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contributor to the University of Massachusetts at Amherst, where she gener-
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edge cytology research laboratory that bears her name.
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Grasp tough topics in anatomy

NEW! Focus figures help you grasp tough topics

in anatomy by walking you through carefully developed
illustrations that use a big-picture layout and dramatic art
to provide a context for understanding the process.

FOCUS Blood Flow Through the Heart

FIGURE 19.10

P> Oxygen-poor blood enters the right side of the
heart and is pumped to the lungs where gas e S ., , . , Overview provides a quick

exchange occurs. Oxygen-rich blood returns to .
the left side of the heart and is pumped to the summary of the key idea of

body tissues. Il Oxygen-ich biood the figure.
. Oxygen-poor blood

Pulmonary
trunk

Pulmonary
semilunar valve

Right
atrium

Right
ventricle

Pulmonary
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Oxygen-poor blood Two pulmonary arteries
To heart | returns from the body carry the blood to the To lungs
tissues back to the heart. lungs (pulmaonary circuit)
to be oxygenated.
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you through the process
step-by-step.
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Visualize structures

NEW! Stunning 3-D anatomy art
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Learn the language

Phonetic spellings are provided for words
that may be unfamiliar to you to help you with
pronunciation.
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438 Chapter 14 The Periphersl Nervous System

sensory information to sensory newrons, Free perve endings
monitor most ypes of general swnsory information (such as

touch, pain, pressure, temp and  propriocep
wheneas specialized receptor cells monitor most types of special
sensary information (Easte, vision, hearing. and equilibrium),
Sensory receplors may also be classified according 1o lo-
‘e cation, the type of stimulus they detect, and their strocture.
The mext sections examine these different classification
'-_ schemes in tum,

’-,Flessificetion by Location

Sansory receptors are divided into three classes based either
onTbgir location in the body or the location of the stimuli 1o
whichehey respond,

L h'm:wn (ks ter-o-sep'long) are sensitive 1o stin-
ulli arisifg outside the body, Accordingly, most exterocep-
tors are ktgted at or near the body surface and include
receptons forwgeh, pressure, pain, and temperatare in the
skin undnmuxcpmnm the special sense organs.

2 {in"ter-0-sep'torz), also called viscemeep
Tors. receive stimuli from the internal viscera, such as the
digestive lube, bladder, and lungs. Different

monitor a variety of stimuli. including changes in chemical
concentration, taste stimuli, the stretching of tissues, and
temperature. Their activation causes us 1o feel visceral
pain, nausea, hunger, or fullness,

3, Proprioceptors are located in the musculoskeletal or-
gans such as skeletal muscles. wendons. joints. and liga-
ments, Recall that rioceplors monitor the degree of

Word roots listed on the inside back
cover will help you learn the special
vocabulary of anatomy.

prory organs and send input on

[INS (see p, 3501,

Word Roots, Prefixes, Suffixes, timulus Detected

and Combining Forms hsory receptors is by the kinds of
ate them,

pond 10 mechanical forces such
th. vibrations, and itch. One type
lled a baroreceptor, monitors

| 10 temperature changes.
pd 10 chemacals in solution {such
pmelled) and to changes in blood

¢ respond 1o light.
torz) respond to harmful stimuli
|¢ harm).

tructure

sOry receptons is by their stnsc-
liscussed in Chaper 16, so this
peneral sensory receptors. All
plors are perve endings of sen-
uch, pressure, vibration, stretch,
rivception. Stucturally, sensory

hair movement)

FIGURE 14.2 Structure of free and encapsulated general
sensory receptors. Tactile cospuscles are not comman in hawry
skin but are included here for illustrative purposes.

receptors are divided into two broad groups: (1) free nerve
endings and (2) encapsidated nerve endings surmounded by a
capsule of conmective lissue, These general sensory receplors
are summarized in Table 14.1.

It is important to note that there is no perfect “one receptar-
one function” relationship. Instead. one receplor type can
respond to several differemt kinds of stimuli, and different
receptor types can respond bo similar stimuli.

Free Nerve Endings

Free nerve endings of sensory fibers invade almost all tis-
sues of the body but are panticularly abundant in epitbelia and
in the connective tissue that underlics epithelin (Figure 14.2),
These receplors respond chiefly o pain and 1emperature
{though some respond 10 fissse movements caused by pres-
sure). One way 1o characterize free nerve endings function-
ally is 1o say that they monitor the afective senses, those to
which people have an emotional response—and people cer-
tainly respond emotionally to pain!

Cenain free nerve endings contribule o epithelial tactile
complexes (Merkel dises), which lie in the epidermis of the
skin. Each consists of a disc-shaped tactile epithelial cell (see
p. 103} innervated by a sensory perve ending. These com-
plexes are slowly adapting receptors for light 1ouch; that is,
they consinue 10 respond and send out action podentials even
after a long period of continual stinulstion. Halr follicle re-
ceptors, free nerve endings that wrap around hair folliches, ane
receptors for light touch that menitor the bending of hairs.
Unlike epithelial tactibe complexes, they are rapddly sdapting,

Review what
you’'ve learned

Review questions at the end
of each chapter, including Multiple
Choice/Matching, Short Answer,
and Ciritical Thinking and Clinical
Application questions, help you
evaluate your progress.

Chapter summaries with page
references provide excellent study aids.

Answers to Check Your
Understanding, and end-of-chapter
Multiple Choice/Matching questions
can be found in Appendix B.
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1. The appendicular skeleton comsists of the pectoral and pelvic gir-

dles and the bones of the upper and kower linbs.
The Pectoral Girdle (pp. 183-185)

2. The pectoral girdles ane specialized for mobility. Each consists of
a clavicle and a scapula and attaches am upper Bink 1o the bony
thorax,

3 The clavicks hald the arms lterally away from the thorax and
transmit pushing forces from the upper limhs to the thorax.

4. Each trisngular scapuln articulaies with a clavicle and a humens.
The boeders, angles, and feansres of the scapul arc summarized in
Table 8.1 om p. 156,

The Upper Limb (pp. 184-191)

& Each upper limb consists of 30 bones and is specializeed for mobil-
ity See Table 8.1

The
14

16,

. The iliwm is the superior Maring part of the hip bone. Each ilium

forms @ secun: joint with the sacrum, The ischium is a curved har
of bome: when o person sits, the welght i bome by the ischial
tuberositics. The V-shaped pubic bones join antericdly at the pubic
symphysis.

The pelvic inlet or pelvic brim, an oval ridge that includes the
prubie crest, ancuate line of the Hiem, and sacral promontory, seps-
Fates the superior false pelvis fram the inferior e pelvis

. The male pelvis is relutively deep and narrow, with larger, hesvier

Banes: the female pelvis, which forms the berth canal, 1s compara-
tively shallower and wider (see Table 8.2, p. 195).

Lower Limb (pp. 194-201)

. The lower limh consists af the thigh. leg, and food, and is special-

el for weight bearing and Jocomotion, Sce Tabke 8.3, p, 196, for
a sammary,

. The long, thick femur is the only hose of the thigh. his hall-shaped

beead articulates with the acetabubum.
The bones of the leg are the tibia (which participates in both the.




To the Student: How to Use MasteringA&P ™

o~ M

Masterin >
kQ/A&P

Check your readiness

Get Ready for A&P gets you prepared for your course.
Take the diagnostic test to see where you need review.

Home  FAGs

Human Anatomy

TechSuppod  Syslern Requirements:

Feedback  Pearsonbligheifdcom  Credits

MEDIA UPDATE

Prepare for exams

tgme > Chapier 1: The Hyman Body; An Qrienislion > Chapler Guide

Chapter Guide Chamer Guide

Chapier Cuizzes
if you havent alreaas' dnn! S0, ¥0U 9no|id also review zl:l‘vf 1 r‘| iy
Chapter Practice Hevgw.

Tost

Chapter Games

O ang o
and Activites e elbpe Sohae plineTsip e socccscccae

(I Gross Analomy: An Introduction (6

Get Ready fof ABF At Labeling: Anatomic pos@on and regional lesms antoriothentrs

Chapter Quizzes

and Practice Tests

help you assess your understanding of
the chapter and prepare for your exams.

.............
..................
........................

Sl BM Cnal‘ er 2. Da;lc "3""

al (Figure 13)

At Labeling: Anatomb ( pos 3" and ’9@ onal terms, DvS
At Labeling: Doe o Mg 54
Memory Game: Major Condlios of the Bod

PAL 2.0

ALP Flix

m Anglomy: 14)

Case Studies

5 Chical Angtomy:

ridorasl (Floure 1.3)
si0n5 Figure 1.6)

Games and activities
feature Art Labeling Exercises,
Memory Games, and Crossword

.........

Study Tools
Video Liiasound of Human Febug

Ask an bxpert @
Chapter Summary (15
Crossword Puzde: The Rool of Al Anadorny
Crossword Puzzie: Human Anatomy, An Ovendew
Vieb Links
Chapter Guizzes
Anslomy igentficatons
Sruchures and Funcions
Gl Reasoning
Chapter Practice Test
Chapler Prachcs Test

Study Tools

Puzzles and Histology, Bone, and
Muscle Reviews.

.\

Master tough concepts
in anatomy

A&P Flix animations provide carefully developed step-by-step explana-

tions with dramatic 3-D representations of structures that show action and
movement of processes, thereby bringing difficult-to-teach anatomy con-

cepts to life. Each animation includes a quiz.

Access the anatomy lab 24/7

Practice Anatomy Lab 3.0 allows you to view hundreds of images of
the human cadaver, anatomical models, histology slides, the cat, and the
fetal pig and to take practice quizzes and simulated lab practical exams.



Preface

he general philosophy behind this Sixth Edition of
Human Anatomy remains the same as in the
previous editions. As an instructor, you know that
teaching anatomy is not just the presentation of facts. You
must provide information in a framework that encourages
genuine understanding, devise new presentations to help
students remember large amounts of material, and help
students apply what they have learned to new situations. All
the while you hope that you inspire in the students a love of
the subject.
After many years of teaching human anatomy, we
became convinced that new approaches to the subject

could excite and challenge the students’ natural curiosity.
That is why we decided to write this book. We are fortunate
to have collaborated with Pearson Benjamin Cummings, a
publisher that shares our goal: to set a new standard for
pedagogical and visual effectiveness in an anatomy text.

This book is designed for one-semester or
one-quarter introductory anatomy courses that serve
students in prenursing, premedical, pre-physical therapy,
radiological technology, physician assistant training,
predentistry, pharmacy, and other allied-health fields, as well
as physical education, athletic training, and nutrition.

Unique Approach to Anatomy

Since its inception, we have worked diligently to distinguish
Human Anatomy from the many other anatomy books cur-
rently available. This book explains anatomy thoroughly, and
its discussions are not merely brief summaries of the art. We
have striven to present the basic concepts of anatomy—
gross, microscopic, developmental, and clinical—in a man-
ner that is clearly written, effectively organized, up to date,
and well illustrated. We realize that learning anatomy
involves assimilating gargantuan amounts of material, and
we have tried to make our presentation as logical and acces-
sible as possible. To this end, we present anatomy as a
“story” that can be explained and understood—convincing
the students that the structure of the body makes sense.

Although descriptive gross anatomy is a relatively static
science, knowledge is growing quickly in the subfields of
functional anatomy, neuroanatomy, developmental anato-
my, and the functional aspects of tissue and cellular
anatomy. This text strives to keep up with the knowledge
explosion in these subfields and to present anatomy in a
way that allows modern biology students, whose training is
becoming ever more molecular and cellular, to anchor their
biochemical and medical training in the physical context of
the human body.

Functional Approach

We strongly emphasize the functional anatomy theme,
giving careful consideration to the adaptive characteristics
of the anatomical structures of the body. Wherever possible,
we explain how the shape and composition of the anato-
mical structures allow them to perform their functions.
Such functional anatomy is not physiology (which focuses on
biological mechanisms), but is more akin to “design
analysis.” This approach is unique for a text at this level.

X

Microscopic Anatomy

We have worked to provide an especially effective treatment
of microscopic anatomy. Many undergraduate texts treat
histology as a specialized and minor subfield that takes a back
seat to gross anatomy. This is unfortunate, because most
physiological and disease processes take place at the cell and
tissue level, and most allied-health students require a solid
background in histology and subcellular structure to prepare
them for their physiology courses.

Embryology

Our text is designed to present embryology in the most
effective and logical way. We are convinced that the
fundamentals should be presented early in the text, before the
more advanced discussions of the developing organ systems in
the relevant chapters. Therefore, we wrote Chapter 3 as a
basic introduction to embryology. Because a comprehensive
presentation of embryology early in the book could be
intimidating to some students, we have used a “velvet glove
approach,” providing only the most important concepts in a
concise, understandable way, and visually reinforced with
exceptionally clear art.

Life Span Approach

Most chapters in this book close with a “Throughout Life”
section that first summarizes the embryonic development of
organs of the system and then examines how these organs
change across one’s life span. Diseases particularly common
during certain periods of life are pointed out, and effects of
aging are considered. The implications of aging are
particularly important to students in the health-related
curricula because many of their patients will be in the senior

age group.



Helpful Presentation
of Terminology

The complex terminology of anatomy is one of the most
difficult aspects of the subject to make interesting and
accessible. To this end, we highlight important terms in
boldfaced type, and we provide the pronunciations of more
terms than do many competing texts. Also, we include the
Latin or Greek translations of almost every term at the point
where the term is introduced in the text. This promotes
learning by showing students that difficult terms have
simple, logical derivations. The anatomical terms used in this
text are consistent with the terms accepted by the
International Federation of Associations of Anatomists
(IFAA). Clinical terminology is also presented in the Related
Clinical Terms section found at the conclusion of most
chapters. A helpful glossary and pronunciation guide is
located at the end of the text. For this edition, we have
doubled the length of our comprehensive list of word roots
and suffixes, found on the end papers of the book.

NEW TO THE SIXTH EDITION

The Sixth Edition represents a monumental revision with an
entirely new art program and text presentation that build
upon the hallmark strengths of the previous five editions.
With every edition, our goal is powerful but simple—to
make anatomy as visually engaging, accessible, and relevant
as possible for both you and your students. The changes to
the Sixth Edition are all driven by the needs of today's
students, as we seek to make the learning of key concepts in
anatomy as easy as possible for them. Key concepts are
important because of the overwhelming amount of material
in this course. Mastering this material gives students an
anchor and structure for managing this wealth of
information. Below are the ways in which we've revised the
Sixth Edition to make this book the most accessible on the
market for today’s student, followed by a detailed list of
specific chapter-by-chapter content changes.

A Whole New Art Program

Flipping through the Sixth Edition, you can see that our new
art is dynamic, three-dimensional, and realistic, with dramat-
ic views and perspectives that use vibrant, saturated colors.
We targeted critical figures in anatomy and worked closely
with the artistic team on making these figures
superior in rendering and in conveying the key pedagogical
information and structures that students need to learn from
the figure, striking a perfect balance between realism and
teaching effectiveness.

We've also added a new feature called Focus Figures
that are one- to two-page spreads that teach key concepts
in anatomy that students have trouble visualizing and under-
standing. These key figures do a superior job of conveying

these difficult topics by presenting tough-to-visualize infor-
mation in an easy-to-follow layout and presentation.

We've added a wealth of new cadaver photos to help
students better see and learn structures of the human body,
especially in side-by-side layouts with illustrations.

We've also expanded our photos of clinical disorders.
Many of these new photos are listed below. This Sixth
Edition features all-new surface anatomy photos showing
superb muscle definition and clear surface landmarks for
skeletal, muscular, and vascular structures.

We also revised and reconceptualized many of the
process figures in the book to make them easier to follow
and to learn from. Where appropriate we have added blue
step text that serves as our author voice guiding students
step-by-step through complex processes. The blue text
clearly separates the process steps from the labels, making
the figures easy to navigate.

Improved Text Presentation
and Organization

New text features also serve to focus students on key
concepts. We have integrated the student objectives to fall
within the chapter, giving students a preview in smaller
chunks of what they are expected to learn in a given section.
We've also added new Check Your Understanding questions
that ask students to stop, think, and check their
understanding of key concepts at the end of major sections.
These changes along with a brand-new design make the
book easier than ever to study from and navigate. These
changes make the text easier for students to manage as
they face the challenging amount of information in this
course. We have moved Chapter 25, The Endocrine System,
from the end of the book to directly follow Chapter 16,
The Special Senses.

Chapter-by-Chapter Changes

Chapter 1 The Human Body: An Orientation

¢ New photo of a mammogram showing a tumor
(Figure 1.10)

¢ New photo of a CT scan through the abdomen and
new photo of a CT scan machine (Figure 1.11)

Chapter 2 Cells: The Living Units
New Figure 2.3: Membrane transport mechanisms

e New Figure 2.4: The three types of endocytosis,
covers phagocytosis, pinocytosis, and
receptor-mediated endocytosis

* New electron micrographs of smooth and rough ER
(Figure 2.6), Golgi apparatus (Figure 2.7), and a
mitochondrion (Figure 2.10)

e Three new freeze-fracture transmission electron
micrographs: surface of nuclear envelope, nuclear
pore complexes, and nuclear lamina (Figure 2.13)

* New Focus Figure 2.17: Focus on Mitosis
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Chapter 3 Basic Embryology
¢ New Clinical Application on neural tube defects,
covering spinal bifida and anencephaly

Chapter 4 Tissues

¢ New photomicrographs of goblet cell (Figure 4.4)
and smooth muscle (Figure 4.12c)

* New photo of a colon polyp (A Closer Look box)

Chapter 5 The Integumentary System

¢ New photomicrograph showing the four major
epidermal layers (Figure 5.3)

¢ New Figure 5.5: The two regions of the dermis,
with one micrograph and two SEMs

* New Figure 5.6: Dermal modifications, with SEM
of epidermal ridges

¢ New photos: a partial- and full- thickness burns
(Figure 5.10)

Chapter 6 Bones and Skeletal Tissues

* New Figure 6.2: Types of cartilage tissue, with three
new photomicrographs: hyaline cartilage, elastic
cartilage, and fibrocartilage

e New photomicrograph of spongy bone (Figure 6.5)

* New SEM of cross section of an osteon included
in figure on compact bone (Figure 6.7)

¢ New photomicrograph showing growth of a long
bone (Figure 6.12)

Chapter 7 Bones, Part 1: The Axial Skeleton
New Figure 7.2: Cranial and facial divisions and
fossae

* New Figure 7.3: Major cavities of the skull, frontal
section

e New photo of lateral aspect of the skull, side-by-side
with illustration (Figure 7.4)

* New photo of anterior view of skull, side-by-side with
illustration (Figure 7.6)

* New photo of floor of the cranial cavity, side-by-side
with illustration (Figure 7.9)

e New CT scans added side-by-side with illustrations
showing anterior and sagittal view of the paranasal
sinuses (Figure 7.15)

e New Figure 7.27: Abnormal spinal curvatures, with
photos of scoliosis, kyphosis, and lordosis

Chapter 8 Bones, Part 2:

The Appendicular Skeleton
New Figure 8.7: Carpal tunnel, showing MRI

* New X ray showing fracture of tibia and fibula
(Figure 8.11)

* New X ray of medial aspect of the foot added (Figure
8.13)

¢ New Figure 8.14: Congenital disorders of the lower
limb, showing club foot, and X rays of normal and
dysplasic hip

Chapter 9 Joints
New Figure 9.4: Dissection of the knee, cadaver
photo

e New Focus Figure 9.8: Focus on Types of Synovial
Joints

e New Figure 9.19: Arthroscopic photograph of a torn
medial meniscus

e New Figure 9.20: Osteoarthritis of the knee, with two
X rays comparing normal and osteoarthritic knee, and
X ray of knee with replacement prosthesis
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Chapter 10 Skeletal Muscle Tissue

e New Figure 10.12: Duchenne muscular dystrophy,
comparing cross-sectional micrographs for normal
skeletal muscle and Duchenne muscular dystrophy

e New Figure 10.13: Formation of multinucleate skeletal
muscle fiber by fusion of myoblasts, with blue step text

Chapter 11 Muscles of the Body
New Focus Figure 11.5: Focus on Muscle Actions and
Interactions

e New cadaver photo side-by-side with illustration of
superficial and deep thoracic muscles added to Figure
11.16: Superficial muscles of the anterior and posteri-
or thorax and shoulder acting on the scapula and arm

e New Figure 11.20: Cadaver photo of cross section
through the proximal forearm

¢ New cadaver photo side-by-side with illustration
added to Figure 11.23: Posterior muscles of the right
hip and thigh

e New Figure 11.24: Cadaver photo of cross section
through the mid-thigh

e All new surface anatomy photos (Figures 11.29-11.40)

Chapter 12 Fundamentals of the Nervous

System and Nervous Tissue

e New illustrated Table 12.1: Types of Sensory and
Motor Fibers of the PNS

e New illustrated Table 12.2: Comparison of Structural
Classes of Neurons

e New Figure 12.3: Schematic of levels of organization
in the nervous system

e New photomicrograph of longitudinal section of a
nerve (Figure 12.8)

e New Figure 12.10: Cross section through the spinal
cord

e New Focus Figure 12.13: Focus on Neuronal
Organization

e New Figure 12.14: Multiple sclerosis, showing an MRI
of patient with MS

Chapter 13 The Central Nervous System
New Clinical Application on amyotrophic lateral
sclerosis

e New photo of ventral view of the brain (Figure 13.10)

¢ New cadaver photo of the brain stem and dien-
cephalon, side-by-side with illustration (Figure 13.11)

¢ New cadaver photo of midsagittal section of the
cerebellum, side-by-side with illustration (Figure
13.13)

¢ New cadaver photo of midsagittal section of the
brain, side-by-side with illustration (Figure 13.14)

e New Figure 13.15: Nuclei of the thalamus and
hypothalamus

¢ New photo of the left lateral view of the brain
(Figure 13.16)

e New Figure 13.21: Auditory pathways to multimodal
association areas

e New cadaver photo of parasaggital of brain, side-by-
side with illustration (Figure 13.22)

Chapter 14 The Peripheral Nervous System
e Formina highlighted in blue in the cranial nerve table
e New Figure 14.6: The functional components of a
spinal nerve
e New Focus Figure 14.10: Innervation of the
Upper Limb



New Focus Figure 14.15: Innervation of the
Lower Limb
New photo of iron lungs for A Closer Look box

Chapter 15 The Autonomic Nervous
System and Visceral Sensory Neurons

New Figure 15.2: Comparison of somatic and
autonomic nervous systems

New Figure 15.6: Sympathetic trunk, showing
three pathways

New Figure 15.11: Baroreceptor reflex

Chapter 16 The Special Senses

New Clinical Application on focusing disorders
Blue step text added to Figure 16.11: Anterior seg-
ment of the eye and circulation of aqueous humor
Blue step text added to Figure 16.21: Role of the
cochlea in hearing

New SEM of a crista ampullaris (Figure 16.23)

Chapter 17 The Endocrine System

New Table 17.1: Pituitary Hormones: Summary of
Regulation and Effects, with illustrations

New Figure 17.2: Three types of endocrine gland
stimuli, compares humoral, neural, and hormonal
stimuli

New Figure 17.4: Relationships of the pituitary gland
and hypothalamus

New Figure 17.8: Stress and the adrenal gland, com-
pares short-term and long-term stress

Chapter 18 Blood

New Clinical Application on abnormal numbers of
immature blood cells

Chapter 19 The Heart

New Focus Figure 19.6: Focus on Blood Flow Through
the Heart

New photomicrograph of cardiac muscle in Figure
19.12: Microscopic anatomy of cardiac muscle

Chapter 20 Blood Vessels

New Table 20.1: Summary of Blood Vessel Anatomy,
with illustrations

New photomicrograph showing an artery and vein

in Figure 20.1: General structure of arteries, veins,
and capillaries

New light micrograph of red blood cells passing
through a capillary (Figure 20.3)

New cadaver photo of superficial veins of the upper
limb, side-by-side with surface anatomy photo (Figure
20.19)

New cadaver photo of veins of the right lower limb,
side-by-side with illustration (Figure 20.22)

New Figure 20.23: Sixty-four-slice CT angiogram of an
abdominal aortic aneurysm.

Chapter 21 The Lymphatic
and Immune Systems

New Figure 21.1: Distribution and special features of
lymphatic capillaries

New cadaver photo of the thymus side-by-side with
photomicrograph (Figure 21.9)

Chapter 22 The Respiratory System

New Clinical Application on tracheotomy
New Figure 22.4: Nasal conchae and paranasal sinus-
es, with cadaver frontal section through the face

e New SEM of cilia in the trachea (Figure 22.7)
e New SEM of pulmonary capillary casts (Figure 22.10)
¢ New cadaver photo of the thoracic cavity and new

cadaver cross section through the thorax (Figure 2.11)
New Figure 22.15: Ventilation
New Figure 22.18: The pathogenesis of COPD

Chapter 23 The Digestive System

New Clinical Applications on impacted tooth

and peptic ulcers

New Table 23.2: Overview of the Functions of the
Gastrointestinal Organs, with illustrations and four
new photomicrographs showing histology of the
mucosa

New cadaver photo of the mesenteries of the
abdominal digestive organs (Figure 23.6)

New photomicrograph of cross section through
the small intestine (Figure 23.7)

New photomicrographs of longitudinal and circular
layers of smooth muscle (Figure 23.8)

New X ray of the mouth of a child of 7 years showing
permanent teeth forming (Figure 23.13)

New cadaver photo of the external aspect of the
stomach (Figure 23.17)

New photomicrograph of small intestine mucosa,
showing villi (Figure 23.20)

New photomicrograph of the normal lobular pattern
of the liver (Figure 23.26)

New photomicrograph of the exocrine acinar cells
of the pancreas (Figure 23.27)

New Figure 23.28: Peptic ulcers, with two new
photos, a gastric ulcer lesion and H. pylori bacteria

Chapter 24 The Urinary System

New side-by-side of cadaver photo with illustration
of the organs of the urinary system (Figure 24.1)
New cadaver photo of the internal anatomy of the
kidney, side-by-side with illustration (Figure 24.3)
New illustration showing blood vessels of the kidney
(Figure 24.4)

New photomicrograph of renal cortical tissue
(Figure 24.8)

New pyelogram showing ureters, kidneys, and
bladder (Figure 24.11)

New Figure 24.13 showing the position of the urinary
bladder in reference to the pelvic organs

Chapter 25 The Reproductive System

New SEM of seminiferous tubule (Figure 25.9)

New SEM of mature sperm (Figure 25.10)

New photomicrograph of the endometrium and its
blood supply (Figure 25.16)

New Figure 25.17 showing the ovarian cycle with six
new photomicrographs showing stages of follicular
development

New Figure 25.23 showing fertilization with micro-
graph of an oocyte side-by-side with illustration
New photo of microscopic view of implantation of
blastocyst (Figure 25.24)

New Figure 25.28 with three photos showing mam-
mogram procedure, film of a normal breast and film
of a breast with tumor.
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Supplements for the Instructor

NEW! Instructor Resource DVD

(0-321-65130-8)

This media tool organizes all instructor media resources by chapter into
one convenient package that allows you to easily and quickly pull together
a lecture and to show animations, including brand-new A&P Flix, from your
PowerPoint® presentations. The IRDVD contains:

O X <L ol o ) N
Full 3-D, movie-quality animations of key anatomical actions and move-
ments invigorate classroom lectures. These animations cover origins,
insertions, actions, and innervations of over 65 individual muscles as
well as group muscle actions and joint movements. These animations
can be launched directly from your PowerPoint presentations.

Note: these animations are available on the myA&P™ companion
website with gradable quizzes.

« All art, photos, and tables from the book in JPEG and ~ =sssseeeerreeseessseeeeeeeeees >
PowerPoint format, including Label-Edit Art with editable leaders and
labels and Step-Edit Art that walks through multistep figures step-by-
step. All photos from A Brief Atlas of the Human Body, Second Edition
are also available.

1. Opon the Label Edit At PPT 2. Soloct the label andior leader 3. Modify th text andior delete
e for the chapter. you want to delete or modify. the leader and labal.

 Instructor Resource Guide

« Test Bank

* Quiz Show Game chapter reviews that encourage
student interaction

Fibrosed area

Fingerprints are coples of

« Active Lecture Questions (for use with or without clickers ) that

stimulate effective classroom discussions and check comprehension ................ B 5. dermal papilas
b. epidermal papillae
- - . dermal ridges
« IRDVD includes Practice Anatomy Lab 2.0 Instructor . opidormal idgos

Resource DVD with Updated Test Bank This DVD includes
everything you need to present and assign PAL 2.0 in your lecture and
lab. Whether it's used for lecture presentation, pre-lab assignments, or
testing, this invaluable resource makes it easy for you to use PAL 2.0 to
fit your course.

NEW! IRDVD with Test Bank for Practice Anatomy Lab 3.0 available with Media Update

(see inside front cover for details.) The IRDVD includes images in PowerPoint with editable labels and
leader lines, labeled and unlabeled images in JPEG and PowerPoint format, JPEGs with single structure highlight
and leader for quizzing and testing, and PowerPoint image slides featuring embedded links to relevant 3D anatomy
animations and bone rotations. Test Bank includes more than 4000 multiple-choice quiz and fill-in-the-blank lab
practical questions available in PDF and TestGen format.
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MasteringA&PTM is an online learning and
assessment system proven to help students learn. It helps
instructors maximize lab time with customizable, easy-to-
assign, automatically graded assessments that motivate
students to learn outside of class and arrive prepared for lab.

+ Get Ready for A&P, Second Edition helps stu-
dents prepare for the course through Pre-Tests, Post-
Tests with Study Plans, tutorials, animations, activities,
and an integrated Pearson eText.

e Chapter-specific resources include Chapter Quizzes and
brand new Chapter Practice Tests; Games and Activities,
featuring Art Labeling Exercises, Memory Games, and
Crossword Puzzles; Histology, Bone, and Muscle
Reviews; Flashcards; a Glossary; and more!

» Practice Anatomy Lab™ 3.0 is an indispensable
virtual anatomy practice tool that gives students 24/7
access to the most widely used lab specimens (includes
self-study quizzes and gradable lab practicals). PAL 3.0
features a whole new interactive cadaver that allows
students to peel back layers of the human cadaver and
view hundreds of brand new dissection photographs
specially commissioned for version 3.0. It also features a
new interactive histology module that allows the students
to view the same tissue slide at varying magnifications,
thereby helping the student identify structures and their
characteristics. Students get more opportunity to practice
via the new question randomization feature (each time
the student retakes a quiz or lab practical a new set of
questions is generated). PAL 3.0 retains all of the key
advantages of 2.0 including the simplicity and ease-of-use
and simulated fill-in-the-blank lab practicals. PAL 3.0 is
delivered in the Study Area of MasteringA&P™ and the
PAL 3.0 Test Bank is fully assignable through MasteringA&P.

» Instructor Gradebook provides unique insight into
student and class performance, even before the first lab
exam. As a result, instructors can spend valuable lab
time where students need it most.

« Instructor Resource Section includes items
from the IRDVD, including JPEG images (labeled and
unlabeled sets), Label-Edit Art and Step-Edit Art, Active
Lecture Questions, and Quiz Show Game Questions.

Course Management

CourseCompass

This nationally hosted, dynamic, interactive online course
management system is powered by Blackboard, the
leading platform for Internet-based learning tools. This
easy-to-use and customizable program enables professors
to tailor content to meet individual course needs. Includes
all of the content from the MasteringA&P study area.

Blackboard

This open-access cartridge is loaded with rich content, in-
cluding self-study quizzes, case studies, a histology tutorial,
reference tools, and hundreds of fun crossword puzzles,
animations, and art labeling activities.

New! New assessment items in the course
management system of your choice, including
CourseCompass, Blackboard, WebCT, and others.

In addition to the Test Bank, you will now have access
to Instructor Test Item assessments for:

e Get Ready for A&P (Diagnostic and Cumulative Tests
and Chapter Pre- and Post-Tests).

¢ Quizzes and lab practicals from Practice Anatomy Lab™
2.0, including images and questions not available in the
student product. Instructors can modify the questions to
reflect the content they want their students to be quizzed
and tested on.

¢ Post-Test versions of the new Chapter Practice Tests on
the myA&P Website.

Instructor Resource Guide

(0-321-65131-6)

The Instructor Guide to the Sixth Edition of Human Anatomy
offers an innovative Teaching with Art feature that explains how
to interpret a key illustration in each chapter during lecture.
This feature also provides an art-related exercise and a visual
critical reasoning challenge for students. As before, the
Instructor Guide offers a host of useful features such as student
objectives, suggested lecture outlines, and lecture hints. Each
chapter lists the available transparencies and provides lists of
media resources, suggested readings, and classroom discus-
sion topics and activities. You will also find answers to the text's
short answer and essay questions and critical reasoning ques-
tions. Each chapter concludes with a Supplementary Student
Materials section containing study-tips pages that you may
elect to photocopy and distribute to your students.

Printed Test Bank

(0-321-65129-4)

This Test Bank has been updated with new and revised ques-
tions that cover all major topics at a range of difficulty levels.
All questions in the printed Test Bank are available in Word
and TestGen formats on the IRDVD. Both electronic options
are cross-platform and allow instructors to easily generate
and customize tests.

Transparency Acetates

(0-321-68315-3)

This package includes all illustrations, photos, and tables from
the text—approximately 800 images—with labels that have
been enlarged for easy viewing in the classroom or lecture hall.

Human Anatomy

Laboratory Manual

(0-321-66706-9)

Elaine N. Marieb’s widely used Human Anatomy Laboratory
Manual with Cat Dissections, Sixth Edition, accompanies this
text. The manual contains 30 gross anatomy and histology
exercises for all major body systems, featuring 24 cat
dissection photos. lllustrated in full color, with a convenient
spiral binding, the lab manual has an accompanying
Instructor’s Guide.
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Supplements for the Student

Practice Anatomy Lab™ 3.0 DVD

(0-321-68211-4)

practice
anatomy
lab

Practice Anatomy Lab (PAL) 3.0 is an indispensable virtual
anatomy study and practice tool that gives students 24/7 access
to the most widely used lab specimens including human cadaver,
anatomical models, histology, cat, and fetal pig.

PAL 3.0 features:

o A whole new interactive cadaver that allows you to peel
back layers of the human cadaver and view hundreds of
brand new dissection photographs.

o A new interactive histology module that allows you to view
the same tissue slide at varying magpnifications, thereby
helping you identify structures and their characteristics.

° More opportunity to practice via the new question
randomization feature. Each time you retake a quiz
or lab practical a new set of questions is generated.

MasteringA&P™

Please see How to Use MasteringA&P™ for a
description (p. ix).

A Brief Atlas of the Human Body,
Second Edition (0-321-66261-x)

This full-color atlas is bundled with every new copy of the text,
and includes 107 bone and 47 soft-tissue photographs with easy-
to-read labels. This new edition of the atlas contains a brand-new,
comprehensive histology photomicrograph
section with more than 50 slides of basic tissue
and organ systems. Featuring photos taken by
renowned biomedical photographer Ralph
Hutchings, this high-quality photographic atlas
makes an excellent resource for the classroom
and laboratory, and is referenced in appropriate
figure legends throughout the text.

Get Ready for A&P, Second Edition

(0-321-55695-X)

This book and online component was created to help you be
better prepared for your A&P course. This hands-on book helps
you get up to speed in your knowledge of basic study skills, math

review, basic chemistry, cell biology,
anatomical terminology, and the human
body. Features include pre-tests, guided
explanations followed by interactive
quizzes and exercises, and end-of-
chapter cumulative tests. The online
component includes a gradable
diagnostic pre-test and post-test, self-
study quizzes with feedback, animations
and links, a glossary, and flashcards. It is
available via myA&P™.

A.D.A.M.® Interactive
Anatomy Student Package

A.D.A.M.® Interactive Anatomy Student Lab Guide,
Third Edition (0-8053-5911-7)

A.D.A.M.® Interactive Anatomy Student Package,
Third Edition, with Windows DVD (0-8053-7232-6)
or Windows CD-ROM (0-8053-9574-1)

AD.AM.® Interactive Anatomy (AlA), version 4.0, is available
packaged with Lafferty and Panella’s A.D.A.M.® Interactive
Anatomy Student Lab Guide, Third Edition, for a special price and
is now available on DVD as well as CD-ROM. With over 20,000
dissectible, atlas, and 3-D anatomy images, AIA also features
female and male anatomical structures, cadaver dissections, and
3-D models of the heart, skull, and lungs. Special icons appearing
within most of the end-of-chapter summaries provide specific
directions for locating related images on the A.D.A.M.® Interactive
CD-ROM. What is more, AlA-related anatomy review questions are
located at the conclusion of most chapters of the text.

Additional Supplements Available
from Benjamin Cummings

The Anatomy Coloring Book, Third Edition
By Wynn Kapit and Lawrence M. Elson

Human Cadaver Dissection Videos by Rose Leigh Vines, et al.
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2 Chapter 1

s you read this book, you will learn about a subject
Athat has fascinated people forever—their own bodies.

The study of human anatomy is not only an interest-
ing and highly personal experience, but also a timely one.
Almost every week, the news media report advances in med-
ical science. Understanding how your body is built and how it
works allows you to appreciate newly developed techniques
for detecting and treating disease and to apply guidelines for
staying healthy. If you are preparing for a career in the health
sciences, your knowledge of human anatomy is the founda-
tion of your clinical practice.

The Human Body: An Orientation

AN OVERVIEW OF ANATOMY

» Define anatomy and physiology, and describe the
subdivisions of anatomy.

» Use the meaning of word roots to aid in understanding
anatomical terminology.

» Name the levels of structural organization in the human
body, and explain their relationships.

» List the organ systems of the body, and briefly state
their functions.

» Classify the levels of structural organization in the body
according to relative and actual size.

Anatomy is the study of the structure of the human body.
It is also called morphology (mor”fol’o-je), the science of
form. An old and proud science, anatomy has been a field of
serious intellectual investigation for at least 2300 years. It
was the most prestigious biological discipline of the 1800s
and is still dynamic.

Anatomy is closely related to physiology, the study of
body function. Although you may be studying anatomy and
physiology in separate courses, the two are truly inseparable,
because structure supports function. For example, the lens of
the eye is transparent and curved; it could not perform its
function of focusing light if it were opaque and uncurved.
Similarly, the thick, long bones in our legs could not support
our weight if they were soft and thin. This textbook stresses
the closeness of the relationship between structure and func-
tion. In almost all cases, a description of the anatomy of a
body part is accompanied by an explanation of its function,
emphasizing the structural characteristics that contribute to
that function. This approach is called functional anatomy.

Branches of Anatomy

Anatomy is a broad field of science consisting of several sub-
disciplines or branches. Each branch of anatomy studies the
body’s structures in a specialized way.

Gross Anatomy

Gross anatomy (gross = large) is the study of body struc-
tures that can be examined by the naked eye—the bones,
lungs, and muscles, for example. An important technique for
studying gross anatomy is dissection (di-sek’shun; “cut
apart”), in which connective tissue is removed from between

the body organs so that the organs can be seen more clearly.
Then the organs are cut open for viewing. The term anatomy
is derived from Greek words meaning “to cut apart.”

Studies of gross anatomy can be approached in several
different ways. In regional anatomy, all structures in a single
body region, such as the abdomen or head, are examined as a
group. In systemic (sis-tem’ik) anatomy, by contrast, all the
organs with related functions are studied together. For exam-
ple, when studying the muscular system, you consider the
muscles of the entire body. The systemic approach to
anatomy is best for relating structure to function. Therefore, it
is the approach taken in most college anatomy courses and in
this book. Medical schools, however, favor regional anatomy
because many injuries and diseases involve specific body re-
gions (sprained ankle, sore throat, heart disease); further-
more, surgeons need extensive and detailed knowledge of
each body region.

Another subdivision of gross anatomy is surface
anatomy, the study of shapes and markings (called land-
marks) on the surface of the body that reveal the underlying
organs. This knowledge is used to identify the muscles that
bulge beneath the skin in weight lifters, and clinicians use it
to locate blood vessels for placing catheters, feeling pulses,
and drawing blood. Clinically useful surface landmarks are
described throughout the text in reference to the organ system
that they relate to. The end of Chapter 11 integrates the
anatomical relationships between skeletal and muscular
structures through the study of surface anatomy.

Microscopic Anatomy

Microscopic anatomy, or histology (his-tol'o-je; “tissue
study”), is the study of structures that are so small they can be
seen only with a microscope. These structures include cells
and cell parts; groups of cells, called tissues,; and the micro-
scopic details of the organs of the body (stomach, spleen, and
so on). A knowledge of microscopic anatomy is important
because physiological and disease processes occur at the
cellular level.

Other Branches of Anatomy

Two branches of anatomy explore how body structures form,
grow, and mature. Developmental anatomy traces the struc-
tural changes that occur in the body throughout the life span
and the effects of aging. Embryology is the study of how
body structures form and develop before birth. A knowledge
of embryology helps you understand the complex design of
the adult human body and helps to explain birth defects,
which are anatomical abnormalities that occur during embry-
onic development and are evident after birth.

Some specialized branches of anatomy are used primarily
for medical diagnosis and scientific research. Pathological
(pah-tho-loj’i-kal) anatomy deals with the structural changes
in cells, tissues, and organs caused by disease. (Pathology
is the study of disease.) Radiographic (ra”de-o’graf’ic)
anatomy is the study of internal body structures by means of
X-ray studies and other imaging techniques (see pp. 15-19).
Functional morphology explores the functional properties of
body structures and assesses the efficiency of their design.
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FIGURE 1.1 Levels of structural complexity in the cardiovascular system.

Anatomical Terminology

Most anatomical terms are based on ancient Greek or Latin
words. For example, the arm is the brachium (bra’ke-um;
Greek for “arm”), and the thigh bone is the femur (fe'mer;
Latin for “thigh”). This terminology, which came into use
when Latin was the official language of science, provides a
standard nomenclature that scientists can use worldwide, no
matter what language they speak. Learning anatomical
terminology can be difficult, but this text will help you by
explaining the origins of selected terms as you encounter
them. For further help, see the Glossary in the back of the

book, and the list of word roots in the inside covers of the
book.*

The Hierarchy of Structural
Organization

The human body has many levels of structural complexity
(Figure 1.7). At the chemical level, atoms, the tiny building
blocks of matter, combine to form small molecules, such

*For a guide to pronunciation, see the Glossary.
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(a) Integumentary System
Forms the external body covering, and
protects deeper tissues from injury.
Synthesizes vitamin D and houses
cutaneous (pain, pressure, etc.) receptors
and sweat and oil glands.

Thyroid
gland

Thymus

Adrenal
gland

Pancreas

(d) Nervous System
As the fast-acting control system of the
body, it responds to internal and external
changes by activating appropriate
muscles and glands. cells.

(b) Skeletal System
Protects and supports body organs and
provides a framework the muscles use
to cause movement. Blood cells are
formed within bones. Bones store minerals.

=

=% A

(e) Endocrine System
Glands secrete hormones that regulate
processes such as growth, reproduction,
and nutrient use (metabolism) by body

Skeletal
muscles

(c) Muscular System
Allows manipulation of the environment,
locomotion, and facial expression.
Maintains posture and produces heat.

Pineal glan |
)

Pituitary { |

gland ’ ) \

J

Blood
vessels /

(f) Cardiovascular System
Blood vessels transport blood, which
carries oxygen, carbon dioxide,
nutrients, wastes, etc. The heart pumps
blood.

The body’s organ systems and their major functions.

as carbon dioxide (CO,) and water (H,O), and larger
macromolecules (macro = big). Four classes of macromol-
ecules are found in the body: carbohydrates (sugars), lipids
(fats), proteins, and nucleic acids (DNA, RNA). These
macromolecules are the building blocks of the structures at
the cellular level: the cells and their functional subunits,
called cellular organelles. Cells are the smallest living things
in the body, and you have trillions of them.

The next level is the tissue level. A tissue is a group of cells
that work together to perform a common function. Only four
tissue types make up all organs of the human body: epithelial

tissue (epithelium), connective tissue, muscle tissue, and ner-
vous tissue. Each tissue plays a characteristic role in the body
(see Chapter 4). Briefly, epithelium (ep”i-the’le-um) covers the
body surface and lines its cavities; connective tissue supports
the body and protects its organs; muscle tissue provides move-
ment; and nervous tissue provides fast internal communication
by transmitting electrical impulses.

Extremely complex physiological processes occur at the
organ level. An organ is a discrete structure made up of more
than one tissue. Most organs contain all four tissues. The
liver, brain, femur, and heart are good examples. You can
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Lymphatic
vessels

Thoracic

(g) Lymphatic System/Immunity
Picks up fluid leaked from blood vessels
and returns it to blood. Disposes
of debris in the lymphatic stream.
Houses white blood cells (lymphocytes)

\EEY:]
cavity

Pharynx

Larynx
Trachea

Lung

(h) Respiratory System
Keeps blood constantly supplied with
oxygen and removes carbon dioxide.
The gaseous exchanges occur through
the walls of the air sacs of the lungs.
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Oral cavity

Esophagus

Larges
intestine

(i) Digestive System
Breaks down food into absorbable units
that enter the blood for distribution to
body cells. Indigestible foodstuffs are
eliminated as feces.

involved in immunity. The immune
response mounts the attack against
foreign substances within the body.

Mammary
glands (in
breasts)

Prostate

Urinary e °

bladder
Urethra

Testis
Scrotum

(i) Urinary System
Eliminates nitrogenous wastes from the
body. Regulates water, electrolyte and
acid-base balance of the blood.

(k) Male Reproductive System

(I) Female Reproductive System

Overall function is production of offspring. Testes produce sperm and male sex hormone,
and male ducts and glands aid in delivery of sperm to the female reproductive tract. Ovaries
produce eggs and female sex hormones. The remaining female structures serve as sites for
fertilization and development of the fetus. Mammary glands of female breasts produce

milk to nourish the newborn.

The body’s organ systems and their major functions, continued.

think of each organ in the body as a functional center respon-
sible for an activity that no other organ can perform.

Organs that work closely together to accomplish a com-
mon purpose make up an organ system, the next level. For ex-
ample, organs of the cardiovascular system—the heart and
blood vessels (Figure 1.1)—transport blood to all body tissues.
Organs of the digestive system—the mouth, esophagus, stom-
ach, intestine, and so forth—break down the food we eat so
that we can absorb the nutrients into the blood. The body’s

organ systems are the integumentary (skin), skeletal, muscu-
lar, nervous, endocrine, cardiovascular, lymphatic, immune,
respiratory, digestive, urinary, and reproductive systems.*

gives a brief overview of the organ systems and
their basic functions.

*The cardiovascular and lymphatic systems are collectively known as the circulatory system
because of their interrelated roles in circulating fluids (blood and lymph) through the body.
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The highest level of organization is the organismal
level; for example, the human organism is a whole living per-
son (see Figure 1.1). The organismal level is the result of all
of the simpler levels working in unison to sustain life.

Scale: Length, Volume, and Weight

To describe the dimensions of cells, tissues, and organs,
anatomists need a precise system of measurement. The
metric system, described in detail in Appendix A, provides
such precision. Familiarity with this system lets you under-
stand the sizes, volumes, and weights of body structures.

An important unit of length is the meter (m), which is a
little longer than a yardstick. If you are 6 feet tall, your height
is 1.83 meters. Most adults are between 1.5 and 2 meters tall.
A centimeter (cm) is a hundredth of a meter (cent =
hundred). You can visualize this length by remembering that a
nickel is about 2 cm in diameter. Many of our organs are sev-
eral centimeters in height, length, and width. A micrometer
(um) is a millionth of a meter (micro = millionth). Cells, or-
ganelles (structures found inside cells), and tissues are mea-
sured in micrometers. Human cells average about 10 um in
diameter, although they range from 5 ym to 100 wm. The
human cell with the largest diameter, the egg cell (ovum), is
about the size of the tiniest dot you could make on this page
with a pencil.

The metric system also measures volume and weight
(mass). A liter () is a volume slightly larger than a quart; soft
drinks are packaged in 1-liter and 2-liter bottles. A milliliter
(ml) is one-thousandth of a liter (milli = thousandth). A
kilogram (kg) is a mass equal to about 2.2 pounds, and a
gram (g) is a thousandth of a kilogram (kilo = thousand).

check your understanding

1. What is the difference between histology and
radiography?

2. Use the word root definitions located in the end
pages of this text to define each of the terms listed:
pathology, hepatitis, brachial, leukocyte, pneumonia.

3. Define a tissue. List the four types of tissues in the
body, and briefly state the function of each.

4. Name the organ system described in each of the
following: (a) eliminates wastes and regulates water
and ion balance; (b) fast-acting control system that
integrates body activities; (c) supplies blood with
oxygen and removes carbon dioxide.

For answers, see Appendix B.

GROSS ANATOMY:
AN INTRODUCTION

» Define the anatomical position.

» Use anatomical terminology to describe body directions,
regions, and planes.

» Describe the basic structures that humans share with
other vertebrates.

» Locate the major body cavities and their subdivisions.

» Name the nine regions and four quadrants of the
abdomen, and name the visceral organs associated with
these regions.

Regional and Directional Terms

To accurately describe the various body parts and their loca-
tions, you need to use a common visual reference point. This
reference point is the anatomical position (Figure 1.3a). In
this position, a person stands erect with feet together and eyes
forward. The palms face anteriorly with the thumbs pointed
away from the body. It is essential to learn the anatomical po-
sition because most of the directional terminology used in
anatomy refers to the body in this position. Additionally, the
terms right and left always refer to those sides belonging to
the person or cadaver being viewed—not to the right and left
sides of the viewer.

Regional terms are the names of specific body areas.
The fundamental divisions of the body are the axial and
appendicular (ap”en-dik'u-lar) regions. The axial region, so
named because it makes up the main axis of the body, con-
sists of the head, neck, and trunk. The trunk, in turn, is di-
vided into the thorax (chest), abdomen, and pelvis; the trunk
also includes the region around the anus and external genitals,
called the perineum (per”i-ne’um; “around the anus”). The
appendicular region of the body consists of the limbs,
which are also called appendages or extremities. The funda-
mental divisions of the body are subdivided into smaller re-
gions, as shown in Figure 1.3.

Standard directional terms are used by medical personnel
and anatomists to explain precisely where one body structure
lies in relation to another. For example, you could describe
the relationship between the eyebrows and the nose infor-
mally by stating, “The eyebrows are at each side of the face to
the right and left of the nose and higher than the nose.” In
anatomical terminology, this is condensed to, “The eyebrows
are lateral and superior to the nose.” Clearly, the anatomical
terminology is less wordy and confusing. The standardized
terms of direction are defined and illustrated in Table 1.7,
p- 8. Most often used are the paired terms superior/inferior,
anterior (ventral)/posterior (dorsal), medial/lateral, and
superficial/deep.

Body Planes and Sections

In the study of anatomy, the body is often sectioned (cut)
along a flat surface called a plane. The most frequently used
body planes are sagittal, frontal, and transverse planes, which
lie at right angles to one another (Figure 1.4). A section
bears the name of the plane along which it is cut. Thus, a cut
along a sagittal plane produces a sagittal section.

A frontal (coronal) plane lies vertically and divides
the body into anterior and posterior parts (Figure 1.4a).
A transverse (horizontal) plane runs horizontally from right
to left, dividing the body into superior and inferior parts
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Axial region Appendicular
region
Cephalic (head) Cephalic
Frontal Otic
Orbital Occipital (back
Nasal of head)
Oral Upper limb
Me'_‘tal Acromial Cervical
Cervical (neck) Brachial (N
Antecubital

Olecranal

Thoracic A
Sternal B
Axillary Antebrachial aS?:I;F()(:::;rrsal)
Mammary (forearm)
Carpal (wrist) Vertebral
Abdominal 1 '
Umbilical Lumbar
Manus (hand)
Pelvic Pollex Sacral
Inguinal Metacarpal
(groin) Palmar Gluteal

Digital

Lower limb
Coxal (hip)
Femoral (thigh)
Patellar

Pubic (genital)

. Thorax
- Abdomen

. Back (Dorsum)

Plantar

Tarsal (ankle)

Perineal (between
anus and external
genitalia)

Hallux

i
o

(a) Anterior/Ventral

FIGURE 1.3 Anatomic position and regional terms.

(Figure 1.4b). A transverse section is also called a cross
section. Sagittal planes (sag'i-tal; “arrow”) are vertical, like
frontal planes, but divide the body into right and left parts
(Figure 1.4c). The specific sagittal plane that lies exactly
in the midline is the median plane, or midsagittal plane.
All other sagittal planes, offset from the midline, are
parasagittal (para = near).

Cuts made along any plane that lies diagonally between
the horizontal and the vertical are called oblique sections.
Not frontal, transverse, or sagittal, such oblique sections are
difficult to interpret because the orientation of the view is not
obvious. For this reason, oblique sections are seldom used.

The ability to interpret sections through the body, espe-
cially transverse sections, is increasingly important in the
clinical sciences. New medical imaging devices described
on pp. 16-19 produce sectional images rather than three-
dimensional images. It can be difficult, however, to decipher

Popliteal
Crural (Ieg)\.
Sural (calf)
Fibular or peroneal \
Pedal (foot)
Calcaneal
Metatarsal

(b) Posterior/Dorsal

an object’s overall shape from a sectional view alone. A cross
section of a banana, for example, looks like a circle and gives no
indication of the whole banana’s crescent shape. Sometimes,
you must mentally assemble a whole series of sections to un-
derstand the true shape of an object. With practice, you will
gradually learn to relate two-dimensional sections to three-
dimensional shapes.

Anatomical Variability

You know from looking at the faces and body shapes of the
people around you that humans differ in their external
anatomy. The same kind of variability holds for internal or-
gans as well. Thus, not every structural detail described in an
anatomy book is true of all people or of all the cadavers
(dead bodies) you observe in the anatomy lab. In some bod-
ies, for example, a certain blood vessel may branch off
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@ Orientation and Directional Terms

Term

Superior (cranial)

Inferior (caudal)

Anterior (ventral)*

Posterior (dorsal)*

Medial

Lateral

Proximal

Distal

Superficial (external)

Deep (internal)

Ipsilateral

Contralateral

Definition

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

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

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

Toward or at the back of the body; behind

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

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

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

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

Toward or at the body surface

Away from the body surface; more internal

On the same side

On opposite sides

==

-

[\

-— S~ —
-

e

*Whereas the terms ventral and anterior are synonymous in humans, this is not the case in four-
legged animals. Ventral specifically refers to the “belly” of a vertebrate animal and thus is the

inferior surface of four-legged animals. Likewise, although the dorsal and posterior surfaces are the
same in humans, the term dorsal specifically refers to an animal’s back. Thus, the dorsal surface of

four-legged animals is their superior surface.

Example

The head is superior to the abdomen.

The navel is inferior to the chin.

The breastbone is anterior to the spine.

The heart is posterior to the breastbone.

The heart is medial to the arm.

The arms are lateral to the chest.

The elbow is proximal to the wrist.

The knee is distal to the thigh.

The skin is superficial to the skeletal muscles.

The lungs are deep to the skin.

The right hand and right foot are ipsilateral.

The right hand and left foot are contralateral.
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FIGURE 1.4 Planes of the body with corresponding magnetic resonance imaging
(MRI) scans.
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pouches

(a) Generalized vertebrate

Pharyngeal
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(b) Human embryo; 5 weeks postconception

FIGURE 1.5 Basic human body plan, indicated by structures shared among all
vertebrates. The bodies are shown as semitransparent to reveal the internal organs.

higher than usual, a nerve or vessel may be somewhat “out of
place,” or a small muscle may be missing. Such minor varia-
tions are unlikely to confuse you, however, because well
over 90% of all structures present in any human body match
the textbook descriptions. Extreme anatomical variations are
seldom seen, because they are incompatible with life. For ex-
ample, no living person could be missing the blood vessels
to the brain.

The Human Body Plan

Humans belong to the group of animals called vertebrates.
This group also includes cats, rats, birds, lizards, frogs, and
fish. All vertebrates share the following basic features
(Figure 1.5):

1. Tube-within-a-tube body plan. The inner tube extends
from the mouth to the anus and includes the respiratory
and digestive organs (yellow structures in Figure 1.5).
The outer tube consists of the axial skeleton and associ-
ated axial muscles that make up the outer body wall, and
nervous structures.

Muscle segments
(myotomes)

Muscle segments
(myotomes)

Muscle
segments
(muscles
between
ribs) — _
.-/ ' Spinal
f - e
Heart :
. Vertebrae
Disc
between
vertebrae

Digestive 4/<\

tube

(c) Adult human

|:| Inner tube

D Dorsal hollow nerve tube
- Segmented outer tube
|:| Notochord

Bilateral symmetry. The left half of the body is essentially
a mirror image of the right half. Most body structures,
such as the right and left hands, eyes, and ovaries, occur
in pairs. Structures in the median plane are unpaired, but
they tend to have identical right and left sides (the nose is
an example).

Dorsal hollow nerve cord. All vertebrate embryos have a
hollow nerve cord running along their back in the median
plane. This cord develops into the brain and spinal cord.

Notochord and vertebrae. The notochord (no’to-kord;
“back string”) is a stiffening rod in the back just deep to
the spinal cord. In humans, a complete notochord forms
in the embryo, although most of it is quickly replaced by
the vertebrae (ver'té-bre), the bony pieces of the verte-
bral column, or backbone. Still, some of the notochord
persists throughout life as the cores of the discs between
the vertebrae (see “nucleus pulposus,” p. 169).

Segmentation. The “outer tube” of the body shows evi-
dence of segmentation. Segments are repeating units of
similar structure that run from the head along the full
length of the trunk. In humans, the ribs and the muscles
between the ribs are evidence of segmentation, as are the
many nerves branching off the spinal cord. The bony
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FIGURE 1.6 Dorsal and ventral body cavities and their subdivisions.

vertebral column, with its repeating vertebrae, is also
segmented.

Pharyngeal pouches. Humans have a pharynx (far’'-
ingks), which is the throat region of the digestive and res-
piratory tube. In the embryonic stage, the human pharynx
has a set of outpocketings called pharyngeal (far-rin’je-
al) pouches that correspond to the clefts between the gills
of fish. Such pouches give rise to some structures in the
head and neck. An example is the middle ear cavity,
which runs from the eardrum to the pharynx.

Body Cavities and Membranes

Within the body are two large cavities called the dorsal and
ventral cavities (Figure 1.6). These are closed to the outside,
and each contains internal organs. Think of them as filled
cavities, like toy boxes containing toys.

Dorsal Body Cavity

The dorsal body cavity is subdivided into a cranial cavity,
which lies in the skull and encases the brain, and a vertebral
cavity, which runs through the vertebral column to enclose
the spinal cord. The hard, bony walls of this cavity protect the
contained organs.

Ventral Body Cavity

The more anterior and larger of the closed body cavities is the
ventral body cavity (see Figure 1.6). The organs it contains,

such as the lungs, heart, intestines, and kidneys, are called
visceral organs or viscera (vis'er-ah). The ventral body
cavity has two main divisions: (1) a superior thoracic cavity,
surrounded by the ribs and the muscles of the chest wall;
and (2) an inferior abdominopelvic (ab-dom” i-no-pel’vic)
cavity surrounded by the abdominal walls and pelvic girdle.
The thoracic and abdominal cavities are separated from each
other by the diaphragm, a dome-shaped muscle used in
breathing.

The thoracic cavity has three parts: (a) two lateral parts,
each containing a lung surrounded by a pleural cavity (ploo’
ral; “the side, a rib”), and (b) a central band of organs called
the mediastinum (me” de-ah-sti’'num; “in the middle”). The
mediastinum contains the heart surrounded by a pericardial
(per”i-kar’de-al; “around the heart”) cavity. It also houses
other major thoracic organs, such as the esophagus and tra-
chea (windpipe).

The abdominopelvic cavity is divided into two parts. The
superior part, called the abdominal cavity, contains the liver,
stomach, kidneys, and other organs. The inferior part, or
pelvic cavity, contains the bladder, some reproductive or-
gans, and the rectum. These two parts are continuous with
each other, not separated by any muscular or membranous
partition. Many organs in the abdominopelvic cavity are sur-
rounded by a peritoneal (per”i-to-ne’al) cavity.
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FIGURE 1.7 The serous cavities and their associated membranes.

Serous Cavities

The previous section mentioned the pleural cavity around the
lung, the pericardial cavity around the heart, and the
peritoneal cavity around the viscera in the abdominopelvic
cavity. As shown in Figure 1.7, each of these serous cavities
is a slitlike space lined by a serous (se’rus) membrane, or
serosa (se-ro’sah; plural, serosae). Indicated by the red lines
in Figure 1.7, these serous membranes are named pleura,
serous pericardium, and peritoneum, respectively. The part
of a serosa that forms the outer wall of the cavity is called the
parietal (pah-ri’é-tal; “wall”) serosa. The parietal serosa is
continuous with the inner, visceral serosa, which covers the
visceral organs. You can visualize this relationship by push-
ing your fist into a limp balloon (Figure 1.7d). The part of the
balloon that clings to your fist represents the visceral serosa
on the organ’s (your fist’s) outer surface, the outer wall of the
balloon represents the parietal serosa, and the balloon’s thin
airspace represents the serous cavity itself. Serous cavities do

not contain air, however, but a thin layer of serous fluid
(serous = watery). This fluid is secreted by both serous
membranes.

The slippery serous fluid allows the visceral organs to
slide with little friction across the cavity walls as they carry
out their routine functions. This freedom of movement is ex-
tremely important for organs that move or change shape, such
as the pumping heart and the churning stomach.

Abdominal Regions and Quadrants

Because the abdominopelvic cavity is large and contains many
organs, it is helpful to divide it into smaller areas for study. In
one method of division, two transverse planes and two
parasagittal planes divide the abdomen into nine regions
(Figure 1.8): the right and left hypochondriac regions, the epi-
gastric region, the right and left lumbar regions, the umbilical
region, the right and left iliac regions, and the hypogastric re-
gion. These nine regions are discussed in more detail in
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Chapter 23. For localizing organs in a more general way, an al-
ternative scheme divides the abdomen into just four quadrants
(“quarters”) by drawing one vertical and one horizontal plane
through the navel (Figure 1.8c). You can use Figure 1.8b and ¢
to become familiar with the locations of some of the major vis-
cera, such as the stomach, liver, and intestines.

The rib cage is commonly thought of as protection for the
thoracic organs, but you can see from Figure 1.8b that the
organs in the most superior part of the abdomen are also pro-
tected. The liver and the spleen, two blood-rich organs partic-
ularly vulnerable to injury, are protected by the surrounding
rib cage on the right and left sides, respectively.

Gallbladder

Ascending colon of
large intestine

Small intestine
Cecum
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sigmoid colon
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(b) Anterior view of the nine regions showing the superficial organs

FIGURE 1.8 Abdominal regions and quadrants. In (a), the
superior transverse plane is just inferior to the rib cage; the inferior
transverse plane is near the top of the hip bones. The two
parasagittal planes lie just medial to the nipples. In (c), the two
planes through the abdominopelvic cavity, one horizontal and one
vertical, intersect at the navel.

check your understanding

5. Use Figure 1.8 and the directional terms in Table 1.1
to describe the location of the liver in reference to the
heart.

6. Which tube of the body shows evidence of
segmentation, the outer tube or the inner tube?

7. What is the outer layer of serous membrane that lines
the pleural cavity called?

For answers, see Appendix B.
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Cytoplasm

(c) Scanning electron micrograph, artificially colored (2900 x)

FIGURE 1.9 Cells viewed by three types of microscopy.
(a) Light micrograph of ciliated epithelium. (b) Transmission
electron micrograph showing enlarged area of the cell region
that is indicated in the box in part (a). (c) Scanning electron
micrograph: surface view of cells lining the trachea, or windpipe.
The long, grasslike structures on the surfaces of these cells

are cilia, and the tiny knoblike structures are microvilli

(see Chapter 4, p. 76).

MICROSCOPIC ANATOMY:
AN INTRODUCTION

» Explain how human tissue is prepared and examined for
its microscopic structure.

» Distinguish tissue viewed by light microscopy from that
viewed by electron microscopy.

Light and Electron Microscopy

Microscopy is the examination of small structures with a
microscope. When microscopes were introduced in the early
1600s, they opened up a tiny new universe whose existence
was unsuspected before that time. Two main types of micro-
scopes are now used to investigate the fine structure of
organs, tissues, and cells: the light microscope (LM) and
the transmission electron microscope (TEM or just EM).
Light microscopy illuminates body tissue with a beam of light,
whereas electron microscopy uses a beam of electrons. LM is
used for lower-magnification viewing; EM, for higher magni-
fication (Figure 1.9a and b, respectively). Light microscopy
can produce sharp, detailed images of tissues and cells, but
not of the small structures within cells (organelles). A light
microscope’s low resolution—its inability to reveal small
structures clearly—remains its basic limitation, despite tech-
nical advances that have greatly improved the quality of LM
images. EM, by contrast, uses electron beams of much
smaller wavelength to produce sharp images at much greater
magnification, thus revealing the fine details of cells and
tissues.

Elaborate steps are taken to prepare tissue for micro-
scopic viewing. The specimen must be fixed (preserved) and
then cut into sections (slices) thin enough to transmit light or
electrons. Finally, the specimen must be stained to enhance
contrast. The stains used in light microscopy are beautifully
colored organic dyes, most of which were originally devel-
oped by clothing manufacturers in the mid-1800s (Figure
1.9a). These dyes helped to usher in the golden age of
microscopic anatomy from 1860 to 1900. The stains come in
almost all colors. Many consist of charged molecules (nega-
tive or positive molecules) of dye that bind within the tissue
to macromolecules of the opposite charge. This electrical
attraction is the basis of staining. Dyes with negatively
charged molecules are called acidic stains. Positively
charged dyes, by contrast, are called basic stains. Because
different parts of cells and tissues take up different dyes, the
stains distinguish the different anatomical structures.

One of the most commonly used histological stains is
a combination of two dyes, hematoxylin and eosin (H&E
stain). Hematoxylin is a basic stain that binds to the acidic
structures of the cell (the nucleus, ribosomes, rough ER) and
colors them a dark blue to purple hue. Eosin, an acidic stain,
binds to basic cytoplasmic structures and extracellular com-
ponents, coloring them red to pink. Many of the micrographs
throughout this text show tissues stained with H&E. In Figure
1.9a, for example, the dark, almost black, spots are the cell



nuclei, the cellular cytoplasm is magenta, and the extracellu-
lar material in the bottom half of the image is stained a lighter
pink. A variety of other stains can be used to illuminate spe-
cific structures. Some of these stains create strikingly beauti-
ful images of detailed histological structure.

For transmission electron microscopy, tissue sections are
stained with heavy-metal salts. These metals deflect electrons
in the beam to different extents, thus providing contrast in the
image. Electron-microscope images contain only shades of
gray because color is a property of light, not of electron
waves. The image may be artificially colored to enhance con-
trast (Figure 1.9b).

Scanning Electron Microscopy

The types of microscopy introduced so far are used to view
cells and tissue that have been sectioned. Another kind of
electron microscopy, scanning electron microscopy (SEM),
provides three-dimensional pictures of whole, unsectioned
surfaces with striking clarity (Figure 1.9c). First, the
specimen is preserved and coated with fine layers of carbon
and gold dust. Then, an electron beam scans the specimen,
causing other, secondary electrons to be emitted from its sur-
face. A detector captures these emitted electrons and assem-
bles them into a three-dimensional image on a video screen
(cathode ray tube), based on the principle that more electrons
are produced by the higher points on the specimen surface
than by the lower points. Although artificially constructed,
the SEM image is accurate and looks very real. Like all elec-
tron-microscopy images, the original is in black and white,
although it can be colored artificially to highlight structural
details (Figure 1.9c).

Artifacts

The preserved tissue seen under the microscope has been ex-
posed to many procedures that alter its original condition.
Because each preparatory step introduces minor distortions,
called artifacts, most microscopic structures viewed by
anatomists are not exactly like those in living tissue.
Furthermore, the human and animal corpses studied in the
anatomy laboratory have also been preserved, so their organs
have a drabber color and a different texture from living or-
gans. Keep these principles in mind as you look at the micro-
graphs (pictures taken with a microscope) and the photos of
human cadavers in this book.

check your understanding

8. In tissue stained with H&E stain, what color are the
cellular nuclei?

9. Which type of microscopy produces detailed
three-dimensional images of the surface features
of a structure?

For answers, see Appendix B.
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CLINICAL ANATOMY: AN
INTRODUCTION TO MEDICAL
IMAGING TECHNIQUES

» Describe the medical imaging techniques that are used
to visualize structures inside the bodly.

Physicians have long sought ways to examine the body’s
internal organs for evidence of disease without subjecting the
patient to the risks of exploratory surgery. Physicians can iden-
tify some diseases and injuries by feeling the patient’s deep or-
gans through the skin or by using traditional X rays. Powerful
new techniques for viewing the internal anatomy of living peo-
ple continue to be developed. These imaging techniques not
only reveal the structure of functioning internal organs but also
can yield information about the workings of molecules. The
new techniques all rely on powerful computers to construct im-
ages from raw data transmitted by electrical signals.

X-Ray Imaging

Before considering the new techniques, you need to under-
stand traditional X-ray images, because these still play the
major role in medical diagnosis (Figure 1.10a). Discovered
quite by accident in 1895 and used in medicine ever since, X
rays are electromagnetic waves of very short wavelength.
When X rays are directed at the body, some are absorbed. The
amount of absorption depends on the density of the matter en-
countered. X rays that pass through the body expose a piece of
film behind the patient. The resulting image (radiograph) is a
negative: The darker, exposed areas on the film represent soft
organs that are easily penetrated by X rays, whereas light, un-
exposed areas correspond to denser structures, such as bones,
that absorb most X rays.

X-ray images are best for visualizing bones and for locat-
ing abnormal dense structures, such as some tumors and tu-
berculosis nodules in the lungs. Mammography (“breast
image”) uses low-dose X rays to screen for tumors in the
breast (Figure 1.10b), and bone density scans use X rays of
the lower back and hip to screen for osteoporosis (“porous
bone”). X-ray examination of hollow soft tissue organs is en-
hanced by the use of a contrast medium, a liquid that con-
tains atoms of a heavy element such as barium that absorb
more passing X rays. The contrast medium is injected or
ingested, depending on the structure to be examined, to fill
organs of interest and allow better visualization of these soft
tissue structures. The gastrointestinal (“stomach intestine”)
tract is commonly examined using this procedure (upper and
lower GI imaging) to screen for ulcers or tumors.

In many instances, conventional X-ray images are very
informative; however, conventional X-ray studies have sev-
eral limitations that have prompted clinicians to seek more
advanced imaging techniques. First, X-ray images, especially
those of soft tissues, can be blurry. Second, conventional X-
ray images flatten three-dimensional body structures into two
dimensions. Consequently, organs appear stacked one on top
of another. Even more problematic, denser organs block the
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FIGURE 1.10 X-ray images.

less dense organs that lie in the same path. For improved
images, particularly of soft tissues, clinicians use computer-
assisted imaging techniques that produce sectional images of
the body’s interior.

Advanced X-Ray Techniques
Computed Tomography

One of the more useful modern imaging techniques is a re-
fined X-ray technology called computed tomography (CT),
or computed axial tomography (CAT) (Figure 1.11). ACT
scanner is shaped like a square metal nut (as in “nuts and
bolts”) standing on its side. The patient lies in the central
hole, situated between an X-ray tube and a recorder, both of
which are in the scanner. The tube and recorder rotate to take
about 12 successive X-ray images around the person’s full
circumference. Because the fan-shaped X-ray beam is thin,
all pictures are confined to a single transverse body plane
about 0.3 cm thick. This explains the term axial tomography,
which literally means “pictures of transverse sections taken
along the body axis.” Information is obtained from all around
the circumference so that every organ is recorded from its
best angle, with the fewest structures blocking it. The com-
puter translates all the recorded information into a detailed
picture of the body section, which it displays on a viewing
screen. CT produces superb images of soft tissue as well as of
bone and blood vessels. CT is a fast and relatively inexpen-
sive test. It can be used quickly and readily in trauma situa-
tions to assess internal injury. CT does use X rays to produce
images, so it does pose some, although minimal, concern
about radiation exposure. CT is less useful for nervous tissue
structures and for joint images, particularly the knee and
shoulder, because bone can obscure the joint details.
However, because it is less costly than magnetic resonance
imaging (MRI, described on p. 18), and its use less restric-
tive, CT is an essential diagnostic tool for clinicians.

(b) Mammogram (cancerous tumor at
arrow)

Angiography

Angiography (“vessel image”) is a technique that produces
images of blood vessels. A contrast medium is injected into a
vessel and distributed via the vascular system. Images of the
vessels of interest are recorded using either conventional
radiography or a digitally assisted imaging technique such as
a CT scan or an MRI. The contrast medium highlights the
vessel structure and allows for clear visualization of blood
vessels. This procedure is used for diagnosing aneurisms
(ballooning out of a vessel due to weakening of the vessel
wall) and atherosclerosis (narrowing of blood vessels due to
the buildup of fatty plaques) and for identifying a source of
internal bleeding.

An extension of angiography, digital subtraction an-
giography (DSA) provides an unobstructed view of small ar-
teries (Figure 1.12). In this procedure, images of the vessel
are taken before and after the injection of contrast medium.
The computer subtracts the “before” image from the “after”
image, eliminating all traces of body structures that obscure
the vessel. DSA is often used to identify blockage of the ar-
teries that supply the heart wall and the brain.

Positron Emission Tomography

Positron emission tomography (PET) (Figure 1.13) is an
advanced procedure that produces images by detecting
radioactive isotopes injected into the body. The special ad-
vantage of PET is that its images indicate regions of cellular
activity. For example, radioactively tagged sugar or water
molecules are injected into the bloodstream and traced to
the body areas that take them up in the greatest quantity.
This procedure identifies the body’s most active cells and
pinpoints the body regions that receive the greatest supply of
blood. As the radioactive material decays, it gives off energy
in the form of gamma rays. Sensors within the doughnut-



Chapter 1 The Human Body: An Orientation 17

L=\

Inferior
vena cava

Aorta

Spleen

Left kidney

Thoracic
vertebra

=

FIGURE 1.11 Computed tomography (CT). CT scan through the upper abdomen. CT
sections are conventionally oriented as if viewed from an inferior direction, with the
posterior surface of the body directed toward the inferior part of the picture; therefore,
the patient’s right side is at the left side of the picture.
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FIGURE 1.13 Positron emission tomography (PET). A PET

FIGURE 1.12 Digital subtraction angiography (DSA). A scan of the brain, in transverse section, shows an area with no

DSA image of the arteries that supply the heart. neural activity (the frontal region of the brain at upper left).
This area was destroyed by a stroke.
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FIGURE 1.14 Ultrasound image of a fetus in the uterus.

shaped scanner pick up the emitted gamma rays, which are
translated into electrical impulses and sent to the computer. A
picture of the isotope’s location is then constructed on the
viewing screen in vivid colors (Figure 1.13).

PET is used to assess the functional flow of blood to the
heart and brain. By mapping increases in blood flow, it can
depict which areas of the normal brain are most active during
certain tasks (speech, seeing, comprehension), thereby pro-
viding direct evidence for the functions of specific brain re-
gions. The resolution of a PET image is low, however, and the
image takes a relatively long time to form, so PET cannot
record fast changes in brain activity. PET is gradually being
eclipsed by functional MRI.

Sonography

In sonography, or ultrasound imaging (Figure 1.14), the
body is probed with pulses of high-frequency (ultrasonic)
sound waves that reflect (echo) off the body’s tissues. A com-
puter analyzes the echoes to construct sectional images of the
outlines of organs. A handheld device that looks something
like a microphone emits the sound and picks up the echoes.
The device is moved across the surface of the body, allowing
organs to be examined from many different body planes.
Sonography has two distinct advantages over other imag-
ing techniques. First, the equipment is relatively inexpensive.
Second, ultrasound seems to be safer than ionizing forms of
radiation, with fewer harmful effects on living tissues.
Because of its apparent safety, ultrasound is the imaging
technique of choice for determining the age and health of a
developing fetus. It is also used to visualize the gallbladder
and other viscera and, increasingly, the arteries to detect ath-
erosclerosis (thickening and hardening of the arterial walls).
Ultrasound images are somewhat blurry, although their
sharpness is being improved by using higher-frequency sound
waves. Liquid contrast media containing sound-reflecting
bubbles can be injected into the bloodstream to better reveal

the vessels and heart. Sonography is of little value for view-
ing air-filled structures (lungs) or structures surrounded by
bone (brain and spinal cord) because sound waves do not
penetrate hard objects well and rapidly dissipate in air.
However, special gases that do reflect sound are beginning to
be used. When breathed into the lungs, the gases yield im-
proved images.

Magnetic Resonance Imaging

Magnetic resonance imaging (MRI) is a technique with
tremendous appeal because it produces high-contrast images
of soft tissues (Figure 1.15), an area in which X-ray imaging
is weak. MRI also does not use radiation for generating an
image. MRI primarily detects the levels of the element hydro-
gen in the body, most of which is in water. Thus, MRI tends
to distinguish body tissues from one another on the basis of
differences in water content. For example, MRI can distin-
guish the fatty white matter from the more watery gray matter
of the brain. Because bones contain less water than other tis-
sues do, they don’t show up at all. For this reason, MRI peers
easily through the skull to reveal the brain. The joints are also
visualized well. Many tumors show up distinctly, and MRI
has even revealed brain tumors missed by direct observation
during exploratory surgery.

The technique subjects the patient to magnetic fields up
to 60,000 times stronger than that of the earth. The patient
lies in a chamber, with his or her body surrounded by a huge
magnet. When the magnet is turned on, the nuclei of the
body’s hydrogen atoms—single protons that spin like tops—
line up parallel to the strong magnetic field. The patient is
then exposed to a brief pulse of radio waves just below the
frequency of FM radio, which knock the spinning protons out
of alignment. When the radio waves are turned off, the
protons return to their alignment in the magnetic field, emit-
ting their own faint radio waves in the process. Sensors detect
these waves, and the computer translates them into images.
With the use of advanced volume-rendering techniques, mul-
tiple MRI scans can be assembled into three-dimensional
reconstructions (Figure 1.15b). The images produced are dra-
matic views into the body’s organs.

In the early 1990s, MRI technology leaped forward with
the development of functional MRI (fMRI). This technique
measures blood oxygen, so it reveals the amount of oxy-
genated blood flowing to specific body regions. It can there-
fore show which parts of the brain are active during various
mental tasks. Functional MRI can pinpoint much smaller
brain areas than PET can, works faster, and requires no messy
radioactive tracers. For these reasons, it is replacing PET in
the study of brain function.

Despite the advantages of MRI, there are limitations to
its use. MRI does not use X rays, so it poses no concern about
radiation exposure; however, the large magnets can cause im-
planted metallic devices to malfunction. MRIs require a
longer time to produce an image than a CT scan, and medical
devices, such as traction or life support equipment, cannot be
used during MRI imaging. For these reasons, MRI is not use-



Chapter 1 The Human Body: An Orientation 19

(a) MRI of the head; sagittal section, artificially colored

(b) Volume rendering of an MRI of the head

FIGURE 1.15 Magnetic resonance image (MRI). The flat surfaces in (b) show the

original MRI data.

ful in trauma situations. MRI is also more sensitive to patient
movement during the scan, and it does not visualize bone or
other tissues with low water content.

In conclusion, the images formed by computerized imag-
ing techniques can be quite stunning. Keep in mind, however,
that the images are abstractions assembled within a computer.
They are artificially enhanced for sharpness and artificially
colored to increase contrast or to highlight areas of interest.
Although computer-based images are not inaccurate, they are
several steps removed from direct visual observation.

check your understanding

10. What imaging technique is best suited for each of
the clinical situations described? (a) Examining
gallbladder for possible gallstones in response to a
patient's complaints of sharp pain in the right
hypochondriac region of the abdomen; (b) ruling out
a broken bone in a patient complaining of wrist and
forearm pain; (c) examining of the knee of a patient
complaining of persistent pain following an injury on
the athletic field; (d) assessing possible damage to
abdominal viscera resulting from a car accident.

For answers, see Appendix B.

CHAPTER SUMMARY

An Overview of Anatomy (pp. 2-6)
1. Anatomy is the study of body structure. In this book, structures are
considered in terms of their function.

Branches of Anatomy (p. 2)
2. Branches of anatomy include gross anatomy, microscopic anatomy
(histology), and developmental anatomy.

Anatomical Terminology (p. 3)
3. Because most structures in the body have formal Greek and Latin
names, learning the meaning of word roots will help you under-
stand anatomy.

The Hierarchy of Structural Organization (pp. 3-6)
4. The levels of structural organization of the body, from simplest to
most complex, are chemical, cellular, tissue, organ, organ system,
and the human organism itself.

5. The organ systems in the body are the integumentary (skin), skele-
tal, muscular, nervous, endocrine, cardiovascular, lymphatic, im-
mune, respiratory, digestive, urinary, and reproductive systems.

Scale: Length, Volume, and Weight (p. 6)
6. Important units of length measurement are meters (m) for the or-
ganism, centimeters (cm) for the organs, and micrometers (um) for
cells. For other units of size, see Appendix A.
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Gross Anatomy: An Introduction (pp. 6-13)

Regional and Directional Terms (p. 6)
7. In the adult anatomical position, the body stands erect, facing forward
with legs together. The arms are at the sides, with the palms forward.

8. Regional terms are used to designate specific areas of the body
(see Figure 1.3).

9. Directional terms allow anatomists to describe the location of
body structures with precision. Important terms include superior/
inferior; anterior/posterior (or ventral/dorsal); medial/lateral; prox-
imal/distal; and superficial/deep (see Table 1.1).

Body Planes and Sections (pp. 6-7)

10. The body or its organs may be cut along planes to produce differ-
ent types of sections. Frequently used are sagittal, frontal, and
transverse planes.

The Human Body Plan (pp. 10-11)

11. The basic structures we share with all other vertebrate animals are
the tube-within-a-tube body plan, bilateral symmetry, a dorsal hol-
low nerve cord, notochord and vertebrae, segmentation, and pha-
ryngeal pouches.

Body Cavities and Membranes (pp. 11-12)

12. The body contains two major closed cavities: the dorsal cavity,
subdivided into the cranial and vertebral cavities; and the ventral
body cavity, subdivided into the thoracic and abdominopelvic
cavities.

13. Within the ventral cavity are the visceral organs (such as the heart,
lungs, intestines, and kidneys) and three serous cavities: pleural,
pericardial, and peritoneal cavities. These slitlike cavities are lined
by thin membranes, the parietal and visceral serosae (see Figure
1.7). The serosae produce a thin layer of lubricating fluid that de-
creases friction between moving organs.

Abdominal Regions and Quadrants (pp. 12-13)
14. To map the visceral organs in the abdominopelvic cavity, clinicians
divide the abdomen into nine regions or four quadrants.

Microscopic Anatomy: An Introduction (pp. 14-15)

Light and Electron Microscopy (pp. 14-15)

15. To illuminate cells and tissues, the light microscope (LM) uses
light beams and the transmission electron microscope (TEM or
EM) uses electron beams. EM produces sharper images than LM at
higher magnification.

16. The preparation of tissues for microscopy involves preservation
(fixation), sectioning, and staining. Stains for LM are colored dyes,
whereas stains for TEM are heavy-metal salts.

Scanning Electron Microscopy (p. 15)
17. Scanning electron microscopy (SEM) provides sharp, three-
dimensional images at high magnification.

Clinical Anatomy: An Introduction to Medical

Imaging Techniques (pp. 15-19)

X-Ray Imaging (pp. 15-16)

18. In conventional radiographs, X rays are used to produce negative
images of internal body structures. Denser structures in the body
appear lighter (whiter) on the X-ray film.

Advanced X-Ray Techniques (p. 16)

19. Computed tomography (CT) produces improved X-ray images that
are taken in cross section to avoid overlapping images of adjacent
organs and computer enhanced for clarity. Angiography produces
sharp X-ray images of blood vessels injected with a contrast
medium.

Positron Emission Tomography (PET) (pp. 16-18)
20. PET tracks radioisotopes in the body, locating areas of high energy
consumption and high blood flow.

Sonography (p. 18)
21. Ultrasonography provides sonar images of developing fetuses and
internal body structures.

Magnetic Resonance Imaging (pp. 18-19)
22. MRI subjects the body to strong magnetic fields and radio waves,
producing high-contrast images of soft body structures.

REVIEW QUESTIONS
Multiple Choice/Matching Questions

For answers, see Appendix B.

1. The correct sequence of levels forming the body’s structural
hierarchy is (a) organ, organ system, cellular, chemical, tissue;
(b) chemical, tissue, cellular, organismal, organ, organ system;
(c) chemical, cellular, tissue, organ, organ system, organismal;
(d) organismal, organ system, organ, chemical, cellular, tissue.

2. Using what you learned about scale in this chapter, choose one of
the values in Column B as an appropriate height or diameter for
each object listed in Column A.

Column A Column B
— (1) white blood cell (a)2m
—(2) stomach (b) 25 cm

— (3) professional basketball player (c¢) 1 micrometer

(d) 10 micrometers

3. Using the terms listed below, fill in the blank with the proper term.

anterior superior medial proximal superficial
posterior inferior lateral distal deep

(a) The heart is located to the diaphragm.

(b) The muscles are to the skin.

(c) The shoulder is to the elbow.

(d) In anatomical position, the thumb is to the index finger.

(e) The vertebral region is to the scapular region.

(f) The gluteal region is located on the surface of the body.

(g) The hip bone is to the navel.

(h) The nose is

to the chin.

(i) The toes are to the heel.

to the skull.

(j) The scalp is



4. Match each anatomical term for body regions listed in column B

with the common name listed in column A.

Column A Column B
—— (1) armpit (a) inguinal
— (2) buttocks (b) frontal
— (3) back (c¢) dorsal
— (4) shoulder blade (d) axilla
— (5) front of elbow (e) lumbar
— (6) hand (f) gluteal
— (7) groin (g) antecubital
— (8) forehead (h) plantar
— (9) lower back (i) manus

10.

Column A
— (1) covers the surface of the heart

— (2) forms the outer lining of the

— (3) lines the wall of the thoracic cavity

— (4) covers the outer surface of the small

— (10) sole of foot (j) scapular

Which of these organs would not be cut by a section through the
midsagittal plane of the body? (Hint: See Figure 1.8) (a) urinary
bladder, (b) gallbladder, (c) small intestine, (d) heart.

State whether each structure listed below is part of the inner tube

(I) or outer tube (O).
— (1) intestines —(5) abdominal muscles
—(2) lungs —(6) esophagus
— (3) ribs ——(7) spinal cord
— (4) backbone (vertebra)

Indicate whether each of the following conditions or statements
applies to the dorsal body cavity (D) or the ventral body cavity (V).

— (1) surrounded by the skull and the vertebral column
— (2) includes the thoracic and abdominopelvic cavities
— (3) contains the brain and spinal cord

— (4) located more anteriorly

— (5) contains the heart, lungs, and many digestive organs

Radiographs. List the following structures, from darkest (black) to
lightest (white), as they would appear on an X-ray film. Number
the darkest one 1, the next darkest 2, and so on.

(a) soft tissue

— (b) femur (bone of the thigh)

(c) air in lungs

— (d) gold (metal) filling in a tooth

The ventral surface of the body is the same as its surface.
(a) medial, (b) superior, (c) superficial, (d) anterior, (e) distal.

Match each serous membrane in column B with its description in
column A.

Column B
(a) parietal pericardium

(b) parietal pleura
pericardium

(c) visceral pericardium

(d) visceral peritoneum
intestine

11.

12.
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Which microscopic technique provides sharp pictures of three-
dimensional structures at high magnification? (a) light microscopy,
(b) X-ray microscopy, (c) scanning electron microscopy, (d) trans-
mission electron microscopy.

Histology is the same as (a) pathological anatomy, (b) ultrastruc-
ture, (c) functional morphology, (d) surface anatomy, (e) micro-
scopic anatomy.

Short Answer Essay Questions

13.
14.

15.

16.

17.

18.

19.

20.

21.

22.

Describe the anatomical position, and then assume this position.

Identify the organ system that each group of organs listed here is
part of:

(a) thymus, thyroid, ovary, pancreas

(b) nasal cavity, larynx, bronchi, lungs

(c) kidney, ureter, urethra

(a) Define bilateral symmetry. (b) Although many body structures
are bilaterally symmetrical, much of the abdomen is not. Find a
picture that demonstrates this lack of symmetry, and name some
abdominal organs that are not symmetrical.

The following advanced imaging techniques are discussed in the
text: CT, angiography, PET, sonography, and MRI. (a) Which of
these techniques uses X rays? (b) Which uses radio waves and
magnetic fields? (c) Which uses radioactive isotopes? (d) Which
displays body regions in sections? You may have more than one
answer to each question.

Give the formal regional term for each of these body areas: (a)
arm, (b) chest, (c) thigh, (d) navel, (e) limbs.

Look ahead in this book to Figure 4.3 (pp. 68-71). Do you think
that the micrographs in the figure are viewed by light microscopy,
transmission electron microscopy, or scanning electron mi-
croscopy? Please explain your answer as fully as possible.

Construct sentences that use the following directional terms: supe-
rior/inferior; dorsal/ventral; medial/lateral; and superficial/deep.
Table 1.1 gives examples such as “The forehead is superior to the
nose,” but please use different examples from those in the table.
For ideas, look at whole-body diagrams that show many structures,
such as Figures 1.3 and 1.8.

The main cavities of the body include the abdominal and pelvic
cavities. List three organs in each of these cavities.

Where would you be injured if you pulled a muscle in your axil-
lary region, cracked a bone in your occipital region, or received a
cut on a digit?

(a) The human body is designed as a tube within a tube. List three
organs that are part of the inner tube and three structures that are
components of the outer tube. (b) Give an example of segmenta-
tion in the human body.
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CRITICAL REASONING & CLINICAL APPLICATION QUESTIONS

1.

Dominic’s doctors strongly suspect he has a tumor in his brain.
Which of the following medical imaging techniques—conventional
X-ray imaging, angiography, PET, sonography, or MRI—would
probably be best for precisely locating the tumor?

The Nguyen family was traveling in their van and had a minor acci-
dent. The children in the back seat were wearing lap belts, but they still
sustained bruises around the abdomen and had some internal injuries.
Why is the abdominal area more vulnerable to damage than others?

A patient had a hernia in his inguinal region, pain from an infected
kidney in his lumbar region, and hemorrhoids in his perineal re-
gion. Explain where each of these regions is located.

A woman fell off a motorcycle. She tore a nerve in her axillary re-
gion, and she broke bones in her coxal, sacral, acromial, and fibu-
lar regions. Explain where each of these regions is located.

New anatomy students often mix up the terms spinal cord, spinal
column, and spine. Look up these words in the index of this book
or in a medical dictionary, define each one, and explain whether
they are the same or different.

Using the list of word roots located in the inside covers of the text:
(1) Look up the meaning of each root listed below. (2) Identify one

anatomical term used in this chapter that is derived from each root.
(3) Define the anatomical term from your knowledge of the mean-

ing of the word root.

super- , contra- , para- , ante- , mamm- , epi- , peri- , -graph , trans-
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Chromatin

Nucleolus

Smooth endoplasmic
reticulum

Cytosol

Mitochondrion

Lysosome

Centrioles

Centrosome
matrix

Cytoskeletal
elements

Microtubule

Intermediate
filaments

Nuclear envelope

Nucleus

Plasma
membrane

Rough
endoplasmic
reticulum

Ribosomes

Golgi apparatus

Secretion being released
from cell by exocytosis

Peroxisome

FIGURE 2.1 Structure of a generalized cell. No cell type is exactly like this one, but
this composite illustrates features common to animal cells. Not all of the organelles are

drawn to the same scale in this illustration.

1l living organisms are cellular in nature, from one-
Acelled “generalists” such as amoebas to complex mul-

ticellular organisms such as trees, dogs, and humans.
Just as bricks and timbers are the structural units of a house,
cells are structural units of all living things. The human body
has about 50 fo 100 trillion cells. This chapter examines the
structures and functions that are common to the different cells
of the body. Specialized cells and their unique functions are
addressed in detail in later chapters.

OVERVIEW OF CELLS

» Define a cell, its basic activities, and its three major regions.

The scientist Robert Hooke first observed plant cells with
a crude microscope in the late 1600s. However, it was not until

the 1830s that two scientists, Matthias Schleiden and Theodor
Schwann, boldly asserted that all living things are composed of
cells. Shortly thereafter, the pathologist Rudolf Virchow ex-
tended this idea by contending that cells arise only from other
cells. Virchow’s thesis was revolutionary because it challenged
the prevailing theory of spontaneous generation, which held
that organisms can arise from nonliving matter. Since the late
1800s, cell research has been exceptionally fruitful. Currently,
scientific knowledge about the cell is increasing exponentially.

Cells are the smallest living units in the body. Each
cell performs all the functions necessary to sustain life. It can
obtain nutrients and other essential substances from the
surrounding body fluids and use these nutrients to make the
molecules it needs to survive. Each cell also disposes of its
wastes and maintains its shape and integrity. Finally, cells can
replicate themselves. These functions are carried out by the
cell’s many subunits, most of which are called organelles



(“little organs”™). Although different cell types perform differ-
ent functions, virtually all human cells contain the same basic
parts and can be described in terms of a generalized cell
(Figure 2.1). Human cells have three main parts: the plasma
membrane, the cytoplasm, and the nucleus. The plasma
membrane is the outer boundary. Internal to this membrane is
the cytoplasm (si'to-plazm), which makes up the bulk of the
cell, contains most of the cellular organelles, and surrounds
the nucleus. The nucleus (nu'kle-us) controls cellular activities
and lies near the cell’s center. To understand the functions of a
cell and its diverse cellular organelles, you can think of the cell
as a manufacturing plant. The cell, like the manufacturing
plant, has many divisions with specific functions. This analogy
will be extended throughout this chapter. These cell structures
are discussed next and summarized in Table 2.1 on p. 29.

Cytoplasm
(watery environment)
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check your understanding

1. What are the three general regions of a cell?

For the answer, see Appendix B.

Integral
proteins

THE PLASMA MEMBRANE

» Describe the composition and basic functions of the
plasma membrane.

» Explain the different processes used to move molecules
across the plasma membrane.

The outer cell membrane (Figure 2.2) is called the
plasma membrane or plasmalemma (plaz'mah-lem’ah;

Filament of
cytoskeleton

Peripheral
proteins

FIGURE 2.2 The plasma membrane according to the fluid mosaic model.
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(a) Simple diffusion of
fat-soluble molecules
directly through the
phospholipid bilayer.

bilayer.

FIGURE 2.3 Membrane transport mechanisms.

lemma = sheath, husk). This thin, flexible layer defines the
extent of the cell, thereby separating two of the body’s major
fluid compartments: the intracellular fluid within the cells
and the extracellular fluid that lies outside and between cells.
You can think of the plasma membrane as a security fence
surrounding the manufacturing plant (cell). This boundary
contains specific checkpoints (receptors) that influence cellu-
lar activity in various ways.

Structure

The fluid mosaic model of membrane structure depicts the
plasma membrane as a double layer, or bilayer, of lipid mole-
cules with protein molecules dispersed within it (Figure 2.2).
The most abundant lipids in the plasma membrane are phos-
pholipids. Like a lollipop on two sticks, each phospholipid
molecule has a polar “head” that is charged, and an un-
charged, nonpolar “tail” made of two chains of fatty acids.
The polar heads are attracted to water—the main constituent
of both the cytoplasm and the fluid external to the cell—so
they lie along the inner as well as the outer face of the mem-
brane. The nonpolar tails avoid water and line up in the center
of the membrane. The result is two parallel sheets of phospho-
lipid molecules lying tail to tail, forming the membrane’s
basic bilayered structure.

The inner and outer layers of the membrane differ some
what in the kinds of lipids they contain. Sugar groups are at-
tached to about 10% of the outer lipid molecules, making
them “sugar-fats,” or glycolipids (gli”ko-lip'ids). The plasma
membrane also contains substantial amounts of cholesterol,
another lipid. Cholesterol makes the membrane more rigid
and increases its impermeability to water and water-soluble
molecules.

ST
I A

Q

o

(b) Osmosis, diffusion of
water through the lipid

Solutes

(*]

(c) Transport via integral proteins
A protein (left) that spans the
membrane may provide a
channel across the membrane
that is selective for a particular
solute. Some transport proteins
(right) use ATP as an energy
source to actively pump sub-
stances across the membrane.

Proteins make up about half of the plasma membrane by
weight. The membrane proteins are of two distinct types:
integral and peripheral (Figure 2.2). Integral proteins are
firmly embedded in or strongly attached to the lipid bilayer.
Some integral proteins protrude from one side of the mem-
brane only, but most are transmembrane proteins that span the
whole width of the membrane and protrude from both sides
(trans = across). Peripheral proteins, by contrast, are not
embedded in the lipid bilayer at all. Instead, they attach rather
loosely to the membrane surface. The peripheral proteins in-
clude a network of filaments that helps support the membrane
from its cytoplasmic side. Without this strong, supportive base,
the plasma membrane would tear apart easily.

Short chains of carbohydrate molecules attach to the
integral proteins to form glycoproteins. These sugars project
from the external cell surface, forming the glycocalyx (gli"ko-
kal’iks; “sugar covering”), or cell coat. Also contributing to the
glycocalyx are the sugars of the membrane’s glycolipids. You
can therefore think of your cells as “sugar-coated.” The glyco-
calyx is sticky and may help cells to bind when they come to-
gether. Because every cell type has a different pattern of sugars
that make up its glycocalyx, the glycocalyx is also a distinctive
biological marker by which approaching cells recognize each
other. For example, a sperm recognizes the ovum (egg cell) by
the distinctive composition of the ovum’s glycocalyx.

Functions

The functions of the plasma membrane relate to its location at
the interface between the cell’s exterior and interior:

1. The plasma membrane provides a protective barrier
against substances and forces outside the cell.



2. Some of the membrane proteins act as receptors; that is,
they have the ability to bind to specific molecules arriv-
ing from outside the cell. After binding to the receptor,
the molecule can induce a change in the cellular activity.
Membrane receptors act as part of the body’s cellular
communication system.

3. The plasma membrane controls which substances can enter
and leave the cell. The membrane is a selectively permeable
barrier that allows some substances to pass between the in-
tracellular and extracellular fluids while preventing others
from doing so. The processes involved in moving sub-
stances across the plasma membrane are described next.

Membrane Transport

Small, uncharged molecules, such as oxygen, carbon dioxide,
and fat-soluble molecules, can pass freely through the lipid
bilayer of the plasma membrane through a process called
simple diffusion. Diffusion is the tendency of molecules in a
solution to move down their concentration gradient; that is,
the molecules move from a region where they are more con-
centrated to a region where they are less concentrated (Figure
2.3a). Water, like other molecules, diffuses down its concen-
tration gradient. The diffusion of water molecules across a
membrane is called osmosis (0z-mo’sis, Figure 2.3b).

However, most water-soluble or charged molecules, such as
glucose, amino acids, and ions, cannot pass through the lipid bi-
layer by simple diffusion. Such substances can cross the plasma
membrane only by means of specific transport mechanisms that
use the integral proteins to carry or pump molecules across the
membrane or to form channels through which specific molecules
pass. Some of these molecules move down their concentration
gradient, diffusing through the plasma membrane by moving
through a specific integral protein. This transport process is
called facilitated diffusion (Figure 2.3c, left side). Other integral
proteins move molecules across the plasma membrane against
their concentration gradient, a process called active transport,
which requires the use of energy (Figure 2.3c, right side).

The largest molecules (macromolecules) and large solid
particles are transported through the plasma membrane by
another set of processes, called vesicular or bulk transport.
Knowledge of the two general types of bulk transport,
exocytosis and endocytosis, is essential to the understanding
of basic functional anatomy.

Endocytosis (en” do-si-to’sis; “into the cell”) is the mech-
anism by which large particles and macromolecules enter
cells (Figure 2.4). The substance to be taken into the cell is
enclosed by an infolding part of the plasma membrane. In the
region of invagination, specific proteins may cover the inner
surface of the plasma membrane (the purple, tack-shaped
structures shown in Figure 2.4c). This protein coat aids in the
selection of the substance to be transported and deforms the
membrane to form a membrane-walled sac called a vesicle.
The membranous vesicle is pinched off from the plasma mem-
brane and moves into the cytoplasm, where its contents are
digested. Three types of endocytosis are recognized: phagocy-
tosis, pinocytosis, and receptor-mediated endocytosis.

Phagocytosis (fag”o-si-to’sis) is literally “cell eating.” In
this process, pseudopods (parts of the plasma membrane and
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(a) Phagocytosis
The cell engulfs a large
particle by forming pro-
jecting pseudopods (“false
feet”) around it and en-
closing it within a membrane
sac called a phagosome.
The phagosome then
combines with a lysosome,
and its contents are
digested. Vesicle may or
may not be protein-
coated but has receptors
capable of binding to
microorganisms or solid
particles.

o (b) Pinocytosis

A The cell “gulps” drops of
extracellular fluid containing
solutes into tiny vesicles. No
receptors are used, so the
process is nonspecific. Most
vesicles are protein-coated.

(c) Receptor-mediated
endocytosis
Extracellular substances
bind to specific receptor
proteins in regions of
protein-coated pits, enabling
the cell to ingest and
concentrate specific
substances in protein-coated
vesicles. The ingested
substance may simply be
released inside the cell, or
combined with a lysosome to
digest contents. Receptors
are recycled to the plasma
membrane in vesicles.

%]
* ] 00 [+

Receptor recycled
to plasma membrane

FIGURE 2.4 The three types of endocytosis.

cytoplasm) protrude and flow around some relatively large
material, such as a clump of bacteria or cellular debris, and en-
gulf it (Figure 2.4a). The membranous vesicle thus formed is
called a phagosome (fag'o-som; “eaten body”). In most
cases, the phagosome then fuses with lysosomes (1i’so-somz),
organelles containing digestive enzymes that break down the
contents of the phagosome. (For more on lysosomes, see p. 32.)
Some cells—most white blood cells, for example—are experts
at phagocytosis. Such cells help to police and protect the body
by ingesting bacteria, viruses, and other foreign substances.
They also “eat” the body’s dead and diseased cells.

Just as cells eat in a manner of speaking, they also drink.
Pinocytosis (pin”o-si-to’sis) is “cell drinking.” In pinocyto-
sis, a bit of infolding plasma membrane surrounds a tiny
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FIGURE 2.5 Exocytosis.

(a) The process of
exocytosis

@The membrane-
bound vesicle migrates
to the plasma
membrane.

@There, proteins at
the vesicle surface
(v-SNARES) bind with
t-SNAREs (plasma
membrane proteins).

@The vesicle and
plasma membrane fuse
and a pore opens up.

@Vesicle contents are
released to the cell
exterior.

(b) Photomicrograph
of a secretory
vesicle releasing
its contents
by exocytosis
(110,000x)

quantity of extracellular fluid containing dissolved molecules
(Figure 2.4b). This fluid enters the cell in a tiny membranous
vesicle. Pinocytosis, a routine activity of most cells, is an un-
selective way of sampling the extracellular fluid. This process
is particularly important in cells that function in nutrient ab-
sorption, such as cells that line the intestines.

Some molecules, such as insulin and other hormones,
enzymes, and low-density lipoproteins (LDLs, the molecules that
carry cholesterol through the bloodstream to the body’s cells) are
brought into cells through receptor-mediated endocytosis,
an exquisitely selective transport process (Figure 2.4c). These
substances bind to specific receptors on the cell membrane.
Upon binding, the portion of the plasma membrane bearing the
molecules and attached receptors invaginates and is pinched off,
bringing into the cell the membrane-bound vesicle containing
the molecules. The vesicle binds with a lysosome, and the con-
tents of the vesicle are released to be used by the cell. The recep-
tors are recycled back to the plasma membrane. Unfortunately,
harmful substances such as some toxins and viruses also use
receptor-mediated endocytosis to enter and attack cells.

HYPERCHOLESTEROLEMIA 1In an inherited disease
called familial hypercholesterolemia, the body’s cells lack
the protein receptors that bind to cholesterol-delivering
LDLs. As a result, cholesterol cannot enter the cells and
accumulates in the blood. If untreated, hypercholes-
terolemia causes atherosclerosis, also known as
“hardening of the arteries,” a condition that

places the individual at high risk of stroke

(blockage of a blood vessel in the brain) or of

coronary artery disease and heart attack

Exocytosis (ek”so-si-to’sis; “out of the cell”) is a mech-
anism by which substances move from the cytoplasm to the
outside of the cell (Figure 2.5). Exocytosis accounts for
most secretion processes, such as the release of mucus or
protein hormones from the gland cells of the body. In exocy-
tosis the substance or cell product to be released from the
cell is first enclosed in a membrane-bound vesicle in the
cytoplasm. The vesicle migrates to the plasma membrane.
Proteins extending from the vesicle membrane, v-SNAREs
(v for vesicle), bind with distinct plasma membrane proteins,
t-SNARE:s (7 for target). These proteins cause the lipid layers
from both membranes to join together, thus inserting the
vesicle membrane into the plasma membrane and releasing
the contents of the sac into the space outside the cell.

check your understanding
2. What types of macromolecules compose the plasma
membrane?
3. By what process does water enter and leave the cell?
4. Which transport process carries large macromolecules
out of the cell?

For answers, see Appendix B.




Cell Part

PLASMA MEMBRANE
(Figure 2.2)

Parts of the Cell: Structure and Function

Structure

Membrane made of a double layer of lipids
(phospholipids, cholesterol, etc.) within which proteins
are embedded; proteins may extend entirely through
the lipid bilayer or protrude on only one face; externally
facing proteins and some lipids have attached sugar
groups
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Functions

Serves as an external cell barrier; acts in
transport of substances into or out of the cell;
externally facing proteins act as receptors (for
hormones, neurotransmitters, etc.) and in
cell-to-cell recognition

CYTOPLASM

Cytoplasmic organelles

® Ribosomes
(Figure 2.6)

® Rough endoplasmic
reticulum
(Figure 2.6)

® Smooth endoplasmic

reticulum
(Figure 2.6)

e Golgi apparatus
(Figures 2.7, 2.8)

® |Lysosomes
(Figure 2.9)

* Mitochondria
(Figure 2.10)

® Peroxisomes
(Figure 2.1)

® Microfilaments
(Figure 2.11a)

® |ntermediate filaments

(Figure 2.11b)

® Microtubules
(Figure 2.11¢)

e Centrioles
(Figure 2.12)

Cellular region between the nuclear and plasma membranes; consists of fluid cytosol containing dissolved
solutes, inclusions (stored nutrients, pigment granules), and organelles, the metabolic machinery of the

cytoplasm

Dense particles consisting of two subunits, each
composed of ribosomal RNA and protein; free or
attached to rough ER

Membrane system enclosing a cavity, the cisterna,
and coiling through the cytoplasm; externally studded
with ribosomes

Membranous system of sacs and tubules; free of
ribosomes

A stack of smooth membrane sacs close to the
nucleus

Membranous sacs containing acid hydrolases
Rodlike, double-membrane structures; inner

membrane folded into projections called cristae

Membranous sacs of oxidase enzymes

Fine filaments of the contractile protein actin

Protein fibers; composition varies

Cylindrical structures made of tubulin proteins

Paired cylindrical bodies, each composed of nine
triplets of microtubules

The sites of protein synthesis

Makes proteins that are secreted from the cell;
makes the cell’'s membranes

Site of lipid and steroid synthesis, lipid
metabolism, and drug detoxification

Packages, modifies, and segregates proteins for
secretion from the cell, inclusion in lysosomes,
and incorporation into the plasma membrane

Sites of intracellular digestion
Site of ATP synthesis; powerhouse of the cell

The enzymes detoxify a number of toxic
substances; the most important enzyme,
catalase, breaks down hydrogen peroxide

Involved in muscle contraction and other types
of intracellular movement; help form the cell’s
cytoskeleton

The stable cytoskeletal elements; resist tension
forces acting on the cell

Support the cell and give it shape; involved in
intracellular and cellular movements; form
centrioles

Organize a microtubule network during mitosis
to form the spindle and asters; form the bases of
cilia and flagella

NUCLEUS
(Figure 2.13)

e Nuclear envelope
(Figure 2.13)

® Nucleoli
(Figure 2.13)

e Chromatin
(Figures 2.13, 2.15)

Surrounded by the nuclear envelope; contains fluid
nucleoplasm, nucleoli, and chromatin

Double-membrane structure; pierced by the pores;
continuous with the cytoplasmic ER

Dense spherical (non-membrane-bounded) bodies

Granular, threadlike material composed of DNA and
histone proteins

Control center of the cell; responsible for
transmitting genetic information and providing
the instructions for protein synthesis

Separates the nucleoplasm from the cytoplasm
and regulates passage of substances to and
from the nucleus

Site of ribosome subunit manufacture

DNA constitutes the genes
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Cisternae

(a) Diagrammatic view of smooth and rough ER

FIGURE 2.6 The endoplasmic reticulum (ER) and ribosomes.

THE CYTOPLASM

» Describe the structure and cellular activity of each
organelle: ribosomes, endoplasmic reticulum, Golgi
apparatus, lysosomes, peroxisomes, mitochondria,
cytoskeleton, centrosome, and centrioles.

» Explain the structure of glycosomes and lipid droplets.

Cytoplasm, literally “cell-forming material,” is the part
of the cell that lies internal to the plasma membrane and ex-
ternal to the nucleus. Most cellular activities are carried out
in the cytoplasm, which consists of three major elements:
cytosol, organelles, and inclusions.

Cytosol

The cytosol (si'to-sol), is the jellylike, fluid-containing sub-
stance within which the other cytoplasmic elements are sus-
pended (see Figure 2.1). It consists of water, ions, and many
enzymes. Some of these enzymes start the breakdown of nu-
trients (sugars, amino acids, and lipids) that are the raw mate-
rials and energy source for cell activities. In many cell types,
the cytosol makes up about half the volume of the cytoplasm.

Cytoplasmic Organelles

Typically, the cytoplasm contains about nine types of or-
ganelles, each with a different function that is essential to the
survival of the cell. As separate units, the organelles compart-
mentalize the cell’s biochemical reactions, thus preventing
reactions from interfering with one another and promoting
functional efficiency. The organelles include mitochondria,

Smooth ER

Nuclear
envelope

Rough ER

Ribosomes

(b) Electron micrograph of smooth and rough ER (85,000 x)

ribosomes, rough and smooth endoplasmic reticulum, Golgi
apparatus, lysosomes, peroxisomes, the cytoskeleton, and
centrioles (see Figure 2.1). As you will learn, most organelles
are bounded by a membrane that is similar in composition to
the plasma membrane but lacks a glycocalyx.

With very few exceptions, all cells of the human body
share the same kinds of organelles. However, when a cell type
performs a special body function, the organelles that contribute
to that function are especially abundant in that cell. Thus,
certain organelles are better developed in some cells than in
others. You will see examples of this principle as you explore
the organelles and their roles.

Ribosomes

Ribosomes (ri'bo-somz) are the assembly line of the manu-
facturing plant, producing proteins for cellular or extracellular
function. They are small, dark-staining granules (Figure 2.6).
Unlike most organelles, they are not surrounded by a mem-
brane, but are constructed of proteins plus ribosomal RNA
(RNA = ribonucleic acid). Each ribosome consists of two
subunits that fit together like the body and cap of an acorn.

Almost all cells make large amounts of protein, and
ribosomes are the site of protein synthesis. On the ribosomes,
building blocks called amino acids are linked together to
form protein molecules. This assembly process is called
translation. 1t is dictated by the genetic material in the cell
nucleus (DNA), whose instructions are carried to the
ribosomes by messenger molecules called messenger RNA
(mRNA).

Many ribosomes float freely within the cytosol. Such
free ribosomes make the soluble proteins that function
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(a) Many vesicles in the process of pinching off from the membranous

Golgi apparatus
FIGURE 2.7 Golgi apparatus.

within the cytosol itself. Ribosomes attached to the mem-
branes of the rough endoplasmic reticulum, as shown in
Figure 2.6, make proteins that become part of the cell mem-
brane or that are exported out of the cell.

Endoplasmic Reticulum

The endoplasmic reticulum (en”do-plaz’mik ret-tik"u-lum),
or ER, is literally the “network within the cytoplasm.” As
shown in Figure 2.6, the ER is an extensive system of mem-
brane-walled envelopes and tubes that twists through the cy-
toplasm. It accounts for more than half of the membranous
surfaces inside an average human cell. There are two distinct
types of ER: rough ER and smooth ER. Either type may pre-
dominate in a given cell type, depending on the specific func-
tions of the cell.

Rough Endoplasmic Reticulum The rough endo-
plasmic reticulum (rough ER) consists mainly of stacked
envelopes called cisternae (sis-ter'ne; “fluid-filled cavities™).
Ribosomes stud the external faces of the membranes of the
rough ER, assembling proteins. The ribosomes attach to the
membrane when the protein is being made, then detach when
the protein is completed.

The rough ER has several functions. Its ribosomes make
all proteins that are secreted from cells; thus, rough ER is espe-
cially well developed in gland cells that secrete a large amount
of protein (mucous cells, for example). It makes the digestive
enzymes that will be contained in lysosomes. The rough ER
also makes both the integral proteins and the phospholipid

New vesicles

— Transport
y vesicle
from

trans face
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New vesicles forming

Transport vesicle
from the Golgi apparatus

Golgi apparatus

(b) Electron micrograph of the Golgi apparatus (90,000 x)

molecules of the cell’s membranes. In other words, all cell
membranes start out as rough ER membrane. The rough ER
can therefore be considered the cell’s “membrane factory.”

Smooth Endoplasmic Reticulum The smooth endo-
plasmic reticulum (smooth ER) is continuous with the rough
ER (Figure 2.6). It consists of tubules arranged in a branching
network. Because no ribosomes are attached to its membranes,
the smooth ER is not a site of protein synthesis. It performs dif-
ferent functions in different cell types, but most of these relate
to lipid metabolism, the making or breaking down of fats.
Smooth ER is abundant in cells that make lipid steroid hor-
mones from cholesterol and in liver cells that detoxify lipid-
soluble drugs. Most cell types, however, have little smooth ER.

Another important function of smooth ER is storing cal-
cium ions. lonic calcium is a signal for the beginning of many
cellular events, including muscle contraction and glandular
secretion. The calcium concentration in the cytosol is kept
low when such events are not occurring, because most cal-
cium ions are pumped into the ER and held there until the cell
needs them. The ER in muscle cells is very extensive, reflect-
ing this essential function.

Golgi Apparatus

The Golgi (gol’je) apparatus is a stack of three to ten disc-
shaped envelopes (cisternae), each bound by a membrane
(Figure 2.7). It resembles a stack of hollow saucers, one
cupped inside the next. The products of the rough ER move
through the Golgi stack from the convex (cis) to the concave
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@ Protein-containing
vesicles pinch off rough
ER and migrate to fuse
with membranes of
Golgi apparatus.

@ Proteins are
modified within the
Golgi compartments.

@ Proteins are then
packaged within
different vesicle types,
depending on their
ultimate destination.

Pathway A:
Vesicle contents

ined or

ER membrane Phagosome Plasma

membrane

Pathway C:
Lysosome g
containing acid
hydrolase /
enzymes

Vesicle becomes /./ f
lysosome A

vesicle

)

Pathway B:
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to be incorporated
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Extracellular fluid

FIGURE 2.8 The sequence of events from protein synthesis on the rough ER to

the final distribution of these proteins.

(trans) side. More specifically, the cis face receives spherical,
membranous transport vesicles from the rough ER; new vesi-
cles bud off a trans face to leave the apparatus.

The Golgi apparatus sorts, processes, and packages the
proteins and membranes made by the rough ER. For example,
the Golgi apparatus distinguishes which newly made mem-
branes will become part of the lysosomes (discussed shortly),
and which ones are destined for the plasma membrane. It then
sends these membranes to their correct destinations in the
vesicles that leave the trans face. Thus, the Golgi apparatus is
the packaging and shipping division of the manufacturing
plant. It receives product produced by the rough ER, pack-
ages it, and ships it to its appropriate destination.

Figure 2.8 illustrates the activities of the Golgi apparatus
and shows the pathways traveled by products leaving the
Golgi apparatus. In pathway A, which occurs in gland cells,
the protein product is contained in secretory vesicles; these
vesicles ultimately release their contents to the cell’s exterior
by exocytosis. In pathway B, common in all cells, the mem-
brane of the vesicle fuses to and contributes to the plasma
membrane, whose components are constantly being renewed
and recycled. In pathway C, also common in all cells, the
vesicle leaving the Golgi apparatus is a lysosome, a sac filled
with digestive enzymes, that remains inside the cell.

Lysosomes

Lysosomes are spherical, membrane-walled sacs containing
many kinds of digestive enzymes (Figure 2.9). These en-
zymes, called acid hydrolases, can digest almost all types of
large biological molecules. Lysosomes can be considered the

cell’s “demolition crew,” because they break apart and digest
unwanted substances. For example, they fuse with phago-
somes, emptying their enzymes into these vesicles and break-
ing down their contents (Figure 2.8, pathway C).

When a cell’s own internal membranes, proteins, or or-
ganelles are damaged or wear out, they are encircled by a new
membrane from the rough ER, forming a vesicle. Then,
nearby lysosomes fuse with this vesicle to digest its contents.
Within such vesicles, digestion can proceed safely, because
the enclosing membrane keeps the destructive enzymes away
from other cell components. Phagocytic cells, such as some
white blood cells, have an exceptional number of lysosomes
to degrade ingested bacteria and viruses.

TAY-SACHS DISEASE In an inherited condition called
Tay-Sachs disease, an infant’s lysosomes lack a specific
enzyme that breaks down certain glycolipids in the normal
recycling of worn-out cellular membranes. Such glycolipids
are especially abundant in the membranes of nerve cells.
Accumulation of undigested glycolipids in the lysosomes
interferes with nerve cell function, resulting

in mental retardation, blindness, spastic

movements, and death of the child within a

year and a half of birth.

Mitochondria

Mitochondria (mi’to-kon”dre-ah) are analogous to the
power plant of the manufacturing company. These or-
ganelles produce the energy for cellular function. They



Lysosomes

Light areas are regions
where materials are
being digested.

FIGURE 2.9 Electron micrograph of a cell containing
lysosomes (93,000X%), artificially colored.

usually are depicted as bean-shaped structures because of
their appearance in sections under the microscope (Figure
2.10). In reality, mitochondria are long and threadlike
(mitos = thread). In living cells, they squirm about and
change shape as they move through the cytoplasm. Most or-
ganelles are surrounded by a membrane, but mitochondria
are enclosed by two membranes: The outer membrane is
smooth and featureless, and the inner membrane folds in-
ward to produce shelflike cristae (kri’ste; “crests”). These
protrude into the matrix, the jellylike substance within the
mitochondrion.

Mitochondria generate most of the energy the cell uses to
carry out work. They do this by systematically releasing the
energy stored in the chemical bonds of nutrient molecules
and then transferring this energy to produce adenosine
triphosphate (ATP), the high-energy molecules that cells
use to power chemical reactions. Within the mitochondrion,
the ATP-generating process starts in the matrix (by a process
called the citric acid cycle) and is completed on the inner
membrane of the cristae (by the processes called oxidative
phosphorylation and electron transport). Cell types with high
energy requirements, muscle cells for example, have large
numbers of mitochondria in their cytoplasm. These types
of cells also have large numbers of cristae within their
mitochondria.
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FIGURE 2.10 Mitochondria. (a) Diagram of a longitudinally
sectioned mitochondrion. (b) Enlargement of crista showing
enzymes involved in ATP production. (c) Electron micrograph of
a mitochondrion (6000 X).

Mitochondria are far more complex than any other or-
ganelle. They even contain some maternally inherited genetic
material (DNA) and divide to form new mitochondria, as if
they were miniature cells themselves. Intriguingly, mitochon-
dria are very similar to a group of bacteria, the purple bacteria
phylum. It is now widely believed that mitochondria arose
from bacteria that invaded the ancient ancestors of animal and
plant cells.

Peroxisomes

Peroxisomes (pé&-roks’i-somz; “peroxide bodies”) are like
the toxic waste removal system of the manufacturing plant.
They are membrane-walled sacs that resemble small lyso-
somes (see Figure 2.1). They contain a variety of enzymes,
most importantly oxidases and catalases. Oxidases use oxy-
gen to neutralize aggressively reactive molecules called free
radicals, converting these to hydrogen peroxide. Free
radicals are normal by-products of cellular metabolism, but if
allowed to accumulate they can destroy the cell’s proteins,
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(a) Microfilaments

Strands made of spherical protein
subunits called actins

Actin subunit

:|—7nm

Microfilaments form the blue network
surrounding the pink nucleus in this photo.

(b) Intermediate filaments

Tough, insoluble protein fibers
constructed like woven ropes

}{(— Fibrous subunits

Intermediate filaments form the purple
batlike network in this photo.

(c) Microtubules

Hollow tubes of spherical protein
subunits called tubulins

/K Tubulin subunits
Leees

25 nm

Microtubules appear as gold networks
surrounding the cells’ pink nuclei in this photo.

FIGURE 2.11 Cytoskeletal elements. Diagrams (above) and photos (below) of cells

treated to fluorescently tag the structure of interest.

membranes, and DNA. Hydrogen peroxide is also reactive
and dangerous, but it is converted by catalase into water and
oxygen. This catalase-driven reaction breaks down poisons
that have entered the cell, such as alcohol, formaldehyde, and
phenol. Peroxisomes are numerous in liver and kidney cells,
which play a major role in removing toxic substances from
the body. Peroxisomes also perform other metabolic reac-
tions, such as breaking down long chains of fatty acids in
lipid metabolism.

Cytoskeleton

The cytoskeleton, literally “cell skeleton,” is an elaborate
network of rods running throughout the cytosol (the frame-
work of the manufacturing building, Figure 2.11). This net-
work acts as a cell’s “bones,” “muscles,” and “ligaments” by
supporting cellular structures and generating various cell
movements. The three types of rods in the cytoskeleton are
microfilaments, intermediate filaments, and microtubules,
none of which is covered by a membrane.

Microfilaments, the thinnest elements of the cytoskele-
ton, are strands of the protein actin (ak’tin) (Figure 2.11a).
Also called actin filaments, they concentrate most heavily in
a layer just deep to the plasma membrane. Actin filaments
interact with another protein called myosin (mi’o-sin) to gen-
erate contractile forces within the cell. The interaction of
actin and myosin squeezes one cell into two during cell divi-
sion (cytokinesis, p. 39), causes the membrane changes that

accompany endocytosis and exocytosis, and enables some
cells to send out and then retract extensions called
pseudopods (soo’do-pods; “false feet”), in a crawling action
called amoeboid motion (ah-me’boid; “changing shape”).
Additionally, myosin acts as a motor protein to move some
organelles within the cell. Except in muscle cells, where they
are stable and permanent, the actin microfilaments are unsta-
ble, constantly breaking down and re-forming from smaller
subunits.

Intermediate filaments (Figure 2.11b) are tough, insolu-
ble protein fibers, with a diameter between those of microfila-
ments and microtubules. Intermediate filaments are the most
stable and permanent of the cytoskeletal elements. Their most
important property is high tensile strength; that is, they act like
strong guy-wires to resist pulling forces that are placed on the
cell. They also function to link adjacent cells together by
attaching to specific cell junctions called desmosomes (p. 75).

Microtubules, the elements with the largest diameter, are
hollow tubes made of spherical protein subunits called tubulins
(Figure 2.11c). They are stiff but bendable. All microtubules
radiate from a small region of cytoplasm near the nucleus
called the centrosome (“center body”; see Figure 2.1). This ra-
diating pattern of stiff microtubules determines the overall
shape of the cell, as well as the distribution of cellular or-
ganelles. Mitochondria, lysosomes, and secretory granules at-
tach to the microtubules like ornaments hanging from the limbs
of a Christmas tree. Organelles move within the cytoplasm,



pulled along the microtubules by small motor proteins, ki-
nesins (ki-ne'sinz) and dyneins (di'ne-inz), that act like train
engines on the microtubular railroad tracks. Microtubules are
remarkably dynamic organelles, constantly growing out from
the cell center, disassembling, then reassembling.

Centrosome and Centrioles

The centrosome (sen’tro-som) is a spherical structure in the
cytoplasm near the nucleus (Figure 2.12). It contains no
membranes. Instead, it consists of an outer cloud of protein
called the centrosome matrix and an inner pair of
centrioles (sen’tre-0lz). The matrix protein seeds the growth
and elongation of microtubules, which explains why the long
microtubules of the cytoskeleton radiate from the centro-
some in nondividing cells (see Figure 2.11c), and why a mi-
totic spindle of microtubules radiates from it in dividing cells
(see Figure 2.17, p. 40).

In the core of the centrosome, the two barrel-shaped
centrioles lie perpendicular to one another. The wall of each
centriole consists of 27 short microtubules, arranged in nine
groups of three. Unlike most other microtubules, those in
centrioles are stable and do not disassemble. Functionally,
centrioles act in forming cilia and flagella (p. 76 in Chapter 4)
and the mitotic spindle (Figure 2.17).

Cytoplasmic Inclusions

Inclusions are temporary structures in the cytoplasm that may
or may not be present in a given cell type. Inclusions include
pigments, crystals of protein, and food stores. The food
stores, by far the most important kind, are lipid droplets and
glycosomes. Lipid droplets are spherical drops of stored fat.
They can have the same size and appearance as lysosomes but
can be distinguished by their lack of a surrounding mem-
brane. Only a few cell types contain lipid droplets: Small
lipid droplets are found in liver cells, large ones in fat cells.
Glycosomes (‘“‘sugar-containing bodies”) store sugar in the
form of glycogen (gli'ko-jen), which is a long branching
chain of glucose molecules, the cell’s main energy source.
Glycosomes also contain enzymes that make and degrade the
glycogen into its glucose subunits. Structurally, glycosomes
are dense, spherical granules. They resemble ribosomes, but
their diameter is twice as large.

check your understanding

5. What cellular organelles are involved with protein
synthesis and packaging?

6. What organelle produces the energy needed for
cellular activity?

7. What organelle would be prevalent in a cell that
specialized in phagocytosis?

8. Which cytoskeletal element functions to resist tension
and thus helps to keep the cell intact?

For answers, see Appendix B.
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FIGURE 2.12 Centrosome and centrioles. (a) A centrosome.
(b) Electron micrograph of a centriole in cross section. Its wall
consists of nine groups of three microtubules (124,000 X).

THE NUCLEUS

» Describe the role of each of the three parts of the
nucleus in the control of cellular activities: the nuclear
envelope, the nucleolus, and chromatin.

The nucleus, literally a “little nut,” is the control center of
the cell. Its genetic material, deoxyribonucleic acid (DNA),
directs the cell’s activities by providing the instructions for pro-
tein synthesis. In our manufacturing analogy, the nucleus can
be compared to a central library, design department, construc-
tion superintendent, and board of directors all rolled into one.
Whereas most cells have only one nucleus, some, including
skeletal muscle cells, have many; that is, they are multinucleate
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FIGURE 2.13 The nucleus. (a) Three-dimensional illustration of the nucleus, showing
the continuity of the nuclear envelope with the rough ER. (b) Freeze-fracture micrograph

transmission electron micrographs (TEMs).

(mul”ti-nu’kle-at; multi = many). The presence of more than
one nucleus usually signifies that a cell has a larger-than-usual
amount of cytoplasm to regulate. One cell type in the body, the
mature red blood cell, is anucleate; that is, it has no nucleus at
all. Its nucleus normally is ejected before this cell first enters
the bloodstream.

The nucleus, which averages 5 um in diameter, is larger
than any of the cytoplasmic organelles (see Figure 2.1).
Although it is usually spherical or oval, it generally conforms
to the overall shape of the cell. If a cell is elongated, for ex-
ample, the nucleus may also be elongated. The main parts of

Surface of nuclear envelope.

Fracture
line of outer
membrane

Nuclear
pores

Nucleus

Nuclear pore complexes. Each pore is ringed
by protein particles.

Nuclear lamina. The netlike lamina
composed of intermediate filaments formed by
lamins lines the inner surface of the nuclear
envelope.

(b)

the nucleus are the nuclear envelope, nucleolus, and
chromatin and chromosomes (Figure 2.13).

Nuclear Envelope

The nucleus is surrounded by a nuclear envelope that consists
of two parallel membranes separated by a fluid-filled space
(Figure 2.13a). The outer membrane is continuous with the
rough ER and has ribosomes on its external face. It forms
anew from rough ER after every cell division, so it is evidently
a specialized part of the rough ER. The inner membrane is



lined by protein filaments, the nuclear lamina, which main-
tain the shape of the nucleus (Figure 2.13b).

At various points, the two layers of the nuclear envelope
fuse, and nuclear pores penetrate the fused regions (Figure
2.13a and b). Each pore is formed by a bracelet-shaped com-
plex of more than 22 proteins, and there are several thousand
pores per nucleus. Like other cellular membranes, the mem-
branes of the nuclear envelope are selectively permeable, but
the pores allow large molecules to pass in and out of the nu-
cleus as necessary. For example, protein molecules imported
from the cytoplasm and RNA molecules exported from the
nucleus routinely travel through the pores.

The nuclear envelope encloses a jellylike fluid called
nucleoplasm (nu'kle-o-plazm”), in which the chromatin and
nucleolus are suspended. Like the cytosol, the nucleoplasm
contains salts, nutrients, and other essential chemicals.

Nucleolus

The nucleolus (nu-cle’o-lus, “little nucleus”) is a dark-staining
body in the cell nucleus (Figure 2.13). There may be one or
several within a cell nucleus. A nucleolus contains parts of sev-
eral different chromosomes and serves as the cell’s “ribosome-
producing machine.” Specifically, it has hundreds of copies of
the genes that code for ribosomal RNA and serves as the site
where the large and small subunits of ribosomes are assembled.
These subunits leave the nucleus through the nuclear pores and
join within the cytoplasm to form complete ribosomes.

Chromatin and Chromosomes

DNA is a long double helix that resembles a spiral staircase
(Figure 2.14). This double helix is in turn composed of four
kinds of subunits called nucleotides, each of which contains a
distinct base. These bases—thymine (T), adenine (A), cyto-
sine (C), and guanine (G)—bind to form the “stairs” of the
“staircase” and to hold the DNA helix together.

The double helix of DNA (Figure 2.15 (1)) is packed
with protein molecules and coiled in strands of increasing
structural complexity and thickness. The DNA molecule plus
the proteins form chromatin. Each two turns of the DNA
helix is packed with eight disc-shaped protein molecules
called histones (his’tonz, Figure 2.15 (2)). Each cluster of
DNA and histones is called a nucleosome. In an electron mi-
crograph of chromatin, the nucleosomes have the appearance
of beads on a string. Chromatin in this form is called
extended chromatin. Further coiling of the nucleosomes
forms a tight helical fiber, as shown in Figure 2.15 (3). These
thick fibers of chromatin are called condensed chromatin.

During a cell’s nondividing phase, when it is performing its
normal activities, the chromatin is in either its extended or con-
densed form. The tightly coiled DNA of condensed chromatin
is inactive. The extended chromatin is the active region of the
DNA, directing the synthetic activities of the cell. Specifically,
extended chromatin is the site where DNA’s genetic code is
copied onto messenger RNA molecules in a process called
transcription. The most active cells in the body have a large
amount of extended chromatin and little condensed chromatin.

During cell division, the chromatin is further packed: The
helical fibers of nucleosomes are looped (Figure 2.15 (8)) and

Chapter 2 Cells: The Living Units 37

Hydrogen
bond

Nucleotides

Deoxyribose
Sugar-phosphate sugar

backbone Phosphate

2 Adenine (A)
— Thymine (T)
- Cytosine (C)
It Guanine (G)

FIGURE 2.14 Molecular structure of DNA. DNA is a double
helix constructed of chains of nucleotide molecules. Each
nucleotide consists of a sugar, phosphate, and one of four bases:
thymine (T), adenine (A), cytosine (C), or guanine (G).

then packed further into the most complex structure, the chro-
matid (Figure 2.15 (5)) of a chromosome (kro’mo-som; “col-
ored body”). Each chromosome contains a single, very long
molecule of DNA, and there are 46 chromosomes in a typical
human cell. When a cell is dividing, its chromosomes are
maximally coiled, so they appear as thick rods (see state (5)
in Figure 2.15). Chromosomes move extensively during cell
division (pp. 40—41), and their compact nature helps to keep
the delicate chromatin strands from tangling and breaking as
the chromosomes move. When cell division stops, many parts
of the chromosome uncoil to form the extended chromatin,
thereby allowing transcription to occur.

check your understanding

9. What does the nucleolus produce?
10. What cytoplasmic organelle is continuous with the
nuclear envelope?

11. How does the appearance of extended chromatin
differ from that of condensed chromatin? What is the
difference in function between these forms of
chromatin?

For answers, see Appendix B.
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FIGURE 2.15 Chromatin and chromosome structure.

(a) Electron micrograph of extended chromatin (36,500X).

(b) The arrangement of DNA and histones in chromatin, from its
most extended state (1) to its most condensed state (), in a
chromosome.

THE CELL LIFE CYCLE

» List the phases of the cell life cycle, and describe a key
event of each phase.

The cell life cycle is the series of changes a cell under-
goes from the time it forms until it reproduces itself. This
cycle can be divided into two major periods (Figure 2.16):
interphase, in which the cell grows and carries on its usual

we- Wiz
D

G, checkpoint
(restriction point)

Growth and DNA
synthesis

Growth and final
preparations for
division

G, checkpoint

FIGURE 2.16 The cell cycle. The two basic phases in the life
and reproduction of each cell are interphase and the mitotic
(M) phase. The length of the cell cycle varies in different cell
types, but the G; stage of interphase tends to be the longest
and the most variable in duration. See the text for details.

activities; and cell division, or the mitotic phase, during
which it divides into two cells.

Interphase

In addition to carrying on its life-sustaining activities, a cell in
interphase prepares for the next cell division. Interphase is di-
vided into Gy, S, and G, subphases. During Gy (gap 1), the first
part of interphase, cells are metabolically active, make proteins
rapidly, and grow vigorously. This is the most variable phase in
terms of duration. In cells with fast division rates, G; lasts sev-
eral hours; in cells that divide slowly, it can last days or even
years. Near the end of Gy, the centrioles start to replicate in
preparation for cell division. During the next stage, the S
(synthetic) phase, DNA replicates itself, ensuring that the two
daughter cells will receive identical copies of the genetic mate-
rial. The final part of interphase, called G, (gap 2), is brief. In
this period, the enzymes needed for cell division are synthe-
sized. Centrioles finish copying themselves at the end of G,.
The cell is now ready to divide. Throughout all three subphases,
the cell continues to grow, producing proteins and cytoplasmic
organelles, and to carry out its normal metabolic activities.
Checkpoints that evaluate cellular activities such as cell
growth, DNA replication, and mitotic spindle formation occur
throughout the cell cycle. Two of these checkpoints are shown
in Figure 2.16: The G; checkpoint assesses cell size before
DNA synthesis, and the G, checkpoint checks for DNA damage



and accuracy of replication. Mitosis can be halted at these
checkpoints, thus preventing damaged cells from dividing.

Cell Division

Cell division is essential for body growth and tissue repair.
Short-lived cells that continuously wear away, such as cells of
the skin and the intestinal lining, reproduce themselves al-
most continuously. Others, such as liver cells, reproduce
slowly (replacing those cells that gradually wear out), but can
divide quickly if the organ is damaged. Cells of nervous tis-
sue and for the most part skeletal muscle are unable to divide
after they are fully mature; repair is carried out by scar tissue
(a fibrous connective tissue).

Cells divide in the M (mitotic) phase of their life cycle,
which follows interphase (see Figure 2.16). In most cell
types, division involves two distinct events: mifosis (mi-to’-
sis), or division of the nucleus, and cytokinesis (si”to-ki-ne’-
sis), or division of the entire cell into two cells.

Mitosis

Mitosis is the series of events during which the replicated
DNA of the original cell is parceled out into two new cells,
culminating in the division of the nucleus. Throughout these
events, the chromosomes are evident as thick rods or threads.
Indeed, mitosis literally means “the stage of threads.” Mitosis
is described in terms of four consecutive phases: prophase,
metaphase, anaphase, and telophase. However, it is actually a
continuous process, with each phase merging smoothly into
the next. Its duration varies according to cell type, but it typi-
cally lasts about 2 hours. Mitosis is described in detail in
Focus on Mitosis (Figure 2.17).

Cytokinesis

The separation of one cell into two at the end of the cell cycle
is called cytokinesis, literally “cells moving (apart).” It be-
gins during anaphase and is completed after mitosis ends
(Figure 2.17). Essentially, a ring of contractile actin and
myosin filaments in the center of the original cell constricts to
pinch that cell in two. The two new cells, called daughter
cells, then enter the interphase part of their life cycle.

check your understanding

12. In what basic phase of the cell life cycle does the cell
spend most of its life?

13. What is the meaning of the root words that form the
terms anaphase, metaphase, and telophase? What is
happening during each of these phases of mitosis?

For answers, see Appendix B.

DEVELOPMENTAL ASPECTS
OF CELLS

» Name some specific cell types, and relate their overall
shape to their special functions.

» Compare theories of cell differentiation and aging.
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Cell Differentiation

All humans begin life as a single cell, the fertilized egg, from
which all the cells in the body arise. Early in embryonic devel-
opment, the cells begin to specialize: Some become liver cells;
some become nerve cells; others become the transparent lens
of the eye. Every cell in the body carries the same genes. (A
gene, simply speaking, is a segment of DNA that dictates a
specific cell function, usually by coding for a specific protein.)
If all our cells have identical genes, how do cells differentiate
and take on specialized structures and functions?

Cells in various regions of the developing embryo are ex-
posed to different chemical signals that channel the cells into
specific pathways of development. The cytoplasm of a fertilized
egg contains gradients of maternally produced messenger RNA
(mRNA) molecules and proteins. In the early days of develop-
ment as the fertilized egg divides, the cytoplasm of each daugh-
ter cell receives a different composition of these molecules.
These maternally derived molecules in the cytoplasm influence
the activity of the embryonic genome. In this way, different
genes are activated in each cell, leading to cellular differentia-
tion. Once the cell-specific gene expression begins, a cell may
produce signaling molecules that influence the development of
neighboring cells by switching some of their genes “on” or “off.”
Some genes are active in all cells; for example, all cells must
carry out protein synthesis and make ATP. However, the genes
for the synthesis of specialized proteins, such as hormones or
mucus, are activated only in certain cell populations. The key to
cell specialization lies in the kinds of proteins made and reflects
differential gene activation in the different cell types.

Cell specialization, also called cell differentiation, leads
to structural variation among the cell types in the body.
Different organelles come to predominate in different cells.
For example, muscle cells make tremendous quantities of
actin and myosin proteins, and lipid accumulates in fat cells.
Phagocytic cells produce more lysosomal enzymes and con-
tain many lysosomes. There are about 200 different cell types
in the body, which vary greatly in size, shape, and function.
They include sphere-shaped fat cells, disc-shaped red blood
cells, branching nerve cells, and cube-shaped cells of kidney
tubules. Figure 2.18 illustrates how the shapes of cells and
their arrangement of organelles relate to the specialized func-
tion of these cells. Cells fall into these functional groups:

(a) Cells that connect body parts or cover and line organs

Fibroblast. The elongated shape of this cell extends
along the cablelike fibers that it secretes. It also has an
abundant rough ER and a large Golgi apparatus to make
and secrete the protein components of these fibers.

Erythrocyte (red blood cell). This cell carries the respira-
tory gases, oxygen and carbon dioxide. Its concave disc
shape provides extra surface area for the uptake of respi-
ratory gases. This streamlined shape also allows the cell
to flow easily through the bloodstream. So much oxygen-
carrying pigment is packed in erythrocytes that all other
organelles have been shed to make room.

Epithelial cell. The shape of these cells allows the maxi-
mum number of epithelial cells to be packed together in a



FOCUS Mitosis

FIGURE 2.17

Mitosis is the process of nuclear division in which the chromosomes
are distributed to two daughter nuclei. Together with cytokinesis, it
produces two identical daughter cells.

Interphase

Centrosomes (each
has 2 centrioles)

Plasma
membrane

Nucleolus Chromatin

Nuclear
envelope

Interphase

* Cell is carrying out its normal metabolic
activities.

e Chromatin in extended and condensed forms.

* Three phases (as shown in Figure 2.16).

G4 phase — centrioles begin replication.

S phase — DNA is replicated.

G, phase — the final preparations for mitosis;
centriole replication complete.

The light micrographs show dividing lung cells from
a newt. The chromosomes appear blue and the
microtubules green. (The red fibers are intermediate
filaments.) The schematic drawings show details not
visible in the micrographs. For simplicity, only four
chromosomes are drawn.

Early Prophase

Early mitotic
spindle

Chromosome
consisting of two
sister chromatids

Early prophase — first phase of mitosis

¢ Chromatin condenses to form chromosomes.

Each chromosome consists of two identical
chromatids, called sister chromatids, held
together at the centromere.

* Nucleoli and cytoskeletal microtubules
disassemble.

* Mitotic spindles form from microtubules
surrounding the centrosomes and push the

centrosomes toward opposite ends of the cell.

* Microtubule arrays called asters extend from
the centrosome matrix.
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Spindle pole

Aster

Centromere

Late Prophase

Polar microtubule

Fragments
of nuclear
envelope

Kinetochore
microtubule

Kinetochore

Late prophase

* Nuclear envelope disassembles, and its
components are stored in ER.

» Mitotic spindle microtubules extend from each
centrosome and attach to the centromere of
each chromosome. Each chromosome is pulled
by the spindle microtubules toward opposing
poles of the cell, resulting in the chromosomes
clustering in the center of the cell.



Metaphase

Anaphase

Metaphase
plate

Metaphase — second phase of mitosis

¢ Chromosomes align at the middle of the cell
along the metaphase plate.

* Chromatids are separated from each other by
enzyme action.

Daughter
chromosomes

Anaphase — third phase of mitosis

» Centromeres split apart; each chromatid is
now considered a chromosome.

 Spindle fibers, moved by motor proteins, pull
the chromosomes toward opposite poles.

» Other spindle fibers that are not attached to
chromosomes lengthen and push the poles of
the cells apart, thus elongating the cell.

¢ |[n anaphase, the chromosomes look
V-shaped as they are pulled away from the
metaphase plate.

Telophase and Cytokinesis

Nuclear Nucleolus forming Contractile
envelope ring at
forming cleavage

furrow

Telophase — final phase of mitosis

¢ |dentical sets of chromosomes at opposite
poles uncoil and resume their threadlike form
as extended chromatin.

* Nuclear envelope reassembles around each
chromatin group.

* Nucleoli reappear within the nuclei.
» Mitotic spindle breaks down.

Cytokinesis

e A ring of contractile microfilaments forms at
the cleavage furrow and then squeezes the
cells apart. Division of the cytoplasm actually
begins during late anaphase and continues
through and beyond telophase.

41
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(a) Cells that connect body parts, form linings, or transport

Epithelial cells

gases
Skeletal
muscle Smooth
cell =T muscle cells
(b) Cells that move organs and body parts
_ Macrophage

Fat cell

(c) Cell that stores nutrients (d) Cell that fights disease

Nerve cell

(e) Cell that gathers information and controls body functions

(f) Cell of reproduction

FIGURE 2.18 Cellular diversity. (Note that cells are not
drawn to the same scale.)

sheet called epithelium. An epithelial cell has abundant
intermediate filaments that resist tearing when the epithe-
lium is rubbed or pulled. Some epithelial cells are gland
cells, with an abundant rough ER, Golgi apparatus, and
secretory granules.

(b) Cells that produce movement and move body parts

Skeletal muscle and smooth muscle cells. These cells are
elongated and filled with abundant actin and myosin fila-
ments, so they can shorten forcefully.

(¢) Cell that stores nutrients

Fat cell. The huge spherical shape of a fat cell is pro-
duced by a large lipid droplet in its cytoplasm.

(d) Cell that fights disease

Macrophage (a phagocytic cell). This cell extends long
pseudopods to crawl through tissue to reach infection
sites. The many lysosomes within the cell digest the
infectious microorganisms it takes up.

(e) Cell that gathers information and controls body
functions

Nerve cell (neuron). This cell has long processes for re-
ceiving messages and transmitting them to other structures
in the body. The processes are covered with an extensive
plasma membrane, whose components are continually
recycled; a large rough ER is present to synthesize mem-
brane components.

(f) Cell of reproduction

Sperm (male). This cell is long and streamlined for
swimming to the egg for fertilization. The swimming tail
is a motile whip called a flagellum (p. 76 in Chapter 4).

Most organs are well formed and functional long be-
fore birth, but the body continues to grow by forming more
cells throughout childhood and adolescence. Once adult
size is reached, cell division slows considerably and occurs
primarily to replace short-lived cell types and to repair
wounds.

Aging

There is no doubt that cellular aging occurs and that it ac-
counts for most problems associated with old age. Although
aging is complex and certainly the result of many mecha-
nisms, the best-documented theory proposes that free radicals
play the major role. These highly reactive and thus destruc-
tive molecules are primarily by-products of normal cellular
metabolism, although they also form in response to external
insults, such as radiation and chemical pollutants. The theory
proposes that free radicals build up and progressively damage
the essential cell molecules. Most evidence for this comes
from experiments on less complex animals such as worms
and fruit flies, where neutralizing the free radicals and repair-
ing their damage have been shown to increase life span.
Vitamins E and C appear to act as antioxidants in the
human body and may help to prevent excessive free-radical
formation.

Most free radicals are produced in the mitochondria, the
organelle with the highest rate of metabolism. Scientists pro-
pose that a decrease in energy production by free-radical-
damaged mitochondria weakens and ages the cells. This is
called the mitochondrial theory of aging. It has long been
known that when laboratory rats and mice are slightly under-
nourished, their life span increases by up to 30%. The same
finding has also been demonstrated in primates. Because
caloric restriction lowers the metabolic rate and makes me-
tabolism more efficient, fewer of the destructive free radicals
are produced, and aging slows.



Genetic theories of aging propose that aging is pro-
grammed into our genes. These theories originated from the
observation that the body ages in a predictable pattern, as if
aging were a normal part of human development (and devel-
opment is known to be controlled by genes). Rats and fruit
flies can be bred to live longer than usual, and genes that in-
crease and decrease longevity have been identified in ani-
mals. Although some of these genes work by influencing free
radicals, others act in less understood ways.

The best evidence for planned senescence (programmed
aging) involves telomeres, structures that limit the maximum
number of times cells can divide. Telomeres are repeating,
seemingly nonsensical stretches of DNA that cap the ends of
chromosomes (telo = end; mere = piece). Although they
carry no genes, they appear to be vital for chromosomal sur-
vival: Each time DNA is replicated, 50 to 100 of the end nu-
cleotides are lost, and the telomeres get a bit shorter. When the
telomeres reach a certain minimum length, the “stop-division”
signal is given. The idea that cell longevity depends on telo-
mere length was supported by the 1994 discovery of
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telomerase, an enzyme that prevents telomeres from degrad-
ing by adding more repeating DNA to the ends. Pegged as the
“immortality enzyme,” telomerase occurs in our endlessly
replicating germ-line cells and in cancer cells, but not in other
cell types. Great excitement was generated in 1998 when it
was reported that adding telomerase to laboratory-grown
human cells greatly increased the number of times these cells
could divide, without showing any signs of senescence.

check your understanding

14. What cellular structures would be abundant in cells
that specialize in producing movement, such as
muscle cells?

15. What organelles would be abundant in cells that
produce and secrete hormones?

16. According to which aging theory presented here can
the aging process be altered by individual behavior?

For answers, see Appendix B.

RELATED CLINICAL TERMS

APOPTOSIS (ap”op-to’sis; “falling away”) Programmed cell death.
This process of controlled cellular suicide eliminates cells that are
stressed, unneeded, excessive, or aged. In response to damaged
macromolecules within the cell or to some extracellular signal, a se-
ries of intracellular enzymes is activated that destroy the cell's DNA,
cytoskeleton, and other structures, producing a quick, neat death.
The apoptotic cell shrinks without leaking its contents into the
surrounding tissue. It detaches from other cells and is immediately
consumed by nearby cells. This tidy sequence avoids inflammation
(p- 93), and therefore minimizes tissue injury. Cancer cells fail to un-
dergo apoptosis, but oxygen-starved cells do so excessively (heart-
muscle and brain cells during heart attacks and strokes, for example).

DYSPLASIA  (dis-pla’ze-ah) (dys = abnormal) A change in cell size,
shape, or arrangement due to long-term irritation or inflammation
(from infections, for example).

HYPERPLASIA  (hi"per-pla’ze-ah; “excess shape”) Excessive cell
proliferation. Unlike cancer cells, hyperplastic cells retain their
normal form and arrangement within tissues.

HYPERTROPHY  (hi-per’tro-fe; “excess growth”) Growth of an organ
or tissue due to an increase in the size of its cells. Hypertrophy is a
normal response of skeletal muscle cells to exercise. Hypertrophy
differs from hyperplasia, the condition in which cells increase in num-
ber but not in size.

NECROSIS  (ne-kro’sis) (necros = death; osis = process; condition)
Death of a cell or group of cells due to injury or disease. Acute injury
causes the cells to swell and burst, and they induce an inflammatory
response. This is accidental, uncontrolled cell death, in contrast to
apoptosis.

CHAPTER SUMMARY

Overview of Cells (pp. 24-25)
1. Cells are the basic structural and functional units of life.

2. There are 50 to 100 trillion cells in the human body. This chapter
emphasizes the features common to all cells.

3. Each cell has three main regions: plasma membrane, cytoplasm,
and nucleus.

The Plasma Membrane (pp. 25-28)

Structure (p. 27)

4. The plasma membrane defines the cell’s outer boundary. The fluid
mosaic model interprets this membrane as a flexible bilayer of
lipid molecules (phospholipids, cholesterol, and glycolipids) with
embedded proteins. When viewed by electron microscopy, the
membrane has two dark layers (phospholipid heads) that sandwich
an inner, light layer (phospholipid tails).

5. Most proteins in the membrane are integral proteins and extend en-
tirely through the membrane. Peripheral proteins, by contrast, are
attached to the membrane surface, helping to support the mem-
brane along with other functions.

6. Sugar groups of membrane glycoproteins and glycolipids project
from the cell surface and contribute to the cell coat (glycocalyx),
which functions in cell-to-cell binding and recognition.

Functions (p. 27)

7. The plasma membrane functions as a fragile barrier to protect the
cell contents. It determines what enters and leaves the cell, and
some proteins in the plasma membrane function as receptors for
extracellular signal molecules.
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Membrane Transport (pp. 27-29)

8. Small uncharged molecules pass through the membrane by simple
diffusion; water enters and leaves by osmosis; larger or charged
molecules pass through by transport mechanisms that involve the
integral proteins. The movement of molecules down their concen-
tration gradient by way of an integral protein is called facilitated
diffusion. Movement against the concentration gradient is active
transport, a process that requires the use of energy.

9. Large particles and macromolecules pass through the membrane by
endocytosis and exocytosis. Endocytosis brings large substances
into the cell as packets of plasma membrane fold in to form cytoplas-
mic vesicles. If the substance is a particle, the process is called
phagocytosis; if the substance is dissolved molecules in the extracel-
lular fluid, the process is known as pinocytosis. Receptor-mediated
endocytosis is selective: Specific molecules attach to receptors on the
membrane before being taken into the cell in protein-coated vesicles.

10. In exocytosis, membrane-lined cytoplasmic vesicles fuse with the
plasma membrane and release their contents to the outside of the cell.

The Cytoplasm (pp. 30-35)

Cytosol (p. 30)

11. The cytosol, or cytoplasmic matrix, is the viscous, fluid-containing
substance in which cytoplasmic organelles and inclusions are em-
bedded.

Cytoplasmic Organelles (pp. 30-35)
12. Each organelle performs specific functions. The various cell types
in the body have different numbers of each organelle type.

13. Ribosomes are dark-staining granules that consist of two subunits,
each made of protein and ribosomal RNA. Ribosomes are the sites
of protein synthesis (translation). Free ribosomes make proteins
used in the cytosol.

14. The rough endoplasmic reticulum is a ribosome-studded system of
membrane-walled envelopes (cisternae). Its ribosomes make proteins,
which enter the cisternae and which may ultimately be secreted by the
cell. The rough ER also makes all the cell’s membranes.

15. The smooth endoplasmic reticulum, a network of membrane-
walled tubes containing no ribosomes, is involved in the metabo-
lism of lipids. All ER stores calcium ions.

16. The Golgi apparatus is a stack of disc-shaped envelopes that has a
cis (convex) and a trans (concave) face. It sorts the products of the
rough endoplasmic reticulum and then sends these products, in
membrane-bound vesicles, to their proper destination. Lysosomes
and secretory granules arise from the Golgi apparatus.

17. Lysosomes are spherical, membrane-walled sacs of digestive
enzymes. They digest deteriorated organelles and substances
brought into the cell in membrane-bound vesicles.

18. Mitochondria are threadlike organelles covered by two membranes,
the inner of which forms shelflike cristae. Mitochondria are the
main sites of ATP synthesis, the cell’s main energy generators.

19. Peroxisomes are membrane-walled, enzyme-containing sacs that
perform several metabolic processes. They protect the cell from
free radicals and hydrogen peroxide. They also use hydrogen
peroxide to break down some organic poisons and carcinogens.

20. The cytoskeleton includes protein rods of three distinct types—
actin microfilaments, intermediate filaments, and microtubules—
all in the cytosol. Actin microfilaments interact with myosin to
produce contractile forces. Intermediate filaments, which act to re-
sist tension placed on the cell, are stable. Microtubules, which ra-

diate out from the centrosome region, give the cell its shape; they
also organize the distribution and the transport of various or-
ganelles within the cytoplasm. Both microtubules and microfila-
ments tend to be unstable, breaking down and re-forming.

21. The centrosome is a spherical region of cytoplasm near the nu-
cleus. It consists of a cloudlike matrix surrounding a pair of centri-
oles. Proteins in the matrix anchor long microtubules of the
cytoskeleton and mitotic spindle. The centrioles are barrel-shaped
structures with walls of short microtubules.

Cytoplasmic Inclusions (p. 35)

22. Inclusions are impermanent structures in the cytoplasm. Examples
include food stores, such as lipid droplets and glycogen-containing
glycosomes.

The Nucleus (pp. 35-38)

23. The nucleus contains genetic material (DNA) and is the control
center of the cell. Most cells have one centrally located nucleus
shaped like a sphere or an egg.

Nuclear Envelope (pp. 36-37)

24. The nucleus is surrounded by a selectively permeable nuclear en-
velope, which is penetrated by nuclear pores. These pores allow
the passage of large molecules such as RNA and proteins into and
out of the nucleus. The nuclear envelope is continuous with the
rough endoplasmic reticulum.

Nucleolus (p. 37)

25. A nucleolus is a dark-staining body within the nucleus, associated
with parts of several chromosomes. Nucleoli make the subunits of
ribosomes.

Chromatin and Chromosomes (pp. 37-38)
26. The DNA molecule is a double helix consisting of four types of nu-
cleotides, with bases of thymine, adenine, cytosine, and guanine.

27. Chromatin is strandlike material (DNA and histones) in the nu-
cleus that forms chromosomes. During cell division, all chromatin
is highly coiled, making the chromosomes appear as thick rods. In
nondividing cells, the chromatin is a mixture of inactive, coiled
regions (condensed chromatin) and active, uncoiled regions
(extended chromatin).

The Cell Life Cycle (pp. 38-39, 40-41)
28. The cell life cycle is the series of changes a cell experiences from
the time it forms until it divides.

Interphase (pp. 38-39)

29. Interphase is the nondividing phase of the cell life cycle. It consists
of the subphases Gy, S, and G,. During Gy, the cell grows; during
S, DNA replicates; and during G, the final preparations for divi-
sion are made.

Cell Division (pp. 39, 40-41)

30. Cell division, essential for growth and repair of the body, occurs
during the M (mitotic) phase. Cell division has two distinct as-
pects: mitosis and cytokinesis.

31. Mitosis, the division of the nucleus, has four stages: (1) prophase,
when chromatids appear, the nuclear membrane is lost, and the mi-
totic spindle forms; (2) metaphase, when the chromatids line up at
the cell’s equator; (3) anaphase, when the V-shaped chromatids are
pulled apart; and (4) telophase, when the chromatin extends and the
nucleus reassembles. Mitosis parcels out the replicated chromosomes
to two daughter nuclei. Cytokinesis, completed after mitosis, is the
division of the cell into two cells.



Developmental Aspects of Cells (pp. 39, 42-43)

Cell Differentiation (pp. 39, 42)

32. The first cell of a human is the fertilized egg. Cell differentiation
begins early in development and is thought to reflect differential
gene activation.

33. There are about 200 different cell types in the human body. These
cells have a variety of shapes, which reflect their functions; differ-
ent organelles dominate in different cell types (see Figure 2.18).
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34. During adulthood, cell numbers remain fairly constant, and cell di-
vision occurs primarily to replace lost cells.

Aging (pp. 42-43)

35. Aging of cells (and of the whole body) may reflect accumulated
damage from free radicals, or it may be a genetically influenced
process, or both. It may also reflect a loss of the capacity for cell
division over time.

REVIEW QUESTIONS
Multiple Choice/Matching Questions

For answers, see Appendix B.

1. The endocytotic process in which particulate matter is brought into
the cell is called (a) phagocytosis, (b) pinocytosis, (c) exocytosis.

2. The nuclear substance composed of histone proteins and DNA is
(a) chromatin, (b) the nuclear envelope, (c) nucleoplasm, (d) nuclear
pores.

3. Final preparations for cell division are made during this stage of
the cell life cycle: (a) Gy, (b) G,, () M, (d) S.

4. The fundamental bilayered structure of the plasma membrane is
determined almost exclusively by (a) phospholipid molecules, (b)
peripheral proteins, (c) cholesterol molecules, (d) integral proteins.

5. Identify the cell structure or organelle described by each of the fol-

lowing statements.

(a) A stack of 3—10 membranous discs, with vesicles.

(b) A continuation of the nuclear envelope forms this ribosome-
covered cytoplasmic organelle.

(c) In nondividing cells, the highly coiled parts of chromosomes
form this type of chromatin.

(d) This type of endoplasmic reticulum is a network of hollow
tubes involved in lipid metabolism.

(e) This is a cluster of eight histone molecules and the DNA strand
that wraps them.

(f) These are the cytoskeletal rods with the thickest diameter (choose
from microtubules, microfilaments, intermediate filaments).

(g) The only organelle with DNA and cristae.

(h) This energy-producing organelle is probably descended from
bacteria.

(i) Protein synthesis occurs at this organelle.

6. Circle the false statement about centrioles. (a) They start to dupli-
cate in Gy. (b) They lie in the centrosome. (c) They are made of
microtubules. (d) They are membrane-walled barrels lying parallel
to each other.

7. The trans face of the Golgi apparatus (a) is its convex face, (b) is
where products leave the Golgi apparatus in vesicles, (c) receives
transport vesicles from the rough ER, (d) is in the very center of
the Golgi stack, (e) is the same as the cis face.

8. Circle the false statement about lysosomes. (a) They have the same
structure and function as peroxisomes. (b) They form by budding off
the Golgi apparatus. (c) Lysosomal enzymes do not occur freely in
the cytosol in healthy cells. (d) They are abundant in phagocytic cells.

9. Name the appropriate stage of mitosis (prophase, metaphase,
anaphase, telophase) for each of the following.
(a) The chromosomes are lined up in the middle of the cell.
(b) The nuclear membrane fragments.

(¢c) The nuclear membrane re-forms.
(d) The mitotic spindles form.
(e) The chromosomes (chromatids) are V-shaped.

10. Name the cytoskeletal element (actin microfilaments, intermediate
filaments, or microtubules) for each of the following.
(a) give the cell its shape
(b) resist tension placed on a cell
(c) radiate from the centrosome
(d) interact with myosin to produce contraction force
(e) are the most stable
(f) associated with kinesins and dyneins
(g) associated with the motor protein myosin

11. Different organelles are abundant in different cell types. Match the
cell types with their abundant organelles by placing the correct let-
ter from column B into each blank in column A. Follow the hints
provided in parentheses.

Column A Column B

—— (1) cell lining the small intestine (a) mitochondria

(assembles fats)
— (2) white blood cell (phagocytic) (b) smooth ER
—— (3) liver cell (detoxifies carcinogens) (c) peroxisomes
— (4) muscle cell (highly contractile) (d) microfilaments

— (5) mucous cell (secretes protein
product)

(e) rough ER

— (6) epithelial cell in the outer layer of (f) intermediate filaments

skin (withstands tension)

— (7) kidney tubule cell (makes and uses
large amounts of ATP)

(g) lysosomes

12. Which of these processes involves specific membrane receptors?
(a) phagocytosis, (b) receptor-mediated endocytosis, (c) exocytosis,
(d) pinocytosis.

Short Answer Essay Questions

13. List all the cytoplasmic organelles that are composed (at least in
part) of lipid-bilayer membranes. Then list all the cytoplasmic
organelles that are not membranous.

14. Martin missed a point on his anatomy test because he thought
nucleus and nucleolus were the same word and the same structure.
Distinguish the nucleus from the nucleolus.

15. In this chapter, we claimed that mitochondria are the most complex
organelles in the cytoplasm. What evidence supports this claim?

16. Define chromosome. Then compare the arrangement of the chro-
matin in a dividing versus a nondividing cell.



46 Chapter 2 Cells: The Living Units

CRITICAL REASONING & CLINICAL APPLICATION QUESTIONS

1.

Chrissy, who is 30 years old, stays 5 kg (11 pounds) underweight
because she thinks being thin will slow her aging process. After
warning her not to lose any more weight or to become anorectic,
her doctor admitted that there is at least some scientific evidence to
support her view. What is that evidence?

Kareem had a nervous habit of chewing on the inner lining of his lip
with his front teeth. The lip grew thicker and thicker from years of
continual irritation. Kareem’s dentist noticed his greatly thickened
lip, then told him to have it checked to see if the thickening was a
tumor. A biopsy revealed hyperplasia and scattered areas of dyspla-
sia, but no evidence of tumor. What do these terms mean? Did
Kareem have cancer of the mouth?

The normal function of one tumor-suppressor gene acting at the G,
checkpoint is to prevent cells with damaged chromosomes and
DNA from “progressing from G to S.” Another tumor-suppressor
gene, acting at the G, checkpoint, prevents “passage from G, to
M.” When these tumor-suppressor genes fail to work, cancer can
result. Explain what the phrases in quotations mean.

In their anatomy labs, many students are exposed to the chemical
preservatives phenol, formaldehyde, and alcohol. Our cells break
down these toxins very effectively. What cellular organelle is
responsible for this?

The sedative phenobarbital is a lipid-soluble drug. What may
happen to the smooth ER in liver cells of people who use this drug
for a period of time?

6. The drug vinblastine is used in cancer therapy to stop the runaway

division of cancer cells. Vinblastine inhibits the assembly and
growth of microtubules. Referring to Figure 2.17, explain how the
action of this drug prevents mitosis.

. Use the analogy of the cell as a manufacturing factory to describe

the function of the following cellular structures: plasma mem-
brane, mitochondria, nucleus, Golgi apparatus, ribosomes, lyso-

somes, peroxisomes.
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cell develops into a fully formed human being. The body will not

change this much again during its remaining life span of 70 to 90
years. This chapter introduces you to human embryology, the
study of the origin and development of an individual person.
A knowledge of basic embryological events and structures is
especially valuable as you begin your study of human anatomy. By
knowing how the body methodically assembles itself, you will
better understand adult anatomy. Moreover, embryology helps to
explain the origin of many birth defects, anatomical abnormalities
that are evident in about 3% of live births.

I n just 38 weeks, from conception to birth, a single fertilized egg

( Eight-cell embryo (colored SEM).
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Embryo
+ —> o0 —> [ > *f >

Fertilization 1-week 3-week
conceptus  embryo
(3 mm)

5-week embryo
(10 mm)

-

8-week embryo \ /‘
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I Embryonic period

Duration: First 8 weeks postfertilization

Major events: Organs form from three primary germ layers.

The basic body plan emerges.

FIGURE 3.1 The prenatal period: All embryos and the fetus
are shown in actual size.

STAGES OF PRENATAL
DEVELOPMENT

» List the practical and clinical reasons for studying
embryology.

» Distinguish the embryonic period from the fetal period
of development.

The prenatal period (pre-na’tal; “before birth”) is the
time between conception (the union of an egg and a sperm cell)
and birth. It is divided into two stages (Figure 3.1): The
embryonic period spans the first 8 weeks, and the fetal (fe'tal)
period encompasses the remaining 30 weeks. The embryonic
period is an exceptionally busy one. By its end, all major or-
gans are in place, and the embryo,* the early form of the body,
looks distinctly human. In the longer fetal period that follows,
the organs of the fetus (fe'tus; “the young in the womb”) grow
larger and more complex.

THE BASIC BODY PLAN

» Sketch the basic structural plan of the adult body, which is
established during the embryonic period.

“Technically, the embryo is the stage in prenatal development between the third or fourth and
eighth weeks, inclusive. However, the term embryo can be used informally to encompass all
stages in the embryonic period.

12-week fetus
(90 mm)
. 38
P >
Fetal period weeks

Duration: Weeks 9-38 (or birth)
Major events: Organs grow in size and complexity.

To simplify the treatment of embryology, this chapter lim-
its the discussion to the derivation of the basic adult body plan.
Recall that in Chapter 1, pp. 10-11, the basic body plan was
described as a tube within a tube. This basic plan, which is ev-
ident by month 2 of development, is illustrated in Figure 3.2;
the outer body wall makes up the outer tube and the inner tube
in this section through the abdomen is the digestive tube.
These two tubes are separated by a serous cavity. In the ab-
domen, this cavity is the peritoneal cavity. In the figure, note
the following adult structures:

1. Skin. The skin has two layers: an outer layer called the
epidermis and an inner, leathery layer called the dermis.

2. Outer body wall. The outer body wall consists mostly of
trunk muscles. Dorsally, it also contains the vertebral col-
umn, through which the spinal cord runs. Ribs attach to
each bony vertebra in the thoracic region of the trunk wall.

3. Body cavity and inner tube. The inner tube is composed

of the respiratory and digestive structures (see Figure 1.5,

p. 10). This section through the abdomen shows the peri-

toneal cavity, lined by visceral and parietal serosae, sur-

rounding the digestive tube (stomach, intestines, and so

on). The digestive tube has a muscular wall and is lined

internally by a sheet of cells. This lining is shown in yel-
low in Figure 3.2.

In the thoracic region the body plan is similar. The res-

piratory structures form from the inner tube. The body
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FIGURE 3.2 The adult human body plan (simplified cross section). The
development of this body plan is traced in this chapter. The blue, red, and yellow colors
denote derivation from the three basic embryonic germ layers. See the discussion on

p. 56 and Figure 3.9 for more information.

cavities in the thorax are the pleural cavity around the
lungs and the pericardial cavity surrounding the heart.
Parietal and visceral serosae line these cavities as well.
These relationships were introduced in Chapter 1, p. 12.

4. Kidneys and gonads. The kidneys lie directly deep to the
dorsal body wall, in the lumbar region of the back poste-
rior to the parietal serosa. The gonads (testes or ovaries)
originate in a similar position but migrate to other parts of
the body during the fetal period.

5. Limbs. The limbs consist mostly of bone, muscle, and skin.

You can see how this adult body plan takes shape by following
the events of month 1 of human development.

check your understanding
1. During which prenatal period is the basic body plan
established?
2. What abdominal structures form from the inner tube?

3. Using the directional terms introduced in Chapter 1
(Table 1.1, p. 8), describe the position of the kidneys in
reference to the peritoneal cavity.

For answers, see Appendix B.

THE EMBRYONIC PERIOD
Week 1: From Zygote to Blastocyst

» Describe the earliest stage of development, from zygote
to blastocyst (week 1).

Each month, one of a fertile woman’s two ovaries releases
an immature egg, called an oocyte (Figure 3.3). This cell is

normally drawn into a uterine tube (fallopian tube), which
provides a direct route to the uterus (womb). Fertilization of
an oocyte by a sperm generally occurs in the lateral third of
the uterine tube. The fertilized oocyte, now called a zygote
(zi'got; “a union”), is moved toward the uterus. Along the
way, it divides repeatedly to produce two cells, then four cells,
then eight cells, and so on. Because there is not much time for
cell growth between divisions, the resulting cells become
smaller and smaller. This early division sequence, called
cleavage, provides the large number of cells needed as build-
ing blocks for the embryo.

About 72 hours* after fertilization, cleavage has generated
a solid cluster of 12—16 cells called a morula (mor'u-lah; “mul-
berry”). During day 4, the late morula—now consisting of
about 60 cells—enters the uterus. It takes up fluid, which gath-
ers into a central cavity. This new fluid-filled structure is called
a blastocyst (blas’to-sist; blasto = bud or sprout; cyst = bag).

Two distinct types of cells are obvious in the blastocyst
stage (Figure 3.3e). A cluster of cells on one side of the
blastocyst cavity is called the inner cell mass, and the layer
of cells surrounding the cavity is called the trophoblast (trot’
o-blast; tropho = nourishment). The inner cell mass will
form the embryo, and the trophoblast will help form the pla-
centa, the structure that transfers nutrients from the mother to
the fetus. This chapter focuses on the inner cell mass and the
embryo; the trophoblast and placenta are discussed along
with the female reproductive system in Chapter 25.

The blastocyst stage lasts about 3 days, from day 4 to day 7.
For most of this time, the blastocyst floats freely in the cavity of
the uterus, but on day 6, it starts to burrow into the wall of the

*All dates given for the developmental events in this chapter are average times. Actual dates
vary by 1-2 days or more among different pregnancies.
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(a) Zygote (b) 4-cell stage (c) Morula (a solid ball (d) Early blastocyst
(fertilized egg) 2 days of cells). (morula hollows out
3 days and fills with fluid).
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(consists of a sphere
of trophoblast cells and
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FIGURE 3.3 Fertilization and the events of the first 6 days of development. The ovary,
uterus, and uterine tubes, which lie in the mother’s pelvis, are shown in posterior view. An egg
(oocyte) is released into the peritoneal cavity (ovulation) and taken up by the uterine tube,
where it undergoes fertilization to become a zygote (a). Then, as it moves through the uterine
tube and into the uterus, it passes through the four-cell stage (b) and the morula (c) and
blastocyst (d) stages. Finally, the blastocyst implants into the wall of the uterus (e), as shown
in detail in the next figure. Parts (d) and (e) show the blastocyst cut in half to reveal the inside.

uterus (Figure 3.4). This process, called implantation, takes
about a week to complete. In implantation, the trophoblast layer
erodes inward until the entire blastocyst is embedded in the
uterine wall.

In some pregnancies, the inner cell mass of a single blasto-
cyst splits into two during the early stages of cleavage of week 1
or week 2. This produces identical twins, also called monozy-
gotic twins (monozygotic = from one zygote). Worldwide, the
birth rate for identical twins is approximately 4 per 1000 births.

Week 2: The Two-Layered Embryo

» Describe how the embryo becomes a two-layered disc
(week 2).

Figure 3.4d shows the embryo about 9 days after fertil-
ization. The inner cell mass has now divided into two sheets
of cells, the epiblast (ep’i-blast; epi = over, upon) and the
hypoblast (hi'po-blast; ~ypo = under, beneath). Extensions
of these cell sheets form two fluid-filled sacs (Figure 3.4d—e)
resembling two balloons touching one another, with the epi-
blast and hypoblast at the area of contact. Together, the epi-
blast and hypoblast make up the bilaminar (“two-layered”)
embryonic disc, which will give rise to the whole body.

The sac formed by an extension of the epiblast is the
amniotic (am”"ne-ot'ik) sac. The outer membrane of the am-
niotic sac is called the amnion, and the internal amniotic sac
cavity is filled with amniotic fluid. This fluid buffers the
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FIGURE 3.4 Implantation of the blastocyst during

week 2 of development. The embryos are shown in section
(cut in half).
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developing embryo and fetus from physical shock until the
time of birth. You may have heard the expression, “The
mother’s water broke just before she gave birth.” This refers
to the rupture of the amniotic sac and release of its amniotic
fluid near the start of labor, the process that expels the mature
fetus from the uterus.

The yolk sac, formed by an extension of the hypoblast,
holds a very small amount of yolk, which is insignificant as a
food source. The human yolk sac, however, is important be-
cause the digestive tube forms from part of it (see p. 55).
Furthermore, tissue around the yolk sac gives rise to the earli-
est blood cells and blood vessels (see Chapter 18, “The Blood
Throughout Life” section).

Week 3: The Three-Layered Embryo

» Explain gastrulation and the formation of the three germ
layers (week 3).

The Primitive Streak and the Three
Germ Layers

During week 3, the embryo grows from a two-layered disc
to a three-layered (trilaminar) disc. This process, called
gastrulation (gas”troo-la’shun), forms the three primary
germ layers—ectoderm, mesoderm, and endoderm—the lay-
ers from which all body tissues develop. The germ layer be-
gins to form on days 14-15, when a raised groove called the
primitive streak appears on the dorsal surface of the epiblast
(Figure 3.5). Epiblast cells migrate inward at this streak. On
days 14-15 the first cells that migrate through the primitive
streak displace the cells of the underlying hypoblast to be-
come the endoderm. Then, starting on day 16, the ingressing
epiblast cells form a new layer between epiblast and endo-
derm, the mesoderm. The epiblast cells that remain on the
embryo’s dorsal surface make up the ectoderm. In this way,
the three primary germ layers of the body are established, all
derived from epiblast cells. The structures formed from each
germ layer are color-coded in the figures throughout this
chapter: Structures formed from ectoderm are colored blue;
those derived from mesoderm are red; and structures formed
from endoderm are yellow.

The three germ layers differ in their tissue structure.
(Recall from Chapter 1 that a tissue is a collection of similar
cells that perform a common function.) Ectoderm and endo-
derm are epithelial tissues, or epithelia—sheets of tightly
joined cells (p. 4). Mesoderm, by contrast, is a mesenchyme
tissue (mes’eng-kim; mesen = middle; chyme = fluid). A
mesenchyme is any embryonic tissue with star-shaped cells
that do not attach to one another. Thus, mesenchyme cells are
free to migrate widely within the embryo.

The Notochord

At one end of the primitive streak is a swelling called
the primitive node (Figure 3.5¢). The epiblast cells that
move through the primitive node migrate straight anteriorly.
These mesodermal cells, along with a few cells from the
underlying endoderm, form a rod called the notochord
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FIGURE 3.5 The primitive streak stage. Diagrams (a) through (d) show orientation
of the bilaminar disc shown in (e). (e) The primitive streak appears on the epiblast on
about day 14. (f, g) Sections through the embryonic disc at the location shown in (e).

(Figure 3.6a). The notochord defines the body axis (the
midline that divides the left and right sides of the body). It
extends the length of the body and is the site of the future
vertebral column. The notochord appears on day 16, and by
day 18 it reaches the future head region.

Neurulation

As the notochord develops, it signals the overlying ecto-
derm to start forming the spinal cord and brain, an event
called neurulation (nu”roo-la’shun) (central column of
Figure 3.7). Specifically, the ectoderm in the dorsal midline
thickens into a neural plate, and then starts to fold inward
as a neural groove. This groove deepens until a hollow
neural tube is pinched off into the body. Closure of the
neural tube begins at the end of week 3 in the region that
will become the neck and then proceeds both cranially (to-
ward the head or crown) and caudally (toward the tail or
rump). Complete closure occurs by the end of week 4. The

cranial part of this neural tube becomes the brain, and the
rest becomes the spinal cord.

As shown in Figure 3.7b, neural crest cells are pulled
into the body along with the invaginating neural tube. The
neural crest cells originate from ectodermal cells on the lat-
eral ridges (neural folds) of the neural plate, and they come to
lie just external to the closed neural tube. The neural crest
forms the sensory nerve cells and some other important struc-
tures, as described on p. 56.

The ability of one group of cells to influence the develop-
mental direction of other cells is called induction. The influ-
ence of the notochord on the formation of the neural tube is
an example of induction. In fact, the notochord initiates a
chain reaction of inductions that continue throughout devel-
opment. Disruption in any of these inductive processes can
result in developmental abnormalities. The genes and mole-
cules that signal these inductive events are currently being
identified.
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FIGURE 3.6 Formation of the mesoderm

and the notochord in a 16-day embryo. (a) The
three-layered embryonic disc sectioned in side
view (see the inset above for orientation).
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NEURAL TUBE DEFECTS Neural tube defects result
from failure of the neural tube to close completely. The
most common neural tube defects are spina bifida and
anencephaly. Spina bifida results when the neural tube
does not close completely, causing malformation of

the spinal cord, spine, and spinal nerves. Depending

on the location and extent of the defect, resulting
disabilities range from mild (lower body weakness and
pain, bowel and bladder dysfunction) to severe (paralysis
below the area of defect and complications from
hydrocephalus, excessive fluid buildup on the brain).
Anencephaly results when the neural tube fails to close
in the head. The brain does not develop, and the baby is
either stillborn or dies within a few hours after birth.

Up to 70% of neural tube defects have been linked to
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low maternal levels of folic acid. It is recommended that
women of childbearing age consume 400 micrograms
(0.4 mg) of folic acid daily. In addition to vitamin
supplementation, good sources of folic acid include green
leafy vegetables, whole-grain cereals, and nuts. Taking
supplements prior to pregnancy is important

because the neural tube forms in the third week

of development, often before a woman knows

she is pregnant.

The Mesoderm Begins to Differentiate

In the middle of week 3, the mesoderm lies lateral to the
notochord on both sides of the body (Figure 3.7a) and extends
cranially to caudally (from head to tail, or crown to rump).
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FIGURE 3.7 Neurulation and mesoderm differentiation, week 3. (a—c) At left,
dorsal surface views of the embryo. At right, transverse sections through the entire
embryo showing formation of the neural tube and mesoderm differentiation.

By
reg

1.

the end of this week, the mesoderm has divided into three
ions.

Somites (so’'mitz; “bodies”). The mesoderm closest to the
notochord begins as paraxial mesoderm (par”ak’se-al;
“near the body axis”). Starting cranially and proceeding
caudally, the paraxial mesoderm divides into a series of
blocks called somites (Figure 3.7b). The somites are vis-
ible in surface view as a row of subectodermal bulges on
each side of the back (see the dorsal views on the left side
of Figure 3.7b and c). The somites are the first body seg-
ments, and about 40 pairs develop by the end of week 4.

2.

Intermediate mesoderm. This begins as a continuous strip
of tissue just lateral to the paraxial mesoderm. Influenced
by the segmentation of the somites, the intermediate meso-
derm divides into spherical segments in a cranial-to-caudal
sequence (Figure 3.7b). Each segment of intermediate
mesoderm attaches to a somite.

Lateral plate. This, the most lateral part of the mesoderm,
never divides into segments (Figure 3.7b and c). The lat-
eral plate begins as one layer, but soon splits into two. A
wedge of space is formed between these two sheets. This
space is called the coelom (se'lum; “cavity”). The two



resulting divisions of the lateral plate are the somatic
mesoderm (so-mat’ik; “body”), next to the ectoderm, and
the splanchnic mesoderm (splangk’nik; “viscera”), next
to the endoderm. The coelom that intervenes between the
splanchnic and somatic mesoderm will become the serous
cavities of the ventral body cavity, namely the peritoneal,
pericardial, and pleural cavities (see Figure 1.7).

When you compare the cross sections in Figure 3.7 with
the adult body plan in Figure 3.2, you might begin to see a
few similarities, especially if you match structures according
to their colors. For example, the blue ectoderm becomes the
epidermis of the skin, the neural tube becomes the spinal
cord, and the yellow endoderm becomes the lining of the di-
gestive tube. The main difference between the 3-week em-
bryo and the adult body is that the embryo is still a flat disc.
The three-dimensional, cylindrical body shape forms during
week 4.

check your understanding

4. Describe gastrulation. During what week of embryonic
development does it occur?

5. What structure induces the formation of the neural tube?

6. What type or types of mesoderm cluster into segments
along the body axis?

For answers, see Appendix B.

Week 4: The Body Takes Shape

» Discuss how the body folds from a flat disc into its
three-dimensional, tubular shape (week 4).

» In the week 4 embryo, clearly differentiate between the
outer tube, the inner tube, and the coelom.

» List the main derivatives of ectoderm and endoderm.

» |dentify the five regions of mesoderm and list the main
derivatives of each region.

Folding

The embryo takes on a cylindrical shape when its sides fold
medially and it lifts off the yolk sac and protrudes into the am-
niotic cavity (Figure 3.8). This process resembles the folding
of three stacked sheets of paper into a tube. At the same time,
the head and tail regions fold under, as shown in Figure 3.8c.
The embryonic disc bulges upward because it is growing so
much faster than the yolk sac below it. Its lateral folding is
caused by the fast growth of the somites. The folding at the
head and tail is caused by expansion of the brain and lengthen-
ing of the spinal cord.

As a result of this folding, the embryo acquires a tadpole
shape by day 24. As the embryo becomes cylindrical, it en-
closes a tubular part of the yolk sac, called the primitive gut
(future digestive tube and respiratory structures: Figure 3.8d
and Figure 1.5 on p. 10). This tube is lined by endoderm. The
embryo remains attached to the yolk sac below by a duct lo-
cated at the future navel. This duct becomes incorporated into
the umbilical cord.
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FIGURE 3.8 Folding of the embryo, lateral views.

(a) Model of the flat three-layered embryo as three sheets of
paper. (b, c) Folding begins with lateral folds, and then head
and tail folds appear. (d) A 24-day embryo in sagittal section.
Notice the primitive gut, which is derived from the yolk sac,
and the dorsal notochord and neural tube.
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Derivatives of the Germ Layers

By day 28, the basic human body plan has been attained
(Figure 3.9). Figure 3.9b is a cross section through the trunk
of a 1-month-old embryo, which you can compare directly to
the adult body section (Figure 3.9c). This comparison will help

FIGURE 3.9 The germ layers in week 4 and their adult
derivatives. The basic adult body plan (c) is established in
week 4 (a-b). (a) Folding continues as the embryo forms into a
cylinder and lifts up off the yolk sac. The right and left lateral
folds will join ventrally. (b) The cylindrical human body plan on
day 28. This cross section is taken from the trunk region, where
the posterior limb buds (future legs) attach. (c) Simplified cross
section through the abdomen of an adult.

you understand the adult derivatives of the germ layers. These
derivatives are summarized in Figure 3.70.

Derivatives of Ectoderm The ectoderm becomes the
brain, spinal cord, and epidermis of the skin. The early epi-
dermis, in turn, produces the hair, fingernails, toenails, sweat
glands, and the oil glands of the skin. Neural crest cells, from
ectoderm, give rise to the sensory nerve cells. Furthermore,
much of the neural crest breaks up into a mesenchyme tissue,
which wanders widely through the embryonic body. These
wandering neural crest derivatives produce such varied struc-
tures as the pigment-producing cells in the skin (melanocytes)
and the bones of the face.

Derivatives of Endoderm The endoderm becomes the
inner epithelial lining of the gut tube and its derivatives: the
respiratory tubes, digestive organs, and the urinary bladder. It
also gives rise to the secretory cells of glands that develop
from gut-lining epithelium, such as the liver and pancreas.

Derivatives of the Mesoderm and Notochord The
mesoderm has a complex fate, so you may wish to start by
reviewing its basic parts in Figure 3.9: the somites, intermediate
mesoderm, and somatic and splanchnic lateral plate mesoderm.
Also note the location of the notochord.

The notochord gives rise to an important part of the
spinal column, the springy cores of the discs between the ver-
tebrae. These spherical centers, each called a nucleus pulpo-
sus (pul-po’sus), give the vertebral column some bounce as
we walk.

Each of the somites divides into three parts (Figure 3.9b).
One part is the sclerotome (skle'ro-tom; “hard piece”). Its
cells migrate medially, gather around the notochord and the
neural tube, and produce the vertebra and rib at the associated
level. The most lateral part of each somite is a dermatome
(“skin piece”). Its cells migrate externally until they lie di-
rectly deep to the ectoderm, where they form the dermis of
the skin in the dorsal part of the body. The third part of each
somite is the myotome (mi'o-tom; “muscle piece”), which
stays behind after the sclerotome and dermatome migrate
away. Each myotome grows ventrally until it extends the en-
tire dorsal-to-ventral height of the trunk. Myotomes become
the segmented trunk musculature of the body wall (Figures
1.5b and 3.10). Additionally, the ventral parts of myotomes
grow into the limb buds and form the muscles of the limbs.

The intermediate mesoderm, lateral to each somite, forms
the kidneys and the gonads. By comparing Figures 3.9b and
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FIGURE 3.10 Flowchart showing major derivatives of embryonic germ layers.

3.9¢, you can see that the intermediate mesoderm lies in the
same relative location as the adult kidneys, outside the peri-
toneal cavity, or retroperitoneal.

The splanchnic and somatic lateral plate mesoderm are
separated by the coelom body cavity. By now, the splanchnic
mesoderm surrounds the endodermally derived gut tube lining
(Figure 3.9b). The splanchnic mesoderm gives rise to the entire
wall of the digestive and respiratory tubes, except the inner
epithelial lining; that is, it forms the musculature, connective
tissues, and the slippery visceral serosae of the digestive and
respiratory structures. Splanchnic mesoderm also gives rise to
the heart and most blood vessels.

Somatic mesoderm (Figure 3.9b), just external to the
coelom, produces the parietal serosa and the dermal layer of
the skin in the ventral body region. Its cells migrate into the
forming limbs and produce the bone, ligaments, and dermis
of each limb.

check your understanding
7. After folding takes place, what embryonic germ layer
forms the outer covering of the embryo?

8. Does endoderm form the inner lining of the inner tube
or the outer tube?

9. What part of the somite forms the vertebrae and ribs?
10. What does the splanchnic lateral plate mesoderm form?

For answers, see Appendix B.

Weeks 5-8: The Second Month
of Embryonic Development

» Describe the main events of the second month of
development.

Figure 3.11 shows an embryo at the start of the second
month. At this time, the embryo is only about a half centimeter
long. Around day 28, the first rudiments of the limbs appear as
limb buds. The upper limb buds appear slightly earlier than the
lower limb buds.

You can think of month 2 as the time when the body be-
comes less tadpole-like and starts to become recognizably
human (see Figure 3.1). The limbs grow from rudimentary
buds to fully formed extremities with fingers and toes. The
head enlarges quickly and occupies almost half the volume of
the entire body. The eyes, ears, and nose appear, and the face
gains a human appearance as the embryonic period draws to a
close. The protruding tail of the 1-month-old embryo disap-
pears at the end of week 8. All major organs are in place by the
end of month 2, at least in rudimentary form. Successive chap-
ters discuss the development of each organ system, so you will
often return to the events of month 2.
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FIGURE 3.11 A 29-day embryo. (a) Diagram. (b) Fiber-optic photograph. Note the
limb buds. Also note the segmented somites, which soon give rise to segmented
myotomes.

THE FETAL PERIOD that were established in the embryo. The fetal period is more

than just a time of growth, however. During the first half of this
» List the major events of fetal development. period, cells are still differentiating into specific cell types to
form the body’s distinctive tissues and complete the fine details
of body structure. The fetus at 3 months and 5 months is shown
in Figure 3.12.

The main events of the fetal period—weeks 9 through
38—are listed chronologically in Table 3.1. The fetal period is
a time of maturation and rapid growth of the body structures

(a) Fetus in month 3, about 6 cm long (b) Fetus late in month 5, about 19 cm long

FIGURE 3.12 Photographs of a developing fetus.
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@ Developmental Events of the Fetal Period

Time After Fertilization

8 weeks (end of
embryonic period)

8 weeks

Events

Eyes and ears first look human; neck region first becomes evident.

All major divisions of the brain are present;
first brain waves occur in brain stem.

Liver is disproportionately large.

Bone formation has just begun; weak muscle contractions occur.

Limbs are complete; digits are initially webbed, but fingers and toes are free by end of week 8.
The cardiovascular system is fully functional; the heart has been pumping blood since week 4.

Approximate crown-to-rump length: 3 cm (1.2 inches); weight: 2 g (0.06 ounce).

9-12 weeks (month 3)

12 weeks

Body is elongating; brain continues to enlarge; retina of eye is present.
Skin epidermis and dermis are differentiated.

Right and left halves of palate (roof of mouth) are fusing;
walls of hollow visceral organs are gaining smooth muscle; intestines move into body cavity.

Blood cell formation begins in bone marrow (also occurs in liver and spleen).
Notochord is degenerating and bone formation is accelerating.
Sex can be determined from the genitals.

Approximate crown-to-rump length at end of 12 weeks: 6 cm.

13-16 weeks (month 4)

17-20 weeks (month 5)

Sucking motions of the lips occur, and eyes can flinch if stimulated.

Body begins to outgrow head; limbs are no longer so disproportionately small.
Hard palate is fused.

Kidneys attain their typical structure.

Most bones are now distinct, and joint cavities are apparent.

Approximate crown-to-rump length at end of 16 weeks: 11 cm.

16 weeks

Eyelashes and eyebrows are present; a fatty skin secretion covers the body;
silklike hair, called lanugo, covers the skin.

Quickening occurs (mother feels fetus moving).

Body first bends forward into the fetal position because of space restrictions in the uterus.
Limbs achieve near-final proportions.

Rapid brain growth begins; hearing is functioning.

Approximate crown-to-rump length at end of 20 weeks: 16 cm.

21-30 weeks (months 6 and 7)

30-38 weeks (months 8 and 9)

Body size and weight substantially increase; eyes open.
Fingernails and toenails are complete.

Skin is wrinkled and red; the fatty layer under the skin (hypodermis) is just starting to gain
fat, so body is lean.

Bone marrow becomes the only site of blood cell formation.
Cerebrum grows; convolutions develop on brain surface.
Testes reach the scrotum in month 7 (males).

Lungs develop.

Approximate crown-to-rump length at end of 30 weeks: 38 cm.

At birth

Fat accumulates in hypodermis below skin.

Approximate crown-to-rump length at end of 38 weeks: 47 cm; weight 2.7-4.5 kg (6-10
pounds).
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a closer look

Focus on Birth Defects

About 3% of all newborns exhibit a
significant birth defect, or congenital
abnormality (congenital = present at
birth). This figure increases to 6% by 1
year of age, when initially unrecog-
nized conditions become evident.
Birth defects have many causes,
including defective chromosomes or
genes, exposure to chemicals and
harmful radiation, and viruses passed
from the mother to the embryo.
Chemical, physical, and biological
factors that disrupt development and
cause birth defects are called
teratogens (ter’ah-to-jenz; “monster
formers”). Teratogens include many
drugs, some organic solvents and
pollutants, toxic metals, various forms
of radiation such as X rays, and infec-
tious agents, particularly rubella
(German measles). Although many
teratogens have been identified, it
must be emphasized that most birth
defects cannot be traced to any
known teratogen or genetic disorder.
Most are caused by several factors.
When a pregnant woman drinks
alcohol, she increases the likelihood
of birth defects. Excessive alcohol
consumption produces fetal alcohol
syndrome (FAS), typified by micro-
cephaly (small head and jaw), growth
deficiencies, and distinctive facial fea-
tures (see photo). FAS is the most
common nonhereditary cause of men-
tal retardation in the United States.
Among the children of women who
drink heavily, the incidence of severe
FAS is 6%, and a milder form called
fetal alcohol effect is even more com-
mon. There is now evidence that even
moderate drinking, one to three
drinks per day, adversely affects the
development of the brain, lessening
the child’s ability to learn and remem-
ber. Therefore, physicians advise preg-
nant women to avoid alcohol entirely.

Some prescription drugs can
cause catastrophic birth defects.
Thalidomide, for example, was used
as a sedative and to relieve morning
sickness by many pregnant women
in Europe from 1958 to 1962.
When taken during the period of
limb differentiation (days 24-36), it
sometimes resulted in tragically
deformed infants with short, flipper-
like limbs. Similarly, a drug called
diethylstilbestrol (DES) was commonly
given to pregnant women from the
1940s to 1970, because it was
wrongly thought to prevent miscar-
riages. Instead, it caused cancer of
the vagina and uterus in daughters
exposed to DES in the womb.

An expectant mother must be
particularly careful of her health and
chemical intake during the third to
eighth weeks after conception. It is
easy to understand why weeks 3-8
are the "danger period”: Insults
delivered before week 3 tend to
destroy critical early cell lines so that
development cannot proceed, and a
natural abortion occurs. After week
8, almost all organs are already in
place, so teratogens may produce
only minor malformations. However,
this does not mean that the
subsequent fetal period is risk-free;
exposure of the fetus to teratogens
can still impair body growth and
organ functions, produce abnormali-
ties of the eyes, and lead to mental
retardation.

Surprisingly, most human em-
bryos die in the womb. About 15%
to 30% of all fertilized zygotes are
never implanted in the uterus, either
because they have lethal chromoso-
mal defects or the uterine wall is
unprepared to receive them. Among
implanted embryos, about one-third
are so malformed that they die, most

A child with fetal alcohol syndrome, the
most common preventable cause of
mental retardation in the United States.
Typical features are unusually shaped
eyes and lips (including a thin upper lip),
short nose, receding chin, problems
with vision and hearing, and possible
heart defects. Behavioral traits include
difficulties with learning, attention,
problem solving, and memory, as well
as problems with mental health and
social interaction.

often during week 2 or 3. Smaller
numbers are miscarried later in de-
velopment. Overall, at least half of
all fertilized ova fail to produce living
infants—some studies say 75%. We
fail to realize how many embryos die
because those lost in the first 2
weeks are shed without notice in the
next menstrual flow. Perhaps this
great loss of embryos is a biological
screening process that promotes the
birth of healthy offspring.



Normal births typically occur 38 weeks after conception.
A premature birth is one that occurs before that time.
Infants born as early as week 30 (7 months) usually survive
without requiring life-saving measures. Medical technology
can save many fetuses born prematurely, sometimes as early
as 22 weeks (in month 6). However, the lungs of premature
infants are not fully functional, and death may result from
respiratory distress (see Chapter 22, the section “Respiratory
Distress Syndrome,” for more details). Among those that
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survive, rates of visual problems and mental retardation are
elevated.

check your understanding

11. Why is respiratory distress common in babies born in
their sixth or seventh month of gestation?

For the answer, see Appendix B.

RELATED CLINICAL TERMS

ABORTION (abort = born prematurely) Premature removal of the
embryo or fetus from the uterus. Abortions can be spontaneous
(resulting from fetal death) or induced.

AMNIOCENTESIS (am”ne-o-sen-te'sis; “puncture of the amnion”) A
procedure for obtaining a sample of amniotic fluid. A needle is inserted
through the abdominal and uterine walls, and a small amount of amni-
otic fluid is obtained. Shed cells from the fetus can be studied for
chromosomal and genetic abnormalities, and chemicals in the fluid can
reveal other disorders. Conditions such as Down syndrome and spina
bifida can be diagnosed. The procedure can be performed as early as
week 11 of pregnancy.

CONJOINED (SIAMESE) TWINS Identical twins that are born joined
together. This phenomenon is caused by incomplete division of the
inner cell mass or embryonic disc during the twinning process. The

twins may be joined at any body region and often share organs. Some
can be separated successfully by surgery.

ECTOPIC PREGNANCY (ek-top’ik) (ecto = outside) A pregnancy in
which the embryo implants itself in any site other than in the uterus.
Ectopic pregnancy can occur in the body wall or on the outside of the
uterus, but it usually occurs in a uterine tube, a condition known as a
tubal pregnancy. Because the uterine tube is unable to establish a pla-
centa or accommodate growth, it ruptures unless the condition is di-
agnosed early. If rupture occurs, internal bleeding may threaten the
woman’s life. For obvious reasons, ectopic pregnancies almost never
result in live births.

TERATOLOGY (ter”ah-tol’o-je) (terato = a monster; logos = study of)
The study of birth defects and of fetuses with congenital deformities.

CHAPTER SUMMARY

1. The study of the 38-week prenatal period is called embryology.
Embryology helps one understand the basic organization of the
human body, as well as the origin of birth defects. (Congenital ab-
normalities are considered in the box on p. 60).

Stages of Prenatal Development (p. 48)
2. The embryonic period, during which the basic body plan is estab-
lished, is the first 8 weeks of prenatal development. The fetal period,
primarily a time of growth and maturation, is the remaining 30 weeks.

The Basic Body Plan (pp. 48-49)

3. Basic features of the adult body that are established in the embryonic
period include the skin, trunk muscles, vertebral column, spinal cord
and brain, digestive and respiratory tubes, serous cavities (peri-
toneal, pleural, and pericardial cavities), heart, kidneys, gonads, and
limbs (see Figure 3.2).

The Embryonic Period (pp. 49-57)
Week 1: From Zygote to Blastocyst (pp. 49-50)

4. After fertilization occurs in the uterine tube, the zygote undergoes
cleavage (early cell division without growth) to produce a solid
ball of cells called the morula. Around day 4, the morula enters the
uterus.

5. The morula gains an internal blastocyst cavity and becomes a blasto-
cyst, which consists of an inner cell mass and a trophoblast. The
inner cell mass becomes the embryo, and the trophoblast forms part
of the placenta. The blastocyst is implanted in the uterine wall from
about day 6 to day 13.

Week 2: The Two-Layered Embryo (pp. 50-51)
6. By day 7, the inner cell mass has formed two touching sheets of
cells, the epiblast and hypoblast. These layers form the bilaminar
embryonic disc.

7. The amniotic sac, whose wall is an extension of the epiblast, con-
tains amniotic fluid that buffers the growing embryo from physical
trauma. The yolk sac, whose wall is an extension of the hypoblast,
later contributes to the digestive tube. The earliest blood cells and
blood vessels form from tissue around the yolk sac.

Week 3: The Three-Layered Embryo (pp. 51-55)

8. At the start of week 3, gastrulation occurs. The primitive streak ap-
pears on the posterior part of the epiblast layer. Epiblast cells mi-
grate through the primitive streak to form the endoderm and meso-
derm. The embryonic disc now has three layers—ectoderm,
mesoderm, and endoderm—all derived from epiblast.

9. Ectoderm and endoderm are epithelial tissues (sheets of closely
attached cells). Mesoderm, by contrast, is a mesenchyme tissue
(embryonic tissue with star-shaped, migrating cells that remain
unattached to one another).

10. The primitive node, at the anterior end of the primitive streak, is the
site where the notochord originates. The notochord defines the lon-
gitudinal body axis and later forms each nucleus pulposus of the ver-
tebral column.

11. The notochord signals the overlying ectoderm to fold into a neural
tube, the future spinal cord and brain. This infolding carries other ec-
toderm cells, neural crest cells, into the body.
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12. By the end of week 3, the mesoderm on both sides of the notochord
has condensed into three parts. These are, from medial to lateral,
somites (segmented blocks that derive from nonsegmented paraxial
mesoderm), intermediate mesoderm (segmented balls), and the lat-
eral plate (an unsegmented layer). The coelom divides the lateral
plate into somatic and splanchnic mesoderm layers.

Week 4: The Body Takes Shape (pp. 55-57)

13. The flat embryo folds inward at its sides and at its head and tail, tak-
ing on a tadpole shape. As this occurs, a tubular part of the yolk sac
becomes enclosed in the body as the primitive gut.

14. The basic body plan is attained as the body achieves this tadpole
shape, as you can see by comparing Figure 3.9b and c. The major
adult structures derived from ectoderm, endoderm, and mesoderm
are summarized in Figure 3.10.

15. The limb buds appear at the end of week 4.

Weeks 5-8: The Second Month of Embryonic

Development (p. 57)

16. All major organs are present by the end of month 2. During this
month, the embryo becomes less tadpole-like and recognizably
human as the eyes, ears, nose, and limbs form.

The Fetal Period (pp. 58-61)

17. Most cell and tissue differentiation is completed in the first months
of the fetal period. The fetal period is a time of growth and matura-
tion of the body.

18. The main events of the fetal period are summarized in Table 3.1.

REVIEW QUESTIONS
Multiple Choice/Matching Questions

For answers, see Appendix B.

1. Indicate whether each of the following relates to (a) cleavage or (b)
events at the primitive streak.

— (1) period when a morula forms

____ (2) period when the notochord forms

_ (3) period when the three embryonic germ layers appear
____ (4) period when individual cells become markedly smaller

2. The outer layer of the blastocyst, which attaches to the uterine wall,
is the (a) yolk sac, (b) trophoblast, (c) amnion, (d) inner cell mass.

3. Most birth defects can be traced to disruption of the developmental
events during this part of the prenatal period: (a) first 2 weeks, (b)
second half of month 1 and all of month 2, (¢) month 3, (d) end of
month 4, (¢) months 8 and 9.

4. The primary germ layer that forms the trunk muscles, heart, and
skeleton is (a) ectoderm, (b) endoderm, (c) mesoderm.

5. Match each embryonic structure in column B with its adult deriva-
tive in column A.

Column A
— (1) kidney

Column B

(a) notochord
— (2) peritoneal cavity (b) ectoderm (not neural tube)
— (3) pancreas secretory cells (c¢) intermediate mesoderm
— (4) parietal serosa (d) splanchnic mesoderm
— (5) nucleus pulposus (e) sclerotome

—(6) visceral serosa (f) coelom

— (7) hair and epidermis (g) neural tube
—(8) brain (h) somatic mesoderm
—(9) ribs (i) endoderm

6. Match each date in column B (approximate time after conception)
with a developmental event or stage in column A.

Column A Column B
— (1) blastocyst (a) 38 weeks
— (2) implantation occurs (b) 15 days
— (3) first few somites appear (c) 4-7 days

— (4) flat embryo becomes cylindrical (d) about 21 days

— (5) embryo/fetus boundary (e) about 21-24 days

—(6) birth (f) about 60 days

— (7) primitive streak appears (g) days 6-13

7. It is currently possible to save some premature babies born as early
as week (a) 8, (b) 16, (c) 22, (d) 38, (e) 2.

8. Somites are evidence of (a) a structure from ectoderm, (b) a struc-
ture from endoderm, (c) a structure from lateral plate mesoderm,
(d) segmentation in the human body.

9. Which of the following embryonic structures are segmented?
(More than one is correct.) (a) intermediate mesoderm, (b) lateral
plate, (c) endoderm, (d) myotomes.

10. Endoderm gives rise to (a) the entire digestive tube, (b) the skin,
(c) the neural tube, (d) the kidney, (e) none of these.

11. When it is 1.5 months old, an average embryo is the size of (a) the
figure of Lincoln on a penny, (b) an adult fist, (c) its mother’s nose,
(d) the head of a common pin.

12. Gastrulation is the (a) formation of three germ layers by the epiblast
at the primitive streak, (b) formation of the placenta, (c) same as
cleavage, (d) folding of the gut into a tube during week 4.

13. The epiblast forms (a) only the ectoderm, (b) the yolk sac, (c) only
the mesoderm and ectoderm, (d) all three primary germ layers.

14. The limbs develop during the (a) start of the second month, (b) start
of the second trimester, (c) start of the second week, (d) start of the
fetal period.



15.

16.

The notochord develops from (a) ectoderm, (b) neural crest, (c)
mesoderm, (d) endoderm.

The fetal period is (a) from weeks 9-38, (b) the time of rapid growth
of body organs, (c) a time of cell differentiation, (d) all of the above,
(e) none of the above.

Short Answer Essay Questions

17.

18.
19.
20.

21.

‘What important event occurs at the primitive streak? At the primitive
node?

‘What is the function of the amniotic sac and the fluid it contains?
(a) What is mesenchyme? (b) How does it differ from epithelium?

Explain how the flat embryonic disc takes on the cylindrical shape of
a tadpole.

In anatomy lab, Thaya pointed to the vertebrae of a cadaver and said
“sclerotome.” He pointed to a kidney and said, “intermediate
mesoderm,” to the biceps muscle in the arm and said, “splanchnic

22.

23.

24.
25.

26.
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mesoderm,” to the inner lining of the stomach and said, “endoderm,”
and to the brain and said, “ectoderm.” Point out Thaya’s one mistake.

Recently, the neural crest has generated much scientific interest be-
cause it is the one embryonic tissue that is unique to vertebrate ani-
mals. List some adult structures that develop from the neural crest.

Many embryonic events first occur cranially, then proceed caudally.
Give three examples of structures that develop craniocaudally.

Define induction, and give one example of an inductive interaction.

Differentiate the outer tube from the inner tube. Identify three struc-
tures that are located in the outer tube and three that are located in
the inner tube.

Before Delta studied embryology in her anatomy course, she imag-
ined a developing human as a shapeless mass of indistinct tissues
until about halfway through pregnancy. Was Delta correct? At what
stage does the embryo or fetus really start to look like a developing
human?

CRITICAL REASONING & CLINICAL APPLICATION QUESTIONS

1.

A friend in your dormitory, a freshman, tells you that she just dis-
covered she is 3 months pregnant. You know that since she came to
college she has been experimenting with recreational drugs. Circle
the best advice you could give her, and explain your choice. (a) She
must stop taking the drugs, but they could not have affected her fetus
during these first few months of her pregnancy. (b) Harmful sub-
stances usually cannot pass from mother to embryo, so she can keep
using drugs. (c) There could be defects in the fetus, so she should
stop using drugs and visit a doctor as soon as possible. (d) If she has
not taken any drugs in the last week, she is OK.

Insufficient folic acid in the early weeks of pregnancy can result
in neural tube deficits in the developing embryo. Why is it important
that a woman take folic acid supplements prior to becoming
pregnant?

Your cat finds a large ball of string and starts eating it unbeknownst
to you. When you discover him, he has string extending from both
his mouth and his anus. What primary germ layer(s) is the string in
contact with as it passes through the cat?

4.

When is the earliest time the sex of a fetus can be determined using
ultrasound examination?
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one another. Instead, related cells live and work together in

cell communities called tissues. A tissue is defined as a
group of cells of similar structure that perform a common function.
However, tissues do not consist entirely of cells: Between the cells
is a nonliving material, the extracellular matrix.

The word tissue derives from the Old French word meaning “to
weave,” reflecting the fact that the different tissues are woven to-
gether to form the “fabric” of the human body. The four basic types
of tissue are epithelium, connective tissue, muscle tissue, and

The cells of the human body do not operate independently of

Simple columnar epithelium of the gallbladder (colored SEM).
© Richard Kessel & Randy Kardon/Tissues & Organs/Visuals Unlimited.
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FIGURE 4.1 Special characteristics of epithelium. A sheet of closely joined epithelial
cells rests on connective tissue proper. Epithelia contain nerve endings but no blood vessels.
Note the special features on the epithelial cell surfaces: cilia, microvilli, cell junctions, and

basal lamina.

nervous tissue. If a single, broad functional term were as-
signed to each basic tissue, the terms would be covering (ep-
ithelium), support (connective), movement (muscle), and
control (nervous). However, these terms reflect only a frac-
tion of the functions that each tissue performs.

Tissues are the building blocks of the body’s organs.
Because most organs contain all four tissue types, learning
about the structure and functions of tissues will provide a
strong foundation for your understanding of the structure and
functions of the organs discussed in the remaining chapters of
this book.

. EPITHELIA

» List several functional and structural characteristics of
epithelial tissue.

» Classify the different epithelia of the body based on the
number of cell layers and the shape of the cells.

» Define exocrine and endocrine glands.

» Explain how multicellular exocrine glands are classified.

An epithelium (ep”i-the’le-um; “covering”) is a sheet
of cells that covers a body surface or lines a body cavity
(Figure 4.1). With minor exceptions, all of the outer and
inner surfaces of the body are covered by epithelia. Examples
include the outer layer of the skin; the inner lining of all hol-
low viscera, such as the stomach and respiratory tubes; the
lining of the peritoneal cavity; and the lining of all blood ves-
sels. Epithelia also form most of the body’s glands.

Epithelia occur at the interfaces between two different
environments. The epidermis of the skin, for example, lies
between the inside and outside of the body. Therefore, all func-
tions of epithelia reflect their role as interface tissues and
boundary layers: New stimuli, including harmful ones, are
experienced at body interfaces, so epithelia both protect the un-
derlying tissues and contain nerve endings for sensory recep-
tion. Nearly all substances that are received or given off by the
body must pass across an epithelium, so epithelia function in
diffusion (the movement of molecules down their concentration
gradient), secretion (the release of molecules from cells), ab-
sorption (bringing small molecules into the body), and ion



66 Chapter4 Tissues

/— Apical surface

— — —
Basal surface .

Simple

/— Apical surface
- - e R— o

» . — — —t — . pe—
Basal surface —I

Stratified

(a) Classification based on number of cell layers

Squamous

Cuboidal

¢ v

Columnar

(b) Classification based on cell shape

FIGURE 4.2 Classification of epithelia.

transport (moving ions across the interface). Furthermore,
body fluids can be filtered across thin epithelia, and some ep-
ithelia form slippery surfaces along which substances move
(food glides along the intestinal lining, for example).

Special Characteristics of Epithelia

Epithelial tissues have many characteristics that distinguish
them from other tissue types (Figure 4.1):

1. Cellularity. Epithelia are composed almost entirely of cells.
These cells are separated by a minimal amount of extracel-
lular material, mainly projections of their integral mem-
brane proteins into the narrow spaces between the cells.

2. Specialized contacts. Adjacent epithelial cells are directly
joined at many points by special cell junctions.

3. Polarity. All epithelia have a free upper (apical) surface
and a lower (basal) surface. They exhibit polarity, a term
meaning that the cell regions near the apical surface dif-
fer from those near the basal surface. As shown in Figure
4.1, the basal surface of an epithelium lies on a thin sheet
called a basal lamina, which is part of a basement mem-
brane. This is explained further on p. 76. The free apical
surface abuts the open space of a cavity, tubule, gland, or
hollow organ.

4. Support by connective tissue. All epithelial sheets in the
body are supported by an underlying layer of connective
tissue.

5. Avascular but innervated. Whereas most tissues in the
body are vascular (contain blood vessels), epithelium is
avascular (a-vas'ku-lar), meaning it lacks blood vessels.
Epithelial cells receive their nutrients from capillaries in
the underlying connective tissue. Although blood vessels
do not penetrate epithelial sheets, nerve endings do; that
is, epithelium is innervated.

6. Regeneration. Epithelial tissue has a high regenerative
capacity. Some epithelia are exposed to friction, and their
surface cells rub off. Others are destroyed by hostile
substances in the external environment such as bacteria,
acids, and smoke. As long as epithelial cells receive ade-
quate nutrition, they can replace lost cells quickly by cell
division.

Classification of Epithelia

Many kinds of epithelia exist in the body. To classify them,
each epithelium is given two names. The first name indicates
the number of cell layers in the epithelium, and the last name
describes the shape of the cells (Figure 4.2). In classification
by cell layers, an epithelium is called simple if it has just one
cell layer or stratified if it has more than one layer. In classi-
fication by cell shape, the cells are called squamous,
cuboidal, or columnar. Squamous (sqwa’'mus; “platelike”)
cells are flat cells; cuboidal cells are shaped like cubes; and
columnar cells are taller than they are wide, like columns. In
each case, the shape of the nucleus conforms to that of the
cell: The nucleus of a squamous cell is disc-shaped, that of a
cuboidal cell is spherical, and that of a columnar cell is an
oval elongated from top to bottom. The shape of the nucleus
is an important feature to keep in mind when distinguishing
epithelial types.

Simple epithelia are easy to classify by cell shape be-
cause all cells in the layer usually have the same shape. In
stratified epithelia, however, the cell shapes usually differ
among the different cell layers. To avoid ambiguity, stratified
epithelia are named according to the shape of the cells in the
apical layer. This naming system will become clearer as you
explore the specific epithelial types.

It is useful to keep in mind how tissue structure reflects
tissue function (Table 4.7). Stratified epithelial tissues func-
tion to protect. Multiple layers of cells protect underlying
connective tissues in areas where abrasion is common. For
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Function of Epithelial Tissue Related to Tissue Type

Number of Layers

Cell Shape One Layer: Simple Epithelial Tissues More Than One Layer: Stratified Epithelial Tissues
Squamous Diffusion and filtration Protection
Secretion in serous membranes
Cuboidal ) ) . . )
Secretion and absorption; Protection; these tissue types are rare in
ciliated types propel mucus or humans (see pp. 70-71)
Columnar reproductive cells
Transitional Protection; stretching to accommodate

simple epithelia, the shape of the cells is indicative of tissue
function. Squamous cells are found where diffusion or filtra-
tion are important, because these are distance-dependent
processes; the thinner the layer, the more quickly the process
occurs. Columnar and cuboidal cells are found in tissues in-
volved in secretion and absorption. Larger cells are necessary
for the additional cellular machinery needed to produce and
package secretions and to produce the necessary energy for
these processes. Ciliated epithelia function to propel material,
for example, mucus. Keep these generalizations in mind as
you study each type of epithelial tissue in detail.

As you read about the types of epithelium, refer to
Figure 4.3. Using the photomicrographs, try to pick out the
individual cells within each epithelium. This is not always
easy, because the boundaries between epithelial cells often
are indistinct. Furthermore, the nucleus of a particular cell
may or may not be visible, depending on the plane of the cut
made to prepare the tissue slides. To better understand this,
think about slicing a pear in transverse sections; slices from the
top of the pear will not contain any seeds, but slices from the
middle region will. The same is true for sections through tis-
sues: Some cells may be sliced through the nucleus, whereas
others may not.

Simple Epithelia

Simple Squamous Epithelium (FIGURE 4.3a) A sim-
ple squamous epithelium is a single layer of flat cells. When
viewed from above, the closely fitting cells resemble a tiled
floor. When viewed in lateral section, they resemble fried
eggs seen from the side. Thin and often permeable, this type
of epithelium occurs wherever small molecules pass through
a membrane quickly, by processes of diffusion or filtration.
The walls of capillaries consist exclusively of this epithelium,
whose exceptional thinness encourages efficient exchange of
nutrients and wastes between the bloodstream and surround-
ing tissue cells. In the lungs, this epithelium forms the thin
walls of the air sacs, where gas exchange occurs.

distension of urinary structures

Simple Cuboidal Epithelium (FIGURE 4.3b) Simple
cuboidal epithelium consists of a single layer of cube-shaped
cells. This epithelium forms the secretory cells of many
glands, the walls of the smallest ducts of glands, and of many
tubules in the kidney. Its functions are the same as those of
simple columnar epithelium.

Simple Columnar Epithelium (FIGURE 4.3c) Simple
columnar epithelium is a single layer of tall cells aligned like
soldiers in a row. It lines the digestive tube from the stomach
to the anal canal. It functions in the active movement of
molecules, namely in absorption, secretion, and ion transport.
The structure of simple columnar epithelium is ideal for these
functions: It is thin enough to allow large numbers of mole-
cules to pass through it quickly, yet thick enough to house the
cellular machinery needed to perform the complex processes
of molecular transport.

Some simple columnar epithelia bear cilia (sil'e-ah;
“eyelashes”), whiplike bristles on the apex of epithelial cells
that beat rhythmically to move substances across certain body
surfaces (see Figure 4.1). A simple ciliated columnar epithe-
lium lines the inside of the uterine tube. Its cilia help move
the ovum to the uterus, a journey traced in Chapter 3. Cilia
are considered in detail later in this chapter.

Pseudostratified Columnar Epithelium (FIGURE
4.3d) The cells of pseudostratified (soo-do-strat'i-fid)
columnar epithelium are varied in height. All of its cells rest
on the basement membrane, but only the tall cells reach the
apical surface of the epithelium. The short cells are undiffer-
entiated and continuously give rise to the tall cells. The cell
nuclei lie at several different levels, giving the false impres-
sion that this epithelium is stratified ( pseudo = false).
Pseudostratified columnar epithelium, like simple colum-
nar epithelium, functions in secretion or absorption. A cili-
ated type lines the interior of the respiratory tubes. Here, the
cilia propel sheets of dust-trapping mucus out of the lungs.

(Text continues on page 72.)
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(a) Simple squamous epithelium

Description: Single layer of flattened cells
with disc-shaped central nuclei and sparse
cytoplasm; the simplest of the epithelia.

—

—‘A“;

Air sacs of

Function: Allows passage of materials by lung tissue

diffusion and filtration in sites where protection
is not important; secretes lubricating
substances in serosae.

Nuclei

of squamous
epithelial
cells

Location: Kidney glomeruli; air sacs of lungs;
lining of heart, blood vessels, and lymphatic
vessels; lining of ventral body cavity (serosae).

Photomicrograph: Simple squamous epithelium
forming part of the alveolar (air sac) walls (200x).

(b) Simple cuboidal epithelium

Description: Single layer of cubelike cells
with large, spherical central nuclei.

Simple
cuboidal
epithelial
cells

Function: Secretion and absorption.

Basement
membrane

Location: Kidney tubules; ducts and secretory
portions of small glands; ovary surface.

Connective
tissue

Photomicrograph: Simple cuboidal epithelium
in kidney tubules (430x).

FIGURE 4.3 Epithelial tissues. (See A Brief Atlas of the Human Body, Second Edition,
Plates 2 and 3.)
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(c) Simple columnar epithelium

Description: Single layer of tall cells with
round to oval nuclei; some cells bear cilia;
layer may contain mucus-secreting
unicellular glands (goblet cells).

Simple
columnar
epithelial
cell

Function: Absorption; secretion of mucus,

enzymes, and other substances; ciliated type

propels mucus (or reproductive cells) by

ciliary action.

Location: Nonciliated type lines most of the

digestive tract (stomach to anal canal),

gallbladder, and excretory ducts of some

glands; ciliated variety lines small bronchi,

uterine tubes, and some regions of the uterus.
Basement
membrane

Photomicrograph: Simple columnar epithelium
of the stomach mucosa (1150x).

(d) Pseudostratified columnar epithelium

Description: Single layer of cells of differing ,\CA"I: s of
heights, some not reaching the free surface; ved

A A . . goblet cell
nuclei seen at different levels; may contain
mucus-secreting goblet cells and bear cilia.

—— Pseudo-
stratified
epithelial

Function: Secretion, particularly of mucus; layer
propulsion of mucus by ciliary action.
Location: Nonciliated type in male’s
sperm-carrying ducts and ducts of large
glands; ciliated variety lines the trachea, most
of the upper respiratory tract.
Basement
Trachea membrane
Photomicrograph: Pseudostratified ciliated
columnar epithelium lining the human trachea (780x).

FIGURE 4.3 Epithelial tissues, continued. (See A Brief Atlas of the Human Body, Second
Edition, Plates 4-6.)
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(e) Stratified squamous epithelium

Description: Thick membrane composed of
several cell layers; basal cells are cuboidal or
columnar and metabolically active; surface
cells are flattened (squamous); in the
keratinized type, the surface cells are full of
keratin and dead; basal cells are active in
mitosis and produce the cells of the more
superficial layers.

—— Stratified
squamous
epithelium

Function: Protects underlying tissues in
areas subjected to abrasion. |
Location: Nonkeratinized type forms the ~—— Nuclei
moist linings of the esophagus, mouth, and B t
vagina; keratinized variety forms the asegwen
epidermis of the skin, a dry membrane. membrane
Connective
tissue
Photomicrograph: Stratified squamous epithelium
lining the esophagus (430x).
(f) Stratified cuboidal epithelium
Description: Generally two
layers of cubelike cells.
Basement
membrane
- Cuboidal
Function: Protection 8 epithelial
cells
Location: Largest ducts of sweat glands,
mammary glands, and salivary glands.
*™~—Duct
lumen

Photomicrograph: Stratified cuboidal epithelium forming

a salivary gland duct (285x).

FIGURE 4.3 Epithelial tissues, continued. (See A Brief Atlas of the Human Body, Second

Edition, Plates 7 and 8.)
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Description: Several cell layers;
basal cells usually cuboidal;
superficial cells elongated

and columnar.

Function: Protection; secretion.

Location: Rare in the body; small
amounts in male urethra and in large ducts
of some glands.

Urethra

Basement
/_ membrane

—— Stratified
columnar
epithelium

Underlying
connective
tissue

Photomicrograph: Stratified columnar epithelium
lining of the male urethra (315x).

(h) Transitional epithelium

Description: Resembles both stratified
squamous and stratified cuboidal; basal cells
cuboidal or columnar; surface cells dome
shaped or squamous-like, depending on
degree of organ stretch.

Function: Stretches readily and permits
distension of urinary organ by contained urine.

Location: Lines the ureters, bladder, and part
of the urethra.

Transitional
epithelium

Basement
membrane
Connective
tissue

Photomicrograph: Transitional epithelium lining the bladder,
relaxed state (390 x%); note the bulbous, or rounded, appearance
of the cells at the surface; these cells flatten and become
elongated when the bladder is filled with urine.

FIGURE 4.3 Epithelial tissues, continued. (See A Brief Atlas of the Human Body, Second

Edition, Plates 9 and 10.)
Source: Part (g) Kessel and Kardon/Visuals Unlimited.
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Stratified Epithelia

Stratified epithelia contain two or more layers of cells. They
regenerate from below; that is, the basal cells divide and push
apically to replace the older surface cells. Stratified epithelia
are more durable than simple epithelia, and their major (but
not only) role is protection.

Stratified Squamous Epithelium (FIGURE 4.3e) As
you might expect, stratified squamous epithelium consists of
many cell layers whose surface cells are squamous. In the
deeper layers, the cells are cuboidal or columnar. Of all the
epithelial types, this is the thickest and best adapted for pro-
tection. It covers the often-abraded surfaces of our body,
forming the epidermis of the skin and the inner lining of the
mouth, esophagus, and vagina. To avoid memorizing all its
locations, simply remember that this epithelium forms the
outermost layer of the skin and extends a certain distance into
every body opening that is directly continuous with the skin.

The epidermis of the skin is keratinized, meaning that its
surface cells contain an especially tough protective protein
called keratin. The other stratified squamous epithelia of the
body lack keratin and are nonkeratinized. Keratin is ex-
plained in detail in Chapter 5 (p. 103).

Stratified Cuboidal and Columnar Epithelia
(FIGURE 4.3f AND g) Stratified cuboidal and stratified
columnar epithelia are rare types of tissue, located in the
large ducts of some glands, for example sweat glands, mam-
mary glands, and salivary glands. Stratified columnar epithe-
lium is also found in small amounts in the male urethra.

Transitional Epithelium (FIGURE 4.3h) Transitional
epithelium lines the inside of the hollow urinary organs. Such
organs (the urinary bladder, for example) stretch as they fill
with urine. As the transitional epithelium stretches, it thins
from about six cell layers to three, and its apical cells unfold
and flatten. When relaxed, portions of the apical surface
invaginate into the cell, giving this surface a scalloped
appearance. Thus, this epithelium undergoes “transitions” in
shape. It also forms an impermeable barrier that keeps urine
from passing through the wall of the bladder.

check your understanding

1. In each of the epithelial tissues shown in Figure
4.3a-h, identify the apical region of the tissue.

2. Why are cuboidal or columnar cells found in epithelia
that function in secretion and absorption? List three
locations of cuboidal epithelium.

3. Why is columnar epithelium not found in locations
where diffusion occurs? What type of epithelium is
found in these locations?

For answers, see Appendix B.

Glands

Epithelial cells that make and secrete a product form glands.
The products of glands are aqueous (water-based) fluids that

usually contain proteins. Secretion is the process whereby
gland cells obtain needed substances from the blood and
transform them chemically into a product that is then dis-
charged from the cell. More specifically, the protein product
is made in the rough endoplasmic reticulum (ER), then pack-
aged into secretory granules by the Golgi apparatus and ulti-
mately released from the cell by exocytosis (see p. 28 and
Figure 2.8). These organelles are well developed in most
gland cells that secrete proteins.

Glands are classified as endocrine (en’do-krin; “internal
secretion”) or exocrine (ek’so-krin; “external secretion”),
depending on where they release their product, and as uni-
cellular (“one-celled”) or multicellular (“many-celled”) on
the basis of cell number. Unicellular glands are scattered
within epithelial sheets, whereas most multicellular glands
develop by invagination of an epithelial sheet into the under-
lying connective tissue.

Endocrine Glands

Endocrine glands lack ducts, so they are often referred to as
ductless glands. They secrete directly into the tissue fluid that
surrounds them. More specifically, endocrine glands produce
messenger molecules called hormones (hor'monz; “ex-
citers”), which they release into the extracellular space. These
hormones then enter nearby capillaries and travel through the
bloodstream to specific target organs, which are commonly
far removed from the endocrine gland that produces the hor-
mone. Each hormone signals its target organs to respond in
some characteristic way. For example, endocrine cells in the
intestine secrete a hormone that signals for the pancreas to re-
lease the enzymes that help digest a meal.

Although most endocrine glands derive from epithelia,
some derive from other tissues. The endocrine system is dis-
cussed in detail in Chapter 17.

Exocrine Glands

Exocrine glands are numerous, and many of their products
are familiar ones. All exocrine glands secrete their products
onto body surfaces (skin) or into body cavities (like the diges-
tive tube), and multicellular exocrine glands have ducts that
carry their product to the epithelial surfaces. The activity of
an exocrine secretion is local, that is, the secretion acts near
the area where it is released. Exocrine glands are a diverse
group: They include many types of mucus-secreting glands,
the sweat glands and oil glands of the skin, salivary glands of
the mouth, the liver (which secretes bile), the pancreas
(which secretes digestive enzymes), mammary glands (which
secrete milk), and many others.

Unicellular Exocrine Glands The only important ex-
ample of a one-celled exocrine gland is the goblet cell
(Figure 4.4). True to its name, a goblet cell is indeed shaped
like a goblet, a drinking glass with a stem. Goblet cells are
scattered within the epithelial lining of the intestines and res-
piratory tubes, between columnar cells with other functions.
They produce mucin (mu’sin), a glycoprotein (sugar protein)
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FIGURE 4.4 Goblet cell (unicellular exocrine gland). (a) Photomicrograph of a
mucus-secreting goblet cell in the simple columnar epithelium that lines the small
intestine (1585 ). (b) Diagram of a goblet cell. Note the secretory vesicles and the

well-developed rough ER and Golgi apparatus.

that dissolves in water when secreted. The resulting complex
of mucin and water is viscous, slimy mucus. Mucus covers,
protects, and lubricates many internal body surfaces.

Multicellular Exocrine Glands Each multicellular ex-
ocrine gland has two basic parts: an epithelium-walled duct
and a secretory unit consisting of the secretory epithelium
(Figure 4.5). Also, in all but the simplest glands, a supportive
connective tissue surrounds the secretory unit, carrying with
it blood vessels and nerve fibers. Often, the connective tissue
forms a fibrous capsule that extends into the gland proper
and partitions the gland into subdivisions called lobes (not
illustrated).

Multicellular glands are classified by the structure of their
ducts (Figure 4.5). Simple glands have an unbranched duct,
whereas compound glands have a branched duct. The glands
are further categorized by their secretory units: They are
tubular if their secretory cells form tubes and alveolar (al-ve'
o-lar) if the secretory cells form spherical sacs (alveolus =

73

a small, hollow cavity). Furthermore, some glands are tubu-
loalveolar; that is, they contain both tubular and alveolar
units. Another word for alveolar is acinar (as'i-nar; acinus =
grape or berry).

check your understanding

4. What type of gland are goblet cells? What do they
secrete?

5. An gland secretes into the tissue fluid, and its
secretion is carried to a target organ by the
bloodstream.

6. What feature distinguishes a simple exocrine gland
from a compound exocrine gland?

For answers, see Appendix B.
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Simple duct structure
(duct does not branch)

Tubular
secretory
structure
Simple tubular Simple branched tubular
Example Example
Intestinal glands Stomach (gastric)
glands
Alveolar
secretory
structure

Simple alveolar Simple branched alveolar

Example Example
No important example Sebaceous (oil) glands
in humans

Compound duct structure
(duct branches)

Compound tubular

Example
Duodenal glands of small intestine

Compound alveolar Compound tubuloalveolar

Example
Mammary glands

Example
Salivary glands

D Surface epithelium D Duct . Secretory epithelium

FIGURE 4.5 Types of multicellular exocrine glands. Multicellular glands are classified
according to the structure of their ducts (simple or compound) and the structure of their

secretory units (tubular, alveolar, tubuloalveolar).

Epithelial Surface Features

» Describe apical, lateral, and basal surface features of
epithelia and epithelial cells.

As previously described, epithelial tissues are composed
of many cells closely joined together by special cell junctions
along their lateral walls. Epithelial tissues also have distinct
apical and basal regions. The basal region sits on a specialized
boundary with the underlying connective tissue; the apical re-
gion of certain epithelia has modifications associated with
specific functions. These special features are described next.

Lateral Surface Features: Cell Junctions

Three factors act to bind epithelial cells to one another:
(1) adhesion proteins in the plasma membranes of the adja-
cent cells link together in the narrow extracellular space;
(2) the wavy contours of the membranes of adjacent cells
join in a tongue-and-groove fashion; and (3) there are special
cell junctions (Figure 4.6). Cell junctions, the most impor-
tant of the factors, are characteristic of epithelial tissue but
are found in other tissue types as well.

Tight Junctions 1In the apical region of most epithelial
tissues, a beltlike junction extends around the periphery of
each cell (Figure 4.6a). This is a tight junction, or a zonula
occludens (zon'u-lah o-klood'enz; “belt that shuts off”). At
tight junctions, the adjacent cells are so close that some pro-
teins in their plasma membranes are fused. This fusion forms
a seal that closes off the extracellular space; thus tight junc-
tions prevent molecules from passing between the cells of
epithelial tissue. For example, the tight junctions in the ep-
ithelium lining the digestive tract keep digestive enzymes,
ions, and microorganisms in the intestine from seeping into
the bloodstream. Tight junctions need not be entirely imper-
meable; some are more leaky than others and may let certain
types of ions through.

Adhesive Belt Junctions Just below the tight junctions
in epithelial tissues are adhesive belt junctions, or zonula
adherens (zon'u-lah ad-hir-ens), a type of anchoring junction
(Figure 4.1). Transmembrane linker proteins attach to the
actin microfilaments of the cytoskeleton and bind adjacent
cells. This junction reinforces the tight junctions, particularly
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proteins

Intercellular
space

Intermediate
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(keratin)

(a) Tight junctions: Impermeable junctions
prevent molecules from passing through
the intercellular space.

Tt

(b) Desmosomes: Anchoring junctions bind
adjacent cells together and help form an
internal tension-reducing network of fibers.
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Microvilli

¥

Intercellular
space

Intercellular
space

Intercellular
space

Channel
between cells
(connexon)

Linker
glycoproteins
(cadherins)

(c) Gap junctions: Communicating junctions
allow ions and small molecules to pass
from one cell to the next for intercellular
communication.

FIGURE 4.6 Cell junctions. An epithelial cell shown joined to adjacent cells by three

common types of cell junction.

when the tissues are stretched. Together with tight junctions,
these form the tight junctional complex around the apical lat-
eral borders of epithelial tissues.

Desmosomes The main junctions for binding cells
together are called desmosomes (dez’'mo-somz; “binding
bodies”), or anchoring junctions. These adhesive spots are
scattered along the abutting sides of adjacent cells (Figure
4.6b). Desmosomes have a complex structure: On the cyto-
plasmic face of each plasma membrane is a circular plaque.
The plaques of neighboring cells are joined by linker
proteins. These project from both cell membranes and inter-
digitate like the teeth of a zipper in the extracellular space. In
addition, intermediate filaments (the cytoskeletal elements
that resist tension) insert into each plaque from its inner,
cytoplasmic side. Bundles of these filaments extend across
the cytoplasm and anchor at other desmosomes on the oppo-
site side of the same cell. Overall, this arrangement not only

holds adjacent cells together but also interconnects intermedi-
ate filaments of the entire epithelium into one continuous net-
work of strong guy-wires. The epithelium is thus less likely to
tear when pulled on, because the pulling forces are distrib-
uted evenly throughout the sheet.

Desmosomes are found in cardiac muscle tissue as well
as in epithelial tissues. In general, these junctions are com-
mon in tissues that experience great mechanical stress.

Gap Junctions A gap junction, or nexus (nek’sus;
“bond”), is a tunnel-like junction that can occur anywhere
along the lateral membranes of adjacent cells (Figure 4.6c¢).
Gap junctions function in intercellular communication by al-
lowing small molecules to move directly between neighbor-
ing cells. At such junctions, the adjacent plasma membranes
are very close, and the cells are connected by hollow cylin-
ders of protein (connexons). Ions, simple sugars, and other
small molecules pass through these cylinders from one cell to
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the next. Gap junctions are common in embryonic tissues and
in many adult tissues, including connective tissues. They are
also prevalent in smooth and cardiac muscle, where the pas-
sage of ions through gap junctions synchronizes contraction.

Basal Feature: The Basal Lamina

At the border between the epithelium and the connective tis-
sue deep to it is a supporting sheet called the basal lamina
(lam'7i-nah; “sheet”), shown in Figure 4.1. This thin, noncel-
lular sheet consists of proteins secreted by the epithelial cells.
Functionally, the basal lamina acts as a selective filter; that is,
it determines which molecules from capillaries in the under-
lying connective tissue are allowed to enter the epithelium.
The basal lamina also acts as scaffolding along which regen-
erating epithelial cells can migrate. Luckily, infections and
toxins that destroy epithelial cells usually leave the basal lam-
ina in place, for without this lamina, epithelial regeneration is
more difficult.

Directly deep to the basal lamina is a layer of reticular
fibers (defined shortly) belonging to the underlying connec-
tive tissue. Together, these reticular fibers plus the basal lam-
ina form the basement membrane (see Figure 4.1). The thin
basal lamina can be seen only by electron microscopy, but the
thicker basement membrane is visible by light microscopy
(see Figure 4.3). Although this text distinguishes between
basal lamina and basement membrane, many scientists use
these two terms interchangeably.

BASEMENT MEMBRANES AND DIABETES 1In
untreated cases of diabetes mellitus, the basement
membranes associated with the endothelium of
capillaries thicken over time, perhaps because they take
on sugar (glucose), which is present in high
concentrations in diabetics. Thickening is especially
evident in the capillaries in the kidneys and

retina of the eye, which can become

nonfunctional. For this reason, kidney failure

and blindness are major symptoms of advanced
diabetes.

Apical Surface Features: Microvilli and Cilia

Microvilli (mi”cro-vi'li; “little shaggy hairs™) are fingerlike
extensions of the plasma membrane of apical epithelial cells
(Figure 4.7). Each microvillus contains a core of actin fila-
ments that extend into the actin microfilaments of the cy-
toskeleton and function to stiffen the microvillus. Microvilli
occur on almost every moist epithelium in the body but are
longest and most abundant on epithelia that absorb nutrients
(in the small intestine) or transport ions (in the kidney). In
such epithelia, microvilli maximize the surface area across
which small molecules enter or leave cells. Microvilli are also
abundant on epithelia that secrete mucus, where they help an-
chor the mucous sheets to the epithelial surface.

Microvillus

Actin
filaments

FIGURE 4.7 Microvilli.

Cilia are whiplike, highly motile extensions of the apical
surface membranes of certain epithelial cells (see Figure 4.1).
Each cilium contains a core of microtubules held together by
cross-linking and radial proteins (Figure 4.8). The micro-
tubules are arranged in pairs, called doublets, with nine outer
doublets encircling one central pair. Ciliary movement is gen-
erated when adjacent doublets grip one another with side
arms made of the motor protein dynein (p. 35) and these arms
start to oscillate. This causes the doublets to slide along the
length of each other, like centipedes trying to run over each
other’s backs. As a result, the cilum bends.

The microtubules in cilia are arranged in much the same
way as in the cytoplasmic organelles called centrioles (p. 35).
Indeed, cilia originate as their microtubules assemble around
centrioles that have migrated from the centrosome to the api-
cal plasma membrane. The centriole at the base of each cil-
ium is called a basal body (Figure 4.8a).

The cilia on an epithelium bend and move in coordinated
waves, like waves across a field of grass on a windy day. These
waves push mucus and other substances over the epithelial sur-
face (Figure 4.8c). Each cilium executes a propulsive power
stroke, followed by a nonpropulsive recovery stroke similar to
feathering an oar or a canoe paddle Figure 4.8b). This sequence
ensures that fluid is moved in one direction only. An extremely
long, isolated cilium is called a flagellum (flah-jel’um;
“whip”). The only flagellated cells in the human body are
sperm, which use their flagella to swim through the female
reproductive tract.

KARTAGENER’S SYNDROME A type of immotile
cilia syndrome, Kartagener’s syndrome is an inherited
disease in which the dynein arms within the cilia

fail to form. This condition leads to frequent
respiratory infections because the nonfunctional

cilia cannot sweep inhaled bacteria out of the
respiratory tubes.
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FIGURE 4.8 Cilia structure and function.

check your understanding

7. How do cilia differ from microvilli?

8. How do the intermediate filaments within epithelial
cells function to bind together the entire sheet of
epithelia?

9. In addition to epithelial tissue, what other types of
tissues contain gap junctions?

For answers, see Appendix B.

Il. CONNECTIVE TISSUE

» Describe the features that are common to all connective
tissues.

» ldentify the four main classes of connective tissue.

The second of the four basic types of tissue is connective
tissue, the most diverse and abundant type of tissue. There
are four main classes of connective tissue and many sub-
classes. The main classes are (1) connective tissue proper, fa-
miliar examples of which are fat tissue and the fibrous tissue
of ligaments; (2) cartilage; (3) bone tissue; and (4) blood.
Connective tissues do far more than just connect the tissues
and organs of the body together. They also form the basis of
the skeleton (bone and cartilage), store and carry nutrients

The doublets also
have attached
motor proteins,
the dynein arms.

microtubules are
held together by
cross-linking
proteins and
radial spokes.

\ Basal body
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Power, or
propulsive, stroke

Recovery stroke, when cilium
is returning to its initial position

(b) Phases of ciliary motion

Layer of mucus

Cell surface

% '- Kf'\%%f [ u%’%}i ( --;ﬁ%f: 5(‘,-\\@{

(c) Traveling wave created by the activity of
many cilia acting together propels mucus
across cell surfaces.

(fat tissue and blood), surround all the blood vessels and
nerves of the body (connective tissue proper), and lead the
body’s fight against infection.

In this section, we will first discuss the special character-
istics of connective tissues and then describe the structural el-
ements found in connective tissues. Finally, we will review
the structure, function, and location of the specific types of
connective tissues.

Special Characteristics
of Connective Tissues

As different as they are, fat, bone, and blood are all connec-
tive tissues. All connective tissues share the same simple
structural plan (Figure 4.9).

1. Relatively few cells, lots of extracellular matrix. The
cells of connective tissues are separated from one another
by a large amount of extracellular material called the
extracellular matrix (ma'triks; “womb”). This differs
markedly from epithelial tissue, whose cells crowd
closely together.

2. Extracellular matrix composed of ground substance
and fibers. The extracellular matrix is produced by the
cells of the connective tissue. It is composed of some type
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Cell types

Macrophage

Fibroblast

Lymphocyte

Fat cell

Mast cell

Neutrophil

Extracellular
matrix

Ground substance

Fibers
Collagen fiber

Elastic fiber

Reticular fiber

Capillary

FIGURE 4.9 Areolar connective tissue: A model connective tissue.

of ground substance embedded with protein fibers. The
ground substance varies for each class of connective tissue.
In many, it is a soft, gel-like substance that holds tissue
fluid. In bone, it is hard—-calcified by inorganic calcium
salts. The fibrous portion of the matrix provides support for
the connective tissue. Three types of protein fibers are
found in connective tissues: collagen fibers, reticular fibers,
and elastic fibers. The types, density, and distribution of the
fibers are distinctive for each type of connective tissue.
Table 4.2 compares these features for the four main classes
of connective tissue. The differences among the physical
properties and functions of each type of connective tissue
are due to differences in the composition of the extracellu-
lar matrix. The details of the matrix structure will be dis-
cussed with each type of connective tissue.

3. Embryonic origin. Another feature common to connec-
tive tissues is that they all originate from the embryonic
tissue called mesenchyme (p. 51). Mesenchyme is
shown in Figure 4.10.

Structural Elements
of Connective Tissues

Connective tissues are composed of cells and a significant
amount of extracellular matrix. Although connective tissues
differ in their structural properties because of differences in
the types of cells and the composition of the extracellular

matrix, they all share similar structural elements. As we
describe the structural features of connective tissues, we will
use loose areolar connective tissue as a model to illustrate
these features (See Figure 4.9).

Cells

In most connective tissues, the primary cell type produces the
extracellular matrix (see Table 4.2). In connective tissue
proper, these cells are called fibroblasts (literally, “fiber buds”
or “fiber formers”). Fibroblasts make the protein subunits of
fibers, which then assemble into fibers when the fibroblast se-
cretes them. Fibroblasts also secrete the molecules that form
the ground substance of the matrix. In cartilage tissue, the cells
that secrete the matrix are chondroblasts (kon’dro-blasts;
“cartilage formers”), and in bone they are osteoblasts (os”te-o-
blasts’; “bone formers”). Once these tissue-forming cells are
not actively secreting new matrix, they are termed fibrocytes,
chondrocytes, and osteocytes (cyte = cell). They function to
maintain the tissue matrix and keep the tissue healthy.

The cells found in blood are an exception. These cells do
not produce the plasma matrix of blood. The cellular compo-
nents of blood function to carry respiratory gases (red blood
cells), to fight infections (white blood cells), and to aid in
blood clotting (platelets).

Additional cell types are found in many connective
tissues, as shown in Figure 4.9. For example, fat cells store
energy; various white blood cells (neutrophils, lymphocytes,



abs 2 Comparison of Classes of Connective Tissues

Tissue Class
and Example

Connective Tissue
Proper

Dense regular
connective tissue

Subclasses

1. Loose connective
tissue

e Areolar
e Adipose
e Reticular

2. Dense connective
tissue

® Regular
e |rregular

e Elastic

Components
Cells Matrix
Fibroblasts Gel-like ground substance
Fibrocytes All three fiber types:

Defense cells

Fat cells

collagen, reticular, elastic
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General Features

Six different types; vary in
density and types of fibers
Functions as a binding tissue

Resists mechanical stress,
particularly tension

Cartilage
/¢

Hyaline cartilage

1. Hyaline cartilage
2. Elastic cartilage
3. Fibrocartilage

Chondroblasts found
in growing cartilage

Chondrocytes

Gel-like ground substance

Fibers: collagen, elastic
fibers in some

Resists compression because
of the large amounts of
water held in the matrix

Functions to cushion and
support body structures

Bone Tissue

1. Compact bone

Osteoblasts

Gel-like ground substance
calcified with inorganic

Hard tissue that resists both
compression and tension

2. Spongy bone Osteocytes |
salts Functions in support
Fibers: collagen
Blood Blood cell formation Erythrocytes (RBCs) Plasma A fluid tissue
~ = and differentiation . .
) ) ) are quite complex Leukocytes (WBCs) No fibers Functions to carry O,, CO,,

Details are provided
in Chapter 18

Platelets

nutrients, wastes, and other
substances (hormones, for
example)

and macrophages) respond to and protect against infectious
agents; and mast cells release signaling molecules that medi-
ate the inflammation reaction and promote healing.

Fibers

The extracellular matrix of a connective tissue is composed of
fibers and ground substance (Figure 4.9). Three types of
fibers are found in connective tissues: collagen fibers, reticu-
lar fibers, and elastic fibers. In general, the fibers function in

support, yet each type of fiber contributes unique properties
to the connective tissue.

Collagen fibers, the thick whitish gray fibers in Figure
4.9, are the strongest and most abundant type of fiber in con-
nective tissues. Collagen fibers resist tension (pulling forces)
and contribute strength to a connective tissue. Pulling tests
show that collagen fibers are stronger than steel fibers of the
same size! The thick collagen fibers that one sees with the
light microscope are bundles of thinner collagen fibrils,
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which consist of still thinner strands that are strongly cross-
linked to one another. This cross-linking is the source of col-
lagen’s great tensile strength.

Reticular (re-tik'u-lar) fibers, the thin blue fibers shown in
Figure 4.9, are bundles of a special type of collagen fibril. These
short fibers cluster into a meshlike network (reticulum =
network) that covers and supports the structures bordering the
connective tissue. For example, capillaries are coated with
fuzzy nets of reticular fibers, and these fibers form part of the
basement membrane of epithelia. Individual reticular fibers
glide freely across one another when the network is pulled, so
they allow more give than collagen fibers do.

The last fiber type found in certain connective tissues is
elastic fibers, illustrated as gold fibers in Figure 4.9. Elastic
fibers contain the rubberlike protein elastin (e-last’in), which
allows them to function like rubber bands. While we typically
think of rubber bands as being stretchy, the defining feature
of an elastic material is its ability to recoil back to its original
form after being stretched. Connective tissue can stretch only
so much before its thick, ropelike collagen fibers become
taut. When the tension is released, the elastic fibers recoil,
and the stretched tissue resumes its original shape.

SCURVY Vitamin C, which is abundant in citrus fruits
such as oranges and lemons, is necessary for the proper
cross-linking of the molecules that make up collagen
fibers. A deficiency of this vitamin in the diet can lead to
scurvy, a weakening of collagen and connective tissue
throughout the body. Strong collagen is necessary

for holding teeth in their sockets, reinforcing the

walls of blood vessels, healing wounds, and

forming scar tissue. Common signs of scurvy

include loss of teeth, blood vessel rupture, and

poor healing.

Ground Substance

The other component of the matrix of connective tissue is the
ground substance (Figure 4.9). The molecules that compose the
ground substance are produced and secreted by the primary cell
type of the connective tissue (fibroblasts, chondroblasts, or os-
teoblasts). The ground substance in most connective tissues is a
gel-like material that consists of large sugar and sugar-protein
molecules (proteoglycans and glycosaminoglycans). These
molecules soak up fluid like a sponge. The fluid-filled ground
substance functions to cushion and protect body structures (con-
nective tissue proper), to withstand compressive stresses (carti-
lage), or to hold the tissue fluid that bathes all the cells in our
body (areolar connective tissue). In bone tissue, the secreted
ground substance is embedded with calcified mineral salts,
which make the matrix hard and contribute to its function in
supporting the body.

Here again, blood is an exception. The ground substance
of blood, plasma, is not produced by the blood cells. Blood
plasma is composed of water (about 90%) and various dis-
solved proteins, nutrients, ions, gases, and other molecules.
These molecules are either produced by cells in other organs

and then secreted into blood (for example, plasma proteins
and hormones) or transported into blood from an external
source (water, air, and nutrients).

check your understanding

10. How do epithelial tissues differ from connective
tissues in the arrangement of the cells in each tissue?

11. Distinguish the matrix of a connective tissue from the
ground substance.

12. Which structural element of connective tissue resists
tension? Which resists compression? Which allows for
recoil?

For answers, see Appendix B.

Classification of Connective Tissues

» Differentiate the different types of connective tissues in
reference to the types of cells located within the tissue,
the structure and composition of the extracellular
matrix, and the main function of each.

Connective Tissue Proper—Loose
Connective Tissues

Connective tissue proper has two subclasses: loose connective
tissue (areolar, adipose, and reticular) and dense connective
tissue (dense irregular, dense regular, and elastic). These sub-
classes are distinguished by the density of fibers: In loose con-
nective tissues, the fibers are distributed throughout the tissue
but are separated from each other by ground substance.

Areolar Connective Tissue (FIGURE 4.9 AND FIGURE
4.10b) Loose areolar connective tissue is the most wide-
spread type of connective tissue proper. This tissue underlies
almost all the epithelia of the body and surrounds almost all
the small nerves and blood vessels, including the capillaries.
The structure of this tissue reflects its basic functions, which
are common to many other types of connective tissues:
(1) supporting and binding other tissues, (2) holding body flu-
ids, (3) defending the body against infection, and (4) storing
nutrients as fat.

The fibers of areolar connective tissue provide support.
Areolar connective tissue has all three types of fibers in its ex-
tracelluar matrix: collagen fibers, reticular fibers, and elastic
fibers (although the reticular fibers do not show up when the
common histological stains hematoxylin and eosin are used).

The ground substance of areolar connective tissue holds
fluid. All the cells of the body are bathed in tissue fluid, or
interstitial fluid. This fluid is derived from leakage of fluid
and small molecules from the blood as it travels through the
capillaries. Nutrients and oxygen are delivered to cells and
waste molecules are carried away from cells via diffusion
through this fluid. Areolar connective tissue lies between the
capillaries and all other cells and tissues in the body. It soaks
up this tissue fluid, much like a sponge. Thus it keeps the
body’s cells surrounded by fluid and facilitates the passage of
nutrients, gases, waste products, and other molecules to and
from the cells.
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(a) Embryonic connective tissue: mesenchyme

Description: Embryonic connective tissue; Mesenchymal
gel-like ground substance containing fibers; cell
star-shaped mesenchymal cells.

Ground
Function: Gives rise to all other connective substance
tissue types.
Location: Primarily in embryo.

Fibers

NN,

Photomicrograph: Mesenchymal tissue, an embryonic
connective tissue (600x); the clear-appearing background is
the fluid ground substance of the matrix; notice the fine,
sparse fibers.

(b) Connective tissue proper: loose connective tissue, areolar

Description: Gel-like matrix with all three fiber
types; cells: fibroblasts, macrophages, mast

cells, and some white blood cells. Elastic
fibers

Function: Wraps and cushions organs; its

macrophages phagocytize bacteria; plays

important role in inflammation; holds and

conveys tissue fluid. (;ollagen
fibers

Location: Widely distributed under epithelia

of body, e.g., forms lamina propria of mucous )

membranes; packages organs; surrounds Eﬁ:"l:?'as‘

capillaries.

Epithelium

Photomicrograph: Areolar connective tissue, a soft packaging
tissue of the body (360x).

propria

FIGURE 4.10 Connective tissues. (See A Brief Atlas of the Human Body, Second
Edition, Plate 11.)



82 Chapter4 Tissues

(c) Connective tissue proper: loose connective tissue, adipose

Description: Matrix as in areolar, but very

protects organs.

Location: Under skin in the hypodermis;
around kidneys and eyeballs; within abdomen;

sparse; closely packed adipocytes, or fat cells,
have nucleus pushed to the side by large fat l L :
droplet. w . ) »
\ \ -
-
Function: Provides reserve food fuel; ‘ g Nucleus of
insulates against heat loss; supports and b <Y fat cell
( I

in breasts. . \/
Adipose . _ l[ Vacuole
tissue L ' containing
| "N\ fat droplet

h ) v 7
4 Vi

Photomicrograph: Adipose tissue from the subcutaneous
‘ Mammary layer under the skin (500x).

Description: Network of reticular fibers in a
typical loose ground substance; reticular cells
lie on the network.

Function: Fibers form a soft internal skeleton
(stroma) that supports other cell types
including white blood cells, mast cells, and
macrophages.

) White blood cell
V_ (lymphocyte)
Location: Lymphoid organs (lymph nodes,
bone marrow, and spleen).

Reticular
fibers

Spleen

Photomicrograph: Dark-staining network of reticular connective
tissue fibers forming the internal skeleton of the spleen (555 x).

FIGURE 4.10 Connective tissues, continued. (See A Brief Atlas of the Human Body,
Second Edition, Plates 12 and 13.)



Areolar connective tissue is the body’s first line of de-
fense against invading microorganisms, such as bacteria,
viruses, fungi, and parasites. Lying just deep to the epithelial
tissues that line the body surfaces and surrounding capillar-
ies, it is in an ideal location to destroy microorganisms at
their entry site—before they enter the capillaries and use the
vascular system to spread to other locations. Areolar connec-
tive tissue contains a variety of defense cells, as shown in
Figure 4.9, which respond in specific ways to destroy infec-
tious agents.

Cellular defenses are not the only means by which areolar
connective tissue fights infection. The viscous ground sub-
stance and the dense networks of collagen fibers in the extra-
cellular matrix slow the progress of invading microorganisms.
Some bacteria, however, secrete enzymes that rapidly break
down ground substance or collagen. Such matrix-degrading
bacteria are highly invasive; that is, they spread rapidly
through the connective tissues and are especially difficult for
the body’s defenses to control. An example of such a bac-
terium is the Streptococcus strain responsible for strep throat.

A minor function of areolar connective tissue is to store
energy reserves as fat. The large, fat-storing cells are fat cells,
also called adipose (ad’i-pos) cells, and adipocytes (see
Figure 4.9). Fat cells are egg-shaped, and their cytoplasm is
dominated by a single, giant lipid droplet that flattens the nu-
cleus and cytoplasm at one end of the cell. Mature fat cells
are among the largest cells in the body and cannot divide. In
areolar connective tissue, fat cells occur singly or in small
groups.

Adipose Tissue (FIGURE 4.10c) Adipose tissue is similar
to areolar connective tissue in structure and function, but its
nutrient-storing function is much greater. Correspondingly,
adipose tissue is crowded with fat cells, which account for
90% of its mass. These fat cells are grouped into large clusters
called lobules. Adipose tissue is richly vascularized, reflecting
its high metabolic activity. It removes lipids from the blood-
stream after meals and later releases them into the blood, as
needed. Without the fat stores in our adipose tissue, we could
not live for more than a few days without eating.

Much of the body’s adipose tissue occurs in the layer be-
neath the skin called the hypodermis. Adipose tissue also is
abundant in the mesenteries, which are sheets of serous mem-
branes that hold the stomach and intestines in place. Fat in
this location is called visceral fat. Additionally, fat forms
cushioning pads around the kidneys and behind the eyeballs
in the orbits.

Whereas the abundant fat beneath the skin serves the
general nutrient needs of the entire body, smaller depots of fat
serve the local nutrient needs of highly active organs. Such
depots occur around the hard-working heart and around
lymph nodes (where cells of the immune system are furiously
fighting infection), within some muscles, and as individual fat
cells in the bone marrow (where new blood cells are pro-
duced at a frantic rate). Many of these local depots offer spe-
cial lipids that are highly enriched.

The typical, nutrient-storing fat is white adipose tissue
or white fat. Another type, called brown adipose tissue,
produces heat and is a nutrient consumer. Brown fat, thought
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to occur only in babies to aid in thermoregulation, has also
been identified in adults. It is located in the hypodermis
between the two scapulae (shoulder blades) in the center of
the back, on the side of the anterior neck, and on the anterior
abdominal wall. It is even more richly vascularized than
white fat. Each brown-fat cell contains many lipid droplets
and numerous mitochondria, which use the lipid fuel to heat
the bloodstream rather than to produce ATP molecules.

Reticular Connective Tissue (FIGURE 4.10d) Re-
ticular connective tissue resembles areolar tissue, but the
only fibers in its matrix are reticular fibers. These fine fibers
form a broad, three-dimensional network like the frame of a
house. The spaces in the framework create a labyrinth of cav-
erns that hold many free cells. The bone marrow, spleen, and
lymph nodes, which house many free blood cells outside their
capillaries, consist largely of reticular connective tissue.
Fibroblasts called reticular cells lie along the reticular net-
work of this tissue. Reticular tissue is discussed further in
Chapters 18 and 21.

Connective Tissue Proper—Dense
Connective Tissue

Dense connective tissue, or fibrous connective tissue, con-
tains more collagen than areolar connective tissue does. With
its thick collagen fibers, it can resist extremely strong pulling
(tensile) forces. There are three types of dense connective tis-
sue: irregular, regular, and elastic.

Dense Irregular Connective Tissue (FIGURE 4.10e)
Dense irregular connective tissue is similar to areolar
tissue, but its collagen fibers are much thicker. These fibers
run in different planes, allowing this tissue to resist strong
tensions from different directions. This tissue dominates the
leathery dermis of the skin, which is commonly stretched,
pulled, and hit from various angles. This tissue also makes up
the fibrous capsules that surround certain organs in the body,
such as kidneys, lymph nodes, and bones. Its cellular and
matrix elements are the same as in areolar connective tissue.
Dense irregular connective tissue is confusing, even for ex-
perts. The dermis obviously fits the name because its fibers run
randomly, as one would expect for a tissue called “irregular.”
However, the fibrous capsules of organs consist of two layers,
with all the fibers in a layer running parallel to each other but
perpendicular to the fibers in the other layer. That is, two per-
pendicular “regular” layers can make the tissue “‘irregular.”

Dense Regular Connective Tissue (FIGURE 4.10f)
All collagen fibers in dense regular connective tissue usu-
ally run in the same direction, parallel to the direction of pull.
Crowded between the collagen fibers are rows of fibroblasts,
which continuously manufacture the fibers and a scant
ground substance. When this tissue is not under tension, its
collagen fibers are slightly wavy. Unlike areolar connective
tissue, dense regular connective tissue is poorly vascularized
and contains no fat cells or defense cells.

With its enormous tensile strength, dense regular connec-
tive tissue is the main component of ligaments, bands or
sheets that bind bones to one another. It also is the main tissue
in tendons, which are cords that attach muscles to bones, and
aponeuroses (ap” o-nu-ro’sés), which are sheetlike tendons.
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(e) Connective tissue proper: dense connective tissue, dense irregular

Description: Primarily irregularly arranged
collagen fibers; some elastic fibers; major cell
type is the fibroblast.

Nuclei of
fibroblasts

Function: Able to withstand tension exerted

in many directions; provides structural

strength.

Location: Fibrous capsules of organs and

of joints; dermis of the skin; submucosa of

digestive tract. Collagen
fibers

&

N

Fibrous
joint
capsule

Photomicrograph: Dense irregular connective tissue from the
dermis of the skin (600x).

(f) Connective tissue proper: dense connective tissue, dense regular

Description: Primarily parallel collagen fibers;
a few elastic fibers; major cell type is the

fibroblast.
Collagen
i fibers
Function: Attaches muscles to bones or to
muscles; attaches bones to bones; withstands
great tensile stress when pulling force is
applied in one direction.
Location: Tendons, most
ligaments, aponeuroses.
Nuclei of
fibroblasts

Shoulder
joint

Photomicrograph: Dense regular connective tissue from a
tendon (270x).

FIGURE 4.10 Connective tissues, continued. (See A Brief Atlas of the Human Body,
Second Edition, Plates 14 and 15.)
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(g) Connective tissue proper: dense connective tissue, elastic

Description: Dense regular connective tissue

containing a high proportion of elastic fibers.

Function: Allows recoil of tissue following
stretching; maintains pulsatile flow of blood
through arteries; aids passive recoil of lungs
following inspiration.

Location: Walls of large arteries; within
certain ligaments associated with the vertebral
column; within the walls of the bronchial tubes.

Aorta

aorta (85x).

Heart Photomicrograph: Elastic connective tissue in the wall of the

Elastic fibers

FIGURE 4.10 Connective tissues, continued. (See A Brief Atlas of the Human Body,

Second Edition, Plates 16.)

Dense regular connective tissue also forms fascia (fash’-
e-ah; “a band”), a fibrous membrane that wraps around mus-
cles, muscle groups, large vessels, and nerves. Many sheets of
fascia occur throughout the body, binding structures together
like plastic sandwich wrap. When the word fascia is used
alone, it is understood to mean deep fascia. Superficial fascia,
something else entirely, is the fatty hypodermis below the
skin.

Elastic Connective Tissue (FIGURE 4.10g) In elastic
connective tissue, elastic fibers are the predominant type of
fiber, and bundles of elastic fibers outnumber the bundles of
collagen fibers. This tissue is located in structures where re-
coil from stretching is important: within the walls of arteries,
in certain ligaments (ligamentum nuchae and ligamentum
Slavum, which connect successive vertebrae), and surrounding
the bronchial tubes in the lungs.

check your understanding

13. How does loose connective tissue differ from dense
connective tissue?

14. Which type of connective tissue forms the following
structures: ligaments and tendons; the hypodermis of
the skin; the tissue that underlies epithelia; lymph
nodes?

For answers, see Appendix B.

Cartilage

As you have seen, connective tissue proper has the ability to
resist tension (pulling). Cartilage and bone are the firm
connective tissues that resist compression (pressing) as well
as tension. Like all connective tissues, they consist of cells
separated by a matrix containing fibers, ground substance,
and tissue fluid. However, these skeletal tissues exaggerate
the supportive functions of connective tissue and play no role
in fat storage or defense against disease.

Cartilage (Figure 4.10h—j), a firm but flexible tissue,
occurs in several parts of the skeleton. For example, it forms
the supporting rings of the trachea (windpipe) and gives
shape to the nose and ears. Like nearly all connective tis-
sues, cartilage consists of cells separated by an abundant ex-
tracellular matrix (Figure 4.10h). This matrix contains thin
collagen fibrils, a ground substance, and an exceptional
quantity of tissue fluid; in fact, cartilage consists of up to
80% water! The arrangement of water in its matrix enables
cartilage to spring back from compression, as explained in
Chapter 6, p. 124.

Cartilage is simpler than other connective tissues: It
contains no blood vessels or nerves and just one kind of
cell, the chondrocyte. Each chondrocyte resides within a
cavity in the matrix called a lacuna. Immature chondrocytes
are chondroblasts, cells that actively secrete the matrix dur-
ing cartilage growth. Cartilage is found in three varieties,
each dominated by a particular fiber type: hyaline cartilage,
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(h) Cartilage: hyaline

Description: Amorphous but firm matrix;
collagen fibers form an imperceptible network;
chondroblasts produce the matrix and when
mature (chondrocytes) lie in lacunae.

Function: Supports and reinforces; has
resilient cushioning properties; resists
compressive stress.

Location: Forms most of the embryonic

skeleton; covers the ends of long bones in Chondrocyte
joint cavities; forms costal cartilages of the in lacuna
ribs; cartilages of the nose, trachea, and
larynx.

Matrix

Costal

cartilages Photomicrograph: Hyaline cartilage from the trachea (720x).

(i) Cartilage: elastic

Description: Similar to hyaline cartilage, but
more elastic fibers in matrix.

Function: Maintains the shape of a structure

while allowing great flexibility. Chondrocyte
in lacuna
Location: Supports the external ear Matrix

(pinna); epiglottis.

Photomicrograph: Elastic cartilage from the human ear pinna;
forms the flexible skeleton of the ear (980x).

FIGURE 4.10 Connective tissues, continued. (See A Brief Atlas of the Human Body,
Second Edition, Plates 17 and 18.)
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(j) Cartilage: fibrocartilage

Description: Matrix similar to but less firm
than that in hyaline cartilage; thick collagen
fibers predominate.

Function: Tensile strength with the ability to
absorb compressive shock.

Location: Intervertebral discs; pubic
symphysis; discs of knee joint.

Chondrocytes
in lacunae
Intervertebral
discs
Collagen
fiber

Photomicrograph: Fibrocartilage of an intervertebral
disc (180x). Special staining produced the blue color seen.

(k) Others: bone (osseous tissue)

Description: Hard, calcified matrix containing
many collagen fibers; osteocytes lie in
lacunae. Very well vascularized.

Central
Function: Bone supports and protects canal
(by enclosing); provides levers for the muscles
to act on; stores calcium and other minerals Lacunae
and fat; marrow inside bones is the site for
blood cell formation (hematopoiesis).

Lamella

Location: Bones

Photomicrograph: Cross-sectional view of bone (190x).

FIGURE 4.10 Connective tissues, continued. (See A Brief Atlas of the Human Body,
Second Edition, Plates 19 and 20.)
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(I) Others: blood

Description: Red and white blood cells in a
fluid matrix (plasma).

Function: Transport of respiratory gases,
nutrients, wastes, and other substances.

Location: Contained within blood ves