SALADIN

ANATOMY

]



ANATOM
PHY 0OGY

The Unity of Form and Function

Eighth Edition

KENNETH S. SALADIN

Georgia College

Digital Authors
CHRISTINA A. GAN

Highline Community College

HEATHER N. CUSHMAN

Tacoma Community College

Mc
Graw
Hill
Education



Education

ANATOMY & PHYSIOLOGY: THE UNITY OF FORM AND FUNCTION, EIGHTH EDITION

Published by McGraw-Hill Education, 2 Penn Plaza, New York, NY 10121. Copyright © 2018 by McGraw-
Hill Education. All rights reserved. Printed in the United States of America. Previous editions © 2015, 2012,
and 2010. No part of this publication may be reproduced or distributed in any form or by any means, or stored
in a database or retrieval system, without the prior written consent of McGraw-Hill Education, including, but
not limited to, in any network or other electronic storage or transmission, or broadcast for distance learning.

Some ancillaries, including electronic and print components, may not be available to customers outside the
United States.

This book is printed on acid-free paper.
123456789LWI2120191817 16

ISBN 978-1-259-27772-6
MHID 1-259-27772-0

Chief Product Officer, SVP Products & Markets: G. Scott Virkler
Vice President, General Manager, Products & Markets: Marty Lange
Vice President, Content Design & Delivery: Betsy Whalen
Managing Director: Lynn Breithaupt

Executive Brand Manager: Amy Reed

Director, Product Development: Rose Koos

Senior Product Developer: Fran Simon

Marketing Manager: Kelly Brown/James Connely

Market Development Manager: Kristine Rellihan

Director of Digital Content: Michael G. Koot, PhD

Digital Product Analyst: John J. Theobald

Director, Content Design & Delivery: Linda Avenarius

Program Manager: Angela R.FitzPatrick

Content Project Managers: Vicki Krug/Christina Nelson

Buyer: Sandy Ludovissy

Design: David Hash

Content Licensing Specialists: Lori Hancock/Lorraine Buczek
Cover Image: ©Peopleslmages.com/DigitalVision/Getty Images; anatomy art overlay: MPS North America LLC
Compositor: MPS Limited

Printer: LSC Communications

All credits appearing on page or at the end of the book are considered to be an extension of the copyright page.
Library of Congress Cataloging-in-Publication Data

Names: Saladin, Kenneth S., author. | Gan, Christina A., author. | Cushman,
Heather N., author.
Title: Anatomy & physiology : the unity of form and function / Kenneth S.
Saladin, Georgia College & State University ; digital authors, Christian
A. Gan, Highline Community College, Heather N. Cushman, Tacoma Community
College.
Other titles: Anatomy and physiology
Description: Eighth edition. | New York, NY : McGraw-Hill Education, [2018]

Includes index.
Identifiers: LCCN 2016033675 | ISBN 9781259277726 (alk. paper)
Subjects: LCSH: Human physiology—Textbooks. | Human anatomy—Textbooks.
Classification: LCC QP34.5 .S23 2018 | DDC 612—dc23 LC record available at
https://lccn.loc.gov/2016033675

The Internet addresses listed in the text were accurate at the time of publication. The inclusion of a website does
not indicate an endorsement by the authors or McGraw-Hill Education, and McGraw-Hill Education does not
guarantee the accuracy of the information presented at these sites.

mheducation.com/highered



BRIEF CONTENTS

About the Authors iv

PART ONE

ORGANIZATION OF THE BODY 1

1 Major Themes of Anatomy and
Physiology 1

ATLAS A General Orientation to Human
Anatomy 27

The Chemistry of Life 41

Cellular Form and Function 75
Genetics and Cellular Function 111
Histology 139

PART TWO

SUPPORT AND MOVEMENT 175

6 The Integumentary System 175
7 Bone Tissue 201

8 The Skeletal System 228

9 Joints 273

10 The Muscular System 307

ATLAS B Regional and Surface
Anatomy 373

M Muscular Tissue 395

PART THREE

INTERNAL COORDINATION AND CONTROL 431

12 Nervous Tissue 431

13 The Spinal Cord, Spinal Nerves, and
Somatic Reflexes 471

14 The Brain and Cranial Nerves 504

15 The Autonomic Nervous System and
Visceral Reflexes 554

16 Sense Organs 575
17 The Endocrine System 626

Gl A WN

PART FOUR

CIRCULATION AND DEFENSE 669

18 The Circulatory System: Blood 669
19 The Circulatory System: Heart 705

20 The Circulatory System: Blood Vessels and
Circulation 741

21 The Lymphatic and Immune Systems 800

PART FIVE

INTAKE AND OUTPUT 845

22 The Respiratory System 845
23 The Urinary System 886

24 Fluid, Electrolyte, and Acid—Base
Balance 921

25 The Digestive System 944
26 Nutrition and Metabolism 991

REPRODUCTION AND THE LIFE CYCLE 1025

27 The Male Reproductive System 1025
28 The Female Reproductive System 1055
29 Human Development and Aging 1093

APPENDIX A: Periodic Table of the Elements A-1
APPENDIX B: Answer Keys A-2

APPENDIX C: Symbols, Weights, and Measures A-15
APPENDIX D: Biomedical Abbreviations A-18

APPENDIX E: The Genetic Code A-19

APPENDIX F: Lexicon of Biomedical Word Elements A-20
APPENDIX G: Eighth Edition Changes in Terminology A-24

Glossary G-1

Index [

ese
11



ABOUT THE

AUTHORS

© Tim Vacula

© Chris Gan/Yuen Lui Studios

© JC Penney Portraits/Lifetouch Portrait
Studios, Inc.

iv

KENNETH S. SALADIN has taught since 1977 at Georgia College in Milledgeville, Georgia.
He earned a B.S. in zoology at Michigan State University and a Ph.D. in parasitology at Florida State
University, with interests especially in the sensory ecology of freshwater invertebrates. In addition
to human anatomy and physiology, his teaching experience includes histology, parasitology, animal
behavior, sociobiology, introductory biology, general zoology, biological etymology, and study
abroad in the Galapagos Islands. Ken has been recognized as “most significant undergraduate men-
tor” nine times over the years by outstanding students inducted into Phi Kappa Phi. He received the
university’s Excellence in Research and Publication Award for the first edition of this book, and was
named Distinguished Professor in 2001.

Ken is a member of the Human Anatomy and Physiology Society, the Society for Integrative
and Comparative Biology, American Physiological Society, and the American Association for the
Advancement of Science. He served as a developmental reviewer and wrote supplements for several
other McGraw-Hill anatomy and physiology textbooks for a number of years before becoming a
textbook writer.

Ken’s outside interests include the Galapagos Conservancy, and he has endowed student schol-
arships, the natural history museum, and a faculty chair at his university. Ken is married to Diane
Saladin, a registered nurse. They have two adult children.

CHRISTINA A. GAN, digital coauthor for Connect®, has been teaching anatomy and physiol-
ogy, microbiology, and general biology at Highline Community College in Des Moines, Washington,
since 2004. Before that, she taught at Rogue Community College in Medford, Oregon, for 6 years.
She earned her M.A. in biology from Humboldt State University, researching the genetic variation
of mitochondrial DNA in various salmonid species, and is a member of the Human Anatomy and
Physiology Society. When she is not in the classroom or developing digital media, she is climbing,
mountaineering, skiing, kayaking, sailing, cycling, and mountain biking throughout the Pacific
Northwest.

HEATHER N. CUSHMAN, digital coauthor for Connect®, teaches anatomy and physiology
at Tacoma Community College in Tacoma, Washington, and is a member of the Human Anatomy
and Physiology Society. She received her Ph.D. in neuroscience from the University of Minnesota
in 2002, and completed a postdoctoral fellowship at the Vollum Institute at Oregon Health & Science
University in Portland, Oregon, where she studied sensory transduction and the cellular and molec-
ular mechanisms of muscle pain. She currently resides in Tacoma, Washington, and enjoys climbing,
camping, and hiking with her husband Ken and their daughter Annika.



THE EVOLUTION OF A

STORYTELLER

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

When I first became a textbook writer, 1 found myself bringing the same
enjoyment of writing and illustrating to this book that I first discovered

when I was 15.
—XKen Saladin
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L ‘ Ken’s “first book,” Hydra One of Ken’s drawings
l Ecology, 1965 from Hydra Ecology
Courtesy of Ken Saladin Courtesy of Ken Saladin

Ken in 1964

Ken began working on his first
book for McGraw-Hill in 1993, and in
1997 the first edition of The Unity of
Form and Function was published. In
2017, the story continues with the
eighth edition of Ken’s best-selling
A&P textbook.
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THE STORY OF

FORM AND FUNCTION

Saladin’s text is written using plain language for A&P students who may be taking this course early in their curricula. Students say
the enlightening analogies, clinical applications, historical notes, biographical vignettes, and evolutionary insights make the book not
merely informative, but a pleasure to read.

INNOVATIVE CHAPTER SEQUENCING

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

Early Presentation of Heredity Urinary System Presented Close to Circulatory

Fundamental principles of heredity are presented in the and Respiratory Systems

last few pages of chapter 4 rather than at the back of Most textbooks place this system near the end of the book because of
the book to better integrate molecular and Mendelian its anatomical and developmental relationships with the reproductive
genetics. This organization also prepares students system. However, its physiological ties to the circulatory and respiratory
to learn about such genetic traits and conditions as systems are much more important. Except for a necessary digression
cystic fibrosis, color blindness, blood types, hemophilia, on lymphatics and immunity, the circulatory system is followed almost
cancer genes, and sickle-cell disease by first teaching immediately with the respiratory and urinary systems, which regulate
them about dominant and recessive alleles, genotype blood composition and whose functional mechanisms rely on recently
and phenotype, and sex linkage. covered principles of blood flow and capillary exchange.
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Muscle Anatomy and
Physiology Follow Skeleton
and Joints
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The functional morphology of
the skeleton, joints, and muscles
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synapses, neurotransmitters, and
membrane electrophysiology. L



THE STORY OF

FORM AND FUNCTION

LEARNING TOOLS
Engaging Chapter Layouts

* Chapters are structured around the way students learn.
* Frequent subheadings and expected learning outcomes help
students plan their study time and review strategies.

Chapter Outlines provide quick previews
of the content.

CHAFTER
=

BONE TISSUE

Deeper Insights highlight areas of interest
and career relevance for students.

e w g 4 Tk, o erswn, s =
———

il ey i gl Bl wy L i e B

Ferecfioan ool | Banbten

il kel fliwd il ool mi i i

Bl B 1om ot s o
e b e e s e s T am

| AL S Ty

1 Wb, Fiose, oncire ond paese e e sl o
Lt R ANl B S

I ’ mrrmmt D sremne mes e | vk e o
s - i
. - e - N e et e
g B s £ e '_-' . .

etk te b s T s an Eai T Tiered Assessments Based
e T S e R e b e S i 4 on Key Learning Outcomes

T ._q.:ﬁ,.'.':&:.:';'_f-h i + Chapters are divided into easily manageable
P:r:._h B —— ‘E‘*H"_"" = N chunks, which help students budget study time
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+ Section-ending questions allow students to
check their understanding before moving on.
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teaching chapters out of order.

Each numbered section begins with Expected Learning Outcomes to
help focus the reader’s attention on the larger concepts and make the
course outcome-driven. This also assists instructors in structuring their
courses around expected learning outcomes.
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B pAPPLY WHAT YOU KNOW

Some people hove cbhiacemal Sords oF brivlges of -
cardiism thal axtend ram afhum o venlrice, vpassing
the AV node and other parts of the conouciion sysien.
How would yvou expect this to offect the cordioc rhythm?

Questions in figure legends and Apply What You
Know items prompt students to think more deeply
about the implications and applications of what they
have learned. This helps students practice higher
order thinking skills throughout the chapter.

The end-of-chapter Study Guide offers several methods
for assessment that are useful to both students and
instructors.

Assess Your Learning Outcomes provides students
a study outline for review, and addresses the needs
of instructors whose colleges require outcome-oriented
syllabi and assessment of student achievement of the
expected learning outcomes.

End-of-chapter questions build on all levels of
Bloom’s taxonomy in sections to
1. assess learning outcomes
2. test simple recall and analytical thought
3. build medical vocabulary
4. apply the basic knowledge to new clinical
problems and other situations

What's Wrong with These Statements questions
further address Bloom’s taxonomy by asking

the student to explain why the false statements
are untrue.

Testing Your Comprehension questions address
Bloom’s Taxonomy in going beyond recall to
application of ideas.
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THE STORY OF
FORM AND FUNCTION

ARTWORK THAT INSPIRES
LEARNING

The incredible art program in this textbook sets the standard

in A&P. The stunning portfolio of art and photos was created -
with the aid of art focus groups, and with feedback from
hundreds of accuracy reviews. :

Conducive to Learning

* Easy-to-understand process figures —
* Tools for students to easily orient themselves o

Vivid lllustrations .

Rich textures and shading and bold,
bright colors bring structures to life.
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Muscle Tables

Muscle tables organize information and
integrate stunning visuals to help students
learn. They also serve as a great student
reference for study.

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

—Ken Saladin



Process Figures

Saladin breaks complicated physiological —®
processes into numbered steps for a
manageable introduction to difficult

concepts.

Orientation Tools

Saladin art integrates
tools to help students

connections between

PerTrnun
= Erei e
Wlarks B, 18

Fewcicie: & &

@ CSF is secreted by
choroid plexus in
each lateral ventricle.

@) CSF flows through
interventricular foramina
into third ventricle.

Choroid plexus in third
ventricle adds more CSF.

@ CSF flows down cerebral
aqueduct to fourth ventricle.

@ Choroid plexus in fourth
ventricle adds more CSF.

@ CSF flows out two lateral apertures
and one median aperture.

@ CSF fills subarachnoid space and
bathes external surfaces of brain
and spinal cord.

At arachnoid villi, CSF is reabsorbed
into venous blood of dural

venous sinuses.

quickly orient themselves
within a figure and make

ideas.

Arachnoid villus

Superior
sagittal
sinus

Arachnoid mater

Choroid plexus

Third ventricle

Cerebral
aqueduct

Lateral aperture

Fourth ventricle

Median aperture

Central canal
of spinal cord

Subarachnoid
space of
spinal cord




WHAT’S NEW IN THE

EIGHTH EDITION?

New Scientific Content

Saladin’s Anatomy & Physiology, eighth edition, has about 85 updates in scientific content, keeping abreast of new literature
and new interpretations of old assumptions, including:
* New guidelines on cholesterol and trans fats (chapter 2)
New skin-grafting method (chapter 6)
New coverage of the genetics and evolution of lactose intolerance (chapter 25)
New federal guidelines for recommended dietary intakes (chapter 26)
Updates on papillomavirus, genital warts, and cervical cancer (chapter 27)
For a complete list, please visit www.mcgrawhillconnect.com.

New Photographs

This edition contains many new photographs, including:
+ Figure 1.10: new brain scans
+ Figure 7.20: osteoporosis with kyphosis
* Figure 19.22: coronary artery disease
+ Figure 20.1: vascular cast of thyroid gland capillary beds
* Figure 29.7: embryonic and fetal developmental stages
For a complete list, please visit www.mcgrawhillconnect.com.

New Pedagogy

In each chapter Study Guide, where students were previously prompted to distinguish between five true and five false
statements, they are now prompted to analyze the fallacies of 10 false statements.

This edition deletes 21 increasingly obsolete eponymous terms that are no longer recommended by the

Terminologia Anatomica or Gray’s Anatomy (such as Skene glands, Howship lacunae, Auerbach plexus,

Hassall corpuscles, and organ of Corti) and replaces them with the standard English terms for easier student comprehension
and retention.

The explanation of units of chemical concentration is moved from chapter 2 to appendix C.

Enhanced Concepts

Saladin’s Anatomy & Physiology, eighth edition, also updates and enhances about 25 more major physiological concepts in response
to user feedback, including:
* Chapter 3: leak and gated channels
Chapter 4: functions of intron DNA, small regulatory RNAs, and cell-cycle regulators
Chapter 11: the lactate threshold
Chapter 12: the vasomotor role of astrocytes, serial and parallel processing in neural circuits, long-term depression
and forgetting
Chapter 14: the role of orexins in the sleep—wake cycle, Bell palsy
Chapter 16: tactile functions of lingual papillae, function of oblique muscles of the eye
Chapter 17: stimuli inducing secretion of individual hormones, photoperiod and pineal gland function
Chapter 18: ABO blood types in hemolytic disease of the newborn, lymphocyte selection in the thymus
Chapter 20: sympathetic effects on coronary arteries
Chapter 21: precipitation versus agglutination in antibody action
Chapter 25: membrane transport of dietary triglycerides, blood circulation of the colon
Chapter 26: fuller coverage of hepatitis, fuller coverage of core versus shell body temperature
Chapter 27: structure and function of the male prepuce

xii



Chapter 28: history of mastectomy approaches, leptin and adiposity in relation to menarche, endometriosis
Chapter 29: telomere repair and cancer

Enhanced Artwork

This edition contains many pieces of enhanced artwork, including:
Figure 3.15: mechanism of osmosis
Figure 3.28: structure of the cell nucleus
Figure 11.6: organization and size principle of motor units
Figure 14.13: functions of the five cerebral lobes
Figure 15.2: somatic versus autonomic outflow pathways
Figure 19.7: cross-sectional shapes and relationships of heart ventricles
Figure 20.4: schematic of blood distribution in rest and exercise
Figure 25.18: positive feedback control of gastric secretion
Figure 25.31: pathways of nutrient digestion and assimilation
Figure 26.12: environmental temperatures versus core and shell body temperatures

For a complete list, please visit www.mcgrawhillconnect.com.

Enhanced Data-Driven Revision

Thousands of students have interacted with this textbook via McGraw-Hill Education’s adaptive reading experience, SmartBook®. Data about
these interactions are collected over time and visually displayed in a heat map. Heat maps direct the author’s attention to areas where students
are struggling. The author then evaluates the questions and associated text content to determine if revisions are needed to more clearly ask
the question or clarify explanations. Heat maps can also confirm areas that the text is successful in aiding students’ comprehension. This
edition was revised using heat map data to clarify explanations, and to enhance the SmartBook® experience for all students.

New Digital Enhancements

Faculty now have the ability to assign select LearnSmart® questions in Connect®. The question bank in Connect® has select probes
from SmartBook® available for you to assign on assignments or quizzes as you see fit.

The 8" edition provides SmartBook® sub-section assignability. SmartBook® assignments now go beyond section level to give
instructors a more granular level of content.

Four new Concept Overview Interactive animations give exploration and engagement on key concepts: Innate Immunity; Adap-
tive Immunity; Blood Pressure; Endocrine System, in addition to the existing Glomerular Filtration and Its Regulation; Tubular Reab-
sorption and Tubular Secretion; Neuron Physiology; Passive and Active Processes of Membrane Transport; Skeletal Muscle
Contraction; Changes Associated with a Cardiac Cycle; and The Movement of Oxygen and Carbon Dioxide. This brings the total
Concept Overview Interactive animations to 11. They can be used in class, as a study tool, and are assignable in modules with associ-
ated questions. The animations were recently converted to html for mobile compatibility.

Anatomy and Physiology REVEALED® 3.2 cadaver dissection simulator is available with Connect® Anatomy & Physiology. Now
in html for mobile compatibility, with customizable anatomical structure list, version 3.2 offers 50 new animations, and 7 added physi-
ology interactives.

Enhanced focus on encouraging critical thinking. Connect® question banks now have 30% or more questions at Bloom’s level
3 (apply) or higher.

SmartBook® includes additional Learning Resources — McGraw-Hill Education, using student usage data, determined the most
difficult concepts for students. Additional study tools (tutorial videos, narrated slides, interactive activities) are now available for those
difficult concepts in SmartBook®, just when the student needs it!

Assignable Connect® orientation videos available in the question bank can be assigned to help students get acquainted with Connect®
and best practices for use.

Assignable APR, Ph.LL.S, diagnostic prep exams, model questions and more! Course-wide A&P content gives a much larger pool
of assignable content so instructors can easily tailor the course to their needs.

xiii
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LETTER TO

STUDENTS

hen I was a young boy, I became interested in what I
W then called “nature study” for two reasons. One was the

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

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

I know from my own students, however, that you need more
than captivating illustrations and enjoyable reading. Let’s face it—
A&P is a complex subject and it may seem a formidable task to
acquire even a basic knowledge of the human body. It was difficult
even for me to learn (and the learning never ends). So in addition
to simply writing this book, I've given a lot of thought to its

pedagogy—the art of teaching. I've designed my chapters to make
them easier for you to study and to give you abundant opportunity
to check whether you’ve understood what you read—to test your-
self (as I advise my own students) before the instructor tests you.

Each chapter is broken down into short, digestible bits with a
set of Expected Learning Outcomes at the beginning of each sec-
tion, and self-testing questions (Before You Go On) just a few
pages later. Even if you have just 30 minutes to read during a lunch
break or a bus ride, you can easily read or review one of these brief
sections. There are also numerous self-testing questions in a Study
Guide at the end of each chapter, in some of the figure legends, and
the occasional Apply What You Know questions dispersed
throughout each chapter. The questions cover a broad range of
cognitive skills, from simple recall of a term to your ability to
evaluate, analyze, and apply what you've learned to new clinical
situations or other problems. In this era of digital publishing, how-
ever, learning aids go far beyond what I write into the book itself.
SmartBook®, available on smartphones and tablets, includes all of
the book’s contents plus adaptive technology that can give you
personalized instruction, target the unique gaps in your knowledge,
and guide you in comprehension and retention of the subject
matter.

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

Ken Saladin

Georgia College

Milledgeville, GA 31061 (USA)
ksaladin2 @ windstream.net
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2 PART ONE Organization of the Body

N 0 branch of science hits as close to home as the science of
our own bodies. We're grateful for the dependability of our
hearts; we're awed by the capabilities of muscles and joints dis-
played by Olympic athletes; and we ponder with philosophers
the ancient mysteries of mind and emotion. We want to know
how our body works, and when it malfunctions, we want to know
what's happening and what we can do about it. Even the most
ancient writings of civilization include medical documents that
attest to humanity’s timeless drive to know itself. You are em-
barking on a subject that is as old as civilization, yet one that
grows by thousands of scientific publications every week.

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

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

BEEI The Scope of Anatomy
and Physiology

Expected Learning Outcomes
When you have completed this section, you should be able to

a. define anatomy and physiology and relate them to
each other;

b. describe several ways of studying human anatomy; and
c. define a few subdisciplines of human physiology.

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

Anatomy—The Study of Form

There are several ways to examine the structure of the human
body. The simplest is inspection—simply looking at the body’s
appearance, as in performing a physical examination or making

a clinical diagnosis from surface appearance. Physical examina-
tions also involve touching and listening to the body. Palpation’
means feeling a structure with the hands, such as palpating a swol-
len lymph node or taking a pulse. Auscultation’ (AWS-cul-TAY-
shun) is listening to the natural sounds made by the body, such
as heart and lung sounds. In percussion, the examiner taps on
the body, feels for abnormal resistance, and listens to the emitted
sound for signs of abnormalities such as pockets of fluid, air, or
scar tissue.

But a deeper understanding of the body depends on dissection
(dis-SEC-shun)—carefully cutting and separating tissues to reveal
their relationships. The very words anatomy® and dissection* both
mean “cutting apart”; until the nineteenth century, dissection was
called “anatomizing.” In many schools of health science, one of
the first steps in training students is dissection of the cadaver,’
a dead human body. Many insights into human structure are ob-
tained from comparative anatomy—the study of multiple spe-
cies in order to examine similarities and differences and analyze
evolutionary trends. Anatomy students often begin by dissecting
other animals with which we share a common ancestry and many
structural similarities. Many of the reasons for human structure
become apparent only when we look at the structure of other
animals.

Dissection, of course, is not the method of choice when
studying a living person! It was once common to diagnose dis-
orders through exploratory surgery—opening the body and
taking a look inside to see what was wrong and what could be
done about it. Any breach of the body cavities is risky, however,
and most exploratory surgery has now been replaced by medical
imaging techniques—methods of viewing the inside of the body
without surgery, discussed at the end of this chapter (see Deeper
Insight 1.5). The branch of medicine concerned with imaging is
called radiology. Structure that can be seen with the naked eye—
whether by surface observation, radiology, or dissection—is
called gross anatomy.

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

Physiology—The Study of Function

Physiology® uses the methods of experimental science discussed
later. It has many subdisciplines such as neurophysiology (physi-
ology of the nervous system), endocrinology (physiology of

'palp = touch, feel; ation = process
auscult = listen; ation = process
3ana = apart; tom = cut

*dis = apart; sect = cut

>from cadere = to fall down or die
Shisto = tissue; logy = study of
Teyto = cell; logy = study of
8physio = nature; logy = study of



hormones), and pathophysiology (mechanisms of disease). Partly
because of limitations on experimentation with humans, much
of what we know about bodily function has been gained through
comparative physiology, the study of how different species have
solved problems of life such as water balance, respiration, and re-
production. Comparative physiology is also the basis for the de-
velopment of new drugs and medical procedures. For example,
a cardiac surgeon may learn animal surgery before practicing on
humans, and a vaccine cannot be used on human subjects until
it has been demonstrated through animal research that it confers
significant benefits without unacceptable risks.

BEFORE YOU GO ON

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

1. What is the difference between anatomy and physiology?
How do these two sciences support each other?

2. Name the method that would be used for each of the fol-
lowing: listening to a patient for a heart murmur; study-
ing the microscopic structure of the liver; microscopically
examining liver tissue for signs of hepatitis; learning the
blood vessels of a cadaver; and performing a breast self-
examination.

BEFM The Origins of Biomedical
Science

Expected Learning Outcomes
When you have completed this section, you should be able to

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

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

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

The Greek and Roman Legacy

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

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

p ) pAPPLY WHAT YOU KNOW

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

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

The Birth of Modern Medicine

In the Middle Ages, the state of medical science varied greatly
from one religious culture to another. Science was severely re-
pressed in the Christian culture of Europe until about the six-
teenth century, although some of the most famous medical
schools of Europe were founded during this era. Their profes-
sors, however, taught medicine primarily as a dogmatic commen-
tary on Galen and Aristotle, not as a field of original research.
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Medieval medical illustrations were crude representations of the
body intended more to decorate a page than to depict the body re-
alistically (fig. 1.1a). Some were astrological charts that showed
which sign of the zodiac was thought to influence each organ
of the body. From such pseudoscience came the word influenza,
Italian for “influence.”

Free inquiry was less inhibited in Jewish and Muslim cul-
ture during this time. Jewish physicians were the most esteemed
practitioners of their art—and none more famous than Moses ben
Maimon (1135-1204), known in Christendom as Maimonides.
Born in Spain, he fled to Egypt at age 24 to escape antisemitic
persecution. There he served the rest of his life as physician to the
court of the sultan, Saladin. A highly admired rabbi, Maimonides
wrote voluminously on Jewish law and theology, but also wrote
10 influential medical books and numerous treatises on specific
diseases.

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

Chinese medicine had little influence on Western thought
and practice until relatively recently; the medical arts evolved
in China quite independently of European medicine. Later
chapters of this book describe some of the insights of ancient
China and India.

Modern Western medicine began around the sixteenth
century in the innovative minds of such people as the anato-
mist Andreas Vesalius and the physiologist William Harvey.
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FIGURE 141 The Evolution of Medical Art. Two illustrations of the skeletal system made about 500 years apart. (@) From an eleventh-
century work attributed to Persian physician Avicenna. (b) From De Humani Corporis Fabrica by Andreas Vesalius, 1543.

a: Source: Wellcome Library, London/CC BY 4.0; b: © SPL/Science Source



Andreas Vesalius (1514-64) taught anatomy in Italy. In his time,
the Catholic Church relaxed its prohibition against cadaver dissec-
tion, in part to allow autopsies in cases of suspicious death. Fur-
thermore, the Italian Renaissance created an environment more
friendly to innovative scholarship. Dissection gradually found its
way into the training of medical students throughout Europe. It
was an unpleasant business, however, and most professors consid-
ered it beneath their dignity. In those days before refrigeration or
embalming, the odor from the decaying cadaver was unbearable.
Dissections were a race against decay. Bleary medical students
had to fight the urge to vomit, lest they incur the wrath of an over-
bearing professor. Professors typically sat in an elevated chair, the
cathedra, reading dryly in Latin from Galen or Aristotle while a
lower-ranking barber—surgeon removed putrefying organs from
the cadaver and held them up for the students to see. Barbering
and surgery were considered to be “kindred arts of the knife”;
today’s barber poles date from this era, their red and white stripes
symbolizing blood and bandages.

Vesalius broke with tradition by coming down from the
cathedra and doing the dissections himself. He was quick
to point out that much of the anatomy in Galen’s books was
wrong, and he was the first to publish accurate illustrations for
teaching anatomy (fig. 1.1b). When others began to plagiarize
them, Vesalius published the first atlas of anatomy, De Humani
Corporis Fabrica (On the Structure of the Human Body), in
1543. This book began a rich tradition of medical illustration
that has been handed down to us through such milestones as
Gray’s Anatomy (1856) and the vividly illustrated atlases and
textbooks of today.

Anatomy preceded physiology and was a necessary
foundation for it. What Vesalius was to anatomy, the Englishman
William Harvey (1578-1657) was to physiology. Harvey is
remembered especially for his studies of blood circulation and
a little book he published in 1628, known by its abbreviated
title De Motu Cordis (On the Motion of the Heart). He and
Michael Servetus (1511-53) were the first Western scientists
to realize that blood must circulate continuously around the
body, from the heart to the other organs and back to the heart
again. This flew in the face of Galen’s belief that the liver con-
verted food to blood, the heart pumped blood through the veins
to all other organs, and those organs consumed it. Harvey’s
colleagues, wedded to the ideas of Galen, ridiculed Harvey for
his theory, though we now know he was correct (see chapter 20
prologue). Despite persecution and setbacks, Harvey lived to
a ripe old age, served as physician to the kings of England,
and later did important work in embryology. Most importantly,
Harvey’s contributions represent the birth of experimental
physiology—the method that generated most of the information
in this book.

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

Robert Hooke (1635-1703), an Englishman, designed sci-
entific instruments of various kinds, including the compound
microscope. This is a tube with a lens at each end—an objective
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lens near the specimen, which produces an initial magnified
image, and an ocular lens (eyepiece) near the observer’s eye,
which magnifies the first image still further. Although crude
compound microscopes had existed since 1595, Hooke im-
proved the optics and invented several of the helpful features
found in microscopes today—a stage to hold the specimen, an
illuminator, and coarse and fine focus controls. His microscopes
magnified only about 30 times, but with them, he was the first
to see and name cells. In 1663, he observed thin shavings of
cork and observed that they “consisted of a great many little
boxes,” which he called cellulae (little cells) after the cubicles of
a monastery (fig. 1.2). He later observed living cells “filled with
juices.” Hooke became particularly interested in microscopic ex-
amination of such material as insects, plant tissues, and animal
parts. He published the first comprehensive book of microscopy,
Micrographia, in 1665.

Antony van Leeuwenhoek (an-TOE-nee vahn LAY-wen-
hook) (1632-1723), a Dutch textile merchant, invented a simple
(single-lens) microscope, originally for the purpose of examin-
ing the weave of fabrics. His microscope was a beadlike lens
mounted in a metal plate equipped with a movable specimen clip.

(a)

FIGURE 1.2 Hooke’s Compound Microscope. (a) The
compound microscope had a lens at each end of a tubular body.
(b) Hooke’s drawing of cork cells, showing the thick cell walls
characteristic of plants.

a: Source: National Museum of Health and Medicine, Silver Spring, MD; b: © Bettman/Corbis
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Even though his microscopes were simpler than Hooke’s, they
achieved much greater useful magnification (up to 200x) owing
to Leeuwenhoek’s superior lens-making technique. Out of cu-
riosity, he examined a drop of lake water and was astonished
to find a variety of microorganisms—*little animalcules,” he
called them, “very prettily a-swimming.” He went on to ob-
serve practically everything he could get his hands on, includ-
ing blood cells, blood capillaries, sperm, muscular tissue, and
bacteria from tooth scrapings. Leeuwenhoek began submitting
his observations to the Royal Society of London in 1673. He
was praised at first, and his observations were eagerly read by
scientists, but enthusiasm for the microscope did not last. By
the end of the seventeenth century, it was treated as a mere toy
for the upper classes, as amusing and meaningless as a kaleido-
scope. Leeuwenhoek and Hooke had even become the brunt of
satire. But probably no one in history had looked at nature in
such a revolutionary way. By taking biology to the cellular level,
the two men had laid an entirely new foundation for the modern
medicine to follow centuries later.

The Hooke and Leeuwenhoek microscopes produced poor
images with blurry edges (spherical aberration) and rainbow-
like distortions (chromatic aberration). These problems had to
be solved before the microscope could be widely used as a bio-
logical tool. In the nineteenth century, German inventors greatly
improved the compound microscope, adding the condenser and
developing superior optics. With improved microscopes, biolo-
gists began eagerly examining a wider variety of specimens. By
1839, botanist Matthias Schleiden (1804-81) and zoologist
Theodor Schwann (1810-82) concluded that all organisms were
composed of cells. Although it took another century for this idea
to be generally accepted, it became the first tenet of the cell theory,
added to by later biologists and summarized in section 3.1. The
cell theory was perhaps the most important breakthrough in bio-
medical history; all functions of the body are now interpreted as
the effects of cellular activity.

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

Living in a Revolution

This short history brings us only to the threshold of modern
biomedical science; it stops short of such momentous discover-
ies as the germ theory of disease, the mechanisms of heredity,

and the structure of DNA. In the twentieth century, basic biol-
ogy and biochemistry yielded a much deeper understanding of
how the body works. Advances in medical imaging enhanced
our diagnostic ability and life-support strategies. We witnessed
monumental developments in chemotherapy, immunization, an-
esthesia, surgery, organ transplants, and human genetics. By the
close of the twentieth century, we had discovered the chemical
“base sequence” of every human gene and begun attempting gene
therapy to treat children born with diseases recently considered
incurable. As future historians look back on the turn of this cen-
tury, they may exult about the Genetic Revolution in which you
are now living.

Several discoveries of the nineteenth and twentieth centuries,
and the men and women behind them, are covered in short his-
torical sketches in later chapters. Yet, the stories told in this chap-
ter are different in a significant way. The people discussed here
were pioneers in establishing the scientific way of thinking. They
helped to replace superstition with an appreciation of natural law.
They bridged the chasm between mystery and medication. With-
out this intellectual revolution, those who followed could not have
conceived of the right questions to ask, much less a method for
answering them.

BEFORE YOU GO ON

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

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

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

5. How is our concept of human form and function today
affected by inventors from the seventeenth to the nine-
teenth centuries?

BEEM Scientific Method

Expected Learning Outcomes

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

a. describe the inductive and hypothetico—deductive
methods of obtaining scientific knowledge;

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

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

Prior to the seventeenth century, science was done in a haphazard
way by a small number of isolated individuals. The philosophers
Francis Bacon (1561-1626) in England and René Descartes
(1596-1650) in France envisioned science as a far greater, sys-
tematic enterprise with enormous possibilities for human health
and welfare. They detested those who endlessly debated ancient



philosophy without creating anything new. Bacon argued against
biased thinking and for more objectivity in science. He outlined a
systematic way of seeking similarities, differences, and trends in
nature and drawing useful generalizations from observable facts.
You will see echoes of Bacon’s philosophy in the discussion of
scientific method that follows.

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

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

The Inductive Method

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

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

The Hypothetico—Deductive Method

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

p ) p APPLY WHAT YOU KNOW

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

The purpose of a hypothesis is to suggest a method for an-
swering a question. From the hypothesis, a researcher makes
a deduction, typically in the form of an “if—then” prediction:
If my hypothesis on epilepsy is correct and I record the brain
waves of patients during seizures, then I should observe abnor-
mal bursts of activity. A properly conducted experiment yields
observations that either support a hypothesis or require the sci-
entist to modify or abandon it, formulate a better hypothesis,
and test that one. Hypothesis testing operates in cycles of con-
jecture and disproof until one is found that is supported by the
evidence.

Experimental Design

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

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

+ Controls. Biomedical experiments require comparison
between treated and untreated individuals so that we can
judge whether the treatment has any effect. A control
group consists of subjects that are as much like the
treatment group as possible except with respect to the
variable being tested. For example, there is evidence
that garlic lowers blood cholesterol levels. In one study,
volunteers with high cholesterol were each given 800 mg
of garlic powder daily for 4 months and exhibited an
average 12% reduction in cholesterol. Was this a significant
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reduction, and was it due to the garlic? It is impossible to
say without comparison to a control group of similar people
who received no treatment. In this study, the control group
averaged only a 3% reduction in cholesterol, so garlic seems
to have made a difference.

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

Experimenter bias. In the competitive, high-stakes world
of medical research, experimenters may want certain results
so much that their biases, even subconscious ones, can affect
their interpretation of the data. One way to control for this
is the double-blind method. In this procedure, neither the
subject to whom a treatment is given nor the person giv-

ing it and recording the results knows whether that subject
is receiving the experimental treatment or the placebo. A
researcher may prepare identical-looking tablets, some with
the drug and some with placebo; label them with code num-
bers; and distribute them to participating physicians. The
physicians themselves do not know whether they are admin-
istering drug or placebo, so they cannot give the subjects
even accidental hints of which substance they are taking.
When the data are collected, the researcher can correlate
them with the composition of the tablets and determine
whether the drug had more effect than the placebo.

Statistical testing. If you tossed a coin 100 times, you
would expect it to come up about 50 heads and 50 tails. If
it actually came up 48:52, you would probably attribute this
to random error rather than bias in the coin. But what if it
came up 40:60? At what point would you begin to suspect
bias? This type of problem is faced routinely in research—
how great a difference must there be between control and
experimental groups before we feel confident that it was due
to the treatment and not merely random variation? What if
a treatment group exhibited a 12% reduction in cholesterol
level and the placebo group a 10% reduction? Would this
be enough to conclude that the treatment was effective?
Scientists are well grounded in statistical tests that can

be applied to the data—the chi-square test, the ¢ test, and
analysis of variance, for example. A typical outcome of a
statistical test may be expressed, “We can be 99.5% sure
that the difference between group A and group B was due
to the experimental treatment and not to random variation.”
Science is grounded not in statements of absolute truth, but
in statements of probability.

Peer Review

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

Facts, Laws, and Theories

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

A scientific fact is information that can be independently
verified by any trained person—for example, the fact that an
iron deficiency leads to anemia. A law of nature is a gener-
alization about the predictable ways in which matter and en-
ergy behave. It is the result of inductive reasoning based on
repeated, confirmed observations. Some laws are expressed as
concise verbal statements, such as the law of complementary
base pairing: In the double helix of DNA, a chemical base
called adenine always pairs with one called thymine, and a base
called guanine always pairs with cytosine (see section 4.1).
Other laws are expressed as mathematical formulae, such as
Boyle’s law, used in respiratory physiology: Under specified
conditions, the volume of a gas (V) is inversely proportional to
its pressure (P)—that is,

Vo 1/P.

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

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

BEFORE YOU GO ON

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

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

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

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

BER.M Human Origins and Adaptations

Expected Learning Outcomes
When you have completed this section, you should be able to

a. explain why evolution is relevant to understanding human
form and function;

b. define evolution and natural selection;

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

d. describe some human characteristics that evolved later in
connection with upright walking.

If any two theories have the broadest implications for understanding
the human body, they are probably the cell theory and the theory
of natural selection. No understanding of human form and function
is complete without an understanding of our evolutionary history,
of how natural selection adapted the body to its ancestral habitat.
As an explanation of how species originate and change through
time, natural selection was the brainchild of Charles Darwin
(1809-82)——certainly the most influential biologist who ever lived.
His book, On the Origin of Species by Means of Natural Selection
(1859), has been called “the book that shook the world.” In present-
ing the first well-supported theory of how evolution works, it not
only caused the restructuring of all of biology but also profoundly
changed the prevailing view of our origin, nature, and place in the
universe. In The Descent of Man (1871), Darwin directly addressed
the issue of human evolution and emphasized features of anatomy
and behavior that reveal our relationship to other animals. Here we
will touch just briefly on how natural selection helps explain some
of the distinctive characteristics seen in Homo sapiens today.

Evolution, Selection, and Adaptation

Evolution simply means change in the genetic composition of a
population of organisms. Examples include the evolution of bacte-
rial resistance to antibiotics, the appearance of new strains of the
AIDS virus, and the emergence of new species of organisms.
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Evolution works largely through the principle of natural
selection, which states essentially this: Some individuals within
a species have hereditary advantages over their competitors—for
example, better camouflage, disease resistance, or ability to at-
tract mates—that enable them to produce more offspring. They
pass these advantages on to their offspring, and such characteris-
tics therefore become more and more common in successive gen-
erations. This brings about the genetic change in a population that
constitutes evolution.

Natural forces that promote the reproductive success of some
individuals more than others are called selection pressures. They
include such things as climate, predators, disease, competition,
and the availability of food. Adaptations are features of anatomy,
physiology, and behavior that have evolved in response to these
selection pressures and enable the organism to cope with the chal-
lenges of its environment.

Darwin could scarcely have predicted the overwhelming
mass of genetic, molecular, fossil, and other evidence of human
evolution that would accumulate in the twentieth century and
further substantiate his theory. A technique called DNA hybrid-
ization, for example, reveals a difference of only 1.6% in DNA
structure between humans and chimpanzees. Chimpanzees and
gorillas differ by 2.3%. DNA structure thus suggests that a chim-
panzee’s closest living relative is not the gorilla or any other
ape—it is us, Homo sapiens.

Several aspects of our anatomy make little sense without an
awareness that the human body has a history (see Deeper Insight 1.1).
Our evolutionary relationship to other species is also important in
choosing animals for biomedical research. If there were no issues of
cost, availability, or ethics, we might test drugs on our close living
relatives, the chimpanzees, before approving them for human use.
Their genetics, anatomy, and physiology are most similar to ours, and
their reactions to drugs therefore afford the best prediction of how
the human body would react. On the other hand, if we had no kinship
with any other species, the selection of a test species would be arbi-
trary; we might as well use frogs or snails. In reality, we compromise.

DEEPER INSIGHT 1.1

g EVOLUTIONARY MEDICINE

Vestiges of Human Evolution

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

Our bodies, for example, are covered with millions of hairs, each
equipped with a useless little muscle called a piloerector. In other mam-
mals, these muscles fluff the hair and conserve heat. In humans, they
merely produce goose bumps. Above each ear, we have three auricu-
laris muscles. In other mammals, they move the ears to receive sounds
better or to flick off flies and other pests, but most people cannot con-
tract them at all. As Darwin said, it makes no sense that humans would
have such structures were it not for the fact that we came from ancestors
in which they were functional.
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Rats and mice are used extensively for research because they are
fellow mammals with a physiology similar to ours, but they pres-
ent fewer of the aforementioned issues than chimpanzees or other
mammals do. An animal species or strain selected for research on a
particular problem is called a model—for example, a mouse model
for leukemia.

Our Basic Primate Adaptations

We belong to an order of mammals called the Primates, which
also includes the monkeys and apes. Some of our anatomical
and physiological features can be traced to the earliest primates,
which descended from certain squirrel-sized, insect-eating, Af-
rican mammals that took up life in the trees 55 to 60 million
years ago. This arboreal’ (treetop) habitat probably afforded
greater safety from predators, less competition, and a rich
food supply of leaves, fruit, insects, and lizards. But the forest
canopy is a challenging world, with dim and dappled sunlight,
swaying branches, and prey darting about in the dense foliage.
Any new feature that enabled arboreal animals to move about
more easily in the treetops would have been strongly favored
by natural selection. Thus, the shoulder became more mo-
bile and enabled primates to reach out in any direction (even
overhead, which few other mammals can do). The thumbs be-
came fully opposable—they could cross the palm to touch the

®arbor = tree; eal = pertaining to
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fingertips—and enabled primates to hold small objects and
manipulate them more precisely than other mammals could.
Opposable thumbs made the hands prehensile'°—able to grasp
branches by encircling them with the thumb and fingers
(fig. 1.3a). The thumb is so important that it receives high-
est priority in the repair of hand injuries. If the thumb can be
saved, the hand can be reasonably functional; if it is lost, hand
functions are severely diminished.

The eyes of primates moved to a more forward-facing position
(fig. 1.3b), which allowed for stereoscopic'' vision (depth per-
ception). This adaptation provided better hand—eye coordination
in catching and manipulating prey, with the added advantage of
making it easier to judge distances accurately in leaping from tree
to tree. Color vision, rare among mammals, is also a primate hall-
mark. Primates eat mainly fruit and leaves. The ability to distin-
guish subtle shades of orange and red enables them to distinguish
ripe, sugary fruits from unripe ones. Distinguishing subtle shades
of green helps them to differentiate between tender young leaves
and tough, more toxic older foliage.

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

prehens = to seize
Ustereo = solid; scop = vision

FIGURE 1.3 Human Adaptations Shared with Other Primates. (a) The opposable thumb makes the hand prehensile, able to encircle
and grasp objects. (b) Chimpanzees exhibit the prehensile hands and forward-facing eyes typical of primates. Such traits endow primates
with stereoscopic vision (depth perception) and good hand—eye coordination, two factors of enormous importance in human evolution.

b: © Tim Davis/Science Source



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

Walking Upright

About 4 to 5 million years ago, parts of Africa became hotter
and drier, and much of the forest was replaced by savanna (grass-
land). Some primates adapted to living on the savanna, but this
was a dangerous place with more predators and less protection.
Just as squirrels and monkeys stand briefly on their hind legs to
look around for danger, so would these early ground dwellers.
Being able to stand up not only helps an animal stay alert, but also
frees the forelimbs for purposes other than walking. Chimpanzees
sometimes walk upright to carry food, infants, or weapons (sticks
and rocks), and it is reasonable to suppose that our early ancestors
did so too.

These advantages are so great that they favored skeletal modi-
fications that made bipedalism'>—standing and walking on two
legs—easier. Fossil evidence indicates that bipedalism was firmly
established more than 4 million years ago. The anatomy of the
human pelvis, femur, knee, great toe, foot arches, spinal column,
skull, arms, and many muscles became adapted for bipedal loco-
motion (see Deeper Insight 8.4), as did many aspects of human
family life and society. As the skeleton and muscles became
adapted for bipedalism, brain volume increased dramatically, from
400 mL around 4 million years ago to an average of 1,350 mL
today. It must have become increasingly difficult for a fully de-
veloped, large-brained infant to pass through the mother’s pelvic
outlet at birth. This may explain why humans are born in a rela-
tively immature, helpless state compared with other mammals, be-
fore their nervous systems have matured and the bones of the skull
have fused. The helplessness of human young and their extended
dependence on parental care may help to explain why humans have
such exceptionally strong family ties.

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

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

2hi = two; ped = foot
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comparative anatomy and physiology, which have been so fruitful
for the understanding of human biology. If we were not related to
any other species, those sciences would be pointless.

The emerging science of evolutionary medicine analyzes
how human disease and dysfunctions can be traced to differences
between the artificial environment in which we now live, and the
prehistoric environment to which Homo sapiens was biologically
adapted. For example, we can relate sleep and mood disorders to
artificial lighting and night-shift work, and the rise of asthma to
our modern obsession with sanitation. Other examples in this book
will relate evolution to obesity, diabetes, low-back pain, skin can-
cer, and other health issues.

BEFORE YOU GO ON

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

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

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

11. Select two other human characteristics and explain how
they may have resulted from later adaptation to a grass-
land habitat.

BEE-E Human Structure

Expected Learning Outcomes

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

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

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

c. discuss the clinical significance of anatomical variation
among humans.

Earlier in this chapter, we observed that human anatomy is studied
by a variety of techniques—dissection, palpation, and so forth. In
addition, anatomy is studied at several levels of detail, from the
whole body down to the molecular level.

The Hierarchy of Complexity

Consider for the moment an analogy to human structure: The
English language, like the human body, is very complex, yet an
infinite variety of ideas can be conveyed with a limited number
of words. All words in English are, in turn, composed of various
combinations of just 26 letters. Between an essay and an alphabet
are successively simpler levels of organization: paragraphs, sen-
tences, words, and syllables. We can say that language exhibits a
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FIGURE 1.4 The Body’s Structural Hierarchy.
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hierarchy of complexity, with letters, syllables, words, and so forth
being successive levels of the hierarchy. Humans have an analo-
gous hierarchy of complexity, as follows (fig. 1.4):

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

The organism is a single, complete individual.

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

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

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

Cells are the smallest units of an organism that carry out all
the basic functions of life; nothing simpler than a cell is considered
alive. A cell is enclosed in a plasma membrane composed of lipids
and proteins. Most cells have one nucleus, an organelle that con-
tains its DNA. Cyfology, the study of cells and organelles, is the
subject of chapters 3 and 4.

Organelles'” are microscopic structures in a cell that carry
out its individual functions. Examples include mitochondria, cen-
trioles, and lysosomes.

Organelles and other cellular components are composed of
molecules. The largest molecules, such as proteins, fats, and DNA,
are called macromolecules (see chapter 2). A molecule is a particle
composed of at least two atoms, the smallest particles with unique
chemical identities.

The theory that a large, complex system such as the human
body can be understood by studying its simpler components is
called reductionism. First espoused by Aristotle, this has proved
to be a highly productive approach; indeed, it is essential to sci-
entific thinking. Yet the reductionistic view is not the only way of
understanding human life. Just as it would be very difficult to pre-
dict the workings of an automobile transmission merely by look-
ing at a pile of its disassembled gears and levers, one could never
predict the human personality from a complete knowledge of the
circuitry of the brain or the genetic sequence of DNA. Holism'
is the complementary theory that there are “emergent properties”
of the whole organism that cannot be predicted from the proper-
ties of its separate parts—human beings are more than the sum
of their parts. To be most effective, a health-care provider treats
not merely a disease or an organ system, but a whole person. A
patient’s perceptions, emotional responses to life, and confidence
in the nurse, therapist, or physician profoundly affect the out-
come of treatment. In fact, these psychological factors often play
a greater role in a patient’s recovery than the physical treatments
administered.

Belle = little
“holo = whole, entire



Anatomical Variation

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

Some people lack certain organs. For example, most of us have
a palmaris longus muscle in the forearm and a plantaris muscle
in the leg, but these are absent from others. Most of us have five
lumbar vertebrae (bones of the lower spine), but some people have
six and some have four. Most of us have one spleen and two kid-
neys, but some have two spleens or only one kidney. Most kidneys
are supplied by a single renal artery and are drained by one ureter,
but some have two renal arteries or ureters. Figure 1.5 shows some
common variations in human anatomy, and Deeper Insight 1.2
describes a particularly dramatic and clinically important variation.

PP pAPPLY WHAT YOU KNOW

People who are allergic to aspirin or penicillin often wear
MedicAlert bracelets or necklaces that note this fact in
case they need emergency medical treatment and are
unable to communicate. Why would it be important for
a person with situs inversus (see Deeper Insight 1.2) to
have this noted on a MedicAlert bracelet?
DEEPER INSIGHT 1.2

ﬂ CLINICAL APPLICATION

Situs Inversus and Other Unusual Anatomy

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

Conditions such as dextrocardia in the absence of complete situs
inversus can cause serious medical problems. Complete situs inversus,
however, usually causes no functional problems because all of the
viscera, though reversed, maintain their normal relationships to one
another. Situs inversus is often discovered in the fetus by sonography,
but many people remain unaware of their condition for decades until it is
discovered by medical imaging, on physical examination, or in surgery.
You can easily imagine the importance of such conditions in diagnosing
appendicitis, performing gallbladder surgery, interpreting an X-ray, aus-
cultating the heart valves, or recording an electrocardiogram.
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BEFORE YOU GO ON

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

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

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

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

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

BEXE Human Function

Expected Learning Outcomes
When you have completed this section, you should be able to

a. state the characteristics that distinguish living organisms
from nonliving objects;

b. explain the importance of physiological variation among
persons;

c. define homeostasis and explain why this concept is
central to physiology;

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

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

f. define gradient, describe the variety of gradients in
human physiology, and identify some forms of matter and
energy that flow down gradients.

Characteristics of Life

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

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

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

*  Cellular composition. Living matter is always compartmen-
talized into one or more cells.
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FIGURE 1.5 Variation in Anatomy of the Kidneys and Major Arteries Near the Heart.

Metabolism. Living things take in molecules from the envi-
ronment and chemically change them into molecules that
form their own structures, control their physiology, or pro-
vide them with energy. Metabolism'® consists of the internal
chemical reactions in the living organism. It inevitably pro-
duces chemical wastes, some of which are toxic if they accu-
mulate. Metabolism therefore requires excretion, the separa-
tion of wastes from the tissues and their elimination from the
body. There is a constant turnover of molecules in the body;
few of the molecules now in your body have been there for
more than a year. It is food for thought that although you
sense a continuity of personality and experience from your
childhood to the present, nearly all of your body has been
replaced within the past year.

Responsiveness and movement. The ability of organisms
to sense and react to stimuli (changes in their environ-
ment) is called responsiveness, irritability, or excitability.
It occurs at all levels from the single cell to the entire body,
and it characterizes all living things from bacteria to you.
Responsiveness is especially obvious in animals because
of nerve and muscle cells that exhibit high sensitivity to

Bmetabol = change; ism = process

environmental stimuli, rapid transmission of information,
and quick reactions. Most living organisms are capable of
self-propelled movement from place to place, and all organ-
isms and cells are at least capable of moving substances
internally, such as moving food along the digestive tract or
moving molecules and organelles from place to place within
a cell.

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

Development. Development is any change in form or func-
tion over the lifetime of the organism. In most organisms,

it involves two major processes: (1) differentiation, the
transformation of cells with no specialized function into
cells that are committed to a particular task; and (2) growth,
an increase in size. Some nonliving things grow, but not in
the way your body does. If you let a saturated sugar solu-
tion evaporate, crystals will grow from it, but not through

a change in the composition of the sugar. They merely add
more sugar molecules from the solution to the crystal sur-
face. The growth of the body, by contrast, occurs through
chemical change (metabolism); for the most part, your body



is not composed of the molecules you ate but of molecules
made by chemically altering your food.

* Reproduction. All living organisms can produce copies of
themselves, thus passing their genes on to new, younger con-
tainers—their offspring.

* Evolution. All living species exhibit genetic change from
generation to generation and therefore evolve. This occurs
because mutations (changes in DNA structure) are inevitable
and because environmental selection pressures favor the
transmission of some genes more than others. Unlike the
other characteristics of life, evolution is a characteristic
seen only in the population as a whole. No single individual
evolves over the course of its life.

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

Physiological Variation

Earlier we considered the clinical importance of variations in
human anatomy, but physiology is even more variable. Physiologi-
cal variables differ with sex, age, weight, diet, degree of physical
activity, genetics, and environment, among other things. Failure
to consider such variation leads to medical mistakes such as over-
medication of the elderly or medicating women on the basis of
research done on young men. If a textbook states a typical human
heart rate, blood pressure, red blood cell count, or body temper-
ature, it is generally assumed, unless otherwise stated, that such
values refer to a healthy 22-year-old weighing 58 kg (128 1b) for a
female and 70 kg (154 1b) for a male, and a lifestyle of light physi-
cal activity and moderate caloric intake (2,000 and 2,800 kcal/day,
respectively).

Homeostasis and Negative Feedback

The human body has a remarkable capacity for self-restoration.
Hippocrates commented that it usually returns to a state of equi-
librium by itself, and people recover from most illnesses even
without the help of a physician. This tendency results from
homeostasis'® (HO-me-oh-STAY-sis), the body’s ability to detect
change, activate mechanisms that oppose it, and thereby maintain
relatively stable internal conditions.

French physiologist Claude Bernard (1813-78) observed
that the internal conditions of the body remain quite constant even
when external conditions vary greatly. For example, whether it is
freezing cold or swelteringly hot outdoors, the internal temperature
of the body stays within a range of about 36° to 37°C (97°-99°F).
American physiologist Walter Cannon (1871-1945) coined the

%homeo = the same; stas = to place, stand, stay
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term homeostasis for this tendency to maintain internal stability.
Homeostasis has been one of the most enlightening theories in
physiology. We now see physiology as largely a group of mecha-
nisms for maintaining homeostasis, and the loss of homeostatic
control as the cause of illness and death. Pathophysiology is es-
sentially the study of unstable conditions that result when our ho-
meostatic controls go awry.

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

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

These principles can be understood by comparison to a
home heating system (fig. 1.6a). Suppose it is a cold winter
day and you have set your thermostat for 20°C (68°F)—the set
point. If the room becomes too cold, a temperature-sensitive
switch in the thermostat turns on the furnace. The temperature
rises until it is slightly above the set point, and then the switch
breaks the circuit and turns off the furnace. This is a negative
feedback process that reverses the falling temperature and re-
stores it to the set point. When the furnace turns off, the temper-
ature slowly drops again until the switch is reactivated—thus,
the furnace cycles on and off all day. The room temperature
does not stay at exactly 20°C but fluctuates slightly—the sys-
tem maintains a state of dynamic equilibrium in which the tem-
perature averages 20°C and deviates only slightly from the set
point. Because feedback mechanisms alter the original changes
that triggered them (temperature, for example), they are often
called feedback loops.

Body temperature is similarly regulated by a “thermostat”™—
a group of nerve cells in the base of the brain that monitor the
temperature of the blood. If you become overheated, the thermo-
stat triggers heat-losing mechanisms (fig. 1.6b). One of these is
vasodilation (VAY-zo-dy-LAY-shun), the widening of blood
vessels. When blood vessels of the skin dilate, warm blood flows
closer to the body surface and loses heat to the surrounding air.
If this is not enough to return your temperature to normal, sweat-
ing occurs; the evaporation of water from the skin has a powerful
cooling effect (see Deeper Insight 1.3). Conversely, if it is cold
outside and your body temperature drops much below 37°C, these
nerve cells activate heat-conserving mechanisms. The first to be
activated is vasoconstriction, a narrowing of the blood vessels in
the skin, which serves to retain warm blood deeper in your body
and reduce heat loss. If this is not enough, the brain activates
shivering—muscle tremors that generate heat.

Let’s consider one more example—a case of homeostatic
control of blood pressure. When you first rise from bed in the
morning, gravity causes some of your blood to drain away from
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FIGURE 1.6 Negative Feedback in Thermoregulation.

(@) The negative feedback loop that maintains room temperature.
(b) Negative feedback usually keeps the human body temperature
within about 0.5°C of a 37°C set point. Cutaneous vasoconstriction
and shivering set in when the body temperature falls too low, and
soon raise it. Cutaneous vasodilation and sweating set in when
body temperature rises too high, and soon lower it.

9 How does vasodilation reduce the body temperature?

your head and upper torso, resulting in falling blood pressure in
this region—a local imbalance in your homeostasis (fig. 1.7).
This is detected by sensory nerve endings called baroreceptors
in large arteries near the heart. They transmit nerve signals to
the brainstem, where we have a cardiac center that regulates the
heart rate. The cardiac center responds by transmitting nerve sig-
nals to the heart, which speed it up. The faster heart rate quickly
raises the blood pressure and restores normal homeostasis. In
elderly people, this feedback loop is sometimes insufficiently re-
sponsive, and they may feel dizzy as they rise from a reclining

DEEPER INSIGHT 1.3
MEDICAL HISTORY

Men in the Oven

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

position and their cerebral blood pressure falls. This sometimes
causes fainting.

This reflexive correction of blood pressure (baroreflex)
illustrates three common, although not universal, components of
a feedback loop: a receptor, an integrating center, and an effec-
tor. The receptor is a structure that senses a change in the body,
such as the stretch receptors that monitor blood pressure. The
integrating (control) center, such as the cardiac center of the
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FIGURE 1.7 Homeostatic Compensation for a Postural Change
in Blood Pressure.



brain, is a mechanism that processes this information, relates it
to other available information (for example, comparing what the
blood pressure is with what it should be), and “makes a decision”
about what the appropriate response should be. The effector is the
cell or organ that carries out the final corrective action. In the fore-
going example, it is the heart. The response, such as the restoration
of normal blood pressure, is then sensed by the receptor, and the
feedback loop is complete.

Positive Feedback and Rapid Change

Positive feedback is a self-amplifying cycle in which a physio-
logical change leads to even greater change in the same direction,
rather than producing the corrective effects of negative feedback.
Positive feedback is often a normal way of producing rapid change.
When a woman is giving birth, for example, the head of the fetus
pushes against her cervix (the neck of the uterus) and stimulates its
nerve endings (fig. 1.8). Nerve signals travel to the brain, which,
in turn, stimulates the pituitary gland to secrete the hormone oxy-
tocin. Oxytocin travels in the blood and stimulates the uterus to
contract. This pushes the fetus downward, stimulating the cervix
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FIGURE 1.8 Positive Feedback in Childbirth.

9 Could childbirth as a whole be considered a negative feedback
event? Discuss.
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still more and causing the positive feedback loop to be repeated.
Labor contractions therefore become more and more intense until
the fetus is expelled. Other cases of beneficial positive feedback
are seen later in the book in, for example, blood clotting, protein
digestion, and the generation of nerve signals.

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

Gradients and Flow

Another fundamental concept that will arise repeatedly in this
book is that matter and energy tend to flow down gradients. This
simple principle underlies processes as diverse as blood circula-
tion, respiratory airflow, urine formation, nutrient absorption,
body water distribution, temperature regulation, and the action of
nerves and muscles.

A physiological gradient is a difference in chemical concen-
tration, electrical charge, physical pressure, temperature, or other
variable between one point and another. If matter or energy
moves from the point where this variable has a higher value
to the point with a lower value, we say it flows down the
gradient—for example, from a warmer to a cooler point,
or a place of high chemical concentration to one of lower
concentration. Movement in the opposite direction is up

the gradient.

Outside of biology, gradient can mean a hill or
slope, and this affords us a useful analogy to biologi-
cal processes (fig. 1.9a). A wagon released at the top
of a hill will roll down it (“flow”) spontaneously,
without need for anyone to exert energy to move it.
Similarly, matter and energy in the body spontane-
ously flow down gradients, without the expenditure

of metabolic energy. Movement up a gradient does re-
quire an energy expenditure, just as we would have to
push or pull a wagon to move it uphill.

Consider some examples and analogies. If you open
a water tap with a garden hose on it, you create a pressure
gradient; water flows down the hose from the high-pressure
point at the tap to the low-pressure point at the open end. Each
heartbeat is like that, creating a gradient from high blood pres-
sure near the heart to low pressure farther away; blood flows down
this gradient away from the heart (fig. 1.9b). When we inhale, air
flows down a pressure gradient from the surrounding atmosphere
to pulmonary air passages where the pressure is lower. A pressure
gradient also drives the process in which the kidneys filter water

and waste products from the blood.
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FIGURE 1.9 Flow Down Gradients. (a) A wagon rolling downhill
(down a gradient) (left) is a useful analogy to spontaneous,
gradient-driven physiological processes. Moving up a gradient
(right) requires an energy input. (b) Blood flowing down a pressure
gradient. (c) Dietary sugars flowing down a concentration gradient
into an intestinal cell. (d) Sodium ions flowing down an electrical
gradient into a cell. (e) Heat flowing down a thermal gradient to
leave the body through the skin.

Chemicals flow down concentration gradients. When we
digest starch, a high concentration of free sugars accumulates in
the small intestine. The cells lining the intestine contain only a low
concentration of sugars, so sugars flow from the intestinal space
into these cells, thus becoming absorbed into the body’s tissues
(fig. 1.9¢). Water flows through cell membranes and epithelia by
osmosis, from the side where it is more concentrated to the side
where it is less so.

Charged particles flow down electrical gradients. Suppose
there is a high concentration of sodium ions (Na*) just outside a
cell and much lower concentration inside, so the outer surface of
the cell membrane has a relatively positive charge and the inner
surface is relatively negative (fig. 1.9d). If we open channels in
the membrane that will let sodium pass, sodium ions rush into
the cell, flowing down their electrical gradient. Because each
Na* carries a positive charge, this flow constitutes an electrical
current through the membrane. We tap this current to make our
nerves fire, our heart beat, and our muscles contract. In many
cases, the flow of ions is governed by a combination of concen-
tration and electrical charge differences between two points, and
we say that ions flow down electrochemical gradients. These
will be studied especially in connection with muscle and nerve
action in chapters 11 and 12.

Heat flows down a thermal gradient. Suppose there is
warm blood flowing through small arteries close to the skin
surface, and the air temperature around the body is cooler (fig.
1.9¢). Heat will flow from the blood to the surrounding air, down
its thermal gradient, and be lost from the body. You will see
in chapter 27 that heat flow is also important in preventing the
testes from overheating, which would otherwise prevent sperm
production.

Thus, you can see there are many applications in human
physiology for this universal tendency of matter and energy to
flow down gradients. This principle arises many times in the
chapters to follow. We will revisit it next in chapter 3 when we
consider how materials move into and out of cells through the cell
membrane.

BEFORE YOU GO ON

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

16. List four biological criteria of life and one clinical criterion.
Explain how a person could be clinically dead but biologi-
cally alive.

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

18. Explain why stabilizing mechanisms are called negative
feedback.

19. Explain why positive feedback is more likely than negative
feedback to disturb homeostasis.

20. Active tissues generate carbon dioxide, which diffuses out
of the tissue into the bloodstream, to be carried away. Is
this diffusion into the blood a case of flow up a gradient,
or down? Explain.



The Language of Medicine

Expected Learning Outcomes
When you have completed this section, you should be able to

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

b. recognize eponyms when you see them;

c. describe the efforts to achieve an internationally uniform
anatomical terminology;

d. break medical terms down into their basic word elements;

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

f. relate singular noun forms to their plural and adjectival
forms; and

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

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

The History of Anatomical Terminology

The major features of human gross anatomy have standard in-
ternational names prescribed by a book titled the Terminologia
Anatomica (TA). The TA was codified in 1998 by an international
committee of anatomists and approved by professional associa-
tions of anatomists in more than 50 countries.

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

In hopes of resolving this growing confusion, anatomists
began meeting as early as 1895 to devise a uniform international

Yepo = epi = upon, based upon; nym = name
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terminology. After several false starts, they agreed on a list of
terms that rejected all eponyms and gave each structure a unique
Latin name to be used worldwide. Even if you were to look at
an anatomy atlas in Japanese or Arabic, the illustrations may be
labeled with the same Latin terms as in an English-language atlas.
That list served for many decades until recently replaced by the
TA, which prescribes both Latin names and accepted English
equivalents. The terminology in this book conforms to the 7A ex-
cept where undue confusion would result from abandoning widely
used, yet unofficial, terms.

Analyzing Medical Terms

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

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

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

*  Combining vowels that are often inserted to join roots
and make the word easier to pronounce. In cardiomyopa-
thy, each o is a combining vowel. Although o is the most
common combining vowel, all vowels of the alphabet are
used in this way, such as a in ligament, e in vitreous, i
in fusiform, u in ovulation, and y in tachycardia. Some
words, such as intervertebral, have no combining vowels.
A combination of a root and combining vowel is called a
combining form, for example, chrom- (color) + o (a com-
bining vowel) make the combining form chromo-, as in
chromosome.

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

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

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

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

“Dissecting” words in this way and paying attention to the
word-origin footnotes throughout this book will help you become
more comfortable with the language of anatomy. Knowing how a
word breaks down and knowing the meaning of its elements make
it far easier to pronounce a word, spell it, and remember its defini-
tion. There are a few unfortunate exceptions, however. The path
from original meaning to current usage has often become obscured
by history (see Deeper Insight 1.4). The foregoing approach also
is no help with eponyms or acronyms'®*—words composed of the
first letter, or first few letters, of a series of words. For example, a
common medical imaging method is the PET scan, an acronym for
positron emission tomography. Note that PET is a pronounceable
word, hence a true acronym. Acronyms are not to be confused with
simple abbreviations such as DNA and MRI, in which each letter
must be pronounced separately.

Plural, Adjectival, and Possessive Forms

A point of confusion for many beginning students is how to
recognize the plural forms of medical terms. Few people would
fail to recognize that ovaries is the plural of ovary, but the con-
nection is harder to make in other cases: For example, the plural
of cortex is cortices (COR-ti-sees), the plural of corpus is cor-
pora, and the plural of ganglion is ganglia. Table 1.1 will help
you make the connection between common singular and plural
noun terminals.

In some cases, what appears to the beginner to be two com-
pletely different words may be only the noun and adjectival forms
of the same word. For example, brachium denotes the arm, and
brachii (as in the muscle name biceps brachii) means “of the
arm.” Carpus denotes the wrist, and carpi, a word used in several
muscle names, means “of the wrist.” Adjectives can also take dif-
ferent forms for the singular and plural and for different degrees
of comparison. The digits are the fingers and toes. The word digiti
in a muscle name means “of a single finger (or toe),” whereas
digitorum is the plural, meaning “of multiple fingers (or toes).”
Thus, the extensor digiti minimi muscle extends only the little
finger, whereas the extensor digitorum muscle extends all fingers
except the thumb.

Bacro = beginning; nym = name

DEEPER INSIGHT 1.4
MEDICAL HISTORY

Obscure Word Origins

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

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

Singular and Plural Forms of Some Noun

TABLE 11 .
Terminals

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

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

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

Anatomical terminology also frequently follows the Greek
and Latin practice of placing the adjective after the noun. Thus, we



have such names as the stratum lucidum for a clear (lucidum) layer
(stratum) of the epidermis, the foramen magnum for a large (mag-
num) hole (foramen) in the skull, and the aforementioned pectora-
lis major muscle of the chest.

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

Pronunciation

Pronunciation is another stumbling block for many beginning anat-
omy and physiology students. This book gives simple pro-NUN-
see-AY-shun guides for many terms when they are first introduced.
Read the syllables of these guides phonetically and accent the syl-
lables in capital letters. You can also hear pronunciations of most of
the anatomical terms within Anatomy & Physiology REVEALED®.

The Importance of Precision

A final word of advice for your study of anatomy and physiology: Be
precise in your use of terms. It may seem trivial if you misspell trape-
zius as trapezium, but in doing so, you would be changing the name
of a back muscle to the name of a wrist bone. Similarly, changing oc-
cipitalis to occipital or zygomaticus to zygomatic changes other mus-
cle names to bone names. Changing malleus to malleolus changes
the name of a middle-ear bone to the name of a bony protuberance of
the ankle. And there is only a one-letter difference between ileum (the
final portion of the small intestine) and ilium (part of the hip bone),
and between gustation (the sense of taste) and gestation (pregnancy).
The health professions demand the utmost attention to detail and
precision—people’s lives may one day be in your hands. The habit
of carefulness must extend to your use of language as well. Many
patients have died simply because of tragic written and oral miscom-
munication in the hospital. Compared to this, it is hardly tragic if your
instructor deducts a point or two for an error in spelling. It should be
considered a lesson learned about the importance of accuracy.

BEFORE YOU GO ON

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

21. Explain why modern anatomical terminology is so heavily
based on Greek and Latin.

22. Distinguish between an eponym and an acronym, and
explain why both of these present difficulties for interpret-
ing anatomical terms.

23. Break each of the following words down into its roots,
prefixes, and suffixes, and state their meanings, following
the example of gastroenterology analyzed earlier: pericar-
dium, appendectomy, subcutaneous, phonocardiogram,
otorhinolaryngology. Consult the list of word elements in
appendix F for help.

24. Write the singular form of each of the following words: pleu-
rae, gyri, ganglia, fissures. Write the plural form of each of
the following: villus, tibia, encephalitis, cervix, stoma.
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BEE:M Review of Major Themes

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

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

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

* Evolution. The human body is a product of evolution. Like
every other living species, we have been molded by mil-
lions of years of natural selection to function in a changing
environment. Many aspects of human anatomy and physiol-
ogy reflect our ancestors’ adaptations to their environment.
Human form and function cannot be fully understood except
in light of our evolutionary history.

* Hierarchy of complexity. Human structure can be viewed
as a series of levels of complexity. Each level is composed
of a smaller number of simpler subunits than the level above
it. These subunits are arranged in different ways to form
diverse structures of higher complexity. Understanding the
simpler components is the key to understanding higher lev-
els of structure.

* Homeostasis. The purpose of most normal physiology is to
maintain stable conditions within the body. Human physi-
ology is essentially a group of homeostatic mechanisms
that produce stable internal conditions favorable to cellular
function. Any serious departure from these conditions can
be harmful or fatal to cells and thus to the whole body.

* Gradients and flow. Matter and energy tend to flow down
gradients such as differences in chemical concentration,
pressure, temperature, and electrical charge. This accounts
for much of their movement in human physiology.

p ) pAPPLY WHAT YOU KNOW

Architect Louis Henri Sullivan coined the phrase, “Form
ever follows function.” What do you think he meant
by this? Discuss how this idea could be applied to the
human body and cite a specific example of human anat-
omy to support it.
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DEEPER INSIGHT 1.5
CLINICAL APPLICATION
Medical Imaging

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

Radiography

Radiography, first performed in 1895, is the process of photographing
internal structures with X-rays. Until the 1960s, this was the only widely
available imaging method; even today, it accounts for more than 50% of
all clinical imaging. X-rays pass through the soft tissues of the body to
a photographic film or detector on the other side, where they produce
relatively dark images. They are absorbed, however, by dense matter

such as bones, teeth, tumors, and tuberculosis nodules, which leave the
image lighter in these areas (fig. 110a). The term X-ray also applies to
an image (radiograph) made by this method. Radiography is commonly
used in dentistry, mammography, diagnosis of fractures, and examina-
tion of the chest. Hollow organs can be visualized by filling them with a
radiopaque substance that absorbs X-rays. Barium sulfate, for example,
is given orally for examination of the esophagus, stomach, and small
intestine or by enema for examination of the large intestine. Other sub-
stances are given by injection for angiography, the examination of blood
vessels (fig. 110b). Some disadvantages of radiography are that images
of overlapping organs can be confusing and slight differences in tissue

(a) X-ray (radiograph)

(d) Magnetic resonance image (MRI)

(b) Cerebral angiogram

(e) Positron emission tomographic
(PET) scan

(c) Computed tomographic (CT) scan

FIGURE 110 Radiologic Images of
the Head. (a) X-ray (radiograph) showing
the bones and teeth. (b) An angiogram

of the cerebral blood vessels. (c) A CT
scan at the level of the eyes. (d) An MRI
scan at the level of the eyes. The optic
nerves appear in red and the muscles
that move the eyes appear in green. (e) A
PET scan of the brain of an unmedicated
schizophrenic patient. Red areas indicate
regions of high metabolic rate. In this
patient, the visual center of the brain at
the rear of the head (bottom of photo) was
especially active during the scan.

a: ©OU.H.B. Trust/Tony Stone Images/Getty Images;

b: ©Zephyr/Science Source; c: © Miriam Maslo/

Science Source; d: © UHB Trust/Getty Images;

e: ©OISM/Phototake

e What structures are seen better by
MRI than by X-ray? What structures
are seen better by X-ray than by PET?
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density are not easily detected. In addition, X-rays can cause mutations
leading to cancer and birth defects. Radiography therefore cannot be
used indiscriminately.

Computed Tomography

Computed tomography™ (@ CT scan) is a more sophisticated applica-
tion of X-rays. The patient is moved through a ring-shaped machine that
emits low-intensity X-rays on one side and receives them with a detector
on the opposite side. A computer analyzes signals from the detector and
produces an image of a “slice” of the body about as thin as a coin (fig.
110c). The advantage of such thin planes of view is that there is little over-
lap of organs, so the image is much sharper than a conventional X-ray.
It requires extensive knowledge of cross-sectional anatomy to interpret
the images. CT scanning is useful for identifying tumors, aneurysms,
cerebral hemorrhages, kidney stones, and other abnormalities.

Magnetic Resonance Imaging

Magnetic resonance imaging (MRI) was conceived as a technique
superior to CT for visualizing some soft tissues. The patient lies in a
chamber surrounded by a large electromagnet that creates a very
strong magnetic field. Hydrogen atoms in the tissues align themselves
with this field. The technologist then activates a radio wave signal
(heard by the patient as loud, varied noises), causing the hydrogen
atoms to absorb additional energy and align in a new direction. When
the radio signal is turned off, the hydrogen atoms realign themselves to
the magnetic field, giving off their excess energy at rates that depend
on the type of tissue. A computer analyzes the emitted energy to
produce an image of the body. MRI can “see” clearly through the skull
and spinal column to produce images of the nervous tissue (fig. 110d).
Moreover, it is better than CT for distinguishing between soft tissues
such as the white and gray matter of the nervous system. MRI also
avoids exposure to harmful X-rays.

A disadvantage of MRI is that it requires a patient to lie still in the
enclosed space for up to 45 minutes to scan one region of the body and
may entail 90 minutes to scan multiple regions such as the abdominal
and pelvic cavities. Some patients find they cannot do this. Also, because
of the long exposures involved, MRI is not as good as CT for scanning
the digestive tract; stomach and intestinal motility produce blurred
images over such long exposures.

Functional MRI (fMRI) is a variation that visualizes moment-to-moment
changes in tissue function. fMRI scans of the brain, for example, show
shifting patterns of activity as the brain applies itself to a specific sensory,
mental, or motor task. fMRI has lately replaced the PET scan as the most
important method for visualizing brain function. The use of fMRI in brain
imaging is further discussed in Deeper Insight 14.4.

Positron Emission Tomography

Positron emission tomography (the PET scan) is used to assess the
metabolic state of a tissue and distinguish which tissues are most active
at a given moment (fig. 110e). The procedure begins with an injection
of radioactively labeled glucose, which emits positrons (electron-like
particles with a positive charge). When a positron and electron meet,

Ytomo = section, cut, slice; graphy = recording process
2s0no = sound; graphy = recording process

they annihilate each other and give off a pair of gamma rays that can be
detected by sensors and analyzed by computer. The computer displays
a color image that shows which tissues were using the most glucose
at the moment. In cardiology, PET scans can show the extent of tissue
death from a heart attack. Since it consumes little or no glucose, the
damaged tissue appears dark. PET scans are also widely used to diag-
nose cancer and evaluate tumor status. The PET scan is an example of
nuclear medicine—the use of radioactive isotopes to treat disease or to
form diagnostic images of the body.

Sonography

Sonography?° is the second oldest and second most widely used meth-
od of imaging. A handheld device pressed against the skin produces
high-frequency ultrasound waves and receives the signals that echo
back from internal organs. Sonography is not very useful for examining
bones or lungs, but it is the method of choice in obstetrics, where the
image (sonogram) can be used to locate the placenta and evaluate fetal
age, position, and development. Sonography is also used to view tis-
sues in motion, such as fetal movements, actions of the heart wall and
valves, and blood ejection from the heart and flow through arteries and
veins. Sonographic imaging of the beating heart is called echocardiogra-
phy. Sonography avoids the harmful effects of X-rays, and the equipment
is inexpensive and portable. Some disadvantages are that sonography
cannot penetrate bone and it usually does not produce a very sharp
image (fig. 1.11).

(b)

FIGURE 1411 Fetal Sonography. (a) Producing a sonogram.
(b) Three-dimensional fetal sonogram at 32 weeks of gestation.
a: © Alexander Tsiaras/Science Source; b: © Ken Saladin
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STUDY GUIDE

P Assess Your Learning Outcomes

To test your knowledge, discuss the following
topics with a study partner or in writing, ideally
from memory.

1.1

1.

The Scope of Anatomy and Physiology

The meanings of anatomy and physiology
and what it means to say these two sciences
are complementary

2. Methods of study in anatomy and clinical

examination

3. Branches of anatomy that study the body at

different levels of detail

4. How comparative physiology advances the

1.2

—

understanding of human function

The Origins of Biomedical Science

. Greek and Roman scholars who first gave

medicine a scientific basis

. Ways in which the work of Maimonides,

Avicenna, Vesalius, and Harvey were
groundbreaking in the context of their time
and culture

. Why medical science today owes such a

great debt to Hooke, Leeuwenhoek, and
other inventors

. How Schleiden and Schwann revolutionized

and unified the understanding of biologi-
cal structure, ultimately including human
anatomy and physiology

Scientific Method

1. How philosophers Bacon and Descartes

revolutionized society’s view of science,
even though neither of them was a scientist

. The essential qualities of the scientific

method

. The nature of the inductive and hypothetico—

deductive methods, how they differ, and
which areas of biomedical science most
heavily employ each method

. The qualities of a valid scientific hypothesis,

the function of a hypothesis, and what is
meant by falsifiability in science

. How each of the following contributes to the

reliability of a researcher’s scientific conclu-
sions and the trust that the public may place

in science: sample size, control groups, the
double-blind method, statistical testing, and
peer review

. The distinctions between scientific facts,

laws, and theories; the purpose of a theory;
and how the scientific meanings of law and
theory differ from the common lay meanings

Human Origins and Adaptations

1. The meanings of evolution, natural selec-

tion, selection pressure, and adaptation,
with examples of each

. The historical origin of the theory of natural

selection and how this theory is relevant to a
complete understanding of human anatomy
and physiology

. How the kinship among all species is rel-

evant to the choice of model animals for
biomedical research

. Ecological conditions thought to have se-

lected for such key characteristics of Homo

sapiens as opposable thumbs, shoulder mo-
bility, prehensile hands, stereoscopic vision,
color vision, and bipedal locomotion

. A description of evolutionary medicine

Human Structure

1. Levels of human structural complexity from

organism to atom

. Reductionism and holism; how they differ

and why both ideas are relevant to the study
of human anatomy and physiology and to
the clinical care of patients

. Examples of why the anatomy presented in

textbooks is not necessarily true of every
individual

Human Function

1. Eight essential qualities that distinguish liv-

ing organisms from nonliving things

. The meaning of metabolism
. Clinical criteria for life and death, and why

clinical and biological death are not exactly
equivalent

. The clinical importance of physiological

variation between people, and the

assumptions that underlie typical values
given in textbooks

. The meaning of homeostasis; its importance

for survival; and the historical origin of this
concept

How negative feedback contributes to ho-
meostasis; the meaning of negative feedback
loop; how a receptor, integrating center, and
effector are involved in many negative feed-
back loops; and at least one example of such
a loop

. How positive feedback differs from negative

feedback; examples of beneficial and harm-
ful cases of positive feedback

. The concept of matter and energy flowing

down gradients and how this applies to vari-
ous areas of human physiology

The Language of Medicine

1. The origin and purpose of the Terminolo-

gia Anatomica (TA) and its relevance for
anatomy students

. How to break biomedical terms into familiar

roots, prefixes, and suffixes, and why the
habit of doing so aids in learning

. Acronyms and eponyms, and why they can-

not be understood by trying to analyze their
roots

. How to recognize when two or more words

are singular and plural versions of one an-
other; when one word is the possessive form
of another; and when medical terms built on
the same root represent different degrees of
comparison (such as terms denoting large,
larger, and largest)

. Why precision in spelling and usage of med-

ical terms can be a matter of life or death
in a hospital or clinic, and how seemingly
trivial spelling errors can radically alter
meaning

Review of Major Themes

1. A description of six core themes of this

book: unity of form and function, cell
theory, evolution, hierarchy of complexity,
homeostasis, and gradients and flow



1.

Structure that can be observed with the
naked eye is called

a. gross anatomy.

ultrastructure.

microscopic anatomy.

histology.

cytology.

o a0 o

. The word prefix homeo- means

a. tissue.
metabolism.
change.
human.

oo o

same.

. The simplest structures considered to be

alive are

a. organisms.
organs.
tissues.
cells.
organelles.

oo

. Which of the following people revolution-

ized the teaching of gross anatomy?
a. Vesalius

b. Aristotle

c. Hippocrates

d. Leeuwenhoek

e. Cannon

. Which of the following embodies the great-

est amount of scientific information?
a. afact

a law of nature

a theory

a deduction

o e o

a hypothesis

10
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STUDY GUIDE

p Testing Your Recall

. An informed, uncertain, but testable conjec-
ture is
a. anatural law.

a scientific theory.

a hypothesis.

a deduction.

a scientific fact.

o0 o

. A self-amplifying chain of physiological
events is called
a. positive feedback.

negative feedback.

dynamic constancy.

homeostasis.

metabolism.

I

. Which of the following is not a human
organ system?
a. integumentary

muscular

epithelial

nervous

endocrine

I

Gross anatomy
Auscultation
Osculation
Palpation
Percussion

o ape op

. The prefix hetero- means
a. same.

different.

both.

solid.

below.

o a0 o

means studying anatomy by touch.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Answers in Appendix B

Cutting and separating tissues to reveal
structural relationships is called

A difference in chemical concentration
between one point and another is called a
concentration

By the process of , a scientist
predicts what the result of a certain experi-
ment will be if his or her hypothesis is correct.

Physiological effects of a person’s mental

state are called effects.

The tendency of the body to maintain stable
internal conditions is called

Blood pH averages 7.4 but fluctuates from
7.35to 7.45. A pH of 7.4 can therefore be

considered the for this variable.

Self-corrective mechanisms in physiology
are called loops.

Alan
ture to be composed of two or more types of

is the simplest body struc-

tissue.

Depth perception, or the ability to form
three-dimensional images, is also called
vision.

Our hands are said to be because
they can encircle an object such as a branch
or tool. The presence of an

thumb is important to this ability.

25
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STUDY GUIDE

P Building Your Medical Vocabulary

State a meaning of each word element, and give a medical term that uses it or a slight variation of it.

1. auscult-
2. dis-
3. homeo-

4. metabolo-

5. palp-
6. physio-

~

. -sect

e}

. -stasis

p What’s Wrong with These Statements?

Briefly explain why each of the following statements is false, or reword it to make it true.

1. The technique for taking a patient’s pulse at
the wrist is auscultation.

2. For a pregnant woman to have an MRI scan
would expose her fetus to radiation that can
potentially cause mutation and birth defects.

3. We usually depend on positive feedback to
restore homeostatic balance and have a ben-
eficial effect on the body.

4. There are far more cells than organelles in
the body.

5. Matter does not generally move down a gra-
dient in the body unless the body expends
metabolic energy to move it.

6. Leeuwenhoek was a biologist who invented
the simple microscope in order to examine
organisms in lake water.

7. A scientific theory is just a speculation until
someone finds the evidence to prove it.

8. In a typical clinical research study, volunteer
patients are in the treatment group and the

p Testing Your Comprehension

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

2. Which of the characteristics of living things

are possessed by an automobile? What bear-
ing does this have on our definition of life?

3. About 1 out of every 120 live-born infants
has a structural defect in the heart such as
a hole between two heart chambers. Such
infants often suffer pulmonary congestion
and heart failure, and about one-third of
them die as a result. Which of the major
themes in this chapter does this illustrate?
Explain your answer.

4. How might human anatomy be different
today if the forerunners of humans had
never inhabited the forest canopy?

p IMPROVE YOUR GRADE

@ connect
Connect Interactive Questions Reinforce your
knowledge using multiple types of questions:
interactive, animation, classification, labeling,
sequencing, composition, and traditional multiple
choice and true/false.

BASMARTBOOK®

SmartBook Proven to help students improve
grades and study more efficiently, SmartBook
contains the same content within the print book
but actively tailors that content to the needs of
the individual.

Answers in Appendix B

9. stereo-

10. tomo-

Answers in Appendix B

physicians and scientists who run the study
constitute the control group.

9. Human evolution is basically a theory that
humans came from monkeys.

10. Negative feedback usually has a negative
(harmful) effect on the body.

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

=
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X General Anatomical Terminology

Anatomical Position

In describing the human body, anatomists assume that it
is in anatomical position (fig. Al)—that of a person stand-
ing upright with the feet flat on the floor, arms at the sides,
and the palms and face directed forward. Without such a
frame of reference, to say that a structure such as the ster-
num, thyroid gland, or aorta is “above the heart” would be
vague, since it would depend on whether the subject was
standing, lying face down (prone), or lying face up (supine).
From the perspective of anatomical position, however, we
can describe the thyroid as superior to the heart, the ster-
num as anterior to it, and the aorta as posterior to it. These
descriptions remain valid regardless of the subject’s posi-
tion. Even if the body is lying down, such as a cadaver on
the medical student’s dissection table, to say the sternum is
anterior to the heart invites the viewer to imagine the body
is standing in anatomical position and not to call it “above
the heart” simply because that is the way the body happens
to be lying.

Unless stated otherwise, assume that all anatomical descrip-
tions refer to anatomical position. Bear in mind that if a subject is
facing you, the subject’s left will be on your right and vice versa.

Frontal
plane

Transverse

plane—|

FIGURE A4 Anatomical Position and the Three Primary
Anatomical Planes.
© McGraw-Hill Education/Joe DeGrandis, photographer

(a) Sagittal section

(c) Transverse section

FIGURE A.2 Body Sections Cut Along the Three Primary
Anatomical Planes. (a) Sagittal section of the pelvic region.
(b) Frontal section of the thoracic region. (c) Transverse section
of the head at the level of the eyes.

In most anatomical illustrations, for example, the left atrium of the
heart appears toward the right side of the page, and although the
appendix is located in the right lower quadrant of the abdomen, it
appears on the left side of most illustrations.

Anatomical Planes

Many views of the body are based on real or imaginary “slices”
called sections or planes. Section implies an actual cut or slice
to reveal internal anatomy, whereas plane implies an imaginary
flat surface passing through the body. The three major anatomical
planes are sagittal, frontal, and transverse (fig. A.1).

A sagittal' (SADJ-ih-tul) plane passes vertically through
the body or an organ and divides it into right and left portions
(fig. A.2a). The sagittal plane that divides the body or organ into
equal halves is also called the median (midsagittal) plane. The
head and pelvic organs are commonly illustrated on the median
plane. Other sagittal planes parallel to this (off center) divide the
body into unequal portions. Such planes are sometimes called
parasagittal’® planes.

A frontal (coronal) plane also extends vertically, but it is per-
pendicular to the sagittal plane and divides the body into anterior
(front) and posterior (back) portions (fig. A.2b). A frontal section

Isagitta = arrow
para = next to
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Term Meaning

Ventral Toward the front* or belly

Dorsal Toward the back or spine

Anterior Toward the ventral side*

Posterior Toward the dorsal side*

Cephalic Toward the head or superior end

Rostral Toward the forehead or nose

Caudal Toward the tail or inferior end

Superior Above

Inferior Below

Medial Toward the median plane

Lateral Away from the median plane

Proximal Closer to the point of attachment or origin
Distal Farther from the point of attachment or origin
Ipsilateral On the same side of the body (right or left)

Contralateral On opposite sides of the body (right and left)

Superficial Closer to the body surface
Deep Farther from the body surface

*In humans only; definition differs for other animals.

of the head, for example, would divide it into one portion bearing
the face and another bearing the back of the head. Contents of
the thoracic and abdominal cavities are most commonly shown as
frontal sections.

A transverse (horizontal) plane passes across the body or an
organ perpendicular to its long axis; it divides the body or organ
into superior (upper) and inferior (lower) portions (fig. A.2c).
CT scans are typically transverse sections (see fig. 1.10c).

Directional Terms

Words that describe the location of one structure relative to another
are called the directional terms of anatomy. Table A.1 summa-
rizes those most frequently used. Most of these terms exist in pairs
with opposite meanings: anterior versus posterior, rostral versus
caudal, superior versus inferior, medial versus lateral, proximal
versus distal, ipsilateral versus contralateral, and superficial ver-
sus deep. Intermediate directions are often indicated by combina-
tions of these terms. For example, one’s cheeks may be described
as inferolateral to the eyes (below and to the side).

The terms proximal and distal are used especially in the anat-
omy of the limbs, with proximal used to denote something relatively
close to the limb’s point of attachment (the shoulder or hip) and
distal to denote something farther away. These terms do have some
applications to anatomy of the trunk, however—for example, in re-
ferring to certain aspects of the intestines and microscopic anatomy
of the kidneys. But when describing the trunk and referring to a
structure that lies above or below another, superior and inferior are
the preferred terms. These terms are not usually used for the limbs.
Although it may be technically correct, one would not generally say
that the elbow is superior to the wrist, but proximal to it.

ATLAS A General Orientation to Human Anatomy 29

Examples of Usage

The aorta is ventral to the vertebral column.

The vertebral column is dorsal to the aorta.

The sternum is anterior to the heart.

The esophagus is posterior to the trachea.

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

The forebrain is rostral to the brainstem.

The spinal cord is caudal to the brain.

The heart is superior to the diaphragm.

The liver is inferior to the diaphragm.

The heart is medial to the lungs.

The eyes are lateral to the nose.

The elbow is proximal to the wrist.

The fingernails are at the distal ends of the fingers.

The liver is ipsilateral to the appendix.

The spleen is contralateral to the liver.

The skin is superficial to the muscles.
The bones are deep to the muscles.

Because of the bipedal, upright stance of humans, some direc-
tional terms have different meanings for humans than they do for other
animals. Anterior, for example, denotes the region of the body that
leads the way in normal locomotion. For a four-legged animal such as
a cat, this is the head end of the body; for a human, however, it is the
front of the chest and abdomen. Thus, anterior has the same meaning
as ventral for a human but not for a cat. Posterior denotes the region
of the body that comes last in normal locomotion—the tail end of a
cat but the dorsal side (back) of a human. In the anatomy of most other
animals, ventral denotes the surface of the body closest to the ground
and dorsal denotes the surface farthest away from the ground. These
two words are too entrenched in human anatomy to completely ignore
them, but we will minimize their use in this book to avoid confusion.
You must keep such differences in mind, however, when dissecting
other animals for comparison to human anatomy.

One vestige of the term dorsal is dorsum, used to denote the
upper surface of the foot and the back of the hand. If you consider how
a cat stands, the corresponding surfaces of its paws are uppermost, fac-
ing the same direction as the dorsal side of its trunk. Although these
surfaces of the human hand and foot face entirely different directions
in anatomical position, the term dorsum is still used.

I.W M Major Body Regions

Knowledge of the external anatomy and landmarks of the body
is important in performing a physical examination and many
other clinical procedures. For purposes of study, the body is
divided into two major regions called the axial and appendicular
regions. Smaller areas within the major regions are described in
the following paragraphs and illustrated in figure A.3.
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Cephalicr. (head)
-—Facial r. (face) "'" J
Upper limb: Cervical r. (neck) !

srovser [ - Thorecic. chesy - -

T N

Axillary r. (armpit) — Pectoral r.

Brachial r. (arm) L.

Antebrachial r. Abdominal r.

(forearm) .M—Inguinal r. (groin) A
Carpal r. (wrist) Pubic r-

Palmar r. (palm) p

Mons pubis
-ﬂl'

External genitalia:

Penis
Lower limb: Scrotum
Coxal r. (hip) Testes
Patellar r. (knee) Lower limb:

Femoral r. (thigh)

Crural . (leg)
Tarsal r. (ankle)

Pedal r. (foot):

Dorsum ]
Plantar surface =
(sole)
(b) Anterior (ventral)
Cranial r.
Nuchal r.

(back of neck)

Interscapular .

Scapularr.

Vertebral r. l i

Lumbarr.
Sacral r. .
Gluteal r.—-L
(buttock) ! i
Dorsum of hand [
Perineal r. —J
Popliteal r.

Crural r.

Tarsal r.

Calcaneal r.
(heel)
(c) Posterior (dorsal) (d) Posterior (dorsal)

FIGURE A.3 The Adult Female and Male Bodies (r. = region).
a-d: © McGraw-Hill Education/Joe DeGrandis, photographer
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Hypochondriac
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Subcostal line

Lumbar
region

Intertubercular
line
Inguinal region

Midclavicular
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Quadrants

Regions
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r—

Stomach

10th rib

Anterior
superior
spine

Wl - ; Liver
" il |
- _"'j L ; Gallbladder
el AT 10th rib
Ewg: Large
- ) b intestine
-l'? " L g Small
— ? intestine
e ‘.T -
1 I ""‘-" Urinary
l!i‘ . bladder
Urethra

(d)

FIGURE A.4 The Four Quadrants and Nine Regions of the Abdomen. (a) External division into four quadrants. (b) Internal anatomy
correlated with the four quadrants. (c) External division into nine regions. (d) Internal anatomy correlated with the nine regions. “-

9 In what quadrant would the pain of appendicitis usually be felt?

Axial Region

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

3cervic = neck

One way of referring to the locations of abdominal structures
is to divide the region into quadrants. Two perpendicular lines
intersecting at the umbilicus (navel) divide the abdomen into a
right upper quadrant (RUQ), right lower quadrant (RLQ),
left upper quadrant (LUQ), and left lower quadrant (LLQ)
(fig. A.4a, b). The quadrant scheme is often used to describe the
site of an abdominal pain or abnormality.
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The abdomen also can be divided into nine regions defined by
four lines that intersect like a tic-tac-toe grid (fig. A.4c, d). Each
vertical line is called a midclavicular line because it passes through
the midpoint of the clavicle (collarbone). The superior horizontal
line is called the subcostal* line because it connects the inferior bor-
ders of the lowest costal cartilages (cartilage connecting the tenth
rib on each side to the inferior end of the sternum). The inferior
horizontal line is called the intertubercular® line because it passes
from left to right between the tubercles (anterior superior spines)
of the pelvis—two points of bone located about where the front
pockets open on most pants. The three lateral regions of this grid,
from upper to lower, are the hypochondriac,’ lumbar, and ingui-
nal’ (iliac) regions. The three medial regions from upper to lower
are the epigastric,® umbilical, and hypogastric (pubic) regions.

Appendicular Region

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

“sub = below; cost = rib

Sinter = between; tubercul = little swelling
Shypo = below; chondr = cartilage

"inguin = groin

8¢pi = above, over; gastr = stomach

Sante = fore, before; brachi = arm

Thoracic cavity

Diaphragm

Abdominal cavity

Pelvic cavity

(a) Left lateral view

FIGURE A.5 The Major Body Cavities.

Cranial cavity

Vertebral canal

Diaphragm

A segment of a limb is a region between one joint and the
next. The arm, for example, is the segment between the shoul-
der and elbow joints, and the forearm is the segment between the
elbow and wrist joints. Flexing your fingers, you can easily see
that your thumb has two segments (proximal and distal), whereas
the other four digits have three segments (proximal, middle, and
distal). The segment concept is especially useful in describing the
locations of bones and muscles and the movements of the joints.

¥ Body Cavities and Membranes

The body wall encloses multiple body cavities (fig. A.5,
table A.2), each lined with a membrane and containing in-
ternal organs called viscera (VISS-er-uh) (singular, viscus™).
Some of these membranes are two-layered, having one
layer against the organ surface (such as the heart or lung)
and one layer against a surrounding structure (forming, for
example, the inner lining of the rib cage); there is only a thin
film of liquid between them. In such cases, the inner layer,
against the organ, is called the visceral layer (VISS-er-ul) of
the membrane, and the more superficial or outer one, the
parietal" layer (pa-RY-eh-tul).

The Cranial Cavity and Vertebral Canal

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

yiscus = body organ
pariet = wall

Thoracic cavity:

Pleural cavity
Mediastinum
Pericardial cavity

Abdominopelvic cavity:
Abdominal cavity

Pelvic cavity

(b) Anterior view
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Name of Cavity Associated Viscera
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Membranous Lining

Cranial cavity Brain Meninges
Vertebral canal Spinal cord Meninges
Thoracic cavity
Pleural cavities (2) Lungs Pleurae
Pericardial cavity Heart Pericardium
Abdominopelvic cavity
Abdominal cavity Digestive organs, spleen, kidneys Peritoneum
Pelvic cavity Bladder, rectum, reproductive organs Peritoneum
Parietal pericardium — Parietal pleura
: Pericardial — Pleural cavity
it
. F cavity — Visceral pleura
; Visceral
F pericardium

Heart

Diaphragm

.

(a) Pericardium

Lung

Diaphragm

(b) Pleurae

FIGURE A.6 Parietal and Visceral Layers of Double-Walled Membranes.

The Thoracic Cavity

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

The thoracic cavity is divided by a thick wall called the
mediastinum'?> (ME-dee-ah-STY-num) (fig. A.5b). This is the
region between the lungs, extending from the base of the neck to
the diaphragm. It is occupied by the heart, the major blood vessels
connected to it, the esophagus, the trachea and bronchi, and a gland
called the thymus.

The heart is enfolded in a two-layered membrane called the
pericardium.”? The inner layer of the pericardium forms the
surface of the heart itself and is called the visceral pericardium.

mediastinum = in the middle
Bperi = around; cardi = heart

The outer layer is called the parietal pericardium (pericardial
sac). It is separated from the visceral pericardium by a space called
the pericardial cavity (fig. A.6a), which is lubricated by pericar-
dial fluid.

The right and left sides of the thoracic cavity contain the lungs.
Each lung is enfolded by a serous membrane called the pleura'
(PLOOR-uh) (fig. A.6b). Like the pericardium, the pleura has
visceral (inner) and parietal (outer) layers. The visceral pleura
forms the external surface of the lung, and the parietal pleura
lines the inside of the rib cage. The narrow space between them
is called the pleural cavity (see fig. B.11 in atlas B, following
chapter 10). It is lubricated by slippery pleural fluid.

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

Ypleur = rib, side
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2nd lumbar vertebra —=

Kidney

Liver

Renal vein
and artery

Inferior
vena cava

Aorta

Intestine

FIGURE A.7 Transverse Section
Through the Abdomen. Shows the
peritoneum, peritoneal cavity (with most
viscera omitted), and some retroperitoneal
organs.

The Abdominopelvic Cavity

The abdominopelvic cavity consists of the abdominal cavity
superiorly and the pelvic cavity inferiorly. The abdominal cav-
ity contains most of the digestive organs as well as the spleen,
kidneys, and ureters. It extends inferiorly to the level of a bony
landmark called the brim of the pelvis (see figs. B.7 and 8.35).
The pelvic cavity, below the brim, is continuous with the abdomi-
nal cavity (no wall separates them), but it is markedly narrower
and tilts posteriorly (see fig. A.5a). It contains the rectum, urinary
bladder, urethra, and reproductive organs.

The abdominopelvic cavity contains a two-layered serous
membrane called the peritoneum'> (PERR-ih-toe-NEE-um). Its
outer layer, the parietal peritoneum, lines the cavity wall. Along
the posterior midline, it turns inward and becomes another layer,
the visceral peritoneum, suspending certain abdominal viscera
from the body wall, covering their outer surfaces, and holding
them in place. The peritoneal cavity is the space between the pa-
rietal and visceral layers. It is lubricated by peritoneal fluid.

Some organs of the abdominal cavity lie against the posterior
body wall and are covered by peritoneum only on the side facing the
peritoneal cavity. They are said to have a retroperitoneal'® position
(fig. A.7). These include the kidneys, ureters, adrenal glands, most
of the pancreas, and abdominal portions of two major blood ves-
sels—the aorta and inferior vena cava (see fig. B.6). Organs that
are encircled by peritoneum and connected to the posterior body
wall by peritoneal sheets are described as intraperitoneal.'’

The visceral peritoneum is also called a mesentery'® (MESS-
en-tare-ee) at points where it forms a translucent, membranous
curtain suspending and anchoring the viscera (fig. A.8), and a
serosa (seer-OH-sa) at points where it enfolds and covers the outer
surfaces of organs such as the stomach and small intestine. The
intestines are suspended from the posterior (dorsal) abdominal wall

Bperi = around; tone = stretched
1retro = behind

Yintra = within

Smes = in the middle; enter = intestine
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eSS Joie L Back muscles
;\ . :
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- - o — Fat
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—— Posterior mesentery

Parietal peritoneum

Visceral
peritoneum (serosa)
Peritoneal cavity

Omentum or other
anterior mesentery

Anterior
DEEPER INSIGHT A.1
CLINICAL APPLICATION
Peritonitis

Peritonitis is inflammation of the peritoneum. It is a critical, life-threatening
condition necessitating prompt treatment. The most serious cause of peri-
tonitis is a perforation in the digestive tract, such as a ruptured appendix
or a gunshot wound. Digestive juices cause immediate chemical inflam-
mation of the peritoneum, followed by microbial inflammation as intestinal
bacteria invade the body cavity. Anything that perforates the abdominal
wall can also lead to peritonitis, such as abdominal trauma or surgery. So,
too, can free blood in the abdominal cavity, as from a ruptured aneurysm
(a weak point in a blood vessel) or ectopic pregnancy (implantation of an
embryo anywhere other than the uterus); blood itself is a chemical irritant
to the peritoneum. Peritonitis tends to shift fluid from the circulation into
the abdominal cavity. Death can follow within a few days from severe
electrolyte imbalance, respiratory distress, kidney failure, and widespread
blood clotting called disseminated intravascular coagulation.

by the posterior mesentery. The posterior mesentery of the large
intestine is called the mesocolon. In some places, after wrapping
around the intestines or other viscera, the mesentery continues to-
ward the anterior body wall as the anterior mesentery. The most
significant example of this is a fatty membrane called the greater
omentum,'? which hangs like an apron from the inferolateral mar-
gin of the stomach and overlies the intestines (figs. A.8a and B.4).
The greater omentum is unattached at its inferior border and can be
lifted to reveal the intestines. A smaller lesser omentum extends
from the superomedial margin of the stomach to the liver.

Potential Spaces

Some of the spaces between body membranes are considered to
be potential spaces, so named because under normal conditions, the
membranes are pressed firmly together and there is no actual space

Yomentum = covering
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FIGURE A.8 Serous Membranes of the Abdominal Cavity. (a) Sagittal section, left lateral view. (b) Photo of the mesentery of the small
intestine. Mesenteries contain blood vessels, lymphatic vessels, and nerves supplying the viscera. "‘ "

9 Is the urinary bladder in the peritoneal cavity?

b: © Mediclmage/Getty Images

between them. The membranes are not physically attached, however,
and under unusual conditions, they may separate and create a space
filled with fluid or other matter. Thus there is normally no actual
space, but only a potential for membranes to separate and create one.
The pleural cavity is one example. Normally the parietal and
visceral pleurae are pressed together without a gap between them,
but under pathological conditions, air or serous fluid can accumulate
between the membranes and open up a space. The internal cavity
(lumen) of the uterus is another. In a nonpregnant uterus, the mu-
cous membranes of opposite walls are pressed together so that there
is no open space in the organ. In pregnancy, of course, a growing
fetus occupies this space and pushes the mucous membranes apart.

YW Organ Systems

The human body has 11 organ systems (fig. A.9) and an
immune system, which is better described as a population
of cells that inhabit multiple organs rather than as an organ
system. The organ systems are classified in the following list
by their principal functions, but this is an unavoidably flawed
classification. Some organs belong to two or more systems—
for example, the male urethra is part of both the urinary and
reproductive systems; the pharynx is part of the respiratory
and digestive systems; and the mammary glands can be
considered part of the integumentary and female reproduc-
tive systems. The organ systems are as follows:

Systems of protection, support, and movement
Integumentary system

Skeletal system

Muscular system

Systems of internal communication and control
Nervous system
Endocrine system

Systems of fluid transport
Circulatory system
Lymphatic system

Systems of intake and output
Respiratory system

Urinary system

Digestive system

Systems of reproduction
Male reproductive system
Female reproductive system

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



Principal organs:
Skin, hair, nails,
cutaneous glands

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

Integumentary system

- Principal organs:
‘Lymph nodes,
lymphatic vessels,
thymus, spleen, tonsils

. Principal functions:
Recovery of excess

~ tissue fluid, detection of
pathogens, production
of immune cells, defense
against disease

-

Lymphatic system
FIGURE A.9 The Human Organ Systems.
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Principal organs:
Bones, cartilages,
ligaments

" Principal functions:
Support, movement,

. protective enclosure of

viscera, blood formation,

mineral storage,

electrolyte and acid—base

balance

Skeletal system

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

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

Respiratory system

|

¥
. Principal organs:
Skeletal muscles

Principal functions:
:' Movement, stability,
communication, control
of body openings, heat
production

Muscular system

Principal organs:
Kidneys, ureters, urinary
bladder, urethra

|

F Principal functions:

~ Elimination of wastes;

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

and acid—base balance;
detoxification

-

Urinary system



Principal organs:
Brain, spinal cord, nerves,
ganglia

Principal functions:
Rapid internal
communication,
coordination,
motor control

and sensation

Nervous system

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

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

Principal organs:
Pituitary gland,

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

testes, ovaries

Principal functions:
Hormone production;
internal chemical
communication and
coordination

Endocrine system

Principal organs:

Testes, epididymides,

spermatic ducts, seminal

vesicles, prostate,
ulbourethral glands,

penis

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

‘Principal organs:

Heart, blood vessels

rincipal functions:

Distribution of nutrients,
~ oxygen, wastes,
- hormones, electrolytes,
~ heat, immune cells,
and antibodies;
fluid, electrolyte, and
acid—base balance

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

Principal functions:
Production of eggs; site
of fertilization and fetal
development; fetal
nourishment; birth;
lactation; secretion of
sex hormones

-

Digestive system Male reproductive system Female reproductive system

FIGURE A.9 The Human Organ Systems (continued). 37
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STUDY GUIDE

P Assess Your Learning Outcomes

To test your knowledge, discuss the following
topics with a study partner or in writing, ideally
from memory.

A.1 General Anatomical Terminology

1.

2.

Anatomical position and why it is important
for anatomical description

Directions along which the body or an organ
is divided by the sagittal, frontal, and trans-
verse planes; how the median plane differs
from other sagittal planes

. Meanings of each of the following pairs or

groups of terms, and the ability to describe
the relative locations of two body parts using
these terms: ventral and dorsal; anterior

and posterior; cephalic, rostral, and caudal;
superior and inferior; medial and lateral;
proximal and distal; superficial and deep

. Why the terms ventral and dorsal are am-

biguous in human anatomy but less so in
most other animals; what terms are used in
their place in human anatomy; and reasons
why they are occasionally appropriate or
unavoidable in human anatomy

p Testing Your Recall

L.

. The tarsal region is

Which of the following is not an essential
part of anatomical position?

a. feet together

feet flat on the floor

palms forward

mouth closed

arms down to the sides

o 0T

. A ring-shaped section of the small intestine

would be a section.
a. sagittal

coronal

transverse

frontal

median

o0 T

to the popli-
teal region.

a. medial

superficial

superior

dorsal

distal

o0 T

A2

Major Body Regions

1. Distinctions between the axial and appen-

. The greater omentum is

. The

dicular regions of the body

. Subdivisions of the axial region and land-

marks that divide and define them

. The abdomen’s four quadrants and nine

regions; their defining landmarks; and why
this scheme is clinically useful

. The segments of the upper and lower limbs;

how the anatomical meanings of arm and
leg differ from the colloquial meanings

Body Cavities and Membranes

. Locations and contents of the cranial cav-

ity, vertebral canal, thoracic cavity, and
abdominopelvic cavity; the membranes that
line them; and the main viscera contained
in each

. Contents of the mediastinum and its rela-

tionship to the thoracic cavity as a whole

. The pericardium, its two layers, the space

and fluid between the layers, and its function

. The pleurae, their two layers, the space and

fluid between the layers, and their function

to the
small intestine.

a. posterior

parietal

deep

superficial

proximal

oo T

.A___ plane passes through the

sternum, umbilicus, and mons pubis.
a. central

b. proximal

¢. midclavicular

d. midsagittal

e. intertubercular

region is immediately
medial to the coxal region.

a. inguinal

hypochondriac

umbilical

popliteal

cubital

o0 T

10.

11.

. The two subdivisions of the abdominopelvic

cavity and the skeletal landmark that divides
them

. The peritoneum; its functions; its two layers

and their relationship to the abdominal vis-
cera; and the peritoneal fluid

. Mesenteries and serosae
. Intraperitoneal versus retroperitoneal

organs, examples of both, and how one
would identify an organ as being intra- or
retroperitoneal

. Names and locations of the posterior and

anterior mesenteries

The serosa of an abdominopelvic organ and
how it relates to the peritoneum

Examples of potential spaces and why they
are so named

Organ Systems

1. The 11 organ systems, the functions of each,

and the principal organs of each system

Answers in Appendix B

. Which of the following regions is not part

of the upper limb?
a. plantar

carpal

cubital
brachial
palmar

o 0T

. Which of these organs is within the

peritoneal cavity?
a. urinary bladder
kidneys

heart

liver

brain

o g0 T

. In which area do you think pain from the

gallbladder would be felt?

a. umbilical region

b. right upper quadrant

c. hypogastric region

d. left hypochondriac region
e. left lower quadrant



10. Which organ system regulates blood vol-
ume, controls acid-base balance, and stimu-
lates red blood cell production?

a. digestive system

lymphatic system

nervous system

urinary system

circulatory system

oo T

11. The translucent membranes that suspend
the intestines and hold them in place are
called

12. The superficial layer of the pleura is called
the __ pleura.
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13. The right and left pleural cavities are
separated by a thick wall called the

14. The back of the neck is the
region.

15. The manual region is more commonly
known as the and the pedal

region is more commonly known as the

16. The cranial cavity is lined by membranes
called the

p Building Your Medical Vocabulary

State a meaning of each word element, and give
a medical term that uses it or a slight variation

of it.
1. ante-

2. cervico-

3. epi-
4. hypo-
5. inguino-

6. intra-

p What’s Wrong with These Statements?

Briefly explain why each of the following state-
ments is false, or reword it to make it true.

1. Both lungs could be shown in one sagittal
section of the body.

2. A single frontal section of the head cannot
include both eyes.

3. The knee is distal to the tarsal region.

The diaphragm is posterior to the lungs.

4.
5. The esophagus is inferior to the stomach.
6. The liver is in the lumbar region.

7.

The heart is in the space between the pari-
etal and visceral pericardium, called the
pericardial cavity.

p Testing Your Comprehension

1. Identify which anatomical plane—sagittal,
frontal, or transverse—is the only one
that could not show (a) both the brain and
tongue, (b) both eyes, (c) both the hypogas-
tric and gluteal regions, (d) both kidneys,
(e) both the sternum and vertebral column,
and (f) both the heart and uterus.

2. Laypeople often misunderstand anatomical
terminology. What do you think people

really mean when they say they have
“planter’s warts”?

3. Name one structure or anatomical feature
that could be found in each of the following
locations relative to the ribs: medial, lateral,
superior, inferior, deep, superficial, poste-
rior, and anterior. Try not to use the same
example twice.

17.

18.

19.

20.

10.

Organs that lie within the abdominal cavity
but not within the peritoneal cavity are said
to have a position.

The sternal region is to the

pectoral region.

The pelvic cavity can be described as
to the abdominal cavity in
position.

The anterior pit of the elbow is the
region, and the corresponding

(but posterior) pit of the knee is the
region.

Answers in Appendix B

. parieto-
. peri-
. retro-

10.

sagitto-

Answers in Appendix B

. The kidneys are in the peritoneal cavity of

the abdomen.

. The peritoneum lines the inside of the stom-

ach and intestines.

The sigmoid colon is in the lower right
quadrant of the abdomen.

. Based on the illustrations in this atlas, iden-

tify an internal organ that is (a) in the upper
left quadrant and retroperitoneal, (b) in the
lower right quadrant of the peritoneal cavity,
(c) in the hypogastric region, (d) in the right
hypochondriac region, and (e) in the pecto-
ral region.

. Why do you think people with imaginary

illnesses came to be called hypochondriacs?
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P Improve Your Grade

SMARTBOOK® t‘ iyt

Connect Interactive Questions Reinforce your SmartBook Proven to help students improve Anatomy & Physiology REVEALED® Dive
knowledge using multiple types of questions: grades and study more efficiently, SmartBook into the human body by peeling back layers of
interactive, animation, classification, labeling, contains the same content within the print book cadaver imaging. Utilize this world-class cadaver
sequencing, composition, and traditional multiple — but actively tailors that content to the needs of dissection tool for a closer look at the body any-
choice and true/false. the individual.

time, from anywhere.
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BRUSHING UP...

Beginning here, each chapter builds on information presented
in earlier ones. If you do not clearly remember these concepts,
you may find that brushing up on them before you proceed will
enable you to get more out of each new chapter.

@ “Characteristics of Life” in section 1.6 introduces metabolism
as one of the most fundamental human functions. Here we will
delve more deeply into metabolism and its two subdivisions,
anabolism and catabolism.

hy is too much sodium or cholesterol harmful? Why does

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

None of these questions can be answered, nor would the
rest of this book be intelligible, without understanding the chem-
istry of life. A little knowledge of chemistry can help you choose
a healthy diet, use medications more wisely, avoid worthless
health fads and frauds, and explain treatments and proce-
dures to your patients or clients. Thus, we begin our study of
the human body with basic chemistry, the simplest level of the
body’s structural organization.

We will progress from general chemistry to biochemistry,
study of the molecules that compose living organisms—especially
molecules unique to living things, such as carbohydrates, fats,
proteins, and nucleic acids. Most people have at least heard
of these and it is common knowledge that we need proteins,
fats, carbohydrates, vitamins, and minerals in our diet, and that
we should avoid consuming too much saturated fat and chol-
esterol. But most people have only a vague concept of what
these molecules are, much less how they function in the body.
Such knowledge is very helpful in matters of personal fitness
and patient education and is essential to the comprehension of
the rest of this book.

BEXI Atoms, lons, and Molecules

Expected Learning Outcomes

When you have completed this section, you should be able to
a. identify the elements of the body from their symbols;

b. distinguish between elements and compounds;

c. state the functions of minerals in the body;
d

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

e. distinguish between ions, electrolytes, and free radicals;
and

f. define the types of chemical bonds.

The Chemical Elements

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

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

There are 91 naturally occurring elements on earth, 24 of
which play normal physiological roles in humans. Table 2.1 groups
these 24 according to their abundance in the body. Six of them
account for 98.5% of the body’s weight: oxygen, carbon, hydro-
gen, nitrogen, calcium, and phosphorus. The next 0.8% consists

TABLE 21 Elements of the Human Body

Percentage of

Name Symbol Body Weight
Major Elements (Total 98.5%)
Oxygen (e} 65.0
Carbon C 18.0
Hydrogen H 10.0
Nitrogen N 3.0
Calcium Ca 1.5
Phosphorus P 1.0
Lesser Elements (Total 0.8%)
Sulfur S| 0.25
Potassium K 0.20
Sodium Na 015
Chlorine Cl 015
Magnesium Mg 0.05
Iron Fe 0.006
Trace Elements (Total 0.7%)
Chromium Cr Molybdenum Mo
Cobalt Co Selenium Se
Copper Cu Silicon Si
Fluorine F Tin Sn
lodine | Vanadium \%

Manganese Mn Zinc Zn



of another 6 elements: sulfur, potassium, sodium, chlo-
rine, magnesium, and iron. The remaining 12 elements
account for 0.7% of body weight, and no one of them
accounts for more than 0.02%; thus, they are known as
trace elements. Despite their minute quantities, trace
elements play vital roles in physiology. Other elements
without natural physiological roles can contaminate the
body and severely disrupt its functions, as in heavy-metal
poisoning with lead or mercury.

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

First Second
energy energy
level level

L

S

Carbon (C) Nitrogen (N)
6p*, 6e7,6n° 7p*, 7e~, 7n°
Atomic number = 6 Atomic number = 7
Atomic mass = 12 Atomic mass = 14
Third
energy
level
Key

° = Proton (p*)
‘ = Neutron (n°)

& =Electron (e7)

Sodium (Na)
1p*, e, 12n°
Atomic number
Atomic mass

FIGURE 21 Bohr Planetary Models of Three Representative
Elements. Note the filling of electron shells as atomic number
increases.

Hydrogen ('H)
(1p*, 0n°, 1e7)

CHAPTER 2 The Chemistry of Life 43
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Tritium (3H)
(1p*, 2n%, 1e)

Deuterium (°H)
(1p*, 1n°, 1e7)

FIGURE 2.2 Isotopes of Hydrogen. The three isotopes differ only in the
number of neutrons present.

Atomic Structure

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

At the center of an atom is the nucleus, composed of protons
and neutrons. Protons (p*) have a single positive charge and neu-
trons (n”) have no charge. Each proton or neutron weighs approxi-
mately 1 atomic mass unit (amu). The atomic mass of an element
is approximately equal to its total number of protons and neutrons.

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

Electrons swarm about the nucleus in concentric regions called
electron shells (energy levels). The more energy an electron has,
the farther away from the nucleus its orbit lies. Each shell holds a
limited number of electrons (fig. 2.1). The elements known to date
have up to seven electron shells, but those ordinarily involved in
human physiology do not exceed four. Electrons of the outermost
shell, called valence electrons, determine the chemical bonding
properties of an atom. Illustrations of atoms greatly understate the
distances between their nuclei and electrons in order to fit the page.
If you imagine the nucleus of an atom to be the size of a basketball,
its nearest electron would be about 48 km (30 mi.) away. In other
words, atoms (and your body) consist mostly of empty space!

a = not; tom = cut
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DEEPER INSIGHT 2.1

MEDICAL HISTORY

Radiation and Madame Curie

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

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

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

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

© Science Source

Isotopes and Radioactivity

Dalton believed that every atom of an element was identical. We
now know, however, that all elements have varieties called iso-
topes,” which differ from one another only in number of neutrons
and therefore in atomic mass. Hydrogen atoms, for example, have
only one proton. In the most common isotope, symbolized 'H, that
is all there is to the nucleus. Hydrogen has two other isotopes,
however: deuterium (*H) with one proton and one neutron, and tri-
tium (*H) with one proton and two neutrons (fig. 2.2). Over 99% of
carbon atoms have an atomic mass of 12 (6p*, 6n”) and are called
carbon-12 (*2C), but a small percentage of carbon atoms are °C,
with seven neutrons, and "“C, with eight. All isotopes of a given
element behave the same chemically. Deuterium (*H), for example,
reacts with oxygen the same way 'H does to produce water.

The atomic weight (relative atomic mass) of an element ac-
counts for the fact that an element is a mixture of isotopes. If all
carbon were '>C, the atomic weight of carbon would be the same
as its atomic mass, 12.000. But since a sample of carbon also con-
tains small amounts of the heavier isotopes *C and '*C, the atomic
weight is slightly higher, 12.011.

Although different isotopes of an element exhibit identi-
cal chemical behavior, they differ in physical behavior. Many of
them are unstable and decay (break down) to more stable isotopes
by giving off radiation. Unstable isotopes are therefore called
radioisotopes, and the process of decay is called radioactivity (see
Deeper Insight 2.1). Every element has at least one radioisotope.

%iso = same; fop = place (same position in the periodic table)

Oxygen, for example, has three stable isotopes and five radioiso-
topes. All of us contain radioisotopes such as '*C and *’K—that i,
we are all mildly radioactive!

High-energy radiation, such as that emitted by radioisotopes,
ejects electrons from atoms, converting atoms to ions; thus, it is
called ionizing radiation. It destroys molecules and produces
dangerous free radicals and ions in human tissues. In high doses,
ionizing radiation is quickly fatal. In lower doses, it can be muta-
genic (causing mutations in DNA) and carcinogenic (triggering
cancer as a result of mutation).

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

Each radioisotope has a characteristic physical half-life, the
time required for 50% of its atoms to decay to a more stable state.
One gram of *Sr, for example, would be half gone in 28 years.



In 56 years, there would still be 0.25 g left, in 84 years 0.125 g,
and so forth. Many radioisotopes are much longer-lived. The half-
life of “°K, for example, is 1.3 billion years. Nuclear power plants
produce hundreds of radioisotopes that will be intensely radioac-
tive for at least 10,000 years—Ilonger than the life of any disposal
container yet conceived.

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

There are several ways to measure the intensity of ionizing
radiation, the amount absorbed by the body, and its biological ef-
fects. To understand the units of measurement requires a ground-
ing in physics beyond the scope of this book, but the standard
international (SI) unit of radiation dosage is the sievert’ (Sv),
which takes into account the type and intensity of radiation and
its biological effect. Doses of 5 Sv or more are usually fatal. The
average person worldwide receives about 2.4 millisieverts (mSv)
per year in background radiation from natural sources and an-
other 0.6 mSv from artificial sources. The most significant natural
source is radon, a gas produced by the decay of uranium in the
earth; it can accumulate in buildings to unhealthy levels. Artificial
sources of radiation exposure include medical X-rays, radiation
therapy, and consumer products such as color televisions, smoke
detectors, and luminous watch dials. Such voluntary exposure
must be considered from the standpoint of its risk-to-benefit ratio.
The benefits of a smoke detector or mammogram far outweigh the
risk from the low levels of radiation involved. Radiation therapists
and radiologists face a greater risk than their patients, however,
and astronauts and airline flight crews receive more than average
exposure. U.S. federal standards set a limit of 50 mSv/year as ac-
ceptable occupational exposure to ionizing radiation. A typical
mammogram exposes one to 0.4 to 0.6 mSv and a full-body CT
scan, 10 to 30 mSv.

lons, Electrolytes, and Free Radicals

Ions are charged particles with unequal numbers of protons and
electrons. An ion can consist of a single atom with a positive or
negative charge (such as Na* or CI7); a group of atoms such as
phosphate (PO,*") and bicarbonate (HCO;") ions; or a molecule as
large as a protein with many charges on it.

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

3Rolf Maximillian Sievert (1896-1966), Swedish radiologist
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FIGURE 2.4 lonization.

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

Some elements exist in two or more ionized forms. Iron, for
example, has ferrous (Fe**) and ferric (Fe**) ions. Note that some
ions have a single positive or negative charge, whereas others have
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charges of +2 or +3 because they gain or lose more than one elec-
tron. The charge on an ion is called its valence.

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

Electrolytes are substances that ionize in water (acids, bases,
or salts) and form solutions capable of conducting electricity
(table 2.2). We can detect electrical activity of the muscles, heart,
and brain with electrodes on the skin because electrolytes in the
body fluids conduct electrical currents from these organs to the
skin surface. Electrolytes are important for their chemical reactiv-
ity (as when calcium phosphate becomes incorporated into bone),
osmotic effects (influence on water content and distribution in
the body), and electrical effects (which are essential to nerve and
muscle function). Electrolyte balance is one of the most important
considerations in patient care (see section 24.2). Electrolyte imbal-
ances have effects ranging from muscle cramps and brittle bones
to coma and cardiac arrest.

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

Free radicals are produced by some normal metabolic re-
actions of the body (such as the ATP-producing oxidation re-
actions in mitochondria, and a reaction that some white blood
cells use to kill bacteria); by radiation (such as ultraviolet ra-
diation and X-rays); and by chemicals (such as nitrites, used as
preservatives in some wine, meat, and other foods). They are
short-lived and combine quickly with molecules such as fats,
proteins, and DNA, converting them into free radicals and trig-
gering chain reactions that destroy still more molecules. Among
the damages caused by free radicals are some forms of cancer
and myocardial infarction, the death of heart tissue. One theory
of aging is that it results in part from lifelong cellular damage
by free radicals.

Because free radicals are so common and destructive, we have
multiple mechanisms for neutralizing them. An antioxidant is

Major Electrolytes and the lons Released

e 2 by their Dissociation

Electrolyte Cation Anion
Calcium chloride (CaCl,) > Ca®' 2Cr
Disodium phosphate (Na,HPO,) > 2 Na* HPO42‘
Magnesium chloride (MgCl,) - Mg?* 2Cr
Potassium chloride (KCI) -> K* CI-
Sodium bicarbonate (NaHCO,) -> Na* HCO,-
Sodium chloride (NaCl) > Na* CI

a chemical that neutralizes free radicals. The body produces an
enzyme called superoxide dismutase (SOD), for example, that con-
verts superoxide into oxygen and hydrogen peroxide. Selenium,
vitamin E (a-tocopherol), vitamin C (ascorbic acid), and carot-
enoids (such as fB-carotene) are some antioxidants obtained from
the diet. Dietary deficiencies of antioxidants have been associated
with increased risk of heart attacks, sterility, muscular dystrophy,
and other disorders.

Molecules and Chemical Bonds

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

Molecules are represented by molecular formulae that iden-
tify their elements and show how many atoms of each are pres-
ent. Molecules with identical molecular formulae but different
arrangements of their atoms are called isomers” of each other. For
example, both ethanol and ethyl ether have the molecular formula
C,HO, but they are certainly not interchangeable! To show the
difference between them, we use structural formulae that show the
location of each atom (fig. 2.5).

The molecular weight (MW) of a compound is the sum of
the atomic weights of its atoms. Rounding to whole numbers,
we can calculate the approximate MW of glucose (C¢H,,Oy), for
example:

6Catoms X 12amueach = 72 amu
12 Hatoms X 1 amueach = 12 amu
60atoms X l6amueach = 96 amu
Molecular weight (MW) = 180 amu

Molecular weight is needed to compute some measures of concen-
tration discussed later.

4iso = same; mer = part

Condensed

Structural structural Molecular
formulae formulae formulae
H H

Ethanol H—(li—Cli—OH CH3CH,OH C,HgO
b o
H H

Ethyl ether H—i—O—Cli—H CH3;0CH;4 C,HgO
I

FIGURE 2.5 Structural Isomers, Ethanol and Ethyl Ether. The
molecular formulae are identical, but their structures, chemical
properties, and physiological effects are different.
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Bond Type Definition and Remarks

lonic Bond

Covalent Bond
Single covalent Sharing of one electron pair.

Double covalent
between carbon and nitrogen.

Nonpolar covalent
type of chemical bond.

Polar covalent
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Relatively weak attraction between an anion and a cation. Easily disrupted in water, as when salt dissolves.

Sharing of one or more pairs of electrons between nuclei.

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

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

Covalent bond in which electrons are more attracted to one nucleus than to the other, resulting in slightly

positive and negative regions in one molecule. May be single or double.

Hydrogen Bond

Weak attraction between polarized molecules or between polarized regions of the same molecule.

Important in the three-dimensional folding and coiling of large molecules. Easily disrupted by temperature

and pH changes.

Van der Waals Force
bonds.

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

An ionic bond is the attraction of a cation to an anion. So-
dium (Na*) and chloride (CI") ions, for example, are attracted
to each other and form the compound sodium chloride (NaCl),
common table salt. Ionic compounds can be composed of more
than two ions, such as calcium chloride, CaCl,. Ionic bonds are
weak and easily dissociate (break up) in the presence of some-
thing more attractive, such as water. The ionic bonds of NaCl
break down easily as salt dissolves in water, because both Na*
and CI™ are more attracted to water molecules than they are to
each other.

PP pAPPLY WHAT YOU KNOW

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

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

When shared electrons spend approximately equal time
around each nucleus, they form a nonpolar covalent bond
(fig. 2.7a), the strongest of all chemical bonds. Carbon atoms
bond to each other with nonpolar covalent bonds. If shared

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

oL

Hydrogen atom Hydrogen atom

H—H
Hydrogen molecule (H,)

(a)

Oxygen atom Carbon atom Oxygen atom

Carbon dioxide molecule (CO,)

(b)

FIGURE 2.6 Covalent Bonding. (a) Two hydrogen atoms

share a single pair of electrons to form a hydrogen molecule.

(b) A carbon dioxide molecule, in which a carbon atom shares two
pairs of electrons with each oxygen atom, forming double covalent
bonds.

electrons spend significantly more time orbiting one nucleus than
they do the other, they lend their negative charge to the region
where they spend the most time, and they form a polar covalent
bond (fig. 2.7b). When hydrogen bonds with oxygen, for example,
the electrons are more attracted to the oxygen nucleus and orbit it
more than they do the hydrogen. This makes the oxygen region of
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Nonpolar covalent
C—C bond

(@)

Polar covalent
O —~H bond

i .

e

5
(b)

FIGURE 2.7 Nonpolar and Polar Covalent Bonds. (a) A
nonpolar covalent bond between two carbon atoms, formed

by electrons that spend an equal amount of time around each
nucleus, as represented by the symmetric blue cloud. (b) A polar
covalent bond, in which electrons orbit one nucleus significantly
more than the other, as represented by the asymmetric cloud.
This results in a slight negative charge (6-) in the region where
the electrons spend most of their time, and a slight positive
charge (&6+) at the other pole.

the molecule slightly negative and the hydrogen regions slightly
positive. The Greek delta (8) is used to symbolize a charge less
than that of one electron or proton. A slightly negative region of
a molecule is represented 86— and a slightly positive region is rep-
resented &+.

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

Van der Waals® forces are important in protein folding, the
binding of proteins to each other and to other molecules such as
hormones, and the association of lipid molecules with each other
in cell membranes. They are weak, brief attractions between neu-
tral atoms. When electrons orbit a nucleus, they don’t maintain a
uniform distribution but show random fluctuations in density. If
the electrons briefly crowd toward one side of an atom, they render
that side slightly negative and the other side slightly positive for a
moment. If another atom is close enough to this one, the second

Johannes Diderik van der Waals (1837-1923), Dutch physicist

&+ iH |

5+ 5—

Covalent bond
$ o+

Hydrogen bond

Water molecule

FIGURE 2.8 Hydrogen Bonding of Water. The polar covalent

bonds of water molecules enable each oxygen to form a hydrogen

bond with a hydrogen of a neighboring molecule. Thus, the water

molecules are weakly attracted to each other.

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

atom responds with disturbances in its own electron cloud. Oppo-
sitely charged regions of the two atoms then attract each other for
a very brief moment.

A single van der Waals force is only about 1% as strong as a
covalent bond, but when two surfaces or large molecules meet, the
van der Waals forces between large numbers of atoms can create a
very strong attraction. This is how plastic wrap clings to food and
dishes; flies and spiders walk across a ceiling; and even a heavy
lizard or tree frog can walk up a windowpane.

BEFORE YOU GO ON

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

1. Consider iron (Fe), hydrogen gas (H,), and ammonia (NH,).
Which of them is or are atoms? Which of them is or are mol-
ecules? Which of them is or are compounds? Explain each
answer.

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

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



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

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

EEEM Water and Mixtures

Expected Learning Outcomes

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

a. define mixture and distinguish between mixtures and
compounds;

. describe the biologically important properties of water;

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

. define acid and base and interpret the pH scale; and

® O O T

. discuss some ways in which the concentration of a
solution can be expressed, and the kinds of information
we can derive from the different units of measure.

Our body fluids are complex mixtures of chemicals. A mix-
ture consists of substances that are physically blended but not
chemically combined. Each substance retains its own chemical
properties. To contrast a mixture with a compound, consider so-
dium chloride again. Sodium is a lightweight metal that bursts
into flame if exposed to water, and chlorine is a yellow-green
poisonous gas that was once used in chemical warfare. When
these elements chemically react, they form common table salt.
Clearly, the compound has properties much different from the
properties of its elements. But if you were to put a little salt on
your watermelon, the watermelon would taste salty and sweet
because the sugar of the melon and the salt you added would
merely form a mixture in which each compound retained its in-
dividual properties.

Water

Most mixtures in our bodies consist of chemicals dissolved or
suspended in water. Water constitutes 50% to 75% of your body
weight, depending on age, sex, fat content, and other factors. Its
structure, simple as it is, has profound biological effects. Two as-
pects of its structure are particularly important: (1) Its atoms are
joined by polar covalent bonds, and (2) the molecule is V-shaped,
with a 105° bond angle (fig. 2.9a). This makes the molecule as
a whole polar, because there is a slight negative charge (6—) on
the oxygen at the apex of the V and a slight positive charge (5+)
on each hydrogen. Like little magnets, water molecules are at-
tracted to one another by hydrogen bonds (see fig. 2.8). This
gives water a set of properties that account for its ability to sup-
port life: solvency, cohesion, adhesion, chemical reactivity, and
thermal stability.

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

To be soluble in water, a molecule usually must be polarized or
charged so that its charges can interact with those of water. When
NaCl is dropped into water, for example, the ionic bonds between Na*
and CI™ are overpowered by the attraction of each ion to water mol-
ecules. Water molecules form a cluster, or hydration sphere, around
each sodium ion with the O> pole of each water molecule facing the
sodium ion. They also form a hydration sphere around each chloride
ion, with the H*" poles facing it. This isolates the sodium ions from
the chloride ions and keeps them dissolved (fig. 2.9b).

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

The chemical reactivity of water is its ability to participate in
chemical reactions. Not only does water ionize many other chemi-
cals such as acids and salts, but water itself ionizes into H" and
OH"™. These ions can be incorporated into other molecules, or re-
leased from them, in the course of chemical reactions such as hy-
drolysis and dehydration synthesis, described later in this chapter.

The thermal stability of water helps to stabilize the internal
temperature of the body. It results from the high heat capacity of
water—the amount of heat required to raise the temperature of
1 g of a substance by 1°C. The base unit of heat is the calorie®
(cal)—1 cal is the amount of heat that raises the temperature of
1 g of water 1°C. The same amount of heat would raise the tem-
perature of a nonpolar substance such as nitrogen about four times
as much. The difference stems from the presence or absence of
hydrogen bonding. To increase in temperature, the molecules of a
substance must move around more actively. The hydrogen bonds
of water molecules inhibit their movement, so water can absorb

®hydro = water; philic = loving, attracted to
"hydro = water; phobic = fearing, avoiding
8calor = heat
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FIGURE 2.9 Water and Hydration Spheres. (a) A water molecule showing its bond angle and polarity. (b) Water molecules aggregate
around a sodium ion with their negatively charged oxygen poles facing the Na" and aggregate around a chloride ion with their positively

charged hydrogen poles facing the CI".

a given amount of heat without changing temperature (molecular
motion) as much.

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

p ) pAPPLY WHAT YOU KNOW
Why are heat and temperature not the same thing?

Solutions, Colloids, and Suspensions

Mixtures of other substances in water can be classified as solu-
tions, colloids, and suspensions.

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

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

* Such small particles do not scatter light noticeably, so solu-
tions are usually transparent (fig. 2.10a).

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

* The solute does not separate from the solvent when the solu-
tion is allowed to stand.

The most common colloids’ in the body are mixtures of pro-
tein and water, such as the albumin in blood plasma. Many colloids
can change from liquid to gel states—gelatin desserts, agar culture
media, and the fluids within and between our cells, for example.
Colloids are defined by the following physical properties:

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

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

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

* The particles are still small enough, however, to remain per-
manently mixed with the solvent when the mixture stands.

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

* The suspended particles exceed 100 nm in size.
* Such large particles render suspensions cloudy or opaque.

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

* The particles are too heavy to remain permanently sus-
pended, so suspensions separate on standing. Blood cells,
for example, form a suspension in the blood plasma and
settle to the bottom of a tube when blood is allowed to
stand without mixing (fig. 2.10c, d).

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

°collo = glue; oid = like, resembling
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FIGURE 210 A Solution, a Colloid, and a Suspension. Top row:

Photographs of a representative solution, colloid, and suspension.
Bottom row: Symbolic representation of the particle sizes in

each mixture. (a) In a copper sulfate solution, the solute particles
are so small they remain permanently mixed and the solution is
transparent. (b) In milk, the protein molecules are small enough to
remain permanently mixed, but large enough to scatter light, so
the mixture is opaque. (c) In blood, the red blood cells scatter light
and make the mixture opaque. (d) Red blood cells are too large to
remain evenly mixed, so they settle to the bottom as in this blood
specimen that stood overnight.

Top: © Ken Saladin
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A single mixture can fit into more than one of these cat-
egories. Blood is a perfect example—it is a solution of sodium
chloride, a colloid of protein, and a suspension of cells. Milk is a
solution of calcium, a colloid of protein, and an emulsion of fat.
Table 2.4 summarizes the types of mixtures and provides addi-
tional examples.

Acids, Bases, and pH

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

An acid is any proton donor, a molecule that releases a pro-
ton (H") in water. A base is a proton acceptor. Since hydroxide
ions (OH™) accept H*, many bases are substances that release
hydroxide ions—sodium hydroxide (NaOH), for example. A base
does not have to be a hydroxide donor, however. Ammonia (NH,)
is also a base. It does not release hydroxide ions, but it readily ac-
cepts hydrogen ions to become the ammonium ion (NH,*).

Acidity is expressed in terms of pH, a measure derived from
the molarity of H". Molarity (explained in the next section) is rep-
resented by square brackets, so the molarity of H* is symbolized
[H*]. pH is the negative logarithm of hydrogen ion molarity—that
is, pH = —log [H*]. In pure water, 1 in 10 million molecules ion-
izes into hydrogen and hydroxide ions: H,O = H* + OH™. (The
symbol = denotes a reversible chemical reaction.) Pure water has
a neutral pH because it contains equal amounts of H* and OH™.
Since 1 in 10 million molecules ionize, the molarity of H* and the
pH of water are

[H*] = 0.0000001 molar = 107"M;
log[H*] = —7 and
pH = —log[H"] =7.

The pH scale (fig. 2.11) was invented in 1909 by Danish bio-
chemist and brewer Soren Sorensen to measure the acidity of beer.
The scale extends from 0.0 to 14.0. A solution with a pH of 7.0 is
neutral; solutions with pH below 7 are acidic; and solutions with
pH above 7 are basic (alkaline). The lower the pH value, the more
hydrogen ions a solution has and the more acidic it is. Since the pH
scale is logarithmic, a change of one whole number on the scale
represents a 10-fold change in H* concentration. In other words, a
solution with pH 4 is 10 times as acidic as one with pH 5 and 100
times as acidic as one with pH 6.

Slight disturbances of pH can seriously disrupt physiologi-
cal functions and alter drug actions (see Deeper Insight 2.2), so
it is important that the body carefully control its pH. Blood, for
example, normally has a pH ranging from 7.35 to 7.45. Deviations
from this range cause tremors, fainting, paralysis, or even death.
Chemical solutions that resist changes in pH are called buffers.
Buffers and pH regulation are considered in detail in section 24.3.

p ) pAPPLY WHAT YOU KNOW

A pH of 720 is slightly alkaline, yet a blood pH of 7.20 is
called acidosis. Why do you think it is called this?
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A\ E=SP B Types of Mixtures

Solution
Particle size <l nm
Appearance Clear
Will particles settle out? No

Will particles pass through a selectively Yes

permeable membrane?

Examples Glucose in blood
O, in water
Saline solutions
Sugar in coffee

Other Measures of Concentration

Solutions are often described in terms of their concentration—
how much solute is present in a given volume of solution.
Concentration is expressed in different ways for different
purposes, briefly itemized here and more fully explained in
appendix C.

* Weight per volume. This is the weight of solute (such as
grams, g, or milligrams, mg) in a given volume of solution
(such as liters, L, or deciliters, dL). For example, a typical
serum cholesterol concentration is 200 mg/dL.

* Percentage. This is the weight of solute as a percentage of
solution volume (weight per volume, w/v) or volume of a
liquid as a percentage of total solution volume (volume per
volume, v/v). For example, a common intravenous fluid
is D5W, which means 5% w/v dextrose in distilled water.
Ethanol is often used as a 70% v/v solution.

Colloid Suspension

1-100 nm >100 nm

Often cloudy Cloudy-opaque

No Yes

No No

Proteins in blood Blood cells
Intracellular fluid Cornstarch in water
Milk protein Fats in blood
Gelatin Kaopectate

*  Molarity. One mole of a chemical is the number of grams
equal to its molecular weight, and molarity (M) is a meas-
ure of the number of moles of solute per liter of solution.
This reflects not merely the weight of solute in the solution,
but the number of molecules per volume. It is the number
of molecules, not their total weight, that determines the
physiological effect of a solution, so molarity is often the
most meaningful measure of concentration. Body fluids are
usually quantified in millimolar (mM) concentrations, since
they are much less than 1 molar.

* Milliequivalents per liter. This unit of measure (expressed
mEq/L) is used to express electrolyte concentrations; it
takes into account not only the millimolar concentration
of a solute but the electrical charge on its particles. This is
important to processes such as nerve firing, the heartbeat,
and muscle contractions, which are driven by electrical
phenomena. The mEq/L concentration of electrolytes is
critically important in giving intravenous fluids.

Milk Pure water E hi Household

Wine Bread  63-66)  (10) o fte bleach Household

vinegar Bananas,  offee ’ (9.5) cjligwr;c;?g

Gastric juice (2.4-3.5) tomatoes (5.0) (10.5-11.0)

(0.9-3.0) Lemon - Oven cleaner, lye
/ (13.4)
™ 1M sodium
hydrochloric hydroxide
acid (0)

0

Neutral

(14)

14

FIGURE 211 The pH Scale and Approximate pH of Some Familiar Household Substances. The pH is shown within the colored bar.

H* molarity increases 10-fold for every step down the scale.



DEEPER INSIGHT 2.2
CLINICAL APPLICATION

pH and Drug Action

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

BEFORE YOU GO ON

Answer the following questions to test your understanding of
the preceding section:
6. What is the difference between a mixture and a compound?
7. What are hydrophilic and hydrophobic substances? Give
an example of each.
8. Why would the cohesion and thermal stability of water be
less if water did not have polar covalent bonds?
9. How do solutions, colloids, and suspensions differ from
each other? Give an example of each in the human body.

10. If solution A had a H* concentration of 108 M, what would
be its pH? If solution B had 1,000 times this H* concentra-
tion, what would be its pH? Would solution A be acidic or
basic? What about solution B?

11. What information can we get from the molarity of a solu-
tion that we cannot know from its percentage concentra-
tion? What do we know from a concentration in mEq/L that
we could not know from molarity alone?

BEXEM Energy and Chemical Reactions

Expected Learning Outcomes
When you have completed this section, you should be able to

a. define energy and work, and describe some types of
energy;

b. understand how chemical reactions are symbolized by
chemical equations;

c. list and define the fundamental types of chemical reactions;

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

e. define metabolism and its two subdivisions; and

f. define oxidation and reduction, and relate these to
changes in the energy content of a molecule.
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Energy and Work

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

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

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

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

Classes of Chemical Reactions

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

CH,CH,OH + 0, —
Ethanol

CH,COOH , H,0

Oxygen Acetic Acid Water
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FIGURE 212 Decomposition, Synthesis, and Exchange Reactions. (a) In a decomposition reaction, large molecules are broken down
into simpler ones. (b) In a synthesis reaction, smaller molecules are joined to form larger ones. (c) In an exchange reaction, two molecules

exchange atoms.
9 To which of these categories does the digestion of food belong?

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

Chemical reactions can be classified as decomposition,
synthesis, or exchange reactions. In decomposition reactions,
a large molecule breaks down into two or more smaller ones
(fig. 2.12a); symbolically, AB — A + B. When you eat a po-
tato, for example, digestive enzymes decompose its starch into
thousands of glucose molecules, and most cells further decom-
pose glucose to water and carbon dioxide. Starch, a very large
molecule, ultimately yields about 36,000 molecules of H,O
and CO,.

Synthesis reactions are just the opposite—two or more
small molecules combine to form a larger one; symbolically,
A + B — AB (fig. 2.12b). When the body synthesizes proteins,
for example, it combines 50 or more amino acids into one protein
molecule.

In exchange reactions, two molecules exchange atoms or
groups of atoms; AB + CD — AC + BD (fig. 2.12c). For ex-
ample, when stomach acid (HCI) enters the small intestine, the
pancreas secretes sodium bicarbonate (NaHCO;) to neutralize it.
The reaction between the two is

NaHCO, + HCI —> NaCl + H,CO,.

We could say the sodium atom has exchanged its bicarbonate
group (—HCO,) for a chlorine atom.

Reversible reactions can go in either direction under different
circumstances. For example, carbon dioxide combines with water
to produce carbonic acid, which in turn decomposes into bicarbon-
ate ions and hydrogen ions:

CcO, + HO = H,CO; = HCO; + H*
Carbon Water Carbonic Bicarbonate Hydrogen
dioxide acid ion ion

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

The direction in which a reversible reaction goes is determined
by the relative abundance of substances on each side of the equa-
tion. If there is a surplus of CO,, this reaction proceeds left to right
and produces bicarbonate and hydrogen ions. If bicarbonate and hy-
drogen ions are present in excess, the reaction proceeds right to left
and generates CO, and H,O. Reversible reactions follow the law of
mass action: They proceed from the reactants in greater quantity
to the substances with the lesser quantity. This law will help to ex-
plain processes discussed in later chapters, such as why hemoglobin
binds oxygen in the lungs yet releases it to muscle tissue.

In the absence of upsetting influences, reversible reactions
exist in a state of equilibrium, in which the ratio of products to
reactants is stable. The carbonic acid reaction, for example, nor-
mally maintains a 20:1 ratio of bicarbonate ions to carbonic acid
molecules. This equilibrium can be upset, however, by a surplus
of hydrogen ions, which drive the reaction to the left, or adding
carbon dioxide and driving it to the right.



Reaction Rates

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

* Concentration. Reaction rate increases when the reactants
are more concentrated. This is because the molecules are
more crowded and collide more frequently.

* Temperature. Reaction rate increases as the temperature
rises. This is because heat causes molecules to move more
rapidly and collide with greater force and frequency.

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

Metabolism, Oxidation, and Reduction

All the chemical reactions in the body are collectively called
metabolism. Metabolism has two divisions: catabolism and anabo-
lism. Catabolism'® (ca-TAB-oh-lizm) consists of energy-releasing
decomposition reactions. Such reactions break covalent bonds, pro-
duce smaller molecules from larger ones, and release energy that
can be used for other physiological work. Energy-releasing reac-
tions are called exergonic'' reactions. If you hold a beaker of water
in your hand and pour sulfuric acid into it, for example, the beaker
will get so hot you may have to put it down. If you break down

cato = down, to break down

Hex, exo = out; erg = work

V=18 RN Energy-Transfer Reactions in the Human Body

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

Exergonic Reactions

Oxidation
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energy-storage molecules to run a race, you too will get hot. In both
cases, the heat signifies that exergonic reactions are occurring.

Anabolism'?> (ah-NAB-oh-lizm) consists of energy-storing
synthesis reactions, such as the production of protein or fat. Re-
actions that require an energy input, such as these, are called
endergonic'® reactions. Anabolism is driven by the energy that ca-
tabolism releases, so endergonic and exergonic processes, anabo-
lism and catabolism, are inseparably linked.

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

CeH,04
Glucose

- 2CH,CH,OH +
Ethanol

2 CO,
Carbon dioxide

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

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

Table 2.5 summarizes these energy-transfer reactions. We
can symbolize oxidation and reduction as follows, letting A and B

2ana = up, to build up
Bend, endo = in; erg = work

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

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

Decomposition
Catabolism

Endergonic Reactions

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

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

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

A reaction such as protein and glycogen synthesis, in which two or more smaller molecules are combined into a
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symbolize arbitrary molecules and letting e” represent one or more
electrons that transfer from molecule A to molecule B:

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

Ae” is a reducing agent because it reduces B, and B is an oxidizing
agent because it oxidizes Ae™.

BEFORE YOU GO ON

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

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

13. Define metabolism, catabolism, and anabolism.

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

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

EEX M Organic Compounds

Expected Learning Outcomes

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

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

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

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

. discuss the types and functions of carbohydrates;
. discuss the types and functions of lipids;

discuss protein structure and function;
. explain how enzymes function;

QO ™ 0o o

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

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

Carbon Compounds and Functional Groups

Organic chemistry is the study of compounds of carbon. By 1900,
biochemists had classified the large organic molecules of life into four
primary categories: carbohydrates, lipids, proteins, and nucleic acids.
We examine the first three in this chapter but describe the details of
nucleic acids, which are concerned with genetics, in section 4.1.
Carbon is an especially versatile atom that serves as the basis
of a wide variety of structures. It has four valence electrons, so
it bonds with other atoms that can provide it with four more to
complete its valence shell. Carbon atoms readily bond with each

other and can form long chains, branched molecules, and rings—
an enormous variety of carbon backbones for organic molecules.
Carbon also commonly forms covalent bonds with hydrogen, oxy-
gen, nitrogen, and sulfur.

Carbon backbones carry a variety of functional groups—
small clusters of atoms that determine many of the properties of
an organic molecule. For example, organic acids bear a carboxyl
(car-BOC-sil) group, and ATP is named for its three phosphate
groups. Other common functional groups include hydroxyl,
methyl, and amino groups (fig. 2.13).

Monomers and Polymers

Since carbon can form long chains, some organic molecules
are gigantic macromolecules with molecular weights that range
from the thousands (as in starch and proteins) to the millions

LT Structure Occurs in
Symbol

Hydroxyl

(—OH) Sugars, alcohols
Fats, oils,

M_eé:'yl steroids,

( 3) amino acids

Carboxyl Amino acids,

(—COOH) sugars, proteins

Amino Amino acids,

(—NHy) proteins

Phosphate . .
Nucleic acids, ATP

(—=H2POy)

g’y

FIGURE 213 Functional Groups of Organic Molecules.
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(a) Dehydration synthesis

PN
H* + OH™ —> H39

OH HO

A\
H,O —> Ht + OH™
g
(b) Hydrolysis

FIGURE 214 Dehydration Synthesis and Hydrolysis Reactions. (a) In dehydration synthesis, a hydrogen atom is removed from one
monomer and a hydroxyl group is removed from another. These combine to form water as a by-product. The monomers become joined by a
covalent bond to form a dimer. (b) In hydrolysis, a covalent bond between two monomers is broken. Water donates a hydrogen atom to one

monomer and a hydroxyl group to the other.

(as in DNA). Most macromolecules are polymers'“—molecules
made of a repetitive series of identical or similar subunits
called monomers. Starch, for example, is a polymer of about
3,000 glucose monomers. In starch, the monomers are identical,
whereas in other polymers they have a basic structural similarity
but differ in detail. DNA, for example, is made of 4 different
kinds of monomers (nucleotides), and proteins are made of
20 kinds (amino acids).

The joining of monomers to form a polymer is called
polymerization. Living cells achieve this by means of a reaction
called dehydration synthesis (condensation) (fig. 2.14a). An
enzyme removes a hydroxyl (—OH) group from one monomer
and a hydrogen (—H) from another, producing water as a by-
product. The two monomers become joined by a covalent bond,
forming a dimer. This is repeated for each monomer added to the
chain, potentially leading to a chain long enough to be consid-
ered a polymer.

The opposite of dehydration synthesis is hydrolysis'
(fig. 2.14b). In hydrolysis, a water molecule ionizes into OH™ and
H*. An enzyme breaks the covalent bond linking one monomer to
another, and adds OH™ to one monomer and H* to the other one.
All digestion consists of hydrolysis reactions.

Carbohydrates

A carbohydrate'® is a hydrophilic organic molecule with the gen-
eral formula (CH,0)n, where n represents the number of carbon
atoms. In glucose, for example, n = 6 and the formula is C;H,,0q.
As the generic formula shows, carbohydrates have a 2:1 ratio of
hydrogen to oxygen.

“poly = many; mer = part
Bhydro = water; lysis = splitting apart
Scarbo = carbon; hydr = water

p ) p APPLY WHAT YOU KNOW

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

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

The simplest carbohydrates are monomers called
monosaccharides'’ (MON-oh-SAC-uh-rides), or simple sug-
ars. The three of primary importance are glucose, galactose, and
fructose, all with the molecular formula C;H,,0O,; they are isomers
of each other (fig. 2.15). We obtain these sugars mainly by the
digestion of more complex carbohydrates. Glucose is the “blood
sugar” that provides energy to most of our cells. Two other mono-
saccharides, ribose and deoxyribose, are important components of
DNA and RNA.

Disaccharides are sugars composed of two monosaccha-
rides. The three disaccharides of greatest importance are sucrose
(made of glucose + fructose), lactose (glucose + galactose), and
maltose (glucose + glucose) (fig. 2.16). Sucrose is produced
by sugarcane and sugar beets and used as common table sugar.
Lactose is milk sugar. Maltose is a product of starch digestion
and is present in a few foods such as malt beverages and germi-
nating wheat.

Short chains of three or more monosaccharides are called
oligosaccharides, and long chains (up to thousands of mono-
saccharides long) are called polysaccharides. There is no exact
criterion for when a chain is long enough to be called a polysac-
charide, but a chain of 10 or 20 monosaccharides would generally

"mono = one; sacchar = sugar
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Glucose CH,OH
(0]
H /4 H
HOo \OH B/ oH
H OH
Galactose CH,0H
(0]
HO H H
H G B/ oH
H OH
Fructose
(0]
HOCH, OH
H NP HO /" chy0H
OH H

FIGURE 215 The Three Major Monosaccharides. All three have
the molecular formula C4H,,O,. Each angle in the rings represents
a carbon atom except the one where oxygen is shown. This is a
conventional way of representing carbon in the structural formulae
of organic compounds.

be considered an oligosaccharide, whereas a chain of 50 or more
would generally be considered a polysaccharide. Polysaccha-
rides can be thousands of sugars long and may have molecular
weights of 500,000 or more (compared with 180 for a single glu-
cose). Three polysaccharides of interest to human physiology are
glycogen, starch, and cellulose—all composed solely of glucose.
Animals, including ourselves, make glycogen, whereas starch and
cellulose are plant products.

Glycogen'® is an energy-storage polysaccharide made by
cells of the liver, muscles, brain, uterus, and vagina. It is a long,
branched, glucose polymer (fig. 2.17). The liver produces glyco-
gen after a meal, when the blood glucose level is high, and then
breaks it down between meals to maintain blood glucose levels
when there is no food intake. Muscle stores glycogen for its own
energy needs, and the uterus uses it in early pregnancy to nourish
the embryo.

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

Bglyco = sugar; gen = producing

Sucrose
CH,OH
(0] CH50H _O.
H H 2 H
H
OH H o H HO
HO CH,OH
H OH OH H
Lactose
CH,0H H OH
HO 2 o0 — OH
H OH H
OH H H
H
H H o H
H OH CH>OH
Maltose
CH,OH CH,OH
(0] (0)
H H H OH
H H
OH H o — OH H
HO H
H OH H OH

FIGURE 216 The Three Major Disaccharides.

Cellulose is a structural polysaccharide that gives strength to
the cell walls of plants. It is the principal component of wood, cot-
ton, and paper. It consists of a few thousand glucose monomers
joined together, with every other monomer “upside down” relative
to the next. (The —CH,OH groups all face in the same direction in
glycogen and starch, but alternate between facing up and down in
cellulose.) Cellulose is the most abundant organic compound on
earth and it is a common component of the diets of humans and
other animals—yet we have no enzymes to digest it and thus de-
rive no energy or nutrition from it. Nevertheless, it is important as
dietary fiber (“bulk” or “roughage”). It swells with water in the di-
gestive tract and helps move other materials through the intestine.

Carbohydrates are, above all, a source of energy that can be
quickly mobilized. All digested carbohydrate is ultimately con-
verted to glucose, and glucose is oxidized to make ATP, a high-
energy compound discussed later. But carbohydrates have other
functions as well (table 2.6). They are often conjugated'® with
(covalently bound to) proteins and lipids. Many of the lipid and
protein molecules at the external surface of the cell membrane
have chains of up to 12 sugars attached to them, thus forming
glycolipids and glycoproteins, respectively. Among other func-
tions, glycoproteins are a major component of mucus, which traps
particles in the respiratory system, resists infection, and protects
the digestive tract from its own acid and enzymes.

con = together; jug = join
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FIGURE 247 Glycogen. This is the only polysaccharide found in human tissues. (a) Part of a glycogen molecule showing the chain of
glucose monomers and branching pattern. (b) Detail of the molecule at a branch point.

Proteoglycans are macromolecules in which the carbohydrate
component is dominant and a peptide or protein forms a smaller
component. Proteoglycans form gels that help hold cells and tis-
sues together, form a gelatinous filler in the umbilical cord and
eye, lubricate the joints of the skeletal system, and account for the
tough rubbery texture of cartilage. Their structure and functions

are further considered in chapter 5.

When discussing conjugated macromolecules, it is con-
venient to refer to each chemically different component as a

1/:A\:=18= N8N Carbohydrate Functions

Type
Monosaccharides

Function

Glucose Blood sugar—energy source for most cells
Galactose Converted to glucose and metabolized
Fructose Fruit sugar—converted to glucose and metabolized

Disaccharides

Sucrose Cane sugar—digested to glucose and fructose

Lactose Milk sugar—digested to glucose and galactose;
important in infant nutrition

Maltose Malt sugar—product of starch digestion, further

digested to glucose

Polysaccharides

Cellulose Structural polysaccharide of plants; dietary fiber

Starch Energy storage in plant cells; energy source in
human diet

Glycogen Energy storage in animal cells (liver, muscle, brain,

uterus, vagina)
Conjugated Carbohydrates

Glycoprotein  Component of the cell surface coat and mucus,

among other roles

Glycolipid Component of the cell surface coat

Proteoglycan  Cell adhesion; lubrication; supportive filler of some

tissues and organs

moiety”® (MOY-eh-tee). Proteoglycans have a protein moiety and
a carbohydrate moiety, for example.

Lipids

A lipid is a hydrophobic organic molecule, usually composed only
of carbon, hydrogen, and oxygen, with a high ratio of hydrogen
to oxygen. A fat called tristearin (tri-STEE-uh-rin), for example,

has the molecular formula Cy;H,,;O,—more than 18 hydrogens

for every oxygen. Lipids are less oxidized than carbohydrates, and
thus have more calories per gram. Beyond these criteria, it is dif-
ficult to generalize about lipids; they are much more variable in
structure than the other macromolecules we are considering. We
consider here the five primary types of lipids in humans—fatty
acids, triglycerides, phospholipids, eicosanoids, and steroids

(see table 2.7).

Pmoiet = half

TABLE 2.7

Type
Bile acids

Cholesterol

Eicosanoids

Fat-soluble
vitamins
(A, D, E, and K)

Fatty acids
Phospholipids

Steroid hormones

Triglycerides

Lipid Functions

Function

Steroids that aid in fat digestion and nutrient
absorption

Component of cell membranes; precursor of
other steroids

Chemical messengers between cells

Involved in a variety of functions including
blood clotting, wound healing, vision, and
calcium absorption

Precursor of triglycerides; source of energy

Major component of cell membranes; aid in
fat digestion

Chemical messengers between cells

Energy storage; thermal insulation; filling
space; binding organs together; cushioning
organs
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A fatty acid is a chain of usually 4 to 24 carbon atoms with
a carboxyl group at one end and a methyl group at the other. Fatty
acids and the fats made from them are classified as saturated or
unsaturated. A saturated fatty acid such as palmitic acid has as
much hydrogen as it can carry. No more could be added without ex-
ceeding four covalent bonds per carbon atom; thus, it is “saturated”
with hydrogen. In unsaturated fatty acids such as linoleic acid,
however, some carbon atoms are joined by double covalent bonds
(fig. 2.18). Each of these could potentially share one pair of elec-
trons with another hydrogen atom instead of the adjacent carbon,

so hydrogen could be added to this molecule. Polyunsaturated
fatty acids are those with multiple C=C bonds. Most fatty acids
can be synthesized by the human body, but a few, called essential
fatty acids, must be obtained from the diet because we cannot
synthesize them.

A triglyceride (try-GLISS-ur-ide) is a molecule consisting of
a three-carbon alcohol called glycerol linked to three fatty acids;
triglycerides are more correctly, although less widely, also known
as triacylglycerols. Each bond between a fatty acid and glycerol
is formed by dehydration synthesis (fig. 2.18). Once joined to
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FIGURE 218 Triglyceride (Fat) Synthesis. Note the difference between saturated and unsaturated fatty acids and the production of

3 H,0 as a by-product of this dehydration synthesis reaction.



glycerol, a fatty acid can no longer donate a proton to solution
and is therefore no longer an acid. For this reason, triglycerides
are also called neutral fats. Triglycerides are broken down by hy-
drolysis reactions, which split each of these bonds apart by the
addition of water.

Triglycerides that are liquid at room temperature are also
called oils, but the difference between a fat and an oil is fairly
arbitrary. Coconut oil, for example, is solid at room temperature.
Animal fats are usually made of saturated fatty acids, so they are
called saturated fats. They are solid at room or body temperature.
Most plant triglycerides are polyunsaturated fats, which gener-
ally remain liquid at room temperature. Examples include peanut,
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olive, corn, and linseed oils. Saturated fats contribute more to
cardiovascular disease than unsaturated fats, and for this reason
it is healthier to cook with vegetable oils than with lard, bacon
fat, or butter.

The primary function of fat is energy storage, but when con-
centrated in adipose tissue, it also provides thermal insulation and
acts as a shock-absorbing cushion for vital organs (see “Adipose
Tissue” in section 5.3).

Phospholipids are similar to neutral fats except that in place
of one fatty acid, they have a phosphate group which, in turn, is
linked to other functional groups. Lecithin is a common phos-
pholipid in which the phosphate is bonded to a nitrogenous group

CLINICAL APPLICATION

Trans Fats and Cardiovascular Health

Trans fats have been a significant part of the American diet for more
than a century—since partially hydrogenated vegetable oil was invented
in 1911 and heavily marketed for household and industrial use. Yet in
2015, the U.S. Food and Drug Administration (FDA) ordered food manu-
facturers to discontinue their use within the next 3 years. So what are
trans fats, why were they so popular for so long, and why are they now
being almost entirely banished?

A trans fat is a triglyceride containing one or more trans-fatty acids. In
such fatty acids, there is at least one unsaturated C=C double bond. On
each side of that bond, the single covalent C—C bonds angle in opposite
directions (trans means “across from”) like a pair of bicycle pedals (see
arrows in figure 2.19a). This is in contrast to cis-fatty acids, in which the
two C—C bonds adjacent to the C=C bond angle in the same direction
(cis means “on the same side”). As you can see (figure 2.19b), the cis
configuration creates a kink in the chain, whereas the trans configura-
tion results in a relatively straight chain. This kink prevents triglycerides
with cis bonds from packing closely together; hence they are oils. Trans
fats, however, are more densely packed and therefore solid at room
temperature.

Small amounts of trans fat occur naturally in meat and dairy products,
but in 1911, a food manufacturer invented a method for forcing hydrogen
through liquid vegetable oils and converting liquid cis-fatty acids to solid
trans-fatty acids. The resulting partially hydrogenated oil (PHO), sold as
vegetable shortening, had several advantages. It was easier to use in
making such baked goods as pie crusts and biscuits; it gave products
a desirable texture and longer shelf life; and vegetable products were
more acceptable than animal fat to vegetarians. Trans fats came to be
abundantly used not only by home cooks but also in snack foods, baked
goods, frosting, coffee creamer, margarine, and fast foods such as french
fries and take-out fried chicken.

But trans fats resist enzymatic breakdown in the human body, remain in
circulation longer, and have more tendency to deposit in the arteries than
saturated and cis fats do. Therefore, they raise the risk of coronary heart
disease (CHD). A study of more than 80,000 nurses who tracked their diets
from 1980 to 1994 showed, among other things, that for every 2% increase
in calories from trans fats as compared to carbohydrates, the women had
a 93% elevated incidence of CHD. As the dangers of trans fats became
widely known, their consumption in the United States declined greatly after
2003 and they were banned in some cities and states, until the FDA con-
cluded in 2015 that they are “not safe for human consumption” and must
be eliminated from processed and restaurant foods.

i\

OH

(b) A cis-fatty acid (oleic acid)

FIGURE 219 Trans- and Cis-Fatty Acids. Each example is
unsaturated at the C=C double bond in red. (a) In a trans-fatty
acid, the bonds on opposite sides of the C=C bond angle in
opposite directions (arrows). (b) In a cis-fatty acid, the bonds on
opposite sides of the C=C bond angle in the same direction.
The straight chains of trans-fatty acids allow fat molecules to
pack more tightly together, thus to remain solid (greasy) at room
temperature. Oleic acid melts at 13.5°C (56.3°F), whereas elaidic
acid melts at 46.5°C (115.7°F).
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FIGURE 2.20 Lecithin, a Representative Phospholipid. (a) Structural formula. (b) A space-filling model that gives some idea of the actual
shape of the molecule. (c) A simplified representation of the phospholipid molecule used in diagrams of cell membranes.

called choline (CO-leen) (fig. 2.20). Phospholipids have a dual na-
ture. The two fatty acid “tails” of the molecule are hydrophobic,
but the phosphate “head” is hydrophilic. Thus, phospholipids are
said to be amphipathic*' (AM-fih-PATH-ic). Together, the head
and the two tails of a phospholipid give it a shape like a clothespin.
The most important function of phospholipids is to serve as the
structural foundation of cell membranes (see “The Plasma Mem-
brane” in section 3.2).

Eicosanoids? (eye-CO-sah-noyds) are 20-carbon compounds
derived from a fatty acid called arachidonic acid (ah-RACK-ih-
DONe-ic). They function primarily as hormonelike chemical sig-
nals between cells. The most functionally diverse eicosanoids
are the prostaglandins, in which five of the carbon atoms are ar-
ranged in a ring (fig. 2.21). These were originally found in the
secretions of bovine prostate glands—hence their name, but they
are now known to be produced in almost all tissues. They play a
variety of signaling roles in inflammation, blood clotting, hormone
action, labor contractions, control of blood vessel diameter, and
other processes (see chapter 17).

A steroid is a lipid with 17 of its carbon atoms arranged in
four rings (fig. 2.22). Cholesterol is the “parent” steroid from
which the other steroids are synthesized. The others include cor-
tisol, progesterone, estrogens, testosterone, and bile acids. These

2lamphi = both; pathic = feeling
Zeicosa = 20
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FIGURE 2.21 Prostaglandin. This is a modified fatty acid with
five of its carbon atoms arranged in a ring.

H3C

CH3
CH3
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FIGURE 2.22 Cholesterol. All steroids have this basic four-
ringed structure, with variations in the functional groups and
locations of double bonds within the rings.
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“Good” and “Bad” Cholesterol

There is only one kind of cholesterol, and it does far more good than
harm. When the popular media refer to “good” and “bad” cholesterol,
they are actually referring to droplets in the blood called lipoproteins,
which are a complex of cholesterol, fat, phospholipids, and protein.
So-called bad cholesterol refers to low-density lipoprotein (LDL), which
has a high ratio of lipid to protein and contributes to cardiovascular
disease. So-called good cholesterol refers to high-density lipoprotein
(HDL), which has a lower ratio of lipid to protein and may help to prevent
cardiovascular disease.

Even when food products are advertised as cholesterol-free, they
may be high in saturated fat, which stimulates the body to produce more
cholesterol. Palmitic acid seems to be the greatest culprit in stimulating
elevated cholesterol levels, while linoleic acid has a cholesterol-lowering
effect. Both are shown in figure 2.18. Cardiovascular disease is further
discussed in Deeper Insight 19.4, and LDLs and HDLs are more fully
explained at “Cholesterol and Serum Lipoproteins” in section 26.1.

differ from each other in the location of C=C bonds within the
rings and in the functional groups attached to the rings.

We obtain dietary cholesterol only from foods of animal ori-
gin; plants make only trace amounts of no dietary importance. The
average adult contains over 200 g (half a pound) of cholesterol.
Cholesterol has a bad reputation as a factor in cardiovascular dis-
ease (see Deeper Insight 2.4), and it is true that hereditary and
dietary factors can elevate blood cholesterol to dangerously high
levels. Nevertheless, cholesterol is a natural product of the body
and is necessary for human health. In addition to being the precur-
sor of other steroids, it is an important component of cell mem-
branes and is required for proper nervous system function. Only
about 15% of our cholesterol comes from the diet; the other 85% is
internally synthesized, primarily by the liver.

The principal lipids and their functions are summarized in
table 2.7.

Proteins

The word protein is derived from the Greek word proteios, mean-
ing “of first importance.” Proteins are the most versatile molecules
in the body, and many discussions in this book will draw on your
understanding of protein structure and behavior.

Amino Acids and Peptides

A protein is a polymer of amino acids. An amino acid has a cen-
tral carbon atom with an amino (—NH,) and a carboxyl (—COOH)
group bound to it (fig. 2.23a). The 20 amino acids used to make
proteins are identical except for a third functional group called the
radical (R group) attached to the central carbon. In the simplest
amino acid, glycine, R is merely a hydrogen atom, whereas in the
largest amino acids it includes rings of carbon. Some radicals are
hydrophilic and some are hydrophobic. Being composed of many
amino acids, proteins as a whole are therefore often amphipathic.
The 20 amino acids involved in proteins are listed in table 2.8
along with their abbreviations.
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FIGURE 2.23 Amino Acids and Peptides. (a) Four
representative amino acids. Note that they differ only in the R
group, shaded in pink. (b) The joining of two amino acids by a
peptide bond, forming a dipeptide. Side groups R, and R, could be
the groups indicated in pink in part (@), among other possibilities.

A peptide is any molecule composed of two or more amino
acids joined by peptide bonds. A peptide bond, formed by de-
hydration synthesis, joins the amino group of one amino acid to
the carboxyl group of the next (fig. 2.23b). Peptides are named
for the number of amino acids they have—for example, dipeptides
have two and tripeptides have three. Chains of fewer than 10 or
15 amino acids are called oligopeptides,” and chains larger than
that are called polypeptides. An example of an oligopeptide is
the childbirth-inducing hormone oxytocin, composed of 9 amino

Boligo = a few
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The 20 Amino Acids and Their

Liazlls 2y Abbreviations

Alanine Ala Leucine Leu
Arginine Arg Lysine Lys
Asparagine Asn Methionine Met

Aspartic acid Asp Phenylalanine Phe

Cysteine Cys Proline Pro
Glutamine Gln Serine Ser
Glutamic acid Glu Threonine Thr
Glycine Gly Tryptophan Trp
Histidine His Tyrosine Tyr
Isoleucine lle Valine Val

acids. A representative polypeptide is adrenocorticotropic hor-
mone (ACTH), which is 39 amino acids long. A protein is a poly-
peptide of 50 amino acids or more. A typical amino acid has a
molecular weight of about 80 amu, and the molecular weights of
the smallest proteins are around 4,000 to 8,000 amu. The average
protein weighs in at about 30,000 amu, and some of them have
molecular weights in the hundreds of thousands.

Protein Structure

Proteins have complex coiled and folded structures that are criti-
cally important to the roles they play. Even slight changes in their
conformation (three-dimensional shape) can destroy protein func-
tion. Protein molecules have three to four levels of complexity,
from primary through quaternary structure (fig. 2.24).

Primary structure is the protein’s sequence of amino acids,
which is encoded in the genes (see section 4.2).

Secondary structure is a coiled or folded shape held together
by hydrogen bonds between the slightly negative —C=0 group of
one peptide bond and the slightly positive —NH group of another
one some distance away. The most common secondary structures
are a springlike shape called the alpha () helix and a pleated,
ribbonlike shape, the beta (f§) sheet ($-pleated sheet). Many pro-
teins have multiple a-helical and p-pleated regions joined by short
segments with less orderly geometry. A single protein molecule
may fold back on itself and have two or more p-pleated regions
linked to one another by hydrogen bonds. Separate, parallel protein
chains also may be hydrogen-bonded to each other through their
B-pleated regions.

Tertiary’* structure (TUR-she-air-ee) is formed by the fur-
ther bending and folding of proteins into various globular and
fibrous shapes. It results from hydrophobic radicals associating
with each other and avoiding water while hydrophilic radicals
are attracted to the surrounding water. Van der Waals forces play
a significant role in stabilizing tertiary structure. Globular pro-
teins, somewhat resembling a wadded ball of yarn, have a com-
pact tertiary structure well suited for proteins embedded in cell

2tert = third

membranes and proteins that must move around freely in the body
fluids, such as enzymes and antibodies. Fibrous proteins such as
myosin, keratin, and collagen are slender filaments better suited
for such roles as muscle contraction and providing strength to skin,
hair, and tendons.

The amino acid cysteine (Cys), whose radical is —CH,—SH
(see fig. 2.23a), often stabilizes a protein’s tertiary structure by
forming covalent disulfide bridges. When two cysteines align
with each other, each can release a hydrogen atom, leaving the sul-
fur atoms to form a disulfide (—S—S—) bridge. Disulfide bridges
hold separate polypeptide chains together in such molecules as an-
tibodies and insulin (fig. 2.25).

Quaternary? structure (QUA-tur-nare-ee) is the association
of two or more polypeptide chains by noncovalent forces such as
ionic bonds and hydrophilic—hydrophobic interactions. It occurs
in only some proteins. Hemoglobin, for example, consists of four
polypeptides: two identical alpha chains and two identical, slightly
longer beta chains (fig. 2.24).

One of the most important properties of proteins is their abil-
ity to change conformation, especially tertiary structure. This can
be triggered by such influences as voltage changes on a cell mem-
brane during the action of nerve cells, the binding of a hormone to
a protein, or the dissociation of a molecule from a protein. Subtle,
reversible changes in conformation are important to processes such
as enzyme function, muscle contraction, and the opening and clos-
ing of pores in cell membranes. Denaturation is a more drastic
conformational change in response to conditions such as extreme
heat or pH. It is seen, for example, when you cook an egg and the
egg white (albumen) turns from clear and runny to opaque and
stiff. Denaturation makes a protein unable to perform its normal
function. It is sometimes reversible, but usually it permanently de-
stroys protein function.

Conjugated proteins have a non—amino acid moiety called a
prosthetic?® group covalently bound to them. Hemoglobin, for ex-
ample, not only has the four polypeptide chains described earlier, but
each chain also has a complex iron-containing ring called a heme
moiety attached to it (fig. 2.24). Hemoglobin cannot transport oxygen
unless this group is present. In glycoproteins, as described earlier, the
carbohydrate moiety is a prosthetic group.

Protein Functions

Proteins have more diverse functions than other macromolecules.
These include

* Structure. Keratin, a tough structural protein, gives strength
to the nails, hair, and skin surface. Deeper layers of the skin,
as well as bones, cartilage, and teeth, contain an abundance
of the durable protein collagen.

*  Communication. Some hormones and other cell-to-cell
signals are proteins, as are the receptors to which the sig-
nal molecules bind in the receiving cell. Any hormone or
other molecule that reversibly binds to a protein is called a
ligand?’ (LIG-and).

Bquater = fourth
2prosthe = appendage, addition
Ylig = to bind



Amino acids

Primary structure

) Sequence of amino acids
% Peptide bonds joined by peptide bonds

Alpha Beta
helix sheet
Secondary structure
Alpha helix or beta sheet
formed by hydrogen bonding
Chain 1
Chain 2
Tertiary structure
Folding and coiling due to
interactions among R groups
and between R groups and
surrounding water
Beta chain Alpha chain
Quaternary structure
Association of two or
Heme more polypeptide chains
groups with each other
Alpha Beta chain
chain

FIGURE 2.24 Four Levels of Protein Structure. The molecule shown for quaternary structure is hemoglobin, which is composed of four
polypeptide chains. The heme groups are iron-containing nonprotein moieties.
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FIGURE 2.25 Primary Structure of Insulin. Insulin is composed
of two polypeptide chains joined by three disulfide bridges (heavy
bars). See table 2.8 to interpret the three-letter amino acid symbols.

*  Membrane transport. Some proteins form channels in cell
membranes that govern what passes through the membranes
and when. Others act as carriers that briefly bind to solute
particles and transport them to the other side of the mem-
brane. Among their other roles, such proteins turn nerve and
muscle activity on and off.

+ Catalysis. Most metabolic pathways of the body are con-
trolled by enzymes, which are globular proteins that function
as catalysts.

* Recognition and protection. The role of glycoproteins in
immune recognition was mentioned earlier. Antibodies and
other proteins attack and neutralize organisms that invade the
body. Clotting proteins protect the body against blood loss.

*  Movement. Movement is fundamental to all life, from the
intracellular transport of molecules to the galloping of a
racehorse. Proteins, with their special ability to change shape
repeatedly, are the basis for all such movement. Some proteins
are called molecular motors (motor proteins) for this reason.

* Cell adhesion. Proteins bind cells to each other, which ena-
bles sperm to fertilize eggs, enables immune cells to bind to
enemy cancer cells, and keeps tissues from falling apart.

Enzymes and Metabolism

Enzymes are proteins that function as biological catalysts. They en-
able biochemical reactions to occur rapidly at normal body tempera-
tures. Enzymes were initially given somewhat arbitrary names, some
of which are still with us, such as pepsin and trypsin. The modern
system of naming enzymes, however, is more uniform and informa-
tive. It identifies the substance the enzyme acts upon, called its sub-
strate; sometimes refers to the enzyme’s action; and adds the suffix
-ase. Thus, amylase digests starch (amyl- = starch) and carbonic
anhydrase removes water (anhydr-) from carbonic acid. Enzyme
names may be further modified to distinguish different forms of the
same enzyme found in different tissues (see Deeper Insight 2.5).

DEEPER INSIGHT 2.5
CLINICAL APPLICATION

Blood Enzymes as Disease Markers

A given enzyme may exist in slightly different forms, called isoenzymes,
in different cells. Isoenzymes catalyze the same chemical reactions but
have enough structural differences that they can be distinguished by
standard laboratory techniques. This is useful in the diagnosis of disease.
When organs are diseased, some of their cells break down and release
specific isoenzymes that can be detected in the blood. Normally, these
isoenzymes would not be present in the blood or would have very low
concentrations. An elevation in blood levels can help pinpoint what cells
in the body have been damaged.

For example, creatine kinase (CK) occurs in different forms in different
cells. An elevated serum level of CK-1indicates a breakdown of skeletal
muscle and is one of the signs of muscular dystrophy. An elevated CK-2
level indicates heart disease, because this isoenzyme comes only from
cardiac muscle. There are five isoenzymes of lactate dehydrogenase
(LDH). High serum levels of LDH-1 may indicate a tumor of the ovaries or
testes, whereas LDH-5 may indicate liver disease or muscular dystrophy.
Different isoenzymes of phosphatase in the blood may indicate bone or
prostate disease.

To appreciate the effect of an enzyme, think of what happens
when paper burns. Paper is composed mainly of glucose (in the
form of cellulose). The burning of glucose can be represented by
the equation

C¢H,,0, + 6 0, — 6 CO, + 6 H,0.

Paper doesn’t spontaneously burst into flame because few of its
molecules have enough kinetic energy to react. Lighting the paper
with a match, however, raises the kinetic energy enough to initiate
combustion (rapid oxidation). The energy needed to get the reac-
tion started, supplied by the match, is called the activation energy
(fig. 2.26a).

In the body, we carry out the same reaction and oxidize glu-
cose to water and carbon dioxide to extract its energy. We could
not tolerate the heat of combustion in our bodies, however, so we
must oxidize glucose in a more controlled way at a biologically
feasible and safe temperature. Enzymes make this happen by low-
ering the activation energy—that is, by reducing the barrier to glu-
cose oxidation (fig. 2.26b)—and by releasing the energy in small
steps rather than a single burst of heat.

Enzyme Structure and Action

Figure 2.27 illustrates the action of an enzyme, using the exam-
ple of sucrase, an enzyme that breaks sucrose down to glucose
and fructose. The process occurs in three principal steps:

@ A substrate molecule (such as sucrose) approaches a pocket
on the enzyme surface called the active site. Amino acid
side groups in this region of the enzyme are arranged so as
to bind functional groups on the substrate molecule. Many
enzymes have two active sites, enabling them to bind two
different substrates and bring them together in a way that
makes them react more readily with each other.
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FIGURE 2.26 Effect of an Enzyme on Activation Energy. (a) Without catalysts, some chemical reactions proceed slowly because of the
high activation energy needed to get molecules to react. (b) A catalyst facilitates molecular interaction, thus lowering the activation energy

and making the reaction proceed more rapidly.

9 Does an enzyme release more energy from its substrate than an uncatalyzed reaction would release?

Substrate

el © |
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Enzyme—Substrate
Complex

Products

FIGURE 2.27 The Three Steps of an Enzymatic Reaction.

@ The substrate binds to the enzyme, forming an enzyme-

substrate complex. The fit between a particular enzyme and
its substrate is often compared to a lock and key. Just as only
one key fits a particular lock, sucrose is the only substrate
that fits the active site of sucrase. Sucrase cannot digest
other disaccharides such as maltose or lactose. This selectiv-
ity is called enzyme-substrate specificity. Unlike a simple
lock and key, however, the substrate slightly changes the
shape of the enzyme to create a better fit between the two,

as shown by the arrows in the figure.

Sucrase breaks the bond between the two sugars of sucrose,
adding —H* and —OH~ groups from water (see fig. 2.14b;
not illustrated in fig. 2.27). This hydrolyzes sucrose to two
monosaccharides, glucose and fructose, which are then
released by the enzyme as its reaction products. The enzyme
remains unchanged and is ready to repeat the process if
another sucrose is available.

Since an enzyme is not consumed by the reaction it catalyzes,

one enzyme molecule can consume millions of substrate mole-
cules, and at astonishing speed. A single molecule of carbonic an-
hydrase, for example, breaks carbonic acid (H,CO5) down to H,O
and CO, at a rate of 36 million molecules per minute.

Factors that change the shape of an enzyme—notably tem-

perature and pH—tend to alter or destroy the ability of the enzyme
to bind its substrate. They disrupt the hydrogen bonds and other
weak forces that hold the enzyme in its proper conformation, es-
sentially changing the shape of the “lock” so that the “key” no
longer fits. Enzymes vary in optimum pH according to where in
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the body they normally function. Thus, salivary amylase, which
digests starch in the mouth, functions best at pH 7 and is inacti-
vated when it is exposed to stomach acid; pepsin, which works
in the acidic environment of the stomach, functions best around
pH 2; and trypsin, a digestive enzyme that works in the alkaline
environment of the small intestine, has an optimum pH of 9.5. Our
internal body temperature is nearly the same everywhere, however,
and all human enzymes have a temperature optimum near 37°C at
which they produce their fastest reaction rates.

P ) pAPPLY WHAT YOU KNOW
Why does enzyme function depend on homeostasis?

Cofactors

About two-thirds of human enzymes require a nonprotein partner
called a cofactor. Inorganic cofactors include iron, copper, zinc,
magnesium, and calcium ions. Some of these work by binding to
the enzyme and inducing it to fold into a shape that activates its
active site. Coenzymes are organic cofactors usually derived from
niacin, riboflavin, and other water-soluble vitamins. They accept
electrons from an enzyme in one metabolic pathway and transfer
them to an enzyme in another. For example, cells partially oxidize
glucose through a pathway called glycolysis. A coenzyme called
NAD™,?® derived from niacin, shuttles electrons from this pathway
to another one called aerobic respiration, which uses energy from
the electrons to make ATP (fig. 2.28). If NAD™ is unavailable, the
glycolysis pathway shuts down.

Metabolic Pathways

A metabolic pathway is a chain of reactions with each step usu-
ally catalyzed by a different enzyme. A simple metabolic pathway
can be symbolized

Znicotinamide adenine dinucleotide

Glycolysis Aerobic respiration
Glucose Pyruvate
’
@
Pyruvate COy + HO

FIGURE 2.28 The Action of a Coenzyme. A coenzyme such as
NAD" acts as a shuttle that picks up electrons from one metabolic
pathway (in this case, glycolysis) and delivers them to another (in
this case, aerobic respiration).

where A is the initial reactant, B and C are intermediates, and D
is the end product. The Greek letters above the reaction arrows
represent enzymes that catalyze each step of the reaction. A is the
substrate for enzyme o, B is the substrate for enzyme f§, and C
for enzyme y. Such a pathway can be turned on or off by altering
the conformation of any of these enzymes, thereby activating or
deactivating them. This can be done by such means as the binding
or dissociation of a cofactor, or by an end product of the path-
way binding to an enzyme at an earlier step (product D binding to
enzyme o and shutting off the reaction chain at that step, for ex-
ample). In these and other ways, cells are able to turn on metabolic
pathways when their end products are needed and shut them down
when the end products are not needed.

ATP, Other Nucleotides, and Nucleic Acids

Nucleotides are organic compounds with three principal compo-
nents: a single or double carbon—nitrogen ring called a nitrogenous
base, a monosaccharide, and one or more phosphate groups. One
of the best-known nucleotides is ATP (fig. 2.29a), in which the ni-
trogenous base is a double ring called adenine, the sugar is ribose,
and there are three phosphate groups.

Adenosine Triphosphate

Adenosine triphosphate (ATP) is the body’s most important
energy-transfer molecule. It briefly gains energy from exergonic
reactions such as glucose oxidation and releases it within seconds
for physiological work such as polymerization reactions, muscle
contraction, and pumping ions through cell membranes. The
second and third phosphate groups of ATP are attached to the
rest of the molecule by high-energy covalent bonds traditionally
indicated by a wavy line (~) in the structural formula. Since
phosphate groups are negatively charged, they repel each other. It
requires a high-energy bond to overcome that repellent force and
hold them together—especially to add the third phosphate group to
a chain that already has two negatively charged phosphates. Most
energy transfers to and from ATP involve adding or removing that
third phosphate.

Enzymes called adenosine triphosphatases (ATPases) are
specialized to hydrolyze the third phosphate bond, producing
adenosine diphosphate (ADP) and an inorganic phosphate group
(P,). This reaction releases 7.3 kilocalories (kcal) of energy for
every mole (505 g) of ATP. Most of this energy escapes as heat,
but we live on the portion of it that does useful work. We can sum-
marize this as follows:

ATPase —7 Heat
ATP + H,O —— ADP + P, + Energy
= Work

The free phosphate groups released by ATP hydrolysis are
often added to enzymes or other molecules to activate them. This
addition of P,, called phosphorylation, is carried out by enzymes
called kinases. The phosphorylation of an enzyme is sometimes
the “switch” that turns a metabolic pathway on or off.

ATP is a short-lived molecule, usually consumed within
60 seconds of its formation. The entire amount in the body would
support life for less than 1 minute if it were not continually
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FIGURE 2.29 Adenosine Triphosphate (ATP) and Cyclic Adenosine Monophosphate (cAMP). The last two P~O bonds in ATP,

indicated by wavy lines, are high-energy bonds.

replenished. At a moderate rate of physical activity, a full day’s
supply of ATP would weigh twice as much as you do. Even if you
never got out of bed, you would need about 45 kg (99 1b) of ATP
to stay alive for a day. The reason cyanide is so lethal is that it halts
ATP synthesis.

ATP synthesis is explained in detail in chapter 26, but you
will find it necessary to become familiar with the general idea of it
before you reach that chapter—especially in understanding muscle
physiology (chapter 11). Much of the energy for ATP synthesis
comes from glucose oxidation (fig. 2.30). The first stage in glucose
oxidation (fig. 2.31) is the reaction pathway known as glycolysis
(gly-COLL-ih-sis). This literally means “sugar splitting,” and in-
deed its major effect is to split the six-carbon glucose molecule
into two three-carbon molecules of pyruvate. A little ATP is pro-
duced in this stage (a net yield of 2 ATP per glucose), but most of
the chemical energy of the glucose is still in the pyruvate.

What happens to pyruvate depends on how much oxygen is
available relative to ATP demand. When the demand for ATP out-
paces the oxygen supply, excess pyruvate is converted to lactate
by a pathway called anaerobic®’ fermentation (AN-err-OH-bic).
This pathway has two noteworthy disadvantages: First, it does
not extract any more energy from pyruvate; second, the lactate
it produces is toxic, so most cells can use anaerobic fermentation
only as a temporary measure. The only advantage to this pathway
is that it enables glycolysis to continue (for reasons explained in
chapter 26) and thus enables a cell to continue producing a small
amount of ATP.

#an = without; aer = air, oxygen; obic = pertaining to life

If enough oxygen is available, a more efficient pathway called
aerobic respiration occurs. This breaks pyruvate down to carbon
dioxide and water and generates up to 36 more molecules of ATP
for each of the original glucose molecules. The reactions of aero-
bic respiration are carried out in the cell’s mitochondria (described
in chapter 3), so mitochondria are regarded as a cell’s principal
“ATP factories.”

Other Nucleotides

Guanosine triphosphate (GTP) (GWAH-no-seen) is another nu-
cleotide involved in energy transfers. In some reactions, it donates
phosphate groups to other molecules. For example, it can donate
its third phosphate group to ADP to regenerate ATP.

Cyclic adenosine monophosphate (cAMP) (see fig. 2.29b)
is a nucleotide formed by the removal of both the second and third
phosphate groups from ATP. In many cases, when a hormone or
other chemical signal (“first messenger”) binds to a cell surface,
it triggers an internal reaction that converts ATP to cAMP. The
cAMP then acts as a “second messenger” to activate metabolic
effects within the cell.

Nucleic Acids

Nucleic acids (new-CLAY-ic) are polymers of nucleotides. The
largest of them, deoxyribonucleic acid (DNA), is typically 100
million to 1 billion nucleotides long. It constitutes our genes, gives
instructions for synthesizing all of the body’s proteins, and trans-
fers hereditary information from cell to cell when cells divide and
from generation to generation when organisms reproduce. Three
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FIGURE 2.30 The Source and Uses of ATP.

forms of ribonucleic acid (RNA), which range from 70 to 10,000
nucleotides long, carry out those instructions and synthesize the
proteins, assembling amino acids in the right order to produce each
protein “described” by the DNA. The detailed structure of DNA
and RNA and the mechanisms of protein synthesis and heredity
are described in chapter 4.
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FIGURE 2.31 ATP Production. Glycolysis produces pyruvate
and a net gain of two ATPs. Anaerobic fermentation converts
pyruvate to lactate and permits glycolysis to continue producing
ATP in the absence of oxygen. Aerobic respiration produces a
much greater ATP yield but requires oxygen.

CLINICAL APPLICATION

Anabolic—Androgenic Steroids

It is routine news to hear of sports celebrities suspended or stripped
of their honors for the use of anabolic steroids. Magazines of physical
culture carry many tragic reports of the deaths of amateur athletes, or
violent crimes committed by them, attributed to steroid abuse.

Anabolic steroids, as they are known on the street, are more prop-
erly called anabolic—androgenic®® steroids. They are hormones derived
from testosterone that stimulate muscle growth (the anabolic effect) and
masculinize the body (the androgenic effect). Perhaps the earliest notion
to put them to use arose in Nazi Germany, where testosterone was
given to SS troops in an effort to make them more aggressive—but with
no proven success. In the 1950s, however, when Soviet weight-lifting
teams were routinely defeating American teams, it came to light that the
Soviets were using testosterone as a performance enhancer. American

Oandro = male; genic = producing

team physician John Ziegler began experimenting with this back in the
United States. He disliked the androgenic side effects and approached
the Ciba Pharmaceutical Company to develop a testosterone analog
(@ molecule of slightly altered structure) that would enhance the ana-
bolic effect and weaken the androgenic effect. Ciba soon developed
Dianabol. It produced spectacular effects in weight lifters and by the
1960s, several testosterone analogs were freely and legally available,
designed to enhance anabolic potency, reduce androgenic effects, and
prolong the half-life of the drug in the body. Some are taken orally and
others by intramuscular (I.M.) injection.

In limited doses, these steroids have legitimate medical uses such as
the treatment of anemia, breast cancer, osteoporosis, and some muscle
diseases and to prevent the atrophy of muscles in immobilized patients.
Some amateur and professional athletes, however, use them in doses
10 to 1,000 times stronger than therapeutic doses. Such doses have
devastating effects on the body. They raise cholesterol levels, which
promotes fatty degeneration of the arteries (atherosclerosis). This can



lead to coronary artery disease, heart and kidney failure, and stroke.
Deteriorating circulation also sometimes results in gangrene, and many
have suffered amputation of the lower limbs as a result. As the liver
attempts to dispose of the high concentration of steroids, liver cancer
and other liver diseases may ensue. In addition, steroids suppress the
immune system, so the user is more subject to infection and cancer. They
cause a premature end to bone elongation, so people who use anabolic
steroids in adolescence may never attain normal adult height.

Paradoxically, anabolic—androgenic steroids can have masculinizing
effects on women and feminizing effects on men. In women, who are
especially sensitive to the androgenic effect, the steroids commonly
produce growth of facial hair, enlargement of the clitoris, atrophy of the
breasts and uterus, and irregularities of ovulation and menstruation. An
enzyme called aromatase converts androgens to estrogens, and in
men these often induce breast enlargement (gynecomastia), atrophy of
the testes, impotence (inability to achieve or maintain an erection), low
sperm count, and infertility.

Especially in men, steroid abuse can be linked to severe emotional
disorders. Individuals vary in susceptibility, but the androgenic effects
include heightened aggressiveness and unpredictable mood swings, so
some abusers vacillate between depression and violence (“roid rage”),
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including physical abuse of family members and crimes as serious as
homicide.

As the recreational use of anabolic—androgenic steroids became
widespread, so did the tragic side effects of such heavy use—an out-
come that Dr. Ziegler deeply regretted as the low point of his career. The
U.S. Congress classified anabolic—androgenic steroids as a controlled
substance in 1991. Their use in sports has been condemned by the
American Medical Association and American College of Sports Medicine
and banned by the International Olympic Committee, National Football
League, Major League Baseball Players’ Association, National Basketball
Association, and National Collegiate Athletic Association.

Yet in spite of such warnings and bans, many continue to use ste-
roids and related performance-enhancing drugs, which remain available
through unscrupulous coaches, physicians, Internet sources, and foreign
mail-order suppliers under a cloud of confusing trade names (Durabolin,
Anadrol, Oxandrin, Dianabol, Winstrol, Primobolan, and others). By some
estimates, as many as 80% of competitive weight lifters, 30% of college
and professional athletes, and 20% of male high-school athletes now
use anabolic—androgenic steroids. The National Institutes of Health find
increasing use among high-school students and increasing denial that
the steroids present a significant health hazard.

BEFORE YOU GO ON

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

16. Which reaction—dehydration synthesis or hydrolysis—
converts a polymer to its monomers? Which one converts
monomers to a polymer? Explain your answer.

17. What is the chemical name of blood sugar? What carbohy-
drate is polymerized to form starch and glycogen?

18. What is the main chemical similarity between carbohy-
drates and lipids? What are the main differences between
them?

19. Explain the statement, All proteins are polypeptides but
not all polypeptides are proteins.

20. Which is more likely to be changed by heating a protein,
its primary structure or its tertiary structure? Explain.

21. Use the lock-and-key analogy to explain why excessively
acidic body fluids (acidosis) could destroy enzyme func-
tion.

22. How does ATP change structure in the process of releas-
ing energy?

23. What advantage and disadvantage does anaerobic fer-
mentation have compared with aerobic respiration?

24. How is DNA related to nucleotides?
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p Assess Your Learning Outcomes

To test your knowledge, discuss the following

topics with a study partner or in writing, ideally

from memory.

2.1 Atoms, Ions, and Molecules

1. The definition of chemical element, the six
most abundant elements in the human body;

and trace elements important in human

physiology
2. The structure of an atom and the special

functional relevance of its valence electrons

3. How isotopes of the same element differ

from each other, and how radioisotopes dif-

fer from other isotopes

4. The clinical relevance of ionizing radiation;
its three forms; the difference between the
physical and biological half-life of a radio-

isotope; and the clinical relevance of that
difference

5. The difference between an ion and an atom,;

how ions form; and the two types of ions
and examples of each

6. How an electrolyte differs from an atom and

from an ion; the most common ions that

constitute electrolytes; and the functions and

medical relevance of electrolytes

7. The definition of free radical; the medical
relevance of free radicals; and how the body

is partially protected against them

8. The definitions of molecule and compound
9. How isomers resemble and differ from each

other
10. How a molecule’s molecular weight is
determined

11. The nature and distinguishing characteristics

of ionic bonds, covalent bonds, hydrogen

bonds, and van der Waals forces; how polar

and nonpolar covalent bonds differ from

each other; and how polar covalent bonds

can give rise to hydrogen bonds

2.2 Water and Mixtures

1. How the biologically important properties of
water arise from the polarity and bond angle

of its molecules
2. The difference between a mixture and a
compound

3. The differences between solutions, colloids,
and suspensions, and examples of body flu-

ids in each category

4. How pH is mathematically defined; the pH

scale; and the meanings of acid and base

5.

2.3

The action and physiological function of
buffers

. How various measures of chemical con-

centration differ from each other—weight
per volume, percentage, molarity, and
milliequivalents per liter—and how each unit
of measure provides different kinds of infor-
mation about the concentration of a solution

Energy and Chemical Reactions

. The definition of energy, and the two basic

forms of energy

. The differences between decomposition,

synthesis, and exchange reactions

. What determines the direction of a reversible

chemical reaction; the nature of a chemical
equilibrium

. Factors that determine the rate of a chemical

reaction

. The definition of metabolism and its two

subdivisions

. The difference between oxidation and

reduction

Organic Compounds

1. The criterion for considering a compound to

be organic

. The difference between the carbon backbone

and the functional group(s) of an organic
molecule; the physiological relevance of
functional groups

. The structures of hydroxyl, methyl, carboxyl,

amino, and phosphate functional groups

. The difference between monomers and poly-

mers; how dehydration synthesis and hydro-
lysis reactions convert one to the other; and
the role of water in both types of reactions

. The defining characteristics of carbohy-

drates and their principal roles in the body

. The names of and basic structural differ-

ences between the three monosaccharides,
three disaccharides, and three polysaccha-
rides that are most abundant in the diet and
most relevant in human physiology

. The defining characteristics of lipids and

their principal roles in the body

. The major categories of lipids in human

physiology, and the roles of each

. How fatty acids and triglycerides are related

through dehydration synthesis and hydroly-
sis reactions

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

The defining characteristics of amino acids
and how the 20 amino acids involved in pro-
tein structure differ from each other

How amino acids are polymerized, and the
structure of peptide bonds

Differences between a dipeptide, oligopep-
tide, polypeptide, and protein

The nature of the primary through quater-
nary levels of protein structure, and how an
alpha helix differs from a beta sheet

Why protein function depends so strongly on
the shape (conformation) of the molecule;
how and why functionality is affected by
denaturation; and the most common causes
of protein denaturation

What defines a conjugated protein; the
general term for the nonprotein component
of such a molecule; and examples of conju-
gated proteins

The functions of proteins in human anatomy
and physiology

How enzymes differ from other proteins, and
the general role played by all enzymes

The general term for substances acted upon
by enzymes; the relevance of active sites to
enzyme action; why the active sites limit the
range of substances on which an enzyme can
act; and the name for this principle of selec-
tive enzyme action

The nature of cofactors and coenzymes, with
examples

The term for a chain of linked enzymatic
reactions; for its input and output; and for
the intermediate steps between the input and
output molecules

The basic structural components of adenos-
ine triphosphate (ATP) and their organiza-
tion in the molecule; the function of ATP
and why life instantly ceases without it; and
where in its molecular structure ATP car-
ries the energy that is transferred to other
chemicals

Differences between the aerobic and anaero-
bic mechanisms of producing ATP

How guanosine triphosphate (GTP) and cy-
clic adenosine monophosphate (cAMP) are
related to ATP, and their functions

The basic chemical nature of the nucleic
acids, DNA and RNA; their fundamental
function; and how they are structurally re-
lated to ATP



p Testing Your Recall

1. A substance that is considered to be
a chemical compound.

a. contains at least two different elements
contains at least two atoms

has a chemical bond

has a stable valence shell

has covalent bonds

o0 T

2. An ionic bond is formed when

a. two anions meet.

b. two cations meet.

c. an anion meets a cation.

d. electrons are unequally shared between
nuclei.

e. electrons transfer completely from one
atom to another.

3. The ionization of a sodium atom to produce
Na™ is an example of
a. oxidation.

reduction.

catabolism.

anabolism.

decomposition.

o0 T

4. The weakest and most temporary of the fol-
lowing chemical bonds are
a. polar covalent bonds.

nonpolar covalent bonds.

hydrogen bonds.

ionic bonds.

double covalent bonds.

oo T

5. A substance capable of dissolving freely in
water is
a. hydrophilic.

hydrophobic.

hydrolyzed.

hydrated.

amphipathic.

o0 o

6. A carboxyl group is symbolized
a. —OH.

b. —NH,.
c. —CH;.
d. —CH,OH.
e. —COOH.

7. The only polysaccharide synthesized in the
human body is
a. cellulose.

glycogen.

cholesterol.

starch.

prostaglandin.

o 0T

8. The arrangement of a polypeptide into a
fibrous or globular shape is called its
a. primary structure.

secondary structure.

tertiary structure.

quaternary structure.

conjugated structure.

o g0 T

9. Which of the following functions is more
characteristic of carbohydrates than of pro-
teins?

a. contraction

energy storage

catalyzing reactions

immune defense

intercellular communication

o a0 o

10. The feature that most distinguishes a lipid
from a carbohydrate is that a lipid has
a. more phosphate.

more sulfur.

a lower ratio of carbon to oxygen.

a lower ratio of oxygen to hydrogen.

a greater molecular weight.

o oo
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11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Answers in Appendix B

When an atom gives up an electron and
acquires a positive charge, it is called a/
an

Dietary antioxidants are important because
they neutralize

Any substance that increases the rate of

a reaction without being consumed by it

is a/an . In the human body,
serve this function.

All the synthesis reactions in the body form
a division of metabolism called

A chemical reaction that joins two organic
molecules into a larger one and produces
water as a by-product is called

The suffix
the suffix

denotes a sugar, while
denotes an enzyme.

The amphipathic lipids of cell membranes
are called

A chemical named is derived
from ATP and widely employed as a “sec-

ond messenger” in cellular signaling.

When oxygen is too limited to meet a cell’s
ATP demand, a cell can employ a metabolic
pathway called to produce ATP.

A substance acted upon and changed by an
enzyme is called the enzyme’s
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P Building Your Medical Vocabulary

State a meaning of each word element, and give
a medical term that uses it or a slight variation

of it.
1. a-

2. aero-

3. amphi-
4. caloro-
5. collo-

6. hydro-

P What’s Wrong with These Statements?

Briefly explain why each of the following state-
ments is false, or reword it to make it true.

1. The monomers of a polysaccharide are
called amino acids.

2. Most of the body’s reserve energy is stored
in the form of ATP.

3. Two molecules with the same atoms
arranged in a different order are called
isotopes.

4. The products of catabolism contain more
chemical energy than the reactants did.

5. A polysaccharide is a chain of simple sugars
joined by peptide bonds.

6. A saturated fat is defined as a fat to which
no more carbon can be added.

7. Enzymes are often consumed by the reac-
tions they catalyze.

p Testing Your Comprehension

1. Suppose a pregnant woman with severe
morning sickness has been vomiting
steadily for several days. How will her loss
of stomach acid affect the pH of her body
fluids? Explain.

2. Suppose a person with a severe anxiety
attack hyperventilates and exhales CO,
faster than his body produces it. Consider
the carbonic acid reaction under “Classes
of Chemical Reactions” in section 2.3, and
explain what effect this hyperventilation
will have on his blood pH. (Hint: Remember
the law of mass action.)

P Improve Your Grade

Connect Interactive Questions Reinforce your
knowledge using multiple types of questions:
interactive, animation, classification, labeling,
sequencing, composition, and traditional multiple
choice and true/false.

3. In one form of nuclear decay, a neutron
breaks down into a proton and electron and
emits a gamma ray. Is this an endergonic
or exergonic reaction, or neither? Is it an
anabolic or catabolic reaction, or neither?
Explain both answers.

4. How would the body’s metabolic rate be
affected if there were no such thing as
enzymes? Explain.

BSMARTBOOK"®

SmartBook Proven to help students improve
grades and study more efficiently, SmartBook
contains the same content within the print book
but actively tailors that content to the needs of
the individual.

Answers in Appendix B

7. -mer

8. mono-
9. oligo-
10. -philic

Answers in Appendix B

8. The higher the temperature is, the faster an
enzyme works.

9. Two percent sucrose and 2% sodium bicar-
bonate have the same number of molecules
per liter of solution.

10. A solution of pH 8 has 10 times the hydrogen
ion concentration of a solution with pH 7.

5. Some metabolic conditions such as diabetes
mellitus cause disturbances in the acid—base
balance of the body, which gives the body
fluids an abnormally low pH. Explain how
this could affect enzyme—substrate reactions
and metabolic pathways in the body.

=
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BRUSHING UP

@ The transport of matter through cell membranes follows the
principles of flow down gradients (see “Gradients and Flow” in
section 1.6).

@ To adequately understand the structure of the cell surface, it
is essential that you understand glycolipids and glycoproteins,
as well as phospholipids and their amphipathic nature (see
“Carbohydrates” and “Lipids,” respectively, both in section 2.4).

@ The proteins of cell membranes have a great variety of
functions. To understand those depends on an acquaintance
with the functions of proteins in general and how protein
function depends on tertiary structure (see “Protein Structure”
and “Protein Functions” under “Proteins” in section 2.4).

Il organisms, from the simplest to the most complex, are

composed of cells—whether the single cell of a bacterium
or the trillions of cells that constitute the human body. These
cells are responsible for all structural and functional properties
of a living organism. A knowledge of cells is therefore indispens-
able to any true understanding of the workings of the human
body, the mechanisms of disease, and the rationale of therapy.
Thus, this chapter and the next one introduce the basic cell biol-
ogy of the human body, and subsequent chapters expand upon
this information as we examine the specialized cellular structure
and function of specific organs.

BEXM Concepts of Cellular Structure

Expected Learning Outcomes

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

a. discuss the development and modern tenets of the cell
theory;

b. describe cell shapes from their descriptive terms;

c. state the size range of human cells and discuss factors
that limit their size;

d. discuss the way that developments in microscopy have
changed our view of cell structure; and

e. outline the major components of a cell.

Development of the Cell Theory

Cytology,' the scientific study of cells, was born in 1663 when
Robert Hooke (see section 1.2) observed the empty cell walls of
cork and coined the word cellulae (“little cells”) to describe them.
Soon he studied thin slices of fresh wood and saw living cells
“filled with juices”—a fluid later named cytoplasm. Two centuries
later, Theodor Schwann studied a wide range of animal tissues and
concluded that all animals are made of cells.

leyto = cell; logy = study of

Schwann and other biologists originally believed that cells
came from nonliving body fluid that somehow congealed and
acquired a membrane and nucleus. This idea of spontaneous
generation—that living things arise from nonliving matter—was
rooted in the scientific thought of the times. For centuries, it
seemed to be simple common sense that decaying meat turned into
maggots, stored grain into rodents, and mud into frogs. Schwann
and his contemporaries merely extended this idea to cells. The idea
of spontaneous generation wasn’t discredited until some classic
experiments by French microbiologist Louis Pasteur in 1859.

By the end of the nineteenth century, it was established be-
yond all reasonable doubt that cells arise only from other cells and
every living organism is composed of cells and cell products. The
cell came to be regarded, and still is, as the simplest structural and
functional unit of life. There are no smaller subdivisions of a cell
or organism that, in themselves, are alive. An enzyme molecule,
for example, is not alive, although the life of a cell depends on the
activity of numerous enzymes.

The development of biochemistry from the late nineteenth to
the twentieth century made it further apparent that all physiologi-
cal processes of the body are based on cellular activity and that
the cells of all species exhibit remarkable biochemical unity. The
various generalizations of these last two paragraphs now constitute
the modern cell theory.

Cell Shapes and Sizes

We will shortly examine the structure of a generic cell, but the gen-
eralizations we draw should not blind you to the diversity of cellu-
lar form and function in humans. There are about 200 kinds of cells
in the human body, with a variety of shapes, sizes, and functions.

Descriptions of organ and tissue structure often refer to the
shapes of cells by the following terms (fig. 3.1):

. Squamous2 (SKWAY-mus)—a thin, flat, scaly shape, often
with a bulge where the nucleus is, much like the shape of a
fried egg “sunny side up.” Squamous cells line the esopha-
gus and form the surface layer (epidermis) of the skin.

* Cuboidal® (cue-BOY-dul)—squarish-looking in frontal sec-
tions and about equal in height and width; liver cells are a
good example.

*  Columnar—distinctly taller than wide, such as the inner lin-
ing cells of the stomach and intestines.

+ Polygonal*—having irregularly angular shapes with four,
five, or more sides.

* Stellate>—having multiple pointed processes projecting
from the body of a cell, giving it a somewhat starlike shape.
The cell bodies of many nerve cells are stellate.

* Spheroidal to ovoid—round to oval, as in egg cells and
white blood cells.

* Discoid—disc-shaped, as in red blood cells.

Zsquam = scale; ous = characterized by

3cub = cube; oidal = like, resembling

*poly = many; gon = angles

3stell = star; ate = resembling, characterized by



CHAPTER 3 Cellular Form and Function 77

:'.'n"1:rnr'|:-llf‘-|_-u il T

Polygonal

Discoid

FIGURE 3.1 Common Cell Shapes. & I}

+ Fusiform® (FEW-zih-form)—spindle-shaped; elongated,
with a thick middle and tapered ends, as in smooth muscle
cells.

* Fibrous—long, slender, and threadlike, as in skeletal muscle
cells and the axons (nerve fibers) of nerve cells.

Some of these shapes refer to the way a cell looks in typical
tissue sections, not to the complete three-dimensional shape of the
cell. A cell that looks squamous, cuboidal, or columnar in a tissue
section, for example, usually looks polygonal if viewed from its
upper surface.

The most useful unit of measure for designating cell sizes is
the micrometer (um), formerly called the micron—one-millionth
(107%) of a meter, one-thousandth (107) of a millimeter. (See
appendix C for units of measurement.) The smallest objects most
people can see with the naked eye are about 100 pm, which is
about one-quarter the size of the period at the end of a typical
sentence of print. A few human cells fall within this range, such as
the egg cell and some fat cells, but most human cells are about 10
to 15 pm wide. The longest human cells are nerve cells (sometimes
over a meter long) and muscle cells (up to 30 cm long), but both
are usually too slender to be seen with the naked eye.

®fusi = spindle; form = shape

Cuboidal

Stellate

Fusiform (spindle-shaped)

Columnar

Spheroidal

Fibrous

There is a limit to how large a cell can be, partly due to the
relationship between its volume and surface area. The surface area
of a cell is proportional to the square of its diameter, while volume
is proportional to the cube of its diameter. Thus, for a given in-
crease in diameter, volume increases much more than surface area.
Picture a cuboidal cell 10 pm on each side (fig 3.2). It would have
a surface area of 600 pm? (10 pm x 10 pm X 6 sides) and a volume
of 1,000 pm?® (10 x 10 x 10 pm). Now, suppose it grew by an-
other 10 um on each side. Its new surface area would be 2,400 pm?
(20 pm x 20 pm X 6) and its volume would be 8,000 pm? (20 x
20 X 20 pm). The 20 pm cell has eight times as much cytoplasm
needing nourishment and waste removal, but only four times as
much membrane surface through which wastes and nutrients can
be exchanged. A cell that is too big cannot support itself. In addi-
tion, an overly large cell is at risk of rupturing like an overfilled
water balloon.

» ) p APPLY WHAT YOU KNOW

Can you conceive of some other reasons for an organ
to consist of many small cells rather than fewer larger
ones?
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20 pm
10p
10 pm
Large cell
Diameter =20 pm
Surface area =20 pm X 20 pm X 6 = 2,400 pm?2
Volume =20 pm X 20 pm X 20 pm = 8,000 pm3

Small cell

Diameter =10 pm
Surface area =10 pm X 10 pm X 6 = 600 pm?2
Volume =10 pm X 10 pm X 10 pm = 1,000 pm3

Effect of cell growth:

Diameter (D) increased by a factor of 2
Surface area increased by a factor of 4 (= D2)
Volume increased by a factor of 8 (= D3)

FIGURE 3.2 The Relationship Between Cell Surface Area
and Volume. As a cell doubles in diameter, its volume increases
eightfold, but its surface area increases only fourfold. A cell that
is too large may have too little plasma membrane to serve the
metabolic needs of the increased volume of cytoplasm.

Basic Components of a Cell

In Schwann’s time, little was known about cells except that they
were enclosed in a membrane and contained a nucleus. The fluid
between the nucleus and surface membrane, its cytoplasm,’ was
thought to be little more than a gelatinous mixture of chemicals
and vaguely defined particles. The transmission electron micro-
scope (TEM), invented in the mid-twentieth century, radically
changed this concept. Using a beam of electrons in place of light,
the TEM enabled biologists to see a cell’s ultrastructure (fig. 3.3),
a fine degree of detail extending even to the molecular level. The
most important thing about a good microscope is not magnification
but resolution—the ability to reveal detail. Any image can be

eyto = cell; plasm = formed, molded

photographed and enlarged as much as we wish, but if enlargement
fails to reveal any more useful detail, it is empty magnification. A
big fuzzy image is not nearly as informative as one that is small
and sharp. The TEM reveals far more detail than the light micro-
scope (LM) (fig. 3.4). A later invention, the scanning electron
microscope (SEM), produces dramatic three-dimensional images
at high magnification and resolution (see fig. 3.11a), but can view
only surface features.

Nucleus

Lysosomes

5pm

FIGURE 3.3 An Eosinophil Photographed with a Transmission
Electron Microscope (TEM). Eosinophils are one of the five kinds
of white blood cells. [t Il

© Scott Camazine/Alamy

Eosinophil

10 pm

FIGURE 3.4 An Eosinophil Photographed with a Light
Microscope (LM). Note how the resolution is considerably poorer
than the TEM photo in the previous figure.

© Ed Reschke



A visually stunning application of SEM, often seen in this
book, is the vascular corrosion cast technique for visualizing the
blood vessels of an organ. The vessels are drained and flushed
with saline, then carefully filled with a resin. After the resin so-
lidifies, the actual tissue is then dissolved with a corrosive agent
such as potassium hydroxide. This leaves only a resin cast of the
vessels, which is then photographed with the SEM. The result-
ing images are not only strikingly beautiful, but also give great
insights into the blood supply to an organ from macro- to micro-
scopic levels (see figs. 19.10c, 23.10a, and the opening page of
chapter 17).

Table 3.1 gives the sizes of some cells and subcellular objects
relative to the resolution of the naked eye, light microscope, and
TEM. You can see why the very existence of cells was unsuspected
until the light microscope was invented, and why little was known
about their internal components until the TEM became available.

Figure 3.5 shows some major constituents of a typical cell.
The cell is surrounded by a plasma (cell) membrane made of pro-
teins and lipids. The composition and functions of this membrane
can differ significantly from one region of a cell to another, espe-
cially among the basal, lateral, and apical (upper) surfaces of cells
like the one pictured.

The cytoplasm is crowded with fibers, tubules, passages, and
compartments. It contains the cytoskeleton, a supportive frame-
work of protein filaments and tubules; an abundance of organ-
elles, diverse structures that perform various metabolic tasks for
the cell; and inclusions, which are foreign matter or stored cell
products. A cell may have 10 billion protein molecules, including
potent enzymes with the potential to destroy the cell if they are not
contained and isolated from other cellular components. You can
imagine the enormous problem of keeping track of all this ma-
terial, directing molecules to the correct destinations, and main-
taining order against the incessant trend toward disorder. Cells
maintain order partly by compartmentalizing their contents in the
organelles.

The cytoskeleton, organelles, and inclusions are embedded in
a clear gel called the cytosol® or intracellular fluid (ICF). All
body fluids not contained in the cells are collectively called the
extracellular fluid (ECF). The ECF located amid the cells is also
called tissue (interstitial) fluid. Some other extracellular fluids
include blood plasma, lymph, and cerebrospinal fluid.

In summary, we regard cells as having the following major
components:

Plasma membrane

Cytoplasm
Cytoskeleton
Organelles (including nucleus)
Inclusions

Cytosol

8cyto = cell; sol = dissolved matter
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Sizes of Biological Structures in Relation
to the Resolution of the Eye, Light
Microscope, and Transmission Electron
Microscope

TABLE 31

Object Size

Visible to the Naked Eye (Resolution 70—100 pm)
Human egg, diameter 100 pm

Visible with the Light Microscope (Resolution 200 nm)

Most human cells, diameter 10-15 um
Cilia, length 7-10 um
Mitochondria, width x length 0.2 x 4 um
Bacteria (Escherichia coli), length 1-3 um
Microvilli, length 1-2 pm

Lysosomes, diameter 0.5 pm =500 nm

Visible with the Transmission Electron Microscope
(Resolution 0.5 nm)

Nuclear pores, diameter 30-100 nm
Centriole, diameter x length 20 x 50 nm
Poliovirus, diameter 30 nm
Ribosomes, diameter 15 nm
Globular proteins, diameter 5-10 nm
Plasma membrane, thickness 7.5 nm
DNA molecule, diameter 2.0 nm
Plasma membrane channels, diameter 0.8 nm

BEFORE YOU GO ON

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

1. What are the basic principles of the cell theory?

2. What does it mean to say a cell is squamous, stellate,
columnar, or fusiform?

3. Why can cells not grow to unlimited size?
4. What is the difference between cytoplasm and cytosol?
5. Define intracellular fluid (ICF) and extracellular fluid (ECF).
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Mitochondrion
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FIGURE 3.5 Structure of a Representative Cell.

BEX M The Cell Surface

Expected Learning Outcomes
When you have completed this section, you should be able to

a. describe the structure of the plasma membrane;

b. explain the functions of the lipid, protein, and
carbohydrate components of the plasma membrane;

c. describe a second-messenger system and discuss its
importance in human physiology;

d. explain the composition and functions of the glycocalyx
that coats cell surfaces; and

e. describe the structure and functions of microvilli, cilia,
flagella, and pseudopods.

Basal cell surface

Microfilaments

Terminal web

Secretory vesicle
undergoing
exocytosis

Golgi vesicles

Golgi complex

Lateral cell surface

Intermediate filament

Lysosome

Microtubule

Rough endoplasmic
reticulum

Smooth endoplasmic
reticulum

Plasma membranes

] — Basement

membrane

Many physiologically important processes occur at the surface of
a cell—immune responses, the binding of egg and sperm, cell-to-
cell signaling by hormones, and the detection of tastes and smells,
for example. A substantial part of this chapter is therefore con-
cerned with the cell surface. Before we venture into the interior of
the cell, we will examine the structure of the plasma membrane,
surface features such as cilia and microvilli, and methods of trans-
port through the membrane.

The Plasma Membrane

The plasma membrane appears to the electron microscope as a
pair of dark parallel lines with a total thickness of about 7.5 nm
(fig. 3.6a). It defines the boundaries of the cell, governs its interac-
tions with other cells, and controls the passage of materials into



and out of the cell. The side that faces the cytoplasm is the intra-
cellular face of the membrane, and the side that faces outward is
the extracellular face.
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Membrane Lipids

Figure 3.6b shows our current concept of the molecular structure
of the plasma membrane—an oily film of lipids with proteins em-
bedded in it. Typically about 98% of the membrane molecules are
lipids, and about 75% of those are phospholipids. These amphipa-
thic molecules arrange themselves into a bilayer, with their hydro-
philic phosphate-containing heads facing the water on each side
and their hydrophobic tails directed toward the center, avoiding
the water. The phospholipids drift laterally from place to place,
spin on their axes, and flex their tails. These movements keep the
membrane fluid.

ppp APPLY WHAT YOU KNOW

What would happen if the plasma membrane were made
primarily of a hydrophilic substance such as carbohy-
drate? Which of the major themes at the end of chapter 1
does this point best exemplify?

Cholesterol molecules, found near the membrane surfaces
amid the phospholipids, constitute about 20% of the membrane
lipids. By interacting with the phospholipids and holding them

= Ry L N
e Vi,
-

(%
-

cytoskeleton

FIGURE 3.6 The Plasma Membrane. (a) Plasma membranes of two adjacent cells (TEM). (b) Molecular structure of the plasma membrane.

a: © Don Fawcett/Science Source
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still, cholesterol can stiffen the membrane (make it less fluid) in
spots. Higher concentrations of cholesterol, however, can increase
membrane fluidity by preventing phospholipids from becoming
packed closely together.

The remaining 5% of the membrane lipids are glycolipids—
phospholipids with short carbohydrate chains on the extracellular
face of the membrane. They help to form the glycocalyx, a car-
bohydrate coating on the cell surface with multiple functions de-
scribed shortly.

Membrane Proteins

Although proteins are only about 2% of the molecules of the plasma
membrane, they are larger than lipids and constitute about 50% of
the membrane weight. There are two broad classes of membrane
proteins: integral and peripheral. Integral proteins penetrate into
the phospholipid bilayer or all the way through it. Those that pass
completely through are also called transmembrane proteins. These
have hydrophilic regions in contact with the water on both sides of
the membrane, and hydrophobic regions that pass back and forth
through the lipid of the membrane (fig. 3.7). Most transmembrane
proteins are glycoproteins, bound to oligosaccharides on the extra-
cellular side of the membrane. Many integral proteins drift about
freely in the phospholipid film, like ice cubes floating in a bowl
of water. Others are anchored to the cyfoskeleton—an intracellular
system of tubules and filaments discussed later. Peripheral proteins
do not protrude into the phospholipid layer but adhere to one face of
the membrane. A peripheral protein is typically anchored to a trans-
membrane protein as well as to the cytoskeleton.
The functions of membrane proteins include:

* Receptors (fig. 3.8a). Many of the chemical signals by
which cells communicate (epinephrine, for example) can-
not enter the target cell but bind to surface proteins called
receptors. Receptors are usually specific for one particular

Carbohydrate ——=

Phospholipid —
bilayer

Cytoskeletal
protein

messenger, much like an enzyme that is specific for one sub-
strate. Plasma membranes also have receptor proteins that
bind chemicals and transport them into the cell, as discussed
later in this chapter.

Second-messenger systems. When a messenger binds to a
surface receptor, it may trigger changes within the cell that
produce a second messenger in the cytoplasm. This process
involves both transmembrane proteins (the receptors) and
peripheral proteins. Second-messenger systems are also dis-
cussed later in more detail.

Enzymes (fig. 3.8b). Enzymes in the plasma membrane carry
out the final stages of starch and protein digestion in the small
intestine, help produce second messengers, and break down
hormones and other signaling molecules whose job is done,
thus stopping them from excessively stimulating a cell.

Channel proteins (fig. 3.8c). Channels are passages that
allow water and hydrophilic solutes to move through the
membrane. A channel can be a tunnel through an individual
membrane protein or a tunnel surrounded by a complex of
multiple proteins. Some of these, called leak channels, are
always open and allow materials to pass through continually.
Others, called gates (gated channels), open and close under
different circumstances and allow solutes through at some
times, but not others (fig. 3.8d). These gates respond to three
types of stimuli: ligand-gated channels respond to chemical
messengers, voltage-gated channels to changes in electri-
cal potential (voltage) across the plasma membrane, and
mechanically gated channels to physical stress on a cell,
such as stretch and pressure. By controlling the movement of
electrolytes through the plasma membrane, gated channels
play an important role in the timing of nerve signals and
muscle contraction (see Deeper Insight 3.1). Some recep-
tors double in function as gated channels. When a nerve

o Transmembrane protein:
Hydrophilic region

Hydrophobic region

Anchoring peripheral
protein

FIGURE 3.7 Transmembrane Proteins. A transmembrane protein has hydrophobic regions embedded in the phospholipid bilayer and
hydrophilic regions projecting into the intracellular and extracellular fluids. The protein may cross the membrane once (left) or multiple times
(right). The intracellular regions are often anchored to the cytoskeleton by peripheral proteins.
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FIGURE 3.8 Some Functions of Membrane Proteins.

stimulates a muscle, for example, a chemical from the nerve
fiber binds to a receptor on the muscle fiber and the receptor
opens to allow sodium and potassium ions to flow through
and excite the muscle. Defects in channel proteins are
responsible for a family of diseases called channelopathies.

* Carriers (see fig. 3.18). Carriers are transmembrane pro-
teins that bind to glucose, electrolytes, and other solutes and
transfer them to the other side of the membrane. Some carri-
ers, called pumps, consume ATP in the process.

*  Cell-identity markers (fig. 3.8e). Glycoproteins contribute
to the glycocalyx, which acts like an “identification tag” that

Calcium Channel Blockers

Calcium channel blockers are a class of drugs that show the therapeutic
relevance of understanding gated membrane channels. The walls of the
arteries contain smooth muscle that contracts or relaxes to change their
diameter. These changes modify the blood flow and strongly influence
blood pressure. Blood pressure rises when the arteries constrict and falls
when they relax and dilate. Excessive, widespread vasoconstriction can
cause hypertension (high blood pressure), and vasoconstriction in the
coronary blood vessels of the heart can cause pain (angina) due to inad-
equate blood flow to the cardiac muscle. In order to contract, a smooth
muscle cell must open calcium channels in its plasma membrane and
allow calcium to enter from the extracellular fluid. Calcium channel block-
ers prevent these channels from opening and thereby relax the arteries,
increase blood flow, relieve angina, and lower the blood pressure.

DEEPER INSIGHT 3.1
CLINICAL APPLICATION
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molecule (CAM)
A cell-adhesion
molecule (CAM)
that binds one
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A glycoprotein
acting as a cell-
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only at certain distinguishing the
times body’s own cells
from foreign cells

enables our bodies to tell which cells belong to it and which
are foreign invaders.

* Cell-adhesion molecules (fig. 3.8f). Cells adhere to one
another and to extracellular material through membrane
proteins called cell-adhesion molecules (CAMs). With
few exceptions (such as blood cells and metastasizing
cancer cells), cells do not grow or survive normally
unless they are mechanically linked to the extracellu-
lar material. Special events such as sperm—egg binding
and the binding of an immune cell to a cancer cell also
require CAMs.

Second Messengers

Second messengers are of such importance that they require a
closer look. You will find this information essential for your later
understanding of hormone and neurotransmitter action. Let’s con-
sider how the hormone epinephrine stimulates a cell. Epinephrine,
the “first messenger,” cannot pass through the plasma membrane,
so it binds to a surface receptor. The receptor is linked on the in-
tracellular side to a peripheral G protein (fig. 3.9). G proteins are
named for the ATP-like chemical, guanosine triphosphate (GTP),
from which they get their energy. When activated by the receptor, a
G protein relays the signal to another membrane protein, adenylate
cyclase (ah-DEN-ih-late SY-clase). Adenylate cyclase removes
two phosphate groups from ATP and converts it to cyclic AMP
(cAMP), the second messenger (see fig. 2.29b). Cyclic AMP
then activates cytoplasmic enzymes called kinases (KY-nace-es),
which add phosphate groups to other cellular enzymes. This acti-
vates some enzymes and deactivates others, but either way, it trig-
gers a great variety of physiological changes within the cell. Up to
60% of drugs work by altering the activity of G proteins.
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Inactive Activated —» Various

enzymes. This activates

some enzymes and enzymes enzymes metabolic
deactivates others, leading effects
to varied metabolic effects

in the cell.

FIGURE 3.9 A Second-Messenger System.
. . TABLE 3.2
9 Is adenylate cyclase a transmembrane protein or a peripheral
protein? What about the G protein? Protection Cushions the plasma membrane and pro-

tects it from physical and chemical injury

Immunity to infection  Enables the immune system to recognize
and selectively attack foreign organisms

The G|ycoca|yx Defense against Changes in the glycocalyx of cancerous

. cancer cells enable the immune system to recog-
External to the plasma mgmbrane, all anlmal cell§ have a fuzzy nize and destroy them
coat ((lzallfeglthe gtl)yc}:)c;ll)i[x (G.]_ﬁt[.-co-?AY-ht():ks) (ﬁlg' 3.11.0?21c0m(; Transplant Forms the basis for compatibility of blood
posed ot the carbohydrate moieties ol membrane glycolpids an compatibility transfusions, tissue grafts, and organ

glycoproteins. It is chemically unique in everyone but identical

. . . e e transplants
twins, and acts like an identification tag that enables the body to

.. L . . Cell adhesi Bind lIs togeth ti d t fall
distinguish its own healthy cells from transplanted tissues, invad- el adhesion a;?ar‘f CEE TSNS S RS Bl Nt
ing organisms, and diseased cells. Human blood types and transfu- o ) )
sion compatibility are determined by glycolipids. Functions of the FelEEen ETEIRIES EpEm 19 (RReg X Al Bine i

. . €ggs
glycocalyx are summarized in table 3.2.
Embryonic Guides embryonic cells to their destina-
development tions in the body

%glyco = sugar; calyx = cup, vessel
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0.1pm

FIGURE 310 Microvilli and the Glycocalyx (TEM). The microvilli are anchored by microfilaments of actin, which occupy the core of
each microvillus and project into the cytoplasm. (a) Longitudinal section, perpendicular to the cell surface. (b) Cross section.

a: © Don W. Fawcett/Science Source; b: © Biophoto Associates/Science Source

Extensions of the Cell Surface

Many cells have surface extensions called microvilli, cilia, fla-
gella, and pseudopods. These aid in absorption, movement, and
SeNnsory processes.

Microvilli

Microvilli'® (MY-cro-VIL-eye; singular, microvillus) are exten-
sions of the plasma membrane that serve primarily to increase a
cell’s surface area (figs. 3.10 and 3.11a, c¢). They are best devel-
oped in cells specialized for absorption, such as the epithelial cells
of the intestines and kidneys. They give such cells 15 to 40 times
as much absorptive surface area as they would have if their apical
surfaces were flat.

Individual microvilli cannot be distinguished very well with
the light microscope because they are only 1 to 2 pm long. On
some cells, they are very dense and appear as a fringe called the
brush border at the apical cell surface. With the scanning electron
microscope, they resemble a deep-pile carpet. With the transmis-
sion electron microscope, microvilli typically look like finger-
shaped projections of the cell surface. They show little internal
structure, but some have a bundle of stiff filaments of a protein
called actin. Actin filaments attach to the inside of the plasma
membrane at the tip of the microvillus, and at its base they extend

micro = small; villi = hairs

a little way into the cell and anchor the microvillus to a protein
mesh called the terminal web. When tugged by another protein in
the cytoplasm, actin can shorten a microvillus to milk its absorbed
contents downward into the cell.

In contrast to the long, shaggy microvilli of absorptive cells,
those on many other cells are little more than tiny bumps on the
surface. On cells of the taste buds and inner ear, they are well de-
veloped but serve sensory rather than absorptive functions.

Cilia

Cilia (SIL-ee-uh; singular, cilium'') (fig. 3.11) are hairlike pro-
cesses about 7 to 10 pm long. Nearly every human cell has a single,
nonmotile primary cilium a few micrometers long. Its function in
some cases is still a mystery, but many of them are sensory, serv-
ing as the cell’s “antenna” for monitoring nearby conditions. In the
inner ear, they play a role in the sense of balance; in the retina of
the eye, they are highly elaborate and form the light-absorbing part
of the receptor cells; and in the kidney, they are thought to monitor
the flow of fluid as it is processed into urine. In some cases, they
open calcium gates in the plasma membrane, activating an infor-
mative signal in the cell. Sensory cells in the nose have multiple
nonmotile cilia that bind odor molecules. Defects in the develop-
ment, structure, or function of cilia—especially these nonmotile

Ueilium = eyelash
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FIGURE 311 Cilia. (a) Epithelium of the uterine
(fallopian) tube (SEM). The short, mucus-secreting

cells between the ciliated cells show bumpy microvilli
on their surfaces. (b) Three-dimensional structure of

a cilium. (c) Cross section of a few cilia and microvilli
(TEM). (d) Cross-sectional structure of a cilium. Note the
relative sizes of cilia and microvilli in parts (a) and (c).

a: © SPL/Science Source; ¢: © Don Fawcett/Science Source
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primary cilia—are responsible for several hereditary diseases
called ciliopathies. (See Testing Your Comprehension question 5
at the end of this chapter.)

Motile cilia are less widespread, but more numerous on the
cells that do have them. They occur in the respiratory tract, uter-
ine (fallopian) tubes, internal cavities (ventricles) of the brain,
and short ducts (efferent ductules) associated with the testes.
There may be 50 to 200 cilia on the surface of one cell. They
beat in waves that sweep across the surface of an epithelium,

always in the same direction (fig. 3.12), propelling such materi-
als as mucus, an egg cell, or cerebrospinal fluid. Each cilium
bends stiffly forward and produces a power stroke that pushes
along the mucus or other matter. Shortly after a cilium begins
its power stroke, the one just ahead of it begins, and the next
and the next—collectively producing a wavelike motion. After
a cilium completes its power stroke, it is pulled limply back by
a recovery stroke that restores it to the upright position, ready
to flex again.
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FIGURE 342 Ciliary Action. (a) Cilia of an epithelium moving mucus along a surface layer of saline. (b) Power and recovery strokes of
an individual cilium. The cilium goes limp on the recovery stroke to return to its original position without touching the mucus above.

p b p APPLY WHAT YOU KNOW

How would the movement of mucus in the respiratory
tract be affected if cilia were equally stiff on both their
power and recovery strokes?

Cilia could not beat freely if they were embedded in sticky
mucus (see Deeper Insight 3.2). Instead, they beat within a saline
(saltwater) layer at the cell surface. Chloride pumps in the api-
cal plasma membrane produce this layer by pumping CI” into the
extracellular fluid. Sodium ions follow by electrical attraction and
water follows by osmosis. Mucus essentially floats on the surface
of this layer and is pushed along by the tips of the cilia.

The structural basis for ciliary movement is a core called the
axoneme'? (ACK-so-neem), which consists of an array of thin

2axo = axis; neme = thread

'iilg DEEPER INSIGHT 3.2
CLINICAL APPLICATION
Cystic Fibrosis

The significance of chloride pumps becomes especially evident in cystic
fibrosis (CF), a hereditary disease affecting primarily white children
of European descent. CF is usually caused by a defect in which cells
make chloride pumps but fail to install them in the plasma membrane.
Consequently, there is an inadequate saline layer on the cell surface and
the mucus is dehydrated and overly sticky. This thick mucus plugs the
ducts of the pancreas and prevents it from secreting digestive enzymes
into the small intestine, so digestion and nutrition are compromised. In
the respiratory tract, the mucus clogs the cilia and prevents them from
beating freely. The respiratory tract becomes congested with thick
mucus, often leading to chronic infection and pulmonary collapse. The
mean life expectancy of people with CF is about 30 years.

protein cylinders called microtubules. There are two central mi-
crotubules surrounded by a ring of nine microtubule pairs—an
arrangement called the 9 + 2 structure. In cross section, it is remi-
niscent of a Ferris wheel (fig. 3.11d). The central microtubules
stop at the cell surface, but the peripheral microtubules continue a
short distance into the cell as part of a basal body that anchors the
cilium. In each pair of peripheral microtubules, one tubule has two
little dynein13 arms (DINE-een). Dynein, a motor protein, uses
energy from ATP to “crawl” up the adjacent pair of microtubules.
When microtubules on the front of the cilium crawl up the microtu-
bules behind them, the cilium bends toward the front. The primary
cilia, which cannot move, lack the two central microtubules but
still have the nine peripheral pairs; they are said to have a 9 + 0
structure.

Flagella

There is only one functional flagellum'* (fla-JEL-um) in humans—
the whiplike tail of a sperm. It is much longer than a cilium and
has an identical axoneme, but between the axoneme and plasma
membrane it also has a complex sheath of coarse fibers that stiffen
the tail and give it more propulsive power. A flagellum does not
beat with power and recovery strokes like those of a cilium, but in
a more undulating, snakelike or corkscrew fashion. It is described
in further detail at “The Spermatozoon” in section 27.4.

Pseudopods

Pseudopods'® (SOO-do-pods) are cytoplasm-filled extensions of
the cell varying in shape from fine, filamentous processes to blunt
fingerlike ones (fig. 3.13). Unlike the other three kinds of surface
extensions, they change continually. Some form anew as the cell
surface bubbles outward and cytoplasm flows into a lengthening

Bdyn = power, energy; in = protein
Yflagellum = whip
Bpseudo = false; pod = foot
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Pseudopods

(b)

FIGURE 313 Pseudopods. (a) Amoeba, a freshwater organism
that crawls and captures food by means of pseudopods. (b) A
neutrophil (white blood cell) that similarly uses pseudopods for
locomotion and capturing bacteria. (c) A macrophage extending
filamentous pseudopods to snare and “reel in” bacteria (the red
rods).

pseudopod, while others are retracted into the cell by disassem-
bling protein filaments that supported them like a scaffold.

The freshwater organism Amoeba furnishes a familiar example
of pseudopods, which it uses for locomotion and food capture. White
blood cells called neutrophils crawl about like amebae by means
of fingerlike pseudopods, and when they encounter a bacterium or
other foreign particle, they reach out with their pseudopods to sur-
round and engulf it. Macrophages—tissue cells derived from certain
white blood cells—reach out with thin filamentous pseudopods to
snare bacteria and cell debris and “reel them in” to be digested by
the cell. Like little janitors, macrophages thereby keep our tissues
cleaned up. Blood platelets reach out with thin pseudopods to adhere
to each other and to the walls of damaged blood vessels, forming
plugs that temporarily halt bleeding (see fig. 18.20).

BEFORE YOU GO ON

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

6. How does the structure of a plasma membrane depend on
the amphipathic nature of phospholipids?

7. Distinguish between integral and peripheral proteins.

8. Explain the differences between a receptor, pump, and
cell-adhesion molecule.

9. How does a gate differ from other channel proteins? What
three factors open and close membrane gates?

10. What roles do cAMP, adenylate cyclase, and kinases play
in cellular function?

11. Identify several reasons why the glycocalyx is important to
human survival.

12. How do microvilli and cilia differ in structure and function?

BEEM Membrane Transport

Expected Learning Outcomes
When you have completed this section, you should be able to

a. explain what is meant by a selectively permeable
membrane;

b. describe the various mechanisms for transporting
material through cellular membranes; and

c. define osmolarity and tonicity and explain their
importance.

The plasma membrane is both a barrier and gateway between the
cytoplasm and ECF. It is selectively permeable—it allows some
things through, such as nutrients and wastes, but usually prevents
other things, such as proteins and phosphates, from entering or
leaving the cell.

The methods of moving substances through the membrane
can be classified in two overlapping ways: as passive or active
mechanisms and as carrier-mediated or not. Passive mechanisms
require no energy (ATP) expenditure by the cell. In most cases, the
random molecular motion of the particles themselves provides the
necessary energy. Passive mechanisms include filtration, diffusion,
and osmosis. Active mechanisms, however, consume ATP. These
include active transport and vesicular transport. Carrier-mediated
mechanisms use a membrane protein to transport substances from
one side of the membrane to the other, but some transport pro-
cesses, such as osmosis, do not involve carriers.

Filtration

Filtration is a process in which a physical pressure forces fluid
through a selectively permeable membrane. A coffee filter is an
everyday example. The weight of the water drives water and dis-
solved matter through the filter, while the filter holds back larger
particles (the coffee grounds). In physiology, the most important
case of filtration is seen in the blood capillaries, where blood pres-
sure forces fluid through gaps in the capillary wall (fig. 3.14). This
is how water, salts, nutrients, and other solutes are transferred
from the bloodstream to the tissue fluid and how the kidneys filter
wastes from the blood. Capillaries hold back larger particles such
as blood cells and proteins. In most cases, water and solutes filter
through narrow gaps between the capillary cells. In some capil-
laries, however, the cells have large filtration pores through them,
like the holes in a slice of Swiss cheese, allowing for more rapid
filtration of large solutes such as protein hormones.

Simple Diffusion

Simple diffusion is the net movement of particles from a place
of high concentration to a place of lower concentration as a
result of their constant, spontaneous motion. In other words,
substances diffuse down their concentration gradients (see
“Gradients and Flow” in section 1.6). Molecules move at aston-
ishing speeds. At body temperature, the average water molecule
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FIGURE 314 Filtration Through the Wall of a Blood
Capillary. Water and small solutes pass through gaps between
cells, while blood cells and other large particles are held back.

moves about 2,500 km/h (1,500 mi./h)! However, a molecule can
travel only a very short distance before colliding with another
and careening off in a new direction, like colliding billiard balls.
The rate of diffusion, therefore, is much slower than the speed
of molecular motion.

Diffusion occurs readily in air or water and doesn’t necessar-
ily need a membrane—for example, when an odor spreads from
its source to your nose. However, if there is a membrane in the
path of the diffusing molecules, and if it is permeable to that sub-
stance, the molecules will pass from one side of the membrane to
the other. This is how oxygen passes from the air we inhale into
the bloodstream. Dialysis treatment for kidney patients is based on
diffusion of solutes through artificial dialysis membranes.

Diffusion rates are very important to cell survival because
they determine how quickly a cell can acquire nutrients or rid itself
of wastes. Some factors that affect the rate of diffusion through a
membrane are as follows:

* Temperature. Diffusion is driven by the kinetic energy of
the particles, and temperature is a measure of that kinetic
energy. The warmer a substance is, the more rapidly its
particles diffuse. This is why sugar diffuses more quickly
through hot tea than through iced tea.

* Molecular weight. Heavy molecules such as proteins move
more sluggishly and diffuse more slowly than light particles
such as electrolytes and gases. Small molecules also pass
through membrane pores more easily than large ones.

* “Steepness” of the concentration gradient. The steepness
of a gradient refers to the concentration difference between
two points. Particles diffuse more rapidly if there is a greater
concentration difference.

* Membrane surface area. As noted earlier, the apical sur-
face of cells specialized for absorption (for example, in the
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small intestine) is often extensively folded into microvilli.
This makes more membrane available for particles to dif-
fuse through.

* Membrane permeability. Diffusion through a membrane
depends on how permeable it is to the particles. For exam-
ple, potassium ions diffuse more rapidly than sodium ions
through a plasma membrane. Nonpolar, hydrophobic, lipid-
soluble substances such as oxygen, nitric oxide, alcohol,
and steroids diffuse through the phospholipid regions of a
plasma membrane. Water and small charged, hydrophilic
solutes such as electrolytes do not mix with lipids but dif-
fuse primarily through channel proteins in the membrane.
Cells can adjust their permeability to such a substance by
adding channel proteins to the membrane, by taking them
away, or by opening and closing membrane gates.

Osmosis

Osmosis'® is the net flow of water from one side of a selectively
permeable membrane to the other. It is crucial to the body’s water
distribution (fluid balance). Imbalances in osmosis underlie such
problems as diarrhea, constipation, hypertension, and edema (tis-
sue swelling); osmosis also is a vital consideration in intravenous
(1.V.) fluid therapy.

Osmosis occurs through nonliving membranes, such as cel-
lophane and dialysis membranes, and through the plasma mem-
branes of cells. The usual direction of net movement is from the
“more watery” side, with a lower concentration of dissolved mat-
ter, to the “less watery” side, with a greater concentration of solute.
The reason for the accumulation of water on the high-solute side
is that when water molecules encounter a solute particle, they tend
to associate with it to form a hydration sphere (see fig. 2.9). Even
though this is a loose, reversible attraction, it does make those
water molecules less available to diffuse back across the mem-
brane to the side from which they came. In essence, solute par-
ticles on one side of the membrane draw water away from the other
side. Thus, water accumulates on the side with the most solute. All
of this assumes that the solute molecules in question cannot pass
through the membrane, but stay on one side. The rate and direction
of osmosis depend on the relative concentration of these nonper-
meating solutes on the two sides of the membrane.

Significant amounts of water pass even through the hydropho-
bic, phospholipid regions of a plasma membrane, but water passes
more easily through channel proteins called aquaporins, special-
ized for water. Cells can increase the rate of osmosis by installing
more aquaporins in the membrane or decrease the rate by remov-
ing them. Certain cells of the kidney, for example, regulate the rate
of urinary water loss by adding or removing aquaporins.

A cell can exchange a tremendous amount of water by osmo-
sis. In red blood cells, for example, the amount of water passing
through the plasma membrane every second is 100 times the vol-
ume of the cell.

"%0sm = push, thrust; osis = condition, process
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Figure 3.15 is a conceptual model of osmosis. Imagine a
chamber divided by a selectively permeable membrane. Side A
contains distilled water and side B contains large particles of a
nonpermeating solute—that is, a solute such as protein that cannot
pass through the membrane pores because of its size or other prop-
erties. Water passes from side A to B (fig. 3.15a) and associates
with the solute molecules on side B, hindering water movement
back to side A.

Under such conditions, the water level in side A would fall
and the level in side B would rise. It may seem as if this would
continue indefinitely until side A dried up. This would not happen,
however, because as water accumulated in side B, it would become
heavier and exert more force, called hydrostatic pressure, on that
side of the membrane. This would cause some filtration of water
from B back to A. At some point, the rate of filtration would equal
the rate of “forward” osmosis, water would pass through the mem-
brane equally in both directions, and net osmosis would slow down
and stop. At this point, an equilibrium (balance between opposing
forces) would exist. The hydrostatic pressure required on side B to
halt osmosis is called osmotic pressure. The more nonpermeating
solute there is in B, the greater the osmotic pressure.
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FIGURE 315 Osmosis. The dashed line represents a selectively
permeable membrane dividing the chamber in half. (a) Initial

net flow of water from side A to side B. (b) Equilibrium between
osmotic and hydrostatic pressure, hence between osmosis and
filtration, with no net flow. Water molecules aggregate around
solute molecules and thus accumulate on side B.

P pp APPLY WHAT YOU KNOW

If the solute concentration on side B was half what it was
in the original experiment, would the fluid on that side
reach a higher or lower level than before? Explain.

Reverse osmosis is a process in which a mechanical pressure
applied to one side of the system can override osmotic pressure
and drive water through a membrane against its concentration gra-
dient. This principle is used to create highly purified water for lab-
oratory use and to desalinate seawater, converting it to drinkable
freshwater—very handy for arid countries and ships at sea. The
body’s principal pump, the heart, drives water out of the small-
est blood vessels (the capillaries) by reverse osmosis—a process
called capillary filtration. The equilibrium between osmosis and
filtration will be an important consideration when we study fluid
exchange by the capillaries in section 20.3. Blood plasma also con-
tains albumin. In the preceding discussion, side B is analogous to
the high-protein bloodstream and side A to the low-protein tissue
fluid surrounding the capillaries. Water leaves the capillaries by
filtration, but this is approximately balanced by water reentering
the capillaries by osmosis.

Osmolarity and Tonicity

The osmolarity, or osmotic concentration, of body fluids has such
a great effect on cellular function that it is important to understand
the units in which it is measured. Physiologists and clinicians usu-
ally express this in terms of milliosmoles per liter (mOsm/L), a
unit of measure that expresses the quantity of nonpermeating par-
ticles per liter of solution. The basis of this unit of concentration is
explained in appendix C. Blood plasma, tissue fluid, and intracel-
lular fluids measure about 300 mOsm/L.

Tonicity is the ability of a solution to affect the fluid volume
and pressure in a cell. If a solute cannot pass through a plasma mem-
brane but remains more concentrated on one side of the membrane
than on the other, it causes osmosis. A hypotonic'’ solution has a
lower concentration of nonpermeating solutes than the intracellular
fluid (ICF). Cells in a hypotonic solution absorb water, swell, and
may burst (lyse) (fig. 3.16a). Distilled water is the extreme example;
a sufficient quantity given to a person intravenously would lyse the
blood cells, with dire consequences. A hypertonic'® solution is one
with a higher concentration of nonpermeating solutes than the ICF.
It causes cells to lose water and shrivel (crenate) (fig. 3.16¢). Such
cells may die of torn membranes and cytoplasmic loss. In isotonic'’
solutions, the total concentration of nonpermeating solutes is the
same as in the ICF—hence, isotonic solutions cause no change in
cell volume or shape (fig. 3.16b).

It is essential for cells to be in a state of osmotic equilibrium
with the fluid around them, and this requires that the ECF have
the same concentration of nonpermeating solutes as the ICF. Intra-
venous fluids given to patients are usually isotonic solutions, but

“hypo = less; ton = tension
Bhyper = more; ton = tension
Yiso = equal; fon = tension
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(c) Hypertonic

FIGURE 316 Effects of Tonicity on Red Blood Cells (RBCs). (a) RBC swelling in a hypotonic medium such as distilled water. (b) Normal
RBC size and shape in an isotonic medium such as 0.9% NaCl. (c) RBC shriveling in a hypertonic medium such as 2% NacCl.

a-c: © David M. Phillips/Science Source

hypertonic or hypotonic fluids are given for special purposes. A
0.9% solution of NaCl, called normal saline, is isotonic to human
blood cells.

It is important to note that osmolarity and tonicity are not the
same. Urea, for example, is a small organic molecule that easily
penetrates plasma membranes. If cells are placed in 300 mOsm/L
urea, urea diffuses into them (down its concentration gradient),
water follows by osmosis, and the cells swell and burst. Thus, 300
mOsm/L urea is not isotonic to the cells. Sodium chloride, by con-
trast, penetrates plasma membranes poorly. In 300 mOsm/L NaCl,
there is little change in cell volume; this solution is isotonic to
cells.

Carrier-Mediated Transport

The processes of membrane transport described up to this point
do not necessarily require a cell membrane; they can occur as well
through artificial membranes. Now, however, we come to pro-
cesses for which a cell membrane is necessary, because they em-
ploy transport proteins, or carriers. Thus, the next three processes
are classified as carrier-mediated transport. In these cases,
a solute binds to a carrier in the plasma membrane, which then
changes shape and releases the solute to the other side. Carriers
can move substances into or out of a cell, and into or out of organ-
elles within the cell. The process is very rapid; for example, one
carrier can transport 1,000 glucose molecules per second across
the membrane.

Carriers act like enzymes in some ways: The solute is a
ligand that binds to a specific receptor site on the carrier, like
a substrate binding to the active site of an enzyme. The carrier
exhibits specificity for its ligand, just as an enzyme does for its
substrate. A glucose carrier, for example, cannot transport fruc-
tose. Carriers also exhibit saturation; as the solute concentra-
tion rises, its rate of transport increases, but only up to a point.

When every carrier is occupied, adding more solute cannot
make the process go any faster. The carriers are saturated—no
more are available to handle the increased demand, and trans-
port levels off at a rate called the transport maximum (T,)
(fig. 3.17). You could think of carriers as analogous to buses.
If all the buses on a given line are full (“saturated”), they can-
not carry any more passengers, regardless of how many people
are waiting at the bus stop. As we’ll see later in the book, the
T,, explains why glucose appears in the urine of people with
diabetes mellitus.

An important difference between a carrier and an enzyme is
that carriers don’t chemically change their ligands; they simply
pick them up on one side of the membrane and release them, un-
changed, on the other.

There are three kinds of carriers: uniports, symports, and an-
tiports. A uniport® carries only one type of solute. For example,
most cells pump out calcium by means of a uniport, maintaining
a low intracellular concentration so calcium salts don’t crystallize
in the cytoplasm. Some carriers move two or more solutes through
a membrane simultaneously in the same direction; this process
is called cotransport®' and the carrier protein that performs it is
called a symport.”” For example, absorptive cells of the small in-
testine and kidneys have a symport that takes up sodium and glu-
cose simultaneously. Other carriers move two or more solutes in
opposite directions; this process is called countertransport and
the carrier protein is called an antiport.”’ For example, nearly all
cells have an antiport called the sodium—potassium pump that con-
tinually removes Na* from the cell and brings in K*.

yuni = one; port = carry

%lco = together; trans = across; port = carry
Zsym = together; port = carry

Banti = opposite; port = carry
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FIGURE 347 Carrier Saturation and Transport Maximum. Up
to a point, increasing the solute concentration increases the rate
of transport through a membrane. At the transport maximum (T,),
however, all carrier proteins are busy and cannot transport the
solute any faster, even if more solute is added.

There are three mechanisms of carrier-mediated transport:
facilitated diffusion, primary active transport, and secondary ac-
tive transport. Facilitated** diffusion (fig. 3.18) is the carrier-
mediated transport of a solute through a membrane down its
concentration gradient. It does not require any expenditure of
metabolic energy (ATP) by the cell. It transports solutes such

*facil = easy

as glucose that cannot pass through the membrane unaided. The
solute attaches to a binding site on the carrier, then the carrier
changes conformation and releases the solute on the other side
of the membrane.

Primary active transport is a process in which a carrier
moves a substance through a cell membrane up its concentra-
tion gradient using energy provided by ATP. Just as rolling a ball
up a ramp would require you to push it (an energy input), this
mechanism requires energy to move material up its concentration
gradient. ATP supplies this energy by transferring a phosphate
group to the transport protein. The calcium pump mentioned pre-
viously uses this mechanism. Even though Ca" is already more
concentrated in the ECF than within the cell, this carrier pumps
still more of it out. Active transport also enables cells to absorb
amino acids that are already more concentrated in the cytoplasm
than in the ECF.

Secondary active transport also requires an energy input,
but depends only indirectly on ATP. For example, certain kidney
tubules have proteins called sodium—glucose transporters (SGLTSs)
that simultaneously bind sodium ions (Na*) and glucose molecules
and transport them into the tubule cells, saving glucose from being
lost in the urine (fig. 3.19). An SGLT itself does not use ATP.
However, it depends on the fact that the cell actively maintains a
low internal Na™ concentration, so Na* will diffuse down its gradi-
ent into the cell. Glucose “hitches a ride” with the incoming Na™.
But what keeps the intracellular Na* concentration low is that the
basal membrane of the cell has an ATP-driven sodium—potassium
pump that constantly removes Na™ from the cell. If not for this, the
Na* and glucose inflow via the SGLT would soon cease. There-
fore, the SGLT does not use ATP directly, but depends on ATP to
drive the Na™K™ pump; it is therefore a secondary active transport

@A solute particle enters
the channel of a membrane
protein (carrier).

@The solute binds to a receptor
site on the carrier and the
carrier changes conformation.

@ The carrier releases the
solute on the other side of
the membrane.

FIGURE 318 Facilitated Diffusion. Note that the solute moves down its concentration gradient.



o
a '—Glucose
[

Basal surface

e T

- 5

FIGURE 319 Secondary Active Transport. At the basal surface
of the cell, a Na*—K* pump removes sodium ions (Na*) from the
cytoplasm, maintaining a low sodium concentration within the cell.
At the apical surface, Na* enters the cell by facilitated diffusion,
following its concentration gradient. It can gain entry to the cell
only by binding to a carrier, the sodium—glucose transporter (SGLT),
which simultaneously binds and transports glucose. The SGLT
does not consume ATP, but does depend on the ATP-consuming
pump at the base of the cell.

protein. (Secondary active transport is an unfortunate name for
this, as the SGLT is actually carrying out facilitated diffusion, but
its dependence on a primary active transport pump has led to this
name.)

The sodium—potassium (Na™-K*) pump itself (fig. 3.20) is
a good example of primary active transport. It is also known as
Na*-K* ATPase because it is an enzyme that hydrolyzes ATP. The
Na*—K* pump binds three Na* simultaneously on the cytoplasmic
side of the membrane, releases these to the ECF, binds two K™ si-
multaneously from the ECF, and releases these into the cell. Each
cycle of the pump consumes one ATP and exchanges three Na*
for two K*. This keeps the K* concentration higher and the Na*
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concentration lower within the cell than they are in the ECF. These
ions continually leak through the membrane, and the Na*-K*
pump compensates like bailing out a leaky boat.

Lest you question the importance of the Na*—~K* pump, about
half of the calories you use each day go to this purpose alone.
Beyond compensating for a leaky plasma membrane, the Na*-K*
pump has at least four functions:

1. Secondary active transport. It maintains a steep Na* con-
centration gradient across the membrane. Like water behind
a dam, this gradient is a source of potential energy that can
be tapped to do other work. The secondary active transport
described previously is an example of this.

2. Regulation of cell volume. Certain anions are confined to the
cell and cannot penetrate the plasma membrane. These “fixed
anions,” such as proteins and phosphates, attract and retain
cations. If there were nothing to correct for it, the retention of
these ions would cause osmotic swelling and possibly lysis of
the cell. Cellular swelling, however, elevates activity of the
Na*—K* pumps. Since each cycle of the pump removes one
ion more than it brings in, the pumps are part of a negative
feedback loop that reduces intracellular ion concentration,
controls osmolarity, and prevents cellular swelling.

FIGURE 3.20 The Sodium—-Potassium Pump (Na'-K' ATPase).
In each cycle of action, this membrane carrier removes three
sodium ions (Na®) from the cell, brings two potassium ions (K') into
the cell, and hydrolyzes one molecule of ATP.

9 Why would the Na'—K" pump, but not osmosis, cease to
function after a cell dies?
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3. Maintenance of a membrane potential. All living cells
have an electrical charge difference called the resting mem-
brane potential across the plasma membrane. Like the two
poles of a battery, the inside of the membrane is negatively
charged and the outside is positively charged. This difference
stems from the unequal distribution of ions on the two sides
of the membrane, maintained by the Na*—K* pump. The
membrane potential is essential to the excitability of nerve
and muscle cells.

4. Heat production. When the weather turns chilly, we turn up
not only the furnace in our home but also the “furnace” in
our body. Thyroid hormone stimulates cells to produce more
Na*—K* pumps. As these pumps consume ATP, they release
heat from it, compensating for the body heat we lose to the
cold air around us.

p ) p APPLY WHAT YOU KNOW

An important characteristic of proteins is their abil-
ity to change conformation in response to the binding
or dissociation of a ligand (see “Protein Structure” in
section 2.4). Explain how this characteristic is essential
to carrier-mediated transport.

In summary, carrier-mediated transport is any process in
which solute particles move through a membrane by means of
a transport protein. The protein is a uniport if it transports only
one solute, a symport if it carries two types of solutes at once
in the same direction, and an antiport if it carries two or more
solutes in opposite directions. If the carrier does not depend on
ATP at all and it moves solutes down their concentration gra-
dient, the process is called facilitated diffusion. If the carrier
itself consumes ATP and moves solutes up their concentration
gradient, the process is called primary active transport. If the
carrier does not directly use ATP, but depends on a concentra-
tion gradient produced by ATP-consuming Na*-K* pumps else-
where in the plasma membrane, the process is called secondary
active transport.

Vesicular Transport

So far, we have considered processes that move one or a few
ions or molecules at a time through the plasma membrane.
Vesicular transport processes, by contrast, move large par-
ticles, droplets of fluid, or numerous molecules at once through
the membrane, contained in bubblelike vesicles of membrane.
Vesicular processes that bring matter into a cell are called
endocytosis®® (EN-doe-sy-TOE-sis) and those that release ma-
terial from a cell are called exocytosis®® (EC-so-sy-TOE-sis).
These processes employ motor proteins whose movements are
energized by ATP.

Bendo = into; cyt = cell; osis = process
%exo = out of; cyt = cell; osis = process

There are three forms of endocytosis: phagocytosis,
pinocytosis, and receptor-mediated endocytosis. Phagocytosis?’
(FAG-0h-sy-TOE-sis), or “cell eating,” is the process of en-
gulfing particles such as bacteria, dust, and cellular debris—
particles large enough to be seen with a microscope. For
example, neutrophils (a class of white blood cells) protect the
body from infection by phagocytizing and killing bacteria. A
neutrophil spends most of its life crawling about in the con-
nective tissues by means of its pseudopods. When a neutrophil
encounters a bacterium, it surrounds it with pseudopods and
traps it in a vesicle called a phagosome?®—a vesicle in the cy-
toplasm surrounded by a unit membrane (fig. 3.21). A lysosome
merges with the phagosome, converting it to a phagolysosome,
and contributes enzymes that destroy the invader. Some other
kinds of phagocytic cells are described in section 21.1. In gen-
eral, phagocytosis is a way of keeping the tissues free of debris
and infectious microbes. Some cells called macrophages (liter-
ally, “big eaters”) phagocytize the equivalent of 25% of their
own volume per hour.

Pinocytosis® (PIN-oh-sy-TOE-sis), or “cell drinking,” is the
process of taking in droplets of ECF containing molecules of some
use to the cell. While phagocytosis occurs in only a few specialized
cells, pinocytosis occurs in all human cells. The process begins as
the plasma membrane becomes dimpled, or caved in, at points.
These pits soon separate from the surface membrane and form
small membrane-bounded pinocytotic vesicles in the cytoplasm.
The vesicles contain droplets of the ECF with whatever molecules
happen to be there.

Receptor-mediated endocytosis (fig. 3.22) is a more se-
lective form of either phagocytosis or pinocytosis. It enables a
cell to take in specific molecules from the ECF with a minimum
of unnecessary matter. Particles in the ECF bind to specific
receptors on the plasma membrane. The receptors then cluster
together and the membrane sinks in at this point, creating a pit
coated with a peripheral membrane protein called clathrin.*
The pit soon pinches off to form a clathrin-coated vesicle in
the cytoplasm. Clathrin may serve as an “address label” on the
coated vesicle that directs it to an appropriate destination in the
cell, or it may inform other structures in the cell what to do with
the vesicle.

One example of receptor-mediated endocytosis is the uptake
of low-density lipoproteins (LDLs)—protein-coated droplets
of cholesterol and other lipids in the blood (described under
“Lipids” in section 26.1). The thin endothelial cells that line our
blood vessels have LDL receptors on their surfaces and absorb
LDLs in clathrin-coated vesicles. Inside the cell, the LDL is
freed from the vesicle and metabolized, and the membrane with
its receptors is recycled to the cell surface. Much of what we
know about receptor-mediated endocytosis comes from studies
of a hereditary disease called familial hypercholesterolemia,
which shows the significance of this process to cardiovascular
health (see Deeper Insight 3.3).

Yphago = eating; cyt = cell; osis = process
Bphago = eaten; some = body
pino = drinking; cyr = cell; osis = process
S¢lathr = lattice; in = protein
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FIGURE 3.21 Phagocytosis, Intracellular Digestion, and Exocytosis.
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FIGURE 3.22 Receptor-Mediated Endocytosis.
1-3: Courtesy of the Company of Biologists, Ltd.
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Familial Hypercholesterolemia

DEEPER INSIGHT 3.3
CLINICAL APPLICATION

The significance of LDL receptors and receptor-mediated endocytosis is
dramatically illustrated by a hereditary disease called familial hypercho-
lesterolemia.®' People with this disease have an abnormally low number
of LDL receptors. Their cells therefore absorb less cholesterol than nor-
mal, and the cholesterol remains in the blood. Their blood cholesterol
levels may be as high as 1,200 mg/dL, compared with a normal level of
about 200 mg/dL. People who inherit the gene from both parents typi-
cally have heart attacks before the age of 20 (sometimes even in infancy)
and seldom survive beyond the age of 30.

Endothelial cells also imbibe insulin by receptor-mediated
endocytosis. Insulin is too large to pass through channels in the
plasma membrane, yet it must somehow get out of the blood and
reach the surrounding cells if it is to have any effect. Endothelial
cells take up insulin by receptor-mediated endocytosis, transport
the vesicles across the cell, and release the insulin on the other
side, where tissue cells await it. Such transport of material across
a cell (capture on one side and release on the other side) is called
transcytosis” (fig. 3.23). This process is especially active in mus-
cle capillaries and transfers a significant amount of blood albumin
into the tissue fluid.

Receptor-mediated endocytosis isn’t always to our benefit;
hepatitis, polio, and AIDS viruses trick our cells into engulfing
them by receptor-mediated endocytosis, thus exploiting this mech-
anism to establish infection.

Exocytosis (fig. 3.24) is a process of discharging material
from a cell. It occurs, for example, when endothelial cells re-
lease insulin to the tissue fluid, sperm cells release enzymes for
penetrating an egg, mammary gland cells secrete milk sugar, and
other gland cells release hormones. It bears a superficial resem-
blance to endocytosis in reverse. A secretory vesicle in the cell
migrates to the surface and “docks” on peripheral proteins of the
plasma membrane. These proteins pull the membrane inward and
create a dimple that eventually fuses with the vesicle and allows it
to release its contents.

The question might occur to you, If endocytosis continu-
ally takes away bits of plasma membrane to form intracellular
vesicles, why doesn’t the membrane grow smaller and smaller?
Another purpose of exocytosis, however, is to replace plasma
membrane that has been removed by endocytosis or that has be-
come damaged or worn out. Plasma membrane is continually
recycled from the cell surface into the cytoplasm and back to
the surface.

Table 3.3 summarizes these mechanisms of transport.

3familial = running in the family; hyper = above normal; emia = blood condition
*trans = across; cyt = cell; osis = process

Capillary endothelial cell

Intercellular cleft

Capillary lumen

Pinocytotic vesicles

Muscle cell

Tissue fluid

—_
0.25 pm

FIGURE 3.23 Transcytosis. An endothelial cell of a capillary
imbibes droplets of blood plasma at sites indicated by arrows
along the left. This forms pinocytotic vesicles, which the cell
transports to the other side. Here, it releases the contents by
exocytosis at sites indicated by arrows along the right side of the
cell. This process is especially active in muscle capillaries and
transfers a significant amount of blood albumin into the tissue fluid.
© Don Fawcett/Science Source
9 Why isn’t transcytosis listed as a separate means of
membrane transport, in addition to pinocytosis and the others?

BEFORE YOU GO ON

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

13. What is the importance of filtration to human physiology?

14. What does it mean to say a solute moves down its concen-
tration gradient?

15. How does osmosis help to maintain blood volume?

16. Define osmolarity and tonicity, and explain the difference
between them.

17. Define hypotonic, isotonic, and hypertonic, and explain
why these concepts are important in clinical practice.

18. What do facilitated diffusion and active transport have in
common? How are they different?

19. How does the Na'™—K* pump exchange sodium ions for
potassium ions across the plasma membrane? What are
some purposes served by this pump?

20. How does phagocytosis differ from pinocytosis?

21. Describe the process of exocytosis. What are some of its
purposes?
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(a) @ A secretory vesicle approaches @ The plasma membrane and (b)
the plasma membrane and docks vesicle unite to form a fusion
on it by means of linking proteins. pore through which the vesicle
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at that point to meet the vesicle.

FIGURE 3.24 Exocytosis. (a) Stages of exocytosis. (b) Electron micrograph of exocytosis.
b: Courtesy of Dr. Birgit Satir, Albert Einstein College of Medicine

I\ H=8cBcl  Methods of Membrane Transport

Transport Without Carriers Movement of material without the aid of carrier proteins

Filtration

Movement of water and solutes through a selectively permeable membrane as a result of
hydrostatic pressure

Simple diffusion Diffusion of particles through water or air or through a living or artificial membrane, down their

concentration gradient, without the aid of membrane carriers
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Osmosis Net flow of water through a selectively permeable membrane, driven by either a difference in
solute concentration or a mechanical force
Carrier-Mediated Transport Movement of material through a cell membrane by carrier proteins
Facilitated diffusion Transport of particles through a selectively permeable membrane, down their concentration
gradient, by a carrier that does not directly consume ATP
Primary active transport Transport of solute particles through a selectively permeable membrane, up their concentration
gradient, by a carrier that consumes ATP
Secondary active transport Transport of solute particles through a selectively permeable membrane, up their concentration
gradient, by a carrier that does not itself use ATP but depends on concentration gradients produced
by primary active transport elsewhere in the membrane
Cotransport Simultaneous transport of two or more solutes in the same direction through a membrane by a
carrier protein called a symport, using either facilitated diffusion or active transport
Countertransport Transport of two or more solutes in opposite directions through a membrane by a carrier protein
called an antiport, using either facilitated diffusion or active transport
Vesicular (Bulk) Transport Movement of fluid and particles through a plasma membrane by way of membrane vesicles;
consumes ATP
Endocytosis Vesicular transport of particles into a cell
Phagocytosis Process of engulfing large particles by means of pseudopods; “cell eating”
Pinocytosis Process of imbibing extracellular fluid in which the plasma membrane sinks in and pinches off small
vesicles containing droplets of fluid; “cell drinking”
Receptor-mediated Phagocytosis or pinocytosis in which specific solute particles bind to receptors on the plasma
endocytosis membrane, and are then taken into the cell in clathrin-coated vesicles with a minimal amount of
extraneous matter
Exocytosis Process of eliminating material from a cell by means of a vesicle approaching the cell surface, fusing

with the plasma membrane, and expelling its contents; used to release cell secretions, replace
worn-out plasma membrane, and replace membrane that has been internalized by endocytosis



98 PART ONE Organization of the Body

BEX The Cell Interior

Expected Learning Outcomes

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

a. describe the cytoskeleton and its functions;

b. list the main organelles of a cell, describe their structure,
and explain their functions; and

c. give some examples of cell inclusions and explain how
inclusions differ from organelles.

We now probe more deeply into the cell to study its internal
structures. These are classified into three groups—cytoskeleton,
organelles, and inclusions—all embedded in the clear, gelatinous
cytosol.

The Cytoskeleton

The cytoskeleton is a network of protein filaments and cylinders
that structurally support a cell, determine its shape, organize its
contents, direct the movement of materials within the cell, and
contribute to movements of the cell as a whole. It forms a very
dense supportive scaffold in the cytoplasm (fig. 3.25). It is con-
nected to transmembrane proteins of the plasma membrane, and
they in turn are connected to protein fibers external to the cell,
creating a strong structural continuity from extracellular mate-
rial to the cytoplasm. Cytoskeletal elements may even connect
to chromosomes in the nucleus, enabling physical tension on a
cell to move nuclear contents and mechanically stimulate ge-
netic function.

The cytoskeleton is composed of microfilaments, interme-
diate filaments, and microtubules. If you think of intermedi-
ate filaments as being like the stiff rods of uncooked spaghetti,
you could, by comparison, think of microfilaments as being
like fine angel-hair pasta and microtubules as being like tubular
penne pasta.

Microfilaments (thin filaments) are about 6 nm thick and
are made of the protein actin. They are widespread throughout
the cell but especially concentrated in a fibrous mat called the
terminal web (membrane skeleton) on the cytoplasmic side of
the plasma membrane. The phospholipids of the plasma membrane
spread out over the terminal web like butter on a slice of bread.
The web, like the bread, provides physical support, whereas the
lipids, like butter, provide a permeability barrier. It is thought that
without the support of the terminal web, the phospholipids would
break up into little droplets and the plasma membrane would not
hold together. As described earlier, actin microfilaments also form
the supportive cores of the microvilli and play a role in cell move-
ment. Through its role in cell motility, actin plays a crucial role
in embryonic development, muscle contraction, immune func-
tion, wound healing, cancer metastasis, and other processes that
involve cell migration.

Intermediate filaments (8—10 nm thick) are thicker and
stiffer than microfilaments. They give the cell its shape, resist
stress, and participate in junctions that attach cells to their neigh-
bors. In epidermal cells, they are made of the tough protein keratin
and occupy most of the cytoplasm. They are responsible for the
strength of hair and fingernails.

Microtubules (25 nm in diameter) are cylinders made of
13 parallel strands called protofilaments. Each protofilament
is a long chain of globular proteins called tubulin (fig. 3.26).
Microtubules radiate from an area of the cell called the centro-
some. They hold organelles in place, form bundles that maintain
cell shape and rigidity, and act somewhat like monorail tracks.
Motor proteins “walk” along these tracks carrying organelles
and macromolecules to specific destinations in the cell. Microtu-
bules form the axonemes of cilia and flagella and are responsible
for their beating movements, and form the mitotic spindle that
guides chromosome movement during cell division. Microtu-
bules are not permanent structures. They come and go moment
by moment as tubulin molecules assemble into a tubule and then
suddenly break apart again to be used somewhere else in the cell.
The microtubules in cilia, flagella, basal bodies, and centrioles,
however, are more stable.

Organelles

Organelles are internal structures of a cell that carry out special-
ized metabolic tasks. Some are surrounded by membranes and
are therefore referred to as membranous organelles. These are
the nucleus, mitochondria, lysosomes, peroxisomes, endoplasmic
reticulum, and Golgi complex. Organelles without membranes
include ribosomes, proteasomes, centrosomes, centrioles, and
basal bodies.

The Nucleus

The nucleus (fig. 3.27) is the largest organelle and usually the
only one clearly visible with the light microscope. It contains the
cell’s chromosomes and is therefore the genetic control center of
cellular activity. It is usually spheroidal to elliptical in shape and
typically about 5 pm in diameter. Most cells have a single nucleus,
but there are exceptions. Mature red blood cells have none; they
are anuclear. A few cell types are multinuclear, having 2 to 50
nuclei. Examples include skeletal muscle cells, some liver cells,
and certain bone-dissolving cells.

Figure 3.28 shows the details of nuclear structure. The
nucleus is enclosed in a double membrane, the nuclear enve-
lope. The envelope is perforated with nuclear pores, about 30
to 100 nm in diameter, formed by a ring of proteins, the nuclear
pore complex. These proteins regulate molecular traffic through
the envelope and act like a rivet to hold the two membrane lay-
ers together. Hundreds of molecules pass through the nuclear
pores every minute. Coming into the nucleus are raw materi-
als for DNA and RNA synthesis, enzymes that are made in the
cytoplasm but function in the nucleus, and hormones and other
chemical messengers that activate certain genes. Going the other
way, RNA is made in the nucleus but leaves to perform its job
in the cytoplasm.
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FIGURE 3.25 The Cytoskeleton. (a) Components of the cytoskeleton. Few
organelles are shown in order to emphasize the cytoskeleton. Note that all
microtubules radiate from the centrosome; they often serve as trackways for
motor proteins (kinesin) transporting organelles. (b) Cells with their cytoskeletons labeled with 15 pm
fluorescent antibodies, photographed through a fluorescence microscope. The density of a

typical cytoskeleton far exceeds even that shown in part (a). The pink bodies are the cell nuclei.

b: © Dr. Torsten Wittmann/Science Source
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Immediately inside the nuclear envelope is a narrow but
densely fibrous zone called the nuclear lamina, composed of a
web of intermediate filaments. It supports the nuclear envelope
and pores, provides points of attachment and organization for
the chromosomes inside the nucleus, and plays a role in regulat-
ing the cell life cycle. Abnormalities of its structure or function
are associated with certain genetic diseases and premature cell
death.

The material in the nucleus is called nucleoplasm. This in-
cludes chromatin® (CRO-muh-tin)—fine threadlike matter com-
posed of DNA and protein—and one or more dark-staining masses
called nucleoli (singular, nucleolus), where ribosomes are produced.
The genetic function of the nucleus is described in section 4.2.

Endoplasmic Reticulum

Endoplasmic reticulum (ER) literally means “little network
within the cytoplasm.” It is a system of interconnected channels
called cisterns or cisternae* (sis-TUR-nee) enclosed by a unit
membrane (fig. 3.29). In areas called rough endoplasmic reticu-
lum, the cisternae are parallel, flattened sacs covered with gran-
ules called ribosomes. The rough ER is continuous with the outer
membrane of the nuclear envelope, and cisternae adjacent to each

FIGURE 3.26 Microtubules. (a) A microtubule is composed of
13 protofilaments. Each protofilament is a helical array of globular
proteins called tubulin. (b) One of the nine microtubule pairs that
form the axonemes of cilia and flagella, with the motor protein
dynein attached. (c) One of the nine microtubule triplets that form
a centriole.

Bchromat = colored; in = substance
Hcistern = reservoir

Nucleolus Nuclear
pores
Nucleoplasm
Nuclear
envelope
(a) Interior of nucleus 2 pm (b) Surface of nucleus 1.5 um

FIGURE 3.27 The Nucleus as Seen by Electron Microscopy. These photomicrographs were made by different TEM methods to show
the internal structure of the nucleus and surface of the nuclear envelope.
a: © Richard Chao; b: © E.G. Pollock



other are connected by bridges. In areas called smooth endoplas-
mic reticulum, the cisternae are more tubular, branch more ex-
tensively, and lack ribosomes. The cisternae of the smooth ER are
continuous with those of the rough ER, so the two are different
parts of the same network.

The ER synthesizes steroids and other lipids, detoxifies alco-
hol and other drugs, and manufactures all membranes of the cell.
Rough ER produces the phospholipids and proteins of the plasma
membrane and synthesizes proteins that are either secreted from
the cell or packaged in organelles such as lysosomes. Rough
ER is most abundant in cells that synthesize large amounts of

%
4L LT

Ribosomes

(@
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protein, such as antibody-producing cells and cells of the diges-
tive glands.

Most cells have only a scanty smooth ER, but it is relatively
abundant in cells that engage extensively in detoxification, such as
liver and kidney cells. Long-term abuse of alcohol, barbiturates,
and other drugs leads to tolerance partly because the smooth ER
proliferates and detoxifies the drugs more quickly. Smooth ER
is also abundant in cells of the testes and ovaries that synthesize
steroid hormones. Skeletal and cardiac muscle contain extensive
networks of smooth ER that store calcium and release it to trigger
muscle contraction.

Rough endoplasmic reticulum

Nuclear pores

Chromatin

Nuclear lamina

Nucleolus

Nuclear pore
complex

FIGURE 3.28 Structure of the Nucleus. (a) Cutaway view showing the nuclear surface and contents of the nucleoplasm. (b) Detail of a

nuclear pore complex.

9 Why do these nuclear pores have to be larger in diameter than the channels in the cell’s plasma membrane? (See table 3.1.)
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FIGURE 3.29 Endoplasmic Reticulum (ER). (a) Rough ER. (b) Smooth ER and an inclusion (oil droplet). (c) Structure of the endoplasmic

reticulum, with rough and smooth regions.
a-b: © Don Fawcett/Science Source

Ribosomes

Ribosomes are small granules of protein and RNA found in the
nucleoli, in the cytosol, and on the outer surfaces of the rough
ER and nuclear envelope. They “read” coded genetic messages
(messenger RNA) and assemble amino acids into proteins speci-
fied by the code. The unattached ribosomes scattered throughout
the cytoplasm make enzymes and other proteins for use within the
cell. Ribosomes attach to the rough ER when they make proteins

destined to be packaged in lysosomes or, as in cases such as diges-
tive enzymes, to be secreted from the cell.

Golgi Complex

The Golgi* complex (GOAL-jee) is a small system of cisternae
that synthesize carbohydrates and put the finishing touches on
protein and glycoprotein synthesis. The complex resembles a

BCamillo Golgi (1843-1926), Italian histologist



FIGURE 3.30 The Golgi Complex.
© David M. Phillips/Science Source

stack of pita bread. It consists of only a few cisternae, slightly
separated from each other; each cisterna is a flattened, often
curved sac with swollen edges (fig. 3.30). The Golgi complex
receives newly synthesized proteins from the rough ER. It sorts
them, cuts and splices some of them, adds carbohydrate moi-
eties to some, and finally packages the proteins in membrane-
bounded Golgi vesicles. These vesicles bud off the swollen rim
of a cisterna like the warm wax globules in a lava lamp, and
are abundant in the neighborhood of the Golgi complex. Some
vesicles become lysosomes, the organelle discussed next; some
migrate to the plasma membrane and fuse with it, contributing
fresh protein and phospholipid to the membrane; and some be-
come secretory vesicles that store a cell product, such as breast
milk or digestive enzymes, for later release. The roles of the
endoplasmic reticulum, ribosomes, and Golgi complex in pro-
tein synthesis and secretion are detailed in section 4.2 of the
next chapter.
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Lysosomes

A lysosome® (LY-so-some) (fig. 3.31a) is a package of enzymes
bounded by a membrane. Although often round or oval, lysosomes
are extremely variable in shape. When viewed with the TEM, they
often exhibit dark gray contents devoid of structure, but sometimes
show crystals or parallel layers of protein. At least 50 lysosomal
enzymes have been identified. They hydrolyze proteins, nucleic
acids, complex carbohydrates, phospholipids, and other substrates.
In the liver, lysosomes break down glycogen to release glucose into
the bloodstream. White blood cells use lysosomes to digest phago-
cytized bacteria. Lysosomes also digest and dispose of surplus or
nonvital organelles and other cell components in order to recycle
their nutrients to more important cell needs; this process is called
autophagy®’ (aw-TOFF-uh-jee). Lysosomes also aid in a process

*lyso = loosen, dissolve; some = body
STauto = self; phagy = eating
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FIGURE 3.31 Lysosomes and Peroxisomes.

a-b: © Don Fawcett/Science Source

of “cell suicide.” Some cells are meant to do a certain job and then
destroy themselves. The uterus, for example, weighs about 900 g at
full-term pregnancy and shrinks to 60 g within 5 or 6 weeks after
birth. This shrinkage is due to autolysis,*® the digestion of surplus
cells by their own lysosomal enzymes.

Peroxisomes

Peroxisomes (fig. 3.31b) resemble lysosomes but contain different
enzymes and are produced by the endoplasmic reticulum rather
than the Golgi complex. Their general function is to use molecular
oxygen (O,) to oxidize organic molecules. These reactions pro-
duce hydrogen peroxide (H,0,)—hence, the name of the organelle.
H,0, is then used to oxidize other molecules, and the excess is
broken down to water and oxygen by an enzyme called catalase.
Peroxisomes occur in nearly all cells but are especially abun-
dant in liver and kidney cells. They neutralize free radicals and
detoxify alcohol, other drugs, and a variety of blood-borne toxins.
Peroxisomes also decompose fatty acids into two-carbon fragments
that the mitochondria use as an energy source for ATP synthesis.

Bauto = self; lysis = dissolving

FIGURE 3.32 Protein Degradation by a Proteasome. (a)

The unwanted protein targeted for destruction is tagged and
transported to a proteasome. (b) As the protein passes down

the core of the proteasome, it is unfolded and cleaved into small
peptides and free amino acids. (c) The degraded protein fragments
are released from the other end of the proteasome.
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Proteasomes

Cells must tightly control the concentration of proteins in their cy-
toplasm. Therefore, they must not only synthesize new proteins,
but also dispose of those that are no longer needed. Cells also need
to rid themselves of damaged and nonfunctional proteins and for-
eign proteins introduced by such events as viral infections. Protein
synthesis, we have seen, is the domain of the ribosomes; protein
disposal is the function of another structurally simple organelle
called a proteasome.

Proteasomes are hollow, cylindrical complexes of proteins lo-
cated in both the cytoplasm and nucleus (fig. 3.32). A cell tags unde-
sirable proteins for destruction and transports them to a proteasome.
As the undesirable protein passes through the core of this organelle,
the proteasome’s enzymes unfold it and break it down into short
peptides and free amino acids. These can be used to synthesize new
proteins or be presented to the immune system for further degrada-
tion. Proteasomes degrade more than 80% of a cell’s proteins.

Mitochondria

Mitochondria®* (MY-toe-CON-dree-uh) (singular, mitochon-
drion) are organelles specialized for synthesizing ATP. They have
a variety of shapes—spheroidal, rod-shaped, kidney-shaped, or
threadlike (fig. 3.33)—but they are quite mobile and squirm and
change shape continually. Like the nucleus, a mitochondrion is sur-
rounded by a double membrane. The inner membrane usually has
folds called cristae* (CRIS-tee), which project like shelves across

¥mito = thread; chondr = grain
Dcrista = crest

FIGURE 3.34 Centrioles. (a)
Electron micrograph of a centriole

as seen in cross section. (b) A pair

of perpendicular centrioles.

© Educational Images LTD/Custom Medical Stock
Photo/Newscom

9 How does a centriole resemble
the axoneme of a cilium?
How does it differ?

(a) Cross section (TEM)
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FIGURE 3.33 A Mitochondrion.
© Keith R. Porter/Science Source
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the organelle. The space between the cristae, called the matrix,
contains ribosomes; enzymes used in ATP synthesis; and a small,
circular DNA molecule called mitochondrial DNA (mtDNA). Mi-
tochondria are the “powerhouses” of the cell. Energy is not made
here, but it is extracted from organic compounds and transferred
to ATP, primarily by enzymes located on the cristae. The role of
mitochondria in ATP synthesis is explained in detail in chapter 26,
and some evolutionary and clinical aspects of mitochondria are
discussed in Deeper Insight 3.4.

Centrioles

A centriole (SEN-tree-ole) is a short cylindrical assembly of
microtubules, arranged in nine groups of three microtubules each
(fig. 3.34). Two centrioles lie perpendicular to each other within a
small clear area of cytoplasm called the centrosome™! (see fig. 3.25).
They play a role in cell division, described in section 4.3. Each
basal body of a flagellum or cilium is a single centriole oriented
perpendicular to the plasma membrane. Basal bodies originate in a
centriolar organizing center and migrate to the plasma membrane.
Two microtubules of each triplet then elongate to form the nine
pairs of peripheral microtubules of the axoneme. A cilium can grow
to its full length in less than an hour.

#centro = central; some = body

DEEPER INSIGHT 3.4

Inclusions

Inclusions are of two kinds: accumulated cell products such as
glycogen granules, pigments, and oil droplets (see fig. 3.29b); and
foreign bodies such as viruses, bacteria, and dust particles and
other debris phagocytized by a cell. Inclusions are never enclosed
in a membrane, and unlike the organelles and cytoskeleton, they
are not essential to cell survival.

The major features of a cell are summarized in table 3.4.

BEFORE YOU GO ON

Answer the following questions to test your understanding of

the preceding section:

22. Distinguish between organelles and inclusions. State two
examples of each.

23. Briefly state how each of the following cell components
can be recognized in electron micrographs: the nucleus,
a mitochondrion, a lysosome, and a centriole. What is the
primary function of each?

24. What three organelles are involved in protein synthesis?

25. In what ways do rough and smooth endoplasmic
reticulum differ?

26. Define centriole, microtubule, cytoskeleton, and axoneme.
How are these structures related to one another?

EVOLUTIONARY MEDICINE

Mitochondria—Evolution and Clinical Significance

It is virtually certain that mitochondria evolved from bacteria that invaded
another primitive cell, survived in its cytoplasm, and became permanent
residents. Certain modern bacteria called rickettsii live in the cytoplasm
of other cells, showing that this mode of life is feasible. The double mem-
branes around the mitochondrion suggest that the original bacterium
provided the inner membrane, and the host cell’s phagosome provided
the outer membrane when the bacterium was phagocytized.

Several comparisons show the apparent relationship of mitochondria
to bacteria. Their ribosomes are more like bacterial ribosomes than
those of eukaryotic (nucleated) cells. Mitochondrial DNA (mtDNA) is a
small, circular molecule that resembles the circular DNA of bacteria, not
the linear DNA of the cell nucleus. It replicates independently of nuclear
DNA. Mitochondrial DNA codes for some of the enzymes employed in
ATP synthesis. It consists of 16,569 base pairs (explained in section 4.1),
comprising 37 genes, compared with over 3 billion base pairs and about
20,000 genes in nuclear DNA.

When a sperm fertilizes an egg, any mitochondria introduced by the
sperm are usually destroyed and only those provided by the egg are
passed on to the developing embryo. Therefore, mitochondrial DNA is
inherited almost exclusively through the mother. While nuclear DNA is
reshuffled in every generation by sexual reproduction, mtDNA remains
unchanged except by random mutation. Because of the known pace of
such mutations, biologists and anthropologists have been able to use
mtDNA as a “molecular clock” to trace evolutionary lineages in humans
and other species. The amount of difference between the mtDNAs of
related species affords a record of how much time has passed since they
diverged from their last common ancestor. Anthropologists have gained

evidence from mtDNA that of all the women who lived in Africa 200,000
years ago, only one has any descendants still living today. This “mito-
chondrial Eve” is ancestor to us all. Mitochondrial DNA has also been
used as evidence in criminal law and to identify the remains of soldiers
killed in combat. It was used in 2001 to identify the remains of the famed
bandit Jesse James, who was killed in 1882.

Mitochondrial DNA is very exposed to damage from free radicals
normally generated in mitochondria by aerobic respiration. Yet unlike
nuclear DNA, mtDNA has no effective mechanism for repairing damage.
Therefore, it mutates about 10 times as rapidly as nuclear DNA. Some of
these mutations are responsible for various rare hereditary diseases and
death in early childhood. Tissues and organs with the highest energy
demands are the most vulnerable to mitochondrial dysfunctions—
nervous tissue, the heart, the kidneys, and skeletal muscles, for example.

Mitochondrial myopathy is a degenerative muscle disease in which
the muscle displays “ragged red fibers,” cells with abnormal mitochon-
dria that stain red with a particular histological stain. Another mtDNA
disease is MELAS (mitochondrial encephalomyopathy, lactic acidosis
and strokelike episodes), a syndrome involving seizures, paralysis,
dementia, muscle deterioration, and a toxic accumulation of lactic acid in
the blood. Leber hereditary optic neuropathy (LHON) is a form of blind-
ness that usually appears in young adulthood as a result of damage to
the optic nerve. Kearns—Sayre syndrome (KSS) involves paralysis of the
eye muscles, degeneration of the retina, heart disease, hearing loss, dia-
betes, and kidney failure. Damage to mtDNA has also been implicated
as a possible factor in Alzheimer disease, Huntington disease, and other
degenerative diseases of old age.
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Structure

Plasma membrane
(figs. 3.3 and 3.6)

Microvilli (fig. 3.10)

Cilia (fig. 3.1)

Flagellum

Microfilaments
(figs. 310 and 3.25)

Intermediate filaments
(fig. 3.25)

Microtubules
(figs. 3.25 and 3.26)

Nucleus (figs. 3.3,
3.27, and 3.28)

Rough ER (fig. 3.29a)

Smooth ER (fig. 3.29b)

Ribosomes (fig. 3.29a)

Golgi complex
(fig. 3.30)

Golgi vesicles
(fig. 3.30)

Lysosomes (fig. 3.31a)

Peroxisomes
(fig. 3.31b)

Proteasomes
(fig. 3.32)

Mitochondria

(fig. 3.33)

Centrioles (fig. 3.34)
Centrosome (fig. 3.25)

Basal body (fig. 3.11b)

Inclusions (fig. 3.29b)

Appearance to TEM

Two dark lines at cell surface, separated by a narrow light
space

Short, densely spaced, hairlike processes or scattered
bumps on cell surface; interior featureless or with bundle of
microfilaments

Long hairlike projections of apical cell surface; axoneme
with usually a 9 + 2 array of microtubules

Long, single, whiplike process with axoneme

Thin protein filaments (6 nm diameter), often in parallel
bundles or dense networks in cytoplasm

Thicker protein filaments (8—10 nm diameter) extending
throughout cytoplasm or concentrated at cell-to-cell
junctions

Hollow protein cylinders (25 nm diameter) radiating from
centrosome

Largest organelle in most cells, surrounded by double
membrane with nuclear pores

Extensive sheets of parallel membranes with ribosomes on
outer surface

Branching network of tubules with smooth surface (no ribo-
somes); usually broken into numerous small segments in
TEM photos

Small dark granules free in cytosol or on surface of rough
ER and nuclear envelope

Several closely spaced, parallel cisternae with thick edges,
usually near nucleus, often with many Golgi vesicles nearby

Round to irregular sacs near Golgi complex, usually with
light, featureless contents

Round to oval sacs with single enclosing membrane, often
a dark featureless interior but sometimes with protein lay-
ers or crystals

Similar to lysosomes; often lighter in color

Small cytoplasmic granules composed of a cylindrical array
of proteins

Round, rod-shaped, bean-shaped, or threadlike structures
with double enclosing membrane and shelflike infoldings
called cristae

Short cylindrical bodies, each composed of a circle of nine
triplets of microtubules

Clear area near nucleus containing a pair of centrioles

Unpaired centriole at the base of a cilium or flagellum

Highly variable—fat droplets, glycogen granules, protein crys-
tals, dust, bacteria, viruses; never enclosed in membranes
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Function

Prevents escape of cell contents; regulates exchange
of materials between cytoplasm and extracellular fluid;
involved in intercellular communication

Increase absorptive surface area; widespread sensory
roles (hearing, equilibrium, taste)

Move substances along cell surface; widespread sen-
sory roles (equilibrium, smell, vision)

Sperm motility

Support microvilli and plasma membrane; involved in
muscle contraction and other cell motility, endocytosis,
and cell division

Give shape and physical support to cell; anchor cells
to each other and to extracellular material; compart-
mentalize cell contents

Form axonemes of cilia and flagella, centrioles, basal
bodies, and mitotic spindles; enable motility of cell
parts; form trackways that direct organelles and macro-
molecules to their destinations within a cell

Genetic control center of cell; directs protein synthesis;
shelters the DNA

Protein synthesis and manufacture of cellular mem-
branes

Lipid synthesis, detoxification, calcium storage

Interpret the genetic code and synthesize polypeptides

Receives and modifies newly synthesized polypeptides,
synthesizes carbohydrates, adds carbohydrates to gly-
coproteins; packages cell products into Golgi vesicles

Become secretory vesicles and carry cell products to
apical surface for exocytosis, or become lysosomes

Contain enzymes for intracellular digestion, autophagy,
programmed cell death, and glucose mobilization

Contain enzymes for detoxification of free radicals,
alcohol, and other drugs; oxidize fatty acids

Degrade proteins that are undesirable or no longer
needed by a cell

ATP synthesis

Form mitotic spindle during cell division; unpaired cen-
trioles form basal bodies of cilia and flagella

Organizing center for formation of microtubules of
cytoskeleton and mitotic spindle

Point of origin, growth, and anchorage of a cilium or
flagellum; produces axoneme

Storage products or other products of cellular metabo-
lism, or foreign matter retained in cytoplasm
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P Assess Your Learning Outcomes

To test your knowledge, discuss the following 3.3 Membrane Transport 15. Of the preceding mechanisms of transport,
topics with a study partner or in writing, ideally 1. What it means to say that a plasma mem- which ones require a membrane; which ones
Jfrom memory. brane is selectively permeable, and why this require a plasma membrane and which ones
31 C s of Cellular Struct property is important for human survival can also occur through artificial membranes;
) oncepts of Lefluar Structre 2. Filtration, where it occurs in the body, and which ones require ATP and which ones
1. The scope of cytology why it depends on hydrostatic pressure cease if ATP is unavailable, as upon death
2. Basic tenets of the cell theory 3. Simple diffusion, factors that determine its .
3. The nine common cell shapes S < of ite ; ; 34 The Cell Interior
peed, and examples of its physiological and
4. The size range of most human cells; some clinical relevance 1. Distinctions between cytoplasm, cytosol,
extremes outside this range; and some fac- 4. Osmosis, examples of its physiological and cytoskeleton, organelles, and inclusions; and
tors that limit cells from growing indefi- clinical relevance, factors that determine the respective, general roles of each in the
nitely large its speed and direction, and the role of internal organization of a cell
5. The two kinds of electron microscopes; why aquaporins 2. Overall functions of the cytoskeleton and the
they have enhanced the modern understand- 5. Reverse osmosis, where it occurs in the differences between microfilaments, inter-
ing of cells; and the distinction between body, and the purpose it serves mediate filaments, and microtubules
magnification and resolution in microscopy 6. In relation to osmosis, the meaning of 3. Which organelles are considered membra-
6. Basic structural components of a cell osmotic pressure, osmolarity, tonicity, and nous and why, and which of these are en-
7. The distinction between intracellular milliosmoles per liter (mOsm/L) closed in single or double membranes
fluid (ICF) and extracellular fluid (ECF) 7. Distinctions between hypotonic, hypertonic, 4. Structure and function of the nucleus, es-
32 Th and isotonic solutions; their effects on cells; pecially the nuclear envelope and nuclear
. e Cell Surface . . . lamina
and how this relates to intravenous fluid
1. The molecules of the plasma membrane and therapy 5. General structure of the endoplasmic re-
how they are organized 8. How carrier-mediated transport differs from ticulum (ER); the two types of ER and the
2. The distinctive roles of phospholipids, other types of transport, and the relevance of structural and functional differences between
glycolipids, cholesterol, integral proteins, specificity to this process them
peripheral proteins, and glycoproteins in 9. How carrier-mediated transport is limited 6. The composition, location, and function of
membrane structure by carrier saturation and the transport maxi- ribosomes
3. Seven roles played by membrane proteins mum (T,) 7. The structure and functions of the Golgi
4. Distinctions between leak channels and 10. Distinctions between a uniport, symport, and complex; the origin and destiny of Golgi
gated channels, and between ligand-gated, antiport; the meanings of cotransport and vesicles
voltage-gated, and mechanically gated countertransport; and examples of where 8. The structures and functions of lysosomes
channels each is relevant in human physiology and peroxisomes, and the similarities and
5. The function of second-messenger systems 11. Similarities and differences between facili- differences between them
associated with the plasma membrane; the tated diffusion and active transport 9. Structure and function of proteasomes
specific roles of membrane receptors, G 12. The distinction between primary and sec- 10. Structure and function of mitochondria
proteins, adenylate cyclase, cyclic adenosine ondary active transport 11. Structures and functions of centrioles, the
monophosphate, and kinases in the cAMP 13. The mechanism and roles of the sodium— centrosome, and basal bodies; and how these
second-messenger system potassium (Na*~K*) pump relate to each other
6. Composition and functions of the glycocalyx 14. How vesicular transport differs from other 12. How inclusions differ from organelles; the
7. Structure and functions of microvilli, and modes of membrane transport; the differ- origins and types of inclusions
where they are found ence between endocytosis and exocytosis;
8. Structure and functions of cilia, and where different forms of endocytosis; and examples
they are found of the physiological relevance of each kind
9. Structure and function of the only human of vesicular transport
flagellum
10. Structure and function of pseudopods



p Testing Your Recall

1. The clear, structureless gel in a cell is its
a. nucleoplasm.
b. protoplasm.
c. cytoplasm.
d. neoplasm.
e. cytosol.

2. The Na™-K* pump is
a. a peripheral protein.
b. a transmembrane protein.
c. a G protein.
d. a glycolipid.
e. a phospholipid.

3. Which of the following processes could
occur only in the plasma membrane of a
living cell?

a. facilitated diffusion

simple diffusion

filtration

active transport

0smosis

o0 T

4. Cells specialized for absorption of matter
from the ECF are likely to show an abun-
dance of
a. lysosomes.

microvilli.

mitochondria.

secretory vesicles.

ribosomes.

oo o

5. Aquaporins are transmembrane proteins that

promote

a. pinocytosis.
carrier-mediated transport.
active transport.
facilitated diffusion.

o0 o

0SMosis.
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6. Membrane carriers resemble enzymes
except for the fact that carriers
a. are not proteins.
b. do not have binding sites.
c. are not selective for particular ligands.
d. change conformation when they bind a

ligand.

e. do not chemically change their ligands.

7. The cotransport of glucose derives energy
from
a. aNa' concentration gradient.

the glucose being transported.

a Ca”* gradient.

the membrane voltage.

body heat.

oeo o

8. The function of cAMP in a cell is
a. to activate a G protein.
to remove phosphate groups from ATP.
to activate kinases.
to bind to the first messenger.
to add phosphate groups to enzymes.

o a0 o

9. Most cellular membranes are made by
a. the nucleus.
b. the cytoskeleton.
c. enzymes in the peroxisomes.
d. the endoplasmic reticulum.
e.

replication of existing membranes.

10. Matter can leave a cell by any of the follow-
ing means except
a. active transport.

pinocytosis.

an antiport.

simple diffusion.

exocytosis.

o g0 T

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Answers in Appendix B

Most human cells are 10 to 15 in

diameter.

When a hormone cannot enter a cell, it acti-
vates the formation of a/an inside
the cell.

channels in the plasma membrane
open or close in response to changes in the
electrical charge difference across the
membrane.

The force exerted on a membrane by water
is called

A concentrated solution that causes a cell to
shrink is to the cell.

Fusion of a secretory vesicle with the plas-
ma membrane and release of the vesicle’s
contents is a process called

and are two granular organ-
elles (enzyme complexes) that, respectively,
synthesize and degrade proteins.

Liver cells can detoxify alcohol with two
organelles, the and

An ion gate in the plasma membrane that
opens or closes when a chemical binds to it
is called a/an

The space enclosed by the membranes of
the Golgi complex and endoplasmic reticu-
lum is called the
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P Building Your Medical Vocabulary

State a meaning of each word element, and give
a medical term that uses it or a slight variation

of it.
1. anti-

2. chromato-

3. co-
4. cyto-
5. endo-

6. facil-

P What’s Wrong with These Statements?

Briefly explain why each of the following state-
ments is false, or reword it to make it true.

1. If a cell were poisoned so it could not make

4. The Golgi complex makes all of a cell’s
lysosomes and peroxisomes.

5. Some membrane channels are peripheral

ATP, osmosis through its membrane would proteins.

cease. 6. The plasma membrane consists primarily of
2. Each cell of the human body has a single protein molecules.

nucleus.

7. The brush border of a cell is composed of
3. A cell’s second messengers serve mainly to cilia.
transport solutes through the membrane.

p Testing Your Comprehension

1. If someone bought a saltwater fish in a pet found to be abnormal. Would you expect it
shop and put it in a freshwater aquarium to be higher or lower than normal? Explain.

at home, what would happen to the fish’s
cells? What would happen if someone put
a freshwater fish in a saltwater aquarium?

3. Many children worldwide suffer from a
severe deficiency of dietary protein. As a
result, they have very low levels of blood

Explain. albumin. How do you think this affects the
2. A farmer’s hand and forearm are badly water content and volume of their blood?
crushed in a hay baler. When examined at Explain.

the hospital, his blood potassium level is

P Improve Your Grade

@ connect BASMARTBOOK®

Connect Interactive Questions Reinforce your SmartBook Proven to help students improve
knowledge using multiple types of questions: grades and study more efficiently, SmartBook
interactive, animation, classification, labeling, contains the same content within the print book
sequencing, composition, and traditional multiple  but actively tailors that content to the needs of
choice and true/false. the individual.

Answers in Appendix B

7. fusi-
8. -logy
9. -osis

10. phago-

Answers in Appendix B

8. Human cells placed in hypertonic saline will
swell and burst.

9. The transport maximum (T,,) sets an upper
limit on the rate of osmosis.

10. All of a cell’s ribosomes are found on the
nuclear envelope and the rough endoplasmic
reticulum.

4. Tt is often said, even in some textbooks, that
mitochondria make energy for a cell. Why is
this statement false?

5. Kartagener syndrome is a hereditary disease
in which dynein arms are lacking from the
axonemes of cilia and flagella. Predict the
effect of Kartagener syndrome on a man’s
ability to father a child. Predict its effect on
his respiratory health. Explain both answers.

=

Anatomy & Physiology REVEALED® Dive

into the human body by peeling back layers of
cadaver imaging. Utilize this world-class cadaver
dissection tool for a closer look at the body
anytime, from anywhere.
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BRUSHING UP

® To understand how genes direct the synthesis of proteins,
you must be familiar with protein structure (see “Proteins” in
section 2.4).

® Understanding the processing and packaging of proteins
depends on familiarity with the organelles that carry out these
processes (see “Organelles” in section 3.4).

@® Brush up on exocytosis (see “Vesicular Transport” in
section 3.3) to understand how a cell secretes newly
synthesized proteins made for use outside the cell.

@ Be sure you are familiar with microtubules and centrioles, both in
section 3.4, as a basis for understanding cell division by mitosis.

Several chapters in this book discuss hereditary traits such
as blood types and hair color and genetic disorders such
as color blindness, cystic fibrosis, diabetes mellitus, and hemo-
philia. To understand such conditions, it is necessary to have
some familiarity with DNA and genes. This chapter is intended
to provide such preparation.

Heredity has been a matter of human interest dating even to
biblical writings, but a scientific understanding of how traits pass from
parent to offspring began with the Austrian monk Gregor Mendel
(1822-84) and his famous experiments on garden peas. By the late
nineteenth century, biologists had observed chromosomes and
their behavior during cell division. In the early twentieth century, they
rediscovered Mendel’s work and realized the correlation between
chromosome behavior and his laws of heredity. From that simple but
insightful beginning, genetics has grown into a highly diverse science
with several subdisciplines and is arguably the most dynamic of all
natural sciences in these early decades of the twenty-first century.

Mendelian genetics deals with parent—offspring and larger family
relationships to discern and predict patterns of inheritance within a
family line. Cytogenetics uses the techniques of cytology and mi-
croscopy to study chromosomes and their relationship to hereditary
traits. Molecular genetics uses the techniques of biochemistry to
study the structure and function of DNA. Genomic medicine com-
prehensively studies the entire DNA endowment of an individual
(the genome), how it influences health and disease, and how this
knowledge can be used to prevent, treat, or cure diseases. We will
examine all four of these perspectives in this chapter.

BEEXI DNA and RNA—The Nucleic
Acids

Expected Learning Outcomes

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

a. describe the structure of DNA and relate this to its function;

b. explain how DNA and proteins are organized to form the
chromosomes; and

c. describe the types of RNA, their structural and functional
differences, and how they compare with DNA.

With improvements in the microscope, biologists of the late nine-
teenth century saw that cell division is immediately preceded by
nuclear division, and during nuclear division, the chromosomes
split neatly in two and distribute their halves to the two daugh-
ter cells. They came to suspect that the nucleus was the center
of heredity and cellular control, and they began probing it for
the biochemical secrets of heredity. Swiss biochemist Johann
Friedrich Miescher (1844-95) studied the nuclei of white blood
cells extracted from pus in hospital bandages, and later the nuclei
of salmon sperm, since both cell types offered large nuclei with
minimal amounts of contaminating cytoplasm. In 1869, he discov-
ered an acidic, phosphorus-rich substance he named nuclein. He
correctly believed this to be the cell’s hereditary matter, although
he was never able to convince other scientists of this. We now call
this substance deoxyribonucleic acid (DNA) and know it to be the
repository of our genes.

By 1900, biochemists knew the basic components of DNA—
sugar, phosphate groups, and organic rings called nitrogenous
bases—but they didn’t have the technology to determine how
these were put together. That understanding didn’t come until
1953, in one of the twentieth century’s most dramatic and im-
portant stories of scientific discovery (see Deeper Insight 4.1).
The following description of DNA is largely the outcome of that
work.

DNA Structure and Function

DNA is a long threadlike molecule with a uniform diameter of
2 nm, although its length varies greatly from the smallest to the
largest chromosomes. Most human cells have 46 molecules of
DNA totaling 2 m in length. This makes the average DNA mol-
ecule about 43 mm (almost 2 in.) long. To put this in perspective,
imagine that an average DNA molecule was scaled up to the diam-
eter of a utility pole (about 20 cm, or 8 in.). At this diameter, a pole
proportionate to DNA would rise about 4,400 km (2,700 mi.) into
space—far higher than the orbits of space shuttles (320-390 km)
and the Hubble Space Telescope (600 km).

At the molecular level, DNA and other nucleic acids are poly-
mers of nucleotides (NEW-clee-oh-tides). A nucleotide consists
of a sugar, a phosphate group, and a single- or double-ringed
nitrogenous base (ny-TRODJ-eh-nus) (fig. 4.1a). Two of the bases
in DNA—-cytosine (C) and thymine (T)—have a single carbon—
nitrogen ring and are classified as pyrimidines (py-RIM-ih-deens).
The other two bases—adenine (A) and guanine (G)—have double
rings and are classified as purines (fig. 4.1b). The bases of RNA
are somewhat different, as explained later, but still fall into the
purine and pyrimidine classes.

The structure of DNA, commonly described as a double helix,
resembles a spiral staircase (fig. 4.2). Each sidepiece is a back-
bone composed of phosphate groups alternating with the sugar
deoxyribose. The steplike connections between the backbones are
pairs of nitrogenous bases. The bases face the inside of the helix
and hold the two backbones together with hydrogen bonds. Across
from a purine on one backbone, there is a pyrimidine on the other.
The pairing of each small, single-ringed pyrimidine with a large,
double-ringed purine gives the DNA molecule its uniform 2 nm
width.



A given purine cannot arbitrarily bind to just any pyrimidine.
Adenine and thymine form two hydrogen bonds with each other,
and guanine and cytosine form three, as shown in figure 4.2c.
Therefore, where there is an A on one backbone, there is normally
a T across from it, and every C is normally paired with a G. A-T
and C—G are called the base pairs. The fact that one strand governs
the base sequence of the other is called the law of complementary
base pairing. It enables us to predict the base sequence of one
strand if we know the sequence of the complementary strand.
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N C
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Phosphate Deoxyribose
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FIGURE 41 Nucleotides and Nitrogenous Bases. (a) The
structure of a nucleotide, one of the monomers of DNA and RNA.

In RNA, the sugar is ribose. (b) The five nitrogenous bases found in
DNA and RNA.

9 How would the uniform 2 nm diameter of DNA be affected if
two purines or two pyrimidines could pair with each other?

()

(b)

Hydrogen
bond

Sugar—phosphate
backbone

(c)

Sugar—phosphate
backbone

FIGURE 4.2 DNA Structure. (a) A molecular space-filling model
of DNA giving some impression of its molecular geometry. (b) The
“spiral staircase” structure. The two sugar—phosphate backbones
twine around each other while complementary bases (colored
bars) face each other on the inside of the double helix. (c) A small
segment of DNA showing the composition of the backbone and
complementary pairing of the nitrogenous bases.

13
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DEEPER INSIGHT 4.1

MEDICAL HISTORY
Discovery of the Double Helix

Credit for determining the double-helical structure of DNA has gone mainly
to James Watson and Francis Crick (fig. 4.3). The events surrounding their
discovery form one of the most dramatic stories of modern science—the
subject of many books and at least one movie. When Watson and Crick
came to share a laboratory at Cambridge University in 1951, both had
barely begun their careers. Watson, age 23, had just completed his Ph.D.
in the United States, and Crick, 11 years older, was a doctoral candidate in
England. Yet the two were about to become the most famous molecular
biologists of the twentieth century, and the discovery that won them such
acclaim came without a single laboratory experiment of their own.

Others were fervently at work on DNA, including Rosalind Franklin
and Maurice Wilkins at King’s College in London. Using a technique
called X-ray diffraction, Franklin had determined that DNA had a repeti-
tious helical structure with sugar and phosphate on the outside of the
helix. Without her permission, Wilkins showed one of Franklin’s best
X-ray photographs to Watson. Watson said, “The instant | saw the picture
my mouth fell open and my pulse began to race.” It provided a flash of
insight that allowed the Watson and Crick team to beat Franklin to the
goal. Combining what they already knew with the molecular geometry
revealed by Franklin’s photo, they were quickly able to piece together a
scale model from cardboard and sheet metal that fully accounted for the
known geometry of DNA. They rushed a paper into print in 1953 describ-
ing the double helix, barely mentioning the importance of Franklin’s 2
years of painstaking X-ray diffraction work in unlocking the mystery of
life’s most important molecule. Franklin published her findings in a sepa-
rate paper back to back with theirs.

For this discovery and the ensuing decade of research on DNA that
it opened up, Watson, Crick, and Wilkins shared the Nobel Prize for
Physiology or Medicine in 1962. Nobel Prizes are awarded only to the
living, and in the final irony of her career, Rosalind Franklin had died in
1958, at the age of 37, of a cancer possibly induced by the X-rays that
were her window on DNA architecture.

FIGURE 4.3 Discoverers of the Double Helix. (a) Rosalind
Franklin (1920-58), whose painstaking X-ray diffraction
photographs revealed important information about the molecular
geometry of DNA. (b) One of Franklin’s X-ray photographs.

(c) James Watson (1928-) (left) and Francis Crick (1916—2004)
with their model of the double helix.

a: From The Double Helix by James D. Watson, 1968, Atheneam Press, NY.
Courtesy of Cold Springs Harbor Laboratory; b: Courtesy of King’s College, London;
c: © A. Barrington Brown/Science Source

» ) p APPLY WHAT YOU KNOW

What would be the base sequence of the DNA strand
across from ATTGACTCG? If a DNA molecule was known
to be 20% adenine, predict its percentage of cytosine
and explain your answer.

The essential function of DNA is to carry instructions, called
genes, for the synthesis of proteins. At this point in the chapter, we
will provisionally regard a gene as a segment of DNA that codes
for a protein. Later, we shall have to confront the fact that this is an
inadequate definition, and we’ll examine the meaning of the word
more deeply.

Humans are estimated to have about 20,000 genes. These con-
stitute only about 2% of the DNA. The other 98% does not code for
proteins, but apparently plays various roles in chromosome struc-
ture and regulation of gene activity.

Chromatin and Chromosomes

DNA does not exist as a naked double helix in the nucleus of a
cell, but is complexed with proteins to form a fine filamentous ma-
terial called chromatin. In most cells, the chromatin occurs as 46
long filaments called chromosomes. There is a stupendous amount
of DNA in one nucleus—about 2 m (6 ft) of it in the first half of



a cell’s life cycle and twice as much when a cell has replicated its
DNA in preparation for cell division. It is a prodigious feat to pack
this much DNA into a nucleus only about 5 pm in diameter—and
in such an orderly fashion that it does not become tangled, bro-
ken, and damaged beyond use. Here, we will examine how this is
achieved.

In nondividing cells, the chromatin is so slender that it
usually cannot be seen with the light microscope. With a high-
resolution electron microscope, however, it has a granular ap-
pearance, like beads on a string (fig. 4.4a). Each “bead” is a
disc-shaped cluster of eight proteins called histones. A DNA
molecule winds around the cluster for a little over one and a half
turns, like a ribbon around a spool, and then continues on its
way until it reaches the next histone cluster and winds around
that one (fig. 4.4b). The average chromatin thread repeats this
pattern almost 800,000 times, and thus appears divided into seg-
ments called nucleosomes. Each nucleosome consists of a core
particle (the spool of histones with the DNA ribbon around

Chromatin

Nucleolus

FIGURE 4.4 Chromatin Structure. (a) Nuclear

contents of a germ cell from an 8-week-old human

embryo (SEM). The center mass is the nucleolus. It

is surrounded by granular fibers of chromatin. Each

granule represents one nucleosome. (b) The coiling of
chromatin and its relationship to the nucleosomes.

a: © P. Motta & T. Naguro/SPL/Science Source (b)
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them) and a short segment of /inker DNA leading to the next core
particle. Winding the DNA around the histones makes the chro-
matin thread more than five times as thick (11 nm) and one-third
shorter than the DNA alone.

But even at this degree of compaction, a single chromosome
would cross the entire nucleus hundreds of times. There are higher
orders of structure that make the chromosome still more compact.
First, the nucleosomes are arranged in a zigzag pattern, folding
the chromatin like an accordion. This produces a strand 30 nm
wide, but still 100 times as long as the nuclear diameter. Then,
the 30 nm strand is thrown into complex, irregular loops and coils
that make the chromosome 300 nm thick and 1,000 times shorter
than the DNA molecule. Finally, each chromosome is packed into
its own spheroidal region of the nucleus, called a chromosome
territory. A chromosome territory is permeated with channels that
allow regulatory chemicals to have access to the genes.

This is the state of the DNA in a nondividing cell. It is not a
static structure, but changes from moment to moment according

2nm (1) DNA double
helix

Core particle

Linker DNA 1nm  (2) DNA winds

around core
particles to form
nucleosomes

Nucleosome o
11 nm in diameter

— 30 nm @ Nucleosomes
fold accordion-
like into zigzag
fiber 30 nm in
diameter

300 nm @) 30 nm fiber is
thrown into
irregular loops
to form a fiber
300 nm thick

In dividing cells only =3

J,;__ A7 . .-I
100 B }" } m @i dvng

chromatin coils
further into a
700 nm fiber to
form each
chromatid

Chromatids Centromere

700 nm @ Chromosome at
the midpoint
(metaphase) of
cell division
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to the genetic activity of the cell as individual genes are turned
on and off. Whole chromosomes migrate to new territories as a
cell develops—for example, moving from the edge to the core of a
nucleus as its genes are activated for a certain developmental task.
This allows genes on different chromosomes to partner with each
other in bringing about developmental changes in the cell.

When a cell is preparing to divide, it makes an exact copy
of all its nuclear DNA by a process described later, increasing its
allotment to about 4 m of DNA. Each chromosome then consists
of two parallel filaments called sister chromatids. In the early
stage of cell division (prophase), these chromatids coil some
more until each one becomes another 10 times shorter and about
700 nm wide. Thus, at its most compact, each thread of chroma-
tin is 10,000 times shorter but 350 times thicker than the DNA
double helix. Only now are the chromosomes thick enough to
be seen with a light microscope. This compaction not only al-
lows the 4 m of DNA to fit in the nucleus, but also enables the
two sister chromatids to be pulled apart and carried to separate
daughter cells.

Despite all this intricate packaging, the DNA of the average
mammalian cell is damaged an astonishing 10,000 to 100,000
times per day! The consequences would be catastrophic were it
not for DNA repair enzymes that detect and undo most of the
damage.

Figure 4.5 shows the structure of a chromosome in early
cell division, when it is compacted to its maximum extent. It
consists of two genetically identical, rodlike sister chromatids
joined together at a pinched spot called the centromere. On
each side of the centromere, there is a protein plaque called a
kinetochore' (kih-NEE-to-core), which has a role in cell division
explained later.

'kineto = motion; chore = place

Kinetochore

Centromere

>— Sister
chromatids

FIGURE 4.5 Chromosome Structure at Metaphase.
(a) Drawing of a metaphase chromosome. (b) Scanning
electron micrograph.

b: © Biophoto Associates/Science Source

Feature
Sugar

Types of
nitrogenous bases

Number of
nitrogenous bases

Number of

DNA

Deoxyribose
ATCG

Averages 108 base
pairs

TABLE 41 Comparison of DNA and RNA

RNA

Ribose
AU C, G

70-10,000 bases,
mostly unpaired

Two (double helix) One
nucleotide chains

Leaves nucleus;
functions mainly in
cytoplasm

Functions in nucleus;
cannot leave

Site of action

Carries out the
instructions in DNA;
assembles proteins

Function Codes for synthesis

of RNA and protein

RNA Structure and Function

Before we leave this section, we mustn’t forget those smaller cous-
ins of DNA, the ribonucleic acids (RNAs). There are several forms
of RNA in a cell, but we will focus on the three that are directly in-
volved in producing proteins: messenger RNA (mRNA), ribosomal
RNA (rRNA), and transfer RNA (tRNA). DNA cannot produce pro-
teins without their help. Other RNA types play various regulatory
roles that we will not consider.

What do mRNA, rRNA, and tRNA have in common, and
how do they differ from DNA? The most significant difference is
that RNA is much smaller, ranging from about 70 to 90 bases in
tRNA to slightly over 10,000 bases in the largest mRNA. DNA, by
contrast, averages more than 100 million base pairs long (table 4.1).
Also, whereas DNA is a double helix, RNA consists of only one
nucleotide chain, not held together by complementary base pairs
except in certain short regions where the molecule folds back on
itself. The sugar in RNA is ribose instead of deoxyribose. RNA
contains three of the same nitrogenous bases as DNA—adenine,
cytosine, and guanine—but it has no thymine; a base called
uracil (U) takes its place (see fig. 4.1b). Transfer RNA has more than
50 different nitrogenous bases, but for our purposes, we don’t need
to consider any except A, U, C, and G.

The essential function of the three principal RNAs is to
interpret the code in DNA and use those instructions to synthesize
proteins. RNA is a disposable molecule that works mainly in
the cytoplasm, while DNA is irreplaceable and remains safely
behind in the nucleus, “giving orders” from there. This process is
described in the next section of the chapter.

BEFORE YOU GO ON

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

1. What are the three components of a nucleotide?
Which component varies from one nucleotide to another
in DNA?



2. What governs the pattern of base pairing in DNA?
3. What is the difference between DNA and chromatin?

4. Summarize the structural and functional differences
between DNA and RNA.

¥ M Genes and Their Action

Expected Learning Outcomes

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

a. give a working definition of the gene and explain why
new discoveries in genetics have changed our concept of
what a gene is;

b. explain what the human genome is and what relationship
it has to the health sciences;

c. define genetic code and describe how DNA codes for
protein structure;

d. describe the process of assembling amino acids to form
a protein;

e. explain what happens to a protein after its amino acid
sequence has been synthesized;

f. describe some ways that a gene can be turned on or
off; and

g. explain how DNA indirectly regulates the synthesis of
nonprotein molecules.

What Is a Gene?

As much as biologists talk about genes, the term is devilishly
difficult to define. The classical concept of the gene, rooted in
Mendel’s studies of heredity in peas, was that it is an abstract “unit
of heredity” by which a trait passes from parent to offspring. Fol-
lowing discovery of the double helix, molecular biologists worked
out the genetic code contained in the four bases of DNA and con-
sidered a gene to be a segment of the DNA that carries the code for
a particular protein. Now, however, we know that the human body
has millions of different proteins but only 20,000 genes; obviously
there isn’t a separate gene for every protein. In addition, we know
now that several human genes produce only RNA molecules that
never go on to direct the synthesis of a protein; RNA is their final
product. Other recent discoveries have complicated our concept
of the gene still more—genes overlapping each other, so some
segments of DNA belong to two different genes; short genes em-
bedded within longer ones; multiple related proteins encoded by
a single gene; and other unexpected arrangements. As molecular
biologists have learned more and more about DNA, the definition
of the gene has become more and more frayed around the edges.

For the purposes of this introductory book, however, we can
settle for an approximate meaning. We will define gene as an
information-containing segment of DNA that codes for the produc-
tion of a molecule of RNA, which in most cases goes on to play a role
in the synthesis of one or more proteins. The amino acid sequence of
a protein is determined by a nucleotide sequence in the DNA.
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The 46 human chromosomes come in two sets of 23 each,
one set from each parent. Some of these are gene-rich, such as
chromosomes 17, 19, and 22, whereas others are gene-poor, such
as 4, 8, 13, 18, 21, and the Y chromosome (see fig. 4.17). All the
DNA, both coding and noncoding, in one 23-chromosome set is
called the genome. The total genome consists of about 3.1 billion
nucleotide pairs. Individual genes average about 3,000 nucleotides
long, but range up to 2.4 million. Most genes are identical in every
human being. All humans, worldwide, are at least 99.99% geneti-
cally identical, but even the 0.01% variation means that we can
differ from one another in more than 3 million base pairs. Various
combinations of these single-nucleotide polymorphisms’ account
for all human genetic variation.

Genomics is a relatively young science concerned with the
comprehensive study of the genome and how its genes and noncod-
ing DNA affect the structure and function of the organism. Among
the other fruits of this research, we now know the chromosomal
locations of more than 1,400 disease-producing mutations. This
information has opened the door to a branch of medical diagnosis
and therapy called genomic medicine (see Deeper Insight 4.2).

The Genetic Code

It seems remarkable that the body can make millions of different
proteins (called the proteome), all from the same 20 amino acids
and all encoded by genes made of just 4 nucleotides (A, T, C, G).
This is a striking illustration of how a great variety of complex
structures can be made from a small variety of simpler compo-
nents. The genetic code is a system that enables these 4 nucleo-
tides to code for the amino acid sequences of all proteins.

It is not unusual for simple codes to represent complex in-
formation. Computers store and transmit complex information,
including pictures and sounds, in a binary code with only the sym-
bols 1 and 0. Thus, it should not be surprising that a mere 20 amino
acids can be represented by a code of 4 nucleotides; all that is re-
quired is to combine these symbols in varied ways. It requires more
than 2 nucleotides to code for each amino acid, because A, U, C,
and G can combine in only 16 different pairs (AA, AU, AC, AG,
UA, UU, and so on). The minimum code to symbolize 20 amino
acids is 3 nucleotides per amino acid, and indeed, this is the case
in DNA. A sequence of 3 DNA nucleotides that stands for 1 amino
acid is called a base triplet. When messenger RNA is produced, it
carries a coded message based on these DNA triplets. A 3-base se-
quence in mRNA is called a codon. The genetic code is expressed
in terms of codons.

Table 4.2 shows a few illuminating examples of how the
DNA triplets relate to the mRNA codons and how those, in turn,
relate to the amino acids of a protein (see appendix E for the
entire genetic code). You can see from the table that sometimes
two or more codons represent the same amino acid. The reason
for this is easy to explain mathematically. Four symbols (N) taken
three at a time (x) can be combined in N* different ways; that
is, there are 4° = 64 possible codons available to represent the
20 amino acids.

%poly = multiple; morph = form
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VN1 H= WA Examples of the Genetic Code*

Abbreviation

Base Triplet Codon of Name of for Amino
of DNA mRNA Amino Acid Acid
CCT GGA Glycine Gly
CCA GGU Glycine Gly
CECE GGG Glycine Gly
CGT GCU Alanine Ala
CGT GCA Alanine Ala
TGG ACC Threonine Thr
TGC ACG Threonine Thr
GTA CAU Histidine His
TAC AUG Methionine Met

*For the complete genetic code, see appendix E.

Only 61 of these, however, code for amino acids. The other 3
—UAG, UGA, and UAA—are called stop codons; they signal
“end of message,” like the period at the end of a sentence. A stop
codon enables the cell’s protein-synthesizing machinery to sense
that it has reached the end of the instruction for a particular protein.
The codon AUG plays two roles: It serves as a code for methionine
and as a start codon. This dual function is explained shortly.

Protein Synthesis

We can now move on to an understanding of how DNA and RNA
collaborate to produce proteins. Before studying the details, how-
ever, it will be helpful to consider the big picture. In brief, the
genetic code in DNA specifies which proteins a cell can make.
DEEPER INSIGHT 4.2

All the body’s cells except the sex cells and some immune cells
contain identical genes. However, different genes are activated in
different cells; for example, genes for digestive enzymes are active
in stomach cells but not in muscle cells. Any given cell uses only
one-third to two-thirds of its genes; the rest remain dormant in that
cell, but may be functional in other types of cells.

When a gene is activated, a messenger RNA (mRNA) is
made—a mirror image of the gene, more or less. Most mRNA mi-
grates from the nucleus to the cytoplasm, where it serves as a code
for assembling amino acids in the right order to make a particular
protein. In summary, you can think of the process of protein syn-
thesis as DNA — mRNA — protein, with each arrow reading as
“codes for the production of.” The step from DNA to mRNA is
called transcription, and the step from mRNA to protein is called
translation. Transcription occurs in the nucleus, where the DNA
is. Most translation occurs in the cytoplasm, but 10% to 15% of
proteins are synthesized in the nucleus, with both steps occurring
there.

Transcription

DNA is too large to leave the nucleus and participate directly in
cytoplasmic protein synthesis. It is necessary, therefore, to make
a small mRNA copy that can migrate through a nuclear pore
into the cytoplasm. Just as we might transcribe (copy) a docu-
ment, transcription in genetics means the process of copying
genetic instructions from DNA to RNA. An enzyme called RNA
polymerase (po-LIM-ur-ase) binds to the DNA and assembles
the RNA. Certain distinctive base sequences (often TATATA or
TATAAA) inform the polymerase where to begin.

RNA polymerase opens up the DNA helix about 17 base pairs
at a time. It reads the bases from one strand of the DNA and makes
a corresponding RNA. Where it finds a C on the DNA, it adds
a G to the RNA; where it finds an A, it adds a U; and so forth.

ﬂ CLINICAL APPLICATION

Genomic Medicine

Genomic medicine is the application of our knowledge of the genome to
the prediction, diagnosis, and treatment of disease. It is relevant to dis-
orders as diverse as cancer, Alzheimer disease, schizophrenia, obesity,
and even a person’s susceptibility to nonhereditary diseases such as
AIDS and tuberculosis.

Genomic technology has advanced to the point that for less than
$1,000, one can already have one’s entire genome scanned for markers of
disease risk. Why would anyone want to? Because knowing one’s genome
could dramatically change clinical care. It may allow clinicians to forecast a
person’s risk of disease and to predict its course; mutations in a single gene
can affect the severity of such diseases as hemophilia, muscular dystrophy,
cancer, and cystic fibrosis. Genomics should also allow for earlier detection
of diseases and for earlier, more effective clinical intervention. Drugs that
are safe for most people can have serious side effects in others, owing to
genetic variations in drug metabolism. Genomics has begun providing a
basis for choosing the safest or most effective drugs and for adjusting dos-
ages for different patients on the basis of their genetic makeup.

Knowing the sites of disease-producing mutations expands the
potential for gene-substitution therapy. This is a procedure in which
cells are removed from a patient with a genetic disorder, supplied with
a normal gene in place of the defective one, and reintroduced to the
body. The hope is that these genetically modified cells will proliferate
and provide the patient with a gene product that he or she was lacking—
perhaps insulin for a patient with diabetes or a blood-clotting factor for a
patient with hemophilia.

Genomics is introducing new problems in medical ethics and
law. Should your genome be a private matter between you and your
physician? Should an insurance company be entitled to know your
genome before issuing health or life insurance to you so it can know
your risk of contracting a catastrophic illness, adjust the cost of your
coverage, or even deny coverage? Should a prospective employer
have the right to know your genome before offering employment?
These are areas in which biology, politics, and law converge to shape
public policy.




The enzyme then rewinds the DNA helix behind it. Another RNA
polymerase may follow closely behind the first one; thus, a gene
may be transcribed by several polymerase molecules at once, and
numerous copies of the same RNA are made. At the end of the
gene is a base sequence that serves as a terminator, which signals
the polymerase to stop.

The RNA produced by transcription is an “immature” form
called pre-mRNA. This molecule contains segments called exons
that will be translated into a protein, and segments called introns
that must be removed before translation. Enzymes cut out the in-
trons and splice the exons together into a functional mRNA mol-
ecule, which then usually leaves the nucleus. It may help you in
remembering these if you think of introns being removed while
still in the nucleus and the exons being exported from the nu-
cleus to undergo translation in the cytoplasm. Another way of
remembering these is that exons are expressed in protein synthe-
sis, whereas introns are intervening segments of DNA between
the exons. Current research has found that introns are not entirely
useless, but code for a variety of lesser known RNAs with regula-
tory functions in the cell such as activating or suppressing protein
synthesis.

Through a mechanism called alternative splicing, one gene
can code for more than one protein. Suppose a gene produced a
pre-mRNA containing six exons separated by noncoding introns.
As shown in figure 4.6, these exons can be spliced together in vari-
ous combinations to yield codes for two or more proteins. This is a
partial explanation of how the body can produce millions of differ-
ent proteins with no more than 20,000 genes.
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Translation

Just as we might translate a work from Spanish into English, ge-
netic translation converts the language of nucleotides into the
language of amino acids. This job is carried out by the following
participants.

1. Messenger RNA (mRNA), which carries the genetic code
from the nucleus to the cytoplasm. During its synthesis in
the nucleus, mRNA acquires a protein cap that acts like a
passport, permitting it to pass through a nuclear pore into
the cytosol. The cap also acts as a recognition site that tells
a ribosome where to begin translation.

2. Transfer RNA (tRNA), a relatively small RNA whose job
is to bind a free amino acid in the cytosol and deliver it to
the ribosome to be added to a growing protein chain. tRNA
is a single-stranded molecule that turns back and coils on
itself to form an angular L shape (fig. 4.7). One loop of the
molecule includes an anticodon, a series of three nucleo-
tides complementary to a specific codon of mRNA. For the
codon AUG, for example, the anticodon is UAC. The other
end of the tRNA has a binding site for a specific amino
acid corresponding to that codon. The first tRNA to bind to
a ribosome at the start of translation is called the initiator
tRNA. It always has the anticodon UAC and always carries
the amino acid methionine.

3. Ribosomes, the little “reading machines” found in the
cytosol and on the outside of the rough ER and nuclear

Gene (DNA)

@ Transcription

=4

Pre-mRNA Intron Exon
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@Splicing

MRNA 1

@ Translation

Protein 1
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FIGURE 4.6 Alternative Splicing of mRNA. By splicing together different combinations of exons from a single pre-mRNA, a cell can

generate multiple proteins from a single gene.



120 PART ONE Organization of the Body

Amino acid—
accepting end

Anticodon

FIGURE 4.7 Transfer RNA (tRNA). tRNA has an amino acid—
accepting end that binds to one specific amino acid, and an
anticodon at the other end that binds to a complementary codon
of mRNA.

envelope. Inactive ribosomes occur in the cytosol in two
pieces—a small subunit and a large subunit. Each is

composed of several enzymes and ribosomal RNA (rRNA)

molecules. The two subunits come together only when

translating mRNA. A ribosome has three pockets that serve

as binding sites for tRNA. In the course of translation, a
tRNA usually binds first to the A sife on one side of the

ribosome, then shifts to the P sife in the middle, and finally

to the E site on the other side. To remember the order of
these sites, it may help you to think of A for the site that
accepts a new amino acid; P for the site that carries the

growing protein; and E for exit. (A and P actually stand for

aminoacyl and peptidyl sites.)

Translation occurs

or secretory vesicles.

@ Initiation. mRNA passes through a nuclear pore into the
cytosol and forms a loop. A small ribosomal subunit binds
to a leader sequence of bases on the mRNA near the cap,
then slides along the mRNA until it recognizes the start
codon AUG. An initiator tRNA with the anticodon UAC
pairs with the start codon and settles into the P (middle)
site of the ribosome with its cargo of methionine (Met).

in three steps called initiation,
elongation, and termination. These are shown in figure 4.8,
panels 1 through 3; panel 4 illustrates a further aspect of the
production of proteins destined to be packaged into lysosomes

@

The large subunit of the ribosome then joins the complex.
The assembled ribosome now embraces the mRNA in a
groove between the subunits and begins sliding along it,
reading its bases.

Elongation. The next tRNA arrives, carrying another amino
acid; it binds to the A site of the ribosome and its anticodon
pairs with the second codon of the mRNA—GCU, for exam-
ple. A tRNA with the anticodon CGA would bind here, and
according to the genetic code, it would carry alanine (Ala).
An enzyme in the ribosome transfers the Met of the initiator
tRNA to the Ala delivered by the second tRNA and creates a
peptide bond between them, giving us a dipeptide, Met—Ala.
The ribosome then slides down to read the next codon. This
shifts the initiator tRNA (now carrying no amino acid) into
the E site, where it leaves the ribosome. The second tRNA
(now carrying Met—Ala) shifts into the P site. The now-
vacant A site binds a third tRNA. Suppose the next codon

is ACG. A tRNA with anticodon UGC would bind here,

and would carry threonine (Thr). (This is the state shown in
the figure.) The ribosome transfers the Met—Ala to the Thr,
creates another peptide bond, and we now have a tripeptide,
Met—Ala—Thr. By repetition of this process, a larger and
larger protein is produced. As the protein elongates, it folds
into its three-dimensional shape.

Each time a tRNA leaves the E site, it goes off to pick
up another amino acid from a pool of free amino acids in
the cytosol. One ATP molecule is used in binding the amino
acid to the tRNA; therefore, protein synthesis consumes one
ATP for every amino acid added to the chain.

All new proteins, as we can see, begin with the amino
acid methionine, carried by the initiator tRNA. This is often
cleaved off in later processing, however, so not every finished
protein starts with methionine.

Codon—anticodon pairing is less precise than just
depicted; it tolerates some mismatches, especially at the third
base of the codon. Therefore, UGC isn’t necessarily the only
anticodon that can pair with ACG. Due to this imprecision
or “wobble” in the system, as few as 48 different tRNAs
are needed to pair up with the 61 codons that represent the
amino acids.

Termination. When the ribosome reaches a stop codon, its
A site binds a protein called a release factor instead of a
tRNA. The release factor causes the finished protein to break
away from the ribosome. The ribosome then dissociates

into its two subunits, but since these are now so close to the
mRNA'’s leader sequence, they often reassemble on the same
mRNA and repeat the process, making another copy of the
same protein.

Making proteins for packaging or export. If a protein is to
be packaged into a lysosome or secreted from the cell (such
as a digestive enzyme), the ribosome docks on the rough
endoplasmic reticulum and the new protein spools off into
the cisterna of the ER instead of into the cytosol. The ER
modifies this protein and packages it into transport vesicles
whose destiny we will examine later.
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FIGURE 4.8 Translation of mMRNA. See the text for explanation of the processes occurring at each step.
9 Why would translation not work if ribosomes could bind only one tRNA at a time?
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One ribosome can work very rapidly, adding about two to six
amino acids per second. Most proteins take from 20 seconds to
several minutes to make. But a ribosome doesn’t work at the task
alone. After one ribosome moves away from the leader sequence,
another one often binds there and begins the process, following
along behind the first—and then another and another, so that a
single mRNA is commonly translated by 10 or 20 ribosomes at
once. This cluster of ribosomes, all translating the same mRNA,
is called a polyribosome. The farther along the mRNA each ribo-
some is, the longer is the protein spooling from it (fig. 4.9). Not
only is each mRNA translated by all these ribosomes at once, but
a cell may have 300,000 identical mRNA molecules, each being
simultaneously translated by some 20 ribosomes. With so many
“factory workers” doing the same task, a cell may produce over
100,000 protein molecules per second—a remarkably productive
factory! As much as 25% of the dry weight of liver cells, which are
highly active in protein synthesis, consists of ribosomes.

Figure 4.10 summarizes transcription and translation and
shows how a nucleotide sequence translates to a hypothetical pep-
tide of 6 amino acids. An average protein is about 400 amino acids
long; it would have to be represented, at a minimum, by a sequence
of 1,203 nucleotides (3 for each amino acid, plus a stop codon).

Protein Processing and Secretion

Protein synthesis is not finished when its amino acid sequence
(primary structure) has been assembled. To be functional, it must
coil or fold into precise secondary and tertiary structures; in some
cases, it associates with other protein chains (quaternary structure)
or binds with a nonprotein such as a vitamin or carbohydrate. As
a new protein is assembled by a ribosome, it is often bound by
an older protein called a chaperone. The chaperone guides the
new protein in folding into the proper shape and helps to prevent
improper associations between different proteins. As in the collo-
quial sense of the word, a chaperone is an older protein that escorts
and regulates the behavior of the “young-
sters.” Some chaperones are also called stress
proteins or heat shock proteins because they
are produced in response to heat or other
stress on a cell and help damaged proteins
fold back into their correct functional shapes.
If a protein is going to be used in the
cytosol (for example, the enzymes of gly-
colysis), it is likely to be made by free ribo-
somes in the cytosol. However, if it is going
to be packaged into a lysosome or secreted
from the cell (for example, insulin), the entire
polyribosome migrates to the rough ER and i
docks on its surface. Assembly of the amino
acid chain is then completed on the rough ER,
and the protein is sent to the Golgi complex
for final modification. Thus, we turn to the
functions of the ER and Golgi in the process-
ing and secretion of a protein. Compare the
following description to figure 4.11.

@ As a protein is assembled on the ER
surface, it threads itself through a pore
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FIGURE 4.9 Several Ribosomes Attached to a Single mRNA
Molecule, Forming a Polyribosome.
© Dr. Elena Kiseleva/Science Source

in the ER membrane and into the cisterna. Enzymes in

the cisterna modify the new protein in a variety of ways—
removing some amino acid segments, folding the protein and
stabilizing it with disulfide bridges, adding carbohydrates,
and so forth. Such changes are called posttranslational
modification. Insulin, for example, is first synthesized as a
protein 86 amino acids long. In posttranslational modifica-
tion, the chain folds back on itself, 3 disulfide bridges are
formed, and 35 amino acids are removed from the middle
of the protein. The final insulin molecule is therefore made
of 2 chains of 21 and 30 amino acids held together by
disulfide bridges (see fig. 2.26).

(1) DNA double helix

@ Seven base triplets on the
template strand of DNA

@The corresponding codons of
mRNA transcribed from the
DNA triplets

@ The anticodons of tRNA that
] bind to the mRNA codons

@The amino acids carried by
those six tRNA molecules

@The amino acids linked into a
peptide chain

FIGURE 410 Relationship of a DNA Base Sequence to Peptide Structure.
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(2) Protein packaged into transport
1?‘)’ icle, which buds from ER.

vesicles fuse into clusters that
btein into Golgi complex.

(4) Golgi complex modifies
otein structure.

@ Golgi vesicle containing
finished protein is formed. |

(6) Secretory vesicles
release protein by
exocytosis.

FIGURE 411 Protein Processing and Secretion. See the text for further explanation of the numbered steps.

@ When the rough ER is finished with a protein, it pinches off
bubblelike transport vesicles coated with a protein called
clathrin. Clathrin apparently helps to select the proteins to be
transported in the vesicles, and as a basketlike cage, it helps
to mold the forming vesicles. Soon after the vesicles detach
from the ER, they fuse into irregularly shaped clusters that

carry their cargo to the nearest cisterna of the Golgi complex.

©

Upon contact with the Golgi complex, the cluster fuses with
it and unloads its protein cargo into the Golgi cisterna.

@ The Golgi complex further modifies the protein, often
by adding carbohydrate chains. This is where the

glycoproteins mentioned in section 2.4 are assembled.
There is still some disagreement about how the Golgi
cisternae behave. Some say the maturing protein is
passed by transport vesicles from one cisterna to the next,
as shown in the figure. Others say the whole cisterna
migrates from one side of the complex to the other and
then breaks up into vesicles.

The final Golgi cisterna, farthest from the ER, either buds
off new coated Golgi vesicles containing the finished
protein, or may simply break up into vesicles, to be replaced
by a younger cisterna behind it.
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@ Some of the Golgi vesicles become lysosomes, while others
become secretory vesicles that migrate to the plasma mem-
brane and fuse with it, releasing the cell product by exocy-
tosis. This is how a cell of a salivary gland, for example,
secretes mucus and digestive enzymes.

Table 4.3 summarizes the diverse destinations and functions
of newly synthesized proteins.

Gene Regulation

Genes don’t simply produce their products at a steady, incessant
pace, like a 24-hour nonstop manufacturing plant. They are turned
on and off from day to day, even hour to hour, as their products are
needed or not, and many genes are permanently turned off in any
given cell. The genes for hemoglobin and digestive enzymes, for
example, are present but inactive in liver cells.

There are several ways to turn genes on or off. We cannot
consider all of them here, but an example can convey the general
principle. Consider a woman who has just given birth to her first
baby. In the ensuing days, the hormone prolactin stimulates cells
of her mammary glands to synthesize the various components of
breast milk, including the protein casein—something her body has
never synthesized before. How is the gene for casein turned on at
this point in her life? Figure 4.12 shows the steps leading from
prolactin stimulation to casein secretion.

Prolactin binds to its receptor, a pair of proteins in the
plasma membrane of the mammary cell.

The receptor triggers the activation of a regulatory protein
(transcription activator) in the cytoplasm.

The regulatory protein moves into the nucleus and binds to
the DNA near the casein gene.

This binding enables RNA polymerase to bind to the gene
and transcribe it, producing the mRNA for casein.

The casein mRNA moves into the cytoplasm and is trans-
lated by ribosomes on the rough endoplasmic reticulum.

The Golgi complex packages casein into secretory vesicles.

©O® ® ® ©®© ® ©

The secretory vesicles release the casein by exocytosis, and
it becomes part of the milk.

At step 4, there are multiple ways that regulatory proteins can
activate gene transcription. Some of them attract and position
RNA polymerase so it can begin transcribing the gene. Others
modify the coiling of DNA in a nucleosome in a way that makes
specific genes more accessible to RNA polymerase. To turn off
a gene, a regulatory protein can coil the chromatin in a different
way that makes the gene less accessible, thus preventing tran-
scription. There are several additional ways, beyond the scope
of this book, for inducing or halting the production of a gene
product, but the casein example shows how a certain gene may
lie dormant in a person until, only a few times in one’s life (and
only if one bears children), it is activated by a stimulus such as a
hormonal signal.

Some Destinations and Functions of
Newly Synthesized Proteins

TABLE 4.3

Destination or Function Proteins (Examples)

Deposited as a structural
protein within cells

Actin of cytoskeleton; keratin of
epidermis

Used in the cytosol as a ATPase; kinases

metabolic enzyme

Histones of chromatin; RNA
polymerase

Returned to the nucleus for
use in nuclear metabolism

Packaged in lysosomes for
autophagy, intracellular
digestion, and other functions

Numerous lysosomal enzymes

Delivered to other organelles
for intracellular use

Catalase of peroxisomes;
mitochondrial enzymes

Delivered to plasma
membrane to serve transport
and other functions

Hormone receptors;
sodium—potassium pumps

Secreted by exocytosis for
extracellular functions

Digestive enzymes; casein of
breast milk

— Casein

Prolactin . @ @

Prolactin

receptor Exocytosis

Secretory
vesicles

complex

Regulatory
protein
(transcription
activator)
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endoplasmic
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FIGURE 4412 A Mechanism of Gene Activation. The hormone
prolactin triggers intracellular reactions that activate a regulatory
protein and lead ultimately to the secretion of casein. See the text
for further explanation of the numbered steps.



Synthesizing Compounds Other
Than Proteins

Cells, of course, make more than proteins—they also synthesize
glycogen, fat, steroids, phospholipids, pigments, and many other
compounds. There are no genes for these cell products, yet their
synthesis is under indirect genetic control. How? They are pro-
duced by enzymatic reactions, and enzymes are proteins encoded
by genes.

Consider the production of testosterone, for example
(fig. 4.13). This is a steroid; there is no gene for testosterone. But
to make it, a cell of the testis takes in cholesterol and enzymati-
cally converts it to testosterone. This can occur only if the genes
for the enzymes are active. Yet a further implication of this is
that genes may greatly affect such complex outcomes as behavior,
since testosterone strongly influences such behaviors as aggres-
sion and sex drive. In short, DNA codes only for RNA and protein
synthesis, yet it indirectly controls the synthesis of a much wider
range of substances concerned with all aspects of anatomy, physi-
ology, and behavior.
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BEFORE YOU GO ON

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

5. Define gene, genetic code, codon, and anticodon.

6. Describe the roles of RNA polymerase, ribosomes, and
tRNA in producing a protein.

7. What is the difference between genetic transcription and
translation?

8. Summarize the processing of a protein from the time a
ribosome finishes its work to the time a protein is secreted
from the cell. What roles do the endoplasmic reticulum
and Golgi complex play in this?

9. Describe a way that a gene can be turned on or off at
different times in a person’s life.

10. Considering that genes can code only for RNA or
proteins, how can the synthesis of nonprotein substances
such as carbohydrates or steroids be under genetic
control?
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FIGURE 443 Indirect Control of Testosterone Synthesis by DNA. There is no gene for testosterone, but DNA regulates its production

by coding for enzymes that convert cholesterol to testosterone.
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XM DNA Replication
and the Cell Cycle

Expected Learning Outcomes
When you have completed this section, you should be able to

a. describe how DNA is replicated;

b. discuss the consequences of replication errors;

c. describe the life history of a cell, including the events of
mitosis; and

d. explain how the timing of cell division is regulated.

Before a cell divides, it must duplicate its DNA so it can give com-
plete and identical copies of all of its genes to each daughter cell.
Since DNA controls all cellular function, this replication process
must be very exact. We now examine how it is accomplished and
consider the consequences of mistakes.

DNA Replication

The law of complementary base pairing shows that we can predict
the base sequence of one DNA strand if we know the sequence
of the other. More importantly, it enables a cell to reproduce one
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strand based on information in the other. The fundamental steps
of the replication process are as follows (fig. 4.14):

1. The double helix unwinds from the histones.

. Like a zipper, an enzyme called DNA helicase opens

up one short segment of the helix at a time, exposing its
nitrogenous bases. The point where the DNA is opened
up, like the two halves of a zipper separating, is called the
replication fork.

. Molecules of the enzyme DNA polymerase move along

each strand; read the exposed bases; and like a matchmaker,
arrange “marriages” with complementary free nucleotides.
If the polymerase finds the sequence TCG, for example, it
assembles AGC across from it. The two separated strands
of DNA are copied by separate polymerase molecules,
proceeding in opposite directions. On one strand (top

of figure 4.14), the DNA polymerase moves toward the
replication fork and makes a long, continuous, new strand
of DNA to complement the old one. On the other strand
(bottom of the figure), DNA polymerase moves away from
the replication fork and copies only a short segment of
DNA at a time. The segments are then joined together by
another enzyme called DNA ligase. Ultimately, from the
old parental DNA molecule, two new daughter DNA mol-
ecules are made. Each daughter DNA consists of one new

Old strand

Daughter DNA
New strand

DNA polymerase

F]

&
DNA ligase
% ' S

FIGURE 414 Semiconservative DNA Replication. (a) At the replication fork, DNA helicase unwinds the double helix and exposes the
bases. DNA polymerases begin assembling new bases across from the existing ones. (b) On one strand, DNA polymerase moves toward
the replication fork and makes one long, continuous new DNA strand. (c) On the other strand, DNA polymerases begin at the fork and move
away from it, replicating the DNA in short segments with gaps between them. (d) DNA ligase closes the gaps to join the segments into a
continuous double helix. (€) The ultimate result is two DNA double helices, each composed of one strand of the original DNA and one newly

synthesized strand.



helix synthesized from free nucleotides and one old helix
conserved from the parental DNA. The process is therefore
called semiconservative replication.

4. While DNA is synthesized in the nucleus, new histones
are synthesized in the cytoplasm. Millions of histones are
transported into the nucleus within a few minutes after DNA
replication, and each new DNA helix wraps around them to
make new nucleosomes.

Despite the complexity of this process, each DNA polymerase
works at an impressive rate of about 100 base pairs per second.
Even at this rate, however, it would take weeks for one polymerase
molecule to replicate even one chromosome. But in reality, thou-
sands of polymerase molecules work simultaneously on each DNA
molecule, and all 46 chromosomes are replicated in a mere 6 to
8 hours.

Errors and Mutations

DNA polymerase is fast and accurate, but it makes mistakes.
For example, it might read A and place a C across from it where
it should have placed a T. If nothing were done to correct such
errors, each generation of cells would have thousands of faulty
proteins, coded for by DNA that had been miscopied. To prevent
such catastrophic damage to the cell, there are multiple modes
of correcting replication errors. The DNA polymerase itself
double-checks the new base pair and tends to replace incorrect,
biochemically unstable pairs with more stable, correct pairs—for
example, removing C and replacing it with T. As a result, only
one mistake remains for every billion base pairs replicated—
a very high degree of replication accuracy, if not completely
flawless.

Changes in DNA structure, called mutations,3 can re-
sult from replication errors or from environmental factors
such as radiation, chemicals, and viruses. Uncorrected
mutations can be passed on to the descendants of that
cell, but many of them have no adverse effect. One
reason is that a new base sequence sometimes codes
for the same thing as the old one. For example, TGG
and TGC both code for threonine (see table 4.2), so
a mutation from G to C in the third place would not
necessarily change protein structure. Another rea-
son is that a change in protein structure is not always
critical to its function. For example, the beta chain
of hemoglobin is 146 amino acids long in both hu-
mans and horses, but 25 of these amino acids differ
between the two species. Nevertheless, the hemoglobin
is fully functional in both species. Furthermore, since
98% of the DNA doesn’t code for any proteins, the great
majority of mutations don’t affect protein structure at all.
Other mutations, however, may kill a cell, turn it cancerous,
or cause genetic defects in future generations. When a muta-
tion changes the sixth amino acid of f-hemoglobin from glutamic
acid to valine, for example, the result is a crippling disorder called

*muta = change; ation = process
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sickle-cell disease. Clearly some amino acid substitutions are more
critical than others, and this affects