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INTRODUCTION

The beginning student of histology is frequently confronted by a paradox: diagrams
in many books that illustrate human microanatomy in a simplified, cartoon-like
manner are easy to understand, but are difficult to relate to actual tissue specimens
or photographs. In turn, photographs often fail to show some important features of
a given tissue, because no individual specimen can show all of the tissue’s salient fea-
tures equally well. This atlas, filled with photo-realistic drawings, was prepared to
help bridge the gap between the simplicity of diagrams and the more complex real-
ity of microstructure.

All of the figures in this atlas were drawn from histological preparations used by
students in my histology classes, at the level of light microscopy. Each drawing is not
simply a depiction of an individual histological section, but is also a synthesis of the
key structures and features seen in many preparations of similar tissues or organs.
The illustrations are representative of the typical features of each tissue and organ.
The atlas serves as a compendium of the basic morphological characteristics of
human tissue which students should be able to recognize.

Instead of using abbreviations and symbols, each drawing has been clearly
labeled to aid students in recognizing the relevant structures, and is accompanied by
a legend to provide a concise summary of the structural, functional and physiolog-
ical features of the tissue or organ depicted. Features that are labeled in figures are
highlighted as bold terms when they appear in the legend. The stain used in prepar-
ing each specimen is indicated, as is an approximate magnification (“low”= 20X to
100x, “medium”=100x to 400x, “high”=400% to 1200x). In nearly all cases the
organ from which the tissue specimen was derived is identified, as is the organism.
Most figures are drawn from human tissues, but in a number of cases the features of
certain tissues are best revealed in another mammal. The tissue sources used in this
atlas are the same as those commonly used in histology laboratory courses.

This atlas will be useful to students of a wide range of biological and medical
disciplines including human and veterinary medicine, dentistry, mammalian biology,
pharmacology, and nursing. I have tried my best to assure the accuracy of the illus-
trations and text in this book, however if any errors or omissions are noted, I
sincerely welcome any criticisms and suggestion to help improve future editions of
this book.
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EPITHE LIAL TISSUE

Epithelial tissues are cellular sheets, covering the surfaces and lining the tracts or
cavities of the body. The functions of the epithelial tissues are associated with pro-
tection, secretion, and absorption. There are several common features.

1.
2.

4.

5.

The epithelial cells fit together tightly, with little intercellular substance.

They have a basement membrane, which separates the epithelial cells
and the underlying connective tissue.

. They have a free, or apical, surface and a basal surface. The free

surface is adjacent to the lumen; the basal surface rests on the
basement membrane.

They lack a vascular supply, excepting the stria vascularis in the
cochlear duct.

They are rich in nerve endings.

The epithelial tissues are classified as:

Simple squamous epithelium

Simple cuboidal epithelium

Simple columnar epithelium

Ciliated pseudostratified columnar epithelium
Stratified squamous epithelium

Stratified columnar epithelium

Transitional epithelium
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1.

Epithelial Tissue

Epithelium: Isolated Cells

Figure 1-1 shows isolated cells from various epithelial tissues that are different in
size and shape. Some have specializations at the cell surface, such as the striated bor-
der of simple columnar epithelium and the cilia of ciliated pseudostratified
columnar epithelial cells.

Pigment cells (Fig. 1-1A), which comprise the pigmented epithelium of the reti-
na in the bovine eyeball, are hexagonal in shape and fit together. They are
characterized by the presence of numerous brown, round or oval pigment granules
in the cytoplasm. The portion of the cytoplasm where the nucleus is located shows
less numerous pigment granules (see Fig. 16-6).

Melanocytes (Fig. 1-1B) are present in the choroid of the bovine eyeball (not
those in the epidermis of the skin, as shown in Fig. 15-3). They are not epithelial
cells, but it is convenient to study them with the pigmented cells from the eyeball.
Melanocytes also contain numerous pigment granules and have a round nucleus
located in the center of the cell, but their cell bodies are star-shaped, which differ-
entiates them from the pigmented cells. The pigment granules both in pigmented
cells and in melanocytes in the eyeball are capable of the absorption of light rays
that pass through the retina (see Fig. 16-6).

Figure 1-1C shows cells from ciliated pseudostratified columnar epithelium of
the rat trachea. The ciliated cell is columnar in shape with an oval nucleus. On the
free surface of the cell there are numerous cilia. Electron microscopic studies have
demonstrated that the cilia are elongated motile structures; in the center is one pair
of microtubules surrounded by nine pairs of microtubules. In living cells, the back-
and-forward movement of the cilia help remove materials such as dust granules and
mucus from the cell surface. The intermediate cell is fusiform with an oval nucleus in
the middle portion of the cell. The basal cell is triangular-shaped, and its nucleus is
round or oval (see Fig. 1-8).

The columnar cell, comprising the bulk of the simple columnar epithelium in the
small intestine (Fig. 1-1D), is tall or elongated and has an oval nucleus in the center
of or toward the base of the cell. It shows on its free surface a striated border formed
by closely packed, parallel microvilli, which can be recognized with electron
microscopy, that greatly increase the absorptive area of the small intestine. The gob-
let cell is cuplike in shape with a small nucleus at the bottom of the “container”. The
goblet cells, which also occur in the ciliated pseudostratified columnar epithelium
(see Fig. 1-8), secrete mucus, lubricating the epithelia.

The transitional epithelium (Fig. 1-1E) consists of basal cells, intermediate cells,
and superficial cells. The basal cells are cuboidal in outline, with an oval or round
nucleus located centrally. The intermediate cells are polygonal, with a round nucle-
us. The superficial cells are rounded, larger than other cells, and may contain two
nuclei (not shown in this figure). The basal surface of the superficial cell shows sev-
eral indentations that accommodate the underlying intermediate cells (see Fig. 1-12
and Fig. 1-13).



Fig. 1-1. Epithelium: Isolated Cells

Figure I-1. Epithelium: Isolated Cells
Unstained « High magnification
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1. Epithelial Tissue

Figs. I-2and I-3.— Simple Squamous Epithelium

The simple squamous epithelium consists of a thin layer of flattened epithelial cells and
a basement membrane. It comprises the endothelium, the lining of blood and lymph
vessels, and the mesothelium, the serous lining of pericardium, pleura, and peritoneum.

Figure 1-2 shows a surface view of simple squamous epithelium from the
mesothelium of mesentery, demonstrating the border between polygonal epithelial
cells outlined by silver impregnation. Note that the nuclei of epithelial cells are not
visible by this method.

Figure 1-3 is a vertical section from epicardium in which the mesothelial cells are
flattened. The portion with the nucleus is generally thicker than other parts of the
cytoplasm. The basement membrane cannot be recognized easily in this epithelium.
Beneath the epithelium and basement membrane is the connective tissue, containing
capillaries, fibroblasts, and pericytes.

Figure 1-3 also demonstrates the endothelial cells lining a capillary. These cells
have an oval nucleus and very thin cytoplasm, except for the portion containing the
nucleus. The endothelial cells of the capillary are also supported by a thin layer of
basement membrane. In addition, pericytes, which are considered to be undifferen-
tiated cells, are often found surrounding the capillary. Under certain conditions,
such as inflammation or injury, the pericytes are believed to develop into fibroblasts,
participating in the wound healing process.

The simple squamous epithelium is involved in passive transport of gases, such
as in the lung alveoli, and active transport of fluid by pinocytosis, such as in the
endothelium and mesothelium. Mesothelial cells also secrete a small amount of
fluid, lubricating the surface of the serosa.



Figs. 1-2 and 1-3. Simple Squamous Epithelium

Figure 1-2. Simple Squamous Epithelium
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[Figs.1-4 and I-5.]—  Simple Cuboidal Epithelium

Simple cuboidal epithelial cells are hexagonal when seen from the surface of the tis-
sue they cover. In vertical sections, the cuboidal epithelial cell appears square with a
round nucleus in the center. The cell boundaries are distinct. The basement membrane
is often recognized. Simple cuboidal epithelium is often found in the proximal, distal,
and collecting tubules (Fig. 1-4) of the kidney, follicles of the thyroid gland, and pig-
mented epithelium of the retina (see Fig. 1-1).

Figure. 1-5 demonstrates a follicle of the thyroid gland, which is lined with sim-
ple cuboidal epithelial cells. In the lumen of the follicle there is colloid, which is darkly
stained by the eosin. Around the follicle is a thin connective tissue that contains
fibroblasts and capillaries.

The function of the simple cuboidal epithelium is associated with secretion,
such as in the follicles of the thyroid gland, and absorption, such as in the proximal,
distal, and collecting tubules of the kidney and in the follicles of the thyroid gland.



Figs. 1-4 and 1-5.  Simple Cuboidal Epithelium

Figure 1-4. Simple Cuboidal Epithelium
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1.

Epithelial Tissue

Figs. 1-6 and I-7.|— Simple Columnar Epithelium

Simple columnar epithelium most often lines highly absorptive surfaces such as in
the intestine, and is responsible for absorption and secretion. It is composed of a sin-
gle layer of slender prismatic cells, the columnar epithelial cells (see Fig. 1-1D).

In the vertical section shown in Fig. 1-6, the columnar epithelial cell appears
taller than its width. The elongated nucleus is often located near the base of the cell.
These cells have clear cytoplasm and visible boundaries. Touching the basement
membrane, the epithelial cells are connected by junctional complexes, which can be
recognized under the electron microscope . In the mucosa of the digestive tract, from
duodenum to rectum, there is a striated border on the free surface of the epithelial
cells. Electron microscopy has shown that the striated border is composed of numer-
ous microvilli, which greatly increase in the absorptive area of the small intestine.

Scattered among the columnar cells are the goblet cells (Fig. 1-6), which are cup-
or goblet-shaped in outline. The cytoplasm of goblet cells is filled with mucous secre-
tion that lubricates and protects the epithelium. The nucleus is flattened or cuplike and
located in the basal part of the cell. The goblet cells are found in the epithelium of the
small and large intestines, nasopharynx, larynx, trachea, bronchi, and conjunctiva.

Figure 1-7 shows the simple columnar epithelium of the gallbladder. The epithelial
cells are provided on the free surface with short microvilli, which do not form the stri-
ated border seen in the columnar cells of the intestine. The columnar epithelial cells of
the gallbladder are involved in the absorption of water from the bile, which thus

becomes concentrated. Note that no goblet cells can be observed among the epithelial
cells of the gallbladder.



Figs. 1-6 and 1-7. Simple Columnar Epithelium

Figure 1-6. Simple Columnar Epithelium
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Epithelial Tissue

Ciliated Pseudostratified Columnar Epithelium

Ciliated pseudostratified columnar epithelium, distributed in the respiratory tract,
consists of columnar ciliated cells, conical intercalated (intermediate) cells, and
basal cells (see Fig. 1-1C).

The columnar ciliated cells are tall and are provided on the free surface with
cilia. The cilia undergo a rapid forward beat with a slower recovery stroke, thus
moving material such as mucus in one direction along the surface of the epithelium.
The conical intercalated (intermediate) cells are fusiform, without reaching the free
surface of the epithelium. They are considered to be in course of differentiation into
the ciliated cells. The basal cells are triangular in shape, capable of differentiating
into other cell types of the epithelium. All the cells rest on the basement membrane,
which is more prominent and thicker than that in other epithelia. The nuclei of the
epithelial cells are usually round or oval, varying in shape according to the shapes
of the cells to which they belong. They lie at different levels, which therefore gives
the tissue the appearance of a multiple cell layers, hence “pseudostratified”.

The goblet cells, responsible for the secretion of mucus, are usually scattered
among the columnar ciliated cells. In the underlying connective tissue adjacent to the
epithelium, a few plasma cells or macrophages can be found in addition to fibroblasts.

Stratified Columnar Epithelium

Stratified columnar epithelium is composed of truly stratified cells: superficial
columnar cells, intermediate cells, and basal cells. The columnar cells are tall or low
columnar, forming the outmost layer among which goblet cells can be found; inter-
mediate cells are fusiform, and basal cells are triangular in outline. The shapes of
nuclei vary with the shapes of cells in which they reside. Only basal cells touch the
basement membrane. The stratified columnar epithelium lines the conjunctival for-
nices, spongy part of the male urethra, ducts of sweat glands, and the stria
vascularis. Its function is associated with protection or secretion.

In addition to fibroblasts, some plasma cells and lymphocytes may be seen in
the connective tissue under the basement membrane.



Fig. 1-9. Stratified Columnar Epithelium

Figure 1-8. Ciliated Pseudostratified Columnar Epithelium
Human trachea « H.E. stain « High magnification
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Figs. 1-10 and I-11. |—

Stratified Squamous Epithelium

The cells of stratified squamous epithelium are arranged in several layers, in which only
the deepest cells contact the basement membrane. In vertical sections, the basal cells in
the deepest layer are small and columnar or cuboidal in shape, the intermediate cells in
the middle layer become larger and polyhedral, and the superficial cells in the surface
layers gradually become flattened. The shapes of their nuclei also change, from oval in
the deepest layers to round in intermediate layers to flattened in surface layers. The
basement membrane appears uneven when observed under a low-power microscope.
In addition, some other cell types, such as melanocytes, Merkel’s cells, and Langerhans’
cells, may be found in stratified squamous epithelium (see Fig. 15-3).

The stratified squamous epithelium functionally forms the most protective type
of lining in the body and is usually subdivided into two types: keratinized and
nonkeratinized. The keratinized epithelium (Fig. 1-11) is characterized by the fact
that the superficial cells become filled with keratin and die to form a stratum
corneum. The keratinized epithelium comprises the epidermis covering the whole
outer surface of the body, and also occurs in the epithelial lining of the gingiva, fil-
iform papillae of the tongue, and part of the hard palate of the oral cavity. In
contrast, the nonkeratinized epithelium (Fig. 1-10) contains no keratinized cells, and
all cells are viable. They are distributed chiefly in the linings of the majority of the
oral cavity, pharynx, esophagus, vagina, and cornea. Actually, all stratified squa-
mous epithelium contains filamentous proteins of the keratin type, but the term
“keratinized epithelium” has long been used to described only stratified squamous
epithelium forming a layer of dead keratin-filled keratinocytes.

Beneath the epithelium is the connective tissue, containing capillaries, fibroblasts,
and collagen fibers. In the oral cavity, lymphocyte and plasma cells are often found in
the connective tissue. In thick skin, the connective tissue projects to the epithelium
(epidermis), forming the dermal papillae.



Figs. 1-10 and 1-11. Stratified Squamous Epithelium

Figure 1-10. Stratified Squamous Epithelium: Nonkeratinized
Epithelium of human oral cavity « H.E. stain « High magnification
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Figs. 1-12 and 1-13. —

Transitional Epithelium

Transitional epithelium is a stratified epithelium composed of a layer of superficial
cells, a few layers of intermediate cells, and a layer of basal cells. It is common to
consider that only basal cells rest on the basement membrane.

The basal cells in the deepest layer are small, cuboidal in shape, with pale-stained
cytoplasm and an oval or round nucleus in the center of the cell. The intermediate
cells are polygonal. The cytoplasm is pale-stained, containing a round nucleus. The
superficial cells are larger than other epithelial cells and present a scalloped outline
on the luminal surface. They often cover two or three underlying intermediate cells,
with indentations to accommodate the latter (see Fig. 1-1E). Many superficial cells
have two nuclei. The cytoplasm close to the luminal surface appears to be more con-
densed and darkly stained with eosin in H.E.-stained (hematoxylin and eosin)
preparations. This is due to the presence of numerous discoidal vesicles which, as
demonstrated by electron microscopy, are made up of asymmetrical unit membranes
that comprise the luminal cytoplasmic membrane of the superficial cells. The super-
ficial cells protect the epithelium from the toxicity of urine.

In the connective tissue beneath the basement membrane, there is a dense pop-
ulation of fibroblasts and a network of capillaries.

The transitional epithelium is distributed in the pelvis of the kidney, ureters, uri-
nary bladder, and the first part of the urethra. When the urinary bladder contracts, the
epithelium increases in thickness with more layers of cells (Fig. 1-12). When the uri-
nary bladder distends, the epithelium becomes thinner and consists of only three
layers of cells. The large superficial cells also become flattened in this state (Fig. 1-13).



Figs. 1-12 and 1-13. Transitional Epithelium

Figure 1-12. Transitional Epithelium
Contracted urinary bladder « Human « H.E. stain » High magnification
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Epithelial Tissue

Glandular Epithelium

Epithelium whose major function is involved in secretion is called the glandular
epithelium. Glandular epithelium forms secretory organs, the glands. Glands are
classified as two types: exocrine and endocrine. An exocrine gland transports its
secretion via a duct system to a body surface; an endocrine gland directly transports
its secretion, the hormone, into the blood (see Chapter 14). The acinus is the secre-
tory unit of the exocrine gland, composed of a group of glandular cells surrounding
a small central lumen. Each acinus is supported by a layer of basement membrane
and is connected to a narrow intercalated duct. Figure 1-14 illustrates the glandular
epithelium from three kinds of exocrine glands: the serous gland, the mucous gland,
and a mixed gland.

In the serous gland (Fig. 1-14A), the acinus consists of pyramidal glandular cells
that form a small lumen. The acinar cell has a round nucleus, which lies near the base
of the cell, and at the apical cytoplasm the secretory product, zymogen granules, are
heavily stained by the H.E. method. Myoepithelial cells are located between acinar
cells and the basement membrane. The intercalated duct consists of squamous epithe-
lial cells, connecting to the acinus. The cells of the striated duct are cuboidal or low
columnar with striations, which are formed by the basal infoldings of cytoplasmic
membrane and mitochondria as identified by electron microscopy. The parotid gland
(see Fig. 10-19), pancreas (see Figs. 10-55 and 10-56), lacrimal gland (see Fig. 16-9),
and serous glands of von Ebner (in the tongue, see Fig. 10-17) are pure serous glands.
The secretion of the serous gland is a watery, clear fluid, usually containing enzymes.

The acinus of mucous glands (Fig. 1-14B), is composed of cuboidal cells with a
small and irregular lumen. The acinar cells are clear and vacuolated, slightly stained
in H.E. preparations; the nuclei are small, dark, and flattened, displaced toward the
base of the cell. Myoepithelial cells are interposed between the acinar cells and the
basement membrane. In addition, the excretory duct is composed of simple cuboidal
cells. The sublingual gland (see Fig. 10-21), cardiac glands (see Fig. 10-24), pyloric
glands (see Fig. 10-28), and duodenal glands (see Figs. 10-31 and 10-32) belong to
the mucous glands. The secretion of the mucous glands is mucus, containing a mix-
ture of proteins and glycoproteins.

Mixed glands (Fig. 1-14C), contain both serous and mucous acini or both
serous and mucous cells in a single acinus. A small group of serous cells are often
arranged in a crescent fashion at the end of the acinus, and this is called the
demilune. The mixed gland also contains intercalated ducts and striated ducts. Like
serous and mucous glands, the mixed gland also has myoepithelial cells surround-
ing its acini. The submandibular gland (see Fig. 10-20), glands in the tracheal wall
(see Fig. 9-8), and some small glands in the tongue (see Fig. 10-14) and in the
epiglottis (see Fig. 9-4) are classified as mixed glands. The secretion of the mixed
glands is composed of a mixture of serous and mucous fluids.
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Figure 1-14. Glandular Epithelium
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Epithelial Tissue

Glandular Epithelium

Figure 1-15 is a second collection of glandular epithelium, which lines the eccrine
sweat gland, apocrine sweat gland, sebaceous gland, and intraepithelial gland.

The acinus of the eccrine (ordinary) sweat gland (Fig. 1-15A) is lined by a single
layer of cuboidal or columnar secretory cells, supported by a distinct basement mem-
brane. Two different cell types are present within the acinus: clear cells and dark cells.
The clear cells are the principal cell type, with a spherical nucleus in the central part
of the cytoplasm. Intercellular canaliculi (secretory capillaries) occur between the
clear cells. The dark cells are scattered between the clear cells or lie on the clear cells.
Between the secretory cells and the basement membrane, there is a layer of myoep-
ithelial cells. The secretion of the clear cells is a watery fluid containing sodium
chloride, potassium chloride, ammonia, urea, and uric acid. The dark cells secrete
small amounts of glycoprotein (see Fig. 15-10).

The acinus of the apocrine (odoriferous) sweat gland (Fig. 1-15B) is composed
of a layer of cuboidal or columnar secretory cells, according to the functional situa-
tion of the gland. The nucleus is round or elliptical, found toward the base of the cell.
The lumen of the acinus is larger than that of the eccrine sweat gland, and often filled
with secretory product. Numerous myoepithelial cells are present between secretory
cells and basement membrane. The secretion of the apocrine sweat gland is thick and
become odoriferous after decomposition by skin bacteria (see Fig. 15-11).

The secreting portion, the acinus, of the sebaceous gland (Fig. 1-15C) is com-
posed of a mass of cells surrounded by a basement membrane. The mass of cells
contains two types of cells: basal cells and secretory cells. The basal cell is cuboidal
with a round nucleus, and is present at the periphery of the secreting portion. The
secretory cells are polygonal in shape, and occur toward the center of the secreting
portion. They have a small shrunken nucleus and cytoplasm filled with lipid
droplets so that the appearance of a secretory cell is somewhat similar to that of an
adipose cell. The secretory cells finally die and break down, forming a fatty secre-
tion, the sebum, which lubricates skin and hair (see Fig. 15-9).

The intraepithelial gland (Fig. 1-15D) is a group of glandular cells that are present
in respiratory (see Fig. 9-2) and urethral epithelia (see Fig. 11-12). This drawing shows
the intraepithelial gland situated within the ciliated pseudostratified columnar epitheli-
um. The goblet cell is considered as a unicellular intraepithelial gland. The function of
the intraepithelial gland is associated with the secretion of mucus.



Figure 1-15. Glandular Epithelium

Fig. 1-15.

Glandular Epithelium

Human « H.E. stain « High magnification
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CONNECTIVE TISSUE
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Connective tissue is one of the four basic tissues of the body, forming a diverse
group of structures including circulating blood, soft tissue, and hard bone. All con-
nective tissues have a common origin from mesenchyme and are composed of
separated cells and abundant intercellular substance, or matrix. The latter is com-
posed of fibers, amorphous ground substance, and tissue fluid. Connective tissues
are found throughout the body and in many different forms with diverse functions,
such as connection, defense, support, storage, transport, metabolism, and repair fol-
lowing injury.
In general, connective tissues are classified as:

1. Connective tissue proper
Loose connective tissue
Dense connective tissue
Elastic connective tissue
Mucous connective tissue
Reticular connective tissue
Adipose (connective) tissue

2. Blood
3. Cartilage and bone

In this chapter, the connective tissue proper that contains loose connective tissue,
dense connective tissue, elastic connective tissue, mucous connective tissue, and adi-
pose tissue is shown. The blood, cartilage, and bone are demonstrated in separate
chapters. Reticular connective tissue is presented in the chapter on lymphatic organs.
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2. Connective Tissue

Loose Connective Tissue

Loose connective tissue is important for nutrient and gas exchange and is always
found in close association with epithelial tissues. Loose connective tissue is distrib-
uted in the papillary layer of the dermis, hypodermis, lamina propria, and telae
submucosa. It also fills the gaps between organs and between tissues. Loose con-
nective tissue is composed of several cell types and three kinds of fibers, in addition
to the intercellular substance. These cell types include fibroblast, macrophage, adi-
pose cell, plasma cell, mast cell, undifferentiated cell, lymphocyte, monocyte, and
neutrophil. The fibers are the collagen fiber, elastic fiber, and reticular fiber. This fig-
ure was drawn from a section of lamina propria of the human trachea. The
following cell types and structures are shown:

Fibroblasts are the most prominent cell type in loose connective tissue. They are
spindle-shaped, with a few processes. The cytoplasm of the fibroblast is somewhat
basophilic. It has an ovoid nucleus with a clear nucleolus. Fibroblasts produce inter-
cellular matrix including collagen fibers, reticular fibers, elastic fibers, and ground
substance. When they are at rest, both their cell body and nucleus become smaller.
Fibroblasts play an important role in wound healing.

Macrophages have irregular shapes and various sizes. The cytoplasm of
macrophages tends to be acidophilic, containing numerous lysosomes and phago-
cytic vacuoles. The nucleus is ovoid, sometimes indented, and smaller, with more
heterochromatin than that of the fibroblast. The macrophages are transformed from
monocytes that migrate into the connective tissue from the blood. They are able to
phagocytize bacteria, foreign particulate matter, dead cells, and cell debris.
Additionally, macrophages transfer immunological signals to B lymphocytes.

Plasma cells are usually spherical or ovoid with rounded nuclei located eccen-
trically. The cytoplasm is strongly basophilic because of the abundance of
rough-surfaced endoplasmic reticulum. The chromatin is mostly condensed and
characteristically distributed like a so-called cartwheel nucleus. The plasma cell is
responsible for the synthesis of antibodies.

Undifferentiated mesenchymal cells localize along with a capillary, so they are
also called pericytes. They usually surround the capillary with long cytoplasmic
processes. The nucleus is ovoid or somewhat flattened. Pericytes are undeveloped
cells with a great capacity to transform into other cell types, such as fibroblasts in
some situations, especially in inflammation and regeneration.

Loose Connective Tissue

The picture in Fig. 2-2 was drawn from a subcutaneous connective tissue spread of
rat, stained with the AFLGOG (aldehyde fuchsin, light green, and orange G)
method. The collagen fibers are stained blue, and tend to be thick and unbranched.
The elastic fibers stain purple and are much thinner than the collagen fibers. They
branch and connect with each other to form a network. In this specimen, the nuclei
of the fibroblasts and the mesothelial cells cannot be seen clearly by this staining
method, but the mast cells show very definite outlines. The mast cells are large and
ovoid, with numerous basophilic secretory granules and a pale nuclear area. In gen-
eral, they are situated along blood vessels. The mast cells are responsible for
releasing heparin, histamine, ECFA (eosinophil chemotactic factor of anaphylaxis),
and some other secretory products, such as serotonin.



Fig. 2-2. Loose Connective Tissue

Figure 2-1. Loose Connective Tissue
Lamina propria of trachea « Human « H.E. stain » High magnification
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2. Connective Tissue

Dense Connective Tissue: Irregular

Irregular dense connective tissue consists mainly of a large number of collagen fibers
and a few fibroblasts, occurring in the reticular dermis of the skin, perichondrium,
periosteum, and capsules and trabeculae of many organs such as lymph nodes and
the spleen. In the dermis of the skin, the collagen fibers are arranged in thick bun-
dles in various directions to form a three-dimensional fibrous network capable of
resisting stress from all orientations. Between collagen fiber bundles, there are a few
blood vessels, fibroblasts, and nerve fibers surrounded by a small amount of loose
connective tissue.

Dense Connective Tissue: Regular

Regular dense connective tissue is encountered in ligaments, tendons, and aponeu-
roses. Like irregular dense connective tissue, it is also composed of dense collagen
fiber bundles and fibroblasts. In the tendon, which can be regarded as representa-
tive of regular dense connective tissue, the collagen fibers (tendon fibers) are
densely packed in thick unbranching bundles, and run in the same direction, form-
ing structures of great tensile strength. The fibroblasts, or fibroblast-like cells, also
called tendon cells, are flattened and are arranged in rows parallel to the fibers. In
longitudinal sections, as shown in this figure, the nuclei of tendon cells are elon-
gated, and the cytoplasm is sparse and basophilic. In cross sections, the tendon cells
appear stellate in shape with cytoplasmic processes extending between the collagen

fiber bundles.



Fig. 2-4. Dense Connective Tissue (Regular) 25

Figure 2-3. Dense Connective Tissue: Irregular
Dermis of human palm « H.E. stain « High magnification
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Figs.2-5 and 2-6. —  Elastic Connective Tissue

Elastic connective tissue is a kind of dense connective tissue, composed predomi-
nantly of strong elastic fibers. These elastic fibers are branched and are arranged
parallel to each other to form a strong bundle with an extremely small number of
fine collagen fibrils. Around the elastic fiber bundle, there is a small amount of loose
connective tissue that contains scattered fibroblasts and blood vessels. Elastic con-
nective tissue is found in ligamentum nuchae, ligamentum flava, ligamentum
stylohyoideum, vocal ligaments, and ligamentum suspensorium penis, as well as the
wall of elastic arteries. The elastic fibers enable organs or tissues to recover their
shapes and sizes following normal physiological deformation or stretching. Figures
2-5 and 2-6 are longitudinal and cross sections of bovine ligamentum nuchae,
respectively, displaying the arrangement of elastic fiber bundles.



Figs. 2-5 and 2-6. Elastic Connective Tissue

Figure 2-5. Elastic Connective Tissue

Bovine ligamentum nuchae « Longitudinal section »

Resorcin fuchsin stain « High magnification

Figure 2-6. Elastic Connective Tissue
Bovine ligamentum nuchae « Cross section e
Resorcin fuchsin stain « High magnification
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28 2. Connective Tissue

Fig. 2-7.

Elastic Connective Tissue

This drawing shows a kind of elastic connective tissue present in the tunica media
of the human aorta. In this tissue type, the elastin forms the fenestrated elastic
lamellae. Between lamellae is matrix containing smooth muscle cells (see Fig. 7-9),
which produce elastin and other intercellular substances.

Mucous Connective Tissue

Mucous connective tissue is the embryological tissue that occurs in the normal
development and differentiation of connective tissue. It is found in the embryo and
is the principal component of the umbilical cord, which is called Wharton’s jelly.
Mucous connective tissue also appears in a few places in the adult, such as the pulp
of young teeth and the vitreous humor of the eye.

This figure is drawn from a section of human umbilical cord. The structure of
the mucous connective tissue consists of scattered cells and a dominant intercellular
substance that contains a delicate meshwork of fine collagen fibers. The cells are
large, stellate fibroblasts. The nucleus of the fibroblast is big, round, or ovoid with
a prominent nucleolus. The cytoplasm is quite thin, but the processes are often seen
connecting with those of neighboring cells. The amorphous ground substance is soft
and jelly-like. The mucous connective tissue in the umbilical cord, unlike that in
other locations in the embryo, does not have the potential for differentiation.



Fig. 2-8. Mucous Connective Tissue

Figure 2-7. Elastic Connective Tissue
Human aorta « Cross section « Resorcin fuchsin stain « High magnification
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Figs. 2-9 and 2-10. |—

Reticular Fibers

Reticular fibers are composed of a special type of collagen, and are similar to other
collagen fibers in structure. They are extremely fine, and cannot be demonstrated
with hematoxylin and eosin, but they appear as a black network by silver impreg-
nation. Reticular fibers are present in all connective tissue, and are particularly
abundant in lymph nodes, spleen, red bone marrow, and liver. Figure 2-9 shows
reticular fibers, which connect with each other to form a network, in the medullary
cord and sinuses of the lymph node. In Fig. 2-10, which was drawn from a liver
preparation with silver impregnation, the reticular fiber network lies in the sinusoids
and surrounds the central vein.



Figs. 2-9 and 2-10. Reticular Fibers

Figure 2-9. Reticular Fibers
Human lymph node « Silver impregnation « High magnification

Figure 2-10. Reticular Fibers
Human liver « Silver impregnation « High magnification
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2. Connective Tissue

White Adipose Tissue

Adipose tissue is the storage center for fat. White (unilocular) adipose tissue consists
of densely packed adipose cells. Each adipose cell contains a single large drop of fat
(hence the “unilocular” name). The fat is dissolved out by alcohol during the prepa-
ration procedure, leaving a large vacuole. The adipose cell has a flattened nucleus
and sheetlike cytoplasm, which has been pushed into a rim surrounding the fat
drop. Between adipose cells there are capillaries and a very small amount of con-
nective tissue with reticular fibers, which can be demonstrated by silver
impregnation. In this tissue type, adipose cells are usually separated into lobules by
a connective tissue septum containing blood vessels and nerve fibers.

Under the influence of the hormone insulin, the adipose cells can synthesize fat
from fatty acids or carbohydrate. The vital balance between deposits and with-
drawals of the fat is affected by hormones and by the autonomic nervous system.
Except for the eyelid, penis, and scrotum, adipose tissue is present throughout the
body, and is especially abundant in the hypodermis, mesenteries, omenta, and
around the kidneys. The white adipose tissue, which constitutes as much as 20% of
total body weight in a normal male adult and up to 25% in female, acts as a stor-
age site and metabolic source of neutral fat, a cushion against mechanical shock,
and a insulator to prevent excessive heat loss or gain through the skin.

Brown Adipose Tissue

Brown (multilocular) adipose tissue differs from white adipose tissue by both the
organization of its lipid and its characteristic color. Brown adipose tissue is abun-
dant in hibernating mammals. In human beings, it is common in the fetus, but
almost absent in the adult. Brown adipose tissue is distributed mainly in the shoul-
der girdle and some other areas. It is composed of densely packed brown adipose
cells. The cytoplasm contains a number of lipid droplets of various sizes; thus, this
tissue type is also called multilocular adipose tissue. In addition, abundant in the
cytoplasm are the mitochondria and lysosomes, which give the tissue its brown
color. The nucleus of the multilocular adipose cell is spherical, located centrally or
eccentrically. Between the adipose cells is a rich supply of capillaries. In hibernating
animals and the human fetus, the brown adipose tissue generates heat to keep the
body warm during cold temperatures.



Fig. 2-12.  Brown Adipose Tissue

Figure 2-11. White Adipose Tissue

Human « H.E. stain « Medium magnification
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CARTILAGE AND BONE

Cartilage and bone are the supporting, or skeletal tissues, formed of specialized con-
nective tissues. They provide a rigid protective and supporting framework for most
of the soft tissues of the body (such as brain, spinal cord, and trachea). Like gener-
al connective tissue, the skeletal tissues are composed of cells (chondrocytes or
osteocytes), fibers (collagen or elastic fibers), and ground substance. It is the ground
substance that gives rise to the various features or functions of skeletal tissues.

In cartilage the cells are called the chondrocytes, which are embedded in small
cavities known as lacunae. The ground substance is composed principally of pro-
teoglycans rich in chondroitin sulfates, which give rise to the solid yet flexible
property of cartilage. The intercellular substance contains collagen and elastic
fibers. According to the type and arrangement of the fibers, cartilage is classified as
hyaline, fibrous, or elastic. The cartilage is devoid of blood vessels, lymphatics, and
nerves. As a result, the chondrocytes receive all their nutrients by diffusion.

Bone (osseous tissue) is a specialized connective tissue with the property of
marked rigidity and strength. Bone forms most of the skeleton of the body. It is
composed of cells, osteocytes, and intercellular matrix, which contains an organic
component, mainly collagen fibers, and an inorganic component including calcium
phosphate and calcium carbonate. Lamella, the basic structure of bone, is composed
of osteocytes and collagen fibers. Lamellae form both compact and spongy bone.
Unlike cartilage, bone is supplied with blood vessels and nerves.

This chapter also presents bone formation, including intramembranous ossifi-
cation and endochondral ossification.
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3. Cartilage and Bone

Hyaline Cartilage

Hyaline cartilage is composed of a solid glasslike cartilage matrix and chondrocytes
embedded in cartilage cavities, the lacunae. It forms the cartilages found in the res-
piratory tract, the costal cartilages, and the articular surfaces of bones within joints.

Except for the articular cartilage, the hyaline cartilage is enclosed by a layer of
dense connective tissue, the perichondrium. The outer zone of perichondrium con-
tains fibroblasts and elastic and collagen fibers. The inner zone is rich in immature
chondrocytes, also called chondroblasts, which develop into typical chondrocytes.

Chondrocytes are spindle-shaped at the periphery and ovoid or spherical in the
deeper portion of the cartilage. The nucleus is round with one or two nucleoli; the
cytoplasm is basophilic because of the abundant rough-surfaced endoplasmic retic-
ulum. In living cartilage, chondrocytes fill the entire lacunae, but they appear
shrunken in paraffin section as a result of fixation and dehydration. Young chon-
drocytes undergo mitosis as they migrate to the deep portion of the cartilage from
the periphery; thus, chondrocytes clustered in a single lacuna are known as an isoge-
nous group.

The cartilage matrix, containing amorphous ground substance and fibers, is
basophilic because of the presence of glycosaminoglycans (hyaluronic acid and pro-
teoglycans). The region surrounding the lacuna exhibits intense basophilia and is
referred to as the cartilage capsule. Collagen fibers in the cartilage matrix are invis-
ible in routine histological preparations because they have approximately the same
refractive index as that of the surrounding intercellular substance.

Fibrous Cartilage

Under the microscope, fibrous cartilage, also called fibrocartilage, resembles regular
dense connective tissue, except that fibrocartilage has typical chondrocytes in cap-
sules. The intercellular matrix contains thick bundles of collagen fibers running
parallel with one another. Between bundles of collagen fibers are small regions of
hyaline cartilage matrix containing round or oval lacunae with enclosed chondro-
cytes. The cells, surrounded by basophilic capsular matrix, are arranged singly or as
a small group in short rows. Fibrocartilage is totally avascular and lacks a peri-
chondrium. It occurs in the intervertebral discs, in the pubic symphysis, in the
attachment of some tendons, and between the dense connective tissue of the liga-
ment and joint capsules.



Fig. 3-2. Fibrous Cartilage

Figure 3-1. Hyaline Cartilage
Human trachea « H.E. stain « High magnification
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38 3. Cartilage and Bone

|Figs.3-3 and 3-4.|—  Elastic Cartilage

Elastic cartilage occurs in locations where support with flexibility is required, as in the
epiglottis, auricle of the ear, and external auditory meatus. It is similar to hyaline car-
tilage in the arrangement of chondrocytes, cartilage capsule (lacunae), cartilage matrix,
and perichondrium. The difference is that elastic cartilage also contains a network of
elastic fibers in addition to the masked collagen fibers in the cartilage matrix. These
elastic fibers account for the flexibility of structures containing them. The elastic fibers
are invisible in hematoxylin-eosin preparations (Fig. 3-3), but they may be readily
demonstrated by resorcin fuchsin stain (Fig. 3-4).



Figs. 3-3 and 3-4. Elastic cartilage

Figure 3-3. Elastic Cartilage
Human epiglottis « H.E. stain « High magnification
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3. Cartilage and Bone

Figs.3-5 and 3-6.|— Bone: Compact

Compact bone, found in the diaphysis in long bone, is organized from outer cir-
cumferential lamellae, inner circumferential lamellae, the Haversian systems, and
interstitial lamellae. The bone is enveloped by a specialized dense connective tissue,
periosteum (see also Fig. 3-9). The outer circumferential lamellae are composed of
several layers of lamellae that are parallel with the surface of the bone, located
beneath the periosteum. The inner circumferential lamellae are collectively thinner
than the outer circumferential lamellae and run alongside the marrow cavity, which
is lined by endosteum. Between the outer and inner circumferential lamellae are the
Haversian systems and interstitial lamellae. Haversian systems (see also Figs. 3-7
and 3-8) consist of concentric lamellae with a Haversian canal in the center.
Interstitial lamellae are a kind of irregular lamellae left by Haversian systems
destroyed during growth and remodeling of bone.

Spongy (trabecular) bone is located within the marrow cavity, and is composed
of lamellae and lined by endosteum. It forms a meshwork or trabeculae within the
marrow cavity.

Figure 3-5 is a cross section, showing the arrangement of lamellae. Figure 3-6 is
a longitudinal section demonstrating that Haversian systems are columnar struc-
tures, parallel to one another and to the axis of the long bone. Haversian canals
connect with Volkmann’s canals, which in turn are oblique or transverse to the axis
of the long bone.
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Figure 3-5. Bone: Compact
Monkey femur « Decalcified « Cross section « Schmorl stain « Low magnification
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|Figs.3-7and 3-8.|—  Bone: Haversian System

A Haversian system, or osteon, measuring 100-500 pm in diameter and several cen-
timeters in length, consists of 4 to 20 layers of Haversian lamellae arranged
concentrically and a Haversian canal, which is located in the center of the system.
Between lamellae are irregular oval lacunae occupied by osteocytes. They commu-
nicate via fine canaliculi. A Haversian canal is filled with loose connective tissue
containing blood vessels, preosteoblasts, and macrophages. Haversian systems are
demarcated by a clear line, the cement line, from each other or from interstitial
lamellae. Figure 3-7 is a Schmorl-stained preparation, which clearly shows the lacu-
nae and canaliculi. In Fig. 3-8, an H.E.-stained preparation, the osteocytes inside the
lacunae can be recognized markedly.



Figs. 3-7 and 3-8. Bomne: Haversian System

Figure 3-7. Bone: Haversian System
Monkey femur « Decalcified « Cross section » Schmorl stain « High magnification
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Figure 3-8. Bone: Haversian System
Monkey femur « Decalcified « Cross section « H.E. stain « High magnification
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3. Cartilage and Bone

Bone: Periosteum and Lamellae

Periosteum is a layer of dense connective tissue investing all bones except on the
articular surfaces. It consists of outer and inner layers. The outer or fibrous layer is
very dense fibrous connective tissue. The inner or osteogenic layer is more cellular
and vascular, and is a kind of loose connective tissue containing blood vessels and
fusiform osteogenic cells or osteoblasts near the surface of the bone. Sharpey’s fibers
are coarse collagen fibers that extend from the fibrous layer into the outer circum-
ferential lamellae and serve to attach the periosteum to the bone. In addition to the
periosteum, this picture also shows outer circumferential lamellae, Haversian sys-
tems, interstitial lamellae, and cement lines.

Bone Formation: Intramembranous Ossification

Intramembranous ossification is one of the ways bone forms that is associated with the
periosteum. It occurs not only in the formation of flat bones but also in the thickening
of long bone as appositional bone growth. This drawing demonstrates a later stage of
intramembranous ossification.

Cells derived from the inner layer of active periosteum, which is a kind of cellular
and vascular loose connective tissue, are transformed into osteoblasts and attach to the
surface of newly formed bone. Osteoblasts are large with a big, round, or ovoid nucleus
exhibiting a prominent nucleolus, and have basophilic cytoplasm rich in rough-surfaced
endoplasmic reticulum. They are responsible for the formation of the specialized inter-
stitial matrix, the osteoid, and for the calcification of the osteoid into bone matrix. As a
result of the formation and calcification of osteoids, osteoblasts are surrounded by inter-
cellular matrix and become lacunar osteocytes.

On the other hand, osteoclasts occur where bone needs to be reconstructed.
Osteoclasts are large multinucleate (50-60 nuclei) giant cells found in the concavity
(Howship’s lacunae) of the bone. Their cytoplasm is rich with lysosomes and phago-
cytic vacuoles. The surface of the osteoclast facing the bone matrix has numerous
microvilli forming a ruffled border, which serves as an active site of bone resorption.
Osteoclasts arise by fusion of monocytes derived from the hematopoietic bone marrow.
The main function of the osteoclast is to degrade and absorb old bone matrix during
bone remodeling, thus increasing the concentration of calcium in the blood. This activ-
ity is stimulated by the parathyroid hormone (see Fig. 14-11) and is inhibited by the
hormone calcitonin, secreted by the clear cells in the thyroid gland (see Fig. 14-9).
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Figure 3-9. Bone: Periosteum and Lamellae

Monkey femur « Decalcified « Cross section « H.E. stain « Medium magnification
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3. Cartilage and Bone

Bone Formation: Endochondral Ossification

Formation of a long bone takes place by a process of endochondral ossification occur-
ring within a hyaline cartilage model, which degrades to be replaced completely by
newly formed bone. This includes the appearance of a primary ossification center in
the middle of the diaphysis and a secondary ossification center in each epiphysis.
Briefly, the process of formation of the primary ossification center is as follows.
Initially, the chondrocytes in the middle of the shaft of the cartilage model hyper-
trophy and degrade, and the intercellular matrix also degrades and calcifies.
Meanwhile, a bony collar, a ring of bone surrounding the cartilage, appears beneath
the perichondrium (periosteum) by intramembranous ossification. Then blood vessels
from the periosteum, along with osteoblasts, osteoclasts, and bone marrow stem cells,
penetrate through the bony collar into the calcified matrix where the primary bone
marrow cavity forms. Subsequently, the formation of bone matrix begins. Figure 3-11
is a longitudinal section of an epiphyseal plate showing a characteristic appearance
from epiphysis to diaphysis. The primary ossification center includes five zones.

(1) Zone of resting cells. This zone consists of ordinary hyaline cartilage in
which chondrocytes are not active.

(2) Zone of cell proliferation. Chondrocytes undergo proliferation and are
arranged in columns parallel with one another and with the long axis of the bone.

(3) Zone of cell maturation. The cell division has ceased, and hypertrophic
chondrocytes enlarge in size owing to accumulating glycogen and lipid in their cyto-
plasm. They can no longer divide.

(4) Zone of cell hypertrophy and calcification. Chondrocytes become greatly
enlarged and vacuolated, then begin to die, and the cytoplasm and nuclei shrink. At
the same time, the septa of the cartilage matrix undergo calcification.

(5) Zone of ossification. Along with the invasion of blood vessels into the pri-
mary bone marrow cavity, osteoclasts begin to clean the lacunae left by dead
chondrocytes and to absorb the calcified cartilage matrix to make room for the for-
mation of new bone matrix. Occasionally, macrophages can be found cleaning the
lacunae. Osteoblasts attach to the remnants of the cartilage matrix to make the bone
matrix, in which they become embedded as osteocytes. As a result of resorption of
bone in the center of the diaphysis by osteoclasts, the primary bone marrow cavity
increases in size and becomes the secondary bone marrow cavity. At the bottom of
this picture, megakaryocytes can be observed among the bone marrow stem cells.

At about the time of birth, the secondary ossification centers appear in each end of
long bones. The process of the bone formation is identical with that which occurs in the
primary ossification center, except that the ossification takes place in all directions.
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Bone Formation: Endochondral Ossification

Epiphysis of monkey femur « Decalcified « H.E. stain « Medium magnification
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BLooD CELLS AND HEMOPOIETIC CELLS

Blood is a specialized form of connective tissue, composed of circulating formed ele-
ments, the blood cells, and a fluid intercellular substance, the blood plasma. The
total quantity of blood is about 5 to 6 liters, accounting for 6% to 8% of the body
weight. Blood serves as a vehicle transporting oxygen, nutrients, metabolic waste
products, carbon dioxide, cells, and hormones throughout the body.

Plasma, which constitutes 55% of the total blood volume, is the fluid that con-
tains various inorganic salts, carbohydrates, lipids, and proteins. The plasma
proteins, which exert a colloidal osmotic pressure, include albumins, globulins, and
fibrinogen. Serum, a yellowish fluid, is identical with plasma without fibrinogen, a
soluble protein that polymerizes to form the insoluble fibrin during blood clotting.

The formed elements, the blood cells, which account for 45% of the total blood
volume, consist of erythrocytes (red blood cells), leucocytes (white blood cells), and
platelets. The function of the erythrocytes is associated mainly with the transport of
oxygen and carbon dioxide. The white blood cells are classified as neutrophils,
eosinophils, basophils, monocytes, and lymphocytes, and play important roles in the
defense and immune systems of the body. The platelets are cell fragments detached
from the megakaryocytes in the bone marrow and are a vital component of the clot-
ting mechanism of blood.

All these blood cell types are developed from the hemopoietic cells in the bone
marrow, by a process known as hemopoiesis.
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4. Blood Cells and Hemopoietic Cells

Erythrocytes (Red Blood Cells)

The erythrocyte (red blood cell) in mammals is a cell without a nucleus or
organelles and has a life of about 120 days. It is shaped like a biconcave disk, 7.5 pm
in diameter and 1.9 pm in its greatest thickness. Erythrocytes contain hemoglobin,
which gives rise to the red color of blood. The role of erythrocytes is the transport of
oxygen and carbon dioxide. In the circulating blood, erythrocytes occur at concen-
trations of 4.5-5 million/mm3 in women and 5-5.5 million/mm3 in men. Figure 4-1
was drawn from fresh blood samples. Students in the histology laboratory may make
similar preparations to examine the characteristic features of the fresh human ery-
throcytes at the level of the light microscope.

Fig. 4-1A. In a drop of blood just taken from the human ear lobe , erythrocytes
tend to adhere to each other along their concave surfaces, a phenomenon known as
rouleaux formation.

Fig. 4-1B. When a 0.85% (isotonic) saline solution is added to the blood drop,
erythrocytes in rouleaux form are separated, and single cells can be seen.

Fig. 4-1C. When a 3% (hypertonic) saline solution is added to the blood drop,
erythrocytes shrink in a process called crenation.

Fig. 4-1D. When a 1% acetic acid solution is added to the blood drop,
erythrocytes are damaged, hemoglobin escapes, and hemolysis occurs. The empty
erythrocytes are referred to as blood shadows or blood ghosts.
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Figure 4-1. Erythrocytes (Red Blood Cells)

Fresh human blood « Unstained « High magnification
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Blood Cells

Figure 4-2 shows a variety of human circulating blood cells and platelets seen under
the light microscope after fixation and staining. A table (Table 4-1) summarizes the
characteristic features of these cells and their relative size and number in normal
blood. These figures can aid in identification of blood cells.

Feature Erythrocytes Leukocytes (white blood cells) 6,000-10,000/mm?3
(red blood cells) Platelets,
4.5-5.5 Granulocytes Agranulocytes 200,000-
million/mm3 300,000/mm3
Neutrophil | Eosinophil | Basophil | Monocyte |Lymphocyte?
Percentage 60%-70% | 2%-4% | 0%-1% | 3%-8% | 20%-30%
in WBC
Life span 120 days 8 days 8 days |12-15 days| 60-90 A few days 7-9 days
days to years
Shape Biconcave Spherical | Spherical | Spherical | Spherical | Spherical | Oval, irregular
biconvex
Diameter 7.5 pm 12-15 pm | 12-15 pm | 12-15 pm | 12-20 pm | 6-18 pm 2—4 pm
Nucleus None U-shaped, |Segmented,| Poorly Kidney Round None
S-shaped, | bilobed shown, shaped-
2-5 S-shaped
segmented
Chromatin None Condensed | Not clear | Not clear | Delicate | Relatively None
network | condensed
Cytoplasm Pink Light pink | Not clear | Not clear | Basophilic Scanty, Pink
bluish-gray| light blue
Granules None Azurophilic|Eosinophilic| Basophilic | Small, Few small Alpha, delta,
granules; |granules |granules |round azurophilic | gamma
specific of different | azurophilic| granules granules,
granules sizes granules basophilic
Function Carry O2 Ingest Release Release See Involved in | Involved in
and CO2 bacteria, histamine [histamine, | footnoteb | immu- agglutination
release heparin, nological
lysozyme, leukotrienes defense
form pus system
after death

a Lymphocytes may be classified as large, medium, and small lymphocytes, according to their sizes.
b The monocytes enter the connective tissue and transform into macrophages, which engulf bacteria and
other foreign bodies, secrete complement, and synthesize interferon.
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Figure 4-2. Blood Cells

Human blood smears « Giemsa’s stain « Higher magnification
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4. Blood Cells and Hemopoietic Cells

Hemopoietic Tissue

In the adult body, there are two kinds of hemopoietic tissues: red bone marrow and
lymphatic tissue. The former produces erythrocytes, leukocytes, and platelets, and
the latter is the source of lymphocytes. The red bone marrow is composed chiefly of
sinusoids and three cell types: reticular cells, adipose cells, and hemopoietic cells
(blood-forming cells). Along with reticular fibers (not shown in this picture), the
reticular cells, which have ovoid nuclei and several processes, form a framework of
reticular tissue in which the hemopoietic cells are contained. Adipose cells are the
largest cells in the bone marrow, occupying more and more of the bone marrow cav-
ity with age. Hemopoietic cells differentiate into erythrocytes and leukocytes. They
are in different developmental stages, and some of them are seen undergoing mitotic
division (in mitosis). In a marrow section, stages of hemopoietic differentiation are
difficult to see, but they can be recognized in the bone marrow smear (see Fig. 4-5).
Additionally, this figure also shows two giant cells, the platelet-forming megakary-
ocytes, with huge lobulated nuclei (see Fig. 4-4). Megakaryocytes are often located
near the sinusoids.

Megakaryocyte

Megakaryocytes are the largest among the blood-forming cells in the bone marrow.
They may measure 80-100 pm in diameter, with a large volume of acidophilic cyto-
plasm rich in dense azurophil granules (many of them are lysosomes) and microtubules,
which may be detected by immunohistochemical methods. The periphery of the
megakaryocyte is irregular, with pseudopods of different sizes. The nucleus is large and
lobulated with condensed and coarse heterochromatin. No nucleoli can be recognized.
It is from the cytoplasm of megakaryocytes that numerous platelets are formed, which
contain a network of microtubules as their skeletons.
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Figure 4-3. Hemopoietic Tissue
Human bone marrow section « H.E. stain « High magnification
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4. Blood Cells and Hemopoietic Cells

Formation of Blood Cells (Hemopoiesis)

This figure is a collection of the blood-forming cells of bone marrow in different stages
of development from both the erythrocytic series and the granulocytic series. The
erythrocytic series contains the proerythroblasts, basophilic erythroblast, polychro-
matophilic erythroblast, orthochromatophilic erythroblast, and reticulocyte; the
granulocytic series contains the myeloblast, promyelocyte, myelocytes, and metamye-
locytes. These cells are drawn from a human bone marrow smear stained by the
Wright method. The characteristic features of these cell types are briefly described.

Erythrocytic Series:

Proerythroblast is the earliest cell recognizable in the development of the ery-
throcyte. It measures up to 20 pm in diameter and has an intense basophilic cytoplasm
with an acidophilic rim around the nucleus, indicating the beginning of hemoglobin
synthesis. The nucleus is large and spherical, occupying most of the space of the cell,
and the chromatin appears as a coarse network. There are two or three nucleoli. After
several mitotic divisions, the proerythroblast gives rise to the basophilic erythroblast.

Basophilic erythroblast shows a reduction in size (15-17 pm in diameter). Its
nucleus is slightly smaller than that of the proerythroblast. The chromatin becomes
condensed, but the nucleolus usually is obscured. The sparse cytoplasm is still strik-
ingly basophilic, and the hemoglobin (an acidophilic cytoplasmic rim around the
nucleus) continues to increase in size.

Polychromatophilic erythroblast is formed by mitotic division of a basophilic ery-
throblast. It becomes smaller (12-15 pm in diameter) than the basophilic erythroblast,
and the chromatin of the nucleus becomes more condensed. The cytoplasm has a char-
acteristic grayish-pink color due to the mixture of the acidophilia of the hemoglobin
and the basophilia of the ribosomes. The polychromatophilic erythroblast undergoes
a number of mitotic divisions to form the normoblast.

Orthochromatophilic erythroblast (normoblast) continues to decrease in size,
measuring 8-10 pm in diameter. The cytoplasm is usually basophilic, and the nucleus
contains coarse condensed chromatin. After three mitotic divisions, the dark nucleus
becomes located eccentrically and is finally extruded from the cytoplasm. Thus, the
normoblast enters the stage of reticulocyte.

Reticulocyte, an immature erythrocyte, is an anuclear round cell with a diameter
of 9 ym. The cytoplasm is filled with hemoglobin and appears pink. The polyribo-
somes in the cytoplasm can be precipitated by brilliant cresyl blue to form a weblike
basophilic reticulum, from which the cell’s name has been derived. Reticulocytes
account for about 1% of circulating erythrocytes.

Granulocytic Series:

Myeloblast is the earliest cell recognizable in the granulocytic series. The cell body
is almost round, with a diameter of about 15 pm. The large spherical or ovoid nucle-
us shows a delicate chromatin pattern with 3-5 nucleoli. The cytoplasm is basophilic
and has a sky-blue color.

Promyelocyte, the largest cell in the granulocytic series, measures 1824 pm in diam-
eter. The nucleus is ovoid with an eccentric location. It has dense peripheral chromatin and
two to three recognizable nucleoli. This cell is characterized by the presence of azurophil
granules in the cytoplasm. These granules look like diamonds inlaid on a gauze kerchief.
The promyelocyte undergoes mitotic division and differentiates into a myelocyte.

Myelocytes are smaller than promyelocytes, 16-20 pm in diameter. The nucleus
is kidney-shaped with condensed chromatin, and sometimes nucleoli are present. The
most characteristic feature in the myelocyte stage is the appearance of specific gran-
ules accompanied by the reduction of azurophil granules, so that these cells can be
recognized as an eosinophilic myelocyte, a neutrophilic myelocyte, and a basophilic
myelocyte. After repeated mitotic divisions, myelocytes become metamyelocytes.
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Figure 4-5. Formation of Blood Cells (Hemopoiesis)
Human bone marrow « Wright’s stain « Higher magnification
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Metamyelocytes continue to decrease in size (about 8-12 pm in diameter). The
nucleus has the shape of a horseshoe and gradually indents further, with condensed
chromatin and without visible nucleoli. The cytoplasm has a pink color, with an
increasing number of specific granules. Metamyelocytes cease division but become
the band form of a granulocyte in which the nucleus appears as a curved rod. The

band form cells make up 3%-5% of circulating granular leukocytes.
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MUSCULAR TISSUE

Muscular tissue is specialized for contractility. It is composed of elongated, con-
tractile muscle cells, which are often referred to as muscle fibers. Each muscle fiber
contains numerous elongated, threadlike structures, myofibrils, which are composed
of contractile proteins and are the smallest units of contraction. In muscular tissue,
the muscle fibers usually are arranged in bundles, with their long axes parallel to
one another. The muscular tissue is provided with a network of capillaries and nerve
endings, which conduct the impulse from or toward the central nervous system.

There are three types of muscular tissue distinguished on both a structural and
functional basis: smooth muscle, skeletal muscle, and cardiac muscle.

1. Smooth muscle is composed of bundles of fusiform muscle cells that do not
show any striations under the light microscope. It forms the muscular component in
the walls of viscera. The smooth muscle fibers may also function as single contrac-
tile units, such as the myoepithelial cells surrounding the acini of exocrine glands.
Their contraction is slow and involuntary.

2. Skeletal muscle consists of bundles of elongated, cylindrical multinucleated
muscle cells that show prominent cross striations. The skeletal muscle, attached to
bones or fascia, is responsible for the movement of the skeleton and organs such as
the tongue and eyeball. Their contraction is controlled by the will, and therefore is
quick, forceful, and voluntary.

3. Cardiac muscle is formed of cylindrical and branching muscle cells, which
also show cross striations. Cardiac muscle occurs in the wall of the heart and
extends into the major veins opening into the heart. The contraction of the cardiac
muscle is rhythmic, automatic, and involuntary.
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S. Muscular Tissue

Figs.5-1 and 5-2.|— Smooth Muscle

Smooth muscle is composed of long spindle-shaped cells, the smooth muscle fibers.
These fibers are enveloped in fine fibroelastic tissue, forming the contractile portion
of many organs. A single smooth muscle fiber is 20-500 pm long and 5-10 pm
wide, with an elongated ovoid nucleus in the middle of the cell. Figure 5-1 shows
individual smooth muscle fibers isolated from guinea pig intestine with 33% KOH.
In longitudinal section (Fig. 5-2), the smooth muscle fibers are seen arranged with
the nuclear (widest) region of one cell aligned with the tapering ends of its adjacent
fibers. The cell processes of smooth muscle fibers can be clearly recognized in good
specimens. These processes are short, narrow fingerlike projections, which make
contact with adjacent smooth muscle cells. In cross section, the nucleus is round
and is seen only in a few cell profiles.

Smooth muscle, also called visceral muscle, occurs in the digestive tract, blood
vessels, lymphatic vessels, respiratory system, urinary system, reproductive system,
dermis, and iris and ciliary body of the eye. Smooth muscle is innervated by auto-
nomic (sympathetic and parasympathetic) nerve fibers, and exhibits a slow and
continuing contraction. In the digestive tract, ganglion cells surrounded by satellite
cells, a cell type of neuroglia in the peripheral nervous system, occur between two
layers of smooth muscle (Fig. 5-2).

Smooth muscle enables the viscera to contract in a rhythmic or wavelike fash-
ion for long periods without fatigue. For example, the continuous rhythmic
contractions of the smooth muscle in the gastrointestinal tract propel the luminal
contents distantly.
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Figure 5-1. Isolated Smooth Muscle Fibers
Guinea pig intestine » Unstained » High magnification
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5. Muscular Tissue

Figs.5-3,5-4 and 5-5.|—  Skeletal Muscle

Skeletal muscle consists of bundles of long cylindrical multinucleated muscle fibers
(cells) with cross striations. The cells are 1-40 mm long and 10-100 pm wide. A sin-
gle fiber may contain several hundred elongated ovoid nuclei at the periphery of the
cell. At high magnification under the light microscope, the striations can be seen
composed of alternate light and dark bands. The dark bands are termed A bands
(anisotropic); the light bands are termed I bands (isotropic). In the middle of each I
band is a dark line called the Z band or Z line parallel to the A and I bands. The
distance between two Z lines is called a sarcomere, which is the structural and func-
tional unit of the muscle contractile apparatus. Individual muscle fibers are covered
by a thin layer of delicate connective tissue called endomysium, composed of a mix-
ture of collagen fibers, elastic fibers, and fibroblasts. Between muscle fibers there is
an abundance of capillaries and some nerve fibers.

Skeletal muscle, also called voluntary muscle, is innervated by large motor
nerves through neuromuscular junctions, the motor end plate (see Fig. 6-23). The
contraction of skeletal muscle is controlled voluntarily and is abrupt and strong yet
transient (fatiguable).

Figure 5-3 shows a piece of fresh skeletal muscle fiber separated with 33% KOH
from guinea pig, showing the striations and nuclei. Figure 5-4 is a paraffin preparation
and Fig. 5-5 is an epon (plastic) preparation. Both Fig. 5-4 and Fig. 5-5 show muscle
fibers in cross section (note peripheral nuclei) and muscle fibers in longitudinal section
(note striations).
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Figure 5-3. Isolated Skeletal Muscle Fiber
Guinea pig « Unstained « High magnification
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64 S. Muscular Tissue
Figs.5-6,5-7 and 5-8.|—  Cardiac Muscle

Cardiac muscle is composed of striated muscle cells that contract involuntarily,
rhythmically, and automatically. It is found only in the muscle layer of the heart
(myocardium) and in the major veins joining the heart.

The muscle fibers are cylindrical, having an average length of 100-150 pm and
width of 15-20 pm. A single muscle fiber has one or two elongated or ovoid nuclei,
located centrally. Around the nuclei are fusiform areas of sarcoplasm containing
many organelles. The cross striations formed with the contractile apparatus are less
distinct than those in skeletal muscle fibers. Cardiac muscle fibers branch, bifurcate,
and anastomose to form a complex three-dimensional network constituting the
myocardium. Muscle fibers including their branches join end-to-end, with distinc-
tive junctional zones marked by steplike intercalated discs. Between muscle fibers is
a layer of connective tissue containing collagen fibers, reticular fibers, and capillar-
ies as well as fibroblasts. Figure 5-6 shows two isolated cardiac muscle fibers with
cross striations and nuclei clearly seen; one of them is branched. In Fig. 5-7, muscle
fibers in longitudinal, cross, and oblique sections are seen.

In Fig. 5-8, Purkinje fibers are shown just beneath the subendothelial layer of
the endocardium. These are specialized cardiac muscle fibers belonging to the
impulse-conducting system of the heart. As cardiac muscle fibers, Purkinje fibers
contain cross striations and are marked with intercalated discs at the interface
of two fibers. However, they are larger and thicker (about 50 pm in diameter)
than the usual cardiac muscle fibers and have very few myofibrils and much more
central sarcoplasm.
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Figure 5-6. lIsolated Cardiac Muscle Fibers
Guinea pig heart « Unstained « High magnification
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LG_I NERVOUS TISSUE AND NERVOUS SYSTEM

Nervous tissue, the most complex of the four basic tissues, is composed of nerve cells,
— the neurons, and supporting cells, the neuroglia. Unlike other basic tissues, the ner-
vous tissue almost lacks intercellular substance. Anatomically, the nervous system
can be divided into the central nervous system (CNS) and the peripheral nervous
system (PNS). The CNS consists of the nervous tissue of the brain and spinal cord;
the PNS is composed of all other nervous tissue outside the CNS. The PNS collects
information from the body surface, viscera, and special sense organs such as eyes and
ears, and transmits signals to the CNS where this information is integrated and ana-
lyzed to produce appropriate responses in various effector tissues or organs. All these
activities are carried out by the neurons, which form an integrated communication
network by way of specialized contacts, the synapses.

The neuron is the structural and functional unit of nervous tissue. It is composed
of a cell body and its processes, dendrites and axons. The nerve fibers, collections of
dendrites or axons, are classified as either myelinated or unmyelinated fibers. Myelin
sheaths of myelinated fibers are formed by oligodendrocytes in the CNS and by
Schwann cells in the PNS. The unmyelinated fibers are nude in the CNS, but are invest-
ed by a layer of cytoplasm of Schwann cell in the PNS. In addition to the functions of
receiving stimulus and conducting nervous impulse, some neurons of the brain stem
secrete hormones.

The neuroglia are 10 times more numerous than neurons. They have an impor-
tant role in supporting, protecting, and nourishing the neurons. They surround the
cell bodies of the neurons and their processes, filling the intercellular spaces.
According to their structures and functions, the neuroglia are classified as astrocytes,
oligodendrocytes, microglia, ependymal cells, and Schwann cells.

This chapter shows the structure of neurons including their cell bodies and
axons at the level of light microscopy. It also demonstrates the fine structure of the
cerebral and cerebellar cortices, hippocampal formation, and spinal cord. The neu-
roglia, peripheral nerve, ganglion, and various nerve endings are also included.
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6. Nervous Tissue and Nervous System

Types of Neurons

Structurally, a neuron consists of the cell body or perikaryon and all its processes,
dendrites and an axon. The cell body of a neuron is round, polygonal, or pyrami-
dal and ranges in diameter from 10 to 120 pm. A neuron has only one axon, but
may have more than one dendrite, which can branch, taper, or form a treelike arbor.

According to their processes, most neurons can be morphologically classified as
pseudounipolar, bipolar, or multipolar. The spinal ganglion cells are pseudounipolar
neurons. These neurons show a single process close to the cell body, which branches into
two processes, one traveling to the spinal cord, the other to a peripheral target organ.
The neurons in the spiral ganglion are bipolar cells, which have one dendrite and one
axon extending to the CNS. Purkinje’s cells in the cerebellar cortex, pyramidal cells in
the cerebral cortex, and motor neurons of the anterior horn in the spinal cord are all
multipolar neurons. This drawing shows each of these different kinds of neurons as they
appear following a variety of staining methods.
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Figure 6-1. Types of Neurons
Various stains « High magnification
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6. Nervous Tissue and Nervous System

Neuron: Cell Body

The cell body of the neuron consists of its nucleus and surrounding cytoplasm, which
contains a variety of organelles such as rough-surfaced endoplasmic reticulum (rER),
the Golgi complex, mitochondria, neurofilaments, microtubules, and lysosomes.

The nucleus has a “fish-eye” appearance. It is large and spherical, with finely
dispersed chromatin and one or more pronounced nucleoli, indicating active syn-
thesis of the protein in the cell (Fig. 6-2A-D). The nucleus is surrounded by a
nuclear envelope, which consists of a double layer of unit membrane and shows
numerous pores under the electron microscope.

In preparations stained with a basic dye, the rER appears as clusters of an
intensely basophilic component, known as Nissl bodies. These are most striking in
the motor neurons of the spinal cord and pyramidal cells of the cerebral cortex. Nissl
bodies can be found in the cytoplasm of the cell body and dendrites, but not in axons
or axon hillocks (Fig. 6-2A). Injury to the neurons leads to the reduction or disap-
pearance of Nissl bodies. If the injured neuron survives, Nissl bodies can reappear.

When prepared by silver impregnation, the Golgi complex of the neuron is
demonstrated as dictyosomes, arranged around the nucleus or scattered throughout
the cell body (Fig. 6-2B). Ultrastructurally, the Golgi complex consists of saccules,
vesicles, and vacuoles, forming a three-dimensional distribution of the components,
which has a curved appearance. The Golgi complex is involved in the accumulation
and concentration of protein-rich secretory products.

In the cytoplasm of a neuron prepared with the Cajal stain, numerous neu-
rofibrillae are visible under the light microscope (Fig. 6-2C). They appear as parallel
bundles, extending into the dendrites and the axon. Neurofibrillae are considered to
be artifacts of neurofilaments and microtubules clumped by silver impregnation.
Neurofilaments (diameter of 10 nm) and microtubules (diameter of 24 nm) extend
throughout the perikaryon and the processes. The functions of neurofilaments and
microtubules are associated with transportation within the neuron.

Lipofuscin granules are often found in large neurons. These pigment granules
are yellow-brown and thought to be secondary lysosomes involved in the degrada-
tion of unsaturated lipids and the detoxification of end products of metabolism. The
number of lipofuscin granules increases with age. Figure 6-2D shows lipofuscin
granules in the human spinal ganglial cells, which are surrounded by satellite cells
that act as neuroglia, supporting the neurons.

The cell body of the neuron receives stimuli from other neurons, and acts as the
trophic center, providing its processes with organelles and nutrients.
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Figure 6-2. Neuron: Cell Body
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Myelinated Nerve Fibers

These four drawings illustrate some of the characteristic features of myelinated
nerve fibers, demonstrated by very simple procedures that may be performed in the
histology laboratory.

Fig. 6-3A. Take a small piece of rat spinal nerve, dissect it on a glass slide in
physiological saline solution. The axons, myelin sheaths, nuclei of Schwann cells,
and node of Ranvier may be seen under the light microscope.

Fig. 6-3B. Mount the nerve with tap water. The contents of the myelinated
nerve fibers in the cut stump leak out and form a bubble-like mass.

Fig. 6-3C. To show the node of Ranvier, incubate the dissected spinal nerve in
0.5% silver nitrate for 24 hours, then add a reducing solution and mount with glycerin
when the color turns brown. The node of Ranvier appears as a silver cross.

Fig. 6-3D. Incubate the spinal nerves in 1.0% osmium tetroxide solution for 24
hours, then place them on a glass slide and dissect further in glycerin. The myelin
sheath is stained brown or black and is clearly visible under the light microscope.
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Myelinated Nerve Fibers

Electron microscopic studies have revealed that the myelin sheath of myelinated
nerve fibers in the peripheral nervous system consists of a system of concentric lamel-
lar membranes derived from Schwann cell membranes. One Schwann cell winds
around a single axon to form a myelinated nerve fiber. The gap between two adja-
cent Schwann cells along the axis of the axon is called the node of Ranvier. The
distance between two nodes is called the internode, covered by a single Schwann cell.

In fixed preparations, the oblique incisions occurring in the myelin sheath are
called Schmidt-Lanterman clefts (Fig. 6-4B). These clefts are produced by inclusions
of Schwann cell cytoplasm within the myelin. They probably serve as channels for
exchanges of nutrients and gases between the axon and Schwann cell (myelin
sheath). Around the myelinated nerve fiber is a very thin layer of loose connective
tissue called endoneurium. In paraffin sections stained with hematoxylin and eosin,
the myelin sheath only stains lightly, because the myelin has been dissolved by an
organic solvent during the preparation.

In the central nervous system, axons become myelinated by oligodendrocytes in
a manner similar to that of Schwann cells in the peripheral nervous system. In con-
trast to Schwann cells, a single oligodendrocyte myelinates several axons with its
processes. Figure 6-4 shows differences in myelinated nerve fibers following paraf-
fin (A) or epon plastic (B) preparations.
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Unmyelinated Nerve Fibers

Unmyelinated nerve fibers in the central nervous system are completely naked axons,
but in the peripheral nervous system they are surrounded by Schwann cell cytoplasm.
A single Schwann cell may have several axons invaginated into its cytoplasm.

In Fig. 6-5, drawings A, B, and C show fresh bovine intrasplenic nerve. When
0.85% saline solution is added to dissected fresh nerve, the nerve fibers and
Schwann cell nuclei can be recognized (A). When 1% acetic acid is added to the
nerve fibers, the Schwann cell nuclei shrink and become more apparent (B). After
the fresh unmyelinated nerve fibers have been incubated in hematoxylin solution for
24 hours, the Schwann cell nuclei stain light purple (C).

In permanent preparations, the unmyelinated nerve fibers are seen in parallel
alignment with Schwann cell nuclei and capillaries interspersed among the fibers (F).
In cross section, the nerve fibers without myelin sheaths are compacted tightly;
Schwann cell nuclei and capillaries are scattered among them (D, E).
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Figure 6-5. Unmyelinated Nerve Fibers
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Spinal Cord

The spinal cord is oval in cross section, divided into two halves by the anterior medi-
an fissure and the posterior median sulcus. It consists of gray matter and white matter.

The gray matter, composed of neurons, has a butterfly or H shape and is sur-
rounded by peripheral white matter. The limbs of the H are called anterior horns
(columns) and posterior horns (columns). The motor neurons, which control limb
and trunk muscles, are located in the anterior horns. The interneurons, which serve
important integrative functions, lie in the posterior horns. In segments from T1 to
L3 and from S2 to S4, there is a lateral horn between the anterior and the posteri-
or horns, where neurons of the autonomic nervous system are situated. In addition,
there is a small central canal, lined by ependyma (see Fig. 6-19), occurring in the
horizontal bar of the H.

The white matter of the spinal cord is composed of ascending tracts of sensory
nerve fibers from dorsal root ganglia and descending motor tracts from the brain
and the brain stem. Most of these fibers are myelinated. On each side of the spinal
cord, the white matter can be divided into dorsal (posterior) funiculus, lateral
funiculus, and ventral (anterior) funiculus.

These three drawings of spinal cord in cross section represent cervical, thoracic,
and lumbar segments, respectively. Different stains were used for different empha-
sis. In Fig. 6-6A, note that gray matter contains a variety of different sizes of
neurons. In Fig. 6-6B, note the nerve fibers in cross section in the white matter. In
Fig. 6-6C, note the reticulated appearance of nerve fibers in the gray matter.
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Spinal Cord

Figure 6-7 shows a lumbar segment of the human spinal cord stained with hema-
toxylin and eosin. The anterior median fissure and the posterior median sulcus
divide the spinal cord into two halves. The pia mater, a very thin layer of loose con-
nective tissue, attaches to the surface of the spinal cord. The blood vessels at the
entry of the anterior median fissure are branches of the anterior spinal artery and
vein, which supply the spinal cord. In the gray matter, the neurons are present in
groups, and nerve fibers enter and leave, forming a dense network. The dorsal root
fibers enter the posterior horn of the spinal cord through the posterolateral sulcus,
and ventral root fibers leave the spinal cord through the anterolateral sulcus.

Spinal Cord

Figure 6-8 is an enlargement of the boxed area in Fig. 6-7, showing details of part
of the anterior horn and the white matter. The motor neurons are multipolar cells
with a large nucleus and prominent nucleolus. Nissl bodies are present in the cell
body and dendrites, but not in the axons. Bundles of dendrites extend from the gray
matter to the white matter, where the myelinated nerve fibers are seen in cross sec-
tion. The small nuclei in both gray and white matter belong to the various glial cells,
which cannot be classified in H.E.-stained preparations. In addition, blood vessels
travel to the gray matter, forming the blood-brain barrier with the perivascular feet
of astrocytes, which are not visible in this drawing.
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[Figs.6-9 and 6-10.| — Cerebellar Cortex

The cerebellar cortex consists of three layers containing five different types of neu-
rons. From the surface, these are the molecular layer, the Purkinje cell layer, and the
granular layer.

The molecular layer contains outer stellate cells and basket cells. The outer stellate
cells, with small bodies, are found in the outer part of the cortex. Their axons are con-
fined to the molecular layer and make synaptic contacts with the dendrites of Purkinje
cells. The basket cells, located in the deeper part of this layer (near the Purkinje cell
body), send their dendrites toward the Purkinje cell and form baskets (basket fibers)
that surround the Purkinje cell bodies.

The Purkinje cell layer is formed by a single layer of Purkinje cell bodies.
Purkinje cells are large, flask-shaped multipolar neurons and have a large, round
nucleus with a conspicuous nucleolus and basophilic cytoplasm. The dendrites
arborize toward the surface of the cerebellar cortex and form a flattened, fanlike
dendritic tree in the molecular layer, oriented at right angles to the long axis of the
convoluted folds, or folia. Purkinje cell axons are myelinated fibers, passing through
the granular layer and white matter, and terminating at the deep cerebellar nuclei.

The granular layer is composed of numerous granule cells and Golgi cells. The
granule cells are small multipolar neurons with closely packed chromatic nuclei.
They have four or five short dendrites, which join other nerve endings to form the
so-called glomeruli. The axons are unmyelinated, travel up to the molecular layer,
and bifurcate into branches parallel to the long axis of the convolution. Golgi cells
are scattered in the upper part of the granular layer. Their dendrites enter the mol-
ecular layer, and axons contribute to the formation of the cerebellar glomeruli. The
cerebellar glomeruli are irregularly dispersed spaces free of granule cells within the
granular layer, consisting of one mossy fiber rosette, dendritic terminals of granule
cells, axonal terminals, and dendrites of Golgi cells.

The unmyelinated climbing fibers, derived from the inferior olivary nuclei in the
medulla, enter the cortex from the white matter and divide into numerous branches
in the molecular layer while climbing the dendritic arborization of the Purkinje cells.
The mossy fibers that form the fiber rosette of the cerebellar glomeruli come from the
spinocerebellar system, pontocerebellar system, and vestibulocerebellar system.
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Cerebral Cortex: Areas 4 and 3

Histologically, the neurons in the cerebral cortex can be divided into five character-
istic types with different morphological features, which constitute distinct layers of
the cortex. These cell types are horizontal cell, stellate cell, Martinotti cell, pyrami-
dal cell, and fusiform cell, the pyramidal cell and stellate cell being the most
common cell types. In general, most of the cerebral cortex (neocortex) has struc-
turally six fundamental layers distinguished by the cell type, size, density, and
arrangement, with regional variation. The six layers from the pia surface to the deep
part of the cortex are described here.

I. Molecular layer. This layer contains a few horizontal cells and a number of
fine nerve fibers including axons of Martinotti cells and dendrites of pyramidal and
fusiform cells, forming a synaptic field.

II. External granular layer. The secondary layer is formed by numerous stellate
and small pyramidal neurons with dendrites ascending up to layer I and axons
descending down to the deeper layers.

III. External pyramidal layer. This layer is composed of medium-sized pyrami-
dal neurons in the upper part and a few larger neurons in the deeper part. Layer III
is concerned with association and commissural efferents and afferents.

IV. Internal granular layer. Numerous densely packed small stellate neurons
contribute to the formation of this layer. In addition to the dendrites and axons of
stellate neurons, this layer also contains many horizontally running myelinated
fibers from various thalamic nuclei, being receptive of specific thalamic efferents.

V. Internal pyramidal layer. Composed of medium and large pyramidal neu-
rons, as well as some Martinotti and stellate cells, layer V is characterized by the
presence of giant neurons, the Betz cells, especially in the primary motor area.
Axons of pyramidal neurons leave the cortex as a major source of projection fiber
efferents including the corticospinal, corticobulbar, extrapyramidal, corticopontine,
and corticothalamic tracts.

VI. Multiform layer. Layer VI contains numerous Martinotti neurons, fusiform
neurons, and pyramidal cells, and fibers entering and leaving the cortex.

Figure 6-11 is drawn from a human cerebral cortex preparation stained by the
Nissl method. It shows the different arrangement of neurons in the six layers of the
cerebral cortex. In fact, the neuroglial cells occur throughout the cortex and white
matter. Figure 6-11A shows a primary motor cortex (Area 4 in precentral gyrus),
which possesses a much thicker layer V and contains many giant pyramidal neurons
in comparison with the primary sensory cortex (Area 3 in the postcentral gyrus),
shown in Fig. 6-11B.
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Figure 6-11. Cerebral Cortex: Areas 4 and 3
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Cerebral Cortex: Areas 17 and 18

Area 17 of the cerebral cortex, located in the walls and floor of the calcarine fissure,
is the primary visual area, while adjacent area 18 is considered to be the secondary
visual area. Figure 6-12 shows the structures of both areas as well as the junction
between them.

Histologically, both area 17 and area 18 have the six layers typical of the cere-
bral cortex. The internal granular layer (layer IV) of area 17 can be subdivided into
three sublayers: IVa, IVb, and IVc. Sublayers IVa and IVb contain densely packed
small granule cells. The external pyramidal layer (layer III) of area 18 is subdivided
into three sublayers: Illa, Illb, and Illc. Some larger pyramidal cells are present in
sublayer Illc. The border between areas 17 and 18 is characterized by the branch-
ing of the internal granular layer (layer IV) of area 18 into the three sublayers of
layer IV in area 17, appearing in the shape of a tuning fork.
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Figure 6-12. Cerebral Cortex: Areas 17 and 18
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| Figs. 6-13 and 6-14. | —

Cerebral Cortex: Pyramidal Cell

The pyramidal cells in the cerebral cortex are typical multipolar neurons. They are
found in the external pyramidal layer (layer III), the internal pyramidal layer (layer
V), and the multiform layer (layer VI). The size of these cells ranges from several
micrometers to more than 100 pm in diameter. The neurons have a pyramidal
perikaryon with a well-developed Golgi complex. In addition to their distinctive
shape, pyramidal cells are characterized by the presence of abundant Nissl bodies.
Their nucleus is large and round, with a conspicuous nucleolus and scarce chro-
matin, so that the entire nucleus appears to be a “fish-eye”. Pyramidal cells have an
apical dendrite and four or more lateral dendrites emerging from its lateral or basal
side. Its axon leaves the cells from the central base. Like the axon itself, the initial
portion of the axon, which is known as the axon hillock, lacks Nissl bodies.

Figure 6-13 is a Nissl-stained section showing the range of sizes among pyra-
midal cells and their prominent Nissl bodies. The small nuclei without visible
cytoplasm stained by the Nissl method belong to glial cells. Figure 6-14 is a Golgi
silver-impregnated preparation showing whole neurons, including their dendrites
and axons.
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Figure 6-13. Cerebral Cortex: Pyramidal Cell
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| Figs. 6-15 and 6-16. [—

Neurosecretion: Supraoptic and Paraventricular Nuclei

The neurons in the supraoptic nucleus and the paraventricular nucleus produce the
precursor molecules of hormones, in addition to conducting electrical impulses.
They project through the supraoptic hypophyseal tract to the posterior lobe of the
hypophysis. These neurosecretory products, including the precursors of oxytocin
and vasopressin, are synthesized within the cell bodies as granules 120-200 nm in
diameter. These granules are then transported down axons to the terminals in the
hypophysis, where they are released into the blood.

Figure 6-15 shows a rat supraoptic nucleus stained by the aldehyde-thionine
method, demonstrating blue-stained cell bodies and axons of the large neurosecre-
tory cells. The axons filled with endocrine products appear to be a string of beads.
At the base of this figure are the tractus opticus and pia mater.

Figure 6-16 shows a rat paraventricular nucleus. The left side of this picture
shows the lumen of the third ventricle, with ependymal cells lining the wall of the
ventricle. As in the supraoptic nucleus, the cell bodies and axons of the neurosecre-
tory cells stain blue. Blood vessels can be recognized. The small nuclei belong to
neuroglial cells.
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Figure 6-15. Neurosecretion: Supraoptic Nucleus
Rat « Aldehyde-thionine stain « High magnification
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Fig. 6-17. Hippocampal Formation

Anatomically, the hippocampus proper, the dentate gyrus, and the subiculum are
referred to as the hippocampal formation, which is situated in the inferior horn of
the lateral ventricle. In this drawing, the profile of the dentate gyrus, hippocampus
proper, and part of the subiculum of the rabbit brain in frontal section can be
appreciated. The hippocampus proper, which is continuous with the subiculum of
the parahippocampal gyrus, extends to the inferior horn of the lateral ventricle,
curves dorsally and medially, then curves again inward to form the dentate gyrus.
The hippocampal fissure separates the dentate gyrus from the subiculum.

From the subiculum to the dentate gyrus, the cortical band of the hippocampus
proper, can be divided into three fields: CA1, CA2, and CA3. Histologically, the cor-
tex of the hippocampus proper consists of three fundamental layers: the stratum
radiatum, the pyramidal layer, and the stratum oriens. The large and small pyrami-
dal neurons in the pyramidal layer are the most conspicuous cells. They have
complicated dendritic plexuses, which arise from both apical and basal poles of the
cells and enter adjacent layers. The myelinated axons of the pyramidal neurons pass
to the ventricular surface to form the alveus, a lamina of white matter, then collect
into the fimbria.

The dentate gyrus also has three layers: the molecular layer, the granular layer,
and the polymorphic layer. Its molecular layer is adjacent to that of the hippocam-
pus proper at the end of the hippocampal fissure. The dentate gyrus is characterized
by its granular layer, which is composed of densely packed small granule cells,
arranged in a U-shaped configuration opening toward the fimbria. The axons of the
granule cells pass through the polymorphic layer to terminate on the dendrites of
pyramidal cells in the hippocampus proper (CA3). The dendrites of the granule cells
mainly enter the molecular layer. The polymorphic layer contains several cell types,
including pyramidal neurons.

The cellular organization of the subiculum shows a transitional change from a
three-layered cortex to a six-layered cortex.
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Figure 6-17. Hippocampal Formation
Rabbit brain « Frontal section « Kliiver-Barvera stain « Low magnification
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Fig. 6-18. Neuroglia

Neuroglia comprise all the nonneural cells in the CNS. They are 10 times more
numerous than the neurons, providing both mechanical and metabolic support to
the neurons. Neuroglia are small cells, and only their nuclei can be recognized in
routine preparations. The special procedures involving silver or other metal impreg-
nation techniques are often used to demonstrate their cell bodies and processes. In
addition, immunohistochemistry has been widely employed to localize them.
Neuroglia include astrocytes, oligodendrocytes, microglia, and ependymal cells.

Astrocytes are large, star-shaped neuroglial cells, with numerous long branching
cytoplasmic processes. They have a large ovoid or spherical nucleus with a nucleolus
that is not obvious. Besides the ordinary organelles, the cytoplasm contains charac-
teristic glial filaments which extend into the processes. Many of their cytoplasmic
processes end in pedicles attaching to the walls of blood capillaries, known as
perivascular feet. These perivascular feet as well as the endothelial cells of the capil-
lary and the basement membrane constitute the structural basis of the blood-brain
barrier in the CNS. The processes also extend to the surfaces of the brain and spinal
cord, forming a layer beneath the pia mater. There are two types of astrocytes: pro-
toplasmic and fibrous. The protoplasmic astrocytes are found mainly in the gray
matter of the brain and spinal cord. They have thick processes with many branches
and are often seen around neurons, synaptic areas, and blood vessels. The fibrous
astrocytes are located chiefly in the white matter and have long, slender, smooth
processes with few or no branches. When injury or damage occurs in the brain or
spinal cord, the astrocytes play an important role in repair of CNS tissue.

Oligodendrocytes are smaller than astrocytes and have fewer, shorter processes.
The cytoplasm is scanty, surrounding the nucleus, which contains condensed chro-
matin. Oligodendrocytes are present in both gray matter and white matter. In gray
matter, they are seen lying around the neuronal perikarya, and in the white matter,
they are responsible for the formation of the myelin sheath in the same manner as
the Schwann cells in the PNS. Unlike a Schwann cell, however, each oligodendro-
cyte forms several myelin sheaths with its processes for adjacent axons.

Microglia are found in both gray and white matter. They are small, elongated
cells with short processes. They have small irregular nuclei and relatively scanty cyto-
plasm. Microglia are thought to be the main source of phagocytic cells in the CNS.

Figure 6-18 is a summary drawing indicating the configuration and location of
the neuroglia including protoplasmic astrocytes, fibrous astrocytes, oligodendro-
cytes, and microglia cells of the human brain stained with Cajal silver impregnation.
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Figure 6-18. Neuroglia

Human cerebrum « Cajal stain « High magnification
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Ependyma

The ependyma is a simple epithelium lining the ventricles of the brain (see Fig. 6-20)
and the central canal of the spinal cord. The epithelium is composed of simple
cuboidal or columnar ependymal cells with cilia on their luminal surface. The nuclei
are elliptical, and the cytoplasm contains a variety of organelles. Unlike other
epithelium, there is no basement membrane under the ependymal epithelium. The
adjacent ependymal cells are held together by junctional complexes. The ependymal
cells belong to the neuroglia, which together with neurons are derived from the
neural tube in the early embryo.

Figure 6-19 shows a section of dog spinal cord with Nissl stain. It highlights the
ependymal cells, which line the central canal of the spinal cord. Each cell has a long
process that extends from the basal part of the cell to the underlying subependymal
cells. The other small nuclei belong to neuroglial cells. Two neurons at the bottom
left of this picture can be recognized by their Nissl bodies.

Choroid Plexus

The choroid plexus is a highly ramified vascular structure projecting from the pia
mater into the ventricles of the brain. Its main function is to produce cerebrospinal
fluid, a modified tissue fluid which fills the ventricles of the brain, the subarachnoid
space, and the central canal of the spinal cord.

The choroid plexus is covered by the choroid plexus epithelium, a simple
cuboidal epithelium derived from the ependyma. The epithelial cells also participate
in the production of cerebrospinal fluid. The underlying lamina propria is a some-
what loose connective tissue that contains numerous thin-walled blood vessels,
some fibroblasts, and macrophages. Under the electron microscope the blood capil-
laries are seen to be the fenestrated type.

Figure 6-20 shows the choroid plexus of the third ventricle of the dog brain.
Note the ependymal cells of the third ventricle at the lower left of this drawing.
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Figure 6-19. Ependyma

Dog spinal cord « Nissl stain « High magnification
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Spinal Ganglion

The spinal ganglion is located on the posterior nerve roots of the spinal cord. It con-
tains the cell bodies of the pseudounipolar primary sensory neurons.

The ganglion is enclosed by a dense connective tissue capsule, which divides
into trabeculae to provide a framework for the neuronal cells. The neurons of the
spinal ganglion are large cells with a large nucleus. Their cell bodies appear round
in section and display intense cytoplasmic basophilia. Each ganglion cell body is sur-
rounded by a layer of flat satellite cells, which provide structural and metabolic
support to the neurons. Within the ganglion, fascicle of myelinated nerve fibers in
both cross and longitudinal sections can be observed. In addition, blood vessels
occur throughout the ganglion.

Peripheral Nerve: Sciatic Nerve

Peripheral nerves, which include spinal nerves and cranial nerves, contain numerous
afferent and efferent nerve fibers of the somatic and autonomic nervous systems.

In peripheral nerves, each individual axon is seen either enveloped by the myelin
sheath (myelinated fibers) formed by Schwann cells, or surrounded by the cytoplasm
of Schwann cells (unmyelinated fibers), which can be observed under the electron
microscope. Between these nerve fibers is a delicate loose connective tissue, the
endoneurium (see Fig. 6-4A), in close contact with the individual nerve fibers. The
nerve fibers are grouped into bundles or fascicles, and covered by the perineurium,
a layer of dense connective tissue composed of fibroblasts and collagen fibers. Each
peripheral nerve is composed of one or more fascicles of nerve fibers and is sur-
rounded by a layer of loose connective tissue, the epineurium, which extends from
the outside and binds the fascicles together.

This figure is a rabbit’s sciatic nerve in cross section, consisting of four fascicles
of nerve fibers. Note that the blood vessels occur both outside and inside the fasci-
cles as well as within the epineurium.
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Motor End Plate

A motor end plate is a structure in which a motor axon terminal ends as small
branches at the surface of a skeletal muscle fiber to form a neuromuscular junction.
The motor end plate appears in whole mount as a flat, oval convex area, 40-60 pm
in diameter. Approaching a skeletal muscular fiber, a motor axon loses its myelin
sheath and ramifies into several end branches, which are covered by a thin cyto-
plasmic layer of Schwann cells. The neuromuscular junction is a kind of chemical
synapse, commonly referred to as a neuromuscular synapse. The neurotransmitter
is acetylcholine, and its hydrolytic enzyme is acetylcholinesterase.

In conventional preparations, the motor end plate cannot be recognized. This
figure is a silver impregnation section of monkey tongue, displaying a motor axon
and its ramified end branches. In this area, a number of nuclei of skeletal muscle
fiber can be seen.

Muscle Spindle

The muscle spindle is a fusiform structure found between and in parallel with ordi-
nary skeletal muscle fibers. It is typically up to 7 mm in length and less than 1 mm
in diameter. The organ is enveloped by a connective tissue capsule consisting of
fibroblasts and dense collagen fibers. Within it there are two distinctive types of
muscle fibers, known as intrafusal fibers. One is the nuclear bag fiber characterized
by having an expanded midregion containing numerous nuclei. The other is the
nuclear chain fiber, with nuclei lined up in a row along its midregion.

This figure illustrates a muscle spindle in cross section. The connective tissue cap-
sule separates the organ from the surrounding tissue. Intrafusal fibers are much
thinner than extrafusal fibers or ordinary muscle fibers. The nuclear bag fibers show
several nuclei in a cross-section profile. In contrast, the nuclear chain fibers show only
one nucleus in a cross-section profile. A thin layer of fine connective tissue surrounds
each individual intrafusal fiber. Inside the spindle are capillaries and unmyelinated
nerve fibers.

The muscle spindle is a muscle stretch receptor organ, innervated with both sen-
sory and motor nerves. The sensory nerve fibers terminate as annulospiral endings
around the nuclear bag and the chain fibers and as a flower-spray ending near equa-
tors of chain fibers. The motor fibers (y motor fibers) terminate as small, modified
motor end plates on all intrafusal fibers.
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Figure 6-23. Motor End Plate

Monkey tongue « Silver impregnation « High magnification
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Free Nerve Endings

Free nerve endings cannot be recognized in the routine preparations with hema-
toxylin-eosin stain. This figure is a silver impregnation section of rat skin, showing
the free nerve endings within the epidermis of the skin. Before entering the epider-
mis, the sensory afferent nerve fiber loses its investment. It passes and branches
between the epithelial cells as a naked nerve fiber and terminates as free nerve end-
ings. Free nerve endings are associated with the sensations of pain and light touch.

Fig. 6-26. Meissner’s Corpuscle

Meissner’s corpuscles, also named tactile corpuscles, are sensitive mechanoreceptors
responsible for touch sensitivity. They are distributed in the dermal papillae of skin,
particularly of the fingertips (see Figs. 15-1 and 15-2), lips, nipples, and genitalia.

Meissner’s corpuscles are elliptical in shape, 120 pm long and 70 pm wide.
Their long axes are oriented perpendicular to the skin surface. The whole corpuscle
is enclosed by a connective tissue capsule. Within the corpuscle, there is a stack of
pear-shaped cells, regarded as modified Schwann cells, which dispose transversely,
parallel to the skin surface. Losing their myelin sheaths, the sensory nerve fibers
enter the corpuscle, ramify, and terminate between these pear-shaped cells.

Figure 6-26 consists of two drawings of Meissner’s corpuscles from a human
dermal papilla. Figure 6-26A is an H.E.-stained specimen demonstrating the con-
nective tissue capsule and pear-shaped cells lying in a stack. Figure 6-26B shows a
silver impregnation section, revealing a trace of a sensory nerve fiber and its branch-
es and terminals.
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Figure 6-25. Free Nerve Endings
Rat skin « Silver impregnation « High magnification
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Lamellar Corpuscle (Vater-Pacinian Corpuscle)

The lamellar corpuscles (Vater-Pacinian corpuscles ) are oval bodies, 2 mm in length
and 0.5-1 mm in diameter. They are found widely throughout the dermis and subcu-
taneous tissue (see Fig. 15-1), and are also present in tendons, ligaments, mesentery,
and the pancreas.

The capsule of the corpuscle is a layer of delicate connective tissue. It is contin-
uous with the perineurium of the nerve, which penetrates the corpuscle as an
unmyelinated nerve ending. The corpuscle has an onion-like appearance, which con-
sists of 10-60 concentric lamellae formed by flattened fibroblasts. Between them are
a lymphlike fluid, collagen fibrillae, and some capillaries. In the center of the cor-
puscle is an inner bulb, containing a single unmyelinated sensory nerve ending
surrounded by ramified and interdigitating Schwann cells.

The Vater-Pacinian corpuscle is a sensory receptor responsive to pressure and
vibration because of fluid pressure between the lamellae of fibroblasts.
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Figure 6-27. Lamellar Corpuscle (Vater-Pacinian Corpuscle)
Dermis of human skin « H.E. stain « High magnification
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Figs. 6-28 and 6-29. | —

Palisade-shaped Nerve Endings

All hair follicles are innervated with a plexus of sensory nerve endings, known as
peritrichial or palisade-shaped nerve endings, situated in the dermis. Approaching
the hair follicle, the myelinated nerve fibers lose their myelin sheathes, divide into
branches below the duct of the sebaceous gland, and then run up parallel to the long
axis of the hair shaft and terminate at the glassy membrane of the hair follicle, giv-
ing rise to a palisade appearance. The nerve endings are sandwiched between two
layers of Schwann cell cytoplasm. In transverse section, the palisade-shaped nerve
endings are found just surrounding a half circle of a hair follicle. The hair shaft acts
as a lever, and any slight movement of the shaft readily stimulates the nerve endings
in the hair follicle.

Figure 6-28 shows the palisade-shaped nerve endings attaching to the outer sur-
face of a hair follicle. Note the relationship between hair follicle and sebaceous
gland. Figure 6-29 is a high-magnification picture of a toluidine blue-stained epon
section taken from a rat snout, illustrating how the sandwiched palisade-shaped
nerve endings in cross section lie at the glassy membrane of the hair follicle and form
a half circle of palisade.
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Figure 6-28. Palisade-shaped Nerve Endings
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Fig. 6-30. Taste Bud

Taste buds are small barrel-shaped chemoreceptors responsible for the sense of
taste. They are mainly distributed in the circumvallate papillae and foliate papillae
of the tongue, but also elsewhere in the oral cavity, palate, and epiglottis.

Taste buds are found embedded in the stratified squamous epithelium, extend-
ing from its basement membrane to the surface where they open into the oral cavity
via a small pore, the taste pore. The taste bud is generally composed of three cell
types: gustatory cells, supporting cells, and basal cells. Both gustatory and support-
ing cells are fusiform, with long microvilli on the free end of the cells at the taste
pore where the cells are slightly depressed. The gustatory cells stain light, while sup-
porting cells stain dark. The basal cells are small undifferentiated cells located at the
base of the taste bud, and believed to be the stem cells for the other cell types.
Ultrastructural studies have shown unmyelinated nerve fibers to be associated with
both gustatory and supporting cells.

Four fundamental taste sensations can be detected: sweet, bitter, sour, and salty.
Each sensation may be optimally perceived in a specific region of the tongue: sweet
and salty at the tip, sour at the side, and bitter in the area of the circumvallate papil-
lae. However no structural discrepancy in taste buds from different areas has been
found. It has been demonstrated that a single taste bud can respond to all four basic
taste qualities.

Olfactory Epithelium

Olfactory epithelium represents the receptor for the sense of smell. It is located in
the olfactory mucosa in the roof of the nasal cavity in humans. This is a yellowish
pseudostratified columnar epithelium, composed of three cell types: olfactory cells,
supporting cells, and basal cells.

The supporting cells are tall and slender, with ovoid nuclei in their upper half.
The bases are tapered, and rest on the basement membrane, while the apices are rel-
atively broad with many long microvilli protruding into the overlying film of mucus.
The basal cells are small conical cells, believed to be stem cells that are able to dif-
ferentiate into supporting cells. The olfactory cells are fusiform bipolar neurons with
nuclei in the lower half of the cells. A single dendrite terminates as a small swelling
at the free surface of the epithelium, radiating to 6 or 10 olfactory cilia. At the base
of the cell, each olfactory neuron gives rise to a single fine afferent axon, which join
together to form olfactory nerve fibers in the lamina propria (see Fig. 9-3).

The lamina propria is a loose connective tissue beneath the olfactory epithelium.
It contains numerous blood vessels and serous glands known as Bowman’s glands
(see Fig. 9-3). Secretions are expelled through the excretory duct to the surface of the
epithelium to dissolve the odoriferous substance.
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Figure 6-30. Taste Bud
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CIRCULATORY SYSTEM

The circulatory system consists of the blood vascular system and the lymphatic vas-
cular system. The blood vascular system comprises (1) the heart, a muscular organ,
which pumps blood into arteries; (2) arteries, thick-walled vessels that direct blood
to capillary beds; (3) capillaries, a fine meshwork of anastomosing tubules, thin-
walled vessels across which the exchange of substances between blood and tissues
occurs; and (4) veins, which return blood from the capillaries to the heart.

The lymphatic vascular system consists of lymphatic capillaries and various-
sized lymphatic vessels. The lymphatic capillaries are blind-ended tubules, which
collect fluid (lymph) from tissue spaces. Lymph, after passing through lymphatic
organs, is carried back to the blood vascular system via lymphatic vessels.

The components of the circulatory system have a number of structural features
in common. Basically, their walls are composed of three layers: (1) tunica intima, an
innermost layer, which minimally consists of a single layer of endothelial cells sup-
ported on a basement membrane, with or without an underlying delicate connective
tissue layer; (2) tunica media, an intermediate layer with variable amounts of mus-
cle, elastic, and reticular fibers; and (3) tunica adventitia, an outermost layer of
connective tissue rich in collagen and elastic fibers.

In great vessels, because the wall is too thick to be nourished by diffusion from
blood within the lumen, the vasa vasorum (i.e., vessels of the vessel) give rise to a
blood capillary network in the adventitia and the outermost media. These vessels are
derived either from the arteries they supply or from neighboring arteries.

Frequently, nerve fibers, which are unmyelinated sympathetic nerve fibers sup-
plying the smooth muscle of the vessels, are found in company with arteries and veins.
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Heart: Wall of Ventricle

The heart is a four-chambered muscular organ composed of two atria and two ven-
tricles. Although the wall of the ventricle is thicker than that of the atrium, they both
consist of three layers: (1) an internal layer or endocardium (see Fig. 7-2); (2) an inter-
mediate layer or myocardium; and (3) an external layer or epicardium (see Fig. 7-3).

The myocardium is composed of cardiac muscle fibers, arranged in layers that
enclose the atria and ventricles in a complex spiral fashion. From the transverse sec-
tion of the ventricle wall in this figure, it is difficult to distinguish the different layers
of cardiac muscle fibers. Normally, most of these fibers are attached to the cardiac
skeleton, a fibrous central supporting structure of the heart. The space between
muscle fibers is occupied by connective tissue containing abundant blood vessels
and lymphatic vessels. Projecting into the ventricular cavity are the papillary mus-
cles. They are myocardium extensions covered by endocardium, which stabilize the
cusps of the mitral and tricuspid valves via chordae tendineae (see Fig. 7-5).
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Figure 7-1. Heart: Wall of Ventricle
Human « H.E. stain « Very low magnification
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Heart: Endocardium

The endocardium, homologous to the tunica intima of blood vessels, consists of
endothelium, a subendothelial layer, and a subendocardial layer.

The endothelium is a single layer of flattened epithelium, which covers all inter-
nal surfaces of the heart chambers, including the papillary muscle and chordae
tendineae. It is continuous with that of the blood vessels entering and leaving the
heart. Just beneath the endothelium is the subendothelial layer of connective tissue
containing collagen and elastic fibers, fibroblasts, and some smooth muscle fibers.
The subendothelial layer contains no blood vessels, and is nourished by direct imbi-
bition from the circulating blood. Binding the endocardium to the underlying
myocardium is a subendocardial layer of loose connective tissue, which contains
numerous blood vessels, nerves, and branches of the conduction system of the heart,
such as the Purkinje fibers (see Fig. 5-7).

Fig.7-3. Heart: Epicardium

The epicardium is a serous membrane, and forms the visceral pericardium. It is cov-
ered by a single layer of flattened epithelial cells, the mesothelium, which also lines
the opposite parietal pericardial surface. The mesothelial cells secrete a small
amount of serous fluid, which lubricates the sliding friction of the epicardium
against the parietal pericardium during contraction and relaxation of the heart.
Beneath the mesothelium is a layer of connective tissue containing numerous elastic
fibers. This layer is bound to the myocardium by a broad layer of adipose tissue.
Within the adipose tissue are embedded the arteries and veins of the coronary sys-
tem and autonomic nerve fibers, which supply the myocardium.
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Heart: Interventricular Septum

The interventricular septum is composed of a membranous septum and a myocardial
septum. Located in the lower part of the interventricular septum, the myocardial sep-
tum is continuous with the myocardium of the heart, and is covered on both sides by
the endocardium. The membranous septum consists of tough collagenous fibrous
connective tissue, lying on the upper part of the interventricular septum. This con-
stitutes part of the cardiac skeleton and serve as an attachment for some cardiac
muscle fibers. In this illustration of the interventricular septum, the cardiac muscle
fibers in the left of the myocardial septum are seen attaching to the membranous sep-
tum via a tendon. The aortic valve, wall of the aorta, myocardium of the right
atrium, and the tricuspid valve are also shown.

Fig.7-5. Heart: Atrioventricular Valve

Atrioventricular valves, the tricuspid and mitral, consist of a plate of tough fibrous
connective tissue, covered by endocardium continuous with that of the heart cham-
bers. Beneath the endothelium on the atrial side is a thick layer of elastic connective
tissue composed of elastic fibers and fibroblasts. Between the elastic connective tis-
sue and the endothelium of the ventricular side lies a thick layer of dense connective
tissue that consists of bundles of collagen fibers and a small amount of fibroblasts.
This dense connective tissue is penetrated by the fibrous chordae tendineae, which
connect the valve flaps to the papillary muscles of the ventricles. The core of the
chordae tendineae is composed of bundles of collagen fibers parallel to the long
axis, with scattered fibroblasts. The surface of chordae tendineae is invested by a
layer of endothelium.
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| Figs. 7-6 and 7-7. | —

Elastic Artery: Aorta

The aorta is a typical elastic artery. Like most blood vessels, its wall consists of three
layers: tunica intima, tunica media, and tunica adventitia.

The tunica intima is composed of endothelium and subendothelial connective
tissue. The endothelium is formed of a single layer of endothelial cells, which are
polygonal and flat, with the nucleus causing a local luminal protrusion of the cell.
The endothelial cells are supported by a thin layer of basement membrane, which
can be recognized under an electron microscope. The subendothelial connective tis-
sue contains collagen and elastic fibers, scattered fibroblasts, and circularly
arranged smooth muscle fibers. In the deeper portion of the intima, longitudinally
arranged smooth muscle fibers are present. A distinct internal elastic lamina is dif-
ficult to identify, because it consists of two or three laminae that blend with similar
membranes of the intima and media.

The tunica media is particularly thick, forming approximately four-fifths of the
thickness of the wall. It is characterized by 40-60 layers of fenestrated elastic lami-
nae, arranged concentrically. The space between adjacent elastic laminae is filled by
amorphous ground substance, a fine elastic fiber network, smooth muscle fibers, and
fibroblasts. At the outer limit of the media is an indistinct external elastic lamina.

The tunica adventitia consists of a thin layer of loose connective tissue contain-
ing nerve fibers, lymphatic vessels, some adipose cells, and vasa vasorum, which also
penetrate the outer portion of the media.
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Figure 7-6. Elastic Artery: Aorta
Human « Cross section « H.E. stain « Low magnification
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|Figs.7-8 and 7-9. | —  Elastic Artery: Aorta

The use of resorcin fuchsin stain demonstrates the distribution of elastin in the three
layers of the aortic wall. Under high magnification, elastic fibers are found in the
subendothelial connective tissue of the tunica intima, especially in its deeper por-
tion. The internal elastic lamina is clearly recognized. Numerous fenestrated elastic
laminae are seen in the tunica media. Between fenestrated elastic laminae are elastic
fibers. The external elastic lamina is not easy to identify. The nuclei in the media
belong to smooth muscle fibers as well as fibroblasts.



Figs. 7-8 and 7-9. Elastic Artery: Aorta

Figure 7-8. Elastic Artery:Aorta
Human « Cross section « Resorcin fuchsin stain « Low magnification
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Figure 7-9. Elastic Artery: Aorta
Human « Cross section « Resorcin fuchsin stain « High magnification
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|Figs.7-10 and 7-11. }—

Muscular Artery

The muscular arteries are the largest class, and except for the elastic arteries, all
named arteries of gross anatomy, including many of the large arteries and all medium-
sized arteries and small arteries, belong to this group. The muscular artery possesses
a basic structure similar to that of the elastic artery; however, its elastic tissue content
is reduced while its smooth muscle content is increased. Figures 7-10 and 7-11 show
the characteristic features of the subclavian artery and radial artery, respectively.

The tunica intima comprises three layers: endothelium, subendothelial layer,
and internal elastic lamina. The endothelium is similar to that of elastic artery. The
subendothelial layer is a thin layer of connective tissue containing collagen and elas-
tic fibers and a few fibroblasts. As the size of the vessel decreases this layer becomes
thinner. The internal elastic lamina is well marked, and is always seen as a refractile
wavy band in paraffin preparations.

The tunica media is characterized by a thick muscular layer with 20-40 layers
of smooth muscle fibers, which are arranged circularly or spirally. Between the lay-
ers of muscle, there are small amounts of connective tissue. In the larger muscular
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