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CHAPTER 1

Introduction to
Histology

OBJECTIVES

The information in this chapter should enable you to do the following:

» Define histology

= Explain the term basic tissue

» Recognize which components in a histologic section represent cells, extracellular matrix, or
body fluids

» Draw a cross section of a cell and show which parts of it can be seen in histologic sections

» Use a microscope properly and study sections effectively

= Distinguish between basophilic and acidophilic staining and cite examples of each

= Interpret in three dimensions what you observe in sections

¢ Summarize the main similarities and differences between a light microscope and an electron
microscope

Histology means the science of the tissues (Gk. histos, web or tissue; logia, branch of learning). By
establishing the significance of distinctive microscopic features of cells and tissues, histologic stud-
ies elucidate the relationships between microscopic structure and function.

BASIC TISSUES

The word tissue (L. fexere, to weave) was first used in an anatomical context by Bichat, a French
surgeon who was impressed by the different textures found in the body parts he dissected. As a re-
sult, he described the body as being made up of a variety of different tissues. Instead of the many
distinct tissues that Bichat originally proposed, only four basic tissues are currently recognized, each
with variants. All body parts are made up of basic tissues and their variants in distinctive combina-
tions. The first part of this book introduces the cell and the four basic tissues, i.e., epithelial tissue,
connective tissue, nervous tissue, and muscle. The remainder describes the body’s various organ
systems, constructed of basic tissues, which perform essential functions for the body as a whole.
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Dehydrating

Paraffin embedding replaces tissue water with paraffin wax, enabling the block to be cut readily. Because
paraffin is not water soluble, water is removed from the fixed tissue by passing it through successively stronger
solutions of ethyl alcohol, allowing enough time for thorough reagent penetration at each stage. Because paraf-
fin is insoluble in alcohol, the next stage, clearing, involves replacing alcohol with a paraffin solvent that is mis-
cible with alcohol.

Clearing
Xylene is routinely used for clearing tissues. The alcohol-permeated block is passed through several
changes of this solvent to replace alcohol with xylene.

Embedding

The xylene-permeated block is passed through several changes of warm paraffin wax, which is soluble in
xylene. Once the tissues become completely saturated, melted wax occupies spaces formerly occupied by wa-
ter. On cooling, the wax hardens. Thin shavings can then be cut off the embedded tissues.

Sectioning

Surplus wax is trimmed away and the block is mounted on a cutting device called a microtome. The edges
of the thin shavings (sections) coming off the microtome knife adhere to one another, producing a long ribbon
from which single sections may readily be detached (Fig. 1-1).

Staining and Mounting
Aqueous solutions are usually used in staining. Prior to this, the wax must be dissolved and replaced with
water. For this, the slide with the attached section is passed first through xylene to remove paraffin, then through

Section ribbon

A. Section before staining

B. Section stained and mounted

Figure 1-1
Paraffin sections are cut on a microtome for light microscopy.
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NONCELLULAR CONSTITUENTS OF TISSUES

Cells are essentially soft and gelatinous. If the body were composed entirely of cells, it would be too
weak to support its weight. However, cells of connective tissue produce intercellular (extracellu-
lar) matrix constituents (L. inter, between; L. extra, outside of), some of which are remarkably
strong. Bone tissue, for example, produces a hard extracellular matrix that is reinforced internally in
the same way as concrete. Hence, in some respects, the body resembles a building made of extra-
cellular matrix that is inhabited by various kinds of cells. These cells must also be supplied with nu-
trients and oxygen, and adequate arrangements are required for disposal of toxic byproducts. For
these purposes, the body depends on yet another component, its body fluids. These include blood
plasma, which is a complex fluid that circulates within the confines of the blood vascular system,
and a few other extracellular fluids that will be considered in due course. The three primary compo-
nents that make up the body tissues are 1) cells, 2) extracellular matrix, and 3) body fluids. The first
step in recognizing various tissues is to appreciate the microscopic appearance of their individual
cells and to learn how to identify the various extracellular matrix constituents. In addition, it is help-
ful to learn how to recognize the sites where body fluids were present during life. But before we con-
sider the microscopic appearance of these primary tissue components, we should outline how tissues
are prepared for routine light microscopy.

PREPARATION OF HISTOLOGIC SECTIONS

Much of our detailed knowledge of body structure comes from a study of small representative sam-
ples cut into very thin slices termed tissue sections. Light microscopic sections need to be thin
enough to transmit plenty of light, which comes from underneath and must pass through the speci-
men, the objective lens, and then the eyepiece lens, before reaching the eye. In general, the thinner
the section, the less is the likelihood that its components will appear superimposed. The optimal
thickness of light microscopic sections (5 to 8 pum) is less than the diameter of a typical cell. Histo-
logic sections are routinely prepared by the paraffin technique. Alternate procedures for preparing
tissues are also described.

Paraffin Sections
The standard paraffin technique consists of the following stages.

Tissue Sampling

Tissue blocks (tissue samples cut <1 cm in each dimension) may be obtained through biopsy (diagnostic
sampling), surgical excision, or postmortem dissection. To avoid misleading structural deterioration, post-
mortem samples should be taken as soon as possible, and to minimize tissue distortion, dissection instruments
should be kept extremely sharp. Tissue blocks must be immersed in fixative immediately after removal.

Fixing

Chemical fixation, required to avoid unnecessary distortion, crosslinks certain proteins and denatures oth-
ers through dehydration. The resulting coagulation of tissue proteins has a hardening effect on soft tissues. Fix-
ation needs to be rapid enough to curtail release from dead cells of enzymes capable of digesting tissue con-
stituents. If degradation by such enzymes is allowed to continue, it ruins microscopic detail, causing
postmortem degeneration. Fixatives also lock into position a number of carbohydrate- and fat-containing
macromolecules that otherwise would be lost during tissue processing. Moreover, fixation kills bacteria and
other disease-causing agents, and its antiseptic action decreases risk of contamination when infected tissues are
handled. Fixation can also enhance tissue staining. Special fixatives are used for some tissue components, but
a 4% aqueous solution of formaldehyde, buffered to neutral pH, is suitable for routine work.
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absolute alcohol to remove xylene, followed by alcohols of decreasing strength and eventually, water. When
prepared for staining, the section appears as in Figure 1-1, label A. After staining, the section is passed through
alcohol solutions of increasing strength, absolute alcohol, and xylene. It is then covered with mounting medium
dissolved in xylene. This medium minimizes refraction of the light passing through the section. Once a protec-
tive coverslip has been added and xylene has evaporated around its edges, dried mounting medium bonds the
coverslip firmly to the slide (see Fig. 1-1, label B).

Frozen Sections

If sections need to be examined without delay, tissue freezing becomes a preferable means of prepa-
ration. Frozen sections are particularly appropriate 1) if the course of a surgical procedure depends
on rapid histologic assessment of the nature or spread of a diseased tissue, or 2) if a study of unde-
natured proteins or lipids in tissues requires avoidance of extraction or harsh fixation. Virtually ev-
erything present in living tissues remains represented in frozen sections, but these sections require
prompt observation because their constituents are not preserved (subsequent fixation, though some-
times used, compromises certain advantages of the method). Moreover, frozen sections need to be
cut slightly thicker (5 to 10 um) than paraffin sections, and they are laborious to prepare in large
batches.

The first step in preparing frozen sections is to freeze the block of fresh tissue as rapidly as pos-
sible, using liquid nitrogen. Sections are cut inside a refrigerated cabinet called a cryostat, which
maintains the microtome knife at a subzero temperature. They are then suitably stained for tissue di-
agnosis or further microscopic observation.

Semithin Sections

Greater resolution is obtainable if light microscopic sections (semithin sections) are cut at 0.5 to
2 pm. This requires the use of an epoxy or acrylic resin as the embedding medium. Toluidine blue
is usually used to stain these sections.

LIGHT MICROSCOPY

Microscopes 1) produce enlarged images of small objects and 2) reveal details. Whereas enlarging
an optical image is called magnification, disclosing its fine details is called resolution.

The simplified light path in a monocular microscope is shown in Figure 1-2. Unlike the coarse
and fine focusing knobs of older microscopes, which raise or lower the microscope tube and its 10X
(magnification) eyepiece (ocular), focusing adjustments on modern, binocular microscopes move
the stage instead. The microscope stage is a flat plate with a central opening for the condenser that
collects light from the lamp filament. At each magnification, the aperture of the iris diaphragm that
regulates the diameter of the light beam entering the condenser should be restricted to two-thirds
open. To obtain optimal illumination of the slide clipped to the stage, condenser height should also
be adjusted. Temporary withdrawal of the top lens of the condenser from the optical path may be
necessary when scanning power is used. Interchangeable objectives on a revolving disk at the lower
end of the microscope tube provide magnifications of 10X, 40X, and 100X, respectively. The 10X
objective, known as the low-power objective, provides tenfold magnification. Because the eyepiece
enlarges the resulting image by a further factor of 10, total magnification with the low-power ob-
jective is X 100. Likewise, the 40X objective, called the high-power objective, together with the
10X eyepiece, gives a total magnification of X400. The 100X objective, which is called the oil-im-
mersion objective, used in combination with the 10X eyepiece, gives a total magnification of
X 1000. When the oil-immersion objective is being used, however, it is necessary to replace the air



Introduction to Histology 5

Image in eye

Eyepiece lens

— Microscope tube

— Coarse focus adjustment

Fine focus adjustment

Objective lens
Section
Stage

Condenser lens
Iris diaphragm

\ Lamp
\—Condenser height adjustment
Figure 1-2

Optical components and imaging path of a light microscope (simplified).

between the objective lens and the coverslip with immersion oil of appropriate refractive index. Fo-
cus is unobtainable with this objective if the requirement for oil is overlooked. The need for extreme
caution when using the oil-immersion objective is noted below.

Modern microscopes have an additional objective that is known as the scanning lens because
of its low magnification. Such a very low power objective ensures that a relatively large area of the
slide comes into view. The extent (i.e., diameter) of a given field of view decreases in direct pro-
portion to the magnification used. The amount of detail that is obtained, however, increases with ef-
fective magnification up to a maximum of about X< 1400.

STUDYING HISTOLOGIC SECTIONS

Before each slide is positioned on the microscope stage, it should be held up to the light and in-
spected directly, without magnification. Rapid confirmation of the surface of the slide bearing the
section serves as a precaution against getting the slide upside down (labels are sometimes inadver-
tently mounted on the wrong side) and may reveal dirt or oil on the coverslip. Preliminary direct
observation often helps in recognition of tissues by those experienced in interpreting histologic
sections.
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Low-Power Magnification

Most beginners enthusiastically grasp an opportunity to examine tissues under the highest possible
magnification. The main advantage of starting at scanning or low-power magnification is that rela-
tively large areas can be seen each time. Also, the slide may be surveyed thoroughly by racking it
back and forth in a systematic manner. Meaningful details confined to certain areas may be found
only in low-power searches of entire sections. Initial surveys under low power also pinpoint areas
for observation under higher magnification.

High-Power Magnification

Swinging the high-power objective into position to examine areas selected under low power should
not be a problem. However, if adequate focus cannot be obtained, the slide may be upside down and
the section lies too far away to be brought into focus.

Oil-Immersion Magnification

To obtain focus ar 'nis magnificalion, 1ne vojective mhost be brought wncomionably close to the cov-
erslip over the section. Most oil-immersion objectives are therefore spring-loaded in design. Never-
theless, to avoid damaging the objective or breaking the coverslip, focusing should be done in a
cautious manner. Before the oil-immersion objective is swung into place to observe an area pre-
selected under high power, a small drop of immersion oil is placed on the coverslip. Unless it is
known that the microscope is parfocal, the free end of the oil-immersion objective, viewed from one
side of the microscope, is then brought into contact with the oil through use of the coarse focus
adjustment. Once contact is established. as indicated by a brief flash of light, focusing is completed
through use of the fine focus adjustment. However, if focusing requires a number of turns, make sure
that part of the section is aligned with the tiny objective aperture, in which case some color should
be visible. Considerable caution is necessary until some experience has been gained.

Cleaning Lenses

If the field of view appears irregularly clouded, distorted, or covered with specks, 1) the coverslip may be
dirty, 2) the objective lens may be smeared with immersion oil (this is fairly common in the case of the 40X
objective), 3) an eyepiece lens may be dirty, or 4) the top lens of the condenser may be dirty. If the distortion
or specks turn when an eyepiece is rotated, the problem is a dirty eyepiece lens. An effective way to clean this
lens is to breathe on it lightly and polish it very gently with lens paper. Oil on a coverslip or objective may be
removed with lens paper (moistened, if required, with a drop of xylene).

HISTOLOGIC STAINS

Tissue components are difficult to distinguish with an ordinary light microscope because their opti-
cal densities are so similar. However, many of them can be rendered visible through the selective ab-
sorption of dyes. Histologic stains reveal tissue components either by coloring them selectively or
by increasing their optical densities to different extents. Electron microscopic stains increase the
electron density of particular tissue components without imparting any colors.

Sections are commonly stained with 1) a dye that imparts a bright color to certain components
and 2) a counterstain that imparts a contrasting color to the remainder. H&E-stained sections are
stained with hematoxylin and eosin. Hematoxylin is a dye called hematein (obtained from the log-
wood tree) used in combination with AI** ions. Eosin imparts a pink to red color to most compo-
nents not stained a bluish purple by hematoxylin. However, many factors influence H&E staining,
and the colors obtained depend on staining expertise and the stain batches used.
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Basophilic and Acidophilic Staining
Basophilic components take up basic stains, whereas acidophilic components take up acid stains.

Both kinds of stains represent neutral salts. The acid radical of a salt is capable of combining with hy-
drogen to form an acid, whereas its basic radical is capable of combining with a hydroxyl group to form a base.
If the color-imparting part of a dye molecule resides in its acid radical, the dye is an acid stain; if it lies in the
basic radical, the dye is a basic stain. Hematoxylin is a basic stain because its color-imparting constituent (he-
matein + A’ ions) is its basic radical. Components stained by hematoxylin are therefore described as ba-
sophilic. Because eosin is an acid stain, components stained by eosin are correspondingly described as aci-
dophilic or eosinophilic.

Another basis for stain classification is whether the color-imparting constituent is 1) the positively charged
cation or 2) the negatively charged anion of the salt. If the color is imparted by the acid radical, which in ionic
form bears a negative charge, the stain is an anionic stain. Conversely, if the color is imparted by the positively
charged (cationic) basic radical, the stain is a cationic stain. Thus, acid stains such as eosin are anionic stains,
and basic stains such as hematoxylin are cationic stains.

Stains can provide two different colors if their anion imparts one color to acidophilic components and their
cation imparts another color to basophilic components. Such neutral stains are used primarily to stain blood
cells. Alternative staining methods have been devised for tissue components that have weak affinity for ordi-
nary stains. These special methods will be described in the context of the tissues for which they are used.

Interpreting the Colors Seen in Histologic Sections

The composition of tissue components is, of course, more relevant than their colors when stained.
However, in a few instances these colors do indicate chemical composition. In histochemical stain-
ing, established color reactions are used to detect specific chemical groups in tissue components. An
example (the PAS reaction) is given later in this chapter. However, histochemical staining is a spe-
cial case; ordinary stains such as hematoxylin and eosin yield only nonspecific information about
the chemical composition of components that they color, as we shall now explain.

Tissue components stain with a basic stain such as hematoxylin, or with an acid stain such as eosin, only
if they carry a sufficient number of charged sites to enable them to bind colored dye radicals bearing the oppo-
site charge. Basophilic components possess anionic (negative) sites, and bind the colored cations of hema-
toxylin (hematein complexed with AI*" ions), whereas acidophilic components possess cationic (positive)
sites, and bind the colored anions of eosin. However, the anion- or cation-binding sites are usually present on
more than one sort of molecule, and their relative numbers vary according to fixation and staining conditions,
so the resulting colors are seldom consistent. Basic and acid stains therefore provide a general indication of
chemical composition, but this is not very specific.

Students should guard against becoming over-dependent on colors for routine tissue identification because
these can vary. Furthermore, the importance of colors in this connection is often exaggerated. Color-blind stu-
dents can become proficient at recognizing stained tissues, and stained sections may be usefully compared with
black and white photomicrographs. Indeed, such comparisons are helpful preparation for the study of electron
micrographs, which are always taken in black and white because an electron beam possesses no color spectrum.
In tissue recognition, ample use should always be made of any additional confirming evidence such as size, lo-
cation, shape, number, and association with other components.

In black and white photomicrographs, blue to purple staining appears as black tones whereas
pink to red staining appears as shades of gray. Hence, darker tones indicate hematoxylin staining and
lighter tones indicate eosin staining. Contrast between comparable depths of blue and red may be en-
hanced optically through the use of suitable color filters.

Unstained tissue components are hard to distinguish with an ordinary light microscope because
they have comparable optical densities, i.e., they obstruct light to a similar extent. The degree to
which they change the phase of light. however, varies. By disclosing phase differences as optical
density differences, the phase contrast microscope reveals various components as gradations of
black and white even without fixation or staining. allowing tissues to be observed in the living state.

Our next consideration is interpretation of what is seen in H&E-stained sections.
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RECOGNIZING CELLS IN SECTIONS

A cell that has been sectioned through its middle typically appears as a more or less round structure
(Fig. 1-3). Even before ways were devised Lo produce stained sections, it was known from micro-
scopic studies that animal cells were rounded, jelly-like components, each with a central part differ-
ing in refractive index from the part surrounding it. The central part was called the cell nucleus (L.
nux, nut) because it resembled a nut in its shell, and terms that related to the nucleus were given the
prefix karyo (Gk. karyon, nut), an example being karyolysis, which is one of the nuclear changes
associated with cell death.

The outer part of the cell is termed cytoplasm (see Fig. 1-3), a word derived from the Greek ky-
tos, which means something that is hollow or covers, and plasma, which means something that is
molded. Thus the cytoplasm is essentially molded around the nucleus. At the outer boundary of the
cytoplasm lies the cell membrane, known also as the plasmalemma, a membrane so thin that cross
sections of it may be observed only with the electron microscope. An impression of the approximate
position of the cell membrane is nevertheless gained where the membrane takes an oblique course
through a histologic section and thus appears as a slanting expanse.

Each of the 200 or so distinct cell types in the body has its characteristic distribution, size, shape,
and special functions. Tissue sections with cells of uniform appearance are appropriate for observ-
ing individual cells. The example we will be using is the hepatocyte (GK. hepar, liver), the chief cell
type in the liver. The first thing to consider is how hepatocytes appear at different magnifications.

Magnification and Section Thickness Determine Microscopic Detail

Histologic sections have to be scanned in their entirety to overcome the inherent limitation that only
restricted areas are observable at each moment. The field of view obtained with the low-power ob-
Jective, for example, is approximately 1.5 mm in diameter, which is roughly the area enclosed by a
letter o as printed on this page. The unit of length used in light microscopy is the micrometer (um),
I pwm being equal to 0.001 mm, so the area seen under low power has a diameter of 1500 pm. When
higher-powered objectives are used, the field of view is reduced in direct proportion to the magnifi-
cation used, as summarized in Table 1-1. Another pertinent consideration is the relation between
section thickness and cell diameter. An easily remembered approximation is that the thickness of a
typical paraffin section (5 to 8 um) is roughly the diameter of a red blood cell (7 m). Hence, two
or three serial sections (meaning consecutive sections) need to be observed to see every part of a hep-
atocyte roughly 20 pum in diameter. With these matters in mind, we shall now consider what can be
seen in H&E-stained liver sections at different magnifications.

Position of cell
membrane (plasmalemma)\ _

Nuclear envelope
(membrane)

Nucleolus
Chromatin

/ A - Figure 1-3
Cytoplasm Parts of a cell as seen with a light

microscope.
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TABLE 1-1.

FIELDS OF VIEW OBTAINED AT DIFFERENT MAGNIFICATIONS

Low Power High Power Oil Immersion

Eyepiece % 10 X 10 x 10
Obijecrive % 10 % 40 x 100
Magnification X 100 % 400 % 1000
Diameter of field of view 1500 pm 375 pm 150 pm

First, apart from a few large holes (each representing the lumen of a large blood vessel), a liver
section held up to the light appears more or less evenly pink. The low-power objective nevertheless
discloses that what seems a uniformly pink substance is not really solid at all. Instead, it contains ra-
diating rows of cells, and these rows anastomose and are separated by long narrow spaces. At this
magnification, the pink-staining rows appear to contain tiny purple dots (Plate -1A). The purple
structures are the nuclei of hepatocytes, and the pink-staining substance of the rows is their cyto-
plasm. The lighter slit-like spaces between the rows are blood passageways.

Next, a rapid examination under high power will confirm the above-mentioned points, and the
oil-immersion objective may be used to observe the finest details (Plate 1-1B). In the nuclei of these
cells, the components, illustrated in Figure 1-3, can be seen. These are 1) the nuclear envelope or
membrane, 2) the nucleolus, 3) chromatin granules (Gk. chroma, color), and 4) the unstained
component in which the chromatin and nucleolus appear suspended. The blue to purple staining of
the nuclei (see Plate 1-1) and the basophilia of the cytoplasm (which, as will be explained, is an ac-
tive site of protein synthesis) are both due to an abundance of nucleic acids. The nucleic acids are
important negatively charged macromolecules whose name reflects the fact that they were initially
isolated from nuclei. Their strong affinity for hematoxylin reflects their high density of PO,
groups. In general, however, the cytoplasm stains pink because cytoplasmic proteins are mostly aci-
dophilic. Their acidophilia is enhanced by eosin staining at pH 5-6 since the number of positively
ionized groups (e.g., NH;™) on fixed protein molecules is increased at acid pH. Because the cell
membrane is too thin to be visible with a light microscope, cell boundaries are often hard to recog-
nize, but some are discernible as indistinct pink lines demarcating the borders between contiguous
cells. Such borders, the positions of which are indicated by arrows in Plate 1-1B, indicate the di-
mensions of individual hepatocytes. Finally, a note of caution—nuclear membranes are fairly con-
spicuous in H&E-stained sections, and because most nucleoli appear as isolated bodies inside these
nuclei, beginners sometimes make the mistake of thinking that nuclei are entire cells and that nu-
cleoli are their nuclei.

Composite Drawings Usually Represent Summaries of Histologic Information

Certain important features or parts of cells or tissues may be inadequately represented in single sec-
tions, or components of interest may not stain optimally with the stains that are used. Composite
drawings that effectively combine information gathered from the use of various histologic tech-
niques and direct observation of living cells and tissues are usually used to supplement photomicro-
graphs. Students should not expect their sections to disclose all the features depicted in such detailed
drawings. Artwork also has the potential to depict histologic structure in three dimensions. It is
sometimes difficult to appreciate three-dimensional internal organization from a single microscopic
section of a body part, especially if its organization is complex or the plane of section is not known.
Single sections may be insufficient or even misleading for understanding the organization of the
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structures from which they were obtained. Visualizing body parts in three dimensions (i.e., not re-
stricting structural perception to a single plane) is important enough to warrant further discussion.

INTERPRETING HISTOLOGIC SECTIONS IN THREE DIMENSIONS

The inherent difficulties of understanding three-dimensional organization from random single sec-
tions become apparent if we use thin slices of hard-boiled egg as an analogy. On seeing only the slice
labeled A in Figure 1-4, anyone unaware of the organization of an egg might think it spherical with-
out perceiving that it possesses a yolk. The slice labeled B would disclose a yolk, but would suggest
that an egg was spherical. The third slice. C, would reveal the true shape of an egg but not the pres-
ence of a yolk. Slice D is the only one with sufficient information for correct conceptualization of
the structure of an ege. The corresponding section of a cell would similarly fully disclose its inter-
nal organization.

In contrast, the liver has a more or less uniform internal organization. A liver section cut in any
plane is accordingly fairly representative of the organ as a whole. However, such uniformity of struc-
ture is more often the exception than the rule. Elucidation of the complicated internal organization
of certain organs and structures of the body requires the preparation of consecutive (serial) sections.

A
A smal One sphere A small A larger
sphere? inside another? ovoid structure? ovoid structure
with a spherical
structure inside it?
Figure 1-4

Three-dimensional visualization of a structure depends on the plane of section,
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Photographic enlargements of such sections may be mounted on a backing of appropriate thickness
and assembled as large-scale models called reconstructions. These models may then be dismantled
in a manner that reveals their detailed internal structure.

If our interpretation of the internal organization of the liver were restricted to two dimensions,
it might be concluded from the section seen in Plate 1-1 that most hepatocytes would be arranged in
single rows. Yet hepatocytes could not carry out many of their functions unless they were more than
one cell deep, and a comparison between Plate 1-1 and Figure 1-5 shows that a single-row appear-
ance may in fact be derived from arrangements that are several cells deep.

Three-dimensional visualization is particularly important when matching the shapes seen in
sections with corresponding shapes in anatomical parts. Before discussing this further, we need to
consider the variety of planes in which histologic sections may be cut.

Histologic Sections: Planes of Section

A tissue sample or anatomic structure of greater length than width may be cut in any one of three
planes (Fig. 1-6). Thus, a cut that is parallel to the longest dimension produces a longitudinal sec-
tion, and a cut that is perpendicular to this plane produces a transverse (cross) section. Any cut
made at an angle between these two planes results in an oblique section. However, some body parts
and most cells are round in shape. A spherical structure cut through its middle produces a transverse
section, but if only its surface is grazed, a grazing section is obtained instead. Such a shaving from
arounded surface just touches and incorporates a tiny area of the surface, so it is alternatively known
as a tangential section (L. tangere, to touch).

Next, we shall consider how some representative body parts usually appear in sections, de-
pending on the plane of section.

What seems a single row of cells in one plane

may be part of an arrangement that is
more than one cell deep in another plane

Figure 1-5

Three-dimensional interpretation of
a section requires consideration of
what lay above and below the plane
of section.
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Figure 1-6. Various histologic planes
of section. Elongated structures may be
cut in longitudinal (A), oblique (B), or
transverse (C) section. Rounded
structures may be cut in transverse (D)
or tangential (E) section.

% __Interlobular
; i septum
Interlobular >
ducts
Interlobular
ducts
Figure 1-7

Low-power photomicrograph of a salivary gland (the submandibular) showing a lobule surrounded by fibrous septa, with
tubular ducts cut mostly in transverse or oblique section.

Figure 1-8

Planes of section of straight tubes. (4-C) Longitudinal sections, cut at various levels relative to the lumen. C does not
include the lumen. (D) Transverse section. (E) Oblique section.
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Figure 1-9
Planes of section of curved tubes. A and B include the lumen; C does not.

Microscopic Appearance of Tubes

Dissections indicate that the body abounds with tubes of various diameters. Many of the tubes ob-
served in histologic sections are blood vessels or their accompanying lymphatics (the tubes that
carry lymph). Furthermore, exocrine glands have ducts, i.e., conducting tubules for their secretions.
Ducts are prominent in the gland illustrated in Figure 1-7. Tubes are seldom difficult to recognize if
cut in transverse section, as in Figure 1-8D. But, if they are cut longitudinally (Fig. 1-8 A-C),
obliquely (Fig. 1-8E), or at a site where they curve (Fig. 1-9), the observer needs to think in three di-
mensions for their recognition as tubes.

Microscopic Appearance of Partitions

Most glands and glandular organs are supported by internal fibrous partitions made primarily of in-
tercellular fibers (see Fig. 1-7); such partitions are known as septa (L. saeptum, wall). Even if the
individual compartments of a subdivided gland have similar dimensions, some may appear larger or
smaller than others, depending on the plane of section. This effect is demonstrated by cutting or-
anges in different planes and observing the cut surface of their segments (Fig. 1-10).

Figure 1-10

An orange sectioned in different planes, showing its partitions. (A) Transverse
section. (B) Oblique section, (C) Longitudinal section (off-center). In B and
C. segments appear unequal in size.
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MACROMOLECULAR CONSTITUENTS OF CELLS

Besides containing water and ions, cells are made up of four major classes of organic constituents:
1) proteins, 2) carbohydrates, 3) fats (lipids), and 4) nucleic acids. Constituents (1) to (3) are con-
sidered here; nucleic acids are discussed in Chapter 2.

Proteins

Protein molecules are made up of one or more chains of amino acids, each amino acid having an
amino (—NH;) and a carboxyl (—COOH) group. Plants synthesize their amino acids and proteins
from nitrogen, carbon dioxide, and water, but animals are unable to do this and depend on dietary
proteins obtained either from plants or from animals directly or indirectly sustained by plants. Di-
gestion degrades proteins to their constituent amino acids. These are absorbed into the blood and car-
ried to body parts where cells incorporate them into their own proteins.

Proteins are doubly essential for cells. First, metabolic reactions (biochemical reactions that
maintain cell viability) are regulated by catalytic proteins known as enzymes. Second, an essential
constituent of every part of the cell is structural protein. For example, cytoplasmic microtubules
and filaments are assembled from structural protein subunits, and distinctive membrane proteins are
closely associated with phospholipid bilayers in the various membranes of the cell. Subdivision of
the cell interior by intracellular membranes makes metabolic reactions more efficient by segregat-
ing the enzymes, along with their substrates, in separate subcompartments.

Stored Carbohydrates

Hepatocytes convert excess blood glucose into glycogen. Because intracellular stores of this
polysaccharide remain unstained by eosin or hematoxylin, H&E-stained cells containing intracellu-
lar deposits of glycogen are characterized by empty-looking cytoplasmic spaces with ragged edges
(see Plate 1-18). The presence of glycogen in cells may be confirmed by the periodic acid-Schiff
staining reaction.

The periodic acid-Schiff (PAS) reaction is a two-staged histochemical procedure. First, the 1,2-glycol
groups present in polysaccharide chains are oxidized by periodic acid, yielding aldehyde groups. Then Schiff
reagent, which is decolorized basic fuchsin, is used to reveal the aldehyde groups, with which it forms a bright
magenta (purple) complex. Glycogen-storing hepatocytes stain positively with the PAS procedure.

Glycogen is not the only tissue macromolecule bearing polysaccharide chains. To confirm that a PAS-
positive constituent represents glycogen, an additional step is required. Because glycogen is susceptible
to digestion by salivary diastase, a control section is incubated with saliva before PAS staining to establish
whether this treatment extracted the reactive constituent from the section. Instead of indicating glycogen,
PAS staining unimpaired by previous diastase digestion indicates polysaccharide chains of glycopro-
teins or proteoglycans (and, to some extent, glycolipids). Thus, thyroglobulin (the macromolecular hor-
mone precursor synthesized and stored in the thyroid gland) is PAS positive (Plate 1-2) yet unextractable
with diastase because it is a glycoprotein. Plate 1-2 compares the colors typically obtained with H&E and
PAS staining.

Stored Fat (Lipid)

In H&E-stained sections, the cytoplasm of hepatocytes may also exhibit empty spaces of a different
kind. Unlike the ragged-edged, irregular spaces that characterize glycogen, such spaces are rounded
with smooth edges (Plate 1-3). They remain when droplets of fat, the other main storage product in
cells, become extracted during the dehydrating and clearing stages of the paraffin technique. An ex-
cessive content of fat droplets in hepatocytes, or a single large fat droplet, as in Plate 1-3, indicates
a fatty liver, a change usually brought on by heavy alcohol consumption.
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Fat extraction renders paraffin sections unsuitable for showing stored lipids. However, these
lipids are retained if frozen sections are prepared instead. Stored lipids may be demonstrated read-
ily in thawed frozen sections by using a fat-soluble stain, e.g., a Sudan dye (see Plate 1-3B).

LOCALIZATION OF SPECIFIC TISSUE CONSTITUENTS

Individual molecular constituents of tissues may be specifically localized by fluorescence or confo-
cal microscopy or through in situ hybridization.

Fluorescence Microscope

This microscope is equipped with an illumination source that emits some ultraviolet light. Appropriate op-
tical filters screen out all wavelengths that are unnecessary to elicit fluorescence in the preparation. The retina
is shielded from damaging ultraviolet light by a protective optical filter positioned below the eyepiece. This fil-
ter transmits visible light but blocks ultraviolet light.

Immunofluorescent Staining

Fluorescent dyes (e.g., fluorescein with green fluorescence or lissamine rhodamine with red fluorescence)
can be used to label and trace specific antibodies. Because a labeled antibody interacts specifically with its cor-
responding antigenic protein, a specific fluorescent-labeled antibody may be used to localize a given protein.
In direct immunofluorescent staining, a labeled antibody is itself used to localize the target protein. In indirect
immunofluorescent staining, fluorescent-labeled anti-immunoglobulin, directed against the unlabeled primary
antibody and produced in another species, is used instead. This indirect method is more sensitive because of the
total amount of antibody bound in the two stages of staining.

Confocal Microscope

The three-dimensional distribution of a specific constituent of a living tissue is more accurately established
by searching through a number of optical sections (optical planes analogous to CT scans of the tissue) with a
microscope capable of precise depth discrimination. The confocal microscope scans the tissue with a narrow
laser beam that is precisely focused to the appropriate depth. Whereas structural details that lie in the plane of
the scan are disclosed, details that do not lie within the thin focal plane of the scanning beam are not represented
in the image. The computer component of the confocal microscope can display compilations of serial optical
section images three-dimensionally, and fluorescence images recording the distribution of fluorescent markers
may be compared directly with the corresponding optical images.

Blotting Techniques and In Situ Hybridization

The specifications for the unique molecular structures of proteins typically pass from genomic DNA —
specific messenger RNAs (mRNA) — specific proteins (see Chapter 2). Availability of radioactive or fluores-
cent-labeled DNA fragments, oligonucleotides (synthetic probes), and specific antibodies enables the detection
of specific DNA sequences, expressed genes, or specific proteins in individual cells. Techniques widely used
for identifying cells that produce particular proteins include the following:

Northern Blots

Gene expression involves production of specific mRNAs. Under certain conditions, a single-stranded mRNA
molecule recognizes its complementary DNA sequence and selectively hybridizes with it. Single-stranded seg-
ments of labeled DNA accordingly are employed as DNA probes to detect the presence of complementary
mRNA strands, either in blots (Northern blots, Fig. 1-11) or in situ. Radioautographic detection of radioactivity
is described in Chapter 2. The specific DNA probe may be a DNA fragment prepared from the isolated gene, or it
may be synthesized in vitro from a gene-specific mMRNA template, using reverse transcriptase which produces sin-
gle-stranded ¢DNA (the ¢ denotes complementary or copy) representing genomic DNA minus its introns.
DNA:mRNA hybridization makes it possible to quantitate specific mRNA transcripts in cells, and thereby to es-
tablish which genomic DNA sequences are being transcribed. It detects specific gene expression in given cell types.
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Each of the strands in a DNA double helix can hybridize selectively with the complementary DNA strand.
The appropriate single-stranded DNA fragments, prepared by digestion with a restriction endonuclease and
suitably labeled, may therefore be used as a specific DNA probe (either in blots termed Southern blots, see
Fig. 1-11, or in situ) to detect the presence of the complementary sequence that exists in the other DNA strand.
If DNA:DNA hybridization occurs, it indicates the presence and relative quantity of a particular DNA sequence
(commonly, a specific gene sequence) in given cell types.

Western Blots

This technique discloses the presence of a specific protein. Labeled antibody, the specific probe, can de-
tect the individual protein in Western blots prepared from gels on which cellular proteins have been elec-
trophoretically separated (see Fig. 1-11). Specific antibody binding indicates the presence and relative quantity
of a particular protein in given cell types.
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RECOGNITION OF EXTRACELLULAR MATRIX AND BODY FLUIDS
IN SECTIONS

In addition to cells, some constituents of the extracellular matrix and certain body fluids may be rec-
ognized in sections. Earlier, we described the body as a supporting structure made of extracellular
matrix in which cells reside. However, the relative proportions of cells and extracellular matrix vary
in different parts of the body. Thus, the brain contains a colossal number of cells but only minor
amounts of extracellular matrix, and in life is soft and mushy, whereas bones and tendons are com-
posed mainly of strong extracellular matrix.

Extracellular constituents belong to two main categories. Constituents that are fibrous provide
strength and elasticity; constituents that are amorphous (i.e., gelatinous) hold water as tissue fluid.
Since the majority of extracellular constituents have minimal affinity for eosin, soft-tissue matrix ac-
cumulations such as partitions and capsules commonly appear pink or almost white in H&E-stained
sections (see Fig. 1-7). However, a few extracellular constituents, notably those present in cartilage
matrix proteoglycan, are slightly basophilic owing to their ionized sulfate groups. The important ex-
tracellular fluids are blood, tissue fluid, and lymph.

Blood is the essential body fluid circulating through blood vessels that delivers oxygen and nu-
trients to every part of the body. Leaving the heart through strong-walled arteries, it enters arteri-
oles supplying narrow, thin-walled capillaries. In the liver and a few other organs, arterioles supply
wider, thin-walled vessels known as sinusoids (visible as clear channels between hepatocyte rows
in Plate 1-1). The thin walls of capillaries enable oxygen and nutrients to diffuse readily into the ad-
jacent tissues. Liver sinusoids facilitate exchange of blood-borne substances by allowing blood
plasma, the fluid portion of blood, to contact the surface of hepatocytes. Blood is the easiest body
fluid to recognize in sections because it contains abundant blood cells and under normal circum-
stances is confined to blood vessels.

The fluid content of the gelatinous interstitial matrix surrounding small blood vessels is known
as tissue (interstitial) fluid. This essential body fluid enables oxygen and nutrients to diffuse to tis-
sue cells from the plasma inside capillaries, and it enables waste products to diffuse in the reverse
direction (see Fig. 4-1). Tissue fluid does not stain with eosin or hematoxylin because of its low
macromolecular content, but local accumulations of it may sometimes be recognized as wide, un-
stained extracellular spaces.

Lymph, the third body fluid, lies within a separate system of vessels known as lymphatic ves-
sels or lymphatics. Unlike tissue fluid, it often contains sufficient protein to stain a faint pink color
in H&E-stained sections. Lymph represents protein-containing tissue fluid that has collected in the
lymphatics and will be added back to the blood by way of lymphatic ducts that empty into veins at
the base of the neck.

Among the various features found in sections are some to be recognized and others that should
be avoided or ignored. No matter how much care is taken in preparing sections, a few are bound to
contain unwanted or unintended defects resulting from unfavorable conditions. Without the realiza-
tion that such defects (artifacts) are absent from living tissues, they may be perplexing, so we shall
outline the common ones and indicate their causes.

ARTIFACTS

When applied to histologic sections, the term artifact means a flaw caused by faulty technique (L.
ars; art; factum, made). The following artifacts are sometimes found in prepared sections.

Postmortem Degeneration

Postmortem degeneration resulting from inadvertent or unavoidable delay in tissue fixation is the usual
cause of substandard microscopic detail. The necessity for rapid and thorough fixation is discussed under Paraf-
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fin Sections. Unless cells are fixed immediately, oxygen deprivation liberates destructive enzymes that, during
life, are segregated from the remainder of the cell in membranous vesicles called lysosomes. The released en-
zymes digest cells from within (postmortem degeneration).

Shrinkage Artifact

Many of the reagents used for preparing paraffin sections cause marked tissue shrinkage. Uneven shrink-
age causes contiguous components to separate and creates the illusion that they are separated by empty spaces
(Fig. 1-124). Empty-looking spaces are always suspect because they may not have existed during life.

Precipitate

Any particles in sections should also be viewed with suspicion. For example, precipitates may form in tis-
sues fixed with formalin (i.e., formaldehyde solution) that is acidic because of insufficient buffering (Fig.
1-12B). Also, once exposed to acidic formalin, hemoglobin (the chief protein in red blood cells) may precipi-
tate as an artificial granular brown pigment (formalin pigment). Blood stains show a strong tendency to pre-
cipitate if drying occurs during staining.

— Shrinkage

Aeuniants

Figure 1-12
Artifacts frequently encountered in histological sections.
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Wrinkles or Folds
Sections can buckle or fold when they are being attached to slides (Fig. 1-12C).

Microtome Knife Nicks
In the cutting of embedded tissues, accidental nicks in the cuiting edge can produce straight lines across
the sections. The lines represent imperfections along which the structural detail is distorted (Fig. 1-12D).

Rough Handling

Inadvertent rough handling greatly distorts the microscopic appearance of tissues. Sites where the tissues
were pinched by forceps or crushed by dull scissors are shown in Figure 1-12E, which may be compared with
undistorted tissue in Figure 1-12F.

ELECTRON MICROSCOPY

An electron microscope is necessary for the observation of tiny structural details in cells and tissues
for the following reason. The amount of requisite separation between two adjacent details in the
specimen to allow these to be distinguished as separate features is known as resolution. The smaller
the distance between the tiniest discernible features in a light microscope (LM), the more detailed is
its image. However, details that are less than 0.2 yum apart cannot be distinguished as separate enti-
ties, even with a well-equipped LM. The critical distance of 0.2 um represents the limit of resolu-
tion of the LM, the maximal resolving power of which is restricted by the wavelength of light (the
source of illumination). Because of this absolute limitation, magnifications exceeding X 1,400 are
unobtainable with the LM,

The electron microscope (EM) uses an electron beam instead of light rays, and electromagnetic
coils instead of glass lenses. Generated electrons are first accelerated and then focused by the elec-
tromagnetic fields of these coils. The electron beam produced is of shorter wavelength than a light
beam, so it can achieve greater magnification and resolution. Modern EMs provide magnifications
of up to X50,000 or so, and this makes it possible to resolve biological details only 1 nm apart.

Transmission Electron Microscope

The type of EM used in most routine work is in some ways comparable to an LM. Its electron beam
is transmitted through the section, so it is called a transmission electron microscope (TEM). The
electron path is compared with the simplified light path of an LM in Figure 1-13 . Electrons emitted
by the cathode (generally a heated tungsten filament) are accelerated toward the anode by a large
voltage difference. The stream of electrons passing through a central aperture in the anode becomes
shaped into an electron beam by an electromagnetic condenser lens corresponding to that of an LM.
However, electrons cannot travel far unless they are in a high vacuum, and this limitation, along with
the fact that accelerated electrons are highly damaging, precludes use of the EM for studying living
cells. The electrons that remain unscattered by electron-blocking (electron-dense) regions of the
EM section reach the objective lens. The enlarged image that this lens produces is further magni-
fied by a projection lens corresponding to an LM eyepiece. The final image is projected onto a flu-
orescent viewing screen or the film for a transmission electron micrograph.

Preparation of TEM Sections

Tissue blocks are generally fixed in glutaraldehyde and postfixed in osmic acid. Following dehydration in
alcohol, they are transferred to propylene oxide, which is miscible with the resinous embedding medium. Be-
cause accelerated electrons do not penetrate deeply into tissues, TEM sections are extremely thin (60-80 nm).
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Figure 1-13
Imaging paths of the transmission and scanning electron microscopes and light microscope. Optical path of the light

microscope is inverted and simplified to facilitate comparison.

A hard embedding medium (e.g., an epoxy resin) is therefore necessary. The tissue block is infiltrated with the
unpolymerized resin and gentle heat is applied to harden the resin. Sections are cut on a plate glass edge or di-

amond knife, mounted on a device called an ultramicrotome, Salts of metals with high atomic numbers (heavy

metals) are suitable EM stains because such metals scatter electrons and therefore appear electron-dense. Com-

ponents of cells and tissues have varying affinitics for heavy metals, and this selective uptake increases contrast

in the image. The metals commonly used are osmium (as osmic acid, which acts as a stain as well as a fixative),
i QR asasaie), whvrd s rad wydauide)),

Transmission Electron Micrographs
The energy of the accelerated electrons reaching the fluorescent screen of a TEM is converted into visible

light. A more permanent record is obtained when this energy acts on a photographic emulsion to produce sil-
ver grains. Printing of such EM negatives as enlarged electron micrographs not only discloses fine details in
the image but also leads to the reversal of black and white. Parts of an EM section that scatter electrons appear
white in EM negatives because insufficient electrons remain in these areas for grain formation in the emulsion.
The same areas are reversed to black when the negatives are printed. Hence, the black regions in printed elec-
tron micrographs represent the electron-dense regions in EM sections.

Whereas focusing up and down helps to show whether a given component of an LM section lies in a dif-
ferent plane from another, everything in an EM section lies in a single plane of focus, a limitation that should
always be taken into account in interpreting transmission electron micrographs. Furthermore, in contrast to the
complete disclosure of entire cells by two or three LM sections, approximately 400 EM sections are required

to achieve this end.
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Figure 1-14

Scanning electron microscopes can
reveal nuclear and cytoplasmic
membranes of cells in three
dimensions (chondrocyte, > 12,000).

Scanning Electron Microscope

Knowledge of the fine structure (ultrastructure) of cells and tissues largely depends on availability of the
relevant transmission electron micrographs. However, in cases where surface features are more relevant than
internal structure, a scanning electron microscope (SEM) may be used (see Fig. 1-13). It is not necessary for
the electron beam of the SEM to pass through the specimen. Instead, it scans the surface. Retlected electrons
and secondary electrons emitted from the thin heavy metal coating applied to the specimen’s surface are con-
verted into electrical signals that provide a televised image of the scanned surface. Photographic prints of these
images (scanning electron micrographs) show surface projections and recesses much as they would be seen
in three dimensions (Fig. 1-14).

Electron Microscopic Measurements

Electron microscopic measurements are metric. One micrometer (pm) represents 0.001 mil-
limeter, and | nanometer (nm) (Gk. nanos, dwarf) represents 0.001 pm (i.e., one millionth of a mil-
limeter). The Angstrom unit (A), formerly used, represents 0.1 nm; hence 1 nm = 10 A. EM sec-
tions, which are much thinner (60 to 80 nm) than LM sections (5 to 8 um), are sometimes referred
to as thin sections.

Summary

Histology relates the microscopic structure of cells and tissues to tissue functions. The four ba-
sic tissues are epithelial, connective, nervous, and muscle tissue. The body is made up of cells, ex-
tracellular matrix, and body fluids.

The basic parts of the cell are the cytoplasm, which surrounds the nucleus and is bounded by the
cell membrane, and the nucleus, which contains chromatin and a nucleolus and is bounded by the
nuclear envelope. Cells contain structural and enzymatic proteins, generally with some stored
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carbohydrate (PAS-positive glycogen) or stored lipid (which becomes extracted from paraffin sec-
tions but is retained in frozen sections).

Some constituents of the extracellular matrix form fibers, providing strength and elasticity; the
others are amorphous and hold tissue fluid. The chief body fluids are 1) blood, which consists of
plasma and cells and circulates in vessels; 2) tissue (interstitial) fluid, which occupies intercellular
spaces and permits nutrients, gases, and metabolites to exchange between the blood and tissue cells;
and 3) lymph, which is excess protein-containing tissue fluid collected by lymphatics.

Hematoxylin, a blue basic stain, is positively charged (cationic), whereas eosin, a red acid stain,
is negatively charged (anionic). However, the colors that these two stains impart are essentially non-
specific indicators of chemical composition. Basic (positive) stains bind to multiple PO, groups on
nucleic acids, and, to a lesser extent, multiple SO;™ groups on certain interstitial matrix macro-
molecules. Acid (negative) stains bind to positive sites (e.g., NHz ™) on fixed proteins.

The histologic planes of section are longitudinal, transverse, oblique, and grazing (tangential).
Distinguishable arrangements in sections include tubules, partitions, and rows of cells, but their
recognition may require thinking in three dimensions.

Increasing magnification diminishes the field of view. The amount of detail seen increases with
LM magnifications up to X 1,400 or so. LM sections are 5 to 8 pm thick (1 pm = 0.001 mm). Max-
imal resolution of the LM is 0.2 um; for greater resolution an EM is required.

The transmission EM, with magnifications up to X50,000, is capable of resolving details 1 nm
apart (1 nm = 0.001 gm). EM sections, 60 to 80 nm thick, are stained with heavy metals, which scat-
ter electrons. Black areas in electron micrographs are electron-dense, and everything in an EM sec-
tion focuses in a single plane.
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CHAPTER 2

(ell Nucleus

OBJECTIVES

The contents of this chapter should enable you to do the following:

Describe a cell nucleus and nucleolus and state their functions

L]

Discuss the composition and functional properties of two different forms of chromatin

Explain what is meant by a cell cycle

Outline the body’s various arrangements for cell renewal

Describe four stages of mitosis

Define diploid, haploid, polyploid, and aneuploid

Differentiate between mitotic cells and any dead cells also present in a section

Within each typical body cell is a distinct compartment called the cell nucleus, the contents of which
are segregated from the cytoplasm by a double-limiting membrane known as the nuclear envelope
or nuclear membrane. Serving as a master control center, the nucleus contains almost all the cell’s
deoxyribonucleic acid (DNA); however, a small proportion of DNA in slightly different form is also
present in the mitochondria. The DNA stored within the nucleus is essential to the cell because its
genes encode the amino acid sequences of the various proteins that the cell must produce to stay
alive. Furthermore, the nucleus is the part of the cell where the process of decoding these genetic in-
structions begins.

Each newly formed cell requires an entire set of genes. Before dividing, the mother cell there-
fore has to replicate all the DNA molecules present in its nucleus. Both of the progeny cells from the
usual kind of division (mitosis) receive the same full complement of DNA that in the previous divi-
sion was passed on to their mother cell. But in meiosis, which is the special division process that
produces germ cells for reproduction, only half the usual amount of DNA enters each germ cell, and
the full complement of DNA necessary for the next generation is attained upon fertilization. Mito-
sis, which is relatively uncomplicated, is described in this chapter. Because meiosis is more com-
plex, it is appropriately described in the context of female reproduction (see Chapter 17).

Mitosis represents only a short proportion of a cell’s total lifespan. Over the remainder, typical
cells carry out useful functions for the body as a whole. We shall first consider nuclear appearance
when such activities are in progress.

2
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NUCLEAR ORGANIZATION

Figure 2-1 illustrates the nucleus of hepatocytes in H&E-stained sections, observed under oil im-
mersion. At the nuclear boundary, a bluish-purple line indicates the position of the nuclear enve-
lope or nuclear membrane. The one or more large, deeply stained masses within the nucleus are
nucleoli, and the many small, dark-staining granules are chromatin. Dark bluish-purple staining of
these components indicates an abundance of nucleic acids.

The nucleolus has a conspicuous appearance in large nuclei that have well-dispersed chromatin.
A few such nuclei may exhibit two or more nucleoli (see Fig. 2-1, cell at right), whereas other nu-
clei appear to lack nucleoli because these are not represented in the plane of section. In most cases,
however, the nucleolus appears as a single rounded and darkly stained mass. Its deep basophilic
staining is chiefly due to nucleolus-associated chromatin (see Fig. 2-2). Small nuclei usually contain
so much condensed chromatin that it obscures the nucleolus in LM sections (see Fig. 2-1, lining cell
of sinusoid).

The above features are common to most nuclei. However, shapes, sizes, and numbers of nuclei are not
identical in all cell types, and this variability is sometimes useful for cell identification. Most cells possess a
rounded, loosely packed nucleus resembling that of a hepatocyte, but some have a relatively small nucleus with
tightly packed contents, as for example in the cells lining the blood spaces (sinusoids) of the liver. A few kinds
of cells possess a nucleus of distinctive shape, e.g., neutrophils, which are white blood cells with a deeply in-
dented (segmented) nucleus (see Fig. 6-5). Occasionally, certain cells that ordinarily possess a single nucleus
acquire a second one, thereby becoming binucleated (e.g., a minority of hepatocytes and muscle cells in the
heart). Certain other cell types always have several nuclei (i.e., more than two) and so are described as multi-
nucleated, ¢.g., osteoclasts (cells that erode bone) and skeletal muscle cells. A few cell types have a single nu-
cleus that is exceptionally large because it contains multiple amounts of DNA, e.g., megakaryocytes (the cells
that produce blood platelets) and a small proportion of hepatocytes (see Fig. 2-208). Finally, two cellular ele-
ments of blood possess no nucleus at all—red blood cells (erythrocytes) and blood platelets (the cytoplasmic
fragments of megakaryocytes) persist for some time without a nucleus, but lack the nuclear DNA necessary for
continuing protein synthesis and do not divide.

Genetic Sequences

Precise specifications exist for synthesizing proteins. With the exception of a few mitochondrial pro-
teins, their molecular structure is specified by nuclear DNA sequences called genes. An example of
a gene would be a series of DNA base sequences that collectively specify the amino acid sequence

Chromatin

Nucleolus

Nuclear envelope
(membrane)

Lining cell
of sinusoid

Figure 2-1
Light microscopic appearance of interphase nuclei, showing their chromatin granules and abundant extended chromatin
(hepatocytes, H&E). Hepatic sinusoid-lining cells have nuclei that are packed with condensed chromatin.
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Nucleolus-associated chromatin
chromatin

Extended chromatin

Extended chromatin
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(condensed)
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QOuter membranes of
nuclear envelope
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Figure 2-2
Electron micrograph of an interphase nucleus (hepatocyte, X 14,000). (/nser) Nuclear envelope seen under higher
magnification. Arrows indicate nuclear pores.

of a constituent polypeptide of a protein. A more comprehensive definition of a gene is a series of
nucleotide base sequences arranged along the same nucleic acid molecule (DNA in every case ex-
cept retroviruses) that collectively encode a functional RNA molecule. Although each DNA
molecule contains a great deal of genetic information, it does not consist entirely of genes. Stretches
of genetically meaningless DNA can lie between one gene and the next, and in many cases irrele-
vant nucleotide sequences are interposed within the gene sequence itself. The amino acid-specify-
ing segments of such a “discontinuous” gene are termed exons because they are expressed by the
cell. The extraneous interrupting sequences are termed introns because they are physically included
among the gene sequence, even though they are not expressed. Within the nucleus, each DNA
molecule is coiled, supercoiled, and looped in an elaborate manner so as to constitute a thread-
shaped structure called a chromosome. During mitosis (Gk., thread-like condition), each chromo-
some becomes microscopically visible as an individual thread that stains intensely with hematoxylin
(Gk. chroma, color; soma, body). During the greater part of the cell’s lifespan, however, chromo-
somes are typically indistinguishable as separate entities because they exist in a partly condensed
and partly extended state that gives them the collective appearance of chromatin granules instead
of individual threads. Moreover, most extended regions of chromosomes represent sites where ge-
netic instructions are being used for protein synthesis, as we shall now describe.

Protein synthesis occurs in two stages. First, the information content of a gene is transcribed
(copied) from DNA. This process, which occurs within the nucleus, produces a coded intermediate
message, composed of the bases that make up RNA. The coded RNA message then reaches the cy-
toplasm, where its instructions are translated (decoded), directly specifying the amino acid se-
quence of the polypeptide being synthesized. The two stages of protein synthesis are discussed in
more detail later in this chapter.

Different cell types express different combinations of genes, even though all cell types (in any
given species) possess the same genetic information encoded in their DNA. In other words, the same
gene complement becomes expressed in a variety of ways. Furthermore, acquisition of new struc-
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tural or functional characteristics by a cell commonly reflects change in regulation of gene expres-
sion. Genetically regulated acquisition of specialized structural or functional attributes is termed cell
differentiation. Successful manipulation of differentiation depends on an understanding of how se-
quential gene activation leads to differentiation.

Nuclear Envelope

The nuclear envelope is the limiting structure that compartmentalizes the contents of the nucleus,
segregating them from the cytoplasm. Readers who are not familiar with the fine details of nuclear
structure should compare Figure 2-2 with Figure 2-1, which shows the appearance of comparable
nuclei at the LM level. Intense basophilia of the nuclear periphery is due to adherent chromatin,
which is known as peripheral chromatin because of its peripheral position (Figs. 2-2 and 2-3). The
nuclear envelope is too thin to be resolved with the LM. The EM shows that it is a double structure
composed of two membranes (hence the name envelope) with a narrow intermembranous space (see
Figs. 2-2, inset, and 2-3). The nuclear envelope is also provided with unique bidirectional access
sites called nuclear pores, and its inner membrane is reinforced by a thin, finely fibrillar nuclear
lamina. This membrane-supporting layer is made up of three polypeptides, called lamins, that are
arranged as a meshwork of fine filaments (intermediate filaments, see Chapter 3). Peripheral chro-
matin adheres to the inner aspect of the nuclear lamina. The outer membrane of the nuclear envelope
is studded with electron-dense particles called ribosomes; it is continuous with a cytoplasmic mem-
branous system termed the rough-surfaced endoplasmic reticulum, described in Chapter 3. More
information on the electron microscopic appearance and structure of membranes in general may be
found in Chapter 3, under the heading Cell Membrane.

Lumen of
rough-surfaced
endoplasmic reticulum

Nuclear pore

Ribosomes

Inner and outer membranes
of nuclear envelope

Nuclear lamina

Peripheral chromatin

Figure 2-3
Interconnections between nuclear envelope and rough-surfaced endoplasmic reticulum. Inner and outer membranes of the
nuclear envelope are continuous with each other around perimeters of nuclear pores.
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unstained regions of the nucleus. Hence, the unstained background represents the site where DNA
is being transcribed; it contains extended chromatin, nucleoproteins, and the three forms of RNA
(which are described later in this chapter). When a cell is not dividing, some of the nucleoproteins
serve as attachment sites for DNA, and others are associated with enzymes that participate in DNA
transcription and replication. Such proteins and the nuclear lamina to which they are attached there-
fore have skeletal, transcriptional, and/or replicative roles and are recognized as functionally im-
portant components of the supporting framework of the nucleus, which is known as the nuclear
matrix or nucleoskeleton.

Further cell differentiation and hormonal induction of gene expression involve a changing of
position of chromosomal gene-bearing domains within the nucleus. This repositioning brings the
chromosomal domains with genes that are to be transcribed into close apposition with nuclear pores
and the nuclear lamina.

DNA Codons

The two long polynucleotide chains of each DNA molecule are intertwined, forming a double helix
(Fig. 2-5). The backbone of each chain is made up of alternating phosphate and deoxyribose sugar
groups; a nitrogenous base extends as a side chain from each sugar group toward the interior of the
double helix. The four bases of DNA are represented in Figure 2-5 as A for adenine, T for thymine,
C for cytosine, and G for guanine. A salient feature shown in this diagram is specific obligatory
pairing of bases in one chain with complementary bases in the other: adenine (A) always pairs with
thymine (T), and cytosine (C) always pairs with guanine (G). As we shall see, precise matching of
these complementary base pairs, known as complementary base pairing, enables an exact replica
of each DNA molecule to be synthesized when DNA replicates.

Figure 2-5
Two polynucleotide chains constitute the double helix of the DNA molecule. Obligatory base pairing
occurs between A (adenine) and T (thymine), and also between G (guanine) and C (cytosine).
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Nuclear DNA has genetic instructions for maintaining the cell’s various vital functions. Genetic
information is essentially a compilation of short code words that lie discontinuously encrypted in an
immensely long, jumbled string of words. The interrupted, linear gene sequences in DNA are made
up of triplet codons (code words) each composed of three bases. In most cases, gene sequences spec-
ify amino acids and their order of incorporation into polypeptides. At least one codon exists for each
amino acid.

Interphase DNA Organization

Although chromosomes are condensed and recognizable at mitosis, without special methods they are
unrecognizable as separate entities during interphase. This is because in interphase they exist in a
partly extended and partly condensed state that results in the overall appearance of chromatin gran-
ules. Chromatin is a macromolecular complex, composed mostly of DNA together with histones,
gene-regulatory proteins, and a small, variable proportion of RNA. Granules of condensed chro-
matin (see Fig. 2-2) are electron-dense aggregates of the chromosome regions that are not being
transcribed. Extended chromatin, which is less electron-dense, is characterized by narrow chro-
matin fibers with a diameter indicative of several orders of DNA coiling. The organization of these
fibers is conceptualized as the DNA double helix (2 nm wide) wound over a series of tiny spool-like
structures called nucleosomes. The string of nucleosomes is coiled into a superhelix (30-nm wide)

with the EM appearance of a chromatin fiber.

The currently accepted way in which the DNA is arranged in a chromatin fiber is shown in Figure 2-6.
During mitosis, DNA is maximally compacted by tight looping and winding of the chromatin fiber, with the re-
sult that the long DNA molecule becomes accommodated by a relatively short, rod-like structure, the mitotic
chromosome (Fig. 2-6, top).

Helical winding of the DNA molecule for two turns around the spool-like cores of nucleosomes achieves
the first order of compaction. The core of each nucleosome is an octamer of four different histones; the fifth hi-
stone sequentially interconnects each adjacent nucleosome, stabilizing the distinctive linear array. These levels
of organization characterize condensed and extended interphase chromatin, including chromatin that is tran-
scriptionally active. The second order of compaction of interphase DNA is due to supercoiling of the chromatin
fiber. In this configuration, called a solenoid, approximately six nucleosomes constitute each helical turn. In
addition, looped domains of chromatin fiber with the supercoiled (solenoidal) configuration are present in both
interphase chromatin and mitotic chromosomes. During DNA synthesis, these loops replicate as discrete enti-
ties when reeled through replication complexes bound to the nuclear matrix. Their average length and numbers
indicate that most of them are sites of more than one gene. Such loops are observable in suitably prepared mi-
totic chromosomes (see Fig. 2-19). Their proximal ends are anchored in the supporting framework (chromoso-
mal scaffold) by DNA topoisomerase II, one of the enzymes involved in chromatin compaction.

In any given cell type, certain genes are not expressed. All the cell’s genes nevertheless have to
be copied when the nuclear DNA replicates in preparation for cell division.

DNA Replication

When DNA replicates, DNA topoisomerase I produces a temporary nick in a DNA strand. This en-
ables a short length of the double helix to unwind at a time. Each unwound portion of polynucleotide
chain then acts as a template for DNA polymerase-mediated polymerization of a complementary
new strand alongside it. The base sequence of the newly formed strand is complementary to that of
the template strand. In each double-stranded DNA molecule produced, one strand is obtained di-
rectly from the original molecule and the complementary strand is synthesized anew.

Sequential mismatch proofreading mechanisms enable cells to detect most DNA replication
errors (i.e., DNA base-pairing mistakes) and then rectify them. Also, base excision-repair and nu-
cleotide excision-repair mechanisms are able to excise and replace DNA segments that are defec-
tive (e.g., DNA segments damaged by ultraviolet light, ionizing radiation, reactive metabolites, or
other mutagenic agents). In some species, DNA polymerase itself possesses intrinsic proofreading
capabilities. DNA base-pairing errors that are left unrectified are known as mutations.

Nuclear DNA replicates several hours before mitosis so each thread-like mitotic chromosome
contains rwe complete DNA molecules. DNA synthesis is discussed further under Cell Cycle.
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Figure 2-6
The several orders of DNA coiling and compaction in interphase chromatin and mitotic chromosomes.

Radioautographic Detection of DNA Replication

One strand of each replicating DNA molecule is synthesized anew from deoxyribonucleoside
triphosphates. Cells that incorporate such DNA precursors are therefore undergoing DNA synthesis.
If one of the DNA precursors is radioactively labeled, cells that are undergoing DNA synthesis may
be specifically identified through use of an applied histological technique called radioautography.
The deoxyribonucleoside thymidine is the precursor used because it becomes incorporated solely
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into DNA. Tritiated thymidine (thymidine labeled with tritium, a radioisotope of hydrogen) is used
almost universally for radioautographic detection of DNA synthesis. Silver grains are found over the
chromosomes of cells that have incorporated this precursor, as labeled thymine, into their new DNA
strands and then entered mitosis (see Fig. 2-7B). More often, however, grains are found over nuclei
of cells that have incorporated labeled thymine into their DNA but have not yet entered mitosis (see
Fig. 2-7A).

Radioautography has been helpful for establishing cell lineages and has facilitated our detailed
understanding of certain cell functions.

In general, cells handle low concentrations of radioisotopes (or radioisotope-labeled precursors) in simi-
lar ways to the unlabeled molecules. Sites of incorporation of radioactivity into tissues are established with ei-
ther the LM or the EM (depending on the resolution required) by applying a coating of photographic emulsion
because ionizing radiation affects the emulsion in the same manner as light.

The coated preparations are stored for several weeks in the dark to permit ionizing radiation to act on
silver bromide crystals in the emulsion. Following the usual course of photographic developing and fixing,
radiation-affected crystals appear in the LM as characteristic black dots (grains) that lie above sites from which
radiation emanated (Fig. 2-7). Such preparations are called radioautographs (Gk. radio, ray-like; autos, self;
grapho, to write). The grains indicate sites of incorporation of the radioisotope (Fig. 2-7, top).

The next section outlines the roles of DNA and RNA in protein synthesis.

Silver grains formed here

Figure 2-7
Tritiated thymidine incorporation in S phase (nuclear DNA replication) is
readily detectable by radioautography.

Seen over interphase &
nucleus A
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TRANSCRIPTION AND TRANSLATION

RNA molecules resemble DNA molecules, except that 1) the sugar groups of RNAs are D-ribose,
not 2-deoxy-D-ribose as in DNA, and 2) the base uracil of RNA replaces the base thymine of DNA.
Furthermore, RNA exists in three distinct forms known as messenger RNA, ribosomal RNA, and
transfer RNA, all with essential roles in protein synthesis.

Complementary base pairing during DNA replication ensures that a T is incorporated wherever
an A is present in the template strand. Likewise, a G is added wherever there is a C, an A wherever
there is a T, and a C wherever there is a G. Complementary base pairing occurs also in DNA tran-
scription (information copying from DNA to RNA). DNA needs to be in its extended (euchromatin)
configuration to be transcribed. Moreover, the information for any given gene is confined to a sin-
gle strand of the DNA double helix (Fig. 2-8); the apposed strand conveys only complementary

Figure 2-8
One polynucleotide chain in the DNA double helix acts as the template during its
transcription into RNA.
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information. A key difference between DNA replication and gene transcription is that during com-
plementary base pairing, RNA incorporates the base uracil (U) in place of thymine (T). The base
composition of RNA is therefore C, G, A and U, and where A is present in transcribable DNA,
U becomes incorporated into the transcript (Fig. 2-9).

Messenger RNA

The amino acid sequence of each constituent polypeptide of a protein is specified by a series of
three-nucleotide codons that lie along the length of a DNA strand. In some cases, the codon series is
interrupted, i.e., discontinuous. To convey specifications from the nucleus to the cytoplasm, which
is where protein molecules are synthesized, the information encoded in DNA is copied (tran-
seribed) into a form of RNA called messenger RNA (mRNA). The other forms of RNA collabo-
rate in polypeptide synthesis according to the specifications transcribed into mRNA.

Messenger RNA Processing

Some genetic sequences are interrupted by several irrelevant series of base sequences. The scattered
intervening nongenetic groups of nucleotide sequences are known as introns. The newly transcribed
RNA molecules, which are termed precursor RNA molecules or primary RNA transcripts, may
therefore contain extraneous and gene-encoded sequences (Fig. 2-10). The intron-encoded extrane-
ous segments are excised. The remaining segments (exons) are then spliced together to form a con-

DNA RNA

Figure 2-9

When one polynucleotide chain in the DNA double helix becomes transcribed into RNA, uracil
(U) becomes incorporated into the polymerizing RNA molecule at sites where adenine (A) lies
along the DNA template.
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Figure 2-10

In mRNA processing, intron-coded sequences are excised from the primary mRNA transcripts. (/) An intron-coded
sequence interrupts the genetically encoded sequence. (2) Discontinuous parts of the genetically encoded sequence become
closely approximated through lateral looping of the intron-coded sequence. (3) The intron-coded sequence is excised.

(4) Discontinuous parts of the genetically encoded sequence become spliced together, producing the mature mRNA
molecule.

tinuous linear series, producing a mature mRNA molecule. This RNA processing occurs inside the
nucleus prior to translation.

From the nuclear compartment of the cell, mRNA molecules pass to the cytoplasm, where their
genetic information is decoded. The polypeptides they specify are assembled on ribosomes, which
are nonmembranous cytoplasmic organelles consisting largely of ribosomal RNA.

Ribosomal RNA

A ribosome is a cytoplasmic electron-dense particle made up of a large subunit and a small subunit,
each composed of ribosomal RNA (rRNA) complexed with protein as ribonucleoprotein. The RNA
istranscribed (in precursor form) from genes found only in the nucleolus. Its base composition is not
variable as in mRNA because its role in protein synthesis is not specific to any particular protein. Ri-
bosomes provide the necessary sites for assembling amino acids into proteins according to the in-
structions on mRNA. For assembly to proceed, however, the third form of RNA, transfer RNA, is
also necessary.

Transfer RNA

Each transfer RNA (tRNA) possesses 1) a recognition site for one of the 20 amino acids and 2) a
codon that specifically recognizes the complementary codon in mRNA (Fig. 2-11). The unique
molecular structure of tRNAs enables them to match the amino acids they transfer to the nucleotide
‘sequence present in mRNA.

Polypeptide Assembly

The nucleotide sequence of mRNA is translated in the cytoplasm. Here, a small ribosomal subunit
binds to the 5' end of the mRNA, then a large ribosomal subunit locks onto the small subunit. When
the mRNA passes between the two subunits, much as thread passes through the eye of a needle, its
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A. Transcription in nucleus

DNA

B. Translation in cytoplasm

mRNA
molecule

tRNA molecule
(released)

Polypeptide (forming)

Figure 2-11
Simplified schematic diagram of transcription (A) and translation (B). Amino acids assembling in the order transcribed
from a gene to mRNA are represented by blocks.

encoded information becomes translated. The leading (i.e., 5') end of the mRNA progressively
reaches other ribosomes so it is common to find a number of ribosomes spaced fairly regularly along
the molecule. Such an arrangement is termed a polysome (short form of polyribosome).

As a consequence of tRNA-mediated complementary base pairing, each ribosome assembles
amino acids in the order specified by the mRNA. A number of identical polypeptide chains can be
assembled concurrently, one by each ribosome through which the mRNA passes. As soon as the
amino acids become incorporated, their tRNAs are released and reused. Also, the same ribosomes
are used repeatedly in the synthesis of different proteins. Further details about protein synthesis may
be found in Chapter 3 in the sections on Ribosomes and Rough-Surfaced Endoplasmic Reticulum.

Hence, transcription occurs on extended chromatin in the nucleus, and translation takes place
on ribosomes in the cytoplasm.

Next, we consider where rRNA is formed and discuss how it becomes incorporated into ribo-
somes.
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NUCLEOLUS

Ribosomal RNA is transcribed exclusively in nucleoli. Indeed, cells that are actively synthesizing
proteins may often be recognized by the fact that their nucleoli appear large and prominent. Within
each nucleolus, multiple copies of nucleolar genes, i.e., the genes that code for rRNA, lie on five
different chromosomes in regions called nucleolar organizers. More than one nucleolus may there-
fore be present within the same nucleus. In most cases, however, only one or two large nucleoli are
found in each cell. This is because the nucleolar organizer regions of the five chromosomes have a
tendency to associate with one another, with the result that their gene product, rRNA, aggregates into
one or two confluent masses.

Suitable special preparative techniques reveal nucleolar genes undergoing transcription. In Fig-
ure 2-12, numerous rRNA molecules (in precursor form) are being transcribed from nucleolar genes,
which lie in a long, repetitive series along the DNA. As visualized by this technique, each tran-
scriptionally active gene resembles a Christmas tree, the branches of which represent forming rRNA
precursor. Short branches represent the precursor at an early stage of synthesis; longer ones are near-
ing completion. The rRNA precursor is processed into smaller molecules that become associated
with protein and are incorporated into ribosomal subunits as ribonucleoprotein,

The appearance of the transcription product of nucleolar genes is helpful in interpreting the in-
ternal organization of the nucleolus.

Fine Structure of Nucleolus

In EM sections, the nucleolus typically appears as a moderately distinct, sponge-like network of
electron-dense material (Fig. 2-13). It lies free in the interior of the nucleus, with no limiting mem-
brane. Most of its electron-dense material has a granular appearance (see Fig. 2-13, upper left) and
hence is termed the pars granulosa. This component represents an accumulation of rRNA-contain-
ing ribonucleoprotein particles, which subsequently leave the nucleus and become incorporated
into ribosomes. The other main component of the nucleolus is a condensation of fine, tightly packed
filaments collectively known as the pars fibrosa. This electron-dense component is newly
transcribed rRNA still unassociated with protein. More difficult to discern in EM sections are
slightly lighter-staining regions (labeled nucleolar organizer in Fig. 2-13) enclosed within the

. Transcription
of one nucleolar
gene starts here —
rBNA molecules are
beginning to be
synthesized

2. Transcription of the nucleolar
gene ends here — synthesis of
these rANA molecules is now
finished

3. Spacer DNA between this nucleolar
gene and the next one

4. Next nucleolar gene starts here

Figure 2-12
Electron micrograph of rRNA transcription from nucleolar genes and interpretive diagram (nucleolus isolated from a newt
oocyte, X25,000).
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Pars granulosa

Pars fibrosa

-~ Nucleolar
organizer

Figure 2-13
Electron micrograph of a nucleolus (mouse voeyte nuclens, X26,000). Filamentous electron-dense material (the pars
fibrosa) encloses the nucleolar organizer regions, The pars granulosa has a distinctive granular appearance.

electron-dense filamentous regions. These paler regions represent the nucleolar organizer regions
of the chromosomes with nucleolar genes. Furthermore. each nucleolar gene (present as multi-
ple copies in the extended chromatin in these regions) would correspond to a Christmas tree (see
Fig. 2-12) with lateral branches (precursor rRNA molecules) that collectively constitute the pars
fibrosa. When a cell undergoes mitosis (soon to be described), its nucleolus disappears in late
prophase. Nucleoli reappear in the daughter cells by late telophase.

In the next part of the chapter, we consider dividing cells with their prerequisite period of DNA
replication.

CELL CYCLE

A cycle is a sequence of events that occurs repeatedly. The concept that the life history of cells is es-
sentially cyclical comes from studying cell types that divide repeatedly at regular intervals (cycling
cells).

The life history of the cell, termed the cell ¢ycle, is broadly divided into 1) mitosis, the stage of
cell division, and 2) interphase, the stage between divisions (Fig. 2-14A). During one part of inter-
phase, the cell replicates its nuclear DNA, producing a full gene complement for each of its daugh-
ter cells. The DNA replication period is determined radioautographically using tritiated thymidine.
In mouse cells growing under in vitro conditions that keep them in cycle, the period of nuclear DNA
synthesis, known as the S phase of the cell cycle (S for synthesis), begins about 8 hours after mito-
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Mitosis

A Interphase

Figure 2-14
The cell cycle. (A) Mitosis and interphase. (B) Subdivisions of interphase.

sis and lasts 7 to 8 hours. The interval of 8 hours or so between mitosis and S is designated G, (G
for gap), the first gap in the cell cycle. Another interval follows between the S phase and mitosis.
This second gap, called G, lasts 4 hours or so in such cells. Hence, interphase consists of G, S, and
G». An entire cell cycle is made up of the three stages of interphase plus mitosis (M), the shortest
stage of the cycle, which takes 1-1.5 hour. Individual cell lines obtained from different species show
considerable variation in duration of the cell cycle and length of its constituent stages, especially Gy,
but cell cycle parameters remain fairly constant for any given cell line.

The situation is somewhat different in cells that carry out specialized functions for the body, be-
cause such cells generally are not in active cycle. Specialized functions are commonly performed by
cells that are in an extended G, phase. The highest level of specialization, however, commonly re-
quires that cells relinquish all capacity for further proliferation, so some highly differentiated cells
have left the cell cycle and never return,

Not all the cells in a tissue specialize, however. Relatively undifferentiated cells may remain
that are capable of dividing and producing specialized cells. Most of these unspecialized cells are
not in active cycle. After leaving the cell cycle in G, they stay out of cycle until it becomes nec-
essary for them to participate in producing specialized cells. This noncycling condition, which of-
ten lasts indefinitely but is not permanent, is termed the Gy, state (the o denotes that the cells are out
of cycle). Since cells entering Gy can be triggered back into cycle, they retain the potential for mi-
tosis.

CELL RENEWAL

There is some truth in the generalization that in becoming highly specialized, cells may lose their
capacity for proliferation. Unless replaced, however, specialized cells become depleted. In some in-
stances, marked destruction or heavy losses stimulate the proliferation of less highly differentiated pro-
genitors, which respond by going into cycle and generating the required numbers of specialized cells.

The body’s various cell populations may be broadly classified according to their capacity for
cell renewal, in the following manner.

R
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Nonrenewing Populations

Some highly differentiated cells have entirely relinquished all capacity for mitosis, with serious con-
sequences for those tissues that lack alternative ways of replacing their specialized cells. Adult car-
diac muscle cells do not undergo renewal and therefore belong to this category.

Continuously Renewing Populations

Tissues that sustain major daily depletion of highly differentiated cells depend on continuous re-
newal to balance the deficit. Because of extreme specialization, however, these cells do not divide.
Instead, less highly differentiated progenitor cells, produced in large numbers throughout life, gen-
erate the specialized cells that are needed.

Another class of cells present in this population category retains a comparatively undifferenti-
ated state throughout adult life. These incompletely differentiated cells are mostly in the Gy state.
However, they can be triggered back into cycle at any time by cell depletion or heavy demands, and
because they can give rise repeatedly to daughter cells whenever the need arises they are termed
stem cells. Their daughter cells can either 1) differentiate further into progenitors of specialized cells
or 2) remain undifferentiated as stem cells, maintaining the pool of stem cells through self-renewal.
Under steady state conditions, mammalian stem cells undergo self-renewal divisions and differen-
tiative divisions in roughly equal proportions. Most divisions (of either type) are symmetrical, i.e.,
one daughter cell is at the same stage of differentiation as the other. Some stem cells give rise to spe-
cialized cells of more than one type. Such stem cells are described as pluripotential or multipo-
tential to indicate that several or many alternative differentiation pathways exist for their daughter
cells. In contrast, unipotential stem cells are restricted to the production of a single specialized cell
type. Continuously renewing populations derived from multipotential and pluripotential stem cells
include the various types of blood cells and the gastrointestinal epithelium. In contrast. spermatozoa
constitute a cell population that is continuously renewed from unipotential stem cells.

Potentially Renewable Populations
Although most types of cells that are highly differentiated do not divide, a few specialized cell types
can go into cycle to compensate for severe depletion. Their potential for cell renewal is rarely evi-
dent until cell replacement becomes urgent, e.g., in hepatocytes, which go into cycle if parts of the
liver are destroyed or removed. Once the original liver mass has been restored, the cycling hepato-
cytes become quiescent.

All these arrangements for somatic cell renewal depend on the process of mitosis, which will
now be described.

MITOSIS

At the onset of mitosis, a typical human body cell (i.e., a somatic cell) contains 46 chromosomes.
Because nuclear DNA replicates in the previous S phase, each mitotic chromosome contains two
identical DNA molecules and hence is a double structure. As mitosis proceeds, these two molecules
part company and one each enters each daughter cell. Initially, then, each mitotic chromosome is a
double thread-like structure. Its two constituent threads are termed chromatids (Gk. idio, small or
young), but essentially each chromatid is equivalent to a single (unreplicated) chromosome. Later in
mitosis, these threads part company and are called chromosomes; the cell now contains 92 daugh-
ter chromosomes, each in the single configuration. Next, a set of daughter chromosomes migrates
toward each pole, and when the cell splits into two, each progeny cell acquires the full complement
of chromosomes.
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The four stages of mitosis, lasting from 1 to 1-1.5 hours depending on the cell type, are
prophase, metaphase, anaphase, and telophase. Before this process can begin it is necessary for
the cell’s paired centrioles to replicate.

Centriolar Replication

Between cell divisions, two tiny cytoplasmic organelles called centrioles lie near the middle of the
cell (see Fig. 2-164). Each centriole is a small cylindrical structure. with nine bundles of narrow
tubular microtubules embedded in its walls (Fig. 2-15). Microtubules are hollow, polymerized as-
semblies of dimers of a protein called tubulin (see under Microtubules in Chapter 3), and in centri-
oles they are arranged in bundles of three (triplets) that are surrounded by fibrillar material.

During the course of the cell cycle, each of the centrioles replicates. Thus a cell in Gy has a sin-
gle pair of closely associated centrioles that lie perpendicular to each other (Fig. 2-16F). By G,, each
pre-existing centriole has a new centriole lying perpendicular to it, so the cell now possesses two
pairs of centrioles (see Fig. 2-164). When the cell enters mitosis, groups of microtubules grow from
each centriole pair, forming a temporary structure called a mitotic spindle. The details are as
follows.

Prophase

As the cell progresses into prophase, the two centriole pairs move toward opposite poles (ends) of
the cell (Fig. 2-16B). This is because both arrays of polar microtubules that develop in association
with the centriole pairs lengthen through polymerization at their distal, fast growing, plus end. Their
continuing growth drives the centriole pairs farther apart, lengthening the mitotic spindle, until the
end of anaphase.

Later in prophase, the nuclear envelope fragments and the nucleolus disappears (see Fig.
2-16B). Chromosomes are first discernible as slender threads, then as darker-staining, wavy rods.
They continue to shorten and thicken when the cell enters metaphase. This progressive change in mi-
totic chromosomes is described as chromatin condensation.

S
Figure 2-15
Electron micrograph of a centriole in transverse section (chick tracheal epithelial cell, > 330,000) and interpretive diagram
of a centriole pair. Nine triplet microtubules are arranged around an axial structure that resembles a cartwheel in this plane
of section.

Triplet microtubules
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e fact that mitotic chromosomes are essentially double structures is evident in metaphase, by
~ which stage their two chromatids may be discerned in whole mounts (see Fig. 2-19 and Plate 2-2).
The most striking feature of a metaphase cell, however, is the way all its chromosomes are arranged
in a single transverse plane. This plane traverses the middle of the cell, perpendicular to the spin-
axis. Equivalent in position to the world’s equator, it is known as the equatorial plane (see Fig.
C). By the time the chromosomes assume this particular arrangement, another group of mi-
bules is also involved. Until anaphase. the two chromatids of a mitotic chromosome remain
joined at a region known as the centromere (Gk., central part) of the chromosome. Here, each
matid has a microtubule attachment site called a kinetochore (Fig. 2-17). Kinetochores can-
be resolved with an LM, so the centromere region appears only as a constriction (see Fig. 2-21
d Plate 2-2).

In the latter part of prophase, groups of microtubules known as kinetochore microtubules be-
e anchored laterally in the kinetochores (Fig. 2-17). The kinetochore region of each chromatid
aressively captures the plus ends of kinetochore microtubules growing toward it from one pole
spindle. Initially, the opposing forces moving sister chromatids to opposite poles balance each
her because the two kinetochore complexes in each mitotic chromosome pull equally on antipar-
sets of kinetochore microtubules. As a result, the chromosomes assume a steady-state configu-
ration, known as a metaphase plate, in which their centromeres lie equidistant from the poles, in the
equatorial plane (see Fig. 2-16C and Plate 2-1).

Figure 2-17
Electron micrograph showing the kinetochore region
on a mitotic chromosome.
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Anaphase

Early in the first part of anaphase (called anaphase A), mitotic chromosomes split at their cen-
tromeres. Their constituent chromatids, which from anaphase onward are referred to as chromo-
somes, separate and approach the two poles of the mitotic spindle (see Fig. 2-16D). Poleward
movement involves both the activity of kinetochore regions and the presence of kinetochore micro-
tubules, but the origins of the motive force that brings about chromosome movement are still
unclear. Present evidence suggests that most of the poleward movement during anaphase is pro-
duced by the spindle microtubule-associated motor protein, dynein (considered further in Chap. 3
under Microtubules), which is closely associated with the kinetochore region. During the same stage
(anaphase A), the kinetochore microtubules progressively disassemble at their kinetochore (plus)
end without loss of kinetochore attachment. In anaphase B, the mitotic spindle attains its full length,
presumably due to sliding of the two antiparallel sets of polar microtubules past each other in the
region where they overlap in the mid-zone of the spindle. The cell then begins to constrict in its
equatorial plane.

Telophase

In telophase, the developing constriction deepens into a cleavage furrow that pinches the cell into
two (see Fig. 2-16F and F). The spindle microtubules that still interconnect the forming daughter
cells constitute the midbody (Fig. 2-16E), a residual structure that may remain as a temporary ap-
pendage on a daughter cell after it has separated. Finally, the nuclear envelope and the nucleolus are
both reconstituted in each daughter cell, and the daughter chromosomes acquire the partly extended
condition that characterizes interphase (see Fig. 2-16F).

Cleavage
furrow Nuclear envelope

Microtubule | re-forming

| |

Chromosomes Centrioles

Figure 2-18
Electron micrographs of dividing cells at metaphase (4) and telophase (B). The spindle microtubules in B will remain as
the midbody.
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Recognizing Mitotic Cells

Mitotic cells may be recognized in sections by their distinctive chromosome arrangements. The gen-
eral term for the various configurations that are seen is mitotic figure. Under low power, mitotic fig-
ures tend to stand out from the background as intensely stained, blue-to-purple blobs (Plate 2-1).
However, they are not all equally easy to find. For example, a cell in prophase is hard to spot,
whereas a metaphase plate is obvious if it is seen face on or from the side. The anaphase configura-
tion is equally easy to find if the spindle was cut in longitudinal section. Beginners sometimes mis-
take a pair of adjacent interphase nuclei for a cell that is in late telophase. Unless two nuclei appear
unusually close and seem to belong to relatively small (daughter) cells, they are unlikely to repre-
sent telophase.

Another potential source of confusion is that some mitotic figures may bear a superficial re-
‘semblance to nuclei of dead cells. Remember that during most of mitosis, the chromosomes are not
confined within a nuclear envelope. So when trying to decide between a mitotic cell and a dead cell,
bear in mind that a cluster of chromosomes generally has a spiky outline with protruding chromo-
somes (see Fig. 2-16C and E), whereas the nucleus of a dead cell is generally rounded or only
slightly wrinkled.

In EM sections, mitotic chromosomes tend to be uneven in outline and appear as large fibro-
granular masses (Fig. 2-18). This appearance is attributable to innumerable sections through the
chromatin fiber that extend out as radial loops from the axis of each chromatid, a feature that is read-
ily seen if a whole mitotic chromosome is viewed intact (Fig. 2-19).

Figure 2-19

Electron micrograph of an intact metaphase chromosome 12 (isolated whole
mount, X60,400). The continuous chromatin fiber of each chromatid is seen
extending laterally as multiple radial loops from the axial scaffold of the
chromatid.
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CLINICAL IMPLICATIONS

Interpreting Levels of Miotic Activity

The presence of mitotic figures in sections means that some cells were dividing when the tissue sample was
obtained. Mitotic figures are not obvious in adult tissues unless cell renewal is continuous. However, an
increased incidence of dividing cells is found 1) at sites where damaged tissues are undergoing repair or
regeneration, and 2) at sites of mitogenic response to hormones and growth factors. A local abundance of
dividing cells that does not appear to represent a normal response to some such stimulus may indicate an
abnormal growth or tumor, and it potentially corroborates a diagnosis of cancer.

Some chemotherapeutic drugs and ionizing radiation interfere with mitosis by altering or damaging
nuclear DNA, whereas certain other drugs interfere with the formation of a mitotic spindle. Thus the an-
timitotic actions of the vinca alkaloids, vineristine and vinblastine, are that they depolymerize micro-
tubules and render the released tubulin subunits unavailable for spindle assembly by inducing them to form
paracrystalline arrays. Antimitotic agents that are clinically valuable for inhibiting the proliferation of can-
cer cells also have adverse effects on the normal tissues that undergo continuous cell renewal.

Telomeres and Telomerase

When proliferating somatic cells have undergone a finite number of cell divisions (generally between
50 and 90), they enter a phase of proliferative senescence. Normal somatic cells accordingly have a
limited and predetermined capacity for cell renewal. In contrast, cancer cells have the potential to pro-
liferate indefinitely. A sustained capacity for cell division depends on the maintenance of a repetitive
series of a distinctive DNA sequence at the free ends of chromosomes. The terminal regions of each
chromosome that are made up of these tandomly repeated, species-specific short sequences
(TTAGGG in humans) are known as telomeres (Gk. relos, end). Key features of telomeres include
1) irreparable breaks in each polynucleotide strand of the DNA double helix, and 2) looped-out con-
figurations in some of their subterminal DNA sequences. Telomeres have the important role of stabi-
lizing chromosome ends. Normal cells, however, lose telomeric sequences in each successive cell
generation. Progressive loss of the terminal repetitive telomeric sequences is reversed only by telom-
erase, a ribonucleoprotein enzymatic complex with reverse transcriptase activity. This enzyme has
the necessary intrinsic complementary telomerase RNA template for it to synthesize a single-
stranded series of new telomeric repeats capable of maintaining stability of the chromosome ends.
Telomerase levels, however, also tend to fall with successive divisions, a decline that leads to critical
depletion of the terminal telomeric repeats. Since the DNA at the ends of chromosomes of cells with
low levels of telomerase cannot replicate completely, aging normal cells eventually lose all ability to
divide. In contrast, most cancer cells can produce enough telomerase to replace the lost telomeric re-
peats, ensuring ongoing proliferation. It has recently been found that raising the intracellular telom-
erase levels of normal human senescent somatic cells greatly prolongs their proliferative lifetime.

CHROMOSOME NUMBER AND IDENTIFICATION

Typical body cells (somatic cells) possess 46 chromosomes, but the germ cells that give rise to them
have only 23. Of these 23 chromosomes, one determines the sex of the offspring and is called the
sex chromosome, and the other 22 are known as autosomes. In female germ cells, which are called
ova, the sex chromosome is invariably an X chromosome, whereas in male germ cells, termed sper-
matozoa, the sex chromosome can be either an X (the female sex chromosome) or a Y (the male sex
chromosome). A male possesses 44 autosomes and the XY combination and is the result of fertil-
ization by a spermatozoon that bears a Y chromosome, whereas a female has 44 autosomes and two
X chromosomes and is the result of fertilization by a spermatozoon that bears an X chromosome.
In a somatic cell, each autosome derived from the mother is accompanied by a counterpart (ho-
mologue) from the father; the two chromosomes of the pair carry alternate forms (alleles) of the same
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genes. The two X chromosomes in a female somatic cell are also homologous, so females possess 23
pairs of homologous chromosomes. Males have 22 pairs of homologous chromosomes, together with
an X and a Y, which are not considered homologues because almost all of their genes are different.
The chromosome number of typical somatic cells is therefore 46. This complement is the
dipleid chromosome number (Gk. diplous, double), i.e., double the haploid (Gk. haplous, single)
number present in germ cells. A few kinds of somatic cells, however, are classified as polyploid (Gk.
polys, many) because they possess more than two haploid sets of chromosomes. An extreme case of
polyploidy is the megakaryocyte, the huge nucleus of which acquires up to 32 times the diploid num-
ber of chromosomes. A less extreme example of polyploidy is found in the liver, where polyploid hep-
atocytes may be recognized by their exceptionally large nucleus and multiple nucleoli (Fig. 2-20B).

CLINICAL IMPLICATIONS

Significance of Aneuploidy

Under certain circumstances, cells acquire a chromosome number other than some multiple of the haploid
number. Such cells, described as aneuploid, have atypical chromosome numbers because of unequal dis-
tribution of daughter chromosomes at some earlier division. In some cases, there are one to two extra chro-
mosomes; in other cases, certain chromosomes are lost. Aneuploidy is abnormal, and in certain cases can
be a diagnostic indicator for cancer. Also, there are specific genetic disorders associated with loss or par-
tial loss of particular chromosomes, and other genetic disorders in which certain extra chromosomes are
gained.

Karyotyping

A person’s chromosome constitution, the technical term for which is karyotype (Gk. rypos, charac-
ter), may be determined as follows. Living cells (e.g., lymphocytes) obtained from that person are
induced to proliferate. The dividing cells are treated with the drug colchicine, which prevents spin-
dle microtubules from forming. The chromosomes nevertheless condense as usual, exhibiting a
metaphase-like morphology, but their chromatids fail to separate. Cell division stops short of com-
pletion and mitotic cells accumulate. In assembling a karyotype, the individual chromosomes cut
from a photograph of such a cell (Plate 2-2) are arranged as matching paired homologues and sex
chromosomes (see Fig. 2-22).

Specific Chromosome Identification

By convention, mitotic chromosomes are regarded as having two arms extending from their cen-
tromere (Fig. 2-21). The shorter arm is specified by the symbol p (Fr. petit, small); the longer arm
is designated q, the next letter in the alphabet. Each constituent chromatid of a mitotic chromosome

Figure 2-20

Diploid hepatocytes (4) compared to a
polyploid hepatocyte (B). The polyploid
nucleus is significantly larger and it
contains multiple nucleoli (n).
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Figure 2-21

The three basic shapes and the component parts seen in human metaphase
chromosomes (relative size of acrocentric satellite exaggerated for increased
visibility).

p

possesses two arms, so these appear as double structures at metaphase (see Plate 2-2 and Fig. 2-21).
Depending on the relative lengths of the two arms, mitotic chromosomes are classified as meta-
centrics, acrocentrics, or submetacentrics, terms that indicate whether the centromere lies at the
middle, near one end, or somewhere in between. Some of the acrocentrics have an additional tiny
piece called a satellite attached to their short arm (see Fig. 2-21, bottom left). In a karyotype, the
pairs of autosomes are arranged in groups and numbered from 1 to 22 in order of decreasing size
(Fig. 2-22). Specially devised staining procedures provide distinctive patterns of chromosome
bands that, like fingerprints, are specific for the different chromosome pairs. Such staining permits
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anded human karyotype (chromosomally normal male). Giemsa staining of the specially prepared chromosomes yields
inctive banded patterns for the chromosome pairs and sex chromosomes.

pairs of autosomes and the two sex chromosomes to be identified fairly unequivocally and

spectral imaging of chromosomes with computer-based recognition and distinctive color
ding of the 22 chromosome pairs and sex chromosomes (multicolor spectral karyotyping).
wing in situ hybridization with a variety of different fluorescent-labeled DNA probes specific
dividual chromosomes, emission spectra indicative of the different chromosomal staining

To complete our discussion of chromosomes, we shall consider an instance in which a chromo-
ys fully condensed when the cell enters interphase. This exception to the general rule en-
me useful information to be obtained about a person’s chromosome constitution without the
- of preparing a karyotype.

‘hromatin

e diploid cells of a person possess more than a single X chromosome, all but one of these X chro-
mes remain condensed and hence virtually transcriptionally inactive throughout interphase.
t obvious example of this situation is a normal female with two X chromosomes, only one

is expressed. However, there are also instances in which an abnormal complement of sex
omosomes accounts for there being more than one X chromosome. Such examples include the
alous XXX constitution in females, and also the XXY constitution that occurs in the most com-
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SEX CHROMATIN

Seen in female

v

Figure 2-23
Sex chromatin in whole nuclei (cresyl-echt violet stained buccal epithelial cells from oral mucosa,
oil immersion). Arrow indicates a mass of sex chromatin.

Not seen in male

mon form of Klinefelter syndrome in males. Representing the opposite extreme, females with
Turner syndrome have the XO constitution (the O denoting the absence of a second sex chromo-
some); they therefore have no additional X chromosome to become condensed.

To investigate a person’s X chromosome constitution, whole epithelial cells may be scraped
from the inside of a cheek, and then suitably stained. Each extra X chromosome (one in a normal fe-
male and none in a normal male) appears under oil immersion as a separate, darkly stained mass ad-
hering to the nuclear envelope (Fig. 2-23), indicated by arrow). Each tiny condensed chromosome
is termed the sex chromatin or a Barr body. It stains more intensely and is somewhat larger and
more smooth-edged than the usual kind of chromatin granule, yet it is a good deal smaller than the
nucleolus. Even so, it may be recognized with certainty only if it lies at the periphery of the nucleus
as in Figure 2-23. In many cells it is missed because of unfavorable orientation of the nucleus.

In any cell that contains two X chromosomes, it is a matter of chance whether the X chromo-
some that is condensed comes from the mother or from the father. The inactivation occurs carly in
embryonic life, however, and it is the same X chromosome that is perpetuated as the sex chromatin
in all the cell’s descendants. Accordingly, females are made up of two kinds of cells, with roughly
half of these cells expressing their maternal X chromosome and the rest expressing their paternal X
chromosome.

NUCLEAR APPEARANCES INDICATING CELL DEATH

A certain proportion of the cells encountered in a histologic section were degenerating or dead when
the tissue was obtained. Because recognition of dying or dead cells is of substantial diagnostic value
in histopathology, it is important to realize that the LM appearance of the nucleus is one of the most
reliable indicators of whether cells were healthy when the tissue sample was taken. The three gen-
eral nuclear signs of cell death are as follows.
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Pyknosis

In most cell types, the nucleus of a dying cell shrivels into an intensely basophilic uniform mass, a
change termed pyknosis (Gk., condensation). In situations in which it is difficult to distinguish be-
tween a pyknotic nucleus (Fig. 2-24A) and 1) a mitotic figure or 2) a nucleus tightly packed with
condensed chromatin, it is helpful to examine the cytoplasm because the cytoplasm of a cell has died
and may lack definition and have a “muddy” appearance.

Karyorrhexis

In a few cell types, the nucleus of a dying cell disintegrates into small, dark-staining fragments. This
kind of degeneration is termed karyorrhexis (Gk. rhexis, breaking), and an example is shown in
Figure 2-24B.

Karyolysis
A long-accepted third sign of cell death, known as karyolysis (Gk. lysis, dissolution), is gradual
histological disappearance of the nucleus and its macromolecular contents, which literally fade

‘. . - - ‘ - ’ ‘ b -\.r. I
Normal ‘
nucleus ;

‘ Nucleus
undergoing
pyknosis

Normal
nucleus Nucleus
undergoing
karyorrhexis
B
Figure 2-24

Nuclei of viable cells (shown at upper left in A and B), pyknotic nuclei (A), and karyorrhexic nuclei (B). Both panels show
living and dead cancer cells.
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away to nothing. This sign of cell death is seen in epidermal cells approaching the skin surface
(Fig. 2-25).

Necrosis and Apoptosis

Pyknosis seen at sites where there is evidence of inflammation generally indicates accidental
cell death caused by some extrinsic hazard. Such cell death is termed necrosis (Gk. nekros, dead).
Cells can also perish under physiologically normal conditions, for example. when they become
senescent. In such cases, cell death results from activation of an intrinsic program of self-destruction
known as apoptosis (Gk. apo, away from, ptasis, fall) or programmed cell death, i.e., abrupt pre-
programmed termination of the cell’s usual life span. Two key conditions that elicit the apoptotic re-
sponse in normal cells are 1) substantial chromosomal damage and 2) dysregulation of the cell
cycle. A significant difference found in cancer cells is that the apoptotic response is not an auto-
matic consequence of equivalent levels of damage to the cell’s nuclear DNA.

An early change considered to be indicative of apoptosis is loss of the asymmetric distribution
of certain phospholipids in the cell membrane. The cell shrinks significantly when vital functions
become compromised. Typically, the nucleus undergoes pyknosis and becomes darkly stained. The
dying cell generally breaks into several pieces (apoptotic bodies) that are promptly phagocytosed.
Because the constituent macromolecules are not widely disseminated, no evidence is seen of in-
flammatory reactions.

A critical stage of the apoptotic pathway is activation of a series of cytosolic cysteine proteases,
structurally related to interleukin-1B-converting enzyme and known as caspases. The activated cas-
pases catalyze a proteolytic cascade that not only severely damages cytoplasmic organelles but also
activates endonucleases that go on to ravage the nuclear DNA, destructively fragmenting it into short
stretches that are genetically meaningless (DNA laddering).

Unnecessary and potentially deleterious cells cleared from the body through activation of the
apoptotic response include surplus or inappropriate neurons, self-reactive T cells, residual cytokine-
producing T cells, and epithelial or endothelial cells that have lost their attachment.

Nuclei
= undergoing
karyolysis

Figure 2-25
Epidermal cell nuclei undergo
karyolysis near the skin surface.
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Summary

Each nuclear chromosome contains a DNA molecule that bears encoded genetic instructions. Nu-
clear DNA and its associated histones, RNA, and nucleoproteins constitute a macromolecular com-
plex called chromatin. Condensed chromatin is intensely basophilic, electron-dense, and made up of
chromosome regions that are transcriptionally inactive. Extended chromatin is comparatively dif-
fuse, less electron-dense, and contains chromosome regions that are transcriptionally active. The cell
replicates its nuclear DNA prior to cell division. This process can be detected by radioautography
using tritiated thymidine, a radioactive precursor that becomes incorporated (as thymine) only into
DNA.

The nuclear envelope is made up of two membranes. On the inner aspect of the inner membrane
there is condensed chromatin, and on the outer aspect of the outer membrane there are ribosomes.
Nuclear pores present in the nuclear envelope regulate the exchange of macromolecules between the
nuclear and cytoplasmic compartments.

The nucleolus (there may be more than one per cell) is intensely basophilic because of associ-
ated chromatin, and it is large in cells that are actively synthesizing proteins. In EM sections, the nu-
cleolus appears as a spongework of electron-dense ribonucleoprotein particles, with a poorly defined
boundary. During mitosis, it is not seen. In interphase, it reappears in intimate association with the
chromosomes that bear genes for rRNA. The nucleolus is the only site where rRNA is produced.

The genetic specifications for proteins are transcribed into mRNA in the nucleus and translated
into polypeptides in the cytoplasm. Translation requires the participation of 1) ribosomes made of
rRNA and protein and 2) tRNAs specific for individual amino acids. Ribosomes and tRNAs are both
reutilized.

The cell cycle is made up of M (mitosis, typically 1 hour), G, (8 hours in mouse cells in vitro),
S (DNA synthesis, 7 to 8 hours), and G (4 hours in these cells). The duration of G, differs with cell
type. In most specialized cells, G, is prolonged. Some cells leave the cell cycle in G; and enter Gy,
then go back into cycle if the need arises. A few specialized cells (e.g., cardiac muscle and nerve
cells) leave the cell cycle and do not divide again; such cell populations are devoid of mechanisms
for cell renewal. Other cells, also too highly differentiated to divide, are continuously renewed from
less highly differentiated progenitors arising from undifferentiated stem cells that persist throughout
life. Stem cells may be multipotential (e.g., blood stem cells) or unipotential (e.g., spermatozoal stem
cells). Their progeny can remain stem cells (self-renewal) or differentiate into progenitor cells. Only
a few specialized cell types are able to proliferate when depleted.

During the S phase, chromosomes replicate and become double structures that contain two
DNA molecules. By Go, the centrioles also replicate, yielding two pairs. In mitotic prophase, a mi-
totic spindle forms between the centriole pairs, the nuclear envelope fragments, and the nucleolus
disappears. At metaphase, the chromosomes condense and become aligned in the equatorial plane.
Atanaphase, their two chromatids separate. In telophase, the cell pinches into two and a nuclear en-
velope and nucleolus appear in each daughter cell. Sites showing an unexpectedly high incidence of
mitotic figures may have clinical significance.

Mitotic chromosomes have an axial framework with radially extending chromatin loops. Inter-
phase looped domains of chromatin are in a partly extended state; the intervening condensed do-
mains amass and appear as chromatin granules. Karyotypes are made up of photographed mitotic
chromosomes assembled in pairs according to their size, relative arm lengths, and banding patterns.
Somatic cells of females possess 22 pairs of homologous autosomes with two X chromosomes.
Males have the same autosomes with an XY combination. The total chromosome number, 46, is
known as the diploid number. A few kinds of somatic cells, however, are polyploid, and germ cells
are haploid. Some specific anomalies of chromosome number (particularly aneuploidy) are associ-
ated with clinical abnormalities. Finally. if there is more than one X chromosome per diploid cell (as
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in normal females), each extra X chromosome per diploid set remains condensed as sex chromatin
(also known as a Barr body).

Necrotic or apoptotic cells can sometimes be recognized by the fact that their nucleus becomes
solidly condensed and intensely basophilic (pyknosis). Other indications of cell death are nuclear
fragmentation (karyorrhexis) or fading of the intact nucleus (karyolysis).
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CHAPTER 3

Cell Cytoplasm

OBJECTIVES

After reading this chapter, you should be able to do the following:

* Summarize the structure of eight cytoplasmic organelles and relate it to their functions
¢ Draw a detailed diagram of the cell membrane and cell coat

* Recognize secretory cells in H&E-stained sections and electron micrographs

* Qutline the steps involved in protein secretion

* Describe the different types of lysosomes and comment on their importance

*  Summarize the similarities and differences between centrioles and cilia

* Name two energy-providing storage products and two pigments produced by cells

In contrast to the role of the nucleus, which is to store genetic instructions and direct and regulate
what takes place in the cytoplasm, the role of the cytoplasm is to carry out the diverse processes that
keep the cell alive and functioning on a daily basis. Besides executing a large number of metabolic
reactions, the cytoplasm is the only part of the cell where proteins and other macromolecules are syn-
thesized and the required energy for such activities is produced. This energy is derived chiefly
through the oxidation from food-derived energy sources entering the cell by way of its limiting
membrane, the cell membrane. Waste products pass in the opposite direction through the same mem-
brane. The cell membrane is therefore the site of vital exchanges between the cell’s interior and the
immediate environment. Furthermore, it keeps the internal composition of the cell different from the
external composition of the environment.

A number of intracellular membranes subdivide the cytoplasm into separate compartments.
The content of each compartment can be different from that of other parts of the cell because it is
segregated from them by a limiting membrane. This arrangement holds reactants and enzymes to-
gether in the same compartment, enabling them to interact effectively. The bounding membrane may
even include requisite enzymes as an integral part of its structure. Furthermore, inappropriate reac-
tions can be avoided by segregating the potential reactants, enzymes, and substrates, in different
compartments.
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FUNCTIONAL ROLE OF CYTOPLASM

Cells are characterized by having a number of functional properties that contrast them with inani-
mate objects. For example, they may react to certain organic and inorganic molecules and electrical
signals, a property called irritability. Such stimuli may elicit transient changes in the ionic perme-
ability of their cell membrane, changes that may spread over the entire cell surface as waves of ex-
citation. The term used for the propagation of excitation is conductivity. If such stimuli induce
shortening in some dimension, cells exhibit the property of contractility.

Cells absorb and utilize required nutrients and precursors for synthesizing their macromolecules
and secretory products (absorption followed by assimilation). In addition, oxygen is necessary for
the cell to produce energy through the oxidation of energy-rich substrates (cell respiration). Cell
products with useful roles outside the cell are actively released to the exterior (secretion). Useless
metabolic by-products are eliminated by diffusion across the cell membrane (excretion).

Finally, cells can increase their size by synthesizing an abundance of macromolecules (growth).
Excessive, inefficient mass is typically avoided by division of the cell to form two daughter cells (re-
production), but the potential for cell division is lost in some cell types that attain a high degree of
specialization.

INITIAL OVERVIEW OF CYTOPLASMIC CONSTITUENTS

Cells are able to carry out their diverse functional activities because the cytoplasm contains three dif-
ferent kinds of components. These are designated eytoplasmic organelles, cytoplasmic inclusions,
and the cytosol or cytoplasmic matrix.

The distinctive design of the various cytoplasmic organelles enables them to carry out specific
functions. Organelles with bounding membranes are classified as membranous organelles; the oth-
ers are nonmembranous organelles. Listed in Table 3-1, their principal functions are as follows.

The cell membrane transports substances into and out of the cell, receives external signals, and
discloses the cell’s identity. Mitochondria are the chief source of energy expended in synthesizing
macromolecules, transporting ions against diffusion gradients, cell movement and contraction, and
other energy-consuming activities. The remainder of the membranous organelles play roles in the
various stages of production and intracellular processing of proteins and lipids, including synthesis
and release of those proteins, lipoproteins, and glycoproteins that are destined for secretion. Protein
synthesis also involves ribosomes, which belong to the nonmembranous category of organelles.

The various other nonmembranous organelles, representing the cell’s “bones™ and “muscles”,
are collectively called the cytoskeleton. The main supporting elements in this group are thin rods
called microtubules and a class of filaments known as intermediate filaments. The most obvious
contractile elements are actin-containing microfilaments. Under appropriate conditions, these fila-
ments interact with myosin, which is arranged as substantial thick filaments in muscle cells. Actin
is involved in activities such as cell contraction, locomotion, and cytoplasmic constriction at the end
of division.

Although the nonmembranous organelles do not have a membranous component, some of them
are intimately associated with a membrane. Thus cilia and flagella are invested by extensions of the
cell membrane, and certain filaments are attached to the cytoplasmic surface of the cell membrane
without being considered a part of it.

Finally, microscopically visible intracellular accumulations of useful or superfluous materials
are termed cytoplasmic inclusions. Examples of such inclusions are stored intracellular energy
sources (e.g., polysaccharides and fats) and various pigments (see Table 3-1). Cytoplasmic inclu-
sions are considered at the end of the chapter.
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TABLE 3-1

COMPONENTS OF CYTOPLASM

Cytosol (Cytoplasmic Matrix)
Membranous Cytoplasmic Organelles

Cell membrane or plasmalemma (with cell
coat and microvilli)

Mitochondria

Filaments

Microfilaments (= thin filaments)

Thick filaments
Intermediate filaments

Cytoplasmic Inclusions

Rough-surfaced endoplasmic reticulum Stored Foods
Golgi appararus Glycogen
Secretory vesicles Fart (lipid)

Lysosomes

Coated vesicles

Endosomes

Peroxisomes

Smooth-surfaced endoplasmic reticulum
Nonmembranous Cytoplasmic Organelles
Ribosomes

Microtubules

Microtubular assemblies

Exogenous Pigments
Carotene

Carbon particles
Endogenous Pigments
Hemoglobin
Hemosiderin
Bilirubin

Melanin

Lipofuscin (lipochrome pigment)

Centrioles
Cilia
Flagella

CYTOSOL (CYTOPLASMIC MATRIX)

In between the organelles and inclusions lies the eytosol or cytoplasmic matrix. This cytoplasmic
component contains many enzymes, other soluble proteins, ions, nutrients, and macromolecular pre-
cursors. Although the cytoplasmic matrix is often misrepresented as the unstructured, liquid part of
the cytoplasm, it can assume a loosely organized gel structure and it contains a fragile supporting
framework called a microtrabecular lattice. However, a high-voltage EM and special tissue cul-
ture preparations are required for the supporting framework to be seen. The microtrabecular lattice
probably binds some soluble constituents of the matrix and holds the organelles in appropriate po-
sitions in the cytoplasm.

CELL MEMBRANE

Alternatively known as the plasma membrane or plasmalemma, the cell’s limiting membrane (cell
membrane) is 8 to 10 nm thick. At high magnifications, transverse sections of the cell membrane
exhibit three fairly distinct layers: the extracellular and cytoplasmic borders, both of which are elec-
tron-dense, are separated by an electron-lucent layer of comparable thickness (Fig. 3-1). However,
three layers are resolved only if high magnifications are used. This characteristic “railroad” pattern
of staining is a reflection of the general molecular distribution in the cell membrane, details of which
are given in the next section. A membrane that appears trilaminar at high magnification and as a sin-
gle electron-dense line at lower magnifications is occasionally referred to as a unit membrane.

_
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Cell coat

Cell membrane
outer aspect
inner aspect

Figure 3-1
Electron micrograph of the cell membrane, showing the cell coat.

Intracellular membranes resemble the cell membrane in their cross-sectional appearance and
underlying molecular organization. A distinctive feature of the cell membrane, however, is its mor-
phologically indistinct, oligosaccharide-rich outer region, which is known as the cell coat or glyco-
calyx (see Figs. 3-1 and 3-2).

Molecular Distribution in Cell Membrane

Molecular organization of the cell membrane is essentially based on the presence of a lipid bilayer
(Plate 3-1 and Fig. 3-3). This bimolecular layer contains phospholipids, together with some gly-
colipids and cholesterol. The presence of cholesterol stiffens the membrane. As indicated in Figure
3-3, the phospholipids and glycolipids are arranged with their uncharged region in the central core
of the lipid bilayer, and their charged (polar) region adjacent to either the cytoplasmic (inner) sur-
face or the extracellular (outer) surface of the membrane.

Cell coat

Figure 3-2

Electron micrograph of the cell membrane and cell coat on the luminal
border of an absorptive epithelial cell (small intestine of cat, X75,000).
Parallel surface projections of the cell membrane below the cell coat are
microvilli cut longitudinally.
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Integral membrane protein
Integral membrane glycoprotein

QUTER ASPECT
Peripheral glycoprotein pac I | O <
(absorbed) ﬁ ﬂhﬁ ﬂ Glycolipid
Transmembrane protein U 4‘— Lipid bilayer
(integral)

e L %WW[WWQ M]W W%—Pm;monm

| Cholesterol
q b L Transmembrane glycoprotein (integral)
— Peripheral membrane protein

INNER ASPECT

Figure 3-3

Molecular organization of the cell membrane. The central core of the membrane contains uncharged regions of its
constituent lipid and protein molecules (indicated in white). Both membrane surfaces are characterized by the presence of
charged regions on these molecules (indicated in color). The trilaminar appearance of the membrane in EM sections is
widely attributed to the strong affinity between these charged groups and the heavy metals used as EM stains.

The other major macromolecular constituent of the cell membrane is its proteins. Two broad
categories of membrane proteins, termed integral and peripheral membrane proteins. have charac-
teristic distributions in the lipid bilayer (see Fig. 3-3 and Plate 3-1). Integral membrane proteins
are characterized by having 1) charged regions that are located along the cytoplasmic or extracel-
lular surfaces of the membrane and lie among the lipid polar groups; and 2) one or more uncharged
regions (or covalently attached uncharged hydrocarbon chains) that in some cases traverse the lipid
bilayer and in other cases anchor the protein in one of the two lipid layers. Such proteins are integral
in the sense that disruptive chemical procedures are necessary to extract them from the membrane.
They include transmembrane proteins, a term reserved for those proteins that span the lipid bilayer
from one membranous surface to the other. In some transmembrane proteins, only a single un-
charged region of the molecule traverses the bilayer. In multipass proteins, several uncharged re-
gions traverse the bilayer. As a result, multipass proteins weave up and down a number of times
through the bilayer in a pattern that has been likened to stitching. There are also integral membrane
proteins that are anchored exclusively in the inner half or outer half of the bilayer. The other mem-
brane proteins, known as peripheral membrane proteins, lack comparable uncharged regions or
attached uncharged hydrocarbon chains and are not anchored in either layer of the lipid bilayer. In-
stead, they stay loosely associated with a membrane surface because weak electrostatic forces bind
them to other membrane proteins. This peripheral association is reflected by the fact that neither sol-
vents nor detergents are required to extract peripheral membrane proteins from the membrane. The
weak forces that hold them in position are readily counteracted by altering the ionic strength or pH.

In the fluid-mosaic membrane model of Singer and Nicholson, the cell membrane proteins that
are not restrained in any way are subject to lateral drift, much as icebergs drift freely in the sea. This
mobility results from the fact that at body temperature, the lipid bilayer has fluid properties, although
its viscosity increases with its cholesterol content. Certain integral membrane proteins, however, are
anchored to an underlying stabilizing framework of structural proteins that lies in direct contact with
the cytoplasmic surface of the cell membrane (see Plate 3-1). This membrane cytoskeleton is prob-
ably necessary for functional integrity of the cell membrane, because in the muscle cells of patients
with muscular dystrophy (severe muscle degeneration), the protein dystrophin, a constituent of the
stabilizing framework, is deficient. Dystrophin structurally resembles @-actinin and spectrin, two
other membrane cytoskeletal proteins. It links the meshwork of microfilaments (i.e., actin filaments)
present in the superficial zone of cytoplasm to a cell membrane glycoprotein complex that binds to
extracellular laminin, which is an anchoring glycoprotein found in basement membranes.



N S SESe———————— s e )

Cell Cytoplasm 6!

The branched oligosaccharide chains that constitute external domains of cell membrane glyco-
proteins and glycolipids coat the extracellular surface much as sugar coats a piece of candy. Here,
oligosaccharide chains contribute to an indistinct layer termed the cell coat or glycocalyx (compare
Fig. 3-1 with Plate 3-1). This peripheral layer of the membrane may be seen to advantage with the
EM on the free surface of the epithelial lining of the small intestine (see Fig. 3-2). Tiny finger-like
extensions (microvilli) present on this surface underlic a thick cell coat, certain glycoproteins of
which function as digestive enzymes (see Chapter 13). In EM sections, the numerous oligosaccha-
ride chains that constitute this layer appear as loosely tangled, fine filaments. In other cell types,
however, the cell coat is typically a thin, fuzzy layer of low electron density (see Fig. 3-1). Its pres-

ence in EM sections is the only morphological evidence of asymmetrical molecular organization in
the cell membrane.

Key Functional Roles of Cell Membrane

In interfacing cells with their immediate environment, the cell membrane performs a host of essen-
tial duties. Its molecular composition renders it essentially impermeable to large molecules that are
not lipid soluble, but selectively permeable to many small molecules and ions. By preventing the loss
of intracellular macromolecules and by excluding unwanted or potentially harmful substances from
the cell, this membrane helps to maintain the cell’s distinctive internal composition. It also supplies
the cell with particular requirements and allows waste products to leave. Dissolved gases and other
molecules with low molecular weight enter or leave the cell by passive diffusion across the cell
membrane, but such movement occurs only toward sites of lower concentration. Ions can also move
down concentration gradients through gated channels, which are selective ion channels that switch
between open and closed configurations as required. In certain instances, however, molecules must
be transported through the cell membrane against their diffusion gradients. For this purpose, mem-
brane transport proteins in the cell membrane utilize energy derived from ATP (an energy-rich
compound made by mitochondria) to move particular molecules in the necessary direction. A key
cell membrane transport protein is sodium—potassium ATPase, which is an ion pump that with-
draws sodium ions from the interior of the cell and concurrently brings in potassium ions from the
surrounding tissue fluid. In addition to a full complement of ion channels and pumps, the cell mem-
brane possesses carrier proteins that bring glucose and amino acids into the cell in the opposite
direction to their concentration gradients. Furthermore, a special ingestion mechanism called endo-
cytosis enables the cell to bring in macromolecules. Details of this process are given later in
the chapter.

The cell membrane can also detect the presence of certain molecules in its immediate vicinity.
Signaling integral transmembrane proteins termed cell membrane receptors specifically recognize
a wide assortment of essential macromolecules and signal molecules that affect or regulate cell func-
tions. Such molecules, called ligands because they bind selectively to receptors (L. ligare, to bind),
include hormones, neurotransmitters, growth factors, and cell surface molecules of other cells. The
cytoplasmic domain of some transmembrane receptors has regulated protein-tyrosine kinase ac-
tivity. When such a receptor (often described as a receptor PTK) binds its signaling ligand (termed
the first messenger), it phosphorylates tyrosyl residues in target proteins. In certain other cases, the
receptor’ s regulated response to ligand binding involves interaction of its cytoplasmic domain with
a stimulatory G protein, which leads to the production of a second messenger, cyclic AMP. The
ligand-mediated action of another subset of G protein-linked receptors is to increase the concentra-
tion of free Ca** in the cytosol.

The distinctive sugar composition of the oligosaccharide chains in the cell coat is a key deter-
minant in specific cell recognition and adhesion. Finally, the cell membrane of nerve and muscle
cells 1s electrically excitable and able to carry out the specialized function of conduction.
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MITOCHONDRIA

Many cell functions consume substantial quantities of energy. This energy is supplied in appropri-
ate form by the cell’s population of mitochondria (Gk. mitos, thread: chondrion, granule), so named
because of their predominantly thread-like appearance in the LM (Fig. 3-4). These structures are up
to several micrometers in length. Moreover, in living cells observed with a phase contrast micro-
scope (a light microscope that converts otherwise invisible phase differences into visible amplitude
differences), mitochondria often show signs of being translocated (e.g., slowly writhing about like

Microfilament bundie

Mitochondrion

rER with
attached
ribosomes

Quter membrane

Inner membrane

Mitochondrial matrix

Figure 3-4
(A) Mitochondria (living cell under phase contrast, oil immersion). Microfilament bundles also are discernible.
(B) Transmission electron micrograph of a mitochondrion (hamster cell).
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worms, as in Fig. 3-4A). At the EM level, an exclusive feature of the mitochondrion is that it is
bounded by two unit membranes with an intervening intermembranous space (see Figs. 3-4 and
3-5). Whereas the outer membrane has a smooth outline, the inner membrane invaginates as a se-
ries of characteristic inward extensions called cristae (L. for crests) that permeate the interior of the
organelle, The cristae are variable in number and generally are described as shelf-like with fenes-
trations. However, with improved methods of tissue preparation and the three-dimensional resolu-
tion now obtainable with the SEM, it is evident that many cell types, including some that were

Figure 3-5

{4) High resolution scanning electron micrograph of a mitochondrion (rat hepatocyte. cytosol-extracted, X60,000).
(B) Interpretive drawing of the mitochondrion seen in A. Tubular cristae extend across a central cavity filled with
mitochondrial matrix. (C) High resolution seanning electron micrograph of mitochondria (cell of brown fat, cytosol-
extracted. % 36.000). (D) Interpretive drawing of a mitochondrion with shelf-like cristae. This interpretation is more
consistent with micrograph (C) than with micrograph (A), yet both tissues were prepared identically.
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thought to have shelf-like cristae, have mitochondrial cristae that are tubular (see Fig. 3-5A and B).
Shelf-like cristae nevertheless exist in certain cell types, eg, adipocytes of brown fat. In EM sections,
mitochondrial cristae can have an ambiguous appearance (see Fig. 3-4B), and this may have con-
tributed to widespread acceptance that they are generally shelf-like, which now appears to be more
the exception than the rule.

A slightly electron-dense material called the mitochondrial matrix fills the internal cavity of
the mitochondrion (see Fig. 3-4B). This matrix contains DNA. RNA, ribosomes, and proteins, the
significance of which is discussed later. In addition, it may contain a few electron-dense matrix
granules, which consist mostly of calcium phosphate and are regarded as local accumulations of
cations. Mitochondria are accordingly believed to play a role in keeping the cytosolic levels of cal-
cium ions characteristically low.

The total numbers of mitochondria in cells reflect their overall energy requirements. Whereas
metabolically inactive cells have relatively few mitochondria, active cells such as hepatocytes con-
tain approximately 1000. Furthermore, in cells that expend a lot of energy, each mitochondrion con-
tains more cristae. Mitochondria may be either evenly dispersed or concentrated at sites with high
energy requirements. Mitochondria propagate, asynchronously and on an individual basis, by de-
veloping a cross partition and separating into two daughter mitochondria.

Mitochondria may represent present-day descendants of an aerobic bacterium-like organism that became
incorporated into an incompletely evolved nucleated cell. The organism subsequently acquired the status of
an essential organelle by adding valuable functions to those that had already evolved. Right from the start,
mitochondria have been able to exist semi-autonomously because they possess their own DNA, RNA, and
ribosomes. This intriguing hypothesis is corroborated by the findings that mitochondrial nucleic acids and
ribosomes resemble their counterparts in bacteria and that mitochondrial DNA encodes a small number of
mitochondrial proteins. The other mitochondrial proteins are encoded by the cell’s nuclear DNA.

Mitochondrial Oxidative Phosphorylation Produces Adenosine Triphosphate

Mitochondria are uniquely equipped with the necessary enzymes for 1) obtaining energy from glu-
cose, fatty acids, and amino acids, and 2) using this energy to synthesize the important energy-rich
compound adenosine triphosphate (ATP) from its precursor, adenosine diphosphate (ADP). Mito-
chondria derive energy from these sources through oxidation, so the exclusive two-staged process
by which they produce ATP is termed oxidative phosphorylation.

Hydrolytic degradation of ATP liberates essential energy for molecular transport across the cell mem-
brane, macromolecular synthesis, muscular contraction, and other energy-consuming activities. The resulting
ADP then undergoes re-phosphorylation to ATP. Mitochondria are the sites where most of this important
energy currency is generated. Energy-providing substrates derived from digested food traverse both of the mi-
tochondrial membranes and enter the matrix where enzymes responsible for their oxidation are situated. The
released energy is immediately employed to phosphorylate ADP to ATP. The various enzymes that capture,
pass on, and utilize energy released through oxidation constitute an integral part of the inner membrane and
cristae of the organelle. Here they are arranged as integrated functional complexes, portions of which are dis-
cernible at the EM level, particularly when special EM preparative methods are used. Tiny knobs, known as in-
ner membrane spheres or elementary particles, project inward into the mitochondrial matrix, supported on
narrow stalks (see Fig. 3-5A and C). This unique arrangement of the membrane-bound enzymes ensures that
the entire series of enzymatic reactions involved in oxidative phosphorylation proceeds efficiently and in the
appropriate sequence. The ATP synthesized on these complexes passes out through both mitochondrial mem-
branes to the cytosol and other organelles where it donates its store of energy.

RIBOSOMES

The cytoplasm contains a distinctive population of ribonucleoprotein particles known as ribosomes.
Because ribosomes are 20 to 30 nm in diameter, they are not individually discernible with an LM,
but in H&E-stained sections their relative abundance is to some extent revealed by cytoplasmic
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color. Thus, the cytoplasm of a cell that actively synthesizes proteins may appear blue to purple
rather than pink. Termed cytoplasmic basophilia, the blue staining reflects the strong affinity be-
tween hematoxylin and the rRNA in ribosomes (see Chap. 1). In general, diffuse cytoplasmic ba-
sophilia indicates an abundance of free ribosomes, whereas patchy cytoplasmic basophilia indicates
regions of closely packed rough-surfaced endoplasmic reticulum. However, such is not always the
case because free ribosomes can be plentiful in the same regions as rough-surfaced endoplasmic
reticulum, and some cells contain so much rough-surfaced endoplasmic reticulum that their cyto-
plasm is almost entirely basophilic.

Diffuse cytoplasmic basophilia reflecting an abundance of free ribosomes is noticeable in cells
that proliferate and grow rapidly (e.g., cancer cells that are multiplying rampantly). Another exam-
ple is the basophilic erythroblast, which actively synthesizes the globin component of hemoglobin.
After staining with a blood stain, the cytoplasm of a basophilic erythroblast exhibits a diffuse bluish
tinge (see Plate 7-18), and the EM discloses that this staining is due to a high content of free ribo-
somes (Fig. 3-6).

The formation, subunit structure, and functional role of ribosomes are described in Chapter 2
under Nucleolus and Transcription and Translation. Besides existing as individual structures made
up of a small and a large subunit, free ribosomes constitute strings called polysomes (polyribo-
somes). A polysome is a transitory structure in which a mRNA molecule is associated with a num-
ber of ribosomes. If the mRNA molecule is long, the polysome configuration is characteristically
spiral (see Fig. 3-6, inser).

Ribosomes

Polysomes

(Inset A)

ectron micrograph showing free ribosomes and polysomes (basophilic erythroblast, X40,000). (/nsers) A polysome is a
I hnear series of ribosomes attached to an mRNA molecule.
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As explained in Chapter 2 under Polypeptide Assembly, ribosomes represent the cell’s exclusive site of
amino acid incorporation into forming polypeptides. During passage of cach mRNA between the ribosomal
subunits, the amino acid specifications encoded in the mRNA nucleotide base sequence are translated. Each
time the 5' leading end of the mRNA emerges, it engages further ribosomes that all begin assembling identical
chains because they are translating the same encoded information. Because the length of the mRNA determines
how many ribosomes attach, the number of ribosomes in the polysome gives some idea of the relative length
of the polypeptide being assembled.

Each ribosomal subunit plays its respective role in the process, which typically occurs in less than 1
minute. First, the small subunit binds the necessary t(RNA and latches onto the mRNA. The large subunit then
attaches to the small subunit and implements peptide bonding, initiating the assembly process. When assembly
is complete, the small and large subunits dissociate and then become individually available for further use.
Hence ribosomes that are not actually in use exist largely as free subunits.

Cytosolic proteins, nucleoproteins, and certain mitochondrial proteins are synthesized by the ri-
bosomes and polysomes that lie in the cytosol. In contrast. secretory. lysosomal, and integral mem-
brane proteins are synthesized by membrane-bound ribosomes and polysomes that constitute an

integral part of the rough-surfaced endoplasmic reticulum.

ROUGH-SURFACED ENDOPLASMIC RETICULUM

Sites of abundant rough-surfaced endoplasmic reticulum (rER) can appear as areas of local ba-
sophilia. This organelle is present in all cells, but is particularly prominent in protein-secreting cells,
a classic example of which is the cell type that produces pancreatic enzymes. These cells constitute
spherical secretory units called acini (L., grapes) and hence are known as pancreatic acinar cells.
Each acinus has a central lumen that drains into a duct, but it is rarely sectioned in a plane that dis-
closes the lumen of the acinus. Acinar cells release secretory protein from their luminal (apical) sur-
face, which borders on the lumen (Plates 3-2 and 3-3). The nucleus lies toward the basal surface, and
the cytoplasm between the nucleus and the basal border is packed with sufficient rER to render it in-
tensely basophilic (see Plate 3-2). Other protein-secreting cells characterized by an abundance of
1ER are fibroblasts and osteoblasts, which secrete the organic matrix constituents of connective tis-
sue and bone, and plasma cells, which secrete humoral antibodies.

With the EM, the rER appears as a discrete intracellular compartment bounded by a single unit
membrane. Its recognition is easy because 1) most of it typically consists of parallel, flattened sacs
called cisternae, and 2) its limiting membrane is studded with ribosomes (Fig. 3-7). Furthermore,
its cisternae are interconnected (see Fig. 2-3) and their luminal content sometimes appears slightly
electron-dense. In addition, the outer membrane of the nuclear envelope of all nucleated cells is stud-
ded with ribosomes. In all respects, this outer membrane therefore resembles the rER membrane
with which it is continuous (see Figs. 2-2, inset, and 2-3). The narrow space between the outer and
inner membranes of the nuclear envelope is accordingly regarded as an extension of the rER lumen.

The rER is the exclusive site of synthesis of lysosomal hydrolases and secretory proteins. Un-
like the cell’s cytosolic and nuclear proteins, which are synthesized on free ribosomes, lysosomal
enzymes and secretory proteins become segregated within the lumen of the rER in the course of be-
ing synthesized. Because lysosomal enzymes are potently hydrolytic, they pose a hazard as soon as
they are synthesized. Like secretory proteins, they must be segregated from the rest of the cytoplasm.
Moreover, they must be confined by an intracellular membrane until they are used or released by the
cell.

The ribosomes that assemble such proteins attach by their large subunit to the outer (cytosolic)
surface of the TER membrane. Many of them are organized in polysome configurations. Each
polypeptide that they assemble extends down a channel through the ribosome and passes through the
rER membrane into the rER lumen (see Fig. 3-7). The details of this process are as follows.
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‘Ribosomal binding to the rER membrane and polypeptide assembly with luminal segregation of the synthesized product.
‘This process is known as the signal hypothesis.
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After budding from the rER (1), transfer
vesicles (2) fuse with the first Golgi
saccule (3)

Figure 3-8
Membrane-segregated proteins present in the lumen of the rER are delivered to Golgi saccules by transfer vesicles.

Polypeptide assembly commences on polysomes lying free in the cytosol. However, the polysomes that
have begun to synthesize integral membrane proteins or membrane-segregated proteins selectively bind to the
rER membrane. An initial amino-terminal signal sequence (sometimes described as a signal peptide) on these
proteins has a distinctive distribution of charged and uncharged amino acids that resembles that of a trans-
membrane protein. The signal sequence binds indirectly to the rER membrane by way of a signal recognition
particle for which the rER membrane has a receptor. The particle recognizing the signal sequence is a complex
of RNA with several proteins. Another attribute of the signal sequence is that its characteristic charge distribu-
tion enables the assembling polypeptide to insinuate itself into the rER membrane, a process known as co-
translational insertion. Also involved in ribosome attachment are two receptors in the rER membrane, called
ribophorins, that secure ribosomes directly by binding to their large subunits.

Thus, the initial signal sequence ensures that those polysomes that are assembling rER-targeted proteins
bind to the rER membrane (Fig. 3-7. stage 1). The signal sequence also cnables the elongating polypeptide ei-
ther to insinuate itself into the rER membrane or to pass right through it into the lumen of the rER, both of which
are ATP-dependent processes (stages 1 and 2 in Fig. 3-7). Before assembly of membrane-segregated secretory
and lysosomal proteins is completed, the signal sequence is clipped off by a membrane-associated signal pep-
tidase (stage 3 in Fig. 3-7). Removal of the signal sequence and subsequent conformational changes (stage 4 in
Fig. 3-7) prevent the segregated proteins from leaving the rER lumen in the reverse direction. When integral
membrane proteins and glycoproteins are being incorporated into the rER membrane, part or parts of the
molecule remain situated in the membrane instead of the entire molecule passing into the lumen. In such cases,
the signal sequence is not removed. Attachment of sugar groups (e.g., N-acetyl-D-glucosamine, mannose) to
forming integral membrane, lysosomal, and secretory glycoproteins begins on the luminal surface of the rER
membrane. Here, the initial stage of attachment of N-linked sugar residues is transfer of an entire branched
oligosaccharide chain from dolichol (a carrier lipid in the rER membrane) to assembling polypeptides that are
entering the rER lumen. Since phospholipid and cholesterol molecules are additionally incorporated in the rER
membrane, this organelle is considered to be the primary source of all membranes in the cell.

Now segregated in the rER lumen, secretory and lysosomal proteins are delivered by transfer
vesicles (see Plate 3-3 and Fig. 3-8) to the Golgi apparatus, where further chemical modifications
occur and the lysosomal and secretory proteins are independently segregated. The lysosomal en-
zymes are transferred to lysosomes, and the secretory proteins are packaged into secretory vesicles

(granules) for delivery to the cell surface.

GOLGI APPARATUS

The Golgi apparatus, known also as the Golgi complex, is named after the Italian neurologist and
cytologist who discovered it through the use of the silver impregnation method he devised. Although
the Golgi apparatus is too small to be resolved in H&E-stained sections, its whereabouts may be de-
tected in cells with intensely basophilic cytoplasm. This is because the Golgi apparatus lacks ribo-
somes, so in contrast to surrounding basophilic regions of cytoplasm it stands out as a comparatively
pale region called a negative Golgi image (Plate 3-4).
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The Golgi apparatus varies in size. position, and shape from one cell type to another. Thus, in
asymmetric secretory cells, e.g., pancreatic acinar cells, the Golgi apparatus is prominent, and it lies
between the nucleus and the luminal border, which is the secretory surface (see Plate 3-3). In other
cells, it can lie elsewhere (e.g., to one side of the nucleus; see Plate 3-4).

In EM sections, an easily recognized component of the Golgi apparatus is the Golgi saccule, a
flattened intracellular compartment bounded by a single, smooth-surfaced membrane that is devoid
of bound ribosomes. Golgi saccules are commonly shaped like shallow saucers, and three or more
of them are arranged as a well-defined Golgi stack (Fig. 3-9). Such an arrangement is unique to the
Golgi apparatus. Most Golgi saccules are fenestrated, that is, perforated by wide window-like open-
ngs called fenestrae. In some cells, the bottom and top saccules more closely resemble networks of

Secretory granules
leaving frans face

trans Golgi
network

Golgi saccule : o
/ Prosecretory
granule

Transfer vesicles
B reaching cis face

Figure 3-9
(4) Electron micrograph showing a Golgi stack with associated organelles (secretory cell of rat parotid, *37,500).
(B) Golgi stack (part of 1 Golgi complex) with associated transfer vesicles and secretory granules,
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anastomosing tubules than flat sacs. Some actively synthesizing cells possess multiple Golgi stacks,
generally interconnected by anastomosing tubules, which constitute an extensive, ramifying net-
work termed a Golgi complex.

Each Golgi stack has 1) a cis (L., on this side of) face, which is more or less convex in shape,
and 2) a trans (L., beyond) face, which is correspondingly concave. The cis face lies at the bottom
of the stack, associated with rER and small transfer vesicles, whereas the trans face lies at the top
of the stack, associated with larger secretory vesicles (see Fig. 3-9). Lying between the ¢is and the
trans compartments of the stack is a medial compartment. Each of these compartments is repre-
sented by at least one saccule (see Plate 3-3).

The various integral membrane proteins and lipids of the lining membrane of Golgi saccules are
synthesized by the rER. Along with segregated proteins, they reach the cis face by way of transfer
vesicles that bud from the rER and then coalesce with the lowermost saccule of the stack (see Fig.
3-10). Hence the cis face is sometimes referred to as the forming face of the stack. An independent
vesicle-mediated progressive delivery system operates at the periphery of the stack. Populations of
small vesicles carry intraluminal contents from each saccule to the next level in the stack. Progres-
sion through cis, medial, and trans compartments is an obligatory prerequisite for the exit of segre-
gated proteins from the Golgi apparatus. It ensures that the post-translational processing of integral
membrane proteins and intraluminal proteins occurs sequentially in the appropriate manner (Fig.
3-10).

The Golgi is the primary center for distributing and recycling. The several thousand proteins
that a typical cell produces are individually required at particular intracellular sites. Some of these
proteins degrade fairly rapidly; others last longer because they are efficiently recycled. The Golgi
apparatus is the central distribution and recycling center where the cell’s various segregated and
membrane proteins are collected, modified as required, sorted, and packaged for transport to the ap-
propriate destinations (see Fig. 3-10). Key roles that the Golgi apparatus performs are 1) chemical
modification of certain proteins, 2) packaging and distribution, both of secretory products to form
secretory vesicles and of hydrolytic enzymes to form lysosomes, and 3) distribution and recyecling
of reusable membrane proteins.

The membranous walls of medial and trans Golgi saccules are uniquely equipped with the glycosidase and
glycosyltransferase enzymes that trim and add certain sugar groups to forming glycoproteins and glycolipids,
completing the process that begins in the rER. Thus, certain proteins entering the Golgi stacks become glyco-
sylated and others leave the trans face as glycoproteins. Proteoglycans, too, become glycosylated in Golgi sac-
cules. Other molecules chemically modified within Golgi saccules include glycosaminoglycans, several of
which become sulfated. Also, post-translational processing of the precursors of certain polypeptide hormones
and peptide neurotransmilters begins in the frans compartment.

The Golgi apparatus packages newly-synthesized secretory proteins, glycoproteins, and lipoproteins into
secretory vesicles. Hydrolytic enzymes concurrently become segregated for delivery to lysosomes. Many cell
types are also able to sort their secretory proteins into (1) proteins that they will release in a regulated manner
(e.g., in response 1o a specific stimulus), and (2) proteins that they will release in a constitutive (unregulated)
manner. Each class of secretory protein is packaged into a separate population of secretory vesicles (see Plate
3-3). The mechanism by which enzymes destined for lysosomes are individually recognized and segregated in-
volves the attachment of mannose-6-phosphate (M-6-P) to these molecules within the cis compartment.
Tagged molecules are then recognized by an M-6-P receptor in the frans compartment and routed toward lyso-
somes.

Other major functions of the Golgi apparatus are to sort out specific membrane constituents
and to regulate where they go in the cell. For example, it determines which integral membrane
proteins arriving from the rER are to become a part of the Golgi apparatus and which are to be
returned to the rER. A key role of the Golgi apparatus is renewal of integral cell membrane
proteins with integral membrane proteins synthesized by the rER. Such renewal can also be a con-
sequence of exocytosis (discharging contents of secretory vesicles onto the cell surface), be-
cause during this process the molecules of the secretory vesicle membrane become a part of the

cell membrane.
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In passing through the Golgi region, newly synthesized
proteins undergo the following sorting processes. (A)
Secretory proteins are synthesized and segregated in the
rER (1). They are taken by transfer vesicles (2) to the cis
Golgi compartment. Similar vesicles (3) carry these
proteins first to the medial compartment and then to the
trans compartment, from which prosecretory granules (4)
can form. In many cell types, however, prosecretory
granules (5) are derived from the frans Golgi network
(TGN). Secretory granules (6) deliver secretory proteins to
the cell membrane domain involved in exocytosis (7).
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(B) Lysosomal enzymes, also segregated in the rER (1), are
transferred (2) to the cis Golgi compartment. They progress
through the Golgi stack (3) to the trans Golgi compartment.
From the trans Golgi compartment (4), or from the TGN
(5), they are carried by coated vesicles (6) to a late
endosomal compartment known as an endolysosome (7).
from which primary lysosomes (8) are derived. Molecules
taken up by receptor-mediated endocytosis (9) enter the cell
by way of coated vesicles that subsequently shed their
clathrin coat (10). Some of these ingested molecules
dissociate from their receptors in early endosomes (11).
Vesicles (12) return the retrieved receptors to the cell
membrane (13). The ingested molecules then enter the late
endosomal compartment (7).

In many cell types, the uppermost element on the rrans side of the Golgi stack is tubular, rami-
fies extensively, and contains its own characteristic complement of enzymes. This part of the Golgi
apparatus is designated the trans Golgi network (TGN), formerly the GERL saccule (Figs. 3-9 and
3-10). In the TGN, lysosomal proteins and proteins that undergo regulated secretion become segre-

gated from proteins that undergo constitutive sec

retion (see Plate 3-3). Hence the TGN may be re-

garded as the chief sorting station for segregated proteins.
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SECRETORY VESICLES

Large secretory vesicles can be distinguished under oil-immersion in suitably stained LM sections.
After fixation, the coagulated content of these vesicles has a granular appearance, so they are com-
monly called secretory granules. Acinar cells of glands such as the pancreas store their secretory
products in a highly concentrated state, ready for release when needed. Secretory granules are fairly
conspicuous in such cells, reaching a diameter of 1.5 wm or so (see Plate 3-2). They are known also
as zymogen granules because they contain enzymes or enzyme precursors. Acidophilic staining of
their substantial protein content sometimes draws attention to their presence in H&E-stained sections.

Each secretory vesicle has a single limiting membrane (just discernible at upper left in Fig.
3-94). At the EM level it is also possible to recognize carlier stages of formation of such granules.
The trans saccule or network of Golgi stacks dilates locally, forming bulbous structures known as
prosecretory granules (see Fig. 3-9A). These local distentions represent secretory granules that
have not yet budded off as separate structures. Because their contents are incompletely condensed,
prosecretory granules are less electron-dense than secretory granules. Post-translational proteolytic
processing of hormone precursors (e.g., proinsulin) continues within the stored secretory vesicles.

Secretory products are released from the cell surface by exocytosis (Gk. ex, out of or away from;
osis, process). In certain cases exocytosis is constitutive, but in many cases it is regulated and Catt
dependent. The release process begins with fusion between the outer surface of the secretory vesi-
cle membrane and the inner (cytoplasmic) surface of the cell membrane. The cell membrane then
opens up at the site of fusion, discharging the contents of the vesicle into the extracellular space (see
Fig. 3-10). However, not all vesicles arising from the rrans face of Golgi stacks are destined to dis-
charge their contents by exocytosis. Some of them accumulate enzymes that enter lysosomes and
subsequently carry out important functions within the cell.

LYSOSOMES

Primary lysosomes are tiny spherical vesicles with a diameter of 0.2 to 0.4 pm (0.2 gm is the limit
of resolution of the LM). Their numbers vary considerably from one cell type to another. Lysosomes
are unique in having an acidic internal pH and a wide selection of acid hydrolases capable of
degrading virtually all major macromolecular constituents of the cell. It is therefore imperative that
enzymes of this class remain segregated from the rest of the cell by an intracellular membrane.
Because it is precarious for the cell to have potentially destructive enzymes stored in its cytoplasm
with only the lysosomal membrane as a barrier, these organelles are sometimes melodramatically
described as suicide bags.

Of the many hydrolytic enzymes that lysosomes contain. acid phosphatase is the easiest to
detect with the EM by histochemical staining. In routine EM sections stained in a conventional
manner, however, lysosomes appear as in Figure 3-11. The limiting membrane of primary lyso-
somes encloses contents with moderate electron density. The more electron-dense structures evident
in Figure 3-11 are secondary lysosomes (see later).

Lysosomal acid hydrolases, almost all of which are glycoproteins, leave the trans face of the
Golgi apparatus by way of the TGN if the cell has one. Clathrin-coated transport vesicles convey
them to a late endosomal intermediate or prelysosomal compartment that is often referred to as an
endolysosome (see Plate 3-3 and Fig. 3-10). The classic type of early lysosome (primary lysosome)
is presumed to arise from this intermediate compartment.

Segregated Materials Are Exposed to Lysosomal Hydrolases

Acid hydrolases are employed to degrade unwanted macromolecular materials that the cell may have
taken up, as well as useless constituents of the cell itself. Ideally, this is achieved without leakage of
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Electron micrograph showing primary and
secondary lysosomes (macrophage, X 18,000).

these enzymes from the lysosomes. If a cell becomes deprived of oxygen, however, its lysosomal
enzymes escape and start digesting the macromolecules in the cell and its immediate surroundings.
Such massive leakage of hydrolytic enzymes damages tissues, spoils microscopic detail, and is the
cause of autolysis or postmortem degeneration.

The impressive complement of lysosomal enzymes rapidly disposes of most ingested particles.
Particulate matter that comes into contact with the cell membrane is engulfed by phagocytosis (Gk.
phagein, to eat). The cell membrane encloses the particle, engulfing it in a phagocytic vesicle, as
depicted at top right in Figure 3-12. This vesicle then enters the cytoplasm as a phagosome. A lyso-
some with no morphological signs of hydrolytic activity is known as a primary lysosome (Figs.
3-11 and 3-12). Its hydrolytic enzymes are potentially available for use in phagocytosis or for elim-
ination of worn-out organelles, superfluous macromolecular products, or accumulated secretions in
the cell itself. In each case, the primary lysosome fuses with another membranous vesicle that con-
tains the material or the organelle to be degraded. The resulting combined vesicle enclosing the re-
dundant material with the acid hydrolases is generally referred to as a secondary lysosome. Its
appearance with the EM can disclose its origin, and in cases where undegradable contents persist
the vesicle is commonly referred to as a residual body (see Fig. 3-12).

The cell is also able to engulf fluid by a nonspecific ingestion process called pinocytosis (Gk.
pinein, to drink), which is similar to phagocytosis except that subsequent events are less clearly es-
tablished. Proteins ingested by pinocytosis can become localized in structures known as multi-
vesicular bodies, which, because they also contain acid hydrolases, are believed to be a type of sec-
ondary lysosome. ;

During intracellular disposal of worn-out organelles, secondary lysosomes of a third kind are
formed. Nonproductive mitochondria, fragments of rER, or other redundant organelles may become
individually surrounded by an additional limiting membrane that segregates them from the remain-
der of the cytoplasm. The new limiting membrane then fuses with primary lysosomes, and morpho-
logical signs of hydrolytic degradation are seen in the organelle. A secondary lysosome thus engaged
in organelle disposal is called an autophagic vacuole or cytolysosome. Persisting autophagic vac-
uoles tend to accumulate the pigment lipofuscin (described under Cytoplasmic Inclusions).
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The various disposal pathways through which lysosomes eliminate exogenous ingested macromolecules and obsolete
cytoplasmic organelles.

Clinical Importance of Lysosomal Enzymes
Because lysosomal enzymes can degrade a broad range of macromolecular compounds, cells are able to rid
the body of most unwanted substances of high molecular weight. In particular, the cell’s potent acid hydro-
lases help to eliminate infectious microbes such as bacteria. Important in this respect are white blood cells
known as neutrophils, which are so expert at catching and killing bacteria that they constitute a major de-
fense mechanism against infectious diseases.

When a tissue becomes acutely inflamed (hot, swollen, and tender when pressed), bactenal infection is
often the cause. In responding, however, inflammatory cells such as neutrophils may liberate hydrolytic en-
zymes 1n sufficient quantities to result in some local tissue destruction. In many instances, this damage is
due to premature spilling out of lysosomal hydrolases from forming phagocytic vesicles before these have
had time to seal off completely (as shown in Fig. 3-12).
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Another problem involving lysosomes is the body’s response to chronic inhalation of certain dusts, no-
tably silica particles. Such particles are phagocytosed by macrophages in the Iungs, but because the parti-
cles are inorganic they resist enzymatic degradation. To make matters worse, the particles can disrupt the
intracellular membrane that segregates them from the remainder of the cell. The hydrolytic enzymes leak
from the secondary lysosomes into the cytosol and then. through death of the cells. into the surrounding tis-
sues. A stmilar situation is found in patients with gout whose neutrophils attempt to phagocytose sodium
urate crystals deposited in the joint tissues. In this case, the liberated Iysosomal enzymes elicit a painful in-
flammatory reaction that typically is located in the proximal joint of the great toe.

A forther example of lysosomal involvement in disease is found in cases where some important enzy-
matic activity normally present in lysosomes is lacking because of a gene mutation. One consequence of
such inherited enzyme deficiency is intracellular accumulation of material that would otherwise be broken
down or put to zood use by the cell. In the lysosomal storage diseases, incompletely degraded cell prod-
ucts accumulate to such an extent that they impair function. If essential cells such as brain neurons are af-
fected, detrimental clinical problems can arise. Patients with Tay-Sachs disease, for example, arc deficient
in the lysosomal enzyme acetylhexosaminidase A, which degrades a neuronal ganglioside. Residual unde-
graded product, the ganglioside, accumulates in the secondary lysosomes of brain and retinal neurons. This
commonly leads to progressive mental impairment, loss of vision, and muscular weakness. It culminates
with death in infancy.

Receptor-Mediated Endocytosis Brings in Useful Macromolecules

Endocytosis (Gk. endon, within) is a general term for the uptake of macromolecules from the cell’s
surroundings. A mechanism that normally supplements phagocytosis and pinocytosis is receptor-
mediated endocytosis, a highly specific form of uptake that is mediated by cell membrane recep-
tors. This important mechanism supplies the cell with some of its required macromolecules. Once
such ligands have bound to their receptors on the cell surface, they are rapidly delivered to endo-
somes (sce later). At this site, many of them dissociate from their receptors, which become available
for further use. In the case of ligands that do not dissociate from their receptors, however, endocy-
tosis may lower the number of receptors that remain on the cell surface, and this is described as
down-regulation.

COATED VESICLES

Receptor-mediated endocytosis takes place primarily at sites known as coated pits. These are tem-
porary shallow indentations where a protein called clathrin coats the cyloplasmic aspect of the cell
membrane (see Figs. 3-12 through 3-14). Such pits form and invaginate on a frequent basis. The
clathrin coat remains adherent to the cell membrane when the pit invaginates and pinches off to form
a coated vesicle. The coat on this vesicle is then disassembled by an ATPase and the vesicle fuses
with an endosome.

EM sections of the clathrin coat can resemble sparse stubby bristles (see Fig. 3-13A4, stage 4).
When a coated pit forms, the cytoplasmic surface of the cell membrane becomes coated with
clathrin. The same surface remains coated when the pit pinches off to form a coated vesicle. A
clathrin-coated vesicle therefore has clathrin on its outer surface and cell coat on its inner surface.
The clathrin coat is an enveloping basketwork made up of pinwheel-like subunits that spontaneously
assemble into a curved lattice. Such assembly eventually results in formation of a spherical lattice-
work (see Fig. 3-13B) that plays a key role in pinching off and separating coated vesicles from the
coated pits in the cell membrane.

In addition, coated vesicles bud from the rER membrane, Golgi saccules, TGN, and secretory
vesicles. These coated vesicles are involved in transporting segregated proteins along the cell’s sep-
arate lysosomal and surface-bound secretory pathways.
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(A) Electron micrographs showing sequential invagination of a coated pit (/ and 2) and formation of a coated vesicle (3 and
4) in uptake of lipoprotein particles through receptor-mediated endocytosis (X 53.000). (B) Interpretive diagram. (Inser) A
clathrin latticework associates with the lipoprotein receptors. (C) This latticework is made up of clathrin-containing
subunits termed triskelions.
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Figure 3-14
Electron micrograph showing coated pits and coated vesicles on the underside of the cell membrane (mouse hepatocyte,
deep etched, rotary shadowed replica). The long, straight structures in this region are intermediate filaments representing
part of the membrane cytoskeleton.
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Coated vesicles constitute a heterogeneous class of transitional vesicular structures that employ
either clathrin or coatomer (a complex of seven coat protein subunits) as the basis for budding.
Vesicular transport that is selective (e.g., receptor-mediated endocytosis, regulated secretion, and
routing to lysosomes) is mediated by clathrin-coated vesicles. Vesicular transport that is nonselec-
five (e.g., bulk progression through Golgi compartments and constitutive secretion) is mediated by
coatomer-coated vesicles.

ENDOSOMES

Before ingested macromolecules become exposed to the full onslaught of the cell’s lysosomal acid
hydrolases, they are processed in an intermediate, prelysosomal compartment called an endosome
(see Figs. 3-10 and 3-12). An endosome is an endocytic sorting compartment with an acidic in-
ternal pH but only minimal acid hydrolase activity.

Endosomes are categorized as early or late to denote whether there is any delay before the in-
gested material reaches them following endocytosis. Early endosomes, many of which are tubular,
provide an acidic, nondegradative environment in which ligands may dissociate from their recep-
tors. In some cases, recovered receptors return to the cell surface for further utilization. Late endo-
somes lie deeper in the cytoplasm and tend to be larger and more complex in shape. Their pH is
slightly lower and they are believed to participate in a comparatively extensive recycling program
that involves the TGN as well. Furthermore. endolysosomes (an intermediate compartment that
receives lysosomal enzymes from the TGN) represent a late type of endosome. Any ingested
macromolecules that are not retrieved from endosomes for further use by the cell are subsequently
submitted to the full degradative action of its lysosomal enzymes.

PEROXISOMES

Peroxisomes (known also as microbodies) are tiny vesicles, <1 um in diameter, that are derived
from the rER. They are called peroxisomes because oxidase enzymes that they contain are involved
in the formation and breakdown of intracellular hydrogen peroxide, which phagocytic cells use to
kill phagocytosed bacteria. Hepatocyte peroxisomes have a substantial content of catalase, which
can degrade ethyl alcohol, and enzymes that can degrade fatty acids by B-oxidation, indicating that
liver peroxisomes play a subsidiary role in the systemic regulation of alcohol, lipid, and cholesterol
levels.

The homogeneous content of human peroxisomes is moderately electron-dense and finely gran-
ular. In various other species, it is characterized by having a more electron-dense core called a nu-
cleoid. This core is considered to be a semicrystalline array of urate oxidase (uricase), an enzyme
that degrades urates, because it is absent from the peroxisomes of those species that, like humans,
lack this enzyme.

SMOOTH-SURFACED ENDOPLASMIC RETICULUM

In addition to the rER, the cytoplasm contains a smooth-surfaced endoplasmic reticulum (sER).
Morphologically. this organelle differs from the rER in that 1) its limiting membrane is smooth in-
stead of being studded with ribosomes and 2) it is primarily made up of branched tubules that anas-
tomose in an irregular pattern (Fig. 3-15). Direct continuity nevertheless exists between the two
types of endoplasmic reticulum. Furthermore, the integral membrane proteins of the sER are syn-
thesized by the rER, so the sER is derived from the rER. The amount of sER seen varies with the
cell type, and in most cells it is inconspicuous.
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Electron micrograph showing tortuous, interconnected tubules of smooth endoplasmic reticulum (sER) in a steroid-
synthesizing cell (zona reticularis of human adrenal cortex, X 15,400).

The sER is devoid of ribosomes, so it does not cause cytoplasmic basophilia or synthesize pro-
teins. It does, however, possess most of the enzymes necessary for lipid and steroid synthesis, and
in certain cells it has a remarkable capacity for segregating calcium ions. The sER membrane of hep-
atocytes, which are the metabolically active parenchymal cells of the liver, also contains enzymes
that can metabolize, degrade, or detoxify potentially harmful compounds. The details are as follows.

Lipid Synthesis

The sER is the cytoplasmic organelle where lipids and cholesterol-derived compounds are synthe-
sized. It therefore tends to be more conspicuous in cells that secrete lipids, lipoproteins, or steroid
hormones. An example of a cell type that synthesizes and also secretes lipids is the common kind of
lining cell of the small intestine. Among the many products of digestion that these cells absorb are
the breakdown products of fats, which are recombined into lipids in the sER of these cells. The sER
is even more extensive in steroid-secreting cells (see Fig. 3-15).

Drug Detoxification

Cytochrome P450 enzymes, the oxidative enzymes present in the sER membrane of hepatocytes,
have the capacity to metabolize lipid-soluble drugs (e.g.. barbiturates) and other toxic compounds
that may be present in the circulation. If blood levels of such drugs or alcohol remain elevated, the
sER becomes more extensive, augmenting the liver’s detoxification capacity.

Glycogen Metabolism

Much of the glycogen stored in hepatocytes lies in the cytosol present between tubules of the SER
(Fig. 3-16). This is probably because glucose-6-phosphatase. which is the enzyme responsible for
the last stage of breakdown of glycogen into glucose, and two additional enzymes involved in reg-
ulating glycogen metabolism are intimately associated with the sER membrane of these cells.

Calcium Segregation
Whether a muscle cell contracts or relaxes is determined by the concentration of calcium ions reach-
ing its contractile components. The precise intracellular distribution of calcium in skeletal and car-
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Figure 3-16
Elecl:rop micrograph showing glycogen (arrow) in
proximity to tubules of sER in a hepatocyte.

diac muscle cells is regulated by an elaborate sER th
nents (sec Chapter 10).

Next, we shall deal with the cytoskeletal components that support the cell, stabilize its limiting
membrane, and generate certain forms of cell motility.

at intimately encloses their contractile compo-

MICROTUBULES

Cytoplasmic microtubules are slender, unbranched tubules made of the protein tubulin. They repre-
sent the chief structural components of centrioles, mitotic spindles, cilia, and flagella. In interphase,
they exist individually as cytoplasmic microtubules (Fig. 3-17). At mitosis, cytoplasmic micro-
tubules disappear and spindle microtubules form instead.

With the EM, microtubules appear as long hollow structures of unfixed length with a diameter
of 25 nm (Fig. 3-18A). In transverse section, they appear as tiny circles (see Fig. 3-18B). After ap-
propriate staining, it can be discerned that each microtubule is made up of longitudinal rod-like

Figure 3-17

Cytoplasmic microtubules of an interphase cell.
(Inset) Spindle microtubules of an anaphase cell.
These are immunofluorescence oil-immersion
photomicrographs of mouse embryonic fibroblasts.
Near the middle of the interphase cell, centrioles
(c) appear as a single, intensely fluorescent spot.
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Figure 3-18

Electron micrographs showing
microtubules (arrows) cut in
longitudinal section (A) and transverse
section (B). (A) Midbody microtubules
(chick embryonic neural retinal cell).
(B) Supporting microtubules (human
peripheral nerve fiber).
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elements called protofilaments (indicated in Fig. 3-23) assembled [rom dimeric tubulin subunits
consisting of - and B-tubulin. This pattern of organization is evident in the micrograph of a centri-
ole (a structure made up of microtubules) shown in Figure 2-15.

In the cell, tubulin exists both as a soluble protein in the form of free dimeric subunits and in the
polymerized state in the form of microtubules. These two forms are in equilibrium with each other. In this
connection, the plant alkaloid colchicine is extensively employed in experimental studies of the cytoskeleton,
chromosome preparation for cytogenetic studies. and investigations relating to mitosis. Its usefulness is due to
the fact that it causes existing microtubules to disappear and prevents formation of mitotic spindles, thus block-
ing cell division. It acts by binding to tubulin subunits, which interferes with microtubule assembly. Also, the
disturbed equilibrium between polymerized tubulin and soluble tubulin causes existing cytoplasmic or spindle
microtubules to dissociate into free tubulin subunits. Cilia, flagella, and centrioles, however, remain refractory
to the action of colchicine and their constituent microtubules stay intact.

As noted in Chapter 2, under Mitosis, microtubules grow mostly at their plus end. Their slow-growing,
minus end lies at the site where their assembly began. Microtubule-organizing centers, the initiation sites for
microtubule assembly, are most abundant in pericentriolar regions. In general, cytoplasmic microtubules are
oriented with their minus end lying toward the middle of the cell and their plus end lying toward the cell pe-
riphery. Microtubule assembly is promoted by certain microtubule-associated proteins (MAPs). Several
MAPs stabilize the assembled microtubules against breakdown; others are able to crosslink them (e.g., to one
another, 1o membranes, or 10 other organelles). In addition, a small number of microtubule-associated motor
proteins have been characterized. Their involvement in microtubule-mediated intracellular transport is consid-
ered briefly in the next section.

Microtubules support and provide motility and intracellular transport. Rigid microtubules give
cells the necessary internal support. Their role in stabilizing cell shape is most evident in cells with
irregular contours (e.g., neurons, the long nerve fibers of which have microtubules extending along
them: see Fig. 3-18B). Blood platelets have a supporting marginal bundle of microtubules at their
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periphery that maintains their discoid shape (see Fig. 6-3). In cilia and flagella, mechanical forces
generated between adjacent doublet microtubules result in motility (see later).

Microtubules are also involved in intracellular transport. Thus in axons (a type of nerve fiber),
microtubules serve as guiding tracks for the transport of organelles and materials from the cell body
to the tip of the fiber. There is also evidence that microtubules are involved in certain secretory path-
ways, e.¢., in signal-induced. unidirectional transport of secretory vesicles from the Golgi apparatus
to the cell surface. which in some cells appears to be mediated by the microtubule motor protein,
kinesin (see Chapter 9, under Neurons). Cytoplasmic dynein can move vesicles along microtubules
in the reverse direction (toward their minus end). Participation of microtubules in the segregation of
daughter chromosomes at mitosis was considered in Chapter 2. Corresponding spindle-associated
microtubule motor proteins play key roles in the relative movements of spindle microtubules and
kinetochores during mitosis.

We shall now consider the cytoplasmic organelles that possess recognizable groups of micro-
tubules. Centrioles, described briefly in Chapter 2, will be reconsidered in connection with basal
bodies of cilia.

CILIA AND FLAGELLA

Cilia are hair-like motile processes, 10 wm or so in length and about 0.2 um in diameter, that extend
from the free surface of ciliated cells in the lining of certain internal tubes and cavities. The several
hundred cilia on a ciliated cell provides a striking SEM image (Fig. 3-19). Along with ciliated cells,
respiratory airways are typically provided with goblet cells (Fig. 3-20; see also Plate 4-1), These

Figure 3-19

Scanning electron micrograph showing
cilia on the luminal surface of ciliated
luminal lining cells (uterine tube,
mouse, X7000). Three nonciliated cells
with microvilli protruding from their
luminal surface are also present.
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Figure 3-20

Ciliated cells, with interposed goblet cells, in
the lining epithelium of the trachea (oil
immersion). Individual cilia may be
discerned. The goblet cells secrete mucus.

cells become goblet-shaped when they accumulate mucus, their glycoprotein secretory product.
Mucus is carried along airways as a continuous sheet by the beating of cilia. The traveling mucus
blanket not only affords protection but, because it is sticky, traps particles settling out from the in-
haled air. With the LM, it is just possible to distinguish individual cilia on such cells. and at the base
of the cilium, it is occasionally possible to discern a tiny associated structure called a basal body.

Microtubules

Axoneme:

Microvill
Basal body

Rootlets

Figure 3-21

Electron micrograph showing ciliated cells of the bronchial lining. Cilia cut in oblique and longitudinal sections may be
compared with microvilli cut in corresponding planes.
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When viewed with the EM, the basal body of a cilium is identical in appearance to a centriole,
which is a short cylindrical structure, 0.5 wm long and 0.2 wm in diameter, with nine bundles of mi-
crotubules in its walls. Each bundle contains three microtubules referred to as triplet microtubules
(see Fig. 2-15).

In Gy, a typical cell has a pair of closely associated centrioles that is located fairly centrally (¢
in Fig. 3-17). To prepare for ciliation, the cell produces multiple centrioles, one for each cilium.
These take up a position just under the free border of the cell and are then called basal bodies. Mi-
crotubules grow up from the superficial end of each basal body to produce a cilium, and anchoring
rootlets subsequently develop from the lower end of the basal body (Figs. 3-21 and 3-22).

In producing a cilium, the microtubules that extend up from a basal body are the two innermost
microtubules of each triplet. Hence, the shaft of a cilium, which is termed its axoneme, has nine
peripheral doublet microtubules (see Figs. 3-22 and 3-23). In addition. two singlet microtubules

Figure 3-22

Electron micrographs showing cilia cul in
longitudinal section (A) and transverse section
(B). These are cilia of human bronchial
epithelium.
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Plane of symmetry

Longitudinal section

Axoneme

Peripheral doublet
microtubules

Cell membrane

Tubulin dimers
polymerized into microtubules

Basal body
Tubulin

dimer

Dynein arms

Protofilament

Figure 3-23

Interpretive diagrams of the fine structure of a cilium. In each peripheral doublet. one microtubule possesses dynein arms.
Tt is made up of 13 rod-shaped protofilaments, each assembled from tubulin dimers (bottom right). The associated
microtubule is made up of 10 or 11 protofilaments; additional protofilaments are shared with the companion microtubule
(bortom right). Radial spoke linkages connect the peripheral doublet microtubules to an axial wbular sheath that surrounds
two central singlet microtubules (cenfer and top righ).

extend along its axis. Thus, a cilium has nine peripheral doublets and two central singlets and is sur-
rounded by cell membrane, whereas its basal body (or a centriole) has nine peripheral triplets and no
central singlets, and is surrounded by cytosol.

When cilia execute their strong forward beat (effective stroke), they are fairly rigid. When they
slip back into their starting position (recovery stroke), they are comparatively flexible. The force-
ful effective stroke can propel a mucus blanket forward. The gentler recovery stroke occurs in the
tissue fluid layer that underlies the mucus blanket and does not move the mucus blanket backward.
The two strokes are executed in a plane that lies perpendicular to an imaginary line drawn between
the two central singlets (see Fig. 3-23, top right).
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Energy for ciliary motility is obtained from ATP through the enzymatic activity of dynein, an
ATPase present as tiny hook-like arms on each peripheral doublet of the axoneme (see Figs. 3-22
and 3-23). The forces that bring about ciliary beating are generated by sliding of the peripheral dou-
blets relative to one another. An elaborate interconnecting arrangement between the peripheral
doublets and central singlets harnesses forces generated by this sliding action and applies them to
bending of the axoneme.

The basic organization of the ciliary axoneme is found also in the tail of the spermatozoon. The
sperm tail, however, has additional features and is considerably longer than a cilium (see Chapter 18).
Because the sperm tail executes whip-like swimming movements, it is known as a flagellum (L.,
whip) although it resembles a cilium in possessing nine peripheral doublets and two central singlets.

Also of interest is the fact that the stimulus-sensing region of certain sensory receptors is a cil-
iary derivative. Some cells with a modified cilium that serves this purpose are the photoreceptors of
the retina and some hair cells of the inner ear (see Chapter 19). Certain other cell types possess a sin-
gle, unmodified primary cilium that is presumed to have a sensory role. The functional significance
of this solitary structure remains somewhat speculative.

FILAMENTS

The Jast nonmembranous organelles that we shall consider are the thread-like cytoplasmic filaments.
Three different subclasses of filaments found in cells: 1) microfilaments, which are equivalent in
function to the thin filaments of muscle cells; 2) thick filaments, which are found in muscle cells
and can exist in a more temporary and much shorter form in other cell types as well; and 3) inter-
mediate filaments, a heterogeneous subclass of filaments that are so named because their diameter
is intermediate between that of thin and thick filaments. Contractile activity is due to interaction be-
tween the microfilament protein actin and another contractile protein called myosin, an actin-acti-
vated ATPase present in thick filaments. The intermediate filaments are not capable of producing
contractions.

Contractile Filaments

Seen in the EM, microfilaments are slender rods about 7 nm in diameter (Fig. 3-24). They are
made up of actin, commonly in association with tropomyesin and, in muscle cells at least, with pro-
teins that are sensitive to the cytosolic concentration of calcium ions. The role of the calcium ions is
to regulate interaction between actin and myosin. The thick filaments of muscle cells, composed of
myosin, are wider than the thin filaments and more variable in diameter (12 to 16 nm). Nonmuscle
cells also contain myosin, but it is seldom in the form of recognizable filaments. Generally, such fil-
aments are assembled in these cells only when needed and, although thick, are too scarce and short
to be recognized with confidence.

The thin and thick filaments of skeletal muscle and the heart are distinctively arranged in a pat-
tern (summarized below) that facilitates their interaction in producing contractions. At the periphery
of other cells, a basically similar mechanism generates certain forms of cell motility.

Filaments in Skeletal Muscle

The thin and thick filaments are confined to cylindrical structures called myofibrils that extend the full
length of the muscle cell. Each myofibril is made up of identical repeated segments termed sarcomeres, with
conspicuous transverse interconnections called Z lines. As shown in Figure 10-34, equal numbers of thin
filaments, attached to each Z line, extend to the middle third of the sarcomere. The thick filaments lic in the
middle two thirds of the sarcomere, with the two sets of thin filaments interdigitating between them. When
the muscle cell is stimulated to contract, the thin filaments are drawn farther in between the thick ones, while
the thick filaments stay in the same position (see Fig. 10-3B). ATP supplies the energy for this process. The
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Intermediate filaments

Microfilaments

Microtubules

Figure 3-24
Electron micrograph showing the three main structural components of the cytoskeleton (endothelial cell of pig aorta).
Relative diameters of microtubules, microfilaments. and intermediate filaments may be compared directly in this micrograph.

sliding action pulls the Z lines closer together, and shortening of the myofibrils results in contraction of the cell.
(More details are given under Skeletal Muscle in Chapter 10.)

In almost every kind of cell, the superficial zone of cytoplasm just under the cell membrane is
rich in microfilaments. Many of these microfilaments are probably linked to integral membrane pro-
teins of the cell membrane. In some cells, they are organized into prominent bundles known as stress
fibers that occasionally may be discerned in living cells with a phase-contrast microscope (see Fig.
3-4A). These bundles are strikingly evident after immunofluorescent staining (Fig. 3-25). Several
different proteins seem to be involved in linking the superficial end of such microfilament bundles
to contact areas where the cell adheres to its substrate.

Contractile activities involving microfilaments and their associated myosin range from alter-
ations in cell shape to cytoplasmic constriction during cell division. At telophase. a band of parallel
microfilaments, known as the contractile ring, appears just under the cell membrane and encircles
the cell deep to its developing cleavage furrow. Contractile activity of this ring deepens the cleav-
age furrow until it splits the cell into two daughter cells.

Crosslinked Microfilaments in Microvilli

On the luminal surface of absorptive cells such as those of the intestinal lining there is a thin layer,
hardly discernible with the LM, of extremely fine perpendicular striations. With the EM, it may be
seen that such a layer, termed a striated border or brush border, consists of microvilli (see Figs.
3-2 and 3-26), which are tiny finger-like processes projecting perpendicularly from the cell surface.
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Figure 3-25

Microfilament bundles (mouse
embryonic fibroblast in tissue culture,
oil immersion immunofluorescence
photomicrograph).

Microfilament
bundle in
microvillus

Coated
vesicle

Microfilament
in terminal
web

Intermediate
filament

Figure 3-26

(A) Electron micrograph showing the luminal
striated border of an intestinal epithelial cell
(%97,000). A special shadowing technique reveals
the axial bundle of actin-containing
microfilaments in each microvillus. Supported by
underlying intermediate filaments, these
microfilaments extend up through the terminal
web. A coated vesicle lies near the luminal
surface. (B) Microvilli reinforced by axial bundles
of crosslinked microfilaments, the bases of which
are attached to ntermediate filaments.
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As shown in Figure 3-26, each microvillus is supported by a rigid crosslinked bundle of parallel mi-
crofilaments that extends down through the core into the filament-rich superficial zone of cytoplasm.
At the tip of the microvillus, the central microfilament bundle is anchored to the cell membrane. Fine
myosin-containing crosslinks attach the microfilaments to one another as well as to the overlying re-
gion of cell membrane (see Fig. 3-26). The main purpose of this crosslinked arrangement of micro-
filaments seems to be to provide internal support for the microvillus. The role of the associated
myosin is uncertain, but its superficial distribution suggests that it may promote translocation of con-
stituents in the overlying membrane. The chief purpose of the huge number of microvilli extending
from this type of border is to expand further the area over which absorption takes place. Other cell

types commonly possess a few inconspicuous microvilli.

From electron micrographs such as Figure 3-2, it may be appreciated that microvilli are finger-like pro-
jections, not folds. Depending on the plane of section, longitudinal, transverse, oblique, or grazing sections of
these structures may be seen. It is important to know how to distinguish between microvilli and cilia, both of
which are finger-like extensions of the cell membrane. Remember that microvilli are shorter and narrower (up
to 1 pm in length and 90 nm or so in diameter), lack basal bodies, and contain a microfilament bundle instead
of the 9 + 2 arrangement of microtubules characterizing cilia (the two structures may be compared directly
Fig. 3-21).

Intermediate Filaments

With a diameter intermediate between the widths of microfilaments and thick filaments, intermedi-
ate filaments (see Fig. 3-24) are 8 to 12 nm across and hence are also known as 10-nm filaments.
They constitute a heterogeneous subclass of filaments of diverse protein composition. Table 3-2 lists
the main subtypes recognized, together with some cell types in which they are found. The intracel-
lular distribution of intermediate filaments indicates that they play supplemental roles in supporting
cells and maintaining asymmetrical shapes. In certain cases these filaments transmit and distribute
tensile stresses throughout cells, as for example in smooth muscle cells, where bundles of interme-
diate filaments transmit the pull of contraction to attachment sites on the cell membrane. Cable-like
bundles of keratin filaments (tonofilaments) anchored to the cell membrane of epidermal ker-
atinocytes distribute shear stresses, enabling the epidermis to withstand rough treatment. Finally, the
nuclear lamina (see Chapter 2) is a fine meshwork of intermediate filaments containing polypeptides
called lamins. Tt is held in a more or less central position by intermediate filaments anchored to other
parts of the cytoskeleton and also the cell periphery.

Although less information exists about other functions of intermediate filaments, their various
subtypes have assisted in malignant tumor identification, particularly in the case of brain tumors, be-

TABLE 3-2
Constituent Proteins Cell Types

Keratins (in tonofilaments) Epithelial cells

Vimentin Mesenchyme-derived cells

Neuroectoderm-derived cells

Desmin Muscle cells

Glial filament (glial fibrillary acidic protein) Astrocytes and other glial cells

Neurofilament Neurons

Peripherin Neurons

Lamins A, B, and C Nugclear lamina of all nucleated cells
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cause the protein composition of the intermediate filaments of tumor cells is a reliable indicator of
the cell type from which the tumor originated.

CYTOPLASMIC INCLUSIONS

This category is made up of components that are not always present in the cytoplasm, yet are con-
sidered a normal part of the cell.

Stored Foods

Energy sources such as carbohydrates and fat are not stored consistently by every cell. Together with
pigments, they are therefore classified as inclusions rather than constituent organelles of the cyto-
plasm.

Carbohydrate is stored in the cytosol as deposits of the polysaccharide glycogen, mostly
within hepatocytes and muscle cells. At the EM level, glycogen appears as electron-dense particles
that are slightly larger than ribosomes. These particles exist as characteristic aggregates in hepato-
cytes (see Fig. 3-16).

Fat (lipid) is stored primarily by the fat cells of adipose tissue, but under certain circumstances
it accumulates in other cells as well, notably hepatocytes (see Plate 1-3). In all these cells it exists as
free droplets in the cytosol that are unsegregated by a limiting membrane.

Cell Pigments

Certain tissues are intrinsically tinted with natural colored compounds termed cell pigments. Ex-
ogenous pigments (Gk. ex, out) originate outside the body. whereas endogenous pigments (Gk. en-
don, within) are produced by the cell itself.

Exogenous Pigments
Brightly colored lipid-soluble food derivatives tend to color fat. Thus body fat is colored yellow if
large amounts of carotene, the orange pigment in carrots, are ingested and absorbed, and excessive
amounts change the color of the skin.

Inhaled colored dusts impart their colors to the lungs, and carbon particles from tobacco smoke
blacken the lungs of heavy smokers. Inorganic pigments driven deeply into the skin persist as tattoo
marks.

Endogenous Pigments

The red, iron-containing erythrocyte pigment hemoglobin has the important function of transport-
ing oxygen around the body. When worn-out erythrocytes are destroyed by macrophages, their
hemoglobin is degraded into two other pigments, hemosiderin, which contains iron, and bilirubin,
which does not. The iron-containing pigment hemosiderin, which is brown, can be conspicuous in
macrophages that dispose of worn-out erythrocytes in the spleen. The other pigment, yellowish-
brown bilirubin, is devoid of iron and superfluous. The liver extracts it from the blood and excretes
it as bile.

The brown-to-black pigment that characterizes skin and hair is melanin. The skin produces
larger amounts of this pigment as a protection against ultraviolet light and it is responsible for the
dark skin and hair color of the black race. Melanin light-proofs the eyes and is present in neurons of
the substantia nigra of the brain.

Certain long-lived cells, notably heart muscle cells and neurons, produce a brown pigment that
is known as lipofuscin (L. fuscus, brown) or lipochrome pigment because of its lipid composition
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Figure 3-27
\ Lipofuscin (lipochrome pigment) in the cytoplasm of two neuronal cell bodies
4 (ganglion cells).

and golden brown color. Readily seen in LM sections (Fig.3-27), this pigment represents a normal
end-product of wear and tear that resists lysosomal digestion and accumulates in residual bodies (see
Fig. 3-12).

SUMMARY

The various cytoplasmic components are listed in Table 3-1. All cytoplasmic membranes ap-
pear trilaminar in transverse section at high magnification. The cell membrane is a fluid bilayer of
phospholipids and cholesterol that incorporates integral and peripheral membrane proteins. At-
tached oligosaccharide chains constitute the cell coat. The cell membrane maintains the cell’s dis-
tinctive internal composition, facilitates exchanges between the cell and its surroundings, and rec-
ognizes signals.

Mitochondria are characterized by having a double limiting membrane, the outer one smooth
and the inner one invaginated as cristae and studded with enzyme complexes. The mitochondrial ma-
trix contains DNA, RNA, ribosomes, and proteins. Calcium storage granules may also be present in
the matrix. Mitochondria generate ATP by oxidative phosphorylation and maintain their population
size by asynchronous division.

Basophilic cytoplasm contains numerous ribosomes, including polysomes assembling polypep-
tides. Ribosomes consist of a large subunit and a small subunit. Assembling secretory, lysosomal, and
integral membrane proteins possess an initial signal sequence that ensures the ribosomes assembling
them will bind to the rER membrane. The rER, consisting of flat cisternae studded with ribosomes
and polysomes, segregates all proteins that are either secretory or lysosomal within its lumen.

From the rER, segregated proteins reach Golgi saccules by way of transfer vesicles. Cells with
elaborate Golgi complexes have several stacks of fenestrated saucer-shaped, smooth-walled sac-
cules. Segregated proteins progress through Golgi stacks from their cis face to their frans face (or
TGN), the site where secretory vesicles and lysosomes begin to form. Golgi saccules are the sites
where glycoprotein glycosylation is completed and other secretory products are modified. Differen-
tial sorting directs secretory products to secretory vesicles and hydrolytic enzymes to lysosomes.
The Golgi apparatus also directs and recycles rER-generated integral membrane proteins, replen-
ishing those of the cell membrane.

Lysosomal acid hydrolases are able to dispose of deteriorating organelles and a variety of ma-
terials taken up by endocytosis. If liberated from cells, these enzymes can be damaging to tissues,
Certain required macromolecules are ingested through receptor-mediated endocytosis. They disso-
ciate from their cell membrane receptors in an endosome compartment. Enzymes for forming and
destroying hydrogen peroxide are localized in peroxisomes.
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A ramifying tubular system of smooth membrane called the sER is the intracellular site of lipid
and steroid synthesis, drug detoxification and glycogen metabolism in hepatocytes, and cytosolic
calcium level regulation in muscle.

Microtubules are unbranched tubular assemblies of tubulin subunits. They support the cell, fa-
cilitate intracellular transport and mitotic chromosome segregation, and generate the movements of
cilia and flagella. Each cilium has a basal body identical to a centriole, with nine peripheral triplet
microtubules but no central microtubules. In contrast. the ciliary shaft (axoneme) has nine periph-
eral doublets with two central singlets and a covering of cell membrane. The axoneme requires ATP
for its motility, which is due to sliding between each doublet and the next. In a few special cases, the
axoneme has receptor function instead.

Microfilaments contain actin. They are equivalent to the thin filaments that at sarcomeres ends
in skeletal muscle are inserted into Z lines. Microfilaments of nonmuscle cells are of similar diam-
eter but are not anchored to Z lines. Myosin, present in the thick filaments of muscle cells, interacts
with actin in thin filaments and microfilaments. Thick filaments, however, are not prominent in non-
muscle cells. Interaction between actin and myosin is responsible for muscular contraction and cell
separation after mitosis. Actin is also involved in cell motility and adherence. The different subtypes
of intermediate (10-nm) filaments have distinctive protein compositions and most, if not all, are
thought to have stress-bearing or skeletal roles.

Cytoplasmic inclusions are not consistently present in cells. Examples are the polysaccharide
glycogen, which appears as electron-dense particles, and lipid storage droplets. Both lie free in the
cytosol, unsegregated by intracellular membranes. Pigments, too, may be present in the cytoplasm.
Carotene and carbon are both exogenous, but hemoglobin, hemosiderin (an iron-containing break-
down product of hemoglobin), melanin, and lipofuscin (a superfluous end-product of wear and tear)
are endogenous.
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CHAPTER 4

Epithelial Tissue

OBJECTIVES

This chapter should enable you to do the following:

= Relate the structure of five different types of epithelial membranes to their main functions
« Recognize eight epithelial subtypes

e State two cell renewal mechanisms found in epithelial membranes

e Summarize the structure and function of four different types of cell junctions

¢ Understand the histological basis on which glands are classified

* Differentiate between serous, mucous, and mixed secretory units in sections

e State three major differences between exocrine and endocrine glands

The exterior of the body and almost all its internal surfaces are covered by continuous cellular
sheets called epithelial membranes or epithelia, which, along with the various glands that de-
velop from them, constitute epithelial tissue. This simple basic tissue develops from all three em-
bryonic germ layers. The epithelial component of skin, for example, arises from ectoderm. The
epithelial lining and glands of the digestive tract are derived from endoderm. The serous linings
of the peritoneal, pleural, and pericardial cavities, and also the lining of the circulatory system, are
products of mesoderm. Through convention, the membranous lining of the body cavities is called
mesothelium, whereas that of the heart, blood vessels, and lymphatics is termed endothelium.
Both linings are nevertheless sheets of contiguous cells and typical epithelial membranes despite
their special names.

Epithelial tissue is characterized by intimate cell-to-cell contact of its morphologically polar-
ized cells. Furthermore, epithelia exhibit a broad range of specialization. Epithelia adapted for se-
cretion incorporate secretory cells arranged so that their secretory products reach the free surface.
Supplemental secretions come from underlying glands that developed as invaginations and main-
tained connection with the free surface. In endocrine glands, this continuity is lost and the cells
secrete into the bloodstream instead.

9%
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EPITHELIAL MEMBRANES

Epithelia are classified on the basis of 1) the number of constituent cell layers and 2) the shape and
chief characteristics of their most superficial cells. Some epithelia are only one cell thick, but many
are thicker than this. All types of epithelia are nevertheless composed solely of adherent contiguous
cells. Furthermore, they contain no capillaries, that is, they are avascular. Hence they are dependent
on proximity to loose connective tissue for their nutrient and oxygen supplies and byproduct
removal (Fig. 4-1). A matrix structure called a basement membrane (the composition of which is
described in Chapter 5) strongly attaches epithelial cells to the adjacent connective tissue. Some
epithelia are unspecialized, whereas others are adapted for absorption, secretion, or protection, as
summarized in the following.

Even thin, unspecialized epithelia can impede the passage of macromolecules without restricting the
movement of water and ions. Certain epithelia are adapted for selective absorption. Epithelial membranes
that are secretory as well as absorptive are able to protect themselves with a coating of mucus. Even more

Epithelium

D e ot o T

N

Waste

Figure 4-1

Oxygen and nutrients diffuse to cells of epithelial membranes from capillaries in
associated connective tissue. Metabolic waste products diffuse in the reverse
direction.

Nutrients and O,

Tissue fluid
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protection is afforded if the epithelium is many cells thick. Furthermore, epithelia that are freely exposed to air
need to be protected from desiccation. The exterior of the body is accordingly covered with a multilayered ep-
ithelium that produces a nonviable layer of keratin instead of having living cells at its surface. Since keratin acts
as a resistant barrier that is virtually waterproof, the covering epithelium is tough. highly protective, and re-
newable. The major airways minimize dehydration by coating their epithelial lining with abundant mucus,
which also serves as an excellent dust-catcher for the removal of inhaled particles.

Epithelial membranes are classified according to the number of constituent cell layers and the
cell shape at the free surface. A simple epithelium is a monolayer of cells (Fig. 4-2A-C). A strati-
fied epithelium is at least two cells thick (see Fig. 4-2E-G). A pseudostratified epithelium is only
one cell thick, but it gives the impression of being stratified because some of its cells are shorter than
others and therefore do not reach its free surface (see Fig. 4-2D).

Simple Squamous Epithelium

Squamous means scale-like, so simple squamous epithelium consists of a single layer of flat, scale-
shaped cells (see Fig. 4-24) with attenuated cytoplasm that is difficult to see with an LM (Plate
4-1A). Examples of this type of epithelium are the thin-walled tubules in the renal medulla and the
endothelial lining of blood vessels. The mesothelial lining of body cavities is a further example of
simple squamous epithelium.

Simple Cuboidal Epithelium
Seen face-on, the constituent cells of simple cuboidal epithelium have roughly hexagonal perime-
ters. Through convention, however, this single layer of cells is described as cuboidal because in

Simple
squamous
Simple
cuboidal Transitional
Stratified
squamous
Simple nonkeratin-
columnar izing
Pseudo-
stratified
ciliated
columnar
with Stratified
g goblet squamous
D —= cells keratinizing

Figure 4-2
Principal epithelial membranes.



Epithelial Tissue 91

transverse section the cells appear square (see Fig. 4-2B). Simple cuboidal epithelium covers the
ovaries, constitutes the lining of the smallest ducts, and lines the narrow renal collecting tubules (see

Plate 4-1B).

Simple Columnar Epithelium

The single layer of cells in simp!e columnar epithelium are all tall columnar (see Fig. 4-2C and
Plate 4-1¢) and fit together in an essentially hexagonal pattern. An unmodified protective form of
simple columnar epithelium lines the minor ducts of many exocrine glands. This type of epithelium
is commonly adapted for secretion or absorption (or both purposes) as well as protective. Thus, ev-
ery cell in simple secretory columnar epithelium is mucus secreting as well as protective. This
type of secretory epithelium lines the stomach and uterine cervix. Its cells are all similar in appear-
ance, and in H&E-stained sections they are pale staining with a frothy appearance due to abundant
secretory vesicles (see Plate 4-1C). Their glycoprotein secretory product (mucus) may be seen to ad-
vantage in sections stained by the PAS procedure (described in Chapter 1).

Simple columnar epithelium also lines the intestine. Here, the membrane is protected from di-
gestion and abrasion by a coating of slippery mucus. Accordingly, interspersed with the absorptive
columnar cells are mucus-producing goblet cells, and this epithelium is both absorptive and secre-
tory. A thin refractile layer on the free border of the absorptive columnar cells is known as their stri-
ated (brush) border (described under Filaments in Chapter 3). Beginners should avoid confusing
the word striated, as in striated border, with stratified, meaning more than one cell thick.

In simple columnar ciliated epithelium, cilia cover the free surface of a single layer of colum-
nar cells. Generally, some secretory cells are interspersed with the ciliated cells. This unusual ep-
ithelium lines only the uterine tubes and a few regions of the respiratory tract.

Goblet Cells

If individual mucus-producing cells are interspersed with columnar epithelial cells of other kinds in
epithelial membranes, they assume the shape of a goblet because the part of the cell in which their
secretory vesicles accumulate bulges and compresses the neighboring cells (see Plate 4-1 and Fig.
4-3). Such mucus-producing cells are accordingly known as goblet cells. The nucleus lies in the
stem-like basal region and the free surface bears a few microvilli (see Fig. 4-3). Synthesis of mucus
begins in the rER at the base of the cell. Glycosylation is completed by the cup-shaped Golgi com-
plex lying above the nucleus. Goblet cells appear characteristically pale in H&E-stained sections
(see Plate 4-1D), but their mucus content stands out vividly in sections stained for glycoprotein us-
ing the PAS procedure.

Pseudostratified Columnar Epithelium

In pseudostratified epithelium, many but not all of the cells extend up to the free surface of the
membrane (see Fig. 4-2D). From EM studies, however, it is known that all component cells lie in
contact with the basement membrane under the epithelium. Nuclei are visible at more than one level.
This gives a false impression that the membrane is more than one cell thick and accounts for its name
(see Plate 4-1D).

Pseudostratificd ciliated columnar epithelium, with liberally scattered goblet cells, lines
most of the major airways. The ciliated columnar cells and goblet cells that border on its free sur-
face (Fig. 4-2D and Plate 4-1D) are renewed from a population of unspecialized basal cells. (The cil-
iated cells in this type of epithelium were described in Chapter 3 under Cilia and Flagella.) Mucus
secreted by goblet cells augments that supplied by underlying glands and contributes to a continu-
ous mucus blanket that is propelled toward the pharynx by ciliary action.
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Secretory vesicles
containing mucus

Figure 4-3
Nucleus Fine structure of a goblet cell.

Pseudostratified columnar epithelium is not all mucus secreting and ciliated, however. The
pseudostratified columnar epithelium lining the ductus epididymis and certain other parts of the
male reproductive tract, for example, possesses neither goblet cells nor cilia.

Stratified Columnar Epithelium
Any membrane that is two or more cells thick is better able to withstand abrasion, but it cannot ab-
sorb as efficiently as a simple epithelium. Moreover, it is not suitably adapted for secretion, so any
necessary additional secretions have to be produced by accessory glands.

Usually consisting of only two layers of low columnar cells, stratified columnar epithelium lines
the larger ducts of skin-derived glands, where it affords marginally more protection than simple
columnar epithelium.

Transitional Epithelium

The microscopic appearance of transitional epithelium changes as the membrane stretches. In the
unstretched configuration usually seen in sections, the rounded superficial cells bulge out (see Fig.
4-2F and Plate 4-1E). Under lateral tension, however, these cells are attenuated and squamous. Tran-
sitional epithelium lines almost all of the urinary tract and is designed to withstand distention due to
the storing and passing of urine. An unexplained feature of the surface cells of the bladder is that
many of them are multinucleated and some are polyploid.

Stratified Squamous Nonkeratinizing Epithelium

In the term stratified squamous nonkeratinizing epithelium, the word squamous describes the
superficial cells only. The basal cells are columnar. The cells in the intermediate layers gradually
change from a polyhedral (many-sided) shape to a squamous shape as they approach the free surface
(see Fig. 4-2F and Plate 4-1F). This epithelium does not produce keratin, nor is it secretory. Yet it
lines wet surfaces submitted to wear and tear, making it necessary for the membrane to be kept moist
by fluid or secretions from elsewhere. Sites lined by this epithelium include the inside of the mouth,
the esophagus, and the vagina.
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Stratified Squamous Keratinizing Epithelium

The cells near the free surface of stratified squamous keratinizing epithelium transform into scales
of soft keratin that remain strongly adherent to the underlying layers of living cells (see Fig. 4-2G
and Plate 4-1G). Highly suitable for protecting surfaces continuously exposed to air, this epithelium
constitutes the epidermal layer of skin. The tough superficial layer of keratin protects against abra-
sion and microbial infection and resists water loss and uptake. (For further details, see Chapter 12.)

CELL JUNCTIONS

A distinctive though not exclusive feature of the contiguous cells of epithelial tissue is their local ad-
joining and interconnecting specializations of the cell membrane. Known as cell junctions, the spe-
cialized sites are of three main types, each with specific functions. Yet only one kind of junction is
exclusive to epithelial tissue. Known as a tight or occluding junction, its role relates to the parti-
tioning function of epithelial linings of separate body compartments. At tight junctions. cell mem-
branes of contiguous cells are in intimate contact with each other along systems of anastomosing
ridges. Because they occlude the intercellular space, these ridges produce a selective seal that ob-
structs the paracellular route between cells. Cell junctions of the second main type are classified as
adhering or anchoring junctions because they are sites of strong adhesion between the contiguous
cells and also between the cells and their substrate. Moreover, they are sites where cytoskeletal com-
ponents are anchored strongly to the cell membrane. Not restricted to epithelial cells, such junctions
also maintain adhesion between heart muscle cells. In the third type of cell junction, the gap junc-
tion, a characteristic narrow gap exists between the cell membranes of the contiguous cells. How-
ever, this gap is traversed by minute tubular passageways that enable ions and other small molecules
to pass directly from the interior of one cell to that of the other without involving the intercellular
space. Gap junctions, again not unique to epithelial tissue, facilitate direct cell-to-cell communica-
tion. The elaborate terminology used for cell junctions includes three expressions that denote the
shapes of junctions, irrespective of their type. A cell junction that circumscribes the entire cell
perimeter and is shaped like a belt is termed a zonula (see Figs. 4-4A and 4-6, left). If instead of en-
tirely surrounding the cell, the junction constitutes only a strip or patch on the cell surface, it is called
a fascia. Finally, if the junction is small, circular, and spot-like, it is called a macula. Hence the
shape is generally specified along with the type of junction.

Tight Junctions

In some locations, it is necessary to prevent certain molecules from passing unimpeded across an ep-
ithelium by way of the narrow paracellular (Gk. para, beside) spaces that exist between the lateral
borders of the epithelial cells. These borders are fused together along a system of anastomosing
ridges (Figs. 4-4 through 4-6). Commonly, the ridges extend around the entire perimeter of each cell
close to its free or luminal border (see Figs. 4-4A and 4-6, left). The continuous belt-like junction
they constitute is termed a continuous tight (or occluding) junction, known also as a zonula oc-
cludens (L. zonula, belt). The matching ridges on the adjacent cells are made up of aligned trans-
membrane integral proteins of each cell membrane that interlock across the intercellular space and
constitute sealing strands that occlude the intercellular space (see Fig. 4-4B). The number of sealing
strands in a tight junction varies with location but is not a reliably consistent indicator of sealing ef-
ficiency. The multistranded junctions between intestinal epithelial cells (see Fig. 4-5) keep macro-
molecules that are present in the intestinal lumen from gaining access to intercellular spaces by the
paracellular route. They also prevent loss into the lumen as a result of passage in the opposite direc-
tion. Depending on their site, tight junctions vary in permeability to ions and water-soluble
molecules of low molecular weight. Tight junctional permeability is also dependent on the
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Cell junctions in epithelia. (4) General distribution of junctions over the epithelial cell surface. (B) Continuous tight
(occluding) zonular junction. (C) Adhesion belt (zonula adherens). (D) Desmosome (macula adherens). (E) Gap junction.
(F) Hemidesmosome.

molecule’s charge and shape. Thus to some extent all tight junctions are selectively leaky, and the
degree of tight junctional permeability can probably be regulated by the cell.

Because a tight junction consists of multiple anastomosing sealing strands, it accommodates
and conforms to most variation in cell shape by stretching in some dimension. Even if a few of its
sealing strands become breached, enough of them remain intact to maintain selectivity of the seal.
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Figure 4-5
Electron micrograph showing part of a continuous tight (zonular occluding or zonula occludens) junction on a lateral
border of an intestinal lining epithelial cell (freeze-fracture replica, %50,000).

In morphologically polarized cells, a second important role of the zonular tight junction is to de-
lineate and hence separate markedly different domains of the cell membrane. Integral membrane
proteins of the apical domain are prevented from intermixing with those of the basolateral domain
(and vice versa), which otherwise would occur due to random free diffusion of these proteins in the
plane of the membrane. Hence the zonular tight junction can act as a selective diffusion barrier for
integral cell membrane proteins as well as for extracellular macromolecules.
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Figure 4-6
The three component cell junctions of a junctional complex, showing their positions relative to the luminal surface of
intestinal epithelial lining cells. The level of the terminal web is also indicated in the micrograph.
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The fascia occludens (L. fascia, band) is a similar but discontinuous tight junction that is strip-
or band-shaped instead of extending around the whole cell as a belt. This interrupted type of junc-
tion is present between endothelial cells of blood vessels. Since it does not occupy the entire cell
perimeter, the selective seal between lateral borders of such cells is incomplete.

Adhering (Anchoring) Junctions

Epithelial cells are held together by strong adhering (anchoring) junctions that are of two distinct
types. The first type, present for example between intestinal epithelial cells, extends around the en-
tire perimeter of each cell like a belt and is therefore called an adhesion belt or zonula adherens.
[t lies near the free (luminal) border of the cell, at a level just deep to the zonular occluding junction
on the lateral borders (see Figs. 4-4A and 4-6, left). Below these two parallel belt-like junctions lies
a horizontal discontinuous row of spot-like (macular) adhering junctions (the second type of adher-
ing junction, see later). This distinctive combination of the three different cell junctions is known as
a junctional complex (see Fig. 4-6).

The relatively wide intercellular gap at an adhesion belt (see Figs. 4-4C and 4-6) contains a
slightly electron-dense material representing adhesion domains of cell membrane glycoproteins
(chiefly E-cadherin). Strong cell-to-cell adhesion is mediated at this site by calcium-dependent, zip-
per-like, homophilic interaction between antiparallel terminal extracellular adhesion domains of the
transmembrane linker glycoproteins.

A key feature of an adhesion belt is that it represents a major site of attachment of microfila-
ments to the cell membrane. It counteracts the tendency for cell separation to occur as a result of
contractile activities involving microfilaments, many of which are arranged circumferentially
around the cell as a marginal band. The marginal band of microfilaments extends along the adhe-
sion belt (see Figs. 3-24 and 4-4C) and 1s attached to it by several intracellular attachment proteins.
Because strong cell-to-cell adhesion occurs along the adhesion belt, contraction of the marginal
bands causes a decrease in the total surface area of the epithelium. This mechanism of reducing the
surface area is believed to play a key role in the morphogenesis of epithelial and neuroepithelial
derivatives such as tubes and ducts, and also expedites epithelial repair.

The focal contact (adhesion plaque) is essentially similar to the adhesion belt, except that it is
found on the basal surface of the cell and is a localized kind of junction instead of extending as a belt
around the entire cell perimeter. It is a site where intracellular attachment proteins anchor a micro-
filament bundle to a contact site between the cell membrane and the substrate, and it plays a role in
cellular adhesion to the extracellular matrix.

The second major type of adhering (anchoring) junction is termed a desmosome. It is also
known as a spot desmosome or macula adherens because it is circular or spot-like in outline (L.
macula, spot), not belt- or band-shaped. Besides being present in junctional complexes, desmosomes
are present elsewhere on contiguous cell surfaces (see Figs. 4-4A, and 4-6, left). In epithelial desmo-
somes, bundles of keratin-containing intermediate filaments (tonofilaments) are anchored in elec-
tron-dense, disk-like plaques containing plakoglobin and desmoplakins. The plaques are attached
to the cytoplasmic surfaces of the apposed areas of cell membrane (see Figs. 4-4D and 4-7). Also, a
fine electron-dense line may be seen extending along the midline of the comparatively wide inter-
cellular gap (see Fig. 4-7). The current interpretation of this line is that it, too, represents the site
where adhesion ectodomains of transmembrane linker glycoproteins (e.g., desmogleins and desmo-
collins. which are cadherin proteins) extend across the intercellular gap. securing the apposed re-
gions of cell membrane to each other (see Fig. 4-4D). Desmosomes are particularly abundant in ep-
ithelia that need to withstand abrasion. Deep in the epidermis, for example, the keratinocytes have a
distinctive LM appearance that earned them the name prickle cells. Their characteristic prickly out-




Epithelial Tissue 103

Figure 4-7

Electron micrograph of desmosomes (epithelial lining cells of chick trachea), A
thin electron-dense line extends along the midline of the thin, electron-lucent
intercellular region. Electron-dense plaque material lies on both sides of the
junction, and tonofilaments are discernible lateral to the plaque.

Electron-dense line

line discloses sites where desmosomes prevented cell separation during fixation. The essential role
of desmosomes is maintenance of strong cell-to-cell adhesion. The membrane-anchored intermedi-
ate filament bundles transmit and distribute tension and shear stresses through the cell, and the
desmosomal transmembrane linker glycoproteins resist cell separation as a result of these stresses.
Desmosome-like junctions are not exclusive to epithelial tissue. Junctions with similar morphology
are present between cardiac muscle cells, but the intermediate filaments anchored in their plaques
are made of desmin, not keratin.

A hemidesmosome (see Fig. 4-4F) is a second type of spot-like adhering junction that in EM
sections looks like half a desmosome (Gk. hemi, half). Here, intermediate filament bundles are
attached to the cell membrane along the basal surface of the cell, and the role of the junction is to
anchor these keratin-containing filaments (tonofilaments) strongly to the underlying basement
membrane through an integrin, which is a transmembrane linker protein (see Fig. 4-44 and F).
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Gap Junctions

Gap junctions are spot-like (i.e., macular) in outline (see Fig. 4-4A4). Their most obvious morpho-
logical feature is a narrow gap that lies between the apposed areas of cell membrane. However, it is
an array of tubular aqueous channels traversing the gap rather than the gap itself that is significant.
The cylindrical walls of these tiny interconnecting channels (connexons) are constructed from six
aligned transmembrane protein subunits (connexins) that project from both membranes and inter-
lock halfway across the narrow gap (see Fig. 4-4E). The central channels of the numerous connex-
ons link the interiors of adjacent cells, allowing ions and small molecules to diffuse freely between
the cells without entering the intercellular space. Gap junctions not only enable amino acids, sugars,
and nucleotides to pass directly from one cell to another but also ensure widespread dispersal of ions
or small molecules that can act as intracellular signals. Besides maintaining direct communication
between epithelial cells, gap junctions enable waves of electrical excitation to spread unimpeded
throughout the heart and visceral smooth muscle. They also transmit nerve impulses at certain
synapses (but not the usual kind).

The permeability of gap junctions is regulated by the intracellular concentration of calcium ions.
Normally, the cell keeps its cytosolic calcium level below the extracellular calcium level. At such
low calcium concentrations, connexons remain in the open configuration. A massive influx of ex-
tracellular calcium, however, will close these channels. This is a self-sealing mechanism that pre-
serves the integrity of living cells if an epithelium or epithelial organ is damaged. Connexons also
close when the cytosolic pH decreases.

Terminal Web

Just deep to the striated border of an intestinal absorptive cell, at the level where the adhesion belt encir-
cles the cell, lies a narrow superficial zone of cytoplasm that is reinforced by a dense meshwork of intermedi-
ate filaments. The abundant filaments that pervade this region give it a web-like texture, hence it is known as
the terminal web (sce Figs. 3-26 and 4-6, righr). Many of the intermediate filaments in this zone are keratin
filaments (tonofilaments) anchored to desmosomes of junctional complexes (see Fig. 4-6). Furthermore, the mi-
crovilli constituting the striated border contain crosslinked bundles of microfilaments, and these bundles extend
down as far as the terminal web and are supported by it (see Fig. 3-26). In addition, other kinds of crosslinks
are present on the superficial side of the terminal web. Lastly, it should be recalled that the marginal band of
microfilaments is situated along the adhesion belt at the periphery of the terminal web, where they are attached
to the cell membrane (see Figs. 3-26 and 4-4A and C).

EPITHELIAL CELL RENEWAL

Two separate arrangements exist for epithelial cell renewal. In the simplest case, which is found in
simple squamous, simple cuboidal, and simple unmodified columnar epithelium, specialization is
not extreme, and all the cells retain the capacity to divide. In those epithelia with nondividing, spe-
cialized cells that need to be replaced, however, stem cells are involved (see Chapter 2 under Cell
Renewal). The stem cells of simple columnar epithelium that is adapted for absorption and secretion
lie below the luminal surface of the epithelium, protected in small invaginations called crypts. In
pseudostratified epithelium, the stem cells are distributed basally among taller, nondividing cells. In
stratified epithelium, the stem cells are situated in the basal layer, and the differentiating progeny
cells displaced toward the free surface are nondividing.
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CLINICAL IMPLICATIONS

Atypical Histologic Appearances of Epithelia

Chronic exposure to certain detrimental environmental conditions can lead to replacement of particular ar-
eas of a given type of epithelium by patches of different epithelium. Termed metaplasia (Gk. meta, after;
plasia, shaping), focal or extensive transformation of one epithelial cell type to another is widely viewed as
an adaptive response to persisting abnormal environmental conditions. An acquired reversible change, such
replacement is evidence that gene re-expression has been induced on a scale that is sufficient to redirect the
epithelial cell’s course of differentiation. Fairly common examples of epithelial metaplasia are 1) the re-
placement of stratified squamous nonkeratinizing epithelium by mucus-secreting, simple columnar epithe-
lium in the distal part of the esophagus in patients with chronic gastric acid reflux (Barrett’s esophagus),
2) the replacement of bronchial pseudostratified ciliated columnar cells and goblet cells by stratified squa-
mous nonkeratinizing epithelium as an epithelial response to repeated heavy exposure to tobacco smoke,
and 3) the widespread squamous replacement of several different epithelia as a consequence of prolonged
deficiency of vitamin A.

Histologic evidence of genetic damage in epithelia resulting from long-term exposure to detrimental
conditions also includes microscopically detectable inconsistencies of cell organization and position within
the epithelial membrane. Described as dysplasia (Gk. dys, bad), these atypical histological features are a
manifestation of induced disorderly cell division and incomplete maturation. Although reversible and be-
nign, observed disruption of a normal epithelial growth pattern implies dysregulation of proliferation and
maturation. Of clinical importance is the fact that associated with dysplasia is an increased risk of malignant
change. A familiar example of dysplasia is the actinic keratosis, a lesion developing at epidermal sites dam-
aged by overexposure to sunshine.

Excessive, dysregulated proliferation of epithelial cells can give rise to a noninvasive epithelial tumor.
Localized benign tumors conventionally bear the suffix -oma (Gk. -oma, tumor), but tumor terminology is
not consistent. Examples of benign epithelial growths are projecting polyps, finger-like or frond-like pa-
pillomas, and hollow, cyst-like cystadenomas (Gk. adenos, gland). In contrast, invasive cancers derived
from epithelial cells are termed carcinomas ((Gk. karkinos, cancer or crab). Cancers arising from glandu-
lar epithelial cells are known as adenocarcinomas even if a gland-like organization is lacking. When
carcinoma cells penetrate the underlying basement membrane of an epithelium, they can gain access to
lymphatics or blood vessels and thereby spread to distal sites, forming secondary malignant tumors.

EPITHELIAL GLANDS

Epithelial glands constitute the other major subdivision of epithelial tissue. They are subdivided fur-
ther into 1) exocrine glands, which develop as downgrowths of an epithelial membrane and secrete
onto its surface through their ducts (Fig. 4-8), and 2) endocrine glands, many of which develop in
a similar way but lack ducts because they lose their connection with the surface epithelium (Fig.
4-8, bottom). Instead of channeling their secretions through a duct onto an epithelial surface,
endocrine glands release their secretory products close to the external surface of thin-walled blood
vessels, with the result that these products enter the bloodstream.

Goblet cells are sometimes classified as mucus-secreting, unicellular exocrine glands instead of
being considered an intrinsic component of epithelial membranes.

Exocrine Glands

Exocrine glands are constructed from secretory units, ducts, and, in all but the simplest glands, the
connective tissue that supports these components. A secretory unit is a group of secretory epithe-
- lial cells that release their secretion into a lumen, whereas a duct is an epithelially lined tube that
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Figure 4-8
Epithelial glands develop by downgrowth of an epithelial membrane.

conveys the secretion from a secretory unit to an epithelially lined surface. Ducts can also alter the
concentration or composition of the secretion that passes along them.

Four different ways of classifying exocrine glands are in general use (Table 4-1). A major dis-
tinction that is made is whether the duct system is branched or not. Thus, a gland with a single
unbranched duct is called a simple gland (Fig. 4-9A and B), whereas a gland with a branched,
tree-like duct system that drains a number of secretory units is called a compound gland (Fig.
4-9C). A sweat gland of the skin is an example of a simple gland, and the pancreas is an example of
a compound gland.

Exocrine glands are also categorized according to the overall shape of their secretory units.
Thus, tubular secretory units characterize tubular glands (see Fig. 4-9A), whereas spherical or
flask-like secretory units characterize acinar (L. acinus, grape) or alveolar (L. alveolus, small hol-
low sac) glands (see Fig. 4-9B). All such spherical or flask-shaped secretory units are often referred
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TABLE 4-1

CRITERIA USED FOR CLASSIFYING EXOCRINE GLANDS

Duct Arrangement
Unbranched in simple glands
Branched in compound glands
Shape of Secretory Units
Tubular

Alveolar or acinar

Type of Secretion

Serous

Mucous

Mixed

Secretory Mechanism
Merocrine

Holocrine

Tubular

Acinar
or Figure 4-9
Alveolar Basic histologic types of exoerine glands. (A and B) Simple glands. in which
the duct does not branch. (C) A compound gland, in which the duct system
branches. Exocrine glands possess tubular secretory units (A), acinar or
alveolar secretory units (B), or secretory units of both kinds (C).

c Tubuloalveolar
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to as alveoli, except that in the case of the pancreas they are conventionally called acini. Glands with
a mixture of tubular and alveolar secretory units are termed tubuloalveolar glands (see Fig. 4-9C).
The third system of classification is based on the secretory product of exocrine glands. Serous
glands produce watery secretions that in many cases contain enzymes. and mucous glands secrete
the viscid glycoprotein mucus. Mixed glands produce both kinds of secretion in a regulated man-
ner. Serous units, mucous units, and mixed secretory units made up of serous and mucous cells both
in the same unit are distinguishable from one another in H&E-stained sections.

The secretory cells in secretory units typically appear triangular in outline. In the case of serous
secretory units, the wide basal part of the cell is intensely basophilic due to abundant rER, and it
contains a large spherical nucleus (Plate 4-2). In serous secretory units of some enzyme-secreting
glands, acidophilic zymogen granules may also be seen in the apical part of the cell. These granules
represent secretory vesicles containing enzymes or their precursors.

In contrast to brightly stained serous secretory units, mucous secretory units appear pale
(Plate 4-3). The nucleus of the constituent mucus-secreting cells is relatively small and generally lies
flattened against the basal cell border. The whole cell looks pale because it is packed with mucus-
containing secretory vesicles. The mucus content of these vesicles may be demonstrated by the PAS
procedure, which stains glycoproteins.

Mixed glands, with serous and mucous units, produce seromucous (i.e., mixed) secretions.
Some of them also have mixed secretory units with mucous and serous cells secreting into the same
lumen. Mixed secretory units are composed primarily of mucous cells, but serous cells constitute a
cap on one side of the unit. In transverse section, the cap of serous cells is suggestive of a crescent
moon, hence it is known as a serous demilune (scc Plate 4-3).

Enveloping each secretory unit of an exocrine gland, and in some cases the ducts too, are ep-
ithelial cells of a third type that lie at the border between the secretory cells and the basement mem-
brane around the unit. The long branched cytoplasmic processes of these cells wrap around the
secretory unit in the form of a loose basket, but they are not evident without use of special stain-
ing techniques. Their function is to contract and squeeze the secretion out of the secretory unit and
along the duct system. Because such cells are contractile yet epithelial in origin, they are known as
myoepithelial cells.

The fourth major distinction is based on the way secretory cells of different kinds of exocrine
glands produce a secretion. The secretory cells of merocrine glands release their secretion by exo-
cytosis, that is, through fusion of the limiting membrane of secretory vesicles with the cell mem-
brane (see Plate 3-3). This is the way the secretory cells of most exocrine glands (eg, pancreatic
acinar cells) release their secretory products. In the flask-shaped sebaceous glands associated with
hair follicles. however. the secretory product is formed in a different manner. In this case, entire cells
are sacrificed in producing the secretion, so this type of gland is described as holocrine (Gk. holos,
all). As cells derived from the epithelial lining layer become displaced toward the interior of the
gland, they accumulate lipid and take on a pale, vacuolated appearance (Fig. 4-10). Subsequently,
they die and disintegrate. In this manner, entire secretory cells become sebum, the oily secretion that
preserves the suppleness of hair and skin.

Apocrine glands were formerly regarded as an additional category of exocrine gland. From LM studies,
it appeared that the secretory cells of glands such as apocrine sweat glands lost portions of their apical cyto-
plasm and cell membrane in the process of releasing their secretions. In most cases, however, EM studies failed
to substantiate this notion. The only exception is milk fat secretion by the simple columnar alveolar secretory
cells of the breast, where some depletion of the luminal region of the cell membrane and occasional loss of
traces of superficial cytosol are thought to occur. Secretion of proteins by the same cells, however, is merocrine.
The remainder of the glands formerly described as apocrine are now regarded as merocrine. Apocrine sweat
glands have nevertheless retained their original name, primarily to distinguish them from eccrine sweat glands,
which differ from them in certain respects (see Chapter 12).
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Compound Exocrine Glands: General Organization

The design of all compound exocrine glands is based on the same general plan. The epithelial com-
ponent (i.e., secretory units and ducts) constitutes the parenchyma, whereas the supporting con-
nective tissue (together with blood vessels and nerve fibers) constitutes the stroma. The gland is
enclosed by a fibrous connective tissue capsule. Internally, it is supported by fibrous septa, which
are sheet-like partitions extending inward from the capsule that subdivide the parenchyma. The sub-
stantial parenchymal segments of some large compound glands constitute anatomically separate
lobes. Parenchymal segments existing only at the LM level are called lobules. Hence, the fibrous
partitions that separate lobes are interlobar septa, and those separating lobules arc interlobular
septa (Fig. 4-11 and Plate 4-4). Septa support major branches of the duct system and, like the ducts,
converge toward the site where the main duct leaves the gland. Interlobular ducts extending along
interlobular septa are generally large enough to be evident in sections. Furthermore, they are em-
bedded in the fibrous connective tissue characterizing septa. Intralobular ducts lie within lobules
and have a smaller lumen. Also, they are surrounded by relatively little connective tissue because
they lie outside septa (the two kinds of ducts may be compared in Plate 4-4). Lastly, the simple
columnar epithelium of intralobular ducts is low or essentially cuboidal (Fig. 4-12). whereas that of
interlobular ducts is typically somewhat taller. The remainder of the stroma, namely the delicate
connective tissue between the secretory units, is supplied with numerous capillaries that provide nu-
trients and oxygen for the secretory cells.

Regulation of Exocrine Secretory Activity
Exocrine glands release secretions in response to efferent autonomic nerve impulses and certain hor-
mones. This autonomic response is involuntary (see Chapter 9).
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Figure 4-11

Basic histologic organization of a compound gland lobule.

Figure 4-12
Intralobular duct of a mucus-secreting gland. Its lining epithelium is
essentially cuboidal or low columnar.
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Endocrine Glands

Endocrine glands have a simpler organization. Instead of releasing their secretions into ducts, they
discharge them into the bloodstream. Typically, their secretory cells are grouped around wide fen-
estrated capillaries (see Fig. 4-8, bottom). Extensions of the strong connective tissue capsule that en-
closes the gland ramify inward. conveying blood vessels. Known as trabeculae (L. for small
beams), these fibrous extensions provide internal support and in certain cases give the gland a lob-
ular appearance in sections.

Secretions of endocrine glands are known as hormones (Gk. hormaein, to set in motion, spur
on) because they elicit functional changes in target cells that they reach by way of the bloodstream.
However, cells of endocrine glands are not the only cells that synthesize hormones. The gastroin-
testinal tract, for example, produces a variety of peptide hormones, but this was discovered many
years after the classic endocrine organs were recognized. The pancreas is considered both exocrine
and endocrine because its serous secretory units release pancreatic digestive enzymes into its duct
system and small groups of endocrine islet cells release pancreatic hormones into its capillaries.

Endocrine glands commonly store the secretions that they synthesize. In most cases, the hor-
mone accumulates intracellularly within secretory vesicles and is discharged intermittently by exo-
cytosis. The thyroid is somewhat different, however, because it stores its hormone extracellularly in
the form of an inactive macromolecular precursor. The thyroid consists of spherical storage units

with walls composed of secretory cells and a central lumen containing the precursor.

Many endocrine glands contain hormone-secreting cells of more than one type. Regulation of secretory
activity, a complex matter, generally depends on negative feedback. The feedback arrangements counteract de-
viations in rates of specific cellular activities without overcompensation. An example of such an arrangement
is protection from substantial drops in blood calcium. In response to the declining calcium concentration, cer-
tain endocrine cells release their stored hormone. The circulating hormone facilitates several compensatory
mechanisms for bringing blood calcium back to the normal range. The rising blood calcium then begins to have
anegative feedback effect, inhibiting further hormonal release. As a result, the blood calcium level reaches an
equilibrium level.

SUMMARY

Epithelial tissue. derived from each of the embryonic germ layers, includes both epithelial mem-
branes and glands. A simple epithelium has one layer of cells, whereas a stratified epithelium has
more than one layer. Epithelia are made up of contiguous cells possessing cell junctions. Since they
are avascular, they are nourished from adjoining connective tissue. Whereas the cells of simple squa-
mous, simple cuboidal, and unmodified simple columnar epithelium are capable of mitosis, the prin-
cipal cells of specialized epithelia are renewed from stem cells. For example, stem cells are present
in the simple columnar linings of the stomach (mucus-secreting), the intestine (absorptive and mu-
cus-secreting), and the uterine tubes (ciliated). Solitary mucus-secreting cells have the distinctive
shape of goblet cells. Mucus-secreting, pseudostratified ciliated epithelium is one cell thick, but it
includes a basal cell population that contains stem cells. Protective stratified columnar epithelium
lines certain ducts. Urinary transitional epithelium withstands distention. Stratified epithelia never-
theless do not secrete. Stratified squamous epithelium is highly protective. Where freely exposed to
air, it keratinizes, minimizing dehydration and providing a resistant barrier to the outside world.
Stratified epithelia contain stem cells in their basal layer.

Cell junctions are highly specialized regions of the cell membrane. Tight junctions selectively
regulate paracellular diffusion between epithelial cells. Adhering (anchoring) junctions hold cells in
place. Gap junctions provide a basis for cell-to-cell communication. Adhering and gap junctions are
also found in other tissues, eg, cardiac muscle. Zonular junctions extend around cell perimeters like
belts. Fascia junctions are discontinuous strips or patches. Macular junctions are spot-shaped.
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At zonular tight junctions, integral membrane proteins interlock across the narrow intercellular
space as occluding strands These junctions constrain paracellular passage of macromolecules be-
tween lateral borders of contiguous epithelial cells and lateral mixing (through diffusion) of integral
membrane proteins characterizing different domains of the cell membrane. Occluding fascia junc-
tions, present between the endothelial cells at most sites, provide comparable seals that are only par-
tial because the junctions are discontinuous,

The adhesion belt or zonula adherens (an adhering junction) lies just deep to the zonular tight
junction in junctional complexes. At adhesion belts, transmembrane linker glycoproteins strongly
attach the contiguous cell membranes and marginal microfilament bands are anchored to the mem-
branes. Crosslinked bundles of microfilaments supporting microvilli of the striated border on ab-
sorptive cells of the intestinal epithelium are anchored to a dense terminal web of intermediate
filaments. The spot-like desmosome (the other main type of adhering junction) is found in junc-
tional complexes and scattered along contiguous cell surfaces. Transmembrane linker glycoproteins
also strongly attach cell membranes at desmosomes. Tonofilaments anchored in desmosome plaques
distribute tensile stresses. Hemidesmosomes and focal contacts play a role in anchoring epithelial
cells to their underlying basement membrane. Gap junctions, which are spot-like, are sites where
transmembrane proteins constitute tiny tubular channels that permit ions and small molecules to pass
directly from cell to cell.

Glands with ducts opening onto epithelial surfaces are termed exocrine glands, and those with
branched duct systems are classified as compound. Glandular secretory units are tubular, alveolar,
or a combination. Secretions are serous, mucous, or a combination. Serous cells are basophilic and
may have acidophilic secretory granules. Mucus-secreting cells are characteristically pale-staining
in H&E-stained sections. Serous demilunes are present in mixed secretory units. Exocrine secretory
units and certain ducts are enveloped by contractile myoepithelial cells. Most glands release secre-
tions by exocytosis (merocrine secretion), but entire disintegrating cells become the secretion of se-
baceous glands (holocrine secretion). The parenchyma of compound exocrine glands is enclosed by
a capsule and subdivided into lobes and lobules by septa. The connective tissue component of glands
constitutes their stroma. Ducts may be intralobular or interlobular in position. Exocrine secretory ac-
tivity is regulated by autonomic nerve impulses and certain hormones.

Endocrine glands possess no ducts and secrete hormones into the bloodstream. They are highly
vascular, and although provided with a connective tissue capsule and trabeculae, most are relatively
simple in organization. Most hormones or their precursors are stored intracellularly, but the precur-
sor of thyroid hormone is stored extracellularly. Hormone release is generally subject to negative
feedback regulation.
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CHAPTER 5

oose (onnective

issue and Adipose
issue

OBJECTIVES

After you have read this chapter, you should be able to do the following:

* Summarize the main structural similarities and differences between collagen and elastin
¢ Explain the histologic changes associated with edema

» State what is meant by a basement membrane and discuss its distinctive composition

¢ Differentiate between six different cell types present in loose connective tissue

* Outline how the structure of plasma cells reflects their chief function

* Discuss the functional significance of four mast cell-derived inflammatory mediators

Loose connective tissue, known also as areolar tissue, belongs to a large family of diverse con-
nective tissues that develop from the embryonic connective tissue, mesenchyme (Table 5-1). The
fundamental roles of loose connective tissue are to support, interconnect, and nourish the other tis-
sues, for which purposes it produces substantial quantities of extracellular matrix. The extracellular
matrix is organized in several different ways. In loose connective tissue, the interstitial matrix is
an elaborately structured complex of intercellular macromolecular matrix constituents of two main
kinds—fibrous proteins that constitute strong intercellular fibers, and the so-called amorphous
ground substance, a soft and shapeless yet molecularly organized gel (Gk. a, without; morphé,
form). Fibers made of collagen are extremely resistant to stretch, whereas fibers made of elastin
yield to stretch but then recoil like stretched elastic bands. Another type of collagen is the main con-
stituent of basement membranes, which are comparatively organized sheets made of various ma-
trix macromolecules that lie along the interface between loose connective tissue and adjoining
tissues (e.g., epithelial tissue). Basement membranes have a distinctive composition and their
macromolecular constituents are not all derived from connective tissue cells. In dense connective
tissue (see Chapter 8), collagen fibers predominate and the ground substance, cells, and blood
vessels represent relatively minor components.

The amorphous ground substance of the interstitial matrix occupies the intercellular space be-
tween cells and capillaries. It serves as more than a filler because tissue fluid held by extensive aque-
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TABLE 5-1
MAJOR SUBTYPES OF CONNECTIVE TISSUE
Ordinary Special
Loose connective tissue Adipose tissue (fart)
{areolar tissue) Blocdizalls
Blood cell-forming tissues:

Dense ordinary connective tissue Myeloid tissue
(fibrous tissue): Lymphoid tissue

Regular Cartilage

Irregular

Bone

ous channels in its elaborate gel structure facilitates (1) diffusion of nutrients and oxygen from cap-
illaries and (2) diffusion of waste products in the reverse direction (see Fig. 4-1). Thus, loose con-
nective tissue has a substantial content of intercellular matrix constituents and tissue fluid, and its
cells are separated fairly widely by these constituents.

CONNECTIVE TISSUE FIBERS

Loose connective tissue (e.g., from superficial fascia) may be stretched out as a flat spread for ob-
servation with the LM (Plate 5-1). Figure 5-1 is a composite drawing of the fibers and cells in such
preparations. Collagen fibers appear unbranched, wide, and wavy and stain pink with eosin. Lon-
gitudinal bundles of fibrils are sometimes discernible in collagen fibers (see Plate 5-1). Elastic
fibers are comparatively straight and narrow, and they branch. They have affinity for certain staing
(e.g., they stain reddish-brown with orcein) but in H&E-stained sections they are not readily distin-
guishable. In contrast, the elastic laminae represented in certain kinds of blood vessels are moder-
ately acidophilic.

Other special stains reveal delicate, finely branching fibers called reticular fibers (Fig. 5-2)
that constitute supporting networks (L. rere, net). These additional fibers, however, are not promi-
nent enough to be discernible in connective tissue spreads. They represent narrow bundles of col-
lagen fibrils, coated with associated glycoproteins and proteoglycans that account for their
special staining properties. Their branching is due to the fact that collagen bundles can split
longitudinally. Reticular fibers provide intimate support for capillaries, nerves, and muscle cells,
and are intimately associated with basement membranes (see later). Also, they constitute the main
supporting elements of blood-forming tissues and the liver. Although indistinguishable in H&E-
stained sections, their presence is demonstrable by silver impregnation, which stains them black
(see Fig. 5-2). Furthermore, reticular fibers are PAS-positive, mainly because of their associated
glycoproteins. The collagen in reticular fibers is type III collagen (Table 5-2). The chief source
of this collagen is fibroblasts, with supplemental production by reticular cells in the case of blood-
forming tissues.

Before considering assembly and the fine structure of collagen fibers and elastic fibers, we
briefly describe the principal forms of collagen.



Figure 5-1
Fibers and cells of loose connective tissue.

Reticular fibers

Figure 5-2
Reticular fibers of a lymph node (PA-silver
stain).
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TABLE 5-2
SUMMARY OF TYPE |—V COLLAGEN DISTRIBUTION WITH CELLULAR SOURCES
Collagen
Type Major Distribution Major Sources
I Loose and dense ordinary connective tissue Fibroblasts, reticular cells, and smooth muscle
(collagen fibers) cells
Fibrocartilage
Bone Osteoblasts
Dentin Odontoblasts
il Hyaline and elastic cartilage Chondrocytes
Vitreous body of eye Retinal cells
Il Papillary layer of dermis and loose connective Fibroblasts and reticular cells
tissue (reticular fibers)
Blood vessels Smooth muscle cells and endothelial cells
IV Basement membranes Epithelial and endothelial cells, muscle cells,
Schwann cells
Lens capsule of eye Lens fibers
A Fetal membranes; placenta Fibroblasts
Basement membranes
Bone
Smooth muscle Smooth muscle cells
COLLAGEN

Collagen is the most abundant connective tissue protein. Each molecule consists of three polypep-
tide subunits (a chains) wound together in the form of a triple helix. Covalent crosslinking within
and between the constituent a chains confers great tensile strength on the molecule. A number of
different collagen types representing distinctive combinations of « chains have been isolated. Table
5-2 summarizes the respective tissue distributions and main sources of five prevalent forms of col-
lagen.

Type I collagen, the most widely represented type, accounts for approximately 90% of total
body collagen. Types I, II, and III collagen assemble into collagen fibrils, and type I collagen fib-
rils aggregate into collagen fibers. Type II collagen fibrils, however, remain widely dispersed. Type
IV collagen is the only form of collagen known to assemble into a layer of meshwork instead of
fibrils.

Procollagen Secretion

Collagen is extracellularly derived and assembled in the intercellular space from a secreted larger
precursor called procollagen. The only difference between procollagen (which is made up of three
pro-a chains) and collagen is that the procollagen polypeptide subunits are slightly longer. Both ends
of the constituent pro-a chains are elongated by propeptide extension sequences. The pro-a chains
are synthesized by the rER, which is accordingly extensive in procollagen-secreting cells. Transfer
vesicles deliver the constituent precursor polypeptide subunits, assembled as procollagen triple he-
lices, to the Golgi apparatus. Secretory vesicles then carry this precursor to surfaces where it is re-
leased by exocytosis. When types I, II, or III procollagen enter the intercellular space, extracellular
peptidases cleave off both propeptide extension sequences. The collagen molecules thus produced
assemble into collagen fibrils. In the case of type IV collagen, however, the extension sequences stay
attached, and their extracellular interaction results in assembly of a sheet-like meshwork instead of
fibrils.
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Collagen Assembly: Axial Periodicity of Collagen Fibrils

Extracellular assembly of collagen fibrils produces the unique staggered molecular arrangement represented in
Figure 5-3A, in which collagen molecules are depicted as arrows. Each collagen molecule incorporated into the
parallel array extends beyond its neighbor by one fourth of its length. Furthermore, a short gap region persists
at each intermolecular position along the fibril (see Fig. 5-34). Transverse alignment of these gap regions is ev-
ident following negative staining because the intermolecular spaces become permeated by EM stain (compare
Fig. 5-3A with Fig. 5-3B, which shows a fibril with the gap regions filled after negative staining). After nega-
tive staining, the gap-containing regions appear more electron-dense. Also, a repeating unit (period) consist-
ing of one dark segment plus a light one becomes evident. Conventional EM staining produces a comparable
underlying pattern (periodicity) of dark and light segments, but their positions are reversed because the gap-
containing regions contain less collagen to stain and therefore appear less electron-dense (compare Fig. 5-38
with Fig. 5-3C, which shows a fibril stained in the conventional manner). Superimposed on the underlying
periodicity, however, is a bar code-resembling pattern of narrow lines reflecting the transverse alignment of
charged amino acids (see Figs. 5-3C and 5-4).

In summary, collagen fibrils are readily recognized at the EM level by their interstitial distribu-
tion and distinctive axial periodicity, that is, a repeating basic pattern of dark and light segments ev-
ery 64 nm along their length. This characteristic periodicity arises from their staggered pattern of

molecular assembly.

Fibroblast @

Figure 5-3

Collagen fibrils of loose connective tissue, showing the molecular basis of their
axial periodicity. Collagen molecules (arrows) are derived from procollagen
molecules secreted by fibroblasts (A). They assemble into collagen fibrils in the
interstitial space (D). Electron micrographs show a collagen fibril after negative
staining (B) and after conventional staining (C).

Collagen
fibril
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Figure 5-4
Electron micrograph showing the
characteristic axial periodicity of collagen
fibrils (37,000).

ELASTIN

Elastin is an interstitial amorphous protein that unless molded into fibers forms fenestrated sheets
called elastic laminae, an important role of which is to supplement elastic recoil of elastic fibers in
the walls of certain blood vessels.

Elastic Fiber Assembly

Elastin assembly from its soluble precursor, tropoelastin, takes place near the extracellular surface of the cell
membrane. Unlike collagen fibers, elastic fibers are not homogeneous structures made of multiple, identical
extracellular fibrils, nor does their assembly process produce axial periodicity. Elastic fiber assembly requires
ancillary formation of fibrils of another type, termed microfibrils (Fig. 5-5). For secreted tropoelastin to be-
come incorporated into fibers, a roughly cylindrical scaffolding of microfibril bundles is required. As a result,
at least two different sorts of proteins, namely elastin and microfibrillar glycoproteins called fibrillins, are pre-
sent in elastic fibers. The generally pale-staining interior of an elastic fiber represents the amorphous protein
elastin. Surrounding and embedded in the elastin are the thin microfibrils that originally served as its scaffold-
ing. They stain more darkly than the elastin and therefore outline the perimeter of the fiber. In addition to their
role in shaping elastin as it forms, these microfibrils contain proteins that are believed to bind to tropoelastin
and crosslink it into a network-like polymer.

The functional importance of fibrillin is evident in patients with Marfan syndrome, an autosomal reces-
sive disease that is partly characterized by predispositions to aortic aneurysms, dissection (splitting) of the aor-
tic wall, and bilateral dislocation of the ocular lenses. In Marfan syndrome, the elastic recoil of elastin and the
zonular attachments of the lenses are compromised by a gene mutation that results in defective fibrillin 1.

The original broad classification of interstitial matrix into fibrous and amorphous constituents
is complicated by the findings that collagen is not exclusively fibrous and, as just explained, elastin
is itself an essentially amorphous protein. Also, calling the ground substance amorphous when at the
molecular level it is elaborately structured rather loses sight of its key functions. In descriptions of
connective tissue, the term ground substance is still widely used in a generic sense to denote the
macromolecular constituents of interstitial matrix other than collagen and elastin. The finding that
certain matrix constituents are functionally indistinguishable from cell surface molecules makes the
task of defining the borderline between the cell coat and the adjacent extracellular matrix a some-

what contentious issue.
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Elastin

Microfibrils

Figure 5-5

Electron micrograph showing elastic fibers in
transverse and oblique section. Elastic fibers
consist of pale-staining elastin with a
microfibril scaffolding. Collagen fibrils are
also included (lower right, outside boxed-in
area).

GROUND SUBSTANCE (AMORPHOUS COMPONENT OF
INTERSTITIAL MATRIX)

The nonfibrous supporting component (i.e., ground substance) of connective tissue has the typical
properties of an extensively hydrated semisolid gel. Its macromolecular organic content is so mini-
mal that it scarcely stains at all, hence its existence is rarely noticed in H&E-stained sections. It con-
tains glycosaminoglycans, most of which are sulfated and complexed with proteins as proteo-
glycans, along with some glycoproteins (e.g., fibronectin). Hyaluronic acid, the chief
glycosaminoglycan, constitutes a particularly voluminous hydrated gel that holds vast amounts of
tissue fluid in the numerous interstices of a mesh-like arrangement. The source and ultimate desti-
nation of this all-important fluid are as follows.
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Interstitial Fluid and Lymphatic Drainage

At most sites in the body, the lateral margins of squamous endothelial lining cells of blood capillar-
ies are interconnected by tight junctions of the fascia occludens type (described in Chapter 4 under
Cell Junctions). Because these junctions extend only partway around cell perimeters, slit-like inter-
cellular spaces positioned between the junctions remain unsealed. Under normal conditions, the
narrow unsealed spaces permit only small molecules and ions to slip between the lateral margins of
endothelial cells, passing either from the vessel’s lumen into the interstitial space or in the opposite
direction. Normally, proteins and other plasma macromolecules are restricted from taking this

paracellular route.

In considering why tissue fluid is produced, it will be appreciated that the narrow luminal diameter of
blood capillaries offers considerable resistance to viscous blood flow, with resulting fall of the blood pressure
within them. The already reduced hydrostatic pressure of blood reaching capillaries from arterioles (the small-
est arterial branches) therefore continues to drop along the course of open capillaries. This pressure drives a cer-
tain amount of the fluid component of blood, depleted of macromolecules, through the narrow slits between
endothelial cells. The blood dialysate that forms in this manner is termed tissue fluid.

The macromolecules retained by blood plasma (i.e., the fluid component of blood) exert an osmotic pres-
sure that opposes hydrostatic pressure, bringing tissue fluid back into the lumen. When capillaries are open (Fig.
5-6A), the luminal hydrostatic pressure exceeds the osmotic pressure, hence open capillaries produce tissue
fluid (plasma minus most of its protein). When increased tonus of the precapillary sphincters shuts down cap-
illary blood flow, however, the luminal hydrostatic pressure remains below the osmotic pressure, and as a
result, closed capillaries resorb tissue fluid (Fig. 5-6B). Surplus interstitial fluid collects in lymphatic capil-
laries, a separate system of thin-walled vessels resembling blood capillaries. Lymph (L. lympha, clear water),
the clear watery fluid that collects in them, is essentially surplus tissue fluid with a significant accumulated con-
tent of interstitial protein. From Iymphatic capillaries, lymph passes through lymphatic vessels into lymphatic
ducts that empty into large veins at the root of the neck, and here lymph joins the blood.

Continuous production and resorption of tissue fluid promotes interstitial fluid circulation through minute
internal aqueous channels in the gel structure of the ground substance. If, at any site, tissue fluid is being pro-
duced in larger volumes than the combined volume being resorbed by closed blood capillaries and collected by
open lymphatic capillaries, the imbalance leads to swelling of the ground substance, i.c., edema. A familiar ex-
ample of edema is connective tissue swelling at a site of acute inflammation (described under Neutrophils in

Chapter 6).
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Figure 5-6

Tissue fluid production, resorption, and drainage in loose connective tissue. Under conditions of capillary blood flow,
while precapillary sphincters are relaxed and the bypass channels remain constricted, most of the interstitial fluid being
produced (colored arrows) passes into lymphatic capillaries (A). While precapillary sphincters are contracted and the
bypass channels are open, part of the interstitial fluid enters closed capillaries and the remainder passes into lymphatic
capillaries (B).
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BASEMENT MEMBRANE

Extending along the extensive interface between connective tissue and the other basic tissues (ep-
ithelial, nervous, and muscle tissue) is a thin sheet of specialized extracellular matrix known as
a basement membrane. At the LM level, basement membranes are seen as homogeneous extra-
cellular layers that are PAS-positive because of their substantial glycoprotein content (Plate 5-2). In
electron micrographs taken at high enough magnification, an inconspicuous fuzzy line of low or
moderate electron density may be seen approximately 60 nm from the cell membrane, extending
paralle] to the cell surface (Fig. 5-7). This structure is sometimes referred to as a basal lamina.
The constituent layers and molecular composition of basement membranes are summarized in
Table 5-3.

The electron-dense layer of a basement membrane is called its lamina densa. An indistinct
electron-lucent layer lies on each side of the lamina densa. The almost unstained layer on the cellu-
lar side is termed the lamina lucida. The lightly stained indistinct layer on the interstitial side is
known as the lamina fibroreticularis because in some instances it is associated with reticular fibers
of the underlying connective tissue. At certain sites, additional anchoring filaments (fibrils) con-
taining type VII collagen are attached to this interstitial border of the basement membrane.

As shown in Figure 5-8, the lamina densa contains a delicate meshwork of type IV collagen as-
sociated with a glycoprotein called laminin, both produced by the cell or cells on the lamina lucida
side of the basement membrane. Type IV collagen is a unique nonfibrillar collagen that is distinct
from the types I, II, and TIT fibrillar collagen characteristic of loose connective tissue. (The five ma-
Jjor types of collagen, characterized by slightly different combinations of e chains, are distributed as
indicated in Table 5-2.) Other collagens, too, are associated with the interstitial side of the basement

Figure 5-7
Electron micrograph showing the
basement membrane associated with
the basal surface of an epithelial cell
(tracheal epithelial lining). The three
component layers of the basement
membrane are discernible.




TABLE 5-3

AND CONSTITUENT MACROMOLECULES
Component Layers

Lamina lucida

Lamina densa

Lamina fibroreticularis

Constituent Macromolecules

Exclusive to Basement Membranes
Type IV collagen

Laminin

Heparan sulfate proteoglycans
Entactin (nidogen)

Not exclusive to Basement Membranes
Fibronectin

Type I collagen

Type VII collagen

Cell membrane
 of epithelial cell

- Lamina lucida
— Lamina densa

Lamina /
fibroreticularis

collagen

Entactin

Perlecan

Figure 5-8
Essential macromolecular organization in a basement membrane.
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membrane. Sparse, wispy strands of type IV collagen and associated laminin also extend between

the lamina densa and the cell membrane (see Fig. 5-8).

Besides possessing cell-binding domains, the adhesive glycoprotein laminin has strong affinities for type
IV collagen and heparan sulfate in proteoglycans. Fibronectin, a cell-binding glycoprotein that is present in the
interstitial matrix as well as basement membranes, has affinities for a wide variety of extracellular macro-
molecules. Another basement membrane glycoprotein named entactin (nidogen) has affinity domains for the
cell membrane, type IV collagen, and laminin. Also present are heparan sulfate proteoglycans, e.g., perlecan,
with multiple affinity domains. Complex macromolecular associations such as these impart to basement mem-
branes the distinctive properties that we next describe.

Basement membranes are situated under epithelial membranes (including endothelium), around
epithelial glands, around fat cells, and along boundaries between loose connective tissue and (1)
muscle fibers or (2) Schwann cells (the cells that invest peripheral nerve fibers). They attach such
cells strongly to the adjacent connective tissue, providing them with flexible support. Although base-
ment membranes are freely permeable to small molecules, they impede the passage of macro-
molecules. This differential retention property gives them functional importance in the kidneys,
where their combined capacity for selective filtration minimizes loss of plasma proteins into the
urine. Basement membranes are the first-formed organized extracellular matrix components of the
embryo. They play key roles in promoting and maintaining the fully differentiated state, morpho-
logical polarization of cells, and cell migrations during morphogenesis, tissue repair, and regenera-
tion. They also bind certain growth factors and enzymes (e.g., acetylcholinesterase at motor end
plates).

LOOSE CONNECTIVE TISSUE CELLS

Connective tissue cells arise from mesenchyme, an embryonic connective tissue consisting of rela-
tively widely spaced, pale-staining cells with slender cytoplasmic processes, embedded in a gelati-
nous ground substance with extremely fine intercellular fibers. Mesenchymal cells are directly or

indirectly ancestral to the loose connective tissue cells listed in Table 5-4.

Key functions of the various cells in loose connective tissue include the production of interstitial matrix
constituents and defense roles associated with inflammatory and immune responses. Figure 5-1 depicts the cell
types found in loose connective tissue. It is a composite drawing based on various kinds of preparations, how-
ever, and not all these cell types would be seen in a single field. Furthermore, some of them develop in the tis-
sue itself, and others are immigrant cells arising elsewhere in the body that reach loose connective tissue by way
of the bloodstream.

TABLE 5-4

CELLS IN LOOSE CONNECTIVE TISSUE

Fibroblasts
Endothelial cells
Pericytes

Fat cells (adipocytes)
Plasma cells

Mast cells

Macrophages
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FIBROBLASTS

The macromolecular constituents that constitute the interstitial matrix of ordinary connective tissues
are produced by cells called fibroblasts (L. fibra, fiber; Gk. blastos, germ). Actively secreting fi-
broblasts are spindle-shaped or have wide cytoplasmic processes (see Fig. 5-1). Their ample cyto-
plasm is basophilic and their nucleoli are prominent, indications that they are actively engaged in
protein synthesis. Less active, nondividing fibroblasts predominate in adult life. Often referred to as
fibrocytes, their nuclear chromatin is much more condensed and their scant cytoplasm is pale stain-
ing or only slightly basophilic (see Plate 5-1). Although fibrocytes can still secrete matrix con-
stituents in diminished amounts, major connective tissue repair involves the formation of new
fibroblasts, many of which are derived from pericytes (see later).

All regions of the fibroblast surface can release matrix constituents, which include procollagen,
tropoelastin, proteoglycans, and fibrillin (the microfibrillar glycoprotein in elastic fibers). Fibrob-
lasts also produce collagenase for their own internal use in breaking down interstitial collagen that
they ingest by phagocytosis.

In wound healing, certain growth factors (e.g., basic fibroblast factor, platelet-derived growth
factor) bind to their respective receptors in the fibroblast cell membrane. Activated fibroblasts re-
sulting from the ensuing activation cascade show increased levels of chemotactic cell motility, cel-
lular proliferation, and collagen synthesis. Contractile fibroblasts called myofibroblasts commonly
also are generated. Representing a contractile phenotype of the secretory fibroblast, these cells are
involved in wound contraction (reduction is size of scars).

ENDOTHELIAL CELLS

Endothelial cells constitute the simple squamous endothelium lining the circulatory system and
hence are epithelial cells. Developmentally and functionally, however, they are a component of
loose connective tissue. Besides playing a key role in tissue fluid formation and necessary exchanges
across capillary walls, endothelial cells produce interstitial matrix macromolecules, e.g., type Il col-
lagen and proteoglycans. Furthermore, endothelial cells are derived from mesenchyme, and the tu-
mors that arise from them are considered to be of connective tissue origin. Hence, in several respects
endothelial cells resemble connective tissue cells as well as being epithelial cells.

Few features of endothelial cells are discernible in LM sections other than their nucleus, but the
EM discloses that these squamous cells wrap around a vessel lumen as depicted in Figure 5-9. The
endothelial cells of capillaries and other small blood vessels have tight junctions between their lat-
eral cell borders. Typically, such junctions are strip shaped, with narrow interposed intercellular slits
through which tissue fluid can pass. At sites where maximal capillary permeability is required, the
endothelial cells are provided with round window-like areas called fenestrae (L. for windows). A
distinction is therefore made between fenestrated capillaries (see Fig. 5-98) and unfenestrated or
continuous capillaries (see Fig. 5-9A). Generally, fenestrations are closed by thin, selectively per-
meable diaphragms that are rarely evident in EM sections. The fenestrated capillaries that produce
urinary filtrate in the kidneys are an exception because they are provided with open pores that lack
diaphragms. Capillaries of both types are enclosed by basement membranes that anchor the en-
dothelial cells to surrounding interstitial matrix. Endothelial cells actively engage in endocytosis.
They are also able to divide. Factor VIII-related antigen, one of the many proteins that endothe-
lial cells secrete, serves a marker by which these cells may be reliably identified (factor VIII is one
of the blood coagulation factors). Endothelium-derived relaxing factor (nitric oxide radical), an-
other endothelial cell product, brings about the relaxation of vascular smooth muscle cells, ie, has
vasodilator activity. Endothelin 1, a potent vasoconstrictor that is also produced by endothelial
cells, has the antagonistic action. In acutely inflamed tissues, venular endothelial cells express cell
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adhesion molecules that mediate leukocyte adhesion and spreading (see under Neutrophils in
Chapter 6).

PERICYTES

Pericytes (perivascular cells) are inconspicuous, pale-staining cells that remain intimately associ-
ated with the endothelium of 1) blood capillaries and 2) small venules into which capillaries drain.
Hard to discern even in EM sections, and fairly widely separated along the vessel, pericytes lie
wrapped around the endothelium (Gk. pert, around) on the luminal side of the basement membrane
(see Fig. 5-9). Their narrow, pale-staining cytoplasmic processes ramify around the vessel.

A distinctive characteristic of pericytes is that they remain incompletely differentiated and ca-
pable of division. Pericytes represent a continuing potential source of new fibroblasts and smooth
muscle cells. Persisting partial differentiation and broad potentiality, along with characteristic pale
staining and a stellate shape, suggest that rather than representing essentially contractile cells (a
property that remains incompletely substantiated in undifferentiated pericytes), pericytes represent
residual mesenchymal cells. A key role played by pericytes is their availability for producing fi-
broblasts and smooth muscle cells if connective tissues or blood vessels become damaged and need
to be repaired. In addition, pericytes can secrete basement membrane and interstitial matrix con-
stituents and several regulatory functions have been ascribed to them.
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FAT CELLS OF ADIPOSE TISSUE

In certain regions of the body, fat cells (alternatively known as adipocytes) are relatively common
in loose connective tissue. Tissue sites where adipocytes constitute the vast majority of the connec-
tive tissue cells are generally referred to as deposits of adipose (fat) tissue. Specialized for fat stor-
age, adipose tissue is the body’s chief depot of long-term energy reserves. Also, it reduces heat loss,
fills in crevices, and softly cushions some parts of the body. Mature fat cells that are laden with lipid
do not divide but they are comparatively long lived, hence those with overabundant fat cells risk be-
coming obese if they overeat. Furthermore, additional fat cells arise postnatally from adipocyte pre-
cursors that persist in adipose tissue.

Although lipids become extracted from paraffin sections, they are readily demonstrable in
frozen sections if a fat stain is used (see Plate 1-3). In the common type of fat cell, the accumulating
fat droplets coalesce and form a large central droplet surrounded by an extremely thin rim of cyto-
plasm (see Figs. 5-1 and 5-10). Thus mature, lipid-laden fat cells are characterized by having a
signet-ring appearance. The flattened nucleus resembles the signet, and the pale-staining thin rim of
peripheral cytoplasm resembles the ring (see Fig. 5-1). Another helpful analogy for recognizing
groups of fat cells or adipose tissue in H&E-stained sections is their superficial resemblance to
chicken wire. This similarity is due to the large empty space formerly filled with lipid that is left in
each fat cell (see Fig. 5-10). EM sections of fat cells show that most of the organelles lie in proxim-
ity to the nucleus. Abundant mitochondria provide enough energy to sustain a high level of
metabolic activity. The lipid droplets lie freely suspended in the cytosol, without a limiting mem-
brane. Adipose tissue is richly supplied with capillaries and postganglionic adrenergic nerve fibers
belonging to the sympathetic division of the autonomic nervous system (see Chapter 9).

White and Brown Adipose Tissue

Two distinct subtypes of adipose tissue are known as white fat and brown fat. The more widely distributed sub-
type is white fat, which usually appears yellow because of its content of the lipid-soluble pigment, carotene.
Its microscopic appearance is as just described, and it constitutes the primary site of lipid storage and
metabolism in the body. Brown fat is comparatively scant in distribution. Its cells are smaller than those of
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Fat space
and
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of fat cell Adipose tissue (white fat) prepared as a
whole mount to show its adipocytes and
capillaries.
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white fat, and its lipid is stored as multiple droplets, not as a single large central droplet. Also, its mitochondria
are larger, have shelf-like cristae, and are more numerous. The tissue appears brown due to its extensive capil-
lary blood supply and because of the colored enzymes (cytochromes) in its abundant mitochondria. The main
role of brown fat is to provide body heat, critical for newborn babies and for mammals that are emerging from
hibernation.

PLASMA CELLS

Plasma cells were originally classified as connective tissue cells because they are commonly present
in the loose connective tissue associated with certain wet epithelia. However, since they arise from
the B cells of secondary lymphoid organs and mucosal connective tissue, they are more appropri-
ately regarded as a component of lymphoid tissue. Hence, plasma cells are often described as be-
longing to both loose connective tissue and lymphoid tissue.

A characteristic association of LM features facilitates the recognition of plasma cells. Except
where crowded or compressed, plasma cells are typically rounded (Plate 5-3). Also, their spherical
or ovoid nucleus commonly lies eccentrically in the cell. A large nucleolus may be discernible. The
condensed peripheral chromatin may resemble the numerals on a dial, giving the nucleus a distinc-
tive “clockface” appearance. Other features of plasma cells are that their cytoplasm is markedly ba-
sophilic, and sometimes they exhibit a negative Golgi image, additional indicators of active protein
secretion.

Seen at the EM level, plasma cells have abundant ribosomes and an extensive rER, the dilated
cisternae of which contain the cell’s secretory product, immunoglobulin (Fig. 5-11). Secretory
vesicles rapidly convey this secretory protein from the prominent Golgi complex to all parts of the
cell surface.

The functional importance of plasma cells and their immediate precursors (plasmablasts) is
that they are the source of circulating antibodies (immunoglobulins), the significance of which is
discussed in the following section.

Free ribosomes

Nucleolus

Mitochondrion

Figure 5-11
Electron micrograph of a plasma cell,
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CLINICAL IMPLICATIONS

Plasma Cells Are Key Immune Effector Cells

To develop immunity means to become safe or exempt from reinfection. The usual kind of immunity de-
velops when immunologically responsive cells respond to foreign macromolecules and produce specific
immune responses directed against them. A macromolecule capable of eliciting specific immune re-
sponses is termed an antigen (Gk. anti, against; gennan to produce). The secretory protein, produced by a
plasma cell, that interacts specifically with an antigen is called an antibody. Antibodies, known more pre-
cisely as immunoglobulins, are carried in the blood plasma and constitute a class of y-globulins.

Patients who catch infectious diseases generally ward off reinfection by producing antibodies that rec-
ognize specific antigenic determinants on the disease-causing microorganisms. Compounds that elicit anti-
body formation are generally macromolecules (or their derivatives) that are foreign to the body. The plasma
cells formed during immune responses to antigens synthesize and liberate antibody molecules capable of
specifically recognizing and interacting with these antigens. Since such antibodies circulate to all parts of
the body in the plasma, they are widely known as humeoral antibodies (L. humor, liquid).

The plasma cells found in loose connective tissue under wet epithelia are derived from immi-
grant B cell progeny generated in immune responses to foreign antigens. For further information, see
Chapter 7.

MAST CELLS

Mast cells may generally be found along the course of small blood vessels in loose connective tis-
sue spreads (see Plate 5-1). In most cases, the numerous membrane-bounded secretory granules in
these relatively large cells obscure the central spherical or ovoid nucleus (see Plate 5-1 and Fig. 5-1).
A distinctive staining feature of mast cells is metachromasia of their large secretory granules (Gk.
mela, after; chroma, color), meaning that certain basic stains impart to these granules a color other
than that of the dye itself (e.g., toluidine blue imparts a purple color instead of blue). The metachro-
masia is due chiefly to the sulfated glycosaminoglycan heparin, present in human mast cell granules
as heparin proteoglycan. Unlike exogenous heparin, the form of heparin found in human mast cells
is only weakly anticoagulant. The tiny amount of heparin released when these cells degranulate has
little effect other than enhancing lipid clearance from blood plasma through a facilitating action on
lipoprotein lipase, for which enzyme heparin acts as cofactor. Heparin proteoglycan, along with a
minor amount of chondroitin sulfate B proteoglycan in mucosal mast cells, constitutes the granule
matrix. The chief role of the negatively charged matrix macromolecules is ionic binding of a variety
of positively charged mediator molecules. Seen in the EM, secretory granules of mast cells present
in most connective tissue sites exhibit distinctive lattice or grating-like internal patterns. The gran-
ules of mucosal mast cells, however, exhibit scroll-like internal patterns. The different patterns may
reflect a variety of mediator-matrix associations.

Another major preformed constituent of mast cell granules is the amine histamine, a potent in-
flammatory mediator. In some species, but not humans, serotonin is present as well. An important
action of the histamine released in degranulation is the induction of contraction in endothelial cells
of venules. Their cell perimeters separate to a certain extent at the sites where the cell membranes
are not tightly apposed in forming discontinuous tight junctions. Widening of endothelial intercel-
lular slits results in local paracellular leakage of immunoglobulins and other plasma proteins from
venules, an important stage of the acute inflammatory reaction (described in Chap. 6). Other func-

tional consequences of significant histamine release are bronchoconstriction and vasodilatation.
The secretory granules of mast cells contain a number of additional inflammatory mediators and cytokines
(i.e., cell-to-cell signaling molecules), including eosinophil chemotactic factors of anaphylaxis (ECF-A),
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neutrophil chemotactic factor (NCF), several interleukins, and lysosomal hydrolases. Mast cells are also able
to generate several other inflammatory mediators with great rapidity and liberate them along with the preformed
mediators. Leukotriene 3 (formerly known as the slow-reacting substance of anaphylaxis, SRS-A), platelet
activating factor (PAF), and prostaglandins are produced in this manner at the time of degranulation.
Whereas NCF is specifically chemotactic to neutrophils, ECF-A attracts both neutrophils and eosinophils.
Enzymes produced by the typical connective tissue mast cells include chymase, tryptase, and carboxypeptidase
(neutral proteases). Mucosal mast cells produce tryptase and leukotriene C,, but not chymase or carboxypepti-
dase. Leukotriene 3 effects are similar to those of histamine but are more prolonged. PAF causes platelets to
aggregate and stimulates them to undergo their release reaction (see Chapter 6). Histaminase and aryl sulfatase
produced by eosinophils can degrade two of the liberated mast cell-derived mediators, dampening their action.

CLINICAL IMPLICATIONS

Mast Cells Play a Key Role in Allergy Development

Mast cells degranulate and liberate their mediators 1) if a specific antigen—-antibody interaction occurs at
their cell surface or 2) in response to direct trauma to these cells. The immunological basis of degranulation
is as follows. The cell membrane of mast cells possesses receptors for antibodies belonging to the im-
munoglobulin E (IgE) class. Irrespective of antigenic specificity, antibodies of this relatively minor class
of y-globulins bind to the cell surface, not only in mast cells but also in basophils, the rarest type of white
blood cell. Some persons are predisposed genetically to producing antibodies of the IgE class in response to
pollens, dusts, or fungal spores, when such particles (or their antigens) gain access to their body through tiny
breaks in the epithelial lining of the respiratory tract. Other persons tend to respond in a similar way to al-
lergens that they absorb from their gastrointestinal tract. Any IgE thus formed, irrespective of its antigenic
specificity, can bind to the high affinity IgE receptors on mast cells or basophils with its antigen-recogni-
tion site exposed at the microenvironmental interface. Thus, if a particular antigen has elicited production
of an IgE antibody, mast cells and basophils carrying that antibody on their surface will respond to the same
antigen when it re-enters the body. Specific interaction between the antigen and surface-bound IgE on mast
cells or basophils causes crosslinking of the bound IgE (Fig. 5-12). This leads to immediate discharge of se-

{continued)

2. Specific antigen
(the allergen) crosslinks
the surface-bound IgE

3. Crosslinking triggers
influx of Ca2* ions

1. IgE binds to its
Fc receptor on the
mast cell surface

4. Granules containing preformed
mediators discharge by exocytosis

Figure 5-12
Stages involved in IgE-mediated mast cell degranulation.
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cretory granules, with accompanying liberation of the cell’s impressive battery of inflammatory mediators.
Moderate local responses involving only mast cells bring on the signs and symptoms of allergies (immedi-
ate hypersensitivity reactions). Ragweed pollen, for example, is notorious for causing sufferers of hay
fever to develop rhinorrhea (Gk. rhis, nose; rhoia, flow; i.e., a runny nose), itchy eyes, and bouts of sneez-
ing, all mediated by the histamine released by mast cells. A significant risk also exists that there will be a
more profound adverse reaction to an allergen. Immediate hypersensitivity reactions of greater severity can
occur in persons who produce substantial amounts of IgE in response to wasp stings, antibiotics derived
from penicillin, or other antigenic sources that lead to patient sensitization. Further exposure to the sensi-
tizing allergen triggers massive systemic release of histamine and other mediators from basophils as well as
mast cells. Widespread release of these mediators has the potential to cause systemic anaphylaxis, a pro-
found adverse reaction that is potentially fatal because it can lead to cardiovascular collapse.

Mast cells closely resemble blood basophils. The main differences are their respective nuclear
shapes and the tissues in which these cells are found. Immunological release of their mediators oc-
curs under essentially similar conditions, and both cell types arise from myeloid progenitors. Hence,
mast cells of loose connective tissue are essentially immigrant cells derived from bone marrow. Two
phenotypes, often referred to as typical connective tissue mast cells and mucosal mast cells, result
from the influence of different cytokines acting in slightly different microenvironments.

MACROPHAGES

Macrophages (histiocytes) are considered a normal component of loose connective tissue and
hence are classified as connective tissue cells. They are also found in certain other tissues, notably
the blood cell-forming tissues and liver. As suggested by their name, they are voracious eaters with
a big appetite for the particulate material that they ingest and then try to destroy. They are typically
round or oval in outline, with an eccentric nucleus that has the shape of an indented oval or kidney
bean (Plate 5-4). Their nucleus, however, may be obscured by particles that they have phagocytosed.
The presence of substantial particles in a fairly large cell often indicates that this cell is a macrophage
of some kind. Engulfed particles are taken into the cytoplasm in phagosomes that subsequently fuse
with primary lysosomes. Ingested macromolecular organic compounds are then submitted to enzy-
matic degradation by the lysosomal hydrolases. At the EM level, macrophages are characterized by
having abundant ingested material in phagosomes and secondary lysosomes. Typically, they also
contain residual bodies with indigestible remains.

The various distinctive functions of macrophages include the phagocytosis and elimination of
infectious microorganisms, removal of cell debris, and clearance of inhaled particulate matter from
the lungs. Also, macrophages secrete complement proteins and a number of important growth fac-
tors (see Table 7-2). The macrophages in the spleen dispose of worn-out blood cells. Various kinds
of macrophage-like cells are capable of antigen processing, an essential preliminary stage of most
immune responses.

The various kinds of macrophages are derived from white blood cells known as monocytes that
migrate from small blood vessels into loose connective tissue and transform directly into
macrophages. Hence. macrophages represent immigrant cells derived from myeloid tissue.
Macrophages are able to divide. In addition, macrophages and their precursors (monocytes) have the
capacity to fuse together, resulting in huge multinucleated cells known as foreign body giant cells
that are capable of walling off relatively large masses of foreign material from the remainder of the
body.
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SUMMARY

Loose connective tissue, derived from mesenchyme, consists of cells, fibers, and an amorphous ma-
trix component with the consistency of a soft gel. Collagen fibers are made up of parallel narrow
fibrils that resist stretch. Elastic fibers branch, recoil if stretched, and are not made up of identical
fibrils. Reticular fibers branch, constituting fine supporting networks. They represent fine bundles
of collagen fibrils with closely associated matrix glycoproteins and proteoglycans. The ground sub-
stance of connective tissue is rich in protein-complexed glycosaminoglycans. Its abundant tissue
fluid content facilitates the diffusion of nutrients and waste products. The tissue fluid (blood plasma
depleted of plasma proteins) produced by open capillaries is partly resorbed by closed capillaries in
which hydrostatic pressure is lower than osmotic pressure. Much of the surplus tissue fluid, con-
taining accumulated interstitial protein, enters lymphatic capillaries as lymph. Edema results if tis-
sue fluid production exceeds fluid removal through lymphatic drainage and capillary resorption.

Basement membranes are sheets of distinctively organized interstitial matrix with a character-
istic electron-dense lamina densa and commonly with associated reticular fibers. Produced by
epithelial, endothelial, fat, muscle, and Schwann cells, basement membranes contain type IV
collagen, adhesive glycoproteins, and proteoglycans. Besides providing flexible support, they con-
stitute the main selective filter in the kidneys.

Fibroblasts are secretory cells that produce the matrix constituents of ordinary connective tis-
sue. Most types of collagen are produced through enzymatic processing of fibroblast procollagens
followed by extracellular assembly into collagen fibrils, but type IV collagen is an exception. Be-
cause of their distinctive assembly, collagen fibrils possess a unique axial periodicity manifested as
a “bar-code” pattern. Fibroblasts also produce tropoelastin and form fibrillin-containing microfib-
rils that mold forming elastin into elastic fibers.

Intercellular slits between the discontinuous tight junctions of capillary endothelial cells per-
mit the passage of tissue fluid. In most fenestrated capillaries, diaphragms close the endothelial fen-
estrations. Endothelial cells secrete endothelium-derived relaxing factor (nitric oxide radical) and
endothelin 1, two important vasoactive products. In acute inflammation, their cell adhesion
molecules become upregulated. The walls of capillaries and small venules also contain pericytes,
which are incompletely differentiated cells that can produce new fibroblasts and smooth muscle
cells.

Fat cells, the predominant cell type of adipose tissue, have abundant mitochondria and are
metabolically active. Their lipid is unsegregated by an intracellular membrane. In white fat, the
body’s chief energy reserve, each fat cell contains a single fat droplet. In brown fat, which produces
body heat and is scant, each fat cell contains multiple fat droplets. Plasma cells are characteristically
round, with an eccentric clockface nucleus, basophilic cytoplasm, and a negative Golgi image. They
secrete specific humoral antibodies (immunoglobulins) capable of recognizing specific antigens.

Mast cells have a conspicuous content of metachromatic granules that contain preformed his-
tamine and heparin proteoglycan. Histamine released through degranulation permits immunoglob-
ulins and other plasma proteins to escape from venules. Other potent inflammatory mediators are
generated just prior to degranulation. In mast cells and basophils, degranulation is triggered by in-
teraction between antigen and surface-bound IgE. Tt also results from direct damage. Allergies are
manifestations of local IgE-mediated mast cell responses to foreign antigens. Anaphylaxis can oc-
cur if there is systemic involvement of basophils as well.

Because macrophages are actively phagocytic, they commonly contain exogenous constituents.
In addition, they secrete complement proteins and certain growth factors and can process antigens.
Macrophages, derived from blood monocytes, have the potential to fuse to form foreign body giant
cells.



Loose Connective Tissue and Adipose Tissue 133

Bibliography

Fibroblasts, Interstitial Matrix, and Tissue Fluid

Buck CA, Horwitz AF. Cell surface receptors for extracellular matrix molecules. Annu Rev Cell Biol 3:179,
1987.

Gabbiani G, Rungger-Bréndle E. The fibroblast. In: Glynn LE, ed. Tissue Repair and Regeneration: Hand-
book of Inflammation, vol 3. Amsterdam, Elsevier/North Holland Biomedical Press, 1981, p 1.

Gallagher JT. The extended family of proteoglycans: social residents of the pericellular zone. Curr Opin Cell
Biol 1:1201, 1989.

Gotte L. Molecular morphology of elastin. In Robert AM, Robert L, eds. Biology and Pathology of Elastic
Tissues: Frontiers of Matrix Biology, vol 8. Basel, S Karger, 1980, p 33.

Hay ED, ed. Cell Biology of the Extracellular Matrix. New York, Plenum Press, 1981.

Imayama S, Braverman IM. Scanning electron microscope study of elastic fibers of the loose connective tis-
sue (superficial fascia) in the rat. Anat Rec 222:115, 1988.

Intaglietta M, Endrich BA. Experimental and quantitative analysis of microcirculatory water exchange. Acta
Physiol Scand Suppl 463:59, 1979.

Montes GS, Bezerra MSF, Junqueira LCU. Collagen distribution in tissues. In Ruggeri A, Motta PM, eds. Ul-
trastructure of the Connective Tissue Matrix. Boston, Martinus Nijhoff, 1984, p 65.

Piez KA, Reddi AH (eds). Extracellular Matrix Biochemistry. New York, Elsevier, 1984.

Reddi AH, ed. Extracellular Matrix Structure and Function. UCLA Symposia on Molecular and Cellular Bi-
ology, New Series, vol 25. New York, Alan R Liss, 1985.

Ross R, Bornstein P. Elastic fibers in the body. Sci Am 224(6):44, 1971.

Basement Membranes

Eady RAJ. The basement membrane: interface between the epithelium and the dermis: structural features.
Arch Dermatol 124:709, 1988.

Inoué S. Ultrastructure of basement membranes. Int Rev Cytol 117:57, 1989.

Inoué S, Leblond CP. Three-dimensional network of cords: the main component of basement membranes.
AmJ Anat 181:341, 1988,

Laurie GW, Leblond CP, Inoué S et al. Fine structure of the glomerular basement membrane and immunolo-
calization of five basement membrane components to the lamina densa (basal lamina) and its extensions
in both glomeruli and tubules of the rat kidney. Am J Anat 169:463, 1984,

Martin GR, Timpl R. Laminin and other basement membrane components. Annu Rev Cell Biol 3:57, 1987.

Schittney JC, Yurchenco PD. Basement membranes: molecular organization and function in development and
disease. Curr Opin Cell Biol 1:983, 1989.

Macrophages and Endothelial Cells
Auger MJ, Ross JA. The biology of the macrophage. In: Lewis CE, McGee J, eds. The Macrophage: The
Natural Immune System. Oxford, IRL Press, 1992.

Bearer EL, Orci L, Sors P. Endothelial fenestral diaphragms: a quick-freeze, deep-etch study. Cell Biol
100:418, 1985.

Carr L. The Macrophage. A Review of Ultrastructure and Function. New York, Academic Press, 1973.

Carr L. The biology of macrophages. Clin Invest Med 1:39, 1978.

Fuller RW. Macrophages. Br Med Bull 48:65, 1992.

Page RC. The macrophage as a secretory cell. Int Rev Cytol 52:119, 1978.

Mast Cells

Austen KF. Biological implications of the structural and functional characteristics of the chemical mediators
of immediate-type hypersensitivity. In: The Harvey Lectures, series 73. New York, Academic Press,
1979, p 93.



134 Essential Histology

Beaven MA. Histamine, pt 1. N Engl ] Med 294:30, 1976.
Erb KJ, Holloway JW, Le Gros G. Innate Immunity: mast cells in the front line. Curr Biol 6:941, 1996.
Galli SJ. New concepts about the mast cell. N Engl ] Med 328:257, 1993.

Gordon JR, Burd PR, Galli S]. Mast cells as a source of multifunctional cytokines. Immunol Today 11:458,
1990.

Holgate ST, ed. Mast Cells, Mediators and Disease. Boston, Kluwer Academic, 1988.
Holgate ST, Church MK. The mast cell. Br Med Bull 48:40, 1992.

Stevens RL, Austen KF. Recent advances in the cellular and molecular biology of mast cells. Immunol Today
10:381, 1989.

Adipocytes and Adipose Tissue
Angel A, Hollenberg CH, Roncari DAK, eds. The Adipocyte and Obesity: Cellular and Molecular Mecha-
nisms. New York, Raven Press, 1983.

Julien P, Despres J-P, Angel A. Scanning electron microscopy of very small fat cells and mature fat cells in
human obesity. J Lipid Res 30:293, 1989.

Poissonnet CM, Lavelle M, Burdi AR. Growth and development of adipose tissue. J Pediatr 113:1, 1988,
Roncari DAK. Pre-adipose cell replication and differentiation. Trends Biochem Sci 9:486, 1984.

Thompson JF, Habeck DA, Nance SL, Beetham KL. Ultrastructural and biochemical changes in brown fat in
cold exposed rats. J Cell Biol 41:312, 1969.




CHAPTER 6

Blood Cells

OBJECTIVES

On completion of this chapter, you should be able to do the following:

» Examine and evaluate blood films

= Recognize erythrocytes, the various leukocytes, and platelets

 Discuss the significance of reticulocytes and reticulocyte counts

» Explain what happens if intravascular platelets encounter vessel wall damage

o List five types of leukocytes present in peripheral blood and state their respective cell counts

= Summarize the similarities and chief differences between the five types of leukocytes,
specifying key functions in each case
= Name two types of leukocytes playing major roles in acute inflammation

Blood contains red blood cells or erythroeytes (Gk. erythros, red), white blood cells or leukocytes
(Gk. leukos, white), and cytoplasmic fragments known as blood platelets. These components are
freely suspended in plasma, the fluid portion of blood. Blood is considered a special connective tis-
sue not because its cells produce intercellular matrix constituents but because they develop from
mesenchyme (see Table 5-1).

Erythrocytes contain hemoglobin, a distinctive red protein that has the necessary properties to
bring about efficient oxygen transport from the lungs to the tissues. The same blood cells also facil-
itate transfer of carbon dioxide from the tissues to the lungs. A unique feature of erythroid matura-
tion is that each forming erythrocyte extrudes its nucleus before entering the circulation. Nuclei are
also lacking in blood platelets since they are membrane-covered fragments of cytoplasm. Platelets
play a key role in arresting bleeding from damaged blood vessels.

Leukocytes are so named because after bulk sedimentation they look almost white. They are
largely protective in function, defending the body from the ravages of infection in a variety of ways.
Most types of leukocytes carry out major extravascular activities in loose connective tissue. Five dif-
ferent types of leukocytes are recognized, each with varied functions and distinctive microscopic
features. The fact that leukocytes are greatly outnumbered by erythrocytes is obvious when blood
films are observed. These films are prepared by drawing out small drops of peripheral blood on
slides to make thin films (Fig. 6-1A) and staining them with a blood stain (a mixture of red acid stains
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A ¢ y

_ qoo 0 Figure 6-1

3 - . (A) Standard method of making blood films. (B) After staining, site C is
appropriate but D is unsatisfactory for observing erythrocytes. (C) Atsite C a

few of the erythrocytes overlap slightly. (D) At site D the erythrocytes are too

thinly spread. Their pale middle third is not seen clearly.

and blue basic stains) such as Wright’s stain, which gives the colors described in this chapter and
Chapter 7. Blood films are thicker where the drops first spread out, and the appearance of erythro-
cytes varies according to the area chosen for observation. The best area to select for examining
erythrocytes is a region where some of them just overlap, as in Figure 6-1C. Part D of the same
illustration shows their appearance at a site where they are too thinly spread. Erythrocytes should
appear as pink circles with a central pale area representing about one third of their diameter (see
Plate 6-1B). Leukocytes stand out in contrast mainly because they possess a nucleus, and in general
they are larger than erythrocytes. They are not as numerous, however, and some types of leukocytes
can be tracked down only with diligent searching. Platelets are relatively easy to recognize, espe-
cially if they have aggregated, as sometimes happens in preparing fresh blood films (see Plate 6-1C).

ERYTHROCYTES

Each liter of normal adult peripheral blood contains almost 5 X 10'? erythrocytes (i.e., 4.3 X 10" in
females, 4.8 X 10'? in males). The erythrocyte is a biconcave disk, 7 to 8 sem in diameter (Fig. 6-2),
with a finite life span of about 4 months. Erythrocytes sometimes stick together temporarily, form-
ing columns called rouleaux that resemble stacks of coins. The role of the erythrocytic protein
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Figure 6-2
Erythrocytes (fresh preparation, interference microscope).

hemoglobin, which consists of iron-containing heme groups conjugated to the protein globin, is to
transport oxygen. Oxyhemoglobin, the red oxygenated form of this protein, turns darker and
slightly blue as it yields its oxygen to the tissues. Erythrocytes also contain the enzyme carbonic an-
hydrase, which facilitates uptake of carbon dioxide from the tissues and its discharge from the lungs.

CLINICAL IMPLICATIONS

Anemias

Any significant lowering of the blood concentration of hemoglobin, due either to reduction in the total num-
ber of circulating erythrocytes or to decrease in their individual hemoglobin content, is described as an ane-
mia (Gk., without blood). Anemic patients generally appear pale and may be chronically tired and listless
due to impaired oxygen delivery to their tissues. If their peripheral blood films are examined with an LM,
the erythrocytes may appear undercolored (hypochromic) because of hemoglobin insufficiency, as in an
iron-deficiency anemia, or they may be larger than normal but reduced in number, as in a vitamin B,,—de-
ficiency anemia. In the case of a genetically transmitted condition called sickle cell anemia, erythrocytes
become deformed into elongated crescents (sickles) in the process of yielding their oxygen. A single amino
acid substitution in hemoglobin causes this protein to polymerize and crystallize as it gives up its oxygen.
The damage that this physical change inflicts on the erythrocyte membrane leads to premature erythrocyte
destruction. Normally, erythrocytes circulate for 100 to 120 days and then are phagocytosed, mostly by
macrophages in the spleen. If erythrocytes are destroyed prematurely, or if erythrocyte production fails to
keep up with daily requirements, anemias result. The daily rate of erythrocvte production can be assessed
from the proportion of newly formed erythrocytes. These recently formed cells can be recognized and
counted in blood films, as explained in the next section.
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Reticulocytes

Most erythrocytes seen in routinely stained blood films appear pink because of acidophilic staining
of their hemoglobin (Plate 6-1B8). A small proportion of erythrocytes, however, are slightly larger
and tinged with blue (see Plate 6-1A4). Known as polychromatophilic erythrocytes (meaning red
cells that love many colors), these are immature erythrocytes with enough residual RNA from prior
hemoglobin synthesis to add a trace of basophilic staining to their otherwise acidophilic staining
properties. These cells are easier to recognize if they are stained with new methylene blue or cresyl
blue, which shows up their cytoplasmic RNA as a distinctive blue wreath-like network (Plate 6-2).
Red cells that exhibit such a network are referred to as reticulocytes (L. rere, net). Reticulocytes,
which represent erythrocytes that are still immature and polychromatophilic, are comparatively easy
to distinguish from mature erythrocytes. They lose their polychromatophilic and reticulocyte stain-
ing properties 2 days or so after entering the circulation. Conditions that stimulate erythrocyte pro-
duction cause newly formed erythrocytes to enter the circulation in greater numbers. Hence, a rise
in the reticulocyte count (i.e., an increase in the proportion of erythrocytes that are reticulocytes) in-
dicates that erythrocyte production has increased. Under normal conditions, only 1 to 2.5% of pe-
ripheral blood erythrocytes are reticulocytes.

PLATELETS

Each liter of normal adult peripheral blood contains between 150 X 10 and 350 X 10° small plate-
like structures, 2 pwm to 3 um in diameter, called blood platelets or thrombocytes. These po-
tentially secretory circulating structures are produced by megakaryocytes, giant cells of red bone
marrow. Platelets represent entirely cytoplasmic fragments, covered by cell membrane and lacking
a nuclear component because they are produced through fragmentation of subdivided megakary-
ocyte cytoplasm. They tend to aggregate in drawn blood, so platelet clumps may be found as well as
individual platelets in blood films (see Plate 6-1C). The central region of a platelet contains purple-
staining granules, whereas the nongranular periphery stains a transparent pale blue.

Electron micrographs indicate that the platelet’s biconvex discoid shape is maintained by a sup-
porting ring of marginal microtubules (Figs. 6-3 and 6-4). Platelets take up the potent vasoconstric-

Microtubules

Dense tubular system

o Granule

Dense body

Surface-connecting canaliculi

Figure 6-3
Internal details of a platelet discernible at the EM level.
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Figure 6-4
Electron micrograph of a blood platelet (><30.000).

tor serotonin from the blood and store it in electron-dense granules termed dense granules or dense
bodies. Also important is platelet-derived growth factor, a major proliferation promoter in fi-
broblasts, smooth muscle cells, and a few other cells. This potent growth factor is localized, along
with certain constituents involved in blood coagulation, in a different population of platelet granules
called a-granules. Platelets can discharge their granular contents by exocytosis, and they have the
potential for active phagocytosis. Some of their granular discharge occurs by way of surface-con-
necting canaliculi that are tubular invaginations of the surface membrane. Platelets also possess a
second tubular system, known as the dense tubular system, the functional significance of which re-
mains inconclusively evaluated.

At any given moment, one third of the body’s total complement of platelets is temporarily out
of circulation. Noncirculating platelets sequestered in the red pulp of the spleen are nevertheless able
to exchange freely with the platelets circulating in the peripheral blood. The maximum circulation
time for platelets is about 10 days, after which they are phagocytosed by macrophages, primarily
those of the spleen.

CLINICAL IMPLICATIONS

A Key Role of Platelets Is to Terminate Hemorrhage
Damage to the endothelial lining of a blood vessel can expose collagen and other normally hidden compo-
nents of the vessel wall directly to the blood. When circulating platelets come into contact with some of these
vascular components they adhere to them. Furthermore, direct contact with collagen is also one of the stim-
uli that causes platelets to release their secretory granules, a key response known as the release reaction.
The serotonin thus released elicits contraction of the circular layer of smooth muscle cells present in most
blood vessel walls, and this action reduces loss of blood from damaged vessels.

Platelets rapidly accumulate on the luminal surface of a bleeding vessel as increasing numbers of them
adhere to those already attached (platelet aggregation). This is largely an effect of ADP liberated during
the release reaction. The temporary seal or platelet plug that they constitute grows large enough to stem

(continued)
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further blood loss from the vessel. Another consequence of the release reaction is that fibrin is produced
from its soluble precursor fibrinogen through the complex process of blood coagulation. The outcome is
a fibrin mass (a blood clot or thrombus) that is stronger and more substantial than the platelet plug it re-
places. Platelets therefore have a dual role in the arrest of bleeding (hemostasis). By aggregating they tem-
porarily seal off bleeding vessels. Then by initiating local coagulation they provide a more permanent seal,
namely a blood clot.

Platelets show a similar tendency to adhere to certain components of the vessel wall if these become
exposed as a result of degenerative or pathological changes. Ensuing thrombosis (formation of a blood clot)
can have critical consequences if it occludes the arterial supply to some part of the brain or heart, leading ei-
ther to a stroke or a heart attack.

Finally, spontaneous bruising, tiny cutaneous hemorrhages on the arms or thighs, or undue bleeding of
the gums can indicate a platelet deficiency (thrombocytopenia).

LEUKOCYTES

A liter of normal adult peripheral blood contains a total of 4.5 X 10° to 11 X 10? leukocytes. These
motile cells are subdivided into five types according to their staining characteristics and respective
functional activities within and outside the bloodstream.

Leukocytes are also broadly categorized as 1) granule-containing granular leukocytes and 2)
nongranular leukocytes that lack conspicuous granules. A few tiny granules may nevertheless be
present in nongranular leukocytes. The three types of granular leukocytes are (1) eosinophils with
specific granules that stain with acid dyes such as eosin (see Plate 6-1F); (2) basophils with specific
granules that are markedly basophilic (see Plate 6-1G); and (3) neutrophils with specific granules
that are not markedly acidophilic or basophilic at neutral pH (see Plate 6-1D and E). Neutrophils are
also known as polymorphonuclear leukocytes (polymorphs for short) because their nucleus can
have from two to five lobes. The two types of nongranular leukocytes are (1) lymphocytes (see Plate
6-1J and K), which are found in lymph as well as blood, and (2) monocytes, the large circulating
cells that are the precursors of macrophages (see Plate 6-1H).

Identifying Leukocytes in Peripheral Blood Films

By systematically searching under low or scanning power, it is possible to find each type of leuko-
cyte in a blood film. However, leukocytes do not stain well in the thicker part of the film where the
drop first spreads out. It is advisable to look for them in the thinner part of the film even though they
are less numerous there. Also, the middle of the film is more useful than the edges, where leukocytes
tend to be distorted and poorly stained. Sometimes it is necessary to observe more than one blood
film to see everything. The following pitfalls should be avoided.

Degenerating and Damaged Leukocytes
Degenerating and disintegrating leukocytes are commonly also present. Endeavouring to identify
them is a waste of time. For reference purposes, a degenerating neutrophil is shown in Plate 6-11.

Platelet Aggregates
Beginners may misinterpret the purple-staining granular material in platelets (see Plate 6-1C) as a
nucleus, and this can lead them to confuse platelets or platelet aggregates with leukocytes.

“Difficult”” and Poorly Stained Leukocytes
Those who are inexperienced in identifying leukocytes should search for fairly obvious examples of
each type and avoid agonizing over cells that are hard or impossible to identify.
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NEUTROPHILS (POLYMORPHS)

Most leukocytes present in a blood film are mature neutrophils. These cells represent 50% to 70%
of the total leukocyte count of adult peripheral blood. The nucleus of the mature neutrophil is seg-
mented, with two to five lobes interconnected by fine strands and chromatin that is condensed and
dark staining (see Plate 6-1E). In persons having two X chromosomes per cell (e.g., karyotypically
normal females), one X chromosome (the sex chromatin, described in Chap. 2) has the form of a dis-
tinctive nuclear lobe called a drumstick appendage (Fig. 6-5). Neutrophils contain abundant fine
neutrophilic granules, referred to as specific granules (i.e., specific to this type of leukocyte), that
impart a mauve (lavender) color to the cytoplasm. In addition, they have a few larger granules that
stain a reddish purple (see Plate 6-1FE). Termed azurophilic granules because of their affinity for
one of the dyes in blood stains (methylene azure), these larger granules correspond to lysosomes.

Neutrophils circulate in the blood for 6 to 10 hours. They then enter the tissues as motile cells
and continue their important phagocytic activities for another 2 or 3 days. Their prime target is bac-
teria, which they engulf and promptly destroy using hydrogen peroxide and other bactericidal
molecules, together with many different enzymes from their membrane-bounded granules. Most of
the molecules employed for this purpose come from their lysosomal (azurophilic) granules, but
lactoferrin is supplied by the specific granules, and the hydrogen peroxide-producing enzymes are
located in their peroxisomes.

The neutrophils seen in a peripheral blood film generally include up to 5% that are slightly im-
mature. The immature forms are recognizable by the fact that their nucleus remains band-shaped,
sometimes resembling a horseshoe, hence they are termed band neutrophils (see Plate 6-1D).

CLINICAL IMPLICATIONS

Neutrophils Play a Key Role in Acute Inflammation

The acute inflammatory reaction is typically a localized, acute tissue response elicited by some sort of local
injury. It often succeeds in eliminating its cause or reversing the adverse effects of the injury, and it patches
up the resulting damage. This reaction occurs in loose connective tissue and involves not only neutrophils
but also monocytes, mast cells, and the endothelial cells of venules. The classic signs of acute inflammation
can become noticeable, for example, after the skin has been pierced by a dirty sliver (Fig. 6-64). They are
redness, hotness, and swelling of the underlying connective tissue, usually with some pain and tenderness.
The first two changes are due to augmented blood flow (hyperemia), and in sections of the inflamed region
the venules and capillaries appear dilated and congested (see Fig. 6-6B). The swelling (edema) is a

(continued)
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Mature neutrophil (peripheral blood). Arrow indicates the drumstick appendage
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Dirty sliver

A

Figure 6-6
Neutrophil emigration in acute inflammatory reactions. Neutrophils that migrate from dilated venules (A) track down
bacteria introduced during injury and engulf them by phagocytosis (B).

manifestation of plasma leakage from affected venules. It should be recalled from Chapter 5 that histamine
released from mast cells induces limited separation of the margins of the endothelial cells of venules. This
partial separation provides an escape route for fibrinogen, immunoglobulins, complement proteins, and
other plasma proteins. Infecting microorganisms introduced with the sliver therefore come into direct con-
tact with any immunoglobulins that may be present as a result of previous exposure to the same organisms
or their antigens. The excess fluid that accumulates in the ground substance as a consequence of the perme-
ability increase results in edema and also in tenderness owing to increased pressure on sensory nerve end-
ings. In addition, certain inflammatory mediators elicit pain directly by stimulating pain-sensitive nerve end-
ings.

Early in the acute inflammatory reaction, nentrophils start adhering to the endothelial cells of affected
venules and escape by squeezing between these cells, as illustrated in Figure 6-7. They then become
attracted chemotactically toward bacteria, which they phagocytose and destroy. Local accumulation of
neutrophils is a consistent indication that an acute inflammatory reaction is underway. The migrating neu-
trophils are accompanied by monocytes that escape from venules in a similar manner and rapidly transform
into macrophages as they enter the tissues. Macrophages actively phagocytose some strains of bacteria and
dispose of residual debris as inflammation subsides. In addition, macrophages are a source of a number of
important cytokines, including chemotactic factors, inflammatory mediators (notably interleukin 1 and tu-
mor necrosis factor), and several growth factors, that collectively promote tissue repair. In the terminal
phase of tissue repair, which is often referred to as fibrosis or fibroplasia, fibroblasts actively secrete pro-
collagen. Also, a capillary blood supply becomes reestablished, primarily as a result of sprouting from
undamaged vessels at the periphery of the inflammatory focus. A distinctively contractile phenotype of the
fibroblast, termed the myofibroblast, subsequently emerges and supersedes the collagen-producing variety.
Its contractile activity reduces the overall dimensions of the newly formed repair tissue and hence the size
of the residual scar.

An elevated peripheral neutrophil count, termed a neutrophilia, can represent an acute response to bac-
terial infection. Furthermore, immature cells of the neutrophil series (band neutrophils and earlier forms) en-
ter the peripheral blood in greater numbers when there is an increased demand for neutrophils, for example,
in combatting a severe bacterial infection. Progressive increase in the number of immature forms leaving the
bone marrow, indicating progression of bacterial infection, is known as a shift to the left,
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Figure 6-7
Electron micrograph and interpretive diagram of neutrophil migration from a venule in an acute inflammatory reaction.
This neutrophil corresponds to stage 2 of the series.

EOSINOPHILS

! Only 1% to 4% of the leukocytes in adult peripheral blood are eosinophils. These granulocytes are
slightly larger than neutrophils, and their nucleus consists of only two lobes. Their most striking fea-
ture, however, is their large acidophilic specific granules, which stain bright red or reddish-purple
(see Plate 6-1F). With the EM, the specific granules appear ovoid with a lattice-structured crystal-
loid core and a limiting membrane (Fig. 6-8). The enzyme complement of these granules indicates
that in the case of eosinophils, the specific granules are derived from lysosomes.

Four cationic (basic) proteins present in the eosinophil’s specific granules have substantial destructive
potential: major basic protein, a crystalloid core constituent that is toxic to certain parasites, bacteria, and
epithelial cells; eosinophil cationic protein, which is toxic to some parasites, bacteria, and neurons;
eosinophil-derived neurotoxin, a ribonuclease that is toxic to neurons and mildly toxic to parasites; and
eosinophil peroxidase, which destroys microorganisms and certain parasites and is toxic to mast cells and
some epithelial and tumor cells.
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Figure 6-8
Electron micrograph showing the characteristic structure of an eosinophil. Its large lysosomal specific granules have a
distinctive appearance, and its nucleus is bilobed.

In addition, eosinophils produce O, (the superoxide radical ion) and two lipid-derived mediators: platelet-
activating factor (which exerts a chemotactic and activating action on eosinophils) and leukotriene Cj.
Eosinophils release this varied complement of mediators when their surface-bound IgA, IgG, or IgE becomes
bridged by antigen.

Eosinophils circulate for 1 to 10 hours in the peripheral blood and then enter loose connective
tissue (e.g., the gastrointestinal lamina propria) and remain there for up to 10 days.

CLINICAL IMPLICATIONS

Eosinophils Regulate Allergic Inflammation and Kill Certain Parasites

Eosinophils migrate from the peripheral blood into the mucosal connective tissue adjacent to wet epithelia
(e.g.. in the respiratory and gastrointestinal tracts). Eosinophils that accumulate at sites of local allergic re-
sponses phagocytose antigen—antibody complexes. In addition, eosinophils produce histaminase and aryl
sulfatase B, enzymes capable of inactivating two inflammatory mediators from mast cells, Hence
eosinophils have the capacity to subdue and regulate local inflammatory reactions of allergic origin. A high
peripheral blood eosinophil count (eosinophilia) may therefore indicate an allergic reaction. In addition,
eosinophils play a key role in killing parasitic helminth worms at the larval stage, so eosinophilia is equally
consistent with certain forms of parasitic infestation.
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BASOPHILS

Basophils are a rare type of leukocyte representing 0.5% to 1% of the total peripheral blood leuko-
cytes, so to find even a single basophil in a blood film is a real challenge. Almost as large as
neutrophils, basophils possess a nucleus that generally has two lobes but may have more. When
observed in blood films, however, the nucleus of a basophil may be largely or entirely obscured by
a moderate number of substantial blue-staining specific granules (see Plate 6-1G) that contain his-
tamine in ionic association with a matrix of sulfated glycosaminoglycans (chiefly chondroitin and
dermatan sulfates), stain metachromatically, and essentially resemble large mast cell granules.
These specific granules have a limiting membrane and represent the secretory granules of the cell.

Basophils are only mildly phagocytic. Of greater functional significance is their direct involve-
ment in bodywide (systemic) allergic responses. Antigen-IgE antibody interactions occurring at
their surface trigger release of histamine and other inflammatory mediators, as explained in Chapter
5 under Mast Cells. This release may be sufficiently massive to result in fatal systemic anaphylaxis.
In addition, basophils participate in cutaneous basophilic hypersensitivity, a delayed hypersensi-
tivity reaction with signs and symptoms that resemble those of allergic contact dermatitis.

LYMPHOCYTES

Lymphocytes comprise 20% to 40% of peripheral blood leukocytes. These highly motile nongranu-
lar leukocytes are relatively easy to find in blood films. Besides being present in blood, they enter
the tissues and also are present in lymph (hence their name). Peripheral blood lymphocytes are of
two sizes. Most of them are small lymphocytes with a diameter of 6 to 9 um (see Plate 6-1K). The
remainder (<<10%) are large lymphocytes (known also as medium-sized lymphocytes) with an
average diameter of 12 um (see Plate 6-1J). Lymphocytes are classified as nongranular leukocytes
because they lack specific granules. In approximately 10% of them, however, there are fine purple-
staining (azurophilic) granules representing lysosomes.

Small lymphocytes possess a small, spherical or slightly indented nucleus with abundant dark-
staining condensed chromatin (see Plate 6-1K). Only a thin external rim of slightly basophilic cyto-
plasm is visible in blood films. The cytoplasm is scarcely discernible in LM sections. Ribosomes are
numerous but other cytoplasmic organelles are scant. When small lymphocytes having this poorly
differentiated appearance become activated by antigen, they proliferate, and among the cells they
produce are differentiated effector cells capable of mediating immune responses. Furthermore, the
small lymphocyte population represents two different types of antigen-responsive cells—B lym-
phocytes and T lymphocytes. Whereas B lymphocyte differentiation occurs entirely in the bone
marrow, certain critical stages of T lymphocyte differentiation take place in the thymus. The two
kinds of lymphocytes nevertheless have identical morphological appearances and special techniques
are necessary to distinguish between them. B and T lymphocytes, more commonly known as B cells
and T cells, and an overview of their respective roles in immune responses are described in Chapter
7. In addition to B and T cells, peripheral blood contains a population of null cells. Although these
cells look like small lymphocytes, they lack the specific markers that would characterize them as B
or T cells.

Large lymphocytes possess a nucleus that is slightly larger and darker staining, though also
spherical or slightly indented (see Plate 6-1J). The cytoplasm is slightly more copious than that of
small lymphocytes and equally or more basophilic (compare J and K in Plate 6-1). Large lympho-
cytes possess more free ribosomes and mitochondria, with a more extensive rER and Golgi appara-
tus. Some large lymphocytes present in blood films may initially be confused with monocytes. The
nucleus in large lymphocytes, however, is not indented enough to be kidney-shaped, and large lym-
phocytes are smaller than most monocytes. Large lymphocytes represent a heterogeneous popula-
tion that may include antigen-activated lymphocytes and even reactive lymphoid cells,
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MONOCYTES

Monocytes are nongranular leukocytes that constitute 2% to 6% of the total blood leukocytes. Be-
cause they represent the largest type of leukocyte they are relatively easy to find in blood films. Be-
ginners nevertheless sometimes confuse monocytes with large lymphocytes (compare H with J in
Plate 6-1). The nucleus of monocytes varies from being deeply indented or roughly kidney-shaped
to having the form of a wide horseshoe (see Plate 6-1H). It may even become twisted over as an ar-
tifact of preparation. The chromatin of monocytes is less condensed and lighter staining than that of
lymphocytes (compare H with J and K in Plate 6-1). The cytoplasm of monocytes is abundant and
stains a distinctive pale blue or light blue-gray (see Plate 6-3H). Specific granules are lacking, but a
few fine purple-staining (azurophilic) granules may be present in the cytoplasm. In EM sections, free
ribosomes, a Golgi region, some rER, and scattered lysosomes corresponding to azurophilic gran-
ules are discernible in the cytoplasm.

Circulating monocytes, with only a limited capacity for phagocytosis, represent the immediate
precursors of tissue macrophages that are actively phagocytic. After circulating in the blood for 1 to
3 days, monocytes enter body tissues and transform directly into macrophages. Substantial numbers
of monocytes and neutrophils escape from the venules of acutely inflamed tissues. Monocytes rep-
resent a major source of certain cytokines (see Table 7-6). They have the potential for fusing with
each other, producing foreign body giant cells and osteoclasts.

Summary

The main features of erythrocytes and platelets are summarized in Table 6-1. Among the circulating
erythrocytes are 1% to 2% that are still slightly polychromatophilic and immature. With special
staining they appear as reticulocytes. Erythrocytes have a finite life span of 100 to 120 days. Platelets
are actively phagocytic during their 9 to 10 day period of circulation. By undergoing their release re-

TABLE 6-1
Erythrocytes Platelets
Morphology and Staining
in Blood Films”
Cytoplasm Mature: pink Pale blue, with purple granules
Immature: bluish pink
Nucleus No nucleus No nucleus
Diameter (mean) 7 pum 3 pm
Functions Transport oxygen and Arrest bleeding

carbon dioxide
Blood Counts

Total number per liter blood 4.3 X 10'? (women) 150 % 10°-350 x 107
4.8 x 10" (men)

Proportion of total number Mature 97.5%-99%
Immarure 1%-2.5%

* Wright’s blood stain.
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action, they elicit local blood coagulation and liberate the vasoconstrictor serotonin. At sites of blood
vessel damage, platelet adhesion and aggregation curtails extravasation of blood.

The main features of leukocytes are summarized in Table 6-2. Distinction between the three
types of granular leukocytes is based on differential staining of their specific granules. Neutrophils,
and also lymphocytes and monocytes, contain additional lysosomal azurophilic granules. In
eosinophils, however, the lysosomal granules correspond to the acidophilic specific granules.

Up to 5% of circulating neutrophils are band neutrophils. Mature neutrophils (polymorphs), ef-
ficient at phagocytosing bacteria, are a hallmark of acute inflammation. Eosinophils can regulate lo-
cal allergic reactions, phagocytose antigen—antibody complexes, and destroy helminth parasites. Ba-
sophils, which closely resemble mast cells, respond to antigens by liberating histamine and other
inflammatory mediators, occasionally in massive amounts affecting the entire body. Small lympho-
cytes are uniform in microscopic appearance but include both B and T cells, which collaborate in
producing immune responses to antigens. Monocytes represent a moderately phagocytic precursor

stage of macrophages. They can also give rise to giant cells and osteoclasts.

TABLE 6-2
Granular Leukocytes
Nongranular Leukocytes
Neutrophils
(Polymorphs) Eosinophils Basophils Lymphocytes Monocytes
Morphology and
Staining in Blood
Films*
Cytoplasm Small mauve  Large red-to- Large dark Blue, without Pale blue,
granules purple blue granules Conspicuous without
granules granules conspicuous
granules
Nucleus Segmented 2 lobes 2 lobes or Round or Indented oval
(2-5 lobes) segmented slightly or kidney
indented shaped
Diameter (mean or
range) 13 um 15 pm 11 pm Small: 6-9 pm 12-20 pm
Large: 9-15 pm
Functions Phagocytose  Counteract Mediate Mediarte Phagocyric
bacteria local allergic systemic immune precursor
responses allergic responses stage of
and mediate responses macrophages,
antiparasitic giant cells,
responses and
osteoclasts
Blood Counts

Total number per liter blood (toral leukocyte coun, all types included) = 4.5 x 10°-11 x 10°

Proportion of total
number (= differential

WBC count)

50%-70%

1%—-4%

0.5%-1%

20%—40%

2%-6%

* Wright's blood stain.
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The information found in this chapter should enable you to do the following:

Outline the basic functional organization of myeloid tissue

Specify four distinctive characteristics of hematopoietic stem cells

Name five hematopoietic progenitor cells present in myeloid tissue

Distinguish morphologically between the erythroid and the granulocytic precursors in bone
marrow films

Compare the functional roles and distinguishing features of two important subclasses of small
lymphocytes

State key differences between cell-mediated and humoral immune responses

Compare the basic histological organization and main functions of four different forms of
lymphoid tissue

When blood cells terminate their useful life span, they must be renewed. Highly differentiated blood
cells, however, do not divide. A continuing supply of new blood cells is nevertheless provided by
the hematopoietic (hemopoietic) tissues (Gk. hemato, blood; poiein, to make), which are two of
the special connective tissues derived from mesenchyme (see Table 5-1). An additional important
function of hematopoietic tissues is elimination of old or worn-out blood cells. Myeloid tissue, al-
ternatively known as red bone marrow (Gk. myelos, marrow), is the body’s essential source of most
kinds of blood cells. Lymphoid (lymphatic) tissue, the other hematopoietic tissue, is characterized
by an evident abundance of lymphocytes. It is chiefly involved with the body’s immune defenses.
Whereas T lymphocytes differentiate in the thymus (one of the lymphoid organs), B cells arise in
myeloid tissue, hence lymphocytes are not exclusively a product of lymphoid tissue, as was once
generally assumed.

Red bone marrow (myeloid tissue) is largely confined to the medullary cavity of certain flat bones.
For marrow transplants, it may be taken from the iliac crest or sternum under local anesthesia. The
yellow marrow typical of adult long bones stores fat instead of producing blood cells.
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The histological organization of myeloid tissue is hard to discern in LM sections (Figs. 7-1 and
7-2). Basically, myeloid tissue consists of 1) a highly vascular stroma, made up of connective tis-
sue cells with a supporting network of delicate reticular fibers, and 2) a heterogeneous population of
forming blood cells at their various stages of differentiation and maturation.

Myeloid Sinusoids and Stromal Cells

Numerous wide venous channels known as sinusoids provide the escape route for the newly formed
blood cells to enter the circulation from the stromal interstices. Blood flow is predominantly radially
inward, from the cortical bone at the periphery of the medullary cavity to a wide central sinusoid.
The stromal interstices are so tightly packed with blood-forming cells that the sinusoids are often
difficult to recognize in sections of myeloid tissue (see Fig. 7-1). They become more evident, how-
ever, if hematopoiesis is temporarily inhibited (see Fig. 7-2). The fenestrated endothelial lining of
their thin walls is supported by a discontinuous basement membrane and reticular fibers. Maturing
blood cells are able to make transient migration pores through the attenuated endothelial cells mar-
gins, and squeeze through these pores to enter the lumen of the sinusoid. Imperfect new blood cells,
residual cell fragments, and any blood-borne particles in the lumen are avidly phagocytosed by si-
nusoid-associated stromal macrophages.

In addition to sinusoid endothelial cells and the resident population of macrophages, myeloid
stroma contains numerous fibroblasts. Collagen fibers produced by these cells reinforce the walls
of the medullary blood vessels and provide strong internal support for the tissue. Some myeloid fi-
broblasts have osteogenic potential, meaning that they can produce bone-forming cells. A related but
less well characterized type of stromal cell is the myeloid reticular cell. It should be noted that the
word reticular is used to describe either 1) cells with long cytoplasmic processes, interconnecting
with those of similar cells, that constitute a network (L. rete, net) or 2) cells that lay down networks
of reticular fibers. Myeloid reticular cells originate from mesenchyme and produce networks of del-
icate reticular fibers. In H&E-stained sections, they appear comparatively large and pale staining.

Care should be taken to distinguish between the terms rericular cell and reticulocyte (an ery-
throcyte at the polychromatophilic stage).

— Endothelial cells
L i

= Sinusoids

— Megakaryocyte

Fat-storing cell
; §; Figure 7-1

Section of red bone marrow (low power).
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Figure 7-2
Sinusoids of myeloid tissue (mouse) following induced depletion of its hematopoietic cells. Arrows indicate nuclei of the
fenestrated endothelial cells that constitute the sinusoidal lining.

Fat-storing cells, too, are plentiful in myeloid tissue. The same cells predominate in yellow
marrow. The round empty spaces left when their fat is extracted (see Fig. 7-1) are often distinguish-
able from sinusoids by the fact that they contain no blood cells. Stromal fat-storing cells and some
of the myeloid fibroblasts seem to originate from stromal reticular cells.

Myeloid stromal cells produce several hematopoietic growth factors that regulate myeloid cell
production by acting primarily at early stages of differentiation. Hematopoietic growth factors are
cell-to-cell signaling proteins (cytokines) that stimulate or inhibit specific hematopoietic functions.
Stromal substrate-adherent fibroblast-like reticular cells, endothelial cells, and macrophages repre-
sent major sources of such factors (see Table 7-2).

We shall next consider the succession of cells and various differentiation pathways through
which blood cells are renewed.

Myeloid Differentiation and Maturation
Myeloid tissue contains a diverse population of hematopoietic cells representing innumerable stages
of blood cell differentiation and maturation. The earlier, poorly differentiated stages are rather uni-
form in microscopic appearance, but the subsequent stages may be recognized morphologically.
The blood cell-forming population of myeloid tissue is made up of 1) self-renewing stem cells,
2) differentiating progenitors that become progressively committed to specific cell lineages as dif-
ferentiation advances, and 3) functional blood cells and derivatives such as platelets (Table 7-1).
The various types of blood cells are derived from pluripotential hematopoietic stem cells,
small undifferentiated reserve cells with an extensive potential for proliferation and self-renewal that
represent an enduring uncommitted hematopoietic compartment. Each of these pluripotential re-
serve cells can be life-saving because it has the capacity to regenerate the full hierarchy of
hematopoietic cells in each blood cell lineage. Bearing some resemblance to small lymphocytes,
pluripotential hematopoietic stem cells arise from mesenchymal cells of the embryonic yolk sac.
Traveling by way of the bloodstream, they settle first in the liver and then the spleen, after which
they seed the fetal bone marrow. In adult life they are present mostly in red marrow, which persists
in the pelvis, sternum, ribs, vertebrae, skull, short bones, and proximal ends of the femora
and humeri. Experimental studies indicate that the hematopoietic stem cell population is actually
a composite of various successions of multipotential and pluripotential self-renewing cells, so
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TABLE 7-1
Self-Renewing Stem Cells Differentiating Progenitor Celis Functional Cells
——  T-cell progenitor » T-lymphocyte subsets
A
— B-cell progenitor > B lymphocyres
Plasma cells
Pluripotential
hematopoietic
stem cells :
-—)- Megakaryocyte : > Megakaryocytes
BEggSRitor L’ Platelers
'_"' Erythrocyte > Erythrocytes
i progenitor
B
— - Basophils/mast cells
—— Granulocyte > Eosinophils
— progenitoss ® Neutrophils
—>  Monocyte progenitor —  Monaocytes
Macrophages

hematopoietic stem cells should not be considered a single cell type. Postnatally, these stem cells re-
main quiescent (i.e., in Gg) unless they are triggered into cell cycle by a myeloid growth factor.

Not included in Table 7-1 is a putative further succession of stem cells with diminishing poten-
tiality and diminishing self-renewal capacity. The progeny become increasingly restricted to lym-
phoid or myeloid lines of differentiation. Lymphoid lineages produce lymphocytes and plasma
cells, whereas myeloid lineages produce the other blood cells and platelets (see Table 7-1).

Bone marrow transplantation succeeds if the recipient’s marrow becomes permanently re-
populated by pluripotential hematopoietic stem cells, also known as myeloid repopulating cells.
These uncommitted stem cells seldom proliferate except to compensate for a substantial decline in
the restricted stem cells and progenitor cells arising from them. Blood cell renewal on a day-to-day
basis is primarily the result of proliferation and differentiation of progenitor cells, the cells that fol-
low in the hierarchy.

Hematopoietic progenitor cells arise from the more restricted hematopoietic stem cells. Al-
though capable of further differentiation, they have negligible capacity for self-renewal and hence
are unable to replace themselves effectively. Furthermore, they become increasingly committed to
specific cell lineages. Although progenitor cells are capable of producing microscopically recogniz-
able differentiated progeny cells, until they do so they remain inconspicuous and unrecognizable
from their individual microscopic appearances. The existence and respective potentialities of these
cells has been deduced from the various kinds of cells present in the colonies that they produce in
vitro.

Proliferation and differentiation of myeloid progenitors are precisely regulated by later-acting
myeloid growth factors with various lineage specificities (Table 7-2). Erythrocyte production, for
example, is stimulated by the glycoprotein hormone erythropoietin, which acts in the following
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TABLE 7-2

MYELOID GROWTH FACTORS

Principal Responding Myeloid

Factor’ Chief Sources™ and Lymphoid Cells
Regulators of Early  IL-1 Macrophages, keratinocytes  Pluripotential stem cells, myeloid and
Myeloid lymphoid stem cells
Differentiation
IL-3 T cells, macrophages Pluripotential stem cells, early and
intermediate myeloid progenitors
IL-4 T cells Pluripotential stem cells, lymphoid stem
cells
IL-6 T cells, macrophages, Early megakaryocyte and neutrophil
fibroblasts, endothelial progenitors, B cell progenitors
cells
SCF (MGF)  Myeloid stromal cells Pluripotential stem cells, early myeloid
progenitors, mast cell progenitors
GM-CSF T cells, fibroblasts, Early, intermediate, and late myeloid
endothelial cells progenitors
Larter-Acting EPO Kidney peritubular Intermediate and late erythroid progenitors
Regulators interstitial cells***, liver
TPO Endothelial cells of liver Megakaryocyte progenitors,
sinusoids, myeloid megakaryocytes
stromal cells
G-CSF Macrophages, fibroblasts, Late neutrophil progenitors
endothelial cells
M-CSF Macrophages, fibroblasts, Intermediate and late monocyte
endothelial cells progenitors
IL-5 T cells Late eosinophil progenitors

* Excluding inhibitory factors; IL denotes interleukin, CSF denotes colony stimulating factor, EPO denotes ery-
thropoietin, and TPO denotes thrombopoierin.

** Fibroblast-like reticular cells are listed here as fibroblasts.

*** Precise cell type is uncertain.

manner. When erythrocytes age and are withdrawn from the circulation, the body’s tissues suffer a
slight deficit of oxygen. The kidneys compensate for this oxygen deficit by releasing erythropoietin,
which stimulates the erythroid progenitor CFU-E to produce a colony of more differentiated ery-
throid cells that go on to synthesize hemoglobin and become erythrocytes. Other later-acting growth
factors regulate platelet production and formation of the various leukocytes (see Table 7-2).

Progeny of the different hematopoietic progenitors are morphologically recognizable in marrow
films. Forming blood cells that are not yet mature are often referred to as blood cell precursors.
Without requiring further changes in gene expression, these precursors mature into fully functional
blood cells.

B cell production from the B cell progenitor occurs in myeloid tissue. T cell production from T
cell progenitor requires the special microenvironment of the thymic cortex.

Microscopically Recognizable Erythroid Precursors
The various stages of erythroid differentiation and maturation that are morphologically identifiable
are listed in Table 7-3. The earliest recognizable precursor is the proerythroblast, a comparatively
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TABLE 7-3 TABLE 7-4
MATURATION OF ERYTHROCYTIC MATURATION OF GRANULOCYTIC
Proerythroblast Myeloblast
1 A
Basophilic erythroblast Promyelocyte
4 4
Polychromatophilic erythroblast Myelocyte
4 4
Normoblast Metamyelocyte
P l
Polychromarophilic erythrocyte Band form
= Reticulocyte 1
4 Mature (segmented) granulocyte

Mature erythrocyte

large cell with a large spherical nucleus, prominent nucleoli, and strikingly basophilic cytoplasm
(Plate 7-1A). Present in greater frequency are the progeny of proerythroblasts, which are termed ba-
sophilic erythroblasts. These cells are slightly smaller than proerythroblasts. Their spherical nu-
cleus is proportionately smaller and their chromatin is relatively more condensed (see Plate 7-1B).
Their cytoplasm is diffusely basophilic because of an abundance of free ribosomes engaged in
globin synthesis (see Fig. 3-6). At the next stage, known as the polychromatophilic erythroblast,
the cell is smaller and the cytoplasmic staining is polychromatophilic because it represents both dif-
fuse blue (basophilic) staining of RNA and diffuse pink (acidophilic) staining of hemoglobin. The
net result is an intermediate bluish pink to muddy-gray (see Plate 7-1C). The spherical nucleus is
proportionately smaller and its chromatin stains more intensely. The polychromatophilic erythrob-
last is the last stage of the erythroid series to undergo mitosis. At the following stage, termed the nor-
moblast, the spherical nucleus is small, pyknotic, and dark-staining (see Plate 7-1D). The maturing
red blood cell extrudes its pyknotic nucleus at a stage when the cytoplasm is still slightly polychro-
matophilic, producing a polychromatophilic erythrocyte (see Plate 7-1E). Erythrocytes that are
still at this enucleated, immature stage can be discerned more readily as reticulocytes (see Plate
6-2 and Chap. 6 under Reticulocytes). Maturing erythrocytes enter the circulation by penetrating the
endothelium of stromal sinusoids. After circulating for about 2 days, polychromatophilic erythro-
cytes lose their residual RNA and become fully mature erythrocytes (see Plate 7-1F).

Microscopically Recognizable Granulocytic Precursors

The morphologically identifiable stages of granulocytic differentiation and maturation are listed in
Table 7-4 and shown in Figure 7-3. The largest cell in this series is the promyelocyte, which is the
progeny cell of a less easily recognized precursor called the myeloblast (see Plate 7-1G). Promye-
locytes possess an expansive, slightly indented nucleus with rather light-staining chromatin and a
prominent nucleolus or nucleoli. Their copious cytoplasm, also light-staining, contains azurophilic
(primary) granules (see Plate 7-1H). A promyelocyte’s specific lineage (neutrophil, eosinophil, or
basophil) is not yet perceptible, so only a single indeterminate type is recognized. At the subsequent
myelocyte stage, however, the cell acquires an additional complement of distinctive specific (sec-
ondary) granules that stain the lineage-specific color. Myelocytes are smaller than promyelocytes,
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and their granules are more abundant (see ). Furthermore, most myelocytes belong to the
neutrophilic series. The capacity for mitosis is lost at the myelocyte stage. The nucleus first becomes
ovoid in shape and then develops an indentation. At the metamyelocyte stage (Gk. meta, beyond),
the nucleus appears more or less kidney-shaped. Again, the distinction between the three different
types of metamyelocytes is based on the color imparted to the specific granules. A neutrophilic
metamyelocyte is shown in i . Subsequent maturation of granulocytes involves overall re-
duction in size and change of nuclear shape, first to the band (horseshoe) form (see ) and
then to the progressively segmented (lobed) shape characterizing the mature granulocyte (see Plate
6-1D and E).

The precursors of monocytes and lymphocytes are harder to recognize than granulocytic pre-
cursors. Mature lymphocytes and plasma cells are also present among the hematopoietic cells.

Megakaryocyte Maturatio ¢
Platelets are derived from megakaryocytes, which are massive cells with a very large, dark-staining
nucleus that consists of many interconnected lobes (see Fig. 7-2 and ). Careful focusing is
sometimes necessary to distinguish megakaryocytes from osteoclasts, which are large multinucle-
ated cells that resorb bone. But unlike osteoclasts, which lie along bone surfaces, megakaryocytes
are distributed throughout myeloid tissue, and many of them are closely associated with stromal ve-
nous sinusoids (see Fig. 7-2). A hematopoietic growth factor called thrombopoietin (TPO) stimu-
lates megakaryocyte production and maturation. In the process of maturing, the majority of
megakaryocytes acquire eight times the typical somatic (diploid) number of chromosomes. Such ex-
treme polyploidy is attained in the following way. Every time the megakaryocyte replicates its DNA

Figure 7-4
Platelet demarcation channels develop from rows of vesicles in the
megakaryocyte cytoplasm.
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and enters mitosis, its cytoplasm fails to divide. This endoreduplication leads to endogenous gen-
eration of multiple diploid sets of chromosomes. The resulting daughter chromosomes, however, fail
to segregate and do not form separate nuclei. Instead, they recombine into a single massive nucleus
that as a result becomes increasingly multilobed, a unique form of chromosomal rearrangement
termed endomitosis. Megakaryocytes produce platelets only after they have attained a significant
degree of polyploidy. Electron micrographs indicate that megakaryocytic cytoplasm can fragment
through the formation of tiny channels arising from rows of vesicles (Fig. 7-4). The vesicles fuse
with their neighbors and establish continuity with the cell membrane, producing an extensive sys-
tem of tubular platelet demarcation channels that subdivide the cytoplasm into platelet-sized por-
tions (Fig. 7-5). Separation along these channels can produce hundreds of platelets each with its cov-
ering membrane. Cytoplasmic processes of megakaryocytes are also able to protrude into sinusoids
as proplatelet processes that can constrict to form strings of detaching platelets. Large numbers of
platelets are liberated by progressive fragmentation of megakaryocytic cytoplasm. This is the likely
fate of any whole megakaryocytes (or substantial cytoplasmic masses detaching from them) that on
entering the circulation from myeloid stromal sinusoids subsequently become trapped in pulmonary
capillary beds.

LYMPHOID TISSUE AND IMMUNE SYSTEM

Lymphoid tissue, the second hematopoietic tissue, is represented by the group of body organs and
related structures listed in Table 7-5. Lymph nodes, which filter lymph passing through lymphatics
before its return to the blood, are not only a form of lymphoid tissue and therefore a part of the im-
mune system, but also a part of the lymphatic system, which is the lymph-draining part of the
circulatory system.

Platelet
demarcation
channels
subdividing
cytoplasm

Lobe of
nucleus

! ———
Figure 7-5
Electron micrograph of a megakaryocyte (mouse), showing platelet demarcation channels along which it subdivides,
producing platelets.
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TABLE 7-5

LYMPHOID ORGANS AND TISSUES

Thymus

Lymphoid follicles (nodules)
Solitary type
Aggregate type
Tonsils
Peyer’s patches
Appendix

Lymph nodes
Spleen

A distinctive feature of the various lymphoid organs is that they are all heavily populated with
lymphocytes. This is reflection of the roles that these organs play in producing lymphocytes or me-
diating immune responses. The thymus is considered a primary lymphoid organ because its chief
role is T cell production, and it is not specifically designed to facilitate immune responses. Such re-
sponses are, however, facilitated to various extents by the other lymphoid organs, which are termed
secondary lymphoid organs because when their constituent lymphocyte populations expand, it is
a consequence of antigenic stimulation of pre-existing responsive cells.

Strategically situated lymphoid tissue represent an essential part of the immune system (a sys-
tem is a group of components that collectively carry out some special function for the body as a
whole). An important function of the immune system is the mounting of resistance to disease-caus-
ing microorganisms. Tell-tale traces of foreign antigens, released from infecting microorganisms or
from atypical cells that express unusual antigens, can build up locally in tissue fluid and elicit im-
mune responses. Diffusely distributed lymphoid follicles or lymphoid (lymphatic) nodules are un-
encapsulated groups of B cells that are involved in responses to such local accumulations of anti-
gens. Lymphoid follicles are often present in the loose connective tissue layer (lamina propria)
bordering on a wet epithelium that is either subject to infection or openly exposed to exogenous anti-
gens. Since excess tissue fluid and any antigens that it may contain collects as lymph, these antigens
reach lymph nodes, the small bean-shaped structures that filter the lymph flowing along lymphat-
ics. Lymphocytes that become suitably exposed to foreign antigens present in lymph can mediate
immune responses to them. Hence, immune responses to lymph-borne antigens occur in lymph
nodes. Lymph flowing through lymph nodes also comes into contact with numerous macrophages
that engulf infecting microorganisms and other suspended particulate matter. The role of the spleen
is complementary to that of lymph nodes. The lymphocytes in the spleen become exposed to any for-
eign antigens that may be present in the blood. Hence, immune responses to blood-borne antigens
occur in the spleen. In addition, the spleen efficiently eliminates worn-out blood cells and suspended
particulate matter from the blood.

Functional Roles of B and T Cells

Lymphocytes cross over from the peripheral blood to lymph and then return to the bloodstream on
a continual basis. Also, vast numbers of them temporarily reside in secondary lymphoid organs.
Lymphocytes are able to escape from the blood circulation by way of unusual blood vessels in lymph
nodes. Many of these liberated cells join the resident lymphoid cell populations in lymph nodes, but
others are swept away in the lymph flow and return to the blood along with lymph. The dual path-
way taken by these continuously recirculating lymphocytes (blood to lymph, then back to blood
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again) increases the likelihood that they will encounter any foreign antigens entering the body. Such
encounters can lead to immune responses, indicating that lymphocytes are immunocompetent.
Immune responses are of two main types. One type (already mentioned in Chapter 5 in con-
nection with plasma cells) leads to the production of antigen-specific circulating immunoglobulins
(antibodies) and is termed the humoral antibody response. Primarily a response to infectious bac-
teria, it is mediated by B cells and their progeny (plasmablasts and plasma cells), but T cells have to
help by producing certain cytokines as well. The second type of immune response is chiefly a re-
sponse to infectious viruses, antigenically different or foreign cells, or fungi. Termed the cell-medi-
ated immune response, it produces antigen-specific killer cells, which are cytotoxic (cell-killing)
T cells capable of destroying antigenically altered cells. Mediated by a particular subset of T cells,
the cell-mediated immune response does not depend on the participation of B cells. Each type of im-
mune response is the outcome of various interactions between lymphocytes and the specific antigens

that they recognize.

B lymphocytes are so named because in chickens they are derived from a cloacal lymphoid organ called
the bursa of Fabricius (B for bursa). Human and other mammalian B cells, however, arise from progenitor
cells (pre-B cells) that in postnatal life are present in red bone marrow. Many B cells subsequently congre-
gate in secondary lymphoid organs. T cells, on the other hand, are derived from progenitor cells (prothymo-
cytes or prethymocytes) that enter the thymus (7 for thymus). A critical step in the differentiation of both B
cells and T cells is individual programming for antigen recognition. This process confers a particular antigenic
specificity on the developing lymphocyte. Programming for antigen recognition occurs independently in each
lymphocyte, and all progeny of each programmed lymphocyte retain the identical antigenic specificity. The ini-
tial programming process takes place without requiring the participation of the antigen concerned. In this man-
ner, the body builds up and maintains an extensive repertoire of both types of lymphocytes, each type having
the potential to recognize every conceivable foreign antigen. Hence, for any given foreign antigen that might
enter the body, there are likely to be pre-existing lymphocytes capable of recognizing it.

Morphologically, small lymphocytes individually respond to specific antigens by acquiring in-
tense cytoplasmic basophilia and then enlarging rapidly. This induced change in their histological
appearance reflects accelerated synthesis of RNA and proteins. Each responding lymphocyte then
enters the S phase of the cell cycle and undergoes a series of divisions that produces a clone of cells
with the same antigenic specificity (a clone is the progeny of a single cell). The antigen-induced pro-
cess that leads to such clonal expansion is known as lymphocyte activation. Lymphocytes that are
responding to antigen (activated lymphocytes) can enlarge to a diameter of 30 um, thereby be-
coming even larger than the large lymphocytes of peripheral blood. Next, we shall discuss how each

type of small lymphocyte responds to a specific antigen.

Role of B Cells in Humoral Immune Responses

B cells programmed to recognize a particular antigen express small patches of surface mem-
brane immunoglobulin specific for that antigen. Known also as the B cell antigen receptor, the
surface membrane immunoglobulin is an integral cell membrane protein of the B cell. It provides
the molecular basis for specific antigen recognition and serves as a distinctive B cell recognition
marker.

B CELL ACTIVATION

Few foreign antigens activate B cells unless these cells receive synergistic signals. For most antigens, the
B cells in Gg need to come into contact not only with their specific antigen but also with certain cytokines
secreted by helper T cells activated by the same antigen. Furthermore, a number of other interleukins from
helper T cells are necessary 1) to induce activated B cells to proliferate and 2) to enable resulting B cell progeny
to mature. The chief cytokines involved are listed in Table 7-6. In general, then, B cells produce substantial
clones of antibody-producing cells only after becoming exposed to the necessary T cell lymphokines as well as
the specific antigen. These stringent multiple requirements minimize the risk of accidental humoral immune
responses.
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TABLE 7-6
Principal Responding

Factor Chief Sources Lymphoid Cells

IL-1 Macrophages, keratinocytes, fibroblasts, hepatocytes, glial T cells, B cells, macrophages
cells, B cells

IL-2 Activared helper T cells T cells, B cells

IL-4 Activated helper T cells B cells, T cells

IL-5 Activared helper T cells B cells

IL-6 Activated helper T cells, B cells, macrophages, fibroblasts, Immature B cells, T cells
endothelial cells, hepatocytes

IL-7 Myeloid stromal cells, thymic cortical epithelial reticular Immarure B cells, immarure T cells
cells

IL-9 Activared T cells T cells

IL-10 Activated helper T cells T cells, B cells

IL-12 Monocytes T cells

IL-13 Activated T cells B cells, monocytes

IL-14 Activated T cells B cells

IL-15 Monocytes B cells, T cells

Many progeny cells of activated B cells mature into plasma cells, the presence of which is con-
sidered histological evidence of humoral antibody responses. Plasma cells and their immediate pre-
cursors (plasmablasts) are able to synthesize and secrete relatively large amounts of specific im-
munoglobulin. Other progeny cells resemble small lymphocytes and persist chiefly in the secondary
lymphoid organs as long-lived memory B cells. Because they represent clonally expanded descen-
dants of B cells already activated by antigen, memory B cells produce quicker, more extensive sec-
ondary responses during subsequent challenges with the same antigen.

Roles of T Cells in Cell-Mediated and Humoral Immune Responses
The long-lived, recirculating T cells that represent 65% to 80% of the peripheral blood lymphocytes
do not synthesize immunoglobulins. The molecular structure of the antigen-specific T cell antigen
receptor (TCR) on their cell surface is different from that of the surface membrane immunoglobu-
lin on B cells. Another difference between T cells and B cells lies in the CD antigens (CD denoting
a cluster of differentiation) that T cells express during and following their differentiation in the
thymic cortex. The surface markers CD4 and CD8, for example, facilitate identification of various
functional subsets of T cells.

The process of intrathymic T cell differentiation produces a number of different T cell subsets,
including effector cells of the cell-mediated immune response and cells that can regulate both types

of immune responses. Further details now follow.

Cytotoxic T cells are effector cells of the cell-mediated immune response. Known also as killer cells, they
specifically recognize antigenically different or altered target cells and can destroy these cells, chiefly by rav-
aging the selective permeability of their cell membrane. One mechanism by which this is achieved is through
release of perforin, a potentially cytolytic protein present in the killer cell’s secretory granules. When this cell
adheres to its target cell, rearrangement of its cytoplasmic microtubules shifts its Golgi apparatus and secretory
granules to the lethal contact area. Perforin is then discharged by exocytosis into the intercellular space at the
site of contact. Recognition of the target cell is highly specific, but the ensuing cell destruction is nonspecific.
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The liberated perforin molecules become inserted into the lipid bilayer of the target cell membrane, and during
their incorporation they polymerize into open cylindrical transmembrane channels. Another way in which cy-
totoxic T cells destroy their target cells is through induction of the apoptotic pathway.

Regulatory T cells are of two contrasting types. Helper T cells up-regulate immune responses
by producing a broad range of lymphokines capable of inducing proliferation, secretion, differenti-
ation, and maturation in lymphocytes (see Table 7-6). A separate population of helper T cells up-
regulates each main type of immune response. Suppressor T cells downregulate each main type of
immune response. In general, helper T cells express CD4 whereas cytotoxic T cells and suppressor
T cells express CD8. Memory T cells, the counterpart of memory B cells, are long-lived progeny of
T cells. Delayed hypersensitivity T cells produce lymphokines that bring about delayed hypersen-
sitivity reactions.

T CELL ACTIVATION

T cells do not become activated unless several necessary rigorous conditions are met. Whereas B cells can be
triggered into cell cycle by direct contact with foreign antigens, T cells respond to few antigens unless they are
suitably presented in the form of enzymatically processed peptide fragments. Furthermore, it is necessary for
the peptide fragments to be co-presented on the surface of an antigen-presenting cell in intimate molecular as-
sociation with certain integral membrane glycoproteins encoded by genes of the major histocompatibility
complex (MHC). In other words, co-recognition of a peptide fragment of the foreign antigen along with a self-
MHC encoded glycoprotein (MHC Class IT glycoprotein in the case of helper T cells) on the same cell surface
is required. The essential molecular association between a self-MHC glycoprotein and a foreign antigen-de-
rived peptide that is recognized during T cell activation is often described as a T cell recognition complex. Be-
sides providing this recognition complex, antigen-presenting cells such as macrophages produce interleukin-
1(IL-1 in Table 7-6) and alternative co-stimulatory signals (notably the B7-1 and B7-2 surface molecules on
antigen-presenting cells) that by interacting with co-receptors on helper T cells act as a supplementary part of
the T cell activation signal.

To a certain extent, localization of B and T cell activation in the development of immune re-
sponses accounts for the histological organization of the secondary lymphoid organs in the immune
system, soon to be considered. Another factor that to some extent determines lymphocyte distribution
outside and within lymphoid organs is targeted lymphocyte migration. In contrast to antigenically
unstimulated lymphocytes, which recirculate continuously through the secondary lymphoid organs,
it is common for memory cells and effector lymphoceytes to show a tissue-selective pattern of accu-
mulation. This is because they have a tendency to home to body sites where they are likely to re-en-
counter the same specific antigen. For example, plasma cell precursors ready to secrete IgA accumu-
late in the loose connective tissue layer (lamina propria) under wet epithelial surfaces. Generally,
lymphocyte homing involves up-regulation or induced expression of microenvironmental homing
receptors on the cell surface as part of the lymphocyte’s activation response to specific antigen.

Lymphoid Organs
Lymphoid tissue is distributed widely throughout the body, chiefly in these lymphoid organs.

Thymus

The thymus, a primary lymphoid organ, is a bilobed endocrine gland that lies mostly within the su-
perior mediastinum, behind the upper part of the sternum. During childhood the thymus is active,
but from puberty to old age it undergoes progressive atrophy and produces declining numbers of T
cells. In addition, this organ produces a number of thymic hormones that support proliferation and
differentiation of T cell progenitors (prothymocytes). Besides its densely packed content of dif-
ferentiating T cells, the thymus is characterized by thymic epithelial reticular cells that are mostly
arranged in a loose network. This epithelial network is supported by a connective tissue capsule
and septa. The outer, dark-staining region of the thymus is known as its cortex and the inner, pale-
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staining region is called its medulla (Plate 7-3A). The reticular cells of the thymus are heterogeneous
and dendritic in shape, with long cytoplasmic processes. They lack associated reticular fibers but are
held together by desmosomes. Derived mostly from the endodermal lining of the third pharyngeal
pouches of the embryo, the epithelial cells of the thymic cortex are the source of at least three thymic
hormones (thymosin, thymulin, and thymopoietin) and several other differentiation-inducing cy-
tokines. In the thymic medulla, the epithelial cells are also partly arranged as spherical structures
known as thymic (Hassal’s) corpuscles (see Plate 7-3B8). Consisting of concentric layers of flat non-
secreting epithelial cells that eventually keratinize, these distinctive whorls of acidophilic cells are
unique to the thymic medulla.

The thymus is incompletely subdivided into lobules by septa that extend inward from the fi-
brous capsule (see Plate 7-3A). The only blood vessels supplying the thymic cortex are looped cap-
illaries that extend out into the cortex from arterioles at the corticomedullary border. Each cortical
capillary is invested by a perivascular epithelial sheath made up of processes of epithelial reticular
cells. These processes constitute a part of the blood—thymus barrier that limits the concentration
of blood-borne antigens reaching T cells differentiating in the cortex. Furthermore, no afferent lym-
phatics supply the thymus, as they do in the case of lymph nodes. The thymus is provided only with
efferent lymphatics that transport lymph and lymphocytes away from the organ.

THYMIC T CELL PRODUCTION

T cells differentiate exclusively in the thymic cortex. In response to the thymic hormones, T cell pro-
genitors proliferate in the outer cortex and the differentiating T cells accumulate between progeni-
tor-associated epithelial reticular cells. The thymic medulla is relatively pale in appearance (see
Plate 7-3A). T cells are able to pass from the thymic cortex into the venules and efferent lymphatics
along the corticomedullary border. Many of them, however, pass into the thymic medulla where they
undergo further selection and maturation before leaving the thymus by entering its medullary
venules and efferent lymphatics. The circulating T cells then undergo several days of extra-thymic
maturation.

Although the thymic cortex continues to generate T cells with diverse antigenic specificities, only 5 per-
cent of the forming T cells survive. T cells that are double-positive for CD4 and CD8 generally perish. The only
T cells that endure are those able to recognize self-MHC encoded surface glycoproteins, and therefore antigen-
presenting cells belonging to the same person. Programming for antigen recognition does not require presence
of the antigen. Indeed, the thymic microenvironment in which it occurs contains comparatively low levels of
blood-borne or lymph-borne antigens. Lymphoid follicles resulting from B cell activation are lacking in the thy-
mus. Plasma cells are uncommon even in the thymic medulla where both types of recirculating lymphocytes
abound. The thymic medulla contains marrow-derived thymic dendritic cells believed to be involved in 1) T
cell selection and maturation and 2) tolerance development (i.e., specific non-reactivity to a foreign antigen).
The medulla differs from the cortex in that it is not a site where T cells with new antigenic specificities are gen-
erated. Macrophages present in both the cortex and the medulla produce differentiation-inducing cytokines.
They also dispose of cellular debris and residual macromolecules not carried away by the comparatively per-
meable medullary blood vessels.

In contrast to the thymus, the secondary lymphoid organs of the immune system are to a vari-
able extent designed to facilitate immune responses. The simplest arrangement is found in lymphoid

follicles.

Lymphoid Follicles

The loose connective tissue associated with the epithelial linings of the digestive, respiratory, and
urinary tracts commonly contains more or less spherical groups of small lymphocytes (Plate 7-4).
Known as lymphoid follicles (nodules), these accumulations of lymphocytes are not confined by
surrounding connective tissue capsules. Most lymphoid follicles are solitary, small, and discrete,
with a diameter approaching 1 mm or so. At certain sites, however, lymphoid follicles are multiple,
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large, and confluent. Such sites include 1) the tonsils, which are aggregates of more or less unen-
capsulated lymphoid tissue that lie in the walls of the pharynx and nasopharynx and at the base of
the tongue, constituting an incomplete ring around the crossing paths of the gastrointestinal and res-
piratory tracts; 2) Peyer’s patches, which are large masses of confluent lymphoid follicles situated
mostly in the walls of the ileum, a region of the small intestine; and 3) the appendix. which can have
conspicuously large unencapsulated lymphoid follicles in its walls. Under low power, lymphoid fol-
licles are distinguishable as rounded accumulations of dark blue nuclei (see Plate 7-4). The bound-
aries of the follicles are diffuse because the lymphocytes lie free in loose connective tissue without
a surrounding capsule.

Although wet epithelia have certain structural adaptations for excluding foreign materials from
the body, temporary discontinuities may develop in them as a result of epithelial cell death, or acci-
dental leakage may occur between the constituent cells, admitting foreign antigens or infectious mi-
croorganisms. Solitary lymphoid follicles represent sites where B cells exposed to such antigens
have produced a number of clonal progeny. The presence of a lighter-staining germinal center in a
lymphoid follicle indicates that some of its activated B cells are still enlarged and proliferating. Also,
the presence of plasma cells under wet epithelial membranes is related to the fact that many progeny
cells of activated B cells become plasma cells.

The solitary, discrete lymphoid follicles present in loose connective tissue form whenever B
cells become activated through fortuitous exposure to the antigen for which they are programmed.
Solitary lymphoid follicles are transitory structures. The permanent secondary lymphoid organs
have a more complex organization that 1) increases the likelihood that their transient internal Iym-
phocyte population will encounter and respond to foreign antigens and 2) expedites the necessary
diverse interactions between antigen-presenting accessory cells, T cells, and B cells.

GUT-ASSOCIATED LYMPHOID TISSUE

A marginally higher level of complexity is present in permanent aggregates of lymphoid follicles that are mul-
tiple, confluent, and large. Foreign antigens that penetrate a mucosal epithelium diffuse through the lamina pro-
pria. Furthermore, the epithelial coverings of the palatine tonsils and Peyer’s patches, and also the epithelial lin-
ing of the appendix, are provided with special flat epithelial cells known as M (membrane-like) cells or FAE
(follicle-associated epithelial) cells. These thinly stretched dome-shaped cells ingest tiny amounts of antigens
entering the gut lumen and deliver them to antigen-presenting cells and lymphocytes of the gut-associated lym-
phoid tissue (Fig. 7-6). Antigen sampling by these flat epithelial cells is an important preliminary stage in the
formation of IgA-producing plasma cells. The secretory IgA sccreted onto the free surface of mucosal epithe-
lia represents a primary mucosal defense mechanism against infection because appropriate antigen-specific
TgAs are able to decrease microbial adhesion to host cells and neutralize bacterial toxins and viruses.

Lymph Nodes

Strategically positioned along the length of large lymphatics are kidney-shaped structures up to 2 cm
long known as lymph nodes. In common with the thymus, lymph nodes have a capsule, cortex, and
medulla. In contrast to the thymus, however, the cortex of lymph nodes contains lymphoid follicles
(Plate 7-5). Progeny cells of B cells proliferating in the follicles pass directly into the medulla. The
organization of lymph nodes enables them to carry out two useful functions at the same time. First,
their abundant macrophages are able to clear the lymph by removing any bacteria or other particu-
late matter that it may contain. In cancer patients, the trapping and filtering function of Ilymph nodes
can lead to colonization of individual nodes or groups of nodes by lymph-borne cancer cells that
have dissociated from a primary tumor. Hence, lymph nodes tend to be a site of secondary
(metastatic) malignant growth. The second major function of lymph nodes is that they are a site of
local cell-mediated and humoral immune responses. As a result of activation by one or more foreign
antigens present in the lymph, their lymphocyte content undergoes clonal expansion. Killer cells,
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Figure 7-6

Electron micrograph (A) and interpretive drawings (B and
C) of an M cell over a Peyer’s patch (mouse). It has taken
up a macromolecular marker (horseradish peroxidase) and
released it into the interstitial space below.

plasma cell precursors, and other progeny of activated lymphocytes may leave the node and enter
the recirculating pool by way of the efferent lymph. Germinal centers that form in response to for-
eign antigens do not persist when the antigens disappear, hence sections of lymph nodes provide
only static, transitory impressions of the various functional activities taking place in these structures.

The substantial limiting capsule of a lymph node is composed of dense connective tissue. It is
most evident under low power (Fig. 7-7). Lymph enters by way of afferent lymphatics that open
onto the convex surface of the node. It leaves by way of efferent lymphatics that are situated in the
recess (hilum) on the concave surface of the node. Connective tissue trabeculae extending from the
capsule into the node provide substantial support and convey large blood vessels. Within the node,
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Basic histologic organization of a lymph node.

lymphocytes are held in place by a delicate stroma that consists chiefly of reticular fibers, with as-
sociated stromal cells that include macrophages, reticular cells, and fibroblasts. The macrophages
are highly phagocytic and serve as antigen-presenting cells, the role of which is described earlier un-
der T Cell Activation. Also present in the cortex is a second type of antigen-presenting cell. Known
as the follicular dendritic cell or dendritic reticular cell, it possesses long, pale-staining cytoplas-
mic processes (Gk. dendron, tree). Similar dendritic cells are also found in Peyer’s patches and white
pulp of the spleen (see later). Although only mildly phagocytic, the dendritic cells of lymph nodes
are able to trap antigens and present them on their surface as antigen—antibody complexes.

Lymph reaching the node from the afferent lymphatics enters the subcapsular sinus, a narrow
lymph space that lies just deep to the capsule (see Fig. 7-7). From this sinus, lymph passes by way
of narrow channels termed cortical sinuses into medullary sinuses and leaves through efferent lym-
phatics. All these sinuses are lined by a discontinuous layer of simple squamous endothelium, and
in addition to lymph they contain lymphocytes and macrophages. The capsule, trabeculae, and inti-
mate supporting stroma of the node (including the endothelial lining of the sinuses) constitute its
connective tissue component.

The interstices of the reticular fiber meshwork between cortical sinuses house abundant small
lymphocytes (see Plate 7-5 and Fig. 7-7). The medullary reticular meshwork is packed with small
lymphocytes and maturing plasma cells. In response to antigenic stimulation, the cortical lympho-
cyte population forms rounded aggregates, many of which have a pale spherical germinal center.
Called lymphoid follicles, these rounded accumulations have a transitory existence. Lymphoid fol-
licles without germinal centers are termed primary follicles, whereas those with germinal centers
are termed secondary follicles.

The germinal centers of secondary follicles are sites of antigen-elicited B cell proliferation,
and their presence is indicative of immune responses that are either prolonged or secondary. Within
germinal centers it is possible to find mitotic figures and large, activated B cells with basophilic
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cytoplasm. Also present are dendritic cells (follicular dendritic cells, characterized by a large, pale-
staining nucleus and indistinct cytoplasmic processes), a few T cells, and some macrophages.

From the lymphoid follicles, irregular tapering columns of lymphocytes, known as paracorti-
cal cords, extend into the medulla. Here, the columns subdivide into multiple wavy medullary
cords representing tortuous stromal channels packed with lymphocytes and their maturing progeny
(see Plate 7-5). A special feature of the deep cortical region of lymph nodes is that it contains dis-
tinctive postcapillary venules that elsewhere in the body would be lined with a simple squamous
endothelium. In the deep cortex (paracortex) of lymph nodes, these vessels are lined with simple
cuboidal endothelium instead (Fig. 7-8). The distinctive venules are accordingly known as high en-
dothelial venules (HEVs). The functional significance of HEVs is that large numbers of circulating
blood lymphocytes (e.g., unstimulated T cells) recognize and adhere to adhesion molecules on their
high endothelial cells and then migrate between these cells into the deep cortical region of nodes.
The term thymus-dependent zone (see Fig. 7-7) was originally used for the paracortical region to
indicate that it is heavily populated with T cells entering from HEVs. Also present in this region are
antigen-presenting cells called interdigitating dendritic cells.

HEVs represent the crossover point where small lymphocytes pass from peripheral blood into
lymph nodes and lymph. Activation of T cells occurs primarily in the cortical regions that lie be-
tween lymphoid follicles. Following antigen-elicited clonal expansion, T cells leave by way of the
efferent lymph. B cells passing into nodes from HEVs become preferentially incorporated into cor-
tical follicles. In the primary follicles B cells predominate, and they are present along with T cells in
the follicular mantle that surrounds the germinal center in secondary follicles. Medullary cords con-
tain B cells, along with large numbers of plasma cells that arise from B cells activated in the cortex.
For their entire lifespan of approximately 3 days, most of these plasma cells stay in the medullary
cords, liberating their immunoglobulin in the efferent lymph. Fully differentiated plasma cells are
not abundant in lymph and they are only rarely found in the peripheral blood. The main class of im-
munoglobulin produced by lymph nodes is IgG.

Spleen
The left upper quadrant of the abdominal cavity contains the spleen, the body’s largest lymphoid or-
gan. The major splenic blood vessels enter or leave the spleen at its hilum, a shallow recess that ex-
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Postcapillary venules lined with simple
cuboidal endothelium

Figure 7-8
Postcapillary venules in a lymph node. (4) Low power view. (8) High power view.
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tends along its medial border. In common with the thymus, the spleen possesses only efferent lym-
phatics, which also leave at its hilum. The general organization of the spleen is understandable if two
of its major functions are appreciated. The first important function is antibody formation. Splenic
B cells activated by blood-borne antigens give rise to vast numbers of plasma cells. So many plasma
cells are produced in the spleen that it represents the body’s chief source of circulating antibodies.
The second key function of the spleen is to dispose of defective blood cells. Easy access of the
spleen’s vast population of avidly phagocytic macrophages to cells circulating in the peripheral
blood facilitates efficient removal of blood cells or platelets that are deteriorating, along with debris
and suspended particulate matter. The spleen also concentrates and stores certain blood cells and
platelets. Yet if surgical removal of the spleen becomes necessary, its key functions are carried out
by other hematopoietic tissues.

One major component of the spleen facilitates immune responses to blood-borne antigens; an-
other eliminates worn-out blood cells and platelets. Both components lie within a fibrous capsule
covered by simple squamous mesothelium (Fig. 7-9 and Plate 7-6). The capsule contains smooth
muscle cells and elastic fibers as well as collagen fibers, but in the human spleen it is only minimally
contractile. Extending in from the hilum and capsule are connective tissue trabeculae that provide
internal support for the spleen and convey its blood vessels. Internal to the capsule lies soft splenic
pulp of two distinet types, distinguishable with the unaided eye on a cut surface of the spleen. In the
fresh state, white pulp appears as tiny pale islands scattered throughout the red pulp, which appears
bright red. The splenic pulp is internally supported by reticular fibers. However, it is not organized
into cortical and medullary regions or subdivided into lobules. Spleen sections disclose that the tiny
islands of white pulp are primarily lymphoid follicles (Fig. 7-10). The contrasting red color of the
red pulp is due to its abundant content of erythrocytes. This second major component of the spleen
serves as a blood filter that removes worn-out blood cells, platelets, and suspended particulate mat-
ter from the circulation.

Trabecular vein

Trabecula Sinusoid

e

e
Penicillar artery opening
into red pulp

Sheathed (central)

artery Marginal Y
Trabecular artery Follicular zone \
: artery
Lymphoid Penicillar Direct connection
sheath Secondary lymphoid artery to sinusoid?
nodule

Figure 7-9

Basic histologic organization of the spleen, showing the close association of splenic while pulp with arterial vessels.
Penicillar arteries open into an extensive extravascular reticular meshwork lying between venous sinusoids of the red pulp.
Blood cells entering sinusoids return through trabecular veins.
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Figure 7-10
Sheathed (central) artery of the spleen, showing the associated lymphoid sheath, a lymphoid follicle and follicular artery,
and the border between the white pulp and red pulp (marginal zone).

SPLENIC WHITE PULP

Splenic trabeculae constitute an irregularly branching, tree-like structure that conveys branches of
the splenic artery to all internal regions of the spleen. Small arterial branches projecting from the tra-
beculae supply oxygen and nutrients to the splenic pulp. Each extending artery is invested by a lym-
phoid sheath consisting of a reticular fiber network with a dense population of small lymphocytes
and some antigen-presenting dendritic cells in its interstices (see Fig. 7-9 and Plate 7-6). Scattered
along the sheathed (central) arteries and arterioles supplying the pulp are multiple lymphoid fol-
licles (see Figs. 7-9 and 7-10). A distinguishing feature of the splenic lymphoid follicle is its unique
association with a fine branch of the splenic artery (see Fig. 7-10). The so-called follicular artery
supplying follicular capillaries is in fact an arteriole. Hence, the splenic white pulp consists of lym-
phoid sheaths and lymphoid follicles intimately associated with arterial extensions emerging from
trabeculae to supply the splenic pulp.

Periarterial and periarteriolar lymphoid sheaths are abundantly populated with T cells. These
cells reach the sheaths by way of terminal arterioles that extend radially from sheathed arteries and
open into the marginal zone, which is the extensive interface between white pulp and red pulp (see
Figs. 7-9 and 7-10). In contrast, the lymphoid follicles of the white pulp are densely populated with
B cells. Some B cells also remain in the marginal zone, near their site of discharge from radial ter-
minal arterioles. Formation of secondary follicles with germinal centers (see Fig. 7-9) indicates per-
sistent or secondary exposure of follicular B cells to blood-borne antigens. The progeny of activated
B cells are progressively displaced toward the red pulp, the site where mature plasma cells are fi-
nally produced. Hence large numbers of plasma cells lie in the marginal zone and red pulp of the
spleen. The immunoglobulin they produce is predominantly IgG., as is the case in lymph nodes.

SPLENIC RED PULP

Blood reaches the red pulp from continuations of the splenic sheathed arteries (see Fig. 7-9). The
outer boundary of the red pulp is supplied by penicillar arteries (L. penicillus, painter’s brush),
which fan out like the bristles of an artist’s brush. Arterioles from these vessels open into a vast
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meshwork of reticular fibers, the interstices of which constitute an extensive extravascular com-
partment in the red pulp.

Distal to its arterial supply, the red pulp consists of 1) thin-walled, wide venous vessels termed
sinusoids, with numerous associated macrophages, that drain into trabecular veins, and 2) an exten-
sive, ramifying extravascular compartment supported by reticular fibers with associated reticular
cells and countless extravasated blood cells lying free in its interstices.

In contrast to the typical closed pathway of blood circulation through the body, the spleen’s circulatory
pathway is described as being open because most of the splenic arterial blood is not delivered directly to splenic
sinusoids. Nevertheless, in vivo studies of splenic blood flow suggest that from time to time, a small proportion
of the blood arriving from arterioles is channeled more directly to sinusoids, as depicted in a simplified man-
ner at bottom right in Figure 7-9. This may mean that when necessary, some of the blood usually delivered to
the extravascular compartment may be permitted to bypass it.

The endothelial cells that line the splenic sinusoids are relatively long and narrow, with wide
slit-shaped gaps between their lateral margins (Figs. 7-11 and 7-12). Anastomosing rings of base-
ment membrane support the endothelial cells, much as metal hoops support the wooden staves of a
barrel. In this case, however, the barrel is very leaky because of the open slits in its lining. This sieve-
like arrangement provides an effective filter through which enormous numbers of blood cells are re-
quired to pass before they can leave the spleen by way of the splenic sinusoids, trabecular veins, and
splenic vein (see Fig. 7-9).

From the peripheral blood, erythrocytes, leukocytes, and platelets continuously pass into the in-
terstices of the reticular meshwork that lies outside the splenic sinusoids. In subsequently gaining
access to sinusoids, any worn-out or defective erythrocytes are severely damaged when they have to
pass through the narrow intercellular slits. Together with dead leukocytes, senescent platelets, and
extraneous particles, they are phagocytosed by the numerous macrophages in the red pulp, many of
which are intimately associated with sinusoids (see Fig. 7-11).

The respective phagocytic and lining roles of 1) sinusoid-associated macrophages and 2) sinusoid-lining
endothelial cells of the spleen, bone marrow, and liver were initially dually ascribed to the endothelium. This
led to the misrepresentation that the elimination of debris accumulating in the bloodstream is carried out by a
reticuloendothelial system (RES) made up entirely of phagocytic endothelial cells.

The sieve-like design of the sinusoids also accounts for the so-called pitting function of the
spleen. Any superfluous particles that may be present in erythrocytes become extruded when these
cells squeeze through the open intercellular slits. Such particles include denatured hemoglobin, iron-
containing granules, nuclear remnants, and the malarial parasite. The extruded particles are promptly
engulfed by the sinusoid-associated macrophages.

The two main functions of the red pulp are therefore 1) to produce immunoglobulins in response
to blood-borne foreign antigens, and 2) to filter out and dispose of worn-out blood cells and

Figure 7-11

Sinusoid in splenic red pulp,
showing its endothelial lining cells
Macrophage g Endothelial cell and their supporting hoop-like
segments of basement membrane.
The slit-shaped gaps between these
Basement membrane cells admit blood cells to the lumen.
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Endothelial cells

Sinusoids

Macrophage

Figure 7-12
Scanning electron micrograph of the
spleen, showing parts of sinusoids in
its red pulp.

suspended particles that otherwise might clutter up the bloodstream. The first function involves
plasma cells that although residing in the red pulp, arise in the white pulp. The second function in-
volves sinusoid-associated macrophages that are avidly phagocytic. In addition, the red pulp be-
haves as a temporary reservoir for blood cells and platelets that are not circulating.

Summary

The hematopoietic tissues generate replacements for senescent or lost blood cells, most of which are
specialized, short lived, and unable to divide. The stroma of myeloid tissue consists chiefly of en-
dothelially lined sinusoids, with macrophages, fibroblasts, and reticular cells. Its cells produce sev-
eral important myeloid growth factors (see Table 7-2). The hierarchy of hematopoietic cells (shown
in Table 7-1) begins with pluripotential hematopoietic stem cells originating from yolk sac mes-
enchyme that in due course seed red bone marrow, where they remain in adult life. Undifferentiated
and capable of self-renewal, these stem cells have great proliferative potential. They give rise to all
the blood cells and also platelets (and, by extension, to plasma cells and macrophages). Their
progeny become increasingly restricted to specific lines of myeloid or lymphoid differentiation, pro-
ducing unipotential (committed) progenitors and functional end-cells. Proliferation and differentia-
tion within the various blood cell lineages is regulated by a series of hematopoietic growth factors
(see Table 7-2).

The morphologically recognizable stages of erythroid and granulocytic maturation are listed in
Tables 7-3 and 7-4 and illustrated in Plate 7-1. Granulocytic precursors outnumber erythroid pre-
cursors because granulocytes have a shorter life span than erythrocytes. In general, the diameter of
blood cell precursors diminishes as their maturation proceeds. Relative to overall cell size, nuclear
diameter diminishes more markedly in erythroid precursors, and at the normoblast stage the nucleus
is extruded. Chromatin condensation is another sign of maturation in both the erythroid and the gran-
ulocytic series. Granulocytic precursors acquire their specific granules at the myelocyte stage. Pro-
gressive indentation and constriction of the nucleus leads to the distinctive segmented nuclear shape
that characterizes mature neutrophils.

Megakaryocytes are massive polyploid cells with a large multilobed nucleus. Commonly, they
lie adjacent to sinusoids. When they become polyploid, subdivision of their cytoplasm produces
platelets.
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TABLE 7-7
Feature B Cells T Cells
Directly involved in humoral antibody responses Yes Yes; upregulate or down-
regulate the response
Directly involved in cell-mediated immune responses No Yes

Cytotoxic T cells = killer cells
T-cell receptor; CD4 and CD8

Effector cells produced in immune responses Plasma cells

Distinctive markers Surface immunoglobulin

Whereas B cells arise in myeloid tissue, T cells are produced in the thymic cortex. The major
differences between B cells and T cells are summarized in Table 7-7. The T cell receptor differs in
important respects from the surface membrane immunoglobulin on B cells. The different T cell sub-
sets also express the surface markers CD4 or CD8. To produce an effective humoral antibody re-
sponse, B cells generally require exposure to certain T cell lymphokines as well as antigen. For T
cells to become activated, the antigen must be appropriately presented as peptide fragments and
other stringent conditions must be met as well. B cell activation results in production of plasma cells
and B memory cells. T cell subset activation results in production of cytotoxic T cells (killer cells),
regulatory T cells (i.c., helper or suppressor T cells), memory T cells, and delayed hypersensitivity
T cells.

Solitary lymphoid follicles may be found under wet epithelia when B cells become activated by
foreign antigens in tissue fluid. Confluent aggregates of lymphoid follicles characterize certain sites
in the gastrointestinal tract, notably the tonsils, ileum (Peyer’s patches), and appendix. The main fea-
tures of the other lymphoid organs are summarized in Table 7-8.

TABLE 7-8
Feature Thymus Lymph Node Spleen
Functional role Primary Secondary Secondary
Connective tissue capsule, Present Present Present
septa, and trabeculae
Cortex and medulla Present Present Absent
Lympharics Efferent only Afferent and efferent Efferent only
Major epithelial component®  Epithelial reticular cells and ~ Absent Absent
thymic corpuscles
Main derivatives T cells; thymic hormones Immunoglobulins; killer ~ Immunoglobulins

Exposure to foreign antigens

Lymphoid follicles

Plasma cells

Recirculating lymphocytes

Partly shielded cortex

Absent from correx

Absent from cortex;
uncommon in medulla

Present in medulla only

cells
Antigens in lymph
Present in cortex

Present in medulla

Present

Antigens in blood

Present in white pulp
{associated with
arteries)

Present in red pulp

Present

* Excluding vascular endothelium or covering mesothelium,
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CHAPTER 8

Dense Connective

Tissue, Cartilage,
Bone, and Joints

OBJECTIVES

When you have studied the contents of this chapter, you should be able to do the following:

» Name body sites where each form of dense ordinary connective tissue is found

« OQutline the chief similarities and differences between bone and cartilage, and specify the
subtypes of each tissue

* Outline the two different ways by which bones develop

« Discuss the structural and functional differences between osteoblasts and osteoclasts

* Distinguish between cancellous bone and compact bone in histological sections

* Recognize the four constituent zones and diaphyseal trabeculae of an epiphyseal plate and state
their respective functional significance

* Distinguish between sites of bone growth and sites of bone resorption

+ Explain how microscopic structure and tissue function are interdependent in two kinds of joints

This chapter is concerned mostly with cartilage and bone, which are skeletal tissues that can support
the body’s full weight. Before considering these two special connective tissues, however, we shall
describe the dense ordinary connective tissue that constitutes tendons and ligaments and the fibrous
investments of organs and various other parts of body.

DENSE ORDINARY CONNECTIVE TISSUE

Dense ordinary connective tissue contains fewer cells than loose connective tissue and is less vas-
cular. Because dense connective tissue is characterized by a relative abundance of inextensible col-
lagen fibers, it is also known as fibrous connective tissue. Two distinct forms of dense ordinary
connective tissue are recognized, based on the arrangement of their collagen fibers. In the regular
form, bundles of parallel fibers extend in the direction of tension and constitute effective arrange-
ments for transmitting unidirectional pull. The regular arrangement is characteristic of the various

1)
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tendons and aponeuroses (wide, flat tendons expanded into fibrous sheets) that transmit the force
of muscular contractions to bones or cartilages. It is also characteristic of ligaments, which are the
tough fibrous bands present in synovial joints that hold articulating bones together, provide neces-
sary support, and limit joint motion to appropriate ranges and directions. As we shall see, bone
growth entails further deposition of bone matrix on the bone surface, with the result that any asso-
ciated tendon and ligament insertions become increasingly embedded in bone matrix. Such em-
bedded collagen bundles are called Sharpey’s fibers. Where collagen bundles insert into cartilage,
they become a matrix component of a distinctive cartilage subtype called fibrocartilage (described
later).

In the irregular form of dense ordinary connective tissue, fiber bundles lie oriented in a num-
ber of planes, that is, they are not all parallel (Plate 8-1). Accordingly, they resist stretch from vari-
ous directions. This sort of tissue is suited for many purposes. It constitutes 1) the fibrous protective
covering of bones and cartilages: 2) the innermost part of the skin (reticular layer of dermis); 3) the
deep fascia of the body: 4) the tough fibrous wrappings of the heart, brain, spinal cord, nerves, and
skeletal muscles: 5) the supporting elements (fibrous capsule and septa or trabeculae) of glands and
organs; and 6) the fibrous valves that ensure one-way flow in the circulatory system.

Tendons

Tendons consist of tightly packed bundles of parallel extracellular collagen fibers, with interposed
rows of compressed nuclei representing fibrocytes that produced this collagen (Fig. 8-1). Capillar-
ies are present but rarely evident. In addition, tendons are provided with sensory receptors called
Golgi tendon organs that register tension in the tendon. Some tendons are surrounded by a tendon
sheath consisting of two concentric sheaths, which are made of comparatively cellular connective
tissue that is separated by a narrow space. Whereas the inner sheath is attached to the tendon, the
outer sheath merges with the surrounding connective tissue. Composed chiefly of collagen, the ap-
posed smooth gliding surfaces are often described as synovium. Friction between them is minimized
by a thin film of slippery synovial fluid (described under Synovial Joints).

Collagen fibers

Figure 8-1

Tendon (longitudinal section). This tissue
represents dense ordinary connective
tissue, regularly arranged.
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CLINICAL IMPLICATIONS

Tendon Repair

Tendon damage is a relatively common complication in penetrating trauma of the extremities, especially in
severe laceration of the hands. Yet tendons heal successfully when suitably managed. If severed, they need
to be rejoined surgically and sometimes require a tendon graft. The key cells responsible for tendon repair
are fibroblasts derived from the inner sheath or, where no tendon sheath exists, from the loose connective
tissue layer around the tendon. When these fibroblasts penetrate the defect, they produce abundant new col-
lagen that effectively restores tendon continuity and strength. Tendon grafts become incorporated into re-
joined tendons in a similar manner.

Ligaments

Ligaments have a similar composition to tendons, with parallel bundles of extracellular fibers and
intervening rows of flattened fibrocyte nuclei. Most ligaments have substantial, longitudinal colla-
gen fibers interwoven with fine collagen fibers and some elastic fibers. This renders ligaments suf-
ficiently inextensible to provide strong support and limit excessive or misaligned joint motion with-
out impeding the normal range of motion. The ligaments at a few joints are more extensible (e.g.,
ligamenta flava of the vertebral column, interconnecting the laminae of adjacent vertebral arches).
The substantial, parallel fibers that resist the strain in these more extensible ligaments are elastic
fibers, and the subsidiary fibers that weave these longitudinal fibers together are collagen fibers.
Such ligaments are called elastic ligaments.

CLINICAL IMPLICATIONS

Ligament Repair -

During the course of certain sports activities, immense strain is occasionally placed on the weight-bearing
ligaments of a knee or ankle. Ligaments torn by excessive joint strain repair fairly readily provided the in-
jury is properly managed. Effective healing requires tight apposition of the torn ligament ends. This is usu-
ally achieved by taping the joint in a position that approximates the torn ends of the ligament. Following
more severe trauma, the torn ligament should be reunited directly using surgical sutures to ensure adequate
repair. Satisfactory return of strength to the torn ligament depends on adequate deposition of strong new
collagen across the joint, as in tendon repair, but in this case the source of the cells that produce the neces-
sary collagen is not firmly established.

CARTILAGE

Cartilage, a strong but slightly flexible semirigid supporting tissue, is resilient enough to withstand
compression forces resulting from locomotion and weight bearing and yet can bend. Much of the
cartilage that develops prenatally is subsequently replaced by bone tissue. Thus, cartilage plays a key
role in the development and growth of long bones, but the cartilaginous growth plates in these bones
disappear when postnatal growth is over. The articulating ends of bones nevertheless remain capped
by articular cartilages that provide polished gliding surfaces for unimpeded joint motion. Cartilage
also persists 1) in some joints that are not freely movable, 2) as costal cartilages interconnecting the
top ten pairs of ribs with the sternum, and 3) in the walls of the major airways and respiratory pas-
sages (nose, trachea, larynx, and bronchi), where it provides flexible support and guards against air-
way collapse as a result of respiratory movements or external compression.

Like epithelial tissue, cartilage has no capillary blood supply of its own, so its cells must obtain
their oxygen and nutrients by long-range diffusion. This arrangement strongly contrasts with the
way bone cells are nourished, because bone tissue is provided with abundant capillaries.
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Three different forms of cartilage exist. In the fresh state, hyaline cartilage (the most common
form) has a pearly white translucent appearance resembling that of frosted glass (Gk. hyalos, glass).
Tendon insertions and intervertebral discs of the vertebral column are characterized by a particularly
strong form of cartilage reinforced with parallel bundles of collagen fibers and hence known as fi-
brocartilage. The cartilage of the external ear and epiglottis, structures that are subjected to a great
deal of bending, is highly flexible and resilient because it contains elastic fibers as well as collagen.
It is called elastic cartilage.

Hyaline Cartilage

Incorporated within the hard, bluish-white extracellular matrix of hyaline cartilage are cells called
chondrocytes (Plate 8-2) that become embedded in the matrix in the following manner. Embryonic
chondroblasts differentiating at sites of developing cartilages begin to secrete macromolecular con-
stituents of cartilage matrix. Cells at the periphery of such sites give rise to a fibrous covering known
as the perichondrium (Gk. peri, around). The inner part of this covering is described as chondro-
genic because it repeatedly gives rise to new chondroblasts that build up more matrix, adding to that
already formed. The cells in the outer part of the perichondrium differentiate into collagen-produc-
ing fibroblasts, and as a result the developing cartilage becomes covered with a layer of fibrous
perichondrium. This outer part of the perichondrium typically remains in adult life, but there are a
few instances where both layers of the perichondrium disappear. Articular cartilages, for example,
are devoid of a perichondrium.

Chondroblasts buried in cartilage matrix are described as chondrocytes. Their tiny matrix-en-
closed compartments are termed lacunae (L. for small pits). In growing cartilages, chondrocytes di-
vide and a partition of matrix begins to form between the daughter cells, resulting in a so-called cell
nest of two or four cells (see Plate 8-2). Each living chondrocyte virtually fills its lacuna, but fixa-
tion usually results in a shrinkage artifact between the cell border and the lacunar wall. Mature chon-
drocytes are large secretory cells with a spherical nucleus and prominent nucleolus. Initially their
cytoplasm is basophilic, indicating an extensive rER, but later it contains numerous fat droplets and
appears vacuolated.

Cartilages can grow in two different ways at the same time. Interstitial growth, the net result
of population increase of proliferative chondrocytes and accompanying supplementary matrix pro-
duction, causes cartilages to expand within like rising dough. Interstitial growth is a feature of car-
tilage, but does not occur in bones. Appositional growth, the second growth mechanism, occurs in
cartilages and bones. It is due to addition of new surface layers of matrix to the preexisting matrix.
Thus, the appositional growth of cartilages is a result of 1) continuing production of new chondrob-
lasts from the perichondrium and 2) incorporation of the supplementary matrix constituents that they
produce at the periphery of the cartilage.

Hyaline Cartilage Matrix

With optimal staining, the matrix of hyaline cartilage has a slightly basophilic appearance in H&E-
stained sections (see Plate 8-2). Its resilient gel structure has a distinctive macromolecular organi-
zation. Cartilage proteoglycan, the chief macromolecular constituent, is supplemented by several
proteins and glycoproteins. Most of the proteoglycan exists as large supramolecular proteoglycan
aggregates that confer on cartilage matrix much of its characteristic resilience. Another distinctive
feature of cartilage matrix is that it is intimately reinforced with abundant fibrils of type II collagen
strong enough to resist stretch. Because these fine fibrils are widely dispersed they are not seen with
the LM. Collagen accounts for 40% to 70% of the dry weight of the matrix. Tissue fluid, partly
trapped and partly bound by matrix constituents, accounts for 65% to 80% of the wet weight of the
matrix. Cartilage, as noted, is avascular (i.e., it lacks capillaries), even though a few larger vessels
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may course through it (within connective tissue tunnels) without providing nourishment. Also, there
are no lymphatics in this tissue. The substantial volume of tissue fluid held in its matrix, however,
facilitates long-range diffusion of oxygen and nutrients to all the constituent chondrocytes from cap-
illaries that lie outside the cartilage. Metabolic byproducts follow a reverse diffusion path to these
vessels. Dependence on such long diffusion paths is hazardous, especially if matrix proteoglycans
become displaced by insoluble calcium salts. Cartilage that undergoes heavy calcification and en-
dochondral ossification (described later) is replaced by bone.

Fibrocartilage

A distinctive feature of fibrocartilage is its conspicuous parallel bundles of type I collagen fibers,
which are strong enough to resist stretching under extreme tension. Because these bundles are no-
ticeable, they can mislead beginners into mistaking regular dense ordinary connective tissue for fi-
brocartilage unless care is taken to distinguish between flat fibrocytes and larger, more rounded
chondrocytes within lacunae (compare Fig. 8-1 and Plate 8-3). Many tendon attachments to carti-
lages are made of fibrocartilage. The chondrocyte lacunae present in the somewhat basophilic ma-
trix typically lie in rows between the collagen bundles (see Plate 8-3). Fibrocartilage is avascular. In
adult life, it lacks a perichondrium. Besides constituting tendon insertions, this extremely strong
form of cartilage is found in the public symphysis, intervertebral disks of the vertebral column, and
intra-articular menisci (described under Synovial Joints).

Elastic Cartilage

An even more resilient kind of cartilage, known as elastic cartilage, is adapted primarily to with-
stand repetitive bending. It supports the epiglottis and external ear, which are required to be flexible
but capable of springing back when bent. Elastic cartilage resembles hyaline cartilage except that in
addition to its content of fine type II collagen fibrils, the matrix contains acidophilic elastic fibers
(Plate 8-4). The chondroblasts that produce the various matrix constituents (including the elastin)
become embedded in matrix as chondrocytes. Situated in lacunae, the chondrocytes are in some
cases arranged as cell nests, as in hyaline cartilage. Also, the fibrous layer of perichondrium persists
in elastic cartilages.

BONE

A basic similarity between bone and cartilage is that they both contain living cells embedded in an
extracellular matrix reinforced by collagen fibrils. Bone matrix, however, is heavily calcified, mak-
ing bone harder and less supple than cartilage. Like chondrocytes, the embedded cells of bone,
termed osteocytes (Gk. osteon, bone), occupy spaces called lacunae. Another similarity is that
bones have a fibrous connective tissue covering called a periosteum that is the counterpart of the
perichondrium. Lastly, both osteocytes and chondrocytes are indirectly derived from mesenchyme.
However, osteocytes differentiate close to capillaries and chondrocytes differentiate in regions that
are essentially devoid of such vessels.

The stone-like composition of bone matrix does not permit sectioning until bones have been de-
calcified (prior to this, the tissue is called undecalcified bone). Unfortunately, this procedure spoils
the histological appearance of osteocytes, leaving only their nucleus and occasional shrunken rem-
nants of cytoplasm (Fig. 8-2A). Living osteocytes fill their lacunae.

Several key differences between bone and cartilage relate to the way osteocytes are nourished,
since the high mineral content of bone matrix severely limits long-range diffusion through it. A spe-
cial arrangement that enables osteocytes to survive in such an environment is evident in thin slices
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Figure 8-2
(A) Bone tissue (decalcified bone). (B) Undecalcified bone. Canaliculi appear distinct but the cells are not retained (ground
section).

of undecalcified bone that have been ground down until transparent (ground bone sections). Tiny
canals termed canaliculi (see Fig. 8-2B) interconnect the lacunae with one another and link them to
bone surfaces bathed by tissue fluid. Within each canaliculus, a slender ostecocyte process is also
bathed in tissue fluid (see Fig. 8-3C). The canaliculi are miniature lifelines that bring tissue fluid,
oxygen, and nutrients to all the osteocytes, enabling them to thrive in a heavily mineralized envi-
ronment.

Bone is a highly vascular tissue. In marked contrast to cartilage, it is extensively permeated with
blood capillaries that become incorporated during its development. As a consequence, all the osteo-
cytes are situated within a 0.2-mm radius of a capillary, and the tissue fluid that this capillary pro-
duces reaches the surrounding osteocyte population by way of the canaliculi.

Bone development is known as ossification or osteogenesis (Gk. gennan, to produce). All
bones are derived from mesenchyme, but by two different processes, depending on which bones they
are. The flat bones that constitute the cranium develop directly in areas of vascularized mesenchyme
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by the process of intramembranous ossification, which is so named because the site where they
develop is considered an embryonic connective tissue membrane. Other bones that develop in-
tramembranously are the facial bones, and also the clavicles and mandible, though these subse-
quently acquire cartilaginous ends. In contrast, long bones develop indirectly from mesenchyme
through an elaborate process termed endochondral ossification. Each long bone is preceded by a
temporary cartilage model. Bone tissue then replaces most of the cartilage in the model during fe-
tal life. The details of this process need not be addressed until we deal with bone growth. It is nev-
ertheless important to understand that that although intramembranous ossification and endochondral
ossification occur in different local environments, they both give rise to the same kinds of bone
tissue.

Intramembranous Ossification
An example of a bone that develops intramembranously is a parietal bone of the skull. The mes-
enchymal cells on each lateral site on the head are initially loosely packed and pale-staining, with
slender cytoplasmic extensions (shown at the periphery of Fig. 8-34). At a site already supplied by
capillaries a center of osteogenesis (ossification) begins to form. Mesenchymal cells in this center
give rise first to osteoprogenitor or osteogenic cells (stem cells of skeletal tissue) and then to
rounded, basophilic osteoblasts. These basophilic cells are called osteoblasts because they produce
the organic matrix constituents of bone (Gk. blastos, germ). Once embedded in matrix, they are
called osteocytes (see Fig. 8-3B). When the organic matrix calcifies, osteocytes receive oxygen and
nutrients through canaliculi formed in the following manner.

Osteoblasts have numerous interconnecting processes (see Fig. 8-34), so the organic matrix that
they secrete becomes molded around their cell bodies and cytoplasmic processes, forming lacunae
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& o cells
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Figure 8-3
Key stages in the process of intramembranous ossification.
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and canaliculi (see Fig. 8-3B). Following calcification, the matrix remains riddled with intercon-
necting canaliculi that bring fresh tissue fluid and nutrients to each lacuna from bone capillaries by
way of tiny extracellular spaces between osteocyte processes and canalicular walls (see Fig. 8-3C).

Organic bone matrix first appears at the site as small irregularly shaped spicules that subse-
quently lengthen into anastomosing long structures called trabeculae (L., small beams). Bone
spicules and trabeculae are bright pink in H&E-stained sections and are covered with basophilic
osteoblasts (see Plate 3-2). The trabeculae grow out radially from the center of osteogenesis, in the
curved plane of the developing skull (see Fig. 8-6A4). Such plate-like masses of anastomosing tra-
beculae are described as consisting of spongy or cancellous bone (L. cancellus, lattice). The lattice-
like arrangement that characterizes this type of bone may be seen in Plate 8-5 and Figure 8-5B.

Some of the cells on the bone surfaces are small flat osteoprogenitor (osteogenic) cells. These
bipotential stem cells give rise to osteoblasts and bone tissue only if an extensive local capillary
blood supply is established. In the absence of such a supply, they give rise to chondroblasts and car-
tilage instead. Since osteoprogenitor cells are self-renewing, they persist in adult life and constitute
a potential source of new skeletal tissue for the repair of broken bones.

Bone Matrix

Bone matrix can withstand bending, twisting, compression, and stretch. Besides being rock-hard
owing to insoluble calcium salts, it is highly resistant to tensile stresses due to an abundance of col-
lagen fibrils. The collagen is mostly type I, with small amounts of type V. It accounts for more than
90% of the organic content of bone matrix (a higher proportion than in cartilage matrix), and it im-
parts a pink to red color to bone matrix in H&E-stained sections (see Plate 8-9). The proteoglycan
content of bone matrix, however, is much lower than that of cartilage matrix. Only about 25% of
bone matrix is water. Other organic constituents of the matrix are glycosaminoglycans, glycopro-
teins, osteonectin (a protein that anchors bone mineral to collagen), and osteocalein (a calcium-
binding protein). In addition, bone resorption releases certain other matrix proteins that have the ca-
pacity to induce bone formation. Finally, almost 70% of the wet weight of bone matrix is bone
mineral, primarily crystalline hydroxyapatite.

Until the organic matrix of bone becomes calcified, the tissue is known as osteoid (meaning
bone-like) tissue or prebone. For this tissue to calcify, the local combined concentration of calcium
and phosphate ions has to reach the level required for calcium phosphate deposition. Thus, in the
bone disorder rickets (considered later), impaired mineralization leads to marked accumulation of
osteoid tissue.

Bone Cells

The four cell types characterizing bone tissue are bone matrix producers, bone matrix maintaining
cells, the osteogenic stem cells (osteoprogenitors) producing these cells, and bone matrix-resorbing
cells.

Osteoprogenitor (Osteogenic) Cells

Originally referred to as osteogenic cells, osteoprogenitor cells are small spindle-shaped cells re-
siding on all nonresorptive bone surfaces. They constitute the deep layer of the periosteum that in-
vests each bone and also the endostenm that lines the medullary cavity, haversian canals, and other
soft tissue spaces. The periosteum is a tough yet highly vascular connective tissue membrane that
covers the bone but not its articulating surfaces. The thick outer layer of this membrane, termed its
fibrous layer, is composed of irregular dense ordinary connective tissue. The thin, poorly defined
inner region, termed its osteogenic layer, is made up of osteoprogenitor cells. The endosteum is a
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single layer of flat osteoprogenitor cells without a fibrous layer. Its osteoprogenitor cells are never-
theless able to participate with those of the periosteum in repairing broken bones.

Osteoprogenitor cells of the periosteum or endosteum that are stimulated to proliferate give rise
to osteoblasts in regions that are well vascularized and to chondroblasts in regions that are unvas-
cularized. Self-renewal of these bipotential stem cells maintains the supply of osteoprogenitor cells
for further bone growth and fracture repair.

Osteoblasts

Fully differentiated osteoblasts are specialized nondividing cells that synthesize and secrete the or-
ganic constituents of bone matrix. Their cell bodies and cytoplasmic processes create the lacunae
and canaliculi in this matrix (see Fig. 8-3). They characterize growing surfaces and are distinguish-
able from osteoprogenitor cells by their large size, rounded to polygonal outline, and eccentric nu-
cleus. Their cytoplasm is markedly basophilic, usually with a distinct negative Golgi image (see
Plate 3-4).

The fine structure of osteoblasts is typical of actively secreting cells. Numerous ribosomes
bound to an extensive rER account for their cytoplasmic basophilia. Procollagen and other matrix
constituents synthesized by the rER are packaged into secretory vesicles in the large Golgi complex
and released by exocytosis from all parts of the cell surface, as in fibroblasts. Also, osteoblasts (to-
gether with chondrocytes and odontoblasts, the cells that produce dentin in teeth) are implicated in
the process of matrix calcification. Furthermore, osteoblasts have the additional role of mediating
bone resorption, as discussed later in the chapter (see Hormone Regulation of Bone Growth and
Bone Resorption).

Osteocytes

Osteocytes are less basophilic and somewhat smaller than osteoblasts. Their numerous interconnect-
ing cytoplasmic processes (see Fig. 8-3B) are usually indistinguishable in H&E-stained sections, but
the canaliculi they create are evident in ground bone sections (see Fig. 8-2). Osteocyte lacunae gen-
erally retain a thin, unmineralized lining layer of osteoid tissue. The osteocytes within them are non-
dividing, so cell nests such as those seen in cartilage are not found in bone. Most osteocytes have a
minimal amount of rER and a relatively small Golgi apparatus and are believed to maintain the bone
matrix in good repair. They represent the final stage of maturation of the bone cell lineage.

Osteoclasts
Osteoclasts (Gk. klan, to break) are large nondividing motile cells that resorb surplus or inferior
bone matrix. They are required for the remodeling that occurs during bone growth and repair, and
also for the removal of substandard or weakened matrix that needs to be replaced. Osteoclasts are
characteristic of resorptive surfaces. Instead of appearing smooth and evenly covered by a layer of
cells, resorptive surfaces are etched or scalloped, and bare except for scattered osteoclasts on their
surface (Plate 8-6). Such surfaces can be found at the site labeled 2 on the left of Figure 8-10. Some
osteoclasts fit into recesses, known as Howship’s lacunae or resorption bays, that they have eroded
in the matrix. In general, osteoclasts are recognizable by their large size, multiple nuclei (several
may be seen per cell in an LM section), and proximity to a bone surface (see Plate 8-6). However,
osteoclasts sometimes detach from a bone surface because of shrinkage artifact. A frayed border on
bone matrix may indicate a resorption site (see Plate 8-6).

The area of osteoclast surface responsible for bone matrix resorption is termed a ruffled bor-
der (Fig. 8-4), but its “ruffles” are really branching finger-like processes that poke into the surface
of the matrix. Peripheral to the ruffled border is a ring-shaped region called the clear zone that if
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Electron micrograph showing an osteoclast’s ruffled border (X 8500). An edge of one of the many nuclei is included at
middle right.

seen in transverse section is represented on both sides of the border. It is described as clear because
it lacks organelles other than microfilaments, which are abundant enough to give it a mottled ap-
pearance. Deep to the ruffled border is the vesicular region containing vesicles of various shapes
and sizes. However, most of the so-called vesicles are really oblique sections of clefts extending into
the cytoplasm between finger-like processes of the ruffled border. Farthest away from the bone sur-
face is the basal region of the cell, which contains its nuclei, numerous mitochondria, and multiple
Golgi stacks.

RUFFLED BORDER

The fine structure of the osteoclast indicates that it is a secretory type of cell. At the ruffled border, an exten-
sive area of cell membrane is presented to the matrix surface. The ring-like clear zone effectively localizes and
seals off the cell’s working area. Its numerous microfilaments suggest possible limpet-like attachment of the
cell to the matrix or agitation of the ruffled border to facilitate the resorptive process. The cell’s numerous Golgi
stacks package hydrolytic enzymes into vesicles that subsequently discharge their contents through clefts of the
ruffled border into the tiny extracellular working compartment sealed off between the ruffled border and the ap-
posed matrix surface. For efficient degradation of organic matrix constituents by the liberated hydrolases, prior
acidification and matrix demineralization is necessary. Carbonic anhydrase, an enzyme that catalyzes the pro-
duction of carbonic acid from CO, and H,0, is present in the vicinity of the ruffled border. The H" ions pro-
duced by this enzyme are transported by a proton-ATPase in the ruffled border membrane to the extracellular
digestion compartment sealed off by the clear zone. Here, the locally acidified conditions cause the matrix to
decalcify and increase the enzymatic activities of the acid hydrolases. Hence, bone resorption involves 1) focal
decalcification by acid secreted by the ruffled border and 2) extracellular digestion by acid hydrolases liber-
ated at this border. Since osteoclasts are not intensely phagocytic, other kinds of cells assist them in disposing
of the residual debris.
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OSTEOCLAST PRECURSORS

Osteoclasts arise from blood monecytes. Cells of the monocyte—macrophage lineage become at-
tracted toward bare bone surfaces, where they form osteoclasts by fusing with one another or by fus-
ing with preexisting macrophage-like or osteoclast-like cells. Thus, instead of belonging to the
osteoprogenitor cell family, osteoclasts represent an extension of the monocyte—macrophage-
multinucleated giant cell line of differentiation. An essential maturation regulator for osteoclasts
has recently been identified.

Bone Growth

In contrast to cartilages, which grow both interstitially and by apposition, bones grow only by ap-
position. This is because osteocytes, unlike chondrocytes, do not divide. Moreover, organic bone
matrix calcifies soon after it is laid down and this prevents further internal expansion of the tissue.
Hence, bone growth takes place exclusively on some preexisting surface.

Some of the cells on a bone’s growing surfaces are osteoprogenitor cells. In their vascular en-
vironment, the progeny of these stem cells may persist as osteoprogenitor cells or they may differ-
entiate into osteoblasts that deposit a new layer of matrix on the preexisting surface. Throughout the
process, however, the osteoprogenitor cells stay in the necessary superficial position to repeat the
process when the need arises. Referred to as the appositional growth mechanism, this simple pro-
cess builds up bone tissue one layer at a time and is the only way in which bone tissue can grow.
Each new generation of osteoblasts adds new canaliculi, so that when these cells become osteocytes
they are linked to the bone surface above and the osteocytes below (Fig. 8-5A, stage 3). Furthermore,
in the process of trabecular widening as a result of appositional growth, trabeculae incorporate ad-
jacent capillaries that then nourish their more deeply situated osteocytes.

Bone growth involves more than bone deposition. It depends on close coordination between two
opposing processes. Osteoclasts compensate for the addition of new bone by removing a similar
amount of old bone from unnecessary places, thus preventing excessive buildup of bone tissue. The
process that leads to the change in shape of a growing bone as a result of deposition at certain sites
and resorption at others is described as bone remodeling.

Dense (Compact) Bone Formation

Continuing appositional growth of bony trabeculae can eventually change cancellous bone into a
more solid form of bone known as dense or compact bone. A general working rule that is helpful
for distinguishing between these two forms of bone is that 1) cancellous bone has a higher content
of soft tissue spaces than of bone matrix, and 2) compact bone has a higher content of bone matrix
than of soft tissue spaces (compare B and C in Fig. 8-5). The soft tissue is initially loose connective
tissue but later this becomes replaced by bone marrow.

Every new layer of matrix produced makes the bony trabeculae one layer wider and the spaces
they surround one layer narrower, as shown in Figure 8-5A. Much as lime building up inside water
pipes diminishes their bore, cancellous bone can become converted into dense (compact) bone with
narrow soft tissue spaces (see Fig. 8-5C). However, there is still some cancellous bone in the
medullary regions of most bones. The progressive filling-in process that changes cancellous bone
into compact bone creates numerous narrow canals lined by osteoprogenitor cells. Within these
canals lie the vessels that formerly supplied the soft tissue spaces in the cancellous network.

The bone tissue that builds up layer upon layer on the bony walls of a soft tissue space consti-
tutes a cylindrical structural unit of compact bone called a haversian system or osteon. Each con-
centric ring in the system is a lamella (layer) of bone tissue (see Fig. 8-3A4, stage 3). The axial haver-
sian canal in the system houses one or two small blood vessels, responsible for nourishing the
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Key stages in the process of conversion of cancellous bone to compact bone (developing skull). (A) Soft tissue spaces fill
in with concentric lamellae that accumulate and become a haversian system. (B) Developing cranial bone (stage 1 in A).
(C) Growing cranial bone (stage 3 in A).
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osteocytes by diffusion through interconnecting canaliculi, a few nerve fibers, and a single lining
layer of osteoprogenitor cells.

Haversian system formation in developing flat bones converts their cancellous network (see
Fig. 8-5B) into plates of compact bone (see Fig. 8-5C). Such bony plates may then undergo further
remodeling at a later date. Meanwhile, to accommodate the expanding brain, the bones constituting
the cranial vault increase in diameter and alter their curvature.

Flat Bone Growth

Figure 8-6 illustrates how flat bones of the cranial vault grow and it should be referred to throughout this sec-
tion. To facilitate enlargement of the head, the margins of the flat bones constituting the cranial vault are inter-
connected by a type of joint that is composed entirely of dense ordinary connective tissue. Each joint is a seam
of dense fibrous tissue (indicated in light gray in Fig. 8-6A). Such a skull suture (L. sutura, seam) enables the
contiguous flat bones to grow and remodel independently. Continuing expansion of the cranial cavity is the
combined result of 1) growth at the perimeter of these bones so that they spread into the sutures that join them
and 2) bone deposition along the broad convex surface of these bones. Accompanying compensatory resorp-
tion along their concave surface prevents their becoming too thick. It also matches their curvature to that of the
growing brain. The skull of the newborn has soft spots called fontanelles representing sites where the sutures
are still rather wide. An example is the anterior fontanelle present at the junction of the frontal and parietal
bones (see Fig. 8-6A). During childhood, the bones of the cranial vault that initially were composed of compact
bone undergo internal remodeling. By the age of 8 years or so, the single plates are converted into double plates
of compact bone with a central layer of cancellous bone. This distinctive arrangement is described as the diploé
of the skull (Gk. meaning double). By the time the head is fully grown, bone tissue replaces the skull sutures
and the formerly separate bones fuse and become the cranial vault.

Earlier in the chapter it was noted that there are two different ways in which bones develop. Flat
bones arise directly from mesenchyme, but long bones are formed indirectly by a process called en-
dochondral ossification. An understanding of this more elaborate process is necessary for appreci-
ation of the growth processes occurring in long bones and the healing mechanisms occurring in such

bones after their fracture.

Endochondral Ossification

Embryonic mesenchymal cells condense locally and differentiate into chondroblasts, delineating the
site of a future bone (Plate 8-7A ). The chondroblasts produce matrix, converting the model into hya-
line cartilage, and a peripheral perichondrium develops (see Plate 8-7B). Interstitial and appositional
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Figure 8-6

Flat bones in the growing cranial vault. (A) Superior view of the fetal skull (sutures and fontanelles indicated in gray). (B)
Curvature changes in the growing cranial vault (coronal section).
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A developing long bone in which the subperiosteal bone and enlarging medullary
cavity may be recognized.
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growth of the cartilage ensue. Lengthening of the model is largely the result of continuing chondro-
cyte division with further matrix production by the daughter cells. Widening is primarily due to the
peripheral addition of matrix by new chondroblasts differentiating from the perichondrium.

In the midregion of the model, chondrocytes enlarge (hypertrophy) and mature, and hydroxya-
patite becomes deposited in the matrix partitions between their lacunae (see Plate 8-7B). Following
this stage, the chondrocytes die. probably as a consequence of activation of their apoptotic pathway.
Many of the large lacunae become vacant, and the thin partitions between them begin to break down.
At this stage, numerous capillaries vascularize the perichondrium. Differentiation of the osteopro-
genitor cell progeny then occurs in a vascular environment. The surrounding membrane becomes a
periosteum, producing osteoblasts that lay down a thin shell of bone matrix around the midregion.
A strong collar of subperiosteal bone gradually builds up under the periosteum around the weak-
ened midsection of the model.

Primary Ossification Center

Periosteal capillaries grow into the calcified cartilage of the midsection, supplying its interior (see
Plate 8-7C). Together with associated osteoprogenitor cells, these capillaries constitute the pe-
riosteal bud (which is typically, but not always, a single structure). The internal capillaries set up a
primary center of ossification, so named because the resulting bone tissue will replace most of the
cartilage in the model. The osteoprogenitor cells brought into this newly vascularized environment
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give rise to osteoblasts that begin to deposit bone matrix on persisting remnants of calcified carti-
lage (see Plate 8-7, stages 3 and 4). The bone tissue initially formed is cancellous bone that has rem-
nants of calcified cartilage in its trabeculae. In H&E-stained sections, the calcified cartilage rem-
nants in the cores of the trabeculae usually stain pale blue to mauve in contrast to the bright pink to
red color of the bone matrix covering their surfaces (see Plate 8-7C and D). Almost all the cancel-
lous bone in the innermost midregion is subsequently resorbed, leaving a medullary cavity (see
Plate 8-7C) surrounded by bone cortex. The forming medullary cavity becomes populated with
myeloid tissue (Fig. 8-7).

A long collar of subperiosteal bone now extends along the midsection of the bone, but the ends
are still cartilaginous. The midsection is known as the shaft or diaphysis; the cartilaginous ends are
called epiphyses. The primary center of ossification is accordingly also known as the diaphyseal
center of ossification.

The bone continues to elongate as a result of interstitial cartilaginous growth in its epiphyses.
However. this does not cause lengthening of the epiphyses because the cartilage present at each end
of the diaphyseal center of ossification progressively matures. calcifies, and becomes replaced by
bone. Hence, elongation of the diaphyseal center of ossification keeps pace with the growth of the
cartilaginous epiphyses, which remain more or less constant in size whereas the bony diaphysis be-
tween them lengthens.

Secondary Ossification Centers

Most secondary (i.e., epiphyseal) centers of ossification develop postnatally. The chondrocytes in
the midregion of an epiphysis hypertrophy, and the matrix between them calcifies and begins to
break down. Capillaries with associated osteoprogenitor cells then grow into cavities developing in
the calcified cartilage (see Plate 8-7D). Osteoblasts are produced that deposit bone matrix on the car-
tilage remnants. Thus, as previously occurred in the diaphysis, the cartilage in the midregion of the
epiphysis becomes replaced by bone tissue. Cartilage nevertheless persists as 1) an articular carti-
lage on the articular surface (Fig. 8-84) and 2) an epiphyseal plate, which is a transverse disk of
hyaline cartilage that remains between the epiphysis and the diaphysis. The epiphyseal plates enable
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(A) Proximal end of a growing long bone (low power). (8) Area indicated in A, showing bony trabeculae on the diaphyseal
side of the epiphyseal plate. The dark cores of calcified cartilage are covered with a layer of lightly stained bone matrix.
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the bone to keep lengthening until full stature is attained, at which time they become replaced by
bone tissue. Whereas the foramen of the nutrient artery of a bone marks the site of entry of the pe-
riosteal bud, the foramina of the epiphyseal arteries indicate where capillaries grew in to initiate sec-
ondary centers of ossification (compare Plate 8-7D with Fig. 8-16). Most long bones develop two
secondary centers of ossification as well as a primary center (see Plate 8-7E), but a few bone develop
a secondary center at one end only (see Plate 8-7F), Typical short bones ossify solely from their pri-
mary center (see Plate 8-7G).

Postnatal Long Bone Growth

Long bones continue to lengthen as a result of interstitial growth of their cartilaginous growth plates.
Yet the formation of new cartilage matrix in epiphyseal plates does not increase their thickness. This
is because cartilage production is compensated for by cartilage loss through calcification, vascular-
ization, and bony replacement on the diaphyseal side of the plate. By growing on one side and be-
coming replaced by bone on the other, the epiphyseal plates are progressively separated, lengthen-
ing the diaphysis. Cartilage replacement eventually supersedes cartilage production, so when bones
are approaching full size their epiphyseal plates disappear.

Epiphyseal Plates

The epiphyseal plates have a distinctive histological organization. From epiphysis to diaphysis,
they consist of merging zones of 1) resting or reserve cartilage, 2) proliferating cartilage, 3) ma-
turing cartilage, and 4) calcifying cartilage (Plate 8-8 and Fig. 8-9). Extending down into the dia-
physis from the fourth zone are remnants of calcified cartilage with a thin layer of bone matrix de-
posited on their surface.

ZONE OF RESTING (RESERVE) CARTILAGE

The zone of cartilage that borders on bone tissue of the epiphysis (see Plate 8-8) is resting in the
sense that its chondrocytes are not actively contributing to bone growth. Its chief role is to anchor
the rest of the epiphyseal plate to the bony epiphysis. Capillaries interposed between it and the ad-
jacent bony epiphysis supply oxygen and nutrients not only to the bone tissue in the epiphysis but
also to all the chondrocytes in the plate as far down as the zone of calcifying cartilage.

ZONE OF PROLIFERATING CARTILAGE

Chondrocytes in the zone of proliferating cartilage (more appropriately called the zone of prolifera-
tive chondrocytes) divide and supply new chondrocytes to replace those lost from the diaphyseal
side of the plate. The proliferating cells build up into characteristic longitudinal columns resembling
stacks of coins (see Plate 8-8 and Fig. 8-9) and these columns contain occasional mitotic figures.

ZONE OF MATURING CARTILAGE

In this zone, known also as the zone of hypertrophic cartilage, the maturing chondrocytes remain
arranged in longitudinal columns, but they have hypertrophied and are filled with accumulated
glycogen and lipid. They are therefore large and pale-staining (see Plate 8-8). The enzyme alkaline
phosphatase that they produce is widely believed to facilitate calcification of the extracellular
matrix.

ZONE OF CALCIFYING CARTILAGE

Alternatively known as the zone of provisional calcification, this zone is so called because insolu-
ble calcium salts become deposited in the cartilage matrix. In LM sections, some lacunae appear
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Constituent zones of the epiphyseal plate, showing the key processes occurring in them.
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empty and fragile, and many of the thin transverse partitions show signs of breaking down (see Fig.
8-9). EM studies indicate that the majority of chondrocytes in this zone are structurally intact and vi-
able. Apoptotic chondrocytes, however, are found in the terminal row adjacent to the vascular inva-
sion front. Whereas typical cartilage matrix contains angiogenic inhibitors (Gk. angeion, vessel;
genesis, production), the zones of hypertrophic and calcifying cartilage have angiogenic activator
activity. Capillaries with associated osteoprogenitor cells accordingly grow into this zone from the
diaphysis, providing a vascular environment in which osteoblasts differentiate and lay down bone
matrix on the remaining calcified cartilage scatfold, as described in the next section. Although the
apoptotic response in terminal chondrocytes is functionally coupled to vascularization and ossifica-
tion, it is not clear whether such apoptosis leads to vascular invasion or vice versa.

Bone Formation At Epiphyseal Plates
Unlike the thin transverse matrix partitions between chondrocytes of the epiphyseal plate, the more
substantial longitudinal partitions remain fairly intact when the matrix calcifies (see Figs. 8-8B and
8-9). The residual longitudinal remnants of calcitied cartilage on the diaphyseal side of the plate
serve as a scaffolding on which diaphyseal osteoblasts begin to lay down bone matrix. Long taper-
ing spikes of bone known as trabeculae are seen projecting from the diaphyseal side of the epiphy-
seal plate. In H&E-stained sections, their cores of calcified cartilage appear pale blue to mauve in
contrast to the pink bone matrix covering them (see Plate 8-8).

Continuing replacement of the cartilage matrix produced by both epiphyseal plates lengthens
the bony diaphysis. However, while new bone is formed at the upper, wider end of the growing tra-
beculae, a similar amount of bone is resorbed from their trailing end (Fig. 8-10). Accordingly, the
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Figure 8-10
Sites of bone deposition and resorption in the process of lengthening and remodeling of long bones. Bone is shown in gray,
cartilage in color.
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trabeculae remain fairly uniform in length while the bony diaphysis and its medullary cavity elon-
gate. Under the periphery of each epiphyseal plate, however, the trabeculae become incorporated
into the diaphysis instead of becoming shortened as a result of resorption.

Bone Remodeling at Metaphyses

Lying at the ends of long bones are flared regions, the metaphyses, where the diaphyseal diameter increases to
that of the epiphyses (see Fig. 8-8A). The flared region corresponds to the level where bony trabeculae are pre-
sent on the diaphyseal side of the epiphyseal plate during bone growth. The cartilaginous growth plate is con-
sidered a part of the epiphysis. Throughout bone growth, the metaphyses retain the same general shape because
osteoclasts resorb bone from the periphery of the metaphysis until its diameter is reduced to that of the shaft.
Such resorption occurs at the sites shown in Figure 8-10 (the former outline of the epiphysis is indicated by the
dotted line). The external surface of a metaphysis remains an active resorption site throughout bone growth, and
osteoclasts can usually be found there. New bone concurrently built up on the medullary surface of the meta-
physis compensates for bone removal from the periphery (see Figs. 8-84 and 8-10). Such ongoing readjustment
of the shape of a growing bone is termed bone remodeling. Paradoxically, the distinctive shape of the grow-
ing bone would not be retained without remodeling.

Bony trabeculae cut in longitudinal sections appear to project from the diaphyseal side of the
epiphyseal plate much as stalactites hang from the roof of a cave (see Plate 8-6D). However, it is re-
ally only the free ends of the trabeculae that do this. Nearer to the epiphyseal plate, the trabeculae
are still interconnected in a honeycomb-like arrangement (Fig. 8-11B) that is riddled with long
spaces, These spaces develop in the following way.

In the lower part of the epiphyseal plate, the chondrocytes are arranged in parallel longitudinal
columns (see Fig. 8-11A). Breakdown of the thin transverse matrix partitions between them creates
long tubular spaces (see Plate 8-6, 3 and 4, and Fig. 8-114 and B). The bony trabeculae seen adja-
cent to this region are therefore essentially the walls of longitudinal tunnels. Each intervening wall
appears as a trabecula with a core of calcified cartilage covered by a layer of bone. However, the
bone tissue that seems to cover the cores of trabeculae is really the /ining of cartilaginous tunnels
(see Fig. 8-11B and C).

Under the periphery of an epiphyseal plate, the cartilaginous tunnels fill in with successive lay-
ers of bone (see Fig. 8-10). The tunnels become reduced to narrow haversian canals that contain
osteoprogenitor cells, osteoblasts, one or two small blood vessels, and in some cases, peripheral

Figure 8-11

(A) Metaphyseal trabeculae on the diaphyseal side of the epiphyseal plate (longitudinal section). (B) Region indicated in A
(longitudinal section) with these trabeculae depicted as tunnel walls (cartilage shown in black, bone in gray). (C) Region
indicated in A seen in transverse section.



194 Essential Histology

nerve fibers. Concentric lamellae of bone now surround the central canals as haversian systems (see
Fig. 8-14 and Plate 8-9) that typically contain up to six lamellae. Most haversian systems that form
under the periphery of the plate become incorporated into cortical bone of the diaphysis, but the bony
trabeculae that form under the central part of the plate undergo resorption, with resulting elongation
of the medullary cavity.

Bone Widening

Each new generation of osteoblasts that arises from osteoprogenitor cells of the periosteum can add
another layer of bone matrix to the outer surface of the diaphysis (see Fig. 8-10, site 3). Such appo-
sitional growth widens the shaft and is compensated for by similar widening of the medullary cav-
ity (see Fig. 8-10). New haversian systems form under the periosteum as depicted in Figure 8-12.
First, longitudinal ridges and grooves form along the diaphysis (see Fig. 8-124). Additional bone
matrix then extends adjacent ridges toward each other (see Fig. 8-12B) until they meet and fuse (see
Fig. 8-12C). In this manner, each former groove becomes a bony tunnel. Subsequent buildup of ad-
ditional bone layers on the walls of the tunnel results in formation of a new haversian system (see
Fig. 8-12D-F).

The new haversian systems that form under the periosteum are built up around periosteal ves-
sels that then become haversian vessels in haversian canals. The haversian vessels continue to re-
ceive blood from the periosteum by way of small vessels that enter the cortex through other canals
called Volkmann'’s canals (see Fig. 8-14). Two distinctive features of Volkmann’s canals, some of
which lead from the medullary cavity, are 1) they extend either obliquely or transversely in a radial
direction through the diaphysis, not in the longitudinal direction characterizing the haversian canals
that they interconnect; and 2) in contrast to haversian canals, they are not surrounded by concentric
lamellae.

When a bone approaches its full size, the rough outer and inner circumferential surfaces of the
shaft (still rough at the stage shown in Fig. 8-13) become smoothed off by a few outer and inner
circumferential lamellae (Fig. 8-14 and Plate 8-9). The remainder of the compact bone consists
mostly of haversian systems, but between these systems lie small remnants of preexisting haversian

Ridges fusing

Periosteal vessel New bone

New haversian system

E F

Figure 8-12
Bone widening occurs when new haversian systems are added to the periphery of the growing diaphysis. Periosteal vessels
become incorporated in the new haversian canals.
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Figure 8-13
Diaphysis of growing long bone (kitten femur, transverse section). Cancellous bone constitutes the diaphyseal periphery.
Osteoclasts are widening the medullary cavity.

systems that were largely replaced by new haversian systems during remodeling. Such incomplete
remnants are known as interstitial lamellae (see Fig. 8-14).

Bone Remodeling

Bones are not the static structures they appear to be, even when fully grown. Long bones, for example, can
adapt continuously to prevailing stresses by remodeling their internal structure. Any substantial rearrange-
ment of stresses is compensated for by appropriate deposition or resorption of compact bone or appropriate
realignment of the bony trabeculae. Thus, at the upper end of a femur, thin plates and columns of trabecu-
lar bone become aligned so as to counteract the strains imposed by weight-bearing and locomotion, and this
creates a distinctive trabecular pattern for each person. Moreover, if a limb is not used for a long time, its
bones cease to be subjected to the usual stresses. The remodeling process that ensues may result in exces-
sive bone resorption with consequent weakening, a degenerative change in underused bones known as
atrophy of disuse.

Another reason why bones undergo lifelong internal remodeling is that their matrix gradually weakens
and therefore requires a certain amount of daily replacement. Permanent as it may seem, even compact bone
is resorbed a little at a time by osteoclasts and then immediately replaced by new compact bone. This is laid
down in the form of new haversian systems within resorption tunnels (resorption cavities) left by the os-
teoclasts. Resorption tunnels can usually be distinguished from haversian canals or Volkmann’s canals by 1)
their irregular, etched outlines and 2) the presence of osteoclasts along their borders. However, resorption tun-
nels are rapidly invaded by osteoprogenitor cells and osteoblasts, and promptly become filled in with new
haversian systems.

CLINICAL IMPLICATIONS

Osteoporosis

Day-to-day maintenance of an almost constant total bone mass is virtually guaranteed by a distinctive reg-
ulatory mechanism that matches the amount of new bone formed during remodeling to the amount of older
bone lost through resorption. There is evidence that certain differentiation and growth factors, present in

(continued)
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Histological organization of compact bone (diaphyseal cortex of a long bone). For clarity, haversian systems are reduced in
number.

bone matrix and liberated during bone resorption, directly couple new bone formation to bone loss. The net
result is bone turnover rather than bone loss. Imbalance between bone loss and bone replacement leads to
osteoporosis, a common disorder in the elderly that is characterized by an absolute reduction of total bone
mass.

Immature Bone

The bone tissue initially formed, known as immature bone, has only a transitory existence. In post-
natal life, almost all of it is replaced by bone of a more permanent kind known as mature bone. In
H&E-stained sections, occasional persisting regions of immature bone are recognizable by the fact
that the matrix appears unevenly streaked or mottled with purple, in contrast to the matrix of mature
bone, which stains a uniform pink to red (Fig. 8-15). Also, the osteocytes in immature bone lie closer
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_Mature bone

Figure 8-15
Comparison between sites of mature bone and immature bone.

together and are distributed more randomly than those in mature bone. The mature bone that char-
acterizes adult bones is more obviously deposited as consecutive layers or lamellae. Its matrix stains
evenly, and compared with immature bone it contains somewhat fewer osteocytes (see Fig. 8-15).
The parallel collagen fibrils that spiral through each lamella crisscross with those of the adjacent
lamellae in an arrangement that resembles the laminated woodgrains of plywood.

It should be understood that no clear-cut correlation exists between immature or mature bone
on the one hand and cancellous or compact bone on the other. Conversion of cancellous bone to
compact bone is a consequence of repeated deposition of consecutive bone layers on the bony walls
of soft tissue spaces. Deposition of mature bone, on the other hand, follows resorption of immature
bone, which may be either compact or cancellous in form. Hence replacement of immature bone can
occur independently of consolidation. The latter process is an outcome of extensive appositional
growth of cancellous bone, whereas the former process is a consequence of remodeling that intro-
duces a superior type of bone.

Next, we briefly consider some critical dietary requirements for bone formation and the hor-
mones that regulate calcium homeostasis.

CLINICAL IMPLICATIONS

Nutritional Requirements for Bone Growth

The process of endochondral ossification is profoundly influenced by factors that interfere with either 1) the
secretion of organic constituents of bone matrix or 2) the caleification of organic extracellular matrix. Thus,
a dietary deficiency of vitamin C can result in a disease called scurvy. Vitamin C promotes proline hy-
droxylation and is required for adequate collagen formation. If vitamin C is in short supply, the epiphyseal

(continued)



198 Essential Histology

plates and bony shaft of growing long bones stay thin and fragile. predisposing to fractures. Insufficient bone
maintenance (an adult manifestation of scurvy) plagued many a seafarer until the daily requirement of leafy
green vegetables and fresh citrus fruits was fully appreciated.

Vitamin D is also necessary because its active metabolite, 1-a,25-dihydroxyDj (ealcitriol), promotes
absorption of calcium and phosphate from the gut. Infants deprived of this vitamin and also sunshine (be-
cause long-wave ultraviolet light reaching the skin promotes production of vitamin D3 from 7-dehydro-
cholesterol) may develop the bone disorder rickets, which can lead to permanent skeletal deformities. Most
noticeably affected are the weight-bearing bones, which being poorly calcified are semirigid and bend un-
der the strain of supporting the body. Common indications of rickets are bowing of the legs or the develop-
ment of knock-knees. A scarcity of calcium or phosphate delays calcification of the epiphyseal plates, which
become unduly thick as a result of excessive growth. Also, the bone matrix produced on the diaphyseal side
of the plates remains insufficiently calcified, with the result that comparatively weak osteoid tissue, in con-
trast to properly mineralized bone, accumulates in the metaphyses.

Hormonal Regulation of Bone Growth and Bone Resorption

The blood calcium level is dually regulated through the actions of parathyroid hormone (PTH) and
calcitonin. A key effector cell in bone tissue responses to these two hormones is the osteoclast. The
chief consequence of stimulation by PTH is that it promotes bone resorption through enlargement
of active ruffled borders on osteoclasts. This action is largely an indirect response mediated by os-
teoblast-derived factors, because PTH induces osteoblasts to secrete a peptide mediator and various
cytokines that all enhance resorptive activity in osteoclasts. The action of calcitonin on osteoclasts,
on the other hand, is direct. Calcitonin inhibits bone resorption by diminishing the size and activ-
ity of the ruffled borders on osteoclasts. Hence, PTH induces osteoblasts to promote resorption by
osteoclasts, liberating more calcium from bone matrix and consequently raising the blood calcium
level. Conversely, calcitonin depresses resorption by osteoclasts, reducing the amount of calcium
they liberate from bone matrix and causing the blood calcium level to drop. These and other oppos-
ing actions of the two hormones maintain the blood calcium level within closely regulated limits.

It should be noted also that an important effect of somatotropin (growth hormone, GH) is to
augment bone growth by stimulating proliferation, secretion, and maturation of the chondrocytes
in epiphyseal plates. This action of GH is primarily an indirect one mediated by insulin-like growth
factors (chiefly IGF-1, known also as somatomedin C). Overproduction of GH causes children to
grow exceptionally tall, whereas underproduction stunts growth. 1,25-Dihydroxycholecalciferol is
now recognized as the circulating (i.e., hormonal) form of vitamin D responsible for 1) conserving
calcium and phosphate and 2) promoting bone mineralization.

Blood Supply and Fracture Repair in Long Bones

The diaphysis, metaphyses, and marrow of a long bone are supplied primarily by the nutrient artery
or arteries (Fig. 8-16). A supplementary blood supply reaches the metaphyses from the metaphy-
seal arteries. Furthermore, oxygen and nutrients from adjacent periosteal capillaries diffuse to os-
teocytes in the outermost lamellae by way of superficial canaliculi. Hence, viability of superficial
osteocytes depends primarily on blood supplied by way of periosteal arteries. The epiphyses re-
ceive their blood mainly from the epiphyseal arteries. These various arteries became incorporated
as follows. The nutrient artery is derived from the principal vessel of the periosteal bud that grew in
and initiated the primary center of ossification. The epiphyseal arteries are the equivalent vessels
initiating the secondary centers. The metaphyseal arteries are former periosteal arteries that became
incorporated into bone tissue when the metaphyses widened. At the end of bone growth, the
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Figure 8-16
Blood supply of an adult long bone (tibia).

epiphyseal plates disappear. Anastomoses are consequently formed between terminal branches of
the nutrient, metaphyseal, and epiphyseal arteries. Because cach long bone receives blood from sev-
eral arteries, most parts of it remain viable if the nutrient arterial main blood supply becomes inter-
rupted.

Maintenance of Epiphyseal Plates
The growth plates of a growing bone are have no internal capillaries since they are made of hyaline
cartilage. The bony trabeculae on the diaphyseal side of these plates are associated with an exten-
sive capillary supply, but diffusion to the growth plate chondrocytes from these vessels is minimal
because the cartilage matrix is heavily calcified on the diaphyseal side of the plate. The primary
source of nourishment for these chondrocytes is the closest network of capillaries lying at the epi-
physeal border of the growth plate, adjacent to the zone of resting cartilage. These essential capil-
laries, indicated in Figure 8-9, receive blood supplied by the epiphyseal arteries.

No description of bone tissue is complete without mention of bone fractures. The following sec-
tion summarizes the repair process that occurs in a simple fracture healing in a plaster cast.
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CLINICAL IMPLICATIONS

Healing of Long Bone Fractures

On either side of a realigned fracture site, trabeculae of cancellous bone grow out from adjacent undamaged
regions of the bone and begin bridging the gap between the apposed broken ends. Meanwhile, a sleeve of
hyaline cartilage forms. This cartilage provides temporary additional support for the fracture site. The car-
tilage then undergoes endochondral ossification and in due course becomes totally replaced by bone tissue.
Finally, the new bone tissue that unites the broken ends becomes consolidated. The stages of this repair pro-
cess are as follows.

First, the tearing of blood vessels results in substantial bleeding into the fracture site. Interruption of
the blood supply leads to ischemic necrosis of osteocytes on either side of the fracture line (nonviable bone
and remnants of the blood clot are depicted in Fig. 8-17). Next, osteoprogenitor cells in the endosteum and
periosteum begin to proliferate. The environment near the damaged bone tissue is still vascular, so here their
progeny cells differentiate into osteoblasts that begin to lay down bony trabeculae (Fig. 8-18). More super-
ficial to the damaged bone tissue, however, the progeny cells differentiate in an environment that is avas-

Cartilage of external callus
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Remnant of blood clot Dead bone Bony trabeculae of internal callus

Figure 8-17
Healing fracture of a rib, showing ossification of the cartilaginous external callus. This quantity of cartilaginous external
callus indicates undue fracture mobility during healing.
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Figure 8-18
Healing fracture of a rib (later stage). Cancellous bone is indicated in black; cartilage is shown lightly stippled. Arrowheads
indicate direction of trabecular growth in internal and external callus.

cular, so here they become chondroblasts, with resulting formation of some cartilage. As a result, an exter-
nal sleeve of hyaline cartilage forms around the apposed fractured ends, providing supplementary support
while new bony trabeculae form, both in the medullary cavity and subsequently in this so-called external
callus, eventually reuniting the broken ends of the bone.

The last stage of repair involves progressive replacement of the cartilage collar by cancellous bone
through endochondral ossification. This begins with chondrocyte maturation followed by calcification of the
cartilage matrix, and proceeds as depicted in Figure 8-17. The newly formed bone tissue is initially all can-
cellous, but that destined for the cortex becomes converted into compact bone, and subsequent remodeling
accurately restores the former shape and composition of the fractured bone.

JOINTS

Where bones lie in contact they are held together by connective tissue arrangements called joints,
most of which are composite structures designed to facilitate free articulation between the bones.
The common type of joint permits a considerable range of movement that in many cases occurs in
more than one plane. At such joints, the articulating surfaces are covered by shiny articular carti-
lages that glide smoothly over each other with minimal friction because they are lubricated by syn-
ovial fluid, a viscous fluid resembling the white of an egg (L. ovum, egg). Joints of this type are ac-
cordingly termed synovial joints.

A different type of joint, called a modified symphysis, is present in the vertebral column. In the
anterior intervertebral joints, contiguous vertebrae are held together by intervertebral disks. Con-
sisting mainly of fibrocartilage, these tough cushion-like pads have the capacity to withstand sub-
stantial compression forces while allowing a limited range of joint movement.

)
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A third type of joint, already mentioned, facilitates skull growth. In the newborn, the individual
flat bones constituting the vault of the skull are still joined by cranial sutures (see Fig. 8-6A). These
bands of dense fibrous tissue represent a type of joint known as the syndesmosis (Gk. syn, together;
desmos, band or bond). When the head is fully grown, the flexible fibrous joints are replaced by rigid
bony ones called synostoses that by cementing the individual cranial bones together produce the
completed bony case.

Degenerative disorders of synovial and anterior intervertebral joints are fairly common.

Synovial Joints

A representative example of the synovial joint is the knee, the general structure of which is indicated
in Figure 8-19. The articulating surfaces are capped by articular cartilages (cross-striped in Fig.
8-19). Enclosing the articulating joint is the fibrous capsule, a strong sleeve of dense ordinary con-
nective tissue that is continuous with the fibrous periosteum of the articulating bones. Lining the
joint capsule is an inner connective tissue layer called the synovial membrane, a major function of
which is to produce synovial fluid. A small amount of this fluid is present in the narrow intra-artic-
ular space, which is termed the joint cavity (appearing dark in Fig. 8-19). A thin film of synovial
fluid between the articular cartilages minimizes resulting friction when they glide over each other.
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Figure 8-19
Knee joint (sagittal section indicated by inset). This is an example of a synovial joint.
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Cord-like thickenings of the fibrous capsule constitute the ligaments of the joint. Some ligaments
are integral to the capsule itself. Others are separated from the capsule by bursae, which represent
minor extensions of the joint cavity. At sites where ligaments and tendons attach to cartilages, there
is generally a transitional region of fibrocartilage (Fig. 8-204). At sites where they attach to bones,
their strong bundles of collagen fibers are anchored in the collagen of bone matrix as typical
Sharpey’s fibers (see Fig. 8-208). Many synovial joints are also provided with supplementary disk,
ring-, or crescent-shaped cushions of fibrocartilage. The fibrocartilage cushions of the knee joint are
termed menisci (see Fig. 8-19). The capsule ligaments and menisci are provided with mechano-
receptive afferent nerve endings that include free nerve endings, Pacinian corpuscles, Ruffini cor-
puscles (see Chapter 12 under Cutaneous Sensory Receptors) and the ligamentous equivalent of
Golgi tendon organs.

Articular Cartilage
Articular cartilage basically resembles hyaline cartilage present elsewhere in the body, but its free
surface is not covered by a perichondrium, and the chondrocytes in its deeper layers lie in vertical
columns that are arranged perpendicularly to this surface (Plate 8-10). In identifying sections of ar-
ticular cartilage, it is advisable to confirm that one of its borders is free and that the other is attached
to subchondral bone.

The characteristic arrangement of the chondrocytes in articular cartilage reflects a preferential distribution
of the collagen fibrils in its matrix. Fibril bundles extend perpendicularly toward the surface from the deeper
layers, hence the deeper chondrocytes are arranged in vertical columns between bundles. Near the articular sur-
face, the fibril bundles arch over and run parallel to the surface, with chondrocytes scatiered more randomly be-
tween them.

When the epiphyses are growing, the chondrocytes near the tops of the columns proliferate. In normal
adult articular cartilages, however, the chondrocytes seldom divide. Farther down the columns, the chondro-
cytes hypertrophy. At the bottoms of the columns, they undergo apoptosis and their matrix becomes calcified.
Relatively strong subchondral bone supports articular cartilage from below.

Fibrocartilage of
tendon insertion Ligament insertion

Sharpey's fibers
extending into
bone matrix

Figure 8-20
(A) Tendon insertion (patellar tendon of rat). (B) Ligament insertion (anterior cruciate ligament of rat).
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The chondron, defined as a chondrocyte and its surrounding region of pericellular matrix, is considered
to be the microanatomical unit of articular cartilage. In contrast to the territorial and interterritorial regions of
the cartilage matrix, where the collagen arrangement is multidirectional, the pericellular matrix in the chondron
has an extensive network of collagen fibrils that virtually encloses and encapsulates the central chondrocyte.
This stretch-resisting limiting network of collagen has a strong affinity for proteoglycans. The internal mass of
hydrated matrix proteoglycan enveloped by the fibrillar network represents the central compartment of an effi-
cient compression-resisting cushion. Damage to the chondron’s peripheral encapsulating network of pericellu-
lar collagen fibrils severely compromises the unique hydroelastic properties of cartilage matrix.

Because articular cartilage is avascular, its nourishment depends on diffusion from outside the
cartilage. The deepest part of the cartilage is heavily calcified, so diffusion from vessels of the un-
derlying bone is limited. Most nourishment comes from the film of synovial fluid covering its free
surface. Oxygen and nutrients reach this fluid by diffusing from capillaries of the synovial mem-
brane.

Chondrocytes of fully grown articular cartilage hardly ever divide except under abnormal cir-
cumstances. However, they remain capable of secreting supplementary amounts of matrix con-
stituents, This secretory response seems to be the chief normal compensatory mechanism for wear
and tear in articular cartilages. Unfortunately, it leads to inadequate repair of damaged articular car-
tilages (another hazard in sports activities), making appropriate orthopedic management essential for
the restoration of damaged cartilages.

Synovium
The synovial membrane (synovium) is a richly vascularized connective tissue membrane. It lines
the joint cavity but does not cover the articular cartilages. This membrane is not considered an ep-
ithelial lining since its cells are not contiguous (i.e., they do not constitute a continuous layer). Thus,
even the cells that border on the joint cavity lie among, and not on, the extracellular fibers of the
membrane. In contrast to articular cartilage, the synovial membrane regenerates readily if damaged.
This membrane closely resembles fibrous. loose connective, or adipose tissue, depending on where it lies
in the joint cavity. Its fibrous regions, which consist of irregular dense ordinary connective tissue with abun-
dant collagen, cover ligaments, tendons, and other sites subject to pressure. Areolar regions are composed of
highly vascular loose connective tissue, almost covered by a few layers of ovoid to cuboidal cells that lie among
the superficial collagen and elastic fibers. Areolar regions also extend into the joint cavity as synovial folds and
villi (see Fig. 8-19). Some of the superficial synovial cells (synovocytes) in these regions are secretory and con-
tribute hyaluronic acid and glycoprotein to synovial fluid. The other synovial cells are more like macrophages.
The loose texture of the areolar regions permits independent movement of the synovial lining relative to the fi-
brous capsule. Lastly, the adipose type of synovial membrane covers the intra-articular fat pads. Here, the su-
perficial synovial cells are enmeshed in collagen fibers that are attached to the underlying fat cells.
Basically a viscous plasma dialysate containing additional hyaluronic acid and glycoprotein,
synovial fluid has excellent lubricating properties. As well as minimizing friction 1) between artic-
ular cartilages and 2) between inner and outer tendon sheaths, this fluid plays a key role in nourish-
ing articular cartilages. Suspended in it are a few cells, mostly monocytes, macrophages, and lym-

phocytes.

CLINICAL IMPLICATIONS

Osteoarthritis

Although the design of synovial joints minimizes wear and tear, their lifelong use commonly results in de-
generative changes in the articular cartilages. These changes cause a certain amount of inflammation that,
depending on its severity, is accompanied by stiffness, discomfort, or pain. Known as osteoarthritis, this
disorder of the joints is a common cause of disability in the elderly. In particular, it affects joints such as the
knees and hips that are required to support the full weight of the body. Progressive loss of the proteoglycan
in cartilage matrix gradually compromises its substantial intrinsic resistance to compression. Also, inappro-
priate bony spurs (osteophytes) arise at the cartilage margins and progressively restrict joint mobility.
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Intervertebral Joints

Each anterior intervertebral joint is a modified symphysis, which is a slightly movable joint where
bones are held together by a combination of hyaline cartilage and fibrocartilage. Structures called
intervertebral disks interconnect the bodies of the contiguous vertebrae (Fig. 8-21). Each vertebral
body has a covering of hyaline cartilage (one vertebra is seen at the top and the other at the bottom
of Fig. 8-214), and interconnecting these coverings is the disk. Where the cartilage borders on the
adjacent bone tissue it is calcified (see Fig. 8-21B). The soft gelatinous interior of the disk is termed
the nucleus pulposus (see Fig. 8-21C). The strong ring-shaped fibrocartilaginous collar that sup-
ports the periphery of the disk is termed the anulus fibrosus (see Fig. 8-21D).

CLINICAL IMPLICATIONS

Intervertebral Disk Herniation

The semifluid nucleus pulposus and its surrounding inextensible anulus fibrosus constitute a tough com-
pression-resisting cushion that permits limited movement between contiguous vertebrae. However, if those
who are no longer young suddenly submit their spine to an inappropriate or excessive strain, the soft nucleus
pulposus has a marked tendency to herniate (rupture) through the anulus fibrosus, a condition known as a
prolapsed or herniated intervertebral disk. The resulting inflammation, generally severe and painful, may
lead to spinal nerve root compression at the level involved and consequent peripheral nerve involvement.
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Figure 8-21
(4) Component tissues of the intervertebral disk, a modified symphysis. (B) Intervertebral disk (from a child, medium

power) showing its internal histological organization.
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Summary

The extracellular fibers of fibrous wrappings and supporting elements are irregularly arranged,
whereas those of ligaments, tendons, and aponeuroses form parallel bundles. Ligaments (which join
bones to other bones) and tendons (which join muscles to bones) insert as Sharpey’s fibers into bone
tissue or as fibrocartilage into articular cartilages.

Cartilage grows both interstitially and by apposition. Its matrix contains fine type II collagen
fibrils and abundant tissue fluid. Because cartilage is avascular, its nourishment depends on long-
range diffusion. Calcification of cartilage predisposes it to replacement by bone. Fibrocartilage is re-
inforced with substantial type I collagen bundles whereas elastic cartilage contains supplementary
elastic fibers. In contrast, bone matrix is heavily calcified, contains more collagen, and is deposited
only by apposition. Canaliculi facilitate diffusion from and to bone capillaries.

Osteoprogenitor cells are bipotential osteogenic stem cells present in the periosteum and en-
dosteum. Their progeny cells differentiate into osteoblasts at vascular sites or chondroblasts at avas-
cular sites. Osteoblasts on growing bone surfaces secrete the organic constituents of bone matrix.
Osteocytes maintain the matrix. Neither mature osteoblasts nor osteocytes divide. Osteoclasts are
multinucleated, nondividing cells with ruffled borders that demineralize foci of bone matrix and de-
grade some organic constituents. They belong to the monocyte—macrophage-multinucleated giant
cell lineage.

Flat bones typically develop through intramembranous ossification in vascular connective tis-
sue environments. The osteoblasts that differentiate produce trabeculae of cancellous bone that
widen, incorporate vessels, and form a plate of compact bone. When this plate is remodeled, imma-
ture bone is replaced by mature bone, characterized by a uniformly staining matrix, comparatively
widely spaced osteocytes, and concentric lamellae.

Long and short bones typically develop through endochondral ossification, meaning progres-
sive replacement of a cartilage model by bone tissue. A bony supporting collar forms by apposition
and the central region of the model calcifies. A periosteal bud grows in and supplies the cells and
vessels necessary for ensuing osteogenesis. Cancellous bone is resorbed centrally from the midshaft,
producing a medullary cavity. Most secondary centers of ossification develop postnatally. Each epi-
physis retains an articular cartilage and epiphyseal plate. Cartilage production in this plate, which is
made up of four recognizable zones, keeps pace with replacement by bone tissue. Epiphyseal plates
are not present once bone growth is over.

Haversian systems (osteons) consist of concentric lamellae of bone arranged around central
haversian canals. They are formed under the periphery of the epiphyseal plates and are also added
to the periphery of the diaphysis as it widens. New haversian systems also form in resorption tun-
nels during remodeling.

Bone production is impaired if vitamins C or D or growth hormone are deficient. Resorption is
augmented by parathyroid hormone and opposed by calcitonin. A long bone is supplied by several
arteries, primarily its nutrient artery. When a simple fracture is properly set, it heals first with can-
cellous bone and then with compact bone. Cartilage also formed in this process is replaced by bone
through endochondral ossification.

Synovial fluid lubricates and nourishes the articular cartilages, which are recognizable by their
characteristic chondrocyte arrangement and the absence of a perichondrium on their articular sur-
face. Synovial membrane provides the hyaluronic acid present in synovial fluid. The intervertebral
disks of the anterior intervertebral joints have a soft center surrounded by a ring of fibrocartilage.
This arrangement cushions against compression and allows slight movement between the verte-
brae.
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Introduction to Histology

Chapter 1

Plate 1-1
Microscopic appearance of hepatocytes (liver, H&E stain). (A) Low power (X 100); (B) oil-
immersion (X 1,000). Arrows in B indicate lateral boundaries of a hepatocyte.

Plate 1-2
Microscopic appearance of thyroid follicles. (A) In H&E-stained sections, stored thyroglobulin is
pink. (B) After PAS staining, it is magenta because it is a glycoprotein.



Introduction to Histology

Plate 1-3

Hepatocytes with excess fat stored in their cytoplasm (fatty liver). (A) In H&E-stained sections,
these round, empty spaces are left where the fat was present. (B) The large fat droplets are
preserved in frozen sections. Here, they have been stained with a red, lipid-soluble Sudan dye.
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Plate 2-1
Mitotic figures in intestinal crypt
epithelial cells.

Plate 2-2

Chromosome spread (metaphase
chromosomes of normal human
male, Giemsa stain).
Metacentrics (m),
‘submetacentrics (s), and
acrocentrics (a) are readily
distinguished.

Cell Nucleus

Telophase

Metaphase

Anaphase




Cell Cytoplasm

Chapter 3

Transmembrane protein (integral):

Uncharged region
= 9 Outer charged  Peripheral membrane protein

Inner charged region region (electrostatically associated)

Oligosaccharide
on glycoprotein

Glycolipid
Oligosaccharide
on glycolipid
sl (5|ycoprotein
Multipass Integral membrane
transmembrane protein (attached

to phospholipid)

L
B hospholipids of
lipid bilayer

protein (integral)

Cytoskeletal

linkage proteins Cholesterol

Spectrin ,_i\ctin Integral membrane protein
(Cytoskeletal proteins) (with attached hydrocarbon chain)

Plate 3-1
Molecular composition of the cell membrane, showing its associated membrane cytoskeleton
(model based in part on studies of the cell membrane of mammalian erythrocytes).

Basophilic
cytoplasm Nucleus

[

Plate 3-2
Pancreatic acinar cells showing
basal cytoplasmic basophilia.
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Plate 3-3
Secretory, lysosomal, and integral membrane proteins are synthesized by the rER and modified and
sorted in the Golgi region.

Basophilic Negative
cytoplasm Golgi image

Plate 3-4
Osteoblasts showing a negative Golgi image
in basophilic cytoplasm.




Epithelial Tissue

Chapter 4
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Types of epithelia. (4) Simple squamous; (B) simple cuboidal; (C) simple columnar;
(D) pseudostratified ciliated columnar, with goblet cells: (E) transitional; (F) stratified squamous
nonkeratinizing; (G) stratified squamous keratinizing.



Loose
connective
tissue

Serous unit

Lumen

Basophilic

c lasm
Plate 4-2 IR

Parotid gland showing serous
secretory units,

Serous Serous
demilune unit

Mucous
unit

Lipid in
fat cell
Plate 4-3 Lumen of
Mixed salivary gland mixed

showing mixed, mucous, and
serous secretory units. The
mixed secretory units are
capped by serous demilunes.

secretory
unit

Interlobular Interlobular
dus septum
N

Intralobular
ducts

Plate 4-4

General features of a compound

exocrine gland (submandibular,
low power).




Loose Connective Tissue and Adipose Tissue

Chapter 5

Mast cells Capillary

Collagen fiber

Fibroblast nuclei

Plate 5-1

Elastic fiber Loose conneclive tissue (spread
stained with Weigert's
hematoxylin, eosin, and
resorcin-fuchsin).

Plate 5-2
Basement membranes (renal
corpuscle of kidney; PAS stain).




Loose Connective Tissue and Adipose Tissue

Negative Golgi image

Basophilic
cytoplasm

Nucleus of
plasma cell

Plate 5-3

Plasma cells in loose connective tissue.

Blood vessels

Phagocytosed
particle

Macrophages at a site of acute inflammation, showing their characteristic bean-shaped nucleus and
large ingested particles.
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Plate 6-1
Erythrocytes, leukocytes, and platelets
(peripheral blood film, Wright's blood
stain). (A) Polychromatophilic
erythrocyte: (B) erythrocyte (mature);
(C) platelets; (D) band neutrophil;
(E) neutrophil (mature); (F) eosinophil;
(G) basophil; (H) monocyte;

(/) degenerating neutrophil; (J) large
lymphocyte: (K) small lymphocyte.




Blood Cells

Mature erythrocyte

Reticulocytes

Plate 6-2

Peripheral blood reticulocytes (rabbit, reticulocyte count increased through prior bleeding; stained
with brilliant cresyl blue). Residual RNA in reticulocytes appears as a wreath-like network or
scattered particles.




Chapter 7

Plate 7-1

Microscopically recognizable stages of
erythroid and granulocytic maturation
(bone marrow film, Wright’s blood
stain). (A) Proerythroblast;

(B) basophilic erythroblast;

(C) polychromatophilic erythroblast;
(D) normoblast; (E) polychromatophilic
erythrocyte; (F) erythrocyte (mature);
(G) myeloblast; (H) promyelocyte;

(D) neutrophilic myelocyte;

(J) neutrophilic metamyelocyte;

(K) band neutrophil.



Myeloid Tissue, Lymphoid Tissue, and Immune System

Plate 7-2

Megakaryocyte, showing its large
multilobed nucleus (bone marrow film,
Wright's blood stain).

Septum
between
Cortex  Medulla lobules Small lymphocytes in medulla

Blood
vessel

Thymic
corpuscle

Epithelial
reticular
cell

A B

Plate 7-3
Thymus from a child. (A) Very low power; (B) medulla showing thymic corpuscles.




Myeloid Tissue, Lymphoid Tissue, and Immune System

Crypt

Small lymphocytes
of lymphoid follicle

Loose
connective tissue

Plate 7-4
Lymphoid follicle associated
with epithelial lining of smal
intestine.

Lymphoid follicles
with germinal
centers

Capsule

Subcapsular sinus

Medullary
sinuses

Plate 7-5
Lymph node and associated tissues (low power).
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Secondary
lymphoid Sinusoids in
follicle Capsule red pulp

Sheathed
(central)
artery

Primary
lymphoid
follicle

Trabecula

Trabecula

Plate 7-6
Periphery of the spleen (low power). The splenic white pulp stains dark blue because it contains an

abundance of small lymphocytes.
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Chapter 8

Cell nests

Plate 8§-2
Tracheal cartilage, showing hyaline cartilage with perichondrium.

Bone, and Joints

Plate 8-1

Reticular layer of dermis of
skin, showing dense ordina:
(fibrous) connective tissue,
irregularly arranged. Substa
collagen bundles lie in varic
planes with compressed nuc
fibrocytes scattered betwees

Cartilage matrix

Fibrous perichondrium
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Collagen bundies Chondrocytes

Quadriceps
femoris

Patella

Plate 8-3

Fibrocartilage of the knee joint (rat). (A) Longitudinal section of the joint (scanning power for
orientation). Upper box indicates an attachment of the tendon of the quadriceps femoris muscle to
the patella. Lower box indicates another attachment site where fibrocartilage is commonly present.

(B) Fibrocartilage of the tendon attachment (high power). (C) Fibrocartilage attachment to hyaline
cartilage (high power).
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Chondrocytes
in lacunae

Elastic fibers
in matrix

Plate 8-4

Elastic cartilage (external ear).
Elastic fibers appear bright pink;
chondrocyte lacunae appear
white.

Plate 8-5
Cancellous bone (low power).

Plate 8-6

Osteoclast in resorption cavity, showing its
multiple nuclei and comparative size.
Arrowheads indicate a resorption surface.
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Mate 8-7

Synmopsis of endochondral ossification, (A4) Condensed mesenchymal cells differentiate into
chondeoblasis. (B Carlaginous midregon caleilies; subpenosieal bhony collar develops.

(07 Central caleified carilage erodes; periosteal bud grows in and establishes primary {diaphyseal)
center of ossification; medullary cavily appears. (12 Postnatally, secondary (epiphyseal) centers
develop. (Top series) Bony trabeculae with cores of calcified cartilage are formed. (fnves) Primary
and secondary centers in long and short bones. (£) Typical long bones have a primary center and a
secondary center al each end (tibia). (#) A long bone with a primary center and a single, proximal

secondary center (phalanx). (G A short bone with a primary center but no secondary centers
(lunate bone of wrisch.
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Vessels at epiphyseal border

Epiphyseal marrow

Epiphyseal bone matrix

Bony trabecula

Plate 8-8
Component zones and blood supply of an epiphyseal plate (rat). (1) Resting zone; (2) proliferating
zone; (3) maturing zone; (4) calcifying zone.

:llnner circumferential lamellae

Haversian systems

Quter circumferential lamellae

Plate 8-9
Compact bone of the diaphyseal cortex (mature long bone, transverse section). Inner and outer
diaphyseal surfaces are smoothed off with circumferential lamellae.
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Hyaline cartilage

Calcified cartilage

Plate 8-10
Articular cartilage (knee joint of rabbit).



Nervous Tissue and Nervous System

Chapter 9

Nucleolus Niss! body

Blood vessel

Neuron Plate 9-1
Cell body of a multipolar neuron
(spinal cord anterior horn cell)
showing its large nucleus,
conspicuous nucleolus, and
basophilic Nissl bodies.

Dura mater Subarachnoid space

Spinal nerve
roots

Anterior horn
cells in
gray matter

Anterior median
sulcus

Plate 9-2
Histologic features of the spinal cord and associated structures (low power).
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Nervous Tissue and Nervous System

Subarachnoid Arachnoid villus .
space containing Dural sinus

cerebrospinal fluid o Roof and trabeculae
: of arachnoid

@ \

Small blood vessels Gray matter of Perivascular space
cerebral cortex lined by pia

Pia

Plate 9-5
Schematic diagram of meninges, showing the pathway by which cerebrospinal fluid drains into
dural sinuses from arachnoid villi.

Capsule cells

Ganglion cell

Plate 9-6
Spinal (dorsal root or posterior root) ganglion, showing spinal ganglion cells enclosed by capsule
cells.



Nervous Tissue and Nervous System

Perineurium
Capillary

Myelin space
Schwann cell nucleus
Fibroblasts nucleus

of endoneurium
Axon

Fascicles

Plate 9-7

Histologic appearance of a large peripheral nerve (transverse section). (A) Nerve fascicles and
perineurium (low power). (B) Part of a nerve fascicle, showing myelinated axons of various
diameters and the investing perineurium.,

Smooth muscle cell

Nuclei of Schwann cells

Ganglion cell

Plate 9-8

Representative region of myenteric (Auerbach’s) plexus in the duodenum, showing autonomic
ganglion cells and nuclei of plexus-associated Schwann cells, (To locate this plexus, refer to
Fig. 13-9.)



Muscle Tissue

Chapter 10

Muscle fiber
nuclei (peripheral) Striations Fibroblast nucleus Myofibrils

Plate 10-1

Skeletal muscle fibers seen in longitudinal section (A) and transverse section (B), showing
striations, myofibrils, and peripheral nuclei (oil immersion).

Muscle fiber Branching

e ; Endothelial cel
nuclei (central) fiber Capillaries in endomysium

Myofibrils  nucleus

Plate 10-2
Cardiac muscle fibers seen in longitudinal section under medium power (A) and in fransverse

section under o1l immersion (B), showing branching muscle fibers, myofibrils, central nuclei, and
endomysium (sheep’s heart).



Muscle Tissue

Muscle fiber
nuclei (central) Connective tissue Central nuclei

Plate 10-3
ntestinal smooth muscle fibers seen in longitudinal section (A) and transverse section (B), showing
central nuclei and adjacent loose connective tissue (oil immersion).
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Circulatory System

Smooth muscle of media

Connective tissue of adventitia

Plate 11-1

Muscular (distributing) artery
with accompanying vein
(abdominal mesenteric adipose
tissue, low power).

Intima

Media

Plate 11-2

Elastic artery (aorta, low power).
Arrowheads indicate vasa
vasorum,




Circulatory System

Lymphatic Capillary

3

and venule, along with

and lymphatic (abdominal

¢ adipose tissue, high power).

Endothelium

Adventitia

4
’ena cava, showing
wuscle and collagen
of the adventitia (low

Arrowheads indicate vasa Collagen Longitudinal bundle
bundle of smooth muscle
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Integumentary System

Chapter 12

j

Plate 12-1
Thick skin (A) compared with thin skin (B), under very low power. The superficial stratum
comeum on the epidermis is substantially thicker in A than in B.

Plate 12-2
Eccrine sweat gland, showing the characteristic appearan
of its secretory portion and duct.




Integumentary System

Internal root
sheath

Arrector pili muscle Sebaceous gland
Sweat gland

Epidermis
Darmis
Connective
fissua sheath
Pigment in
matrix calls

Papilla of
hair follicla

Subcutanaous

tissue \ e ¥ ﬁ,'g” 5

Plate 12-3
{A) Scalp, showing hair follicles and their associated appendages (very low power). (8) Base of a
hair lallicle, showing the dermal papilla and sheaths around the base of the hair (mediuom power).

p External
Hair root sheath

Dead cells
forming
sabum

Sebaceous
gland

Arractor pili

Plare 12-4 muscla

Upper part of a hair follicle, showing its
associated sebaceous gland,




Digestive System

Chapter 13

Intralobular duct

Serous secretory unit

Plate 13-1
Parotid gland, showing its serous secretory units and an intralobular duct (medium power).

Muscularis
mucosae Submucosa Epithelium

Plate 13-2

Esophagus (middle third, very low
Submucosal Lymphoid Muscularis power). The muscularis externa
esophageal follicle externa contains skcletal muscle with some

gland smooth muscie.



Digestive System

Submucosal
core of ruga

Mucous columnar Fundic
cells glands Pit Parietal cells

&b

Submucosa Muscularis mucosae Chief cells

Plate 13-3
Stomach (fundic region). (A) Full thickness of wall, showing the internal rugae (very low power).
(B) Mucosal epithelium, pits, and fundic glands (low power). (C) Fundic glands (high power).



Columnar epithelium

Villi

Lamina propria

Crypts

Muscularis mucosae

Brunner's glands
in submucosa

Plate 13-4
(A} Duodenum, showing submucosal Brunner’s glands (longitudinal section, very low power). (B)
Duodenal villi, crypts, and Brunner’s glands (low power).
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Digestive System

Villi with cores of
= lamina propria

Crypts

Muscularis mucosae

Lymphoid follicles
{Peyer's patches)

Submucosa

late 13-5 s —= Muscularis externa
leum, showing Peyer’s patches

very low power).

Submucosal
cores of plicae

Absorptive columnar
cells

Goblet cells

Lymphoid follicle
in lamina propria

Crypts in lamina
propria

Muscularis mucosae

late 13-6
4) Large intestine (longitudinal section, very low power). (B) Colon mucosa, showing crypts
medium power).



Digestive System

Crypts in
lamina propria

Muscularis
mucosae

Confluent lymphoid
follicles extending
into submucosa

Muscularis
externa

Plate 13-7
Appendix. (4) Very low power view. (B) Representative part of the wall (low power).

Interlobular septum Acinus

Plate 13-8
Pancreas, showing general
features (low power). Pancreatic

intralobular ducts are
Interlobular duct Intralobular duct Islet Inconspicuous.




Digestive System

Centroacinar cell nuclei

Plate 13-9

Pancreatic acini, showing nuclei of
pancreatic centroacinar cells (oil
immersion).

Acinar cells

Plate 13-10
Liver, showing its general appearance (low power),




Digestive System

Plate 13-11

Classic liver lobule boundaries
(human liver). Arrowheads indicate
the position of portal areas, A central
vein may be recognized in the middle
of the lobule. It is evident from
observing Plates 13-10 and 13-11 tha
normal human liver lacks
conspicuous interlobular fibrous
septa.



Respiratory System

Chapter 14
Esophagus

Smooth muscle
(trachealis)

Respiratory
epithelium

Hyaline cartilage

Submucosal glands

Thyroid

Plate 14-1
Trachea (of child, very low power).

Respiratory portion of lung Submucosal glands (mixed)

g ¥

Smooth muscle

Lamina propria

Respiratory
epithelium

Hyaline cartilage

Dense ordinary
connective tissue

Plate 14-2
Intrapulmonary bronchus (in child’s lung).



Respiratory System

Respiratory portion
of lung

Simple columnar
ciliated epithelium

Smooth muscle

Plate 14-3 .
Bronchiole (in child’s lung). Smooth muscle is fairly evident in this comparatively large

bronchiole.




Urinary System

Chapter 15

Renal corpuscle

Convoluted tubules

Interlobular blood
vessel

Medullary ray

Corticomedullary
border

Vasa recta in
medulla

Plate 15-1
General features of the kidney cortex, showing renal corpuscles, medullary rays, and the position of
the corticomedullary border (very low power).

Tubular pole of
renal corpuscle Distal convoluted tubule

Proximal convoluted

tubule

Macula densa

Afferent arteriole
Plate 15-2
Renal corpuscles, showing the
arteriolar blood supply and

adjacent kidney tubules (kidney;
PAS stain).




Urinary System

Transi