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Preface

Welcome to your course in anatomy and physiology! Many of you are
taking this course because you hope to pursue a career in one of the
allied health fields or nursing. Or perhaps you are simply interested in
learning more about your own body. Whatever your motivation, Prin-
ciples of Anatomy and Physiology, 15t edition and WileyPLUS have
all the content and tools that you need to successfully navigate what
can be a very challenging course.

Over the past fourteen editions of this text we have made every
effort to provide you with an accurate, clearly written, and expertly
illustrated presentation of the structure and function of the human
body and to explore the practical and relevant applications of your
knowledge to everyday life and career development. This fifteenth
edition remains true to these goals. It distinguishes itself from prior
editions with updated and new illustrations and enhanced digital
online learning resources.

Engaging Digitally

The content in Principles of Anatomy and Physiology is completely
integrated into WileyPLUS. This allows you to create a personalized
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CHAPTER 1

An Introduction to
the Human Body

The Human Body and Homeostasis

Humans have many ways to maintain homeostasis, the state of relative stability of the body’s
internal environment. Disruptions to homeostasis often set in motion corrective cycles, called
feedback systems, that help restore the conditions needed for health and life.

Our fascinating journey through the human body begins with an Finally, we introduce the basic vocabulary that will help you speak
overview of the meanings of anatomy and physiology, followed by a about the body in a way that is understood by scientists and health-
discussion of the organization of the human body and the properties care professionals alike.

that it shares with all living things. Next, you will discover how the

body regulates its own internal environment; this unceasing process,

called homeostasis, is a major theme in every chapter of this book. Q Did you ever wonder why an autopsy is performed?



2 CHAPTER 1 Anlntroduction to the Human Body

11 | Anatomy and Physiology
Defined

OBJECTIVE

« Define anatomy and physiology, and name several branches of
these sciences.

Two branches of science—anatomy and physiology—provide the
foundation for understanding the body’s parts and functions.
Anatomy (a-NAT-0-mé; ana- = up; -tomy = process of cutting) is the
science of body structures and the relationships among them. It was
first studied by dissection (dis-SEK-shun; dis- = apart; -section = act
of cutting), the careful cutting apart of body structures to study their
relationships. Today, a variety of imaging techniques (see Table 1.3)
also contribute to the advancement of anatomical knowledge.
Whereas anatomy deals with structures of the body, physiology (fiz'-
é-0OL-6-jé; physio- = nature; -logy = study of) is the science of body
functions—how the body parts work. Table 1.1 describes several
branches of anatomy and physiology.

Because structure and function are so closely related, you will
learn about the human body by studying its anatomy and physiology
together. The structure of a part of the body often reflects its functions.

TABLE 1.1 Selected Branches of Anatomy and Physiology
BRANCH OF ANATOMY STUDY OF
Embryology The first eight weeks of development

(em’-bre-OL-0-j&; embry- =
embryo; -logy = study of)

after fertilization of a human egg.

For example, the bones of the skull join tightly to form a rigid case that
protects the brain. The bones of the fingers are more loosely joined to
allow a variety of movements. The walls of the air sacs in the lungs are
very thin, permitting rapid movement of inhaled oxygen into the blood.

The complete development of an
individual from fertilization to death.

Developmental biology

Cell biology Cellular structure and functions.

Histology
(his-TOL-0-j&; hist- = tissue)

Microscopic structure of tissues.

Structures that can be examined
without a microscope.

Gross anatomy

Systemic anatomy Structure of specific systems of the body

such as the nervous or respiratory systems.

Checkpoint

body is related to its function.

1. What body function might a respiratory therapist strive to
improve? What structures are involved?

2. Give your own example of how the structure of a part of the

12 | Levels of Structural
Organization and
Body Systems

OBJECTIVES

« Describe the body’s six levels of structural organization.

« List the 11 systems of the human body, representative organs
present in each, and their general functions.

BRANCH OF PHYSIOLOGY

Molecular physiology

STUDY OF

Functions of individual molecules
such as proteins and DNA.

Neurophysiology
(NOOR-G-fiz-&-0l'-6-j¢;
neuro- = nerve)

Functional properties of nerve
cells.

Endocrinology
(en’-do-kri-NOL-06-jé;
endo- = within;
-crin = secretion)

Hormones (chemical regulators in
the blood) and how they control
body functions.

Cardiovascular physiology
(kar-de-6-VAS-ka-lar;
cardi- = heart;
vascular = blood vessels)

Functions of the heart and blood
vessels.

Regional anatomy Specific regions of the body such

as the head or chest.

Surface anatomy Surface markings of the body to

understand internal anatomy through

visualization and palpation (gentle touch).

Imaging anatomy Internal body structures that can

be visualized with techniques such
as x-rays, MRI, CT scans, and other
technologies for clinical analysis and

medical intervention.

Pathological anatomy
(path’-6-LOJ-i-kal;
path- = disease)

Structural changes (gross to
microscopic) associated with disease.

Immunology
(im’-0-NOL-6-j&;
immun- = not susceptible)

The body’s defenses against
disease-causing agents.

Respiratory physiology
(RES-pi-ra-tor-¢;
respira- = to breathe)

Functions of the air passageways
and lungs.

Renal physiology
(RE-nal; ren- = kidney)

Functions of the kidneys.

Exercise physiology

Changes in cell and organ
functions due to muscular activity.

Pathophysiology
(Path-o-fiz-é-ol’-6-j€)

Functional changes associated
with disease and aging.




The levels of organization of a language—letters, words, sentences,
paragraphs, and so on—can be compared to the levels of organization
of the human body. Your exploration of the human body will extend
from atoms and molecules to the whole person. From the smallest
to the largest, six levels of organization will help you to understand
anatomy and physiology: the chemical, cellular, tissue, organ, system,
and organismal levels of organization (Figure 1.1).

o Chemical level. This very basic level can be compared to the
letters of the alphabet and includes atoms, the smallest units

m Levels of structural organization in the human body.

1.2 Levels of Structural Organization and Body Systems 3

of matter that participate in chemical reactions, and
molecules, two or more atoms joined together. Certain atoms,
such as carbon (C), hydrogen (H), oxygen (O), nitrogen (N),
phosphorus (P), calcium (Ca), and sulfur (S), are essential for
maintaining life. Two familiar molecules found in the body are
deoxyribonucleic acid (DNA), the genetic material passed from
one generation to the next, and glucose, commonly known as
blood sugar. Chapters 2 and 25 focus on the chemical level of
organization.

The levels of structural organization are chemical, cellular, tissue, organ, system, and organismal.

@ CELLULAR LEVEL

@ cHEMICAL LEVEL
o
Q.
°

Atoms (C, H, O, N, P)

Molecule (DNA)

Smooth muscle cell

© sYSTEM LEVEL

@ TISSUE LEVEL

Smooth muscle tissue

Epithelial
/ and
connective

@ ORGAN LEVEL tissues

Smooth muscle
tissue layers

Liver
Gallbladder

Large intestine

Mark Nielsen

(© ORGANISMAL LEVEL

Digestive system

L Pancreas

Epithelial tissue

[ Stomach

Stomach

(behind stomach)

Small intestine

Q Which level of structural organization is composed of two or more different types of tissues

that work together to perform a specific function?
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@ cellular level. Molecules combine to form cells, the basic
structural and functional units of an organism that are com-
posed of chemicals. Just as words are the smallest elements of
language that make sense, cells are the smallest living units in
the human body. Among the many kinds of cells in your body are
muscle cells, nerve cells, and epithelial cells. Figure 1.1 shows a
smooth muscle cell, one of the three types of muscle cells in the
body. The cellular level of organization is the focus of Chapter 3.

@ Tissue level. Tissues are groups of cells and the materials
surrounding them that work together to perform a particular
function, similar to the way words are put together to form
sentences. There are just four basic types of tissues in your
body: epithelial tissue, connective tissue, muscular tissue, and
nervous tissue. Epithelial tissue covers body surfaces, lines
hollow organs and cavities, and forms glands. Connective tissue
connects, supports, and protects body organs while distributing
blood vessels to other tissues. Muscular tissue contracts to make
body parts move and generates heat. Nervous tissue carries
information from one part of the body to another through nerve
impulses. Chapter 4 describes the tissue level of organization
in greater detail. Shown in Figure 1.1 is smooth muscle tissue,
which consists of tightly packed smooth muscle cells.

o Organ level. At the organ level, different types of tissues are
joined together. Similar to the relationship between sentences
and paragraphs, organs are structures that are composed of two
or more different types of tissues; they have specific functions
and usually have recognizable shapes. Examples of organs are
the stomach, skin, bones, heart, liver, lungs, and brain. Figure 1.1
shows how several tissues make up the stomach. The stomach’s

TABLE 1.2 The Eleven Systems of the Human Body

INTEGUMENTARY SYSTEM (CHAPTER 5)

outer covering is a layer of epithelial tissue and connective tissue
that reduces friction when the stomach moves and rubs against
other organs. Underneath are three layers of a type of muscular
tissue called smooth muscle tissue, which contracts to churn and
mix food and then push it into the next digestive organ, the small
intestine. The innermost lining is an epithelial tissue layer that
produces fluid and chemicals responsible for digestion in the
stomach.

e System (organ-system) level. A system (or chapter, in our
language analogy) consists of related organs (paragraphs) with a
common function. An example of the system level, also called the
organ-system level, is the digestive system, which breaks down
and absorbs food. Its organs include the mouth, salivary glands,
pharynx (throat), esophagus (food tube), stomach, small intestine,
large intestine, liver, gallbladder, and pancreas. Sometimes an
organ is part of more than one system. The pancreas, for example,
is part of both the digestive system and the hormone-producing
endocrine system.

0 Organismal level. An organism (OR-ga-nizm), any living
individual, can be compared to a book in our analogy. All the
parts of the human body functioning together constitute the total
organism.

In the chapters that follow, you will study the anatomy and phys-
iology of the body systems. Table 1.2 lists the components and intro-
duces the functions of these systems. You will also discover that all
body systems influence one another. As you study each of the body
systems in more detail, you will discover how they work together to

SKELETAL SYSTEM (CHAPTERS 6-9)

Components: Skin and
associated structures, such
as hair, fingernails and
toenails, sweat glands, and
oil glands.

Hair
-

Components: Bones and joints
of the body and their associated
cartilages.

TR
".ltpl'

Functions: Protects body;

helps regulate body i 1

temperature; eliminates ¥ 1

some wastes; helps | Skin and
make vitamin D; detects ¥ associated
sensations such as touch, glands
pain, warmth, and cold; -

stores fat and provides " — Fingernails
insulation.

Toenails

Functions: Supports and
protects body; provides surface
area for muscle attachments;
aids body movements; houses i
cells that produce blood cells;
stores minerals and lipids (fats).

i Bone
Cartilage

— Joint



maintain health, provide protection from disease, and allow for
reproduction of the human species.

1 Clinical Connection

Noninvasive Diagnostic Techniques

Health-care professionals and students of anatomy and physiology com-
monly use several noninvasive diagnostic techniques to assess certain as-
pects of body structure and function. A noninvasive diagnostic technique
is one that does not involve insertion of an instrument or device through
the skin or a body opening. In inspection, the examiner observes the body
for any changes that deviate from normal. For example, a physician may
examine the mouth cavity for evidence of disease. Following inspection,
one or more additional techniques may be employed. In palpation (pal-
PA-shun; palp- = gently touching) the examiner feels body surfaces with
the hands. An example is palpating the abdomen to detect enlarged or
tender internal organs or abnormal masses. In auscultation (aws-kul-TA
-shun; auscult- = listening) the examiner listens to body sounds to evalu-
ate the functioning of certain organs, often using a stethoscope to amplify
the sounds. An example is auscultation of the lungs during breathing to
check for crackling sounds associated with abnormal fluid accumulation.
In percussion (pur-KUSH-un; percus- = beat through) the examiner taps
on the body surface with the fingertips and listens to the resulting sound.
Hollow cavities or spaces produce a different sound than solid organs.
For example, percussion may reveal the abnormal presence of fluid in the
lungs or airin the intestines. It may also provide information about the size,
consistency, and position of an underlying structure. An understanding of
anatomy is important for the effective application of most of these diag-
nostic techniques.

MUSCULAR SYSTEM (CHAPTERS 10, 11)

1.3 Characteristics of the Living Human Organism 5

Checkpoint

3. Define the following terms: atom, molecule, cell, tissue, organ,
system, and organism.

4. At what levels of organization would an exercise physiologist
study the human body? (Hint: Refer to Table 1.1.)

5. Referring to Table 1.2, which body systems help eliminate wastes?

13 | Characteristics of the Living
Human Organism

OBJECTIVE

« Define the important life processes of the human body.

Basic Life Processes

Certain processes distinguish organisms, or living things, from nonliv-
ing things. Following are the six most important life processes of the
human body:

1. Metabolism (me-TAB-6-lizm) is the sum of all chemical processes
that occur in the body. One phase of metabolism is catabolism
(ka-TAB-6-lizm; catabol- = throwing down; -ism = a condition), the

NERVOUS SYSTEM (CHAPTERS 12-17)

Components: Specifically, u Components: Brain, spinal cord, I-:"‘_:-'._r! Brain
skeletal muscle tissue— nerves, and special sense organs, Ly
muscle usually attached such as eyes and ears. [ -

to bones (other muscle
tissues include smooth and
cardiac). Skeletal

Functions: Participates in muscle

body movements, such as
walking; maintains posture;
produces heat.

Tendon

Functions: Generates action
potentials (nerve impulses) to
regulate body activities; detects
changes in body’s internal and
external environments, interprets
changes, and responds by causing
muscular contractions or glandular
secretions.

Spinal
cord

Nerve

Table 1.2 Continues
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TABLE 1.2 The Eleven Systems of the Human Body (Continued)

ENDOCRINE SYSTEM (CHAPTER 18) CARDIOVASCULAR SYSTEM (CHAPTERS 19-21)
Components: Hormone-producing glands (pineal gland, hypothalamus, Components: Blood, heart, and blood vessels.
pituitary gland, thymus, thyroid gland, parathyroid glands, adrenal Functions: Heart pumps blood through blood vessels; blood carries
glandsl, p;ncreas, ovaries, and testes) and hormone-producing cells in oxygen and nutrients to cells and carbon dioxide and wastes away from
SEUEE i Gl cells and helps regulate acid-base balance, temperature, and water
Functions: Regulates body activities by releasing hormones (chemical content of body fluids; blood components help defend against disease and
messengers transported in blood from endocrine gland or tissue to target repair damaged blood vessels.
organ). —
Hypothalamus —
Pineal gland \§ o . i
Pituitary gland ﬂ"—r = ] “a..‘_ Thyroid
i | *- gland
Thyroid bl
Pglarlﬁ 'd A i ! Adrenal
ggr;:\dsyml Posterior view gland
1[ Pancreas

(female)

LYMPHATIC SYSTEM AND IMMUNITY (CHAPTER 22) RESPIRATORY SYSTEM (CHAPTER 23)

Components: Lymphatic fluid and vessels; spleen, thymus, lymph nodes, Components: Lungs and air passageways such as the pharynx (throat),
and tonsils; cells that carry out immune responses (B cells, T cells, and larynx (voice box), trachea (windpipe), and bronchial tubes leading into
others). and out of lungs.

Functions: Returns proteins and fluid to blood; carries lipids from Functions: Transfers oxygen from inhaled air to blood and carbon dioxide
gastrointestinal tract to blood; contains sites of maturation and proliferation from blood to exhaled air; helps regulate acid-base balance of body fluids;
of B cells and T cells that protect against disease-causing microbes. air flowing out of lungs through vocal cords produces sounds.

Pharyngeal = Pharynx - Nasal cavity
tonsil 8 Oral cavity
Palatine : ¥ u. Larynx T .:'a
tonsil o PAIEE Trachea 7 = Larynx
Lingual ] ! A Thoracic Bronchus —
tonsil [ = duct Lo !
ﬁ & Spleen 9 |
£ AWYN. i | L
L - Lymph Ii 1 .
' node j [ b
L
; | g
“-I

Lymphatic o
vessel
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DIGESTIVE SYSTEM (CHAPTER 24) URINARY SYSTEM (CHAPTER 26)

Components: Organs
of gastrointestinal
tract, a long tube
that includes the
mouth, pharynx
(throat), esophagus
(food tube), stomach,
small and large
intestines, and

anus; also includes
accessory organs that

Mouth
Pharynx

Salivary
gland

Esophagus

Stomach

Pancreas
(behind
stomach)

Small

Liver

Gallbladder

intestine
assist in digestive Large Reetum
processes, such as intestine

Anus

salivary glands, liver,
gallbladder, and
pancreas.

Functions: Achieves
physical and chemical
breakdown of food;
absorbs nutrients;
eliminates solid
wastes.

Components: Kidneys, ureters,
urinary bladder, and urethra.

Functions: Produces, stores, !
and eliminates urine; eliminates

wastes and regulates volume and .-
chemical composition of blood;
helps maintain the acid-base
balance of body fluids; maintains
body’s mineral balance; helps
regulate production of red blood
cells.

Kidney
Ureter

Urinary
bladder

Urethra

REPRODUCTIVE SYSTEMS (CHAPTER 28)

Components: Gonads (testes in males
and ovaries in females) and associated
organs (uterine tubes or fallopian tubes,
uterus, vagina, and mammary glands in
females and epididymis, ductus or (vas)
deferens, seminal vesicles, prostate,
and penis in males). ¥

Functions: Gonads produce gametes
(sperm or oocytes) that unite to form

a new organism; gonads also release
hormones that regulate reproduction and
other body processes; associated organs
transport and store gametes; mammary
glands produce milk

‘A

Uterine
tube

Uterus

Uterine

tL})e
l.:.:; = 4 i F
Uterus O\llary
Vagina

» —— Mammary

{

gland f L Ductus
J deferens
Seminal
Ovar a// vesicle
.y Fer T | ————— Prostate
Vagina Tostis — A0 Wnimarg I
s
- / 1
Ductus _,! o B
deferens .
Seminal )‘ it
vesicle |

Prostate /3 4
Penis o
1 g !
Epididymis — |

Testis ——

breakdown of complex chemical substances into simpler compo-
nents. The other phase of metabolism is anabolism (a-NAB-6-lizm;
anabol- = a raising up), the building up of complex chemical sub-
stances from smaller, simpler components. For example, digestive
processes catabolize (split) proteinsin food into amino acids. These
amino acids are then used to anabolize (build) new proteins that
make up body structures such as muscles and bones.

. Responsiveness is the body’s ability to detect and respond to
changes. For example, an increase in body temperature during

a fever represents a change in the internal environment (within
the body), and turning your head toward the sound of squeal-
ing brakes is a response to a change in the external environment
(outside the body) to prepare the body for a potential threat.
Different cells in the body respond to environmental changes in
characteristic ways. Nerve cells respond by generating electrical
signals known as nerve impulses (action potentials). Muscle cells
respond by contracting, which generates force to move body
parts.
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3. Movement includes motion of the whole body, individual organs,
single cells, and even tiny structures inside cells. For example, the
coordinated action of leg muscles moves your whole body from
one place to another when you walk or run. After you eat a meal
that contains fats, your gallbladder contracts and releases bile into
the gastrointestinal tract to help digest them. When a body tissue
is damaged or infected, certain white blood cells move from the
bloodstream into the affected tissue to help clean up and repair the
area. Inside the cell, various parts, such as secretory vesicles (see
Figure 3.20), move from one position to another to carry out their
functions.

4. Growth is an increase in body size that results from an increase
in the size of existing cells, an increase in the number of cells, or
both. In addition, a tissue sometimes increases in size because
the amount of material between cells increases. In a growing bone,
for example, mineral deposits accumulate between bone cells,
causing the bone to grow in length and width.

5. Differentiation (dif -er-en-shé-A-shun) is the development of a cell
from an unspecialized to a specialized state. Such precursor cells,
which can divide and give rise to cells that undergo differentiation,
are known as stem cells. As you will see later in the text, each type
of cellin the body has a specialized structure or function that differs
from that of its precursor (ancestor) cells. For example, red blood
cells and several types of white blood cells all arise from the same
unspecialized precursor cells in red bone marrow. Also through dif-
ferentiation, a single fertilized human egg (ovum) develops into an
embryo, and then into a fetus, an infant, a child, and finally an adult.

6. Reproduction (ré-pro-DUK-shun) refers either to (1) the formation of
new cells for tissue growth, repair, or replacement, or (2) the produc-
tion of a new individual. The formation of new cells occurs through
cell division. The production of a new individual occurs through the
fertilization of an ovum by a sperm cell to form a zygote, followed by
repeated cell divisions and the differentiation of these cells.

When any one of the life processes ceases to occur properly, the
result is death of cells and tissues, which may lead to death of the organ-
ism. Clinically, loss of the heartbeat, absence of spontaneous breath-
ing, and loss of brain functions indicate death in the human body.

i Clinical Connection

Autopsy

An autopsy (AW-top-sé = seeing with one’s own eyes) or necropsy is a post-
mortem (after death) examination of the body and dissection of its internal
organs to confirm or determine the cause of death. An autopsy can uncover
the existence of diseases not detected during life, determine the extent
of injuries, and explain how those injuries may have contributed to a per-
son’s death. It also may provide more information about a disease, assist
in the accumulation of statistical data, and educate health-care students.
Moreover, an autopsy can reveal conditions that may affect offspring or sib-
lings (such as congenital heart defects). Sometimes an autopsy is legally
required, such as during a criminal investigation. It also may be useful in
resolving disputes between beneficiaries and insurance companies about
the cause of death.

6. List the six most important life processes in the human body.

1.4 | Homeostasis

OBJECTIVES

+ Define homeostasis.
« Describe the components of a feedback system.
« Contrast the operation of negative and positive feedback systems.

« Explain how homeostatic imbalances are related to disorders.

Homeostasis (ho'-mé-6-STA-sis; homeo- = sameness; -stasis = stand-
ing still) is the maintenance of relatively stable conditions in the
body’s internal environment. It occurs because of the ceaseless inter-
play of the body’s many regulatory systems. Homeostasis is a dynamic
condition. In response to changing conditions, the body’s parameters
can shift among points in a narrow range that is compatible with
maintaining life. For example, the level of glucose in blood normally
stays between 70 and 110 milligrams of glucose per 100 milliliters of
blood.* Each structure, from the cellular level to the system level, con-
tributes in some way to keeping the internal environment of the body
within normal limits.

Homeostasis and Body Fluids

An important aspect of homeostasis is maintaining the volume and
composition of body fluids, dilute, watery solutions containing dis-
solved chemicals that are found inside cells as well as surrounding
them (See Figure 27.1). The fluid within cells is intracellular fluid
(intra- = inside), abbreviated ICF. The fluid outside body cells is extra-
cellular fluid (ECF) (extra- = outside). The ECF that fills the narrow
spaces between cells of tissues is known as interstitial fluid (in’-ter-
STISH-al; inter- = between). As you progress with your studies, you will
learn that the ECF differs depending on where it occurs in the body: ECF
within blood vessels is termed blood plasma, within lymphatic vessels
itis called lymph, in and around the brain and spinal cord it is known as
cerebrospinal fluid, in joints it is referred to as synovial fluid, and the
ECF of the eyes is called aqueous humor and vitreous body.

The proper functioning of body cells depends on precise
regulation of the composition of their surrounding fluid. Because ex-
tracellular fluid surrounds the cells of the body, it serves as the body’s
internal environment. By contrast, the external environment of the
body is the space that surrounds the entire body.

Figure 1.2 is a simplified view of the body that shows how a num-
ber of organ systems allow substances to be exchanged between the
external environment, internal environment, and body cells in order to

*Appendix A describes metric measurements.
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m A simplified view of exchanges between the external and internal environments. Note
that the linings of the respiratory, digestive, and urinary systems are continuous with the external

environment.

that surrounds body cells.

The internal environment of the body refers to the extracellular fluid (interstitial fluid and plasma)

External environment
Integumentary system

O,

Cco,

Nutrients
p NE
Digestive
system
Body cells Internal environment Respiratory
/\ system
e
© Interstitial fluid ~ Blood plasma
@
(- J
@
O «—t
(4
@_5 co,—
e, \’/\lvgrsotgsnous Nutrients |
@
®
® Cardiovascular

system

A

Urinary system

4

~/ b

Solid wastes

Urine

Q How does a nutrient in the external environment reach a body cell?

maintain homeostasis. Note that the integumentary system covers the
outer surface of the body. Although this system does not play a major
role in the exchange of materials, it protects the internal environment
from damaging agents in the external environment. From the external
environment, oxygen enters plasma through the respiratory system and
nutrients enter plasma through the digestive system. After entering

plasma, these substances are transported throughout the body by the
cardiovascular system. Oxygen and nutrients eventually leave plasma
and enter interstitial fluid by crossing the walls of blood capillaries, the
smallest blood vessels of the body. Blood capillaries are specialized to
allow the transfer of material between plasma and interstitial fluid.
From interstitial fluid, oxygen and nutrients are taken up by cells and
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metabolized for energy. During this process, the cells produce waste
products, which enter interstitial fluid and then move across blood
capillary walls into plasma. The cardiovascular system transports these
wastes to the appropriate organs for elimination from the body into the
external environment. The waste product CO, is removed from the body
by the respiratory system; nitrogen-containing wastes, such as urea and
ammonia, are eliminated from the body by the urinary system.

Control of Homeostasis

Homeostasis in the human body is continually being disturbed. Some
disruptions come from the external environment in the form of physi-
cal insults such as the intense heat of a hot summer day or a lack of
enough oxygen for that two-mile run. Other disruptions originate in
the internal environment, such as a blood glucose level that falls too
low when you skip breakfast. Homeostatic imbalances may also occur
dueto psychological stressesin oursocial environment—the demands
of work and school, for example. In most cases the disruption of
homeostasis is mild and temporary, and the responses of body cells
quickly restore balance in the internal environment. However, in
some cases the disruption of homeostasis may be intense and pro-
longed, as in poisoning, overexposure to temperature extremes,
severe infection, or major surgery.

Fortunately, the body has many regulating systems that can usu-
ally bring the internal environment back into balance. Most often, the
nervous system and the endocrine system, working together or inde-
pendently, provide the needed corrective measures. The nervous
system regulates homeostasis by sending electrical signals known as
nerve impulses (action potentials) to organs that can counteract
changes from the balanced state. The endocrine system includes many
glands that secrete messenger molecules called hormones into the
blood. Nerve impulses typically cause rapid changes, but hormones
usually work more slowly. Both means of regulation, however, work
toward the same end, usually through negative feedback systems.

Feedback Systems The body can regulate its internal
environment through many feedback systems. A feedback system
or, feedback loop, is a cycle of events in which the status of a body
conditionis monitored, evaluated, changed, remonitored, reevaluated,
and so on. Each monitored variable, such as body temperature, blood
pressure, or blood glucose level, is termed a controlled condition
(controlled variable). Any disruption that changes a controlled
condition is called a stimulus. A feedback system includes three basic
components: a receptor, a control center, and an effector (Figure 1.3).

1. A receptor is a body structure that monitors changes in a con-
trolled condition and sends input to a control center. This pathway
is called an afferent pathway (AF-er-ent; af- = toward; -ferrent =
carried), since the information flows toward the control center. Typ-
ically, the input is in the form of nerve impulses or chemical signals.
For example, certain nerve endings in the skin sense temperature
and can detect changes, such as a dramatic drop in temperature.

2. A control center in the body, for example, the brain, sets the nar-
row range or set point within which a controlled condition should
be maintained, evaluates the input it receives from receptors, and
generates output commands when they are needed. Output from
the control center typically occurs as nerve impulses, or hormones

or other chemical signals. This pathway is called an efferent
pathway (EF-er-ent; ef- = away from), since the information flows
away from the control center. In our skin temperature example, the
brain acts as the control center, receiving nerve impulses from the
skin receptors and generating nerve impulses as output.

3. An effector (e-FEK-tor) is a body structure that receives output
from the control center and produces a response or effect that
changes the controlled condition. Nearly every organ or tissue in
the body can behave as an effector. When your body temperature
drops sharply, your brain (control center) sends nerve impulses
(output) to your skeletal muscles (effectors). The result is shivering,
which generates heat and raises your body temperature.

A group of receptors and effectors communicating with their
control center forms a feedback system that can regulate a controlled
condition in the body’s internal environment. In a feedback system,
the response of the system “feeds back” information to change the

m Operation of a feedback system.

The three basic components of a feedback system are the receptor,
control center, and effector.

STIMULUS

B
disrupts homeostasis by
increasing or decreasing a

CONTROLLED CONDITION
y 4 | ¢

that is
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Input ) .
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that receives the input condition back to
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h
that bring about
a change or
| 4
RESPONSE that alters

the controlled condition

Q What is the main difference between negative and positive
feedback systems?



controlled condition in some way, either negating it (negative feed-
back) or enhancing it (positive feedback).

NEGATIVE FEEDBACK SYSTEMS A negative feedback system reverses
a change in a controlled condition. Consider the regulation of blood
pressure. Blood pressure (BP) is the force exerted by blood as it
presses against the walls of blood vessels. When the heart beats faster
or harder, BP increases. If some internal or external stimulus causes
blood pressure (controlled condition) to rise, the following sequence
of events occurs (Figure 1.4). Baroreceptors (the receptors), pressure-
sensitive nerve cells located in the walls of certain blood vessels,
detect the higher pressure. The baroreceptors send nerve impulses
(input) to the brain (control center), which interprets the impulses
and responds by sending nerve impulses (output) to the heart and
blood vessels (the effectors). Heart rate decreases and blood vessels
dilate (widen), which cause BP to decrease (response). This sequence
of events quickly returns the controlled condition—blood pressure—
to normal, and homeostasis is restored. Notice that the activity of the
effector causes BP to drop, a result that negates the original stimulus
(anincreasein BP). Thisis why it is called a negative feedback system.

PosITIVE FEEDBACK SYSTEMS  Unlike a negative feedback system, a
positive feedback system tends to strengthen or reinforce a change
in one of the body’s controlled conditions. In a positive feedback
system, the response affects the controlled condition differently than
in a negative feedback system. The control center still provides com-
mands to an effector, but this time the effector produces a physiologi-
cal response that adds to or reinforces the initial change in the
controlled condition. The action of a positive feedback system contin-
ues until it is interrupted by some mechanism.

Normal childbirth provides a good example of a positive feedback
system (Figure 1.5). The first contractions of labor (stimulus) push part
of the fetus into the cervix, the lowest part of the uterus, which opens
into the vagina. Stretch-sensitive nerve cells (receptors) monitor the
amount of stretching of the cervix (controlled condition). As stretching
increases, they send more nerve impulses (input) to the brain (control
center), which in turn causes the pituitary gland to release the hormone
oxytocin (output) into the blood. Oxytocin causes muscles in the wall of
the uterus (effector) to contract even more forcefully. The contractions
push the fetus farther down the uterus, which stretches the cervix even
more. The cycle of stretching, hormone release, and ever-stronger con-
tractions is interrupted only by the birth of the baby. Then, stretching of
the cervix ceases and oxytocin is no longer released.

Another example of positive feedback is what happens to your
body when you lose a great deal of blood. Under normal conditions,
the heart pumps blood under sufficient pressure to body cells to pro-
vide them with oxygen and nutrients to maintain homeostasis. Upon
severe blood loss, blood pressure drops and blood cells (including
heart cells) receive less oxygen and function less efficiently. If the
blood loss continues, heart cells become weaker, the pumping action
of the heart decreases further, and blood pressure continues to fall.
This is an example of a positive feedback cycle that has serious conse-
quences and may even lead to death if there is no medical interven-
tion. As you will see in Chapter 19, blood clotting is also an example of
a positive feedback system.

These examples suggest some important differences between
positive and negative feedback systems. Because a positive feedback
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m Homeostatic regulation of blood pressure by a negative
feedback system. The broken return arrow with a negative sign surrounded
by a circle symbolizes negative feedback.

If the response reverses the stimulus, a system is operating by negative
feedback.
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Q What would happen to heart rate if some stimulus caused
blood pressure to decrease? Would this occur by way of
positive or negative feedback?
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m Positive feedback control of labor contractions during
birth of a baby. The broken return arrow with a positive sign surrounded
by a circle symbolizes positive feedback.

If the response enhances or intensifies the stimulus, a system is operating
by positive feedback.
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Q Why do positive feedback systems that are part of a
normal physiological response include some mechanism
that terminates the system?

system continually reinforces a change in a controlled condition,
some event outside the system must shut it off. If the action of a posi-
tive feedback system is not stopped, it can “run away” and may even
produce life-threatening conditions in the body. The action of a
negative feedback system, by contrast, slows and then stops as the
controlled condition returns to its normal state. Usually, positive
feedback systems reinforce conditions that do not happen very often,
and negative feedback systems regulate conditions in the body that
remain fairly stable over long periods.

Homeostatic Imbalances

You’ve seen homeostasis defined as a condition in which the body’s
internal environment remains relatively stable. The body’s ability to
maintain homeostasis gives it tremendous healing power and a
remarkable resistance to abuse. The physiological processes respon-
sible for maintaining homeostasis are in large part also responsible
for your good health.

For most people, lifelong good health is not something that
happens effortlessly. The many factors in this balance called health
include the following:

« The environment and your own behavior.
» Your genetic makeup.

» The air you breathe, the food you eat, and even the thoughts you
think.

The way you live your life can either support or interfere with your
body’s ability to maintain homeostasis and recover from the inevitable
stresses life throws your way.

Many diseases are the result of years of poor health behavior that
interferes with the body’s natural drive to maintain homeostasis.
An obvious example is smoking-related illness. Smoking tobacco
exposes sensitive lung tissue to a multitude of chemicals that cause
cancer and damage the lung’s ability to repair itself. Because diseases
such as emphysema and lung cancer are difficult to treat and are very
rarely cured, it is much wiser to quit smoking—or never start—than to
hope a doctor can “fix” you once you are diagnosed with a lung dis-
ease. Developing a lifestyle that works with, rather than against, your
body’s homeostatic processes helps you maximize your personal
potential for optimal health and well-being.

As long as all of the body’s controlled conditions remain within
certain narrow limits, body cells function efficiently, homeostasis is
maintained, and the body stays healthy. Should one or more compo-
nents of the body lose their ability to contribute to homeostasis,
however, the normal balance among all of the body’s processes may
be disturbed. If the homeostatic imbalance is moderate, a disorder
or disease may occur; if it is severe, death may result.

Adisorder is any abnormality of structure or function. Disease is
a more specific term for an illness characterized by a recognizable set
of signs and symptoms. A local disease affects one part or a limited
region of the body (for example, a sinus infection); a systemic disease
affects either the entire body or several parts of it (for example, influ-
enza). Diseases alter body structures and functions in characteristic
ways. A person with a disease may experience symptoms, subjective
changes in body functions that are not apparent to an observer.
Examples of symptoms are headache, nausea, and anxiety. Objective



changes that a clinician can observe and measure are called signs.
Signs of disease can be either anatomical, such as swelling or a rash,
or physiological, such as fever, high blood pressure, or paralysis.

The science that deals with why, when, and where diseases occur
and how they are transmitted among individuals in a community is
known as epidemiology (ep’-i-dé-mé-OL-6-j€; epi- = upon; -demi =
people). Pharmacology (far’-ma-KOL-6-j&; pharmac- = drug) is the
science that deals with the effects and uses of drugs in the treatment
of disease.

i Clinical Connection

Diagnosis of Disease

Diagnosis (di-ag-NO-sis; dia- = through; -gnosis = knowledge) is the
science and skill of distinguishing one disorder or disease from another.
The patient’s symptoms and signs, his or her medical history, a physical
exam, and laboratory tests provide the basis for making a diagnosis. Tak-
ing a medical history consists of collecting information about events that
might be related to a patient’s illness. These include the chief complaint
(primary reason for seeking medical attention), history of presentillness,
past medical problems, family medical problems, social history, and re-
view of symptoms. A physical examination is an orderly evaluation of the
body and its functions. This process includes the noninvasive techniques
of inspection, palpation, auscultation, and percussion that you learned
about earlier in the chapter, along with measurement of vital signs (tem-
perature, pulse, respiratory rate, and blood pressure), and sometimes
laboratory tests.

7. Describe the locations of intracellular fluid, extracellular fluid,
interstitial fluid, and blood plasma.

8. Why is extracellular fluid called the internal environment of the
body?

9. What types of disturbances can act as stimuli that initiate a
feedback system?

10. Define receptor, control center, and effector.

11. What is the difference between symptoms and signs of a disease?
Give examples of each.

1.5 | Basic Anatomical
Terminology

OBJECTIVES

« Describe the anatomical position.

+ Relate the anatomical names and the corresponding common
names for various regions of the human body.
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« Define the anatomical planes, anatomical sections, and directional
terms used to describe the human body.

« Outline the major body cavities, the organs they contain, and their
associated linings.

Scientists and health-care professionals use a common language of
special terms when referring to body structures and their functions.
The language of anatomy they use has precisely defined meanings
that allow us to communicate clearly and precisely. For example, is it
correct to say, “The wrist is above the fingers”? This might be true if
your upper limbs (described shortly) are at your sides. But if you hold
your hands up above your head, your fingers would be above your
wrists. To prevent this kind of confusion, anatomists use a standard
anatomical position and a special vocabulary for relating body parts
to one another.

Body Positions

Descriptions of any region or part of the human body assume that it is
in a standard position of reference called the anatomical position
(an’-a-TOM-i-kal). In the anatomical position, the subject stands erect
facing the observer, with the head level and the eyes facing directly
forward. The lower limbs are parallel and the feet are flat on the floor
and directed forward, and the upper limbs are at the sides with the
palms turned forward (Figure 1.6). Two terms describe a reclining
body. If the body is lying facedown, it is in the prone position. If the
body is lying faceup, it is in the supine position.

Regional Names

The human body is divided into several major regions that can be
identified externally. The principal regions are the head, neck, trunk,
upper limbs, and lower limbs (Figure 1.6). The head consists of the
skull and face. The skull encloses and protects the brain; the face
is the front portion of the head that includes the eyes, nose, mouth,
forehead, cheeks, and chin. The neck supports the head and
attaches it to the trunk. The trunk consists of the chest, abdomen,
and pelvis. Each upper limb attaches to the trunk and consists of
the shoulder, armpit, arm (portion of the limb from the shoulder to
the elbow), forearm (portion of the limb from the elbow to the wrist),
wrist, and hand. Each lower limb also attaches to the trunk and
consists of the buttock, thigh (portion of the limb from the buttock
to the knee), leg (portion of the limb from the knee to the ankle),
ankle, and foot. The groin is the area on the front surface of the body
marked by a crease on each side, where the trunk attaches to the
thighs.

Figure 1.6 shows the anatomical and common names of major
parts of the body. For example, if you receive a tetanus shot in your
gluteal region, the injection is in your buttock. Because the anatom-
ical term for a body part usually is based on a Greek or Latin word,
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m The anatomical position. The anatomical names and corresponding common names (in
parentheses) are indicated for specific body regions. For example, the cephalic region is the head.

In the anatomical position, the subject stands erect facing the observer with the head level and
the eyes facing forward. The lower limbs are parallel and the feet are flat on the floor and directed

forward, and the upper limbs are at the sides with the palms facing forward.
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Q What is the usefulness of defining one standard anatomical position?

it may look different from the common name for the same part or
area. For example, the Latin word axilla (ak-SlIL-a) is the anatomical
term for armpit. Thus, the axillary nerve is one of the nerves pass-
ing within the armpit. You will learn more about the Greek and Latin
word roots of anatomical and physiological terms as you read this
book.

Directional Terms

To locate various body structures, anatomists use specific directional
terms, words that describe the position of one body part relative to
another. Several directional terms are grouped in pairs that have
opposite meanings, such as anterior (front) and posterior (back).
Exhibit 1 and Figure 1.7 present the main directional terms.
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EXHIBIT 1 Directional Terms (Figure 1.7)

Overview

OBJECTIVE example, your knee is superior to your ankle, even though both are located
in the inferior half of the body. Study the directional terms below and the
« Define each directional term used to describe the human body. example of how each is used. As you read the examples, look at Figure 1.7

to see the location of each structure.

Most of the directional terms used to describe the relationship of one part

Checkpoint

of the body to another can be grouped into pairs that have opposite mean-

inferior means toward the lower part of the body. It is important to under-
stand that directional terms have relative meanings; they make sense only
when used to describe the position of one structure relative to another. For

) ) 12. Which directional terms can be used to specify the relation-
ings. For example, superior means toward the upper part of the body, and ships between (1) the elbow and the shoulder, (2) the left and

right shoulders, (3) the sternum and the humerus, and (4) the
heart and the diaphragm?

DIRECTIONAL TERM DEFINITION

EXAMPLE OF USE

Superior (so0’-PER-&-or) Toward the head, or the upper part of a structure. The heart is superior to the liver.
(cephalic or cranial)
Inferior (in-FE-ré-or) (caudal) Away from the head, or the lower part of a structure. The stomach is inferior to the lungs.
Anterior (an-TER-&-or) (ventral)* Nearer to or at the front of the body. The sternum (breastbone) is anterior to the heart.

Posterior (pos-TER-&-or) (dorsal) Nearer to or at the back of the body.

The esophagus (food tube) is posterior to the
trachea (windpipe).

farther from the origination of a structure.

Medial (ME-dé-al) Nearer to the midline (an imaginary vertical line that The ulna is medial to the radius.
divides the body into equal right and left sides).
Lateral (LAT-er-al) Farther from the midline. The lungs are lateral to the heart.
Intermediate (in’-ter-ME-dé-at) Between two structures. The transverse colon is intermediate to the
ascending and descending colons.
Ipsilateral (ip-si-LAT-er-al) On the same side of the body as another structure. The gallbladder and ascending colon are
ipsilateral.
Contralateral (KON-tra-lat-er-al) On the opposite side of the body from another structure. The ascending and descending colons are
contralateral.
Proximal (PROK-si-mal) Nearer to the attachment of a limb to the trunk; nearer to The humerus (arm bone) is proximal to the radius.
the origination of a structure.
Distal (DIS-tal) Farther from the attachment of a limb to the trunk; The phalanges (finger bones) are distal to the

carpals (wrist bones).

Superficial (soo’-per-FISH-al) Toward or on the surface of the body. The ribs are superficial to the lungs.
(external)
Deep (Internal) Away from the surface of the body. The ribs are deep to the skin of the chest and back.

*Note that the terms anterior and ventral mean the same thing in humans. However, in four-legged animals ventral refers to the belly side and is therefore inferior.
y  Similarly, the terms posterior and dorsal mean the same thing in humans, but in four-legged animals dorsal refers to the back side and is therefore superior.
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m Directional terms.

Directional terms precisely locate various parts of the body relative to one another.
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Q Is the radius proximal to the humerus? Is the esophagus anterior to the trachea?
Are the ribs superficial to the lungs? Is the urinary bladder medial to the ascending

colon? Is the sternum lateral to the descending colon?

Planes and Sections

You will also study parts of the body relative to planes, imaginary flat
surfaces that pass through the body parts (Figure 1.8). A sagittal
plane (SAJ-i-tal; sagitt- = arrow) is a vertical plane that divides the

body or an organ into right and left sides. More specifically, when
such a plane passes through the midline of the body or an organ and
divides it into equal right and left sides, it is called a midsagittal
plane or a median plane. The midline is an imaginary vertical line
that divides the body into equal left and right sides. If the sagittal



plane does not pass through the midline but instead divides the body
oranorgan into unequal right and left sides, it is called a parasagittal
plane (para- = near). Afrontal or coronal plane (kd-RO-nal; corona =
crown) divides the body or an organ into anterior (front) and poste-
rior (back) portions. A transverse plane divides the body or an organ
into superior (upper) and inferior (lower) portions. Other names for a
transverse plane are a cross-sectional or horizontal plane. Sagittal,
frontal, and transverse planes are all at right angles to one another.
An oblique plane (6-BLEK), by contrast, passes through the body or
an organ at an oblique angle (any angle other than a 90-degree
angle).

m Planes through the human body.

Frontal, transverse, sagittal, and oblique planes divide the body in specific
ways.

Frontal
plane r
'| o
Parasagittal
plane
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|
{
¥
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Transverse . .
plane — Midsagittal
plane
(through
midline)
1
[ 4
} Oblique
1i plane

Anterolateral view

Q Which plane divides the heart into anterior and posterior
portions?
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When you study a body region, you often view it in section.
A section is a cut of the body or one of its organs made along one
of the planes just described. It is important to know the plane of
the section so you can understand the anatomical relationship of
one part to another. Figure 1.9a-c indicates how three different
sections—midsagittal, frontal, and transverse—provide different
views of the brain.

m Planes and sections through different parts of the

brain. The diagrams (left) show the planes, and the photographs (right)
show the resulting sections. Note: The “view” arrows in the diagrams indicate
the direction from which each section is viewed. This aid is used throughout
the book to indicate viewing perspectives.

Planesdivide the bodyin various ways to produce sections.

Midsagittal plane

Dissection Shawn Miller; Photograph Mark Nielsen
Midsagittal section

(a)

Frontal plane

Dissection Shawn Miller; Photograph Mark Nielsen
Frontal section

(b)
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Dissection Shawn Miller; Photograph Mark Nielsen

Transverse section

. -
Posterior et

(c)

Q Which plane divides the brain into unequal right and left
portions?
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Body Cavities

Body cavities are spaces that enclose internal organs. Bones, muscles,
ligaments, and other structures separate the various body cavities from
one another. Here we discuss several body cavities (Figure 1.10).

The cranial bones form a hollow space of the head called the
cranial cavity (KRA-né-al), which contains the brain. The bones of the
vertebral column (backbone) form the vertebral (spinal) canal (VER-
te-bral), which contains the spinal cord. The cranial cavity and verte-
bral canal are continuous with one another. Three layers of protective
tissue, the meninges (me-NIN-jéz), and a shock-absorbing fluid
surround the brain and spinal cord.

The major body cavities of the trunk are the thoracic and abdom-
inopelvic cavities. The thoracic cavity (thor-AS-ik; thorac- = chest) or
chest cavity (Figure 1.11) is formed by the ribs, the muscles of the
chest, the sternum (breastbone), and the thoracic portion of the

vertebral column. Within the thoracic cavity are the pericardial cavity
(per'-i-KAR-dé-al; peri- = around; -cardial = heart), a fluid-filled space
that surrounds the heart, and two fluid-filled spaces called pleural
cavities (PLOOR-al; pleur- = rib or side), one around each lung. The
central part of the thoracic cavity is an anatomical region called the
mediastinum (mé’-dé-as-T1-num; media- = middle; -stinum = parti-
tion). It is between the lungs, extending from the sternum to the ver-
tebral column and from the first rib to the diaphragm (Figure 1.11a, b).
The mediastinum contains all thoracic organs except the lungs them-
selves. Among the structures in the mediastinum are the heart,
esophagus, trachea, thymus, and several large blood vessels that
enter and exit the heart. The diaphragm (DI-a-fram = partition or
wall) is a dome-shaped muscle that separates the thoracic cavity from
the abdominopelvic cavity.

The abdominopelvic cavity (ab-dom’-i-n6-PEL-vik; see Figure
1.10) extends from the diaphragm to the groin and is encircled by the

m Body cavities. The black dashed line in (a) indicates the border between the abdominal

and pelvic cavities.

The major cavities of the trunk are the thoracic and abdominopelvic cavities.

Cranial
cavity

Vertebral
canal

—  Thoracic
cavity

Diaphragm

Abdominopelvic

cavity:
Abdominal
cavity

Pelvic
cavity

(a) Right lateral view

(b) Anterior view

CAVITY COMMENTS

Cranial cavity Formed by cranial bones and contains brain.

Vertebral canal Formed by vertebral column and contains spinal

cord and the beginnings of spinal nerves.

Thoracic cavity* Chest cavity; contains pleural and pericardial

cavities and the mediastinum.

Pleural cavity A potential space between the layers of the

pleura that surrounds a lung.

Pericardial cavity A potential space between the layers of the

pericardium that surrounds the heart.

Mediastinum Central portion of thoracic cavity between the
lungs; extends from sternum to vertebral column
and from first rib to diaphragm; contains heart,
thymus, esophagus, trachea, and several large

blood vessels.

Abdominopelvic
cavity

Subdivided into abdominal and pelvic cavities.

Abdominal cavity  Contains stomach, spleen, liver, gallbladder,
small intestine, and most of large intestine; the
serous membrane of the abdominal cavity is
the peritoneum.

Pelvic cavity Contains urinary bladder, portions of large
intestine, and internal organs of reproduction.

*See Figure 1.11 for details of the thoracic cavity.

Q In which cavities are the following organs located: urinary bladder, stomach,
heart, small intestine, lungs, internal female reproductive organs, thymus,
spleen, liver? Use the following symbols for your responses: T = thoracic cavity,

A = abdominal cavity, or P = pelvic cavity.
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m The thoracic cavity. The black dashed lines indicate the borders of the mediastinum.
Note: When transverse sections are viewed inferiorly (from below), the anterior aspect of the body
appears on top and the left side of the body appears on the right side of the illustration.

Thethoracic cavity containsthree smaller cavities and the mediastinum.

Right pleural
cavity

Pleura

Parietal pleura

Visceral pleura

\ Mediastinum

Parietal pericardium

Diaphragm

/ Transverse plane

View

Muscle
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Pericardial cavity

Right lung

Aorta

Right pleural
cavity

Rib

ANTERIOR

(a) Anterior view of thoracic cavity

Pericardial cavity Pericardium
N‘R & Visceral pericardium
» Left pleural cavity
Sternum
(breastbone)
Thymus

Left lung

Esophagus
(food tube)

Vertebral column
(backbone)

Left pleural
cavity

(b) Inferior view of transverse section of thoracic cavity

Q What is the name of the cavity that surrounds the heart? Which cavities surround

the lungs?

abdominal muscular wall and the bones and muscles of the pelvis.
As the name suggests, the abdominopelvic cavity is divided into two
portions, even though no wall separates them (Figure 1.12). The
superior portion, the abdominal cavity (ab-DOM-i-nal; abdomin- =
belly), contains the stomach, spleen, liver, gallbladder, small

intestine, and most of the large intestine. The inferior portion, the
pelvic cavity (PEL-vik; pelv- = basin), contains the urinary bladder,
portions of the large intestine, and internal organs of the reproductive
system. Organs inside the thoracic and abdominopelvic cavities are
called viscera (VIS-er-a).
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m The abdominopelvic cavity. The black dashed lower
line shows the approximate boundary between the abdominal and pelvic

cavities.

The abdominopelvic cavity extends from the diaphragm to the groin.

Liver . ——— Diaphragm

Gallbladder Stomach

Large b .Small.
intestine —— intestine
Pelvic cavity’
= Urinary
bladder
Anterior view

Q To which body systems do the organs shown here within
the abdominal and pelvic cavities belong? (Hint: Refer to
Table 1.2.)

Thoracic and Abdominal Cavity Membranes A
membrane is a thin, pliable tissue that covers, lines, partitions,
or connects structures. One example is a slippery, double-layered
membrane associated with body cavities that does not open directly
to the exterior called a serous membrane (SER-us). It covers the
viscera within the thoracic and abdominal cavities and also lines the
walls of the thorax and abdomen. The parts of a serous membrane
are (1) the parietal layer (pa-Rl-e-tal), a thin epithelium that lines
the walls of the cavities, and (2) the visceral layer (VIS-er-al), a thin
epithelium that covers and adheres to the viscera within the cavities.
Between the two layers is a potential space that contains a small
amount of lubricating fluid (serous fluid). The fluid allows the viscera
to slide somewhat during movements, such as when the lungs inflate
and deflate during breathing.

The serous membrane of the pleural cavities is called the pleura
(PLOO-ra). The visceral pleura clings to the surface of the lungs, and the
parietal pleura lines the chest wall, covering the superior surface of
the diaphragm (see Figure 1.11a). In between is the pleural cavity, filled
with a small amount of lubricating serous fluid (see Figure 1.11).
The serous membrane of the pericardial cavity is the pericardium

(per’-i-KAR-dé-um). The visceral pericardium covers the surface of the
heart; the parietal pericardium lines the chest wall. Between them is the
pericardial cavity, filled with a small amount of lubricating serous fluid
(see Figure 1.11). The peritoneum (per’-i-td-NE-um) is the serous mem-
brane of the abdominal cavity. The visceral peritoneum covers the ab-
dominal viscera, and the parietal peritoneum lines the abdominal wall,
covering the inferior surface of the diaphragm. Between them is the
peritoneal cavity, which contains a small amount of lubricating serous
fluid. Most abdominal organs are surrounded by the peritoneum. Some
are not surrounded by the peritoneum; instead they are posterior to it.
Such organs are said to be retroperitoneal (re’-tro-per-i-to-NE-al; retro- =
behind). The kidneys, adrenal glands, pancreas, duodenum of the small
intestine, ascending and descending colons of the large intestine, and
portions of the abdominal aorta and inferior vena cava are retroperitoneal.

In addition to the major body cavities just described, you will
also learn about other body cavities in later chapters. These include
the oral (mouth) cavity, which contains the tongue and teeth (see
Figure 24.5); the nasal cavity in the nose (see Figure 23.1); the orbital
cavities (orbits), which contain the eyeballs (see Figure 7.3); the mid-
dle ear cavities (middle ears), which contain small bones (see Figure
17.19); and the synovial cavities, which are found in freely movable
joints and contain synovial fluid (see Figure 9.3).

A summary of the major body cavities and their membranes is
presented in the table included in Figure 1.10.

Abdominopelvic Regions and Quadrants

To describe the location of the many abdominal and pelvic organs
more easily, anatomists and clinicians use two methods of dividing
the abdominopelvic cavity into smaller areas. In the first method, two
horizontal and two vertical lines, aligned like a tic-tac-toe grid, parti-
tion this cavity into nine abdominopelvic regions (Figure 1.13a). The
superior horizontal line, the subcostal line (sub = below; costal = rib),
passes across the lowest level of the 10" costal cartilages (see also
Figure 7.22b); the inferior horizontal line, the transtubercular line
(trans-too-BER-ki-lar), passes across the superior margins of the iliac
crests of the right and left hip bone (see Figure 8.9). Two vertical lines,
the left and right midclavicular lines (mid-kla-VIK-G-lar), are drawn
through the midpoints of the clavicles (collar bones), just medial to
the nipples. The four lines divide the abdominopelvic cavity into a
larger middle section and smaller left and right sections. The names
of the nine abdominopelvic regions are right hypochondriac (hi'-p&-
KON-dré-ak), epigastric (ep-i-GAS-trik), left hypochondriac, right
lumbar, umbilical (um-BIL-i-kal), left lumbar, right inguinal (iliac)
(IN-gwi-nal), hypogastric (pubic), and left inguinal (iliac).

The second method is simpler and divides the abdominopelvic
cavity into quadrants (KWOD-rantz; quad- = one-fourth), as shown in
Figure 1.13b. In this method, a midsagittal line (the median line) and a
transverse line (the transumbilical line) are passed through the umbilicus
(um-BlI-li-kus; umbilic- = navel) or belly button. The names of the abdom-
inopelvic quadrants are right upper quadrant (RUQ), left upper quad-
rant (LUQ), right lower quadrant (RLQ), and left lower quadrant
(LLQ). The nine-region division is more widely used for anatomical stud-
ies, and quadrants are more commonly used by clinicians for describing
the site of abdominopelvic pain, a tumor, or another abnormality.
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m Regions and quadrants of the abdominopelvic cavity.

The nine-region designation is used for anatomical studies; the quadrant designation is used to
locate the site of pain, tumors, or some other abnormality.

Clavicles

>4 s

Midclavicular lines

Right Left
Median
Right Epi j.@"f‘t ne
hyp_ochondri‘ Ci r‘\"yp_ochondriac . b/
region x | region Right - -—-t% Left
upper ‘ L upper
Subcostal —>» quadrant quadrant
line Right | (ruq) (luq)
Ium_bal; Transumbilical
I‘eglon‘ line
Transtubercular —»
line Right Left
Right inguinal lower lower
region quadrant quadrant
(rla) (llq)
(a) Anterior view showing location of abdominopelvic regions (b) Anterior view showing location of abdominopelvic quadrants

Q In which abdominopelvic region is each of the following found: most of the liver,
ascending colon, urinary bladder, and most of the small intestine? In which
abdominopelvic quadrant would pain from appendicitis (inflammation of the
appendix) be felt?

As you will see later, aging is a normal process characterized by a

EUEEKEDN progressive decline in the body’s ability to restore homeostasis.
13. Locate each region shown in Figure 1.6 on your own body, and Aging produces observable changes in structure and function and
then identify it by its anatomical name and the corresponding increases vulnerability to stress and disease. The changes associ-
common name. ated with aging are apparent in all body systems. Examples

include wrinkled skin, gray hair, loss of bone mass, decreased
muscle mass and strength, diminished reflexes, decreased pro-
duction of some hormones, increased incidence of heart disease,
Increased susceptibility to infections and cancer, decreased lung
capacity, less efficient functioning of the digestive system,
decreased kidney function, menopause, and enlarged prostate,
These and other effects of aging will be discussed in details in
later chapters.

14. What structures separate the various body cavities from one another?

15. Locate the nine abdominopelvic regions and the four abdominopelvic
quadrants on yourself, and list some of the organs found in each.

16 | Aging and Homeostasis

OBJECTIVE

Checkpoint

+ Describe some of the general anatomical and physiological
changes that occur with aging. 16. What are some of the signs of aging?
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. . Medical imaging refers to techniques and procedures used to create
1.7 M ed ICa l I m agl ng images of the human body. Various types of medical imaging allow
visualization of structures inside our bodies and are increasingly
helpful for precise diagnosis of a wide range of anatomical and phys-

OBJECTIVE iological disorders. The grandparent of all medical imaging tech-
niques is conventional radiography (x-rays), in medical use since the

« Describe the principles and importance of medical imaging late 1940s. The newer imaging technologies not only contribute to
procedures in the evaluation of organ functions and the diagnosis diagnosis of disease, but they also are advancing our understanding
of disease. of normal anatomy and physiology. Table 1.3 describes some com-

monly used medical imaging techniques. Other imaging methods,
such as cardiac catheterization, will be discussed in later chapters.

TABLE 1.3 Common Medical Imaging Procedures

RADIOGRAPHY

Procedure: A single barrage of x-rays passes through the body, producing (mammography) and for determining bone density (bone densitometry
an image of interior structures on x-ray-sensitive film. The resulting two- or DEXA scan).

dimensional image is a radiograph (RA-dé-o-graf’), commonly called an x-ray. It is necessary to use a substance called a contrast medium to make
Comments: Relatively inexpensive, quick, and simple to perform; usually hollow or fluid-filled structures visible (appear white) in radiographs.
provides sufficient information for diagnosis. X-rays do not easily pass X-rays make structures that contain contrast media appear white. The
through dense structures, so bones appear white. Hollow structures, medium may be introduced by injection, orally, or rectally, depending
such as the lungs, appear black. Structures of intermediate density, such on the structure to be imaged. Contrast x-rays are used to image blood
as skin, fat, and muscle, appear as varying shades of gray. At low doses, vessels (angiography), the urinary system (intravenous urography), and
x-rays are useful for examining soft tissues such as the breast the gastrointestinal tract (barium contrast x-ray).

Vertebral
column

Left clavicle
Left rib

Left lung

Heart
Diaphragm

Zephyr/Photo Researchers, Inc.
Bone densitometry scan of

lumbar spine in anterior view

Warwick G./Science Source

. . . . Breast Cancer Unit, Kings College
Radiograph of thorax in anterior view Hospital, London/Science Source

Mammogram of female breast

showing cancerous tumor
(white mass with uneven border)

CNRI/SPL/Science Source
: Intravenous urogram showing kidney stone (arrow)
Cardio-Thoracic Centre, F Hospital, N tle- inri i
U?):,,:?Tynz/rgggn;nsfl]rcr:eman ospital, Rewcastie in I’Ight kldney Scien.ce Photo Library/Science Source-
Angiogram of adult human heart showing Barium contrast x-ray showing cancer of the

blockage in coronary artery (arrow) ascending colon (arrow)



MAGNETIC RESONANCE IMAGING (MRI)

Procedure: The body is exposed to a high-energy magnetic field, which
causes protons (small positive particles within atoms, such as hydrogen)
in body fluids and tissues to arrange themselves in relation to the field.
Then a pulse of radio waves “reads” these ion patterns, and a color-coded
image is assembled on a video monitor. The result is a two- or three-
dimensional blueprint of cellular chemistry.

Comments: Relatively safe but cannot be used on patients with metal
in their bodies. Shows fine details for soft tissues but not for bones.
Most useful for differentiating between normal and abnormal tissues.
Used to detect tumors and artery-clogging fatty plaques; reveal

brain abnormalities; measure blood flow; and detect a variety of
musculoskeletal, liver, and kidney disorders.

Scott Camazine/Science Source

Magnetic resonance image of brain in
sagittal section
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COMPUTED TOMOGRAPHY (CT)

[formerly called computerized axial tomography (CAT) scanning]

Procedure: In this form of computer-assisted radiography, an x-ray
beam traces an arc at multiple angles around a section of the body. The
resulting transverse section of the body, called a CT scan, is shown on a
video monitor.

Comments: Visualizes soft tissues and organs with much more detail

than conventional radiographs. Differing tissue densities show up as
various shades of gray. Multiple scans can be assembled to build three-
dimensional views of structures (described next). Whole-body CT scanning
typically targets the torso and appears to provide the most benefit in
screening for lung cancers, coronary artery disease, and kidney cancers.

ANTERIOR

Heart

Aorta

Vertebra

Left rib

Scott Camazine/Science Source

POSTERIOR

Computed tomography scan of thorax in inferior view

ULTRASOUND SCANNING

Procedure: High-frequency sound waves produced by a handheld wand reflect

off body tissues and are detected by the same instrument. The image, which
may be still or moving, is called a sonogram (SON-6-gram) and is shown on a
video monitor.

Comments: Safe, noninvasive, painless, and uses no dyes. Most commonly
used to visualize the fetus during pregnancy. Also used to observe the size,
location, and actions of organs and blood flow through blood vessels
(Doppler ultrasound).

Forehead

Eye

Hand

.

Sonogram of fetus (Courtesy of Andrew
Joseph Tortora and Damaris Soler)

-

Table 1.3 Continues
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TABLE 1.3 Ccommon Medical Imaging Procedures (Continued)
CORONARY (CARDIAC) COMPUTED TOMOGRAPHY
ANGIOGRAPHY (CCTA) SCAN

Procedure: In this form of computer-assisted radiography, an iodine-
containing contrast medium is injected into a vein and a beta blocker is
given to decrease heart rate. Then, numerous x-ray beams trace an arc
around the heart and a scanner detects the x-ray beams and transmits
them to a computer, which transforms the information into a three-
dimensional image of the coronary blood vessels on a monitor. The
image produced is called a CCTA scan and can be generated in less than
20 seconds.

Comments: Used primarily to determine if there are any coronary artery
blockages (for example, atherosclerotic plaque or calcium) that may
require an intervention such as angioplasty or stent. The CCTA scan can
be rotated, enlarged, and moved at any angle. The procedure can take
thousands of images of the heart within the time of a single heartbeat,
so it provides a great amount of detail about the heart’s structure and
function.

Normal left
coronary artery

Blocked right
coronary artery

ISM/Phototake
CCTA scan of coronary arteries

POSITRON EMISSION TOMOGRAPHY (PET)

Procedure: A substance that emits positrons (positively charged particles)
is injected into the body, where it is taken up by tissues. The collision of
positrons with negatively charged electrons in body tissues produces
gamma rays (similar to x-rays) that are detected by gamma cameras
positioned around the subject. A computer receives signals from the
gamma cameras and constructs a PET scan image, displayed in coloron a
video monitor. The PET scan shows where the injected substance is being
used in the body. In the PET scan image shown here, the black and blue
colors indicate minimal activity; the red, orange, yellow, and white colors
indicate areas of increasingly greater activity.

Comments: Used to study the physiology of body structures, such as
metabolism in the brain or heart.

ANTERIOR

Department of Nuclear Medicine, Charing Cross Hospital
/Photo Researchers, Inc

POSTERIOR

Positron emission tomography scan of
transverse section of brain (circled area
at upper left indicates where a stroke
has occurred)

ENDOSCOPY

Procedure: Endoscopy involves the visual examination of the inside of body
organs or cavities using a lighted instrument with lenses called an endoscope.
The image is viewed through an eyepiece on the endoscope or projected onto
a monitor.

Comments: Examples include colonoscopy (used to examine the interior of the
colon, which is part of the large intestine), laparoscopy (used to examine the
organs within the abdominopelvic cavity), and arthroscopy (used to examine
the interior of a joint, usually the knee).

A

©Camal/Phototake
Interior view of colon as shown by
colonoscopy
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RADIONUCLIDE SCANNING

Procedure: A radionuclide (radioactive substance) is
introduced intravenously into the body and carried by the
blood to the tissue to be imaged. Gamma rays emitted by the
radionuclide are detected by a gamma camera outside the
subject, and the data are fed into a computer. The computer
constructs a radionuclide image and displays it in color on

a video monitor. Areas of intense color take up a lot of the
radionuclide and represent high tissue activity; areas of less
intense color take up smaller amounts of the radionuclide
and represent low tissue activity. Single-photon-emission
computed tomography (SPECT) scanning is a specialized
type of radionuclide scanning that is especially useful for
studying the brain, heart, lungs, and liver.

Comments: Used to study activity of a tissue or organ, such
as searching for malignant tumors in body tissue or scars that
may interfere with heart muscle activity.

Publiphoto/Science Source

Radionuclide (nuclear) scan of
normal human liver

Dept. of Nuclear Medicine, Charing Cross

Hospital/Science Source
Single-photon-emission computed
tomography (SPECT) scan of transverse
section of the brain (the almost all green
area at lower left indicates migraine attack)

Checkpoint

17. Which forms of medical imaging would be used to show a
blockage in an artery of the heart?

18. Of the medical imaging techniques outlined in Table 1.3,
which one best reveals the physiology of a structure?

19. Which medical imaging technique would you use to determine
whether a bone was broken?

Chapter Review

Review

1.1 Anatomy and Physiology Defined

1. Anatomy is the science of body structures and the relationships among
structures; physiology is the science of body functions.

2. Dissection is the careful cutting apart of body structures to study their
relationships.
3. Some branches of anatomy are embryology, developmental biology, cell bi-

ology, histology, gross anatomy, systemic anatomy, regional anatomy, surface
anatomy, radiographic anatomy, and pathological anatomy (see Table 1.1).

4. Some branches of physiology are molecular physiology, neurophysiology,
endocrinology, cardiovascular physiology, immunology, respiratory physiolo-
gy, renal physiology, exercise physiology, and pathophysiology (see Table 1.1).

1.2 Levels of Structural Organization and Body Systems

1. The human body consists of six levels of structural organization: chemical,
cellular, tissue, organ, system, and organismal.

2. Cells are the basic structural and functional living units of an organism and
are the smallest living units in the human body.

3. Tissues are groups of cells and the materials surrounding them that work
together to perform a particular function.

4. Organs are composed of two or more different types of tissues; they have
specific functions and usually have recognizable shapes.

5. Systems consist of related organs that have a common function.
6. An organism is any living individual.

7. Table 1.2 introduces the 11 systems of the human organism: the integu-
mentary, skeletal, muscular, nervous, endocrine, cardiovascular, lymphatic,
respiratory, digestive, urinary, and reproductive systems.

1.3 Characteristics of the Living Human Organism

1. All organisms carry on certain processes that distinguish them from nonliv-
ing things.

2. Among the life processes in humans are metabolism, responsiveness,
movement, growth, differentiation, and reproduction.

1.4 Homeostasis

1. Homeostasis is the maintenance of relatively stable conditions in the body’s
internal environment produced by the interplay of all of the body’s regulatory
processes.

2. Body fluids are dilute, watery solutions. Intracellular fluid (ICF) is inside

cells, and extracellular fluid (ECF) is outside cells. Plasma is the ECF within
blood vessels. Interstitial fluid is the ECF that fills spaces between tissue cells.
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Because it surrounds the cells of the body, extracellular fluid is called the
body’s internal environment.

3. Disruptions of homeostasis come from external and internal stimuli and
psychological stresses. When disruption of homeostasis is mild and temporary,
responses of body cells quickly restore balance in the internal environment. If
disruption is extreme, regulation of homeostasis may fail.

4. Most often, the nervous and endocrine systems acting together or separat-
ely regulate homeostasis. The nervous system detects body changes and
sends nerve impulses to counteract changes in controlled conditions. The
endocrine system regulates homeostasis by secreting hormones.

5. Feedback systems include three components: (1) Receptors monitor
changes in a controlled condition and send input to a control center (affer-
ent pathway). (2) The control center sets the value (set point) at which a con-
trolled condition should be maintained, evaluates the input it receives from
receptors (efferent pathway), and generates output commands when they are
needed. (3) Effectors receive output from the control center and produce a
response (effect) that alters the controlled condition.

6. If a response reverses the original stimulus, the system is operating by
negative feedback. If a response enhances the original stimulus, the system is
operating by positive feedback.

7. One example of negative feedback is the regulation of blood pressure. If a
stimulus causes blood pressure (controlled condition) to rise, baroreceptors
(pressure-sensitive nerve cells, the receptors) in blood vessels send impulses
(input) to the brain (control center). The brain sends impulses (output) to the
heart (effector). As a result, heart rate decreases (response) and blood pres-
sure decreases to normal (restoration of homeostasis).

8. One example of positive feedback occurs during the birth of a baby. When labor
begins, the cervix of the uterus is stretched (stimulus), and stretch-sensitive nerve
cells in the cervix (receptors) send nerve impulses (input) to the brain (control
center). The brain responds by releasing oxytocin (output), which stimulates the
uterus (effector) to contract more forcefully (response). Movement of the fetus fur-
ther stretches the cervix, more oxytocin is released, and even more forceful con-
tractions occur. The cycle is broken with the birth of the baby.

9. Disruptions of homeostasis—homeostatic imbalances—can lead to disor-
ders, diseases, and even death. A disorder is a general term for any abnormal-
ity of structure or function. A disease is an illness with a definite set of signs
and symptoms.

10. Symptoms are subjective changes in body functions that are not apparent
to an observer; signs are objective changes that can be observed and measured.

1.5 Basic Anatomical Terminology

1. Descriptions of any region of the body assume the body is in the anatomical
position, in which the subject stands erect facing the observer, with the head
level and the eyes facing directly forward. The feet are flat on the floor and
directed forward, and the upper limbs are at the sides, with the palms turned
forward. A body lying facedown is prone; a body lying faceup is supine.

2. Regional names are terms given to specific regions of the body. The princi-
pal regions are the head, neck, trunk, upper limbs, and lower limbs. Within the
regions, specific body parts have anatomical names and corresponding com-
mon names. Examples are thoracic (chest), nasal (nose), and carpal (wrist).

3. Directional terms indicate the relationship of one part of the body to
another. Exhibit 1 summarizes commonly used directional terms.

4. Planes areimaginary flat surfaces that are used to divide the body or organs
to visualize interior structures. A midsagittal plane divides the body or an
organ into equal right and left sides. A parasagittal plane divides the body or
an organ into unequal right and left sides. A frontal plane divides the body or
an organ into anterior and posterior portions. A transverse plane divides the
body or an organ into superior and inferior portions. An oblique plane passes
through the body or an organ at an oblique angle.

5. Sections are cuts of the body or its organs made along a plane. They are
named according to the plane along which the cut is made and include trans-
verse, frontal, and sagittal sections.

6. Figure 1.10 summarizes body cavities and their membranes. Body cavities
are spaces in the body that help protect, separate, and support internal or-
gans. The cranial cavity contains the brain, and the vertebral canal contains
the spinal cord. The meninges are protective tissues that line the cranial cav-
ity and vertebral canal. The diaphragm separates the thoracic cavity from the
abdominopelvic cavity. Viscera are organs within the thoracic and abdomin-
opelvic cavities. A serous membrane lines the wall of the cavity and adheres
to the viscera.

7. The thoracic cavity is subdivided into three smaller cavities: a pericardial
cavity, which contains the heart, and two pleural cavities, each of which con-
tains a lung. The central part of the thoracic cavity is an anatomical region
called the mediastinum. It is located between the pleural cavities, extending
from the sternum to the vertebral column and from the first rib to the dia-
phragm. It contains all thoracic viscera except the lungs.

8. The abdominopelvic cavity is divided into a superior abdominal and an infe-
rior pelvic cavity. Viscera of the abdominal cavity include the stomach, spleen,
liver, gallbladder, small intestine, and most of the large intestine. Viscera of
the pelvic cavity include the urinary bladder, portions of the large intestine,
and internal organs of the reproductive system.

9. Serous membranes line the walls of the thoracic and abdominal cavities
and cover the organs within them. They include the pleura, associated with
the lungs; the pericardium, associated with the heart; and the peritoneum,
associated with the abdominal cavity.

10. To describe the location of organs more easily, the abdominopelvic cavity
is divided into nine regions: right hypochondriac, epigastric, left hypochon-
driac, right lumbar, umbilical, left lumbar, right inguinal (iliac), hypogastric
(pubic), and leftinguinal (iliac). To locate the site of an abdominopelvic abnor-
mality in clinical studies, the abdominopelvic cavity is divided into quadrants:
right upper quadrant (RUQ), left upper quadrant (LUQ), right lower quadrant
(RLQ), and left lower quadrant (LLQ).

1.6 Aging and Homeostasis

1. Aging produces observable changes in structure and function and increas-
es vulnerability to stress and disease.

2. Changes associated with aging occur in all body systems.

1.7 Medical Imaging

1. Medical imaging refers to techniques and procedures used to create images
of the human body. They allow visualization of internal structures to diagnose
abnormal anatomy and deviations from normal physiology.

2. Table 1.3 summarizes and illustrates several medical imaging techniques.



Critical Thinking Questions

1. You are studying for your first anatomy and physiology exam and want to
know which areas of your brain are working hardest as you study. Your class-
mate suggests that you could have a computed tomography (CT) scan done
to assess your brain activity. Would this be the best way to determine brain
activity levels? Why or why not?

2. There is much interest in using stem cells to help in the treatment of dis-
eases such as type 1 diabetes, which is due to a malfunction of some of the

Answers to Figure Questions

1.1 Organs are composed of two or more different types of tissues that work
together to perform a specific function.

1.2 Anutrient moves from the external environment into plasma via the diges-
tive system, then into the interstitial fluid, and then to a body cell.

1.3 The difference between negative and positive feedback systems is that in
negative feedback systems the response reverses the original stimulus, but in
positive feedback systems the response enhances the original stimulus.

1.4 When something causes blood pressure to decrease, then heart rate in-
creases due to operation of this negative feedback system.

1.5 Because positive feedback systems continually intensify or reinforce the
original stimulus, some mechanism is needed to end the response.

1.6 Having one standard anatomical position allows directional terms to be
clearly defined so that any body part can be described in relation to any other
part.

1.7 No, the radius is distal to the humerus. No, the esophagus is posterior to the

trachea. Yes, the ribs are superficial to the lungs. Yes, the urinary bladder is me-
dial to the ascending colon. No, the sternum is medial to the descending colon.

Answers to Figure Questions 27

normal cells in the pancreas. What would make stem cells useful in disease
treatment?

3. On her first anatomy and physiology exam, Heather defined homeostasis
as “the condition in which the body approaches room temperature and stays
there.” Do you agree with Heather’s definition?

1.8 The frontal plane divides the heart into anterior and posterior portions.

1.9 The parasagittal plane (not shown in the figure) divides the brain into
unequal right and left portions.

1.10 Urinary bladder = P, stomach = A, heart = T, small intestine = A,
lungs = T, internal female reproductive organs = P, thymus = T, spleen = A,
liver = A.

1.11 The pericardial cavity surrounds the heart, and the pleural cavities sur-
round the lungs.

1.12 The illustrated abdominal cavity organs all belong to the digestive sys-
tem (liver, gallbladder, stomach, small intestine, and most of the large intes-
tine). Illustrated pelvic cavity organs belong to the urinary system (the urinary
bladder) and the digestive system (part of the large intestine).

1.13 The liver is mostly in the epigastric region; the ascending colon is in the
right lumbar region; the urinary bladder is in the hypogastric region; most of
the small intestine is in the umbilical region. The pain associated with appen-
dicitis would be felt in the right lower quadrant (RLQ).
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The Chemical Level
of Organization

Chemistry and Homeostasis

Maintaining the proper assortment and quantity of thousands of different chemicals in your body,
and monitoring the interactions of these chemicals with one another, are two important aspects of
homeostasis.

You learned in Chapter 1 that the chemical level of organization, the chemical reactions and the maintenance of homeostasis. Finally, we
lowest level of structural organization, consists of atoms and molecules. present several groups of molecules whose unique properties contribute
These letters of the anatomical alphabet ultimately combine to form to the assembly of your body’s structures and help power the processes
body organs and systems of astonishing size and complexity. In this that enable you to live.

chapter, we consider how atoms bond together to form molecules, and

how atoms and molecules release or store energy in processes known

as chemical reactions. You will also learn about the vital importance of ~ Q Did you ever wonder how fatty acids relate to health
water—which accounts for nearly two-thirds of your body weight—in and disease?

28
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OBJECTIVES

« Identify the main chemical elements of the human body.

« Describe the structures of atoms, ions, molecules, free radicals,
and compounds.

Chemistry (KEM-is-tré) is the science of the structure and interactions
of matter. All living and nonliving things consist of matter, which is
anything that occupies space and has mass. Mass is the amount of
matter in any object, which does not change. Weight, the force of
gravity acting on matter, does change. When objects are farther from
Earth, the pull of gravity is weaker; this is why the weight of an astro-
naut is close to zero in outer space.

Chemical Elements

Matter exists in three states: solid, liquid, and gas. Solids, such as
bones and teeth, are compact and have a definite shape and volume.
Liquids, such as blood plasma, have a definite volume and assume the
shape of their container. Gases, like oxygen and carbon dioxide, have
neither a definite shape nor volume. All forms of matter—both living
and nonliving—are made up of a limited number of building blocks
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called chemical elements. Each element is a substance that cannot
be split into a simpler substance by ordinary chemical means. Scien-
tists now recognize 118 elements. Of these, 92 occur naturally on
Earth. The rest have been produced from the natural elements using
particle accelerators or nuclear reactors. Each named element is
designated by a chemical symbol, one or two letters of the element’s
name in English, Latin, or another language. Examples of chemical
symbols are H for hydrogen, C for carbon, O for oxygen, N for nitrogen,
Ca for calcium, and Na for sodium (natrium = sodium)*

Twenty-six different chemical elements normally are present in your
body. Just four elements, called the major elements, constitute about
96% of the body’s mass: oxygen, carbon, hydrogen, and nitrogen. Eight
others, the lesser elements, contribute about 3.6% to the body’s mass:
calcium, phosphorus (P), potassium (K), sulfur (S), sodium, chlorine (Cl),
magnesium (Mg),and iron (Fe; ferrum = iron). An additional 14 elements—
the trace elements—are present in tiny amounts. Together, they account
for the remaining body mass, about 0.4%. Several trace elements have
important functions in the body. For example, iodine is needed to make
thyroid hormones. The functions of some trace elements are unknown.
Table 2.1 lists the main chemical elements of the human body.

Structure of Atoms

Each element is made up of atoms, the smallest units of matter that
retain the properties and characteristics of the element. Atoms are

*The periodic table of elements, which lists all of the known chemical elements,
can be found in Appendix B.

TABLE 2.1 Main Chemical Elements in the Body
CHEMICAL ELEMENT % OF TOTAL
(SYMBOL) BODY MASS SIGNIFICANCE
MAJOR ELEMENTS (about 96)
Oxygen (0) 65.0 Part of water and many organic (carbon-containing) molecules; used to generate ATP, a molecule
used by cells to temporarily store chemical energy.
Carbon (C) 185 Forms backbone chains and rings of all organic molecules: carbohydrates, lipids (fats), proteins,
and nucleic acids (DNA and RNA).
Hydrogen (H) 9.5 Constituent of water and most organic molecules; ionized form (H*) makes body fluids more acidic.
Nitrogen (N) 3.2 Component of all proteins and nucleic acids.
LESSER ELEMENTS (about 3.6)
Calcium (Ca) 1.5 Contributes to hardness of bones and teeth; ionized form (Ca?*) needed for blood clotting, release
of some hormones, contraction of muscle, and many other processes.
Phosphorus (P) 1.0 Component of nucleic acids and ATP; required for normal bone and tooth structure.
Potassium (K) 0.35 lonized form (K™) is the most plentiful cation (positively charged particle) in intracellular fluid;
needed to generate action potentials.
Sulfur (S) 0.25 Component of some vitamins and many proteins.
Sodium (Na) 0.2 lonized form (Na*) is the most plentiful cation in extracellular fluid; essential for maintaining water
balance; needed to generate action potentials.
Chlorine (Cl) 0.2 lonized form (CL™) is the most plentiful anion (negatively charged particle) in extracellular fluid;
essential for maintaining water balance.
Magnesium (Mg) 0.1 lonized form (Mg?*) needed for action of many enzymes (molecules that increase the rate of
chemical reactions in organisms).
Iron (Fe) 0.005 lonized forms (Fe** and Fe") are part of hemoglobin (oxygen-carrying protein in red blood cells)

and some enzymes.

Table 1.3 Continues
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TABLE 2.1 Main Chemical Elements in the Body (Continued)
CHEMICAL ELEMENT % OF TOTAL

(SYMBOL) BODY MASS SIGNIFICANCE
TRACE ELEMENTS (about 0.4)

Aluminum (Al), boron (B), chromium (Cr), cobalt (Co), copper (Cu), fluorine (F), iodine (1),

manganese (Mn), molybdenum (Mo), selenium (Se), silicon (Si), tin (Sn), vanadium (V), and zinc (Zn).

TRACE ELEMENTS

MAJOR ELEMENTS
(about 96% of total)

LESSER ELEMENTS
(about 3.6% of total)

(about 0.4% of total)

extremely small. Two hundred thousand of the largest atoms would
fit on the period at the end of this sentence. Hydrogen atoms, the
smallest atoms, have a diameter less than 0.1 nanometer (0.1 X
102 m = 0.0000000001 m), and the largest atoms are only five times
larger.

Dozens of different subatomic particles compose individual
atoms. However, only three types of subatomic particles are impor-
tant for understanding the chemical reactions in the human body:
protons, neutrons, and electrons (Figure 2.1). The dense central
core of an atom is its nucleus. Within the nucleus are positively
charged protons (p*) and uncharged (neutral) neutrons (n°. The
tiny, negatively charged electrons (e”) move about in a large space
surrounding the nucleus. They do not follow a fixed path or orbit but
instead form a negatively charged “cloud” that envelops the nucleus
(Figure 2.1a).

Even though their exact positions cannot be predicted, specific
groups of electrons are most likely to move about within certain
regions around the nucleus. These regions, called electron shells,
may be depicted as simple circles around the nucleus. Because each
electron shell can hold a specific number of electrons, the electron
shell model best conveys this aspect of atomic structure (Figure
2.1b). The first electron shell (nearest the nucleus) never holds more
than 2 electrons. The second shell holds a maximum of 8 electrons,
and the third can hold up to 18 electrons. The electron shells fill with
electrons in a specific order, beginning with the first shell. For exam-
ple, notice in Figure 2.2 that sodium (Na), which has 11 electrons
total, contains 2 electrons in the first shell, 8 electrons in the second
shell, and 1 electron in the third shell. The most massive element pre-
sent in the human body is iodine, which has a total of 53 electrons:
2 in the first shell, 8 in the second shell, 18 in the third shell, 18 in
the fourth shell, and 7 in the fifth shell.

The number of electrons in an atom of an element always equals
the number of protons. Because each electron and proton carries one
charge, the negatively charged electrons and the positively charged
protons balance each other. Thus, each atom is electrically neutral; its
total charge is zero.

Atomic Number and Mass Number

The number of protons in the nucleus of an atom is an atom’s atomic
number. Atoms of different elements have different atomic numbers
because they have different numbers of protons. For example, oxy-
gen has an atomic number of 8 because its nucleus has 8 protons,

m Two representations of the structure of an atom. Electrons
move about the nucleus, which contains neutrons and protons. (a) In the
electron cloud model of an atom, the shading represents the chance of
finding an electron in regions outside the nucleus. (b) In the electron shell
model, filled circles represent individual electrons, which are grouped into
concentric circles according to the shells they occupy. Both models depict a
carbon atom, with six protons, six neutrons, and six electrons.

An atom is the smallest unit of matter that retains the properties and
characteristics of its element.

@ Protons (ph)
Nucleus
@ Neutrons (n%)

@ Electrons (")

3

(a) Electron cloud model (b) Electron shell model

Q How are the electrons of carbon distributed between the
first and second electron shells?



and sodium has an atomic number of 11 because its nucleus has
11 protons.

The mass number of an atom is the sum of its protons and
neutrons. Because sodium has 11 protons and 12 neutrons, its mass
number is 23 (Figure 2.2). Although all atoms of one element have the
same number of protons, they may have different numbers of neu-
trons and thus different mass numbers. Isotopes are atoms of an ele-
ment that have different numbers of neutrons and therefore different
mass numbers. In a sample of oxygen, for example, most atoms have 8
neutrons, and a few have 9 or 10, but all have 8 protons and 8 elec-
trons. Most isotopes are stable, which means that their nuclear struc-
ture does not change over time. The stable isotopes of oxygen are
designated *°0, 1’0, and 80 (or 0-16, 0-17, and 0-18). As you already
may have determined, the numbers indicate the mass number of each
isotope. As you will discover shortly, the number of electrons of an
atom determines its chemical properties. Although the isotopes of an
element have different numbers of neutrons, they have identical
chemical properties because they have the same number of electrons.

Certain isotopes called radioactive isotopes (radioisotopes) are
unstable; their nuclei decay (spontaneously change) into a stable con-
figuration. Examples are H-3, C-14, 0-15, and 0-19. As they decay,
these atoms emit radiation—either subatomic particles or packets of
energy—and in the process often transform into a different element.

m Atomic structures of several stable atoms.
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i Clinical Connection

Harmful and Beneficial Effects of Radiation

Radioactive isotopes may have either harmful or helpful effects. Their
radiations can break apart molecules, posing a serious threat to the
human body by producing tissue damage or causing various types of
cancer. Although the decay of naturally occurring radioactive isotopes
typically releases just a small amount of radiation into the environment,
localized accumulations can occur. Radon-222, a colorless and odorless
gas that is a naturally occurring radioactive breakdown product of
uranium, may seep out of the soil and accumulate in buildings. It is not
only associated with many cases of lung cancer in smokers but also has
been implicated in many cases of lung cancer in nonsmokers. Beneficial
effects of certain radioisotopes include their use in medical imaging
procedures to diagnose and treat certain disorders. Some radioisotopes
can be used as tracers to follow the movement of certain substances
through the body. Thallium-201 is used to monitor blood flow through
the heart during an exercise stress test. lodine-131 is used to detect
cancer of the thyroid gland and to assess its size and activity, and may
also be used to destroy part of an overactive thyroid gland. Cesium-137
is used to treat advanced cervical cancer, and iridium-192 is used to treat
prostate cancer.

The atoms of different elements have different atomic numbers because they have different

numbers of protons.
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electrm electron e
shell @ shell
1p* o0 o0
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Hydrogen (H) Carbon (C)
Atomic number = 1 Atomic number = 6
Mass number = 1 or 2 Mass number =12 or 13
Atomic mass = 1.01 Atomic mass = 12.01
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! 17p+
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Sodium (Na)

Atomic number = 11
Mass number = 23
Atomic mass = 22.99

Chlorine (Cl)

Atomic number = 17
Mass number = 35 or 37
Atomic mass = 35.45

Atomic number = number of protons in an atom

° Fifth
S : o electron\
o o shell ’
000 (1% 000
20n
° °
Qo Qo (+]
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Nitrogen (N)

Atomic number =7
Mass number = 14 or 15
Atomic mass = 14.01

Oxygen (O)

Atomic number = 8

Mass number = 16, 17, or 18
Atomic mass = 16.00

Potassium (K)

Atomic number = 19

Mass number = 39, 40, or 41
Atomic mass = 39.10

Mass number = number of protons and neutrons in an atom (boldface indicates most common isotope)
Atomic mass = average mass of all stable atoms of a given element in daltons

Q Which four of these elements are present most abundantly in living organisms?

lodine (1)

Atomic number = 53
Mass number = 127
Atomic mass = 126.90
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For example, the radioactive isotope of carbon, C-14, decays to N-14.
The decay of a radioisotope may be as fast as a fraction of a second or
as slow as millions of years. The half-life of an isotope is the time re-
quired for half of the radioactive atoms in a sample of that isotope to
decay into a more stable form. The half-life of C-14, which is used to
determine the age of organic samples, is about 5730 years; the half-life
of I-131, an important clinical tool, is 8 days.

Atomic Mass

The standard unit for measuring the mass of atoms and their sub-
atomic particles is a dalton, also known as an atomic mass unit (amu).
A neutron has a mass of 1.008 daltons, and a proton has a mass of
1.007 daltons. The mass of an electron, at 0.0005 dalton, is almost 2000
times smaller than the mass of a neutron or proton. The atomic mass
(also called the atomic weight) of an element is the average mass of all
its naturally occurring isotopes. Typically, the atomic mass of an ele-
ment is close to the mass number of its most abundant isotope.

lons, Molecules, and Compounds

As we discussed, atoms of the same element have the same number
of protons. The atoms of each element have a characteristic way of
losing, gaining, or sharing their electrons when interacting with other
atoms to achieve stability. The way that electrons behave enables
atoms in the body to exist in electrically charged forms called ions, or
to join with each other into complex combinations called molecules.
If an atom either gives up or gains electrons, it becomes an ion. An
ion is an atom that has a positive or negative charge because it has
unequal numbers of protons and electrons. lonization is the process
of giving up or gaining electrons. An ion of an atom is symbolized by
writing its chemical symbol followed by the number of its positive (+)
or negative (—) charges. Thus, Ca** stands for a calcium ion that has
two positive charges because it has lost two electrons.

When two or more atoms share electrons, the resulting combi-
nation is called a molecule (MOL-e-kil). A molecular formula indicates
the elements and the number of atoms of each element that make up
a molecule. A molecule may consist of two atoms of the same kind,
such as an oxygen molecule (Figure 2.3a). The molecular formula for
a molecule of oxygen is O,. The subscript 2 indicates that the mole-
cule contains two atoms of oxygen. Two or more different kinds of
atoms may also form a molecule, as in a water molecule (H,0). In H,0
one atom of oxygen shares electrons with two atoms of hydrogen.

m Atomic structures of an oxygen molecule and a superoxide
free radical.

A free radical has an unpaired electron in its outermost electron shell.

Unpaired electron

(a) Oxygen molecule (O,)

(b) Superoxide free radical (O5")

Q What substances in the body can inactivate oxygen-
derived free radicals?

A compound is a substance that contains atoms of two or more
different elements. Most of the atoms in the body are joined into com-
pounds. Water (H,0) and sodium chloride (NaCl), common table salt,
are compounds. However, a molecule of oxygen (O,) is not a com-
pound because it consists of atoms of only one element.

A free radical is an atom or group of atoms with an unpaired
electron in the outermost shell. A common example is superoxide,
which is formed by the addition of an electron to an oxygen molecule
(Figure 2.3b). Having an unpaired electron makes a free radical
unstable, highly reactive, and destructive to nearby molecules. Free
radicals become stable by either giving up their unpaired electron
to, or taking on an electron from, another molecule. In so doing, free
radicals may break apart important body molecules.

i Clinical Connection

Free Radicals and Antioxidants

There are several sources of free radicals, including exposure to ultraviolet
radiation in sunlight, exposure to x-rays, and some reactions that occur
during normal metabolic processes. Certain harmful substances, such as
carbon tetrachloride (a solvent used in dry cleaning), also give rise to free
radicals when they participate in metabolic reactions in the body. Among
the many disorders, diseases, and conditions linked to oxygen-derived
free radicals are cancer, atherosclerosis, Alzheimer’s disease, emphysema,
diabetes mellitus, cataracts, macular degeneration, rheumatoid arthritis,
and deterioration associated with aging. Consuming more antioxidants—
substances that inactivate oxygen-derived free radicals—is thought to slow
the pace of damage caused by free radicals. Important dietary antioxidants
include selenium, zinc, beta-carotene, and vitamins C and E. Red, blue, or
purple fruits and vegetables contain high levels of antioxidants.

1. Listthe names and chemical symbols of the 12 most abundant
chemical elements in the human body.

2. What are the atomic number, mass number, and atomic mass of
carbon? How are they related?

3. Define isotopes and free radicals.
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OBJECTIVES

« Describe how valence electrons form chemical bonds.

« Distinguish among ionic, covalent, and hydrogen bonds.

The forces that hold together the atoms of a molecule or a compound
are chemical bonds. The likelihood that an atom will form a chemical
bond with another atom depends on the number of electrons in its out-
ermost shell, also called the valence shell. An atom with a valence shell



holding eight electrons is chemically stable, which means it is unlikely
to form chemical bonds with other atoms. Neon, for example, has eight
electrons in its valence shell, and for this reason it does not bond easily
with other atoms. The valence shell of hydrogen and helium is the first
electron shell, which holds a maximum of two electrons. Because
helium has two valence electrons, it too is stable and seldom bonds
with other atoms. Hydrogen, on the other hand, has only one valence
electron (see Figure 2.2), so it binds readily with other atoms.

The atoms of most biologically important elements do not have
eight electrons in their valence shells. Under the right conditions, two
or more atoms can interact in ways that produce a chemically stable
arrangement of eight valence electrons for each atom. This chemical
principle, called the octet rule (octet = set of eight), helps explain why
atoms interact in predictable ways. One atom is more likely to interact
with another atom if doing so will leave both with eight valence elec-
trons. For this to happen, an atom either empties its partially filled
valence shell, fills it with donated electrons, or shares electrons with
other atoms. The way that valence electrons are distributed deter-
mines what kind of chemical bond results. We will consider three types
of chemical bonds: ionic bonds, covalent bonds, and hydrogen bonds.

lonic Bonds

As you have already learned, when atoms lose or gain one or more
valence electrons, ions are formed. Positively and negatively charged
ions are attracted to one another—opposites attract. The force of
attraction that holds together ions with opposite charges is an ionic
bond. Considersodium and chlorine atoms, the components of common
table salt. Sodium has one valence electron (Figure 2.4a). If sodium
loses this electron, it is left with the eight electrons in its second shell,
which becomes the valence shell. As a result, however, the total num-
ber of protons (11) exceeds the number of electrons (10). Thus, the
sodium atom has become a cation (KAT--on), or positively charged
ion. A sodium ion has a charge of 1+ and is written Na™. By contrast,
chlorine has seven valence electrons (Figure 2.4b). If chlorine gains an
electron from a neighboring atom, it will have a complete octet in its
third electron shell. After gaining an electron, the total number of elec-
trons (18) exceeds the number of protons (17), and the chlorine atom
has become an anion (AN-i-on), a negatively charged ion. The ionic
form of chlorine is called a chloride ion. It has a charge of 1— and is
written Cl™. When an atom of sodium donates its sole valence electron
to an atom of chlorine, the resulting positive and negative charges pull
both ions tightly together, forming an ionic bond (Figure 2.4c). The
resulting compound is sodium chloride, written NaCl.

In general, ionic compounds exist as solids, with an orderly, repeat-
ing arrangement of the ions, as in a crystal of NaCl (Figure 2.4d). A crystal
of NaCl may be large or small—the total number of ions can vary—but the
ratio of Na™ to Cl™ is always 1:1. In the body, ionic bonds are found mainly
in teeth and bones, where they give great strength to these important
structural tissues. An ionic compound that breaks apart into positive and
negative ions in solution is called an electrolyte (e-LEK-tr6-lit). Most ions
in the body are dissolved in body fluids as electrolytes, so named because
their solutions can conduct an electric current. (In Chapter 27 we will dis-
cuss the chemistry and importance of electrolytes.) Table 2.2 lists the
names and symbols of common ions in the body.
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m lons and ionic bond formation. (a) A sodium atom can have
a complete octet of electrons in its outermost shell by losing one electron.
(b) A chlorine atom can have a complete octet by gaining one electron.

(c) An ionic bond may form between oppositely charged ions. (d) In a crystal
of NaCl, each Na™ is surrounded by six CI™. In (), (b), and (c), the electron
that is lost or accepted is colored red.

An ionic bond is the force of attraction that holds together oppositely
charged ions.
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(c) lonic bond in sodium chloride (NaCl) (d) Packing of ions in a crystal

of sodium chloride

Q What are cations and anions?

TABLE 2.2 Common lons in the Body

CATIONS ANIONS
NAME SYMBOL NAME SYMBOL
Hydrogen ion H* Fluoride ion F-
Sodium ion Na™ Chloride ion cl-
Potassium ion K+ lodide ion -
Ammonium ion NH,* Hydroxide ion OH™
Magnesium ion Mgt Bicarbonate ion HCO,~
Calcium ion Ca?t Oxide ion 0%
Iron(ll) ion Fe2* Sulfate ion S0,
Iron(Ill) ion Fe3+ Phosphate ion PO~
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Covalent Bonds

When a covalent bond forms, two or more atoms share electrons
rather than gaining or losing them. Atoms form a covalently bonded
molecule by sharing one, two, or three pairs of valence electrons. The
larger the number of electron pairs shared between two atoms, the
stronger the covalent bond. Covalent bonds may form between atoms

of the same element or between atoms of different elements. They
are the most common chemical bonds in the body, and the com-
pounds that result from them form most of the body’s structures.

A single covalent bond results when two atoms share one elec-
tron pair. For example, a molecule of hydrogen forms when two hydro-
gen atoms share their single valence electrons (Figure 2.5a), which
allows both atoms to have a full valence shell at least part of the time.

m Covalent bond formation. The red electrons are shared equally in (a)-(d) and unequally
in (e). To the right are simpler ways to represent these molecules. In a structural formula, each covalent
bond is denoted by a straight line between the chemical symbols for two atoms. In molecular formulas,

the number of atoms in each molecule is noted by subscripts.

In a covalent bond, two atoms share one, two, or three pairs of electrons in the outer shell.

DIAGRAMS OF ATOMIC AND MOLECULAR STRUCTURE

He + of(H

Hydrogen atoms

(a)

STRUCTURAL
FORMULA

MOLECULAR
FORMULA

H—H H,

Nitrogen molecule

o (H H H
: o (H ooo |

2 @ et+tim) —» @] @ @ H—-C—H CH,
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Carbon atom Hydrogen atoms

©

(e)

Oxygen atom Hydrogen atoms

Methane molecule

8+

0 H,0

/

Water molecule

Q What is the main difference between an ionic bond and a covalent bond?



A double covalent bond results when two atoms share two pairs of
electrons, as happens in an oxygen molecule (Figure 2.5b). A triple
covalent bond occurs when two atoms share three pairs of electrons,
as in a molecule of nitrogen (Figure 2.5c). Notice in the structural
formulas for covalently bonded molecules in Figure 2.5 that the num-
ber of lines between the chemical symbols for two atoms indicates
whether the bond is a single (—), double (=), or triple (=) covalent
bond.

The same principles of covalent bonding that apply to atoms of
the same element also apply to covalent bonds between atoms of
different elements. The gas methane (CH,) contains covalent bonds
formed between the atoms of two different elements, one carbon and
four hydrogens (Figure 2.5d). The valence shell of the carbon atom
can hold eight electrons but has only four of its own. The single elec-
tron shell of a hydrogen atom can hold two electrons, but each hydro-
gen atom has only one of its own. A methane molecule contains four
separate single covalent bonds. Each hydrogen atom shares one pair
of electrons with the carbon atom.

In some covalent bonds, two atoms share the electrons equally—
one atom does not attract the shared electrons more strongly than
the other atom. This type of bond is a nonpolar covalent bond. The
bonds between two identical atoms are always nonpolar covalent
bonds (Figure 2.5a-c). The bonds between carbon and hydrogen
atoms are also nonpolar, such as the four C—H bonds in a methane
molecule (Figure 2.5d).

In a polar covalent bond, the sharing of electrons between two
atoms is unequal—the nucleus of one atom attracts the shared elec-
trons more strongly than the nucleus of the other atom. When polar
covalent bonds form, the resulting molecule has a partial negative
charge near the atom that attracts electrons more strongly. This atom
has greater electronegativity, the power to attract electrons to itself.
At least one other atom in the molecule then will have a partial posi-
tive charge. The partial charges are indicated by a lowercase Greek
delta with a minus or plus sign: 6~ or §7. A very important example of
a polar covalent bond in living systems is the bond between oxygen
and hydrogen in a molecule of water (Figure 2.5e); in this molecule,
the nucleus of the oxygen atom attracts the electrons more strongly
than do the nuclei of the hydrogen atoms, so the oxygen atom is said
to have greater electronegativity. Later in the chapter, we will see how
polar covalent bonds allow water to dissolve many molecules that are
important to life. Bonds between nitrogen and hydrogen and those
between oxygen and carbon are also polar bonds.

Hydrogen Bonds

The polar covalent bonds that form between hydrogen atoms and
other atoms can give rise to a third type of chemical bond, a hydrogen
bond (Figure 2.6). A hydrogen bond forms when a hydrogen atom
with a partial positive charge (5) attracts the partial negative charge
(67) of neighboring electronegative atoms, most often larger oxygen
or nitrogen atoms. Thus, hydrogen bonds result from attraction of
oppositely charged parts of molecules rather than from sharing of
electrons as in covalent bonds, or the loss or gain of electrons as in
ionic bonds. Hydrogen bonds are weak compared to ionic and cova-
lent bonds. Thus, they cannot bind atoms into molecules. However,
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m Hydrogen bonding among water molecules. Each water
molecule forms hydrogen bonds (indicated by dotted lines) with three to four

neighboring water molecules.

Hydrogen bonds occur because hydrogen atoms in one water molecule
are attracted to the partial negative charge of the oxygen atom in
another water molecule.

Hydrogen
bonds

Q Why would you expect ammonia (NH;) to form hydrogen
bonds with water molecules?

hydrogen bonds do establish important links between molecules
or between different parts of a large molecule, such as a protein or
nucleic acid (both discussed later in this chapter).

The hydrogen bonds that link neighboring water molecules give
water considerable cohesion, the tendency of like particles to stay
together. The cohesion of water molecules creates a very high surface
tension, a measure of the difficulty of stretching or breaking the
surface of a liquid. At the boundary between water and air, water’s
surface tension is very high because the water molecules are much
more attracted to one another than they are attracted to moleculesin
the air. This is readily seen when a spider walks on water or a leaf
floats on water. The influence of water’s surface tension on the body
can be seen in the way it increases the work required for breathing. A
thin film of watery fluid coats the air sacs of the lungs. So, each inhala-
tion must have enough force to overcome the opposing effect of sur-
face tension as the air sacs stretch and enlarge when taking in air.

Even though single hydrogen bonds are weak, very large molecules
may contain thousands of these bonds. Acting collectively, hydrogen
bonds provide considerable strength and stability and help determine
the three-dimensional shape of large molecules. As you will see later in
this chapter, a large molecule’s shape determines how it functions.

4. Which electron shell is the valence shell of an atom, and what is
its significance?

5. Compare the properties of ionic, covalent, and hydrogen bonds.

6. What information is conveyed when you write the molecular or
structural formula for a molecule?
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23 | Chemical Reactions

OBJECTIVES

« Define a chemical reaction.
« Describe the various forms of energy.
» Compare exergonic and endergonic chemical reactions.

« Explain the role of activation energy and catalysts in chemical
reactions.

« Describe synthesis, decomposition, exchange, and reversible
reactions.

A chemical reaction occurs when new bonds form or old bonds break
between atoms. Chemical reactions are the foundation of all life pro-
cesses, and as we have seen, the interactions of valence electrons
are the basis of all chemical reactions. Consider how hydrogen and
oxygen molecules react to form water molecules (Figure 2.7). The
starting substances—two H, and one O,—are known as the reactants.
The ending substances—two molecules of H,0—are the products.
The arrow in the figure indicates the direction in which the reaction
proceeds. In a chemical reaction, the total mass of the reactants
equals the total mass of the products. Thus, the number of atoms of
each element is the same before and after the reaction. However,
because the atoms are rearranged, the reactants and products have
different chemical properties. Through thousands of different chemi-
cal reactions, body structures are built and body functions are carried
out. The term metabolism refers to all the chemical reactions
occurring in the body.

m The chemical reaction between two hydrogen molecules
(H,) and one oxygen molecule (0,) to form two molecules of water
(H,0). Note that the reaction occurs by breaking old bonds and making
new bonds.

The number of atoms of each element is the same before and after a
chemical reaction.

H=H e) 4 H
+ —>
H=H
2H, 0O, 2H,0
Reactants Products

Q Why does this reaction require two molecules of H,?

Forms of Energy and Chemical Reactions

Each chemical reaction involves energy changes. Energy (en- = in;
-ergy = work) is the capacity to do work. Two principal forms of energy
are potential energy, energy stored by matter due to its position,
and kinetic energy, the energy associated with matter in motion. For
example, the energy stored in water behind a dam or in a person
poised to jump down some steps is potential energy. When the gates
of the dam are opened or the person jumps, potential energy is con-
verted into kinetic energy. Chemical energy is a form of potential
energy that is stored in the bonds of compounds and molecules. The
total amount of energy present at the beginning and end of a chemi-
cal reaction is the same. Although energy can be neither created nor
destroyed, it may be converted from one form to another. This princi-
ple is known as the law of conservation of energy. For example,
some of the chemical energy in the foods we eat is eventually con-
verted into various forms of kinetic energy, such as mechanical energy
used to walk and talk. Conversion of energy from one form to another
generally releases heat, some of which is used to maintain normal
body temperature.

Energy Transfer in Chemical Reactions

Chemical bonds represent stored chemical energy, and chemical
reactions occur when new bonds are formed or old bonds are broken
between atoms. The overall reaction may either release energy or
absorb energy. Exergonic reactions (ex- = out) release more energy
than they absorb. By contrast, endergonic reactions (end- = within)
absorb more energy than they release.

A key feature of the body’s metabolism is the coupling of exer-
gonic reactions and endergonic reactions. Energy released from an
exergonic reaction often is used to drive an endergonic one. In general,
exergonic reactions occur as nutrients, such as glucose, are broken
down. Some of the energy released may be trapped in the covalent
bonds of adenosine triphosphate (ATP), which we describe more fully
later in this chapter. If a molecule of glucose is completely broken
down, the chemical energy in its bonds can be used to produce as
many as 32 molecules of ATP. The energy transferred to the ATP
molecules is then used to drive endergonic reactions needed to build
body structures, such as muscles and bones. The energy in ATP is also
used to do the mechanical work involved in the contraction of muscle
or the movement of substances into or out of cells.

Activation Energy Because particles of matter such as atoms,
ions, and molecules have kinetic energy, they are continuously
moving and colliding with one another. A sufficiently forceful collision
can disrupt the movement of valence electrons, causing an existing
chemical bond to break or a new one to form. The collision energy
needed to break the chemical bonds of the reactants is called the
activation energy of the reaction (Figure 2.8). This initial energy
“investment” is needed to start a reaction. The reactants must absorb
enough energy for their chemical bonds to become unstable and their
valence electrons to form new combinations. Then, as new bonds
form, energy is released to the surroundings.



m Activation energy.

Activation energy is the energy needed to break chemical bonds in the
reactant molecules so a reaction can start.

Energy
absorbed
to start
reaction

Activation
energy
i

Energy
released
as new
bonds
form

Potential energy

Energy of
products

Energy of
reactants

Y

Progress of the reaction

Q Why is the reaction illustrated here exergonic?

Both the concentration of particles and the temperature
influence the chance that a collision will occur and cause a chemical
reaction.

« Concentration. The more particles of matter present in a confined
space, the greater the chance that they will collide (think of peo-
ple crowding into a subway car at rush hour). The concentration of
particles increases when more are added to a given space or when
the pressure on the space increases, which forces the particles closer
together so that they collide more often.

« Temperature. As temperature rises, particles of matter move about
more rapidly. Thus, the higher the temperature of matter, the more
forcefully particles will collide, and the greater the chance that a
collision will produce a reaction.

Catalysts As we have seen, chemical reactions occur when
chemical bonds break or form after atoms, ions, or molecules
collide with one another. Body temperature and the concentrations
of molecules in body fluids, however, are far too low for most
chemical reactions to occur rapidly enough to maintain life. Raising
the temperature and the number of reacting particles of matter
in the body could increase the frequency of collisions and thus
increase the rate of chemical reactions, but doing so could also
damage or kill the body’s cells.

Substances called catalysts solve this problem. Catalysts are
chemical compounds that speed up chemical reactions by lowering
the activation energy needed for a reaction to occur (Figure 2.9). The
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m Comparison of energy needed for a chemical reaction to
proceed with a catalyst (blue curve) and without a catalyst (red curve).

Catalysts speed up chemical reactions by lowering the activation energy.

A

Activation energy
needed without catalyst

Activation energy
needed with catalyst

Potential energy

Energy of
reactants

Energy of
products

Y

Progress of the reaction

Q Does a catalyst change the potential energies of the
products and reactants?

most important catalysts in the body are enzymes, which we will
discuss later in this chapter.

A catalyst does not alter the difference in potential energy
between the reactants and the products. Rather, it lowers the amount
of energy needed to start the reaction.

For chemical reactions to occur, some particles of matter—
especially large molecules—not only must collide with sufficient
force, but they must hit one another at precise spots. A catalyst helps
to properly orient the colliding particles. Thus, they interact at the
spots that make the reaction happen. Although the action of a cata-
lyst helps to speed up a chemical reaction, the catalyst itself is un-
changed at the end of the reaction. A single catalyst molecule can
assist one chemical reaction after another.

Types of Chemical Reactions

After a chemical reaction takes place, the atoms of the reactants are
rearranged to yield products with new chemical properties. In this
section we will look at the types of chemical reactions common to all
living cells. Once you have learned them, you will be able to under-
stand the chemical reactions so important to the operation of the
human body that are discussed throughout the book.

Synthesis Reactions—Anabolism when two or more
atoms, ions, or molecules combine to form new and larger molecules,
the processes are called synthesis reactions. The word synthesis
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means “to put together.” A synthesis reaction can be expressed as
follows:
Combine to form
A + B —_— AB
Atom, ion, Atom, ion, New molecule AB
or molecule A or molecule B

One example of a synthesis reaction is the reaction between two
hydrogen molecules and one oxygen molecule to form two molecules
of water (see Figure 2.7).

Combine to form

2H, + 0, 2H,0
Two hydrogen One oxygen Two water
molecules molecule molecules

-

All of the synthesis reactions that occur in your body are collec-
tively referred to as anabolism (a-NAB-6-lizm). Overall, anabolic reac-
tions are usually endergonic because they absorb more energy than
they release. Combining simple molecules like amino acids (discussed

shortly) to form large molecules such as proteins is an example of
anabolism.

Decomposition Reactions—Catabolism Decomposi-
tion reactions split up large molecules into smaller atoms, ions, or
molecules. A decomposition reaction is expressed as follows:

Breaks down into
AB —_— A + B

Molecule AB Atom, ion, or Atom, ion, or
molecule A molecule B

For example, under proper conditions, a methane molecule can
decompose into one carbon atom and two hydrogen molecules:

Breaks down into

CH, _— C + 2H,
One methane One carbon Two hydrogen
molecule atom molecules

ey 9 W

The decomposition reactions that occur in your body are collec-
tively referred to as catabolism (ka-TAB-6-lizm). Overall, catabolic re-
actions are usually exergonic because they release more energy than
they absorb. For instance, the series of reactions that break down glu-
cose to pyruvic acid, with the net production of two molecules of ATP,
are important catabolic reactions in the body. These reactions will be
discussed in Chapter 25.

Excha nge Reactions Many reactionsinthebody are exchange
reactions; they consist of both synthesis and decomposition reactions.
One type of exchange reaction works like this:

AB + CD—> AD + BC

The bonds between A and B and between C and D break (decomposi-
tion), and new bonds then form (synthesis) between A and D and
between B and C. An example of an exchange reaction is

HCl + NaHCO; —> H,CO; + NaCl
Hydrochloric Sodium Carbonic Sodium
acid bicarbonate acid chloride

+ _—> +
Notice that the ions in both compounds have “switched partners”:
The hydrogen ion (H") from HCl has combined with the bicarbonate

ion (HCO; ™) from NaHCO,, and the sodium ion (Na™) from NaHCO, has
combined with the chloride ion (Cl™) from HCL.

Reversible Reactions some chemical reactions proceed in
only onedirection, from reactants to products, as previously indicated
by the single arrows. Other chemical reactions may be reversible. In a
reversible reaction, the products can revert to the original reactants.
A reversible reaction is indicated by two half-arrows pointing in
opposite directions:

Breaks down into

Combines to form
Some reactions are reversible only under special conditions:

Water

A+B

Heat
— 7 +

In that case, whatever is written above or below the arrows indicates
the condition needed for the reaction to occur. In these reactions, AB
breaks down into A and B only when water is added, and A and B react
to produce AB only when heat is applied. Many reversible reactions in
the body require catalysts called enzymes. Often, different enzymes
guide the reactions in opposite directions.

Oxidation-Reduction Reactions you will learn in
Chapter 25 that chemical reactions called oxidation-reduction
reactions are essential to life, since they are the reactions that
break down food molecules to produce energy. These reactions
are concerned with the transfer of electrons between atoms and
molecules. Oxidation refers to the loss of electrons; in the process



the oxidized substance releases energy. Reduction refers to the
gain of electrons; in the process the reduced substance gains energy.
Oxidation-reduction reactions are always parallel; when one
substance is oxidized, another is reduced at the same time. When a
food molecule, such as glucose, is oxidized, the energy produced is
used by a cell to carry out its various functions.

7. What is the relationship between reactants and productsin a
chemical reaction?

8. Compare potential energy and kinetic energy.
9. How do catalysts affect activation energy?

10. How are anabolism and catabolism related to synthesis and
decomposition reactions, respectively?

11. Why are oxidation-reduction reactions important?

24 | Inorganic Compounds
and Solutions

OBJECTIVES

+ Describe the properties of water and those of inorganic acids,
bases, and salts.

« Distinguish among solutions, colloids, and suspensions.

« Define pH and explain the role of buffer systems in homeostasis.

Most of the chemicals in your body exist in the form of compounds.
Biologists and chemists divide these compounds into two principal
classes: inorganic compounds and organic compounds. Inorganic
compounds usually lack carbon and are structurally simple. Their
molecules also have only a few atoms and cannot be used by cells to
perform complicated biological functions. They include water and
many salts, acids, and bases. Inorganic compounds may have either
ionic or covalent bonds. Water makes up 55-60% of a lean adult’s
total body mass; all other inorganic compounds combined add 1-2%.
Inorganic compounds that contain carbon include carbon dioxide
(CO,), bicarbonate ion (HCO;™), and carbonic acid (H,CO3). Organic
compounds always contain carbon, usually contain hydrogen, and
always have covalent bonds. Most are large molecules, many made
up of long carbon atom chains. Organic compounds make up the
remaining 38-43% of the human body.

Water

Water is the most important and abundant inorganic compound in
all living systems. Although you might be able to survive for weeks
without food, without water you would die in a matter of days. Nearly
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all the body’s chemical reactions occur in a watery medium. Water
has many properties that make it such an indispensable compound
for life. We have already mentioned the most important property of
water, its polarity—the uneven sharing of valence electrons that con-
fers a partial negative charge near the one oxygen atom and two par-
tial positive charges near the two hydrogen atoms in a water molecule
(see Figure 2.5e). This property makes water an excellent solvent for
other ionic or polar substances, gives water molecules cohesion (the
tendency to stick together), and allows water to resist temperature
changes.

Water as a Solvent In medieval times people searched in
vain for a “universal solvent,” a substance that would dissolve all
other materials. They found nothing that worked as well as water.
Although it is the most versatile solvent known, water is not the
universal solvent sought by medieval alchemists. If it were, no
container could hold it because it would dissolve all potential
containers! What exactly is a solvent? In a solution, a substance
called the solvent dissolves another substance called the solute.
Usually there is more solvent than solute in a solution. For example,
your sweat is a dilute solution of water (the solvent) plus small
amounts of salts (the solutes).

The versatility of water as a solvent for ionized or polar sub-
stances is due to its polar covalent bonds and its bent shape, which
allows each water molecule to interact with several neighboring ions
or molecules. Solutes that are charged or contain polar covalent
bonds are hydrophilic (hydro- = water; -philic = loving), which means
they dissolve easily in water. Common examples of hydrophilic sol-
utes are sugar and salt. Molecules that contain mainly nonpolar cova-
lent bonds, by contrast, are hydrophobic (-phobic = fearing). They
are not very water-soluble. Examples of hydrophobic compounds
include animal fats and vegetable oils.

To understand the dissolving power of water, consider what hap-
pens when a crystal of a salt such as sodium chloride (NaCl) is placed
in water (Figure 2.10). The electronegative oxygen atom in water mol-
ecules attracts the sodium ions (Na™), and the electropositive hydro-
gen atoms in water molecules attract the chloride ions (Cl™). Soon,
water molecules surround and separate Na* and Cl™ ions from each
other at the surface of the crystal, breaking the ionic bonds that held
NaCl together. The water molecules surrounding the ions also lessen
the chance that Na™ and Cl™ will come together and re-form an ionic
bond.

The ability of water to form solutions is essential to health and
survival. Because water can dissolve so many different substances, it
is an ideal medium for metabolic reactions. Water enables dissolved
reactants to collide and form products. Water also dissolves waste
products, which allows them to be flushed out of the body in the
urine.

Water in Chemical Reactions waterserves asthe medium
for most chemical reactions in the body and participates as a reactant
or product in certain reactions. During digestion, for example,
decomposition reactions break down large nutrient molecules into
smaller molecules by the addition of water molecules. This type of
reaction is called hydrolysis (hi-DROL-i-sis; -lysis = to loosen or break
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m How polar water molecules dissolve salts and polar
substances. When a crystal of sodium chloride is placed in water, the

slightly negative oxygen end (red) of water molecules is attracted to the
positive sodium ions (Na*), and the slightly positive hydrogen portions
(gray) of water molecules are attracted to the negative chloride ions (Cl7).
In addition to dissolving sodium chloride, water also causes it to dissociate,
or separate into charged particles, which is discussed shortly.

Water is a versatile solvent because its polar covalent bonds, in which
electrons are shared unequally, create positive and negative regions.

Water & 6‘&
molecule &

-~ Hydrated sodium ion
-~
r- «1 1
Na* ———3]
Q Q,

030 ,\Q)i? &
%’&,W

Crystal of
Hydrated chloride ion

CIr

NaCl

Q Table sugar (sucrose) easily dissolves in water but is not an
electrolyte. Is it likely that all the covalent bonds between
atoms in table sugar are nonpolar bonds? Why or why not?

apart). Hydrolysis reactions enable dietary nutrients to be absorbed
into the body. By contrast, when two smaller molecules join to form
a larger molecule in a dehydration synthesis reaction (de- = from,
down, or out; hydra- = water), a water molecule is one of the products
formed. As you will see later in the chapter, such reactions occur
during synthesis of proteins and other large molecules (for example,
see Figure 2.21).

Thermal Properties of Water in comparison to most
substances, water can absorb or release a relatively large amount
of heat with only a modest change in its own temperature. For this
reason, water is said to have a high heat capacity. The reason for this
property is the large number of hydrogen bonds in water. As water
absorbs heat energy, some of the energy is used to break hydrogen
bonds. Less energy is then left over to increase the motion of water

molecules, which would increase the water’s temperature. The high
heat capacity of water is the reason it is used in automobile radiators;
it cools the engine by absorbing heat without its own temperature
rising to an unacceptably high level. The large amount of body
water has a similar effect: It lessens the impact of environmental
temperature changes, helping to maintain body temperature
homeostasis.

Water also requires a large amount of heat to change from a
liquid to a gas. Its heat of vaporization is high. As water evaporates
from the surface of the skin, it removes a large quantity of heat, pro-
viding an important cooling mechanism.

Water as a Lubricant water is a major component of mucus
and other lubricating fluids throughout the body. Lubrication is
especially necessary in the chest (pleural and pericardial cavities) and
abdomen (peritoneal cavity), where internal organs touch and slide
over one another. It is also needed at joints, where bones, ligaments,
and tendons rub against one another. Inside the gastrointestinal
tract, mucus and other watery secretions moisten foods, which aids
their smooth passage through the digestive system.

Solutions, Colloids, and Suspensions

A mixture is a combination of elements or compounds that are
physically blended together but not bound by chemical bonds. For
example, the air you are breathing is a mixture of gases that includes
nitrogen, oxygen, argon, and carbon dioxide. Three common liquid
mixtures are solutions, colloids, and suspensions.

Once mixed together, solutes in a solution remain evenly dis-
persed among the solvent molecules. Because solute particles in a
solution are very small, a solution looks transparent.

A colloid differs from a solution mainly because of the size of its
particles. The solute particles in a colloid are large enough to scatter
light, just as water droplets in fog scatter light from a car’s headlight
beams. For this reason, colloids usually appear translucent or opaque.
Milk is an example of a liquid that is both a colloid and a solution: The
large milk proteins make it a colloid, whereas calcium salts, milk
sugar (lactose), ions, and other small particles are in solution.

The solutes in both solutions and colloids do not settle out and
accumulate on the bottom of the container. In a suspension, by con-
trast, the suspended material may mix with the liquid or suspending
medium for some time, but eventually it will settle out. Blood is an
example of a suspension. When freshly drawn from the body, blood
has an even, reddish color. After blood sits for a while in a test tube,
red blood cells settle out of the suspension and drift to the bottom
of the tube (see Figure 19.1a). The upper layer, the liquid portion of
blood, appears pale yellow and is called blood plasma. Blood plasma
is both a solution of ions and other small solutes and a colloid due to
the presence of larger plasma proteins.

The concentration of a solution may be expressed in several ways.
One common way is by a mass per volume percentage, which gives the
relative mass of a solute found in a given volume of solution. For exam-
ple, you may have seen the following on the label of a bottle of wine:
“Alcohol 14.1% by volume.” Another way expresses concentration in



TABLE 2.3 Percentage and Molarity

EXAMPLE

DEFINITION

To make a 10% NaCl solution,
take 10 g of NaCl and add enough
water to make a total of 100 mL of
solution.

Percentage (mass per volume)
Number of grams of a substance
per 100 milliliters (mL) of solution

To make a 1 molar (1 M) solution
of NaCl, dissolve 1 mole of NaCl
(58.44 g) in enough water to make
a total of 1 liter of solution.

Molarity - moles (mol) per liter
A 1 molar (1 M) solution = 1 mole
of a solute in 1 liter of solution

units of moles per liter (mol/L), also called molarity, which relate to
the total number of molecules in a given volume of solution. A mole is
the amount of any substance that has a mass in grams equal to the sum
of the atomic masses of all its atoms. For example, 1 mole of the
element chlorine (atomic mass = 35.45) is 35.45 grams and 1 mole of
the salt sodium chloride (NaCl) is 58.44 grams (22.99 for Na + 35.45 for
Cl). Just as a dozen always means 12 of something, a mole of anything
has the same number of particles: 6.023 X 10%. This huge number is
called Avogadro’s number. Thus, measurements of substances that are
stated in moles tell us about the numbers of atoms, ions, or molecules
present. This is important when chemical reactions are occurring
because each reaction requires a set number of atoms of specific ele-
ments. Table 2.3 describes these ways of expressing concentration.

Inorganic Acids, Bases, and Salts

When inorganic acids, bases, or salts dissolve in water, they dissociate
(dis’-s0-se-AT); that is, they separate into ions and become sur-
rounded by water molecules. An acid (Figure 2.11a) is a substance
that dissociates into one or more hydrogen ions (H*) and one or

m Dissociation of inorganic acids, bases, and salts.

Dissociation is the separation of inorganic acids, bases, and salts into
ions in a solution.

HCI KOH KCI

© @

(c) Salt

P ©

(a) Acid (b) Base

Q The compound CaCO; (calcium carbonate) dissociates
into a calcium ion (Ca%*) and a carbonate ion (C0;27).
Is it an acid, a base, or a salt? What about H,S0,, which
dissociates into two H, and one S0, ?
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more anions. Because H™ is a single proton with one positive charge,
an acid is also referred to as a proton donor. A base, by contrast
(Figure 2.11b), removes H from a solution and is therefore a proton
acceptor. Many bases dissociate into one or more hydroxide ions
(OH™) and one or more cations.

A salt, when dissolved in water, dissociates into cations and
anions, neither of whichis H or OH™ (Figure 2.11c). In the body, salts
such as potassium chloride are electrolytes that are important for
carrying electrical currents (ions flowing from one place to another),
especially in nerve and muscular tissues. The ions of salts also pro-
vide many essential chemical elements in intracellular and extracel-
lular fluids such as blood, lymph, and the interstitial fluid of tissues.

Acids and bases react with one another to form salts. For exam-
ple, the reaction of hydrochloric acid (HCl) and potassium hydroxide
(KOH), a base, produces the salt potassium chloride (KCl) and water
(H,0). This exchange reaction can be written as follows:

HCl + KOH —> H™ + Cl™ + K*
Acid Base Dissociated ions Salt

+ OH™ —> KCl + H,0
Water

Acid-Base Balance: The Concept of pH

To ensure homeostasis, intracellular and extracellular fluids must
contain almost balanced quantities of acids and bases. The more
hydrogen ions (H™) dissolved in a solution, the more acidic the solu-
tion; the more hydroxide ions (OH™), the more basic (alkaline) the
solution. The chemical reactions that take place in the body are very
sensitive to even small changes in the acidity or alkalinity of the body
fluids in which they occur. Any departure from the narrow limits of
normal H™ and OH™ concentrations greatly disrupts body functions.

A solution’s acidity or alkalinity is expressed on the pH scale,
which extends from 0 to 14 (Figure 2.12). This scale is based on the
concentration of H" in moles per liter. A pH of 7 means that a solution
contains one ten-millionth (0.0000001) of a mole of hydrogen ions per
liter. The number 0.0000001 is written as 1 X 107" in scientific nota-
tion, which indicates that the number is 1 with the decimal point
moved seven places to the left. To convert this value to pH, the nega-
tive exponent (—7) is changed to a positive number (7). A solution with
aH* concentration of 0.0001 (10~%) mol/L has a pH of 4; a solution with
a H™ concentration of 0.000000001 (10~°) mol/L has a pH of 9; and so
on. Itisimportant to realize that a change of one whole number on the
pH scale represents a tenfold change in the number of H*. A pH of 6
denotes 10 times more H* than a pH of 7, and a pH of 8 indicates 10
times fewer H™ than a pH of 7 and 100 times fewer H" than a pH of 6.

The midpoint of the pH scale is 7, where the concentrations of H*
and OH™ are equal. A substance with a pH of 7, such as pure water, is
neutral. A solution that has more H* than OH™ is an acidic solution
and has a pH below 7. A solution that has more OH™ than H* is a basic
(alkaline) solution and has a pH above 7.

Maintaining pH: Buffer Systems

Although the pH of body fluids may differ, as we have discussed, the
normal limits for each fluid are quite narrow. Table 2.4 shows the pH
values for certain body fluids along with those of some common
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m The pH scale. A pH below 7 indicates an acidic solution—more H* than OH™. A pH

above 7 indicates a basic (alkaline) solution; that is, there are more OH™ than H™.

The lower the numerical value of the pH, the more acidic is the solution because the H" concentra-
tion becomes progressively greater. The higher the pH, the more basic the solution.

[OHT]

(molesl/liter)

(H']

pHO 1 2 3 4 5 6

Increasingly

— L
acidic

Neutral

Increasingly
basic (alkaline)

Q At pH 7 (neutrality), the concentrations of H and OH™ are equal (10~ mol/liter).
What are the concentrations of H* and OH™ at pH 6? Which pH is more acidic,

6.82 or 6.91? Which pH is closer to neutral, 8.41 or 5.59?

TABLE 2.4 pH Values of Selected Substances

SUBSTANCE* pH VALUE

« Gastric juice (found in the stomach) 1.2-3.0
Lemon juice 2.3
Vinegar 3.0
Carbonated soft drink 3.0-3.5
Orange juice 35

» Vaginal fluid 3.5-4.5
Tomato juice 4.2
Coffee 5.0

» Urine 4.6-8.0

» Saliva 6.35-6.85
Milk 6.8
Distilled (pure) water 7.0

+ Blood 7.35-7.45

+ Semen (fluid containing sperm) 7.20-7.60

« Cerebrospinal fluid (fluid associated with 7.4
nervous system)

«+ Pancreatic juice (digestive juice of the 7.1-8.2
pancreas)

« Bile (liver secretion that aids fat digestion) 7.6-8.6
Milk of magnesia 10.5
Lye (sodium hydroxide) 14.0

*Bullets (s) denote substances in the human body.

substances outside the body. Homeostatic mechanisms maintain the
pH of blood between 7.35 and 7.45, which is slightly more basic than
pure water. You will learn in Chapter 27 that if the pH of blood falls
below 7.35, a condition called acidosis occurs, and if the pH rises
above 7.45, it results in a condition called alkalosis; both conditions
can seriously compromise homeostasis. Saliva is slightly acidic, and
semen is slightly basic. Because the kidneys help remove excess acid
from the body, urine can be quite acidic.

Even though strong acids and bases are continually taken into
and formed by the body, the pH of fluids inside and outside cells
remains almost constant. One important reason is the presence of
buffer systems, which function to convert strong acids or bases into
weak acids or bases. Strong acids (or bases) ionize easily and contrib-
ute many H* (or OH™) to a solution. Therefore, they can change pH
drastically, which can disrupt the body’s metabolism. Weak acids (or
bases) do not ionize as much and contribute fewer H* (or OH™).
Hence, they have less effect on the pH. The chemical compounds that
can convert strong acids or bases into weak ones are called buffers.
They do so by removing or adding protons (H*).

One important buffer system in the body is the carbonic acid-
bicarbonate buffer system. Carbonic acid (H,COs) can act as a weak
acid, and the bicarbonate ion (HCO5 ™) can act as a weak base. Hence,
this buffer system can compensate for either an excess or a shortage
of H*. For example, if there is an excess of H" (an acidic condition),
HCO;~ can function as a weak base and remove the excess H*, as
follows:

H* + —>

Hydrogen ion

HCO;™
Bicarbonate ion (weak base)

H,CO;
Carbonic acid



If there is a shortage of H' (an alkaline condition), by contrast, H,CO;
can function as a weak acid and provide needed H™ as follows:

H2CO3 —> HJr +
Carbonic acid Hydrogen ion
(weak acid)

HCO;™
Bicarbonate ion

Chapter 27 describes buffers and their roles in maintaining acid-base
balance in more detail.

12. How do inorganic compounds differ from organic compounds?
13. Describe two ways to express the concentration of a solution.
14. What functions does water perform in the body?

15. How do bicarbonate ions prevent buildup of excess H*?

25 | Overview of Organic
Compounds

OBJECTIVES

+ Describe the functional groups of organic molecules.

« Distinguish between monomers and polymers.

Many organic molecules are relatively large and have unique charac-
teristics that allow them to carry out complex functions. Important
categories of organic compounds include carbohydrates, lipids, pro-
teins, nucleic acids, and adenosine triphosphate (ATP).

Carbon has several properties that make it particularly useful
to living organisms. For one thing, it can form bonds with one to
thousands of other carbon atoms to produce large molecules that
can have many different shapes. Due to this property of carbon, the
body can build many different organic compounds, each of which
has a unique structure and function. Moreover, the large size of
most carbon-containing molecules and the fact that some do not
dissolve easily in water make them useful materials for building
body structures.

Organic compounds are usually held together by covalent bonds.
Carbon has four electrons in its outermost (valence) shell. It can bond
covalently with a variety of atoms, including other carbon atoms, to
form rings and straight or branched chains. Other elements that most
often bond with carbon in organic compounds are hydrogen, oxygen,
and nitrogen. Sulfur and phosphorus are also present in organic
compounds. The other elements listed in Table 2.1 are present in a
smaller number of organic compounds.

The chain of carbon atoms in an organic molecule is called the
carbon skeleton. Many of the carbons are bonded to hydrogen at-
oms, yielding a hydrocarbon. Also attached to the carbon skeleton
are distinctive functional groups, other atoms or molecules bound to
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the hydrocarbon skeleton. Each type of functional group has a specific
arrangement of atoms that confers characteristic chemical properties
on the organic molecule attached to it. Table 2.5 lists the most com-
mon functional groups of organic molecules and describes some of
their properties. Because organic molecules often are big, there are
shorthand methods for representing their structural formulas. Figure
2.13 shows two ways to indicate the structure of the sugar glucose, a
molecule with a ring-shaped carbon skeleton that has several hydroxyl
groups attached.

TABLE 2.5 Major Functional Groups of Organic Molecules

NAME AND

STRUCTURAL
FORMULA*

OCCURRENCE AND
SIGNIFICANCE

Hydroxyl Alcohols contain an —OH group, which is polar
R—O—H and hydrophilic due to its electronegative
O atom. Molecules with many —OH groups
dissolve easily in water.
Sulfhydryl Thiols have an —SH group, which is polar and
R—S—H hydrophilic due to its electronegative S atom.
Certain amino acids (for example, cysteine)
contain —SH groups, which help stabilize the
shape of proteins.
Carbonyl Ketones contain a carbonyl group within the
0 carbon skeleton. The carbonyl group is polar and
5 g 5 hydrophilic due to its electronegative O atom.
or
(0]
[l Aldehydes have a carbonyl group at the end of
R—C—H the carbon skeleton.
Carboxyl Carboxylic acids contain a carboxyl group at the
fo} end of the carbon skeleton. All amino acids have
| a —COOH group at one end. The negatively
R—C—OH charged form predominates at the pH of body
eIr 5 cells and is hydrophilic.
R0
Ester Esters predominate in dietary fats and oils and
o) also occur in our body as triglycerides. Aspirin
| is an ester of salicylic acid, a pain-relieving
BoL molecule found in the bark of the willow tree.
Phosphate Phosphates contain a phosphate group
fo} (—P0,27), which is very hydrophilic due to the
[ ~ dual negative charges. An important example is
RiO*T —0 adenosine triphosphate (ATP), which transfers
o chemical energy between organic molecules
during chemical reactions.
Amino Amines have an —NH, group, which can act as
H a base and pick up a hydrogen ion, giving the
R—N/ amino group a positive charge. At the pH of
N body fluids, most amino groups have a charge
H of 1*. All amino acids have an amino group at
ol , one end.
+/
R—N—H
AN
H

*R = variable group.
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m Alternative ways to write the structural formula for
glucose.

In standard shorthand, carbon atoms are understood to be at locations
where two bond lines intersect, and single hydrogen atoms are not
indicated.

H
|
H-C—OH CH,OH
HC O H H QH
1/H N _
N/ oH H
HO C s C OH HO OH
| |
H OH H OH

All atoms written out Standard shorthand

Q How many hydroxyl groups does a molecule of glucose
have? How many carbon atoms are part of glucose’s
carbon skeleton?

Small organic molecules can combine into very large molecules
that are called macromolecules (macro- = large). Macromolecules
are usually polymers (poly- = many; -mers = parts). A polymer is a
large molecule formed by the covalent bonding of many identical or
similar small building-block molecules called monomers (mono- =
one). Usually, the reaction that joins two monomers is a dehydration
synthesis. In this type of reaction, a hydrogen atom is removed from
one monomer and a hydroxyl group is removed from the other to form
a molecule of water (see Figure 2.15a). Macromolecules such as
carbohydrates, lipids, proteins, and nucleic acids are assembled in
cells via dehydration synthesis reactions.

Molecules that have the same molecular formula but different
structures are called isomers (I-so-merz; iso- = equal or the same).
For example, the molecular formulas for the sugars glucose and fruc-
tose are both C¢H,,0¢. The individual atoms, however, are positioned
differently along the carbon skeleton (see Figure 2.15a), giving the
sugars different chemical properties.

16. Which functional group helps stabilize the shape of proteins?

17. Whatis anisomer?

26 | Carbohydrates

OBJECTIVES

« Identify the building blocks of carbohydrates.

« Describe the functions of carbohydrates.

Carbohydrates include sugars, glycogen, starches, and cellulose.
Even though they are a large and diverse group of organic compounds

TABLE 2.6 Major Carbohydrate Groups

TYPE OF

CARBOHYDRATE EXAMPLES

Monosaccharides
(simple sugars that
contain from 3 to 7
carbon atoms)

Glucose (the main blood sugar).
Fructose (found in fruits).
Galactose (in milk sugar).
Deoxyribose (in DNA).

Ribose (in RNA).

Disaccharides
(simple sugars
formed from the
combination of two
monosaccharides
by dehydration
synthesis)

Sucrose (table sugar) = glucose + fructose.
Lactose (milk sugar) = glucose + galactose.
Maltose = glucose + glucose.

Polysaccharides
(from tens to
hundreds of
monosaccharides

Glycogen (stored form of carbohydrates in
animals).

Starch (stored form of carbohydrates in
plants and main carbohydrates in food).

joined by
dehydration Cellulose (part of cell walls in plants that
synthesis) cannot be digested by humans but aids

movement of food through intestines).

and have several functions, carbohydrates represent only 2-3% of
your total body mass. In humans and animals, carbohydrates func-
tion mainly as a source of chemical energy for generating ATP needed
to drive metabolic reactions. Only a few carbohydrates are used for
building structural units. One example is deoxyribose, a type of sugar
that is a building block of deoxyribonucleic acid (DNA), the molecule
that carries inherited genetic information.

Carbon, hydrogen, and oxygen are the elements found in carbo-
hydrates. The ratio of hydrogen to oxygen atoms is usually 2:1, the
same as in water. Although there are exceptions, carbohydrates gener-
ally contain one water molecule for each carbon atom. This is the rea-
son they are called carbohydrates, which means “watered carbon.”
The three major groups of carbohydrates, based on their sizes, are
monosaccharides, disaccharides, and polysaccharides (Table 2.6).

Monosaccharides and Disaccharides:
The Simple Sugars

Monosaccharides and disaccharides are known as simple sugars. The
monomers of carbohydrates, monosaccharides (mon’-6-SAK-a-rids;
sacchar- = sugar), contain from three to seven carbon atoms. They are
designated by names ending in “-ose” with a prefix that indicates the
number of carbon atoms. For example, monosaccharides with three
carbons are called trioses (tri- = three). There are also tetroses (four-
carbon sugars), pentoses (five-carbon sugars), hexoses (six-carbon
sugars), and heptoses (seven-carbon sugars). Examples of pentoses
and hexoses are illustrated in Figure 2.14. Cells throughout the body
break down the hexose glucose to produce ATP.

A disaccharide (di-SAK-a-rid; di- = two) is a molecule formed
from the combination of two monosaccharides by dehydration



m Monosaccharides. The structural formulas of selected
monosaccharides are shown.

Monosaccharides are the monomers used to build carbohydrates.

HOCH, g OH HOCH, o OH
H H H H
OH H OH OH
Deoxyribose Ribose
(a) Pentoses
CH,OH CH,OH
H oy  HOCH._o H HO 0 oH
H H
OH H H HO, OH H
HO OH HO CH,OH H H
OH
Glucose Fructose Galactose

(b) Hexoses

Q Which of these monosaccharides are hexoses?
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synthesis (Figure 2.15). For example, molecules of the monosaccha-
rides glucose and fructose combine to form a molecule of the disac-
charide sucrose (table sugar), as shown in Figure 2.15a. Glucose and
fructose are isomers. As you learned earlier in the chapter, isomers
have the same molecular formula, but the relative positions of the
oxygen and carbon atoms are different, causing the sugars to have
different chemical properties. Notice that the formula for sucrose is
C,5H5,041, not Cy,H,404,, because a molecule of water is removed as
the two monosaccharides are joined.

Disaccharides can also be split into smaller, simpler molecules
by hydrolysis. A molecule of sucrose, for example, may be hydrolyzed
into its components, glucose and fructose, by the addition of water.
Figure 2.15a also illustrates this reaction.

Polysaccharides

The third major group of carbohydrates is the polysaccharides (pol’-
é-SAK-a-rids). Each polysaccharide molecule contains tens or hun-
dreds of monosaccharides joined t hrough dehydration synthesis
reactions. Unlike simple sugars, polysaccharides usually are insoluble
in water and do not taste sweet. The main polysaccharide in the
human body is glycogen, which is made entirely of glucose monomers

m Disaccharides. (a) The structural and molecular formulas for the monosaccharides glucose and fructose
and the disaccharide sucrose. In dehydration synthesis (read from left to right), two smaller molecules, glucose and fructose,
are joined to form a larger molecule of sucrose. Note the loss of a water molecule. In hydrolysis (read from right to left), the
addition of a water molecule to the larger sucrose molecule breaks the disaccharide into two smaller molecules, glucose and
fructose. Shown in (b) and (c) are the structural formulas of the disaccharides lactose and maltose, respectively.

CH,OH CH,OH
A disaccharide consists of two mono- H O y HOCH, o H Dehydration  H O y HOCH, o H
saccharides that have combined by synthesis H +
dehydration synthesis. 0 H HO CH,OH OH H o i HO, CH,0H
HO Hydrolysis HO
H OH OH H H OH OH H
Glucose Fructose Sucrose Water
(C6H1206) (C6H1206) (C12H22011)

iClinical Connection

Artificial Sweeteners

Some individuals use artificial sweeteners to limit their sugar
consumption for medical reasons, while others do so to avoid calories
that might result in weight gain. Examples of artificial sweeteners include
aspartame (trade names NutraSweet® and Equal®), saccharin (Sweet 'N
Low®), and sucralose (Splenda®). Aspartame is 200 times sweeter than
sucrose and it adds essentially no calories to the diet because only small
amounts of it are used to produce a sweet taste. Saccharin is about 400
times sweeter than sucrose, and sucralose is 600 times sweeter than
sucrose. Both saccharin and sucralose have zero calories because they
pass through the body without being metabolized. Artificial sweeteners
are also used as sugar substitutes because they do not cause tooth decay.
In fact, studies have shown that using artificial sweeteners in the diet helps
reduce the incidence of dental cavities.

Q How many carbon atoms are there in fructose? In sucrose?

(a) Dehydration synthesis and hydrolysis of sucrose

HOCH, HOCH,
H O oH
H
OH H
H
H OH H OH
Galactose Glucose
(b) Lactose
HOCH, HOCH,
H O H H O oH
H H
OH H OH H
HO © H
H OH H OH
Glucose Glucose
(c) Maltose
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m Part of a glycogen molecule, the main polysaccharide in
the human body.

Glycogen is made up of glucose monomers and is the stored form of car-
bohydrate in the human body.

Glucose monomer

Q Which body cells store glycogen?

linked to one another in branching chains (Figure 2.16). A limited
amount of carbohydrates is stored as glycogen in the liver and skele-
tal muscles. Starches are polysaccharides formed from glucose by
plants. They are found in foods such as pasta and potatoes and are
the major carbohydrates in the diet. Like disaccharides, polysaccha-
rides such as glycogen and starches can be broken down into mono-
saccharides through hydrolysis reactions. For example, when the
blood glucose level falls, liver cells break down glycogen into glucose
and release it into the blood, making it available to body cells, which
break it down to synthesize ATP. Cellulose is a polysaccharide formed
from glucose by plants that cannot be digested by humans but does
provide bulk to help eliminate feces.

18. How are carbohydrates classified?

19. How are dehydration synthesis and hydrolysis reactions related?

27 | Lipids

OBJECTIVES

« Identify the different types of lipids.

« Discuss the functions of lipids.

A second important group of organic compounds is lipids (lip- =
fat). Lipids make up 18-25% of body mass in lean adults. Like
carbohydrates, lipids contain carbon, hydrogen, and oxygen. Unlike

carbohydrates, they do not have a 2:1 ratio of hydrogen to oxygen.
The proportion of electronegative oxygen atoms in lipids is usually
smaller than in carbohydrates, so there are fewer polar covalent
bonds. As a result, most lipids are insoluble in polar solvents such as
water; they are hydrophobic. Because they are hydrophobic, only the
smallest lipids (some fatty acids) can dissolve in watery blood plasma.
To become more soluble in blood plasma, other lipid molecules join
with hydrophilic protein molecules. The resulting lipid-protein com-
plexes are termed lipoproteins. Lipoproteins are soluble because the
proteins are on the outside and the lipids are on the inside.

The diverse lipid family includes fatty acids, triglycerides (fats and
oils), phospholipids (lipids that contain phosphorus), steroids (lipids
that contain rings of carbon atoms), eicosanoids (20-carbon lipids),
and a variety of other substances, including fat-soluble vitamins (vita-
mins A, D, E, and K) and lipoproteins. Table 2.7 introduces the various
types of lipids and highlights their roles in the human body.

TABLE 2.7 Types of Lipids in the Body

TYPE OF LIPID FUNCTIONS

Fatty acids Used to synthesize triglycerides and
phospholipids or catabolized to generate

adenosine triphosphate (ATP).

Triglycerides
(fats and oils)

Protection, insulation, energy storage.

Phospholipids Major lipid component of cell membranes.

Steroids
Cholesterol Minor component of all animal cell membranes;
precursor of bile salts, vitamin D, and steroid
hormones.
Bile salts Needed for digestion and absorption of dietary
lipids.
Vitamin D Helps regulate calcium level in body; needed for
bone growth and repair.
Adrenocortical Help regulate metabolism, resistance to stress,
hormones and salt and water balance.
Sex hormones Stimulate reproductive functions and sexual
characteristics.
Eicosanoids Have diverse effects on modifying responses
(prostaglandins and to hormones, blood clotting, inflammation,
leukotrienes) immunity, stomach acid secretion, airway
diameter, lipid breakdown, and smooth muscle
contraction.
Other lipids
Carotenes Needed for synthesis of vitamin A (used to make
visual pigments in eye); function as antioxidants.
Vitamin E Promotes wound healing, prevents tissue
scarring, contributes to normal structure and
function of nervous system, and functions as
antioxidant.
Vitamin K Required for synthesis of blood-clotting proteins.

Lipoproteins

Transport lipids in blood, carry triglycerides
and cholesterol to tissues, and remove excess
cholesterol from blood.




Fatty Acids

Among the simplest lipids are the fatty acids, which are used to
synthesize triglycerides and phospholipids. Fatty acids can also be
catabolized to generate adenosine triphosphate (ATP). A fatty acid
consists of a carboxyl group and a hydrocarbon chain (Figure 2.17a).
Fatty acids can be either saturated or unsaturated. A saturated fatty
acid contains only single covalent bonds between the carbon atoms of
the hydrocarbon chain. Because they lack double bonds, each carbon
atom of the hydrocarbon chain is saturated with hydrogen atoms (see,
for example, palmitic acid in Figure 2.17a). An unsaturated fatty
acid contains one or more double covalent bonds between the carbon
atoms of the hydrocarbon chain. Thus, the fatty acid is not completely
saturated with hydrogen atoms (see, for example, oleic acid in Figure
2.17a). The unsaturated fatty acid has a kink (bend) at the site of the
double bond. If the fatty acid has just one double bond in the hydro-
carbon chain, it is monounsaturated and it has just one kink. If a fatty
acid has more than one double bond in the hydrocarbon chain, it is
polyunsaturated and it contains more than one kink.

Triglycerides

The most plentiful lipids in your body and in your diet are the triglyc-
erides (tri-GLI-ser-ids; tri- = three), also known as triacylglycerols. A
triglyceride consists of two types of building blocks: a single glycerol
molecule and three fatty acid molecules. A three-carbon glycerol
molecule forms the backbone of a triglyceride (Figure 2.17b, c).
Three fatty acids are attached by dehydration synthesis reactions,
one to each carbon of the glycerol backbone. The chemical bond
formed where each water molecule is removed is an ester linkage
(see Table 2.5). The reverse reaction, hydrolysis, breaks down a single
molecule of a triglyceride into three fatty acids and glycerol.
Triglycerides can be either solids or liquids at room temperature.
A fat is a triglyceride that is a solid at room temperature. The fatty
acids of a fat are mostly saturated. Because these saturated fatty
acids lack double bonds in their hydrocarbon chains, they can closely
pack together and solidify at room temperature. A fat that mainly con-
sists of saturated fatty acids is called a saturated fat. Although
saturated fats occur mostly in meats (especially red meats) and non-
skim dairy products (whole milk, cheese, and butter), they are also
found in a few plant products, such as cocoa butter, palm oil, and co-
conut oil. Diets that contain large amounts of saturated fats are asso-
ciated with disorders such as heart disease and colorectal cancer.
Anoilis a triglyceride that s a liquid at room temperature. The fatty
acids of an oil are mostly unsaturated. Recall that unsaturated fatty
acids contain one or more double bonds in their hydrocarbon chains.
The kinks at the sites of the double bonds prevent the unsaturated fatty
acids of an oil from closely packing together and solidifying. The fatty
acids of an oil can be either monounsaturated or polyunsaturated.
Monounsaturated fats contain triglycerides that mostly consist of mon-
ounsaturated fatty acids. Olive oil, peanut oil, canola oil, most nuts, and
avocados are rich in triglycerides with monounsaturated fatty acids.
Polyunsaturated fats contain triglycerides that mostly consist of poly-
unsaturated fatty acids. Corn oil, safflower oil, sunflower oil, soybean oil,
and fatty fish (salmon, tuna, and mackerel) contain a high percentage of
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Fatty acid structure and triglyceride synthesis. Eachtime
a glycerol and a fatty acid are joined in dehydration synthesis (b), a molecule
of water is removed. Shown in (c) is a triglyceride molecule that contains two
saturated fatty acids and a monounsaturated fatty acid. The kink (bend) in
the oleic acid occurs at the double bond.

One glycerol and three fatty acids are the building blocks of triglycer-

ides.
Palmitic acid (C15H3;COOH) (Saturated)
O
N e s e e
HHHHHHHHHHHHHHH
OHHHHHHHH
S .
HO=C-G=G-G-0-0-0-C-Cxd ¥ 4
HHHHHHH \/O\c//"/,
Oleic acid APV Ny
AN Y
(C17H33COOH) ~ Py N
(Monounsaturated) A 700 W
/74 /O\/Y
A
(a) Structures of saturated and unsaturated fatty acids
Palmitic acid (C15H31 COOH)
H @ KT ERR R R R
G-k e e S S e el
| HHHHHHHHHHHHHHH
H_T_OH & Fatty acid molecule
H-C-OH
H

Glycerol molecule

(b) Dehydration synthesis involving glycerol and a fatty acid

Ester linkage Palmitic acid (C5H31COOH) (Saturated)
H lﬁ?ﬁ"ﬁ'ﬂ'ﬁﬁ"ﬁﬁ"ﬂﬁ"ﬁ'ﬂ'ﬂ"ﬂ‘
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. . AN oY
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(Monounsaturated) ~ 0

(c) Triglyceride (fat) molecule

Q Does the oxygen in the water molecule removed during
dehydration synthesis come from the glycerol or from a
fatty acid?

polyunsaturated fatty acids. Both monounsaturated and polyunsatu-

rated fats are believed to decrease the risk of heart disease.
Triglycerides are the body’s most highly concentrated form of

chemical energy. Triglycerides provide more than twice as much energy
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per gram as do carbohydrates and proteins. Our capacity to store tri-
glycerides in adipose (fat) tissue is unlimited for all practical purposes.
Excess dietary carbohydrates, proteins, fats, and oils all have the same
fate: They are deposited in adipose tissue as triglycerides.

TI Clinical Connection

Fatty Acids in Health and Disease

As its name implies, a group of fatty acids called essential fatty acids
(EFAs) is essential to human health. However, they cannot be made by the
human body and must be obtained from foods or supplements. Among the
more important EFAs are omega-3 fatty acids, omega-6 fatty acids, and cis-
fatty acids.

Omega-3 and omega-6 fatty acids are polyunsaturated fatty acids that
are believed to work together to promote health. They may have a protec-
tive effect against heart disease and stroke by lowering total cholesterol,
raising HDL (high-density lipoproteins or “good cholesterol”) and lowering
LDL (low-density lipoproteins or “bad cholesterol”). In addition, omega-3
and omega-6 fatty acids decrease bone loss by increasing calcium utiliza-
tion by the body; reduce symptoms of arthritis due to inflammation; pro-
mote wound healing; improve certain skin disorders (psoriasis, eczema,
and acne); and improve mental functions. Primary sources of omega-3
fatty acids include flaxseed, fatty fish, oils that have large amounts of poly-
unsaturated fatty acids, fish oils, and walnuts. Primary sources of omega-6

Phospholipids

Like triglycerides, phospholipids (Figure 2.18) have a glycerol back-
bone and two fatty acid chains attached to the first two carbons. In the

fatty acids include most processed foods (cereals, breads, white rice), eggs,
baked goods, oils with large amounts of polyunsaturated fatty acids, and
meats (especially organ meats, such as liver).

Note in Figure 2.17a that the hydrogen atoms on either side of the dou-
ble bond in oleic acid are on the same side of the unsaturated fatty acid. Such
cis-fatty acids are nutritionally beneficial unsaturated fatty acids that are
used by the body to produce hormonelike regulators and cell membranes.
However, when cis-fatty acids are heated, pressurized, and combined with
a catalyst in a process called hydrogenation, they are changed to unhealthy
trans-fatty acids. In trans-fatty acids the hydrogen atoms are on opposite
sides of the double bond of an unsaturated fatty acid. Hydrogenation is used
by manufacturers to make vegetable oils solid at room temperature and less
likely to turn rancid. If oil used for frying is reused (like in fast food french
fry machines), cis-fatty acids are converted to trans-fatty acids. Among the
adverse effects of trans-fatty acids are an increase in total cholesterol, a de-
crease in HDL, an increase in LDL, and an increase in triglycerides. These ef-
fects, which can increase the risk of heart disease and other cardiovascular
diseases, are similar to those caused by saturated fats.

Polar head UG5 Phospholipids. (a) In the synthesis of phospholipids, two fatty acids attach to the
first two carbons of the glycerol backbone. A phosphate group links a small charged group to the third
H3NC». carbon in glycerol. In (b), the circle represents the polar head region, and the two wavy lines represent
CHs i =CHs the two nonpolar tails. Double bonds in the fatty acid hydrocarbon chain often form kinks in the tail.
H Q H
H 'g =4l Phospholipids are amphipathic molecules, having both polar and nonpolar regions.
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Q Which portion of a phospholipid is hydrophilic, and which portion is

(a) Chemical structure of a phospholipid hydrophobic?



third position, however, a phosphate group (PO,*") links a small
charged group that usually contains nitrogen (N) to the backbone. This
portion of the molecule (the “head”) is polar and can form hydrogen
bonds with water molecules. The two fatty acids (the “tails”), by con-
trast, are nonpolar and can interact only with other lipids. Molecules
that have both polar and nonpolar parts are said to be amphipathic
(am-fe-PATH-ik; amphi- = on both sides; -pathic = feeling). Amphi-
pathic phospholipids line up tail-to-tail in a double row to make up
much of the membrane that surrounds each cell (Figure 2.18c).

Steroids

The structure of steroids differs considerably from that of the triglyc-
erides. Steroids have four rings of carbon atoms (colored gold in
Figure 2.19). Body cells synthesize other steroids from cholesterol
(Figure 2.19a), which has a large nonpolar region consisting of the
four rings and a hydrocarbon tail. In the body, the commonly encoun-
tered steroids, such as cholesterol, estrogens, testosterone, cortisol,
bile salts, and vitamin D, are known as sterols because they also have
at least one hydroxyl (alcohol) group (—OH). The polar hydroxyl
groups make sterols weakly amphipathic. Cholesterol is needed for
cell membrane structure; estrogens and testosterone are required for
regulating sexual functions; cortisol is necessary for maintaining

m Steroids. All steroids have four rings of carbon atoms. The
individual rings are designated by the letters A, B, C, and D.

Cholesterol, which is synthesized in the liver, is the starting material for
synthesis of other steroids in the body.

Hydrocarbon tail

ﬁ CH, OH
CH, CH,
HO

(b) Estradiol (an estrogen or

HO
female sex hormone)

Hydroxyl group

(a) Cholesterol

CH, CH,OH

|
c=0
S<—OH
HOR
CH
O 0
o}

(d) Cortisol

(c) Testosterone (a male
sex hormone)

Q How is the structure of estradiol different from that of
testosterone?
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normal blood sugar levels; bile salts are needed for lipid digestion and
absorption; and vitamin D is related to bone growth. In Chapter 10, we
will discuss the use of anabolic steroids by athletes to increase muscle
size, strength, and endurance.

Other Lipids

Eicosanoids (-KO-sa-noyds; eicosan- = twenty) are lipids derived
from a 20-carbon fatty acid called arachidonic acid. The two principal
subclasses of eicosanoids are the prostaglandins (pros’-ta-GLAN-
dins) and the leukotrienes (loo’-ko-TRI-énz). Prostaglandins have a
wide variety of functions. They modify responses to hormones, con-
tribute to the inflammatory response (Chapter 22), prevent stomach
ulcers, dilate (enlarge) airways to the lungs, regulate body tempera-
ture, and influence formation of blood clots, to name just a few.
Leukotrienes participate in allergic and inflammatory responses.
Other lipids include fat-soluble vitamins such as beta-carotenes
(the yellow-orange pigments in egg yolk, carrots, and tomatoes that
are converted to vitamin A); vitamins D, E, and K; and lipoproteins.

20. Whatis the importance to the body of triglycerides,
phospholipids, steroids, lipoproteins, and eicosanoids?

21. Distinguish among saturated, monounsaturated, and
polyunsaturated fats.

28 | Proteins

OBJECTIVES

« Identify the building blocks of proteins.

« Describe the functional roles of proteins.

Proteins are large molecules that contain carbon, hydrogen, oxygen,
and nitrogen. Some proteins also contain sulfur. A normal, lean adult
body is 12-18% protein. Much more complexin structure than carbohy-
drates or lipids, proteins have many roles in the body and are largely
responsible for the structure of body tissues. Enzymes are proteins that
speed up most biochemical reactions. Other proteins work as “motors”
to drive muscle contraction. Antibodies are proteins that defend against
invading microbes. Some hormones that regulate homeostasis also are
proteins. Table 2.8 describes several important functions of proteins.

Amino Acids and Polypeptides

The monomers of proteins are amino acids (a-ME-nd). Each of the 20
different amino acids has a hydrogen (H) atom and three important
functional groups attached to a central carbon atom (Figure 2.20a):
(1) an amino group (—NH,), (2) an acidic carboxyl group (—COOH),
and (3) a side chain (R group). At the normal pH of body fluids, both
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TABLE 2.8 Functions of Proteins

TYPE OF PROTEIN FUNCTIONS

Structural Form structural framework of various parts of body.
Examples: collagen in bone and other connective
tissues; keratin in skin, hair, and fingernails.

Regulatory Function as hormones that regulate various

physiological processes; control growth and
development; as neurotransmitters, mediate
responses of nervous system.

Examples: the hormone insulin (regulates blood
glucose level); the neurotransmitter known as
substance P (mediates sensation of pain in nervous
system).

Contractile Allow shortening of muscle cells, which produces

movement.

Examples: myosin; actin.

Immunological Aid responses that protect body against foreign

substances and invading pathogens.

Examples: antibodies; interleukins.

Transport Carry vital substances throughout body.
Example: hemoglobin (transports most oxygen and
some carbon dioxide in blood).

Catalytic Act as enzymes that regulate biochemical reactions.

Examples: salivary amylase; sucrase; ATPase.

the amino group and the carboxyl group are ionized (Figure 2.20b).
The different side chains give each amino acid its distinctive chemical
identity (Figure 2.20c).

A protein is synthesized in stepwise fashion—one amino acid is
joined to a second, a third is then added to the first two, and so on.
The covalent bond joining each pair of amino acids is a peptide bond.
It always forms between the carbon of the carboxyl group (—COOH)
of one amino acid and the nitrogen of the amino group (—NH,) of
another. As the peptide bond is formed, a molecule of water is
removed (Figure 2.21), making this a dehydration synthesis reaction.
Breaking a peptide bond, as occurs during digestion of dietary
proteins, is a hydrolysis reaction (Figure 2.21).

m Amino acids. (a) In keeping with their name, amino acids

have an amino group (shaded blue) and a carboxyl (acid) group (shaded
red). The side chain (R group) is different in each amino acid. (b) At pH close
to 7, both the amino group and the carboxyl group are ionized. (c) Glycine is
the simplest amino acid; the side chain is a single H atom. Cysteine is one of
two amino acids that contain sulfur (S). The side chain in tyrosine contains
a six-carbon ring. Lysine has a second amino group at the end of its side
chain.

Body proteins contain 20 different amino acids, each of which has a
unique side chain.

Side chain

Amino Carboxyl C
(base) (acid) ]
group group H

(a) Nonionized form of
an amino acid

)

(b) Doubly ionized form
of an amino acid

?H
CH,

T

7
H

Cysteine

Ir—0O

Glycine

Nz

OH ha

CH,

¢

H
Tyrosme Lysine

c) Representative amino acids

Q In an amino acid, what is the minimum number of carbon
atoms? Of nitrogen atoms?

m Formation of a peptide bond between two amino acids during dehydration
synthesis. In this example, glycine is joined to alanine, forming a dipeptide (read from left to right).

Breaking a peptide bond occurs via hydrolysis (read from right to left).

Amino acids are the monomers used to build proteins.

Peptide bond

H Dehydration
H | synthesis H O|H
¢ ¢ +
H @ CH, Hydrolysis CH,
Glycine Alanine Glycylalanine Water
(a dipeptide)

Q What type of reaction takes place during catabolism of proteins?



When two amino acids combine, a dipeptide results. Adding
another amino acid to a dipeptide produces a tripeptide. Further addi-
tions of amino acids result in the formation of a chainlike peptide (4-9
amino acids) or polypeptide (10-2000 or more amino acids). Small
proteins may consist of a single polypeptide chain with as few as 50
amino acids. Larger proteins have hundreds or thousands of amino ac-
ids and may consist of two or more polypeptide chains folded together.

Because each variation in the number or sequence of amino
acids can produce a different protein, a great variety of proteins is
possible. The situation is similar to using an alphabet of 20 letters to
form words. Each different amino acid is like a letter, and their various
combinations give rise to a seemingly endless diversity of words (pep-
tides, polypeptides, and proteins).

Levels of Structural Organization
in Proteins

Proteins exhibit four levels of structural organization. The primary
structure is the unique sequence of amino acids that are linked by
covalent peptide bonds to form a polypeptide chain (Figure 2.22a). A
protein’s primary structure is genetically determined, and any changes
in a protein’s amino acid sequence can have serious consequences for
body cells. In sickle cell disease, for example, a nonpolar amino acid
(valine) replaces a polar amino acid (glutamate) through two mutations
in the oxygen-carrying protein hemoglobin. This change of amino acids
diminishes hemoglobin’s water solubility. As a result, the altered hemo-
globintendstoform crystalsinside red blood cells, producing deformed,
sickle-shaped cells that cannot properly squeeze through narrow blood
vessels. The symptoms and treatment of sickle cell disease are dis-
cussed in Disorders: Homeostatic Imbalances in Chapter 19.

The secondary structure of a protein is the repeated twisting or
folding of neighboring amino acids in the polypeptide chain (Figure
2.22b). Two common secondary structures are alpha helixes (clock-
wise spirals) and beta pleated sheets. The secondary structure of a
protein is stabilized by hydrogen bonds, which form at regular inter-
vals along the polypeptide backbone.

The tertiary structure (TUR-shé-er’'-é) refers to the three-
dimensional shape of a polypeptide chain. Each protein has a unique
tertiary structure that determines how it will function. The tertiary fold-
ing pattern may allow amino acids at opposite ends of the chain to be
close neighbors (Figure 2.22c). Several types of bonds can contribute
to a protein’s tertiary structure. The strongest but least common bonds,
S—S covalent bonds called disulfide bridges, form between the sulfhy-
dryl groups of two monomers of the amino acid cysteine. Many weak
bonds—hydrogen bonds, ionic bonds, and hydrophobic interactions—
also help determine the folding pattern. Some parts of a polypeptide
are attracted to water (hydrophilic), and other parts are repelled by it
(hydrophobic). Because most proteins in our body exist in watery sur-
roundings, the folding process places most amino acids with hydropho-
bic side chains in the central core, away from the protein’s surface.
Often, helper molecules known as chaperones aid the folding process.

In those proteins that contain more than one polypeptide chain
(not all of them do), the arrangement of the individual polypeptide
chains relative to one another is the quaternary structure (KWA-
ter-ner’-é; Figure 2.22d). The bonds that hold polypeptide chains
together are similar to those that maintain the tertiary structure.
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Proteins vary tremendously in structure. Different proteins have
different architectures and different three-dimensional shapes. This
variation in structure and shape is directly related to their diverse
functions. In practically every case, the function of a protein depends
on its ability to recognize and bind to some other molecule. Thus, a
hormone binds to a specific protein on a cell in order to alter its func-
tion, and an antibody protein binds to a foreign substance (antigen)
that has invaded the body. A protein’s unique shape permits it to in-
teract with other molecules to carry out a specific function.

On the basis of overall shape, proteins are classified as fibrous or
globular. Fibrous proteins are insoluble in water and their polypeptide
chains form long strands that are parallel to each other. Fibrous pro-
teins have many structural functions. Examples include collagen
(strengthens bones, ligaments, and tendons), elastin (provides stretch
in skin, blood vessels, and lung tissue), keratin (forms structure of hair
and nails and waterproofs the skin), dystrophin (reinforces parts of mus-
cle cells), fibrin (forms blood clots), and actin and myosin (are involved
in contraction of muscle cells, division in all cells, and transport of
substances within cells). Globular proteins are more or less soluble in
water and their polypeptide chains are spherical (globular) in shape.
Globular proteins have metabolic functions. Examples include
enzymes, which function as catalysts; antibodies and complement
proteins, which help protect us against disease; hemoglobin, which
transports oxygen; lipoproteins, which transport lipids and cholesterol;
albumins, which help regulate blood pH; membrane proteins, which
transport substances into and out of cells; and some hormones such as
insulin, which helps regulate blood sugar level.

Homeostatic mechanisms maintain the temperature and chemi-
cal composition of body fluids, which allow body proteins to keep
their proper three-dimensional shapes. If a protein encounters an
altered environment, it may unravel and lose its characteristic shape
(secondary, tertiary, and quaternary structure). This process is called
denaturation. Denatured proteins are no longer functional. Although
in some cases denaturation can be reversed, a frying egg is a common
example of permanent denaturation. In a raw egg the soluble egg-
white protein (albumin) is a clear, viscous fluid. When heat is applied
to the egg, the protein denatures, becomes insoluble, and turns white.

Enzymes

In living cells, most catalysts are protein molecules called enzymes
(EN-zims). Some enzymes consist of two parts—a protein portion,
called the apoenzyme (a'-po-EN-zim), and a nonprotein portion,
called a cofactor. The cofactor may be a metal ion (such as iron,
magnesium, zinc, or calcium) or an organic molecule called a coen-
zyme. Coenzymes often are derived from vitamins. The names of
enzymes usually end in the suffix-ase. All enzymes can be grouped
according to the types of chemical reactions they catalyze. For exam-
ple, oxidases add oxygen, kinases add phosphate, dehydrogenases
remove hydrogen, ATPases split ATP, anhydrases remove water, prote-
ases break down proteins, and lipases break down triglycerides.

Enzymes catalyze specific reactions. They do so with great effi-
ciency and with many built-in controls. Three important properties of
enzymes are as follows:

1. Enzymes are highly specific. Each particular enzyme binds only to
specific substrates—the reactant molecules on which the enzyme
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m Levels of structural organization in proteins. (a) The primary structure is the sequence

of amino acids in the polypeptide. (b) Common secondary structures include alpha helixes and beta
pleated sheets. For simplicity, the amino acid side groups are not shown here. (c) The tertiary structure
is the overall folding pattern that produces a distinctive, three-dimensional shape. (d) The quaternary
structure in a protein is the arrangement of two or more polypeptide chains relative to one another.

The unique shape of each protein permits it to carry out specific functions.

Amino
@ : acids

i
C
— Peptide
H bond

.

c <Ry

1

S —D
H

A oi

Alpha helix

3 bonds

Polypeptide chain )

(a) Primary structure
(amino acid sequence)

(c) Tertiary structure
(three-dimensional shape of
polypeptide chain)

(d) Quaternary structure
(arrangement of two or
more polypeptide chains)

Q Do all proteins have a quaternary structure?

(b) Secondary structure
(twisting and folding of

neighboring amino acids,
stabilized by hydrogen

Beta pleated sheet




acts. Of the more than 1000 known enzymes in your body, each has
a characteristic three-dimensional shape with a specific surface
configuration, which allows it to recognize and bind to certain
substrates. In some cases, the part of the enzyme that catalyzes the
reaction, called the active site, is thought to fit the substrate like a
key fits in a lock. In other cases the active site changes its shape to
fit snugly around the substrate once the substrate enters the active
site. This change in shape is known as an induced fit.

Not only is an enzyme matched to a particular substrate; it
also catalyzes a specific reaction. From among the large number
of diverse moleculesin a cell, an enzyme must recognize the correct
substrate and then take it apart or merge it with another substrate
to form one or more specific products.

2. Enzymes are very efficient. Under optimal conditions, enzymes
can catalyze reactions at rates that are from 100 million to 10 bil-
lion times more rapid than those of similar reactions occurring
without enzymes. The number of substrate molecules that a sin-
gle enzyme molecule can convert to product molecules in one
second is generally between 1 and 10,000 and can be as high as
600,000.

3. Enzymes are subject to a variety of cellular controls. Their rate of
synthesis and their concentration at any given time are under the
control of a cell’s genes. Substances within the cell may either en-
hance or inhibit the activity of a given enzyme. Many enzymes have
both active and inactive forms in cells. The rate at which the inac-
tive form becomes active or vice versa is determined by the chemi-
cal environment inside the cell.

Enzymes lower the activation energy of a chemical reaction by
decreasing the “randomness” of the collisions between molecules.
They also help bring the substrates together in the proper orientation
so that the reaction can occur. Figure 2.23a depicts how an enzyme
works:

@) The substrates make contact with the active site on the surface
of the enzyme molecule, forming a temporary intermediate com-
pound called the enzyme-substrate complex. In this reaction
the two substrate molecules are sucrose (a disaccharide) and
water.

@ The substrate molecules are transformed by the rearrangement
of existing atoms, the breakdown of the substrate molecule, or
the combination of several substrate molecules into the products
of the reaction. Here the products are two monosaccharides:
glucose and fructose.

eAfter the reaction is completed and the reaction products move
away from the enzyme, the unchanged enzyme is free to attach to
other substrate molecules.

Sometimes a single enzyme may catalyze a reversible reaction in
either direction, depending on the relative amounts of the substrates
and products. For example, the enzyme carbonic anhydrase catalyzes
the following reversible reaction:

Carbonic anhydrase
Water

co, +
Carbon
dioxide

Carbonic acid
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m How an enzyme works.

An enzyme speeds up a chemical reaction without being altered or
consumed.

@ Substrates
@ Sucrose

Water
‘ Enzyme
D@

Sucrase
Active site
of enzyme
o Enzyme and substrate
come together at active
site of enzyme, forming an Products
enzyme—substrate complex Glucose

Fructose

]

e When reaction is complete,
enzyme is unchanged and
free to catalyze same reaction
again on a new substrate

e Enzyme catalyzes
reaction and transforms
substrate into products

(a) Mechanism of enzyme action

Substrate
(glucose) Substrate
Enzyme Enzyme

(hexokinase)

(b) Molecular model of enzyme and substrate
uncombined (left) and enzyme—substrate
complex (right)

Q Why is it that sucrase cannot catalyze the formation of
sucrose from glucose and fructose?

During exercise, when more CO, is produced and released into the
blood, the reaction flows to the right, increasing the amount of car-
bonic acid in the blood. Then, as you exhale CO,, its level in the blood
falls and the reaction flows to the left, converting carbonic acid to CO,
and H,0.

22. Define a protein. What is a peptide bond?
23. What are the different levels of structural organization in proteins?

24, Why are enzymes important?
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29 | Nucleic Acids

OBJECTIVES

« Distinguish between DNA and RNA.

« Describe the components of a nucleotide.

Nucleic acids (noo-KLE-ik), so named because they were first discov-
ered in the nuclei of cells, are huge organic molecules that contain
carbon, hydrogen, oxygen, nitrogen, and phosphorus. Nucleic acids
are of two varieties. The first, deoxyribonucleic acid (DNA) (dé-ok’-
sé-ri-bo-na-KLE-ik), forms the inherited genetic material inside each
human cell. In humans, each gene (JEN) is a segment of a DNA mol-
ecule. Our genes determine the traits we inherit, and by controlling
protein synthesis they regulate most of the activities that take place
in body cells throughout our lives. When a cell divides, its hereditary
information passes on to the next generation of cells. Ribonucleic
acid (RNA), the second type of nucleic acid, relays instructions from
the genes to guide each cell’s synthesis of proteins from amino acids.

m Components of a nucleotide. A DNA nucleotide is shown.

A nucleic acid is a chain of repeating monomers called nucleo-
tides. Each nucleotide of DNA consists of three parts (Figure 2.24):

1. Nitrogenous base. DNA contains four different nitrogenous
bases, which contain atoms of C, H, O, and N. In DNA the four
nitrogenous bases are adenine (A), thymine (T), cytosine (C), and
guanine (G). Adenine and guanine are larger, double-ring bases
called purines (PUR-énz); thymine and cytosine are smaller, single-
ring bases called pyrimidines (p1-RIM-i-dénz). The nucleotides
are named according to the base that is present. For instance,
a nucleotide containing thymine is called a thymine nucleotide,
one containing adenine is called an adenine nucleotide, and so on.

2. Pentose sugar. A five-carbon sugar called deoxyribose attaches to
each base in DNA.

3. Phosphate group. Phosphate groups (PO,*”) alternate with
pentose sugars to form the “backbone” of a DNA strand; the bases
project inward from the backbone chain (see Figure 2.25).

In 1953, F.H.C. Crick of Great Britain and J.D. Watson, a young
American scientist, published a brief paper describing how these
three components might be arranged in DNA. Their insights into data
gathered by others led them to construct a model so elegant and

Nucleotides are the repeating units of nucleic acids. Each nucleotide consists of a nitrogenous base,

a pentose sugar, and a phosphate group.

Phosphate group Nitrogenous base

Pentose sugar

Pentose Sugars

OH H
Deoxyribose Ribose
(in DNA) (in RNA)

Nitrogenous bases
Pyrimidines:
NH, (0] (0]
| Il l
/C\ —~H H~ /C\ —~CH; H- /C\ —~H
I T I
O4C\N/C\H O4C\N/C\H o%C\N/C\H
I I I
H H H
Cytosine Thymine Uracil
(in DNA and RNA) (in DNA) (in RNA)
Purines:
NH, (0]
(I: l
N H
J ¢ N -
H—C\ I | H—
_C _C
H H
Adenine Guanine
(in DNA and RNA) (in DNA and RNA)

Q Which nitrogenous bases are present in DNA? In RNA?




simple that the scientific world immediately knew it was correct! In
the Watson-Crick double helix model, DNA resembles a spiral ladder
(Figure 2.25). Two strands of alternating phosphate groups and de-
oxyribose sugars form the uprights of the ladder. Paired bases, held
together by hydrogen bonds, form the rungs. Because adenine always
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pairs with thymine, and cytosine always pairs with guanine, if you
know the sequence of bases in one strand of DNA, you can predict the
sequence on the complementary (second) strand. Each time DNA is
copied, as when living cells divide to increase their number, the two
strands unwind. Each strand serves as the template or mold on which

m DNA molecule. DNAis arranged in a double helix. The paired bases project toward the
center of the double helix. The structure of the DNA helix is stabilized by hydrogen bonds (dotted lines)

between each base pair.

DNA forms the inherited genetic material inside each human cell.

Phosphate
group

o
[ H O

O=P-0-CH, %/
&

OH

H,C—0=P-0
O I
. (0]
OH Thymine (T) H Adenine (A)
Deoxyribose
sugar H H
o H N H OH
0-P-0-CH, = |
o N Neveeooreeeens H o
o I
H,C—0=P-0
O vorrrrrrnnennnns H cI)_
OH . .
Cytosine (C) H Guanine (G)
BN - (a) Components of nucleotides e .

* DNA is made of two strands twisted in a
spiral staircase-like structure called a
double helix.

* Each strand consists of nucleotides
bound together.

¢ Each nucleotide consists of a
deoxyribose sugar bound to a
phosphate group and one of 4
nitrogenous bases [adenine (A),
thymine (T), guanine (G), cytosine (C)].

* The nitrogenous bases pair together
through hydrogen bonding to form the
“steps” of the double helix.

* Adenine pairs with thymine and guanine
pairs with cytosine.

Phosphate group

Deoxyribose sugar

Hydrogen bond

Key to bases:

A = Adenine

G = Guanine

T =Thymine

Strand 1 Strand 2 C''= = Cytosine

(b) Portion of a DNA molecule

Q Which bases always pair with each other?
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TABLE 2.9 Comparison between DNA and RNA
FEATURE DNA

Nitrogenous bases

Adenine (A), cytosine (C), guanine (G),

RNA

Adenine (A), cytosine (C), guanine (G),

thymine (T)* uracil (U).
Sugar in nucleotides Deoxyribose. Ribose.
Number of strands Two (double-helix, like a twisted ladder). One.

Nitrogenous base pairing (number of
hydrogen bonds)

A with T (2), G with C (3).

Awith U (2), G with C (3).

How is it copied? Self-replicating.

Made by using DNA as a blueprint.

Function Encodes information for making proteins. Carries the genetic code and assists in making
proteins.
Types Nuclear, mitochondrial.’ Messenger RNA (mRNA), transfer RNA (tRNA),

ribosomal RNA (rRNA).*

*Letters and words in blue emphasize the differences between DNA and RNA.

The nucleus and mitochondria are cellular organelles, which will be discussed in Chapter 3.

*These RNAs participate in the process of protein synthesis, which will also be discussed in Chapter 3.

to construct a new second strand. Any change that occurs in the base
sequence of a DNA strand is called a mutation. Some mutations
can result in the death of a cell, cause cancer, or produce genetic
defects in future generations.

RNA, the second variety of nucleic acid, differs from DNA in
several respects. In humans, RNA is single-stranded. The sugar in the
RNA nucleotide is the pentose ribose, and RNA contains the pyrimi-
dine base uracil (U) instead of thymine. Cells contain three different
kinds of RNA: messenger RNA, ribosomal RNA, and transfer RNA. Each
has a specific role to perform in carrying out the instructions coded in
DNA (see Figure 3.29).

A summary of the major differences between DNA and RNA is
presented in Table 2.9.

i Clinical Connection

DNA Fingerprinting

A technique called DNA fingerprinting is used in research and in courts of
law to ascertain whether a person’s DNA matches the DNA obtained from
samples or pieces of legal evidence such as blood stains or hairs. In each
person, certain DNA segments contain base sequences that are repeated
several times. Both the number of repeat copies in one region and the
number of regions subject to repeat are different from one person to another.
DNA fingerprinting can be done with minute quantities of DNA—for example,
from a single strand of hair, a drop of semen, or a spot of blood. It also can
be used to identify a crime victim or a child’s biological parents and even to
determine whether two people have a common ancestor.

Checkpoint

25. How do DNA and RNA differ?

26. What s a nitrogenous base?

2.10

Adenosine Triphosphate

OBJECTIVE

« Describe the functional role of adenosine triphosphate.

Adenosine triphosphate (ATP) (a-DEN-6-sén tri-FOS-fat) is the
“energy currency” of living systems (Figure 2.26). ATP transfers
the energy liberated in exergonic catabolic reactions to power
cellular activities that require energy (endergonic reactions).
Among these cellular activities are muscular contractions, move-
ment of chromosomes during cell division, movement of struc-
tures within cells, transport of substances across cell membranes,
and synthesis of larger molecules from smaller ones. As its name
implies, ATP consists of three phosphate groups attached to
adenosine, a unit composed of adenine and the five-carbon sugar
ribose.

When a water molecule is added to ATP, the third phosphate
group (PO,*”), symbolized by 0 in the following discussion, is
removed, and the overall reaction liberates energy. The enzyme that
catalyzes the hydrolysis of ATP is called ATPase. Removal of the third



m Structures of ATP and ADP. “Squiggles” (~) indicate the
two phosphate bonds that can be used to transfer energy. Energy transfer

typically involves hydrolysis of the last phosphate bond of ATP.

ATP transfers chemical energy to power cellular activities.

_ NH,
Adenine l
N
J/ ¢
H— oy | |
N/C\ ~C—H
N
Adenosine
o o o
| | |
Q@ _HC——0—P—O0~P—O0~P—0O"
II II II
H H o o o
. H H
Ribose ! | | J

Phosphate groups
| I

Adenosine diphosphate (ADP)

Adenosine triphosphate (ATP)

Q What are some cellular activities that depend on energy
supplied by ATP?

phosphate group produces amolecule called adenosine diphosphate
(ADP) in the following reaction:

ATPase
ATP  + HO —> AP + @ + E
Adenosine Water Adenosine Phosphate Energy
triphosphate diphosphate group

As noted previously, the energy supplied by the catabolism of ATP
into ADP is constantly being used by the cell. As the supply of ATP at

Chapter Review

Review

2.1 How Matter Is Organized

1. Chemistry is the science of the structure and interactions of matter.

2. All forms of matter are composed of chemical elements.

3. Oxygen, carbon, hydrogen, and nitrogen make up about 96% of body mass.

4. Each element is made up of small units called atoms. Atoms consist of a
nucleus, which contains protons and neutrons, plus electrons that move
about the nucleus in regions called electron shells.

5. The number of protons (the atomic number) distinguishes the atoms of one
element from those of another element.
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any given time is limited, a mechanism exists to replenish it: The
enzyme ATP synthase catalyzes the addition of a phosphate group to
ADP in the following reaction:

ATP synthase
AP+ @ + ————> ATP  + H,0
Adenosine Phosphate  Energy Adenosine Water
diphosphate group triphosphate

Where does the cell get the energy required to produce ATP?
The energy needed to attach a phosphate group to ADP is supplied
mainly by the catabolism of glucose in a process called cellular
respiration. Cellular respiration has two phases, anaerobic and
aerobic:

1. Anaerobic phase. In a series of reactions that do not require oxy-
gen, glucose is partially broken down by a series of catabolic reac-
tions into pyruvic acid. Each glucose molecule that is converted
into a pyruvic acid molecule yields two molecules of ATP.

2. Aerobic phase. In the presence of oxygen, glucose is completely
broken down into carbon dioxide and water. These reactions gen-
erate heat and 30 or 32 ATP molecules.

Chapters 10 and 25 cover the details of cellular respiration.

In Chapter 1 you learned that the human body comprises various
levels of organization; this chapter has just showed you the alphabet
of atoms and molecules that is the basis for the language of the body.
Now that you have an understanding of the chemistry of the human
body, you are ready to form words; in Chapter 3 you will see how
atoms and molecules are organized to form structures of cells and
perform the activities of cells that contribute to homeostasis.

27. Inthe reaction catalyzed by ATP synthase, what are the
substrates and products? Is this an exergonic or endergonic
reaction?

6. The mass number of an atom is the sum of its protons and neutrons.

7. Different atoms of an element that have the same number of protons but
different numbers of neutrons are called isotopes. Radioactive isotopes are
unstable and decay.

8. The atomic mass of an element is the average mass of all naturally occur-
ring isotopes of that element.

9. An atom that gives up or gains electrons becomes an ion—an atom that has a
positive or negative charge because it has unequal numbers of protons and elec-
trons. Positively charged ions are cations; negatively charged ions are anions.

10. If two atoms share electrons, a molecule is formed. Compounds contain
atoms of two or more elements.
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11. Afree radical is an atom or group of atoms with an unpaired electron in its
outermost shell. A common example is superoxide, an anion which is formed
by the addition of an electron to an oxygen molecule.

2.2 Chemical Bonds

1. Forces of attraction called chemical bonds hold atoms together. These
bonds result from gaining, losing, or sharing electrons in the valence shell.

2. Most atoms become stable when they have an octet of eight electrons in
their valence (outermost) electron shell.

3. When the force of attraction between ions of opposite charge holds them
together, an ionic bond has formed.

4. In a covalent bond, atoms share pairs of valence electrons. Covalent bonds
may be single, double, or triple and either nonpolar or polar.

5. An atom of hydrogen that forms a polar covalent bond with an oxygen atom
or a nitrogen atom may also form a weaker bond, called a hydrogen bond, with
an electronegative atom. The polar covalent bond causes the hydrogen atom
to have a partial positive charge (6*) that attracts the partial negative charge
(67) of neighboring electronegative atoms, often oxygen or nitrogen.

2.3 Chemical Reactions

1. When atoms combine with or break apart from other atoms, a chemical re-
action occurs. The starting substances are the reactants, and the ending ones
are the products.

2. Energy, the capacity to do work, is of two principal kinds: potential (stored)
energy and kinetic energy (energy of motion).

3. Endergonic reactions require energy; exergonic reactions release energy.
ATP couples endergonic and exergonic reactions.

4. Theinitial energy investment needed to start a reaction is the activation en-
ergy. Reactions are more likely when the concentrations and the temperatures
of the reacting particles are higher.

5. Catalysts accelerate chemical reactions by lowering the activation energy.
Most catalysts in living organisms are protein molecules called enzymes.

6. Synthesis reactions involve the combination of reactants to produce larger
molecules. The reactions are anabolic and usually endergonic.

7. In decomposition reactions, a substance is broken down into smaller mol-
ecules. The reactions are catabolic and usually exergonic.

8. Exchange reactions involve the replacement of one atom or atoms by an-
other atom or atoms.

9. In reversible reactions, end products can revert to the original reactants.

2.4 Inorganic Compounds and Solutions

1. Inorganic compounds usually are small and usually lack carbon. Organic
substances always contain carbon, usually contain hydrogen, and always
have covalent bonds.

2. Water is the most abundant substance in the body. It is an excellent solvent
and suspension medium, participates in hydrolysis and dehydration synthe-
sis reactions, and serves as a lubricant. Because of its many hydrogen bonds,
water molecules are cohesive, which causes a high surface tension. Water also
has a high capacity for absorbing heat and a high heat of vaporization.

3. Inorganic acids, bases, and salts dissociate into ions in water. An acid ion-
izes into hydrogen ions (H) and anions and is a proton donor; many bases
ionize into cations and hydroxide ions (OH™), and all are proton acceptors. A
salt ionizes into neither H" nor OH™.

4. Mixtures are combinations of elements or compounds that are physically
blended together but are not bound by chemical bonds. Solutions, colloids,
and suspensions are mixtures with different properties.

5. Two ways to express the concentration of a solution are percentage (mass
per volume), expressed in grams per 100 mL of a solution, and molarity, ex-
pressed in moles per liter. A mole (abbreviated mol) is the amount in grams
of any substance that has a mass equal to the combined atomic mass of all
its atoms.

6. The pH of body fluids must remain fairly constant for the body to maintain
homeostasis. On the pH scale, 7 represents neutrality. Values below 7 indicate
acidic solutions, and values above 7 indicate alkaline solutions. Normal blood
pHis 7.35-7.45.

7. Buffer systems remove or add protons (H™) to help maintain pH homeo-
stasis.

8. One important buffer system is the carbonic acid-bicarbonate buffer sys-
tem. The bicarbonate ion (HCO;~) acts as a weak base and removes excess H*,
and carbonic acid (H,CO;) acts as a weak acid and adds H™.

2.5 Overview of Organic Compounds

1. Carbon, with its four valence electrons, bonds covalently with other carbon
atoms to form large molecules of many different shapes. Attached to the car-
bon skeletons of organic molecules are functional groups that confer distinc-
tive chemical properties.

2. Small organic molecules are joined together to form larger molecules by
dehydration synthesis reactions in which a molecule of water is removed. In
the reverse process, called hydrolysis, large molecules are broken down into
smaller ones by the addition of water.

2.6 Carbohydrates

1. Carbohydrates include monosaccharides, disaccharides, and polysaccha-
rides.

2. Carbohydrates provide most of the chemical energy needed to generate
ATP.

2.7 Lipids
1. Lipids are a diverse group of compounds that include fatty acids, triglycer-
ides (fats and oils), phospholipids, steroids, and eicosanoids.

2. Fatty acids are the simplest lipids; they are used to synthesize triglycerides
and phospholipids.

3. Triglycerides protect, insulate, and provide energy.
4. Phospholipids are important cell membrane components.

5. Steroids are important in cell membrane structure, regulating sexual func-
tions, maintaining normal blood sugar level, aiding lipid digestion and ab-
sorption, and helping bone growth.

6. Eicosanoids (prostaglandins and leukotrienes) modify hormone responses,
contribute to inflammation, dilate airways, and regulate body temperature.

2.8 Proteins
1. Proteins are constructed from amino acids.

2. Proteins give structure to the body, regulate processes, provide protection,
help muscles contract, transport substances, and serve as enzymes.

3. Levels of structural organization among proteins include primary, second-
ary, tertiary, and (sometimes) quaternary. Variations in protein structure and
shape are related to their diverse functions.

2.9 Nucleic Acids

1. Deoxyribonucleic acid (DNA) and ribonucleic acid (RNA) are nucleic acids
consisting of nitrogenous bases, five-carbon (pentose) sugars, and phosphate
groups.



2. DNAis a double helix and is the primary chemical in genes. RNA takes part
in protein synthesis.

2.10 Adenosine Triphosphate

1. Adenosine triphosphate (ATP) is the principal energy-transferring molecule
in living systems.

Critical Thinking Questions

1. Your best friend has decided to begin frying his breakfast eggs in margarine
instead of butter because he has heard that eating butter is bad for his heart.
Has he made a wise choice? Are there other alternatives?

2. A4-month-old baby is admitted to the hospital with a temperature of 102°F
(38.9°C). Why is it critical to treat the fever as quickly as possible?

Answers to Figure Questions

2.1 In carbon, the first shell contains two electrons and the second shell con-
tains four electrons.

2.2 The four most plentiful elements in living organisms are oxygen, carbon,
hydrogen, and nitrogen.

2.3 Antioxidants such as selenium, zinc, beta-carotene, vitamin C, and vitamin
E can inactivate free radicals derived from oxygen.

2.4 A cation is a positively charged ion; an anion is a negatively charged ion.

2.5 An ionic bond involves the loss and gain of electrons; a covalent bond in-
volves the sharing of pairs of electrons.

2.6 The N atom in ammonia is electronegative. Because it attracts electrons
more strongly than do the H atoms, the nitrogen end of ammonia acquires a
slight negative charge, allowing H atoms in water molecules (or in other am-
monia molecules) to form hydrogen bonds with it. Likewise, O atoms in water
molecules can form hydrogen bonds with H atoms in ammonia molecules.

2.7 The number of hydrogen atoms in the reactants must equal the number in
the products—in this case, four hydrogen atoms total. Put another way, two
molecules of H, are needed to react with each molecule of O, so that the num-
ber of H atoms and O atoms in the reactants is the same as the number of
H atoms and O atoms in the products.

2.8 This reaction is exergonic because the reactants have more potential
energy than the products.

2.9 No. A catalyst does not change the potential energies of the products and
reactants; it only lowers the activation energy needed to get the reaction going.

2.10 No. Because sugar easily dissolves in a polar solvent (water), you can cor-
rectly predict that it has several polar covalent bonds.

2.11 CaCO;is a salt, and H,S0, is an acid.

2.12 At pH = 6, [H"] = 107® mol/L and [OH] = 10~® mol/L. A pH of 6.82 is
more acidic than a pH of 6.91. Both pH = 8.41 and pH = 5.59 are 1.41 pH units
from neutral (pH = 7).
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2. When ATP transfers energy to an endergonic reaction, it is decomposed to
adenosine diphosphate (ADP) and a phosphate group.

3. ATP is synthesized from ADP and a phosphate group using the energy sup-
plied by various decomposition reactions, particularly those of glucose.

3. During chemistry lab, Maria places sucrose (table sugar) in a glass beaker,
adds water, and stirs. As the table sugar disappears, she loudly proclaims that
she has chemically broken down the sucrose into fructose and glucose. Is
Maria’s chemical analysis correct?

2.13 Glucose has five —OH groups and six carbon atoms.

2.14 Hexoses are six-carbon sugars; examples include glucose, fructose, and
galactose.

2.15 There are 6 carbons in fructose and 12 in sucrose.

2.16 Cells in the liver and in skeletal muscle store glycogen.

2.17 The oxygen in the water molecule comes from a fatty acid.

2.18 The polar head is hydrophilic, and the nonpolar tails are hydrophobic.

2.19 The only differences between estradiol and testosterone are the number
of double bonds and the types of functional groups attached to ring A.

2.20 An amino acid has a minimum of two carbon atoms and one nitrogen
atom.

2.21 Hydrolysis occurs during catabolism of proteins.

2.22 No. Proteins consisting of a single polypeptide chain do not have a qua-
ternary structure.

2.23 Sucrase has specificity for the sucrose molecule and thus would not
“recognize” glucose and fructose.

2.24 Cytosine, thymine, adenine, and guanine are the nitrogenous bases pre-
sent in DNA; cytosine, uracil, adenine, and guanine are the nitrogenous bases
presentin RNA.

2.25 In DNA, thymine always pairs with adenine, and cytosine always pairs
with guanine.

2.26 Cellular activities that depend on energy supplied by ATP include muscu-
lar contractions, movement of chromosomes, transport of substances across
cell membranes, and synthesis (anabolic) reactions.



CHAPTER 3

The Cellular Level
of Organization

Cells and Homeostasis

activity.

Cells carry out a multitude of functions that help each system contribute to the homeostasis of the
entire body. At the same time, all cells share key structures and functions that support their intense

In the previous chapter you learned about the atoms and molecules
that compose the alphabet of the language of the human body. These
are combined into about 200 different types of words called cells.
All cells arise from existing cells in which one cell divides into two
identical cells. Different types of cells fulfill unique roles that support
homeostasis and contribute to the many functional capabilities of
the human organism. As you study the various parts of a cell and
their relationships to one another, you will learn that cell structure
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and function are intimately related. In this chapter, you will learn
that cells carry out a dazzling array of chemical reactions to create
and maintain life processes—in part, by isolating specific types of
chemical reactions within specialized cellular structures. Although
isolated, the chemical reactions are coordinated to maintain life in a
cell, tissue, organ, system, and organism.

Q Did you ever wonder why cancer is so difficult to treat?
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OBJECTIVE

« Name and describe the three main parts of a cell.

The average adult human body consists of more than 100 trillion cells.
Cells are the basic, living, structural, and functional units of the body.
The scientific study of cells is called cell biology or cytology.

Figure 3.1 provides an overview of the typical structures found
in body cells. Most cells have many of the structures shown in this
diagram. For ease of study, we divide the cell into three main parts:
plasma membrane, cytoplasm, and nucleus.

1. The plasma membrane forms the cell’s flexible outer surface, sep-
arating the cell’s internal environment (everything inside the cell)
from the external environment (everything outside the cell). It is a

m Typical structures found in body cells.

The cellis the basic living, structural, and functional unit of the body.
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Q What are the three principal parts of a cell?
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selective barrier that regulates the flow of materials into and out of
a cell. This selectivity helps establish and maintain the appropriate
environment for normal cellular activities. The plasma membrane
also plays a key role in communication among cells and between
cells and their external environment.

2. The cytoplasm (SI-td-plasm; -plasm = formed or molded) consists
of all the cellular contents between the plasma membrane and
the nucleus. This compartment has two components: cytosol and
organelles. Cytosol (SI-t6-sol), the fluid portion of cytoplasm, also
called intracellular fluid, contains water, dissolved solutes, and
suspended particles. Within the cytosol are several different types
of organelles (or-gan-ELZ = little organs). Each type of organelle
has a characteristic shape and specific functions. Examples include
the cytoskeleton, ribosomes, endoplasmic reticulum, Golgi com-
plex, lysosomes, peroxisomes, and mitochondria.

3. The nucleus (NOO-klé-us = nut kernel) is a large organelle that houses
most of a cell’s DNA. Within the nucleus, each chromosome (KRO-
mo-sém; chromo- = colored), a single molecule of DNA associated
with several proteins, contains thousands of hereditary units called
genes that control most aspects of cellular structure and function.

Checkpoint

1. List the three main parts of a cell and explain their functions.
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32| The Plasma Membrane

OBJECTIVES

« Distinguish between cytoplasm and cytosol.
« Explain the concept of selective permeability.

« Define the electrochemical gradient and describe its components.

The plasma membrane, a flexible yet sturdy barrier that surrounds
and contains the cytoplasm of a cell, is best described by using a struc-
tural model called the fluid mosaic model. According to this model,
the molecular arrangement of the plasma membrane resembles a
continually moving sea of fluid lipids that contains a mosaic of many
different proteins (Figure 3.2). Some proteins float freely like icebergs
in the lipid sea, whereas others are anchored at specific locations like
islands. The membrane lipids allow passage of several types of lipid-
soluble molecules but act as a barrier to the entry or exit of charged or

polar substances. Some of the proteins in the plasma membrane allow
movement of polar molecules and ions into and out of the cell. Other
proteins can act as signal receptors or as molecules that link the
plasma membrane to intracellular or extracellular proteins.

Structure of the Plasma Membrane

The Lipid Bilayer The basic structural framework of the
plasma membrane is the lipid bilayer, two back-to-back layers made
up of three types of lipid molecules—phospholipids, cholesterol,
and glycolipids (Figure 3.2). About 75% of the membrane lipids are
phospholipids, lipids that contain phosphorus. Present in smaller
amounts are cholesterol (about 20%), a steroid with an attached
—OH (hydroxyl) group, and various glycolipids (about 5%), lipids with
attached carbohydrate groups.

The bilayer arrangement occurs because the lipids are
amphipathic (am-fé-PATH-ik) molecules, which means that they have
both polar and nonpolar parts. In phospholipids (see Figure 2.18), the
polar part is the phosphate-containing “head,” which is hydrophilic
(hydro- = water; -philic = loving). The nonpolar parts are the two long

m The fluid mosaic arrangement of lipids and proteins in the plasma membrane.

Membranes are fluid structures because the lipids and many of the proteins are free to rotate and

move sideways in their own half of the bilayer.

Functions of the Plasma Membrane 3. Helps identify the cell to other cells

1. Acts as a barrier separating inside (e-g., immune cells).

and outside of the cell. 4, Participates in intercellular
2. Controls the flow of substances into signaling.
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fatty acid “tails,” which are hydrophobic (-phobic = fearing) hydro-
carbon chains. Because “like seeks like,” the phospholipid molecules
orient themselves in the bilayer with their hydrophilic heads facing
outward. Inthis way, the heads face a watery fluid on either side—cytosol
on the inside and extracellular fluid on the outside. The hydrophobic
fatty acid tails in each half of the bilayer point toward one another,
forming a nonpolar, hydrophobic region in the membrane’s interior.
Cholesterol molecules are weakly amphipathic (see Figure 2.19a)
and are interspersed among the other lipids in both layers of the mem-
brane. The tiny —OH group is the only polar region of cholesterol, and
it forms hydrogen bonds with the polar heads of phospholipids and
glycolipids. The stiff steroid rings and hydrocarbon tail of cholesterol
are nonpolar; they fit among the fatty acid tails of the phospholipids
and glycolipids. The carbohydrate groups of glycolipids form a polar
“head”; their fatty acid “tails” are nonpolar. Glycolipids appear only in
the membrane layer that faces the extracellular fluid, which is one
reason the two sides of the bilayer are asymmetric, or different.

Arrangement of Membrane Proteins Membrane proteins
are classified as integral or peripheral according to whether they are
firmly embedded in the membrane (Figure 3.2). Integral proteins
extend into or through the lipid bilayer and are firmly embedded in it.
Most integral proteins are transmembrane proteins, which means that
they span the entire lipid bilayer and protrude into both the cytosol and
extracellular fluid. A few integral proteins are tightly attached to one
side of the bilayer by covalent bonding to fatty acids. Like membrane
lipids, integral membrane proteins are amphipathic. Their hydrophilic
regions protrude into either the watery extracellular fluid or the cytosol,
and their hydrophobic regions extend among the fatty acid tails.

As their name implies, peripheral proteins (pe-RIF-er-al) are not
as firmly embedded in the membrane. They are attached to the polar
heads of membrane lipids or to integral proteins at the inner or outer
surface of the membrane.

Many integral proteins are glycoproteins, proteins with carbohy-
drate groups attached to the ends that protrude into the extracellular
fluid. The carbohydrates are oligosaccharides (oligo- = few; -saccha-
rides = sugars), chains of 2 to 60 monosaccharides that may be straight
or branched. The carbohydrate portions of glycolipids and glycopro-
teins form an extensive sugary coat called the glycocalyx (gli-kd-KAL-
iks). The pattern of carbohydrates in the glycocalyx varies from one cell
to another. Therefore, the glycocalyx acts like a molecular “signature”
thatenables cells to recognize one another. For example, a white blood
cell’s ability to detect a “foreign” glycocalyx is one basis of the immune
response that helps us destroy invading organisms. In addition, the
glycocalyx enables cells to adhere to one another in some tissues and
protects cells from being digested by enzymes in the extracellular fluid.
The hydrophilic properties of the glycocalyx attract a film of fluid to the
surface of many cells. This action makes red blood cells slippery as
they flow through narrow blood vessels and protects cells that line
the airways and the gastrointestinal tract from drying out.

Functions of Membrane Proteins

Generally, the types of lipids in cellular membranes vary only slightly.
In contrast, the membranes of different cells and various intracellular
organelles have remarkably different assortments of proteins that
determine many of the membrane’s functions (Figure 3.3).
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m Functions of membrane proteins.

Membrane proteins largely reflect the functions a cell can perform.
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Q When stimulating a cell, the hormone insulin first binds
to a protein in the plasma membrane. This action best
represents which membrane protein function?
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*Some integral proteins form ion channels, pores or holes that
specific ions, such as potassium ions (K*), can flow through to get
into or out of the cell. Most ion channels are selective; they allow only
a single type of ion to pass through.

« Other integral proteins act as carriers, selectively moving a polar
substance or ion from one side of the membrane to the other.
Carriers are also known as transporters.

o Integral proteins called receptors serve as cellular recognition sites.
Each type of receptor recognizes and binds a specific type of mol-
ecule. For instance, insulin receptors bind the hormone insulin. A
specific molecule that binds to a receptor is called a ligand (Li-gand;
liga = tied) of that receptor.

« Some integral proteins are enzymes that catalyze specific chemical
reactions at the inside or outside surface of the cell.

« Integral proteins may also serve as linkers that anchor proteins in
the plasma membranes of neighboring cells to one another or to
protein filaments inside and outside the cell. Peripheral proteins
also serve as enzymes and linkers.

» Membrane glycoproteins and glycolipids often serve as cell-identity
markers. They may enable a cell to (1) recognize other cells of the
same kind during tissue formation or (2) recognize and respond to
potentially dangerous foreign cells. The ABO blood type markers
are one example of cell-identity markers. When you receive a blood
transfusion, the blood type must be compatible with your own, or
red blood cells may clump together.

In addition, peripheral proteins help support the plasma membrane,
anchor integral proteins, and participate in mechanical activities such as
moving materials and organelles within cells, changing cell shape during
cell division and in muscle cells, and attaching cells to one another.

Membrane Fluidity

Membranes are fluid structures; that is, most of the membrane lipids
and many of the membrane proteins easily rotate and move sideways
in their own half of the bilayer. Neighboring lipid molecules exchange
places about 10 million times per second and may wander completely
around a cellin only a few minutes! Membrane fluidity depends both on
the number of double bonds in the fatty acid tails of the lipids that make
up the bilayer, and on the amount of cholesterol present. Each double
bond puts a “kink” in the fatty acid tail (see Figure 2.18), which increases
membrane fluidity by preventing lipid molecules from packing tightly
in the membrane. Membrane fluidity is an excellent compromise for
the cell; a rigid membrane would lack mobility, and a completely fluid
membrane would lack the structural organization and mechanical sup-
port required by the cell. Membrane fluidity allows interactions to occur
within the plasma membrane, such as the assembly of membrane pro-
teins. It also enables the movement of the membrane components
responsible for cellular processes such as cell movement, growth, divi-
sion, and secretion, and the formation of cellular junctions. Fluidity
allows the lipid bilayer to self-seal if torn or punctured. When a needle is
pushed through a plasma membrane and pulled out, the puncture site
seals spontaneously, and the cell does not burst. This property of the
lipid bilayer allows a procedure called intracytoplasmic sperm injection
to help infertile couples conceive a child; scientists can fertilize an oocyte
by injecting a sperm cell through a tiny syringe. It also permits removal

and replacement of a cell’s nucleus in cloning experiments, such as the
one that created Dolly, the famous cloned sheep.

Despite the great mobility of membrane lipids and proteinsin their
own half of the bilayer, they seldom flip-flop from one half of the bilayer
to the other, because it is difficult for hydrophilic parts of membrane
molecules to pass through the hydrophobic core of the membrane. This
difficulty contributes to the asymmetry of the membrane bilayer.

Because of the way it forms hydrogen bonds with neighboring
phospholipid and glycolipid heads and fills the space between bent
fatty acid tails, cholesterol makes the lipid bilayer stronger but less
fluid at normal body temperature. At low temperatures, cholesterol
has the opposite effect—it increases membrane fluidity.

Membrane Permeability

The term permeable means that a structure permits the passage of
substances through it, while impermeable means that a structure
does not permit the passage of substances through it. The permeabil-
ity of the plasma membrane to different substances varies. Plasma
membranes permit some substances to pass more readily than
others. This property of membranes is termed selective permeability
(per’-meé-a-BIL-i-te).

The lipid bilayer portion of the plasma membrane is highly per-
meable to nonpolar molecules such as oxygen (0,), carbon dioxide
(CO,), and steroids; moderately permeable to small, uncharged polar
molecules, such as water and urea (a waste product from the break-
down of amino acids); and impermeable to ions and large, uncharged
polar molecules, such as glucose. The permeability characteristics of
the plasma membrane are due to the fact that the lipid bilayer has a
nonpolar, hydrophobic interior (see Figure 2.18c). So, the more hydro-
phobic or lipid-soluble a substance, the greater the membrane’s
permeability to that substance. Thus, the hydrophobic interior of the
plasma membrane allows nonpolar molecules to rapidly pass through,
but prevents passage of ions and large, uncharged polar molecules.
The permeability of the lipid bilayer to water and urea is an unexpected
property given that they are polar molecules. These two molecules are
thought to pass through the lipid bilayer in the following way: As
the fatty acid tails of membrane phospholipids and glycolipids
randomly move about, small gaps briefly appear in the hydrophobic
environment of the membrane’s interior. Because water and urea are
small polar molecules that have no overall charge, they can move from
one gap to another until they have crossed the membrane.

Transmembrane proteins that act as channels and carriers
increase the plasma membrane’s permeability to a variety of ions and
uncharged polar molecules that, unlike water and urea molecules,
cannot cross the lipid bilayer unassisted. Channels and carriers are
very selective. Each one helps a specific molecule or ion to cross the
membrane. Macromolecules, such as proteins, are so large that they
are unable to pass across the plasma membrane except by endocyto-
sis and exocytosis (discussed later in this chapter).

Gradients across the Plasma Membrane

The selective permeability of the plasma membrane allows a living
cell to maintain different concentrations of certain substances on
either side of the plasma membrane. A concentration gradient is a



difference in the concentration of a chemical from one place to
another, such as from the inside to the outside of the plasma mem-
brane. Many ions and molecules are more concentrated in either the
cytosol or the extracellular fluid. For instance, oxygen molecules and
sodium ions (Na*) are more concentrated in the extracellular fluid
than in the cytosol; the opposite is true of carbon dioxide molecules
and potassium ions (K*).

The plasma membrane also creates a difference in the distribu-
tion of positively and negatively charged ions between the two sides
of the plasma membrane. Typically, the inner surface of the plasma
membrane is more negatively charged and the outer surface is more
positively charged. A difference in electrical charges between two
regions constitutes an electrical gradient. Because it occurs across
the plasma membrane, this charge difference is termed the mem-
brane potential.

As you will see shortly, the concentration gradient and electrical
gradient are important because they help move substances across
the plasma membrane. In many cases a substance will move across a
plasma membrane down its concentration gradient. That is to say, a
substance will move “downhill,” from where it is more concentrated
to where it is less concentrated, to reach equilibrium. Similarly, a
positively charged substance will tend to move toward a negatively
charged area, and a negatively charged substance will tend to move
toward a positively charged area. The combined influence of the con-
centration gradient and the electrical gradient on movement of a
particular ion is referred to as its electrochemical gradient.

2. How do hydrophobic and hydrophilic regions govern the
arrangement of membrane lipids in a bilayer?

3. What substances can and cannot diffuse through the lipid
bilayer?

4. “The proteins present in a plasma membrane determine the
functions that a membrane can perform.” Is this statement true
or false? Explain your answer.

5. How does cholesterol affect membrane fluidity?
6. Why are membranes said to have selective permeability?

7. What factors contribute to an electrochemical gradient?

33 | Transport across the
Plasma Membrane

OBJECTIVE

« Describe the processes that transport substances across the
plasma membrane.

Transport of materials across the plasma membrane is essential
to the life of a cell. Certain substances must move into the cell to
support metabolic reactions. Other substances that have been
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produced by the cell for export or as cellular waste products must
move out of the cell.

Substances generally move across cellular membranes via trans-
port processes that can be classified as passive or active, depending
on whether they require cellular energy. In passive processes, a sub-
stance moves down its concentration or electrical gradient to cross
the membrane using only its own kinetic energy (energy of motion).
Kinetic energy is intrinsic to the particles that are moving. There is no
input of energy from the cell. An example is simple diffusion. In active
processes, cellular energy is used to drive the substance “uphill”
against its concentration or electrical gradient. The cellular energy
used is usually in the form of adenosine triphosphate (ATP). An exam-
ple is active transport. Another way that some substances may enter
and leave cells is an active process in which tiny, spherical membrane
sacs referred to as vesicles are used. Examples include endocytosis,
in which vesicles detach from the plasma membrane while bringing
materials into a cell, and exocytosis, the merging of vesicles with the
plasma membrane to release materials from the cell.

Passive Processes

The Principle of Diffusion Learing why materials diffuse
across membranes requires an understanding of how diffusion occurs
in a solution. Diffusion (di-FU-zhun; diffus- = spreading) is a passive
process in which the random mixing of particles in a solution occurs
because of the particles’ kinetic energy. Both the solutes, the dis-
solved substances, and the solvent, the liquid that does the dissolv-
ing, undergo diffusion. If a particular solute is present in high
concentration in one area of a solution and in low concentration in
another area, solute molecules will diffuse toward the area of lower
concentration—they move down their concentration gradient. After
some time, the particles become evenly distributed throughout the
solution and the solution is said to be at equilibrium. The particles
continue to move about randomly due to their kinetic energy, but
their concentrations do not change.

For example, when you place a crystal of dye in a water-filled con-
tainer (Figure 3.4), the color is most intense in the area closest to the
dye because its concentration is higher there. At increasing distances,
the color is lighter and lighter because the dye concentration is lower.
Some time later, the solution of water and dye will have a uniform
color, because the dye molecules and water molecules have diffused
down their concentration gradients until they are evenly mixed in
solution—they are at equilibrium (é-kwi-LIB-ré-um).

In this simple example, no membrane was involved. Substances
may also diffuse through a membrane, if the membrane is permeable
to them. Several factors influence the diffusion rate of substances
across plasma membranes:

« Steepness of the concentration gradient. The greater the difference
in concentration between the two sides of the membrane, the higher
the rate of diffusion. When charged particles are diffusing, the steep-
ness of the electrochemical gradient determines the diffusion rate
across the membrane.

» Temperature. The higher the temperature, the faster the rate of dif-
fusion. All of the body’s diffusion processes occur more rapidly in a
person with a fever.
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m Principle of diffusion. At the beginning of our experiment,
a crystal of dye placed in a cylinder of water dissolves (a) and then
diffuses from the region of higher dye concentration to regions of lower
dye concentration (b). At equilibrium (c), the dye concentration is uniform
throughout, although random movement continues.

In diffusion, a substance moves down its concentration gradient.

Andy Washnik

Intermediate

Beginning
(a) (b) (c)

Equilibrium

Q How would having a fever affect body processes that
involve diffusion?

« Mass of the diffusing substance. The larger the mass of the diffusing
particle, the slower its diffusion rate. Smaller molecules diffuse more
rapidly than larger ones.

« Surface area. The larger the membrane surface area available for
diffusion, the faster the diffusion rate. For example, the air sacs of
the lungs have a large surface area available for diffusion of oxygen
from the airinto the blood. Some lung diseases, such as emphysema,
reduce the surface area. This slows the rate of oxygen diffusion and
makes breathing more difficult.

« Diffusion distance. The greater the distance over which diffusion
must occur, the longer it takes. Diffusion across a plasma membrane
takes only a fraction of a second because the membrane is so thin. In
pneumonia, fluid collects in the lungs; the additional fluid increases
the diffusion distance because oxygen must move through both the
built-up fluid and the membrane to reach the bloodstream.

Now that you have a basic understanding of the nature of dif-
fusion, we will consider three types of diffusion: simple diffusion,
facilitated diffusion, and osmosis.

Simple Diffusion simple diffusion is a passive process in
which substances move freely through the lipid bilayer of the plasma
membranes of cells without the help of membrane transport proteins
(Figure 3.5). Nonpolar, hydrophobic molecules move across the
lipid bilayer through the process of simple diffusion. Such molecules
include oxygen, carbon dioxide, and nitrogen gases; fatty acids;
steroids; and fat-soluble vitamins (A, D, E, and K). Small, uncharged
polar molecules such as water, urea, and small alcohols also pass

through the lipid bilayer by simple diffusion. Simple diffusion through
the lipid bilayer is important in the movement of oxygen and carbon
dioxide between blood and body cells, and between blood and air
within the lungs during breathing. It also is the route for absorption of
some nutrients and excretion of some wastes by body cells.

Facilitated Diffusion solutes that are too polar or highly
charged to move through the lipid bilayer by simple diffusion can
cross the plasma membrane by a passive process called facilitated
diffusion. In this process, an integral membrane protein assists a
specific substance across the membrane. The integral membrane
protein can be either a membrane channel or a carrier.

CHANNEL-MEDIATED FACILITATED DIFFUSION In channel-mediated
facilitated diffusion, a solute moves down its concentration gradient
across the lipid bilayer through a membrane channel (Figure 3.5).
Most membrane channels are ion channels, integral transmembrane
proteins that allow passage of small, inorganic ions that are too
hydrophilic to penetrate the nonpolar interior of the lipid bilayer.
Each ion can diffuse across the membrane only at certain sites. In
typical plasma membranes, the most numerous ion channels are
selective for K™ (potassium ions) or Cl~ (chloride ions); fewer chan-
nels are available for Na* (sodium ions) or Ca®* (calcium ions). Diffu-
sion of ions through channels is generally slower than free diffusion
through the lipid bilayer because channels occupy a smaller fraction
of the membrane’s total surface area than lipids. Still, facilitated diffu-
sion through channels is a very fast process: More than a million
potassium ions can flow through a K* channel in one second!

m Simple diffusion, channel-mediated facilitated diffusion,
and carrier-mediated facilitated diffusion.

In simple diffusion, a substance moves across the lipid bilayer of the
plasma membrane without the help of membrane transport proteins. In
facilitated diffusion, a substance moves across the lipid bilayer aided by
a channel protein or a carrier protein.
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Q What types of molecules move across the lipid bilayer of
the plasma membrane via simple diffusion?



m Channel-mediated facilitated diffusion of potassium ions
(K*) through a gated K* channel. A gated channelis one in which a portion
of the channel protein acts as a gate to open or close the channel’s pore to
the passage of ions.

Channels are integral membrane proteins that allow specific, small,
inorganic ions to pass across the membrane by facilitated diffusion.
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Q Is the concentration of K* in body cells higher in the
cytosol or in the extracellular fluid?

A channel is said to be gated when part of the channel protein
acts as a “plug” or “gate,” changing shape in one way to open the
pore and in another way to close it (Figure 3.6). Some gated chan-
nels randomly alternate between the open and closed positions;
others are regulated by chemical or electrical changes inside and
outside the cell. When the gates of a channel are open, ions diffuse
into or out of cells, down their electrochemical gradients. The
plasma membranes of different types of cells may have different
numbers of ion channels and thus display different permeabilities
to various ions.

CARRIER-MEDIATED FACILITATED DIFFUSION In carrier-mediated
facilitated diffusion, a carrier (also called a transporter) moves a
solute down its concentration gradient across the plasma mem-
brane (see Figure 3.5). Since this is a passive process, no cellular
energy is required. The solute binds to a specific carrier on one side
of the membrane and is released on the other side after the carrier
undergoes a change in shape. The solute binds more often to the
carrier on the side of the membrane with a higher concentration of
solute. Once the concentration is the same on both sides of the
membrane, solute molecules bind to the carrier on the cytosolic
side and move out to the extracellular fluid as rapidly as they bind to
the carrier on the extracellular side and move into the cytosol. The
rate of carrier-mediated facilitated diffusion (how quickly it occurs)
is determined by the steepness of the concentration gradient across
the membrane.

The number of carriers available in a plasma membrane places
an upper limit, called the transport maximum, on the rate at which
facilitated diffusion can occur. Once all of the carriers are occupied, the
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m Carrier-mediated facilitated diffusion of glucose across a
plasma membrane. The carrier protein binds to glucose in the extracellular
fluid and releases it into the cytosol.

Carriers are integral membrane proteins that undergo changes in shape in
order to move substances across the membrane by facilitated diffusion.
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Q Does insulin alter glucose transport by facilitated
diffusion?

transport maximum is reached, and a further increase in the concen-
tration gradient does not increase the rate of facilitated diffusion.
Thus, much like a completely saturated sponge can absorb no more
water, the process of carrier-mediated facilitated diffusion exhibits
saturation.

Substances that move across the plasma membrane by carrier-
mediated facilitated diffusion include glucose, fructose, galactose,
and some vitamins. Glucose, the body’s preferred energy source for
making ATP, enters many body cells by carrier-mediated facilitated
diffusion as follows (Figure 3.7):

0 Glucosebindsto aspecifictype of carrier protein called the glucose
transporter (GluT) on the outside surface of the membrane.

e As the transporter undergoes a change in shape, glucose passes
through the membrane.

@ The transporter releases glucose on the other side of the
membrane.

The selective permeability of the plasma membrane is often
regulated to achieve homeostasis. For instance, the hormone insulin,
via the action of the insulin receptor, promotes the insertion of many
copies of glucose transporters into the plasma membranes of certain
cells. Thus, the effect of insulin is to elevate the transport maximum
for facilitated diffusion of glucose into cells. With more glucose trans-
porters available, body cells can pick up glucose from the blood more
rapidly. An inability to produce or utilize insulin is called diabetes
mellitus (Chapter 18).
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Osmosis Osmosis (0z-MO-sis) is a type of diffusion in which
there is net movement of a solvent through a selectively permeable
membrane. Like the other types of diffusion, osmosis is a passive
process. In living systems, the solvent is water, which moves by
osmosis across plasma membranes from an area of higher water
concentration to an area of lower water concentration. Another way
to understand this idea is to consider the solute concentration: In
osmosis, water moves through a selectively permeable membrane
from an area of lower solute concentration to an area of higher solute
concentration. During osmosis, water molecules pass through a
plasma membrane in two ways: (1) by moving between neighboring
phospholipid molecules in the lipid bilayer via simple diffusion, as
previously described, and (2) by moving through aquaporins (ak-wa-
POR-ins; aqua- = water), or AQPs, integral membrane proteins that
function as water channels. AQPs play a critical role in controlling
the water content of cells. Different types of AQPs have been found in
different cells and tissues throughout the body. AQPs are responsible
forthe production of cerebrospinal fluid, aqueous humor, tears, sweat,
saliva, and the concentration of urine. Mutations of AQPs have been
linked to cataracts, diabetes insipidus, salivary gland dysfunction,
and neurodegenerative diseases.

Osmosis occurs only when a membrane is permeable to water but
is not permeable to certain solutes. A simple experiment can demon-
strate osmosis. Consider a U-shaped tube in which a selectively
permeable membrane separates the left and right arms of the tube.

A volume of pure water is poured into the left arm, and the same
volume of a solution containing a solute that cannot pass through the
membrane is poured into the right arm (Figure 3.8a). Because the
water concentration is higher on the left and lower on the right, net
movement of water molecules—osmosis—occurs from left to right, so
that the water is moving down its concentration gradient. At the same
time, the membrane prevents diffusion of the solute from the right arm
intothe leftarm. Asaresult, the volume of waterin the leftarm decreases,
and the volume of solution in the right arm increases (Figure 3.8b).

You might think that osmosis would continue until no water
remained on the left side, but this is not what happens. In this experi-
ment, the higher the column of solution in the right arm becomes, the
more pressure it exerts on its side of the membrane. Pressure exerted
in this way by a liquid, known as hydrostatic pressure, forces water
molecules to move back into the left arm. Equilibrium is reached when
just as many water molecules move from right to left due to the hydro-
static pressure as move from left to right due to osmosis (Figure 3.8b).

To further complicate matters, the solution with the imper-
meable solute also exerts a force, called the osmotic pressure. The
osmotic pressure of a solution is proportional to the concentration of
the solute particles that cannot cross the membrane—the higher the
solute concentration, the higher the solution’s osmotic pressure.
Consider what would happen if a piston were used to apply more
pressure to the fluid in the right arm of the tube in Figure 3.8. With
enough pressure, the volume of fluid in each arm could be restored

m Principle of osmosis. Water molecules move through the selectively permeable
membrane; solute molecules cannot. (a) Water molecules move from the left arm into the right arm,
down the water concentration gradient. (b) The volume of water in the left arm has decreased and the
volume of solution in the right arm has increased. (c) Pressure applied to the solution in the right arm

restores the starting conditions.

Osmosisisthe movement of water molecules through a selectively permeable membrane.
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Q Will the fluid level in the right arm rise until the water concentrations are the

same in both arms?



to the starting volume, and the concentration of solute in the right
arm would be the same as it was at the beginning of the experiment
(Figure 3.8c). The amount of pressure needed to restore the starting
condition equals the osmotic pressure. So, in our experiment,
osmotic pressure is the pressure needed to stop the movement of
water from the left tube into the right tube. Notice that the osmotic
pressure of a solution does not produce the movement of water dur-
ing osmosis. Rather it is the pressure that would prevent such water
movement.

Normally, the osmotic pressure of the cytosol is the same as the
osmotic pressure of the interstitial fluid outside cells. Because the
osmotic pressure on both sides of the plasma membrane (which is
selectively permeable) is the same, cell volume remains relatively
constant. When body cells are placed in a solution having a different
osmotic pressure than cytosol, however, the shape and volume of the
cells change. As water moves by osmosis into or out of the cells, their
volume increases or decreases. A solution’s tonicity (to-NIS-i-té;
tonic = tension) is a measure of the solution’s ability to change the
volume of cells by altering their water content.

Any solution in which a cell—for example, a red blood cell (RBC)—
maintains its normal shape and volume is an isotonic solution
(I"-s6-TON-ik; iso- = same) (Figure 3.9). The concentrations of solutes
that cannot cross the plasma membrane are the same on both sides
of the membrane in this solution. For instance, a 0.9% NaCl solution
(0.9 gram of sodium chloride in 100 mL of solution), called a normal
(physiological) saline solution, is isotonic for RBCs. The RBC plasma
membrane permits the water to move back and forth, but it behaves
as though it is impermeable to Na* and Cl™, the solutes. (Any Na™ or
Cl™ ions that enter the cell through channels or transporters are im-
mediately moved back out by active transport or other means.) When
RBCs are bathed in 0.9% NaCl, water molecules enter and exit at the
same rate, allowing the RBCs to keep their normal shape and volume.

A different situation results if RBCs are placed in a hypotonic
solution (hi’-po-TON-ik; hypo- = less than), a solution that has a
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lower concentration of solutes than the cytosol inside the RBCs
(Figure 3.9). In this case, water molecules enter the cells faster than
they leave, causing the RBCs to swell and eventually to burst. The rup-
ture of RBCs in this manner is called hemolysis (hé-MOL-i-sis; hemo-
= blood; -lysis = to loosen or split apart); the rupture of other types of
cells due to placement in a hypotonic solution is referred to simply as
lysis. Pure water is very hypotonic and causes rapid hemolysis.

A hypertonic solution (hi’-per-TON-ik; hyper- = greater than)
has a higher concentration of solutes than does the cytosol inside
RBCs (Figure 3.9). One example of a hypertonic solution is a 2% NaCl
solution. In such a solution, water molecules move out of the cells
faster than they enter, causing the cells to shrink. Such shrinkage of
cells is called crenation (kre-NA-shun).

i Clinical Connection

Medical Uses of Isotonic, Hypertonic,
and Hypotonic Solutions

RBCs and other body cells may be damaged or destroyed if exposed to
hypertonic or hypotonic solutions. For this reason, most intravenous (IV)
solutions, liquids infused into the blood of a vein, are isotonic. Examples
are isotonic saline (0.9% NaCl) and D5W, which stands for dextrose 5%
in water. Sometimes infusion of a hypertonic solution such as mannitol
(sugar alcohol) is useful to treat patients who have cerebral edema,
excess interstitial fluid in the brain. Infusion of such a solution relieves
fluid overload by causing osmosis of water from interstitial fluid into the
blood. The kidneys then excrete the excess water from the blood into
the urine. Hypotonic solutions, given either orally or through an IV, can
be used to treat people who are dehydrated. The water in the hypotonic
solution moves from the blood into interstitial fluid and then into body
cells to rehydrate them. Water and most sports drinks that you consume
to “rehydrate” after a workout are hypotonic relative to your body cells.

m Tonicity and its effects on red blood cells (RBCs). The arrows indicate the direction and

degree of water movement into and out of the cells.

Cells placed in an isotonic solution maintain their shape because there is no net water movement

into or out of the cells.
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Q Will a 2% solution of NaCl cause hemolysis or crenation of RBCs? Why?
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8. What factors can increase the rate of diffusion?
9. How does simple diffusion compare with facilitated diffusion?
10. What is osmotic pressure?

11. Distinguish among isotonic, hypotonic, and hypertonic
solutions.

Active Processes

Active Transport Some polar or charged solutes that must enter
or leave body cells cannot cross the plasma membrane through any
form of passive transport because they would need to move “uphill,”
against their concentration gradients. Such solutes may be able to cross
the membrane by a process called active transport. Active transport
is considered an active process because energy is required for carrier
proteins to move solutes across the membrane against a concentration
gradient. Two sources of cellular energy can be used to drive active
transport: (1) Energy obtained from hydrolysis of adenosine triphosphate
(ATP) is the source in primary active transport; (2) energy stored in an ionic
concentration gradient is the source in secondary active transport. Like
carrier-mediated facilitated diffusion, active transport processes exhibit
a transport maximum and saturation. Solutes actively transported
across the plasma membrane include several ions, such as Na™, K*, H*,
Ca*",I” (iodide ions), and Cl~; amino acids; and monosaccharides. (Note
that some of these substances also cross the membrane via facilitated
diffusion when the proper channel proteins or carriers are present.)

PRIMARY ACTIVE TRANSPORT In primary active transport, energy
derived from hydrolysis of ATP changes the shape of a carrier protein,
which “pumps” a substance across a plasma membrane against its con-
centration gradient. Indeed, carrier proteins that mediate primary active
transport are often called pumps. A typical body cell expends about
40% of the ATP it generates on primary active transport. Chemicals that
turn off ATP production—for example, the poison cyanide—are lethal
because they shut down active transport in cells throughout the body.

The most prevalent primary active transport mechanism expels
sodium ions (Na*) from cells and brings potassium ions (K¥) in. Be-
cause of the specific ions it moves, this carrier is called the sodium-
potassium pump. Because a part of the sodium-potassium pump
acts as an ATPase, an enzyme that hydrolyzes ATP, another name for
this pump is Na*-K* ATPase. All cells have thousands of sodium-
potassium pumps in their plasma membranes. These sodium-
potassium pumps maintain a low concentration of Na* in the cytosol
by pumping these ions into the extracellular fluid against the Na™
concentration gradient. At the same time, the pumps move K* into
cells against the K™ concentration gradient. Because K* and Na™*
slowly leak back across the plasma membrane down their electro-
chemical gradients—through passive transport or secondary active
transport—the sodium-potassium pumps must work nonstop to
maintain a low concentration of Na* and a high concentration of K* in
the cytosol.

Figure 3.10 depicts the operation of the sodium-potassium pump:

o Three Na™ in the cytosol bind to the pump protein.

@ Binding of Na™ triggers the hydrolysis of ATP into ADP, a reaction
that also attaches a phosphate group @) to the pump protein.

m The sodium-potassium pump (Na*-K*ATPase) expels sodium ions (Na*) and brings

potassium ions (K*) into the cell.

Sodium-potassium pumps maintain a low intracellular concentration of sodium ions.
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Q What is the role of ATP in the operation of this pump?
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This chemical reaction changes the shape of the pump protein,
expelling the three Na™ into the extracellular fluid. Now the shape
of the pump protein favors binding of two K* in the extracellular
fluid to the pump protein.

@ The binding of K™ triggers release of the phosphate group from
the pump protein. This reaction again causes the shape of the
pump protein to change.

o As the pump protein reverts to its original shape, it releases K*
into the cytosol. At this point, the pump is again ready to bind
three Na™, and the cycle repeats.

The different concentrations of Na™ and K™ in cytosol and extra-
cellular fluid are crucial for maintaining normal cell volume and for
the ability of some cells to generate electrical signals such as action
potentials. Recall that the tonicity of a solution is proportional to the
concentration of its solute particles that cannot penetrate the mem-
brane. Because sodium ions that diffuse into a cell or enter through
secondary active transport are immediately pumped out, it is as if
they never entered. In effect, sodium ions behave as if they cannot
penetrate the membrane. Thus, sodium ions are an important con-
tributor to the tonicity of the extracellular fluid. A similar condition
holds for K* in the cytosol. By helping to maintain normal tonicity on
each side of the plasma membrane, the sodium-potassium pumps
ensure that cells neither shrink nor swell due to the movement of
water by osmosis out of or into cells.

SECONDARY ACTIVE TRANSPORT In secondary active transport, the
energy stored in a Na*™ or H™ concentration gradient is used to drive
other substances across the membrane against their own concentra-
tion gradients. Because a Na* or H" gradient is established by pri-
mary active transport, secondary active transport indirectly uses
energy obtained from the hydrolysis of ATP.

The sodium-potassium pump maintains a steep concentration
gradient of Na* across the plasma membrane. As a result, the sodium
ions have stored or potential energy, just like water behind a dam.
Accordingly, if there is a route for Na* to leak back in, some of the
stored energy can be converted to kinetic energy (energy of motion)
and used to transport other substances against their concentration
gradients. In essence, secondary active transport proteins harness the
energy in the Na* concentration gradient by providing routes for Na™
to leak into cells. In secondary active transport, a carrier protein
simultaneously bindsto Na™ and another substance and then changes
its shape so that both substances cross the membrane at the same
time. If these transporters move two substances in the same direction
they are called symporters (sim-PORT-ers; sym- = same); antiporters
(an’-te-PORT-ers), by contrast, move two substances in opposite
directions across the membrane (anti- = against).

Plasma membranes contain several antiporters and symporters
that are powered by the Na™ gradient (Figure 3.11). For instance,
the concentration of calcium ions (Ca?*) is low in the cytosol be-
cause Na*-Ca®* antiporters eject calcium ions. Likewise, Na*-H™
antiporters help regulate the cytosol’s pH (H™ concentration) by ex-
pelling excess H™. By contrast, dietary glucose and amino acids are
absorbed into cells that line the small intestine by Na*-glucose and
Na®-amino acid symporters (Figure 3.11b). In each case, sodium
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m Secondary active transport mechanisms. (a) Antiporters
carry two substances across the membrane in opposite directions.

(b) Symporters carry two substances across the membrane in the same
direction.

Secondary active transport mechanisms use the energy stored in an
ionic concentration gradient (here, for Na*). Because primary active
transport pumps that hydrolyze ATP maintain the gradient, secondary
active transport mechanisms consume ATP indirectly.
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Q What is the main difference between primary and
secondary active transport mechanisms?

ions are moving down their concentration gradient while the other
solutes move “uphill,” against their concentration gradients. Keep in
mind that all these symporters and antiporters can do their job
because the sodium-potassium pumps maintain a low concentra-
tion of Na* in the cytosol.

l Clinical Connection

Digitalis Increases Ca** in Heart Muscle Cells

Digitalis often is given to patients with heart failure, a condition of
weakened pumping action by the heart. Digitalis exerts its effect by
slowing the action of the sodium-potassium pumps, which lets more
Na* accumulate inside heart muscle cells. The result is a decreased Na*
concentration gradient across the plasma membrane, which causes the
Na*-Ca?* antiporters to slow down. As a result, more Ca®>" remains inside
heart muscle cells. The slight increase in the level of Ca*" in the cytosol
of heart muscle cells increases the force of their contractions and thus
strengthens the force of the heartbeat.

Transport in Vesicles A vesicle (VES-i-kul = little blister
or bladder), as noted earlier, is a small, spherical sac. As you will
learn later in this chapter, a variety of substances are transported
in vesicles from one structure to another within cells. Vesicles also
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import materials from and release materials into extracellular
fluid. During endocytosis (en’-dé-si-TO-sis; endo- = within),
materials move into a cell in a vesicle formed from the plasma
membrane. In exocytosis (ek’-so-si-TO-sis; exo- = out), materials
move out of a cell by the fusion with the plasma membrane of
vesicles formed inside the cell. Both endocytosis and exocytosis
require energy supplied by ATP. Thus, transport in vesicles is an
active process.

ENpOcYTOSIS Here we consider three types of endocytosis:
receptor-mediated endocytosis, phagocytosis, and bulk-phase endo-
cytosis. Receptor-mediated endocytosis is a highly selective type
of endocytosis by which cells take up specific ligands. (Recall that
ligands are molecules that bind to specific receptors.) A vesicle forms
after a receptor protein in the plasma membrane recognizes and
binds to a particular particle in the extracellular fluid. For instance,
cells take up cholesterol-containing low-density lipoproteins (LDLs),
transferrin (an iron-transporting protein in the blood), some vitamins,
antibodies, and certain hormones by receptor-mediated endocytosis.
Receptor-mediated endocytosis of LDLs (and other ligands) occurs
as follows (Figure 3.12):

o Binding. On the extracellular side of the plasma membrane,
an LDL particle that contains cholesterol binds to a specific
receptor in the plasma membrane to form a receptor-LDL
complex. The receptors are integral membrane proteins that
are concentrated in regions of the plasma membrane called
clathrin-coated pits. Here, a protein called clathrin attaches
to the membrane on its cytoplasmic side. Many clathrin
molecules come together, forming a basketlike structure
around the receptor-LDL complexes that causes the membrane
to invaginate (fold inward).

@) Vesicle formation. The invaginated edges of the membrane
around the clathrin-coated pit fuse, and a small piece of the
membrane pinches off. The resulting vesicle, known as a clathrin-
coated vesicle, contains the receptor-LDL complexes.

e Uncoating. Almost immediately after it is formed, the clathrin-
coated vesicle loses its clathrin coat to become an uncoated
vesicle. Clathrin molecules either return to the inner surface
of the plasma membrane or help form coats on other vesicles
inside the cell.

o Fusion with endosome. The uncoated vesicle quickly fuses with
a vesicle known as an endosome. Within an endosome, the LDL
particles separate from their receptors.

Q Recycling of receptors to plasma membrane. Most of
the receptors accumulate in elongated protrusions of the
endosome (the arms of the cross-shaped vesicle at the center
of the figure). These pinch off, forming transport vesicles that
return the receptors to the plasma membrane. An LDL receptor
is returned to the plasma membrane about 10 minutes after it
enters a cell.

G Degradation in lysosomes. Other transport vesicles, which
contain the LDL particles, bud off the endosome and soon fuse
with a lysosome. Lysosomes contain many digestive enzymes.
Certain enzymes break down the large protein and lipid molecules

m Receptor-mediated endocytosis of a low-density
lipoprotein (LDL) particle.

Receptor-mediated endocytosis imports materials that are needed
by cells.
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Q What are several other examples of ligands that can
undergo receptor-mediated endocytosis?

of the LDL particle into amino acids, fatty acids, and cholesterol.
These smaller molecules then leave the lysosome. The cell uses
cholesterol for rebuilding its membranes and for synthesis of
steroids, such as estrogen. Fatty acids and amino acids can be
used for ATP production or to build other molecules needed by
the cell.



J Clinical Connection

Viruses and Receptor-Mediated Endocytosis

Although receptor-mediated endocytosis normally imports needed
materials, some viruses are able to use this mechanism to enter and infect
body cells. For example, the human immunodeficiency virus (HIV), which
causes acquired immunodeficiency syndrome (AIDS), can attach to a
receptor called CD4. This receptor is present in the plasma membrane of
white blood cells called helper T cells. After binding to CD4, HIV enters the
helper T cell via receptor-mediated endocytosis.

Phagocytosis (fag’-6-si-TO-sis; phago- = to eat) or “cell eating”
is a form of endocytosis in which the cell engulfs large solid particles,
such as worn-out cells, whole bacteria, or viruses (Figure 3.13). Only
a few body cells, termed phagocytes (FAG-0-sits), are able to carry
out phagocytosis. Two main types of phagocytes are macrophages,
located in many body tissues, and neutrophils, a type of white blood
cell. Phagocytosis begins when the particle binds to a plasma mem-
brane receptor on the phagocyte, causing it to extend pseudopods
(SO0-do6-pods; pseudo- = false; -pods = feet), projections of its plasma
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membrane and cytoplasm. Pseudopods surround the particle out-
side the cell, and the membranes fuse to form a vesicle called a
phagosome, which enters the cytoplasm. The phagosome fuses with
one or more lysosomes, and lysosomal enzymes break down the
ingested material. In most cases, any undigested materials in the
phagosome remain indefinitely in a vesicle called a residual body.
The residual bodies are then either secreted by the cell via exocytosis
or they remain stored in the cell as lipofuscin granules.

Most body cells carry out bulk-phase endocytosis, also called
pinocytosis (pi-n6-si-TO-sis; pino- = to drink) or “cell drinking,” a form
of endocytosis in which tiny droplets of extracellular fluid are taken
up (Figure 3.14). No receptor proteins are involved; all solutes
dissolved in the extracellular fluid are brought into the cell. During
bulk-phase endocytosis, the plasma membrane folds inward and
forms a vesicle containing a droplet of extracellular fluid. The vesicle
detaches or “pinches off” from the plasma membrane and enters
the cytosol. Within the cell, the vesicle fuses with a lysosome, where
enzymes degrade the engulfed solutes. The resulting smaller mole-
cules, such as amino acids and fatty acids, leave the lysosome to be
used elsewhere in the cell. Bulk-phase endocytosis occurs in most
cells, especially absorptive cells in the intestines and kidneys.

m Phagocytosis. Pseudopods surround a particle, and the membranes fuse to form a phagosome.

Phagocytosis is a vital defense mechanism that helps protect the body from disease.
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(b) White blood cell engulfing a yeast cell

1 Clinical Connection

Phagocytosis and Microbes

Phagocytosis is a vital defense mechanism that helps protect the body
from disease. Macrophages dispose of invading microbes and billions of
aged, worn-out red blood cells every day; neutrophils also help rid the body
of invading microbes. Pus is a mixture of dead neutrophils, macrophages,
and tissue cells and fluid in an infected wound.

Q What triggers pseudopod formation?
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m Bulk-phase endocytosis. The plasma membrane folds
inward, forming a vesicle.

Most body cells carry out bulk-phase endocytosis, the nonselective uptake
of tiny droplets of extracellular fluid.
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Q How do receptor-mediated endocytosis and phagocytosis
differ from bulk-phase endocytosis?

ExocyTosis In contrast with endocytosis, which brings materials
into a cell, exocytosis releases materials from a cell. All cells carry out
exocytosis, but it is especially important in two types of cells: (1)
secretory cells that liberate digestive enzymes, hormones, mucus, or
other secretions and (2) nerve cells that release substances called
neurotransmitters (see Figure 12.23). In some cases, wastes are also
released by exocytosis. During exocytosis, membrane-enclosed vesi-
cles called secretory vesicles form inside the cell, fuse with the plasma
membrane, and release their contents into the extracellular fluid.

Segments of the plasma membrane lost through endocytosis are
recovered or recycled by exocytosis. The balance between endocyto-
sis and exocytosis keeps the surface area of a cell’s plasma membrane
relatively constant. Membrane exchange is quite extensive in certain
cells. In your pancreas, for example, the cells that secrete digestive
enzymes can recycle an amount of plasma membrane equal to the
cell’s entire surface area in 90 minutes.

TRANSCYTOSIS Transport in vesicles may also be used to successively
move a substance into, across, and out of a cell. In this active process,
called transcytosis (tranz'-si-TO-sis), vesicles undergo endocytosis on
one side of a cell, move across the cell, and then undergo exocytosis on
the opposite side. As the vesicles fuse with the plasma membrane, the

vesicular contents are released into the extracellular fluid. Transcytosis
occurs most often across the endothelial cells that line blood vessels
and is a means for materials to move between blood plasma and inter-
stitial fluid. For instance, when a woman is pregnant, some of her anti-
bodies cross the placenta into the fetal circulation via transcytosis.

Table 3.1 summarizes the processes by which materials move
into and out of cells.

12. Whatis the key difference between passive and active processes?
13. How do symporters and antiporters carry out their functions?
14. What are the sources of cellular energy for active transport?

15. In what ways are endocytosis and exocytosis similar and
different?

34 | Cytoplasm

OBJECTIVE

« Describe the structure and function of cytoplasm, cytosol, and
organelles.

Cytoplasm consists of all the cellular contents between the plasma
membrane and the nucleus, and has two components: (1) the cytosol
and (2) organelles, tiny structures that perform different functions in
the cell.

Cytosol

The cytosol (intracellular fluid) is the fluid portion of the cytoplasm
that surrounds organelles (see Figure 3.1) and constitutes about 55%
of total cell volume. Although it varies in composition and consistency
from one part of a cell to another, cytosol is 75-90% water plus vari-
ous dissolved and suspended components. Among these are different
types of ions, glucose, amino acids, fatty acids, proteins, lipids, ATP,
and waste products, some of which we have already discussed. Also
present in some cells are various organic molecules that aggregate
into masses for storage. These aggregations may appear and disap-
pear at different times in the life of a cell. Examples include lipid drop-
lets that contain triglycerides, and clusters of glycogen molecules
called glycogen granules (see Figure 3.1).

The cytosol is the site of many chemical reactions required for a
cell’s existence. For example, enzymes in cytosol catalyze glycolysis, a
series of 10 chemical reactions that produce two molecules of ATP
from one molecule of glucose (see Figure 25.4). Other types of
cytosolic reactions provide the building blocks for maintenance of cell
structures and for cell growth.

The cytoskeleton is a network of protein filaments that extends
throughout the cytosol (see Figure 3.1). Three types of filaments
contribute to the cytoskeleton’s structure, as well as the structure of
other organelles. In the order of their increasing diameter, these



TABLE 3.1  Transport of Materials into and out of Cells

TRANSPORT PROCESS
PASSIVE PROCESSES

Diffusion

Simple diffusion

Facilitated diffusion

Osmosis

DESCRIPTION

Movement of substances down a concentration gradient until
equilibrium is reached; do not require cellular energy in the form

of ATP.

Movement of molecules or ions down a concentration gradient
due to their kinetic energy until they reach equilibrium.

Passive movement of a substance down its concentration
gradient through the lipid bilayer of the plasma membrane

without the help of membrane transport proteins.

Passive movement of a substance down its concentration
gradient through the lipid bilayer by transmembrane proteins

that function as channels or carriers.

Passive movement of water molecules across a selectively
permeable membrane from an area of higher to lower water

concentration until equilibrium is reached.
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SUBSTANCES TRANSPORTED

Nonpolar, hydrophobic solutes: oxygen, carbon
dioxide, and nitrogen gases; fatty acids; steroids;
and fat-soluble vitamins. Polar molecules such
as water, urea, and small alcohols.

Polar or charged solutes: glucose; fructose;
galactose; some vitamins; and ions such as K*,
Cl,Na™, and Ca®*.

Solvent: water in living systems.

ACTIVE PROCESSES

Active Transport

Primary active transport

Secondary active transport

Transport in Vesicles

Endocytosis
Receptor-mediated
endocytosis
Phagocytosis

Bulk-phase endocytosis

Exocytosis

Transcytosis

Movement of substances against a concentration gradient;

requires cellular energy in the form of ATP.

Active process in which a cell expends energy to move a
substance across the membrane against its concentration
gradient by transmembrane proteins that function as carriers.

Active process in which a substance moves across the membrane
against its concentration gradient by pumps (carriers) that use

energy supplied by hydrolysis of ATP.

Coupled active transport of two substances across the
membrane using energy supplied by a Na™ or H* concentration
gradient maintained by primary active transport pumps.
Antiporters move Na* (or H") and another substance in opposite
directions across the membrane; symporters move Na* (or

H™) and another substance in the same direction across the

membrane.

Active process in which substances move into or out of cells
in vesicles that bud from plasma membrane; requires energy

supplied by ATP.

Movement of substances into a cell in vesicles.

Ligand-receptor complexes trigger infolding of a clathrin-coated

pit that forms a vesicle containing ligands.

“Cell eating”; movement of a solid particle into a cell after

pseudopods engulf it to form a phagosome.

“Cell drinking”; movement of extracellular fluid into a cell by

infolding of plasma membrane to form a vesicle.

Movement of substances out of a cell in secretory vesicles that
fuse with the plasma membrane and release their contents into

the extracellular fluid.

Movement of a substance through a cell as a result of
endocytosis on one side and exocytosis on the opposite side.

Polar or charged solutes.

Na™®, K*, Ca%*, H", 17, Cl~, and other ions.

Antiport: Ca®*, H* out of cells. Symport:
glucose, amino acids into cells.

Ligands: transferrin, low-density lipoproteins.
(LDLs), some vitamins, certain hormones, and
antibodies.

Bacteria, viruses, and aged or dead cells.

Solutes in extracellular fluid.

Neurotransmitters, hormones, and digestive
enzymes.

Substances, such as antibodies, across
endothelial cells. This is a common route for
substances to pass between blood plasma and
interstitial fluid.
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structures are microfilaments, intermediate filaments, and

microtubules.

MICROFILAMENTS Microfilaments (mi-kro-FIL-a-ments) are the thin-
nest elements of the cytoskeleton. They are composed of the proteins
actin and myosin and are most prevalent at the edge of a cell (Figure
3.15a). Microfilaments have two general functions: They help generate
movement and provide mechanical support. With respect to move-
ment, microfilaments are involved in muscle contraction, cell division,
and cell locomotion, such as occurs during the migration of embryonic
cells during development, the invasion of tissues by white blood cells
to fight infection, or the migration of skin cells during wound healing.
Microfilaments provide much of the mechanical support that is
responsible for the basic strength and shapes of cells. They anchor
the cytoskeleton to integral proteins in the plasma membrane.

m Cytoskeleton.

Microfilaments also provide mechanical support for cell extensions
called microvilli (mi-kro-VIL-T; micro- = small; -villi = tufts of hair; sin-
gular is microvillus), nonmotile, microscopic fingerlike projections of
the plasma membrane. Within each microvillus is a core of parallel
microfilaments that supports it. Because they greatly increase the
surface area of the cell, microvilli are abundant on cells involved in
absorption, such as the epithelial cells that line the small intestine.

INTERMEDIATE FILAMENTS As their name suggests, intermediate
filaments are thicker than microfilaments but thinner than microtu-
bules (Figure 3.15b). Several different proteins can compose inter-
mediate filaments, which are exceptionally strong. They are found in
parts of cells subject to mechanical stress; they help stabilize the
position of organelles such as the nucleus and help attach cells to
one another.

filaments, and microtubules—that extend throughout the cytoplasm.

The cytoskeleton is a network of three types of protein filaments—microfilaments, intermediate

Functions of the Cytoskeleton

1. Serves as a scaffold that helps determine a cell’s shape and organize
the cellular contents.

2. Aids movement of organelles within the cell, of chromosomes during
cell division, and of whole cells such as phagocytes.
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Q Which cytoskeletal component helps form the structure of centrioles, cilia, and flagella?



MICROTUBULES Microtubules (mi-kro-TOO-bils’), the largest of the
cytoskeletal components, are long, unbranched hollow tubes composed
mainly of the protein tubulin. The assembly of microtubules begins in an
organelle called the centrosome (discussed shortly). The microtubules
grow outward from the centrosome toward the periphery of the cell
(Figure 3.15c). Microtubules help determine cell shape. They also func-
tion in the movement of organelles such as secretory vesicles, of
chromosomes during cell division, and of specialized cell projections,
such as cilia and flagella.

Organelles

As noted earlier, organelles are specialized structures within the cell
that have characteristic shapes, and they perform specific functions in
cellular growth, maintenance, and reproduction. Despite the many

[EIETTEEET centrosome.

Located near the nucleus, the centrosome consists of a pair of centrioles
and the pericentriolar matrix.

Functions of the Centrosomes

1. The pericentriolar matrix of the centrosome contains tubulins that
build microtubules in nondividing cells.

2. The pericentriolar matrix of the centrosome forms the mitotic spindle
during cell division.

Centrioles

(a) Details of a centrosome

Pericentriolar matrix
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chemical reactions going on in a cell at any given time, there is little
interference among reactions because they are confined to different
organelles. Each type of organelle has its own set of enzymes that carry
out specific reactions, and serves as a functional compartment for
specific biochemical processes. The numbers and types of organelles vary
in different cells, depending on the cell’s function. Although they have dif-
ferent functions, organelles often cooperate to maintain homeostasis.
Even though the nucleus is a large organelle, it is discussed in a separate
section because of its special importance in directing the life of a cell.

Centrosome The centrosome (SEN-tro-sém), or microtubule
organizing center, located near the nucleus, consists of two
components: a pair of centrioles and the pericentriolar matrix
(Figure 3.16a). The two centrioles (SEN-tré-ols) are cylindrical
structures, each composed of nine clusters of three microtubules
(triplets) arranged in a circular pattern (Figure 3.16b). The long
axis of one centriole is at a right angle to the long axis of the other
(Figure 3.16c). Surrounding the centrioles is the pericentriolar matrix
(per’-&-sen’-tre-O-lar), which contains hundreds of ring-shaped
complexes composed of the protein tubulin. These tubulin complexes
are the organizing centers for growth of the mitotic spindle, which
plays a critical role in cell division, and for microtubule formation in
nondividing cells. During cell division, centrosomes replicate so that
succeeding generations of cells have the capacity for cell division.

Ciliaand Flagella Microtubules are the dominant components
of cilia and flagella, which are motile projections of the cell surface.
Cilia (SIL-é-a = eyelashes; singular is cilium) are numerous, short,
hairlike projections that extend from the surface of the cell (see
Figures 3.1and 3.17b). Each cilium contains a core of 20 microtubules
surrounded by plasma membrane (Figure 3.17a). The microtubules
are arranged such that one pair in the center is surrounded by nine
clusters of two fused microtubules (doublets). Each ciliumis anchored

Pericentriolar material
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centrosome

(c) Centrioles

Q If you observed that a cell did not have a centrosome, what could you predict

about its capacity for cell division?
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Cilia and flagella.

A cilium contains a core of microtubules with one pair in the center surrounded by nine clusters of

doublet microtubules.

Functions of the Cilia and Flagella
1. Cilia move fluids along a cell’s surface.

2. Aflagellum moves an entire cell.
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l Clinical Connection

Cilia and Smoking

The movement of cilia is paralyzed by nicotine in cigarette smoke. For
this reason, smokers cough often to remove foreign particles from their
airways. Cells that line the uterine (fallopian) tubes also have cilia that
sweep oocytes (egg cells) toward the uterus, and females who smoke have
an increased risk of ectopic (outside the uterus) pregnancy.

to a basal body just below the surface of the plasma membrane.
A basal body is similar in structure to a centriole and functions in
initiating the assembly of cilia and flagella.

A cilium displays an oarlike pattern of beating; it is relatively stiff
during the power stroke (oar digging into the water), but more flexible
during the recovery stroke (oar moving above the water preparing for
a new stroke) (Figure 3.17d). The coordinated movement of many
cilia on the surface of a cell causes the steady movement of fluid along
the cell’s surface. Many cells of the respiratory tract, for example, have
hundreds of cilia that help sweep foreign particles trapped in mucus
away from the lungs. In cystic fibrosis, the extremely thick mucous

(b) Cilia lining the trachea
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Q What is the functional difference between cilia and
flagella?

secretions that are produced interfere with ciliary action and the
normal functions of the respiratory tract.

Flagella (fla-JEL-a = whip; singular is flagellum) are similar in
structure to cilia but are typically much longer. Flagella usually move
an entire cell. A flagellum generates forward motion along its axis by
rapidly wiggling in a wavelike pattern (Figure 3.17e). The only exam-
ple of a flagellum in the human body is a sperm cell’s tail, which pro-
pels the sperm toward the oocyte in the uterine tube (Figure 3.17c).

Ribosomes Ribosomes (Ri-bo-soms; -somes = bodies) are the
sites of protein synthesis. The name of these tiny structures reflects
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Ribosomes are the sites of protein synthesis.

Functions of Ribosomes

1. Ribosomes associated with endoplasmic reticulum synthesize proteins
destined for insertion in the plasma membrane or secretion from the cell.

2. Free ribosomes synthesize proteins used in the cytosol.
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Q Where are subunits of ribosomes synthesized and assembled?

their high content of one type of ribonucleic acid (ribosomal RNA,
or rRNA), but each ribosome also includes more than 50 proteins.
Structurally, a ribosome consists of two subunits, one about half the
size of the other (Figure 3.18). The large and small subunits are made
separately in the nucleolus, a spherical body inside the nucleus. Once
produced, the large and small subunits exit the nucleus separately,
then come together in the cytoplasm.

Some ribosomes are attached to the outer surface of the nuclear
membrane and to an extensively folded membrane called the endo-
plasmic reticulum. These ribosomes synthesize proteins destined for
specific organelles, for insertion in the plasma membrane, or for ex-
port from the cell. Other ribosomes are “free” or unattached to other
cytoplasmic structures. Free ribosomes synthesize proteins used in
the cytosol. Ribosomes are also located within mitochondria, where
they synthesize mitochondrial proteins.

Endoplasmic Reticulum The endoplasmic reticulum (ER)
(en’-do-PLAS-mik re-TIK-O-lum; -plasmic = cytoplasm; reticulum =
network) is a network of membranes in the form of flattened sacs
or tubules (Figure 3.19). The ER extends from the nuclear envelope
(membrane around the nucleus), to which it is connected and projects
throughout the cytoplasm. The ER is so extensive that it constitutes
more than half of the membranous surfaces within the cytoplasm of
most cells.
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Cells contain two distinct forms of ER, which differ in structure and
function. Rough ER is continuous with the nuclear membrane and usu-
ally is folded into a series of flattened sacs. The outer surface of rough
ER is studded with ribosomes, the sites of protein synthesis. Proteins
synthesized by ribosomes attached to rough ER enter spaces within the
ER for processing and sorting. In some cases, enzymes attach the pro-
teins to carbohydrates to form glycoproteins. In other cases, enzymes
attach the proteins to phospholipids, also synthesized by rough ER.
These molecules (glycoproteins and phospholipids) may be incorpo-
rated into the membranes of organelles, inserted into the plasma mem-
brane, or secreted via exocytosis. Thus rough ER produces secretory
proteins, membrane proteins, and many organellar proteins.

Smooth ER extends from the rough ER to form a network of
membrane tubules (Figure 3.19). Unlike rough ER, smooth ER does
not have ribosomes on the outer surfaces of its membrane. However,
smooth ER contains unique enzymes that make it functionally more
diverse than rough ER. Because it lacks ribosomes, smooth ER does
not synthesize proteins, but it does synthesize fatty acids and ster-
oids, such as estrogens and testosterone. In liver cells, enzymes of the
smooth ER help release glucose into the bloodstream and inactivate
or detoxify lipid-soluble drugs or potentially harmful substances,
such as alcohol, pesticides, and carcinogens (cancer-causing agents).
In liver, kidney, and intestinal cells, a smooth ER enzyme removes the
phosphate group from glucose-6-phosphate, which allows the “free”
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m Endoplasmic reticulum.

The endoplasmic reticulum is a network of membrane-enclosed sacs or tubules that extend
throughout the cytoplasm and connect to the nuclear envelope.

Functions of Endoplasmic Reticulum

1. Rough ER synthesizes glycoproteins and phospholipids that are transferred into cellular
organelles, inserted into the plasma membrane, or secreted during exocytosis.

2. Smooth ER synthesizes fatty acids and steroids, such as estrogens and testosterone;
inactivates or detoxifies drugs and other potentially harmful substances; removes the
phosphate group from glucose-6-phosphate; and stores and releases calcium ions that
trigger contraction in muscle cells.
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Q What are the structural and functional differences between rough and smooth ER?

glucose to enter the bloodstream. In muscle cells, the calcium ions Golgi Complex Most of the proteins synthesized by ribosomes

(Ca®") that trigger contraction are released from the sarcoplasmic
reticulum, a form of smooth ER.

I Clinical Connection |

Smooth ER and Drug Tolerance

One of the functions of smooth ER, as noted earlier, is to detoxify certain
drugs. Individuals who repeatedly take such drugs, such as the sedative
phenobarbital, develop changes in the smooth ER in their liver cells.
Prolonged administration of phenobarbital results in increased tolerance
to the drug; the same dose no longer produces the same degree of
sedation. With repeated exposure to the drug, the amount of smooth ER
and its enzymes increases to protect the cell from its toxic effects. As the
amount of smooth ER increases, higher and higher dosages of the drug
are needed to achieve the original effect. This could result in an increased
possibility of overdose and increased drug dependence.

attached to rough ER are ultimately transported to other regions of
the cell. The first step in the transport pathway is through an organelle
called the Golgi complex (GOL-jé). It consists of 3 to 20 cisterns
(sis-TER-né = cavities; singular is cistern), small, flattened mem-
branous sacs with bulging edges that resemble a stack of pita bread
(Figure 3.20). The cisterns are often curved, giving the Golgi complex
a cuplike shape. Most cells have several Golgi complexes, and Golgi
complexes are more extensive in cells that secrete proteins, a clue to
the organelle’s role in the cell.

The cisterns at the opposite ends of a Golgi complex differ from each
otherin size, shape, and enzymatic activity. The convex entry (cis) face is
acistern that faces the rough ER. The concave exit (trans) face is a cistern
that faces the plasma membrane. Sacs between the entry and exit faces
are called medial cisterns. Transport vesicles (described shortly) from
the ER merge to form the entry face. From the entry face, the cisterns are
thought to mature, in turn becoming medial and then exit cisterns.

Different enzymes in the entry, medial, and exit cisterns of the
Golgi complex permit each of these areas to modify, sort, and package
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The opposite faces of a Golgi complex differin size, shape, content, and enzymatic activities.

Functions of the Golgi Complex

1. Modifies, sorts, packages, and transports proteins received from the rough ER.

2. Forms secretory vesicles that discharge processed proteins via exocytosis into extracellular
fluid; forms membrane vesicles that ferry new molecules to the plasma membrane; forms

transport vesicles that carry molecules to other organelles, such as lysosomes.

(a) Details

proteins into vesicles for transport to different destinations. The entry
face receives and modifies proteins produced by the rough ER. The
medial cisterns add carbohydrates to proteins to form glycoproteins
and lipids to proteins to form lipoproteins. The exit face modifies the
molecules further and then sorts and packages them for transport to
their destinations.

Proteins arriving at, passing through, and exiting the Golgi com-
plex do so through maturation of the cisternae and exchanges that
occur via transfer vesicles (Figure 3.21):

o Proteins synthesized by ribosomes on the rough ER are
surrounded by a piece of the ER membrane, which eventually
buds from the membrane surface to form transport vesicles.

e Transport vesicles move toward the entry face of the Golgi complex.

@ Fusion of several transport vesicles creates the entry face of the
Golgi complex and releases proteins into its lumen (space).

o The proteins move from the entry face into one or more medial
cisterns. Enzymes in the medial cisterns modify the proteins
to form glycoproteins, glycolipids, and lipoproteins. Transfer
vesicles that bud from the edges of the cisterns move specific
enzymes back toward the entry face and move some partially
modified proteins toward the exit face.

© The products of the medial cisterns move into the lumen of the
exit face.

Transport vesicle
from rough ER

Medial cistern

Transfer vesicles

Exit or trans face

Golgi
complex

Secretory
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Q How do the entry and exit faces differ in function?

Q Within the exit face cistern, the products are further modified and
are sorted and packaged.

e Some of the processed proteins leave the exit face and are stored
in secretory vesicles. These vesicles deliver the proteins to the
plasma membrane, where they are discharged by exocytosis
into the extracellular fluid. For example, certain pancreatic cells
release the hormone insulin in this way.

e Other processed proteins leave the exit face in membrane
vesicles that deliver their contents to the plasma membrane for
incorporation into the membrane. In doing so, the Golgi complex
adds new segments of plasma membrane as existing segments
are lost and modifies the number and distribution of membrane
molecules.

Biophoto Associates/Photo Researchers
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m Processing and packaging of proteins by the Golgi complex.

All proteins exported from the cell are processed in the Golgi complex.
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Q What are the three general destinations for proteins that leave the Golgi complex?

e Finally, some processed proteins leave the exit face in transport
vesicles thatwill carry the proteins to another cellular destination.
For instance, transport vesicles carry digestive enzymes to
lysosomes; the structure and functions of these important
organelles are discussed next.

Lysosomes Lysosomes (Li-sd-s6ms; lyso- = dissolving; -somes
= bodies) are membrane-enclosed vesicles that form from the
Golgi complex (Figure 3.22). They can contain as many as 60 kinds
of powerful digestive and hydrolytic enzymes that can break down a
wide variety of molecules once lysosomes fuse with vesicles formed
during endocytosis. Because lysosomal enzymes work best at an
acidic pH, the lysosomal membrane includes active transport pumps
that import hydrogen ions (H*). Thus, the lysosomal interior has a pH
of 5, which is 100 times more acidic than the pH of the cytosol (pH 7).
The lysosomal membrane also includes transporters that move the
final products of digestion, such as glucose, fatty acids, and amino
acids, into the cytosol.

Lysosomal enzymes also help recycle worn-out cell structures.
A lysosome can engulf another organelle, digest it, and return the
digested components to the cytosol for reuse. In this way, old organelles
are continually replaced. The process by which entire worn-out
organelles are digested is called autophagy (aw-TOF-a-jé; auto- =
self; -phagy = eating). In autophagy, the organelle to be digested is

enclosed by a membrane derived from the ER to create a vesicle called
an autophagosome (aw-t6-FA-g6-som); the vesicle then fuses with a
lysosome. In this way, a human liver cell, for example, recycles about
half of its cytoplasmic contents every week. Autophagy is also
involved in cellular differentiation, control of growth, tissue re-
modeling, adaptation to adverse environments, and cell defense.
Lysosomal enzymes may also destroy the entire cell that contains
them, a process known as autolysis (aw-TOL-i-sis). Autolysis occurs in
some pathological conditions and also is responsible for the tissue
deterioration that occurs immediately after death.

As we just discussed, most lysosomal enzymes act within a cell.
However, some operate in extracellular digestion. One example
occurs during fertilization. The head of a sperm cell releases lysoso-
mal enzymes that aid its penetration of the oocyte by dissolving its
protective coating in a process called the acrosomal reaction (see
Section 29.1).

Peroxisomes Another group of organelles similar in structure
to lysosomes, but smaller, are the peroxisomes (pe-ROKS-i-soms;
peroxi- = peroxide; -somes = bodies; see Figure 3.1). Peroxisomes,
also called microbodies, contain several oxidases, enzymes that can
oxidize (remove hydrogen atoms from) various organic substances.
For instance, amino acids and fatty acids are oxidized in peroxisomes
as part of normal metabolism. In addition, enzymes in peroxisomes
oxidize toxic substances, such as alcohol. Thus, peroxisomes are
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Lysosomes contain several types of powerful digestive enzymes.

Functions of Lysosomes

1. Digest substances that enter a cell via endocytosis and transport final
products of digestion into cytosol.

2. Carry out autophagy, the digestion of worn-out organelles.
3. Implement autolysis, the digestion of an entire cell.

4. Accomplish extracellular digestion.

(Bl Ly=nsome
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iClinical Connection

Tay-Sachs Disease

Some disorders are caused by faulty or absent lysosomal enzymes. For
instance, Tay-Sachs disease (TA-SAKS), which most often affects children
of Ashkenazi (Eastern European Jewish) descent, is an inherited condition
characterized by the absence of a single lysosomal enzyme called Hex A.
This enzyme normally breaks down a membrane glycolipid called

ganglioside Gy, that is especially prevalent in nerve cells. As the excess
ganglioside Gy, accumulates, the nerve cells function less efficiently.
Children with Tay-Sachs disease typically experience seizures and muscle
rigidity. They gradually become blind, demented, and uncoordinated and
usually die before the age of 5. Tests can now reveal whether an adult is a
carrier of the defective gene.

Q What is the name of the process by which worn-out organelles are digested by lysosomes?

very abundant in the liver, where detoxification of alcohol and other
damaging substances occurs. A by-product of the oxidation reactions
is hydrogen peroxide (H,0,), a potentially toxic compound, and
associated free radicals such as superoxide. However, peroxisomes
also contain the enzyme catalase, which decomposes H,0,. Because
production and degradation of H,0, occur within the same organelle,
peroxisomes protect other parts of the cell from the toxic effects of
H,0,. Peroxisomes also contain enzymes that destroy superoxide.
Without peroxisomes, by-products of metabolism could accumulate
inside a cell and result in cellular death. Peroxisomes can self-
replicate. New peroxisomes may form from preexisting ones by
enlarging and dividing. They may also form by a process in which

components accumulate at a given site in the cell and then assemble
into a peroxisome.

Proteasomes As you have just learned, lysosomes degrade
proteins delivered to them in vesicles. Cytosolic proteins also require
disposal at certain times in the life of a cell. Continuous destruction of
unneeded, damaged, or faulty proteins is the function of tiny barrel-
shaped structures consisting of four stacked rings of proteins around
a central core called proteasomes (PRO-té-a-séms = protein bodies).
For example, proteins that are part of metabolic pathways need to be
degraded after they have accomplished their function. Such protein
destruction plays a part in negative feedback by halting a pathway
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once the appropriate response has been achieved. A typical body
cell contains many thousands of proteasomes, in both the cytosol
and the nucleus. Discovered only recently because they are far too
small to discern under the light microscope and do not show up
well in electron micrographs, proteasomes were so named because
they contain myriad proteases, enzymes that cut proteins into small
peptides. Once the enzymes of a proteasome have chopped up a
protein into smaller chunks, other enzymes then break down the
peptides into amino acids, which can be recycled into new proteins.

i Clinical Connection

Proteasomes and Disease

Some diseases could result from failure of proteasomes to degrade
abnormal proteins. For example, clumps of misfolded proteins accumulate
in brain cells of people with Parkinson’s disease and Alzheimer’s disease.
Discovering why the proteasomes fail to clear these abnormal proteins is a
goal of ongoing research.

m Mitochondria.

Mitochondria Because they generate most of the ATP
through aerobic (oxygen-requiring) respiration, mitochondria (mi-
t6-KON-dre-a; mito- thread; -chondria granules; singular is
mitochondrion) are referred to as the “powerhouses” of the cell. A
cell may have as few as a hundred or as many as several thousand
mitochondria, depending on its activity. Active cells that use ATP at
a high rate—such as those found in the muscles, liver, and kidneys—
have a large number of mitochondria. For example, regular exercise
can leadto anincrease in the number of mitochondriain muscle cells,
which allows muscle cells to function more efficiently. Mitochondria
are usually located within the cell where oxygen enters the cell or
where the ATP is used, for example, among the contractile proteins
in muscle cells.

A mitochondrion consists of an external mitochondrial
membrane and an internal mitochondrial membrane with a small
fluid-filled space between them (Figure 3.23). Both membranes are
similar in structure to the plasma membrane. The internal mito-
chondrial membrane contains a series of folds called mitochondrial
cristae (KRIS-té ridges). The central fluid-filled cavity of a

Within mitochondria, chemical reactions of aerobic cellular respiration generate ATP.

Functions of Mitochondria
1. Generate ATP through reactions of aerobic cellular respiration.

2. Play an important early role in apoptosis.

External mitochondrial membrane
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(b) Transverse section

External mitochondrial
membrane

Internal mitochondrial
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Mitochondrial matrix
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Q How do the mitochondrial cristae contribute to its ATP-producing function?



mitochondrion, enclosed by the internal mitochondrial membrane,
is the mitochondrial matrix. The elaborate folds of the cristae pro-
vide an enormous surface area for the chemical reactions that are
part of the aerobic phase of cellular respiration, the reactions that
produce most of a cell’s ATP (see Chapter 25). The enzymes that cata-
lyze these reactions are located on the cristae and in the matrix of the
mitochondria.

Mitochondria also play an important and early role in apopto-
sis (ap’-6p-TO-sis or ap-6-TO-sis = a falling off), the orderly, geneti-
cally programmed death of a cell. In response to stimuli such as
large numbers of destructive free radicals, DNA damage, growth
factor deprivation, or lack of oxygen and nutrients, certain chemi-
cals are released from mitochondria following the formation of a
pore in the outer mitochondrial membrane. One of the chemicals
released into the cytosol of the cell is cytochrome ¢, which while
inside the mitochondria is involved in aerobic cellular respiration.
In the cytosol, however, cytochrome ¢ and other substances initiate
a cascade of activation of protein-digesting enzymes that bring
about apoptosis.

Like peroxisomes, mitochondria self-replicate, a process that oc-
curs during times of increased cellular energy demand or before cell
division. Synthesis of some of the proteins needed for mitochondrial
functions occurs on the ribosomes that are present in the mitochon-
drial matrix. Mitochondria even have their own DNA, in the form of
multiple copies of a circular DNA molecule that contains 37 genes.
These mitochondrial genes control the synthesis of 2 ribosomal
RNAs, 22 transfer RNAs, and 13 proteins that build mitochondrial
components.

Although the nucleus of each somatic cell contains genes from
both your mother and your father, mitochondrial genes are inherited
only from your mother. This is due to the fact that all mitochondria
in a cell are descendants of those that were present in the oocyte
(egg) during the fertilization process. The head of a sperm (the part
that penetrates and fertilizes an oocyte) normally lacks most
organelles, such as mitochondria, ribosomes, endoplasmic reticu-
lum, and the Golgi complex, and any sperm mitochondria that do
enter the oocyte are soon destroyed. Since all mitochondrial genes
are inherited from the maternal parent, mitochondrial DNA can be
used to trace maternal lineage (in other words, to determine whether
two or more individuals are related through their mother’s side of
the family).

16. What are some of the chemicals present in cytosol?
17. What s the function of cytosol?
18. Define an organelle.

19. Which organelles are surrounded by a membrane and which
are not?

20. Which organelles contribute to synthesizing protein hormones
and packaging them into secretory vesicles?

21. What happens on the cristae and in the matrix of
mitochondria?
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35 | Nucleus

OBJECTIVE

« Describe the structure and function of the nucleus.

The nucleus is a spherical or oval-shaped structure that usually is the
most prominent feature of a cell (Figure 3.24). Most cells have a single
nucleus, although some, such as mature red blood cells, have none.
In contrast, skeletal muscle cells and a few other types of cells have
multiple nuclei. A double membrane called the nuclear envelope
separates the nucleus from the cytoplasm. Both layers of the nuclear
envelope are lipid bilayers similar to the plasma membrane. The
outer membrane of the nuclear envelope is continuous with rough ER
and resembles it in structure. Many openings called nuclear pores
extend through the nuclear envelope. Each nuclear pore consists of a
circular arrangement of proteins surrounding a large central opening
that is about 10 times wider than the pore of a channel protein in the
plasma membrane.

Nuclear pores control the movement of substances between the
nucleus and the cytoplasm. Small molecules and ions move through
the pores passively by diffusion. Most large molecules, such as RNAs
and proteins, cannot pass through the nuclear pores by diffusion.
Instead, their passage involves an active transport process in which
the molecules are recognized and selectively transported through the
nuclear pore into or out of the nucleus. For example, proteins needed
for nuclear functions move from the cytosol into the nucleus; newly
formed RNA molecules move from the nucleus into the cytosol in this
manner.

Inside the nucleus are one or more spherical bodies called
nucleoli (noo’-KLE-6-li; singular is nucleolus) that function in produc-
ing ribosomes. Each nucleolus is simply a cluster of protein, DNA, and
RNA; it is not enclosed by a membrane. Nucleoli are the sites of
synthesis of rRNA and assembly of rRNA and proteins into ribosomal
subunits. Nucleoli are quite prominent in cells that synthesize large
amounts of protein, such as muscle and liver cells. Nucleoli disperse
and disappear during cell division and reorganize once new cells
are formed.

Within the nucleus are most of the cell’s hereditary units,
called genes, which control cellular structure and direct cellular
activities. Genes are arranged along chromosomes. Human
somatic (body) cells have 46 chromosomes, 23 inherited from each
parent. Each chromosome is a long molecule of DNA that is coiled
together with several proteins (Figure 3.25). This complex of DNA,
proteins, and some RNA is called chromatin (KRO-ma-tin). The
total genetic information carried in a cell or an organism is its
genome (JE-nom).

In cells that are not dividing, the chromatin appears as a dif-
fuse, granular mass. Electron micrographs reveal that chromatin
has a beads-on-a-string structure. Each bead is a nucleosome
(NOO-klé-6-som) that consists of double-stranded DNA wrapped
twice around a core of eight proteins called histones, which help
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[FIGURE 24 L TTEETS

Thenucleus contains mostofthe cell’s genes, which are located on chromosomes.

Functions of the Nucleus 2. Directs cellular activities.
1. Controls cellular structure. 3. Produces ribosomes in nucleoli.
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Q What is chromatin?

organize the coiling and folding of DNA. The string between the
beads is called linker DNA, which holds adjacent nucleosomes
together. In cells that are not dividing, another histone promotes
coiling of nucleosomes into a larger-diameter chromatin fiber,
which then folds into large loops. Just before cell division takes
place, however, the DNA replicates (duplicates) and the loops con-
dense even more, forming a pair of chromatids (KRO-ma-tids). As
you will see shortly, during cell division a pair of chromatids consti-
tutes a chromosome.

J Clinical Connection

Genomics

In the last decade of the twentieth century, the genomes of humans,
mice, fruit flies, and more than 50 microbes were sequenced. As a result,
research in the field of genomics, the study of the relationships between
the genome and the biological functions of an organism, has flourished.
The Human Genome Project began in 1990 as an effort to sequence all of
the nearly 3.2 billion nucleotides of our genome and was completed in April
2003. Scientists now know that the total number of genes in the human
genome is about 30,000. Information regarding the human genome and
how it is affected by the environment seeks to identify and discover the
functions of the specific genes that play a role in genetic diseases. Genomic
medicine also aims to design new drugs and to provide screening tests to
enable physicians to provide more effective counseling and treatment for
disorders with significant genetic components such as hypertension (high
blood pressure), obesity, diabetes, and cancer.

The main parts of a cell, their structure, and their functions are

summarized in Table 3.2.

Checkpoint

22. How do large particles enter and exit the nucleus?
23. Where are ribosomes produced?

24. How is DNA packed in the nucleus?
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m Packing of DNA into a chromosome in a dividing cell. When packing
is complete, two identical DNA molecules and their histones form a pair of chromatids,
which are held together by a centromere.

A chromosome is a highly coiled and folded DNA molecule that is combined with
protein molecules.
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Q What are the components of a nucleosome?

TABLE 3.2  Cell Parts and Their Functions
PART DESCRIPTION FUNCTIONS
PLASMA MEMBRANE  Fluid mosaic lipid bilayer (phospholipids, cholesterol, and Protects cellular contents; makes contact with other cells; contains
glycolipids) studded with proteins; surrounds cytoplasm. channels, transporters, receptors, enzymes, cell-identity markers,
and linker proteins; mediates entry and exit of substances.
CYTOPLASM Cellular contents between plasma membrane and Site of all intracellular activities except those occurring in
nucleus—cytosol and organelles. the nucleus.
Cytosol Composed of water, solutes, suspended particles, lipid Fluid in which many of cell’s metabolic reactions occur.
droplets, and glycogen granules.
The cytoskeleton is a network in the cytoplasm composed The cytoskeleton maintains shape and general organization of
of three protein filaments: microfilaments, intermediate cellular contents; responsible for cell movements.
filaments, and microtubules.
Organelles Specialized structures with characteristic shapes. Each organelle has specific functions.
Centrosome Pair of centrioles plus pericentriolar matrix. The pericentriolar matrix contains tubulins, which are used for

Cilia and fla

gella Motile cell surface projections that contain 20

microtubules and a basal body.

Ribosome Composed of two subunits containing ribosomal RNA and
proteins; may be free in cytosol or attached to rough ER.

Endoplasmic Membranous network of flattened sacs or tubules. Rough

reticulum (ER) ER is covered by ribosomes and is attached to the nuclear

envelope; smooth ER lacks ribosomes.

growth of the mitotic spindle and microtubule formation.

Cilia: move fluids over cell’s surface; flagella: move entire cell.

Protein synthesis.

Rough ER: synthesizes glycoproteins and phospholipids that are
transferred to cellular organelles, inserted into plasma membrane,
or secreted during exocytosis; smooth ER: synthesizes fatty acids
and steroids, inactivates or detoxifies drugs, removes phosphate
group from glucose-6-phosphate, and stores and releases calcium
ions in muscle cells.

Table 3.2 Continues
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TABLE 3.2  Cell Parts and Their Functions (Continued)

PART DESCRIPTION

Consists of 3-20 flattened membranous sacs called
cisternae; structurally and functionally divided into entry
(cis) face, medial cisternae, and exit (trans) face.

Golgi complex

Lysosome Vesicle formed from Golgi complex; contains digestive
enzymes.

Peroxisome Vesicle containing oxidases (oxidative enzymes) and
catalase (decomposes hydrogen peroxide);
new peroxisomes bud from preexisting ones.

Proteasome Tiny barrel-shaped structure that contains proteases

(proteolytic enzymes).

Consists of an external and an internal mitochondrial
membrane, cristae, and matrix; new mitochondria form
from preexisting ones.

Mitochondrion

FUNCTIONS

Entry (cis) face accepts proteins from rough ER; medial cisternae
form glycoproteins, glycolipids, and lipoproteins; exit (trans) face
modifies molecules further, then sorts and packages them

for transport to their destinations.

Fuses with and digests contents of endosomes, phagosomes, and
vesicles formed during bulk-phase endocytosis and transports final
products of digestion into cytosol; digests worn-out organelles
(autophagy), entire cells (autolysis), and extracellular materials.

Oxidizes amino acids and fatty acids; detoxifies harmful
substances, such as hydrogen peroxide and associated free
radicals.

Degrades unneeded, damaged, or faulty proteins by cutting them
into small peptides.

Site of aerobic cellular respiration reactions that produce most of a
cell’s ATP. Plays an important early role in apoptosis.

NUCLEUS Consists of a nuclear envelope with pores, nucleoli, and Nuclear pores control the movement of substances between
chromosomes, which exist as a tangled mass of chromatin the nucleus and cytoplasm, nucleoli produce ribosomes, and
in interphase cells. chromosomes consist of genes that control cellular structure and
direct cellular functions.
Flagellum — Cilium
rermedie S oo
flament ~ To— % = CYTOPLASM
Centrosome T bt —— PLASMA MEMBRANE
Lysosome —— A ES Ribosome on rough ER
Smooth ER / e Golgi complex
Peroxisome i) = Mitochondrion
-
Microtubule — “ :k
Microfilament
. . transporters, carrying various materials in the blood. Just as genome
3.6 P rOteI n Synth esIs means all of the genes in an organism, proteome (PRO-té-6m) refers

OBJECTIVE

« Describe the sequence of events in protein synthesis.

Although cells synthesize many chemicals to maintain homeostasis,
much of the cellular machinery is devoted to synthesizing large num-
bers of diverse proteins. The proteins in turn determine the physical
and chemical characteristics of cells and, therefore, of the organisms
formed from them. Some proteins help assemble cellular structures
such as the plasma membrane, the cytoskeleton, and other orga-
nelles. Others serve as hormones, antibodies, and contractile ele-
ments in muscular tissue. Still others act as enzymes, regulating the
rates of the numerous chemical reactions that occur in cells, or as

to all of an organism’s proteins.

In the process called gene expression, a gene’s DNA is used as a
template for synthesis of a specific protein. First, in a process aptly
named transcription, the information encoded in a specific region
of DNA is transcribed (copied) to produce a specific molecule of RNA
(ribonucleic acid). In a second process, referred to as translation, the
RNA attaches to a ribosome, where the information contained in RNA
is translated into a corresponding sequence of amino acids to form a
new protein molecule (Figure 3.26).

DNA and RNA store genetic information as sets of three nucleo-
tides. A sequence of three such nucleotides in DNA is called a base
triplet. Each DNA base triplet is transcribed as a complementary se-
quence of three nucleotides, called a codon. A given codon specifies
a particular amino acid. The genetic code is the set of rules that relate
the base triplet sequence of DNA to the corresponding codons of RNA
and the amino acids they specify.



m Overview of gene expression. Synthesis of a specific
protein requires transcription of a gene’s DNA into RNA and translation of

RNA into a corresponding sequence of amino acids.

Transcription occursinthe nucleus;translation occursin the cytoplasm.

RNA
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RNA
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Q Why are proteins important in the life of a cell?

Transcription

During transcription, which occurs in the nucleus, the genetic infor-
mation represented by the sequence of base triplets in DNA serves as a
template for copying the information into a complementary sequence
of codons. Three types of RNA are made from the DNA template:

1. Messenger RNA (mRNA) directs the synthesis of a protein.

2. Ribosomal RNA (rRNA) joins with ribosomal proteins to make
ribosomes.

3. Transfer RNA (tRNA) binds to an amino acid and holds it in place
on a ribosome until it is incorporated into a protein during transla-
tion. One end of the tRNA carries a specific amino acid, and the op-
posite end consists of a triplet of nucleotides called an anticodon.
By pairing between complementary bases, the tRNA anticodon at-
taches to the mRNA codon. Each of the more than 20 different types
of tRNA binds to only one of the 20 different amino acids.

The enzyme RNA polymerase (po-LIM-er-as) catalyzes transcrip-
tion of DNA. However, the enzyme must be instructed where to start
the transcription process and where to end it. Only one of the two
DNA strands serves as a template for RNA synthesis. The segment of
DNA where transcription begins, a special nucleotide sequence called
a promoter, is located near the beginning of a gene (Figure 3.27a).
This is where RNA polymerase attaches to the DNA. During
transcription, bases pair in a complementary manner: The bases
cytosine (C), guanine (G), and thymine (T) in the DNA template pair with
guanine, cytosine, and adenine (A), respectively, in the RNA strand
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gLl E8 Transcription. DNA transcription begins at a promoter and
ends at a terminator.

During transcription, the genetic information in DNAis copied to RNA.
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Q If the DNA template had the base sequence AGCT, what
would be the mRNA base sequence, and what enzyme
would catalyze DNA transcription?
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(Figure 3.27b). However, adenine in the DNA template pairs with
uracil (U), not thymine, in RNA:

A u

T A

G c
_—

C G

A u

T A

Template DNA
base sequence

Complementary RNA
base sequence

Transcription of the DNA strand ends at another special nucleo-
tide sequence called a terminator, which specifies the end of the gene
(Figure 3.27a). When RNA polymerase reaches the terminator, the en-
zyme detaches from the transcribed RNA molecule and the DNA strand.

Not all parts of a gene actually code for parts of a protein. Regions
within a gene called introns do not code for parts of proteins. They are
located between regions called exons that do code for segments of a pro-
tein. Immediately after transcription, the transcript includes information
from both introns and exons and is called pre-mRNA. The introns are re-
moved from pre-mRNA by small nuclear ribonucleoproteins (snRNPs,
pronounced “snurps”; Figure 3.27b). The snRNPs are enzymes that cut
out the introns and splice together the exons. The resulting product is a
functional mRNA molecule that passes through a pore in the nuclear
envelope to reach the cytoplasm, where translation takes place.

Although the human genome contains around 30,000 genes, there
are probably 500,000 to 1 million human proteins. How can so many pro-
teins be coded for by so few genes? Part of the answer lies in alternative
splicing of mRNA, a process in which the pre-mRNA transcribed from a
gene is spliced in different ways to produce several different mRNAs. The
different mRNAs are then translated into different proteins. In this way,
one gene may code for 10 or more different proteins. In addition, chemi-
cal modifications are made to proteins after translation, for example, as
proteins pass through the Golgi complex. Such chemical alterations can
produce two or more different proteins from a single translation.

Translation

In the process of translation, the nucleotide sequence in an mMRNA
molecule specifies the amino acid sequence of a protein. Ribosomes
in the cytoplasm carry out translation. The small subunit of a ribo-
some has a binding site for mRNA; the larger subunit has three bind-
ing sites for tRNA molecules: a P site, A site, and E site (Figure 3.28).
The P (peptidyl) site binds the tRNA carrying the growing polypep-
tide chain. The A (aminoacyl) site binds the tRNA carrying the next
amino acid to be added to the growing polypeptide. The E (exit) site
binds tRNA just before it is released from the ribosome. Translation
occurs in the following way (Figure 3.29):

o An mRNA molecule binds to the small ribosomal subunit at the
mMRNA binding site. A special tRNA, called initiator tRNA, binds to
the start codon (AUG) on mRNA, where translation begins. The
tRNA anticodon (UAC) attaches to the mRNA codon (AUG) by
pairing between the complementary bases. Besides being the start
codon, AUG is also the codon for the amino acid methionine. Thus,
methionine is always the first amino acid in a growing polypeptide.

m Translation. During translation, an mRNA molecule binds
to a ribosome. Then, the mRNA nucleotide sequence specifies the amino acid
sequence of a protein.

Ribosomes have a binding site for mRNA and a P site, A site, and E site
for attachment of tRNAs.

E site P site A site

P < EE—- Large ]
J {5] N 0 subunit\_-
-' G I N
! Rreelee | A
! ®) - ¥
QQ _:?.:l Protein e I!
a "= —— Small /

i -‘* subunit r -1'

4 mRNA .

binding site (b) Interior view of tRNA

binding sites
(a) Components of a ribosome
and their relationship to
mRNA and protein during
translation

mRNA

Q What roles do the P and A sites serve?

@ Next, the large ribosomal subunit attaches to the small ribosomal
subunit-mRNA complex, creating a functional ribosome. The
initiator tRNA, with its amino acid (methionine), fits into the P site
of the ribosome.

@ The anticodon of another tRNA with its attached amino acid pairs
with the second mRNA codon at the A site of the ribosome.

0 A component of the large ribosomal subunit catalyzes the
formation of a peptide bond between methionine and the amino
acid carried by the tRNA at the A site.

6 Following the formation of the peptide bond, the resulting two-
peptide protein becomes attached to the tRNA at the A site.

0 After peptide bond formation, the ribosome shifts the mRNA
strand by one codon. The tRNA in the P site enters the E site and is
subsequently released from the ribosome. The tRNA in the A site
bearing the two-peptide protein shifts into the P site, allowing
another tRNA with its amino acid to bind to a newly exposed
codon at the A site. Steps e through Q occur repeatedly, and
the protein lengthens progressively.

0 Protein synthesis ends when the ribosome reaches a stop codon
at the A site, which causes the completed protein to detach
from the final tRNA. In addition, tRNA vacates the P site and the
ribosome splits into its large and small subunits.

Protein synthesis progresses at a rate of about 15 peptide
bonds per second. As the ribosome moves along the mRNA and
before it completes synthesis of the whole protein, another ribo-
some may attach behind it and begin translation of the same mRNA
strand. Several ribosomes attached to the same mRNA constitute a
polyribosome. The simultaneous movement of several ribosomes
along the same mRNA molecule permits the translation of one mRNA
into several identical proteins at the same time.
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m Protein elongation and termination of protein synthesis during translation.

During protein synthesis, the small and large ribosomal subunits join to form a functional ribosome.

When the process is complete, they separate.
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Q What is the function of a stop codon?

91
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i Clinical Connection ‘

Recombinant DNA

Scientists have developed techniques for inserting genes from other
organisms into a variety of host cells. Manipulating the cell in this way
can cause the host organism to produce proteins it normally does not
synthesize. Organisms so altered are called recombinants (ré-KOM-
bi-nants), and their DNA—a combination of DNA from different sources—
is called recombinant DNA. When recombinant DNA functions properly,
the host will synthesize the protein specified by the new gene it has
acquired. The technology that has arisen from the manipulation of genetic
material is referred to as genetic engineering.

The practical applications of recombinant DNA technology are enor-
mous. Strains of recombinant bacteria produce large quantities of many
important therapeutic substances, including human growth hormone (hGH),
required for normal growth and metabolism; insulin, a hormone that helps
regulate blood glucose level and is used by diabetics; interferon (IFN), an
antiviral (and possibly anticancer) substance; and erythropoietin (EPO), a
hormone that stimulates production of red blood cells.

25. What is meant by the term gene expression?

26. What is the difference between transcription and translation?

3.7 | Cell Division

OBJECTIVES

+ Discuss the stages, events, and significance of somatic and
reproductive cell division.

« Describe the signals that induce somatic cell division.

Most cells of the human body undergo cell division, the process by
which cells reproduce themselves. The two types of cell division—
somatic cell division and reproductive cell division—accomplish dif-
ferent goals for the organism.

A somatic cell (s6-MAT-ik; soma = body) is any cell of the body
other than a germ cell. A germ cell is a gamete (sperm or oocyte) or
any precursor cell destined to become a gamete. In somatic cell divi-
sion, a cell undergoes a nuclear division called mitosis (mi-TO-sis;
mitos = thread) and a cytoplasmic division called cytokinesis (si-to-
ki-NE-sis; cyto- = cell; -kinesis = movement) to produce two geneti-
cally identical cells, each with the same number and kind of chromo-
somes as the original cell. Somatic cell division replaces dead or
injured cells and adds new ones during tissue growth.

Reproductive cell division is the mechanism that produces
gametes, the cells needed to form the next generation of sexually
reproducing organisms. This process consists of a special two-step

division called meiosis, in which the number of chromosomes in the
nucleus is reduced by half.

Somatic Cell Division

The cell cycle is an orderly sequence of events in which a somatic cell
duplicates its contents and divides in two. Some cells divide more than
others. Human cells, such as those in the brain, stomach, and kidneys,
contain 23 pairs of chromosomes, for a total of 46. One member of
each pair is inherited from each parent. The two chromosomes that
make up each pair are called homologous chromosomes (ho-MOL-0-
gus; homo- = same) or homologs; they contain similar genes arranged
in the same (or almost the same) order. When examined under a light
microscope, homologous chromosomes generally look very similar.
The exception to this rule is one pair of chromosomes called the sex
chromosomes, designated X and Y. In females the homologous pair
of sex chromosomes consists of two large X chromosomes; in males
the pair consists of an X and a much smaller Y chromosome. Because
somatic cells contain two sets of chromosomes, they are called diploid
(2n) cells (DIP-loyd; dipl- = double; -oid = form).

When a cell reproduces, it must replicate (duplicate) all its chro-
mosomes to pass its genes to the next generation of cells. The cell
cycle consists of two major periods: interphase, when a cell is not
dividing, and the mitotic (M) phase, when a cellis dividing (Figure 3.30).

Interphase During interphase (IN-ter-faz) the cell replicates its
DNA through a process that will be described shortly. It also produces
additional organelles and cytosolic components in anticipation
of cell division. Interphase is a state of high metabolic activity; it is
during this time that the cell does most of its growing. Interphase
consists of three phases: G;, S, and G, (Figure 3.30). The S stands for
synthesis of DNA. Because the G phases are periods when there is no
activity related to DNA duplication, they are thought of as gaps or
interruptions in DNA duplication.

The G, phase is the interval between the mitotic phase and the
S phase. During G, the cell is metabolically active; it replicates most
of its organelles and cytosolic components but not its DNA. Replica-
tion of centrosomes also begins in the G, phase. Virtually all of the
cellular activities described in this chapter happen during G;. For a
cell with a total cell cycle time of 24 hours, G, lasts 8 to 10 hours. How-
ever, the duration of this phase is quite variable. It is very short in
many embryonic cells or cancer cells. Cells that remainin G, for a very
long time, perhaps destined never to divide again, are said to be in the
G, phase. Most nerve cells are in the Gy phase. Once a cell enters the S
phase, however, it is committed to go through the rest of the cell cycle.

The S phase, the interval between G; and G, lasts about 8 hours.
During the S phase, DNA replication occurs. As a result of DNA replica-
tion, the two identical cells formed during cell division later in the cell
cycle will have the same genetic material. The G, phase is the interval
between the S phase and the mitotic phase. It lasts 4 to 6 hours. During
G,, cell growth continues, enzymes and other proteins are synthesized
in preparation for cell division, and replication of centrosomes is com-
pleted. When DNA replicates during the S phase, its helical structure
partially uncoils, and the two strands separate at the points where
hydrogen bonds connect base pairs (Figure 3.31). Each exposed base



m The cell cycle. Notillustrated is cytokinesis (division of the
cytoplasm), which usually occurs during late anaphase of the mitotic phase.

In a complete cell cycle, a starting cell duplicates its contents and
divides into two identical cells.

NTERPHASE

S phase
DNA replicated
(8 hours)

G, phase
Cell metabolically
active; duplicates
organelles and
cytosolic components;
centrosome
replication
begins.

G, phase
Cell growth continues;
enzymes and other
proteins are synthesized;
centrosome

G,
Exit from cell
cycle (nondividing
cell)

Q During which phase of the cell cycle does DNA replication
occur?

of the old DNA strand then pairs with the complementary base of a
newly synthesized nucleotide. A new DNA strand takes shape as chem-
ical bonds form between neighboring nucleotides. The uncoiling and
complementary base pairing continues until each of the two original
DNA strands is joined with a newly formed complementary DNA strand.
The original DNA molecule has become two identical DNA molecules.

A microscopic view of a cell during interphase shows a clearly de-
fined nuclear envelope, a nucleolus, and a tangled mass of chromatin
(Figure 3.32a). Once a cell completes its activities during the Gy, S,
and G, phases of interphase, the mitotic phase begins.

Mitotic Phase The mitotic (M) phase of the cell cycle, which
results in the formation of two identical cells, consists of a nuclear
division (mitosis) and a cytoplasmic division (cytokinesis) to form two
identical cells. The events that occur during mitosis and cytokinesis
are plainly visible under a microscope because chromatin condenses
into discrete chromosomes.

NUCLEAR DIVISION: MITOSIS Mitosis, as noted earlier, is the distribu-
tion of two sets of chromosomes into two separate nuclei. The pro-
cess results in the exact partitioning of genetic information. For
convenience, biologists divide the process into four stages: prophase,
metaphase, anaphase, and telophase. However, mitosis is a continu-
ous process; one stage merges seamlessly into the next.

1. Prophase (PRO-faz). During early prophase, the chromatin fibers
condense and shorten into chromosomes that are visible under the
light microscope (Figure 3.32b). The condensation process may pre-
vent entangling of the long DNA strands as they move during mitosis.
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m Replication of DNA. The two strands of the double helix
separate by breaking the hydrogen bonds (shown as dotted lines) between
nucleotides. New, complementary nucleotides attach at the proper sites, and
a new strand of DNA is synthesized alongside each of the original strands.
Arrows indicate hydrogen bonds forming again between pairs of bases.

Replication doubles the amount of DNA.

= Adenine
= Guanine
= Thymine
= Cytosine

Hydrogen bonds

Old strand

Old strand New strand New strand

Q Why must DNA replication occur before cytokinesis in
somatic cell division?

Because longitudinal DNA replication took place during the S phase
of interphase, each prophase chromosome consists of a pair of
identical strands called chromatids. A constricted region called a
centromere (SEN-tro-mér) holds the chromatid pair together. At the
outside of each centromere is a protein complex known as the kine-
tochore (ki-NET-6-kor). Later in prophase, tubulins in the pericentri-
olar material of the centrosomes start to form the mitotic spindle,
a football-shaped assembly of microtubules that attach to the
kinetochore (Figure 3.32b). As the microtubules lengthen, they push
the centrosomes to the poles (ends) of the cell so that the spindle
extends from pole to pole. The mitotic spindle is responsible for the



m Cell division: mitosis and cytokinesis. Begin the sequence at @) at the top of the figure and read clockwise to complete the process.

In somatic cell division, a single starting cell divides to produce two identical diploid cells.
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! Clinical Connection

Mitotic Spindle and Cancer

One of the distinguishing features of cancer cells is uncontrolled division,
which results in the formation of a mass of cells called a neoplasm or tumor.
One of the ways to treat cancer is by chemotherapy, the use of anticancer

drugs. Some of these drugs stop cell division by inhibiting the formation of
the mitotic spindle. Unfortunately, these types of anticancer drugs also kill
all types of rapidly dividing cells in the body, causing side effects such as
nausea, diarrhea, hair loss, fatigue, and decreased resistance to disease.

Q When does cytokinesis begin?
94



separation of chromatids to opposite poles of the cell. Then, the
nucleolus disappears and the nuclear envelope breaks down.

2. Metaphase (MET-a-faz). During metaphase, the microtubules of the mi-
totic spindle align the centromeres of the chromatid pairs at the exact
center of the mitotic spindle (Figure 3.32c). This plane of alignment of
the centromeres is called the metaphase plate (equatorial plane).

3. Anaphase (AN-a-faz). During anaphase, the centromeres split,
separating the two members of each chromatid pair, which move
toward opposite poles of the cell (Figure 3.32d). Once separated,
the chromatids are termed chromosomes. As the chromosomes are
pulled by the microtubules of the mitotic spindle during anaphase,
they appear V-shaped because the centromeres lead the way,
dragging the trailing arms of the chromosomes toward the pole.

4. Telophase (TEL-6-faz). The final stage of mitosis, telophase, begins
after chromosomal movement stops (Figure 3.32e). The identical
sets of chromosomes, now at opposite poles of the cell, uncoil and
revert to the threadlike chromatin form. A nuclear envelope forms
around each chromatin mass, nucleoli reappear in the identical
nuclei, and the mitotic spindle breaks up.

CyTOPLASMIC DIVISION: CYTOKINESIS As noted earlier, division of a
cell’s cytoplasm and organelles into two identical cells is called cytoki-
nesis. This process usually begins in late anaphase with the formation
of a cleavage furrow, a slight indentation of the plasma membrane,
and is completed after telophase. The cleavage furrow usually appears
midway between the centrosomes and extends around the periphery
of the cell (Figure 3.32d, e). Actin microfilaments that lie just inside
the plasma membrane form a contractile ring that pulls the plasma
membrane progressively inward. The ring constricts the center of the
cell, like tightening a belt around the waist, and ultimately pinchesitin
two. Because the plane of the cleavage furrow is always perpendicular
to the mitotic spindle, the two sets of chromosomes end up in separate
cells. When cytokinesis is complete, interphase begins (Figure 3.32f).
The sequence of events can be summarized as

G, —> S phase —» G, phase —» mitosis —» cytokinesis

Table 3.3 summarizes the events of the cell cycle in somatic cells.

TABLE 3.3  Events of the Somatic Cell Cycle
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Control of Cell Destiny

A cell has three possible destinies: (1) to remain alive and functioning
without dividing, (2) to grow and divide, or (3) to die. Homeostasis is
maintained when there is a balance between cell proliferation and
cell death. Various signals tell a cell when to exist in the G, phase,
when to divide, and when to die.

Within a cell, there are enzymes called cyclin-dependent pro-
tein kinases (Cdk’s) that can transfer a phosphate group from ATP to
a protein to activate the protein; other enzymes can remove the phos-
phate group from the protein to deactivate it. The activation and de-
activation of Cdk’s at the appropriate time is crucial in the initiation
and regulation of DNA replication, mitosis, and cytokinesis.

Switching the Cdk’s on and off is the responsibility of cellular
proteins called cyclins (SiK-lins), so named because their levels rise
and fall during the cell cycle. The joining of a specific cyclin and Cdk
molecule triggers various events that control cell division.

The activation of specific cyclin-Cdk complexes is responsible for
progression of a cell from G; to S to G, to mitosis in a specific order. If
any step in the sequence is delayed, all subsequent steps are delayed
in order to maintain the normal sequence. The levels of cyclins in the
cell are very important in determining the timing and sequence of
events in cell division. For example, the level of the cyclin that helps
drive a cell from G, to mitosis rises throughout the G, S, and G, phases
and into mitosis. The high level triggers mitosis, but toward the end of
mitosis, the level declines rapidly and mitosis ends. Destruction of
this cyclin, as well as others in the cell, is by proteasomes.

Cellular death is also regulated. Throughout the lifetime of an
organism, certain cells undergo apoptosis, an orderly, genetically
programmed death (see the discussion of mitochondria in Section
3.4). In apoptosis, a triggering agent from either outside or inside the
cell causes “cell-suicide” genes to produce enzymes that damage the
cell in several ways, including disruption of its cytoskeleton and
nucleus. As a result, the cell shrinks and pulls away from neighboring
cells. Although the plasma membrane remains intact, the DNA within
the nucleus fragments and the cytoplasm shrinks. Nearby phagocytes
theningest the dying cell via a complex process that involves a receptor

PHASE ACTIVITY

Interphase Period between cell divisions; chromosomes not visible under light microscope.
G, phase Metabolically active cell duplicates most of its organelles and cytosolic components; replication of chromosomes begins. (Cells that
remain in the G, phase for a very long time, and possibly never divide again, are said to be in the G, phase.)
S phase Replication of DNA and centrosomes.
G, phase Cell growth, enzyme and protein synthesis continue; replication of centrosomes complete.

Mitotic phase

Parent cell produces identical cells with identical chromosomes; chromosomes visible under light microscope.

Chromatin fibers condense into paired chromatids; nucleolus and nuclear envelope disappear; each centrosome moves to an opposite

Mitosis Nuclear division; distribution of two sets of chromosomes into separate nuclei.
Prophase
pole of the cell.
Metaphase Centromeres of chromatid pairs line up at metaphase plate.
Anaphase Centromeres split; identical sets of chromosomes move to opposite poles of cell.
Telophase Nuclear envelopes and nucleoli reappear; chromosomes resume chromatin form; mitotic spindle disappears.
Cytokinesis

Cytoplasmic division; contractile ring forms cleavage furrow around center of cell, dividing cytoplasm into separate and equal portions.
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protein in the plasma membrane of the phagocyte that binds to a lipid
in the plasma membrane of the dying cell. Apoptosis removes unneeded
cells during fetal development, such as the webbing between digits. It
continues to occur after birth to regulate the number of cells in a tissue
and eliminate potentially dangerous cells such as cancer cells.

Apoptosis is a normal type of cell death; in contrast, necrosis
(ne-KRO-sis = death) is a pathological type of cell death that results
from tissue injury. In necrosis, many adjacent cells swell, burst, and
spill their cytoplasm into the interstitial fluid. The cellular debris
usually stimulates an inflammatory response by the immune system,
a process that does not occur in apoptosis.

Reproductive Cell Division

In the process called sexual reproduction, each new organism is the
result of the union of two different gametes (fertilization), one pro-
duced by each parent. If gametes had the same number of chromo-
somes as somatic cells, the number of chromosomes would double
at fertilization. Meiosis (mi-O-sis; mei- = lessening; -osis = condition
of), the reproductive cell division that occurs in the gonads (ovaries
and testes), produces gametes in which the number of chromosomes
is reduced by half. As a result, gametes contain a single set of 23
chromosomes and thus are haploid (n) cells (HAP-loyd; hapl- =
single). Fertilization restores the diploid number of chromosomes.

Meiosis unlike mitosis, which is complete after a single round,
meiosis occurs in two successive stages: meiosis | and meiosis II.
During the interphase that precedes meiosis I, the chromosomes
of the diploid cell start to replicate. As a result of replication, each
chromosome consists of two sister (genetically identical) chromatids,
which are attached at their centromeres. This replication of chromosomes
is similar to the one that precedes mitosis in somatic cell division.

MElosis | Meiosis |, which begins once chromosomal replication is
complete, consists of four phases: prophase I, metaphase I, anaphase |,
and telophase | (Figure 3.33a). Prophase | is an extended phase in
which the chromosomes shorten and thicken, the nuclear envelope
and nucleoli disappear, and the mitotic spindle forms. Two events that
are not seen in mitotic prophase occur during prophase | of meiosis

TABLE 3.4  Comparison between Mitosis and Meiosis

POINT OF COMPARISON MITOSIS

Cell type Somatic.

Number of divisions 1

Stages Interphase.
Prophase.
Metaphase.
Anaphase.
Telophase.

Copy DNA? Yes, interphase.

Tetrads? No.

Number of cells 2.

Number of chromosomes
per cell.

46, or two sets of 23; this makeup, called diploid (2n),
is identical to the chromosomes in the starting cell.

(Figure 3.33b). First, the two sister chromatids of each pair of homolo-
gous chromosomes pair off, an event called synapsis (sin-AP-sis). The
resulting four chromatids form a structure called a tetrad (TE-trad;
tetra = four). Second, parts of the chromatids of two homologous chro-
mosomes may be exchanged with one another. Such an exchange
between parts of nonsister (genetically different) chromatids is called
crossing-over. This process, among others, permits an exchange of
genes between chromatids of homologous chromosomes. Due to
crossing-over, the resulting cells are genetically unlike each other and
genetically unlike the starting cell that produced them. Crossing-over
results in genetic recombination—that is, the formation of new combi-
nations of genes—and accounts for part of the great genetic variation
among humans and other organisms that form gametes via meiosis.

In metaphase |, the tetrads formed by the homologous pairs of

chromosomes line up along the metaphase plate of the cell, with
homologous chromosomes side by side (Figure 3.33a). During
anaphase |, the members of each homologous pair of chromosomes
separate as they are pulled to opposite poles of the cell by the micro-
tubules attached to the centromeres. The paired chromatids, held by
a centromere, remain together. (Recall that during mitotic anaphase,
the centromeres split and the sister chromatids separate.) Telophase
I and cytokinesis of meiosis are similar to telophase and cytokinesis of
mitosis. The net effect of meiosis | is that each resulting cell contains
the haploid number of chromosomes because it contains only one
member of each pair of the homologous chromosomes present in the
starting cell.
MElosis Il The second stage of meiosis, meiosis Il, also consists of
four phases: prophase Il, metaphase Il, anaphase Il, and telophase Il
(Figure 3.33a). These phases are similar to those that occur during
mitosis; the centromeres split, and the sister chromatids separate and
move toward opposite poles of the cell.

In summary, meiosis | begins with a diploid starting cell and ends
with two cells, each with the haploid number of chromosomes.
During meiosis Il, each of the two haploid cells formed during meiosis
| divides; the net result is four haploid gametes that are genetically
different from the original diploid starting cell.

Figure 3.34 and Table 3.4 compare the events of mitosis and
meiosis.

MEIOSIS

Gamete.

2

Interphase | only.

Prophase | and Il.

Metaphase | and II.

Anaphase | and II.

Telophase I and Il

Yes, interphase I; No, interphase .
Yes.

4,

One set of 23; this makeup, called haploid (n), represents
half of the chromosomes in the starting cell.
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m Meiosis, reproductive cell division. Details of each of the stages are discussed in the text.

In reproductive cell division, a single diploid starting cell undergoes meiosis | and meiosis Il to produce
four haploid gametes that are genetically different from the starting cell that produced them.
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Chromosome chromatids —
Prophase | Tetrads formed by Crossing-over between

synapsis of sister nonsister chromatids

chromatids of homo-

logous chromosomes
Kinetochore
microtubule Synapsis of sister Crossing-over between Genetic

chromatids nonsister chromatids recombination
Metaphase . . .
plate (b) Details of crossing-over during prophase |
Pairing of homologaus chromosomes
Metaphase |
+ ,— Cleavage furrow
MEIOSIS | MEIOSIS Il

Separation of homologous chromosomes

Anaphase |

(a) Stages of meiosis

Q How does crossing-over affect the genetic content of the haploid gametes?
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m Comparison between mitosis (left) and meiosis (right) in which the starting cell has two pairs of homologous chromosomes.

The phases of meiosis Il and mitosis are similar.

MEIOSIS

MITOSIS Starting cell

Crossing-over

|
Chromosomes .! Prophase |

already replicated

Tetrads formed by

synapsis
R Metaphase |
=.| Tetrads line up
/I along the metaphase
- . plate
MEIOSIS | Anaphase |

Homologous
chromosomes
separate (sister

.~ chromatids remain
together)

Telophase |

. Each cell has one of
| the replicated
‘chromosomes from

. each homologous pair
- of chromosomes (n)

MEIOSIS Il
Prophase

Metaphase
Il

Chromosomes line up along the

Metaphase
metaphase plate

. Anaphase
Il

Anaphase Sister chromatids separate

Telophase % 4. . | Cytokinesis

2n 2n n n n n
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of chromosomes (not replicated) chromosomes (not replicated)

Q How does anaphase | of meiosis differ from anaphase of mitosis?
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27. Distinguish between somatic and reproductive cell division
and explain the importance of each.

28. What is the significance of interphase?

29. Outline the major events of each stage of the mitotic phase of
the cell cycle.

30. How are apoptosis and necrosis similar? How do they differ?
31. How are haploid and diploid cells different?

32. What are homologous chromosomes?

3.8 | Cellular Diversity

OBJECTIVE

« Describe how cells differ in size and shape.

Cells vary considerably in size. The sizes of cells are measured in units
called micrometers (mi-KROM-i-ters). One micrometer (um) is equal to
1 one-millionth of a meter, or 107® m (1/25,000 of an inch). High-
powered microscopes are needed to see the smallest cells of the
body. The largest cell, a single oocyte, has a diameter of about 140 um
and is barely visible to the unaided eye. Ared blood cell has a diameter
of 8 um. To better visualize this, an average hair from the top of your
head is approximately 100 um in diameter.

The shapes of cells also vary considerably (Figure 3.35). They
may be round, oval, flat, cube-shaped, column-shaped, elongated,
star-shaped, cylindrical, or disc-shaped. A cell’s shape is related to its
function in the body. For example, a sperm cell has a long whiplike tail
(flagellum) that it uses for locomotion. Sperm cells are the only male
cells required to move considerable distances. The disc shape of a red
blood cell gives it a large surface area that enhances its ability to pass
oxygen to other cells. The long, spindle shape of a relaxed smooth
muscle cell shortens as it contracts. This change in shape allows
groups of smooth muscle cells to narrow or widen the passage for
blood flowing through blood vessels. In this way, they regulate blood
flow through various tissues. Recall that some cells contain microvilli,
which greatly increase their surface area. Microvilli are common in the
epithelial cells that line the small intestine, where the large surface
area speeds the absorption of digested food. Nerve cells have long
extensions that permit them to conduct nerve impulses over great
distances. As you will see in the following chapters, cellular diversity
also permits organization of cells into more complex tissues and
organs.

33. How is cell shape related to function? Give several of your own
examples.
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m Diverse shapes and sizes of human cells. The relative
difference in size between the smallest and largest cells is actually much
greater than shown here.

The nearly 100 trillion cells in an average adult human can be classified
into about 200 different cell types.

T

Sperm cell

Smooth muscle cell

s || |

Epithelial cell

Red blood cell

Nerve cell

Q Why are sperm the only body cells that need to have a
flagellum?

39 | Aging and Cells

OBJECTIVE

« Describe the cellular changes that occur with aging.

Aging is a normal process accompanied by a progressive alteration of
the body’s homeostatic adaptive responses. It produces observable
changes in structure and function and increases vulnerability to envi-
ronmental stress and disease. The specialized branch of medicine
that deals with the medical problems and care of elderly persons is
geriatrics (jer’-é-AT-riks; ger- = old age; -iatrics = medicine). Geron-
tology (jer’-on-TOL-0-jé) is the scientific study of the process and
problems associated with aging.

Although many millions of new cells normally are produced each
minute, several kinds of cells in the body—including skeletal muscle
cells and nerve cells—do not divide because they are arrested
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permanently in the G, phase (see the discussion of interphase earlier
in the chapter). Experiments have shown that many other cell types
have only a limited capability to divide. Normal cells grown outside
the body divide only a certain number of times and then stop. These
observations suggest that cessation of mitosis is a normal, genetically
programmed event. According to this view, “aging genes” are part of
the genetic blueprint at birth. These genes have an important func-
tion in normal cells, but their activities slow over time. They bring
about aging by slowing down or halting processes vital to life.

Another aspect of aging involves telomeres (TE-16-mérz),
specific DNA sequences found only at the tips of each chromosome.
These pieces of DNA protect the tips of chromosomes from erosion
and from sticking to one another. However, in most normal body
cells each cycle of cell division shortens the telomeres. Eventually,
after many cycles of cell division, the telomeres can be completely
gone and even some of the functional chromosomal material may
be lost. These observations suggest that erosion of DNA from the tips
of our chromosomes contributes greatly to aging and death of cells.
Individuals who experience high levels of stress have significantly
shorter telomere length.

Glucose, the most abundant sugar in the body, plays a role in the
aging process. It is haphazardly added to proteins inside and outside
cells, forming irreversible cross-links between adjacent protein mole-
cules. With advancing age, more cross-links form, which contributes
to the stiffening and loss of elasticity that occur in aging tissues.

Some theories of aging explain the process at the cellular level,
while others concentrate on regulatory mechanisms operating within
the entire organism. For example, the immune system may start to

Disorders: Homeostatic Imbalances

Most chapters in the text are followed by concise discussions of major
diseases and disorders that illustrate departures from normal homeo-
stasis. These discussions provide answers to many questions that you
might ask about medical problems.

Cancer

Cancer is a group of diseases characterized by uncontrolled or
abnormal cell division. When cells in a part of the body divide with-
out control, the excess tissue that develops is called a tumor or neo-
plasm (NE-6-plazm; neo- = new). The study of tumors is called
oncology (on-KOL-6-jé; onco- = swelling or mass). Tumors may be
cancerous and often fatal, or they may be harmless. A cancerous neo-
plasm is called a malignant tumor (ma-LIG-nant) or malignancy.
One property of most malignant tumors is their ability to undergo
metastasis (me-TAS-ta-sis), the spread of cancerous cells to other
parts of the body. A benign tumor (be-NiN) is a neoplasm that does
not metastasize. An example is a wart. Most benign tumors may be
removed surgically if they interfere with normal body function or
become disfiguring. Some benign tumors can be inoperable and per-
haps fatal.

i Clinical Connection

Free Radicals and Antioxidants

Free radicals produce oxidative damage in lipids, proteins, or nucleic
acids by “stealing” an electron to accompany their unpaired electrons.
Some effects are wrinkled skin, stiff joints, and hardened arteries. Normal
metabolism—for example, aerobic cellular respiration in mitochondria—
produces some free radicals. Others are present in air pollution, radiation,
and certain foods we eat. Naturally occurring enzymes in peroxisomes and
in the cytosol normally dispose of free radicals. Certain dietary substances,
such as vitamin E, vitamin C, beta-carotene, zinc, and selenium, are
referred to as antioxidants because they inhibit the formation of free
radicals.

attack the body’s own cells. This autoimmune response might be
caused by changes in cell-identity markers at the surface of cells that
cause antibodies to attach to and mark the cell for destruction. As
changes in the proteins on the plasma membrane of cells increase,
the autoimmune response intensifies, producing the well-known
signs of aging. In the chapters that follow, we will discuss the effects of
aging on each body system in sections similar to this one.

34. What is one reason that some tissues become stiffer as
they age?

Types of Cancer

The name of a cancer is derived from the type of tissue in which it
develops. Most human cancers are carcinomas (kar-si-No-maz; carcin =
cancer; -omas = tumors), malignant tumors that arise from epithelial
cells. Melanomas (mel-a-NO-maz; melan- = black), for example, are
cancerous growths of melanocytes, skin epithelial cells that produce
the pigment melanin. Sarcoma (sar-KO-ma; sarc- = flesh) is a general
term for any cancer arising from muscle cells or connective tissues. For
example, osteogenic sarcoma (osteo- = bone; -genic = origin), the
most frequent type of childhood cancer, destroys normal bone tissue.
Leukemia (loo-KE-mé-a; leuk- = white; -emia = blood) is a cancer of
blood-forming organs characterized by rapid growth of abnormal leu-
kocytes (white blood cells). Lymphoma (lim-FO-ma) is a malignant
disease of lymphatic tissue—for example, of lymph nodes.

Growth and Spread of Cancer

Cells of malignant tumors duplicate rapidly and continuously. As malig-
nant cells invade surrounding tissues, they often trigger angiogenesis
(an’-jé-o--JEN-e-sis), the growth of new networks of blood vessels.
Proteins that stimulate angiogenesis in tumors are called tumor angio-
genesis factors (TAFs). The formation of new blood vessels can occur
either by overproduction of TAFs or by the lack of naturally occurring
angiogenesis inhibitors. As the cancer grows, it begins to compete with



normal tissues for space and nutrients. Eventually, the normal tissue
decreases in size and dies. Some malignant cells may detach from the
initial (primary) tumor and invade a body cavity or enter the blood or
lymph, then circulate to and invade other body tissues, establishing
secondary tumors. Malignant cells resist the antitumor defenses of the
body. The pain associated with cancer develops when the tumor
presses on nerves or blocks a passageway in an organ so that secre-
tions build up pressure, or as a result of dying tissue or organs.

Causes of Cancer

Several factors may trigger a normal cell to lose control and become
cancerous.

Carcinogens One cause is environmental agents: substances in
the air we breathe, the water we drink, and the food we eat. A chemical
agent or radiation that produces cancer is called a carcinogen (car-SIN-o-
jen). Carcinogens induce mutations (mi-TA-shuns), permanent changes
in the DNA base sequence of a gene. The World Health Organization esti-
mates that carcinogens are associated with 60-90% of all human can-
cers. Examples of carcinogens are hydrocarbons found in cigarette tar,
radon gas from the earth, and ultraviolet (UV) radiation in sunlight.

Oncogenes Intensive research efforts are directed toward study-
ing cancer-causing genes, or oncogenes (ON-ko-jénz). When inappropri-
ately activated, these genes have the ability to transform a normal cell
into a cancerous cell. Most oncogenes derive from normal genes called
proto-oncogenes that regulate growth and development. The proto-
oncogene undergoes some change that causes it (1) to be expressed
inappropriately, (2) to make its products in excessive amounts, or (3) to
make its products at the wrong time. Some oncogenes cause excessive
production of growth factors, chemicals that stimulate cell growth.
Others may trigger changes in a cell-surface receptor, causing it to send
signals as though it were being activated by a growth factor. As a result,
the growth pattern of the cell becomes abnormal.

Proto-oncogenes in every cell carry out normal cellular functions
untila malignant change occurs. It appears that some proto-oncogenes
are activated to oncogenes by mutations in which the DNA of the proto-
oncogene is altered. Other proto-oncogenes are activated by a rear-
rangementofthe chromosomessothatsegments of DNAareexchanged.
Rearrangement activates proto-oncogenes by placing them near genes
that enhance their activity.

Oncogenic Viruses Some cancers have a viral origin. Viruses
are tiny packages of nucleic acids, either RNA or DNA, that can repro-
duce only while inside the cells they infect. Some viruses, termed
oncogenic viruses, cause cancer by stimulating abnormal prolifera-
tion of cells. For instance, the human papillomavirus (HPV) causes
virtually all cervical cancers in women. The virus produces a protein
that causes proteasomes to destroy p53, a protein that normally sup-
presses unregulated cell division. In the absence of this suppressor
protein, cells proliferate without control.

Some studies suggest that certain cancers may be linked to a cell
having abnormal numbers of chromosomes. As a result, the cell could
potentially have extra copies of oncogenes or too few copies of tumor-
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suppressor genes, which in either case could lead to uncontrolled cell
proliferation. There is also evidence suggesting that cancer may be
caused by normal stem cells that develop into cancerous stem cells
capable of forming malignant tumors.

Later in the book, we will discuss the process of inflammation,
which is a defensive response to tissue damage. It appears that
inflammation contributes to various steps in the development of can-
cer. Some evidence suggests that chronic inflammation stimulates the
proliferation of mutated cells and enhances their survival, promotes
angiogenesis, and contributes to invasion and metastasis of cancer
cells. There is a clear relationship between certain chronic inflamma-
tory conditions and the transformation of inflamed tissue into a malig-
nant tissue. For example, chronic gastritis (inflammation of the stom-
ach lining) and peptic ulcers may be a causative factor in 60-90% of
stomach cancers. Chronic hepatitis (inflammation of the liver) and cir-
rhosis of the liver are believed to be responsible for about 80% of liver
cancers. Colorectal cancer is 10 times more likely to occur in patients
with chronic inflammatory diseases of the colon, such as ulcerative co-
litis and Crohn’s disease. And the relationship between asbestosis and
silicosis, two chronic lung inflammatory conditions, and lung cancer
has long been recognized. Chronic inflammation is also an underlying
contributor to rheumatoid arthritis, Alzheimer’s disease, depression,
schizophrenia, cardiovascular disease, and diabetes.

Carcinogenesis: A Multistep Process

Carcinogenesis (kar’-si-n6-JEN-e-sis) is a multistep process of cancer
development in which as many as 10 distinct mutations may have to
accumulate in a cell before it becomes cancerous. The progression of
genetic changes leading to cancer is best understood for colon (colo-
rectal) cancer. Such cancers, as well as lung and breast cancer, take
years or decades to develop. In colon cancer, the tumor begins as an
area of increased cell proliferation that results from one mutation.
This growth then progresses to abnormal, but noncancerous, growths
called adenomas. After two or three additional mutations, a mutation
of the tumor-suppressor gene p53 occurs and a carcinoma develops.
The fact that so many mutations are needed for a cancer to develop
indicates that cell growth is normally controlled with many sets of
checks and balances. Thus, it is not surprising that a compromised
immune system contributes significantly to carcinogenesis.

Treatment of Cancer

Many cancers are removed surgically. However, cancer that is widely
distributed throughout the body or exists in organs with essential
functions, such as the brain, which might be greatly harmed by sur-
gery, may be treated with chemotherapy and radiation therapy
instead. Sometimes surgery, chemotherapy, and radiation therapy
are used in combination. Chemotherapy involves administering drugs
that cause death of cancerous cells. Radiation therapy breaks chro-
mosomes, thus blocking cell division. Because cancerous cells divide
rapidly, they are more vulnerable to the destructive effects of chemo-
therapy and radiation therapy than are normal cells. Unfortunately
for the patients, hair follicle cells, red bone marrow cells, and cells
lining the gastrointestinal tract also are rapidly dividing. Hence, the
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side effects of chemotherapy and radiation therapy include hair loss
due to death of hair follicle cells, vomiting and nausea due to death of
cells lining the stomach and intestines, and susceptibility to infection
due to slowed production of white blood cells in red bone marrow.
Treating cancer is difficult because it is not a single disease and
because the cells in a single tumor population rarely behave all in the
same way. Although most cancers are thought to derive from a single
abnormal cell, by the time a tumor reaches a clinically detectable size,
it may contain a diverse population of abnormal cells. For example,
some cancerous cells metastasize readily, and others do not. Some are
sensitive to chemotherapy drugs and some are drug-resistant. Because
of differences in drug resistance, a single chemotherapeutic agent may
destroy susceptible cells but permit resistant cells to proliferate.

Medical Terminology

Most chapters in this text are followed by a glossary of key medical
terms that include both normal and pathological conditions. You should
familiarize yourself with these terms because they will play an essential
role in your medical vocabulary.

Some of these conditions, as well as ones discussed in the text, are
referred to as local or systemic. A local disease is one that affects one part
or a limited area of the body. A systemic disease affects the entire body or
several parts.

Anaplasia (an’-a-PLA-zé-a; an- = not; -plasia = to shape) The loss of tissue
differentiation and function that is characteristic of most malignancies.
Atrophy (AT-ro-fé; a- = without; -trophy = nourishment) A decrease in the
size of cells, with a subsequent decrease in the size of the affected tissue
or organ; wasting away.

Dysplasia (dis-PLA-z&-a; dys- = abnormal) Alteration in the size, shape,
and organization of cells due to chronic irritation or inflammation; may
progress to neoplasia (tumor formation, usually malignant) or revert to
normal if the irritation is removed.

Chapter Review

Review

1. A cellis the basic, living, structural and functional unit of the body.

2. Cell biology is the scientific study of cellular structure and function.

3.1 Parts of a Cell
1. Figure 3.1 provides an overview of the typical structures in body cells.

2. The principal parts of a cell are the plasma membrane; the cytoplasm, the
cellular contents between the plasma membrane and nucleus; and the nucleus.

3.2 The Plasma Membrane

1. The plasma membrane, which surrounds and contains the cytoplasm of a
cell, is composed of proteins and lipids.

2. According to the fluid mosaic model, the membrane is a mosaic of proteins
floating like icebergs in a lipid bilayer sea.

Another potential treatment for cancer that is currently under de-
velopment is virotherapy, the use of viruses to kill cancer cells. The
viruses employed in this strategy are designed so that they specifi-
cally target cancer cells without affecting the healthy cells of the body.
For example, proteins (such as antibodies) that specifically bind to
receptors found only in cancer cells are attached to viruses. Once
inside the body, the viruses bind to cancer cells and then infect them.
The cancer cells are eventually killed once the viruses cause cellular
lysis.

Researchers are also investigating the role of metastasis regula-
tory genes that control the ability of cancer cells to undergo metastasis.
Scientists hope to develop therapeutic drugs that can manipulate
these genes and, therefore, block metastasis of cancer cells.

Hyperplasia (hi-per-PLA-zé-a; hyper- = over) Increase in the number of
cells of a tissue due to an increase in the frequency of cell division.

Hypertrophy (hi-PER-tro-fé) Increase in the size of cells without cell division.

Metaplasia (met’-a-PLA-zé-a; meta- = change) The transformation of one
type of cell into another.

Progeny (PROJ-e-né; pro- = forward; -geny = production) Offspring or
descendants.

Proteomics (pro’-té-O-miks; proteo- = protein) The study of the pro-
teome (all of an organism’s proteins) in order to identify all of the proteins
produced; it involves determining the three-dimensional structure of pro-
teins so that drugs can be designed to alter protein activity to help in the
treatment and diagnosis of disease.

Tumor marker A substance introduced into circulation by tumor cells
that indicates the presence of a tumor, as well as the specific type. Tumor
markers may be used to screen, diagnose, make a prognosis, evaluate a
response to treatment, and monitor for recurrence of cancer.

3. The lipid bilayer consists of two back-to-back layers of phospholipids, cho-
lesterol, and glycolipids. The bilayer arrangement occurs because the lipids
are amphipathic, having both polar and nonpolar parts.

4. Integral proteins extend into or through the lipid bilayer; peripheral pro-
teins associate with membrane lipids or integral proteins at the inner or outer
surface of the membrane.

5. Many integral proteins are glycoproteins, with sugar groups attached to the
ends that face the extracellular fluid. Together with glycolipids, the glycopro-
teins form a glycocalyx on the extracellular surface of cells.

6. Membrane proteins have a variety of functions. Integral proteins are channels
and carriers that help specific solutes cross the membrane; receptors that serve
as cellular recognition sites; enzymes that catalyze specific chemical reactions;
and linkers that anchor proteins in the plasma membranes to protein filaments
inside and outside the cell. Peripheral proteins serve as enzymes and linkers;
support the plasma membrane; anchor integral proteins; and participate in me-
chanical activities. Membrane glycoproteins function as cell-identity markers.



7. Membrane fluidity is greater when there are more double bonds in the fatty
acid tails of the lipids that make up the bilayer. Cholesterol makes the lipid
bilayer stronger but less fluid at normal body temperature. Its fluidity allows
interactions to occur within the plasma membrane, enables the movement of
membrane components, and permits the lipid bilayer to self-seal when torn
or punctured.

8. The membrane’s selective permeability permits some substances to pass
more readily than others. The lipid bilayer is permeable to most nonpolar,
uncharged molecules. It isimpermeable to ions and charged or polar mole-
cules other than water and urea. Channels and carriers increase the plasma
membrane’s permeability to small and medium-sized polar and charged
substances, including ions, that cannot cross the lipid bilayer.

9. The selective permeability of the plasma membrane supports the existence
of concentration gradients, differences in the concentrations of chemicals
between one side of the membrane and the other.

3.3 Transport across the Plasma Membrane

1. In passive processes, a substance moves down its concentration gradient
across the membrane using its own kinetic energy of motion. In active pro-
cesses, cellular energy is used to drive the substance “uphill” against its con-
centration gradient.

2. In diffusion, molecules or ions move from an area of higher concentration
to an area of lower concentration until an equilibrium is reached. The rate of
diffusion across a plasma membrane is affected by the steepness of the con-
centration gradient, temperature, mass of the diffusing substance, surface
area available for diffusion, and the distance over which diffusion must occur.

3. Nonpolar, hydrophobic molecules such as oxygen, carbon dioxide, nitrogen,
steroids, and fat-soluble vitamins (A, E, D, and K) plus small, polar, uncharged
molecules such as water, urea, and small alcohols diffuse through the lipid
bilayer of the plasma membrane via simple diffusion.

4. In channel-mediated facilitated diffusion, a solute moves down its concen-
tration gradient across the lipid bilayer through a membrane channel. Exam-
plesinclude ion channels that allow specificions such as K*, Cl7,Na™, or Ca?*
(which are too hydrophilic to penetrate the membrane’s nonpolar interior)
to move across the plasma membrane. In carrier-mediated facilitated diffu-
sion, a solute such as glucose binds to a specific carrier protein on one side of
the membrane and is released on the other side after the carrier undergoes a
change in shape.

5. Osmosis is a type of diffusion in which there is net movement of water
through a selectively permeable membrane from an area of higher water con-
centration to an area of lower water concentration. In an isotonic solution, red
blood cells maintain their normal shape; in a hypotonic solution, they swell
and undergo hemolysis; in a hypertonic solution, they shrink and undergo
crenation.

6. Substances can cross the membrane against their concentration gradient
by active transport. Actively transported substances include ions such as Na™,
K*,H", Ca?", 17, and Cl™; amino acids; and monosaccharides. Two sources of
energy drive active transport: Energy obtained from hydrolysis of ATP is the
source in primary active transport, and energy stored inaNa™ or H* concentra-
tion gradient is the source in secondary active transport. The most prevalent
primary active transport pump is the sodium-potassium pump, also known as
Na®*-K* ATPase. Secondary active transport mechanisms include both sym-
porters and antiporters that are powered by either a Na*™ or H* concentration
gradient. Symporters move two substances in the same direction across the
membrane; antiporters move two substances in opposite directions.

7. In endocytosis, tiny vesicles detach from the plasma membrane to move
materials across the membrane into a cell; in exocytosis, vesicles merge with
the plasma membrane to move materials out of a cell. Receptor-mediated
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endocytosis is the selective uptake of large molecules and particles (ligands)
that bind to specific receptors in membrane areas called clathrin-coated pits.
In bulk-phase endocytosis (pinocytosis), the ingestion of extracellular fluid, a
vesicle surrounds the fluid to take it into the cell.

8. Phagocytosis is the ingestion of solid particles. Some white blood cells de-
stroy microbes that enter the body in this way.

9. In transcytosis, vesicles undergo endocytosis on one side of a cell, move
across the cell, and undergo exocytosis on the opposite side.

3.4 Cytoplasm

1. Cytoplasm—all the cellular contents within the plasma membrane except
for the nucleus—consists of cytosol and organelles. Cytosol is the fluid por-
tion of cytoplasm, containing water, ions, glucose, amino acids, fatty acids,
proteins, lipids, ATP, and waste products. It is the site of many chemical reac-
tions required for a cell’s existence. Organelles are specialized structures with
characteristic shapes that have specific functions.

2. Components of the cytoskeleton, a network of several kinds of protein fila-
ments that extend throughout the cytoplasm, include microfilaments, inter-
mediate filaments, and microtubules. The cytoskeleton provides a structural
framework for the cell and is responsible for cell movements.

3. The centrosome consists of the pericentriolar matrix and a pair of centri-
oles. The pericentriolar matrix organizes microtubules in nondividing cells
and the mitotic spindle in dividing cells.

4, Cilia and flagella, motile projections of the cell surface, are formed by basal
bodies. Cilia move fluid along the cell surface; flagella move an entire cell.

5. Ribosomes consist of two subunits made in the nucleus that are composed
of ribosomal RNA and ribosomal proteins. They serve as sites of protein
synthesis.

6. Endoplasmic reticulum (ER) is a network of membranes that form flat-
tened sacs or tubules; it extends from the nuclear envelope throughout the
cytoplasm. Rough ER is studded with ribosomes that synthesize proteins; the
proteins then enter the space within the ER for processing and sorting. Rough
ER produces secretory proteins, membrane proteins, and organelle proteins;
forms glycoproteins; synthesizes phospholipids; and attaches proteins to
phospholipids. Smooth ER lacks ribosomes. It synthesizes fatty acids and ster-
oids; inactivates or detoxifies drugs and other potentially harmful substances;
removes phosphate from glucose-6-phosphate; and releases calcium ions
that trigger contraction in muscle cells.

7. The Golgi complex consists of flattened sacs called cisterns. The entry,
medial, and exit regions of the Golgi complex contain different enzymes that
permit each to modify, sort, and package proteins for transport in secretory
vesicles, membrane vesicles, or transport vesicles to different cellular desti-
nations.

8. Lysosomes are membrane-enclosed vesicles that contain digestive
enzymes. Endosomes, phagosomes, and pinocytic vesicles deliver materials
to lysosomes for degradation. Lysosomes function in digestion of worn-out
organelles (autophagy), digestion of a host cell (autolysis), and extracellular
digestion.

9. Peroxisomes contain oxidases that oxidize amino acids, fatty acids, and
toxic substances; the hydrogen peroxide produced in the process is destroyed
by catalase. The proteases contained in proteasomes, another kind of orga-
nelle, continually degrade unneeded, damaged, or faulty proteins by cutting
them into small peptides.

10. Mitochondria consist of a smooth external mitochondrial membrane,
an internal mitochondrial membrane containing mitochondrial cristae, and
a fluid-filled cavity called the mitochondrial matrix. These so-called power-
houses of the cell produce most of a cell’s ATP and can play an important early
role in apoptosis.
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3.5 Nucleus

1. The nucleus consists of a double nuclear envelope; nuclear pores, which
control the movement of substances between the nucleus and cytoplasm;
nucleoli, which produce ribosomes; and genes arranged on chromosomes,
which control cellular structure and direct cellular activities.

2. Human somatic cells have 46 chromosomes, 23 inherited from each
parent. The total genetic information carried in a cell or an organism is its
genome.

3.6 Protein Synthesis

1. Cells make proteins by transcribing and translating the genetic information
contained in DNA.

2. The genetic code isthe set of rules that relates the base triplet sequences
of DNA to the corresponding codons of RNA and the amino acids they
specify.

3. In transcription, the genetic information in the sequence of base triplets
in DNA serves as a template for copying the information into a complemen-
tary sequence of codons in messenger RNA. Transcription begins on DNA in a
region called a promoter. Regions of DNA that code for protein synthesis are
called exons; those that do not are called introns.

4. Newly synthesized pre-mRNA is modified before leaving the nucleus.

5. In the process of translation, the nucleotide sequence of mRNA specifies
the amino acid sequence of a protein. The mRNA binds to a ribosome, specific
amino acids attach to tRNA, and anticodons of tRNA bind to codons of mRNA,
bringing specific amino acids into position on a growing polypeptide. Transla-
tion begins at the start codon and ends at the stop codon.

3.7 Cell Division

1. Cell division, the process by which cells reproduce themselves, consists of
nuclear division (mitosis or meiosis) and cytoplasmic division (cytokinesis).
Cell division that replaces cells or adds new ones is called somatic cell division
and involves mitosis and cytokinesis. Cell division that results in the produc-
tion of gametes (sperm and ova) is called reproductive cell division and con-
sists of meiosis and cytokinesis.

2. The cell cycle, an orderly sequence of events in which a somatic cell du-
plicates its contents and divides in two, consists of interphase and a mitotic
phase. Human somatic cells contain 23 pairs of homologous chromosomes
and are thus diploid (2n). Before the mitotic phase, the DNA molecules, or
chromosomes, replicate themselves so that identical sets of chromosomes
can be passed on to the next generation of cells.

3. Acell between divisions that is carrying on every life process except division
is said to be in interphase, which consists of three phases: G,, S, and G,. During

Critical Thinking Questions

1. Mucin is a protein present in saliva and other secretions. When mixed with
water, it becomes the slippery substance known as mucus. Trace the route
taken by mucin through the cell, from its synthesis to its secretion, listing all
organelles and processes involved.

2. Sam does not consume alcohol, whereas his brother Sebastian regularly
drinks large quantities of alcohol. If we could examine the liver cells of each

the G, phase, the cell replicates its organelles and cytosolic components, and
centrosome replication begins; during the S phase, DNA replication occurs;
during the G, phase, enzymes and other proteins are synthesized and centro-
some replication is completed.

4. Mitosis is the splitting of the chromosomes and the distribution of two iden-
tical sets of chromosomes into separate and equal nuclei; it consists of pro-
phase, metaphase, anaphase, and telophase.

5. In cytokinesis, which usually begins in late anaphase and ends once mi-
tosis is complete, a cleavage furrow forms at the cell’s metaphase plate and
progresses inward, pinching in through the cell to form two separate portions
of cytoplasm.

6. A cell can either remain alive and functioning without dividing, grow and
divide, or die. The control of cell division depends on specific cyclin-dependent
protein kinases and cyclins.

7. Apoptosis is normal, programmed cell death. It first occurs during
embryological development and continues throughout the lifetime of an
organism.

8. Certain genes regulate both cell division and apoptosis. Abnormalities in
these genes are associated with a wide variety of diseases and disorders.

9. In sexual reproduction each new organism is the result of the union of two
different gametes, one from each parent. Gametes contain a single set of chro-
mosomes (23) and thus are haploid (n).

10. Meiosis is the process that produces haploid gametes; it consists of two
successive nuclear divisions, called meiosis | and meiosis Il. During meiosis |,
homologous chromosomes undergo synapsis (pairing) and crossing-over; the
net result is two haploid cells that are genetically unlike each other and un-
like the starting diploid parent cell that produced them. During meiosis II, two
haploid cells divide to form four haploid cells.

3.8 Cellular Diversity

1. The sizes of cells are measured in micrometers. One micrometer (um)
equals 107°m (1/25,000 of an inch). Cells in the human body range in size from
8 ym to 140 um.

2. A cell’s shape is related to its function.

3.9 Aging and Cells

1. Aging is a normal process accompanied by progressive alteration of the
body’s homeostatic adaptive responses.

2. Many theories of aging have been proposed, including genetically pro-
grammed cessation of cell division, buildup of free radicals, and an intensified
autoimmune response.

of these brothers, would we see a difference in smooth ER and peroxisomes?
Explain.

3. Marathon runners can become dehydrated due to the extreme physical ac-
tivity. What types of fluids should they consume in order to rehydrate their
cells?



Answers to Figure Questions

3.1 The three main parts of a cell are the plasma membrane, cytoplasm,
and nucleus.

3.2 The glycocalyx is the sugary coat on the extracellular surface of the plasma
membrane. It is composed of the carbohydrate portions of membrane gly-
colipids and glycoproteins.

3.3 The membrane protein that binds to insulin acts as a receptor.

3.4 Because fever involves an increase in body temperature, the rates of all
diffusion processes would increase.

3.5 Nonpolar, hydrophobic molecules (oxygen, carbon dioxide, and nitrogen
gases; fatty acids; steroids; and fat-soluble vitamins) plus small, uncharged
polar molecules (water, urea, and small alcohols) move across the lipid bilayer
of the plasma membrane through the process of simple diffusion.

3.6 The concentration of K* is higher in the cytosol of body cells than in extra-
cellular fluids.

3.7 Yes. Insulin promotes insertion of glucose transporter (GluT) in the plasma
membrane, which increases cellular glucose uptake by carrier-mediated fa-
cilitated diffusion.

3.8 No. The water concentrations can never be the same in the two arms be-
cause the left arm contains pure water and the right arm contains a solution
that is less than 100% water.

3.9 A2% solution of NaCl will cause crenation of RBCs because it is hypertonic.

3.10 ATP adds a phosphate group to the pump protein, which changes the
pump’s three-dimensional shape. ATP transfers energy to power the pump.

3.11 In secondary active transport, hydrolysis of ATP is used indirectly to drive
the activity of symporter or antiporter proteins; this reaction directly powers
the pump protein in primary active transport.

3.12 Transferrin, vitamins, and hormones are other examples of ligands that
can undergo receptor-mediated endocytosis.

3.13 The binding of particles to a plasma membrane receptor triggers pseu-
dopod formation.

3.14 Receptor-mediated endocytosis and phagocytosis involve receptor pro-
teins; bulk-phase endocytosis does not.

3.15 Microtubules help to form centrioles, cilia, and flagella.
3.16 A cell without a centrosome probably would not be able to undergo cell
division.

3.17 Cilia move fluids across cell surfaces; flagella move an entire cell.
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3.18 Large and small ribosomal subunits are synthesized separately in the
nucleolus within the nucleus, and are then assembled in the cytoplasm.

3.19 Rough ER has attached ribosomes; smooth ER does not. Rough ER syn-
thesizes proteins that will be exported from the cell; smooth ER is associated
with lipid synthesis and other metabolic reactions.

3.20 The entry face receives and modifies proteins from rough ER; the exit face
modifies, sorts, and packages molecules for transport to other destinations.

3.21 Some proteins are secreted from the cell by exocytosis, some are incor-
porated into the plasma membrane, and some occupy storage vesicles that
become lysosomes.

3.22 Digestion of worn-out organelles by lysosomes is called autophagy.

3.23 Mitochondrial cristae increase the surface area available for chemical
reactions and contain some of the enzymes needed for ATP production.

3.24 Chromatin is a complex of DNA, proteins, and some RNA.

3.25 A nucleosome is a double-stranded molecule of DNA wrapped twice
around a core of eight histones (proteins).

3.26 Proteins determine the physical and chemical characteristics of cells.

3.27 The DNA base sequence AGCT would be transcribed into the mRNA base
sequence UCGA by RNA polymerase.

3.28 The P site holds the tRNA attached to the growing polypeptide. The A
site holds the tRNA carrying the next amino acid to be added to the growing
polypeptide.

3.29 When a ribosome encounters a stop codon at the A site, it releases the
completed protein from the final tRNA.

3.30 DNA replicates during the S phase of interphase of the cell cycle.

3.31 DNA replication must occur before cytokinesis so that each of the new
cells will have a complete genome.

3.32 Cytokinesis usually starts in late anaphase.

3.33 The result of crossing-over is that four haploid gametes are genetically
unlike each other and genetically unlike the starting cell that produced them.

3.34 During anaphase | of meiosis, the paired chromatids are held together
by a centromere and do not separate. During anaphase of mitosis, the paired
chromatids separate and the centromeres split.

3.35 Sperm, which use the flagella for locomotion, are the only body cells
required to move considerable distances.



CHAPTER 4

The Tissue Level
of Organization

Tissues and Homeostasis

to name just a few.

The four basic types of tissues in the human body contribute to homeostasis by providing diverse
functions including protection, support, communication among cells, and resistance to disease,

As you learned in Chapter 3, a cell is a complex collection of
compartments, each of which carries out a host of biochemical reactions
that make life possible. However, a cell seldom functions as an isolated
unit in the body. Instead, cells usually work together in groups called
tissues. The structure and properties of a specific tissue are influenced
by factors such as the nature of the extracellular material that surrounds
the tissue cells and the connections between the cells that compose the
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tissue. Tissues may be hard, semisolid, or even liquid in their consistency,
a range exemplified by bone, fat, and blood. In addition, tissues vary
tremendously with respect to the kinds of cells present, how the cells are
arranged, and the type of extracellular material.

Q Did you ever wonder whether the complications of
liposuction outweigh the benefits?



a1 | Types of Tissues

OBJECTIVE

« Name the four basic types of tissues that make up the human body,
and state the characteristics of each.

A tissue is a group of cells that usually have a common origin in an
embryo and function together to carry out specialized activities.
Histology (his’-TOL-0-j€; histo- = tissue; -logy = study of) is the sci-
ence that deals with the study of tissues. A pathologist (pa-THOL-0-
jist; patho- = disease) is a physician who examines cells and tissues to
help other physicians make accurate diagnoses. One of the principal
functions of a pathologist is to examine tissues for any changes that
might indicate disease.

Body tissues can be classified into four basic types according to
their structure and function (Figure 4.1):

1. Epithelial tissue covers body surfaces and lines hollow organs,
body cavities, and ducts; it also forms glands. This tissue allows the
body to interact with both its internal and external environments.

2. Connective tissue protects and supports the body and its organs.
Various types of connective tissues bind organs together, store
energy reserves as fat, and help provide the body with immunity to
disease-causing organisms.

3. Muscular tissue is composed of cells specialized for contraction
and generation of force. In the process, muscular tissue generates
heat that warms the body.

4. Nervous tissue detects changes in a variety of conditions inside
and outside the body and responds by generating electrical signals
called nerve action potentials (nerve impulses) that activate mus-
cular contractions and glandular secretions.

Epithelial tissue and most types of connective tissue, except car-
tilage, bone, and blood, are more general in nature and have a wide

m Types of tissues.
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distribution in the body. These tissues are components of most body
organs and have a wide range of structures and functions. We will
look at epithelial tissue and connective tissue in some detail in this
chapter. The general features of bone tissue and blood will be intro-
duced here, but their detailed discussion is presented in Chapters 6
and 19, respectively. Similarly, the structure and function of muscular
tissue and nervous tissue are introduced here and examined in detail
in Chapters 10 and 12, respectively.

Normally, most cells within a tissue remain anchored to other
cells or structures. Only a few cells, such as phagocytes, move freely
through the body, searching for invaders to destroy. However, many
cells migrate extensively during the growth and development process
before birth.

1 Clinical Connection

Biopsy

A biopsy (BI-op-sé&; bio- = life; -opsy = to view) is the removal of a sample
of living tissue for microscopic examination. This procedure is used to help
diagnose many disorders, especially cancer, and to discover the cause of
unexplained infections and inflammations. Both normal and potentially
diseased tissues are removed for purposes of comparison. Once the tissue
samples are removed, either surgically or through a needle and syringe,
they may be preserved, stained to highlight special properties, or cut into
thin sections for microscopic observation. Sometimes a biopsy is conducted
while a patient is anesthetized during surgery to help a physician determine
the most appropriate treatment. For example, if a biopsy of thyroid tissue
reveals malignant cells, the surgeon can proceed immediately with the most
appropriate procedure.

Checkpoint

1. Define atissue.

2. What are the four basic types of human tissues?

distribution.

Each of the four types of tissues has different cells that vary in shape, structure, function, and
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(a) Epithelial tissue

(b) Connective tissue

(c) Muscular tissue (d) Nervous tissue

Q What are some key differences in function among the four tissue types?
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a2 | Cell Junctions

OBJECTIVE

« Describe the structure and functions of the five main types of cell
junctions.

Before looking more specifically at the types of tissues, we will first
examine how cells are held together to form tissues. Most epithelial
cellsand some muscle and nerve cells are tightly joined into functional

m Cell junctions.

Most epithelial cells and some muscle and nerve cells contain cell junctions.

units. Cell junctions are contact points between the plasma mem-
branes of tissue cells. Here we consider the five most important types
of cell junctions: tight junctions, adherens junctions, desmosomes,
hemidesmosomes, and gap junctions (Figure 4.2).

Tight Junctions

Tight junctions consist of weblike strands of transmembrane pro-
teins that fuse together the outer surfaces of adjacent plasma mem-
branes to seal off passageways between adjacent cells (Figure 4.2a).
Cells of epithelial tissue that lines the stomach, intestines, and urinary
bladder have many tight junctions. They inhibit the passage of
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Q Which type of cell junction functions in communication between adjacent cells?



substances between cells and prevent the contents of these organs
from leaking into the blood or surrounding tissues.

Adherens Junctions

Adherens junctions (ad-HER-ens) contain plague (PLAK), a dense
layer of proteins on the inside of the plasma membrane that attaches
both to membrane proteins and to microfilaments of the cytoskele-
ton (Figure 4.2b). Transmembrane glycoproteins called cadherins
join the cells. Each cadherin inserts into the plaque from the opposite
side of the plasma membrane, partially crosses the intercellular space
(the space between the cells), and connects to cadherins of an adja-
cent cell. In epithelial cells, adherens junctions often form extensive
zones called adhesion belts because they encircle the cell similar to
the way a belt encircles your waist. Adherens junctions help epithelial
surfaces resist separation during various contractile activities, as
when food moves through the intestines.

Desmosomes

Like adherens junctions, desmosomes (DEZ-m&-soms; desmo- =
band) contain plaque and have transmembrane glycoproteins (cad-
herins) that extend into the intercellular space between adjacent cell
membranes and attach cells to one another (Figure 4.2c). However,
unlike adherens junctions, the plaque of desmosomes does not attach
to microfilaments. Instead, a desmosome plaque attaches to elements
of the cytoskeleton known as intermediate filaments, which consist
of the protein keratin. The intermediate filaments extend from des-
mosomes on one side of the cell across the cytosol to desmosomes on
the opposite side of the cell. This structural arrangement contributes
to the stability of the cells and tissue. These spot weld-like junctions
are common among the cells that make up the epidermis (the outer-
most layer of the skin) and among cardiac muscle cells in the heart.
Desmosomes prevent epidermal cells from separating under tension
and cardiac muscle cells from pulling apart during contraction.

Hemidesmosomes

Hemidesmosomes (hemi- = half) resemble desmosomes, but they
do not link adjacent cells. The name arises from the fact that they look
like half of a desmosome (Figure 4.2d). However, the transmembrane
glycoproteins in hemidesmosomes are integrins rather than cadher-
ins. On the inside of the plasma membrane, integrins attach to inter-
mediate filaments made of the protein keratin. On the outside of the
plasma membrane, the integrins attach to the protein laminin, which
is present in the basement membrane (discussed shortly). Thus,
hemidesmosomes anchor cells not to each other but to the basement
membrane.

Gap Junctions

At gap junctions, membrane proteins called connexins form tiny
fluid-filled tunnels called connexons that connect neighboring cells
(Figure 4.2e). The plasma membranes of gap junctions are not fused
together as in tight junctions but are separated by a very narrow
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intercellular gap (space). Through the connexons, ions and small mol-
ecules can diffuse from the cytosol of one cell to another, but the pas-
sageof large molecules such asvitalintracellular proteinsis prevented.
The transfer of nutrients, and perhaps wastes, takes place through
gap junctions in avascular tissues such as the lens and cornea of the
eye. Gap junctions allow the cells in a tissue to communicate with one
another. In a developing embryo, some of the chemical and electrical
signals that regulate growth and cell differentiation travel via gap
junctions. Gap junctions also enable nerve or muscle impulses to
spread rapidly among cells, a process that is crucial for the normal
operation of some parts of the nervous system and for the contraction
of muscle in the heart, gastrointestinal tract, and uterus.

3. Which type of cell junction prevents the contents of organs from
leaking into surrounding tissues?

4. Which types of cell junctions are found in epithelial tissue?

a3 | Comparison between
Epithelial and Connective
Tissues
OBJECTIVE

« State the main differences between epithelial and connective tissues.

Before examining epithelial tissue and connective tissue in more
detail, let’s compare these two widely distributed tissues (Figure 4.3).
Major structural differences between an epithelial tissue and a

m Comparison between epithelial tissue and connective tissue.

The ratio of cells to extracellular matrix is a major difference between
epithelial tissue and connective tissue.

Mark Nielsen

(a) Epithelial tissue with many cells
tightly packed together and little to
no extracellular matrix

(b) Connective tissue with a few
scattered cells surrounded by large
amounts of extracellular matrix

Q What relationship between epithelial tissue and connective
tissue is important for the survival and function of
epithelial tissues?

Mark Nielsen
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connective tissue are immediately obvious under a light micro-
scope. The first obvious difference is the number of cells in relation
to the extracellular matrix (the substance between cells). In an epi-
thelial tissue many cells are tightly packed together with little or no
extracellular matrix, whereas in a connective tissue a large amount
of extracellular material separates cells that are usually widely scat-
tered. The second obvious difference is that an epithelial tissue has
no blood vessels, whereas most connective tissues have significant
networks of blood vessels. Another key difference is that epithelial
tissue almost always forms surface layers and is not covered by
another tissue. An exception is the epithelial lining of blood vessels
where blood constantly passes over the epithelium. While these key
structural distinctions account for some of the major functional dif-
ferences between these tissue types, they also lead to a common
bond. Because epithelial tissue lacks blood vessels and forms sur-
faces, it is always found immediately adjacent to blood vessel-rich
connective tissue, which enables it to make the exchanges with
blood necessary for the delivery of oxygen and nutrients and the
removal of wastes that are critical processes for its survival and
function.

5. Why are epithelial and connective tissues found adjacent to
each other?

44 | Epithelial Tissue

OBJECTIVES

« Describe the general features of epithelial tissue.

« List the location, structure, and function of each different type of
epithelial tissue.

An epithelial tissue (ep-i-THE-|é-al) or epithelium (plural is epithelia)
consists of cells arranged in continuous sheets, in either single or mul-
tiple layers. Because the cells are closely packed and are held tightly
together by many cell junctions, there is little intercellular space
between adjacent plasma membranes. Epithelial tissue is arranged in
two general patterns in the body: (1) covering and lining various sur-
faces and (2) forming the secreting portions of glands. Functionally,
epithelial tissue protects, secretes (mucus, hormones, and enzymes),
absorbs (nutrients in the gastrointestinal tract), and excretes (various
substances in the urinary tract).

The various surfaces of covering and lining epithelial cells often
differ in structure and have specialized functions. The apical (free)
surface of an epithelial cell faces the body surface, a body cavity, the
lumen (interior space) of an internal organ, or a tubular duct that
receives cell secretions (Figure 4.4). Apical surfaces may contain cilia
or microvilli. The lateral surfaces of an epithelial cell, which face the
adjacent cells on either side, may contain tight junctions, adherens
junctions, desmosomes, and/or gap junctions. The basal surface of

m Surfaces of epithelial cells and the structure and location
of the basement membrane.

The basement membrane is found between an epithelial tissue and a
connective tissue.

Lateral surfaces
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i Clinical Connection

Basement Membranes and Disease

Under certain conditions, basement membranes become markedly
thickened, due to increased production of collagen and laminin. In
untreated cases of diabetes mellitus, the basement membrane of small
blood vessels (capillaries) thickens, especially in the eyes and kidneys.
Because of this the blood vessels cannot function properly, and blindness
and kidney failure may result.

Q What are the functions of the basement membrane?

an epithelial cell is opposite the apical surface. The basal surfaces of
the deepest layer of epithelial cells adhere to extracellular materials
such as the basement membrane. Hemidesmosomes in the basal
surfaces of the deepest layer of epithelial cells anchor the epithelium
to the basement membrane (described next). In discussing epithelia
with multiple layers, the term apical layer refers to the most superfi-
cial layer of cells, and the basal layer is the deepest layer of cells.
The basement membrane is a thin extracellular layer that com-
monly consists of two layers, the basal lamina and reticular lamina.
The basal lamina (lamina = thin layer) is closer to—and secreted by—
the epithelial cells. It contains proteins such as laminin and collagen
(described shortly), as well as glycoproteins and proteoglycans (also
described shortly). As you have already learned, the laminin mole-
culesin the basallamina adhere to integrins in hemidesmosomes and
thus attach epithelial cells to the basement membrane (see Figure
4.2d). The reticular lamina is closer to the underlying connective tis-
sue and contains proteins such as collagen produced by connective
tissue cells called fibroblasts (see Figure 4.8). In addition to attaching



to and anchoring the epithelium to its underlying connective tissue,
basement membranes have other functions. They form a surface
along which epithelial cells migrate during growth or wound healing,
restrict passage of larger molecules between epithelium and connec-
tive tissue, and participate in filtration of blood in the kidneys.

Epithelial tissue has its own nerve supply but, as mentioned pre-
viously, is avascular (a- = without; -vascular = vessel), relying on the
blood vessels of the adjacent connective tissue to bring nutrients and
remove wastes. Exchange of substances between an epithelial tissue
and connective tissue occurs by diffusion.

Because epithelial tissue forms boundaries between the body’s
organs, or between the body and the external environment, it is re-
peatedly subjected to physical stress and injury. A high rate of cell di-
vision allows epithelial tissue to constantly renew and repair itself by
sloughing off dead or injured cells and replacing them with new ones.
Epithelial tissue has many different roles in the body; the mostimpor-
tant are protection, filtration, secretion, absorption, and excretion. In
addition, epithelial tissue combines with nervous tissue to form
special organs for smell, hearing, vision, and touch.

Epithelial tissue may be divided into two types. (1) Covering and
lining epithelium, also called surface epithelium, forms the outer cov-
ering of the skin and some internal organs. It also forms the inner lining of
blood vessels, ducts, body cavities, and the interior of the respiratory,
digestive, urinary, and reproductive systems. (2) Glandular epithelium
makes up the secreting portion of glands such as the thyroid gland,
adrenal glands, sweat glands, and digestive glands.

Classification of Epithelial Tissue

Types of covering and lining epithelial tissue are classified according to
two characteristics: the arrangement of cells into layers and the shapes
of the cells (Figure 4.5).

1. Arrangement of cells in layers (Figure 4.5). The cells are arranged
in one or more layers depending on function:

a. Simple epithelium is a single layer of cells that functions in dif-
fusion, osmosis, filtration, secretion, or absorption. Secretion
is the production and release of substances such as mucus,
sweat, or enzymes. Absorption is the intake of fluids or other
substances such as digested food from the intestinal tract.
Pseudostratified epithelium (pseudo- = false) appears to have
multiple layers of cells because the cell nuclei lie at different
levels and not all cells reach the apical surface; it is actually a
simple epithelium because all its cells rest on the basement
membrane. Cells that do extend to the apical surface may con-
tain cilia; others (goblet cells) secrete mucus.

c. Stratified epithelium (stratum = layer) consists of two or more
layers of cells that protect underlying tissues in locations where
there is considerable wear and tear.

s

2. Cell shapes (Figure 4.5). Epithelial cells vary in shape depending
on their function:
a. Squamous cells (SKWA-mus = flat) are thin, which allows for the
rapid passage of substances through them.
b. Cuboidal cells are as tall as they are wide and are shaped like
cubes or hexagons. They may have microvilli at their apical sur-
face and function in either secretion or absorption.
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c. Columnar cells are much taller than they are wide, like columns,
and protect underlying tissues. Their apical surfaces may have
cilia or microvilli, and they often are specialized for secretion
and absorption.

d. Transitional cells change shape, from squamous to cuboidal
and back, as organs such as the urinary bladder stretch (dis-
tend) to a larger size and then collapse to a smaller size.

When we combine the two characteristics (arrangements of layers
and cell shapes), we come up with the following types of epithelial tissues:

I. Simple epithelium
A. Simple squamous epithelium
1. Endothelium (lines heart, blood vessels, lymphatic vessels)
2. Mesothelium (forms epithelial layer of serous membranes)
B. Simple cuboidal epithelium
C. Simple columnar epithelium
1. Nonciliated (lacks cilia)
2. Ciliated (contains cilia)
D. Pseudostratified columnar epithelium
1. Nonciliated (lacks cilia)
2. Ciliated (contains cilia)

Il. Stratified epithelium
A. Stratified squamous epithelium*
1. Nonkeratinized (lacks keratin)
2. Keratinized (contains keratin)
B. Stratified cuboidal epithelium*
C. Stratified columnar epithelium*
D. Transitional epithelium or urothelium (lines most of urinary tract)

*This classification is based on the shape of the cells at the apical surface.

m Cell shapes and arrangement of layers for covering and
lining epithelium.

Cell shapes and arrangement of layers are the bases for classifying
covering and lining epithelium.

Arrangement
of layers
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Q Which cell shape is best adapted for the rapid movement
of substances from one cell to another?
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Covering and Lining Epithelium

As noted earlier, covering and lining epithelium forms the outer covering
of the skin and some internal organs. It also forms the inner lining of blood
vessels, ducts, and body cavities, and the interior of the respiratory,

TABLE 4.1 Epithelial Tissue: Covering and Lining Epithelium

digestive, urinary, and reproductive systems. Table 4.1 describes cover-
ing and lining epithelium in more detail. The discussion of each type
consists of a photomicrograph, a corresponding diagram, and an inset
that identifies a major location of the tissue in the body. Descriptions,
locations, and functions of the tissues accompany each illustration.

A. SIMPLE SQUAMOUS EPITHELIUM

Description

Simple squamous epithelium is a single layer of flat cells that resembles a tiled floor when viewed from apical surface; centrally

located nucleus that is flattened and oval or spherical in shape.

Location Most commonly (1) lines the cardiovascular and lymphatic system (heart, blood vessels, lymphatic vessels), where it is known as
endothelium (en’-d6-THE-&-um; endo- = within; -thelium = covering), and (2) forms the epithelial layer of serous membranes
(peritoneum, pleura, pericardium), where it is called mesothelium (mez’-6-THE-l&-um; meso- = middle). Also found in air sacs of lungs,
glomerular (Bowman’s) capsule of kidneys, inner surface of tympanic membrane (eardrum).

Function

Present at sites of filtration (such as blood filtration in kidneys) or diffusion (such as diffusion of oxygen into blood vessels of lungs) and

at site of secretion in serous membranes. Not found in body areas subject to mechanical stress (wear and tear).

Mark Nielsen
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B. SIMPLE CUBOIDAL EPITHELIUM

Description

Location

Function

Kidney

Simple cuboidal epithelium is a single layer of cube-shaped cells; round, centrally located nucleus. Cuboidal cell shape is obvious
when tissue is sectioned and viewed from the side. (Note: Strictly cuboidal cells could not form small tubes; these cuboidal cells are
more pie-shaped but still nearly as high as they are wide at the base.)

Covers surface of ovary; lines anterior surface of capsule of lens of the eye; forms pigmented epithelium at posterior surface of retina of
the eye; lines kidney tubules and smaller ducts of many glands; makes up secreting portion of some glands such as thyroid gland and
ducts of some glands such as pancreas.

Secretion and absorption.
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C. NONCILIATED SIMPLE COLUMNAR EPITHELIUM

Description

Location

Function

Small
intestine

Nonciliated simple columnar epithelium is a single layer of nonciliated columnlike cells with oval nuclei near base of cells; contains
(1) columnar epithelial cells with microvilli at apical surface and (2) goblet cells. Microvilli, fingerlike cytoplasmic projections, increase
surface area of plasma membrane (see Figure 3.1), thus increasing cell’s rate of absorption. Goblet cells are modified columnar
epithelial cells that secrete mucus, a slightly sticky fluid, at their apical surfaces. Before release, mucus accumulates in upper portion
of cell, causing it to bulge and making the whole cell resemble a goblet or wine glass.

Lines gastrointestinal tract (from stomach to anus), ducts of many glands, and gallbladder.

Secretion and absorption; larger columnar cells contain more organelles and thus are capable of higher level of secretion and
absorption than are cuboidal cells. Secreted mucus lubricates linings of digestive, respiratory, and reproductive tracts, and most of
urinary tract; helps prevent destruction of stomach lining by acidic gastric juice secreted by stomach.

Microvilli Mucus in
goblet cell

Microvilli

Nucleus of Mucus in
absorptive goblet cell
cell
Nucleus of Absorptive
goblet cell cell
Basement Nonciliated — | Basement
membrane simple columnar ~— membrane
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Sectional view of nonciliated simple columnar Nonciliated simple columnar epithelium

epithelium of lining of jejunum of small intestine

Table 4.1 Continues
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TABLE 4.1 Epithelial Tissue: Covering and Lining Epithelium (Continued)

D. CILIATED SIMPLE COLUMNAR EPITHELIUM

Description Ciliated simple columnar epithelium is a single layer of ciliated columnlike cells
with oval nuclei near base of cells. Goblet cells are usually interspersed.

Cilia

(fallopian) tubes into uterus.

Location Lines some bronchioles (small tubes) of respiratory tract, uterine (fallopian) tubes, §
uterus, some paranasal sinuses, central canal of spinal cord, and ventricles of brain. &
.o
Function Cilia beat in unison, moving mucus and foreign particles toward throat, where they can & Ciliated simple
be coughed up and swallowed or spit out. Coughing and sneezing speed up movement ﬁ columnar
of cilia and mucus. Cilia also help move oocytes expelled from ovaries through uterine g epithelium
3
[
g
%)

E=D 6000x

Cilia Lumen of (59 640x Ciliated simple columnar epithelium
uterine tubN<—>/ Cilia of uterine tube

Uterine tube

e : 'n"
/ AT Nucleus of ciliated
simple columnar cell

Cilia

Mucus in
goblet cell

Ciliated simple
columnar

o Basement
epithelium membrane
Qonnective Connective
tissue tissue
Mark Nielsen (8" 500x
Sectional view of ciliated simple columnar epithelium Ciliated simple columnar epithelium

of uterine tube

E. NONCILIATED PSEUDOSTRATIFIED COLUMNAR EPITHELIUM

Description  Nonciliated pseudostratified columnar epithelium appears to have several layers because the nuclei of the cells are at various levels.
Even though all the cells are attached to the basement membrane in a single layer, some cells do not extend to the apical surface. When
viewed from the side, these features give the false impression of a multilayered tissue—thus the name pseudostratified epithelium
(pseudo- = false). Contains cells without cilia and also lacks globlet cells.

Location Lines epididymis, larger ducts of many glands, and parts of male urethra.
Function Absorption and secretion.
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F. CILIATED PSEUDOSTRATIFIED COLUMNAR EPITHELIUM

Description

Location

Function

Thyroid
gland

Ciliated pseudostratified columnar epithelium appears to have several layers because cell nuclei are at various levels. All cells are
attached to basement membrane in a single layer, but some cells do not extend to apical surface. When viewed from side, these
features give false impression of a multilayered tissue (thus the name pseudostratified; pseudo = false). Contains cells that extend to
surface and secrete mucus (globlet cells) or bear cilia.

Lines airways of most of upper respiratory tract.

Secretes mucus that traps foreign particles, and cilia sweep away mucus for elimination from body.
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TABLE 4.1 Epithelial Tissue: Covering and Lining Epithelium (Continued)

G. STRATIFIED SQUAMOUS EPITHELIUM

Description Stratified squamous epithelium has two or more layers of cells; cells in apical layer and several layers deep to it are squamous; cells
in deeper layers vary from cuboidal to columnar. As basal cells divide, daughter cells arising from cell divisions push upward toward
apical layer. As they move toward surface and away from blood supply in underlying connective tissue, they become dehydrated
and less metabolically active. Tough proteins predominate as cytoplasm is reduced, and cells become tough, hard structures that
eventually die. At apical layer, after dead cells lose cell junctions they are sloughed off, but they are replaced continuously as new cells
emerge from basal cells.

Keratinized stratified squamous epithelium develops tough layer of keratin in apical layer of cells and several layers deep to it (see
Figure 5.3). (Keratin is a tough, fibrous intracellular protein that helps protect skin and underlying tissues from heat, microbes, and
chemicals.) Relative amount of keratin increases in cells as they move away from nutritive blood supply and organelles die.

Nonkeratinized stratified squamous epithelium does not contain large amounts of keratin in apical layer and several layers deep and is
constantly moistened by mucus from salivary and mucous glands; organelles are not replaced.

Location Keratinized variety forms superficial layer of skin; nonkeratinized variety lines wet surfaces (lining of mouth, esophagus, part of
epiglottis, part of pharynx, and vagina) and covers tongue.

Function Protection against abrasion, water loss, ultraviolet radiation, and foreign invasion. Both types form first line of defense against
microbes.
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H. STRATIFIED CUBOIDAL EPITHELIUM

Description Stratified cuboidal epithelium has two or more layers of cells; cells in apical layer are cube-shaped; fairly rare type.
Location Ducts of adult sweat glands and esophageal glands, part of male urethra.
Function Protection; limited secretion and absorption.
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h : _ Stratified cuboidal epithelium
Mark Nielsen YD 330x
Sectional view of stratified cuboidal epithelium
of the duct of an esophageal gland
I. STRATIFIED COLUMNAR EPITHELIUM
Description Basal layers in stratified columnar epithelium usually consist of shortened, irregularly shaped cells; only apical layer has columnar
cells; uncommon.
Location Lines part of urethra; large excretory ducts of some glands, such as esophageal glands; small areas in anal mucous membrane; part of
conjunctiva of eye.
Function Protection and secretion.
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TABLE 4.1 Epithelial Tissue: Covering and Lining Epithelium (Continued)

J. TRANSITIONAL EPITHELIUM (UROTHELIUM)

Description Transitional epithelium (urothelium) has a variable appearance (transitional). In relaxed or unstretched state, looks like stratified
cuboidal epithelium, except apical layer cells tend to be large and rounded. As tissue is stretched, cells become flatter, giving the

appearance of stratified squamous epithelium. Multiple layers and elasticity make it ideal for lining hollow structures (urinary bladder)
subject to expansion from within.

Location Lines urinary bladder and portions of ureters and urethra.

Function Allows urinary organs to stretch and maintain protective lining while holding variable amounts of fluid without rupturing.
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Papanicolaou Test

A Papanicolaou test (pa-pa-NI-ko-10), also called a Pap test or Pap smear,
involves collection and microscopic examination of epithelial cells that
have been scraped off the apical layer of a tissue. A very common type of
Pap test involves examining the cells from the nonkeratinized stratified
squamous epithelium of the vagina and cervix (inferior portion) of the
uterus. This type of Pap test is performed mainly to detect early changes
in the cells of the female reproductive system that may indicate a
precancerous condition or cancer. In performing a Pap smear, the cells
are scraped from the tissue and then smeared on a microscope slide. The
slides are then sent to a laboratory for analysis. It is recommended that
Pap tests should be performed every three years beginning at age 21. It is
further recommended that females aged 30 to 65 should have Pap testing
and HPV (human papillomavirus) testing (cotesting) every five years or a
Pap test alone every three years. Females with certain high risk factors
may need more frequent screening or even continue screening beyond
age 65.

Glandular Epithelium

The function of glandular epithelium is secretion, which is accom-
plished by glandular cells that often lie in clusters deep to the cover-
ing and lining epithelium. A gland consists of epithelium that secretes
substances into ducts (tubes), onto a surface, or eventually into the

TABLE 4.2  Epithelial Tissue: Glandular Epithelium

A. ENDOCRINE GLANDS
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blood in the absence of ducts. All glands of the body are classified as
either endocrine or exocrine.

The secretions of endocrine glands (EN-do-krin; endo- = inside;
-crine = secretion; Table 4.2), called hormones, enter the interstitial
fluid and then diffuse into the bloodstream without flowing through
a duct. Endocrine glands will be described in detail in Chapter 18.
Endocrine secretions have far-reaching effects because they are
distributed throughout the body by the bloodstream.

Exocrine glands (EK-so-krin; exo- = outside; Table 4.2) secrete
their products into ducts that empty onto the surface of a covering
and lining epithelium such as the skin surface or the lumen of a hol-
low organ. The secretions of exocrine glands have limited effects and
some of them would be harmful if they entered the bloodstream. As
you will learn later in the text, some glands of the body, such as the
pancreas, ovaries, and testes, are mixed glands that contain both
endocrine and exocrine tissue.

Structural Classification of Exocrine Glands
Exocrine glands are classified as unicellular or multicellular. As the
name implies, unicellular glands are single-celled glands. Goblet
cells are important unicellular exocrine glands that secrete mucus
directly onto the apical surface of a lining epithelium. Most exocrine
glands are multicellular glands, composed of many cells that form
a distinctive microscopic structure or macroscopic organ. Examples
include sudoriferous (sweat), sebaceous (oil), and salivary glands.
Multicellular glands are categorized according to two criteria:
(1) whether their ducts are branched or unbranched and (2) the shape
of the secretory portions of the gland (Figure 4.6). If the duct of the

Description

Location

Endocrine gland secretions (hormones) enter interstitial fluid and then diffuse into bloodstream without flowing through a duct.
Endocrine glands will be described in detail in Chapter 18.

Examples include pituitary gland at base of brain, pineal gland in brain, thyroid and parathyroid glands near larynx (voice box), adrenal

glands superior to kidneys, pancreas near stomach, ovaries in pelvic cavity, testes in scrotum, thymus in thoracic cavity.

Function
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Hormones regulate many metabolic and physiological activities to maintain homeostasis.
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Sectional view of endocrine gland (thyroid gland)

Table 4.1 Continues
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TABLE 4.2  Epithelial Tissue: Glandular Epithelium (Continued)

B. EXOCRINE GLANDS

Description Exocrine gland secretory products are released into ducts that empty onto surface of a covering and lining epithelium, such as skin
surface or lumen of hollow organ.
Sweat, oil, and earwax glands of skin; digestive glands such as salivary glands (secrete into mouth cavity) and pancreas (secretes into

Location
small intestine).
Function Produce substances such as sweat to help lower body temperature, oil, earwax, saliva, or digestive enzymes.
Lumen of duct
of sweat gland
Skin

Nucleus of
secretory cell
of sweat gland

Secretory
portion of
sweat gland

Basement

b
= membrane

Mark Nielsen (08 400x i
Exocrine gland

Sectional view of the secretory portion of an (eccrine sweat gland)

exocrine gland (eccrine sweat gland)

m Multicellular exocrine glands. Pink represents the secretory portion; lavender
represents the duct.

Structural classification of multicellular exocrine glands is based on the branching pattern of the
duct and the shape of the secreting portion.

Duct

Secretory -
portion

(a) Simple tubular  (b) Simple branched (c) Simple coiled (d) Simple acinar (e) Simple branched
tubular tubular acinar

(f) Compound tubular (g) Compound acinar (h) Compound tubuloacinar

Q How do simple multicellular exocrine glands differ from compound ones?



gland does not branch, itis a simple gland (Figure 4.6a-e¢). If the duct
branches, it is a compound gland (Figure 4.6f-h). Glands with tubu-
lar secretory parts are tubular glands; those with rounded secretory
portions are acinar glands (AS-i-nar; acin- = berry), also called
alveolar glands. Tubuloacinar glands have both tubular and more
rounded secretory parts.

Combinations of these features are the criteria for the follow-
ing structural classification scheme for multicellular exocrine
glands:

I. Simple glands

A. Simple tubular. Tubular secretory partis straight and attaches
to a single unbranched duct (Figure 4.6a). Example: glands in
the large intestine.

B. Simple branched tubular. Tubular secretory part is branched
and attaches to a single unbranched duct (Figure 4.6b). Exam-
ple: gastric glands.

C. Simple coiled tubular. Tubular secretory part is coiled and
attaches to a single unbranched duct (Figure 4.6c). Example:
sweat glands.

D. Simple acinar. Secretory portion is rounded, attaches to
single unbranched duct (Figure 4.6d). Example: glands of
penile urethra.

E. Simple branched acinar. Rounded secretory part is branched
and attaches to a single unbranched duct (Figure 4.6e). Exam-
ple: sebaceous glands.

Il. Compound glands

A. Compound tubular. Secretory portion is tubular and attaches
to a branched duct (Figure 4.6f). Example: bulbourethral
(Cowper’s) glands.

B. Compound acinar. Secretory portion is rounded and at-
taches to a branched duct (Figure 4.6g). Example: mammary
glands.

C. Compound tubuloacinar. Secretory portion is both tubular
and rounded and attaches to a branched duct (Figure 4.6h).
Example: acinar glands of the pancreas.

Functional Classification of Exocrine Glands The
functional classification of exocrine glands is based on how their
secretions are released. Each of these secretory processes begins
with the endoplasmic reticulum and Golgi complex working together
to form intracellular secretory vesicles that contain the secretory
product. Secretions of merocrine glands (MER-0-krin; mero- = a
part) are synthesized on ribosomes attached to rough ER; processed,
sorted, and packaged by the Golgi complex; and released from the
cell in secretory vesicles via exocytosis (Figure 4.7a). Most exocrine
glands of the body are merocrine glands. Examples include the
salivary glands and pancreas. Apocrine glands (AP-o-krin; apo- =
from) accumulate their secretory product at the apical surface of the
secreting cell. Then, that portion of the cell pinches off by exocytosis
from the rest of the cell to release the secretion (Figure 4.7b). The
cell repairs itself and repeats the process. Electron microscopy has
confirmed that this is the mechanism of secretion of milk fats in the
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mammary glands. Recent evidence reveals that the sweat glands of
the skin, named apocrine sweat glands after this mode of secretion,
actually undergo merocrine secretion. The cells of holocrine glands
(HO-16-krin; holo- = entire) accumulate a secretory product in their
cytosol. As the secretory cell matures, it ruptures and becomes the
secretory product (Figure 4.7c). Because the cell ruptures in this
mode of secretion, the secretion contains large amounts of lipids from
the plasma membrane and intracellular membranes. The sloughed
off cellis replaced by a new cell. One example of a holocrine gland is a
sebaceous gland of the skin.

ALl A Functional classification of multicellular exocrine glands.

The functional classification of exocrine glands is based on whether
a secretion is a product of a cell or consists of an entire or a partial
glandular cell.
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(c) Holocrine secretion

Q To what class of glands do sebaceous (oil) glands belong?
Salivary glands?
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6. Describe the various layering arrangements and cell shapes of
epithelial tissue.

7. What characteristics are common to all epithelial tissues?

8. How is the structure of the following epithelial tissues
related to their functions: simple squamous, simple cuboidal,
simple columnar (ciliated and nonciliated), pseudostratified
columnar (ciliated and nonciliated), stratified squamous
(keratinized and nonkeratinized), stratified cuboidal, stratified
columnar, and transitional?

9. Where are endothelium and mesothelium located?

10. Whatis the difference between endocrine glands and exocrine
glands? Name and give examples of the three functional classes
of exocrine glands based on how their secretions are released.

a5 | Connective Tissue

OBJECTIVES

« Explain the general features of connective tissue.

« Describe the structure, location, and function of the various types
of connective tissue.

Connective tissue is one of the most abundant and widely distrib-
uted tissues in the body. In its various forms, connective tissue has a
variety of functions. It binds together, supports, and strengthens
other body tissues; protects and insulates internal organs; compart-
mentalizes structures such as skeletal muscles; serves as the major
transport system within the body (blood, a fluid connective tissue);
is the primary location of stored energy reserves (adipose, or fat,
tissue); and is the main source of immune responses.

General Features of Connective Tissue

Connective tissue consists of two basic elements: extracellular matrix
and cells. A connective tissue’s extracellular matrix (MA-triks) is the
material located between its widely spaced cells. The extracellular matrix
consists of protein fibers and ground substance, the material between the
cells and thefibers. The extracellular fibers are secreted by the connective
tissue cells and account for many of the functional properties of the
tissue in addition to controlling the surrounding watery environment
via specific proteoglycan molecules (described shortly). The structure of
the extracellular matrix determines much of the tissue’s qualities. For
instance, in cartilage, the extracellular matrix is firm but pliable. The
extracellular matrix of bone, by contrast, is hard and inflexible.

Recall that, in contrast to epithelial tissue, connective tissue does
not usually occur on body surfaces. Also, unlike epithelial tissue,
connective tissue usually is highly vascular; that is, it has a rich blood
supply. Exceptions include cartilage, which is avascular, and tendons,
with a scanty blood supply. Except for cartilage, connective tissue,
like epithelial tissue, is supplied with nerves.

Connective Tissue Cells

Embryonic cells called mesenchymal cells give rise to the cells of
connective tissue. Each major type of connective tissue contains an
immature class of cells with a name ending in -blast, which means
“to bud or sprout.” These immature cells are called fibroblasts in loose
and dense connective tissue (described shortly), chondroblasts in car-
tilage, and osteoblasts in bone. Blast cells retain the capacity for cell
division and secrete the extracellular matrix that is characteristic of
the tissue. In some connective tissues, once the extracellular matrix
is produced, the immature cells differentiate into mature cells with
names ending in -cyte, namely, fibrocytes, chondrocytes, and osteo-
cytes. Mature cells have reduced capacities for cell division and extra-
cellular matrix formation and are mostly involved in monitoring and
maintaining the extracellular matrix.

Connective tissue cells vary according to the type of tissue and
include the following (Figure 4.8):

1. Fibroblasts (FI-bro-blasts; fibro- = fibers) are large, flat cells with
branching processes. They are present in all the general connective
tissues, and usually are the most numerous.

2. Macrophages (MAK-ro-fa-jez; macro- = large; -phages = eaters)
are phagocytes that develop from monocytes, a type of white blood
cell. Fixed macrophages reside in a particular tissue; examples
include alveolar macrophages in the lungs or splenic macrophages
in the spleen. Wandering macrophages have the ability to move
throughout the tissue and gather at sites of infection or inflamma-
tion to carry on phagocytosis.

3. Plasma cells (plasmocytes) are found in many places in the body,
but most plasma cells reside in connective tissue, especially in the
gastrointestinal and respiratory tracts.

4, Mast cells (mastocytes) are involved in the inflammatory response,
the body’s reaction to injury or infection and can also bind to,
ingest, and kill bacteria.

5. Adipocytes (AD-i-po-sits) are fat cells or adipose cells, connective
tissue cells that store triglycerides (fats). They are found deep to
the skin and around organs such as the heart and kidneys.

6. Leukocytes (white blood cells) are not found in significant num-
bers in normal connective tissue. However, in response to certain
conditions they migrate from blood into connective tissue. For
example, neutrophils gather at sites of infection, and eosinophils
migrate to sites of parasitic invasions and allergic responses.

Connective Tissue Extracellular Matrix

Each type of connective tissue has unique properties, based on the
specific extracellular materials between the cells. The extracellular
matrix consists of two major components: (1) the ground substance
and (2) the fibers.

Ground Substance As noted earlier, the ground substance is
the component of a connective tissue between the cells and fibers.
The ground substance may be fluid, semifluid, gelatinous, or calcified.
It supports cells, binds them together, stores water, and provides a
medium for exchange of substances between the blood and cells. It
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Aldlian il Representative cells and fibers present in connective tissues.

Fibroblasts are usually the most numerous connective tissue cells.

Fibroblasts

are large flat cells that move
through connective tissue
and secrete fibers and
ground substance.

Reticular fibers

are made of collagen and glycoproteins.
They provide support in blood vessel walls
and form branching networks around
various cells (fat, smooth muscle, nerve).

Collagen fibers

are strong, flexible bundles of the
protein collagen, the most abundant
protein in your body.

Macrophages
develop from
monocytes and
destroy bacteria
and cell debris
by phagocytosis.

Mast cells

are abundant along
blood vessels. They
produce histamine,
which dilates small
blood vessels during
inflammation and
kills bacteria.

Elastic fibers
are stretchable but
strong fibers made of
proteins, elastin, and
fibrillin. They are found
in skin, blood vessels,
and lung tissue.

Plasma cells
develop from B
lymphocytes. They
secrete antibodies
that attack and
neutralize foreign
substances.

Adipocytes

are fat cells that store fats.
They are found below the
skin and around organs
(heart, kidney).

Ground substance

is the material between cells and fibers. It is made
of water and organic molecules (hyaluronic acid,
chondroitin sulfate, glucosamine). It supports cells
and fibers, binds them together, and provides a

Eosinophils

are white blood cells that
migrate to sites of parasitic
infection and allergic
responses.

Neutrophils

are white blood cells that
migrate to sites of
infection that destroy
microbes by phagocytosis.

Collagen fiber

Elastic fiber

Prof. P.M. Mott/Science Source

150 6140x

Q What is the function of fibroblasts?

plays an active role in how tissues develop, migrate, proliferate, and
change shape, and in how they carry out their metabolic functions.
Ground substance contains water and an assortment of large
organic molecules, many of which are complex combinations of poly-
saccharides and proteins. The polysaccharides include hyaluronic acid,
chondroitin sulfate, dermatan sulfate, and keratan sulfate. Collectively,
they are referred to as glycosaminoglycans (GAGs) (gli-kos-a-mé’-no-
GLI-kans). Except for hyaluronic acid, the GAGs are associated with

medium for exchanging substances between
blood and cells.

proteins called proteoglycans (pro-té-6-GLI-kans). The proteoglycans
form a core protein and the GAGs project from the protein like the bris-
tles of a brush. One of the most important properties of GAGs is that
they trap water, making the ground substance more jellylike.
Hyaluronic acid (hi’-a-loo-RON-ik) is a viscous, slippery sub-
stance that binds cells together, lubricates joints, and helps maintain
the shape of the eyeballs. White blood cells, sperm cells, and some
bacteria produce hyaluronidase, an enzyme that breaks apart hyalu-
ronic acid, thus causing the ground substance of connective tissue to
become more liquid. The ability to produce hyaluronidase helps white
blood cells move more easily through connective tissue to reach sites
of infection and aids penetration of an oocyte by a sperm cell during
fertilization. It also accounts for the rapid spread of bacteria through
connective tissue. Chondroitin sulfate (kon-DROY-tin) provides sup-
port and adhesiveness in cartilage, bone, skin, and blood vessels. The
skin, tendons, blood vessels, and heart valves contain dermatan
sulfate; bone, cartilage, and the cornea of the eye contain keratan
sulfate. Also present in the ground substance are adhesion proteins,
which are responsible for linking components of the ground sub-
stance to one another and to the surfaces of cells. The main adhesion
protein of connective tissues is fibronectin, which binds to both col-
lagen fibers (discussed shortly) and ground substance, linking them
together. Fibronectin also attaches cells to the ground substance.
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i Clinical Connection

Chondroitin Sulfate, Glucosamine,
and Joint Disease

Chondroitin sulfate and glucosamine (a proteoglycan) have been used
as nutritional supplements either alone or in combination to promote and
maintain the structure and function of joint cartilage, to provide pain relief
from osteoarthritis, and to reduce joint inflammation. Although these
supplements have benefited some individuals with moderate to severe
osteoarthritis, the benefit is minimal in lesser cases. More research is needed
to determine how they act and why they help some people and not others.

Fibers Three types of fibers are embedded in the extracellular
matrix between the cells: collagen fibers, elastic fibers, and reticular
fibers (Figure 4.8). They function to strengthen and support con-
nective tissues.

Collagen fibers (KOL-a-jen; colla = glue) are very strong and re-
sist pulling or stretching, but they are not stiff, which allows tissue
flexibility. The properties of different types of collagen fibers vary
from tissue to tissue. For example, the collagen fibers found in carti-
lage and bone form different associations with surrounding mole-
cules. As a result of these associations, the collagen fibers in cartilage
are surrounded by more water molecules than those in bone, which
gives cartilage a more cushioning effect. Collagen fibers often occurin
parallel bundles (see Table 4.5A, dense regular connective tissue).
The bundle arrangement adds great tensile strength to the tissue.
Chemically, collagen fibers consist of the protein collagen, which is
the most abundant protein in your body, representing about 25%
of the total. Collagen fibers are found in most types of connective
tissues, especially bone, cartilage, tendons (which attach muscle to
bone), and ligaments (which attach bone to bone).

i Clinical Connection

Sprain

Despite their strength, ligaments may be stressed beyond their normal
capacity. This results in sprain, a stretched or torn ligament. The ankle
joint is most frequently sprained. Because of their poor blood supply, the
healing of even partially torn ligaments is a very slow process; completely
torn ligaments require surgical repair.

Elastic fibers, which are smaller in diameter than collagen fibers,
branch and join together to form a fibrous network within a connective
tissue. An elastic fiber consists of molecules of the protein elastin sur-
rounded by a glycoprotein named fibrillin, which adds strength and
stability. Because of their unique molecular structure, elastic fibers are
strong but can be stretched up to 150% of their relaxed length without
breaking. Equally important, elastic fibers have the ability to return to
their original shape after being stretched, a property called elasticity.
Elastic fibers are plentiful in skin, blood vessel walls, and lung tissue.

Reticular fibers (reticul- = net), consisting of collagen arranged
in fine bundles with a coating of glycoprotein, provide support in the
walls of blood vessels and form a network around the cells in some

tissues, such as areolar connective tissue (a-RE-o-lar; areol = small
space), adipose tissue, nerve fibers, and smooth muscle tissue. Pro-
duced by fibroblasts, reticular fibers are much thinner than collagen
fibers and form branching networks. Like collagen fibers, reticular
fibers provide support and strength. Reticular fibers are plentiful in
reticular connective tissue, which forms the stroma (supporting
framework) of many soft organs, such as the spleen and lymph nodes.
These fibers also help form the basement membrane.

Classification of Connective Tissue

Because of the diversity of cells and extracellular matrix and the dif-
ferences in their relative proportions, the classification of connective
tissue is not always clear-cut and several classifications exist. We offer
the following classification scheme:

I. Embryonic connective tissue
A. Mesenchyme
B. Mucous (mucoid) connective tissue

1l. Mature connective tissue
A. Connective tissue proper
1. Loose connective tissue
a. Areolar connective tissue
b. Adipose tissue
c. Reticular connective tissue
2. Dense connective tissue
a. Dense regular connective tissue
b. Dense irregular connective tissue
c. Elastic connective tissue
B. Supporting connective tissue
1. Cartilage
a. Hyaline cartilage
b. Fibrocartilage
c. Elastic cartilage
2. Bone tissue
a. Compact bone
b. Spongy bone
C. Liquid connective tissue
1. Blood
2. Lymph

Before examining each of the connective tissues in detail, it will be
helpful to first describe the overall basis for the classification scheme
that we are using. Embryonic connective tissue refers to connective tis-
sue present in an embryo or a fetus. Mature connective tissue refers to
connective tissue that is present at birth and persists throughout life.
One category of mature connective tissue is connective tissue proper,
which is flexible and contains a viscous ground substance with abundant
fibers. A second category of mature connective tissue is supporting
connective tissue, which protects and supports soft tissues of the
body. The third category of mature connective tissue is liquid connec-
tive tissue, which means that the extracellular matrix is liquid.

Embryonic Connective Tissue

Note that our classification scheme has two major subclasses of con-
nective tissue: embryonic and mature. Embryonic connective tissue is



of two types: mesenchyme and mucous connective tissue. Mesen-
chyme is present primarily in the embryo, the developing human from
fertilization through the first two months of pregnancy, and in the fetus,
the developing human from the third month of pregnancy (Table 4.3).

Mature Connective Tissue

The first type of mature connective tissue we will consider is connec-
tive tissue proper.

TABLE 4.3 Embryonic Connective Tissues

A. MESENCHYME
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Connective Tissue Proper Thistype of connective tissue

is flexible and has a viscous ground substance with abundant
fibers.

Loose CONNECTIVE TISSUE The fibers of loose connective tissue
are loosely arranged between cells. The types of loose connective
tissue are areolar connective tissue, adipose tissue, and reticular
connective tissue (Table 4.4).

) v substance
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Mesenchyme has irregularly shaped mesenchymal cells embedded in semifluid ground substance that contains delicate reticular fibers.

Almost exclusively under skin and along developing bones of embryo; some in adult connective tissue, especially along blood vessels.
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Sectional view of mesenchyme of a
developing embryo
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B. MUCOUS (MUCOID) CONNECTIVE TISSUE

Description

fine collagen fibers.
Location Umbilical cord of fetus. P
Function Support. ‘ #

Epithelial surface
cell of umbilical
cord
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Sectional view of mucous connective
tissue of the umbilical cord

Mucous connective tissue
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TABLE 4.4 Mature Connective Tissue: Connective Tissue Proper—Loose Connective Tissue

A. AREOLAR CONNECTIVE TISSUE

Description Areolar connective tissue is one of the most widely distributed connective tissues; consists of fibers (collagen, elastic, reticular)
arranged randomly and several kinds of cells (fibroblasts, macrophages, plasma cells, adipocytes, mast cells, and a few white blood
cells) embedded in semifluid ground substance (hyaluronic acid, chondroitin sulfate, dermatan sulfate, and keratan sulfate).

Location In and around nearly every body structure (thus, called “packing material” of the body): in subcutaneous layer deep to skin; papillary
(superficial) region of dermis of skin; lamina propria of mucous membranes; around blood vessels, nerves, and body organs.

Function Strength, elasticity, support.

Fibroblast

Collagen ! 1000x
fiber

Macrophage

Collagen
fiber

Plasma cell
Fibroblast

Elastic
fiber

Skin

Subcutaneous fF};zhcuIar
layer iber
Mast cell
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Sectional view of subcutaneous areolar connective tissue Areolar connective tissue
B. ADIPOSE TISSUE

Description Adipose tissue has cells derived from fibroblasts (called adipocytes) that are specialized for storage of triglycerides (fats) as a large,
centrally located droplet. Cell fills up with a single, large triglyceride droplet, and cytoplasm and nucleus are pushed to periphery of cell.
With weight gain, amount of adipose tissue increases and new blood vessels form. Thus, an obese person has many more blood vessels
than does a lean person, a situation that can cause high blood pressure, since the heart has to work harder. Most adipose tissue in adults
is white adipose tissue (just described). Brown adipose tissue (BAT) is darker due to very rich blood supply and numerous pigmented
mitochondria that participate in aerobic cellular respiration. BAT is widespread in the fetus and infant; adults have only small amounts.

Location Wherever areolar connective tissue is located: subcutaneous layer deep to skin, around heart and kidneys, yellow bone marrow, padding
around joints and behind eyeball in eye socket.

Function Reduces heat loss through skin; serves as an energy reserve; supports and protects organs. In newborns, BAT generates heat to maintain

proper body temperature. Adipose tissue is also an excellent source of stem cells, which are used in rejuvenation medicine to repair or
replace damaged tissue.
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Sectional view of adipose tissue showing adipocytes of
white fat and details of an adipocyte
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iClinical Connection

Liposuction and Cryolipolysis

A surgical procedure called liposuction (LIP-6-suk’-shun; lip- = fat) or
suction lipectomy (-ectomy = to cut out) involves suctioning out small
amounts of adipose tissue from various areas of the body. In one type of
liposuction, an incision is made in the skin, the fat is removed through a
stainless steel tube, called a cannula, with the assistance of a powerful
vacuum-pressure unit that suctions out the fat. Ultrasound and laser can
also be used to liquify fat for removal. The technique can be used as a body-
contouring procedure in regions such as the things, buttocks, arms, breasts,
and abdomen, and to transfer fat to another area of the body. Postsurgical
complications that may develop include fat that may enter blood vessels
broken during the procedure and obstruct blood flow, infection, loss of
feeling in the area, fluid depletion, injury to internal structures, and severe
postoperative pain.

There are several types of liposuction available. One is called tumescent
liposuction. In this variation, large amounts of fluid are injected during the

procedure and the area to be treated becomes engorged with fluid or swollen
(tumescent). This creates more space between the skin and subcutaneous
layer and helps separate the adipose cells, allowing the cannula to move
more easily through fat. Another alternative is ultrasound-assisted liposuction
(UAL). In this procedure, a special cannula delivers high-frequency sound
waves that liquefy the fat cells and the liquid is removed by suction. In still
another type of liposuction, called laser-assisted liposuction, a special
cannula delivers laser energy that liquefies that fat cells and the liquid is
removed by suction.

Cryolipolysis (cryo=cold) or CoolSculpting refers to the destruction
of fat cells by the external application of controlled cooling. Since fat
crystallizes faster than cells surrounding adipose tissue, the cold temperature
kills the fat cells while sparing damage to nerve cells, blood vessels, and
other structures. Within a few days of the procedure apoptosis (genetically
programmed death) begins, and within several months the fat cells are
removed.

C. RETICULAR CONNECTIVE TISSUE

Description

Location
blood vessels and muscles.

Function

Mark Nielsen

Reticular connective tissue is a fine interlacing network of reticular fibers (thin form of collagen fiber) and reticular cells.

Stroma (supporting framework) of liver, spleen, lymph nodes; red bone marrow; reticular lamina of basement membrane; around

Forms stroma of organs; binds smooth muscle tissue cells; filters and removes worn-out blood cells in spleen and microbes in
lymph nodes.

fiber

Nucleus of
reticular cell

Reticular fiber
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Reticular connective tissue

Sectional view of reticular connective tissue of a

lymph node

DENSE CONNECTIVE TISSUE Dense connective tissue is a second
type of connective tissue proper that contains more fibers, which are
thicker and more densely packed, but have considerably fewer cells
than loose connective tissue. There are three types: dense regular
connective tissue, dense irregular connective tissue, and elastic con-
nective tissue (Table 4.5).

Supporting Connective Tissue This type of mature
connective tissue includes cartilage and bone.

CARTILAGE Cartilage (KAR-ti-lij) consists of a dense network of
collagen fibers and elastic fibers firmly embedded in chondroitin
sulfate, a gel-like component of the ground substance. Cartilage can
endure considerably more stress than loose and dense connective
tissues. The strength of cartilage is due to its collagen fibers, and its
resilience (ability to assume its original shape after deformation) is
due to chondroitin sulfate.

Like other connective tissue, cartilage has few cells and large quan-
tities of extracellular matrix. It differs from other connective tissue,
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TABLE 4.5 Mature Connective Tissue: Connective Tissue Proper—Dense Connective Tissue

A. DENSE REGULAR CONNECTIVE TISSUE

Description Dense regular connective tissue forms shiny white extracellular matrix; mainly collagen
fibers regularly arranged in bundles with fibroblasts in rows between them. Collagen
fibers (protein structures secreted by fibroblasts) are not living, so damaged tendons and
ligaments heal slowly.

Location Forms tendons (attach muscle to bone), most ligaments (attach bone to bone), and
aponeuroses (sheetlike tendons that attach muscle to muscle or muscle to bone).

Function Provides strong attachment between various structures. Tissue structure withstands
pulling (tension) along long axis of fibers.

Steve Gschmeissner/Getty Images @

Collagen Collagen fibers
fiber

Nucleus of
fibroblast

Skeletal
muscle

B. DENSE IRREGULAR CONNECTIVE TISSUE

Collagen
fiber
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Sectional view of dense regular connective Dense regular connective tissue
tissue of a tendon

Description Dense irregular connective tissue is made up of collagen fibers; usually irregularly arranged with a few fibroblasts.

Location Often occurs in sheets, such as fasciae (tissue beneath skin and around muscles and other organs), reticular (deeper) region of dermis of
skin, fibrous pericardium of heart, periosteum of bone, perichondrium of cartilage, joint capsules, membrane capsules around various
organs (kidneys, liver, testes, lymph nodes); also in heart valves.

Function Provides tensile (pulling) strength in many directions.

Collagen fiber:

Longitudinal

section

¥ P i, TR L Transverse
section

Blood vessel
Nucleus of
fibroblast
Mark Nielsen . N 200x
Sectional view of dense irregular connective tissue Dense irregular connective tissue

of reticular region of dermis
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C. ELASTIC CONNECTIVE TISSUE

Description

Location
vertebrae.

Function

Elastic connective tissue contains predominantly elastic fibers with fibroblasts between them; unstained tissue is yellowish.

Lung tissue, walls of elastic arteries, trachea, bronchial tubes, true vocal cords, suspensory ligaments of penis, some ligaments between

Allows stretching of various organs; is strong and can recoil to original shape after being stretched. Elasticity is important to normal

functioning of lung tissue (recoils in exhaling) and elastic arteries (recoil between heartbeats to help maintain blood flow).

Aorta
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Heart

(58 50x

Mark Nielsen

Sectional view of elastic connective tissue
of aorta

Elastic lamellae
(sheets of
elastic material)

Nucleus of
fibroblast

Elastic connective tissue

however, in not having nerves or blood vessels in its extracellular
matrix. Interestingly, cartilage does not have a blood supply because it
secretes an antiangiogenesis factor (an’-ti-an’-je-0-JEN-e-sis; anti- =
against; angio- = vessel; -genesis = production), a substance that pre-
vents blood vessel growth. Because of this property, antiangiogenesis
factor is being studied as a possible cancer treatment. If cancer cells
can be stopped from promoting new blood vessel growth, their rapid
rate of cell division and expansion can be slowed or even halted.

The cells of mature cartilage, called chondrocytes (KON-dro-sits;
chondro- = cartilage), occur singly or in groups within spaces called
lacunae (la-KOO-né = little lakes; singular is lacuna, pronounced la-
KOO-na) in the extracellular matrix. A covering of dense irregular con-
nective tissue called the perichondrium (per’-i-KON-dré-um; peri- =
around) surrounds the surface of most cartilage and contains blood
vessels and nerves and is the source of new cartilage cells. Since
cartilage has no blood supply, it heals poorly following an injury.

The cells and collagen-embedded extracellular matrix of cartilage
form a strong, firm material that resists tension (stretching), compres-
sion (squeezing), and shear (pushingin opposite directions). The chon-
droitin sulfate in the extracellular matrix is largely responsible for
cartilage’s resilience. Because of these properties, cartilage plays an
important role as a support tissue in the body. It is also a precursor to
bone, forming almost the entire embryonic skeleton. Though bone
gradually replaces cartilage during further development, cartilage
persists after birth as the growth plates within bone that allow bones
to increase in length during the growing years. Cartilage also persists
throughout life as the lubricated articular surfaces of most joints.

There are three types of cartilage: hyaline cartilage, fibrocarti-
lage, and elastic cartilage (Table 4.6).

Metabolically, cartilage is a relatively inactive tissue that grows
slowly. When injured or inflamed, cartilage repair proceeds slowly, in
large part because cartilage is avascular. Substances needed for
repair and blood cells that participate in tissue repair must diffuse or
migrate into the cartilage. The growth of cartilage follows two basic
patterns: interstitial growth and appositional growth.

In interstitial growth (in’-ter-STISH-al), there is growth from
within the tissue. When cartilage grows by interstitial growth, the
cartilage increases rapidly in size due to the division of existing chon-
drocytes and the continuous deposition of increasing amounts of
extracellular matrix by the chondrocytes. As the chondrocytes syn-
thesize new matrix, they are pushed away from each other. These
events cause the cartilage to expand from within like bread rising,
which is the reason for the term interstitial. This growth pattern
occurs while the cartilage is young and pliable, during childhood and
adolescence.

In appositional growth (a-po-ZISH-un-al), there is growth at the
outer surface of the tissue. When cartilage grows by appositional
growth, cells in the inner cellular layer of the perichondrium differen-
tiate into chondroblasts. As differentiation continues, the chondro-
blasts surround themselves with extracellular matrix and become
chondrocytes. As a result, matrix accumulates beneath the perichon-
drium on the outer surface of the cartilage, causing it to grow in width.
Appositional growth starts later than interstitial growth and contin-
ues through adolescence.

BoNE TissUE Cartilage, joints, and bones make up the skeletal
system. The skeletal system supports soft tissues, protects delicate
structures, and works with skeletal muscles to generate movement.
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TABLE 4.6 Mature Connective Tissue: Supporting Connective Tissue—Cartilage

A. HYALINE CARTILAGE

Hyaline cartilage (hyalinos = glassy) contains a resilient gel as ground substance and appears in the body as a bluish-white, shiny

substance (can stain pink or purple when prepared for microscopic examination; fine collagen fibers are not visible with ordinary staining
techniques); prominent chondrocytes are found in lacunae surrounded by perichondrium (exceptions: articular cartilage in joints and

Description

cartilage of epiphyseal plates, where bones lengthen during growth).
Location

embryonic and fetal skeleton.
Function

Skeleton

(2§ 400x

Mark Nielsen 158 200x

Sectional view of hyaline cartilage
of a developing fetal bone

Lacuna
Extracellular matrix
Chondrocyte

Hyaline cartilage

(0

& s000x

Most abundant cartilage in body; at ends of long bones, anterior ends of ribs, nose, parts of larynx, trachea, bronchi, bronchial tubes,

Provides smooth surfaces for movement at joints, flexibility, and support; weakest type of cartilage and can be fractured.

Perichondrium

Lacuna
containing
chondrocyte

Nucleus of
chondrocyte

Ground
substance

Hyaline cartilage

Steve Gschmeissner/Science Source
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B. FIBROCARTILAGE

Description Fibrocartilage has chondrocytes among clearly visible thick bundles of collagen fibers within extracellular matrix; lacks perichondrium.

Location Pubic symphysis (where hip bones join anteriorly), intervertebral discs, menisci (cartilage pads) of knee, portions of tendons that insert
into cartilage.

Function Support and joining structures together. Strength and rigidity make it the strongest type of cartilage.

Nucleus of chondrocyte TYD 200x

Lacuna
containing

Vertebra

J Collagen fibers
N — ] : U s in ground
- : e substance

Nucleus of

F chondrocyte
Intervertebral disc i : e y e Lacuna
- containing
chondrocyte
Sectional view of fibrocartilage of intervertebral disc Fibrocartilage

C. ELASTIC CARTILAGE
Description Elastic cartilage has chondrocytes in threadlike network of elastic fibers within extracellular matrix; perichondrium present.
Location Lid on top of larynx (epiglottis), part of external ear (auricle), auditory (eustachian) tubes.
Function Provides strength and elasticity; maintains shape of certain structures.

Perichondrium
Lacuna containing chondrocyte

Th'E ’ 3 640x

Auricle of ear

Elastic fiber
in ground
substance

Nucleus of
chondrocyte

Elastic fiber
in ground
substance
Lacuna
containing
chondrocyte

Mark Nielsen

58 400x

Sectional view of elastic cartilage of auricle of ear Elastic cartilage
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Bones store calcium and phosphorus; house red bone marrow,
which produces blood cells; and contain yellow bone marrow, a
storage site for triglycerides. Bones are organs composed of several
different connective tissues, including bone or osseous tissue
(0S-é-us), the periosteum, red and yellow bone marrow, and the
endosteum (a membrane that lines a space within bone that stores
yellow bone marrow). Bone tissue is classified as either compact
or spongy, depending on how its extracellular matrix and cells are
organized.

The basic unit of compact bone is an osteon or haversian system
(Table 4.7). Each osteon has four parts:

1. The lamellae (la-MEL-lé = little plates; singular is lamella) are con-
centric rings of extracellular matrix that consist of mineral salts
(mostly calcium and phosphates), which give bone its hardness
and compressive strength, and collagen fibers, which give bone its
tensile strength. The lamellae are responsible for the compact
nature of this type of bone tissue.

2. Lacunae, as already mentioned, are small spaces between lamel-
lae that contain mature bone cells called osteocytes.

3. Projecting from the lacunae are canaliculi (kan-a-LIK-0-li = little
canals), networks of minute canals containing the processes of
osteocytes. Canaliculi provide routes for nutrients to reach osteo-
cytes and for wastes to leave them.

4, A central canal or haversian canal contains blood vessels and
nerves.

Spongy bone lacks osteons. Rather, it consists of columns of
bone called trabeculae (tra-BEK-i-lé = little beams), which contain
lamellae, osteocytes, lacunae, and canaliculi. Spaces between tra-
beculae are filled with red bone marrow. Chapter 6 presents bone
tissue histology in more detail.

Liquid Connective Tissue This is the final type of mature
connective tissue. A liquid connective tissue has a liquid as its
extracellular matrix.

BLoob TissUE Blood, one of the liquid connective tissues has a
liquid extracellular matrix called blood plasma and formed elements.
Blood plasma is a pale yellow fluid that consists mostly of water with
a wide variety of dissolved substances— nutrients, wastes, enzymes,
plasma proteins, hormones, respiratory gases, and ions. Suspended
in the blood plasma are formed elements—red blood cells (erythro-
cytes), white blood cells (leukocytes), and platelets (thrombocytes)
(Table 4.8). Red blood cells transport oxygen to body cells and
remove some carbon dioxide from them. White blood cells are
involved in phagocytosis, immunity, and allergic reactions. Platelets
(PLAT-lets) participate in blood clotting. The details of blood are con-
sidered in Chapter 19.

TABLE 4.7 Mature Connective Tissue: Supporting Connective Tissue—Bone Tissue

Description Compact bone tissue consists of osteons (haversian systems) that contain lamellae, lacunae, osteocytes, canaliculi, and central
(haversian) canals. By contrast, spongy bone tissue (see Figure 6.3) consists of thin columns called trabeculae; spaces between
trabeculae are filled with red bone marrow.

Location Both compact and spongy bone tissue make up the various parts of bones of the body.

Function Support, protection, storage; houses blood-forming tissue; serves as levers that act with muscle tissue to enable movement.

Canaliculi Calcified extracellular matrix
Central
(haversian)
canal

Osteocyte

Lacuna

Lamella

Canaliculi

Mark Nielsen (5 100x Details of an osteocyte

Sectional view of several osteons (haversian
systems) of femur (thigh bone)
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Blood consists of blood plasma and formed elements: red blood cells (erythrocytes), white blood cells (leukocytes), platelets

TABLE 4.8 Mature Connective Tissue: Liquid Connective Tissue—Blood
Description
(thrombocytes).
Location Within blood vessels (arteries, arterioles, capillaries, venules, veins), within chambers of heart.
Function

Red blood cells: transport oxygen and some carbon dioxide; white blood cells: carry on phagocytosis and mediate allergic reactions

and immune system responses; platelets: essential for blood clotting.

Blood in blood vessels

Mark Nielsen 630x

® @

Red blood cells

@0eo00

White blood cell
(leukocyte)

Blood plasma

Platelet White blood cells
(1L
Red blood cell )
(erythrocyte) A
Platelets

Blood smear (enlargements are 1500x)

LympH Lymph is the extracellular fluid that flows in lymphatic ves-
sels. It is a liquid connective tissue that consists of several types of
cells in a clear liquid extracellular matrix that is similar to blood
plasma but with much less protein. The composition of lymph varies
from one part of the body to another. For example, lymph leaving
lymph nodes includes many lymphocytes, a type of white blood cell,
in contrast to lymph from the small intestine, which has a high con-
tent of newly absorbed dietary lipids. The details of lymph are consid-
ered in Chapter 22.

Checkpoint

11. Inwhat ways does connective tissue differ from epithelial tissue?

12. What are the features of the cells, ground substance, and
fibers that make up connective tissue?

13. How are connective tissues classified? List the various types.

14. Describe how the structure of the following connective tissue is
related to its function: areolar connective tissue, adipose tissue,
reticular connective tissue, dense regular connective tissue,
dense irregular connective tissue, elastic connective tissue,
hyaline cartilage, fibrocartilage, elastic cartilage, bone tissue,
blood tissue, and lymph.

15. What is the difference between interstitial and appositional
growth of cartilage?

a6 | Membranes

OBJECTIVES

« Define a membrane.

« Describe the classification of membranes.

Membranes are flat sheets of pliable tissue that cover or line a part of
the body. The majority of membranes consist of an epithelial layer
and an underlying connective tissue layer and are called epithelial
membranes. The principal epithelial membranes of the body are
mucous membranes, serous membranes, and the cutaneous mem-
brane, or skin. Another type of membrane, a synovial membrane,
lines joints and contains connective tissue but no epithelium.

Epithelial Membranes

Mucous Membranes A mucous membrane or mucosa (ma-
KO-sa) lines a body cavity that opens directly to the exterior. Mucous
membranes line the entire digestive, respiratory, and reproductive
tracts, and much of the urinary tract. They consist of a lining layer of
epithelium and an underlying layer of connective tissue (Figure 4.9a).
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[T Membranes.

A membrane is a flat sheet of pliable tissues that covers or lines a part of the body.
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The epithelial layer of a mucous membrane is an important fea-
ture of the body’s defense mechanisms because it is a barrier that mi-
crobes and other pathogens have difficulty penetrating. Usually, tight
junctions connect the cells, so materials cannot leak in between
them. Goblet cells and other cells of the epithelial layer of a mucous
membrane secrete mucus, and this slippery fluid prevents the cavities
from drying out. It also traps particles in the respiratory passageways
and lubricates food as it moves through the gastrointestinal tract.
In addition, the epithelial layer secretes some of the enzymes needed
for digestion and is the site of food and fluid absorption in the gastro-
intestinal tract. The epithelia of mucous membranes vary greatly in
different parts of the body. For example, the mucous membrane of
the small intestine is nonciliated simple columnar epithelium, and
the large airways to the lungs consist of pseudostratified ciliated co-
lumnar epithelium (see Table 4.1F).

The connective tissue layer of a mucous membrane is areolar
connective tissue and is called the lamina propria (LAM-i-na PRO-
pré-a; propria = one’s own), so named because it belongs to (is owned
by) the mucous membrane. The lamina propria supports the epithe-
lium, binds it to the underlying structures, allows some flexibility of
the membrane, and affords some protection for underlying struc-
tures. It also holds blood vessels in place and is the vascular source
for the overlying epithelium. Oxygen and nutrients diffuse from the
lamina propria to the covering epithelium; carbon dioxide and wastes
diffuse in the opposite direction.

Serous Membranes A serous membrane (SER-us = watery)
orserosa lines a body cavity that does not open directly to the exterior
(thoracic or abdominal cavities), and it covers the organs that are
within the cavity. Serous membranes consist of areolar connective
tissue covered by mesothelium (simple squamous epithelium)
(Figure 4.9b). You will recall from Chapter 1 that serous membranes
have two layers: The layer attached to and lining the cavity wall is
called the parietal layer (pa-Rl-e-tal; pariet- = wall); the layer that
covers and adheres to the organs within the cavity is the visceral
layer (viscer- = body organ) (see Figure 1.10a). The mesothelium
of a serous membrane secretes serous fluid, a watery lubricant that
allows organs to glide easily over one another or to slide against the
walls of cavities.

Recall from Chapter 1 that the serous membrane lining the
thoracic cavity and covering the lungs is the pleura. The serous mem-
braneliningthe heart cavity and covering the heartis the pericardium.
The serous membrane lining the abdominal cavity and covering the
abdominal organs is the peritoneum.

Cutaneous Membrane The cutaneous membrane (ki-
TA-né-us) or skin covers the entire surface of the body and consists
of a superficial portion called the epidermis and a deeper portion
called the dermis (Figure 4.9c). The epidermis consists of keratinized
stratified squamous epithelium, which protects underlying tissues.
The dermis consists of dense irregular connective tissue and areolar
connective tissue. Details of the cutaneous membrane are presented
in Chapter 5.
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Synovial Membranes

Synovial membranes (si-NO-vé-al; syn- = together, referring here to
a place where bones come together; -ova = egg, because of their
resemblance to the slimy egg white of an uncooked egg) line the cavi-
ties of freely movable joints (joint cavities). Like serous membranes,
synovial membranes line structures that do not open to the exterior.
Unlike mucous, serous, and cutaneous membranes, they lack an
epithelium and are therefore not epithelial membranes. Synovial
membranes are composed of a discontinuous layer of cells called
synoviocytes (si-NO-vé-6-sits), which are closer to the synovial cavity
(space between the bones), and a layer of connective tissue (areolar
and adipose) deep to the synoviocytes (Figure 4.9d). Synoviocytes
secrete some of the components of synovial fluid. Synovial fluid
lubricates and nourishes the cartilage covering the bones at movable
joints and contains macrophages that remove microbes and debris
from the joint cavity.

16. Define the following kinds of membranes: mucous, serous,
cutaneous, and synovial. How do they differ from one another?

17. Where is each type of membrane located in the body? What
are their functions?

a7 | Muscular Tissue

OBJECTIVES

« Describe the general features of muscular tissue.

« Contrast the structure, location, and mode of control of skeletal,
cardiac, and smooth muscle tissue.

Muscular tissue consists of elongated cells called muscle fibers or
myocytes that can use ATP to generate force. As a result, muscular
tissue produces body movements, maintains posture, and generates
heat. It also provides protection. Based on location and certain struc-
tural and functional features, muscular tissue is classified into three
types: skeletal, cardiac, and smooth (Table 4.9).

Chapter 10 provides a more detailed discussion of muscular
tissue.

18. Which types of muscular tissue are striated? Which is smooth?

19. Which types of muscular tissue have gap junctions?
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TABLE 4.9

Muscular Tissue

A. SKELETAL MUSCLE TISSUE

Description

Location

Function

Skeletal muscle tissue consists of long, cylindrical, striated fibers (striations are alternating light and dark bands within fibers
that are visible under a light microscope). Skeletal muscle fibers vary greatly in length, from a few centimeters in short muscles
to 30-40 cm (about 12-16 in.) in the longest muscles. A muscle fiber is a roughly cylindrical, multinucleated cell with nuclei at the
periphery. Skeletal muscle is considered voluntary because it can be made to contract or relax by conscious control.

Usually attached to bones by tendons.

Motion, posture, heat production, protection.

Skeletal

muscle Skeletal muscle

fiber (cell)

Nucleus

Striations

Courtesy Michael Ross, University ofFlorida (B4 400x
Longitudinal section of skeletal muscle tissue Skeletal muscle fiber

B. CARDIAC MUSCLE TISSUE

Description

Location

Function

Cardiac muscle tissue consists of branched, striated fibers with usually only one centrally located nucleus (occasionally two). Attach
end to end by transverse thickenings of plasma membrane called intercalated discs (in-TER-ka-lat-ed; intercalate = to insert between),
which contain desmosomes and gap junctions. Desmosomes strengthen tissue and hold fibers together during vigorous contractions.
Gap junctions provide route for quick conduction of electrical signals (muscle action potentials) throughout heart. Involuntary (not
conscious) control.

Heart wall.

Pumps blood to all parts of body.

Nucleus

Cardiac
muscle fiber
(cell)

Intercalated
disc '

Striations

- - 2 Cardiac muscle fibers
Mark Nielsen 500x

Longitudinal section of cardiac muscle tissue
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C. SMOOTH MUSCLE TISSUE

Smooth muscle tissue consists of nonstriated fibers (lack striations, hence the term smooth). Smooth muscle fiber is a small spindle-

shaped cell thickest in middle, tapering at each end, and containing a single, centrally located nucleus. Gap junctions connect
many individual fibers in some smooth muscle tissue (for example, in wall of intestines). Usually involuntary; can produce powerful
contractions as many muscle fibers contract in unison. Where gap junctions are absent, such as iris of eye, smooth muscle fibers

Description

contract individually, like skeletal muscle fibers.
Location

and uterus.
Function

and gallbladder).

Mark Nielsen

Longitudinal section of smooth muscle tissue

Iris of eyes; walls of hollow internal structures such as blood vessels, airways to lungs, stomach, intestines, gallbladder, urinary bladder,

Motion (constriction of blood vessels and airways, propulsion of foods through gastrointestinal tract, contraction of urinary bladder

Smooth muscle
fiber (cell)

Nucleus of
smooth
muscle fiber

-

Smooth muscle fiber

a8 | Nervous Tissue

OBJECTIVE

« Describe the structural features and functions of nervous tissue.

Despite the awesome complexity of the nervous system, nervous
tissue consists of only two principal types of cells: neurons and neu-
roglia. Neurons (NOO-rons; neuro- = nerve), or nerve cells, are sen-
sitive to various stimuli. They convert stimuli into electrical signals
called nerve action potentials (nerve impulses) and conduct these
action potentials to other neurons, to muscle tissue, or to glands.
Most neurons consist of three basic parts: a cell body and two kinds
of cell processes—dendrites and axons (Table 4.10). The cell body

contains the nucleus and other organelles. Dendrites (dendr- =
tree) are tapering, highly branched, and usually short cell processes
(extensions). They are the major receiving or input portion of a neu-
ron. The axon (axo- = axis) of a neuron is a single, thin, cylindrical
process that may be very long. It is the output portion of a neuron,
conducting nerve impulses toward another neuron or to some other
tissue.

Even though neuroglia (noo-ROG-1é-a; -glia = glue) do not gen-
erate or conduct nerve impulses, these cells do have many important
supportive functions. The detailed structure and function of neurons
and neuroglia are considered in Chapter 12.

Checkpoint

20. What are the functions of the dendrites, cell body, and axon of
a neuron?




138 CHAPTER 4 The Tissue Level of Organization

TABLE 4.10 Nervous Tissue

Nervous tissue consists of (1) neurons (nerve cells), which consist of cell body and processes extending from cell body (one to

multiple dendrites and a single axon); and (2) neuroglia, which do not generate or conduct nerve impulses but have other important

Description

supporting functions.
Location Nervous system.
Function

other neurons, muscle fibers, or glands.

Mark Nielsen LM

Neuron of spinal cord

Exhibits sensitivity to various types of stimuli; converts stimuli into nerve impulses (action potentials); conducts nerve impulses to

Dendrite

Nucleus of - >
neuroglial -
cell

Nucleus in
cell body

Axon

a9 | Excitable Cells

OBJECTIVE

« Explain the concept of electrical excitability.

Neurons and muscle fibers are considered excitable cells because
they exhibit electrical excitability, the ability to respond to certain
stimuli by producing electrical signals such as action potentials.
Action potentials can propagate (travel) along the plasma membrane
of a neuron or muscle fiber due to the presence of specific voltage-
gated ion channels. When an action potential forms in a neuron, the
neuron releases chemicals called neurotransmitters, which allow neu-
rons to communicate with other neurons, muscle fibers, or glands.
When an action potential occurs in a muscle fiber, the muscle fiber
contracts, resulting in activities such as movement of the limbs, pro-
pulsion of food through the small intestine, and movement of blood
out of the heart and into the blood vessels of the body. The muscle
action potential and the nerve action potential are discussed in detail
in Chapters 10 and 12, respectively.

Checkpoint

21. Why is electrical excitability important to neurons and muscle
fibers?

a10 | Tissue Repair: Restoring

Homeostasis

OBJECTIVE

+ Describe the role of tissue repair in restoring homeostasis.

Tissue repair is the replacement of worn-out, damaged, or dead cells.
New cells originate by cell division from the stroma, (STRO-ma = bed or
covering), the supporting connective tissue, or from the parenchyma
(pa-RENG-ki-ma), cells that constitute the functioning part of the tissue
ororgan. In adults, each of the four basic tissue types (epithelial, connec-
tive, muscular, and nervous) has a different capacity for replenishing
parenchymal cells lost by damage, disease, or other processes.

Epithelial cells, which endure considerable wear and tear (and
even injury) in some locations, have a continuous capacity for renewal.
In some cases, immature, undifferentiated cells called stem cells
divide to replace lost or damaged cells. For example, stem cells reside
in protected locations in the epithelia of the skin and gastrointestinal
tract to replenish cells sloughed from the apical layer, and stem cells
in red bone marrow continually provide new red and white blood cells
and platelets. In other cases, mature, differentiated cells can undergo
cell division; examples include hepatocytes (liver cells) and endothe-
lial cells in blood vessels.



Some connective tissues also have a continuous capacity for
renewal. One example is bone, which has an ample blood supply.
Connective tissues such as cartilage can replenish cells much less
readily, in part because of a smaller blood supply.

Muscular tissue has a relatively poor capacity for renewal of lost
cells. Even though skeletal muscle tissue contains stem cells called
satellite cells, they do not divide rapidly enough to replace extensively
damaged muscle fibers. Cardiac muscle tissue lacks satellite cells,
and existing cardiac muscle fibers do not undergo mitosis to form new
cells. Recent evidence suggests that stem cells do migrate into the
heart from the blood. There, they can differentiate and replace a lim-
ited number of cardiac muscle fibers and endothelial cells in heart
blood vessels. Smooth muscle fibers can proliferate to some extent,
but they do so much more slowly than the cells of epithelial or con-
nective tissues.

Nervous tissue has the poorest capacity for renewal. Although
experiments have revealed the presence of some stem cells in the
brain, they normally do not undergo mitosis to replace damaged neu-
rons. Discovering why this is so is a major goal of researchers who
seek ways to repair nervous tissue damaged by injury or disease.

The restoration of an injured tissue or organ to normal structure
and function depends entirely on whether parenchymal cells are ac-
tive in the repair process. If parenchymal cells accomplish the repair,
tissue regeneration is possible, and a near-perfect reconstruction of
the injured tissue may occur. However, if fibroblasts of the stroma are
active in the repair, the replacement tissue will be a new connective
tissue. The fibroblasts synthesize collagen and other extracellular
matrix materials that aggregate to form scar tissue, a process known
as fibrosis. Because scar tissue is not specialized to perform the func-
tions of the parenchymal tissue, the original function of the tissue or
organ is impaired.

When tissue damage is extensive, as in large, open wounds, both
the connective tissue stroma and the parenchymal cells are active in
repair; fibroblasts divide rapidly, and new collagen fibers are manufac-
tured to provide structural strength. Blood capillaries also sprout new
buds to supply the healing tissue with the materials it needs. All these
processes create an actively growing connective tissue called granula-
tion tissue (gran-G-LA-shun). This new tissue forms across a wound or
surgical incision to provide a framework (stroma) that supports the
epithelial cells that migrate into the open area and fill it. The newly
formed granulation tissue also secretes a fluid that kills bacteria.

At times, a small but significant number of patients develop a
complication of surgery called wound dehiscence (dé-HISS-ens), the
partial or complete separation of the outer layers of a sutured inci-
sion. A common cause is surgical error in which sutures or staples are
placed too far apart, too close to the incision edges, or under too
much pressure. It can also occur if sutures are removed too early or if
there is a deep wound infection. Other contributing factors are age,
chemotherapy, coughing, straining, vomiting, obesity, smoking, and
use of anticoagulants such as aspirin. A major complication of wound
dehiscence is the protrusion of an organ through the open wound,
especially the intestines. This can lead to peritonitis (inflammation of
the peritoneum) and septic shock (shock that results from bacterial
toxins due to vasodilation).

Three factors affect tissue repair: nutrition, blood circulation,
and age. Nutrition is vital because the healing process places a great
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demand on the body’s store of nutrients. Adequate protein in the diet
is important because most of the structural components of a tissue
are proteins. Several vitamins also play a direct role in wound healing
and tissue repair. For example, vitamin C directly affects the normal
production and maintenance of matrix materials, especially collagen,
and strengthens and promotes the formation of new blood vessels. In
a person with vitamin C deficiency, even superficial wounds fail to
heal, and the walls of the blood vessels become fragile and are easily
ruptured.

Proper blood circulation is essential to transport oxygen, nutri-
ents, antibodies, and many defensive cells to the injured site. The
blood also plays an important role in the removal of tissue fluid, bac-
teria, foreign bodies, and debris, elements that would otherwise in-
terfere with healing. The third factor in tissue repair, age, is the topic
of the next section.

iCanalConnecﬂon

Adhesions

Scar tissue can form adhesions (ad-HE-zhuns; adhaero = to stick to),
abnormal joining of tissues. Adhesions commonly form in the abdomen
around a site of previous inflammation such as an inflamed appendix, and
they can develop after surgery. Although adhesions do not always cause
problems, they can decrease tissue flexibility, cause obstruction (such as
in the intestine), and make a subsequent operation, such as a cesarean
section (C-section), more difficult. In rare cases adhesions can result in
infertility. An adhesiotomy, the surgical release of adhesions, may be
required.

22. How are stromal and parenchymal repair of a tissue different?

23. Whatis the importance of granulation tissue?

s11 | Aging and Tissues

OBJECTIVE

« Describe the effects of aging on tissues.

In later chapters, the effects of aging on specific body systems will be
considered. With respect to tissues, epithelial tissues get progres-
sively thinner and connective tissues become more fragile with aging.
This is evidenced by an increased incidence of skin and mucous mem-
brane disorders, wrinkles, more susceptibility to bruises, increased
loss of bone density, higher rates of bone fractures, and increased epi-
sodes of joint pain and disorders. There is also an effect of aging on
muscle tissue as evidenced by loss of skeletal muscle mass and
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strength, decline in the efficiency of pumping action of the heart, and
decreased activity of smooth muscle-containing organs, for example,
organs of the gastrointestinal tract.

Generally, tissues heal faster and leave less obvious scars in the
young than in the aged. In fact, surgery performed on fetuses leaves
no scars at all. The younger body is generally in a better nutritional
state, its tissues have a better blood supply, and its cells have a higher
metabolic rate. Thus, its cells can synthesize needed materials and
divide more quickly. The extracellular components of tissues also
change with age. Glucose, the most abundant sugar in the body, plays
a role in the aging process. As the body ages, glucose is haphazardly
added to proteins inside and outside cells, forming irreversible cross-
links between adjacent protein molecules. With advancing age, more
cross-links form, which contributes to the stiffening and loss of elas-
ticity that occur in aging tissues. Collagen fibers, responsible for the

Disorders: Homeostatic Imbalances

Disorders of epithelial tissue are mainly specific to individual organs,
such as peptic ulcer disease (PUD), which erodes the epithelial lining
of the stomach or small intestine. For this reason, epithelial disorders
are described along with their relevant body systems throughout the
text. The most prevalent disorders of connective tissues are auto-
immune diseases—diseases in which antibodies produced by the
immune system fail to distinguish what is foreign from what is self and
attack the body’s own tissues. One of the most common autoimmune
disorders is rheumatoid arthritis, which attacks the synovial
membranes of joints. Because connective tissue is one of the most
abundant and widely distributed of the four main types of tissues, dis-
orders related to them often affect multiple body systems. Common
disorders of muscular tissues and nervous tissue are described at the
ends of Chapters 10 and 12, respectively.

Systemic Lupus Erythematosus

Systemic lupus erythematosus (SLE), (er-i-thé-ma-TO-sus), or sim-
ply lupus, is a chronic inflammatory disease of connective tissue
occurring mostly in nonwhite women during their childbearing years.

Medical Terminology

Atrophy (AT-ro-fe; a- = without; -trophy = nourishment) A decrease in the
size of cells, with a subsequent decrease in the size of the affected tissue
ororgan.

Hypertrophy (hi-PER-tro-f&; hyper- = above) Increase in the size of a
tissue because its cells enlarge without undergoing cell division.

Tissue rejection An immune response of the body directed at foreign
proteins in a transplanted tissue or organ; immunosuppressive drugs,
such as cyclosporine, have largely overcome tissue rejection in heart-,
kidney-, and liver-transplant patients.

strength of tendons, increase in number and change in quality with
aging. Changes in the collagen of arterial walls affect the flexibility of
arteries as much as the fatty deposits associated with atherosclerosis
(see Coronary Artery Disease in the Disorders: Homeostatic Imbal-
ances section of Chapter 20). Elastin, another extracellular compo-
nent, is responsible for the elasticity of blood vessels and skin. It
thickens, fragments, and acquires a greater affinity for calcium with
age—changes that may also be associated with the development of
atherosclerosis.

24. What common changes occur in epithelial and connective
tissues with aging?

It is an autoimmune disease that can cause tissue damage in every
body system. The disease, which can range from a mild condition in
most patients to a rapidly fatal disease, is marked by periods of exac-
erbation and remission. The prevalence of SLE is about 1 in 2000, with
females more likely to be afflicted than males by a ratio of 8 or 9 to 1.

Although the cause of SLE is unknown, genetic, environmental,
and hormonal factors all have been implicated. The genetic compo-
nent is suggested by studies of twins and family history. Environ-
mental factors include viruses, bacteria, chemicals, drugs, exposure
to excessive sunlight, and emotional stress. Sex hormones, such as
estrogens, may also trigger SLE.

Signs and symptoms of SLE include painful joints, low-grade fever,
fatigue, mouth ulcers, weight loss, enlarged lymph nodes and spleen,
sensitivity to sunlight, rapid loss of large amounts of scalp hair, and
anorexia. A distinguishing feature of lupus is an eruption across the
bridge of the nose and cheeks called a “butterfly rash.” Other skin
lesions may occur, including blistering and ulceration. The erosive
nature of some SLE skin lesions was thought to resemble the damage
inflicted by the bite of a wolf—thus, the name lupus (= wolf). The most
serious complications of the disease involve inflammation of the
kidneys, liver, spleen, lungs, heart, brain, and gastrointestinal tract.
Because there is no cure for SLE, treatment is supportive, including anti-
inflammatory drugs such as aspirin, and immunosuppressive drugs.

Tissue transplantation The replacement of a diseased or injured tissue
or organ. The most successful transplants involve use of a person’s own
tissues or those from an identical twin.

Xenotransplantation (zen’-6-trans-plan-TA-shun; xeno- = strange, for-
eign) The replacement of a diseased or injured tissue or organ with cells or
tissues from an animal. Porcine (from pigs) and bovine (from cows) heart
valves are used for some heart-valve replacement surgeries.



Chapter Review

Review

4.1 Types of Tissues

1. A tissue is a group of cells, usually with similar embryological origin,
specialized for a particular function.

2. The tissues of the body are classified into four basic types: epithelial, con-
nective, muscular, and nervous.

4.2 Cell Junctions
1. Cell junctions are points of contact between adjacent plasma membranes.

2. Tight junctions form fluid-tight seals between cells; adherens junctions,
desmosomes, and hemidesmosomes anchor cells to one another or to the
basement membrane; and gap junctions permit electrical and chemical sig-
nals to pass between cells.

4.3 Comparison between Epithelial and Connective Tissues
1. Epithelial tissue has many cells tightly packed together and is avascular.

2. Connective tissue has relatively few cells with lots of extracellular material.

4.4 Epithelial Tissue

1. The subtypes of epithelial tissue include covering and lining epithelium
(surface epithelium) and glandular epithelium.

2. Epithelial tissue consists mostly of cells with little extracellular material be-
tween adjacent plasma membranes. The apical, lateral, and basal surfaces of
epithelial cells are modified in various ways to carry out specific functions.
Although epithelial tissue is avascular, it has a nerve supply. The high rate of
cell division gives epithelial tissue a high capacity for renewal.

3. Covering and lining epithelium can be simple, pseudostratified, or strati-
fied. The cell shapes may be squamous (flat), cuboidal (cubelike), columnar
(rectangular), or transitional (variable). The subtypes of epithelial tissue in-
clude covering and lining epithelium and glandular epithelium.

4. Simple squamous epithelium, a single layer of flat cells (Table 4.1A), is
found in parts of the body where filtration or diffusion is a priority process.
Endothelium lines the heart and blood vessels. Mesothelium forms the serous
membranes that line the thoracic and abdominopelvic cavities and covers
the organs within them.

5. Simple cuboidal epithelium, a single layer of cube-shaped cells that func-
tion in secretion and absorption (Table 4.1B), is found covering the ovaries, in
the kidneys and eyes, and lining some glandular ducts.

6. Nonciliated simple columnar epithelium, a single layer of nonciliated
rectangular cells (Table 4.1C), lines most of the gastrointestinal tract and
contains specialized cells that perform absorption and secrete mucus.
Ciliated simple columnar epithelium, a single layer of ciliated rectangu-
lar cells (Table 4.1D), is found in a few portions of the upper respiratory
tract, where it moves foreign particles trapped in mucus out of the respira-
tory tract. A nonciliated variety has no goblet cells and lines ducts of many
glands, the epididymis, and part of the male urethra (Table 4.1E) and a
ciliated variety of pseudostratified columnar epithelium (Table 4.1F) contains
goblet cells and lines most of the upper respiratory tract. The ciliated variety
moves mucus in the respiratory tract. The nonciliated variety functions in ab-
sorption and protection.

7. Stratified epithelium consists of several layers of cells: Cells of the apical
layer of stratified squamous epithelium and several layers deep to it are flat
(Table 4.1G); a nonkeratinized variety lines the mouth, and a keratinized
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variety forms the epidermis. Cells at the apical layer of stratified cuboidal
epithelium are cube-shaped (Table 4.1H); found in adult sweat glands and
in a portion of the male urethra, stratified cuboidal epithelium protects and
provides limited secretion and absorption. Cells of the apical layer of stratified
columnar epithelium have a columnar shape (Table 4.11); this type is found in
a portion of the male urethra and in large excretory ducts of some glands, and
functions in protection and secretion.

8. Transitional epithelium (urothelium) consists of several layers of cells
whose appearance varies with the degree of stretching (Table 4.1J). It lines
the urinary bladder.

9. A gland is a single cell or a group of epithelial cells adapted for secretion.
There are two types of glandular epithelium: endocrine and exocrine. Endo-
crine glands secrete hormones into interstitial fluid and then into the blood
(Table 4.2A). Exocrine glands secrete into ducts or directly onto a free surface
(Table 4.2B).

10. The structural classification of exocrine glands includes unicellular and
multicellular glands. The functional classification of exocrine glands includes
merocrine, apocrine, and holocrine glands.

4.5 Connective Tissue

1. Connective tissue, one of the most abundant body tissues, consists of
relatively few cells and an abundant extracellular matrix of ground sub-
stance and protein fibers. It usually has a nerve supply, and it is usually highly
vascular.

2. Cells in connective tissue proper are derived primarily from mesenchymal
cells. Cell types include fibroblasts (secrete extracellular matrix), macrophag-
es (perform phagocytosis), plasma cells (secrete antibodies), mast cells (pro-
duce histamine), adipocytes (store fat), and white blood cells (respond to
infections).

3. The ground substance and fibers make up the extracellular matrix. The
ground substance supports and binds cells together, provides a medium for
the exchange of materials, stores water, and actively influences cell functions.
Substances found in the ground substance include water and polysaccha-
rides. Also present are proteoglycans and adhesion proteins.

4. The fibers in the extracellular matrix provide strength and support and are
of three types: (a) Collagen fibers are found in large amounts in bone, ten-
dons, and ligaments. (b) Elastic fibers are found in skin, blood vessel walls,
and lungs. (c) Reticular fibers are found around fat cells, nerve fibers, and skel-
etal and smooth muscle cells.

5. Two major subclasses of connective tissue are embryonic (found in em-
bryo and fetus) and mature (present in the newborn). Embryonic connective
tissues (see Table 4.3) are mesenchyme, which forms almost all other con-
nective tissues, and mucous connective tissue, found in the umbilical cord of
the fetus, where it gives support. Mature connective tissue differentiates from
mesenchyme and is subdivided into several types: connective tissue proper
(loose and dense), supporting connective tissue (cartilage and bone), and lig-
uid connective tissue (blood and lymph).

6. Loose connective tissue includes areolar connective tissue, adipose tis-
sue, and reticular connective tissue. Areolar connective tissue consists of the
three types of fibers (collagen, elastic, and reticular), several types of cells,
and a semifluid ground substance (Table 4.4A); it is found in the subcuta-
neous layer, in mucous membranes, and around blood vessels, nerves, and
body organs. Adipose tissue consists of adipocytes, which store triglycer-
ides (Table 4.4B); it is found in the subcutaneous layer, around organs, and



142 CHAPTER 4 The Tissue Level of Organization

in yellow bone marrow. Brown adipose tissue (BAT) generates heat. Reticular
connective tissue consists of reticular fibers and reticular cells and is found in
the liver, spleen, and lymph nodes (Table 4.4C).

7. Dense connective tissue includes dense regular, dense irregular, and elastic.
Dense regular connective tissue consists of parallel bundles of collagen fibers
and fibroblasts (Table 4.5A); it forms tendons, most ligaments, and aponeuro-
ses. Dense irregular connective tissue usually consists of collagen fibers and a
few fibroblasts (Table 4.5B); it is found in fasciae, the dermis of skin, and mem-
brane capsules around organs. Elastic connective tissue consists of branching
elastic fibers and fibroblasts (Table 4.5C) and is found in the walls of large ar-
teries, lungs, trachea, and bronchial tubes.

8. Cartilage is a supporting connective tissue that contains chondrocytes
and has a rubbery extracellular matrix (chondroitin sulfate) containing col-
lagen and elastic fibers. Hyaline cartilage, which consists of a gel-like ground
substance and appears bluish white in the body, is found in the embryonic
skeleton, at the ends of bones, in the nose, and in respiratory structures
(Table 4.6A); it is flexible, allows movement, provides support, and is usu-
ally surrounded by a perichondrium. Fibrocartilage is found in the pubic
symphysis, intervertebral discs, and menisci (cartilage pads) of the knee joint
(Table 4.6B); it contains chondrocytes scattered among clearly visible bun-
dles of collagen fibers. Elastic cartilage maintains the shape of organs such
as the epiglottis of the larynx, auditory (eustachian) tubes, and external ear
(Table 4.6C); its chondrocytes are located within a threadlike network of elas-
tic fibers, and it has a perichondrium.

9. Bone or osseous tissue is a supporting connective tissue that consists of
an extracellular matrix of mineral salts and collagen fibers that contrib-
ute to the hardness of bone, and osteocytes that are located in lacunae
(Table 4.7). It supports and protects the body, provides a surface area for
muscle attachment, helps the body move, stores minerals, and houses blood-
forming tissue.

10. There are two types of liquid connective tissue: blood and lymph. Blood con-
sists of blood plasma and formed elements—red blood cells, white blood cells,
and platelets (Table 4.8); its cells transport oxygen and carbon dioxide, carry
on phagocytosis, participate in allergic reactions, provide immunity, and bring
about blood clotting. Lymph, the extracellular fluid that flows in lymphatic ves-
sels, is a clear fluid similar to blood plasma but with less protein.

4.6 Membranes

1. An epithelial membrane consists of an epithelial layer overlying a connec-
tive tissue layer. Types include mucous, serous, and cutaneous membranes.

2. Mucous membranes line cavities that open to the exterior, such as the
gastrointestinal tract.

3. Serous membranes line closed cavities (pleura, pericardium, peritoneum)
and cover the organs in the cavities. These membranes consist of parietal and
visceral layers.

Critical Thinking Questions

1. Imagine that you live 50 years in the future, and that you can custom-
design a human to suit the environment. Your assignment is to customize
the human’s tissues so that the individual can survive on a large planet
with gravity, a cold, dry climate, and a thin atmosphere. What adaptations
would you incorporate into the structure and/or amount of tissues, and
why?

4. The cutaneous membrane is the skin. It covers the entire body and consists
of a superficial epidermis (epithelium) and a deep dermis (connective tissue).

5. Synovial membranes line joint cavities and consist of areolar connective
tissue; they do not have an epithelial layer.
4.7 Muscular Tissue

1. Muscular tissue consists of cells called muscle fibers or myocytes that are
specialized for contraction. It provides motion, maintenance of posture, heat
production, and protection.

2. Skeletal muscle tissue is attached to bones and is striated and voluntary
(Table 4.9A).

3. The action of cardiac muscle tissue, which forms most of the heart wall and
is striated, is involuntary (Table 4.9B).

4. Smooth muscle tissue is found in the walls of hollow internal structures
(blood vessels and viscera) and is nonstriated and involuntary (Table 4.9C).
4.8 Nervous Tissue

1. The nervous system is composed of neurons (nerve cells) and neuroglia
(protective and supporting cells) (Table 4.10).

2. Neurons respond to stimuli by converting the stimuli into electrical signals
called nerve action potentials (nerve impulses), and conducting nerve impuls-
es to other cells.

3. Most neurons consist of a cell body and two types of processes: dendrites
and axons.
4.9 Excitable Cells

1. Electrical excitability is the ability to respond to certain stimuli by produc-
ing electrical signals such as action potentials.

2. Because neurons and muscle fibers exhibit electrical excitability, they are
considered excitable cells.

4.10 Tissue Repair: Restoring Homeostasis

1. Tissue repair is the replacement of worn-out, damaged, or dead cells by
healthy ones.

2. Stem cells may divide to replace lost or damaged cells.

3. If the injury is superficial, tissue repair involves parenchymal regeneration;
if damage is extensive, granulation tissue is involved.

4. Good nutrition and blood circulation are vital to tissue repair.

4.11 Aging and Tissues

1. Tissues heal faster and leave less obvious scars in the young than in the
aged; surgery performed on fetuses leaves no scars.

2. The extracellular components of tissues, such as collagen and elastic fibers,
also change with age.

2. You are entering a “Cutest Baby Contest” and have asked your colleagues to
help you choose the most adorable picture of yourself as a baby. One of your
colleagues rudely points out that you were quite chubby as an infant. You, how-
ever, are not offended. Explain to your colleague the benefit of that “baby fat.”

3. You’ve been on a “bread-and-water” diet for 3 weeks and have noticed that
a cut on your shin won’t heal and bleeds easily. Why?



Answers to Figure Questions

4.1 Epithelial tissue covers the body, lines various structures, and forms glands.
Connective tissue protects, supports, binds organs together, stores energy, and
helps provide immunity. Muscular tissue contracts and generates force and
heat. Nervous tissue detects changes in the environment and generates nerve
impulses that activate muscular contraction and glandular secretion.

4.2 Gap junctions allow cellular communication via passage of electrical and
chemical signals between adjacent cells.

4.3 Since epithelial tissue is avascular, it depends on blood vessels in connec-
tive tissue for oxygen, nutrients, and waste disposal.

4.4 The basement membrane provides physical support for the epithelial tis-
sue and plays a part in growth and wound healing, restriction of molecular
movement between tissues, and blood filtration in the kidneys.
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4.5 Because the cells are so thin, substances move most rapidly through squa-
mous cells.

4.6 Simple multicellular exocrine glands have a nonbranched duct; com-
pound multicellular exocrine glands have a branched duct.

4.7 Sebaceous (oil) glands are holocrine glands, and salivary glands are mero-
crine glands.

4.8 Fibroblasts secrete fibers and ground substance of extracellular matrix.

4.9 An epithelial membrane is a membrane that consists of an epithelial layer
and an underlying layer of connective tissue.
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The Integumentary System

The Integumentary System and Homeostasis

The integumentary system contributes to homeostasis by protecting the body and helping regulate
body temperature. It also allows you to sense pleasurable, painful, and other stimuli in your external

environment.

The integumentary system helps maintain a constant body
temperature, protects the body, and provides sensory information
about the surrounding environment. Of all of the body’s organs,
none is more easily inspected or more exposed to infection, disease,
and injury than the skin. Although its location makes it vulnerable
to damage from trauma, sunlight, microbes, and pollutants in the
environment, the skin’s protective features ward off such damage.
Because of its visibility, skin reflects our emotions (frowning,
blushing) and some aspects of normal physiology (such as sweating).
Changes in skin color may also indicate homeostatic imbalances in
the body. For example, the bluish skin color associated with hypoxia
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(oxygen deficiency at the tissue level) is one sign of heart failure as
well as other disorders. Abnormal skin eruptions or rashes such as
chickenpox, cold sores, or measles may reveal systemic infections or
diseases of internal organs, whereas other conditions, such as warts,
age spots, or pimples, may involve the skin alone. So important is the
skin to self-image that many people spend a great deal of time and
money to restore it to a more normal or youthful appearance.

Q Did you ever wonder why it is so difficult to save the life of
someone with extensive third-degree burns ?
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OBJECTIVES

« Describe the layers of the epidermis and the cells that compose them.

« Compare the composition of the papillary and reticular regions
of the dermis.

« Explain the basis for different skin colors.

Recall from Chapter 1 that a system consists of a group of organs
working together to perform specific activities. The integumentary
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system (in-teg-u-MEN-tar-&; in- = inward; -tegere = to cover) is com-
posed of the skin, hair, oil and sweat glands, nails, and sensory receptors.

Dermatology (der’-ma-TOL-6-jé; dermato- = skin; -logy = study
of) is the medical specialty that deals with the structure, function,
and disorders of the integumentary system.

The skin, also known as the cutaneous membrane (ki-TA-né-us),
covers the external surface of the body and is the largest organ of the
body in weight. In adults, the skin covers an area of about 2 square
meters (22 square feet) and weighs 4.5-5 kg (10-11 b), about 7% of
total body weight. It ranges in thickness from 0.5 mm (0.02 in.) on the
eyelids to 4.0 mm (0.16 in.) on the heels. Over most of the body it is
1-2 mm (0.04-0.08 in.) thick. The skin consists of two main parts
(Figure 5.1). The superficial, thinner portion, which is composed of
epithelial tissue, is the epidermis (ep’-i-DERM-is; epi- = above). The

m Components of the integumentary system. The skin consists of a superficial, thin
epidermis and a deep, thicker dermis. Deep to the skin is the subcutaneous layer, which attaches the

dermis to underlying fascia.

The integumentary system includes the skin, hair, oil and sweat glands, nails, and sensory receptors.

Functions of the Integumentary System
1. Regulates body temperature. 4, Detects cutaneous sensations.
2. Stores blood. 5. Excretes and absorbs substances.

3. Protects body from external
environment.

6. Synthesizes vitamin D.
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Q What types of tissues make up the epidermis and the dermis?

deeper, thicker connective tissue portion is the dermis. While the epi-
dermis is avascular, the dermis is vascular. For this reason, if you cut
the epidermis there is no bleeding, but if the cut penetrates to the
dermis there is bleeding.

Deep to the dermis, but not part of the skin, is the subcutaneous
(subQ) layer. Also called the hypodermis (hypo- = below), this layer
consists of areolar and adipose tissues. Fibers that extend from the
dermis anchor the skin to the subcutaneous layer, which in turn at-
taches to underlying fascia, the connective tissue around muscles and
bones. The subcutaneous layer serves as a storage depot for fat and

Sweat pores

Epidermal
ridges

David Becker/Science Source
(d) Epidermal ridges and sweat pores

contains large blood vessels that supply the skin. This region (and
sometimes the dermis) also contains nerve endings called lamellated
corpuscles or pacinian corpuscles (pa-SIN-é-an) that are sensitive to
pressure (Figure 5.1).

Epidermis

The epidermis is composed of keratinized stratified squamous
epithelium. It contains four principal types of cells: keratinocytes,
melanocytes, intraepidermal macrophages, and tactile epithelial



cells (Figure 5.2). About 90% of epidermal cells are keratinocytes (ker-
a-TIN-o-sits’; keratino- = hornlike; -cytes = cells), which are arranged
in four or five layers and produce the protein keratin (KER-a-tin)
(Figure 5.2a). Recall from Chapter 4 that keratin is a tough, fibrous pro-
tein that helps protect the skin and underlying tissues from abrasions,
heat, microbes, and chemicals. Keratinocytes also produce lamellar
granules, which release a water-repellent sealant that decreases water
entry and loss and inhibits the entry of foreign materials.

About 8% of the epidermal cells are melanocytes (MEL-a-no-
sits’; melano- = black), which develop from the ectoderm of a devel-
oping embryo and produce the pigment melanin (Figure 5.2b). Their
long, slender projections extend between the keratinocytes and
transfer melanin granules to them. Melanin (MEL-a-nin) is a yellow-
red or brown-black pigment that contributes to skin color and ab-
sorbs damaging ultraviolet (UV) light. Once inside keratinocytes, the
melanin granules cluster to form a protective veil over the nucleus, on
the side toward the skin surface. In this way, they shield the nuclear
DNA from damage by UV light. Although their melanin granules effec-
tively protect keratinocytes, melanocytes themselves are particularly
susceptible to damage by UV light.

m Cells in the epidermis. Besides keratinocytes, the epidermis
contains melanocytes, which produce the pigment melanin; intraepidermal

macrophages, which participate in immune responses; and tactile epithelial
cells, which function in the sensation of touch.

Most of the epidermis consists of keratinocytes, which produce the
protein keratin (protects underlying tissues), and lamellar granules
(contain a waterproof sealant).
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Intraepidermal macrophages or Langerhans cells (LANG-er-
hans) arise from red bone marrow and migrate to the epidermis
(Figure 5.2c), where they constitute a small fraction of the epidermal
cells. They participate in immune responses mounted against mi-
crobes that invade the skin, and are easily damaged by UV light. Their
role in the immune response is to help other cells of the immune
system recognize an invading microbe and destroy it.

Tactile epithelial cells, or Merkel cells (MER-kel), are the least
numerous of the epidermal cells. They are located in the deepest layer
of the epidermis, where they contact the flattened process of a sensory
neuron (nerve cell), a structure called a tactile disc or Merkel disc
(Figure 5.2d). Tactile epithelial cells and their associated tactile discs
detect touch sensations.

Several distinct layers of keratinocytes in various stages of devel-
opment form the epidermis (Figure 5.3). In most regions of the body
the epidermis has four strata (STRA-ta) or layers—stratum basale, stra-
tum spinosum, stratum granulosum, and a thin stratum corneum. This
is called thin skin. Where exposure to friction is greatest, such as in the
fingertips, palms, and soles, the epidermis has five layers—stratum
basale, stratum spinosum, stratum granulosum, stratum lucidum, and
a thick stratum corneum. This is called thick skin. The details of thin
and thick skin are discussed later in the chapter (see Section 5.3).

Stratum Basale The deepest layer of the epidermis is the
stratum basale (ba-SA-l1&; basal = base), composed of a single
row of cuboidal or columnar keratinocytes. Some cells in this layer
are stem cells that undergo cell division to continually produce new

m Layers of the epidermis. See also Fig. 5.1d.

The epidermis consists of keratinized stratified squamous epithelium.
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Q What is the function of melanin?

Four principal cell types in epidermis of thick skin
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keratinocytes. The nuclei of keratinocytes in the stratum basale
are large, and their cytoplasm contains many ribosomes, a small
Golgi complex, a few mitochondria, and some rough endoplasmic
reticulum. The cytoskeleton within keratinocytes of the stratum basale
includes scattered intermediate filaments, called keratin intermediate
filaments (tonofilaments). The keratin intermediate filaments form the
tough protein keratin in its more superficial epidermal layers. Keratin
protects the deeper layers from injury. Keratin intermediate filaments
attach to desmosomes, which bind cells of the stratum basale to
each other and to the cells of the adjacent stratum spinosum, and
to hemidesmosomes, which bind the keratinocytes to the basement
membrane positioned between the epidermis and the dermis.
Melanocytes and tactile epithelial cells with their associated tactile
discs are scattered among the keratinocytes of the basal layer. The
stratum basale is also known as the stratum germinativum (jer’-mi-
na-TE-vum; germ- = sprout) to indicate its role in forming new cells.

i Clinical Connection

Skin Grafts

New skin cannot regenerate if an injury destroys a large area of the stratum
basale and its stem cells. Skin wounds of this magnitude require skin grafts
in order to heal. A skin graft is the transfer of a patch of healthy skin taken
from a donor site to cover a wound. A skin graft is performed to protect
against fluid loss and infection, to promote tissue healing, to reduce scar
formation, to prevent loss of function, and for cosmetic reasons. To avoid
tissue rejection, the transplanted skin is usually taken from the same
individual (autograft) or an identical twin (isograft). If skin damage is so
extensive that an autograft would cause harm, a self-donation procedure
called autologous skin transplantation (aw-TOL-6-gus) may be used. In
this procedure, performed most often for severely burned patients, small
amounts of an individual’s epidermis are removed, and the keratinocytes
are cultured in the laboratory to produce thin sheets of skin. The new skin
is transplanted back to the patient so that it covers the burn wound and
generates a permanent skin. Also available as skin grafts for wound coverage
are products (Apligraft and Transite) grown in the laboratory from the foreskins
of circumcised infants.

Stratum Spinosum superficial to the stratum basale is the
stratum spinosum (spi-NO-sum; spinos- = thornlike). This stratum
mainly consists of numerous keratinocytes arranged in 8-10 layers.
Cells in the more superficial layers become somewhat flattened.
The keratinocytes in the stratum spinosum, which are produced by
the stem cells in the basal layer, have the same organelles as cells
of the stratum basale, and some retain their ability to divide. The
keratinocytes of this layer produce coarser bundles of keratin in
intermediate filaments than those of the basal layer. Although they
are rounded and larger in living tissue, cells of the stratum spinosum
shrink and pull apart when prepared for microscopic examination,
except where the membranesjoin atdesmosomes, so that they appear
to be covered with thornlike spines (thus, the name) (Figure 5.3). At
each spinelike projection, bundles of keratin intermediate filaments

insert into desmosomes, which tightly join the cells to one another.
This arrangement provides both strength and flexibility to the skin.
Intraepidermal macrophages and projections of melanocytes are also
present in the stratum spinosum.

Stratum Granulosum At about the middle of the epidermis,
the stratum granulosum (gran-G-LO-sum; granulos- = little grains)
consists of three to five layers of flattened keratinocytes that are
undergoing apoptosis. (Recall from Chapter 3 that apoptosis is an
orderly, genetically programmed cell death in which the nucleus
fragments before the cells die.) The nuclei and other organelles
of these cells begin to degenerate as they move farther from their
source of nutrition (the dermal blood vessels). Even though keratin
intermediate filaments are no longer being produced by these cells,
they become more apparent because the organelles in the cells are
regressing. A distinctive feature of cells in this layer is the presence
of darkly staining granules of a protein called keratohyalin (ker’-
a-to6-Hli-a-lin), which assembles keratin intermediate filaments into
keratin. Also present in the keratinocytes are membrane-enclosed
lamellar granules (la-MEL-ar), which fuse with the plasma membrane
and release a lipid-rich secretion. This secretion is deposited in the
spaces between cells of the stratum granulosum, stratum lucidum, and
stratum corneum. The lipid-rich secretion acts as a water-repellent
sealant, retarding loss and entry of water and entry of foreign materials.
As their nuclei break down during apoptosis, the keratinocytes of the
stratum granulosum can no longer carry on vital metabolic reactions,
and they die. Thus, the stratum granulosum marks the transition
between the deeper, metabolically active strata and the dead cells of
the more superficial strata.

Stratum Lucidum The stratum lucidum (LOO-si-dum;
lucid- = clear) is present only in the thick skin of areas such as the
fingertips, palms, and soles. It consists of four to six layers of flattened
clear, dead keratinocytes that contain large amounts of keratin and
thickened plasma membranes. This probably provides an additional
level of toughness in this region of thick skin.

Stratum Corneum The stratum corneum (KOR-né&-um; corne-
= horn or horny) consists on average of 25 to 30 layers of flattened
dead keratinocytes, but can range in thickness from a few cells in thin
skin to 50 or more cell layers in thick skin. The cells are extremely
thin, flat, plasma membrane-enclosed packages of keratin that no
longer contain a nucleus or any internal organelles. They are the final
product of the differentiation process of the keratinocytes. The cells
within each layer overlap one another like the scales on the skin of a
snake. Neighboring layers of cells also form strong connections with
one another. The plasma membranes of adjacent cells are arranged in
complex, wavy folds that fit together like pieces of a jigsaw puzzle to
hold the layers together. In this outer stratum of the epidermis, cells
are continuously shed and replaced by cells from the deeper strata.
Its multiple layers of dead cells help the stratum corneum to protect
deeper layers from injury and microbial invasion. Constant exposure
of skin to friction stimulates increased cell production and keratin
production that results in the formation of a callus, an abnormal
thickening of the stratum corneum.



Keratinization and Growth of
the Epidermis

Newly formed cells in the stratum basale are slowly pushed to the
surface. As the cells move from one epidermal layer to the next, they
accumulate more and more keratin, a process called keratinization
(ker’-a-tin-i-ZA-shun). Then they undergo apoptosis. Eventually the
keratinized cells slough off and are replaced by underlying cells thatin
turn become keratinized. The whole process by which cells form in the
stratum basale, rise to the surface, become keratinized, and slough
off takes about four to six weeks in an average epidermis of 0.1 mm
(0.004 in.) thickness. Nutrients and oxygen diffuse to the avascular
epidermis from blood vessels in the dermis. The epidermal cells of the
stratum basale are closest to these blood vessels and receive most of
the nutrients and oxygen. These cells are the most active metaboli-
cally and continuously undergo cell division to produce new keratino-
cytes. As the new keratinocytes are pushed farther from the blood
supply by continuing cell division, the epidermal strata above the
basale receive fewer nutrients, and the cells become less active and
eventually die. The rate of cell division in the stratum basale increases
when the outer layers of the epidermis are stripped away, as occurs in
abrasions and burns. The mechanisms that regulate this remarkable
growth are not well understood, but hormonelike proteins such as
epidermal growth factor (EGF) play a role. An excessive amount of
keratinized cells shed from the skin of the scalp is called dandruff.

Table 5.1 summarizes the distinctive features of the epidermal
strata.

i Clinical Connection

Psoriasis

Psoriasis (so0-Rl-a-sis) is a common and chronic skin disorder in which
keratinocytes divide and move more quickly than normal from the stratum
basale to the stratum corneum. They are shed prematurely in as little as
7 to 10 days. The immature keratinocytes make an abnormal keratin, which
forms flaky, silvery scales at the skin surface, most often on the knees, elbows,
and scalp (dandruff). Effective treatments—various topical ointments and
ultraviolet phototherapy—suppress cell division, decrease the rate of cell
growth, or inhibit keratinization.

Dermis

The second, deeper part of the skin, the dermis, is composed of dense
irregular connective tissue containing collagen and elastic fibers. This
woven network of fibers has great tensile strength (resists pulling or
stretching forces). The dermis also has the ability to stretch and recoil
easily. It is much thicker than the epidermis, and this thickness varies
from region to region in the body, reaching its greatest thickness on
the palms and soles. Leather, which we use for belts, shoes, baseball
gloves, and basketballs, is the dried and treated dermis of other
animals. The few cells present in the dermis include predominantly
fibroblasts, with some macrophages, and a few adipocytes near its
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TABLE 5.1 Summary of Epidermal Strata (see Figure 5.3)

STRATUM DESCRIPTION

Basale Deepest layer, composed of single row of cuboidal or
columnar keratinocytes that contain scattered keratin
intermediate filaments (tonofilaments); stem cells
undergo cell division to produce new keratinocytes;
melanocytes and tactile epithelial cells associated

with tactile discs are scattered among keratinocytes.

Spinosum Eight to ten rows of many-sided keratinocytes with
bundles of keratin intermediate filaments; contains
projections of melanocytes and intraepidermal

macrophages.

Granulosum Three to five rows of flattened keratinocytes, in
which organelles are beginning to degenerate; cells
contain the protein keratohyalin (converts keratin
intermediate filaments into keratin) and lamellar

granules (release lipid-rich, water-repellent secretion).

Lucidum Present only in skin of fingertips, palms, and soles;
consists of four to six rows of clear, flat, dead

keratinocytes with large amounts of keratin.

Corneum Few to 50 or more rows of dead, flat keratinocytes

that contain mostly keratin.

boundary with the subcutaneous layer. Blood vessels, nerves, glands,
and hair follicles (epithelial invaginations of the epidermis) are
embedded in the dermal layer. The dermis is essential to the survival
of the epidermis, and these adjacent layers form many important
structural and functional relations. Based on its tissue structure, the
dermis can be divided into a thin superficial papillary region and a
thick deeper reticular region.

The papillary region makes up about one-fifth of the thickness
of the total layer (see Figure 5.1). It contains thin collagen and fine
elastic fibers. Its surface area is greatly increased by dermal papillae
(pa-PIL-é = nipples), small, nipple-shaped structures that project into
the undersurface of the epidermis. All dermal papillae contain capil-
lary loops (blood vessels). Some also contain tactile receptors called
corpuscles of touch or Meissner corpuscles (MIS-ner), nerve endings
that are sensitive to touch. Still other dermal papillae also contain
free nerve endings, dendrites that lack any apparent structural spe-
cialization. Different free nerve endings initiate signals that give rise
to sensations of warmth, coolness, pain, tickling, and itching.

The reticular region (reticul- = netlike), which is attached to the
subcutaneous layer, contains bundles of thick collagen fibers, scat-
tered fibroblasts, and various wandering cells (such as macrophages).
Some adipose cells can be present in the deepest part of the layer,
along with some coarse elastic fibers (see Figure 5.1). The collagen
fibers in the reticular region are arranged in a netlike manner and
have a more regular arrangement than those in the papillary region.
The more regular orientation of the large collagen fibers helps the
skin resist stretching. Blood vessels, nerves, hair follicles, sebaceous
(oil) glands, and sudoriferous (sweat) glands occupy the spaces be-
tween fibers.

The combination of collagen and elastic fibers in the reticular re-
gion provides the skin with strength, extensibility (ek-sten’-si-BIL-i-té),
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the ability to stretch, and elasticity (e-las-TIS-i-té), the ability to re-
turn to original shape after stretching. The extensibility of skin can be
readily seen around joints and in pregnancy and obesity.

i Clinical Connection \

Stretch Marks

Because of the collagenous, vascular structure of the dermis, striae (STRI
-é = streaks) or stretch marks, a form of internal scarring, can result from
the internal damage to this layer that occurs when the skin is stretched
too much. When the skin is overstretched, the lateral bonding between
adjacent collagen fibers is disrupted and small dermal blood vessels rupture.
This is why stretch marks initially appear as reddish streaks at these sites.
Later, after scar tissue (which is poorly vascularized) forms at these sites of
dermal breakdown, the stretch marks appear as silvery white streaks.
Stretch marks often occur in the abdominal skin during pregnancy, on the skin
of weight-lifters where the skin is stretched by a rapid increase in muscle
mass, and in the stretched skin accompanying gross obesity.

The surfaces of the palms, fingers, soles, and toes have a series of
ridges and grooves. They appear either as straight lines or as a pattern
of loops and whorls, as on the tips of the digits. These epidermal
ridges are produced during the third month of fetal development as
downward projections of the epidermis into the dermis between the
dermal papillae of the papillary region (see Figure 5.1). The epider-
mal ridges create a strong bond between the epidermis and dermis in
aregion of high mechanical stress. The epidermal ridges also increase
the surface area of the epidermis and thus increase the grip of the
hand or foot by increasing friction. Finally, the epidermal ridges greatly
increase surface area, which increases the number of corpuscles of
touch and thus increases tactile sensitivity. Because the ducts of
sweat glands open on the tops of the epidermal ridges as sweat pores,
the sweat and ridges form fingerprints (or footprints) on touching a
smooth object. The epidermal ridge pattern is in part genetically de-
termined and is unique for each individual. Even identical twins have
different patterns. Normally, the ridge pattern does not change during
life, except to enlarge, and thus can serve as the basis for identifica-
tion. The study of the pattern of epidermal ridges is called dermato-
glyphics (der’-ma-t6-GLIF-iks; glyphe = carved work).

In addition to forming epidermal ridges, the complex papillary
surface of the dermis has other functional properties. The dermal
papillae greatly increase the surface contact between the dermis and
epidermis. This increased dermal contact surface, with its extensive
network of small blood vessels, serves as an important source of nu-
trition for the overlying epidermis. Molecules diffuse from the small
blood capillaries in the dermal papillae to the cells of the stratum
basale, allowing the basal epithelial stem cells to divide and the
keratinocytes to grow and develop. As keratinocytes push toward the
surface and away from the dermal blood source, they are no longer
able to obtain the nutrition they require, leading to the eventual
breakdown of their organelles.

The dermal papillae fit together with the complementary epi-
dermal ridge to form an extremely strong junction between the two

Summary of Papillary and Reticular Regions of
the Dermis (see Figure 5.1b)

DESCRIPTION

TABLE 5.2

REGION

Papillary Superficial portion of dermis (about one-fifth);
consists of areolar connective tissue with thin
collagen and fine elastic fibers; contains dermal
ridges that house blood capillaries, corpuscles of

touch, and free nerve endings.

Reticular Deeper portion of dermis (about four-fifths); consists
of dense irregular connective tissue with bundles of
thick collagen and some coarse elastic fibers. Spaces
between fibers contain some adipose cells, hair
follicles, nerves, sebaceous glands, and sudoriferous

glands.

layers. This jigsaw puzzle-like connection strengthens the skin
against shearing forces (forces that laterally shift in relation to each
other) that attempt to separate the epidermis from the dermis.

i Clinical Connection

Tension Lines and Surgery

In certain regions of the body, collagen fibers within the reticular region tend
to orient more in one direction than another because of natural tension
experienced by these regions of the skin resulting from bony projections,
orientation of muscles, and movements of joints. Tension lines (lines of
cleavage) in the skin indicate the predominant direction of underlying
collagen fibers. Knowledge of tension lines is especially important to plastic
surgeons. For example, a surgical incision running parallel to the collagen
fibers will heal with only a fine scar. A surgical incision made across the
rows of fibers disrupts the collagen, and the wound tends to gape open and
heal in a broad, thick scar.

Table 5.2 summarizes the structural features of the papillary and
reticular regions of the dermis.

The Structural Basis of Skin Color

Melanin, hemoglobin, and carotene are three pigments that impart a
wide variety of colors to skin. The amount of melanin causes the skin’s
color to vary from pale yellow to reddish-brown to black. The differ-
ence between the two forms of melanin, pheomelanin (fée-6-MEL-a-
nin) (yellow to red) and eumelanin (G-MEL-a-nin) (brown to black), is
most apparent in the hair. Melanocytes, the melanin-producing cells,
are most plentiful in the epidermis of the penis, nipples of the breasts,
area just around the nipples (areolae), face, and limbs. They are also
present in mucous membranes. Because the number of melanocytes
isabout the samein all people, differences in skin color are due mainly
to the amount of pigment the melanocytes produce and transfer
to keratinocytes. In some people who are genetically predisposed,



melanin accumulates in patches called freckles. Freckles typically are
reddish or brown and tend to be more visible in the summer than the
winter. As a person ages, age (liver) spots may develop. These flat
blemishes have nothing to do with the liver. They look like freckles
and range in color from light brown to black. Like freckles, age spots
are accumulations of melanin. Age spots are darker than freckles and
build up over time due to exposure to sunlight. Age spots do not fade
away during the winter months and are more common in adults over
40. A round, flat, or raised area that represents a benign localized
overgrowth of melanocytes and usually develops in childhood or
adolescence is called a nevus (NE-vus), or a mole.

Melanocytes synthesize melanin from the amino acid tyrosine in
the presence of an enzyme called tyrosinase. Synthesis occurs in an
organelle called a melanosome (MEL-an-6-som). Exposure to ultravi-
olet (UV) light increases the enzymatic activity within melanosomes
and thus increases melanin production. Both the amount and dark-
ness of melanin increase on UV exposure, which gives the skin a
tanned appearance and helps protect the body against further UV
radiation. Melanin absorbs UV radiation, prevents damage to DNAin
epidermal cells, and neutralizes free radicals that form in the skin
following damage by UV radiation. Thus, within limits, melanin
serves a protective function. In response to DNA damage, melanin
production increases. As you will see later, exposing the skin to a
small amount of UV light is actually necessary for the skin to begin
the process of vitamin D synthesis. However, repeatedly exposing
the skin to a large amount of UV light may cause skin cancer. Atan is
lost when the melanin-containing keratinocytes are shed from the
stratum corneum.

i Clinical Connection \

Albinism and Vitiligo

Albinism (AL-bin-izm; albin- = white) is the inherited inability of an individual
to produce melanin. Most albinos (al-Bi-nés), people affected by albinism,
have melanocytes that are unable to synthesize tyrosinase. Melanin is
missing from their hair, eyes, and skin. This results in problems with vision
and a tendency of the skin to burn easily on overexposure to sunlight.

In another condition, called vitiligo (vit-i-LI-gd), the partial or complete
loss of melanocytes from patches of skin produces irregular white spots.
The loss of melanocytes is related to an immune system malfunction in
which antibodies attack the melanocytes.

Dark-skinned individuals have large amounts of melanin in the
epidermis, so their skin color ranges from yellow to reddish-brown to
black. Light-skinned individuals have little melanin in the epidermis.
Thus, the epidermis appears translucent, and skin color ranges from
pink to red depending on the oxygen content of the blood moving
through capillaries in the dermis. The red color is due to hemoglobin
(hé-m&-GLO-bin), the oxygen-carrying pigment in red blood cells.

Carotene (KAR-0-tén; carot = carrot) is a yellow-orange pigment
that gives egg yolks and carrots their color. This precursor of vitamin A,
which is used to synthesize pigments needed for vision, is stored in
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the stratum corneum and fatty areas of the dermis and subcutaneous
layerin response to excessive dietary intake. In fact, so much carotene
may be deposited in the skin after eating large amounts of carotene-
rich foods that the skin actually turns orange, which is especially
apparent in light-skinned individuals. Decreasing carotene intake
eliminates the problem.

i Clinical Connection

Skin Color as a Diagnostic Clue

The color of skin and mucous membranes can provide clues for diagnosing
certain conditions. When blood is not picking up an adequate amount of
oxygen from the lungs, as in someone who has stopped breathing, the
mucous membranes, nail beds, and skin appear bluish or cyanotic (si-
a-NOT-ik; cyan- = blue). Jaundice (JON-dis; jaund- = yellow) is due to a
buildup of the yellow pigment bilirubin in the skin. This condition gives a
yellowish appearance to the skin and the whites of the eyes, and usually
indicates liver disease. Erythema (er-e-THE-ma; eryth- = red), redness of
the skin, is caused by engorgement of capillaries in the dermis with blood
due to skin injury, exposure to heat, infection, inflammation, or allergic
reactions. Pallor (PAL-or), or paleness of the skin, may occur in conditions
such as shock and anemia. All skin color changes are observed most readily
in people with light-colored skin and may be more difficult to discern in
people with darker skin. However, examination of the nail beds and gums
can provide some information about circulation in individuals with darker
skin.

Tattooing and Body Piercing

Tattooing is a permanent coloration of the skin in which a foreign pig-
ment is deposited with a needle into macrophages in the dermis. It is
believed that the practice originated in ancient Egypt between 4000
and 2000 B.c. Today, tattooing is performed in one form or another by
nearly all peoples of the world, and it is estimated that about one in
three U.S. college students has one or more tattoos. They are created
by injecting ink with a needle that punctures the epidermis, moves
between 50 and 3000 times per minute, and deposits the ink in the
dermis. Since the dermis is stable (unlike the epidermis, which is shed
about every four to six weeks), tattoos are permanent. However, they
can fade over time due to exposure to sunlight, improper healing,
picking scabs, and flushing away of ink particles by the lymphatic
system. Sometimes tattoos are used as landmarks for radiation and
as permanent makeup (eyeliner, lip liner, lipstick, blush, and eye-
brows). Among the risks of tattoos are infections (staph, impetigo, and
cellulitis.) Tattoos can be removed by lasers, which use concentrated
beams of light. In the procedure, which requires a series of treat-
ments, the tattoo inks and pigments selectively absorb the high-
intensity laser light without destroying normal surrounding skin
tissue. The laser causes the tattoo to dissolve into small ink particles
that are eventually removed by the immune system. Laser removal of
tattoos involves a considerable investment in time and money, can be
quite painful, and may result in scarring and discoloration.
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Body piercing, the insertion of jewelry through an artificial open-
ing, is also an ancient practice employed by Egyptian pharachs and
Roman soldiers and is a current tradition among many Americans. Today
itis estimated that about one in two U.S. college students has had a body
piercing. For most piercing locations, the piercer cleans the skin with an
antiseptic, retracts the skin with forceps, and pushes a needle through
the skin. Then the jewelry is connected to the needle and pushed
through the skin. Total healing can take up to a year. Among the sites
that are pierced are the ears, nose, eyebrows, lips, tongue, nipples,
navel, and genitals. Potential complications of body piercing are infec-
tions, allergic reactions, and anatomical damage (such as nerve dam-
age or cartilage deformation). In addition, body piercing jewelry may
interfere with certain medical procedures such as masks used for resus-
citation, airway management procedures, urinary catheterization, ra-
diographs, and delivery of a baby. For this reason, body piercing jewel-
ries must be removed prior to certain medical procedures.

Checkpoint

1. What structures are included in the integumentary system?
2. How does the process of keratinization occur?

3. What are the structural and functional differences between the
epidermis and dermis?

4. How are epidermal ridges formed?

5. What are the three pigments in the skin, and how do they
contribute to skin color?

6. What is a tattoo? What are some potential problems associated
with body piercing?

s.2 | Accessory Structures
of the Skin

OBJECTIVE

« Contrast the structure, distribution, and functions of hair, skin
glands, and nails.

Accessory structures of the skin—hair, skin glands, and nails—
develop from the embryonic epidermis. They have a host of impor-
tant functions. For example, hair and nails protect the body, and
sweat glands help regulate body temperature.

Hair

Hairs, or pili (PI-li), are present on most skin surfaces except the
palms, palmar surfaces of the fingers, the soles, and plantar surfaces
of the feet. In adults, hair usually is most heavily distributed across
the scalp, in the eyebrows, in the axillae (armpits), and around the
external genitalia. Genetic and hormonal influences largely deter-
mine the thickness and the pattern of hair distribution.

Although the protection it offers is limited, hair on the head
guards the scalp from injury and the sun’s rays. It also decreases heat
loss from the scalp. Eyebrows and eyelashes protect the eyes from
foreign particles, similar to the way hair in the nostrils and in the ex-
ternal ear canal defends those structures. Touch receptors (hair root
plexuses) associated with hair follicles are activated whenever a hair
is moved even slightly. Thus, hairs also function in sensing light touch.

Anatomy of a Hair Each hair is composed of columns of dead,
keratinized epidermal cells bonded together by extracellular proteins.
The hair shaftisthe superficial portion of the hair, which projects above
the surface of the skin (Figure 5.4a). The hair root is the portion of the
hair deep to the shaft that penetrates into the dermis, and sometimes
into the subcutaneous layer. The shaft and root of the hair both consist
of three concentric layers of cells: medulla, cortex, and cuticle of the
hair (Figure 5.4c, d). The inner medulla, which may be lacking in
thinner hair, is composed of two or three rows of irregularly shaped
cells that contain large amounts of pigment granules in dark hair,
small amounts of pigment granules in gray hair, and a lack of pigment
granules and the presence of air bubbles in white hair. The middle
cortex forms the major part of the shaft and consists of elongated cells.
The cuticle of the hair, the outermost layer, consists of a single layer of
thin, flat cells that are the most heavily keratinized. Cuticle cells on the
shaft are arranged like shingles on the side of a house, with their free
edges pointing toward the end of the hair (Figure 5.4b).

Surrounding the root of the hair is the hair follicle (FOL-i-kul),
which is made up of an external root sheath and an internal root
sheath (Figure 5.4c, d). The external root sheath is a downward con-
tinuation of the epidermis. The internal root sheath is produced by
the matrix (described shortly) and forms a cellular tubular sheath of
epithelium between the external root sheath and the hair. Together,
the external and internal root sheath are referred to as the epithelial
root sheath. The dense dermis surrounding the hair follicle is called
the dermal root sheath.

The base of each hairfollicle and its surrounding dermal root sheath
is an onion-shaped structure, the hair bulb (Figure 5.4c). This structure
houses a nipple-shaped indentation, the papilla of the hair, which con-
tains areolar connective tissue and many blood vessels that nourish
the growing hair follicle. The bulb also contains a germinal layer of cells
called the hair matrix. The hair matrix cells arise from the stratum ba-
sale, the site of cell division. Hence, hair matrix cells are responsible for
the growth of existing hairs, and they produce new hairs when old hairs
are shed. This replacement process occurs within the same follicle. Hair
matrix cells also give rise to the cells of the internal root sheath.

i Clinical Connection

Hair Removal

A substance that removes hair is called a depilatory (de-PlL-a-to-ré). It
dissolves the protein in the hair shaft, turning it into a gelatinous mass that
can be wiped away. Because the hair root is not affected, regrowth of the
hair occurs. In electrolysis, an electric current is used to destroy the hair
matrix so the hair cannot regrow. Laser treatments may also be used to
remove hair.




TS Hair.

Hairs are growths of epidermis composed of dead, keratinized epidermal cells.
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Sebaceous (oil) glands (discussed shortly) and a bundle of smooth
muscle cells are also associated with hairs (Figure 5.4a). The smooth
muscle is the arrector pili (a-REK-tor PI-I; arrect- = to raise). It extends
from the superficial dermis of the skin to the dermal root sheath around
the side of the hair follicle. In its normal position, hair emerges at a less
than 90-degree angle to the surface of the skin. Under physiological or
emotional stress, such as cold or fright, autonomic nerve endings stim-
ulate the arrector pili muscles to contract, which pulls the hair shafts
perpendicular to the skin surface. This action causes “goose bumps” or
“gooseflesh” because the skin around the shaft forms slight elevations.

Surrounding each hair follicle are dendrites of neurons that
form a hair root plexus (PLEK-sus), which is sensitive to touch
(Figure 5.4a). The hair root plexuses generate nerve impulses if their
hair shafts are moved.

Hair Growth Each hair follicle goes through a growth cycle,
which consists of a growth stage, a regression stage, and a resting
stage. During the growth stage, cells of the hair matrix divide.
As new cells from the hair matrix are added to the base of the hair
root, existing cells of the hair root are pushed upward and the hair
grows longer. While the cells of the hair are being pushed upward,
they become keratinized and die. Following the growth stage is the
regression stage, when the cells of the hair matrix stop dividing, the
hair follicle atrophies (shrinks), and the hair stops growing. After
the regression stage, the hair follicle enters a resting stage. Following
the resting stage, a new growth cycle begins. The old hair root falls out
oris pushed out of the hair follicle, and a new hair begins to grow in its
place. Scalp hair is in the growth stage for 2 to 6 years, the regression
stage for 2 to 3 weeks, and the resting stage for about 3 months. At
any time, about 85% of scalp hairs are in the growth stage. Visible hair
is dead, but until the hair is pushed out of its follicle by a new hair,
portions of its root within the scalp are alive.

Normal hair loss in the adult scalp is about 70-100 hairs per day.
Both the rate of growth and the replacement cycle may be altered by
illness, radiation therapy, chemotherapy (described next), age, genetics,
gender, and severe emotional stress. Rapid weight-loss diets that se-
verely restrict calories or protein increase hair loss. The rate of shedding
also increases for three to four months after childbirth. Alopecia (al’-6-
PE-shé-a), the partial or complete lack of hair, may result from genetic
factors, aging, endocrine disorders, chemotherapy, or skin disease.

i Clinical Connection

Chemotherapy and Hair Loss

Chemotherapy is the treatment of disease, usually cancer, by means of
chemical substances or drugs. Chemotherapeutic agents interrupt the
life cycle of rapidly dividing cancer cells. Unfortunately, the drugs also
affect other rapidly dividing cells in the body, such as the hair matrix cells
of a hair. It is for this reason that individuals undergoing chemotherapy
experience hair loss. Since about 15% of the hair matrix cells of scalp hairs
arein the resting stage, these cells are not affected by chemotherapy. Once
chemotherapy is stopped, the hair matrix cells replace lost hair follicles
and hair growth resumes.

i Clinical Connection

Hair and Hormones

At puberty, when the testes begin secreting significant quantities of androgens
(masculinizing sex hormones), males develop the typical male pattern
of hair growth throughout the body, including a beard and a hairy chest.
In females at puberty, the ovaries and the adrenal glands produce small
quantities of androgens, which promote hair growth throughout the body
including the axillae and pubic region. Occasionally, a tumor of the adrenal
glands, testes, or ovaries produces an excessive amount of androgens. The
result in females or prepubertal males is hirsutism (HER-soo-tizm; hirsut-
= shaggy), excessive body hair or body hair in areas that usually are not
hairy.

Surprisingly, androgens also must be present for occurrence of the
most common form of baldness, androgenic alopecia (an’-dro-JEN-ik
al’-6-PE-shé-a) or male-pattern baldness. In genetically predisposed adults,
androgens inhibit hair growth. In men, hair loss usually begins with a receding
hairline followed by hair loss in the temples and crown. Women are more
likely to have thinning of hair on top of the head. The first drug approved for
enhancing scalp hair growth was minoxidil (Rogaine). It causes vasodilation
(widening of blood vessels), thus increasing circulation; direct stimulation
of hair follicle cells to pass into growth stage follicles; and inhibition of
androgens. In about a third of the people who try it, minoxidil improves
hair growth, causing scalp follicles to enlarge and lengthening the growth
cycle. For many, however, the hair growth is meager. Minoxidil does not
help people who already are bald.

Types of Hairs Hair follicles develop at about 12 weeks after
fertilization. Usually by the fifth month of development, the follicles
produce very fine, nonpigmented, downy hairs called lanugo (la-
NOO-go = wool or down) that cover the body of the fetus. Prior to
birth, the lanugo of the eyebrows, eyelashes, and scalp are shed and
replaced by long, coarse, heavily pigmented hairs called terminal
hairs. The lanugo of the rest of the body are replaced by vellus hairs
(VEL-us = fleece), commonly called “peach fuzz,” which are short, fine,
pale hairs that are barely visible to the naked eye. During childhood,
vellus hairs cover most of the body except for the hairs of the
eyebrows, eyelashes, and scalp, which are terminal hairs. In response
to hormones (androgens) secreted at puberty, terminal hairs replace
vellus hairs in the axillae (armpits) and pubic regions of boys and girls
and they replace vellus hairs on the face, limbs, and chests of boys,
which leads to the formation of a mustache, a beard, hairy arms and
legs, and a hairy chest. During adulthood, about 95% of body hair on
males is terminal hair and 5% is vellus hair; on females, about 35%
of body hair is terminal hair and 65% is vellus hair.

Hair Color The color of hair is due primarily to the amount
and type of melanin in its keratinized cells. Melanin is synthesized
by melanocytes scattered in the matrix of the bulb and passes into
cells of the cortex and medulla of the hair (Figure 5.4c). Dark-colored
hair contains mostly eumelanin (brown to black); blond and red hair
contain variants of pheomelanin (yellow to red). Hair becomes gray
because of a progressive decline in melanin production; gray hair



contains only a few melanin granules. White hair results from the lack
of melanin and the accumulation of air bubbles in the shaft.

Hair coloring is a process that adds or removes pigment. Tempo-
rary hair dyes coat the surface of a hair shaft and usually wash out
within 2 or 3 shampoos. Semipermanent dyes penetrate the hair shaft
moderately and do fade and wash out of hair after about 5to 10 sham-
poos. Permanent hair dyes penetrate deeply into the hair shaft and
don’t wash out but are eventually lost as the hair grows out.

Skin Glands

Recall from Chapter 4 that glands are epithelial cells that secrete a
substance. Several kinds of exocrine glands are associated with the
skin: sebaceous (oil) glands, sudoriferous (sweat) glands, and cerumi-
nous glands. Mammary glands, which are specialized sudoriferous
glands that secrete milk, are discussed in Chapter 28 along with the
female reproductive system.

Sebaceous Glands sebaceous glands (se-BA-shus; sebace- =
greasy) or oil glands are simple, branched acinar (rounded) glands.
With few exceptions, they are connected to hair follicles (see Figures
5.1 and 5.4a). The secreting portion of a sebaceous gland lies in the
dermis and usually opens into the neck of a hair follicle. In some
locations, such as the lips, glans penis, labia minora, and tarsal glands
of the eyelids, sebaceous glands open directly onto the surface of the
skin. Absent in the palms and soles, sebaceous glands are small in
most areas of the trunk and limbs, but large in the skin of the breasts,
face, neck, and superior chest.

i Clinical Connection

Acne

During childhood, sebaceous glands are relatively small and inactive. At
puberty, androgens from the testes, ovaries, and adrenal glands stimulate
sebaceous glands to grow in size and increase their production of sebum.
Acne is an inflammation of sebaceous glands that usually begins at
puberty, when the sebaceous glands are stimulated by androgens. Acne
occurs predominantly in sebaceous follicles that have been colonized
by bacteria, some of which thrive in the lipid-rich sebum. The infection
may cause a cyst or sac of connective tissue cells to form, which can
destroy and displace epidermal cells. This condition, called cystic acne,
can permanently scar the epidermis. Treatment consists of gently
washing the affected areas once or twice daily with a mild soap, topical
antibiotics (such as clindamycin and erythromycin), topical drugs such as
benzoyl peroxide or tretinoin, and oral antibiotics (such as tetracycline,
minocycline, erythromycin, and isotretinoin). Contrary to popular belief,
foods such as chocolate or fried foods do not cause or worsen acne.

Sebaceous glands secrete an oily substance called sebum (SE-
bum), a mixture of triglycerides, cholesterol, proteins, and inorganic
salts. Sebum coats the surface of hairs and helps keep them from dry-
ing and becoming brittle. Sebum also prevents excessive evaporation
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of water from the skin, keeps the skin soft and pliable, and inhibits the
growth of some (but not all) bacteria.

Sudoriferous Glands There are three million to four million
sudoriferous glands (soo’-dor-IF-er-us; sudor- = sweat; -ferous
= bearing) or sweat glands in the body. The cells of these glands
release sweat, or perspiration, into hair follicles or onto the skin
surface through pores. Sweat glands are divided into two main types,
eccrine and apocrine, based on their structure and type of secretion.

Eccrine sweat glands (EK-rin; eccrine = secreting outwardly) are
simple, coiled tubular glands that are much more common than apo-
crine sweat glands (see Figures 5.1 and 5.4a). They are distributed
throughout the skin of most regions of the body, especially in the skin
of the forehead, palms, and soles. Eccrine sweat glands are not pres-
ent, however, in the margins of the lips, nail beds of the fingers and
toes, glans penis, glans clitoris, labia minora, or eardrums. The secre-
tory portion of eccrine sweat glands is located mostly in the deep
dermis (sometimes in the upper subcutaneous layer). The excretory
duct projects through the dermis and epidermis and ends as a pore
at the surface of the epidermis (see Figure 5.1).

The sweat produced by eccrine sweat glands (about 600 mL per
day) consists primarily of water, with small amounts of ions (mostly
Na* and Cl™), urea, uric acid, ammonia, amino acids, glucose, and lac-
tic acid. The main function of eccrine sweat glands is to help regulate
body temperature through evaporation. As sweat evaporates, large
quantities of heat energy leave the body surface. The homeostatic
regulation of body temperature is known as thermoregulation. This
role of eccrine sweat glands in helping the body to achieve ther-
moregulation is known as thermoregulatory sweating. During ther-
moregulatory sweating, sweat first forms on the forehead and scalp
and then extends to the rest of the body, forming last on the palms
and soles. Sweat that evaporates from the skin before it is perceived
as moisture is termed insensible perspiration (in- = not). Sweat that
is excreted in larger amounts and is seen as moisture on the skin is
called sensible perspiration.

The sweat produced by eccrine sweat glands also plays a small
role in eliminating wastes such as urea, uric acid, and ammonia from
the body. However, the kidneys play more of a role in the excretion of
these waste products from the body than eccrine sweat glands.

Eccrine sweat glands also release sweat in response to an emo-
tional stress such as fear or embarrassment. This type of sweating is
referred to as emotional sweating or a cold sweat. In contrast to
thermoregulatory sweating, emotional sweating first occurs on the
palms, soles, and axillae and then spreads to other areas of the body.
As you will soon learn, apocrine sweat glands are also active during
emotional sweating.

Apocrine sweat glands (AP-0-krin; apo- = separated from) are
also simple, coiled tubular glands but have larger ducts and lumens
than eccrine glands (see Figures 5.1 and 5.4a). They are found mainly
in the skin of the axilla (armpit), groin, areolae (pigmented areas
around the nipples) of the breasts, and bearded regions of the face
in adult males. These glands were once thought to release their secre-
tions in an apocrine manner (see text coverage in Chapter 4 and
Figure 4.7b)—by pinching off a portion of the cell. We now know,
however, that their secretion is via exocytosis, which is characteristic
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of eccrine glands (see Figure 5.4a). Nevertheless, the term apocrine is
still used. The secretory portion of these sweat glands is located in the
lower dermis or upper subcutaneous layer, and the excretory duct
opens into hair follicles (see Figure 5.1).

Compared to eccrine sweat, apocrine sweat appears milky or
yellowish in color. Apocrine sweat contains the same components as
eccrine sweat plus lipids and proteins. Sweat secreted from apocrine
sweat glands is odorless. However, when apocrine sweat interacts
with bacteria on the surface of the skin, the bacteria metabolize its
components, causing apocrine sweat to have a musky odor that is
often referred to as body odor. Eccrine sweat glands start to function
soon after birth, but apocrine sweat glands do not begin to function
until puberty.

Apocrine sweat glands, along with eccrine sweat glands, are ac-
tive during emotional sweating. In addition, apocrine sweat glands
secrete sweat during sexual activities. In contrast to eccrine sweat
glands, apocrine sweat glands are not active during thermoregulatory
sweating and, therefore, do not play a role in thermoregulation.

Ceruminous Glands Modified sweat glands in the external
ear, called ceruminous glands (se-RU-mi-nus; cer- = wax), produce
a waxy lubricating secretion. The secretory portions of ceruminous
glands lie in the subcutaneous layer, deep to sebaceous glands.
Their excretory ducts open either directly onto the surface of the
external auditory canal (ear canal) or into ducts of sebaceous glands.
The combined secretion of the ceruminous and sebaceous glands

TABLE 5.3 Summary of Skin Glands (see Figures 5.1 and 5.4a)

ECCRINE SWEAT
GLANDS

SEBACEOUS (OIL)

FEATURE GLANDS

is a yellowish material called cerumen (se-ROO-men), or earwax.
Cerumen, together with hairs in the external auditory canal, provides
a sticky barrier that impedes the entrance of foreign bodies and
insects. Cerumen also waterproofs the canal and prevents bacteria
and fungi from entering cells.

Table 5.3 presents a summary of skin glands.

i Clinical Connection

Impacted Cerumen

Some people produce an abnormally large amount of cerumen in the
external auditory canal. If it accumulates until it becomes impacted (firmly
wedged), sound waves may be prevented from reaching the eardrum.
Treatments for impacted cerumen include periodic ear irrigation with
enzymes to dissolve the wax and removal of wax with a blunt instrument by
trained medical personnel. The use of cotton-tipped swabs or sharp objects
is not recommended for this purpose because they may push the cerumen
further into the external auditory canal and damage the eardrum.

Nails

Nails are plates of tightly packed, hard, dead, keratinized epidermal
cells that form a clear, solid covering over the dorsal surfaces of the

APOCRINE SWEAT

GLANDS CERUMINOUS GLANDS

Distribution Largely in lips, glans penis, Throughout skin of most Skin of axillae, groin, External auditory canal.
labia minora, and tarsal regions of body, especially areolae, bearded regions
glands; small in trunk and skin of forehead, palms, of face, clitoris, and labia
limbs; absent in palms and soles. minora.
and soles.
Location of Dermis. Mostly in deep dermis Mostly in deep dermis and Subcutaneous layer.
secretory (sometimes in upper upper subcutaneous layer.
portion subcutaneous layer).

Termination of
excretory duct

Mostly connected to hair
follicle.

Surface of epidermis.

Hair follicles.

Surface of external auditory
canal or into ducts of
sebaceous glands.

Secretion Sebum (mixture of Perspiration, which consists Perspiration, which consists Cerumen, a waxy material.
triglycerides, cholesterol, of water, ions (Na*, Cl7), of same components as
proteins, and inorganic urea, uric acid, ammonia, eccrine sweat glands plus
salts). amino acids, glucose, and lipids and proteins.
lactic acid.
Functions Prevent hairs from drying Regulation of body Stimulated during Impede entrance of

out, prevent water loss from
skin, keep skin soft, inhibit
growth of some bacteria.

temperature, waste removal,
stimulated during emotional
stress.

emotional stress and sexual
excitement.

foreign bodies and insects
into external ear canal,
waterproof canal, prevent
microbes from entering cells.

Onset of function

Relatively inactive during
childhood; activated during
puberty.

Soon after birth.

Puberty.

Soon after birth.




distal portions of the digits. Each nail consists of a nail body, a free
edge, and a nail root (Figure 5.5). The nail body (plate) is the visible
portion of the nail. It is comparable to the stratum corneum of the
epidermis of the skin, with the exception that its flattened, keratinized
cells fill with a harder type of keratin and the cells are not shed. Below
the nail body is a region of epithelium and a deeper layer of dermis.
Most of the nail body appears pink because of blood flowing through
the capillaries in the underlying dermis. The free edge is the part of
the nail body that may extend past the distal end of the digit. The free
edge is white because there are no underlying capillaries. The nail
root is the portion of the nail that is buried in a fold of skin. The whit-
ish, crescent-shaped area of the proximal end of the nail body is called
the lunula (LOO-noo-la = little moon). It appears whitish because the
vascular tissue underneath does not show through due to a thickened
region of epithelium in the area. Beneath the free edge is a thickened

m Nails. Shown is a fingernail.

Nail cells arise by transformation of superficial cells of the nail matrix.

Nail root Eponychium
is the portion  (cuticle) is the
that is not stratum corneum
visible of the epidermis

Free edge

Nail body
(plate)

Lunula

Eponychium .
(cuticle)
Nail root

(a) Dorsal view

Nail matrix is the epithelium proximal to the nail root.
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region of stratum corneum called the hyponychium (hi’-po-NIK-
é-um; hypo- = below; -onych = nail). It is the junction between the
free edge and skin of the fingertip and secures the nail to the fingertip.
The nail bed is the skin below the nail plate that extends from the
lunula to the hyponychium. The epidermis of the nail bed lacks a stra-
tum granulosum. The eponychium (ep’-0-NIK-&-um; ep- = above) or
cuticle is a narrow band of epidermis that extends from and adheres
to the margin (lateral border) of the nail wall. It occupies the proximal
border of the nail and consists of stratum corneum. You might be sur-
prised to know that a hangnail has nothing to do with the nail itself. It
is a small torn piece of skin at the side or base of a fingernail or toenail,
usually caused by dryness of the eponychium.

The portion of the epithelium proximal to the nail root is the nail
matrix. The superficial nail matrix cells divide mitotically to produce
new nail cells. The growth rate of nails is determined by the rate of

Lunula Nail bed Nail body Sagittal plane
is the thick, is the skin is the visible |
white part below the portion of |
of the nalil nail plate the nail :
Free edge
extends past
tiim the finger or toe
Hyponychium
- 1 secures nail to
E the fingertip
Epidermis
Phalanx

(finger bone)

It contains dividing cells, which produce new nail cells

(b) Sagittal section showing internal detail

Epidermis

Dermis

Nail root

Phalanx
(finger bone)

Sudoriferous
(sweat)
glands

Mark Nielsen

Eponychium Nail body
(cuticle)

Nail bed

Hyponychium

Dermal
papillae

@ >

(c) Photomicrograph of fingertip

Q Why are nails so hard?
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mitosis in matrix cells, which is influenced by factors such as a
person’s age, health, and nutritional status. Nail growth also varies
according to the season, the time of day, and environmental tempera-
ture. The average growth in the length of fingernails is about 1 mm
(0.04 in.) per week. The growth rate is somewhat slower in toenails.
The longer the digit the faster the nail grows.

Nails have a variety of functions:

1. They protect the distal end of the digits.

2. They provide support and counterpressure to the palmar surface of
the fingers to enhance touch perception and manipulation.

3. They allow us to grasp and manipulate small objects, and they can
be used to scratch and groom the body in various ways.

Checkpoint

7. Describe the structure of a hair. What causes “goose bumps”?

8. Contrast the locations and functions of sebaceous (oil) glands,
sudoriferous (sweat) glands, and ceruminous glands.

9. Describe the parts of a nail.

53 | Types of Skin

OBJECTIVE

« Compare structural and functional differences in thin and thick skin.

Although the skin over the entire body is similar in structure, there
are quite a few local variations related to thickness of the epidermis,

TABLE 5.4 comparison of Thin and Thick Skin
FEATURE THIN SKIN

Distribution

All parts of body except areas such as palms,
palmar surface of digits, and soles.

strength, flexibility, degree of keratinization, distribution and type
of hair, density and types of glands, pigmentation, vascularity
(blood supply), and innervation (nerve supply). Two major types of
skin are recognized on the basis of certain structural and func-
tional properties: thin (hairy) skin and thick (hairless) skin (see
also Section 5.1). The greatest contributor to epidermal thickness
is the increased number of layers in the stratum corneum. This
arises in response to the greater mechanical stress in regions of
thick skin.

Table 5.4 presents a comparison of the features of thin and thick
skin.

Checkpoint

10. What criteria are used to distinguish thin and thick skin?

5.4 | Functions of the Skin

OBJECTIVE

+ Describe how the skin contributes to the regulation of body
temperature, storage of blood, protection, sensation, excretion
and absorption, and synthesis of vitamin D.

Now that you have a basic understanding of the structure of the skin,
you can better appreciate its many functions, which were introduced
at the beginning of this chapter. The numerous functions of the integ-
umentary system (mainly the skin) include thermoregulation, storage
of blood, protection, cutaneous sensations, excretion and absorp-
tion, and synthesis of vitamin D.

THICK SKIN

Areas such as palms, palmar surface of digits,
and soles.

Epidermal thickness

0.10-0.15 mm (0.004-0.006 in.).

0.6-4.5 mm (0.024-0.18 in.), due mostly to a
thicker stratum corneum.

Epidermal strata

Stratum lucidum essentially lacking; thinner
strata spinosum and corneum.

Stratum lucidum present; thicker strata
spinosum and corneum.

Epidermal ridges

Lacking due to poorly developed, fewer, and
less-well-organized dermal papillae.

Present due to well-developed and more
numerous dermal papillae organized in

parallel rows.
Hair follicles and arrector Present. Absent.
pili muscles
Sebaceous glands Present. Absent.
Sudoriferous glands Fewer. More numerous.

Sensory receptors Sparser.

Denser.




Thermoregulation

Recall that thermoregulation is the homeostatic regulation of body
temperature. The skin contributes to thermoregulation in two ways: by
liberating sweat at its surface and by adjusting the flow of blood in the
dermis. In response to high environmental temperature or heat produced
by exercise, sweat production from eccrine sweat glands increases; the
evaporation of sweat from the skin surface helps lower body tempera-
ture. In addition, blood vessels in the dermis of the skin dilate (become
wider); consequently, more blood flows through the dermis, which
increases the amount of heat loss from the body (see Figure 25.19). In
response to low environmental temperature, production of sweat from
eccrine sweat glands is decreased, which helps conserve heat. Also, the
blood vessels in the dermis of the skin constrict (become narrow), which
decreases blood flow through the skin and reduces heat loss from the
body. And, skeletal muscle contractions generate body heat.

Blood Reservoir

The dermis houses an extensive network of blood vessels that carry
8-10% of the total blood flow in a resting adult. For this reason, the
skin acts as a blood reservoir.

Protection

The skin provides protection to the body in various ways. Keratin
protects underlying tissues from microbes, abrasion, heat, and
chemicals, and the tightly interlocked keratinocytes resist invasion
by microbes. Lipids released by lamellar granules inhibit evaporation
of water from the skin surface, thus guarding against dehydration;
they also retard entry of water across the skin surface during showers
and swims. The oily sebum from the sebaceous glands keeps skin
and hairs from drying out and contains bactericidal chemicals (sub-
stances that kill bacteria). The acidic pH of perspiration retards the
growth of some microbes. The pigment melanin helps shield against
the damaging effects of ultraviolet light. Two types of cells carry out
protective functions that are immunological in nature. Intraepider-
mal macrophages alert the immune system to the presence of poten-
tially harmful microbial invaders by recognizing and processing
them, and macrophages in the dermis phagocytize bacteria and
viruses that manage to bypass the intraepidermal macrophages of
the epidermis.

Cutaneous Sensations

Cutaneous sensations are sensations that arise in the skin, including
tactile sensations—touch, pressure, vibration, and tickling—as well as
thermal sensations such as warmth and coolness. Another cutaneous
sensation, pain, usually is an indication of impending or actual tissue
damage. There is a wide variety of nerve endings and receptors dis-
tributed throughout the skin, including the tactile discs of the epider-
mis, the corpuscles of touch in the dermis, and hair root plexuses
around each hair follicle. Chapter 16 provides more details on the
topic of cutaneous sensations.
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Excretion and Absorption

The skin normally has a small role in excretion, the elimination of sub-
stances from the body, and absorption, the passage of materials from
the external environment into body cells. Despite the almost waterproof
nature of the stratum corneum, about 400 mL of water evaporates
through it daily. A sedentary person loses an additional 200 mL per day
as sweat; a physically active person loses much more. Besides removing
water and heat from the body, sweat also is the vehicle for excretion of
small amounts of salts, carbon dioxide, and two organic molecules that
result from the breakdown of proteins—ammonia and urea.

The absorption of water-soluble substances through the skin is
negligible, but certain lipid-soluble materials do penetrate the skin.
These include fat-soluble vitamins (A, D, E, and K), certain drugs, and
the gases oxygen and carbon dioxide. Toxic materials that can be ab-
sorbed through the skin include organic solvents such as acetone (in
some nail polish removers) and carbon tetrachloride (dry-cleaning
fluid); salts of heavy metals such as lead, mercury, and arsenic; and
the substances in poison ivy and poison oak. Since topical (applied to
the skin) steroids, such as cortisone, are lipid-soluble, they move eas-
ily into the papillary region of the dermis. Here, they exert their anti-
inflammatory properties by inhibiting histamine production by mast
cells (recall that histamine contributes to inflammation). Certain
drugs that are absorbed by the skin may be administered by applying
adhesive patches to the skin.

i Clinical Connection

Transdermal Drug Administration

Most drugs are either absorbed into the body through the digestive system
or injected into subcutaneous tissue or muscle. An alternative route,
transdermal (transcutaneous) drug administration, enables a drug
contained within an adhesive skin patch to pass across the epidermis and
into the blood vessels of the dermis. The drug is released continuously
at a controlled rate over a period of one to several days. This method is
especially useful for drugs that are quickly eliminated from the body
because such drugs, if taken in other forms, would have to be taken quite
frequently. Because the major barrier to penetration is the stratum corneum,
transdermal absorption is most rapid in regions where this layer is thin, such
as the scrotum, face, and scalp. A growing number of drugs are available
for transdermal administration, including nitroglycerin, for prevention of
angina pectoris (chest pain associated with heart disease); scopolamine,
for motion sickness; estradiol, used for estrogen-replacement therapy
during menopause; ethinyl estradiol and norelgestromin in contraceptive
patches; nicotine, used to help people stop smoking; and fentanyl, used to
relieve severe pain in cancer patients.

Synthesis of Vitamin D

Synthesis of vitamin D requires activation of a precursor molecule in
the skin by ultraviolet (UV) rays in sunlight. Enzymes in the liver and
kidneys then modify the activated molecule, finally producing
calcitriol, the most active form of vitamin D. Calcitriol is a hormone
thataidsinthe absorption of calcium fromfoodsin the gastrointestinal
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tract into the blood. Only a small amount of exposure to UV light
(about 10 to 15 minutes at least twice a week) is required for vitamin
D synthesis. People who avoid sun exposure and individuals who live
in colder, northern climates may require vitamin D supplements to
avoid vitamin D deficiency. Most cells of the immune system have
vitamin D receptors, and the cells activate vitamin D in response to an
infection, especially a respiratory infection, such as influenza. Vitamin
D is believed to enhance phagocytic activity, increase the production
of antimicrobial substances in phagocytes, regulate immune func-
tions, and help reduce inflammation.

Checkpoint

11. In what two ways does the skin help regulate body
temperature?

12. How does the skin serve as a protective barrier?
13. What sensations arise from stimulation of neurons in the skin?

14. What types of molecules can penetrate the stratum corneum?

55 | Maintaining Homeostasis:
Skin Wound Healing

OBJECTIVE

« Explain how epidermal wounds and deep wounds heal.

Skin damage sets in motion a sequence of events that repairs the skin
to its normal (or near-normal) structure and function. Two kinds of
wound-healing processes can occur, depending on the depth of the
injury. Epidermal wound healing occurs following wounds that affect
only the epidermis; deep wound healing occurs following wounds
that penetrate the dermis.

Epidermal Wound Healing

Even though the central portion of an epidermal wound may extend
to the dermis, the edges of the wound usually involve only slight
damage to superficial epidermal cells. Common types of epidermal
woundsinclude abrasions, in which a portion of skin has been scraped
away, and minor burns.

In response to an epidermal injury, basal cells of the epidermis
surrounding the wound break contact with the basement mem-
brane. The cells then enlarge and migrate across the wound (Figure
5.6a). The cells appear to migrate as a sheet until advancing cells
from opposite sides of the wound meet. When epidermal cells en-
counter one another, they stop migrating due to a cellular response
called contact inhibition. Migration of the epidermal cells stops
completely when each is finally in contact with other epidermal cells
on all sides.

As the basal epidermal cells migrate, a hormone called epidermal
growth factor stimulates basal stem cells to divide and replace the
ones that have moved into the wound. The relocated basal epidermal
cells divide to build new strata, thus thickening the new epidermis
(Figure 5.6b).

Deep Wound Healing

Deep wound healing occurs when an injury extends to the dermis and
subcutaneous layer. Because multiple tissue layers must be repaired,
the healing process is more complex than in epidermal wound heal-
ing. In addition, because scar tissue is formed, the healed tissue loses
some of its normal function. Deep wound healing occurs in four
phases: an inflammatory phase, a migratory phase, a proliferative
phase, and a maturation phase.

During the inflammatory phase, a blood clot forms in the wound
and loosely unites the wound edges (Figure 5.6¢). As its name im-
plies, this phase of deep wound healing involves inflammation, a
vascular and cellular response that helps eliminate microbes, foreign
material, and dying tissue in preparation for repair. The vasodilation
and increased permeability of blood vessels associated with inflam-
mation enhance delivery of helpful cells. These include phagocytic
white blood cells called neutrophils; monocytes, which develop into
macrophages that phagocytize microbes; and mesenchymal cells,
which develop into fibroblasts.

The three phases that follow do the work of repairing the wound.
In the migratory phase, the clot becomes a scab, and epithelial cells
migrate beneath the scab to bridge the wound. Fibroblasts migrate
along fibrin threads and begin synthesizing scar tissue (collagen fibers
and glycoproteins), and damaged blood vessels begin to regrow.
During this phase, the tissue filling the wound is called granulation
tissue. The proliferative phase is characterized by extensive growth
of epithelial cells beneath the scab, deposition by fibroblasts of col-
lagen fibers in random patterns, and continued growth of blood ves-
sels. Finally, during the maturation phase, the scab sloughs off once
the epidermis has been restored to normal thickness. Collagen fibers
become more organized, fibroblasts decrease in number, and blood
vessels are restored to normal (Figure 5.6d).

The process of scar tissue formation is called fibrosis. Some-
times, so much scar tissue is formed during deep wound healing that
a raised scar—one that is elevated above the normal epidermal
surface—results. If such a scar remains within the boundaries of the
original wound, it is a hypertrophic scar. If it extends beyond the
boundaries into normal surrounding tissues, it is a keloid scar, also
called a cheloid scar. Scar tissue differs from normal skin in that its
collagen fibers are more densely arranged, it has decreased elasticity,
it has fewer blood vessels, and it may or may not contain the same
number of hairs, skin glands, or sensory structures as undamaged
skin. Because of the arrangement of collagen fibers and the scarcity of
blood vessels, scars usually are lighter in color than normal skin.

Checkpoint

15. Why doesn’t epidermal wound healing result in scar
formation?
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m Skin wound healing.

In an epidermal wound, the injury is restricted to the epidermis; in a deep wound, the injury extends
deep into the dermis.
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Q Would you expect an epidermal wound to bleed? Why or why not?
5.6 Develo p ment Of The epidermisis derived from the ectoderm, which covers the surface

of the embryo. Initially, at about the fourth week after fertilization,

the Integu menta ry the epidermis consists of only a single layer of ectodermal cells

Syste m (Figure 5.7a). At the beginning of the seventh week the single layer,

called the basal layer, divides and forms a superficial protected layer

of flattened cells called the periderm (Figure 5.7b). The peridermal

OBJECTIVE cells are continuously sloughed off, and by the fifth month of de-
velopment secretions from sebaceous glands mix with them and hairs
to form a fatty substance called vernix caseosa (VER-niks KA-sé-6-sa;
vernix = varnish; caseosa = cheese). This substance covers and pro-
tects the skin of the fetus from the constant exposure to the amniotic

« Describe the development of the epidermis, its accessory
structures, and the dermis.
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The epidermis develops from ectoderm, and the dermis develops from mesoderm.
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Q What is the composition of vernix caseosa?
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fluid in which it is bathed. In addition, the vernix caseosa facilitates
the birth of the fetus because of its slippery nature and protects the
skin from being damaged by the nails.

By about 11 weeks (Figure 5.7c), the basal layer forms an inter-
mediate layer of cells. Proliferation of the basal cells eventually
forms all layers of the epidermis, which are present at birth (Figure
5.7h). Epidermal ridges form along with the epidermal layers. By
about the eleventh week, cells from the ectoderm migrate into the
dermis and differentiate into melanoblasts. These cells soon enter
the epidermis and differentiate into melanocytes. Later in the first
trimester of pregnancy, intraepidermal macrophages, which arise
from red bone marrow, invade the epidermis. Tactile epithelial cells
appear in the epidermis in the fourth to sixth months; their origin is
unknown.

The dermis arises from mesoderm located deep to the surface
ectoderm. The mesoderm gives rise to a loosely organized embryonic
connective tissue called mesenchyme (MEZ-en-kim; see Figure 5.7a).
By 11 weeks, the mesenchymal cells differentiate into fibroblasts and
begin to form collagen and elastic fibers. As the epidermal ridges
form, parts of the superficial dermis project into the epidermis and
develop into the dermal papillae, which contain capillary loops, cor-
puscles of touch, and free nerve endings (Figure 5.7c).

Hair follicles develop at about 12 weeks as downgrowths of the
basal layer of the epidermis into the deeper dermis. The downgrowths
are called hair buds (Figure 5.7d). As the hair buds penetrate deeper
into the dermis, their distal ends become club-shaped and are called
hair bulbs (Figure 5.7e). Invaginations of the hair bulbs, called papil-
lae of the hair, fill with mesoderm in which blood vessels and nerve
endings develop (Figure 5.7f). Cells in the center of a hair bulb de-
velop into the matrix, which forms the hair, and the peripheral cells of
the hair bulb form the epithelial root sheath; mesenchyme in the sur-
rounding dermis develops into the dermal root sheath and arrector
pili muscle (Figure 5.7g). By the fifth month, the hair follicles produce
lanugo (delicate fetal hair; see Types of Hairs earlier in the chapter). It
is produced first on the head and then on other parts of the body, and
is usually shed prior to birth.

Most sebaceous (0il) glands develop as outgrowths from the sides
of hair follicles at about four months and remain connected to the fol-
licles (Figure 5.7e). Most sudoriferous (sweat) glands are derived from
downgrowths (buds) of the stratum basale of the epidermis into the
dermis (Figure 5.7d). As the buds penetrate into the dermis, the prox-
imal portion forms the duct of the sweat gland and the distal portion
coils and forms the secretory portion of the gland (Figure 5.7g). Sweat
glands appear at about five months on the palms and soles and a little
later in other regions.

Nails are developed at about 10 weeks. Initially they consist of a
thick layer of epithelium called the primary nail field. The nail itself
is keratinized epithelium and grows distally from its base. It is not
until the ninth month that the nails actually reach the tips of the
digits.

Checkpoint

16. Which structures develop as downgrowths of the stratum
basale?
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s7 | Aging and the
Integumentary System

OBJECTIVE

« Describe the effects of aging on the integumentary system.

Most of the age-related changes begin at about age 40 and occur in
the proteins in the dermis. Collagen fibers in the dermis begin to
decrease in number, stiffen, break apart, and disorganize into a
shapeless, matted tangle. Elastic fibers lose some of their elasticity,
thicken into clumps, and fray, an effect that is greatly accelerated in
the skin of smokers. Fibroblasts, which produce both collagen and
elastic fibers, decrease in number. As a result, the skin forms the char-
acteristic crevices and furrows known as wrinkles.

The pronounced effects of skin aging do not become noticeable
until people reach their late 40s. Intraepidermal macrophages dwin-
dle in number and become less efficient phagocytes, thus decreasing
the skin’s immune responsiveness. Moreover, decreased size of seba-
ceous glands leads to dry and broken skin that is more susceptible to
infection. Production of sweat diminishes, which probably contrib-
utes to the increased incidence of heat stroke in the elderly. Thereis a
decrease in the number of functioning melanocytes, resulting in gray
hair and atypical skin pigmentation. Hair loss increases with aging as
hair follicles stop producing hairs. About 25% of males begin to show
signs of hair loss by age 30 and about two-thirds have significant hair
loss by age 60. Both males and females develop pattern baldness. An
increase in the size of some melanocytes produces pigmented blotch-
ing (age spots). Walls of blood vessels in the dermis become thicker
and less permeable, and subcutaneous adipose tissue is lost. Aged
skin (especially the dermis) is thinner than young skin, and the migra-
tion of cells from the basal layer to the epidermal surface slows con-
siderably. With the onset of old age, skin heals poorly and becomes
more susceptible to pathological conditions such as skin cancer and
pressure sores. Rosacea (ro-ZA-shé-a = rosy) is a skin condition that
affects mostly light-skinned adults between the ages of 30 and 60. It is
characterized by redness, tiny pimples, and noticeable blood vessels,
usually in the central area of the face.

Growth of nails and hair slows during the second and third
decades of life. The nails also may become more brittle with age,
often due to dehydration or repeated use of cuticle remover or nail
polish.

Several cosmetic anti-aging treatments are available to diminish
the effects of aging or sun-damaged skin. These include the following:

- Topical products that bleach the skin to tone down blotches and
blemishes (hydroquinone) or decrease fine wrinkles and roughness
(retinoic acid).

» Microdermabrasion (mi-kro-DER-ma-bra’-zhun; mikros- = small;
-derm- = skin; -abrasio = to wear away), the use of tiny crystals
under pressure to remove and vacuum the skin’s surface cells to
improve skin texture and reduce blemishes.



164 CHAPTER 5 TheIntegumentary System

« Chemical peel, the application of a mild acid (such as glycolic acid)
to the skin to remove surface cells to improve skin texture and
reduce blemishes.

« Laser resurfacing, the use of a laser to clear up blood vessels near
the skin surface, even out blotches and blemishes, and decrease fine
wrinkles. An example is the IPL Photofacial®.

eDermal fillers, injections of human collagen (Cosmoderm®),
hyaluronic acid (Restylane® and Juvaderm?®), calcium hydroxylapa-
tite (Radiesse®), or poly-L-lactic acid (Sculptra®) that plumps up the
skin to smooth out wrinkles and fill in furrows, such as those around
the nose and mouth and between the eyebrows.

« Fat transplantation, in which fat from one part of the body is in-
jected into another location such as around the eyes.

« Botulinum toxin or Botox®, a diluted version of a toxin that is in-
jected into the skin to paralyze skeletal muscles that cause the skin
to wrinkle.

« Radio frequency nonsurgical facelift, the use of radio frequency
emissions to tighten the deeper layers of the skin of the jowls, neck,
and sagging eyebrows and eyelids.

« Facelift, browlift, or necklift, invasive surgery in which loose skin

and fat are removed surgically and the underlying connective tissue
and muscle are tightened.

iClinical Connection

Sun Damage, Sunscreens, and Sunblocks

Although basking in the warmth of the sun may feel good, it is not a healthy
practice. There are two forms of ultraviolet radiation that affect the health
of the skin. Longer wavelength ultraviolet A (UVA) rays make up nearly
95% of the ultraviolet radiation that reaches the earth. UVA rays are not
absorbed by the ozone layer. They penetrate the furthest into the skin,
where they are absorbed by melanocytes and thus are involved in sun
tanning. UVA rays also depress the immune system. Shorter wavelength
ultraviolet B (UVB) rays are partially absorbed by the ozone layer and do
not penetrate the skin as deeply as UVA rays. UVB rays cause sunburn and
are responsible for most of the tissue damage (production of oxygen free
radicals which disrupt collagen and elastic fibers) that results in wrinkling
and aging of the skin and cataract formation. Both UVA and UVB rays are
thought to cause skin cancer. Long-term overexposure to sunlight results
in dilated blood vessels, age spots, freckles, and changes in skin texture.

Exposure to ultraviolet radiation (either natural sunlight or the
artificial light of a tanning booth) may also produce photosensitivity, a
heightened reaction of the skin after consumption of certain medications
or contact with certain substances. Photosensitivity is characterized by
redness, itching, blistering, peeling, hives, and even shock. Among the
medications or substances that may cause a photosensitivity reaction are
certain antibiotics (tetracycline), nonsteroidal anti-inflammatory drugs

(ibuprofen or naproxen), certain herbal supplements (St. John’s wort),
some birth control pills, some high blood pressure medications, some
antihistamines, and certain artificial sweeteners, perfumes, aftershaves,
lotions, detergents, and medicated cosmetics.

Self-tanning lotions (sunless tanners), topically applied substances,
contain a color additive (dihydroxyacetone) that produces a tanned
appearance by interacting with proteins in the skin.

Sunscreens are topically applied preparations that contain various
chemical agents (such as benzophenone or one of its derivatives) that
absorb UVB rays but let most of the UVA rays pass through.

Sunblocks are topically applied preparations that contain substances
such as zinc oxide that reflect and scatter both UVB and UVA rays.

Both sunscreens and sunblocks are graded according to a sun protection
factor (SPF) rating, which measures the level of protection they supposedly
provide against UV rays. The higher the rating, presumably the greater the
degree of protection. As a precautionary measure, individuals who plan to
spend a significant amount of time in the sun should use a sunscreen or a
sunblock with an SPF of 15 or higher. Although sunscreens protect against
sunburn, there is considerable debate as to whether they actually protect
against skin cancer. In fact, some studies suggest that sunscreens increase
the incidence of skin cancer because of the false sense of security they
provide.

Checkpoint

17. What factors contribute to the susceptibility of aging skin to
infection?

To appreciatethe many ways that skin contributes to homeostasis
of other body systems, examine Focus on Homeostasis: Contributions

of the Integumentary System. This feature is the first of 11, found at the
end of selected chapters, that explain how the body system under
consideration contributes to the homeostasis of all other body sys-
tems. Next, in Chapter 6, we will explore how bone tissue is formed
and how bones are assembled into the skeletal system, which, like the
skin, protects many of our internal organs.



{ ) FOCUS on HOMEOSTASIS

SKELETAL
SYSTEM

e Skin helps activate vitamin D, needed

for proper absorption of dietary calcium

and phosphorus to build and maintain

bones

e Skin helps provide calcium ions, needed
for muscle contraction

MUSCULAR
SYSTEM

NERVOUS
SYSTEM

e Nerve endings in skin and subcutaneous
tissue provide input to brain for touch,
pressure, thermal, and pain sensations

ENDOCRINE
SYSTEM

e Keratinocytes in skin help activate
vitamin D to calcitriol, a hormone that
aids absorption of dietary calcium and
phosphorus

%
e Local chemical changes in dermis cause
widening and narrowing of skin blood

vessels, which help adjust blood flow to
skin

CARDIOVASCULAR
SYSTEM

CONTRIBUTIONS OF

THE INTEGUMENTARY
SYSTEM

FOR ALL BODY SYSTEMS

e Skin and hair provide barriers that
protect all internal organs from
damaging agents in external environ-
ment

e Sweat glands and skin blood vessels
regulate body temperature, needed
for proper functioning of other body
systems

LYMPHATIC SYSTEM
and IMMUNITY

e Skin is “first line of defense” in immu-
nity, providing mechanical barriers and
chemical secretions that discourage
penetration and growth of microbes

e Intraepidermal macrophages in epider-
mis participate in immune responses by
recognizing and processing foreign
antigens

e Macrophages in dermis phagocytize
microbes that penetrate skin surface

LIE.
73

e Hairs in nose filter dust particles from
inhaled air
e Stimulation of pain nerve endings in

skin may alter breathing rate

e Skin helps activate vitamin D to the
hormone calcitriol, which promotes
absorption of dietary calcium and
phosphorus in small intestine

RESPIRATORY
SYSTEM

DIGESTIVE
SYSTEM

URINARY
SYSTEM

e Kidney cells receive partially activated
vitamin D hormone from skin and
convert it to calcitriol

e Some waste products are excreted
from body in sweat, contributing to
excretion by urinary system

|
SYSTEMS Q

REPRODUCTIVE

® Nerve endings in skin and subcutaneous
tissue respond to erotic stimuli, thereby
contributing to sexual pleasure

e Suckling of a baby stimulates nerve
endings in skin, leading to milk ejection

e Mammary glands (modified sweat
glands) produce milk

e Skin stretches during pregnancy as
fetus enlarges
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Disorders: Homeostatic Imbalances

Skin Cancer

Excessive exposure to ultraviolet radiation from the sun or tanning
beds causes virtually all of the one million cases of skin cancer diag-
nosed annually in the United States. One-half of all cancers in the
United States are skin cancers. There are three common forms of skin
cancer. Basal cell carcinomas account for about 78% of all skin can-
cers. The tumors arise from cells in the stratum basale of the epider-
mis and rarely metastasize. Squamous cell carcinomas, which
account for about 20% of all skin cancers, arise from the stratum spi-
nosum of the epidermis, and they have a variable tendency to metas-
tasize. Basal and squamous cell carcinomas are together known as
nonmelanoma skin cancer.

Malignant melanomas arise from melanocytes and account for
about 2% of all skin cancers. The estimated lifetime risk of developing
melanoma is now 1 in 75, double the risk only 20 years ago. In part,
this increase is due to depletion of the ozone layer, which absorbs
some UV light high in the atmosphere. But the main reason for the
increase is that more people are spending more time in the sun and in
tanning beds. Malignant melanomas metastasize rapidly and can kill
a person within months of diagnosis.

The key to successful treatment of malignant melanoma is early
detection. The early warning signs of malignant melanoma are identi-
fied by the acronym ABCDE (Figure 5.8). A is for asymmetry; malignant
melanomas tend to lack symmetry. This means that they have irregu-
lar shapes, such as two very different looking halves. B is for border;
malignant melanomas have irregular—notched, indented, scalloped,

m Comparison of a normal nevus (mole) and a malignant
melanoma.

Excessive exposure to ultraviolet radiation from the sun or tanning beds
accounts for almost all cases of skin cancer.
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(c) Squamous cell carcinoma
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(d) Malignant melanoma

Q Which is the most common type of skin cancer?

David R. Frazier/Science Source

or indistinct—borders. C is for color; malignant melanomas have
uneven coloration and may contain several colors. D is for diameter;
ordinary moles typically are smaller than 6 mm (0.25 in.), about the
size of a pencil eraser. E is for evolving; malignant melanomas change
in size, shape, and color. Once a malignant melanoma has the charac-
teristics of A, B, and C, it is usually larger than 6 mm.

Among the risk factors for skin cancer are the following:

1. Skin type. Individuals with light-colored skin who never tan but
always burn are at high risk.

2. Sun exposure. People who live in areas with many days of sunlight
per year and at high altitudes (where ultraviolet light is more
intense) have a higher risk of developing skin cancer. Likewise,
people who engage in outdoor occupations and those who have
suffered three or more severe sunburns have a higher risk.

3. Family history. Skin cancer rates are higher in some families
than in others.

4, Age. Older people are more prone to skin cancer owing to longer
total exposure to sunlight.

5. Immunological status. Immunosuppressed individuals have a
higher incidence of skin cancer.

Burns

Aburnis tissue damage caused by excessive heat, electricity, radioac-
tivity, or corrosive chemicals that denature (break down) proteins in
the skin. Burns destroy some of the skin’s important contributions to
homeostasis—protection against microbial invasion and dehydra-
tion, and thermoregulation.

Burns are graded according to their severity. A first-degree burn
involves only the epidermis (Figure 5.9a). It is characterized by mild

[T Burns.

A burn is tissue damage caused by agents that destroy the proteins in
the skin.

-l‘
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(a) First-degree burn
(sunburn)

(b) Second-degree
burn (note the blisters
in the photograph)

Q What factors determine the seriousness of a burn?

|- Subcutaneous



pain and erythema (redness) but no blisters. Skin functions remain
intact. Immediate flushing with cold water may lessen the pain and
damage caused by a first-degree burn. Generally, healing of a
first-degree burn will occur in 3 to 6 days and may be accompanied
by flaking or peeling. One example of a first-degree burn is mild
sunburn.

A second-degree burn destroys the epidermis and part of the
dermis (Figure 5.9b). Some skin functions are lost. In a second-
degree burn, redness, blister formation, edema, and pain result. In a
blister the epidermis separates from the dermis due to the accumu-
lation of tissue fluid between them. Associated structures, such as
hair follicles, sebaceous glands, and sweat glands, usually are not
injured. If there is no infection, second-degree burns heal without
skin grafting in about 3 to 4 weeks, but scarring may result. First-
and second-degree burns are collectively referred to as partial-
thickness burns.

A third-degree burn or full-thickness burn destroys the epidermis,
dermis, and subcutaneous layer (Figure 5.9¢). Most skin functions are
lost. Such burns vary in appearance from marble-white to mahogany
colored to charred, dry wounds. There is marked edema, and the
burned region is numb because sensory nerve endings have been
destroyed. Regeneration occurs slowly, and much granulation tissue
forms before being covered by epithelium. Skin grafting may be
required to promote healing and to minimize scarring.

m Rule-of-nines method for determining the extent of a burn.
The percentages are the approximate proportions of the body surface area.

The rule of nines is a quick way for estimating the surface area affected
by a burnin an adult.

Anterior head Anterior and

and neck posterior head
4.5% and neck
I 9% (18% in a child)
Anterior shoulders, — § _ - Anterior and
arms, forearms, = :
and hands LN h A posterior shoulders,
9% 4.5% |Anterior, 4.5% arms, forearms,
° i trunk and hands
18% A 18% (same in a child)
i -8 Anterior and
< -
(L™ ~  posterior trunk
At 36% (same in a child)
9% 19% Perineum
1% (same in a child)
% Anterior and
- osterior thighs,
A * Ir:egs, and fegt
Anterior thighs, | |

| 36% (14% in a child)
legs, and feet { W
18%
ol 0N 100%

(D) Anterior view illustrating rule of nines

Q What percentage of the body would be burned if only the
anterior trunk and anterior left upper limb were involved?
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The injury to the skin tissues directly in contact with the damag-
ing agent is the local effect of a burn. Generally, however, the systemic
effects of a major burn are a greater threat to life. The systemic effects
of a burn may include (1) a large loss of water, plasma, and plasma
proteins, which causes shock; (2) bacterial infection; (3) reduced
circulation of blood; (4) decreased production of urine; and (5) dimin-
ished immune responses.

The seriousness of a burn is determined by its depth and extent
of area involved, as well as the person’s age and general health.
According to the American Burn Association’s classification of burn
injury, a major burn includes third-degree burns over 10% of body
surface area; or second-degree burns over 25% of body surface area;
or any third-degree burns on the face, hands, feet, or perineum (per’-i-
NE-um, which includes the anal and urogenital regions). When the
burn area exceeds 70%, more than half the victims die. A quick means
for estimating the surface area affected by a burn in an adult is the
rule of nines (Figure 5.10):

1. Count 9% if both the anterior and posterior surfaces of the head
and neck are affected.

2. Count 9% for both the anterior and posterior surfaces of each upper
limb (total of 18% for both upper limbs).

3. Count four times nine, or 36%, for both the anterior and posterior
surfaces of the trunk, including the buttocks.

4, Count 9% for the anterior and 9% for the posterior surfaces of each
lower limb as far up as the buttocks (total of 36% for both lower
limbs).

5. Count 1% for the perineum.

In severely burned patients with full-thickness or deep partial-
thickness burns where there is not sufficient autograft, a tissue engi-
neered product called Integra® Dermal Regeneration Template (DRT)
is available. It is designed to promote organized regeneration of the
dermis while providing a protective barrier against fluid loss and
microbes. Integra® DRT consists of two layers, just like human skin.
The bottom layer, called the matrix layer, is composed of bovine
(cow) collagen and the carbohydrate glycosaminoglycan (GAG). It
mimics the dermis, functions as an extracellular layer, and induces
the body’s own dermal cells to migrate into the area and regenerate
a new dermis. The outer layer, called the silicone layer, consists of a
thin layer of silicone that mimics the epidermis. Its role is to close the
wound, control fluid loss, and serve as a protective barrier. Once the
dermis has regenerated sufficiently (about three weeks), the silicone
layer is removed and a thin sheet of the patient’s own epidermal cells
is applied.

Many people who have been burned in fires also inhale smoke. If
the smoke is unusually hot or dense or if inhalation is prolonged, seri-
ous problems can develop. The hot smoke can damage the trachea
(windpipe), causing its lining to swell. As the swelling narrows the tra-
chea, airflow into the lungs is obstructed. Further, small airways
inside the lungs can also narrow, producing wheezing or shortness of
breath. A person who has inhaled smoke is given oxygen through a
face mask, and a tube may be inserted into the trachea to assist
breathing.
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Pressure Ulcers

Pressure ulcers, also known as decubitus ulcers (dé-KU-bi-tus) or
bedsores, are caused by a constant deficiency of blood flow to tissues
(Figure 5.11). Typically the affected tissue overlies a bony projection
that has been subjected to prolonged pressure against an object
such as a bed, cast, or splint. If the pressure is relieved in a few hours,
redness occurs but no lasting tissue damage results. Blistering of the
affected area may indicate superficial damage; a reddish-blue discol-
oration may indicate deep tissue damage. Prolonged pressure causes
tissue ulceration. Small breaks in the epidermis become infected,
and the sensitive subcutaneous layer and deeper tissues are dam-
aged. Eventually, the tissue dies. Pressure ulcers occur most often in
bedridden patients. With proper care, pressure ulcers are preventa-
ble, but they can develop very quickly in patients who are very old or
very ill.

Medical Terminology

Abrasion (a-BRA-shun; ab- = away; -rasion = scraped) An area where
skin has been scraped away.

Blister A collection of serous fluid within the epidermis or between the
epidermis and dermis, due to short-term but severe friction. The term
bulla (BUL-a) refers to a large blister.

Callus (KAL-lus = hard skin) An area of hardened and thickened skin that
is usually seen in palms and soles and is due to persistent pressure and
friction.

Cold sore A lesion, usually in an oral mucous membrane, caused by
type 1 herpes simplex virus (HSV) transmitted by oral or respiratory routes.
The virus remains dormant until triggered by factors such as ultraviolet
light, hormonal changes, and emotional stress. Also called a fever blister.

Comedo (KOM-&-do = to eat up) A collection of sebaceous material and
dead cells in the hair follicle and excretory duct of the sebaceous (oil)
gland. Usually found over the face, chest, and back, and more commonly
during adolescence. Also called a blackhead.

Contact dermatitis (der-ma-TI -tis; dermat- = skin; -itis = inflammation
of) Inflammation of the skin characterized by redness, itching, and swell-
ing and caused by exposure of the skin to chemicals that bring about an
allergic reaction, such as poison ivy toxin.

Contusion (kon-TOO-shun; contundere = to bruise) Condition in which
tissue deep to the skin is damaged, but the epidermis is not broken.

Corn A painful conical thickening of the stratum corneum of the epider-
mis found principally over toe joints and between the toes, often caused
by friction or pressure. Corns may be hard or soft, depending on their loca-
tion. Hard corns are usually found over toe joints, and soft corns are usu-
ally found between the fourth and fifth toes.

Cyst (SIST = sac containing fluid) A sac with a distinct connective tissue
wall, containing a fluid or other material.

Eczema (EK-ze-ma; ekzeo- = to boil over) An inflammation of the skin
characterized by patches of red, blistering, dry, extremely itchy skin. It oc-
curs mostly in skin creases in the wrists, backs of the knees, and fronts of

m Pressure ulcer.

A pressure ulcer is a shedding of epithelium caused by a constant
deficiency of blood flow to tissues.

Dr. P. Marazzi/SPL/Science Source

Pressure ulcer on heel

Q What parts of the body are usually affected by pressure
ulcers?

the elbows. It typically begins in infancy and many children outgrow the
condition. The cause is unknown but is linked to genetics and allergies.

Frostbite Local destruction of skin and subcutaneous tissue on exposed
surfaces as a result of extreme cold. In mild cases, the skin is blue and swol-
len and there is slight pain. In severe cases there is considerable swelling,
some bleeding, no pain, and blistering. If untreated, gangrene may devel-
op. Frostbite is treated by rapid rewarming.

Hemangioma (hé-man'-jé-O-ma; hem- = blood; -angi- = blood vessel; -oma
=tumor) Localized benign tumor of the skin and subcutaneous layer that
results from an abnormal increase in the number of blood vessels. One
type is a portwine stain, a flat, pink, red, or purple lesion present at birth,
usually at the nape of the neck.

Hives Reddened elevated patches of skin that are often itchy. Most commonly
caused by infections, physical trauma, medications, emotional stress, food
additives, and certain food allergies. Also called urticaria (r-ti-KAR-é-a).

Keloid (KE-loid; kelis = tumor) An elevated, irregular darkened area
of excess scar tissue caused by collagen formation during healing. It
extends beyond the original injury and is tender and frequently pain-
ful. It occurs in the dermis and underlying subcutaneous tissue, usually
after trauma, surgery, a burn, or severe acne; more common in people of
African descent.

Keratosis (ker’-a-TO-sis; kera- = horn) Formation of a hardened growth
of epidermal tissue, such as solar keratosis, a premalignant lesion of the
sun-exposed skin of the face and hands.

Laceration (las-er-A-shun; lacer- = torn) An irregular tear of the skin.

Lice Contagious arthropods that include two basic forms. Head lice
are tiny, jumping arthropods that suck blood from the scalp. They lay
eggs, called nits, and their saliva causes itching that may lead to compli-
cations. Pubic lice are tiny arthropods that do not jump; they look like
miniature crabs.

Papule (PAP-al; papula = pimple) A small, round skin elevation less than
1 cmin diameter. One example is a pimple.



Pruritus (proo-R_I -tus; pruri- = to itch) Itching, one of the most common
dermatological disorders. It may be caused by skin disorders (infections),
systemic disorders (cancer, kidney failure), psychogenic factors (emotional
stress), or allergic reactions.

Tinea corporis (TIN-é-a KOR-po-ris) A fungal infection characterized by
scaling, itching, and sometimes painful lesions that may appear on any
part of the body; also known as ringworm. Fungi thrive in warm, moist
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Review

5.1 Structure of the Skin

1. The integumentary system consists of the skin, hair, oil and sweat glands,
nails, and sensory receptors.

2. The skin is the largest organ of the body in weight. The principal parts of the
skin are the epidermis (superficial) and dermis (deep).

3. The subcutaneous layer (hypodermis) is deep to the dermis and not part of
the skin. It anchors the dermis to underlying tissues and organs, and it con-
tains lamellated corpuscles.

4. The types of cells in the epidermis are keratinocytes, melanocytes, intraepi-
dermal macrophages, and tactile epithelial cells.

5. The epidermal layers, from deep to superficial, are the stratum basale, stra-
tum spinosum, stratum granulosum, stratum lucidum (in thick skin only), and
stratum corneum (see Table 5.1). Stem cells in the stratum basale undergo
continuous cell division, producing keratinocytes for the other layers.

6. The dermis is composed of dense irregular connective tissue containing col-
lagen and elastic fibers. It is divided into papillary and reticular regions. The
papillary region contains thin collagen and fine elastic fibers, dermal papillae,
and corpuscles of touch. The reticular region contains bundles of thick col-
lagen and some coarse elastic fibers, fibroblasts and macrophages, adipose
tissue, hair follicles, nerves, sebaceous (oil) glands, and sudoriferous (sweat)
glands. (See Table 5.2.)

7. Epidermal ridges provide the basis for fingerprints and footprints.
8. The color of skin is due to melanin, carotene, and hemoglobin.

9. In tattooing, a pigment is deposited with a needle in the dermis. Body pierc-
ing is the insertion of jewelry through an artificial opening.

5.2 Accessory Structures of the Skin

1. Accessory structures of the skin—hair, skin glands, and nails—develop from
the embryonic epidermis.

2. A hair consists of a hair shaft, most of which is superficial to the surface, a
hair root that penetrates the dermis and sometimes the subcutaneous layer,
and a hair follicle.

3. Associated with each hair follicle is a sebaceous (oil) gland, an arrector pili
muscle, and a hair root plexus.

4. New hairs develop from division of hair matrix cells in the hair bulb; hair
replacement and growth occur in a cyclical pattern consisting of growth,
regression, and resting stages.

5. Hairs offer a limited amount of protection—from the sun, heat loss, and
entry of foreign particles into the eyes, nose, and ears. They also function in
sensing light touch.
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places such as skin folds of the groin, where it is known as tinea cruris
(KROO-ris) (jock itch) or between the toes, where it is called tinea pedis
(PE-dis) (athlete’s foot).

Topical In reference to a medication, applied to the skin surface rather
than ingested or injected.

Wart Mass produced by uncontrolled growth of epithelial skin cells;
caused by a papillomavirus. Most warts are noncancerous.

6. Lanugo of the fetus is shed before birth. Most body hair on males is terminal
(coarse, pigmented); most body hair on females is vellus (fine).

7. Sebaceous (oil) glands are usually connected to hair follicles; they are
absent from the palms and soles. Sebaceous glands produce sebum, which
moistens hairs and waterproofs the skin. Clogged sebaceous glands may
produce acne.

8. There are two types of sudoriferous (sweat) glands: eccrine and apo-
crine. Eccrine sweat glands have an extensive distribution; their ducts ter-
minate at pores at the surface of the epidermis. Eccrine sweat glands are
involved in thermoregulation and waste removal and are stimulated during
emotional stress. Apocrine sweat glands are limited to the skin of the axil-
lae, groin, and areolae; their ducts open into hair follicles. Apocrine sweat
glands are stimulated during emotional stress and sexual excitement. (See
Table 5.3.)

9. Ceruminous glands are modified sudoriferous glands that secrete cerumen.
They are found in the external auditory canal (ear canal).

10. Nails are hard, dead keratinized epidermal cells over the dorsal surfaces
of the distal portions of the digits. The principal parts of a nail are the nail
body, free edge, nail root, lunula, hyponychium, nail bed, eponychium, and
nail matrix. Cell division of the nail matrix cells produces new nails.

5.3 Types of Skin

1. Thin skin covers all parts of the body except for the palms, palmar surfaces
of the digits, and the soles.

2. Thick skin covers the palms, palmar surfaces of the digits, and soles. (See
Table 5.4.)

5.4 Functions of the Skin

1. Skin functions include body temperature regulation, blood storage, protec-
tion, sensation, excretion and absorption, and synthesis of vitamin D.

2. The skin participates in thermoregulation by liberating sweat at its surface
and by adjusting the flow of blood in the dermis.

3. The skin provides physical, chemical, and biological barriers that help pro-
tect the body.

4. Cutaneous sensations include tactile sensations, thermal sensations,
and pain.

5.5 Maintaining Homeostasis: Skin Wound Healing

1. In an epidermal wound, the central portion of the wound usually extends
down to the dermis; the wound edges involve only superficial damage to the
epidermal cells.

2. Epidermal wounds are repaired by enlargement and migration of basal
cells, contact inhibition, and division of migrating and stationary basal cells.
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3. During the inflammatory phase of deep wound healing, a blood clot unites
the wound edges, epithelial cells migrate across the wound, vasodilation and
increased permeability of blood vessels enhance delivery of phagocytes, and
mesenchymal cells develop into fibroblasts.

4. During the migratory phase, fibroblasts migrate along fibrin threads and
begin synthesizing collagen fibers and glycoproteins.

5. During the proliferative phase, epithelial cells grow extensively.

6. During the maturation phase, the scab sloughs off, the epidermis is restored
to normal thickness, collagen fibers become more organized, fibroblasts
begin to disappear, and blood vessels are restored to normal.

Critical Thinking Questions

1. The amount of dust that collects in a house with an assortment of dogs,
cats, and people is truly amazing. A lot of these dust particles had a previous
“life” as part of the home’s living occupants. Where did the dust originate on
the human body?

2. Josie reassures her mother that the tattoo she received at the tattoo
parlor will eventually disappear. She knows this because she has

Answers to Figure Questions

5.1 The epidermis is composed of epithelial tissue; the dermis is made up
of connective tissue.

5.2 Melanin protects DNA of keratinocytes from the damaging effects
of UV light.

5.3 The stratum basale is the layer of the epidermis with stem cells that con-
tinually undergo cell division.

5.4 Plucking a hair stimulates hair root plexuses in the dermis, some of which
are sensitive to pain. Because the cells of a hair shaft are already dead and the
hair shaft lacks nerves, cutting hair is not painful.

5.5 Nails are hard because they are composed of tightly packed, hard, kerati-
nized epidermal cells.

5.6 Since the epidermis is avascular, an epidermal wound would not produce
any bleeding.

5.6 Development of the Integumentary System
1. The epidermis develops from the embryonic ectoderm, and the accessory
structures of the skin (hair, nails, and skin glands) are epidermal derivatives.

2. The dermis is derived from mesodermal cells.

5.7 Aging and the Integumentary System
1. Most effects of aging begin to occur when people reach their late 40s.
2. Among the effects of aging are wrinkling, loss of subcutaneous adipose tis-

sue, atrophy of sebaceous glands, and decrease in the number of melanocytes
and intraepidermal macrophages.

learned in biology class that skin cells are shed every four weeks. Is
Josie correct?

3. Six months ago, Chef Eduardo sliced through the end of his right thumb-
nail. Although the surrounding nail grows normally, this part of his nail
remains split and doesn’t seem to want to “heal.” What has happened to
cause this?

5.7 Vernix caseosa consists of secretions from sebaceous glands, sloughed off
peridermal cells, and hairs.

5.8 Basal cell carcinoma is the most common type of skin cancer.

5.9 The seriousness of a burn is determined by the depth and extent of the
area involved, the individual’s age, and general health.

5.10 About 22.5% of the body would be involved (4.5% [anterior arm] + 18%
[anterior trunk]).

5.11 Pressure ulcers typically develop in tissues that overlie bony projec-
tions subjected to pressure, such as the shoulders, hips, buttocks, heels, and
ankles.



CHAPTER 6

The Skeletal System:

Bone Tissue

Bone Tissue and Homeostasis

triglycerides.

Bone tissue is continuously growing, remodeling, and repairing itself. It contributes to homeostasis
of the body by providing support and protection, producing blood cells, and storing minerals and

Bone tissue is a complex and dynamic living tissue. It continually
engages in a process called bone remodeling—the building of new bone
tissue and breaking down of old bone tissue. In the early days of space
exploration, young, healthy men in prime physical shape returned from
their space flights only to alarm their physicians. Physical examinations
of the astronauts revealed that they had lost up to 20% of their total bone
density during their extended stay in space. The zero-gravity (weightless)
environment of space, coupled with the fact that the astronauts traveled
in small capsules that greatly limited their movement for extended
periods of time, placed minimal strain on their bones. In contrast, athletes

subject their bones to great forces, which place significant strain on the
bone tissue. Accomplished athletes show an increase in overall bone
density. How is bone capable of changing in response to the different
mechanical demands placed on it? Why do high activity levels that strain
bonetissue greatly improve bone health? This chapter surveys the various
components of bones to help you understand how bones form, how they
age, and how exercise affects their density and strength.

Q Did you ever wonder why more females than males are

affected by osteoporosis? 1
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6.1 | Functions of Bone and
the Skeletal System

OBJECTIVE

« Describe the six main functions of the skeletal system.

A bone is an organ made up of several different tissues working
together: bone (osseous) tissue, cartilage, dense connective tissue,
epithelium, adipose tissue, and nervous tissue. The entire framework
of bones and their cartilages constitute the skeletal system. The study
of bone structure and the treatment of bone disorders is referred to as
osteology (o0s-té-OL-0-j€; osteo- = bone; -logy = study of).

The skeletal system performs several basic functions:

1. Support. The skeleton serves as the structural framework for the
body by supporting soft tissues and providing attachment points
for the tendons of most skeletal muscles.

2. Protection. The skeleton protects the most important internal
organs from injury. For example, cranial bones protect the brain,
and the rib cage protects the heart and lungs.

3. Assistance in movement. Most skeletal muscles attach to bones;
when they contract, they pull on bones to produce movement. This
function is discussed in detail in Chapter 10.

4. Mineral homeostasis (storage and release). Bone tissue makes
up about 18% of the weight of the human body. It stores several
minerals, especially calcium and phosphorus, which contribute to
the strength of bone. Bone tissue stores about 99% of the body’s
calcium. On demand, bone releases minerals into the blood to
maintain critical mineral balances (homeostasis) and to distribute
the minerals to other parts of the body.

5. Blood cell production. Within certain bones, a connective tissue
called red bone marrow produces red blood cells, white blood
cells, and platelets, a process called hemopoiesis (hém-0-poy-é-sis;
hemo- = blood; -poiesis = making). Red bone marrow consists of
developing blood cells, adipocytes, fibroblasts, and macrophages
within a network of reticular fibers. It is present in developing bones
of the fetus and in some adult bones, such as the hip (pelvic) bones,
ribs, sternum (breastbone), vertebrae (backbones), skull, and ends
of the bones of the humerus (arm bone) and femur (thigh bone). In
a newborn, all bone marrow is red and is involved in hemopoiesis.
With increasing age, much of the bone marrow changes from red to
yellow. Blood cell production is considered in detail in Section 19.2.

6. Triglyceride storage. Yellow bone marrow consists mainly of adi-
pose cells, which store triglycerides. The stored triglycerides are a
potential chemical energy reserve.

Checkpoint

1. How does the skeletal system function in support, protection,
movement, and storage of minerals?

2. Describe the role of bones in blood cell production.

3. Which bones contain red bone marrow?

4. How do red bone marrow and yellow bone marrow differ in
composition and function?

62 | Structure of Bone

OBJECTIVE

+ Describe the structure and functions of each part of a long
bone.

We will now examine the structure of bone at the macroscopic level.
Macroscopic bone structure may be analyzed by considering the
parts of a long bone, such as the humerus (the arm bone) shown in
Figure 6.1a. A long bone is one that has greater length than width.
Atypical long bone consists of the following parts:

1. The diaphysis (di-AF-i-sis = growing between) is the bone’s shaft
or body—the long, cylindrical, main portion of the bone.

2. The epiphyses (e-PIF-i-séz = growing over; singular is epiphysis)
are the proximal and distal ends of the bone.

3. The metaphyses (me-TAF-i-séz; meta- = between; singular is
metaphysis) are the regions between the diaphysis and the epi-
physes. In a growing bone, each metaphysis contains an epiphy-
seal (growth) plate (ep’-i-FIZ-é-al), a layer of hyaline cartilage that
allows the diaphysis of the bone to grow in length (described later
in the chapter). When a bone ceases to grow in length at about
ages 14-24, the cartilage in the epiphyseal plate is replaced by
bone; the resulting bony structure is known as the epiphyseal line.

4. The articular cartilage is a thin layer of hyaline cartilage covering
the part of the epiphysis where the bone forms an articulation (joint)
with another bone. Articular cartilage reduces friction and absorbs
shock at freely movable joints. Because articular cartilage lacks a
perichondrium and lacks blood vessels, repair of damage is limited.

5. The periosteum (per-é-0S-té-um; peri- = around) is a tough con-
nective tissue sheath and its associated blood supply that surrounds
the bone surface wherever it is not covered by articular cartilage. It is
composed of an outer fibrous layer of dense irregular connective tis-
sue and an inner osteogenic layer that consists of cells. Some of the
cells enable bone to grow in thickness, but not in length. The perios-
teum also protects the bone, assists in fracture repair, helps nourish
bone tissue, and serves as an attachment point for ligaments and
tendons. The periosteum is attached to the underlying bone by per-
forating fibers or Sharpey’s fibers, thick bundles of collagen that
extend from the periosteum into the bone extracellular matrix.

6. The medullary cavity (MED-ul-er-&; medulla- = marrow, pith), or
marrow cavity, is a hollow, cylindrical space within the diaphysis that
contains fatty yellow bone marrow and numerous blood vessels in
adults. This cavity minimizes the weight of the bone by reducing the
dense bony material where it is least needed. The long bones’ tubu-
lar design provides maximum strength with minimum weight.
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m Parts of a long bone. The spongy bone tissue of the epiphyses and metaphyses contains
red bone marrow, and the medullary cavity of the diaphysis contains yellow bone marrow (in adults).

A long bone is covered by articular cartilage at the articular surfaces of its proximal and distal
epiphyses and by periosteum around all other parts of the bone.

Functions of Bone Tissue 4. Stores and releases minerals.
1. Supports soft tissue and provides 5. Contains red bone marrow, which
attachment for skeletal muscles. produces blood cells.

2. Protects internal organs. 6. Contains yellow bone marrow, which

3. Assists in movement, along with stores triglycerides (fats).

skeletal muscles.
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(a) Partially sectioned humerus (arm bone)

Q What is the functional significance of the periosteum?
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7. The endosteum (end-0S-té-um; endo- = within) is a thin mem-
brane that lines the medullary cavity. It contains a single layer of
bone-forming cells and a small amount of connective tissue.

Checkpoint

5. Diagram the parts of a long bone, and list the functions of each part.

63 | Histology of Bone Tissue

OBJECTIVES

« Explain why bone tissue is classified as a connective tissue.

« Describe the cellular composition of bone tissue and the
functions of each type of cell.

« Compare the structural and functional differences between
compact and spongy bone tissue.

We will now examine the structure of bone at the microscopic level.
Like other connective tissues, bone, or osseous tissue (0S-é-us), con-
tains an abundant extracellular matrix that surrounds widely sepa-
rated cells. The extracellular matrix is about 15% water, 30% collagen
fibers, and 55% crystallized mineral salts. The most abundant mineral

m Types of cells in bone tissue.

salt is calcium phosphate [Cas(PO,),]. It combines with another min-
eral salt, calcium hydroxide [Ca(OH),], to form crystals of hydroxyapa-
tite [Ca;((PO,)s(OH),] (hi-drok-sé-AP-a-tit). As the crystals form, they
combine with still other mineral salts, such as calcium carbonate
(CaC0s), and ions such as magnesium, fluoride, potassium, and sul-
fate. As these mineral salts are deposited in the framework formed by
the collagen fibers of the extracellular matrix, they crystallize and the
tissue hardens. This process, called calcification (kal’-si-fi-KA-shun), is
initiated by bone-building cells called osteoblasts (described shortly).

It was once thought that calcification simply occurred when
enough mineral salts were present to form crystals. We now know
that the process requires the presence of collagen fibers. Mineral salts
first begin to crystallize in the microscopic spaces between collagen
fibers. After the spaces are filled, mineral crystals accumulate around
the collagen fibers. The combination of crystallized salts and collagen
fibers is responsible for the characteristics of bone.

Although abone’s hardness depends on the crystallized inorganic
mineral salts, a bone’s flexibility depends on its collagen fibers. Like
reinforcing metal rods in concrete, collagen fibers and other organic
molecules provide tensile strength, resistance to being stretched or
torn apart. Soaking a bone in an acidic solution, such as vinegar,
dissolves its mineral salts, causing the bone to become rubbery and
flexible. As you will see shortly, when the need for particular minerals
arises or as part of bone formation or breakdown, bone cells called
osteoclasts secrete enzymes and acids that break down both the min-
eral salts and the collagen fibers of the extracellular matrix of bone.

Four types of cells are present in bone tissue: osteoprogenitor
cells, osteoblasts, osteocytes, and osteoclasts (Figure 6.2).

extracellular matrix.

Osteoprogenitor cells undergo cell division and develop into osteoblasts, which secrete bone
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1. Osteoprogenitor cells (0s’-té-6-pro-JEN-i-tor; -genic = producing)
are unspecialized bone stem cells derived from mesenchyme, the
tissue from which almost all connective tissues are formed. They
are the only bone cells to undergo cell division; the resulting cells
develop into osteoblasts. Osteoprogenitor cells are found along
the inner portion of the periosteum, in the endosteum, and in the
canals within bone that contain blood vessels.

2. Osteoblasts (OS-té-0-blasts’; -blasts = buds or sprouts) are
bone-building cells. They synthesize and secrete collagen fibers and
other organic components needed to build the extracellular matrix
of bone tissue, and they initiate calcification (described shortly).
As osteoblasts surround themselves with extracellular matrix, they
become trapped in their secretions and become osteocytes. (Note:
The ending-blast in the name of a bone cell or any other connective
tissue cell means that the cell secretes extracellular matrix.)

3. Osteocytes (0S-té-6-sits’; -cytes = cells), mature bone cells, are the
main cells in bone tissue and maintain its daily metabolism, such
as the exchange of nutrients and wastes with the blood. Like osteo-
blasts, osteocytes do not undergo cell division. (Note: The ending
-cyte in the name of a bone cell or any other tissue cell means that
the cell maintains and monitors the tissue.)

4, Osteoclasts (0S-té-0-klasts'; -clast = break) are huge cells derived
from the fusion of as many as 50 monocytes (a type of white blood
cell) and are concentrated in the endosteum. On the side of the cell
that faces the bone surface, the osteoclast’s plasma membrane is
deeply folded into a ruffled border. Here the cell releases powerful lys-
osomal enzymes and acids that digest the protein and mineral com-
ponents of the underlying extracellular bone matrix. This breakdown
of bone extracellular matrix, termed bone resorption (ré-SORP-
shun), is part of the normal development, maintenance, and repair of
bone. (Note: The ending -clast means that the cell breaks down extra-
cellular matrix.) As you will see later, in response to certain hormones,
osteoclasts help regulate blood calcium level (see Section 6.7). They
are also target cells for drug therapy used to treat osteoporosis (see
Disorders: Homeostatic Imbalances at the end of this chapter).

You may find it convenient to use an aid called a mnemonic
device (ne-MON-ik = memory) to learn new or unfamiliar informa-
tion. One such mnemonic that will help you remember the difference
between the function of osteoblasts and osteoclasts is as follows:
osteoBlasts Build bone, while osteoClasts Carve out bone.

Bone is not completely solid but has many small spaces between
its cells and extracellular matrix components. Some spaces serve as
channels for blood vessels that supply bone cells with nutrients.
Other spaces act as storage areas for red bone marrow. Depending on
the size and distribution of the spaces, the regions of a bone may be
categorized as compact or spongy (see Figure 6.1). Overall, about
80% of the skeleton is compact bone and 20% is spongy bone.

Compact Bone Tissue

Compact bone tissue contains few spaces (Figure 6.3a) and is the
strongest form of bone tissue. It is found beneath the periosteum of
all bones and makes up the bulk of the diaphyses of long bones. Com-
pact bone tissue provides protection and support and resists the
stresses produced by weight and movement.
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Compact bone tissue is composed of repeating structural units
called osteons, or haversian systems (ha-VER-shan). Each osteon con-
sists of concentric lamellae arranged around an osteonic (haversian
or central) canal. Resembling the growth rings of a tree, the concen-
tric lamellae (la-MEL-€) are circular plates of mineralized extracellu-
lar matrix of increasing diameter, surrounding a small network of
blood vessels and nerves located in the central canal (Figure 6.3a).
These tubelike units of bone generally form a series of parallel cylin-
ders that, in long bones, tend to run parallel to the long axis of the
bone. Between the concentric lamellae are small spaces called lacu-
nae (la-KOO-né = little lakes; singular is lacuna), which contain oste-
ocytes. Radiating in all directions from the lacunae are tiny canaliculi
(kan-a-LIK-0-l1 = small channels), which are filled with extracellular
fluid. Inside the canaliculi are slender fingerlike processes of osteo-
cytes (see inset at right of Figure 6.3a). Neighboring osteocytes com-
municate via gap junctions (see Section 4.2). The canaliculi connect
lacunae with one another and with the central canals, forming an
intricate, miniature system of interconnected canals throughout the
bone. This system provides many routes for nutrients and oxygen to
reach the osteocytes and for the removal of wastes.

Osteons in compact bone tissue are aligned in the same direction
and are parallel to the length of the diaphysis. As a result, the shaft of
a long bone resists bending or fracturing even when considerable
force is applied from either end. Compact bone tissue tends to be
thickest in those parts of a bone where stresses are applied in rela-
tively few directions. The lines of stress in a bone are not static. They
change as a person learns to walk and in response to repeated strenu-
ous physical activity, such as weight training. The lines of stress in a
bone also can change because of fractures or physical deformity.
Thus, the organization of osteons is not static but changes over time
in response to the physical demands placed on the skeleton.

The areas between neighboring osteons contain lamellae called
interstitial lamellae (in'-ter-STISH-al), which also have lacunae with os-
teocytes and canaliculi. Interstitial lamellae are fragments of older osteons
that have been partially destroyed during bone rebuilding or growth.

Blood vessels and nerves from the periosteum penetrate the com-
pact bone through transverse interosteonic (Volkmann’s or perforat-
ing) canals. The vessels and nerves of the interosteonic canals connect
with those of the medullary cavity, periosteum, and central canals.

Arranged around the entire outer and inner circumference of
the shaft of a long bone are lamellae called circumferential lamellae
(ser’-kum-fer-EN-shé-al). They develop during initial bone formation.
The circumferential lamellae directly deep to the periosteum are
called external circumferential lamellae. They are connected to the
periosteum by perforating (Sharpey’s) fibers. The circumferential
lamellae that line the medullary cavity are called internal circumferen-
tial lamellae (Figure 6.3a).

Spongy Bone Tissue

In contrast to compact bone tissue, spongy bone tissue, also referred
to as trabecular or cancellous bone tissue, does not contain osteons
(Figure 6.3b, c). Spongy bone tissue is always located in the interior of
a bone, protected by a covering of compact bone. It consists of lamel-
lae that are arranged in an irregular pattern of thin columns called
trabeculae (tra-BEK-U-lé = little beams; singular is trabecula).
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m Histology of compact and spongy bone. (a) Sections through the diaphysis of a long
bone, from the surrounding periosteum on the right, to compact bone in the middle, to spongy bone and
the medullary cavity on the left. The inset at the upper right shows an osteocyte in a lacuna. (b, c) Details
of spongy bone. See Table 4.7 for a photo-micrograph of compact bone tissue and Figure 6.11a for a
scanning electron micrograph of spongy bone tissue.

Bone tissue is organized in concentric lamellae around an osteonic canal in compact bone and in
irregularly arranged lamellae in the trabeculae in spongy bone.

Compact — |

bone j‘ Medullary
Spongy cavity
bone

. Interstitial
Periosteum —— lamellae External . . Osteocyte
circumferential Concentric lamellae Canaliculi

lamellae

See Figure 6.3b, ¢
for details

e |

Lacuna
Blood vessels < =/
Fy

Medullary cavity

Trabeculae

Internal
circumferential _
lamellae

Periosteal vein

Periosteal artery
Periosteum:
Outer fibrous layer
Inner osteogenic layer

Osteonic canal

Interosteonic (Volkmann's

Spongy bone or perforating) canal

Perforating (Sharpey’s)
fibers

Canaliculi

Space for red

bone marrow Osteoclast
Trabeculae
Osteoblasts aligned
along trabeculae of
new bone
(b) Enlarged aspect of spongy bone trabeculae (c) Details of a section of a trabecula

Q As people age, some osteonic (haversian) canals may become blocked. What
effect would this have on the surrounding osteocytes?



Between the trabeculae are spaces that are visible to the unaided eye.
These macroscopic spaces are filled with red bone marrow in bones
that produce blood cells, and yellow bone marrow (adipose tissue) in
other bones. Both types of bone marrow contain numerous small
blood vessels that provide nourishment to the osteocytes. Each tra-
becula consists of concentric lamellae, osteocytes that lie in lacunae,
and canaliculi that radiate outward from the lacunae.

Spongy bone tissue makes up most of the interior bone tissue of
short, flat, sesamoid, and irregularly shaped bones. In long bones it
forms the core of the epiphyses beneath the paper-thin layer of com-
pact bone, and forms a variable narrow rim bordering the medullary
cavity of the diaphysis. Spongy bone is always covered by a layer of
compact bone for protection.

At first glance, the trabeculae of spongy bone tissue may appear
to be less organized than the osteons of compact bone tissue. How-
ever, they are precisely oriented along lines of stress, a characteristic
that helps bones resist stresses and transfer force without breaking.
Spongy bone tissue tends to be located where bones are not heavily
stressed or where stresses are applied from many directions. The tra-
beculae do not achieve their final arrangement until locomotion is
completely learned. In fact, the arrangement can even be altered as
lines of stress change due to a poorly healed fracture or a deformity.

Spongy bone tissue is different from compact bone tissue in two
respects. First, spongy bone tissue is light, which reduces the overall
weight of a bone. This reduction in weight allows the bone to move
more readily when pulled by a skeletal muscle. Second, the trabecu-
lae of spongy bone tissue support and protect the red bone marrow.
Spongy bone in the hip bones, ribs, sternum (breastbone), vertebrae,
and the proximal ends of the humerus and femur is the only site where
red bone marrow is stored and, thus, the site where hemopoiesis
(blood cell production) occurs in adults.

Checkpoint

6. Why is bone considered a connective tissue?

7. What factors contribute to the hardness and tensile strength of
bone?

8. List the four types of cells in bone tissue and their functions.
9. Whatis the composition of the extracellular matrix of bone tissue?

10. How are compact and spongy bone tissues different in
microscopic appearance, location, and function?

11. Whatis a bone scan and how is it used clinically?

64 | Blood and Nerve Supply
of Bone

OBJECTIVE

+ Describe the blood and nerve supply of bone.

Bone s richly supplied with blood. Blood vessels, which are especially
abundant in portions of bone containing red bone marrow, pass into

Metaphysis
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bones from the periosteum. We will consider the blood supply of a
long bone such as the mature tibia (shin bone) shown in Figure 6.4.

Periosteal arteries (per-é-0S-té-al), small arteries accompanied
by nerves, enter the diaphysis through many interosteonic
(Volkmann’s or perforating) canals and supply the periosteum and
outer part of the compact bone (see Figure 6.3a). Near the center of the
diaphysis, a large nutrient artery passes through a hole in compact
bone called the nutrient foramen (foramina is plural). On entering
the medullary cavity, the nutrient artery divides into proximal and
distal branches that course toward each end of the bone. These
branches supply both the inner part of compact bone tissue of the
diaphysis and the spongy bone tissue and red bone marrow as far as
the epiphyseal plates (or lines). Some bones, like the tibia, have only
one nutrient artery; others, like the femur (thigh bone), have several.
The ends of long bones are supplied by the metaphyseal and epiphy-
seal arteries, which arise from arteries that supply the associated
joint. The metaphyseal arteries (met-a-FIZ-é-al) enter the metaphy-
ses of a long bone and, together with the nutrient artery, supply the
red bone marrow and bone tissue of the metaphyses. The epiphyseal
arteries (ep’-i-FIZ-é-al) enter the epiphyses of a long bone and supply
the red bone marrow and bone tissue of the epiphyses.

Veins that carry blood away from long bones are evident in three
places: (1) One or two nutrient veins accompany the nutrient artery
and exit through the diaphysis; (2) numerous epiphyseal veins and

m Blood supply of a mature long bone.

Bone is richly supplied with blood vessels.

Articular cartilage
Epiphysis Epiphyseal artery
Epiphyseal vein

Epiphyseal line

Metaphyseal artery
Metaphyseal vein

Medullary cavity

Compact bone
Nutrient vein
Nutrient artery
Periosteal artery
Periosteal vein
Periosteum

Diaphysis

Nutrient foramen

Partially sectioned tibia (shin bone)

Q Where do periosteal arteries enter bone tissue?
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metaphyseal veins accompany their respective arteries and exit
through the epiphyses and metaphyses, respectively; and (3) many
small periosteal veins accompany their respective arteries and exit
through the periosteum.

Nerves accompany the blood vessels that supply bones. The peri-
osteum is rich in sensory nerves, some of which carry pain sensations.
These nerves are especially sensitive to tearing or tension, which
explains the severe pain resulting from a fracture or a bone tumor. For
the same reason, there is some pain associated with a bone marrow
needle biopsy. In this procedure, a needle is inserted into the middle
of the bone to withdraw a sample of red bone marrow to examine it
for conditions such as leukemias, metastatic neoplasms, lymphoma,
Hodgkin’s disease, and aplastic anemia. As the needle penetrates the
periosteum, pain is felt. Once it passes through, there is little pain.

Checkpoint

12. Explain the location and roles of the nutrient arteries, nutrient
foramina, epiphyseal arteries, and periosteal arteries.

13. Which part of a bone contains sensory nerves associated
with pain?

14. Describe one situation in which these sensory neurons are
important.

15. How is a bone marrow needle biopsy performed? What
conditions are diagnosed through this procedure?

65  Bone Formation

OBJECTIVES

« Describe the steps of intramembranous and endochondral
ossification.

« Explain how bone grows in length and thickness.

« Describe the process involved in bone remodeling.

The process by which bone forms is called ossification (0s'-i-fi-KA-
shun; ossi- = bone; -fication = making) or osteogenesis (os’-te-6-JEN-
e-sis). Bone formation occurs in four principal situations: (1) the initial
formation of bones in an embryo and fetus, (2) the growth of bones
during infancy, childhood, and adolescence until their adult sizes are
reached, (3) the remodeling of bone (replacement of old bone by new
bone tissue throughout life), and (4) the repair of fractures (breaks in
bones) throughout life.

Initial Bone Formation in an Embryo
and Fetus

We will first consider the initial formation of bone in an embryo and
fetus. The embryonic “skeleton,” initially composed of mesenchyme

in the general shape of bones, is the site where cartilage formation
and ossification occur during the sixth week of embryonic develop-
ment. Bone formation follows one of two patterns.

The two patterns of bone formation, which both involve the re-
placement of a preexisting connective tissue with bone, do not lead to
differences in the structure of mature bones, but are simply different
methods of bone development. In the first type of ossification, called
intramembranous ossification (in’-tra-MEM-bra-nus; intra- = within;
-membran- = membrane), bone forms directly within mesenchyme,
which is arranged in sheetlike layers that resemble membranes. In the
second type, endochondral ossification (en’-do-KON-dral; endo- =
within; -chondral = cartilage), bone forms within hyaline cartilage
that develops from mesenchyme.

Intramembranous Ossification Intramembranous ossifi-
cation is the simpler of the two methods of bone formation. The flat
bones of the skull, most of the facial bones, mandible (lower jawbone),
and the medial part of the clavicle (collar bone) are formed in this way.
Also, the “soft spots” that help the fetal skull pass through the birth
canal later harden as they undergo intramembranous ossification,
which occurs as follows (Figure 6.5):

€) Development of the ossification center. At the site where the
bone will develop, specific chemical messages cause the cells
of the mesenchyme to cluster together and differentiate, first
into osteoprogenitor cells and then into osteoblasts. The site
of such a cluster is called an ossification center. Osteoblasts
secrete the organic extracellular matrix of bone until they are
surrounded by it.

9 Calcification. Next, the secretion of extracellular matrix stops,
and the cells, now called osteocytes, lie in lacunae and extend
their narrow cytoplasmic processes into canaliculi that radiate in
all directions. Within a few days, calcium and other mineral salts
are deposited and the extracellular matrix hardens or calcifies
(calcification).

@ Formation of trabeculae. As the bone extracellular matrix forms,
it develops into trabeculae that fuse with one another to form
spongy bone around the network of blood vessels in the tissue.
Connective tissue associated with the blood vessels in the
trabeculae differentiates into red bone marrow.

o Development ofthe periosteum. In conjunction with the formation
of trabeculae, the mesenchyme condenses at the periphery of
the bone and develops into the periosteum. Eventually, a thin
layer of compact bone replaces the surface layers of the spongy
bone, but spongy bone remains in the center. Much of the newly
formed bone is remodeled (destroyed and reformed) as the bone
is transformed into its adult size and shape.

Endochondral Ossification The replacement of cartilage
by bone is called endochondral ossification. Although most bones of
the body are formed in this way, the process is best observed in a long
bone. It proceeds as follows (Figure 6.6):

€) Development of the cartilage model. At the site where the bone
is going to form, specific chemical messages cause the cells in
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m Intramembranous ossification. Refer to this figure as you read the corresponding
numbered paragraphs in the text. Illustrations ) and @) show a smaller field of vision at higher
magnification than illustrations €) and @.

Intramembranous ossification involves the formation of bone within mesenchyme arranged in
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sheetlike layers that resemble membranes.
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e Formation of trabeculae: extracellular
matrix develops into trabeculae that
fuse to form spongy bone.

Q Which bones of the body develop by intramembranous ossification?

mesenchyme to crowd together in the general shape of the future
bone, and then develop into chondroblasts. The chondroblasts
secrete cartilage extracellular matrix, producing a cartilage model
(future diaphysis) consisting of hyaline cartilage. A covering
called the perichondrium (per’-i-KON-dré-um) develops around
the cartilage model.

@ Growth of the cartilage model. Once chondroblasts become
deeply buried in the cartilage extracellular matrix, they are called
chondrocytes. The cartilage model grows in length by continual
cell division of chondrocytes, accompanied by further secretion
of the cartilage extracellular matrix. This type of cartilaginous
growth, called interstitial (endogenous) growth (growth from
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m Endochondral ossification.

During endochondral ossification, bone gradually replaces a cartilage model.
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(b) Twelve-week-old fetus. The red areas
represent bones that are forming
(calcified). Clear areas represent
cartilage (uncalcified).

Q Where in the cartilage model do secondary ossification centers develop during
endochondral ossification?



within), results in an increase in length. In contrast, growth of
the cartilage in thickness is due mainly to the deposition of
extracellular matrix material on the cartilage surface of the model
by new chondroblasts that develop from the perichondrium. This
process is called appositional (exogenous) growth (a-p6-ZISH-o-
nal), meaning growth at the outer surface. Interstitial growth and
appositional growth of cartilage are described in more detail in
Section 4.5.

As the cartilage model continues to grow, chondrocytes in
its midregion hypertrophy (increase in size) and the surrounding
cartilage extracellular matrix begins to calcify. Otherchondrocytes
within the calcifying cartilage die because nutrients can no longer
diffuse quickly enough through the extracellular matrix. As these
chondrocytes die, the spaces left behind by dead chondrocytes
merge into small cavities called lacunae.

e Development of the primary ossification center. Primary
ossification proceeds inward from the external surface of the
bone. A nutrient artery penetrates the perichondrium and the
calcifying cartilage model through a nutrient foramen in the
midregion of the cartilage model, stimulating osteoprogenitor
cells in the perichondrium to differentiate into osteoblasts.
Once the perichondrium starts to form bone, it is known as the
periosteum. Near the middle of the model, periosteal capillaries
grow into the disintegrating calcified cartilage, inducing growth
of a primary ossification center, a region where bone tissue will
replace most of the cartilage. Osteoblasts then begin to deposit
bone extracellular matrix over the remnants of calcified cartilage,
forming spongy bone trabeculae. Primary ossification spreads
from this central location toward both ends of the cartilage
model.

o Development of the medullary (marrow) cavity. As the primary
ossification center grows toward the ends of the bone, osteoclasts
break down some of the newly formed spongy bone trabeculae.
This activity leaves a cavity, the medullary (marrow) cavity, in the
diaphysis (shaft). Eventually, most of the wall of the diaphysis is
replaced by compact bone.

6 Development of the secondary ossification centers. When
branches of the epiphyseal artery enter the epiphyses,
secondary ossification centers develop, usually around the
time of birth. Bone formation is similar to what occurs in
primary ossification centers. However, in the secondary
ossification centers spongy bone remains in the interior of the
epiphyses (no medullary cavities are formed here). In contrast to
primary ossification, secondary ossification proceeds outward
from the center of the epiphysis toward the outer surface of the
bone.

e Formation of articular cartilage and the epiphyseal (growth)
plate. The hyaline cartilage that covers the epiphyses becomes
the articular cartilage. Prior to adulthood, hyaline cartilage
remains between the diaphysis and epiphysis as the epiphyseal
(growth) plate, the region responsible for the lengthwise growth
of long bones that you will learn about next.
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Bone Growth during Infancy, Childhood,
and Adolescence

During infancy, childhood, and adolescence, bones throughout the
body grow in thickness by appositional growth, and long bones
lengthen by the addition of bone material on the diaphyseal side of
the epiphyseal plate by interstitial growth.

Growth in Length The growth in length of long bones involves
the following two major events: (1) interstitial growth of cartilage on
the epiphyseal side of the epiphyseal plate and (2) replacement of
cartilage on the diaphyseal side of the epiphyseal plate with bone by
endochondral ossification.

To understand how a bone grows in length, you need to know
some of the details of the structure of the epiphyseal plate. The
epiphyseal (growth) plate (ep-i-FIZ-é-al) is a layer of hyaline carti-
lage in the metaphysis of a growing bone that consists of four zones
(Figure 6.7b):

1. Zone of resting cartilage. This layer is nearest the epiphysis and
consists of small, scattered chondrocytes. The term “resting” is
used because the cells do not function in bone growth. Rather,
they anchor the epiphyseal plate to the epiphysis of the bone.

2. Zone of proliferating cartilage. Slightly larger chondrocytes in this
zone are arranged like stacks of coins. These chondrocytes undergo
interstitial growth as they divide and secrete extracellular matrix.
The chondrocytes in this zone divide to replace those that die at
the diaphyseal side of the epiphyseal plate.

3. Zone of hypertrophic cartilage (hi-per-TRO-fik). This layer consists
of large, maturing chondrocytes arranged in columns.

4. Zone of calcified cartilage. The final zone of the epiphyseal plate is
only a few cells thick and consists mostly of chondrocytes that are
dead because the extracellular matrix around them has calcified.
Osteoclasts dissolve the calcified cartilage, and osteoblasts and
capillaries from the diaphysis invade the area. The osteoblasts lay
down bone extracellular matrix, replacing the calcified cartilage by
the process of endochondral ossification. Recall that endochondral
ossification is the replacement of cartilage with bone. As a result,
the zone of calcified cartilage becomes the “new diaphysis” that is
firmly cemented to the rest of the diaphysis of the bone.

The activity of the epiphyseal plate is the only way that the di-
aphysis can increase in length. As a bone grows, chondrocytes prolif-
erate on the epiphyseal side of the plate. New chondrocytes replace
older ones, which are destroyed by calcification. Thus, the cartilage is
replaced by bone on the diaphyseal side of the plate. In this way the
thickness of the epiphyseal plate remains relatively constant, but the
bone on the diaphyseal side increases in length (Figure 6.7c). If a
bone fracture damages the epiphyseal plate, the fractured bone may
be shorter than normal once adult stature is reached. This is because
damage to cartilage, which is avascular, accelerates closure of the
epiphyseal plate due to the cessation of cartilage cell division, thus
inhibiting lengthwise growth of the bone.
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(a) Radiograph showing the epiphyseal plate
of the femur of a 3-year-old
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Epiphyseal (growth) plate. The epiphyseal (growth) plate
appears as a dark band between whiter calcified areas in the radiograph
(x-ray) shown in part (a).

The epiphyseal (growth) plate allows the diaphysis of a bone to increase
in length.

When adolescence comes to an end (at about age 18 in females
and age 21 in males), the epiphyseal plates close; that is, the epiphy-
seal cartilage cells stop dividing and bone replaces all remaining
cartilage. The epiphyseal plate fades, leaving a bony structure called
the epiphyseal line. With the appearance of the epiphyseal line, bone
growth in length stops completely.

Closure of the epiphyseal plate is a gradual process and the
degree to which it occurs is useful in determining bone age, predicting
adult height, and establishing age at death from skeletal remains,
especially in infants, children, and adolescents. For example, an open
epiphyseal plate indicates a younger person, while a partially closed
epiphyseal plate or acompletely closed one indicates an older person.
It should also be kept in mind that closure of the epiphyseal plate, on
average, takes place 1-2 years earlier in females.

Growth in Thickness Like cartilage, bone can grow in
thickness (diameter) only by appositional growth (Figure 6.8a):

o At the bone surface, periosteal cells differentiate into osteoblasts,
which secrete the collagen fibers and other organic molecules
that form bone extracellular matrix. The osteoblasts become
surrounded by extracellular matrix and develop into osteocytes.
This process forms bone ridges on either side of a periosteal
blood vessel. The ridges slowly enlarge and create a groove for
the periosteal blood vessel.

e Eventually, the ridges fold together and fuse, and the groove
becomes a tunnel that encloses the blood vessel. The former
periosteum now becomes the endosteum that lines the tunnel.

New diaphysis

Zone of hypertrophic cartilage ——

Diaphysis —
5]
' 34 3

Old chondrocytes are replaced by bone j> ;

(c) Lengthwise growth of bone at epiphyseal plate

Q How does the epiphyseal (growth) plate account for the lengthwise growth of

the diaphysis?
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Sl Bone growth in thickness.

As new bone is deposited on the outer surface of bone by osteoblasts, the bone tissue lining the
medullary cavity is destroyed by osteoclasts in the endosteum.
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Q How does the medullary cavity enlarge during growth in thickness?
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@ Osteoblasts in the endosteum deposit bone extracellular matrix,
forming new concentric lamellae. The formation of additional
concentric lamellae proceeds inward toward the periosteal
blood vessel. In this way, the tunnel fills in, and a new osteon is
created.

O As an osteon is forming, osteoblasts under the periosteum
deposit new circumferential lamellae, further increasing the
thickness of the bone. As additional periosteal blood vessels
become enclosed as in step o, the growth process continues.

Recall that as new bone tissue is being deposited on the outer
surface of bone, the bone tissue lining the medullary cavity is de-
stroyed by osteoclasts in the endosteum. In this way, the medullary
cavity enlarges as the bone increases in thickness (Figure 6.8b).

Remodeling of Bone

Like skin, bone forms before birth but continually renews itself
thereafter. Bone remodeling is the ongoing replacement of old
bone tissue by new bone tissue. It involves bone resorption, the
removal of minerals and collagen fibers from bone by osteoclasts,
and bone deposition, the addition of minerals and collagen fibers
to bone by osteoblasts. Thus, bone resorption results in the destruc-
tion of bone extracellular matrix, while bone deposition results in
the formation of bone extracellular matrix. At any given time, about
5% of the total bone mass in the body is being remodeled. Remod-
eling also takes place at different rates in different regions of the
body. The distal portion of the femur is replaced about every four
months. By contrast, bone in certain areas of the shaft of the femur
will not be replaced completely during an individual’s life. Even after
bones have reached their adult shapes and sizes, old bone is con-
tinually destroyed and new bone is formed in its place. Remodeling
also removes injured bone, replacing it with new bone tissue.
Remodeling may be triggered by factors such as exercise, sedentary
lifestyle, and changes in diet.

Remodeling has several other benefits. Since the strength of
bone is related to the degree to which it is stressed, if newly formed
bone is subjected to heavy loads, it will grow thicker and therefore be
stronger than the old bone. Also, the shape of a bone can be altered
for proper support based on the stress patterns experienced during
the remodeling process. Finally, new bone is more resistant to frac-
ture than old bone.

i Clinical Connection

Remodeling and Orthodontics

Orthodontics (or-thd-DON-tiks) is the branch of dentistry concerned with
the prevention and correction of poorly aligned teeth. The movement of
teeth by braces places a stress on the bone that forms the sockets that
anchor the teeth. In response to this artificial stress, osteoclasts and osteo-
blasts remodel the sockets so that the teeth align properly.

During the process of bone resorption, an osteoclast attaches
tightly to the bone surface at the endosteum or periosteum and forms
a leakproof seal at the edges of its ruffled border (see Figure 6.2).
Then it releases protein-digesting lysosomal enzymes and several
acids into the sealed pocket. The enzymes digest collagen fibers and
other organic substances while the acids dissolve the bone minerals.
Working together, several osteoclasts carve out a small tunnel in the
old bone. The degraded bone proteins and extracellular matrix miner-
als, mainly calcium and phosphorus, enter an osteoclast by endo-
cytosis, cross the cell in vesicles, and undergo exocytosis on the side
opposite the ruffled border. Now in the interstitial fluid, the products
of bone resorption diffuse into nearby blood capillaries. Once a small
area of bone has been resorbed, osteoclasts depart and osteoblasts
move in to rebuild the bone in that area.

i Clinical Connection

Paget’s Disease

A delicate balance exists between the actions of osteoclasts and osteoblasts.
Should too much new tissue be formed, the bones become abnormally
thick and heavy. If too much mineral material is deposited in the bone, the
surplus may form thick bumps, called spurs, on the bone that interfere with
movement at joints. Excessive loss of calcium or tissue weakens the bones,
and they may break, as occurs in osteoporosis, or they may become too flex-
ible, as in rickets and osteomalacia. In Paget’s disease, there is an excessive
proliferation of osteoclasts so that bone resorption occurs faster than bone
deposition. In response, osteoblasts attempt to compensate, but the new
bone is weaker because it has a higher proportion of spongy to compact
bone, mineralization is decreased, and the newly synthesized extracellular
matrix contains abnormal proteins. The newly formed bone, especially that
of the pelvis, limbs, lower vertebrae, and skull, becomes enlarged, hard, and
brittle and fractures easily.

Factors Affecting Bone Growth
and Bone Remodeling

Normal bone metabolism—growth in the young and bone remodeling
in the adult—depends on several factors. These include adequate
dietary intake of minerals and vitamins, as well as sufficient levels of
several hormones.

1. Minerals. Large amounts of calcium and phosphorus are needed
while bones are growing, as are smaller amounts of magnesium,
fluoride, and manganese. These minerals are also necessary during
bone remodeling.

2. Vitamins. Vitamin A stimulates activity of osteoblasts. Vitamin
C is needed for synthesis of collagen, the main bone protein. As
you will soon learn, vitamin D helps build bone by increasing the
absorption of calcium from foods in the gastrointestinal tract into
the blood. Vitamins K and B, are also needed for synthesis of bone
proteins.

3. Hormones. During childhood, the hormones most important to
bone growth are the insulin-like growth factors (IGFs), which are



produced by the liver and bone tissue (see Section 18.6). IGFs stim-
ulate osteoblasts, promote cell division at the epiphyseal plate and
in the periosteum, and enhance synthesis of the proteins needed to
build new bone. IGFs are produced in response to the secretion of
growth hormone (GH) from the anterior lobe of the pituitary gland
(see Section 18.6). Thyroid hormones (T; and T,) from the thyroid
gland also promote bone growth by stimulating osteoblasts. In
addition, the hormone insulin from the pancreas promotes bone
growth by increasing the synthesis of bone proteins.

At puberty, the secretion of hormones known as sex hormones
causes a dramatic effect on bone growth. The sex hormones include
estrogens (produced by the ovaries) and androgens such as testoster-
one (produced by the testes). Although females have much higher levels
of estrogens and males have higher levels of androgens, females
also have low levels of androgens, and males have low levels of estro-
gens. The adrenal glands of both sexes produce androgens, and other
tissues, such as adipose tissue, can convert androgens to estrogens.
These hormones are responsible for increased osteoblast activity,
synthesis of bone extracellular matrix, and the sudden “growth spurt”
that occurs during the teenage years. Estrogens also promote changes
in the skeleton that are typical of females, such as widening of the
pelvis. Ultimately sex hormones, especially estrogens in both sexes,
shut down growth at epiphyseal (growth) plates, causing elongation
of the bones to cease. Lengthwise growth of bones typically ends ear-
lier in females than in males due to their higher levels of estrogens.

During adulthood, sex hormones contribute to bone remodeling
by slowing resorption of old bone and promoting deposition of new

6.6 Fracture and Repair of Bone 185

bone. One way that estrogens slow resorption is by promoting apop-
tosis (programmed death) of osteoclasts. As you will see shortly,
parathyroid hormone, calcitriol (the active form of vitamin D), and
calcitonin are other hormones that can affect bone remodeling.

Moderate weight-bearing exercises maintain sufficient strain on
bones to increase and maintain their density.

Checkpoint

16. What are the major events of intramembranous ossification and
endochondral ossification, and how are they different?

17. Describe the zones of the epiphyseal (growth) plate and their
functions, and the significance of the epiphyseal line.

18. Explain how bone growth in length differs from bone growth in
thickness.

19. How could the metaphyseal area of a bone help determine the
age of a skeleton?

20. Define remodeling, and describe the roles of osteoblasts and
osteoclasts in the process.

21. What factors affect bone growth and bone remodeling?

66 | Fracture and Repair of Bone

OBJECTIVES

i Clinical Connection

Hormonal Abnormalities That Affect Height

Excessive or deficient secretion of hormones that normally control bone
growth can cause a person to be abnormally tall or short. Oversecretion of
growth hormone (GH) during childhood produces giantism, in which a per-
son becomes much taller and heavier than normal. Dwarfism is a condi-
tion of small stature in which the height of an individual is typically under 4
feet 10 inches, usually averaging 4 feet. Generally, there are two types of
dwarfism: proportionate and disproportionate. In proportionate dwarf-
ism, all parts of the body are small but they are proportionate to each
other. One cause of proportionate dwarfism is a hyposecretion of GH dur-
ing childhood and the condition is appropriately called pituitary dwarf-
ism. The condition can be treated medically with administration of GH
until epiphyseal plate closure. In disproportionate dwarfism, some parts
of the body are normal size or larger than normal while others are smaller
than normal. For example, the trunk can be average size while the limbs are
short and the head may be large in relation to the rest of the body, with a
prominent forehead and flattened nose at the bridge. The most common
cause of this type of dwarfism is a condition called achondroplasia (a-kon-
dro-PLA-zé-a; a = without; chondro = cartilage; -plasai = to mold), an in-
herited condition in which the conversion of hyaline cartilage to bone is
abnormal and the long bones of the limbs stop growing in childhood. Other
bones are unaffected, and thus the person has short stature but a normal
size head and trunk. This type of dwarfism is called achondroplastic
dwarfism. The condition is essentially untreatable, although some indi-
viduals opt for limb-lengthening surgery.

« Describe several common types of fractures.

« Explain the sequence of events involved in fracture repair.

A fracture (FRAK-choor) is any break in a bone. Fractures are named
according to their severity, the shape or position of the fracture line,
or even the physician who first described them.

In some cases, a bone may fracture without visibly breaking. A
stress fracture is a series of microscopic fissures in bone that forms
without any evidence of injury to other tissues. In healthy adults,
stress fractures result from repeated, strenuous activities such as run-
ning, jumping, or aerobic dancing. Stress fractures are quite painful
and also result from disease processes that disrupt normal bone cal-
cification, such as osteoporosis (discussed in Disorders: Homeostatic
Imbalances at the end of this chapter). About 25% of stress fractures
involve the tibia. Although standard x-ray images often fail to reveal
the presence of stress fractures, they show up clearly in a bone scan.

The repair of a bone fracture involves the following phases
(Figure 6.9):

0 Reactive phase. This phaseis an early inflammatory phase. Blood
vessels crossing the fracture line are broken. As blood leaks from
the torn ends of the vessels, a mass of blood (usually clotted)
forms around the site of the fracture. This mass of blood, called
a fracture hematoma (hé’-ma-TO-ma; hemat- = blood; -oma =
tumor), usually forms 6 to 8 hours after the injury. Because the
circulation of blood stops at the site where the fracture hematoma
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m Steps in repair of a bone fracture.

Bone heals more rapidly than cartilage because its blood supply is more plentiful.

= 1
«~ |7 Periosteum

Fibrocartilaginous
(soft) callus

ﬂ Reactive phase:
formation of
fracture hematoma

Fibrocartilaginous
callus formation

Q Why does it sometimes take months for a fracture to heal?

forms, nearby bone cells die. Swelling and inflammation occur in
response to dead bone cells, producing additional cellular debris.
Phagocytes (neutrophils and macrophages) and osteoclasts
begin to remove the dead or damaged tissue in and around the
fracture hematoma. This stage may last up to several weeks.

@ Reparative phase: Fibrocartilaginous callus formation. The
reparative phase is characterized by two events: the formation of
a fibrocartilaginous callus, and a bony callus to bridge the gap
between the broken ends of the bones.

Blood vessels grow into the fracture hematoma and phago-
cytes begin to clean up dead bone cells. Fibroblasts from the
periosteum invade the fracture site and produce collagen fibers.
In addition, cells from the periosteum develop into chondroblasts
and begin to produce fibrocartilage in this region. These events
lead to the development of a fibrocartilaginous (soft) callus (fi-
bro-kar-ti-LAJ-i-nus), a mass of repair tissue consisting of collagen
fibers and cartilage that bridges the broken ends of the bone.
Formation of the fibrocartilaginous callus takes about 3 weeks.

@ Reparative phase: Bony callus formation. In areas closer to
well-vascularized healthy bone tissue, osteoprogenitor cells
develop into osteoblasts, which begin to produce spongy bone
trabeculae. The trabeculae join living and dead portions of the
original bone fragments. In time, the fibrocartilage is converted
to spongy bone, and the callus is then referred to as a bony (hard)
callus. The bony callus lasts about 3 to 4 months.

9 Bone remodeling phase. The final phase of fracture repair is bone
remodeling of the callus. Dead portions of the original fragments
of broken bone are gradually resorbed by osteoclasts. Compact
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bone replaces spongy bone around the periphery of the fracture.
Sometimes, the repair process is so thorough that the fracture line is
undetectable, even in a radiograph (x-ray). However, a thickened area
on the surface of the bone remains as evidence of a healed fracture.

i Clinical Connection

Treatments for Fractures

Treatments for fractures vary according to age, type of fracture, and the
bone involved. The ultimate goals of fracture treatment are realignment
of the bone fragments, immobilization to maintain realignment, and
restoration of function. For bones to unite properly, the fractured ends must
be brought into alignment. This process, called reduction, is commonly
referred to as setting a fracture. In closed reduction, the fractured ends
of a bone are brought into alignment by manual manipulation, and the
skin remains intact. In open reduction, the fractured ends of a bone are
brought into alignment by a surgical procedure using internal fixation
devices such as screws, plates, pins, rods, and wires. Following reduction,
a fractured bone may be kept immobilized by a cast, sling, splint, elastic
bandage, external fixation device, or a combination of these devices.

Although bone has a generous blood supply, healing sometimes
takes months. The calcium and phosphorus needed to strengthen and
harden new bone are deposited only gradually, and bone cells generally
grow and reproduce slowly. The temporary disruption in their blood
supply also helps explain the slowness of healing of severely fractured
bones. Some of the common types of fractures are shown in Table 6.1.



6.6 Fracture and Repair of Bone 187

TABLE 6.1 Some Common Fractures

FRACTURE DESCRIPTION ILLUSTRATION RADIOGRAPH
Open (Compound) The broken ends of the bone | H
protrude through the skin. | umerus
Conversely, a closed (simple) l \
fracture does not break the skin. | |
(—
§
' /|
e/ >
’ Radius g
Ulna 8
Comminuted The bone is splintered, crushed,
(KOM-i-noo-ted; or broken into pieces at the site
com- = together; of impact, and smaller bone
-minuted = fragments lie between the two
crumbled) main fragments. 2
Humerus E
Greenstick A partial fracture in which one ] J
side of the bone is broken and '
the other side bends; similar to
the way a green twig breaks on i
one side while the other side i" /
stays whole, but bends; occurs | Ulna <
only in children, whose bones | Radius §
are not fully ossified and contain | o £
more organic material than bor::-,\ss a
(=}
inorganic material. 7
b=
=
Impacted One end of the fractured bone is
forcefully driven into the interior | |
of the other. J
I
;l s
,-' y' Humerus “f
S | )
i / 8

Pott Fracture of the distal end of the f
1 ¥
lateral leg bone (fibula), with | | Tibia j—
serious injury of the distal tibial I { | Fibula

articulation.

Ankle

bones '

Courtesy Dr. Brent Layton

Table 6.1 Continues
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TABLE 6.1 Some Common Fractures (Continued)

FRACTURE
Colles (KOL-éz)

DESCRIPTION

Fracture of the distal end of the
lateral forearm bone (radius)

in which the distal fragment is
displaced posteriorly.

ILLUSTRATION RADIOGRAPH
Radius —.—. .
| Ulna
£
o — g
i Wrist 5
bones =
S
g
."h-‘- I 8>
S

Checkpoint

22, List the types of fractures and outline the four steps involved
in fracture repair.

23. Define each of the common fractures.

67| Bone’s Role in Calcium
Homeostasis

OBJECTIVES

« Describe the importance of calcium in the body.

« Explain how blood calcium level is regulated.

Bone is the body’s major calcium reservoir, storing 99% of total body
calcium. One way to maintain the level of calcium in the blood is to
control the rates of calcium resorption from bone into blood and of
calcium deposition from blood into bone. Both nerve and muscle
cells depend on a stable level of calcium ions (Ca**) in extracellular
fluid to function properly. Blood clotting also requires Ca**. Also,
many enzymes require Ca** as a cofactor (an additional substance
needed for an enzymatic reaction to occur). For this reason, the blood
plasma level of Ca** is very closely regulated between 9 and 11 mg/
100 mL. Even small changes in Ca** concentration outside this range
may prove fatal—the heart may stop (cardiac arrest) if the concentration
goes too high, or breathing may cease (respiratory arrest) if the level
falls too low. The role of bone in calcium homeostasis is to help
“buffer” the blood Ca?* level, releasing Ca®* into blood plasma (using
osteoclasts) when the level decreases, and absorbing Ca*" (using
osteoblasts) when the level rises.

Ca’* exchange is regulated by hormones, the most important of
which is parathyroid hormone (PTH) secreted by the parathyroid

glands (see Figure 18.13). This hormone increases blood Ca*" level.
PTH secretion operates via a negative feedback system (Figure 6.10).
If some stimulus causes the blood Ca*" level to decrease, parathy-
roid gland cells (receptors) detect this change and increase their pro-
duction of a molecule known as cyclic adenosine monophosphate
(cyclic AMP). The gene for PTH within the nucleus of a parathyroid
gland cell (the control center) detects the intracellular increase in cy-
clic AMP (the input). As a result, PTH synthesis speeds up, and more
PTH (the output) is released into the blood. The presence of higher
levels of PTH increases the number and activity of osteoclasts (effec-
tors), which step up the pace of bone resorption. The resulting
release of Ca** from bone into blood returns the blood Ca** level to
normal.

PTH also acts on the kidneys (effectors) to decrease loss of Ca**
in the urine, so more is retained in the blood. And PTH stimulates
formation of calcitriol (the active form of vitamin D), a hormone that
promotes absorption of calcium from foods in the gastrointestinal
tract into the blood. Both of these actions also help elevate blood
Ca** level.

Another hormone works to decrease blood Ca*" level. When
blood Ca** rises above normal, parafollicular cells in the thyroid gland
secrete calcitonin (CT) (kal-si-TO-nin). CT inhibits activity of osteo-
clasts, speeds blood Ca** uptake by bone, and accelerates Ca** depo-
sition into bones. The net result is that CT promotes bone formation
and decreases blood Ca** level. Despite these effects, the role of CT in
normal calcium homeostasis is uncertain because it can be com-
pletely absent without causing symptoms. Nevertheless, calcitonin
harvested from salmon (Miacalcin®) is an effective drug for treating
osteoporosis because it slows bone resorption.

Figure 18.14 summarizes the roles of parathyroid hormone,
calcitriol, and calcitonin in regulation of blood Ca?* level.

Checkpoint

24. How do hormones act on bone to regulate calcium
homeostasis?




m Negative feedback system for the regulation of blood
calcium (Ca®*) concentration. PTH = parathyroid hormone.

Release of calcium from bone matrix and retention of calcium by the
kidneys are the two main ways that blood calcium level can beincreased.
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Q What body functions depend on proper levels of Ca?*?
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6.8 | Exercise and Bone Tissue

OBJECTIVE

« Describe how exercise and mechanical stress affect bone tissue.

Within limits, bone tissue has the ability to alter its strength in response
to changes in mechanical stress. When placed under stress, bone tissue
becomes stronger through increased deposition of mineral salts and
production of collagen fibers by osteoblasts. Without mechanical stress,
bone does not remodel normally because bone resorption occurs more
quickly than bone formation. Research has shown that high-impact
intermittent strains more strongly influence bone deposition as com-
pared with lower-impact constant strains. Therefore, running and jump-
ing stimulate bone remodeling more dramatically than walking.

The main mechanical stresses on bone are those that result from the
pull of skeletal muscles and the pull of gravity. If a person is bedridden or
has afractured bonein a cast, the strength of the unstressed bones dimin-
ishes because of the loss of bone minerals and decreased numbers of col-
lagen fibers. Astronauts subjected to the microgravity of space also lose
bone mass. In any of these cases, bone loss can be dramatic—as much as
1% per week. In contrast, the bones of athletes, which are repetitively and
highly stressed, become notably thicker and stronger than those of astro-
nauts or nonathletes. Weight-bearing activities, such as walking or mod-
erate weight lifting, help build and retain bone mass. Adolescents and
young adults should engage in regular weight-bearing exercise prior to
the closure of the epiphyseal plates to help build total mass prior to its
inevitable reduction with aging. However, people of all ages can and
should strengthen their bones by engaging in weight-bearing exercise.

Checkpoint

25. How do mechanical stresses strengthen bone tissue?
26. Would children raised in space ever be able to return to Earth?

27. Whyisitimportant to engage in weight-bearing exercises
before the epiphyseal plates close?

69 | Aging and Bone Tissue

OBJECTIVE

« Describe the effects of aging on bone tissue.

From birth through adolescence, more bone tissue is produced than is lost
during bone remodeling. In young adults, the rates of bone deposition and
resorption are about the same. As the level of sex hormones diminishes
during middle age, especially in women after menopause, a decrease in
bone mass occurs because bone resorption by osteoclasts outpaces bone
deposition by osteoblasts. In old age, loss of bone through resorption
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occurs more rapidly than bone gain. Because women’s bones generally
are smaller and less massive than men’s bones to begin with, loss of bone
mass in old age typically has a greater adverse effect in females. These
factors contribute to the higher incidence of osteoporosis in females.

There are two principal effects of aging on bone tissue: loss of bone
mass and brittleness. Loss of bone mass results from demineralization
(dé-min’-er-al-i-ZA-shun), the loss of calcium and other minerals from
bone extracellular matrix. This loss usually begins after age 30 in females,
accelerates greatly around age 45 as levels of estrogens decrease, and
continues until as much as 30% of the calcium in bones is lost by age 70.
Once bone loss begins in females, about 8% of bone mass is lost every
10 years. In males, calcium loss typically does not begin until after age 60,
and about 3% of bone massiis lost every 10 years. The loss of calcium from
bones is one of the problems in osteoporosis (see Disorders section).

The second principal effect of aging on the skeletal system, brit-
tleness, results from a decreased rate of protein synthesis. Recall that

TABLE 6.2 Summary of Factors That Affect Bone Growth

the organic part of bone extracellular matrix, mainly collagen fibers,
gives bone its tensile strength. The loss of tensile strength causes the
bones to become very brittle and susceptible to fracture. In some
elderly people, collagen fiber synthesis slows, in part due to dimin-
ished production of growth hormone. In addition to increasing the
susceptibility to fractures, loss of bone mass also leads to deformity,
pain, loss of height, and loss of teeth.

Table 6.2 summarizesthefactorsthatinfluencebone metabolism.

Checkpoint

28. What is demineralization, and how does it affect the functioning of
bone?

29. What changes occur in the organic part of bone extracellular matrix
with aging?

FACTOR COMMENT

MINERALS

Calcium and phosphorus Make bone extracellular matrix hard.

Needed for the activity of osteoblasts during remodeling of bone; deficiency stunts bone growth; toxic in high doses.

Needed for synthesis of collagen, the main bone protein; deficiency leads to decreased collagen production, which

Magnesium Helps form bone extracellular matrix.

Fluoride Helps strengthen bone extracellular matrix.

Manganese Activates enzymes involved in synthesis of bone extracellular matrix.
VITAMINS

Vitamin A

Vitamin C

slows down bone growth and delays repair of broken bones.
Vitamin D

Active form (calcitriol) is produced by the kidneys; helps build bone by increasing absorption of calcium from

gastrointestinal tract into blood; deficiency causes faulty calcification and slows down bone growth; may reduce the risk
of osteoporosis but is toxic if taken in high doses. People who have minimal exposure to ultraviolet rays or do not take
vitamin D supplements may not have sufficient vitamin D to absorb calcium. This interferes with calcium metabolism.

Vitamins K and B,,
and decreased bone density.

HORMONES
Growth hormone (GH)

Needed for synthesis of bone proteins; deficiency leads to abnormal protein production in bone extracellular matrix

Secreted by the anterior lobe of the pituitary gland; promotes general growth of all body tissues, including bone,

mainly by stimulating production of insulin-like growth factors.

Insulin-like growth factors (IGFs)

Secreted by the liver, bones, and other tissues on stimulation by growth hormone; promotes normal bone growth by

stimulating osteoblasts and by increasing the synthesis of proteins needed to build new bone.

Thyroid hormones (T; and T,)
Insulin

Sex hormones
(estrogens and testosterone)

Secreted by thyroid gland; promote normal bone growth by stimulating osteoblasts.
Secreted by the pancreas; promotes normal bone growth by increasing the synthesis of bone proteins.

Secreted by the ovaries in women (estrogens) and by the testes in men (testosterone); stimulate osteoblasts and
promote the sudden “growth spurt” that occurs during the teenage years; shut down growth at the epiphyseal plates

around age 18-21, causing lengthwise growth of bone to end; contribute to bone remodeling during adulthood by
slowing bone resorption by osteoclasts and promoting bone deposition by osteoblasts.

Parathyroid hormone (PTH)

Secreted by the parathyroid glands; promotes bone resorption by osteoclasts; enhances recovery of calcium

ions from urine; promotes formation of the active form of vitamin D (calcitriol).

Calcitonin (CT)
EXERCISE

Secreted by the thyroid gland; inhibits bone resorption by osteoclasts.

Weight-bearing activities stimulate osteoblasts and, consequently, help build thicker, stronger bones and retard
loss of bone mass that occurs as people age.

AGING

As the level of sex hormones diminishes during middle age to older adulthood, especially in women after
menopause, bone resorption by osteoclasts outpaces bone deposition by osteoblasts, which leads to a decrease in
bone mass and an increased risk of osteoporosis.




Disorders: Homeostatic Imbalances

Bone Scan

Abonescanis a diagnostic procedure that takes advantage of the fact
that bone is living tissue. A small amount of a radioactive tracer com-
pound that is readily absorbed by bone is injected intravenously. The
degree of uptake of the tracer is related to the amount of blood flow to
the bone. A scanning device (gamma camera) measures the radiation
emitted from the bones, and the information is translated into a pho-
tograph that can be read like an x-ray on a monitor. Normal bone tis-
sue is identified by a consistent gray color throughout because of its
uniform uptake of the radioactive tracer. Darker or lighter areas may
indicate bone abnormalities. Darker areas or “hot spots” are areas of
increased metabolism that absorb more of the radioactive tracer due
to increased blood flow. Hot spots may indicate bone cancer, abnor-
mal healing of fractures, or abnormal bone growth. Lighter areas or
“cold spots” are areas of decreased metabolism that absorb less of
the radioactive tracer due to decreased blood flow. Cold spots may
indicate problems such as degenerative bone disease, decalcified
bone, fractures, bone infections, Paget’s disease, or rheumatoid
arthritis. A bone scan detects abnormalities 3 to 6 months sooner
than standard x-ray procedures and exposes the patient to less radia-
tion. A bone scan is the standard test for bone density screening, par-
ticularly important in screening for osteoporosis in females.

Osteoporosis

Osteoporosis (0s’-té-0-p6-RO-sis; -por- = passageway; -osis = condi-
tion), literally a condition of porous bones, affects 10 million people a
year in the United States (Figure 6.11). In addition, 18 million people
have low bone mass (osteopenia), which puts them at risk for osteo-
porosis. The basic problem is that bone resorption (breakdown)

m Comparison of spongy bone tissue from (a) a normal
young adult and (b) a person with osteoporosis. Notice the weakened

trabeculae in (b). Compact bone tissue is similarly affected by osteoporosis.

In osteoporosis, bone resorption outpaces bone formation, so bone
mass decreases.
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(b) Osteoporotic bone
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Q If you wanted to develop a drug to lessen the effects of
osteoporosis, would you look for a chemical that inhibits
the activity of osteoblasts or that of osteoclasts?
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outpaces bone deposition (formation). In large part this is due to
depletion of calcium from the body—more calcium is lost in urine,
feces, and sweat than is absorbed from the diet. Bone mass becomes
so depleted that bones fracture, often spontaneously, under the
mechanical stresses of everyday living. For example, a hip fracture
might result from simply sitting down too quickly. In the United
States, osteoporosis causes more than 1.5 million fractures a year,
mainly in the hips, wrists, and vertebrae. Osteoporosis afflicts the
entire skeletal system. In addition to fractures, osteoporosis causes
shrinkage of vertebrae, height loss, hunched backs, and bone pain.

Osteoporosis primarily affects middle-aged and elderly people,
80% of them women. Older women suffer from osteoporosis more
often than men for two reasons: (1) Women’s bones are less massive
than men’s bones, and (2) production of estrogens in women declines
dramatically at menopause, whereas production of the main andro-
gen, testosterone, in older men wanes gradually and only slightly.
Estrogens and testosterone stimulate osteoblast activity and synthe-
sis of bone matrix. Besides gender, risk factors for developing osteo-
porosis include a family history of the disease, European or Asian
ancestry, thin or small body build, an inactive lifestyle, cigarette
smoking, a diet low in calcium and vitamin D, more than two alco-
holic drinks a day, and the use of certain medications.

Osteoporosis is diagnosed by taking a family history and under-
going a bone mineral density (BMD) test. Performed like x-rays, BMD
tests measure bone density. They can also be used to confirm a diag-
nosis of osteoporosis, determine the rate of bone loss, and monitor
the effects of treatment. There is also a relatively new tool called
FRAX® that incorporates risk factors besides bone mineral density to
accurately estimate fracture risk. Patients fill out an online survey of
risk factors such as age, gender, height, weight, ethnicity, prior frac-
ture history, parental history of hip fracture, use of glucocorticoids
(for example, cortisone), smoking, alcohol intake, and rheumatoid
arthritis. Using the data, FRAX® provides an estimate of the probability
that a person will suffer a fracture of the hip or other major bone in the
spine, shoulder, or forearm due to osteoporosis within 10 years.

Treatment options for osteoporosis are varied. With regard to
nutrition, a diet high in calcium is important to reduce the risk of fractures.
Vitamin D is necessary for the body to utilize calcium. In terms of exercise,
regular performance of weight-bearing exercises has been shown to main-
tain and build bone mass. These exercises include walking, jogging, hik-
ing, climbing stairs, playing tennis, and dancing. Resistance exercises,
such as weight lifting, also build bone strength and muscle mass.

Medications used to treat osteoporosis are generally of two
types: (1) antireabsorptive drugs slow down the progression of bone
loss and (2) bone-building drugs promote increasing bone mass.
Among the antireabsorptive drugs are (1) bisphosphonates, which
inhibit osteoclasts (Fosamax®, Actonel®, Boniva®, and calcitonin);
(2) selective estrogen receptor modulators, which mimic the effects of
estrogens without unwanted side effects (Raloxifene®, Evista®); and
(3) estrogen replacement therapy (ERT), which replaces estrogens lost
during and after menopause (Premarin®), and hormone replacement
therapy (HRT), which replaces estrogens and progesterone lost during
and after menopause (Prempro®). ERT helps maintain and increase
bone mass after menopause. Women on ERT have a slightly increased
risk of stroke and blood clots. HRT also helps maintain and increase
bone mass. Women on HRT have increased risks of heart disease,
breast cancer, stroke, blood clots, and dementia.
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Among the bone-building drugs is parathyroid hormone (PTH),
which stimulates osteoblasts to produce new bone (Forteo®). Others
are under development.

Rickets and Osteomalacia

Rickets and osteomalacia (0s’-té-6-ma-LA-shé-a; malacia = soft-
ness) are two forms of the same disease that result from inadequate
calcification of the extracellular bone matrix, usually caused by a vita-
min D deficiency. Rickets is a disease of children in which the growing

Medical Terminology

Osteoarthritis (os'-té-6-ar-THRI-tis; -arthr- = joint) The degeneration of
articular cartilage such that the bony ends touch; the resulting friction of bone
against bone worsens the condition. Usually associated with the elderly.
Osteomyelitis (0s'-t&-5-mi-e-LI-tis) An infection of bone characterized by high
fever, sweating, chills, pain, nausea, pus formation, edema, and warmth over
the affected bone and rigid overlying muscles. It is often caused by bacteria,
usually Staphylococcus aureus. The bacteria may reach the bone from outside
the body (through open fractures, penetrating wounds, or orthopedic surgical
procedures); from other sites of infection in the body (abscessed teeth, burn in-
fections, urinary tract infections, or upper respiratory infections) via the blood,;
and from adjacent soft tissue infections (as occurs in diabetes mellitus).

Chapter Review

Review

1. A bone is made up of several different tissues: bone or osseous tissue, car-
tilage, dense connective tissue, epithelium, adipose tissue, and nervous tissue.

2. The entire framework of bones and their cartilages constitutes the skeletal
system.

6.1 Functions of Bone and the Skeletal System

1. The skeletal system functions in support, protection, movement, mineral
homeostasis, blood cell production, and triglyceride storage.

6.2 Structure of Bone

1. Parts of a typical long bone are the diaphysis (shaft), proximal and distal
epiphyses (ends), metaphyses, articular cartilage, periosteum, medullary
(marrow) cavity, and endosteum.

6.3 Histology of Bone Tissue

1. Bone tissue consists of widely separated cells surrounded by large amounts
of extracellular matrix.

2. The four principal types of cells in bone tissue are osteoprogenitor cells,
osteoblasts (bone-building cells), osteocytes (maintain daily activity of bone),
and osteoclasts (bone-destroying cells).

3. The extracellular matrix of bone contains abundant mineral salts (mostly
hydroxyapatite) and collagen fibers.

4. Compact bone tissue consists of osteons (haversian systems) with little
space between them.

bones become “soft” or rubbery and are easily deformed. Because
new bone formed at the epiphyseal (growth) plates fails to ossify,
bowed legs and deformities of the skull, rib cage, and pelvis are com-
mon. Osteomalacia is the adult counterpart of rickets, sometimes
called adult rickets. New bone formed during remodeling fails to cal-
cify, and the person experiences varying degrees of pain and tender-
ness in bones, especially the hip and legs. Bone fractures also result
from minor trauma. Prevention and treatment for rickets and osteo-
malacia consists of the administration of adequate vitamin D and
exposure to moderate amounts of sunlight.

Osteopenia (0s’-t&-0-PE-né-a; penia = poverty) Reduced bone mass due
to a decrease in the rate of bone synthesis to a level too low to compensate
for normal bone resorption; any decrease in bone mass below normal. An
example is osteoporosis.

Osteosarcoma (os’-t&-6-sar-KO-ma; sarcoma = connective tissue tumor)
Bone cancer that primarily affects osteoblasts and occurs most often in
teenagers during their growth spurt; the most common sites are the meta-
physes of the thigh bone (femur), shin bone (tibia), and arm bone (humer-
us). Metastases occur most often in lungs; treatment consists of multidrug
chemotherapy and removal of the malignant growth, or amputation of the
limb.

5. Compact bone tissue lies over spongy bone tissue in the epiphyses and
makes up most of the bone tissue of the diaphysis. Functionally, compact bone
tissue is the strongest form of bone and protects, supports, and resists stress.

6. Spongy bone tissue does not contain osteons. It consists of trabeculae sur-
rounding many red bone marrow-filled spaces.

7. Spongy bone tissue forms most of the structure of short, flat, and irregular
bones, and the interior of the epiphyses in long bones. Functionally, spongy
bone tissue trabeculae offer resistance along lines of stress, support and pro-
tect red bone marrow, and make bones lighter for easier movement.

6.4 Blood and Nerve Supply of Bone

1. Long bones are supplied by periosteal, nutrient, metaphyseal, and epiphy-
seal arteries; veins accompany the arteries.

2. Nerves accompany blood vessels in bone; the periosteum is rich in sensory
neurons.

6.5 Bone Formation

1. The process by which bone forms, called ossification, occurs in four princi-
palsituations: (1) the initial formation of bones in an embryo and fetus; (2) the
growth of bones during infancy, childhood, and adolescence until their adult
sizes are reached; (3) the remodeling of bone (replacement of old bone by new
bone tissue throughout life); and (4) the repair of fractures (breaks in bones)
throughout life.

2. Bone development begins during the sixth or seventh week of embryonic
development. The two types of ossification, intramembranous and endo-
chondral, involve the replacement of a preexisting connective tissue with
bone. Intramembranous ossification refers to bone formation directly within



mesenchyme arranged in sheetlike layers that resemble membranes. Endochon-
dral ossification refers to bone formation within hyaline cartilage that develops
from mesenchyme. The primary ossification center of a long bone is in the dia-
physis. Cartilage degenerates, leaving cavities that merge to form the medullary
cavity. Osteoblasts lay down bone. Next, ossification occurs in the epiphyses,
where bone replaces cartilage, except for the epiphyseal (growth) plate.

3. The epiphyseal plate consists of four zones: zone of resting cartilage, zone
of proliferating cartilage, zone of hypertrophic cartilage, and zone of calcified
cartilage. Because of the cell division in the epiphyseal (growth) plate, the dia-
physis of a bone increases in length.

4. Bone grows in thickness or diameter due to the addition of new bone tissue by
periosteal osteoblasts around the outer surface of the bone (appositional growth).

5. Bone remodeling is an ongoing process in which osteoclasts carve out small
tunnels in old bone tissue and then osteoblasts rebuild it.

6. In bone resorption, osteoclasts release enzymes and acids that degrade col-
lagen fibers and dissolve mineral salts.

7. Dietary minerals (especially calcium and phosphorus) and vitamins (A, C,
D, K, and By,) are needed for bone growth and maintenance. Insulin-like
growth factors (IGFs), growth hormone, thyroid hormones, and insulin stimu-
late bone growth.

8. Sex hormones slow resorption of old bone and promote new bone deposition.

6.6 Fracture and Repair of Bone

1. A fracture is any break in a bone. Types of fractures include closed (simple),
open (compound), comminuted, greenstick, impacted, stress, Pott, and Colles.

Critical Thinking Questions

1. Taryn is a high school senior who is undergoing a strenuous running regi-
men for several hours a day in order to qualify for her state high school track
meet. Lately she has experienced intense pain in her right leg that is hinder-
ing her workouts. Her physician performs an examination of her right leg. The
doctor doesn’t notice any outward evidence of injury; he then orders a bone
scan. What does her doctor suspect the problem is?

2. While playing basketball, nine-year-old Marcus fell and broke his left arm.
The arm was placed in a cast and appeared to heal normally. As an adult, Mar-

Answers to Figure Questions

6.1 The periosteum is essential for growth in bone thickness, bone repair, and
bone nutrition. It also serves as a point of attachment for ligaments and tendons.

6.2 Bone resorption is necessary for the development, maintenance, and
repair of bone.

6.3 The osteonic (haversian) canals are the main blood supply to the osteo-
cytes of an osteon (haversian system), so their blockage would lead to death
of the osteocytes.

6.4 Periosteal arteries enter bone tissue through perforating interosteonic
(perforating or Volkmann’s) canals.

6.5 Flat bones of the skull, most facial bones, the mandible (lower jawbone),
and the medial part of the clavicle develop by intramembranous ossification.

6.6 Secondary ossification centers develop in the regions of the cartilage
model that will give rise to the epiphyses.
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2. Fracture repair involves formation of a fracture hematoma during the re-
active phase, fibrocartilaginous callus and bony callus formation during the
reparative phase, and a bone remodeling phase.

6.7 Bone’s Role in Calcium Homeostasis
1. Bone is the major reservoir for calcium in the body.

2. Parathyroid hormone (PTH) secreted by the parathyroid glands increases
blood Ca®" level. Calcitonin (CT) from the thyroid gland has the potential to
decrease blood Ca?" level. Vitamin D enhances absorption of calcium and
phosphate and thus raises the blood levels of these substances.

6.8 Exercise and Bone Tissue

1. Mechanical stress increases bone strength by increasing deposition of min-
eral salts and production of collagen fibers.

2. Removal of mechanical stress weakens bone through demineralization and
collagen fiber reduction.

6.9 Aging and Bone Tissue

1. The principal effect of aging is demineralization, a loss of calcium from
bones, which is due to reduced osteoblast activity.

2. Another effect is decreased production of extracellular matrix proteins
(mostly collagen fibers), which makes bones more brittle and thus more sus-
ceptible to fracture.

cus was puzzled because it seemed that his right arm was longer than his left
arm. He measured both arms and he was correct—his right arm is longer! How
would you explain to Marcus what happened?

3. Astronauts in space exercise as part of their daily routine, yet they still have
problems with bone weakness after prolonged stays in space. Why does this
happen?

6.7 The lengthwise growth of the diaphysis is caused by cell divisions in
the zone of proliferating cartilage and replacement of the zone of calcified
cartilage with bone (new diaphysis).

6.8 The medullary cavity enlarges by activity of the osteoclasts in the
endosteum.

6.9 Healing of bone fractures can take months because calcium and phospho-
rus deposition is a slow process, and bone cells generally grow and reproduce
slowly.

6.10 Heartbeat, respiration, nerve cell functioning, enzyme functioning, and
blood clotting all depend on proper levels of calcium.

6.11 A drug that inhibits the activity of osteoclasts might lessen the effects of
osteoporosis, because osteoclasts are responsible for bone resorption.



CHAPTER 7

The Skeletal System:

The Axial Skeleton

The Axial Skeleton and Homeostasis

The bones of the axial skeleton contribute to homeostasis by protecting many of the body’s organs
such as the brain, spinal cord, heart, and lungs. They are also important in support and calcium

storage and release.

Without bones, you could not survive. You would be unable to perform
movements such as walking or grasping, and the slightest blow to your
head or chest could damage your brain or heart. Because the skeletal
system forms the framework of the body, a familiarity with the names,
shapes, and positions of individual bones will help you locate and name
many other anatomical features. For example, the radial artery, the site
where the pulse is usually taken, is named for its closeness to the radius,
the lateral bone of the forearm. The ulnar nerve is named for its proximity

194

to the ulna, the medial bone of the forearm. The frontal lobe of the brain
lies deep to the frontal (forehead) bone. The tibialis anterior muscle lies
along the anterior surface of the tibia (shin bone). Parts of certain bones
also serve to locate structures within the skull and to outline the lungs,
heart, and abdominal and pelvic organs.

Q Did you ever wonder what causes people to become
measurably shorter as they age?



71 | Divisions of the
Skeletal System

OBJECTIVE

+ Describe how the skeleton is organized into axial and appendicular
divisions.

Movements such as throwing a ball, biking, and walking require inter-
actions between bones and muscles. To understand how muscles
produce different movements, from high fives to three-point shots,
you will need to learn where the muscles attach on individual bones
and what types of joints are involved. Together, the bones, muscles,
and joints form an integrated system called the musculoskeletal
system. The branch of medical science concerned with the preven-
tion or correction of disorders of the musculoskeletal system is called
orthopedics (or’-tho-PE-diks; ortho- = correct; -pedi = child).

The adult human skeleton consists of 206 named bones, most of
which are paired, with one member of each pair on the right and left
sides of the body. The skeletons of infants and children have more
than 206 bones because some of their bones fuse later in life. Exam-
ples are the hip bones and some bones (sacrum and coccyx) of the
vertebral column (backbone).

Bones of the adult skeleton are grouped into two principal divi-
sions: the axial skeleton and the appendicular skeleton (appendic- =
to hang onto). Table 7.1 presents the 80 bones of the axial skeleton

TABLE 7.1 The Bones of the Adult Skeletal System

DIVISION OF NUMBER
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and the 126 bones of the appendicular skeleton. Figure 7.1 shows how
both divisions join to form the complete skeleton (the bones of the
axial skeleton are shown in blue). You can remember the names of the
divisions if you think of the axial skeleton as consisting of the bones
that lie around the longitudinal axis of the human body, an imaginary
vertical line that runs through the body’s center of gravity from the
head to the space between the feet: skull bones, auditory ossicles (ear
bones), hyoid bone (see Figure 7.5), ribs, sternum (breastbone), and
bones of the vertebral column. The appendicular skeleton consists of
the bones of the upper and lower limbs (extremities or appendages),
plus the bones forming the girdles that connect the limbs to the axial
skeleton. Functionally, the auditory ossicles in the middle ear, which
vibrate in response to sound waves that strike the eardrum, are not
part of either the axial or appendicular skeleton, but they are grouped
with the axial skeleton for convenience (see Chapter 17).

We will organize our study of the skeletal system around the two
divisions of the skeleton, with emphasis on how the many bones of
the body are interrelated. In this chapter we focus on the axial skele-
ton, looking first at the skull and then at the bones of the vertebral
column and the chest. In Chapter 8 we explore the appendicular skel-
eton, examining in turn the bones of the pectoral (shoulder) girdle
and upper limbs, and then the pelvic (hip) girdle and the lower limbs.
Before we examine the axial skeleton, we direct your attention to
some general characteristics of bones.

Checkpoint

1. On what basis is the skeleton grouped into the axial and
appendicular divisions?

THE SKELETON

STRUCTURE
Skull

OF BONES

Axial skeleton

Cranium 8
w Face 14

[ Hyoid bone 1
= iy Auditory ossicles (see Figure 7.5) 6
. Vertebral column 26
| Thorax
3 ! 5 Sternum 1
f ﬂ Ribs 24

' Number of bones = 80

DIVISION OF NUMBER
THE SKELETON STRUCTURE OF BONES
Appendicular skeleton Pectoral (shoulder) girdles
Clavicle 2
e ol Scapula 2
I Upper limbs
i +*= Humerus 2
! | Ulna 2
{ | Radius 2
;5,- 1| Carpals 16
Metacarpals 10
o i My Phalanges 28
' m Pelvic (hip) girdle
Hip, pelvic, or coxal bone 2
Lower limbs
s Femur 2
B Patella 2
Fibula 2
Tibia 2
o Tarsals 14
Metatarsals 10
Phalanges 28

Number of bones = 126
Total bones in an adult skeleton = 206
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Divisions of the skeletal system. The axial skeleton is indicated in blue. (Note the
position of the hyoid bone in Figure 7.5.)

The adult human skeleton consists of 206 bones grouped into two divisions: the axial skeleton and
the appendicular skeleton.

Skull
Cranial portion

Pectoral (shoulder) girdle
———————— Clavicle

S —— -
Scapula \h
Thorax "'\

Sternum
Ribs [

Free upper limb
Humej
Ulna

- — Radius !
: . - Carpals k 1\_
| Y '
711 )

Vertebral
column

Vertebral
column

Pelvic
(hip)
girdle

Pelvic

(hip)
girdle

-

- y 2
'!H.

1

_I—'_-l-—-\-
—
P

¥ 1.

Metacarpals Phalanges il ']

[ Free lower limb

Femur

“‘l—ﬁb & Patella
) ¢ u%
|

1 . Tibia

| | Fibula ‘ |

M [ Tarsals ! i
W ) h H \ W Metatarsals ‘Té
SO0ue e L T Phalanges {

(a) Anterior view (b) Posterior view

Q Which of the following structures are part of the axial skeleton, and which are part of the appendicular
skeleton? Skull, clavicle, vertebral column, shoulder girdle, humerus, pelvic girdle, and femur.



72 | Types of Bones

OBJECTIVE

« Classify bones based on their shape or location.

Almost all bones of the body can be classified into five main types based
on shape: long, short, flat, irregular, and sesamoid (Figure 7.2). As you
learned in Chapter 6, long bones have greater length than width, con-
sist of a shaft and a variable number of extremities or epiphyses (ends),
and are slightly curved for strength. A curved bone absorbs the stress of
the body’s weight at several different points, so that it is evenly distrib-
uted. If bones were straight, the weight of the body would be unevenly
distributed, and the bone would fracture more easily. Long bones con-
sist mostly of compact bone tissue in their diaphyses but have consider-
able amounts of spongy bone tissue in their epiphyses. Long bones vary
tremendously in size and include those in the femur (thigh bone), tibia
and fibula (leg bones), humerus (arm bone), ulna and radius (forearm
bones), and phalanges (finger and toe bones).

Short bones are somewhat cube-shaped and are nearly equal in
length and width. They consist of spongy bone tissue except at the

ALl Types of bones based on shape. The bones are not drawn
to scale.

The shapes of bones largely determine their functions.

7 Flat bone (sternum)
Long bone

(humerus)f

Irregular bone (vertebra)

Short bone
(trapezoid, wrist bone)

Sesamoid bone (patella)

Q Which type of bone primarily provides protection and a
large surface area for muscle attachment?
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surface, which has a thin layer of compact bone tissue. Examples of
short bones are most carpal (wrist) bones and most tarsal (ankle) bones.

Flat bones are generally thin and composed of two nearly parallel
plates of compact bone tissue enclosing a layer of spongy bone tissue.
Flat bones afford considerable protection and provide extensive areas
for muscle attachment. Flat bones include the cranial bones, which
protect the brain; the sternum (breastbone) and ribs, which protect
organs in the thorax; and the scapulae (shoulder blades).

Irregular bones have complex shapes and cannot be grouped
into any of the previous categories. They vary in the amount of spongy
and compact bone present. Such bones include the vertebrae (back-
bones), hip bones, certain facial bones, and the calcaneus.

Sesamoid bones (SES-a-moyd = shaped like a sesame seed) de-
velop in certain tendons where there is considerable friction, tension,
and physical stress, such as the palms and soles. They may vary in num-
ber from person to person, are not always completely ossified, and
typically measure only afew millimetersin diameter. Notable exceptions
are the two patellae (kneecaps), large sesamoid bones located in the
quadriceps femoris tendon (see Figure 11.20a) that are normally
present in everyone. Functionally, sesamoid bones protect tendons
from excessive wear and tear, and they often change the direction of
pull of a tendon, which improves the mechanical advantage at a joint.

An additional type of bone is classified by location rather than
shape. Sutural bones (SOO-chur-al; sutur- = seam) are small bones
located in sutures (joints) between certain cranial bones (see
Figure 7.6). Their number varies greatly from person to person.

Recall from Chapter 6 thatin adults, red bone marrow is restricted
to flat bones such as the ribs, sternum (breastbone), and skull;
irregular bones such as vertebrae (backbones) and hip bones; long
bones such as the proximal epiphyses of the femur (thigh bone) and
humerus (arm bone); and some short bones.

2. Give examples of long, short, flat, and irregular bones.

73 | Bone Surface Markings

OBJECTIVE

« Describe the principal surface markings on bones and the functions
of each.

Bones have characteristic surface markings, structural features
adapted for specific functions. Most are not present at birth but
develop in response to certain forces and are most prominent in the
adult skeleton. In response to tension on a bone surface from ten-
dons, ligaments, aponeuroses, and fasciae, new bone is deposited,
resulting in raised or roughened areas. Conversely, compression on a
bone surface results in a depression.

There are two major types of surface markings: (1) depressions
and openings, which allow the passage of soft tissues (such as blood
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TABLE 7.2 Bone Surface Markings

MARKING DESCRIPTION

EXAMPLE

DEPRESSIONS AND OPENINGS: SITES ALLOWING THE PASSAGE OF SOFT TISSUE (NERVES, BLOOD VESSELS, LIGAMENTS, TENDONS) OR FORMATION

OF JOINTS
Fissure (FISH-ur)

Foramen (fo-RA-men = hole;

plural is foramina, f6-RAM-i-na) ligaments pass.

Fossa (FOS-a = trench; Shallow depression.

plural is fossae, FOS-€)

Sulcus (SUL-kus = groove;

plural is sulci, SUL-s) vessel, nerve, or tendon.

Meatus (mé-A-tus = passageway; Tubelike opening.

plural is meati, mé-A-ti)

Narrow slit between adjacent parts of bones through
which blood vessels or nerves pass.

Opening through which blood vessels, nerves, or

Furrow along bone surface that accommodates blood

Superior orbital fissure of sphenoid bone
(Figure 7.12).

Optic foramen of sphenoid bone (Figure 7.12).
Coronoid fossa of humerus (Figure 8.4a).

Intertubercular sulcus of humerus (Figure 8.4a).

External auditory meatus of temporal bone
(Figure 7.4a).

PROCESSES: PROJECTIONS OR OUTGROWTHS ON BONE THAT FORM JOINTS OR ATTACHMENT POINTS FOR CONNECTIVE TISSUE, SUCH AS

LIGAMENTS AND TENDONS
Processes that form joints

Condyle (KON-dil;
condylus = knuckle)

Facet (FAS-et or fa-SET)

surface at end of bone.

Head Usually rounded articular projection supported on neck

(constricted portion) of bone.

Processes that form attachment
points for connective tissue

Crest

Epicondyle (epi- = above)

Line (linea)

Spinous process Sharp, slender projection.
Trochanter (tr6-KAN-ter) Very large projection.
Tubercle (TOO-ber-kul; tuber- = knob)

Tuberosity
bumpy surface.

Large, round protuberance with a smooth articular

Smootbh, flat, slightly concave or convex articular surface.

Prominent ridge or elongated projection.

Typically roughened projection above condyle.

Long, narrow ridge or border (less prominent than crest).

Variably sized rounded projection.

Variably sized projection that has a rough,

Lateral condyle of femur (Figure 8.11a).

Superior articular facet of vertebra (Figure 7.18d).

Head of femur (Figure 8.11a).

Iliac crest of hip bone (Figure 8.9b).

Medial epicondyle of femur (Figure 8.11a).
Linea aspera of femur (Figure 8.11b).
Spinous process of vertebra (Figure 7.17).
Greater trochanter of femur (Figure 8.11b).

Greater tubercle of humerus (Figure 8.4a).

Ischial tuberosity of hip bone (Figure 8.9b).

vessels, nerves, ligaments, and tendons) or form joints, and (2) pro-
cesses, projections or outgrowths that either help form joints or serve
as attachment points for connective tissue (such as ligaments and
tendons). Table 7.2 describes the various surface markings and pro-
vides examples of each.

Checkpoint

3. What are surface markings? What are their general functions?

74 | Skull: An Overview

OBJECTIVE

« Name the cranial and facial bones and indicate whether they are
paired or single.

Components of the Skull

The skull is the bony framework of the head. It contains 22 bones (not
counting the bones of the middle ears) and rests on the superior end of
the vertebral column (backbone). The bones of the skull are grouped into
two categories: cranial bones and facial bones. The cranial bones (crani-
= brain case) form the cranial cavity, which encloses and protects the
brain. The eight cranial bones are the frontal bone, two parietal bones,
two temporal bones, the occipital bone, the sphenoid bone, and the
ethmoid bone. Fourteen facial bones form the face: two nasal bones, two
maxillae (or maxillas), two zygomatic bones, the mandible, two lacrimal
bones, two palatine bones, two inferior nasal conchae, and the vomer.

General Features and Functions of the Skull

Besides forming the large cranial cavity, the skull also forms several
smaller cavities, including the nasal cavity and orbits (eye sockets),
which open to the exterior. Certain skull bones also contain cavities
called paranasal sinuses that are lined with mucous membranes and



open into the nasal cavity. Also within the skull are small middle ear
cavities in the temporal bones that house the structures that are
involved in hearing and equilibrium (balance).

Other than the auditory ossicles (tiny bones involved in hearing),
which are located within the temporal bones, the mandible is the only
movable bone of the skull. Joints called sutures attach most of the
skull bones together and are especially noticeable on the outer sur-
face of the skull.

The skull has many surface markings, such as foramina (rounded
passageways) and fissures (slitlike openings) through which blood
vessels and nerves pass. You will learn the names of important skull
bone surface markings as we describe each bone.

In addition to protecting the brain, the cranial bones stabilize the
positions of the brain, blood vessels, lymphatic vessels, and nerves
through the attachment of their inner surfaces to meninges (mem-
branes). The outer surfaces of cranial bones provide large areas of
attachment for muscles that move various parts of the head. The bones
also provide attachment for some muscles that produce facial expression
such as the frown of concentration you wear when studying this book.
The facial bones form the framework of the face and provide support for

AllSy A Anterior view of the skull.

The skull consists of cranial bones and facial bones.

Frontal bone

Frontal squama

Parietal bone
Supraorbital notch
Squamous suture

Orbit

S . L/
Palatine bone ‘

——

Lacrimal bone

r
foramen J
Zygomatic bone

/
Zygomaticofacial /

Perpendicular plate
of ethmoid bone
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the entrances to the digestive and respiratory systems. Together, the cra-
nial and facial bones protect and support the delicate special sense
organs for vision, taste, smell, hearing, and equilibrium (balance). Sec-
tions 7.5 through 7.7 describe the various bones that comprise the skull.

Checkpoint

4. What is the purpose of the skull?

75 | Cranial Bones

OBJECTIVE

« Describe the following cranial bones and their main features:
frontal, parietal, temporal, occipital, sphenoid, and ethmoid.

Frontal Bone

The frontal bone forms the forehead (the anterior part of the cra-
nium), the roofs of the orbits (eye sockets), and most of the anterior
part of the cranial floor (Figure 7.3). Soon after birth, the left and right

Coronal suture
Supraorbital foramen
Supraorbital margin
Optic foramen (canal)
i Superior orbital fissure
‘—/ Temporal bone

Sphenoid bone
Nasal bone

Inferior orbital fissure
Middle nasal concha

Infraorbital foramen

Maxilla

Alveolar process

Inferior nasal of maxilla
concha I
Vomer 4
EAAT A AT A Alveolar process
of mandible
Mental foramen i i
Mandible

Anterior view

Q Which of the bones shown here are cranial bones?
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sides of the frontal bone are united by the metopic suture, which
usually disappears between the ages of six and eight.

Note the frontal squama, a scalelike plate of bone that forms the
forehead of the skull (Figure 7.3). It gradually slopes inferiorly from
the coronal suture, on the top of the skull, then angles abruptly and
becomes almost vertical above the orbits. At the superior border of
the orbits, the frontal bone thickens, forming the supraorbital margin
(supra- = above; -orbi= circle). From this margin, the frontal bone ex-
tends posteriorly to form the roof of the orbit, which is part of the floor
of the cranial cavity. Within the supraorbital margin, slightly medial to
its midpoint, is a hole called the supraorbital foramen. Sometimes the
foramen is incomplete and is called the supraorbital notch. As you
read about each foramen associated with a cranial bone, refer to
Table 7.3 to note which structures pass through it. The frontal sinuses
lie deep to the frontal squama. Sinuses, or, more technically, parana-
sal sinuses, are mucous membrane-lined cavities within certain skull
bones that will be discussed later.

Alelblliav il Superior and right lateral views of the skull.

J Clinical Connection

Black Eye

A black eye is a bruising around the eye, commonly due to an injury to the
face, rather than an eye injury. In response to trauma, blood and other fluids
accumulate in the space around the eye, causing the swelling and dark
discoloration. One cause might be a blow to the sharp ridge just superior to
the supraorbital margin that fractures the frontal bone, resulting in bleeding.
Another is a blow to the nose. Certain surgical procedures (face lift, eyelid
surgery, jaw surgery, or nasal surgery) can also result in black eyes.

Parietal Bones

The two parietal bones (pa-Rl-e-tal; pariet- = wall) form the greater
portion of the sides and roof of the cranial cavity (Figure 7.4). The

process of the zygomatic bone.

The zygomatic arch is formed by the zygomatic process of the temporal bone and the temporal

Zygomatic arch

Coronal suture

Parietal bone

Temporal squama

Squamous suture

Temporal bone
Zygomatic process\

Lambdoid suture

Mastoid portion

Occipital bone

External occipital
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Q What major bones are joined by (1) the squamous suture, (2) the lambdoid suture,

and (3) the coronal suture?

internal surfaces of the parietal bones contain many protrusions and
depressions that accommodate the blood vessels supplying the dura
mater, the superficial connective tissue (meninx) covering of the
brain.

Temporal Bones

The paired temporal bones (tempor- = temple) form the inferior
lateral aspects of the cranium and part of the cranial floor. In
Figure 7.4a, note the temporal squama (= scale), the thin, flat part of
the temporal bone that forms the anterior and superior part of the
temple (the region of the cranium around the ear). Projecting from the
inferior portion of the temporal squama is the zygomatic process,
which articulates (forms a joint) with the temporal process of the
zygomatic (cheek) bone. Together, the zygomatic process of the tem-
poral bone and the temporal process of the zygomatic bone form the
zygomatic arch.

A socket called the mandibular fossa is located on the inferior
posterior surface of the zygomatic process of each temporal bone.
Anterior to the mandibular fossa is a rounded elevation, the articular
tubercle (Figure 7.4a). The mandibular fossa and articular tubercle
articulate with the mandible (lower jawbone) to form the temporo-
mandibular joint (TMJ).

The mastoid portion (mastoid = breast-shaped; Figure 7.4a) of
the temporal bone is located posterior and inferior to the external
auditory meatus (meatus = passageway), or ear canal, which directs
sound waves into the ear. In an adult, this portion of the bone con-
tains several mastoid air cells that communicate with the hollow
space of the middle ear. These tiny air-filled compartments are sepa-
rated from the brain by thin bony partitions. Middle ear infections that
go untreated can spread into the mastoid air cells, causing a painful
inflammation called mastoiditis (mas’-toy-DI-tis).

The mastoid process is a rounded projection of the mastoid
portion of the temporal bone posterior and inferior to the external
auditory meatus. It is the point of attachment for several neck mus-
cles. The internal auditory meatus (Figure 7.5) is the opening through
which the facial (VIl) nerve and vestibulocochlear (VIII) nerve pass.
The styloid process (styl- = stake or pole) projects inferiorly from the
inferior surface of the temporal bone and serves as a point of
attachment for muscles and ligaments of the tongue and neck (see
Figure 7.4a). Between the styloid process and the mastoid process is
the stylomastoid foramen, through which the facial (VIl) nerve and
stylomastoid artery pass (see Figure 7.7).

At the floor of the cranial cavity (see Figure 7.8a) is the petrous
portion (petrous = rock) of the temporal bone. This triangular part,
located at the base of the skull between the sphenoid and occipital
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Medial view of sagittal section of the skull. Although the hyoid bone is not part of the
skull, it is included here for reference. The location of the auditory ossicles (incus, malleus, and stapes) is

also shown.

nasal conchae, mandible, and vomer.

The cranial bones are the frontal, parietal, temporal, occipital, sphenoid, and ethmoid bones. The
facial bones are the nasal bones, maxillae, zygomatic bones, lacrimal bones, palatine bones, inferior
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Q With which bones does the temporal bone articulate?

bones, houses the internal ear and the middle ear, structures
involved in hearing and equilibrium (balance). It also contains the
carotid foramen, through which the carotid artery passes (see
Figure 7.7). Posterior to the carotid foramen and anterior to the
occipital bone is the jugular foramen, a passageway for the jugular
vein.

Occipital Bone

The occipital bone (ok-SIP-i-tal; occipit- = back of head) forms the
posterior part and most of the base of the cranium (Figure 7.6; also
see Figure 7.4). Also view the occipital bone and surrounding

structures in the inferior view of the skull in Figure 7.7. The foramen
magnum (= large hole) is in the inferior part of the bone. The medulla
oblongata (inferior part of the brain) connects with the spinal cord
within this foramen, and the vertebral and spinal arteries also pass
through it along with the accessory (XI) nerve. The occipital condyles,
oval processes with convex surfaces on either side of the foramen
magnum (Figure 7.7), articulate with depressions on the first cervical
vertebra (atlas) to form the atlanto-occipital joint, which allows you to
nod your head “yes.” Superior to each occipital condyle on the inferior
surface of the skullis the hypoglossal canal (hypo- = under; -glossal =
tongue). (See Figure 7.5.)

The external occipital protuberance is the most prominent mid-
line projection on the posterior surface of the bone just above the
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SISy Posterior view of the skull. The sutures are exaggerated for emphasis.

The occipital bone forms most of the posterior and inferior portions of the cranium.
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Q Which bones form the posterior, lateral portion of the cranium?

foramen magnum. You may be able to feel this structure as a bump on
the back of your head, just above your neck. (See Figure 7.4a.) A large
fibrous, elastic ligament, the ligamentum nuchae (nucha- = nape of
neck), extends from the external occipital protuberance to the
seventh cervical vertebra to help support the head. Extending later-
ally from the protuberance are two curved ridges, the superior nuchal
lines, and below these are two inferior nuchal lines, which are areas of
muscle attachment (Figure 7.7).

Sphenoid Bone

The sphenoid bone (SFE-noyd = wedge-shaped) lies at the middle
part of the base of the skull (Figures 7.7 and 7.8). This bone is called

the keystone of the cranial floor because it articulates with all the
other cranial bones, holding them together. View the floor of the cra-
nium superiorly (Figure 7.8a) and note the sphenoid articulations.
The sphenoid bone joins anteriorly with the frontal and ethmoid
bones, laterally with the temporal bones, and posteriorly with the
occipital bone. The sphenoid lies posterior and slightly superior to the
nasal cavity and forms part of the floor, side walls, and rear wall of the
orbit (see Figure 7.12).

The shape of the sphenoid resembles a butterfly with out-
stretched wings (Figure 7.8b). The body of the sphenoid is the hol-
lowed cubelike medial portion between the ethmoid and occipital
bones. The space inside the body is the sphenoidal sinus, which drains
into the nasal cavity (see Figure 7.13). The sella turcica (SEL-a TUR-si-
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Inferior view of the skull. The mandible (lower jawbone) has been removed.

atlanto-occipital joint.

The occipital condyles of the occipital bone articulate with the first cervical vertebra to form the
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Q What organs of the nervous system join together within the foramen magnum?

ka; sella = saddle; turcica = Turkish) is a bony saddle-shaped struc-
ture on the superior surface of the body of the sphenoid (Figure 7.8a).
The anterior part of the sella turcica, which forms the horn of the sad-
dle, is a ridge called the tuberculum sellae. The seat of the saddle is a
depression, the hypophyseal fossa (hi-po-FlZ-é-al), which contains the
pituitary gland. The posterior part of the sella turcica, which forms the
back of the saddle, is another ridge called the dorsum sellae.

The greater wings of the sphenoid project laterally from the body
and form the anterolateral floor of the cranium. The greater wings

also form part of the lateral wall of the skull just anterior to the
temporal bone and can be viewed externally. The lesser wings, which
are smaller, form a ridge of bone anterior and superior to the greater
wings. They form part of the floor of the cranium and the posterior
part of the orbit of the eye.

Between the body and lesser wing just anterior to the sella turcica
is the optic foramen or canal (optic = eye), through which the optic (I1)
nerve and ophthalmic artery pass into the orbit. Lateral to the body
between the greater and lesser wings is a triangular slit called the
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Sphenoid bone.

The sphenoid bone is called the keystone of the cranial floor because it articulates with all other
cranial bones, holding them together.
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Q Name the bones that articulate with the sphenoid bone, starting at the crista
galli of the ethmoid bone and going in a clockwise direction.

205
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superior orbital fissure. This fissure may also be seen in the anterior
view of the orbit in Figure 7.12. Blood vessels and cranial nerves pass
through this fissure.

The pterygoid processes (TER-i-goyd = winglike) project infe-
riorly from the points where the body and greater wings of the
sphenoid bone unite; they form the lateral posterior region of the
nasal cavity (see Figures 7.7 and 7.8b). Some of the muscles that
move the mandible attach to the pterygoid processes. At the base
of the lateral pterygoid process in the greater wing is the foramen
ovale (= oval hole). The foramen lacerum (= lacerated), covered
in part by a layer of fibrocartilage in living subjects, is bounded
anteriorly by the sphenoid bone and medially by the sphenoid
and occipital bones. It transmits a branch of the ascending phar-
yngeal artery. Another foramen associated with the sphenoid
bone is the foramen rotundum (= round hole) located at the

gllcllday Al Ethmoid bone.

junction of the anterior and medial parts of the sphenoid bone.
The maxillary branch of the trigeminal (V) nerve passes through
the foramen rotundum.

Ethmoid Bone

The ethmoid bone (ETH-moyd = like a sieve) is a delicate bone
located in the anterior part of the cranial floor medial to the orbits
and is spongelike in appearance (Figure 7.9). Itis anterior to the sphe-
noid and posterior to the nasal bones. The ethmoid bone forms
(1) part of the anterior portion of the cranial floor; (2) the medial wall
of the orbits; (3) the superior portion of the nasal septum, a partition
that divides the nasal cavity into right and left sides; and (4) most of
the superior sidewalls of the nasal cavity. The ethmoid bone is a major

The ethmoid bone forms part of the anterior portion of the cranial floor, the medial wall of the orbits,
the superior portions of the nasal septum, and most of the side walls of the nasal cavity.
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superior supporting structure of the nasal cavity and forms an exten-
sive surface area in the nasal cavity.

The cribriform plate (cribri- = sieve) of the ethmoid bone lies in
the anterior floor of the cranium and forms the roof of the nasal cavity.
The cribriform plate contains the olfactory foramina (olfact- = to
smell) through which the olfactory nerves pass. Projecting superiorly
from the cribriform plate is a triangular process called the crista galli
(crista = crest; galli = cock), which serves as a point of attachment for
the falx cerebri, the membrane that separates the two sides of the
brain. Projecting inferiorly from the cribriform plate is the perpendicu-
lar plate, which forms the superior portion of the nasal septum (see
Figure 7.11).
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The lateral masses of the ethmoid bone compose most of the
wall between the nasal cavity and the orbits. They contain 3 to 18 air
spaces called ethmoidal cells. The ethmoidal cells together form the
ethmoidal sinuses (see Figure 7.13). The lateral masses contain two
thin, scroll-shaped projections lateral to the nasal septum. These are
called the superior nasal concha (KON-ka = shell) or turbinate and the
middle nasal concha (turbinate). The plural form is conchae (KON-ke).
A third pair of conchae, the inferior nasal conchae, are separate bones
(discussed shortly). The conchae greatly increase the vascular and
mucous membrane surface area in the nasal cavity, which warms and
moistens (humidifies) inhaled air before it passes into the lungs. The
conchae also cause inhaled air to swirl; as a result, many inhaled
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(d) Anterior view of position of ethmoid bone in skull
(projected to the surface)

SUPERIOR

Frontal
sinus

Left
orbit

Maxillary
sinus

Vomer

(e) Frontal section through ethmoid bone in skull

Q What part of the ethmoid bone forms the superior part of the nasal septum? The

medial walls of the orbits?
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particles become trapped in the mucus that lines the nasal cavity.
This action of the conchae helps cleanse inhaled air before it passes
into the rest of the respiratory passageways. The superior nasal con-
chae are near the olfactory foramina of the cribriform plate where the
sensory receptors for olfaction (smell) terminate in the mucous mem-
brane of the superior nasal conchae. Thus, they increase the surface
area for the sense of smell.

. What structures pass through the supraorbital foramen?

. How do the parietal bones relate to the cranial cavity?

5

6

7. What structures form the zygomatic arch?

8. What structures pass through the hypoglossal canal?
9

. Why is the sphenoid bone called the keystone of the cranial floor?

10. The ethmoid bone forms which other cranial structures?

76 | Facial Bones

OBJECTIVE

« Identify the location and surface features of the following bones:
nasal, lacrimal, palatine, inferior nasal conchae, vomer, maxillae,
zygomatic, and mandible.

The shape of the face changes dramatically during the first two years
after birth. The brain and cranial bones expand, the first set of teeth
form and erupt (emerge), and the paranasal sinuses increase in size.
Growth of the face ceases at about 16 years of age. The 14 facial bones
include two nasal bones, two maxillae (or maxillas), two zygomatic
bones, the mandible, two lacrimal bones, two palatine bones, two
inferior nasal conchae, and the vomer.

Nasal Bones

The paired nasal bones are small, flattened, rectangular-shaped
bones that form the bridge of the nose (see Figure 7.3). These small
bones protect the upper entry to the nasal cavity and provide attach-
ment for a couple of thin muscles of facial expression. For those of you
who wear glasses, they are the bones that form the resting place for
the bridge of the glasses. The major structural portion of the nose
consists of cartilage.

Lacrimal Bones

The paired lacrimal bones (LAK-ri-mal; lacrim- = teardrops) are thin
and roughly resemble a fingernail in size and shape (see Figures 7.3,
7.4a, and 7.12). These bones, the smallest bones of the face, are pos-
terior and lateral to the nasal bones and form a part of the medial wall

of each orbit. The lacrimal bones each contain a lacrimal fossa, a verti-
cal tunnel formed with the maxilla, that houses the lacrimal sac, a
structure that gathers tears and passes them into the nasal cavity (see
Figure 7.12).

Palatine Bones

The two L-shaped palatine bones (PAL-a-tin) form the posterior por-
tion of the hard palate, part of the floor and lateral wall of the nasal
cavity, and a small portion of the floors of the orbits (see Figures 7.7
and 7.12). The posterior portion of the hard palate is formed by the
horizontal plates of the palatine bones (see Figures 7.6 and 7.7).

Inferior Nasal Conchae

The two inferior nasal conchae (turbinates), which are inferior to the
middle nasal conchae of the ethmoid bone, are separate bones, not part
of the ethmoid bone (see Figures 7.3 and 7.9). These scroll-like bones
form a part of the inferior lateral wall of the nasal cavity and project into
the nasal cavity. All three pairs of nasal conchae (superior, middle, and
inferior) increase the surface area of the nasal cavity and help swirl and
filter air before it passes into the lungs. However, only the superior nasal
conchae of the ethmoid bone are involved in the sense of smell.

i Clinical Connection

Cleft Palate and Cleft Lip

Usually the palatine processes of the maxillary bones unite during weeks
10 to 12 of embryonic development. Failure to do so can result in one
type of cleft palate. The condition may also involve incomplete fusion of
the horizontal plates of the palatine bones (see Figure 7.7). Another form
of this condition, called cleft lip, involves a split in the upper lip. Cleft
lip and cleft palate often occur together. Depending on the extent and
position of the cleft, speech and swallowing may be affected. In addition,
children with cleft palate tend to have many ear infections, which can
lead to hearing loss. Facial and oral surgeons recommend closure of
cleft lip during the first few weeks following birth, and surgical results
are excellent. Repair of cleft palate typically is completed between 12
and 18 months of age, ideally before the child begins to talk. Because
the palate is important for pronouncing consonants, speech therapy
may be required, and orthodontic therapy may be needed to align the
teeth. Recent research strongly suggests that supplementation with
folic acid (one of the B vitamins) during early pregnancy decreases the
incidence of cleft palate and cleft lip. The mechanism behind this is not
yet understood.

Vomer

The vomer (VO-mer = plowshare) is a roughly triangular bone on the
floor of the nasal cavity that articulates superiorly with the perpen-
dicular plate of the ethmoid bone and sphenoid bone and inferiorly
with both the maxillae and palatine bones along the midline (see
Figures 7.3, 7.7, and 7.11). It forms the inferior portion of the bony



nasal septum, the partition that divides the nasal cavity into right and
left sides.

Maxillae

The paired maxillae (mak-SIL-é = jawbones; singular is maxilla)
unite to form the upper jawbone. They articulate with every bone of
the face except the mandible (lower jawbone) (see Figures 7.3, 7.4a,
and 7.7). The maxillae form part of the floors of the orbits, part of
the lateral walls and floor of the nasal cavity, and most of the hard
palate. The hard palate is the bony roof of the mouth, and is formed
by the palatine processes of the maxillae and horizontal plates of
the palatine bones. The hard palate separates the nasal cavity from
the oral cavity.

Each maxilla contains a large maxillary sinus that empties into
the nasal cavity (see Figure 7.13). The alveolar process (al-VE-6-lar;
alveol- = small cavity) of the maxilla is a ridgelike arch that contains
the alveoli (sockets) for the maxillary (upper) teeth. The palatine pro-
cess is a horizontal projection of the maxilla that forms the anterior
three-quarters of the hard palate. The union and fusion of the maxil-
lary bones normally is completed before birth. If this fusion fails, this
condition is referred to as a cleft palate.

The infraorbital foramen (infra- = below; -orbital = orbit; see
Figure 7.3), an opening in the maxilla inferior to the orbit, allows
passage of the infraorbital blood vessels and nerve, a branch of the
maxillary division of the trigeminal (V) nerve. Another prominent
foramen in the maxilla is the incisive foramen (= incisor teeth) just
posterior to the incisor teeth (see Figure 7.7). It transmits branches
of the greater palatine blood vessels and nasopalatine nerve. A final
structure associated with the maxilla and sphenoid bone is the
inferior orbital fissure, located between the greater wing of the sphe-
noid and the maxilla (see Figure 7.12).

Zygomatic Bones

The two zygomatic bones (zygo- = yokelike), commonly called
cheekbones, form the prominences of the cheeks and part of the
lateral wall and floor of each orbit (see Figure 7.12). They articulate
with the frontal, maxilla, sphenoid, and temporal bones.

The temporal process of the zygomatic bone projects posteriorly
and articulates with the zygomatic process of the temporal bone to
form the zygomatic arch (see Figure 7.4a).

Mandible

The mandible (mand- = to chew), or lower jawbone, is the largest,
strongest facial bone (Figure 7.10). It is the only movable skull bone
(other than the auditory ossicles, the small bones of the ear). In the
lateral view, you can see that the mandible consists of a curved, hori-
zontal portion, the body, and two perpendicular portions, the rami
(RA-mi = branches; singular is ramus). The angle of the mandible is
the area where each ramus meets the body. Each ramus has a poste-
rior condylar process (KON-di-lar) that articulates with the mandibu-
lar fossa and articular tubercle of the temporal bone (see Figure 7.4a)
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Q What is the distinctive functional feature of the mandible
among almost all the other skull bones?

to form the temporomandibular joint (TMJ), and an anterior coro-
noid process (KOR-6-noyd) to which the temporalis muscle attaches.
The depression between the coronoid and condylar processes is
called the mandibular notch. The alveolar process is the ridgelike arch
containing the alveoli (sockets) for the mandibular (lower) teeth.

The mental foramen (ment- = chin) is approximately inferior to
the second premolar tooth. It is near this foramen that dentists reach
the mental nerve when injecting anesthetics. Another foramen asso-
ciated with the mandible is the mandibular foramen on the medial
surface of each ramus, another site often used by dentists to inject
anesthetics. The mandibular foramen is the beginning of the mandib-
ular canal, which runs obliquely in the ramus and anteriorly to the
body. Through the canal pass the inferior alveolar nerves and blood
vessels, which are distributed to the mandibular teeth.

i Clinical Connection

Temporomandibular Joint Syndrome

One problem associated with the temporomandibular joint is
temporomandibular joint (TMJ) syndrome. It is characterized by dull
pain around the ear, tenderness of the jaw muscles, a clicking or popping
noise when opening or closing the mouth, limited or abnormal opening of
the mouth, headache, tooth sensitivity, and abnormal wearing of the teeth.
TMJ syndrome can be caused by improperly aligned teeth, grinding or
clenching the teeth, trauma to the head and neck, or arthritis. Treatments
include application of moist heat or ice, limiting the diet to soft foods,
administration of pain relievers such as aspirin, muscle retraining, use of
a splint or bite plate to reduce clenching and teeth grinding (especially
when worn at night), adjustment or reshaping of the teeth (orthodontic
treatment), and surgery.
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11. Which bones form the hard palate? Which bones form the
nasal septum?

77 | Special Features of
the Skull
OBJECTIVE

« Describe the following special features of the skull: sutures,
paranasal sinuses, and fontanels.

In addition to cranial bones and facial bones, the skull contains other
components: the nasal septum, orbits, foramina, sutures, paranasal
sinuses, and fontanels.

Nasal Septum

The nasal cavity is a space inside the skull that is divided into right
and left sides by a vertical partition called the nasal septum, which
consists of bone and cartilage. The three components of the nasal

Flaliiay B Nasal septum.

septum are the vomer, septal cartilage, and the perpendicular plate of
the ethmoid bone (Figure 7.11). The anterior border of the vomer
articulates with the septal cartilage, which is hyaline cartilage, to form
the anterior portion of the septum. The superior border of the vomer
articulates with the perpendicular plate of the ethmoid bone to form
the remainder of the nasal septum. The term “broken nose,” in most
cases, refers to damage to the septal cartilage rather than the nasal
bones themselves.

i Clinical Connection

Deviated Nasal Septum

A deviated nasal septum is one that does not run along the midline of the
nasal cavity. It deviates (bends) to one side. A blow to the nose can easily
damage, or break, this delicate septum of bone and displace and damage
the cartilage. Often, when a broken nasal septum heals, the bones and
cartilage deviate to one side or the other. This deviated septum can block
airflow into the constricted side of the nose, making it difficult to breathe
through that half of the nasal cavity. The deviation usually occurs at the
junction of the vomer bone with the septal cartilage. Septal deviations may
also occur due to developmental abnormality. If the deviation is severe,
it may block the nasal passageway entirely. Even a partial blockage may
lead to infection. If inflammation occurs, it may cause nasal congestion,
blockage of the paranasal sinus openings, chronic sinusitis, headache, and
nosebleeds. The condition usually can be corrected or improved surgically.

The structures that form the nasal septum are the perpendicular plate of the ethmoid bone, the

vomer, and septal cartilage.
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Q What is the function of the nasal septum?

Sagittal section



Orbits

Seven bones of the skull join to form each orbit (eye socket) or
orbital cavity, which contains the eyeball and associated structures
(Figure 7.12). The three cranial bones of the orbit are the frontal,
sphenoid, and ethmoid; the four facial bones are the palatine, zygo-
matic, lacrimal, and maxilla. Each pyramid-shaped orbit has four
regions that converge posteriorly:

1. Parts of the frontal and sphenoid bones comprise the roof of the
orbit.

2. Parts of the zygomatic and sphenoid bones form the lateral wall of
the orbit.

3. Parts of the maxilla, zygomatic, and palatine bones make up the
floor of the orbit.

4. Parts of the maxilla, lacrimal, ethmoid, and sphenoid bones form
the medial wall of the orbit.
Associated with each orbit are five openings:

1. The optic foramen (canal) is at the junction of the roof and medial
wall.

2. The superior orbital fissure is at the superior lateral angle of the
apex.

ALl PR Details of the orbit (eye socket).
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3. The inferior orbital fissure is at the junction of the lateral wall and
floor.

4. The supraorbital foramen is on the medial side of the supraorbital
margin of the frontal bone.

5. The lacrimal fossa is in the lacrimal bone.

Foramina

We mentioned most of the foramina (openings for blood vessels,
nerves, or ligaments; singular is foramen) of the skull in the
descriptions of the cranial and facial bones that they penetrate. As
preparation for studying other systems of the body, especially the
nervous and cardiovascular systems, these foramina and the struc-
tures passing through them are listed in Table 7.3. For your conveni-
ence and for future reference, the foramina are listed alphabetically.

Unique Features of the Skull

The skull exhibits several unique features not seen in other bones of
the body. These include sutures, paranasal sinuses, and fontanels.

Sutures A suture (SOO-chur = seam) is an immovable joint (in
most cases in an adult skull) that holds most skull bones together.

Theorbitisapyramid-shaped structure that contains the eyeball and associated structures.
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Q Which seven bones form the orbit?
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TABLE 7.3 Principal Foramina of the Skull

FORAMEN LOCATION

Carotid (relating to carotid artery in neck)

Petrous portion of temporal bone (Figure 7.8a).

STRUCTURES PASSING THROUGH*

Internal carotid artery, sympathetic nerves for eyes.

Hypoglossal canal

(hypo- = under; -glossus = tongue) (Figure 7.5a).

Superior to base of occipital condyles

Hypoglossal (XII) nerve, branch of ascending
pharyngeal artery.

Infraorbital (infra- = below)

Inferior to orbit in maxilla (Figure 7.12).

Infraorbital nerve and blood vessels, branch of
maxillary division of trigeminal (V) nerve.

Jugular (jugul- = throat)

(Figure 7.7a).

Posterior to carotid canal between petrous
portion of temporal bone and occipital bone

Internal jugular vein; glossopharyngeal (IX), vagus (X),
and accessory (XI) nerves.

Lacerum (lacerum = lacerated)

Bounded anteriorly by sphenoid bone,

Branch of ascending pharyngeal artery.

posteriorly by petrous portion of temporal
bone, medially by sphenoid and occipital bones

(Figure 7.8a).

Magnum (= large)

Occipital bone (Figure 7.7).

Medulla oblongata and its membranes (meninges),
accessory (XI) nerve, vertebral and spinal arteries.

Mandibular (mand- = to chew)
(Figure 7.10).

Medial surface of ramus of mandible

Inferior alveolar nerve and blood vessels.

Mastoid (= breast-shaped)
bone (Figure 7.7).

Posterior border of mastoid process of temporal

Emissary vein to transverse sinus, branch of
occipital artery to dura mater.

Mental (ment- = chin)
(Figure 7.10).

Inferior to second premolar tooth in mandible

Mental nerve and vessels.

Olfactory (olfact- = to smell)

Cribriform plate of ethmoid bone (Figure 7.8a).

Olfactory (I) nerve.

Optic (= eye)

Between superior and inferior portions of small

Optic (I1) nerve, ophthalmic artery.

wing of sphenoid bone (Figure 7.12).

Ovale (= oval)

Greater wing of sphenoid bone (Figure 7.8a).

Mandibular branch of trigeminal (V) nerve.

Rotundum (= round)

Junction of anterior and medial parts of

Maxillary branch of trigeminal (V) nerve.

sphenoid bone (Figure 7.8a, b).

Stylomastoid (stylo- = stake or pole)

Between styloid and mastoid processes of
temporal bone (Figure 7.7).

Facial (VII) nerve, stylomastoid artery.

Supraorbital (supra- = above)
(Figure 7.12).

Supraorbital margin of orbit in frontal bone

Supraorbital nerve and artery.

*The cranial nerves listed here (roman numerals I-XII) are described in Table 14.4.

Sutures in the skulls of infants and children, however, often are
movable and function as important growth centers in the developing
skull. The names of many sutures reflect the bones they unite. For
example, the frontozygomatic suture is between the frontal bone and
the zygomatic bone. Similarly, the sphenoparietal suture is between
the sphenoid bone and the parietal bone. In other cases, however, the
names of sutures are not so obvious. Of the many sutures found in the
skull, we will identify only four prominent ones:

1. The coronal suture (KO-ro-nal; coron- = relating to the frontal or
coronal plane) unites the frontal bone and both parietal bones (see
Figure 7.4).

2. The sagittal suture (SAJ-i-tal; sagitt- = arrow) unites the two parietal
bones on the superior midline of the skull (see Figure 7.4b). The
sagittal suture is so named because in the infant, before the bones
of the skull are firmly united, the suture and the fontanels (soft
spots) associated with it resemble an arrow.

3. The lambdoid suture (LAM-doyd) unites the two parietal bones to
the occipital bone. This suture is so named because of its resem-
blance to the capital Greek letter lambda (A), as can be seen in
Figure 7.6 (with the help of a little imagination). Sutural bones may
occur within the sagittal and lambdoid sutures.

4, The two squamous sutures (SKWA-mus; squam- = flat, like the
flat overlapping scales of a snake) unite the parietal and temporal
bones on the lateral aspects of the skull (see Figure 7.4a).

Paranasal Sinuses The paranasal sinuses (par’-a-NA-zal
Sl-nus-ez; para- = beside) are cavities within certain cranial and
facial bones near the nasal cavity. They are most evident in a sagittal
section of the skull (Figure 7.13c). The paranasal sinuses are lined
with mucous membranes that are continuous with the lining of the
nasal cavity. Secretions produced by the mucous membranes of
the paranasal sinuses drain into the lateral wall of the nasal cavity.



Paranasal sinuses are quite small or absent at birth, but increase in
size during two periods of facial enlargement—during the eruption of
the teeth and at the onset of puberty. They arise as outgrowths of the
nasal mucosa that project into the surrounding bones. Skull bones
containing the paranasal sinuses are the frontal, sphenoid, ethmoid,
and maxillae. The paranasal sinuses allow the skull to increase in size
without a change in the mass (weight) of the bone. The paranasal
sinuses increase the surface area of the nasal mucosa, thus increasing

Aletliav Ak Paranasal sinuses projected to the surface.
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the production of mucus to help moisten and cleanse inhaled air. In
addition, the paranasal sinuses serve as resonating (echo) chambers
within the skull that intensify and prolong sounds, thereby enhancing
the quality of the voice. The influence of the paranasal sinuses on
your voice becomes obvious when you have a cold; the passageways
through which sound travels into and out of the paranasal sinuses
become blocked by excess mucus production, changing the quality
of your voice.

maxillary bones that connect to the nasal cavity.

Paranasal sinuses are mucous membrane-lined spaces in the frontal, sphenoid, ethmoid, and
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Q What are the functions of the paranasal sinuses?
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i Clinical Connection

Sinusitis

Sinusitis (sin-u-Si-tis) is an inflammation of the mucous membrane of
one or more paranasal sinuses. It may be caused by a microbial infection
(virus, bacterium, or fungus), allergic reactions, nasal polyps, or a severely
deviated nasal septum. If the inflammation or an obstruction blocks
the drainage of mucus into the nasal cavity, fluid pressure builds up
in the paranasal sinuses, and a sinus headache may develop. Other
symptoms may include nasal congestion, inability to smell, fever, and
cough. Treatment options include decongestant sprays or drops, oral
decongestants, nasal corticosteroids, antibiotics, analgesics to relieve
pain, warm compresses, and surgery.

Fontanels Theskullofa developing embryo consists of cartilage
and mesenchyme arranged in thin plates around the developing
brain. Gradually, ossification occurs, and bone slowly replaces
most of the cartilage and mesenchyme. At birth, bone ossification
is incomplete, and the mesenchyme-filled spaces become dense
connective tissue regions between incompletely developed cranial
bones called fontanels (fon-ta-NELZ = little fountains), commonly
called “soft spots” (Figure 7.14). Fontanels are areas where unossified
mesenchyme develops into the dense connective tissues of the skull.
As bone formation continues after birth, the fontanels are eventually
replaced with bone by intramembranous ossification, and the
thin collagenous connective tissue junctions that remain between
neighboring bones become the sutures. Functionally, the fontanels
serve as spacers for the growth of neighboring skull bones and provide
some flexibility to the fetal skull, allowing the skull to change shape as
it passes through the birth canal and later permitting rapid growth of

Al AT Fontanels at birth.

the brain during infancy. Although an infant may have many fontanels
at birth, the form and location of six are fairly constant:

« The unpaired anterior fontanel, the largest fontanel, is located at the
midline among the two parietal bones and the frontal bone, and is
roughly diamond-shaped. It usually closes 18 to 24 months after birth.

+ The unpaired posterior fontanel is located at the midline among
the two parietal bones and the occipital bone. Because it is much
smaller than the anterior fontanel, it generally closes about 2 months
after birth.

+The paired anterolateral fontanels, located laterally among
the frontal, parietal, temporal, and sphenoid bones, are small and
irregular in shape. Normally, they close about 3 months after birth.

« The paired posterolateral fontanels, located laterally among the
parietal, occipital, and temporal bones, are irregularly shaped. They
begin to close 1 to 2 months after birth, but closure is generally not
complete until 12 months.

The amount of closure in fontanels helps a physician gauge the
degree of brain development. In addition, the anterior fontanel serves
as a landmark for withdrawal of blood for analysis from the superior
sagittal sinus (a large midline vein within the covering tissues that
surround the brain). (See Figure 21.24.)

12. What structures make up the nasal septum?
13. Which foramina and fissures are associated with the orbit?

14. Define the following: foramen, suture, paranasal sinus, and
fontanel.

Fontanels are mesenchyme-filled spaces between cranial bones that are present at birth.
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Q Which fontanel is bordered by four different skull bones?
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OBJECTIVE

« Describe the relationship of the hyoid bone to the skull.

The single hyoid bone (= U-shaped) is a unique component of the
axial skeleton because it does not articulate with any other bone.
Rather, it is suspended from the styloid processes of the temporal
bones by ligaments and muscles. Located in the anterior neck
between the mandible and larynx (Figure 7.15a), the hyoid bone sup-
ports the tongue, providing attachment sites for some tongue muscles
and for muscles of the neck and pharynx. The hyoid bone consists of
a horizontal body and paired projections called the lesser horns and
the greater horns (Figure 7.15b, c). Muscles and ligaments attach to
the body and these paired projections.

The hyoid bone and the cartilages of the larynx and trachea are
often fractured during strangulation. As a result, they are carefully
examined at autopsy when manual strangulation is a suspected cause
of death.

AU E Hyoid bone.

The hyoid bone supports the tongue, providing attachment sites for
muscles of the tongue, neck, and pharynx.
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Q In what way is the hyoid bone different from all other
bones of the axial skeleton?
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15. What are the functions of the hyoid bone?

79 | Vertebral Column

OBJECTIVES

« Identify the regions and normal curves of the vertebral column,
describing its structural and functional features.

The vertebral column (Figure 7.16), also called the spine, backbone,
or spinal column, makes up about two-fifths of your total height and is
composed of a series of bones called vertebrae (VER-te-bré; singular
is vertebra). The vertebral column, the sternum, and the ribs form the
skeleton of the trunk of the body. The vertebral column consists of
bone and connective tissue; the spinal cord that it surrounds and
protects consists of nervous and connective tissues. At about 71 cm
(28in.) in an average adult male and about 61 cm (24 in.) in an average
adult female, the vertebral column functions as a strong, flexible rod
with elements that can move forward, backward, and sideways, and
rotate. In addition to enclosing and protecting the spinal cord, it sup-
ports the head and serves as a point of attachment for the ribs, pelvic
girdle, and muscles of the back and upper limbs.

The total number of vertebrae during early development is 33. As
a child grows, several vertebrae in the sacral and coccygeal regions
fuse. As a result, the adult vertebral column typically contains 26
vertebrae (Figure 7.16a). These are distributed as follows:

« 7 cervical vertebrae (cervic- = neck) in the neck region.
« 12 thoracic vertebrae (thorax = chest) posterior to the thoracic cavity.
« 5 lumbar vertebrae (lumb- = loin) supporting the lower back.

+ 1 sacrum (SA-krum = sacred bone) consisting of five fused sacral
vertebrae.

« 1 coccyx (KOK-siks = cuckoo, because the shape resembles the bill
of a cuckoo bird) usually consisting of four fused coccygeal verte-
brae (kok-SlJ-é-al).

The cervical, thoracic, and lumbar vertebrae are movable, but the
sacrum and coccyx are not. We will discuss each of these regions in
detail shortly.

Normal Curves of the Vertebral Column

When viewed from the anterior or posterior, a normal adult vertebral
column appears straight. But when viewed from the side, it shows
four slight bends called normal curves (Figure 7.16b). Relative to the
front of the body, the cervical and lumbar curves are convex (bulging
out); the thoracic and sacral curves are concave (cupping in). The
curves of the vertebral column increase its strength, help maintain
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Fleltiav AL Vertebral column. The numbers in parentheses in part (a) indicate the number of
vertebrae in each region. In part (d), the relative size of the disc has been enlarged for emphasis.

The adultvertebral column typically contains 26 vertebrae.
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Q Which curves of the adult vertebral column are concave (relative to the anterior side of the body)?



balance in the upright position, absorb shocks during walking, and
help protect the vertebrae from fracture.

The fetus has a single anteriorly concave curve throughout the
length of the entire vertebral column (Figure 7.16c). At about the
third month after birth, when an infant begins to hold its head erect,
the anteriorly convex cervical curve develops. Later, when the child
sits up, stands, and walks, the anteriorly convex lumbar curve devel-
ops. The thoracic and sacral curves are called primary curves because
they retain the original curvature of the embryonic vertebral column.
The cervical and lumbar curves are known as secondary curves be-
cause they begin to form later, several months after birth. All curves
are fully developed by age 10. However, secondary curves may be
progressively lost in old age.

Various conditions may exaggerate the normal curves of the ver-
tebral column, or the column may acquire a lateral bend, resulting
in abnormal curves of the vertebral column. Three such abnormal
curves—kyphosis, lordosis, and scoliosis—are described in the Disor-
ders: Homeostatic Imbalances section at the end of this chapter.

Intervertebral Discs

Intervertebral discs (in’-ter-VER-te-bral; inter- = between) are found
between the bodies of adjacent vertebrae from the second cervical
vertebra to the sacrum (Figure 7.16d) and account for about 25% of the
height of the vertebral column. Each disc has an outer fibrous ring
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consisting of fibrocartilage called the annulus fibrosus (annulus = ring-
like) and an inner soft, pulpy, highly elastic substance called the nucleus
pulposus (pulposus = pulplike). The superior and inferior surfaces of
the disc consist of a thin plate of hyaline cartilage. The discs form strong
joints, permit various movements of the vertebral column, and absorb
vertical shock. Under compression, they flatten and broaden.

During the course of a day the discs compress and lose water
from their cartilage so that we are a bit shorter at night. While we are
sleeping there is less compression and rehydration occurs, so that we
are taller when we awaken in the morning. With age, the nucleus pul-
posus hardens and becomes less elastic. Decrease in vertebral height
with age results from bone loss in the vertebral bodies and not a de-
crease in thickness of the intervertebral discs.

Since intervertebral discs are avascular, the annulus fibrosus and
nucleus pulposus rely on blood vessels from the bodies of vertebrae
to obtain oxygen and nutrients and remove wastes. Certain stretching
exercises, such as yoga, decompress discs and increase general blood
circulation, both of which speed up the uptake of oxygen and nutri-
ents by discs and the removal of wastes.

Parts of a Typical Vertebra

Vertebrae in different regions of the spinal column vary in size, shape,
and detail, but they are similar enough that we can discuss the struc-
tures (and the functions) of a typical vertebra (Figure 7.17). Vertebrae

Gty R A Structure of a typical vertebra, as illustrated by a thoracic vertebra. In part (b), only
one spinal nerve has been included, and it has been extended beyond the intervertebral foramen for clarity.

Avertebra consists of avertebral body, a vertebral arch, and several processes.
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Q What are the functions of the vertebral and intervertebral foramina?
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typically consist of a vertebral body, a vertebral arch, and several
processes.

Vertebral Body The vertebral body, the thick, disc-shaped
anterior portion, is the weight-bearing part of a vertebra. Its
superior and inferior surfaces are roughened for the attachment of
cartilaginous intervertebral discs. The anterior and lateral surfaces
contain nutrient foramina, openings through which blood vessels
deliver nutrients and oxygen and remove carbon dioxide and wastes
from bone tissue.

Vertebral Arch Two short, thick processes, the pedicles (PED-
i-kuls = little feet), project posteriorly from the vertebral body and
then unite with the flat laminae (LAM-i-né = thin layers) to form
the vertebral arch. The vertebral arch extends posteriorly from the
body of the vertebra; together, the vertebral body and the vertebral
arch surround the spinal cord by forming the vertebral foramen. The
vertebral foramen contains the spinal cord, adipose tissue, areolar
connective tissue, and blood vessels. Collectively, the vertebral
foramina of all vertebrae form the vertebral (spinal) canal. The pedicles
exhibit superior and inferior indentations called vertebral notches.
When the vertebral notches are stacked on top of one another, they
form an opening between adjoining vertebrae on both sides of the
column. Each opening, called an intervertebral foramen, permits the
passage of a single spinal nerve carrying information to and from the
spinal cord.

Processes Seven processes arise from the vertebral arch. At
the point where a lamina and pedicle join, a transverse process
extends laterally on each side. A single spinous process (spine)
projects posteriorly from the junction of the laminae. These
three processes serve as points of attachment for muscles. The
remaining four processes form joints with other vertebrae above or
below. The two superior articular processes of a vertebra articulate
(form joints) with the two inferior articular processes of the
vertebra immediately above them. In turn, the two inferior articular
processes of that vertebra articulate with the two superior articular
processes of the vertebra immediately below them, and so on. The
articulating surfaces of the articular processes, which are referred
to as facets (FAS-ets or fa-SETS = little faces), are covered with
hyaline cartilage. The articulations formed between the vertebral
bodies and articular facets of successive vertebrae are termed
intervertebral joints.

Regions of the Vertebral Column

Section 7.10 present the five regions of the vertebral column, begin-
ning superiorly and moving inferiorly. The regions are the cervical,
thoracic, lumbar, sacral, and coccygeal. Note that vertebrae in each
region are numbered in sequence, from superior to inferior. When
you actually view the bones of the vertebral column, you will notice
that the transition from one region to the next is not abrupt but
gradual, a feature that helps the vertebrae fit together.

Age-Related Changes in the
Vertebral Column

With advancing age the vertebral column undergoes changes that are
characteristic of the skeletal system in general. These changes include
reduction in the mass and density of the bone along with a reduction
in the collagen-to-mineral content within the bone, changes that
make the bones more brittle and susceptible to damage. The articular
surfaces, those surfaces where neighboring bones move against one
another, lose their covering cartilage as they age; in their place rough
bony growths form that lead to arthritic conditions. In the vertebral
column, bony growths around the intervertebral discs, called osteo-
phytes, can lead to a narrowing (stenosis) of the vertebral canal. This
narrowing can lead to compression of spinal nerves and the spinal
cord, which can manifest as pain and decreased muscle function in
the back and lower limbs.

16. What are the functions of the vertebral column?
17. Describe the four curves of the vertebral column.
18. What are the three main parts of a typical vertebra?

19. What are the principal distinguishing characteristics of the
bones of the various regions of the vertebral column?

110 | Vertebral Regions

OBJECTIVE

« Identify the locations and surface features of the cervical, thoracic,
lumbar, sacral, and coccygeal vertebrae.

Cervical Vertebrae

The bodies of the cervical vertebrae (C1-C7) are smaller than all
other vertebrae except those that form the coccyx (Figure 7.18a).
Their vertebral arches, however, are larger. All cervical vertebrae have
three foramina: one vertebral foramen and two transverse foramina
(Figure 7.18c). The vertebral foramina of cervical vertebrae are the
largest in the spinal column because they house the cervical enlarge-
ment of the spinal cord. Each cervical transverse process contains a
transverse foramen through which the vertebral artery and its accom-
panying vein and nerve fibers pass. The spinous processes of C2
through C6 are often bifid—that is, they branch into two small projec-
tions at the tips (Figure 7.18a, c).

The first two cervical vertebrae differ considerably from the
others. The atlas (C1l), named after the mythological Atlas who
supported the world on his shoulders, is the first cervical vertebra



inferior to the skull (Figure 7.18a, b). The atlas is a ring of bone with
anterior and posterior arches and large lateral masses. It lacks a body
and a spinous process. The superior surfaces of the lateral masses,
called superior articular facets, are concave. They articulate with the
occipital condyles of the occipital bone to form the paired atlanto-
occipital joints. These articulations permit you to move your head to
signify “yes.” The inferior surfaces of the lateral masses, the inferior
articular facets, articulate with the second cervical vertebra. The
transverse processes and transverse foramina of the atlas are quite
large.

The second cervical vertebra (C2), the axis (see Figure 7.18a,
d, e), does have a vertebral body. A peglike process called the dens
(= tooth) or odontoid process projects superiorly through the ante-
rior portion of the vertebral foramen of the atlas. The dens makes
a pivot on which the atlas and head rotate. This arrangement per-
mits side-to-side movement of the head, as when you move your
head to signify “no.” The articulation formed between the anterior
arch of the atlas and dens of the axis, and between their articular

AlAliay AR Cervical vertebrae.
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facets, is called the atlanto-axial joint. In some instances of trauma,
the dens of the axis may be driven into the medulla oblongata of
the brain. This type of injury is the usual cause of death from whip-
lash injuries.

The third through sixth cervical vertebrae (C3-C6), represented
by the vertebra in Figure 7.18c, correspond to the structural pattern
of the typical cervical vertebra previously described. The seventh
cervical vertebra (C7), called the vertebra prominens, is somewhat
different (see Figure 7.18a). It has a large, nonbifid spinous process
that may be seen and felt at the base of the neck, but otherwise is
typical.

Thoracic Vertebrae

Thoracic vertebrae (T1-T12; Figure 7.19) are considerably larger and
stronger than cervical vertebrae. In addition, the spinous processes
on T1through T10 are long, laterally flattened, and directed inferiorly.
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(a) Posterior view of articulated cervical vertebrae

Figure 7.18 Continues
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Q Which joint permits you to move your head to signify “no”? Which bones are

involved?

In contrast, the spinous processes on T11 and T12 are shorter, broader,
and directed more posteriorly. Compared to cervical vertebrae, tho-
racic vertebrae also have longer and larger transverse processes. They
are easily identified by their costal facets (cost- = rib), which are artic-
ular surfaces for the ribs.

The feature of the thoracic vertebrae that distinguishes them
from other vertebrae is that they articulate with the ribs. Except for
T11 and T12, the transverse processes of thoracic vertebrae have
costal facets that articulate with the tubercles of the ribs. Additionally,
the vertebral bodies of thoracic vertebrae have articular surfaces that
form articulations with the heads of the ribs (see Figure 7.23). The
articular surfaces on the vertebral bodies are called either facets or

demifacets. A facet is formed when the head of a rib articulates with
the body of one vertebra. A demifacet is formed when the head of arib
articulates with two adjacent vertebral bodies. As you can see in
Figure 7.19, on each side of the vertebral body T1 has a superior facet
for the first rib and an inferior demifacet for the second rib. On each
side of the vertebral body of T2-T8, there is a superior demifacet and
an inferior demifacet as ribs 2-9 articulate with two vertebrae, and
T10-T12 have a facet on each side of the vertebral body for ribs 10-12.
These articulations between the thoracic vertebrae and ribs, called
vertebrocostal joints, are distinguishing features of thoracic vertebrae.
Movements of the thoracic region are limited by the attachment of the
ribs to the sternum.



Lumbar Vertebrae

The lumbar vertebrae (L1-L5) are the largest and strongest of the
unfused bones in the vertebral column (Figure 7.20) because the
amount of body weight supported by the vertebrae increases toward
the inferior end of the backbone. Their various projections are short
and thick. The superior articular processes are directed medially

AldlSy AR Thoracic vertebrae.

The thoracic vertebrae are found in the chest region and articulate with the ribs.
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instead of superiorly, and the inferior articular processes are directed
laterally instead of inferiorly. The spinous processes are quadrilateral
in shape, are thick and broad, and project nearly straight posteriorly.
The spinous processes are well adapted for the attachment of the
large back muscles.

A summary of the major structural differences among cervical,
thoracic, and lumbar vertebrae is presented in Table 7.4.
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Figure 7.19 Continues
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Q Which parts of the thoracic vertebrae articulate with the ribs?

Sacral and Coccygeal Vertebrae

Sacrum The sacrum (SA-krum) is a triangular bone formed by
the union of five sacral vertebrae (S1-S5) (Figure 7.21a). The sacral
vertebrae begin to fuse in individuals between 16 and 18 years of age,
a process usually completed by age 30. Positioned at the posterior
portion of the pelvic cavity medial to the two hip bones, the sacrum
serves as a strong foundation for the pelvic girdle. The female sacrum
is shorter, wider, and more curved between S2 and S3 than the male
sacrum (see Table 8.1).

The concave anterior side of the sacrum faces the pelvic cavity. It
is smooth and contains four transverse lines (ridges) that mark the join-
ing of the sacral vertebral bodies (Figure 7.21a). At the ends of these
lines are four pairs of anterior sacral foramina. The lateral portion of
the superior surface of the sacrum contains a smooth surface called
the sacralala (AL-a = wing; pluralis alae, AL-8), which is formed by the
fused transverse processes of the first sacral vertebra (S1).

The convex, posterior surface of the sacrum contains a median
sacral crest, the fused spinous processes of the upper sacral verte-
brae; a lateral sacral crest, the fused transverse processes of the
sacral vertebrae; and four pairs of posterior sacral foramina

Vertebral body

Superior vertebral notch

——————— Superior demifacet

ANTERIOR
Vertebral body

. TTEm .
Inferior vertebral notch

Inferior demifacet

(Figure 7.21b). These foramina connect with anterior sacral forami-
na to allow passage of nerves and blood vessels. The sacral canal is a
continuation of the vertebral cavity. The laminae of the fifth sacral
vertebra, and sometimes the fourth, fail to meet. This leaves an

i Clinical Connection

Caudal Anesthesia

Anesthetic agents that act on the sacral and coccygeal nerves are sometimes
injected through the sacral hiatus, a procedure called caudal anesthesia.
While this approach is not as common as lumbar epidural block, it is preferred
when sacral nerve spread of the anesthetics is preferred over lumbar nerve
spread. Because the sacral hiatus is between the sacral cornua, the cornua
are important bony landmarks for locating the hiatus. Anesthetic agents also
may be injected through the posterior sacral foramina. Since the hiatal and
foraminal injection sites are inferior to the lowest portion of the spinal cord,
there is little danger of damaging the cord. The lumbar approach is preferred
because there is considerable variability in the anatomy of the sacral hiatus,
and with advancing age the dorsal ligaments and cornua thicken, making it
difficult to identify the hiatal margins.




LSy vl Lumbar vertebrae.

Lumbar vertebrae are found in the lower back.
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Q Why are the lumbar vertebrae the largest and strongest in the vertebral column?

inferior entrance to the vertebral canal called the sacral hiatus (hi-A-
tus = opening). On either side of the sacral hiatus is a sacral cornu
(KOR-noo; cornu = horn; plural is cornua, KOR-noo-a), an inferior
articular process of the fifth sacral vertebra. They are connected by
ligaments to the coccyx.

The narrow inferior portion of the sacrum is known as the apex.
The broad superior portion of the sacrum is called the base. The ante-
riorly projecting border of the base, called the sacral promontory

(PROM-on-t6-ré), is one of the points used for measurements of the
pelvis. On both lateral surfaces the sacrum has a large ear-shaped
auricular surface that articulates with the ilium of each hip bone to
form the sacroiliac joint (see Figure 8.8). Posterior to the auricular
surface is a roughened surface, the sacral tuberosity, which contains
depressions for the attachment of ligaments. The sacral tuberosity
unites with the hip bones to form the sacroiliac joints. The superior
articular processes of the sacrum articulate with the inferior articular
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TABLE 7.4 Comparison of Major Structural Features of Cervical, Thoracic, and Lumbar Vertebrae
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The sacrum is formed by the union of five sacral vertebrae, and the coccyx is formed by the union of
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Q How many foramina pierce the sacrum, and what is their function?



processes of the fifth lumbar vertebra, and the base of the sacrum ar-
ticulates with the body of the fifth lumbar vertebra to form the lumbo-
sacral joint.

Coccyx The coccyx, like the sacrum, is triangular in shape. It is
formed by the fusion of usually four coccygeal vertebrae, indicated
inFigure7.21aas Col-Co4. The coccygeal vertebrae fuse somewhat
later than the sacral vertebrae, between the ages of 20 and 30. The
dorsal surface of the body of the coccyx contains two long coccygeal
cornua that are connected by ligaments to the sacral cornua. The
coccygeal cornua are the pedicles and superior articular processes
of the first coccygeal vertebra. They are on the lateral surfaces of
the coccyx, formed by a series of transverse processes; the first pair
are the largest. The coccyx articulates superiorly with the apex of
the sacrum. In females, the coccyx points inferiorly to allow the
passage of a baby during birth; in males, it points anteriorly (see
Table 8.1).

20. Howdotheatlasand axis differ from the other cervical vertebrae?
21. Describe several distinguishing features of thoracic vertebrae.
22. What are the distinguishing features of the lumbar vertebrae?

23. How many vertebrae fuse to form the sacrum and coccyx?

711 | Thorax

OBJECTIVE

« Identify the bones of the thorax, including sternum and ribs, and
their functions.

The term thorax refers to the entire chest region. The skeletal part of
the thorax, the thoracic cage, is a bony enclosure formed by the ster-
num, ribs and their costal cartilages, and the bodies of the thoracic
vertebrae. (The costal cartilages attach the ribs to the sternum. The
thoracic cage is narrower at its superior end and broader at its inferior
end and is flattened from front to back. It encloses and protects the
organs in the thoracic and superior abdominal cavities, provides sup-
port for the bones of the upper limbs, and, as you will see in Chapter
23, plays a role in breathing.

Sternum

The sternum, or breastbone, is a flat, narrow bone located in the
center of the anterior thoracic wall that measures about 15 cm (6 in.)
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in length and consists of three parts (Figure 7.22). The superior part is
the manubrium (ma-NOO-bré-um = handlelike); the middle and
largest part is the body; and the inferior, smallest part is the xiphoid
process (ZI-foyd = sword-shaped). The segments of the sternum
typically fuse by age 25, and the points of fusion are marked by trans-
verse ridges.

The junction of the manubrium and body forms the sternal
angle. The manubrium has a depression on its superior surface, the
suprasternal notch. Lateral to the suprasternal notch are clavicular
notches that articulate with the medial ends of the clavicles to form
the sternoclavicular joints. The manubrium also articulates with the
costal cartilages of the first and second ribs. The body of the sternum
articulates directly or indirectly with the costal cartilages of the sec-
ond through tenth ribs. The xiphoid process consists of hyaline carti-
lage during infancy and childhood and does not completely ossify
until about age 40. No ribs are attached to it, but the xiphoid process
provides attachment for some abdominal muscles. Incorrect posi-
tioning of the hands of a rescuer during cardiopulmonary resuscita-
tion (CPR) may fracture the xiphoid process, driving it into internal
organs. During thoracic surgery, the sternum may be split along the
midline and the halves spread apart to allow surgeons access to
structures in the thoracic cavity such as the thymus, heart, and great
vessels of the heart. After surgery, the halves of the sternum are held
together with wire sutures.

Ribs

Twelve pairs of ribs, numbered 1-12 from superior to inferior, give
structural support to the sides of the thoracic cavity (Figure 7.22b).
The ribs increase in length from the first through seventh, and then
decrease in length to rib 12. Each rib articulates posteriorly with its
corresponding thoracic vertebra.

The first through seventh pairs of ribs have a direct anterior
attachment to the sternum by a strip of hyaline cartilage called costal
cartilage (cost- = rib). The costal cartilages contribute to the elas-
ticity of the thoracic cage and prevent various blows to the chest
from fracturing the sternum and/or ribs. The ribs that have costal
cartilages and attach directly to the sternum are called true (verte-
brosternal) ribs. The articulations formed between the true ribs and
the sternum are called sternocostal joints. The remaining five pairs
of ribs are termed false ribs because their costal cartilages either
attach indirectly to the sternum or do not attach to the sternum at
all. The cartilages of the eighth, ninth, and tenth pairs of ribs attach
to one another and then to the cartilages of the seventh pair of ribs.
These false ribs are called vertebrochondral ribs. The eleventh and
twelfth pairs of ribs are false ribs designated as floating (vertebral)
ribs because the costal cartilages at their anterior ends do not at-
tach to the sternum at all. These ribs attach only posteriorly to the
thoracic vertebrae. Inflammation of one or more costal cartilages,
called costochondritis, is characterized by local tenderness and
pain in the anterior chest wall that may radiate. The symptoms
mimic the chest pain (angina pectoris) associated with a heart
attack.

Figure 7.23a shows the parts of a typical (third through ninth)
rib. The head is a projection at the posterior end of the rib that
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The bones of the thorax enclose and protect organs in the thoracic cavity and in the superior abdominal cavity.
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Q With which ribs does the body of the sternum articulate?
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Flebliiay vk The structure of ribs.

Eachrib articulates posteriorly with its corresponding thoracic vertebra.
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Q How does arib articulate with a thoracic vertebra?
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contains a pair of articular facets (superior and inferior). The facet of
the head may fit either into a facet on the body of a single vertebra
or into the demifacets of two adjoining vertebrae to form a vertebro-
costal joint. The neck is a constricted portion of a rib just lateral to
the head. A knoblike structure on the posterior surface, where the
neck joins the body, is called a tubercle (TOO-ber-kul). The nonar-
ticular part of the tubercle attaches to the transverse process of a
vertebra by a ligament (lateral costotransverse ligament). The artic-
ular part of the tubercle articulates with the facet of a transverse
process of a vertebra (Figure 7.23c) to form vertebrocostal joints.
The body (shaft) is the main part of the rib. A short distance beyond
the tubercle, an abrupt change in the curvature of the shaft occurs.
This point is called the costal angle. The inner surface of the rib has
a costal groove that protects the intercostal blood vessels and a
small nerve.

Spaces between ribs, called intercostal spaces, are occupied by
intercostal muscles, blood vessels, and nerves. Surgical access to the
lungs or other structures in the thoracic cavity is commonly obtained
through an intercostal space. Special rib retractors are used to create
a wide separation between ribs. The costal cartilages are sufficiently
elastic in younger individuals to permit considerable bending without
breaking.

In summary, the posterior portion of the rib connects to a tho-
racic vertebra by its head and the articular part of a tubercle. The facet
of the head fits into either a facet on the body of one vertebra (T1 only)
or into the demifacets of two adjoining vertebrae. The articular part of
the tubercle articulates with the facet of the transverse process of the
vertebra.

Disorders: Homeostatic Imbalances

Herniated (Slipped) Disc

In their function as shock absorbers, intervertebral discs are con-
stantly being compressed. If the anterior and posterior ligaments of
the discs become injured or weakened, the pressure developed in the
nucleus pulposus may be great enough to rupture the surrounding
fibrocartilage (annulus fibrosus). If this occurs, the nucleus pulposus
may herniate (protrude) posteriorly or into one of the adjacent verte-
bralbodies (Figure 7.24). This condition is called a herniated (slipped)
disc. Because the lumbar region bears much of the weight of the
body, and is the region of the most flexing and bending, herniated
discs most often occur in the lumbar area.

Frequently, the nucleus pulposus slips posteriorly toward the
spinal cord and spinal nerves. This movement exerts pressure on the
spinal nerves, causing local weakness and acute pain. If the roots of
the sciatic nerve, which passes from the spinal cord to the foot, are
compressed, the pain radiates down the posterior thigh, through the
calf, and occasionally into the foot. If pressure is exerted on the spinal

i Clinical Connection

Rib Fractures, Dislocations, and Separations

Rib fractures are the most common chest injuries. They usually result
from direct blows, most often from impact with a steering wheel, falls, or
crushing injuries to the chest. Ribs tend to break at the point where the
greatest force is applied, but they may also break at their weakest point—
the site of greatest curvature, just anterior to the costal angle. The middle
ribs are the most commonly fractured. In some cases, fractured ribs may
puncture the heart, great vessels of the heart, lungs, trachea, bronchi,
esophagus, spleen, liver, and kidneys. Rib fractures are usually quite
painful. Rib fractures are no longer bound with bandages because of the
pneumonia that would result from lack of proper lung ventilation.

Dislocated ribs, which are common in body contact sports, involve
displacement of a costal cartilage from the sternum, with resulting pain,
especially during deep inhalations.

Separated ribs involve displacement of a rib and its costal cartilage;
as aresult, a rib may move superiorly, overriding the rib above and causing
severe pain.

24. What bones form the skeleton of the thorax?
25. What are the functions of the bones of the thorax?
26. What s the clinical significance of the xiphoid process?

27. How are ribs classified?

A2y LY Herniated (slipped) disc.

Most often the nucleus pulposus herniates posteriorly.
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Q Why do most herniated discs occur in the lumbar region?



cord itself, some of its neurons may be destroyed. Treatment options
include bed rest, medications for pain, physical therapy and exercises,
and percutaneous endoscopic discectomy (removal of disc material
using a laser). A person with a herniated disc may also undergo a
laminectomy, a procedure in which parts of the laminae of the verte-
bra and intervertebral disc are removed to relieve pressure on the
nerves.

Abnormal Curves of the Vertebral Column

Various conditions may exaggerate the normal curves of the vertebral
column, orthe column may acquire a lateral bend, resulting in abnormal
curves of the vertebral column.

Scoliosis (sko-18-0-sis; scolio- = crooked), the most common of
the abnormal curves, is a lateral bending of the vertebral column,
usually in the thoracic region (Figure 7.25a). It may result from con-
genitally (present at birth) malformed vertebrae, chronic sciatica
(pain in the lower back and lower limb), paralysis of muscles on one
side of the vertebral column, poor posture, or one leg being shorter
than the other.

Signs of scoliosis include uneven shoulders and waist, one shoul-
der blade more prominent than the other, one hip higher than the
other, and leaning to one side. In severe scoliosis (a curve greater than
70 degrees), breathing is more difficult and the pumping action of the
heart is less efficient. Chronic back pain and arthritis of the vertebral
column may also develop. Treatment options include wearing a back
brace, physical therapy, chiropractic care, and surgery (fusion of ver-
tebrae and insertion of metal rods, hooks, and wires to reinforce the
surgery).

Kyphosis (ki-FO-sis; kyphoss- = hump; -osis = condition) is an
increase in the thoracic curve of the vertebral column that produces
a “hunchback” look (Figure 7.25b). In tuberculosis of the spine,
vertebral bodies may partially collapse, causing an acute angular
bending of the vertebral column. In the elderly, degeneration of the

m Abnormal curves of the vertebral column.

An abnormal curveis the result of the exaggeration of a normal curve.
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intervertebral discs leads to kyphosis. Kyphosis may also be caused
by rickets and poor posture. It is also common in females with
advanced osteoporosis.

Lordosis (lor-DO-sis; lord- = bent backward), sometimes called
hollow back, is an increase in the lumbar curve of the vertebral column
(Figure 7.25c). It may result from increased weight of the abdomen as in
pregnancy or extreme obesity, poor posture, rickets, osteoporosis, or
tuberculosis of the spine.

Spina Bifida

Spina bifida (SPI-na BIF-i-da) is a congenital defect of the vertebral
column in which laminae of L5 and/or S1 fail to develop normally and
unite at the midline. The least serious form is called spina bifida
occulta. 1t occurs in L5 or S1 and produces no symptoms. The only
evidence of its presence is a small dimple with a tuft of hair in the
overlying skin. Several types of spina bifida involve protrusion of
meninges (membranes) and/or spinal cord through the defect in the
laminae and are collectively termed spina bifida cystica because of
the presence of a cystlike sac protruding from the backbone (Figure
7.26). If the sac contains the meninges from the spinal cord and cer-
ebrospinal fluid, the condition is called spina bifida with meningocele
(me-NING-go-sél). If the spinal cord and/or its nerve roots are in the
sac, the condition is called spina bifida with meningomyelocele
(me-ning-go-MI-é-16-sél). The larger the cyst and the number of neu-
ral structures it contains, the more serious the neurological prob-
lems. In severe cases, there may be partial or complete paralysis,
partial or complete loss of urinary bladder and bowel control, and
the absence of reflexes. An increased risk of spina bifida is associated
with low levels of a B vitamin called folic acid during pregnancy.
Spina bifida may be diagnosed prenatally by a test of the mother’s
blood for a substance produced by the fetus called alpha-fetopro-
tein, by sonography, or by amniocentesis (withdrawal of amniotic
fluid for analysis).

PhotoAlto sas/Alamy Stock Photo
(c) Lordosis

Q Which abnormal curve is common in women with advanced osteoporosis?
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Spina bifida with meningomyelocele.

Spina bifida is caused by afailure of laminae to unite at the midline.

Center for Disease Control/Project Masters, Inc.

Q Deficiency of which B vitamin is linked to spina bifida?

Fractures of the Vertebral Column

Fractures of the vertebral column often involve C1, C2, C4-T7, and
T12-L2. Cervical or lumbar fractures usually result from a flexion-
compression type of injury such as might be sustained in landing on
the feet or buttocks after a fall or having a weight fall on the shoulders.
Cervical vertebrae may be fractured or dislodged by a fall on the head
with acute flexion of the neck, as might happen on diving into shallow
water or being thrown from a horse. Spinal cord or spinal nerve dam-
age may occur as a result of fractures of the vertebral column if the
fractures compromise the foramina.

Medical Terminology

Chiropractic (ki-ro-PRAK-tik; cheir- = hand; -praktikos = efficient)
A holistic health-care discipline that focuses on nerves, muscles, and
bones. A chiropractor is a health-care professional who is concerned with
the diagnoses, treatment, and prevention of mechanical disorders of the
musculoskeletal system and the effects of these disorders on the nervous
system and health in general. Treatment involves using the hands to apply
specific force to adjust joints of the body (manual adjustment), especially
the vertebral column. Chiropractors may also use massage, heat therapy,
ultrasound, electrical stimulation, and acupuncture. Chiropractors often
provide information about diet, exercise, changes in lifestyle, and stress
management. Chiropractors do not prescribe drugs or perform surgery.
Craniostenosis (krd-né-o-sten-O-sis; cranio- = skull; -stenosis = narrow-
ing) Premature closure of one or more cranial sutures during the first 18 to
20 months of life, resulting in a distorted skull. Premature closure of the sag-
ittal suture produces a long narrow skull; premature closure of the coronal
suture results in a broad skull. Premature closure of all sutures restricts brain
growth and development; surgery is necessary to prevent brain damage.
Craniotomy (kra-né-OT-6-mé; cranio- = skull; -tome = cutting)
Surgical procedure in which part of the cranium is removed. It may be

performed to remove a blood clot, a brain tumor, or a sample of brain
tissue for biopsy.

Laminectomy (lam'-i-NEK-t6-mé; lamina- = layer) Surgical procedure
to remove a vertebral lamina. It may be performed to access the vertebral
cavity and relieve the symptoms of a herniated disc.

Lumbar spine stenosis (sten- = narrowed) Narrowing of the spinal
canal in the lumbar part of the vertebral column, due to hypertrophy of
surrounding bone or soft tissues. It may be caused by arthritic changes in
the intervertebral discs and is a common cause of back and leg pain.

Spinal fusion (FU-zhun) Surgical procedure in which two or more verte-
brae of the vertebral column are stabilized with a bone graft or synthetic
device. It may be performed to treat a fracture of a vertebra or following
removal of a herniated disc.

Whiplash injury Injury to the neck region due to severe hyperextension
(backward tilting) of the head followed by severe hyperflexion (forward
tilting) of the head, usually associated with a rear-end automobile col-
lision. Symptoms are related to stretching and tearing of ligaments and
muscles, vertebral fractures, and herniated vertebral discs.
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Review

1. Bones protect soft body parts and make movement possible; they also
serve as landmarks for locating parts of other body systems.

2. The musculoskeletal system is composed of the bones, joints, and muscles
working together.

7.1 Divisions of the Skeletal System (see Table 7.1)

1. The axial skeleton consists of bones arranged along the longitudinal axis.
The parts of the axial skeleton are the skull, auditory ossicles (ear bones), hyoid
bone, vertebral column, sternum, and ribs.

2. The appendicular skeleton consists of the bones of the girdles and the upper
and lower limbs (extremities). The parts of the appendicular skeleton are the
pectoral (shoulder) girdles, bones of the upper limbs, pelvic (hip) girdles, and
bones of the lower limbs.

7.2 Types of Bones

1. On the basis of shape, bones are classified as long, short, flat, irregular, or
sesamoid. Sesamoid bones develop in tendons or ligaments.

2. Sutural bones are found within the sutures of some cranial bones.

7.3 Bone Surface Markings

1. Surface markings are structural features visible on the surfaces of bones.
2. Each marking—whether a depression, an opening, or a process—is
structured for a specific function, such as joint formation, muscle attachment,
or passage of nerves and blood vessels (see Table 7.2).

7.4 Skull: An Overview

1. The 22 bones of the skull include cranial bones and facial bones.

2. The eight cranial bones are the frontal, parietal (2), temporal (2), occipital,
sphenoid, and ethmoid.

3. The 14 facial bones are the nasal (2), maxillae (2), zygomatic (2), lacrimal (2),
palatine (2), inferior nasal conchae (2), vomer, and mandible.

7.5 Cranial Bones
1. The frontal bone forms the forehead (the anterior part of the cranium).

2. The frontal bone also forms the roofs of the orbits and most of the anterior
part of the cranial floor.

3. The parietal bones form the greater portion of the sides of the cranial cavity.
4. The parietal bones also form most of the roof of the cranial cavity.

5. The temporal bones form the inferior lateral aspects of the cranium.

6. The temporal bones also form part of the cranial floor.

7. The occipital bone forms the posterior part of the cranium.

8. The occipital bone also forms of the base of the cranium.

9. The sphenoid bone lies at the middle part of the base of the skull.

10. The sphenoid bone is known as the keystone of the cranial floor because it
articulates with all the other cranial bones, holding them together.

11. The ethmoid bone is located in the anterior part of the cranial floor medial
to the orbits.

Chapter Review 231

12. The ethmoid bone is anterior to the sphenoid and posterior to the nasal
bones.

7.6 Facial Bones
1. The nasal bones from the bridge of the nose.

2. The lacrimal bones are posterior and lateral to the nasal bones and form a
part of the medial wall of each orbit.

3. The palatine bones form the posterior portion of hard palate, part of the floor
and lateral wall of the nasal cavity, and a small portion of the floors of the orbits.

4. The inferior nasal conchae form a part of the inferior lateral wall of the nasal
cavity and project into the nasal cavity.

5. The vomer forms the inferior portion of the nasal septum.
6. The maxillae form the upper jawbone.

7. The zygomatic bones (cheekbones) form the prominences of the cheeks
and part of the lateral wall and floor of each orbit.

8. The mandible is the lower jawbone, the largest and strongest facial bone.

7.7 Special Features of the Skull

1. The nasal septum consists of the vomer, perpendicular plate of the ethmoid,
and septal cartilage. The nasal septum divides the nasal cavity into left and
right sides.

2. Seven skull bones form each of the orbits (eye sockets).

3. The foramina of the skull bones provide passages for nerves and blood vessels.

4. Sutures are immovable joints that connect most bones of the skull.
Examples are the coronal, sagittal, lambdoid, and squamous sutures.

5. Paranasal sinuses are cavities in bones of the skull that are connected to
the nasal cavity. The frontal, sphenoid, and ethmoid bones and the maxillae
contain paranasal sinuses.

6. Fontanels are mesenchyme-filled spaces between the cranial bones
of fetuses and infants. The major fontanels are the anterior, posterior,
anterolaterals (2), and posterolaterals (2). After birth, the fontanels fill in with
bone and become sutures.

7.8 Hyoid Bone
1. The hyoid bone is a U-shaped bone that does not articulate with any other
bone.

2. It supports the tongue and provides attachment for some tongue muscles
and for some muscles of the pharynx and neck.

7.9 Vertebral Column

1. The vertebral column, sternum, and ribs constitute the skeleton of the
body’s trunk.

2. The 26 bones of the adult vertebral column are the cervical vertebrae (7),
the thoracic vertebrae (12), the lumbar vertebrae (5), the sacrum (5 fused
vertebrae), and the coccyx (usually 4 fused vertebrae).

3. The adult vertebral column contains four normal curves (cervical, thoracic,
lumbar, and sacral) that provide strength, support, and balance.

4. Each vertebra usually consists of a body, vertebral arch, and seven
processes. Vertebrae in the different regions of the column vary in size, shape,
and detail.
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7.10 Vertebral Regions

1. The cervical vertebrae (C1-C7) are smaller than all other vertebrae except
those that form the coccyx.

2. The first two cervical vertebrae are the atlas (C1) and the axis (C2).

3. The thoracic vertebrae (T1-T12) are considerably larger and stronger than
cervical vertebrae.

4. The thoracic vertebrae articulate with the ribs.

5. The lumbar vertebrae (L1-L5) are the largest and strongest of the unfused
bones in the vertebral column.

6. The various projections of the lumbar vertebrae are short and thick.

7. The sacrum is a triangular bone formed by the union of the five sacral
vertebrae (S1-S5).

8. The coccyx is formed by the fusion of usually four coccygeal vertebrae
(Col-Co4).

Critical Thinking Questions

1. Jimmy isin a car accident. He can’t open his mouth and has been told that
he suffers from the following: black eye, broken nose, broken cheek, broken
upper jaw, damaged eye socket, and punctured lung. Describe exactly what
structures have been affected by his car accident.

2. Bubba is a tug-of-war expert. He practices day and night by pulling on a
rope attached to an 800-lb anchor. What kinds of changes in his bone structure
would you expect him to develop?

Answers to Figure Questions

7.1 The skull and vertebral column are part of the axial skeleton. The clavicle,
shoulder girdle, humerus, pelvic girdle, and femur are part of the appendicular
skeleton.

7.2 Flat bones protect underlying organs and provide a large surface area for
muscle attachment.

7.3 The frontal, parietal, sphenoid, ethmoid, and temporal bones are all
cranial bones (the occipital bone is not shown).

7.4 The parietal and temporal bones are joined by the squamous suture,
the parietal and occipital bones are joined by the lambdoid suture, and the
parietal and frontal bones are joined by the coronal suture.

7.11 Thorax
1. The thoracic skeleton consists of the sternum, ribs, costal cartilages, and

thoracic vertebrae.

2. Thethoracic cage protectsvital organsin the chest area and upper abdomen.

Sternum

3. The sternum (breastbone) is located in the center of the anterior thoracic
wall.

4. The sternum consists of the manubrium, body, and xiphoid process.

Ribs

5. The twelve pairs of ribs give structural support to the sides of the thoracic
cavity.

6. The three types of ribs are the true (vertebrosternal) ribs, vertebrochondral,
ribs, and floating (vertebral) ribs.

3. A new mother brings her newborn infant home and has been told by her
well-meaning friend not to wash the baby’s hair for several months because
the water and soap could “get through that soft area in the top of the head and
cause brain damage.” Explain to her why this is not true.

7.5 The temporal bone articulates with the mandible and the parietal,
sphenoid, zygomatic, and occipital bones.

7.6 The parietal bones form the posterior, lateral portion of the cranium.

7.7 The medulla oblongata of the brain connects with the spinal cord in the
foramen magnum.

7.8 From the crista galli of the ethmoid bone, the sphenoid articulates with
the frontal, parietal, temporal, occipital, temporal, parietal, and frontal bones,
ending again at the crista galli of the ethmoid bone.

7.9 The perpendicular plate of the ethmoid bone forms the superior part of

the nasal septum, and the lateral masses compose most of the medial walls
of the orbits.



7.10 The mandible is the only movable skull bone, other than the auditory
ossicles.

7.11 The nasal septum divides the nasal cavity into right and left sides.

7.12 Bones forming the orbit are the frontal, sphenoid, zygomatic, maxilla,
lacrimal, ethmoid, and palatine.

7.13 The paranasal sinuses produce mucus and serve as resonating chambers
for vocalizations.

7.14 The paired anterolateral fontanels are bordered by four different skull
bones: the frontal, parietal, temporal, and sphenoid bones.

7.15 The hyoid bone is the only bone of the body that does not articulate with
any other bone.

7.16 The thoracic and sacral curves of the vertebral column are concave
relative to the anterior of the body.

7.17Thevertebral foramina enclose the spinal cord; the intervertebral foramina
provide spaces through which spinal nerves exit the vertebral column.

7.18 The atlas moving on the axis at the atlanto-axial joint permits movement
of the head to signify “no.”
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7.19 The facets and demifacets on the vertebral bodies of the thoracic vertebrae
articulate with the heads of the ribs, and the facets on the transverse processes
of these vertebrae articulate with the tubercles of the ribs.

7.20 The lumbar vertebrae are the largest and strongest in the body because
the amount of weight supported by vertebrae increases toward the inferior
end of the vertebral column.

7.21 There are four pairs of sacral foramina, for a total of eight. Each anterior
sacral foramen joins a posterior sacral foramen at the intervertebral foramen.
Nerves and blood vessels pass through these tunnels in the bone.

7.22 The body of the sternum articulates directly or indirectly with ribs 2-10.

7.23 The facet on the head of a rib fits into a facet or demifacet on the body of
a vertebra, and the articular part of the tubercle of a rib articulates with the
facet of the transverse process of a vertebra.

7.24 Most herniated discs occur in the lumbar region because it bears most of
the body weight and most flexing and bending occur there.

7.25 Kyphosis is common in individuals with advanced osteoporosis.

7.26 Deficiency of folic acid is associated with spina bifida.
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The Skeletal System:
The Appendicular Skeleton

The Appendicular Skeleton and Homeostasis

The bones of the appendicular skeleton contribute to homeostasis by providing attachment points
and leverage for muscles, which aids body movements; by providing support and protection of
internal organs, such as the reproductive organs; and by storing and releasing calcium.

As noted in Chapter 7, the two main divisions of the skeletal system are of the two girdles that attach the limbs to the axial skeleton. The bones
the axial skeleton and the appendicular skeleton. As you learned in that of the appendicular skeleton are connected with one another a