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Foreword

In this book, concerned with the spatial and structural repre­
sentation of the cell and its particular specializations, the
author has deviated considerably from the usual plan for other
books related to this subject and has presented the illustrative
material in the form of detailed and accurate drawings. The
layout of the book provides the reader with a brief narrative
account of the particular organelle accompanied by a full-plate
illustration on the facing page. Most of the narrative accounts
are accompanied by a short bibliography ofgermane references
in the event the reader desires to pursue the subject matter in
greater depth. In my estimation there is no other presentation
currently available which utilizes this approach to demonstrate
the cellular components and their associated morphophysi­
ology with such elegance.
The text is clearly written and, although the individual accounts
are brief, they are highly informative with all of the important
details being provided. The accuracy of the textural presenta­
tions and the continuity of expression provide strong evidence
that the author has spent an enormous amount of time in
preparing the text and in painstakingly drawing the illustra­
tions. Certainly, an obvious strength of this volume is the high
quality of the illustrative renditions, all ofwhich were drawn by
Dr. KRSTIC. These attest to the profound and comprehensive
nature of the author's knowledge of the field of cellular and
structural biology.
This book is truly a work of love and art by one who is gifted
both didactically and artistically. Dr. KRSTIC should be con­
gratulated for providing us with an extremely accurate and
detailed account of the 2-dimensional, and in many cases the 3­
dimensional, view of the cell and its component organelles. It
has no equal.
Whereas the volume was not designed as a text book, it will be
extremely valuable as a supplement to the more classical books
that cover this subject matter. Furthermore, it will provide
many with a concise and easy to follow review of a wide variety
of biomorphological elements. Dr. KRSTIC has a talent and a
perspective which is refreshing and allows a holographic view
of the cell and its specializations. The book should have
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widespread appeal among histologists, electron microscopists,
cell biologists and cytophysiologists. Every student and faculty
member should have a copy of this important volume within
easy reach.

San Antonio, Texas, Summer, 1985
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Preface to the English Translation

Following two reprints of the German original and publica­
tion of a Japanese edition, the English translation of this atlas
is now presented.
The translation of the book amounts to a new edition. Some
textual changes compared with the German original have been
required by the progress made in histology over the past few
years. Some drawings have been altered in the light of new
discoveries, or to facilitate comprehension. Recent references
have also been added. The terminology in the present work is
in keeping with that in my book Illustrated Encyclopedia of
Human Histology (Springer 1984).
As stated in the preface to the German edition, this atlas is not
intended to replace a textbook of histology; its goal is simply
to complement other histological texts with three-dimensional
drawings, illustrating general histology subjects and making
them easier for the student to digest.
Aside from my cordial thanks to Springer-Verlag for its
initiative concerning the present translation, I am most obliged
to Mr. STEPHEN FORSTER for his very competent translation and
to Mrs. D. NICOLAS for help in the preparation of this book.
Fully conscious of the existence of deficiencies in such an atlas,
I remain open and thankful for any constructive criticism from
the benevolent reader.

Le Mont-sur-Lausanne, Summer 1985 R. V.KRSTIC
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Preface to the German Edition

The spatial interpretation of histological structures usually
presents great difficulties to the less experienced. The images
produced by transmission electron microscopy lack depth,
and scanning electron micrographs, though often impressive,
provide virtually no information about the inner structure of
cells and tissues. Drawings can remedy these deficiencies by
simultaneously depicting the internal and external morphol­
ogy. For this reason, I decided to illustrate the subject matter
of general histology largely by means of three-dimensional line
drawings, a procedure I employed with cell structure in
Ultrastructure of the Mammalian Cell (Springer, 1979).
The material in the present work has been arranged in
accordance with the usual systematic approach adopted by
textbooks of histology. This atlas is intended to supplement,
not replace, a textbook and as such serves to clarify and
expound the tissue structure of humans and animals for those
studying or engaged in medicine, veterinary science, biology,
and electron microscopy, for the physician wishing to further
his knowledge, as well as for the interested layman.
The didactic concept of this book is based on a gradual intro­
duction to the complexities of tissue structures and this inevi­
tably entails a certain degree of repitition. In many drawings,
it was impossible to present all details and faithfully reproduce
all proportions. Here, I beg the reader's indulgence.
The references I have cited for further reading do not neces­
sarily relate to the plate in question, but deal generally with the
tissue under discussion. In many cases, reference is made to
plates in my earlier atlas Ultrastructure of the Mammalian Cell,
where the reader will find additional information.
I am most grateful to Prof. G. AUMULLER, Marburg on Lahn,
for his kindness in critically reading the manuscript. I extend
very warm thanks to Prof. OTTO BUCHER, the head of my
institute, for his valuable comments and suggestions for im­
provement. I also thank Ms. CHRISTA THOMMEN and Mr.
PIERRE-ANDRE MILLIQUET for technical assistance with the
transmission and scanning electron-microscopic preparations
that served as the basis for my drawings, Ms. HELMTRUD
BRUDER-GERVERDINCK for language editing, Ms. SIMONE EVANS
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and Mrs. MARLIS VAN HOOYDONCK for typing the manuscript,
and, not least, the Springer-Verlag for respecting my wishes
with regard to the layout of the book.
I am always open to suggestions for improvement and con­
structive criticisms on the part of the reader.

Le Mont-sm-Lausanne
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INTRODUCTION _

Plate 1. Origin of Tissues

The development of tissues begins at the
moment of fertilization, i. e., upon the
union of a spermatozoon (Fig. A 1) with
an ovum (Fig.A2). The nucleus of the
ovum and the head of the spermatozoon,
both of which possess only half the full
chromosomal complement, swell and
form the female and male pronuclei. The
two pronuclei double their deoxyribonu­
cleic acid content, fuse, and thus form the
nucleus of the first cell (zygote) of the new
organism.

The zygote (Fig. B) divides mitotically along a
meridional cleavage plane (Fig. B1) into two
daughter cells - blastomeres (Fig. C). Further
meridional and equatorial divisions, following in
rapid succession, produce 4, 8, 16, etc. blastomeres
(Fig. D), which develop into a mulberry-shaped mass
of cells, the morula (Fig. E). The inner cells, which
give rise to the embryo, are referred to as the em­
bryoblast (Fig.El), and the outer cells, which later
form the nutritive organ of the embryo, the tropho­
blast (Fig. E 2). The blastocyst (Fig. F) or blastula de­
velops by the gradual accumulation of fluid between
the embryoblast (Fig.Fl) and trophoblast (Fig.F2).
Initially, small spaces form which soon coalesce,
creating the large cavity of the blastocyst, the blas­
tocoele (Fig. F 3).
About 1 week after fertilization (days 7-8), a small
cleft can be observed in the embryoblast (Fig. G 1),
which widens into the amniotic cavity (Fig. G2). The
base of this cavity, toward the blastocoele (Fig. G3),
consists ofa layer ofcolumnar cells, which represents
the embryonic ectoderm (Fig. G4). The extraem­
bryonic cells opposite the ectoderm transform into
the amniotic epithelium (Fig. G5).
Beneath the ectodermal cells (Fig. H 1) a layer of cu­
boidal cells, the endoderm (Fig. H 2), develops by de-
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lamination. The free ends of this layer approach one
another (arrows) and fuse. In this manner, the bilami­
nar embryonic disc and yolk sac (Fig. H 3) are estab­
lished.
Seven days later, ectodermal cells migrate along the
primitive streak between the layers of ectoderm and
endoderm (Fig. I 1, 2), forming the middle germ layer,
the mesoderm (Fig. I 3). The embryonic disc is now
trilaminar.
A section through this structure is presented three-di­
mensionally in Fig.J. Between the ectodermal and
endodermal cells (Fig. J 1, 2), the insertion of the me­
sodermallayer (Fig. J 3) can be seen.

All groups of tissues (Figs.K-N) develop
from the trilaminar germ layer. Each germ
layer has specific functions, though it does
not possess histogenetic specificity, since
the same type of tissue can emerge from
different germ layers. Thus, all three germ
layers give rise to epithelial tissue (K).
Nervous tissue (L), except for microglial
cells (see Plate 156) which develop from
the middle layer, originates from the ecto­
derm. Connective, supporting (M), and
muscular (N) tissues derive from the me­
soderm; exceptions are the iris muscles
and the myoepithelial cells of some
glands, which are of ectodermal origin.

Magnifications: Figs. A, F, x 300;
Figs. G, I, x 150; Fig. J, x 100;
Fig. K, x 700; Fig. L, x 450;
Fig. M, x 550; Fig. N, x 450

(Note: all magnifications cited in this atlas
are orientational values)
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INTRODUCTION _

Plate 2. Some Basic Terms: Differentiation, Tissue, Histology,
Histophysiology, Closed and Wide-Meshed Cell Unions

It was stated in Plate 1 that all tissues de­
rive from one zygote. Cell multiplication
alone, however, does not give rise to a ma­
ture tissue; the latter also requires differ­
entiation.
Differentiation signifies a gradual special­
ization of cells toward their subsequent
functions by means of the appearance of
characteristic structures (gliofibrils, myo­
fibrils, neurofibrils, tonofibrils).
The development of two tissues and an or­
gan is schematically presented in Fig. A.
The histogenetic process commences with
the formation of a zygote, i. e., four to
eight blastomeres (Fig. A1). By the pro­
cess of division and differentiation, the
two types of cell, A2 and A3, are formed,
each of which gives rise to a tissue. It is
possible, therefore, to define a tissue as a
union of identically differentiated cells
which may also be complemented by spe­
cific noncellular structures. Histology,
with histophysiology, is the branch of
science dealing with the structure and
functions of the various tissues of the
body. Two or more tissues together with
the nervous and vascular systems com­
prise an organ (Fig. A4).
Two basic types of cell union can be dis­
tinguished according to morphology: In
closed cell unions, e. g., epithelial tissue
(Fig. B1), the intercellular spaces are
usually very narrow (from 20 nm to sev­
eral micrometers); in a wide-meshed cell
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union, e. g., connective tissue (Fig. B2),
the intercellular spaces are significantly
wider and contain intercellular sub­
stance.
The central nervous system (CNS) may be
regarded as a closed cell union. Here, the
intercellular spaces are almost of the same
width as in many epithelial tissues.
Figure C shows an electron-microscopic
magnification of part of the body of a
nerve cell (Fig. C 1), around which are a
great many closely packed cell processes
of unmyelinated (Fig. C 2) and myelinated
(Fig. C3) nerve fibers.
The circular inset illustrates the similarity
in width of the intercellular spaces in epi­
thelial tissue (Fig. B1) and the CNS: A
gap (arrow), about 25 nm wide, is lined by
two trilaminar unit membranes, approxi­
mately 12 nm across.

Magnifications: Fig. B, x 700;
Fig. C, x 3,500; circular inset, x 85,000

REFERENCES
Bellairs R (\974) Cell differentiation. In: Beck F,
Lloyd JB (eds) The cell in medical science, vol 2.
Academic, London

Flickinger RA (1982) Evolutionary aspects ofcell dif­
ferentiation. Int Rev Cytol 75:229-241

Monroy A (ed) (1978) Cell differentiation. Elsevier/
North Holland, Amsterdam

Nover L, Luckner M, Parthier B (eds) (1982) Cell dif­
ferentiation. Springer, Berlin Heidelberg New
York
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INTRODUCTION _

Plate 3. Four Tissue Groups

The bodies of humans and other mam­
mals are made up of four major tissue
groups. These are (illustrated by ex­
amples):

A) Epithelial tissue or epithelia [section of
skin with epidermis and sweat (1) and se­
baceous (2) glands];
B) Connective and supporting tissue
(loose connective tissue);
C) Muscular tissue (cardiac muscle);
D) Nervous tissue (section of gray matter
of the brain).
Epithelial tissue is subdivided into three
major groups - surface epithelia, glandu­
lar epithelia, and sensory epithelia. The
latter will not be dealt with in this book.
Surface epithelia form a lining over the en­
tire outer and inner surfaces of the body.
Glandular epithelia comprise cells that are
specialized for external and internal secre­
tion.

6

Connective tissue fulfills important meta­
bolic and defensive functions in the organ­
ism, whereas supporting tissue plays
largely a mechanical role.
(Blood is considered as the fluid con­
nective tissue, but it will be not treated in
this book.)
Muscular tissue, by virtue of the contrac­
tility of its cells or fibers, effects move­
ment of the body and inner organs.
The highly differentiated nervous tissue is
primarily responsible for receiving, trans­
mitting, and processing information, orig­
inating from the environment or from
within the body itself.
The plates in this book provide a system­
atic description of all the tissues referred
to above.

Magnifications: Fig. A, x 70;
Fig. B, x 400; Fig. C, x 700;
Fig. D, x450
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INTRODUCTION

Plate 4. Growth, Regeneration, Hyperplasia, Hypertrophy, Atrophy,
Involution, Degeneration, and Necrosis

The basic faculty of cells to utilize high­
molecular-weight, organic substances
(primarily proteins) to form and replicate
their living mass is termed growth. During
embryonic development and in young or­
ganisms, growth mainly consists of cellu­
lar multiplication, achieved by mitotic di­
ViSIOn.

Physiological regeneration is the ability to
replace lost cells in the tissues by cells
identical to those lost. It is possible to dis­
tinguish two types of regeneration - con­
tinuous (blood cells, some epithelia; Plate
47) and cyclic regeneration (mucous coat
of uterus; Plate 47). Reparative regenera­
tion occurs following pathological tissue
loss or after the operative removal of tis­
sues or organs.
Regenerative power is inversely related to
the degree of differentiation: Poorly dif­
ferentiated tissues retain the ability to re­
generate, whereas this ability is largely or
completely lost to highly differentiated tis­
sues (muscular and nervous tissue). When
increased functional demands are made
on tissues with good regenerative power,
they adapt by increasing the number of
their cells. This process is termed numeri­
cal growth or hyperplasia (Fig. AI).
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In tissues whose powers of division are
limited or no longer existent, adaptation
to increased demands simply takes the
form of an increase in the size of the cells.
This increase in volume is referred to
as volumetric growth or hypertrophy
(Fig.A2).
Conversely, reduced demands on the out­
put of cells, tissues, and organs lead to a
reduction in function and volume termed
atrophy (Fig. B).
Involution largely signifies a reduction in
the number of cells (Fig. C). Degeneration
(Fig. D) is associated with metabolic dis­
orders, which can lead to the death ofcells
or tissues. Necrosis is the rapid circum­
scribed death of cells or tissues (Fig. E).

REFERENCES
Anderson WA, Sadler W (eds) (1982) Perspective in
differentiation and hypertrophy. Elsevier/North
Holland, New York

Bellairs R (1974) Cell growth and morphogenesis. In:
Beck F, Lloyd JB (eds) The cell in medical science,
vol 2. Acadentic, London

Nicolini C (ed) (1982) Cell growth. Plenum, New
York

Wyllie AH, Kerr JF, Currie AR (1980) Cell death:
The significance of apoptosis. Int Rev Cytol
68:251-306
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INTRODUCTION _

Plate 5. Metaplasia

Metaplasia signifies the transformation of
one mature, differentiated tissue into an­
other, related, mature, differentiated tis­
sue. Metaplasia is only possible within the
same tissue group and can only occur in
the epithelial and connective tissues. Epi­
thelial tissue cannot transform into con­
nective, supporting, or muscular tissue,
neither can muscular tissue become ner­
vous tissue. Metaplasia of smooth muscle
into striated or cardiac muscle, and vice
versa, is not possible. This plate illustrates
some examples ofmetaplasia.
If the ductus deferens of a rat is experi­
mentally converted to function as a ureter,
the pseudostratified epithelium of the duc­
tus deferens (Fig. A1) transforms into the
transitional epithelium of the ureter
(Fig. A2). This metaplasia may be re­
garded as functional adaptation.
Long-term irritation causes the ciliated
epithelium (Fig. B1) of the trachea to be
largely replaced by nonkeratinized strati­
fied squamous epithelium (Fig. B2). Ab­
normal chronic mechanical irritations
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can bring about the transformation of
nonkeratinized squamous epithelium
(Fig. C 1) into keratinized squamous epi­
thelium (Fig. C2).
Metaplasia is possible, to a limited extent,
among the connective tissues; thus, reticu­
lar tissue (Fig. D1) can transform into adi­
pose tissue (Fig. D 2). In the class of sup­
porting tissues, however, metaplasia can­
not take place: Hyaline cartilage (Fig. E 1)
cannot change into bone (Fig. E 2).
All the above processes of metaplasia are
reversible; if the pathological irritation or
functional demand disappear the original
tissue returns (broken arrow).

Magnifications: Fig. A1, x 800;
Fig. A2, x 550; Fig. B1, x 550;
Fig. B2, x 150; Fig. C 1, 2, x 150; Fig.
D1,2, x 400; Fig. E1, 2, x 150

REFERENCE
Woodworth CD, Mossman BT, Craighead JE (1983)
Squamous metaplasia of respiratory tract. Lab In­
vest 48:578-584
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INTRODUCTION

Plate 6. Transplantation, Implantation, and Explantation

The removal of a tissue or organ from its
natural environment in the body and its
transfer to another position in the body of
the same or a different individual is
termed transplantation or grafting. Sev­
eral possibilities of grafting exist.
In autoplastic transplantation (autograft­
ing), tissues or organs are transferred
within the same individual (Fig. A).
Isoplastic transplantation (isografting)
signifies that the grafting occurs between
genetically identical individuals of the
same species (monozygotic twins, animals
of a pure inbred stock; Fig. B).
When an individual receives tissues or or­
gans from a genetically nonidentical
member of the same species this is termed
homoplastic transplantation (homograft­
ing; Fig. C). The best-known example of
this is blood transfusion.
The final possibility of grafting, het­
eroplastic transplantation (heterograft­
ing; Fig. D), concerns the transfer of tis­
sues or organs from individuals of one
species to individuals of another.
One of the major determining factors in
the success of transplantation is the regen­
erative power of the grafted tissue; tissues
with good regenerative abilities are easier
to transplant than highly differentiated
tissues. Another very important condition
for a successful transplantation is the im­
munological similarity between donor
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and recipient (histocompatibility). If the
differences are too great, an immunologi­
cal reaction will result, which can lead to
rejection of the transplant (graft rejection,
see Plate 115).
The insertion of artificial blood vessels
(Fig. E 1), cardiac valves (Fig. E 2), articu­
lar surfaces (Fig. E3), etc., made of metal
or plastic, as well as electrical devices
(e. g., pacemakers; see Plate 142) into an
organism is termed implantation. Explan­
tation signifies the transfer of pieces of tis­
sue into a natural (blood plasma and tis­
sue extract) or artificial culture medium
(Fig. F). Here, the explants can be taken
both from embryos (e. g., incubated eggs;
Fig. F 1) and from fully developed organ­
isms (Fig. F 2).
Auto-, iso-, and homotransplantation
serve to replace diseased or lost parts of
the body, whereas heterotransplantation
and explantation are of interest to biolog­
ical and medical research.
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EPITHELIAL TISSUE _

Plate 7. Classification of Surface Epithelia.
Modified from BUCHER 1980

Surface epithelia are closed, avascular,
but innervated cell unions that cover and
protect the underlying connective tissue.
The various types of surface epithelium
are depicted in this plate.
One criterion in differentiating pseudo­
stratified from stratified epithelia is the re­
lationship between the cells and the basal
lamina (arrows). In the case of pseudo­
stratified epithelia, all cells are in contact
with the basal lamina though they do not
necessarily extend to the epithelial sur­
face. In stratified epithelia, on the other
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hand, only the basal cells are in contact
with the basal lamina.
Stratified epithelia are named according
to the shape of the cells that form the sur­
face. Thus, the surface cells are prismatic
in stratified columnar epithelia and plate­
like in stratified squamous epithelia.

REFERENCE
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skopische Anatomie des Menschen, 10th edn.
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EPITHELIAL TISSUE _

Plate 8. Localization of Various Surface Epithelia

This plate indicates, though without aim­
ing to be complete, the distribution of sur­
face epithelia in an organism.
Simple squamous epithelia (Fig. A) pri­
marily line heart and body cavities (endo­
cardium, pleura, peritoneum), all vessels,
etc. Simple cuboidal epithelium (Fig. B) is
not so widely distributed; it occurs in vari­
ous parts of the renal tubules, choroid
plexus, pigment epithelium of the retina,
etc. Simple columnar epithelium (Fig. C)
with cilia (kinocilia) is found in the ovi­
ducts and uterus (Fig. C 1), from the car­
diac orifice to the anus as a lining of the
intestinal tract (Fig. C2), in the large col­
lecting tubules, in the papillary ducts of
the kidney (Fig. C3), etc.
Pseudostratified columnar epithelium
with and without stereocilia (Fig. D 1, 2) is
found in the ductus epididymidis and duc­
tus deferens; a pseudostratified epithelium
with cilia (Fig. E) is present in the respira­
tory tract (nasal cavities, trachea, bron­
chial tree).
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Transitional epithelium (Fig. F) is found
specifically in the urinary tract (renal pel­
vis, ureter, bladder, initial section of the
urethra).
Stratified columnar epithelium (Fig. G) is
uncommon: It is largely found in transi­
tional areas between stratified squamous
and pseudostratified columnar epithelia
(palate, epiglottis, fornix conjunctivae)
and in part of the urethra.
Nonkeratinized stratified squamous epi­
thelium (Fig. H) occurs in areas subject to
greater mechanical stress, such as the oral
cavity, esophagus, anus, vagina, and ante­
rior epithelium of the cornea. This type of
epithelium has to be constantly moistened
by glandular secretion.
Keratinized stratified squamous epithe­
lium (Fig. I) as the epidermis forms part of
the skin. This epithelium protects the or­
ganism from physical and chemical noxae
and hinders desiccation (perspiratio in­
sensibilis).
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EPITHELIAL TISSUE

Plate 9. Surface Epithelia. Simple Squamous Epithelium.
Example: Vascular Endothelial Cells from a Small Vein of the Rat

This type of epithelium forms an inner
coating of the heart and blood and lymph
vessels.
On the inner surface of a vein (Fig. A),
longitudinal, spindle-shaped, flattened
epithelial cells are evident. Some of these
cells (inset) are depicted three-dimension­
ally in Fig. B.
The cytoplasm of the endothelial cells is
flattened; the nucleus-containing portion
(Fig. B1) of the cell body bulges into the
vascular lumen. The cells display elon­
gated interdigitations (Fig. B2); the cell
boundaries can be visualized with silver
staining of the intercellular matrix sub­
stance (Fig. C). The junctions between the
cells are strengthened by zonulae occlu­
dentes (Fig. B3) and are frequently
covered by short marginal folds (Fig. B4).
Fairly numerous microvilli (Fig. B5) are
found on the free cell surface, especially in
the vicinity of the nucleus. They are par­
ticularly numerous on resorptive squa­
mous epithelial cells ofmesodermal origin
(mesothelium), which line the pleural and
peritoneal cavities. Mesothelial cells (see
Plates 56, 57) have a similar appearance to
endothelial cells. The spherical structures
on the cell surface (Fig. B6) possibly orig­
inate as a result of exocytosis (expulsion)
ofcell products. The minute invaginations
on the free cell surface (Fig. B7) are
micropinocytotic vesicles.
The cytoplasm of endothelial cells con­
tains a few mitochondria (Fig. B8), some
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cisternae of rough endoplasmic reticulum
(Fig. B9), and the Golgi apparatus
(Fig. B 10). Simple squamous epithelium
lies, like all other epithelia, upon a basal
lamina (Fig. B 11). Collagen microfibrils
(Fig. B 12) separate this basal lamina from
the basal lamina (Fig. B 13) surrounding
smooth muscle cells (Fig. B14).
Within the blood vessel, the endothelial
cells provide a smooth surface so as to
hinder blood coagulation.

Magnifications: Fig. A, x 220;
Fig. B, x 14,000; Fig. C, x 700
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EPITHELIAL TISSUE

Plate 10. Surface Epithelia. Simple Squamous Epithelium.
Example: Endothelium of the Rat Cornea

Simple squamous epithelium, the so-cal­
led corneal endothelium, lines the poste­
rior surface of the cornea (Fig. A). The cell
boundaries can be visualized distinctly
with silver staining, just as in vascular en­
dothelium.
The forms of the cells and their interdigi­
tations can be easily seen with increased
magnification. The nuclei (Fig. B1) are
flattened; unlike vascular endothelial
cells, few microvilli (Fig. B2) are evident
on the cell surface. The corneal endothe­
lial cells lie on a thick Descemet's mem­
brane (Fig. B3), which also constitutes
their basal lamina. Two sets of collagen
microfibrils (Fig. B4), perpendicular to
one another, with interjacent processes of
corneal fibroblasts or keratocytes
(Fig. B5), can be seen.
Pulmonary alveoli are also lined with
simple squamous epithelium, which pre-
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dominantly consists of type I alveolar
cells. Their extremely thin cytoplasm per­
mits gas exchange and the passage of sol­
uble substances between blood and alveo­
lar air (see Plate 31).

Magnifications: Fig. A, x 65;
Fig. B, x 8,000
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EPITHELIAL TISSUE

Plate 11. Surface Epithelia. Simple Cuboidal Epithelium.
Example: Distal Tubule of the Nephron

Simple cuboidal epithelium occurs in
many glands and glandular ducts (see
Plates 37-39), various sections of the renal
tubules, choroid plexus (see Plate 12), and
as germinal epithelium of the ovary (see
Plate 76). Viewed in profile, the cells of
this epithelium have a cuboidal form; the
cells are, however, small prisms (hence the
alternative name "isoprismatic epithe­
lium").
A section from the distal tubule of the
nephron (Fig. A) is presented three-di­
mensionally in Fig. B. The cells of the dis­
tal tubule are approximately as wide as
they are high. In plan view, they largely
appear as hexagons. The round or oval
nuclei (Fig. B1) of this epithelium are pre­
dominantly located in the apical pole of
the cell; invaginations of the plasma­
lemma penetrate deep into the basal cell
pole. The whole of these invaginations
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form a basal labyrinth (Fig. B2), which
permits intensive transport of substances.
Part of the basal lamina (Fig. B3) has
been folded back so that the polygonal
pattern of the basal infoldings may be
seen. (See Plate 90 in KRSTIC 1979.)

Magnification: Fig. B, x 2,000
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EPITHELIAL TISSUE

Plate 12. Surface Epithelia. Simple Cuboidal Epithelium
from the Rat Choroid Plexus

The villous processes (1) of the choroid
plexus, which coats the roof of the third
and fourth ventricles as well as parts of
both lateral ventricles, are lined with cu­
boidal cells. Their free convex surface is
covered with numerous, long microvilli.
The round nuclei are primarily located in
the middle of the cell body. A basallaby­
rinth (2) is important in the transport of
metabolites.
Two blood capillaries (3) of the
fenestrated type can be observed in the in­
terior of the villous process. The basal
laminae between the epithelium and capil­
laries are not depicted for the sake of clar­
ity.
The epithelium of the choroid plexus is in­
volved in active secretion (production of
cerebrospinal fluid).

Magnification: x 3,300
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EPITHELIAL TISSUE

Plate 13. Surface Epithelia. Simple Cuboidal Epithelium.
Example: Pigment Epithelium of Human and Mouse Retina

A further type of simple cuboidal epithe­
lium is the pigment epithelium of the ret­
ina. It can be easily lifted from the connec­
tive tissue membranes of the eyeball,
mounted onto a microscope slide, and ob­
served unstained from above (Fig. A). In
this way, the polygonal forms of the cells
(Fig. A1) and the large numbers of
spindle-shaped melanin granules can be
seen.
In vertical section (Fig. B), the brownish
pigment epithelial cells (Fig. B1) are seen
to be quadrate. With their basal poles they
lie on a basal lamina; the apical portions,
in which are located many melanin gran­
ules (Fig. B2), come into contact with the
tips of the rods and cones (Fig. B3). Light
travels in the direction of the arrow.
Figure C depicts pigment epithelial cells
of the house mouse; this section roughly
corresponds to the inset in Fig. B. The
cells lie on a basal lamina (Fig. C 1), con­
tain a spherical or ellipsoidal nucleus, a
moderately developed basal labyrinth
(Fig. C 2), and more smooth (Fig. C3)
than rough (Fig. C4) endoplasmic reticu­
lum. Above the nucleus are located nu­
merous 2- to 4-J.1m-Iong spindle-shaped
melanin granules (Fig. C5), which conti­
nue into the long apical cell processes
(Fig. C6). The latter are inserted between
the outer segments (Fig. C7) of the rod
cells, the membranous discs (Fig. C8) of
which can be recognized.
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Upon exposure to light, the apical pro­
cesses, containing the pigment granules,
increase in length so that they surround
every outer segment. In this way, minute
camerae obscurae are formed around ev­
ery photoreceptor, and this considerably
improves the resolving power of the eye.
In darkness the processes shorten, the pig­
ment granules stream back into the cells,
and sensitivity increases at the expense of
resolving power. These so-called retino­
motor movements are much better de­
veloped in lower animals than in mam­
mals.

Magnifications: Figs. A, B, x 350;
Fig. C, x 5,600
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Plate 14. Surface Epithelia. Simple Columnar Epithelium
from the Rat Jejunum

This simple epithelium has a large dis­
tribution: It occurs in the gastrointestinal
tract from the cardiac orifice to the anus.
Figure A depicts part ofan intestinal villus
with columnar epithelium. The inset cor­
responds to the area in Fig. B.
The cells of simple columnar epithelium
(absorptive cells or enterocytes) are
slender; in cross section they have a poly­
gonal form. Neighboring cells are con­
nected by means of terminal bars
(Fig. B1) and fairly complicated interdigi­
tations. The intercellular spaces can be
widened, especially in the lower half of the
cell, according to the functional condition
of the epithelium. Lateral microvilli
(Fig. B2) then project into these spaces.
The nuclei of columnar cells are ellipsoi­
dal as a consequence of the shape of the
cell. In the cytoplasm are scattered numer­
ous mitochondria, a well-developed Golgi
apparatus, and cisternae of smooth and
rough endoplasmic reticulum. The micro­
villi (Fig. B3) of the apical pole are very
characteristic of these cells and constitute
an enormous increase in cell surface area.
The microvilli form the striated border,
which is also visible under the light micro­
scope.
Goblet cells (Fig. B4), which synthesize
and secrete mucous granules (Fig. B5),
are located between the columnar cells. In
common with other epithelial cells, ab-
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sorptive cells lie upon a basal lamina
(Fig. B6), which separates them from the
fenestrated capillaries (Fig. B7) and sub­
epithelial loose connective tissue (Fig. B8).
The kind of epithelium described here is
involved in absorption (see Plate 31).

Magnifications: Fig. A, x 80;
Fig. B, x 4,000
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Plate 15. Surface Epithelia. Simple Columnar Epithelium.
Example: Collecting Tubule of the Rat Kidney

In the upper part of the plate, an inter­
lobular artery (1) is depicted with an affer­
ent (2) and efferent (3) arteriole. A
nephron, the parts of which are - renal
corpuscle (4), proximal tubule (5), thin
segment (6), distal tubule (7), and con­
necting portion (8) - is joined to a collect­
ing tubule (9), which is lined with simple
columnar epithelium (10).
Part of the basal lamina (11) is folded
back, revealing the polyhedral basal sur­
faces of the epithelial cells. A similar pat­
tern can be recognized in the lumen of the
collecting tubule, corresponding to the
pattern on the cell surface.
The enlarged intercellular spaces (12) be­
tween the prismatic cells probably assist in
reabsorption of water from urine.
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Magnification of the sectioned collecting
tubule cells: x 900
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Plate 16. Surface Epithelia. Simple Columnar Epithelium
with Cilia from the Human Oviduct

Simple cuboidal epithelium from the mu­
cous coat of the oviduct consists of two
morphologically distinct types ofcell. One
type comprises the ciliated cells (1), which
contain a large nucleus and relatively well­
developed organelles. Numerous long
cilia (2) project from the apical surface;
their rootlets (3) extend to the nucleus.
Secretory or nonciliated cells (4) consti­
tute the second type of cell. They are also
columnar, rather more slender than the
ciliated cells, and have a protruding apical
surface, upon which only a small number
of microvilli are iocated. Their internal
structure corresponds to that of secretory
cells; in addition to the well-developed
rough endoplasmic reticulum and Golgi
apparatus, they contain mitochondria
and secretory granules (5). During the
menstrual cycle, the number and structure
ofboth kinds ofcell are altered: In the first
half (proliferative or follicular phase) of
the cycle, the ciliated cells predominate; in
the second half (secretory or luteal phase),
the number of ciliated cells decreases and
the secretory cells are dominant. In this
phase, the latter secrete a hyaluronidase­
resistant substance, which moistens the
mucosa of the oviduct and promotes the
development of the ovum on its way to the
uterus. After the secretory cells have
yielded their product, they become nar­
row and the cytoplasm becomes dense.
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The movement of the cilia is directed to­
ward the uterus, however in humans this
has little to do with transport of the ovum.
The current produced by the cilia largely
aids the orientation of spermatozoa,
which move upstream as a result of their
positive rheotaxis.
It is possible that the two kinds ofcell may
transform into one another. (See Plates
170, 171 in KRSTIC 1979.)

Magnification: x 4,000
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EPITHELIAL TISSUE

Plate 17. Surface Epithelia. Pseudostratified Columnar Epithelium
from the Human Ductus Epididymidis

Without exception, all cells that constitute
pseudostratified epithelia lie on a basal
lamina, though they do not necessarily ex­
tend to the epithelial surface. Their nuclei
occur at different levels within the epithe­
liallayer. According to the length of the
cells that comprise such an epithelium, it
is possible to distinguish two, three, or
more rows of nuclei, and this at first sight
can resemble stratified epithelium. Pseu­
dostratified columnar epithelium is pres­
ent in many excretory ducts and in the
ductus epididymidis.
Figure A shows a transverse section
through the ductus epididymidis. Large
numbers of spermatozoa (Fig. A1) are lo­
cated in the lumen of the ductus. The inset
corresponds to Fig. B.
The cells lying on the basal lamina
(Fig. B1) are of two different sizes: The
lower, incomplete row consists of basal
cells (Fig. B2), whereas the second, unin­
terrupted row is made up of columnar
cells with stereocilia (Fig. B3). The basal
cells contain a spherical or ellipsoidal nu­
cleus and poorly developed organelles.
Since basal cells are able to differentiate
into columnar cells they are seen as "re­
placement cells." The ellipsoidal, often
deeply indented nuclei of the columnar
cells (Fig. B4) compose the second row of
nuclei in this epithelium. A highly devel­
oped Golgi apparatus (Fig. B5) from
which arise many secretory granules
(Fig. B6) is characteristic of these cells.
Rough endoplasmic reticulum (Fig. B7) is
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usually located near the nucleus, whereas
the cisternae of smooth endoplasmic re­
ticulum, lysosomes, and lipofuscin gran­
ules are distributed in varying amounts
throughout the cytoplasm.
The columnar cells are distinguished by
the numerous stereocilia (Fig. B8) on the
apical cell surface. These immobile struc­
tures, which are probably involved in se­
cretion, increase the free cell surface area
by a significant degree.
The secretory product of the columnar
cells contains substances that are impor­
tant in the metabolism of the as yet non­
motile spermatozoa in the ductus epididy­
midis. (See Plate 105 in KRSTIC 1979.)

Magnifications: Fig. A, x 150;
Fig. B, x 5,000
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Plate 18. Surface Epithelia. Pseudostratified Columnar Epithelium
with Cilia (Ciliated Epithelium) from the Rat Trachea

Pseudostratified ciliated epithelium lines
the nasal cavities, trachea, and bronchi. It
contains several types of cell. The basal
cells (1), the nuclei of which form a basal
row, are poor in internal structures. They
serve to replace dead ciliated cells. The
basal cells daily renew about 2% of the
cell population of the epithelium.
The cuneate cells (2) are slender and are
located between the ciliated cells; they do
not extend to the surface and contain
more cytoplasmic structures. These "sup­
porting cells" constitute an intermediate
stage between the basal and ciliated cells,
i.e., cells in the process of differentiation.
The characteristic ciliated cells (3) ofpseu­
dostratified columnar epithelium are rich
in organelles and bear numerous cilia (4)
on their free surface, corresponding to the
kinetosomes (5) in the cell interior. Owing
to their high degree of specialization,
these cells have lost the capacity to divide
and have to be replaced by differentiation
of the deeper-lying cells.
The mucus-producing goblet cells (6) are
situated between the ciliated cells. The
number of mucin granules (7) they con­
tain varies according to functional cir­
cumstances. Following secretion from the
goblet cells, these granules, together with
the product of the seromucous glands of
.the respiratory tract, form a fine mucous
film (not shown), which moistens the free
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surface of the epithelium. Most particles
of dust that are present in the inspired air
become attached to this mucous layer.
These particles are then transported to­
ward the larynx and pharynx by continu­
ous ciliary motion and eliminated by
coughing or swallowing.
In this epithelium are scattered endocrine
cells (8), which, like the adjacent epithelial
cells, lie on the basal lamina (9).

Magnification: x 2,900
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Plate 19. Surface Epithelia. Transitional Epithelium
from the Empty Bladder of a Monkey

Transitional epithelium is classed as a
pseudostratified epithelium since all the
cells are most probably in contact with the
basal lamina (1) by means of, in parts very
slender, cytoplasmic feet. The epithelium
comprises small basal cells (2), then inter­
mediate cells (3) in the shape of a tennis
racket, and finally the very voluminous
facet or superficial cells (4).
The polyploid superficial cells contain one
large or two smaller nuclei. In the cy­
toplasm of the apical pole of the cell are
found the Golgi apparatus, numerous
microfilaments, and discoid vesicles (5).
This dense cellular zone appears dark
under the light microscope and is termed
the crusta.
The highly folded apical cell membrane of
superficial cells is asymmetrical: The layer
of the unit membrane in contact with
urine is, in areas called plaques, thicker
(",4.5 nm) than the cytoplasmic layer
( '" 2.5 urn). It is believed that these cir­
cumscribed reinforcements of the mem­
brane protect the epithelium against the
effects of urine. (See Plate 92 in KRSTIC
1979.)

Magnification: x 2,900
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Plate 20. Surface Epithelia. Transitional Epithelium
of an Empty and a Filled Rat Bladder

In the empty efferent urinary tract (renal
pelvis, ureter, bladder, and initial section
of the urethra), the epithelial cells have a
columnar form (Fig. A). In this state, it is
possible to count eight to ten rows of nu­
clei. The basal epithelial surface is in­
folded and the apical surfaces of super­
ficial cells are convex.
When the urinary tract is filled, the epithe­
lium becomes thinner. In this state, only
two to three rows of nuclei are evident
(Fig. B). The coherence of the surface is
maintained by the reserve folds of the
plasmalemma and the discoid vesicles,
which fuse with the apical cell membrane
upon distension.
The name of this type of epithelium de­
rives from these changes that take place in
its structure.

Magnifications: Figs. A, B, x 1,900
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Plate 21. Surface Epithelia. Stratified Columnar Epithelium
from the Rat Urethra

Stratified columnar epithelium, which has
a limited distribution, is found between
zones of pseudostratified columnar and
nonkeratinized stratified squamous epi­
thelium. As previously mentioned, it oc­
curs in fornix conjunctivae, on the palate,
epiglottis, and part of the urethra. It con­
sists of several layers of cells, of which
only the lowermost are in contact with the
basal lamina (1). This cell layer comprises
polygonal or cuboidal cells (2); the overly­
ing cells are largely spindle-shaped (3);
those forming the free epithelial surface
are columnar (4). These columnar cells
contain a notable amount of glycogen (5)
and bear microvilli.
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All the epithelial cells interdigitate to a
high degree, which increases the elasticity
of the epithelium.
The functional properties of this type of
epithelium are as yet poorly understood.

Magnification: x 2,900
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EPITHELIAL TISSUE _

Plate 22. Surface Epithelia. Nonkeratinized Stratified
Squamous Epithelium. Example: Epithelium of Rat Cornea

A transverse section through the cornea
(Fig. A) reveals its epithelium (Fig. A 1)
and endothelium (Fig. A2; see Plate 10),
between which lies the corneal stroma
(Fig. A 3). Figure B shows a section from
the epithelium. The following layers can
be distinguished in nonkeratinized strati­
fied epithelium:
C. The stratum basale (basal cell layer)
consists of relatively large and prismatic
cells, which are attached to Bowman's
membrane (Fig.B 1) by numerous hemi­
desmosomes.
D. The stratum spinosum (spinous or
prickle-cell layer) is made up oflarge poly­
gonal cells that are joined by extensive in­
terdigitations, studded with desmosomes.
Their cytoplasm, like that of the basal
cells, contains a significant number of
tonofibrils (Fig. B2). The cells of layers C
and D replace, by mitotic division, those
that detach from the epithelial surface
(stratum germinativum or germinal
layer).
E. The stratum pavimentosum, which lies
above the spinous layer, consists of cells
that adopt an increasingly flattened form;
some cells lose their nuclei, though the
desmosomes are retained. The cells even­
tually transform into thin anuclear plates
(hence the name, stratum pavimentosum).
The free surface of some of these cells is
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covered with large numbers of microvilli
and low ridgelike folds, so-called, micro­
ridges or microplicae (arrow).
Like all other nonkeratinized stratified
epithelia of similar structure (oral cavity,
esophagus, vagina, etc.), the cornea is
moistened; in this case, the moistening is
performed by the lacrimal glands. The an­
terior epithelium of the cornea comprises
only five to nine cell layers and lies on the
avascular corneal stroma; it receives nu­
trients solely by diffusion.
The diagnostically important corneal re­
flex is due to the highly developed ramifi­
cations of the sensitive nerve endings
among epithelial cells.

Magnifications: Fig. A, x 80;
Fig. B, x 2,600
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EPITHELIAL TISSUE

Plate 23. Surface Epithelia. Keratinized Stratified Squamous
Epithelium or Epidermis of Human Hairy Skin

Among other functions, keratinized squa­
mous epithelium provides protection for
the organism from slight mechanical and
chemical damage. The structure of the ep­
ithelium and its cells are adapted to this
role.
The epidermis consists of the following
layers:
E. Stratum corneum
D. Stratum lucidum (only in the glabrous
skin of the inner surface of the hand
and sole)

C. Stratum granulosum
. } StratumB. Stratum spmosum . t.
b 1

germma lvum
A. Stratum asa e ( . 11 )germIna ayer
A. The small cuboidal basal cells (1) are
attached by means of basal processes (2)­
surrounded by the basal lamina - to the
feltwork of reticular and collagen microfi­
brils (3) of the subepidermal connective
tissue. The supranuclear cytoplasm of the
basal cells contains some melanin gran­
ules (4).
B. One or more layers of large polygonal
cells overlie the basal layer. The cells are
joined by processes bearing hemidesmo­
somes (5). Numerous tonofibrils (6) run
through the cytoplasm. After mechanical
separation, the cells of this layer appear
spinous (hence, prickle cells, stratum spi­
nosum, or spinous layer). The basal and
spinous layer together form the stratum
germinativum, the germinal layer, in
which (largely at night) mitoses take place.
C. In the stratum granulosum or granular
layer, where the cells are already flattened,
the highly refractile keratohyaline gran­
ules (7) appear as precursors of keratin.
The cells gradually die as a result of an in­
crease in this substance. One or two layers
of granular cells are sufficient for light
keratinization (as depicted in this plate),
whereas three to five layers are required
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for heavy keratinization. The ongm of
keratohyalin is as yet unknown.
D. The stratum lucidum or clear layer is
very refractile; it only occurs in glabrous,
highly keratinized skin of the palms and
soles. For didactic reasons, the stratum lu­
cidum, composed of flattened cells, is also
presented on this plate. Its cells contain
keratin, and it is possible that the clear lay­
er permits movement between the softer
germinal and the harder horny layers.
E. The stratum corneum or horny layer
can vary in thickness according to me­
chanical strain. Its cells are dead and their
bodies are transformed into keratin scales
(8). Since horny cells are constantly
desquamating, they have to be continually
replaced by cells from the germinal layer.
In a thick avascular tissue like the epider­
mis, supplied by unmyelinated nerve
fibers (9), the broad intercellular spaces
(10) act as a channel system and are in­
volved in transporting substances. The in­
tercellular spaces in the stratum granu­
losum and stratum corneum are signifi­
cantly narrower (occasionally 20 nm) and
are interrupted by desmosomes.
Melanocytes (11) occur in the epidermis
and are illustrated in Plate 24. (See Plate
109,110, 115, 116, 118, 158, 159 in KRSTIC
1979.)

Magnification: x 2,800
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Plate 24. Surface Epithelia. Epidermis. Germinal Layer
with a Melanocyte. Same Preparation as in Plate 23

The cells that synthesize the pigment
melanin are termed melanocytes (1) and
are located between the basal cells of the
epidermis and in the hair bulb. Melano­
cytes stem from the neuroectoderm of the
neural crest (see Plate 144); during em­
bryonic development, they migrate into
the epidermis and contact the basal lam­
ina (2).
Melanocytes are very difficult to distin­
guish in normally stained sections. Fol­
lowing the dopa reaction (in which an en­
zyme responsible for melanin synthesis is
stained) they appear black. Melanocytes
are pale, highly branched cells. The cy­
toplasm contains a round nucleus, well­
developed organelles, some free ri­
bosomes, few microfibrils, and a varying
number ofmelanosomes (3), precursors of
mature melanin granules (4).
The melanin granules are about
0.7 x 0.3 ~m in size and are invested with
a unit membrane. These granules also oc­
cur in the cell processes (arrow), from
which many are able to penetrate deep
into the intercellular spaces and into the
bodies of neighboring cells of the stratum
germinativum. It is assumed that melanin
granules can be transferred to neighbor­
ing germ cells by means of the melanocyte
processes. It is also possible that the pig­
ment particles are phagocytized by basal
and prickle cells. Melanocytes are not
connected to neighboring cells by desmo­
somes. In white race, only the basal cells
contain melanin.
The existence of processes (5) oriented to­
ward the subepidermal connective tissue
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suggests that melanocytes may even be
able to migrate out of the corium after em­
bryogenesis has been completed. Melano­
cytes retain the ability to divide for the du­
ration of their lives. It has been estimated
that there are about 1,200-1,500 melano­
cytes/mm2 of skin. Pigment synthesis is
stimulated by ultraviolet light (increased
coloration of the skin following exposure
to the sun). Albinos possess melanocytes
in their skin, however the melanosomes
are unable to turn black and transform
into mature melanin granules, owing to
the absence of the enzyme tyrosinase.
At the bottom of the plate, the basal pro­
cesses (6) of the basal cells can be seen. Re­
ticular (7) and collagen microfibrils (8) are
connected to the basal lamina (2). (See
Plates 75, 76 in KRSTIC 1979).

Magnification: x 8,000
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Plate 25. Secretory Surface Epithelia.
Example: Amniotic Epithelium of a Human Fetus

Certain epithelial cells have secretory acti­
vities: The surface epithelium of the stom­
ach synthesizes mucus, which serves as a
protection against the corrosive effects of
HCl and pepsin, and the product of the
surface epithelium of the gallbladder pro­
tects it against bile acids. The function of
the simple cuboidal epithelium of the
choroid plexus was mentioned ill

Plate 12.
Amniotic epithelium develops in the em­
bryoblast from the extraembryonic cells
opposite the embryonic ectoderm (Plate 1,
Fig. G5). The amniotic cavity becomes
wider and provides the necessary condi­
tions for undisturbed development of the
embryo.
Figure A depicts a 4-month-old human fe­
tus with the amnion (Fig. A1). The
chorionic villi (Fig. A2) and umbilical
cord (Fig. A3) can be distinguished. The
segment in the inset is enlarged in Fig. B.
In this region, the amniotic epithelium is
simple and cuboidal; it lies upon a basal
lamina (Fig. B1). The epithelial cells have
a well-developed basal labyrinth, spheri­
cal nuclei, well-developed organelles, and
numerous microvilli on the apical surface.
As inclusions in the cytoplasm occur lipid
droplets, glycogen (Fig. B2), and so-called
amniotic vacuoles (Fig. B3). The latter are
mainly located near the broad intercellu-
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lar spaces (Fig. B4), which are penetrated
by numerous microvillous processes. Am­
niotic epithelium produces about 1-2 1
amniotic fluid (liquor amnii), in which the
fetus floats freely. This fluid does not only
serve to protect the fetus from mechanical
damage or desiccation; the turnover of
0.5 Ilh at the end of gravidity indicates
that amniotic fluid is also of great physio­
logical importance for the development of
the fetus, providing it with a uniform hy­
drostatic support.

Magnification: Fig. B, x 4,500
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Plate 26. Vascularized Secretory Surface Epithelium.
Sole Example: Epithelium of Stria Vascularis ofInner Ear

The surface epithelia hitherto described
are all avascular; the stria vascularis of the
inner ear is thus an exception. A section
from the cochlea (Fig. A) is provided for
purposes of orientation. On the outer sur­
face is the spiral ligament (Fig. A1), which
is lined with the epithelium of the stria
vascularis (inset). The cochlear duct
(Fig. A2) contains the organ of Corti
(Fig. A3). The processes (Fig. A4) of the
bipolar cells of the spiral ganglion can also
be observed.
The epithelium of the stria vascularis
comprises one to three layers and lies on
a basal lamina (Fig. B1). In addition to
the basal cells (Fig. B2), this epithelium is
made up ofmarginal cells (Fig. B3), which
form the surface. These cells contain a
large number of mitochondria in small
labyrinthine compartments (Fig. B4) and
a few microvilli at the hexagonal apical
cell pole. A type of intermediate cell
(Fig. B5) also occurs in the stria vascu­
laris.
Pericytes (Fig. B6) and a basal lamina
(not shown) surround the capillaries
(Fig. B7), which run between the epithe­
lial cells. The stria vascularis is the only
vascularized epithelium in the body.
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The close contact between the capillaries
and mitochondria-rich marginal cells is in
accordance with the supposition that en­
dolymph, important for the function of
the organ of hearing, is produced in the
stria vascularis.

Magnifications: Fig. A, x 70;
Fig. B, x l,500
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Plate 27. Atypical Epithelia. Examples: Enamel Organ of the Mouse
and Thymus of a Human Adolescent

According to definition, epithelia are
closed cell unions; the enamel organ and
the stroma of the thymus, however, do not
conform to this pattern.
On a frontal section through the head of
a 21-day-old mouse fetus (Fig. A), it is
possible to distinguish parts of the rhinen­
cephalon (Fig. A1), the eye anlagen with
the lenses (Fig. A2), the nasal cavity
(Fig. A3), the canalis nasopharyngicus
(Fig. A; arrow), and the oral cavity
(Fig. A4) with the tongue (Fig. A5). The
epithelium (Fig. A6) of the oral cavity
forms the dental lamina (Fig. A7), from
which the bell-shaped enamel organs
(Fig. A8) develop. In the interior of each
enamel organ, an increase in intercellular
fluid forces apart the initially closely ap­
posed cells, giving rise to the enamel pulp
(Fig. A9). The mesenchyme condenses in
the cup of the enamel organ and forms the
dental papilla (Fig. A10). The area within
the inset is illustrated in Plate 28.
The epithelium of the thymus originates
from the endoderm of the third pharyn­
geal pouch; during embryonic develop­
ment, the cells of this epithelium become
infiltrated and separated by migrating
lymphocytes. Under the light microscope
at low magnification, the capsule
(Fig. B1) and lobules of the thymus are
quite distinct. Each lobule is divided into
a cortex (Fig. B2) and medulla (Fig. B3).
Figure C corresponds to the section ofme-
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dulla in the inset where the Hassall's cor­
puscles (Fig. B4) are located.
Reticular-epithelial cells (Fig. C1) form
the epithelial framework of the paren­
chyma of the thymus. These stellate cells
of epithelial origin are connected by cell
processes and build up a vascular, sponge­
like network. These cells should not be
confused with reticular cells of the reticu­
lar connective tissue (see Plate 55), which
are of mesodermal origin. Many small
lymphocytes (Fig. C 2) are located in the
interstices of the epithelial network. In
Hassall's corpuscles (Fig. C3), the lamel­
lar, epitheliogenic, reticular-epithelial
cells are closely packed in the form of con­
centric arrays.
The area within the inset in Fig. C is en­
larged in Plate 29.

Magnifications: Figs. A, B, x 30;
Fig. C, x 750
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Plate 28. Atypical Epithelia: Enamel Organ.
Continuation of Plate 27

At the beginning of odontogenesis, a den­
tal lamina (1) grows from the stratified
squamous epithelium of the oral cavity (2)
into the subepithelial connective tissue,
where it gradually forms the bell-like
enamel organs. Every enamel organ (3) is
seen to be comprised of an outer (4) and
inner (5) epithelium. Between the two
epithelia, the stellate epithelial cells (6)
form a wide-meshed avascular network,
the enamel pulp (asterisk), which is atypi­
cal for an epithelial tissue.
The outer layer of the enamel organ (4) is
in contact with cells of the connective tis­
sue of the dental sac (7) and numerous
blood vessels (8).
The cells of the simple columnar, inner ep­
ithelium differentiate into ameloblasts (5),
which synthesize the enamel (substantia
adamantina) of the future crown.
As mentioned in Plate 27, mesenchyme
enters the concavity of the enamel organ
(dental papilla), where it forms the vascu-
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lar dental pulp (9). The mesenchymal cells
in contact with the ameloblasts arrange
themselves into a vascularized epithelium­
like layer and differentiate, under the in­
ductive action ofameloblasts, into dentin­
producing odontoblasts (10; Plate 113).

Magnification: x 500
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Plate 29. Atypical Epithelia: Thymus. Continuation of Plate 27

In a section from the medulla of the thy­
mus, it is possible to see a broad three-di­
mensional framework of reticular-epithe­
lial cells (1), which are separated from one
another by lymphocytes (2). Granulo­
cytes, mast cells (3), etc. also occur in the
wide intercellular meshes.
Some reticular-epithelial cells tend to ar­
range themselves into closed cell com­
plexes. They move nearer to one another,
like the concentric layers of an onion, and
form an avascular Hassall's corpuscle (4).
As in stratified squamous epithelium, the
reticular-epithelial cells are connected to
one another by numerous desmosomes.
The cytoplasm contains granules (5),
which morphologically resemble kerato­
hyaline granules.
Hassall's corpuscles enlarge by attaching
new epithelial cells, which causes the in­
nermost cells to become gradually seques­
tered from the capillaries (6) and degener-
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ate. Thus, the centers of voluminous Has­
sall's corpuscles contain a large amount of
cell debris (7). The Hassall's corpuscles
most probably represent aggregations of
exhausted reticular-epithelial cells. The
corpuscles increase in number and diam­
eter under conditions of stress (e.g., infec­
tions).
The myoepithelial cells that originate
from epithelial tissue are described in
Plate 123.

Magnification: x 1,200
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Plate 30. Surface Epithelia. Atypical Epithelia.
Change in Form of Epithelial Cells. Lens Fibers of the Rat

During embryonic development, the eye
anlage, called the optic vesicle (Fig. AI),
connected by the optic stalk (Fig. A2)
with the brain wall (Fig. A3), grows to­
ward the lateral side of the head. At the
site where the optic vesicle comes into
contact with the epidermis, formation of
the lens ectoderm (Fig. A4) is induced.
This epithelial structure gradually invagi­
nates (Fig. B 1) until it finally becomes
separated from the surface and forms the
lens vesicle (Fig. C 1), which is surrounded
by the optic cup (Fig. C 2). The anterior
wall of the lens vesicle (Fig. C 3) consists
of a low epithelium, whereas the cells of
the posterior wall (Fig. C4) are colum­
nar.
At a later stage of lens development, the
anterior epithelium is still simple and cu­
boidal (Figs. D 1, E 1), whereas the poste­
rior epithelium differentiates into lens
fibers (Figs. D2, E2). A section from
Fig. E is shown enlarged in Fig. F.
The lens is enveloped in a thick, elastic,
cuticular capsule (Fig. F 1), to which the
zonular fibers (Fig. F 2) are attached. At
the equator of the lens, the mitotically ac­
tive, simple cuboidal epithelium (Fig. F 3)
gradually differentiates (Fig. F 4) into lens
fibers. This involves the cells gradually
losing their original form and nucleus;
they become progressively longer, trans­
form finally into lens fibers (Fig. F 5), and
arrange themselves in a complex series of
layers. The innermost lens fibers that form
the lens nucleus (Fig. F 6) gradually shrink
through loss of water. This decrease in
volume is compensated by the addition of
new lens fibers; thus, the lens practically
does not increase in size after the 3rd year
of life.
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The cut surface of some fibers is shown so
that their form and arrangement can be
seen. The small inset in Fig. F corresponds
to Fig.G.
The lens fibers are in fact very long hexag­
onal prisms (Fig. G 1), and adjacent fibers
interlock by means ofprocesses (Fig. G 2).
The interior of the prisms contains moder­
ately osmiophilic amorphous material.
The strong connections between the lens
fibers are necessitated by the constant lens
movements associated with accomoda­
tion.
The lens contains neither vessels nor nerve
endings. It is nourished solely by the aque­
ous humor and possesses no regener­
ative powers.

Magnification: Fig. G, x 3,000
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Plate 31. Functions of Surface Epithelia

Surface epithelia carry out the following
functions:
A. Protection
B. Absorption
C. Transport by means of cilia
D. Secretion
E. Excretion
F. Gliding between organs
G. Gas exchange

A. In principle, every type of surface epi­
thelium performs a protective function,
i.e., not just keratinized stratified squa­
mous epithelium, which is particularly
specialized for this purpose. Keratin
scales confer resistance to mechanical and
chemical damage and hinder desiccation
of the organism.
Melanin granules, which develop in the
melanocytes (Fig. A1; Plate 24) and are
distributed in the epidermis, absorb ul­
traviolet rays and thus protect the organ­
ism from the injurious effects of this kind
of radiation.
B. Absorption is the major function of
simple columnar epithelium of the small
intestine. In Fig. B, only the absorption of
emulsified fats is depicted, since this pro­
cess can be observed relatively easily with
the transmission electron microscope. A
pancreatic enzyme (lipase) breaks down
the fats in the duodenum into monogly­
cerides and fatty acids. The short-chain
fatty acids pass directly into the blood of
the portal veins. The long-chain fatty
acids and monoglycerides first of all reach
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the smooth endoplasmic reticulum, where
they become esterified to triglycerides.
The first fat droplets appear (Fig. B 1) and
become widespread in the rough en­
doplasmic reticulum (Fig. B2), where a
protein component is probably attached.
From the endoplasmic reticulum, the lipid
droplets reach the Golgi apparatus
(Fig. B3) and some sugar components are
incorporated. From the Golgi apparatus,
the fat droplets enter the broad intercellu­
lar spaces and penetrate the subepithelial
connective tissue by crossing the basal
lamina (Fig. B4). Eventually, these par­
ticles, termed chylomicrons (Fig. B5), ac­
cumulate in the lymph capillaries
(Fig.B6).
C, D. Ciliary transport and the secretory
activities of epithelia have already been
discussed in Plates 18 and 25.
E. The epithelial cells of the renal tubules
have both resorptive and excretory func­
tions (arrows).
F. Under certain conditions, mesothe­
lium (Plate 57) has a definite absorptive
role. Its usual function is to ensure smooth
movement between the surfaces of the in­
ner organs.
G. The simple squamous epithelium of
the pulmonary alveoli assists in the ex­
change of gases between blood and alveo­
lar air. Carbon dioxide leaves the blood
through the capillary wall and the ex­
tremely thin cytoplc!.smic processes of the
alveolar cells type I, while oxygen diffuses
into the blood by the same route.
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Plate 32. Glandular Epithelia. Development of Exocrine
and Endocrine Glands (Modified from FREEMAN and BRACEGIRDLE 1969)

Glands are aggregations of highly differ­
entiated epithelial cells which release their
product either by means of an excretory
duct onto the free surface (exocrine
glands) or directly into the vascular sys­
tem (endocrine glands).
During embryonic development, those
cells (Figs. A-D, stippled areas) that will
later be solely concerned with synthesis of
secretory products differentiate at certain
points on the surface epithelium. Some of
them remain in the surface epithelium
(goblet cells, Figs. B1, C 1, D1; multicellu­
lar endoepithelial glands, Figs.B2, C2,
D2), whereas others form buds by mitotic
division (Figs. B3-5, C3-5, D3-5).
The subsequent development of these epi­
thelial buds can follow different courses.
If a strand of glandular cells remains in
contact with the surface by an excretory
duct (Fig. C3, asterisk), an exocrine gland
results (secretion follows direction of ar­
row, Fig. D3). Since the functional por­
tion is located beneath the epithelial sur­
face, such a gland is termed exoepithelial.
Conversely, if the groups ofepithelial cells
cease to be connected with the surface ep­
ithelium and penetrate the underlying
connective tissue, endocrine (ductless)
glands develop. Two means of discharg­
ing their products (hormones) are avail­
able to these glands. One way involves di­
rect hormonal secretion into the blood
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and/or lymphatic vessels (Fig.D4a, Sa).
This mode of secretion accounts for the
function of, e.g., the pituitary, parathy­
roid glands, adrenal glands, paraganglia,
and the endocrine parts of the sex glands
(Fig. D4, arrows).
The thyroid gland (Fig. D5) operates ac­
cording to a different scheme. Its cells first
of all attach the hormones to a globulin
and then store this complex in the form of
a colloid in small epithelial sacs or follicles
(Fig. D5b). The stored hormone is freed
from the colloid as required and released
into the circulation. As a result of this
ability to keep a reserve of hormones, the
thyroid gland is referred to as a "storage
gland."
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Plate 33. Glandular Epithelia. Classification of Exocrine Glands

This plate demonstrates the various crite­
ria according to which glands can be sys­
tematized. Classification according to
form (tubular, tubuloacinar, tubuloalveo­
lar, and alveolar) is discussed in Plate 34.
According to the appearance of the termi­
nal secretory portions and the type of se­
cretion, the distinction can be made be­
tween mucous, serous, and seromucous
exocrine glands. In transverse section, the
tubular terminal portions of mucous se­
cretory glands are larger than those of ser­
ous glands. Mucous glands have a wide
lumen since their well-delimited cells se­
crete a viscous product. Large amounts of
this product are accumulated, causing the
cells to be clear and with a foamlike ap­
pearance. The flattened nucleus is dis­
placed toward the basal plasmalemma.
The terminal secretory portions of serous
glands form mulberrylike acini, the lumen
of which is very narrow but perfectly ad-
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equate for drainage of the thin, enzyme­
containing secretion. The cells here are
not so well delimited as in the mucous
tubules. Their nuclei are spherical and lo­
cated in the middle of the cell body.
Mixed or seromucous terminal secretory
portions are found in many salivary
glands; they are characterized by capping
of the mucous tubules by serous demi­
lunes. The product of such glands is mod­
erately viscous.
If in an exocrine gland the cells are only of
one type and synthesize the same product,
the gland is termed homocrine (e.g., acini
of the pancreas, pyloric glands of the
stomach etc.).
The product of a heterocrine gland is
mixed since it derives from the different
types of cell that make up such a gland
(e.g., glands of the body of the stomach,
submandibular glands, sublingual glands
etc.).
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Plate 34. Glandular Epithelia. Form of Exocrine Glands

Simple glands (Fig. A) may be tubular
(Fig. AI), mulberrylike or tubuloacinar
(Fig. A2), vesicular or tubuloalveolar
(Fig. A3), and saclike or alveolar
(Fig. A4). Each gland has a terminal se­
cretory portion (unshaded arrow) and a
more or less developed excretory duct ­
termed "neck" in tubular glands (solid ar­
rows). It should be noted here that forms
A2 and A3 are, at least in humans, purely
of theoretical significance. Simple tubular
glands include the glands of the body of
the stomach, glands of the small intestine,
etc. Simple alveolar glands are repre­
sented by small sebaceous glands.
When several simple glands empty into
one excretory duct (solid arrows),
branched glands (Fig. B) develop. Here,
the highly convoluted (Fig. B 1) sweat
glands or glandulae glomiformes repre­
sent a special intermediate form between
the simple and branched glands.
Pyloric glands, duodenal glands, etc. be­
long to the ramified tubular glands
(Fig. B2). Purely tubuloacinar and tu­
buloalveolar glands (Fig. B3, 4) only re­
present stages in the development toward
compound glands. Branched alveolar
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glands (Fig. B5) include the large seba­
ceous glands and the tarsal glands of the
eyelid. In compound glands (Fig. C), the
main excretory duct (double arrows)
branches into several smaller excretory
ducts (solid arrows), each of which can
possess tubular, aCinar, tubuloalveolar,
and alveolar terminal portions. Compound
tubular glands (Fig. Cl) are exemplified
by the mucous glands of the oral cavity.
The main representatives of compound
tubuloacinar glands (Fig. C2) are the par­
otid glands and exocrine pancreas. The
submandibular glands are an example
of a compound tubuloalveolar gland
(Fig. C 3), and the secretory mammary
gland is an example of a compound alveo­
lar gland (Fig. C4). Large-scale subdivi­
sions of compound glands lead to the dec
velopment of lobules and lobes.
It should not be supposed that all the
glands of the body of a mammal pass
neatly into this schematic classification.
There always exist individual and, in par­
ticular, functional variations which ac­
count for the same gland being able to
switch rapidly from one category to an­
other.
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Plate 35. Glandular Epithelia. Unicellular Glands.
Example: Goblet Cells from the Simple Columnar Epithelium
of the Rat Small Intestine

Goblet cells occur in large numbers in the
epithelium of the intestinal and respira­
tory tracts (see Plates 14, 18). In Fig. A,
two goblet cells are depicted within insets:
The cell on the left corresponds to Fig. B,
the cell on the right to Fig. C.
Fully active cells have a narrow base and
a broad apex and hence the shape is that
of a goblet. The nucleus is slender and
contains condensed chromatin and above
it is found a very well-developed Golgi ap­
paratus (Figs. B1, C 1).
Mucigen granules (Figs.B2, C2) are
formed in the Golgi apparatus with the as­
sistance of other organelles and move to­
ward the apical cell pole as mucous drop­
lets (Figs. B3, C3). The apical plasma­
lemma temporarily opens and the mucus
is expelled from the cell. The cell does not
lose cytoplasm in the process. This type of
discharge is referred to as eccrine secre­
tion. After expulsion of the mucous drop­
lets the goblet cell becomes slender (so­
called slender cell; Fig. C). Note the dis-
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tinct microvilli (Figs. B4, C4) and zonulae
occludentes (Figs. B5, C5) on the apical
pole.
After a pause a new secretory cycle begins;
the cell synthesizes its product and dis­
charges it again. A secretory cycle can
thus be repeated many times. (See Plates
154, 155 in KRSTIC 1979.)

Magnifications: Fig. A, x 700;
Figs. B, C, x 5,000
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Plate 36. Glandular Epithelia. Endoepithelial Gland
of Human Nasal Mucosa

All the mucus-producing cells (1) of an en­
doepithelial gland (2) are located in the
middle of the pseudostratified columnar
epithelium (3). They are somewhat lower
than the neighboring ciliated cells (4),
with the result that the glandular lumen is
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situated in the middle of the epithelium.
Endoepithelial glands produce mucus for
moistening the nasal mucosa.

Magnification: x 2,300
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Plate 37. Glandular Epithelia. Terminal Portion of a Simple Tubular
Heterocrine Gland from the Rat Stomach

Figure A depicts a section from the mu­
cosa of the body of the stomach. Tubular
gastric glands proper (Fig. AI) open into
the gastric pits (Fig. A2). The area in the
inset corresponds to Fig. B.
A gastric gland proper is composed of sev­
eral types of cell: Neck mucous cells (not
shown since they are only found in the
neck of the gland; Fig. A3); chief cells;
parietal cells and isolated endocrine cells.
Columnar chief cells (Fig. B2) are distin­
guished by a very well-developed ergas­
toplasm and large numbers of free ri­
bosomes. Many pepsinogen granules are
found above the nucleus.
Parietal cells (Fig. B3) are appreciably
larger than the chief cells and their basal
sections frequently protrude toward the
exterior. They have large spherical or el­
lipsoidal nuclei, and mitochondria are
very numerous in the cytoplasm. Particu­
larly characteristic are the deep, occasion­
ally branched intracellular canaliculi
(Fig. B5), which are penetrated by great
numbers of microvilli. Parietal cells pro­
vide the hydrogen ions that are essential
for the production of hydrochloric acid of
gastric juice.
Endocrine cells (Fig. B4) are scattered at
the base of the gland. They do not extend
to the glandular lumen, but their bases are
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in contact with the capillaries (Fig. B6).
Endocrine cells have spherical nuclei,
well-developed organelles, and the infra­
nuclear cytoplasm contains numerous
hormone granules.
All these cells secrete their products with­
out loss of cytoplasm, i.e., by an eccrine
mechanism. Since the glandular secretion
is composed of different products, this
type of gland is termed heterocrine. (See
Plates 42, 43, 160 in KRSTIC 1979.)

Magnifications: Fig. A, x 70;
Fig. B, x 3,000

REFERENCES
Forssmann WG, Orci L, Pictet R, Renold AE, Rouil­
ler C (1969) The endocrine cells in the epithelium
of the gastrointestinal mucosa of the rat. An elec­
tron microscopic study. J Cell Bioi 40:692-715

Gannon B, Browning J, O'Brien P (1983) The micro­
vascular architecture of the glandular mucosa of
rat stomach. J Anat 135:667-683

Hage E, Kjaergaard J (1972) Ultrastructure of basal­
granulated cells in the rectum of human fetuses
and children. Arch Histol Jpn 35:31-36

Helander HF (1981) The cells of the gastric mucosa.
Int Rev Cytol 70:217-289

Rubin W, Ross LL, Sieisenger MH, Jeffries GH
(1968) The normal human gastric epithelia. Lab
Invest 19:598-626

Winckler J (1976) Biogene Amine in Polypeptidhor­
monbildenden Zellen. Die APUD-Zellen (Pearse).
Klin Wochenschr 54:49-58



2

77

6



EPITHELIAL TISSUE

Plate 38. Glandular Epithelia. Acinus of a Tubuloacinar Serous Gland.
Example: Rat Pancreas

The light-microscopic image of a section
from the exocrine pancreas is presented in
Fig. A. An acinus (Fig. A1) is the exocrine
secretory unit that communicates via its
intercalated duct (Fig. A2) with an excre­
tory duct (Fig. A3). Centroacinar cells
(Fig. A4) are localized in the interior of
acini. The inset in Fig. A corresponds to
Fig.B.
An acinus is a structure made up of simple
epithelium and its shape is similar to that
of a mulberry. The acinar cells (Fig. B1)
are cuboidal with globular, central nuclei
and large nucleoli. Ergastoplasm and free
ribosomes are noticeably widespread, in­
dicative of a high level of protein synthe­
sis. The supranuclear cytoplasm contains
large numbers of zymogen granules of
various sizes which are discharged in ec­
crine fashion. For the sake of clarity, the
acinar lumen is shown as a broad space,
though in reality it is a narrow cleft.
Centroacinar cells (Fig. B2), characteris­
tic of the exocrine pancreas, also occur in
the acinus. They form an incomplete
layer, and zymogen granules pass through
the gaps between the cells. The centroaci­
nar cells are continuous with the flattened
cells of the intercalated duct (Fig. B3).
The lumen of this channel has also been
drawn a good deal wider; it is actually nar­
row, since the pancreatic secretion is thin.
For the same reason, no myoepithelial
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cells are found around the pancreatic
aCInI.

There is a well-developed blood supply to
the enzyme-synthesizing glandular units.
Thus, on their external surface, which is
separated from the secretory cells by a
basal lamina (Fig. B4), many capillaries
(Fig. B5) are found in addition to unmye­
linated nerve fibers (Fig. B6). (See Plate
155 in KRSTIC 1979.)

Magnifications: Fig. A, x 400;
Fig. B, x 3,000
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Plate 39. Glandular Epithelia. Seromucous Tubuloalveolar
Terminal Portion of a Mixed Salivary Gland.
Example: Human Submandibular Gland

In a section through a mixed salivary
gland, the mucous secretory portions or
mucous tubules (Fig. AI) are weakly
stained with hemalum and eosin, whereas
the serous acini (Fig. A2) are strongly
stained. The mixed elements are distin­
guished by the presence of dark serous
demilunes or crescents of Giannuzzi
(Fig. A3) at the end of the mucous
tubules. Figure B corresponds to the inset
in Fig.A.
The cytoplasm of the columnar mucous
cells (Fig. B1) contains such large
numbers of mucous droplets that the
dark, flattened nucleus is displaced to the
basal lamina. These cells develop by a par­
ticular process which is characteristic of
mixed salivary glands, whereby cells of the
intercalated ducts (Fig. B2) transform
into mucous cells. For this reason, inter­
calated ducts are rare or even absent in
seromucous glands. If present, they also
produce a mucous secretion. Owing to the
high viscosity of the product secreted by
the mucous cells, the lumen of the tubule
is relatively broad.
At the end of the mucous tubule, the er­
gastoplasm-rich serous cells (Fig. B3) are
arranged in a hemispherical fashion.
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These cells are connected to the tubular
lumen by means of intercellular canaliculi
(Fig. B4). In this manner, seromucous sa­
liva is produced, and its expulsion is accel­
erated by contraction of the myoepithelial
cells (Fig. B5).
Blood capillaries (Fig. B6) and unmyeli­
nated nerve fibers (Fig. B7) are found
close to the terminal portions of mixed
glands. (See Plate 161 in KRSTIC 1979.)

Magnifications: Fig. A, x 400;
Fig. B, x 2,800
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Plate 40. Glandular Epithelia. Terminal Portion of an Apocrine
Alveolar Gland. Example: Lactating Rat Mammary Gland

Figure A illustrates the light-microscopic
image of a lactating mammary gland of
the rat. The cells directed toward the
lumen are characterized by the presence of
pale fat vacuoles (Fig. A1). A single alveo­
lus is drawn in Fig. B.
The epithelium of the alveolus is com­
posed of a layer of columnar cells, rich in
ergastoplasm. In the apical pole, the cy­
toplasm of these cells contains two types
of vacuole: Small, osmiophilic, protein­
aceous (black) casein granules (Fig. B1)
are found in the first type; the second, sig­
nificantly larger, type of vacuole contains
fat droplets (Fig. B2). Expulsion of the
protein granules occurs by means of the
eccrine mechanism. The secretion of the
fat droplets, however, is associated with a
loss of apical cytoplasm and is termed
apocrine secretion.
In this manner, milk (Fig. B3) is formed in
the broad alveolar lumen; expulsion of the

82

milk is assisted by contraction of
myoepithelial cells (Fig. B 4). (See Plate
156 in KRSTIC 1979.)

Magnifications: Fig. A, x 500;
Fig. B, x 2,300
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Plate 41. Glandular Epithelia. Sebaceous Sac of a Holocrine
Pluristratified Alveolar Gland. Example: Human Sebaceous Gland

The ma]onty of sebaceous glands
(Fig. AI) open into hair follicles (Fig. A2).
They are composed of numerous sacs or
alveoli (Fig. A3). A sebaceous alveolus is
enlarged in Fig. B.
As in the epidermis, the deepest or basal
cells (Fig. B1) in contact with the basal
lamina (Fig. B2) are capable of division.
They form a germinal layer from which
the dead cells that have been transformed
into sebum are replaced by mitosis
(Fig. B3). The internal cells (Fig. B4) pro­
duced by the germinal layer gradually be­
come sebaceous cells by the accumulation
of lipid droplets in the cytoplasm; how­
ever, all cells remain firmly connected to
one another by means of numerous des­
mosomes.
At a later stage ofsebum development, the
cells gradually die; the nuclei become very
dense, i.e., pyknotic, and shrink (Fig. B5,
6). At the same time, the cell borders dis­
appear, and the sebaceous vacuoles leave
the now amorphous cytoplasm, the end
product of which is an anuclear fatty
mass. The sebum (Fig. B7) reaches the
skin surface via the hair follicle.
Pluristratified alveolar glands are, with­
out exception, holocrine. This term signi-
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fies a process in which synthesis of the se­
cretory product is accompanied by death
of the cell. Thus, such glands constantly
require replacement of cells from the ger­
minal layer. (See Plate 157 in KRSTIC
1979.)

Magnifications: Fig. A, x 70;
Fig. B, x 2,600
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Plate 42. Glandular Epithelia. Scheme of a Compound Tubuloacinar
Gland

This plate is solely intended to clarify the
general organization of a compound exo­
crine gland. For this reason, the acinar
lumen, which is usually narrow, has been
drawn as a wide space.
The acini (1) are connected via narrow in­
tercalated ducts (2) to the striated ducts
(3).
Several striated ducts unite outside the
lobule (4) to form one interlobular or
extralobular duct (5); several extralobular
ducts unite to form the principal excretory
duct (not represented), which in the sec­
tion reaching the surface is lined by pseu­
dostratified epithelium.
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Each gland is supplied with arteries (6)
and veins (7). Nervous impulses are trans­
mitted by bundles of unmyelinated nerve
fibers (8).

Magnification: x 280
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Plate 43. Glandular Epithelia. Endocrine Glands.
Examples: Pancreatic Islets and Thyroid Gland

The pancreas (Fig. A1), which fits into a
concavity of the duodenum (Fig. A2), is
made up of two types of glandular epithe­
lium. Acini (Fig. B1), mentioned in
Plate 38, with their excretory channel sys­
tem (Fig. B2), compose the greater part of
the pancreatic parenchyma. In the interior
of the exocrine lobules (Fig. B3) are lo­
cated small, well-defined epithelial cell
groups, the islets of Langerhans or pan­
creatic islets (Fig. B4), which do not pos­
sess excretory ducts and therefore release
their products (hormones) directly into
the blood. The islet in the inset appears
three-dimensionally in Plate 44.
The lobulated thyroid gland (Fig. C 1) is
located on the anterior side of the larynx
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(Fig. C2). The lobules are fairly well de­
fined and contain numerous vesicular or
tubular cavities, follicles (Fig. D 1), which
are lined with a simple epithelium. Col­
loid, carrier of the thyroid hormones, is
stored in the interior of the follicles. The
outer surface of the epithelial cells is in
close contact with blood capillaries since,
like the pancreatic islets and all other en­
docrine glands, the thyroid has no excre­
tory ducts. The follicle in the inset is pre­
sented in greater detail in Plates 45
and 46.

Magnifications: Fig. B, x 100;
Fig. D, x 150
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Plate 44. Glandular Epithelia. Endocrine Glands.
Pancreatic Islets. Continuation of Plate 43

The pancreatic islets are minute endocrine
glands scattered within the exocrine pan­
creas. Their epithelial or islet cells (1) are
polygonal elements with lobate, ellipsoi­
dal nuclei and a variable number of secre­
tory granules depending on the functional
stage; they form branched interconnected
strands. Many blood capillaries (2) run
between the epithelial strands, often ac­
companied by unmyelinated nerve fibers
(3) which frequently contact the epithelial
cells.
Several types of islet cell have so far been
identified (see histology texts for further
information); for example, B cells synthe­
size and secrete insulin into the blood
capillaries. This vital hormone reduces the
level of sugar in the blood and deficiency
leads to diabetes mellitus. An increase in
blood sugar level induces release of the
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hormone glucagon, which is produced in
the A cells. (See Plates 163, 164 in KRSTIC
1979.)

Magnification: x 1,000

REFERENCES
Capella C, Solcia E (1972) The endocrine cells of the
pig gastrointestinal mucosa and pancreas. Arch
Ristol Jpn 35:1-29

Cooperstein JS, Watkins 0 (eds) (1981) The islets of
Langerhans. Academic, New York

Orci L (1976) Morphofunctional aspects of the islets
of Langerhans. Metabolism 25 (SuppI.1):1303­
1313

Orci L (1977) The islet of Langerhans: a multihormo­
nal micro-organ. In: Bajaj JS (ed) Insulin and me­
tabolism. Elsevier, Amsterdam

Zimny ML, Blackard WG (1975) The surface struc­
ture of isolated pancreatic islet cells. Cell Tissue
Res 164:467-471



91



EPITHELIAL TISSUE

Plate 45. Glandular Epithelium. Endocrine Glands.
Thyroid Gland of the Rat. Continuation of Plate 43

The thyroid follicles (1) are spherical,
ovoid, or tubular structures, lined by a
simple epithelium (2) ofvarying thickness.
Unmyelinated nerve fibers (3) and arteri­
oles (4) occur in the interfollicular connec­
tive tissue. The arterioles form a dense
capillary network (5) around the follicle,
through which every epithelial or thyroid
follicular cell is in contact with the blood
circulatory system.
The epithelial cells synthesize and dis­
charge homogeneous colloid into the
lumen of the follicle. Two iodine-contain­
ing thyroid hormones (tri- and tetraiodo­
thyronine) are bound to the globulins of
colloid. The epithelial cells thus ensure
production and storage of thyroid hor­
mones. If thyroid hormones are required
by the organism, the hitherto viscous col­
loid becomes more fluid, the hormone­
protein complexes are split, and the hor­
mones are released into the blood.
The second type of epithelial cells in the
thyroid, the C cells (6), stem from the ul­
timobranchial body and do not form col­
loid. Their product - the hormone calcito­
nin - is released directly into the blood.
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For the sake of clarity, the basal laminae
of the capillaries and epithelial cells have
not been drawn.
It should be noted that the majority of en­
docrine epithelial cells possess a small in­
tracellular hormone reserve.

Magnification: x 1,000
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EPITHELIAL TISSUE _

Plate 46. Glandular Epithelia. Kinetics of Thyroid Epithelium.
Continuation of Plate 45

Changes in functional conditions lead to
alterations in the form and structure of
glandular epithelium. A particularly clear
example of this is seen in the dynamics of
thyroid epithelium.
Resting thyroid follicles are large (Fig. A),
colloid is viscous, and the follicular cells
and their nuclei are flattened. In the elec­
tron microscope, sparse cisternae of rough
endoplasmic reticulum (Fig. B1) and oc­
casional secretory granules (Fig. B2) are
evident in the low cells. A relatively small
number of microvilli (Fig. B3) occur on
the apical cell surface.
With an increased requirement for tri- and
tetraiodothyronine on the part of the or­
ganism, the cells mobilize colloid and the
follicles become smaller (Fig. C). The epi­
thelial cells become columnar, and their
nuclei larger, ellipsoidal, and invaginated.
The cytoplasm contains well-developed
Golgi apparatus (Fig. D 1), and the cister­
nae of the rough endoplasmic reticulum
(Fig. D2) are significantly broader. Many
secretory granules (Fig. D 3) appear di­
rectly beneath the apical plasmalemma.
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Microvilli become very much more nu­
merous. At the same time, globular or
cuplike cell processes (Fig. D4) develop,
which increase the resorptive surface area.
(See Plate 40 in KRSTIC 1979.)

Magnifications: Figs. B, D, x 5,000
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Plate 47. Regeneration and Transplantation of Epithelial Tissue

The functions of surface and many glan­
dular epithelia are associated with a con­
tinuous loss of cells; thus, these cells have
to be constantly replaced by new ones.
Mitoses playa major role in compensating
for the lost cells, and they usually occur as
far as possible from the sites of consump­
tion, e.g., in stratified squamous epithelia
mitoses only occur in the germinal layer
(Fig. A, arrows). The regeneration of en­
terocytes takes place solely in the intesti­
nal crypts (Fig. B, arrows; see Plate 118).
The basal cells (Fig. e, arrows) of se­
baceous glands are responsible for replac­
ing sebaceous cells that disintegrate dur­
ing holocrine secretion (see Plate 41).
Epithelial regeneration that proceeds in a
cyclic manner, as in the monthly changes
that take place in the endometrium of the
uterus during the reproductive period of
women, is termed physiological or cyclic
regeneration. During the first 4-5 days of
a menstrual cycle, a large part of the endo­
metrium is rejected (menstrual hemor­
rhage) if no blastocyst has implanted. An
approximately I-mm-thick basal layer or
pars basalis (Fig. D, asterisk) and bases of
the uterine glands (Fig. D 1) are all that
persist in the uterus. Regeneration of the
epithelial coating and subendothelial con­
nective tissue of the endometrium takes
place in the course of the next 9-10 days,
proceeding from the epithelium of the
glandular remnants. During this prolifer­
ative stage, there is a high degree of mito­
ses (Fig. D2) in the glandular epithelium
and neighboring connective tissue (Fig.
D3), which regenerates from the remains of
the interglandular tissue. The time from the
1st day of menstrual hemorrhage until
complete regeneration of the desqua­
mated endometrium is about 14 days.
Following a surface wound of the skin
(Fig. E), the germinal layer of the wound
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periphery begins to cover the lesion, ac­
companied by a great deal of mitotic ac­
tivity, leading to epithelial migration
(Fig.F, arrows). The cells of the hair fol­
licles (Fig. F 1) and excretory ducts of
sweat glands (Fig. F 2) also take part in
epidermal regeneration.
With larger wounds, the defect is filled
with regenerated vascular connective tis­
sue, called granulation tissue (Fig. G 1),
from subepidermal layers. Since the
epidermis moves slowly over the granula­
tion tissue from the wound periphery, a
skin transplant is necessary to accelerate
this process. In Fig. H, as an example, a
patch of epidermis is shown being grafted
(with underlying loose connective tissue of
the stratum papillare) according to the
method of Ollier-Thiersch.
From the examples given, it is clear that
surface epithelia and many glandular
epithelia regenerate well under normal
and pathological conditions. Highly dif­
ferentiated glandular epithelia, however,
regenerate significantly poorer than sur­
face epithelia.

Magnifications: Fig. A, x 550; Figs. B, e,
x 700; Fig. D, x 70;
Figs. E-H, x 40
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CONNECTIVE AND SUPPORTING TISSUES

Plate 48. Origin of Connective and Supporting Tissues

The mesenchyme, from which - with the
exception of the notochord - all connec­
tive and supporting tissues develop, stems
largely from the middle germ layer or me­
soderm. Only a small part of the mesen­
chyme derives from the ectoderm of the
neural crest (see embryology texts for fur­
ther information).
In Fig. A, the trilaminar stage of an 18­
day-old human embryo is illustrated at
the level of the primitive streak (unshaded
arrow). All three germ layers are visible in
the section: ectoderm (1), endoderm (2),
and the interjacent mesoderm (3).
The initially closed epitheliumlike cell
layer of the mesoderm becomes less com­
pact due to the uptake of fluid and trans­
forms into the embryonic connective tis­
sue, the mesenchyme. The cells of the mes­
enchyme differentiate and form, among
others:
- Stem cells (4) of all blood elements
- Practically all smooth muscle cells (5)
Immature connective tissue cells, fibro­
blasts (6), which differentiate into mature
connective tissue cells, fibrocytes (7)
- Immature bone-forming cells, os­
teoblasts (8), which become osteocytes (9)
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during the process of ossification. Fibro­
blasts (6) can also differentiate into os­
teoblasts. The dentin-forming elements,
odontoblasts (10), similarly develop from
mesenchymal cells
All cartilage cells, chondrocytes, ofhya­
line (11), elastic (12), and fibrous (13) car­
tilage
- Polynuclear chondroclasts and osteo­
clasts (14)
- Mast cells (15)
- Lipoblasts (16) - immature and adi-
pocytes (17) - mature fat cells, which are
able to differentiate into one another
- Reticular cells (18) of the reticular tis­
sue [fat cells (16, 17) can develop by
metaplastic transformation of reticular
cells]
- Connective tissue macrophages or his­
tiocytes (19); reticular cells also have the
ability to transform into macrophages
- Endothelial cells (20) of blood and lym­
phatic vessels.
As is evident from the above examples,
mesenchyme is a pluripotential tissue.

Magnifications: Fig. A, x 120;
Figs. 4-20, x 800
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CONNECTIVE AND SUPPORTING TISSUES

Plate 49. Classification of Connective and Supporting Tissues

This plate provides a summary of the very
varied forms of connective and support­
ing tissues. The main tissue-groups are
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shown in rectangles, and the subdivisions
in circles.
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CONNECTIVE AND SUPPORTING TISSUES

Plate 50. Mesenchyme or Embryonic Connective Tissue
from the Dorsal Mesogastrium of a l4-Day-Old Mouse Fetus

The low cells (1) at the upper edge of the
illustration will in the course of develop­
ment, after flattening, differentiate into
mesothelium, i.e., epithelium of mesoder­
mal origin. Like all surface epithelia, it
forms a boundary to the underlying amor­
phous mesenchymal tissue.
The mesenchymal cells (2) are connected
to one another by fine cell processes (3),
invisible under the light microscope. Up­
take of fluid into the intercellular spaces
causes the structure to become less com­
pact and a three-dimensional lattice de­
velops, the interstices of which contain
capillaries (4).
Mesenchymal tissue is characterized by
large numbers of mitoses (5). Cells that
are about to divide round themselves off,
though they still remain connected to
neighboring cells by fine processes, which
can be observed in the electron micro-
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scope. After mitosis, the daughter cells
adopt the form of other cells in the lat­
tice.
The interstices in mesenchymal tissue are
filled with an intercellular substance
which does not contain specifically differ­
entiated structures.
In addition to their ability to proliferate,
mesenchymal cells tend to form localized
clusters of cells, blastemas. All connective
and supporting tissues, musculature, and
other organs of mesodermal origin (e.g.,
part of the kidney, adrenal cortex) de­
velop from these areas of tightly packed
cells. Though morphologically very simi­
lar to gelatinous connective tissue, mesen­
chymal tissue is characterized by this spe­
cial histoplastic ability to form other tis­
sues. (See Plate 112 in KRSTIC 1979.)

Magnification: x 2,500
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Plate 51. Mesenchymal Cell. Same Preparation as in Plate 50

Mesenchymal cells are stellate elements.
Their numerous, fairly regular cell pro­
cesses (1) connect with those of other cells
in the connective tissue meshwork. The
great diversity in external appearance is in
contrast to the primitive internal organi­
zation.
The nuclei ofmesenchymal cells are large,
predominantly ellipsoidal, and with deep
indentations. The appearance of these nu­
clei is characteristic of very active cells,
where the area ofcontact between nucleus
and cytoplasm has to be as great as possi­
ble. The nuclei contain dispersed chroma­
tin, though they do contain a large nucleo­
lus, which is displaced toward the nuclear
membrane.
Mesenchymal cells are very poor in organ­
elles: Apart from a few mitochondria (2),
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some cisternae of rough endoplasmic re­
ticulum (3), and a medium-sized Golgi ap­
paratus (4), the cytoplasm only contains a
small amount of free ribosomes. Sporadic
lysosomes and lipid droplets occasionally
appear.
The motility of mesenchymal cells is
limited. They can leave the meshwork in
order to accumulate at particular sites,
where they serve as an anlage for other tis­
sues or organs.
The intercellular substance of mesen­
chyme is fluid. It contains occasional
microfibrils (5) and an amorphous, mod­
erately osmiophilic material. (See Plate
166 in KRSTIC 1979.)

Magnification: x 7,000
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Plate 52. Gelatinous or Mucous Connective Tissue.
Example: Umbilical Cord of a Human Neonate

Gelatinous tissue is morphologically very
similar to mesenchyme. There is, however,
a fundamental difference between the
two: Whereas mesenchyme represents a
pluripotential tissue, gelatinous tissue is
already mature and incapable of further
differentiation.
Gelatinous tissue occurs as Wharton's
jelly in the umbilical cord (Fig. A1) and
chorionic plate (Fig. A2), where it sur­
rounds the fetal blood vessels (Fig. A3).
At the bottom of the illustration, part of
the placenta with the basal plate (Fig. A4)
can be seen. Varicosities (Fig. A5), which
are common in the umbilical vessels, can
also be distinguished. The light-micro­
scopic appearance of a section through
the umbilical cord is shown in Fig. B.
The cells of gelatinous tissue (Fig. B1) are
stellate like mesenchymal cells, though
less numerous. It is not possible using the
light microscope to discern whether the
thin cell processes connect with one an­
other.
In the spaces between the cells, there is a
feltwork composed of delicate collagen fi­
brils (Fig. B2) and a proteoglycan ground
substance. A section from Fig. B (inset),
including the amniotic epithelium, is pre­
sented three-dimensionally in Fig. C.
Electron-microscopic studies have dem­
onstrated that the stellate cells (Fig. C 1)
of gelatinous tissue form a three-dimen-
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sional lattice. The bundles of collagen
microfibrils (Fig. C 2), which cross in all
directions, provide the tissue, and thus the
umbilical cord, with a certain tensile
strength. The ability of the very polymer­
ized hyaluronic acid of the ground sub­
stance to absorb water imparts turgidity
to the gelatinous tissue and thus increases
the mechanical resistance of the cord. This
helps to prevent kinking of the umbilical
cord, which could lead to interruption of
blood circulation.
The outer surface of the umbilical cord is
lined with amniotic epithelium (Fig. C 3).
The epithelium is nonsecretory in this sec­
tion since Wharton's jelly contains neither
capillaries nor nerve fibers. The structure
of adult dental pulp is reminiscent of ge­
latinous tissue, though the former is well
vascularized and supplied with numerous
nerve fibers.
Mesenchyme and gelatinous tissue occur
only temporarily during the course of pre­
natal development.

Magnifications: Fig. A, xl;
Fig. B, x 450; Fig. C, x 1,000
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Plate 53. Reticular Connective Tissue. Human Lymph Node

Reticular connective tissue forms the
basic framework of and fulfills specific
functions in the bone marrow, spleen, and
lymph nodes. It also occurs in the tonsils,
solitary lymphatic nodules, and Peyer's
patches of the ileum. In addition, it sepa­
rates the lobuli ofglands and accompanies
blood and lymph capillaries.
A lymph node (Fig. A) has been chosen to
elucidate the structure of reticular tissue.
The capsule (Figs. A1, B1) is composed of
dense connective tissue, through which
numerous afferent lymphatic capillaries
(Figs. A2, B2) pass; they open into the
subcapsular sinus (Figs. A3, B3).
The lymphatic or lymphoreticular tissue
(lymphocytes+reticular tissue) of the or­
gan is divided into two zones: a peripheral
zone, the cortex characterized by large
numbers of lymphatic follicles (Fig. A4);
an inner zone, the medulla, distinguished
by medullary cords (Fig. AS).
An artery (Fig. A6) enters the node at the
hilus (Fig. A7), as veins (Fig. A8) and an
efferent lymphatic vessel (Fig. A9) leave
the organ at the same site. Thus, lymph
streams constantly through the network
of reticular cells in the direction of the ar­
rows toward the hilus.
A detailed light-microscopic view of the
capsule, subcapsular sinus, and cortex is
illustrated in Fig. B. This zone of the
lymph node is particularly suitable for a
study of reticular tissue, since the reticular
cells form here a loose cell union. An af­
ferent lymphatic capillary (Fig. B2) with
valves (Fig. B4) enters the capsule
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(Fig. B1) and brings lymph into the sub­
capsular sinus (Fig. B3), which is lined
with a monolayer of littoral cells
(Fig. BS). Stellate reticular cells (Fig. B6)
are stretched transversely across the sinus,
and a network of branching reticular
fibers (Fig. B7) is in close contact with
these cells. Large numbers of small lym­
phocytes (Fig. B8) and macrophages
(Fig. B9) are present in the spaces between
the reticular cells.
Part of Fig. B is three-dimensionally pre­
sented in Plate 54.

Magnifications: Fig. A, x 15;
Fig.B, x 800
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CONNECTIVE AND SUPPORTING TISSUES

Plate 54. Reticular Connective Tissue. Continuation of Plate 53

The capsule (1) of the lymph node has
been drawn thinner and with only a few
collagen bundles so that the course of an
afferent lymphatic capillary (2) and the
point where it opens into the subcapsular
sinus (3) can be seen more clearly. The
capillary endothelial cells (4) are continu­
ous with the very flattened reticular cells,
littoral cells (5), which line all sinuses of
the lymph node.
The ramified, stellate, reticular cells (6)
are usually stretched transversely through
the sinus. They are connected with neigh­
boring cells of the same type by means of
thin cell processes. Many bundles of retic­
ular microfibrils (7), which can be visual­
ized by silver staining, are in close contact
with the reticular cells; such bundles are
frequently surrounded by processes of the
reticular cells.
Several wandering cells move freely in the
lymph of the sinus: a monocyte (8; see
Plate 71), a histiocyte (9; see Plate 66), a
lymphocyte (10; see Plate 70), and a
plasma cell (11; see Plate 72). A few lym­
phocytes (12) by virtue of their plasticity
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and a certain degree of ameboid move­
ment are able to enter the sinus by passing
between the littoral cells (13) that line the
cortex. Some of these littoral cells cover
the inner surface of a small drainage sinus
(14), which allows the lymph to drain
slowly in the direction of the arrow
through the network of reticular cells to
the efferent capillary. Lymph thus comes
into contact with every reticular cell.

Magnification: x 3,500
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Plate 55. Reticular Connective Tissue. Continuation of Plate 54

The left drawing shows a section through
a reticular cell, revealing the ultrastruc­
ture.
A large part of the cell body is occupied by
a voluminous, spherical or ellipsoidal, in­
dented nucleus (1) with a conspicuous nu­
cleolus (2). Several mitochondria (3) and a
simple or multiple Golgi apparatus (4) are
found in the cytoplasm. The cisternae of
rough endoplasmic reticulum (5) have
moderately osmiophilic contents and are
broad or narrow according to cytophysio­
logical stage. Lysosomes (6), free ri­
bosomes, fine bundles of microfilaments,
and glycogen particles occur in variable
amounts in reticular cells. The cell pre­
sented in this drawing corresponds to a
poorly differentiated form because of its
relative paucity of organelles.
If a reticular cell synthesizes fibers, the
rough endoplasmic reticulum becomes
broader owing to the intensive protein
synthesis. In this plate, the normally very
fine reticular microfibrils (7) are depicted
somewhat thicker. Reticular microfibrils
combine to form bundles, i.e., reticular
fibers, which are in close contact with the
reticular cells. The bundles are frequently
surrounded by very thin processes (ar­
rows) of the reticular cells and a glycopro­
tein coating (not shown), probably re­
sponsible for special staining properties of
the reticular fibers. Reticular cells do not
possess a basal lamina.
Under certain circumstances, a reticular
cell can transform into a phagocyte (cell
on the right). Particles of dye (8) are pha­
gocytized and stored by reticular cells
when subject to vital staining (injection of
stains into the connective tissue which
penetrate or are taken up by the cells with­
out causing damage), e.g., with trypan
blue. During this process, the reticular
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cells detach themselves from the microfi­
brillar lattice (7) and, by means of an un­
dulating membrane (9), migrate through
the tissue. The cell forms several pseudo­
podia (10) with which it draws the par­
ticles of dye into the cytoplasm; it also de­
velops a large number of microvilli (11)
and filopodia (12). Phagocytosis of bac­
teria, viruses, cell debris, etc. proceeds ac­
cording to the same mechanism. The ma­
jority of littoral cells have similar abili­
ties.
Reticular cells of lymph nodes are also
able to bind antigens to their cell mem­
branes. The lymphocytes that are in con­
tact with such cells differentiate into anti­
body-producing plasma cells (see
Plates 72, 115).
Reticular cells of the spleen as macro­
phages, phagocytize old red blood cells.
Bilirubin and iron result from disintegra­
tion of the erythrocytes. Bilirubin leaves
the cell by diffusion; iron is transferred to
the erythroblasts (see Plate 68), from
which red blood cells subsequently de­
velop (see histology texts for further in­
formation).
Reticular tissue is thus primarily involved
in defense of the organism.

Magnification: x 5,000
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Plate 56. White Adipose Tissue. Human Epiploic Appendices
of the Large Intestine

Lobular reticular tissue of the so-called
primitive organs forms the basis for adi­
pose tissue: By the deposition of fat it be­
comes transformed into lobular adipose
tissue; it can thus be regarded as a storage
form of reticular tissue. The close similar­
ity between reticular and adipose tissue
explains the frequent metaplastic trans­
formations that occur between the two
(see Plate 5).
Adipose tissue consists of white and
brown types (see Plates 59-61). Two kinds
ofwhite adipose tissue are found in the or­
ganism.
1. Structural adipose tissue fulfills several
functions: It forms envelopes providing
mechanical support for organs (e.g., kid­
neys, lymph nodes, eyes) and elastic pads
in areas subject to pressure (e.g., palms,
soles, buttocks, joints). Structural adipose
tissue also occupies the space where un­
formed organs will develop (e.g., mam­
mary glands). A large reduction in weight
has little influence on structural adipose
tissue. The major sites in the human body
where structural adipose tissue is found
are marked black in Fig. A.
2. Storage adipose tissue functions as a
caloric reserve material and provides ther­
mal insulation. Through its ability to bind
water it plays an important part in water
balance. Storage adipose tissue is found
particularly in the subcutis and abdomi­
nal cavity (subserosa, omenta, me­
senteries, epiploic appendices, etc.).
In Fig. B, grapelike complexes of adipose
tissue, epiploic appendices (Fig. B1), of
the large intestine (Fig. B2) are illustrated.
The inset is enlarged in Fig. C.
All epiploic appendices are covered with
mesothelium (Fig. C 1), visceral perito-
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neum. Lobules (Fig. C2) composed of
groups of fat cells (adipocytes or lipo­
cytes, Fig. C3) can be observed on the sur­
face of the section. Several blood and lym­
phatic vessels run through the connective
tissue septa. The light-microscopic image
of the inset in Fig. C is shown in Fig. D.
Adipocytes (Fig. D 1) are 40- to 120- J..lm­
large cells containing a voluminous fat
droplet or vacuole, (Fig. D 2). In unilocu­
lar (containing one droplet) adipocytes,
the droplet displaces the cytoplasm and
nucleus toward the plasmalemma. In rou­
tine histological preparations, the con­
tents of the fat cells are dissolved due to
the treatment with alcohol, benzene,
xylene, etc. The fat cells then have the ap­
pearance of signet rings, with thin cy­
toplasm, flattened nuclei, and volumi­
nous, empty vacuoles. To prevent dissolu­
tion of the fat, the adipose tissue is fixed
in formalin, frozen, and cut with a freez­
ing microtome. The sections are then
treated with liposoluble dyes (scarlet red,
Sudan III), which penetrate and stain the
fat droplets.

Magnification: Fig. D, x 400
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Plate 57. White Adipose Tissue. Continuation of Plate 56

As indicated in the previOUS plate, the
epiploic appendices are covered with
simple squamous epithelium, the perito­
neal mesothelium (1). Directly beneath
this epithelium and connected only by a
few reticular microfibrils (arrow) are the
globular, densely packed adipocytes (2).
They contain large, homogeneous, mod­
erately osmiophilic lipid droplets (3),
which develop during the histogenesis of
adipose tissue by the fusion of several
small intracellular lipid droplets. The cy­
toplasm is confined to a narrow, sickle­
shaped border and contains the nucleus
(4).
Unlike routine light-microscopic prepara­
tions, where the vacuoles of fat are dis­
solved, fixation with 0.04 (osmium tet­
roxide) for electron microscopy preserves
the vacuolar contents. In this process, the
fat is stained dark as a result of the forma­
tion of osmium esters.
Adipocytes are densely packed cells sur­
rounded by a basal lamina (here omitted)
and a well-developed basket of reticular
microfibrils (5). These microfibrils and the
plasticity of the fatty material together
give adipose tissue its cushioning proper­
ties. When adipose tissue is compressed,
the fat cells become ellipsoidal. The origi­
nal globular form is reinstated by the felt­
work of entwined reticular fibers upon re­
moval of the mechanical stress. Tensile
stress is largely absorbed by the interlobu­
lar collagen fibers.
Adipose tissue is very well vascularized,
which makes substantial demands upon
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the circulation. Numerous capillaries (6),
accompanied by nerve fibers (7), run be­
tween the fat cells. The thick accumula­
tion of fat cells and rich supply of blood
give adipose tissue a certain similarity to
epithelial tissue (see Plate 44).
Adipose tissue is subject to hormonal in­
fluences like all tissues. Histogenesis, for
example, is largely controlled by pituitary
and sex hormones. Two hormones re­
sponsible for the metabolism of adipose
tissue, lipotropins, have been isolated in
the sheep. Epinephrine and norepineph­
rine exert similar mobilizing effects. Ex­
ophthalmos-producing factor (EPF), of
pituitary origin, induces an increase in the
volume of the orbital adipose tissue and
this gives rise to abnormal protrusion of
the eyeballs (exophthalmos). (See Plate 79
in KRSTIC 1979.)

Magnification: x 2,000
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Plate 58. White Adipose Tissue Cell. Continuation of Plate 57

The narrow cytoplasmic rim of fat cells
contains the flattened nucleus (1), some
mitochondria (2), flattened cisternae of
rough endoplasmic reticulum (3), a Golgi
apparatus, and a few tubules of smooth
endoplasmic reticulum. A giant fat drop­
let (4) dominates the cell body. The drop­
let is separated from the cytoplasm by nu­
merous microfilaments (5), which also sta­
bilize the fatty mass in the cell body; large
fat droplets do not possess a limiting
membrane of their own.
Every adipocyte is surrounded by a basal
lamina (6). In the upper part of the plate,
the basal lamina has been folded back so
that the micropinocytotic vesicles (7) can
be discerned. A feltwork of ramified retic­
ular microfibrils (8; drawn somewhat
thicker than normal) surrounds the fat
cell.
Adipose tissue is a very active, dynamic
tissue, which is constantly being built up
and broken down.
Fatty acids, which are formed by hydroly­
sis of triglycerides from chylomicrons (see
Plate 31) or serum lipoproteins, are taken
up by the fat cells and resynthesized to tri­
glycerides. Adipocytes can also synthesize
triglycerides from carbohydrates. Lipids
are stored in the cells as neutral triglycer­
ides. Animal and human fat comprises a
mixture of oleic, palmitic, and stearic
acids. Exogenous liposoluble pigments,
e.g., lipochromes and carotenoids, which
are ingested with the food, give adipose
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tissue a yellowish color. Reduction in
body weight leads to fat depletion in the
cells; the fat droplets become smaller or
disappear completely from the cytoplasm,
and several cell processes form of various
length. Adipocytes that have lost their fat
content thus come to resemble reticular
cells. In extreme cases, the body of the
emptied cell becomes filled with a viscous
fluid (so-called serous fat cells).
The hormones epinephrine and norepi­
nephrine influence lipolysis by means of
cAMP (see Plate 163). Stimulation by
these enzymes leads to activation of hor­
mone-sensitive lipase, which effects hy­
drolysis of the stored triglycerides. Fatty
acids are released, they enter the circula­
tion, become attached to albumins, and
are transported to other cells of the organ­
ism, where they are utilized as a high­
calorie material. (See Plate 80 in KRSTIC
1979.)

Magnification: x 5,000
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Plate 59. Brown Adipose Tissue.
Interscapular Brown Adipose Tissue of the Rat

Brown or multilocular adipose tissue is
relatively infrequent in man and is found
predominantly in newborns. It occurs in
the neck, armpit (Fig. A1), in the vicinity
of the subclavian artery (Fig. A2) and kid­
ney (Fig. A3), dorsal skin, mediastinum
(Fig. A4), and mesenteries. Brown adi­
pose tissue is more widespread in many
animals, particularly hibernators ("hiber­
nation gland"). In addition to the retro­
peritoneal space it is regularly found as
the interscapular fat organ (Fig. B1). An
area from this organ is depicted light­
microscopically in Fig. C.
Brown adipose tissue is arranged in
lobules, like white adipose tissue. Blood
and lymphatic vessels and nerve fibers
enter the tissue through interlobular septa
(Fig. C 1). Brown fat cells (Fig. C 2) are
polygonal elements with a central nucleus;
the cytoplasm contains several small fat
droplets, hence the name "multilocular"
adipose tissue. White adipocytes (Fig. C3)

122

are occasionally found in brown fat and
are distinctly larger than the brown adipo­
cytes. Numerous blood capillaries
(Fig. C 4) can be seen between the brown
adipocytes.

Magnification: Fig. C, x 800
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Plate 60. Brown Adipose Tissue of the Rat. Continuation of Plate 59

This plate presents a three-dimensional
electron-microscopic image of a lobule
composed of a small number of brown fat
cells. The brown fat cells (1) are closely
packed and form an epitheliumlike struc­
ture (see Plate 59). In the cytoplasm are
located a spherical nucleus (2) and a con­
spicuous number of mitochondria (3).
The previously mentioned multiple fat
droplets (4) occur in the cell body as inclu­
sion products. Rich ramifications of the
blood vessels ensure that each cell comes
into contact with capillaries (5). The large
numbers of unmyelinated nerve fibers (6)
supply practically every cell with a club­
like nerve ending (7). Brown adipocytes
are surrounded by a basket of reticular
and collagen rnicrofibrils (8). For the sake
of clarity, the basal laminae have not been
drawn on this plate.
The major function of brown adipose tis­
sue is thermogenesis, hence the wide dis­
tribution in the bodies of hibernators,
where the tissue assists in maintaining
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body temperature during the winter. Oxi­
dation of fatty acids in brown adipocytes
leads to a local increase in temperature,
such that brown adipose tissue acts as a
heating element and warms the perfusing
blood. In human neonates, brown adipose
tissue is important in adaptation to en­
vironmental temperature.

Magnification: x 3,200
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Plate 61. Brown Adipose Tissue Cell. Continuation of Plate 60

A section through a brown adipocyte re­
veals a protruding nucleus (1) with several
nuclear pores (2). The cytoplasm contains
a large number of mitochondria (3), re­
sponsible for the intensive oxidation, and
a few cisternae of rough (4) and tubules of
smooth (5) endoplasmic reticulum. The
distinctive feature of a brown adipocyte is
the presence of several lipid droplets (6).
These are - similar to the droplets ofwhite
fat cells - confined within a small basket
of microfibrils (7) which provide support
for the lipid mass and prevent the fusion
of several fat droplets into one large drop­
let. The contents of the droplets are mod­
erately osmiophilic and homogeneous.
Every multilocular cell possesses its own
basal lamina (8), which is externally rein­
forced by a network of reticular and col­
lagen microfibrils (9). Many micropinocy­
totic vesicles (10) form on the cell mem­
brane.
High concentrations of cytochrome in mi­
tochondria as well as the lipochrome pig­
ment of the lipid droplets give the brown
color to brown adipose tissue.
Brown adipose tissue is richly innervated.
The plate shows the terminal portion of
an unmyelinated nerve fiber (11) with two
axons (12). They are accompanied by a
process of a Schwann's cell (13). The basal
lamina is intercalated between the axons
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and the brown adipocyte. The axons con­
tain numerous synaptic vesicles, some of
which have higWy osmiophilic contents.
Norepinephrine is released at the axonal
endings and, via cAMP, activates the pre­
viously mentioned hormone-sensitive li­
pase. This brings about hydrolysis of the
triglycerides to glycerol and fatty acids,
oxidation of which leads to thermogen­
esis. (See Plate 78 in KRSTIC 1979.)
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Plate 62. Loose Connective Tissue

Loose connective tissue, or areolar tissue,
is widely distributed in the organism. It
fills the spaces between the skin and
musculature, between the muscle fibers,
and between the muscles; it surrounds
vessels, nerves, and various organs, forms
the stroma of the kidneys, liver, glands,
testes, ovaries, etc., forms the leptomen­
inges, choroid of the eye, stratum papil­
lare of the skin, and occurs in the omenta,
pleura, and wherever gaps between organs
have to be filled. Loose connective tissue
also connects various organs or parts of
organs. It is found in hollow organs (e.g.,
esophagus) between the epithelium
(Fig. A1) and lamina muscularis mucosae
(Fig. A2) as the lamina propria (Fig. A3),
as the tela submucosa (Fig. A4), and as an
organ envelope, the tunica adventitia
(Fig. AS).
The components of all connective tissues
can be seen particularly well in loose con­
nective tissue (Fig. B).
The following is a broad classification
(after BUCHER 1980):

The insets in Fig. A correspond to Fig. B,
which has been simplified for the sake of
clarity.
Fixed cells in connective tissues consist of
fibroblasts (Fig. B1), fibrocytes (Fig. B2),
fat cells (Fig. B3), and pericytes (Fig. B4).
Wandering cells comprise the histiocytes
(Fig. B5), mast cells (Fig. B6), lympho­
cytes (Fig. B7), plasma cells (Fig. B8),
eosinophilic granulocytes (Fig. B9), and
monocytes (Fig. B10). Fat cells have al­
ready been described with adipose tissue
(see Plates 56-58).
Reticular (Fig. B11), collagen (Fig. B12),
and branched elastic (Fig. B13) fibers
form a broad network, the interstices of
which are filled with a ground substance.
Collagen fibers often occur in bundles.
Lymphatic (Fig. B 14) and blood vessels
(Fig. B15) and nerve fibers (Fig. B16) run
through loose connective tissue and most
other tissues of this group.

Magnifications: Fig. A, x 5;
Fig.B, x 850
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Plate 63. Loose Connective Tissue. Three-Dimensional Presentation

The fixed cells, fibrocytes (1), form a net­
work with their long, thin processes, and
wandering connective tissue cells move in
its interstices. In this slightly schematized
illustration, it is possible to distinguish a
histiocyte (2), a plasma cell (3), a mono­
cyte (4), a lymphocyte (5), and an eosino­
philic granulocyte (6). A mast cell (7) is in
close contact with a sectioned capillary
(8). A few granules (arrows) have been ex­
pelled from the mast cell. A pericyte (9) ­
also classified among the cells of loose
connective tissue by many authors - em­
braces the capillary by means of its pro­
cesses.
Collagen fibers (10), with their intercon­
necting microfibrils (11), crisscross
through the loose connective tissue. The
collagen fiber bundles impart tensile
strength to loose connective tissue. The
ramifications of elastic fibers (12) in the
interstices ofloose connective tissue give it
elasticity.
Reticular microfibrils (13) are predomi­
nantly found around vessels. Capillaries
are accompanied by unmyelinated nerve
fibers (14). The fibers listed here are col­
lectively referred to as the formed ele­
ments of the intercellular substance.
The second intercellular component is a
protein-poor, amorphous, transparent
mass, the ground substance (not shown in
this illustration). Its presence is of the
greatest importance for the metabolism of
the connective and supporting tissues,
since it transports nutrients and waste
products between the cells and capillaries.
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The ground substance contains proteogly­
cans, the chemical composition and con­
centration ofwhich vary from tissue to tis­
sue: Depending on the type of tissue, the
ground substance can be a thin sol (mes­
enchymal tissue; see Plate 50) or a viscous
gel (gelatinous tissue; see Plate 52); it is
plastic in cartilaginous tissue and hard in
bony tissue. Hyaluronic acid is mainly evi­
dent in the ground substance and is re­
sponsible for the metachromasia (for defi­
nition see Plate 69), which is visible under
the light microscope. Pathogenic bacteria
that produce the enzyme hyaluronidase
are able to spread through the host by de­
polymerizing hyaluronic acid and thus re­
ducing the viscosity of the ground sub­
stance (for which reason hyaluronidase is
also known as "spreading factor").

Magnification: x 3,500
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Plate 64. Loose Connective Tissue. Fixed Cells:
Fibroblast and Fibrocyte

The fibroblast (left) is an immature flat­
tened cell which helps to make up the
framework of loose connective tissue. On
the surface, there are several, short, thick
cell processes (1) and a variable number of
microvilli. The nucleus of fibroblasts is el­
lipsoidal, frequently somewhat flattened,
and contains finely dispersed chromatin
and one or two nucleoli. Broad cisternae
of rough endoplasmic reticulum (2) with
moderately osmiophilic amorphous re­
ticuloplasm are the main morphological
features of the cytoplasm. Several
vacuoles occur in the vicinity of each
Golgi apparatus. A few mitochondria are
scattered in the cytoplasm. The presence
of centrioles is indicative of the readiness
of fibroblasts to divide. A number of free
ribosomes in the cytoplasmic matrix and
rough endoplasmic reticulum give the fi­
broblasts a light-microscopically evident
basophilia.
The fibrocyte (right) is, compared with the
fibroblast, a mature cell. According to the
function of the connective tissue in which
it occurs, the fibrocyte can be slender,
spindle-shaped, or flattened. Several long,
thin processes connect the fibrocytes and
create a three-dimensional network. The
nucleus of fibrocytes contains dispersed
chromatin and is often a flattened ellip­
soid; its nucleolus is smaller than that of
the fibroblast.
The organelles of fibrocytes are not as well
developed as in fibroblasts, and the differ­
ence is particularly apparent in the poorly
developed rough endoplasmic reticulum
(3) and Golgi apparatus. These features
enable fibroblasts and fibrocytes to be dis­
tinguished.
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Fibroblasts form various fibers and inter­
cellular components (see Plate 65). Col­
lagen microfibrils, both singly (4) and as
bundled fibrils (5), are thus found near fi­
broblasts. Microfibrils (arrows) often in­
terchange between one fibril and an­
other.
Thick elastic fibers (6), which are also syn­
thesized by fibroblasts, are found in the
direct vicinity of the plasmalemma or
within its surface depressions. As pre­
viously mentioned, these fibers are highly
ramified and are contained within a fine­
fibrillar material.
The ability of fibrocytes to produce amor­
phous, fibrillar, intercellular material is
markedly limited. It is, however, very
probable that mature fibrocytes can,
under certain conditions (e.g., in regenera­
tion), dedifferentiate into fibroblasts and
thus recommence protein synthesis. In all
connective tissues of adults, there remains
a certain reserve of immature, pluripoten­
tial elements, which can as necessity arises
transform into histiocytes, fibroblasts,
chondroblasts, osteoblasts, etc.
Fixed connective tissue cells such as fibro­
blasts, fibrocytes, and pericytes possess
the ability to phagocytize to a minor ex­
tent.
Pericytes are important in the exchange processes be­
tween the contents of the blood capillaries and con­
nective tissue. They are ofminor significance in regu­
lating capillary diameter, since endothelial cells are
themselves able to contract by means of their own
microfilaments. Thus, pericytes can be regarded as a
reserve of pluripotential cells since they are thought
to be able to free themselves from the capillaries and
migrate into the surrounding connective tissue. (See
Plates 36,112,132,133,136 in KRSTIC 1979.)

Magnification: x 5,000
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Plate 65. Loose Connective Tissue. Formed and Amorphous Components
of the Intercellular Substance

As previously mentioned, fibroblasts are
above all protein-synthesizing cells. They
form four kinds of protein-containing
macromolecule:
A. Collagen
B. Microfibrillar proteins of elastic fibers
and elastin
C. Proteoglycans
D. Structural glycoproteins (fibronectin
and laminin)

A. Through the uptake of hydroxyproline (arrows)
and other amino acids, the first peptides are synthe­
sized on the ribosomes of rough endoplasmic reticu­
lum (1). These are incorporated into the pre- or pro­
collagen polypeptide chains. The first 280-nm-Iong
and 1.5-nm-wide tropocollagen molecules (2) develop
from three helically entwined chains. After incorpo­
ration of sugar components, they pass from the Golgi
apparatus into collagen secretory granules (3). The
tropocollagen (2 a) is expelled from the cell into the
intercellular space, where it is polymerized into col­
lagen (4) or reticular (5) microfibrils. During this pro­
cess, the heads of the molecules arrange themselves a
constant distance of 70 nm apart, which gives rise to
the regular transverse striation of both fibrous ele­
ments.
Collagen microfibrils (4) have a diameter of about
10-200 nm; reticular microfibrils (5) are considerably
thinner with a diameter of about 5-15 nm. The col­
lagen structures unite to form fibrils, fibers, and fiber
bundles, and the latter can attain a diameter of
12 J.Im. Recticular microfibrils combine to form retic­
ular fibers, which are, unlike collagen fibers, thin, dis­
posed in a network in the tissues, and argyrophilic,
i.e., they can be impregnated and stained intensely
black by silver nitrate. Reticular microfibrils occur
between the basal laminae and the collagen microfi­
brils (see Plates 24, 132). Biochemically and morpho­
logically, there is a gradual transition between the
two types of fiber.

B. After a process which has not been ad­
equately investigated, fibroblasts produce
elastic fibers. This occurs, according to
the current understanding of events, by
the expulsion of short microfibrillar pro­
teins (6), which unite in the vicinity of the
cell to form a feltlike structure (oxytalan
fibers). The proelastin molecules (7), also
formed in the fibroblasts, accumulate
within the feltwork, fuse, and become the
electron-microscopically homogeneous
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elastic fibers (8). Unlike the practically in­
extensible collagen structures, elastic
fibers can be stretched to 150% of their
original length as a result of their coiled
molecular structure.
C. Connective tissue cells synthesize the
proteoglycans (9) of the ground sub­
stance. The hypothetical picture of a
highly enlarged detail from the circular in­
set is also shown in Fig. C.
The proteoglycans are very large mole­
cules, consisting of a core protein (10) to
which glycosaminoglycans (11) are lat­
erally connected. The latter are made up
of repeating disaccharide units, chondroi­
tin 4- and 6-sulfates, dermatan, heparan,
and keratan sulfates. By a link glycopro­
tein (12), the proteoglycans are bound to
a filiform hyaluronic acid molecule (13) to
form a dense molecular feltwork, which
structures large volumes of extracellular
water.

As a result of the water-binding properties of proteo­
glycans, the ground substance acts as a reserve of
extracellular water. It also contains numerous ions,
enzymes, hormones, vitamins, and antibodies. In­
creased water content in the ground substance caused
by diseases of the heart and kidney as well as by dam­
aged capillary permeability is termed edema. The
ground substance acts as a filter in the diffusion of
various substances from the capillaries into the cell
and vice-versa, retaining larger molecules and allow­
ing smaller ones to pass through.
D. Fibronectin and laminin are involved in cell inter­
actions as well as in the adhesion of cells to their col­
lagen support via basal laminae. (See Plates 118, 132­
137 in KRSTIC 1979.)
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Plate 66. Loose Connective Tissue. Wandering Cells: Histiocyte

The relatively large (10-20 /lm) histiocyte
has an irregular outline and is a perma­
nent component of loose connective tis­
sue. The nucleus is mainly spherical or el­
lipsoidal and sometimes displays deep in­
dentations. It contains finely dispersed
chromatin and a distinct nucleolus.
The cytoplasm contains a few mitochon­
dria, sparse flattened cisternae of rough
endoplasmic reticulum, a well-developed
Golgi apparatus, and fairly abundant free
ribosomes. Histiocytes are characterized
by a variable number oflysosomes at vari­
ous stages of development, depending on
the functional state of the cell. In addition
to small primary Iysosomes (1), which are
mainly found around the Golgi appara­
tus, secondary Iysosomes (2), phagolyso­
somes (3), and residual bodies (4) are
found in the interior of active histiocytes.
The external morphology of these cells is
extremely variable. The surface often
bears a profusion of irregular microvilli
(5) or globular protruberances (6), which
correspond to the more extensive phago­
Iysosomes in the cell interior. Invagina­
tions in the plasmalemma are formed by
thin folds (7) of cytoplasm. When these
folds close, small amounts of intercellular
fluid are engulfed by the cell, a process
termed macropinocytosis. Histiocytes
also contain of course large numbers of
micropinocytotic vesicles (8).
Histiocytes move vigorously by ame­
boidism. They usually follow the course of
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vessels and occur in large numbers where
the penetration of foreign particles is
likely, e.g., in the loose connective tissue
of the subepithelial layer (lamina propria)
of the intestinal tract.
Histiocytes are distinguished by their
marked capacity to phagocytize and store.
They are capable of engulfing large par­
ticles and/or dead cells and digesting them
intracellularly, for which reason they are
also termed macrophages. In vital stain­
ing with trypan blue (see Plate 55), dye
particles are stored in the cytoplasm. (See
Plates 32, 33, 47, 56-58, 168, 169 in
KRSTIC 1979.)

Magnification: x 10,000
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Plate 67. Loose Connective Tissue. Wandering Cells:
Macrophage in Tissue Culture

Macrophages from loose connective tis­
sue can be easily cultivated and experi­
mentally manipulated in vitro.
The phagocytic process can be observed
by adding a few red blood corpuscles to a
macrophage culture. The macrophages
soon develop a broad, thin, undulating
membrane (1) and approach the erythro­
cytes (2). This veil of cytoplasm then
glides over the red blood cell, which
gradually becomes engulfed by the macro­
phage.
Numerous microvilli (3) and filopodia (4)
are evident on the prominent nuclear re­
gion of the macrophage. It is possible that
the filopodia are important in the ame­
boid movement of macrophages.
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Large phagolysosomes (5) or previously
phagocytized erythrocytes can be easily
observed in the very flattened body of the
macrophage.

Magnification: x 7,500
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Plate 68. Reticulohistiocytic or Reticuloendothelial System

The reticuloendothelial system (RES), ac­
cording to the classic interpretation ofAs­
CHOFF (1924), combines those cells of the
body whose major functions are phagocy­
tosis and storage. It thus represents a
powerful defense system of the organism.
The RES comprises the following cells.
- Reticular cells (1) and, deriving from
the reticular cells, endothelial macro­
phages or littoral cells (2) lining various
sinuses of the lymph nodes (3; see
Plate 54), spleen (4), and bone marrow
(5)
- Histiocytes (6) and monocytes (7) of
loose connective tissue (8); because of the
presence of histiocytes the RES is also
termed the reticulohistiocytic (RHS) sys­
tem
- Some endothelial cells (9) of the capil­
laries of the adrenal (10) and pituitary (11)
glands
- Kupffer's cells (12) of the liver (13)
- In a broader sense, the microglia (14) of
the central nervous system.

The main functions of the RES may be
summarized as follows:
A. Phagocytosis and immunological ac­
tivity (see Plate 115)
B. Storage of exogenous foreign bodies
and/or vital dyes
C. Metabolism of hemoglobin and iron
[old red blood cells are phagocytized; their
iron is transferred (arrow) to the erythro­
blasts]
D. Extrahepatic synthesis of bile pig­
ments. (Bile pigments develop as a result
of digestion of erythrocytes and diffuse
out of the phagocytes)
E. Lipid metabolism (reticular cells can
store lipids and transform into adipo­
cytes).
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The above details represent a classic de­
scription of the RES. Recent electron-mi­
croscopic studies have revealed that
phagocytosis is not performed by the
sinus endothelia of the pituitary and adre­
nal capillaries but by perivascular macro­
phages. The phagocytotic activity of
spleen endothelia has also been ques­
tioned following new research. With the
elimination of the endothelial compo­
nents, the term "reticulohistiocytic sys­
tem" becomes preferable to "reticuloen­
dothelial system."
Modern investigations have shown that
macrophages originate from stem cells of
the bone marrow (except microglia); for
this reason and because of their morpho­
logical and functional similarities, a new
concept of the mononuclear phagocyte
system has been elaborated to replace the
RES/RHS concept.

REFERENCES
Aschoff L (1924) Das Retikulo-endotheliale System.
Ergeb Inn Med Kinderheilkd 26:1-118

Carr I, DeamesWT (eds) (1980) The reticuloendothe­
lial system, vol I. Morphology. Plenum, New
York

Friedman H, Escobar M, Sherwood R (eds) (1984)
The reticuloendothelial system. A comprehensive
treatise, vol 6. Immunology; vol 7A Physiology.
Plenum, New York

Rose NR, Siegel BV (eds) (1982) The reticuloen­
dothelial system: A comprehensive treatise, vol 4.
Plenum, New York.

Sbarra AJ, Strauss RR (eds) (1980) The reticuloen­
dothelial system, vol 2. Biochemistry and metabo­
lism. Plenum, New York

Van Furth R (ed) (1980) Mononuclear phagocytes:
Functional aspects. Martinus Nijhoff, The Hague



141



CONNECTIVE AND SUPPORTING TISSUES

Plate 69. Loose Connective Tissue. Wandering Cells:
Mast Cell or Mastocyte

Mast cells are wandering cells found
largely along the small vessels of loose
connective tissue (see Plates 62,63). Occa­
sionally, they occur in small groups in the
stroma of various organs. They are rela­
tively large cells (up to 20 Ilm) which can
adopt a globular or elongated form.
Mast cells are not evident in normally
stained histological sections. Special tech­
niques, involving basic dyes, such as
methylene blue, toluidine blue, azure II,
are required, whereby the granules appear
metachromatic. Metachromasia signifies
a substrate staining a different color to
that of the dye applied. Thus, e.g., the blue
solutions of the above dyes stain mast cell
granules reddish-violet.
Mast cells usually contain an ellipsoidal
nucleus. The cells are characterized by nu­
merous large (up to 2 Ilm), electron-dense
granules (Figs. A1, B), surrounded by a
unit membrane. In many animals, these
granules are filled with crystalline inclu­
sions; in man, they contain odd, rolled cy­
lindrical structures termed "scrolls"
(Fig. B1). The intergranular cytoplasm of
mast cells comprises a few cisternae of
rough endoplasmic reticulum, a well-de­
veloped Golgi apparatus, and some mito­
chondria and ribosomes.
The external morphology of mast cells is
very variable. At rest, the surface is
smooth and bears only a few cell pro­
cesses. In an active mast cell, the plasma­
lemma forms numerous irregular micro­
villi (Fig. A2), folds (Fig. A3), invagina­
tions (Fig. A4), and large numbers ofpro­
truding globular structures. The openings
(Fig. A5) between the processes are prob­
ably residual traces of expelled granules.
Mast cell granules contain:
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- Heparin, a proteoglycan inhibiting
blood coagulation, which is also responsi­
ble for the metachromasia of the connec­
tive tissue ground substance
- Histamine, a low-molecular-weight tis­
sue hormone that is involved in local in­
flammatory reactions and edema by in­
creasing capillary permeability
- Serotonin (5-hydroxytryptamine, 5­
HT; only in the rat and mouse) effects a
constriction of the small blood vessels.
Mast cells also produce leukotrienes,
prostaglandins, and other important fac­
tors in immunity and regulation of the
composition of the ground substance.
(See Plate 165 in KRSTIC 1979 and physi­
ology texts for further details.)

Magnifications: Fig. A, x 10,000;
Fig. B, x 40,000
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Plate 70. Loose Connective Tissue. Wandering Cells: Lymphocytes

Lymphocytes, with a diameter of 7­
10 Ilm, are the smallest mobile cells of the
loose connective tissue. Histochemical ev­
idence has long suggested that there are
two types of lymphocyte. Unfortunately,
studies employing transmission and scan­
ning electron microscopy were unable to
provide definitive confirmation of these
suspicions. Immunological studies were
the first to prove that there are in fact two
functionally different types oflymphocyte
- Band T lymphocytes.
B lymphocytes in mammals stem from the
bone marrow, and in birds from the bursa
of Fabricius, whence the term "B" lym­
phocyte derives. During development, T
lymphocytes spend a short amount of
time in the thymus (hence "T" lympho­
cyte), where they receive programmed in­
formation that enables them to recognize
substances foreign to the body.
Both types of lymphocyte contain a large
spherical nucleus with very dense chroma­
tin. In the thin belt ofcytoplasm are found
only a few mitochondria, cisternae of
rough endoplasmic reticulum, and a
poorly developed Golgi apparatus. The
diplosome is indicative of the high mitotic
activity of these cells. Large numbers of
free ribosomes are also scattered in the cy­
toplasm.
According to the functional condition, the
surface of the lymphocyte is smooth or
covered with numerous microvilli.
Small lymphocytes account for about
20%-35% of white blood cells. They are
able to leave the blood capillaries and
enter the connective tissue by virtue of
their plasticity. From the connective tis­
sue, they penetrate the lymph capillaries
and finally reenter the blood circulation.
The number of lymphocytes in the inter­
stices of connective tissue is small; upon
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the appearance of foreign elements or sub­
stances, however, they increase considera­
bly. T lymphocytes are the carriers of so­
called cellular or cell-bound immunity
(see Plate 115). Under certain circum­
stances, B cells can transform into
gamma-globulin-producing plasma cells
and thus are important in humoral im­
mune reactions.

Magnification: x 10,000
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Plate 71. Loose Connective Tissue. Wandering Cells: Monocyte

Monocytes are 12- to 20-llm-large,
basophilic, spherical cells with a volumi­
nous, kidney-shaped nucleus, which is
rich in chromatin and has one or two con­
spicuous nucleoli. The Golgi apparatus is
frequently located in the nuclear concav­
ity. Several small, dense granules (1), just
visible under the light microscope, are
found in the vicinity of the Golgi appara­
tus. Following combined May-Grunwald
and Giemsa staining, they appear purple­
red (azurophilic). Electron-microscopic
investigations have shown these granules
to be primary lysosomes. Centrioles (2)
are also seen near the Golgi apparatus.
Several mitochondria and flattened cister­
nae of rough endoplasmic reticulum are
scattered throughout the cell body.
The outer surface of inactive monocytes is
smooth apart from the presence of a few
microvilli. With increased activity, the
plasmalemma forms numerous globular,
digitiform, and microvillous protuber­
ances, such that the monocyte can no
longer be differentiated from a histiocyte
(see Plate 66).
Monocytes are definite macrophages.
They wander through the interstices of
connective tissue by means of vigorous
ameboid movements and phagocytize
bacteria as well as larger particles and
dead cells. Like histiocytes, monocytes
store vital dyes.
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Monocytes comprise about 2%-8% of all
white blood cells. As a result of their mo­
bility, they are able to leave the blood cir­
culation and enter the connective tissue.
They subsequently alter their morphol­
ogy, for which reason they are also termed
polyblasts. Since monocytes cannot ulti­
mately be differentiated from histiocytes,
they can be regarded as a reserve of mac­
rophagic elements in the connective tis­
sue.

Magnification: x 10,000
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Plate 72. Loose Connective Tissue. Wandering Cells: Plasma Cell

Plasma cells are 10- to 20-l1m-Iarge, ovoid,
basophilic elements that predominantly
occur in the vicinity of small vessels,
stroma of several glands (e.g., salivary and
lacrimal glands), bone marrow, lymphatic
system, omenta, lamina propria of the in­
testinal tract, and remnant of the endome­
trium of the uterus during menstruation.
Exceptionally, they appear in the blood
(rubella).
The nucleus of plasma cells is spherical
and eccentric. The clumps of chromatin
adopt a characteristic wheel-like pattern
("cartwheel nucleus"). This morphologi­
cal property is useful in the light-micro­
scopic identification of these cells.
The ultrastructure of plasma cells is dis­
tinguished by highly developed parallel
cisternae of rough endoplasmic reticulum,
ergastoplasm (1), which contains a mod­
erately osmiophilic, fine-granular mate­
rial (reticuloplasm).
A well-developed Golgi apparatus,
flanked by several smaller vacuoles and
the centriole (2), is found close to the nu­
cleus. Under the light microscope, the
Golgi complex appears as a pale zone.
Several mitochondria and vast numbers
of free ribosomes are found between the
cisternae of the ergastoplasm. The ri­
bosomes, together with the ergastoplasm,
are responsible for the basophilia of
plasma cells, visible with the light micro­
scope.
Plasma cells are capable of weak ameboid
movement. It is probably for this reason
that the surface bears only a few microvilli
and globular processes.
Plasma cells are important producers of
protein. They synthesize and secrete
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serum albumins and gamma globulins
(immunoglobulins) by a kind of reverse
micropinocytosis, i.e., in small vesicles (3).
Plasma cells are thus intensively involved
in the defense of the organism.
Overproduction of proteins as a result of
an inflammation leads to distension of the
ergastoplasmic cisternae. This is caused
by the accumulation of a material termed
Russell bodies, which can be visualized
light-microscopically after eosin or fuch­
sin staining.
Plasma cells can develop from B lympho­
cytes in the lymph nodes (see Plate 115)
and from Iymphocytelike elements in the
region of blood vessels. (See Plates 35, 45,
54, 55 in KRSTIC 1979.)

Magnification: x 10,000
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Plate 73. Loose Connective Tissue. Wandering Cells:
Eosinophilic Granulocyte

Eosinophilic granulocytes, which are
about 11-14 /lm in diameter, comprise ap­
proximately 1%---4% of all white blood
cells in the circulation. They are easily
identified since the cytoplasm contains
granules (Fig. A1) that stain red with
eosin and are visible under the light micro­
scope.
Eosinophilic granulocytes are particularly
numerous in the lamina propria of the in­
testinal tract, especially when parasites
(worms) are present. With the exception
of the thymus, these cells are less common
in the connective tissue of other organs.
Under the light or electron microscope,
the nucleus is seen to be in the shape of a
dumbbell or a pair of glasses since it is
made up of two interconnected lobes. The
nucleus contains condensed chromatin
and one or two nucleoli. A well-developed
Golgi apparatus is located in the space be­
tween the nuclear lobes; here are also
found smaller vesicles with a low osmio­
philic content. Mitochondria and rough
endoplasmic reticulum are moderately de­
veloped.
The granules, which are up to 1.5 /lm in
diameter and surrounded by a unit mem­
brane (Fig. B1), contain one or two pro­
tein crystals (Figs. A2, B2) embedded in a
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dense, osmiophilic matrix. These granules
are now considered lysosomes.
Eosinophilic granulocytes can leave the
capillaries by virtue of their ameboid
movement and enter the connective tissue.
They are apparently also able to differ­
entiate in situ directly from immature,
pluripotential cells. Recent studies have
shown that eosinophilic granulocytes are
capable ofweak phagocytosis.
Eosinophilic granulocytes are sensitized
to the tissue hormone histamine. Ad­
renocorticotropic hormone (ACTH) and
cortisol reduce the number of these cells in
the blood and tissues. (See Plate 59 in
KRSTIC 1979.)

Magnifications: Fig. A, x 10,000;
Fig. B, x 40,000
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Plate 74. Loose Connective Tissue.
Special Form: Pigment Connective Tissue

Pigment connective tissue is a type of
loose connective tissue. In man, it is found
in the iris (Fig. A1), choroid (Fig. A2),
leptomeninges, and genital skin. A section
from the iris is presented in Fig. B.
Pigment connective tissue is partly built
up of stellate, serrated, or lobular pigment
cells of ectodermal origin, melanocytes
(Fig. B1, see Plate 24). These cells contain
large numbers of granules of the endoge­
nous pigment melanin and frequently
contact one another by means of their
processes. The framework thus created
also accomodates numerous fibrocytes
(Fig.B2).
Collagen (Fig. B3) and elastic (Fig. B4)
fibers, lymphatic and blood capillaries
(Fig. B5), and nerve fibers (Fig. B6) run
through the interstices of the pigment con­
nective tissue. Thus, it has all the features
of a loose fibrous connective tissue, whose
intercellular fluid also contains wandering
cells.
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The genetically determined number of
melanocytes in the iris is responsible for
the color of the eyes. Many densely
packed pigment cells give the iris a dark­
brown to black color. The appearance of
green or brown shades is due to fewer
numbers of melanocytes. Blue and gray
eyes do not contain pigment cells; the iris
stroma in front of the black pigment epi­
thelium (see Plate 13) of the retina ap­
pears bluish. In albinos, this retinal layer
is also free ofmelanin, and the iris appears
pink owing to reflection of the many
choroidal blood vessels of the fundus of
the eye.

Magnification: Fig. B, x 2,500

REFERENCES
Dietrich CE (1972) Zur Feinstruktur der Melanocy­
ten in der menschlichen Iris. Albrecht Von Graefes
Arch OphthalmoI183:317-333

Poirier J, Nunez-Dispot C (1968) Le melanocyte: n.
Histogenese. Presse Med 76: 1525-1526



153



CONNECTIVE AND SUPPORTING TISSUES

Plate 75. Loose Connective Tissue.
Special Form: Pigment Connective Tissue.
Melanocyte of the Human Iris

Melanocytes (1) are, as seen in the previ­
ous plate, stellate or spindle-shaped cells
similar to fibrocytes. Numerous collagen
microfibrils (2) are in contact with the cell
body and its processes (3). Melanocytes
are basically fixed cells.
The nucleus of a melanocyte is indented,
ellipsoidal, and appears under the light
microscope as a pale zone in the pigment­
rich cell body. The unit membrane-bound,
1- to 2-llm-wide granules (4) are mostly
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made up of mature melanin. Melano­
somes (5), precursors of the melanin gran­
ules, also occur in melanocytes (see
Plate 24).

Magnification: x 7,000
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Plate 76. Loose Connective Tissue.
Special Form: "Cellular" Connective Tissue of the Ovary

A special form of loose connective tissue
is found in the cortical zone of the ovary
(Fig. A1). Beneath the germinal epithe­
lium (Fig. A2), a fibrous layer or tunica al­
buginea (Fig. A3) is found, followed by an
exceptionally cell-rich loose connective
tissue, which is represented three-dimen­
sionally in Fig. B.
The spindle-shaped fibrocytes of this tis­
sue, which have a plump appearance ow­
ing to the small number of processes, and
the intervening reticular and collagen
fibers are arrayed in irregular whorls
(Figs. A4, B).
The narrow intercellular spaces contain fi­
brous structures and permit only a small
degree ofmovement for any free elements
of connective tissue (Fig. B). It is unclear
whether the cells of this tissue are able to
transform into steroid hormone-produc­
ing cells of the theca interna (Fig. AS).
Another, similarly cell-rich, loose connec­
tive tissue is found in the endometrium
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(see Plate 47). Its cells differentiate during
pregnancy into large, epithelioid, pale,
glycogen-rich decidual cells.
The term "cellular" in the context of this
kind of loose connective tissue is only in­
tended to signify its richness in fixed
cells.

Magnifications: Fig. A, x 250;
Fig. B, x 2,500
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Plate 77. Loose Connective Tissue.
Special Form: Retiform Connective Tissue
of the Human Omentum Majus

The loose connective tissue of the omenta
(Fig. A1) of the abdominal cavity displays
a special type of organization, shown at
low magnification in Fig. B.
It is a loose connective tissue comprised of
strands (Fig. B1) of various thicknesses,
connected to one another in a kind of net­
work. Blood and lymphatic vessels
(Fig. B2) run through the broad strands.
A section from Fig. B is enlarged in Fig. C
and shows the three-dimensional struc­
ture of this tissue.
Collagen (Fig. C 1), elastic (Fig. C2), and
reticular (Fig. C3) fibers form the skeleton
of the strands, which are covered with
polygonal, flattened mesothelial cells
(Fig. C4), bearing large numbers of
microvilli. The interior of the strands con­
tains fibrocytes (Fig. C5), histiocytes
(Fig. C6), adipocytes (Fig. C7), mast cells
(Fig. C8), and other cellular elements of
loose connective tissue. In addition, there
are capillaries (Fig. C9) with pericytes
(Fig. C 10), lymphatic vessels (not shown),
and nerve fibers (Fig. C 11).
The lymphocytes and histiocytes of this
special form ofloose connective tissue can
be concentrated along vessels in groups
which have a milky appearance in fresh
specimens (so called milky spots).
The histiocytes and lymphocytes of this
tissue become active upon the penetration
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of microorganisms into the abdominal
cavity. They then wander over the surface
of the strands, where they phagocytize the
bacteria or produce antibodies against the
pathogen. Histiocytes that die in the pro­
cess are replaced by differentiation of fi­
broblasts or pericytes.
Mesothelial cells react to toxic effects by
mitosis and by swelling and loosening of
the cell union. Some of the elements that
develop as a consequence of the action of
toxins differentiate into fibrocytes, others
into polynuclear giant cells. Gaps in the
strands brought about by death of me­
sothelial cells are filled by histiocytes.
Whether mesothelial cells are capable of
phagocytosis is open to debate.
The leptomeninges (pia mater and arach­
noid; see Plate 153) are also classed as
loose connective tissue.

Magnifications: Fig.B, x 150;
Fig. C, x 2,000
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Plate 78. Irregular Dense Connective Tissue.
Section from an Articular Capsule

As a result of an increase in fibrillar struc­
tures and a reduction in cells and ground
substance, a dense fiber-rich connective
tissue forms over areas subject to a high
degree of mechanical stress. Dense con­
nective tissue forms various organ cap­
sules (testis, kidney, spleen, liver, etc.), the
dura mater, the sclera, the stratum reticu­
lare of the corium, the periosteum, and
perichondrium, the pericardium, the skel­
eton of the cardiac valves, and the articu­
lar capsules. This tissue is characterized
by very thick interwoven collagen fibers
and fiber bundles (1). These fibers are ac­
companied by occasional elastic fibers (2),
which are responsible for dense connec­
tive tissue reverting to its original form
following deformation.
A few, very flattened fibrocytes (3) are
found in the spaces between the fibrous
structures. Both cells and ground sub­
stance are quantitatively reduced in this
tissue.
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Dense fibrous connective tissue only con­
tains a small number of blood and lym­
phatic vessels and nerve fibers. These his­
tological properties are typical of a brady­
trophic tissue, i.e., one with slow metabo­
lism.

Magnification: x 3,500
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Plate 79. Regular Dense Connective Tissue. Tendon

The structure of tendons results from the
particular organization of fibrillar mate­
rial in response to tension exerted in one
defined direction.
Macroscopically, the large number of col­
lagen bundles give tendons the appear­
ance of whitish cables stretched between
the muscles and bones (see Plate 125).
Tendons can lie on a bony base, and this
gives rise to synovial vaginae. Such a case
is presented in Fig. A.
The majority of tendons are surrounded
by a loose fibrous connective tissue, the
paratendineum (Figs. A1, B1). This mate­
rial serves to connect the tendon with its
synovial vagina (Fig. A2), which facili­
tates sliding of the tendon over the hard
base.
On the outer surface, the synovial vagina
is covered by a fibrous layer, called the fi­
brous vagina (Fig. A3). The inner surface
of the synovial vagina is lined by simple
squamous epithelium, similar to mesothe­
lium and rich in nerves and vessels. Each
synovial vagina consists of two sheets - an
inner sheet (Fig. A4), directly in contact
with the tendon, and an outer sheet
(Fig. A5), lining the fibrous vagina. Both
layers are continuous with one another at
the ends of the synovial vagina.
The serous cavity delimited by the two
sheets is a narrow cleft, containing only a
small amount of synovial fluid. In Fig. A,
the width 'of this cavity has been exagger­
ated for the sake of clarity.
Lymphatic and blood vessels (Fig. A6)
and nerve fibers (Fig. A7) supplying the
synovial vagina and the tendon run
through a connective tissue plate enve­
loped by mesothelium, termed the meso­
tendineum (Fig. A8).
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A tendon is made up of many primary
fascicles (Fig. A9), each consisting of nu­
merous tendon fibers (fibrae tendinae).
Figure B shows a detail of the transverse
section from the circular inset at higher
magnification. The paratendineum (Fig.
B1) envelops the outer surface of the ten­
don and is continuous with a connective
tissue layer, the epitendineum (Fig. B2),
on its inner surface. The primary fascicles
(Fig. B3) are separated from one another
by the endotendineum (Fig. B4), which
contains blood vessels and nerve fibers.
Several primary fascicles constitute a sec­
ondary fascicle. The tendon cells (Fig. B5)
appear as small stellate structures com­
pressed by the tendon fibers (Fig. B6).
Part of the paratendineum and epitendi­
neum in the rectangular inset in Fig. A is
enlarged in Fig. C to show the light-micro­
scopic structure of a longitudinal section
of the tendon.
The primary fascicles (Fig. C 1) of tendon
fibers that are not stretched run in a wave­
like manner. This is of great importance in
movements which need to be initiated
smoothly, since the tendon fibers have to
be taut before muscular contraction can
exert its effect on the bones. The endoten­
dineum (Fig. C 2) and the tendon cells
(Fig. C3) arranged in rows, are also evi­
dent in longitudinal section.

Magnifications: Fig. A, x 10;
Fig. B, x 800;
Fig.C, x 550
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Plate 80. Regular Dense Connective Tissue. Tendon Cell

As a result of the highly developed tendon
fibers (Fig. A1), tendon cells are laterally
compressed, and this leads to the forma­
tion of thin, winglike cytoplasmic pro­
cesses (Fig. A2). Tendon cells are fibro­
cytes which have predominantly adapted
to synthesize collagen. The cell body con­
tains an ovoid nucleus with condensed
chromatin. The cytoplasm displays the
features ofa cell highly involved in protein
synthesis, i.e., well-developed rough en­
doplasmic reticulum and great numbers of
free ribosomes.
In addition to collagen tendon microfi­
brils (Figs. A4, B1), which run in a
helicoidal fashion, unite and form tendon
fibers, tendon cells also synthesize elastic
fibers (Fig. A3), which, as described in
Plate 65, are enveloped by a feltwork of
10-nm-thick microfibrils.
In man, tendon microfibrils with diam­
eters of 65-175 nm are not uncommon.
The microfibrils are connected to one an­
other by means of interfibrillar bridges
(Fig. B2), which occasionally extend into
the interior of the microfibrils (Fig. B3).
Collagenous material is practically inex­
tensible (it can only be stretched up to 4%
-5% of its original length), and this gives
tendons very high tensile strength (500­
1,000 kg/cm2

). Consequently, the danger
of rupture in tendons is considerably
lower than in muscles.
Tendons are mainly connected to the fi­
brous layer of the periosteum (see
Plate 106). Many tendon fibers also pene­
trate the bony substance in a brushlike
manner (Sharpey's fibers).
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Bone formation is occasionally found to a
limited extent in tendons (so-called sesa­
moid bone). The best-known example is
the knee cap (patella).
Tendons are basically good at regenera­
tion and being transplanted (see Plate
114). The parts of the tendon surrounded
by the synovial vaginae are technically
more difficult to graft and do not func­
tionally adapt so well because the me­
sothelial layers tend to fuse together. Fi­
broblasts, which are necessary for regen­
eration and synthesis of tendon fibers,
originate from the connective tissue of the
epitendineum and endotendineum.

Magnifications: Fig. A, x 19,000;
Fig. B, x 26,500

REFERENCES
Dyer FR, Enna CD (1976) Ultrastructural features of
adult human tendon. Cell Tissue Res 168:247­
259

Fahrenbach WH, Sandberg LD, Cleary EG (1966)
Ultrastructural studies on early e1astogenesis.
Anat Rec 155:563-576

Greenlee TK Jr, Ross R (1967) The development of
the rat flex or digital tendon, a fine structure study.
J Ultrastruct Res 18:354-376

Torri Tarelli L, Petruccioli MG (1971) Studies on the
ultrastructure of collagen fibrils: II. Filamentous
structure with negative staining. J Submicrosc Cy­
toI3:153-170

Trelstad RL, Hayashi K (1979) Tendon collagen fi­
brillogenesis: intracellular subassemblies and cell
surface changes associated with fibril growth. Dev
BioI 71:228-242

Yamada M (1976) Ultrastructural and cytochemical
studies on the calcification of the tendon-bone
joint. Arch Histol Jpn 39:347-378



.";.;
."

"....,.

4

2

2
1

i, .:
, '

I • ~

~I

L

..,"" ' .......
:" •• 1

.:;:. .,

.'::;
,

.;':

"'.'\, ..
..:.,:";.

~. .

'. '.~ ..·.··>:!:~t~\tL
- (~:". .:-;'::"10'

165



CONNECTIVE AND SUPPORTING TISSUES

Plate 81. Regular Dense Connective Tissue.
Aponeurosis. Example: Stroma of the Cornea

In the "tensile tendons" just described, the
traction lies only in one direction of
muscular contraction, unlike the flattened
tendons or aponeuroses which are ex­
posed to traction from several directions.
The structure of these flattened tendons is
demonstrated here in the stroma of the
cornea, which, though without muscular
connections, is an example of a very spe­
cialized aponeurosis.
Figure A is a transverse section through
the cornea. Between the corneal epithe­
lium (Fig. A1) and corneal endothelium
(Fig. A2) is located the connective tissue
of the corneal stroma (Fig. A3). The struc­
tures in the rectangular inset correspond
to those in Fig. B.
Nonkeratinized stratified squamous epi­
thelium (Fig. B1), as described in Plate 22,
lies on the thick Bowman's membrane
(Fig. B2). The densely packed, collagen
microfibrils (Fig. B3), arranged in layers,
cross practically at right angles in the cor­
neal stroma. Extremely flattened cells,
keratocytes (Fig. B4), are flattened be­
tween the layers. These cells are fibrocytes
differentiated to synthesize collagen and
ground substance. Seen in plan view, ker­
atocytes are characterized by long pro­
cesses, giving rise to smaller branches,
which follow the intersection of the col­
lagen layers.
Keratocytes also form elastic fibers
(Fig. B5) in addition to collagen microfi­
brils. The cytophysiological differences
between keratocytes and fibrocytes are
due to the different properties of the se­
creted proteoglycans of the ground sub­
stance.
Whereas normal fibrocytes mainly produce hya­
luronic acid, keratocytes are specialized in the secre-
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tion of large amounts of keratan sulfate and other
glycosaminoglycans. This gives three important mor­
phofunctional properties to the cornea:
- Since the ground substance contains five times
more sulfur-containing glycoproteins than the sclera,
the cornea traps water and becomes more resistant to
compression
- The high concentration of keratan sulfate confers
transparency to the corneal stroma
- The corneal stroma can receive nutrients without
the presence of blood vessels as a result of the high
diffusive capacity of its proteoglycans. Neighboring
scleral cells and cells ofother aponeuroses in the body
synthesize only very little keratan sulfate, for which
reason they have a whitish color.

The avascular corneal stroma is unable to
regenerate because of its high degree of
specialization, however, it can within cer­
tain limits be removed from corpses, pre­
served, and homografted (keratoplasty).
Other aponeuroses of the organism which
are less differentiated than the cornea can
regenerate quite well; they can be success­
fully auto- and homografted (see
Plate 114).

Magnifications: Fig. A, x 150;
Fig. B, x 1,500
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Plate 82. Elastic Connective Tissue or
Elastic Ligaments

The major elements of the elastic connec­
tive tissue (yellow ligaments) are the
densely packed elastic fibers. The strong­
est elastic ligament is the ligamentum nu­
chae (Fig. A1) of ungulates, from which
the heavy head of these animals "hangs."
In humans, elastic connective tissue is less
widely distributed; it occurs largely as the
ligamenta flava (Fig. B1) between the ver­
tebrae and in the vocal cords (Fig. C 1).
In transverse section (Fig. D 1), the elastic
connective tissue is seen to be made up of
large numbers of homogeneous polygonal
structures between which are scattered a
few fibrocytes (Fig. D 2), some collagen fi­
brils, and occasional blood vessels. With
resorcin-fuchsin and orcein, elastic fibers
can be stained blue-black and dark
brown, respectively (see Plate 86).
On the basis of electron-microscopic ob­
servations, part of an elastic ligament is
reconstructed in Fig. E. The strong elastic
fibers (Fig. E 1) are, as previously de­
scribed (see Plates 65, 80), surrounded by
a microfibrillar feltwork and run almost
parallel as a result of constant tension. At
many sites, however, the fibers branch or
run into one another at oblique angles.
Between the fibers, there is a network of
reticular and collagen fibrils and microfi­
brils (Fig. E2) and a small number of fi­
brocytes (Fig. E 3).
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The function of elastic ligaments is to re­
duce the work of the whole organism, or
of certain muscles when parts of the body
are maintained in a particular position.
Elastic connective tissue regenerates
poorly since its synthesis demands a high
degree of cellular differentiation.

Magnifications: Fig. D, x 300;
Fig. E, x 2,000
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Plate 83. Cartilaginous Tissue.
Histogenesis of Hyaline Cartilage

Cartilaginous tissue differentiates from
the mesenchyme (see Plate 48). This histo­
genesis of hyaline cartilage is illustrated
here by a section at the level of the heart
(Fig. AI) and lungs (Fig. A2) of an 18­
day-old mouse fetus.
Accumulations of mesenchymal cells cor­
responding to hyaline cartilage anlagen
(arrows) are evident at several sites in the
section. The rectangular inset is magnified
in Fig.B.
Mesenchyme (Fig. B1) forms a dense ag­
gregation of cells called precartilage or
protochondral tissue, in which mitoses
(Fig. B2) are frequent. Prior to morpho­
logical differentiation, these blastema
cells undergo functional differentiation:
They synthesize intercellular substance or
cartilage matrix, which consists of col­
lagen microfibrils and such a quantity of
ground substance that the fibrillar struc­
tures become concealed for ordinary light­
microscopic observation. As a result of
the increase in the cartilage matrix, the
cells become devoid of processes and flat­
tened. In this phase they are termed
chrondioblasts (Fig. B3). At the center of
these precartilaginous areas, the cells con­
tinue to grow and gradually differentiate
into mature cartilage cells or chondro­
cytes (Fig. B4) in small cavities of the in­
tercellular substance.
Cartilage growth is the result of two paral­
lel processes:
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1. The volume of the anlage increases by
the apposition of new mesenchymal cells
onto the periphery of the piece of carti­
lage.
2. Mitotic divisions (Fig. B5) of the carti­
lage cells in the intercellular substance (in­
terstitial growth) also lead to an enlarge­
ment of the primordial cartilage, since se­
cretion of the intercellular substance
causes the daughter cells to move apart.
At a later stage, the mesenchyme lying on
the surface of the skeletal area forms the
perichondrium, the chondroblasts of
which continue forming cartilage.
The development and growth of elastic
and fibrous cartilage takes place basically
according to the same mechanism.

Magnifications: Fig. A, x 20;
Fig.B, x 250
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Plate 84. Cartilaginous Tissue.
Hyaline Cartilage of the Trachea

Fresh hyaline cartilage has a distinctive
bluish-white opaque appearance and in
thinner sections appears transparent. In
the human body, it is the most widespread
type of cartilaginous tissue. It is found in
the embryonic skeleton, the cartilage of
the ribs, joints, and nose, the large laryn­
geal cartilages, and the cartilages of the
trachea (Fig. A) and large to medium­
sized bronchi. A cartilaginous crescentic
ring (Fig. A1) from the trachea has been
chosen to elucidate the structure of hya­
line cartilage. The inset as viewed under
ordinary light and polarizing microscopes
is presented in Figs. B-D.
Every piece of cartilage in the body (apart
from articular cartilage) is surrounded by
a relatively dense network of connective
tissue with elastic fibers, the perichon­
drium (Figs. B1, D 1). This tissue also con­
tains vessels and nerve fibers, which do
not enter the cartilage mass. There is a
smooth transition between perichon­
drium and cartilage. Many single cartilage
cells (Fig. B2) and groups of cartilage
cells, chondrones (Fig. B3), appear in the
homogeneous cartilage matrix, which is
completely devoid of structures and has a
glassy (hyaline) appearance. Since chon­
drones stem from one mother cell they are
also termed isogenic groups. The axis of
these cell groups generally runs perpendic­
ular to the perichondrium. Four cells of
an isogenic group are enlarged in Fig. C.
Cartilage cells (Fig. C 1) are located in
small cavities or lacunae (Fig. C 2), de­
limited by a thin, highly stained zone, the
capsular or territorial matrix, also called
the cartilage capsule (Fig. C3). The high
chondroitin sulfate content causes this
zone to stain much more metachromati­
cally. The capsular matrix also surrounds
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the whole chondrone and gradually passes
into the poorly staining zone which
is termed the interterritorial matrix
(Fig.C4).
The collagen fibrils are masked by a con­
siderable amount of proteoglycans rich in
chondroitin sulfates concentrated in the
cartilage ground substance, but can be
discerned in polarized light (Fig. D). It is
then possible to see, especially in the tra­
cheal cartilages, two S-shaped, crisscross­
ing systems of fibrils (Fig. D5), stretching
from one perichondrium to another. As in
every type of cartilage, the course of the
collagen fibrils is dependent on functional
circumstances.
In the interstices are located the chon­
drones (not visible in polarized light),
which function as elastic pads.

Magnifications: Fig. A, x 5;
Figs. B, D, x 150;
Fig.C, x 800
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Plate 85. Cartilaginous Tissue. Hyaline Cartilage.
Continuation of Plate 84

The ultrastructural organization of a pe­
ripheral piece ofyoung hyaline cartilage is
demonstrated here in a three-dimensional
figure.
Surrounded by several flattened fibro­
cytes (1) and collagen fibrils (2), a capil­
lary (3) can be seen in the upper part of the
picture. This zone corresponds to the peri­
chondrium (4), which for the sake of clar­
ity has been drawn thinner and with fewer
fibers. Perichondrial cells (5) resemble fi­
broblasts; they differentiate into cartilage
cells (6) by rounding off and increasing in
size. This process, as previously described,
is appositional growth.
Below the upper zone, two isogenic
groups (7) can be seen, and in this example
they each comprise two chondrocytes. A
spindle apparatus (8) indicates the mitotic
activity of young cartilage cells, which
leads to interstitial cartilage growth.
Cartilage cells are located in lacunae (9) in
the glassy ground substance (10) which
conform to their spherical shape. Col­
lagen fibrils (11) run from the perichon­
drium through the ground substance.
Like the fibrocytes of the perichondrium,
chondrocytes synthesize collagen microfi­
brils (12). The ability of cartilage to pro­
duce considerable amounts of metachro­
matic sulfated proteoglycans into the
ground substance is of great importance
in the metabolism of this tissue and its
ability to withstand compression.
Since hyaline and other types of cartilage
are avascular, they obtain nutrients from
the perichondrium by diffusion by means
of proteoglycans of the ground substance.
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Oxygen pressure in the vicinity of chon­
drocytes is thus extremely low, which
naturally gives rise to very slow, partly an­
aerobic processes. Hence, cartilage is clas­
sed as a bradytrophic tissue. The diffusion
of metabolites into central areas of the
hyaline cartilage is sometimes inadequate,
particularly in the aged, and degenerative
processes can frequently be observed here
(reduction in ground substance and ap­
pearance ofcollagen fibers under the ordi­
nary light microscope = asbestos carti­
lage). Hyaline and fibrous cartilage can
also calcify and/or become replaced by
bone with advanced age.
Damaged mature cartilaginous tissue
does not regenerate; a connective tissue
scar develops in its place. Conversely, car­
tilage is occasionally able to form new tis­
sue and be successfully transplanted if the
perichondrium remains intact (see Plate
114).

Magnification: x 4,000
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Plate 86. Cartilaginous Tissue. Elastic Cartilage

The slightly yellowish elastic cartilage is
much less widely distributed in the body
than hyaline cartilage. It is found in the
auricle (Fig. A), external auditory meatus,
Eustachian tube, some laryngeal carti­
lages, e.g., the epiglottis (Fig. B), and the
smallest bronchi.
Light-microscopic images of the insets in
Figs. A and B are reproduced in Figs. C
and D. As in hyaline cartilage, the carti­
lage surface of elastic cartilage is covered
by a perichondrium (Figs. C 1, D 1). In the
interior of the cartilage, chondrocytes
(Figs. C 2, D2) and isogenic groups
(Figs. C 3, D3) occur, surrounded by car­
tilage matrix. Isogenic groups are less
common in elastic than in hyaline carti­
lage. Collagen fibrils masked by proteo­
glycans rich in chondroitin sulfates also
exist in elastic cartilage, though strong,
coarse, intertwined elastic fibers distin­
guish this cartilage. They are found in the
intercellular substance and form interter-
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ritorial filamentous networks (Figs. C4,
D4), which can be discerned following
staining with resorcin-fuchsin or orcein
(Fig. D).
Elastic cartilage contains less ground sub­
stance than hyaline cartilage, which
renders it softer, and because of the many
elastic fibers it is very supple. Elastic carti­
lage is incapable of regeneration; but it
neither calcifies nor ossifies, even with ad­
vanced age.

Magnifications: Figs. C, D, x 150
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CONNECTIVE AND SUPPORTING TISSUES

Plate 87. Cartilaginous Tissue. Elastic Cartilage

In elastic cartilage, as in hyaline cartilage,
lymphatic and blood vessels (1) are found
exclusively in the perichondrium (2). Col­
lagen microfibrils (3) can be seen in the
glassy cartilage matrix between the pe­
ripheral, flattened cells (4).
The chondrocytes (5) of elastic cartilage
(sometimes also termed elastocytes) are
spherical elements contained within lacu­
nae. Large numbers of elastic fibers (6),
which become thicker from the periphery
toward the interior, are evident in the in­
terterritorial matrix. Ramifications and
cross connections of these fibers give rise
to the elastic fibrous network characteris­
tic of this type of cartilage. The presence
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of fenestrated elastic membranes (7) does
not appear to be uncommon.
The high refractive index of elastic fibers
entails that elastic cartilage can be distin­
guished under the ordinary light micro­
scope without elastica staining.

Magnification: x 3,000
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Plate 88. Cartilaginous Tissue.
Chondrocyte of Hyaline or Elastic Cartilage

Chondrocytes are spherical or ellipsoidal
cells with a correspondingly shaped cen­
tral or eccentric nucleus with condensed
chromatin. In order to increase maximally
the area of contact with the ground sub­
stance, cartilage cells have a serrated out­
line formed by numerous irregular micro­
villi (1).
Younger chondrocytes have a strongly de­
veloped rough endoplasmic reticulum (2),
a voluminous Golgi apparatus (3), and
several mitochondria (4). Inclusions in
cartilage cells consist largely of glycogen
(5) and lipid droplets (6). In older cartilage
cells, the lipid droplets can fuse to form a
single vacuole. These inclusions constitute
an extremely important energy-rich re­
serve material for the bradytrophic carti­
laginous tissue.
Cartilage cells are completely surrounded
by cartilage matrix (7). The collagen fi­
brils (8) and elastic fibers (9) are not in di­
rect contact with the plasmalemma but
are found at a distance of 1-2 J.lm from the
cell body. This, together with the shrink­
age of cartilage.cells during fixation for
light-microscopic observation, makes the
space around the chondrocyte very dis­
tinct.
Chondroytes, like fibroblasts (see
Plate 64), synthesize collagen microfibrils,
which explains the highly developed
rough endoplasmic reticulum. Only the
chondrocytes of elastic cartilage are dif­
ferentiated to produce elastic fibers. It is
assumed that this synthesis proceeds ac­
cording to the scheme described in
Plate 65.
Radioactive sulfur eSS) labeling has dem­
onstrated that synthesis of the ground
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substance glycosaminoglycans and their
binding with sulfur to form chondroitin
sulfate takes place in the Golgi apparatus.
The radioactive material was initially evi­
dent in the cytoplasm, and subsequently
in the cartilage matrix. The protein com­
ponents for its proteoglycans are ofcourse
provided by the rough endoplasmic re­
ticulum.
Irregularly dispersed dense matrix vesicles
or spherulites (10), about 20-200 nm
across and enclosed by a unit membrane,
also occur in the cartilage matrix. They
presumably become detached from the
microvilli (1) and can act as crystallization
foci, inducing calcification of the cartilage
matrix in certain cartilages.
Chondrocytes are very sensitive to hor­
monal effects. Production of the cartilage
matrix is stimulated by growth hormone,
thyroxine, and testosterone. Cortisol, cor­
tisone, and the female sex hormone estra­
diol induce the opposite effects. (See
Plate 175 in KRSTIC 1979.)

Magnification: x 14,000
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Plate 89. Cartilaginous Tissue.
Fibrous Cartilage or Fibrocartilage

Fibrous cartilage occurs only in a few sites
in the organism; certain parts of the inter­
vertebral discs (Fig. A), symphysis pubica,
and some articular cartilages are com­
posed of this tissue. Hyaline cartilage is
usually found at its periphery, and there is
a gradual transition between the two.
In Fig. B, a detail from an intervertebral
disc is presented as seen under light-mi­
croscopic magnification. The chondro­
cytes in fibrous cartilage are basically
much more sparse than in the other two
types of cartilage described. As in all car­
tilage, the chondrocytes are located within
a zone of narrow territorial matrix
(Fig. B1). It is only in this area that the
ground substance masks the collagen
fibers.
The highly entwined collagen fibers
(Fig. B2) of the interterritorial matrix are
not masked by the sparse ground sub­
stance and are thus distinct even in rou­
tinely stained sections.
Figure C is a three-dimensional recon­
struction of the two cells in the inset in
Fig. B. As with other types of cartilage,
the chondrocytes are located in small
lacunae, in the walls of which varying
numbers of thin collagen microfibrils
(Fig. C 1) can be observed. The strong col-
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lagen fibers (Fig. C 2) leave little space for
ground substance.
Fibrous cartilage cells (Fig. C3) are
mostly ellipsoidal and have a spherical nu­
cleus. They display an extensive rough en­
doplasmic reticulum, like other cartilage
cells. The articular disc and articular men­
iscus are very similar to fibrous cartilage,
though the cells do not have the properties
of chondrocytes (production of sulfated
proteoglycans) and thus are without a ter­
ritorial matrix.
Fibrous cartilage is the most resistant of
all types of cartilage hitherto discussed.
Although only sparsely present, the carti­
lage matrix bears the compressive load of
the body. The collagen fibers, which run
in a spiral fashion, are subjected to strain
during rotary movements of the spinal
column.

Magnifications: Fig. B, x 500;
Fig. C, x 3,500
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Plate 90. Notochordal Tissue. Fetus of the Mouse

In mammals, the notochord only forms
during embryonic development. Here it
functions primarily as an organizer for the
surrounding, more highly developed types
of tissue and not, as in lower animals, as
a kind of supporting organ. In addition, it
induces the development of the neural
tube.
The notochord is remarkable in that it
does not derive from the mesenchyme, but
from the chorda-mesodermal plate (see
embryology texts for further informa­
tion), and also because it can perform its
functions without developing special in­
tercellular substances.
In young mammals, chordal tissue
(Fig. A, inset) is located within the hyaline
cartilage anlage (Fig. A 1) for the intraver­
tebral discs. The spinal cord (Fig. A2) and
vertebral arches (Fig. A3) are evident in
this figure. Figure B is a three-dimen­
sional reconstruction of the area within
the inset in Fig. A.
The notochord is basically a rod-shaped
body tapered at both ends which becomes
enveloped by hyaline cartilage (Fig. B 1) at
a very early stage. For this reason, the
chordal cells (Fig.B 2) are located in a ca­
nal (Fig. B 3) formed of hyaline cartilage
that becomes segmented at a later stage.
In mammals, the chordal cells are stellate
and connected to one another by means of
their processes. The cell within the inset in
Fig. B is drawn three-dimensionally in
Fig.C.
In the flattened cell body, the chordal cells
contain an ellipsoidal, moderately osmio­
philic nucleus with a distinct nucleolus.
Within the cytoplasm are found some mi­
tochondria, a few cisternae of rough en­
doplasmic reticulum, and a moderately
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developed Golgi apparatus. Bundles of
microfilaments (Fig. C 1), connected to
desmosomes (Fig. C 2), run through the
cell body. The desmosomes form the sites
of attachment between the chordal cells.
Very fine collagen microfibrils (Fig. C3)
occur in the intercellular substance.
With further development of the vertebral
column, the notochordal tissue becomes
progressively confined to the interverte­
bral discs (Fig.D 1), where it eventually
becomes the nucleus pulposus (Fig. D 2).
The cells then become vesicular and se­
crete a mucous intercellular substance. In
humans, the chordal cells remain beyond
the 7th year of life in the form of a chordal
reticulum within the gelatinous nucleus
pulposus.

Magnifications: Fig. A, x 70;
Fig. B, x 400;
Fig. C, x 8,500

REFERENCES
Bancroft M, Bellairs R (1976) The development of
the notochord in the chick embryo, studied by
scanning and transmission electron microscopy. J
Embryol Exp MorphoI35:383-401

Jurand A (1974) Some aspects of the development of
the notochord in mouse embryos. J Embryol Exp
Morphol 32: 1-33

Kenney MC, Carlson E (1978) Ultrastructural identi­
fication of collagen and glycosaminoglycans in
notochordal extracell~larmatrix in vivo and in vi­
tro. Anat Rec 190:827-850

Smith JW, Serafini-Fracassini A (1968) The distribu­
tion of the protein-polysaccharide complex in the
nucleus pulposus matrix in young rabbits. J Cell
Sci 3:33-40

Trout JJ, Buckwalter JA, Moore KC (1982) Ultra­
structure of the human intervertebral disc: II. Cells
of the nucleus pulposus. Anat Rec 204:307-314



185



CONNECTIVE AND SUPPORTING TISSUES

Plate 91. Bony Tissue. Direct or Intramembranous Bone Formation

Initially, woven or immature bone de­
velops directly or indirectly from the mes­
enchyme. This woven bone gives rise to
definitive, mature, lamellar bone.
1. In direct or intramembranous ossifica­
tion, the mesenchymal cells transform di­
rectly into bone cells. The bones of the
dome of the cranium, face, and clavicula
develop according to this pattern. Bone
that forms in this way is also termed mem­
branous bone, since it differentiates from
the embryonic connective tissue.
2. The process of indirect ossification is
more complicated. The cartilage skeleton
initially develops from the mesenchyme
(see Plate 83); this becomes destroyed and
bone is then secondarily built up onto the
debris (endochondral or cartilage bone).
Direct ossification proceeds as follows:
A. In presumptive genetically defined
areas, mesenchymal cells (Fig. A1) differ­
entiate into osteoblasts (Fig. A2), which
secrete an organic proteoglycan-contain­
ing material, osteoid (Fig. A3). Polymer­
ization of tropocollagen into collagen
microfibrils occurs in this material.
B. Osteoid becomes enriched with cal­
cium ions and organic phosphate due to
the presence of chondroitin sulfates in
proteoglycans. The osteoblasts then in­
duce calcification of the osteoid (Fig. B 1),
which becomes the bone matrix of imma-
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ture bone. Meanwhile, mesenchymal cells
(Fig. B2) give rise to more osteoblasts
(Fig. B3), which secrete osteoid in their
immediate vicinity and, after mineraliza­
tion has been completed, become embed­
ded in the bone matrix.
C. In this manner, the first spicules and,
soon after, the trabeculae (Fig. C 1) of
membranous bone develop, in which the
cells - now termed osteocytes (Fig. C2) ­
remain in contact with one another. Ap­
position of the newly differentiated os­
teoblasts (Fig. C3) leads to the formation
of an epitheliumlike layer on the surface
of the bony trabeculae. The osteoblasts se­
crete osteoid in the direction of the al­
ready mineralized bone matrix, thereby
thickening the trabeculae. Capillaries (ar­
rows) can be observed around centers of
ossification.

Magnifications: Figs. A-C, x 350
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Plate 92. Bony Tissue. Direct or Intramembranous Bone Formation.
Continuation of Plate 91

The head of an 80-mm-long human em­
bryo here illustrates intramembranous
bone (Fig. A after HAMILTON et al. 1972).
All nonstippled cranial and facial bones
ossify in the direct manner. A small sec­
tion through the calvaria is illustrated in
Fig.B.
Proceeding from top to bottom, one ob­
serves first the hairy skin (Fig. B 1), lying
upon a few lobules of immature adipose
tissue (Fig. B 2). Under the blood vessels
(Fig. B3) is situated the galea aponeuro­
tica (Fig. B 4), followed by a sliding layer
(Fig. B5) of lamellar connective tissue,
which is continuous with the future outer
periosteum (Fig. B6). The very irregular
interconnected trabeculae of membra­
nous bone (Fig. B7) are shaded black; pri­
mary bone marrow with blood vessels
(Fig. B8) is found between these trabecu­
lae. The dura mater (Fig. B9) occurs at the
base and represents the inner periosteum
of the cranium. The small trabecula in the
inset in Fig. B is illustrated at a higher
magnification in Fig. C.
The osteoblasts (Fig. C 1) form an epithe­
lioid layer on the surface of the trabecula.
A few osteoblasts (Fig. C 2) will soon be
embedded in the mineralized bone matrix.
The osteocytes (Fig. C 3) in the interior of
the bone trabeculae are connected to one
another by means of cell processes. The
number ofosteoblasts is always greater on
the side closest to the skin, and thus it is
here that the trabeculae receive more ma-
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terial by appositional growth. To prevent
progressive thickening of the trabeculae,
the large osteoclasts (Fig. C4) resorb the
bony substance from the side facing the
brain. Thus, the volume of the skull inevit­
ably increases.
Numerous mesenchymal cells are located
near the trabeculae. Some of these cells
will differentiate into elements of primary
bone marrow, and others into os­
teoblasts.
Several capillaries (Fig. C 5) are found
near the centers of ossification, supplying
the bone-forming cells with organic mate­
rial. In the following plate, the inset in
Fig. C is three-dimensionally recon­
structed from electron-microscopic obser­
vations.

Magnifications: Fig. B, x 35;
Fig.C, x 400
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Plate 93. Bony Tissue. Direct or Intramembranous Bone Formation.
Continuation of Plate 92

On the left of the figure, the side oriented
toward the scalp, several osteoblasts (1)
can be seen. They are stellate, plump­
looking cells with several short processes
and microvilli. Osteoblasts lie on the tra­
becula (2) and there secrete an osteoid
layer (3). Some osteoblasts have in this
way become enclosed within the bony
mass, for example, in the bottom left
corner, fine, winglike bony processes (4)
can be seen covering the osteoblast. No
cells have been drawn in the lower half of
the trabecula so that an almost completely
embedded osteoblast (5) can be clearly
seen. Osteoblasts are connected to osteo­
cytes (7) by means of cell processes (6) and
this gives rise to a wide-meshed cell
union.
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On the right of the drawing, the side di­
rected toward the dura mater, only a few
osteoblasts, a mesenchymal cell (8), and
an osteoclast (9) are present. The latter
has formed with its osteolytic enzymes a
shallow concavity in the bony lamella, the
Howship's lacuna. A capillary (10) sup­
plies the cells with the necessary nutrients.
(See Plate 138, 139 in KRSTIC 1979.)

Magnification: x 2,500
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Plate 94. Bony Tissue. Direct or Intramembranous Bone Formation.
Osteoblasts. Continuation of Plate 93

An epithelioid osteoblast layer adjacent to
a bone trabecula (1) has here been verti­
cally sectioned. The bone-forming cells
i.e. osteoblasts (2) are flattened and joined
to one another by their processes. The
cells contain a spherical or ellipsoidal nu­
cleus with condensed chromatin and a
large peripheral nucleolus. Broad cister­
nae of rough endoplasmic reticulum (3)
with moderately osmiophilic contents are
conspicuous in the cytoplasm. Around the
voluminous Golgi apparatus (4), numer­
ous vesicles (5) are present. Several mito­
chondria and large numbers of free ri­
bosomes occur between the cisternae of
rough endoplasmic reticulum.
Every osteoblast is enclosed within a felt­
work of collagen microfibrils (6) of its
own manufacture. (For the sake ofclarity,
the collagen microfibrils have been drawn
thicker than normal.) The proteoglycan­
containing ground substance occurs in
this calcium-free osteoid border. Organic
substances of the osteoid synthesized by
the osteoblasts, such as tropocollagen
molecules and structural proteins, are se­
creted from the cells in vesicles (7). In ad­
dition, the bone-forming cells secrete
(probably by detachment of their pro­
cesses) matrix vesicles (8), which are im­
portant in the calcification of the bone
matrix as centers of crystallization. Os­
teoblasts also produce alkaline phospha­
tase, which is responsible for the concen­
tration of phosphate ions in the ground
substance. About 1-2/.lm from the cells,
osteoid becomes penetrated by hydroxy­
apatite crystals and appears black in non­
decalcified electron-microscopic prepara­
tions. Calcification is not carried out
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homogeneously. There are regions in
which some collagen microfibrils and the
intervening ground substance remain un­
mineralized (9).
It has already been mentioned that os­
teoblasts secrete their organic products in
all directions, but particularly toward the
trabeculae. They thus become embedded
in the bone matrix while still active.
The osteoblast in the center of the draw­
ing is already covered by a round platelet
of bone (10), which has been partly
formed by the osteoblasts on the surface
of the trabeculae.
Normal bone formation is an extremely
complex process in which several hor­
mones (growth hormone, parathormone,
thyroxine, calcitonin, sex hormones, etc.)
and vitamins (A, C, and D 3) are involved.
(See biochemistry and physiology texts
for further information.)

Magnification: x 10,000
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Plate 95. Bony Tissue. Indirect or Chondral Bone Formation

{
Intramembranous~

Membranous bone}
Bone (direct bone
formation formation) I

Perichondrial bmmature
one

Chondral

{Endochondral-Endochondral bone
(indirect bone
formation)

In chondral bone formation, direct peri­
chondrial ossification precedes destruc­
tion of the cartilaginous tissue. Replace­
ment bone develops by indirect (or endo­
chondral) ossification where the hyaline
cartilage becomes absorbed.
A summary of the processes of ossifica­
tion and their nomenclature is given in the
following scheme:

As stated in Plate 83, the skeleton is ini­
tially composed of hyaline cartilage. Indi­
rect ossification is described below with
the example of a long bone formation of
an extremity.
The two ends of a long piece of cartilage,
the epiphyses (Figs. A1, B1), can be dis­
tinguished from the middle section, the
diaphysis or shaft (Figs. A2, B2). By ap­
positional and interstitial growth (see
Plate 83) the piece of cartilage en­
larges (Fig. B). At a particular moment,
which is genetically determined for every
mammalian species (in humans it is about
the 7th week of embryonic life), perichon­
drial ossification begins in the form of a
collar at the level of the diaphysis. It pro­
ceeds according to the same mechanism of
direct bone formation as described in
Plates 91-94.
The directly ossified periosteal collar, also
termed the periosteal bony band
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(Fig. B3), surrounds the diaphysis and
provides mechanical stability for the carti­
lage until its destruction. However, the
periosteal bony band also hinders the dif­
fusive processes which are important in
supplying the cartilage with nutrients.

Secondary bone
formation

I.M"u"
bone

A section of the periosteal bony band is
enlarged in Fig. C. On the outer surface,
toward the perichondrium, the os­
teoblasts (Fig. C 1) form an epithelioid
layer. Several of these cells will soon be­
come enclosed within the calcifying bony
matrix and differentiate into osteocytes
(Fig. C 2). The perichondrium is then
termed the periosteum. The surface
(Fig. C3) on the cartilage side is smooth.

Magnifications: Figs. A, B, x 65;
Fig.C, x 600
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Plate 96. Bony Tissue. Indirect or Chondral Bone Formation.
Continuation of Plate 95.

As the periosteal bony band (Fig. A1) ex­
tends toward the epiphyses (Fig. A2), the
cartilage cells within the diaphysis
(Fig. A3) become larger and richer in gly­
cogen and lipids. Although they still pro­
duce alkaline phosphatase, sulfated pro­
teoglycans, and matrix vesicles, the carti­
lage matrix is reduced and soon becomes
calcified. This calcification and the perios­
teal bony band cause the nutritive pro­
cesses to become completely interrupted
in the diaphysis. Thus, the hypertrophied
cartilage cells die. Such an area in the hya­
line cartilage visible to the naked eye is
termed a primary ossification center.
Enlargement of chondrocytes and their
lacunae leads to lateral and longitudinal
tensions. Since the diameter of the diaphy­
sis initially remains constant due to the
periosteal bony band, interstitial prolifer­
ation of chondrocytes causes the two epi­
physes to extend longitudinally. As a re­
sult, the cartilage cells are forced into a co­
lumnar arrangement.
A detail from the cartilage and primary
ossification center is reproduced in Fig. B.
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In the upper half of the drawing, enclosed
within the cartilage matrix (Fig. B1), the
flattened, stacked chondrocytes (Fig. B2)
can be seen. The cartilage cells arranged in
this manner comprise the proliferation
zone (Fig. B3). In the lower half of the il­
lustration, the cartilage cells and their ca­
vities become more hypertrophic and vo­
luminous, and this is therefore termed the
hypertrophic zone (Fig. B4). Hydroxyap­
atite crystals (Fig. B5) become concen­
trated in the intercellular substance and
appear as black points in the transmission
electron microscope.

Magnifications: Fig. A, x 65;
Fig. B, x 2,000
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Plate 97. Bony Tissue. Indirect or Chondral Bone Formation.
Continuation of Plate 96

At a later stage in the process, periosteal
buds (Fig. A2), made up of blood vessels
and connective tissue, penetrate the dia­
physis (Fig. A1), which has been trans­
formed into hypertrophic cartilage with a
calcified cartilage matrix. First, however,
the periosteal collar has to be perforated.
The zone within the inset is enlarged in
Fig. B to show the processes involved in
greater clarity.
Some mesenchymal cells from the perios­
teal cambium (Fig. B1) differentiate into
polynuclear chondroclasts (Fig. B2),
which morphologically resemble osteo­
clasts (see Plate 111). An opening is cre­
ated in the periosteal bony band (Fig. B3)
by the osteolytic enzymes of these cells. A
capillary loop (Fig. B4) then enters
through this aperture. At the apex of the
loop is a polynuclear structure (Fig. B5)
of endothelial origin, and it is believed
that this structure also possesses a certain
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osteolytic effect, enhanced by the contin­
ual vascular pulsation. The blood vessels
are accompanied by many actively divid­
ing mesenchymal cells (Fig. B6). Many of
these cells will differentiate into the stem
cells (Fig. B7) of the primitive bone mar­
row, others into osteoblasts.
These processes take place in humans at
about the 7th week of embryonic develop­
ment, at a time therefore when red blood
cells (Fig. B8) are still nucleated.

Magnifications: Fig. A, x 65;
Fig. B, x 1,000
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Plate 98. Bony Tissue. Indirect or Chondral Bone Formation.
Continuation of Plate 97.

The cartilage-destroying effects of the
chondroclasts cause a cavity to develop in
the diaphysis, the primitive medullary or
marrow cavity (Fig. A1). A rich ramifica­
tion of the blood vessels (Fig. A2) that
enter by the future foramen nutricium
(Fig.A3) takes place in this cavity. A
three-dimensional illustration of· the
whole shaft is given in Fig. B.
The transverse section through the dia­
physis shows the periosteal bony band
(Fig. B1) around the hyaline cartilage
(Fig. B2). The chondrocytes (Fig. B3)
have a columnar arrangement and are sec­
tioned both vertically and horizontally.
The periosteum (Fig. B4) with numerous
blood vessels (Fig. B5) forms the outer
coat of the periosteal bony band.
Through the opening in the periosteal
bony band (foramen nutricium; Fig. B6),
blood vessels (Fig. B7) and many mesen­
chymal cells (Fig. B8) enter the primitive
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marrow cavity (Fig. B9). The mesenchy­
mal cells will soon differentiate into os­
teoblasts and gradually cover the entire
medullary cavity in the form of an epithe­
lioid layer.
The edges of the primary marrow cavity
are very irregular due to the many dead
chondrocytes (Fig. B10) and their lacunae
(Fig. B11) destroyed by the activity of
chondroclasts (Fig. B12).

Magnifications: Fig. A, x 65;
Fig.B, x 250
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Plate 99. Bony Tissue. Indirect or Chondral Bone Formation.
Continuation of Plate 98

At a somewhat later stage of endochon­
dral ossification (in humans at about the
4th-5th month of fetal life) the following
situation exists. The piece of hyaline carti­
lage (Fig. A) has in the meantime grown
longer as a result of cartilage growth, and
the limit of calcification (Fig. A1) roughly
presents a straight line. Distinct zones can
now be seen between the epiphyseal carti­
lage and primitive medullary or marrow
cavity. The area within the inset is en­
larged in Fig. B.
The following zones can be observed, pro­
ceeding from top to bottom:
I. The reserve zone of hyaline cartilage
not yet affected by ossification. The struc­
ture corresponds to that described in
Plates 84 and 88.
n. The zone of proliferation or multipli­
cation of chondrocytes (cartilage cell col­
umns). As previously stated, cartilaginous
epiphyses have no possibility oflateral ex­
tension. Thus, chondrocytes, which derive
from a mother cell after vigorous mitoses
(Fig. B1), become stacked in a columnar
fashion, which causes numerous isogenic
cartilage cell groups to develop parallel to
the axis of the future long bone.
ID. The zone of hypertrophic cartilage
and calcification. Here, the cartilage cells
enlarge and accumulate cell organelles,
alkaline phosphatase, and glycogen. Fol­
lowing advanced mineralization of the
cartilage matrix, the cells gradually degen­
erate and/or become destroyed by the
chondroc1asts.
IV. The zone of cartilage erosion. Nu­
merous chondroc1asts (Fig. B2), which
destroy the thin uncalcified intercellular
partitions (Fig. B3) perpendicular to the
bone axis, are characteristic of this zone.
V. The zone of endochondral ossifica-
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tion. In this zone, the activities of the
chondroc1asts are important in assisting
the spreading of the capillaries and os­
teoblasts. However, many longitudinally
oriented plate- or needlelike remains of
calcified cartilage (Fig. B4) persist in this
zone and serve as attachment sites for vast
numbers of osteoblasts (Fig. B5). By
means of the mechanism described in
Plate 94, osteoblasts then form the os­
teoid (Fig. B6), which becomes immature
bone following mineralization. The first
endochondral bony spicules (Fig. B7) and
osteocytes (Fig. B8) develop in this way.
Capillary loops (Fig. B9) occur between
the newly formed spicules. Directly and
indirectly formed immature bones can be
easily distinguished: Unlike membranous
bone, bone that develops through indirect
ossification - endochondral or cartilage
bone - contains remnants ofcalcified hya­
line cartilage. This differentiation can
only be made prior to subsequent second­
ary bone formation.
In the epiphyses, as earlier in the diaphysis
(see Plate 96), hypertrophy of the chon­
drocytes occurs with calcification of the
cartilage matrix, and thus the epiphyseal
ossification centers (Fig. A2) develop.
However, at the time of birth only two
such centers are present - in the distal fe­
mur and in the proximal tibial epiphysis.
(See Plates 175, 176in KRSTIC 1979.)

Magnifications: Fig. A, x 65;
Fig.B, x 500
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Plate 100. Bony Tissue. Indirect or Chondral Bone Formation.
Continuation of Plate 99

The zones of hypertrophied and calcified
cartilage, of erosion, and of endochondral
ossification are depicted simultaneously
in this plate.
Two very large hypertrophic chondro­
cytes (1) occur in the voluminous lacunae
of hypertrophic cartilage. The intercellu­
lar substance has accordingly accumu­
lated hydroxyapatite and therefore ap­
pears black.
In the zone of erosion, a thin, uncalcified
transverse partition (2) begins to succumb
to the action of a chondroclast (3). An­
other chondroclast (4) has already made
its way into a lacuna, where it has largely
destroyed the hypertrophic chondrocyte
(5).
Since chondroclasts rapidly erode the
noncalcified walls of lacunae, the lateral
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walls remain as mineralized cartilaginous
debris (6). It is to this irregular surface
that the osteoblasts (7) become attached
and secrete osteoid (8). The endochondral
i.e. cartilage bone develops following its
mineralization.
In the transverse section, a capillary (9)
and several osteoblasts (7) can be seen in
the canal-like lacunae. The osteoblasts
line the walls of the lacunae.

Magnification: x 1,800
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Plate 101. 'Bony Tissue. Indirect or Chondral Bone Formation.
Epiphyseal Ossification Centers and Epiphyseal Plate.
Continuation of Plate 99

As already mentioned in Plate 99 (Fig. A),
the capillary buds with the mesenchymal
cells penetrate the epiphyses, where sub­
sequently each one forms an epiphyseal
center of ossification. This plate depicts
the process two- and three-dimension­
ally.
As bone formation of the diaphysis conti­
nues and the piece of skeleton becomes
longer, cavities (Figs. A 1, B 1) develop in
the epiphyseal cartilage, according to the
same mechanism as seen earlier in the dia­
physis (see Plates 96-98). Such epiphyseal
ossification centers are visible to the
naked eye as yellowish dots. Just as in the
diaphysis, the blood vessels (Figs. A2, B2)
that penetrate the epiphyseal cavities
bring with them mesenchymal cells
(Fig. B3), which differentiate into os­
teoblasts. Some vessels (Figs. A4, B4)
from the diaphysis come into contact with
vessels of the epiphyseal centers. The
center of ossification consists of a zone of
calcified hyaline cartilage (Figs.A5, B5),
in which - like the diaphysis - vesicular,
hypertrophied, degenerated cartilage cells
(Figs. A6, B6) are found. The intercellular
substance present between the chondro­
cytes becomes eroded by chondroclasts,
and the calcified remnants serve as sites of
attachment for osteoblasts. The activity of
the osteoblasts and subsequent mineral­
ization lead to the formation of endo­
chondral bone (Fig. B7). Epiphyseal bone
formation is a significantly longer process
than diaphyseal ossification.
Ossification of the epiphyseal centers
spreads in a centrifugal manner, though it
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never reaches the articular surface
(Fig. B8) free of periosteum (Figs. A9,
B9). Between the areas of diaphyseal and
epiphyseal ossification, there is a noncal­
cified zone of hyaline cartilage, the epi­
physeal plate or epiphyseal disc (Fig.
B 10), which can be clearly visualized in X­
rays. Up until about the age of sexual ma­
turity, the epiphyseal plate can compen­
sate cartilage destruction caused by both
the diaphyseal and epiphyseal processes
of ossification by interstitial growth (pro­
liferation of chondrocytes). Nevertheless,
this zone becomes progressively thinner as
a result of continuous loss of cartilage.
The area within the inset in Fig. B is en­
larged in Plate 102.

Magnifications: Fig. A, x 65;
Fig. B, x 150
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Plate 102. Bony Tissue. Indirect or Chondral Bone Formation.
Endochondral or Cartilage Bone. Continuation of Plate 101

In the middle of a spicule (1) ofendochon­
dral bone is located a remnant of calcified
hyaline cartilage (2), which has served as
a site of attachment for the osteoblasts.
The first osteoblasts to have arrived can
be seen near the calcified cartilage as os­
teocytes (3) that have already become em­
bedded in the bone matrix. On the surface
of the spicule, there is a new layer of os­
teoblasts (4), which secrete osteoid (5),
like the first generation of osteoblasts.
This layer will also become enclosed in the
bone matrix and differentiate into osteo­
cytes. The initially thin spicule becomes
thicker and transforms into a trabecula,
owing to the continuous influx of new os­
teoblasts (6).
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Ossification takes place parallel to a pro­
cess of bone erosion effected by osteo­
clasts (7). The function of these polynu­
clear cells is to remodel the bone and pro­
vide it with a mechanically competent
form.
The capillary (8) in the top left corner as­
sures the transport of the substances nec­
essary for synthesis of bone. (See Plates 5,
138, 139 in KRSTIC 1979.)

Magnification: x 2,000
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Plate 103. Bony Tissue. Indirect or Chondral Bone Formation.
End of Longitudinal Growth and Articular Cartilage

When the supply of new cartilage cells
through interstitial growth can no longer
compete with the resorptive processes, the
epiphyseal cartilage (Fig. A 1) is perfo­
rated and the epiphyseal cavities become
continuous with the marrow cavity
(Fig. A2) of the diaphysis. It is clear that
long bones can only increase in length if
there are sufficient chondrocytes capable
of proliferation in the epiphyseal carti­
lage. Longitudinal growth of the skeleton
terminates with the disappearance of the
epiphyseal plate.
After ossification has. been completed,
however, a 0.2- to 6-mm-thick layer of
hyaline cartilage, articular cartilage
(Figs. A3, B3), does persist at both ends
of the long bone.
The area within the upper inset in Fig. A
is viewed three-dimensionally in Fig. B.
The scanning electron microscope reveals
a fine bas-relief (Fig. B4) on the surface of
the articular cartilage, corresponding to
the underlying flattened chondrocytes
(Fig. B5). The articular surface appears
macroscopically smooth and lustrous.
The uppermost zone consists of uncalci­
fied hyaline cartilage (Fig. B6). The col­
lagen fibrils (Fig. B7) near the surface are
seen, by means of the polarizing micro­
scope, to run initially parallel to the artic­
ular surface, the so-called tangential zone
or gliding layer. They then curve down,
penetrate an undulating well-calcified
functional limit (Fig. B8) between uncal­
cified and calcified cartilage (Fig. B9),
where they terminate. The border between
articular cartilage and bone (Fig. B 10),
the so-called histological limit, has an ir-
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regular course, which strengthens the
junction of both tissues and prevents the
articular cartilage from slipping. The col­
lagen fibrils of articular cartilage do not
penetrate the bone, as bone develops its
own fibrillar system during endochondral
ossification.
Articular cartilage is subject to great
strain in the body and contains more
chondroitin sulfates than other forms of
hyaline cartilage that do not undergo
compression. The isogenic groups and the
functionally determined course of the col­
lagen fibrils give a certain degree of elas­
ticity to articular cartilage.
The area within the inset indicated in
Fig. A by an arrow is presented three-di­
mensionally in the next plate to clarify di­
ametric growth of bone. .

Magnifications: Fig. A, x 65;
Fig.B, x 500
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Plate 104. Bony Tissue. Diametric Growth. Continuation of Plate 103

The increase in bone diameter is brought
about by subperiosteal appositional accu­
mulation of new directly developed layers
of bone with simultaneous bone resorp­
tion on the inner surface. For the sake of
clarity, the section from Plate 103 (Fig. A,
inset) has been drawn as viewed from the
marrow cavity.
Two osteoclasts (1) and sporadic os­
teoblasts (2) are lying on the inner surface
of the periosteal bony band (3). A few re­
ticular fibers (4) and a capillary (5) can
also be seen in this region. Other cells have
been omitted from the drawing.
In the periosteal bony band, several osteo­
cytes (6) are located and form a cell frame­
work by means of their processes.
On the outer surface, several young cells
(7), originating from the periosteal cam­
bium, accumulate at the bone wall. These
cells transform into osteoblasts (8) and
form osteoid (9), i.e., new layers of bone,
according to the mechanism ofdirect ossi­
fication described in Plates 91-94.
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Since the majority of bone-forming cells
occur on the periosteal side, new bone ma­
trix increasingly accumulates here. To
prevent the periosteal bony band (at a
later stage, the substantia compacta) from
becoming progressively wider, osteoclasts
(1) resorb bone at the interior surface,
thereby enlarging the medullary cavity. It
will be evident from this description that
diametric growth of long bones proceeds
according to the same principle as the in­
crease in skull volume (cf. Plates 92, 93).

Magnification: x 1,800
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Plate 105. Bony Tissue. Secondary Bone Formation

The bundles of collagen fibrils in the bone
matrix do not run in a functionally de­
pendent manner during and immediately
after direct and chondral ossification.
This immature or woven bone is unable to
withstand the high mechanical strains to
which the organism is subject after birth.
Therefore, this type of bone is replaced by
structurally and dynamically highly dif­
ferentiated mature or lamellar bone. The
following three light-microscopic sections
depict this process.
At the same time as immature bone (1) de­
velops, osteoclasts (3) appear near the
capillaries (2) and form longitudinal ab­
sorption cavities (4) in their immediate
vicinity. The perivascular or Haversian
spaces (5) thus formed are penetrated by
osteoblasts (6) in addition to elements of
primary bone marrow.
The bone-forming cells congregate at the
periphery of the absorption cavities and
deposit the first lamellae of bone (7). The
concentric lamellae gradually constrict
the perivascular spaces, which leads to the
characteristic concentric appearance ofan
osteon (8) with its Haversian canal (9) in
the center. As can be seen in the upper
drawing, several processes of bone forma­
tion and erosion occur simultaneously.
Osteons that have already formed can also
become eroded. In the middle drawing, a
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new generation ofosteons (10) can be seen
which have partially replaced their prede­
cessors. New perivascular absorption ca­
vities (4) with osteoclasts (3) have formed
in the woven bone (1).
The lower drawing corresponds to the ap­
pearance of a bone composed of several
generations of osteons. The first concen­
tric lamellar systems cannot be recognized
as such, since they have been completely
replaced by new generations of osteons
(10). However, remnants of the earlier sys­
tems can be seen as interstitial lamellae
(11). Secondary bone formation is contin­
uous with the process of internal bone re­
modeling, through which bone constantly
adapts, structurally and dynamically, to
external and internal factors. Bone forma­
tion is subject to numerous hormonal in­
fluences, which reach the cells through the
agency of cAMP. (See biochemistry, his­
tology, and physiology texts for further
information.)

Magnification: x 70
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Plate 106. Bony Tissue. Structure

The structure of mature bone can best be
studied in the thick compact bone or sub­
stantia compacta (Fig. A1) of long bones.
After sectioning a bone with a saw, it is
possible to separate the periosteum
(Fig. A 2) from the bone. A foramen nu­
tricium (Fig. A3) admits vessels, which are
important for the vascularization of the
blood-forming tissue, into the definitive
medullary cavity (Fig. A4).
The cancellous bone or substantia spong­
iosa (Fig. A5) is significantly better devel­
oped in the epiphyses than in the diaphy­
sis. The trabeculae of cancellous bone are
composed ofmature bone and their orien­
tation is in accordance with structural and
dynamic stress. The section of compact
bone in the inset is enlarged in Fig. Band
Plate 108.
A transverse section through the bone re­
veals first of all the well-vascularized
periosteum (Figs. B 1, C 1, D 1), which is
rich in collagen fibers. Beneath this layer,
there is a lamellar system parallel with the
surface, the outer circumferential lamellae
(Figs. B2, C 2, D 2). The osteons (Figs.
B3, C 3) characterize the middle layer of
compact bone. The spaces between the os­
teons are filled with interstitial lamellae
(Figs. B4, C4). As previously stated, these
are remnants ofearlier, partly eroded gen­
erations of osteons. The compact bone
terminates at the medullary cavity
(Fig. B5) with an inconstant system of in­
ner circumferential lamellae (Fig. B6)
continuous with cancellous bone. In
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Fig. C, corresponding to the inset in
Fig. B, blood vessels penetrating the bone·
matrix through the transversely oriented
Volkmann's canals (Figs. C7, D7) can be
dearly seen.
In transverse section (Fig. C), the longi­
tudinally oriented Haversian canals
(Figs. C8) appear as small openings sur­
rounded by concentric bone lamellae. A
Haversian canal with the surrounding sys­
tem of concentric bone lamellae is termed
an osteon (Fig. C). It can be observed that
the Volkmann's canals (Figs. C7, D7) do
not possess concentric lamellae. Even at
relatively low magnification with appro­
priate staining, spiderlike cells, the osteo­
cytes (Figs. C9, D9), are evident between
the lamellae.
A longitudinal section (Fig. D) through
the compact bone displays the periosteum
(Fig. D 1) and the vascular system of the
bone. The "perforating" transverse Volk­
mann's canals (Fig. D7) connect the
longitudinally directed Haversian canals
(Fig. D 8) with one another and with the
blood vessels of the periosteum. The com­
pact bone is supplied with blood in this
manner.

Magnifications: Fig. B, x 30;
Figs. C, D, x 100
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Plate 107. Bony Tissue. Osteons or Haversian Systems of Lamellae

An osteon (Fig. A) is a morphofunctional
unit of the compact bone 100-500 j.lm in
diameter and 0.5-2 cm long with a Haver­
sian canal (Fig. A1) in the center. The ca­
nal is surrounded by about 3-15 concen­
trically arranged bony lamellae 10-20 j.lm
thick with collagen fibrils running in a
corkscrewlike manner. The orientation of
the fibers varies from lamella to lamella.
With increased light-microscopic magnifi­
cation, punctate (Fig. A2) and striated
(Fig. A3) lamellae are seen, according to
the direction of the fibers.
Spindle-shaped bone cells, the osteocytes
(Fig. A4), are found in or between the
lamellae. A considerable number of long,
only 1-j.lm-thick processes give these cells
their characteristic spiderlike appearance.
Osteocytes of the same and neighboring
lamellae are connected by these cell pro­
cesses, which run through minute cana­
liculi.
The osteocytes of the innermost lamella
communicate with the Haversian canal.
This is of great importance for the nutri­
tion of the osteocytes, since diffusion can­
not take place in bony tissue owing to the
calcified intercellular substance. Thus,
metabolic processes are carried out almost
exclusively by means of the tissue fluid,
which flows through the canaliculi from
one osteocyte to another.
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The osteons are separated from one an­
other, and especially from the interstitial
lamellae, by a particularly distinct cement
line (Fig. A5). Only sporadic osteocytic
processes manage to penetrate this
boundary layer and make contact with the
osteocytes of neighboring osteons
(Fig.A6).
The course of the collagen fibers in the os­
teons becomes evident in polarized light.
The punctate and striated lamellae com­
prising the osteons, as seen in Fig. A, ap­
pear as regularly alternating light and
dark rings (Fig. B 1) under the polarizing
microscope. If an osteon appears dark in
polarized light this usually signifies a ver­
tical system of fibers (Fig. B2)

Magnifications: Fig. A, x 500;
Fig. B, x 120
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Plate 108. Bony Tissue. Structure of Mature Bone.
Three-Dimensional View

The wall of a long bone, the substantia
compacta or compact bone (1), is sur­
rounded by periosteum (2), the vascular
network (3) of which is responsible for
vascularization of the bony tissue. A lo­
cally variable number of strong collagen
fiber bundles, Sharpey's fibers (4), con­
nect the bone substance with the perios­
teum.
The transversely oriented Volkmann's ca­
nals (5) with arterial branches perforate
the outer circumferential lamellae (6) and
open into the vessels of the Haversian ca­
nals (7). The compact bone is largely made
up of densely packed osteons (8), which
are in the form of narrow, 2-cm-long cyl­
inders. Whereas the boundaries of the os­
teons can be easily recognized in trans­
verse section because of the cement lines,
these boundaries are not so distinct in
longitudinal section. The collagen fibers
of adjacent bone lamellae (9) run in differ­
ent directions, as can be seen in one of the
isolated osteons.
Several inner circumferential lamellae (10)
are adjacent to the marrow cavity and
continuous with the trabeculae (11) of the
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cancellous bone (12), which does not con­
tain osteons and therefore receives nu­
trients by diffusion from the marrow cav­
ity. The marrow surfaces of both the com­
pact and cancellous bone are lined by a
thin layer of flattened cells with potential
bone-forming capacities, the endosteum
(not shown).
In the diaphysis of a long bone, the cancel­
lous bone is irregular and poorly devel­
oped. In the epiphyses, its trabeculae are
oriented according to the structural and
dynamic stress to which the bone is sub­
jected (so-called trajectories).

Magnification: x 150
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Plate 109. Bony Tissue. Central Part of an Osteon

Two concentric bone lamellae (1, 2) with
interjacent osteocytes (3) surround a
Haversian canal, through which runs a
blood capillary (4). The perivascular
space (5) contains osteoblasts (6; see
Plate 100), which are less numerous in
older than in younger osteons. Inactive
osteoclasts (7), macrophages (8), nerve
fibers (9), and lymphatic vessels may also
occur in Haversian canals in addition to
the blood vessels.
The bundles of collagen fibrils within
bone lamellae do not run in an undulating
manner, as in connective tissue, but are in
the form of taut wires since they are al­
ready subject to tension, i.e., they are
"prestretched." If a compressive load is
applied and leads to a slight compression
of the bone, the tensile stress of the col­
lagen fibrils is reduced, but because of the
prestretching the fibrils do not buckle.
The largely parallel collagen fibrils of a
bone lamella are wound in spiral fashion,
such that the fibrils of two adjacent lamel­
lae cross more or less at right angles. This
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results in greater strength and plasticity of
bone. Between neighboring lamellae,
there is a complicated exchange of fibrils,
which will not be examined here.
The presence of osteoblasts and osteo­
clasts in the perivascular spaces ofconnec­
tive tissue is of great importance in regen­
eration of bone (see Plate 112).

Magnification: x 1,800
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Plate 110. Bony Tissue. Osteocyte

Osteocytes (1) are stellate in transverse
section (see Plate 107); in sections parallel
to the Haversian canals they appear round
or elliptical. The cell body contains a nu­
cleus with a well-developed nucleolus.
Within the cytoplasm are found mito­
chondria, some cisternae of rough en­
doplasmic reticulum, and a Golgi appara­
tus. The number and distribution of all
cell components can vary considerably ac­
cording to the histophysiological activities
of the osteocytes (collagen synthesis).
Young and active osteocytes naturally
have better developed cell organelles.
Osteocytes are usually situated between,
occasionally within, the bone lamellae (2).
They lie in lacunae of calcified bone ma­
trix (3), here drawn punctate or striated,
and are surrounded by a 1- to 2-Jlm-wide
zone of nonmineralized collagen microfi­
brils (4).
Numerous, very long, thin cytoplasmic
processes (5), which run through the bone
lamellae in narrow canaliculi (6), are char­
acteristic of osteocytes; they are in contact
with the processes of other osteocytes. A
space, which is only 0.1 Jlm wide, sepa-
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rates the processes from the calcified bone
matrix. Tissue fluid enters the canaliculi
from the perivascular spaces of the Haver­
sian canals and brings vital nutrients to
the osteocytes.
The intersecting courses of the bundles of
collagen fibrils (7) in the bone lamellae
can also be seen in this plate. (See
Plate 139 in KRSTIC 1979.)

Magnification: x 15,000
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Plate 111. Bony Tissue. Osteoclast

Chondroclasts and osteoclasts differenti­
ate from mesenchymal and possibly also
endothelial cells. It is known that vascular
endothelia can exert osteoclastic effects
(cf. Plate 97, Fig. B, perforation of the
periosteal collar by a capillary loop).
Chondroclasts and osteoclasts are giant
polynuclear cells (20-100 ~m) whose
function is to erode cartilaginous and
bony tissue, respectively; however, there
are no structural differences between the
two types of cell. In addition to multiple
nuclei (5-50), the cytoplasm contains nu­
merous mitochondria, cisternae of rough
endoplasmic reticulum, multiple Golgi
complexes, and many free ribosomes. A
number of lysosomes, phagolysosomes,
and residual bodies are also found in the
cell.
Actively absorbing osteoclasts have a
well-developed ruffled border made up of
irregular, branching, microvillous cy­
toplasmic processes (1), producing an
enormously increased area ofcontact with
the bone matrix. Hydroxyapatite crystals
(2) can be recognized between the micro­
villi. Following phagocytosis, the crystals
make their way into phagolysosomes (3),
where they are broken down by enzymes.
Resorption of bone leads to the formation
of hemispherical shallow cavities with an
irregular polygonal relief, Howship's
lacunae (4). The belt of cytoplasm (5) on
the opposite side of the cell to the ruffled
border is free of organelles, though still
active. It is here that numerous irregular,
predominantly microvillous processes (6)
develop and resorptive processes of the
surrounding area take place.
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Osteoclasts are ameboid cells. Their mor­
phology is highly variable according to cy­
tophysiological demands. They can adopt
both a very active form with the ruffled
border and a rounded shape with only a
slightly undulating plasmalemma (see
Plate 109).
The effect ofactive osteoclasts is consider­
able: A single osteoclast is capable of re­
sorbing what 100 osteoblasts have synthe­
sized.
Osteoclasts are under the direct influence
of parathyroid hormone. Increased secre­
tion of this hormone leads to extensive ab­
sorption of bone (osteoporosis). (See
Plate 5 in KRSTIC 1979.)

Magnification: x 4,500
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Plate 112. Bony Tissue. Regeneration

The main requirements for successful re­
generation of bone are the presence of a
histophysiologically active periosteum
and excellent immobilization of the frag­
ments.
After a bone has been fractured and fol­
lowing optimal surgical setting of the frag­
ments by means of screws, wires, etc. (os­
teosynthesis Fig. A), young cells of the
periosteal cambium and Haversian canals
(see Plate 109) and some endosteal cells
proliferate in the directions of the arrows
and differentiate into osteoblasts, which
synthesize new bone. The injured and
dead bone is resorbed by osteoclasts
formed in situ or activated osteoclasts.
This primary healing is not accompanied
by a callus formation and continues as
secondary bone formation (see Plate
105).
In the case of nonoptimal fixation of the
fragments (Fig. B), superficial cells of the
periosteum differentiate under relatively
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avascular conditions into chondroblasts
and chondrocytes, which produce a fibro­
cartilaginous callus (Figs. B1, C 1). Cells
of the inner periosteal layer, young cells of
the Haversian canals, and cells of the en­
dosteum differentiate into osteoblasts,
which under good vascularization pro­
duce bone trabeculae (Fig. B2).
As in indirect bone formation, the fibro­
cartilaginous callus is gradually eroded
and replaced by a bony callus (Fig. D),
which naturally requires a good deal of
time.
The type and location of fracture, age of
the individual, and the therapeutic
method applied affect the duration of
fracture healing. It is obvious that os­
teosynthesis offers the greatest likelihood
of achieving perfect regeneration. Poorly
set bone fragments regenerate very slowly
or sometimes not at all (so-called pseu­
doarthrosis).
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Plate 113. Dentin and Odontoblasts. Cementum

The two components of teeth, dentin and
cementum, are closely allied to bony tis­
sue.
A longitudinal ground preparation
through a tooth reveals the pulp cavity
(Fig. A 1), dentin (Fig. A2), enamel
(Fig. A3), and cementum (Fig. A4). The
large inset in Fig. A corresponds to
Fig.B.
In the interior of the pulp cavity (Fig. B 1),
an epithelioid layer of tall, cylindrical
cells, the odontoblasts (Figs. B 2, C), can
be observed. The processes of these cells,
Tomes' fibers (Fig. B3), penetrate the
mineralized dentin (Fig. B 4) and run in an
undulating, S-shaped pattern as far as the
enamel (Fig. B5). A few odontoblasts are
enlarged in Fig. C.
Despite their appearance, odontoblasts
are not of epithelial origin but, like osteo­
cytes, develop by differentiation from
mesenchymal cells (see Plate 48). Unlike
osteocytes, odontoblasts never become
embedded in hard substance, since their
product is only secreted at the apical cell
pole.
Odontoblasts are columnar, distinctly po­
larized cells: The ellipsoidal nuclei, with
large nucleoli, lie in the basal portion of
the cell; the apical pole narrows to form
the Tomes' fibers (Fig. C 1). The cy­
toplasm of odontoblasts contains a con­
siderable number ofcisternae of rough en­
doplasmic reticulum, many mitochondria,
free ribosomes, and a well-developed
Golgi apparatus. Vacuoles with striated
contents (Fig. C 2) occur in the Golgi
zone. A short distance above these appear
vacuoles with dense, coarse-granular con­
tents (Fig. C 3), which move to the apical
pole and reach the cytoplasmic processes
as highly osmiophilic secretory granules
(Fig. C4). All three types of inclusion are
secretory products of the odontoblasts ­
collagen and dentinal matrix proteogly­
cans at various stages of maturity. Denti­
nal matrix vesicles (Fig. C 5) cause the or­
ganic material secreted by the cell to be-
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come calcified. This does not take place in
the immediate vicinity of the cell but at a
distance of a few micrometers, and thus it
is possible to differentiate the slightly
mineralized predentin (Fig. C 6) from the
dentin (Fig. C 7), which is completely im­
pregnated with calcium salts.
The Tomes' fibers extend as far as the
enamel in narrow channels, the dentinal
tubules (Fig. C 8).
Evidence that odontoblasts are not epi­
thelial cells is supplied by the presence of
capillaries (Fig. C 9) between the cells.
Dental cementum (Figs.A4, D) occurs at
the root of a tooth; the structure of the ce­
mentum is similar to that of bony tissue.
Between the irregular, calcified lamellae
(Fig. D 1) of cementum are scattered the
cementocytes (Fig. D 2), which with their
cytoplasmic processes are very similar to
osteocytes. Sharpey's fibers (Fig. D 3) pen­
etrate the exterior surface of the cemen­
tum, whose interior border contacts den­
tin (Fig. D4).
In the region of the neck of the tooth
(Fig. A, arrow) the cementum becomes
thinner and acellular. (See Plate 99 in
KRSTIC 1979.)

Magnifications: Fig. A, x 5;
Fig. B, x 40; Fig. C, x 5,000;
Fig.D, x 250
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Plate 114. Possibilities of Transplanting Connective
and Supporting Tissues

In principle, connective and supporting
tissues can be grafted successfully, par­
ticularly in autografting. This plate shows
a few examples.
Underdevelopment of the mammary
gland can be corrected by cosmetic sur­
gery by transferring adipose tissue from
the buttocks to the breasts of the same pa­
tient (Figs. A-C).
If it is necessary to replace dura mater
(Fig. D 1) or articular capsules (Fig. D 2),
the dense connective tissue of the fascia
lata (Fig. D3) is employed.
The cornea of the eye can be successfully
homografted. The material for such oper­
ations (keratoplasty) derives from
corpses. Figures E-H show some of the
commonest forms of corneal transplanta­
tion.
Since tendons (Fig. I) possess a high de­
gree of regenerative power, they can be
autografted relatively easily. However,
there are some problems associated with
grafting tendons with synovial vaginae.
Cartilaginous tissue (Fig. J), provided
that the perichondrium is intact, can be
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successfully grafted. The transplant is
taken from the costal cartilage of the same
patient.
Autoplastic transplantation of bone can
also be accomplished successfully. Thin
periosteum-containing platelets of bone
(Fig. K2) are fixed between the specially
prepared bone fragments (Figs. K1, L 1).
These platelets do not become integrated
into the structure at the damaged site, in­
stead they stimulate and direct bone for­
mation (Fig. L2; Plate 112). These bone
chips are gradually resorbed upon release
of the material necessary for ossification
(Fig.L).
(Surgery texts provide details about fur­
ther possibilities of transplantation.)
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Plate 115. Graft Rejection. Role of Free Connective Tissue Cells

In the transplantation of genetically non­
identical material, the organism attempts
to destroy the transplant by the action of
free connective tissue cells and T-lympho­
cytes. The lower the genetic similarity be­
tween donor and host, the greater the re­
jection reaction. Recent studies have shed
a great deal of light on these immunobio­
logical processes, and they can be simply
summarized as follows (modified after
SCHIEBLER 1977).
Most antigens (Ag) of the transplanted
tissue are taken up by macrophages (M =
monocytes, histiocytes, reticular cells) and
largely destroyed in their lysosomes. Part
of the antigens, however, are processed by
the macrophages and directed to immu­
nologically competent B- and T-lympho­
cytes. The B-lymphocytes - supported by
T-cells - then differentiate into large,
highly basophilic cells, B-immunoblasts,
also called lymphoblasts, from which after
vigorous cell division new, specifically
sensitized, long-lived lymphocytes (mem­
ory cells) and plasma cells develop. The
latter synthesize and secrete specific anti­
body (lg = immunoglobulin) which binds
to and neutralizes the antigens. B-cells are
thus, through the plasma cells, responsible
for humoral immunity. If the organism
once more comes into contact with the
antigen, the memory cells transform rap­
idly into plasma cells.
T-immunoblasts develop from activated
T-lymphocytes by direct and/or indirect
antigen stimulation and give rise to sev­
eral subpopulations of sensitized immu-
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noreactive T-lymphocytes (memory cells,
helper cells, Th; suppressor cells, Ts; killer
cells, Tk) by cell division. Whereas helper
and suppressor cells modulate the im­
mune response, short-lived killer cells
wander to the transplanted tissue where
they surround the graft, secrete lympho­
toxin and lymphokines, substances which
directly or indirectly, via macrophages
(M), destroy the transplant and lead to its
rejection.
Memory T-cells can transform into sensi­
tized immunoreactive T-lymphocytes
upon renewed antigen exposure. T-lym­
phocytes, i.e., those subpopulations that
include killer cells, are thus responsible for
cell-mediated immunity.
By means of mitosis-blocking drugs (so­
called cytostatics), X-irradiation, cortisol,
antilymphocyte serum, etc., it is possible
to suppress the immune reaction of the or­
ganism and hinder graft rejection through
destruction of lymphocytes.
(See immunology texts for further in­
formation.)
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MUSCULAR TISSUE

Plate 116. Three Types of Muscular Tissue

In the body of mammals, three types of
muscular tissue occur. Since they all con­
tain myofilaments in their cells or fibers,
they possess the ability to contract.
Striated, skeletal voluntary musculature
(Fig. A) is the most widely distributed type
in the body. Striated cardiac musculature
(Fig. B) is independent of the will. Smooth
musculature (Fig. C) is largely found in
the walls of hollow organs and, like car­
diac musculature, is involuntary.
Muscular tissue can be summarized as fol­
lows (after BUCHER 1977):

Muscular tissue develops almost exclu­
sively from mesoderm. Myoepithelial
cells, which derive from ectoderm, are de­
scribed with the smooth muscle cells on
account of their ability to contract. The
two iris muscles are of neuroectodermal
origin and thus constitute another excep­
tion.
Magnifications: Figs. A-C, x 300
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Plate 117. Occurrence of Smooth Musculature

Smooth musculature is made up of
spindle-shaped muscle cells (1). It forms,
in particular, the muscular coats (tunicae
musculares) of the hollow organs whose
inner diameters can be altered. This plate
gives, without aiming to be complete, a
general impression of the occurrence of
smooth muscular tissue.
Smooth musculature is found from the
middle of the esophagus (2) to the anus, in
the trachea (3), bronchi (4), and bron­
chioli (5), in blood and lymphatic vessels
(6), in certain areas under the endocar­
dium (7) of the heart, in the gallbladder
(8), ureter (9) and urinary bladder, ductus
deferens (10), stroma of the prostate (11),
in trabeculae between cavernous sinuses
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of the corpus cavernosum penis (12), in
the ductus epididymidis (13), etc.
In the female sex organs, smooth muscu­
lature occurs in the vagina (14), uterus
(15), and oviduct (16).
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Plate 118. Smooth Musculature. Smooth Muscle Cells
from the Tunica Muscularis of the Rat Small Intestine.
Light-Microscopic Appearance

Smooth musculature occurs in hollow or­
gans whose contents have to be trans­
ported by rhythmic contractions of the
walls.
In a section from the small intestine, the
intestinal villi (Fig. A1) are most conspic­
uous. The intestinal crypts (Fig. A2) open
between the villi and are the sites of a high
level of mitotic activity (see Plate 47).
Beneath a thin layer of smooth muscle
cells, the lamina muscularis mucosae
(Fig. A3) and tela submucosa (Fig. A4),
composed ofloose connective tissue, is sit­
uated the tunica muscularis (Fig. A5). The
outer surface of the small intestine is
covered with peritoneal mesothelium
(Fig.A6).
The tunica muscularis comprises two
layers (an inner circular and an outer
longitudinal) of smooth muscle cells and
thus can be observed in both longitudinal
and transverse sections (Fig. B). Under
the light microscope, the spindle-shaped
muscle cells appear "smooth," i.e., with­
out striation. Most smooth muscle cells
are 50-200/lm long and 5-15 /lm wide.
The nuclei of smooth muscle cells are rod­
shaped and 10-25/lm long. In the con­
tracted state they adopt a screwlike ap­
pearance. During pregnancy, some hyper­
trophied smooth muscle cells attain a
length of 800 /lm.
Smooth muscle cells are rarely branched
at both ends. They arrange themselves
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such that their broad nucleus-containing
portions (Fig. B1) come to be located be­
tween the tapered, anuclear parts of
neighboring cells. This gives rise to seem­
ingly anuclear muscle cells in transverse
sections (Fig. B2). With increased magni­
fication, a fine longitudinal striation
(Fig. B3) corresponding to the myofibrils
becomes evident in the smooth muscle
cells.
Bundles of muscle cells surrounded by
loose fibrous connective tissue are termed
"smooth muscle fibers" (see Plate 180).

Magnifications: Fig. A, x 100;
Fig.B, x400
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Plate 119. Smooth Musculature. Smooth Muscle Cells.
Section from a Smooth Muscle Fiber

In the spindle-shaped body of a smooth
muscle cell, there is a cylindrical, partially
invaginated nucleus (Fig. A 1) with a dis­
tinct nucleolus. The endoplasm (Fig. A2)
is a myofilament-free zone at both poles of
the nucleus and contains the mitochon­
dria, rough and smooth endoplasmic re­
ticulum, Golgi apparatus, lysosomes, li­
pofuscin granules, and glycogen particles.
Countless myofilaments (Fig. A3) run
through the rest of the cytoplasm.
All muscle cells are surrounded by a basal
lamina (Fig. A4) and collagen and reticu­
lar microfibrils (Fig. A5). In addition, oc­
casional elastic fibers (Fig. A6) branch be­
tween the cells. At the nexus (Fig. A 7),
muscle cells form junctions with one an­
other without an interposing basal lam­
ina. The zones in the rectangular and cir­
cular insets are enlarged in Figs. Band C.
Beneath the plasmalemma, here termed
sarcolemma, (Figs. B 1, C 1), of muscle
cells is located a thin belt of cytoplasm,
here termed sarcoplasm (Figs. B2, C 2),
with ribosomes and smooth-walled
tubules of endoplasmic reticulum
(Figs. B3, C 3). It is possible that these
perform a similar function to the sar­
coplasmic reticulum of skeletal muscula­
ture in storing Ca2+ ions during relax­
ation. This peripheral sarcoplasmic zone
contains a large number of micropinocy­
totic vesicles (Figs. B4, C 4). The basal
lamina (Figs. B5, C 5) occurs outside the
sarcolemma. In the sarcoplasm and at the
sarcolemma, osmiophilic, fine-granular
dense areas appear, the so-called dense
bodies (Figs. B6, C 6).
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Recent studies have shown that there are
three types of microfilament in the cy­
toplasm of muscle cells:
- The thin (about 5 nm) actin myofila­
ments (Figs.B7, C7) are anchored to the
dense bodies, which can thus be consid­
ered equivalent to Z-lines in striated
muscle fibers.
- The roughly 10-nm-thick intermediate
desmin microfilaments (Figs. B8, C 8) run
more or less as bundles from one dense
body to another.
- The thick, short myosin myofilaments
(Figs. B9, C 9) have a diameter of about
15 nm. They can be identified considera­
bly easier in contracted than in relaxed
muscle cells. In transverse section, they re­
semble free ribosomes. (See Plates 6, 72,
73,85, 113 in KRSTIC 1979.)

Magnifications: Fig. A, x 6,000;
Figs. B, C, x 55,000
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Plate 120. Smooth Musculature. Smooth Muscle Cells

This three-dimensional figure illustrates
the plane of contact between the longi­
tudinally and circularly coursing muscle
layers of the tunica muscularis of the in­
testine. In addition to the nuclei (1) and
endoplasm (2) with its organelles, the
muscle cells can be seen to contain longi­
tudinally oriented microfilaments (3),
dense bodies (4), a peripheral zone of cy­
toplasm with micropinocytotic vesicles
(5), and tubules of smooth endoplasmic
reticulum (6).
If the basal lamina (7) is lifted back, the
fairly regular arrangement of the micropi­
nocytotic vesicles (5) comes into view.
These vesicles occur everywhere in the
plasmalemma except where the spindle­
shaped dense bodies (4) contact the sarco­
lemma. Micropinocytotic vesicles and
tubules of smooth endoplasmic reticulum
(6) are particularly conspicuous in the
tapered region of the muscle cell (arrow).
This part of the cell usually has two or
three short processes which, by means of
the reticular microfibrils (8) anchored in
the basal lamina, are connected with the
collagen microfibrils (9) and elastic (10)
fibers.
As stated in the previous plate, smooth
muscle cells contact one another in the re­
gion of the nexus (11), the surface of
which is characterized by hexagonally ar­
ranged, 8- to 9-nm-wide hemispherical
particles (12).
Two kinds of nerve ending exist in the
smooth musculature. The first type (13)
occurs in large numbers, scattered be­
tween the cells, and does not form any
contacts with muscle cells. The other type
(14) is less frequent; it penetrates the basal
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lamina and contacts the sarcolemma.
There is, however, no morphological dif­
ferentiation in terms of a neuromuscular
synapse. Both kinds of ending contain
synaptic vesicles with osmiophilic core
(see Plate 180).
Muscle cells can receive stimuli over their
entire surface. Thus, for example, the neu­
rotransmitter released by the free nerve
endings induces contractions. Conduc­
tance of the bioelectrical impulses across
the nexus regions, which can therefore be
regarded as nonvesicular electrotonic
synapses, enables all the muscle cells to
contract synchronously.
Smooth muscle cells also have the ability
to form reticular and collagen microfibrils
and elastic fibers. Smooth musculature
has no regenerative capacity. (See
Plates 131, 151 in KRSTIC 1979.)

Magnification: x 15,000
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Plate 121. Smooth Musculature. Contraction of Smooth Muscle Cells

It has already been indicated that three
types of microfibril occur in the sar­
coplasm ofmuscle cells. Whereas actin (1)
and myosin (2) myofilaments are respon­
sible for shortening of the cell, the inter­
mediate desmin microfilaments (3) and
dense bodies (4) form an intracellular net­
work which ensures the simultaneous con­
traction of the whole muscle cell. It should
not be forgotten here that the actin myofi­
laments are also attached to the dense
bodies.
FigureA shows a relaxed muscle cell with
the rod-shaped nucleus. The contracted
state is displayed in Fig. B. The force cre­
ated by the interaction of actin and
myosin myofilaments brings about an al­
teration in the position of the dense bodies
within the cell. This change is transferred
by the intermediate microfilaments to the
neighboring dense bodies; muscle cells
shorten their longitudinal axis and adopt
a jagged outline. Depending on the
strength of contraction, the nuclei of
smooth muscle cells can become short and
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thick or, as here, take on a corkscrewlike
form.
Recent investigations have indicated that
the numerous micropinocytotic vesicles
figure in eliciting the contraction of
muscle cells by reducing the electrical re­
sistance of the cell membrane.
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Plate 122. Smooth Musculature. Hypothetical Model
of the Contraction Mechanism (After PANNER and HONIG 1967)

The contraction mechanism and the inter­
action between actin and myosin fila­
ments in smooth muscle cells are far from
being clear. A possible explanation is
given in the following scheme. In Fig. A,
the peripheral zone of the sarcoplasm of a
muscle cell has been cut and removed so
that the sarcolemma (Fig. A1) and the as­
sociated dense body (Fig. A2) can be seen.
Further to the left, another ellipsoidal
dense body (Fig. A3) is situated free in the
sarcoplasm. The two bodies are connected
by means of actin myofilaments (Fig. A4)
and intermediate desmin microfilaments
(here omitted). All dense bodies are com­
posed of a dense, fine-granular, amor­
phous material, the contractile protein ac­
tinin, and are arranged parallel to the axis
of the cell. They have a diameter of 0.2­
0.5 11m and are up to 3 11m long and about
I-311m apart. It seems that they are able
to contract actively.
The actin filaments anchored in the dense
bodies or those that pass straight through
have short, lateral 1.5- to 2.5-nm-thick
branchings (Fig. AS), which are only vis­
ible in negatively contrasted sections.
These structures serve as junctions be­
tween the actin filaments and between the
latter and the material of the dense
bodies.
In a relaxed muscle cell, only sporadic,
short myosin myofilaments (Figs. B2, C2)
occur between the actin myofilaments
(Figs. B1, C 1). The dense bodies (Fig. B3)
are relatively far apart. During contrac­
tion, the actin filaments glide toward one
another, with the assistance of the myosin
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units, such that the dense bodies draw
closer together (Fig. C3). As a result, the
cell membrane becomes deformed, and
the longitudinal axis (arrow) of the cell
shortens. The movement of the dense
bodies is transferred by means of interme­
diate desmin microfilaments (not shown;
see Plate 121) to other points of fixation,
which leads to a synchronous contraction
of the muscle cell.
The fact that myosin filaments are found
more easily and in larger numbers in the
contracted than in the relaxed state sup­
ports the inference that the myosin units
are broken down during muscular relax­
ation. For this reason, more myosin ele­
ments have been illustrated in Fig. ethan
in Fig.B.
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Plate 123. Myoepithelial Cells from a Human Sweat Gland

As indicated in Plate 116, myoepithelial
cells do not stem from the mesenchyme,
but from the ectoderm. They are specially
differentiated epithelial cells that resemble
smooth muscle cells because of their fac­
ulty of contraction. For this reason, these
cells are described here in the muscular tis­
sue section.
In the form of stellate or parallel spindle­
shaped cells, myoepithelial cells assist
through their contraction in the drainage
of secretory products in salivary, mam­
mary, lacrimal, ceruminous, and sweat
glands. A sweat gland is chosen to illus­
trate this type of cell here.
A few spindle-shaped myoepithelial cells
(1) surround the terminal secretory por­
tion of a sweat gland, which is made up of
several cuboidal epithelial cells (2). Like
smooth muscle cells, myoepithelial cells
contain a rod-shaped nucleus and an en­
doplasm (3) with organelles. Myofila­
ments (4) and dense bodies (5) are con­
spicuous in the cytoplasm.
Myoepithelial cells always have a com­
mon basal lamina (6) with the secretory
epithelium. The spicular cell processes (7)
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are attached by means of reticular micro­
fibrils (8) to the surrounding collagen
microfibrils (9). In this way, stable points
of insertion are created for contraction of
the myoepithelial cells, which helps to
bring about expulsion of the secretory
product. (See Plate 156 in KRSTIC 1979.)
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Plate 124. Histogenesis of Skeletal Musculature

At an early stage of development (in hu­
mans at about day 20), somites (Fig. A1)
appear lateral to the neural groove
(Fig. A2). The somite cells proliferate and
some migrate to the notochord (Fig. B1),
where they form the sclerotome (Fig. B2).
Subsequently, a new cell layer, the myo­
tome (Fig. C1), develops from the somite
wall.
The myotome cells become spindle­
shaped and form the vigorously pro­
liferating presumptive myoblasts (arrows;
M and S). Some of these differentiate
gradually into real myoblasts (Fig. D).
These cells arrange themselves end to end
(Fig. E) and the points of contact of their
cell membranes fuse (Fig. F). In this man­
ner, the syncytial muscular tubules or
myotubes (Fig. F) develop, to which fur­
ther myoblasts can attach (Fig. F 1). Other
presumptive myoblasts remain undiffer­
entiated and migrate to the myotubes,
where they become satellite cells (S).
Differentiated myotubes (Fig. G) are long,
cylindrical structures with the nuclei
(Fig. G1) of earlier myoblasts arranged in
a row in the axial zone. Myotubes and sat­
ellite cells (Figs. G-I, S) are surrounded by
the same basal lamina (Figs. G2, H 2,
12).
Some satellite cells (Fig. G3) continue to
divide mitotically and furnish nuclei for
the myotubes (Fig. HI). The number of
nuclei in the myotubes thus increases. At
the same time, further differentiation and
myofibrillogenesis take place, following
which the nuclei are displaced to the sar­
colemma (Fig. I). Skeletal muscle fibers
develop in this way. A certain number of
satellite cells remain in an undifferentiated
state with the muscle fibers as a reserve of
cells capable of division.
Myofibrillogenesis signifies the formation
of myofibrils in the differentiation of
myoblasts, via myotubes, to form mature
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skeletal muscle fibers. To clarify this pro­
cess, sections from each of Figs. D, F, H,
and I are magnified in Figs.O-R.
Myoblasts contain a vacuolar rough en­
doplasmic reticulum (Fig. 0 1). Myofila­
ments (Fig. 02) are synthesized on the
helicoidal polyribosomes (Fig. 03) and
are initially randomly oriented in the cy­
toplasm.
Fingerlike smooth-walled processes
(Fig. P 1) sprout from the rough endoplas­
mic reticulum (Fig. P 2) of young, newly
formed myotubes, while the two types of
myofilament (Fig. P 3) arrange themselves
longitudinally. The cell membrane forms
a slight invagination (Fig. P4).
In further phases of differentiation, the
rough endoplasmic reticulum disappears,
and the smooth fingerlike endoplasmic
tubules come into contact with one an­
other. The basis for the longitudinal L­
system of the sarcoplasmic reticulum
(Fig. Q 1) is thus established. As the myo­
filaments (Fig.Q2) adopt a regular pat­
tern, the invagination in the sarcolemma
(Fig. Q3) becomes deeper.
Finally, the triad (Fig. R 1) is formed and
the differentiation of striated muscle
fibers is complete.

Magnifications: Figs. Q-R, x 10,000
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Plate 125. Skeletal Musculature.
Structure of a Muscle and Light-Microscopic Appearance
of Muscle Fibers

The smallest morphological units of skel­
etal musculature are the striated muscle
fibers (Fig. A 1), each surrounded by loose
connective tissue, the endomysium
(Fig. A2). In humans, they have a length
of several centimeters and a diameter of
10-100 11m. Several muscle fibers are
joined together by delicate, loose connec­
tive tissue, the perimysium (Fig. A3), to
form a primary bundle or muscle fascicle
(Fig. A4), which is regarded as the smal­
lest functional unit of skeletal muscle. A
number of muscle fascicles are unified by
loose connective tissue, the epimysium
(Fig. A5), containing vessels and nerves,
to form a muscle (Fig. A 6). The fascia
(Fig. A7), composed of dense connective
tissue, is connected to the muscle by the
loose epimysium (Fig. AS).
The muscle terminates in a tendon
(Fig. A8), which is firmly attached to the
periosteum (Fig. A9). The transversely
sectioned structures in the small circular
inset (Fig. A) are shown under light-mi­
croscopic magnification in Fig. B. A
longitudinal section is presented in
Fig.C.
Proceeding from the outer surface toward
the interior, the first structure is the fascia
(Fig. B1), followed by the layer of dis­
placement, the epimysium (Fig. B 2),
which is continuous with the perimysium
(Fig. B3). A very fine loose connective tis­
sue, the endomysium (Fig. B4), rich in
blood and lymph vessels and nerve fibers,
envelops the muscle fibers (Fig. BS).
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Muscle fibers are surrounded by a distinct
membrane, the sarcolemma (Fig. B 6), to­
ward the inner aspect of which the nuclei
(Fig. B7) are displaced. The discrete,
punctate Cohnheim's fields (Fig. B8) are
conspicuous in the cytoplasm, here
termed the sarcoplasm, of muscle fibers.
These represent groups of transversely cut
myofibrils.
Muscle fibers (Fig. C 1) are long cylinders
filled with sarcoplasm and contain hun­
dreds to thousands of nuclei (Fig. C 2),
disposed at the sarcolemma. In the sar­
coplasm is found a fine longitudinal and a
coarser transverse striation, with periodi­
cally alternating light or I-bands, iso­
tropic in polarized light, and dark aniso­
tropic or A-bands.
Endomysium with blood capillaries
(Fig. C3) can be seen between the muscle
fibers.

Magnifications: Figs. B, C, x 500
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Plate 126. Skeletal Musculature. Structure of a Muscle Fascicle

The loose connective tissue of the perimy­
sium (1) surrounds a muscle fascicle and
continues as the endomysium (2) between
the muscle fibers (3). The nuclei (4) are in
close contact with the sarcolemma and are
evident in both transverse and longitudi­
nal sections. On the myofibrils (5) of the
three longitudinally cut fibers, the dark
(A) and light (I) bands and Z-lines can be
distinguished. Satellite cells (6) appear
pressed into the muscle fibers.
Blood vessels (7) penetrate the primary
bundle vertically, but then follow a course
parallel with the fibers. Within the muscle
fascicle, unmyelinated (8) and myelinated
(9) nerve fibers are found, surrounded by
reticular and collagen microfibrils. A pe­
ripheral, tapered section ofa neuromuscu-
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lar spindle (10) is also visible within the
muscle fascicle.

Magnification: x 2,000
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Plate 127. Skeletal Musculature.
White Muscle Fiber and Satellite Cell

It has been known for some time that red
and white muscles exist. However, white
and red muscle fibers also occur within a
single muscle but are not conspicuous in
routinely stained sections. Special
methods are required, e.g., a succinodehy­
drogenase reaction, to visualize these
fibers.
A muscle fiber is surrounded by a sarco­
lemma (1) followed by the basal lamina
(2) and a feltwork of reticular (3) and col­
lagen (4) microfibrils. All these structures
appear as a simple line under the light
microscope. The nuclei are more or less el­
lipsoidal, frequently indented, with finely
structured chromatin, and contain one or
two nucleoli. A small Golgi apparatus and
occasional cisternae of rough endoplas­
mic reticulum are found around the nu­
cleus. Muscle fibers do not possess cen­
trioles.
White muscle fibers are thicker than the
red fibers, though poorer in mitochondria
and myoglobin; the white fibers contain
more myofibrils (8) and thus less sar­
coplasm. The ultrastructure of the myofi­
brils is, however, the same in both muscle
fibers and consists of two different types
of myofilament.
In polarized light, the anisotropic myosin
myofilaments (5), 1.5 j..lm long and 10 nm
thick, are seen to constitute the major por­
tion of the dark A-bands. Between these
filaments but still in the region of the A­
bands are found the actin myofilaments
(6), which are about 1 j..lm long and 5 nm
thick. In sections where only actin fila­
ments occur, the isotropic I-bands can be
seen in polarized light. In the center of the
I-bands, the so-called Z-lines appear, to
which the actin filaments are attached.
These osmiophilic bands are thinner in
white than in red muscle fibers. Two Z­
lines demarcate the smallest contractile
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element, the sarcomere (7). Since actin
myofilaments in the A-bands do not quite
extend to the center, the pale H-band de­
velops, within which the mesophragma,
i.e., the M-line, caused by the thickenings
of myosin myofilaments, can be distin­
guished. Mitochondria are located be­
tween the myofibrils (8). They are less fre­
quent and possess fewer cristae in white
than in red muscle fibers.
White muscle fibers are capable of rapid
contraction, but become fatigued consid­
erably quicker than red fibers owing to re­
stricted oxidation (fewer mitochondria
and less myoglobin).
The flattened satellite cells (9), which are
difficult to recognize under the light
microscope, lie on the surface of the skel­
etal muscle fiber. Their nuclei contain
condensed chromatin (unlike the muscle
fibers), little cytoplasm, sparsely devel­
oped organelles, and centrioles (10). Satel­
lite cells share a basal lamina (2) with the
skeletal muscle fibers.
Recent autoradiographic and electron­
microscopic studies have revealed that
satellite cells are capable of deoxyribonu­
cleic acid synthesis and mitosis. Because
of these abilities, they are considered un­
differentiated stem cells which, at a given
moment, e.g., in muscle regeneration, can
transform into myoblastlike elements (see
Plates 124, 133). (See Plates 69, 70 in
KRSTIC 1979.)'

Magnification: x 10,000
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Plate 128. Skeletal Musculature. Red Muscle Fiber

Red muscle fibers have a smaller diam­
eter, fewer myofibrils (1), and thus more
sarcoplasm and myoglobin than the white
fibers. The form and structure of the nu­
clei and Golgi apparatus are identical in
both types of fiber. The major difference
is the considerably greater number of
crista-rich mitochondria (2) in the red
fibers. These organelles largely accumu­
late under the sarcolemma, causing the
fiber surface to protrude slightly, and are
also found in large numbers between the
myofibrils. Several lipid droplets (3) can
be distinguished among the groups ofmi­
tochondria.
Every myofibril is invested by a seg­
mented sarcoplasmic reticulum (4), just as
in white muscle fibers. In both types of
fiber, this sarcoplasmic reticulum is made
up of a longitudinal (L) system of sarco­
tubules, parallel to the myofibrils, that
opens into a terminal cisterna (5) on both
sides. On the boundary between the 1- and
A-bands, aT-tubule (T) separates the ter­
minal cisternae. The T-tubule is always
perpendicular to the direction of the myo­
fibrils and branches in the horizontal
plane to form the T-system. Two terminal
cisternae comprise a triad with the inter­
jacent'T-tubule. The openings (arrow­
heads) of the T-tubules can be observed
on the muscle fiber surface.
The so-called intermediate muscle fibers
have a few characteristics in common with
white and red muscle fibers. They are not
shown in this book.
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The large numbers ofmitochondria in red
muscle fibers permit a high level of oxida­
tion. In consequence, these fibers are able
to contract for much longer periods,
though more slowly, than white muscle
fibers (e.g., intercostal musculature,
diaphragm). This ability is supported by a
higher myoglobin concentration (greater
oxygen reserve). It is therefore clear why
red muscle fibers are also accompanied by
more capillaries (6).

Magnification: x 10,000
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Plate 129. Skeletal Musculature. Three-Dimensional View
of the Internal Structure of a Muscle Fiber

Every myofibril (1) is surrounded by seg­
mented sarcoplasmic reticulum (2) at the
level of the A- and I-bands. In these areas,
the tubules of the sarcoplasmic reticulum
run longitudinally, i.e., parallel to the
myofibrils, for which reason this arrange­
ment of the tubules is termed the L-sys­
tern. At the boundary between the A- and
I-bands, all the tubules of a segment join
to form the terminal cisternae (3), which
are perpendicular to the direction of the
myofibrils.
Neighboring terminal cisternae are not in
contact with one another since they are al­
ways separated by a tubular invagination
of the sarcolemma, i.e., the T-tubule (T),
running transversely to the myofibrils.
The T-tubules, which only anastomose
transversely, form a T-system. The sar­
coplasmic reticulum around the first myo­
fibril on the right has, like the T-tubules,
been tangentially cut. The two terminal
cisternae and the interjacent T-tubules are
transversely sectioned in the middle myo­
fibril. This tripartite structure - two termi­
nal cisternae with aT-tubule in the middle
- is termed a triad (4).
In the lower part of the muscle fiber, it can
be seen that the T-tubules (5) only anasto-

264

mose transversely and are in direct com­
munication with the intercellular space.
The openings (arrowheads) of the T­
tubules appear on the surface of the
muscle fiber at regular intervals. Outside
the sarcolemma (6) lie the basal lamina (7)
and a dense framework of reticular and
collagen microfibrils (8). Sarcoplasmic re­
ticulum is important in muscular contrac­
tion: During contraction, the Ca2 + ions
leave the reticulum and accumulate there
again during relaxation. (See biochemis­
try and physiology texts for further in­
formation.)

Magnification: x 24,000
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Plate 130. Skeletal Musculature. Scheme of a Relaxed
and a Contracted Striated Myofibril

In a very relaxed myofibril (Fig. A), the
actin (Figs. A1, B1) and myosin (Figs.
A2, B2) myofilaments only interlock to a
minor extent.
It is now generally accepted that during
contraction (Fig. B) the thin actin myofi­
laments slide between the thick myosin
filaments toward the M-line, thereby
shortening the myofibrils. However, the
two types of filament are kept apart by the
movable myosin heads (Figs. A3, B3), de­
scribed in detail in the following plate. In
this way the diameter of a myofibril, and
thus the whole muscle, increases. This
sliding of the myofilaments into one an­
other causes the Z-lines to come closer to­
gether, and the 1- and H-bands become
narrower or disappear completely, lead­
ing to anisotropy of the contracted muscle
under polarized light.
Transverse sections reveal different pat­
terns of the interlocking myosin and actin
myofilaments depending on the level.
Figures C-G show the appearance ofvari­
ous cross sections of a myofibril.
The section at the level of the I-band only
contains the hexagonally arranged actin
myofilaments (Fig. C). Where the myosin
and actin myofilaments interlock (Fig. D),
one myosin myofilament is surrounded by
six actin myofilaments. A hexagonal ar-
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rangement of the thicker parts of the
myosin filaments can be seen in a trans­
verse section through the M-line (Fig. E).
A similar pattern is created by the thinner
parts of the same myofilaments at the level
of the H-band (Fig. F).
As the actin myofilaments run through
the I-band toward the Z-line, they change
their course by about 10 nm, producing
the quadratic pattern in Fig. G. Short por­
tions from relaxed and contracted myofi­
brils (asterisks) are shown in the following
plate. (See Plate 71 KRSTIC 1979.)
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MUSCULAR TISSUE _

Plate 131. Partly Hypothetical Representation of the Interaction
Between Actin and Myosin Myofilaments in Relaxed
and Contracted Myofibrils
(Modified after HAM 1974 and MOREL and PINSET-HXRsTROM 1975)

The thick myosin myofilaments (Figs. A1,
B1) are composed ofbipartite, threadlike,
approximately I50-urn-long myosin mole­
cules. Light meromyosin (Figs. A2, B2),
which is approximately 80 nm long,
makes up the actual backbone of myosin
myofilaments, whereas heavy mero­
myosin (Figs. A3, B3) forms shorter sec­
tions and terminates in a globular head
(Figs. A4, B4).
X-ray diffraction studies have shown that
the globular heads (Figs. A4, B4) occur in
pairs located on opposite sides of the
myosin filament. There is an angle of 1200

between each pair and the next, and thus,
six rows of these globular units appear
along the length of the myosin filaments.
In the longitudinal direction, the globular
pairs are 14.3 nm apart, therefore mero­
myosin heads of the same row are sepa­
rated by a distance of 42.9 nm.
The thin actin myofilaments (Figs. A5,
B5) are composed of two helicoidally en­
twined fibrillar chains of F-actin, which is
the result of longitudinal aggregation of
the 5.6-nm-wide globular molecules of G­
actin. Thin tropomyosin molecules
(Figs. A6, B6), which are approximately
40 nm long, occur along the chains of F­
actin. Troponin molecules (Figs. A7, B7)
are bound to the tropomyosin and are lo­
cated along the actin filaments at intervals
of about 40 nm.
During relaxation, interaction between
the meromyosin heads (Fig. A4) and actin
myofilaments (Fig. A5) is prevented by in­
terpolation of the tropomyosin molecules
(Fig. A6).
At the beginning of contraction, however,
troponin modifies tropomyosin, under the
influence ofCa2+ ions, (released from the
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sarcoplasmic reticulum), such that tropo­
myosin comes to lie in the groove between
the globular actin molecules. This move­
ment of the tropomyosin brings the actin
and myosin elements into contact. At the
same time, heavy fragments of mero­
myosin spread out (broken arrow, Fig. B),
whereby the actin myofilaments are dis­
placed upward and laterally (unshaded ar­
row). At a later stage, the movements of
the meromyosin heads (in the direction of
the short arrows, Fig. B) are also applied
to the actin myofilaments. It is even possi­
ble that the meromyosin heads are able to
move over the globular actin molecule in
a caterpillar action.
The energy for contraction is provided by
the splitting of adenosine triphosphate
(ATP). (See biochemistry and physiology
texts for further information.)
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MUSCULAR TISSUE

Plate 132. Skeletal Musculature. Myotendinal Junction

As can be seen in the light-microscopic
image in Fig. A, the connective tissue
(Fig. A1) surrounding the muscle fibers
(Fig. A2) gradually continues into the ten­
don fibers (Fig.A3). The boundary
formed by the conical ends of the muscle
fibers against the tendon indicates that
there is no true continuity between the
contractile substance and the network of
collagen fibers. The area within the inset
in Fig. A is enlarged in Fig. B to elucidate
structural details of the myotendinal junc­
tion.
At its end, the muscle fiber gradually
tapers and forms longitudinal depressions
(Fig. B1) and tubular invaginations (Fig.
B2), lined with basal lamina (Fig. B3),
which are penetrated by tendon microfi­
brils (Fig. B4). The area of contact be­
tween the muscle fiber and tendon micro­
fibrils is considerably augmented by these
infoldings, and this naturally consolidates
the junction between tendon and muscle
fiber. Collagen tendon microfibrils, how­
ever, are incapable of directly anchoring
to the basal lamina; they require the assist­
ance of reticular microfibrils (Fig. B5).
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This relationship is shown at greater mag­
nification in Fig. C (after HANAK and
BOCK 1971).
On the external layer of the sarcolemma
(Fig. C1) of the muscle fiber are located
numerous loops of reticular microfibrils
(Fig. C2), which penetrate the basal lam­
ina (Fig. C3). The free ends of these
microfibrils, outside the basal lamina, in­
tertwine with the tendon microfibrils
(Fig. C4), giving rise to a somewhat elas­
tic, though firm, junction between the sar­
colemma and the bundles of tendon
fibers.

Magnifications: Fig. A, x 300;
Fig. B, x 20,000; Fig. C, x 85,000
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Plate 133. Skeletal Musculature.
Regeneration of Skeletal Muscle Fibers

Despite very high morphofunctional dif­
ferentiation, skeletal muscle fibers are ca­
pable of regeneration. The most impor­
tant conditions for this to take place are
an uninterrupted basal lamina and that
the distance to undamaged muscle fibers
is not too great. Muscle fibers regenerate:
I. Continuously
n. Discontinuously
I. The first possibility can be summarized
in simplified form as follows. Macro­
phages (Fig. A 1) enter the damaged zone
ofmuscle fiber (Fig. A2) via the basal lam­
ina (Fig. A3) and phagocytize the debris
(Fig. A4). About 3-4 days after the necro­
sis, muscle fiber nuclei (Fig. B5) become
larger in the undamaged ends of the fibers.
They arrange themselves in a line and
move into the newly formed buds
(Fig. B6), which grow toward one another
(arrow) and fuse.
In the re-formed muscle fiber, the nuclei
initially occupy a central position (Fig. C),
just as in the myotubes, however they
soon become displaced toward the sarco­
lemma (Fig. D) as a result ofmyofibril for­
mation. With this displacement, continu­
ous regeneration terminates, approxi­
mately 2 weeks after damage to the muscle
fibers.
II. Discontinuous regeneration requires
the assistance of satellite cells. In this pro­
cess also, macrophages (Fig. E 1) first
clear the debris (Fig. E 2) from the dam­
aged section ofmuscle fiber (Fig. E 3) sur­
rounded by the basal lamina (Fig. E4).
The satellite cells (Fig. E5) show no signs
of mitosis at this stage.
About 3-4 days after injury, the satellite
cells begin to divide (Fig. F 5) and ap-
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proach one another in the direction of the
arrows. Shortly after, the necrotic zone is
bridged by young cells, similar to myo­
blasts (Fig. G6), which subsequently fuse.
In this manner, the syncytium of the
muscular tube is once again established
with initially centrally located nuclei
(Fig. H). These nuclei are displaced to­
ward the periphery of the sarcoplasmic
cylinder upon completion of myofibrillo­
genesis (Fig. I).
With respect to Fig. F, it should here be
stated that mitoses of the satellite cells in
reality occur much less dramatically than
depicted here. The peripheral mitotic ac­
tivity in regenerating muscle fibers has
long been established by light-micro­
scopic observation, though for some time
it was ascribed to the muscle fiber nuclei.
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Plate 134. Cardiac Musculature. Light-Microscopic Appearance

Cardiac musculature constitutes the main
mass of the heart, the myocardium
(Fig. A). Part of the ventricular wall is
shown in transverse section in Fig. Band
longitudinal section in Fig. C.
A cross section through the working car­
diac musculature reveals the great varia­
tion in the appearance of the fibers
(Fig. B1); no two are identical in shape
and diameter. The nuclei (Fig. B2) are lo­
cated in the middle of the sarcoplasm and
surrounded by radial Cohnheim's fields of
myofibrils (Fig. B3). A well-developed en­
domysium (Fig.B4) with a large number
of blood capillaries (Fig. B5) surrounds
the fibers.
On the longitudinal section through the
cardiac musculature, it can be seen that
the cardiac muscle fibers branch, bifur­
cate, and anastomose quite freely - a phe­
nomenon found in neither smooth nor
skeletal musculature. The nuclei (Fig. C 1)
are surrounded by myofibrils. At both nu­
clear poles, therefore, just as in smooth
muscle cells, small conelike areas of sar­
coplasm develop, which here are also
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termed endoplasm (Fig. C2). The interca­
lated discs (Fig. C3) are visible under the
light microscope and characteristic ofcar­
diac muscles. These discs traverse the
muscle fibers in a steplike fashion and di­
vide the fibers into 50- to 120-Jlm-long
mono- or binuclear segments, i.e., into
cardiac cells (Fig. C4).
Cardiac musculature is thus made up of
cellular elements, like smooth muscula­
ture. Unlike skeletal muscle fibers, cardiac
musculature is not a syncytium.
A well-developed, capillary-rich endomy­
sium (Fig. C5) is found between the heart
muscle fibers.

Magnifications: Figs. B, C, x 600
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Plate 135. Cardiac Musculature.
Three-Dimensional View of Several Fibers

Cardiac muscle fibers (1) form, as stated
above, a netlike structure, whose inter­
stices contain numerous capillaries (2) and
the loose fibrous connective tissue of the
endomysium (3).
Transverse sections clearly reveal the ir­
regular outlines of the cardiac muscle
fibers with their central nuclei. A large
number of mitochondria (4) are evident
both in transverse and longitudinal sec­
tions. The intercalated discs (5) and the di­
vision of the fibers into mono- and binu­
clear cardiac muscle cells, however, are
only apparent in longitudinal sections.
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A mononuclear cardiac muscle cell (ar­
row) is presented three-dimensionally in
Plate 137.

Magnification: x 2,200
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Plate 136. Cardiac Musculature. Electron-Microscopic View
of Transverse and Longitudinal Sections Through a Cardiac Muscle Cell

A transverse section through a cardiac
muscle cell (Fig. A) reveals the centrally
located nucleus and numerous mitochon­
dria to be dominant features. The myofi­
brils (Fig. A1) here are much more poorly
defined than in skeletal musculature,
though they show the same arrangement
of myosin and actin myofilaments. Ac­
cording to the level of transverse section
through cardiac muscle cells, it is possible
to distinguish all the patterns seen in
Plate 130.
In the peripheral sarcoplasmic zone and
between the mitochondria, many gly­
cogen granules (Fig. A2) and a few
tubules of smooth endoplasmic reticulum
(Fig. A3) can be recognized. A fine con­
nective tissue envelope made up of reticu­
lar and collagen microfibrils (Fig. A4) and
a basal lamina (Fig. A5) surrounds the
cardiac muscle cell. Numerous blood
capillaries (Fig. A6), which are essential
for the high level ofmetabolism, cross the
interspaces.
The large mitochondria with their many
cristae are conspicuous in longitudinal
sections. The triads (Fig. B1), whose
structure is not as distinct here as in skel­
etal musculature, are found at the level of
the Z-lines. Numerous glycogen granules
(Fig. B2) appear between the myofila­
ments and in the interfibrillar spaces.
From the morphological point ofview, an
intercalated disc is an intercellular border­
line, consisting of a highly indented por­
tion running transversely through the
fiber and a longitudinal smooth section.
In the fasciae adherentes (Fig. C 1) of the
transverse elements are attached the actin
filaments (Fig. C2). Intermediate microfi-
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laments, about 10 nm thick (not shown),
are anchored in the desmosomes (Fig.
C3). In the region of the fascia adherens
and in the desmosomes, the two cell mem­
branes are 20-30 nm apart and bound to
one another by a glycoproteinaceous ma­
terial.
The longitudinal cell boundaries form a
nexus (Fig. C4). The circular inset on the
left of Fig. C shows a cleft (Fig. C6), ap­
proximately 2 nm wide, between the two
cell membranes (Fig. C5). After freeze­
etching, this cleft can be seen to corre­
spond to a surface made up of hexagon­
ally arranged membranous particles,
called connexons (circular inset, lower
right).
The highly interdigitating transverse por­
tions of the intercalated discs ensure cohe­
sion between the cells, whereas bioelectri­
cal impulses for contraction of cardiac
muscle are spread through the nexus
zones - just as in smooth muscle cells. (See
Plate 15 in KRSTIC 1979).

Magnifications: Fig. A, x 17,000;
Figs. B, C, x 35,000;
circular insets, x 85,000
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Plate 137. Cardiac Musculature.
Three-Dimensional View of an Isolated Cardiac Muscle Cell

The nucleus (Fig. A1), with its conspicu­
ous pores, is located in the center of the
cell body. At both nuclear poles between
the diverging and converging myofibrils
(Fig. A 2), sarcoplasm-rich endoplasm
(Fig. A 3) develops with organelles, gly­
cogen granules, lipid droplets, and - in the
musculature of the atria - specific atrial
granules (arrow, Fig. B1). The latter are
highly osmiophilic, membrane-bound
granules, 0.3-0.4 llm across, and contain
hormone cardiodilatin. Since cardiac
muscle cells belong to the group of cells
that are incapable of expelling residual
bodies or lipofuscin granules, these accu­
mulate in the course of life, for which rea­
son large numbers of lipofuscin granules
(Fig. A4) can be found in the endoplasm
of older individuals.
As in skeletal musculature, the transverse
striation due to the presence of two types
ofmyofilament is characteristic ofcardiac
muscle cells.
At the lower right of Fig. A at the level of
a Z-line, aT-tubule can be seen as well as
the openings of other T-tubules (arrow­
heads) beneath the basal lamina (Fig. A5).
The irregularly branching profiles of
smooth endoplasmic reticulum (Fig. A6)
are in close contact with the T-tubule.
The transversely striated portion of the in­
tercalated discs bears processes (Fig. A7)
of varying length, which interlock with
those of other cells. The surface of the
nexus (Fig. A8), parallel with the cell axis,
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is distinguished by the presence of numer­
ous connexons.
Outside the basal lamina, there are a few
collagen' and reticular microfibrils
(Fig. A 9) of the endomysium. (See Plates
59, 113, 114 in KRSTIC 1979.)

Magnifications: Fig. A, x 6,000;
Fig. B, x 30,000
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Plate 138. Cardiac Musculature. Three-Dimensional View
of the Internal Structure of a Cardiac Muscle Fiber

A cardiac muscle fiber has been cut at the
level of the Z-line to show the intracellular
extension of aT-tubule, which runs
through the quadratic pattern of the Z­
line. The T-tubule has a glycosaminogly­
can-containing lining, which can be re­
garded as a continuation of the basal lam­
ina (1). For this reason, the T-tubules in
the cardiac musculature have a considera­
bly greater diameter (100-200 nm) than in
skeletal musculature (50 nm).
Since the T-tubules are located at the level
of the Z-line, only one segment of the sar­
coplasmic reticulum (2) is found in every
sarcomere. As in skeletal musculature,
this sarcoplasmic reticulum surrounds ev­
ery myofibril, however in cardicac muscle
fibers it has neither a regular system of
longitudinally anastomosing tubules (L­
system) nor well-defined terminal cister­
nae. Thus, the saclike terminations of the
sarcoplasmic reticulum are only partially
in contact with the T-tubules, and dyads
(3) are more frequent then triads at the
points of contact.
As in skeletal musculature, the sarcoplas­
mic reticulum and T-system play an im-
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portant part in the contraction of cardiac
muscle. Here, the Ca2 + ions are sup­
ported by the action of cAMP, which is
not the case in skeletal musculature (see
biochemistry and physiology texts for fur­
ther information).
Large numbers of mitochondria and gly­
cogen granules (4) are evident in the sar­
coplasm. In the lower part of the fiber, its
continuity is interrupted by an interca­
lated disc (5).
A network of reticular and collagen
microfibrils (6) envelops the cardiac
muscle fiber.

Magnification: x 24,000
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Plate 139. Cardiac Musculature.
Vascularization, Necrosis, Transplantation

The uninterrupted contractions ofcardiac
muscle demand exceptional amounts of
energy and, therefore, an intensive blood
supply. Figure A illustrates the ramifica­
tions of the larger arteries (Fig. A1) and
the development of a dense capillary net­
work in the ventricular wall of a rat heart.
h has been calculated that virtually every
muscle cell is in direct contact with a capil­
lary.
Sudden obstruction of the larger branches
of the coronary arteries (Fig. B1) leads to
infarction (Fig. B2). This is a local anemic
necrotic focus which, depending on size
and localization, can be fatal. The cardiac
muscular tissue dies in such areas and be­
comes replaced by a connective tissue
scar, since the muscle is incapable of re­
generation. This scar tissue cannot adapt
to the hemodynamic pressure and thus is
constantly liable to rupture.
Very severe heart conditions can now be
treated by homografting of cardiac
musculature. A possible surgical interven­
tion is shown in Figs. C and D (after NET­
TER 1971). Following ligature of the large
bloo.d vessels, the ventricles (Fig. C 1) of
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the diseased heart are removed, such that
the atria (Fig. C 2), or parts thereof, re­
main in the body. Subsequently, the ap­
propriately prepared ventricle of the
donor is sewn onto the atria (Fig. D).
After all the vessels have been connected,
the transplanted heart is made to contract
by electric shock and take over the func­
tion of the diseased heart. The same con­
ditions and mechanisms obtain here with
regard to graft rejection as described in
Plate 115. (See surgery and immunology
texts for further information.)

Magnification: Fig. A, x 30
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Plate 140. Cardiac Musculature. Impulse-Conducting System

A notable feature of cardiac musculature
is the specially differentiated cardiac
muscle tissue responsible for the regula­
tion and propagation of the rhythmic
heart contractions - the impulse-conduct­
ing system.
The sinus node (not shown), where the
cardiac rhythm originates, is also termed
the pacemaker of the heart. The impulses
produced here reach the atrioventricular
node (Fig. A1), spread through the bundle
of His (Fig. A2), and finally extend to the
latter's ramifications in the cardiac
musculature, the Purkinje fibers (for fur­
ther details here see anatomy texts).
The light-microscopic appearance of Pur­
kinje fibers in the cardiac musculature is
presented in Figs. Band C. The fibers
were drawn from a sheep heart prepara­
tion, which is particularly suitable for
demonstration of the impulse-conducting
system. Purkinje fibers (Fig. B1) are made
up of large, often binuclear Purkinje cells
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(Figs.B2, C2), which are about 100 Jlm
long, 50 Jlm wide, and arranged in chain­
like rows. Isolated, mainly longitudinally
oriented myofibrils (Figs. B3, C 3) run
through the glycogen-rich sarcoplasm.
Some myofibrils, however, pursue a spiral
course through the cell body and appear
in sections as hypolemmal circular myofi­
brils (Fig. C 4).
Purkinje fibers are separated from the
neighboring working cardiac musculature
(Fig. B4) by a connective tissue envelope
(Figs. B5, C5).

Magnifications: Fig. B, x 150;
Fig.C, x800
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Plate 141. Cardiac Musculature.
Three-Dimensional View of a Purkinje Fiber

In addition to two nuclei, conspicuous
features of the sarcoplasm of Purkinje
cells include portions of the longitudinally
(Fig. A1) and transversely (Fig. A2) cut
myofibrils, small mitochondria (Fig. A3),
and accumulations of glycogen (Fig. A4).
In the vicinity of the nucleus are located
more or less well-developed Golgi com­
plexes. Sarcoplasmic reticulum is present
to a minor extent, and the T-system is
wholly absent.
The cell boundaries are irregular, and the
cells interdigitate in a complex manner. In
Fig. B, which shows an enlargement of the
longitudinally oriented section of the cell
boundary in the small central inset, can be
recognized a desmosome (Fig. B1) and a
nexus (Fig. B2).
The transverse cell boundaries in the im­
pulse-conducting system roughly corre­
spond to those of the intercalated discs of
cardiac muscle fibers, which is attested by
the presence of desmosomes (Fig. C 1), oc­
casional fasciae adherentes (Fig. C 2), and
sometimes limited nexus (Fig. C3).
Each Purkinje fiber is surrounded by a
basal lamina (Fig. A5) and a connective
network (Fig. A6).
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In this plate, the diameter of the cells of
the impulse-conducting system can be
compared with that of working cardiac
muscle fibers (Fig. A7). The basal lamina
of the latter has been excluded for the sake
of clarity.

Magnifications: Fig. A, x 2,200;
Figs. B, C, x 35,000
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Plate 142. Cardiac Musculature. Three-Dimensional View
of a Cell of the Impulse-Conducting System

The presence ofmyofibrils (1) entails that
Purkinje cells (2) are capable of contrac­
tion. This is of great significance, since the
last cell of the impulse-conducting system
contacts the first working cardiac cell (3),
which performs the contractile rhythm
that has been transmitted to it.
The Purkinje cell in this plate has been
drawn transparent, and the pattern of the
myofibrils (1) can be seen in the sar­
coplasm. Though the majority of fibrils
are longitudinally oriented, the hypolem­
mal fibrils run in spirals through the cell
body. Fasciae adherentes (4) develop at
the points of insertion of the myofibrils.
The small, rounded structures are mito­
chondria (5).
There are differences between cells of the
working cardiac musculature and Pur­
kinje cells with respect to the presence of
enzymes. Whereas the former contain en­
zymes for oxidative breakdown ofglucose
(cytochrome oxidase, succinic dehydroge­
nase), the metabolism of Purkinje cells is
equipped for anaerobic glycolysis with,
among others, lactate dehydrogenase. The
slight oxygen requirements of Purkinje
cells explains the relative paucity of mito­
chondria.
Upon breakdown or severe disturbance of
the regulatory action of the sinus and
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atrioventricular nodes, the cells of the
Purkinje fibers become free of the influ­
ence of both nodes and independently
produce impulses for cardiac contrac­
tions, a situation that can have fatal impli­
cations. This danger can be overcome by
implanting a minute electric generator
(pacemaker, 6) under the abdominal skin.
The electric impulses produced in this ap­
paratus chemically or by nuclear power
are conducted to the cardiac musculature
by fine, implanted electrodes (7).

Magnification: x 4,000
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Plate 143. Histogenesis of Nervous Tissue

The entire nervous tissue develops from
the ectoderm (see Plate 1). Initially, it is a
simple columnar epithelium (Figs. a, A),
beneath which the notochord is located
(Figs. a-e, Ch). The notochord induces the
formation of the medullary or neural plate
(Fig. b 1), the wall of which becomes a
thick pseudostratified epithelium as a re­
sult of mitotic divisions (Fig. B). Sub­
sequently, the neural plate deepens, form­
ing the neural groove (Fig. c1). The cells
of the neural crest (Fig. c 2) temporarily
appear at the two lateral folds, and the ep­
ithelium of the neural groove continues to
thicken through high mitotic activity
(Fig. q.
At a somewhat later stage, the neural
folds fuse and give rise to the medullary or
neural tube (Fig. d). Simultaneously, the
neural crest cells separate from the folds
and form a continuous plate (Fig. d 1)
under the surface ectoderm (Fig. d2).
After the neural tube has formed, the
neuroepithelial cells continue to divide
(Fig. D) and the wall of the tube becomes
even thicker. This pseudostratified epithe­
lium is termed neuroepithelium. Once the
neural tube is formed (Fig. e), a new type
ofcell differentiates from the neuroepithe­
lial cells, the so-called primitive nerve cells
or neuroblasts, whose number soon in­
creases as a result of vigorous division.
They form an easily recognizable mantle
zone (Figs. e 1, E 1).
When the short genesis of the neuroblasts
is over, primitive support cells, glioblasts,
develop from the neuroepithelial cells and
also migrate into the mantle zone.
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Neurons, i.e., the definitive nerve cells
complete with processes, can only differ­
entiate from neuroblasts. Glial cells de­
velop by differentiation of the dividing
glioblasts. The mantle zone subsequently
becomes the gray matter of the spinal
cord. The processes of the neuroblasts
form a marginal zone (Figs. e 2, E 2), from
which the white matter of the spinal cord
originates.
Only one layer (formerly termed the ma­
trix) ofcuboidal cells with basal processes,
ependymoblasts (Fig.e3, E3), persists
from the neuroectoderm, and these cells
differentiate into the ependymal cells that
line the central canal (Fig. e4) and cere­
bral ventricles. The cells of this layer ­
called epithelium - also serve as a primor­
dium for the development of other com­
ponents of the central nervous system (see
Plate 144).
At the stage of the neural tube, the neural
crest (Fig. e 5) is divided into rounded seg­
ments, which supply various types of cell
(see Plate 144). (See embryology texts for
further information.)

Magnifications: Figs. A-E, x 1,000
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Plate 144. Cells Originating from the Neural Tube and Neural Crest

This plate gives a general view of the cells
that derive from the neural crest (A),
mantle (B), and epithelium (C).

A. From the neural crest develop:
1. Neuroblasts, i.e., nerve cells of the spi­
nal ganglia
2. Glioblasts of the peripheral glia, from
which develop the satellite cells (2 a) of the
spinal ganglia cells and Schwann's cells
(2 b)
3. Sympathoblasts, which develop into
both nerve cells of the sympathetic ganglia
(3 a) and medulloblasts, i.e., the chromaf­
fin cells of the adrenal medulla (3 b) and
part of the paraganglia
4. Melanoblasts, i.e., melanocytes (4 a)
5. Microglia cells and part of the mesen­
chyme in the head region ("mesecto­
derm")
6. C cells of the thyroid and possibly
other endocrine cells of the amine precur­
sor uptake and decarboxylation (APUD)
system
7. Cells of the leptomeninges.

B. From the mantle zone of the neural
tube develop:
8. Glioblasts, i.e., glia cells of the central
nervous system: protoplasmic (8 a) and fi­
brillar (8b) astrocytes and oligodendro­
cytes (8 e)
9. Neuroblasts, i.e., nerve cells (9 a) of the
central nervous system and some sensory
cells (9b).
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C. From the epithelium develop:
10. Ependymoblasts, i.e., ependymocytes
(lOa) and so-called ependymal differenti­
ations
11. Epithelial cells of the choroid plexus
12. Pituicytes, i.e., cells of the neurohypo­
physis
13. Pinealocytes, i.e., cells of the pineal
body
Although there is still some debate with
respect to some of these details (see em­
bryology texts for further information),
this summary indicates the pluripotential­
ity of the neural tube and crest.
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Plate 145. General Distribution of Nervous Tissue.
Central and Peripheral Nervous Systems

The central nervous system consists of the
cerebrum (1) with brain stem, cerebellum
(2), and spinal cord (3).
Spinal ganglia (4), peripheral nerves (5),
efferent and afferent nerve endings (6),
and autonomic ganglia (7) form the pe­
ripheral nervous system. (See anatomy
texts for further information.)
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Plate 146. Simplified Scheme of the Relationship
Between Neurons and Glia Cells in the Central
and Peripheral Nervous Systems (Modified from RHODIN 1974)

The rectangle depicts cells of the central
nervous system (CNS); the structures out­
side this rectangle belong to the peripheral
nervous system. The direction of nervous
impulses is indicated by arrows.
The nervous system is made up of nerve
cells (1) and glia cells. Each nerve cell has
a body, the soma or perikaryon, and
usually several processes. In the cell body
is found the nucleus (2), surrounded by
cytoplasm, here termed neuroplasm. A
nerve cell basically has only one cellulifu­
gal process, the axon (3), and several cellu­
lipetal processes, the dendrites (4).
A nerve cell with its processes constitutes
a structural and functional unit termed a
neuron. At certain sites, termed synapses
(5), neurons come into contact with one
another. In this manner, neuronal switch­
ing circuits develop, which are essential
for the function of the nervous system.
Since the nervous tissue is very highly dif­
ferentiated it possesses its own mechani­
cally supporting tissue, the neuroglia, or
glia for short. The glia cells are located be­
tween the blood capillaries (6) and
neurons and constitute an extremely im­
portant cell system involved in the metab­
olism of the neurons.
In the gray matter of the CNS, protoplas­
mic astrocytes (7) are situated between the
neurons and capillaries. With their pro­
cesses (7 a), these astrocytes delimit the
CNS from the peripheral nervous system
(PNS) and from adjacent tissues. In the
white matter, the nerve fibers are sup­
ported by fibrous astrocytes (8). Axons in
the region of the CNS are surrounded by
a myelin sheath, produced by oligoden-
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drocytes (9). These segmented envelopes
are separated from one another by the
nodes of Ranvier (10). Microglia or Hor­
tega cells (11) represent the phagocytes of
the CNS.
In the PNS, there are two types of neuron
- one type occurs in spinal (12) and the
other in autonomic (13) ganglia. Here
also, the glia, though this time peripheral,
surrounds the nerve cells. Amphicytes or
satellite cells (14) envelop the neurons of
the peripheral ganglia (12, 13). Axons in
the PNS are invested by Schwann's cells
(15): In myelinated nerve fibers (16) only
one axon per cell is found, whereas several
axons are enclosed within one Schwann's
cell in unmyelinated nerve fibers (17).
Nodes of Ranvier (10) occur where
Schwann's cells ofmyelinated nerve fibers
are contiguous.
The nerve fibers that derive from the auto­
nomic ganglia (13) innervate the inner or­
gans (18). Myelinated nerve fibers (16)
originating from the CNS conduct the ef­
ferent nerve impulses to the skeletal
musculature (19). Information from the
periphery (e.g., from an epithelium; 20)
reaches the CNS via spinal ganglion cells
(12), whose fibers are thus said to be affer­
ent. There is no histological difference be­
tween efferent and afferent fibers.
All the peripheral nerve fibers referred to
are components of spinal nerves (21)
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Plate 147. Glia of the Central Nervous System. Ependymal Cells

The neuroglia performs several important
functions in the nervous system. In addi­
tion to its role in mechanical support, iso­
lation, and metabolism of nerve cells, it is
involved in synthesis of the myelin
sheaths, phagocytosis, and scar forma­
tion. The neuroglia is classified as fol­
lows:
A. Glia of the central nervous system
1. Ependymal cells or ependymocytes
2. Astrocytes (macroglia)
3. Oligodendrocytes
4. Microglia (Hortega cells or mesoglia)
5. Epithelial cells of the choroid plexus
(see Plate 12)

B. Glia of the peripheral nervous system
1. Schwann's cells
2. Amphicytes (mantle or satellite cells)
The ependyma forms a layer of simple cu­
boidal or columnar cells which lines the
cavities of the brain and spinal cord. In
the embryo, a branching process, the
ependymal fiber (Fig. A1), grows from the
base of the ependyma; this fiber usually
recedes (Fig. A2) in adults. Thus, e. g., in
the mature organism, the posterior me­
dian septum (Fig. A3) of the spinal cord
develops from the interwoven ependymal
fibers. In all fetal ependymal cells, the free
surface still bears cilia (Fig. A4).
Differentiated ependymal cells have a
round, basally or centrally located nucleus
(Fig. B1) with a nucleolus. Mitochondria
are somewhat more numerous in the basal
halfof the cell than in the supranuclear cy­
toplasm. The Golgi apparatus consists of
only a few flattened cisternae and
vacuoles. The profiles of rough endoplas­
mic reticulum are short and narrow.
Large numbers of free ribosomes and a
few smooth vesicles, lysosomes, residual
bodies, and microfilaments are found
scattered in the cell body.
The majority of differentiated ependymal
cells bear microvilli and bunches of cilia
(Fig. B2) on the free surface.
Many ependymocytes have processes
(Fig. B3) which lead from the basal pole,
extend between the subependymal cells,
and come into contact with the blood
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capillaries (Fig. B4). Ependymal cells with
such processes are termed tanycytes.
It has recently been discovered that the
surface of various ependymal regions is
covered with a network of long cytoplas­
mic extensions. Further studies have
shown these structures to be largely su­
praependymal unmyelinated axons with
expanded mitochondria-rich areas
(Fig. B5). They form synapselike junc­
tions (Fig. B6) with the ependymal cells.
In addition to the axons, nerve cells,
(Fig. B7), from which these axons pre­
sumably derive, are found on the ependy­
mal surface. The function of these nerve
cells still remains to be clarified; they are
possibly a type of receptor.
One or more cell-poor subependymal glia
cell layers (Fig. B8), with predominantly
horizontal glia cell processes (Fig. B9), are
located beneath the ependymal cells. This
zone of undifferentiated glia elements is
important in adults in the regeneration of
glia cells.
Between the ependymal cells, which con­
tact one another by means of terminal
bars, are interposed cilia-bearing pro­
cesses of cerebrospinal fluid-contacting
neurons (Fig. B10), the precise function of
which has not been identified (possibly os~

moreceptors). (See Plates 170, 171 in
KRSTIC 1979.)

Magnification: Fig. B, x 7,000
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Plate 148. Glia of the Central Nervous System.
Light-Microscopic Appearance of Astrocytes

SeCtions from different parts of the central
nervous system - cerebrum (Fig. A1), spi­
nal cord (Fig. A2), and cerebellum
(Fig. A3) - are shown in Figs. B-D as they
appear under the light microscope after
routine staining. In each section, a rectan­
gular inset marks the gray matter, and a
circular inset the white. The structures in
the rectangular insets are summarized in
Fig.E.
Protoplasmic astrocytes (Fig. E 1), follow­
ing Golgi staining, appear as stellate cells
which contact both nerve cells (Fig. E 2)
and blood capillaries (Fig. E3) with their
processes. The connections formed be­
tween astrocytes lead to the formation of
a glial supporting framework with
neurons located in the interstices.
The astrocyte processes that are attached
to capillaries terminate in footlike expan­
sions, termed perivascular feet, which
cover most of the capillary surface. Thus,
a membrana limitans gliae perivascularis
develops, which in the central nervous sys­
tem replaces the connective tissue enve­
lope and is involved in the formation of
the blood-brain barrier. Other astrocyte
processes give rise to the membrana limi­
tans gliae superficialis at the outer surface

304

of the central nervous system (see
Plate 153).
The circular insets in Figs.B-D display an
enlargement of a fibrous astrocyte
(Fig. F 1) within Fig. E. Since these cells
occur in the white matter, their processes
follow, i.e., are largely parallel to, the
nerve fibers (Fig. F 2).
The smaller cells adjacent to the nerve
cells (Fig. E 2) and between the nerve
fibers are oligodendrocytes (Figs. E4,
F3).
A further, special form of astrocyte
(Fig. G 1) is found in the cerebellum.
These cells have winglike (velate) exten­
sions and appear in the region of the cere­
bellar glomeruli (Fig. G2) of the granular
layer (see Plate 152).

Magnifications: Fig. B, x 20;
Fig. D, x 10, Figs. E, F, x 400;
Fig. G, x 700
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Plate 149. Glia of the Central Nervous System.
Membrana Limitans Gliae Perivascularis. Three-Dimensional View

This plate provides a clearer impression of
the relationship between a nerve cell (1)
and protoplasmic astrocytes (2), an oligo­
dendrocyte (3), and blood capillaries (4).
A nerve cell normally has several branch­
ing dendrites (5) and an axon (6). Short,
cut boutons terminaux (7) of other nerve
cells are located both on dendrites and on
the axon, forming synapses with the
depicted neuron.
Near the nerve cells are located two astro­
cytes (2) with their processes (8). These
processes are of variable length and have
footlike or platelike terminations (9),
which are in contact both with the nerve
cell (1) and, as perivascular feet, with the
capillaries (4). The astrocytes contact one
another at the site indicated by an arrow.
The perivascular feet of astrocytes, as the
membrana limitans gliae perivascularis,
cover about 80% of the capillary surface.
Areas not covered by the membrane (10),
where only the capillary basal lamina is
present, are uncommon.
Short, rounded protrusions (11) also form
on the body ofastrocytes and serve as sup­
ports for the numerous processes of the
various nerve cells.
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An oligodendrocyte (3) surrounds an axo­
nal segment with its myelin sheath (12).
Below the node of Ranvier (13), another
oligodendrocyte supplies the neuron with
a myelin sheath.
To avoid misinterpretation of this plate, it
should be noted that great numbers of
many different kinds of cell processes oc­
cur between the cells and capillaries - the
so-called neuropil. These processes have
been omitted here for the sake of clarity.
The actual appearance of a section
through the close cell union of the nervous
tissue has already been shown in Plate 2.

Magnification: x 2,700
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Plate 150. Glia of the Central Nervous System. Protoplasmic Astrocyte

A protoplasmic astrocyte (1) is a relatively
large, stellate cell that predominantly oc­
curs in the gray matter of the brain and
spinal cord. The cell body contains a
large, spherical nucleus with very finely
dispersed chromatin, which facilitates
identification of astrocytes in the electron
microscope. Around the nucleus, several
short cisternae of rough endoplasmic re­
ticulum and a medium-sized Golgi appa­
ratus are found. In addition to a small
number of mitochondria, glycogen par­
ticles and centrioles occur in the slightly
osmiophilic cytoplasm, since astrocytes
are capable of division under certain cir­
cumstances.
Gliofibrils (2) are particularly characteris­
tic of astrocytes; they are seen is sections
to run transversely and longitudinally,
largely in the vicinity of the nucleus,
whence they extend into the processes.
Gliofibrils, which probably have a me­
chanical function, are composed of 5- to
10-nm-thick gliofilaments consisting of
glia fibrillary acidic protein.
The short processes of a protoplasmic as­
trocyte extend on one side to the nerve
cells (3) and on the other to the blood
capillaries (4). Whereas capillaries and
perivascular feet (5) are separated by a 30­
to 50-nm-thick capillary basal lamina (6),
the cytoplasmic end plates (7) approach
the nerve cells at a distance of less than
20 nm. Thus, some axosomatic synapses
(8) become covered by astrocyte exten­
sions.
Many unmyelinated (9) and myelinated
nerve fibers (10) as well as nerve endings
(11) are found around the body of the as­
trocyte at a distance of only 20 nm. They
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indent the surface of the cell body some­
what, giving rise to many small platelike
cytoplasmic processes. It is, therefore,
supposed that an astrocyte is also able to
embrace various synapses (e.g., axoden­
dritic synapses, 12; axospinous synapses,
13) in addition to surrounding nerve
fibers. A few dendritic spines (14) can also
be observed outside the astrocyte.
The presence ofglycogen in the cytoplasm
of astrocytes and the high phosphorylase
activity indicate that these cells are ofma­
jor importance in the metabolism of car­
bohydrates in the central nervous system.
In contrast to nerve cells, glial elements do
not shown any acetylcholinesterase activ­
ity, though they do have an increased con­
centration of adenosine triphosphate
(ATP) bound to the cell membrane. As a
result of their energetic involvement in the
sodium pump, astrocytes play an impor­
tant role in ionic regulation of the eNS.
Hitherto, there has been little evidence of
phagocytotic activity of astrocytes.

Magnification: x 10,000

REFERENCES
Duncan D, Morales R (1973) Fine structure ofastro­
cyte mitochondria in the spinal cord of the dog,
cat, and monkey. Anat Rec 175:519-528

Frederickson RG, Low FN (1969) Blood vessels and
tissue space associated with the brain of the rat.
Am J Anat 125: 123-146

Ling EA, Paterson JA, Privat A, Mori S, Leblond CP
(1973) Investigation of glial cells in semithin sec­
tions: I. Identification of glial cells in the brain of
young rats. J Comp NeuroI149:43-72

Phillips DE (1973) An electron microscopic study of
macroglia andmicroglia in the lateral funiculus of
the developing spinal cord in the fetal monkey. Z
Zellforsch 140:145-167





NERVOUS TISSUE

Plate 151. Glia of the Central Nervous System. Fibrous Astrocyte

The 8- to 10-J..Lm-wide fibrous astrocytes
occur, as stated in Plate 148, predomi­
nantly in the white matter of the central
nervous system. These cells are character­
ized by 20-40 wirelike, occasionally
branched processes (1) of various lengths
(10-50 J..Lm) that are inserted between my­
elinated (2) and unmyelinated (3) nerve
fibers. The longer processes run parallel
with the nerve fibers, whereas many of the
transverse processes (arrow) contact
blood capillaries (4).
The astrocyte body contains a nucleus
with homogeneously dispersed hetero­
chromatin. Moderately developed organ­
elles, a few lysosomes, and small clusters
of glycogen particles (5) occur in the cy­
toplasm.
As in protoplasmic astrocytes, gliofibrils
(6), made up of gliofilaments, represent
specific differentiations in fibrous astro­
cytes. Gliofilaments form a mechanically
resistant skeleton in the perikaryon and its
processes.
Fibrous astrocytes fulfill the same histo­
physiological functions in the white mat­
ter of the central nervous system as the

310

protoplasmic astrocytes do in the gray. It
has been proved that the two are varia­
tions of the same cell type which have
adapted to different environments.
Following loss of nervous tissue, it is
largely the function of fibrous astrocytes
to replace the damaged or affected area.
Though the ability of glia cells to divide is
slight after birth, it is possible in the case
of damage for mitoses to take place. Scar
formation then occurs in the eNS and is
termed gliosis.
Two nodes of Ranvier (7) can be recog­
nized on myelinated nerve fibers. (See
Plate 68 in KRSTIC 1979.)

Magnification: x 8,000
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Plate 152. Glia of the Central Nervous System. Velate Astrocyte
(Reconstructed from electron micrographs of CHAN-PALAY and
PALAY 1972)

In the two previous plates, it was seen how
protoplasmic and fibrous astrocytes affix
nerve cells and nerve fibers by their pro­
cesses. All these elements, together with
the microglia cells and capillaries, form
the neuropil - a densely packed cellular
conglomerate which fills spaces between
the perikarya of the nerve cells of the
eNS. This figure shows that astrocytes
also playa mechanical and metabolic role
in the extensive synaptic regions.
The light-microscopic morphology of ve­
late astrocytes in the granular layer of the
cerebellum has already been seen in
Plate 148. The cells appear stellate follow­
ing special staining techniques, though the
number of their processes is relatively
small.
Electron-microscopic studies have shown
that these cells are a specially differenti­
ated type ofastrocyte which have winglike
processes, similar to cabbage leaves in ap­
pearance (arrows), instead of cylindrical
processes. With these cytoplasmic sheets,
the cells envelop capillaries (1) and nerve
cells (2, here a small granule cell), as well
as parts of the cerebellar glomeruli (3),
which are characteristic of the granular
layer of the cerebellar cortex. Under the
light microscope, these cerebellar glo­
meruli appear as pale anuclear areas (see
Plate 148); electron-microscopically, it
has been determined that in these struc-
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tures, synaptic contacts exist between
mossy fibers (4) and dendrites (5) of the
small granule cells. These complex struc­
tures are thus more or less bounded by the
astrocyte extensions. It is assumed that
some dendrites and/or axons (6) of nerve
cells may pass through the astrocyte pro­
cesses.
The cytoplasmic sheets appear free in this
plate though they do of course surround
other nerve cells or cerebellar glomeruli,
which have been omitted for the sake of
clarity.
From the behavior of the processes of this
type of astrocyte, it is evident that these
cells are not solely involved in the metab­
olism of nerve cells, but also supply the
synapses with energy.
The basal lamina (7) can be observed be­
tween the astrocyte processes and the non­
fenestrated blood capillary.

Magnification: x 5,000
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Plate 153. Glia of the Central Nervous System.
Membrana Limitans Gliae Superficialis and Perivascularis

In addition to other functions, astrocytes
provide a boundary to the tissue of the
CNS against the blood vessels that supply
it and other adjacent tissues. The structure
of these boundaries is as follows.
With their processes, protoplasmic astro­
cytes (1) form a three-dimensional net­
work, the interstices of which contain
neurons (not shown). All footlike astro­
cyte processes that extend to the surface of
the brain are arranged adjacent to one an­
other such that a membrana limitans gliae
superficialis (2) forms. The innermost of
the leptomeninges, the pia mater (3), is
closely apposed to this membrane. Above
the pia mater is found a connective tissue
layer poor in blood vessels, the arachnoid
membrane (4), connected to the pia mater
by a loose trabecular framework (5).
Thus, between the two leptomeninges
there is a space containing numerous
blood vessels (6), termed the subarach­
noid space (7). Between the arachnoid and
the dura mater (8), which is composed of
dense connective tissue, occurs the slitlike
subdural space (9).
Extensions of the subarachnoid space, the
Virchow-Robin spaces (10), accompany
the penetrating blood vessels (11) to a cer­
tain depth. These spaces contain collagen
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and reticular fibers, which gradually
diminish with the reduction in blood
vessel diameter until eventually the capil­
laries (12) completely lack a connective
tissue envelope. In its place, as already
mentioned in Plates 149 and 150, the as­
trocyte perivascular feet form a mem­
brana limitans gliae perivascularis (13).
The two glial membranes provide the
essential specific environment and isola­
tion for the nervous tissue of the CNS.
Here, the membrana limitans gliae
perivascularis is important since it forms
part of the blood-brain barrier.
The structures in insets A und B are en­
larged in the corresponding figures of
Plate 154.

Magnification: x 1,000
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Plate 154. Glia of the Central Nervous System.
Membrana Limitans Gliae Superficialis and Perivascularis.
Blood-Brain Barrier. Barrier-Free Regions of the Brain.
Continuation of Plate 153

The end feet (Fig. A1) of the astrocytes
contact one another by means of a nexus
(Fig. A2) and form the membrana limi­
tans gliae superficialis. The glial processes
are separated from the pia mater (Fig. A3)
and its collagen microfibrils (Fig. A4), fi­
brocytic processes (Fig. A5), and blood
capillaries (Fig. A6) by a basal lamina
(Fig. A7). Beneath the surface glial mem­
brane are located numerous processes
(Fig. A8) of nerve and glia cells belonging
to the neuropil.
The membrana limitans gliae perivascu­
laris is, as already mentioned, made up of
the perivascular feet (Fig. B1) of astro­
cytes. The perivascular glial layer is sepa­
rated from a nonfenestrated brain capil­
lary (Fig. B2) and its pericyte (Fig. B3) by
a 20- to 50-nm-thick basal lamina
(Fig. B4). Outside the membrana limitans
gliae perivascularis is the neuropil
(Fig. B5). Calculations have shown that
25%-80% of the neuropil volume of the
rat consists of glia cell processes. The inset
in Fig. B corresponds to Fig. C.
It has been known for some time that vital
stains, e. g., trypan blue, which is capable
of staining certain cells blue, are unable to
penetrate the brain, with the exception of
a few restricted areas. The same applies to
some substances circulating in the blood
plasma. This selectivity of the brain,
which affects metabolic processes, is
termed the blood-brain barrier (BBB).
Morphologically, the BBB consists of
zonulae occludentes (Fig. C 1) joining
nonfenestrated endothelial cells (Fig. C 2),
a basal lamina (Fig. C 3), and the
perivascular feet (Fig. C 4) of astrocytes.
The absence ofpericapillary spaces is very
characteristic of the BBB.
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The extracellular spaces in the CNS ac­
cording to a recent estimation comprise
17%-20% of the total volume of the
brain. Investigations have shown that
these spaces hold a proteoglycan-contain­
ing ground substance which could hinder
free ionic diffusion. In addition, endothe­
lial cells and astrocytes are able to regulate
the selectivity of the BBB. It is assumed
that some endothelial cells exhibit polar
differentiation and transport certain sub­
stances only in one direction. (See physiol­
ogy texts for further information.)
There are also, however, areas of the brain
which lack a BBB. Here, the capillaries are
fenestrated and surrounded by broad
pericapillary spaces; the membrana gliae
perivascularis is only partially present.
Such structural features appear in the
choroid plexus (Fig. D 1), pineal body
(Fig. D2), subcommissural organ (Fig.
D3), area postrema (Fig. D4), neuro­
hypophysis (Fig. D5), median eminence
(Fig. D6), and infundibulum.
The BBB is in practice of great impor­
tance in the medical treatment of cerebral
diseases, since it can prevent the passage
of drugs into nervous tissue. (See
Plates 148, 150 in KRSTIC 1979.)

Magnifications: Figs. A, B, x 10,000;
Fig. C, x 40,000
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Plate 155. Glia of the Central Nervous System. Oligodendrocytes

The 6- to 8-/lm-Iarge oligodendrocytes are
found in the direct vicinity of nerve cells
and their processes and blood capillaries.
The light-microscopic appearance of these
cells has already been shown in
Plate 148.
Oligodendrocytes (Fig. A 1) usually ap­
pear in the electron microscope as ovoid
or ellipsoidal cells with a large hetero­
chromatin-rich nucleus. A few mitochon­
dria and relatively voluminous Golgi
complexes are present in the narrow belt
of cytoplasm. Owing to the large numbers
of cisternae of rough endoplasmic reticu­
lum and free ribosomes, the cytoplasm of
oligodendrocytes appears significantly
darker than that of astrocytes. Oligoden­
drocytes bear only a few relatively short
conical and platelike processes. Function­
ally, these processes are of particular im­
portance in forming the myelin sheaths in
the CNS. It is assumed that the leaflike
processes with their tonguelike cytoplas­
mic thickenings (Fig. A2) roll around the
axons (Fig. A3), though the exact manner
is unknown. One oligodendrocyte can
provide a segment or internode of the
myelin sheath (Fig. A4) for several axons.
The nodes of Ranvier (arrows) are sites
where the myelin sheath is lacking. At
these places, the axons are in direct con­
tact with their environment, e.g., with
boutons terminaux (Fig. A5). Schmidt­
Lanterman incisures are almost never
present in the myelin sheaths of the CNS.
In the upper right of the drawing, a cut­
away section of a nerve cell (Fig. A 6) and
the axon hillock (Fig. A 7) can be seen.
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Several boutons terminaux (Fig. A8) are
in contact with the neuron. Figure B
shows the development of the myelin
sheath as currently understood, which is
based on the fact that the innermost mye­
lin lamella is always the shortest. It is sup­
posed that the lamellar oligodendrocyte
processes (Fig. B 1) have a trapezoid form
with the broader base (Fig.B 2) toward
the cell. Following attachment of the
shorter side (Fig. B 3) to the axon
(Fig. B4), the cell process then probably
rotates about the axon, thus forming the
myelin sheath.
The peculiar contractions of oligodendro­
cytes observed in tissue culture for the
main part remain to be clarified. (See
Plate 89 in KRSTIC 1979.)

Magnification: Fig. A, x 14,000
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Plate 156. Glia of the Central Nervous System. Microglia
(Modified from HAGER 1968)

Following special impregnation methods,
microglia, mesoglia, or Hortega cells
(Figs. A1, B1), appear in all regions of the
CNS, predominantly however near capil­
laries. Irregular, sometimes bushlike pro­
cesses extend from the long cell body
(Fig. A).
In the electron microscope, microglia ap­
pear as very irregular elements with an el­
lipsoidal nucleus containing dispersed
chromatin. The dense, ribosome-rich cy­
toplasm contains a moderately to well-de­
veloped Golgi apparatus, a variable
number of mitochondria and cisternae of
rough endoplasmic reticulum, and periph­
eral vacuoles (Fig. B2). Particularly char­
acteristic of Hortega cells is the presence
of severallysosomes (Fig. B3), phagolyso­
somes (Fig. B4), and residual bodies
(Fig.B5).
Microglia are able to move in ameboid
fashion and can thus move away from the
capillaries. In doing so, they perforate the
basal lamina (Fig. B6) at the sites marked
by arrows, force their way between the as­
trocyte end feet (Fig. B7) of the mem­
brana limitans gliae perivascularis to the
neuropil (Fig. B8), and then enter areas of
dead nervous tissue and phagocytize the
cell debris. Hortega cells are also distin­
guished by their ability to store iron and
pigments.
The origin of microglia has not yet been
conclusively demonstrated. Since they
largely wander out of the capillary region,
some investigators believe that these cells
are specially differentiated pericytes (so­
called perivascular microglial cells). If a
pericyte (Fig. B9) is compared with a
microglial cell, it is certainly possible to
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recognize several morphological similari­
ties. According to another interpretation,
small, rounded cells (Fig. B10) in the
neuropil with a spherical nucleus and
dense cytoplasm (so-called intermediate
microglial cells) are able to differentiate
into Hortega cells. The assertion that
these cells develop from monocytes has
likewise not been proven. It is, however,
certain that microglia stem from the
mesectoderm of the neural crest and mi­
grate to the CNS with the blood vessels.

Magnifications: Fig. A, x 1,500;
Fig. B, x 10,000
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Plate 157. Form of Nerve Cells Under the Light Microscope

Excitability, conduction, and processing
of information are the basic properties of
nerve cells (neurocytes, ganglion cells).
Their morphology can be studied follow­
ing Golgi staining.
As was evident in the previous plates, both
simple and complex ganglion cells exist,
however they are always constructed ac­
cording to the same principle. The struc­
ture of a ganglion cell will be discussed
with the example ofa simple bipolar nerve
cell (Fig. A1) from Corti's ganglion.
The dendrite (Fig. A2) conducts the
stimulus in the direction of the arrows to­
ward the cell body, i.e., it is the receptive
part of the cell. In the perikaryon, the in­
formation is processed, altered, and then
conducted to the axon (Fig. A3), also in
the direction of the arrow. An axon thus
has an effector function. The framework
of neurofibrils (Fig. A4), which occurs in
all nerve cells, can also be seen.
Nerve cells with all their processes repre­
sent genetic, morphological, biological,
and regenerative units of the nervous tis­
sue which are termed neurons. Together
with elements of the neuroglia they form
the nervous system.
The behavior of the processes and the
form of the perikaryon of a nerve cell can
vary considerably according to function.
Thus, e.g., multipolar ganglion cells from
the spinal cord are distinguished by an ir­
regular perikaryon (Fig. D 1); they have
many dendrites (Fig. D 2) extending in
various directions and only one, occasion­
ally l-m-Iong, axon (Fig. D3) with lateral
ramifications, the collaterals or paraxons
(Fig. D4). It is apparent that the axon, in
contrast to the dendrites, always has the
same diameter.
Pyramidal cells from the gray matter of
the cerebrum can be observed in section to
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have a triangular perikaryon (Fig. E 1)
and numerous horizontally branching
dendrites (Fig. E 2), bearing small den­
dritic spines. At the base of the triangle,
an axon and its paraxons (Fig. E3) leave
the perikaryon.
The body of Purkinje cells (Fig. G1) from
the cerebellum is in the form of a pear and
the branching dendrites (Fig. G 2), with
great numbers of spinous processes
(Fig. G, arrows), give the cell a treelike ap­
pearance. There is one long axon
(Fig. G3). These cells belong to the Golgi
type I neurons, i.e., nerve cells that are
characterized by many dendrites and long
axons that run into the white matter.
Small neurons, e.g., basket cells (Fig. F)
and granule cells (Fig. H) of the cerebel­
lum, are rich in dendrites (Figs. F 1, HI)
but only bear short axons (Figs.F2, H2),
which never leave the gray matter. They
are termed Golgi type II neurons and
serve to conduct impulses to several
neurons within the gray matter.
This plate also shows two exceptions to
the rule according to which every nerve
cell has one axon and several dendrites.
Spinal ganglion cells (Fig. B) are consid­
ered biaxonal and adendritic, and amac­
rine cells (Fig. C) from the retina are nerve
cells that apparently only possess den­
drites.

Magnifications: Figs. A-H, x 600
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Plate 158. Various Types of Nerve Cell

According to the criteria of shape of the
cell body and the number ofprocesses, the
following types of neuron can be distin­
guished.
A. Apolar nerve cells are neurocytes with­
out dendrites and axons which only occur
at the beginning of histogenesis (Fig. AI).
Subsequently, they develop into the vari­
ous nerve cells (Fig. A2) listed below.
Broadly speaking, the hair cells (Fig. A3)
of the vestibuloacoustic organ and taste
buds can also be classed as apolar cells.
B. Unipolar nerve cells only appear in the
form of rod (Fig. B1) and cone cells
(Fig. B2) of the retina. Both have axonlike
processes (arrows) stemming from a single
cell pole.
C. Pseudounipolar nerve cells are initially
bipolar neurons (Fig. C 1) whose pro­
cesses gradually join together close to
their points of origin (Fig. C2, in the di­
rection of the arrows) as a result of asym­
metrical cell growth. The T-shaped pro­
cess (Fig. C3) then develops that is char­
acteristic of the ganglion cells of the spinal
ganglia and ganglia of the cerebral nerves,
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except for the ganglion of the vestibu­
loacustic nerve.
D. Bipolar nerve cells have one dendrite
(Fig. D 1) and one axon (Fig. D2), which
are very difficult to differentiate morpho­
logically. Bipolar nerve cells are found in
the retina (as the second neuron of the vis­
ual pathway) and as the first neurons of
the vestibuloacoustic organ.
E. Multipolar nerve cells are the most fre­
quent kind ofneuron. As stated in the pre­
vious plate, there are two types of multi­
polar neuron: Golgi type I, with long
axons, and Golgi type II, with short
axons.
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Plate 159. Arrangement of Nerve Cells

In the gray matter of the cerebrum and
cerebellum, the neurons form more or less
well-defined layers. In other parts of the
central nervous system, they occur in
groups or nuclei in which nerve cells do
not have a particular order within the
neuropil. Purkinje cells (1) of the cerebel­
lum, however, are an exception to this
rule.
In plan view, these neurons appear as al­
ready depicted in Plate 157. Purkinje cells
have been shown to be completely flat­
tened elements, tightly packed and ar­
ranged in a consecutive fashion. Their
highly branching dendrites (2), with den­
dritic spines (3), run in a plane perpendic­
ular to the axis of the folia of the cerebel­
lum.
Transverse sections show the Purkinje
cells (1 a) to be spindle- or bottle-shaped,
narrow, and with poorly developed den­
drites.
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A small granule cell (4) makes synaptic
contact by means of its T-shaped
branched axon (5) with large numbers of
apposed Purkinje cells.

Magnification: x 1,500
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Plate 160. Nerve Cell and Neuropil

Several dendrites (1) and a myelinated
axon (2) leave the voluminous perikaryon
of a pyramidal cell. The cytoplasm of the
nerve cells, here termed neuroplasm, con­
tains a nucleus (3), with a distinct nucleo­
lus (4), and a well-developed, frequently
multiple Golgi apparatus (5). Cisternae of
rough endoplasmic reticulum are also de­
veloped to a high degree and largely occur
as groups of parallel double lamellae
which form the characteristic Nissl bodies
(6). They are abundant throughout the
whole of the neuroplasm and dendrites.
Nissl bodies are only absent from the axon
and from the small zone where the axon
leaves the cell body, the axon hillock (7).
Many mitochondria, lysosomes, and oc­
casionally lipofuscin granules can be seen
between the lamellae of rough endoplas­
mic reticulum.
The 20-nm-thick neurotubules and ap­
proximately 7-nm-thick neurofilaments,
which are very numerous in the
neuroplasm, together form the light­
microscopically visible neurofibrils.
Since nerve cells have completely lost the
ability to divide, centrioles are not found
in the neuroplasm.
Large numbers of boutons terminaux (8)
and several astrocyte processes (9) are in
contact with the plasmalemma of nerve
cells. One of these processes (arrow) si­
multaneously contacts the neurocyte and
a capillary (10).
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The pyramidal cell in this plate has been
drawn so that it projects from the tightly
packed neuropil (11), which has here been
cut as a cube. In this way, it is easier to fol­
low the path of the glial and nerve cell pro­
cesses and obtain a clearer impression of
the closed cellular union which is the ner­
vous tissue of the CNS. (See Plates 44, 45,
119-121 in KRSTIC 1979.)

Magnification: x 3,500
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Plate 161. Nerve Cell. Neurofibrils

The light-microscopic appearance of
neurofibrils has already been depicted in
Plate 157. The present, somewhat
schematized, reconstruction was prepared
from a study of 2- to 3-11m-thick sections
in the high-voltage electron microscope.
The nucleus (1) is located in the center of
the nerve cell body and is surrounded by
flattened, perforated lamellae of the mul­
tiple Golgi apparatus (2). These lamellae,
recognizable in sections as Golgi fields,
are connected by means of numerous thin
tubules (3).
Neurofibrils (4), which are made up of
neurofilaments, run through all parts of
the perikaryon and extend into the den­
drites (5) and axon (6). In this manner, a
fibrillar framework develops within every
nerve cell, which not only imparts me­
chanical strength, but is possibly also re­
sponsible for conducting vesicular struc­
tures and impulses through the cell body.
Mitochondria (7) are contained within the
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interstices of the neurofibrillar network.
(See Plates 31-33, 66 in KRSTIC 1979.)

Magnification: x 4,000
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Plate 162. Neurosecretory or Neuroendocrine Nerve Cells.
Example: Cells of the Nucleus Supraopticus and Paraventricularis

Certain nerve cells respond to stimuli not
by producing bioelectric impulses but by
secretory activity. These so-called neuro­
endocrine cells occur in groups, nuclei,
predominantly in the hypothalamus
(Fig. A, inset). A three-dimensional, sche­
matic section of the hypothalamus is pre­
sented in Fig. B.
Several boutons terminaux (Fig. B 1) of
other nerve cells make synaptic contacts
with the stellate neurons of the nucleus su­
praopticus (NSO) and nucleus paraven­
tricularis (NPV). A few dendritic pro­
cesses (Fig. B2) of neurons situated in the
vicinity of the ventricular wall project
through the ependyma (Fig. B3) and
reach the cerebrospinal fluid; the cells
concerned are neurosecretory cerebrospi­
nal fluid-contacting neurons (see
Plate 147). Axons (Fig. B4) of NSO and
NPV neurons extend to the neurohypo­
physis (Fig. B5). Some of these axons
come into contact with capillary loops
(Fig. B6) of the hypophyseal stalk,
whereas the expanded terminations of
other axons rest on capillaries (Fig. B 7) of
the neurohypophysis. A series of numer­
ous thickenings, Herring bodies (Fig. B8),
can be seen along the axons. All these
axons together comprise the neurosecre­
tory hypothalamohypophyseal tract
(Fig.B9).
Special staining techniques reveal
neurosecretory cells (Fig. C) to be spindle­
shaped or stellate elements, usually close
to capillaries. Axons (Fig. C 1) rich in se­
cretory product run between the nerve
cells.
The inset in Fig. C corresponds to Fig. D.
Like all nerve cells, neurosecretory cells
contain Nissl bodies (Fig. D 1), mitochon­
dria, and lysosomes. Osmiophilic, 100- to
200-nm-wide, secretory granules (Fig.
D 2), containing neurohormones and sur­
rounded by a unit membrane, detach
themselves from the Golgi apparatus and
move into the axon (Fig. D, E, F 3). The
nerve cell is separated from the capillary
(Fig. D4) by an extremely thin investment
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of astrocytes (Fig. D 5) and two basal
laminae (Fig. D 6). Boutons terminaux
(Fig. D 7) are located on the cell body and
its processes.
Figure E is a continuation of Fig. D and
shows a small Herring body, which con­
tains numerous neurosecretory granules
(Fig. E 2) as well as mitochondria and cis­
ternae of smooth endoplasmic reticulum
(Fig. E8). Neurohormones in the neurose­
cretory granules are bound to a carrier,
neurophysin.
Lower down, the neurosecretory axon
(Fig. F 3) terminates in the immediate
proximity of a capillary (Fig. F 9) with
fenestrated endothelium. The nerve end­
ing contains mitochondria, cisternae of
smooth endoplasmic reticulum, neuro­
tubules, many neurosecretory granules,
and synaptoid vesicles (Fig. FlO).
Synapses (Fig. F 11) with other axons also
exist.
Neurosecretory granules (Fig. F2) when
required are expelled from the nerve end­
ings into the pericapillary spaces
(Fig. F 12) by exocytosis. From here, the
neurohormones, now freed from the
neurophysin, enter the blood circulation
and are transported to the effector cells,
where they carry out their specific func­
tion.
The neurosecretory cells of the NSO syn­
thesize antidiuretic hormone, and those of
the NPV oxytocin. (See Plates 32,33,64 in
KRSTIC 1979.)

Magnifications: Fig. C, x 400;
Figs. D-F, x 17,000
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Plate 163. Neurosecretory Nerve Cell. Simplified General Scheme
of the Mode of Action of Polypeptide Hormones

Advances in neuroendocrinology have
shown that neurosecretory cells are at the
beginning of a chain of hormonal events.
Recently, the mode of action of hormones
has been investigated more closely at the
molecular level. This simplified scheme of
the mechanisms of action of polypeptide
hormones was prepared on the basis of
these new findings.
Synaptic contacts (1), as mentioned in
Plate 162, and other possible sources of
excitation cause the neuroendocrine cell
(2) to be stimulated in the direction of the
unshaded arrows. The cell synthesizes its
hormone and secretes it (symbolized as
black spherules, 3) into the blood circula­
tion. Since the hormone carries informa­
tion determining the behavior of certain
cells, it is termed a "first messenger."
Ofparticular importance in the further ac­
tion of the hormone is a specific union be­
tween the hormone and a genetically de­
termined receptor sites in the plasma­
lemma of the target cell. Several such re­
ceptor sites can be seen as hemispherical
indentations (4) at the level of the outer
layer of the cell membrane (5). Thus, "rec­
ognition" ofthe hormone is dependent on
the form of the receptor on the target cell
membrane: It is believed that the hormone
fits into the receptor sites like a key into a
lock.
The hormone-receptor complex (6) acti­
vates an enzyme, adenyl cyclase (7), lo­
cated on the inner side of the cell mem­
brane, which forms cyclic adenosine
monophosphate (cAMP) from adenosine
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triphosphate (ATP) in the presence of
Mg2 + ions. In this way, the hormonal in­
formation becomes amplified 105_ to 109_
fold and is transferred to the cytoplasm
without the hormone itself entering the
cell. Since cAMP- occurs in practically all
cells it is referred to as the "second
messenger." It activates the specific en­
zymes and/or genes of target cells, in addi­
tion to affecting their permeability. As a
response, the target cells secrete specific
products (8) which can act on other cells
(9) or inhibit the activity of the hormone­
producing cells in the form of a negative
feedback (10). After stimulation of adenyl
cyclase by the hormone-receptor complex,
the hormone becomes inactivated (11).
The high specificity of the hormone is also
indicated in this plate. It is clear that the
morphological (and chemical) receptors
of the other two cells (12, 13) are inca­
pable of binding the structurally different
hormone.
This scheme applies to the action of epi­
nephrine and all polypeptide hormones.
For all practical purposes, it can be as­
sumed that the mode of action of neuro­
hormones is based on the same mecha­
nism. A discussion of the mechanism of
action of steroid hormones is beyond the
scope of this book. (See Plates 153, 154 in
KRSTIC 1979 and biochemistry and physi­
ology texts for further information.)
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Plate 164. Nerve Fibers

A nerve fiber signifies an axon and its en­
velopes. Two types of nerve fiber exist ­
myelinated and unmyelinated.
Myelinated, rapidly conducting nerve
fibers have a diameter of 1-20 j..lm and are
up to 1 m long. In a transverse section
stained to show the myelin sheath, the
nerve fiber (Fig. A1) appears as a dark
circle with a pale centrum, representing
the axon (Figs.A2, B2). The Schwann's
cells (Figs. A3, B3) surround the whole
structure in the form of a signet ring. In
routine preparations, the lipid-containing
myelin sheath is dIssolved, leaving only a
spongelike neurokeratin material
(Fig. B4), corresponding to the protein­
aceous components of myelin.
In longitudinal sections, the axon
(Fig. C 1), the myelin sheath (Fig. C 2),
and the Schwann's cell (Fig. C 3) can be
distinguished. Nodes of Ranvier (Fig. C4)
are present in the peripheral (PNS) and
central (CNS) nervous systems at points
where the myelin sheath is interrupted.
The internode (Fig. C 5) is an approxi­
mately 50 j..lm-1-mm-long segment be­
tween two nodes of Ranvier and corre­
sponds to one Schwann's cell (or one oli­
godendrocyte process in the CNS, see
Plate 146). The pale, oblique lines within
the myelin sheath, the Schmidt-Lanter­
man incisures (Fig. C 6), are almost exclu­
sively restricted to nerve fibers of the
PNS.
In the electron microscope, transversely
sectioned nerve fibers are seen to com­
prise, proceeding from the center to the
exterior, the axon with neurofilaments
(Fig. D 1), neurotubules (Fig. D 2), cister­
nae of smooth endoplasmic reticulum
(Fig. D3), and mitochondria (Fig. D4).
The axon is delimited by the axolemma
(Fig. D 5), separating it from the myelin
sheath (Fig. D6). The myelin sheath is
composed of numerous myelin lamellae,
which originate from the plasmalemma of
the Schwann's cell. The exact manner in
which these lamellae wrap around the
axon is not precisely known. It is clear
that the myelin sheath is a component of
the Schwann's cell.
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Schwann's cells (Fig. D7), which repre­
sent the inner envelope of the nerve fibers,
sometimes called the neurolemma, belong
to the peripheral glia and have an ellipsoi­
dal nucleus, poorly developed organelles,
but a large number of free ribosomes. Two
closely apposed cell membranes of the
Schwann's cell on the left form the exter­
nal mesaxon (Fig. D8), which runs
through the Schwann's cell cytoplasm.
The outer nerve fiber sheath or endoneu­
rial sheath, which only occurs in the PNS,
is made up of the basal lamina (Fig. D 9)
of the Schwann's cell and a network of re­
ticular and collagen microfibrils (Fig.
D 10). Part of the basal lamina has been
lifted back so that the fingerlike processes
(Fig. D 11) of Schwann's cells are exposed
in the region of the node of Ranvier
(Fig. D12).
Whereas in myelinated nerve fibers only
one axon is contained within one
Schwann's cell, in unmyelinated nerve
fibers this cell embraces several axons
(Fig. D 13). The axons usually possess a
mesaxon (Fig. D 14), though many occur
as so-called naked axons (Fig. DIS). Un­
myelinated fibers are not segmented (see
Plate 146), but in the PNS they have an
endoneurial sheath consisting of a basal
lamina (Fig. D9) and interlaced collagen
and reticular microfibrils (Fig. D 10).
There are no morphological criteria that
allow a differentiation to be made be­
tween afferent and efferent nerve fibers.
(See plates 86-88 in KRSTIC 1979.)

Magnifications: Figs. A-C, x 2,000;
Fig. D, x 14,000
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Plate 165. Nerve Fiber. Node of Ranvier

The small drawings at the bottom right
show the light-microscopic appearance of
the node of Ranvier following azan stain­
ing (Fig. A), osmium fixation (Fig. B), and
silver staining (Fig. C). In the latter
method, diffusion of the silver nitrate pro­
duces a cross (Ranvier's cross, Fig. C 1) in
the region of the node.
Between the myelin-free paranodal end
portions of two Schwann's cells (Fig. D 1),
the axon (Fig. D 2) becomes slightly
thickened. At this point, the axolemma
(Fig. D3) comes into contact with the in­
terdigitating processes (Fig. D4) of
Schwann's cells and of the basal lamina
(Fig. D5) of nerve fibers. Thus, in this re­
gion the axon directly contacts the endo­
neurial sheath. The interior of the axon
contains neurofilaments (Fig. D6), neuro­
tubules (Fig. D7), and cisternae ofsmooth
endoplasmic reticulum (Fig. D8). (Mito­
chondria are not depicted.) Cytoplasmic
processes (Fig. D9) from the Schwann's
cells appose the external surface of the
axon. These processes are separated from
one another by mesaxons (Fig. D 10) and
connected with the axolemma by means of
dense bars (Fig. D11). On the external
surface of the axon, the cytoplasmic pro­
cesses are fluted in a spiral fashion
(Fig. D 12). In the upper Schwann's cell, a
few mesaxons and processes have been
partially removed. Here it is apparent that
the innermost myelin lamellae are the
shortest, and thus it may be assumed that
the rolling of the myelin lamellae proceeds
roughly according to the mechanism
depicted in Plate 155. In both Schwann's
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cells, the external mesaxons (Fig. D 13)
and the fibrous elements of the endoneu­
rial sheath (Fig. D 14) outside the basal
lamina (Fig. D5) are evident.
The velocity of propagation of stimuli
varies between 0.5 and 120 mls in myeli­
nated nerve fibers. It is dependent on the
structure of the particular nerve fiber.
In myelinated nerve fibers, all excitatory
and conducting processes of the action
potentials occur at the nodes of Ranvier.
The action potential jumps from one node
to the next, a phenomenon termed salta­
tory conduction. The myelin sheaths of
the internodal segments can thus be re­
garded as a form of insulation. (See
Plate 88 in KRSTIC 1979 and physiology
texts for further information.)

Magnifications: Figs. A-C, x 900;
Fig. D, x 55,000
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Plate 166. Nerve Fiber. Schmidt-Lanterman Incisures

As already seen in Plate 164, Schmidt­
Lanterman incisures are found within the
myelin sheath of peripheral nerve fibers.
The morphology of these incisures is de­
pendent on the preparation and staining
techniques employed. Thus, for example,
Fig. A shows the incisures following OsO4

fixation and Fig. B after iron hematoxylin
staining. In Fig. B, the incisures corre­
spond to the so-called Golgi funnels,
which delimit the Schmidt-Lanterman
segments (Fig. B).
In the electron microscope, the Schmidt­
Lanterman incisures appear as zones in
which the myelin lamellae (Fig. C 1) run
separately. Cytoplasm of the Schwann's
cell occurs between the lamellae. An exter­
nal mesaxon (Fig. C2), the basal lamina
(Fig. C3), and the endoneurial sheath
(Fig. C4) are also represented. The func­
tion of the Schmidt-Lanterman incisures
is still uncertain. It remains to be clarified
whether they impart plasticity to nerve
fibers during bending, stretching, etc. The
fact that these structures almost never ap-
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pear in the CNS, i.e., where nerve fibers
are not subject to mechanical force, would
support this hypothesis.

Magnifications: Figs. A, B, x 2,000;
Fig. C, x 55,000
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Plate 167. Regeneration of Nerve Fibers
(Modified from WILLIS and WILLIS 1972)

Severing of nerve fibers immediately leads
to loss of the ability to conduct impulses
and within a few weeks the fibers degener­
ate. Nonetheless, nerve fibers are capable
of regeneration under certain circum­
stances. The process is depicted in this
plate.
Following separation of an axon
(Figs. A l-E 1) from the body of the nerve
cell (Figs. A 2-E 2), the myelin sheath be­
comes fragmented during the first 3 days
and after about 2-3 weeks transforms into
plaquelike fatty droplets (Figs. A 3, B 3).
Simultaneously, the severed axon disinte­
grates. This secondary or Wallerian de­
generation extends as far as the sensory
and motor nerve endings (e.g., motor end
plates, Figs. A -E 4). Schwann's cells
(Figs. A 5-E 5), on the other hand, do not
degenerate. Cross sections through the
disintegrating nerve fibers appear in small
drawings to the left of the main figures.
Severance of the axon can affect the peri­
karyon of the nerve cell, causing it to
swell. The Nissl bodies disappear (chro­
matolysis or tigrolysis), and the nucleus is
displaced toward the cell membrane
("fish-eye cells"). Provided the damage
does not occur in the immediate vicinity of
the perikaryon, the nerve cells recover
rapidly from the trauma. The ascending
degeneration of the nerve fibers extends to
the next node of Ranvier (R).
From the 2nd week to the 2nd month after
injury, the myelin sheath lipids gradually
become broken down, phagocytized by
microglia in the CNS or by macrophages
(Fig. B6) in the PNS, and transported
away. The Schwann's cells at the ends of
the proximal and distal stumps begin di­
viding and approach one another as early
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as the 1st week (arrows). This gives rise to
the bands of Biingner (Fig. B7), which ­
as tubular glial strands - bridge the gaps.
The axon (Fig. C 1) growing from the
proximal stump utilizes these glial strands
to locate the target organ. As the axon ad­
vances - about 1-2 mm/day - through the
glial strands, it becomes invested by a
myelin sheath. During this regeneration
phase, which can last up to 3 months,
muscle fibers (Fig. C8) as well as other ef­
fectors atrophy owing to inactivity.
Contact with the target organ is initially
reestablished by a thin, weak, myelinated
axon (Fig.D 1). In the course of the matu­
ration phase, which can last a few months,
the diameter and performance of the re­
generating nerve fiber increase.
In the case of amputation or large-scale
destruction of nerve fibers without surgi­
cal intervention, connective tissue inserts
itself between the stumps, such that the
glial strands cannot form a bridge over the
gap. The proximal Schwann's cells then
proliferate and, with the outgrowing axon
and adjacent connective tissue, form a
swollen structure, the so-called amputa­
tion neuroma (Fig. E9).
In humans, nerve fibers of the CNS are in­
capable of regeneration.
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Plate 168. Synapses. Classification

The intercellular contact sites where im­
pulses are transmitted from one neuron to
another, or from a neuron to the target or­
gan, are termed synapses. They are classed
according to their mode of function into
electrical (Fig. A) and chemical (Figs.B­
F) synapses. The latter type is the more
widely distributed.
Electrical or electrotonic synapses
(Fig. A), the morphology of which corre­
sponds to that of a nexus, are particularly
frequent in muscular tissue (see
Plates 119, 120, 136, 137), though rela­
tively uncommon in nervous tissue.
Where these synapses occur, the electrical
resistance of the plasmalemma is very low,
and this favors impulse conduction.

The relatively rare chemical synapses, synaptic bars
(Fig. B), are found, as already indicated in Plate 158,
in the receptor cells of the vestibuloacoustic organ
and in pinealocytes. They are made up of an osmio­
philic, 180- to 320-nm-Iong and about 35-nm-wide
bar (Fig. B2), surrounded by synaptic vesicles
(Fig. B 1). It is not known what transmitter substance
these approximately 40- to 80-nm-wide vesicles con­
tain. According to some sources, it could be gamma­
aminobutyric acid (GABA).
Synaptic ribbons (Fig. C 1) are also a rare type of
chemical synapse found in the axon endings of the
rod and cone cells of the retina (see Plate 158). The
nature of the transmitter in the surrounding synaptic
vesicles has not been defined with certainty.

The most widely distributed chemical
synapses are those with boutons termi­
naux. The synapse here consists of a
broad presynaptic portion of axon, the
bouton terminal itself (Fig. D 1), a
synaptic cleft (Fig. D2), and a postsyn­
aptic element (Fig. D3). The widened ter­
minal portion of the axon contains mito­
chondria, cisternae of smooth endoplas­
mic reticulum, neurofilaments (Fig. D4),
neurotubules (Fig. D5), and two types of
synaptic vesicle. One kind of vesicle is
small and apparently empty (Fig. D6); the
other type is significantly larger (Fig. D7),
but much less frequent and filled with a
fine-granular, highly osmiophilic sub­
stance. The neurotransmitter acetylcho­
line has been identified in the former, and
5-hydroxytryptamine (serotonin) or pos-
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sib1y dopamine in the latter. A presyn­
aptic density (Fig. D 8) borders the
synaptic cleft.
The synaptic cleft is approximately 20 nm
wide and filled with a fine-granular,
weakly osmiophilic material. The adja­
cent postsynaptic membrane (Fig. D9)
features a feltlike dense region, the post­
synaptic density (Fig. D 10). Since the
vesicles in these synapses are spherical,
they are referred to as S-type or type I
synapses (after GRAY).
In the F-type of synapse with a narrower
and almost apparently empty synaptic
cleft (Fig. E 1), the synaptic vesicles are
predominantly flattened (hence F-type
synapse), slightly biconcave, and with an
unknown transmitter. This type of
synapse is also referred to as type II (after
GRAY).

In the synapses thus far described, impulses are only
transmitted in one direction, i.e., from the pre- to the
postsynaptic portion. In reciprocal synapses (Fig. F),
however, the impulses can travel in both directions.
This latter type of synapse is rare; it has been de­
scribed in the olfactory bulb of dogs.
The mode of action of chemical synapses may be
summarized as follows. When an impulse arrives, the
synaptic vesicles release their neurotransmitter into
the synaptic cleft. The postsynaptic membrane thus
becomes depolarized and the information from one
cell is transferred to the other. The morphological ap­
pearance of the vesicles does not allow a definitive
conclusion to be made regarding the function of the
particular synapse. It is now known that the majority
ofacetylcholine-containing type I synapses have exci­
tatory effects. Conversely, the tempting hypothesis of
an inhibitory action of type II synapses requires fur­
ther investigation. (See Plates 119-128 in KRSTIC
1979 and physiology texts for further information.)

Magnifications: Fig. A, x 100,000;
Fig. B, x 40,000; Fig. C, x 30,000;
Figs. D-F, x 33,000
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Plate 169. Simplified Classification ofInterneuronal Synapses
(Modified from ANDRES 1975)

The .boutons terminaux are basically ca­
pable of ending on the body or soma (8),
dendrites (D), and axons (A) of a nerve
cell, and accordingly it is possible to dis­
tinguish axosomatic, axondendritic, and
axoaxonic synapses. These, in turn, can be
subdivided into various combinations de­
pending on the morphology of the point
of contact and the relationship with the
boutons terminaux.
Thus, the following can be found on the
soma:
1. Simple axosomatic synapses
2. Invaginated axosomatic synapses
3. Axosomatic spinous synapses;
On the dendrites:
4. Simple axodendritic synapses
5. Axodendritic spinous synapses
6. Crest synapses
7. Branched spinous synapses
8. "En passant" synapses
9. Axodendritic reciprocal synapses
10. Polysynaptic endings
11. Interdigitated spinous synapses;
On the axon hillock:
12. Axoaxonic synapses
13. Axoaxonic inhibitory synapses (mor-
phologically difficult to distinguish);

Between axons:
14. Axoaxonic synapses
15. "En passant" synapses.
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It should here be stated that this classifica­
tion of synapses is not exhaustive. (See
Plates 119-125 in KRSTIC 1979.)'
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Plate 170. Structural Elements of the Peripheral Nervous System

From a histological point of view, the fol­
lowing parts of the PNS are important:
1. Spinal ganglia
2. Spinal nerves
3. Peripheral nerve endings
3 a. Efferent (motor end plates, auto­
nomic nerve endings)
3b. Afferent (neuromuscular spindles,
Golgi tendon organ, terminal corpuscle)
4. Sympathetic trunk with its ganglia (4 a)
and prevertebral sympathetic ganglia
(4b).
The following is a brief description of the
neuronal connections between compo­
nents of the PNS. Arrows indicate the di­
rection of impulse conduction.
Axons (5) of the large, multipolar motor
neurons (6) in the anterior gray column of
the spinal cord make up the major portion
of the peripheral nerves (2) and innervate
the skeletal musculature as efferent nerve
fibers.
From the sympathetic nerve cells (7) in the
intermediolateral nucleus of the lateral
gray column of the spinal cord, axons run
through the white rami communicantes
(9) to the ganglia of the sympathetic trunk
(4a) or continue further to the preverte­
bral ganglia (4 b). Axons of the sympa­
thetic neurons (7) of the spinal cord
synapse with dendrites of multipolar
nerve cells (10) in the ganglia of the sym­
pathetic trunk (4 a). From here, the post­
ganglionic unmyelinated axons of the
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multipolar nerve cells enter the spinal
nerve via the gray rami communicantes
(11). These axons (interrupted line) assure
the autonomic innervation of glands,
muscles, etc. (3 a).
Postganglionic nerve fibers run from the
prevertebral ganglia (4b), e.g., celiac
ganglion, superior mesenteric ganglion,
etc. to the inner organs (e.g., intestinal
tract), where they synapse with intramural
ganglion cells (12).
From the periphery, i.e., via sensory nerve
endings (3b) of various types (free and en­
capsulated nerve endings, neuromuscular
spindle, Golgi tendon organ), afferent im­
pulses are transmitted along nerve fibers
to pseudounipolar ganglion cells (13), lo­
cated in the spinal ganglia (1). From here,
the stimuli are transmitted via the celluli­
fugal branch (14) of the T-process to the
spinal cord, where a few collaterals (15)
join the motor neurons (6). In this way, a
simple reflex arc is formed. (See anatomy
texts for further information.)
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Plate 171. Spinal Ganglion. Light-Microscopic Appearance

A spinal ganglion (Fig. A1) is included
within the posterior root (Fig. A2) of the
spinal nerve and possesses a bilaminar
capsule. The inner layer is a continuation
of the arachnoid membrane (see
Plate 174), which as the perineurial epi­
thelium (Fig. A3) extends over the spinal
ganglion and nerve. The outer capsule
layer (Fig.A4), composed of dense con­
nective tissue, stems from the dura mater
(see Plate 174) and is gradually continu­
ous with the perineurial connective tissue
and epineurium (Fig. A5) ofspinal nerves.
The anterior (Fig. A6) and posterior roots
together form a spinal nerve (Fig. A7).
The perineurial epithelium (Fig. A3) has
been partially removed so as to expose its
lamination and the flattened cells
(Fig. A8) of the surface facing the
ganglion. The space (Fig. A9) between the
capsule and tissue of the ganglion has
been drawn wider for the sake of clarity.
The spinal ganglion cells (Fig. A10) occur
in clusters in the ganglion interior. Many
nerve fibers (Fig. A11) run between the
groups of cells.
After routine staining, ganglion cells
(Fig. B1) appear round with a diameter of
up to 100 11m. They are characterized by a
spherical, clear nucleus (Fig. B2) with a
very well-developed nucleous (Fig. B3),
and the cytoplasm contains Nissl bodies
and lipofuscin granules (Fig. B4). Sec-
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tions occasionally reveal a pale axon hil­
lock (Fig. B5).
Satellite cells or amphicytes (Fig. B6) en­
capsulate the ganglion cells. Since the con­
tact between the two is not particularly
firm, ganglion cells sometimes become de­
tached from the amphicytes as a result of
the shrinkage (Fig. B7) induced by fix­
ation.
Loose connective tissue of the endo­
neurium (Fig. B8), containing unmyeli­
nated and myelinated nerve fibers
(Fig. B9), is found outside the satellite
cells.
Following silver staining, many neurofi­
brils (Fig. C 1) and, in particular, their
forked T-processes (Fig. C2) can be seen
in the perikarya of the spinal ganglion
cells. Numerous nerve fibers (Fig. C3) ap­
pear as black lines in the endoneurium.

Magnifications: Fig. A, x 20;
Figs. B, C, x 350
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Plate 172. Spinal Ganglion. Pseudounipolar Spinal Ganglion Cell

The body of a nerve cell contains a large
nucleus with a nucleolus, scattered Nissl
bodies (1), very extensive Golgi fields (2),
and numerous mitochondria and lyso­
somes. Neurofilaments and neurotubules
constitute cytoskeletal components.
Satellite cells (3) closely surround the peri­
karyon of nerve cells and there is no in­
tervening basal lamina. In profile, satellite
cells appear flattened and in plan view are
seen to be stellate, highly interdigitated
cells with a heterochromatin-rich nucleus,
osmiophilic cytoplasm, and sparse organ­
elles. They are separated from the endo­
neurium by a basal lamina (4), to which
the fibrous structures (5) of the loose
endoneurial connective tissue adhere.
In the direct vicinity of the nerve cells are
scattered fibrocytes (6), capillaries (7),
and several myelinated (8) and unmyeli­
nated (9) nerve fibers. Each of these struc­
tures of course has its own basal lamina.
As shown in the light-microscopic image
of the previous plate, pseudounipolar
nerve cells have aT-shaped process (10),
partially covered by satellite cells. This
process has been drawn considerably
shorter here owing to lack of space.
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It can be observed that the two horizontal
T-branches are enveloped by a Schwann's
cell (11), which supplies them with a mye­
lin sheath (12). A pseudounipolar
ganglion cell is thus morphologically a
biaxonal element. The impulse-conduct­
ing (afferent) process deriving from the
periphery can only be electrophysiologi­
cally defined as a dendrite (13), and that
running into the spinal cord as an axon
(14); this distinction cannot be made mor­
phologically.

Magnification: x 5,500
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Plate 173. Bipolar Nerve Cell from Corti's Ganglion

Unlike other ganglion cells of the organ­
ism, the bipolar nerve cells of Corti's or
the spiral ganglion are invested by myelin
lamellae. These bipolar ganglion cells are
well protected by the bony pillar of the
cochlea, the modiolus (Fig. A1). Their
dendrites extend to the hair cells, and the
ascending axons contact the nerve cells of
the acoustic nuclei in the rhomboid fossa
(see anatomy texts for further informa­
tion).
Staining of the myelin sheaths (Fig. B 1)
reveals that not all cells of the spiral
ganglion are myelinated. In the surround­
ing endoneurium (since although these
nerve cells are deeply embedded in skull
bone they belong to the PNS), myelinated
nerve fibers (Fig. B2), loose fibrous con­
nective tissue, and blood capillaries are
found.
Ganglion cells are spindle-shaped and
have only two processes - a dendrite
(Fig. C 1) and an axon (Fig. C 2). The cell
body contains a spherical, frequently in­
dented nucleus with dispersed chromatin
and a large nucleolus. As in every nerve
cell, Nissl bodies are numerous, spreading
into the dendrite but not into the axon hil­
lock (Fig. C 3).
Large numbers of other organelles occur
in the bipolar ganglion cells. A few lyso­
somes and residual bodies are found be­
tween the ergastoplasmic cisternae.
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The outer surface of bipolar cells is
covered by myelin lamellae (Fig. C4) fur­
nished by Schwann's cells (Fig. C5). This
envelope continues over the dendrite and
axon and thus makes it morphologically
difficult to differentiate the two. As stated
previously, Schwann's cells are separated
from the surrounding loose endoneurial
connective tissue by a basal lamina (Fig.
C6).
The purpose of this extremely good insu­
lation of the bipolar ganglion cells is not
fully apparent. It is possible that it aids the
tonal "resolving power" (acuity) of the
ear. (See Plate 107 in KRSTIC 1979.)

Magnifications: Fig. A, x 20;
Fig. B, x 600; Fig. C; x 7,000
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Plate 174. Peripheral or Spinal Nerve. General View

As stated in Plate 170, union of the ante­
rior (1) and posterior (2) roots gives rise to
a peripheral or spinal nerve (3). The per­
spective in this drawing has been exagger­
ated for greater clarity. This plate also
shows the transition from the envelopes of
the spinal cord to the sheaths of a spinal
nerve.
The spinal cord is, like all parts of the
eNS, enveloped by the pia mater (4),
which has been cut at the point of exit of
the motor nerve roots and drawn back
slightly on either side.
The second of the leptomeninges, the
arachnoid membrane (5), continues as the
perineurial epithelium (6) into the region
of the spinal nerves, where several nerve
fibers (7) unite to form a nerve fascicle
(8).
The perineurial sheath is made up of 3-15
concentric layers of very flattened cells of
perineurial epithelium. Perineurial epithe­
lial cells (9) appear clearly on the surface
facing the spinal cord and nerve fibers. It
is evident from the drawing that the sub­
arachnoid space (10) communicates with
the interior of every nerve fascicle [see ar­
row from the spinal ganglion (11) to the
exposed bundle of nerve fibers].
The external surface of the arachnoid
membrane lies close to the dura mater
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(12), which is continuous with the peri­
neurial connective tissue and epineurium
(13). The strong, slightly undulating,
longitudinal collagen fibers (14) of the epi­
neurium bind all the nerve fascicles to­
gether and form a nerve (3).
Sympathetic trunk ganglia (15) can also
be seen in this plate. Myelinated white
rami communicantes (16) run to the sym­
pathetic trunk ganglia, and unmyelinated
gray rami communicantes (17) leave the
ganglia and join the spinal nerve (see
Plate 170). Hence, it is the presence or ab­
sence of the myelin sheath that gives the
rami communicantes a white or gray ap­
pearance upon macroscopic inspection.
Since all spinal nerves contain myelinated
motor and sensory nerve fibers in addition
to autonomic (sympathetic and parasym­
pathetic) fibers, they are referred to as
mixed peripheral nerves.
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Plate 175. Structure of a Spinal Nerve

Every peripheral nerve is made up of a
variable number of rounded nerve
fascicles (Fig. A1) and every fascicle com­
prises a variable number of nerve fibers
(Fig. A2). The individual fascicles are en­
sheathed by concentric lamellae of the
perineurium (Fig. A3). The nerve fibers
are surrounded by a delicate fibrous con­
nective tissue, the endoneurium (Fig.
A4).
A surface nerve fascicle has been cut and
its perineurium pulled back to expose the
perineurial epithelium (Fig. A5) and the
undulating course of the nerve fibers.
The strong collagen fibers of the epi­
neurium (Fig. A6) are longitudinally di­
rected and also undulate, which gives the
nerve a certain degree of elasticity. The
epineurium holds the whole fascicle to­
gether, but also extends between the
bundles of nerve fibers with its blood
vessels (Fig. A7), lymphatics, and adipose
tissue (Fig. AS).
A further layer made up of loose connec­
tive tissue, the paraneurium (Fig. A9),
surrounds the nerve. The structures in the
rectangular inset in Fig. A correspond to
Fig. B, and those in the square to Fig. C.
As already seen in Plate 164, axons
(Fig. B2), myelin sheaths (Fig. B3), and
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nodes of Ranvier (Fig. B4) are evident in
longitudinal sections of myelinated nerve
fibers (Fig. B1). Blood capillaries (Fig.
B5) occur in the endoneurium.
Routine staining of a transverse section
reveals the concentric layers of the peri­
neurium (Fig. C 1), the epineurium (Fig.
C2), and, between the nerve fibers (Fig.
C3), the loose endoneurium (Fig. C4)
with blood capillaries (Fig.gC5). Note the
stellate neurokeratin network (Fig. C6)
and axons (Fig. C7).

Magnifications: Fig. A, x 35;
Figs. B, C, x 700
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Plate 176. Structure of the Perineurium. Transverse Section

The perineurium (1), as already stated in
Plates 174 und 175, is made up of 3-15
concentric layers of very flattened epithe­
lial cells (2), termed perineurial epithelium
or endothelium, and perineurial connec­
tive tissue.
The epithelial cells, which are only about
0.1-0.3 Ilm thick, are joined to one an­
other in the overlapping areas by four to
five zonulae occludentes (3) and desmo­
somes (4). Each epithelial cell lamella is
covered on both sides by a basal lamina
(5). Longitudinally oriented collagen
rnicrofibrils (6) are largely found between
the concentric perineurial layers. The epi­
thelial cells themselves have very flattened
nuclei with condensed chromatin, incon­
spicuous organelles, and an exceptionally
large number of rnicropinocytotic vesicles
(7) in the thin cytoplasmic extension.
The outermost perineurial epithelial
lamella is in contact with the relatively
thin perineurial connective tissue sheath
(8). Further toward the exterior are at-
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tached the longitudinal collagen fibers of
the epineurium (9). These two connective
tissue sheaths, which merge into one an­
other without a sharp border, can, for all
practical purposes, be regarded as a con­
tinuation of the dura mater. Within the
nerve fascicle are found a myelinated (10)
and an unmyelinated (11) nerve fiber and
fibrous and cellular components of the en­
doneurium - collagen rnicrofibrils (12), fi­
brocytes (13), etc. The endoneurial sheath
(14) of both nerve fibers can also be seen.

Magnification: x 17,500
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Plate 177. Nerve Fascicle with Perineurium. Three-Dimensional View

The perineurium (1) of a nerve fascicle has
been partially removed so as to provide a
better impression of its layered structure.
The epithelial lamellae (2) are made up of
very flattened, elongated cells. One cell
has been lifted back at the point where it
overlaps another cell, revealing the char­
acteristic structure of a zonula occludens
(3). Numerous openings (4) are visible on
the external and internal surfaces of the
epithelial cells, corresponding to the
micropinocytotic vesicles. Basal laminae
(5) cover the epithelial cells, between
which run many longitudinal collagen
microfibrils (6). Myelinated (7) and un­
myelinated (8) nerve fibers, which, like the
blood capillaries (9), possess their own
basal laminae, are located in the fascicle
interior. The basal lamina (11) of a myeli­
nated nerve fiber has been cut and partly
pulled away (lower left) in order to expose
the insertion of the outer mesaxon (10).
Numerous longitudinally oriented col­
lagen microfibrils (12) and fibrocytes (13)
also occur in the endoneurium.
The outer covering of the nerve fascicle is
composed of perineurial connective tissue
(14). The epineurium has been omitted
from this plate.
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The multilamellar perineurial epithelium
represents a highly selective diffusion bar­
rier between the nerve fibers and the sur­
rounding epineurial connective tissue.
Morphological evidence of this is the pres­
ence of innumerable micropinocytotic
vesicles in the firmly joined epithelial cells.
Experiments have shown that, e.g., ferri­
tin, horseradish peroxidase, and dyes are
incapable of penetrating the perineurial
layers. For this reason, the term "blood­
nerve barrier" (BNB), comparable with
the blood-brain barrier, is employed.

Magnification: x 3,000
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Plate 178. Endings of Efferent Nerve Fibers. Motor End Plate

Motor end plates (Fig. A1) are barely vis­
ible in routine preparations but become
distinct following gold chloride staining.
In the vicinity of the motor end plates, the
efferent nerve fibers branch in a grapelike
manner ("en grappe") over the striated
skeletal muscle fiber (Fig. A2). Nuclei
(Fig. A3) belonging to the teloglial cells,
i.e., the specially differentiated Schwann's
cells overlying the muscle fiber, appear be­
tween the ramifications of the nerve
fibers. Other nuclei belong largely to the
muscle fibers. An area corresponding to
Fig. A is three-dimensionally presented in
Fig.B.
Three myelinated efferent nerve fibers
(Fig. B1) with nodes of Ranvier (Fig. B2)
contact the skeletal muscle fibers (Fig.
B3). Flattened teloglia cells (Fig. B4)
mark the points of contact. The middle
nerve fiber has been cut so as to display its
axon (Fig. B5) projecting into a de­
pression of the muscle fiber.
A nerve fiber can innervate a variable
number of muscle fibers, depending on
the region of the body. In muscles with
very precise functions, e.g., in the extrinsic
musculature of the eyes and the muscles of
the larynx, one nerve fiber may innervate
a single muscle fiber - as illustrated in this

364

plate. In muscles where contraction de­
mands less precision, one nerve fiber sup­
plies a whole bundle of muscle fibers. A
motor unit is therefore defined as the area
ofmuscle innervated by a motor neuron.
Satellite cells (Fig. B6) and the endomy­
sium (Fig. B7), which has been largely re­
moved, are also evident in the drawing.
Perpendicular to the muscle fiber run the
precapillaries (Fig. B8), from which arise
the longitudinally oriented capillaries
(Fig. B9). The latter anastomose with one
another by means of transverse branches
(Fig. B10). (See Plate 129 in KRSTIC
1979.)

Magnifications: Fig. A, x 750;
Fig. B, x 2,000

REFERENCES
Coers C (1967) Structure and organization of the
myoneural junction. Int Rev Cytol 22:239-268

Couteaux R (\ 973) Motor end plate structure. In:
Bourne GH (ed) The structure and function of
muscle. Academic, New York

Dreyer F, Peper K, Akert K, Sandri C, Moor H
(1973) Ultrastructure of the "active zone" in the
frog neuromuscular junction. Brain Res 62:373­
380

Gauthier GF (1976) The motor end plate. In: Landon
DN (ed) The peripheral nerve. Chapman and Hall,
London



365



NERVOUS TISSUE

Plate 179. Motor End Plate. Three-Dimensional View

Every axon (1) loses its myelin sheath (2)
in the vicinity of its terminal branching,
and the Schwann's cells (3) flatten and
transform into teloglia cells (4). The basal
lamina (5) of the Schwann's cells simulta­
neously covers the teloglia cells and is con­
tinuous with the basal lamina (6) of the
muscle fiber (7). In the slightly protruding
sole plate of the muscle fiber, the axon
ramifies into several short end branches
(8), which become thicker toward the end
and fit into the synaptic troughs.
The axolemma does not, however, come
into direct contact with the plasmalemma
of the muscle fiber, since the fissure that
separates them contains a glycoprotein­
rich amorphous substance (arrowheads),
which outside the synapse is continuous
with the basal lamina (6) of the muscle
fiber. The terminal portion of an axon
branch (9) has been lifted back so that the
synaptic clefts of the subneural apparatus
(10) can be observed from above. On the
underside of the end branch, the parallel
arrangement of the membrane-bound
particles of the so-called active zones (11)
can be distinguished.
The transversely sectioned axon ending at
the base of the plate reveals numerous
synaptic vesicles (12), which although
they appear empty do in fact contain ace­
tylcholine. The microfolds of the sub­
neural apparatus (13), which are filled
with a fine-granular amorphous sub­
stance, are evident below the end branch.
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In the vicinity of the end plate, the sar­
coplasm contains many mitochondria but
is devoid of myofibrils (14).
The function of a motor end plate can be
summarized as follows. When an impulse
reaches the terminal ramifications of a
motor axon, the depolarizing acetylcho­
line is released into the synaptic cleft (15)
between the axolemma and sarcolemma,
thereby bringing about muscular contrac­
tion. Prior to each new transmission of
impulses, the acetylcholine is destroyed by
the enzyme cholinesterase.
The openings of the T-tubules (16) and the
fibrous feltwork of the endomysium (17)
can be observed. (See Plate 130 in KRSTIC
1979 and physiology texts for further in­
formation.)

Magnification: x 20,000
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Plate 180. Endings of Autonomic Nerves in the Smooth Musculature

Following silver staining (Fig. A), the ad­
renergic autonomic nerve fibers and their
endings in the smooth musculature ap­
pear to have a netlike arrangement.
Fluorescent-microscopic analysis (Fig. B)
reveals a higher concentration of cate­
cholamines in the autonomic terminal
branchings, especially in the small
varicosities (Fig. B 1).
In Fig. C, the ramification of a muscle cell
bundle (Fig. C 1) is depicted. The spindle­
shaped smooth muscle cells (Fig. C 2) are
contained within a network of more or
less transversely or longitudinally
oriented collagen and reticular fibrils
(Fig. C3).
The autonomic nerve endings (Fig. C 4)
have lost their Schwann's sheath and are
"naked" between the muscle cells. Axo­
axonal "en passant" synapses (Fig. C 5)
are frequent in the network of autonomic
nerve fibers. Junctions between sympa­
thetic and parasympathetic axons have
also been detected. No differentiations
comparable with motor end plates occur
between muscle cells and autonomic fibers.
It is only occasionally that the swollen
axonal terminations contact indirectly
(through the basal lamina) the sarcolem­
ma. Even less frequently, the axonal ter­
minations enter specially prepared depres­
sions of the sarcolemma (see Plate 120).
A varicosity (Fig. C 6) is shown at higher
magnification in Fig. D. The presence of
50- to 80-nm-wide synaptic vesicles with
osmiophilic cores (Fig. D 1),which are dis­
tinct in the transmission electron micro­
scope, characterizes both the varicose di-
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lations and the axonal end branches (see
Plate 120). Other vesicles (Fig. D 2), fewer
in number but up to 150 nm across, are
found among the synaptic vesicles. Mito­
chondria (Fig.D 3) and cisternae of
smooth endoplasmic reticulum (Fig. D 4)
also occur in the axoplasm.
The small synaptic vesicles with the os­
miophilic cores contain norepinephrine,
and dopamine is found in the larger
vesicles. Both transmitters are released
from the endings as required and exert
their effects on the whole sarcolemmal
surface of the muscle cells. The excitatory
waves produced are propagated between
the muscle cells through nexus zones.
Cholinergic nerve endings are distin­
guished by a large number of apparently
empty synaptic vesicles. It is, however,
very difficult by means of morphological
criteria to determine the nature of auto­
nomic end branches. (See Plate 131 in
KRSTIC 1979.)

Magnifications: Figs. A, B, x 200;
Fig. C, x 2,000; Fig. D, x 30,000
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Plate 181. Endings of Afferent Nerve Fibers. Neuromuscular Spindle

Neuromuscular spindles are small organs,
2-10 mm long and 0.5 mm thick, embed­
ded in the skeletal musculature. They are
involved in proprioception. Figure A
shows a transverse section through a
neuromuscular spindle from the extraocu­
lar muscles, and Fig. B a neuromuscular
spindle from the musculi lumbricales.
Both structures are surrounded by a fairly
thick capsule (Figs. A 1, B 1), in which the
intrafusal muscle fibers (Figs. A2, B 2)
and nerve fibers (Figs. A3, B3) can be rec­
ognized under the light microscope. Skel­
etal muscle fibers (Figs. A4, B4) surround
the neuromuscular spindles.
In a light-microscopic magnification of a
longitudinal section (Fig. C), the capsule
(Fig. C 1) of the neuromuscular spindle is
less easy to distinguish, though two types
of intrafusal muscle fiber are now evident.
The nuclei of the first type are stacked on
top of one another and the fibers are thus
termed nuclear chain fibers (Fig. C 2). In
the other type, the nuclei are clustered in
a central saclike distension, and these
fibers are called nuclear bag fibers
(Fig.C3).
Following silver staining, the ramification
of nerve fibers in the neuromuscular
spindle can be traced. The annulospiral
sensory nerve endings (Fig. D 1) are con­
spicuous and entwine around every intra­
fusal muscle fiber over an approximately
300-llm-Iong section. Other nerve endings
extend to the intrafusal muscle fibers and
form motor end plates (Fig. D2). Outside
the neuromuscular spindle, the extrafusal
nerve fibers that innervate skeletal muscu­
lature are seen to have considerably larger
motor end plates (Fig. D 3). In the elec-
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tron-microscopic image of a transversely
sectioned neuromuscular spindle, the
outer capsule (Fig. E 1), which is regarded
as an extension of the perineurium, can be
clearly seen. The capsule (see also
Plate 176) has a lamellar structure, and
capillaries (arrows) run between the
layers. The outer and inner capsules
(Fig. E 2) delimit the periaxial space
(Fig. E3) with its unmyelinated (Fig. E4)
and myelinated (Fig. E5) nerve fibers.
Nuclear chain fibers (Fig. E 6) are narrow,
whereas nuclear bag fibers (Fig. E 7) are
distinguished by several nuclei in the
broader middle sections. Fibrocytes
(Fig. E8) and myelinated and unmyeli­
nated nerve fibers can be observed be­
tween intrafusal muscle fibers. The neuro­
muscular spindle also of course contains
capillaries.

Magnifications: Figs. A-D, x 250;
Fig. E, x 2,000

REFERENCES
Adal MN, Chew Cheng SB (1980) Capsules of duck
muscle spindles. Cell Tissue Res 211:465-474

Banks RW (1981) A histological study of the motor
innervation of the cat's muscle spindle. J Anat
133:571-591

Barker D (1974) The motor innervation of muscle
spindles. In: Beallairs R, Gray EG (eds) Essays on
the nervous system. Clarendon, Oxford

Rumpelt H-J, Schmalbruch H (1969) Zur Morpholo­
gie der Bauelemente von Muskelspindeln bei
Mensch und Ratte. Z'Zellforsch 102:601-630

Scalzi HA, Price HM (1971) The arrangement and
sensory innervation of the intrafusal fibers in the
feline muscle spindle. J Ultrastruct Res 36:375­
390

Taxi J (ed) (1980).Ontogenesis and functional mech­
anisms of peripheral synapses. Elsevier, Amster­
dam



371



NERVOUS TISSUE

Plate 182. Endings of Afferent Nerve Fibers. Neuromuscular Spindle.
Three-Dimensional View

In a neuromuscular spindle that has been
opened along its longitudinal axis, an
outer (1) and inner (2) capsule can be dis­
tinguished. The outer capsule represents a
continuation of the perineurium (3). Thin,
transversely striated intrafusal nuclear
chain fibers (4) and nuclear bag fibers (5)
are bound at their ends to the inner sur­
face of the outer capsule by means of retic­
ular and collagen microfibrils (6), origi­
nating from the connective envelope of
these muscle fibers.
Annulospiral endings of the thick, sensory
nerve fibers (Ia or Aff. I) wind around the
middle of each muscle fiber. The thin,
likewise sensory, nerve fibers (II or
Aff. II), the so-called flower-spray end­
ings, are located almost exclusively on the
terminal sections of nuclear chain fibers.
In addition to sensory innervation, intra­
fusal and extrafusal muscle fibers receive
motor innervation in the form of y-nerve
fibers, which terminate on intrafusal
muscle fibers as motor end plates (7,
Eff. II) and grapelike endings (8, Eff. III).
It should be mentioned here that in differ­
entiating the various types of nerve fiber,
metallic staining methods are superior to
electron microscopy. Fibrocytes (9) also
occur in the interior of the neuromuscular
spindle. Outside the spindle capsule, (X­

nerve fibers terminate on thick skeletal
muscle fibers (10).
The endomysium (11) surrounds the
neuromuscular spindle and connects it to
the extrafusal muscle fibers. This fact is of
great significance in the function of the
neuromuscular spindle.
Neuromuscular spindles are mechanore­
ceptors which provide information about
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the length of the muscle both to the cere­
bellum and, via a collateral, directly to the
multipolar motor nerve cells of the gray
matter of the spinal cord. Thus, for ex­
ample, contraction of the intrafusal nerve
fibers caused by y-nerve fibers is transmit­
ted to the annulospiral endings, which
then excite the motor neurons by their col­
laterals. As a response, the impulses are
conducted from the motor neurons via (X­

fibers to the extrafusal muscle fibers,
which bring about a contraction in accor­
dance with the strain on the muscle in­
volved. In the same way, sudden stretch­
ing ofmuscle leads to immediate muscular
contraction (e.g., patellar reflex).

Magnification: x 1,500
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Plate 183. Endings of Afferent Nerve Fibers. Intrafusal Muscle Fibers

This plate shows a nuclear chain (Fig. A 1)
and a nuclear bag fiber (Fig. A2) at higher
magnification and drawn to reveal the in­
ternal structure. In both types of muscle
fiber, the myofibrils (Fig. A 3) -like those
of the myotubes (see Plate 124) - are dis­
placed toward the plasmalemma and ab­
sent in central sections of the fibers. These
regions are thus incapable of contraction.
Leptomeric myofibrils (Fig. A, arrows;
Fig. B), which frequently occur in intra­
fusal muscle fibers, contain structures that
are reminiscent of Z-lines (Fig.B 1). These
lines run for a distance of 100 nm, mainly
perpendicular to the orientation of the
myofibrils. Since the leptomeric bands
change their direction, a zebra pattern de­
velops, which is visible in longitudinal sec­
tions. Leptomeric myofibrils are rarely
found in skeletal and cardiac musculature,
but are more common in muscle fibers
that still bear some embryonic character­
istics (Purkinje cells of the impulse-con­
ducting system, intrafusal muscle fibers).
The function ofleptomeric fibrils remains
to be established. It is believed that they
are precursors of normal striated myofi­
brils, according to which the leptomeric
bands would correspond to Z-lines.
Among the nervous elements, it is possible
to distinguish the annulospiral endings
(Fig. A4), flower-spray fibers (Fig. A5),
and the two types of motor y-fiber
(Figs. A6, A7), described in Plate 182.
The area contained within the circle in the
upper right is enlarged in Fig. C.
An annulospiral unmyelinated ending
(Fig. C 1) is separated from the plasma­
lemma of the muscle fiber by an approxi­
mately 20-nm-wide cleft. Zonulae adher­
entes (Fig. C 2) are occasionally seen in
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this region. In the interior of the ending,
numerous mitochondria, cisternae of
smooth endoplasmic reticulum, and
vesicles are found.
The basal lamina (Fig. C3) covering the
muscle fiber also coats the annulospiral
ending. Unlike a motor end plate, there­
fore, the annulospiral ending is hypolem­
mal, i.e., it is located beneath the basal
lamina of the muscle fiber.
The endings of the flower-spray fibers
have a similar structure to annulospiral
fibers. All y-motor end plates have exactly
the same morphology as that described in
Plate 179.
The collagen microfibrils (Fig. AS) of the
lower section of the intrafusal muscle
fibers continue into a fine tendon (Fig. 9)
(see Plate 182).

Magnifications: Fig. A, x 4,000;
Fig. B, x 10,000; Fig. C, x 25,000
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Plate 184. Endings of Afferent Nerve Fibers.
Golgi Tendon Organ or Neurotendinal Spindle

At the point of transitIOn between a
muscle and a tendon, sporadic Golgi ten­
don organs are found. Following silver
staining, a rich ramification of sensory
nerve fibers (Fig. A1) becomes evident. In
the upper part of the drawing, striated
skeletal muscle fibers (Fig. A2) penetrate
the tendon organ. Below, the capsule,
which is difficult to differentiate under the
light microscope, with its inner collagen
fibers is continuous with the tendon
(Fig. A3). In Fig.B, the capsule has been
opened to expose the interior of the ten­
don organ.
As in the neuromuscular spindle, the
lamellar structure of the capsule (Fig. B1)
of the Golgi tendon organ is a direct con­
tinuation of the perineurium (Fig. B2).
The extremely flattened cells of the peri­
neurial epithelium (Fig. B3) can be recog­
nized both on the inner and outer surfaces
of the capsule.
The entire Golgi tendon organ is invested
by a feltwork made up of reticular and
collagen microfibrils (Fig. B4). All fibrous
structures are continuous with the tendon
fibers (Fig. B5). Other tendon fibers
(Fig. B6) surround the whole tendon or­
gan.
Several anastomosing and loosely ar­
ranged collagen fibers (Fig. B7) run
through the interior of the Golgi tendon
organ. These collagen fibers are continu­
ations of the connective envelope of
muscle fibers (Fig. B8) that enter the ten­
don organ.
The myelinated nerve fibers (Fig. B9) that
penetrate the Golgi tendon organ soon
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lose the myelin sheath but not the
Schwann's sheath. The richly branched
axons wrap around the collagen fibers and
terminate in nodular thickenings
(Fig.BI0).
The relationship between the collagen
fibers and nerve endings is shown three­
dimensionally in Fig. C (modified after
SCHOULTZ and SWETT 1972). The collagen
fibers (Fig. C 1) press deep into the termi­
nal thickenings of the axon (Fig. C 2). It
appears as if the neuronal elements oc­
cupy all the space between the collagen
fibers. The axons are accompanied by
Schwann's cells (Fig. C 3).
The mode of function of the Golgi tendon
organ can be summarized as follows.
Muscular contraction causes the loosely
arranged intrafusal collagen fibers to be­
come taut. In this way, the fibers come
closer to one another, in the direction of
the arrows, and compress the axon
thickenings and this induces stimulation
of the nerve endings. The impulses are
then conducted to the spinal cord.

Magnifications: Fig. A, x 150;
Fig. B, x 500; Fig. C, x 22,000
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Plate 185. Endings of Afferent Nerve Fibers
in Epithelial and Connective Tissues

FigureA shows a schematized section of
skin, in which a detailed view of all layers
other than the epidermis (Fig. A1) has
been omitted. Endoepidermal nerve end­
ings (Fig. A2) terminate both freely and
on certain cells (Fig. A3). Other free nerve
fibers are found associated with the hair
follicle sheath (Fig. A4).
In the connective tissue beneath the
epidermis, encapsulated terminal cor­
puscles occur, of which only Meissner's
(Fig. AS) and Vater-Pacini (Fig.A6) cor­
puscles are dealt with in this book.
In addition to the nerve fibers, a hair shaft
(Fig. A7), sebaceous (Fig. AS) and sweat
(Fig. A9) glands, and the arrector muscle
(Fig. A10) are presented in this drawing.
The inset corresponds to Fig. B (modified
after HALATA 1975).
Nerve endings lose their myelin sheath as
they enter the epidermis, and upon pen­
etrating the epithelial basal lamina
(Fig. B1) lose their Schwann's sheath
(Fig. B2). The basal lamina of the
Schwann's cells (Fig. B2) is continuous
with that of the epidermis. Axons are lo­
cated in the intercellular spaces and in
their vertical path through the germina­
tive layer almost extend as far as the stra­
tum granulosum (Fig. B3). Similar en­
doepithelial nervous ramifications also
occur in the cornea and various mucous
membranes.
Perception of pain and temperature is
very probably achieved through stimula­
tion of the free nerve endings.
Another form of endoepithelial ending
found in glabrous and hairy skin is shown
on the right in Fig. B. Two axons lose their
myelin sheath (Fig. B4) and for a short
distance are surrounded only by the
Schwann's cells (Fig. B2). The axons pen-
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etrate the epidermis as unmyelinated
fibers and run to the specially differenti­
ated Merkel's cells (Fig. B5). Here, each
nerve ending becomes broader, creating a
Merkel's disc (Fig.B6), which forms a
synapselike junction (Fig. B7) with the
adjacent Merkel's cell. Merkel's cells form
several digitiform processes and attach to
adjacent cells by small desmosomes; their
cytoplasm contains electron-dense, ap­
proximately lOO-nm-wide, membrane­
bound granules, the significance of which
is unknown.
Merkel's discs respond to pressure and vi­
bration stimuli, and so are classed among
the mechanoreceptors.

Magnifications: Fig. A, x 70;
Fig. B, x 1,200
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Plate 186. Endings of Afferent Nerve Fibers Around the Hair Follicle
(Modified from ANDRES and DfuIRING 1973; HALATA 1975;
MUNGER 1971)

Every hair follicle with its sheaths is sur­
rounded by several longitudinally ar­
ranged afferent nerve endings. A trans­
verse section through a hair follicle reveals
first of all the hair shaft (Fig. AI) and then
the inner (Fig. A 2) and outer (Fig. A 3) ep­
ithelial root sheaths. Between the outer
epithelial and connective tissue sheaths
(Fig. A4) ist found a basal lamina (Fig.
A5).
The connective tissue sheath encloses sev­
eral sensory nerve fibers (Fig. A6), run­
ning parallel to the axis of the hair. The
basal lamina (Fig. A 7) of the nerve fibers
is continuous with that of the outer epi­
thelial root sheath (see also Fig. B6).
The nerve fibers terminate in a cylindrical
portion (Fig. AS), where a flattened nerve
ending (Fig. A 9) is sandwiched between
two Schwann's cells (Fig. A 10). A narrow
belt of the compressed axon protrudes be­
tween the Schwann's cells. A few collagen
microfibrils (Fig. A 11) and elastic fibers
(Fig. A12) of the connective tissue root
sheath can be seen between the nerve end­
mgs.
Figure B depicts the sandwiching of an
axon in cross section. In the upper part of
the drawing, peripheral cell regions
(Fig. B 1) belonging to the outer epithelial
root sheath can be seen. The basal lamina
(Fig. B2) is attached to the cells by means
of numerous hemidesmosomes (Fig. B3).
Schwann's cells (Fig. B4) flanking the
axons are characterized by a pale cy­
toplasm and several micropinocytotic
vesicles. The flattened nerve ending
(Fig. B5) contains a remarkably large
number of mitochondria and is located
only 100-200 nm from the hair sheath ep­
ithelium. A three-dimensional reconstruc­
tion of the sensory nerve endings is given
in Figs. C and D.
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In the lower part of Fig. C, the penulti­
mate normally structured Schwann's cell
(Figs. C 1, D 1) ends in series of cytoplas­
mic processes (Fig. C 2) described in
Plate 165. The cell is of course enveloped
by a basal lamina (Figs. C3, D3). The line
of origin of the outer mesaxon (Fig. D 4) is
evident.
After it leaves the penultimate Schwann's
cell, the axon (Figs. C 5, D 5) becomes
shaped by the last two glial cells into a
spearhead form. In Fig. D, where the
nerve ending (Fig. D 5) has been partially
removed, micropinocytotic vesicles (Fig.
D 6) on the surface facing the axon and the
nucleus (Fig. D7) of a Schwann's cell can
be observed.
Every movement of the hair stimulates the
nerve endings and the impulses are con­
ducted to the eNS.

Magnifications: Fig. A, x 2,500;
Fig. B, x 18,000; Figs. C, D, x 14,000
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Plate 187. Endings ofAfferent Nerve Fibers. Meissner's Corpuscle
(Modified from ANDRES and DfuIRING 1973)

Meissner's corpuscles belong to the so­
called encapsulated end organs. Follow­
ing metallic staining, the corpuscles
(Fig. A; see Plate 185), which occur at the
tip of a connective tissue papilla, appear
as ovoid, 50- to 150-I.Jm-long and 60-l.lm­
broad structures. They are made up of
stacked, partially flattened, pear-shaped
tactile cells (Fig. A1), whose nuclei are
predominantly located at the periphery of
the corpuscle. Between the tactile cells,
there is a network of unmyelinated nerve
fibers (Fig. A2), which become myeli­
nated upon leaving the corpuscle
(Fig.A3).
Meissner's corpuscles are surrounded by a
capsule (Fig. A4). Collagen fibrils
(Fig. A5) irradiate from the capsule to the
basal cells of the epidermis, and blood
capillaries (Fig. A6) are always found in
the vicinity of the capsule.
In Fig. B, prepared from electron-micro­
scopic observations, the Meissner's cor­
puscle appears like an egg in an eggcup. A
large number of flattened cytoplasmic
layers (Fig. B 1) of the tactile cells
(Fig. B2) form the ovoid structure. Tactile
cells are sometimes considered specially
differentiated Schwann's cells. Closer
study reveals that many cytoplasmic
lamellae leave the peripheral nuclear re­
gions and that these lamellae interdigitate
in a fairly complex manner with similar
processes of the opposite tactile cells.
Myelinated nerve fibers (Fig. B3) enter
the corpuscles from below, lose their mye­
lin sheath, and thread between the cy­
toplasmic lamellae in tortuous and repeat­
edly branching spirals (Fig. B4). Within
the corpuscle, the axons are enveloped
only by a Schwann's sheath. Every axon
terminates in a flattened, clublike swelling
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(Fig. B5), which can synapse with the tac­
tile cells. The transversely cut nerve fiber
indicated by an arrow is three-dimension­
ally presented in Fig. C.
A mitochondria-rich axon (Fig. C 1) is en­
closed within flattened Schwann's cells
(Fig. C 2), which in turn are invested by a
basal lamina (Fig. C 3).
Tactile cells are contained within an in­
complete capsule (Fig. B6) belonging to
the perineurium. Like all hitherto de­
scribed perineurial envelopes, it is com­
posed of several layers of perineurial epi­
thelial cells. The space between the tactile
cells and the capsule has been drawn sig­
nificantly broader for greater clarity.
Many collagen microfibrils and fibers
(Fig. B7) join the tactile and capsule cells
with the branched basal processes of the
basal epithelial cells. The Meissner's cor­
puscle thus appears to hang from the
epidermis. These connections between the
terminal corpuscle and epidermis are im­
portant in the function of the former. Ev­
ery deformation of the epidermis induced
by pressure is transferred to Meissner's
corpuscles. Since these corpuscles are par­
ticularly numerous in the tips of the
fingers and toes, it is supposed that they
are responsible for touch and pressure
perception.

Magnifications: Fig. A, x 800;
Fig. B, x 3,500; Fig. C; x 15,000
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Plate 188. Endings of Afferent Nerve Fibers. Vater-Pacini Corpuscle

Vater-Pacini corpuscles are the largest of
all encapsulated nerve endings; they can
attain a length of 3--4 mm and a width of
2 mm. They are found in various inner or­
gans and in the subcutis. Vater-Pacini cor­
puscles are particularly frequent in the
skin of the finger pads and palm. A large
number of these bodies have also been
identified along arteriovenous anasto­
moses.
Under the light microscope, a transverse
section through a terminal corpuscle re­
veals first a capsule (Fig. A 1) and then an
onionlike lamellar outer core (Fig. A2). In
the center is an inner core (Fig. A3) with
the axon.
In Fig. B, which is based on the results of
ultrastructural analysis, the lamellar
structure of the capsule (Fig. B1), sur­
rounded by blood capillaries (Fig. B2),
and connective tissue fibers can be ob­
served. The outer core is made up of 10-60
thin, concentric, impervious cell lamellae
(Fig. B3), formed of flattened fibrocytes.
The liquid-filled spaces between the lamel­
lae contain collagen microfibrils (Fig. B4)
and occasional blood capillaries (Fig.
B5).
The capsule and lamellae are a direct con­
tinuation of the perineurium (Fig. B6),
however, unlike the perineurium of a
nerve fascicle the spaces between the epi­
thelial cells here are exceptionally narrow
(see Plate 176).
On the right of the picture, a nerve fiber
(Fig. B7) and two blood capillaries
(Fig. B8) can be seen entering the cor­
puscle. The axon (Fig. B9) loses its myelin
sheath (Fig. B10) in this region, but conti-

384

nues to be accompanied by Schwann's
cells, which form the inner core
(Fig. B11). Only the portion of axon lo­
cated within the inner core has receptor
properties. The axon terminates in a
nodular thickening (Fig. B12). A simpli­
fied cross section is shown in Fig. C to
clarify the complex structure of the inner
core.
The inner core is made up of two symmet­
rical systems of tightly interdigitating half
lamellae (Fig. C 1) of Schwann's cells. The
lamellae are partially separated by a radial
cleft (Fig. C 2). In the center of the inner
core is the sensitive portion of the axon
(Fig. C3).
Every pressure-induced deformation of
the Vater-Pacini corpuscle is transmitted
by the liquid-filled spaces between the
lamellae of the outer core, and this stimu­
lates the unmyelinated axon segments of
the inner core.
The ability of Vater-Pacini corpuscles to
react to pressure explains why they occur
not only in skin but also in the vicinity of
arteriovenous anastomoses, where they
are thought to regulate blood pressure.
Vater-Pacini corpuscles are stimulated by
vibrations as well as by pressure.

Magnifications: Fig. A, x 70;
Fig. B, x 1,200; Fig. C, x 1,700
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Plate 189. Sympathetic Trunk. Light-Microscopic Appearance
of Autonomic Ganglion and Its Nerve Cells

A schematic representation of the connec­
tions between the spinal cord and the sym­
pathetic ganglia has already been given in
Plate 170.
Branches project from the sympathetic
trunk ganglia (Fig. A1) to the prevertebral
ganglia (Fig. A2). A horizontal section
through a prevertebral ganglion (arrow) is
shown in Fig.B.
Like all parts of the peripheral nervous
system, the sympathetic ganglia and their
branches are surrounded by perineurium
(Fig. B1), which is supported on its outer
surface by a fibrous network predomi­
nantly made up of collagen fibers. The in­
terior of the ganglion is dominated by a
well-developed endoneurium (Fig. B2),
which groups the nerve cells in small
clusters (Fig.B3). A few rami communi­
cantes (Fig. B4) can be seen at the periph­
ery of the ganglion. The two insets in
Fig. B are enlarged in Figs. C and D.
Routinely stained sections (Fig. C) reveal
the capsule (Figs. C, D 1) and, in the inte­
rior of the ganglion, the vascular endo­
neurium (Figs. C2, D 2) containing many
myelinated and unmyelinated nerve
fibers. The spindle-shaped or polygonal
sympathetic cells (Figs. C3, D3) are smal­
ler than spinal ganglion cells. The nuclei
of sympathicus cells are spherical and
clear but have one or two relatively large
nucleoli.
Nissl bodies and lipofuscin granules occur
more frequently in sympathetic ganglion
cells than in spinal ganglion cells. A some-
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what irregular layer of satellite cells
(Fig. C4) separates the nerve cells from
the endoneurium.
Following silver staining (Fig. D), the pre­
cise form of the sympathetic ganglion cells
can be discerned, and it is evident that
they are multipolar nerve cells. The cell in­
terior is seen to contain many neurofibrils
(Fig. D4). Dendrites and axons of the
multipolar nerve cells are difficult to dis­
tinguish. Some observations indicate that
sympathetic nerve cells may even have
several axons. The cell processes near the
perikaryon form a fairly dense convoluted
network. Many nerve fibers (Fig. D 5) in
synaptic contact with the ganglion cells
can also be seen in the endoneurium. Am­
phicytes do not appear so clearly after
silver staining.

Magnifications: Fig. B, x 20;
Figs. C, D, x 350
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Plate 190. Sympathetic Trunk. Multipolar Autonomic Nerve Cell

The stellate body of a sympathetic auto­
nomic neuron contains a large nucleus
with a well-developed nucleolus. Polynu­
clear autonomic nerve cells are also occa­
sionally found.
Nissl bodies (1), the most conspicuous ele­
ment of the neuroplasm, are very well de­
veloped in the vegetative cells and extend
into the dendrites (2). They are absent
only in the axon hillock (3).
The Golgi apparatus is variously devel­
oped and around it occur granules and
vesicles. Vegetative nerve cells also con­
tain numerous mitochondria. Lipofuscin
granules are seen in older individuals.
Some data, though not fully corrobor­
ated, suggest that vegetative nerve cells
may even be capable of division after
birth. However, centrioles have as yet to
be detected in vegetative ganglion cells.
Neurotubules and neurofilaments run in
various directions through the cy­
toplasm.
Several cell extensions leave the peri­
karyon. Boutons terminaux (4) of other
autonomic axons, either naked (5) or ac­
companied by a Schwann's sheath (6),
contact the dendrites. Axoaxonal
synapses (7) are of course also present.
The outer surface of the perikaryon is sur­
rounded by several satellite cells (8). The
investment of an autonomic nerve cell by
satellite cells becomes less complete the
greater the distance from the sympathetic
trunk. In the sympathetic trunk, the satel-
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lite cell envelope appears practically unin­
terrupted, as in the cell presented here,
whereas intramural ganglion cells are only
surrounded by an endoneurial sheath.
There is no basal lamina between the sat­
ellite cell and nerve cell. Occasionally,
however, satellite cells cover axosomatic
synapses (9). The basal lamina (10) of sat­
ellite cells is continuous with that of
Schwann's cells (11). Numerous auto­
nomic nerve fibers (12) run through the
endoneurium in the vicinity of the auto­
nomic neurons.
It is not possible morphologically to dif­
ferentiate between autonomic nerve cells
of the sympathetic and parasympathetic
nervous systems. (See Plates 119, 120 in
KRSTIC 1979.)

Magnification: x 10,000
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All figures correspond to the plate numbers and not to page numbers. Boldface figures indicate the main treat­
ment of the subject.

A-band 125-130
Absorption cavities 105
Absorptive cells 14, 31
Acetylcholine 168, 179
Acinus 33, 38, 42, 43
ACTH 73
Actin myofilaments 119-122,127,130,131,136
- -, molecular structure 131
Actin myosin interaction 131
Actinin 122
Active zones, see Zones, active
Adenosine monophosphate, cyclic, see cAMP
Adenyl cyclase 163
Adipocyte
-, brown 59-61
-, immature 48
-, mature 48
-, serous 58
-, white 49, 57,58, 59, 62, 77
Adipose cell, see Adipocyte
Adipose tissue, brown 49,59,60
- -, -, occurrence 59
- -, -, organization 59
- -, -, vascularization 59,60
- -, immature 92
- -, multilocular, see Adipose tissue, brown
- -, white 5,49,56,57
- -, -, classification 56
- -, -, innervation 57
- -, -, occurrence 56
- -, -, organization 56, 57
- -, -, structural 56
- -, -, vascularization 57
Adrenal gland 68
- medulla 144
Adrenocorticotropic hormone, see ACTH
Alpha nerve fibers 182
Amacrine cells 157
Ameboidism 66, 67, III
Ameloblasts 28
Amniotic cavity 1,25
epithelium 25, 52

- fluid 25
- vacuoles 25
Amphicytes, see Satellite cells
Amputation neuroma 167
Anisotropy, skeletal musculature 130
Annulospiral nerve ending, see Nerve endings,
annulospiral

Antidiuretic hormone 162

Antilymphocyte serum 115
Aponeurosis 49,81
APUD system 144
Arachnoid membrane 153,171,174
Area postrema 154
Areolar tissue, see Connective tissue, loose
Arteriole 45
-, afferent 15
-, efferent 15
Artery
-, coronary 139
-, interlobular 15
Articular capsule 114
- cartilage, see Cartilage, articular
- surface 101, 103
- -, artificial 6
Asbestos cartilage 85
Astrocyte
-, fibrous 144,146,147,148,151
-, protoplasmic 144, 146, 147, 148-150,153
-, velate 148, 152
ATP 131,150
Atrial granules 137
Atrioventricular node 140
Atrophy 4
Auricle 86
Autografting, see Transplantation, autoplastic
Autonomic ganglia 145, 146,189
- ganglion cells, see Nerve cells, autonomic
Axolemma 164,179
Axon 61, 146, 149, 152, 155, 157, 160-162, 164-
167,170,173,175,178,179,185-188
-, hillock 155,171,190
-, naked 164, 180, 190
-, neurosecretory 162
-, postganglionic 170
-, preganglionic 170
-, supraependymal 147
-, thickenings 184, 187, 188
Azure II 69

Bands, of Biingner 167
Bars, synaptic, see Synaptic bars
Basal
- cells 17-20,22-24,26,187
- labyrinth II, 12,25
- lamina 7,9-11,13-15,17-21,23-26,31,38,39,
41,58,61,119,120,123,124,127,129,132,133,
136-138,141,149,150,152,154,156,164,166,
172,173,176,179,183,185,186,190
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Basal
- plate (placenta) 52
- processes 24
Basalis (mucous coat of uterus) 47
Basket cells (cerebellum) 157
Bile pigments (RRS) 68
Bilirubin 55
Bladder, urinary 117
Blastema 50
Blastocoele I
Blastocyst 1,47
Blastomere I, 2
Blood
- corpuscles, red, see Erythrocytes
- transfusion 6
- vessels, artificial 6
Blood-brain barrier 148, 153,154
- -, areas of brain without 154
Blood-nerve barrier 177
Bone, see Bony tissue
-,cancellous 106
-, cartilage, see Bone, endochondral
-, compact 106
-,endochondral 91,95,99,101,102
- formation, chondral, see Bone formation,
indirect

- -, direct 91-94
- -, indirect 95--104
- -, intramembranous, see Bone formation, direct
- -, perichondrial 95
- -, secondary 95, 105
-, ground substance 94
-, immature 91,95,99,105
-, mature 95, 108
-, matrix 91,92,94
-, membranous 92,95
-, woven, see Bone, immature
Bony tissue 91-112
Boutons terminaux 149,155,160,162,168,169,
190

Bowman's membrane 22,81
Bridges, interfibrillar 80
Bronchi II7
Bronchioles I 17
Brown adipose cells 59--61
Bundle,ofRis 140
Bursa, of Fabricius 70

C cells 45, 144
Ca2+ ions 119,129,131,138
Calcification, limit of 99
- zone 99
Calcitonin 45, 94
Callus, bony 112
-, fibrocartilaginous 112
Cambrium 97,104,112
c}\11P 57,58,61,105,138,163
Canaliculi
-, intercellular 39
-, intracellular 37
- of bone 107,109,110
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Canalis nasopharyngicus 27
Capillaries 12, 14,26,37-39,43-45,50,56-60,62,
63,74,77,85,87,91-93, 100, 102, 105, 113, 125,
128,134,135,146-156,160,162, In, 173, 175,
177,178,181,187,188

Capsular matrix 84, 85, 89
Capsule (lymph node) 53, 54
Cardiac muscle cells 134, 135, 137
- - fibers 134-136,138
- - -, longitudinal section 134, 135,137,138
- - -, transverse section 136
- musculature 116, 134-142
- -, necrosis 139
- -, transplantation 139
- -, vascularization 139
- valves, artificial 6
Cardiodilatin 137
Carotenoids 58
Cartilage, see also under Cartilaginous tissue
-, articular 103
-, bone, see Bone, endochondral
-, capsule, see Capsular matrix
-, cells, see Chondrocytes
-, ground substance 83, 84, 89
-, matrix 83,87,88,89,96,97
Cartilaginous tissue 83--89
-, elastic 48-49,86,87
-, -, chondrocytes 86-88
-, -, elastic fibers 86
-, -, isogenic groups 86
-, -, perichondrium 86, 87
-, fibrous 48,49,89,95
-, -, chondrocytes 89
-, -, collagen fibers 89
-, -, lacunae 89
-, -, territorial matrix 89
-, hyaline 5,48-49,84,85,90,96,98, 112
-, -, appositional growth 83, 85, 95
-, -, -, interstitial 83,85,95, 101
-, -, calcified 96,99-102, 103
-, -, chondrocytes 83--85,88
-, -, fibrils, systems of 84, 85
-, -, histogenesis 83
-, -, intercellular substance 83-85
-, -, transplantation I 14
-, mesenchymal 83
Cartilaginous debris, mineralized 100
Casein granules 40
Catecholamines 180
Cells, basal 17,18,19
-, bipolar 26
-, centroacinar 38
-, chromaffin 144
-, ciliated 16, 18
-, columnar 17
-, cuneate 18
-,endocrine 18,37
-, facet 19
-, fixed (loose connective tissue) 62--65
-, perichondral 85
-, secretory (oviduct) 16



-, serous 39
-, slender 35
-, superficial, see Cells, facet
-, wandering (loose connective tissue) 62,66,67,
69-73
-, -, role in graft rejection 115
Cell groups, isogenic 84, 85
- interdigitations 16
- protrusions (thyroid gland) 46
- union, closed 2,27,29, 160
- -, wide-meshed 2, 27-28
Cement line 107, 108
Cementocytes 113
Cementum 113
Central canal 143
- nervous system 2, 145
- - -, relationship between neurons and glia cells
146

Cerebellar glomeruli 148, 152
Cerebellum 145, 148
Cerebrospinal fluid 12
- - contacting neurons 147, 162
Cerebrum 145
Chief cells (gastric glands proper) 37
Cholinesterase 179
Chondral bone 102
Chondroblasts 83
Chondroclasts 48,97-100,111
Chondrocytes 48, 8~9, 96, 98, 99, 103
-, degenerated 96, 98
-, hypertrophied 96, 99, 100
Chondroitin 4- and 6-sulfates 64,84,85,88,91
Chondrones 84, 103
Chordal cells 90
- reticulum 90
- tissue 90
Chorionic plate (placental) 52
- villi 25
Choroid 74
- plexus 12, 144, 154
Chromaffin cells, see Cells, chromaffin
Chromatolysis 167
Chylomicrons 31
Cilia 7,8, 16, 18
Ciliated cells see Cells, ciliated
- epithelium 18
Circular myofibrils, hypolemmal 140, 142
Cleft, synaptic, see Synaptic cleft
Cochlea 26
Cohnheim's fields 125, 134
Collagen fibers, see Fibers, collagen
- microfibrils, see MicrofibriJs, collagen
- secretory granules 65
Collaterals, see Paraxons
Collecting tubule (kidney) 15
Colloid 32, 45-46
Cone cells 13
Connecting portion (nephron) 15
Connective tissue 1,2,3,48-82
- -, "cellular" 49,76
- -, classification 49

- -, dense irregular 49,53,78
- -, dense regular 49,79
- -, elastic 82
- -, embryonic, see Mesenchyme, Connective
tissue, gelatinous

- -, gelatinous 49,52
- -,loose 14,47,49,62-73,79,92,118
- -, -, special forms 49,74--77
- -, origin 48
- -, perineurial 171,174,176
- -, reticular 5,49,53, 54, 56
- -, retiform 49,77
- -, transplantation 114
Connexons 136, 137
Cornea
-, endothelium 10, 81
-, epithelium 22,81
-, transplantation 114
Corneal stroma 22, 81
Corpus cavernosum penis 117
Cortex (lymph nodes) 53
Corti, organ of 26
Cortisol 73, 88, 115
Cranial bone 92
Crescents, serous, see Demilunes, serous
Crusta (transitional epithelium) 19
Crypts, intestinal 47, 118
Cuticular capsule 30
Cytostatics 115

Decidual cells 76
Degeneration 4
Demilunes, serous 34, 39
Dendrites 146, 149, 152,157,159-161, 173, 190
Dendritic spines 150,157,159
Dense bodies 119-121,122,123
- connective tissue, see Connective tissue, dense
- core vesicles 120, 180
Density, postsynaptic 168
-, presynaptic 168
Dental lamina 27,28'
- cementum 49, 113
- papilla 27, 28
- pulp 113
- sac 28
Dentin 28,49, 113
Dentinal matrix vesicles 113
- tubules 113
Dermatan sulfate 65
Descemet's membrane, see Membrane, Descemet's
Desmin microfilaments, see Intermediate
microfilaments
Desmosomes 22,23, 136, 141
Diads 138
Diametric growth of long bones 104
Diaphysis 95-98,99, 101-103
Differentiation 2
Disc, articular 89
-, intercalated 134--138, 141
-, intervertebral 89, 90
-, membranous 13
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Discoid vesicles, see Vesicles, discoid
Distal tubule (nephron) 15
Dopa reaction 24
Dopamine 180
Duct, cochlear 26
Ductus deferens 117
- epididymidis 17,117
Duodenum 43
Dura mater 92,153,174
- -, transplantation 114
Dyad 138

Ectoderm 1,48, 143
Elastic fibers, see Fibers, elastic
Elastic connective tissue, see Connective tissue,
elastic

Elastic ligaments, see Connective tissue, elastic
Elastin 65
Embryoblast 1,25
Enamel 28, 113
Enamel epithelium, inner 28
- -, outer 28
- organ 27,28
- pulp 27,28
End corpuscles, encapsulated, see Meissner's
corpuscles, Vater-Pacini corpuscles

End plates, motor 178,179, 181-183
Endings, see Nerve endings
Endocardium 117
Endochondral bone, see Bone, endochondral
Endochondral ossification zone 99
Endoderm I, 48
Endolymph 26
Endometrium 47
Endomysium 125,126,134,135,137,178,179,
182

Endoneurial sheath 164,165, 166,176
Endoneurium 171,172,173,175,176,177,189
Endoplasm 119, 134, 137
Endotendineum 79
Endothelial cells 9,48, 68
- - of cornea 10
Enterocytes, see Absorptive cells
Ependyma 162
Ependymal cells 143, 144, 147
- fibers 147
Ependymoblasts 143, 144
Ependymocytes, see Ependymal cells
EPF (exophthalmus-producing factor) 57
Epidermis 8,23,24, 185, 187
Epimysium 125
Epinephrine 58
Epineurium 171,175,176
Epiphyseal centers 99, 101
Epiphyseal disc, see Epiphyseal plate
Epiphyseal plate 101, 103
Epiphyses (bony tissue) 95-97,98,99, 101-103
Epiploic appendices 56
Epitendineum 79
Epithelial migration 47
- tissue I, 3, 7-47
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Epithelium, atypical 27-29
-, excretion 31
-, gas exchange 31
-, gliding 31, 57
-, keratinized stratified squamous 5, 7, 8, 23, 31,
47
-, localization 8
-, morphological changes 30
-, nonkeratinized stratified squamous 5, 7, 8, 22
-, protection 31
-, pseudostratified columnar 5,7,8,17,18,36,47
-, regeneration 47
-, resorption 11, 14, 15,31
-, secretion II, 12, 16,25,26,31, see also under
Glands
-, simple columnar 7,8,14,15,30,31,143
-, simple cuboidal 7,8,11-13,25,30,76, 123
-, simple squamous 7,8,9,10,31,57
-, stratified columnar 7, 8, 21
-, transitional 5, 7, 8, 19,20
-, transplantation 47
-, vascular 26
- with cilia 7,8,16
Ergastoplasm 72
Erosion zone 99, 100
Erythroblast 55, 68
Erythrocytes 67
-, nucleated 97
-, old 68
Esophagus 62,117
Estradiol 88
Excretory duct (of glands) 32,34,38,42,43,47
Exocytosis 9, 162
Explantation 6
Eye color 74

F-actin 131
Facet cells, see Cells, facet
Facial bones 92
Fascia 125
- adherens 136, 141, 142
- lata 114
Fat absorption 31
- cell, see Adipocyte
- droplets, see Lipid droplets
Fatty acids 58
Fertilization I
Fiber bundles, collagen '78-80
Fibers
-,collagen 62,63,74,76,77,89,184,187
-, elastic 62-64,65,74,77,78,81,82,86,87,88,
119, 120, 186
-, masked 84, 85
-,reticular 53,57,58,62,76,77,104
Fibrae tendinae, see Tendon fibers
Fibrils, collagen 107
Fibroblast 48, 62, 64
Fibrocartilage, see Cartilaginous tissue, fibrous
Fibrocyte 48,62-64,76-78,82,85,172,176,177,
182

Fibronectin 65



Fibrous vagina 79
Filopodia 55, 67
"First messenger" 163
"Fish-eye cells" 167
Flower-spray endings 182, 183
Follicles, see Thyroid follicles
Follicular phase ofmenstrual cycle 16,47
Foramen nutricium 98, 106
Fracture 112
-, setting 112
Fusiform vesicles see Vesicles, discoid

G-actin 131
GABA 168
Galea aponeurotica 92
Gallbladder 117
Gamma nerve fibers 182, 183
Gamma globulins 70, 72
Gamma-aminobutyric acid, see GABA
Ganglia, autonomic, see Autonomic ganglia
-, prevertebral, see Ganglia, sympathetic
-, spinal, see Spinal ganglia
-, sympathetic 144, 145, 146, 170, 189
Ganglion cells, see Nerve cells
Gap junction, see Nexus
Gastric gland proper 37
- pits 37
Gelatinous tissue 52
Germ layer, bilaminar
- -, trilaminar I
Germinal epithelium 76
- layer 22,23,41,47, 185
Gianuzzi's crescents, see Demilunes, serous
Glands 32-46
-, alveolar, unistratified 33,34,44
-, -, pluristratified 33, 34, 41
-, apocrine 40
-, compound 34
-, classification 33
-, ductless, see Glands, endocrine
-, development 32
-, endocrine 43-46
-, endoepithelial 32, 36
-, exocrine 33, 42
-, -, classification 33
-, -, development 32
-, -, form 34
-, -, intercalated ducts 38, 39,42
-, -, striated ducts 42
-, exoepithelial 32
-, gastric proper 37
-, heterocrine 33, 37
-, holocrine 41
-, homocrine 33
-, lobes 42
-, lobules 42
-, mucous 33
-,sebaceous 34,41,47,185
-, seromucous 33,39
-, serous 33
-, terminal secretory portions 33, 34

-, tubular, simple 33, 34, 37
-, -, branched 34
-, tubuloacinar 33, 34, 38
-, -, compound 42
-, tubuloalveolar 33, 34, 39
-, unicellular 35
-, uterine 47
Glandulae sebaceae, see Glands, sebaceous
- uterinae, see Glands, uterine
Glia 146, 147,148-156
- of CNS 146, 147-156
- of peripheral nervous system 146, 147
Glia cells ofCNS 146,147-156
- - of peripheral nervous system 146, 147, 164,
172

Glial fibers 147
- fibrillary acidic protein 150
Glioblasts 143,144
Gliofibrils 150, 151
Gliofilaments 151
Gliosis 151
Glucagon 44
Glycogen 21, 136-138, 141, 151
Glycoproteins 65
Glycosaminoglycans 65
Goblet cells 14, 18, 32, 35
Golgi funnel 166
- tendon organ 184
- - -, capsule 184
- type IIII neurons 157, 158
Graft rejection 115
Grafting, see Transplantation
Granulation tissue 47
Granule cell (cerebellum) 152,159
Granules, eosinophilic 73
-, metachromatic 69
Granulocyte, eosinophilic 62, 63, 73
Grapelike endings, motor 182
Gray rami communicantes, see Rami
communicantes, gray

Ground substance, connective tissue 52, 62, 63,
64

- -, cartilage 84,85, 87-89, 96
Groups, isogenic 84,85,99, 103
Growth, appositional, see Cartilaginous tissue,
hyaline
-, definition 4
-, interstitial, see Cartilaginous tissue, hyaline
Growth hormone 84, 94

H-band 127,130
Hair 92
- follicle 186
- - sheaths 41,47,185,186
- - -, connective tissue 186
- - -, inner 186
- - -, outer 186
Hassall's corpuscles 27,29
Haversian canals 105-109, 112
- lamellae, see Osteons
- spaces 105
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Heart 134, see also under Cardiac
Helper cells 115
Hemidesmosomes 22, 186
Hemocytoblast 48
Hemoglobin metabolism 68
Heparin 65, 69
Herring bodies 162
Heterotransplantation, see Transplantation,
heteroplastic

"Hibernation gland" 59
Hillock, axon 155, 160, 171
Hilus (lymph node) 53
His bundle, see Bundle of His
Histamine 69,73
Histiocyte 48,54,62,63,66,68,77, 115
Histocompatibility 6
Histology 2
Histophysiology 2
Homografting, see Transplantation, homoplastic
Hormone-receptor complex 163
Hormones 32
Hortega cells, see Microglia
Howship's lacuna 93, 111
5-HT, see Serotonin
Hyaluronic acid 63, 65
Hyaluronidase 52, 63
Hyaluronidase-resistant substance 16
Hydroxyapatite 91,96, 100, III
Hydroxyproline 65
Hyperplasia 4
Hypertrophic zone 96,98-100
Hypertrophy 4
Hypophysis 68,154,162
Hypothalamohypophyseal tract 162
Hypothalamus 162

I-band 125-130
Immature bone, see Bone immature
Immunity, cellular 115
-, humoral 115
Immunoblasts 115
Immunoglobulins, see Gamma globulins
Implantation 6
Impulse-conducting system 140-142
Infarction 139
Inner circumferential lamellae 106
- synovial sheet 79
Insulin 44
Intercalated disc, see Disc, intercalated
- ducts 39
Intercellular matrix substance 16
- space 2
- substance 2,50,63,65,90
- -, calcified 91, 94, 96, 99, 100
Intermediate cells (Stria vascularis) 26
- microfilaments 119-121, 136
- microglia cells 156
Internode 155, 164
Intestinal villi, see Villi, intestinal
Intracellular canaliculi, see Canaliculi, intracellular
Involution 4

398

Iris, color of 74
Iron 55
- metabolism (RHS) 68
Islet cells 44
- of Langerhans, see Pancreatic islets
Isogenic groups, see Groups, isogenic
Isografting, see Transplantation, isoplastic
Isoprismatic epithelium II

Jejunum 14
Junction, myotendinal, see Myotendinal junction

Keratan sulfate 65, 81
Keratin 23
- scales 23, 31
Keratinization 23
Keratocytes 10, 81
Keratohyalin granules 23, 29
Keratoplasty 81, 114
Killer cells 115
Kinetosomes 18
Kinocilia, see Cilia
Knee cap 80
Kupffer's cells 68

Labyrinth, basal, see Basal labyrinth
Lacunae (cartilaginous tissue) 84,85,96,98,99,
100

Lamellae, concentric 105-110
-, interstitial 105, 106, 107
- of bone 105-110
Lamellar bone 105-108
Lamina muscularis mucosae 62, 118
- propria 62
Laminin 65
Langerhans, islets of, see Pancreatic islets
Larynx 43, 86
Lens 30
- development 30
- ectoderm 30
- fibers 30
- nucleus 30
- vesicles 30
Leptomeninges 144, 153
Leptomeric myofibrils, see Myofibrils, leptomeric
Leukotrienes 69
Lieberkiihn, crypts of, see Crypts, intestinal
Ligament, spiral 26
Ligamenta !lava 82
Ligaments, elastic 49,82
-, yellow, see Ligaments, elastic
Ligamentum nuchae 82
Link glycoprotein 65
Lipase 31,61
Lipid droplets 31,40,41,56-60,61
- metabolism (RHS) 68
Lipoblast 48
Lipochrome 58
Lipocyte, see Adipocyte
Lipofuscin granules 137, 171
Lipolysis 58



Lipotropins 57
Liquor amnii, see Amniotic fluid
Littoral cells 53, 54, 68
Longitudinal growth of long bones 99, 101, 103
L-system 124, 128, 129, 138
Lumen (glands) 33,38
Luteal phase ofmenstrual cycle 16
Lymph capillaries 31,53,62, 115
- nodes 53-54,68, 115
Lymphatic tissue 53
Lymphocytes 53-54,62,63,70,77, 115
-, B 70,115
-, T 70,115
Lymphokines 115
Lymphoreticular tissue, see Lymphatic tissue
Lymphotoxin 115
Lysosomes 55, 66

Macroglia 147
Macrophages 53,66,67,71,109,115,133
Mammary gland 114
- -, lactating 40
Mantle zone (neural tube) 143
- -, derivative cells 144
Marginal folds 9
- zone (neural tube) 143
Marrow cavity, see Medullary cavity
Mast cell 29,48,62,63,69,77
Mastocyte, see Mast cell
Matrix, interterritorial 84, 87
-, territorial, see Capsular matrix
- vesicles 88, 94
- - dentinal, see Dentinal matrix vesicles
Median eminence 154
Medulla (lymph node) 53
Medullary cavity, definitive 106
- -, primitive 98
- plate, see Neural plate
- tube, see Neural tube
Medulloblasts 144
Meissner's corpuscles 185, 187
Melanin granules 13,23,24,31,74
Melanoblasts 144
Melanocytes 23,24,31,74,75, 144
Melanosomes 24,75
Membrana limitans gliae perivascularis 148,149,
153, 154, 156

- - - superficialis 148, 153, 154
Membrane, Descemet's 10
-, elastic 87
-, undulating 55, 67
Memory cells 115
Meniscus, articular 89
Menstrual cycle 47
Merkel's cells 185
- disc 185
Meromyosin, heavy 131
-, light 131
Mesaxon, external 164-166, 177, 186
Mesaxons 165
Mesectoderm 144

Mesenchymal cells 48,50,51,91,93,97,98
Mesenchyme 27-28,48,49,50,91
Mesoderm 1, 48
Mesoglia, see Microglia
Mesotendineum 79
Mesothelial cells 9,31,50,56,57,77
Mesothelium, see Mesothelial cells
Metachromasia 63,69,84
Metaplasia 5, 56
Microfibrillar proteins of elastic fibers and elastin
65
Microfibrils, collagen 23, 24, 52,60,61,63, 64, 65,
80-83,85,87-90,94, 110, 119, 120, 123, 126, 128,
132,136,137,164,176,177,182,184,186,188
-, reticular 23,24,54,55,57,60,61,63,65,82,
119, 120, 123, 126, 127, 129, 132, 136, 137, 164,
182, 184

Microfilaments, intermediate, see Intermediate
microfilaments
-, intracellular (adipose cells) 58,61
Microglia 68, 144, 147,156, 167
Micropinocytotic vesicles, see Vesicles,
micropinocytotic

Microp1icae 22
Microridges, see Microplicae
Microvilli 12, 14, 15, 16,21,22,25,26,35,46,55,
64,67,69,70,77,88,93, III

Milk 40
Milky spots 77
Mitosis 41,47,50,83,99, 143
M-line 125, 130
Mode of action of polypeptide hormones 163
Modiolus 173
Monocyte 54, 62--63, 68, 71
Mononuclear phagocyte system 68
Morphological changes in form of epithelial cells
30
Morula I
Mossy fibers 152
Motor end plates, see End plates, motor
Motor neurons 170
- unit 178
Movement, retinomotor 13
Mucigen granules 35
Mucous cells 39
- droplets 35, 39
- tissue, see Gelatinous tis~.ue

Muscle, arrector (hair) 185
- cells, smooth 9,48,117,118,119,120,180
- -, contraction 121, 122
- contraction, see Myofibrils, contracted
- fascicle 125, 126
- fibers, see Cardiac'muscle fibers, Skeletal muscle
fibers

- -, extrafusal 182
- -, intrafusal 181, 182,183
- relaxation, see Myofibrils, relaxed
Muscular tissue 1, 3, 116-142
Musculature, smooth 117-123
-, -, innervation 180
-, -, occurrence 117
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Myelinization in the peripheral nervous system
164-166

- in the central nervous system 155
Myelin lamellae 155, 164-166, 173
- sheath 146,149,154,155,164,166,175,179
Myoblasts 124
Myoepithelial cells 39,40, 123
- -, spindle-shaped 123
- -, stellate 123
Myofibrillogenesis 124
Myofibrils (cardiac musculature) 135-138
- in the impulse-conducting system 140, 141
-, transverse section 136
Myofibrils (skeletal musculature) 125-129, 134
-, contracted 130, 131
-, leptomeric 183
-, relaxed 130, 131
-, transverse section 130
Myofilaments, see Actin myofilaments, Myosin
myofilaments

Myoglobin 127
Myosin myofilaments 119-122, 127, 130, 131, 136
-, molecular structure 131
Myotendinal junction 132
Myotome 124
Myotubes 124

Neck mucous cells 37
- of glands 34
Necrosis 4
Nephron 11,15
Nerve 145,170,171,174,175
Nerve cells 2,146,148-150,152,157-163,190
- -, apolar 158
- -, arrangement 159
- -, autonomic 170, 189, 190
- -, bipolar 157, 158, 173
- -, form 157
- -, intraneural 170
- -, motor 170
- -, multipolar 157, 158, 170, 189, 190
- -, pseudounipolar 157,158,170,172
- -, types 158
- -, unipolar 158
Nerve endings, afferent 170,181-188
- -, annulospiral 181-183
- -, around hair root 186
- -, autonomic 60, 120, 170, 180
- -,efferent 170,178-180
- -, endoepithelial 185
- - in connective tissue 185
- -, intraepidermal 23, 185
- - of afferent nerve fibers 181-188
- - of efferent nerve fibers 178-180
- -, polysynaptic 169
- -, sensory 170, 186
Nerve fascicle 42, 174, 175, 177, 188
Nerve fibers 164-167
- -, afferent 146, 170
- -, alpha 182
- -, autonomic 190
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- -,efferent 146,170
- -, "en grappe" 178
- -, extrafusal 181
- -, gamma 182
- -, intrafusal 181
- -, myelinated 2, 126, 146, 150, 151, 154, 155,
164,165,172-175,167,177,178,181,184,187,
189

- -, postganglionic 170
- -, preganglionic 170
- -, regeneration 167
- -, sensory, Ia 182
- -, - around the hair follicle 186
- -, unmyelinated 2, 23, 38,44,45, 60-63, 74, 77,
79,109,126,146,150,154,164,172,174,175,
176, 177, 181, 184, 187, 189

Nerves, mixed 174
-, peripheral, see Nerve
-, root, posterior 171, 174
-, -, anterior 171,174
-, structure 175
Nervous system, peripheral 145,170
- -, relationship between neurons and glia cells
146

Nervous tissue 1,3,143-190
- -, distribution 145
Neural crest 143
- -, derivative cells 144
- folds 143
- groove 124, 143
- plate 143
- tube 143, 144
- -, derivative cells 144
Neuroblasts 143, 144
Neurocytes, see Nerve cells
Neuroendocrine nerve cells 162, 163
Neuroepithelium 143
Neurofibrils 157,161,171,189,190
Neurofilaments 161,164,165,168
Neuroglia, see Glia
Neurohypophysis 154, 162
Neurokeratin 164, 175
Neurolemma 164
Neuromuscular spindles 126,181-183
- -, capsule 182
Neurons 143,146,157, see also under Nerve cells
-, cerebrospinal fluid-contacting, see Cerebrospinal
fluid-contacting neurons

Neurophysin 162
Neuropil 149, 154, 156,160
Neuroplasm 146, 160
Neurosecretory granules 162
- nerve cell, see Neuroendocrine nerve cells
Neurotendinal spindle, see Golgi tendon organ
Neurotubules 162,164,165, 168
Nexus 120,136,137, 141, 168, 199
Nissl bodies 160,162, 167, 172, 173, 190
Nodes of Ranvier, see Ranvier's nodes
Norepinephrine 58,61, 180
Notochord 90, 124, 143
Nuclear bag fibers 181-183



- chain fibers 181-183
Nucleus paraventricularis 162
- pulposus 90
- supraopticus 162

Odontoblasts 28, 48, 113
Oligodendrocytes 144, 146, 147, 155
Omentum majus 77
Optic stalk 30
- vesicle 30
Orcein staining 82, 86
Organ 2
Osmiurn tetroxide 57
Osmoreceptors 147
Ossification, centers of 91,92, 101
Osteoblasts 48,91-95,98-101,102,104, 105,109
Osteoclasts 48,92,93,102,104, 105,109-111
Osteocytes 91-93,95,102,104, 105-106,107-110
Osteoid 91,99, 100, 102, 104, 112
Osteons 105--109
Osteon, erosion 105
Osteoporosis III
Osteosynthesis 112
Outer circumferential lamellae 106,108
Oviduct 117
Ovum I
Oxytocin 162

Pacemaker 142
Pancreatic islets 43, 44
Paraneurium 175
Paratendineum 79
Parathormone 94, I I I
Paraxons 157
Parietal cells, of gastric glands proper 37
Particle in the nexus 120, 136
Patella, see Knee cap
PateIlar reflex 182
Periaxial space 181
Pericapillary spaces, see Spaces, pericapillary
Perichondrium 83,84-87,95
Pericytes 26, 62--64, 77, 154, 156
Perikaryon 157,160,161,167,172,189,190
Perimysium 125
Perineurial epithelium 171, 174, 175,176,177, 184
Perineurium 171,174,175,181,182,184,187,188
-, epithelial lamellae 177
-, structure 176, 177
Periosteal bony band 95--98, 104
- bud 97
Periosteum 92,95,97-98, 101, 104, 106, 108, 112,
125

Peritoneum, visceral 56, 67
Perivascular feet 148, 151, 153, 154, 156, 160
- space (bony tissue) 105,109
Perspiratio insensibilis 8
Phagocytosis (RES) 68
Phagolysosomes (macrophages) 66,67, 73
- in microglia 156
- in osteoclasts I I I
Phosphatase, alkaline 94
Pia mater 153,154,174

Pigment cells, see Melanocytes
- connective tissue 74
- epithelium 13
Pineal body 154
Pinealocyte 144
Pituicytes 144
Pituitary, see Hypophysis
Placenta 50
Plaques 19
Plasma ceIls 54--55,62,63,72, 115
Plate, epiphyseal, see Epiphyseal plate
Polyblast 7I
Polyribosomes, helicoidal 124
Precapillaries 178
Precartilaginous tissue 83
Predentin 113
Prevertebral sympathetic ganglia 170
Prickle-ceIl layer, see Stratum spinosum
Prickle cells 22, 23
Primary bundle, see Muscle fascicle
Primary ossification center 96
Primitive organs 56
- streak 48
Processes, cytoplasmic 165, 186
Proelastin molecules 65
Proliferation zone 96,98-100
Proliferative phase ofmenstrual cycle 16,47
Pronucleus 1
Prostaglandins 69
Proteoglycans 65, 9I
Protochondral tissue, see Precartilaginous tissue
Proximal tubule (nephron) 15
Pseudoarthrosis 112
Pseudopodia 55
Pulmonary alveoli 31
Pulp cavity, see Dental pulp
Purkinje cells (cerebeIlum) 157, 159
- - (impulse-conducting system) 140--142
- fibers 140, 141
Pyramidal cells 157, 160

Rami communicantes, gray 170, 174
- -, white 170, 174
Ranvier's cross 165
- nodes 146,149, lSI, 155, 164,165,167,175,178
Rays, ultraviolet 31
Regeneration, complete, physiological 47
-, cyclic 47
-, definition 4
-, of bone 112
-, reparative 4
Regenerative power 4
Renal corpuscle 15
Replacement cells 17
RES, see Reticuloendothelial system
Reserve zone 99
Residual bodies 66, 156
Resorcin-fuchsin staining 82,86
Reticular cells 48, 53--55, 68, I 15
- -, phagocytosis 55
- -, undifferentiated 55
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Reticular-epithelial cells 27, 29
Reticular fibers 53, 57, 58, 62, 76, 77, 104
- microfibrils, see Microfibrils, reticular
- tissue, see Connective tissue, reticular
Reticuloplasm 72
Reticuloendothelial system 68
Reticulohistiocytic system 68
Reticulum, sarcoplasmic 124,128,129, 137,138,
141

Retiform connective tissue, see Connective tissue,
retiform

Retinomotor movements 13
Rheotaxis, positive 16
RRS, see Reticulohistiocytic
Ribbons, synaptic, see Synaptic ribbons
Rod cells 13
Ruffled border III
Russell bodies 72

Sac of gland 41
Sarcolemma 120,125-127,132, 180, 183
Sarcomere 127
Sarcoplasm 125
Sarcoplasmic reticulum, see Reticulum,
sarcoplasmic

Satellite cells (neurons) 144, 146, 147,171,172,
189,190

- - (skeletal musculature) 124,126,127,133,178
Scarlet red 56
Schmidt-Lanterman incisures 155,164,166
Schwann's cells 61,144,146,164,166,167,172,
173,184-186,188,190

Sclerotome 124
"Scrolls" 69
Sebum 41
"Second messenger" 163
Secretion, apocrine 40
-, eccrine 35,37,38,40
-, heterocrine 33
-, holocrine 33, 41
-, homocrine 33, 38
Secretory granules 16, 46
- phase of menstrual cycle 16
Segments, Schmidt-Lanterman 166
Sensory cells 144
Septum, posterior median 147
Serotonin 69, 168
Serous cells 38, 39
- fat cells 58
Sesamoid bone 80
Shaft, see Diaphysis
Sharpey's fibers 80, 108, 113
Silver staining of the cell boundaries 9, 10
Sinus, endothelial macrophages of the lining 68
Skeletal muscle fibers 125-128,178,179,182,184
- - -, myotendinal junction 132
- - -, red 128
- - -, white 127
Skeletal musculature 116,124-133,181,182
- -, contraction, see Myofibrils (skeletal
musculature), contracted
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- -, differentiation 124
- -, histogenesis 124
- -, innervation 146,178-179
- -, regeneration 133
- -, -, continuous 133
- -, -, discontinuous 133
Skin 92
-, injury 47
Smooth muscle cells see Muscle cells, smooth
Soma (nerve cells) 146, 169
Somites 124
Space, subarachnoid 153,171,174
-, subdural
- of Virchow-Robin 153
Spaces, intercellular 14,15,23,25,31
-, pericapillary 162
Spermatozoon 1,17
Spherulites, see Matrix vesicles
Spicules 91, 102
Spinal cord 148, 170, 174
Spinal ganglia 145,146,170,171,174
- -, capsule 171, 174
Spinal ganglion cells 144,146,157, 17Q-17I, 172
Spinal nerve, see Nerve
Spindle, neuromuscular 126, 181-183
Spiral ganglion (of organ of Corti) 26, 173
Spleen 68
Spreading factor 63
Stereocilia 7,17
Storage (RRS) 68
- adipose tissue 56
- gland 32, 43, 45
Stratum basale 22,23
- corneum 23
- germinativum, see Germinal layer
- lucidum 23
- pavimentosum 22, 23
- spinocellulare, see Stratum spinosum
- spinosum 22, 23
Striated border 14
Striated musculature, see Cardiac musculature,
Skeletal musculature

Stria vascularis 26
Structural adipose tissue 56
Subarachnoid space, see Space, subarachnoid
Subcapsular sinus (lymph nodes) 53,54
Subcommissuralorgan 154
Subependymallayer 147
Subneural apparatus 179
Substantia adamantina, see Enamel
- compata (bony tissue) 104,106-108
- spongiosa 106, 108
Succinohydrogenase reaction 127
Sudan III 56
Superficial cells 19
- epithelia, see Surface epithelia
Supporting tissues 1,3,48,49,83-113
- -, classification 49
- -, origin 48
- -, transplantation 114
Suppressor cells 115



Surface epithelia 7-31
- -, classification 7
- -, functions 31
Sweat gland 123, 185
Sympathetic cells 189, 190
- trunk 170, 174, 189
- -, ganglia 170, 174, 189
Sympathoblasts 144
Synapse 146, 150, 162, 163, 168
-, axoaxonic 162,169, 190
-, -, "en passant" 169, 180
-, -, inhibitory 169
-, axodendritic 150,169,190
-,-, branched 169
-, -, crest 169
-, -, "en passant" 169
-, -, interdigitated 169
-, -, reciprocal 169
-, axosomatic 150,162,163,169,190
-, -, invaginated 169
-, axospinous 169
-, chemical 168
-, classification 168
-, electrotonic 120, 168
-, F-type 168
-, reciprocal 168
-, S-type 168
-, type I 168
-, type II 168
Synaptic bars 168
-, clefts 168, 179
-, ribbons 168
-, vesicles, see Vesicles, synaptic
Synaptoid vesicles, see Vesicles, ·synaptoid
Synovial vagina 79

Tactile cells 187
Tangential zone 103
Tanycytes 147
Tarsal glands 34
Tela submucosa 62, 118
Teloglia cells 178
Tendon 49, 79, 125
- cells 79,80
- fibers 79, 132, 184
-, flattened, see Aponeurosis
- microfibrils 80, 132
-, stretching, see Tendon, Golgi tendon organ
-, transplantation 114
Terminal cisterna 128, 129
- portions, mucous 39
- -, seromucous 33, 34
Testosterone 88
Tetraiodothyronine, see Thyroxine
Thermogenesis 60
Thin segment (nephron) 15
Thymus 27,29, 115
Thyroid follicles 43, 45, 46
- follicular cell 43, 45, 46
- gland 32, 43, 45
- -, kinetics of epithelium 46

Thyroxine 45, 46, 88, 94
Tigrolysis, see Chromatolysis
Tissue, bradytrophic 78, 85
-, definition 2
-, general 1-6, see also Connective tissue,
Epithelium, etc.
-, groups 3
-, lymphatic 53
-, pluripotential, see Mesenchyme
Toluidine blue 69
Tomes' fibers 113
Tonofibrils 22, 23
Tooth 113
-, neck of 113
-, pulp 113
-, root 113
Trabeculae (bone) 91,93,94
Trachea 84, 117
Trajectories 108
Transplantation 6
-, autoplastic 6
-, heteroplastic 6
-, homoplastic 6
-, isoplastic 6
Triad 124, 128, 129
Triglycerides 31,58,61
Triiodothyronine 45, 46
Trophoblast I
Tropocollagen molecules 65, 92, 94
Tropomyosin 131
Troponin-protein complexes 131
Trypan blue 55
T-system 124, 128, 129, 138
T-tubule 128, 129, 137, 138, 179
Tubuloalveoli 39
Tunica adventitia 62
- albuginea 76
- muscularis 117,118,120
Tyrosinase 24

Umbilical cord 25, 52
Union, see Cell union
Unit, motor, see Motor unit
Ureter 5,117
Uterine glands 47
Uterus 47,117

Vagina 117
-, fibrous, see Fibrous vagina
Varicosities (autonomic nerve fibers) 180
- (umbilical vessels) 52
Vater-Pacini corpuscles 185,188
-, capsule 188
-, inner core 188
Vegetative ganglia, see Autonomic ganglia
Vesicles, discoid 19,20
-, flattened 168
-, micropinocytotic 58,61,66, 119-121, 176, 186
-, spherical 168
-, synaptic 61,168,179
-, synaptoid 162
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Villi, intestinal 14, 118
Villous processes (choroid plexus) II, 12
Vital staining 55,68, 154
Vitamins A, C, D3 94
Vocal cords 82
Volkmann's canals 106,108

Wallerian degeneration 167
Wharton'sjelly 52
White rami communicantes, see Rami
communicantes, white

Woven bone, see Bone, immature

Yolk sac
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Z-line 127, 129, 130, 136-138
Zone of calcification 96, 99, 100, see also Primary
ossification center

- of cartilage erosion 99
- of endochondral bone formation 99
- of hyaline cartilage 96, 99
- of hypertrophic cartilage 96,98-100
- of proliferation 96, 99
Zones, active 179
Zonula adherens 183
- occludens 9,35,154,176,177
Zonular fibers 30
Zygote 1,2
Zymogen granules 38




