ESSENTIALS oot coicon




.
%
-

of Human
Anatomy
Physiology

Elaine N. Marieb, rn. rho.

Holyoke Community College

PEARSON

Boston Columbus Indianapolis New York San Francisco Upper Saddle River
Amsterdam Cape Town Dubai London Madrid Milan Munich Paris Montréal Toronto
Delhi Mexico City Sdo Paulo Sydney Hong Kong Seoul Singapore Taipei Tokyo



Editor-in-Chief: Serina Beauparlant Art House: Imagineering STA Media Services, Inc.

Senior Acquisitions Editor: Brooke Suchomel Photo Image Lead: Donna Kalal

Associate Project Editor: Shannon Cutt Rights & Permissions Project Manager: Jenell Forschler
Director of Development: Barbara Yien Copyeditor: Sally Peyrefitte

Senior Managing Editor: Michael Early Proofreader: Betsy Dietrich

Production & Design Manager: Michele Mangelli Indexer: Kathy Pitcoff

Production and Art Coordinator: David Novak Compositor: Cenveo® Publisher Services

Associate Content Producer: Natalie Pettry Senior Manufacturing Buyer: Stacey Weinberger
Assistant Editor: Ashley Williams Senior Marketing Manager: Allison Rona

Text and Cover Designer: tani hasegawa Senior Anatomy & Physiology Specialist: Derek Perrigo

Cover Photo Credit: Mircea Bezergheanu/Shutterstock

Credits and acknowledgments borrowed from other sources and reproduced, with permission,
in this textbook appear on the appropriate page within the text or on p. 593.

Copyright ©2015, 2012, 2009 Pearson Education, Inc. All rights reserved. Manufactured in the
United States of America. This publication is protected by Copyright, and permission should
be obtained from the publisher prior to any prohibited reproduction, storage in a retrieval
system, or transmission in any form or by any means, electronic, mechanical, photocopying,
recording, or likewise. To obtain permission(s) to use material from this work, please submit
a written request to Pearson Education, Inc., Permissions Department, 1900 E. Lake Ave.,
Glenview, IL 60025. For information regarding permissions, call (847) 486-2635.

Many of the designations used by manufacturers and sellers to distinguish their products are
claimed as trademarks. Where those designations appear in this book, and the publisher was
aware of a trademark claim, the designations have been printed in initial caps or all caps.

MasteringA&P, Practice Anatomy Lab (PAL), A&PFlix, and Essentials of Interactive Physiology (iP)
are trademarks, in the U.S. and/or other countries, of Pearson Education, Inc. or its affiliates.

Library of Congress Cataloging-in-Publication Data

Marieb, Elaine Nicpon
Essentials of human anatomy & physiology / Elaine N. Marieb-Eleventh edition.

pages cm
ISBN 978-0-321-91900-7
1. Human physiology. 2. Human anatomy. I. Title. II. Title:
Essentials of human anatomy and physiology.
QP34.5.M455 2013 Proudly sourced and uploaded by [StormRG]|
612-dc23 Kickass Torrents | TPB| ET | h33t

2013040834

ISBN 10: 0-321-91900-9 (Student edition)

ISBN 13: 978-0-321-91900-7 (Student edition)
ISBN 10: 0-321-94361-9 (Professional copy)
ISBN 13: 978-0-321-94361-3 (Professional copy)

PEARSON
www.pearsonhighered.com 23456789 10—RRD—17 16 15 14 13


www.pearsonhighered.com
Firestorm
Typewritten Text

Firestorm
Typewritten Text
Proudly sourced and uploaded by [StormRG]
    Kickass Torrents | TPB | ET | h33t


ror Elaine N. Marieb, rx, php,
taking the needs of nursing and other allied health
students into account has always been an integral
part of her teaching style. Dr. Marieb began her
teaching career at Springfield College, where she
taught anatomy and physiology to physical education
majors. She then joined the faculty of the Biological
Science Division of Holyoke Community College
in 1969 after receiving her Ph.D. in zoology from
the University of Massachusetts at Amherst. While
teaching at Holyoke Community College, Dr. Marieb
pursued her nursing education, which culminated
in a Master of Science degree with a clinical
specialization in gerontology from the University
of Massachusetts. This experience, along with
continual feedback from health care professionals
(including generations of former students taught
by Dr. Marieb), has inspired the unique perspective
and accessibility for which this book is known.

Dr. Marieb’s commitment to students extends
beyond teaching and writing. Recognizing the
challenges students face, Dr. Marieb contributes
to the New Directions—Pathways Program at
Holyoke Community College by funding a staffed
drop-in center and by providing several full-tuition
scholarships each year for women who are returning
to college after a hiatus or attending college for the
first time. She also funds the E. N. Marieb Science
Research Awards at Mount Holyoke College
(which promotes research by undergraduate
science majors) and has underwritten renovation

About the Author

and updating of one of the biology labs in Mount
Holyoke’s Clapp Laboratory. Recognizing the severe
national shortage of nursing faculty, Dr. Marieb
also underwrites the Nursing Scholars of the Future
Grant Program at the University of Massachusetts
at Amherst.

In 1994, Dr. Marieb received the Benefactor
Award from the National Council for Resource
Development, American Association of Community
Colleges, which recognizes her ongoing sponsorship
of student scholarships, faculty teaching awards, and
other academic contributions to Holyoke Community
College. In May 2000, the science building at Holyoke
Community College was named in her honor.

In January 2012, Florida Gulf Coast University
named a new health professions facility: the
Dr. Elaine Nicpon Marieb Hall. This facility contains
laboratories in the School of Nursing that simulate
an operating room, intensive-care unit, a labor and
delivery room, and general medical surgical suites.
She has also established a scholarship endowment
for nontraditional students in the health professions
and an endowment to enhance the activities
of faculty, students, and staff within the health
professions to support education, research, and
community outreach.

Dr. Marieb is an active member of the Human
Anatomy and Physiology Society (HAPS) and
the American Association for the Advancement
of Science (AAAS). Additionally, while actively
engaged as an author, Dr. Marieb serves as a
consultant for the Pearson Interactive Physiology®
CD-ROM series. This text—ZEssentials of Human
Anatomy & Physiology, Eleventh Edition—is the
latest expression of her commitment to the needs
of students pursuing the study of A&P.

When not involved in academic pursuits,
Dr. Marieb is a world traveler and has vowed to
visit every country on this planet. Shorter term, she
serves on the board of directors of the famed Marie
Selby Botanical Gardens and on the scholarship
committee of the Women’s Resources Center of
Sarasota County. She is an enthusiastic supporter
of the local arts and enjoys a competitive match of
doubles tennis.



New to the Eleventh Edition

This edition has been thoroughly updated. Specific chapter-by-chapter changes include:

Chapter 1: The Human Body: An Orientation

* New photos of the anatomical position, planes of the body, and
MRI scans (Figure 1.6).

* New photo showing the nine abdominopelvic regions (Figure 1.9).

* New Critical Thinking and Clinical Application Question on carpal
tunnel syndrome.

Chapter 2: Basic Chemistry

* New coverage of glycolipids (Table 2.5).
* New photo showing water’s high surface tension (Figure 2.9).
* New descriptions of amino acid structures (Figure 2.17).

Chapter 3: Cells and Tissues

* New, illustrated Table 3.1: Parts of the Cell: Structure and Function.

* New Concept Link discussing phospholipids as polar molecules.

* New Concept Link discussing the molecular structure of DNA.

* New Concept Link discussing the joining of amino acids by
enzymes into peptide bonds, in relation to translation.

* New clinical photo showing post-burn contracture scars, in
Homeostatic Imbalance 3.3.

Chapter 4: Skin and Body Membranes

* New clinical photo showing cradle cap in a newborn baby, in
Homeostatic Imbalance 4.4.

* New clinical photos of burns (Figure 4.11); cold sores, impetigo,
and psoriasis (Figure 4.12); and skin cancer (Figure 4.13).

* New Concept Link discussing the relationship between mitosis, cell
division, and cancer.

Chapter 5: The Skeletal System

» New Concept Link discussing the levels of structural organization,
in relation to the gross anatomy of a long bone.

» New clinical photo of a child with rickets, in Homeostatic
Imbalance 5.1.

» New Concept Link discussing the relationship between regional
body terms and bone names, in relation to the axial skeleton.

» New Concept Link discussing the properties of tissues that form
the joints.

Chapter 6: The Muscular System

* New Concept Link comparing ATP to a tightly coiled spring.

* New illustrations showing muscle action (Figure 6.14).

* New clinical photo of a patient with myasthenia gravis, in
Homeostatic Imbalance 6.4.

Chapter 7: The Nervous System

* New Concept Link relating the concept of a feedback loop to the
nervous system.

* New illustrated Table 7.1: Functions of Major Brain Regions.

* New clinical photo of a patient with cerebral palsy, in Homeostatic
Imbalance 7.11.

Chapter 8: Special Senses

» New Concept Link relating the basic functions of the nervous
system to each of the special senses.

» New clinical photo of an infant with strabismus, in Homeostatic
Imbalance 8.11.

Chapter 9: The Endocrine System

* New Concept Link comparing a hormone’s relationship to its target
cells with that of an enzyme to its substrate.

v

* New photo of individuals with disorders of pituitary growth
hormones (Figure 9.6).

 New clinical photo of the lips of a patient with the hyperpigmentation
of Addison’s disease, in Homeostatic Imbalance 9.6.

Chapter 10: Blood

* New Concept Link discussing the structure of globular proteins.

* New Concept Link relating the concept of negative feedback to
low blood oxygen levels.

* New clinical photo of a thrombus occluding a small pulmonary
blood vessel in a human lung, in Homeostatic Imbalance 10.3.

Chapter 11: The Cardiovascular System

* New clinical photo of a prosthetic aortic heart valve, in
Homeostatic Imbalance 11.2.

* New Concept Link relating one-way generation of an action
potential to heart rhythm.

* New Concept Link relating the portal circulation that links the
hypothalamus of the brain and the anterior pituitary gland to
hepatic portal circulation.

* New Concept Link relating the passive process of filtration to
blood flow.

* New Concept Link discussing epinephrine.

Chapter 12: The Lymphatic System and Body Defenses

* New Concept Link discussing hydrostatic and osmotic pressures.

* New Concept Link discussing the functions of lymphatic vessels.

» New Concept Link discussing the function of the thymus to
produce hormones, in relation to lymphoid organs.

* New clinical photo of an abscess, in Homeostatic Imbalance 12.2.

* New Concept Link relating blood antigens to self-antigens.

Chapter 13: The Respiratory System

* New Concept Link discussing mucous membranes.

* New Concept Link relating pressure changes that drive filtration
and blood flow to the mechanics of breathing.

* New clinical photo of a colored chest X-ray film showing a
collapsed lung, in Homeostatic Imbalance 13.7.

* New Concept Link discussing blood pH, in relation to gas transport.

Chapter 14: The Digestive System and Body Metabolism

* New Concept Link discussing the function of papillae.

* New Concept Link discussing the basic function of valves.

* New Concept Link discussing hydrolysis reactions.

* New clinical photo of a baby with a cleft lip and palate, in
Homeostatic Imbalance 14.15.

Chapter 15: The Urinary System

» New Concept Link discussing filtration as a passive process.

* New Concept Link discussing pH as a measure of hydrogen ion
concentration, in relation to tubular secretion.

* New clinical photo of a urogram showing the presence of a kidney
stone, in Homeostatic Imbalance 15.3.

* New Concept Link discussing the concept of interrelationships among
organ systems, in relation to regulation of water intake and output.

Chapter 16: The Reproductive System

* New clinical photo of abnormal sperm, in Homeostatic
Imbalance 16.2.

* New Concept Link discussing the tropic hormone, FSH.

» New Concept Link discussing the concept of the feedback loop.



Introducing Essentials of Human

Anatomy and Physiology, 11th edition

New! Instructors: Use MasteringA&P to Personalize Your Course
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A CLOSER LOOK A Wrinkle

Out of Time

When it comes to preventing
wrinkles, it helps to have good
genes, to not smoke, to use a good
sunscreen, and to think pleasant
thoughts. Good genes speak for
themselves—it's partly the luck
of the draw whether you look your
age or not. Smoking ages the skin
by increasing production of an
enzyme that destroys collagen.
Collagen supports the skin and
provides it with elasticity, so
with less of it, wrinkles appear.
UV radiation damage from too much
unprotected exposure to the sun
causes elastic fibers to clump, which
results in leathery skin. For those
wrinkled by years of smoking and
sun damage, a surgical face-lift that
removes the excess and sagging
skin followed by laser resurfacing or
microdermabrasion seems to be the
only way to banish the wrinkles.
However, for those who sport
frown lines, furrowed brows, or
crow’s feet due to frequent and
repetitive facial expressions,
cosmetic injections of Botox
may be the answer to regaining
younger-looking skin.
Botulinum toxin type A,
more familiarly called
Botox Cosmetic, is a
toxin produced by the
bacterium that causes
botulism, a dreaded
form of food poisoning.
Used in injectable doses
(considerably less than
the amount that would

induce botulism), the
- in halng

nerves to muscles.) By inhibiting
the underlying muscles’ ability to
contract, existing lines are smoothed
out and nearly invisible in a week.
Botox was approved in 1989 to
treat two eye muscle disorders—
blepharospasm (uncontrollable
blinking) and strabismus (misaligned
eyes). The discovery that Botox
could be used cosmetically was
pure luck—physicians using the

Woman re

toxin to counter abnormal eye which mak
contractions noticed that the vertical more relax
frown lines between the eyes (which One by on
make people look tired, angry, or called, eac
displeased) had softened. for about *
The recent rise in popularity of examining
Botox “shots” has led to changes with Botox
in the way it is marketed. Some is rarely ne
physicians buy the toxin in bulk and numbi
and arrange “Botox parties” available.
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New! Students: Use
MasteringA&P to Study
Anytime, Anywhere

Bring the Real World

FOCUS ON CAREERS

Pharmacy Technician

To recognize how medications
affect patients, pharmacy
technicians need thorough
understanding of anatomy and
physiology.

When most people get a new
medication, they open up the
package and toss out the little
pamphlet that goes into detail
about how the medication works.
Not Chris Green. “| love reading the
package inserts,” says Green, the
lead pharmacy technician at a CVS
drugstore in Birmingham, Alabama.
Green's enthusiasm for those details
is a lifesaver for his customers.
Pharmacy technicians are a vital link
in the chain between doctor and
patient.

Although pharmacy technicians
are legally prohibited from talking
with patients about their symptoms,
they can translate medical jargon,
and discuss a medication’s side
effects and other precautions the
patient may need to take. For
example, doctors may recommend
that patients who are on certain

Green started working as a
cashier at a drugstore when he was
in high school and gradually became
interested in the pharmacy itself.

“I was interested in how drugs
work, how they can help people and
improve their health,” he says.

Having earned a bachelor’s degree
in biology, Green emphasizes that
pharmacy technicians must have a
good grasp of the sciences, especially
basic chemistry and anatomy and

Pharmacy technicians
must have a good
grasp of anatomy
and physiology to
understand each
drug’s chemical
properties.

into the Classroom

the patient is already taking. Drug
interactions happen commonly
when you have multiple doctors.
“Sometimes, we'll get two ACE
inhibitors in the same category from
two different doctors [prescribed for
the same patient], and that could be
lethal,” Green says.

Pharmacy technicians work in
retail and mail-order pharmacies,
hospitals, nursing homes, assisted
living facilities, and anywhere
else patients have high needs for
medication. As the Baby Boom



INSTRUCTORS: Use MasteringA&P°to
Personalize Your Course

Easily Assess Your Students Using
Images from PAL™ 3.0

MasteringA&P allows you to assign multiple choice and
open-ended questions using the images from PAL 3.0.
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Identify Struggling Students
Before It's Too Late

The color-coded gradebook helps you identify
vulnerable students at a glance. Assignments are
automatically graded, and grades can be easily
exported to course management systems or
spreadsheets.

Hater g A
- —
o W L — {

- — - mi Em me a  mmms o w me e
== o . B B MR TR Ty Ml e, W Beh. MR
- e e e e R R T [T R
i vl sl owef s ] ] e i sl owel omd] |
—— Al = e =) =] o= ) aip o owi| e
—_—— i e I B | i o=l b s == i -
o adl i mef wsl ] omal e i ml owel omil | e
—— 2l =k 4 - i 1 = =8 sk owrh md
S e ™ I N B e e e
- wel omll  owel ol ] owl] wdl ol wal sl mal
— LT I I I S I &) af =i =

New! Assign Learning Objectives
and Homeostatic Imbalance Content

The Learning Objectives and Homeostatic Imbalance
sections in the book are now numbered, with
corresponding assessments in MasteringA&P, making
it easy for you to assign them for homework.

Composition and Functions
of Blood

10-1 Describe the composition and volume of whole
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Other Text Features Assignable in MasteringA&P:

® A&P Flix Coaching Activities offer stunning 3-D visuals of
core concepts with in-depth assessments to test student
understanding.

® Art-Based Questions gauge students' understanding of
concepts illustrated in the book's figures. Wrong-answer
feedback provides further guidance.

® Reading Questions keep students on track and are pre-
built for easy assignment and grading.

¢ Test Bank questions are fully revised for the 11th
edition, providing an easy way to assess your students.




STUDENTS: Use MasteringA&P°to Study
Anytime, Anywhere

New! Study on the Go with the Dynamic Study Modules App

Dynamic Study Modules help you learn more
information faster, whenever you have a few
extra minutes to study.

New! Walk Through Key A&P
Concepts with New Coaching
Activities

Using animations and art from the book, coaching

activities are accompanied by questions with specific
hints and feedback.
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Assess Your Knowledge of
Terms and Structures with ===
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Art-Labeling Activities e
Featuring art from the book, art labeling [ o rimen |
activities challenge students to identify —_‘I""“"' :
key terms and structures. Corresponding :' """'_I
figures in the book now refer students I__—_J
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to these online activities for timely, ——
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interactive learning. |




Help A&P Students Study
& Retain Information

New! Concept Links G

appear throughout the book and help
students recall previously learned
material, apply what they've learned to
new material, and make connections
across body systems.

dehydration syt
p. 42). To make
water (H,O) mu
is removed from
group (OH) is 1¢

Hair shaft

Epidermi54[ 1

_F’apillary
layer

Dermis - )
Reticular —|

layer

Hypodermis
(subcutaneous
tissue)

Nervous structures
* Sensory nerve fiber
* Lamellar corpuscle
* Hair follicle receptor
(root hair plexus)

Adipose tissue

Figure 4.3 Skin structure. Microscopic view of the skin and underlying
subcutaneous tissue.

Elaine Marieb's Conversational

Writing Style presents the material without
technical jargon, and draws on the author's years
of experience as a professor and former nursing
student, using meaningful analogies that relate
A&P to familiar, everyday concepts.

Dermal papillae

Pore

Q} Recall that the joining of amino acids by
enzymes into peptide bonds is the result of

Q} Recall that mitosis gone wild is the basis
for cancer (Chapter 3, p. 85). In malignant
cancers, the stages of mitosis occur so quickly
that errors are made. As a result, these cells
lack normal control of such processes as
mitosis and cell division. Cells experiencing
rapid, uncontrolled growth become cancerous.

New! References to

MasteringA&P appear

with relevant figures and show

students where to go online for
extra practice.

Appendages of skin

* Eccrine sweat gland

* Arrector pili muscle

* Sebaceous (oil) gland
 Hair follicle

* Hair root

Practice art labeling
MasteringA&P*>Study Area>Chapter 4

Many short courses in anatomy and physiol-
ogy lack the time to consider chemistry as a topic.
So why include it here? The answer is simple. The
food you eat and the medicines you take when you
are ill are composed of chemicals. Indeed, your
entire body is made up of chemicals—thousands of
them—continuously interacting with one another
at an incredible pace.

It is possible to study anatomy without refer-
ring much to chemistry, but chemical reactions
underlie all body processes—movement, diges-
tion, the pumping of your heart, and even your
thoughts. In this chapter we present the basics of




Q « What bone articulates with every other facial bone?

Coronal suture

Parietal bone

Nasal bone

Sphenoid bone

Ethmoid bone
Lacrimal bone

Zygomatic bone

Practice art labeling
MasteringA&P*>Study Area>Chapter 5

Figure 5.12 Human skull, anterior view.

% Homeostatic Imbalance 5.3

The paranasal sinuses also cause many people a
great deal of misery. Because the mucosa lining
these sinuses is continuous with that in the nose
and throat, infections in these areas tend to migrate
into the sinuses, causing sinusitis. Depending on
which sinuses are infected, a headache or upper
jaw pain is the usual result. .....................%

[ palatine Bones The paired palatine bones lie
posterior to the palatine processes of the maxillae.
They form the posterior part of the hard palate
(see Figure 5.11). Failure of these or the palatine
processes to fuse medially results in cleft palate.

A: “elpixew oy

/ Frontal bone
g A Superior orbital fissure
Optic canal
Temporal bone

Middle nasal concha
of ethmoid bone

Inferior nasal concha

Vomer

Alveolar processes

[ | Zygomatic Bones The zygomatic bones are
commonly referred to as the cheekbones. They
also form a good-sized portion of the lateral walls
of the orbits, or eye sockets.

I Lacrimal Bones The lacrimal (lak'ri-mal) bones
are fingernail-sized bones forming part of the me-
dial walls of each orbit. Each lacrimal bone has
a groove that serves as a passageway for-fears
(lacrima = tear).

M Nasal Bones The small rectarigular bones form-
ing the bridge of the nose¢ are the nasal bones.
(The lower part_of-the skeleton of the nose is
made up of-cartilage.)

| Vomer Bone The single bone in the media
line of the nasal cavity is the vomer. (Vomer mea

Did You Get It? Questions challenge
students to stop, think, and answer concept check

questions before moving forward.

Did You Get It?

12. Gary is trying with all his might to pull a tree stump
out of the ground. It does not budge. Which type
of contraction are his muscles undergoing?

13. What is meant by the term oxygen deficit?

14. To develop big, beautiful skeletal muscles, you
should focus on which type of exercise: aerobic or

resistance exercise?

(For answers, see Appendix D.)

Figure Questions help students
develop a more meaningful understanding
of the illustrated concepts and processes
and accompany many figures. Answers are
found at the bottom of each page.

Systems in Sync Figures
summarize, illustrate, and explain the
interrelationships of all body systems.

SYSTEMS IN SYNC

Homeostatic Relationships between the
Muscular System|and Other Body Systems

Nervous System

« Facial muscle activity allows
emotions to be expressed

« Nervous system stimulates and
regulates muscle activity

Endocrine System

+ Growth hormone and androgens
influence skeletal muscle strength
and m

Respiratory System

«Muscular exercise increases
respiratory capacity

+ Respiratory system provides

oxygen and disposes of carbon
ioxide

« Physical exercise may enhance
o depress immunity depending
on its intensity |

« Lymphatic vessels drain leaked
tissue fluids; immune system |
protects muscles from disease

1] I, Cardiovascular System

« Skeletal muscle activity increases
efficiency of cardiovascular
functioning; helps prevent
atherosclerosis and causes
cardiac hypertrophy

« Cardiovascular system delivers
oxygen and nutrients to muscles;
carries away wastes

Digestive System

« Physical activity increases
gastrointestinal mobility
when at rest

« Digestive system
provides nutrients

needed for muscle 1 i
health; liver metabolizes L Reproductive System
lactic acid 1

« Skeletal muscle helps support
pelvic organs (e.g., uterus in
females); assists erection of
penis and clitoris

« Testicular androgen promotes
increased skeletal muscle size

Urinary System

« Physical activity promotes normal
voiding behavior; skeletal muscle
forms the voluntary sphincter of
the urethra

« Urinary system disposes of
nitrogen-containing wastes

Integumentary System

« Muscular exercise enhances
circulation to skin and improves
skin health; exercise also
increases body heat, which the
skin helps dissipate

« Skin protects the muscles by
external enclosure

Muscular System

« Skeletal muscle activity maintains
bone health and strength
«Bones provide levers for
muscle activity




Bring A&P Concepts to Life

Chromatin

Nuclear envelope
Nucleolus Nucleus

Plasma

Smooth endoplasmic membrane
|

reticulum

Cytosol

Lysosome

Mitochondrion

endoplasmic
. reticulum

Centrioles
Ribosomes

Golgi apparatus

Secretion being released
from cell by exocytosis

Microtubule

Intermediate
filaments

3-D Anatomy lllustrations are
dramatically dynamic and realistic, featuring
vibrant, saturated colors to help students
visualize key anatomical structures.

A Closer Look boxes discuss new
advances in science and topics you may hear
about in the news, and describe how they
relate to the study of A&P.

A CLOSER LOOK Visual Pigments—
The Actual Photoreceptors

A CLOSER LOOK Joint Ventures

The technology for fashioning
joints in medieval suits of armor
developed over centuries. The
technology for creating the
prostheses (artificial joints) used
in medicine today developed,

in relative terms, in a flash—less
than 60 years. The history of joint

The tiny photorecep
reflect their general
elongated neurons,
In each type of phot
segment, attached t
1o a light-trapping d
pigments are stacke

The behavior of t
them, they lose theil
regenerate their pig
cause electrical char
cause nerve impulse
interpretation. Pigm
blinded and unable

A good deal is kni
rhodopsin, the purg
formed from the unic
product (retinal). W
shape that allows it t
retinal straightens ot
out, the retinal contir
As these changes oo
the yellow of retinal ¢
vitamin A occurs. Th
describes the color ¢
Rhodopsin is regene!
form of retinal and re
The cone pigments,
kinds of proteins they

Synaptic
endings
Why is it essential that medical
personnel give only the proper
intravenous (IV), or into-the-vein,
solutions to patients? Let try to
answer this very important question.
The tendency of a solution to
hold water or “pull” water into it is
called osmotic pressure. Osmotic
pressure is directly related to the
concentration of solutes in the
solution. The higher the solute
concentration, the greater the
osmotic pressure and the greater
the tendency of water to move
into the solution. Many molecules,
particularly proteins and some
ions, are prevented from diffusing
through the plasma membrane.
Consequently, any change in their
concentration on one side of the
membrane forces water to move
from one side of the membrane to
the other, causing cells to lose or

containing gain water. The ability of a solution
visual pigments @ ﬂ to change the size and shape of cells
by altering the amount of water they
Ligh contain is called tonicity (ton-is'i-te;
cau ton = strength)

Rhodopsin
(visual purple)

(a) RBC in isotonic solution

A CLOSER LOOK IV Therapy
and Cellular “Tonics”

Isotonic (i"so-ton’ik; “same
tonicity”) solutions (such as
5 percent glucose and 0.9 percent
saline) have the same solute and
water concentrations as cells do.
Isotonic solutions cause no visible
changes in cells, and when such
solutions are infused into the
bloodstream, red blood cells (RBCs)
retain their normal size and disclike
shape (photo a). As you might
guess, interstitial fluid and most
intravenous solutions are isotonic
solutions,

If red blood cells are exposed
to a hypertonic (hi'per-ton'ik)
solution—a solution that contains
more solutes, or dissolved
substances, than there are inside
the cells—the cells will begin to
shrink. This is because water is in
higher concentration inside the
cell than outside, so it follows its
concentration gradient and leaves
the cell (photo b). Hypertonic
solutions are sometimes given to
patients who have edema (swelling

(b) RBC in hypertonic solution

of the feet and hands due to fluid
retention). Such solutions draw
water out of the tissue spaces into
the bloodstream so that the kidneys
can eliminate excess fluid.

When a solution contains fewer
solutes (and therefore more water)
than the cell does, it is said to be
hypotonic (hi"po-tonik) to the cell
Cells placed in hypotonic solutions
plump up rapidly as water rushes
into them (photo c). Distilled water
represents the most extreme
example of a hypotonic fluid.
Because it contains no solutes at
all, water will enter cells until they
finally burst, or lyse. Hypotonic
solutions are sometimes infused
intravenously (slowly and with care)
to rehydrate the tissues of extremely
dehydrated patients. In less extreme
cases, drinking hypotonic fluids
usually does the trick. (Many fluids
that we tend to drink regularly, such
as tea, colas, and sport drinks, are
hypotonic.)

(c) RBC in hypotonic solution
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Physical Therapy Assistant

Patients trying to regain
mobility rely on physical therapy
assistants.

family, like loose electric cords that
the patient could trip on. Finally, she
leaves instructions with the patient
to exercise on his or her own.
Anatomy is an important part of
physical therapy work, Burgess says.
“Working with various deviations of
movement, you need to know what
bones and muscles are involved
so that you know which bones
and muscles to strengthen and

As the population ages, a growing
number of people find themselves
needing in-home medical care as
they recover from injuries or surgical
procedures. Many of these patients
rely on physical therapy assistants
like Leslie Burgess.

Burgess works for Amedisys
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New! Clinical Photos now accompany
Homeostatic Imbalance sections, to help students
visualize diseases they may encounter in their
future careers. These sections stress the concept
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Radiologic Technologist

Radiologic technologists supply
critical information that allows
doctors to make accurate
diagnoses.

“You never know what's going

to walk in the door, really,” says
Maggie Regalado, a radiologic
technologist at Dell Children’s
Hospital in Austin, Texas. "In an
emergency room, you see kids
who swallowed something, car
accident victims, all kinds of things.”
Regalado and her coworkers
operate X-ray equipment and must
be ready to do everything from
preparing patients for chest X-ray
exams to MRIs.

Fortunately for Regalado,
anatomy was her favorite class,
because it an important one for
radiologic technologists. After
getting her associate’s degree in
diagnostic imaging, she completed
both state and national certification.
To keep her certification current,
she must complete 24 hours of
continuing education every 2 years.

You don't want

to make errors,
because one thing
you do wrong could
cost this patient his
or her life.

“I didn't realize how big a field it
was," she says. “With X rays you're

constantly moving from here to
there, from surgery to the neonatal
intensive care unit and so on.”

As you might guess, radiologic
technologists, especially in hospitals,
must be prepared to spend a lot

of time on their feet and to think
quickly. Regalado described one
case when a two-car accident sent
five children to the trauma unit. The
radiologic technologists had to work
quickly to help the doctors see what
injuries the children suffered—and
equally important, to make sure not
to mix up anyone's X-ray exams.

“You don't want to make errors,
because one thing you do wrong
could cost this patient his or her
life.” she says. “Even though
radiology can get emotional, you
have to stay technical with your job.”

"We can't see your bones with
our bare eyes, so we have to make
sure we position you correctly. Then
also, if you say, "It hurts here,” I'l call
the doctor and see if he wants to do
a different type of X-ray exam.”

Regalado enjoys working with the
patients at Dell. Getting children to
remain perfectly still and positioned
correctly is a challenge, but the
imaging department has toys and
televisions to distract them. For
babies who cannot easily hold still or
understand why they need to, there
are various devices to position them
appropriately.

“We have a lot of interaction
with the patients, with the patient’s
family, we try to joke around and
make them happy,” she say. “When
we make the child happy, then the
parents are happy.”

In a hospital setting, radiologic
technologists are needed 24 hours a

o

Technologists who work in clinics
usually have a more traditional
9-to-5 schedule. Depending on
the clinic, these technologists

may also specialize in areas such
as ultrasound, mammography,
magnetic resonance imaging (MRI),
or computed tomography (CT).

For more information, contact:

American Society of Radiologic
Technologists

15000 Central Ave. SE
Albuguerque, NM 87123-3909
(800) 444-2778
http://www.asrt.org

For additional information on this
career and others, click the Focus on
Careers link at MasteringA&P".
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day, and often are required to be on-
call in addition to their regular shifts.

on this

that loss of homeostasis leads to pathology
or disease.

—% Homeostatic Imbalance 3.3

Scar tissue is strong, but it lacks the flexibility of
most normal tissues. Perhaps even more important
is its inability to perform the normal functions of
the tissue it replaces. Thus, if scar tissue forms in
the wall of the bladder, heart, or another muscular
organ, it may severely hamper the functioning of
that organ.

b
|

Photo showing post-burn contracture scars on the neck. A
contracture is a permanent tightening of the skin affecting
the underlying tendons or muscles. Contractures develop
during the healing process as inelastic fibrous tissue
replaces the normal elastic connective tissues. Because
fibrous tissue resists stretching, movement of the affected
area may be limited.
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FUNCTION PREVIEW

D Anatomy and physiology are
complementary sciences that
allow one to study, classify,
and understand body
structures and functions.

‘The Human Body: =
An Orientation

= e, W, Rt .
N N e 2
e .

An Overview of Anatomy
and Physiology

1-1 Define anatomy and physiology.

1-2 Explain how anatomy and physiology are
related.

Most of us are naturally curious about our bodies;
we want to know what makes us tick. Infants can
keep themselves happy for a long time staring at
their own hands or pulling their mother’s nose.
Older children wonder where food goes when
they swallow it, and some believe that they will
grow a watermelon in their belly if they swallow

the seeds. They scream loudly when approached
by medical personnel (fearing shots that sting),
but they like to play doctor. Adults become upset
when their hearts pound, when they have uncon-
trollable hot flashes, or when they cannot keep
their weight down.

Anatomy and physiology, subdivisions of biol-
ogy, explore many of these topics as they describe
how our bodies are put together and how they
work.

Anatomy

Anatomy (ah-nat’o-me) is the study of the struc-
ture and shape of the body and its parts and their
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relationships to one another. Whenever we look
at our own body or study large body structures
such as the heart or bones, we are observing gross
anatonmyy; that is, we are studying large, easily
observable structures. Indeed, the term anatomy,
derived from the Greek words meaning to cut
(tomy) apart (ana), is related most closely to
gross anatomical studies because in such studies
preserved animals or their organs are dissected
(cut up) to be examined. Microscopic anatomy, in
contrast, is the study of body structures that are
too small to be seen with the naked eye. The cells
and tissues of the body can only be seen through
a microscope.

Physiology

Physiology (fiz"e-ol’o-je) is the study of how the
body and its parts work or function (physio =
nature; ology = the study of). Like anatomy,
physiology has many subdivisions. For example,
neurophysiology explains the workings of the
nervous system, and cardiac physiology studies
the function of the heart, which acts as a muscu-
lar pump to keep blood flowing throughout the
body.

Relationship between
Anatomy and Physiology

Anatomy and physiology are always related. The
parts of your body form a well-organized unit,
and each of those parts has a job to do to
make the body operate as a whole. Structure
determines what functions can take place. For
example, the lungs are not muscular chambers
like the heart and cannot pump blood through
the body, but because the walls of their air sacs
are very thin, they can exchange gases and
provide oxygen to the body. We stress the inti-
mate relationship between anatomy and physi-
ology throughout this text to make your learning
meaningful.

Did You Get It?

1. Why would you have a hard time learning and
understanding physiology if you did not also
understand anatomy?

2. Kidney function, bone growth, and beating of the
heart are all topics of anatomy. True or false?

(For answers, see Appendix D.)

Q;;. Throughout this text, Concept Links will
highlight links between concepts and/or organ
systems. Keep in mind that although discussions
of the systems are separated into chapters for
detailed study, the overall goal of this text is for
you not only to gain an understanding of each
individual system, but also to learn how the
body systems interact to sustain life.

Levels of Structural
Organization

1-3 Name the six levels of structural organization that
make up the human body, and explain how they
are related.

1-4 Name the organ systems of the body, and briefly
state the major functions of each system.

1-5 Identify and classify by organ system all organs
discussed.

From Atoms to Organisms

The human body exhibits many levels of structural
complexity (Figure 1.1). The simplest level of the
structural ladder is the chemical level (covered
in Chapter 2). At this level, atoms, tiny building
blocks of matter, combine to form molecules such
as water, sugar, and proteins. Molecules, in turn,
associate in specific ways to form microscopic
cells, the smallest units of all living things. (We
will examine the cellular level in Chapter 3). All
cells have some common functions, but individual
cells vary widely in size and shape, reflecting their
particular functions in the body.

The simplest living creatures are composed of
single cells, but in complex organisms such as trees
or human beings, the structural ladder continues
on to the tissue level. Tissues consist of groups of
similar cells that have a common function. Each of
the four basic tissue types (epithelial, connective,
muscular, and neural) plays a definite but different
role in the body. (We discuss tissues in Chapter 3.)

An organ is a structure composed of two or
more tissue types that performs a specific function
for the body. At the organ level of organization,
extremely complex functions become possible.
For example, the small intestine, which digests
and absorbs food, is composed of all four tissue
types. An organ system is a group of organs that
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Figure 1.1 Levels of structural organization. In this diagram, components
of the cardiovascular system are used to illustrate the levels of structural

organization in a human being.

work together to accomplish a common purpose.
For example, the heart and blood vessels of the
cardiovascular system circulate blood continuously
to carry nutrients and oxygen to all body cells.

In all; 11 organ systems make up the living hu-
man being, or the organism, which represents the
highest level of structural organization, the organismal
level. The organismal level is the sum total of all struc-
tural levels working together to keep us alive. (The

major organs of each system are shown in Figure 1.2
on pp. 5-6). Refer to the figure as you read through
the following descriptions of the organ systems.

Organ System Overview

Integumentary System

The integumentary (in-teg’u-men’tar-e¢) system
is the external covering of the body, or the skin. It
waterproofs the body and cushions and protects
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the deeper tissues from injury. It also excretes salts
and urea in perspiration and helps regulate body
temperature. Temperature, pressure, and pain re-
ceptors located in the skin alert us to what is hap-
pening at the body surface.

Skeletal System

The skeletal system consists of bones, cartilages,
ligaments, and joints. It supports the body and
provides a framework that the skeletal muscles use
to cause movement. It also has a protective func-
tion (for example, the skull encloses and protects
the brain). Hematopoiesis (hem”ah-to-poi-e’sis), or
formation of blood cells, takes place within the
cavities of the skeleton. The hard substance of
bones acts as a storehouse for minerals.

Muscular System

The muscles of the body have only one function—
to contract, or shorten. When this happens, move-
ment occurs. Hence, muscles can be viewed as the
“machines” of the body. The mobility of the body
as a whole reflects the activity of skeletal muscles,
the large, fleshy muscles attached to bones. When
these contract, you are able to stand erect, walk,
leap, grasp, throw a ball, or smile. The skeletal
muscles form the muscular system. These mus-
cles are distinct from the muscles of the heart and
of other hollow organs, which move fluids (blood,
urine) or other substances (such as food) along
definite pathways within the body.

Nervous System

The nervous system is the body’s fast-acting con-
trol system. It consists of the brain, spinal cord,
nerves, and sensory receptors. The body must be
able to respond to irritants or stimuli coming from
outside the body (such as light, sound, or changes
in temperature) and from inside the body (such
as decreases in oxygen or stretching of tissue).
The sensory receptors detect these changes and
send messages (via electrical signals called nerve
impulses) to the central nervous system (brain and
spinal cord) so that it is constantly informed about
what is going on. The central nervous system then
assesses this information and responds by activating
the appropriate body effectors (muscles or glands).

Endocrine System

Like the nervous system, the endocrine (en’do-krin)
system controls body activities, but it acts much more

slowly. The endocrine glands produce chemical mol-
ecules called hormones and release them into the
blood to travel to relatively distant target organs.

The endocrine glands include the pituitary,
thyroid, parathyroids, adrenals, thymus, pancreas,
pineal, ovaries (in the female), and testes (in the
male). The endocrine glands are not connected ana-
tomically in the same way that parts of the other
organ systems are. What they have in common is
that they all secrete hormones, which regulate other
structures. The body functions controlled by hor-
mones are many and varied, involving every cell in
the body. Growth, reproduction, and food use by
cells are all controlled (at least in part) by hormones.

Cardiovascular System

The primary organs of the cardiovascular system
are the heart and blood vessels. Using blood as
the transporting fluid, the cardiovascular system
carries oxygen, nutrients, hormones, and other sub-
stances to and from the tissue cells where exchanges
are made. White blood cells and chemicals in the
blood help to protect the body from such foreign
invaders as bacteria, toxins, and tumor cells. The
heart acts as the blood pump, propelling blood
out of its chambers into the blood vessels to be
transported to all body tissues.

Lymphatic System

The role of the lymphatic system complements
that of the cardiovascular system. Its organs include
lymphatic vessels, lymph nodes, and other lymphoid
organs such as the spleen and tonsils. The lymphatic
vessels return fluid leaked from the blood back to
the blood vessels so that blood can be kept con-
tinuously circulating through the body. The lymph
nodes and other lymphoid organs help to cleanse
the blood and house cells involved in immunity.

Respiratory System

The job of the respiratory system is to keep
the body constantly supplied with oxygen and to
remove carbon dioxide. The respiratory system
consists of the nasal passages, pharynx, larynx,
trachea, bronchi, and lungs. Within the lungs are
tiny air sacs. Gases are transported to and from the
blood through the thin walls of these air sacs.

Digestive System

The digestive system is basically a tube running
through the body from mouth to anus. The organs of
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the digestive system include the oral cavity (mouth),
esophagus, stomach, small and large intestines, and
rectum plus a number of accessory organs (liver,
salivary glands, pancreas, and others). Their role
is to break down food and deliver the products to
the blood for dispersal to the body cells. The undi-
gested food that remains in the tract leaves the body
through the anus as feces. The breakdown activities
that begin in the mouth are completed in the small
intestine. From that point on, the major function of
the digestive system is to reclaim water. The liver
is considered a digestive organ because the bile it
produces helps to break down fats. The pancreas,
which delivers digestive enzymes to the small intes-
tine, also is functionally a digestive organ.

Urinary System

The body produces wastes as by-products of its
normal functions, and these wastes must be dis-
posed of. One type of waste contains nitrogen
(examples are urea and uric acid), which results
when the body cells break down proteins and
nucleic acids. The urinary system removes the
nitrogen-containing wastes from the blood and
flushes them from the body in urine. This system,
often called the excretory system, is composed of
the kidneys, ureters, bladder, and urethra. Other
important functions of this system include main-
taining the body’s water and salt (electrolyte) bal-
ance and regulating the acid-base balance of the
blood.

Reproductive System

The reproductive system exists primarily to pro-
duce offspring. The testes of the male produce
sperm. Other male reproductive system structures
are the scrotum, penis, accessory glands, and the
duct system, which carries sperm to the outside
of the body. The ovaries of the female produce
eggs, or ova; the female duct system consists of
the uterine tubes, uterus, and vagina. The uterus
provides the site for the development of the fetus
(immature infant) once fertilization has occurred.

Did You Get It?

3. At which level of structural organization is the
stomach? At which level is a glucose molecule?

4. Which organ system includes the trachea, lungs,
nasal cavity, and bronchi?

(For answers, see Appendix D.)
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Maintaining Life

1-6 List eight functions that humans must perform to
maintain life.

1-7 List the five survival needs of the human body.

Necessary Life Functions

Now that we have introduced the structural levels
composing the human body, a question naturally
follows: What does this highly organized human
body do? Like all complex animals, human beings
maintain their boundaries, move, respond to en-
vironmental changes, take in and digest nutrients,
carry out metabolism, dispose of wastes, repro-
duce themselves, and grow. We will discuss each
of these necessary life functions briefly here and
in more detail in later chapters.

Organ systems do not work in isolation; in-
stead, they work together to promote the well-be-
ing of the entire body (Figure 1.3, p. 8). Because
this theme is emphasized throughout this text, it is
worthwhile to identify the most important organ
systems contributing to each of the necessary life
functions. Also, as you study this figure, you may
want to refer back to the more detailed descrip-
tions of the organ systems just provided (pp. 3-7
and in Figure 1.2).

Maintaining Boundaries

Every living organism must be able to maintain
its boundaries so that its “inside” remains distinct
from its “outside.” Every cell of the human body
is surrounded by an external membrane that con-
tains its contents and allows needed substances
in while generally preventing entry of potentially
damaging or unnecessary substances. The body
as a whole is also enclosed by the integumen-
tary system, or skin. The integumentary system
protects internal organs from drying out (which
would be fatal), from bacteria, and from the dam-
aging effects of heat, sunlight, and an unbelievable
number of chemical substances in the external
environment.

Movement

Movement includes all the activities promoted by
the muscular system, such as propelling ourselves
from one place to another (by walking, swimming,
and so forth) and manipulating the external envi-
ronment with our fingers. The skeletal system pro-
vides the bones that the muscles pull on as they
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Figure 1.3 Examples of selected interrelationships among body organ systems.

work. Movement also occurs when substances
such as blood, foodstuffs, and urine are propelled
through the internal organs of the cardiovascular,
digestive, and urinary systems, respectively.

Responsiveness

Responsiveness, or irritability, is the ability to
sense changes (stimuli) in the environment and

then to react to them. For example, if you cut your
hand on broken glass, you involuntarily pull your
hand away from the painful stimulus (the broken
glass). You do not need to think about it—it just
happens! Likewise, when the amount of carbon
dioxide in your blood rises to dangerously high
levels, your breathing rate speeds up to blow off
the excess carbon dioxide.



Because nerve cells are highly irritable and
can communicate rapidly with each other via elec-
trical impulses, the nervous system bears the ma-
jor responsibility for responsiveness. However, all
body cells are irritable to some extent.

Digestion

Digestion is the process of breaking down in-
gested food into simple molecules that can then be
absorbed into the blood. The nutrient-rich blood is
then distributed to all body cells by the cardio-
vascular system. In a simple, one-celled organism
such as an amoeba, the cell itself is the “digestion
factory,” but in the complex, multicellular human
body, the digestive system performs this function
for the entire body.

Metabolism

Metabolism is a broad term that refers to all chem-
ical reactions that occur within body cells. It in-
cludes breaking down complex substances into sim-
pler building blocks, making larger structures from
smaller ones, and using nutrients and oxygen to pro-
duce molecules of adenosine triphosphate (ATP), the
energy-rich molecules that power cellular activities.
Metabolism depends on the digestive and respira-
tory systems to make nutrients and oxygen available
to the blood and on the cardiovascular system to
distribute these needed substances throughout the
body. Metabolism is regulated chiefly by hormones
secreted by the glands of the endocrine system.

Excretion

Excretion is the process of removing excreta (ek-
skre'tah), or wastes, from the body. If the body
is to continue to operate as we expect it to, it
must get rid of the nonuseful substances produced
during digestion and metabolism. Several organ
systems participate in excretion. For example, the
digestive system rids the body of indigestible food
residues in feces, and the urinary system disposes
of nitrogen-containing metabolic wastes in urine.

Reproduction

Reproduction, the production of offspring, can oc-
cur on the cellular or organismal level. In cellular re-
production, the original cell divides, producing two
identical daughter cells that may then be used for
body growth or repair. Reproduction of the human
organism, or making a whole new person, is the
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task of the organs of the reproductive system, which
produce sperm and eggs. When a sperm unites with
an egg, a fertilized egg forms, which then develops
into a baby within the mother’s body. The function
of the reproductive system is regulated very pre-
cisely by hormones of the endocrine system.

Growth

Growth is an increase in size, usually accomplished
by an increase in the number of cells. For growth
to occur, cell-constructing activities must occur at
a faster rate than cell-destroying ones. Hormones
released by the endocrine system play a major role
in directing growth.

Survival Needs

The goal of nearly all body systems is to maintain
life. However, life is extraordinarily fragile and
requires that several factors be available. These
factors, which we will call survival needs, include
nutrients (food), oxygen, water, and appropriate
temperature and atmospheric pressure.

Nutrients, which the body takes in through
food, contain the chemicals used for energy and
cell building. Carbohydrates are the major energy-
providing fuel for body cells. Proteins and, to a
lesser extent, fats are essential for building cell
structures. Fats also cushion body organs and pro-
vide reserve fuel. Minerals and vitamins are re-
quired for the chemical reactions that go on in
cells and for oxygen transport in the blood.

All the nutrients in the world are useless unless
oxygen is also available. Because the chemical
reactions that release energy from foods require
oxygen, human cells can survive for only a few
minutes without it. Approximately 20 percent of
the air we breathe is oxygen. It is made available
to the blood and body cells by the cooperative ef-
forts of the respiratory and cardiovascular systems.

Water accounts for 60 to 80 percent of body
weight. It is the single most abundant chemical
substance in the body and provides the fluid base
for body secretions and excretions. We obtain wa-
ter chiefly from ingested foods or liquids, and we
lose it by evaporation from the lungs and skin and
in body excretions.

If chemical reactions are to continue at life-
sustaining levels, normal body temperature
must be maintained. As body temperature drops
below 37°C (98°F), metabolic reactions become

(Text continues on page 12.)




A CLOSER LOOK Medical Imaging:
llluminating the Body

Until about 50 years ago, the
magical but murky X ray was the
only means of peering into a

living body. Produced by directing
electromagnetic waves of very short
wavelength at the body, an X ray

is a shadowy negative image of
internal structures. What X rays did
and still do best was to visualize
hard, bony structures and locate
abnormally dense structures (tumors,
tuberculosis nodules) in the lungs.

By bombarding the body with
energy, new scanning techniques can
reveal the structure of internal organs
and wring out information about
the private and, until now, secret
workings of their molecules. These
new imaging techniques are changing
the face of medical diagnosis.

The 1950s saw the birth of
nuclear medicine, which uses
radioisotopes to scan the body,
and ultrasound techniques. In the
1970s, CT, PET, and MRI scanning
techniques were introduced.

The best known of these newer
imaging devices is computed
tomography (CT) (formerly called
computerized axial tomography,
or CAT), a refined version of X ray.
A CT scanner confines its beam
to a thin slice of the body, about
as thick as a dime, and ends the
confusion resulting from images
of overlapping structures seen in
conventional X-ray images. As the
patient is slowly moved through the
doughnut-shaped CT machine, its
X-ray tube rotates around the body.
Different tissues absorb the radiation
in varying amounts. The device's
computer translates this information
into a detailed, cross-sectional
picture of the body region scanned;
see photo (a). CT scans are at the

forefront in evaluating most problems
that affect the brain and abdomen,
and their clarity has all but eliminated
exploratory surgery. Special ultrafast
CT scanners have produced a
technique called dynamic spatial
reconstruction (DSR), which
provides three-dimensional images
of body organs from any angle.

It also allows their movements
and changes in their internal
volumes to be observed at normal
speed, in slow motion, and at
a specific moment in time. The
greatest value of DSR has been
to visualize the heart beating and
blood flowing through blood
vessels. This allows medical
personnel to assess heart defects,
constricted blood vessels, and the
status of coronary bypass grafts.

Another computer-assisted X-ray
technique is digital subtraction
angiography (DSA) (angiography =
vessel pictures). This technique
provides an unobstructed view
of small arteries; see photo (b).
Conventional radiographs are
taken before and after a contrast
medium is injected into an artery.
Then the computer subtracts the
"before” image from the “after”
image, eliminating all traces of
body structures that obscure the
vessel. DSA is often used to identify
blockages in the arteries that supply
the heart wall and the brain; see
photo (b).

Just as the X ray spawned “new
technologies,” so did nuclear
medicine in the form of positron
emission tomography (PET). PET
excels in observing metabolic
processes. After receiving an injection
of short-lived radioisotopes that have
been tagged to biological molecules

(such as glucose), the patient is
positioned in the PET scanner. As
the radioisotopes are absorbed by
the most active brain cells, high-
energy gamma rays are produced.
The computer analyzes the gamma
emission and produces a picture of
the brain’s biochemical activity in
vivid colors. PET’s greatest clinical
value has been its ability to provide
insights into brain activity in people
affected by mental illness, Alzheimer’s
disease, and epilepsy. Currently
PET can reveal signs of trouble in
those with undiagnosed Alzheimer's
disease (AD) because regions of beta-
amyloid accumulation (a defining
characteristic of AD) show up in
brilliant red and yellow, as in photo (c).
PET scans can also help to predict who
may develop AD in the future.
Ultrasound imaging, or
ultrasonography, has some distinct
advantages over the approaches
described so far. The equipment is
inexpensive, and it employs high-
frequency sound waves (ultrasound)
as its energy source. Ultrasound,
unlike ionizing forms of radiation,
has no harmful effects on living
tissues (as far as we know). The
body is probed with pulses of sound
waves, which cause echoes when
reflected and scattered by body
tissues. The echoes are analyzed
by computer to construct visual
images of body organs of interest.
Because of its safety, ultrasound is
the imaging technique of choice for
obstetrics, that is, for determining
fetal age and position and locating
the placenta; see photo (d).
Because sound waves have very low
penetrating power and are rapidly
scattered in air, sonography is of
little value for looking at air-filled




structures (the lungs) or those
surrounded by bone (the brain and
spinal cord).

Another technique that depends
on nonionizing radiation is magnetic
resonance imaging (MRI), which
uses magnetic fields up to 60,000
times stronger than Earth’s to pry
information from the body’s tissues.
The patient lies in a chamber
within a huge magnet. Hydrogen
molecules spin like tops in the
magnetic field, and their energy is
enhanced by radio waves. When
the radio waves are turned off, the
energy is released and translated
by the computer into a visual
image (see Figure 1.6, p. 18). MRl is
immensely popular because it can
do many things a CT scan cannot.
Dense structures do not show up
in MRI, so bones of the skull and/
or vertebral column do not impair
the view of soft tissues, such as
the brain. MRl is also particularly
good at detecting degenerative
disease of various kinds. Multiple
sclerosis plaques, for example, do
not show up well in CT scans but are
dazzlingly clear in MRI scans.

A variation of MRI called
magnetic resonance spectroscopy
(MRS) maps the distribution of
elements other than hydrogen to
reveal more about how disease
changes body chemistry. In 1992,
MRI technology leaped forward with
the development of the functional
MRI (fMRI), which allows tracking
of blood flow into the brain in
real time. Until then, matching
thoughts, deeds, and disease to
corresponding brain activity had
been the sole domain of PET.
Because functional MRl does not
require injections of tracer elements,
it provides another, perhaps more
desirable, alternative. Despite its
advantages, the powerful clanging
magnets of the MRI present some

Artery

supplying
heart

Narrowing
of the artery

(a) CT scan showing brain (b) DSA image of arteries supplying
tumors (indicated by the heart.
black arrows).

(c) In a PET scan, regions of beta-amyloid accumulation
“light up” (red-yellow) in an Alzheimer’s patient (left)
but not in a healthy person (right).

body. Also, there is no convincing
evidence that such magnetic fields
are risk free.

As you can see, modern medical
science has some remarkable
diagnostic tools at its disposal.

CT and PET scans account for

about 25 percent of all imaging.
Ultrasonography, because of its
safety and low cost, is the most

(d) Sonogram of a fetus. widespread of the new techniques.
Conventional X rays remain the

thorny problems. For example, workhorse of diagnostic imaging

they can “suck” metal objects, techniques and still account for

such as implanted pacemakers and more than half of all imaging

loose tooth fillings, through the currently done.




12 Essentials of Human Anatomy and Physiology

slower and slower and finally stop. When body
temperature is too high, chemical reactions proceed
too rapidly, and body proteins begin to break down.
At either extreme, death occurs. Most body heat is
generated by the activity of the skeletal muscles.

The force exerted on the surface of the body
by the weight of air is referred to as atmospheric
pressure. Breathing and the exchange of oxygen
and carbon dioxide in the lungs depend on ap-
propriate atmospheric pressure. At high altitudes,
where the air is thin and atmospheric pressure is
lower, gas exchange may be too slow to support
cellular metabolism.

The mere presence of these survival factors
is not sufficient to maintain life. They must be
present in appropriate amounts as well; excesses
and deficits may be equally harmful. For example,
the food ingested must be of high quality and
in proper amounts; otherwise, nutritional disease,
obesity, or starvation is likely.

Did You Get It?

5. In addition to being able to metabolize, grow, digest
food, and excrete wastes, what other functions must
an organism perform if it is to survive?

6. Oxygen is a survival need. Why is it so important?

(For answers, see Appendix D.)

Homeostasis

1-8 Define homeostasis, and explain its importance.

1-9 Define negative feedback, and describe its role in
maintaining homeostasis and normal body function.

When you really think about the fact that your
body contains trillions of cells in nearly constant
activity, and that remarkably little usually goes
wrong with it, you begin to appreciate what a
marvelous machine your body really is. The word
homeostasis (ho"me-o-sta’sis) describes the
body’s ability to maintain relatively stable internal
conditions even though the outside world is con-
tinuously changing. Although the literal transla-
tion of homeostasis is “unchanging” (homeo = the
same; stasis = standing stilD), the term does not
really mean an unchanging state. Instead, it indi-
cates a dynamic state of equilibrium, or a balance
in which internal conditions change and vary but
always within relatively narrow limits.

In general, the body demonstrates homeostasis
when its needs are being adequately met and it is

functioning smoothly. Virtually every organ system
plays a role in maintaining the constancy of the
internal environment. Adequate blood levels of
vital nutrients must be continuously present, and
heart activity and blood pressure must be con-
stantly monitored and adjusted so that the blood
is propelled with adequate force to reach all body
tissues. Additionally, wastes must not be allowed
to accumulate, and body temperature must be pre-
cisely controlled.

Homeostatic Controls

Communication within the body is essential for
homeostasis and is accomplished chiefly by the
nervous and endocrine systems, which use elec-
trical signals delivered by nerves or bloodborne
hormones, respectively, as information carriers.
The details of how these two regulating systems
operate are the subjects of later chapters, but we
explain the basic characteristics of the neural and
hormonal control systems that promote homeosta-
sis here.

Regardless of the factor or event being regu-
lated (this is called the variable), all homeostatic
control mechanisms have at least three components
(Figure 1.4). The first component is a receptor.
Essentially, it is some type of sensor that monitors
and responds to changes in the environment. It
responds to such changes, called stimuli, by send-
ing information (input) to the second element, the
control center. Information flows from the recep-
tor to the control center along the afferent path-
way. (It may help to remember that information
traveling along the afferent pathway approaches
the control center.)

The control center, which determines the
level (set point) at which a variable is to be main-
tained, analyzes the information it receives and
then determines the appropriate response or
course of action.

The third component is the effector, which
provides the means for the control center’s re-
sponse (output) to the stimulus. Information flows
from the control center to the effector along the
efferent pathway. (Efferent information exits from
the control center.) The results of the response
then feed back to influence the stimulus, either
by depressing it (negative feedback), so that the
whole control mechanism is shut off; or by en-
hancing it (positive feedback), so that the reaction
continues at an even faster rate.
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Q o If this control system were regulating room temperature, what

* apparatus would be the effector?

@ Input: Information

is sent along afferent Control
pathway to control Center
center.
Afferent
pathway
Receptor

(2) Receptor
detects change. /

@ Stimulus
produces
change in
variable.

/
MBALWVCE

Figure 1.4 The elements of a homeostatic control system. Interaction
between the receptor, control center, and effector is essential for normal

operation of the system.

Most homeostatic control mechanisms are
negative feedback mechanisms. In such systems,
the net effect of the response to the stimulus is to
shut off the original stimulus or reduce its intensity.
A good example of a nonbiological negative feed-
back system is a home heating system connected
to a thermostat. In this situation, the thermostat
contains both the receptor and the control center.
If the thermostat is set at 20°C (68°F), the heating
system (effector) will be triggered ON when the
house temperature drops below that setting. As the
furnace produces heat, the air is warmed. When
the temperature reaches 20°C or slightly higher,
the thermostat sends a signal to shut off the fur-
nace. Your body “thermostat,” located in a part of
your brain called the hypothalamus, operates in a
similar way to regulate body temperature. Other
negative feedback mechanisms regulate heart rate,
blood pressure, breathing rate, and blood levels of
glucose, oxygen, carbon dioxide, and minerals.
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VARIABLE (in homeostasis)

@ Output: Information
is sent along efferent
pathway to effector.

Efferent
pathway

@ Response
of effector feeds

back to reduce

the effect of
stimulus and

returns variable

to homeostatic level.
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Positive feedback mechanisms are rare in
the body because they tend to increase the origi-
nal disturbance (stimulus) and to push the vari-
able farther from its original value. Typically these
mechanisms control infrequent events that occur
explosively and do not require continuous adjust-
ments. Blood clotting and the birth of a baby are
the most familiar examples of positive feedback
mechanisms.

—% Homeostatic Imbalance 1.1

Homeostasis is so important that most disease can
be regarded as a result of its disturbance, a condi-
tion called homeostatic imbalance. As we age,
our body organs become less efficient, and our
internal conditions become less and less stable.
These events place us at an increasing risk for
illness and produce the changes we associate with

aging.
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We provide examples of homeostatic imbal-
ance throughout this text to enhance your un-
derstanding of normal physiological mechanisms.
These homeostatic imbalance sections are preceded
by the symbol =& to alert you that an abnormal
condition is being described. ... +

Did You Get It?

7. When we say that the body demonstrates
homeostasis, do we mean that conditions in the
body are unchanging? Explain your answer.

8. When we begin to become dehydrated, we usually
get thirsty, which causes us to drink liquids. Is the
thirst sensation part of a negative or a positive
feedback control system? Defend your choice.

(For answers, see Appendix D.)

The Language of Anatomy

1-10 Verbally describe or demonstrate the anatomical
position.

1-11 Use proper anatomical terminology to describe
body directions, surfaces, and body planes.

1-12 Locate the major body cavities, and list the chief
organs in each cavity.

Learning about the body is exciting, but our inter-
est sometimes dwindles when we are faced with
the terminology of anatomy and physiology. Let’s
face it. You can’t just pick up an anatomy and
physiology book and read it as though it were a
novel. Unfortunately, confusion is inevitable with-
out specialized terminology. For example, if you
are looking at a ball, “above” always means the
area over the top of the ball. Other directional
terms can also be used consistently because the
ball is a sphere. All sides and surfaces are equal.
The human body, of course, has many protrusions
and bends. Thus, the question becomes: Above
what? To prevent misunderstanding, anatomists
use a set of terms that allow body structures to
be located and identified clearly with just a few
words. We present and explain this language of
anatomy next.

Anatomical Position

To accurately describe body parts and position,
we must have an initial reference point and use di-
rectional terms. To avoid confusion, we always as-
sume that the body is in a standard position called

the anatomical position. It is important to under-
stand this position because most body terminology
used in this text refers to this body positioning
regardless of the position the body happens to be
in. In the anatomical position, the body is erect
with the feet parallel and the arms hanging at the
sides with the palms facing forward (Figure 1.5
and Table 1.1).

* Stand up, and assume the anatomical position.
Notice that it is similar to “standing at attention”
but is less comfortable because the palms are
held unnaturally forward (with thumbs point-
ing away from the body) rather than hanging
cupped toward the thighs.

Directional Terms

Directional terms allow medical personnel and
anatomists to explain exactly where one body
structure is in relation to another. For example,
we can describe the relationship between the
ears and the nose informally by saying, “The
ears are located on each side of the head to
the right and left of the nose.” Using anatomical
terminology, this condenses to, “The ears are lat-
eral to the nose.” Using anatomical terminology
saves words and, once learned, is much clearer.
(Commonly used directional terms are defined
and illustrated in Table 1.1.) Although most of
these terms are also used in everyday conversa-
tion, keep in mind that their anatomical mean-
ings are very precise.

Before continuing, take a minute to check
your understanding of what you have read in
the table. Give the relationship between the fol-
lowing body parts using the correct anatomical

terms.

The wrist is to the hand.
The breastbone is to the spine.
The brain is
The thumb is to the fingers.
(Be careful here. Remember the anatomical

position.)

to the spinal cord.

Regional Terms

There are many visible landmarks on the surface
of the body. Once you know their proper anatomi-
cal names, you can be specific in referring to dif-
ferent regions of the body.



Table 1.1 Orientation and Directional Terms

Term

Definition

lllustration

Example

Superior (cranial or
cephalad)

Inferior (caudal)*

Ventral (anterion’

Dorsal (posterior)t

Medial

Lateral

Intermediate

Proximal

Distal

Superficial
(external)

Deep (internal)

Toward the head end or
upper part of a structure
or the body; above

Away from the head end
or toward the lower part
of a structure or the body;
below

Toward or at the front of
the body; in front of

Toward or at the backside
of the body; behind

Toward or at the midline
of the body; on the inner
side of

Away from the midline of
the body; on the outer
side of

Between a more medial
and a more lateral
structure

Close to the origin of the
body part or the point of
attachment of a limb to
the body trunk

Farther from the origin of
a body part or the point
of attachment of a limb to
the body trunk

Toward or at the body
surface

Away from the body
surface; more internal

<
<

==

\

\

=5 o - o o

—
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The forehead is superior to the
nose.

The navel is inferior to the
breastbone.

The breastbone is anterior to
the spine.

The heart is posterior to the
breastbone.

The heart is medial to the arm.

The arms are lateral to the
chest.

The collarbone is intermediate
between the breastbone and
the shoulder.

The elbow is proximal to the
wrist (meaning that the elbow
is closer to the shoulder or
attachment point of the arm
than the wrist is).

The knee is distal to the thigh.

The skin is superficial to the
skeleton.

The lungs are deep to the rib
cage.

*The term caudal, literally “toward the tail,” is synonymous with inferior only to the inferior end of the spine.

TVentral and anterior are synonymous in humans; this is not the case in four-legged animals. Ventral refers to the “belly” of an animal and thus is
the inferior surface of four-legged animals. Likewise, although the dorsal and posterior surfaces are the same in humans, the term dorsal refers to
an animal’s back. Thus, the dorsal surface of four-legged animals is their superior surface.
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e Study this figure for a moment to answer these two questions. Where would you
* hurt if you (1) pulled a groin muscle or (2) cracked a bone in your olecranal area?

Cephalic
Frontal
Orbital Upper limb
Nasal Acromial

Buccal Deltoid

Oral
Mental
Cervical
Thoracic

Abdominal
Umbilical

Pelvic
Inguinal
(groin)

Pubic (genital)

— Digital

Plantar
(a) Anterior/Ventral

Figure 1.5 Regional terms used to designate specific body areas.
(a) The anatomical position. (b) The heels are raised slightly to show the inferior
plantar surface (sole) of the foot, which is actually on the inferior surface of the body.

Anterior Body Landmarks

Look at the figure (Figure 1.5a) to find the follow-

ing body regions. Once you have identified all

the anterior body landmarks, cover the labels that

describe what the structures are. Then go through

the list again, pointing out these areas on your

own body.

* abdominal (ab-dom’i-nal): anterior body trunk
inferior to ribs

* acromial (ah-kro'me-ul): point of shoulder

* antebrachial (an"te-bra’ke-ul): forearm
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Lower limb
Coxal (hip)

Femoral (thigh)

Patellar
'ﬁ Popliteal ﬂ
Crural (leg)
Sural (calf)
[ Thorax Fibular
[ Abdomen Pedal (foot)
[ Back (Dorsum) Tarsal (ankle)

Calcaneal

Cephalic
Occipital (back
of head)
Cervical

Brachial (arm)

f Antecubital

Olecranal Back (dorsal)
Antebrachial Scapular
(forearm) Vertebral
Carpal (wrist)

Lumbar
Manus (hand) Sacral
Digital

Gluteal

(b) Posterior/Dorsal

Practice art labeling
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antecubital (an"te-ku’bi-tal): anterior surface
of elbow

axillary (ak’si-lar"e): armpit
brachial (bra’ke-al): arm

buccal (buk’al): cheek area
carpal (kar'pal): wrist

cervical (ser'vi-kal): neck region
coxal (kox'aD: hip

crural (kroo'ral): leg



* deltoid (del'toyd): curve of shoulder formed
by large deltoid muscle

* digital (dij'i-taD): fingers, toes

* femoral (fem'or-al): thigh

* fibular (fib'u-lar): lateral part of leg
* frontal (frun'tal): forehead

* inguinal (in'gwi-nal): area where thigh meets
body trunk; groin

* mental (men’tul): chin

* mnasal (na’zul): nose area

* oral (o'ral): mouth

* orbital (or'bi-tal): eye area

* patellar (pah-tel’er): anterior knee

* pelvic (pel'vik): area overlying the pelvis ante-
riorly

* pubic (pu’bik): genital region

* sternal (ster'nul): breastbone area
* tarsal (tar’sal): ankle region

* thoracic (tho-ras’ik): chest

* umbilical (um-bil’'i-kal): navel

Posterior Body Landmarks

Identify the following body regions in the figure
(Figure 1.5b), and then locate them on yourself
without referring to this text.

* calcaneal (kal-ka'ne-ul): heel of foot
* cephalic (seh-fa'lik): head

* femoral (fem’or-al): thigh

* gluteal (gloo’te-al): buttock

* lumbar (lum'bar): area of back between ribs
and hips; the loin

* occipital (ok-sip'i-tal): posterior surface of
head or base of skull

* olecranal (ol-eh-cra’nel): posterior surface of
elbow

* popliteal (pop-lit'e-al): posterior knee area
* sacral (sa'krul): area between hips
* scapular (skap'u-lar): shoulder blade region

* sural (soo'ral): the posterior surface of leg; the
calf

* vertebral (ver'té-bral): area of spinal column

The plantar region, or the sole of the foot, ac-
tually on the inferior body surface, is illustrated
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along with the posterior body landmarks (see
Figure 1.5b).

Did You Get It?

9. What is the anatomical position, and why is it
important that an anatomy student understand it?

10. The axillary and the acromial areas are both in the
general area of the shoulder. To what specific body
area does each of these terms apply?

(For answers, see Appendix D.)

Body Planes and Sections

When preparing to look at the internal structures
of the body, medical students make a section, or
cut. When the section is made through the body
wall or through an organ, it is made along an
imaginary line called a plane. Because the body
is three-dimensional, we can refer to three types
of planes or sections that lie at right angles to one
another (Figure 1.6, p. 18).

A sagittal (saj'i-tal) section is a cut along
the lengthwise, or longitudinal, plane of the
body, dividing the body into right and left parts.
If the cut is down the median plane of the body
and the right and left parts are equal in size, it
is called a median (midsagittal) section. All
other sagittal sections are parasagittal sections
(para = near).

A frontal section is a cut along a lengthwise
plane that divides the body (or an organ) into an-
terior and posterior parts. It is also called a coronal
(ko-ro'nal, “crown”) section.

A transverse section is a cut along a hori-
zontal plane, dividing the body or organ into su-
perior and inferior parts. It is also called a cross
section.

Sectioning a body or one of its organs along
different planes often results in very different
views. For example, a transverse section of the
body trunk at the level of the kidneys would show
kidney structure in cross section very nicely; a
frontal section of the body trunk would show a
different view of kidney anatomy; and a midsag-
ittal section would miss the kidneys completely.
Information on body organ positioning can be
gained by taking magnetic resonance imaging
(MRID) scans along different body planes (Figure
1.6). MRI scans are described further in “A Closer
Look” (pp. 10-1D).
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Q e Which section type would separate the two eyes?

(a) Median (midsagittal) (b) Frontal (coronal) plane (c) Transverse plane
Vertebral Right Left
column lung Heart  lung Liver  Aorta Pancreas  Spleen

Rectum Intestines Liver Stomach

Figure 1.6 The anatomical position and planes of the
frontal, and transverse with corresponding MRI scans.

Body Cavities

Anatomy and physiology textbooks typically de-
scribe two sets of internal body cavities, called the
dorsal and ventral body cavities, that provide differ-
ent degrees of protection to the organs within them
(Figure 1.7). Because these cavities differ in their
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Spleen Subcutaneous Spinal
fat layer cord

body—median,

mode of embryological development and in their
lining membranes, many anatomy reference books
do not identify the dorsal, or neural, body cavity as
an internal body cavity. However, the idea of two
major sets of internal body cavities is a useful learn-
ing concept, so we will continue to use it here.



Dorsal Body Cavity

The dorsal body cavity has two subdivisions,
which are continuous with each other. The cranial
cavity is the space inside the bony skull. The
brain is well protected because it occupies the
cranial cavity. The spinal cavity extends from the
cranial cavity nearly to the end of the vertebral
column. The spinal cord, which is a continuation
of the brain, is protected by the vertebrae, which
surround the spinal cavity.

Ventral Body Cavity

The ventral body cavity is much larger than the
dorsal cavity. It contains all the structures within
the chest and abdomen, that is, the visceral organs
in those regions. Like the dorsal cavity, the ventral
body cavity is subdivided. The superior thoracic
cavity is separated from the rest of the ventral
cavity by a dome-shaped muscle, the diaphragm
(di'ah-fram). The organs in the thoracic cavity
(lungs, heart, and others) are somewhat protected
by the rib cage. A central region called the
mediastinum (me”de-as-ti'num) separates the lungs
into right and left cavities in the thoracic cavity.
The mediastinum itself houses the heart, trachea,
and several other visceral organs.

The cavity inferior to the diaphragm is the
abdominopelvic (ab-dom"i-no-pel'vik) cavity.
Some prefer to subdivide it into a superior abdomi-
nal cavity, containing the stomach, liver, intestines,
and other organs, and an inferior pelvic cavity,
with the reproductive organs, bladder, and rectum.
However, there is no actual physical structure divid-
ing the abdominopelvic cavity. The pelvic cavity
is not continuous with the abdominal cavity in a
straight plane, but rather tips away from the abdom-
inal cavity in the posterior direction (see Figure 1.7).

—% Homeostatic Imbalance 1.2

When the body is subjected to physical trauma
(as often happens in an automobile accident,
for example), the most vulnerable abdominopel-
vic organs are those within the abdominal cavity.
The reason is that the abdominal cavity walls are
formed only of trunk muscles and are not rein-
forced by bone. The pelvic organs receive a some-
what greater degree of protection from the bony
pelvis in which they reside. ... +

Because the abdominopelvic cavity is quite
large and contains many organs, it helps to divide
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Figure 1.7 Body cavities. Notice the angular
relationship between the abdominal and pelvic cavities.

it up into smaller areas for study. A scheme com-
monly used by medical personnel divides the ab-
dominopelvic cavity into four more or less equal
regions called quadrants. The quadrants are then
simply named according to their relative positions—
that is, right upper quadrant (RUQ), right lower
quadrant (RLQ), left upper quadrant (LUQ), and
left lower quadrant (LLQ) (Figure 1.8, p. 20).

Another system, used mainly by anatomists,
divides the abdominopelvic cavity into nine sepa-
rate regions by four planes (Figure 1.9a, p. 20).
Although the names of the nine regions are unfa-
miliar to you now, with a little patience and study
they will become easier to remember. As you locate
these regions in the figure, notice the organs they
contain (refer to Figure 1.9b).

* The umbilical region is the centermost region,
deep to and surrounding the umbilicus (navel).
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Right upper Left upper
quadrant quadrant
(RUQ) (LUQ)
Right lower Left lower
quadrant quadrant
(RLQ) (LLQ)

Figure 1.8 The four abdominopelvic quadrants.
In this scheme, the abdominopelvic cavity is divided
into four quadrants by two planes.

* The epigastric (ep"i-gas'trik) region is located

superior to the umbilical region (epi = upon,
above; gastric = stomach).

Liver

* The hypogastric (pubic) region is inferior
to the umbilical region (hypo = below).

* The right and left iliac, or inguinal, regions
are lateral to the hypogastric region (iliac =
superior part of the hip bone).

* The right and left lumbar regions lie lateral
to the umbilical region (lumbus = loin).

* The right and left hypochondriac (hi"po-
kon'dre-ak) regions flank the epigastric re-
gion and contain the lower ribs (chondro =
cartilage).

Other Body Cavities

In addition to the large closed body cavities, there
are several smaller body cavities. Most of these are
in the head and open to the body exterior. (With
the exception of the middle ear cavities, the body
regions that house these cavities are all shown in
Figure 1.5.)

* Oral and digestive cavities. The oral cavity,
commonly called the mouth, contains the teeth
and tongue. This cavity is part of and con-
tinuous with the cavity of the digestive organs,
which opens to the exterior at the anus.

Diaphragm
Stomach
Transverse

Epigastric hypoc"eﬂ GallblaogSy colon of large
region re . Ascending intestine
colon of large Descending
Umbilical intestine colon of large
o Small intestine intestine
Initial part of

Hypogastric
(pubic)
region

(a) Nine regions delineated by four planes

Cecum
Appendix

sigmoid colon

Urinary
bladder

(b) Anterior view of the nine regions
showing the superficial organs

Figure 1.9 The nine abdominopelvic regions. In (a), the superior transverse
plane is just superior to the ribs; the inferior transverse plane is just superior to
the hip bones; and the parasagittal planes lie just medial to the nipples.
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* Nasal cavity. Located within and posterior Did You Get It?
to the nose, the nasal cavity is part of the respi-

11. If you wanted to separate the thoracic cavity from
ratory system passageways.

the abdominal cavity of a cadaver, which type of

* Orbital cavities. The orbital cavities (orbits) in section would you make?
the skuu house. .the eyes and present them in 12. Of the spinal cord, small intestine, uterus, and
an anterior position. heart, which are in the dorsal body cavity?

* Middle ear cavities. The middle ear cavities 13. Joe went to the emergency room, where he
carved into the skull lie just medial to the ear- complained of severe pains in the lower right
drums. These cavities contain tiny bones that quadrant of his abdomen. What might be his
transmit sound vibrations to the hearing recep- problem?
tors in the inner ears. (For answers, see Appendix D.)

SUMMARY

@ For more chapter study tools, go to the Study Area endocrine, cardiovascular, lymphatic, respiratory,
of MasteringA&P. There you will find: digestive, urinary, and reproductive systems. (For a

description of the organ systems naming the major
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organs and functions, see pp. 3-7).

« A&PFlix A&PFlix

« Practice Anatomy Lab PAL Maintaining Life (pp. 7-12)

0 GilRgee B AP 1. To sustain life, an organism must be able to main-

« Flashcards, Quizzes, Crossword Puzzles, tain its boundaries, move, respond to stimuli, digest
Art-labeling Activities, Practice Tests, and more! nutrients and excrete wastes, carry on metabolism,
reproduce itself, and grow.

An Overview of Anatomy 2. Survival needs include food, oxygen, water, appropri-
and Physiology (pp. 1-2) ate temperature, and normal atmospheric pressure.

. L Extremes of any of these factors can be harmful.
1. Anatomy is the study of structure. Observation is Y

used to see the sizes and relationships of body parts. Homeostasis (pp. 12-14)

2. Physiology is the study of how a structure (which
may be a cell, an organ, or an organ system) func-
tions or works.

1. Body functions interact to maintain homeostasis,
or a relatively stable internal environment within
the body. Homeostasis is necessary for survival and

3. Structure determines what functions can occur; good health; its loss results in illness or disease.
therefore, if the structure changes, the function

2. All homeostatic control mechanisms have three
must also change.

components: (1) a receptor that responds to en-
vironmental changes, (2) a control center that as-
sesses those changes and produces a response by
1. There are six levels of structural organization. activating (3) the effector.
Atoms (at the chemical level) combine, forming the
unit of life, the cell. Cells are grouped into tissues,
which in turn are arranged in specific ways to form
organs. An organ system is a group of organs that
performs a specific function for the body (which
no other organ system can do). Together, all of the
organ systems form the organism, or living body. 1. Anatomical terminology is relative and assumes
that the body is in the anatomical position (erect,
palms facing forward).

Levels of Structural Organization (pp. 2-7)

3. Most homeostatic control systems are negative
feedback systems, which act to reduce or stop the
initial stimulus.

The Language of Anatomy (pp. 14-21)

2. Eleven organ systems make up the human body:
the integumentary, skeletal, muscular, nervous,
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2. Directional terms

REVIEW QUESTIONS

Multiple Choice

a. Superior (cranial, cephalad): above something
else, toward the head.

b. Inferior (caudal): below something else, toward
the tail.

More than one choice may apply.

1. Consider the following levels: (1) chemical; (2) tissue;

¢. Ventral (anterior): toward the front of the body
or structure.

d. Dorsal (posterior): toward the rear or back of
the body or structure.

. Medial: toward the midline of the body.
Lateral: away from the midline of the body.

. Proximal: closer to the point of attachment.

o 0

. Distal: farther from the point of attachment.

—

Superficial (external): at or close to the body
surface.

j. Deep (internal): below or away from the body
surface.

. Regional terms. Visible landmarks on the body sur-
face may be used to specifically refer to a body
part or area. (See pp. 16-17 for terms referring to
anterior and posterior surface anatomy.)

. Body planes and sections

a. Sagittal section: separates the body longitudi-
nally into right and left parts.

b. Frontal (coronal) section: separates the body on a
longitudinal plane into anterior and posterior parts.
c. Transverse (cross) section: separates the body on
a horizontal plane into superior and inferior parts.

. Body cavities

a. Dorsal: well protected by bone; has two subdi-
visions.
1. Cranial: contains the brain.
2. Spinal: contains the spinal cord.

b. Ventral: less protected than dorsal cavity; has
two subdivisions.

1. Thoracic: The superior cavity that extends in-
feriorly to the diaphragm; contains heart and
lungs, which are protected by the rib cage.

2. Abdominopelvic: The cavity inferior to the di-
aphragm that contains the digestive, urinary,
and reproductive organs. The abdominal por-
tion is vulnerable because it is protected only
by the trunk muscles. The pelvic portion is
protected somewhat by the bony pelvis. The
abdominopelvic cavity is often divided into
four quadrants or nine regions (see Figures
1.8 and 1.9).

c. Smaller open body cavities include the oral,
nasal, orbital, and middle ear cavities.

(3) organ; (4) cellular; (5) organismal; (6) systemic.
Which of the following choices has the levels listed
in order of increasing complexity?

a.1,2,3,4,5,6 d. 1,4,23,6,5
b.1,4,2,5 3,6 e. 4,1,3,2,6,5
c. 3,1,2,4,6,5

. Which of the following is (are) involved in main-

taining homeostasis?
d. Feedback
b. Control center  e. Lack of change

a. Effector

c. Receptor

. Which is not essential to survival?

a. Water d. Atmospheric pressure
b. Oxygen e. Nutrients

c. Gravity

. Using the terms listed below, fill in the blank with

the proper term.

anterior superior medial proximal superficial
posterior inferior lateral distal deep

The heart is located to the diaphragm.
The muscles are to the skin.
The shoulder is
In anatomical position, the thumb is to

the index finger.

to the elbow.

The vertebral region is
region.

to the scapular

The gluteal region is located on the sur-
face of the body.

. Match the proper anatomical term (column B) with

the common name (column A) for the body re-
gions listed below.

Column A Column B
_ 1. buttocks a. inguinal
_ 2.back b. frontal
3. shoulder blade c. dorsal
4. front of elbow d. lumbar
_ 5.toes e. gluteal
______b.groin f. antecubial
7. forehead g. plantar
__ 8. lower back h. digital
_ 9.sole of foot i. scapular



0.

7.

8.

Anatomical terms that apply to the backside of the
body in the anatomical position include

a. ventral and anterior.
b. back and rear.

¢. posterior and dorsal.
d. head and lateral.

A neurosurgeon orders a spinal tap for a patient.
Into what body cavity will the needle be inserted?

a. Ventral d. Cranial
b. Thoracic e. Pelvic
c. Dorsal

Which of the following groupings of the abdomi-
nopelvic regions is medial?

a. Hypochondriac, hypogastric, umbilical
b. Hypochondriac, lumbar, inguinal

¢. Hypogastric, umbilical, epigastric

d. Lumbar, umbilical, iliac

e. Iliac, umbilical, hypochondriac

Short Answer Essay

9.

10.

11.

12.

13.

14.

15.

Define anatomy and physiology.

List the 11 organ systems of the body, briefly de-
scribe the function of each, and then name two
organs in each system.

Explain the meaning of homeostasis as applied to
the living organism.

What is the consequence of loss of homeostasis, or
homeostatic imbalance?

Many body structures are symmetrical. Are the kid-
neys symmetrical? What about the stomach?

On what body surface is each of the following lo-
cated: nose, calf of leg, ears, umbilicus, fingernails?

Which of the following organ systems—digestive,
respiratory, reproductive, circulatory, urinary, or
muscular—are found in both subdivisions of the
ventral body cavity? Which are found in the thoracic
cavity only? In the abdominopelvic cavity only?
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16.

17.

18.

19.

20.

21.
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CRITICAL THINKING AND
CLINICAL APPLICATION
QUESTIONS

A nurse informed John that she was about to take
blood from his antecubital region. What part of his
body was she referring to? Later, she came back
and said that she was going to give him an antibi-
otic shot in the deltoid region. Did he take off his
shirt or pants to get the shot? Before John left the
office, the nurse noticed that his left sural region
was badly bruised. What part of his body was black
and blue?

How is the concept of homeostasis (or its loss)
related to disease and aging? Provide examples to
support your reasoning.

Jennifer fell off her motorcycle and tore a nerve in
her axillary region. She also tore ligaments in her
cervical and scapular regions and broke the only
bone of her right brachial region. Explain where
each of her injuries is located.

Mr. Garcia is behaving abnormally, and doctors
strongly suspect he has a brain tumor. Which medi-
cal imaging device—conventional X ray, DSA, PET,
ultrasound, or MRT—would be best for precisely
locating a tumor within the brain? Explain your
choice.

Parathyroid hormone (PTH) is secreted in response
to a drop in calcium levels in the blood. The secre-
tion of PTH is regulated by a negative feedback
mechanism. What can you expect to happen to
calcium blood levels as increased amounts of PTH
are secreted, and why?

Mr. Harvey, a computer programmer, has been com-
plaining about numbness and pain in his right hand.
His physician diagnosed carpal tunnel syndrome
and prescribed a splint. Where will Mr. Harvey
apply the splint? Be sure to use correct anatomical
terminology in your answer.




FUNCTION PREVIEW

D The body is composed of
chemicals that underlie

and provide for all bodily
functions.

Many short courses in anatomy and physiol-
ogy lack the time to consider chemistry as a topic.
So why include it here? The answer is simple. The
food you eat and the medicines you take when you
are ill are composed of chemicals. Indeed, your
entire body is made up of chemicals—thousands of
them—continuously interacting with one another
at an incredible pace.

It is possible to study anatomy without refer-
ring much to chemistry, but chemical reactions
underlie all body processes—movement, diges-
tion, the pumping of your heart, and even your
thoughts. In this chapter we present the basics of
chemistry and biochemistry (the chemistry of liv-
ing material), providing the background you will
need to understand body functions.

Istry

LN

Concepts of Matter
and Energy

2-1 Differentiate matter from energy.

2-2 List four major energy forms, and provide one
example of how each energy form is used in the
body.

Matter

Matter is the “stuff” of the universe. With some
exceptions, it can be seen, smelled, and felt. More
precisely, matter is anything that occupies space
and has mass (weight). Chemistry studies the na-
ture of matter—how its building blocks are put
together and how they interact.



Matter exists in solid, liquid, and gaseous
states. Examples of each state are found in the hu-
man body. Solids, such as bones and teeth, have a
definite shape and volume. Liguids have a definite
volume, but they conform to the shape of their
container. Examples of body liquids are blood
plasma and the interstitial fluid that bathes all
body cells. Gases have neither a definite shape nor
a definite volume. The air we breathe is a mixture
of gases.

Matter may be changed both physically and
chemically. Physical changes do not alter the basic
nature of a substance. Examples include changes in
state, such as ice melting to become water and food
being cut into smaller pieces. Chemical changes
do alter the composition of the substance—often
substantially. Fermenting grapes to make wine and
the digestion of food in the body are examples of
chemical changes.

Energy

In contrast to matter, energy has no mass and
does not take up space. It can be measured only
by its effects on matter. We commonly define en-
ergy as the ability to do work or to put matter into
motion. When energy is actually doing work (mov-
ing objects), we refer to it as kinetic (ki-neh'tik)
energy. Kinetic energy is displayed in the constant
movement of the tiniest particles of matter (atoms)
as well as in larger objects, such as a bouncing
ball. When energy is inactive or stored (as in the
batteries of an unused toy), we call it potential
energy. All forms of energy exhibit both kinetic
and potential work capacities.

Actually, energy is a physics topic, but it is
difficult to separate matter and energy. All living
things are built of matter, and to grow and func-
tion they require a continuous supply of energy.
Thus, matter is the substance, and energy is the
mover of the substance. Because this is so, let’s
take a brief detour to introduce the forms of en-
ergy the body uses as it does its work.

Forms of Energy

* Chemical energy is stored in the bonds of
chemical substances. When the bonds are bro-
ken, the (potential) stored energy is unleashed
and becomes kinetic energy (energy in action).
For example, when gasoline molecules are bro-
ken apart in your automobile engine, the en-
ergy released powers your car. In like manner,
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the chemical energy harvested from the foods
we eat “runs” all body activities.

* Electrical energy results from the movement
of charged particles. In your house, electrical
energy is the flow of electrons along the wir-
ing. In your body, an electrical current is gener-
ated when charged particles (called ions) move
across cell membranes. The nervous system
uses electrical currents called nerve impulses to
transmit messages from one part of the body to
another.

* Mechanical energy is energy directly involved
in moving matter. When you ride a bicycle,
your legs provide the mechanical energy that
moves the pedals. We can take this example
one step further back: As the muscles in your
legs shorten, they pull on your bones, causing
your limbs to move (so that you can pedal the
bike).

Radiant energy travels in waves; that is, it
is the energy of the electromagnetic spec-
trum, which includes X rays, infrared radiation
(heat energy), visible light, radio, and ultra-
violet waves. Light energy, which stimulates the
retinas of your eyes, is important in vision.
Ultraviolet waves cause sunburn, but they also
stimulate our bodies to make vitamin D.

Energy Form Conversions

With a few exceptions, energy is easily converted
from one form to another. For example, chemi-
cal energy (from gasoline) that powers the motor
of a speedboat is converted into the mechani-
cal energy of the whirling propeller that allows
the boat to skim across the water. In the body,
chemical energy of foods is trapped in the bonds
of a high-energy chemical called ATP (adenosine
triphosphate), and ATP’s energy may ultimately
be transformed into the electrical energy of a
nerve impulse or mechanical energy of shortening
muscles.

Energy conversions are not very efficient, and
some of the initial energy supply is always “lost” to
the environment as heat (thermal energy). It is not
really lost, because energy cannot be created or
destroyed, but the part given off as heat is unus-
able. You can easily demonstrate this principle by
touching a lightbulb that has been lit for an hour
or so. Notice that some of the electrical energy
reaching the bulb is producing heat instead of
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light. Likewise, all energy conversions in the body
liberate heat. This heat makes us warm-blooded
animals and contributes to our relatively high body
temperature, which has an important influence on
body functioning. For example, when matter is
heated, its particles begin to move more quickly;
that is, their kinetic energy (energy of motion) in-
creases. This is important to the chemical reactions
that occur in the body because, up to a point, the
higher the temperature, the faster those reactions
occur. We will learn more about this later.

Did You Get It?

1. Matter and energy—how are they interrelated?

2. What form of energy is used to transmit messages
from one part of the body to another?

3. What type of energy is available when we are still?
When we are exercising?

4. What does it mean when we say that some energy
is “lost” every time energy changes from one form
to another in the body?

(For answers, see Appendix D.)

Composition of Matter

Elements and Atoms

2-3 Define chemical element, and list the four
elements that form the bulk of body matter.

2-4 Explain how elements and atoms are related.

All matter is composed of a limited number of sub-
stances called elements, unique substances that
cannot be broken down into simpler substances by
ordinary chemical methods. Examples of elements
include many commonly known substances, such
as oxygen, carbon, gold, copper, and iron.

So far, 118 elements have been identified with
certainty. Ninety-two of these occur in nature; the
rest are made artificially in accelerator devices.
Four elements—carbon, oxygen, hydrogen, and
nitrogen—make up about 96 percent of body
weight. Besides these four elements, several oth-
ers are present in small or trace amounts. A
complete listing of the elements appears in the
periodic table, an odd-shaped checkerboard
(see Appendix B) that appears in chemistry class-
rooms the world over. (The most abundant elements
found in the body and their major roles are listed
in Table 2.1.)

Each element is composed of more or less
identical particles or building blocks called
atoms. Because all elements are unique, the
atoms of each element differ from those of all
other elements. We designate each element by
a one- or two-letter chemical shorthand called
an atomic symbol. In most cases, the atomic
symbol is simply the first (or first two) letter(s)
of the element’s name. For example, C stands
for carbon, O for oxygen, and Ca for calcium.
In a few cases, the atomic symbol is taken from
the Latin name for the element. For instance,
sodium is indicated by Na (from the Latin word
natrium).

Atomic Structure

2-5 List the subatomic particles, and describe their
relative masses, charges, and positions in the atom.

The Basic Atomic Subparticles

The word atom comes from the Greek word mean-
ing “incapable of being divided,” and historically
this idea of an atom was accepted as a scientific
truth. According to this notion, you could theo-
retically divide a pure element, such as a block
of gold, into smaller and smaller particles until
you got down to the individual atoms, at which
point you could subdivide no further. We now
know that atoms, although indescribably small,
are clusters of even smaller particles called pro-
tons, neutrons, and electrons, and that even those
subatomic particles can be subdivided with high-
technology tools. Even so, the old idea of atomic
indivisibility is still very useful, because an atom
loses the unique properties of its element when it
is split into its subparticles.

An atom’s subatomic particles differ in their
mass, electrical charge, and position within the
atom (Table 2.2, p. 28). Protons (p™) have a posi-
tive charge, whereas neutrons (n°) are uncharged,
or neutral. Protons and neutrons are heavy particles
and have approximately the same mass (1 atomic
mass unit, or 1 amu). The tiny electrons (e™) bear
a negative charge equal in strength to the positive
charge of the protons, but their mass is so small that
it is usually designated as 0 amu.

The electrical charge of a particle is a measure
of its ability to attract or repel other charged parti-
cles. Particles with the same type of charge (+ to +
or — to —) repel each other, but particles with
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Table 2.1
Atomic Percentage of

Element symbol body mass Role

Major (96.1%)

Oxygen (@) 65.0 A major component of both organic and inorganic molecules;
as a gas, essential to the oxidation of glucose and other food
fuels, during which cellular energy (ATP) is produced.

Carbon C 18.5 The primary element in all organic molecules, including
carbohydrates, lipids, proteins, and nucleic acids.

Hydrogen H 9.5 A component of most organic molecules; as an ion
(a charged atom), it influences the pH of body fluids.

Nitrogen N 3.2 A component of proteins and nucleic acids (genetic material).
Lesser (3.9%)

Calcium Ca 1.5 Found as a salt in bones and teeth; in ionic form, required for
muscle contraction, neural transmission, and blood clotting.

Phosphorus P 1.0 Present as a salt, in combination with calcium, in bones and
teeth; also present in nucleic acids and many proteins; forms
part of the high-energy compound ATP.

Potassium K 0.4 In its ionic form, the major intracellular cation; necessary for
the conduction of nerve impulses and for muscle contraction.

Sulfur S 0.3 A component of proteins (particularly contractile proteins of
muscle).

Sodium Na 0.2 As an ion, the major extracellular cation; important for

water balance, conduction of nerve impulses, and muscle
contraction.

Chlorine Cl 0.2 In ionic (chloride) form, the most abundant extracellular anion.

Magnesium Mg 0.1 Present in bone; also an important cofactor for enzyme activity
in a number of metabolic reactions.

lodine I 0.1 Needed to make functional thyroid hormones.

lron Fe 0.1 A component of the functional hemoglobin molecule
(which transports oxygen within red blood cells) and some
enzymes.

Trace (less than 0.01%)*

Chromium (Cr), Cobalt (Co), Copper (Cu), Fluorine (F), Manganese (Mn), Molybdenum (Mo),
Selenium (Se), Silicon (Si), Tin (Sn), Vanadium (V), Zinc (Zn)

*Referred to as the trace elements because they are required in very minute amounts; many are found as part of enzymes or are required for
enzyme activation.
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Table 2.2

Particle Position in atom Mass (amu) Charge
Proton (p*) Nucleus 1 +
Neutron (n°) Nucleus 1 0
Electron (e™) Orbitals outside the nucleus 1/2000 —
unlike charges (+ to —) attract each other. Neutral
particles are neither attracted to nor repelled by Nucleus

charged particles.

Because all atoms are electrically neutral, the
number of protons an atom has must be precisely
balanced by its number of electrons (the + and —
charges will then cancel the effect of each other).
Thus, hydrogen has one proton and one electron,
and iron has 26 protons and 26 electrons. For
any atom, the number of protons and electrons is
always equal. Atoms that have gained or lost elec-
trons are called ions, as we discuss shortly.

Planetary and Orbital Models of an Atom

The planetary model of an atom portrays the
atom as a miniature solar system (Figure 2.1a)
in which the protons and neutrons are clustered
at the center of the atom in the atomic nucleus.
Because the nucleus contains all the heavy par-
ticles, it is fantastically dense and positively
charged. The tiny electrons orbit around the nu-
cleus in fixed, generally circular orbits, like plan-
ets around the sun. But we can never determine
the exact location of electrons at a particular time
because they jump around following unknown
paths. So, instead of speaking of specific orbits,
chemists talk about orbitals—regions around the
nucleus in which a given electron or electron
pair is likely to be found most of the time. This
more modern model of atomic structure, called
the orbital model, has proved to be more use-
ful in predicting the chemical behavior of atoms.
The orbital model depicts the general location
of electrons outside the nucleus as a haze of
negative charge referred to as the electron cloud
(Figure 2.1b). Regions where electrons are most
likely to be found are shown by denser shading
rather than by orbit lines.

Regardless of which model is used, notice that
the electrons have the run of nearly the entire

¥

Helium atom Helium atom
2 protons (p™)

2 neutrons (nY)
2 electrons (e™)

2 protons (p™)
2 neutrons (nY)
2 electrons (e7)

(a) Planetary model (b) Orbital model

@ Proton
) Neutron

@ Electron
Electron cloud

Figure 2.1 The structure of an atom. The dense
central nucleus contains the protons and neutrons.
(a) In the planetary model of an atom, the electrons
move around the nucleus in fixed orbits. (b) In the
orbital model, electrons are shown as a cloud of
negative charge.

volume of the atom. Electrons also determine an
atom’s chemical behavior (that is, its ability to
bond with other atoms). Though now considered
outdated, the planetary model is simple and easy
to understand and use. Most of the descriptions of
atomic structure in this text use that model.
Hydrogen is the simplest atom, with just one
proton and one electron. You can visualize the
hydrogen atom by imagining it as a sphere with
its diameter equal to the length of a football field.
The nucleus could then be represented by a lead
ball the size of a gumdrop in the exact center of
the sphere and the lone electron pictured as a fly



@ Proton
) Neutron
@ Electron

(a) Hydrogen (H)
(1p*; 0n%; 1e)

(b) Helium (He)
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(c) Lithium (Li)

(2p™; 2n0; 2e7) (38p*; 4n0; 3e7)

Figure 2.2 Atomic structure of the three smallest atoms.

buzzing about unpredictably within the sphere.
This mental picture should remind you that most
of the volume of an atom is empty space, and
most of the mass is in the central nucleus.

Did You Get It?

5. Which four elements make up the bulk of living
matter?

6. How is an atom related to an element?

(For answers, see Appendix D.)

Identifying Elements

2-6 Define radioisotope, and describe briefly how
radioisotopes are used in diagnosing and treating
disease.

All protons are alike, regardless of the atom being
considered. The same is true of all neutrons and
all electrons. So what determines the unique prop-
erties of each element? The answer is that atoms of
different elements are composed of different num-
bers of protons, neutrons, and electrons.

The simplest and smallest atom, hydrogen, has
one proton, one electron, and no neutrons (Figure
2.2). Next is the helium atom, with two protons,
two neutrons, and two orbiting electrons. Lithium
follows with three protons, four neutrons, and three
electrons. If we continue this step-by-step listing of
subatomic particles, we could describe all known
atoms by adding one proton and one electron at
each step. The number of neutrons is not as easy to
pin down, but light atoms tend to have equal num-
bers of protons and neutrons, whereas in larger at-
oms neutrons outnumber protons. However, all we
really need to know to identify a particular element
is its atomic number, mass number, and atomic

weight. Taken together, these indicators provide a
fairly complete picture of each element.

Atomic Number

Each element is given a number, called its atomic
number, that is equal to the number of protons its
atoms contain. Atoms of each element contain a
different number of protons from the atoms of any
other element; hence, its atomic number is unique.
Because the number of protons is always equal to
the number of electrons, the atomic number in-
directly also tells us the number of electrons that
atom contains.

Atomic Mass

The atomic mass of any atom is the sum of the
masses of all the protons and neutrons contained
in its nucleus. (The mass of the electrons is so
small that we ignore it.) Hydrogen has one bare
proton and no neutrons in its nucleus; so its atomic
number and atomic mass number are the same
(1. Helium, with two protons and two neutrons,
has a mass number of 4. The atomic mass number
is written as a superscript to the left of the atomic
symbol (see the examples in Figure 2.3 on p. 30).

Atomic Weight and Isotopes

At first glance, it seems that the atomic weight of
an atom should be equal to its atomic mass. This
would be so if there were only one type of atom
representing each element. However, the atoms of
almost all elements exhibit two or more structural
variations; these varieties are called isotopes (i'so-
tops). Isotopes have the same number of protons
and electrons but vary in the number of neutrons
they contain. Thus, the isotopes of an element
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Q e Which of these isotopes is the heaviest?

@ Proton
) Neutron
@ Electron

Hydrogen (1H)
(1p*; On%; 1e7)

Deuterium (2H)
(1p*; 1n0; 1e7)

Tritium (3H)
(1p*; 2n9%; 1e7)

Figure 2.3 Isotopes of hydrogen differ in their numbers of neutrons.

have the same atomic number but have differ-
ent atomic masses. Because all of an element’s
isotopes have the same number of electrons (and
clectrons determine bonding properties), their
chemical properties are exactly the same. As a
general rule, the atomic weight of any element
is approximately equal to the mass number of its
most abundant isotope. For example, as we said
before, hydrogen has an atomic number of 1, but
it also has isotopes with atomic masses of 1, 2,
and 3 (see Figure 2.3). Its atomic weight is 1.0079,
which reveals that its lightest isotope is present in
much greater amounts in our world than its ?H or
3H forms. (The atomic numbers, mass numbers,
and atomic weights for elements commonly found
in the body are provided in Table 2.3).

The heavier isotopes of certain atoms are un-
stable and tend to decompose to become more
stable; such isotopes are called radioisotopes.
The why of this process is very complex, but
apparently the “glue” that holds the atomic nuclei
together is weaker in the heavier isotopes. This
process of spontaneous atomic decay is called
radioactivity and can be compared to a tiny
explosion. All types of radioactive decay involve
the ejection of particles (alpha or beta particles)
or electromagnetic energy (gamma rays) from the
atom’s nucleus and are damaging to living cells.
Alpha emission has the least penetrating power;
gamma radiation has the most. Contrary to what
some believe, ionizing radiation does not dam-
age the atoms in its path directly. Instead it sends

.
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electrons flying, like a bowling ball through pins,
all along its path. It is these electrons that do the
damage.

Radioisotopes are used in minute amounts
to tag biological molecules so that they can
be followed, or traced, through the body and
are valuable tools for medical diagnosis and
treatment. For example, PET scans, which use
radioisotopes, are discussed in “A Closer Look”
(pp. 10-11). Additionally, a radioisotope of io-
dine can be used to scan the thyroid gland of
a patient suspected of having a thyroid tumor.
Radium, cobalt, and certain other radioisotopes
are used to destroy localized cancers.

Did You Get It?

7. An atom has five neutrons, four protons, and four
electrons. What is its atomic number? What is its
atomic mass number?

8. What name is given to an unstable atom that has
either more or fewer neutrons than its typical number?

(For answers, see Appendix D.)

Molecules and Compounds

2-7 Define molecule, and explain how molecules are
related to compounds.

When two or more atoms combine chemically,
molecules are formed. If two or more atoms of
the same element bond together, a molecule of
that element is produced. For example, when two



Chapter 2: Basic Chemistry 31

Table 2.3

Atomic Mass 2

number number Atomic Electrons in
Element Symbol (# of p) (# of p + n) weight valence shell
Calcium Ca 20 40 40.08 2
Carbon C 6 12 12.011 4
Chlorine Cl 17 35 35.453 7
Hydrogen H 1 1 1.008 1
lodine | 53 127 126.905 7
Iron Fe 26 56 55.847 2
Magnesium Mg 12 24 24.305 2
Nitrogen N 7 14 14.007 5
Oxygen O 8 16 15.999 6
Phosphorus P 15 31 30.974 5
Sodium Na 11 23 22.99 1
Sulfur S 16 32 32.064 6

hydrogen atoms bond, a molecule of hydrogen
gas is formed:

H (atom) + H (atom) — H, (molecule)*

In this example, the reactants (the atoms taking
part in the reaction) are indicated by their atomic
symbols, and the product (the molecule formed)
is indicated by a molecular formula that shows its
atomic makeup. The chemical reaction is shown
by writing a chemical equation.

When two or more different atoms bind together
to form a molecule, the molecule is more specifi-
cally referred to as a molecule of a compound.
For example, four hydrogen atoms and one carbon
atom can interact chemically to form methane:

4H + C = CH, (methane)

"Notice that when the number of atoms is written as a sub-

script, indicates that the atoms are joined by a chemical bond.

Thus, 2H represents two unjoined atoms, but H, indicates
that the two hydrogen atoms are bonded together to form a
molecule.

Thus, a molecule of methane is a compound, but
a molecule of hydrogen gas is not—it is instead
called molecular hydrogen.

It is important to understand that compounds
always have properties quite different from those
of the atoms making them up, and it would be
next to impossible to determine the atoms making
up a compound without analyzing it chemically.
Sodium chloride is an excellent example of the
difference in properties between a compound and
its constituent atoms (Figure 2.4, p. 32). Sodium
is a silvery white metal, and chlorine in its mo-
lecular state is a poisonous green gas used to
make bleach. However, sodium chloride is table
salt, a white crystalline solid that we sprinkle on
our food. Notice that just as an atom is the small-
est particle of an element that still retains that
element’s properties, a molecule is the smallest
particle of a compound that still retains the prop-
erties of that compound. If you break the bonds
between the atoms of the compound, properties
of the atoms, rather than those of the compound,
will be exhibited.
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Sodium (silvery metal)

Chlorine (poisonous gas)

Sodium chloride (table salt)

Figure 2.4 Properties of a compound differ from those of its atoms.

Did You Get It?

9. What is the meaning of the term molecule?

10. How does a molecule of an element differ from a
molecule of a compound?

(For answers, see Appendix D.)

Chemical Bonds and
Chemical Reactions

2-8 Recognize that chemical reactions involve the
interaction of electrons to make and break
chemical bonds.

2-9 Differentiate ionic, polar covalent, and nonpolar
covalent bonds, and describe the importance of
hydrogen bonds.

2-10 Contrast synthesis, decomposition, and exchange
reactions.

Chemical reactions occur whenever atoms com-
bine with or dissociate from other atoms. When at-
oms unite chemically, chemical bonds are formed.

Bond Formation

It is important to understand that a chemical bond
is not an actual physical structure, like a pair of
handcuffs linking two people together. Instead,
it is an energy relationship that involves interac-
tions between the electrons of the reacting atoms.
Because this is so, let’s consider the role electrons
play in forming bonds.

Role of Electrons

Electrons occupy orbits or generally fixed regions
of space around the nucleus (Figure 2.2); these
regions are also called electron shells, or energy

levels. The maximum number of electron shells
in any atom known so far is seven, and these are
numbered 1 to 7 from the nucleus outward. The
electrons closest to the nucleus are those most
strongly attracted to its positive charge, and those
farther away are less securely held. As a result, the
more distant electrons are likely to interact with
other atoms.

Perhaps this situation can be compared to the
development of a child. During infancy and the
toddler years, the child spends most of its time
at home and is shaped and molded by the ideas
and demands of its parents. However, when the
child goes to school, it is increasingly influenced
by friends and other adults, such as teachers and
coaches. Thus, just as the child is more likely to
become involved with “outsiders” as it roams far-
ther from home, electrons are more influenced by
other atoms as they get farther and farther away
from the positive influence of the nucleus.

There is an upper limit to the number of elec-
trons that each electron shell can hold. Shell 1,
closest to the nucleus, is small and can accom-
modate only 2 electrons. Shell 2 holds a maximum
of 8. Shell 3 can accommodate up to 18 electrons.
Subsequent shells hold larger and larger numbers
of electrons. In most (but not all) cases, the shells
tend to be filled consecutively.

The only electrons that are important when con-
sidering bonding behavior are those in the atom’s
outermost shell. This shell is called the valence
shell, and its electrons determine the chemical be-
havior of the atom. As a general rule, the electrons
of inner shells do not take part in bonding.

When the valence shell of an atom contains
eight electrons, the atom is completely stable and



is chemically inactive (inert). When the valence
shell contains fewer than eight electrons, an atom
will tend to gain, lose, or share electrons with
other atoms to reach a stable state. When any of
these events occurs, chemical bonds are formed.
(Examples of chemically inert and reactive ele-
ments are shown in Figure 2.5).

The key to chemical reactivity is referred to
as the rule of eights; that is, atoms interact in such
a way that they will have eight electrons in their
valence shell. The first electron shell represents an
exception to this rule, because it is “full” when it
has two electrons. As you might guess, atoms must
approach each other very closely for their elec-
trons to interact—in fact, their outermost electron
shells must overlap.

Types of Chemical Bonds

lonic Bonds Ionic (i-on’ik) bonds form when
electrons are completely transferred from one
atom to another. Atoms are electrically neutral, but
when they gain or lose electrons during bonding,
their positive and negative charges are no longer
balanced, and charged particles, called ions, re-
sult. When an atom gains an electron, it acquires
a net negative charge because it now has more
electrons than protons. Negatively charged ions
are more specifically called anions. When an atom
loses an electron, it becomes a positively charged
ion, a cation, because it now possesses more pro-
tons than electrons. (It may help you to remem-
ber that a cation is a positively charged ion by
thinking of its “t” as a plus [+] sign.) Both anions
and cations result when an ionic bond is formed.
Because opposite charges attract, the newly cre-
ated ions tend to stay close together.

The formation of sodium chloride (NaCl), com-
mon table salt, provides a good example of ionic
bonding. Sodium’s valence shell contains only one
electron and so is incomplete (Figure 2.6, p. 34).
However, if this single electron is “lost” to another
atom, shell 2, which contains eight electrons, be-
comes the valence shell; thus sodium becomes a
cation (Na™) and achieves stability. Chlorine needs
only one electron to fill its valence shell, and it is
much easier to gain one electron (forming CI™) than
it is to “give away” seven. Thus, the ideal situation
is for sodium to donate its valence-shell electron to
chlorine, and this is exactly what happens in the in-
teraction between these two atoms. Sodium chloride
and most other compounds formed by ionic bond-
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(a) Chemically inert elements

Outermost energy level (valence shell) complete

8e
2e 2e
& -
Helium (He) Neon (Ne)

(2p*; 2n0; 2e7) (10p™*; 10n9; 10e™)

(b) Chemically reactive elements

Outermost energy level
(valence shell) incomplete

de
1e 2e
Hydrogen (H) Carbon (C)

(1p*; 0n%; 1e7) (6p*; 6n°; 667)

1e
6e 8e
2e 2e
Na
Q &)
Oxygen (O)
Sodium (Na)

(8p™; 8n0; 8e™)
(11p™; 12n0; 11e7)

Figure 2.5 Chemically inert and reactive
elements. To simplify the diagrams, each atomic
nucleus is shown as a circle with the atom’s symbol in
it; protons and neutrons are not shown.

ing fall into the general category of chemicals called
salts.

Covalent Bonds Electrons do not have to be
completely lost or gained for atoms to become
stable. Instead, they can be shared in such a way
that each atom is able to fill its valence shell at
least part of the time.

2
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Sodium atom (Na)
(11p*; 12n0; 11e7)

Chlorine atom (ClI)
(17p*; 18n0; 17e7)

Figure 2.6 Formation of an
ionic bond. Both sodium and
chlorine atoms are chemically
reactive because their valence
shells are incompletely filled.

Molecules in which atoms share electrons are
called covalent molecules, and their bonds are
covalentbonds (co = with; valent = having power).
For example, hydrogen, with its single electron,
can become stable if it fills its valence shell (en-
ergy level 1) by sharing a pair of electrons—its
own and one from another atom. A hydrogen
atom can share an electron pair with another hy-
drogen atom to form a molecule of hydrogen gas
(Figure 2.7a). The shared electron pair orbits the
whole molecule and satisfies the stability needs
of both hydrogen atoms. Likewise, two oxygen
atoms, each with six valence-shell electrons, can
share two pairs of electrons (form double bonds)
with each other (Figure 2.7b) to form a molecule
of oxygen gas (O,).

A hydrogen atom may also share its electron
with an atom of a different element. Carbon has
four wvalence-shell electrons but needs eight to
achieve stability. When methane (CHy) is formed,
carbon shares four electron pairs with four hydro-
gen atoms (one pair with each hydrogen atom;
Figure 2.7¢). Because the shared electrons orbit
and “belong to” the whole molecule, each atom
has a full valence shell enough of the time to sat-
isty its stability needs.

In the covalent molecules described thus far,
electrons have been shared equally between the
atoms of the molecule. Such molecules are called
nonpolar covalently bonded molecules. However,

Sodium gains stability by losing one
electron, whereas chlorine becomes
stable by gaining one electron.
After electron transfer, sodium
becomes a sodium ion (Na™),

| Sodium ion (Na™)

Chloride ion (CI—)I

|
Sodium chloride (NaCl)

and chlorine becomes a chloride
ion (CI7). The oppositely charged
jons attract each other.

electrons are not shared equally in all cases. When
covalent bonds are made, the molecule formed
always has a definite three-dimensional shape. A
molecule’s shape plays a major role in determin-
ing just what other molecules (or atoms) it can
interact with; the shape may also result in unequal
electron-pair sharing. The following two examples
illustrate this principle.

Carbon dioxide is formed when a carbon atom
shares its four valence-shell electrons with two
oxygen atoms. Oxygen is a very electron-hungry
atom and attracts the shared electrons much more
strongly than does carbon. However, because the
carbon dioxide molecule is linear (O=C=0), the
electron-pulling power of one oxygen atom is offset
by that of the other, like a tug-of-war at a standoff
between equally strong teams (Figure 2.8a, p. 30).
As a result, the electron pairs are shared equally
and orbit the entire molecule, and carbon dioxide is
a nonpolar molecule.

A water molecule is formed when two hy-
drogen atoms bind covalently to a single oxygen
atom. Each hydrogen atom shares an electron
pair with the oxygen atom, and again the oxygen
has the stronger electron-attracting ability. But in
this case, the molecule formed is bent or V-shaped
(H\ /H). The two hydrogen atoms are located

at one end of the molecule, and the oxygen atom
is at the other (Figure 2.8b); consequently, the
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Reacting atoms Resulting molecules
Hydrogen Hydrogen Molecule of
atom atom hydrogen gas (H,)

(a) Formation of a single covalent bond

Oxygen atom Oxygen atom Molecule of oxygen gas (O,)

(b) Formation of a double covalent bond

Hydrogen atoms Carbon atom Molecule of methane gas (CH,)

(c) Formation of four single covalent bonds

Figure 2.7 Formation of oxygen gas. Each oxygen atom with four hydrogen atoms. In the
covalent bonds. (a) Formation of shares two electron pairs with its structural formulas of the molecules
a single covalent bond between partner; thus a double covalent shown at the far right, each pair of
two hydrogen atoms to form bond is formed. (c) Formation of shared electrons is indicated by a

a molecule of hydrogen gas. a molecule of methane. A carbon single connecting line between the

(b) Formation of a molecule of atom shares four electron pairs sharing atoms.



36 Essentials of Human Anatomy and Physiology

» Which molecule—(a) or (b)—is a polar molecule? are negatively charged, that end of the molecule
. becomes slightly more negative (indicated by 87)

and the hydrogen end becomes slightly more pos-

itive (indicated by 8%). In other words, a polar
0=C=0 molecule, a molecule with two charged poles, is
formed.

Polar molecules orient themselves toward
other polar molecules or charged particles (ions,
proteins, and others), and they play an important
role in chemical reactions that occur in body

(a) Carbon dioxide (CO,)

5=

/0\ cells. Because body tissues are 60 to 80 percent
H H water, the fact that water is a polar molecule
8" 8" is particularly significant, as we will describe

(b) Water (H,0) shortly.
Figure 2.8 Molecular models illustrating the Hydrogen Bonds Hydrogen bonds are ex-
three-dimensional structure of carbon dioxide tremely weak bonds formed when a hydrogen
and water molecules. atom bound to one electron-hungry nitrogen or

oxygen atom is attracted by another electron-
hungry atom, and the hydrogen atom forms a
“bridge” between them. Hydrogen bonding is
common between water molecules (Figure 2.9a)

electron pairs are not shared equally. This arrange-
ment allows them to spend more time in the
vicinity of the oxygen atom. Because electrons

r Hydrogen bonds

(a) (b)

Figure 2.9 Hydrogen bonding become aligned with the slightly combined strength of its hydrogen
between polar water molecules.  negative ends (indicated by 8) of bonds, allows a water strider to walk
(a) The slightly positive ends of the  other water molecules. (b) Water's on a pond without breaking the
water molecules (indicated by §%) high surface tension, a result of the ~ surface.
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(a) Synthesis reactions

Smaller particles are
bonded together to form
larger, more complex
molecules.

Example
Amino acids are joined
together to form a protein

(b) Decomposition reactions

Bonds are broken in larger
molecules, resulting in
smaller, less complex

molecules.

Example
Glycogen is broken down to
release glucose units.
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(c) Exchange reactions

Bonds are both made and broken.

Example

ATP transfers its terminal phosphate

group to glucose to form glucose-
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molecule. phosphate.
Amino acid Glycogen o
molecules < >+ 0 Q 0 Q
®g @Q ®
O . .
@ Glucose Adenosine triphosphate
@ @ @ (ATP) l
@ l @ o
® @ @ + 0
RPN I 0-@
Prolteinl ® ® o ? ® Glucose-  Adenosine diphosphate
molecule Glucose phosphate (ADP)
molecules

Figure 2.10 Patterns of chemical reactions.

and is reflected in water’s surface tension. The
surface tension of water causes it to “ball up,” or
form spheres, when it sits on a surface and allows
some insects, such as water striders (Figure 2.9b),
to walk on water as long as they tread lightly.

Hydrogen bonds are also important intramo-
lecular bonds; that is, they help to bind different
parts of the same molecule together into a spe-
cial three-dimensional shape. These rather fragile
bonds are very important in helping to maintain
the structure of protein molecules, which are es-
sential functional molecules and body-building
materials.

Patterns of Chemical Reactions

Chemical reactions involve the making or break-
ing of bonds between atoms. The total number
of atoms remains the same, but the atoms appear
in new combinations. Most chemical reactions
have one of the three recognizable patterns we
describe next.

Synthesis Reactions

Synthesis reactions occur when two or more at-
oms or molecules combine to form a larger, more
complex molecule, which can be simply repre-
sented as

A+ B—AB

Synthesis reactions always involve bond forma-
tion. Because energy must be absorbed to make
bonds, synthesis reactions are energy-absorbing
reactions.

Synthesis reactions underlie all anabolic (con-
structive) activities that occur in body cells. They
are particularly important for growth and for re-
pair of worn-out or damaged tissues. The for-
mation of a protein molecule by the joining of
amino acids into long chains is a synthesis reac-
tion (Figure 2.10a).
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Decomposition Reactions

Decomposition reactions occur when a mol-
ecule is broken down into smaller molecules, at-
oms, or ions and can be indicated by

AB—>A+ B

Essentially, decomposition reactions are synthesis
reactions in reverse. Bonds are always broken, and
the products of these reactions are smaller and
simpler than the original molecules. As bonds are
broken, chemical energy is released.

Decomposition reactions underlie all catabolic
(destructive) processes that occur in body cells;
that is, they are molecule-degrading reactions.
Examples of decomposition reactions that occur in
the body include the digestion of foods into their
building blocks and the breakdown of glycogen (a
large carbohydrate molecule stored in the liver) to
release glucose (Figure 2.10b) when blood sugar
levels start to decline.

Exchange Reactions

Exchange reactions involve both synthesis and
decomposition reactions; bonds are both made
and broken. During exchange reactions, a switch
is made between molecule parts (changing part-
ners, so to speak), and different molecules are
made. Thus, an exchange reaction can be gener-
ally indicated as

AB+ C—>AC+ B and AB + CD — AD + CB

An exchange reaction occurs, for example, when
ATP reacts with glucose and transfers its end
phosphate group to glucose, forming glucose-
phosphate (Figure 2.10c). At the same time, the
ATP becomes ADP. This important reaction, which
occurs whenever glucose enters a body cell, ef-
fectively traps the glucose fuel molecule inside
the cell.

Regardless of the type of reaction occurring,
most chemical reactions are reversible. If chemical
bonds can be made, they can be broken, and vice
versa. Reversibility is indicated by a double arrow.
When the arrows differ in length, the longer arrow
indicates the more rapid reaction or the major
direction in which the reaction is proceeding. For
example, in the reaction

A+ B —AB

the reaction going to the right is occurring more
rapidly, and over time AB will accumulate while A

and B will decrease in amount. If the arrows are
of equal length, the reaction is at chemical equilib-
rium. Thus, in

A+ B=—AB

for each molecule of AB made, a molecule of AB
is breaking down to release A and B.

Factors Influencing the Rate
of Chemical Reactions

For atoms and molecules to react chemically, they
must collide forcefully so that the electrons in
their valence shells can interact. Bond making and
breaking cannot occur long distance. Several fac-
tors influence the kinetic energy and, hence, the
speed of the particles and the force of collisions
(Table 2.4).

Did You Get It?

11. How do ionic bonds differ from covalent bonds?
12. What kind of bond forms between water molecules?

13. Which reaction type (Figure 2.10) occurs when fats
are digested in your small intestine?

14. How can you indicate that a chemical reaction is
reversible?

(For answers, see Appendix D.)

Biochemistry: The
Chemical Composition
of Living Matter

2-11 Distinguish organic from inorganic compounds.

All chemicals found in the body fall into one of
two major classes of molecules; they are either
inorganic or organic compounds. The class of the
compound is determined solely by the presence or
absence of carbon. With a few so far unexplainable
exceptions (such as carbon dioxide gas [CO,] and
carbon monoxide [COD), inorganic compounds
lack carbon and tend to be small, simple mol-
ecules. Examples of inorganic compounds found
in the body are water, salts, and many (but not
alD acids and bases. Organic compounds are
carbon-containing compounds. The important or-
ganic compounds in the body are carbobydrates,
lipids, proteins, and nucleic acids. All organic
compounds are fairly (or very) large covalently
bonded molecules.
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Factor
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Mechanism to increase the number of collisions

T temperature

T the kinetic energy of the molecules, which in turn move more

rapidly and collide more forcefully.

T concentration of reacting particles
particles.

| particle size

T the number of collisions because of increased numbers of reacting

Smaller particles have more kinetic energy and move faster than

larger ones. Hence they take part in more collisions.

Presence of catalysts

1 the amount of energy the molecules need to interact by holding

the reactants in the proper positions to interact (see p. 51).

Inorganic and organic compounds are equally

essential for life. Trying to put a price tag on
which is more valuable can be compared to try-
ing to decide whether the ignition system or the
engine is more essential to the operation of a car.

Inorganic Compounds

2-12

2-13

2-14
2-15

Explain the importance of water to body homeo-
stasis, and provide several examples of the roles
of water.

List several salts (or their ions) vitally important to
body functioning.

Differentiate a salt, an acid, and a base.

Explain the concept of pH, and state the pH of blood.

Water

Water is the most abundant inorganic compound
in the body. It accounts for about two-thirds of
body weight. Among the properties that make wa-
ter so vital are the following:

1.

High heat capacity. Water has a high heat
capacity; that is, it absorbs and releases
large amounts of heat before its temperature
changes appreciably. Thus, it prevents the sud-
den changes in body temperature that might
otherwise result from intense sun exposure,
chilling winter winds, or internal events (such
as vigorous muscle activity) that liberate large
amounts of heat.

Polarity/solvent properties. Because of its
polarity, water is an excellent solvent; indeed, it
is often called the “universal solvent.” A solvent
is a liquid or gas in which smaller amounts of

other substances, called solutes (which may be
gases, liquids, or solids), can be dissolved or
suspended. The resulting mixture is called a
solution when the solute particles are exceed-
ingly tiny, and a suspension when the solute
particles are fairly large. Translucent mixtures
with solute particles of intermediate size are
called colloidls.

Small reactive chemicals—such as salts,
acids, and bases—dissolve easily in water
and become evenly distributed. Molecules
cannot react chemically unless they are in so-
lution, so virtually all chemical reactions that
occur in the body depend on water’s solvent
properties.

Because nutrients, respiratory gases (oxy-
gen and carbon dioxide), and wastes can dis-
solve in water, water can act as a transport and
exchange medium in the body. For example,
all these substances are carried from one part
of the body to another in blood plasma and
are exchanged between the blood and tissue
cells by passing through interstitial fluid.

Specialized molecules that lubricate the
body (such as mucus) also use water as their
solvent, and synovial fluids “oil” the ends of
bones as they move within joint cavities.

Chemical reactivity. Water is an important
reactant in some types of chemical reactions.
For example, to digest foods or break down
biological molecules, water molecules are
added to the bonds of the larger molecules.
Such reactions are called hydrolysis reactions,



40 Essentials of Human Anatomy and Physiology

- . 8+

8+
Water molecule

lons in
solution

crystal

Figure 2.11 Dissociation of salt in water. The
slightly negative ends of the water molecules (87) are
attracted to Na*, whereas the slightly positive ends
of water molecules (8*) orient toward CI~, causing the
ions of the salt crystal to be pulled apart.

a term that specifically recognizes this role of
water (hydro = water; lys = splitting).

4. Cushioning. Water also serves a protective
function. In the form of cerebrospinal fluid,
water forms a cushion around the brain that
helps to protect it from physical trauma.
Amniotic fluid, which surrounds a developing
fetus within the mother’s body, plays a similar
role in protecting the fetus.

Salts

A salt is an ionic compound containing cations
other than H* and anions other than the hydroxyl
ion (OH™). Salts of many metal elements are com-
monly found in the body, but the most plenti-
ful salts are those containing calcium and phos-
phorus, found chiefly in bones and teeth. When
dissolved in body fluids, salts easily separate
into their ions. This process, called dissociation,

occurs rather easily because the ions have al-
ready been formed. All that remains is to pull the
ions apart. This is accomplished by the polar wa-
ter molecules, which orient themselves with their
slightly negative ends toward the cations and
their slightly positive ends toward the anions and
thereby overcome the attraction between them
(Figure 2.11).

Salts, both in their ionic forms and in combina-
tion with other elements, are vital to body func-
tioning. For example, sodium and potassium ions
are essential for nerve impulses, and iron forms
part of the hemoglobin molecule that transports
oxygen within red blood cells.

Because ions are charged particles, all salts are
electrolytes—substances that conduct an electrical
current in solution. When ionic (or electrolyte) bal-
ance is severely disturbed, virtually nothing in the
body works. (The functions of the elements found
in body salts are summarized in Table 2.1 on p. 27.)

Acids and Bases

Like salts, acids and bases are electrolytes. That is,
they ionize and then dissociate in water and can
then conduct an electrical current.

Characteristics of Acids Acids have a sour
taste and can dissolve many metals or “burn” a
hole in your rug. Acids can have a devastating ef-
fect; for example, consider the damage to sea life,
trees, and famous historical monuments caused by
vinegar-like acid rain. But the most useful defini-
tion of an acid is that it is a substance that can
release hydrogen ions (H') in detectable amounts.
Because a hydrogen ion is essentially a hydrogen
nucleus (a “naked proton”), acids are also defined
as proton donors.

When acids are dissolved in water, they re-
lease hydrogen ions and some anions. The anions
are unimportant; it is the release of the protons
that determines an acid’s effects on the environ-
ment. The ionization of hydrochloric acid (an acid
produced by stomach cells that aids digestion) is
shown in the following equation:

HCI - HY + CI7
(hydrochloric (proton) (anion)
acid)

Other acids found or produced in the body in-
clude acetic acid (the acidic component of vin-
egar) and carbonic acid.



Acids that ionize completely and liberate all
their protons are called strong acids; an exam-
ple is hydrochloric acid. Acids that ionize incom-
pletely, as do acetic and carbonic acid, are called
weak acids. For example, when carbonic acid dis-
solves in water, only some of its molecules ionize
to liberate H*.

2H,CO; — HT + HCO3; + H,CO;4
(carbonic (proton) (anion) (carbonic
acid) acid)

Characteristics of Bases Bases have a bitter
taste, feel slippery, and are proton acceptors.
The hydroxides are common inorganic bases. Like
acids, the hydroxides ionize and dissociate in wa-
ter; but in this case, the hydroxyl ion (OH™) and
some cations are released. The ionization of so-
dium hydroxide (NaOH), commonly known as
lye, is shown as

NaOH — Na® + OH™
(sodium (cation) (hydroxyl
hydroxide) ion)

The hydroxyl ion is an avid proton (H') seeker,
and any base containing this ion is considered a
strong base. By contrast, bicarbonate ion (HCO;™),
an important base in blood, is a fairly weak base.

When acids and bases are mixed, they react
with each other (in an exchange reaction) to form
water and a salt:

HCI + NaOH — H,O + NaCl
(acid) (base) (water) (salt)

This type of exchange reaction, in which an acid
and a base interact, is more specifically called a
neutralization reaction.

pH: Acid-Base Concentrations The relative con-
centration of hydrogen (and hydroxyl) ions in vari-
ous body fluids is measured in concentration units
called pH (pe-ach) units. The idea for a pH scale
was devised in 1909 by a Danish biochemist (and
part-time beer brewer) named Sgrensen and is
based on the number of protons in solution ex-
pressed in terms of moles per liter. (The mole is
a concentration unit; its precise definition need
not concern us here. The label 141 at the top right
in Figure 2.12 on p. 42 means 1 mole of sodium
hydroxide per liter of solution.) The pH scale runs
from 0 to 14 (Figure 2.12), and each successive
change of 1 pH unit represents a tenfold change in
hydrogen ion concentration.
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At a pH of 7, the scale midpoint, the number
of hydrogen ions exactly equals the number of
hydroxyl ions, and the solution is neutral; that is,
neither acidic nor basic. Solutions with a pH lower
than 7 are acidic: The hydrogen ions outnumber
the hydroxyl ions. A solution with a pH of 6 has
10 times as many hydrogen ions as a solution with
a pH of 7, and a pH of 3 indicates a 10,000-fold
(10 X 10 X 10 X 10) increase in hydrogen-ion
concentration. Solutions with a pH number higher
than 7 are alkaline, or basic, and solutions with
a pH of 8 and 12 (respectively) have 1/10 and
1/100,000 the number of hydrogen ions present in
a solution with a pH of 7.

Living cells are extraordinarily sensitive to
even slight changes in pH; and acid-base balance
is carefully regulated by the kidneys, lungs, and
a number of chemicals called buffers, which are
present in body fluids. Weak acids and weak bases
are important components of the body’s buffer
systems, which act to maintain pH stability by
taking up excess hydrogen or hydroxyl ions (see
Chapter 15).

Because blood comes into close contact with
nearly every body cell, regulation of blood pH is
especially critical. Normally, blood pH varies in
a narrow range, from 7.35 to 7.45. When blood
pH changes more than a few tenths of a pH
unit from these limits, death becomes a distinct
possibility. Although we could give hundreds of
examples to illustrate this point, we will provide
just one very important one: When blood pH
begins to dip into the acid range, the amount
of life-sustaining oxygen that the hemoglobin in
blood can carry to body cells begins to fall rap-
idly to dangerously low levels. (Figure 2.12 shows
the approximate pH values of several common
substances.)

Did You Get It?

15. What property of water prevents rapid changes in
body temperature?

16. Which is a proton donor—an acid or a base?
17. Is a pH of 11 acidic or basic?

18. Biochemistry is “wet” chemistry. What does this
statement mean?

19. Salts are electrolytes. What does that mean?

(For answers, see Appendix D.)




42 Essentials of Human Anatomy and Physiology

Q ¢ Which ion is responsible for increased acidity?
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Examples

1M Sodium
hydroxide
(pH 14)

Oven cleaner,
lye
(pH 13.5)

Household
ammonia
(pH 10.5—11.5)

Household
bleach
(pH 9.5)

Egg white
(PH 8)

Blood
(pH 7.4)

Milk
(pH 6.3-6.6)

Black coffee

(pH 5)

Wine

(pH 2.5—-3.5)
Lemon juice;
gastric juice
(PH 2)

1M Hydrochloric
acid (pH 0)

Organic Compounds

2-16 Explain the role of dehydration synthesis and
hydrolysis in formation and breakdown of organic
molecules.

2-17 Compare and contrast carbohydrates and lipids
in terms of their building blocks, structures, and
functions in the body.

Most organic molecules are very large molecules,
but their interactions with other molecules typi-
cally involve only small, reactive parts of their
structure called functional groups (acid groups,
amines, and others).

Asyou will see shortly, many biological molecules
(carbohydrates and proteins for example) are poly-
mers. Polymers are chainlike molecules made of
many similar or repeating units (monomers), which
are joined together by dehydration synthesis
(Figure 2.13a). During dehydration synthesis, a
hydrogen atom is removed from one monomer
and a hydroxyl group (OH) is removed from the
monomer it is to be joined with. As a covalent
bond unites the monomers, a water molecule is
released. This removal of a water molecule at the
bond site occurs each time a monomer is added to
the growing polymer chain.

When polymers must be broken down or di-
gested to their monomers, the reverse process
called hydrolysis occurs (Figure 2.13b). As a wa-
ter molecule is added to each bond, the bond is
broken, releasing the monomers. Other than the
monomers, all organic molecules you will meet in
this chapter are formed by dehydration synthesis
and broken down by hydrolysis.

Carbohydrates

Carbohydrates, which include sugars and starches,
contain carbon, hydrogen, and oxygen. With slight
variations, the hydrogen and oxygen atoms appear
in the same ratio as in water; that is, two hydrogen
atoms to one oxygen atom. This is reflected in the

Figure 2.12 The pH scale and pH values of
representative substances. The pH scale is based
on the number of hydrogen ions in solution. At a
pH of 7, [H*] = [OH"], and the solution is neutral. A
solution with a pH below 7 is acidic (more H* than
OH™); above 7, basic or alkaline (less H than OH™).
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(a) Dehydration synthesis

Monomers are joined by removal of OH from one monomer
and removal of H from the other at the site of bond formation.

= -
OH HO—

Monomers linked by covalent bond

(b) Hydrolysis

Monomers are released by the addition of a water molecule,
adding OH to one monomer and H to the other.

H,O

-O/

Monomers linked by covalent bond

> -
oo

OH

Figure 2.13 Dehydration synthesis and hydrolysis of biological molecules.
Biological molecules are formed from their monomers (units) by dehydration
synthesis and broken down to their monomers by hydrolysis.

word carbobydrate, which means “hydrated car-
bon,” and in the molecular formulas of sugars. For
example, glucose is CsH;,04, and ribose is CsHOs.

Carbohydrates are classified according to size
and solubility in water as monosaccharides, disac-
charides, or polysaccharides. Because monosac-
charides are joined to form the molecules of the
other two groups, they are the structural units, or
building blocks, of carbohydrates.

Monosaccharides Monosaccharide means one
(mono) sugar (saccharide), and thus monosaccha-
rides are also referred to as simple sugars. They are
single-chain or single-ring structures, containing from
three to seven carbon atoms (Figure 2.14a, p. 44).
The most important monosaccharides in the
body are glucose, fructose, galactose, ribose, and
deoxyribose. Glucose, also called blood sugar, is
the universal cellular fuel. Fructose and galactose
are converted to glucose for use by body cells.
Ribose and deoxyribose form part of the structure of
nucleic acids, another group of organic molecules.

Disaccharides Disaccharides, or double sugars
(Figure 2.14b), are formed when two simple sugars
are joined by dehydration synthesis. In this reaction,

as noted earlier, a water molecule is lost as the
bond forms (Figure 2.14d).

Some of the important disaccharides in the
diet are sucrose (glucose-fructose), which is cane
sugar; lactose (glucose-galactose), found in milk;
and maltose (glucose-glucose), or malt sugar.
Because the double sugars are too large to pass
through cell membranes, they must be broken
down (digested) to their monosaccharide units
to be absorbed from the digestive tract into the
blood; this is accomplished by hydrolysis (see
Figures 2.14d and 2.13b).

Polysaccharides Long, branching chains of
linked simple sugars are called polysaccharides
(literally, “many sugars”) (see Figure 2.14¢). Because
they are large, insoluble molecules, they are ideal
storage products. Another consequence of their
large size is that they lack the sweetness of the
simple and double sugars.

Only two polysaccharides, starch and glyco-
gen, are of major importance to the body. Starch
is the storage polysaccharide formed by plants.
We ingest it in the form of “starchy” foods, such
as grain products and root vegetables (potatoes
and carrots, for example). Glycogen is a slightly
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(a) Simple sugar (monosaccharide) (b) Double sugar (disaccharide)
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Water

(c) Starch (polysaccharide)

Dehydration
synthesis

_—
B ———

Hydrolysis

Fructose Sucrose

Glucose

(d) Dehydration synthesis and hydrolysis of a molecule of sucrose

Figure 2.14 Carbohydrates. (a) The generalized structure of a monosaccharide.
(b) and (c) The basic structures of a disaccharide and a polysaccharide, respectively.
(d) Formation and breakdown of the disaccharide sucrose by dehydration synthesis

and hydrolysis, respectively.

smaller, but similar, polysaccharide found in ani-
mal tissues (largely in the muscles and the liver).
Like starch, it is formed of linked glucose units.

Carbohydrates provide a ready, easily used
source of food energy for cells, and glucose is at
the top of the “cellular menu.” When glucose is
oxidized (combined with oxygen) in a complex
set of chemical reactions, it is broken down into
carbon dioxide and water. Some of the energy re-
leased as the glucose bonds are broken is trapped
in the bonds of high-energy ATP molecules, the
energy “currency” of all body cells. If not imme-
diately needed for ATP synthesis, dietary carbohy-
drates are converted to glycogen or fat and stored.
Those of us who have gained weight from eating
too many carbohydrate-rich snacks have firsthand
experience of this conversion process!

Small amounts of carbohydrates are used for
structural purposes and represent 1 to 2 percent
of cell mass. Some sugars are found in our genes,
and others are attached to outer surfaces of cell
membranes, where they act as road signs to guide
cellular interactions.

Lipids

Lipids are a large and diverse group of organic
compounds (Table 2.5). They enter the body in
the form of fat-marbled meats, egg yolks, milk
products, and oils. The most abundant lipids in
the body are triglycerides, phospholipids, and ste-
roids. Like carbohydrates, all lipids contain carbon,
hydrogen, and oxygen atoms, but in lipids, carbon
and hydrogen atoms far outnumber oxygen at-
oms, as illustrated by the formula for a typical fat
named tristearin: Cs;H;;0O4. Most lipids are insolu-
ble in water but readily dissolve in other lipids and
in organic solvents such as alcohol and acetone.

Triglycerides The triglycerides (tri-glis’er-idz), or
neutral fats, are composed of two types of build-
ing blocks, fatty acids and glycerol. Their synthe-
sis involves the attachment of three fatty acids to a
single glycerol molecule. The result is an E-shaped
molecule that resembles the tines of a fork (Figure
2.15a, p. 40). Although the glycerol backbone is the
same in all neutral fats, the fatty acid chains vary;
this variation results in different kinds of neutral fats.
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Lipid type
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Neutral fats (triglycerides)

Phospholipids (cephalin
and others)

Steroids
Cholesterol

Bile salts

Vitamin D

Sex hormones
Corticosteroids (adrenal

cortical hormones)

Other lipoid substances
Fat-soluble vitamins

A

Prostaglandins

Lipoproteins

Glycolipids

Found in fat deposits (subcutaneous tissue and around organs); protect and
insulate the body organs; the major source of stored energy in the body.

Found in cell membranes; participate in the transport of lipids in plasma;
abundant in the brain and the nervous tissue in general, where they help to form
insulating white matter.

The basis of all body steroids.

A breakdown product of cholesterol; released by the liver into the digestive tract,
where they aid in fat digestion and absorption.

A fat-soluble vitamin produced in the skin on exposure to UV (ultraviolet)
radiation; necessary for normal bone growth and function.

Estrogen and progesterone (female hormones) and testosterone (a male
hormone) produced from cholesterol; necessary for normal reproductive function;
deficits result in sterility.

Cortisol, a glucocorticoid, is a long-term antistress hormone that is necessary for
life; aldosterone helps regulate salt and water balance in body fluids by targeting
the kidneys.

Found in orange-pigmented vegetables (carrots) and fruits (tomatoes); part of the
photoreceptor pigment involved in vision.

Taken in via plant products such as wheat germ and green leafy vegetables; may
promote wound healing and contribute to fertility, but not proven in humans; an
antioxidant; may help to neutralize free radicals (highly reactive particles believed
to be involved in triggering some types of cancers).

Made available largely by the action of intestinal bacteria; also prevalent in a
wide variety of foods; necessary for proper clotting of blood.

Derivatives of fatty acids found in cell membranes; various functions depending
on the specific class, including stimulation of uterine contractions (thus inducing
labor and abortions), regulation of blood pressure, and control of motility of the
gastrointestinal tract; involved in inflammation.

Lipoid and protein-based substances that transport fatty acids and cholesterol in
the bloodstream; major varieties are high-density lipoproteins (HDLs) and
low-density lipoproteins (LDLs).

Component of cell membranes. Lipids associated with carbohydrate molecules
that determine blood type, play a role in cell recognition or in recognition of
foreign substances by immune cells.
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e Triglycerides and phospholipids are similar. What is the major
e structural difference between them?
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(a) Formation of a triglyceride. Fatty acid chains are bound to glycerol by dehydration synthesis.
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(b) Typical structure of a phospholipid molecule (phosphatidylcholine). Two fatty acid chains and a
phosphorous-containing group are attached to a glycerol backbone.
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(c) Cholesterol. Simplified structure of cholesterol, a steroid, formed by four interlocking chains.

Figure 2.15 Lipids. lost at each bond site). (b) Structure  more double C=C bonds). (c) The
(a) Triglycerides, or neutral fats, of a typical phospholipid molecule.  generalized structure of cholesterol
are synthesized by dehydration Notice that one fatty acid chain (the basis for all steroids made in
synthesis, and a water molecule is in (b) is unsaturated (has one or the body).
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The length of a triglyceride’s fatty acid chains
and their type of C—C bonds determine how solid
the molecule is at a given temperature. Fatty acid
chains with only single covalent bonds between
carbon atoms are referred to as saturated. Their
fatty acid chains are straight (see Figure 2.16a),
and, at room temperature, the molecules of a satu-
rated fat pack closely together, forming a solid.
Fatty acids that contain one or more double bonds
between carbon atoms are said to be unsaturated
(monounsaturated and polyunsaturated, re-
spectively). The double and triple bonds cause the
fatty acid chains to kink (Figure 2.16b) so that they
cannot pack closely enough to solidify. Hence,
triglycerides with short fatty acid chains or un-
saturated fatty acids are oils (liquid at room tem-
perature). Plant lipids are typically oils. Examples
include olive oil (rich in monounsaturated fats)
and soybean and safflower oils, which contain a
high percentage of polyunsaturated fatty acids.
Longer fatty acid chains and more saturated fatty
acids are common in animal fats, such as butter-
fat and the fat of meats, which are solid at room
temperature. Of the two types of fatty acids, the
unsaturated variety, especially olive oil, is said to
be more “heart healthy.”

Trans fats, common in many margarines and
baked products, are oils that have been solidi-
fied by addition of hydrogen atoms at sites of
double carbon bonds. They have recently been
branded as increasing the risk of heart disease
even more than the solid animal fats. In contrast,
the omega-3 fatty acids, found naturally in cold-
water fish, appear to decrease the risk of heart
disease and some inflammatory diseases.

Triglycerides represent the body’s most abun-
dant and concentrated source of usable energy.
When they are oxidized, they yield large amounts
of energy. They are stored chiefly in fat deposits
beneath the skin and around body organs, where
they help insulate the body and protect deeper
body tissues from heat loss and bumps.

Phospholipids Phospholipids (fos'fo-lip"idz)
are similar to the triglycerides. They differ in that a
phosphorus-containing group is always part of the
molecule and takes the place of one of the fatty
acid chains. Thus, phospholipids have two instead
of three attached fatty acids (see Figure 2.15b).
Because the phosphorus-containing portion
(the “head”) bears an electrical charge, it gives
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Structural formula of a
=4 / saturated fat molecule
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(a) Saturated fat. At room temperature, the
molecules of a saturated fat such as this butter
are packed closely together, forming a solid.
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(b) Unsaturated fat. At room temperature, the
molecules of an unsaturated fat such as this olive
oil cannot pack together closely enough to solidify
because of the kinks in some of their fatty acid
chains.

Figure 2.16 Examples of saturated and
unsaturated fats and fatty acids.

phospholipids special chemical properties and po-
larity. For example, the charged region attracts
and interacts with water and ions, but the fatty
acid chains (the “tail”) do not. The presence of
phospholipids in cellular boundaries (membranes)
allows cells to be selective about what may enter
or leave.

Steroids Steroids are basically flat molecules
formed of four interlocking rings (Figure 2.15¢);
thus, their structure differs quite a bit from that of
fats. However, like fats, steroids are made largely
of hydrogen and carbon atoms and are fat-soluble.
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Q e What is the importance of the R-groups (green here)?

Amine Acid
grolup grcI)up

(a) Generalized (b) Glycine is the
structure of all simplest amino
amino acids. acid.

(c) Aspartic acid
(an acidic amino
acid) has an acid
group (—COOH)
in the R group.

(d) Lysine (a basic
amino acid)
has an amine
group (—NHy)
in the R group.

(e) Cysteine (a
basic amino
acid) has a
sulfhydryl (—SH)
group in the

R group, which
suggests that
this amino acid
is likely to
participate in
intramolecular
bonding.

Figure 2.17 Amino acid structures. (a) Generalized structure of amino acids.
All amino acids have both an amine (—NH,) group and an acid (—COQOH) group;
they differ only in the atomic makeup of their R-groups (green). (b—e) Specific

structures of four amino acids.

The single most important steroid molecule is
cholesterol. We ingest cholesterol in animal prod-
ucts such as meat, eggs, and cheese, and some is
made by the liver, regardless of dietary intake.

Cholesterol has earned bad press because of
its role in arteriosclerosis, but it is essential for hu-
man life. Cholesterol is found in cell membranes
and is the raw material of vitamin D, steroid hor-
mones, and bile salts. Although steroid hormones
are present in the body in only small quantities,
they are vital to homeostasis. Without sex hor-
mones, reproduction would be impossible; and
without the corticosteroids produced by the adre-
nal glands, the body would not survive.

Did You Get It?

20. What are the structural units, or building blocks, of
carbohydrates? Of lipids?
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21. Which type of lipid is abundant in cellular membranes?

22. Is the formation of glycogen from glucose an
example of hydrolysis or dehydration synthesis?

(For answers, see Appendix D.)

Proteins
2-18 Differentiate fibrous proteins from globular proteins.

2-19 Define enzyme, and explain the role of enzymes.

Proteins account for over 50 percent of the or-
ganic matter in the body, and they have the most
varied functions of the organic molecules. Some
are construction materials; others play vital roles
in cell function. Like carbohydrates and lipids, all
proteins contain carbon, oxygen, and hydrogen.
In addition, they contain nitrogen and sometimes
sulfur atoms as well.

The building blocks of proteins are small mol-
ecules called amino (ah-me’'no) acids. About 20



common varieties of amino acids are found in
proteins. All amino acids have an amine group
(NH,), which gives them basic properties, and an
acid group (COOH), which allows them to act as
acids. In fact, all amino acids are identical except
for a single group of atoms called their R-group
(Figure 2.17). Differences in the R-groups make
each amino acid chemically unique. For example,
an extra acid group (COOH) in the R-group makes
the amino acid more acidic.

Amino acids are joined together in chains to
form large, complex protein molecules that contain
from 50 to thousands of amino acids. (Amino acid
chains containing fewer than 50 amino acids are
called polypeptides.) Because each type of amino
acid has distinct properties, the sequence in which
they are bound together produces proteins that vary
widely both in structure and function. To under-
stand this more easily, think of the 20 amino acids
as a 20-letter alphabet. The letters (amino acids) are
used in specific combinations to form words (a pro-
tein). Just as a change in one letter of any word can
produce a word with an entirely different meaning
(flour — floor) or one that is nonsensical (flour —
fluur), changes in kinds of amino acids (letters) or in
their positions in the protein allow literally thousands
of different protein molecules to be made.

Structural Levels of Proteins We can describe
proteins in terms of four structural levels. The se-
quence of amino acids composing the polypeptide
chain is called the primary structure of a protein.
This structure, which resembles a strand of amino
acid “beads,” is the backbone of the protein mol-
ecule (Figure 2.18a, p. 50.)

Proteins do not normally function as simple,
linear chains of amino acids. Instead, they twist or
bend upon themselves to form a more complex
secondary structure. The most common secondary
structure is the alpha (a)-helix, which resembles
a Slinky toy or the coils of a telephone cord
(Figure 2.18b). The a-helix is formed by coiling of
the primary chain and is stabilized by hydrogen
bonds. Hydrogen bonds in a-helices always link
different parts of the same chain together.

In another type of secondary structure, the beta
(B)-pleated sheet, the primary polypeptide chains
do not coil, but are linked side by side by hydro-
gen bonds to form a pleated, ribbonlike structure
that resembles an accordion (see Figure 2.18b).
In this type of secondary structure, the hydrogen
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bonds may link together different polypeptide
chains as well as different parts of the same chain
that has folded back on itself.

Many proteins have tertiary structure (ter'she-
a"re), the next higher level of complexity. Tertiary
structure is achieved when a-helical or B-pleated
regions of the polypeptide chain fold upon one
another to produce a compact ball-like, or globu-
lar, molecule (Figure 2.18¢). The unique structure
is maintained by covalent and hydrogen bonds
between amino acids that are often far apart in
the primary chain. When two or more polypep-
tide chains combine in a regular manner to form
a complex protein, the protein has quaternary
structure (kwah'ter-na"re) (Figure 2.18d).

Although a protein with tertiary or quaternary
structure looks a bit like a clump of congealed
pasta, the final structure of any protein is very
specific and is dictated by its primary structure.
In other words, the types and positions of amino
acids in the protein backbone determine where
bonds can form to keep water-loving amino acids
near the surface and water-fleeing amino acids
buried in the protein’s core.

Fibrous and Globular Proteins Based on their
overall shape and structure, proteins are classed
as either fibrous or globular proteins (Figure 2.19,
p. 5. The strandlike fibrous proteins, also
called structural proteins, appear most often
in body structures. Some exhibit only secondary
structure but most have tertiary or even quater-
nary structure. They are very important in binding
structures together and providing strength in certain
body tissues. For example, collagen (kol'ah-jen)
is found in bones, cartilage, and tendons and is
the most abundant protein in the body. Keratin
(ker'ah-tin) is the structural protein of hair and
nails and the material that makes skin tough.

Globular proteins are mobile, generally
compact, spherical molecules that have at least ter-
tiary structure. These water-soluble proteins play
crucial roles in virtually all biological processes.
Because they do things rather than just form struc-
tures, they are also called functional proteins;
the scope of their activities is remarkable (Table 2.6,
p. 51). Some (antibodies) help to provide immu-
nity; others (hormones) help to regulate growth
and development. Still others, called enzymes
(en'zimz), regulate essentially every chemical re-
action that goes on within the body.
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Figure 2.18 The four levels of protein structure.

The fibrous structural proteins are exception-
ally stable, but the globular functional proteins
are quite the opposite. Hydrogen bonds are criti-
cally important in maintaining their structure, but
hydrogen bonds are fragile and are easily broken
by heat and excesses of pH. When their three-
dimensional structures are destroyed, the proteins
are said to be denatured and can no longer per-
form their physiological roles. Why? Their func-
tion depends on their specific structure—most
importantly, on the presence of particular collec-
tions of atoms called active sites on their surface
that “fit” and interact chemically with other mol-
ecules of complementary shape and charge (see
Figure 2.20). Hemoglobin becomes totally unable

(a) Primary structure. A
protein’s primary structure
is the unique sequence of
amino acids in the
polypeptide chain.

(b) Secondary structure.
Two types of secondary
structure are the alpha-
helix and beta-pleated
sheet. Secondary
structure is reinforced
by hydrogen bonds,
represented by dashed
lines in this figure.

B-pleated sheet

(c) Tertiary structure. The
overall three-dimensional
shape of the polypeptide
or protein is called tertiary
structure. It is reinforced
by chemical bonds
between the R-groups of
amino acids in different
regions of the polypeptide
chain.

Polypeptide
(single subunit)

(d) Quaternary structure.
Some proteins consist of
two or more polypeptide
chains. For example, four
polypeptides construct
hemoglobin, the blood
protein. Such proteins
have quaternary structure.

Complete protein,
with four polypeptide
subunits

to bind and transport oxygen when blood pH be-
comes too acidic, as we hinted earlier. Pepsin, a
protein-digesting enzyme that acts in the stomach,
is inactivated by alkaline pH. In each case, the
improper pH has destroyed the structure needed
for function.

Except for enzymes, we describe most im-
portant types of functional proteins with the or-
gan system or functional process to which they
are closely related. For instance, we discuss pro-
tein hormones in the endocrine system chapter
(Chapter 9); hemoglobin in the chapter on blood
(Chapter 10); and antibodies in the chapter on the
lymphatic system and body defenses (Chapter 12).
However, enzymes are important in the functioning



(a) Triple helix of collagen
(a fibrous or structural protein).
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Heme group

Globin
protein

(b) Hemoglobin molecule composed of the
protein globin and attached heme groups.
(Globin is a globular or functional protein.)

Figure 2.19 General structure of (a) a fibrous protein and (b) a globular protein.

of all body cells, and so we consider these incred-
ibly complex molecules here.

Enzymes and Enzyme Activity Enzymes are
functional proteins that act as biological catalysts.
A catalyst is a substance that increases the rate of
a chemical reaction without becoming part of the
product or being changed itself. Enzymes accomplish
this feat by binding to and “holding” the reacting
molecules (the substrates) in the proper position
for chemical interaction. While the substrates are
bound to the enzyme’s active site (Figure 2.20, p. 52),

they undergo structural changes that result in a
new product. Once the reaction has occurred, the
enzyme releases the product. Because enzymes
are not changed in doing their job, they are reus-
able, and the cells need only small amounts of
each enzyme.

Enzymes are capable of catalyzing millions of
reactions each minute. However, they do more
than just increase the speed of chemical reactions;
they also determine just which reactions are pos-
sible at a particular time. No enzyme, no reaction!
Enzymes can be compared to a bellows used to

Table 2.6 Representative Classes of Functional Proteins

Functional class Role(s) in the body

Antibodies
(immunoglobulins)

Highly specialized proteins that recognize, bind with, and inactivate bacteria, toxins,
and some viruses; function in the immune response, which helps protect the body

from “invading” foreign substances.

Hormones

Help to regulate growth and development. Examples include

e Growth hormone—an anabolic hormone necessary for optimal growth.

e Insulin—helps regulate blood sugar levels.

e Nerve growth factor—guides the growth of neurons in the development of the

nervous system.

Transport proteins

Hemoglobin transports oxygen in the blood; other transport proteins in the blood

carry iron, cholesterol, or other substances.

Enzymes (catalysts)

Essential to virtually every biochemical reaction in the body; increase the rates

of chemical reactions by at least a millionfold; in their absence (or destruction),

biochemical reactions cease.
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Figure 2.20 A simplified view of enzyme action.

fan a sluggish fire into flaming activity. Without
enzymes, biochemical reactions would occur far
too slowly to sustain life.

Although there are hundreds of different kinds
of enzymes in body cells, they are very specific
in their activities, each controlling only one (or
a small group of) chemical reaction(s) and act-
ing only on specific molecules. Most enzymes are
named according to the specific type of reaction
they catalyze. There are “hydrolases,” which add
water; “oxidases,” which cause oxidation; and so
on. (In most cases, you can recognize an enzyme
by the suffix -ase forming part of its name.)

Many enzymes are produced in an inactive
form and must be activated in some way before
they can function. In other cases, enzymes are
inactivated immediately after they have performed
their catalytic function. Both events are true of en-
zymes that promote blood clotting when a blood
vessel has been damaged. If this were not so, large
numbers of unneeded and potentially lethal blood
clots would be formed.

Did You Get It?

23. What is the primary structure of proteins?

24. Of fibrous and globular proteins, which is more
important for building body structures?

25. How does an enzyme recognize its substrate(s)?

(For answers, see Appendix D.)
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of the reaction.
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Nucleic Acids

2-20 Compare and contrast the structure and functions
of DNA and RNA.

2-21 Explain the importance of ATP in the body.

The role of nucleic (nu-kle’ik) acids is funda-
mental: They make up the genes, which provide
the basic blueprint of life. They not only deter-
mine what type of organism you will be, but
also direct your growth and development—and
they do this largely by dictating protein structure.
(Remember that enzymes, which catalyze all the
chemical reactions that occur in the body, are
proteins.)

Nucleic acids, composed of carbon, oxygen,
hydrogen, nitrogen, and phosphorus atoms, are
the largest biological molecules in the body. Their
building blocks, the nucleotides (nu'kle-o-tidz),
are quite complex. Each consists of three basic
parts: (1) a nitrogen-containing base, (2) a pen-
tose (5-carbon) sugar, and (3) a phosphate group
(Figure 2.21a and b).

The bases come in five varieties: adenine (A),
guanine (G), cytosine (C), thymine (1), and uracil
(U). A and G are large, two-ring bases, whereas
the others are smaller, single-ring structures. The
nucleotides are named according to the base they
contain: A-containing bases are adenine nucleo-
tides, C-containing bases are cytosine nucleotides,
and so on.



Deoxyribose

Chapter 2: Basic Chemistry

N (b) Adenine nucleotide *

(Diagrammatic representation)

\

Phothate sugar Adenine (A)
[ 1T : 1 : ]
on H\
O=§?~O—CH2 o Hoalh  N—H ' """"
O~ H H N
H H N
OH H H

(a) Adenine nucleotide
(Chemical structure)

sugar

(c) Computer-generated image of a DNA molecule

2 Thymine (T)

B Adenine (A)

- Cytosine (C)
- Guanine (G)

Figure 2.21 Structure of DNA.
(a) The unit of DNA, the nucleotide,

is composed of a deoxyribose sugar

molecule linked to a phosphate
group. A nitrogen-containing
base is attached to the sugar. The
nucleotide illustrated, both in its

(a) chemical and (b) diagrammatic
structures, contains the base
adenine. (c) Computer-generated
image of DNA. (d) Diagrammatic
structure of a DNA molecule—two
nucleotide chains coiled into a
double helix. The “backbones”
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(d) Diagram of a DNA molecule

of DNA are formed by alternating
sugar and phosphate molecules.
The “rungs” are formed by
complementary bases (A to T,

G to C) bound by hydrogen
bonds.
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Figure 2.22 ATP—structure and hydrolysis. (a) The structure of ATP
(adenosine triphosphate). (b) Hydrolysis of ATP to yield ADP (adenosine
diphosphate) and inorganic phosphate. High-energy bonds are indicated

by a red ~.

The two major kinds of nucleic acid are
deoxyribonucleic (de-ok”si-ri"bo-nu-kle’ik) acid
(DNA) and ribonucleic acid (RNA). DNA and
RNA differ in many respects. DNA is the genetic
material found within the cell nucleus (the con-
trol center of the celD. It has two fundamental
roles: (1) Tt replicates itself exactly before a cell
divides, thus ensuring that the genetic information
in every body cell is identical; and (2) it provides
the instructions for building every protein in the
body. For the most part, RNA is located outside
the nucleus and can be considered the “molecular
slave” of DNA; that is, RNA carries out the orders
for protein synthesis issued by DNA.

Although both RNA and DNA are formed by
the joining together of nucleotides, their final
structures are different. DNA is a long double
chain of nucleotides (see Figure 2.21d). Its bases
are A, G, T, and C, and its sugar is deoxyribose.
Its two nucleotide chains are held together by

hydrogen bonds between the bases, forming a lad-
derlike molecule. Alternating sugar and phosphate
molecules form the “uprights,” or backbones, of
the ladder, and each “rung” is formed by two
joined bases (one base pair). Binding of the bases
is very specific: A always binds to T, and G always
binds to C. Thus, A and T are said to be comple-
mentary bases, as are C and G. A base sequence of
ATGA on one nucleotide chain would necessarily
be bonded to the complementary base sequence
TACT on the other nucleotide strand. The whole
molecule is then coiled into a spiral-staircase-like
structure called a double belix.

Whereas DNA is double-stranded, RNA mol-
ecules are single nucleotide strands. The RNA bases
are A, G, C, and U (U replaces the T found in DNA),
and its sugar is ribose instead of deoxyribose. Three
major varieties of RNA exist—messenger, ribo-
somal, and transfer RNA—and each has a spe-
cific role to play in carrying out DNA’s instructions



for building proteins. Messenger RNA carries the
information for building the protein from the DNA
genes to the ribosomes, the protein-synthesizing
sites. Transfer RNA ferries amino acids to the
ribosomes. Ribosomal RNA forms part of the
ribosomes, where it oversees the translation of
the message and the binding together of amino
acids to form the proteins. (We describe protein
synthesis in greater detail in Chapter 3.)

Adenosine Triphosphate (ATP)

The synthesis of adenosine triphosphate
(ah-den’o-sén tri-fos'fat), or ATP, is all-important
because it provides a form of chemical energy that
all body cells can use. Without ATP, molecules
cannot be made or broken down, cells cannot
maintain their boundaries, and all life processes
grind to a halt.

Although glucose is the most important fuel
for body cells, none of the chemical energy con-
tained in its bonds can be used directly to power
cellular work. Instead, energy is released as glu-
cose is catabolized, and it is captured and stored
in the bonds of ATP molecules as small packets of
energy.

Structurally, ATP is a modified nucleotide; it
consists of an adenine base, ribose sugar, and three
phosphate groups (Figure 2.22a). The phosphate
groups are attached by unique chemical bonds
called high-energy phosphate bonds. When these
bonds are broken by hydrolysis, energy is liber-
ated and can be used immediately by the cell to do
work or power a particular activity—such as syn-
thesizing proteins, transporting substances across
its membrane, or, in the case of muscle cells, con-
tracting (Figure 2.23c). ATP can be compared to a
tightly coiled spring that is ready to uncoil with tre-
mendous energy when the “catch” is released. The
consequence of breaking its terminal phosphate
bond can be represented as follows:

ATP — ADP + @ + E
(adenosine (adenosine (inorganic (energy)
triphosphate)  diphosphate)  phosphate)

As ATP is used to provide cellular energy,
adenosine diphosphate (ADP) accumulates
(see Figure 2.22), and ATP supplies are replen-
ished by oxidation of food fuels. Essentially the
same amount of energy must be captured and
used to reattach a phosphate group to ADP (that
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Figure 2.23 Three examples of how ATP drives
cellular work. The high-energy bonds of ATP release
energy for use by the cell when they are broken.

ATP is regenerated (phosphate is bound to ADP) as
energy is released by the oxidation of food fuels and

captured in the ADP—®) bond.

is, to reverse the reaction) as is liberated when the
terminal phosphate is removed from ATP.

Did You Get It?

26. How do DNA and RNA differ from each other in the
kinds of bases and sugars they contain?

27. What is the vital importance of ATP to body cells?

(For answers, see Appendix D.)




FOCUS ON CAREERS

Pharmacy Technician

To recognize how medications
affect patients, pharmacy
technicians need thorough
understanding of anatomy and
physiology.

When most people get a new
medication, they open up the
package and toss out the little
pamphlet that goes into detail
about how the medication works.
Not Chris Green. "l love reading the
package inserts,” says Green, the
lead pharmacy technician at a CVS
drugstore in Birmingham, Alabama.
Green'’s enthusiasm for those details
is a lifesaver for his customers.
Pharmacy technicians are a vital link
in the chain between doctor and
patient.

Although pharmacy technicians
are legally prohibited from talking
with patients about their symptoms,
they can translate medical jargon,
and discuss a medication’s side
effects and other precautions the
patient may need to take. For
example, doctors may recommend
that patients who are on certain
medications for a long time have
regular tests such as eye exams,

bloodwork, or tests for liver function.

A pharmacy technician can convey
that information to the patient—and
check on subsequent visits to make
sure he or she is following up.

A busy retail pharmacy has
various stations: data entry, where
the patient’s record is updated with
a new prescription; production,
where the prescription is filled; and
verification, where the pharmacist
reviews the prescription and makes
sure it is filled and labeled correctly.
Green’s job is to make sure the
process flows smoothly from station
to station.

Green started working as a
cashier at a drugstore when he was
in high school and gradually became
interested in the pharmacy itself.

“| was interested in how drugs
work, how they can help peop