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Preface

At the beginning of his course, an accomplished pathologist said, and we paraphrase:

All we are going to look at in this course is altered histology. If you have mastered
histology, you have mastered pathology. You see within a pathologic specimen rem-
nants of the tissue from which it came.

Though it could be argued that this is an overly simplistic view, there is nevertheless a
great deal of truth in it.

Successful and productive careers in the healthcare professions are the result of an inter-
connected educational process. An understanding of basic science is greatly enhanced by
considering it within an appropriate clinical context, and, conversely, a successful diagnosis
requires an understanding of how disease has altered the structure and function of the nor-
mal body. Recognition of this interconnectedness has been an important consideration in the
development of this book.

A variety of issues have influenced the educational playing field in recent years. These
include (1) a changing population of basic biomedical instructors, (2) pressures for premedical
and medical education curriculum change, and (3) the compelling need to integrate basic science
courses with clinical medicine. The latter point is especially important. Even as curricula are
being revised, there is a clear expectation that the clinical relevance of basic science information
should be emphasized. Clinical correlations, when appropriately integrated, result in a more
effective learning experience, which promotes the understanding of the relationships between
the normal and the abnormal as well as between the healthy state and the diseased state. Clini-
cal correlations also facilitate learning clinical concepts and enhance students’ understanding
of basic science information, especially as they relate to their specific career objectives.

The goal of Atlas of Histology with Functional and Clinical Correlations is not only to
provide a practical and useful source of fundamental information concerning basic histology
but also to do so using an innovative approach that shows how tissues can be modified by
a pathological process. This integrated approach emphasizes learning both normal structure
and how the same tissues would appear in an abnormal state. We believe this approach will
provide a bridge for students between knowledge of basic histology and information that will
directly contribute to their future understanding of clinical concepts.

This “Atlas with Extras” functions much like a combination atlas and text. These
“extras” consist of many structure and function correlations, expanded and informative
figure descriptions, text boxes offering additional relevant information, the extensive use
of clinical examples and their correlation with histological constructs, and relevant electron
micrographs integrated throughout. Taken collectively, these features form a flexible educa-
tional tool that can be adapted to a wide variety of teaching and learning environments.

Atlas of Histology with Functional and Clinical Correlations comprises 21 chapters in 3
units—beginning with “Basic Principles of Cell Structure and Function” and then progress-
ing to “Basic Tissues” and, finally, to “Organ Systems.” Using a proven-effective building-
block approach, this book starts with an introduction to the cell using light and electron
microscopic images— “visual definitions” of the terms that will be used throughout the book.
The remaining chapters flow in a logical manner through increasingly more complex tissues
and organs, illustrating the essentials in color photos and drawings (normal and abnormal)
and in electron micrographs.

The three general concepts that have been followed in this book are to arrange related
information on facing pages; to emphasize the interrelation of structural, functional, and
clinical information; and to use meaningful clinical examples. More specifically, the concepts
informing the creation of this atlas are as follows.

First, the figure numbers are color coded: Those for histological sections and for TEM
and SEM are yellow, those for line drawings are highlighted in purple, and those for clinical

vii



images are highlighted in blue. In addition, all clinical information—images and text—is
highlighted in blue, allowing the user to easily identify it.

Second, as consistently as possible, a structure or tissue is represented in at least three or
four ways and arranged to fit on a single page or on facing pages. This unique format gives
students a complete visual impression in an integrated, correlated style of (1) light and elec-
tron micrographic images, (2) diagrammatic representations of the same tissue or structure,
and (3) examples of how that tissue or structure might be modified by a pathological process.
This provides histology students an effective and efficient way both to learn basic histology
and to recognize tissues altered by a disease process.

Third, most photomicrographs in this atlas have a high-power inset that was taken from
the same slide as the primary photograph for comparison of tissues and structures in both
low and high magnifications, thus facilitating the learning process.

Fourth, in this atlas, structures are clearly labeled with their complete names instead
of with initials or numbers keyed to a list of abbreviations. This approach saves time and,
therefore, greatly expedites learning.

Fifth, we have included information on a wide variety of tissues and structures in order
to provide a useful learning tool for medical and dental students and other healthcare profes-
sionals. For instance, Chapter 14, “Oral Cavity,” contains not only an extensive description
of the mouth soft tissues but also appropriate details of tooth structure to aid those in the
field of dentistry, and in “Eye” (Chapter 20), we have included detailed photographs and
illustrations for the eye and retina for those in the field of ophthalmology. Moreover, a special
effort has been made to arrange this book in a sequence that will accommodate a wide range
of curricula.

Sixth, a brief introduction and an overview, including key concepts integrating structure
and function, begin each chapter. Chapters and topics are organized in the general sequence
corresponding to that used by most textbooks and histology courses.

Seventh, tables summarizing the key features of cells, tissues, and organs and synopses of
their key structural and functional characteristics appear in each chapter. This allows for an
efficient use of study and review time.

Eighth, important phrases and key terms are presented in bold in the text and in the
figure descriptions for emphasis.

Over the years, many of the color photomicrographs included in this atlas have been
used in our histology laboratory demonstrations. Students have found them very useful and
have expressed their interest in acquiring hard copies for their personal study. This was the
seminal reason that motivated us to embark on this project. We hope this atlas will fulfill
students’ needs as they progress toward their clinical careers; it would never have evolved
without their encouragement.

Dongmei Cui

Jobn P. Naftel

William P. Daley

James C. Lynch

Duane E. Haines
Gongchao Yang
Jonathan D. Fratkin
Jackson, Mississippi 2010
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UNIT 1 ® Basic Principles of Cell Structure and Function

Descriptive Terms for Normal Cells
Cell Shape

Squamous: This is an epithelial cell that has
a flattened, “squamous” shape. Usually, the
squamous cells we see in sections are cut edgewise
so that they appear very thin, and about all we see
is the flattened nucleus. The example here shows
nuclei of three endothelial cells lining a vein full of
erythrocytes.

Cuboidal: This is an epithelial cell with equal
height and width. The example here is a layer of
cuboidal epithelial cells lining a small duct in the
pancreas.

Columnar: This is an epithelial cell with the height
distinctly greater than the width. The example here
is a layer of columnar cells lining a large duct in
the pancreas.

Spherical or ovoid: These terms describe ball-shaped or egg-shaped cells, respectively. The
examples here are two spherical cells, a mast cell on the left and a plasma cell on the right.
These residents of connective tissue can assume other shapes depending on pressures from
neighboring structures.

Fusiform: These cells are elongated and tapering at the
two ends. The examples here are smooth muscle cells
packed together in parallel. The elongated nucleus of each
cell is easy to see, but the boundaries of the long spindle-
shaped cells are difficult to distinguish.

Polyhedral: Multiple flattened surfaces give the appearance of a
pentagon, hexagon, and so on. The hepatocyte shown displays
six sides.

Polarized: These cells have a distinct orientation with one end of the cell being different from
the other. Each columnar cell in the above example of intestinal epithelium has an apical end
on the right that is different than the basal end on the left. The apical ends are exposed to
the lumen. Most of the cells are absorptive cells that have a brush border and a dense row of
microvilli extending from their apical surfaces. The cell that appears to have vacuoles filling
the apical two thirds of its cytoplasm is a goblet cell, a mucus-secreting cell. What appear to be
vacuoles are actually secretory vesicles that lost their contents during processing of the tissue.




CHAPTER 1 ® An Illustrated Glossary of Histological and Pathological Terms

Cytoplasm Features

Basophilia versus acidophilia (eosinophilia): In a
hematoxylin and eosin (H&E)-stained section,
basophilic components stain blue-purple; aci-
dophilic components stain pink-red. The arrow
indicates the basal part of the cytoplasm of a cell
of a salivary gland duct. The acidophilic (pink)
staining results from a concentration of mito-
chondria in this part of the cell. The arrowhead
indicates the cytoplasm of a plasma cell. The
basophilic (bluish) staining results from a con-
centration of rough endoplasmic reticulum.

Granules: These vesicles stain because they retained at least
some of their contents during tissue preparation. The arrow
indicates small acidophilic granules filling the cytoplasm of
an eosinophil. The arrowhead indicates large acidophilic
secretory granules in the apical cytoplasm of a Paneth cell.
Note that the basal cytoplasm surrounding the nucleus of
the Paneth cell stains basophilic, indicating large amounts of
rough endoplasmic reticulum in this region of the cell.

Vacuolated cytoplasm: This type of cytoplasm contains what appear to
be empty holes. Usually, these represent either lipid droplets or vesicles
whose contents were washed out during processing of the tissue. What
appear to be empty spaces in the cells from the adrenal cortex shown
here were actually occupied, in the living state, by droplets of lipid
(cholesterol) that were extracted during tissue preparation.

Abundant versus scant: This pair of terms describes a substantial
amount (volume) of cytoplasm (cell 1) or a slight amount of cyto-
plasm (cell 2) surrounding the nucleus. These are inexact terms but
are sometimes useful in describing a cell.




UNIT 1 ® Basic Principles of Cell Structure and Function

Nucleus Features

Large versus small: This is another
imprecise set of terms, but useful if it’s
possible to make comparisons with nuclei
of other cells in the field of view. Label 1
indicates a relatively large nucleus; labels
3, 4, and 6 indicate small nuclei.
Euchromatic  versus  heterochromatic:
Nuclei of most cells show us a mixture of
euchromatin (dispersed, lightly stained,
accessible to transcription) and hbetero-
chromatin (condensed, darkly stained,
inactive). However, there is a wide variabil-
ity in the relative proportions of the two
forms. Nucleus 1 has mostly euchroma-
tin. Nucleus 6 is highly heterochromatic.
Nuclei 3 and 4 have mixes of heterochro-
matin and euchromatin. Notice that the
size of a nucleus is roughly proportional
to its content of euchromatin.

Nucleoli prominent: Presence of an obvi-
ous nucleolus (nucleus 1) or nucleoli
indicates that the cell is actively synthe-
sizing ribosomes and, therefore, proteins.
Typically, nucleoli are present in a nucleus
that has most of its chromatin in the form of euchromatin, but there are exceptions (for example, some malignant tumor cells).
Mitotic nucleus: When a cell divides, the nuclear envelope dissolves, and the chromosomes are dark, condensed particles. Label 2
indicates the chromosomes of a metaphase cell. Label 5 indicates two clusters of chromosomes in an anaphase cell.

Simple versus segmented: A simple nucleus appears as a single structure that can have a variety
of shapes (round, oval, indented, fusiform, irregular). All the nuclei in this photomicrograph are
simple nuclei. A segmented nucleus, which is typical of some types of white blood cells, appears in
sections as two or more distinct parts (lobes), as seen in the cell in the center of this small panel.

Inferences from nucleus appearance: The appearance of the nucleus provides some clues about the state of the cell’s activity. Cells
that are active in protein synthesis will usually have fairly large nuclei, prominent nucleoli, and a preponderance of euchromatin.
Examples of such cells are rapidly dividing cells (which are busy duplicating cell constituents to be divided among daughter cells),
cells that secrete proteins, and cells that have a very large area of membrane and a large volume of cytoplasm to maintain (e.g.,
neurons).

Cell Size

Large versus small: Although many cell types have diameters falling in the range of 10 to 20 um, the total spectrum of cell sizes is
much broader. There are cells much smaller (e.g., inactive lymphocyte at about 6 um) or much larger (e.g., megakaryocyte at about
100 pum). If cell volume and surface area are considered things can get pretty tricky, because many cells are not compact spheres or
simple geometric shapes but have other shapes that can be extremely complex.




CHAPTER 1 ® An Illustrated Glossary of Histological and Pathological Terms

Descriptive Terms for Abnormal Cells and Tissues

he,

Acute inflammation is an immediate response by the immune system due to
tissue injury from many causes including infection, necrosis, and trauma. It
results in a local increase in blood flow, tissue edema due to increased vascular
permeability, and an increased number of acute inflammatory cells (chiefly
polymorphonuclear leukocytes or neutrophils). A confluent collection of
neutrophils is an abscess.

Image: Acute appendicitis showing an infiltration of neutrophils within layers
of smooth muscle in the appendiceal wall is shown.

T i

Apoptosis is the process of cell death initiated by either physiologic or pathologic
causes. Pathologic apoptosis may be seen in malignant neoplasms, cells damaged
by radiation or chemicals, tissues infected by viruses, and immunologic damage
as seen in graft-versus-host disease.

Image: Colonic mucosa demonstrating marked apoptosis of the crypt epithelial
cells is shown in a patient with graft-versus-host disease following a bone mar-
row transplant.

Gy VAl HE&E, X99

Pathologic atrophy refers to a decrease in cell size as a result of various factors
including denervation, decreased use, aging, decreased blood supply and nutrients,
and pressure.

Image: Skeletal muscle showing denervation atrophy is pictured here. Note the
larger, normal myocytes in the right portion of the image, and the smaller, atro-
phic myocytes in the left portion of the image. In this case, damage to a motor
neuron or axon caused atrophy of a group of muscle fibers it served.

Tissue calcification is abnormal and is broadly divided into metastatic calcifi-
cation and dystrophic calcification. Metastatic calcification occurs in normal,
healthy tissues in patients who are hypercalcemic due to vitamin D intoxication,
renal failure, or increased parathyroid hormone or in patients with bone destruc-
tion. Dystrophic calcification occurs in dying or necrotic tissues in patients with
normal serum calcium.

Image: Dystrophic calcification in an intraductal papilloma of the breast is
shown. Tissues that assume a papillary morphology tend to develop calcifica-
tions at the tips of degenerating papillae. Other examples include papillary thy-
roid carcinoma and serous papillary neoplasms of the ovaries. Round, lamellated
calcifications are called psammoma bodies.

Chronic Inflammation. QztSdsRal]

Chronic inflammation is an ongoing inflammatory process, typically weeks to
months in duration. It may be seen in infectious processes, like viral hepatitis,
autoimmune disease, and toxic exposures. Acute and chronic inflammations
commonly coexist, as in active chronic gastritis due to infection of the gastric
mucosa by the bacteria Helicobacter pylori. The inflammatory cells participat-
ing in chronic inflammation include lymphocytes, plasma cells, mast cells, and
eosinophils.

Image: This stomach biopsy shows chronic gastritis; note the plasma cells within
the lamina propria. No neutrophils are seen, which would indicate a concomitant
active, acute inflammatory process.




UNIT 1 ® Basic Principles of Cell Structure and Function
Cellular Accumulations

Alpha 1-Antitrypsin. PASD (periodic acid-Schiff with diastase digestion), X173

Alpha 1-antitrypsin deficiency is an autosomal recessive disorder characterized
by low serum concentrations of the enzyme alpha 1-antitrypsin, which inhibits
or inactivates proteases and elastases. Alpha 1-antitrypsin deficiency may cause
neonatal hepatitis with later cirrhosis and pulmonary panacinar emphysema.
Image: A liver biopsy in a patient with alpha 1-antitrypsin deficiency shows accu-
mulated alpha 1-antitrypsin as hyaline globules in this PAS stain. The globules
remain after the tissue has been treated with diastase (diastase resistant).

Amyloid. H&E, X173

Amyloid is an abnormal protein caused by many pathological conditions, the most
common of which include AL amyloid, caused by light chains secreted by plasma
cells in plasma cell myeloma or monoclonal B-cell neoplasms; AA amyloid, seen
in chronic inflammatory conditions; and AR amyloid in Alzheimer disease. Many
other types of amyloids exist.

Image: A lymph node containing AL amyloid in a patient with small lymphocytic
lymphoma is shown. In H&E-stained preparations, amyloid is amorphous and
eosinophilic. Amyloid stained with Congo red shows a characteristic green bire-
fringence when viewed with polarized light.

Fatty Change. H&E, X173

Fatty change, or steatosis, is the abnormal intracellular accumulation of lipid.
Although it can occur in many organs, it is most commonly seen in the liver because
of a variety of causes including alcohol abuse, hepatitis C, genetic predisposition,
medications, toxins, and diabetes mellitus.

Image: This liver biopsy shows marked steatosis with intracellular lipid vacuoles.

Lewy Body. Immunohistochemistry for alpha-synuclein, X431

A Lewy body is an intracytoplasmic oval with a halo, formed in neuromelanin-
containing neurons in patients with idiopathic Parkinson disease.

Image: In this immunoperoxidase preparation, brown pigment indicates the pres-
ence of alpha synuclein (arrow), the main protein in the inclusion.

Neurofibrillary Tangles. Silver stain, X173

In patients with Alzheimer disease, microtubule-associated protein tau and abnormally
phosphorylated neurofilaments form neurofibrillary tangles within neurons.

Image: Thissilver-stained slide shows a twisted, black helix (arrows) in the cytoplasm
of a neuron from a patient with Alzheimer disease.
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He, x99
Granulomatous inflammation is a type of chronic inflammation character-
ized by localized aggregates of macrophages called epithelioid histiocytes.
Collectively, these collections of histiocytes are termed granulomas. Granu-
lomatous inflammation is characteristic of certain bacterial infections, par-
ticularly Mycobacterium tuberculosis, fungal infections with organisms like
Histoplasma capsulatum, and many other disease processes. Granulomatous
inflammation may contain areas of necrosis, as in mycobacterial or fungal
infections (caseous necrosis), or may be noncaseating as in the granulomatous
disease sarcoidosis.

Image: This lymph node biopsy contains abundant noncaseating granulomas
in a patient with sarcoidosis.

307 EERN H&E, <99

Hyperplasia represents the increase in the number, not size, of cells within an
organ or a tissue. Contrast this to hypertrophy below in which the cell size, not
number, increases. Hyperplasia and hypertrophy both may result in a larger
organ or tissue. Hyperplasia can be the result of hormonal stimulation, as seen
in hyperplasia of the endometrial cells of the uterus in response to estrogen
stimulation.

Image: This is an endometrial biopsy showing hyperplasia of the glandular
endometrium. The glands are increased in number and are abnormally close
together. Endometrial hyperplasia is a risk factor for the development of adeno-
carcinoma of the endometrium.

503on ) Al HE, X497

Hypertrophy is a compensatory mechanism by which the size of cells increases
because of various stimuli, resulting in the increase in the size of the correspond-
ing organ. Cardiac myocytes hypertrophy in response to increased workload
because of hypertension or valvular dysfunction. In systemic hypertension, as
the cardiac myocytes enlarge, the heart itself enlarges, producing left ventricular
hypertrophy with a thickened muscular wall.

Image: This image of a hypertrophied cardiac myocyte in a patient with hyper-
tension shows an enlarged, hyperchromatic (deeply staining) nucleus, referred
to as a “boxcar” nucleus.

Hydropic Change. Q5tSd34RE}

Hydropic change is an early reversible cell injury characterized by cellular
swelling due to perturbations in cellular membrane ion-pump function.
Image: This kidney biopsy shows swollen tubular epithelial cells with cytoplas-
mic clearing due to edema.

FCE, 747

Karyorrhexis refers to a pattern of nuclear change seen in irreversibly damaged
cells, similar to pyknosis (below), in which the nucleus breaks apart and frag-
ments.

Image: This image shows a nucleus undergoing karyorrhexis (arrow) in a malig-
nant neoplasm.
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H&E, X199

Metaplasia is the reversible change of one mature cell type to another as a
result of an environmental stimulus. Examples of metaplasia include squamous
metaplasia of the endocervical glandular epithelium of the cervix, squamous
metaplasia of ciliated respiratory epithelium in smokers, and intestinal meta-
plasia of gastric mucosa as a result of chronic gastritis.

Image: A section of stomach shows chronic gastritis with intestinal metaplasia.
Note the presence of goblet cells (arrow) not normally present in the gastric
mucosa.

Monomorphism is a term describing cell populations that show little difference
in size and shape of the cell itself, the nucleus, or both. Benign neoplasms and
well-differentiated malignant neoplasms may be monomorphic.

Image: This image shows a monomorphic population of cells in a duodenal gas-
trinoma. The cells are relatively uniform in size and shape, as are the nuclei.

Most normal cells contain a single nucleus,
with the exception of the osteoclast, which is
multinucleated. Multinucleated cells can be
seen in a variety of conditions including reac-
tive bone conditions, malignant bone and soft
tissue tumors, granulomatous inflammation,
and foreign body giant cell reactions.
Images: The first image (left) shows a giant
cell (arrow) in a granuloma of sarcoidosis.
The second image (right) shows an extensive
foreign body giant cell reaction (dashed line)
to suture material (arrow).

JYES Iyl H&E, X199

Pleomorphism is a term describing cell populations that show differences in
the size and shape of the cell itself, the nucleus, or both. It is typically used to
describe neoplasms. In general, poorly differentiated malignant neoplasms may
have a pleomorphic appearance.

Image: This image shows extreme cellular and nuclear pleomorphism in this
case of malignant fibrous histiocytoma, pleomorphic type. Compare this image
to that of the monomorphic gastrinoma above.

FicE, 747

Pyknosis is a morphologic change in the nucleus of an irreversibly damaged
cell characterized by condensation and increased basophilia.

Image: This image shows pyknosis (arrow) in a dying cell in a malignant
neoplasm.
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St H&E, X16

A scar, or cicatrix, is the result of a complex healing process involving an ini-
tial inflammatory response followed by the formation of new blood vessels, tissue
remodeling, and wound contraction. Abnormal healing processes include keloid
formation and hypertrophic scars.

Image: This image shows a dermal scar characterized by horizontal collagenous
bands and an absence of skin adnexa-like hair follicles.

Necrosis

Necrosis represents the death of living cells due to irreversible cell injury. Depending
on the tissue involved, necrosis will assume one of several morphologic patterns asso-
ciated with the processes involved in cell death.

Caseous Necrosis. H&E, X97

Caseous necrosis is a form of necrosis characterized by obliteration of the under-
lying tissue architecture and the formation of amorphous granular necrotic debris,
which grossly appears “cheesy,” hence the name caseous. Caseous necrosis is
highly characteristic of infection with M. tuberculosis and certain fungi and is a
type of granulomatous inflammation.

Image: This image shows a lymph node biopsy with granulomatous inflammation and
necrosis (o the right of the dashed line) in a patient with H. capsulatum infection.

Coagulative Necrosis. H&E, X97

Coagulative necrosis is a form of necrosis characterized by preservation of cellular
outlines. Examples include necrosis of cardiac myocytes in myocardial infarction
and renal necrosis.

Image: This image shows global coagulative necrosis in a transplanted kidney due
to compromised perfusion after the transplant. Note the preserved architecture
with the glomerulus in the center surrounded by renal tubules. Note also the pale
eosinophilic staining with lack of nuclear staining.

Fat Necrosis. H&E, X193

Fat necrosis is a specific type of necrosis seen in fatty, or adipose, tissue. Dam-
age to adipocytes causes release of lipids and cell death followed by aggregates
of foamy macrophages containing the released lipids. Fat necrosis is seen in
damage to fatty tissue by trauma as well as enzymatic digestion as seen in acute
pancreatitis.

Image: This image shows fat necrosis in subcutaneous adipose tissue after pre-
vious surgery. Note the abundant foamy macrophages containing lipid droplets
(arrow).

Liquefactive Necrosis. H&E, xX48

Liquefactive necrosis may be seen after bacterial infections or infarcts involving the
central nervous system.

Image: This image shows liquefactive necrosis in an infarcted area of the brain.
Note the intact white matter in the lower portion of the image and the granular
liquefactive necrosis in the upper portion of the image.
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Pigments are colored substances found within tissue mac-
rophages or parenchymal cells. Pigments may be endogenous,
those produced by the body, or exogenous, those originating
outside of the body. Melanin, lipofuscin, and hemosiderin are
the most common endogenous pigments. The most common
exogenous pigment is carbon.

Anthracosis. H&E, X155

Anthracosis is an exogenous pigment composed of carbona-
ceous material from smoking and air pollution. Inhaled carbon
is taken up by alveolar macrophages and transported to lymph
nodes. Anthracotic tissues are black in gross appearance.

Image: This lymph node from the hilar region of the lung shows
abundant macrophages containing black carbonaceous material.

Melanin. H&E, X388

Melanin pigment, a product of melanocytes, can normally be
seen in the basal keratinocytes of the skin. In some chronic
inflammatory skin conditions, melanin is released into the der-
mis and taken up by dermal macrophages, or melanophages.
Image: Black-brown melanin pigment is present within the pap-
illary dermal macrophages.

Lipofuscin. H&E, X388

Also known as lipochrome, lipofuscin is a yellow-brown pigment
related to tissue aging. Lipofuscin is insoluble and composed of
phospholipids and lipids as a result of lipid peroxidation. It is
commonly seen in the liver and heart.

Image: This hypertrophic cardiac myocyte from an older indi-
vidual contains lipofuscin granules adjacent to the nucleus.

Hemosiderin. H&E, X155 (left); Prussian blue, X155 (right)

Hemosiderin is the tissue storage form of iron, which appears as
granular, coarse, golden-brown pigment. Hemosiderin is formed
from the breakdown of red blood cells and is taken up into tissue
macrophages. It may be seen in tissues in which remote bleeding
has occurred or in any condition in which excess iron is present.
Images: The first image (left) shows abundant hemosiderin-laden
macrophages in soft tissue where past bleeding has occurred.
The second image (right) is a Prussian blue preparation of the
same tissue, showing the deep blue staining of hemosiderin.

)55 8 H&E, X25

An ulcer represents the discontinuity of an epithelial surface, which
may involve skin or mucous membranes. Ulcers may be caused by
infectious processes, chemical exposures, prolonged pressure, or vas-
cular compromise. They typically form crater-shaped lesions with
a superficial fibrinopurulent layer and an underlying vascular and
fibroblastic proliferation called granulation tissue.
Image: This is an image of a gastric ulcer. Note the intact mucosa
transitioning to the ulcer with a fibrinopurulent surface. The for-
mation of gastric ulcers is closely associated with infection with
H. pylori. Gastric ulcers may be benign or malignant, representing
gastric adenocarcinoma.
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Introduction and Key Concepts for
Cell Components

The cell is the basic structural and functional unit of the body,
and variations in cell structure account for the remarkable diver-
sity in the morphology and function of the body’s basic tissues
and organs. The cell’s repertoire of constituents is limited, but
the possible combinations of quantities and arrangements of
these constituents are numerous.

Nucleus (Fig. 2-1)

Nuclear envelope: This is a double-membrane structure consist-
ing of a perinuclear cistern sandwiched between the inner and
the outer nuclear membranes. The nuclear envelope protects the
genetic material and separates it from the diverse molecules and
structures of the cytoplasm. The nuclear envelope is continuous
with the rough endoplasmic reticulum.

Nuclear pore: These gaps in the nuclear envelope are bridged by
a pore complex of numerous proteins. This structure controls
the traffic of molecules and particles between the nucleus and
the cytoplasm.

Heterochromatin: This tightly coiled chromatin is inaccessible
for transcription, and it appears as basophilic clumps in speci-
mens prepared for light microscopy.

Euchromatin: This is chromatin in a more extended form,
accessible to transcription. In the light microscope, it appears
as less densely stained, basophilic regions of the nucleus.
Nucleolus: One or more of these spherical, basophilic structures
develop in the nucleus if the cell is generating ribosomes.

Cytoplasm (Fig. 2-1)

Ribosome: This is an egg-shaped particle (~20 X 30 nm) that
attaches to a messenger RNA (mRNA) molecule and generates
a polypeptide according to the code provided by the nucleotide
sequence of the mRNA strand.

Polyribosome: This is formed by the alignment of several ribo-
somes along the length of an mRNA molecule. When an mRNA
for a cytosolic or mitochondrial protein is being translated, the
polyribosome is not associated with endoplasmic reticulum, but
rather it is suspended in the cytosol as a free polyribosome.
Rough endoplasmic reticulum (RER): This typically consists of
flattened membrane-delimited cisternae that are studded with
ribosomes. As polypeptides are synthesized by the ribosomes,
they are sequestered by insertion into the cisternae. Small shut-
tle vesicles (transport vesicles) move the newly synthesized poly-
peptides from the RER to the Golgi complex.

Golgi complex: This consists of a stack of flattened membra-
nous saccules (cisternae). The Golgi complex receives poly-
peptides from the RER, modifies them (e.g., by sulfation,
glycosylation), and sorts and packages them according to their
destination as constituents of lysosomes, secretory granules
(e.g., pancreatic acinar cell), or cytoplasmic granules (e.g.,
neutrophilic leukocyte).

Secretory wvesicle: Also called secretory granules, these are
membrane-delimited packages of secretory products that can
be either stored in the cytoplasm or immediately secreted by
exocytosis of the vesicle at the cell surface.

Lysosome: This is a membrane-delimited vesicle characterized
by its low pH and the content of a variety of hydrolases that can
digest proteins, lipids, and polysaccharides. Lysosomes function
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both in the turnover of intrinsic cellular components and in the
breakdown of the material ingested by endocytosis.

Other types of membrane-delimited vesicles: Substances other
than the secretory products of secretory granules and the
hydrolytic enzymes of lysosomes may be sequestered within
vesicles. Examples are proteases within proteasomes, unfinished
polypeptides in transfer vesicles, and oxidases and catalase in
peroxisomes.

Smooth endoplasmic reticulum (SER): This is a membrane-
delimited labyrinth, usually in the form of tubules rather than
flattened cisternae. Its multiple functions include synthesis of
membrane phospholipids, degradation of some hormones and
toxic substances (liver), synthesis of steroid hormones, and
sequestration of calcium stores (striated muscle).
Mitochondrion: This is a double-membrane organelle (like the
nucleus) that generates adenosine triphosphate (ATP) to fuel
energy-requiring activities of the cell. It also functions in some spe-
cialized synthetic pathways such as that for steroid hormones.

Cell Surface (Fig. 2-1)

Cilia: These are cylindrical extensions about 200 nm thick
and 5 to 10 um long. They are usually motile, with a whipping
motion that consists of a power stroke and a recovery stroke.
An axoneme of microtubules in a nine-doublet, two-singlet
arrangement provides the stiffness and movement of cilia.
Microvilli: These are cylindrical, nonmotile extensions, typi-
cally about 80 nm in diameter and 1 um long. In some cells,
they are several micrometers long, in which case, they are called
stereocilia. Actin filaments form the cores of microvilli.
Zonula occludens: Also called tight junctions, these are sites
of fusion between plasmalemmas of adjacent epithelial cells
that separate the lumen from the underlying connective tissue.
Tight junctions prevent materials from passing from one com-
partment to another by diffusing through the space between
adjacent epithelial cells.

Zonula adherens: These are sites of mechanical adhesion
between adjacent epithelial cells. They are generally associated
with and parallel to tight junctions. Actin filaments of the ter-
minal web are anchored by proteins at the cytoplasmic faces of
the membranes of the two cells.

Macula adberens: Also called desmosomes, these, like zonula
adherens, are sites of mechanical adhesion between cells, but
they are configured as spots rather than bands. Intermediate
filaments are anchored to proteins at the cytoplasmic surfaces
of the membranes of the two cells.

Gap junctions: Also called nexus junctions, these are sites of
close (~2 nm) apposition between plasmalemmas of adjacent
cells. The small space between the membranes is bridged by
connexons, each of which is a cylindrical complex of proteins
forming a pore. Gap junctions allow free flow of small ions
between cells, so that the cells are electrically coupled.
Basolateral folds: Infoldings of the plasmalemma at the basal
surface of an epithelial cell provide greatly increased surface area
in support of extensive traffic of substances between the cytosol
and the underlying interstitial compartment. Such folds are par-
ticularly prominent in epithelial cells that function in removing
water and ions from a lumen. Lateral folds can have an additional
function of contributing mechanical strength to a layer of cells by
interlacing with complementary folds of an adjacent cell.

Basal lamina: This is an extracellular layer at the interface
of a cell and the adjacent connective tissue. Basal laminae are
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characteristic of the basal surfaces of epithelia, but they are not
restricted to epithelia. Examples of other cells with basal lami-
nae are muscle cells and the Schwann cells that enshroud the
axons of peripheral nerves.

Cytoskeleton (Fig. 2-1)

Different specific proteins that form these filaments are charac-
teristic of particular groups of cell types.

Microtubules: These are hollow tubes about 25 nm in diameter.
In conjunction with other proteins, particularly kinesin and
dynein, they serve as tracks for movement of materials within
the cytoplasm. Microtubules also form centrioles and the basal

bodies and axonemes (cores) of cilia.

Centrosome: This is composed of a pair of centrioles embedded
in amorphous material. The two centrioles are oriented at right
angles to each other, and each is composed of nine triplet sets of
microtubules. The centrosome functions in organizing the array
of microtubules in the cell’s cytoplasm and in developing the
spindle apparatus during cell division.

Actin filaments: These are thin (6 nm) filaments that form a
feltwork (cortex) beneath the plasmalemma of many cells. They
form a skeletal core of microvilli, and they also function in the
movement of motile cells. In contractile cells, actin filaments
interact with myosin (thick) filaments.

Intermediate filaments: These are relatively stable 10-nm to
12-nm filaments that provide structural support for the cell.

SYNOPSIS 2-1

Nucleus

Functions of Major Cell Components

Nucleus: Synthesizes all types of RNA; replicates its DNA.

Heterochromatin: Condenses inactive DNA.

Euchromatin: Renders DNA accessible to transcription.

Nucleolus: Produces ribosomal RNA; assembles ribosome particles.

Nuclear envelope: Segregates DNA from cytoplasmic constituents.

Nuclear pore: Controls access of molecules that move between the nucleus and the cytoplasm.

Cell Surface

B Microvillus: Increases the area of plasmalemma at a free (apical) surface of an epithelial cell.

B Basal or basolateral fold: Increases the area of plasmalemma at the basolateral surface of an epithelial cell.
B Cilium: Moves the material along the apical surface of an epithelial cell.

B Basal lamina: Contributes to the boundary between a cell and its surrounding interstitium.

Cytoskeleton

B Actin filament: Contributes to contraction, cell motility, and cell stiffness.

B Myosin filament: Interacts with actin to produce contraction.

B Intermediate filament: Contributes to structural (mechanical) strength of a cell.

B Microtubule: Provides tracks for intracellular movement of molecules and particles; generates movement of cilia and
movement of chromosomes during cell division.

Cytoplasm

Mitochondria: Generate ATP and contribute to synthesis of some molecules.

Ribosome: Translates mRNA to polypeptides.

Rough endoplasmic reticulum (RER): Synthesizes proteins to be confined by or associated with membranes.
Smooth endoplasmic reticulum (SER): Contributes to lipid metabolism, drug detoxification, and calcium regulation.
Golgi complex: Modifies, packages, and traffics proteins.

Lysosome: Degrades extraneous material.

Vesicles: Segregate molecules from cytosol.
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Cell Ultrastructure
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" Figure 2-2.  Membranes define the major components and compartments of the cell. EM, X 19,000

All of the ultrastructural features of cells can be viewed with electron microscopy under optimum conditions of specimen preparation,
orientation, and magnification. The unit membrane that delimits the cell and many of its major components is seen as a thin,
electron-dense line in transmission electron micrographs. Segments of membrane that are oriented vertically to the plane of section
are most sharply defined, whereas membrane segments that are oriented at or nearly parallel to the plane of section cannot be readily
discerned. Identification of the major organelles relies, to a great extent, on the characteristic arrangements of the membranes that
define them. Two major structures, the nucleus and the mitochondria, are bounded by double membranes. Identification of mito-
chondria is aided by the infoldings of the inner mitochondrial membrane that form shelflike or tubular cristae, extending through the
interior of the organelle. The inner nuclear membrane typically has heterochromatin apposed to it, and the outer nuclear membrane
is often studded with ribosomes. The membrane that forms the RER encloses a cisternal space in the shape of either disks or tubules,
and identification is confirmed by the presence of polyribosomes on the outer surface of the membrane. SER typically has a branch-
ing tubular form, so that, in sections, patches of circular, ovoid, and Y-shaped profiles of membrane are seen.
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_ The nucleus and its components. EM, X43,000; inset X42,000

The outer and inner nuclear membranes and the perinuclear cisternae are readily identified in electron micrographs if there is
adequate magnification and a favorable plane of section. In some cells, the outer nuclear membrane is studded with ribosomes, and
the perinuclear cisternae are continuous with the cisternae of RER. In a cell that is actively synthesizing proteins, the nuclear enve-
lope has numerous nuclear pores that can be identified in electron micrographs as interruptions in the double-membrane arrange-
ment of the nuclear envelope. Some face-on views of nuclear pores can be seen in the inset. It can be seen that the pores are not
simply openings, but rather each has a diaphragm. Chromatin that is highly condensed, or heterochromatin, is much more electron
dense than chromatin that is accessible to transcription, or euchromatin. Clumps of heterochromatin tend to be located adjacent to
the inner nuclear membrane, with gaps that correspond to sites of nuclear pores. Nucleoli appear similar to heterochromatin but can
usually be distinguished by a more complex substructure of granular, fibrous, and nucleolar organizer components.
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_ Cytoplasmic organelles. EM, X66,000

Mitochondria vary both in size and shape and in the appearance of their cristae, yet they are generally the easiest organelles to
identify in transmission electron micrographs. The striking features are the double membrane and the cristae, which are inwardly
directed extensions of the inner mitochondrial membrane. The RER typically consists of flattened, membrane-delimited sacs. The
distinguishing feature of RER is the presence of ribosomes (polyribosomes) attached to the outer surface of the membrane. SER
also consists of membrane-delimited spaces, but these are usually in the form of a labyrinth of branching tubules. The surface of
the membrane of SER is smooth, with no attached ribosomes. Golgi complexes are composed of stacks of flattened, membrane-
delimited sacs along with associated vesicles. Shapes of the sacs can vary, but often they are bowl shaped, so that there is a convex
face (the forming face) and a concave face (the maturing face).
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Figure 2-5A. Cytoplasmic organ-
elles: Rough endoplasmic reticulum
and the Golgi complex. EM,x49,000

This view includes only a small area
at the edge of the nucleus of a cell
that is actively synthesizing proteins
for secretion. Both euchromatin and
heterochromatin can be seen, but the
nucleolus, although present in the
cell, is not in view here. The nuclear
pore is the gateway for materials
leaving the nucleus, for example,
mRNA, tRNA (transfer RNA), and
preribosomal  particles. Entering
the nucleus through nuclear pores
are histones and other proteins of
chromatin, DNA polymerases and
RNA polymerases, and ribosomal
proteins. The outer nuclear mem-
brane is studded with ribosomes, an
indication that the nuclear envelope
is continuous with the RER, which
is abundant in this cell. A part of the
Golgi complex is identifiable as a
stack of flattened membranous sacs
with smooth surfaces. The small ves-
icles associated with the Golgi com-
plex include transport vesicles that
convey polypeptides from the RER.
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reticulum

Intermediate
filaments

Nucleus

Mitochondrion

Figure 2-5B. Cytoplasmic orga-
nelles: Smooth endoplasmic reticu-
lum. EM, X33,000

Smooth endoplasmic reticulum is
considerably less conspicuous in
appearance than RER with its broad,
flattened cisternae and arrays of
attached ribosomes. The usual con-
figuration of SER is a labyrinth of
branching tubules with swellings.
Thus, it presents in sections as pro-
files of smooth-surfaced circular or
oval membranes, much the same as
slices through spherical vesicles. The
true distinctive structure of the SER
is revealed by the occasional profiles
that have a Y-shaped or branching
lumen, as can be seen in this image.
The cytoplasm in this view also con-
tains some mitochondria and numer-
ous intermediate filaments coursing
through the cytosol. Some of the fila-
ments near the plasmalemma of the
cell are more likely actin filaments,
which are concentrated in the cortex
(outer layer) of many cells.
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_ Cell surface and cyto-

skeleton, intestinal absorptive cells. EM,

X73,000
Microvilli
with core This image is restricted to a very small part of
?ilfa?r(:g:ts the surfaces of two absorptive cells (entero-
cytes) in the wall of the small intestine. The
plane of section is tangential to the plane of
Zonula the surface, so that the right side of the image
occludens shows numerous microvilli that project into
the lumen and function to greatly increase the
Zonula .surfacfe area exposed to the contents of the
adherens intestine. The electron-dense dots in the cores
of the microvilli are actin filaments, which,
Terminal in this case, provide for stiffness rather than
web motility. These actin filaments extend from
(actin the microvilli into the cytoplasm as part of
filaments) the terminal web of actin filaments near the
cell surface. Components of a junctional
Intermediate ~ complex provide a seal (zonula occludens)
filaments and adhesion (zonula adherens and macula
adherens) between neighboring enterocytes.
Beneath the terminal web of actin filaments
Macula . . .
adherens are thicker filaments, intermediate filaments,

which provide mechanical strength to the
cell. Some of the intermediate filaments are
anchored in the macula adherens.

" Figure 2-6B.  Cytoskeleton, the dendrite

of a neuron. EM, X20,000

The central structure in this view is a
dendrite of a neuron. It is a process extend-
ing from the cell body of the cell. Dendrites
and axons, the other type of neural pro-
cess, require cytoskeletal elements both for
mechanical support and for conveying essen-
tial molecules, particles, and organelles over
distances that can be quite extensive. The
structural support is provided mainly by the
intermediate filaments, which are termed
neurofilaments in neurons because of their
specialized molecular structure. Intermediate
filaments appear in electron micrographs as
electron-dense single lines when they course
within the plane of the section or as electron-
dense dots when their orientation is vertical
to the plane of the section. The movement of
molecules and particles along the lengths of
dendrites and axons requires microtubules
as tracks and motor molecules (dyneins
and kinesins) to transport the cargo struc-
tures and molecules along the microtubules.
Because of their tubular structure, microtu-
bules appear as a closely paired set of paral-
lel lines when they course within the plane of
the section or as circles when their orienta-
tion is vertical to the plane of the section.
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Cell Structure

Y ; : Figure 2-7A.  Cell components in light micros-
copy. H&E, X1,075

(heterochromatin)

Only the larger cell components can be dis-
tinguished individually by light microscopy.
Examples of such readily identifiable compo-

* SecrElonfo nents include the nucleus, nucleoli, blocks of

(contentslextracted) R X
heterochromatin and euchromatin, larger secre-

‘ tory vesicles, and larger secondary lysosomes.
“S tory/granules; . ST .
(cor?gre]t(sn rgosinophilic 4 4 : Because of its limited resolution of about 0.2 um,

light microscopy cannot distinguish smaller cel-
lular components, such as ribosomes, centrioles,
cytoskeletal elements, and most primary lyso-
somes and mitochondria, although the presence
‘w of some of these structures can be inferred by
s gt their influence on staining reactions when they
) % B - & are present in abundance. For example, ribo-
- ' somes, whether free or associated with endoplas-
mic reticulum, impart basophilic staining to a
region of cytoplasm where they are concentrated.
By contrast, mitochondria impart acidophilic
g : . —. (eosinophilic) staining to regions of cytoplasm
‘.__ 0 . ((RER)): i . - 2 8%  where they are concentrated. In cells with a large
¥

Golgi complex, its presence can sometimes be
distinguished as an unstained region adjacent to
the nucleus.

i
eosinophili
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v { al

Figure 2-7B.  Wide range of cell sizes, spinal
ganglion sensory neuron. H&E, X780

phininkage riifact Human cells have a wide range of sizes and shapes.

Some of the largest cell types, such as oocytes and
megakaryocytes, can be as much as 100 pum in diam-

neuronal ' eter. Similar diameters can be seen in cell bodies of
cell neurons with long axons such as the sensory neurons
patchesBiRER in this illustration. The enormity of the cell body in

by the center of the image can be appreciated if its size

s is compared with that qf the satellite cells that sur-

o neuronallcell body % round it. The nucleolus in the nucleus of the neuron

\ s ‘! is equal in size to the entire nucleus of the satellite

_ £ cell. The large volume of cytoplasm that surrounds

the nucleus of the neuron contains large expanses of
RER and Golgi complexes. As large as the cell body
is, it amounts to less than 1% of the total cell volume
because the axon may be over a meter in length. Cell
types with the smallest volumes include spermato-
zoa, lymphocytes (spherical cells with diameters as
little as 5 wm), and endothelial and alveolar cells
(extremely thin cells that allow exchange of gases
and other materials between compartments).
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Cell Structure Correlates with Function
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_ Protein-secreting cells, plasma cell. EM, X 17,000

Plasma cells function to synthesize and secrete immunoglobulin, a glycoprotein. Once these cells have differentiated from stimulated
B lymphocytes, they secrete the antibodies as fast as they are generated for 1 to 2 weeks before they die. The major structures
required for this process are RER, the Golgi complex, and secretory vesicles. The RER is the site of synthesis and sequestering of the
polypeptides of the antibody. Posttranslational modification and packaging occur in the Golgi complex, and the secretory vesicles
convey the product to the cell surface. Because plasma cells do not store the immunoglobulin, few, if any, secretory vesicles are seen
in the cytoplasm. Rather, the cytoplasm is packed with RER, and there is a large Golgi complex (not visible in this section) located
adjacent to the nucleus. The nucleus has one or more well-developed nucleoli, but there is a considerable amount of heterochroma-
tin, considering that this is an active protein-secreting cell. The explanation may be that only one protein, an antibody molecule,
is secreted, and the cell is terminally differentiated, so it will never divide. The immunoglobulin is secreted into the surrounding
interstitial compartment, from which it can enter circulation through walls of small blood or lymph vessels. Even though the cell is
not sharply polarized, the nucleus tends to occupy an eccentric position, with the Golgi complex near the center of the cell.

_ Light microscopic appearance of plasma cells. H&E, X 1,200

The appearance of plasma cells in light microscopy is consistent with the
N\ i ultrastructure of these antibody-secreting cells. The nucleus has a mixture of
: heterochromatin and euchromatin in an arrangement that is variously described
as a “clock face” or checkerboard pattern. A large nucleolus or two occupy the
center of the nucleus. The cytoplasm is basophilic as a result of the ribonucleic
acid associated with the extensive RER. Depending upon the orientation of the
cell in the section, a pale area, called the hof, can be seen adjacent to the nucleus.
This unstained area is the location of the Golgi complex.
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Figure 2-9A. Exocrine protein—secreting cells, pancreatic acinar cell. EM, X7,000

There are many examples of glandular epithelial cells that function to synthesize and secrete proteins and glycoproteins into a lumen.
All cells have in common the equipment needed for this function, and all cells are distinctly polarized, with a typical arrangement of
cellular constituents. The necessary organelles are the RER, Golgi complex, and secretory vesicles (often called secretory granules).
The RER functions to synthesize polypeptides, sequester them, and initiate posttranslational modifications such as glycosylation. The
polypeptides are then shunted by small transport vesicles to the Golgi complex for further modification and packaging into secretory
vesicles, which convey the products to the part of the cell’s plasmalemma that borders a lumen or free surface. The nucleus of an
exocrine protein—secreting cell can vary in shape and position, but it will typically have nucleoli evident and a substantial proportion
of its chromatin in the euchromatin (transcription-capable) form.

B Figure 2-9B. Light microscopic appearance of an exocrine protein—
e , secreting cell. H&E, X750

: Light microscopic views of exocrine secretory cells in sections are consistent
with the structures that can be discerned in electron micrographs. The nucleus
usually exhibits nucleoli and a considerable amount of euchromatin. The cyto-
plasm at the basal end of the cell is basophilic owing to the concentration of
RER at this location. The position of the Golgi apparatus may be evident as a
pale, unstained area of cytoplasm at the apical-facing edge of the nucleus. The
sizes and staining characteristics of the secretory granules vary according to
the type of cell and secretory product. In this example, the secretory granules
are acidophilic (eosinophilic).
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_ Steroid hormone-secreting cells, adrenal cortex. EM, X21,000

Adrenal cortical cells, testicular interstitial cells, and ovarian follicular cells are examples of cell types that function to synthesize and
secrete steroid hormones. Each of these cells have in common the equipment needed for synthesis of steroid hormones. The neces-
sary components include lipid droplets containing cholesterol esters as substrates, SER, and mitochondria that function together in
the synthesis of hormones. The mitochondria characteristically have cristae that are tubular rather than shelflike.

_ Light microscopic appearance

of steroid hormone-secreting cells. H&E, X800
main panel and inset

Light microscopic views of steroid hormone-

o synthesizing cells reveal only a hint of the
. - distinctive set of structures that cha'racter‘i%e
the cytoplasm of these cells. The eosinophilia
(acidophilia) of the cytoplasm is largely attribut-
able to the abundance of mitochondria. Steroid
hormone-secreting cells vary in the amount of
cholesterol stored in the form of lipid droplets,
which appear in most preparations as empty
vacuoles because their contents are extracted
during specimen preparation. The cells in the
main panel are in the zona reticularis and have
few droplets, similar to the cell in the electron
micrograph (Fig. 2-10A). The cells in the inset
are from the zona fasciculata and have numer-
ous lipid droplets.
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_ Ion-pumping cells, renal tubule. EM, X9,060

Nucleus

Mitochondria

Basolateral folds
of renal tubule
epithelial cell

Basal lamina of
renal tubule cell

Interstitial
compartment

Red blood cell
in capillary

Examples of epithelial cells that function primarily to move ions from a lumen to the interstitial compartment form the walls of
some renal tubules and of some ducts of salivary glands. Perhaps surprisingly, the molecular pumps are located not in the apical
cell membrane but rather in the plasmalemma of the basal and lateral surfaces of the cells. These ATP-requiring pumps transfer
sodium ions from the cytosol of the cell into the interstitial compartment. Sodium ions are pulled from the lumen at the apex of the
cell by the gradient created by the basolateral pumps. The surface area of the membrane containing the pumps is greatly increased
by numerous, deep basolateral folds. The energy required to pump ions against a concentration gradient is supplied by numerous

mitochondria packed into the cytoplasm of the basolateral folds.

cells with channel i
but withoutiion pumps

_ Light microscopic appearance of

ion-pumping cells. H&E, X770 main panel; X710
inset

Light microscopic views of cells that pump ions from
one compartment to another are consistent with the
ultrastructural features of these cells. The cytoplasm is
distinctly acidophilic (eosinophilic in an H&E-stained
specimen) owing to the abundance of mitochondria,
particularly in the basal portions of the cells. In paraf-
fin sections such as the main panel view of the renal
medulla, the basolateral folds are usually difficult to
discern. The inset shows a plastic-embedded, 1-um
thick section of a duct from a submandibular salivary
gland. Evidence of the basolateral folds can be seen
here as vertical stripes in the basal cytoplasm of these
cells, which function to retrieve ions from the secre-
tion (saliva). This appearance is the basis of the term
striated duct for this structure.
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Epithelium

Introduction and Key Concepts for Epithelium

Epithelium covers nearly all body surfaces. The basic func-
tions of epithelial tissue are (1) protection of the body from
abrasion and injury (e.g., skin and esophagus); (2) absorption
of material from a lumen (e.g., tubules in kidney, small and
large intestines); (3) transportation of material along a surface
(e.g., cilia-mediated transport in the trachea); (4) secretion of
mucus, hormones, and proteins (e.g., glands); (5) gas exchange
(e.g., alveoli in the lung); and (6) lubrication between two sur-
faces (e.g., mesothelium of pleural cavity). Epithelium is an
avascular tissue, which lacks a direct blood supply. Nutrients
are delivered by diffusion from blood vessels in the neigh-
boring connective tissue. Most epithelial tissues are renewed
continuously.

Classification of Epithelial Tissues

Epithelium can be classified as simple or stratified based on the
number of layers of cells. If there is a single layer of cells, it is
referred to as simple epithelium. If there are two or more lay-
ers of cells, it is considered to be stratified epithelium. Epithe-
lium is also classified according to the shape of the cells in the
most superficial layer. If the surface cells are flattened in shape,
it is called squamous epithelium. If surface cells are cuboidal
in shape, it is called cuboidal epithelium. If the surface cells
are tall, with their height much greater than their width, it is
called columnar epithelium. If the surface cells change shape
in response to stretching and relaxing, it is called transitional
epithelium (urothelium). As described below, these terms may
be variously combined to designate layers of cells and shapes
forming the superficial layer of the epithelium. In some cases,
the height of an epithelial cell represents the level of metabolic
activity. For example, epithelial cells lining the thyroid fol-
licle usually exhibit as simple cuboidal epithelium. However,
when the follicle cells are in a high metabolic state, they form
a simple columnar epithelium. By contrast, when the follicle
cells are in a low metabolic state, they form a simple squamous
epithelium.

SIMPLE SQUAMOUS EPITHELIUM is composed of one
layer of uniform flat cells, which rest on the basement mem-
brane (Figs. 3-2A to 3-4). Apical surfaces are smooth, and the
width of the cells is greater than their height. The nuclei appear
flattened and can easily be recognized following hematoxylin
and eosin staining (H&E) because of the basophilia (affinity
for blue stains) of the nucleic acids in the nuclei. This type of
epithelium is found lining the posterior surface of the cornea;
lining blood vessels and lymphatic vessels (where it is called
endothelium); lining the surface of the body cavities, includ-
ing the pericardial, pleural, and peritoneal cavities (where it is
called mesothelium); and lining the alveoli of the lungs.

SIMPLE CUBOIDAL EPITHELIUM is composed of one
layer of uniform cuboidal cells, which rest on the basement
membrane (Figs. 3-5A,B and 3-6A,B). The cell’s height, width,
and depth are roughly equal. Nuclei are centrally placed and
spherical in shape. Some cuboidal cells have long and abun-
dant microvilli, which form a brush border on their apical
surfaces. Such cells are found in the proximal tubules of the
kidney. Other cuboidal cells have few, short microvilli which

do not form a brush border; these cells can be found in the
distal and collecting tubules of the kidney. Simple cuboidal
epithelium is mainly found lining most of the tubules in the
kidney and in some excretory ducts of glands.

SIMPLE COLUMNAR EPITHELIUM is composed of one
layer of columnar cells resting on the basement membrane
(Fig. 3-7A,B). The cell’s height is greater than the width. The
elongated ovoid nucleus is most often located in the basal
region of the cell. The apical surface of this epithelium may
reveal microvilli. Microvilli are often densely packed to form
a brush border and function to increase the apical surface
area of the cell to aid in absorption of fluid and other mate-
rial from a lumen. Simple columnar epithelium can be found
in the digestive tract, oviducts (fallopian tubes) in the female
reproductive system, and ductuli efferentes testis of the male
reproductive system.

PSEUDOSTRATIFIED COLUMNAR EPITHELIUM is com-
posed of one layer of nonuniform cells that vary in shape and
height (Fig. 3-9A,B). Cells appear similar to stratified cells,
but all cells are in contact with the basement membrane. In
general, most cells are tall columnar cells, but there are also
some short basal cells, some of which are stem cells. The
most widespread type of pseudostratified columnar epithe-
lium is found in the respiratory tract and has long fingerlike,
motile structures called cilia on the apical surface of the cells.
Cilia aid in the transport of material across the surface of
epithelial cells. Pseudostratified columnar epithelium is often
referred to as respiratory epithelium because it is found in
the linings of the respiratory tract, including the nasal cavity,
trachea, and primary bronchi.

STRATIFIED SQUAMOUS EPITHELIUM contains several
layers of cells, with cells in the superficial layer being flattened.
Only the deepest layer of cells is in contact with the basement
membrane. This type of epithelium protects the body against
injury, abrasion, dehydration, and infection. This epithelium
may be keratinized or nonkeratinized, depending on functional
demands (Figs. 3-13A,B and 3-14A,B). Keratinized stratified
squamous epithelium is found in the skin. The top layers consist
of either thick or thin keratinized cells (flattened, nonnucleated
dead cells) that are filled with tonofilaments. The thickness of
the stratified squamous epithelium varies from region to region.
Nonkeratinized stratified squamous epithelium is similar to
keratinized squamous epithelium except that surface cells are
nucleated instead of nonnucleated. This type of epithelium
often covers wet surfaces and is found lining the oral cavity
(soft palate, cheeks, and floor of the mouth), esophagus, vagina,
and true vocal cords.

STRATIFIED CUBOIDAL EPITHELIUM is composed of two
or three layers of cuboidal cells with the basal layer of cells
often appearing nonuniform in distribution (Fig. 3-15A,B). It
is mainly found lining large ducts of exocrine glands. The cells
often have smooth apical surfaces and form barriers and ducts.

STRATIFIED COLUMNAR EPITHELIUM is also composed
of two or three layers of cells. The top layer is columnar in
shape and the basal layer is usually cuboidal in shape (Figs. 3-1B
and 3-16A,B). This is not a common type of epithelium and has



a very limited distribution. Occasionally, it can be found in the
conjunctiva of the eye and in some large ducts of the exocrine
glands.

TRANSITIONAL EPITHELIUM is stratified epithelium, often
referred to as urothelium, which lines the excretory channels
leading from the kidney (renal calyces, ureters, bladder, and
proximal segment of the urethra). It may contain four to six cell
layers in the relaxed state. However, the histological appearance
of the epithelium can change when stretched (Fig. 3-17A-C).
In the empty bladder, the basal cells are mostly cuboidal and
the middle layer is polygonal, although surface cells bulge into
the lumen. Surface cells are often described as “dome shaped”
and are called dome cells or umbrella cells; they contain extra
cell membrane material near the superficial (apical) surface. The
dome cells may contain two nuclei. In the stretched bladder, the
thickness of the epithelium is much reduced, and surface cells, as
well as the intermediate cells, are extremely flattened.

Specializations of the Apical Surface

(Apical Domain)

Apical surfaces of the epithelium may reveal cilia, microvilli, and
stereocilia, depending on their function and location. (1) Cilia
are elongated, motile structures that have a greater diameter
and length than microvilli. The core of a cilium is composed
of microtubules arranged in a consistent array of two central
microtubules surrounded by a circle of nine peripheral pairs of
microtubules (Figs. 3-9A to 3-11A). Cilia arise from electron-
dense, cylindrical structures, called basal bodies, in the apical
cytoplasm just below the cell membrane. There are many mito-
chondria at the apical surface of cells with motile cilia. The
function of cilia is to aid in the transport of material along the
surface of epithelial cells. Cilia are present in the pseudostrati-
fied ciliated columnar epithelium in the respiratory tract and
ciliated simple columnar epithelium in the oviduct (fallopian
tube). (2) Microvilli are smaller than cilia; each has a core that
is composed of actin microfilaments. Microvilli are anchored
to a network structure called the terminal web, which contains
actin filaments to stabilize the microvillus (Figs. 3-7A,B and
3-11B). These specialized structures increase apical surface
area to aid in absorption. Microvilli are commonly seen in sim-
ple columnar epithelium lining the small intestine and simple
cuboidal epithelium lining the proximal tubules in the kidney.
(3) Stereocilia are long microvilli, which consist of actin micro-
filaments and help with absorption (Fig. 3-11C). They can
be found in the pseudostratified columnar epithelium in the
epididymis and vas deferens of the male reproductive system.
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Specializations of the Lateral Surface
(Lateral Domain)

The lateral surface of epithelial cells contains cell junctions and
cell adhesion molecules that are responsible for the cohesive
nature of epithelial tissue. Intercellular connections of the epi-
thelial cells include (1) tight junctions (zonula occludens), that
completely surround the apical cell borders to seal the underlying
intercellular clefts from the outside environment (Fig. 3-8A,B);
(2) adhering junctions (zonula adherens), found just beneath the
tight junction, also forming a bandlike junction surrounding
the entire cell and serving to attach adjacent cells (Fig. 3-8A,B);
(3) desmosomes (macula adherens), located beneath the adher-
ing junctions, also assist in cell to cell attachment (Fig. 3-8A,B)
(the junctional complex is composed of tight junction, adher-
ing junction, and desmosome); and (4) gap junctions, which are
communicating junctions, provide a low-resistance channel to
permit passage of ions and small molecules between adjacent
cells (Fig. 3-8B). Gap junctions are present not only in epithelial
tissues, but they can also be found in many other tissues (smooth
muscle, cardiac muscle, and nerve tissues) in the body. However,
gap junctions are not present in skeletal muscle, blood cells, and
spermatozoa.

Specializations of the Basal Surface
(Basal Domain)

Epithelial cells rest on a basement membrane, consisting of a
basal lamina and a reticular lamina, which provide an under-
lying foundation for the cells (Figs. 3-2B and 3-8B). The term
“basement membrane” is used in light microscopy observation,
although the basement membrane is often difficult to visualize
with the light microscope. The terms “basal lamina” and “retic-
ular lamina” are ultrastructural terms and refer to features that
require electron microscopy to be seen (see Fig. 3-4). Epithelial
cells produce their own basement membrane. Cells are anchored
to the basement membrane by hemidesmosomes, junctions that
connect the cells to the underlying basement membrane (Fig.
3-8B). Basal plasma membrane enfolding may also be present
in some epithelial cells (e.g., salivary gland excretory duct epi-
thelium). This is a corrugation of the cell membrane in the basal
(and sometimes lateral) regions of the cell, which increases cell
surface area and is involved in ion and fluid transport. There
are many mitochondria in the vicinity of the plasma membrane
enfolding. These produce adenosine triphosphate (ATP) for
active transport. The combination of the plasma membrane
enfolding and the concentration of mitochondria result in a
striated appearance in some of the epithelial cells.
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" Figure 3-1A. | Overview of types of simple epithelia (one layer of epithelial cells).
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" Figure 3-1B. | Overview of types of stratified epithelia (two or more layers of epithelial cells).

Epithelium can be classified as simple or stratified based on the number of layers of cells. Epithelium is also classified according to
the shape of the cells in the most superficial layer (Table 3-1).

Shape of the Surface Simple Epithelium Stratified Epithelium

Cells (Single Cell Layer) (Multiple Cell Layers)

Flat Simple squamous epithelium Stratified squamous epithelium (keratinized)
Stratified squamous epithelium (nonkeratinized)

Cuboidal Simple cuboidal epithelium Stratified cuboidal epithelium

Columnar Simple columnar epithelium Stratified columnar epithelium

Pseudostratified columnar epithelium

From dome to flat Transitional epithelium (relaxed)

Transitional epithelium (distended)
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Figure 3-2A. Simple squamous epithelium, oviduct.
H&E, X155; inset X310

Mesothelium is a term for the epithelial layer of the
serous membranes (peritoneum, pleura, and pericardium)
that line the body cavities and cover the organs that
project into the cavities. The other component of these
membranes is the loose connective tissue layer beneath
the mesothelium. The membrane that lines the cavity
wall constitutes the parietal layer, and the visceral layer
(serosa) covers the organs located within the cavity.

The mesothelium secretes a slippery lubricating
fluid that allows organs to easily slide against and over
each other or against the cavity wall (e.g., beating heart,
expanding or contracting lungs, peristaltic activity of the
intestine) without damage to the mesothelium.

Excessive fluid in a mesothelial-lined cavity is called an
“effusion,” for example, a pleural effusion. Inflamma-
tion of the pleura is called pleurisy; of the peritoneum, it
is called peritonitis; and of the pericardium, pericarditis.
These may exist in conjunction with a variety of clinical
conditions or diseases.

Mesothelial cell

Connective tissue

Basement membrane

Figure 3-2B. A representation of a simple squamous
epithelium lining a body cavity.

Mesothelial cells are flattened, generally pentagonal in
shape, and form irregular borders with one another. The
basement membrane is immediately adjacent to the meso-
thelium, which is barely visible with the light microscope.
The basement membrane includes the basal lamina and an
additional layer, the reticular lamina. The term “basal lam-
ina” is used at the electron microscope level and includes
the lamina densa and lamina lucida. Connective tissue is
found beneath the basement membrane. The loose con-
nective tissue beneath the basement membranes of meso-
thelia is the second component of the serous membranes
lining the peritoneal, pleural, and pericardial cavities.

Connective tissue

Tumor Fragmented
cells basement membrane

Normal mesothelial cell

Basement membrane

HSHERIIOR Mesothelioma.

Mesothelioma (cancer of the mesothelium) is a
neoplasm that arises from surfaces of the pleural and
peritoneal cavities. It is only occasionally found in the
pericardial mesothelium. This type of tumor is more
commonly seen in individuals who either were exposed
to asbestos or who smoke. Mesothelioma cells develop
long, slender, and curved microvilli. These tumors may
invade nearby tissues and organs. In general, cancer
cells are those that can metastasize (spread) from their
original site to distant parts of the body, and mesothe-
liomas are no exception. The lymphatic system is a
common route through which metastasis may occur.
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Figure 3-3A. Simple squamous epithelium, blood
vessels. H&E, X219; inset X310

Simple squamous epithelium lining the lumen surface of
all types of blood vessels and lymphatic vessels is called
an endothelium (sometimes a vascular endothelium). In
this example, a single layer of squamous cells lines the
inner layer, the tunica intima, of a medium artery. The
endothelial cells are flattened and elongated, and they
always rest on a thin basement membrane. Electron
microscopy is required to see the ultrastructural features
of the basement membrane. Endothelial cells of vessels
sense changes in blood pressure, oxygen tension, and
blood flow and respond to these changes by secreting
substances, which have effects on the tone of vascular
smooth muscle. Endothelial cells are also important in

- the control of blood coagulation; the endothelium pro-

g duces von Willebrand factor that mediates platelet adhe-
sion to collagen in subendothelial connective tissues at
an injury site to stop bleeding. They also produce antico-
agulant substances that prevent blood clotting and allow
unobstructed flow of blood in normal conditions.

Endothelial cell

Basement membrane

Internal elastic lamina

Subendothelial connective tissue

Figure 3-3B. A representation of simple squamous
epithelium, artery endothelium.

These endothelial cells are flattened and elongated,
oriented parallel to the direction of blood flow, and
rest on a basement membrane. The cells and basement
membrane are linked by junctions called hemidesmo-
somes. Beneath the basement membrane is a suben-
dothelial layer of connective tissue. The wavy structure
is called the internal elastic lamina. The endothelium,
subendothelial connective tissue, and the internal elas-
tic lamina comprise the tunica intima.
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TR ERERIOR Atherosclerosis.

Atherosclerosis is the formation of deposits of yellowish
plaques that contain cholesterol, lipoid material, and lipo-
phages (macrophages). These deposits form the innermost
layers of large- and medium-sized arteries. Of particular
clinical significance are those plaques that form at the
bifurcation of the common carotid artery into the internal
and external carotid arteries and in the cerebral vessels.
Although there are many possible causes of plaques, the
more common are endothelial dysfunction, dyslipidemia,
inflammatory and immunologic factors, and hypertension.
As shown in this image, deposits of cholesterol and fatty
material accumulate in the inner layers of the vessel result-
ing in damage to the vessel wall, including disruption of the
endothelium. These deposits, when hardened, may occlude
blood flow to distant tissues, and blood clots may form
on exposed collagen in subendothelial connective tissue.
Clot formation or dislodged pieces of plaque may result in
vascular occlusion and stroke.
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_ Simple squamous epithelium in the medulla of the kidney. EM, X8,900

This view of the medulla of the kidney provides two examples of simple squamous epithelium. The endothelial cells of the vessels
(vasa recta) are extremely thin except at the nucleus. Red blood cells, a neutrophil, and a platelet can be seen in the lumen of the
blood vessel. The cells that form the renal tubules shown here are squamous, but they are not as thin as the endothelial cells. These
tubules are thin segments of the loop of Henle. There is considerable diffusion of water between the vasa recta vessels and the renal
tubules in the medulla.
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Simple Cuboidal Epithelium

Figure 3-5A. Simple cuboidal epithelium, thyroid
gland. H&E, X155; inset X537

Simple cuboidal epithelial cells that line the thyroid
follicles of the thyroid gland are called follicular cells.
Adjacent follicles are separated by a thin layer of con-
nective tissue, containing occasional fibroblasts. Folli-
cular cells are normally cuboidal in shape but become
columnar when stimulated or in a state of hyperfunc-
tion (hyperthyroidism—excessively high levels of
thyroid hormone secretion). At the other extreme,
these cells may become flattened and squamous—like
when they are inactive or in a state of hypofunction
(hypothyroidism—excessively low levels of thyroid
hormone secretion).

Follicular cells synthesize and release a precursor
(thyroglobulin) of thyroid hormones (T3 and T4) into
the lumen of the follicle where it forms the colloid.
Thyroid hormones are essential for normal brain and
body development in infants and for the regulation of
the metabolic rate in adults, and they affect the func-
tion of every organ system.

Figure 3-5B. A representation of simple cuboidal epithelium
lining the thyroid follicle.

Cuboidal cell

A layer of cuboidal cells rests on a thin basement membrane. The
nuclei are round and located in the center of the cell. These cells
have a large amount of rough endoplasmic reticulum (RER) and
an elaborate Golgi complex in the cytoplasm, which reflects their
Connective tissue high metabolic activity and production of secretory granules con-
taining thyroglobulin. The thyroglobulin is secreted via exocytosis
into the follicular lumen, where it is stored as a colloid. The api-
cal (luminal) surface of these cuboidal cells is characterized by
numerous short microvilli.

Basement membrane

C 7 1T E O Hyperthyroidism.

Hyperthyroidism is a condition characterized by the
Active columnar cell overproduction of thyroid hormone. In this condition,
the follicular cells have changed from cuboidal cells to
become columnar cells as a result of their high activity.
Symptoms include nervousness, irritability, increased heart
rate (tachycardia), increased perspiration, difficulty sleep-
ing, muscle weakness, warm moist skin, trembling hands,
and hair loss. This disorder is seen most often in women

Basal membrane

Connective .
tissue 20 to 40 years age. Graves disease, the most common form
of hyperthyroidism, results from antibodies in the blood

Hypothyroidism that mimic thyroid-stimulating hormone, stimulating the

thyroid to grow and secrete excessive thyroid hormone.
Symptoms of thyroid hyperfunction also can be induced
by excessive thyroid hormone medication.

At the other extreme, in hypothyroidism, there are
very low levels of thyroid hormone secretion and follicular
cells become flat, squamous cells; the patient may experi-
ence weight gain, somnolence, fatigue, and depression.
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Figure 3-6A. Simple cuboidal epithelium,
tubules of kidney. H&E, X155; inset X410

The appearance of this epithelium varies in different
segments of the uriniferous tubules. For example,
in the proximal tubules, the cuboidal cells have
pink-stained cytoplasm and display numerous
long microvilli on the apical surface. The microvilli
generally fill the lumen and may appear disrupted
in histological specimens, but this is an artifact of
postmortem deterioration. The acidophilia of the
cytoplasm of proximal tubule cells results partly
from the numerous mitochondria that provide the
ATP necessary to power the ion pumps in the baso-
lateral membranes of these cells. The cuboidal cells
of distal tubules have short and scanty microvilli.
They display less acidophilia than the proximal
tubules, although they do have mitochondria that
support ion pumps. The cuboidal cells forming
collecting tubules and ducts have few microvilli,
and the cytoplasm is less stained. A defect in renal
tubules can result in renal tubular acidosis (acido-
sis and electrolyte disturbance). (L, lumen.)

Microvilli

Cuboidal cell

Basement membrane

Connective tissue

Figure 3-6B. A representation of simple
cuboidal epithelium of the proximal tubule in the
kidney.

These simple cuboidal epithelial cells have round
nuclei that are in the center of the cells. The api-
cal surface of the cell exhibits abundant long
microvilli, indicating absorption and secretion
functions. Most of the water, sodium, chloride,
amino acids, proteins, and glucose in the glom-
erular filtrate are reabsorbed by the cuboidal cells
of the proximal tubules and transported into the
underlying connective tissue.

Enlarged
cuboidal cell

Loss of microvilli

Thickened/wrinkled
basement membrane

Distorted nucleus of cuboidal cell

Connective tissue

Distorted squamous cell

F

TSRO0 Renal Fanconi Syndrome.

Renal Fanconi syndrome is mainly an impairment of prox-
imal tubular function in the kidney resulting from an abnor-
mality in the epithelial lining. The alteration of the epithe-
lium can be caused by a variety of genetic defects (mostly in
children) and by certain environmental factors. The result
is that some substances that should be reabsorbed into the
bloodstream are instead excreted in the urine. These sub-
stances include glucose, amino acids, phosphate, bicarbon-
ate, and calcium. Their loss into the urine may lead to fail-
ure to thrive in children and decreased bone mineralization
(rickets in children, osteomalacia in adults).

Some histological features typical of renal Fanconi

syndrome are illustrated here. Epithelial cells become
more squamous rather than cuboidal, nuclei are distorted,
the basement membrane becomes wrinkled and thickened,
and microvilli are reduced in number and length.
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Simple Columnar Epithelium
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Figure 3-7A. Simple columnar epithelium,
small intestine. H&E, X155; inset X408

This is a section taken from the ileum of the small
intestine. The apical surface of the columnar
epithelium reveals a brush border, consisting of
microvilli with a glycocalyx coating. Microvilli are
fingerlike structures that increase the surface area
of the apical membrane where absorption of nutri-
ents occurs. The cells with seemingly empty cyto-
plasm are goblet cells, which are mucus-secreting
cells interspersed among the simple columnar
absorptive cells (enterocytes). The nuclei of the epi-
thelial cells are elongated, “hot-dog” shaped, and
located toward the basal end of the cells. Some-
times, the simple columnar epithelium appears to
be multilayered because of the cutting angle, but
only a single layer of cells actually attaches to the
basement membrane. Simple columnar epithelium
is typical of the lining of the digestive tract, and
it is also found in the ov ducts, ductuli efferentes,
and the ducts of some exocrine glands.

Microvilli

Terminal web

Columnar cell

Basement membrane

Microvilli are anchored
in the terminal web

Connective tissue

u

g

1
~ Terminal web

Figure 3-7B. A representation of simple

columnar epithelium in the small intestine.

In the small intestine, microvilli enhance digestive
and absorptive functions by increasing the area
of the surface membrane of each columnar epi-
thelial cell. This provides an expanded area of
interface between the cell surface and the nutri-
ents in the lumen. Each microvillus has a core that
is composed of actin microfilaments anchored in
a terminal web to stabilize the microvillus. Tall
and slender columnar cells and the relationship
of the terminal web are illustrated here. Indi-
vidual microvilli, actin microfilaments, and actin
filaments of the terminal web cannot be seen
under light microscope.

Loss of microvilli

Disrupted terminal web

Columnar cell
Basement membrane

Lymphocyte in lamina propria

Intraepithelial lymphocyte

TN RO Celiac (Coeliac) Disease.

Celiac (coeliac) disease is a disorder of the small
intestine. Gluten, a substance found in wheat and bar-
ley, reacts with the lining of the small intestine (small
bowel), leading to an attack by the immune system
and damage to microvilli and villi. If left untreated,
coeliac disease can lead to malabsorption, anemia,
bone disease, and, rarely, some forms of cancer. The
most important treatment is avoidance of all foods that
contain gluten. Histologic features include blunting of
villi, presence of lymphocytes among the epithelial cells
(intraepithelial lymphocytes), and increased lympho-
cytes within the lamina propria (connective tissue).
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Figure 3-8A. Components of the junctional complex. EM, X70,000.

Gap Junction

This is a view of parts of two adjacent epithelial cells that line the gallbladder. At the top of the
field, parts of some microvilli can be seen at the luminal surfaces of the cells. The three types of

cell junctions that typically compose the junctional complex can be distinguished. The zonula Connexons ¢
occludens junction has branching strands of fusion between the plasmalemma of the two cells. Cell
This effectively prevents movement of material across the epithelium by the passage between membrane|

Cytoplasm ——

Tt

adjacent cells. The zonula adherens junction provides a collar of mechanical adhesion between
neighboring cells. The cytoskeleton of each cell at the level of the zonula adherens consists pre-
dominantly of actin filaments in a network termed the terminal web. The third element of the
junctional complex is an array of scattered desmosomes (maculae adherentes; singular, macula

Hemidesmosome

adherens). These provide mechanical adhesion between adjacent cells in spots. Cytokeratin
filaments (tonofilaments) of the cytoskeleton are anchored in the attachment plaques on the
two cytoplasmic surfaces of each desmosome.

Cytoplasm —

- Lamina lucida

Basement . ) ina densal

membrane :

i.. Reticular lamina —

Figure 3-8B. Simplified representation of components of the junctional complex.
Intercellular connections of the epithelial cells include (1) tight junctions (zonular occludens);
(2) adhering junctions (zonula adherens); (3) desmosomes (macula adherens); (4) gap junctions;
and (5) hemidesmosomes. The junctional complex is composed of a tight junction, an adhering
junction, and a desmosome. See the chapter introduction for detailed information.
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Pseudostratified Columnar Epithelium

Figure 3-9A. Pseudostratified ciliated columnar
epithelium, trachea. H&E, X155; inset X247

The cells of pseudostratified ciliated columnar
epithelium vary in shape and height, and their nuclei
are staggered, giving the false impression of being
arranged in two or three layers of cells. However, the
basal aspect of each cell is in contact with the base-
ment membrane. Most cells are tall and columnar,
but there are also short basal cells, some of which are
stem cells. The most widespread type of pseudostrati-
fied columnar epithelium is ciliated and is found lining
the trachea and primary bronchi, the auditory tube,
and part of the tympanic cavity. Nonciliated pseu-
dostratified columnar epithelium is found throughout
the epididymis and vas deferens in the male reproduc-
tive tract. Cilia on the apical surfaces of some cells are
closely packed like bristles of a brush. The pink line
indicated by the arrow (inset) is formed by the basal
bodies, from which the cilia arise. The arrangement of
the nuclei in pseudostratified columnar epithelium is
more irregular than in stratified columnar epithelium.

Cilia
Basal body

Ciliated columnar cell

Basement membrane

Goblet cell
Basal cell

Cilia, basal body,
and microtubules

Figure 3-9B. A representation of the pseudostrat-
ified ciliated columnar epithelium of the trachea.

Secretory goblet cells are interspersed among the
ciliated columnar cells. Cilia are elongated, motile
structures that are about 5 to 10 times longer than
microvilli. The core of a cilium is composed of
microtubules, which are inserted into basal bodies,
electron-dense structures in the apical cytoplasm just

Connective
tissue

T

below the cell membrane. The function of cilia is to
aid in the transport of material along the surface of
the cells, such as moving mucus and particulate mat-

ter out of the respiratory tract. Basal cells are short,
located in the basal portion of the epithelium, and do
not reach the lumen. The epithelium may appear to
have more than one layer; in fact, all of its cells are
in contact with the basement membrane.

Basal body

Mucus

Loss of cilia

Remaining basal body

Squamous cell

Inflammatory cells in
the connective tissue

Hyperplastic columnar cell

T CREPIO8 Bronchitis.

Bronchitis is a disease marked by acute or chronic inflammation
of the bronchial tubes (bronchi). The inflammation may be caused
by infection (virus, bacteria) or by exposure to irritants (smoking
or inhalation of chemical pollutants or dust.) Cigarette smoking is
the leading cause of chronic bronchitis. The inflammatory process
inhibits the characteristic activity of cilia, which is to trap and
eliminate pollutants. Inflammation also increases the secretion of
mucus. The inflamed area of the bronchial wall becomes swollen,
and excess mucus may obstruct the airway. In chronic bronchitis,
the surface epithelium may undergo hyperplasia and loss of cilia;
the pseudostratified epithelium is often replaced by squamous epi-
thelium. This process is called squamous metaplasia.
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Cilia

Basal bodies

Goblet cell

Figure 3-10. Respiratory epithelium, example of ciliated pseudostratified columnar epithelium. EM, X6,300; inset X11,500

This view of the respiratory epithelium includes only the apical half of the thickness of this pseudostratified columnar epithelium.
Shown here are goblet cells and ciliated cells, the two most common of the approximately five cell types composing the respiratory
epithelium. The goblet cells secrete mucus onto the surface of the epithelium. This mucus serves to trap airborne particles that have
not been trapped by the nasal cavities. The ciliated cells convey the mucus with any captured material toward the larynx and the
pharynx. Mucociliary escalator is the term sometimes used to refer to this system that protects the delicate respiratory structures of
the lung from airborne microorganisms and foreign particulate matter.
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Three Apical Specializations of Epithelium

Cilia (motile)

Figure 3-11A. Cilia, basal body, and
junctional complex. EM, X9,500; inset
color photomicrograph X724

Cilia are 0.2 um in diameter and 5 to 10
um long, so they can be seen as individual
structures with the light microscope. The
core (axoneme) of each cilium is com-
posed of microtubules and associated pro-
teins, most notably the molecular motor
dynein. The microtubules are arranged as
nine peripheral doublets with two central
singlets. Each cilium extends from a basal
body just beneath the apical surface of
the epithelial cell. Basal bodies also have
microtubules as a major component. These
form an orderly array of nine peripheral
triplets with no central microtubules, an
arrangement seen also in centrioles.

Terminal

Microvilli
web

Stereocilia (nonmotile)

Figure 3-11B. Microvilli, terminalweb,
and junctional complex. EM, X9,500;
inset color photomicrograph X723

Microvilli of the intestinal epithelium
are about 0.08 um in diameter and 1 um
long, so they cannot be distinguished as
individual structures with the light micro-
scope, but the row of tightly packed
microvilli can be seen as a brush border.
The core of each microvillus contains a
bundle of 6-nm actin filaments, which
extend from the actin filaments that form
the terminal web just beneath the apical
surface of the cell.

Figure 3-11C. Stereocilia and junc-
tional complex. EM, X9,500; inset color
photomicrograph X565

Stereocilia are extremely long microvilli.
Like ordinary microvilli, stereocilia are
less than 0.1 um in diameter, but they
can attain lengths of 10 wm or more.
Stereocilia are characteristic of the pseu-
dostratified columnar epithelium of the
ductus epididymis, which is the site of
absorption of the large volumes of tes-
ticular fluid produced by the seminiferous
tubules. The greatly expanded surface
area afforded by the stereocilia probably
contributes to this function.
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Figure 3-12A. Cross section of cilia.
EM, X74,000

The structure of the axoneme (core) of a
cilium can be readily appreciated from a
high-magnification cross-sectional view.
The microtubules have an extremely
orderly, consistent arrangement into
two separate, central microtubules sur-
rounded by nine sets of doublet micro-
tubules. This is often termed the 9+2
arrangement.

Plasma
membrane

Terminal web
(actin filaments)

Actin
filaments

Figure 3-12B. Cross  section  of
microvilli. EM, X74,000

Many examples of columnar and
cuboidal epithelia comprise cells that
bear microvilli, but absorptive cells
lining the small intestine provide the
premier example of tightly packed
microvilli that provide a pronounced
increase in surface area of the plasma
membrane. Microvilli are less than half
the diameter of cilia, and their cores
have a much simpler structure. In cross
section, the actin filaments that extend
from the terminal web into the microvilli
appear as a cluster of small dots. The
fuzzy coating on the membranes of the
microvilli is the glycocalyx.

SYNOPSIS 3-1 Specialized Structures of the Epithelial Cell

B Apical surface (domain): Exposed to a luminal or external environment; site of primary function (absorption,
protection, etc.).

Microvilli, composed of actin microfilaments anchored to terminal web. Microvilli increase apical surface area to aid
in absorption.

Cilia, composed of microtubules, arise from basal bodies. Cilia aid in the transport of material across the surface of the
epithelium.

Stereocilia, unusually long microvilli that aid in absorption.

B Lateral surface (domain): Contains junctional complexes that connect cells to neighboring cells.

Tight junctions (zonula occludens), specialized membrane proteins between the apical and the lateral surfaces of the
cell. Surround the apical borders and serve as impermeable barriers.

Adbering junctions (zonula adherens), beneath the tight junctions, form bandlike junctions, and link the cytoskeleton
of one cell to neighboring cells. They provide mechanical stability of the cells.

Desmosomes (macula adberens), spotlike junctions, which assist in cell-to-cell attachment.

Gap junctions, communicating junctions that permit passage of ions and small molecules between neighboring cells.

B Basal surface (domain): Contains junctional complexes and basement membrane. Basolateral folds may also be present.

Hemidesmosome, a junction (one half of a desmosome) connecting cells to the underlying basement membrane.
Basement membrane, consists of basal lamina and reticular lamina, which provide an underlying sheet for epithelial
cells.

Basolateral folds, corrugations of the cell membrane in the lateral and basal regions of the cell, which increase cell
surface area and are involved with ion and fluid transport.
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Stratified Squamous Epithelium (Keratinized)
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€adlcells)
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Figure 3-13A. Stratified squamous epithelium, palm
of the hand (thick skin). H&E, X78; inset X96

Thick skin (palms and soles) and thin skin (most other
body surfaces) are covered by keratinized stratified
squamous epithelium. Skin includes epidermis (stratified
squamous epithelium) and dermis (connective tissue).
The top layer of the keratinized stratified squamous epi-
thelium consists of dead cells (corneocytes), which lack
nuclei. This tough keratinized layer resists friction and
is impermeable to water. The cells of outer layers of the
epithelium are flattened, and the middle and most basal
layers of cells are more polyhedral or cuboidal. Only the
cells in the deepest layer are in contact with the basement
membrane. Note that the interface between the epithe-
lium and the underlying connective tissue is expanded
by unique features, such as dermal papillae and rete
ridges throughout most of the stratified squamous epi-
thelium. The white dashed line indicates the depth of
the epithelial layer (epidermis) and the boundaries of
the dermal papilla and rete ridge.

Keratinized dead cells
B Z ] = 77— (stratum corneum)

cuboidal
cell
Basement

Figure 3-13B. Stratified squamous epithelium in thin
skin. H&E, X207

Stratified squamous epithelium that covers thin skin is
similar to that of thick skin, although its superficial ker-
atinized layer (stratum corneum) is much thinner than in
thick skin. Keratinized stratified squamous epithelium is
composed of several layers of cells. The superficial lay-
ers are formed by dead cells whose nuclei and cytoplasm
have been replaced with keratin. Under the keratinized
layer is the squamous cell layer; these cells are flat. The
intermediate layers contain cells that are polyhedral.
The cells close to the basement membrane are cuboidal
in shape and are called basal cells; they are stem cells
that are continuously dividing and migrating from the
basal layer toward the surface as they differentiate.
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Figure 3-13C. RYJsEOCH

Psoriasis is a common chronic inflammatory skin
disease typically characterized by pink- to salmon-
colored plaques with silver scales and sharp margins.
T lymphocyte-mediated immunologic reactions are
believed to cause the clinical features. Symptoms and
signs include itching, joint pain, nail pitting, and nail
discoloration. Pathologic examinations reveal a thick-
ened epidermis caused by increased epidermal cell
turnover and extensive overlying parakeratotic scales.
Neutrophils may migrate into the epidermis from
dilated capillaries to form microabscesses (within the
parakeratotic area of the stratum corneum layer of
the epidermis) and micropustules (within the stratum
granulosum and spinosum layers of the epidermis) as
shown in this illustration.
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Stratified Squamous Epithelium (Nonkeratinized)
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Figure 3-14A. Stratified squamous epithelium,
esophagus. H&E, X78; inset X175

Stratified squamous epithelium (nonkeratinized) is
usually wet on its surface and is found lining the
mouth, oral pharynx, esophagus, true vocal cords,
and vagina. Nonkeratinized stratified squamous
epithelium is similar to keratinized squamous
epithelium, but the flattened surface cells retain
their nuclei, and there is no keratinization of these
cells.

In some patients with long histories of gastroe-
sophageal reflux and heartburn, the stratified
squamous epithelium in the esophageal-stomach
junction may be replaced by metaplastic colum-
nar epithelium (see Fig. 3-14C). The dashed lines
illustrate the depth of the epithelial layer.

Squamous cell

Basement membrane

Basal cuboidal cell

Connective tissue

Figure 3-14B. A representation of nonkeratinized
stratified squamous epithelium.

This type of epithelium is formed by multiple layers
of cells. The top surface layers are composed of flat-
tened and nucleated live cells, which do not form
keratin. Other general features of nonkeratinized
stratified squamous epithelium are similar to kera-
tinized squamous epithelium: The basal layer has
cuboidal or low column-shaped cells in contact with
a basement membrane, intermediate layer cells are
polyhedral in shape, and nuclei become progres-
sively flatter as the cells move toward the surface.

Goblet cell

Inflammatory cells

Metaplastic columnar cell

TR CREEIORE Barrett Syndrome (Barrett Esophagus).

Barrett syndrome (Barrett esophagus) is a complication
of chronic gastroesophageal reflux disease marked by
metaplasia of the stratified squamous epithelium of the
distal esophagus into a simple columnar epithelium as
a response to prolonged reflux-induced injury. Patients
with Barrett syndrome have a high risk of developing
adenocarcinoma (cancer of the esophagus). This illustra-
tion shows the metaplastic columnar cells and goblet cells
that have replaced the normal squamous epithelium and
the inflammatory cells (mainly lymphocytes and plasma
cells) infiltrating the connective tissue.




Stratified Cuboidal Epithelium

Figure 3-15A. Stratified cuboidal epithelium,
salivary gland. H&E, X175; inset X234

Stratified cuboidal epithelium lines the ducts of
the salivary glands. This uncommon type of epi-
thelium has a very limited distribution. It may be
found forming the ducts of some large exocrine
glands and sweat glands. It functions to form a
conduit for the secretory products of the gland.
This type of epithelium is composed usually of
only two layers of cuboidal cells, with the basal
layer of cells often appearing incomplete.

Cuboidal cell

Basement membrane

Cuboidal cell

Connective tissue

Figure 3-15B. A representation of stratified cub-
oidal epithelium in the duct of a salivary gland.

Stratified cuboidal epithelium usually has only two,
occasionally three, layers of cuboidal cells. The top
layer is composed of uniform cuboidal cells, whereas
the basal cells sometimes appear to form an incom-
plete layer (Fig. 3-15A). Cells in stratified cuboidal
epithelium often have smooth apical surfaces, and
nuclei are centrally located.

Stone in lumen (calcium)

Distorted cuboidal cell

IERE RIO Salivary Gland Swelling.

Salivary gland swelling with inflammation (sialadenitis) is
a clinical condition that can result from blockage of a duct
or ducts, so that saliva is not able to exit into the mouth.
This causes the saliva to back up inside the duct, resulting
in gland swelling. The patient will feel pain when chew-
ing food. The most common cause of blockage is a salivary
stone (calculus), which forms from salts contained in the
saliva. A blocked duct and gland filled with stagnant saliva
may become infected with bacteria. A typical symptom of
a blocked salivary duct is swelling that worsens just before
mealtime. Sometimes, a small stone may be ejected into
the mouth without medical intervention. A dentist may be
able to push the stone out by pressing on the side of the
obstructed duct. Removal of a stone may require surgery
or lithotripsy treatment by focused, high-intensity acoustic
pulses.
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Stratified Columnar Epithelium

“ Figure 3-16A. Stratified columnar epithelium,
eyelid. H&E, X155; inset X295

Stratified columnar epithelium can be found lining
. the palpebral conjunctiva of the eyelid. The ante-
rior surface of the eyelid is covered by keratinized
stratified squamous epithelium (epidermis of thin
skin); the posterior surface of the eyelid, which is
in contact with the surface of the eyeball, is lined by
stratified columnar epithelium as demonstrated here.
" The basal cells are cuboidal in shape, and the surface
5 layer cells are low columnar in shape (only slightly

# , taller than wide). The conjunctiva has a smooth sur-
face that is kept moist and lubricated by tears and
R a mucinous substance in the normal condition. The
«, arrowheads point to columnar cells of the surface
layer of the epithelium (inset).
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B Figure 3-16B. A representation of the stratified
columnar epithelium lining the conjunctiva of the eye.

Stratified columnar epithelium usually has two or
Columnar cell three layers; the top layer is made up of colum-
nar cells, and the basal layer normally consists of
cuboidal cells. Stratified columnar epithelium is not
a common type of epithelium and is found in only a
few places in the body, for example, the larger ducts
of some exocrine glands and the lining of the palpe-
bral conjunctiva of the eyelid.
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Figure 3-16C. Mpetil3 iR

Granulated surface Trachoma is a chronic contagious conjunctivitis (eye
disease) characterized by inflammatory granulation on
Inclusion body the conjunctival epithelium surface caused by the bac-
teria Chlamydia trachomatis. This form of “pink eye”
often presents with bilateral keratoconjunctivitis with
symptoms of tearing, discharge, photophobia, pain, and
swelling of the eyelids. It can cause eyelid deformities
and turned-in eyelashes that scrape against the cornea. If
left untreated, ulceration and infection of the cornea may
occur. Trachoma can even cause loss of vision if scarring
Lymphocyte occurs on the central part of the cornea. Lymphocytes
and macrophages invade underlying connective tissue as
part of the inflammatory response. The epithelial hyper-
plasia and inclusion bodies in the epithelial cells are illus-
trated here.

Macrophage
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Transitional Epithelium (Stratified Epithelium)
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_ Transitional epithelium, urinary blad-

der. H&E, X155; inset X250

Transitional epithelium has the special characteristic of
being able to change shape to accommodate a volume
change in the organ it lines. In the relaxed state, tran-
sitional epithelium contains four to six cell layers, and
- - R each surface cell appears dome shaped, often contain-
.3 L S A s 3 NG A s ing two nuclei (these cells are “binucleate”). This picture
' ! [ : : illustrates transitional epithelium in a relaxed state (in
most slides, this tissue is unstretched and the surface cells
appear dome shaped). The lumen of the bladder appears
as a white space. The transitional epithelium lining the uri-
nary tract including the bladder, ureter, and major calyces
of the kidney is also referred to as urothelium. The black
dashed line indicates the thickness of the epithelium.

Connective Wiy

ol i

Flattened top cell

Dome-shaped cell

Basement membrane Basement membrane

Basal cuboidal cell

Connective tissue Connective tissue

Figure 3-17B. Transitional epithelium (relaxed).

The relaxed, normal transitional epithelium is composed of
four to six layers of cells. The cells located basally are smaller,
low columnar or cuboidal cells. By contrast, the cells located
in the most superficial layer are larger and exhibit a rounded,
dome shape that bulges into the lumen.

Figure 3-17C. Transitional epithelium (distended).

A presentation of transitional epithelium in the distended state
is shown. These cells change shape according to the degree
of distention of the bladder. When the transitional epithe-
lium is stretched, the top dome-shaped cells become flattened
squamous cells and the epithelium becomes thinner.

SYNOPSIS 3-2 Pathological Terms for Epithelial Tissue

B Metastasis: The spread of a malignant neoplasm from its site of origin to a remote site, usually through blood and
lymphatic vessels (Fig. 3-2C).

B Dyslipidemia: A general term describing a disorder of lipoprotein metabolism causing abnormal amounts of lipids and
lipoproteins in the blood; certain dyslipidemias constitute a major risk factor for the development of atherosclerosis, such
as hypercholesterolemia (Fig. 3-3C).

B Osteomalacia: Abnormal bone mineralization producing weak, soft bones; may be caused by vitamin D deficiency or
kidney disorders, including renal Fanconi syndrome (Fig. 3-6C).

B Metaplasia: The reversible process by which one mature cell type changes into another mature cell type, as in squamous
metaplasia of respiratory or glandular epithelia (Figs. 3-9C and 3-14C).

B Microabscess: Collection of neutrophils and neutrophil debris within the parakeratotic scale in the skin disease psoriasis
(Fig. 3-13C).

B Micropustule: Collection of neutrophils within the epidermis, abutting the parakeratotic scale in the skin disease psoriasis
(Fig. 3-13C).

B Parakeratosis: Persistence of the nuclei of keratinocytes into the stratum corneum of the skin or mucous membranes;
parakeratotic scales containing neutrophils are seen in the skin disease psoriasis (Fig. 3-13C).
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Types of Number of Type of Cells in the Apical Main Locations Main Functions
Epithelia Layers Epithelium Surface (Lining)
Simple One Flattened, squamous Smooth Cornea, blood, and Fluid transport,
squamous epithelial cells lymphatic vessels— lubrication, and
epithelium endothelium; surface exchange
of body cavities—
mesothelium (pleural,
pericardial, peritoneal);
alveoli in the lung
Simple One Cuboidal epithelial cells Smooth/short  Kidney tubules, thyroid  Absorption,
cuboidal (height equal to width) microvilli; follicles; small ducts secretion, and
epithelium long microvilli  of exocrine glands and ~ transportation
depending on  surface of ovary
location
Simple One Absorptive columnar cells Mostly Most of digestive Secretion,
columnar and secretary cells, such as  microvilli; tract and gallbladder;  absorption,
epithelium goblet cells cilia in some  oviducts and ductuli protection, and
locations efferentes transportation
Pseudostratified | One Ciliated columnar cells, Mostly cilia; ~ Most of respiratory Secretion,
columnar goblet cells, and short basal  stereocilia tract; ductus deferens transportation,
epithelium cells not reaching lumen; all  in some and epididymis and absorption
cells rest on the basement locations
membrane
Stratified Several Flattened surface cells, Keratinized Epidermis of the skin; ~ Protection
squamous polygonal cells in the or nonkerati-  oral cavity, epiglottis, (barrier)
epithelium middle layers, and cuboidal  nized surface  and esophagus; vagina
cells in basal layer layer
Stratified Two to three Cuboidal cells Mostly Large ducts of exocrine  Transportation
cuboidal smooth glands and ducts
epithelium of sweat gland (not
common type)
Stratified Two to three Low columnar surface cells ~ Smooth Large ducts of exocrine Transportation
columnar and cuboidal basal cells glands; conjunctiva of  and protection
epithelium the eye (not common
type)
Transitional Four to six layers Dome-shaped surface cells ~ Smooth Urinary tract Transportation
epithelium (relaxed); two (relaxed), polygonal in the and protection
to three layers middle layer, cuboidal cells (distensible
(distended) in the basal layer property)

SYNOPSIS 3-3 Functions of Epithelial Tissue

B Promotes gliding between two surfaces (mesothelium of pleural cavity [Fig. 3-2A,B]).
B Senses changes in blood pressure, oxygen tension, and blood flow and controls blood coagulation (endothelium of blood
vessels [Fig. 3-3A,B]).
B Pumps the excess fluid out of the stroma and keeps the cornea clear (simple squamous epithelium in cornea).
B Mediates gas exchange (type 1 pneumocytes and simple squamous epithelium in the alveoli of the lung).
B Absorbs material from a lumen (simple cuboidal epithelium in kidney and simple columnar epithelium in small and large
intestines [Figs. 3-6A,B and 3-7A,B]).
B Transports material along a surface (pseudostratified ciliated columnar epithelium in the respiratory tract [Fig. 3-9A,B]).
B Provides conduit for fluid (simple and stratified cuboidal and columnar epithelia forming ducts of some large exocrine
glands [Fig. 3-15A,B]).
B Protects the body from abrasion and injury (stratified squamous epithelium in the skin and esophagus [Figs. 3-13A,B and

3-14A,B]).

B Becomes highly distensible when the bladder is filled with urine and the tissue is stretched (transitional epithelium in
bladder [Fig. 3-17A-C]).
B Secretes mucus, hormones, and proteins (secretory epithelium, glands [Figs. 3-18 and 3-19]).
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Glands

Introduction and Key Concepts for Glands

Glands are composed of epithelial tissue and can be classified
as endocrine and exocrine according to how the secretory prod-
uct leaves the gland. Endocrine glands release their products into
interstitial fluid or directly into the bloodstream (see Chapter 17,
“Endocrine System”). Exocrine glands are discussed in this chap-
ter; these glands secrete their products either through ducts into
the lumen of an organ or directly onto the body surfaces. Exo-
crine glands can be classified into several categories according to
various criteria.

Exocrine Glands Classified by Product

Exocrine glands can be classified as serous glands, mucous glands,
mixed glands (seromucous), and sebaceous glands, depending on
what type of secretion is produced. (1) Serous glands secrete a watery
proteinaceous fluid (Figs. 3-18A and 3-19A). The parotid gland, the
gland of von Ebner of the tongue, the pancreas, and sweat glands are
examples of this type of gland. (2) Mucous glands secrete mucus, a
viscous mixture of glycoprotein and water (Figs. 3-18B and 3-19B).
Goblet cells in the small and large intestines, respiratory epithelium
(Fig. 3-20), some glands in the hard and soft palates, and stomach
epithelium are examples of mucous glands. (3) Mixed glands have
both serous and mucous secretions (Fig. 3-18C) and include the
submandibular gland, sublingual gland, and glands in the trachea
and esophagus. (4) Sebaceous glands produce lipids (Fig. 3-18D).
The sebaceous glands in the skin are good examples.

Exocrine Glands Classified by Mechanisms
of Secretion

Exocrine glands can be classified into merocrine secretion,
apocrine secretion, and holocrine secretion based on the path-
way by which the secretory products are released from the cell.
(1) In merocrine secretion, the secretory product is released from
the cell by exocytosis without the loss of cell material (cyto-
plasm). The release of secretory zymogen granules by pancre-
atic acinar cells is an example of merocrine secretion. Merocrine
mechanism is the most common mode. (2) In apocrine secretion,
the secretory product is released together with part of the apical
cytoplasm of the secretory cell. The lipid secretion by epithelial
cells of the mammary gland belongs to this mode of secretion.
(3) In holocrine secretion, the secretory product is released by
disintegration of the entire cell. The secretory cell dies and a
new secretory cell is formed from a nearby basal cell. The fatty
lubricant secretory product, sebum, is released by the cells of
sebaceous glands by holocrine secretion.

Exocrine Glands Classified by Morphology

The exocrine glands also can be classified into unicellular and
multicellular glands depending upon the number of cells that
form the gland.

UNICELLULAR GLANDS are composed of only single cells.
The secretory products are released directly onto the surface of
an epithelium. Goblet cells are an example of this type of gland
(Fig. 3-20A,B).

MULTICELLULAR GLANDS consist of numbers of secretory
cells arranged in different organizations. The multicellular glands
can be further classified into several subtypes according to their
morphology. In general, the terms simple and compound are tied
to their duct shape. Simple glands have unbranched ducts or
lack ducts. Compound glands have branched ducts. The cells of
the multicellular glands are arranged into secretory units in the
form of acini or tubules.

The multicellular glands also can be classified using a com-
bination of duct shape and the shape of secretory units. (1)
Simple tubular glands have no ducts. The secretory cells are
arranged in straight tubules (Fig. 3-21A,B). This type of gland
can be found in small and large intestines. (2) Simple branched
tubular glands do not have ducts, and their secretory cells are
split into two or more tubules (Fig. 3-22A,B). This type of
gland can be found in the stomach. (3) Simple coiled tubular
glands have a long duct, and secretory cells are formed by coiled
tubules (Fig. 3-23A,B). Sweat glands are examples of this type of
gland. (4) Simple acinar glands have a short, unbranched duct;
the secretory cells are arranged in acini form (Fig. 3-24A,B). The
mucus-secreting glands in the submucosa of the penile urethra
are examples of this type of gland. (5) Simple branched acinar
glands have a short, unbranched duct, and their secretory cells
are formed into branched acini (Fig. 3-25A,B). The sebaceous
glands of the skin belong to this type. (6) Compound tubular
glands have branched ducts. Their secretory cells are formed
into branched tubules as can be found in the Brunner glands
of the duodenum (Fig. 3-26A,B). (7) Compound acinar glands
have branched ducts, and the secretory units are branched acini
(Fig. 3-27A,B). The pancreas and mammary glands are exam-
ples of this type of gland. (8) Compound tubuloacinar glands
have branched ducts, and the secretory units are formed by both
an acinar component and a tubular component (Fig. 3-28A,B).
The submandibular and sublingual glands are good examples of
this type of gland.

Duct System

The compound glands often have complex duct systems. The
secretory acini or tubules are arranged in lobules. The secretory
cells empty their products into small ducts called small intral-
obular ducts, which are often referred to as intercalated ducts.
The small intralobular ducts drain secretory products into larger
intralobular ducts, which in salivary glands are called striated
ducts. The striated ducts are so named because the basal cyto-
plasm of these cells often appears “striped” under the micro-
scope. The striped appearance is a result of the arrangement of
the basal cytoplasm into deep folds packed with mitochondria.
This organization provides the large surface area and genera-
tion of energy needed for extensive pumping of ions across the
basolateral membrane of the cell. Some glands, such as the pan-
creas, have intercalated ducts but not striated ducts. In general,
the ducts located inside of lobules are called intralobular ducts;
and ducts located between lobules are called interlobular ducts.
The large intralobular ducts feed into the interlobular ducts; the
interlobular ducts course through the connective tissue (septa)
between the lobules. The secretory products then pass through
the major ducts, the lobar ducts. Finally, lobar ducts feed into
the main duct of the gland and the secretory products exit the
organ.
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_ Parotid gland. H&E, X668

An example of a serous gland from the parotid
gland is shown. Each serous secretory cell has a
spherical nucleus, the cytoplasm is basophilic, and
the secretory vesicles (granules) are located in the
apical part of the cytoplasm. These serous cells are
organized in acini and produce a watery proteina-
ceous secretion.

_ Sublingual gland. H&E, X609

An example of a mixed gland, the sublingual
gland, containing both mucous secretory por-
tions and serous secretory portions is shown. The
serous cells forming a moon-shaped cap on top of
the mucus are called a serous demilune.

Exocrine Glands Classified by Product

The exocrine glands can be classified as serous glands, mucous glands, mixed glands (seromucous), and sebaceous glands, depending
on what type of secretion is produced.

_ Figure 3-18B.  Duodenum. H&E, X396

An example of a mucous gland in the duodenum
is shown. The mucous secretory cell has a flattened
nucleus at the base of the cell and an empty vacuo-
lated appearance of the apical cytoplasm. This reflects
the removal of the mucus from the secretory gran-
ules during processing of the specimen. These cells
are arranged in tubules and produce gellike mucin
(glycoprotein and water mixture) secretions that
usually protect or lubricate epithelial cell surfaces.

 Figure 3-18D. | Skin (scalp). H&E, X306

An example of a sebaceous gland in the scalp is
shown. The sebaceous gland cells are tightly packed
together in groups. This type of gland produces
sebum, an oily substance that is a mixture of lipids
and debris of dead lipid-producing cells.




CHAPTER 3 ® Epithelium and Glands

Secretory
granules
(vesicles)

RER

Nucleous

Nucleus

Figure 3-19A. Serous acinus from
the parotid gland. EM, X 5,200

Cells that produce serous (thin,
proteinaceous fluid) secretions have
features in common whether they
are from one of the salivary glands
or from the pancreas. The nuclei are
relatively large with considerable
euchromatin and one or more promi-
nent nucleoli. The cytoplasm in the
basal region is filled with RER. The
apical cytoplasm contains secretory
vesicles (granules), which vary in
their staining characteristics.

Nucleous

Nucleus

Secretory
granules
(vesicles)

Myoepithelial
cell

Figure 3-19B. Mucous acinus
from the submandibular gland.
EM, %6,300

Although mucus-secreting cells have
the same general organization as cells
that produce serous secretions, there
are some distinctions. The mucous
acinus cell has a smaller nucleus,
which is located against the basal
edge of the cell. In addition, the secre-
tory granules are generally more elec-
tron lucent than secretory granules of
serous secreting cells.

SYNOPSIS 3-4 Glands Classified by Product

proteins and water.

B Serous glands: Generate serous product, which is a thin, watery fluid containing proteins, glycoproteins, and water.
B Mucous glands: Produce mucin, which is a thick, viscous material containing high concentration of glycosylated glyco-

B Mixed glands: Consist of both serous and mucous secretary cells and produce serous and mucous materials.
B Sebaceous glands: Produce lipids (sebum), which contains an oily substance.




Exocrine Glands Classified by Morphology

The exocrine glands also can be classified into unicellular and multicellular glands depending upon the number of cells that form
the gland.

Figure 3-20A. Unicellular gland, small intestine. H&E, X962

Unicellular glands are composed of only a single cell. The secre-
tory products are released directly onto the surface of an epithe-
lium. Goblet cells are an example of this type of gland. Microvilli
with glycocalyx coating form a brush border (arrows). Note that
goblet cells themselves do not have microvilli on their apical
surfaces (see Fig. 3-20B).

Microvilli

Lumen

Secretory
granules
(mucous granules)

Figure 3-20B. Goblet cell, unicellular glands (single-cell gland). EM, X 5,100

The goblet cell can be considered a single-cell gland because it is commonly inserted into an epithelium among nonsecretory cells. In
this example, the goblet cell is surrounded by enterocytes, absorptive cells of the small intestine. Goblet cells are also found among
ciliated cells in the respiratory epithelium. Typical features of goblet cells are illustrated here. The relatively small heterochromatic
nucleus is packed into the narrow base of the cell along with some RER. A Golgi complex is barely visible adjacent to the apical end
of the nucleus. Most of the cytoplasm is filled with secretory vesicles.
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Surface
epithelium

Secretory
cells

9

Figure 3-21A. A simple tubular gland. _ Large intestine. H&E, X99
The secretory cells of this simple tubular gland are An example of the simple tubular glands in the large intestine is
arranged in straight tubules, and the gland has no duct. shown. The secretory cells (goblet cells) are arranged in straight
The heavy black line represents the approximate plane of tubules, and secretory products are released directly into the
the section in Figure 3-21B. lumen of the intestine. This type of gland also can be found in

the small intestine.

A Surface o
epithelium Gastric pit

Figure 3-22A. An example of a simple branched " Figure 3-22B.  Stomach. H&E, X198
tubular gland.
This type of gland has no duct, and the secretory cells of An example of the simple branched tubular glands in the
the simple branched tubular gland are arranged in two or stomach is shown. The surface epithelium invaginates to form
more branched tubules. The heavy black line represents gastric pits. The secretory cells form branched tubular gastric

the approximate plane of the section in Figure 3-22B. glands that empty their secretory products into gastric pits.
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Excretory
duct

Secretory
cells
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Figure 3-23A. A simple coiled tubular gland.

The simple coiled tubular gland has a long excretory
duct that is unbranched (indicated in blue). The
secretory portions are formed by coiled tubules.
The heavy black line represents the approximate
plane of the section in Figure 3-23B.

Figure 3-23B. Sweat gland of the skin. H&E, X377

Sweat glands in the integument (skin) are examples of simple
coiled tubular glands. The secretory cells form coiled tubules that
are lined by simple cuboidal cells. The excretory ducts are lined
by stratified cuboidal epithelium. The ducts are long, unbranched,
and open at the skin surface.

Excretory
duct

D Cue

Figure 3-24A. A simple acinar gland.

The simple acinar gland has a short, unbranched
duct (blue cells). The secretory portion is formed
by secretory cells arranged in an unbranched
acinus or alveolus (a small, grape-shaped secretory
unit). The heavy black line represents the approxi-
mate plane of the section in Figure 3-24B.

Figure 3-24B. Penis. H&E (perfusion), X158

Small mucous glands (Littré glands) in the submucosa of the male
urethra are examples of simple acinar glands. They have very short
excretory ducts that are directly linked to the surface of the epithe-
lium. The mucous secretory cells are arranged in acinar form.
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Excretory
duct

Acinar
components

Figure 3-25A. A simple branched acinar gland.

The simple branched acinar gland has a short,
unbranched duct (blue cells). The secretory
portions are branched acini. The heavy black line
represents the approximate plane of the section in
Figure 3-25B.

The sebaceous glands in the skin are good examples of a simple
branched acinar gland. The secretory cells are arranged in several
acinar units and open into a short excretory duct. The secretory
product, sebum, is discharged from the acini through a short duct
into the hair follicle.

A Excretory
duct

duct

Tubular
components

Figure 3-26A. A compound tubular gland.

The compound tubular gland has branched
ducts (blue cells). The secretory portions are
formed by branched tubules. The heavy black line
represents the approximate plane of the section in
Figure 3-26B.

eceo tubulars +

_ Duodenum. H&E, X83

The Brunner glands in the duodenum are examples of compound
tubular glands. The mucous secretory cells are arranged in tubular
components. The secretory products exit through branched ducts
into the lumen of the duodenum.
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Excretory
duct

Acinar
compounds
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Figure 3-27A. A compound acinar gland.

The compound acinar gland has branched ducts
(blue cells), and the secretory units are branched
acini. The heavy black line represents the approxi-
mate plane of the section in Figure 3-27B.

Figure 3-27B. Pancreas. H&E, X812

Exocrine glands of the pancreas are examples of compound acinar
glands. The secretory cells form numbers of acinar compounds, and
the secretory products are evacuated into the duodenum through the
duct system of the glands.

A Interlobular Intralobular
duct duct

Je
Tubular
component

Acinar
component

Q
N

Figure 3-28A. A compound tubuloacinar gland.

The compound tubuloacinar gland has branched
ducts (blue cells) and branched secretory portions
of tubular and acinar components. The heavy black
line represents the approximate plane of the section
in Figure 3-28B.

Figure 3-28B. Submandibular gland. H&E, X436

The submandibular glands and sublingual glands are good examples
of this category. The acinar components are made up of serous cells;
the tubular components are formed by mucous cells (see Fig. 3-18C).
There are several levels of excretory ducts, including intralobular
ducts and interlobular ducts. A serous demilune is also visible
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Types of Glands

Shape of the
Ducts

Shape of the
Secretory Units

Secretory Products

Main Locations

Unicellular Glands (Consist of Single Cells)

Goblet cells

No ducts; products
released directly
onto surface of an
epithelium

Single cell, goblet
shaped

Mucus (glycoprotein
and water)

Epithelium in
respiratory and
digestive tracts

Multicellular Glands (Consist of Multiple Secretory Cells)

Simple tubular glands No ducts Single straight tubules Mucus (glycoprotein Small and large
and water) intestines
Simple branched No ducts Two or more branched ~ Mucus (glycoprotein Stomach (pyloric

tubular glands tubules and water) glands)
Simple coiled tubular Long, unbranched Coiled tubules Wiatery fluid (sweat) Sweat glands in the
glands ducts skin

Simple acinar glands

Short, unbranched
ducts

Unbranched acini

Mucus (glycoprotein
and water)

Littré glands in the
submucosa of the male
urethra

Simple branched acinar
glands

Short, unbranched
ducts

Branched acini

Sebum (mixture of lipids
and debris of dead
lipid-producing cells)

Sebaceous glands of
the skin

Compound tubular
glands

Branched ducts

Branched tubules

Mucus (glycoprotein
and water)

Brunner glands of
duodenum

Compound acinar
glands

Branched ducts

Branched acini

‘Watery proteinaceous

fluid

Lacrimal gland in the
orbit, pancreas, and
mammary glands

Compound
tubuloacinar glands

Branched ducts

Branched tubules and
acini

Watery proteinaceous
fluid and mucus
(glycoprotein and
water)

Submandibular and
sublingual glands in the
oral cavity

Epithelial Lining of the Duct System of Exocrine Glands

7~ N
Secretory acini .
) Small intralobular duct Large intralobular duct
(Serous, mucous, or mixed cells) —» (intercalated duct) —> | (in salivary gland, includes striated duct)
(simple, low, cuboidal, epithelium) (simple cuboidal to columnar epithelium)
; Lobar duct Interlobular duct
Main duct E (stratified columnar epithelium) (stratified cuboidal to columnar epithelium)

\_ S




Connective Tissue

Introduction and Key Concepts for Connective Tissue

Figure 4-1A The Origin of Connective Tissue Cells

Figure 4-1B A Representation of the Main Types of Connective Tissue Cells in Connective Tissue
Proper

Synopsis 4-1 Functions of Cells in Connective Tissue Proper

Connective Tissue Cells

Figure 4-2A-F Types of Connective Tissue Cells

Figure 4-3A Connective Tissue Cells in Lamina Propria

Figure 4-3B A Representation of the Cells Found in Loose Connective Tissue
Figure 4-3C Clinical Correlation: Anaphylaxis

Figure 4-4A,B Mast Cells

Connective Tissue Fibers

Figure 4-5A,B Collagen Fibers in Loose Connective Tissue
Figure 4-6A,B Collagen Fibers in Dense Connective Tissue
Figure 4-7 Collagen Fibrils and Fibroblasts

Table 4-1 Major Collagen Fibers

Figure 4-8A,B Elastic Fibers

Figure 4-9A,B Elastic Laminae

Figure 4-10A,B Reticular Fibers, Pancreas

Figure 4-11A,B Reticular Fibers, Liver

Types of Connective Tissue: Connective Tissue Proper

Figure 4-12 Overview of Connective Tissue Types

Table 4-2 Classification of Connective Tissues

Figure 4-13A,B Dense Irregular Connective Tissue

Figure 4-13C Clinical Correlation: Actinic Keratosis

Figure 4-14A,B Dense Irregular Connective Tissue, Thin Skin

Figure 4-14C Clinical Correlation: Hypertrophic Scars and Keloids
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Figure 4-15A,B
Figure 4-15C
Figure 4-16A,B
Synopsis 4-2
Figure 4-17A,B
Figure 4-17C

Loose Connective Tissue
Functions of Connective Tissue

Types of Connective Tissue: Specialized Connective Tissues

Figure 4-18A,B
Figure 4-18C
Figure 4-19A,B
Figure 4-19C
Figure 4-20A,B
Figure 4-20C

Adipose Tissue

Clinical Correlation: Obesity
Reticular Connective Tissue
Clinical Correlation: Cirrhosis
Elastic Connective Tissue

Types of Connective Tissue: Embryonic Connective Tissues

Figure 4-21A
Figure 4-21B
Synopsis 4-3

Table 4-3

Mesenchyme, Embryo
Mucous Connective Tissue

Connective Tissue Types

Introduction and Key Concepts
for Connective Tissue

Connective tissue provides structural support for the body by
binding cells and tissues together to form organs. It also provides
metabolic support by creating a hydrophilic environment that
mediates the exchange of substances between the blood and tissue.
Connective tissue is of mesodermal origin and consists of a mixture
of cells, fibers, and ground substance. The hydrophilic ground sub-
stance occupies the spaces around cells and fibers. Fibers (collagen,
elastic, and reticular) and the ground substances constitute the
extracellular matrix of connective tissue. The classification and
function of connective tissue are based on the differences in the
composition and amounts of cells, fibers, and ground substance.

Connective Tissue Cells

A variety of cells are found in connective tissue, which differ
according to their origin and function. Some cells differentiate
from mesenchymal cells, such as adipocytes and fibroblasts;
these cells are formed and reside in the connective tissue and are
called fixed cells. Other cells, which arise from hematopoietic
stem cells, differentiate in the bone marrow and migrate from
the blood circulation into connective tissue where they perform
their functions; these mast cells, macrophages, plasma cells,
and leukocytes are called wandering cells (Fig. 4-1). Cells found
in connective tissue proper include fibroblasts, macrophages,
mast cells, plasma cells, and leukocytes (Figs. 4-2 to 4-4). Some
cells, such as fibroblasts, are responsible for synthesis and
maintenance of the extracellular material. Other cells, such as
macrophages, plasma cells, and leukocytes, have defense and
immune functions.

FIBROBLASTS are the most common cells in connective
tissue. Their nuclei are ovoid or spindle shaped and can be
large or small in size depending on their stage of cellular
activity. They have pale-staining cytoplasm and contain

Clinical Correlation: Tendinosis

Dense Regular Connective Tissue, Tendon

Loose Connective Tissue, Small Intestine
Clinical Correlation: Whipple Disease

Clinical Correlation: Marfan Syndrome—Cystic Medial Degeneration

Pathological Terms for Connective Tissue

well-developed rough endoplasmic reticulum (RER) and rich
Golgi complexes. With routine H&E staining, only the very
thin, elongated nuclei of the cells are clearly visible. Their
thin, pale-staining cytoplasm is usually not obvious. They are
responsible for the synthesis of all components of the extracel-
lular matrix (fibers and ground substance) of connective tissue
(Figs. 4-2, 4-3, and 4-7).

MACROPHAGES, also called tissue histiocytes, are highly
phagocytic cells that are derived from blood monocytes. With
conventional staining, macrophages are very difficult to iden-
tify unless they show visible ingested material inside their
cytoplasm. Macrophages may be named differently in certain
organs (Figs. 4-2 and 4-3). For example, they are called Kupffer
cells in the liver, osteoclasts in bone, and microglial cells in the
central nervous system.

MAST CELLS are of bone marrow origin and are distributed
chiefly around small blood vessels. They are oval to round in
shape, with a centrally placed nucleus. With toluidine blue stain,
large basophilic purple staining granules are visible in their
cytoplasm. These granules contain and release heparin, hista-
mines, and various chemotactic mediators, which are involved
in inflammatory responses. Mast cells contain Fc membrane
receptors, which bind to immunoglobulin (Ig) E antibodies, an
important cellular interaction involved in anaphylactic shock
(Fig. 4-4A,B).

PLASMA CELLS are derived from B lymphocytes. They are
oval shaped and have the ability to secrete antibodies that are
antigen specific. Their histological features include an eccentri-
cally placed nucleus, a cartwheel pattern of chromatin in the
nucleus, and basophilic-staining cytoplasm due to the presence
of abundant RER and a small, clear area near the nucleus. This
cytoplasmic clear area (Golgi zone [GZ]) marks the position of
the Golgi apparatus (Figs. 4-2 and 4-3).



LEUKOCYTES, white blood cells, are considered the transient
cells of connective tissue. They migrate from the blood vessels
into connective tissue by the process of diapedesis. This process
increases greatly during various inflammatory conditions. After
entering connective tissue, leukocytes, with the exception of
lymphocytes, do not return to the blood. The following leuko-
cytes are commonly found in connective tissue: (1) Lymphocytes:
These cells have a round or bean-shaped nucleus and are often
located in the subepithelial connective tissue. (2) Neutrophils
(polymorphs): Each cell has a multilobed nucleus and functions
in the defense against infection. (3) Eosinophils: Each cell has a
bilobed nucleus and reddish granules in the cytoplasm (Figs. 4-2
and 4-3). They have antiparasitic activity and moderate the aller-
gic reaction function. (4) Basophils: These cells are not easy to
find in normal tissues. Their primary function is similar to that of
mast cells. A detailed account of the structure and the function of
leukocytes is given in Chapter 8, “Blood and Hemopoiesis.”

ADIPOCYTES (FAT CELLS) arise from undifferentiated mes-
enchymal cells of connective tissue. They gradually accumu-
late cytoplasmic fat, which results in a significant flattening of
the nucleus in the periphery of the cell. Adipocytes are found
throughout the body, particularly in loose connective tissue (Figs.
4-2 and 4-18). Their function is to store energy in the form of
triglycerides and to synthesize hormones such as leptin.

Connective Tissue Fibers

Three types of fibers are found in connective tissue: colla-
gen, elastic, and reticular. The amount and type of fibers that
dominate a connective tissue are a reflection of the structural
support needed to serve the function of that particular tissue.
These three fibers all consist of proteins that form elongated
structures, which, although produced primarily by fibroblasts,
may be produced by other cell types in certain locations. For
example, collagen and elastic fibers can be produced by smooth
muscle cells in large arteries and chondrocytes in cartilages.

COLLAGEN FIBERS are the most common and widespread
fibers in connective tissue and are composed primarily of type
I collagen. The collagen molecule (tropocollagen) is a product
of the fibroblast. Each collagen molecule is 300 nm in length
and consists of three polypeptide amino acid chains (alpha
chains) wrapped in a right-handed triple helix. The molecules
are arranged head to tail in overlapping parallel, longitudinal
rows with a gap between the molecules within each row to
form a collagen fibril. The parallel array of fibrils forms cross-
links to one another to form the collagen fiber. Collagen fibers
stain readily with acidic and some basic dyes. When stained
with H&E and viewed with the light microscope, they appear
as pink, wavy fibers of different sizes (Fig. 4-13). When stained
with osmium tetroxide for EM study, the fibers have a transverse
banded pattern (light—dark) that repeats every 68 nm along the
fiber. The banded pattern is a reflection of the arrangement
of collagen molecules within the fibrils of the collagen fiber
(Figs. 4-5 to 4-7).

ELASTIC FIBERS stain glassy red with H&E but are best
demonstrated with a stain specifically for elastic fibers, such
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as aldehyde fuchsin. Elastic fibers have a very resilient nature
(stretch and recoil), which is important in areas like the lungs,
aorta, and skin. They are composed of two proteins, elastin and
fibrillin, and do not have a banding pattern. These fibers are pri-
marily produced by the fibroblasts but can also be produced by
smooth muscle cells and chondrocytes (Figs. 4-8 and 4-9).

RETICULAR FIBERS are small-diameter fibers that can only
be adequately visualized with silver stains; they are called argy-
rophilic fibers because they appear black after exposure to sil-
ver salts (Figs. 4-10 and 4-11). They are produced by modified
fibroblasts (reticular cells) and are composed of type III colla-
gen. These small, dark-staining fibers form a supportive, mesh-
like framework for organs that are composed mostly of cells
(such as the liver, spleen, pancreas, lymphatic tissue, etc.).

Ground Substance of Connective Tissue

Ground substance is a clear, viscous substance with a high
water content, but with very little morphologic structure.
When stained with basic dyes (periodic acid-Schiff [PAS]), it
appears amorphous, and with H&E, it appears as a clear space.
Its major component is glycosaminoglycans (GAGs), which
are long, unbranched chains of polysaccharides with repeating
disaccharide units. Most GAGs are covalently bonded to a large
central protein to form larger molecules called proteoglycans.
Both GAGs and proteoglycans have negative charges and attract
water. This semifluid gel allows the diffusion of water-soluble
molecules but inhibits movement of large macromolecules and
bacteria. This water-attracting ability of ground substance gives
us our extracellular body fluids.

Types of Connective Tissues

CONNECTIVE TISSUE PROPER

Dense Connective Tissue can be divided into dense irregu-
lar connective tissue and dense regular connective tissue. Dense
irregular connective tissue consists of few connective tissue cells
and many connective tissue fibers, the majority being type I col-
lagen fibers, interlaced with a few elastic and reticular fibers.
These fibers are arranged in bundles without a definite orien-
tation. The dermis of the skin and capsules of many organs
are typical examples of dense irregular connective tissue (Figs.
4-13 and 4-14). Dense regular connective tissue also consists
of fewer cells and more fibers, with a predominance of type I
collagen fibers like the dense irregular connective tissue. Here,
the fibers are arranged into a definite linear pattern. Fibroblasts
are arranged linearly in the same orientation. Tendons and liga-
ments are the most common examples of dense regular connec-
tive tissue (Fig. 4-15).

Loose Connective Tissue, also called areolar connective
tissue, is characterized by abundant ground substance, with
numerous connective tissue cells and fewer fibers (more cells
and fewer fibers) compared to dense connective tissue. It is
richly vascularized, flexible, and not highly resistant to stress.
It provides protection, suspension, and support for the tissue.
The lamina propria of the digestive tract and the mesentery are
good examples of loose connective tissue (Figs. 4-16 and 4-17).
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This tissue also forms conduits through which blood vessels
and nerves course.

SPECIALIZED CONNECTIVE TISSUES

Adipose Tissue is a special form of connective tissue, con-
sisting predominantly of adipocytes that are the primary site for
fat storage and are specialized for heat production. It has a rich
neurovascular supply. Adipose tissue can be divided into white
adipose tissue and brown adipose tissue. White adipose tissue
is composed of unilocular adipose cells. The typical appearance
of cells in white adipose tissue is lipid stored in the form of
a single, large droplet in the cytoplasm of the cell. The flat-
tened nucleus of each adipocyte is displaced to the periphery
of the cell. White adipose tissue is found throughout the adult
human body (Fig. 4-18). Brown adipose tissue, in contrast, is
composed of multilocular adipose cells. The lipid is stored in
multiple droplets in the cytoplasm. Cells have a central nucleus
and a relatively large amount of cytoplasm. Brown adipose tis-
sue is more abundant in hibernating animals and is also found
in the human embryo, in infants, and in the perirenal region in
adults.

Reticular Tissue is a specialized loose connective tissue that
contains a network of branched reticular fibers, reticulocytes
(specialized fibroblasts), macrophages, and parenchymal cells,
such as pancreatic cells and hepatocytes. Reticular fibers are
very fine and much smaller than collagen type 1 and elastic
fibers. This tissue provides the architectural framework for
parenchymal organs, such as lymphoid nodes, spleen, liver,
bone marrow, and endocrine glands (Fig. 4-19).

Elastic Tissue is composed of bundles of thick elastic fibers
with a sparse network of collagen fibers and fibroblasts fill-
ing the interstitial space. In certain locations, such as in elastic
arteries, elastic material and collagen fibers can be produced by
smooth muscle cells. This tissue provides flexible support for
other tissues and is able to recoil after stretching, which helps to
dampen the extremes of pressure associated with some organs,

such as elastic arteries (Fig. 4-20). Elastic tissue is usually found
in the vertebral ligaments, lungs, large arteries, and the dermis
of the skin.

EMBRYONIC CONNECTIVE TISSUES is a type of loose tis-
sue formed in early embryonic development. Mesenchymal con-
nective tissue and mucous connective tissue also fall under this
category.

Mesenchymal Connective Tissue is found in the embryo and
fetus and contains considerable ground substance. It contains
scattered reticular fibers and star-shaped mesenchymal cells that
have pale-staining cytoplasm with small processes (Fig. 4-21A).
Mesenchymal connective tissue is capable of differentiating into
different types of connective tissues (Fig. 4-1A).

Mucous Connective Tissue exhibits a jellylike matrix with
some collagen fibers and stellate-shaped fibroblasts. Mucous
tissue is the main constituent of the umbilical cord and is called
Wharton jelly (see Fig. 4-21B). This type of tissue does not dif-
ferentiate beyond this stage. It is mainly found in developing
structures, such as the umbilical cord, subdermal connective
tissue of the fetus, and dental pulp of the developing teeth. It is
also found in the nucleus pulposus of the intervertebral disk in
adult tissue.

SUPPORTING CONNECTIVE TISSUE is related to car-
tilage and bone. Cartilage is composed of chondrocytes and
extracellular matrix; bone contains osteoblasts, osteocytes,
and osteoclasts and bone matrix. These will be discussed in
Chapter 5, “Cartilage and Bone.”

HEMATOPOIETIC TISSUE (BLOOD AND BONE
MARROW) is a specialized connective tissue in which cells are
suspended in the intercellular fluid, and it will be discussed in
Chapter 8, “Blood and Hemopoiesis.”
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A Undifferentiated mesenchymal cells Hematopoietic stem cells

Chondroblast B lymphocyte Mast cell Eosinophil

Adipocyte Fibroblast ~ Osteoblast

Monocyte Basophil Neutrophil

Chondrocyte Osteocyte Plasma cell /
(cartilage) (bone)

Osteoclast  Macrophage

Figure 4-1A. The origin of connective tissue cells.

The left panel shows cells arising from undifferentiated mesenchymal cells. These cells are formed in, and remain within, the
connective tissue and are also called fixed cells. The panel on the right shows cells arising from hematopoietic stem cells. These cells
differentiate in the bone marrow, and then must migrate by way of circulation to connective tissue where they perform their various
functions. They are also called wandering cells.

Macrophage Adipocyte Mast cell
.
Plasma cell B lymphocyte Neutrophil Eosinophil Basophil

Figure 4-1B. A representation of the main types of connective tissue cells in connective tissue proper.

The nuclei of these connective tissue cells are indicated in purple. Note: Mast cells, eosinophils, basophils, and neutrophils all
contain granules in their cytoplasm. The light yellow circle in the adipocyte (fat cell) represents its lipid droplet. These cells are not
drawn to scale; the adipocyte is much larger than the others.

SYNOPSIS 4-1 Functions of the Cells in Connective Tissue Proper

B Fibroblasts are responsible for synthesis of various fibers and extracellular matrix components, such as collagen, elastic,
and reticular fibers.

Macrophages contain many lysosomes and are involved in the removal of cell debris and the ingestion of foreign substances;
they also aid in antigen presentation to the immune system.

Adipocytes function to store neutral fats for energy or production of heat and are involved in hormone secretion.

Mast cells contain many granules, indirectly participate in allergic reactions, and act against microbial invasion.

Plasma cells are derived from B lymphocytes and are responsible for the production of antibodies in the immune response.
Lymphocytes participate in the immune response and protect against foreign invasion (see Chapter 10, “Lymphoid System”).
Neutrophils are the first line of defense against bacterial invasion.

Eosinophils have antiparasitic activity and moderate allergic reactions.

Basophils have a (primary) function similar to mast cells; they mediate hypersensitivity reactions (see Chapter 8, “Blood
and Hemopoiesis”).
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Connective Tissue Cells

" A: Nuclei of fibroblasts are
elongated and, when inactive,
these cells have little cytoplasm.
The fibroblasts are formed and
reside in the connective tissue;
they are also called fixed cells.

- Plasma cells are char-
acterized by cartwheel (clock-
face) nuclei showing the alter-
nating distribution of the het-
erochromatin (dark) and the
euchromatin (light). The pale
(unstained) area of cytoplasm
in each plasma cell is the loca-
tion of the Golgi complex,
which is also called the Golgi
zone. (GZ, Golgi zone.)

" C: A mast cell has a sin-
gle, oval-shaped nucleus and
granules in its cytoplasm. In
paraffin H&E-stained sections,
these granules are typically
unstained, but they appear red
in sections of plastic-embedded
tissues stained with a faux
H&E set of dyes.

- An eosinophil has a seg-
mented nucleus (two lobes,
usually) and numerous eosino-
philic (red) granules filling the
cytoplasm. Eosinophils, mast,
and plasma cells are wander-
ing cells (Fig. 4-1A).

- Black particles fill the
cytoplasm of these active
macrophages; the nuclei are
obscured by the phagocytosed
materials.

"F: Each adipocyte contains
a large droplet of lipid, appear-
ing white (clear) here because
the fat was removed during tis-
sue preparation. The nucleus
of each cell is pushed against
the periphery of the cell.

Figure 4-2A-D. Cells in the connective tissue of the small intestine. Modified H&E, X1,429
Figure 4-2E. Macrophages in lung tissue. H&E, X2,025
Figure 4-2F. Adipocytes in connective tissue of the mammary gland. H&E, X373
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Figure 4-3A. Connective tissue cells in lamina propria.
Modified H&E, x680; inset approximately X1,200

An example of cells in loose connective tissue is shown. Fibro-
blasts are the predominant cells in connective tissue, where they
produce procollagen and other components of the extracellu-
lar matrix (Fig. 4-7A). Plasma cells arise from activated B lym-
phocytes and are responsible for producing antibodies. Mast
cells have small, ovoid nuclei and contain numerous cytoplas-
mic granules. When stained with toluidine blue, these granules
are metachromatically stained and appear purple (Fig. 4-4A).
Mast cells are involved in allergic reactions. Eosinophils arise
from hematopoietic stem cells and are generally character-
ized by bilobed nuclei and numerous eosinophilic cytoplasmic
granules; they are attracted to sites of inflammation by leuko-
cyte chemotactic factors where they may defend against a par-
asitic infection or moderate an allergic reaction. Neutrophils
are phagocytes of bacteria; each cell has a multilobed nucleus
and some granules in its cytoplasm. For more details on
leukocytes, see Chapter 8, “Blood and Hemopoiesis.”

— Elastic fiber

— Collagen fiber

Mast cell

D Ce

Figure 4-3B. A representation of the cells found in loose
connective tissue. (These cells are not drawn to scale.)

(1) Fibroblasts are spindle-shaped cells with ovoid or elliptical
nuclei and irregular cytoplasmic extensions. (2) Macrophages
have irregular nuclei. The cytoplasm contains many lysosomes;
cell size may vary depending on the level of phagocytic activ-
ity. (3) Adipocytes contain large lipid droplets, and their nuclei
are pushed to the periphery. They are usually present in aggre-
gate (see Fig. 4-18). (4) Mast cells have centrally located ovoid
nuclei and numerous granules in their cytoplasm. (5) Plasma
cells have eccentric nuclei with peripheral distribution of het-
erochromatin (clock face) within the nuclei; a clear Golgi area
is present within the cytoplasm. (6) Eosinophils have bilobed
nuclei and coarse cytoplasmic granules. (7) Neutrophils and
lymphocytes are also found in connective tissue, and their
numbers may increase in cases of inflammation.

m

C Dilated blood vessel FTSIEREEIONE Anaphylaxis.

— Active basophil

—— Active mast cell

— Collagen fiber

— Dilated capillary

Anaphylaxis is an allergic reaction that may range
from mild to severe and is characterized by increased
numbers of basophils and mast cells, dilated capil-
laries, and exudates in the loose connective tissue.
Symptoms include urticaria (hives), pruritus (itching),
flushing, shortness of breath, and shock. Anaphylaxis
results from the activation and release of histamine and
inflammatory mediators from mast cells and basophils.
Some drugs can cause IgE-mediated anaphylaxis and
non-IgE-mediated anaphylactoid reactions. Previous
exposure to a suspect antigen is required for the for-
mation of IgE, but anaphylactoid reactions can occur
even upon first contact in rare cases. Some antibiotics,
such as penicillin, can cause severe allergic reactions.
Immediate administration of epinephrine, antihista-
mine, and corticosteroids is the first option of emer-
gency treatment, along with endotracheal intubation
to prevent the throat from swelling shut, if necessary.
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W 1 Figure 4-4A. Mastcells. EM, X42,000;
"::“—‘." + . inset toluidine blue X3,324)
Mitochondrion

The contents of the granules that fill the
cytoplasm of a mast cell are electron
dense. Mitochondria are the only other
prominent constituent of the cytoplasm.
These granules are not the only source of
signaling molecules released by activated
mast cells. The plasma membrane and
outer nuclear membrane are labeled here
to highlight their roles in the generation of
eicosanoids, such as prostaglandins and
leukotrienes. These potent mediators of
inflammation are not stored but are syn-
thesized from fatty acids of membranes
when the mast cell is stimulated.
The inset shows a mast cell in par-
places affin section stained with toluidine blue.
membrane The purple color of the mast cell granules
: is an example of metachromatic stains.

5 “ouer
% OE nuclear
membrane
B
IgE binds to Fc receptor IgE binds to antigen Release of histamine

Mast cell degranulates

Fc receptor

Figure 4-4B. A representation of a mast cell in an allergic reaction (anaphylaxis).

Mast cells derive from bone marrow and migrate into connective tissue where they function as mediators of inflammatory reactions
to injury and microbial invasion. The cytoplasm of mast cells contains many granules, which contain heparin and histamine and
other substances. In most cases, when the body encounters a foreign material (antigen), the result is clonal selection and expansion
of those lymphocytes that happen to synthesize an antibody that recognizes the antigen. Some of the stimulated lymphocytes will dif-
ferentiate into plasma cells that secrete large amounts of soluble antibody, which enter circulation. Those antibodies that are of the
IgE class bind to Fc receptors on mast cells and basophils. The IgE-Fc receptor complexes can act as triggers that activate the mast
cell or basophil if the antigen is encountered again. Binding of the antigen leads to cross-linking of the Fc receptors, which initiates
a series of reactions culminating in discharge (exocytosis) of the contents of the granules of the mast cell or basophil. The histamine
and heparin that are released from the granules contribute to inflammation at the allergic reaction site.

Histamine stimulates many types of cells to produce a variety of responses, depending on where the allergic reaction takes place.
Effects on blood vessels include dilation due to relaxation of smooth muscle cells (redness and heat) and fluid leakage from venules
(edema) due to loosening of cell-to-cell junctions between endothelial cells. Histamine can stimulate some smooth muscle cells to
contract, as occurs with asthma in the respiratory tract, and it can cause excessive secretion in glands. Extremely strong mast cell-
mediated allergic reactions (also called allergic or type 1 hypersensitivity reactions) result in anaphylactic shock, which can happen
very quickly and often requires emergency attention. It can sometimes be fatal.
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Connective Tissue Fibers

Ground
— substance

— Lymphocyte

— Elastic fiber

— Collagen fiber

—— Fibroblast

— Macrophage cell

Figure 4-5A. A representation of collagen fibers in loose Figure 4-5B. Collagen fibers, mesentery spread. Verhoeff
connective tissue. stain, X314

Collagen fibers are flexible but impart strength to the tissue. ~ Loose connective tissue, also called areolar connective tissue, is

They are arranged loosely, without a definite orientation in ~ shown in a mesentery spread. In this tissue preparation, both col-

loose connective tissue. lagen fibers and elastic fibers are visible. The elastic fibers are thin
strands stained deep blue, and collagen fibers are thick and stained
purple. Fibroblasts are seen among the fibers.

[— Fibroblast

— Elastic fiber

— Collagen fiber
(collagen bundle)

— Ground substance

Figure 4-6A. A representation of collagen fibers in dense Figure 4-6B. = Collagen fibers, skin. Elastic stain, X279
connective tissue.

Interwoven bundles of collagen fibers interspersed with  Anexample of collagen fibers in the dense irregular connective tissue of

elastic fibers are illustrated here. These fibers are tightly  the dermis of the skin is shown. Both collagen fibers (pink) and elastic

packed together in dense connective tissue. fibers (black) are present. Collagen fibers predominate in dense irregu-
lar connective tissue. They are arranged in thick bundles tightly packed
together in a nonuniform manner.
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_ Collagen fibrils and

fibroblasts. EM, X 14,000

Sometimes, the term fibrocyte is used
to designate an inactive fibroblast
such as the cell seen in this electron
micrograph. The quiescent state of
the cell can be inferred from the scant
cytoplasm and small nucleus in which
heterochromatin is the predominant
form of chromatin. The small circles
that fill the extracellular space are type
I collagen fibrils, which are uniformly
cut in cross section in this specimen of
dura mater, the tough outer layer of
the meninges.

There are many types of collagen
fibers in humans; types L, IL, III, IV, V,
and VII are some of the most common
types. Collagen fibers are the princi-
pal fibers and are most abundant in
the connective tissue. Collagen fibers
are flexible and have a high tensile
strength.

Type of Synthesizing Cells Main Location Main Function Example of Collagen
Collagen Fibers Disorders
I Fibroblasts, osteoblasts, Skin, ligaments, tendon, Resists force and Osteopsathyrosis
odontoblasts bones, dentin (fragilitas ossium or
osteogenesis imperfecta);
Ehlers-Danlos syndrome
I Chondroblasts, Hyaline and elastic Resists pressure Kniest dysplasia;
chondrocytes cartilages collagenopathy, type II
I Fibroblasts, reticular Reticular fibers in organs ~ Forms structural Ehlers-Danlos syndrome
cells, hepatocytes, smooth  (e.g., spleen, lymph node,  framework in
muscle cells liver), blood vessels, skin ~ expansible organs
v Endothelial cells, epithelial Basement membrane Provides support and  Alport syndrome
cells, lens epithelial cells (epithelium), lens capsule  filtration
(eye), glomerulus (kidney)
Vv Mesenchymal cells, Placenta, dermis, most Controls the initiation  Classical Ehlers-Danlos
fibroblasts, osteoblasts, interstitial tissues, bones,  of collagen fibril syndrome
cementoblasts and cementum assembly; associated
with type I collagen
VI Keratinocytes Basement membrane Anchors epidermal Epidermolysis bullosa

basal lamina
to underlying
connective tissue
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— Fibroblast

— Elastic fiber

— Collagen fiber

— Ground substance

Figure 4-8A. A representation of the elastic fibers in dense
connective tissue.

Elastic fibers are thinner than collagen fibers and are
interspersed among collagen fibers. They are composed of
elastin and microfibrillar proteins and are specialized for
stretch and resilience.
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Figure 4-8B.  Elastic fibers, skin. Elastic stain, X408

An example of elastic fibers in dense connective tissue of the der-
mis of the skin is shown. The elastic fibers stain dark with the
special stain used in this section. Collagen fibers appear as thick,
pink bundles.

— Elastic laminae/

— Smooth muscle
cell

— Collagen fiber

— Reticular fiber

— Ground substance

Figure 4-9A. A representation of elastic laminae in a large
artery.

Shown is an example of another form of elastic fibers in a
large artery, called elastic laminae (elastic membranes). Elastic
laminae, as well as reticular and collagen fibers, are produced
by smooth muscle cells in the walls of the artery. The collagen
fibers, reticular fibers, and ground substance lie between the
elastic laminae. Smooth muscle cells are interspersed between
the fiber layers.

elastic membranes

Figure 4-9B. Elastic laminae, elastic artery. H&E, X426

An example of elastic laminae in an elastic artery is shown. The
elastic material is arranged in parallel wavy sheets (lamellar form)
instead of fibers. The elastin is eosinophilic and appears red with
H&E stain. Smooth muscle cells are interspersed between the
elastic laminae. Elastic laminae in the large arteries are able to
stretch, allowing these vessels to distend and recoil during the
cardiac cycle (see Fig. 4-20A).
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— Pancreatic cell

— Reticular fiber

— Ground substance

Figure 4-10A. A representation of reticular fibers in the
pancreas.

Reticular fibers are composed of type III collagen, have small
diameters, and do not form large bundles. They form a deli-
cate, architectural framework in the pancreas, liver, and lymph
nodes and can be found in many tissues.

Figure 4-10B. = Reticular fibers, pancreas. Silver stain, X762

An example of reticular fibers in the exocrine pancreas is shown.
The thin, reticular fibers surrounding pancreatic acinar cells
form a netlike supporting framework. In most locations, reticu-
lar fibers are produced by reticular cells (fibroblasts); in some
places, reticular fibers can be secreted by smooth muscle cells
(blood vessels) or by Schwann cells (peripheral nerve tissue).

Hepatocyte
(liver cell)

<=—— Reticular
fibers

——— Sinusoid

. Ground substance

Figure 4-11A. A representation of reticular fibers in the
liver.

These reticular fibers are arranged in cords (column pattern) to
form a fine framework, which holds the hepatocytes in place.
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Figure 4-11B. Reticular fibers, liver. PAS/reticular stain, X544

An example of the reticular fibers in the liver is shown. The retic-
ular fibers appear black because of the silver stain. The structure
of the hepatocytes is difficult to identify because their cytoplasm
does not take up silver. The spaces between the reticular fibers
are the lumens of sinusoids running between the plates of the
hepatocytes.
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Types of Connective Tissue: Connective Tissue Proper

Connective Tissue Proper

Dense irregular connective tissue Dense regular connective tissue Loose connective tissue
R 75 Ry P,
T 4 =
.

Specialized Connective Tissue

Adipose tissue Reticular connective tissue Elastic connective tissue
P e ;

Figure 4-12. Overview of connective tissue types.

- assincarion or connective [Issues

Types of Connective Tissue Proper Specialized Connective Tissues Embryonic Connective

Connective Tissues

Tissues

Subtype of Dense Dense Loose Adipose Reticular Elastic Mesenchyme Mucus

connective irregular regular

tissue

Character of | Fewer cells, Fewer More Adipocytes  Reticular Elastic fibers Mesenchymal Spindle-shaped

the tissue more fibers; cells, more cells, fewer predominant, fibers predominant cells fibroblasts,
fibers are fibers; fibers; supported predominant predominant; jellylike matrix
arranged fibers are  fibers are by reticular hyaluronic (Wharton
without arranged  randomly fibers acid matrix  jelly) high in
definite in uniform  distributed heparan sulfate
orientation orientation proteoglycan
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Figure 4-13A. Dense irregular connective tissue, mammary
gland. H&E, X272

Dense irregular connective tissue can be found in the mammary
gland and also in other places such as capsules of organs. In
this example, dense irregular connective tissue in the mammary
gland is shown, distributed in between glandular tissues. Colla-
gen fibers predominate, appear pink, and are arranged in wavy
bundles without a consistent orientation. Fibroblasts are visible
among these fibers. Occasionally, blood vessels and glands can
be found in dense irregular connective tissue; however, dense
irregular connective tissue is generally not a richly vascularized
tissue.

Figure 4-13B. Dense irregular connective tissue, dermis of
the skin. Elastic stain, X68; inset X151

Collagen fibers are arranged in randomly oriented bundles and
appear pink here; they are the principal fibers in dense con-
nective tissue. Collagen fibers are flexible and have a high ten-
sile strength. Elastic fibers are made visible with a special stain
and are seen as thin, dark strands scattered among the collagen
fibers. They have the ability to stretch and return to their origi-
nal length. Dense irregular connective tissue is a cushionlike
tissue, which provides great strength against pressure-induced
stresses on structures or organs.

Loose
collagen
fibers

Dermal
atrophy

TR ER S EIOR A ctinic Keratosis. H&KE, X205

Actinic keratosis, also called solar elastosis, is a degenera-
tive skin condition, which mainly affects the collagen and
elastic fibers of the sun-exposed areas of the body. Frequent
exposure of the skin to sunlight or ultraviolet light causes
and accelerates this degenerative process. Actinic keratosis
is a premalignant lesion. Signs and symptoms include loose,
wrinkled, dry, and sagging skin. Histologically, the amount
of collagen fibers present in the affected skin is decreased,
whereas the amount of elastic fibers increases, but they lose
some of their elasticity and flexibility. A bluish discoloration
of the papillary dermis is characteristic of ultraviolet dam-
age to the connective tissue of the dermis. Dermal atrophy
and loose collagen fibers are illustrated here. Avoiding
unnecessary sun exposure is the most important prevention.
Treatment includes liquid nitrogen cryotherapy, surgical
curettage, and chemotherapy.
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Figure 4-14A. Dense irregular connective tis-
sue, thin skin. H&E, X193

This is dense irregular connective tissue in the
dermis of thin skin. The epidermis is composed of
epithelial tissue; the dermis is composed of dense
irregular connective tissue and lies beneath the
epidermis. “Dense” refers to the high abundance
of collagen fibers (but fewer cells) compared to
loose connective tissue. “Irregular” indicates that
the orientation of the fiber bundles is in many dif-
ferent directions (or randomly oriented bundles).
This type of connective tissue contains mostly col-
lagen fibers with a lesser number of other fibers
such as elastic fibers. The skin has a thick layer
of dense irregular connective tissue, with fibers
arranged in various directions to resist stretching
forces in any direction. Dense irregular connective
tissue is prominent in the dermis of the skin, mam-
mary glands, and capsules of many organs.

fd,ll.'(,_:-ﬁ_k

" — 425, —=, — Fibroblast
‘P"/ "\\v " The background represents ground substance.
<P ‘\\\\\ 11)’
"‘ > .‘:-4/1//~4 Collagen fibers are represented by randomly
= \‘\\V,,’, \\g = N | Elastic fiber arranged, thick, pink bundles, and elastic fibers are
ﬁ/ //’Z‘ \N‘\\ indicated by thinner dark lines. A few fibroblasts
/: ‘\\’. A Collagen fiber are scattered sparsely among these fibers. Most col-
Z //" N ,’ lagen and elastic fibers are produced by fibroblasts.
7 /
/| < \_,/ N //=— / . .. . .
N N Maintaining the normal metabolism of collagen is
o, W= '/A%K very important to the body.

B \\\ \\\v—’N/ Figure 4-14B. A representation of dense irreg-
\\\=// i ’—’\‘—/ ular connective tissue.
b //d

—— Ground substance

Malfunctioning collagen can cause a series of con-
nective tissue diseases such as Ehlers-Danlos syn-
drome (see Table 4-1). Overproduction of collagen
in the dermis of the skin can cause hypertrophic
scars or keloids (Fig. 4-14C).

IR S BIGR Hypertrophic Scars and Keloids. H&E, X 53

Hypertrophic scars and keloids are disorders caused by
accumulation of excessive amounts of collagen deposited
in the skin by hyperproliferation of fibroblasts. They often
Thick collagen  occur after burns, radiation injury, or surgical procedures.
bands Hypertrophic scars appear raised, are characterized by red-
ness, and usually remain within the margins of the original
wound. There is a tendency for spontaneous regression
over time. If the scar tissue grows beyond the boundaries
of the original wound and does not regress, it is called a
Increased keloid. A keloid is more severe and more difficult to treat
lSE R than a hypertrophic scar. Treatments of hypertrophic scars
and keloids include cryosurgery (freezing), laser surgery,
and steroid injections. This photomicrograph is a keloid
on the earlobe; the collagen fibers appear thicker and
denser, forming thick bands. The number of fibroblasts is
increased.
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| » e \ Figure 4-15A. Dense regular connective tissue,
: o W : % tendon. H&E, X289; inset X410

“ \

s Collagen,

. ——— — _— This type of tissue is composed of coarse collagen
S 2 bundles that is densely packed and oriented into
“_--\ § < parallel cylinders. Long, thin fibroblasts are found
- F - — among the fiber bundles and are oriented in the

— .

same direction as the fibers. The nuclei of the fibro-
blasts are visible, but the cytoplasm is not easily
seen. The thick bundles of collagen fibers fill the
intercellular spaces. Dense regular connective tis-
sue provides resistance to traction forces in ten-
dons and ligaments.

8 — - ‘w

’W Figure 4-15B. A representation of dense regular
= ——— connective tissue.
— Fibroblast

M Collagen fibers are represented by uniformly
re——— TS, arranged thick, pink bundles that are tightly packed
M Collagen fiber in a parallel fashion. Fibroblasts are seen among
these fibers. The white background represents the
% ground substance. This tissue architecture can be
% found in tendons, ligaments, and aponeuroses.
HsE——— —— The structure formed by this arrangement is par-
ticularly strong and resistant to stress such as the
r/ ——— Ground substance t :

intense forces exerted on ligaments and tendons by
athletes.

=

; . Tendinosis is a degenerative disease that occurs
o) : = =Z Excess fibroblasts within the substance of a tendon. This condition is
L%w =—— usually associated with age, overexertion, or both.

Collagen microtear

Histologic examination reveals abnormal fibrotic
structure including collagen disorganization,

DRe—e—— ——— . : .
a\ : decreased fiber diameter, and increased mucoid
: 7 = _ | hcreased mucoid ground substance. Additional findings are collagen

ground substance

microtears, focal hypercellularity, vascular prolif-

e — Calcificat _eration, and focal necrosis W_ith calcification. Tear-
o ﬁé‘gi %) n ZCHCIIOD ing of the tendon can occur in severe cases. Treat-
A\ — ment includes pain relief, rest, physical therapy,

Proliferated nonsteroidal anti-inflammatory drugs, corticoster-

blood vessel oids, and surgical repair, when necessary. The goal

is to prevent further degeneration and to preserve
function.
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Figure 4-16A. Loose connective tissue, mesentery. Verhoeff
stain, X112; inset X200

Loose connective tissue, also called areolar connective tissue, in
a mesentery spread preparation is shown. In this tissue prepara-
tion, both collagen fibers and elastic fibers are visible. The elastic
fibers stain deep blue as thin strands and collagen fibers appear as
thick, purple bundles. Fibroblasts are seen among the fibers. This
type of connective tissue has abundant ground substance, with
many connective tissue cells and relatively few fibers. It is richly
vascularized, flexible, and not highly resistant to stress.

Figure 4-16B. Loose connective tissue, large intestine: H&E,
X680; inset X1,506

The lamina propria of the digestive tract is an extreme example of
loose connective tissue. This tissue lies immediately beneath the
thin epithelium of the gut, which is one place where the body’s
defense mechanisms initially attack bacteria and pathogens.
Therefore, plasma cells, mast cells, leukocytes, and fibroblasts
are common in this area. Loose connective tissue is characterized
by loosely arranged, woven connective fibers, abundant ground
substance, and tissue fluid, which contains the rich array of con-
nective tissue cells.

SYNOPSIS 4-2 Functions of Connective Tissue

Connective Tissue Proper

Dense irregular connective tissue: Provides strong fiber meshwork to resist stress from all directions (e.g., dermis of the
skin) and provides protective covering of organs (e.g., capsule of the kidney).

Dense regular connective tissue: Provides resistance to traction forces in a single specific direction (e.g., tendons, ligaments).
Loose connective tissue: Provides suspension and support for tissues that are not subjected to strong forces and forms
conduits in which vessels and nerves course. Cells in loose connective tissue have defense and immune functions (e.g.,
lamina propria of the digestive tract).

Specialized Connective Tissues

Adipose connective tissue: Provides both cushioning for organs and energy storage; some involved in hormone secretion
such as leptin (e.g., hypodermis of the skin, mammary glands).

Reticular connective tissue: Provides supportive framework for hematopoietic and solid (parenchymal) organs (e.g., liver,
pancreas).

Elastic connective tissue: Provides distensible support and accommodates pressure changes on the walls of the arteries
closest to the heart (e.g., vertebral ligaments, large arteries).

Embryonic Connective Tissues

Mesenchymal connective tissue: Gives rise to all types of connective tissues (embryonic mesoderm).
Mucous connective tissue: Provides cushioning for the nucleus pulposus of the intervertebral disk and helps prevent
kinking in the blood vessels of the umbilical cord.
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Figure 4-17A. Loose connective tissue, small
intestine. H&E, X136; inset X384

This is an example of the loose connective tissue
that lies just below the epithelium in the lamina
propria of the small intestine. The collagen fibers
are loosely arranged and inconspicuous. Many
cells are tightly packed among the fiber bundles. In
comparison, loose connective tissue has more cells
and fewer fibers than dense connective tissue. This
type of tissue is well vascularized, flexible, and not
highly resistant to mechanical stress.

{ Collagens S @
A dfibers :

- Connective
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e gtlssue cells

Figure 4-17B. A representation of loose con-
nective tissue.

Ground substance

There are numerous connective tissue cells shown
Elastic fiber among fibers here. They include fibroblasts, mac-
rophages, adipocytes, mast cells, plasma cells, and
leukocytes. If there is a microorganism invasion
Collagen fiber or mechanical trauma, activation of mast cells
and subsequent activation of endothelial cells and
vasodilation are among the responses to the tissue
injury. Vasodilation promotes delivery of more
blood to the local tissue and leads to increased
local temperature. Loosening of junctions between
endothelial cells enables fluid and serum proteins
to leak into the connective tissue. Expression of
adhesive molecules (selectins) on endothelial cells
increases the chance that leukocytes can migrate
into the connective tissue from the blood stream.
Mast cells and macrophages also increase in num-
ber to participate in the repair of tissue damage.

ST S (ORE Whipple Disease.

Whipple disease is a multisystemic disease caused by
Inflammatory an infection of the bacillus Tropheryma whippleii. Tt
pestieell primarily affects the small intestine. The clinical symp-
toms include abdominal pain, flatulence, malabsorp-
tion, and diarrhea. Symptoms are varied and depend
upon the organ infected. The lamina propria (loose
connective tissue) of the small intestine reveals an
increased number of macrophages. These macrophages
contain large numbers of bacteria within their phago-
somes, which are clearly stained by the PAS stain (peri-
odic acid combined with Schiff reagent). Treatment for
Whipple disease is antibiotic administration, including
intravenous penicillin and streptomycin by mouth.

——— Lymphocyte

—— Active
macrophage
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Types of Connective Tissue: Specialized Connective Tissues

Figure 4-18A. Adipose tissue, mammary gland.
H&E, X68; inset X178

Adipose tissue is a special form of connective tissue and
has a rich neurovascular supply. Adipocytes appear
white here, and this tissue is referred to as white adi-
pose tissue. Each adipocyte contains a single, large lipid
droplet in its cytoplasm, so the cells are called unilocular
adipose cells. Most of the cytoplasm is occupied by the
lipid droplet, and the nucleus is displaced to one side.
Each adipocyte is surrounded by a basal lamina. This
type of adipose tissue is found throughout the adult
human body. There is another type of adipose tissue
that is highly specialized, called brown adipose tissue.
It is composed of multilocular adipocytes; each adipo-
cyte contains multiple lipid droplets in its cytoplasm.
This tissue is mainly found in hibernating mammals
and newborn infants but can also be found scattered
in some areas in adults, such as the esophagus, trachea,
posterior neck, and interscapular areas as vestigial rem-
nant tissue. Tumors sometimes arise from the remnant
brown adipose tissue and are called hibernomas.

—— Fibroblast

| Adipocyte

| Reticular fibers

— Collagen fiber

— Blood vessel

Figure 4-18B. A representation of adipose tissue.

Adipocytes (fat cells) are scattered within a loose
collagenous supporting tissue in this unilocular adi-
pose tissue. Each adipose cell contains a single large
drop of lipid; it has a thin rim of cytoplasm around the
lipid, and its flattened nucleus is located in the periph-
ery of the cell. Adipocytes are the primary site for stor-
age of energy, and lipid deposition and mobilization
are regulated by hormonal factors (steroids, insulin,
thyroid hormone, etc.). Adipocytes also play a role in
the synthesis of some hormones such as leptin. Dur-
ing childhood, the adipocyte numbers may increase
depending on nutrition and other factors, but in adult-
hood, adipocyte numbers normally remain constant.

| Expanded adipocytes
containing huge
lipid droplets

— Collagen bundles
pushed to the side

Figure 4-18C. FoJ5134

Hypertrophic obesity is a disorder characterized by an
increase in total body fat, particularly by expansion
(hypertrophy) of preexisting fat cells. Obesity increases
the risk for a number of conditions, including diabetes,
hypertension, high cholesterol, stroke, and coronary
artery disease. Obesity may also increase the risk for
some types of cancer, and it is a risk factor for the devel-
opment of osteoarthritis, pancreatitis, and sleep apnea.
Obesity can result from a sedentary lifestyle and the
chronic ingestion of excess calories; genetic predisposi-
tion may also play a role in the development of obesity.
The possible treatments include exercise, diet, medica-
tions, and surgery. By contrast, hyperplastic obesity is
excessive weight gain associated with childhood-onset
obesity, characterized by the creation of new fat cells.
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Figure 4-19A. Reticular connective tissue, pancreas. Silver
stain, X136

Reticular tissue is a specialized loose connective tissue that
provides a delicate supporting framework for many highly
cellular organs, such as endocrine glands, lymphoid organs,
the spleen, and the liver. Reticular fibers are shown in black
with a silver stain. These fibers are small in diameter and do
not form large bundles. They are arranged in a netlike frame-
work to support parenchymal cells, in this example, pancre-
atic cells. The inset drawing represents the organization of
reticular fibers and pancreatic cells.
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Figure 4-19B. Reticular connective tissue, liver. Silver
stain, X312

The reticular fibers can be selectively visualized with a silver
stain, that is, they are argyrophilic. These fibers consist of col-
lagen type III, which forms a meshlike network that supports
the liver cells and holds these cells together. The liver cells’
cytoplasm is unstained in this preparation, and the structure
of the cells is not easy to distinguish here. The inset draw-
ing represents the organization of reticular fibers and hepato-
cytes. There is a sinusoid running between the reticular fibers,
which appears as empty space here.

— Nodule of regenerated
liver cells

Collagen bundles and

" normal reticular fibers

— Damaged and reduced
reticular fibers

elastic fibers have replaced

SO CIOM Cirrhosis.

Cirrhosis is a liver disorder caused by chronic injury
to the hepatic parenchyma. The major causes of cir-
rhosis include alcoholism and chronic infection with
hepatitis B or hepatitis C virus. Pathologic changes are
characterized by the collapse of the delicate support-
ing reticular connective tissue with increased numbers
of collagen and elastic fibers. There is disruption of
the liver architecture and vascular bed. Regenerating
hepatocytes form nodules rather than the characteristic
columnar plates. Symptoms include jaundice, edema,
and coagulopathy (a defect of blood coagulation). The
resulting damage to the liver tissue impedes drain-
age of the portal venous system, a condition known
as portal hypertension, which may eventually lead to
gastroesophageal varices, splenomegaly, and ascites.
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Figure 4-20A. FElastic connective tissue, carotid
artery. Elastic stain (Verhoeff), X275; inset X516

This is an example of elastic connective tissue in the
tunica media of a carotid artery. The wavy elastic
lamellae are distributed among collagen and smooth
muscle cells in the tunica media layer of a large artery.
The smooth muscle cells are not visible here because
of the type of stain. In general, the elastic material (as
either elastic fibers or elastic lamellae) and other con-
nective tissue fibers are produced by fibroblasts in the
connective tissue, but in blood vessels, smooth muscle
cells are the principal cells that produce elastic material
and other connective tissue fibers. Elastic connective
tissue consists predominately of elastic material, and
this allows distension and recoil of the structure. This
tissue can be found in some vertebral ligaments, arte-
rial walls, and in the bronchial tree.

Figure 4-20B. A representation of elastic connective
tissue in the tunica media of a large artery.
— Elastic lamellae . . )
Thick bundles of elastic lamellae are arranged in parallel
wavy sheets, with the smooth muscle cells and collagen

| Simooth muscle fibers insinuated between alternating lamellae. The elas-

cell tic fibers are formed by elastin and fibrillin microfibrils.
Elastic connective tissue is able to recoil after stretch-
— Collagen fiber ing. This property in large arteries helps to moderate

the extremes of pressure associated with the cardiac
cycle. Abnormal expression of the fibrillin (FBN1) gene
— Reticular fiber is associated with abnormal elastic tissue disease.

— Ground substance

- Marfan Syndrome—Cystic Medial
~— "~ Loss of elastic lamellae and Deceneration

V\ =S . increased ground substance 8 : ) ; )
Marfan syndrome is an autosomal dominant disorder
— = caused by an FBN1 gene mutation, which affects the
formation of elastic fibers, particularly those found in
/‘/ the aorta, heart, eye, and skin. Signs and symptoms
@ — 1 Cystic space filled with ) include tall stature with long limbs and long, thin fin-
EBBTE 800 (A b e s gers and enlargement of the base of the aorta accom-
panied by aortic regurgitation. There is increased
e probability of dissecting aortic aneurysms and pro-
- v_\’\/'—— Fragmentation of elastic lamellae lapse of the mitral valve. Treatment includes pharma-
cologic or surgical intervention to prevent potentially
7t = fatal or long-term complications, but no permanent

cure is yet available. This illustration depicts cystic
medial degeneration (cystic medionecrosis) of the
aorta, including disruption and fragmentation of
elastic lamellae in the tunica media of the aorta, loss
of elastic fibers, and increase in ground substance
causing formation of cystic space.
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Types of Connective Tissue: Embryonic Connective Tissues

O L B Y e Figure 4-21A. Mesenchyme, embryo. H&E, X136; inset
> o e s X408 (left) and X438 (right)

400 OBlIS el P 2 S e
Mesenchyme (mesenchymal connective tissue) is found in
the developing structures in the embryo. It contains scat-
tered reticular fibers and mesenchymal cells, which have
irregular, star or spindle shapes and pale-stained cytoplasm.
These cells exhibit cytoplasmic processes, which often give
the cells a stellate appearance. Mesenchymal cells are rela-
tively unspecialized and are capable of differentiating into
different cell types in mature tissue cells, such as cartilages,
bones, and muscles. Embryonic red blood cells can be seen
in this specimen. These blood cells contain a nucleus in each
cell; this is characteristic of their immature state (anucle-
ated red blood cells are characteristic of the mature state
and are found in adult tissues). Interestingly enough, some
vertebrates, such as frogs and chickens, have nucleated red
blood cells in the adult state.

Figure 4-21B. Mucous connective tissue, umbilical cord.
Toluidine blue stain, X68; inset X178

An example of mucous connective tissue that has an abun-
dance of a jellylike matrix with some fine aggregates of col-
lagen fibers and stellate-shaped fibroblasts is shown. It is
found in the umbilical cord and subdermal connective tis-
sue of the embryo. Mucous tissue is a major constituent of
the umbilical cord, where it is referred to as Wharton jelly.
This type of connective tissue does not differentiate beyond
this stage. In this example, the viscous ground substance has
been stained with a special stain to reveal jellylike mucin,
which contains hyaluronic acid and glycoproteins. Colla-

g gen fibers and large stellate-shaped fibroblasts (not mesen-
Smoothmusclel chymal cells) predominate in the mucous tissue.

SYNOPSIS 4-3 Pathological Terms for Connective Tissue

B Urticaria: An itchy skin eruption, also known as hives, characterized by wheals with pale interiors and well-defined red
margins, often the result of an allergic response to insect bites, foods, or drugs (Fig. 4-3C).

B Pruritis: Itching of the skin due to a variety of causes including hyperbilirubinemia and allergic and irritant contact condi-
tions (Fig. 4-3C).

B Cirrbosis: An abnormal liver condition characterized by diffuse nodularity, due to fibrosis and regenerative nodules of
hepatocytes; frequent causes are alcohol abuse and viral hepatitis (Fig. 4-19C).

B Jaundice: Yellow staining of the skin, mucous membranes, or conjunctiva of the eyes caused by elevated blood levels of
the bile pigment bilirubin (Fig. 4-19C).

B Coagulopathy: A disorder that prevents the normal clotting process of blood; causes may be acquired, such as hepatic dys-
function, or congenital, such as decreased clotting factors, as seen in inherited conditions like hemophilia (Fig. 4-19C).

B Necrosis: Irreversible cell changes that occur as a result of cell death (Fig. 4-20C).
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Type Connective Tissue Connective Organization of Main Locations Main Functions
Cells Tissue Fibers Fibers and Cells

Connective Tissue Proper

Dense irregular Predominantly Collagen fibers, Fewer cells and Dermis of the skin,  Resists stress

connective tissue

fibroblasts; other
connective tissue
cells occasionally
present

elastic fibers,
reticular fibers

more fibers; fibers
arranged randomly
without a definite
orientation in
relatively less ground
substance

capsules of many
organs

from all
directions;
protects organs

Dense regular
connective tissue

Predominantly
fibroblasts; other
connective tissue
cells occasionally
present

Collagen fibers,
elastic fibers,
reticular fibers

Fewer cells and
more fibers; fibers
arranged in uniform
parallel bundles

Tendons, ligaments

Provides
resistance to
traction forces

Loose
connective tissue

Fibroblasts,
macrophages,
adipocytes, mast
cells, plasma cells,
leukocytes

Collagen fibers
predominate;
elastic and
reticular fibers
also present

More cells and
fewer fibers; fibers
randomly distributed
in abundant ground
substance

Lamina propria

of gastrointestinal
tract; around the
nerves and vessels
(in adventitia layer)

Provides
protection,
suspension, and
support; conduit
for vessels and
nerves; environ-
ment for immune
defense function

Specialized Connective Tissues

Adipose
connective tissue

Predominantly
adipocytes (fat cells);
fibroblasts and other
connective tissue
cells occasionally
present

Collagen fibers
and reticular

fibers

Fibers form fine
meshwork that
separates adjacent
adipocytes

Hypodermis of the
skin, mammary
glands, and around
many organs

Provides

energy storage,
insulation;
cushioning of
organs; hormone
secretion

Reticular
connective tissue

Fibroblasts,
reticular cells,
hepatocytes,
smooth muscle

Reticular fibers

Fibers form delicate
meshlike network;
cells with process
attached to the fibers

Liver, pancreas,
lymph nodes,
spleen, and bone
marrow

Provides support-
ive framework

for hematopoietic
and parenchymal

cells, Schwann cells organs
depending on the
location
Elastic Predominantly Elastic fibers Fibers arranged Vertebral ligaments, Provides flexible
connective tissue fibroblasts or predominate; in parallel wavy walls of the large support for the

smooth muscle cells;
other connective
tissue cells occasion-
ally present

collagen and
reticular fibers
also present

bundles

arteries

tissue; reduces
pressure on the
walls of the
arteries

Embryonic Conne

ctive Tissues

Mesenchymal Mesenchymal cells ~ Reticular fibers Scattered fibers Embryonic Gives rise to all
connective tissue and collagen with spindle- mesoderm connective tissue
fibers shaped cells having types

long cytoplasmic

processes;

mesenchymal cells

uniformly distributed
Mucous Spindle-shaped Collagen fibers Fibers and Umbilical cord, Provides cushion

connective tissue

fibroblasts

predominate; few
elastic and reticu-

lar fibers

fibroblasts randomly
displayed in jellylike
matrix (Wharton
jelly)

subdermal layer

of the fetus, dental
pulp of the devel-
oping teeth, nucleus
pulposus of the disk

to protect the
blood vessels in
the umbilical cord
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Bone Remodeling, Nasal
Osteoclast
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Cartilage

Introduction and Key Concepts
for Cartilage

Cartilage and bone are two types of supporting connective
tissues. Cartilage is an avascular specialized form of connective
tissue whose support function is a result of a firm extracellular
matrix that has variable flexibility depending on its location.
This type of tissue is able to bear mechanical stress without
permanent deformation. Cartilage has features that are differ-
ent from other types of connective tissues but, like bone, has
the characteristic of isolated cells embedded in extensive matrix.
Most cartilage is covered by a layer of dense irregular connective
tissue called perichondrium, which contains a rich blood supply
and is innervated by nerve fibers conveying pain. The excep-
tions are fibrocartilage and articular cartilage of the joint, which
do not have perichondrium. Perichondrium is important for the
growth (appositional growth) and maintenance of cartilage; it
has two layers. The outer fibrous layer of the perichondrium
contains connective tissue fibers, fibroblasts, and blood vessels.
These perichondrial vessels represent an essential blood supply
for cartilage. Because cartilage itself is avascular, these vessels
are the route through which nutrients access the matrix by dif-
fusion. The inner cellular layer of the perichondrium consists of
chondrogenic cells, which are able to differentiate into chondro-
blasts (Fig. 5-2). The functions of cartilage include the support
of soft tissues, the facilitation of smooth movement of bones at
joints, and the mediation of growth of the length of bones dur-
ing bone development.

Cartilage Cells

The main types of cells in cartilage are chondrogenic cells, chon-
droblasts, and chondrocytes. (1) Chondrogenic cells are located
in the perichondrium and differentiate into chondroblasts to par-
ticipate in appositional growth of cartilage (Fig. 5-7). These cells
are difficult to identify under the light microscope with H&E
stain. (2) Chondroblasts are young chondrocytes, which derive
from chondrogenic cells, and are able to actively manufacture
the matrix of cartilage. The chondroblasts have ribosome-rich
basophilic cytoplasm. They synthesize and deposit cartilage
matrix around themselves. As the matrix accumulates and
separates the chondroblasts from one another, the cells become
entrapped in small individual compartments called lacunae and
are then referred to as “chondrocytes.” (3) Chondrocytes are

Endochondral Ossification, Finger

UNIT 2 ® Basic Tissues

Intramembranous Ossification, Fetal Head

A Representation of the Development of the Long Bone
Clinical Correlation: Osteosarcoma

Pathological and Clinical Terms for Cartilage and Bone

mature chondroblasts that are embedded in the lacunae of the
matrix. Chondrocytes retain the ability to divide and often pres-
ent as an isogenous group, two or more chondrocytes arranged
in a group that was derived from a single progenitor cell
(Fig. 5-2). The isogenous group represents the active division
of cells, which contribute to interstitial growth (see below,
Cartilage Growth). In most cartilage, chondrocytes are arranged
in an isogenous group. However, in some locations such as in
fibrocartilage, chondrocytes are more likely to be arranged in
groups of small columns or rows instead of isogenous groups.
This is also a sign of interstitial growth.

Cartilage Matrix

The matrix of cartilage is nonmineralized and consists of fibers
and ground substance. Collagen fibers are mainly type II in
the matrix, although some cartilage may also contain type I
or elastic fibers. The major components of ground substance
include glycosaminoglycans (GAGs), proteoglycans, and glyco-
proteins. The matrix of cartilage surrounding each chondrocyte,
or immediately adjacent to chondrocytes of isogenous groups, is
called territorial matrix. This newly produced matrix has abun-
dant proteoglycans and less collagen and stains more intensely
in routine H&E preparations. Another type of matrix, which
surrounds the regions of territorial matrix and fills the rest of the
space, is called interterritorial matrix. This type of matrix stains
more lightly than does the territorial matrix (Figs. 5-2 and 5-4).

Types of Cartilage

Cartilage can be classified into three types based on the charac-
teristics of the matrix. All three types of cartilage contain type II
collagen; in addition, some types contain type I collagen or elas-
tic fibers in the extracellular matrix. Types of cartilage include
hyaline cartilage, elastic cartilage, and fibrocartilage.

HYALINE CARTILAGE is characterized by the presence of a
glassy, homogeneous matrix that contains type II collagen, which
is evenly dispersed within the ground substance. Most hyaline
cartilage is covered by perichondrium, except at the articular
surfaces of joints. Hyaline cartilage is the most common type
of cartilage; is found in the articular ends of long bones, nose,
larynx, trachea, bronchi, and the distal ends of ribs; and is the
template for endochondral bone formation (Figs. 5-2 to 5-4 and
5-12). Hyaline cartilage covers the smooth surface of joints,
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providing for free movement, and is also involved in bone
formation and long bone growth (Figs. 5-3B and 5-12).

ELASTIC CARTILAGE is similar to hyaline cartilage except
for its rich network of elastic fibers, arranged in thick bundles
in the matrix. This type of cartilage has a perichondrium, as
does hyaline cartilage, and it also contains type II collagen
in the matrix. The chondrocytes of elastic cartilage are more
abundant and larger than those of hyaline cartilage. Elastic car-
tilage is located in areas where elasticity and firm support are
required, such as the epiglottis and larynx, auditory canal and
tube, and the pinna of the ear, which is able to recover its shape
after deformation (Fig. 5-5).

FIBROCARTILAGE does not have a perichondrium. It has
type II collagen, as do the other two types of cartilage. It is
characterized by thick, coarse bundles of type I collagen fibers
that alternate with parallel groups of columns (or rows) of
chondrocytes within the matrix. The chondrocytes of fibrocar-
tilage are smaller and much less numerous than in the other
two types of cartilage and are often arranged in columns or
rows. Because fibrocartilage has no perichondrium, its growth
depends on interstitial growth. Fibrocartilage is resistant to
tearing and compression, can accommodate great pressure,

and is often found at connections between bones that do not
have an articular surface. It is found in areas where support and
tensile strength are required, such as intervertebral disks, the
pubic symphysis, and the insertions of tendons and ligaments
(Fig. 5-6).

Cartilage Growth

Cartilage grows by either appositional or interstitial growth or
both. The growth process is prolonged and involves mitosis and
the deposition of additional matrix (Fig. 5-7). (1) Appositional
growth begins with the chondrogenic cells located in the per-
ichondrium. These chondrogenic cells differentiate into chon-
droblasts, also called young chondrocytes, and these cells start
to elaborate a new layer of matrix at the surface (periphery)
region of the cartilage near the perichondrium. Most carti-
lage growth in the body is appositional growth. (2) Interstitial
growth occurs during the early stages of cartilage formation
in most types of cartilage. It begins with the cell division of
preexisting chondrocytes (mature chondroblasts surrounded by
territorial matrix). Interstitial growth increases the tissue size
by expanding the cartilage matrix from within. Fibrocartilage
lacks a perichondrium, so it grows only by interstitial growth.
In the epiphyseal plates of long bones, interstitial growth serves
to lengthen the bone.
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Figure 5-1.

the characteristics of the matrix.

Overview of cartilage types. Cartilage can be classified into three types (hyaline, elastic, and fibrocartilage) based on

- artilage
Types of Characteristics of Chondrocyte Perichondrium  Main Locations Main Functions
Cartiloge the Extracellular Arrangement Coverage
Martrix
Hyaline Type II collagen Mostly in groups Yes, except Trachea, bronchi, Confers shape and
cartilage (isogenous groups)  articular ventral ends flexibility (respiratory
cartilage surface  of ribs, nose, tract); forms cartilage
articular ends and ~ model for bone growth in
epiphyseal plates the fetus; forms smooth
of long bones surface to provide free
movement in joints
Elastic Type II collagen Mostly in groups Yes Epiglottis, larynx,  Confers shape and
cartilage and elastic fibers (isogenous groups) pinna of the ear, elasticity
and auditory canal
and tube
Fibrocartilage | Type Il and typel =~ Most are smalland  No Articular disks, Provides resistance to
collagen sparsely arranged intervertebral disks, compression, cushioning,
in parallel columns pubic symphysis, and tensile strength

Oor rows

and the insertion of
tendons
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—t——— Territorial matrix
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Figure 5-2A. A representation of hyaline cartilage.

Hyaline cartilage is the most common of the three types of
cartilage (hyaline cartilage, elastic cartilage, and fibrocar-
tilage). It can be found in the trachea, bronchi, distal ends
of ribs, and articular ends and epiphyseal plates of long
bones. Most hyaline cartilage is covered by perichondrium,
a dense irregular connective tissue sheath. However, the
hyaline cartilage in the articular joint surfaces of long bones
is an exception (Fig. 5-3B). Hyaline cartilage is composed
of chondroblasts, chondrocytes, delicate collagen (type II
collagen), and a homogenous ground substance (matrix),
which makes it glassy in appearance. The matrices include
the territorial matrix and the interterritorial matrix.

©hondrocytes

Figure 5-2B. Hyaline cartilage, bronchus. H&E,
X139; inset X167

This is an example of hyaline cartilage in the bronchus.
Cartilage is an avascular tissue; nutrients are supplied
through matrix diffusion. The perichondrium, a dense
irregular connective tissue sheath surrounding the surface
of the hyaline cartilage, provides the nearest blood sup-
ply to the cartilage. The perichondrium consists of (1) an
outer fibrous layer, which is composed of type I collagen,
fibroblasts, and blood vessels and (2) an inner cellular
layer, which contains chondrogenic cells that give rise to
new chondroblasts. These cells are flattened cells, which
actively secrete matrix and often are located beneath the
perichondrium (Fig. 5-2A). Chondrogenic cells are dif-
ficult to identify under the light microscope with H&E
stain. The chondrocytes are often arranged in small clus-
ters called isogenous groups, which contribute to intersti-
tial growth (Figs. 5-2A and 5-3A).

A

Territorial

-

L Chondrocytes
" 4

Interterritorial
[matrixe

Figure 5-2C. Hyaline cartilage, bronchus. H&E, X136;
inset X251

The chondrocytes have small, round nuclei and shrunken,
pale-staining cytoplasm, which contains large Golgi appa-
ratuses and lipid droplets. The matrix that surrounds each
chondrocyte or isogenous group is called the territorial
matrix. The matrix that fills in the space between isoge-
nous groups and chondrocytes is called the interterritorial
matrix (Fig. 5-2A). In general, the territorial matrix stains
darker than the interterritorial matrix in H&E.
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Figure 5-3A. Hyaline cartilage, trachea. H&E, X68; inset X276

This is an example of hyaline cartilage in the trachea. The hyaline
cartilage forms a structural framework to support tissues such as
the larynx, trachea, and bronchi in the respiratory tract. The chon-
drocytes are mature chondroblasts that are embedded in the matrix.
Each chondrocyte is contained within a small cavity in the matrix
called a lacuna; sometimes, one lacuna may contain two cells (Fig.

5-4).

Figure 5-3B. Hyaline cartilage, finger bone. H&E, X68; inset
X189

This is an example of the hyaline cartilage in the articular ends of a
long bone (finger bone). The cartilage that covers the articular sur-
face of the bone is called articular cartilage. In this particular region,
the cartilage is exposed without perichondrium present. The surface
area of the articular cartilage is composed of small, dense, flattened
chondrocytes, which enable it to resist pressure and form a smooth
surface to provide free movement in the presence of a lubricating
fluid (synovial fluid).

TSTIGRERIORE Osteoarthritis. H&E, X29
Osteoarthritis is a chronic condition that is charac-

Fibrillation terized by a gradual loss of hyaline cartilage from the
of articular joints. It commonly affects the hand, knee, hip, spine,
il and other weight-supporting joints. Risk factors include
genetic factors, aging, obesity, female gender, injury,

and wear and tear of the joints. Symptoms and signs

b . include joint pain that is worsened by physical activ-

urnation . . . .

ity and relieved by rest, morning stiffness, and changes

in the shape of affected joints. There are two types of
osteoarthritides: idiopathic and secondary. Idiopathic

Subchondral has no obvious cause, whereas secondary has an identi-
bone fiable cause. Monocyte-derived peptides cause chondro-

cytes to proliferate. Increased numbers of chondrocytes
release degradative enzymes, which cause inadequate
repair responses and subsequent inflammation in car-
tilage, bone, and synovium. Cartilage fragments and
soluble proteoglycan and type II collagen can be found
in the synovial fluid. This illustration shows the rough
surface of the hyaline cartilage with fibrillations and
eburnation as a result of softening, thinning, and loss of
the articular cartilage and exposure of the subchondral
bone, which becomes worn and polished.
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_ Hyaline cartilage and chondrocytes. EM, X6,300

When chondroblasts of the perichondrium have surrounded themselves with matrix and become embedded in a hyaline cartilage,
they are called chondrocytes, the cells seen in this electron micrograph. These chondrocytes are still active in synthesizing matrix
proteins as indicated by their abundant rough endoplasmic reticulum (RER) and by the presence of nucleoli and euchromatin in
their nuclei. Evidence of recent cell divisions is seen in the form of isogenous groups, three of which are circumscribed by dotted
lines. The meshwork of filaments in the matrix is type II collagen, which does not aggregate to form fibers.
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Perichondrium

—— Chondroblast
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Elastic fiber

— Type Il collagen fiber

Isogenous group

Figure 5-5A. A representation of elastic cartilage.

Elastic cartilage has a rich network of elastic fibers, which
gives its matrix a rough appearance. It also contains deli-
cate collagen type II fibers and ground substance in the
matrix, as do other types of cartilage. In general, chondro-
cytes are more abundant in elastic cartilage than in hya-
line cartilage and fibrocartilage. Cartilage growth in elastic
cartilage includes appositional growth, which requires a
perichondrium, and interstitial growth, indicated by isog-
enous groups (see Fig. 5-7). Elastic cartilage provides flex-
ible support for tissue and is located in the areas where
flexible stretching is required, such as the epiglottis, larynx,
pinna of the ear, and the auditory canal and tube.

Figure 5-5B. Elastic cartilage, epiglottis. H&E, X68;
inset X218

An example of elastic cartilage in the epiglottis is shown.
Elastic cartilage has a perichondrium surrounding it as
does most hyaline cartilage. The perichondrium protects
and provides blood supply for the cartilage tissue. Chon-
drogenic cells and chondroblasts in the perichondrium
layer are responsible for appositional growth of the matrix.
There are abundant elastic fibers and type II collagen fibers
in the extracellular matrix. Isogenous groups are created
by the division of existing cells. The resulting daughter cells
that are derived from a single progenitor cell stay in the
same lacuna. Elastic cartilage has both interstitial growth,
which is indicated by the presence of isogenous groups,
and appositional growth, for which a perichondrium is
required (Fig. 5-7).

Figure 5-5C. FElastic cartilage, epiglottis. Elastic fiber
stain, X68; inset X208

An example of elastic cartilage in the epiglottis is shown.
Elastic cartilage is composed of thick, branching elastic
fibers with a slight network of collagen fibers and chon-
drocytes filling the interstitial space. Elastic cartilage can
be found in the epiglottis and pinna of the ear. Elastic fibers
presented here with a special stain are seen as thick, dark,
elongated profiles. Chondrocytes are arranged in individ-
ual and isogenous groups among the elastic fibers in the
matrix.
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Figure 5-6A. A representation of fibrocartilage.
—— Type Il collagen

Fibrocartilage lacks a perichondrium, so no appositional
growth takes place. Chondrocytes in lacunae are often arranged
— Type I collagen in small groups in parallel columns or rows, which correlate
with their method of interstitial growth. The chondrocytes are
smaller and fewer in number in fibrocartilage than in the other
two types of cartilage. Because type I collagen fibers are pres-
ent in its matrix, the matrix has a dense and coarse appear-
ance. Fibrocartilage is less flexible than the other two types
— Lacuna of cartilage; it provides firm support, cushioning, and tensile
strength.

— Territorial matrix

—— Chondrocytes

Figure 5-6B. Fibrocartilage, intervertebral disk. H&E,
X136; inset X292

Fibrocartilage in the intervertebral disk is shown. Fibrocarti-
lage contains type II and type I collagen fiber bundles in the
matrix, which makes the matrix look rough, like an oil paint-
ing. Chondrocytes are small and housed in lacunae, which are
widely scattered in the matrix. There is no perichondrium asso-
ciated with fibrocartilage; therefore, cartilage growth proceeds
by interstitial growth only. Fibrocartilage has a firm, dense
matrix, and it can be found in the pubic symphysis, interverte-
bral disks, and insertions of tendons and ligaments.

o G5 T REREAOR Disk Degeneration and Herniation.

Herniation of an intervertebral disk is a common cause

F;E@m:&-f of pain in the lower back and neck. It is most common

= in people in their 30s and 40s. Risk factors include age,

l'l occupation, lifestyle, and genetic propensity. Degenera-

Ty | tion of the intervertebral disk is because of a combination

of factors that may result in changes in hydration of the

EthlIJSion of nucleus pulposus (composed of mucous connective tissue)
L nucleus

and in the strength of collagen, leading to weakening of
the anulus fibrosus (fibrocartilage). The degenerated disk
—Anulus fibrosus ~ nucleus pulposus loses its cushioning ability and exerts
(fibrocartilage) uneven pressure on the surrounding anulus; extrusion of the
nucleus pulposus through the weakened annulus is called
herniation. It happens most often at the L4-L5 (lumbar)
e \ and L5-S1 (sacral) vertebral levels, causing back pain and
other neurologic symptoms because of compression of the
nerve roots. Magnetic resonance imaging is widely used to
visualize the herniated disk. Treatment includes bed rest,
the McKenzie exercise, steroid injections, open discectomy,
and minimally invasive endoscopic discectomy.

pulposus

Vertebra
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Figure 5-7. A representation of cartilage growth.

Cartilage grows by either appositional or interstitial growth or by both. The growth process is continuous and involves mitosis and the
deposition of additional matrix. Appositional growth begins with the chondrogenic cells in the perichondrium. These chondrogenic cells
differentiate into chondroblasts, which are also called young chondrocytes. Chondroblasts start to elaborate a new layer of matrix at the
surface (periphery) region of the cartilage near the perichondrium. Cartilage grows mostly by appositional growth. Interstitial growth
occurs during the early stages of cartilage formation. The growth begins with the cell division of preexisting chondrocytes (mature chon-
droblasts which are surrounded by territorial matrix). Interstitial growth increases the tissue size by expanding the cartilage matrix from
within the cartilage mass. This type of growth is indicated by the presence of isogenous groups in most cartilage, though sometimes the
chondrocytes are arranged in small groups in parallel columns and rows. Articular cartilage lacks a perichondrium, so it enlarges only by
interstitial growth. Interstitial growth serves to lengthen the bone such as in the epiphyseal plates of long bones (see Fig. 5-12B).

SYNOPSIS 5-1 Functions of Cartilage

Hyaline cartilage

B Serves as the cartilage model for the formation of bones during bone development.

B Participates in bone-lengthening growth by increasing chondrocyte size and numbers during bone development
(endochondral ossification).

B Enables free movement by forming smooth surfaces that work with lubricating fluid (synovial fluid) in articular cartilage
of the joints.

B Provides support and framework for airways in the respiratory tract.

Elastic cartilage

B Provides elastic but stiff framework for pinna and allows it to return to its former shape after stretching.
B Provides elastic support for auditory canals and tube; helps to maintain structural shape.
B Provides a firm and elastic support for the epiglottis and larynx; helps to maintain rigid structure and flexibility.

Fibrocartilage

B Provides tensile strength for connections between the bones such as the pubic symphysis.
B Provides cushioning and resistance between vertebrae, enabling the spinal column to endure great pressure.

SYNOPSIS 5-2 Special Features of Cartilage

B The function is to provide firm support with variable flexibility depending on its location.

B The extracellular matrix is nonmineralized and consists of fibrillar proteins (collagen) and ground substance (GAGs,
proteoglycans, and glycoproteins).

The extracellular matrix is produced by chondroblasts and chondrocytes.

Cartilage grows by both interstitial and appositional mechanisms.

It is an avascular tissue; the nutrients are supplied through matrix diffusion.

The perichondrium provides the nearest blood supply to the cartilage.

Vitamins A, D, and C are necessary for cartilage growth and matrix formation.
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Bone

Introduction and Key
Concepts for Bone

Bone is a special type of supporting connective tissue, which
has a hard, mineralized, extracellular matrix containing osteo-
cytes embedded in the matrix. It is different from cartilage in
that bone is calcified and, hence, is harder and stronger than
cartilage. In addition, it has many blood vessels penetrating the
tissue. Bone protects internal organs, provides support for soft
tissues, serves as a calcium reserve for the body, provides an
environment for blood cell production, detoxifies certain chem-
icals in the body, and aids in the movement of the body. In gen-
eral, the external surface of the bone is covered by periosteum,
a layer of connective tissue containing small blood vessels,
osteogenic cells, and nerve fibers conveying pain information.
The inner surface of the bone is covered by endosteum, a thin
connective tissue layer composed of a single layer of osteo-
progenitor cells and osteoblasts that lines all internal cavities
within bone; this lining represents the boundary between the
bone matrix and the marrow cavities. Bone cells include osteo-
genic cells, osteoblasts, osteocytes, and osteoclasts. These cells
contribute to bone growth, remodeling, and repair.

Bone Matrix

Bone is primarily characterized by a hard matrix, which contains
calcium, phosphate, other organic and inorganic materials, and
type I collagen fibers. Compared to cartilage, bone contains
only about 25% water in the matrix, whereas cartilage matrix
contains about 75% water. This combination makes bone
hard, firm, and very strong. Bone matrix has organic and inor-
ganic components. (1) Organic (noncalcified) matrix is mainly
type I collagen with nonmineralized ground substance (chon-
droitin sulfate and keratin sulfate). It is found in the freshly
produced bone matrix, osteoid (also called prebone), which is
produced by osteoblasts. This matrix stains light pink in H&E
preparations (Fig. 5-11A). (2) Inorganic (calcified) matrix,
mainly in the form of hydroxyapatite, contains crystalline min-
eral salts, mostly of calcium and phosphorus. After osteoid is
produced, this fresh matrix undergoes a mineralization process
to become the calcified matrix (Fig. 5-11B).

Bone Cells

The main types of cells in bone are osteoprogenitor cells, osteo-
blasts, osteocytes, and osteoclasts: (1) Osteoprogenitor cells
are located in the periosteum on the surface of the growing
bone and can differentiate into osteoblasts. (2) Osteoblasts
produce the bone matrix. They are cuboidal or low columnar
in shape and have a well-developed Golgi complex and RER,
which correlates with their protein-secreting function (Fig.
5-11). The overall process of mineralization relies on the eleva-
tion of calcium and phosphate within the matrix and the func-
tion of hydroxyapatite crystals. This is brought about by com-
plex functions of the osteoblast. (3) Osteocytes are small, have

cytoplasmic processes, and are unable to divide. These cells
originate from osteoblasts and are embedded in the bone
matrix. Osteoblasts deposit the matrix around themselves and
end up inside the matrix, where they are called “osteocytes.”
Each osteocyte has many long, thin processes that extend into
small narrow spaces called canaliculi. The nucleus and sur-
rounding cytoplasm of each osteocyte occupy a space in the
bone matrix called a lacuna. Thin processes of the osteocyte
course through thin channels (canaliculi) that radiate from
each lacuna and connect neighboring lacunae (Fig. 5-9B,C).
(4) Osteoclasts are large, multinucleated cells, which derive
from monocytes, absorb the bone matrix, and play an essential
role in bone remodeling (Fig. 5-14A,B).

Types of Bone

There are several ways to classify bone tissues. Microscopically,
bone can be classified as primary bone (immature, or “woven”
bone) and secondary bone (mature, or lamellar bone). Bones
can also be classified by their shapes as follows: long bones,
short bones, flat bones, and irregular bones (Table 5-2). Mature
bone can be classified as compact bone and cancellous bone
based on gross appearance and density of the bone. Compact
bone, also called cortical bone, has a much higher density and
a well-organized osteon system. It does not have trabeculae
and usually forms the external aspect (outside portion) of the
bone (Figs. 5-8 to 5-10B). Cancellous bone, also called spongy
bone, has a much lower density and contains bony trabecu-
lae or spicules with intervening bone marrow (Fig. 5-8A,C). It
can be found between the inner and the outer tables of the
skull, at the ends of long bones, and in the inner core of other
bones.

Bone Development

Bone development can be classified as intramembranous ossifi-
cation and endochondral ossification, according to the mecha-
nism of its initial formation. (1) Intramembranous ossification
is the process by which a condensed mesenchyme tissue is
transformed into bone. A cartilage precursor is not involved;
instead, mesenchymal cells serve as osteoprogenitor cells, which
then differentiate into osteoblasts. Osteoblasts begin to deposit
the bone matrix (Fig. 5-11A,B). (2) Endochondral ossification
is the process by which hyaline cartilage serves as a cartilage
model precursor. This hyaline cartilage proliferates, calci-
fies, and is gradually replaced by bone. Osteoprogenitor cells
migrate along with blood vessels into the region of the calcified
cartilage. These cells become osteoblasts, which then begin to
deposit the bone matrix on the surface of the calcified cartilage
matrix plate. Endochondral ossification involves several events
(see Figs. 5-12 and 5-13A for a summary of these processes). The
development of long bone is a good example of endochondral
formation. In this particular case, the hyaline cartilage under-
goes proliferation and calcification in the epiphyseal plates. This
epiphyseal cartilage can be divided into five recognizable zones:
reserve zone, proliferation zone, hypertrophy zone, calcification
zone, and ossification zone (see Fig. 5-12B).

89
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Figure 5-8. Overview of bone structure, long bone.

Bones can be classified as long bones, short bones, flat bones, and irregular bones according to their shape. Long bones are longer
than they are wide and consist of a long shaft (diaphysis) and two ends (epiphyses). Short bones are roughly cube shaped, such
as wrist and ankle bones. Bone also can be classified as compact bone and cancellous bone based on gross appearance and bone
density. The diaphysis of a long bone is composed primarily of compact bone and an inner medullary cavity, which is filled with
bone marrow. The epiphyses of long bones are composed mainly of cancellous (spongy) bone, and the articular surfaces are cov-
ered by articular cartilage, providing a smooth joint surface for articulation with the next bone. The metaphysis is a transitional
zone between the diaphysis and epiphysis; it represents the level that cancellous bone ends and the bone marrow cavity begins.
The external surfaces of compact bone are covered by periosteum, a thick layer of dense connective tissue, which contains blood
vessels. Endosteum, a thin layer of connective tissue with a single layer of osteoprogenitor cells and osteoblasts, forms a boundary
between the bone and the medullary cavity (this layer may be continuous with the trabeculae of the cancellous bone). The general
structure of compact bone includes (1) the osteon, a canal surrounded by layers of concentric lamellae; (2) interstitial lamellae,
lamellae layers in between the osteons; (3) outer circumferential lamellae, outer layers of lamellae located beneath the periosteum
and surrounding the outside of the entire compact bone; and (4) inner circumferential lamellae, layers of lamellae located beneath
the endosteum and forming the innermost layer of compact bone. The Haversian canal is a central space through which blood
vessels pass; the Volkmann canal is the space that sits perpendicularly to the Haversian canals and forms the connection between
two Haversian canals.

SYNOPSIS 5-3 Functions of Bone

B Provides protection for internal organs, such as the brain, heart, lung, bladder, and reproductive organs.

B Provides supporting framework for the body (e.g., long bones for limbs and skull for the support of brain and framework
for facial features).

Enables body movements in conjunction with the muscles and nervous system.

Produces blood cells (hematopoiesis) within the medullary cavity of long bones and cancellous bone.

Provides a calcium and phosphorus reserve for the body.

Provides detoxification for stored heavy metals in the bone tissues. Removes these toxic materials from blood, thereby
reducing damage to other organs and tissues.

B Provides sound transduction in the middle ear (auditory ossicles: malleus, incus, and stapes).
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Figure 5-9A. Compact bone. Ground specimen (un-
stained), X68; inset X212

A cross section of compact bone in a ground specimen (with-
out decalcification of tissue) is shown. Haversian canals are
round central spaces in the cross-sectional view; a Volk-
mann canal is shown in the longitudinal view. Volkmann
canals run perpendicularly to and connect Haversian canals
with each other (Fig. 5-8). The inset photomicrograph
shows an osteon (Haversian system), the basic structural
unit of compact bone, which includes a Haversian canal,
lacunae with housed osteocytes, and concentric lamellae
(Fig. 5-9C). Bone matrices located between the osteons are
called interstitial lamellae.

Hver§ian
“/canal

o

Figure 5-9B. Compact bone. Ground specimen (un-
stained), X136; inset X388

A higher power view of compact bone in ground specimen
is shown. Concentric lamellae and lacunae are arranged in
rings, which surround the Haversian canal. Each lacuna has
an osteocyte in it. Tiny canals called canaliculi contain pro-
cesses of osteocytes and link the lacunae with each other.
The canaliculi permit the osteocytes to communicate via
gap junctions where the processes of adjacent osteocytes
touch each other inside the canaliculi. A cement line forms
a boundary between adjacent osteons. Compact bone forms
the hard external portion of bone and provides strong sup-
port and protection.

An osteocyte
within a lacuna
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Concentric
lamella

Cement line

Figure 5-9C. A representation of an osteon of the com-
pact bone.

The osteon, also called a Haversian system, is the basic unit
of the compact bone structure. It has concentrically arranged
laminae (concentric lamellae) surrounding a centrally
located Haversian canal. The Haversian system consists of
(1) a Haversian canal through which blood vessels pass, (2)
concentric lamellae, (3) lacunae, each one of which contains
an osteocyte, (4) canaliculi, which are small narrow spaces
containing osteocyte processes, and (5) a cement line, the
thin dense, external bony layer that surrounds each osteon.

A schematic drawing illustrates an osteocyte occupy-
ing a lacuna (a space in the bone matrix that houses an
osteocyte) and its thin processes within the canaliculi. The
hairlike processes of the osteocyte are in contact with the
processes of adjacent osteocytes and provide a means of
communication between osteocytes.
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Figure 5-10A. Compact bone and cancellous bone,
finger. Decalcified bone, H&E, X 11

Bone has a calcified extracellular matrix that is very diffi-
cult to cut into thin sections. In order to have thin sections
with H&E stain, these bone specimens have to go through
a decalcification process that removes calcium compounds
from the specimen. Bone can be classified as compact
bone (cortical bone) and cancellous bone (spongy bone),
based on its gross appearance. Compact bone has a very
high density and a well-organized osteon system (Figs. 5-8
and 5-9A-C). It has no trabeculae and usually forms the
external aspect of a bone. Cancellous bone (spongy bone)
has a much lower density and contains bony trabeculae or
spicules with intervening bone marrow. It usually forms
the inner part of a bone, also called medullary bone, and is
commonly found between the inner and the outer tables of
the skull, at the ends of long bones (limbs and fingers), and
in the cores of other bones.

Figure 5-10B. Compact bone, finger. Decalcified bone,
H&E, X1085; inset (left) X154; inset (right) X127

An example of compact bone from the diaphysis of the long
bone (finger) is shown. The internal surface is covered by
a single layer of connective tissue cells forming the endos-
teum. It contains osteoprogenitor cells, which are capable
of differentiating into osteoblasts. The external surface is
covered by a thicker layer, the periosteum, which contains
blood vessels, nerves, and osteoprogenitor cells. Osteopro-
genitor cells can differentiate into osteoblasts, which have
the ability to produce bone matrix, osteoid (prebone) (Fig.
5-11A). Blood vessels branch to supply bone through a
system of interconnected Volkmann canals and Haversian
canals (Fig. 5-8). Osteocytes are arranged uniformly in
compact bone. Each osteocyte occupies one lacuna, which
has no isogenous group as it does in cartilage (Fig. 5-9C).

Bone
marrow space

Figure 5-10C. Cancellous bone (spongy bone), nasal.
Decalcified bone, H&E, X34; inset X128

Cancellous bone is also called spongy bone. It has a lower
density than compact bone and consists of bony trabecu-
lae, or spicules, within a marrow-filled cavity. Osteoblasts
line the surface of the bony trabeculae. Cancellous bone
displays irregular shapes in the trabecular network. Bone
marrow fills the space between the bony trabeculae (Fig.
5-11A). Most osteocytes in the matrix are arranged in an
irregular pattern rather than in circular rings (Fig. 5-8).
Cancellous bone mainly forms the inner core of bone and
provides (1) a meshwork frame that supports and reduces
the overall weight of bone and (2) room for blood vessels
to pass through and a place for marrow to function as a
hemopoietic compartment, housing and producing blood
cells (Fig. 5-11A).
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Bone Development and Growth

Figure 5-11A. Intramembranous ossification, fetal
head. H&E, X84; inset X210

Intramembranous ossification is a process of bone
formation involving the transformation of condensed
mesenchymal tissue into bone tissue by differentiation
of mesenchymal cells into osteoblasts and deposition of
osteoid (prebone). Osteoid is unmineralized new bone,
which contains organic components. Soon after the new
bone is deposited, it becomes calcified bone, which is
largely composed of calcium and phosphate. Osteoblasts
often line up on the surface of the bone matrix. They are
cuboidal and low columnar in shape, and each osteoblast
contains a large round nucleus and basophilic cytoplasm
containing rich RER and Golgi complexes, indicating
their activity in producing protein and organic compo-
nents (Fig. 5-11B). Mature osteoblasts are trapped inside
the bone matrix to become osteocytes. Osteoid appears
pink in H&E stain, in contrast to mineralized bone
matrix that appears dark red-purple in H&E stain.

Euchromatin

Rough
endoplasmic
reticulum (RER)

Type |
collagen
fibrils

Figure 5-11B. Osteoblasts. EM, X19,600

The three osteoblasts in this electron micrograph are clearly active in the synthesis and secretion of type I collagen and other proteins
of bone matrix. Note the high content of euchromatin in the nuclei and the predominance of RER in the cytoplasm. Minute collagen
fibrils (type I collagen) are just discernible in the layer of matrix adjacent to the cells (prebone or osteoid). The deeper, mineralized
bone matrix has a homogeneous appearance that masks the presence of the collagen fibrils. The dotted white line indicates the inter-
face between the osteoid above and the mineralized bone matrix below.




UNIT 2 ® Basic Tissues

Figure 5-12A. Endochondral ossification, finger. H&KE,
X20; inset X68

Endochondral ossification is a process of bone formation
in which hyaline cartilage serves as a cartilage model (pre-
cursor). Cartilage proliferation occurs, then calcification,
and gradually the cartilage is replaced by bone (see Figs.
5-12B and 5-13A). This is an example of a long bone (fin-
ger), showing the epiphyseal plate (cartilage plate) with
the primary ossification center (primary marrow cavity).
There is a thick layer of dense connective tissue covering
the peripheral region of the cartilage, called the perichon-
drium. The connective tissue layer that covers the outer
surface of the bone is called periosteum. The primary ossi-
fication center contains blood vessels, newly formed bone
tissue, osteoblasts, osteoclasts, calcified cartilage matrix,
and dead chondrocytes. (PC, primary ossification center.)

Figure 5-12B. Epiphyseal plate, finger. H&E,
X71; small images X 96

The epiphyseal plate is a region of hyaline
cartilage at the ends (epiphyses) of the shafts of
long bones. Its chondrocytes are undergoing the
process of proliferation, hypertrophy, and cal-
cification, during the process of endochondral
ossification. The epiphyseal plate can be divided
into five functionally distinct zones beginning
at the epiphyseal end: (1) In the reserve zone,
cartilage chondrocytes are inactive and individ-
ual cells are not arranged in isogenous groups.
These cells are small and randomly scattered
in the matrix. (2) In the proliferation zone,
chondrocytes undergo frequent mitosis and are
arranged in groups of columns (indicative of
interstitial growth of cartilage) in this region.
Chondrocytes are flat, and their size is increased
leading to increased length of the cartilage. (3)
In the hypertrophy zone, chondrocytes become
mature, and their size increases markedly (big
and fat cells). Isogenous groups are clearly evi-
denced and cells actively deposit matrix (type
X and XI collagen). (4) In the calcification
zone, cartilage matrix becomes calcified, and
chondrocytes die because nutrients and oxygen
cannot diffuse through the calcified cartilage
matrix. The matrix in this region is filled with
hydroxyapatite (a complex phosphate of cal-
cium). (5) In the ossification zone, blood vessels
invade and create primary marrow; osteopro-
genitor cells arrive in this region and differen-
tiate into osteoblasts to start depositing bone
matrix (osteoid or new bone) on the surface
of the calcified cartilage. Osteoclasts are also
present and function as phagocytes to remove
unwanted calcified cartilage matrix and dead
chondrocytes.
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Figure 5-13A. A representation of the development of a long bone.

Most long bones are formed by endochondral ossification, a process of bone formation involving hyaline cartilage serving as a cartilage
model, cartilage proliferation and calcification, and gradual replacement by bone. Long bone formation includes the following steps: (1)
Cartilage model: A small piece of hyaline cartilage is formed by mesenchymal tissue, and the outer part of this tissue condenses to form
a perichondrium. (2) Developing cartilage model: Cartilage assumes the shape for the future bone. (3) Formation of bone collar: As the
cartilage proliferates, the perichondrium in the middle shaft region transforms into periosteum. Osteoprogenitor cells in the periosteum
differentiate into osteoblasts, which start to form the bone collar (periosteal bone) by intramembranous ossification. (4) Formation of
primary ossification centers: The cartilage plate (epiphyseal plate) continues to proliferate and then calcify (see Fig. 5-12A,B). The bone
collar (contains bone matrix, osteoblasts, and osteoclasts) triggers blood vessels to invade and create a primary marrow cavity. (5) For-
mation of bony trabeculae: Osteoprogenitor cells in the periosteumn migrate with blood vessels into the region of the calcified cartilage.
These cells become osteoblasts and begin to deposit osteoid (prebone) on the surface of the calcified cartilage matrix. At the same time,
osteoclasts remove dead chondrocytes and extra calcified cartilage matrix, thereby producing bony trabeculae. (6) Formation of second-
ary ossification centers: A similar bone ossification takes place at the distal ends of long bones (epiphyses) called secondary ossification
centers. (7) Continuation of primary and secondary ossification: Repetition of the endochondral ossification process results in more
bone being produced and more cartilage being absorbed in both primary and secondary ossification centers. Finally, the cartilage in the
epiphyseal plates disappears, and the primary ossification center meets the secondary ossification center at about age 20 in humans.

LR ET I Osteosarcoma.

Osteosarcoma, also known as osteogenic sarcoma, is the most
common primary malignant neoplasm of bone and occurs most
commonly in the second decade of life. Conventional osteosarcoma
tends to affect the long bones, including the distal femur, proxi-
mal tibia, and proximal humerus, and is most often a disease of
the metaphysis (Fig. 5-8). Clinically, patients may experience pain,
decreased range of motion, edema, and localized warmth. Histolog-
ically, the tumor cells tend to be pleomorphic with a variety of sizes
Oxitels and shapes. Central to the diagnosis of osteosarcoma is the presence
of osteoid (prebone) produced by the malignant cells (tumor cells).
Osteoid is a dense, pink, amorphous material. Conventional osteo-
sarcoma is an aggressive tumor and preferentially metastasizes to
the lungs. Treatment involves surgery and chemotherapy.

Tumor cells
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_ Bone remodeling, nasal. H&E, X136;

inset X363

Bone remodeling is necessary during bone formation in
order to mold the bone into a proper shape to carry out its
function. Remodeling usually occurs on the surface of the
bone where osteoblasts and osteoclasts play different roles.
In order to achieve a certain shape, bone matrix is continu-
ally being deposited by osteoblasts in one region, and, at
the same time, bone matrix is being absorbed by osteoclasts
in another area. Osteoclasts are large, multinucleated cells,
which originate from monocytes and act as phagocytes. They
often sit in the Howship lacunae (eroded grooves produced
by ongoing reabsorption) on the bone surface. Osteoclasts
are under the influence of the hormone calcitonin, which is
synthesized by the thyroid gland, and parathyroid hormone
produced by the parathyroid gland. Calcitonin directly
inhibits osteoclast activity and reduces bone reabsorption.
Parathyroid hormone indirectly increases osteoclast activity
and increases bone reabsorption.

Lumen of venule

Endothelial cell

Euchromatin

Lysosomes

Vacuoles

Howship lacuna

" Figure 5-14B.  Osteoclast. EM, X 14,000

Osteoclasts are large, multinucleated cells derived from cells seen in circulating blood as monocytes, which are derived, in turn, from
progenitor cells in the bone marrow. Key features in identifying an osteoclast are multiple nuclei, abundance of mitochondria in the
cytoplasm, and intimate attachment to the surface of bone matrix. The mitochondria provide the energy for pumping protons into
the space adjacent to the bone matrix. The cytoplasm near the matrix contains lysosomes, the acid hydrolases of which are secreted
into the space adjacent to the bone matrix. This area of the cytoplasm also contains numerous electron lucent vacuoles that prob-
ably reflect endocytosis of degraded matrix components. In an active osteoclast, the plasmalemma in the central part of the interface
between the cell and the matrix is highly folded into a ruffled border, a structure that is not discernible in this electron micrograph.




CHAPTER 5 m Cartilage and Bone

Types of Bone

one

Gross Appearance
(Shape)

Characteristics

Main Locations

Main Functions

Classification Bas

ed on Gross Appearance

Compact bone

Uniform; no trabeculae and
spicules

Higher density; lamellae
arranged in circular pattern

Outer portion of
the bone (cortical
bone)

Protection and support

Cancellous
(spongy) bone

Irregular shape; trabeculae
and spicules present;
surrounded by the bone
marrow cavities

Lower density; lamellae
arranged in parallel pattern

Inner core of the
bone (medullary
bone)

Support; blood cell
production

Classification Based on Shape
Long bone Longer than it is wide Consists of diaphysis (long Limbs and fingers Support and movement
shaft) and two epiphyses at
the ends
Short bone Short, cube shaped A thin layer of compact Wrist and ankle Movement
bone outside and thick bones
cancellous bone inside
Flat bone Flat, thin Two parallel layers of Many bones of the  Support; protection

compact bone separated by
a layer of cancellous bone

skull, ribs, scapulae

of brain and other
soft tissues; blood cell
production

Irregular bone

Irregular shape

Consists of thin layer of
compact bone outside and
cancellous bone inside

Vertebrae and
bones of the pelvis

Support; protection
of the spinal cord and
pelvic viscera; blood
cell production

Classification Bas

ed on Microscopic Observation

Primary bone
(immature
bone)

Irregular arrangement

Lamellae without organized
pattern; not heavily
mineralized

Developing fetus

Bone development

Secondary bone
(mature bone)

Regular arrangement

Well-organized lamellar
pattern; heavily mineralized

Adults

Protection and support

(Fig. 5-8).

SYNOPSIS 5-4 Pathological and Clinical Terms for Cartilage and Bone

B Eburnation: In osteoarthritis, the loss of the articular cartilage results in the exposure of the subchondral bone, which
becomes worn and polished (Fig. 5-4B).

B Fibrillation: Early degenerative change in the process of osteoarthritis by which the articular cartilage becomes worn and
produces a papillary appearance; fragments of degenerated cartilage may be released into the joint space (Fig. 5-4B).

B Neoplasm: Abnormal tissue arising from a single aberrant cell; neoplasms may be benign or malignant. Malignant
neoplasms are capable of destructive growth and metastasis (Fig. 5-13B).

B Achondroplasia: An autosomal-dominant genetic disorder that causes dwarfism. The fibroblast growth factor receptor
gene 3 (FGFR3) is affected, resulting in abnormal cartilage formation and short stature.

B Osteoporosis: A bone disease characterized by reduced bone mineral density, thinned bone cortex, and trabeculae. It causes
an increased risk of fracture, especially in postmenopausal women.

B Osteomalacia: A bone condition caused by impaired mineralization. It causes rickets in children and bone softening in
adults. Vitamin D deficiency and insufficient Ca** ions are the most common causes of the condition.

B Paget disease: A chronic disorder characterized by excessive breakdown and formation of bone tissue that typically results
in enlarged and deformed bones. The blood alkaline phosphatase level in patients is usually above normal.

B Parosteal osteosarcoma: A malignant bone tumor, usually occurring on the surface of the metaphysis of a long bone
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Introduction and Key
Concepts for Muscle

The contraction of muscle tissue is the only way in which we
can interact with our surroundings and is essential to maintain-
ing life itself. There are three general types of muscles: skel-
etal, cardiac, and smooth. The voluntary contraction of skeletal
muscle allows us to move our limbs, fingers, and toes; to turn
our head and move our eyes; and to talk. Its name comes from
the fact that most skeletal muscle attaches to bones of the skel-
eton and functions to move the skeleton. However, exceptions
include the extraocular muscles, the tongue, and a few others.
The continuous, rhythmic contraction of cardiac muscle pumps
blood through our bodies, without ceasing, for our whole life-
time. Cardiac muscle contraction is involuntary, in contrast to
that of skeletal muscle, although its frequency of contraction is
modulated by the autonomic nervous system and by hormones
and neurotransmitters in the blood. Smooth muscle is the most
diverse type of muscle. It occurs in different subtypes in differ-
ent organs and is essential for many involuntary physiological
functions, which include regulating blood flow and blood pres-
sure, aiding in the digestion of food, moving food through the
digestive system, regulating air flow during respiration, control-
ling the diameter of the pupil in the eye, expelling the baby
during childbirth, and others.

Skeletal Muscle

A single skeletal muscle, such as the biceps, is composed of numer-
ous bundles of muscle fibers called fascicles. The muscle as a
whole is surrounded by a sheet of dense connective tissues, called
the epimysium. Each fascicle is surrounded by a sheet of moder-
ately dense connective tissues, called the perimysium, and each
individual muscle fiber (muscle cell) in a fascicle is surrounded by
a delicate collagen network, called the endomysium (Fig. 6-2). A
skeletal muscle fiber is a long (as long as 10 cm in some muscles),
thin (10-100 um), tubular structure that contains many nuclei
arranged in the cytoplasm (called sarcoplasm) just under the cell
membrane (called sarcolemma). (Many words relating to muscle
are derived from the Greek word sarx, meaning, “flesh.”) A single
muscle fiber contains many individual myofibrils, tiny bundles of
contractile proteins (Fig. 6-2).

CONTRACTION of skeletal muscle is voluntary. Skeletal
muscle is characterized by a striped appearance when viewed
at higher powers in light microscopy. This pattern of stripes
(called striations), at right angles to the long axis of the muscle,

A Representation of the Organization and Characteristics of Smooth Muscle

Smooth Muscle—Uterus and Bronchiole

Clinical Correlation: Chronic Asthma

Transverse Section of the Smooth Muscle of the Trachea

Smooth Muscle of a Medium Artery

Schematic Diagram of the Contractile Mechanism of Smooth Muscle

Pathological and Histological Terms for Muscle

is more obvious when viewed using polarized light and is strik-
ing in electron micrographs (Fig. 6-4A,B). The striations reflect
a repeating pattern of contractile elements called sarcomeres.
Each sarcomere is made up of an orderly array of actin and
myosin myofilaments (Fig. 6-4B). Each myofilament consists
of a bundle of actin or myosin molecules together with some
additional accessory molecules. Sudden, all-or-none contraction
occurs in a skeletal muscle fiber when a motor neuron action
potential (see Chapter 7, “Nervous Tissue”) releases acetylcho-
line at the neuromuscular junction (Fig. 6-6A,B). This causes
a similar action potential to travel along the sarcolemma, trig-
gering the release of calcium ions (Ca**) into the intracellular
space and initiating a complex interaction between the actin and
the myosin myofilaments (Fig. 6-4C) to produce shortening of
the fiber. The necessary Ca** is stored within the muscle fiber
in a modified endoplasmic reticulum called the sarcoplasmic
reticulum (Fig. 6-5). Calcium channels in the terminal cisterns
of the sarcoplasmic reticulum open when the electrical action
potential that is carried along the sarcolemma travels into the
interior of the cell via the transverse tubule system. This system
consists of many tubular invaginations of the sarcolemma that
lie between pairs of terminal cisterns and encircle each myofi-
bril, forming triads. In general, skeletal muscle is specialized for
rapid contraction under neural control. Although each skeletal
muscle fiber contracts at its maximum whenever it contracts,
variations of overall force of muscle contraction are achieved
by recruiting a greater or lesser number of muscle fibers at any
given moment.

Cardiac Muscle

The muscle of the heart is similar to skeletal muscle in that
it is striated and the fibers contain sarcomeres made up of
arrays of actin and myosin filaments. However, cardiac muscle
cells are much shorter than those of skeletal muscle and typi-
cally split into two or more branches, which join end to end
(or, anastomose) with other cells at intercalated disks (Fig. 6-8B).
A transverse tubule system is present in cardiac muscle, but the
sarcoplasmic reticulum is not as highly developed as in skeletal
muscle. Each cardiac muscle fiber does not receive direct inner-
vation as skeletal muscle fibers do. Excitation spreads from
fiber to fiber via gap junctions. Contraction is also controlled
by a system of pacemaker nodes and Purkinje cells.

Smooth Muscle

Muscle fibers that do not display striations are termed smooth
muscle. This type of muscle also contracts by means of a



Ca**-mediated interaction between actin and myosin filaments,
but in contrast to skeletal and cardiac muscles, the filaments
are not organized into sarcomeres (Fig. 6-13B). Furthermore,
the Ca** enters the cell from the extracellular space rather than
the sarcoplasmic reticulum (which is poorly developed in
smooth muscle). There are small, cup-shaped indentations in
the sarcolemma called caveolae that may play a role in seques-
tering calcium (Fig. 6-12). Smooth muscle is diverse in its char-
acteristics and is found in many different places in the body,
including the gastrointestinal system, the vascular system, the
respiratory system, the reproductive system, the urinary system,
and the ciliary muscle of the eye. For a given volume of muscle
tissue, some types of smooth muscles are capable of generating
more force and maintaining that force for a longer time than
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skeletal muscle. In some locations, including the ciliary muscle
of the eye, some arteries, and the vas deferens, synapses occur
directly between autonomic nerve fibers and individual mus-
cle fibers and contraction is under direct neural control. This
type of muscle is termed multiunit muscle. In contrast, unitary
(or visceral) smooth muscle has fewer motor nerve endings,
the transmitter is released into the intercellular space at mul-
tiple varicosities along the terminal portion of the axon, and the
muscle fibers tend to have spontaneous, rhythmic contractions,
modulated but not directed by the autonomic nervous system.
Hormones in the bloodstream and stretch of the muscle itself
can also influence muscle contractions, and excitation of the
muscle fibers can move directly from fiber to fiber via gap junc-
tions that link the membranes of adjacent muscle fibers.
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Skeletal muscle Cardiac muscle Smooth muscle

NG o

Figure 6-1. Overview of muscle types.

The three major types of contractile tissues in the body, skeletal muscle, cardiac muscle, and smooth muscle, have many properties
in common, but differ in many other ways. Skeletal muscle is usually, but not always, attached to the bones of the skeleton and
is specialized to execute rapid voluntary movements of the limbs, digits, head, etc., in response to signals from the central nervous sys-
tem (CNS). Skeletal muscle cells are long, thin, tubular structures with multiple nuclei clustered just under the cell membrane. Motor
neuron axons form synapses (motor endplates) on each skeletal muscle fiber. Contraction in skeletal muscle is produced by a calcium-
mediated interaction between myofilaments that are composed primarily of the proteins actin and myosin. The actin and myosin
filaments are arranged into highly organized, repeating units called sarcomeres, which give skeletal muscle a striped (“striated”)
appearance when viewed at higher magnifications in light microscopy. The calcium necessary to initiate the actin-myosin reaction
is stored in modified endoplasmic reticulum structures called the sarcoplasmic reticulum. Calcium is released when electrical charges
flow down the transverse tubule system, which is formed by invaginations of the cell membrane, and is located adjacent to parts
of the sarcoplasmic reticulum within the muscle cells. Cardiac muscle, in contrast, is specialized for repeated, rhythmic, automatic
contractions over many years without ceasing. The contractile mechanism is similar to that of skeletal muscle: actin and myosin
myofilaments are arranged in sarcomeres and their interaction is mediated by calcium release. However, cardiac muscle cells are
short and split into two or three branches; these branching cells are joined end to end by intercalated disks. The overall structure of
cardiac muscle is, therefore, one of a meshwork of contractile tissues, instead of being a collection of independent, parallel units such
as is found in skeletal muscle. The autonomic axons that innervate cardiac muscle release their neurotransmitters into the intracel-
lular space rather than onto individual cells at motor endplates as in skeletal muscle. The nervous system, therefore, modulates the
rhythm of contraction of cardiac muscle, but does not command individual contractions. Smooth muscle is found in many organ
systems including the circulatory, respiratory, gastrointestinal, reproductive, and urinary systems. For the most part, smooth muscle
is specialized for automatic, slow, rhythmic contraction, although a few muscles such as the ciliary muscle of the eye are exceptions.
Like skeletal and cardiac muscles, smooth muscle uses actin and myosin filaments to produce contraction, but the myofilaments
are not organized into sarcomeres. Instead, actin filaments are anchored to dense plaques in the smooth muscle sarcolemma, and
a myosin filament contacts several individual actin filaments at both of its ends. These actin-myosin combinations are arranged in
a random, crisscross pattern in some muscles and in parallel patterns in other muscles. As in skeletal and cardiac muscles, calcium
is a critical factor in initiating a contraction, but in smooth muscle the calcium is stored in the intercellular space rather than in a
sarcoplasmic reticulum. As in cardiac muscle, autonomic motor nerves release neurotransmitters into the intercellular space rather
than into motor endplates. The nervous system, therefore, modulates the inherent contractile rhythm of smooth muscle. This rhythm
can also be influenced by hormones in the bloodstream and by mechanical stretching of the muscle. Electrical excitation and, hence,
muscle contraction, can also spread directly from cell to cell via gap junctions between the membranes of adjacent cells.
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_ Organization of skeletal muscle.

A single skeletal muscle (e.g., the biceps) is composed of numerous fascicles (“small bundles”). The muscle as a whole is enveloped
in a strong layer of dense connective tissue, the epimysium. Each fascicle consists of a large number of muscle fibers (cells) and is
surrounded by a sheet of less dense connective tissue, the perimysium (Fig. 6-2A). Muscle fibers are unusual among the cells of
the body in that each contains a large number of nuclei (see Fig. 6-3A), and the nuclei are located around the periphery of the cell
(Figs. 6-2B and 6-3B). Each muscle fiber is enveloped by a thin layer of delicate connective tissue, the endomysium. An individual
muscle fiber contains many myofibrils, which, in turn, consist of an array of regularly organized thick and thin myofilaments, the
contractile elements of the muscle (Fig. 6-2D). The myofilaments are visible only with the electron microscope (Figs. 6-2C and 6-4B).
Thick myofilaments are composed of clusters of myosin molecules, and the thin myofilaments are predominantly actin molecules
but contain some additional auxiliary molecules that are important for the contraction process. In cross section, the myofilaments
are arranged in a repeating pattern so that each threadlike cluster of myosin molecules is surrounded by six actin molecules in a
hexagonal array, and the myosin molecule clusters themselves are arranged in a hexagonal array (Fig. 6-4B). Longitudinally, the
actin and myosin molecules form repeating units called sarcomeres (Fig. 6-2C). Actin filaments are anchored at one end in the Z line,
a transverse membrane-like structure. Myosin molecules lie parallel to the actin molecules and partially overlap the actin molecules
that are attached to two adjacent Z lines (Fig. 6-4B). The region in which the myosin and actin overlap is designated the A band,
and the region in which only actin molecules are present is designated the I band (Figs. 6-2C and 6-4A,B). Muscle contraction is the
result of chemical interactions between the myosin and actin molecules.
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_ Figure 6-3A.  Longitudinal section of striated muscle. H&E,
X400

The cellular units of skeletal muscle are called muscle fibers. Each
fiber is a long, roughly cylindrical cell bounded by a plasma mem-
brane, the sarcolemma. Muscle fibers range from 10 to 100 um in
diameter and may be many centimeters in length in mature mus-
cles. This large size presents a problem for a single cell nucleus
serving far distant cytoplasm and cell membrane. In skeletal
muscle, this problem is solved by the formation of a syncytium,
resulting from the fusion of several myoblasts, during develop-
ment. A single muscle fiber will therefore have many nuclei.
A distinctive feature of skeletal muscle, visible in this section, is a
repeating pattern of dark and light bands oriented at right angles
to the length of the fiber. These bands are designated A bands and
I bands (see Fig. 6-4A). Capillaries and myelinated nerve fibers
are often observed in sections of skeletal muscle tissue.

Transverse section of skeletal muscle (ton-
gue). H&E, X272

Muscle fibers in the tongue run in several different directions,
so, although most fibers in this section are cut transversely
(in cross section), some are cut diagonally. Skeletal muscle
fibers are round or polygonal in cross section, and, in a nor-
mal muscle, the fiber diameter is relatively uniform. The nuclei
are flattened and lie peripherally in each fiber, just beneath the
sarcolemma.

Endomysial fibrosis

Centrally displaced
nuclei

Abnormally large
range of fiber
diameters

Inflammatory
cells

Necrotic fiber

SHEEIO Muscular Dystrophy. H&E, X136

The muscular dystrophies are a group of inherited myogenic
disorders characterized by progressive degeneration and
weakness of skeletal muscle without associated abnormality
of the nervous system. They can be subdivided into various
groups based on the distribution and severity of muscle weak-
ness and genetic findings. Duchenne muscular dystrophy
([DMD] illustrated here) is the most common and severe
form of the disease. It is carried by mutation of an X-linked
recessive gene, the dystrophin gene. The lack of the dystro-
phin protein impairs the transfer of force from actin fila-
ments to the cell wall and causes the progressive weakness.
Pathological changes include large variations in muscle fiber
diameter, extensive endomysial fibrosis between the fibers,
degeneration and regeneration of fibers with necrosis and
phagocytosis, centrally displaced nuclei, and replacement of
muscle by fat and connective tissue. Steroids are the primary
drugs used to treat DMD. Gene therapy using a functioning
dystrophin protein has not yet been successful.
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| Figure 6-4A.  Skeletal muscle, striations. H&E, X1,480; inset
xX1,800

A pattern of light and dark stripes is readily apparent in higher
magnifications of skeletal muscle. This pattern gives skeletal mus-
cle its alternate name, striated (“striped”) muscle. The names of
the striations are based on their behavior under polarized light.
The dark bands are named A bands because they are anisotropic
(rotate polarized light strongly), whereas the I bands are isotropic
(rotate polarized light only slightly). The A bands correspond to
regions in which myosin molecules and actin molecules overlap
to a large extent; I bands correspond to regions in which actin
molecules predominate. In the center of each I band is a thin dark
line, the Z line, which corresponds to a membrane-like structure
to which the ends of actin molecules are attached. This striated
pattern was recognized from the early history of light microscopy,
but its structural significance was not understood until the advent
of practical electron microscope techniques in the 1950s.

Sarcomere

Sarcomere

Actin
myofilaments

L

Myosin
myofilaments

" Figure 6-4B.  Skeletal muscle—sarcomeres, myofilaments. EM,
X17,600

A sarcomere is defined as the portion of a myofibril between two
adjacent Z lines. The electron micrograph at left illustrates two sar-
comeres. The basic correspondence between the features on the elec-
tron micrograph and the constituent molecules is illustrated in the
diagram at left below. Actin myofilaments (each consisting of many
actin molecules and other accessory molecules) are anchored at the
Z lines. Myosin myofilaments (each consisting of hundreds of myo-
sin molecules) partially overlap the actin filaments. In cross section,
both actin and myosin filaments are arrayed hexagonally.

_ Muscle contraction.

Myosin and actin filaments (1) are not in contact with each other in
the resting muscle. (2) When a contraction is initiated, myosin mol-
ecules undergo a conformational change and contact adjacent actin
filaments. (3) An energy (adenosine triphosphate [ATP]) consum-
ing reaction causes a further conformational change in the “head”
of the myosin molecule, which produces a translational movement
between the myosin and actin filaments. (4) The myosin molecule
is released from the actin filament and the conformational changes
are reversed. The process is repeated millions of times in a fraction
of a second to produce contraction of the whole muscle.

c 1 2
Actin ! Actin :
|
3 4
Actin ! : Actin !
|
e




CHAPTER 6 ® Muscle

Openings into o
transverse tubules Myofibril

Sarcolemma

Transverse tubules
Sarcoplasmic reticulum \\ \
L]

A o

o

Mitochondrion

Nucleus

Sarcoplasmic reticulum
(terminal cistern) T-tubule Voltage-gated

calcium channel

Muscle action potential opens calcium channels

2008 Schenk/Cunningham

Figure 6-5. Muscle contraction: Transverse tubule system
(T tubules) and the sarcoplasmic reticulum. EM, X40,000

Skeletal muscle contracts very quickly after a nerve action potential
releases acetylcholine (Ach) at the neuromuscular junction (see
Fig. 6-6A,B). The Ach causes Na* channels in the sarcolemma to
open and a wave of electrical excitation (depolarization) sweeps
down the length of the muscle fiber. The depolarization is carried
into the interior of the muscle fiber by a system of tubules, the
transverse tubules (T tubules) that are themselves extensions of
the cell membrane. The T tubules branch within the muscle fiber
and encircle each myofibril. Immediately adjacent to each T tubule
are two enlargements of the sarcoplasmic reticulum called ter-
minal cisterns. The three structures together form a muscle triad
(Fig. 6-5A,B). In mammalian skeletal muscle, these triads lie at
the junction of the A and I bands. The sarcoplasmic reticulum, a
specialized form of endoplasmic reticulum, is a plexus of membra-
nous channels that fills much of the space between the myofibrils.
It serves as a reservoir for Ca** ions, which are essential to the
process of muscle contraction (Fig. 6-5C). When a muscle action
potential is initiated, the depolarization spreads through the entire
T-tubule system almost instantaneously and causes the voltage-
gated calcium channel proteins to change configuration, permit-
ting large amounts of Ca** to move from the terminal cisterns into
the surrounding cytosol (Fig. 6-5D). Here, the Ca** initiates the
reaction between the actin and myosin filaments that produces
muscle contraction (see Fig. 6-4C). At the end of the contraction,
the Ca* is quickly returned to the sarcoplasmic reticulum by an
ATP-dependent pump in its membrane.




UNIT Basic Tissues

& Muscle fibers

Figure 6-6A. Motor endplates on skeletal muscle. Silver
stain, X83; inset X184

A motor nerve (black) is shown terminating on skeletal muscle
fibers (violet). The nerve contains several dozen individual
axons, which leave the nerve and form multiple motor end-
plates. These endplates are the sites of the neuromuscular junc-
tions, where the axon makes synaptic contact with individual
muscle fibers. A single axon contacts numerous muscle fibers.
The motor neuron, its associated axon, and all of the muscle
fibers that it contacts are defined as a motor unit. Each time an
action potential travels along the axon and causes the release
of Ach at the neuromuscular junction, a contraction is pro-
duced in the muscle fibers innervated by that axon. In small
muscles involved in fine movements, a single axon may contact
10 to 100 muscle fibers; in large muscles, which produce great
force, the motor units may include 500 to 1,000 muscle fibers.
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Figure 6-6B. Neuromuscular junction.

A single motor endplate (red circle in inset) is shown in cross
section. The nervous system controls muscle contraction using a
combination of electrical and chemical signals. When an action
potential travels to the end of an axon, the associated electrical
charge causes the synaptic vesicles clustered in the axon terminal to
release a neurotransmitter, ACh, into the synaptic cleft. The ACh
acts upon receptors in transmitter-gated ion channels (blue) in the
postsynaptic membrane. When the channels open, a voltage change
occurs across the membrane, which, in turn, activates voltage-gated
channels (red) in the sarcolemma. This voltage change sweeps rap-
idly along the sarcolemma and invades the T-tubule system, in
which it causes the release of calcium ions and consequent muscle
contraction. The subjunctional folds in the postsynaptic membrane
serve as a reservoir for the enzyme acetylcholinesterase, which rap-
idly inactivates the ACh after each transmitter release.
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[HEUIEEOR Myasthenia Gravis

Myasthenia gravis is an autoimmune disease that affects
the neuromuscular junction, causing fluctuating weakness
and fatigue of skeletal muscles, including ocular, bulbar,
limb, and respiratory muscles. Acetylcholine receptor
antibodies, which block and attack ACh receptors in the
postsynaptic membrane of the neuromuscular junction,
are the most common causes, especially for patients who
develop the disease in adolescence and adulthood. The
mechanism may involve thymic hyperplasia, the binding
of T lymphocytes to ACh receptors to stimulate B cells to
produce autoantibodies, or genetic defects. This illustra-
tion shows fewer ACh receptors than normal, reduction
in subjunctional fold depth, and increased synaptic cleft
width. Treatments include using anticholinesterase agents,
immunosuppressive agents, and thymectomy (surgical
excision of the thymus).
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Figure 6-7A. Simplified schematic diagram of the intrafusal
muscle fibers of a muscle spindle receptor.

Muscle spindles (a type of stretch receptor) play an important
role in the control of voluntary movement, constantly moni-
toring the length of each muscle and the rate of change of that
length. Each spindle contains 10 to 15 specialized muscle fibers
(intrafusal fibers) innervated by sensory and motor nerve fibers
and surrounded by a fluid-filled connective tissue capsule.
Muscle spindles are generally about 1.5 mm in length and are
anchored at each end to connective tissue attached to ordinary
muscle fibers (extrafusal fibers). The spindle is stretched when
the muscle lengthens and is shortened when the muscle itself
becomes shorter. A given muscle will contain from a few dozen
to a few hundred spindles distributed throughout the bulk of the
muscle (small drawing). Two general types of muscle fibers are
included in spindles: nuclear bag fibers (which have a swelling
in the middle of the fiber where most of the nuclei are concen-
trated) and nuclear chain fibers (which are smaller in diameter
and have a single row of nuclei). A typical human muscle spin-
dle contains three to five nuclear bag fibers and 8 to 10 nuclear
chain fibers. There are several highly specialized receptors associ-
ated with the sensory nerve endings, which are able to measure
(1) muscle length, (2) change in muscle length, and (3) rate of
change of muscle length. The sensory axons form two types of
endings: (1) primary (or annulospiral) endings (green) in which
the axon wraps around the equator of nuclear bag or nuclear
chain fibers and (2) secondary (flower-spray) endings (green),
which are more common on nuclear chain fibers. The two ends
of each intrafusal fiber consist of contractile muscle very similar
to that of the extrafusal fibers (striated region in drawing). These
contractile portions of the intrafusal fibers are innervated by
small-diameter myelinated motor axons (gamma motor neurons
or fusimotor neurons [blue]). This innervation causes the intra-
fusal fibers to shorten when the muscle as a whole shortens and
to relax when the muscle as a whole lengthens, therefore main-
taining the sensitivity of the length-sensitive stretch receptors in
their optimum range and providing accurate information about
the state of the muscle to the motor centers of the CNS.

Figure 6-7B. Skeletal muscle—muscle spindle, cross
section. H&E, X272; inset X680

Fascicles of skeletal muscle separated by perimysium are
illustrated (see Fig. 6-2). Several muscle spindles can be seen
in tangential section in the central fascicle. The flattened fibro-
blasts making up the capsule can be seen in the inset, as well as
five or six intrafusal fibers. In general, muscles that are used in
delicate, highly controlled movements contain the largest num-
bers of muscle spindles. The intrinsic muscles of the hand, for
example, contain a relatively larger number of spindles than do
larger muscles, such as the quadriceps and gluteus maximus,
which are specialized for producing large amounts of force.




Cardiac Muscle

A : _ Figure 6-8A.  Organization of cardiac muscle—a branching

) network of interconnected muscle cells.
Single nucleus Intercalated disks

in each fiber

Cardiac muscle fibers split and branch repeatedly and join other
muscle fibers end to end to form an anastomosing network of
contractile tissues. In contrast to skeletal muscle, cardiac muscle
fibers contract and relax spontaneously. The intercalated disks
at the boundaries between fibers contain gap junctions, which
permit electrical depolarization to move directly and rapidly
from one myocyte to the next. The sympathetic and parasym-
pathetic innervation of the heart serves to increase or decrease
the rhythm of contraction rather than to command individual
contractions as the peripheral nervous system does for skeletal
muscle. This modulation of heart rate occurs via a system that
includes the sinoatrial and atrioventricular (AV) nodes and
specialized, highly conductive muscle fibers (AV bundle and
Purkinje fibers) that connect the AV node with the contractile
myocytes (see Figs. 9-2 and 9-4A).

Fibers branch
and anastomose

" Figure 6-8B. Cardiac muscle, longitudinal section.

H&E, X272; inset X418

Cardiac muscle is like skeletal muscle in that it is striated.
Actin and myosin filaments are arranged into sarcomeres,
with A bands, I bands, H bands, and Z lines (see Fig. 6-9).
However, cardiac muscle is different in several respects.
Actin and myosin filaments are not arranged in discrete
myofibrils. Cardiac muscle fibers are much shorter than
skeletal muscle fibers and typically split into two or more
branches (thin arrows). The branches are joined, end to
end, by intercalated disks (thick arrows in inset) and form a
meshwork of muscle fibers. Each fiber has a single, centrally
located nucleus. Cardiac muscle tissue is highly vascularized
and contains many more mitochondria than other muscle
types, owing to its constant activity and resulting high meta-
bolic requirements.

_ Cardiac muscle, transverse section. H&E,

X272; inset X418

Cardiac muscle fibers (myocytes) are elliptical or lobulated
in transverse section. Each fiber has a single nucleus, which
is irregular in shape and centrally located in the fiber. Many
capillaries traverse the tissue, and the endomysium is typi-
cally more prominent than in skeletal muscle. The inset
shows nuclei of myocytes and fibroblasts at higher power,
with a capillary in the lower right quadrant (arrow).




CHAPTER 6 ® Muscle

" Figure 6-9. Cardiac muscle. EM, X24,800

Cardiac muscle is similar to skeletal muscle in many respects. Both have similar arrangements of actin and myosin filaments that
interact to produce contraction. The actin filaments are anchored at Z lines, and myosin filaments occupy a central position between
two successive Z lines. The structures between two Z lines form a sarcomere. The resulting A band, I band, H band, and Z line are
analogous in the two muscle types. However, there are several notable structural differences. The most obvious is that cardiac myo-
cytes are much shorter than are skeletal muscle fibers and are joined to each other by complex structures called intercalated disks.
The intercalated disks are specialized regions of the sarcolemma that contain regions of fascia adherens which bind the adjacent cells
together against the stress of contraction, and gap junctions which provide a path for the muscle action potential to travel directly
from one cell to the next. A single intercalated disk typically includes portions that are oriented transversely with respect to the
muscle fiber (1 and 3) and a portion that is oriented longitudinally (2). The path of this intercalated disk is indicated by the red line
in the inset. Gap junctions are found predominantly in the longitudinal sections. A second major difference is in the T-tubule system.
T tubules (invaginations of the cell membrane) are prominent in cardiac muscle, although there is only one tubule per sarcomere
(located at the Z line) instead of two tubules per sarcomere (located at the A-I junctions) as in skeletal muscle. In addition, the
sarcoplasmic reticulum is not as prominent in cardiac muscle and its function in contraction is not as well understood. Nevertheless,
the release of Ca** is critical to contraction, just as in skeletal muscle. The muscle action potential travels along the cell membrane
and T tubules and triggers the flow of Ca** into the cell from the extracellular space and from the sarcoplasmic reticulum. There
is also a slow leakage of Ca** into the muscle fibers that is responsible for the spontaneous contraction and relaxation rhythm of
isolated cardiac muscle. This natural rhythm is modified by neuronal (autonomic) and hormonal influences. Heart rate increases
during physical exercise or stress and decreases during periods of rest and sleep.
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Smooth Muscle

A _ Figure 6-10A. A representation of smooth muscle.

Gap junction

Smooth muscle is similar to skeletal and cardiac muscle in that
contraction is produced by the interaction of actin and myosin fila-
ments in the presence of Ca**. However, there are many differences.
Smooth muscle fibers are short (15 to 500 um) and spindle shaped
and have single, centrally placed nuclei. Smooth muscle lacks the stri-
ations observed in skeletal and cardiac muscle because the arrange-
ment of the actin and myosin filaments is not as orderly. Smooth
muscle is innervated by sympathetic and parasympathetic axons,
but transmitter molecules are released into the intercellular space at
swellings in the axon (varicosities), rather than at specific neuromus-
Varicosity cular junctions (“endplates”) as in skeletal muscle. The sarcolemmas
of some smooth muscles contain gap junctions that permit electrical
excitation to move directly from one fiber to adjacent fibers, there-
fore producing a moving wave of contraction.

Autonomic nerve fiber

Epithelium
_ Figure 6-10B.  Smooth muscle, duodenum. H&E, X 117; upper inset X485; lower inset X259

In the gastrointestinal tract, smooth muscle is important for keeping food moving at the proper rate to enhance digestion, to permit
the absorption of nutrients, and to prepare waste to be expelled from the body. A low-power section through the duodenum of the
small intestine is shown (see also Fig. 3-7A). The lumen of the intestine, with columnar epithelium specialized for absorption, is at
the top of the picture; beneath it is a layer of connective tissue. Bands of smooth muscles encircle the duodenum. A transverse section
through this circular layer is shown at higher power in the upper inset. The nuclei are scattered randomly through the section. Many
muscle fibers are cut through a portion of the fiber that does not contain a nucleus. A second layer of smooth muscle is oriented
along the length of the duodenum and here, it is cut longitudinally. The lower inset shows a longitudinal section at higher power.
Note the long, spindle-shaped nuclei. The smooth muscle of the gut is classified as visceral or unitary smooth muscle and has many
gap junctions. Spontaneous waves of contraction move along the length of the gut, modulated by signals from pacemaker ganglia
or plexuses in the autonomic nervous system. One such plexus, a myenteric plexus, is visible in the low-power photomicrograph
(see also Fig. 7-15B).
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Figure 6-11A. Smooth muscle in the wall of the uterus.
H&E, X136

In most locations, fascicles of smooth muscle are oriented in
the same direction. However, in hollow organs in which the
overall size of the organ is reduced by smooth muscle con-
traction, such as the uterus, the fascicles are intertwined and
run in all different directions. In this section, some fascicles
are cut in a longitudinal plane, some in a tangential plane,
and others are cut diagonally.

The large forces generated by uterine smooth muscle are
important in expelling the fetus during childbirth and are also
critical for clamping down on blood vessels to stop bleeding
after the placenta is pulled away from its attachment to the
wall of the uterus. Contraction of this smooth muscle can
be enhanced by the administration of oxytocic agents (e.g.,
oxytocin, ergonovine) after delivery to stimulate myometrial
contractions and prevent or treat postpartum hemorrhage.

Figure 6-11B. Smooth muscle in a bronchiole. H&E,
X136; inset X160

Smooth muscle lines the walls of the bronchioles in the respi-
ratory system (see Figs 11-9 to 11-11). It relaxes to increase
the size of the airway passages under the influence of the
sympathetic nervous system and hormones controlled by
the sympathetic nervous system, and it contracts to reduce
the size of the airway passages under the influence of the
parasympathetic nervous system. This smooth muscle aids
in expelling air from the lungs during breathing. It is also
important in the cough reflex, which helps to expel foreign
matter such as dust, smoke, and excess mucus from the lungs.
With age, and in response to irritants such as tobacco smoke,
the contractility of smooth muscle may be reduced, causing
respiratory insufficiency. Note the long, thin, spindle-shaped
nuclei of the smooth muscle cells in the inset.

and hyperplasia)
of smooth muscle layer

Airway plugged by
cell debris

and

mucus

TGN Chronic Asthma. H&E, X27

Thickening (hypertrophy ~ Asthma is a chronic condition characterized by

wheezing, shortness of breath, chest tightness, and
coughing. Respiratory airways are hypersensitive and
hyperresponsive to a variety of stimuli. Clinical find-
ings include airflow obstruction caused by smooth
muscle constriction around airways, airway mucosal
edema, intraluminal mucus accumulation, inflamma-
tory cell infiltration in the submucosa, and basement
membrane thickening. During acute asthma attacks,
spasms of smooth muscle together with excessive
mucous secretion may close off airways and may be
fatal. Pathologic findings include smooth muscle thick-
ening (hypertrophy and hyperplasia), and remodeling
of nearby small and mid-sized pulmonary blood ves-
sels. Treatment includes using combinations of drugs
and environmental and lifestyle changes.
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Figure 6-12. Transverse section of smooth muscle of the trachea. EM, X 14,750

Although contraction of smooth muscle is produced by a calcium-mediated interaction between actin and myosin filaments similar
to that described in Figure 6-4C, there are significant differences in the structure of smooth muscle cells and striated (skeletal and
cardiac) muscle cells. Actin and myosin filaments are clearly visible (see inset), but their arrangement is not as orderly as in skeletal
muscle. Actin filaments are anchored to the cell walls at dense plaques or at dense bodies in the interior of the cell (see Fig. 6-13B).
The actin filaments contact myosin filaments to produce contraction, but the organization is more random and more changeable
than in skeletal or cardiac muscle. Smooth muscle has the property of being able to produce relatively constant contractile force
over a greater range of cell lengths than striated muscle. Skeletal muscle, for example, cannot produce maximum contraction force
when it is fully extended because there is not sufficient overlap between the actin and myosin filaments. This property of smooth
muscle is important in organs such as the stomach and uterus where strong contraction may be needed when the organ is distended
and the muscle cells already considerably stretched. Some smooth muscles have the ability to remodel their contractile architecture
in response to different conditions of muscle extension. Intermediate filaments provide mechanical and structural integrity for many
types of cells, including smooth muscle. They are composed primarily of the proteins vimentin and desmin. Lack of these proteins
impairs the contractility of smooth muscle. Contraction of smooth muscle can be initiated by neural signals (e.g., iris, respiratory
system), mechanical stretch (e.g., gut, urinary tract), electrical signals traveling from one smooth muscle fiber to another via gap
junctions (e.g., gut, respiratory system), or hormones in the blood stream (e.g., respiratory system, uterus). The calcium necessary
to initiate contraction enters the cell from the extracellular space rather than from the sarcoplasmic reticulum as in striated muscle.
Smooth muscle fibers have a poorly developed sarcoplasmic reticulum and no T-tubule system at all. Cup-shaped indentations in the
sarcolemma (caveolae) may play a role in sequestering calcium.
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Lumen of artery

_ Smooth muscle fibers in the tunica

media of a medium artery. EM, X4,260; inset X6,530

The smooth muscle fibers in this illustration are cut
obliquely to their long axis. The thickenings of the cell
membrane, which are termed dense plaques, can be
clearly seen. Actin myofilaments are attached to these
structures and the force of the actin-myosin contrac-
tion is transmitted to the cell wall at these points. Actin
myofilaments are also sometimes anchored to dense
bodies within the cytoplasm. In some types of smooth
muscles (e.g., in the intestine), the myofilaments seem
to be arranged randomly, in a crisscross fashion. In
other types (e.g., in the airway), myofilaments seem to
be arranged in parallel as diagramed in Figure 6-13B.
Smooth muscle cells transmit force from one to another
via the extracellular matrix and, in some cases, via tight
junctions between the cell membranes of adjacent cells.
The extracellular matrix in smooth muscle is composed
of elastin, collagen, and other elements, but in contrast
to other tissues, it is secreted by the myocytes themselves
rather than by fibroblasts. In some tissues, such as in
elastic arteries and in the airway, smooth muscle fibers
may, with age or disease, gradually lose their ability to
contract and become more and more like fibroblasts.
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Nucleus
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Figure 6-13B.
smooth muscle.

Schematic diagram of the contractile mechanism of

Actin filaments (red) in smooth muscle are anchored in dense plaques
in the cell walls, and the corresponding myosin filaments (green) are
suspended between two or more actin filaments. This arrangement is
much less orderly than the arrangement of actin and myosin in skeletal
and cardiac muscles. Furthermore, the organization is, to some extent,
dynamic and can be rearranged in response to changing demands on
the muscle. The cells are attached to each other via junctions with the
collagen and elastin fibers in the extracellular matrix.
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M

Features Skeletal Muscle Cardiac Muscle Smooth Muscle

Striations Yes Yes No

Fibers Long, cylindrical, unbranched Short, branched, anastomosing Short, spindle shaped

Nouclei Multiple, peripheral in cell Single, central in cell Single, central in cell

Cell junctions No Intercalated disks Gap (nexus) junctions

T tubules Well developed Well developed No

Sarcoplasmic Highly developed; has terminal Less well developed; small cisterns ~ Present, but poorly developed
reticulum cisterns

Regeneration Yes, satellite cells No Yes, mitosis

Contraction Initiated by nerve action potential ~ Spontaneous; pacemaker system; Spontaneous; modulated by

modulated by nervous system and
hormones

nervous system and hormones

Main function

Voluntary movement of limbs, digits,
face, tongue, and other muscles

Involuntary rhythmic contractions;
pumps blood to muscles and
organs; modulated by physiological
and emotional factors

Involuntary control of blood
vessel diameter, gut peristalsis,
uterine contractions during
childbirth, airway diameter, and

others

SYNOPSIS 6-1

B Anastomose: To join end to end, as in suturing two blood vessels together (Fig. 6-8A).

B Autoimmune disease: A condition in which an individual’s immune system mistakes the individual’s own tissue for a for-
eign invader and attacks the tissue, as in myasthenia gravis or multiple sclerosis (Fig. 6-6C).

B Caveolae: Small, cup-shaped indentations in the sarcolemma of smooth muscle cells; may be involved in the uptake of
calcium during contraction (Figs. 6-12 and 6-13).

B Dystrophin: A large, rod-shaped protein that plays a critical role in connecting the molecular contractile mechanism of
skeletal muscle to the surrounding extracellular matrix so that the force of the actin-myosin contraction can be transferred
to other structures to do useful work. The lack of dystrophin is a key feature of some types of muscular dystrophies
(Fig. 6-3C).

B Fibrosis: Abnormal formation of connective tissue, including fibroblasts and connective tissue fibers, to replace normal
tissues in response to tissue damage caused by disease or injury (Fig. 6-3C).

B Hyperplasia: Abnormal proliferation of cells, which may or may not lead to the increase in the size of the affected structure
or organ; may be a precancerous condition (Fig. 6-6C).

B Hypertrophy: An increase in the size of a structure produced by an increase in the size of the cells that make up the
structure.

B Intrafusal: Structures, particularly muscle fibers, that are found inside the muscle spindle. The word is derived from the
Latin “fusus” which means “spindle” (Fig. 6-7A).

B Necrosis: Pathologic death of cells or tissues as a result of irreversible damage because of disease or injury (Fig. 6-3C).

B Synaptic cleft: The small space between a presynaptic axon terminal and the postsynaptic membrane of a muscle cell or a
neuron upon which the axon forms a synapse (Figs. 6-6B,C).

B Varicosity: A local swelling in a tubelike structure such as an axon (Fig. 6-10A).

Pathological and Histological Terms for Muscle
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Dura Mater, Arachnoid, and Pia Mater

Overview of the Autonomic Nervous System
Myenteric Plexus (Auerbach Plexus)

Comparison of Posterior Root and Autonomic Ganglia
Pathological and Clinical Terms for the Nervous System

Overview of the Peripheral and
Central Nervous Systems

It is difficult to consider the tissue of the nervous system
separately from the nervous system itself. In most organ sys-
tems, the purpose of the tissue is to filter, secrete, or transfer
gases or digest and absorb nutrients. The histological structure
of one small region of the liver or kidney or small intestine is
very much like the structure of any other region of that organ,
and the function of one portion of the organ is very much like
the function of any other portion. By contrast, the purpose of
the nervous system is to carry sensory information from the
sensory organs to the brain; to process that sensory informa-
tion in the brain to produce perceptions, memories, decisions,
and plans; and to carry motor information from the brain to
the skeletal muscles in order to exert an influence on the indi-
vidual’s surroundings. In truth, all we know of the world that
surrounds us is carried as electrical impulses over our sensory
nerves; the only way we have of interacting with that world is
via electrical impulses carried by motor nerves from our brains
to our muscles.

Neurons and Synapses

The building blocks of the nervous system are cells called
neurons. These cells have a long, thin process, the axon, in
which the cell membrane incorporates specialized protein ion
channels that enable the axon to conduct an electrochemical
signal (action potential) from the cell body to the axon termi-
nals. Axon terminals of one neuron make synaptic contacts
with other neurons, generally on processes called dendrites or
on the cell body itself. When the action potential reaches the
axon terminals, a neurotransmitter is released from synaptic
vesicles into the terminals. The neurotransmitter molecules act
on receptor molecules that are part of ion channels in the den-
drites and soma of the next neuron in a chain. The constant
interplay of excitatory and inhibitory influences at the many
billions of synapses in the nervous system forms the basis of our
ability to be aware of our surroundings and to initiate actions
to influence our surroundings (Figs. 7-1 to 7-3).

By definition, the brain and spinal cord are classified as the cen-
tral nervous system (CNS), and the nerves and ganglia outside
these structures are classified as the peripheral nervous system
(PNS). Collections of axons that carry action potentials from
one place to another are called nerves in the PNS and tracts
within the CNS. Clusters of neuron cell bodies are called gan-
glia in the PNS and nuclei or cortices in the CNS (Fig. 7-4).

Peripheral Nervous System

Nerves in the PNS carry sensory information from receptors
located in the skin, muscles, and other organs and carry motor
commands from the CNS to muscles and glands. Nerves consist
of clusters of axons surrounded by protective connective tis-
sues (Fig. 7-5A). Nerve axons range in diameter from about
0.5 to 22 pum, with the conduction velocity being higher for
larger axons. In addition, larger axons generally have a dense,
lipid-rich coating, myelin, which further increases conduction
velocity (Fig. 7-6). The cell bodies associated with the sensory
neurons are clustered in a swelling of the posterior spinal root,
the posterior (dorsal) root ganglion.

Central Nervous System

The spinal cord consists of large bundles of myelinated and
unmyelinated axons arranged into ascending (sensory) and
descending (motor) tracts (Fig. 7-9A). The ascending tracts
carry information from peripheral receptors to nuclei in the
brainstem and thalamus and from there to the cerebral cortex.
The descending tracts carry motor information from the cere-
bral cortex and motor centers in the brainstem to interneurons
(relay neurons) in the motor pathways and directly to spinal
motor neurons. These motor neurons innervate muscles directly
to produce movement. The tracts are clustered around a central
region, the spinal gray matter, which contains large numbers
of sensory and motor interneurons, spinal motor neurons, and
preganglionic autonomic visceromotor neurons.
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The higher levels of the CNS include large groups of nuclei
including the thalamus and the basal nuclei as well as sensory
and motor nuclei in the brainstem associated with cranial
nerves. The cerebellum is a large, specialized structure com-
posed of nuclei and cortex, and the cerebral cortex envelops the
surface of the cerebral hemispheres (Figs. 7-10 and 7-11).

MENINGES are brain hemisphere and spinal cord coverings
with three layers of connective tissue membranes that protect the
nervous system, provide mechanical stability, provide a support
framework for arteries and veins, and enclose a space that is
filled with cerebrospinal fluid (CSF), a fluid that is essential to the
survival and normal function of the CNS. The meninges include
the dura mater, the arachnoid, and the pia mater (Fig. 7-12).

GLIAL CELLS are nonneural cells that provide a variety
of support functions for the neurons that relate to nutrition,

regulation of the extracellular environment including the blood-
brain barrier, immune system, myelin insulation for many
axons, and a host of other support functions (Fig. 7-13).

Autonomic Nervous System

The autonomic nervous system (ANS) is composed of three
divisions: sympathetic, parasympathetic, and enteric. The sym-
pathetic and parasympathetic divisions function under direct
CNS control; the enteric division functions somewhat more
independently. The ANS, together with the endocrine system
and under the general control of certain systems within the
CNS, maintains the homeostasis of the internal environment
of the body. That is, the autonomic and endocrine systems
ensure that the levels of nutrients, electrolytes, oxygen, carbon
dioxide, temperature, pH, osmolarity, and many other related
variables are maintained within optimal physiological limits
(Fig. 7-14).
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Neurons and Synapses
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Figure 7-1A. The neuron: The building block of the
nervous system.

Neurons contain the organelles that are common to all cells:
a cell membrane, nucleus, endoplasmic reticulum, and cyto-
plasm. In addition, neurons possess two types of specialized
processes, dendrites and axons. The plasma membranes of den-
drites and of the cell body itself contain specialized receptors
that react to the release of neurotransmitters. These molecules
produce a change in polarization of the membrane. The mem-
brane of axons, by contrast, is specialized to transmit electro-
chemical signals called action potentials. An action potential is
a wave of membrane depolarization that maintains its size as it
travels along the axon. When the action potential reaches the
end of the axon, neurotransmitters are released from the axon
terminals that influence the next neuron in line. Some axons
are surrounded by a lipid-rich sheath called myelin, which
facilitates the rapid conduction of action potentials.

' // <
J Syt “\ //’ k‘
B
Unipolar @
D Axon
—
Bipolar
D }—< : >—<T
—
Multipolar
Axon ;T

Axon
collateral

Figure 7-1B. Types of neurons.

Neurons can be classified on the basis of the shapes of their cell
bodies and the general arrangement of their axons and den-
drites. Unipolar neurons have a single process attached to a
round cell body. This process typically divides and forms a long
axon extending from sensory receptors in the various tissues of
the body to synaptic terminals in the CNS. Bipolar neurons have
a process extending from each end of the cell body. This type of
neuron is found primarily in the eye, ear, vestibular end organs,
and olfactory system. Multipolar neurons have many dendrites
extending from the cell body and a single axon (although the
axon may split into two or more collateral axons after it leaves
the cell body). Multipolar neurons are the m