers„in the form of  microtubules  and 
microfilaments „are arranged in a complex latticework sur-
rounding the membrane-bound organelles. Using fluorescence 
microscopy, these structures can be visualized with the aid of 
antibodies against their protein components ( fig. 3.7 ). The 
interconnected microfilaments and microtubules are believed 
to provide structural organization for cytoplasmic enzymes 
and support for various organelles.     

 The latticework of microfilaments and microtubules is 
said to function as a  cytoskeleton   ( fig. 3.8 ). The structure of 
this •skeletonŽ is not rigid; it is capable of quite rapid move-
ment and reorganization. Contractile proteins„including actin 
and myosin, which are responsible for muscle contraction„
are associated with the microfilaments and microtubules in 
most cells. These structures aid in amoeboid movement, for 
example, so that the cytoskeleton is also the cell•s •muscu-
lature.Ž Microtubules, as another example, form the  spindle 
apparatus  that pulls chromosomes away from each other in 
cell division. Microtubules also form the central parts of cilia 
and flagella and contribute to the structure and movements of 
these projections from the cells.     

 The cytoskeleton forms an amazingly complex •railwayŽ 
system in a cell, on which large organelles (such as the 
nucleus), smaller membranous organelles (such as vesicles), 
and large molecules (including certain proteins and messen-
ger RNA) travel to different and specific destinations. The 
molecular motors that move this cargo along their cytoskeletal 
tracks are the proteins  myosin  (along filaments of actin) and 
 kinesins  and  dyneins  (along microtubules). One end of these 
molecular motors attaches to their cargo while the other end 
moves along the microfilament or microtubule. For example, 

Junctional
complexes

Lumen

Microvilli

Figure 3.6 Microvilli in the small intestine.  Microvilli 
are seen in this colorized electron micrograph, which shows two 
adjacent cells joined together by junctional complexes.

|  C H E C K P O I N T 

 1. Describe the structure of the plasma membrane.

 2. Describe the different ways that cells can engulf 
materials in the extracellular fluid.

 3. Explain the process of exocytosis.

 4. Describe the structure and function of cilia, flagella, 
and�microvilli.
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vesicles are moved in an axon (nerve fiber) toward its termi-
nal by kinesin, while other vesicles can be transported in the 
opposite direction along the microtubule by dynein. 

 The cytoplasm of some cells contains stored chemicals 
in aggregates called  inclusions.   Examples are  glycogen gran-
ules  in the liver, striated muscles, and some other tissues; 
 melanin granules  in the melanocytes of the skin; and  triglyc-
erides  within adipose cells.    

 Lysosomes  
 After a phagocytic cell has engulfed the proteins, polysac-
charides, and lipids present in a particle of •foodŽ (such as 
a bacterium), these molecules are still kept isolated from the 
cytoplasm by the membranes surrounding the food vacuole. 
The large molecules of proteins, polysaccharides, and lipids 
must first be digested into their smaller subunits (including 
amino acids, monosaccharides, and fatty acids) before they 
can cross the vacuole membrane and enter the cytoplasm. 

 The digestive enzymes of a cell are isolated from the 
cytoplasm and concentrated within membrane-bound organ-
elles called  lysosomes,  which contain more than 60 different 
enzymes. A  primary lysosome  is one that contains only diges-
tive enzymes (about 40 different types) within an environment 
that is more acidic than the surrounding cytoplasm. A primary 
lysosome may fuse with a food vacuole (or with another cellu-
lar organelle) to form a  secondary lysosome  in which worn-out 
organelles and the products of phagocytosis can be digested. 
Thus, a secondary lysosome contains partially digested rem-
nants of other organelles and ingested organic material. A lyso-
some that contains undigested wastes is called a  residual body.  
Residual bodies may eliminate their waste by exocytosis, or the 
wastes may accumulate within the cell as the cell ages. 

 Partly digested membranes of various organelles and other 
cellular debris are often observed within secondary lysosomes. 
This is a result of  autophagy,   a process that destroys worn-out 
organelles and proteins in the cytoplasm so that they can be 
continuously replaced. Lysosomes are thus aptly  characterized 
as the •digestive systemŽ of the cell. 

 Lysosomes have also been called •suicide bagsŽ because a 
break in their membranes would release their digestive enzymes 

Figure 3.7 An immunofluorescence photograph of 
microtubules.  The microtubules in this photograph are 
visualized with the aid of fluorescent antibodies against tubulin, 
the major protein component of the microtubules.

Plasma
membrane

Mitochondrion

Polysome

Microtubule

Endoplasmic reticulum

Ribosome

Nuclear
envelope

Figure 3.8 The formation of the cytoskeleton by 
microtubules.  Microtubules are also important in the motility 
(movement) of the cell and movement of materials within the cell.

C L I N I C A L  A P P L I C A T I O N

Most, if not all, molecules in the cell have a limited life span. 
They are continuously destroyed and must be continuously 
replaced. Glycogen and some complex lipids in the brain, for 
example, are normally digested at a particular rate by  lysosomes. 
If a person, because of some genetic defect, does not have the 
proper amount of these lysosomal enzymes, the resulting 
abnormal accumulation of glycogen and lipids could destroy 
the tissues. Examples of such defects include Tay-Sach•s dis-
ease and Gaucher•s disease.  These are examples of the 40 
known lysosomal storage diseases. Each is caused by a different 
defective enzyme produced by a defect in a single gene.
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and thus destroy the cell. This happens normally in  pro-
grammed cell death  (or  apoptosis ), described in  section�3.5. An 
example is the loss of tissues that must accompany embryonic 
development, when earlier structures (such as gill pouches) are 
remodeled or replaced as the embryo matures.    

the reaction 2H 2 O 2  �  2 H 2 O  +   O 2 . Catalase is one of the fastest 
acting enzymes known (see chapter 4), and it is this reaction 
that produces the characteristic fizzing when hydrogen perox-
ide is poured on a wound.    

 Mitochondria  
 All cells in the body, with the exception of mature red blood 
cells, have from a hundred to a few thousand organelles 
called  mitochondria   (singular,  mitochondrion  ). Mitochon-
dria serve as sites for the production of most of the energy of 
cells (chapter 5, section 5.2). 

 Mitochondria vary in size and shape, but all have the same 
basic structure ( fig. 3.9 ). Each mitochondrion is surrounded 
by an inner and outer membrane, separated by a narrow inter-
membranous space. The outer mitochondrial membrane is 
smooth, but the inner membrane is characterized by many 
folds, called  cristae,  which project like shelves into the cen-
tral area (or  matrix  ) of the mitochondrion. The cristae and the 
matrix compartmentalize the space within the mitochondrion 
and have different roles in the generation of cellular energy. The 
structure and functions of mitochondria will be described in 
more detail in the context of cellular metabolism in chapter 5.     

 Mitochondria can migrate through the cytoplasm of a cell 
and are able to reproduce themselves. Indeed, mitochondria 
contain their own DNA. All of the mitochondria in a person•s 
body are derived from those inherited from the mother•s fer-
tilized egg cell. Thus, all of a person•s mitochondrial genes 
are inherited from the mother. Mitochondrial DNA is more 
primitive (consisting of a circular, relatively small, double-
stranded molecule) than that found within the cell nucleus. 
For this and other reasons, many scientists believe that mito-
chondria evolved from separate organisms, related to bacte-
ria, that invaded the ancestors of animal cells and remained in 
a state of symbiosis. This symbiosis might not always benefit 
the host; for example, mitochondria produce superoxide radi-
cals that can provoke an oxidative stress�(chapters 5 and 19), 

Case Investigation CLUES
Timothy has large amounts of glycogen gran-

ules in his liver cells, and many are seen to be intact within 
his secondary lysosomes.

�  What are lysosomes, and why should they contain 
glycogen granules?

�  What kind of inherited disorder could account for 
these observations?

 Peroxisomes  
Peroxisomes  are membrane-enclosed organelles containing 
several specific enzymes that promote oxidative reactions. 
Although peroxisomes are present in most cells, they are par-
ticularly large and active in the liver. 

 All peroxisomes contain one or more enzymes that pro-
mote reactions in which hydrogen is removed from particu-
lar organic molecules and transferred to molecular oxygen 
(O 2 ), thereby oxidizing the molecule and forming hydrogen 
peroxide (H 2 O 2 ) in the process. The oxidation of toxic mol-
ecules by peroxisomes in this way is an important function 
of liver and kidney cells. For example, much of the alcohol 
ingested in alcoholic drinks is oxidized into acetaldehyde by 
liver peroxisomes. 

 The enzyme  catalase  within the peroxisomes  prevents the 
excessive accumulation of hydrogen peroxide by  catalyzing 

Figure 3.9 The structure of a mitochondrion.  (a) An electron micrograph of a mitochondrion. The outer mitochondrial 
membrane and the infoldings of the inner membrane„the cristae„are clearly seen. The fluid in the center is the matrix. ( b) A diagram of 
the structure of a mitochondrion.
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Note: Page references followed by the letters f and t 
indicate figures and tables, respectively.

A
A bands, 357, 358f, 360�363, 361f, 362f, 363f
Abdominal aorta, 576f
Abdominal obliques, external and internal, 534f
Abdominal veins, 431, 449
Abdominopelvic cavity, 528
Abducens (CN VI) nerve, 226, 233t
Abductor muscles, 356t
Ablation studies, 216�217, 218
ABO system, 408�409, 409f, 409t
Abortion pill, 732
ABP (androgen-binding protein), 711
Absolute refractory period, 175, 175f
Absorption, 144

gastrointestinal, 613
of carbohydrates, 642�644
definition of, 613
in large intestine, 625, 627
of lipids, 644�647, 646f
of proteins, 644, 644f
in small intestine, 621�622, 627
in stomach, 620

renal. See Kidney(s), reabsorption in
Absorption maximum, of light, 295, 298
Absorption spectrum, of hemoglobin, 552
Absorptive state, 668, 671

glucagon in, 671, 672, 674f
insulin in, 671, 672, 674f

Abuse, drug. See also specific drugs
neural effects of, 191, 225, 247

Acceleration
angular, 276
horizontal, 276
linear, 276
rotational, 276
vertical, 276

Accessory digestive organs, 614, 615f
Accessory (CN XI) nerve, 233t
Accessory sex organs

development of, 698�699
female, 698, 717, 718f
male, 698, 712�713

Accommodation, by eyes, 290�291, 291f, 292f, 305
ACE. See Angiotensin-converting enzyme
Acetaminophen, 349
Acetazolamide, 565, 603, 604, 605t
Acetoacetic acid, 37, 38f, 118, 120
Acetone, 37, 38f, 120
Acetyl coenzyme A (acetyl CoA)

alternative pathways for, 118, 119f, 120
formation in aerobic respiration, 112, 112f, 117
in lipid metabolism, 118, 119

Acetylation, of histones, 64, 65f
Acetylcholine (ACh)

botulinum toxin and, 181
and cardiac rate, 179, 446
in cell signaling, 152
discovery of, 178�179
excitatory effects of, 182
in gastrointestinal regulation, 624, 638, 640
inactivation of, 186

inhibitory effects of, 182
and muscle fibers, 359
as neurotransmitter, 182�188, 194t

in autonomic nervous system, 187, 241, 247�249, 
250f, 252�253, 252f, 256

in central nervous system, 187�188
in peripheral nervous system, 186�187
responses to, 252�253, 254t, 255t

in skeletal muscle contraction, 368f, 369
and urination, 576
as vasodilator, 429

Acetylcholine (ACh) receptor(s), 152, 182�186, 250f, 
252f, 253�254

muscarinic, 182�186, 185f, 253�254, 253f, 254t
nicotinic, 182�183, 184f, 225, 253, 253f, 254t

Acetylcholine (ACh) receptor agonists, 183
Acetylcholine (ACh) receptor antagonists, 183
Acetylcholinesterase (AChE), 186, 187f, 188, 218
Acid(s), 29�30

common examples of, 29t
nonvolatile, 560
organic, 31, 32f
volatile, 560

Acid phosphatase
diagnostic value of, 90t, 92, 101
pH optimum of, 92t

Acid-base balance
of blood, 559�562
disturbances in, 603, 603t
metabolic component of, 561, 561t
principles of, 560�561
renal control of, 597, 602�603
respiratory component of, 561, 561t
terminology in, 561t
ventilation and, 561�562, 562t

Acidic solutions, 29�30
Acidosis, 30, 560, 601, 603

compensated, 561t
metabolic, 560, 561t, 562, 562t, 603, 603t
respiratory, 560, 561, 561t, 562t, 603t

Acini
of exocrine glands, 15, 15f
of pancreas, 634, 634f, 635f

Acquired immune deficiency syndrome (AIDS), 501
cancer with, 67
lymphoma in, 67
receptor-mediated endocytosis in, 56
T lymphocytes in, 501
treatment of, 32, 501
vaccine against, 501, 509
virus life cycle in, 491f, 492

Acromegaly, 328, 682, 682f
Acrosomal reaction, 729, 729f
Acrosome, 710, 729, 729f
ACTH. See Adrenocorticotropic hormone
Actin

in cardiac muscle contractions, 387, 
447, 448f

in cytoskeleton, 57
in skeletal muscle contraction, 360�361, 364�366, 

365f, 366f
in smooth muscle contractions, 388�389, 390f

Actin-binding site, 364, 364f
Action potentials, 172�176, 173f

all-or-none law of, 174, 174f
in axon hillock, 187

in cardiac muscle, 179, 387�388, 420�424, 421f, 422f, 
423f, 445�446

conduction of, 176�178, 176f, 177f
without decrement, 177
in myelinated axon, 177�178, 177f
rates of, 177�178, 178t
saltatory, 177, 177f
in unmyelinated axon, 176f, 177

depolarization in, 172�174, 172f
vs. EPSPs, 183, 184t
in kidney, 576
local anesthetics and, 173
in neurotransmission, 180�182, 180f, 181f, 

187�188
in olfaction, 274
refractory periods in, 175, 175f
regeneration of, 177
repolarization in, 173�174
in sensation, 266, 266f
in small intestine, 624, 625f
stimulus intensity in, coding for, 174�175, 174f

Activation energy, 88, 89f
Activation, mass, of sympathetic neurons, 243, 247
Active hyperemia, 461
Active immunity, 507�510

clonal selection theory and, 508�509, 508t, 509f
development of, 509
vs. passive, 511t
virulence and, 507, 507f

Active sites, of enzymes, 88
Active stretch, of muscle spindles, 382
Active transport, 130�131, 140, 142�144

Ca2+ pump in, 142, 142f
in kidneys, 584, 585f
primary, 142
secondary, 143�144
sodium-potassium pump in, 143, 143f
in stomach, 618�620

Actos (pioglitazone), 678
Actual ATP yield, 116
Acute gastritis, 621
Acute gastroenteritis, 145
Acute mountain sickness (AMS), 565, 603, 604
Acute renal failure, 606
Acute respiratory distress syndrome (ARDS), 532
ADA. See Adenosine deaminase
Adam�s apple, 528
Adaptation

dark, in vision, 295�296
sensory, 265, 301
skeletal muscle, 378�379, 379t
in stress response, 336

Adapting receptors, rapidly, in breathing, 550�551
Adaptive (specific) immunity, 487�488, 490�491

antigens in, 490�491
haptens in, 491
local inflammation in, 493�495, 493t

Adaptive thermogenesis, 667�668, 668f, 680
Addictive drugs, neural effects of, 225
Addison�s disease, 335, 506, 601
Adductor muscles, 356t
A-delta fibers, 268
Adenine, 44f, 45, 45f, 63, 65, 72
Adenocarcinoma, esophageal, 619
Adenohypophysis. See Pituitary gland, anterior
Adenoid, 439f
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