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PREFACE TO THE SEVENTH EDITION

I am very pleased to be able to present the seventh edition of Color Atlas and
Text of Histology, an atlas that has been in continuous use since its first
publication as a black and white atlas in 1987. The success of that atlas
prompted us to revise it considerably, retake all of the images in full color,
change its name, and publish it in 1990 under the title Color Atlas of Histology.
In the past 27 years, the atlas has undergone many changes. We added color
paintings, published a corresponding set of Kodachrome slides, and added more
material to the text. The advent of high-resolution digital photography allowed
us to reshoot all of the photomicrographs for the fourth edition.

Major changes are introduced in the seventh edition. The most exciting
change is that I have completely rewritten, reorganized, and enhanced the textual
material and added new tables to such an extent that it can be used not only as an
atlas but also as review book to study for course examinations as well as for the
USMLE Step 1. Because clinical content is essential to success both in
navigating the integrated medical curriculum and in future practice, this atlas
continues to feature numerous Clinical Consideration boxes that describe and
illustrate relevant pathology. I have also included a new feature in the form of a
new appendix, “Tissues that Resemble Each Other,” that compares and contrasts
40 light micrographs of tissues that may easily be mistaken for the other.
Probably the second most exciting change that was introduced into this edition is
the addition of 124 new light micrographs and 4 new electron micrographs that
assist the student in reviewing the histologic images in every chapter but the
first. Moreover, the new chapter on Histologic Techniques (Chapter 20) was
created from and expands on the sixth-edition appendix.

As in the previous editions, most of the photomicrographs of this atlas are of
tissues stained with hematoxylin and eosin. All indicated magnifications in light
and electron micrographs are original magnifications. Many of the sections were
prepared from plastic-embedded specimens, as noted. Most of the exquisite
electron micrographs included in this atlas were kindly provided by my
colleagues throughout the world as identified in the legends.

For examination preparation purposes, the online Student Resources for the
atlas include over 300 additional photomicrographs with more than 700
interactive questions organized in a fashion to facilitate the student's learning and



review for practical exams. Additionally, I have included approximately 100
USMLE Step 1 format multiple-choice questions, based on photomicrographs
created specifically for the questions.

The most dramatic change to the seventh edition, at least to me, is that my
coauthor, Dr. James L. Hiatt, decided not to be associated with the writing of this
edition of our Atlas. Jim retired from active teaching 20 years ago and decided to
make his retirement complete and devote himself to other endeavors. Over the
years, Jim and I wrote 24 research articles, 47 abstracts, and, counting new
editions, 22 textbooks together. It was a very pleasant and fruitful association,
and I sorely miss this long-term professional partnership. Needless to say, our
personal friendship remains as strong as ever.

I am grateful to the many faculty members throughout the world who have
assigned this atlas to their students, whether in its original English or in one of
its translated forms that now counts 12 languages. I have received many
compliments and constructive suggestions not only from faculty members but
also from students, and I tried to incorporate those ideas into this new edition.
One suggestion that I have resisted, however, was to change the order of the
chapters. Several faculty members have suggested a number of varied sequences
and they all made sense to me. However, I feel partial to and very comfortable
with the classical sequence that we adopted so many years ago; it is just as valid
and logical an arrangement as all the others that were suggested, and, in the final
analysis, I believe that instructors and students may use the chapters of the atlas
in a different sequence without harming the coherence of the material.

As with all of my textbooks, the Color Atlas and Text of Histology has been
written with the student in mind; thus, the material is complete but not esoteric. I
wish to help the student learn and enjoy histology, not be overwhelmed by it.
Furthermore, this book is designed not only for use in the laboratory but also as
preparation for both didactic and practical examinations. Although I have
attempted to be accurate and complete, I know that errors and omissions may
have escaped my attention. Therefore, I welcome criticisms, suggestions, and
comments that could help improve this atlas; please address them to
LPG21136@yahoo.com

Leslie P. Gartner
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The basic living unit of the human body is the cell, which functions in executing
all of the activities that the body requires for its survival. Although there are
more than 200 different cell types, most cells possess common features that
permit them to perform their varied responsibilities. The living component of the
cell is the protoplasm, which is subdivided into the cytoplasm and the
nucleoplasm (see Graphics 1-1 and 1-2). The protoplasm also contains
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nonliving materials, such as crystals and pigment.

Cytoplasm

Cells possess a number of distinct organelles, many of which are formed from
membranes that are similar but not identical to the biochemical composition of
the plasmalemma. The other organelles will be discussed after an introduction to
the cell membrane.

Cell Membrane

The cell membrane (plasmalemma, plasma membrane), a phospholipid
bilayer, is not only the external boundary of the cell but also provides a selective
barrier between the cell and the outside world. Embedded in this phospholipid
bilayer are integral and peripheral proteins and cholesterol, which permit it to
function

* in cell—cell recognition,

* in endocytosis and exocytosis,

 as a receptor site for signaling molecules (e.g., G proteins; [see Table 1-1]),
and

 as an initiator and controller of the secondary messenger system.
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GIZ/H

Function

Activates adenylate cyclase, leading to formation of
cAMP thus activating protein kinases

Inhibits adenylate cyclase, preventing formation of
cAMP, thereby protein kinases are not activated

Activates phospholipase C, leading to formation of
inositol trisphosphate and diacylglycerol, permit-
ting the entry of calcium into the cell that activates
protein kinase C

Opens K* channels, allowing potassium to enter
the cell and closes Ca?* channels thereby calcium
movement in or out of the cell is inhibited

Activates adenylate cyclase in olfactory neurons,
which open cAMP-gated sodium channels

Activates cGMP phosphodiesterase in rod cell mem-
branes, leading to hydrolysis of cGMP resulting in
the hyperpolarization of the rod cell plasmalemma

Activates Rho family of GTPases, which control
the formation of actin and the regulation of the
cytoskeleton

Examples

Binding of epinephrine to B-adrenergic receptors
increases cCAMP levels in cytosol

Binding of epinephrine to o,-adrenergic receptors
decreases cAMP levels in cytosol

Binding of antigen to membrane-bound IgE causes
the release of histamine (and other preformed
agents) by mast cells

Inducing contraction of smooth muscle

Binding of odorant to G protein-linked receptors
initiates generation of nerve impulse

Photon activation of rhodopsin causing rod cells to
fire

Facilitating cellular migration

cAMP, cyclic adenosine monophosphate; cGMP, cyclic guanosine monophosphate; IgE, immunoglobulin E.

Materials may enter the cell by three types of endocytoses, such as

pinocytosis (nonspecific uptake of molecules in an aqueous solution),

receptor-mediated endocytosis (specific uptake of substances such as low-
density lipoproteins), and

phagocytosis (uptake of particulate matter).

The cell's secretory products (secretions) may leave the cell by two types of
exocytoses: constitutive or regulated secretion.

Constitutive secretion, using non—clathrin-coated vesicles, is the default
pathway that does not require an extracellular signal for release, and thus,
the secretory product (e.g., procollagen) leaves the cell in a continuous
fashion.

Regulated secretion requires the presence of clathrin-coated storage
vesicles whose contents (e.g., pancreatic enzymes) are released only after
the initiation of an extracellular signaling process. Endocytosis and
exocytosis are discussed in Graphics 1-3 and 1-4 in more detail.

Mitochondria

Mitochondria are composed of an outer and an inner membrane with an
intervening compartment between them known as the intermembrane space
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(see Graphics 1-1 and 1-2). The inner membrane is folded to form flat (or
tubular in steroid-manufacturing cells) shelf-like structures known as cristae and
encloses a viscous fluid-filled space known as the matrix space. Mitochondria

+ function in the generation of ATP, utilizing a chemiosmotic coupling
mechanism that employs a specific sequence of enzyme complexes and
proton translocator systems (electron transport chain and the ATP
synthase—containing elementary particles) embedded in their cristae;

» generate heat in brown fat instead of producing ATP;
 also assist in the synthesis of certain lipids and proteins; they possess the

enzymes of the TCA cycle, circular DNA molecules, and matrix granules
in their matrix space; and

* increase in number by undergoing binary fission.

Ribosomes

Ribosomes are small, bipartite, nonmembranous organelles that exist as
individual particles that do not coalesce with each other until protein synthesis
begins. The two subunits are of unequal size and constitution. The large subunit
is 60S, and the small subunit is 40S in size (see Table 1-2). Each subunit is
composed of proteins and r-RNA, and together, they function as an interactive
“workbench” that not only provides a surface upon which protein synthesis
occurs but also acts as a catalyst that facilitates the synthesis of proteins.

Subunit Size Number of Proteins Types of rRNA

Large 60S 49 5§
5.88
28S

Small 40S 33 18S

rRNA, ribosomal ribonucleic acid; S, Svedberg unit.

Endoplasmic Reticulum

The endoplasmic reticulum is composed of tubules, sacs, and flat sheets of
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membranes that occupy much of the intracellular space (see Graphic 1-2). There
are two types of endoplasmic reticula: smooth and rough.

The smooth endoplasmic reticulum (SER) functions in the synthesis of
cholesterols and lipids as well as in the detoxification of certain drugs and
toxins (such as barbiturates and alcohol). Additionally, in skeletal muscle
cells, this organelle is specialized to sequester and release calcium ions and
thus regulate muscle contraction and relaxation.

The rough endoplasmic reticulum (RER), whose cytoplasmic surface
possesses receptor molecules for ribosomes and signal recognition particles
(known as ribophorins and docking proteins, respectively), is continuous
with the outer nuclear membrane. The RER functions in the synthesis and
modification of proteins that are to be packaged, as well as in the
synthesis of membrane lipids and proteins. Protein synthesis is discussed in
the “Histophysiology” section in more detail.

Golgi Apparatus, cis-Golgi Network, and trans-Golgi
Network

The Golgi apparatus (complex) is composed of a specifically oriented cluster
of vesicles, tubules, and flattened membrane-bounded cisternae.

Each Golgi complex has a convex entry face, known as the cis face, and a
concave exit face, known as the trans face.

The cis face is closer to the nucleus, and the trans face is oriented toward
the cell membrane.

Between the cis face and the trans face are several intermediate cisternae,
known as the medial face (see Graphics 1-2, 1-3, and 1-4).

The Golgi complex not only packages but also modifies macromolecules

synthesized on the surface of the RER.

Newly synthesized proteins pass from the RER to the vesicular-tubular
cluster (VTC, formerly referred to as the ERGIC) by COPII-coated
transfer vesicles, whose outer membrane has the protein coatomer II
(COPII-coated vesicles).

From there, they pass to the cis-Golgi network, probably via COPI-coated
(coatomer I) vesicles.

The proteins continue to travel to the cis, medial, and trans faces of the

21



Golgi apparatus by non—clathrin-coated vesicles (or, according to some
authors, via cisternal maturation).

» Lysosomal oligosaccharides are phosphorylated in the VTC and/or in the cis
face.

* Mannose groups are removed and other sugar residues are added in the
medial face.

» The addition of galactose and sialic acid (terminal glycosylation) as well as
the sulfation and phosphorylation of selected residues occur in the trans
face.

Sorting and the final packaging of the macromolecules are the
responsibility of the trans-Golgi network (TGN). It should be noted that
material can travel through the Golgi complex in an anterograde fashion, as
just described, as well as in a retrograde fashion, which occurs in situations
such as when escaped proteins that are residents of the RER or of a particular
Golgi face must be returned to their compartments of origin.

Endosomes

Endosomes are intermediate compartments within the cell, utilized in the
destruction of endocytosed, phagocytosed, or autophagocytosed materials as
well as in the formation of lysosomes. Endosomes

 possess proton pumps in their membranes, which pump H" into the
endosome, thus acidifying the interior of this compartment, and

+ are intermediate stages in the formation of lysosomes.

Lysosomes
Lysosomes are formed by the utilization of late endosomes as an intermediary
compartment.

* Both lysosomal membranes and lysosomal enzymes are packaged in the
TGN.

* They are delivered in separate clathrin-coated vesicles to late endosomes,
forming endolysosomes, which then mature to become lysosomes.

These membrane-bounded vesicles whose proton pumps are responsible for
their very acidic interior (pH 5.0) contain various hydrelytic enzymes that
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function in intracellular digestion. They degrade certain macromolecules as
well as phagocytosed particulate matter (phagolysosomes) and
autophagocytosed material (autophagolysosomes).

Peroxisomes

Peroxisomes are membrane-bounded organelles housing oxidative enzymes
such as urate oxidase, D-amino acid oxidase, and catalase.

* These organelles function in the formation of free radicals (e.g.,
superoxides), which destroy various substances.

» They protect the cell by degrading hydrogen peroxide by catalase.

» They also function in detoxification of certain toxins and in elongation of
some fatty acids during lipid synthesis.

Most of the proteins intended for inclusion into peroxisomes are synthesized
in the cytosol rather than on the RER. All peroxisomes are formed by fission
from preexisting peroxisomes.

Proteasomes

Proteasomes are small, barrel-shaped organelles that function in the degradation
of cytosolic proteins. There are two types of proteasomes, the larger 26S and the
smaller 20S. The process of cytosolic proteolysis is highly regulated, and the
candidate protein must be tagged by several ubiquitin molecules before it is
permitted to be destroyed by the 26S proteasome system. The 20S proteasome
degrades proteins that are oxidized by reactive oxygen species to form protein
carbonyls.

Cytoskeleton

The cytoskeleton is composed of a filamentous array of proteins that act not
only as the structural framework of the cell but also to transport material within
it from one region of the cell to another and to provide it with the capability of
motion and cell division. Components of the cytoskeleton include

* microtubules (consisting of a- and -tubulins arranged in 13
protofilaments);

 thin (actin) filaments (also known as microfilaments) that function in the
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movement of cells from one place to another as well as in the movement of
regions in the cell with respect to itself;

intermediate filaments (Table 1-3) that are thicker than thin filaments and
thinner than thick filaments and function in providing a structural
framework to the cell and resisting mechanical stress placed on cells; and

thick filaments (included here although not traditionally considered to be a
part of the cytoskeleton) composed of myosin that interact with thin
filaments to facilitate cell movement either along a surface or movement of
cellular regions with respect to the cell.

Type Location Function
Keratin Epithelial cells Support; tension bearing; withstands stretching; asso-
Cells of hair and nails ciated with desmosomes, hemidesmosomes, and
tonofilaments; immunological marker for epithelial
tumors
Vimentin Mesenchymal cells, chondroblasts, Structural support, forms cage-like structure around
fibroblasts, endothelial cells nucleus; immunological marker for mesenchymal
cell tumors
Desmin and vimentin Muscle: skeletal, smooth, cardiac Link myofibrils to myofilaments; desmin is an immu-
nological marker for tumors arising in muscle
GFAP and vimentin Astrocytes, oligodendrocytes, Schwann  Support; GFAP is an immunological marker for glial
cells, and neurons tumors
Neurofilaments Neurons Support of axons and dendrites; immunological
marker for neurological tumors
Lamins A, B, and C Line nuclear envelopes of all cells Organize and assemble nuclear envelope; maintain

organization of nuclear chromatin

GFAP, glial fibrillar acidic protein.

Microtubules are also associated with microtubule-associated proteins
(MAPs), which permit organelles, vesicles, and other components of the
cytoskeleton to bind to microtubules.

Most microtubules originate from the microtubule-organizing center
(MTOC) of the cell, located in the vicinity of the Golgi apparatus.

These elements of the cytoskeleton are pathways for intracellular
translocation of organelles and vesicles, and, during cell division, they drag
chromosomes into their proper locations.

Two important MAPs, kinesin and dynein, are motor proteins that facilitate
anterograde and retrograde intracellular vesicular and organelle movement,
respectively.

The axoneme of cilia and flagella, as well as a framework of centrioles, are
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formed mostly of microtubules.

Inclusions

Cytoplasmic inclusions, such as lipids, glycogen, secretory granules, and
pigments, are also consistent constituents of the cytoplasm. Many of these
inclusions are transitory in nature, although some pigments, for example,
lipofuscin, are permanent residents of certain cells.

Nucleus

The nucleus is enclosed by the nuclear envelope, composed of an inner and an
outer nuclear membrane with an intervening perinuclear cistern (see Graphic
1-2). The outer nuclear membrane is studded with ribesomes and is continuous,
in places, with the RER.

* In some areas, the inner and outer membranes fuse with each other, forming
circular profiles, known as nuclear pores that permit communication
between the nucleoplasm and the cytoplasm.

» These perforations of the nuclear envelope are guarded by protein
assemblies, which, together with the perforations, are known as nuclear
pore complexes, providing regulated passageways for the transport of
materials in and out of the nucleus.

The nuclear pore complex is arranged in an array of three ring-like
complexes arranged in three layers where each layer is composed of eight
subunits.

» The outermost ring, known as the cytoplasmic ring, sits on the cytoplasmic
surface of the nuclear pore.

* The middle ring occupies the perimeter of the nuclear pore.

* The innermost ring, or nucleoplasmic ring (nuclear ring), sits on the
nuclear aspect of the nuclear pore.

As material passes through the nuclear pore complex either into or out of the
nucleus, the lumen of the middle ring appears to be almost completely filled by
the substance being transported. The middle ring is believed to be a type of gated
channel that selectively permits the passage of materials by a receptor-mediated
transport.

The nucleus houses chromosomes, the DNA molecule that is wrapped
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around proteins known as histones. Both mRNA (the template for protein
synthesis) and tRNA (that ferry amino acids to the correct position on the
mRNA during protein synthesis) are synthesized in the nucleus by RNA
polymerase II and RNA polymerase III, respectively, whereas rRNA is
transcribed in the region of the nucleus known as the nucleolus by RNA
polymerase I. There are a number of other types of RNA that are produced in
the nucleus (each possessing various types of regulatory functions), such as

* miRNA (micro RNA),
* IncRNA (long intragenic noncoding RNA), and
* piRNA (Piwi-interacting RNA).

The nucleolus, a heavily stained region of the nucleus, has no membrane
surrounding it, and it is the site of assembly of ribosomal proteins and rRNA into
the small and large subunits of ribosomes. These ribosomal subunits enter the
cytosol individually. Although the nucleolus used to be described as possessing
four regions, fibrillar center, pars fibrosa, pars granulosa, and the nucleolar

matrix, these regions are no longer believed to have major functional
significance.

Cell Cycle

The cell cycle is governed by the cell cycle control system, which not only
ensures the occurrence of the correct sequence of events in a timely fashion but
also monitors and controls them. The cell cycle is subdivided into four phases:
Gy, S, Gy, and M.

* During the presynthetic phase, Gy, the cell increases its size and organelle
content.

* During the S phase, DNA (plus histone and other chromosome-associated
proteins) synthesis and centriole replication occur.

* During G,, ATP is accumulated, centriole replication is completed, and
tubulin is accumulated for spindle formation. Gy, S, and G, are also referred
to as interphase.

* M represents mitosis, which is subdivided into prophase, prometaphase,
metaphase, anaphase, and telophase (Table 1-4). The result is the division of
the cell and its genetic material into two identical daughter cells.

The sequence of events in the cell cycle is controlled by a number of trigger
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proteins known as cyclins. It is these cyclins and their interactions with a group
of enzymes known as cyclin-dependent kinases that determine when a cell may
progress from one phase to the next.
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Stage DNA Content Identifying Characteristics

Prophase DNA content doubles in the S phase Nuclear envelope begins to disappear, and the nucleolus
of interphase (4n); also centrioles disappears.
replicate. Chromosomes have been replicated, and each chromosome is

composed of two sister chromatids attached to each other
at centromere.

Centrioles migrate to opposite poles where they act as
microtubule organizing centers and give rise to spindle
fibers and astral rays.

Prometaphase DNA complement is 4n. Nuclear envelope disappears.
Kinetochores, additional microtubule-organizing centers,
develop at centromeres, and kinetochore microtubules form

Metaphase DNA complement is 4n. Chromosomes align at the equatorial plate of the mitotic
spindle.
Anaphase DNA complement is 4n. Sister chromatids separate at centromere and each chromatid

migrates to an opposite pole of the cell along the microtu-
bule, a process known as karyaokinesis.
In late anaphase, a cleavage furrow begins to form.

Telophase Each new daughter cell contains a Deepening of the cleavage furrow restricts the continuity
single complement of DNA (2n). between the two developing daughter cells forming the
midbody. The two daughter cells separate from each other,
a process known as cytokinesis.
Nuclear envelope reforms, nucleoli reappear, chromosomes
disperse forming new interphase nucleus in each daughter
cell.

@ Histophysiology

I. MEMBRANES AND MEMBRANE
TRAFFICKING

The fluidity of the plasmalemma is an important factor in the processes of
membrane synthesis, endocytosis, exocytosis, and membrane trafficking (see
Graphic 1-3)—conserving the membrane as it is transferred through the various
cellular compartments. The degree of fluidity is influenced directly by
temperature and the degree of unsaturation of the fatty acyl tails of the
membrane phospholipids and is influenced indirectly by the amount of
cholesterol present.

Ions and other hydrophilic molecules are incapable of passing across the
lipid bilayer; however, small nonpolar molecules, such as oxygen and carbon
dioxide, as well as uncharged polar molecules, such as water and glycerol, all
diffuse rapidly across the lipid bilayer. Specialized multipass integral proteins
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known as membrane transport proteins function in the transfer of substances
across the plasmalemma. Transport across the cell membrane may be passive
down an ionic or concentration gradient (simple diffusion or facilitated
diffusion via ion channel or carrier proteins; no energy required) or active,
utilizing a carrier protein, where energy is required, because the movement is
usually against a concentration or electric gradient. Ion channel proteins possess
an aqueous pore and may be ungated or gated. The former are always open,
whereas gated ion channels require the presence of a stimulus (alteration in
voltage, mechanical stimulus, presence of a ligand, G protein, neurotransmitter
substance, etc.) that opens the gate.

Signaling molecules are either hydrophobic (lipid soluble) or hydrophilic
and are used for cell-to-cell communication. Lipid-soluble molecules diffuse
through the cell membrane to activate intracellular messenger systems by
binding to receptor molecules located in either the cytoplasm or the nucleus.
Hydrophilic signaling molecules initiate a specific sequence of responses by
binding to receptors (integral proteins) embedded in the cell membrane.

Carrier proteins, unlike ion channels, can permit the passage of molecules
with or without the expenditure of energy. If the material is to be transported
against a concentration gradient, then carrier proteins can utilize ATP-driven
methods or sodium ion concentration differentials to achieve the desired
movement. Unlike ion channels, the material(s) to be transported bind to the
internal aspect of the carrier protein. The material may be transported
individually (uniport) or in concert with another molecule (coupled transport),
and the two substances may travel in the same direction (symport) or in the
opposite directions (antiport).

Endocytosis is the process of taking fluid and/or larger molecules into the
cell by the invagination of the cell membrane and the subsequent formation of
intracellular endocytic vesicles. The size of the endocytic vesicles, determined
by the material to be engulfed, discriminates two types of endocytosis, namely,
pinocytosis (“cell drinking”), involving small vesicles (<150 nm in diameter),
and phagocytosis (“cellular eating”), involving larger vesicles, phagosomes
(usually >250 nm in diameter). Receptors permit the endocytosis of a much
greater concentration of ligands than would be possible without receptors. This
process is referred to as receptor-mediated endocytosis and involves the
formation of a clathrin-coated endocytic vesicle, which, once within the cell,
sheds its clathrin coat and fuses with an early endosome. The receptors and
ligands are uncoupled in this compartment, permitting the receptors to be
transported to a system of tubular vesicles, the recycling endosome, from which
the receptors are recycled to the cell membrane. The ligands, left in the early
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endosome (pH 6), are ferried to late endosomes (pH 5.5), deeper in the
cytoplasm. Two groups of clathrin-coated vesicles derived from the TGN ferry
lysosomal enzymes and lysosomal membranes (containing additional ATP-
energized proton pumps) to the late endosome, forming an endolysosome (or
lysosome). The newly delivered proton pumps further decrease the pH of the
endolysosomal interior (to a pH of 5.0). Hydrolytic enzymes of the lysosome
degrade the ligand, releasing the usable substances for use by the cell. The
indigestible remnants of the ligand may remain enclosed within special vesicles
known as residual bodies, located in the cytoplasm. The lysosomal membrane
maintains its integrity possibly because the luminal aspects of the membrane
proteins are glycosylated to a much greater extent than those of other
membranes, thus preventing the degradation of the membrane.

II. PROTEIN SYNTHESIS AND EXOCYTOSIS

Protein synthesis requires the code-bearing mRNA, amino acid—carrying tRNAs,
and ribosomes (see Graphic 1-4). Proteins that will not be packaged are
synthesized on ribosomes in the cytosol, whereas noncytosolic proteins
(secretory, lysosomal, and membrane proteins) are synthesized on ribosomes that
are translocated to the surface of the RER. The complex of mRNA and
ribosomes is referred to as a polysome.

The signal hypothesis states that mRINAs that code for noncytosolic proteins
possess a constant initial segment, the signal codon, which codes for a signal
protein. As the mRNA enters the cytoplasm, it becomes associated with the
small subunit of a ribosome. The small subunit has a binding site for the large
subunit, the mRNA, as well as three binding sites (A, P, and E) for tRNAs.

Once the initiation process is completed, the start codon (AUG for the
amino acid methionine) is recognized, and the initiator tRNA (bearing
methionine) is attached to the P site (peptidyl-tRNA-binding site), the large
subunit of the ribosome, which has corresponding binding sites for the small
subunit attaches to it, and protein synthesis may begin. The next codon is
recognized by the proper acylated tRNA, which then binds to the A site
(aminoacyl-tRNA-binding site). Methionine is uncoupled from the initiator
tRINA (at the P site), and a peptide bond is formed between the two amino acids
(forming a dipeptide), so that the tRNA at the P site loses its amino acid and the
tRINA at the A site now has two amino acids attached to it. The formation of this
peptide bond is catalyzed by the enzyme peptidyl transferase, a part of the
large ribosomal subunit. As the peptide bond is formed, the large subunit shifts
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in relation to the small subunit, and the attached tRNAs wobble just enough to
cause them to move just a little bit, so that the initiator tRINA (that lost its amino
acid at the P site) moves to the E site (Exit site) and the tRNA that has two
amino acids attached to it moves from the A site to the P site, freeing the A site.
As this shifting occurs, the small ribosomal subunit moves the space of a single
codon along the mRNA, so that the two ribosomal subunits are once again
aligned with each other and the A site is located above the next codon on the
mRNA strand. As a new tRNA with its associated amino acid occupies the A site
(assuming that its anticodon matches the newly exposed codon of the mRNA),
the initiator tRNA drops off the E site, leaving the ribosome. The dipeptide is
uncoupled from the tRNA at the P site, and a peptide bond is formed between the
dipeptide and the new amino acid, forming a tripeptide (as before, the reaction is
catalyzed by the enzyme peptidyl transferase). The empty tRNA again moves to
the E site to fall off the ribosome, as the tRNA bearing the tripeptide moves from
the A site to the P site. In this fashion, the peptide chain is elongated to form a
protein, and in the case of proteins that are to be packaged, form the signal
protein.

The cytosol contains ribonucleated proteins known as signal recognition
particles (SRP). An SRP binds to each signal protein, inhibits the continuation
of protein synthesis, and the entire polysome proceeds to the RER. A signal
recognition particle receptor, a transmembrane protein located in the
membrane of the RER, recognizes and binds to the signal protein and at the
same time properly positions the polysome on the cytoplasmic surface of the
RER. The docking of the polysome results in the placement of the SRP-
ribosome complex on a protein translocator, whose components congregate to
form a pore in the RER membrane. The large subunit of the ribosome binds to
and forms a tight seal with the protein translocator, aligning the pore in the
ribosome with the pore in the protein translocator. The signal recognition particle
leaves the polysome, permitting protein synthesis to resume, and the forming
protein chain can enter the RER cisterna through the aqueous channel that
penetrates the protein translocator. During this process, the enzyme signal
peptidase, located in the RER cisterna, cleaves signal protein from the growing
polypeptide chain. One of three stop codons (UGA, UAG, or UAA) indicates
that the synthesis of the intended protein is completed and the A site becomes
occupied by two release factors, eRF1 and eRF3, where the former has an
affinity to all three stop codons. As before, the tRNA leaves the P site and
occupies the E site where eRF3 in conjunction with eRF1 dislodges the protein
chain from the tRNA and the remaining portion of the nascent protein enters the
RER cisterna. The small and large subunits of the ribosome detach from each
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other, fall off the RER and, along with the mRINA, return individually into the
cytosol.

The newly synthesized protein is modified in the RER by glycosylation as
well as by the formation of disulfide bonds, following which the linear protein is
folded into its proper globular form. The newly formed protein is transported in
COPII-coated transfer vesicles to the vesicular-tubular cluster and from there in
COPI-coated vesicles to the cis-Golgi network and from there to the cis face for
further processing.

Within the cis face, the mannose groups of lysosomal enzymes are
phosphorylated. Nonphosphorylated mannose groups are removed, and galactose
and sialic acid residues are added (terminal glycosylation) in the cis and medial
cisternae of the Golgi apparatus. Also within the medial cisternae, N-
acetylglucosamine may be added to the protein. Final modification occurs in the
trans cisterna, where selected amino acid residues are phosphorylated and
sulfated, and galactose and sialic acid may be added to the protein. Modified
proteins are then transported from the Golgi apparatus to the TGN for packaging
and sorting.

All transfers between the various faces of the Golgi apparatus including the
TGN probably occur via COPI-coated vesicles. (A concurrent theory suggests
the possibility of cisternal maturation, e.g., as the vesicular-tubular cluster
matures, it is transformed into the various faces of the Golgi and it is replaced by
the coalescence of newly derived transfer vesicles.) Mannose-6-phosphate
receptors in the TGN recognize and package enzymes destined for lysosomes.
These lysosomal enzymes leave the TGN in clathrin-coated vesicles. Regulated
secretory proteins are separated and are also packaged in clathrin-coated
vesicles. Membrane proteins and proteins destined for constitutive
(unregulated) transport are packaged in non—clathrin-coated vesicles.

Lysosomal Storage Diseases

Certain individuals suffer from lysosomal storage diseases, which involve a
hereditary deficiency in the ability of their lysosomes to degrade the contents
of their endolysosomes. One of the best-characterized examples of these
diseases is Tay-Sachs disease that occurs mostly in children whose parents are
descendants of Northeast European Jews. Since the lysosomes of these children
are unable to catabolize GM2 gangliosides, due to hexosaminidase deficiency,
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their neurons accumulate massive amounts of this ganglioside in
endolysosomes of ever-increasing diameters. As the endolysosomes increase in
size, they obstruct neuronal function and the child dies by the 3rd year of life.

Zellweger's Disease

Zellweger's disease is an inherited autosomal recessive disorder that interferes
with normal peroxisomal biogenesis whose characteristics include renal cysts,
hepatomegaly, jaundice, hypotonia of the muscular system, and cerebral
demyelination resulting in psychomotor retardation.

Cancer

Recent studies have suggested that most cancers arise not from mutations in
individual genes but from the formation of aneuploidy. In fact, within the same
tumor, the chromosomal configurations of individual cells vary greatly, and the
DNA content of the cells may be 50% to 200% of the normal somatic cell. It is
interesting to note that in the apparently chaotic reshuffling and recombination
of chromosomes in cancer cells, there appears to be an order, as in Burkitt's
lymphoma, where chromosomes 3, 13, and 17 usually displayed translocations
and chromosomes 7 and 20 were usually missing segments.

Hereditary Hemochromatosis

Excessive iron storage in hereditary hemochromatosis, untreated, can be a
lethal disorder. The individual absorbs too much iron, which accumulates in the
parenchymal cells of vital organs such as the liver, pancreas, and heart.
Because it may affect organs in different sequence, the symptoms vary and
diagnosis may be difficult. Testing the blood levels for high concentration of
ferritin and transferrin can provide definitive diagnosis, which can be
confirmed by genetic testing. Since this is a hereditary disorder, the close
relatives of the positive individual should also undergo genetic testing.
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In the case of the liver, displayed in this photomicrograph of a Prussian blue—
stained specimen, the lysosomes of hepatocytes are congested by large
accumulations of iron (appearing as small, granular deposits). (Reprinted from
Rubin E, Strayer DS, et al., eds. Rubin's Pathology. Clinicopathologic
Foundations of Medicine, 7th ed. Baltimore: Lippincott Williams & Wilkins,
2014. p. 11, with permission.)

Hydropic Swelling

When cells become injured by coming into contact with toxins, are placed in
areas of low or high temperature or low oxygen concentration, as well as being
exposed to various inimical conditions, their cytoplasm swells and takes on a
pale appearance. This characteristic is usually reversible and is called hydropic
swelling. Usually, the nuclei occupy their normal position, and their organelle
content remains unaltered, but the organelles are located farther away from
each other and, viewed with the electron microscope, it is noted that the
cisternae of their endoplasmic reticulum is dilated.
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This light photomicrograph of a liver of a patient with toxic hepatic injury
shows hydropic swelling. Note that the affected cells are enlarged with
accumulations of fluid, but the nuclei of most cells appear to be at their normal
location. The cells at the periphery seem to be healthy. (Reprinted from Rubin
E, Strayer DS, et al., eds. Rubin's Pathology. Clinicopathologic Foundations of
Medicine, 7th ed. Baltimore: Lippincott Williams & Wilkins, 2014. p. 4, with

permission.)
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An electron micrograph of a liver with hydropic swelling shows enlarged
cisternae of the endoplasmic reticulum that causes the liver cells to be swollen.
(Reprinted from Rubin E, Strayer DS, et al.,, eds. Rubin's Pathology.
Clinicopathologic Foundations of Medicine, 7th ed. Baltimore: Lippincott
Williams & Wilkins, 2014. p. 4, with permission.)

Genital Herpes Infection

One of the most common sexually transmitted diseases is herpes simplex
virus infection of the cervix (although HSV-1, usually associated with cold
sores on the lips and, occasionally, the eyes, can also be a causative factor).
Usually, infection by herpes simplex virus displays the presence of painful
blisters that discharge a clear fluid, form a scab within a week or so, and
disappear. During this episode, the genital area in females is painful, and
urination may be accompanied by a burning feeling. However, if the affected
region is the cervix or the vagina, the pain may be much less severe. When the
blisters break, the fluid within them is filled with HSV, and the individual is
infectious. Subsequent to the outbreak of the blistering, the virus retreats, along
nerve fibers, into the ganglion and remains there until the next episode. HSV
infections cannot be cured, but the severity of the pain and the duration of the
episode can be lessened by antiviral agents.
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Note the healthy epithelial cell with its pink cytoplasm with its healthy-
appearing nucleus. The infected epithelial cells possess multiple nuclei with
“ground-glass” appearance and with peripherally located chromatin. (Reprinted
from Rubin E, Strayer DS, et al., eds. Rubin's Pathology. Clinicopathologic
Foundations of Medicine, 5th ed. Baltimore: Lippincott Williams & Wilkins,
2008. p. 1268, with permission.)

GRAPHIC 1-1 The Cell
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GRAPHIC 1-2 The Organelles
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GRAPHIC 1-3 Membranes and Membrane Trafficking
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Signaling molecules bind to receptors (integral
proteins) embedded in the cell membrane and initiate a
specific sequence of responses. Receptors permit the
endocytosis of a much greater concentration of ligands
than would be otherwise possible. This process,
receptor-mediated endocytosis, involves the formation
of clathrin-coated endocytic vesicles. Once within the
cell, the vesicle sheds its clathrin coat and fuses with an
early endosome (pH = 6) where the receptor is
uncoupled from the ligand. The receptors are carried from
the early endosome into a system of tubular vesicles,
known as the recycling endosome, from which the
receptors are returned to the cell membrane.

The ligand is transferred by the use of multivesicular
bodies from the early endosome to another system
of vesicles, late endosomes, located deeper in the
cytoplasm. Late endosomes are more acidic (pH = 5.5)
and it is here that the ligand begins to be degraded. Late
endosomes receive lysosomal hydrolases and lysosomal
membranes, and in that fashion late endosomes probably
are transformed into lysosomeas (pH = 5.0). Hydrolytic
enzymes of the lyosomes degrade the ligand, releasing
the usable substances for utilization by the cell, whereas
the indigestible remnants of the ligand may remain in
vesicles, residual bodies, within the cytoplasm.
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GRAPHIC 1-4 Protein Synthesis and Exocytosis
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The newly synthesized protein is modified in the
RER by glycosylation as well as by the formation of
disulfide bonds that transform the linear protein into
globular form. The proteins are transporied to the
transitional ER {TER) elements from where they are
delivered into the vesicular-tubular cluster (VTC) via COPII-
coated vesicles. The proteins are sent to the cis Golgi network

in COPl-coated vesicles for further processing. Phosphorylation

of proteins occurs within the cis face. Nonphosphorylated mannose
groups are removed in the medial compartment. Final modification
ocours in the trans face. Modified proteins are transported from the
Golgi apparatus to the trans-Golgi network (TGN} for packaging
and sorting. Lysosomal enzymes and regulated secretory proteins
leave the TGN in clathrin-coated vesicles. Membrane and
unregulated proteins are packaged in non-clathrin-coated vesicles.
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As the mRNA enters the cytoplasm, it becomes associated
with the small subunit of a ribosome. The small subunit has
a binding site for mRAMA as wall as three binding sites (A, P,
and E) for tRNAs. Once the initiation process is completed
and the start codon (AUG, for the amino acid methioning) is
recognized, and the initiator tRNA (bearing methionine) is
attached to the P site, the large subunit of the ribosome
becomes attached, and protein synthesis may begin.

The next codon is
recognized by the proper
acylated tRNA, which then
binds to the A site.

Methionine is uncoupled
from the initiator tRNA
{al the P site), and a
peptide bond is formed
between the two amino
acids, resulting in a
dipeptide.

The initiator IRNA moves
io the E site and the tRNA
with the dipeptides moves
fo the F site, leaving the A
site empty. As the A sile
becomes occupied by a
new amino acyl tRNA, the
initiator tRNA drops off the
E site and the mRNA
move the distance of one
codon (three nucleotides)
and the new amino acyl
tANA's amina acid forms a
peptide bond with the
dipeptide. The two tRNAs
move ta sites E and P, and
the cycle continues,

After the signal
recognition particle is
bound to the completed
signal protein, the entire
polysome docks on the
RER membrane. A pore
opens up in the RER
membrane, so that the
forming protein chain can
enter the RER cisterna,

Once protein synthesis is
completed, the two

P site

E sile

ribosomal subunits fall off
the RER and return to
the cytosol.



FIGURE 1 Cells. Monkey. Plastic section. x1,323.

The typical cell is a membrane-bound structure that consists of a nucleus (N)
and cytoplasm (C). Although the cell membrane is too thin to be visualized with
the light microscope, the outline of the cell approximates the cell membrane
(arrowheads). Observe that the outline of these particular cells more or less
approximates a rectangle in shape. Viewed in three dimensions, these cells are
said to be tall cuboidal in shape, with a centrally placed nucleus. The nucleolus
(n) is clearly evident, as are the chromatin granules (arrows) that are dispersed
around the periphery as well as throughout the nucleoplasm.

FIGURE 2 Cells. Monkey. Plastic section. x540.

Cells may possess tall, thin morphologies, like those of a collecting duct of the
kidney. Their nuclei (N) are located basally, and their lateral cell membranes
(arrowheads) are outlined. Because these cells are epithelially derived, they are
separated from connective tissue elements (CT) by a basal membrane (BM).

FIGURE 3 Cells. Monkey. Plastic section. x540.

Cells come in a variety of sizes and shapes. Note that the epithelium (E) that
lines the lumen of the bladder is composed of numerous layers. The surface-
most layer consists of large, dome-shaped cells, some occasionally displaying
two nuclei (N). The granules evident in the cytoplasm (arrowhead) are glycogen
deposits. Cells deeper in the epithelium are elongated and narrow, and their
nuclei (arrow) are located in their widest region.

FIGURE 4 Cells. Monkey. Plastic section. x540.

Some cells possess a rather unusual morphology, as exemplified by the Purkinje
cell (PC) of the cerebellum. Note that the nucleus (N) of the cell is housed in its
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widest portion, known as the soma (perikaryon). The cell possesses several
cytoplasmic extensions, dendrites (De), and a single axon. This nerve cell
integrates the numerous digits of information that it receives from other nerve
cells that synapse on it.

Nucleus

Nucleolus

BM basal membrane De dendrite N nucleus
C cytoplasm E epithelium n nucleolus
T connective tissue L lumen PC Purkinje cell
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FIGURE 4

FIGURE 1 Gray matter of the spinal cord: Nucleus and Nissl
bodies. Human. Paraffin section. x540.

The motor neurons of the spinal cord are multipolar neurons because they
possess numerous processes arising from an enlarged soma (S), which houses
the nucleus (N) and various organelles. Observe that the nucleus displays a
large, densely staining nucleolus (n). The cytoplasm also presents a series of
densely staining structures known as Nissl bodies (NB), which have been
demonstrated by electron microscopy to be rough endoplasmic reticulum. The
staining intensity is due to the presence of ribonucleic acid of the ribosomes
studding the surface of the rough endoplasmic reticulum.

FIGURE 2 Mucosa of the duodenum. Mast cell in the connective
tissue. Monkey. Plastic section. x540.

The connective tissue (CT) subjacent to the epithelial lining of the small
intestines is richly endowed with mast cells (MC). The granules (arrows) of
mast cells are distributed throughout their cytoplasm and are released along the
entire periphery of the cell. These small granules contain histamine and heparin
as well as additional pharmacologic agents. Note that the epithelial cells (EC)
are tall and columnar in morphology and that leukocytes (Le) are migrating, via
intercellular spaces, into the lumen (L) of the intestines. Arrowheads point to
terminal bars, junctions between epithelial cells. The brush border (BB) has
been demonstrated by electron microscopy to be microvilli.

FIGURE 3 Zymogen granules. Pancreas. Monkey. Plastic
section. x540.

The exocrine portion of the pancreas produces enzymes necessary for proper
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digestion of ingested food materials. These enzymes are stored by the pancreatic
cells as zymogen granules (ZG) until their release is effected by hormonal
activity. Note that the parenchymal cells are arranged in clusters known as acini
(Ac), with a central lumen into which the secretory product is released. Observe
that the zymogen granules are stored in the apical region of the cell, away from
the basally located nucleus (N). Arrows indicate the lateral cell membranes of
adjacent cells of an acinus.

FIGURE 4 Mucous secretory products. Goblet cells. Large
intestine. Monkey. Plastic section. x540.

The glands of the large intestine house goblet cells (GC), which manufacture a
large amount of mucous material that acts as a lubricant for the movement of the
compacted residue of digestion. Each goblet cell possesses an expanded apical
portion, the theca (T), which contains the secretory product of the cell. The base
of the cell is compressed and houses the nucleus (N) as well as the organelles
necessary for the synthesis of the mucinogen—namely, the rough endoplasmic
reticulum and the Golgi apparatus. Arrows indicate the lateral cell membranes of
contiguous goblet cells.
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FIGURE 4

FIGURE 1 Brush border. Small intestine. Monkey. Plastic
section. x540.

The cells lining the lumen (L) of the small intestine are columnar cells, among
which are numerous mucus-producing goblet cells (GC). The columnar cells’
function is absorbing digested food material along their free, apical surface. To
increase their free surface area, the cells possess a brush border (BB), which
has been demonstrated by electron microscopy to be microvilli—short, narrow,
finger-like extensions of plasmalemma-covered cytoplasm. Each microvillus
bears a glycocalyx cell coat, which also contains digestive enzymes. The core of
the microvillus contains longitudinally arranged actin filaments as well as
additional associated proteins.

FIGURE 2 Cilia. Oviduct. Monkey. Plastic section. x540.

The lining of the oviduct is composed of two types of epithelial cells: bleb-
bearing peg cells (pc), which probably produce nutritional factors necessary for
the survival of the gametes, and pale ciliated cells (CC). Cilia (arrows) are long,
motile, finger-like extensions of the apical cell membrane and cytoplasm that
transport material along the cell surface. The core of the cilium, as shown by
electron microscopy, contains the axoneme, composed of microtubules arranged
in a specific configuration of nine doublets surrounding a central pair of
individual microtubules.

FIGURE 3 Short stereocilia. Epididymis. Monkey. Plastic
section. x540.

The lining of the epididymis is composed of tall, columnar principal cells (Pi)
and short basal cells (BC). The principal cells bear long stereocilia (arrows) that
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protrude into the lumen. It was believed that stereocilia were long, nonmotile,
cilia-like structures. However, studies with the electron microscope have shown
that stereocilia are actually long microvilli that branch as well as clump with
each other. The function, if any, of stereocilia within the epididymis is not
known. The lumen is occupied by numerous spermatozoa, whose dark heads
(asterisks) and pale flagella (arrowhead) are clearly discernible. Flagella are
very long, cilia-like structures used by the cell for propulsion.

FIGURE 4 Intercellular bridges. Skin. Monkey. Plastic section.
x540.

The epidermis of thick skin is composed of several cell layers, one of which is
the stratum spinosum shown in this photomicrograph. The cells of this layer
possess short, stubby, finger-like extensions that interdigitate with those of
contiguous cells. Before the advent of electron microscopy, these intercellular
bridges (arrows) were believed to represent cytoplasmic continuities between
neighboring cells; however, it is now known that these processes merely serve as
regions of desmosome formation (not visible with the light microscope) so that
the cells may adhere to each other.
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FIGURE 4

FIGURE 1 Mitosis. Whitefish blastula. Paraffin section. x270.

This photomicrograph of whitefish blastula shows different stages of mitosis.
The first mitotic stage, prophase (P), displays the short, thread-like
chromosomes (arrow) in the center of the cell. The nuclear membrane is no
longer present. During metaphase (M), the chromosomes line up at the
equatorial plane of the cell. The chromosomes begin to migrate toward the
opposite poles of the cell in early anaphase (A) and proceed farther and farther
apart as anaphase progresses (arrowheads). Note the dense regions, centrioles
(c), toward which the chromosomes migrate.

FIGURE 2 Mitosis. Whitefish blastula. Paraffin section. x540.

During the early telophase stage of mitotic division, the chromosomes (Ch)
have reached the opposite poles of the cell. The cell membrane constricts to
separate the cell into the two new daughter cells, forming a cleavage furrow
(arrowheads). The spindle apparatus is visible as parallel, horizontal lines
(arrow) that eventually form the midbody. As telophase progresses, the two new
daughter cells will uncoil their chromosomes and the nuclear membrane and
nucleoli will become reestablished.

FIGURE 3 Mitosis. Mouse. Electron microscopy. x9,423.

Neonatal tissue is characterized by mitotic activity, in which numerous cells are
in the process of proliferation. Observe that the interphase nucleus (IN) possesses
a typical nuclear envelope (NE), perinuclear chromatin (asterisk), nucleolus,
and nuclear pores. A cell that is undergoing the mitotic phase of the cell cycle
loses its nuclear membrane and nucleolus, whereas its chromosomes (Ch) are
quite visible. These chromosomes are no longer lined up at the equatorial plate

74



but are migrating to opposite poles, indicating that this cell is in the early- to
mid-anaphase stage of mitosis. Observe the presence of cytoplasmic organelles,
such as mitochondria, rough endoplasmic reticulum, and Golgi apparatus.

A anaphase M metaphase P prophase
4 centriole N nucleus
Ch chromosome NE nuclear envelope
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FIGURE 2

FIGURE

FIGURE 1 Typical cell. Pituitary. Rat. Electron microscopy.
x8,936.

The gonadotrophs of the pituitary gland provide an excellent example of a
typical cell because they house many of the cytoplasmic organelles possessed by
most cells. The cytoplasm is limited by a cell membrane (arrowheads) that is
clearly evident, especially where it approximates the plasmalemma of the
adjacent electron-dense cells. Mitochondria (m) are not numerous but are easily
recognizable, especially in longitudinal sections, because their cristae (arrows)
are arranged in a characteristic fashion. Because this cell actively manufactures a
secretory product that must be packaged and delivered outside of the cell, it
possesses a well-developed Golgi apparatus (GA), positioned near the nucleus
(N). Observe that the Golgi is formed by several stacks of flattened membranes.
Additionally, this cell is well endowed with rough endoplasmic reticulum,
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indicating active protein synthesis. The cytoplasm also displays secretory
products (asterisks), which are transitory inclusions.

The nucleus is bounded by the typical nuclear envelope (NE), consisting of a
ribosome-studded outer nuclear membrane and an inner nuclear membrane. The
peripheral chromatin and chromatin islands are clearly evident, as is the
nucleolus-associated chromatin (NC). The clear area within the nucleus is the
nucleoplasm representing the fluid component of the nucleus. The nucleolus (n)
presents a sponge-like appearance composed of electron-lucent and electron-
dense materials, suspended free in the nucleoplasm. The electron-dense region is
composed of the pars granulosa and the pars fibrosa, whereas the electron-lucent
region is probably the nucleoplasm in which the nucleolus is suspended. (From
Stokreef JC, Reifel CW, Shin SH. A possible phagocytic role for folliculo-
stellate cells of anterior pituitary following estrogen withdrawal from primed
male rats. Cell Tissue Res 1986;243:255-261.)

Nucleus

Nucleolus

Rough ER

Mitochondrion

Golgi apparatus N
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FIGURE 1

FIGURE 1 Nucleus and cytoplasm. Liver. Mouse. Electron
microscopy. x44,265.

The nucleus (N) displays its nucleoplasm and chromatin (c) to advantage in this
electron micrograph. Note that the inner (arrowheads) and outer (double arrows)
membranes of the nuclear envelope fuse to form nuclear pores (NP). The rough
endoplasmic reticulum is richly endowed by ribosomes (r). Note the presence of
numerous mitochondria (m), whose double membrane and cristae (Cr) are
quite evident.

Rough endoplasmic reticulum
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Nuclear pore complex
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FIGURE 1 Nucleus and cytoplasm. Liver. Mouse. Electron
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microscopy. x20,318.

This electron micrograph of a liver cell displays the nucleus (N), with its
condensed chromatin (c), as well as many cytoplasmic organelles. Note that the
mitochondria (m) possess electron-dense matrix granules (arrows) scattered in
the matrix of the intercristal spaces. The perinuclear area presents the Golgi
apparatus (GA), which is actively packaging material in condensing vesicles
(CV). The rough endoplasmic reticulum is obvious due to its ribosomes (R),
whereas the smooth endoplasmic reticulum is less obvious.

Golgi apparatus
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Mitochondrion
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FIGURE 1 Golgi apparatus. Mouse. Electron microscopy.
x28,588.

88



The extensive Golgi apparatus of this secretory cell presents several flattened
membrane-bound cisternae (Ci), stacked one on top of the other. The convex
face (cis face) (ff) receives transfer vesicles (TV) derived from the rough
endoplasmic reticulum. The concave, trans-Golgi network (mf) releases
condensing vesicles (CV), which house the secretory product. (From Gartner
LP, Seibel W, Hiatt JL, et al. A fine-structural analysis of mouse molar
odontoblast maturation. Acta Anat (Basel) 1979;103:16-33.)

Golgi apparatus
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Mitochondrion
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FIGURE 1 Mitochondria. Electron microscopy. x69,500.

The basal aspect of this cell presents several mitochondria. The outer membrane
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of each mitochondrion is smooth, whereas its inner membrane is folded to form
cristae (Cr) as is evident in the longitudinally sectioned mitochondrion.

Mitochondrion
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CHAPTER 2

EPITHELIUM AND GLANDS

GRAPHICS Plate 2-4
Graphic 2-1 Junctional Complex p. 42
Graphic 2-2  Salivary Gland p. 43

Epithelial Junctions, Electron
Microscopy (EM) p. 50

Figure 1 Epithelial junction (EM)

Figure 2 Epithelial junction. Zonula occludens.
Human (EM)

Plate 2.5 Glands p. 52

Figure T Goblet cells. lleum

Figure 2 Goblet cells. lleum

Figure 3 Sebaceous gland. Scalp

Figure 4 Eccrine sweat glands. Skin

Plate 2-6 Glands p. 54

Figure 1 Compound tubuloacinar (alveolar)
serous gland. Pancreas

Figure 2 Compound tubuloacinar (alveolar)
mucous gland. Soft palate

Figure 3 Compound tubuloacinar (alveolar)
mixed gland. Sublingual gland

Figure 4 Compound tubuloacinar (alveolar)
mixed gland. Submandibular gland

Review Plate 2-1 p. 56

Figure 1 Stratified squamous keratinized
epithelium. Human glabrous skin.
Paraffin

Figure 2 Trachea. Monkey l.s. Paraffin section

Figure 3 Sebaceous gland. Human glabrous
skin. Paraffin section

Table 2-1 Classification of Epithelia p. 36
Table 2-2
PLATES

Plate 2-1

Exocrine Gland Characteristics p. 36

Simple Epithelia and Pseudostratified

Epithelium p. 44

Figure 1 Simple squamous epithelium. Kidney

Figure 2 Simple squamous and simple cuboidal
epithelia

Figure 3 Simple columnar epithelium

Figure 4 Pseudostratified columnar epithelium

Plate 2-2 Stratified Epithelia and Transitional
Epithelium p. 46

Figure 1 Stratified cuboidal epithelium

Figure 2 Stratified squamous nonkeratinized
epithelium

Figure 3 Stratified squamous keratinized
epithelium. Skin

Figure 4 Transitional epithelium. Bladder

Plate 2-3 Pseudostratified Ciliated
Columnar Epithelium, Electron
Microscopy (EM) p. 48

Figure 1 Pseudostratified ciliated columnar

epithelium, Trachea (EM) Figure 4 Pancreas including an islet of

Langerhans. Human. Paraffin section
Epithelium is one of the four basic tissues of the body and is derived from all

three germ layers. It is composed of very closely packed, contiguous cells, with
very little or no extracellular material in the extracellular spaces. Epithelia either
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form membranes that are represented as sheets covering the body surface and
lining its internal surface or form secretory elements known as glands. Almost
always, epithelia and their derivatives are separated from underlying or
surrounding connective tissues by a thin, noncellular layer, the basement
membrane (basal membrane). This is usually composed of two regions, the
epithelially derived basal lamina and the connective tissue—derived lamina
reticularis.

Viewed with the light microscope, the narrow acellular structure
interposed between an epithelium and the underlying connective tissue is
known as the basement membrane. The same structure, when viewed
with the electron microscope, has been resolved to have three
components, lamina lucida, lamina densa (both manufactured by
epithelial cells), and lamina reticularis (manufactured by cells of
connective tissue). The two epithelially derived components are
collectively known as the basal lamina. Recently, some investigators have
questioned the presence of the lamina lucida, and some suggest that it is
an artifact of fixation. Additionally, some authors have stopped using the
term basement membrane and substituted the term basal lamina for both
light and electron microscopic descriptions. In this Atlas, we continue to
use basement membrane for light microscopic and basal lamina for
electron microscopic descriptions. Moreover, certain cells, such as muscle
cells and Schwann cells, invest themselves with an acellular material that
resembles a basal lamina, and that will be referred to as an external
lamina.

Epithelium

Epithelial Membranes

Epithelial membranes are avascular, deriving their nutrients by diffusion from
blood vessels in the adjacent connective tissues. These membranes can

e cover a surface,
* line a cavity, or
* line a tube.

Surfaces covered may be dry, as the outer body surface, or wet, as the
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covering of the ovary. However, all lining epithelia have a wet surface (e.g.,
those lining the body cavities, blood wvessels, and gastrointestinal tract).
Membranes that line serous body cavities are referred to as mesothelia, whereas
those lining blood and lymph vessels and the chambers of the heart are known as
endothelia.

Epithelial membranes are classified according to the shape of the most
superficial cell layer as observed when sectioned perpendicular to the exposed
surface of the membrane. Therefore, the epithelium may be squamous (flat),
cuboidal, or columnar in shape. Moreover, the number of cell layers composing
the epithelium also determines its classification, in that

 asingle layer of cells constitutes a simple epithelium,

» whereas two or more layers of cells are referred to as a stratified
epithelium (Table 2-1).
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Type
Simple
Simple squamous

Simple cuboidal
Simple columnar

Pseudostratified

Stratified
Stratified squamous
(nonkeratinized)
Stratified squamous
(keratinized)
Stratified cuboidal
Stratified columnar

Surface Cell Shape

Flattened

Cuboidal

Columnar

All cells rest on basement membrane
with only some reaching the sur-

face. Cells that reach the surface are
columnar.

Flattened (with nuclei)
Flattened (without nuclei)

Cuboidal

Examples (Some)

Lining blood and lymphatic vessel
walls (endothelium) and pleural and
abdominal cavities (mesothelium)

Lining ducts of most glands

Lining much of digestive tract and gall
bladder

Lining of nasal cavity, trachea, bronchi,
and epididymis

Lining mouth, esophagus, and vagina
Epidermis of the skin

Lining ducts of sweat glands

Columnar Conjunctiva of eye, lining some large
excretory ducts

Transitional Large dome-shaped cells when blad-
der is empty and flattened when
bladder is distended

Lining renal calyces, renal pelvis, ureter,
urinary bladder, and proximal por-
tion of urethra

In a simple epithelium, all of the cells contact the basement membrane and
reach the free surface. In pseudostratified epithelia (which may or may not
possess cilia or stereocilia), all of the cells contact the basement membrane,
although some cells are much shorter than others and do not reach the free
surface. Therefore, this is a simple epithelium that appears to be stratified.

Stratified squamous epithelium may be

* Kkeratinized,
* nonkeratinized, or even
* parakeratinized.

Since stratified squamous epithelium is the thickest of the epithelia, as a
barrier, it affords the greatest protection of the body from the external milieu. To
enhance this protection, stratified squamous epithelium may possess an outer
surface composed of dying or dead epithelial cells; the epithelium then is known
as parakeratinized or keratinized, respectively. The stratified epithelium lining
much of the urinary tract is known as transitional epithelium,; its free surface is
characterized by large, dome-shaped cells (Table 2-1).

Epithelial cell membranes are frequently specialized. Their free surface may
form microvilli (brush border, striated border), cilia, or stereocilia. The
lateral cell membranes maintain various types of intercellular junctions between
contiguous cells, namely, zonulae occludentes, zonulae adherentes, maculae
adherentes, and gap junctions. The basal cell membrane forms
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hemidesmosomes, maintaining the cell's attachment to the basement membrane
(Graphic 2-1).

Epithelial membranes possess numerous functions that include
protection from mechanical abrasion, chemical penetration, and bacterial
invasion;
reduction of friction;

absorption of nutrients as a result of its polarized cells that are capable of
performing vectorial functions;

secretion;
excretion of waste products;

synthesis of various proteins, enzymes, mucins, hormones, and a myriad of
other substances;

receiving sensory signals from the external (or internal) milieu;

forming glands whose function is secreting enzymes, hormones,
lubricants, or other products; and

movement of material along the epithelial sheet (such as mucus along the
respiratory tract) by the assistance of cilia.

Glands

Most glands are formed during embryonic development by epithelial
downgrowth into the surrounding connective tissue.

Glands that deliver their secretions onto the epithelial surface do so via
ducts and are known as exocrine glands.

Glands that do not maintain a connection to the outside (ductless) and
whose secretions enter the vascular system for delivery are known as
endocrine glands (see Chapter 10).

The secretory cells of a gland are referred to as its parenchyma and are

separated from surrounding connective tissue and vascular elements by a
basement membrane.

Exocrine glands are classified according to various parameters, for example,
morphology of their functional units, branching of their ducts, types of
secretory products that they manufacture, and the method whereby their
component cells release secretory products (Table 2-2).

The classification of endocrine glands is much more complex, but,
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morphologically, their secretory units either are composed of follicles or are
arranged in cords and clumps of cells (see Graphic 10-2).

Cellular Composition
Unicellular (single cell)

Multicellular (more than one cell)

Duct Form

Simple (unbranched)
Compound (branched)
Type of Secretion
Serous (watery)

Mucus (viscous)

Mixed (serous and mucus)

Mode of Secretion

Merocrine (only secretory
product released)

Apocrine (secretory product
along with a portion of cell
cytoplasm)

Holocrine (cell dies and becomes
the secretion)

I. EPITHELIUM

Example
Goblet cell

Submandibular
gland

Example
Parotid gland
Mammary gland
Example
Parotid gland
Palatal glands

Sublingual
gland

Example

Parotid gland

Lactating mammary
gland

Sebaceous gland

[ Histophysiology
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Epithelial cells may present specializations along their various surfaces. These
surfaces are apical (microvilli, stereocilia, cilia, and flagella), lateral or
basolateral (junctional complexes, zonula occludens, zonula adherens, macula
adherens, and gap junctions), and basal (hemidesmosomes and basal lamina).

A. Apical Surface Modifications

Microvilli are closely spaced, finger-like extensions of the cell membrane that
are employed to increase the surface area of those cells that function in
absorption and secretion. Dense clusters of microvilli are evident in light
micrographs, as a striated or brush border. The core of each microvillus
possesses a cluster of 25 or so microfilaments (actin filaments) that are
embedded in villin at the tip of the microvillus and are anchored to intermediate
filaments, actin filaments, and spectrin in the terminal web of the cell. The
actin filaments are linked to each other by proteins specialized in binding to
actin filaments, namely, fimbrin, espin, and fascin. Moreover, the actin
filaments are also tethered to the membrane of the microvillus by calmodulin
and myosin I. Where the actin filaments are anchored in the terminal web,
myosin II and tropomyosin molecules abound, and these assist in the spreading
of the microvilli apart to increase the intervillar spaces and facilitate absorption
or secretion.

Stereocilia are located in the epididymis, as well as in a few limited regions
of the body. They were named cilia because of their length; however, electron
micrography proved them to be elongated microvilli whose functions are, as yet,
unknown. The core of these stereocilia is composed of actin filaments that are
bound to one another by fimbrin and to the membrane of the stereocilia by villin
and ezrin (villin-2).

Cilia are elongated (7 to 10 pm long and 0.2 pm in diameter), motile,
plasmalemma-covered extensions of the cytoplasm that move material along the
apical cell surface. Each cilium arises from a structure known as the basal body
that resembles a centriole in that it is composed of 9 microtubule triplets. The
core of the cilium, known as the axoneme, is composed of nine pairs of
peripheral microtubules (doublets) and two single, centrally placed microtubules
(singlets). Each doublet is composed of a complete microtubule, microtubule A,
consisting of 13 protofilaments and a microtubule B, composed of only 10
protofilaments. Microtubule A shares three of its protofilaments with
microtubule B. The two singlets are surrounded by a central sheet, composed of
an elastic material, and each doublet is attached to the central sheet by a radial
spoke, also composed of an elastic material. Moreover, nexin bridges, again
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composed of an elastic material, bind adjacent doublets to each other.
Microtubules of the doublets possess dynein arms with ATPase activity, which
functions in energizing ciliary motion. These dynein arms form two rows and are
located along the entire length of the A subunit resembling a centipede, and they
project toward the B subunit of the adjacent doublet. The dynein arms hydrolyze
ATP and utilize the energy released to “climb” the adjacent B subunit, thus
causing the cilium to bend thereby stretching the intricate group of elastic
material of the axoneme. Once the dynein arms release their hold on the adjacent
B subunit, the stretched elastic material returns to its resting length (without the
requirement of energy consumption) and “snaps” the cilium back into its
previous upright position. The whip-like motion of the cilium thus propels
material on the surface of the cilium. In order to protect the cilium from bending
too far, a somewhat rigid protein rod, composed of tektin, is nestled against each
doublet reinforcing it and reducing its flexibility.

Substances to be transported are known as cargo and they travel in both
directions between the cilium and the cytoplasm via anterograde (toward the
ciliary tip) and retrograde (toward the basal body) intraciliary transport. The
cargo is transported by raft proteins propelled toward the ciliary tip by kinesin-
2 and in the opposite direction by dynein-2 using the surface of the axoneme's
microtubules that face the plasmalemma of the cilium so as not to interfere with
the functions of the dynein arms. The entire process of intraciliary transport
relies on intestinal cell kinase, an enzyme that resides in the cytoplasm at the tip
of the cilium and phosphorylates kinesin-2. It is this event that facilitates the
transformation of anterograde intraciliary movement into retrograde intraciliary
motion.

B. Basolateral Surface Modifications (See Graphic
2-1)

The basolateral surface is really composed of a lateral and a basal domain.
Each region has its own specialized adaptation and will be described as such.
The lateral domain presents its specific junctional complexes and the basal
domain displays hemidesmosomes and the basal lamina.

1. Lateral Domain

Junctional complexes, which occupy only a minute region of the lateral cell
surfaces, are visible with light microscopy as terminal bars, structures that
encircle the entire cell. Terminal bars are composed of three components: zonula
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occludens (tight or occluding junction), zonula adherens (adhering junction),
and macula adherens (desmosome, also adhering junction). The first two are
belt-like so that they encircle the cell, whereas desmosomes do not, although in
some epithelial cells, such as the endothelium, the tight junctions and adhering
junctions are formed as ribbon-like configurations rather than belt-like and then
they are known as fascia occludens and fascia adherens, respectively.
Additionally, another type of junction, the gap junction (communicating
junction), permits two cells to communicate with each other.

Zonulae occludentes are formed in such a fashion that the plasma
membranes of the two adjoining cells are very close to each other and the
transmembrane proteins of the two cells contact each other in the extracellular
space. There are a number of transmembrane proteins that participate in the
formation of the zonula occludens, claudins, occludins, junctional adhesion
molecules, ZO-1, Z0O-2, and Z0O-3 proteins, among others. Although all of
these proteins are necessary to exclude material from traversing the paracellular
route, it is the claudins that form a physical barrier that cannot be penetrated and
it is important to note that claudins do not require the presence of calcium ions to
remain attached to their counterparts located in the adjacent cell membrane.
Additionally, it should be noted that here are some claudins that possess aqueous
channels that are designed to permit the movement of ions, water, and some very
small molecules. These proteins are preferentially adherent to the P-face
(protoplasmic face) of the membrane and form characteristic ridges evident in
freeze fracture preparation, whereas the E-face (extracellular face) presents
corresponding grooves. The zonulae occludentes are also responsible for
preventing integral proteins of the cell from migrating from the apical surface to
the basolateral surface and vice versa.

The plasma membranes of adjacent epithelial cells are farther apart in the
region of the zonula adherens. Cell adhesion molecules (CAMs) are the most
significant components of adhering junctions of epithelial cells, and in the
zonulae adherentes, they are calcium-dependent proteins, known as E-
cadherins. The cytoplasmic moiety of the E-cadherins has binding sites for
catenins, which, in turn, bind to vinculin and «a-actinin, which are capable of
forming bonds with the thin filaments of the cytoskeleton. In this fashion, in the
presence of calcium in the extracellular space, the two epithelial cells adhere to
each other and the adherence is reinforced by the cytoskeleton of the two cells.
Moreover, the zonulae adherentes reinforce and stabilize the zonulae occludentes
as well as distribute stresses across the epithelial sheet.

Maculae adherentes (desmosomes) resemble spot welding that holds the
two cells together. As their name implies, they are not continuous structures as
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are the two zonulae but are discrete entities. Desmosomes require the presence
of two cells, and they are composed of an outer and inner intracellular
attachment plaque (dense plaques) in each cell. The outer attachment plaques
are composed of plakoglobins and plakophilins that are attached to each other
by the assistance of a family of proteins known as desmoplakins. The outer
attachment plaques adhere to the cytoplasmic aspect of the two adjacent cell
membranes as mirror images of each other. Intermediate filaments enter and
leave the cytoplasmic aspect of the outer dense plaque resembling curved ends
of hairpins and these curved ends form the less dense inner attachment plaque.
Embedded into the plaques are transmembrane, calcium-dependent cadherins,
desmogleins and desmocollins. The extracellular moieties of desmogleins and
desmocollins of the adjoining cells contact each other in the extracellular space
and, in the presence of calcium ions, attach the two cells to each other.

In the regions of gap junctions (communicating junctions, nexus), the two
cell membranes are very close to each other, about 2 nm apart. Interposed within
the cell membrane of each cell and meeting each other are connexons,
composed of six subunits known as a connexins; these multipass proteins form a
cylindrical structure with a central pore. A connexon of one cell matches the
connexon of the other cell and thus form an aqueous channel, about 2 nm in
diameter, between the two cells that permits the water, ions, and molecules
smaller than 1 kD in size to traverse the channel and go from one cell into the
next. Each cell has the ability to open or close the channel, and this regulation is
calcium as well as pH dependent. In this fashion, a healthy cell can shut off
communication with a cell that may be damaged. Each gap junction may be
composed of several thousand connexons crowded together.

2. Basal Surface Modifications

The basal cell membrane of the cell is affixed to the basal lamina by adhering
junctions known as type I or type II hemidesmosomes. Morphologically, they
resemble half of a desmosome, but their biochemical composition and clinical
significance demonstrate enough dissimilarity that hemidesmosomes are no
longer viewed as being merely one half of a desmosome. Type I
hemidesmosomes are more intricate and are located in stratified squamous and
pseudostratified epithelia, whereas type II hemidesmosomes are simpler and are
located in simple cuboidal and simple columnar epithelia. Only the type I
hemidesmosome will be described; it has an intracellular plaque, composed
mostly of plectin, BP230 (plakin proteins), and erbin. Tonofilaments
(intermediate filaments) terminate in the plaque by interacting with BP230 and
plectin. Hemidesmosomes also possess dense clusters of transmembrane protein
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components known as o634 integrin molecules, whose cytoplasmic moiety is
embedded in the plaque and is attached to it by interacting with BP230 and erbin
thereby ensuring that the hemidesmosome is anchored to the cytoskeleton. The
extracellular regions of the integrin molecules and of the BP180 molecules
contact laminin and type IV collagen of the basal lamina and bind to them if
extracellular calcium is present. In this manner, hemidesmosomes assist in the
anchoring of epithelial sheets to the adjacent basal lamina.

The basement membrane, interposed between epithelium and connective
tissue, is composed of an epithelially derived component, the basal lamina, and
a connective tissue—derived region, the lamina reticularis. The basal lamina is
further subdivided into two regions, the lamina lucida and the lamina densa.
Although some investigators, using low-temperature, high-pressure freezing
techniques of fixation, are beginning to question the existence of the lamina
lucida, this Atlas will continue to adhere to the concept of a lamina lucida
component of the basal lamina. The lamina lucida is that region of the basal
lamina that houses the extracellular moieties of the transmembrane laminin
receptors, namely, the integrin and dystroglycans molecules. The lamina
lucida also houses the glycoproteins laminin, entactin, and perlacans. The
lamina densa is composed of type IV collagen, coated by laminin, entactin, and
perlacan on its epithelial surface, and fibronectin and perlacan on the lamina
reticularis surface. Additionally, two other collagen types, XV and XVIII, are
also present in the lamina densa. The lamina densa adheres to the lamina
reticularis, the thickest region of the basement membrane. The lamina
reticularis is composed mostly of type III collagen, proteoglycans,
glycoproteins, as well as of anchoring fibers (type VII collagen) and
microfibrils (fibrillin). Type I and type III collagen fibers enter the lamina
reticularis from its interface with the connective tissue to affix the two structures
to each other. In this fashion, the epithelium and the connective tissue form firm
bonds with each other. The basement membrane (and in certain areas where the
lamina reticularis is absent and only the basal lamina is present) functions as
structural supports for the epithelium, as molecular filters (e.g., in the renal
glomerulus), in regulating the migration of certain cells across epithelial sheaths
(e.g., preventing entry to fibroblasts but permitting access to lymphoid cells), in
epithelial regeneration (e.g., in wound healing, where it forms a surface along
which regenerating epithelial cells migrate), and in cell-to-cell interactions (e.g.,
formation of myoneural junctions).

C. Epithelial Cell Renewal
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Epithelial cells usually undergo regular turnover because of their function and
location. For example, cells of the epidermis that are sloughed from the surface
originated approximately 28 days earlier by mitosis from cells of the basal
layers. Other cells, such as those lining the small intestine, are replaced every
few days. Still others continue to proliferate until adulthood is reached, at which
time the mechanism is shut down. However, when large numbers of cells are
lost, for example, because of injury, certain mechanisms trigger the proliferation
of new cells to restore the cell population.

Bullous Pemphigoid

Bullous pemphigoid, a rare autoimmune disease, is caused by autoantibodies
binding to some of the protein components of hemidesmosomes. Individuals
afflicted with this disease exhibit skin blistering of the groin and axilla about
the flexure areas and often in the oral cavity. Fortunately, it can be controlled
by steroids and immunosuppressive drugs.
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Bullous pemphigoid. Note that the epidermis is lifted from the dermis, a
characteristic of bullous pemphigoid because the hemidesmosomes are
attacked by the immune system thus separating the epidermis from the
underlying dermis, which displays the presence of an inflammatory infiltrate of
neutrophils, lymphocytes, and eosinophils. (Reprinted from Mills SE, et al.,
eds. Sternberg's Diagnostic Surgical Pathology, 6th ed. 2015. p. 18, with
permission.)

Pemphigus Vulgaris

Pemphigus vulgaris is an autoimmune disease, caused by autoantibodies
binding to some of the components of desmosomes. This disease causes
blistering and is usually found occurring in middle-aged individuals. It is a
relatively dangerous disease since the blistering can easily lead to infections.
Frequently, this disease also responds to steroid therapy.

Tumor Formation
Under certain pathologic conditions, mechanisms that regulate cell
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proliferation do not function properly; thus, epithelial proliferation gives rise to
tumors that may be benign if they are localized or malignant if they wander
from their original site and metastasize (seed) to another area of the body and
continue to proliferate. Malignant tumors that arise from surface epithelium are
termed carcinomas, whereas those developing from glandular epithelium are
called adenocarcinomas.

Metaplasia

Epithelial cells are derived from certain germ cell layers, possess a definite
morphology and location, and perform specific functions; however, under
certain pathological conditions, they may undergo metaplasia, transforming
into another epithelial cell type. An example of such metaplasia occurs in the
lining epithelium of the oral cavity of individuals who smoke or use chewing
tobacco as well as in Barrett's esophagus, where the long-term gastric reflux
causes the epithelium of the lower portion of the esophagus to resemble the
cardiac stomach but with the presence of goblet cells rather than surface-lining
cells.
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Metaplasia in a case of Barrett's esophagus. Note that the normal esophageal
epithelium, stratified squamous nonkeratinized, has been replaced by a simple
columnar epithelium resembling that of the cardiac stomach but rich in goblet
cells. (Reprinted from Mills SE. Histology for Pathologists, 4th ed.
Philadelphia: Lippincott Williams & Wilkins, 2012. p. 623, with permission.)

Cholera

Cholera toxins cause the release of tremendous volumes of fluid from the
individual afflicted by that disease. The toxin attacks the zonulae occludentes
by disturbing the proteins Z0O-1 and ZO-2, thereby disrupting the zonula
occludentes and permitting the paracellular movement of water and
electrolytes. The patient has uncontrolled diarrhea and subsequent fluid and
electrolyte loss. If the fluids and salts are not replaced in a timely manner, the
patient dies.

Psoriasis Vulgaris

Psoriasis affects approximately 2% of the population and may have a familial
trait. It usually begins its course between 10 and 40 years of age, and it first
appears as patches of dry skin that is raised and is reddish in color on the knees,
scalp, elbows, back, or the buttocks. It is believed to be an immune disorder
that causes a higher than normal mitotic activity of the cells of the stratified
squamous keratinized epithelium, the epidermis, of the skin. In most
individuals, this condition has no symptoms other than the unsightly
appearance of the skin. In some individuals, however, the condition is
accompanied by pain and/or itching or both.
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greatly modified. Note that the stratum spinosum layer is greatly thickened and
the cells of the stratum corneum appear to possess nuclei. Higher magnification
of that area, however (not shown), demonstrates that the nuclei belong to
neutrophils that invaded the epithelium. Also, note the absence of the stratum
granulosum and lucidum, which confirms that this specimen is not taken from
regions of thick skin, namely, the palm of the hand or the sole of the foot. The
large number of nuclei present in the papillary layer of the dermis belongs to
lymphocytic infiltrate. (Reprinted from Mills SE, et al., eds. Sternberg's
Diagnostic Surgical Pathology, 6th ed. Philadelphia: Lippincott Williams &
Wilkins, 2015. p. 7, with permission.)

GRAPHIC 2-1 Junctional Complex
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GRAPHIC 2-2 Salivary Gland
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FIGURE 1 Simple squamous epithelium. Kidney. Monkey.
Plastic section. x540.

The lining of the lumen (L) of this small arteriole is composed of a simple
squamous epithelium (SE) (known as the endothelium). The cytoplasm of these
cells is highly attenuated and can only be approximated in this photomicrograph
as a thin line (between the arrowheads). The boundaries of two contiguous
epithelial cells cannot be determined with the light microscope. The nuclei (N)
of the squamous epithelial cells bulge into the lumen, characteristic of this type
of epithelium. Note that some of the nuclei appear more flattened than do others.
This is due to the degree of agonal contraction of the smooth muscle (M) cells
of the vessel wall.

FIGURE 2 Simple squamous and simple cuboidal epithelia. x.s.
Kidney. Paraffin section. x270.

The medulla of the kidney provides ideal representation of simple squamous and
simple cuboidal epithelia. Simple squamous epithelium, as in the previous
figure, is easily recognizable due to flattened but somewhat bulging nuclei (N).
Note that the cytoplasm of these cells appears as thin, dark lines (between
arrowheads); however, it must be stressed that the dark lines are composed of
not only attenuated cells but also the surrounding basement membranes. The
simple cuboidal epithelium (CE) is very obvious. The lateral cell membranes
(arrow) are clearly evident in some areas; even when they cannot be seen, the
relationships of the round nuclei permit an imaginary approximation of the
extent of each cell. Note that simple cuboidal cells, in section, appear more or
less like small squares with centrally positioned nuclei.

FIGURE 3 Simple columnar epithelium. Monkey. Plastic
section. x540.
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The simple columnar epithelium of the duodenum in this photomicrograph
displays a very extensive brush border (MV) on the apical aspect of the cells.
The terminal web (TW), where microvilli are anchored, appears as a dense line
between the brush border and the apical cytoplasm. Distinct dots (arrowheads)
are evident, which, although they appear to be part of the terminal web, are
actually terminal bars, resolved by the electron microscope to be junctional
complexes between contiguous cells. Note that the cells are tall and slender, and
their nuclei (N), more or less oval in shape, are arranged rather uniformly at the
same level in each cell. The basal aspects of these cells lie on a basement
membrane (arrows), separating the epithelium from the connective tissue (CT).
The round nuclei (rN) noted within the epithelium actually belong to leukocytes
migrating into the lumen (L) of the duodenum. A few goblet cells (GC) are also
evident.

FIGURE 4 Pseudostratified columnar epithelium with Ccilia.
Paraffin section. x270.

The first impression conveyed by this epithelium from the nasal cavity is that it
is stratified, being composed of at least four layers of cells; however, careful
observation of the inset (x540) demonstrates that these are closely packed cells
of varying heights and girth, each of which is in contact with the basement
membrane. Here, unlike in the previous photomicrograph, the nuclei (N) are not
uniformly arranged, and they occupy about three-fourths of the epithelial layer.
The location and morphology of the nuclei provide an indication of the cell type.
The short basal cells (BC) display small, round to oval nuclei near the basement
membrane. The tall, ciliated cells (arrows) possess large, oval nuclei. The
terminal web (TW) supports tall, slender cilia (C), which propel mucus along
the epithelial surface. The connective tissue is highly vascularized and presents
good examples of simple squamous epithelia (arrowheads) that compose the
endothelial lining of blood (BV) and lymph vessels (LV).

PSEUDOSTRATIFIED

Ly, A
free L0y

SIMPLE

Squamous Cuboidal

Columnar

115



BC basal cell GC goblet cell rN round nucleus

BV blood vessel L lumen SE simple squamous

C cilia LV lymph vessel epithelium

CE simple cuboidal M smooth muscle ™ terminal web
epithelium MV brush border

T connective tissue N nucleus

116



. Sy X

g a...-,..._o vy d.q..:.l.‘....
SN e




FIGURE 1

118






FIGURE 2

120






FIGURE 3

122



123



FIGURE 4

FIGURE 1 Stratified cuboidal epithelium. Monkey. Plastic
section. x540.

Stratified cuboidal epithelium is characterized by two or more layers of cuboid-
shaped cells, as illustrated in this photomicrograph of a sweat gland duct. The
lumen (L) of the duct is surrounded by cells whose cell boundaries are not
readily evident, but the layering of the nuclei (N) demonstrates that this
epithelium is truly stratified. The epithelium of the duct is surrounded by a
basement membrane (BM). The other thick tubular profiles are tangential
sections of the secretory (s) portions of the sweat gland, composed of simple
cuboidal epithelium. Note the presence of a capillary (Cp), containing a single
red blood cell, and the bulging nucleus (arrow) of the epithelial cell constituting
the endothelial lining. The large empty space in the lower right-hand corner of
this photomicrograph represents the lumen of a lymph vessel (LV) whose
endothelial lining presents a flattened nucleus bulging into the lumen. Note that
more cytoplasm is evident near the pole of the nucleus (arrowhead) than
elsewhere.

FIGURE 2 Stratified squamous nonkeratinized epithelium.
Plastic section. x270.

The lining of the esophagus provides a good example of stratified squamous
nonkeratinized epithelium. The lack of vascularity of the epithelium, which is
approximately 30 to 35 cell layers thick, is clearly evident. Nourishment must
reach the more superficial cells via diffusion from blood vessels of the
connective tissue (CT). Note that the deepest cells, which lie on the basement
membrane and are known as the basal layer (BL), are actually cuboidal in
shape. Due to their mitotic activity, they give rise to the cells of the epithelium,
which, as they migrate toward the surface, become increasingly flattened. By the
time they reach the surface, to be sloughed off into the esophageal lumen (EL),
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they are squamous in morphology. The endothelial lining of a vessel is shown as
scattered nuclei (N) bulging into the lumen (L), providing an obvious contrast
between stratified and simple squamous epithelia.

FIGURE 3 Stratified squamous keratinized epithelium. Skin.
Paraffin section. x132.

The palm of the hand is covered by a thick stratified squamous keratinized
epithelium. The definite difference between this and the preceding
photomicrograph is the thick layer of nonliving cells containing keratin (K),
which functions in protecting the deeper living cells and tissues from abrasion,
desiccation, and invasion by bacterial flora. Although the various layers of this
epithelium will be examined in greater detail in Chapter 11, certain features need
to be examined here. Note that the interdigitation between the connective tissue
dermal ridges (P) and the epithelial ridges (R) provides a larger surface area
for adhesion and providing nutrients than would be offered by a merely flat
interface. The basement membrane (BM) is a definite interval between the
epithelium and the connective tissue. The basal layer of this epithelium,
composed of cuboidal cells, is known as the stratum germinativum, which
possesses a high mitotic activity. Cells originating here press toward the surface
and, while on their way, change their morphology, manufacture proteins, and
acquire different names. Note the duct (D) of a sweat gland piercing the base of
an epidermal ridge as it continues toward the outside (arrows).

FIGURE 4 Transitional epithelium. Bladder. Monkey. Plastic
section. X132,

The urinary bladder, as most of the excretory portion of the urinary tract, is lined
by a specialized type of stratified epithelium—the transitional epithelium. This
particular specimen was taken from an empty, relaxed bladder, as indicated by
the large, round, dome-shaped (rC) cells, some of which are occasionally
binucleated (arrow), abutting the lumen (L). The epithelial cells lying on the
basement membrane (BM) are quite small but increase in size as they migrate
superficially and begin to acquire a pear shape. When the bladder is distended,
the thickness of the epithelium decreases and the cells become flattened, more
squamous-like. The connective tissue-epithelium interface is flat, with very little
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interdigitation between them. The connective tissue (CT) is very vascular
immediately deep to the epithelium, as is evident from the sections of the
arterioles (A) and venules (V) in this field. Observe the simple squamous
endothelial linings of these vessels, characterized by their bulging nuclei
(arrowheads).

STRATIFIED STRATIFIED STRATIFIED TRANSITIONAL

Squamous nonkeratinized Squamous keratinized Relaxed

A arteriole EL esophageal lumen R epithelial ridge
BL basal layer K keratin rC round-shaped cell
BM basement membrane L lumen s secretory portion
Cp capillary Lv lymph vessel v venule

T connective tissue N nucleus

D duct P dermal ridge
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FIGURE 4

FIGURE 1 Pseudostratified ciliated columnar epithelium.
Hamster trachea. Electron microscopy. x6,480.

The pseudostratified ciliated columnar epithelium of the trachea is composed of
several types of cells, some of which are presented here. Since this is an oblique
section through the epithelium, it is not readily evident here that all of these cells
touch the basal lamina (BL). Note that the pale-staining ciliated cells (CC)
display rough endoplasmic reticulum (rER), mitochondria (M), Golgi
apparatus (G), and numerous cilia (C) interspersed with microvilli (MV). Each
cilium, some of which are seen in cross-section, displays its plasma membrane
and its axoneme (A). The cilia are anchored in the terminal web via their basal
bodies (BB). The mitochondria appear to be concentrated in this area of the cell.
The second cell types to be noted are the mucous cells (MC), also known as
goblet cells. These cells produce a thick, viscous secretion, which appears as
secretory granules (SG) within the apical cytoplasm. The protein moiety of the
secretion is synthesized on the rough endoplasmic reticulum (rER), whereas
most of the carbohydrate groups are added to the protein in the Golgi apparatus
(G). The mucous cells are nonciliated but do present short, stubby microvilli
(MV) on their apical surface. When these cells release their secretory product,
they change their morphology. They no longer contain secretory granules, and
their microvilli become elongated and are known as brush cells. They may be
recognized by the filamentous structures within the supranuclear cytoplasm. The
lower right-hand corner of this electron micrograph presents a portion of a
capillary (Ca) containing a red blood cell (RBC). Observe that the highly
attenuated endothelial cell (EC) is outside of but very close to the basal lamina
(BL) of the tracheal epithelium. (Courtesy of Dr. E. McDowell.)
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FIGURE 1

FIGURE 1 Epithelial junction. Human. Electron microscopy.
x27,815.

This electron micrograph represents a thin section of an intercellular canaliculus
between clear cells of a human eccrine sweat gland stained with ferrocyanide-
reduced osmium tetroxide. A tight junction (arrows) separates the lumen of the
intercellular canaliculus (IC) from the basolateral intercellular space. Observe
the nucleus (N). (From Briggman JV, Bank HL, Bigelow JB, Graves JS, Spicer
SS. Structure of the tight junctions of the human eccrine sweat gland. Am J Anat
1981;162:357-368.)

FIGURE 2 Epithelial junction. Zonula occludens. Human.
Electron microscopy. x83,700.

This is a freeze fracture replica of an elaborate tight junction along an
intercellular canaliculus between two clear cells. Note the smooth transition
from a region of wavy, nonintersecting, densely packed junctional elements to an
area of complex anastomoses. At the step fracture (arrows), it can be seen that
the pattern of ridges on the E-face corresponds to that of the grooves on the P-
face of the plasma membrane of the adjacent clear cell. In certain areas
(arrowheads), several of the laterally disposed, densely packed junctional
elements are separated from the luminal band. The direction of platinum
shadowing is indicated by the circled arrow. (From Briggman JV, Bank HL,
Bigelow JB, Graves JS, Spicer SS. Structure of the tight junctions of the human
eccrine sweat gland. Am J Anat 1981;162:357-368.)
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FIGURE 1 Goblet cells. Illeum. Monkey. Plastic section. x270.

Goblet cells are unicellular exocrine glands that are found interspersed among
simple columnar and pseudostratified columnar epithelia. This photomicrograph
of an ileal villus displays numerous goblet cells (GC) located among the simple
columnar epithelial cells (EC). The brush border (arrowhead) of the columnar
cells is only scantly present on the goblet cells. The expanded apical region of
the goblet cell is known as the theca (T) and is filled with mucin (m), which,
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when released into the lumen of the gut, coats and protects the intestinal lining.
The lower right-hand corner of the simple columnar epithelium was sectioned
somewhat obliquely through the nuclei of the epithelial cells, producing the
appearance of a stratified epithelium (asterisk). Looking at the epithelium above
the double arrows, however, it is clearly simple columnar. The occasional round
nuclei (rN) are those of lymphocytes migrating through the epithelium into the
lumen (L). Figure 2 is a higher magnification of the boxed area.

FIGURE 2 Goblet cells. Illeum. Monkey. Plastic section. x540.

This photomicrograph is a higher magnification of the boxed area of the
previous figure, demonstrating the light microscopic morphology of the goblet
cell. The mucinogen (m) in the expanded theca (T) of the goblet cell has been
partly precipitated and dissolved during the dehydration procedure. The nucleus
(N) of the goblet cell is relatively dense due to the condensed chromatin.
Between the nucleus and the theca is the Golgi zone (GZ), where the protein
product of the cell is modified and packaged into secretory granules for delivery.
The base (b) of the goblet cell is slender, almost as if it were “squeezed in”
between neighboring columnar epithelial cells, but it touches the basement
membrane (BM). The terminal web and brush border of the goblet cell are
greatly reduced but not completely absent (arrowheads). The round nuclei (rN)
belong to leukocytes migrating through the epithelium into the lumen (L) of the
ileum.

FIGURE 3 Sebaceous gland. Scalp. Paraffin section. x132.

Sebaceous glands are usually associated with hair follicles. They discharge their
sebum into the follicle, although in certain areas of the body, they are present
independent of hair follicles. These glands, surrounded by slender connective
tissue capsules (Ca), are pear-shaped saccules with short ducts. Each saccule is
filled with large, amorphous cells with nuclei in various states of degeneration
(arrows). The periphery of the saccule is composed of small, cuboidal basal
cells (BC), which act in a regenerative capacity. As the cells move away from
the periphery of the saccule, they enlarge and increase their cytoplasmic fat (f)
content. Near the duct, the entire cell degenerates and becomes the secretion
(se). Therefore, sebaceous glands are classified as simple, branched, acinar
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glands with a holocrine mode of secretion. Smooth muscles (M), arrector pili,
are associated with sebaceous glands. Observe the secretory (s) and duct (D)
portions of a sweat gland above the sebaceous gland.

FIGURE 4 Eccrine sweat glands. Skin. Paraffin section. x270.

Eccrine sweat glands are the most numerous glands in the body, and they are
extensively distributed. The glands are simple, unbranched, coiled tubular, and
producing a watery solution. The secretory portion (s) of the gland is composed
of a simple cuboidal type of epithelium with two cell types, a lightly staining cell
that makes up most of the secretory portion, and a darker staining cell that
usually cannot be distinguished with the light microscope. Surrounding the
secretory portion are myoepithelial cells (MC), which, with their numerous
branching processes, encircle the secretory tubule and assist in expressing the
fluid into the ducts. The ducts (D) of sweat glands are composed of a stratified
cuboidal type of epithelium, whose cells are smaller than those of the secretory
unit. In histologic sections, therefore, the ducts are always darker than the
secretory units. The large, empty-looking spaces are adipose (fat) cells (AC).
Note the numerous small blood vessels (arrows) in the vicinity of the sweat
gland.

Goblet cell
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FIGURE 4

FIGURE 1 Compound tubuloacinar (alveolar) serous gland.
Pancreas. Monkey. Plastic section. x540.

This is a photomicrograph of the exocrine portion of the pancreas, a compound
tubuloacinar (alveolar) serous gland. The duct system of this gland will be
studied in Chapter 15 on the Digestive System. Only its secretory cells will be
considered at this point. Each acinus, when sectioned well, presents a round
appearance with a small central lumen (L), with the secretory cells arranged like
a pie cut into pieces. The connective tissue (CT) investing each acinus is flimsy
in the pancreas. The secretory cells are more or less trapezoid-shaped, with a
round, basally situated nucleus (N). The cytoplasm contains numerous zymogen
granules (ZG), which are the membrane-bound digestive enzymes packaged by
the Golgi apparatus.

FIGURE 2 Compound tubuloacinar (alveolar) mucous glands.
Soft palate. Paraffin section. x132.

The compound tubuloacinar glands of the palate are purely mucous and secrete a
thick, viscous fluid. The secretory acini of this gland are circular in section and
are surrounded by fine connective tissue (CT) elements. The lumina (L) of the
mucous acini are clearly distinguishable, as are the trapezoid-shaped
parenchymal cells (PC), which manufacture the viscous fluid. The nuclei (N) of
the trapezoid-shaped cells are dark, dense structures that appear to be flattened
against the basal cell membrane. The cytoplasm has an empty, frothy
appearance, which stains a light grayish-blue with hematoxylin and eosin.

FIGURE 3 Compound tubuloacinar (alveolar) mixed gland.
Sublingual gland. Monkey. Plastic section. x540.
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The sublingual gland is a mostly mucous, compound tubuloacinar gland that
contains many mucous tubules and acini. These profiles of mucous acini are well
represented in this photomicrograph. Note the open lumen (L) bordered by
several trapezoid-shaped cells whose lateral plasma membranes are clearly
evident (double arrows). The nuclei (N) of these mucous cells appear to be
flattened against the basal plasma membrane and are easily distinguishable from
the round nuclei of the cells of serous acini. The cytoplasm appears to possess
numerous vacuole-like structures that impart a frothy appearance to the cell. The
serous secretions of this gland are derived from the few serous cells that appear
to cap the mucous units, known as serous demilunes (SD). The secretory
products of the serous demilunes gain entrance to the lumen of the secretory unit
via small intercellular spaces between neighboring mucous cells.

FIGURE 4 Compound tubuloacinar (alveolar) mixed gland.
Submandibular gland. Monkey. Plastic section. x540.

The submandibular gland is a compound tubuloacinar gland that produces a
mixed secretion, as does the sublingual gland of the previous figure. However,
this gland contains many purely serous acini (SA) and very few purely mucous
ones, namely, because the mucous acini are capped by serous demilunes (SD).
Also, this gland possesses an extensive system of ducts (D). Note that the
cytoplasm of the serous cells appears to be blue when stained with hematoxylin
and eosin. Also notice that the lumina of the acini are so small that they are not
apparent, whereas those of mucous units (L) are obvious. Observe the difference
in the cytoplasms of serous and mucus-secreting cells as well as the density of
the nuclei of individual cells. Finally, note that the lateral cell membranes
(arrows) of mucus-producing cells are clearly delineated, whereas those of the
serous cells are very difficult to observe.
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FIGURE 4

[ Selected Review of Histologic
Images

FIGURE 1 Stratified squamous keratinized epithelium. Human
glabrous skin. Paraffin section. x270.

This photomicrograph of glabrous skin shows the keratin (K) sloughing off the
free surface of the stratified squamous keratinized epithelium. Note that a
basement membrane (BM) separates the epidermis from the dermis. Also
observe the rete apparatus as evident from the presence of epithelial ridges (R)
that interdigitate with dermal ridges (D) of the dermis.

FIGURE 2 Trachea. l.s. Monkey. Paraffin section. x270.

The lumen (L) of the trachea is lined by a pseudostratified ciliated columnar
epithelium (E), which overlies the lamina propria (LP). The hyaline cartilage
C-ring (CR) is the skeleton of the trachea, which maintains its patency. The
dense irregular collagenous connective tissue perichondrium (PC) of the C-ring
invests the entire hyaline cartilage. This section was taken from an area near the
open ends of the C-ring, where the trachealis muscle, a smooth muscle (SM),
fills in the gap.

FIGURE 3 Sebaceous gland. Human glabrous skin. Paraffin
section. x540.
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This photomicrograph is a high magnification of a sebaceous gland displaying
its capsule (Ca) as well as the regenerative basal cells (BC) that are responsible
for the maintenance of the gland by providing new cells that replace the sebum-
forming cells of the gland. Sebum (Se) collects in vesicles that fuse as the cell
degenerates, and the entire dead cell is expressed as the secretory product of this
holocrine gland. Observe that as the cell degenerates, its nucleus becomes more
and more pyknotic (arrows).

FIGURE 4 Pancreas including an islet of Langerhans. Human.
Paraffin section. x132.

This photomicrograph displays both the exocrine and the endocrine portions of
the human pancreas where the islets of Langerhans (IL) constitute the
endocrine portion. The connective tissue (CT) of the pancreas not only
subdivides it into lobes and lobules but also conveys its vascular supply as well
as the system of ducts that deliver the exocrine secretions of the acinar cells of
the serous acini (Ac) and of the centroacinar cells and intercalated ducts into the
duodenum. This particular duct is composed of a stratified cuboidal epithelium.

Ac serous acini D dermal ridges K keratin

BC basal cell E pseudostratified ciliated PC perichondrium

BM basement membrane columnar epithelium R epithelial ridges
Ca capsule IL islets of Langerhans Se sebum

CR C-ring L lumen M smooth muscle
T connective tissue LP lamina propria
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[ Summary of Histologic
Organization

I. EPITHELIUM

A. Types

1. Simple Squamous
Single layer of uniform flat cells.

2. Simple Cuboidal

Single layer of uniform cuboidal cells.

3. Simple Columnar
Single layer of uniform columnar cells.

4. Pseudostratified Columnar
Single layer of cells of varied shapes and heights.

5. Stratified Squamous

Several layers of cells whose superficial layers are flattened. These may be

nonkeratinized, parakeratinized, or keratinized.

6. Stratified Cuboidal

Two or more layers of cells whose superficial layers are cuboidal in shape.

7. Stratified Columnar

Two or more layers of cells whose superficial layers are columnar in shape.

8. Transitional

Several layers of cells, characterized by large, dome-shaped cells at the free
surface, that help maintain the integrity of the epithelium during distention of the

various components of the urinary tract.
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B. General Characteristics

1. Free Surface Modifications

Cells may possess microvilli (brush border, striated border), short finger-like
projections that increase the surface area of the cell; stereocilia (long
anastomosing microvilli), which are found almost exclusively in the epididymis;
and cilia, which are long, motile projections of the cell with a 9 + 2 microtubular
substructure (axoneme).

2. Lateral Surface Modifications

For the purposes of adhesion, the cell membranes form junctional complexes
involving the lateral plasmalemma of contiguous cells. These junctions are
known as desmosomes (maculae adherentes), zonulae occludentes, and
zonulae adherentes. For the purpose of intercellular communication, the lateral
cell membranes form gap junctions (nexus, septate junctions).

3. Basal Surface Modifications

The basal cell membrane that lies on the basement membrane forms
hemidesmosomes to assist the cell to adhere to the underlying connective tissue.

4. Basement Membrane

The basement (basal) membrane of light microscopy is composed of an
epithelially derived basal lamina (which has two parts, lamina densa and
lamina lucida) and a lamina reticularis derived from connective tissue, which
may be absent.

II. GLANDS

A. Exocrine Glands

Exocrine glands, which deliver secretions into a system of ducts to be conveyed
onto an epithelial surface, may be unicellular (goblet cells) or multicellular.
Multicellular glands may be classified according to the branching of their
duct system. If the ducts are not branched, the gland is simple; if they are
branched, the gland is compound. Moreover, the three-dimensional shape of the
secretory units may be tubular, acinar (alveolar), or a combination of the two,
namely, tubuloacinar (tubuloalveolar). Additional criteria include (1) the type
of secretory product produced (serous [parotid, pancreas], mucous [palatal
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glands], and mixed [sublingual, submandibular], possessing serous and mucous
acini and serous demilunes) and (2) the mode of secretion (merocrine [only
the secretory product is released, as in the parotid gland], apocrine [the
secretory product is accompanied by some of the apical cytoplasm, as perhaps in
mammary glands], and holocrine [the entire cell becomes the secretory product,
as in the sebaceous gland, testes, and ovary]). Glands are subdivided by
connective tissue septa into lobes and lobules, and the ducts that serve them are
interlobar, intralobar, interlobular, and intralobular (striated, intercalated).

Myoepithelial (basket) cells are ectodermally derived myoid cells that share
the basement lamina of the glandular parenchyma. These cells possess long
processes that surround secretory acini and, by occasional contraction, assist in
the delivery of the secretory product into the system of ducts.

C. Endocrine Glands

Endocrine glands are ductless glands that release their secretion into the
bloodstream. These glands are described in Chapter 10.
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CONNECTIVE TISSUE
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The major structural constituents of the body are composed of connective tissue.
Although seemingly diverse, structurally and functionally they possess many
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shared qualities; therefore, they are considered in a single category. Most
connective tissues are derived from mesoderm, which form the multipotential
mesenchyme from which bone, cartilage, tendons, ligaments, capsules, blood
and hematopoietic cells, and lymphoid cells develop. Functionally, connective
tissues serve in support, defense, transport, storage, and repair, among others.
Connective tissues, unlike epithelia, are composed mainly of

+ extracellular elements and

* a limited number of cells.

They are classified mostly on the basis of their nonliving components rather
than on their cellular constituents. Although the precise ordering of the various
subtypes differs from author to author, the following categories are generally
accepted:

« Embryonic connective tissues

* Mesenchymal
*  Mucous

e Adult connective tissues

» Connective tissue proper
* Loose (areolar)

* Reticular

* Adipose

* Dense irregular

* Dense regular

» Collagenous
» Elastic

» Specialized connective tissues
* Supporting tissues
» Cartilage
* DBone
* Blood

Extracellular Matrix
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The extracellular matrix of connective tissue proper is composed of fibers,
amorphous ground substance, and extracellular fluid (tissue fluid).

Three types of fibers are recognized histologically: collagen, reticular, and
elastic.

» Collagen fibers, forming about 20% to 25% of the protein content of
humans, are nonelastic and usually occur as bundles of varied thicknesses.
Their basic subunits are tropocollagen molecules, each of which is
composed of three a chains wound around each other. Tropocollagen
molecules aggregate into specific staggered associations, producing a 67-
nm banding, once believed to be characteristic of all collagen fibers (see
Graphic 3-1). Some collagen types, such as type IV collagen, which is
present in basal laminae, do not exhibit this banding characteristic.

» Reticular fibers (now known to be one of the types of collagen fibers) are
thin, branching, carbohydrate-coated fibers composed of type III collagen
that form delicate networks around smooth muscle cells, certain epithelial
cells, adipocytes, nerve fibers, and blood vessels. They also constitute the
structural framework of certain organs, such as the liver and the spleen.

» Elastic fibers, as their name implies, are highly elastic and may be stretched
to about 150% of their resting length without breaking. They are composed
of an amorphous protein, elastin, surrounded by a microfibrillar
component, consisting of fibrillin. Elastic fibers do not display a periodicity
and are found in regions of the body that require considerable flexibility and
elasticity.

The amorphous ground substance constitutes the gel-like matrix in which
the fibers and cells are embedded and through which extracellular fluid diffuses.
Ground substance is composed of glycosaminoglycans (GAGs), proteoglycans,
and glycoproteins. The major GAG constituents are hyaluronic acid,
chondroitin-4-sulfate, chondroitin-6-sulfate, dermatan sulfate, keratan
sulfate I and II, heparin, and heparan sulfate (Table 3-1). Proteoglycans are
composed of a protein core to which GAGs are covalently bound.
Glycoproteins have also been localized in connective tissue proper. These
substances, especially fibronectin and laminin, appear to be essential in
facilitating the attachment and migration of cells along connective tissue
elements.
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Linked to Core

GAGs Sulfated Repeating Disaccharides Protein Location
Hyaluronic acid No p-Glucuronic acid-beta-1,3-N- No Most connective tissue,
acetyl- p-glucosamine synovial fluid, cartilage,
dermis, vitreous humor,
umbilical cord
Keratan sulfate | and Il Yes Galactose-beta-1,4-N-acetyl- Yes Cornea (keratan sulfate 1),
p-glucosamine-6-SO, cartilage (keratan
sulfate II)
Heparan sulfate Yes p-Glucuronic acid-beta-1,3-N- Yes Blood vessels, lung, basal
acetyl galactosamine lamina
L-Iduronic acid-2 or -SO,-beta-
1,3-N-acetyl- p-galactosamine
Heparin (90%) Yes L-Iduronic acid-beta-1,4-sulfo-b- No Mast cell granule, liver,
glucosamine-6-SO, lung, skin
Heparin (10%) p-Glucuronic acid-beta-1,4-N-
acetylglucosamine-6-SO,
Chondroitin-4-sulfate Yes p-Glucuronic acid-beta-1,3-N- Yes Cartilage, bone, cornea,
acetylgalactosamine-6-SO, blood vessels
Chondroitin-6-sulfate Yes D-Glucuronic acid-beta-1,3-N- Yes Cartilage, Wharton'’s jelly,
acetylgalactosamine-6-SO, blood vessels
Dermatan sulfate Yes L-lduronic acid-alpha-1,3-N- Yes Heart valves, skin, blood

acetylglucosamine-4-SO,

vessels

The basement membrane, interposed between epithelia and connective
tissues, is described in Chapter 2, Epithelium and Glands.

Cells

The following are cells of connective tissue proper—or, more accurately, loose
(areolar) connective tissue (see Graphic 3-2).

» Fibroblasts, the predominant cell type, are responsible for the synthesis of
collagen and elastic and reticular fibers and much if not all of the ground

substance.

» The morphology of these cells appears to be a function of their synthetic
activities, and therefore, resting (or inactive fibroblasts) cells were often
referred to as fibrocytes, a term that is rapidly disappearing from the
literature.

* Macrophages are derived from monocytes, white blood cells that leave the
bone marrow, enter blood vessels, and from there they migrate into
connective tissue where they differentiate into macrophages, cells that
function in ingesting (phagocytosing) foreign particulate matter. These
cells also participate in enhancing the immunologic activities of
lymphocytes.
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Plasma cells are the major cell type present during chronic inflammation.
These cells are derived from a subpopulation of lymphocytes (B cells) and
are responsible for the synthesis and release of humoral antibodies.

Mast cells are of two types, those located in connective tissue proper in the
vicinity of blood vessels (known as connective tissue mast cells) and those

that reside in the mucosa of the digestive tract (known as mucosal mast
cells).

Both cell types house numerous metachromatic granules containing
pharmacologic agents (primary mediators, preformed mediators) that
induce inflammatory responses.

Mast cells manufacture additional pharmacologic agents that, instead of
being stored in secretory granules, are released as soon as they are
formed (secondary mediators, newly synthesized mediators). Both

types of pharmacologic agents and their functions are listed in Table 3-
2.

The major difference between mucosal and connective tissue mast cells
is that the former have chondroitin sulfate and the latter have heparin
as one of the pharmacologic agents in their granules.

All mast cells possess receptors on their cell membranes for the
immunoglobulin IgE. When antigens enter the body, plasma cells
manufacture antibodies against the antigen, among them IgE, which
then bind to the IgE receptors on the mast cell surface. The next time
the same antigen enters the body, they bind to the IgE on the mast cell
surface, and if these antibodies become cross-linked with each other,
they precipitate not only the release of the primary mediators but also
the secondary mediator, thereby initiating and inflammatory response.
Unfortunately, in sensitized individuals, these cells may release their
granules throughout the body instead of just locally, resulting in
anaphylactic reactions or even in life-threatening anaphylactic shock.

Pericytes are also associated with minute blood vessels, but much more
closely than are mast cells, since they share the basal laminae of the
endothelial cells.

Pericytes are believed to be contractile cells, which assist in the
regulation of blood flow through the capillaries.

Additionally, they may also be pluripotential cells, which assume the
responsibilities of mesenchymal cells in adult connective tissue. It is
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now believed that mesenchymal cells are probably not present in the
adult.

« Fat cells (adipocytes) may form small clusters or aggregates in loose
connective tissue. They store lipids and form adipose tissue, which
protects, insulates, and cushions organs of the body.

» Leukocytes (white blood cells) leave the bloodstream and enter the

connective tissue spaces. Here they assume various functions, which are
discussed in Chapters 5 and 9.
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Substance
Primary Mediators

Histamine

Heparin
Eosinophil chemotactic factor
Neutrophil chemotactic factor

Aryl sulfate

Chondroitin sulfate

Neutral proteases

Secondary Mediators

Prostaglandin D2
Leukotrienes C4, D4, E4
Bradykinins

Thromboxane A2

Platelet-activating factor

Intracellular Source

Granules

Granules

Granules

Granules

Granules

Granules

Membrane lipid
Membrane lipid
Membrane lipid

Membrane lipid
Activated by phospholipase A,

Connective Tissue Types

Action

Vasodilator; increases vascular permeability;
causes contraction of bronchial smooth muscle;
increases mucus production

Anticoagulant; inactivates histamine
Attractant for eosinophils to site of inflammation
Attractant for neutrophils to site of inflammation

Inactivates leukotriene C4, limiting inflammatory
response

Binds and inactivates histamine

Protein cleavage to activate complement;
increases inflammatory response

Causes contraction of bronchial smooth muscle;
increases mucus secretion; vasoconstriction

Vasodilators; increases vascular permeability; con-
traction of bronchial smooth muscle

Causes vascular permeability; responsible for pain
sensation

Causes platelet aggregation; vasoconstriction

Attracts neutrophils and eosinophils; causes
vascular permeability; contraction of bronchial
smooth muscle

* Mesenchymal and mucous connective tissues are limited to the embryo.

* Mesenchymal connective tissues consist of mesenchymal cells and fine
reticular fibers interspersed in a semifluid matrix of ground substance.

* Mucous connective tissue is more viscous in consistency, contains
collagen bundles and numerous fibroblasts, and is found deep to the
fetal skin and in the umbilical cord (where it is known as Wharton's
jelly), surrounding the umbilical vessels.

* Loose (areolar) connective tissue is distributed widely, since it constitutes
much of the superficial fascia and invests neurovascular bundles. The cells
and intercellular elements described above help form this more or less
amorphous, watery tissue.

* Reticular connective tissue forms a network of thin reticular fibers that
constitute the structural framework of bone marrow and many lymphoid
structures as well as a framework enveloping certain cells.

» Adipose tissue is composed of fat cells, reticular fibers, and a rich vascular
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supply. There are two types of adipose tissue, white (unilocular) and brown
(multilocular). The former acts as a depot for fat, a thermal insulator, and a
shock absorber, whereas brown fat releases heat and is especially well
represented in hibernating animals.

* Dense irregular collagenous connective tissue consists of coarse, almost
haphazardly arranged bundles of collagen fibers interlaced with few elastic
and reticular fibers. The chief cellular constituents are fibroblasts,
macrophages, and occasional mast cells. The dermis of the skin and
capsules of some organs are composed of dense irregular collagenous
connective tissue.

* Dense regular connective tissue may be composed either of thick, parallel
arrays of collagenous fibers, as in tendons and ligaments, or of parallel
bundles of elastic fibers, as in the ligamentum nuchae, the ligamentum
flava, and the suspensory ligament of the penis. The cellular constituents of
both dense regular collagenous and dense regular elastic connective tissues
are almost strictly limited to fibroblasts.

@ Histophysiology

I. EXTRACELLULAR MATRIX

A. Ground Substance

Ground substance is composed of GAGs, proteoglycans, and glycoproteins.
Glycosaminoglycans are linear polymers of repeating disaccharides, one of
which is always a hexosamine, whereas the other is a hexuronic acid (see Table
3-1). All of the GAGs, with the exception of hyaluronic acid, are sulfated and
thus possess a predominantly negative charge.

Most GAGs are linked to protein cores, forming huge proteoglycan
molecules via bridge tetrasaccharides that are added to the serine side chains
of the protein cores as they were modified within the Golgi apparatus.
Proteoglycans can be relatively small, such as decorin (50 kD) or quite large,
such as aggrecan (30,000 kDa). Many of these proteoglycan molecules can also
be linked to hyaluronic acid via link proteins, forming massive molecules, such
as aggregans aggregate, forming enormous electrochemical domains that

177



attract osmotically active cations (e.g., Na'). These huge cation-covered
proteoglycans attract H,O molecules, forming hydrated molecules that provide a

gel-like consistency to connective tissue proper thereby resisting compression
and slowing down the flow of extracellular fluid. This reduced flow rate permits
more time for the exchange of materials by the cells and retards the spread of
invading microorganisms. The sulfated GAGs include chondroitin sulfate,
dermatan sulfate, heparan sulfate, heparin, and keratan sulfate. Glycoproteins
are large polypeptide molecules with attendant carbohydrate side chains. The
best characterized are laminin, fibronectin, chondronectin, osteonectin, entactin,
and tenascin. Laminin and entactin are derived from epithelial cells, and tenascin
is made by glial cells of the embryo, whereas the remainder are manufactured by
cells of connective tissue. Many cells possess integrins, transmembrane
proteins, with receptor sites for one or more of these glycoproteins. Moreover,
glycoproteins also bind to collagen, thus facilitating cell adherence to the
extracellular matrix.

B. Fibers
1. Collagen

Collagen, the most abundant of the fibers, is inelastic and is composed of a
staggered array of the protein tropocollagen, composed of three a chains.
Interestingly, every third amino acid is glycine, and a significant amount of
proline, hydroxyproline, lysine, and hydroxylysine constitute much of the
tropocollagen subunit. Since glycine is a very small amino acid, the three o
chains can form a tight helix as they wrap around each other. The hydrogen
bonds of hydroxyproline residues of individual a chains hold the three chains
together to maintain the stability of the tropocollagen molecule; hydroxylysine
residues hold the tropocollagen molecules to each other to form collagen fibrils.
Currently, there are at least 35 different known types of collagens, each
designated by a Roman numeral, depending on the amino acid composition of
their o chains. The most common collagens are type I (dermis, bone, capsules of
organs, fibrocartilage, dentin, and cementum), type II (hyaline and elastic
cartilages), type III (reticular fibers), type IV (lamina densa of the basal lamina),
type V (placenta), and type VII (anchoring fibrils of the basal lamina). These 35
or so types of collagen are grouped into four different classes: fibril-forming,
network-forming, fibril-associated, and transmembrane collagens (collagen-
like proteins) (see Table 3-3). All fibril-forming collagens display a 67-nm
periodicity as the result of the specific arrangement of the tropocollagen

178



molecules.

179



Type
Fibril Forming
I

Vil

Xl

Network Forming
v

Vil
Fibril Associated

1X
X

Transmembrane Collagens

XVl

XVII

Function

Resisting tension placed on it

Resists tension placed on it

Constructs architectural framework

Accompanies type | collagen

May form a layer for the migration of
endothelial cells and smooth muscle
cells; limits the stretching ability of
elastin

Type | and type Il collagen forms
around it.

Affords support and acts as a filter

Aids in attaching the lamina densa to
the lamina reticularis of the base-
ment membrane

Combines with type |l collagen

Combines with type | collagen

Unknown

Enzymatic cleavage transforms it
into angiogenesis inhibitor and
endostatin

a. Synthesis of Fibril-forming Collagens

Location

Tendons and ligaments; dermis
of skin, capsules of organs;
bone; cementum; dentin

Hyaline and elastic cartilages

Liver; spleen; lymph nodes;
smooth muscles; adipose
tissue

See type |; also placenta

Endothelial basement mem-
brane; corneal endothelium

See type | and type Il collagens

Lamina densa of the basal
lamina

Anchoring fibers of the base-
ment membranes

See type Il collagen

See type | collagen

Hemidesmosome (previous
name: bullous pemphigoid
antigen)

Lamina reticularis of the base-
ment membrane

Synthesis of fibril-forming collagen occurs on the rough endoplasmic
reticulum, where polysomes possess different mRNAs coding for the three o
chains (preprocollagens). Within the rough endoplasmic reticulum (RER)
cisternae, specific proline and lysine residues are hydroxylated, and
hydroxylysine residues are glycosylated. Each « chain possesses propeptides
(telopeptides) located at both amino and carboxyl ends. These propeptides are
responsible for the precise alignment of the a chains, resulting in the formation
of the triple helical procollagen molecule.

Coatomer-coated transfer vesicles convey the procollagen molecules to the
Golgi apparatus for modification, mostly the addition of carbohydrate side
chains. Subsequent to transfer to the trans-Golgi network, the procollagen
molecule is exocytosed (via non—clathrin-coated vesicles), and the propeptides
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are cleaved by the enzyme procollagen peptidase, resulting in the formation of
tropocollagen.

Tropocollagen molecules self-assemble, forming fibrils with their
characteristic 67-nm banding. Type IV collagen is composed of procollagen
rather than tropocollagen subunits, hence the absence of periodicity and fibril
formation in this type of collagen.

b. Reticular Fibers

Reticular fibers (type III collagen) are thinner than type I collagen and possess
a higher content of carbohydrate moieties than do the remaining collagen types.
As a result, when stained with silver stain, the silver preferentially deposits on
these fibers, giving them a brown to black appearance in the light microscope.

2. Elastic Fibers

Elastic fibers may be stretched up to 150% of their resting length before
breaking. They are composed of elastin, fibulin-5, fibrillin-1, and the inelastic
type VIII collagen. The fibrillin-1 molecules form a hollow, cylindrical
confiburation, and the soluble elastin precursor molecules, known as
tropoelastin, fill the hollow core of the fibrillin-1 cylinders. As the protoelastin
contact the fibrillin-1, they are converted into elastin. In some unknown fashion,
fibulin-5 facilitates the formation of elastic fibers. The elasticity of elastin is due
to its lysine content in that four lysine molecules, each belonging to a different
elastin chain, form covalent desmosine cross-links with one another. These
links are highly deformable and can stretch as tensile forces are applied to them,
but the ability to stretch is limited by the inelastic type VIII collagen fibers.
Once the tensile force ceases, the elastic fibers return to their resting length.

C. Extracellular Fluid

Extracellular fluid (tissue fluid) is the fluid component of blood, similar to
plasma, that percolates throughout the ground substance, carrying nutrients,
oxygen, and other blood-borne materials to cells and carbon dioxide and waste
products from cells. Extracellular fluid leaves the vascular supply at the arterial
end of the capillaries and returns into the circulatory system at the venous end of
capillaries, the venules, and the excess fluid enters lymphatic capillaries.

II. ADIPOSE TISSUE
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There are two types of adipose tissue, white (unilocular) and brown
(multilocular).

A. Unilocular Adipose Tissue

Cells of unilocular adipose tissue store triglycerides in a single, large fat
droplet that occupies most of the cell. Fat cells of adipose tissue make the
enzyme lipoprotein lipase, which is transported to the luminal surface of the
capillary endothelial cell membrane, where it hydrolyzes chylomicrons and very
low density lipoproteins into fatty acids and monoglycerides, which are
transported to the adipocytes, diffuse into their cytoplasm, and are reesterified
into triglycerides. Hormone-sensitive lipase, activated by cAMP, hydrolyzes
the stored lipids into fatty acids and glycerol, which are released from the cell as
the need arises, to enter the capillaries for distribution to the remainder of the
body. Recently, it has been demonstrated that unilocular adipose tissue has
certain endocrine functions because its fat cells produce adipokines that act as
hormones (Table 3-4), namely, leptin, adiponectin, and retinol-binding protein
4. Additionally, macrophages of unilocular adipose tissue manufacture tumor
necrosis factor alpha, resistin, and interleukin-6.

Adipokine Function

Manufactured by Adipocytes

Leptin Suppresses appetite

Adiponectin trimer Suppresses appetite

Adiponectin octadecamer Increases insulin sensitivity of muscle cells; increases liver glucone-

ogenesis; suppresses glucose release by the liver

Retinol-binding protein 4 Decreases insulin sensitivity of muscle cells; encourages glucose
release by liver cells

Manufactured by Macrophages in Adipose Tissue

Tumor necrosis factor-a Principal cause of insulin resistance; suppresses fatty acid oxida-
tion by hepatocytes

Resistin In obese individuals, it encourages insulin resistance; increases
glucose release by hepatocytes

Interleukin-6 Induces insulin resistance and uptake of glucose in muscle cells

B. Multilocular Adipose Tissue

Multilocular (brown) adipose cells are rare in the adult human, although recent
studies have shown that brown adipose tissue can form in older individuals who
suffer from various forms of wasting disease. They are present in the neonate as
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well as in animals that hibernate. These cells possess numerous droplets of lipid
in their cytoplasm and a rich supply of mitochondria. These mitochondria are
capable of uncoupling oxidation from phosphorylation, and instead of producing
ATP, they release heat, thus arousing the animal from hibernation.

Keloid Formation

The body responds to wounds, including those caused by surgical intervention,
by forming scars that repair the damage first with weak type III collagen that is
later replaced by type I collagen, which is much stronger. Some individuals,
especially African Americans, form an overabundance of collagen in the
healing process, thus developing elevated scars called keloids (see Fig. C3-1).
The collagen fibers in keloids are much larger, more eosinophilic—said to have
a “glassy” appearance—than the normal, fibrillar, collagen. Moreover, keloids
are hypocellular, although they frequently display clusters of fibroblasts
distributed among the large, glassy collagen fiber bundles.
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Keloid formation at the site of injury is evidenced by the excessively thick
layer of the dermis whose large, eosinophilic, type I collagen fibers are clearly
apparent. (Reprinted from Mills SE, et al., eds. Sternberg's Diagnostic Surgical
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Pathology, 6th ed. Philadelphia: Lippincott Williams & Wilkins, 2015. p. 30,
with permission.)

Scurvy

Scurvy, a condition characterized by bleeding gums and loose teeth among
other symptoms, results from a vitamin C deficiency. Vitamin C is necessary
for hydroxylation of proline for proper tropocollagen formation giving rise to
fibrils necessary for maintaining teeth in their bony sockets.

Marfan's Syndrome

Patients with Marfan's syndrome, a genetic defect in chromosome 15 that codes
for fibrillin, possess undeveloped elastic fibers in their body and are
predisposed to rupture of the aorta. Histologically, the aortas of a large portion
of individuals with Marfan's syndrome display cystic medial degeneration, a
condition where the fenestrated membranes as well as the smooth muscles of
the tunica media are reduced in quantity or are partially absent (see Fig. A). In
individuals with a less severe condition of cystic medial degeneration, the
fenestrated membranes are less well organized, the smooth muscle cells are
fewer in number, and the connective tissue is richer in ground substance than in
normal aortas (see Fig. B).
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A: Cystic medial degeneration, evident in the media of this aorta from a patient
exhibiting Marfan's syndrome, displays that the fenestrated membrane and
smooth muscle cells have been replaced by amorphous ground substance. B: A
less severe case of cystic medial degeneration is displayed in this patient. The
tunica media evidences disorganized fenestrated membranes and smooth
muscle fibers as well as an increase in the amorphous ground substance.
(Reprinted from Mills SE, et al.,, eds. Sternberg's Diagnostic Surgical
Pathology, 6th ed. Philadelphia: Lippincott Williams & Wilkins, 2015. p. 1353,
with permission.)

Edema

The release of histamine and leukotrienes from mast cells during an
inflammatory response elicits increased capillary permeability, resulting in an
excess accumulation of extracellular fluid and, thus, gross swelling (edema).

Obesity

There are two types of obesity—hypertrophic obesity, which occurs when
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adipose cells increase in size from storing fat (adult onset), and hyperplastic
obesity, which is characterized by an increase in the number of adipose cells
resulting from overfeeding a newborn for a few weeks after birth. This type of
obesity is usually life long.

Systemic Lupus Erythematosus

Systemic lupus erythematosus is an autoimmune connective tissue disease that
results in the inflammation in the connective tissue elements of certain organs
as well as of tendons and joints. The symptoms depend on the type and number
of antibodies present and can be anywhere from mild to severe, and due to the
variety of symptoms, lupus may resemble other conditions such as growing
pains, arthritis, epilepsy, and even psychologic diseases. The characteristic
symptoms include facial and skin rash, sores in the oral cavity, joint pains and
inflammation, kidney malfunction, neurologic conditions, anemia,
thrombocytopenia, and fluid on the lungs.

GRAPHIC 3-1 Collagen
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Each collagen fiber bundle is composed of smaller fibrils, which in turn consist of
aggregates of tropocollagen molecules. Tropocollagen molecules self-assemble in the
extracellular environment in such a fashion that there is a gap between the tail of the one
and the head of the succeeding molecule of a single row. As fibrils are formed, tails of
tropocollagen molecules overlap the heads of tropocollagen molecules in adjacent rows.
Additionally, the gaps and overlaps are arranged so that they are in register with those of
neighboring (but not adjacent) rows of tropocollagen molecules. When stained with a
heavy metal, such as osmium, the stain preferentially precipitates in the gap regions,
resulting in the repeating light and dark banding of collagen.
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GRAPHIC 3-2 Connective Tissue Cells*
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FIGURE 1 Loose (areolar) connective tissue. Paraffin section.
x132.

This photomicrograph depicts a whole mount of mesentery, through its entire
thickness. The two large mast cells (MC) are easily identified, since they are the
largest cells in the field and possess a granular cytoplasm. Although their
cytoplasms are not visible, it is still possible to recognize two other cell types
due to their nuclear morphology. Fibroblasts (F) possess oval nuclei that are
paler and larger than the nuclei of macrophages (M). The semifluid ground
substance (GS) through which tissue fluid percolates is invisible, since it was
extracted during the preparation of the tissues. However, two types of fibers, the
thicker, wavy, ribbon-like, interlacing collagen fibers (CF) and the thin, straight,
branching elastic fibers (EF), are well demonstrated.

FIGURE 2 Mesenchymal connective tissue. Fetal pig. Paraffin
section. x540.

Mesenchymal connective tissue of the fetus is very immature and cellular. The
mesenchymal cells (MeC) are stellate-shaped to fusiform cells, whose
cytoplasm (c) can be distinguished from the surrounding matrix. The nuclei (N)
are pale and centrally located. The ground substance is semifluid in consistency
and contains slender reticular fibers. The vascularity of this tissue is evidenced
by the presence of blood vessels (BV).

FIGURE 3 Mucous connective tissue. Umbilical cord. Human.
Paraffin section. x132.

This example of mucous connective tissue (Wharton's jelly) was derived from
the umbilical cord of a fetus. Observe the obvious differences between the two
embryonic tissues. The matrix of mesenchymal connective tissue (Fig. 2)
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contains no collagenous fibers, whereas this connective tissue displays a loose
network of haphazardly arranged collagen fibers (CF). The cells are no longer
mesenchymal cells; instead, they are fibroblasts (F), although morphologically
they resemble each other. The empty-looking spaces (arrows) are areas where
the ground substance was extracted during specimen preparation. Inset.
Fibroblast. Umbilical cord. Human. Paraffin section. x270. Note the centrally
placed nucleus (N) and the fusiform shape of the cytoplasm (c) of this
fibroblast.

FIGURE 4 Reticular connective tissue. Silver stain. Paraffin
section. x270.

Silver stain, used in the preparation of this specimen, was deposited on the
carbohydrate coating of the reticular fibers (RF). Note that these fibers are thin,
long, branching structures that ramify throughout the field. Note that in this
photomicrograph of a lymph node, the reticular fibers in the lower right-hand
corner are oriented in a circular fashion. These form the structural framework of
a cortical lymphatic nodule (LN). The small round cells are probably lymphoid
cells (LC), whereas the larger cells, closely associated with the reticular fibers,
may be reticular cells (RC), although definite identification is not possible with
this stain. It should be noted that reticular connective tissue is characteristically
associated with lymphatic tissue.
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FIGURE 4

FIGURE 1 Adipose tissue. Hypodermis. Monkey. Plastic section.
x132.

This photomicrograph of adipose tissue is from monkey hypodermis. The
adipocytes (A), or fat cells, appear empty due to tissue processing that dissolves
fatty material. The cytoplasm (c) of these cells appears as a peripheral rim, and
the nucleus (N) is also pressed to the side by the single, large fat droplet (FD)
within the cytoplasm. Fat is subdivided into lobules by septa (S) of connective
tissue conducting vascular elements (BV) to the adipocytes. Fibroblast nuclei
(arrows) are clearly evident in the connective tissue septa. Note the presence of
the secretory portions of a sweat gland (SG) in the upper aspect of this
photomicrograph.

FIGURE 2 Dense irregular collagenous connective tissue.
Palmar skin. Monkey. Plastic section. x132.

The dermis of the skin provides a good representation of dense irregular
collagenous connective tissue. The thick, coarse, intertwined bundles of collagen
fibers (CF) are arranged in a haphazard fashion. Although this tissue has
numerous blood vessels (BV) and nerve fibers (NF) branching through it, it is
not a very vascular tissue. Dense irregular connective tissue is only sparsely
supplied with cells, mostly fibroblasts and macrophages, whose nuclei (N)
appear as dark dots scattered throughout the field. At this magnification, it is not
possible to identify the cell types with any degree of accuracy. The large
epithelial structure in the upper center of the field is the duct (d) of a sweat
gland. At higher magnification (Inset, x540), the coarse bundles of collagen
fibers are composed of a conglomeration of collagen fibrils (Cf) intertwined
around each other. The three cells, whose nuclei (N) are clearly evident, cannot
be identified with any degree of certainty, even though the cytoplasm (c) of the
two on the left-hand side is visible. It is possible that they are macrophages, but
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without employing special staining techniques, the possibility of their being
fibroblasts cannot be ruled out.

FIGURE 3 Dense regular collagenous connective tissue. Ls.
Tendon. Monkey. Plastic section. x270.

Tendons and ligaments present the most vivid examples of dense regular
collagenous connective tissue. This connective tissue type is composed of
regularly oriented parallel bundles of collagen fibers (CF), where individual
bundles are demarcated by parallel rows of fibroblasts (F). Nuclei of these cells
are clearly evident as thin, dark lines, whereas their cytoplasm (c) is only
somewhat discernible. With hematoxylin and eosin, the collagen bundles stain a
more or less light shade of pink with parallel rows of dark blue nuclei of
fibroblasts interspersed among them.

FIGURE 4 Dense regular collagenous connective tissue. X.s.
Tendon. Paraffin section. x270.

Transverse sections of tendon present a typical appearance. Tendon is organized
into fascicles that are separated from each other by the peritendineum (P)
surrounding each fascicle. Blood vessels (BV) may be observed in the
peritendineum. Collagen bundles within the fascicles are regularly arranged;
however, shrinkage due to preparation causes an artifactual layering (arrows),
although in some preparations swelling of the tissue results in a homogenous
appearance. The nuclei of fibroblasts (F) appear to be strewn about in a
haphazard manner.
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FIGURE 4

FIGURE 1 Dense regular elastic connective tissue. l.s. Paraffin
section. x132,

This longitudinal section of dense regular elastic tissue demonstrates that the
elastic fibers (EF) are arranged in parallel arrays. However, the fibers are short
and are curled at their ends (arrows). The white spaces among the fibers
represent the loose connective tissue elements that remain unstained. The
cellular elements are composed of parallel rows of flattened fibroblasts. These
cells are also unstained and cannot be distinguished in this preparation.

FIGURE 2 Dense regular elastic connective tissue. x.s. Paraffin
section. x132.

A transverse section of dense regular elastic connective tissue displays a
characteristic appearance. In some areas, the fibers present precise cross-
sectional profiles as dark dots of various diameters (arrows). Other areas present
oblique sections of these fibers, represented by short linear profiles (arrowhead).
As in the previous figure, the white spaces represent the unstained loose
connective tissue elements. The large clear area (middle left) is also composed of
loose connective tissue surrounding blood vessels (BV).

FIGURE 3 Elastic laminae (membranes). Aorta. Paraffin
section. X132,

The wall of the aorta is composed of thick, concentrically arranged elastic
membranes (EM). Since these sheet-like membranes wrap around within the
wall of the aorta, in transverse sections, they present discontinuous, concentric
circles, which in this photomicrograph are represented by more or less parallel,
wavy, dark lines (arrows). The connective tissue material between membranes is
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composed of ground substance, collagen fibers (CF), and reticular fibers. Also
present are fibroblasts and smooth muscle cells, whose nuclei may be discerned.

FIGURE 4 Mast cells, plasma cells, macrophages.

Mast cells (MC) are conspicuous components of connective tissue proper,
Figure 4a (Tendon. Monkey. Plastic section. x540), although they are only
infrequently encountered. Note the round to oval nucleus and numerous small
granules in the cytoplasm. Observe also, among the bundles of collagen fibers
(CF), the nuclei of several fibroblasts. Mast cells are very common components
of the subepithelial connective tissue (lamina propria) of the digestive tract,
Figure 4b (Jejunum. Monkey. Plastic section. x540). Note the basement
membrane (BM) separating the connective tissue from the simple columnar
epithelium (E), whose nuclei are oval in shape. The denser, more amorphous
nuclei (arrows) belong to lymphoid cells, migrating from the connective tissue
into the intestinal lumen. The lamina propria also houses numerous plasma cells
(PC), as evidenced in Figure 4c (Jejunum. Monkey. Plastic section. x540).
Plasma cells are characterized by clockface (“cartwheel”) nuclei, as well as by a
clear paranuclear Golgi zone (arrowhead). Figure 4d (Macrophage. Liver,
injected. Paraffin section. x270) is a photomicrograph of the liver that was
injected with India ink. This material is preferentially phagocytosed by
macrophages of the liver, known as Kupffer cells (KC). These cells appear as
dense, black structures in the liver sinusoids; vascular channels are represented
by clear areas (arrow). An individual Kupffer cell (Inset. Paraffin section. x540)
displays the nucleus (N) as well as the granules of India ink (arrowhead) in its
cytoplasm.

Mast cell
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FIGURE 1

FIGURE 1 Fibroblast. Baboon. Electron microscopy. x11,070.

This electron micrograph of fibroblasts (F) demonstrates that they are long,
fusiform cells whose processes (p) extend into the surrounding area, between
bundles of collagen fibrils. These cells manufacture collagen, reticular and
elastic fibers, and the ground substance of connective tissue. Therefore, they are
rich in organelles, such as Golgi apparatus (G), rough endoplasmic reticulum
(rER), and mitochondria (m); however, in the quiescent stage, as in tendons,
where they no longer actively synthesize the intercellular elements of connective
tissue, the organelle population of fibroblasts is reduced in number, and the
plump, euchromatic nucleus (N) becomes flattened and heterochromatic. Note
that the bundles of collagen fibrils (Cf) are sectioned both transversely
(asterisk) and longitudinally (double asterisks). Individual fibrils display
alternating transverse dark and light banding (arrows) along their length. The
specific banding results from the ordered arrangement of the tropocollagen
molecules constituting the collagen fibrils. (From Simpson D, Avery B.
Pathologically altered fibroblasts within lymphoid cell infiltrates in early
gingivitis. J Periodontol 1974;45:500-510.)
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FIGURE 1

FIGURE 1 Mast cell. Rat. Electron microscopy. x14,400.

This electron micrograph of a rat peritoneal mast cell displays characteristics of
this cell. Note that the nucleus (N) is not lobulated, and the cell contains
organelles, such as mitochondria (m) and Golgi apparatus (G). Numerous
processes (p) extend from the cell. Observe that the most characteristic
component of this cell is that it is filled with numerous membrane-bound
granules (Gr) of more or less uniform density. These granules contain heparin,
histamine, and serotonin (although human mast cells do not contain serotonin).
Additionally, mast cells release a number of unstored substances that act in
allergic reactions. (From Lagunoff D. Contributions of electron microscopy to
the study of mast cells. J Invest Dermatol 1972;58:296-311.)
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FIGURE 1

FIGURE 1 Mast cell degranulation. Rat. Electron microscopy.
x20,250.

Mast cells possess receptor molecules on their plasma membrane, which are
specific for the constant region of IgE antibody molecules. These molecules
attach to the mast cell surface and, as the cell comes in contact with those
specific antigens to which it was sensitized, the antigen binds with the active
regions of the IgE antibody. Such antibody-antigen binding on the mast cell
surface causes degranulation, that is, the release of granules, as well as the
release of the unstored substances that act in allergic reactions. Degranulation
occurs very quickly but requires both ATP and calcium. Granules at the
periphery of the cell are released by fusion with the cell membrane, whereas
granules deeper in the cytoplasm fuse with each other, forming convoluted
intracellular canaliculi that connect to the extracellular space. Such a canaliculus
may be noted in the bottom left-hand corner of this electron micrograph. (From
Lagunoff D. Contributions of electron microscopy to the study of mast cells. J
Invest Dermatol 1972;58:296-311.)
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FIGURE 1 Developing fat cell. Rat. Electron microscopy.
x3,060.

This electron micrograph from the developing rat hypodermis displays a region
of the developing hair follicle (hf). The peripheral aspect of the hair follicle
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presents a small adipocyte (sa) whose nucleus (n) and nucleolus are clearly
visible. Although white adipose cells are unilocular, in that the cytoplasm of the
cell contains a single, large droplet of lipid, during development lipid begins to
accumulate as small droplets (1) in the cytoplasm of the small adipocyte. As the
fat cell matures to become a large adipocyte (la), its nucleus (n) is displaced
peripherally, and the lipid droplets (1) fuse to form several large droplets, which
will eventually coalesce to form a single, central fat deposit. The nucleus
displays some alterations during the transformation from small to large
adipocytes, in that the nucleolus becomes smaller and less prominent. Immature
adipocytes are distinguishable, since they possess a well-developed Golgi
apparatus (g) that is actively functioning in the biosynthesis of lipids.
Moreover, the rough endoplasmic reticulum (r) presents dilated cisternae,
indicative of protein synthetic activity. Note the capillary, whose lumen displays
a red blood cell in the lower left-hand corner of this photomicrograph. (From
Hausman G, Campion D, Richardson R, Martin R. Adipocyte development in
the rat hypodermis. Am J Anat 1981;161:85-100.)

[ Selected Review of Histologic
Images

FIGURE 1 Loose (areolar) connective tissue. Paraffin section.
x540.

Note that in loose (areolar) connective tissue, generally three types of cells are
evident. It is easy to differentiate between the oval, paler, and larger nuclei of
fibroblasts (F) from the smaller and denser nuclei of macrophages (M). The
large mast cells (MC) are clearly evident and their granular cytoplasm is
relatively easy to note. The collagen fibers (CF) of loose connective tissue are
thicker than the elastic fibers (EF). The empty-appearing background is filled
with ground substance (GS) in the living tissue.
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FIGURE 2 Mucous connective tissue. Umbilical cord. Human.
Paraffin section. x540.

This photomicrograph is a high magnification of mucous connective tissue
derived from the umbilical cord. Note that, in section, the fibroblast (F) appears
as an elongated, spindle-shaped cell with a more or less rectangular-shaped
nucleus (N) and very little cytoplasm (C) filling the narrow cell. Observe the
clumps of collagen fiber (CF) bundles and the empty-appearing spaces that are
filled with ground substance (GS) in the living tissue.

FIGURE 3 Reticular connective tissue. Silver stain. Human.
Paraffin section. x132.

This specimen was stained with silver to demonstrate the thin reticular fibers
(RF) composed of type III collagen fibers that form the basic architecture of the
spleen and lymph nodes. The circular outline of the lymphoid nodule (LN) is
clearly evident as are the nuclei (N) of lymphocytes that occupy much of this
organ.

FIGURE 4 Adipose tissue. Human. Paraffin section. x270.

This photograph of adipose tissue is from the fat deposit that surrounds the
human suprarenal gland. The adipocytes (A), or fat cells, appear empty due to
tissue processing that dissolves fatty material. The cytoplasm (C) of these cells
is pushed to the periphery, and the nucleus (N) is also pressed to the periphery
by the single, large fat droplet (FD) that occupies most of the space within the
cytoplasm. Adipose tissue is subdivided into lobes and lobules by connective
tissue septa that carry blood vessels (BV) to the adipocytes.

A adipocyte F fibroblast MC mast cell

BV blood vessel FD fat droplet N nucleus

C cytoplasm GS ground substance RF reticular fiber
CF collagen fiber LN lymphoid nodule

EF elastic fiber M macrophage
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FIGURE 1 Dense regular collagenous connective tissue. Tendon.
Human. Paraffin section. x540.

Tendons and ligaments present the most vivid examples of dense regular
collagenous connective tissue. This connective tissue type is composed of
regularly oriented parallel bundles of collagen fibers (CF), where individual
bundles are demarcated by parallel rows of fibroblasts (F). Nuclei (N) of these
cells are clearly evident as thin, dark lines, whereas their cytoplasm is only
somewhat discernible. With hematoxylin and eosin, the collagen bundles stain a
more or less light shade of pink with parallel rows of dark blue nuclei of
fibroblasts interspersed among them.

FIGURE 2 Dense regular elastic connective tissue. l.s. Human.
Paraffin section. x270.

This high magnification of a longitudinal section of a thick bundle of elastic
tissue shows that elastic fibers (EF) are short and are arranged parallel to one
another. The ends of these fibers are curled (arrows). Although not evident, the
spaces between fibers and fiber bundles are occupied by loose connective tissue
elements and fibroblasts.

CF collagen fiber F fibroblast
EF elastic fiber N nucleus
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[ Summary of Histologic
Organization

I. EMBRYONIC CONNECTIVE TISSUE

A. Mesenchymal Connective Tissue
1. Cells

Stellate to spindle-shaped mesenchymal cells have processes that touch one
another. Pale scanty cytoplasm with large clear nuclei. Indistinct cell membrane.

2. Extracellular Materials

Delicate, empty-looking matrix, containing fine reticular fibers. Small blood
vessels are evident.

B. Mucous Connective Tissue
1. Cells

Fibroblasts, with their numerous flattened processes and oval nuclei, constitute
the major cellular component. In section, these cells frequently appear spindle
shaped and resemble or are identical with mesenchymal cells when viewed with
a light microscope.

2. Extracellular Materials

When compared with mesenchymal connective tissue, the intercellular space is
filled with coarse collagen bundles, irregularly arranged, in a matrix of
precipitated jelly-like material.

II. CONNECTIVE TISSUE PROPER

A. Loose (Areolar) Connective Tissue
1. Cells
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The most common cell types are fibroblasts, whose spindle-shaped morphology
closely resembles the next most numerous cells, the macrophages. The oval
nuclei of macrophages are smaller, darker, and denser than those of fibroblasts.
Mast cells, located in the vicinity of blood vessels, may be recognized by their
size, the numerous small granules in their cytoplasm, and their large, round,
centrally located nuclei. Occasional fat cells resembling round, empty spaces
bordered by a thin rim of cytoplasm may also be present. When sectioned
through its peripherally squeezed, flattened nucleus, a fat cell has a ring-like
appearance.

Additionally, in certain regions such as the subepithelial connective tissue
(lamina propria) of the intestines, plasma cells and leukocytes are commonly
found. Plasma cells are small, round cells with round, acentric nuclei, whose
chromatin network presents a clockface (cartwheel) appearance. These cells also
display a clear, paranuclear Golgi zone. Lymphocytes, neutrophils, and
occasional eosinophils also contribute to the cellularity of loose connective
tissue.

2. Extracellular Materials

Slender bundles of long, ribbon-like bands of collagen fibers are intertwined by
numerous thin, straight, long, branching elastic fibers embedded in a watery
matrix of ground substance, most of which is extracted by dehydration
procedures during preparation. Reticular fibers, also present, are usually not
visible in sections stained with hematoxylin and eosin.

B. Reticular Connective Tissue
1. Cells

Reticular cells are found only in reticular connective tissue. They are stellate in
shape and envelop the reticular fibers, which they also manufacture. They
possess large, oval, pale nuclei, and their cytoplasm is not easily visible with the
light microscope. The other cells in the interstitial spaces are lymphocytes,
macrophages, and other lymphoid cells.

2. Extracellular Materials

Reticular fibers constitute the major portion of the intercellular matrix. With the
use of a silver stain, they are evident as dark, thin, branching fibers.

C. Adipose Tissue
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1. Cells

Unlike other connective tissues, adipose tissue is composed of adipose cells so
closely packed together that the normal spherical morphology of these cells
becomes distorted. Groups of fat cells are subdivided into lobules by thin sheaths
of loose connective tissue septa housing mast cells, endothelial cells of blood
vessels, and other components of neurovascular elements.

2. Extracellular Materials

Each fat cell is invested by reticular fibers, which, in turn, are anchored to the
collagen fibers of the connective tissue septa.

D. Dense Irregular Connective Tissue
1. Cells

Fibroblasts, macrophages, and cells associated with neurovascular bundles
constitute the chief cellular elements.

2. Extracellular Materials

Haphazardly oriented thick, wavy bundles of collagen fibers as well as
occasional elastic and reticular fibers are found in dense irregular connective
tissue.

E. Dense Regular Collagenous Connective Tissue
1. Cells

Parallel rows of flattened fibroblasts are essentially the only cells found here.
Even these are few in number.

2. Extracellular Materials

Parallel fibers of densely packed collagen are regularly arranged in dense
regular collagenous connective tissue.

F. Dense Regular Elastic Connective Tissue
1. Cells

Parallel rows of flattened fibroblasts are usually difficult to distinguish in
preparations that use stains specific for elastic fibers.
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2. Extracellular Materials

Parallel bundles of thick elastic fibers, surrounded by slender elements of loose
connective tissue, constitute the intercellular components of dense regular elastic
connective tissue.
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CHAPTER 4

CARTILAGE AND BONE
CHAPTEROUTLINE
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Cartilage and bone form the supporting tissues of the body. In these specialized
connective tissues, as in other connective tissues, the extracellular elements
dominate their microscopic appearance.

Cartilage

Cartilage forms the supporting framework of certain organs, the articulating
surfaces of bones, and the greater part of the fetal skeleton, although most of that
will be replaced by bone (see Graphic 4-2).

There are three types of cartilage in the body, namely, hyaline cartilage,
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elastic cartilage, and fibrocartilage.

+ Hyaline cartilage is present at the articulating surfaces of most bones; the C
rings of the trachea; and the laryngeal, costal, and nasal cartilages, among
others.

» Elastic cartilage, as its name implies, possesses a great deal of elasticity,
which is due to the elastic fibers embedded in its matrix. This cartilage is
located in areas like the epiglottis, external ear and ear canal, and some of
the smaller laryngeal cartilages.

» Fibrocartilage is present in only a few places, namely, in some symphyses,
the eustachian tube, intervertebral (and some articular) discs, and certain
areas where tendons insert into bone.

Cartilage is a nonvascular, strong, and somewhat pliable structure composed
of a firm matrix of proteoglycans whose main glycosaminoglycans are
chondroitin-4-sulfate and chondroitin-6-sulfate. The fibrous and cellular
components of cartilage are embedded in this matrix. The fibers are either solely
collagenous or a combination of elastic and collagenous, depending on the
cartilage type. The cellular components are the

* chondrocytes, which are housed in small spaces known as lacunae,
interspersed within the matrix, as well as

» chondroblasts and chondrogenic cells, both of which are located in the
dense irregular collagenous connective tissue membrane, known as the
perichondrium.

It will be seen during the discussion of bone formation that chondrogenic
cells have a dual capability: during low oxygen tension (as in poorly
vascularized tissues), they can give rise to chondroblasts; however, if the tissue's
oxygen tension is high (as in well-vascularized tissue), they can differentiate into
osteoprogenitor cells that give rise to osteoblasts.

» The perichondrium has an outer fibrous layer and an inner chondrogenic
layer.

* The fibrous layer, although poor in cells, is composed mostly of fibroblasts
and collagen fibers.

* The inner cellular or chondrogenic layer is composed of chondroblasts and
chondrogenic cells. The latter give rise to chondroblasts, cells that are
responsible for secreting the cartilage matrix. It is from this layer that the
cartilage may grow appositionally.
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» As the chondroblasts secrete matrix and fibers around themselves, they
become incarcerated in their own secretions and are then termed
chondrocytes.

The space that they occupy within the matrix is known as a lacuna. These
chondrocytes, at least in young cartilage, possess the capacity to undergo cell
division, thus contributing to the growth of the cartilage from within (interstitial
growth). When this occurs, each lacuna may house several chondrocytes and is
referred to as a cell nest (isogenous group).

* Hyaline cartilage is surrounded by a well-defined perichondrium. The
type II collagen fibers of the matrix of this cartilage are mostly very fine
and are, therefore, fairly well masked by the surrounding
glycosaminoglycans, giving the matrix a smooth, glassy appearance.

+ Elastic cartilage also possesses a perichondrium. The matrix, in addition to
the type II collagen fibers, contains a wealth of coarse elastic fibers that
impart to it a characteristic appearance.

» Fibrocartilage differs from elastic and hyaline cartilage in that it has no
perichondrium. Additionally, the chondrocytes are smaller and are usually
oriented in parallel longitudinal rows. The matrix of this cartilage contains a
large number of thick type I collagen fiber bundles between the rows of
chondrocytes. The characteristics and locations of the three types of
cartilage are presented in Table 4-1.

Type Characteristics Perichondrium Locations (Major Samples)

Hyaline Chondrocytes arranged in groups within Usually present except  Articular ends of long bones, ventral
a basophilic matrix containing type Il at articular surfaces rib cartilage, templates for endo-
collagen chondral bone formation

Elastic Chondrocytes compacted in matrix Present Pinna of the ear, auditory canal,
containing type Il collagen and elastic laryngeal cartilages
fibers

Fibrocartilage ~ Chondrocytes arranged in rows in an Absent Intervertebral discs, pubic symphysis

acidophilic matrix containing type |
collagen bundles in rows

Bone

Bone has many functions, including support, protection, mineral storage, and
hemopoiesis. At the specialized cartilage-covered ends, it permits articulation or
movement. Bone, a vascular connective tissue consisting of cells and calcified
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extracellular materials, may be dense (compact) or sponge-like (cancellous).

+ Cancellous bone, like that present inside the epiphyses (heads) of long
bones, is always surrounded by compact bone.

» Cancellous bone has large, open spaces surrounded by thin,
anastomosing plates of bone.

* The large spaces are marrow spaces, and the plates of bones, known
as spicules (if smaller) or trabeculae (if larger), are composed of
several layers or lamellae of bone.

* Compact bone is much more dense than cancellous bone. Its spaces are
much reduced in size, and its lamellar organization is much more precise
and thicker.

* The calcified matrix is composed of 50% minerals (mostly calcium
hydroxyapatite) and 50% organic matter (collagen, proteoglycans, and
protein-associated glycosaminoglycans) and bound water.

Bone is always covered and lined by soft connective tissues. The marrow
cavity is lined by an endosteum composed of osteoprogenitor cells,
osteoblasts, and occasional osteoclasts. The periosteum covering the bone
surface is composed of an outer fibrous layer consisting mainly of collagen
fibers and populated by fibroblasts. The inner osteogenic layer consists of some
collagen fibers and mostly osteoprogenitor cells and their progeny, the
osteoblasts. The periosteum is affixed to bone via Sharpey's fibers, collagenous
bundles trapped in the calcified bone matrix during ossification.

Bone matrix is produced by osteoblasts, cells derived from their less
differentiated precursors, the osteoprogenitor cells. As osteoblasts elaborate
bone matrix, they become trapped, and as the matrix calcifies, the trapped
osteoblasts become known as osteocytes. Osteocytes, occupying lenticular-
shaped spaces known as lacunae, possess long processes that are housed in tiny
canals or tunnels known as canaliculi. Since bone, unlike cartilage, is a vascular
hard tissue whose blood vessels penetrate and perforate it, canaliculi eventually
open into channels known as haversian canals housing the blood vessels. Each
haversian canal with its surrounding lamellae of bone containing canaliculi
radiating to it from the osteocytes trapped in the lacunae is known as an osteon
or haversian canal system.

The canaliculi of the osteon extend to the haversian canal in order to
exchange cellular waste material for nutrients and oxygen. Haversian canals,
which more or less parallel the longitudinal axis of long bones, are connected to
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each other by Volkmann's canals.
The bony lamellae of compact bone are organized into four lamellar systems:

* external and internal circumferential lamellae,
* interstitial lamellae, and
» the osteons (see Graphic 4-1).

Osteogenesis

Histogenesis of bone occurs via either intramembranous or endochondral
ossification. The former arises in a richly vascularized mesenchymal membrane
where mesenchymal cells differentiate into osteoblasts (possibly via
osteoprogenitor cells), which begin to elaborate bone matrix, thus forming
trabeculae of bone.

* As more and more trabeculae form in the same vicinity, they will become
interconnected.

* As they fuse with each other, they form cancellous bone, the peripheral
regions of which will be remodeled to form compact bone.

» The surfaces of these trabeculae are populated with osteoblasts.
» Frequently, an additional cell type, the osteoclast, may be present.

» These large, multinucleated cells, derived from monocyte precursors, are
found in shallow depressions on the trabecular surface (Howship's
lacunae) and function to resorb bone.

+ It is through the integrated interactions of osteoclasts and osteoblasts that
bone is remodeled.

The region of the mesenchymal membrane that does not participate in the
ossification process will remain the soft tissue component of bone (i.e.,
periosteum, endosteum).

Newly formed bone is called primary or woven bone, since the arrangement
of collagen fibers lacks the precise orientation present in older bone. The
integrated interaction between osteoblasts and osteoclasts will act to replace the
woven bone with secondary or mature bone.

* Endochondral ossification, responsible for the formation of long and short
bones, relies on the presence of a hyaline cartilage model that is used as a
template on and within which bone is made (see Graphic 4-2).

» However, it must be appreciated that cartilage does not become bone.
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Instead, a bony subperiosteal collar is formed (via intramembranous
ossification) around the midriff of the cartilaginous template. This collar
increases in width and length.

The chondrocytes in the center of the template hypertrophy and resorb
some of their matrix, thus enlarging their lacunae so much that some
lacunae become confluent.

The hypertrophied chondrocytes, subsequent to assisting in
calcification of the cartilage, degenerate and die.

The newly formed spaces are invaded by the periosteal bud (composed
of blood vessels, mesenchymal cells, and osteoprogenitor cells).

Osteoprogenitor cells differentiate into osteoblasts, and these cells
elaborate a bony matrix on the surface of the calcified cartilage.

As the subperiosteal bone collar increases in thickness and length,
osteoclasts resorb the calcified cartilage-calcified bone complex, leaving
an enlarged space, the future marrow cavity (which will be populated by
marrow cells).

The entire process of ossification will spread away from this primary
ossification center, and eventually, most of the cartilage template will be
replaced by bone, forming the diaphysis of a long bone.

The formation of the bony epiphyses (secondary ossification center)
occurs in a modified fashion so that a cartilaginous covering may be
maintained at the articular surface.

The growth in length of a long bone is due to the presence of epiphyseal
plates of cartilage located between the epiphysis and the diaphysis.

@ Histophysiology

CARTILAGE

A. Cartilage Matrix

Hyaline cartilage is an avascular connective tissue whose pliable matrix
provides a conduit for nutrients and waste products to and from its
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perichondrium and its chondrocytes. The matrix consists of type II collagen, as
well as small amounts of types IX, X, and XI collagen, embedded in an
amorphous ground substance composed of the glycosaminoglycan, hyaluronic
acid, to which proteoglycans are bound, forming aggrecans aggregates. The
glycosaminoglycan components of the proteoglycans are mainly heparan
sulfate, chondroitin-4-sulfate and chondroitin-6-sulfate. The acidic nature,
combined with the enormous size of aggrecan aggregates, results in these
molecules possessing huge domains and tremendous capacity for binding
cations, principally Na* ions, which in turn attract water. Additionally, the matrix
contains glycoproteins, specifically, chondronectin, that help the cells maintain
contact with the matrix. Chondrocytes are scattered throughout the matrix in
small spaces known as lacunae. Each lacuna is surrounded by a 50-pm wide
collagen-poor matrix, known as the territorial matrix; the remaining matrix
outside the territorial matrix is known as the interterritorial matrix. A narrow
region (3 to 5-pm wide) of the territorial matrix, just adjacent the lacuna, is
known as the pericellular capsule, which is believed to be rich in types IX, X,
and XI collagen.

Elastic cartilage is similar to hyaline cartilage, but it also possesses elastic
fibers. Fibrocartilage possesses no perichondrium, only a limited amount of
acidophilic matrix, and an abundance of type I collagen arranged in parallel
rows.

B. Chondrocytes

The chondrocytes of hyaline and elastic cartilage resemble each other, in that
they may be arranged individually in their lacunae or in cell nests (in young
cartilage). Peripherally located chondrocytes are lenticular in shape, whereas
those located centrally are round. The cells completely fill their lacunae. They
possess an abundance of glycogen, frequent large lipid droplets, and a well-
developed protein synthetic machinery (rough endoplasmic reticulum, Golgi
apparatus, trans-Golgi network), as well as mitochondria, since these cells
continuously turn over the cartilage matrix. In order for these cells to
manufacture type II collagen and the other components of the cartilage matrix,
these cells need Sox9, a transcription factor.

II. BONE
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A. Bone Matrix

Bone is a calcified, vascular connective tissue. Its cells are located in the
surrounding periosteum, in the endosteal lining, or within lenticular cavities
called lacunae. Tiny channels known as canaliculi, housing slender processes of
osteocytes, convey nutrients, hormones, and other necessary substances to the
osteocyte.

The organic matrix of bone is composed mainly of type I collagen (as much
as 90% of the organic components), sulfated GAGs, proteoglycans, and some
glycoproteins. The matrix of collagen is calcified with calcium hydroxyapatite
crystals, making bone one of the hardest substances in the body. The presence of
these crystals makes bone the body's storehouse of calcium, phosphate, and other
inorganic ions. Thus, bone is in a dynamic state of flux, continuously gaining
and losing inorganic ions to maintain the body's calcium and phosphate
homeostasis.

B. Cells of Bone

1. Osteoprogenitor Cells

Osteoprogenitor cells are flattened, undifferentiated-appearing cells located in
the cellular layer of the periosteum, in the endosteum, and lining the haversian
canals. They give rise to osteoblasts under the influence of transforming
growth factor-p and bone morphogenic protein-6 (BMP-6). However, under
hypoxic conditions, osteoprogenitor cells become chondrogenic cells; therefore,
these two cells are really the same cell that express different factors under
differing oxygen tension.

2. Osteaoblasts

Osteoblasts are cuboidal to low columnar cells responsible for the synthesis of
bone matrix. As they elaborate bone matrix, they become surrounded by the
matrix and then become osteocytes trapped in their lacunae. The bone matrix is
calcified due to the seeding of the matrix via matrix vesicles derived from
osteoblasts. When osteoblasts are quiescent, they lose much of their protein
synthetic machinery and resemble osteoprogenitor cells. Osteoblasts function in
the control of bone matrix mineralization and are also responsible for the
formation, recruitment, and maintenance of osteoclasts as well as for the
initiation of bone resorption. Osteoblasts possess parathyroid receptors on
their cell membrane, and in the presence of parathormone, they release
macrophage colony—stimulating factor that induces the formation of osteoclast
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precursors. Additionally, osteoblasts have expressed on their cell surface
RANKL (receptor for activation of nuclear factor kappa B), a molecule that
when contacted by the preosteoclast's surface-bound RANK induces
preosteoclasts to differentiate into osteoclasts. Osteoclast-stimulating factor,
also released by osteoblasts, activate osteoclasts to begin resorbing bone. In
order for the osteoclast to attach to bone in a secure fashion, they form a sealing
zone on the bone surface, and the formation of this tight adherence is facilitated
by another osteoblast-derived factor, osteopontin (see Table 4-2). But before the
osteoclast can adhere to the bone surface, the osteoblasts must resorb the
noncalcified bone matrix that covers the bone surface, and then the osteoblast
must leave to provide an available bone surface for the osteoclasts.
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Factors

Receptor for the activation
of RANKL

M-CSF

Alkaline phosphatase
IGF-1 receptors
PTH receptor

Osteocalcin
Osteopontin

Osteonectin

Bone sialoprotein

Osteoprotegerin

Function

Binds to RANK on the osteoclast precursor cell membrane causing it to differentiate
into osteoclast

Binds to receptors on osteoclast precursors causing them to divide and express
RANK on their cell membranes

Functions in bone formation
IGF-1 binds to this receptor to encourage bone formation.

When PTH binds to these receptors, it induces osteoblasts to release RANKL and
osteoclast-stimulating factor.

Assists in mineralization of the bone matrix
Assists osteoclasts in forming the sealing zone

Facilitates the binding of calcium hydroxyapatite crystals to type | collagen of the
bone matrix

Facilitates the adherence of osteoblasts to bone matrix

Interacts with RANKL, thus inhibiting osteoclast formation, and inactivates osteoclast

function

Osteoclast-stimulating factor Stimulates osteoclast to actively resorb bone

IL-6 Assists in recruiting and differentiation of preosteoclasts

IL-1 Assists in mitotic activity of osteoclast precursors

RANK, receptor for the activation of nuclear factor k B; RANKL, receptor for the activation of nuclear
factor k B ligand; M-CSF, macrophage colony—stimulating factor; IGF-1, insulin-like growth factor;
PTH, parathyroid hormone; IL, interleukin.

3. Osteocytes

Osteocytes are flattened, discoid cells located in lacunae; they are responsible
for the maintenance of bone. Their cytoplasmic processes contact and form gap
junctions with processes of other osteocytes within canaliculi; thus, these cells
sustain a communication network, so that a large population of osteocytes are
able to respond to blood calcium levels as well as to calcitonin and
parathormone, released by the thyroid and parathyroid glands, respectively.
Thus, these cells are responsible for the short-term calcium and phosphate
homeostasis of the body. Osteocytes are derived from osteoblasts that have
surrounded themselves with the bone matrix that they produced. Two
transcription factors have been implicated in the transformation of osteoblasts to
osteocytes, namely, Cbfal/Runx2 and osterix. Both of these factors are
essential for the normal development of mammalian skeleton. As the
differentiation occurs, the membrane-bound alkaline phosphatase is no longer
expressed.

4. Osteoclasts

Osteoclasts are large, multinucleated cells derived from monocyte precursors
that are responsible for the resorption of bone. As they remove bone, they appear
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to occupy a shallow cavity, Howship's lacuna. Osteoclasts have four regions,
the basal zone, ruffled border, vesicular zone, and clear zone. The basal zone
houses nuclei and organelles of the cell; the ruffled border, composed of finger-
like processes that are suspended in the subosteoclastic compartment where the
resorption of bone is actively proceeding. The ruffled border possesses many
proton pumps that deliver hydrogen ions from the osteoclast into the
subosteoclastic compartment. Additionally, aquapores and chloride channels
permit the delivery of water and chloride ions, respectively, forming a
concentrated solution of HCI in the subosteoclastic compartment, thus
decalcifying bone. Enzymes are delivered via vesicles into the subosteoclastic
compartment to degrade the organic components of bone. The by-products of
degradation are endocytosed by endocytic vesicles and are used by the osteoclast
or are exocytosed into the extracellular space where they enter vascular system
for distribution to the rest of the body. The vesicular zone houses numerous
vesicles that ferry material both in and out of the cell from and to the
subosteoclastic compartment. The clear zone, the fourth region of the cell, is
where the osteoclast forms a seal with the bone, isolating the subosteoclastic
compartment from the external milieu.

The osteoclast cell membrane also possesses calcitonin receptors. When
calcitonin is bound to the receptors, these cells become inhibited, stop bone
resorption, leave the bone surface, and dissociate into individual cells or
disintegrate and are eliminated by macrophages.

Cooperation between osteoclasts and osteoblasts is responsible not only for
the formation, remodeling, and repair of bone but also for the long-term
maintenance of calcium and phosphate homeostasis of the body.

Cartilage Degeneration

Hyaline cartilage begins to degenerate when the chondrocytes hypertrophy and
die, a natural process but one that accelerates with aging. This results in
decreasing mobility and joint pain.

Vitamin Deficiency

* Deficiency in vitamin A inhibits proper bone formation and growth, while
an excess accelerates ossification of the epiphyseal plates producing small
stature.
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* Deficiency in vitamin D, which is essential for absorption of calcium
from the intestine, results in poorly calcified (soft) bone—rickets in
children and osteomalacia in adults. When in excess, bone is resorbed.

» Deficiency in vitamin C, which is necessary for collagen formation,
produces scurvy—resulting in poor bone growth and repair.

Hormonal Influences on Bone

Calcitonin inhibits bone matrix resorption by altering osteoclast function, thus
preventing calcium release. Parathyroid hormone activates osteoblasts to
secrete osteoclast-stimulating factor, thus activating osteoclasts to increase
bone resorption resulting in increased blood calcium levels. If in excess, bones
become brittle and are susceptible to fracture.

Paget's Disease of Bone

Paget's disease of bone is a generalized skeletal disease that usually affects
older people. Often, the disease has a familial component and its results are
thickened, but softer bones of the skull and extremities. It is usually
asymptomatic and is frequently discovered after radiographic examination
prescribed for other reasons or as a result of blood chemistry showing elevated
alkaline phosphatase levels.
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Note that the cement lines that surround haversian canal systems are well
defined but irregular in morphology. The osteocytes in their lacunae as well as
the peripheral osteoblasts, along with the large osteoclasts in their Howship's
lacunae, are clearly evident. (Reprinted from Rubin E, Strayer DS, et al., eds.
Rubin's Pathology: Clinicopathologic Foundations of Medicine, 7th ed.
Baltimore: Lippincott Williams & Wilkins, 2014. p. 1341, with permission.)

Osteoporosis

Osteoporosis is a decrease in bone mass arising from lack of bone formation or
from increased bone resorption. It occurs commonly in old age because of
decreased growth hormone and in postmenopausal women because of
decreased estrogen secretion. In the latter, estrogen binding to receptors on
osteoblasts stimulate the secretion of bone matrix. Without sufficient estrogen,
osteoclastic activity reduces bone mass without the concomitant formation of
bone, therefore making the bones more liable to fracture.

Osteopetrosis
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Osteopetrosis is a constellation of heritable disorders that result in denser bones
with possible skeletal malformations. The disease may be the early-onset type
or the delayed-onset type. The early-onset type may begin in infancy and can
result in early death due to anemia, uncontrollable bleeding, and rampant
infection. The delayed-onset type of osteopetrosis may be quite mild exhibiting
no clinical symptoms, but thickening of the bones and slight facial deformities
may be evident. As the bones become thicker, the diameters of the foramina
become smaller and nerves passing through those constricted openings may
become compressed and cause considerable pain.

Osteomalacia

Osteomalacia is a condition in the adult that resembles rickets that occur in
children who have depressed vitamin D levels and, consequently, cannot
absorb enough calcium in their gastrointestinal tract. This condition is difficult
to diagnose because initially the patient presents with nonspecific symptoms
that range from aches and pains to muscle weakness. Once advanced stages of
osteomalacia are reached, the symptoms include deep bone pain, difficulty in
walking, and bone fractures. Histologic pictures of cancellous bone present
overly thin trabeculae of bone with prominent Howship's lacunae occupied by
osteoclasts and the presence of exceptionally thick osteoid over the thin
calcified bony trabeculae and spicules.
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Observe the large marrow spaces and the thin calcified bone (black) in the
histologic image of osteomalacia. Note the very thick osteoid (magenta-colored
homogeneous material) covering the calcified bony trabeculae. Osteoclastic
activity is apparent in the scalloped indentation on the middle right of the
image. (Reprinted from Rubin E, Strayer DS, et al., eds. Rubin's Pathology:
Clinicopathologic Foundations of Medicine, 7th ed. Baltimore: Lippincott
Williams & Wilkins, 2014. p. 1338, with permission.)

Chondrosarcoma

Chondrosarcoma, a malignant tumor that develops in existing cartilage or
bone, is more frequently present in males, and is one of the most common
cancers of bone. There are three types of chondrosarcoma, depending on their
location. The most common type is known as central chondrosarcoma
because it develops in the marrow cavity and patients are usually in their 40s or
50s when the tumor makes its appearance; the next most common is
peripheral chondrosarcoma, because it makes its initial appearance outside
and then invades the bone and patients are usually in their early twenties; the
least common form is known as the juxtacortical chondrosarcoma, it begins its
development in the region of the metaphysis and invades the bone, patient
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suffering from this type of chondrosarcoma are in their mid 40s. Clinical
symptoms are pain localized to the site of the lesion, and histologic
examinations display the presence of malignant chondrocytes in a matrix that
resembles that of hyaline cartilage.
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Observe the dense populatlon of atypical chondrocytes dispersed within the
hyaline cartilage-like matrix in this section from a patient suffering from
chondrosarcoma. (Reprinted from Rubin E, Strayer DS, et al., eds. Rubin's
Pathology: Clinicopathologic Foundations of Medicine, 7th ed. Baltimore:
Lippincott Williams & Wilkins, 2014. p. 1353, with permission.)

GRAPHIC 4-1 Compact Bone
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Compact Bone

Compact bone is surrounded by dense irregular collagenous connective tissue, the
periosteum, which is attached to the outer circumferential lamellae by Sharpey’s
fibers. Blood vessels of the periosteum enter the bone via larger nutrient canals or small
Volksmann’s canals, which not only convey blood vessels to the Haversian canals of
osteons but also interconnect adjacent Haversian canals. Each osteon is composed of
concentric lamellae of bone whose collagen fibers are arranged so that they are
perpendicular to those of contiguous lamellae. The inner circumferential lamellae are
lined by endosteal lined cancellous bone that protrudes into the marrow cavity.

260

Inner circumferential



GRAPHIC 4-2 Endochondral Bone Formation
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Endochondral Bone Formation
A. Endochondral bone formation requires the
presence of a hyaline cartilage model.

B. Vascularization of the diaphysis perichondrium
(1) results in the transformation of chondrogenic
cells to osteogenic cells, resulting in the formation
of a subperiosteal bone collar (1) (via
intramembranous bone formation), which quickly
becomes perforated by osteoclastic activity.
Chondrocytes in the center of the cartilage
hypertrophy (3), and their lacunae become
confluent.

C. The subperiosteal bone collar (1) increased in
length and width, the confluent lacunae are
invaded by the periosteal bud (4), and
osteoclastic activity forms a primitive marrow
cavity (5) whose walls are composed of calcified
cartilage-calcified bone complex. The epiphyses
display the beginning of secondary ossification
centers (7).

D and E. The subperiosteal bond collar (1) has
become sufficiently large to support the
developing long bone, so that much of the
cartilage has been resorbed, with the exception of
the epiphyseal plate (8) and the covering of the
epiphyses. Ossification in the epiphyses occurs
from the center (9), thus the vascular periosteum
(11) does not cover the cartilaginous surface.
Blood vessels (12) enter the epiphyses, without
vascularizing the cartilage. In the diaphysis blood
vessels ramify to form the vascular network (13)
around which spongy bone will be formed.
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FIGURE 1 Embryonic hyaline cartilage. Pig. Paraffin section.
x132.

The developing hyaline cartilage is surrounded by embryonic connective tissue
(ECT). Mesenchymal cells have participated in the formation of this cartilage.
Note that the developing perichondrium (P), investing the cartilage, merges
both with the embryonic connective tissue and with the cartilage. The
chondrocytes in their lacunae are round, small cells packed closely together
(arrow), with little intervening homogeneously staining matrix (arrowheads).

FIGURE 2 Hyaline cartilage. Trachea. Monkey. Paraffin
section. X132,

The trachea is lined by a pseudostratified ciliated columnar epithelium (Ep).
Deep to the epithelium, observe the large, blood-filled vein (V). The lower half
of the photomicrograph presents hyaline cartilage whose chondrocytes (C) are
disposed in isogenous groups (IG) indicative of interstitial growth.
Chondrocytes are housed in spaces known as lacunae. Note that the territorial
matrix (arrow) in the vicinity of the lacunae stains darker than the interterritorial
matrix (asterisk). The entire cartilage is surrounded by a perichondrium (P).

FIGURE 3 Hyaline cartilage. Rabbit. Paraffin section. x270.

The perichondrium is composed of fibrous (F) and chondrogenic (CG) layers.
The former is composed of mostly collagenous fibers with a few fibroblasts,
whereas the latter is more cellular, consisting of chondroblasts and
chondrogenic cells (arrows). As chondroblasts secrete matrix, they become
surrounded by the intercellular substance and are consequently known as
chondrocytes (C). Note that chondrocytes at the periphery of the cartilage are
small and elongated, whereas those at the center are large and ovoid to round
(arrowhead). Frequently, they are found in isogenous groups (IG).
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FIGURE 4 Hyaline cartilage. Trachea. Monkey. Plastic section.
x270.

The pseudostratified ciliated columnar epithelium displays numerous goblet cells
(arrows). The cilia, appearing at the free border of the epithelium, are clearly
evident. Note how the subepithelial connective tissue (CT) merges with the
fibrous perichondrium (F). The chondrogenic layer of the perichondrium (Cg)
houses chondrogenic cells and chondroblasts. As chondroblasts surround
themselves with matrix, they become trapped in lacunae and are referred to as
chondrocytes (C). At the periphery of the cartilage, the chondrocytes are
flattened, whereas toward the interior, they are round to oval. Due to the various
histologic procedures, some of the chondrocytes fall out of their lacunae, which
then appear as empty spaces. Although the matrix (M) contains many collagen
fibrils, they are masked by the glycosaminoglycans; hence, the matrix appears
homogeneous and smooth. The proteoglycan-rich lining of the lacunae is
responsible for the more intense staining of the territorial matrix, which is
particularly evident in Figures 2 and 3.

Chondroblast
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FIGURE 4

FIGURE 1 Elastic cartilage. Epiglottis. Human. Paraffin
section. x132.

Elastic cartilage, like hyaline cartilage, is enveloped by a perichondrium (P).
Chondrocytes (C), which are housed in lacunae, have shrunk away from the
walls, giving the appearance of empty spaces. Occasional lacunae display two
chondrocytes (asterisk), indicative of interstitial growth. The matrix has a rich
elastic fiber (E) component that gives elastic cartilage its characteristic
appearance as well as contributing to its elasticity. The boxed area appears at a
higher magnification in Figure 3.

FIGURE 2 Elastic cartilage. Epiglottis. Human. Paraffin
section. x270.

This higher magnification of the perichondrial region of Figure 1 displays the
outer fibrous (F) and inner chondrogenic (CG) regions of the perichondrium.
Note that the chondrocytes (arrow) immediately deep to the chondrogenic layer
are more or less flattened and smaller than those deeper in the cartilage.
Additionally, the amount and coarseness of the elastic fibers increase adjacent to
the large cells.

FIGURE 3 Elastic cartilage. Epiglottis. Human. Paraffin
section. x540.

This is a high magnification of the boxed area in Figure 1. The chondrocytes
(C) are large, oval to round cells with acentric nuclei (N). The cells accumulate
lipids in their cytoplasm, often in the form of lipid droplets, thus imparting to the
cell a “vacuolated” appearance. Note that the elastic fibers (E) mask the matrix
in some areas and that the fibers are of various thicknesses, especially evident in

273



Cross sections.

FIGURE 4 Fibrocartilage. Intervertebral disc. Human. Paraffin
section. x132,

The chondrocytes (C) of fibrocartilage are aligned in parallel rows, lying singly
in individual lacunae. The nuclei of these chondrocytes are easily observed,
whereas their cytoplasm is not as evident (arrow). The matrix contains thick
bundles of collagen fibers (CF), which are arranged in a more or less regular
fashion between the rows of cartilage cells. Unlike elastic and hyaline cartilages,
fibrocartilage is not enveloped by a perichondrium.
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FIGURE 4

FIGURE 1 Decalcified compact bone. Human. Paraffin section.
x132.

Cross section of decalcified bone, displaying skeletal muscle (SM) fibers that
will insert a short distance from this site. The outer fibrous periosteum (FP) and
the inner osteogenic periosteum (OP) are distinguishable due to the fibrous
component of the former and the cellularity of the latter. Note the presence of the
inner circumferential (IC) lamellae, osteons (Os), and interstitial lamellae
(asterisk). Also observe the marrow (M) occupying the marrow cavity, as well
as the endosteal lining (arrow).

FIGURE 2 Decalcified compact bone. Human. Paraffin section.
x132.

This is a cross section of decalcified compact bone, displaying osteons or
haversian canal systems (Os) as well as interstitial lamellae (IL). Each osteon
possesses a central haversian canal (HC), surrounded by several lamellae (L) of
bone. The boundary of each osteon is visible and is referred to as a cementing
line (arrowheads). Neighboring haversian canals are connected to each other by
Volkmann's canals (VC), through which blood vessels of osteons are
interconnected to each other.

FIGURE 3 Decalcified compact bone. Human. Paraffin section.
x540.

A small osteon is delineated by its surrounding cementing line (arrowheads).
The lenticular-shaped osteocytes (Oc) occupy flattened spaces, known as
lacunae. The lacunae are lined by uncalcified osteoid matrix. Inset. Decalcified
compact bone. Human. Paraffin section. x540. A haversian canal of an osteon
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is shown to contain a small blood vessel (BV) supported by slender connective
tissue elements. The canal is lined by flattened osteoblasts (Ob) and, perhaps,
osteogenic cells (Op).

FIGURE 4 Undecalcified ground compact bone. x.s. Human.
Paraffin section. x132.

This specimen was treated with India ink to accentuate some of the salient
features of compact bone. The haversian canals (HC) as well as the lacunae
(arrows) appear black in the figure. Note the connection between two osteons at
top center, known as Volkmann's canal (VC). The canaliculi appear as fine,
narrow lines leading to the haversian canal as they anastomose with each other
and with lacunae of other osteocytes of the same osteon.

Osteoblast
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FIGURE 4

FIGURE 1 Undecalcified ground bone. x.s. Human. Paraffin
section. x270.

This transverse section of an osteon clearly displays the lamellae (L) of bone
surrounding the haversian canal (HC). The cementing line acts to delineate the
periphery of the osteon. Note that the canaliculi (C) arising from the peripheral-
most lacunae usually do not extend toward other osteons. Instead, they lead
toward the haversian canal. Canaliculi, which appear to anastomose with each
other and with lacunae, house long osteocytic processes in the living bone.

FIGURE 2 Intramembranous ossification. Pig skull. Paraffin
section. x132.

The anastomosing trabeculae (T) of forming bone appear darkly stained in a
background of embryonic connective tissue (ECT). Observe that this
connective tissue is highly vascular and that the bony trabeculae are forming
primitive osteons (Os) surrounding large, primitive haversian canals (HC),
whose center is occupied by blood vessels (BV). Observe that the osteocytes
(Oc) are arranged somewhat haphazardly. Every trabecula is covered by
osteoblasts (Ob).

FIGURE 3 Intramembranous ossification. Pig skull. Paraffin
section. x270.

This photomicrograph of intramembranous ossification is taken from the
periphery of the bone-forming region. Note the developing periosteum (P) in
the upper right-hand corner. Just deep to this primitive periosteum, osteoblasts
(Ob) are differentiating and are elaborating osteoid (Ot), as yet uncalcified bone
matrix. As the osteoblasts surround themselves with bone matrix, they become
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trapped in their lacunae and are known as osteocytes (Oc). These osteocytes are
more numerous, larger, and more ovoid than those of mature bone, and the
organization of the collagen fibers of the bony matrix is less precise than that of
mature bone. Hence, this bone is referred to as immature (primary) bone, and it
will be replaced by mature bone later in life.

FIGURE 4 Intramembranous ossification. Pig skull. Paraffin
section. x540.

This photomicrograph is taken from an area similar to those of Figures 2 and 3.
This trabecula demonstrates several points, namely, that osteoblasts (Ob) cover
the entire surface and that osteoid (Ot) is interposed between calcified bone and
the cells of bone and appears lighter in color. Additionally, note that the
osteoblast marked with the asterisk is apparently trapping itself in the matrix it is
elaborating. Finally, note the large, multinuclear cells, osteoclasts (Ocl), which
are in the process of resorbing bone. The activity of these large cells results in
the formation of Howship's lacunae (arrowheads), which are shallow
depressions on the bone surface. The interactions between osteoclasts and
osteoblasts are very finely regulated in the normal formation and remodeling of
bone.
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FIGURE 4

FIGURE 1 Epiphyseal ossification center. Monkey. Paraffin
section. x14.

Most long bones are formed by the endochondral method of ossification, which
involves the replacement of a cartilage model by bone. In this low-power
photomicrograph, the diaphysis (D) of the lower phalanx has been replaced by
bone, and the medullary cavity is filled with marroew (M). The epiphysis (E) of
the same phalanx is undergoing ossification and is the secondary center of
ossification (2°), thereby establishing the epiphyseal plate (ED). The
trabeculae (T) are clearly evident on the diaphyseal side of the epiphyseal plate.

FIGURE 2 Endochondral ossification. l.s. Monkey. Paraffin
section. x14.

Much of the cartilage has been replaced in the diaphysis of this forming bone.
Note the numerous trabeculae (T) and the developing bone marrow (M) of the
medullary cavity. Ossification is advancing toward the epiphysis (E), in which
the secondary center of ossification has not yet appeared. Observe the
periosteum (P), which appears as a definite line between the subperiosteal bone
collar and the surrounding connective tissue. The boxed area is represented in
Figure 3.

FIGURE 3 Endochondral ossification. Monkey. Paraffin section.
x132.

This montage is a higher magnification of the boxed area of Figure 2. The region
where the periosteum and perichondrium meet is evident (arrowheads). Deep to
the periosteum is the subperiosteal bone collar (BC), which was formed via
intramembranous ossification. Endochondral ossification is evident within the
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cartilage template. Starting at the top of the montage, note how the chondrocytes
are lined up in long columns (arrows), indicative of their intense mitotic activity
at the future epiphyseal plate region. In the epiphyseal plate, this will be the zone
of cell proliferation (ZP). The chondrocytes increase in size in the zone of cell
maturation and hypertrophy (ZH) and resorb some of their lacunar walls,
enlarging them to such an extent that some of the lacunae become confluent. The
chondrocytes die in the zone of calcifying cartilage (ZC). The presumptive
medullary cavity is being populated by bone marrow, osteoclastic and osteogenic
cells, and blood vessels. The osteogenic cells are actively differentiating into
osteoblasts, which are elaborating bone on the calcified walls of the confluent
lacunae. At the bottom of the photomicrograph, observe the bone-covered
trabeculae of calcified cartilage (asterisks).
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FIGURE 3

FIGURE 1 Endochondral ossification. Monkey. Paraffin section.
x132.

This photomicrograph is a higher magnification of a region of Plate 4-5, Figure
3. Observe the multinucleated osteoclast (arrowheads) resorbing the bone-
covered trabeculae of calcified cartilage. The subperiosteal bone collar (BC)
and the periosteum (P) are clearly evident, as is the junction between the bone
collar and the cartilage (arrows). The medullary cavity is being established and
is populated by blood vessels (BV), osteogenic cells, osteoblasts, and
hematopoietic cells.

FIGURE 2 Endochondral ossification. Monkey. Paraffin section.
x270.

This photomicrograph is a higher magnification of the boxed area in Figure 1.
Note that the trabeculae of calcified cartilage are covered by a thin layer of bone.
The darker staining bone (arrow) contains osteocytes, whereas the lighter
staining calcified cartilage (CC) is acellular, since the chondrocytes of this
region have died, leaving behind empty lacunae that are confluent with each
other. Observe that osteoblasts (Ob) line the trabecular complexes and that they
are separated from the calcified bone by thin intervening osteoid (Ot). As the
subperiosteal bone collar increases in thickness, the trabeculae of bone-covered
calcified cartilage will be resorbed so that the cartilage template will be replaced
by bone. The only cartilage that will remain will be the epiphyseal plate and the
articular covering of the epiphysis.

FIGURE 3 Endochondral ossification. x.s. Monkey. Paraffin
section. x196.
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A cross section of the region of endochondral ossification presents many round
spaces in calcified cartilage that are lined with bone (asterisks). These spaces
represent confluent lacunae in the cartilage template, where the chondrocytes
have hypertrophied and died. Subsequently, the cartilage calcified and the
invading osteogenic cells have differentiated into osteoblasts (arrowheads) and
lined the calcified cartilage with bone. Since neighboring spaces were separated
from each other by calcified cartilage walls, bone was elaborated on the sides of
the walls. Therefore, these trabeculae, which in longitudinal section appear to be
stalactite-like structures of bone with a calcified cartilaginous core, are, in fact,
spaces in the cartilage template that are lined with bone. The walls between the
spaces are the remnants of cartilage between lacunae that became calcified and
form the substructure upon which bone was elaborated. Observe the forming
medullary cavity (MC), housing blood vessels (BV), hematopoietic tissue
(HT), osteogenic cells, and osteoblasts (arrowheads). The subperiosteal bone
collar (BC) is evident and is covered by a periosteum, whose two layers,
fibrous (FP) and osteogenic (Og), are clearly discernible.
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FIGURE 1 Hyaline cartilage. Mouse. Electron microscopy.
x6,120.

The hyaline cartilage of a neonatal mouse trachea presents chondrocytes, whose
centrally positioned nuclei (N) are surrounded with a rich rough endoplasmic
reticullum (rER) and numerous mitochondria (M). The matrix displays fine
collagen fibrils (arrows). (From Seegmiller R, Ferguson C, Sheldon H. Studies
on cartilage, VI: a genetically determined defect in tracheal cartilage. J
Ultrastruct Res 1972;38:288-301.)
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FIGURE 1 Osteoblasts from long bone. Rat. Electron
microscopy. x1,350.

This low-magnification electron micrograph displays numerous fibroblasts and
osteoblasts in the vicinity of a bony trabecula (BT). The osteoblasts (asterisk)
are presented at a higher magnification in Figure 2. (From Ryder M, Jenkins S,
Horton J. The adherence to bone by cytoplasmic elements of osteoclast. J Dent
Res 1981;60:1349-1355.)

FIGURE 2 Osteoblasts. Rat. Electron microscopy. x9,450.

Osteoblasts, at higher magnification, present well-developed Golgi apparatus
(g), extensive rough endoplasmic reticulum (rer), and several coated vacuoles
(cv) at the basal cell membrane. Observe the cross sections of collagen fibers
(col) in the bone matrix. (From Ryder M, Jenkins S, Horton J. The adherence to
bone by cytoplasmic elements of osteoclast. J Dent Res 1981;60:1349-1355.)

FIGURE 1la Osteoclast from long bone. Rat. Electron
microscopy. x1,800.

Two nuclei of an osteoclast are evident in this section. Observe that the cell is
surrounding a bony surface (asterisk). The region of the nucleus marked by an
arrowhead is presented at a higher magnification in Figure 1b.

FIGURE 1b Osteoclast. Rat. Electron microscopy. x10,800.

This is a higher magnification of a region of Figure 1a. Note the presence of the
nucleus (N) and its nucleolus (n), as well as the ruffled border (RB and
arrows) and clear zone (CZ and arrow) of the osteoclast. Numerous vacuoles
(v) of various size may be observed throughout the cytoplasm. (From Ryder M,

321



Jenkins S, Horton J. The adherence to bone by cytoplasmic elements of
osteoclast. J Dent Res 1981;60:1349—-1355.)

FIGURE 2 Osteoclasts. Human. Paraffin section. x600.

The nuclei (N) of these multinuclear cells are located in their basal region (BR),
away from Howship's lacunae (HL). Note that the ruffled border (arrowheads)
is in intimate contact with Howship's lacunae. (Courtesy of Dr. J. Hollinger.)
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FIGURE 2

[ Selected Review of Histologic
Images

FIGURE 1 Decalcified compact bone. Human. l.s. Paraffin
section. x270.

Longitudinal section of decalcified bone displays parallel arrays of lamellae (L)
and the long haversian canal (HC) in the center of the osteon. Nuclei of
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osteocytes (Oc) are clearly evident.

FIGURE 2 Undecalcified ground compact bone. x.s. Human.
x270.

This transverse section of undecalcified ground compact bone displays a cross
section of two haversian canals (HC) connected to each other by a Volkmann's
canal (VC). Blood vessels that nourish compact bone travel via haversian
canals, and it is through Volkmann's canals that they are able to penetrate bone
and provide branches to adjacent haversian canals. Observe the lamellae (L)
whose lacunae are occupied by osteocytes in the living bone.

FIGURE 3 Undecalcified ground compact bone. lLs. Human.
x270.

This longitudinal section of undecalcified ground compact bone displays a
haversian canal (HC) with parallel arrays of lamellae (L) whose lacunae
demonstrate canaliculi (arrows), tunnel-like spaces through which nutrients and
oxygen can be exchanged for the by-products and waste materials of osteocytes.

FIGURE 4 Intramembranous ossification. Pig skull. Paraffin
section. x270.

This is a figure displaying a developing osteon whose haversian canal (HC)
houses a centrally located blood vessel (BV) surrounded by mesenchymal
connective tissue. Note that the haversian canal is lined by flat osteoprogenitor
cells (Op) and the developing osteon contains round, immature osteocytes (Oc)
in large lacunae. Osteoblasts (Ob) cover the developing osteon, which is being
formed in mesenchymal connective tissue rich in blood vessels (BV) and
mesenchymal cells (M).
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FIGURE 1 Undecalcified ground compact bone. Rib. Sharpey's
fibers. x.s. Human. x270.

This medium-magnification photomicrograph displays the tendon (T) attaching
to the rib via Sharpey's fibers (arrows), continuation of the type I collagen
fibers from the tendon into the outer circumferential lamellae (OCL) of the
compact bone. Note the presence of osteoblasts (Ob) covering the surface of the
outer circumferential lamellae and the osteocytes (Oc) in their lacunae. A
haversian canal (HC) of the haversian canal system housing a blood vessel is
clearly evident.

FIGURE 2 Undecalcified ground compact bone. Rib. Sharpey's
fibers. x.s. Human. x540.

This is a higher magnification of the upper right-hand side of the previous figure.
Note that type I collagen fibers of the tendon (T) can be followed (arrowheads)
as it inserts into the outer circumferential lamellae (OCL), where they are
known as Sharpey's fibers (arrows). Osteoblasts (Ob) and osteocytes (Oc) are
labeled as well as a haversian canal (HC) with its blood vessel and
osteoprogenitor cells (Op).

HC haversian canal OCL  outer circumferential T tendon
Ob osteoblast lamellae
Oc osteoclast Op osteoprogenitor cell
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[ Summary of Histologic
Organization

I. CARTILAGE

A. Embryonic Cartilage

1. Perichondrium
The perichondrium is very thin and cellular.

2. Matrix
The matrix is scanty and smooth in appearance.
3. Cells

Numerous, small, round chondrocytes are housed in small spaces in the matrix.
These spaces are known as lacunae.

B. Hyaline Cartilage

1. Perichondrium

The perichondrium has two layers, an outer fibrous layer, which contains
collagen and fibroblasts, and an inner chondrogenic layer, which contains
chondrogenic cells and chondroblasts.

2. Matrix

The matrix is smooth and basophilic in appearance. It has two regions, the
territorial (capsular) matrix, which is darker and surrounds lacunae, and the
interterritorial (intercapsular) matrix, which is lighter in color. The collagen
fibrils are masked by the ground substance.

3. Cells

Either chondrocytes are found individually in lacunae, or there may be two or
more chondrocytes (isogenous group) in a lacuna. The latter case signifies
interstitial growth. Appositional growth occurs just deep to the perichondrium
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and is attributed to chondroblasts.

C. Elastic Cartilage

1. Perichondrium
The perichondrium is the same in elastic cartilage as in hyaline cartilage.

2. Matrix

The matrix contains numerous dark elastic fibers in addition to the collagen
fibrils.

3. Cells

The cells are chondrocytes, chondreblasts, and chondrogenic cells, as in
hyaline cartilage.

D. Fibrocartilage

1. Perichondrium
The perichondrium is usually absent.

2. Matrix

The ground substance of matrix is very scanty. Many thick collagen bundles are
located between parallel rows of chondrocytes.

3. Cells

The chondrocytes in fibrocartilage are smaller than those in hyaline or elastic
cartilage, and they are arranged in parallel longitudinal rows between bundles of
thick collagen fibers.

II. BONE

A. Decalcified Compact Bone

1. Periosteum

The periosteum has two layers, an outer fibrous layer, containing collagen
fibers and fibroblasts, and an inner osteogenic layer, containing
osteoprogenitor cells and osteoblasts. It is anchored to bone by Sharpey's
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fibers.

2. Lamellar Systems

Lamellar organization consists of outer and inner circumferential lamellae,
osteons (haversian canal systems), and interstitial lamellae.

3. Endosteum

The endosteum is a thin membrane that lines the medullary cavity, which
contains yellow or white bone marrow.

4. Cells

Osteocytes are housed in small spaces called lacunae. Osteoblasts and
osteoprogenitor cells are found in the osteogenic layer of the periosteum, in the
endosteum, and in the lining haversian canals. Osteoclasts are located in
Howship's lacunae along resorptive surfaces of bone. Osteoid, noncalcified
bone matrix, is interposed between the cells of bone and the calcified tissue.

5. Vascular Supply

Blood vessels are found in the periosteum, in the marrow cavity, and in the
haversian canals of osteons. Haversian canals are connected to each other by
Volkmann's canals.

B. Undecalcified Compact Ground Bone

1. Lamellar Systems

The lamellar organization is clearly evident as wafer-thin layers or lamellae
constituting bone. They are then organized as outer and inner circumferential
lamellae, osteons, and interstitial lamellae.

Osteons are cylindrical structures composed of concentric lamellae of bone.
Their lacunae are empty, but in living bone, they contain osteocytes. Canaliculi
radiate from lacunae toward the central haversian canal, which in living bone
houses blood vessels, osteoblasts, and osteogenic cells. Cementing lines
demarcate the peripheral extent of each osteon. Volkmann's canals interconnect
neighboring haversian canals.

C. Decalcified Cancellous Bone

1. Lamellar Systems
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Lamellar organization consists of spicules and trabeculae of bone.

2. Cells

Cells are as before, in that osteocytes are housed in lacunae. Osteoblasts line all
trabeculae and spicules. Occasionally, multinuclear, large osteoclasts occupy
Howship's lacunae. Osteoid, noncalcified bone matrix, is interposed between
the cells of bone and the calcified tissue.

Bone marrow occupies the spaces among and between trabeculae.

D. Intramembranous Ossification

1. Ossification Centers

Centers of ossification are vascularized areas of mesenchymal connective
tissue where mesenchymal cells probably differentiate into osteoprogenitor
cells, which differentiate into osteoblasts.

2. Lamellar Systems

Lamellar organization begins when spicules and trabeculae form into primitive
osteons surrounding blood vessels. The first bone formed is primary bone
(woven bone), whose cells are larger and whose fibrillar arrangement is
haphazard compared with secondary (mature) bone.

3. Cells

The cellular elements of intramembranous ossification are osteoprogenitor
cells, osteoblasts, osteocytes, and osteoclasts. Additionally, mesenchymal and
hemopoietic cells are also present.

E. Endochondral Ossification

1. Primary Ossification Center

The perichondrium of the diaphysis of the cartilage template becomes
vascularized, followed by hypertrophy of the centrally located chondrocytes,
confluence of contiguous lacunae, calcification of the cartilage remnants, and
subsequent chondrocytic death. Concomitant with these events, the
chondrogenic cells of the perichondrium become osteoprogenitor cells, which,
in turn, differentiate into osteoblasts. The osteoblasts form the subperiosteal
bone collar, thus converting the overlying perichondrium into a periosteum. A
periosteal bud invades the diaphysis, entering the confluent lacunae left empty
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by the death of chondrocytes. Osteogenic cells give rise to osteoblasts, which
elaborate bone on the trabeculae of calcified cartilage. Hemopoiesis begins in
the primitive medullary cavity; osteoclasts (and, according to some,
chondroclasts) develop, which resorb the bone-covered trabeculae of calcified
cartilage as the subperiosteal bone collar becomes thicker and elongated.

2. Secondary Ossification Center

The epiphyseal (secondary) center of ossification is initiated somewhat after
birth. It begins in the center of the epiphysis and proceeds radially from that
point, leaving cartilage only at the articular surface and at the interface between
the epiphysis and the diaphysis, the future epiphyseal plate.

3. Epiphyseal Plate

The epiphyseal plate is responsible for the future lengthening of a long bone. It
is divided into five zones: (1) zone of reserve cartilage, a region of haphazardly
arranged chondrocytes; (2) zone of cell proliferation, where chondrocytes are
arranged in rows whose longitudinal axis parallels that of the growing bone; (3)
zone of cell maturation and hypertrophy, where cells enlarge and the matrix
between adjoining cells becomes very thin; (4) zone of calcifying cartilage,
where lacunae become confluent and the matrix between adjacent rows of
chondrocytes becomes calcified, causing subsequent chondrocytic death; and (5)
zone of provisional ossification, where osteoblasts deposit bone on the calcified
cartilage remnants between the adjacent rows. Osteoclasts (and, according to
some, chondroclasts) resorb the calcified complex.

337



Table 5-1

Table 5-2

Plate 5-1
Figure 1
Figure 2
Figure 3
Figure 4
Figure 5
Figure 6
Plate 5-2
Plate 5-3
Plate 5-4

Figure 1
Figure 2
Figure 3
Figure 4

Plate 5-5
Figure 1

Figure 2
Figure 3
Figure 4
Figure 5

Figure 6
Plate 5-6

CHAPTER 5

BLOOD AND HEMOPOIESIS

Formed Elements of Blood p. 121
Hemopoietic Growth Factors p. 125

Circulating Blood p. 128

Red blood cells. Human
Neutrophils. Human

Eosinophils. Human

Basophils. Human

Monocytes. Human

Lymphocytes. Human

Circulating Blood (Drawing) p. 130
Blood and Hemopoiesis p. 131

Bone Marrow and Circulating Blood
p. 132

Bone marrow. Human
Bone marrow. Human
Blood smear. Human. Wright's stain

Bone marrow smear. Human. Wright's
stain

Erythropoiesis p. 134
Human marrow smear.
Proerythroblast

Human marrow smear. Basophilic
erythroblast

Human marrow smear.
Polychromatophilic erythroblast

Human marrow smear.
Orthrochromatophilic erythroblast

Human marrow smear. Reticulocyte
Human marrow smear. Erythrocyte
Granulocvtopoiesis p. 135

338

Figure 1
Figure 2

Figure 3a
Figure 3b
Figure 4a
Figure 4b
Figure 5a
Figure 5b
Figure 6
Figure 1
Figure 2
Figure 3

Figure 4

Figure 1
Figure 2
Figure 3

Figure 4

Human bone marrow smear. Myoblast

Human bone marrow smear.
Promyelocyte

Human bone marrow smear.
Eosinophilic myelocyte.
Human bone marrow smear.
Neutrophilic myelocyte
Human bone marrow smear.
Eosinophilic metamyelocyte.

Human bone marrow smear.
Neutrophilic metamyelocyte

Human bone marrow smear.
Eosinophilic stab cell.

Human bone marrow smear.
Neutrophilic stab cell

Human bone marrow smear. Neutrophil

. Review Plate 5-1 p. 136

Blood smear. Human. RBCs,
lymphocytes, eosinophils, platelets
Blood smear. Human. RBCs,
lymphocytes, neutrophils, platelets
Blood smear. Human. RBCs,
monocytes, neutrophils, platelets

Bone marrow smear. Human. Wright's
stain

Review Plate 5-2 p. 138

Blood smear. Human. Erythrocytes and
platelets. Electron microscopy (EM)

Blood smear. Human. Lymphocytes and
erythrocytes. Electron microscopy (EM)
Blood smear. Human. Monocytes and

erythrocytes. Electron microscopy (EM)

Blood smear. Human. Eosinophil and
erythrocytes. Electron microscopy (EM)



The total volume of blood in an average person is approximately 5 L; it is a
specialized type of connective tissue composed of cells, cell fragments, and a
fluid, called plasma. Blood circulates throughout the body and is well adapted
for its manifold functions in transporting nutrients, oxygen, waste products,
carbon dioxide, hormones, cells, and other substances. Moreover, blood also
functions in the maintenance of body temperature.

Formed Elements of Blood

The formed elements of blood are red blood cells (erythrocytes), white blood
cells (leukocytes), and platelets (see Table 5-1).

Red blood cells (RBC), the most populous, are anucleated and function
entirely within the circulatory system by transporting oxygen and carbon
dioxide to and from the tissues of the body.

White blood cells (WBC) perform their functions outside the circulatory
system and use the bloodstream as a mode of transportation to reach their
destinations.

There are two major categories of white blood cells, agranulocytes and
granulocytes. Lymphocytes and monocytes compose the first group,
whereas neutrophils, eosinophils, and basophils compose the latter.

Lymphocytes are the basic cells of the immune system, and, although
there are three categories (T lymphocytes, B lymphocytes, and null
cells), special immunocytochemical techniques are necessary for their
identification.

When monocytes leave the bloodstream and enter the connective tissue
spaces, they become known as macrophages, cells that function in
phagocytosis of particulate matter as well as in assisting lymphocytes in
their immunologic activities. Granulocytes are recognizable by their
distinctive specific granules, whose coloration provides the
classification for these cells.

Granules of neutrophils possess very limited affinity to stains, whereas
those of eosinophils stain a reddish-orange color and those of basophils
stain a dark blue color with those specific dyes that are used in studying
blood and bone marrow smears. Neutrophils function in phagocytosis
of bacteria, and because of that, they are occasionally referred to as
microphages. Eosinophils participate in antiparasitic activities and
phagocytose antigen-antibody complexes. Although the precise function
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of basophils is unknown, the contents of their granules are similar to
those of mast cells and they also release these pharmacologic agents via
degranulation. Additionally, basophils also produce and release other
pharmacologic agents from the arachidonic acid in their membranes.

» Circulating blood also contains cell fragments known as platelets
(thrombocytes). These small, oval-to-round structures, derived from
megakaryocytes of the bone marrow, function in hemostasis, the clotting
mechanism of blood.
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Diameter (um)

Element Smear Section
Erythrocyte 7-8 6-7
Lymphocyte  8-10 7-8
Monocyte 12-15  10-12
Neutrophil 9-12 8-9
Eosinophil 10-14 9-11
Basophil 8-10 7-8
Platelets 2-4 1-3
Plasma

No./mm? % of
Leukocytes

5 x 106 (males)

4.5 x 106 (females)

1,500-2,500 20-25

200-800 3-8

3,500-7,000 60-70

150-400 2-4

50-100 0.5-1

250,000-400,000

Granules

None

Azurophilic
only

Azurophilic
only

Azurophilic and
small specific
(neutrophilic)

Azurophilic and
large specific
(eosinophilic)

Azurophilic and
large specific
(basophilic)
granules
(heparin and
histamine)

Granulomere

Function

Transport of O,
and CO,

Immunologic
response

Phagocytosis

Phagocytosis

Phagocytosis
of antigen-
antibody
complexes
and control
of parasitic
diseases

Perhaps assists
in initiating
the inflam-
matory
response

Agglutination
and clotting

Nucleus

None

Large round
acentric

Large, kidney-
shaped

Polymorphous

Bilobed
(sausage-shaped)

Large, S-shaped

None

Plasma, the fluid component of blood, constitutes approximately 55% of the

total blood volume.

» It is composed mostly of water (90%), which contains electrolytes and ions
(1%), such as calcium, sodium, potassium, and bicarbonate; larger
molecules (9%), namely, albumins, globulins, and complement proteins
and clotting proteins, including fibrinogen; and other organic compounds
as varied as amino acids, lipids and lipoproteins, vitamins, hormones, and

cofactors.

» Subsequent to clotting, a straw-colored serum is expressed from blood. This
fluid is identical to plasma but contains no fibrinogen or other components
necessary for the clotting reaction.

Hemopoiesis

Circulating blood cells have relatively short life spans and must be replaced
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continuously by newly formed cells. This process of blood cell replacement is
known as hemopoiesis (hematopoiesis).

All blood cells develop from a single pluripotential precursor cell known as
the pluripotential hemopoietic stem cell (PHSC).

These cells undergo mitotic activity, whereby they give rise to two types of
multipotential hemopoietic stem cells, CFU-GEMM (colony-forming
unit-granulocyte, erythrocyte, monocyte, megakaryocyte; previously known
as CFU-S) and CFU-Ly (colony-forming unit-lymphocyte).

Most PHSCs and other hemopoietic stem cells of adults are located in the
red bone marrow of short and flat bones. Both CFU-GEMM and CFU-Ly
will give rise to a progression of progenitor cells that are unipotential, that
is, they are committed to the formation of a single cell line (with the
exception of CFU-GM that is bipotential). Progenitor cells resemble
lymphocytes and are not recognized by their morphology but only by the
chemical signals that they possess on their cell surface. Progenitor cells
differentiate to form precursor cells that are incapable of self renewal (i.e.,
while they can undergo mitosis, they can produce only cells that are more
differentiated) but are recognizable histologically and are named according
to their stage in the formation of their particular cell line.

The marrow of long bones is red in young individuals, but when it becomes
infiltrated by fat in the adult, it takes on a yellow appearance and is known as
yellow marrow.

Although it was once believed that adipose cells accumulated the fat, it is
now known that the cells actually responsible for storing fat in the marrow
are the adventitial reticular cells.

Stem cells, in response to various hemopoietic growth factors, undergo cell
division and maintain the population of circulating erythrocytes, leukocytes,
and platelets.

As indicated above, the nomenclature developed for the cells described
below is based on their colorations with Wright or Giemsa's modification of
the Romanowsky-type stains as applied to blood and bone marrow smears
used in hematology.

Erythrocytic Series

Erythrocyte development proceeds from CFU-GEMM, which, in response
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to elevated levels of erythropoietin, gives rise to the progenitor cell, known
as BFU-E (burst-forming units-erythrocyte), which, in response to lower
erythropoietin levels, then give rise to another progenitor cell, CFU-E
(colony-forming units-erythrocyte).

Although there are several generations of CFU-E, the later ones form

erythrocyte precursors that are recognizable histologically as
proerythroblasts.

» These cells give rise to basophilic erythreblasts, which, in turn, undergo
cell division to form polychromatophilic erythroblasts, which will
divide mitotically to form orthochromatophilic erythroblasts
(normoblasts).

» Cells of this stage no longer divide, will extrude their nuclei, and
differentiate into reticulocytes (not to be confused with reticular cells of
connective tissue), which, in turn, become mature red blood cells.
Reticulocytes are stained with methylene blue for manual or thiazole
orange for automated counting.

Granulocytic Series

The development of the granulocytic series is initiated from the multipotential
CFU-GEMM.

The first histologically distinguishable member of this series is the precursor
cell myeloblast, which gives rise mitotically to promyelocytes, which also
undergo cell division to yield myelocytes.

Myelocytes are the first cells of this series to possess specific granules;
therefore, neutrophilic, eosinophilic, and basophilic myelocytes may be
recognized.

The next cells in the series are metamyelocytes, which no longer divide but
differentiate into band (stab) cells, the juvenile form, which will become
mature granulocytes that enter the bloodstream.

@ Histophysiology
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I. COAGULATION

Coagulation is the result of the exquisitely controlled interaction of a number of
plasma proteins and coagulation factors. The regulatory mechanisms are in place
so that coagulation typically occurs only if the endothelial lining of the vessel
becomes injured.

» In the intact blood vessel, the endothelium manufactures inhibitors of
platelet aggregation (NO and prostacyclins) as well as display agents, such
as thrombomodulin and heparin-like molecule, on their luminal
plasmalemmae that block coagulation.

* However, if the wall of the blood vessel and the endothelium or the
endothelium only is damaged, the endothelial cells switch from producing
and displaying antiaggregation and anticoagulation agents and release tissue
factor (tissue thromboplastin is released also by the connective tissue cells
that are exposed to blood), von Willebrand's factor, and endothelins.

 Tissue factor complexes with factor VIla to catalyze the conversion of
factor X to its active form, the protease factor Xa,

» von Willebrand's factor activates platelets, facilitating the adhesion of
platelets to the exposed laminin and collagens, and induces them to release
ADP and thrombospondin, which encourages their adhesion to each other;
and endothelin stimulates the contraction of vascular smooth muscle cells in
the region to constrict the damaged blood vessel and thus minimize blood
loss.

» The process of coagulation ensues in one of two convergent pathways,
extrinsic and intrinsic, both of which lead to the final step of converting
fibrinogen to fibrin.

» The extrinsic pathway has a faster onset and depends on the release of
tissue factor in response to damage to both the wall and the endothelium
of the blood vessel.

» The intrinsic pathway is a response to damage to the endothelium only.
It is initiated slower, is dependent on contact between vessel wall
collagen and platelets (or factor XII), and requires the presence of von
Willebrand's factor and factor VIII.

» The last two factors form a complex that not only binds to exposed
collagen but also attaches to receptor sites on the platelet plasmalemma,
affecting platelet aggregation and adherence to the vessel wall.
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II.

The two pathways intersect at the conversion of factor X to factor Xa and
from that point on the remaining steps of the coagulation pathway are
referred to as the common pathway.

NEUTROPHIL FUNCTION

Neutrophils possess three types of granules: specific granules, azurophilic
granules, and tertiary granules.

Specific granules (0.1 pm in diameter) contain pharmacologic agents and
enzymes that permit the neutrophils to perform their antimicrobial roles.
Azurophilic granules (0.5 pm in diameter) are lysosomes, containing the
various lysosomal hydrolases, as well as myeloperoxidase, bacterial
permeability increasing protein, lysozyme, and collagenase.

Tertiary granules contain glycoproteins that are dedicated for insertion into
the cell membrane; they also house gelatinase and cathepsins.

Neutrophils use the contents of the three types of granules to perform their

antimicrobial function. When neutrophils arrive at their site of action, they
exocytose the contents of their granules. Gelatinase increases the neutrophil's
capability of migrating through the basal lamina, and the glycoproteins of the
tertiary granules aid in the recognition and phagocytosis of bacteria into
phagosomes of the neutrophil. Azurophilic granules and specific granules fuse
with and release their hydrolytic enzymes into the phagosomes, thus initiating
the enzymatic degradation of the microorganisms.

In addition to the enzymatic degradation, microorganisms are also destroyed
by the capability of neutrophils to undergo a sudden increase in O,

utilization known as a respiratory burst, whereby O, is converted by the
enzyme NADPH oxidase into superoxides (O,").

The superoxide is converted into hydrogen peroxide by superoxide
dismutase, and the enzyme myeloperoxidase combines chloride ions and
hydrogen peroxide into hypochlorous acid.

All three of these highly reactive compounds destroy bacteria within the
phagosomes. Frequently, the avid response of neutrophils results in the
release of some of these highly potent compounds into the surrounding
connective tissue, precipitating tissue damage. The neutrophils also produce
leukotrienes from plasmalemma arachidonic acids to aid in the initiation of
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an inflammatory response. Subsequent to the performance of these
functions, the neutrophils die and become a major component of pus.

ITII. POSTNATAL HEMOPOIESIS

Hemopoiesis in the adult involves a single type of stem cell, the pluripotential
hemopoietic stem cell (PHSC), which resembles a lymphocyte and is a member
of the null cell population of lymphocytes. PHSCs are located in large numbers
in the bone marrow, but they are also present in circulating blood. These cells
have a high mitotic index and form more PHSCs as well as two multipotential
hemopoietic stem cells, CFU-GEMM and CFU-Ly. Morphologically, CFU-
GEMM and CFU-Ly are identical to PHSCs, but they have a more limited
potential.

* CFU-GEMM is also referred to as the myeloid stem cell, since it will give
rise to BFU-E (and/or CFU-E), the progenitor of erythrocytes; CFU-Eo,
the progenitor of eosinophils; CFU-Ba, the progenitor of basophils; and
CFU-GM, which will give rise to CFU-G and CFU-M, the progenitors of
neutrophils and monocytes, respectively.

» CFU-Ly, known as the lymphoid stem cell, will give rise to CFU-LyB and
CFU-LyT, the progenitors of B and T lymphocytes, respectively.

Stem cells and progenitor cells resemble lymphocytes, whereas precursor
cells can be recognized histologically as members of a cell population that will
differentiate into a particular blood cell. Furthermore, stem cells are less
committed than are progenitor cells.

Several hemopoietic growth factors activate and promote hemopoiesis.
These act by binding to plasma membrane receptors of their target cell,
controlling their mitotic rate as well as the number of mitotic events.
Additionally, they stimulate cell differentiation and enhance the survival of the
progenitor cell population (Table 5-2). The best known factors are

» erythropoietin (acts on BFU-E and CFU-E),
 interleukins (IL-1, IL-3, IL-6 act on PHSC, CFU-GEMM, and CFU-Ly),
 interleukin-7 (acts on CFU-Ly-B and CFU-Ly-T),

« granulocyte-macrophage colony—stimulating factor (acts on granulocyte
and monocyte progenitor cells),

» granulocyte colony—stimulating factor (acts on granulocyte progenitor
cells),

346



* macrophage colony-stimulating factor (acts on monocyte progenitor
cells), and

» stem cell factor (stimulates proliferation of pluripotential and multipotential
stem cells and the formation of mast cells).
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Factors

Stem cell factor (steel
factor, c-kit ligand)

GM-CSF

G-CSF

M-CSF

IL-1

IL-2

IL-3

IL-4

IL-5
IL-6
IL-7
IL-8
IL-9
IL-10
IL-12

IL-15

y-Interferons
Erythropoietin

Thrombopoietin

GATAS3 transcription factor

lkaros family of transmis-
sion factors

Pax5 transcription factor

PU.T transcription factor

Principal Action

Stimulate proliferation of pluripotential and multipoten-
tial stem cells and the formation of mast cells

Promotes CFU-GM mitosis and differentiation; facilitates
granulocyte activity

Promotes CFU-G mitosis and differentiation; facilitates
neutrophil activity

Promotes CFU-M mitosis and differentiation

In conjunction with IL-3 and IL-6, it promotes prolifer-
ation of PHSC, CFU-GEMM, and CFU-Ly; suppresses
erythroid precursors

Stimulates activated T- and B-cell mitosis; induces differ-
entiation of NK cells

In conjunction with IL-1 and IL-6, it promotes prolifer-
ation of PHSC, CFU-GEMM, and CFU-Ly as well as all
unipotential precursors (except for LyB and LyT); also
promotes formation of BFU-E

Stimulates T- and B-cell activation and development of
mast cells and basophils; also promotes formation of
BFU-E

Promotes CFU-Eo mitosis and activates eosinophils

In conjunction with IL-1 and IL-3, it promotes prolifera-
tion of PHSC, CFU-GEMM, and CFU-Ly; also facili-
tates CTL and B-cell differentiation

Promotes differentiation of CFU-LyB and CFU-LyT, and
enhances differentiation of NK cells

Induces neutrophil migration and degranulation

Induces mast cell activation and proliferation; modulates
IgE production; promotes T helper cell proliferation

Inhibits cytokine production by macrophages, T cells,
and NK cells; facilitates CTL differentiation and prolif-
eration of B cells and mast cells

Stimulates NK cells; enhances TCL and NK cell function
NK cell maturation

Activate B cells and monocytes; enhance CTL differenti-
ation; augment the expression of class Il HLA

CFU-E differentiation; BFU-E mitosis

Proliferation and differentiation of CFU-meg and mega-
karyoblasts

Differentiation of B and T lymphocytes
Differentiation of B and T lymphocytes

B lymphocyte maturation

Development of granulocytes, macrophages, and B
lymphocytes

Site of Origin

Stromal cells of bone marrow
T cells; endothelial cells
Macrophages; endothelial cells

Macrophages; endothelial cells

Monocytes; macrophages and
endothelial cells

Activated T cells

Activated T and B cells

Activated T cells

T cells

Monocytes and fibroblasts

Stromal cells

Leukocytes, endothelial cells, and
smooth muscle cells

T helper cells

Macrophages and T cells

Macrophages
Macrophages
T cells and NK cells

Endothelial cells of the peritubular cap-
illary network of kidney; hepatocytes

Hepatocytes and liver sinusoidal lining
cells; kidney proximal tubule cells
and stromal cells of bone marrow

Expressed in the relevant cells

Expressed in the relevant cells

Expressed in the relevant cells

Expressed in the relevant cells

BFU-E, burst-forming unit-erythrocyte; CFU-E, colony-forming unit-erythrocyte; CTL, cytotoxic T cell;
CFU, colony-forming unit (Eo, eosinophil; G, granulocyte; GEMM, granulocyte, erythrocyte, monocyte,
megakaryocyte; GM, granulocyte-monocyte; Ly, lymphocyte); CSF, colony-stimulating factor (G,
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granulocyte; GM, granulocyte-monocyte; M, monocyte); IL, interleukin; NK, natural killer; PHSC,
pluripotential hemopoietic stem cell.

Reprinted from Gartner LP. Textbook of Histology, 4th ed. Philadelphia, PA: Elsevier, 2016, with
permission.

IV. LYMPHOCYTES

The three types of lymphocytes—T lymphocytes (T cells), B lymphocytes (B
cells), and null cells—are morphologically indistinguishable. It is customary to
speak of

» T cells as being responsible for the cellularly mediated immune response
and

* B cells as functioning in the humorally mediated immune response.

* Null cells are few in number, possess no determinants on their cell
membrane, and are of two types,
* pluripotential hemopoietic stem cells and
» natural killer cells.

A. T Cells

» T cells not only function in the cellularly mediated immune response but
also are responsible for the formation of cytokines that, in most instances,
facilitate the initiation of the humorally mediated immune response.

» T cells are formed in the bone marrow and migrate to the thymic cortex to
become immunocompetent cells. They recognize epitopes (antigenic
determinants) that are displayed by cells possessing MHC molecules

(major histocompatibility complex molecules, also known as human
leukocyte antigen, HLA).

» There are various subtypes of T cells, each possessing a T-cell receptor
(TCR) surface determinant and cluster of differentiation determinants
(CD molecules). The former recognizes the epitope, whereas the latter
recognizes the type of MHC molecule on the displaying cell surface.

The various subtypes of T cells are described in Chapter 9, Lymphoid Tissue.

B. B Cells
B cells bear MHC type II (also known as HLA II) surface markers and surface
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immunoglobulins (sIg) on their plasmalemma. They are formed in and become
immunocompetent in the bone marrow. They are responsible for the humoral
response, and, under the direction of Ty2 cells and in response to an antigenic

challenge, will differentiate into antibody-manufacturing plasma cells and B
memory cells.

C. Natural Killer (NK) Cells

NK cells belong to the null cell population. They possess F receptors but no

cell surface determinants and are responsible for nonspecific cytotoxicity
against virus-infected and tumor cells. They also function in antibody-
dependent cell-mediated cytotoxicity (ADCC).

NADPH Oxidase Deficiency

Certain individuals suffer from persistent bacterial infection due to a hereditary
NADPH oxidase deficiency. The neutrophils of these individuals are unable to
effect a respiratory burst and, therefore, are incapable of forming the highly
reactive compounds, such as hypochlorous acid, hydrogen peroxide, and
superoxide that assist in the killing of bacteria within their phagosomes.

Multiple Myeloma

Multiple myeloma is a relatively uncommon malignant neoplasm with greater
incidence in males than females. Its origin is the bone marrow and is
characterized by the presence of large numbers of malignant plasma cells that
may also be abnormal in morphology. These cells accumulate in the bone
marrow of various regions of the skeletal system. Frequently, the cell
proliferation is so great in the marrow that the huge number of cells places
pressure on the walls of the marrow cavity causing bone pains and even
fractures of bones such as the ribs. These cells also produce abnormal proteins
such as Bence Jones proteins that enter the urine where they can be detected to
provide a diagnosis for multiple myeloma.

Infectious Mononucleosis

Infection with the Epstein-Barr virus causes infectious mononucleosis, also
referred to as the “kissing disease,” because it is common among high school
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and college-aged individuals and is frequently spread by saliva. Patients
suffering from infectious mononucleosis exhibit sore throat, swollen and
painful lymph nodes, low energy, and an elevated lymphocyte count. The
disease can be life-threatening in immunosuppressed individuals.

Polycythemia Vera

Polycythemia vera (primary polycythemia) is a rare disorder of the blood
that manifests itself by an excess production of red blood cells and, frequently,
platelets, resulting in greater blood volume and an increase in the viscosity of
blood. It mainly involves individuals who are in their early 60s, although
occasionally it occurs in patients who are in their early 20s. Symptoms may be
absent for a number of years after the onset of the condition, but patients
suffering from this disorder may exhibit headaches, vertigo, fatigue, shortness
of breath, enlarged liver and spleen, burning sensation in the extremities, visual
disorders, as well as gingival bleeding and generalized itching. If left untreated,
the patient may die within 2 years, but with proper treatment, the life span can
be extended by 10 to 20 years.
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This is a bone marrow blopsy from a mlddle—aged woman suffering from
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polycythemia vera. Observe that the marrow is hypercellular exhibiting an
abnormally high numbers of erythrocyte precursors and megakaryocytes.
(Reprinted from Mills SE, et al., eds. Sternberg's Diagnostic Surgical
Pathology, 6th ed. 2015. p. 698, with permission.)

B-Cell Prolymphocytic Leukemia

B-cell prolymphocytic leukemia is a relatively rare form of leukemia that
arises relatively late in life, around 60 years of age, and affects males more
frequently than females. The histopathologic picture presents bone marrow
smears and blood smears with medium to large prolymphocytes. Usually, the
disease is accompanied by an enlargement of the spleen. The prognosis is not
good because this type of leukemia is quite aggressive and treatment modalities
are not very effective; in fact, they are mostly palliative, and usually the patient
succumbs in 2 or 3 years.

E

4R -

This blood smear, from a patient suffering from B-cell prolymphocytic
leukemia, displays numerous large prolymphocytes whose nucleus presents a
coarse chromatin network and large vesicles. (Reprinted from Mills SE, et al.,
eds. Sternberg's Diagnostic Surgical Pathology, 5th ed. 2010. p. 644, with
permission.)
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Sickle Cell Anemia

Sickle cell anemia, a hereditary disease, is the result of a point mutation in the
gene that codes for hemoglobin. A single amino acid substitution of alanine
replacing glutamine occurs in some individuals who are descendants of the
indigenous population of tropical and subtropical regions of Africa, especially
from the sub-Saharan area. Approximately 2 per 1,000 African Americans are
afflicted with this disease and 10% of that population carry one copy of the
gene and, therefore, are carriers of the trait but are not afflicted by the disease.
The red blood cells of patients with two copies of the gene are defective and
carry a reduced amount of oxygen. These erythrocytes are fragile, do not pass
easily through small capillaries, and assume a sickle shape. The abnormally
shaped red blood cells have deleterious effects on the kidneys, brain, bones,
and spleen, among other organs. Depending on the severity of the condition,
the patient's symptoms may vary from slight to severe, and in the latter case, it
may result in death at an early age. Since sickle cell anemia is incurable, it is
treated with avoidance of strenuous physical exertions, avoiding high altitudes,
and instructing patients to seek treatment for even minor infections.
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This blood smear, from a patient suffering from sickle cell anemia, displays
numerous red blood cells that are distorted so that they appear spindle-shaped.

FIGURE 1 Red Blood Cells. Human. x1,325.

Red blood cells (arrows) display a central clear region that represents the
thinnest area of the biconcave disc. Note that the platelets (arrowheads) possess
a central dense region, the granulomere, and a peripheral light region, the
hyalomere.

354



FIGURE 2 Neutrophils. Human. x1,325.

Neutrophils display a somewhat granular cytoplasm and lobulated (arrowheads)
nuclei.
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FIGURE 3 Eosinophils. Human. x1,325.

Eosinophils are recognized by their large, pink granules and their sausage-
shaped nucleus. Observe the slender connecting link (arrowhead) between the
two lobes of the nucleus.
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FIGURE 4 Basophils. Human. x1,325.

Basophils are characterized by their dense, dark, large granules.
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FIGURE 5 Monocytes. Human. x1,325.

Monocytes are characterized by their large size; acentric, kidney-shaped nucleus;
and lack of specific granules.
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FIGURE 6 Lymphocytes. Human. x1,325.

Lymphocytes are small cells that possess a single, large, acentrically located
nucleus and a narrow rim of light blue cytoplasm.
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FIGURE 1

1. Basophil 4. Erythrocytes 7. Eosinophil
2. Platelets S Monocyte 8. Neutrophil
3. Monocyte 6. Lymphocyte 9 Lymphocyte
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A 4. Neutrophilic D

1. Basophilic myelocyte metamyelocyte 1. Proerythroblast

2, Basophilic 5. Neutrophilic stab cell 2. Basophilic erythroblast
metamyelocyte 6. Neutrophil 3. Polychromatophilic

3. Basophil stab cell C erythroblast

4. Basophil 1. Eosinophilic myelocyte 4. Orthochromatophilic

B 2. Eosinophilic erythroblast

1. Myeloblast metamyelocyte 5. Reticulocyte

2. Promyelocyte 3. Eosinophil stab cell 6. Erythrocyte

3 Neutrophilic myelocyte 4. Eosinophil

FIGURE 1 Bone marrow. Human. Paraffin section. x132.

This transverse section of a decalcified human rib displays the presence of
haversian canals (H), Volkmann's canals (V), osteocytes (O) in their lacunae
and the endosteum (E). The marrow presents numerous adventitial reticular
cells (A), blood vessels, and sinusoids (S). Moreover, the forming blood
elements are also evident as small nuclei (arrows). Note the large
megakaryocytes (M), cells that are the precursors of platelets. The boxed area is
represented in Figure 2.

FIGURE 2 Bone marrow. Human. Paraffin section. x270.

This photomicrograph is a higher magnification of the boxed area of Figure 1.
Observe the presence of osteocytes (O) in their lacunae as well as the flattened
cells of the endosteum (E). The endothelial lining of the sinusoids (arrows) are
clearly evident, as are the numerous cells that are in the process of hemopoiesis.
Two large megakaryocytes (M) are also discernible.

FIGURE 3 Blood smear. Human. Wright stain. x270.

This normal blood smear presents erythrocytes (R), neutrophils (N), and
platelets (P). The apparent holes in the centers of the erythrocytes represent the
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thinnest areas of the biconcave discs. Note that the erythrocytes far outnumber
the platelets, and they in turn are much more numerous than the white blood
cells. Since neutrophils constitute the highest percentage of white blood cells,
they are the ones most frequently encountered of the white blood cell population.

FIGURE 4 Bone marrow smear. Human. Wright stain. x270.

This normal bone marrow smear presents forming blood cells as well as
erythrocytes (R) and platelets (P). In comparison with a normal peripheral
blood smear (Figure 3), marrow possesses many more nucleated cells. Some of
these are of the erythrocytic series (arrows), whereas others are of the
granulocytic series (arrowheads).

A Adventitial reticular cell M Megakaryocyte R Erythrocyte

BV Blood vessel N Neutrophil 5 Sinusoid

E Endosteum o Osteocyte \' Volkmann’s canal
H Haversian canal P Platelet

365



Nd\?ru-..
s B

366



FIGURE 1

367






FIGURE 2

369



-

D

vmo o a9 ‘.,l%
AR w“ o.o_o.
o8 ‘0%

8%

‘. e 3 0 o°
o °.0 %"

S Ly Q.o..l it g .O. o ; . vo: @
o, 0078 s 1000 22 02 2%

. $e %o

370



FIGURE 3

371



372



FIGURE 4

FIGURE 1 Human marrow smear. x1,325.

Proerythroblast.

FIGURE 2 Human marrow smear. x1,325.

Basophilic erythroblast.
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FIGURE 3 Human marrow smear. x1,325.

Polychromatophilic erythroblast.
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FIGURE 4 Human marrow smear. x1,325.

Orthochromatophilic erythroblast.
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FIGURE 5 Human marrow smear. Methylene blue stain. x1,325.

Reticulocyte.
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FIGURE 6 Human marrow smear. x1,325.

Erythrocyte.
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FIGURE 1 Myeloblast. Human bone marrow smear. x1,325.
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FIGURE 2 Promyelocyte. Human bone marrow smear. x1,325.
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FIGURE 3a Eosinophilic myelocyte. Human bone marrow
smear. x1,325.
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FIGURE 3b Neutrophilic myelocyte. Human bone marrow
smear. x1,325.
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FIGURE 4a Eosinophilic metamyelocyte. Human bone marrow
smear. x1,325.
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FIGURE 4b Neutrophilic metamyelocyte. Human bone marrow
smear. x1,325.
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FIGURE 5a Eosinophilic stab cell. Human bone marrow smear.
x1,325.
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FIGURE 5b Neutrophilic stab cell. Human bone marrow smear.
x1,325.
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FIGURE 6 Neutrophil. Human bone marrow smear. x1,325.
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[ Selected Review of Histologic
Images

FIGURE 1 Blood smear. Human. Wright's stain. x540.
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This blood smear from a healthy individual demonstrates the presence of
numerous red blood cells (RBC) and platelets (arrows) as well as the less
abundant lymphocytes (L) and even fewer eosinophils (Eo) present in
circulating blood.

FIGURE 2 Blood smear. Human. Wright's stain. x540.

This blood smear from a healthy individual demonstrates the copious amount of
erythrocytes (RBC), plentiful platelets (not labeled), neutrophils (N), and
lymphocytes (L).

FIGURE 3 Blood smear. Human. Wright's stain. x540.

This blood smear from a healthy individual demonstrates the presence of red
blood cells (RBC), platelets (arrows), as well as a neutrophil (N) and the much
larger monocyte (M). Observe that the monocyte resembles a lymphocyte but is
much larger and has an indented nucleus.

FIGURE 4 Bone marrow smear. Human. Wright's stain. x540.

This bone smear from a healthy individual demonstrates the presence an
abundance of erythrocytes (not labeled) as well as clusters of platelets (arrow).
Note that the obvious difference between the bone marrow smear and the
circulating blood smear is that bone marrow displays many more nucleated
leukocytes in various stages of development. A lymphocyte (L), neutrophilic
myelocyte  (NM), polychromatophilic erythroblast (PE), and
orthochromatophilic erythroblast (OE) are shown.

Eo  Eosinophil N neutrophil PE  polychromatic erythroblast
L lymphocyte NM neutrophilic myelocyte RBC red blood cell (erythrocyte)
M monocyte OE orthochromatic erythroblast
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FIGURE 1 Erythrocytes and platelets. Electron microscopy.
x5,600.

This electron micrograph of circulating blood displays both erythrocytes (RBC)
and platelets (arrows). Note that the red blood cells are mostly homogeneous in
appearance, whereas the platelets possess various vesicles. (Courtesy of Dr.
Zulmarie Franco.)

FIGURE 2 Lymphocyte and erythrocytes. Electron microscopy.
x5,600.

This electron micrograph of circulating blood displays both erythrocytes (RBC)
and a lymphocyte (L). Observe that the lymphocyte is approximately the same
size in diameter as the red blood cells and that the nucleus (IN) occupies most of
the cell, leaving a rim of cytoplasm (Cy). (Courtesy of Dr. Zulmarie Franco.)

FIGURE 3 Monocyte and erythrocytes. Electron microscopy.
x4,600.

This electron micrograph of circulating blood displays both erythrocytes (RBC)
and a monocyte (M). Observe that the diameter of the monocyte is much greater
than that of erythrocytes. Note that the nucleus (N) has an indentation and that
the cytoplasm has filopodia (arrows) along its rim. (Courtesy of Dr. Zulmarie
Franco.)

FIGURE 4 Eosinophil and erythrocytes. Electron microscopy.
x5,600.

This electron micrograph of circulating blood displays both erythrocytes (RBC)
and an eosinophil (Eo). Observe that the diameter of the eosinophil is much
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greater than that of erythrocytes. Note that the bilobed nucleus (N) appears as if
it were two separate nuclei and that the cytoplasm has large specific granules
(arrows) whose center is darker than the periphery. (Courtesy of Dr. Zulmarie

Franco.)

Cy cytoplasm L lymphocyte N nucleus
Eo eosinophil M monocyte RBC  erythrocyte
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[ Summary of Histologic
Organization

I. CIRCULATING BLOOD™

A. Erythrocytes (RBC)

RBCs are pink, biconcave disks that are 7 to 8 pm in diameter. They are filled
with hemoglobin and possess no nuclei.

B. Agranulocytes
1. Lymphocytes

Histologically, lymphocytes may be small, medium, or large (this bears no
relationship to T cells, B cells, or null cells). Most lymphocytes are small (8 to
10 pm in diameter) and possess a dense, blue, acentrically positioned nucleus
that occupies most of the cell, leaving a thin rim of light blue, peripheral
cytoplasm. Azurophilic granules (lysosomes) may be evident in the cytoplasm.

2. Monocytes

Monocytes are the largest of all circulating blood cells (12 to 15 pm in
diameter). There is a considerable amount of grayish-blue cytoplasm
containing numerous azurophilic granules. The nucleus is acentric and kidney-
shaped and possesses a coarse chromatin network with clear spaces. Lobes of the
nucleus are superimposed on themselves, and their outlines appear to be
distinctly demarcated.

C. Granulocytes

1. Neutrophils

Neutrophils are the most populous of the leukocytes, are 9 to 12 pm in diameter
and display a light pink cytoplasm housing many azurophilic, tertiary, and
smaller specific granules. The specific granules do not stain well, hence the
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name of these cells. The nucleus is dark blue, coarse, and multilobed, with most
being two-to three-lobed with thin connecting strands.

2. Eosinophils

Eosinophils are 10 to 14 pym in diameter and possess numerous refractive,
spherical, large, reddish-orange specific granules. Azurophilic granules are also
present. The nucleus, which is brownish-black, is bilobed, resembling sausage
links united by a thin connecting strand.

3. Basophils

Basophils, the least numerous of all leukocytes, are 8 to 10 pm in diameter.
Frequently, their cytoplasm is so filled with dark, large, basophilic specific
granules that they appear to press against the cell membrane, giving it an angular
appearance. The specific granules usually mask not only the azurophilic
granules, but also the S-shaped, light blue nucleus.

D. Platelets

Platelets, occasionally called thrombocytes, are small, round (2 to 4 pm in
diameter) cell fragments. As such, they possess no nuclei, are frequently
clumped together, and present with a dark blue, central granular region, the
granulomere, and a light blue, peripheral, clear region, the hyalomere.

II. HEMOPOIESIS™

During the maturation process, hemopoietic cells undergo clearly evident
morphologic alterations. As the cells become more mature, they decrease in size.
Their nuclei also become smaller, the chromatin network appears coarser, and
their nucleoli (which resemble pale grayish spaces) disappear. The granulocytes
first acquire azurophilic and then specific granules, and their nuclei become
segmented. Cells of the erythrocytic series never display granules and eventually
lose their nuclei.

A. Erythrocytic Series
1. Proerythroblast

a. Cytoplasm
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Light blue to deep blue clumps in a pale grayish-blue background.

b. Nucleus

Round with a fine chromatin network; it is a rich burgundy red with 3 to 5 pale
gray nucleoli.

2. Basophilic Erythroblast

a. Cytoplasm

Bluish clumps in a pale blue cytoplasm with a hint of grayish pink in the
background.

b. Nucleus

Round, somewhat coarser than the previous stage; burgundy red. A nucleolus or
two may be present.

3. Polychromatophilic Erythroblast

a. Cytoplasm
Yellowish pink with bluish tinge.

b. Nucleus

Small and round with a condensed, coarse chromatin network; dark, reddish
black. No nucleoli are present.

4. Orthochromatophilic Erythroblast

a. Cytoplasm
Pinkish with a slight tinge of blue.

b. Nucleus

Dark, condensed, round structure that may be in the process of being extruded
from the cell.

5. Reticulocyte

a. Cytoplasm

Appears just like a normal, circulating RBC; if stained with supravital dyes (e.g.,
methylene blue), however, a bluish reticulum—composed mostly of rough
endoplasmic reticulum—is evident.
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b. Nucleus
Not present.

B. Granulocytic Series

The first two stages of the granulocytic series, the myeloblast and promyelocyte,
possess no specific granules. These make their appearance in the myelocyte
stage, when the three types of myelocytes (neutrophilic, eosinophilic, and
basophilic) may be distinguished from each other. Since they only differ from
each other in their specific granules, only the neutrophilic series is described in
this summary, with the understanding that myelocytes, metamyelocytes, and stab
(band) cells occur in these three varieties.

1. Myeloblast

a. Cytoplasm

Small blue clumps in a light blue background. No granules. Cytoplasmic blebs
extend along the periphery of the cell.

b. Nucleus

Reddish-blue, round nucleus with fine chromatin network. Two or three pale
gray nucleoli are evident.

2. Promyelocyte

a. Cytoplasm

The cytoplasm is bluish and displays numerous, small, dark, azurophilic
granules.

b. Nucleus

Reddish-blue, round nucleus whose chromatin strands appear more coarse than
in the previous stage. A nucleolus is usually present.

3. Neutrophilic Myelocyte

a. Cytoplasm

Pale blue cytoplasm containing dark azurophilic and smaller neutrophilic
(specific) granules. A clear, paranuclear Golgi region is evident.
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b. Nucleus

Round, usually somewhat flattened, acentric nucleus, with a somewhat coarse
chromatin network. Nucleoli are not distinct.

4. Neutrophilic Metamyelocyte

a. Cytoplasm

Similar to the previous stage except that the cytoplasm is paler in color and the
Golgi area is nestled in the indentation of the nucleus.

b. Nucleus

Kidney-shaped, acentric nucleus with a dense, dark chromatin network. Nucleoli
are not present.

5. Neutrophilic Stab (Band) Cell

a. Cytoplasm

A little more blue than the cytoplasm of a mature neutrophil. Both azurophilic
and neutrophilic (specific) granules are present.

b. Nucleus

The nucleus is horseshoe-shaped and dark blue, with a very coarse chromatin
network. Nucleoli are not present.

* All of the colors designated in this summary are based on the Wright or Giemsa's modification of the
Romanovsky-type stains as applied to blood smears.
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GRAPHICS Figure 4a Smooth muscle x.s.
Graphic 6-1 Molecular Structure of Skeletal Muscle Figure 4b  Smooth muscle. Duodenum
p. 150 Plate 6-7 Smooth Muscle, Electron Microscopy
Graphic 6-2 Types of Muscle p. 151 (EM) p. 162
ARLES ' Figure T Smooth muscle (EM) L.s.
Table 6-1 Comparison of Skeletal, Smooth, and Pl'ate g8 Card!ac i
Cardiac Muscles p. 143 Figure 1 Cardiac muscle. Human l.s.
Table 6-2 Characteristics of Skeletal Muscle Figure 2 Cardiac muscle. Human .s.
Fibers p. 144 Figure 3 Cardiac muscle. Human x.s.
Table 6-3 Proteins Associated with the Thin Figure 4 Cardiac muscle. Human x.s.
Myofilament p. 146 Plate 6-9 Cardiac Muscle, Electron Microscopy
Table 6-4 Proteins Associated with the Thick (EM) p. 166
. Myofilament p. 147 Figure 1 Cardiac muscle (EM) |s.

PLATES

Plate 6-1

Review Plate 6-1 p. 168

Skeletal Muscle p. 152 Figure 1 Skeletal muscle. Human L.s. Paraffin
Figure 1 Skeletal muscle L.s. section
Figure 2 Skeletal muscle x.s. Figure 2 Skelfe’[al muscle. Human |.s. Paraffin
: section
Figure 3 Skeletal muscle x.s. H o sicicial . —
Plate 6-2 Skeletal Muscle, Electron Microscopy 'gure sestﬁ)z PESSE A R S
(EM) p. 154 . ]
Figure 1| ‘Skeletal ruscie (EM) Is. Figure 4 f:gf;:l muscle. Human x.s. Paraffin
Figure 2 Skeletal muscle (EM) .s. Review Plate 6-2 p. 170
Plate 6-3 Myoneural junction, Light and Electron Figure T Smooth muscle. Human Ls. Paraffin
Micrascopy (EM) p. 156 - ’ o
HiguEely Myoneural junction, Lateral view Figure 2 Smooth muscle. Human l.s. Paraffin
Figure 2 Myoneural junction. Surface view section
Figure 3 Myoneural junction (EM) Figure 3 Smooth muscle. Human x.s. Paraffin
Plate 6-4 Mpyoneural junction, Scanning Electron section
Microscopy (SEM) p. 158 Figure 4 Smooth muscle. Human x.s. Paraffin
Figure 1 Myoneural junction. Tongue (SEM) section
Plate 6-5 Muscle Spindle, Light and Electron Review Plate 6-3 p. 172
Microscopy (EM) p. 159 Figure 1 Cardiac muscle. Human |.s. Paraffin
Figure 1 Muscle spindle section
Figure 2 Muscle spindle (EM) Figure 2 Cargliac muscle. Human L.s. Paraffin
Plate 6-6 Smooth Muscle p. 160 secdon
Ei Figure 3 Cardiac muscle. Human x.s. Paraffin
igure 1 Smooth muscle I.s. section
F{gure i il Figure 4 Cardiac muscle. Human x.s. Paraffin
Figure 3 Smooth muscle. Uterine myometrium x.s. section

The ability of animals to move is due to the presence of specific cells that have
become highly differentiated, so that they function almost exclusively in
contraction. The contractile process has been harnessed by the organism to
permit various modes of movement and other activities for its survival.

» Some of these activities depend on quick contractions of short duration.

» Others depend on long-lasting contractions without the necessity for rapid
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actions.

 Still others depend on powerful, rhythmic contractions that must be repeated
in rapid sequences.

These varied needs are accommodated by three types of muscle, namely,
skeletal, smooth, and cardiac. There are basic similarities among the three
muscle types (Table 6-1).

* They are all mesodermally derived and are elongated parallel to their axis
of contraction;

» They possess numerous mitochondria to accommodate their high energy
requirements.

* All contain contractile elements known as myofilaments, in the form of
actin and myosin, as well as additional contractile-associated proteins.
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Characteristics

Location

Shape

Striations

Number and location
of nucleus

T tubules

Sarcoplasmic reticulum

Gap junctions

Control of contraction
Sarcomere
Regeneration

Histological distinction

Skeletal Muscle

Generally attached to
skeleton

Long, cylindrical parallel
fibers

Yes

Numerous, peripherally

Present at A-I junctions

Complex surrounds
myofilaments forming
meshwork. Forms triads
with T tubules

No

Voluntary
Yes
Restrictive

Multiple striations and
numerous peripherally
located nuclei

Smooth Muscle

Generally in hollow viscera,
iris, blood vessels

Short, spindle shaped

No

Single, central

No—but caveolae

Some smooth sarcoplasmic
reticulum but poorly
developed

Yes

Involuntary
No
Extensive

No striations, central
nucleus

Cardiac Muscle

Myocardium, major blood
vessels as they enter or
leave the heart

Branched and blunt ended

Yes

One or two, central

Present at Z disks

Less developed than in
skeletal muscle; forms
diads with T tubules

Yes—within intercalated
disks

Involuntary
Yes
Perhaps some limited

Intercalated disks

Myofilaments of skeletal and cardiac muscles are arranged in a specific
ordered array that gives rise to a repeated sequence of uniform banding along

their length—hence their collective name, striated muscle.

Since muscle cells are much longer than they are wide, they are commonly
referred to as muscle fibers. However, it must be appreciated that these fibers
are living entities, unlike the nonliving fibers of connective tissue. Neither are
they analogous to nerve fibers, which are living extensions of nerve cells.

Often, certain unique terms are used to describe muscle cells:

muscle cell membrane is sarcolemma (although earlier use of this term

included the attendant external lamina and reticular fibers),

cytoplasm is sarcoplasm,
mitochondria are sarcosomes, and

Skeletal Muscle

Skeletal muscle (see Graphics 6-1 and 6-2) is invested by a dense collagenous
connective tissue known as the

endoplasmic reticulum is sarcoplasmic reticulum.

» epimysium, which penetrates the substance of the gross muscle, separating
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it into fascicles.
» Each fascicle is surrounded by perimysium, a looser connective tissue.

» Finally, each individual muscle fiber within a fascicle is enveloped by fine
reticular fibers, the endomysium.

The vascular and nerve supply of the muscle travel in these interrelated
connective tissue compartments.

There are three types of skeletal muscle fibers: red, white, and
intermediate, depending on their contraction velocities, mitochondrial content,
and types of enzymes the cell contains (see Table 6-2).

Myoglobin Mitochondrial Contraction
Muscle Type Content Population Enzyme Content APT Generation Characteristics
Red (slow) High Abundant High in oxidative Oxidative Slow and repeti-
enzymes, low phosphorylation tive; not easily
ATPase fatigued
Intermediate Intermediate Intermediate Intermediate- Oxidative Fast but not easily
oxidative enzymes phosphorylation fatigued
and ATPase and anaerobic
glycolysis
White (fast) Low Sparse Low oxidative Anaerobic glycolysis Fast and easily
enzymes; high fatigued
ATPase and
phosphorylases

Each gross muscle, for example, the biceps, usually possesses all three types
of muscle cells. The innervation of a particular muscle cell determines whether it
is red, white, or intermediate. Each skeletal muscle fiber is roughly cylindrical in
shape, possessing numerous elongated nuclei located at the periphery of the cell,
just deep to the sarcolemma.

Longitudinally sectioned muscle fibers display intracellular cylindrical
contractile elements, which are the parallel arrays of longitudinally disposed
myofibrils.

» This arrangement of myofibrils produces an overall effect of cross-banding
of alternating light and dark bands traversing each skeletal muscle cell. The
dark bands are A bands, and the light bands are I bands.

» Each I band is bisected by a thin dark Z disc, and the region of the myofibril
extending from Z disc to Z disc, the sarcomere, is the contractile unit of
skeletal muscle cell.

» The A band is bisected by a paler H zone, the center of which is marked by
the dark M disc.
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When skeletal muscle contracts, the bands display characteristic
configurations, in that the width of the A band remains constant, the two Z discs
move closer to each other approaching the A band, the I band becomes much
narrower, and the M line and H zone are no longer evident.

Each Z disc is surrounded by intermediate filaments, known as desmin. The
desmin filaments are bound to each other and to the Z discs by plectin filaments,
and the heat shock protein, af3-crystallin, which protects the proximal aspect of
the desmin intermediate filaments from damage by binding to them at their
contact with the Z disc.

» The distal ends of the desmin filaments insert into costameres, regions of
the cytoplasmic aspect of the muscle cell membrane that are well endowed
with integral and associated proteins known as the dystrophin-associated
glycoprotein complex.

* The desmin-plectin-af-crystallin complex, along with the costameres,
ensure that the myofibrils of a muscle cell are aligned in the appropriate
fashion so that the contraction of all of the myofibrils of each muscle cell
occurs in a synchronized fashion. Desmin filaments have also been noted to
attach Z discs to other components of the cell, such as mitochondria,
nucleus, and constituents of the skeletal muscle cytoskeleton.

Cardiac Muscle

Cardiac muscle (see Graphic 6-2) cells are also striated, but each cell usually
contains only one centrally placed nucleus. These cells form specialized
junctions known as intercalated discs, as they interdigitate with each other.

» These intercalated discs act as Z discs as well as regions of intercellular
adhering and communication junctions.

» 7 discs have transverse portions that specialize in cell—cell attachments by
forming numerous desmosomes and fasciae adherentes and lateral portions
that are rich in gap junctions, thus permitting cell-to-cell communications to
ocCur.

Heart muscle contraction is involuntary, and the cells possess an inherent
rhythm.

» The heart possesses a group of specialized cardiac muscle cells known as
the SA node (sinoatrial node), which establishes the rate of contraction and
initiates contraction of the atrial muscles.
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* The impulse is transmitted to another group of specialized cardiac muscle
cells, the AV node (atrioventricular node), which holds up the impulse for a
few milliseconds; the impulse then travels along the bundle of His to the
Purkinje fibers (both of which are specialized cardiac muscle cells) to
cause contraction of the ventricles.

» The SA node receives input from the sympathetic and parasympathetic
components of the autonomic nervous system; the former increases and the
latter decreases the rate of contraction of the heart.

Smooth Muscle

Smooth muscle (see Graphic 6-2) is also involuntary. Each fusiform smooth
muscle cell houses a single, centrally placed nucleus, which becomes corkscrew
shaped during contraction of the cell. Smooth muscle cells contain an apparently
haphazard arrangement of thick and thin filaments, whose interdigitation during
contraction is harnessed by an intermediate type of filament. These intermediate
filaments, desmin and vimentin, form dense bodies where they cross each other
and at points of attachment to the cytoplasmic aspect of the sarcolemma. It is
interesting to note that although the thin filaments of smooth muscle possess F
actin and tropomyosin, troponin is absent, and its function is assumed by
calmodulin, which becomes complexed with calcium. Smooth muscle may be of
the multiunit type, in which each cell possesses its own nerve supply, or of the
unitary (visceral) smooth muscle type, in which nerve impulses are transmitted
via nexus (gap junctions) from one muscle cell to its neighbor.

[ Histophysiology

I. MYOFILAMENTS

Electron microscopy has revealed that banding is the result of interdigitation of
thick and thin myofilaments. The I band consists solely of thin filaments,
whereas the A band, with the exception of its H and M components, consists of
both thick and thin filaments. During contraction, the thick and thin filaments
slide past each other (see Section II), and the Z discs are brought near the ends
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of the thick filaments.

A. Thin Filaments

Thin filaments (7 nm in diameter and 1 pm in length) are composed of F actin,
double-helical polymers of G actin molecules, resembling a pearl necklace
twisted upon itself (Table 6-3). Each groove of the helix houses linear
tropomyosin molecules (each 40 nm in length) positioned end to end.
Associated with each tropomyosin molecule is a troponin molecule composed
of three polypeptides—troponin T (TnT), troponin I (TnI), and troponin C
(TnC). Tnl binds to actin, masking its active site (where it is able to interact
with myosin II); TnT binds to tropomyosin; and TnC (a molecule similar to
calmodulin) has a high affinity for calcium ions. The plus end of each thin
filament is bound to a Z disc by a-actinin and is capped by a molecule known as
cap Z, which prevents the addition or deletion of G actin molecules to or from
the plus end. Two nebulins, inelastic proteins that ensure that the thin filament is
of the proper length, entwine along the entire extent of each thin filament and
anchor it to the Z disc. The negative end of each thin filament extends to the
junction of the A and I bands and is capped by tropomodulin, which prevents
the addition or deletion of G actin molecules to or from the minus end. Thus, the
length of the thin filament is precisely controlled by the two nebulins and the
two cap proteins.

Protein Function

G actin Monomers assemble to form the F actin component of the thin myofilament; interacts with myosin Il
during skeletal muscle contraction

Tropomyosin Linear molecules that assemble head to tail and occupy the grooves in the F actin

Troponin Complex of three molecules (TnC, TnT, and Tnl) that is associated with each tropomyosin molecule

TnC Binds calcium ions

TnT Binds the troponin complex to tropomyosin

Tnl Binds to actin, masking its active site, thus inhibiting myosin ll-actin interaction

Cap Z That portion of the Z disc that forms a cap on the plus end of the F actin preventing it from adding or
deleting G actins from the thin myofilament

o-Actinin Fastens the thin myofilament’s plus end to the Z disc

Nebulin Inelastic protein that, along with its counterpart, anchors each thin myofilament to the Z disc, stabilizing

its length and position in the sarcomere

Tropomodulin  Forms a cap on the minus end of the F actin preventing it from adding or deleting G actins from the thin
myofilament

TnC, troponin C; Tnl, troponin I; TnT, troponin T.

411



B. Thick Filaments

Thick filaments (15 nm in diameter and 1.5 pm in length) are composed of 200
to 300 myosin II molecules arranged in an antiparallel fashion (Table 6-4). Each
myosin molecule is composed of two pairs of light chains and two identical
heavy chains. Each myosin heavy chain resembles a golf club, with a linear tail
and a globular head, where the tails are wrapped around each other in a helical
fashion. The enzyme trypsin cleaves each heavy chain into a linear (most of the
tail) segment (light meromyosin) and a globular segment with the remainder of
the tail (heavy meromyosin). Another enzyme, papain, cleaves heavy
meromyosin into a short tail region (S2 fragment) and a pair of globular
regions (S1 fragments). A pair of myosin light chains is associated with each
S1 fragment. S1 fragments have ATPase activity but require the association
with actin for this activity to be manifest. Thick filaments are anchored to Z
discs by the linear, elastic protein titin and are linked to adjacent thick filaments,
at the M line, by the proteins myomesin and C protein. Since titin molecules
form an elastic lattice around the thick filaments, they facilitate the maintenance
of the spatial relationship of these thick filaments to each other, as well as to the
thin filaments. It should be noted that each thick filament is tethered to opposite
Z discs of each sarcomere by four titin molecules.

Protein Function

Myosin Il Principal protein of the thick myofilament; it is composed of two heavy chains and four light chains; inter-
acts with the actin of the thin myofilament to achieve shortening of the sarcomere

Titin Elastic protein that fastens the thick filament to the Z disc thereby fixing its place in the sarcomere

Myomesin Protein that cross-links adjacent myosin Il molecules to each other at the M line

C protein Assists myomesin in cross-linking adjacent myosin Il molecules to each other at the M line

II. SLIDING FILAMENT MODEL OF SKELETAL
MUSCLE CONTRACTION

Nerve impulses, transmitted at the myoneural junction across the synaptic cleft
by acetylcholine, cause a wave of depolarization of the sarcolemma, with the
eventual result of muscle contraction. This wave of depolarization is distributed
throughout the muscle fiber by transverse tubules (T tubules), tubular
invaginations of the sarcolemma. The T tubules become closely associated with
the terminal cisterns of the sarcoplasmic reticulum (SR), so that each T tubule is
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flanked by two of these elements of the SR, forming a triad. Voltage-sensitive
integral proteins, dihydropyridine-sensitive receptors (DHSR), located in the
T tubule membrane, are in contact with calcium channels (ryanodine
receptors) in the terminal cisternae of the sarcoplasmic reticulum (SR). This
complex is visible with the electron microscope and is referred to as junctional
feet.

During depolarization of the skeletal muscle sarcolemma, the DHSRs of the
T tubule undergo voltage-induced conformational change, causing the calcium
channels of the terminal cisternae to open, permitting the influx of Ca®* ions into
the cytosol. Troponin C of the thin filament binds the calcium ions and by
changing its conformation presses the tropomyosin deeper into the grooves of
the F actin filament, thus exposing the active site (myosin-binding site) on the
actin molecule. ATP, bound to the globular head (S1 fragment) of the myosin II
molecule, is hydrolyzed, but both ADP and P; remain attached on the S1. The

myosin I molecule swivels so that the myosin head approximates the active site
on the actin molecule. The P; moiety is released, and in the presence of calcium,

a link is formed between the actin and myosin. The bound ADP is freed, and the
myosin head alters its conformation, moving the thin filament toward the
center of the sarcomere. A new ATP attaches to the globular head, and the
myosin dissociates from the active site of the actin. This cycle is repeated 200
to 300 times for complete contraction of the sarcomere.

Relaxation ensues when the calcium pump of the SR transports calcium
from the cytosol into the SR cisterna, where it is bound by calsequestrin. The
decreased cytosolic Ca®* induces TnC to lose its bound calcium ions, the TnC
molecule returns to its previous conformational state, the tropomyosin molecule
returns to its original location, and the active site of the actin molecule is once
again masked.

II. SMOOTH MUSCLE

A. Contractile Elements

* Although the thick and thin myofilaments of smooth muscle are not
arranged into myofibrils, they are organized so that they are aligned
obliquely to the longitudinal axis of the cell.

* Myosin II molecules of smooth muscle are unusual, since the light
meromyosin moiety is folded in such a fashion that its free terminus binds
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to a “sticky region” of the globular S1 portion.

» The thin filaments, composed of actin, possess tropomyosin as well as two
additional proteins:

* caldesmon, which masks the active site of the actin monomers and

+ calponin, whose function resembles that of troponin of skeletal muscle,
in that it obstructs the ATPase activity of myosin II.

» The thin filaments are attached to cytoplasmic densities as well as to dense
bodies along the cytoplasmic aspect of the sarcolemma, Z disc analogs
(containing a-actinin and Z disc proteins), as are the intermediate filaments
(desmin in multiunit smooth muscle and both vimentin and desmin in
unitary smooth muscle cells). The cytosol is rich in calmodulin and the
enzyme myosin light-chain kinase, whereas troponin is absent.

B. Contraction

For smooth muscle contraction to occur, calcium ions, released from caveolae,
permit the phosphorylation of calponin, and the phosphorylated calponin cannot
inhibit contraction from occurring. Calcium ions also bind to calmodulin, and
the Ca%*-calmodulin complex binds to caldesmon, causing it to unmask the
active site of actin and activates myosin light-chain kinase, which
phosphorylates one of the myosin II light chains, altering its conformation.
The phosphorylation causes the free terminus of the light meromyosin to be
released from the S1 moiety. ATP binds to the S1, and the resultant interaction
between actin and myosin is similar to that of skeletal (and cardiac) muscle. As
long as calcium and ATP are present, the smooth muscle cell will remain
contracted. Smooth muscle contraction lasts longer but develops slower than
cardiac or skeletal muscle contraction. It should be noted that unlike in skeletal
muscle where the myosin II molecules are assembled in an antiparallel fashion,
and the center of the thick filament has only light meromyosin in its middle, in
smooth muscle the heavy meromyosin heads are present even along the middle
of the thick filament. Because of this arrangement of the myosin II molecules in
the thick filament, contraction lasts longer than in skeletal muscle.

Myasthenia Gravis
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Myasthenia gravis is an autoimmune disease that is characterized by
incremental weakening of skeletal muscles. Antibodies formed against
acetylcholine receptors of skeletal muscle fibers bond to and, thus, block these
receptors. The number of sites available for the initiation of depolarization of
the muscle sarcolemma is decreased. The gradual weakening affects the most
active muscles first (muscles of the face, eyes, and tongue), but eventually the
muscles of respiration become compromised and the individual dies of
respiratory insufficiency.

Duchenne's Muscular Dystrophy

Duchenne's muscular dystrophy is a muscle degenerative disease that is due to
an X-linked genetic defect that strikes 1 in 30,000 males. The defect results in
the absence of dystrophin molecules in the muscle cell membrane. Dystrophin
is a protein that functions in the interconnection of the cytoskeleton to
transmembrane proteins that interact with the extracellular matrix as well as in
providing structural support for the muscle plasmalemma. Individuals afflicted
with Duchenne's muscular dystrophy experience muscle weakness by the time
they are 7 years of age and are usually wheelchair bound by the time they are
12 years old. It is very unusual to have these patients survive into their early
20s.
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suffering from Duchenne's muscular dystrophy was stained by a modified
Gomori trichrome stain. Note the numerous necrotic muscle cells and the
presence of fibrosis evidenced by the thickened endomysium and perimysium.
(Reprinted from Rubin E, Strayer DS, et al.,, eds. Rubin's Pathology.
Clinicopathologic Foundations of Medicine, 7th ed. Baltimore: Lippincott
Williams & Wilkins, 2014. p. 1387, with permission.)

Muscle Cramps

A sudden, powerful contraction of a muscle or muscle group is a painful event
known as a muscle cramp. It may occur in people of all ages and is usually due
to lowered blood flow to the muscle(s), lowered levels of potassium, or
vigorous exercise without proper warm-up (stretching). Cramps can also occur
at night, and they usually involve the muscles of the lower leg.

Pompe's Disease

Pompe's disease is one of the inherited metabolic glycoge-storage diseases
where the cells of the patient are unable to degrade glycogen due to an acid
maltase deficiency. The inability to degrade glycogen results in the
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accumulation of glycogen in the lysosomes. There are two types of this disease,
the early onset that occurs in the infant and the late onset that occurs either in
childhood or in the adult. The early onset is fatal, and children do not usually
live past 2 years of age; the symptoms are enlargement of the heart and liver,
generalized weakness, and lack of muscle tone. Death results from cardiac and
respiratory failure. The late-onset form differs from the juvenile condition in
that the cardiac complications are not as assiduous but muscle weakness,
especially of the legs, is more pronounced. Recent advancement in the
treatment of Pompe's disease appears to decrease the mortality rate as well as
the severity of the condition.

This cross section of skeletal muscle cells from a patient with adult-onset
Pompe's disease, stained with toluidine blue, displays enlarged lysosomes filled
with pinkish-colored glycogen. (Reprinted from Rubin R, Strayer D, et al., eds.
Rubin's Pathology. Clinicopathologic Foundations of Medicine, 5th ed.
Baltimore, MD: Lippincott Williams & Wilkins, 2008. p. 1164, with
permission.)

GRAPHIC 6-1 Molecular Structure of Skeletal Muscle
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Striations of skeletal muscle are resolved into A bands
and | bands. | bands are divided into two equal halves
by a Z disk, and each A band has a light zone, the

H band. The center of each H band is a dark M band.
Adjacent myofibrils are secured to each other by the
intermediate filaments desmin and vimentin. The basic
contractile unit of the skeletal muscle cell is the
sarcomere, a precisely ordered collection of
myofilaments (thick and thin filaments). Tubular
invaginations, T tubules (transverse tubules), of the
muscle cell membrane penetrate deep into the
sarcoplasm and surround myofibrils in such a manner
that at the junction of each A and | band these tubules
become associated with the dilated terminal cisternae
of the sarcoplasmic reticulum (smooth ER), forming
triads.
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GRAPHIC 6-2 Types of Muscle
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FIGURE 1 Skeletal muscle. .s. Monkey. Plastic section. x800.

This photomicrograph displays several of the characteristics of skeletal muscle
in longitudinal section. The muscle fibers are extremely long and possess a
uniform diameter. Their numerous nuclei (N) are peripherally located. The
intercellular space is occupied by endomysium, with its occasional flattened
connective tissue cells (CT) and reticular fibers. Two types of striations are
evident: longitudinal and transverse. The longitudinal striations represent
myofibrils (M) that are arranged in almost precise register with each other. This
ordered arrangement is responsible for the dark and light transverse banding that
gives this type of muscle its name. Note that the light band (I) is bisected by a
narrow, dark line, the Z disc (Z). The dark band (A) is also bisected by the clear
H zone (H). The center of the H zone is occupied by the M disc, appearing as a
faintly discernible dark line in a few regions. The basic contractile unit of
skeletal muscle is the sarcomere (S), extending from one Z disc to its
neighboring 7Z disc. During muscle contraction, the myofilaments of each
sarcomere slide past one another, pulling Z discs closer to each other, thus
shortening the length of each sarcomere. During this movement, the width of the
A band remains constant, whereas the I band and H zone disappear.

FIGURE 2 Skeletal muscle. x.s. Monkey. Paraffin section. x132.

Portions of a few fascicles are presented in this photomicrograph. Each fascicle
is composed of numerous muscle fibers (F) that are surrounded by connective
tissue elements known as the perimysium (P), which houses nerves and blood
vessels supplying the fascicles. The nuclei of endothelial, Schwann, and
connective tissue cells are evident as black dots in the perimysium. The
peripherally placed nuclei (N) of the skeletal muscle fibers appear as black dots;
however, they are all within the muscle cell. Nuclei of satellite cells are also
present, just external to the muscle fibers, but their identification at low
magnification is questionable. The boxed area is presented at a higher
magnification in Figure 3.
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FIGURE 3 Skeletal muscle. x.s. Monkey. Paraffin section. x540.

This is a higher magnification of the boxed area of Figure 2. Transverse sections
of several muscle fibers demonstrate that these cells appear to be polyhedral, that
they possess peripherally placed nuclei (N), and that their endomysia (E) house
numerous capillaries (C). Many of the capillaries are difficult to see because
they are collapsed in a resting muscle. The pale sarcoplasm occasionally appears
granular, due to the transversely sectioned myofibrils (M). Occasionally, nuclei
that appear to belong to satellite cells (SC) may be observed, but definite
identification cannot be expected. Moreover, the well-defined outline of each
fiber was believed to be due to the sarcolemma, but now, it is known to be due
more to the adherent basal lamina and endomysium.
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Nucleus
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FIGURE 3

FIGURE 1 Skeletal muscle. ls. Rat. Electron microscopy.
x17,100.

This moderately low-power electron micrograph of skeletal muscle was
sectioned longitudinally. Perpendicular to its longitudinal axis, note the dark and
light cross-bandings. The A band (A) in this view extends from the upper left-
hand corner to the lower right-hand corner and is bordered by an I band (I) on
either side. Each I band is traversed by a Z disc (Z). Observe that the Z disc has
the appearance of a dashed line, since individual myofibrils are separated from
each other by sarcoplasm. Note that the extent of a sarcomere (S) is from Z disc
to Z disc and that an almost precise alignment of individual myofibrils ensures
the specific orientation of the various bands within the sarcomere. The H zone
(H) and the M disc (MD) are clearly defined in this electron micrograph.
Mitochondria are preferentially located in mammalian skeletal muscle,
occupying the region at the level of the I band as they wrap around the periphery
of the myofibril. Several sarcomeres are presented at a higher magnification in
Figure 2. (Courtesy of Dr. J. Strum.)

FIGURE 2 Skeletal muscle. ls. Rat. Electron microscopy.
x28,800.

This is a higher-power electron micrograph presenting several sarcomeres. Note
that the Z discs (Z) possess projections (arrows) to which the thin
myofilaments (tM) are attached. The I band (I) is composed only of thin
filaments. Thick myofilaments (TM) interdigitate with the thin filaments from
either end of the sarcomere, resulting in the A band (A). However, the thin
filaments in a relaxed muscle do not extend all the way to the center of the A
band; therefore, the H zone (H) is composed only of thick filaments. The center
of each thick filament appears to be attached to its neighboring thick filament,
resulting in localized thickenings, collectively comprising the M disc (MD).
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During muscle contraction, the thick and thin filaments slide past each other,
thus pulling the Z discs toward the center of the sarcomere. Due to the resultant
overlapping of thick and thin filaments, the I bands and H zones disappear, but
the A bands maintain their width. The sarcoplasm houses mitochondria (m)
preferentially located, glycogen granules (arrowhead), as well as a specialized
system of sarcoplasmic reticulum and T tubules, forming triads (T). In
mammalian skeletal muscle, triads are positioned at the junction of the I and A
bands. (Courtesy of Dr. J. Strum.)
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FIGURE 2

FIGURE 1 Myoneural junction. Lateral view. Paraffin section.
x540.

This view of the myoneural junction clearly displays the myelinated nerve fiber
(MN) approaching the skeletal muscle fiber (SM). The A bands (A) and I
bands (I) are well delineated, but the Z discs are not observable in this
preparation. As the axon nears the muscle cell, it loses its myelin sheath and
continues on as a nonmyelinated axon (nMN) but retains its Schwann cell
envelope. As the axon reaches the muscle cell, it terminates as a motor end
plate (MEP), overlying the sarcolemma of the muscle fiber. Although the
sarcolemma is not visible in light micrographs, such as this one, its location is
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clearly approximated due to its associated basal lamina and reticular fibers.

FIGURE 2 Myoneural junction. Surface view. Paraffin section.
x540.

This view of the myoneural junction demonstrates, as in the previous figure, that
as the axon reaches the vicinity of the skeletal muscle fiber (SM), it loses its
myelin sheath (arrow). The axon terminates, forming a motor end plate
(MEP), composed of a few clusters of numerous small swellings (arrowhead) on
the sarcolemma of the skeletal muscle fiber. Although it is not apparent in this
light micrograph, the motor end plate is located in a slight depression on the
skeletal muscle fiber, and the plasma membranes of the two structures do not
contact each other. Figure 3 clearly demonstrates the morphology of such a
synapse.

FIGURE 3 Myoneural junction. Rat. Electron microscopy.
x15,353.

This electron micrograph is of a myoneural junction taken from the diaphragm
muscle of a rat. Observe that the axon (ax) loses its myelin sheath, but the
Schwann cell (sc) continues, providing a protective cover for the nonsynaptic
surface of the end foot or nerve terminal (nt). The myelinated sheath ends in
typical paranodal loops at the terminal heminode. The nerve terminal possesses
mitochondria (m) and numerous clear synaptic vesicles. The margins of the 50-
nm primary synaptic cleft are indicated by arrowheads. Postsynaptically, the
junctional folds (j), many mitochondria (m), and portions of a nucleus (n) and
sarcomere (s) are apparent in the skeletal muscle fiber. (Courtesy of Dr. C. S.
Hudson.)
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FIGURE 1

FIGURE 1 Myoneural junction. Tongue. Cat. Scanning electron
microscopy. x2,610.

The striations (arrows) of an isolated skeletal muscle fiber are clearly evident in
this scanning electron micrograph. Note the nerve (N) “twig”, which loops up
and makes contact with the muscle at the myoneural junction (MJ). (Courtesy
of Dr. L. Litke.)
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FIGURE 1 and 2

Plastic section. x436.

FIGURE 1 Muscle spindle. Mouse.
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Observe that the outer (0C) and inner capsules (iC) of the muscle spindle
define the outer peraxial space (PS) and the inner axial space (asterisk). The
inner capsule forms an envelope around the intrafusal fibers (IF). (From Ovalle
W, Dow P. Comparative ultrastructure of the inner capsule of the muscle spindle
and the tendon organ. Am J Anat 1983;166:343-357.)

FIGURE 2 Muscle spindle. Mouse. Electron microscopy. x6,300.

Parts of the outer capsule (0C) may be observed at the corners of this electron
micrograph. The periaxial space (PS) surrounds the slender inner capsule (iC),
whose component cells form attenuated branches, subdividing the axial space
(AS) into several compartments for the nuclear chain (NC) and nuclear bag
(NB) intrafusal fibers and their corresponding sensory terminals (ST). Note that
the attenuated processes of the inner capsule cells establish contact with each
other (arrows). (From Ovalle W, Dow P. Comparative ultrastructure of the inner
capsule of the muscle spindle and the tendon organ. Am J Anat 1983;166:343—
357.)

FIGURE 1 Smooth muscle. l.s. Monkey. Plastic section. x270.

The longitudinal section of smooth muscle in this photomicrograph displays long
fusiform smooth muscle cells (sM) with centrally located, elongated nuclei (N).
Since the muscle fibers are arranged in staggered arrays, they can be packed very
closely, with only a limited amount of intervening connective tissue (CT). Using
hematoxylin and eosin, the nuclei appear bluish, whereas the cytoplasm stains a
light pink. Each smooth muscle cell is surrounded by a basal lamina and reticular
fibers, neither of which is evident in this figure. Capillaries are housed in the
connective tissue separating bundles of smooth muscle fibers. The boxed area is
presented at a higher magnification in Figure 2.

FIGURE 2 Smooth muscle. l.s. Monkey. Plastic section. x540.
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This photomicrograph is a higher magnification of the boxed area of Figure 1.
Observe that the nuclei (N) of the smooth muscle fibers are long, tapered
structures located in the center of the cell. The widest girth of the nucleus is
almost as wide as the muscle fiber. However, the length of the fiber is much
greater than that of the nucleus. Note also that any line drawn perpendicular to
the direction of the fibers will intersect only a few of the nuclei. Observe the
difference between the connective tissue (CT) and smooth muscle (sM). The
smooth muscle cytoplasm stains darker and appears smooth relative to the
paleness and rough-appearing texture of the connective tissue. Observe
capillaries (C) located in the connective tissue elements between bundles of
muscle fibers. Inset. Smooth muscle. Contracted. l.s. Monkey. Plastic section.
x540. This longitudinal section of smooth muscle during contraction displays the
characteristic corkscrew-shaped nuclei (IN) of these cells.

FIGURE 3 Smooth muscle. Uterine myometrium. x.s. Monkey.
Plastic section. x270.

The myometrium of the uterus consists of interlacing bundles of smooth muscle
fibers, surrounded by connective tissue (CT) elements. Note that some of these
bundles are cut in longitudinal section (1), others are sectioned transversely (2),
and still others are cut obliquely (3). At low magnifications, such as in this
photomicrograph, the transverse sections present a haphazard arrangement of
dark nuclei (N) in a lightly staining region. With practice, it will become
apparent that these nuclei are intracellular and that the pale circular regions
represent smooth muscle fibers sectioned transversely. Note the numerous blood

vessels (BV) traveling in the connective tissue between the smooth muscle
bundles.

FIGURE 4a Smooth muscle. x.s. Monkey. Plastic section. x540.

To understand the three-dimensional morphology of smooth muscle as it appears
in two dimensions, refer to Figure 2 directly above this photomicrograph. Once
again, note that the muscle fibers are much longer than their nuclei and that both
structures are spindle shaped, being tapered at both ends. Recall also that at its
greatest girth, the nucleus is almost as wide as the cell. In transverse section, this
would appear as a round nucleus surrounded by a rim of cytoplasm (asterisk). If
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the nucleus is sectioned at its tapered end, merely a small dot of it would be
present in the center of a large muscle fiber (double asterisks). Sectioned
anywhere between these two points, the nucleus would have varied diameters in
the center of a large muscle cell. Additionally, the cell may be sectioned in a
region away from its nucleus, where only the sarcoplasm of the large muscle cell
would be evident (triple asterisks). Moreover, if the cell is sectioned at its
tapered end, only a small circular profile of sarcoplasm is distinguishable
(arrowhead). Therefore, in transverse sections of smooth muscle, one would
expect to find only few cells containing nuclei of various diameters. Most of the
field will be closely packed profiles of sarcoplasm containing no nuclei.

FIGURE 4b Smooth muscle. Duodenum. Monkey. Plastic
section. x132,

This photomicrograph of the duodenum demonstrates the glandular portion (G)
with its underlying connective tissue (CT). Deep to the connective tissue, note
the two smooth muscle layers, one of which is sectioned longitudinally (1) and
the other transversely (2).
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FIGURE 4

FIGURE 1 Smooth muscle. L.s. Mouse. Electron microscopy.
x15,120.

Smooth muscle does not display cross-bandings, transverse tubular systems, or
the regularly arranged array of myofilaments characteristic of striated muscle.
However, smooth muscle does possess myofilaments that, along with a system
of intermediate filaments, are responsible for its contractile capabilities.
Moreover, the plasma membrane appears to possess the functional, if not the
structural, aspects of the T tubule. Observe that each smooth muscle is
surrounded by an external lamina (EL), which is similar in appearance to basal
lamina of epithelial cells. The sarcolemma (SL) displays the presence of
numerous pinocytotic-like invaginations, the caveolae (Ca), which are believed
to act as T tubules of striated muscles in conducting impulses into the interior of
the fiber. Some suggest that they may also act in concert with the sarcoplasmic
reticulum in modulating the availability of calcium ions. The cytoplasmic aspect
of the sarcolemma also displays the presence of dense bodies (DB), which are
indicative of the attachment of intermediate microfilaments (IM) at that point.
Dense bodies, composed of a-actinin (Z disc protein found in striated muscle),
are also present in the sarcoplasm (arrows). The nucleus (N) is centrally located,
and, at its pole, mitochondria (m) are evident. Actin and myosin are also
present in smooth muscle but cannot be identified with certainty in longitudinal
sections. Parts of a second smooth muscle fiber may be observed to the left of
the cell described. A small capillary (C) is evident in the lower right-hand
corner. Note the adherens junctions (AJ) between the two epithelial cells, one
of which presents a part of its nucleus (N).
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FIGURE 1 Cardiac muscle. l.s. Human. Plastic section. x270.

This low magnification of longitudinally sectioned cardiac muscle displays
many of the characteristics of this muscle type. The branching of the fibers is
readily apparent, as are the dark and light bands running transversely along the
length of the fibers. Each muscle cell possesses a large, centrally located, oval
nucleus (N), although occasional muscle cells may possess two nuclei. The
intercalated discs (ID), indicating intercellular junctions between two cardiac
muscle cells, clearly delineated in this photomicrograph, are not easily
demonstrable in sections stained with hematoxylin and eosin. The intercellular
spaces of cardiac muscle are richly endowed by blood vessels, especially
capillaries. Recall that, in contrast to cardiac muscle, the long skeletal muscle
fibers do not branch, their myofilaments parallel one another, their many nuclei
are peripherally located, and they possess no intercalated discs. The boxed area
appears at a higher magnification in Figure 2.

FIGURE 2 Cardiac muscle. l.s. Human. Plastic section. x540.

This is a higher magnification of the boxed area of Figure 1. The branching of
the fibers (arrows) is evident, and the cross-striations, I and A bands
(arrowheads), are clearly distinguishable. The presence of myofibrils (M)
within each cell is well displayed in this photomicrograph, as is the “step-like”
appearance of the intercalated discs (ID). The oval, centrally located nucleus
(N) is surrounded by a clear area usually occupied by mitochondria. The
intercellular areas are richly supplied by capillaries (C) supported by slender
connective tissue elements.

FIGURE 3 Cardiac muscle. x.s. Human. Plastic section. x270.

Cross sections of cardiac muscle demonstrate polygon-shaped areas of cardiac
muscle fibers (CM) with relatively large intercellular spaces whose rich
vascular supply (BV) is readily evident. Note that the nucleus (N) of each
muscle cell is located in the center, but not all cells display a nucleus. The clear
areas in the center of some cells (arrows) represent the perinuclear regions at the
poles of the nucleus. These regions are rich in sarcoplasmic reticulum, glycogen,
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lipid droplets, and an occasional Golgi apparatus. The numerous smaller nuclei
in the intercellular areas belong to endothelial and connective tissue cells. In
contrast to cardiac muscle, cross sections of skeletal muscle fibers display a
homogeneous appearance with peripherally positioned nuclei. The connective
tissue spaces between skeletal muscle fibers display numerous (frequently
collapsed) capillaries.

FIGURE 4 Cardiac muscle. x.s. Human. Plastic section. x540.

At high magnifications of cardiac muscle in cross section, several aspects of this
tissue become apparent. Numerous capillaries (C) and larger blood vessels (BV)
abound in the connective tissue spaces. Note the endothelial nuclei (EN) of
these vessels as well as the white blood cells (WBC) within the venule in the
upper right-hand corner. Nuclei (IN) of the muscle cells are centrally located, and
the perinuclear clear areas (arrow) housing mitochondria are evident. The central
clear zones at the nuclear poles are denoted by asterisks. Cross sections of
myofibrils (arrowheads) are recognizable as numerous small dots of varying
diameters within the sarcoplasm.
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Myofibril
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sarcoplasm
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FIGURE 4

FIGURE 1 Cardiac muscle, L.s. Mouse. Electron microscopy.
x11,700.

The nucleus (N) of cardiac muscle cells is located in the center of the cell, as is
evident from the location of the sarcolemma (Sl) in the upper part of the
photomicrograph. The sarcoplasm is well endowed with mitochondria (m) and
glycogen (Gl) deposits. Since this muscle cell is contracted, the I bands are not
visible. However, the Z discs (Z) are clearly evident, as are the individual
myofibrils (M). Inset. Cardiac muscle. l.s. Mouse. Electron microscopy.
x20,700. An intercalated disc is presented in this electron micrograph. Note that
this intercellular junction has two zones, the transverse portion (asterisk),
composed mostly of desmosome-like junctions, and a longitudinal portion that
displays extensive gap junctions (arrows).
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FIGURE 1 Skeletal muscle. l.s. Human. Paraffin section. x270.

This longitudinal section of skeletal muscle fibers demonstrates that the fibers
are cylindrical in shape and their nuclei (N) are located peripherally just
underneath the cell membrane. Each skeletal muscle cell is enveloped by an
endomysium, and the nuclei of the cells of the endomysium (NEn) are outside
the skeletal muscle fibers. The dark bands (A) and light bands (I) of the
sarcomere are just about visible.

FIGURE 2 Skeletal muscle. l.s. Human. Paraffin section. x540.

This is a higher magnification of the labeled area of the previous figure. Note
that the nucleus (N) of the skeletal muscle cell is clearly deep to the
sarcolemma, whereas the nucleus of the cells of the endomysium (NEn) is
clearly outside the sarcolemma. The A bands (A) and I bands (I) are clearly
distinguishable from each other.

FIGURE 3 Skeletal muscle. x.s. Human. Paraffin section. x270.

This transverse section of skeletal muscle fibers (F) demonstrates that the cells
are cylindrical in shape and their nuclei (N) are located peripherally just
underneath the sarcolemma. In addition to the endomysium that envelops each
muscle fiber, bundles of skeletal muscle fibers are surrounded by a thicker
connective tissue element, known as the perimysium (P).

FIGURE 4 Skeletal muscle. x.s. Human. Paraffin section. x540.

This transverse section of skeletal muscle fibers (F) is a higher magnification of
the previous figure. Observe that the endomysium (En) is very slender, whereas
the perimysium (P) is more substantial. Observe that the skeletal muscle nuclei
(N) are clearly evident, and note that capillary profiles (arrows) abound in
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FIGURE 1 Smooth muscle. l.s. Human. Paraffin section. x270.

This longitudinal section of smooth muscle from the human duodenum exhibits
that the spindle-shaped smooth muscle cells (sM) are arranged so that they
mostly obliterate the spaces between the cells. The nuclei (N) of smooth muscle
cells are also spindle shaped and are located in the center of the longitudinal
extent of the muscle fiber but pressed to the periphery of the cell. Connective
tissue elements (CT) subdivide the entire muscle into bundles of muscle cells.

FIGURE 2 Smooth muscle. l.s. Human. Paraffin section. x540.

This is a higher magnification of the right half of the previous figure providing a
better appreciation of the spindle shape of the smooth muscle cells. Observe the
elongated cytoplasm (Cy) and the centrally placed nucleus (N).

FIGURE 3 Smooth muscle. x.s. Human. Paraffin section. x70.

The muscularis externa of the small intestine is composed of an inner circular
and an outer longitudinal layer of smooth muscle with autonomic plexuses
(AN) positioned between them. A transverse section of the small intestine
exhibits the outer longitudinal layer of smooth muscle in cross section. Recalling
that smooth muscle cells are spindle shaped and their nuclei, also spindle shaped,
are much shorter than the muscle cell, it becomes intuitive that, in a random
section, some cells will appear without nuclei, others appear whose nuclei (N1)
are sectioned at their narrowed tips, whereas other nuclei (N2) are sectioned
near their center, widest region and appear as large circular profiles.

FIGURE 4 Smooth muscle. x.s. Human. Paraffin section. x540.

This image is a higher magnification of the previous photomicrograph,
demonstrating that some of the nuclei are sectioned at their widest region (N3),
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other nuclei are sectioned at their narrowed tips (N1), whereas still other nuclei
are sectioned in between these two regions (N4). It is clearly evident that most
smooth muscle cells are transected in regions to which the nuclei do not extend
(arrow).

AN autonomic plexus N1 nucleus sectioned at its N4 nucleus sectioned
T connective tissue narrow tip between its
element N2 nucleus sectioned near narrowest and widest
Cy cytoplasm its center regions
N nucleus N3 nucleus sectioned at its sM smooth muscle cell

widest region
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FIGURE 1 Cardiac muscle. l.s. Human. Paraffin section. x270.

This longitudinal section of cardiac muscle from the human heart exhibits that
the muscle cells branch (Br) and that individual cells are separated from one
another by specialized intercellular junctions known as intercalated discs
(arrows). Each cardiac muscle cell has a centrally positioned nucleus (IN).

FIGURE 2 Cardiac muscle. l.s. Human. Paraffin section. x540.

This image is a higher magnification of the region of the previous
photomicrograph where the branching muscle cell (Br) is identified. Note the
clearly evident intercalated discs (arrows) as well as the connective tissue cells
(CTc) located between adjacent cardiac muscle cells.

FIGURE 3 Cardiac muscle. x.s. Human. Paraffin section. x270.

This transverse section of cardiac muscle from the human heart exhibits that
these cells possess a rich blood supply (BV). Observe that the nuclei (N) of
cardiac muscle cells are located at the center of the cell, and, at either end of the
nucleus, a clear area of the sarcoplasm (Sa) represents a glycogen deposit that
was removed during processing.

FIGURE 4 Cardiac muscle. x.s. Human. Paraffin section. x540.

This transverse section of cardiac muscle is a higher magnification of the
previous image. Observe the presence of the centrally positioned nucleus (N) in
each cell as well as the rich vascular supply (BV) of cardiac muscle. The arrow
points to a region of the cell near either end of the nucleus that, in the live cell,
was occupied by a glycogen deposit.
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[ Summary of Histologic
Organization

I. SKELETAL MUSCLE

A. Longitudinal Section

1. Connective tissue elements

Connective tissue elements of perimysium contain nerves, blood wvessels,
collagen, fibroblasts, and occasionally other cell types. Endomysium is
composed of fine reticular fibers and basal lamina, neither of which are normally
evident with the light microscope.

2. Skeletal muscle cells

Skeletal muscle cells appear as long, parallel, cylindrical fibers of almost
uniform diameter. Nuclei are numerous and peripherally located. Satellite cell
nuclei may be evident. Cross-striations, A, I, and Z, should be clearly noted at
higher magnifications, and with oil immersion (or even high dry), the H zone
and M disc may be distinguished in good preparations.

B. Transverse Section

1. Connective tissue elements

Connective tissue elements may be noted, especially nuclei of fibroblasts, cross
sections of capillaries, other small blood vessels, and nerves.

2. Muscle cells

Muscle cells appear as irregular polygon-shaped sections of fibers of more or
less uniform size. Myofibrils present a stippled appearance inside the fiber,
frequently clustered into distinct but artifactual groups known as Cohnheim's
fields. Peripherally, a nucleus or two may be noted in many fibers. Fasciculi are
closely packed, but the delicate endomysium clearly outlines each cell.
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II. CARDIAC MUSCLE

A. Longitudinal Section

1. Connective tissue elements

Connective tissue elements are clearly identifiable because of the presence of
nuclei that are considerably smaller than those of car