


HOLE'S
HUMAN
ANATOMY&
PhysIoloGy

F O U R T E E N T H  e D I t I o N

DAVID ShIer
Washtenaw Communit y College

JACKIe BUtler
Grayson College

RICKI LeWIs 
ALDEN MARCH BIOETHICS INSTITUTE

D I G I t A l  A U thors   

LeslIe DAy 
Northeastern Universit y

JUlIe PIlCher 
Universit y of Southern Indiana



HOLE’S HUMAN ANATOMY & PHYSIOLOGY, FOURTEENTH EDITION

Published by McGraw-Hill Education, 2 Penn Plaza, New York, NY 10121. Copyright © 2016 by McGraw-Hill 
Education. All rights reserved. Printed in the United States of America. Previous editions © 2013, 2010 and 
2007. 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. 

1 2 3 4 5 6 7 8 9 0 DOW/DOW 1 0 9 8 7 6 5

ISBN: 978-0-07-802429-0
MHID: 0-07-802429-3

Senior Vice President, Products & Markets: Kurt L. Strand
Vice President, General Manager, Products & Markets: Marty Lange
Vice President, Content Production & Technology Services: Kimberly Meriwether David
Managing Director: Michael S. Hackett
Director of Marketing: James F. Connely
Brand Manager: Amy L. Reed
Senior Product Developer: Fran Simon
Director, Product Development: Rose Koos
Marketing Manager: Jessica Cannavo
Program Manager: Angela R. FitzPatrick
Content Project Managers: Jayne Klein/Sherry Kane
Buyer: Sandy Ludovissy
Design: Tara McDermott
Content Licensing Specialists: John Leland/Lenny Behnke
Cover Image: ©Hero Images/Getty Images (student and computer); ©micron/Getty Images (paramedic); 
©Comstock Images/Jupiter Images (ER team); ©The McGraw-Hill Companies, Inc./Dennis Strete, 
photographer (background)
Compositor: ArtPlus Ltd.
Typeface: 10/12 Times LT Std
Printer: R. R. Donnelley

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

Shier, David.
 Hole’s human anatomy & physiology / David Shier, Washtenaw Community College, Jackie Butler, 
Grayson College, Ricki Lewis, Alden March Bioethics Institute.—Fourteenth edition.
  pages cm
 Includes index.
 ISBN 978-0-07-802429-0 (alk. paper) 
 1. Human physiology. 2. Human anatomy. I. Butler, Jackie. II. Lewis, Ricki. III. Title. 
IV. Title: Hole’s human anatomy and physiology. V. Title: Human anatomy & physiology. 
 QP34.5.S49 2016
 612–dc23  2014021876

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.

www.mhhe.com



PREVIEW
FOUNDATIONS FOR SUCCESS 1

 P.1 overview 2

 P.2 strategies for success  2

UNIT 1 
LEVELS OF ORGANIZATION 9

 1 introduction to human anatomy and 
Physiology 9

 2 Chemical Basis of life 57

 3 Cells 82

 4 Cellular metabolism 120

 5 tissues 148

UNIT 2 
SUPPORT AND MOVEMENT 177  

 6 integumentary system 177

 7 skeletal system 199

 8 Joints of the skeletal system 267

 9 muscular system 291

UNIT 3
INTEGRATION AND COORDINATION 359

 10 nervous system i: Basic structure and 
function 359

 11 nervous system ii: Divisions of the nervous 
system 389

 12 nervous system iii: senses 443

 13 endocrine system 487

BRIEF CONTENTS
about the authors  iv  |  acknowledgments  vi  |  updates and additions  vii  |  Dynamic new art Program  xii  |  
learn, Practice, assess  xiv  |  mcgraw-hill Connect anatomy & Physiology  xvi  |  teaching and learning  xviii  |  
Contents  xix  |  Clinical Connections  xxiv  

UNIT 4
TRANSPORT 527

 14 Blood 527

 15 Cardiovascular system 556  

 16 lymphatic system and immunity 616

UNIT 5
ABSORPTION AND EXCRETION 649  

 17 Digestive system 649 

 18 nutrition and metabolism 694  

 19 respiratory system 730 

 20 urinary system 768 

 21 Water, electrolyte, and acid-Base 
Balance 803

UNIT 6
THE HUMAN LIFE CYCLE 823

 22 reproductive systems 823

 23 Pregnancy, growth, and Development 867

 24 genetics and genomics 905

Appendices 925

Glossary 938

Credits 961

Index 965

  iii



iv

ABOUT THE AUTHORS

David Shier has more than thirty years of experience teaching anatomy and physiology, 
primarily to premedical, nursing, dental, and allied health students. He has effectively 
incorporated his extensive teaching experience into another student-friendly revision 
of Hole’s Essentials of Human Anatomy and Physiology and Hole’s Human Anatomy 
and Physiology. His interest in physiology and teaching began with a job as a research 
assistant at Harvard Medical School from 1976–1979. He completed his Ph.D. at the 
University of Michigan in 1984, and served on the faculty of the Medical College of 
Ohio from 1985–1989. He began teaching at Washtenaw Community College in 1990. 
David has recent experience in online course delivery, including recording lectures for 
so-called “� ipped” classrooms. He has also been interested in the relationship between 
pedagogy and assessment, and the use of tools traditionally associated with assessment 
(e.g., lab quizzes) as pedagogical tools, often associated with group activities.

Jackie Butler’s professional background includes work at the University of Texas 
Health Science Center conducting research about the genetics of bilateral retinoblas-
toma. She later worked at Houston’s M. D. Anderson Hospital investigating remission 
in leukemia patients. A popular educator for more than thirty years at Grayson Col-
lege, Jackie has taught microbiology and human anatomy and physiology for health 
science majors. Her experience and work with students of various educational back-
grounds have contributed significantly to another revision of Hole’s Essentials of 
Human Anatomy and Physiology and Hole’s Human Anatomy and Physiology. Jackie 
Butler received her B.S. and M.S. degrees from Texas A&M University, focusing on 
microbiology, including courses in immunology and epidemiology. 

Ricki Lewis’s career communicating science began with earning a Ph.D. in Genetics 
from Indiana University in 1980. It quickly blossomed into writing for newspapers and 
magazines, and writing the introductory textbook Life. Since then she has taught a vari-
ety of life science courses and has authored the textbook Human Genetics: Concepts 
and Applications and books about gene therapy, stem cells, and scienti� c discovery. 
She is a genetic counselor for a large medical practice, teaches a graduate online course 
in “Genethics” at Albany Medical College, and writes for Medscape, the Multiple Scle-
rosis Discovery Forum, and Scienti� c American. Ricki writes the popular DNA Science 
blog at Public Library of Science and is a frequent public speaker.

DAVID SHIER
Washtenaw Community College

JACKIE BUTLER
Grayson College

RICKI LEWIS
Alden March Bioethics Institute



   v

Leslie Day earned her B.S. in Exercise Physiology from UMass Lowell, an M.S. in 
Applied Anatomy & Physiology from Boston University, and a Ph.D. in Biology from 
Northeastern University with her research on the kinematics of locomotion. She cur-
rently works as an Assistant Clinical Professor in the Physical Therapy Department 
of Northeastern University with her main teaching role in Gross Anatomy and Neuro-
anatomy courses. Students enjoy her clinical teaching style and use of technology. She 
has received the teaching with technology award three times and in 2009 was awarded 
the Excellence in Teaching Award. She has been asked to speak about teaching with 
technology at national conferences and to give workshops on gross anatomy to a vari-
ety of professionals. She has also worked as a personal trainer both in local � tness 
facilities and at clients’ homes, a strength and conditioning coach for collegiate athletic 
teams, an Assistant Groups Exercise Director for Healthworks and Group Exercise, and 
Fitness Director of three sites for Gold’s Gym.

Julie Pilcher began teaching during her graduate training in Biomedical Sciences at 
Wright State University, Dayton, Ohio. She found, to her surprise, that working as a 
teaching assistant held her interest more than her research. Upon completion of her 
Ph.D. in 1986, she embarked on her teaching career, working for many years as an 
adjunct in a variety of schools as she raised her four children. In 1998, she began full-
time at the University of Southern Indiana, Evansville. Her work with McGraw-Hill 
began several years ago, doing reviews of textbook chapters and lab manuals. More 
recently, she has been involved in content development for LearnSmart. In her A&P 
course at USI, she has also used Connect and has enjoyed the challenge of writing 
some of her own assignments. When the opportunity arose to become more involved in 
the authoring of digital content for McGraw-Hill, she could not pass it up. Based on her 
own experience, students are using more and more online resources, and she is pleased 
to be part of that aspect of A&P education. 

Leslie Day
Northeastern University

Julie C. Pilcher
University of Southern Indiana

Digital Authors



vi

ACKNOWLEDGMENTS

DEDICATION

Any textbook is the result of hard work by a large team. Although 
we directed the revision, many “behind-the scenes” people at 
McGraw-Hill were indispensable to the project. We would like to 
thank our editorial team of Marty Lange, Michael Hackett, Jim 
Connely, and Fran Simon; Jessica Cannavo, Marketing Manager, 
and our production team, which included Jayne Klein, Sandy 

Ludovissy, Tara McDermott, and John Leland; and most of all, 
John Hole, for giving us the opportunity and freedom to continue 
his classic work. We also thank our wonderfully patient families 
for their support.

David Shier, Jackie Butler, Ricki Lewis

REVIEWERS
We would like to acknowledge the valuable contributions of all professors and their students who have provided detailed recommendations 
for improving chapter content and illustrations throughout the revision process for each edition. Hundreds of professors have played a vital 
role in building a solid foundation for Hole’s Human Anatomy & Physiology.

Patricia Adumanu Ahanotu, Georgia Perimeter College
Jeffrey Bell, Northland Community and Technical College
Richard A. Bennett, University of Southern Indiana
Gladys Delancey-Bolding, Georgia Perimeter College
Anita Brownstein, Career Institute of Health and Technology
William M. Clark, Lone Star College Kingwood
Amy Warenda Czura, Suffolk County Community College
Joseph D’Silva, Norfolk State University, Norfolk, VA
Betsy L. Diegel, Davenport University
Beverly Wilson Dunham, WorWic Community College
Georgia Everett, Ivy Tech Community College
Theresa Felten, Polk State College
Mary Catherine Flath, Ashland Community and Technical College
Larry M. Frolich, Miami Dade College
Kristin L. Gosselink, The University of Texas at El Paso

Melissa L. Greene, Northwest Mississippi Community College
Melissa M. Haswell, Davenport University
Kelli Hayes, Pasco Hernando Community College
Jean Jackson, Bluegrass Community and Technical College
Mark Jaffe, Nova Southeastern University
Suzanne Kempke, St. Johns River State College
Beth Ann Kersten, State College of Florida Sarasota–Manatee
Elizabeth Kozak, Lewis University
Mary LaCasse, Hesser College/Kaplan
Daudi K. Langat, Labette Community College
Craighton S. Mauk, Gateway Community and Technical College
Patricia Mote, Georgia Perimeter College
Ali Mustafa, Hesser College/Kaplan
Necia Morgan Nicholas, Calhoun Community College

This book is dedicated with much affection and appreciation 
to Sherrie and Terry Martin, colleagues and friends whose 

passion for improving the learning experiences of their students 
has enriched our perspectives as teachers and as authors.



   vii

UPDATES AND ADDITIONS

Global Changes
• WHOLE PICTURE overview replaces chapter vignettes.

• Career Corner describes a speci� c career opportunity for 
each chapter.

• Updated small boxes.

• New art program throughout.

• We have consistently avoided the names of speci� c individuals 
in boxes and clinical application pieces. We feel that the interest 
gained by including names is outweighed by the need to instill 
in our students the importance of patient con� dentiality.

SELECTED SPECIFIC CHANGES AT-A-GLANCE

Chapter Topic Change Rationale

1 Fluid compartments Introduced in more detail in text and with new fi gure 1.5 Clarity, detail

1 Organ systems Reorganized and rewritten, old fi gure 1.5 relocated Clarity, detail

1 Body regions Terminology updated, new photos accompany fi gure 1.24 Clarity, consistency with usage

2 Atoms and elements Text rewritten Clarity

2 Polar bonds Text rewritten Clarity

2 Acidosis and alkalosis Rewritten introduction of terms Clarity

2 Protein structure Figure 2.19 redesigned Clarity

3 Membrane proteins Integral, transmembrane, and peripheral proteins better 
described in text and in fi gure 3.7

Clarity, detail

3 Organelles Endoplasmic reticulum, Golgi apparatus, and polysome 
sections rewritten

Clarity, accuracy

3 Organelles Phospholipid bilayer membrane structure emphasized 
where appropriate

Accuracy, detail

3 Overview of secretion processes Figure 3.11 redrawn Accuracy, clarity

3 Nonmotile cilia Description expanded and added to text Update

3 Osmosis Section rewritten Clarity, accuracy

4 Catalysts Enzymes described as organic catalysts Clarity, accuracy, detail

4 Metabolic cycle New fi gure 4.9 shows how a metabolic pathway can 
form a cycle, prior to introducing the citric acid cycle

Clarity

4 Protein synthesis Series of fi gures redone Clarity

5 Thin sections New fi gure 5.2 to help students understand orientation 
of micrographs

Clarity

5 Connective tissue Table 5.6 reorganized to clarify cellular versus matrix 
components

Clarity

5 Adipose tissue New discussion of brown fat New information

6 Squamous cell carcinoma Figure added to Clinical Application 6.1 Expanded discussion

6 Nails Figure 6.6 expanded to include a longitudinal section 
and a dorsal view

Clarity

6 Hair follicles Hair bulge included in discussion and in art Update

6 Sweat glands Merocrine (eccrine) terminology explained Clarity

—Continued
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SELECTED SPECIFIC CHANGES AT-A-GLANCE —Continued

Chapter Topic Change Rationale

6 apocrine sweat glands expanded discussion new information

7 types of bones figure 7.1 color coded to help students identify 
bone locations

Clarity

7 intramembranous bones expanded discussion, table 7.1 steps rewritten, and 
new f gure 7.8

Clarity

7 vertebral column figure 7.37 color coded to help students identify 
bone locations

Clarity

7 sulcus term added to table 7.4 Clarity

8 Joint movements nonaxial, uniaxial, and multiaxial added to discussion 
and to table 8.1

terminology update

8 Joint movements lateral fl exion added terminology update

9 organization of muscle new table 9.1 replaces part of f gure 9.2 Clarity

9 muscle locations Descriptions do not use the term ”extend” because 
of potential confusion with muscle action

Clarity

9 thick and thin muscle f laments figure 9.4 redone accuracy, clarity

9 stimulus for contraction reorganized and rewritten to include sodium and 
potassium ion gradients and the concept of an 
action potential

Clarity

9 myoglobin Description rewritten Clarity, accuracy

9 lactic acid relationship to lactate clarif ed and role in muscle 
fatigue rewritten

accuracy, update

9 interaction of skeletal muscles rewritten section on agonist, antagonist, prime mover, 
and synergist

Clarity, clinical relevance

9 agonist versus prime mover rewritten Clarity

9 major skeletal muscles new section on popular versus anatomical terminology Clarity

9 muscle actions terms for movements from chapter 8 are used 
throughout (e.g., elevates instead of raises)

Clarity, consistency

9 scalene muscles added to list of muscles and actions, with reference 
to role in breathing

Detail

9 ligamentum nuchae added to text and table 9.3 Detail

9 movements at shoulder and hip shoulder and hip fl exion and extension are clarif ed in 
their respective sections

Clarity

9 Pelvic fl oor Central tendon now included in text, table 9.12, and 
f gure 9.36

accuracy, consistency

10 ganglia and nuclei introduced with classif cation of neurons Clarity

10 electrical synapses introduced in new boxed material Detail

10 action potential section rewritten with redesigned f gures showing 
relationship to graded potentials and threshold

Detail, clarity

10 refractory period section rewritten Clarity

10 neurotransmitters rewritten section on excitatory and inhibitory effects 
of neurotransmitters

Clarity, detail

UPDATES AND ADDITIONS
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SELECTED SPECIFIC CHANGES AT-A-GLANCE —Continued

Chapter Topic Change Rationale

11 Brain and spinal cord sections are reordered with brain f rst Clarity

11 Brain improved lateral brain f gure 11.8a and related pieces Clarity

11 Csf reworked discussion Clarity

11 memory section rewritten Clarity

11 Brainstem figure 11.11 revised with new location icon Clarity

11 types of sleep rewritten Clarity

11 Cranial nerves section introduction rewritten Clarity

11 Cranial nerves new f gure 11.25 with enlargement of olfactory nerve Clarity, accuracy

11 spinal nerves section on cauda equina rewritten accuracy

11 segmental innervation new f gures 11.18 and 11.19 showing relationship 
among levels

Clinical relevance

11 autonomic nervous system new description of reciprocal innervation and 
functional relationships

Clarity

11 autonomic nervous system figure 11.40 redesigned Clarity, consistency

12 visual pathways new f gure 12.40 Clarity

12 vibration transfer in middle ear figure 12.12 redesigned Clarity

12 light rewritten without reference to particles or waves Clarity, level

12 refraction figure 12.35 redesigned accuracy

13 Chemical structures of hormones 
(throughout chapter)

figures color matched with f gures from chapter 2 
(Chemistry)

Clarity

13 mechanism of t3 and t4 Possible specif c membrane transport mechanism 
added to discussion

update

13 Phosphorylation text discussion expanded Clarity, accuracy

13 insulin and glucagon section partially rewritten Clarity

13 Diabetes mellitus new Clinical application 13.4 Clarity, consistency

13 stress response section partially rewritten Clarity

14 normal range of values Blue box added Clinical signif cance

14 red blood cell formation nuclear extrusion clarif ed in text and in f gure 14.4 accuracy

14 Platelets section rewritten Clarity, accuracy

14 Plasma section on plasma lipids expanded Clinical signif cance

14 Coagulation terminology includes “tissue factor pathway” and 
“contact activation pathway”

update

14 antigens and antibodies section rewritten Clarity

15 Pericardial membranes revised f gure 15.3b Clarity

15 electrocardiogram updated f gures for both normal and abnormal eCgs accuracy

15 sa node and depolarization pathway figure 15.18 redrawn accuracy

—Continued
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SELECTED SPECIFIC CHANGES AT-A-GLANCE —Continued

Chapter Topic Change Rationale

15 Clinical application 15.2 rewritten sections on aneurysm and on edema Clarity

15 aortic bodies sensing blood ph added as a function accuracy, clinical relevance

16 lymphatic vessels Cisterna chyli added to text accuracy

16 lymphatic capillaries figure 16.8 redesigned Clarity

16 Primary and secondary 
immune response

“anamnestic” and “antibody titer” added to 
discussion.

accuracy

16 hypersensitivity responses new table 16.10 Clarity, clinical relevance

16 hiv/aiDs updated Clinical application 16.1 Clinical relevance

17 gut microbiome examples now appear throughout chapter Clinical signif cance

17 Pharynx figure 17.13 redesign shows relationship of 
pharyngeal muscles and lumen more clearly

Clarity, accuracy

17 swallowing figure 17.14 muscles are now shown in section 
in context of mucous membranes to better 
illustrate process 

Clarity

17 mesentery figure 17.31 redrawn with sectional plane 
and enlargement

Clarity

18 obesity updated Clinical application 18.1 Clinical relevance

18 vitamin D requirements updated table 18.6 Clinical relevance

18 Water-soluble vitamins table 18.8 rDa values updated Clinical relevance

18 major minerals table 18.9 rDa values updated Clinical relevance

18 trace elements table 18.10 rDa values updated Clinical relevance

18 Dietary supplements new material and table added to Clinical 
application 18.2

Clinical relevance

19 Pharynx section rewritten to include subdivisions Clarity, accuracy

19 air Pollution new section added to Clinical application 19.2 Clinical relevance

19 inspiration scalene muscles added Detail, accuracy

19 respiratory volumes and capacities figure 19.26 color-coded to highlight relationships Clarity

19 alveolar ventilation section expanded Clarity

19 factors affecting breathing section rewritten Clarity

19 Carbon monoxide Clinical application 19.3 rewritten update

19 gas transport section on carbon dioxide transport rewritten, including 
its importance in acid-base balance

update, clarity

20 vasa recta introduced earlier under renal blood vessels accuracy, clarity

20 Cortical versus juxtamedullary 
nephrons

introduced earlier in text and in new f gure 20.6 Clarity

20 nephron structure new diagrammatic f gure 20.10 Clarity

20 overview of urinary system 
structures

new f gure 20.12 Clarity
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SELECTED SPECIFIC CHANGES AT-A-GLANCE —Continued

Chapter Topic Change Rationale

20 glomerular f ltration section reorganized Clarity

20 Basic renal processes redesigned summary f gure 20.19 update

20 Potassium secretion section rewritten and f gure 20.21 simplif ed Clarity, update

20 urine concentration Countercurrent exchanger added to expanded 
discussion of vasa recta

Clarity, accuracy

21 thirst new material in section on osmoreceptors regarding 
osmolarity, osmolality, and their relationship to 
osmotic pressure

Clarity

22 sperm cell structure enzymes on membrane as well as in acrosome described 
in text

accuracy

22 follicle maturation section rewritten to describe process taking almost 
300 days 

update

22 follicle maturation new f gure 22.22 portrays events in ovary during 
follicle maturation

accuracy, clarity

22 female reproductive cycle section rewritten to describe role of various hormones 
on follicle development and ovulation, micrographs 
added to f gure 22.31

update, clarity

22 Breast cancer updated Clinical application 22.4 accuracy, update

22 Birth control section rewritten update

23 fertilization redrawn f gure 23.3 and changes to text better 
depict role of sperm enzymes

Clarity

23 embryonic development section reordered for better fl ow Clarity

24 Prenatal testing text discussion rewritten update

24 genes and genomes section reworked Clarity
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accurate. The fourteenth edition’s art program will help with understanding the key 
concepts of anatomy and physiology.
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THE WHOLE PICTURE 
Everything we do to express ourselves uses muscles. Consciously 
controlled skeletal muscles are necessary for talking, smiling  
or frowning, raising a hand in class to ask a question, and even 
raising an eyebrow.

Behind the scenes, the involuntary, non-consciously-controlled 
smooth muscle and cardiac muscle are active too. All muscles 
require energy from food, and it is smooth muscle that moves that 
food through the digestive tract. Cardiac muscle continuously 
pumps blood so that all cells, including muscle cells, can access 
the absorbed nutrients.

All of the force that muscles provide, whether it is moving your 
eyes in their sockets as you read this page or climbing up a fight of 
stairs, comes from one set of muscle proteins pulling on another 
set of muscle proteins. Individually these proteins do not generate 
much force, but collectively they are strong—as strong as you!
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Falsely colored scanning electron micrograph (SEM) of a normal human 
skeletal muscle fber reveals the characteristic banding pattern of the 
myofbrils (3,000×).

9
Muscular System

LEARNING OUTCOMES
After you have studied this chapter, you should be able to:

 9.1 Structure of a Skeletal Muscle
 1 Describe the structure of a skeletal muscle. (pp. 292–293)
 2 Name the major parts of a skeletal muscle fber and 

describe the functions of each. (pp. 293–296)

 9.2 Skeletal Muscle Contraction
 3 Describe the neural control of skeletal muscle 

contraction. (p. 297)
 4 Identify the major events of skeletal muscle fber 

contraction. (pp. 298–299)
 5 List the energy sources for skeletal muscle fber 

contraction. (pp. 299–302)
 6 Describe oxygen debt. (pp. 302–303)
 7 Describe how a muscle may become fatigued. (p. 303)

 9.3 Muscular Responses
 8 Distinguish between a twitch and a sustained contraction. 

(pp. 304–306)
 9 Explain how various types of muscular contractions produce 

body movements and help maintain posture. (p. 306)
 10 Distinguish between fast and slow twitch muscle fbers. 

(pp. 306–307)

 9.4 Smooth Muscles
 11 Distinguish between the structures and functions of 

multiunit smooth muscle and visceral smooth muscle. 
(p. 307)

 12 Compare the contraction mechanisms of skeletal and 
smooth muscle fbers. (p. 308)

 9.5 Cardiac Muscle
 13 Compare the contraction mechanisms of skeletal and 

cardiac muscle fbers. (pp. 308–309)

 9.6 Skeletal Muscle Actions
 14 Explain how the attachments, locations, and interactions 

of skeletal muscles make possible certain movements. 
(pp. 311–312)

 9.7 Major Skeletal Muscles
 15 Identify and locate the skeletal muscles of each body region 

and describe the action(s) of each muscle. (pp. 312–340)

 9.8 Life-Span Changes
 16 Describe aging-related changes in the muscular system. 

(p. 340)
 17 Discuss how exercise can help maintain a healthy 

muscular system as the body ages. (p. 340)

Module 6: Muscular System

H E

42 REFERENCE PLATES | the human organism

Thyroid cartilage

Trachea 

Left subclavian a.

Arch of aorta

Pulmonary a.

Pulmonary trunk

Pulmonary v.

Left atrium

Lung

Left ventricle

Diaphragm (cut)

Spleen

Stomach

Transverse colon

Jejunum (cut)

Descending colon

Ureter

Sigmoid colon

Rectum

Uterus

Tensor fasciae latae m.

Round ligament of uterus

Urinary bladder

Great saphenous v.

Rectus femoris m.

Vastus lateralis m.

Sartorius m.

Common carotid a.

Right subclavian a.

Larynx

Brachiocephalic a.

Superior vena cava

Right atrium

Right ventricle

Lobes of liver
(lifted upward) 

Gallbladder

Cystic duct

Duodenum

Ascending colon

Mesentery (cut)

lleum (cut)

Cecum

Appendix

Common iliac a.

Ovary

Uterine tube

Femoral a.

Femoral v.

Adductor longus m.

Gracilis m.

Vastus medialis m.

PLATE FIVE human female torso with the lungs, heart, and small intestine sectioned and the liver refected (lifted back). (a. stands for artery,  
m. stands for muscle, and v. stands for vein.)

learning tools to help the student succeed. . . 
Check out the Chapter Preview, Foundations for Success, 
on page 1. The Chapter Preview was specifi cally designed 
to help the student LEARN how to study. It provides 
helpful study tips. 

Learn

Learning Outcomes open chapters, and are closely linked to Chapter assessments 
and integrative assessments/Critical thinking questions found at the end of each chapter. 
learning outcomes are also tied to Connect content.

NEW! The WHOLE Picture gives an introduction to 
the chapter. It answers the question: “What is the big 
picture of how this chapter relates to Human Anatomy 
and Physiology”?

Anatomy and Physiology Revealed (APR) icon at 
the beginning of each chapter tells which system in 
APR applies to this chapter. 

Understanding Words helps 
the student remember scientifi c 
word meanings. Examine 
root words, stems, prefi xes, 
suffi ces, pronunciations, and 
build a solid anatomy and 
physiology vocabulary.

Reference Plates offer 
vibrant detail of body 
structures.

Practice
Practice with a question or series of questions 
after major sections. They will test understanding 
of the material.

interesting applications help practice and 
apply knowledge. . .

Figure Questions allow an additional assessment.
Found on key fi gures throughout the chapter.
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THE WHOLE PICTURE 
Everything we do to express ourselves uses muscles. Consciously 
controlled skeletal muscles are necessary for talking, smiling  
or frowning, raising a hand in class to ask a question, and even 
raising an eyebrow.

Behind the scenes, the involuntary, non-consciously-controlled 
smooth muscle and cardiac muscle are active too. All muscles 
require energy from food, and it is smooth muscle that moves that 
food through the digestive tract. Cardiac muscle continuously 
pumps blood so that all cells, including muscle cells, can access 
the absorbed nutrients.

All of the force that muscles provide, whether it is moving your 
eyes in their sockets as you read this page or climbing up a fight of 
stairs, comes from one set of muscle proteins pulling on another 
set of muscle proteins. Individually these proteins do not generate 
much force, but collectively they are strong—as strong as you!

Falsely colored scanning electron micrograph (SEM) of a normal human 
skeletal muscle fber reveals the characteristic banding pattern of the 
myofbrils (3,000×).

9
Muscular System

LEARNING OUTCOMES
After you have studied this chapter, you should be able to:

 9.1 Structure of a Skeletal Muscle
 1 Describe the structure of a skeletal muscle. (pp. 292–293)
 2 Name the major parts of a skeletal muscle fber and 

describe the functions of each. (pp. 293–296)

 9.2 Skeletal Muscle Contraction
 3 Describe the neural control of skeletal muscle 

contraction. (p. 297)
 4 Identify the major events of skeletal muscle fber 

contraction. (pp. 298–299)
 5 List the energy sources for skeletal muscle fber 

contraction. (pp. 299–302)
 6 Describe oxygen debt. (pp. 302–303)
 7 Describe how a muscle may become fatigued. (p. 303)

 9.3 Muscular Responses
 8 Distinguish between a twitch and a sustained contraction. 

(pp. 304–306)
 9 Explain how various types of muscular contractions produce 

body movements and help maintain posture. (p. 306)
 10 Distinguish between fast and slow twitch muscle fbers. 

(pp. 306–307)

 9.4 Smooth Muscles
 11 Distinguish between the structures and functions of 

multiunit smooth muscle and visceral smooth muscle. 
(p. 307)

 12 Compare the contraction mechanisms of skeletal and 
smooth muscle fbers. (p. 308)

 9.5 Cardiac Muscle
 13 Compare the contraction mechanisms of skeletal and 

cardiac muscle fbers. (pp. 308–309)

 9.6 Skeletal Muscle Actions
 14 Explain how the attachments, locations, and interactions 

of skeletal muscles make possible certain movements. 
(pp. 311–312)

 9.7 Major Skeletal Muscles
 15 Identify and locate the skeletal muscles of each body region 

and describe the action(s) of each muscle. (pp. 312–340)

 9.8 Life-Span Changes
 16 Describe aging-related changes in the muscular system. 

(p. 340)
 17 Discuss how exercise can help maintain a healthy 

muscular system as the body ages. (p. 340)
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liver cells require to convert the accumulated lactic acid to glucose, as 
well as the amount that the muscle cells require to resynthesize suff-
cient ATP and creatine phosphate to restore their original concentra-
tions. The degree of oxygen debt also refects the oxygen required to 
restore blood and tissue oxygen levels to preexercise levels.

The metabolic capacity of a muscle may change with ath-
letic training. With high-intensity exercise, which depends more 
on glycolysis for ATP, a muscle will synthesize more glycolytic 
enzymes, and its capacity for glycolysis will increase. With aerobic 
exercise, the muscles’ capacity for the aerobic reactions of cellular 
respiration increases.

lactic acid begins to accumulate in muscles and to appear in the 
bloodstream (lactic acid threshold). In the body, lactic acid disso-
ciates rapidly into lactate ion (lactate) and hydrogen ion. Recent 
studies on the effect of both hydrogen ion and lactate suggest that 
the relationship between lactic acid and muscle fatigue may not be 
as clear-cut as once thought. Research in this area is ongoing. 

The strenuous exercise of aerobic training stimulates new 
capillaries to extend into muscles, supplying more oxygen and 
nutrients to the muscle fbers. Such physical training also adds 
mitochondria, which split and enlarge to increase their abundance. 
Both the adaptations of increased blood supply and more mitochon-
dria boost the ability of muscle fbers to produce ATP aerobically. 

Occasionally a muscle fatigues and cramps at the same time. 
A cramp is a sustained, painful, involuntary muscle contraction. 
The cause of muscle cramps is not fully understood. One hypoth-
esis suggests that cramps may result from changes in electrolyte 
concentration in the extracellular fluid surrounding the muscle 
fbers and their motor neurons, triggering uncontrolled stimulation 
of the muscle. 

Heat Production
All active cells generate heat, which is a by-product of cellular res-
piration. Muscle tissue constitutes such a large proportion of total 
body mass that it is a major source of heat.

Less than half of the energy released in cellular respiration 
is transferred to ATP; the rest becomes heat. Blood transports the 
heat from muscle contraction throughout the body, which helps 
to maintain body temperature. Homeostatic mechanisms promote 
heat loss when the temperature of the internal environment begins 
to rise (see chapters 1 and 6, p. 16 and 189, respectively).

  PRACTICE 
 9 What are the sources of energy used to regenerate ATP?

 10 What are the sources of oxygen required for the aerobic reactions 
of cellular respiration?

 11 How do lactic acid and oxygen debt relate to muscle fatigue?

 12 What is the relationship between cellular respiration and heat 
production?

9.3 | Muscular Responses
One way to observe muscle contraction is to remove a single mus-
cle fber from a skeletal muscle of a small animal, such as a frog, 
and connect it to a device that senses and records changes in the 
fber’s length. An electrical stimulator is usually used to promote 
muscle contraction.

Threshold Stimulus
In the laboratory, when an isolated muscle fber is exposed to a series 
of electrical stimuli of increasing strength, the fber remains unre-
sponsive until a certain strength of stimulation called the thresh-
old stimulus (thresh′old stim′u-lus) is applied. Once threshold is 
reached, an action potential is generated, resulting in an impulse that 
spreads throughout the muscle fber, releasing enough calcium ions 
from the sarcoplasmic reticulum to activate cross-bridge formation 

Lactic acid

Synthesis of 34CO2  +  H2O  +  Energy

Pyruvic acid

In the absence of
sufficient oxygen,
aerobic respiration
cannot continue,
and glycolysis
leads to lactic acid
formation.

Oxygen carried from
lungs by hemoglobin
in red blood cells is
temporarily stored in
muscle cells by 
myoglobin, increasing
the amount of oxygen
available to support
aerobic respiration.

1 2

ATP2

Glucose

Electron
transport

chain

ATP

Citric acid
cycle

Energy

The runners are on the starting line, their muscles primed for 
a sprint. The starting horn sounds. Energy comes first from 
residual ATP, but almost instantly, creatine phosphate begins 
donating high-energy phosphates to ADP, regenerating ATP. 
Meanwhile, oxidation of glucose potentially produces more 
ATP, but because the runner cannot take in enough oxygen to 
meet the high demand, most ATP is generated in glycolysis. 
Lactic acid forms and as the runner crosses the fnish line, her 
liver is actively converting lactic acid back to pyruvic acid. In her 
muscles, creatine phosphate levels begin to return to normal.

Muscle Fatigue
A muscle exercised persistently for a prolonged period may lose 
its ability to contract, which is a condition called fatigue. It has a 
number of potential causes, including decreased blood fow, ion 
imbalances across the sarcolemma from repeated stimulation, and 
psychological loss of the desire to continue the exercise. 

For many years fatigue associated with anaerobic exercise 
has been attributed to increased lactic acid production. As mus-
cle metabolism shifts from aerobic to anaerobic ATP production, 

Energy to
synthesize

Glycolysis and
lactic acid formation
(in muscle)

Synthesis of glucose
from lactic acid
(in liver)

Energy
from

Glucose

Glycogen

Lactic acid

Pyruvic acid

ATPATP

FIGURE 9.13  Liver cells can react lactic acid, generated by muscles 
anaerobically, to produce glucose.
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9.2 | Skeletal Muscle Contraction
A muscle fber contraction is a complex interaction of several cel-
lular and chemical constituents. The result is a movement within 
the myofbrils in which the flaments of actin and myosin slide 
past one another, shortening the sarco meres. When this happens, 
the muscle fber shortens and pulls on its attachments.

Actin, myosin, troponin, and tropomyosin are abundant in 
muscle cells. Scarcer proteins are also vital to muscle function. 
A rod-shaped muscle protein called dystrophin, for example, 
accounts for only 0.002% of total muscle protein in skeletal 
muscle, but its absence causes the devastating inherited dis-
order Duchenne muscular dystrophy, which only affects males. 
Dystrophin binds to the inside face of muscle cell membranes, 
supporting them against the powerful force of contraction. 
Without dystrophin, muscle cells lose their normal structure 
and die. Abnormalities in several other types of proteins that 
bind to dystrophin cause other inherited muscle diseases.

Neuromuscular Junction
Recall from chapter 5 (p. 170) that neurons establish communica-
tion networks throughout the body based on their specialized struc-
tures and functions. Each neuron has a process called an axon, which 
extends from the cell body and can conduct electrical impulses called 
action potentials (described in chapter 10, pp. 375–377). 

Each cell that a neuron controls is connected functionally (but 
not physically) to the end of an axon, in much the same way that 
you can talk into a cell phone although your mouth is not in direct 
physical contact with it. The site of this functional connection is 
called a synapse. Neurons communicate with the cells that they 
control by releasing chemicals, called neurotransmitters (nu″ro-
trans-mit-erz), at a synapse. The neurotransmitter molecules then 
diffuse a very short distance to the cell being controlled, where 
they have a specifc effect.

Neurons that control effectors, including skeletal muscle 
fbers, are called motor neurons. Normally a skeletal muscle fber 
contracts only upon stimulation by its motor neuron.

The synapse where a motor neuron axon and a skeletal mus-
cle fber meet is called a neuromuscular junction (myoneural 
junction). Here, the muscle fber membrane is specialized to form 
a motor end plate, where nuclei and mitochondria are abundant 
and the sarcolemma is extensively folded (fg. 9.8).

A small gap called the synaptic cleft separates the membrane 
of the neuron and the membrane of the muscle fber. The cytoplasm 
at the distal end of the axon is rich in mitochondria and contains 
many tiny vesicles (synaptic vesicles) that store neurotransmitters.

Stimulus for Contraction
Acetylcholine (ACh) is the neurotransmitter that motor neurons 
use to control skeletal muscle contraction. ACh is synthesized 
in the cytoplasm of the motor neuron and is stored in synaptic 
vesicles near the distal end of its axon. When an action potential 

reaches the end of the axon, some of these vesicles release acetyl-
choline into the synaptic cleft (fg. 9.8).

Acetylcholine diffuses rapidly across the synaptic cleft and 
binds to specifc protein molecules (receptors) in the muscle fber 
membrane, increasing the membrane permeability to sodium and 
potassium ions. Recall from chapter 3 (p. 103) that active trans-
port of sodium and potassium ions across the cell membrane cre-
ates a condition in which the sodium ion concentration is higher 
outside the cell and the potassium ion concentration is higher 

Motor
neuron axon

Folded 
sarcolemma

Motor
end plate

Synaptic
cleft

Synaptic
vesicles

Mitochondria

Muscle fiber
nucleus

Myofibril of 
muscle fiber

Acetylcholine

Motor neuron axon 

Muscle fiber

Neuromuscular junction 

(b)

FIGURE 9.8   Neuromuscular junction. (a) A neuromuscular 
junction includes the end of a motor neuron and the motor end plate of  
a muscle fber. (b) Micrograph of a neuromuscular junction (500×). 

Q How does neurotransmitter released into the synaptic cleft 
reach the muscle fber membrane? 
Answers can be found in Appendix G.
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LEARN, PRACTICE, ASSESS

learning tools to help the student succeed. . . 

Learn

L
E

A R N  •  P
R

A
C

T
IC

E • ASSE
S

S
 •

xiv 

PracticePractice
Practice with a question or series of questions 



   xv  xv

Clinical Applications present 
disorders, physiological responses 
to environmental factors, and other 
topics of general interest.
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Outcome 9.2
 4. as lactic acid and other substances accumulate in an active 

muscle, they stimulate pain receptors, and the muscle may feel 
sore. How might the application of heat or substances that dilate 
blood vessels help relieve such soreness?

Outcomes 9.2, 9.3, 9.5
 5. Why do you think athletes generally perform better if they warm 

up by exercising lightly before a competitive event?

Outcomes 9.2, 9.3, 9.6
 6. Following an injury to a nerve, the muscles it supplies with motor 

nerve fbers may become paralyzed. How would you explain to a 
patient the importance of moving the disabled muscles passively 
or contracting them with electrical stimulation?

Outcomes 9.3, 9.7
 7. Following childbirth, a woman may lose urinary control 

(incontinence) when sneezing or coughing. Which muscles of  
the pelvic foor should be strengthened by exercise to help 
control this problem?

 INTEGRATIVE ASSESSMENTS/CRITICAL THINKING
Outcomes 7.10, 7.11, 9.7
 1. several important nerves and blood vessels course through 

the muscles of the gluteal region. to avoid the possibility of 
damaging such parts, intramuscular injections are usually made 
into the lateral, superior portion of the gluteus medius. What 
landmarks would help you locate this muscle in a patient?

Outcomes 9.1, 9.2
 2. millions of people take drugs called statins to lower serum 

cholesterol levels. In a small percentage of people taking these 
drugs, muscle pain, termed myopathy, is an adverse effect. In a 
small percentage of these individuals, the condition progresses 
to rhabdomyolysis, in which the sarcolemma breaks down. 

a. describe the structure and state the function of the 
sarcolemma.

b. physicians can measure a patient’s levels of creatine 
phosphokinase to track the safety of using a statin. enzyme 
levels that exceed 10 times normal indicate possible 
rhabdomyolysis. explain what this elevated enzyme  
level indicates about the physiology of the muscle cell. 

c. explain why a dusky, dark color in the urine, resulting from 
the presence of myoglobin, also indicates muscle breakdown.

Outcomes 9.1, 9.2, 9.3
 3. What steps might be taken to minimize atrophy of skeletal 

muscles in patients confned to bed for prolonged times?
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Connect Interactive Questions reinforce your knowledge 
using assigned interactive questions covering muscle structure, 
the process of muscle contraction, and identifcation of  
skeletal muscles.

Connect Integrated Activity Can you predict the effects on 
muscle function of different drugs, toxins, and neuromuscular 
diseases?

LearnSmart discover which chapter concepts you have mastered 
and which require more attention. this adaptive learning tool is 
personalized, proven, and preferred.

Anatomy & Physiology Revealed Go more in depth into the 
human body by exploring cadaver dissections of assigned skeletal 
muscles and viewing animations of their actions.
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Chapter Summary

9.8 | Life-Span Changes
Signs of aging in the muscular system begin to appear in one’s for-
ties, although a person can still be active. At a microscopic level, 
supplies of the molecules that enable muscles to function—myo-
globin, ATP, and creatine phosphate—decline. Gradually, the mus-
cles become smaller, drier, and capable of less forceful contraction. 
Connective tissue and adipose cells begin to replace some muscle 
tissue. By age eighty, nearly half the muscle mass has atrophied, due 
to a decline in motor neuron activity. Diminishing muscular strength 
slows refexes.

Exercise can help maintain a healthy muscular system 
throughout life, countering the less effective oxygen delivery that 
results from the decreased muscle mass that accompanies aging. 
Exercise can even lead to formation of new muscle by stimulating 
skeletal muscle cells to release interleukin-6 (IL-6), a type of pro-
infammatory molecule called a cytokine. The IL-6 stimulates sat-
ellite cells, which function as muscle stem cells. They divide and 
migrate, becoming incorporated into the muscle fber. Exercise 
also maintains the fexibility of blood vessels, which helps to keep 
blood pressure at healthy levels. A physician should be consulted 
before starting any exercise program.

According to the National Institute on Aging, exercise should 
include strength training and aerobics. Strength training consists 
of weight lifting or using a machine that works specifc muscles 
against a resistance, performed so that the same muscle is not 
exercised on consecutive days. Strength training increases muscle 
mass, and the resulting stronger muscles can alleviate pressure 
on the joints, which may lessen arthritis pain. Aerobic exercise 
improves oxygen use by muscles and increases endurance.

  PRACTICE 
 33 What changes are associated with an aging muscular system?

 34 Describe two types of recommended exercise. 

passes along the plantar surface of the foot. There the tendon 
divides into four parts that attach to the distal phalanges of the four 
lateral toes. This muscle assists in plantar fexion of the foot, fex-
ion of the four lateral toes, and inversion of the foot (see fg. 9.43).

Invertor
The tibialis posterior (tib″e-a′lis pos-tēr′e-or) is the deepest of the 
muscles on the back of the leg. It connects the fbula and tibia to 
the ankle bones by means of a tendon that curves under the medial 
malleolus. This muscle assists in inversion and plantar fexion of 
the foot (see fg. 9.43). Extensor hallucis longus also inverts the 
foot, because it pulls up on the medial portion (see fg. 9.41).

Evertor
The fbularis (peroneus) longus (fb″u-la′ris long′gus) is a long, 
straplike muscle located on the lateral side of the leg. It connects the 
tibia and the fbula to the foot by means of a stout tendon that passes 
behind the lateral malleolus. It everts the foot, assists in plantar fex-
ion, and helps support the arch of the foot (see fgs. 9.42 and 9.44).

Fascia in various regions of the ankle thicken to form retinac-
ula, as in the wrist. Anteriorly, for example, extensor retinacula 
connect the tibia and fbula as well as the calcaneus and fascia of 
the sole. These retinacula form sheaths for tendons crossing the 
front of the ankle (see fgs. 9.41 and 9.42).

Posteriorly, on the inside, a fexor retinaculum runs between 
the medial malleolus and the calcaneus and forms sheaths for ten-
dons passing beneath the foot (see fg. 9.43). Fibular retinacula 
connect the lateral malleolus and the calcaneus, providing sheaths 
for tendons on the lateral side of the ankle (see fg. 9.42).

  PRACTICE 
 30 Which muscles provide facial expression? ability to chew? head 

movements?

 31 Which muscles move the pectoral girdle? the arm, forearm, and hand?

 32 Which muscles move the thigh, legs, and foot?

 9.1 Structure of a Skeletal Muscle (page 292)

Skeletal muscles are composed of nervous, vascular and various 
other connective tissues, as well as skeletal muscle tissue.

 1. Connective tissue coverings
a. Fascia covers each skeletal muscle.
b. Other connective tissues surround cells and groups 

of cells within the muscle’s structure (epimysium, 
perimysium, endomysium).

c. Fascia is part of a complex network of connective tissue 
that extends throughout the body.

 2. Skeletal muscle fbers
a. Each skeletal muscle fber is a single muscle cell, the 

unit of contraction.
b. Muscle fbers are cylindrical cells with many nuclei.
c. The cytoplasm contains mitochondria, sarcoplasmic 

reticulum, and myofbrils of actin and myosin.

d. The arrangement of the actin and myosin flaments causes 
striations forming repeating patterns of sarcomeres.  
(I bands, Z lines, A bands, H zone and M line)

e. Troponin and tropomyosin molecules associate with 
actin flaments.

g. Transverse tubules extend from the cell membrane 
into the cytoplasm and are associated with the cisternae 
of the sarcoplasmic reticulum.

 9.2 Skeletal Muscle Contraction (page 297)

Muscle fber contraction results from a sliding movement of actin 
and myosin flaments overlapping that shortens the muscle fber.

 1. Neuromuscular junction
a. The functional connection between a neuron and 

another cell is a synapse. The neuromuscular junction 
is a synapse.

tools to help make the connection and master anatomy & physiology!
Chapter Assessments check understanding 
of the chapter’s learning outcomes.

Integrative Assessments/Critical Thinking 
questions connect and apply information from 
previous chapters as well as information within 
the current chapter.

Chapter Summary Outlines help review the 
chapter’s main ideas.
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Muscle Fiber Contraction Muscle Fiber Relaxation

1. An action potential is conducted down a motor neuron axon. 1. Acetylcholinesterase decomposes acetylcholine, and the 
muscle fber membrane is no longer stimulated.

2. The motor neuron terminal releases the neurotransmitter 
acetylcholine (ACh).

2. Calcium ions are actively transported into the sarcoplasmic 
reticulum.

3. ACh binds to ACh receptors on the muscle fber. 3. ATP breaks cross-bridge linkages between actin and myosin 
flaments without breakdown of the ATP itself.

4. The sarcolemma is stimulated, an action potential is generated,  
and the impulse is conducted over the surface of the muscle 
fber and deep into the fber through the transverse tubules.

4. Breakdown of ATP “cocks” the myosin heads.

5. The impulse reaches the sarcoplasmic reticulum, and calcium 
channels open.

5. Troponin and tropomyosin molecules block the interaction 
between myosin and actin flaments.

6. Calcium ions diffuse from the sarcoplasmic reticulum into the  
cytosol and bind to troponin molecules.

6. Muscle fber remains relaxed, yet ready until stimulated again.

7. Tropomyosin molecules move and expose specifc sites on  
actin where myosin heads can bind.

8. Actin and myosin link, forming cross-bridges.

9. Thin (actin) flaments are pulled toward the center of the 
sarcomere by pulling of the cross-bridges, increasing the 
overlap of the thin and thick flaments.

10. The muscle fber shortens as contraction occurs.

TABLE 9.2 Major Events of Muscle Contraction and Relaxation

A few hours after death, the skeletal muscles partially contract, 
fxing the joints. This condition, called rigor mortis, may con-
tinue for seventy-two hours or more. It results from an increase 
in membrane permeability to calcium ions, which promotes 
cross-bridge formation, and a decrease in availability of ATP 
in the muscle fbers, which prevents myosin release from actin. 
Thus, the actin and myosin flaments of the muscle fbers remain 
linked until the proteins begin to decompose.

  PRACTICE 
 5 Describe a neuromuscular junction.

 6 Explain how a motor neuron action potential can trigger a 
skeletal muscle fber contraction.

 7 List four proteins associated with myofbrils, and explain their 
structural and functional relationships.

 8 Explain how the flaments of a myofbril interact during muscle 
contraction.

Energy Sources for Contraction
The energy that powers the interaction between actin and myosin 
flaments as muscle fbers contract comes from ATP molecules. 
However, a muscle fber has only enough ATP to contract briefy, 
and must regenerate ATP.

The initial source of energy available to regenerate ATP from 
ADP and phosphate is creatine phosphate. Like ATP, creatine phos-
phate includes a high-energy phosphate bond. Whenever suffcient 
ATP is present, an enzyme in the mitochondria (creatine phospho-
kinase) promotes the synthesis of creatine phosphate, which stores 
excess energy in its phosphate bond (fg. 9.11).

Creatine phosphate is four to six times more abundant in muscle 
fbers than ATP, but it cannot directly supply energy to a cell’s energy-
utilizing reactions. Instead, as ATP is decomposed to ADP, the phos-
phate from creatine phosphate molecules is transferred to these ADP 
molecules, quickly converting them back into ATP. The amount of 
ATP and creatine phosphate in a skeletal muscle, however, is usually 
not suffcient to support maximal muscle activity for more than about 
ten seconds during an intense contraction. As a result, the muscle fbers 
in an active muscle soon use cellular respiration of glucose to synthe-
size ATP. Typically, a muscle stores glucose in the form of glycogen.

ADP

ATP

ATP

P

When cellular             is high

Creatine

Creatine

ADP

ATP

ATP

P

When cellular             is low

Creatine

Creatine
PP

FIGURE 9.11  Creatine phosphate may be used to replenish ATP 
stores when ATP levels in a muscle cell are low.
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lies within a layer of connective tissue in the form of a thin cov-
ering called endomysium (fg. 9.2, fg. 9.3 and table 9.1). Layers 
of connective tissue, therefore, enclose and separate all parts of a 
skeletal muscle. This organization allows the parts to move some-
what independently. Many blood vessels and nerves pass through 
these layers.

CAREER CORNER

Massage Therapist

The middle-aged woman feels something give way in her  
left knee as she comes down from a jump in her dance class. 
She limps away between her much younger classmates, in 
great pain.

The frequent jumping followed by lateral movements 
caused patella tendinitis, or “jumper’s knee.” The woman 
injured in dance class went home and used “RICE” 
treatment—rest, ice, compression, and elevation—and 
three days later, at her weekly appointment with a massage 
therapist for stress relief, mentioned the injury. 

Over the next few weeks, the massage therapist 
helped by applying light pressure to the injured area, which 
stimulated circulation, and applied friction in a transverse 
pattern to break up scar tissue and relax the muscles. She 
also massaged the quadriceps to improve fexibility.

A massage therapist manipulates soft tissues, using 
combinations of pressing, stroking, kneading, compressing, 
and vibrating, to relieve pain and reduce stress. Many 
cultures have practiced massage therapy, dating back  
5,000 years. Modern massage therapists complete  
programs that include 300 to 1,000 hours of class time, 
hands-on practice, and continuing education. A massage 
therapist may work in a pediatrics or orthopedics practice,  
a spa, a hospital, or a ftness center.

CAREER CORNER

Massage Therapist

rounded ends that attach to the connective tissues associated with 
a muscle. Just beneath the muscle cell membrane (sarcolemma), 
the cytoplasm (sarcoplasm) of the fber contains many small, oval 
nuclei and mitochondria. The sarcoplasm also has abundant long, 
parallel structures called myofbrils (mi″o-f′-brilz) (fg. 9.4a).

The myofbrils play a fundamental role in the muscle contrac-
tion mechanism. They consist of two types of protein flaments: 
thick flaments composed of the protein myosin (mi′o-sin), and 
thin flaments composed primarily of the protein actin (ak′tin). 
(Two other thin flament proteins, troponin and tropomyosin, will 

Structures in order of 
increasing complexity Description Location

Thick and thin flaments Structures containing the contractile proteins actin 
and myosin

Intracellular

Myofbril Overlapping parallel groups of thick and thin 
flaments in a repeating pattern; the underlying  
basis for the striation pattern

Intracellular

Muscle fber A single muscle cell, multinucleated and may be 
many centimeters long 

Within a muscle, surrounded by a layer of connective tissue 
called endomysium

Fascicle A bundle of muscle fbers within a muscle Within a muscle, surrounded by a layer of connective tissue 
called perimysium

Muscle A bundle of fascicles Surrounded by a layer of connective tissue called epimysium 
and in some cases an additional layer called muscle fascia

TABLE 9.1 Muscle Structures

A compartment is the space that contains a particular group 
of muscles, blood vessels, and nerves, all tightly enclosed by 
fascia. The limbs have many such compartments. If an injury 
causes fluid, such as blood from an internal hemorrhage, to 
accumulate in a compartment, the pressure inside will rise. The 
increased pressure, in turn, may interfere with blood fow into 
the region, reducing the supply of oxygen and nutrients to the 
affected tissues. This condition, called compartment syndrome, 
often produces severe, unrelenting pain. Persistently elevated 
compartmental pressure may irreversibly damage the enclosed 
muscles and nerves. Treatment for compartment syndrome 
may require an immediate surgical incision through the fascia 
(fasciotomy) to relieve the pressure and restore circulation.

The fascia associated with each individual organ of the mus-
cular system is part of a complex network of fasciae that extends 
throughout the body. The portion of the network that surrounds the 
muscles is called deep fascia. It is continuous with the subcutaneous 
fascia that lies just beneath the skin, forming the subcutaneous 
layer described in chapter 6 (p. 178). The network is also con-
tinuous with the subserous fascia that forms the connective tissue 
layer of the serous membranes covering organs in various body 
cavities and lining those cavities (see chapter 5, p. 168).

Skeletal Muscle Fibers
Recall from chapter 5 (p. 170) that a skeletal muscle fber is a sin-
gle muscle cell (see fg. 5.29, p. 170). Each fber forms from many 
undifferentiated cells that fuse during development. The result-
ing multinucleated muscle fber is a thin, elongated cylinder with 
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When the bacterium Clostridium botulinum grows in an anaer-
obic (oxygen-poor) environment, such as in a can of unrefrig-
erated food, it produces a toxin. If a person ingests the toxin, 
the release of acetylcholine from axon terminals at neuromus-
cular junctions is prevented. symptoms of such food poisoning 
include nausea, vomiting, and diarrhea; headache, dizziness, 
and blurred or double vision; and fnally, weakness, hoarseness, 
and diffculty swallowing and, eventually, inability to breathe. 
physicians can administer an antitoxin substance that binds to 
and inactivates botulinum toxin in the bloodstream, stemming 
further symptoms, although not correcting damage already 
done. small amounts of botulinum toxin are used to treat 
migraine headaches and to temporarily paralyze selected facial 
muscles, smoothing wrinkles (Botox).

In an autoimmune disorder, the immune system attacks part of the 
body. In myasthenia gravis (mG), the part attacked is the muscular 
system. the name means “grave muscular weakness.” the body 
produces antibodies that target receptors for the neurotransmitter 
acetylcholine on skeletal muscle cells at neuromuscular junctions. 
people with mG have one-third the normal number of acetylcho-
line receptors on their skeletal muscle cells. on a whole-body 
level, this causes weak and easily fatigued muscles.

mG affects hundreds of thousands of people worldwide, 
mostly women beginning in their twenties or thirties, and men in 
their sixties and seventies. the specifc symptoms depend upon 
the site of attack. For 85% of patients, the disease causes gen-
eralized muscle weakness. many people develop a characteristic 
fat smile and nasal voice and have diffculty chewing and swal-
lowing due to affected facial and neck muscles. Limb weakness is 
common. about 15% of patients experience the illness only in the 

CLINICAL APPLICATION 9.1

Myasthenia Gravis

muscles surrounding their eyes. the disease reaches crisis level 
when respiratory muscles are affected, requiring a ventilator to 
support breathing. mG does not affect sensation or refexes.

most people with mG live a normal life span, with symptoms 
that are controlled with a combination of treatments that include 
the following:
•	 Drugs	that	inhibit	acetylcholinesterase,	the	enzyme	that	

normally breaks down acetylcholine, thus increasing levels  
of the neurotransmitter.

•	 Immunosuppressant	drugs	such	as	corticosteroids,	
cyclosporine, and rituximab, that decrease production  
of antibodies.

•	 Intravenous	antibodies	that	bind	and	inactivate	the	 
antibodies causing the damage.

•	 Plasma	exchange	that	rapidly	removes	the	damaging	
antibodies from the bloodstream, helping people in crisis.

is conducted along the axon of a neuron, an impulse now spreads 
throughout the muscle cell. This electrical impulse is what trig-
gers the release of calcium ions from the sarcoplasmic reticulum, 
leading to muscle contraction. Clinical Application 9.1 discusses 
myasthenia gravis, in which the immune system attacks certain 
neuromuscular junctions.

Excitation-Contraction Coupling      

The connection between stimulation of a muscle fber and contrac-
tion is called excitation-contraction coupling, and it involves an 
increase in calcium ions in the cytosol. At rest, the sarcoplasmic 
reticulum has a high concentration of calcium ions compared to 
the cytosol. This is due to active transport of calcium ions (cal-
cium pump) in the membrane of the sarcoplasmic reticulum. In 
response to stimulation, the membranes of the cisternae become 
more permeable to these ions, and the calcium ions diffuse out of 
the cisternae into the cytosol of the muscle fber (see fg. 9.7).

 R E C O N N E C T
To Chapter 3, active transport, page 103.

When a muscle fiber is at rest, the troponin-tropomyosin com-
plexes block the binding sites on the actin molecules and thus pre-
vent the formation of linkages with myosin heads (fg. 9.9 1 ). As 
the concentration of calcium ions in the cytosol rises, however, the 
calcium ions bind to the troponin, changing its shape (conforma-
tion) and altering the position of the tropomyosin. The movement 
of the tropomyosin molecules exposes the binding sites on the 
actin flaments, allowing linkages to form between myosin heads 
and actin, forming cross-bridges (fg. 9.9 2 ).

 R E C O N N E C T
To Chapter 2, proteins, pages 72–75.

inside the cell. Also remember that an ion will diffuse across a 
cell membrane only if two conditions are met: there is a concen-
tration gradient and the membrane is permeable to that ion. The 
sodium/potassium pump maintains the concentration gradients 
for these two ions, but membrane permeability is normally very 
low, so in the non-stimulated state the extent of diffusion of these 
ions across the membrane is very low.

When a motor neuron stimulates a muscle cell, the situation 
changes. Membrane permeability to both sodium and potassium 
ions increases temporarily in a pattern that results in positively 
charged ions (sodium) entering the muscle cell faster than other 
positively charged ions (potassium) leave. This net movement of 
positive charges into the muscle cell at the motor end plate opens 
nearby sodium channels on the sarcolemma. 

The result of this second set of channels opening is an 
impulse, an action potential. In much the same way that an impulse 
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if an appliance part is damaged or fails, replacing it is simple. not 
so for the human body. Donor organs and tissues for transplant 
are in short supply, so in the future spare parts may come from 
tissue engineering. in this technology, a patient’s cells, extracellu-
lar matrix, and other biochemicals are grown with a synthetic scaf-
fold to form an implant. the cells come from the patient, so the 
immune system does not reject them. tissue engineering has pro-
vided skin, cartilage, bone, and blood vessels. Combining engi-
neered tissues into structures that can replace organs is where the 
creativity comes in. Consider the replacement bladder.

each year in the United states, about 10,000 people need 
their urinary bladders repaired or replaced. typically a urologic 
surgeon replaces part of the bladder with part of the large intes-
tine. However, the function of the intestine is to absorb, and the 
function of the bladder is to hold waste. tissue engineering is pro-
viding a better replacement bladder. the natural organ is balloon-

FROM SCIENCE TO TECHNOLOGY 5.2

Tissue Engineering: Building a Replacement Bladder

like, with layers of smooth muscle, connective tissue, and a lining 
called urothelium.

researchers pioneered replacement bladders in children who 
have birth defects in which the malfunctioning bladder can harm 
the kidneys. each patient donated a postage-stamp-size sample 
of bladder tissue that consisted of about a million cells, from which 
the researchers separated two types of progenitor cells—for 
smooth muscle and urothelium—and let them divide in culture in a 
specifc “cocktail” of growth factors. Within seven weeks the mil-
lion cells had divided to yield 1.5 billion cells, which were seeded 
onto domes made of a synthetic material. the confluent layers 
of cells that formed were attached to the lower portions of the 
patients’ bladders, after removing the upper portions. the scaf-
folds degenerated over time, leaving new bladders built from the 
patients’ own cells. today tissue-engineered bladders are also 
used in adults whose bladders have been removed to treat cancer.

(a)

Nuclei of
neuroglia

Neuroglial cell

Neuron

Cellular
processes

Nucleus

(b)

FIGURE 5.32   a neuron has cellular processes that extend into its surroundings (350×). 
note that only the nuclei of the neuroglial cells are stained.

TABLE 5.8 Muscle and Nervous Tissues

Type Description Function Location

skeletal muscle tissue Long, threadlike cells, striated, many 
nuclei

voluntary movements of skeletal parts Muscles usually attached to bones

smooth muscle tissue shorter cells, single, central nucleus involuntary movements of internal organs Walls of hollow internal organs

Cardiac muscle tissue Branched cells, striated, single nucleus Heart movements Heart muscle

nervous tissue Cell with cytoplasmic extensions sensory reception and conduction of 
electrical impulses

Brain, spinal cord, and peripheral 
nerves
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 11. Muscles that move the leg
a. These muscles connect the tibia or fbula to the femur 

or pelvic girdle.
b. They include the biceps femoris, semitendinosus, 

semimembranosus, sartorius, rectus femoris, vastus 
lateralis, vastus medialis, and vastus intermedius.

 12. Muscles that move the foot
a. These muscles attach the femur, tibia, and fbula to 

various bones of the foot.
b. They include the tibialis anterior, fbularis tertius, 

extensor digitorum longus, extensor hallucis longus, 
gastrocnemius, soleus, plantaris, fexor digitorum 
longus, tibialis posterior, and fbularis longus.

c. Retinacula form sheaths for tendons passing to the foot.

 9.8 Life-Span Changes (page 340)

 1. Beginning in one’s forties, supplies of ATP, myoglobin, 
and creatine phosphate begin to decline.

 2. By age eighty, muscle mass may be halved. Refexes  
slow. Adipose cells and connective tissue replace some 
muscle tissue.

 3. Exercise is benefcial in maintaining muscle function.

b. They include the fexor carpi radialis, fexor 
carpi ulnaris, palmaris longus, fexor digitorum 
profundus, fexor digitorum superfcialis, extensor 
carpi radialis longus, extensor carpi radialis brevis, 
extensor carpi ulnaris, and extensor digitorum.

c. An extensor retinaculum forms sheaths for tendons of 
the extensor muscles.

 8. Muscles of the abdominal wall
a. These muscles connect the rib cage and vertebral 

column to the pelvic girdle.
b. They include the external oblique, internal oblique, 

transversus abdominis, and rectus abdominis.
 9. Muscles of the pelvic foor

a. These muscles form the foor of the pelvic cavity and 
fll the space of the pubic arch.

b. They include the levator ani, coccygeus, 
superfcial transversus perinei, bulbospongiosus, 
ischiocavernosus, and sphincter urethrae.

 10. Muscles that move the thigh
a. These muscles are attached to the femur and to some 

part of the pelvic girdle.
b. They include the psoas major, iliacus, gluteus 

maximus, gluteus medius, gluteus minimus, 
piriformis, tensor fasciae latae, pectineus,  
adductor brevis, adductor longus, adductor  
magnus, and gracilis.

 CHAPTER ASSESSMENTS
 9.1 Structure of a Skeletal Muscle
 1 describe the difference between a tendon and an 

aponeurosis. (p. 292)
 2 describe how connective tissue is part of the structure of a 

skeletal muscle. (p. 293)
 3 distinguish among deep fascia, subcutaneous fascia, and 

subserous fascia. (p. 293)
 4 Identify the major parts of a skeletal muscle fber and 

describe the functions of each. (pp. 293–296)

 9.2 Skeletal Muscle Contraction
 5 a neurotransmitter ________________.  (p. 297)

a. binds actin flaments, causing them to slide
b. diffuses across a synaptic cleft from a neuron to a  

muscle cell
c. transports atp across the synaptic cleft
d. breaks down acetylcholine at the synapse

 6 describe the neuromuscular junction. (p. 297)
 7 describe the neural control of skeletal muscle contraction. 

(p. 297)
 8 Identify the major events that occur during skeletal muscle 

fber contraction. (pp. 298–299)
 9 explain how atp and creatine phosphate function in skeletal 

muscle fber contraction. (pp. 299–302)
 10 describe how oxygen is supplied to skeletal muscle. (p. 302)
 11 describe how oxygen debt may develop. (pp. 302–303)
 12 explain how a muscle may become fatigued, and how a 

person’s physical condition may affect tolerance to fatigue. 
(p. 303)

 9.3 Muscular Responses
 13 defne threshold stimulus. (p. 304)
 14 distinguish between a twitch and a sustained contraction. 

(p. 304)
 15 defne motor unit and explain how the number of fbers in a 

unit affects muscular contractions. (p. 305)
 16 Which of the following describes addition of muscle fbers to 

take part in a contraction? (p. 305)
a. summation
b. recruitment
c. tetany
d. twitch

 17 explain how a skeletal muscle can be stimulated to produce 
a sustained contraction. (p. 306)

 18 distinguish between a complete tetanic contraction and 
muscle tone. (pp. 304–306)

 19 distinguish between concentric and eccentric contractions, 
and explain how each is used in body movements. (p. 306)

 20 distinguish between fast- and slow-twitch muscle fbers.  
(pp. 306–307)

 9.4 Smooth Muscle
 21 distinguish between multiunit smooth muscle and visceral 

smooth muscle. (p. 307)
 22 defne peristalsis and explain its function. (p. 307)
 23 Compare the characteristics of skeletal and smooth muscle 

fber contractions. (pp. 307–308)

 9.5 Cardiac Muscle
 24 Compare the characteristics of skeletal and cardiac muscle 

fber contractions. (pp. 308–309)
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Foundations 
for Success

LEARNING OUTCOMES LEARNING OUTCOMES 
After you have studied this chapter, you should be able to:After you have studied this chapter, you should be able to:

 P.1 Overview P.1 Overview
1 Explain the importance of an individualized approach to 

learning (p. 2)

 P.2 Strategies for Success P.2 Strategies for Success
 2 Summarize what you should do before attending class.  2 Summarize what you should do before attending class. 

(p. 2)
 3 Identify student activities that enhance the classroom  3 Identify student activities that enhance the classroom 

experience. (p. 6)
 4 List and describe several study techniques that can  4 List and describe several study techniques that can 

facilitate learning new material. (p. 6)

THE WHOLE PICTURE 
Students often wonder why they are required to take anatomy 
and physiology in preparation for a career as a health-care profes-
sional. An understanding of homeostasis and normal anatomy and 
physiology helps the health-care professional recognize disease 
as it occurs in their patients. 

Students should remember that among the reasons they are 
taking this course is to build a solid foundation for caring for their 
future patients.

PREVIEWPREVIEWPREVIEW

The Preview Chapter not only provides great study 
tips to offer a foundation for success, but it also offers 
tips on how to utilize this particular text. Those tips 
will be found in boxes just like this.

HOLE
Each chapter has a list of learning outcomes 
indicating the knowledge you should gain as you 
work through the chapter. (Note the blue learning 
arrow.) These outcomes are intended to help you 
master the similar outcomes set by your instructor. 
The outcomes will be tied directly to assessments 
of knowledge gained.

A photo on the opening page for each chapter generates interest.

The Whole Picture presents a snapshot of the chapter 
content and explains how it relates to what new knowledge 
you will be adding to your knowledge base.

This digital tool, as indicated below and with the APR icons 
within the chapters, allows you to explore the human body in 
depth through simulated dissection of cadavers and histology 
preparations. It also offers animations on chapter concepts.



2 PREVIEW

  PRACTICE 
 1 List some diffi culties a student may experience when studying 

the human body.

 2 Describe the ways that people learn.

P.1 | Overview
Studying the human body can be 
overwhelming at times. The new 
terminology, used to describe body 
parts and how they work, can make 
it seem as if you are studying a 
foreign language. Learning all the 
parts of the body, along with the composition of each part, and 
how each part � ts with the other parts to make the whole requires 
memorization. Understanding the way each body part works indi-
vidually, as well as body parts working together, requires a higher 
level of knowledge, comprehension, and application. Identifying 
underlying structural similarities, from the macroscopic to the 
microscopic levels of body organization, taps more subtle criti-
cal thinking skills. This chapter will catalyze success in this active 
process of learning. (Remember that while the skills and tips dis-
cussed in this chapter relate to learning anatomy and physiology, 
they can be applied to other subjects.)

Learning occurs in different ways or modes. Most students 
use several modes (multimodal), but are more comfortable and 
use more effectively one or two, often referred to as learning 
styles. Some students prefer to read the written word to remem-
ber it and the concept it describes or to actually write the words; 
others learn best by looking at visual representations, such as 
photographs and drawings. Still others learn most effectively 
by hearing the information or explaining it to someone else. For 
some learners, true understanding remains elusive until a prin-
ciple is revealed in a laboratory or clinical setting that provides 
a memorable context and engages all of the senses. This text 
accommodates the range of learning styles. Read-write learners 
will appreciate the lists, de� nitions (glossary), and tables.Visual 
learners will discover many diagrams, � ow charts, and � gures, 
all with consistent and purposeful use of color. For example, a 
particular bone is always the same color in � gures where bones 
are color coded. Auditory learners will � nd pronunciations for 
new scientific terms to help sound them out, and kinesthetic 
learners can relate real-life examples and applications to their 
own acitvities. 

U N D E R S TA N D I N G  W O R D S

ana-, up: anatomy—the study of breaking 
up the body into its parts.

multi-, many: multitasking—performing 
several tasks simultaneously.

physio-, relationship to nature: physiol-
ogy—the study of how body parts 
function.

This section introduces building blocks of words that your instructor may assign. 
Learning them is a good investment of your time, because they can be used 
over and over and apply to many of the terms you will use in your career. Inside 
the back cover and on the facing page is a comprehensive list of these prefi xes, 
suffi xes, and root words.

The fi rst section of 
each chapter is an 
overview that tells 
you what to expect 
and why the subject 
is important. 

After each major section, a question or series of 
questions tests your understanding of the material 
and enables you to practice using the new information. 
(Note the green practice arrow.) If you cannot answer the 
question(s) you should reread that section, being on the 
lookout for the answer(s).

Major divisions within a chapter are called “A-heads.” They 
are numbered sequentially, and are titled in very large 
turquoise type. A-heads identify major content areas.

The major divisions are subdivided into “B-heads,” 
which are identifi ed by large, purple type. These will help 
you organize the concepts upon which the major divisions 
are built. 

P.2 | Strategies for Your Success
Many of the strategies for academic success are common sense, 
but it might help to review them. You may encounter new and 
helpful methods of learning.

Before Class
Before attending class, prepare by reading and outlining or tak-
ing notes on the assigned pages of the text. If outlining, leave 
adequate space between entries to allow room for note-taking 
during lectures. Or, fold each page of notes taken before class 



 PREVIEW  3

 A  G L I M P S E  A H E A D  | To Chapters 9 and 10 
The energy we must expend just to stay alive is called the 

basal metabolic energy. The body uses close to 40% of the basal 
metabolic energy to actively transport sodium and potassium ions 
across cell membranes. Imagine learning that 40% of your household 
budget went for one item—it had better be important! In this case it 
is. The concentration gradients for sodium and potassium ions that 
the sodium/potassium pumps establish throughout the body are 
essential for muscle and nerve cells to function. Chapters 9 and 10 
further discuss the functioning of these important cell types.  

 R E C O N N E C T
To Chapter 1, Homeostasis, pages 15–18.

in half so that class notes can be written on the blank side of the 
paper across from the reading notes on the same topic. This strat-
egy introduces the topics of the next class discussion, as well 
as new terms. Some students team a vocabulary list with each 
chapter’s notes. Take the notes from the reading to class and 
expand them. At a minimum, the student should at least skim 
through the text, reading A-heads, B-heads, and the chapter 
summary to become acquainted with the topics and vocabulary 
before class. 

Sometimes in your reading you will be directed back to a 
related concept, discussed in an earlier chapter, to help you 
better understand the new concept that is being explained.

The opposite of looking back and reconnecting is 
looking ahead. A Glimpse Ahead applies concepts 
being discussed in the particular section of the text to 
future learning. This feature tells how the information 
learned here will carry over and be incorporated into 
understanding the functioning of other body systems.

 CHAPTER 7 | Skeletal System 201

of ligaments and tendons; grooves and openings are passageways 
for blood vessels and nerves; and a depression of one bone might 
articulate with a process of another.

The wall of the diaphysis is mainly composed of tightly packed 
tissue called compact bone, or cortical bone. This type of bone 
has a continuous extracellular matrix with no gaps (fg. 7.3a). The 
epiphyses, on the other hand, are largely composed of spongy 
bone, or cancellous bone, with thin layers of compact bone on 
their surfaces (fg. 7.3b). Spongy bone consists of many branching 
bony plates called trabeculae (trah-bek′u-le). Irregular connecting 
spaces between these plates help reduce the bone’s weight. The 
bony plates are most highly developed in the regions of the epiph-
yses subjected to compressive forces. Both compact and spongy 
bone are strong and resist bending.

Most bones have compact bone overlying spongy bone, with 
the relative amounts of each varying in the differently shaped 
bones. Short, fat, and irregular bones typically consist of a mass 
of spongy bone either covered by a layer of compact bone or sand-
wiched between plates of compact bone (fg. 7.3c).

CAREER CORNER

Radiologic Technologist

At age ffty-two the woman is younger than most of the 
others having their bone mineral density measured. The 
gynecologist advised a baseline test to assess the health of 
the patient’s skeleton because her parents had osteoporosis.

A radiology technologist conducts the test. She explains 
the procedure to the patient, then positions her on her 
back on a padded table, fully clothed. The scanner passes 
painlessly over the patient’s hip and lower spine, emitting  
low-dose X rays that form images of the bones. Spaces on the 
scan indicate osteopenia, the low bone mineral density that 
may be a prelude to osteoporosis.

Radiology technologists administer medical imaging 
tests, such as ultrasound and magnetic resonance imaging 
(MRI), as well as mammography and the three-dimensional 
X-ray cross sections of computerized tomography (CT). The 
technologists protect patients from radiation with drapes  
and positioning, and operate scanning devices to produce  
the highest-quality images from which a radiologist can 
accurately diagnose an illness or injury.

A registered radiologic technologist completes 
two years of training at a hospital or a two- or four-year 
program at a college or university, and must pass a national 
certifcation exam.

CAREER CORNER

Radiologic Technologist

Compact bone in the diaphysis of a long bone forms a tube 
with a hollow chamber called the medullary cavity (med′u-lār″e 
kav′ ı̆-te) that is continuous with the spaces of the spongy bone. A 
thin membrane containing bone-forming cells, called endosteum 
(en-dos′tē-um), lines these spaces and the medullary cavity. A spe-
cialized type of soft connective tissue called marrow (mar′o) flls 
the spongy bone spaces and the medullary cavity. The two forms 
of marrow, red and yellow, are described later in this chapter (see 
also fg. 7.2).

Microscopic Structure
Recall from chapter 5 (p. 167) that bone cells called osteocytes 
(os′te-o-sı̄tz) are in tiny, bony chambers called lacunae. Osteocytes 
exchange substances with nearby cells by means of cellular pro-
cesses passing through canaliculi. The extracellular matrix of 
bone tissue is largely collagen and inorganic salts. Collagen gives 
bone its strength and resilience, and inorganic salts make it hard 
and resistant to crushing.

Compact Bone
In compact bone, the osteocytes and layers of extracellular matrix 
called lamellae are concentrically clustered around a central canal 
(Haversian canal) forming a cylinder-shaped unit called an osteon 
(os′te-on), also called an Haversian system (figs. 7.4 and 7.5). 
Many of these units together form the substance of compact bone. 
The osteons run longitudinally with the axis of the bone, function-
ing as weight-bearing pillars, resisting compression.  

Each central canal contains blood vessels and neuron axons 
surrounded by loose connective tissue. Blood in these vessels 

FIGURE 7.2   Major parts of a long bone.

Q Name the bone. 
Answer can be found in Appendix G.

Femur

Periosteum

Yellow marrow

Medullary cavity

Spaces containing
red marrow

Spongy bone

Compact bone

Articular cartilage

Epiphyseal plates

Proximal
epiphysis

Distal
epiphysis

Metaphysis

Metaphysis

Diaphysis

Endosteum
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 In a “stroke,” or cerebrovascular accident (CVA), a sudden 
interruption in blood fl ow in a vessel supplying brain tissues 
damages the cerebrum. The affected blood vessel may rup-
ture, bleeding into the brain, or be blocked by a clot. In either 
case, brain tissues downstream from the vascular accident die 
and some loss of function may occur. Temporary interruption 
in cerebral blood fl ow, perhaps by a clot that quickly breaks 
apart, produces a much less serious transient ischemic attack 
(TIA), sometimes called a ministroke.

At age ffty-two the woman is younger than most of the 
others having their bone mineral density measured. The 
gynecologist advised a baseline test to assess the health of 
the patient’s skeleton because her parents had osteoporosis.

the procedure to the patient, then positions her on her 
back on a padded table, fully clothed. The scanner passes 
painlessly over the patient’s hip and lower spine, emitting 
low-dose X rays that form images of the bones. Spaces on the 
scan indicate osteopenia, the low bone mineral density that 
may be a prelude to osteoporosis.

Students using this book and taking various courses 
are often preparing for careers in health care. In some 
cases students may be undecided as to a specifi c area or 
specialty. The Career Corner presents a description of a 
particular career choice with each chapter. If it doesn’t 
describe a career that you seek, perhaps it will give you 
a better sense of what some of your coworkers and 
colleagues do! You may even discover something exciting 
that you didn’t know about!

As you read, you may feel the need for a “study break.” Sometimes you may 
just need to “chill out.” Other times, you may just need to shift gears. Try the 
following! Throughout the book are shaded boxes within the fl ow of the text, 
Clinical Application boxes, and From Science to Technology boxes that present 
sidelights to the main focus of the text. Indeed, some of these may cover topics 
that your instructor chooses to highlight. Read them! They are interesting, 
informative, and a change of pace.
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released in its original form, able to bind another substrate molecule 
(fg. 4.4). Many enzyme-catalyzed reactions are reversible and in 
some cases the same enzyme catalyzes both directions. An enzyme-
catalyzed reaction can be summarized as follows:

 Enzyme–
Substrate + Enzyme → substrate → Product + Enzyme
 complex (unchanged)

The rate of an enzyme-catalyzed reaction depends partly on the 
number of enzyme and substrate molecules in the cell. The reaction 
is faster if the concentration of the enzyme or the concentration of 
the substrate increases. The effciency of different types of enzymes 
varies greatly. Some enzymes can catalyze only a few reactions per 
second, whereas others can catalyze hundreds of thousands.

The shapes (conformations) of enzymes are critical to their 
functions. Exposure to excessive heat, radiation, electricity, cer-
tain chemicals, or fluids with extreme pH values can denature, 
or alter, the conformation of an enzyme. Many enzymes become 
inactive at 45°C, and nearly all are denatured at 55°C. Some poi-
sons denature enzymes. 

Metabolic Pathways
Cellular metabolism includes hundreds of different chemical 
reactions, each controlled by a specifc type of enzyme. Enzyme-
catalyzed reactions form pathways when the product of one reac-
tion is the substrate of another reaction. Metabolic pathways 
lead to the synthesis or breakdown of particular biochemicals 
(fg. 4.5).

a generation ago, prehealth profession students had to memo-
rize a complex chart of biochemical pathways that represent  
all of the energy reactions in a cell. the cellular respiration path-
ways ran down the center, with branches radiating outward and  
in some places interconnecting into a giant web. today, several 
technologies as well as the ability to store massive amounts of 
data have made possible the Human Metabolome Database. 

“Metabolome” refers to all of the small molecules that are 
part of metabolism in a cell, tissue, organ, or an entire organism. 
the database is a vast, annotated catalog of those molecules, 
“metabolites.” the government of Canada is supporting the 
effort to search all published papers and books that describe 
metabolites and link that information with experimental data. 
the techniques of electrophoresis and chromatography are 
used to separate metabolites, and mass spectrometry (Ms) and 
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The Human Metabolome

nuclear magnetic resonance (nMr) spectroscopy describe their 
chemical characteristics.

Biochemists estimate that human cells have at least 2,500 dif-
ferent metabolites, but fewer than half have been identifed. far 
fewer have been analyzed for their concentrations in different 
cell types under different conditions. in the Human Metabolome 
Database, each entry has an electronic “MetaboCard” that 
includes 90 data felds, half with clinical data (such as associated 
diseases and drug interactions) and half with biochemical data 
(such as pathways and enzymes that interact with the metabolite). 
each entry is also hyperlinked to other databases, interfacing with 
1,500 drugs and 3,600 foods and food additives. the information 
in the Human Metabolome Database is being used in drug discov-
ery, toxicology, transplant monitoring, clinical chemistry, disease 
diagnosis, and screening of newborns for metabolic disorders. 

Product molecule

Unaltered
enzyme
molecule

Enzyme-substrate
complex

Active site

(a) (b) (c)

Substrate molecules

Enzyme
molecule

FIGURE 4.4    an enzyme-catalyzed reaction. (Many enzyme-catalyzed reactions, as depicted here, are reversible.) in the forward reaction (dark-
shaded arrows), (a) the shapes of the substrate molecules ft the shape of the enzyme’s active site. (b) When the substrate molecules temporarily combine with  
the enzyme, a chemical reaction proceeds. (c) the result is a product molecule and an unaltered enzyme. the active site changes shape as the substrate binds, 
such that formation of the enzyme–substrate complex is more like a hand ftting into a glove, which has some fexibility, than a key ftting into a lock.
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The masseter (mas-se′ter) is a thick, fattened muscle that can 
be felt just in front of the ear when the teeth are clenched. Its fbers 
run downward from the zygomatic arch to the mandible. The mas-
seter raises the jaw, but it can also control the rate at which the jaw 
falls open in response to gravity (fg. 9.25a).

The temporalis (tem-po-ra′lis) is a fan-shaped muscle located 
on the side of the skull above and in front of the ear. Its fbers, 
which also raise the jaw, pass downward beneath the zygomatic 
arch to the mandible (fig. 9.25a and b). Tensing this muscle is 
associated with temporomandibular joint syndrome, discussed in 
Clinical Application 9.3.

The medial pterygoid (ter′ ı̆-goid) runs back and down-
ward from the sphenoid, palatine, and maxillary bones to the 
ramus of the mandible. It closes the jaw (fg. 9.25c) and moves 
it from side to side.

The fbers of the lateral pterygoid run from the region just 
below the mandibular condyle forward to the sphenoid bone. This 
muscle can open the mouth, pull the mandible forward to make it 
protrude, and move the mandible from side to side (fg. 9.25c).

The zygomaticus (zi″go-mat′ik-us) major and minor run 
from the zygomatic arch downward to the corner of the mouth. 
When they contract, the corner of the mouth is drawn upward, 
such as in smiling or laughing.

The platysma (plah-tiz′mah) is a thin, sheetlike muscle whose 
fbers run from the chest upward over the neck to the face. It pulls 
the angle of the mouth downward, as in pouting. The platysma also 
helps open the mouth. 

Muscles of Mastication
Four pairs of muscles attached to the mandible produce chew-
ing movements. Three pairs of these muscles close the lower jaw, 
which happens in biting. The fourth pair of muscles of mastication 
can lower the jaw, cause side-to-side grinding motions of the man-
dible, and pull the mandible forward so that it protrudes. Figure 
9.25 and reference plate 66 (p. 352) show the muscles of mastica-
tion, and table 9.5 lists them. They include the following:

Masseter Medial pterygoid
Temporalis Lateral pterygoid

Temporomandibular joint (TMJ) syndrome causes facial pain, 
headache, ringing in the ears, a clicking jaw, insomnia, teeth sen-
sitive to heat or cold, backache, dizziness, and pain in front of 
the ears. A misaligned jaw or grinding or clenching the teeth can 
cause TMJ by stressing the temporomandibular joint, which is the 
articulation between the mandibular condyle of the mandible and 
the mandibular fossa of the temporal bone. Loss of coordination 
of these structures affects the nerves that pass through the neck 
and jaw region, causing the symptoms.

Getting enough sleep and drinking enough water can help 
prevent symptoms of TMJ, and eating soft foods, applying ice 
packs, using relaxation techniques, and massaging affected mus-
cles can alleviate symptoms. A physical therapist can recommend 
exercises that stretch and relax the jaw, which may help some peo-
ple. Sitting for long hours in one position can cause or worsen TMJ.

CLINICAL APPLICATION 9.3

TMJ Syndrome

Doctors diagnose TMJ syndrome using an electromyograph, 
in which electrodes record muscle activity in four pairs of head 
and neck muscle groups. Several treatments are available. The 
National Institute of Dental and Craniofacial Research recom-
mends that treatments not permanently alter the teeth or jaw. 
Low doses of certain antidepressants, or injections of botulinum 
toxin or corticosteroids, may help. Using a procedure called 
arthrocentesis, a physician might remove fuid accumulating in 
the affected joint. Another treatment is an oral appliance ftted by 
a dentist that fne-tunes the action of jaw muscles to form a more 
comfortable bite. An oral appliance, also known as a bite guard 
or stabilization splint, is a piece of plastic that fts over the top or 
bottom teeth. Very rarely, surgery may be required to repair or 
replace a joint.

Muscle Origin Insertion Action Nerve Supply

Masseter Zygomatic arch Lateral surface of ramus of 
mandible

Elevates and protracts mandible Trigeminal nerve

Temporalis Temporal bone Coronoid process and anterior  
ramus of mandible

Elevates and retracts mandible Trigeminal nerve

Medial pterygoid Sphenoid, palatine,  
and maxillary bones

Medial surface of ramus of 
mandible

Elevates mandible and moves it  
from side to side

Trigeminal nerve

Lateral pterygoid Sphenoid bone Anterior surface of mandibular  
condyle

Depresses and protracts mandible  
and moves it from side to side

Trigeminal nerve

TABLE 9.5 Muscles of Mastication      

09-shi802429_Ch09-291-358.indd   315 14-09-09   11:06 AM

Coronal suture

Frontal bone

Sagittal suture

Parietal bone

Squamous suture

Temporal bone
Sphenoid bone

External acoustic meatus

Zygomatic arch

Zygomatic bone

Maxilla

Nasal bone

Lacrimal bone

Ethmoid bone

Photographs provide a realistic view of anatomy.
Remember when you were very young and presented 
with a substantial book for the fi rst time? You were likely 
intimidated by its length, but were reassured that there 
were “a lot of pictures.” There are a lot of illustrations in this 
book as well, all designed to help you master the material.

Sometimes subdivisions have so many parts that the 
book goes to a third level, the “C-head.” This division 
is identifi ed in a slightly smaller, bold, black font.
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Flow Charts
Flow charts depict sequences of related events, steps of pathways, 
and complex concepts, easing comprehension. Other � gures may 
show physiological processes.

Line art can present different positions, layers, or perspectives.
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released in its original form, able to bind another substrate molecule 
(fg. 4.4). Many enzyme-catalyzed reactions are reversible and in 
some cases the same enzyme catalyzes both directions. An enzyme-
catalyzed reaction can be summarized as follows:

 Enzyme–
Substrate + Enzyme → substrate → Product + Enzyme
 complex (unchanged)

The rate of an enzyme-catalyzed reaction depends partly on the 
number of enzyme and substrate molecules in the cell. The reaction 
is faster if the concentration of the enzyme or the concentration of 
the substrate increases. The effciency of different types of enzymes 
varies greatly. Some enzymes can catalyze only a few reactions per 
second, whereas others can catalyze hundreds of thousands.

The shapes (conformations) of enzymes are critical to their 
functions. Exposure to excessive heat, radiation, electricity, cer-
tain chemicals, or fluids with extreme pH values can denature, 
or alter, the conformation of an enzyme. Many enzymes become 
inactive at 45°C, and nearly all are denatured at 55°C. Some poi-
sons denature enzymes. 

Metabolic Pathways
Cellular metabolism includes hundreds of different chemical 
reactions, each controlled by a specifc type of enzyme. Enzyme-
catalyzed reactions form pathways when the product of one reac-
tion is the substrate of another reaction. Metabolic pathways 
lead to the synthesis or breakdown of particular biochemicals 
(fg. 4.5).

a generation ago, prehealth profession students had to memo-
rize a complex chart of biochemical pathways that represent  
all of the energy reactions in a cell. the cellular respiration path-
ways ran down the center, with branches radiating outward and  
in some places interconnecting into a giant web. today, several 
technologies as well as the ability to store massive amounts of 
data have made possible the Human Metabolome Database. 

“Metabolome” refers to all of the small molecules that are 
part of metabolism in a cell, tissue, organ, or an entire organism. 
the database is a vast, annotated catalog of those molecules, 
“metabolites.” the government of Canada is supporting the 
effort to search all published papers and books that describe 
metabolites and link that information with experimental data. 
the techniques of electrophoresis and chromatography are 
used to separate metabolites, and mass spectrometry (Ms) and 
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The Human Metabolome

nuclear magnetic resonance (nMr) spectroscopy describe their 
chemical characteristics.

Biochemists estimate that human cells have at least 2,500 dif-
ferent metabolites, but fewer than half have been identifed. far 
fewer have been analyzed for their concentrations in different 
cell types under different conditions. in the Human Metabolome 
Database, each entry has an electronic “MetaboCard” that 
includes 90 data felds, half with clinical data (such as associated 
diseases and drug interactions) and half with biochemical data 
(such as pathways and enzymes that interact with the metabolite). 
each entry is also hyperlinked to other databases, interfacing with 
1,500 drugs and 3,600 foods and food additives. the information 
in the Human Metabolome Database is being used in drug discov-
ery, toxicology, transplant monitoring, clinical chemistry, disease 
diagnosis, and screening of newborns for metabolic disorders. 

Product molecule
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enzyme
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complex
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Substrate molecules
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FIGURE 4.4    an enzyme-catalyzed reaction. (Many enzyme-catalyzed reactions, as depicted here, are reversible.) in the forward reaction (dark-
shaded arrows), (a) the shapes of the substrate molecules ft the shape of the enzyme’s active site. (b) When the substrate molecules temporarily combine with  
the enzyme, a chemical reaction proceeds. (c) the result is a product molecule and an unaltered enzyme. the active site changes shape as the substrate binds, 
such that formation of the enzyme–substrate complex is more like a hand ftting into a glove, which has some fexibility, than a key ftting into a lock.
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The masseter (mas-se′ter) is a thick, fattened muscle that can 
be felt just in front of the ear when the teeth are clenched. Its fbers 
run downward from the zygomatic arch to the mandible. The mas-
seter raises the jaw, but it can also control the rate at which the jaw 
falls open in response to gravity (fg. 9.25a).

The temporalis (tem-po-ra′lis) is a fan-shaped muscle located 
on the side of the skull above and in front of the ear. Its fbers, 
which also raise the jaw, pass downward beneath the zygomatic 
arch to the mandible (fig. 9.25a and b). Tensing this muscle is 
associated with temporomandibular joint syndrome, discussed in 
Clinical Application 9.3.

The medial pterygoid (ter′ ı̆-goid) runs back and down-
ward from the sphenoid, palatine, and maxillary bones to the 
ramus of the mandible. It closes the jaw (fg. 9.25c) and moves 
it from side to side.

The fbers of the lateral pterygoid run from the region just 
below the mandibular condyle forward to the sphenoid bone. This 
muscle can open the mouth, pull the mandible forward to make it 
protrude, and move the mandible from side to side (fg. 9.25c).

The zygomaticus (zi″go-mat′ik-us) major and minor run 
from the zygomatic arch downward to the corner of the mouth. 
When they contract, the corner of the mouth is drawn upward, 
such as in smiling or laughing.

The platysma (plah-tiz′mah) is a thin, sheetlike muscle whose 
fbers run from the chest upward over the neck to the face. It pulls 
the angle of the mouth downward, as in pouting. The platysma also 
helps open the mouth. 

Muscles of Mastication
Four pairs of muscles attached to the mandible produce chew-
ing movements. Three pairs of these muscles close the lower jaw, 
which happens in biting. The fourth pair of muscles of mastication 
can lower the jaw, cause side-to-side grinding motions of the man-
dible, and pull the mandible forward so that it protrudes. Figure 
9.25 and reference plate 66 (p. 352) show the muscles of mastica-
tion, and table 9.5 lists them. They include the following:

Masseter Medial pterygoid
Temporalis Lateral pterygoid

Temporomandibular joint (TMJ) syndrome causes facial pain, 
headache, ringing in the ears, a clicking jaw, insomnia, teeth sen-
sitive to heat or cold, backache, dizziness, and pain in front of 
the ears. A misaligned jaw or grinding or clenching the teeth can 
cause TMJ by stressing the temporomandibular joint, which is the 
articulation between the mandibular condyle of the mandible and 
the mandibular fossa of the temporal bone. Loss of coordination 
of these structures affects the nerves that pass through the neck 
and jaw region, causing the symptoms.

Getting enough sleep and drinking enough water can help 
prevent symptoms of TMJ, and eating soft foods, applying ice 
packs, using relaxation techniques, and massaging affected mus-
cles can alleviate symptoms. A physical therapist can recommend 
exercises that stretch and relax the jaw, which may help some peo-
ple. Sitting for long hours in one position can cause or worsen TMJ.

CLINICAL APPLICATION 9.3

TMJ Syndrome

Doctors diagnose TMJ syndrome using an electromyograph, 
in which electrodes record muscle activity in four pairs of head 
and neck muscle groups. Several treatments are available. The 
National Institute of Dental and Craniofacial Research recom-
mends that treatments not permanently alter the teeth or jaw. 
Low doses of certain antidepressants, or injections of botulinum 
toxin or corticosteroids, may help. Using a procedure called 
arthrocentesis, a physician might remove fuid accumulating in 
the affected joint. Another treatment is an oral appliance ftted by 
a dentist that fne-tunes the action of jaw muscles to form a more 
comfortable bite. An oral appliance, also known as a bite guard 
or stabilization splint, is a piece of plastic that fts over the top or 
bottom teeth. Very rarely, surgery may be required to repair or 
replace a joint.

Muscle Origin Insertion Action Nerve Supply

Masseter Zygomatic arch Lateral surface of ramus of 
mandible

Elevates and protracts mandible Trigeminal nerve

Temporalis Temporal bone Coronoid process and anterior  
ramus of mandible

Elevates and retracts mandible Trigeminal nerve

Medial pterygoid Sphenoid, palatine,  
and maxillary bones

Medial surface of ramus of 
mandible

Elevates mandible and moves it  
from side to side

Trigeminal nerve

Lateral pterygoid Sphenoid bone Anterior surface of mandibular  
condyle

Depresses and protracts mandible  
and moves it from side to side

Trigeminal nerve

TABLE 9.5 Muscles of Mastication      
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Crista galli

Cribriform plate

Olfactory foramina

Frontal bone

Ethmoid
bone

Sphenoid bone

Superior orbital fissure

Temporal bone

Foramen spinosum

Sella turcica

Parietal bone

Optic canal

Foramen rotundum

Foramen lacerum

Internal acoustic
meatus

Foramen ovale

Jugular foramen

Foramen magnum

Occipital bone

Macroscopic to Microscopic
Many � gures show anatomical structures in a manner that is macro-
scopic to microscopic (or vice versa).

Bone

Tendon

Muscular fascia

Epimysium

Perimysium

Endomysium

Nerve

Fascicle

Blood vessels

Muscle fiber 

Myofibril

Sarcolemma

Nucleus

Sarcoplasmic
reticulum

Filaments

Connective 
tissue

Blood capillary

Leukocyte

FIGURE 14.15  In a type of movement called diapedesis, leukocytes 
squeeze between the endothelial cells of a capillary wall and enter the 
tissue space outside the blood vessel.  

Q What is a monocyte called once it has left the bloodstream 
and entered the tissues?  
Answer can be found in Appendix G.

Figure questions encourage you to think about what you are seeing and make 
connections between the visual representation and the words in the text.

Peritubular capillaries
or vasa recta

Renal artery

Interlobar artery

Arcuate artery

Cortical radiate artery

Afferent arteriole

Glomerular capillaries

Efferent arteriole

Cortical radiate vein

Arcuate vein

Interlobar vein

Renal vein

FIGURE 20.8  
Pathway of blood 
through the blood 
vessels of the kidney 
and nephron.
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Organizational Tables
Organizational tables can help “put it all together,” but are not a 
substitute for reading the text or having good notes.

It is critical that you attend class regularly, and be on time—
even if the instructor’s notes are posted online, and the informa-
tion is in the textbook. For many learners, hearing and writing new 
information is a better way to retain facts than just scanning notes 
on a computer screen. Attending lectures and discussion sections 
also provides more detailed and applied analysis of the subject 
matter, as well as a chance to ask questions.

During Class
Be alert and attentive in class. Take notes by adding either to the 
outline or notes taken while reading. Auditory learners benefit 
from recording the lectures and listening to them while driving or 
doing chores. This is called multitasking—doing more than one 
activity at a time. 

Participate in class discussions, asking questions of the 
instructor and answering questions he or she poses. All of the 
students are in the class to learn, and many will be glad someone 
asked a question others would not be comfortable asking. Such 
student response can alert the instructor to topics that are misun-
derstood or not understood at all. However, respect class policy. 
Due to time constraints and class size, asking questions may be 
more appropriate after a large lecture class or during tutorial 
(small group) sessions.

After Class
In learning complex material, expediency is critical. Organize, 
edit, and review notes as soon after class as possible, � eshing out 
sections where the lecturer got ahead of the listener. Highlighting 
or underlining (in color, for visual learners) the key terms, lists, 
important points and major topics make them stand out, which 
eases both daily reviews and studying for exams. 

Lists
Organizing information into lists or categories can minimize infor-
mation overload, breaking it into manageable chunks. For exam-
ple, when studying the muscles of the thigh it is easier to learn 
the insertion, origin, action, and nerve supply of the four muscles 

Anatomical Structures
Some � gures illustrate the locations of anatomical structures.

Trapezius

Deltoid

Pectoralis major

Linea alba
(band of connective tissue)

External oblique

Rectus sheath

Sternocleidomastoid

Pectoralis minor

Internal intercostal

Serratus anterior

Rectus abdominis

Internal oblique

Transversus abdominis

External intercostal

Scalenes

Other � gures illustrate the functional relationships of anatom-
ical structures.
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and reproductive systems secrete abundant mucus, which is pro-
tective. Mucous cells and goblet cells secrete mucus, but in different 
parts of the body. Table 5.5 summarizes the characteristics of the 
different types of epithelial tissues.

  PRACTICE 
 8 Distinguish between exocrine and endocrine glands.

 9 Explain how exocrine glands are classifed.

 10 Distinguish between serous fuid and mucus.

5.3 | Connective Tissues    

General Characteristics
Connective (kŏ-nek′tiv) tissues comprise much of the body and 
are the most abundant type of tissue by weight. They bind struc-
tures, provide support and protection, serve as frameworks, fll 
spaces, store fat, produce blood cells, protect against infections, 
and help repair tissue damage.

Connective tissue cells are farther apart than epithelial cells, 
and they have abundant extracellular matrix (eks″trah-sel′u-lar 
ma′triks) between them. This extracellular matrix is composed of 
protein fbers and a ground substance consisting of nonfbrous pro-
tein and other molecules, and fuid. The consistency of the extra-
cellular matrix varies from fuid to semisolid to solid. The ground 
substance binds, supports, and provides a medium through which 
substances may be transferred between the blood and cells of the 

Hair follicle
(hair shaft
removed)

Sebaceous
gland

FIGURE 5.14  The sebaceous gland associated with a hair follicle is a 
simple-branched alveolar gland that secretes entire cells (40×).

Type Description Function Location

Simple squamous epithelium Single layer, fattened cells Filtration, diffusion, osmosis, 
covers surface

Air sacs of lungs, walls of capillaries, linings of 
blood and lymph vessels, part of the membranes 
lining body cavities and covering viscera

Simple cuboidal epithelium Single layer, cube-shaped cells Protection, secretion, absorption Surface of ovaries, linings of kidney tubules, 
and linings of ducts of certain glands

Simple columnar epithelium Single layer, elongated cells Protection, secretion, absorption Linings of uterus, stomach, and intestines 

Pseudostratifed columnar 
epithelium

Single layer, elongated cells Protection, secretion, movement 
of mucus and substances 

Linings of respiratory passages

Stratifed squamous epithelium Many layers, top cells fattened Protection Superfcial portion of skin and linings of oral 
cavity, vagina, and anal canal

Stratifed cuboidal epithelium 2 or 3 layers, cube-shaped cells Protection Linings of ducts of mammary glands, sweat 
glands, salivary glands, and pancreas

Stratifed columnar epithelium Top layer of elongated cells, 
lower layers of cube-shaped 
cells

Protection, secretion Part of the male urethra and lining of larger 
ducts of excretory glands

Transitional epithelium Many layers of cube-shaped 
and elongated cells

Distensibility, protection Inner lining of urinary bladder and linings of 
ureters and part of urethra

Glandular epithelium Unicellular or multicellular Secretion Salivary glands, sweat glands, endocrine 
glands

TABLE 5.5 Epithelial Tissues

TABLE 5.4 Exocrine Glandular Secretions

Type Description of Secretion Example

Merocrine 
glands

A fuid product released 
through the cell membrane 
by exocytosis

Salivary glands, 
pancreatic glands, 
sweat glands of the 
skin

Apocrine 
glands

Cellular product and 
portions of the free ends 
of glandular cells pinch off 
during secretion

Mammary glands, 
ceruminous glands  
lining the external 
acoustic meatus

Holocrine 
glands 

Disintegrated entire 
cells flled with secretory 
products 

Sebaceous glands of  
the skin
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tactile learner. Master a few new cards each day, and review cards 
from previous days, and use them all again at the end of the semes-
ter to prepare for the comprehensive � nal exam. They may even 
come in handy later, such as in studying for exams for admission 
to medical school or graduate school. Divide your deck in half and 
� ip half of the cards so that the answer rather than the question is 
showing. Mix them together and shuf� e them. Get used to iden-
tifying a structure or process from a description as well as giving 
a description when provided with a process or structure. This is 
more like what will be expected of you in the real world of the 
health-care professional.

Manage Your Time
Many of you have important obligations outside of class, such 
as jobs and family responsibilities. As important as these are, 
you still need to master this material on your path to becoming a 
health-care professional. Good time management skills are there-
fore essential in your study of human anatomy and physiology. In 
addition to class, lab, and study time, multitask. Spend time wait-
ing for a ride, or waiting in a doctor’s of� ce, reviewing notes or 
reading the text. 

Daily repetition is helpful, so scheduling several short study 
periods each day can replace a last-minute crunch to cram for an 
exam. This does not take the place of time to prepare for the next 
class. Thinking about these suggestions for learning now can maxi-
mize study time throughout the semester, and, hopefully, lead to 
academic success. A working knowledge of the structure and func-
tion of the human body provides the foundation for all careers in the 
health sciences. 

  PRACTICE 
 3 Why is it important to prepare before attending class?

 4 Name two ways to participate in class discussions.

 5 List several aids for remembering information.

making up the quadriceps femoris as a group, because they all 
have the same insertion, action at the knee, and nerve supply . . . 
they differ only in their origins.

Mnemonic Devices
Another method for remembering information is the mnemonic 
device. One type of mnemonic device is a list of words, forming 
a phrase, in which the � rst letter of each word corresponds to the 
� rst letter of each word that must be remembered. For example, 
Frequent parade often tests soldiers’ endurance stands for the 
skull bones frontal, parietal, occipital, temporal, sphenoid, and 
ethmoid. Another type of mnemonic device is a word formed by 
the � rst letters of the items to be remembered. For example, ipmat 
represents the stages in the cell cycle: interphase, prophase, meta-
phase, anaphase, and telophase.

Study Groups
Forming small study groups helps some students. Together the 
students review course material and compare notes. Working as 
a team and alternating leaders allows students to verbalize the 
information. Individual students can study and master one part 
of the assigned material, and then explain it to the others in the 
group, which incorporates the information into the memory of the 
speaker. Hearing the material spoken aloud also helps the audi-
tory learner. Be sure to use anatomical and physiological terms, 
in explanations and everyday conversation, until they become part 
of your working vocabulary, rather than intimidating jargon. Most 
important of all—the group must stay on task, and not become a 
vehicle for social interaction. Your instructor may have sugges-
tions or guidelines for setting up study groups.

Flash Cards
Flash cards may seem archaic in this computer age, but they are 
still a great way to organize and master complex and abundant 
information. The act of writing or drawing on a note card helps the 

 2. During class
  Take notes and participate in class discussions.
 3. After class

a. Organize, edit, and review class notes.
b. Mnemonic devices aid learning.

(1) The � rst letters of the words to remember begin 
words of an easily recalled phrase.

(2) The � rst letters of the items to be remembered form 
a word.

c. Small study groups reviewing and vocalizing material 
can divide and conquer the learning task.

d. Flash cards help the tactile learner.
e. Time management skills encourage scheduled 

studying, including daily repetition instead of 
cramming for exams. 

Chapter Summary
 P.1 Overview (page 2)

Try a variety of methods to study the human body.

 P.2 Strategies for Success (page 2)

While strategies for academic success seem to be common sense, 
you might bene� t from reminders of study methods.

 1. Before class 
  Read the assigned text material prior to the corresponding 

class meeting. 
a. Reconnects refer back to helpful, previously discussed 

concepts.
b. A Glimpse Ahead applies current learning to future topics.
c. Shaded boxes present sidelights to the main focus of 

the text.
d. Photographs, line art, � ow charts, and organizational 

tables help in mastery of the materials.

A summary of the chapter provides an outline to review major ideas 
and is a tool for organizing thoughts.
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 CHAPTER ASSESSMENTS
 P.1 Overview
 1 Explain how students learn in different ways. (p. 2)

 P.2 Strategies for Success
 2 Methods to prepare for class include ________________. (p. 2)

a. reading the chapter
b. outlining the chapter
c. taking notes on the assigned reading
d. making a vocabulary list
e. all of the above

 3 Describe how you can participate in class discussions. (p. 6)
 4 Forming the phrase “I passed my anatomy test.” To 

remember the cell cycle (interphase, prophase, metaphase, 
anaphase, telophase) is an example of a ____________. (p. 7)

 5 Name a benefi t and a drawback of small study groups. (p. 7)
 6 Explain the value of repetition in learning and preparation for 

exams. (p. 7)

Chapter assessments that are tied directly to the learning outcomes 
allow you to self assess your mastery of the material. (Note the 
purple assess arrow.)

 INTEGRATIVE ASSESSMENTS/CRITICAL THINKING

Outcomes P.1, P.2
 1. Which study methods are most successful for you?

Outcome P.2
 2. Design a personalized study schedule.

A textbook is inherently linear. This text begins with chapter 1 and ends with chapter 24. Understanding physiology and the 
signifi cance of anatomy, however, requires you to be able to recall previous concepts. Critical thinking is all about linking previous 
concepts with current concepts under novel circumstances, in new ways. Toward this end, we have included in the Integrative 
Assessment/Critical Thinking section references to sections from earlier chapters. Making connections is what it is all about!

Check out McGraw-Hill online resources that can help you practice and assess your learning.

McGraw-Hill Connect® Interactive Questions Reinforce your 
knowledge using assigned interactive questions.

McGraw-Hill LearnSmart® Discover which concepts you 
have mastered and which require more attention with this 
personalized, adaptive learning tool.

Connect Integrated Activity Practice your understanding.

McGraw-Hill Anatomy & Physiology | REVEALED® 
Go more in depth using virtual dissection of a cadaver.
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LEARNING OUTCOMES 
After you have studied this chapter, you should be able to:

 1.1 Origins of Medical Science
 1 identify some of the early discoveries that lead to our 

current understanding of the human body. (p. 10)

 1.2 Anatomy and Physiology
 2 explain how anatomy and physiology are related. (p. 11)

 1.3 Levels of Organization
 3 List the levels of organization in the human body and the 

characteristics of each. (p. 12)

 1.4 Characteristics of Life
 4 List and describe the major characteristics of life. (p. 14)
 5 give examples of metabolism. (p. 14)

 1.5 Maintenance of Life
 6 List and describe the major requirements of organisms. 

(p. 14)
 7 explain the importance of homeostasis to survival. (p. 15)
 8 Describe the parts of a homeostatic mechanism and 

explain how they function together. (p. 16)

 1.6 Organization of the Human Body
 9 identify the locations of the major body cavities. (p. 18)
 10 List the organs located in each major body cavity. (p. 18)
 11 name and identify the locations of the membranes 

associated with the thoracic and abdominopelvic cavities. 
(p. 20)

 12 name the major organ systems, and list the organs 
associated with each. (p. 22)

 13 Describe the general function of each organ system. (p. 22)

 1.7 Life-Span Changes
 14 identify changes related to aging, from the microscopic 

to the whole-body level. (p. 27)

 1.8 Anatomical Terminology
 15 Properly use the terms that describe relative positions, 

body sections, and body regions. (p. 27)

THE WHOLE PICTURE 
Human anatomy and physiology are the studies of the human 
body and how it works. our bodies are communities of cells, 
which are the microscopic units of living organisms. Cells are spe-
cialized to take on specific and necessary responsibilities, and 
together they maintain an environment within the body in which 
they can all live.

Learning anatomy and physiology requires familiarity with the 
language used to describe structures and functions. Cells aggre-
gate and interact to form tissues, which in turn layer and fold and 
intertwine to form organs, which in turn connect into organ systems. 

Mastering the principles of anatomy and physiology not only 
will give you a new appreciation for your day-to-day activities, tal-
ents, strengths, and health, but will provide a foundation for you to 
help your future patients, for those of you going into health care.

HOLE

Your brain enables you to learn, to practice, and to assess your 
understanding—whether of a textbook, or how to handle a medical emergency.

Module 1: Body Orientation




