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¥Cell-web"-containing reticular cells selectively stained by
the tannic acid-phosphomolybdic acid-amido black-(TPA) technique were
identified and their distribution analyzed in the thymus and spleen,

In the cortex of the thymus, these cells formed a continuous
layer on the inner surface of the capsule and around vessels, and
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Thus, the thymus and spleen appeared to be compartmentalized

by sheaths of TPA-stained reticular cells,
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INTRODUCTION

PREFACE

Attempts to characterize the architecture of the thymus and
spleen have been numerous. Questions concerning the open, the clo-
sed and combined concepts of splenic circulation were among the first
ones to be asked and most investigators concurred that a knowledge
of the architecture of the thymus and spleen was dependent upon an
understanding of the distribution of blood vessels in them. Indeed,
informative transillumination and electron microscopic studies sho-
wed that the structural organization of these lymphatic organs was
dictated by their blood vessels, However, an understanding of the
blood circulation through these organs did not suffice to elucidate
all their structural peculiarities.

In recent years, several authors have justifiably focussed
considerable attention upon structural characteristics of the thymus
and spleen other than the eirculation, such as the distribution of reti-
cular fibers and reticular cells, in view of eventually understanding
the functional implications of various parts of these organs. Many
workers, using silver-impregnated sections prepared for light micros-
copy, have demonstrated that, while the thymus contains a relatively

small amount of argyrophilic fibers closely associated with the blood
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vessels, the supporting stroma of the spleen consists of a continuous
meshwork of these fibers. This meshwork is connected to the vasal
walls and apparently coincides with a meshwork of reticular cells to
form a framework emmeshing lymphoid and other cellular elements.

Nevertheless, none of the research so far conducted at the
light microscopic level on the distribution of argyrophilic fibers
has provided an explanation for the zonation and the delineation of
basic structural features of the thymus or the spleen. Owing to the
inherent limitations of the light microscope and to the inability of
the cytoplasm of reticular cells to stain with the dyes commonly
used in histology, it has not even been possible to ascertain the
relationships between the fibers and the reticular cells.

Recent electron microscopic studies have cleared up some of
the points left unsolved by light microscopic investigations. They
have determined more precisely the nature of the argyrophilic fibers,
but have not added much to what was learned from light microscopic
observations about their structural organization., Electron micros-
copic studies, moreover, have appraised more accurately, among other
things, the connections between the fibers and the reticular cells.

More specifically, the electron microscope has clearly demons-
trated that, in the thymus, the reticular cells of probably endoder-
mal origin, often termed "reticular-epithelial cells", are generally
not associated with argyrophilic fibers and are interconnected by

their long cytoplasmic processes to form a continuous network ermes~
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hing lymphoid elements in both the cortex and medulla of thymic lo-
bules. In contradistinction, the reticular stroma of the spleen is
composed of different types of reticular cells, most of which are
interlocked and encompass the fibers of the reticular framework. It
was also indicated that the fibers are not always connected with
reticular cells, for there are areas in which the fibers are not
wrapped in the cytoplasmic processes of these cells and are in con-
tact at many points with blood or lymphoid elements,

Thus, it is evident, from these 1ight and electron microsco-
‘pic findings, that the structural peculiarities of the thymus and
spleen cannot be fully understood by a knowledge of the distribution
of blood vessels and argyrophilic fibers alone. Since reticular
cells may be associated with neither blood vessels nor supporting
fibers, a more precise appraisal of their distribution in the various
regions and zones of these lymphatic organs may provide an answer
to some architectural peculiarities., However, the electron micros-
cope, which has extensively been used to observe details of these
cells not visible in the light microscope, is admittedly a poor
screening instrument owing to the limitations in sample size and does
not permit one to have a panoramic visw of their topographical arran-
gement throughout the argan. Therefore, despite the fact that the
cytoplasm of reticular cells shows very little affinity for any
stain and is inaistinct and difficult to identify in ordinary his-
tological preparations, tne light microscope with its inherent limi-

tation in resolution seems to be the instrument of choice,



L,

The present work is a consideration of the topographical
distribution of the reticular cells of the thymus and spleen of gro-
wing and adult rats, as it was revealed by the light microscopic
study of serial sections of these organs in which the cytoplasm of
most reticular cells was rendered clearly visible by a staining
procedure, called the tannic acid-phosphomolybdic adie~amido black
(TPA) technique. An accurate description of the spatial and tempo-
ral distribution of these cells led to a better understanding of
some structural characteristics, such as the zonation of the organs,
and therefore lay the morphological foundation for a study of speci-

fic functions of these intriguing organs.

REVIEW OF THE LITERATURE

No attempt will be made to review the literature exhaustive-
1y, and attention will be concentrated on the histological characte-
ristics of the thymus and spleen which will be eventually related
to the immediate object of the present research, i.e., the stellate
Yreticular" cells which with other connective tissue elements form

the supporting framework of these two organs.

Morphological Features of the uss
For a comprehensive description of the thymus, the classic
references are those of Hammar (1921, 1936), Maximow (1932), Barg-

mann (1943) and Yoffee and collaborators (1956). This is an attempt
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to present the state of our knowledge about this organ and in parti-

cular about reticular cells,

A) Histolog ®

(1) Topography
The thymus in the rat, as in most mammals, is situated in

the anterior mediastinum of the thoracic cavity. In the fresh state,
it is grayish pink in color and of soft consistency. It is roughly
triangular in shape, with the base resting on the pericardium below;
it is bounded posteriorly by the aortic arch and great vessels, and
anteriorly by the sternum and its manubrium to which it is attached
by delicate fibrous bridges containing fine blood channels.

The fully developed thymus consists of two lobes somewhat
unequal in size and loosely joined along their medial border. Cra-
nially, the conical, narrow, superior cervical portions of the thy-
mus diverge from each other and extend a variable distance up into
the neck on either side of the trachea.

(2) Architecture

According to the general description of the architecture of
the rat thymus given by most authors, each thymic lobe is surrounded
by a thin connective tissue capsule. It is divided into numerous
lobules by connective tissue septa which extend into its parenchyma
from the surrounding capsule. These interlobular septa, however, do
not completely cut off the lobules., Thus, each lobule is a broad
structure about 1mm. in diameter, which is incompletely delimited

along its lateral margins by thin partitions of connective tissue
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and whose parenchyma is in continuity with that of neighboring lobu-
les.

In each of these lobules it is easy to recognize a peripheral
region heavily infiltrated with lymphocytes, referred to as “cortex",
and a central region with fewer lymphocytes, termed "medulla®, %The
limit between these two regions, however, is not clsar cut; Sainte-
Marie and Leblond (1964a) observed no membrane or network of fibers
between them. Thymic lobules may be se cut in ssctions that the
ﬁedulla seems to exist in island formations suwrrounded by cortex.
This appearance is, however, illusory for the medulla, since it is
not completely severed by the interlobular septa, extends out into
adjacent lobules, That is, each thymic lobe is composed of a single
central medullary core which branches inte many small lobules, so
that the medulla is continuous ir all parts of the lobe. Surrounding
each distal arborization of the medulla is a cortical cap of lympho-~
cytes which contracts in size and separates it from the connective
tissue, The cortex is thus a continuous zone of cells surrounding
the whole of the medullary tissue. According to Kindred (1942) in
80~day-old rats, the medulla accounts for 24% of the thymic paren-
chyma, and the cortex for the remaining 76%,

{(3) Blood Vascularization

A review of injection studies of thymic circulation has been
given by Bargmann (1943). Most authors have stated that the thymus
has no hilum or main point of vascular attachment. According tco

Maximow and Bloom (1957), many small and inconstant arterial branches
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of the internal mammary and inferior thyroid arteries pierced the
capsule, branched in the interlobular septa, and penetrated the
thymic cortex directly. Large venules arose in the medulla and
combined into larger veins which emptied into the left innominate
‘and thyroid vein. In the mouse, Smith et al. (1952) reported that
the thymic lobes had a simple vascular pattern. The main thymic
arteries ramified into cortical arterioles and capillaries. The
capillaries were numerous and extended radially through the cortex
and, at the cortico-medullary zone, drained into venules "in a pattern
similar to a many-branched candelabra"., The venules, in turn, joined
into the veins of the septa. Similarly, in the rat, Sainte-Marie
and Leblond (1964a) stated that the thymic cortex was characterized
by few arterioles and capillaries, whereas many venules and capil-
laries were present in the medulla and at the cortico-medullary boun-
dary.

Thus, for most workers, the pattern of arterial supply of the
thymus is centripetal. Nevertheless, some authors still believe that
the arterial pattern is centrifugal as in the spleen, lymph nodes,
kidneys and brains. For example, quoting Weiss (1966a): "There are
numerous arterial branches in the medulla., The blood supply of the
cortex is derived from arterioles which run along the junction of
cortex and medulla, From these arterioles, arterial capillaries run
outward to the capsule. They return as venous capillaries to drain
into venules running in company with the arterioles in the cortico-

medullary junction. The venules drain into medullary veins, which



receive tributaries from the medulla as well."

It thus appears, from the above references, that the intra-
thymic blood vascularization is not fully understood and is still a
controversial subject.

(4) Lymphatic pathways

Relatively few studies have been made of the lymphatic vas-
cularization of the thymus, It is generally believed that the thymus,
in contrast to lymph nodes, has no true afferent-efferent lymphatic
vessels, but only small chammels which run mainly in the interlobular
septa and empty into the anterior mediastinal and tracheobronchial
lymph nodes with apparently no direct connection to the thoracic
duct or venous system (Maximow and Eloom, 1957; Weiss, 1966a),
Sainte-Marie and Leblond (1964a) confirmed the existence of only rare
dilated typical lymphatic vessels in the septa of the rat thymus.

However, Smith (1955), aside from these septal efferent chan-
nels, reported that she observed few sheath~like or tubular intra-
thymic lymphatic vessels in the medullary and cortico-medullary areas
of the mouse thymus. These endothelium-lined vessels accompanied
only the medullary veins and arteries to the hilum region and increa-
sed or decreased in diameter even outside the thymus. Moreover, in
studies on the thymus of variously aged mice, Smith and Ireland (1941)
described a double sheath of argyrophylic fibers, which they thought
to be peculiar to the thymus, around the blood vessels of the thymic
medulla, They also observed rows of lymphocytes in the spaces deli-

mited by these two sheaths of fibers. In 8-9-week-0ld mice, they
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noticed the double sheaths of fibers around both larger and smaller
veins and, around the larger arteries, a third network of fibers
which enclosed thymic cells. In still older animals, they observed
three or more concentric layers of argyrophylic fibers around the
medullary veins.

More recently, Sainte-Marie and Leblond (1958b, 19648 and
1964b) described a peculiar type of pathway consisting of spaces or
channels sheathing venules and other blood vessels éf the medulla
and septa in the thymus of the rat, They referred to them as “peri-
vascular lymphatic channels", and reported that a channel might not
completely surround a blood vessel or that there might be two or
more of them around s vesssl. They described the outer wall of such
chamnels &5 a thin, barely visible membrane, which stained with
silver and PA-Schiff and which was at least partly endothelium-lined.
Moreover, these authors observed figures of diapedesis of small
lymphocytes in both the waiis of the channels and those of the en-
closed blood vessels. They thus concluded that "Lymphocyﬁes which
have entered the perivascular channels ..e.e may reach the main cir-
culation in 2 ways: 1) by diapedesis from these channels into the
enclosed blood vessels and 2) by travelling along these channels to
the main lymphatic circulation®.

B) Morphogenesis and Histogenesis.

Before proceeding to a review of the cytological features of .

thymic reticular cells, it is desirable to report briefly on the
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salient features of thymus morphogenesis and histogenesis relevant
to this work. Thus, a discussion of the numerous classical studies
coneerning the embryology of the thymus by workers such as Beard
(1902), Hammar (1905), Maximow (1909), Norris (1938)s and others,
important as they are to our present concepts, is beyond the scope
of the current study and will not be attempted.

A1l embryologists are in agreement that the major portion
of the thymus in mammals arises as paired hollow structures from the
endodermal epithelium of the medial and ventral portion of the third
branchial pouch in association with the parathyroid primordium. The
thymic rudiment grows out first as a thick-walled cylinder, which
elongates and thickens toward its free end and soon looses its lumen.
Then, the thymus on each side migrates caudad and mediad and gradual-
1y becomes dissociated from the parathyroid primordium. The galk
connecting each developing thymic mass to the pharynx vanishes, lea-
ving the proliferating terminal portion free in the presumptive
mediastinal region. The two lobes of the thymus eventually come in
contact with each other in the midline but never actually fuse
(Hammar, 1909). Then, septa carrying invasive blood vessels lobu=-
late the thymic lobes.

There has been much controversy concerning the histogenesis
of the thymus, that is, the manner in which the smbryonic epithelial
thymic structure comes to assume its lymphoid appearance, Some Wor-
kers, such as Norris (1938) and Downey (1948), followed the "substi-

tution theory" developed largely through the studies of Hammar (1908)
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and Maximow (1909). at a time when the doctrine of specificity of
the perm layers was still prevalent. They contended that the reti-
cular cells and Hassall's corpuscles were the only elements arisen
from the original epithelium and that the small thymic cells were
of mescdermal origin, having been derived from mesenchymal cells
which had migrated into the epithelial rudiment of the thymus. Other
investigators, such as Ackerman and Knouff (1959, 196ka,b,c, 1965),
Auerbach (1960, 1961, 1964), Movat et al. (1963), Ruth (1961),
Weakley et al. (1964), and others, following the "transformation
theory" of Beard (1894, 1900), Bell {1906) and Stohr (1910), presen-
ted evidence that the thymie lymphocytes arnse directly from the
reticular epithelium.

Ontogenetically, the thymus is the first lymphocytic organ
to develop in the embryo {Archer et al., 1964; Kelly, 1963). This
undoubtedly argues for the lccal origin of lymphocytes appearing in
the embryonic thymus. The controversy about the origin of thymic
1ymphocytes appears to have been setiled by Auerbach (1961, 1964),
who used tissue culture techniques and demonstrated that, when the
12-day-old embryonic thymus of the mouse was separated into its epi-
thelial and mesenchymal components by the enzyme trypsin, within
seven days the mesenchyme gave rise to the stromal elements of the
thymus, while the epithelium was the main, if not the only, source
of lymphocytes during embryogenesis of the thymus. Moreover, the
suthor showed that thymic differentiation was the result of induc-

tive tissue interaction between epithelium and mesenchyme.
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More recent support for the epithelial origin of thymic lym-
phocytes is the work of Ackerman and Knouff (1965). These authors,
in their study of the development of the thymus of the hamster,
demonstrated that the endodermal-epithelial thymic primordium was
separated from the mesenchyme by a well-developed, continuous base-
ment membrane and that lymphocytes were observed first on the epi-
thelial side. They distinguished two types of epithelial cells in
the developing thymus: "undifferentiated epithelial® cells and
"reticular-epithelial" cells. In early embryonic development, the
"undifferentiated epithelial" cells were numerous and were characte-
rized by a lightly basophilic cytoplasm; they contained no demons-
trable glycogen. In contrast, the reticular-epithelial were filled
with cytoplasmic glycogen particles.

According to the same authors, "the undifferentiated epithelial
cells underwent two distinct lines of differentiation during early
development of the thymus, i.e., into lymphoblasts and into stellate
reticular-epithelial cells which formed the organ parenchyma. They
addeds "If the reticular-epithelial cells forming the thymic paren-
chyma are involved in heteroplastic lymphocytopoiesis in the defini-
tive thymus, the epithelial derivation of thymic lymphocytes is further
indicated since these stellate cells also have been shown to be deri-
ved from the undifferentiated endodermal epithelial cells of the em-
bryonic thymus". They believed that few, if any, Yundifferentiated
epithelial® cells remained in the thymus after birth.

However, the problem of the origin of reticular-epithelial
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cells and their role in lymphocytopoiesis seems not to be solved to
the satisfaction of all, for Smith (1965), in her reinvestigation of
the origin of the lymphocytes in the embryonic mouse thymus, strongly
challenged the view held by Ackerman (1961, 1964) and Ackerman and
Knouff (1965). She wrote: "Observations made in our study of the
embryonic thymus in situ suggest that the 12-and 123-day-old thymuses
which Auerbach used as explants already possessed lymphocytes which
had migrated earlier from the mesenchyme into the epithelium", She
also noticed the penetration of the endodermal epithelium of the
third branchial pouch of ten-day-old embryos by basophilic lympho-
blasts; these cells were reported to bridge the epitheliomesenchymal
border.

Thus, although many observations suggest an epithelial origin
for thymic lymphocytes, pure morphology has not succeeded in proving
it to the satisfaction of all. More sophisticated techniques, such
as high resolution radioautography, may provide a satisfactory answer
to this problem.

In a recent electron microscopic study of the developing thy-
mus in the hamster, Weakley et al. (196l4) described reticular cells
of three types which they designated A, B, and C and which were
thought to differentiate from the ofiginal endodermal epithelium of
the thymic primordium through transitional forms. Type A was des-
cribed as a typical, mature reticular-epithelial cell with an abun-
dance of tonofilaments and desmosomes, a light, homogeneous nucleus,

and a prominent nucleolusj type B was equated with a phagocytic
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reticular cells which might also be secretory, and type C with a cell
jndistinguishable from a lymphocyte except for the presence of des-
mosomes, a feature arguing for the epithelial origin of thymic lym-
phocytes.

In a comparative study of the ultrastructural characteristics
of the perinatal and adult thymus of the guinea pig, Izard (1965b)
observed two types of reticular cells: reticular-epithelial cells and
mesenchymal reticular cells. According to this author, there were
no fundamental differences in the ultrastructure of the perinatal
and adult thymus of the guinea pige. The reticular-epithelial cells
had essentially the same appearance in both age groups. They were
stellate in shape and were characterized by a light nucleus with a
prominent nucleolus and by intracytoplasmic tonofilaments in associa-
tion with desmosomes. The cytoplasmic processes in the perinatal
thymus, however, contained a few fat droplets and numerous glycogen
parti-..es. The mesenchymal reticular cells were much less numerous,
phagocytic and similar in all respects to those in adult.

More recently, Sanel (1967) made a light and electron micros=
copic study of epithelial and lymphoid cell differentiation during
thymus histogenesis in mice. The author reported, in the 12-day-old
thymuses, traces of the primitive pharyngeal duct with epithelial
cells carrying cilia as well as microvilli on their free surfaces
and "linked to those adjacent by intermittent desmosomes and terminal
bars which bind them at the lumen". He noticed that, at thirteen

days, fine filaments appeared to attach the encircling processes of
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the surrounding stromal sepithelial cells to lymphoblasts. Though
he noted desmosomes between abutting stromal epithelial cells, he
did not observe, unlike findings reported by Weakley et al. (1964),
junctional specializations hetween lymphoid and epithelial cells.
According to his observations, by fifteen days formation of a net-
work of reticular cells began; the stromal epithelial cells were
linked by desmosomes and formed a reticulum within the meshes of
which lymphoid cells divided and matured; thus, at this stage, two
types of epithelial cells were recognizable: reticulo-epithelial
cells and unchanged primitive stromal epithelial cells of the thymic
anlage.

In the final quarter of embryonic development, the same
author recognized three species of epithelial cellss 1) columnar
or conical stromal epithellal cells in acinar configuration and
linked by junctional complexes at the luminal surface; 2) cortical
reticular-epithelial cells linked by desmosomes and containing some
short filaments; and 3) hypertrophied epithelial cells appearing in
the medulle at eighteer: days and containing bundles of fine filaments
“haphagardly distributed either in paranuclear areas or at the cell
periphery". As he noted transitional cell forms with some lymphoid
characteristics, he suggested that earliest thymic lymphocytes might
originate by transformation of the epithelial elements of the thymic
anlage.

It was generally considered, in accordance with the hypothe-

sis of Hammar (1905) which was later confirmed by Maximow (1909),
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that the thymic medulla arose toward the end of the embryogenesis of
the thymus. It was believed that, following the migration of lym-
phocytes from the deeper portions of the iobules toward their peri-
phery, the reticular cells left behind in the deeper portions of the
lobules hypertrophied and stained more lightly than those found in
early embryonic development, thus forming an early medulla. The
peripheral portions of the lobules into which lymphocytes had migra-
ted therefore became the thymic cortex.

However, in a recent paper, Kostowiecki (1967) challenged this
view. He reported that the early medulla arose in the adjacent me-
senchymal septum of the developing thymus. According to this author,
the first stage of medulla formation was a desguamation of epithelial
cells from the thymic epithelial mass into an adjacent mesenchymal
septum. This was followed by a migration of lymphocytes fromthis area
toward the periphery of the developing thymus. The first or early
medulla would thus be a mixture of epithelial and mesenchymal cells
in which lymphocytes were absent. At slightly more advanced stages,
the epithelial cells of the newly formed medulla would hypertrophy
and then become transformed into reticulated cells as a result of a
second invasion of lymphocytes. The same author stated that the
cortex was, in contrast, exclusively of epithelial origin, develo~
ping directly from the epithelial cells of the thymic lobe, The cor-
tical epithelial cells would later form a reticular network after

giving rise locally to lymphocytes.
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Lastly, investigators are accumulating structural and func-
tional evidence that some reticular-epithelial cells of the embryo-
nic thymus elaborate and secrete a hormonal substance. Ackerman and
Knouff (1965) noticed the close association of the reticular-epithe~
Jial cells of the developing medulls with the vaseular channels and
their elaboration of oytoplasmic deposits of glycoprotein during
late embryonic development of the hamster. They suggested that per-
haps these medullary cells were involved in the elaboration and
secretion of some substance, probably a carbohydrate-protein subs-
tance, They 2lso felt that it was warranted to correlate the em-
bryonic appearance of these cells and their cytoplasmic material
with "the degres of lymphocyte-stimulatory activity of the thymus
upon other lymphocytic tissues'.

Similexly, Smith (1965) described twe types of reticular cells
in the developing medulla of the mouse thymuss: esterase-rich inclu-
sion eells Wwith coarse granules embedded in a highly reactive cyto-
plasmic ground swbstence and reticular-epithelial cells cceurring
singly or as nests of cells, rich in esterase activity and containing
fine cytoplasmic granules. She suggessted that these cells might be
secretory and contain the precursors of the humoral factor(s) of the
thymus,

More recently, Clark (1966) presented cytological and histo-
chemical evidence indicating that medullary reticular-epithelial cells
of the prenatal thymus of the mouse manufacture and secrete a sulpha-

ted acid mucopolysaccharide, His examination of the thymus in fetal
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and suckling mice indicated that "secretory -activity may develop late
in fetal life, accelerate after birth and moderate about two weeks

after birth".

C) Gytology of Reticular Cells.
1) Light microscopic studies

It is generally agreed that the thymic parenchyma, in addi-
tion to lymphocytes, consists of two types of reticular cells: nume-
rous reticular-epithelial cells and few mesenchymal reticular cells.
By light microscopy it is usually very difficult to differentiate
between reticular cells of endodermal-epithelial derivation and those
of mesenchymal origin. Nevertheless, Downey (1948), in studies on
the rabbit thymus, listed some morphological characteristics which,
in well-fixed material, permitted a distinction between these two
types of reticular cells, According to Downey (1948), the reticular-
epithelial cell, in section, presented a round, oval, or grooved
nucleus with a sharply defined spherical nucleolus, a thin nuclear
membrane, and few scattered, small chromatin granules; its cytoplasm
showed very little affinity for any stain and sometimes contained
many small vacuoles. The author found the mesenchymal reticular
cells to be identical to those of the lymph node. Their nuclei were
more chromatic and had a heavier nuclear membrane and coarser chro-
matin particles than those of reticular-epithelial cells; their
cytoplasmic processes occasionally contained vacuoles or phagocyto-
sed nuclear debris.

However, Sainte-Marie and Leblond (1958a, 1958b, 196ka, 1964b),
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in their investigation of the rat thymus, could not safely differen-
tiate between the thymic reticular cells of endodermal-epithelial
origin and those of mesenchymal nature. They stated that nearly
all reticular cells in the thymic cortex and medulla seemed to belong
to a single population of presumably epithelial cells, though they
observed transitional cell forms exhibiting features intermediate
between those of reticular cells and large lymphocytes. According
to these investigators, the reticular cell of the thymic cortex was
often in mitosis and had a distinct nucleus surrounded by a pale,
indistinct cytoplasm. The round or oval nucleus appeared very light
and was characterized by a loose network of fine chromatin threads
and granules, The nuclear membrane was associated with fine chro=-
matin dots. There was usually one, and sometimes 2-4 large oval
nucleoli, "the center staining orange-red, the surface light blue"
with the Dominici staining technique.

The above investigators also reported that a few reticular
cells were phagocytic and contained inclusions usually in the form
of nuclear debris. Although they did not attempt to classify retiecu-
lar cells into distinet types, they mentioned that the reticular
cells along the capsule and septa "had a pale nucleus whose shape
varied from flat to hemispherical®. In the medulla, however, accor-
ding to the same aufhors, the reticular cells were similar to those
of the cortex, but their cytoplasm was "more abundant and more clearly
outlined", and their nuclei "less regular and often larger", Like

in the cortex, they observed mitoses of reticular cells, They finally
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reported that, unlike cortical reticular cells, those of the medulla
frequently showed signs of nuclear and cytoplasmic degeneration, and
that these medullary cells "seemed to fuse into a syncytium" and
converged into Hassall's corpuscles.

Moreover, in the aging thymus of the mouse, Loewenthal and
Smith (1952) gave a detailed description of the histochemical reac-
tions of the "lipid-laden foamy cells" or "chromolipoid cells", often
present in considerable numbers in the cortex. They bellieved them
to be an expression of altered thymic metabolism accompanying thymic
involution, because they were absent in the young thymus and increa-
sed in number with age. These cells were large, polymorphic, or
rounded, and contained one or more usually eccentric nuclei., Their
cytoplasm was filled with PAS-positive granules which were also
stained with Sudan dyes and emitted a bright yellow autofluorescence
in unstained paraffin or frozen sections. These chromolipoid cells,
according to these authors, corresponded in size, location, and
staining qualities to similar cells described by Hammar (1921) in
the thymic cortex of aging humans.

More recently, Metcalf and Ishidate (1961, 1962) and Metcalf
(1964) mede a study of size, frequency and histochemical reactions
of the chromolipoid cells in the thymus cortex of high-and low-leuke-
mic strain mice. These authors reported that the naclei of these
cells resembled thymic reticular-epithelial cell nuclei rather than
those of the lymphocyte series, and that their cytoplasm was volumi-

nous and packed with PA-Schiff positive granules, hence the terms
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"PAS-positive giant cells" or "PAS-positive reticulum cells" or
WPAS cells" used to designate them. They also stated that these
veells appeared capable of phagocytosis, since they fre§uent1y con-
tained pyknotic nuclear materisl, presumably lymphocytic in origin'.
According to these investigators, the PAS cells were usually sub-
capsular but were frequently randomly distributed throughout the
cortex. They found more such cells in the high-~leukemic thymic
cortex than in the low-leukemic one, They suggested that, since the
lymphocytes surrounding these PAS cells were more freguently in mi-
tosis than lymphocytes located elsewhere in the thymus and since the
PAS cells and associated mitoses occurred only in post-involutional
thymus, they might be involved in the regulation of lymphocyte mito-
tic activity in the mouse thymus coriex.

In a recent study of the morphology of the preleukemic thy-
muses, Siegler (1964) offered similar observations concerning the PAS
cells, which he thought to be reticular-epithelial cells. He specu~
lated, after Toro (1961) and Lattes (1962), that these cortical cells
were related to medullary reticular-epithelial cells which were postu-
lated to form the Hassall's corpuscles. He further suggested the
possibility that the cortical PAS cells, after ingesting lymphocyte
nuclear fragments during lympholysis, would normally “enzymatically
degrade these fragments, release the soluble components, and retain
indigestible materials as liphchrome pigment", According to this
author, when these cells contained significant amounts of this pigment,

they migrated to the Hassall's corpuscles of the medulla, entered into
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the central cavity of these_bodies by the process of intrusion, and
there their residual material was more completely autolyzed.

However, Sainte-Marie (1965) challenged some of the views
held by the above workers concerning the YPAS cells". By means of
fluorescent and bright field microscopy, he identified and studied
the peculiar distribution of the "autofluorescent cells" of the
lymphocytic tissues of the rat. The author revealed that these
"autofluorescent cells" corresponded to the "lipid-laden foamy cells"
described by Loewenthal and Smith (1952) and to the'"PAS-positive
reticulum cells" of Metcalf and Ishidate (1962). Unlike other in-
vestigators, he found these cells to be numerous at the cortico=-
medullary junction of each thy@ic lobule, scarce in the "perivascular
channels” and rare in the cortex and medulla. Owing to thelr distri-
bution and to their presence much before the onset of thymic involu-
tion, the author, unlike Loewenthal and Smith (1952), concluded that
these cells were not specific thymic cells and were not arising from
thymic involution. He finally suggested that these "autofluorescent
cells" somewhow paralleled the development of postweaning growth and
of immunity.

It appears, therefpre, that only one type of reticular cells
can be safely identified by light microscopy, presumably those of
endodermal-epithelial origin which are known to degenerate in large
numbers in the thymic medulla and to converge into nearby Hassall's

corpuscles,
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2) Electron microscopic studies

In their electron microscopic studies of the mouse thynus,
Clark (1963) and Hoshino (1963) described two main.types of reticular
cells: reticular-epithelial cells and macrophages or mesenchymal re-
ticular cells. According to these authors, the parenchyma of the'
thymus, in both cortex and medulla, was formed by a continuous mesh-
work of reticular-epithelial cells clearly distinguishable by cha=-
racteristic cytological features from the macrophages or mesenchymal
reticular cells that comprised the other type of large cell in the
thymus. Numerous lymphocytes and relatively few mesenchymal reti-
cular cells occupied the interstices of this epithelial reticulum.
Around the periphery of each thymic lobule and around the intrathy-
mic blood vessels, the reticular-epithelial cells formed a continuous
sheet or barrier separated from the connective tissue by a basement
membrane; they also completely enclosed the reticular fibers that
pierced the thymic parenchyma.

According to the same authors, the reticular-epithelial cells
of the cortex were sparse, thin and stellate; their slender cytoplas-
mic processes were distinguished by occasional bundles of fine tono=-
filaments and by desmosomes that conmected adjacent cells in a conti-
nuous epithelium; the tonofilaments, however, were not always asso-
ciated with desmosomes and tended to concentrate around the nucleus
and at the periphery of the cell. These investigators also reported
that, although the cortical reticular-epithelial cells contained a

few lipoid inclusions, they did not appear to be phagocytic.
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In the thymic medulla, Clark (1963) found the reticular-
epithelial cells to be "mumerous, voluminous, and arranged in clumps,
solid cords, or nests resembling acini"; he observed no Hassall's
corpuscles in the mouse thymus, but described two types of cytoplas-
mic inclusions, which might be considered sscrstory, in some medul-
lary reticular-epithelial cells. Hoshino (1963), however, recognized
two types of reticular-epithelial cells in the medulla of the mouse
thymus: "reticular" and “hypertrophic" types. According to this
worker, the cells of the reticular type were stellate in shape and
often contained considerable amounts of tonofilaments in their cyto-
plasmic processes. Those of the hypertrophic type were large and
round and seldom contained tonofilaments; they often underwent dege-
neration and were related to the formation of Hassall's corpuscles.

Moreover, Clark (1963, 1964b) reported that the perivascular
spaces, referred to as "perivascular lymphatic channels" by Sainte-
Marie and Leblond 1958b, 196la, 1964b5, contained collagenous fibers
and no lymphatic endothelium, and appeared to be “limited only by
the basement membranes of vascular endothelium and thymic epithelium",

Weiss (1963), Cowan and Sorenson (1964), and Blackburn and
Miller (1967) have presented no discrepancies in their studies of the
ultrastructure of the normal mouse thymus with the above-mentioned
findings. Similarly, Izard (1966a) described two categories of reti-
cular cells in the reticulum of the guinea pig thymus: numerous "des-
mosomal reticular cells" corresponding to the reticular-epithelial

cells, and occasional “phagocytic reticular cells" with neither
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desmosames nor tonofilaments and corresponding to the mesenchymal
reticular cells as proposed by Hoshino (1963). However, this author
in a subsequent publication (1966b), unlike Clark (1963, 1964b) who
did not recognize transitional cell forms between epithelial cells
and lymphocytes or macrophages, reported the presence of desmosomes
between medullary reticular-epithelial cells of the adult guinea pig
thymus and lymphoid elements apparently corresponding to large lym-
phocytes. He suggested, after Sainte-Marie and Leblond (196la, 1964b),
that thymic reticular-epithelial cells might give rise to lymphocytes.

3) Nomenclature

As indicated in the above review of the cytology of thynmic
reticular cells, all investigators who used the light microscope were
unable to define specifically whether or not a reticular cell in the
thymus was of epithelial or mesenchymal nature, as can be done by
electron microscopy. Some of them, therefore, heve objected to the
use of the term "epithelial" to refer to the great majority of thymic
reticular cells, They consider the term "reticular-epithelial¥ to
be éonfusing and to be justifiable only insofar as it openly conveys
the difficulty, if not the impossibility, of distinguishing between
reticular cells of endodermal-epithelial origin and those of mesen-
chymal nature.

Nevertheless, most authors (Clark, 1963, 1964b; Hoshino, 19633
Sainte-Marie and Leblond, 196la; Weiss, 19633 Kohnen and Weiss, 19643
Izard, 1966a, 1966b; Cowan and Sorenson, 19643 Dukor et al., 1965;

Blackburn and Miller, 1967; Sanel, 1967; and many others) are in favor
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of the term "reticular-epithelial cells" to designate most stellate
thymic cells for the following reasonss First, reticuiar-epithelial
cells are believed to originate from the endoderm of the third pha-
ryngeal pouch., Secondly, though they are ultrastructurally similar
to macrophages or mesenchymal reticular cells, they are charaéteris-
tically different since they do not appear to be phagocytic and dis-
play conspicuous epithelial characteristics, such as tonofilaments
and desmosomes. Thirdly, wherever they border on connective tissue,
there is a basement membrane. Fourthly and finally, they are judged
to be "fixed" elements in contrast to mobile cells such as lympho-
cytes or macrophages, because through their desmosomal attachments
they form a continuous epithelium.

D) Hassall's Corpuscles.

Considerable controversy has involved the nature and origin
of Hassall's corpuscles, characteristic transitory structures of the
thymus unique to its medulla. Hammar (1905, 1909) described Hassall's
bodies as consisting of a core surrounded by a wall. According to
this author, while the core was constituted by one and occasionally
two enlarged reticular cells, the wall, in section, consisted of con-
centric layersof hypertrophied reticular cells, giving the corpuscles
the appearance of an onion. Later, Hammar (1921, 1936) interpreted
these structures as organizations d;?ived from the endoderm and deve-
loped initially from one or two hypertrophi;d reticular cells which
eventually impiged upon and fused with neighboring reticular cells
of the thymic medulla. Dearth (1928) proposed an essentially similar
theory, which was also favered by Sainte-Marie and Leblond (1958b,
1964a).
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The view that Hassall's corpuscles represented obliterated
blood capillaries and precapillary arterioles which had undergone
endothelial hypertrophy and proliferation with peripheral addition
of reticular cells was proposed by Jordan and Horsley (1927). Howe-
ver, Jordan and Looper (1928) conceded that the essential morpho-
logical factor in the formation of these corpuscles was the hyper-
trophy of reticular cells whi.ch might secondarily cause stenosis of
adjacent blood vessels. Pcrtinent to this point of view are the ob-
servations of Kostowiecki (1930, 1938), This author believed that
Hassall's corpuscles, to which he gave the naﬁs WHassall's corpus-
cles of the second order”, might develop concentrically around hy-
pertrophied reticular cells and degenerating intramedullary capil-
laries and venules (1930) and around degenerating nerve fibers (1938).
Kostowiecki (1962) also described thin-walled corpuscles characte-
rized by invasion of lymphocytes and reticular macrophages and sub-
sequently by the development of cavities containing cells and debris.
In a recent study of human corpuscles, Kostowiecki (1964) observed
that the primitive core of the corpuscle was usually a reticular
macrophage, but that Ythe medium lymphocyte, the plasma cell, or
even the basophile polymorphonuclear leukocyte" might occasionally
provide a center for the developing corpuscle. dJaroslow (1967) has
recently presented svidence favoring the theory of the vascular ori-
gin of these corpuscles,

According to Norris (1938), Hassall's corpuscles might deve-

lop from migration and proliferation of ectodermal remnants of the



28,
cervical sinus associated with the third branchial pouch,

Nevertheless, the view to which most investigators subscribe
is that stated by Kingsbury (1928). This author supported the idea
that Hassall's corpuscles were epithelial in nature, that they deve-
loped from hypertrophied reticular-epithelial cells, but that their
typical whorled configur#tion was a structural adaptation by reti-
cular-epithelial cells whigh,had‘grown in a confined area without
available free surfaces énd which could undergo necrosis and kera-
tinization during their life history. Gilles (1944) and Smith and
Parkhurst (1949) found a histolééical and histochemical resemblance
between the concentric layefs of reticular-epithelial cells forming
the walls of Hassall's corpuscles and the strata of thick epidermis.
This was also noticed by Dearth (19z€).

Recent electron microscopicAstudies of thymic corpuscles
(Palumbi and Millonig, 19603 Koka, 1960; Hoshino, 1963; and parti-
cularly Kohnen and Weiss, 1954, and Izard, 1965c, 1966a) appear to
favor Kingsbury's theory. They revealed that the formation of Hassall's
corpuscles in mouse, guinea pig, and cat thymuses was related to the
transformation of medullary reticular-epithelial cells., These studies
also showed that some of these cells underwent pyknosis and keratini-
zation as the superficial cells of the epidermis by increase of the
amount of intracytoplasmic tonofilaments attached to desmosomes and
formation of dense bodies resembling keratohyalin granules. In addi-
tion, Izard (1965c) reported, that scwe Hassall's corpuscles contained

fibroblasts and reticuler fibers, which a delicate basement membrane
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separated from the reticular-epithelial vells,

Little is known of the functional significance of Hassall's
corpuscles, those transient, polymorphous structures which may con-
sist of single hypertrophic reticular-epithelial cells or groups of
these cells concentrically arranged about a central core of nuclear
debris. They display considerable morphological variability: they
are infrequent and small in mouse and rat thymuses (Harland, 1940;
Clark, 1963), but they are numerous and large in guinea pigs and
humans (Kohnen and Weiss, 19643 Izard, 1965c,. 1966a; Kostowiecki,
1962), According to Flaum (1963), who observed these corpuscles in
tissue culture, they are pulsatile and are capable of rotatory mo-
vements, Under certain experimental conditions, they can concentra-
te gamma globulin (Marshall and White, 1961; Gitlin et al., 1953),

E) Cysts and Duct-like Spaces.

Several types of cystic and duct~like spaces have beén obser-
ved by many workers., Hammar {1921) reported the common presence of
cysts in the centers of degenerating Hassall's corpuscles. Dearth
{1928) described intercommunicating tubular cyst-like spaces produ-
ced by central degeneration in compact masses of reticular cells and
by aggregation of Hassall's corpuscles. Spear (1938) observed two
main types of thymic cysts; one type represented local degeneration
of reticular cells, and the other, remnants of the thymopharyngeal
duct. Subsequently, several investigators, such as Tesseraux (1959),
observed in the thymus of most mammals occasional branching cysts

lined by flat, cuboidal, columnar, mucus-secreting, or ciliated cells.
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They varied considerably in number in different thymuses; they might
be localized in the interlobular septa Int were most frequently seen
within the thymic lobule completely surrounded by thymic parenchyma.
They ended blindly and might appear to be continuous with the thymic
reticular-epithelial cells. Most authors believed that they arose
from the failure of the primary thymic tubule to lose its lumen of
from remains of tubules secondarily differentiated in the thymic
epithelium as a result of some stimulus causing an increased rate of
thymus growth during early embryonic development, Schambacher (1903)
and Shier (1963) proposed that Hassall's corpuscles might develop
from the epithelial lining of these tubular cysts.

In 1962 and 1963, Hoshino, in his electron microscopic study
of the mouse thymus, reported the presence of obvious cytoplasmic
inclusions in the cytoplasm of hypertrophic medullary epithelial cells.
According to this author, these inclusions formed large collections
of amorphous material, which stained with the PA-~Schiff technique
for polysaccharides. Such collections occurred both intracellularly
and in extracellular spaces that might be lined by microvilli and
cilia. In 1964, Kohnen and Weiss made similar observations and re-
ferred to these structures as Yintracellular cysts" in contrast to
"intercellular cysts”, both of which were seen near Hassall's cor-
puscles. Thus, in addition to frankly epithelial cysts bounded by
ciliated epithelium and probably representing remnants of the bran-
chial duct, these authors showed two other types of cysts in the thymic

medulla, namely "intracellular'and "intercellular" cysts.
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Morphological Features of the eens
The Roman anatomist, Galen, who regarded the thymus as a

cushion serving to protect the great vessels of the thoracic cavity
against the bony sternum, spoke of the spleen as an orgsn "full of
mystery'. The following report is a brief review of recent advances
in the knowledge of the microscopic anatomy of this intriguing organ,
based to a great extent én the comprehensive review by Weiss (1966b).

A) Histology.
1) Architecture

It is well established that there is considerable age and
species variation in the architecturs of the spleen, Krumbhaar (1926)
stated: "Investigators of the relatior of the spleen to various func-
tions in animals should therefore take into account the age as well
as the species of their experimental animals,”

Textbooks of general histolegy uniformly agree to the state-
ment that the spleen of the rat is a slightly curved, ribbonlike
organ resting upon the greater curvature of the stomach and enclosed
by a dense connective tissue capsule. The latter contains little
smooth muscle fibers and numerous elastic fibers. Its outer surface
is covered by a thin peritoneal coating of flattened to cuboidal
mesothelial cells, which may possess microvilli forming a striated
border. The splenic capsule is deeply indented at the points of en-

trance of each of the twe or three main branches of the splenic ar-

tery.
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From the immer surface of the capsule, trabeculae extend into
the organ and subdivide it into infercommunicating compartments or
"splenic lobules”, which are ill-defined and rather arbitrary in
extent. These trabeculae are composed of relatively more muscle and
elastic fibers than the capsule.

The space between the capsule and trabeculae is filled with
a reticular comnective tissue consisting of a network of reticular
fibers closely joined to a network of primitive reticular cells and
phagocytic reticular cells or fixed macrophages, This reticular
framework forms, together with the cells occupying its meshes, the
"splenic stroma”, or Ysplenic tissue", or again "splenic pulp"

Weiss, 1959, 1964, 1966b; Bloom and Fawcett, 1968). The splenic
tissue is composed mostly of an atypical lymphatic tissue, referred
to as the "red pulp", in which are scattered diffuse and nodular
masges of typical lymphatic tissue, collectively designated as the
"white pulp". Lying between the white pulp and the red pulp is a
band of tissue looser than the white pulp and containing blood ele-
ments; termed the "marginal zone" (Weiss, 1966b; Bloom and Fawcett,
1968),

The white pulp forms a well-developed cylindrical sheath about
the centrsl artery and its terminal branches. This sheath is referred
to as the "periarterial lymphatic sheath", a term more and more fre-
quently used in current literature (Klemperer, 1938; Weiss, 1964, 1966b).
Implanted on the periarterial lymphatic sheath are occasional spherical

or ovoid, nodular structures, commonly designated as secondary
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"lymphatic follicles" or "1ymphatic'nodnles"._ These nodules may
consist almost entirely of small lymphocytes or have a characteris-
tic histological appearance which consists of an aggregate zone of
large pale-staining cells, named "germinal center" by Fliemming (1885),
completely surrounded by a zone of dark-staining, closely packed
cells, sometimes termed the "mantle zone" but more frequently refer-
red to as the "corona" or "cortex!. No delineating membrane or net-
work of fibers is recognizable between cortex and germinal center.

The red pulp virtually consists of two vascular structures:
"splenic venous sinuses” (or "sinusoids") separated by plates of
vascular tissue, called "splenic cords" or "Billroth cords'.

The marginal zone, that junctional vascular tissue separating
the white pulp from the red pulp, has been called "Knotchenrandzone"
by Weidenreich (1901), "perifollicular envelope" by Krumbhaar (1948),
"border zone" or "outer zone of the follicle" by Andrew (1946), and
"white pulp halo" by Baillif (1953). This zone merges gradually into
the splenic cords (Weiss, 1966b; Eloom and Fawcett, 1968). Sinuses
do not usually penetrate the zone (Snook, 1944, 1950, 1958).

2) Hlood vascularization

The splenic circulation has been extensively studied by nume-
rous investigators for centuries; nevertheless, the controversy - over
its nature still persists. This considerable disagreement stems
mainly from the fact that the vascular connections between the termi-
nal arterioles of the white pulp and the splenic venous sinuses, the

so-called "intermediate circulation of the spleen", continues to defy
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complete description by available means. It follows that the various
theories of splenic circulation, including the open, the closed, and
combined concepts, have found adherents. The poinis of contention
may be attributable to two main factorss 1) as pointed out by Knisely
(1936) in his historical transillumination studies, there is an al-
tering arrangement in an individual spleen; 2) as believed by Snook
(1950, 1958), who compared the spleens of 14 mammals and classified
them into "sinusal® and "non-sinusal®, and by Ohta (1957), there is
a marked species difference., Nevertheless, for the purposes of the
current study, only a brief review of the pattern of splenic circu-
lation, as outlined by Snook (1944, 1950, 1958), Weiss (1957, 1963,
1966b) and Bloom and Fawcett (1968) will be presented.

In the spleens of most mammals, such as the guinea pig, the
rat or the mouse, the arterial branches of the splenic artery, instead
of being trabecular as in the human spleen, enter the whité puip di-
rectly from the hilum and radiate into the interior of the organ as
"central arteries”". As soon as the latter penetrate the splenic pulp,
they become surrounded by periarterial lymphatic sheaths, which accom-
pany them almost to the point where they break up into arterial ca-
pillaries. According to Weiss (1964, 1966b), the central artery,
throughout its course within the white pulp, gave off numerous bran-
ches which tended to follow a radial pattern as they ran toward the
periphery of the white pulp. Two sets of branches were received by
the occasional lymphatic nodule: one set reached the germinal center
and ramified into capillaries which ran to the periphery of the nodu-

le; the other set supplied the peripheral region of the nodule.
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Weiss (1966b) reported that the great majority of arterial

capillaries of the white pulp terminated in the marginal zone,
According to MacNeal et al. (1927), some capillaries might terminate
in Yolive or acorn-shaped ampullae' in the marginal zone of the guinea
pig, fabbit, dog and human spleens. In the rat, Andfew (1946) des-
cribed white pulp capillaries opening into an "intermediate sinus"
frequently observed betweern the white pulp proper and the marginal
zone and partially lined with endothelium. In a recent study of the
rat spleen, Snook (1964) described this "intermediate sinus", which
he called "marginal sinus", as a series of anastomosing vascular
spaces lying between the lymphatic nodules of the white pulp and the
marginal zone. He also presented evidence that the sinus was endo-
thelium-lined on the nodular surface but the lining showed discon-
tinuity along the lateral aspect, Ythus allowing blood to pass
freely into the interstices of the marginal zonse", Weiss (1964) and
Snook (1964) reported that a white pulp capillary might pass through
the marginal zone, reach the red pulp, and curve back to empty into
the outer edge of the marginal sinus,

The attenuated main stem of the central artery and some of
its branches pass inte the red pulp where they ramify into straight,
nonanastomosing, slender vessels, designated as "penicilli", most of
which are sheathed by phagocytic reticular cells in the dog and cat
spleens, some in the human spleen, and none in the rabbit spleen
(Mall, 1900; MacNeal et al., 1927; MacKenzie et al., 1941). Snook

(1958), Weiss (1957, 1959, 1962, 1963, 1966b), Galindo and Freeman (1963)
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and Roberts and Latta (1964) demonstrated that most of the terminal
vessels ended in several ways in the splenic cords., According to
these authors, a few arterial vessels terminated in the splenic
venous sinuses which possessed gaps in their walls.

Blood from the sinuses eventually passes into the pulp veins,
which in turn drain into trabecular veins.

3) Lymphatic pathways

Textbooks of human histology uniformly state that, in the
human spleen, the lymphatic vessels are restricted to a capsular
plexus with branches sometimes enteriné the thickest trabeculae,
especially those in the vicinity of the hilum, and that they are not
encountered in the splenic pulp (Weiss, 1966b; Hloom and Fawcett,
1968). However, several investigators have reached the conclusion
that, in some mammals, capsular and trabecular lymphatic vessels
must be connected in some way with the splenic pulp.

Indeed, Barcroft and Florey (1928), after ligeting the
splenic vein and introducing trypan blue into the splenic artery,
were able to trace the dye directly to the cysterna chyli or to a
nearly lymph node. Klemperer (1938) suspected the presence of deep
lymphatic channels within the splenic pulp. In 1946, Snook, using
silver-impregnated serial sections, presented convincing evidence
that deep lymphatic vessels might occur in the splenic white pulp of
some marmals, such as the guinea pig, mole, mouse, horse and monkey,
but denied their existence in the dog, cat, cow, pig and rat. Accor-
ding to this author, in the guinea pig, mole and mouse deep lymphatic

plexuses followed closely the course of the central artery and arterioles



37.
and opened into lymphatic vessels at the splenic hilum. In the horse,
he traced them into trabecular and capsular lymphatic plexuses. He
pointed out that, unless the large numbers of lymphocytes removed
by the deep lymphatics plexuses were taken into account, "compari-
sons of arterial and venous bloods alone would not give a true pic-
ture of splenic hemopoiesis in the animals listed above',

B) Cytology of Reticular Cells and Extracellular Reticulum.

1) Light microscopic_studies

As the cytoplasm of reticular cells in lymphatic tissue is
usually indistinet in classical histological preparations, few light
microscopic studies have been undertaken on the cytological features
and distribution of these cells in the spleen, Maximow and Bloom
(1957) stated that investigations of the stroma of the splenic white
pulp had led to the conclusion that it was "a network of reticular
fibers closely joined to the primitive reticular cells andkphagocytic
reticular cells or fixed macrophages"” holding, as in all lymphatic
tissue, free lymphocytes of various sizes in its meshes.

In the periarterial lymphatic sheaths of rat and rabbit spleens,
Weiss (1964),.however, described by light microscopy several types
of pale-staining reticular cells with abundant cytoplasm. According
to this author, most reticular cells in the periarterial sheaths
were large, branched cells which tended to be stellate in shape.

Some reticular cells were elongate and might resemble fibroblasts.
Only occasional reticular cells appeared phagocytic, for "the mode-

rate number of phagocytes present in the lymphatic sheath .... were,



38.
for the most part, free cells derived, perhaps, from monocytes se-
questered from the blood". All these various types of reticular
cells in the periarterial lymphatic sheath were fixed cells, aﬁd
their extended cytoplasmic proocesses enclosed strands of "extra-
cellular reticulum", a term introduced by the author to designate
the splenic "fibrillar reticulum" or "reticular fibers" of the light
microscope, which stained with silver and FAS.

Moreover, the same author notieed that the eﬁdothelial and
adventitizl cells of arterial channels in the periarterial lymphatic
sheaths had the same morphoclogical. appearance as reticular cells, He
also observed that, as arterial vessels ran out toward the central
artery, they became siimmer and that their wall might be composed
of only three fixed elementst: endothelial and adventitial cells pe-
parated by a basement membrane, which he included as part of the
extracellular reticulum. He showed that the adventitial cells might
Ybranch away from the vessel into the surrounding white pulp and,
with the reticular cells and extracellular reticulum of the white
pulp, form the meshwork within which 1lie lymphocytes and other free
cells", He finally reported that the reticular cells with their
associated extracellular reticulum tended to run circumferentially
about the central artery, forming "several concentric circumferential
tiers", the most peripheral of which constituted a rim separating
the white pulp from the marginél zone,

Little is known of the distribution and light microscopic

appearance of reticular cells and associated fibers in the lymphatic
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nodules of the spleen, Bloom and Fawcett (1968) stated: "In the
center of the lymphatic nodules of the spleen, as in the nodules of
1ymph nodes, the framework (reticular cells and fibers) consists of
thin, scattered threads, while at the periphery it is coarser and
much denser! Weiss (1964) reported that secorndary lymphatic nodules
were uncommon and small in the spleens of rabbits ang rats and might
or might not contain a germinal center surrounded by a mantle of
principally small lymphocytes. According to Nossal et al. (1968),
"primary follicles (nodules) simply represent rounded aggregations
of small lymphocytes and reticular cells, with few if any blast cells,
and are not demarcated sharply from the surrounding cortex. eeee
Secondary follicles (nodules) represent the end result of the deposi.
tion of an appropriate antigen in the primary follicle., They consist
of a pyroninophilic germinal center composed of rapidly-dividing
lymphoid cells and characteristics *tingible body' macrophages; and
of a cuff of surrounding small lymphocytes, of varying degrees pf
prominence,"

Snook (1964) reported a dense reticular fiber network at the
periphery of the lymphatic nodules of the rat spleen alongside the
marginal zone., Such a network was called the "capsule of the folli-
cle" by MacNeal (1929) and the "rind of collagenous fibers" by
Krumbhaar (1948). In his studies on the perifollicular region of the
rat spleen, Snook (1964) found that many "metalophil" cells, referred
to as "reticulum cells" by Marshall (1956), "were aggregated to form

a dense ring around the margin of the white pulp at the level of the
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marginal sinus"”, According to this author, these "marginal metalo-
phils" tended to be rounded with blunt processes in contrast to the
highly branched metalophils, that is, the fixed reticular cells of
the splenic white pulp. He also noted that the pale oval nuclei
of these cells corresponded to those of reticular cells, Since the
marginal metalophils of only a few rats reacted positively to tests
for iron, he suggested that they represented potential phagocytes
which may be mobilized quickly into active macrophages. Recently,
Pettersen et al. (1967) confirmed Snook's findings in the rat spleen
and suggested that the initiation of the antibody-forming process
took place in the lymphatic nodules "where marginal zone cells came
into close contact with the marginal metalophils".

In the marginal zone, which was separated from the white pulp
proper by the marginal sinus, Weiss (1964) found by light microscopy
that the reticular cells were also associated with strands of extra-
cellular reticulum and had long, slender processes whieh broke up
the zone into large communicating vascular compartments. He also
observed that the reticular cells at the boundary of the periarterial
lymphatic sheath might send processes out into the marginal zone.
Snook (1964) reported that the network of reticular fibers in the
marginal zone was more delicate than and continuous with that at the
periphery of the white pulp.

In the red pulp, according to Maximow and Eloom (1957), the
reticular cells were organized as venous sinuses and as cellular

cords separating these sinuses, In sinal blood vessels reticular
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cells were more or less flattened and, with the underlying basement
membrane, comprised the wall of the vessels. In the cords, however,
the reticular cells were stellate in shape,

In his 1light microscopic studies of the red pulp in the rat,
the rabbit and man, Weiss (1957, 1959) showed a system of multiple
vascular chamnels in the red pulp lined by a wall consisting basin-
cally of a reticular cell, a homogeneous basement membrane (or "extra-
cellular reticulum”, as he called it), and another reticular cell.

He felt that reticular cells in the red pulp were organized as sinuses,
and as cords separating the sinuses, He believed that "cords" were
"ecollapsed sinuses". In a later report, however, he (1962a) dis-
counted the idea of sinuses and cordal channels being identical,
feeling rather that "cords" were lined by one type of reticular cell
and “collapsed sinuses" by another type.

Moreover, Weiss (1957, 1959) reported that the cord areas in
the red pulp of the rat spleen were broad and predominated over the
sinuses, a large number of which had a patent lumen and were branching
vessels., He pointed out that the stellate reticular cells lining
the cords were active phagocytes, while the reticulo-endothelial cells
of the patent sinuses were spindle-shaped and seldom showed ewidence
of phagocytosis, He also observed that the sinal cells rested on a
fenestrated basement membrane or "sinal reticulum", which stained
with the PA-Schiff technique and which on surface view had the form
of a grid,

Lastly, "basal plates" were reported by Mangubi-Kudrjawtzewa
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(1909) in the cytoplasm of the spindle-shaped reticulo-endothelial .
- cells lining the splenic venous sinuses; they were found to occupy
the portion of the cytoplasm of sinal cells which was in contact
with the fenestrated basement membrane, These so-called basal plates
accounted for the basal striations seen by light microscopy. In 1960,
‘Leblond, Puchtler and Clermont were able to stain these structures
with the tannic acid-phosphomolybdic acid-amido black (TPA) techni-
que., According to these investigators, the basal plates occurring
in the sinal reticulo~endothelial cells were related to the cyto-
plasmic "web", a term they used to designate all intracytoplasmic
fibrils of presumably the keratin-myosin group of proteins which
stained strongly with TPA. They found this "basal web" to be homo-
gene;;aus, unattached to desmosomes or other junctional sites,_and
confined to the territory of only one reticulo-endothelial cell.

2) Electron microscopic studies

Since 1962 investigators have undertaken excellent pioneer
electron microscopic studies on the reticular cells of the spleen.
In their investigation of the white pulp of the mouse spleen, Galindo
and Imaeda (1962) described two types of reticular cells in the stroma
of the white pulp designated "fixed reticular cell type A" (FRCA) and
"fixed reticular cell type B' (FRCB). The FRCA were fusiform with
elongate cytoplasmic extensions, had a dense cytoplasm and contained
large quantities of free cytoplasmic ribosomes, The FRCB were oval
or elongate with fewer free ribosomes. Both types of fixed reticular
cells were intimately associated with the extracellular reticulum,

which was found, in accord with Weiss (1957, 1962b) and Stoeckenius
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(1959), to be an amorphous substance in which was embedded a fibrillar
element. The structural pattern of the FRCA suggested to these workers
that they were less differentiated than the FRCB and, in consequence,
might potentially transform into FRCB and/of macrophages which were
often found in close association with the extracellular reticulum.
These authors recorded no cellular types corresponding to the "primi-
tive reticular cells", described by light microscopy (Bloom and
Fawcett, 1968).

In his electron microscopic study of the periarterial lympha-
tic sheath in rabbit and rat spleens, Weiss (1964) distinguished dif=-
ferent types of reticular cells, According to this author, most reti-
cular cells in the periarterial lymphatic sheath of the white pulp
were large, branched cells intimately associated with the extracellular
reticulum; they contained characteristic vacuoles yith material simi-
lar to the amorphous substance of the reticulum and dense cytoplasmic
material aligned in that portion of the cytoplasm lying alongside
the reticulum. Some reticular cells lacked the dense cytbplasmic
substance and cytoplasmic vacuoles; they were often encountered in
the central white pulp close to large arterial vessels; they occasio-
nally assumed the appearance of fibroblasts and weré fixed to an
extracellular reticulum rich collagenoﬁs fibrils, A few fixed reti-
cular cells had an electron dense cytoplasm and corresponded to the
fixed reticular cells type A (FRCA) observed by Galindo and Imaeda

(1962) in the white pulp of the mouse. Finally, occasional fixed
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reticular cells were phagocytic but often lacked the characteristiec
dense basal substance of most reticular cells,

The same author also reported that the extracellular réti-
culum, together with the reticular cells tended to have a circumfe-
rential pattern, especially at the periphery of the periarterial
lymphatic sheath. Moreover, he noted a similarity between endothe-
lial and adventitial cells in the wall of the arterial capillaries
of the white pulp; these two cell types were found to contain vacuo-
les and dense basal material similar to that present in reticular
cells.

There is little information on the ultrastructure and distri-
bution of reticular cells in the uncommon secondary lymphatic nodules
of the spleen. In his recent report on the ultrastructure of germinal
centers in normal mouse spleens, Swartzendruber (1967) described an
extensive reticular framework consisting of two types of reticular
cells, namely, reticular cells with electron dense materials in their
elongated cytoplasmic processes and "dark" reticular cells or "tran-
sitional” cells linked by desmosomes. He pointed out that the "tran-
sitional" cells seemed to be undifferentiated cells belonging to the
reticular framework "that must not be ignored as precursors of ra-
pidly proliferating cells in germinal centers after antigenic stimu-
lation".

In the marginal zone, Weiss (1964) reported that the reticular
cells had long, slender cytoplasmic processes covering some of the

strands of the extracellular reticulum which seldom contained collagenous
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fibrils and which was often bare of reticular cell cover.

In recent years the electron microscope has made possible
more detailed descriptions of the reticular cells in the splenic red
pulp. Weiss (1962b, 1963, 1966b) described two main types of reti-
cular cells in the red pulp of rabbit spleens, namely, "sinal" and
Yeordal" reticular cells, Sinal cells or reticulo-endothelial cells
lining the splenic venous sinuses were elongate reticular cells with
tapered ends, attached to the fenestrated basement membrane, but free
of attachment to adjacent cells, They were similar in their cytolo~
gic components to the reticular cells in the white pulp, marginal
zone and splenic cords but differed in having a spindle form and not
a branched or stellate one. According to this author. (1963), both
sinal and cordal reticular cells were characterized by the presence
of an electron dense substance.which, in some instances, assumed a
filamentous appearance in the part of their cytoplasm lying in close
physical relation to the sinal basement membrane or cordal extracel-
lular reticulum, The author believed that these cytoplasmic filaments
were related to the "cell web" described by Leblond, Puchtler and
Clermont (1960) in a wide variety of cells stained by successive
treatment with tannic acid, phosphomolybdic acid amido black. He also
thought that these filaments were similar to the cytoplasmic fibrils
which he sometimes observed in other reticular cells and in the endo-
thelial cells of splenic arterial capillaries (Weiss, 1962b).

Galindo and Freeman (1963) confirmed most of the findings of

Weiss (1962b) in several mammalian spleens but found two morphologically
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discernible types of reticulo-endothelial cells along the sinal base-

ment membrane. One type of reticulo-endothelial cell had little or

no phagocytic activity and resembled the fixed reticular type B (FRCB) -

of the white pulp as described by Galindo and Imaeda (1962). The
other type of reticulo-endothelial cell was phagocytic and corres-
ponded to the fixed macrophages of the white pulp (Galindo and Imaeda,
1962)., The same investigators also described three categories of
fibrillar elements which might be embedded in the homogeneous subs-
tance of the extracellular reticulum: 1) fibrils with an axial perio-
dicity as mature collagen fibrils, 2) fibrils of similar diameter
but without axial periodicity, and 3) undulating fibrils about 70 %
in diameter without axial periodicity. They noticed, however, that
the fibrillar component of the reticulum varied in amounts in diffe-
rent areas of the splenic pulp.

Unlike Weiss (1962b, 1963, 1966b), Roberts and Latta (1964)
distinguished three forms of reticular cells in the red pulp of the
rabbit spleen, which were similar to those described by Galindo and
Imaeda (1962) in the white pulps According to these workers, "reti-
cular cell type I¥ was a primitive, multipotential type of reticular
cell which could be seen as a free or fixed-lining cell and which was
probably the stem cell of the other two types; "reticular cell type II"
was intermediate in the series, whereas "reticular cell type ITI" was
the most differentiated of the three varieties of cells. These au-
thors observed that similar or dissimilar cells might line a basement

membrane on the same or opposing sides, i.e., that the three forms of
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reticular cells occurred randomly in the sinus walls and cords.

However, according to a recent report by Thomas (1967) on
the microscopic and submicroscopic structure of sinuses in rabbit
and dog spleens, the sinus wall was described as consisting of an
inmer layer of sinal cells, an intermediate layer of basement
membrane, and an outer layer of cord-limiting cells with elongate
cytoplasmic extensions., She reported that sinal and cord-limiting
cells were morphologically alike and appeared to be reticular
cells with little phagocytic activity. She also noticed that sinal
cells were often contiguous and did not always alternate with pa-

tent apertures.,

ORIENTATION OF THE PRESENT STUDY

The primary aim of the present work was to give an accurate
description of the spatial distribution of reticular cells in the
thymus and spleen. This was made possible and was greatly facili-
tated by the staining,with the tannic acid-phosphomolybdic acid-
amido black (TPA) technique, of fibrils in the cytoplasm of most
reticular cells, which could thus be readily identified. This
technique was used by Leblond et al. (1960) to demonstrate intra-
cytoplasmic protein fibrils of varicus configurations in many
cell types (including myofibrils in muscle cells and tonofibrils

in stratified squamous epithelial cells), It:was also necessary
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to use a large number of histological and histochemical staining
procedures to correlate the results obtained with classical his-
tological findings.

This description contributed to clarify several basic struc-

tural aspects of these two intriguing lymphatic organs.



MATERIALS AND METHODS

INTRODUCTION

It is well established that the thymus, spleen and lymph
nodes reach their maximal weight at different ages before a gradual
decline sets in (Reinhardt, 1943 and 1946). Therefore, to effecti-
vely study the distribution of cell web-containing reticular cells
in these lymphoid organs, it was imperative to adopt procedures which
not only permitted the characterization and rapid identification of
these cells, but which also took into account the age as well as the
species of the experimental animals. A systematic approach made it
necessary to investigate first how these reticular cells were dis=-
tributed in space in young adult and adult animals and secondly, how
such a pattern came about with time. It was the examination of the
spatial distribution and the temporal pattern of the cell web-contai-
ning reticular cells which prompted the adoption of the following

methods.

ANIMALS

Species:

Male albino rats of the Sherman strain, descended from the
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Rockland Farms (New City, New York) colony, were routinely used
throughout this work. Use was also made of some female rats of the
same strain. In addition, the embryos and the neonatal male offspring

of pregnant Holtzman albino rats provided material for investigations.

Animal Maintenances

The animals were maintained in the animal quarters of the
Department of Anatomy where a quiet, climate-controlled environment
was proviided to avoid minor siresses or any other adverse effect on
the extremely sensitive thymo-lymphatic system. The temperature was
kept at a constant 80°F, while a lighting cycle of 12 hours light and

12 hours dark was used.

Animal Breeding:
Pregnant Holtzman albino ratls were obtained from Holtzman

Company in Madison, Wisconsin, where the breeding of rats was rigi-
dly controlled. The animals were allowed to mate freely during the
night, and the females were examined the following morning for vagi-
nal sperm. The presence of sperm was detected by vaginal smears
within 12 hours after mating. Pregnant females were then shipped
to Montreal where some were sacrificed at different time intervals,
while others were allowed to bear their litters. Also studied were
a few litters from Sherman rats bred in the animal quarters of the

Department of Anatomy.



51,

Ages Selected for Studys
For the young adult and adult series, the selection of ages

was based upon the comparative study made by Reinhardt (1946) on the
growth of the thymus, spleen and lymph nodes in the normal rat. This
author reported that the thymus of male and female rats enlarged
rapidly from the time of birth to reach its maximum size at about
70 days of age (or after attainment of a body weight of about 200 gm)
and retained this size for some time before involution set in. He
found that the spleen of male and female rats attained its maximum
average size at about 100 days of age (or after attaimment of a body
weight of approximately 200 gm in the female and 300 gm in the male).
He also stated that cervical lymph nodes reached their maximum weight
at about 100 days of age and mesenteric nodes at about 70 days. Gui-
ded by these data, male rats weighing between 175 and 500 gm were
selected for investigation. Also studied were three female rats
with a body weight ranging from 130 to 160 gme.

For the embryonic and post-natal series, fetal rats from 13
to 20 days of age, newborn and i-to 7-day-old postnatal rats were

used in this study. Table 1 furnishes details of the groups studied.

Sacrifice of Animals and Removal of Organs:

For the young adult and adult series, a rat was weighed and
then placed in a glass jar containing cotton wool soaked in ether,
Once the animal was anesthetized, the skin was removed from the chest

and abdomen of the animal. First, cervical lymph nodes were excised
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TAELE 1

AGE, NUMBER AND AVERAGE WEIGHT OF NORMAL ANIMALS STUDIED

Age in No. of Average Body
BEmbryonic Days Animals Weight in Grams
13 24 0.184
14 19 0.285

15 20 0.457
16 26 0,812
17 14 1.325
18 13 2,237
19 1 b,725
20 5 6.330
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and immediately placed in the fixative. Then, the abdominal cavity
was opened and the spleen as well as some mesenteric lymph nodes
were removed and immersed in the fixative with a minimum of handling.
Finally, dissection of the thymus was carried out according to the
routine employed by Sainte-Marie (1962), excepting that the step
involving the superficial fixation in situ of the thymus and other
pleural viscera by the injection of 5 ml of fixative through an
intercostal space into the thoracic cavity (before the latter was
opened) was omitted. This procedure consisted in making two inci-
sions on both sides of the sternum, parallel and well lateral to it,
and in cutting out the entire antérior thoracic wall in one firm
plate. The plate was then separated from the diaphram and lifted
very carefully by the xiphoid process of the sternum, severing with
a fine pair of scissors the connective tissue strands binding the
upper ventral part of the thymus to the back of the sternum. After
removal of the plate, the trachea and esophagus were grasped with
forceps in the neck region and cut just below the level of the thy-
roid gland. They were then carefully pulled down, while an incision
was made between the esophagus and the posterior body wall to libe-
rate the various thoracic viscera. After cutting away with scissors
the portion of the heart and lungs projecting below the thymus, the
remaining tissue was placed in a large volume of fixative., This
procedure was used to prevent any stretching and deformation of the
fresh thymus whose topography is believed to be sensitive to even

the most moderate direct handling.
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For the embryonic series, the pregnant rat was anesthetized
with ether, its abdominal cavity opened, and the uterus containing
embryos excised and placed in isotonic saline, The mother was then
sacrificed. One by one, the embryos were removed from the uterus,
freed of their membranes, and weighed on a gram-a-matic balance.
The embryo was then hemisected, and its upper half placed in the fixa-
tive. As intracytoplasmic fibrils were not visible in the reticular
cells of the spleen and lymph nodes before birth, only the embryonic
thymus was investigated.

For the newborn and post-natal series, young animals less
than one week of age were decapitated. The thymus and spleen were
removed from the thoracic cavity and abdominal cavity respectively,

and immediately placed in fixative.

HISTOLOGICAL PROCESSING

Introduction:

The tannic acid-phosphomolybdic acid-amido black (TPA) tech-
nique was the main staining procedure used in this investigation.
This method has been extensively employed to demonstrate intracyto-
plasmic fibrils of various configurations in a wide variety of cells
(Puchtler and Leblond, 1958; Leblond et al., 19603 Kallenbach, 1963).

However, previous histological studies have shown that most
fixatives have the disadvantage of inhibiting or interfering with the

TPA reaction (Puchtler and Leblond, personal communicationj Puchtler
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and Sweat, 19623 Kallenbach, 1963). Of all the fixatives tested,
only Carnoy's fluid insures maximum TPA staining results. Electron
microscopy aldehyde fixatives, such as glutaraldehyde and acrolein,
give a fairly strong and specific mitochondrial and nucleolar stain
with TPA, but leave unstained the cell web, terminal bars or other
organelles (Pereira, 1965; Clermont and Pereira, 1966). Moreover,
it seems that the patterns of precipitated protein and the affinity
of tissue protein components ior TRA are dependent not only upon
the fixative used, but also upon the mode of washing and embedding.
The so-called "double embedding techniqué" proved to be the tissue
processing method of choice for the TPA staining procedure (Pereira,
1965).

Therefore, all the tissues used in the present study were
fixed in Carnoy's fixative for periods of time varying with the age
of the experimental animal, embedded according t6 the "double embed-
ding technique", and stained either with TPA alone, PA-Schiff-hema-
toxylin alone, TPA in conjunction with PA~Schiff, PA-Schiff-tolui-
dine blue, hematoxylin and eosin, iron hematoxylin or with a silver

technique.

Fixation of Tissue:

Thymuses, spleens and lymph nodes were fixed by immersion in
an excess of freshly prepared Carnoy's solution No. 2 (Romeis, 1948).
Its composition is as follows:

60 volumes ethanol (anhydrous)
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30 volumes chloroform (Baker Analyzed Reagent)
10 volumes glacial acetic acid (Baker Analyzed Reagent).
All tissues were fixed at room temperature. Embryonic tissues were
fixed for 12 hours, postnatal tissues up to 18 hours, and older mate-

rial progressively longer until the maximum of 24 hours was reached.

Trimming of Tissue:
After a preliminary time of 2 hours in the fixative, the

tissues were hard enough to be trimmed. The cervical-thoracic region
of the embryos was trimmed. The spleens were sliced with a sharp
razor blade into 3 mm pieces, each of which included a branch of the
splenic artery where it penetrated the organ, while the large lymph
nodes were hemisected. Excessive amounts of heart, lung and trachea
about the thymus were removed with a fine pair of scissors, whereas
1ymph nodes, portions of trachea and esophagus and large blood ves-
sels were left attached to the thymus which was untouched during

the whole process, Subsequently, all the tissues were placed in a
new volume of fixative in which they remained until the end of
fixation. After fixation, the thymi were hemisected transverselys;
all the tissues were then bagged in cheese cloth and either stored

in 70% alcohol or embedded immediately.

Embedding of Tissue?
Following fixation, the tissues were infiltrated and embed-

ded according to the following method, referred to as the "double
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embedding technique" (Pereira, 1965):

Dehydrate in ascending strengths of aleohol (70,80,95 and
100%), only if stored in 70% alcohol (a procedure which is not
recommended since the tissue is already dehydrated following fixa-
tion in Carnoy's fluid).

Clear in a 1:1 mixture of alcohol and methyl benzoate
(Fisher Reagent) for 30 minutes and in methyl benzoate (Fisher Reagent)
alone for another 30 minutes.

Treat with a 2% solution of nitrocellulose (or celloidin)
dissolved in methyl benzoate (Fisher Reagent) for 24 hours in a
closed air=-tight container to prevent evaporation.

Transfer to a 10% solution of nitrocellulose dissolved in
methyl benzoate (Fisher Reagent) for 24 hours (also in a tightly
stoppered container).

Pass through two changes of benzene for about 45 minutes
each (total 1 hours).

Transfer to a 1:1 mixture of paraffin and benzene at a
temperature a few degrees above the melting point of the paraffin
being employed (which is 50-52° C), for 30 minutes.

Infiltrate with two changes of paraffin (M.P., 50-52° C) in
a vacuum oven heated at 54-56° C, for about 45 minutes each (total
1ihours).

Embed in paraffin (M.P., 58-60° C).

The "double embedding technique" is thus a combined low

viscosity nitrocellulose (or celloidin) infiltration and paraffin
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infiltration and embedding. It is the tissue processing method of
choice for the TPA staining procedure for three main reasons.

First, it reduces artifacts, for the celloidin, since it is
not removed, supports and holds togeﬁher the fragile structures of
the tissue until the time that the section is mounted on the slide.
Indeed, in this process, the tissue is infiltrated with a celloidin-
methyl benzoate solution, using two strengths, namely thin celloi-
din (2%) and thick celloidin (10%). Since no heat is required for
this step, high strengths of celloidin are used and methyl benzoate
shrinks and hardens tissues less than other solvents (like kylene
or toluene), shrinkage is negligible and the consistency of the
tissue remains unaffected.

Secondly, this technique imployves the texture of the final
paraffin block, allowing 2 mu sections to be cut adequately. Follo-
wing clearing with benzene, the tissue is transferred to a 11l mix-
ture of benzene and paraffin (M.P., 50-52° C) in a vacuum oven for
a total of only 1} hours. In this step, practically all the solvent
is gradually evaporated witﬁout the formation of air bubbles and
without prolonged treatment in molten paraffin (which tends to cause
shrinkage and hardening of tissues). As a result of this, when the
tissue is subsequently enclosed in a fairly hard paraffin (M.P., 58-
60° C), a consistent, uniform degree of hardness is attained through-
oututhe block, which greatly facilitates sectioning.

Thirdly, this mode of embedding appears to preserve or affect,

as an increased TPA staining intensity was achieved, the pattern of
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precipitated protein. Puchtler and Leblond (personal commnication)
found that dioxane as the solé medium between Carnoy's fluid and
paraffin gave poor results with the TPA stain., TPA staining tests
performed with tissues infiltrated only with paraffin following
clearing in dioxane resulted in a weak and diffuse overall staining
of TPA positive structures and in tissue damage (Pereira, 1965).

The damage, though variable, most frequently showed itself as holes
or cracks in the specimen, as if an explosion of some sort had

taken place during succeeding steps of the processing method.
Although the exact cause of this pale staining and "explosion damage"
is not yet fully understood, it seems that the simple paraffin em-
bedding technique involving clearing in dioxane affects the pattern
of precipitated protein so that the affinity of tissue protein cons-
tituents for TPA is decreased. It also appears that paraffin alone
does not have sufficient strength to "set" the tissue protein compo-

nents.

Sectioning of Tissue:
For the young adult and adult series, more than 2000, 2 and

4 mu, serial sections were prepared. For the embryonic series, the
cervical-thoracic region of the embryos was serially sectioned. For
the post-natal series, serial sections from the paraffin blocks were
also made. In addition, from the paraffin blocks at each age, seve-
ral slides of both 2 and 4 mu sections were prepared. Sections were

mounted routinely on albumin-glycerin coated glass slides and allowed
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to dry at MSO C, every adjacent section being mounted on a different

slide.

The TPA Stain:

To demonstrate cell web fibrils in the cytoplasm of reticular
cells, sections were stained with the TPA technique as follows
(Kallenbach, 1963; Kallenbach et al., 1965):

Hydrate sections through two changes of xylol (5 minutes
each), two changes of 95% alcohol (1 minute each), and one change
each of 70 and 50% alcohol (1 minute each) to distilled water.

Mordant sections in a freshly prepared 5% aguenous solution
of tannic acid for 10 minutes.

Rinse briefly in distilled water (for 5 seconds with agita-
tion). _

Mordant in a freshly prepared 1% aqueous - solution of phos-
phomolybdic acid for 10 minutes. |

Rinse briefly in distilled water (for 5 seconds with agita-
tion)s _

Dehydrate in one change each of 95% alcohol, absolute alcohol,
methanol-glacial acetic acid 9:1 for 5 seconds each (with agitation).

Stain in a saturated solution of amido black 10B (Chroma
Gesselschaft, Stuttgart) in methanol-glacial acetic acid 9:1 for 1
minute,

Wash in three changes of methanol-glacial acetic acid 9:1

for 2 minutes each.
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Clear in three changes of xylol (3 minutes each).

Mount in balsam.

Some observations.

Paraffin sections stained with the TPA technique showed
bluish-green TPA positive sites and brownish-yellow TPA negative
sites. With the exception of intraluminal fibrin threads and
hemoglobin droplets (Fig. 2), the TPA technique did not stain extra-
cellular material but did stain the nuclei of connective tissue cells
(Fig. 17).

In any given TPA-stained paraffin section, the nucleil of epi-
thelial cells and of cell-web containing reticular cells were inva-
riably intensely stained, while nuclear staining was light or totally
lacking in lymphocytes and other cell types (Figs 15-27).

In the cytoplasm of cells, the ergastoplasm and the mitochon-
dria were often stained to some extent with TPA, However, all intra-
cytoplasmic fibrils of presumably the keratin-myosin-epidermin group
of proteins (including the myofibrils of muscle cells) were avidly
TPA stained (Figk 1, 2, 21, 53, 76, 78, 79). Moreover, the TPA tech-
nique stained intensely intercellular attachment sites (desmosomes,
half-desmosomes and terminal bars) on which cell web fibrils often
inserted (Figs. 64 and 46). It also stained the so-called “Russell
bodies" in the cytoplasm of some plasma cells in the red pulp of the
spleen (Fig. 3). Llastly, it readily demonstrated bundles of micro-
tubules which assumed a fibrillar appearance under the cell membrane

of red blood cells and blood platelets as well as in cilia and mitotic
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spindles (Figs. 27, 50, 51, 53, 79, 100, 101). Also avidly TPA posi-
tive were the points of insertion of certain microtubiles,such as

basal bodies and centrioles (Figs. 50, 51, 53).

Choice of Other Stains:

In addition to the TPA staining method, other procedures
were employed to relate the TPA staining results to classical his-
tological findings. Of all the stains tested, it was felt that only
the following procedures furnished useful additional information.

The_hematoxylin-eosin stain.

In certain series, an occasional section was saved out and

stained with hematoxylin and eosin for routine studies. The section

was treated with Harris's hematoxylin for 3 to b minutes, rinsed in

distilled water, and counterstained by dipping in 1% eosin Y.

The PA-Schiff-hematoxylin stain.

In the embryonic and post-natal series as well as in some of
the adult series, every third section was stained with the PA-Schiff-
hematoxylin technique. The section was oxidized for 15 minutes in
periodic acid and stained in Schiff reagent for also 15 minutes. It
was then washed in three changes of sulfite water for 2 minutes each,
counterstained with Harris's hematoxylin for 3 to 4 minutes, dehy-
drated and mounted in balsam. This staining procedure was used to
demonstrate intracellular PA-Schiff reactive sites as well as extra-
cellular reticulum, To determine if the PA-Schiff reactive sites in

the embryonic series wers glycogen-containing, some test slides were
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incubated at 40° C with saliva prior to treatment with the Schiff
technique. In this procedure, glycogen was digested by the alpha-
amylase of the saliva, and therefore glycogen-containing sites were
no longer reactive to the Schiff stain.

The TPA-PA-Schiff stain.

Some TPA-stained series were counterstained with PA-Schiff.
This double staining technique was used to relate TPA positive sites
to both intra-and extra-cellular PA-Schiff reactive sites.

fhe PA-Schiff-toluidine blue stain.

Following treatment with periodic acid and Schiff reagent,
sections were occasionally counterstained with a 0.5% solution of
toluidine blue in water (Pearse, 1954, p. 432).

The iron hematoxylin stain.

Finally, some test slides were subjected to Regaud's iron
hematox&lin stain, which usually tends to stain (depending on the
degree of dififerentiation) cell membranes, nuclear and connective
tissue components in ad&ition to give results identical to those of
the TPA stain. (Kallenbach, 19633 Pereira, 1965). Following depa-
raffinization, the sections were mordanted in 5% iron alum for 24 °
hours. After thorough washing in water, they were stained for 24
hours in an alcoholic hematoxylin solutionj the sections were consi-
dered to be adequately stained when, on being taken out of the hema-
toxylin, they were a homogeneous jet-black and microscopically showed
no cellular detail. This was followed by differentiation in 1% iron
alum, controlling the results with a microscope. Lastly, the sections

were washed in running water for 30 to 60 minutes, cleared and mounted,
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were washed in running water for 30 to 60 minutes, cleared and mounted.
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The results of the iron hematoxylin stain are often identical
to those of the TPA stain, though the former {depending on the degree
of differentiation)usually tends to stain cell membranes and connec-
tive tissue components (Kallenbach, 1963; Pereira, 1965). Surpri-
singly, iron hematoxylin failed to stain cell web fibrils in the
reticular cells of the thymus, spleen and lymph nodes. It therefore
appears that the intracytoplasmic fibrils of these reticular cells
are stereochemically different from cell web fibrils found elsewhere,
such as the tonofibrils of stratified squamous epithelial cells, the
circumferential web of liver parenchymal cells, the cell web of re-
nal and intestinal epithelial cells, and so forth.

Silver reticulum stains.

In all the series, for each single section stained with TFA,
an adjacent section was impregnated for reticular fibers by the
method outlined by . Gridley, a variant of Maresch's Bielschowsky
silver technique. After treatment with 0.5% periodic acid for 15
minutes, the section was sensitized with a 2% solution of silver
nitrate for 30 minutes and then stained in Maresch's Bielschowsky
silver solution for 15 minutes (Lillie, 1954, p. 334). Following
washing in distilled water, the section was subjected to 30% forma-
1in for 3 minutes, 0.5% gold chloride for 5 minutes and 5% sodium
thiosulfate for 3 minutes. The section was then counterstained with
Harris's hematoxylin, cleared in xylene and mounted in balsam. This

technique gave optimal results with Carnmoy-fixed tissues.



ke

Some observations

It is generally assumed that fibers which are argyrophilic
in paraffin sections treated with Gridley's silver reticulum stain
represent reticular fibers (Lillie, 1954, p. 334). However, no
evidence has ever been presented that this staining method is spe-
cific for these fibers.

When Carnoy-fixed paraffin sections of thymus, spleen and
1lymph nodes were treated with Gridley's silver method, reticular
fibers, including ring fibers surrounding splenic venous sinuses,
were colored black, while collagen fibers had a brownish color and
elastic fibers were unstained. Furthermore, this technique was found
to stain all renal basement membranes, including those of the glome-
ruli which are known to be associated with neither reticular nor
collagen fibers (Figs. 8 and 10).

In contradistiﬁction, Bielschowsky's silver reticulum method
failed to reveal the ring fibers around splenic venous sinuses and
the basement membranes of renal glomeruli and tubules (Figs. 9 and 11).
However, in all other respects, this staining procedure gave results
identical to those of Gridley's silver reticulum stain,

This therefore led to the conclusion that Gridley's silver
method did stain basement membranes and was not specific for reticular
fibers, while Bielschowsky's method stained the latter selectively.
Since the black fibers found after treatment with Gridley's technique
represented reticular and/or basement membranes, all argyrophilic
fibers seen with this technique will be referred to as "extracellular

reticulum” fibers.
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The periodic acid-sodium bisulfite-resorcin-fuchsin stain.

Because the staining properties of ring fibers surrounding
splenic venous sinuses were very similar to those of basement mem-
bfanes, it seemed advisable to ascertain the identity of these fibers.
Carnoy-fixed paraffin sectionsof spleen and kidney were treated con-
secutively with 0,5% aqueous periodic acid for 5 minutes and sodium
bisulfite overnight. They were then stained with resorcin-fuchsin
for 4 hours according to Puchtler and Bweat (1964b),

Some observations

This method failed to stain reticular fibers in the organs
investigated but resulted in a purplish black coloration of the
elastica interna of arteries and a black coloration of elastic fibers
in the walls of blood vessels and in the capsule and trabeculae of
the spleen (Figs. 4 and 5). In addition, this technique stained
black all renal basement membranes, including those of the glomeruli,
and, most important of all, the ring fibers around splenic venous
sinuses and some fine fibrillar elements which were intimately asso-
ciated with the coarse reticular fibers of the splenic white pulp
(Figs. 6 and 7).

After counterstaining with Van Gieson's picro-fuchsin, the
black fibers, which were elastic fibers and/or basement membranes,
stood out in sharp contrast to the red reticular and collagen fibers.
This differential staining method showed that ring fibers as well as
the delicate fibers in the stroma of the splenic white pulp were not

identical to reticular fibers.,
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Verhoeff's stain in combination with Masson's trichrome stain,

This double staining technique was used to determine the true
identity of the ring fibers around splenic venous sinuses and of the
delicate fibrillar elements which were found in close association
with the coarse reticular fibers of the splenic white pulp, both of
which stained black with the method of Puchtler and Sweat (1964),
indicating that they represented elastic fibers and/or basement mem-
branes. This technique resulted in a blue coloration of collagen
fibers and a blue-black to black coloration of elastic fibers, Not
only were the elastic fibers in the walls of blood vessels and in
the splenic capsule and trabeculae stained, but also the delicate
fibers associated with the coarse reticular fibers of the splenic
white pulp were intensely colored and thus exhibited staining pro-
perties identical to those of elastic fibers.

However, this double staining technique failed to reveal the
ring fibers around splenic venous sinuses. The latter, therefore,
did not represent elastic fibers and were true basement membranes.
These observations confirmed the findings of Lillie (1951, 1952) and
Puchtler and Sweat (196La, 1964b) that the staining properties of
ring fibers were very similaf to those of basement membranes. They
also showed that some fine elastic fibers were intimately associated
with the coarse reticular fibers of the splenic white pulp.

The study of the spatial distribution and temporal pattern
of the cell web-containing reticular cells in the thymus, spleen and
lymph nodes was greatly facilitated by the compiled observations made

with these various staining procedures.
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Radiocautographys

Clark (1963), in his electron microscopic investigation of
the mouse thymus, described reticular-epithelial cells rich in cyto=-
plasmic tonofilaments, but could not observe mitotic figures of these
cells. It therefore seemed of interest $6 see if these cells were
capable of incorporating radicactive thymidine and of undergoing
mitosis.

To test this possibility, three young adult male Sherman
albino rats with a body.weight of about 200 gm received a subcuta-
neous injection of 2 muc of 3H-thymidine per gm of body weight at
some time between 9:00 A.M., and 11:00 A.M. The specific activity of
the tritiated thymidine used was 1.9 ¢/mM (Schwartz Laboratories,
New York). The animals were sacrificed 23 hours after the SH-thymis
dine injection.

The thymuses were then removed and processed as described
previously, with fixation in Carnoy's fluid for 24 hours. Some 2 mu
serial sections of thymus were made, and every adjacent section was
mounted on a different slide. All the sections were stained with
TPA, Every second slide was treated with two coats of celloidin to
preserve the staining and then processed for radioautography accor=-
ding to the technique of Kopriwa and Leblond (1962)s In a dark room
the slides were first dipped into Kodak NTB2 emulsion. Following
exposure in the dark for 30 days, the slides were developed and
mounted in balsam., Extremely little background fog was produced,

and the staining intensity of cell web structures remained unaffected,



Fig. 1

Fig. 2

Fige 3

Spleen. A trabecula in the splenic red pulp (RP) can
be seen to contain a large number of intensely stained
smooth muscle cells (arrow).

Carnoy fixation and TPA (x600).

Thymus. A vein (V) and an artery (A) may be seen in an
interlobular septum:with unstained collagenous bundles.

A network of fibrin threads is visible in the lumen of the
vein (V).

Carnoy fixation and TPA (x570).

Spleen., The arrow points to the nucleus of a plasma
cell in a Billroth cord of the red pulp. Note the well-
stained "Russell bodies" in the cytoplasm of the cell.

Carnoy fixation and TPA (x1260).
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Fige, U4

Fige 5

Spleen. Above the red pulp (RP) is a portion of the
thick sptenic capsule. Note that elastic fibers form
a network between the unstained collagenous bundles.
In the deep layers of the capsule, near the red pulp,
is located the network of the thickest elastic fibers.

Carnoy fixation and PA-sodium bisulfite-resorein-
fuchsin stain (x1120).

Spleen. A trabecula in the red pulp (RP) contains &
trabecular vein (TV) and a large number of elastic fibersa.

Carnoy fixation and PA-sodium bisulfite-resorcin-
fuchsin stain (x170).










Fig, 6

Fig. 7

Spleen. A central arteriole (a) in a periarterial
1lymphatic sheath of the white pulp is surrounded by
concentric layers of pale-staining coarse collagenous
fibers containing darkly stained elastic fibrils (arrows).

Carnoy fixation and PA-sodium bisulfite-resorcin~-fuch-
sin-Van Gieson's picro-fuchsin stain (x1120).

Spleen. Ring fibers of the fenestrated basement mem-
brane surrounding a venous sinus (S) are intensely stai-
ned. The nucleus of a reticulo-endothelial cell is
visible at right angles to the ring fibers. In cross
sections ring fibers appear as dark dots (arrow).

Carnoy fixation and PA-sodium bisulfite-resorcin-
fuchsin-Van Gieson's picro-fuchsin stain (x1120).










Fig, 8

Fig, 9

Soleen, Ring fibers (center left) of the fenestrated
basement membrane surrounding a venous sinus (8) are
jntensely stained. In cross sections the ring fibers
appear as dark dots (arrow).

Carnoy fixation and Gridley's silver reticulum stain
(x1120).

Spleen. Same venous sinus (8) as in Fig. 8. Note that
the ring fibers of the fenestrated basement membrane sur-
rounding the sinus are unstained. The reticulum fibers
are intensely stained.

Carnoy fixation and Bielschowsky's silver reticulum stain
(x1120).










Fig. 10

Fig. 11

Kidney. Basement membranes of glomerulus, Bowman's
capsule and tubules are intensely stained.

Carnoy fixation and Gridley's silver reticulum stain

(x600).

Kidney. Reticular fibers and basement membranes of
Bowman's capsule and tubules are intensely stained.
Glomerular basement membranes remain unstained.

?aznog fixation and Bielschowsky's silver reticulum stain
x600).
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RESULTS

DISTRIBUTION OF RETICULAR-EPITHELTAL CELLS IN THE ADULT

RAT THYMUS

Before entering on a detailed description of the adult thy-
mus as seen in TPA-stained preparations, it would be useful to
review briefly the general architecture of the organ and at the

same time define the terms used.

General Architecture of the Thymus:

A) Lobular structure and zonation.

Each thymic lobule was a broad structure, roughly pyramidal
in outline and almost completely delimited along its lateral mar-
gins only by thin partitions of loose connective tissue, referred
to as "interlobular septa"”, which never totally severed the lobule
so that the parenchyma of one lobule was connected to that of neigh~
boring ones by an axial pedicle or stem, The septa did not nor-
mally penetrate the thymic parenchyma except for the thin connec-
tive sheaths or "intralobular septula® accompanying intrathymic
blood vessels (Fig. 12).

In classical histological preparations, under low power,

each lobule comprised two clearly defined regions: a peripheral
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dark area or "cortex" surrounding a central paler area or “medulla"
(Fig. 13). However, under high power, the limit between these two
regions was not clear cut and was recognizable only by the greater
concentration of lymphocytes in the cortex than in the medulla,

B) Blood and lymphatic vascularization. A

When the anterior wall of the thorax was cut out in one firm
plate and lifted very carefully by the xiphoid process of the ster-
num, it was readily observed that the blood supply of the rat thy-
mus was derived mainly from branches of the internal mammary arte-
ries which were seen to pierce the lateral aspects of the thymus
at different levels, although the inferior thyroid arteries also
contributed some twigs to the apical portion of the organ.

Each main arterial branch with'its accompanying vein, nerve
and lymphatic vessel coursed between the chain of mediastinal lymph
nodes and a thymic lobe and pierced the capsule on the lateral as-
pect.of the lobe to run in an interlobular septum. Such a connec-
tive tissue area, corresponding to the point of entry of a lobar
artery and to the point of exitiof a lobar vein, constituted one
of the major "lobar hila%,

From the lobar artery, as it was revealed by the study of
serial sections of thymus, small interlobular arteries were given
off. These arterial branches were never encountered in the dense
commective tissue capsule, They were preferably distributed in the
interlobular septa according to two different vascular patterns,

The majority of interlobular arteries broke up into terminal arte-
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rioles, characteriied by a single 1$yer of smooth muscle cells
(Fig. 56), which in turn remified into precapillary sphincters
without an internal elastic lamina (Fig. 57). The latter gavé rise
to numerous capillaries which penetrated the thymic cortex.

Some of the cortical capillariés travérsed singly the whole
thickness of the cortex and the external portion of the medulla in
a radial fashion to drain into pcstecapillary venules.situated in
the deeper parts of the medulla (Fig. 58). Others crossed singly
the cortex radially and, in the cortico-medullary zone, broke up
into two arcuate capillaries which ran along this zone for some
distance before traversing the medulla to pass over into more dee-
ply located medullary post-capillary venuies (Fige. 61). Still
other cortical capillaries, soon after penetrating the cortical
parenchyma, ramified into capillary networks (Fig. 59), which joi-
ned into post-capillary venules that had extended into the peri-
phery of the medulla and the cortico-medullary boundary (Fig. 60),
each being surrcunded by a perivascular connective tissue space,

However, as shown in Figure 61, a few small interlobular ar-
teries coursed into interlobular septa which were continuous with
the medulla and penstrated the irmermost part of the latter before
breaking up successively into terminal arterioles, precapillary
sphincters and venous capillaries. The latter in turn drained into
"iymer medullary" post-capillary venules and were, therefore, con-

fined to the territory of the deeper portions of the medulla.
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A1l the post-capillary wenules eventually converged to form
inner medullary veins, which in turn joined lobular veins. Each
lobular vein left the thymic lobule by coursing into an interlobu-
lar septum with a lobular artery to then drain into an interlobular
vein. The latter thereafter passed over into a lobar vein.

In summary then, the cortex was characterized by a network
of numerous radiating capillaries, the outer medulla by a preponde-
rance of post-capillary venules (each with a perivascular space)
and fewer capillaries, and the inmer medulla by a preponderance of
veins and fewer arteries and capillaries.

Lymphatic capillaries were not found in the parenchyma of the
cortex and the outer zone of the medulla. However, they were of
frequent occurrence in the inner zone of the medullary region where
they originated. They then converged to form larger vessels. Each
large lymphatic vessel coursed, in company with a lobular artery
and vein, into an interlobular septum, thence passed over into a

lobar lymphatic vessel in one of the major lobar hila.

Spatial Distribution of Reticular-epithelial Cells in the Cortex:
In TPA preparations, under low power, the cortex of each thymic

lobule was lightly stained and was delimited peripherally by a TPA-
stained line which ran along the inner side of the capsule, septa
and septula. Throughout the cortical parenchyma intensely TPA~posi-

tive elements were widely scattered (Fig. 14).
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However, the TPA-stained line seen around the periphery of
the cortical parenchyma was found, under higher power, to corres-
pond to a continuous layer of flattened reticular-epithelial cells,
Such cells were interconnected by their elongate cytoplasmic pro=-
cesses and formed a continuous layer along the immer side of the
capsule, the two surfaces of the interlobular septa and of the intra-
lobular septula accompanying cortical capillaries (Figs. 15-18).

Most reticular-epithelial cells of the flattened type had a
flattened or low triangular nucleus. The latter contained one or
two round or oval, deeply TPA-positive nucleoli; the nucleoplasm
was pale and contained a few scattered small chromatin granulesj
the nuclear membrane was clearly visible, owing to the aggregation
of TPA-stained material on its outer surface. The cytoplasm of
these cells (with usually very little affinity for most stains) was
stretched into extensions which their intensely TPA-stained tono-
fibrils rendered distinct (Figs. 16-18).

Some of the reticular-epithelial cells of this type possessed
a larger, triangular or oval nucleus, which protruded into the
cortical parenchyma (Fig. 17). They were often found in pairs in
which the two nuclel were contiguous,

The reticular-epithelial cells of the flattened category also
constituted a continuous sheet investing perivascular connective
tissue spaces surrounding lobular veins traversing the cortex singly

(Fig. 19) or in company with a lobular artery and typical lymphatic
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vessels(Fig. 16)s Occasionally, they delimited compartments or
"eortical pockets" occupied mainly by small lymphocytes and loca-
ted at the periphery of the lobule right along the interlobular
septa (Fig. 21). When traced through serial sections, such pockets
were found to end blindly. They also formed a continuous lining
along the occasional pericystic spaces,

In all these locations, the flattened reticular-epithelial
cells, excepting those outlining the portions of the small peri-
pheral compartments which were contiguous with the cortical paren-
chyma, always rested upon a thin, uninterrupted membrane or extra-
cellular reticulum fiber, which stained with silver and PA-Schiff.
The cortical stroms itself was formed by a small amount of argy-
rophilic fibers, most of which were associated with cortical ca-
pillaries. Thus, the flattened reticular-epithelial cells formed
a continuous layer resting upon a thin, uninterrupted extracellular
reticulum fiber and clearly demarcating the cortical parenchyma
from the neighboring.connective tissue (be it infiltrated with
lymphocytes or not). Figures of diapedesis were very seldom obser-
ved across the epithelial sheet.

In the intervening space, the reticular-epithelial cells were
stellate in shape. They represented the avidly TPA-stained elements
seen, under low power (Fig., 14), in the cortical parenchyma. The
nucleus of the cells of the stellate type contained 2 to 4 intensely
TPA-positive, sharply defined nucleoli; the nuclear membrane was
smooth and avidly stained with TPA (Fig. 20). The stellate appea-

rance of these cells was due to their slender, elongate cytoplasmic
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processes which their TPA-stained tonofibrils rendered visible.
However the amount of demonstrable tonofibrils cont#ined within
each cytoplasmic extension was so scanty that the latter could not
be seen throughout its length (Fig. 20). Like the flattened reti-
cular-epithelial cells, those of the stellate variety were often
found in pairs in which the two nuclei were in close contact with
each other (Figs. 18 and 20).

In the cortical parenchyma the stellate reticular-epithelial
cells were connected by their slender cytoplasmic extensions, not
only to each other but also to those of the flattened type (Figs. 17

and 20). They constituted a loose network containing densely packed
lymphoid cells in its meshes (Figs. 15, 20, 34).

Spatial Distribution of Reticular-epithelial Cells in the Medulla:

In TPA preparations, under low power, two zones could be rea-
dily identified in the medulla: a peripheral dark zone (for which
the term "outer medulla" was proposed) and a central paler zone
(referred to as "inner medulla"), The outer medulla was characte-
rized by an abundance of avidly TPA-stained elements in its paren-
chyma, while the inner medulla was completely devoid of such elements
and clearly delimited from the outer medulla by a TPA-positive line
(Figs. 14, 22-24),

The cytological features and spatial distribution of the reti-
cular-epithelial cells in both the outer and inner medulla will now

be described.
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A) Outer medulla.

The TPA-gtained elements seen, under low power, in the outer
medulla (Figs. 14, 22-24) corresponded to five types of reticular-
epithelial cells that could be identified by their cytological
characteristicss flattened, irregularly stellate, multibranched,
hypertrophic and degenerating types.

The flattened reticular-epithelial cells of the outer medulla
were morphologically identical to those of the cortex. As in the
cortical area, they formed a continuous layer wherever they borde-
red upon tissue, namely along the intralobular septula accompanying
outer medullary capillaries and on the outer surface of the perivas-
cular connective tissue spaces surrounding post-capillary venules,
lobular blood and lymphatic vessels as well as occasional pericystic
spaces in this zone (Figs. 25-27, 32, 43, 51). They also formed a
continuous sheet at the limit between outer and inner medulla (Figs.
22-24, 34). Like in the cortex, this layer of flattened epithelial
cells rested upon a continuous extracellular reticulum membrane or
fiber, which stained with silver and PAS (Figs. 28 and U44), except
at the boundary between outer and inner medulla where this fiber
was found to be discontinuous, or even absent (Figs. 35-38). It
is noteworthy that the outer medulla contained more argyrophilic
fibers than the cortex (Figs. 36 and 38).

The reticular-epithelial cells of the irregularly stellate
type were the most abundant reticular cells of the outer medulla.

They differed from the stellate reticular cells in that they were
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more irregular in form, their nucleus was usually elongated and
seldom contained a few ill-defined nucleoli, their cytoplasm was
more voluminous and was sent into extended cytoplasmic processes
particularly rich in tonofibrils rumning parallel to the long axis
of the cell or cytoplasmic processes (Figs. 24=26).

Not infrequently, some widely scattered, reticular-epithelial
cells of the irregularly stellate category appeared to contain more
TRPA-positive tonofibrils around their nucleus and in their cyto-
plasmic processes (Fig. 32). Occasionally, the cytoplasm of such
cells was sent into numerous ramifying branches and was so rich in
TPA-staining material that all other cytoplasmic components Were
obliterated. As a results the whole "multibranched" cell, with its
dendrite-like processes, assumed the appearance of a large neuro-
glial cell impregnated with silver.

In the parenchyma of the outer medulla, the reticular-epithe-
lial cells of the irregularly stellate type, together with the occa-
sional multibranched one, adhered tightly to each other by their
branching cytoplasmic processes rich in tonofibrils and constituted
a dense meshwork, in the small interstices of which loosely packed
lymphoid elements accumulated (Figs. 22-26). At the cortico-medul-
lary junction, they were connected to the more regularly stellate
epithelial cells of the cortex (Fig. 34). No membrane or network
of fibers were observed between cortex and outer medulla., These
epithelial cells were also linked by their cytoplasmic extensions

to the flattened reticular-epithelial cells of this zone (Figs. 25-27).
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In the cellular reticulum, or ¥cytoreticulum", of the outer
medulla, reticular-epithelial cells of the hypertrophic type were
often observed. They were relatively large and rounded with a few
blunt cytoplasmic processes. Their nucleus was large and usually
oval in shape and contained 1 to 3 distinct nucleoli. In the nucleo=-
plasm, the chromatin granules were more clumped. Their cytoplasm
was plump and was characterized by the presence of numerous small
PAS-positive granules of uniform size and of a scanty amount of
TPA-staining tonofibrils which formed a thin rim under the cell
limit (see Fig. 30). Despite these cytological alterations, these
hypertrophic cells remained contiguous with the other cells of the
outer medullary network, adhering tightly to them by their few
short cytoplasmic extensions (Fig. 30).

Moreover, the reticular-epithelial cells of the hypertrophic
type were often seen to undergo degeneration. Indeed, they were
often found in association with reticular-epithelial cells in dif-
ferent stages of the Adegenerative process, In TPA-PAS preparations,
the nucleus of a degenerating reticular-epithelial cell first enlar-
ged and then became vacuolated. Concomitantly, the PAS-positive
cytoplasmic granules increased in number and eventually coalesced
to form a single large, PAS-positive, colloid-like inclusion or
Yintracellular cyst” (Fig. 29). The latter progressively augmented
in size until it filled the entire cell, thus obliterating the nucleus
and transforming the whole cell into an amorphous mass or "inter-

cellular cyst" reacting positively to the PAS technique (Fig. 30).
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Such hyaline degenerative changes usually occurred simulta-
neously in one or more contiguous hypertrophic reticular-epithelial
cells., These degenerating epithelial cells appeared to be trans-
formed eventually into the primary and central elements of Hassall's
corpuscles in formation. Such newly formed corpuscles were oval
structures consisting of one or two hyalinized reticular-epithelial
cells surrounded by a group of flattened epithelial cells massed
together in a more or less irregular fashion (Fig. 31). The reti-
cular-epithelial cells near the hyaline central core showed signs
of deposits of numerous TPA-positive tonofibrils closely associated
with keratohyalin-like granules; their nuclei were pale, displayed
fine chromatin granules along the nuclear membrane, and contained
one or two nucleoli (Fig. 31). Some of these deep cells had lost
their nuclei and had become transfdrmed into avidly TPA-stained
fibrillar areas. The peripheral epithelial cells of these cor-
puscles were spindle-shaped and possessed large nuclei with finely
dispersed chromatin and one or two nucleoli; the most superficial
ones were connected by their cytoplasmic processes rich in tonofi-
brils to the other cells of the outer medullary cytoreticulum (Fig. 31).

In well-developed Hassall's corpuscles, the central core of A
the Hassall's corpuscle had enlarged and contained cellular debris
as well as nuclear outlines of reticular-epithelial cells and lym-
phocytes, suspended in a PAS-positive, colloid-like substance (Figs.
32 and 33). More spindle~shaped peripheral epithelial cells had been

added from the cellular network and had molded themselves to the
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sides of the central core with their long axis conforming to the
circumference of a circle, thus producing a lamellar structure and
yielding a concentric pattern.(Figs. 32 and 33). The peripheral
cells near the central core presented evidence of degeneration
(deposits and fragmentation of tonofibrils, accumulation of kera-
tohyalin-like granules), while the most superficial ones often ex-
tended cytoplasmic processes which diverged from the main body to
become continuous with one or more cells of the outer medullary net-
work. It is noteworthy that deposits of tonofibrils increased as
one progressed from the center of the corpuscle towa—i its periphe~
ry (Figs. 32 and 33).

As new epithelial cells were added to the periphery of the
corpuscle, its central portion becamermore compact, so that often
it had the appearance of a solid homogeneous, PAS-positive hyaline
mass, without any remnant of cellular detail. No argyrophilic fibers
or fibroblasts were found in association with Hassall's corpuscles
at any stage of development.

B) Inner medulla.

In TPA preparations, no true reticular-epithelial cells with
TPA-positive tonofibrils were recorded in the inner medulla (Figs. 14,
22-24), This zone, however, was clearly demarcated from the outer
medulla by a continuous layer of flattened reticular-epithelial cells.
It was characterized by the presence of numerous collagen and reticu-
lar fibers, which stained negatively with TPA and were associated
with some fibrocyte nuclei. It was pale and was more heavily in-

filtrated with lymphocytic elements than the outer medulla (Figs. 35-39).
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Furthermore, it contained numerous mast cells, whose cytoplasmic
granules were rendered visible by counterstaining TPA-stained sec-
tions with toluidine blue or PA-Schiff.

Of extremely rare occurrence in the inner medulla were multi-
nucleate giant cells (Fig. 52). The latter were found exclusively
in the immer medulla and contained 10 to 14 nuclei disposed in a
circle and giving a doughnut appearance to the cell. These nuclei
were round to oval in shape and were characterized by a few scat-
tered, small chromatin granules, a sharphy defined spherical or oval
prominent nucleolus, and a thick intensely TPA-stained nuclear mem-
brane, Their voluminous cytoplasm was unstained with TPA and appea-
red to be completely devoid of visible fibrillar elements.

The imner medulla was richly vascularized. It was characte-
rized by a preponderance of post-capillary venules and veins and
fewer arteries and capillaries. It also contained plexuses of typi-
cal efferent lymphatic vessels in close association with the arterial
channels (Figs. 39, 40, 61).

In silver preparations, under low power, the inner medulla
could be easily distinguished from the other zones of the thymic
lobule (Figs. 35-39). First, it was dark owing to the fact that
it was more heavily infiltrated with lymphocytes than the outer me-
dulla, but the concentration of lymphocytic elements was slightly
lower than that in the cortex. It followed that the inner medulla
was not as darkly stained as the cortex. Secondly, the inner me-
dulla contained much more argyrophilic fibers than the outer medul-

1a and the cortex. In addition, this inner zone of the medullary
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region was not delimited, in silver preparations, from the outer
medulla by a continuous argyrophilic membrane or extracellular re-
ticulum fiber:s.

When followed in serial sections in TPA or silver preparations,
the inner medulla was found to be continuous with the perivascular
spaces surrounding post-capillary venules in the outer medulla,
These perivascular spaces contained the same cellular and connective
tissue elements as the inner medulla itself., They were always sepa-
rated from the outer medullary parenchyma by a continuous layer of
flattened reticular-epithelial cells, which blended imperceptibly
with the layer demarcating outer from imner medulla. Unlike the
latter, the layer delimiting perivascular spaces rested upon a con-
tinuous membrane, which stained with silver or PAS (Fig. 28). As
the perivascular spaces were nothing but a prolongation of the inner
medulla around the post-capillary venules of the outer medulla, the
continuous PAS-positive membrane or argyrophilic extracellular reti-
culum fiber was missing where the perivascular spaces passed into
the inner medulla (Figs. 35-38).

The study of serial sections of thymus also revealed that the
inner medulla extended through the outer medulla and cortex of the
thymic lobule, to become continuous with an interlobular septum, in
the form of a sheath or perivascular space around lobular blood and
lymphatic vessels traversing these two zones (Figs. 41-U4). Like
the outer medullary perivascular spaces, those surrounding lobular
blood and lymphatic channels were delimited by a layer of flattened

reticular-epithelial cells resting upon a continuous argyrophilic
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membrane., However, the reticular fibers within these spaces tended
to be disposed in concentric layers separated by rows of lymphocy-
tes (Figs. W42-l4),

In _summary then, the imner medulla is essentially a very irre-
gular connective tissue space, which is richly vascularized and cha-
racterized by an abundance of argyrophilic fibers. It is heavily
infiltrated with lymphocytes and is continuous with the perivascular
spaces surrounding post-capillary venules in the outer medulla and
lobular blood and lymphatic vessels as well as occasional cystic
and duct-like spaces in their course through the outer medulla and
cortex. It is coutinuous with the interlobular septa and completely
devoid of true reticular-epithelial cells, but is clearly demarcated
from the other zones of the thymic lobule by a continuous layer of
flattened reticular-epithelial cells, which may or may not rest upon

a continuocus membrane or extracellular reticuvlum fiber.

Cystic and Duct-like Spaces in the Thymus:

If there were no true reticular-epithelial cells in the inner
medulla, solid nests or masses of epithelial cells with TPA-stained
fibrils were not infrequently encountered in this zone (Fig. 45).
However, when such epithelial nests or masses were traced through
serial sections, they were found to be tangentially cut branching
cystic and duct-like spaces, which ended blindly (Figs. 46 and 47).

Some of these cystic structures occurred in close proximity
to the boundary between outer and inner medulla, so that they ap-

peared to be continuous with the outer medullary cytoreticulum.
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The walls of this type of cysts contained as predominating elements
numerous epithelioid cells, most of which were spherical in shape
(Fig. 47). The nucleicof these epithelial cells were usually excen=-
tric in position and had a few marginal fine chromatiﬁ granules with
a sharply defined prominent nucleolus and an intensely TPA-stained
nuclear membrane. Their cytoplasm was granular and generally TPA-
negative., Some epithelial cells in the cyst walls possessed irre-
gularly shaped nuclei and some avidly TPA-positive fibrillar ele~
ments in their cytoplasm (Fige 47). A small number of lymphocytes
were sometimes found between these epithelial cells. The lumen of
these cystic structures was £i1led with a homogeneous colloid-like
material, which reacted positively with PAS.

The second and most characteristic type of cystic spaces were
lined by a unilayer of cuboidal or columnar ciliated cells, whose
cilia and basal bodies stained avidly with TPA (Figs. 50 and 51).
These cysts were sometimes bordered in part by ciliated epithelial
cells and in part by non-ciliated ones (Fig. 50). In some instances,
a cyst was lined exclusively by non-ciliated cuboidal cells, which
were characterized by a TPA-positive terminal web which extended
across the apical cytoplasm immediately below the cell membrane to
insert into TPA-stained terminal bars circumsceribing the cell apices
and a lateral web running down the Jateral cell walls (Fige u6).

The content of the lumen of these cystic structures was very varia-
ble. The lumen was usually filled with a PAS-positive colloid-like

substance, portions of which contained small and large vacuoles,




8l,

giving it a net-like appearance, while other portions were granular
in texture. Not infrequently, the lumen was occupied by a large
number of normal and degenerated lymphocytes, which were suspended
in a colloid-like substance (Figs. 50 and 51). These cysts were
often accompanied by duct-like spaces lined by a simple cuboidal
epithelium (Fig. %6).

The cysts of the second type were found to branch and to ex~
tend from the inner medulla of one lobule to that of neighboring
ones by passing through the axial pedicle or stem of thymic tissue
linking together the parenchyma of adjacent lobules. Furthermore,
these cysts were traced in the outer medulla and the cortex, in
company with lobular blood and lymphatic vessels, ensheathed in a
perivascular connective tissue space, i.e., 2 prolongation of the
inner medulla toward the periphery of the thymic lobule., There-
fore, they also occurred in interlobular septa (Fig. 51).

TSy, typical thymic cyst and duct-like spaces were limited
to the territory of the inner medulla and never occurred in the
parenchyma of either the cortex or outer medulla, The "intracellular"
and "intercellular cysts" observed in the cellular reticulum of the
outer medulla were structures arisen from degenerating reticular-

epithelial cells of the hypertrophic type.

Mitoses of Reticular-epithelial Cells:

Some reticular-epithelial cells, which showed a cytoplasm well
outlined by TPA-stained tonofibrils, were found in mitosis (Fig. 53).

After injection of 3H-thymidine, the radiocautographs revealed that
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about 2% of the tonofibril-containing reticular-epithelial cells
were heavily labeled (Figs. 54 and 55). However, the great majori-

ty of labeled reticular cells were recorded in the outer medulla.

SUMMARY OF OBSERVATIONS ON THE THYMUS OF ADULT RATS

The present work revealed that there were two distinct com-
partments in the thymic lobule: an epithelial compartment and a
connective tissue compartment (see Fig. 62). In the epithelial
compartment which was found to comprise the cortex and the outer
medullary zone (for which the name Youter medulla® was proposed),
the reticular-epithelial cells with cytoplasmic tonofibrils formed
a continuous lining along the following structures:

1) the capsule;

2) the interlobular septa;

3) the intralobular septula accompanying blood capillaries;

4) the inner medulla and its extensions in the form of peri-

vascular connective tissue spaces surrounding:

(2) post-capillary venules in the outer medulla,

(b) lobular blood and lymphatic vessels as well: &5
occasional thymic cysts and duct-like spaces in
the outer medulla and cortex.

In the parenchyma, these reticular-epithelial cells were found to
constitute a supporting network, loose in the cortex and denser in

the outer medulla, enmeshing lymphocytic cells,
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The connective tissue compartment was demonstrated to con-

sist of two main components, i.e., the inner medulla and its pro-
longations toward the periphery of the thymic lobule which were
designated "perivascular connective tissue spaces', This com-

partment was characterized by the absence of reticular-epithelial

cells, but contained numerous argyrophilic fibers which served as

a supporting framework. It was also found to be heavily infiltra-

ted with lymphocytes.
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APPENDIXs OBSERVATIONS ON EMBRYONIC AND NEONATAL THYMUS

The epithelial nature of the reticular-epithelial cells, as
indicated by their desmosome-cell web component, has frequently
been taken to be a reflection of the fact that the thymic anlage
arises from the endoderm (or ectoderm?) forming the lining of the
third pharyngeal pouch (Beard, 1902; Hammar, 1905; Maximow, 19093
Norris, 1938; and others). In view of this, it was of interest
to determine, with the help of the TPA technique, the early time
of appearance of the cells containing TPA-positive cell web mate-
rial, The following chapter is a brief description of the obser-
vations made on the distribution of reticular-epithelial cells
with demonstrable tonofibrils in the embpyonic and early postnatal

thymus,.

13~day-old Embryos:
At the thirteenth day of embryonic development, the thymic

anlage was still associated with the parathyroid, forming bilateral
common thymus-parathyroid epithelial complexes, each being non-vas-
cularized and surrounded by a delicate continuous basement membrane,
which stained with silver and PAS, The thymus and parathyroid por-
tions of the epithelial complex on each side were easily distin-
guished in PAS-toluidine blue preparations (Fig. 63). The epithelial
cells of the parathyroid portion were filled with PAS-positive gra-
nules which were digested by the alpha-amylase of saliva and were

therefore glycogen granules, while the cells of the thymus were
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essentially devoid of glycogen.

In TPA preparations, reticular-epithelial cells with demons-
trable tonofibrils were not recognizable in the thymus at this stage
of embryonic development. The thymic cells were essentially "undif-
ferentiated" conical epithelial cells with a pale-staining, round
or oval nucleus containing scant amount of chromatin and a sharply
defined spherical or oval nucleolus. These cells were arranged in
acinar configuration about the remnant of the primitive pharyngeal
duct (Fig. 64). The residual lumen of the latter, however, was lined
by columnar epithelial cells which had the same nuclear characteris-
tics asithe other thymic cells, but which contained a delicate TPA-
stained terminal bar-terminal web complex (Fig. 64). The thymic
anlages of the two sides were not always at the same stage of deve-
lopment, When traced through serial sections, the thymus of one
side sometimes contained a few lymphoblasts, which possessed nuclei
with a typically large, irregular, central nucleolus, while that of

the other side was devoid of such cells,

14-15-day-o0ld Embryos:

By the fourteenth to the fifteenth day of embryonic develop-
ment, the thymic anlages of the two sides had approximated each other
in the midline, and lobulation of the thymic surface had occurred
(Figs. 65 and 66). Several small, endothelial lined vascular chan-
nels had begun to extend from the capsule into the thymus (Fig. 66).

The penetrating vessels accompanied by a few mesenchymal cells were
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always separated from the thymic parenchyma by a delicate unine-
terrupted membrane, which stained with silver and PAS. A few deli-
cate reticular fibers could be observed in the parenchyma.

There was a marked increase in PAS-reactivity owing to an
over-all glycogen increase in the thymus, However, no reticular-
epithelial cells with visible TPA-positive tonofibrils could be dis-
tinguished, While numerous lymphoblasts were present, the thymus

had not yet assumed a lymphoid character,

16-19-day-old Embryos:

By 16-17 days of gestation, in PAS-toluidine blue preparations,
a small, pale-staining region constituting an early medulla was ob-
served,under low power, in the more central portion of the thymus
in close association with the vascular network (Fig. 69). It con-
sistéd exclusively of reticular-epithelial cells, some of which
contained PAS-positive material in their cytoplasm. As shown in
Figure 69, it is noteworthy that the first medulla developed in close
association with an interlobular septum,.

In TPA preparations, the reticular-epithelial cells of the
early medulla were provided with a large amount of strongly TPA-po-
sitive tonofibrils (Figs. 67 and 68), Associated with the latter
were avidly TPA-stained intracytoplasmic granules of varying sizes
and shapes, which exhibited the same morphological characteristics
and staining properties as keratohyalin-like granules observed in
adult thymuses (Fig. 68). In fact, this medullary region was alrea-

dy the site of Hassall's body formation. However, reticular-epithelial
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cells with demonstrable tonofibrils were lacking in the remainder
of the thymic parenchyma, in which large lymphocytes were evident
and medium and small lymphocytes were present in relatively large
numbers.

As growth continued through the 19th day of embryonic deve-
lopment, the morphology of the thymus was essentially the same as
that described for the 16-17-day-old embryos. The medulla was com-
posed of tonofibril-containing reticular-epithelial cells and a few

lymphoid elements.

20 Days Prenatal - 1 Day Postnatal Rats:

In the perinatal period, the medulla had developed tremendous-
1y, while the cortex showed a lesser degree of development. The
medullary region contained, in addition to Hassall's corpuscles, an
abundance of tonofibril-containing reticular-epithelial cells arran-
ged in groups or forming a dense meshwork, in the small interstices
of which large, medium and small lymphocytes accumulated. This
region was richly vascularized. In the cortex, no reticular cells
with demonstrable tonofibrils could be observed, Moreover, it was
in this period, that mediastinal lymph nodes made their appearance

on each side of the thymus.

2 Days Postnatal Rats:

By the second day of postnatal life, two zones, namely a thin
and pale subcapsular zone and a broader and darker deep zone, could

be easily distinguished in thq thymic cortex in PAS-toluidine blue
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preparations (Fig. 70). The subcapsular portion of the cortex was
thin with a diffuse border toward the deep cortex. It was domina-
ted by reticular cells and immature lymphoid cells with a high
mitotic activity, the cell density nevertheless being greater than
that in the medulla. Contrasting with this pale-staining, thin,
subcapsular zone, the deep cortex was broad and dark, owing to the
abundance of small lymphocytes, and showed a sharp border against
the medulla.

In TPA preparations, under low power, the medulla and deep
cortex were more darkly stained than the subcapsular, mitosis-rich
zone, because they were dominated by anastomosing reticular-epithe-
1ial cells containing delicate TPA-positive tonofibrils. Reticular
cells with visible tonofibrils could not be identified in the light

subcapsular cortex,

3-5 Days Postnatal Rats:

In 4-day-old rats, the subcapsular cortex had disappeared, the
histological picture being relatively more uniform throughout the
cortex., By the fifth day of postnatal life, the cortex had increased
in size, and reticular-epithelial cells rich in TPA-stained tonofi-
brils were visible throughout medulla and cortex but were not appa-

rent along the capsule, interlobular septa and intralobular septula.

6-7 Days Postnatal Rats:

In 6-day-old rats, the thymic cortex was broader than the me-

dulla, and reticular-epithelial cells with demonstrable tonofibrils
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were still not recognizable where the thymic parenchyma bordered
on connective tissue, However, by the seventh day of postnatal
life, the morphology of the thymus, in regard to the distribution
of tonofibril-containing reticular-epithelial cells, was essential-

1y the same as that described for the thymus of adult rats.

Summary of Observations on the Embryonic_and Neonatal Thymuss
In surmary.then, the appearance of reticular-epithelial -cells

with demonstrable tonofibrils, some of whieh showing signs of dege=-
neration, coincided with early medulla formation by the sixteenth
day of embryonic development. In fact, at this stage of develop~-
ment, the medulla was already the site of ﬁassall's body formation.
As growth continued throﬁgh the first day after birth, tonofibril-
containing reticular-epithelial cells were confined to the territo-
ry of the now well-developed medullary region, in which they accu-
mulated into Hassall's corpuscles #nd were anastomosed by their
cytoplasmic extensions to constitute a dense meshwork. It was only
by the second day of postnatal life that reticular-epithelial cells
with delicate TPA-stained tonofibrils were seen in the deep cortex
of the thymus, which was easily distinguishable from the thin, mi-
tosis-rich, less differentiated subcapsular area., With time, these
cells became gradually more apparent in the peripheral portion of
the cortex and along the connective tissue capsule, septa and sep-
tula, until each thymic lobule, by the seventh day of postnatal life,
showed a histological picture similar to that obtained in the thymus |

of adult rats.



Fig. 12

Fig. 13

Fig., 14

Cross section of rat thymus. The connective tissue
1ine which crosses the thymus in the center (arrow)Ase-
parates right and left lobes, Similar, though shorter
lines across the parenchyma are the interlobular septa
which subdivide each lobe into lobules, Some septay as
can be seen, in the lobe on-the right, do not completely
severe the lobule, so that the parenchyma of one lobule
is continuous with that of neighboring ones. The paler
areas are the medulla which are surrounded by dark cortex.
Elastic arteries may be seen below and mediastinal lymph
nodes at the left side.

Carnoy fixation and silver (x10).

Thymus., Portion of 2 lobule comprising a dark cortex
and a paler medulla.

Carnoy fixation and silver

Thymus. Portion of a lobule showing (going from left
to right) cortex (C), outer medulla (OM) and inner me-
dulla (IM). Two arrows point to a thin darkly stained
under the unstained capsule. Note widely scattered, in-
tensely stained elements in cortex (C). Such elements
are numerous in outer medulla (OM) and absent in inner
medulla (IM). A stained line separates outer medulla (OM)
from inner medulla (IM).

Carnoy fixation and TPA (x225).
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Fig. 15

Fig. 16

Fig, 17

Thymus. An interlobular septum (IS) containing a blood
vessel (BV) is completely delimited from the cortex (¢)
by a continuous layer of flattened reticular~epithelial
cells, The arrow points to the nucleus of a flattened
reticular-epithelial cell. Note the presence of inten~
sely stained fibrillar material in the endothelial cells
of -the blood vessel (BV)

Carnoy fixation and TPA (x640).

Thymus. An interlobular septum (IS) or large peri-
vascular space infiltrated with pale-staining lymphocytes
and containing a vein (V) and an artery (A) is completew
1y demarcated from the cortex (C) on each side by a conti-
nuous layer of flattened reticular~epithelial cells,

The 3 arrows pointto the nuclei of the cells.

Carnoy fixation and TPA (%550}

Thymus. An interlobular septum {IS) with TPA-negative
collagenous fibers:and two well-stained fibrocyte nuclei
is separated from the cortex (C) on each side by a conti-
nuous layer of flattenmed reticular-epithelial cells with
elongated or low triangular nuclei. The arrows points te
a comnection between a flattened and a stellate reticular-
epithelial cell. Note that the nucleclus of the stellate
cell is very prominent.

Carnoy fixation and TP& {x1160},
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Fig. 19

Fig. 20

Thymus Cortex. Two capillaries (CP) surrounded by a
continuous layer of intensely stained, flattemed reti-
cular-epithelial. cells are visible. The arrow points
to two stellate reticular-epithelial cells whose nuelei
are present in pair.

Carnoy fixatior and TPA (x1320).

Thymus Cortex. A lobular vein (LV) is surrounded by
a perivascular space (PS) which is completely demarca-
ted from the surrounding cortex by a continuous layer of
flattened reticular-epithelial cells containing deeply
stained torofibrils (arrow).

Carnoy fixation and TPA (x1320).

Thymus Cortex. Widely scattered among the pale-staining
lymphocytes are well-stained stellate reticular-epithelial
cells containing 1 to 3 nucleoli. The nuclei and the long,
slender cytoplasmic processes of these cells are also vi-
sible. The processes are interconnected to form a loose
network emmeshing lymphocytes. The arrow points to a pair
of nuclei of two adjacent stellate cells.

Carnoy fixation and TPA (x630).
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Fig. 21

Thymus Cortex. Above the artery (A) with intensely
stained smooth muscle cells is a "cortical pocket" which
is completely delimited from the surrounding cortex abo-
be and the TPA-negative collagenous bundles of the inter-
lobular septum by continuous layer of flattened reticu-
lar epithelial cells (arrow).

Carnoy fixation and TPA (x550).







Fig. 22

Fig. 23

Fig. 24

Thymus Medulla. From left to right, the end of an
jnterlobular septum (IS) delineated by a well-stained
Jine and infiltrated with lymphocytes, a cortex (C) with
widely scattered, darkly stained elements, a dark outer
medulla (OM) with numerous dark elements, a lighter
inner medulla (IM), a dark outer medulla (oM), and a cor-
tex (C) may be seen in succession. The imner medulla
(IM) is surrounded by the outer medulla (oM).

Carnoy fixation and TPA (x130).

Thymus Medulla, The dark.outer medulla (OM) may be
feer)z to completely surround the lighter inner medulla
).

Carnoy fixation and TPA (x225).

Thymus Medulla. In the outer medulla (OM), the in-
tensely stained reticular-epithelial cells are intercon-
nected to form a dense network holding lightly stained
lymphocytes in its meshes. The lighter immer medulla (™)
is completely devoid of reticular-epithelial cells, con=-
tains large numbers of 1lymphocytes and is richly vascula-
rized. The arrow points to a blood vessel,

Carnoy fixation and TPA (x550).
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Fige 25 -

Fig. 26

Fig. 27

Thymus Outer Medulla. Two post-capillary venules
(v) are completely surrounded by perivascular spaces
(PS). The latter are clearly demarcated by a layer
of darkly stained, flattened reticular-epithelial
cells showing connections (arrow) with the irregu-
larly stellate reticular-epithelial cells of this
zone,

Carnoy fixation and TPA (x880).

Thymus Outer Medulla, A post-capillary venule (v)
is surrounded by a perivascular space (PS). The
latter is delineated by a layer of intensely stained,
flattened reticular-epithelial cells. This layer,
however, is missing below, toward the pale-staining
zone which corresponds to the inner medulla. The
arrow points to a comnection established between a
flattened epithelial cell of the layer and the cellu-
lar reticulum of this zone., Note the dense network
formed by the reticular-epithelial cells,

Carnoy fixation and TPA (x640).

Thymus Outer Medulla. A venule (V) can be seen at
the limit between outer medulla (OM) and inner medul-
la (IM). It is surrounded by a perivascular space
(PS) which merges above with the inner medulla (IM).
Note that the layer of reticular-epithelial cells
delimiting the space is missing (arrow) on the inner
medulla (IM) side where the PS becomes continuous
with it.

Carnoy fixation and TPA (x1200).
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Fig. 28

Thymus Outer Medulla. A perivascular space (PS)
rich in argyrophilic fibers surrounds two blood
vessels (BV). The arrow points to the continuous
membrane or reticulum fiber demarcating the space
from the surrounding tissue.

Carnoy fixation and PA-silver (x400).
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Fig. 29

Fig.30

Thymus Outer Medulla, The pale-staining nucleus
(N%mgf a degenerating reticular-epithelial cell is
clearly visible. In the cytoplasm of this cell, a
single, large, PAS-positive inclusion (vertical
arrow) is present, The horizontal arrow points

to a TPA-stained tonofibril under the-cytoplasmic
membrane of this cell.

Carnoy fixation and TPA-PAS (x1120).

Thymus Outer Medulla. An irregularly stellate
reticular-epithelial cell (1) containing TPA-stai-
ned tonofibrils (arrow) is linked to a large, roun-
ded, hypertrophic reticular-epithelial cell (2).
The latter is characterized by a vacuolated nucleus
with chromatin clumps and by a cytoplasm containing
fine PAS-positive granules of uniform size and a
thin rim of TPA-positive fibrils under the cyto-
plasmic membrane, To the left of this cell (2), a
large mass of PAS-positive material (3) is visible
and represents a degenerated reticular-epithelial
cell which is still attached to the other cells of
the outer medullary cellular reticulum,

Carnoy fixation and TPA-PAS (x1200).
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Fig. 32

Fig. 33

Thymas Quter Medulla. Two small Hassall's corpus-
cles (H) are visible. The corpuscle on the upper
left corner displays a pale-staining center sur-
rounded by processes of reticular-epithelial cells
rich in TPA-stained tonofibrils showing fragmen-
tation (1) near the central core. In the other
corpuscle the nuclei of the concentrically arran-
ged epithelial cells rich in tonofibrils are visi-
ble. Note the connections (2 and 3) between the
cells in the wall of the corpuscle and those of
the outer medullary cellular reticulum. Note also
an intensely stained, keratohyalin-like granule
below and near the corpuscle.

Carnoy fixation and TPA (x880).

Thymus Outer Medulla. A Hassall's corpuscle (H)

is seen with a large central core containing dege-
nerating cell nuclei and surrounded by concentric
layers of tonofibril-containing reticular-epithelial
cells. A capillary (Cp) surrounded by a layer of
flattened epithelial cells is also visible. The
arrow points to a darkly stained, stellate reticular-
epithelial cell.

Carnoy fixation and TPA (x570).

Thymus Outer Medulla. A large Hassall's corpuscle
(H) is visible. Its central core contains a cres-
cent-shaped nucleus of a degenerating epithelial cell
above which are some degenerated lymphocyte nuclei.
The core is surrounded by concentric layers of TPA-
stained epithelial cells. The most peripheral cells
seem to contain more TPA-stained material than the
more central ones and send out processes (arrow)
toward similar cells of the cellular reticulum,

Carnoy fixation and TPA (x1200).







Fig, 34

Drawing showing the distribution of TPA-stained
reticular-epithelial cells in the cortex and
outer medulla of the thymic lobule (Description
given in P. 85). '
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Fig. 35

Fig. 36

Thymus. This shows a portion of a thymic lobule.
The dotted line delineates the inner medulla (IM)
from the surrounding outer medulla (OM) and darkly
stained cortex. Note that the immer medulla (IM)
extends through the outer medulla (OM) into the
dark cortex. Note also that the immer medulla (IM)
stains more intensely than the outer medulla (OM),
owing to its greater concentration of lymphocytes.
The asterisk is ihothe lumen of a blood vessel
which is seen in Fig. 36 at a higher magnification.

Carnoy fixation and PA-silver (x75).

Thymus, This is a higher power view of a portion
of the medullary region seen in Fig. 35. It is
evident that the inner medulla (IM) contains more
lymphocytic cells and more argyrophilic fibers than
the outer medulla (OM)., Note that no continuous
argyrophilic membrane separates outer from inner
medulla, However, the portion of the inner medulla
(IM) which extends into the outer medulla (oM) is
clearly delineated by an uninterrupted argyrophilic
membrane (arrows).

Carnoy fixation and PA-silver (x250).
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Fig. 37

Thymus. This shows a portion of a thymic lobule.
The dotted line demarcates the irmer medulla (M)
from the outer medulla (OM). Note that the inner
medulla (IM) is almost as darkly stained as the
cortex. Note also that the immer medulla (M)
crosses the outer medulla (OM) and penetrates the
dark cortex. The asterisks are located in the
lumina of blood vessels which are seen in Fig. 38
at a higher magnification.

Carnoy fixation and PA-silver (x75) .

Thymus. This is a higher power view of the medul-
lary region seen in Fig. 37. Again the inner medul-
la (IM) can be seen to contain more lymphocytes and
argyrophilic fibers than the neighboring outer me-
dulla (OM). Note that an uninterrupted argyrophilic
membrane or fiber (arrows) delimits the inner medul-
1a (IM) where it crosses the outer medulla (OM).
Such a membrane is absent elsewhere,

Carnoy fixation and PA-silver (x250).
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Fig. 39

Fig. 40

Thymus. This shows a portion of a thymic lobule.
The dotted line demarcates the immer medulla (IM)
from the surrounding outer medulla (OM) and darkly
stained cortex. The arrow in the inner medulla
(IM) points to a typical lymphatic vessel., Note
that the inner medulla (IM) of one lobule is con-
nected to that of neighboring ones by an axial
pedicle or stem of inner medullary tissue richly
provided with argyrophilic fibers.

Carnoy fixation and PA-silver (x70).

Thymus, This is a higher power view of the lym-
phatic vessel (LyV) seen in the inner medulla in
Fig. 39. Such a vessel is endothelium lined
(arrows) and usually accompanies an inner medullary
arterial channel (A). The lumen of the lymphatic
vessel in the inner medulla is filled with lympho-
cytes, and its wall is closely associated with a
dense network of argyrophilic fibers.

Carnoy fixation and PA-silver (x570).
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Fig. 41

Thymus, A lobule is shown under low power., The
pale-staining medulla is surrounded by the dark
cortex. The asterisk is in the lumen of a longi-
tudinally sectioned lobular vein which extends
from the medullary region, through the dark cortex,
into an interlobular septum.

Carnoy fixation and PA-silver (x65).










Fig. 42

Thymus. This shows a higher power view of the
same lobular vein seen with the asterisk in Fig. 4.
The lobular vein (LV) is seen to extend from the
medullary region (M) into an interlobular septum
(Is)). A perivascular space (PS)), delimited from
the cortical parenchyma by a continuous membsane,
is visible on each side of the vessel., It merges
with the medullary tissue (M) which is characte-
rized by a network of argyrophilic fibers. The
latter, however, are arranged in two or three
concentric layers in the perivascular space (PS)
toward the periphery of the lobule., Note the pre-
sence of lymphocytic cells in the interlobular
septum (IS). When traced through serial sections,
such extralobular or septal lymphocytes were

found to fade out in the comnective tissue.

Carnoy fixation and PA-silver (x420).







Fige L|'3

Fig. W4

Thymus. An obliquely cut perivascular space (Ps)
is visible around a blood vessel (BV). This space
is continuous with an interlobular septum (Is) and
is completely delimited from the outer medulla (OM)
and the cortex (C) by an uninterrupted TPA-stained
line (indicated by arrows) representing a continuous
layer of flattened reticular-epithelial cells.

Carnoy fixation and TFA (x250).

Thymus., This shows the same field as in Fig. 43, but
impregnated with silver in an adjacent section. The
perivascular space (PS) contains concentrically dis=-
posed lamellae of argyrophilic fibers surrounding a
blood vessel (BV). This space is continuous with

an interlobular septum (IS) and is completely demar-
cated from the outer medulla (OM) and the dark cor-
tex (C) by an uninterrupted argyrophilic membrane
(indicated by arrows) on wWhich rests the epithelial
layer seen in Fige. 43.

Carnoy fixation and PA-silver (x250) .
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Fig. 45

Fig. 46

Fig. 47

Thymus Inner Medulla, This shows a large, solid
mass of epithelial cells containing TPA-stained
cytoplasmic fibrils in the inner medulla,

Carnoy fixation and TPA (x1200).

Thymus Inner Medulla, When the solid epithelial
mass seen in Fig. 45 was followed in serial sections,
it was found to represent a tangentially sectioned
duct-like space which is shown here in transverse
section. The lumen (Lu) of the duct usually contains
a TPA-negative, PAS-positive colloid-like substance
in which are suspended a variable amount of degene-
rating lymphocytic cells. The duct is usually lined
by cuboidal cells with a terminal bar-terminal web
complex {terminal bars are indicated by arrows).

The most peripheral cells in the wall of the duct are
epithelial cells rich in TPA-stained fibrillar mate-
rial.

Carnoy fication and TPA (x1200).

Thymus Inner Medulla. This shows another type of
cystic structures which are not infrequently encoun-
tered in the imner medulla. The lumen (Lu) usually
contains a TPA-negative, colloid-like substance.

The wall is formed by epithelioid rounded cells, some
of which contain TPA-stained fibrils (indicated by
arrows).

Carnoy fixation and TPA (x670).
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Fig. 48

Fig. L"9

Fig. 50

Thymus Inner Medulla. This shows a portion of the
inner medulla (IM) characterized by an abundance of
argyrophilic fibers. The arrows point to a cyst in
the inner medulla (IM).

Carnoy fixation and PA-silver (x120).

Thymus Inner Medulla, The dotted line delineates
the inner medulla (IM) in the central portion of a
thymic lobule., The inner medulla (IM) is readily
recognized by the absence of TPA-stained reticular-
epithelial cells, which are seen as darkly stained
elements in the neighboring outer medulla. The
arrows point to the wall of the same cyst seen in
Fig. 48, but in an adjacent TPA-stained section.

Carnoy fixation and TPA (%120).

Thymus Inner Medulla. This shows a higher power
view of the cyst seen in Fig. 49. Note that the
cyst is lined partly by cuboidal cells, and partly
by ciliated cells, The cilia with their basal bo-
dies are intensely stained. The lumen (Lu) of the
cyst contains normal and degenerating lymphocytic
elements.

Carnoy fixation and TPA (x550).
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Fig. 51

Fig. 52

Thymus. A cyst is visible in an interlobular sep-
tum with unstained collagenous bundles, The cyst
is lined partially by intensely stained ciliated
cells, and partially by cuboidal cells. Cellular
elements are identifiable in its lumen. Note that
the interlobular septum is completely demarcated
from the surrounding cortex (C) and outer medulla
(oM) by a continuous stained line (indicated by
arrows) representing a layer of flattened reticular-
epithelial cells. Note also that the epithelial
cells of the outer medulla (OM) may accumulate into
a small nest which can be seen close to the tip of
the septum at the cortico-medullary junction.

Carnoy fixation and TPA (x275).

Thymus Inner Medulla, A multinucleate giant cell
with numerous darkly stained nuclei and an unstained
voluminous cytoplasm (arrow) is visible in the inmer
medulla .

Carnoy fixation and TPA (x1360).
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Figo 5""

Fig. 55

Thymus Cortex. An artery (A) with intensely stai-
ned smooth muscle cells iniits wall is visible in
an interlobular septum (IS). The latter is delinea-
ted from the cortical parenchyma by a well-stained
epithelial boundary. Arrow 1 points to a flattened
reticular-epithelial cell with a low triangular
nucleus. Arrow 3 points to the more rounded nueleus
of a stellate reticular-epithelial cell: whose cy-
toplasmic processes are not visible in this pho-
tomicrograph. Note that the rounded nucleus (arrow
3) is in intimate contact with another reticular-
epithelial in metaphase (arrow 2) with very little
but still recognizable, TPA-stained material un-
derneath the cytoplasmic membrane. Note also that
the centrosomes and mitatic spindle are deeply
stained. This is an example of a reticular-epithe-
1lial cell in mitosis.

Carnoy fixation and TPA (x1200).

Thymus Cortex (radioautograph). The arrow points
to a labeled reticular-epithelial cell in the thymic
cortex. Note the intensely stained tonofibril (in-
dicated by arrow) in the cytoplasm of the labeled
cell,

Carnoy fixation and TPA (x1200).

Thymus Outer Medulla (radioautograph). The arrow
points to a labeled reticular-epithelial cell of the
irregularly stellate type. Note the intensely stained
tonofibrils in the processes of this cell, Note also
the dense network formed by the other epithelial cells.

Carnoy fixation and TPA (x1200).
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Fig. 56

Fige. 57

Thymus. The arrow points to a terminal arteriole
characterized by a narrow lumen and a single layer
of intensely stained smooth muscle cells. The
collagenous bundles of the interlobular septum (18)
are unstained and are separated from the cortex (c)
by an epithelial layer (RE).

Carnoy fixation and TPA (x1200).

Thymus. The arrow points to a precapillary sphincter
characterized by a wide lumen, the absence of an
elastica interna and the presence of a single layer
of smooth muscle cells with well-stained nuclei.

The interlobular septum (IS) is delimited from the
cortex (C) by an epithelial boundary (RE).

Carnoy fixation and TPA (21200).







Fig. 58

Fig. 59

Fig. 60

Thymus. A radial capillary (indicated by arrows)
can be seen to extend without branching from an
interlobular septum (IS), through the cortex, into
the outer medulla containing numerous darkly stained
epithelial elements. Note that the capillary is
delimited by an intensely stained line representing
a layer of flattened epithelial cells,

Carnoy fixation and TPA (x235).

Thymus Cortex. Arrows point to a many-branched

~ capillary in the thymic cortex. Note the widely

scattered, intensely stained, rounded nuclei of stel-
late reticular-epithelial cells,

Carnoy fixation and TPA (x570).

Thymus Cortico-medullary Junction. A post-capil-
lary venule (v) surrounded by a perivascular space
(PS) and located at the boundary between cortex (¢)
and outer medulla (OM) is seen to receive a cortical
capillary. The arrow indicates the point of con-
fluence of the two vessels.

Carnoy fixation and TPA (x570).










Fig. 61

Schematic diagram of a thymic lobule showing the dis-
tribution of intralobular blood vessels (descrip-
tion given in pp. 69-71). DNote that the lobule has
a double arterial supply: one set of arterites is
distributed to the cortex and outer medulla, whereas
another set supplies exclusively the irmer medulla.
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Fig. 62 Schematic diagram illustrating the two compartments
of a thymic lobule (description given in pp. 85 and

86).
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Fig., 63

Figo 6‘4‘

Embryonic Thymus. This shows a sagittal section
of the thymus-parathyroid complex (T and P) in the
thirteen-day-old rat embryo in relationship to the
aorta (A), vagus nerve (V) and the pericardial ca-
vity (PC). In contrast to the thymus (T), the
parathyroid (P) exhibits a strong PAS reaction

due to its high glycogen content. At this stage
of development the thymus (T) is outlined by a
continuous basement membrane and is composed of
only epithelial cells. Arrows indicate the pre-
sence of blood vessels containing nucleated cells
outside the unvascularized thymic anlage.

Carnoy fixation and PAS-toluidine blue (x220).

Embryonic Thymus. The residual lumen (Lu) of the
third pharyngeal pouch is visible in a sagittally
cut portion of the thymus surrounded by mesenchyme
(Mes) in the thirteen-day-old rat embryo. The lumen
(Lu) is lined by cylindrical epithelial cells dis-
playing terminal bar-terminal web complexes (indi-
cated by vertical arrows). The horizontal arrow
points to an apical cytoplasmic bleb projecting into
the residual lumen (Lu). Note that no lymphoblasts
are present in the thymic parenchyma which is compo-
sed exclusively of undifferentiated stromal epithe-
1ial cells with acinar configuration (as can be seen
in the middle right portion of the thymus).

Carnoy fixation and TPA (x1250).
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Fig. 65

Fig., 66

Embryonic Thymus. Cross section through the right
and left thymus (T) in the fourteen-day-old rat em-
bryo. The aorta (A), trachea (TR), esophagus (O)

and vagus nerves (V) are also illustrated. No fibril-
containing reticular cells can be identified in the
thymus at this stage of development.

Carnoy fixation and TPA (x125).

Embryonic Thymus. Cross section through the right
and left thymus (T) in the fifteen-day-old rat em-
bryo. The aorta (A), the vagus nerve (V), the tra-
chea (TR) and esophagus (0) are visible, Arrows
indicate two large vascular channels within the thy-
mus. No TPA-stained reticular-epithelial cells are
demonstrable,

Carnoy fixation and TPA (x125.)
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Fig. 67

Fig. 68

Figo 69

Embryonic Thymus. The thymus has assumed a lym-
phoid character and lobulation has begun in the
thymus of the sixteen-day-old rat embryo. The
arrow points to a group of intensely stained
reticular-epithelial cells in the deeper portions
of the thymus in close proximity to an unstained
interlobular septum (IS).

Carnoy fixation and TPA (x125).

Embryonic Thymus. This shows at a higher magni-
fication the group of deeply stained reticular-~
epithelial cells seen in Fig, 67. The nuclei (N)
of the epithelial cells are lightly stained, are
vacuolated and already show signs of degeneration.
Their cytoplasmic processes contain avidly TPA-
stained tonofibrils. Near or in their cytoplasm,
large, rounded, intensely stained keratohyalin-like
granules are visible (arrows).

Carnoy fixation and TPA (21250).

Embryonic Thymus. This shows the same thymus as
in Fig., 67, but stained with toluidine blue in an
adjacent section., This indicates that early medulla
(M) formation in the thymus begins about the six-
teenth day of development. The medulla is composed
of an aggregation of reticular-epithelial cells and
is elready the site of Hassall's body formation.
Note the intimate contact (arrow) that the first
medulla establishes with a nearly interlobular
septum (IS).

Carnoy fixation and toluidine blue stain (x125).
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Fige. 70

Early Postnatal Thymus. A portion of a thymic
lobule in a two-day-old rat. Three zones are
readily distinguishable: a medulla (M), a darkly
stained immer cortex (IC) and a lighter outer
cortex (0C). Arrows indicate two intralobular
septula accompanying blood channels.

Carnoy fixation and toluidine blue stain (x220).
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93.
DISTRIBUTION OF CELL WEB-CONTAINING RETICULAR CELLS

PorT e E e AT A d Al B e e S s e Enamnesnnd

IN THE ADULT RAT SPLEEN

The spleen of adult rats contained a large number of stellate
reticular cells showing TPA-positive fibrils. In some of these cells
the fibrils were coarse and clearly visible; such cells were prefe-
rentially located in certain areas of the organ. Other stellate
reticular cells contained delicate TPA-staining fibrils often at the
limit of visibility of the light microscope. They also appeared to
congregate in certain areas of the organ. It is thus the purpose
of the following description to analyze the distribution of these
various types of TPA-stained reticular cells in the different regions
of the spleen,

However, before proceeding to such a description from TPA-
stained sections, it is essential to review, owing to the complexi-
ty of the spleen, the architecture of this lymphatic organ as seen
in hematoxylin-esoin- and PA-silver-hematoxylin-stained preparations.
Such a description which is different on several points from the
classical textbook descriptions of the spleen is the result of a

systematic analysis of serial sections.

General Description of the Adult Rat Spleen in H and E- and

Silver-stained Sections:

A) Capsule and trabamculae.

The rcurvedy, finger-shaped rat spleen was enclosed by a thick,
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firm fibro-elastic capsule containing some smooth muscle cells in
its inner portion. In sections stained specifically for elastic
fibers, the splenic capsule was found to be composed ef a network
of thin and thick elastic fibers, the latter occupying its deeper
layers (Fig. 4). The flattened mesothelium of the peritoneum,
which was often provided with a brush or striated border, closely
adhered to its external surface (Fig. 4). At the level of the
hilum, the capsule was thickened and deeply indented by the pene-
trating blood vessels (Fige 71).

From the internal capsular surface, fibro-muscular trabeculae
extended into the organ. Such trabeculae branched, tapered pro-
gressively and anastomosed to form a coarse supporting framework
for the organ. Though they had a structure similar to that of the
capsule, they were noticeably richer than the latter in elastic fibers
and in smooth muscle cells which were arranged in small groups or
in long cords; some of these cords constituted the wall of the large
veins leaving the spleen (Figs. 1 and 5).

B) Regions and zones.

In hematoxylin~-eosin-stained preparations three main zones could
readily be distinguished in the spleen of adult rats: the white pulp,
the red pulp, and the marginal zone,

The white pulp, particularly rich in lymphocytic cells (large,
medium and small lymphocytes), accompanied the larger arteries of
the organ and could be divided into two areas: the periarterial lym-
phatic sheaths and the lymphatic nodules (Fig. 71). The latter ap-

peared as dilatations of the periarterial lymphatic sheathj therefore,
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the demarcation between periarterial lymphatic sheath and lymphatic
nodule was not clear cut. However, the distinction between these
two areas remained useful and will continue to be used below.

The periarterial lymphatic sheaths, relatively thick and well
structured with coarse argyrophilic fibers as the artery left the
hilum of the spleen, became more delicate as the arteries reduced
their caliber through several branchings (Figs. 71-74, 80). At the
distal ends, just before the arterioles penetrated and terminated
in the red pulp, each periarterial lymphatic sheath was reduced to
a delicate, loose sleeve composed of few argyrophylic fibers and
of one or two layers of lymphocytic cells (Figs. 71 and 74).

The lymphatic nodules, like those of the lymph node, were
composed of a pale-staining germinal center surrounded by a dark
corona or cortex (Figs. 71, 72, 84, 99). Some of them were well-
developed, secondary lymphatic nodules with a germinal center domi-
nated by rapidly-dividing lymphoid cells and by characteristic macro-
phages containing cytoplasmic phagocytosed nuclear debris, commonly
referred to as "tingible body" macrophages. The nodules were sepa-
rated from the surrounding marginal zone by a dense network of deli-
cate argyrophilic fibers (Fig. 99).

The red pulp, particularly rich in large irregular splenic
venous sinuses (or sinusoids) separated by cords or plates of loose
vascular cormective tissue (Billroth cords), was characterized by
an abundance of red blood cells seen in both sinuses and cords and
of macrophages laden with hemosiderin pigment granules within the

cords (Figs. 72 and 73). Occasionally, the cords also contained
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megakaryocytes which sometimes extended processes that reached the
Jumen of venous sinuses by passing through the gaps in the wall of
these vessels (Fige 104). The red pulp was richly provided with
coarse argyrophilic fibers which formed a supporting framework for
the splenic sinuees, This perisinal (or perisinusaidal) network
was connected with the loose and more delicate meshwork of argyro-
philic fibers forming the supporting framework of the cords of
Billroth (Fig. 8).

Al1 these argyrophilic fibers (including those of the white
pulp) are now collectively referred to as Yaxtracellular reticulum"
(Weiss, 1966b). As pointed out in the Materials and Methods sec-
tion, this reticulum is not exclusively composed of collagen and
reticular fibers. It also consists of an amorphous substance with
special histochemical properties.

The perisinal (or perisinusoidal) network with its characte-
ristic "ring fibers" could be demonstrated upon staining with
Gridley's periodic acid-silver technique (see Figure 8 in Materials
and Methods section). However, this staining method was found to
be not specific for reticular fibers, since it also stained the glo-
merular basement membranes of renal corpuscles which are known o be
associated with neither reticular nor collagen fibers (see Fige 10).
In contrast, the ring fibers of the perisinal network failed to stain
with Bielschowsky's silver reticulum method (see Fig. 9), which, un-
like Gridley's technique, was specific for reticular fibers since
it did not stain the renal glomerular basement membranes or any other

basement membranes (see Fig. 11). In sections of spleen treated with
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the periodic acid-sodium bisulfite-resorcin-fuchsin stain (which is
believed to be specific for basement membranes), the perisinal net-
work was stained selectively (see Fig., 7) and was thus considered
to be a fenestrated basement membrane-like layer. Moreover, the
above staining procedure revealed the presence of some delicate
fibrillar elements within the coarse extracellular reticulum fibers
of the periarterial lymphatic sheaths of the white pulp (see Fig. 6).
Such delicate extracellular fibrils reacted positively to the Verhoeff's
stain, thus indicating that the extracellular reticulum of the white
pulp was composed of elastic fibrils in addition to collagen fibers
suspended in an amorphous substance.

Separating the white pulp from the red pulp, there was in the
rat a well-developed zone, known as the "marginal zone". This zone
had distinct staining characteristics from both the white and the
red pulp. Highly cellular but usually poor in small lymphocytes,
it was then easily distinguishable from the heavily basophilic white
pulp in hematoxylin-eosin-stained preparations (Figs. 72-74). Rela-
tively poor in red blood cells, it was distinct from the eosinophilic
red pulp. The marginal zone formed, in fact, a spongy cellular layer
mainly composed of stellate reticular cells; in its portion adjacent
to the red pulp, it showed an abundance of macrophages. Such a mar-
ginal zone surrounded the lymphatic nodules and periarterial lympha-
tic sheaths, but was missing around the thin layer of white pulp
accompanying the terminal arterioles just before the latter penetrated

the red pulp (Figs. 71 and 74).
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Elood

C) vascularization.

An understanding of the microscopic structure of each of the
three main splenic regions was found to be dependent upon a know-
ledge of the distribution of blood vessels in it.

The splenic artery usually gave rise to three branches which
entered the spleen on its concave dorsal side. The rat spleen thus
usually had three hila, The latter, therefore, divided the organ
into four approximately equal parts.

As shown in Figure 71, at the level of each hilum, a large
arterial branch, known as the "central artery", as soon as it pene-
trated into the splenic parenchyma, was seen to radiate into the
interior from the hilum region and to break up into central arte-
rioles. Each central artery or arteriole was coaxially surrounded
by a cylinder of lymphoid tissue, previously referred to as the
Yperiarterial lymphatic sheath". The periarterial lymphatic sheaths
persisted about the central artery and arterioles, attenuating pro-
gressively, until these vessels became terminal arterioles,

Within the periarterial lymphatic sheaths, the great majority
of the radial branches of the central artery terminated as capilla-
ries which ran toward the rim of the sheath to empty into the meshes
of the marginal zone. BEach lymphatic nodule received an arterial
branch from the central artery, which entered the mid-portion of
the germinal center and which, after reaching its central area, rami-
fied into capillaries (Fig. 75). The latter traversed radially the
germinal center and cortex of the lymphatic nodule to open into the

meshes of the marginal zone. The central artery also provided other
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branches to the cortex of the lymphatic nodules, which also termi-
nated as capillaries opening into the marginal zone.

In the red pulp, most of the terminal arterioles branched and
ended in either the splenic cords or the splenic venous sinuses,

The thin-walled sinuses then carried the blood from the terminal
arterioles, the meshes of the marginal zone and those of the sple-
nic cords into pulp veins, which in turn drained into trabecular
veins, Thus, the whole red pulp was systematized about the venous
channels and consisted virtually of two vaééular structures, namely
splenic sinuses separated from each other by thin plates of vas-
cular tissue, referred to as "Billroth cords".

D) Lymphatic vessels.

The lymphatic vessels of the spleen were limited to a capsular
plexus in the hilum regions with branches sometimes entering the lar-
ger trabeculae, They were all efferent channels and were not found
as deep lymphatics in the splenic pulp (Fig. 83). They closely fol-
lowed the course of the large arterial branches of the splenic ar-

tery outside the organ.

Observations on the White Pulp as Seen in TPA-stained Sections:

A) Periarterial lymphatic sheaths.

In TPA preparations, under low power, about four concentrically
disposed, discontinuous, TPA-positive strands or plates, which sel-
dom anastomosed and which were separated from each other by spaces

containing cellular elements, Were readily identifiable about each
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central arterial channel (Figs. 76 and 81)., The innermost TPA-
stained plate closely invested the adventitia of the central ves-
sel, while the outermost one, which was very prominent, delimited
the periarterial sheath of the splenic white pulp from the conti-
guous marginal zone. Even at such a low magnification, the central
artery was easily recognizable, owing to the strongly TPA-positive
smooth muscle cells of its tunica media.

However, under higher power, each TPA-stained plate was found
to represent a layer of fusiform reticular cells with elongate cy-
toplasmic extensions which were rendered clearly visible by the avi-
dly TPA-positive cell web they contained in the form of fibrils,

The latter showed a particular affinity not only for the cell mem-
brane, but also for the nuclear membrane, so that the nuclei of

these fixed reticular cells were more readily identifiable than those
of other cell types in the region (Figs. 77 and 78).

At the limit between the periarterial lymphatic sheath and
the marginal zone, cell web-containing reticular cells rich in coar-
se TPA-staining fibrils and nuclei facing inward, i.e., toward the
central artery, formed a single or double conspicuous layer, which
appeared to be continuous.

Similarly, elongated, TPA-stained reticular cells with elon-
gate cytoplasmic projections formed a continuous layer, which deli-
neated the adventitia of the central artery and its branches. As a
rule, the nuclei of these cells tended to bulge slightly into the

adventitial commective tissue (Figs. 78 and 79).
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In the remainder of the periarterial lymphatic sheath, fusi-
form, almost squémous, TPA-stained reticular cells were organized
into concentric layers separated from each other by spaces contai-
ning rows of mainly small lymphoid elements. These fixed-lining
reticular cells rested upon the sides of the coarse extracellular
reticulum fibers, which were TPA negative and which, in this portion
of the white pulp, formed an open meshwork following a mainly cir-
cumferential pattern, so that each strand of this meshwork was
sandwiched between two monolayers of fixed reticular cells (Figs. 77
and 78). Their nuclei always bulged slightly into the spaces they
delimited (Figs. 76 and 77).

At the distal end of each periarterial l&ﬁphatic sheath where
the marginal zone was missing, elongate TPA-stained reticular cells
were seen to form one or two layers which ensheathed the terminal
arteriole until the latter penetrated the red pulp.

In ordinary H and E preparations, the picture of the periar-
terial lymphatic sheaths was dominated by small and medium lympho-
cytess These sheaths also contained a moderate number of plasma
cells, free macrophages with phagocytosed material in their cytoplasm,
and free reticular cells with large, irregular nuclei and an abun-
dant, vacuolated acidophilic cytoplasm. In addition, there was ano=-
ther type of reticular cells which were characterized by large, ovoid
or elongate nuclei with a pale-staining, homogeneous, finely granu-
lated nucleoplasm without visible nucleoli, and by an indistinct

cytoplasm. Such cells represented the TPA-stained reticular cells
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described above,

In silver or PAS preparations, the picture was dominated by
coarse strands of extracellular reticulum, forming an open meshwork
with large interstices occupied by lymphoid elements and following
a circumferential pathway about the central artery or arterioles
(Figs. 80 and 82)., About the rim of the periarterial sheath, the
extracellular reticulum fibers, though they still had & circumfe-
rential disposition, where more delicate and constituted a denser
meshwork with small interstices, As it was pointed out previously,
some fine elastic fibrillar elements, which stained selectively
with the Verhoeff's stain, were found in close association with the
coarse argyrophilic reticulum fibers of this portion of the white
pulp, hence the term Yextracellular reticulum" applied to these
mixed collagenous and elastic fibers,

With the exception of the innermost layer of TPA-stained reti-
cular cells which covered the adventitia of arterial channels (Figs.
78 and 79) and which did not lay upon argyrophilic fibers, all the
layers of reticular cells in the periarterial lymphatic sheaths en-
compassed the coarse extracellular reticulum fibers of the white
pulp (Figs. 81 and 82). Furthermore, when traced through serial
sections, the spaces delimited by layers of TPA-stained reticular
cells resting on the coarse reticulum fibers of the periarterial
lymphatic sheath were found in close association with the efferent
lymphatic vessels in the hilum region (Fig. 83). It seemed that the

endothelial lining of these lymphatics was fenestrated on the side.
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facing the interior of the spleen, that is, the periarterial lympha-
tic sheath. This was suggested by the picture of a chicken wire or
almost rectilinear net that the reticular fibers associated with
that side of the lymphatic vessel presented (see Fig. 83).

B) Lymphatic nodules:

Like the periarterial lymphatic sheaths, the lymphatic nodules
implanted on the central artery were clearly demarcated from the
neighboring marginal zone by a conspicuous single or double layer
of spindle-shaped reticular cells rich in coarse TPA-staining fibrils
(Figs. 85-87). These cells were intimately associated with a dense
meshwork of delicate extracellular reticulum fibers, which tended to
have a circumferential disposition (Fig. 84), Similarly, all arterial
channels in the nodules, excepting germinal center capillaries, were
closely invested by a continuous layer of reticular cells.,

Cell web-containing reticular cells also formed a delicate,
uninterrupted layer at the limit between germinal center and cortex
(see Figs. 88-92)., This layer of reticular cells did not sit upcn
extracellular reticulum fibers (Fig. 84).

The cortex of lymphatic nodules was divisible into four areas:
(1) an area capping the pole of the oblong germinal center which was
directed toward the central artery, (2) an area capping the germinal
center pole which was directed toward the marginal zone, (3) and (4)
an area covering each side of the germinal center., In cortical areas
(1) and (2), there were no blood vessels, no argyrophilic fibers and

no reticular cells with TPA-staining fibrils. Thus cortical area (1)
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was a space containing lymphoid cells and a few macrophages, which
was delimited externally by the layer of TPA-stained reticular cells
at the boundary of the germinal center and internally by the layer
of reticular cells investing the adventitia of the central artery
(see Figse 88-90). In some planes of cut, as can be seen in Figure
89, cortical areé (1) seemed to cover a large portion of the circum-
ference of the central artery or arteriole. Cortical area (1) was
found to be continuous with the spaces delimited by TPA-stained
reticular cells in the periarterial 1lymphatic sheath (Figs. 90 and 91).

Cortical area (2), although similar to area (1) in most res-
pects, did not contain macrophages and was bounded internally by the
delicate layer of reticular cells delimiting the germinal center and
externally by the conspicuous sheath of reticular cells demarcating
the white pulp from the marginal zone.

In contradistinction, cortical areas (3) and (&) were supplied
by branches of the central artery, which terminated as arterial ca-
pillaries in the meshes of the marginal zone. These areas were, in
addition, traversed by the germinal center capillaries which also
opened into the marginal zone. All the arterial channels in areas
(3) and (4) were closely invested by a layer of TPA-staining reticu-
lar cells, which, at the limit between the lymphatic nodule and the
marginal zone, became continuous with the conspicuous single or dou-
ble layer of reticular cells there, thus contributing some cells to
this layer. Around the arterioles supplying cortical areas (3) and

(4), like in the periarterial sheaths reticular cells rich in coarse
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TPA-staining fibrils made up concentric layers separated from each
other by spaces containing rows of lymphocytes (Fig. 92). These
spaces were éontinuous with those of the periarterial lymphatic
sheath and communicated with cortical areas (1) and ¢2). The most
peripheral periarteriolar layers of TPA-stained reticular cells in
areas (3) and (4) often blended with the conspicuous sheath of reti-
cular cells separating the lymphatic nodule from the marginal zone.

When well-developed germinal centers of secondary lymphatic
nodules were traced through serial sections passing through their
polar axis, they were found to be bipolar, oblong, polarized struc-
tures presenting a depression in their mid-portion and consisting
of two merging hemispherical zones. One zone was pale-staining
with TPA, while the other was more darkly stained. The light zone
was directed toward the marginal zone from which it was separated
by a cap of cortical small lymphocytes. The staining properties
of this zone could be accounted for by the fact that it contained,
in addition to large lymphocytes, macrophages and plasmoblasts, a
moderate number of small lymphocytes whose nuclei were lightly stai-
ned with TPA. On the other hand, the dark zone, which was diame-
trically opposite to the light zone with its pole facing the central
artery, was occupied by very few small lymphoid cells but a large
number of macrophages and immature cells with deeply TPA-stained
nuclei. The dark staining of this zone was also due to the fact
that it tended to contain more numerous mitotic figures with inten-

sely TPA-staining mitotic spindles and a larger number of mononuclear
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phagocytes or "tingible body" macrophages with avidly TPA-positive
nuclear fragments and other cellular debris in their cytoplasm.

It was at the level of the depression on the middle of the
lateral aspects of the oblong germinal center that the branch of
the central artery to the center entered the latter with its inves-
ting layer of TPA-stained reticular cells (Fig. 93). At the point
of entrance of this arterial chamnel, the layer of reticular cells
delimiting the germinal center was seen to invaginate and to be se-
parated from that investing the arteriole to the center by a narrow
space occupied by a row of mostly small lymphoid cells and a few
free mononuclear phagocytes with an abundant, TPA-negative cytoplasm
containing at times some avidly TPA-stained nuclear debris and pha-
gocytosed material (Fig. 93).

This narrow periarteriolar space, when traced through serial
sections, was not seen to traverse the whole thickness of the ger-
minal center in its mid-ﬁortion (Figs. 94 and 95). On the contrary,
the two layers delimiting such a space were found to be continuous
in the central portion of the germinal center where the arteriole
to the center broke up into radial capillaries. Such a space thus
ended blindly along the proximal portions of the radial capillaries
given off by the arteriole to the germinal center. Thus, unlike
the other white pulp arterial capillaries, those within the substan-
ce of the germinal center were not invested by a continuous

layer of TPA-staining reticular cells, However, as soon as these
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capillaries passed out of the germinal center into the cortex, they
regained their investment of reticular cells, which was continuous
with the layer of cells demarcating the germinal center from the
cortex. Thus, within the substance of the germinal center, there
seemed to be no reticular cells with demonstrable fibrils in their

cytoplasm.

Observations on the Marginal Zone as Seen in TPA-stained Sections:

The marginal zone was remarkably uniform in structure. In
jdeal planes of cut,3vascular areas could be distinguished in this
zone: a marginal sinus area which was contiguous with the white pulp
and to which succeeded a disorganized area, and lastly a more orga-
nized area,

As can be seen in Figure 98, the marginal sinus area was most
prominent around the lymphatic nodules of the white pulp. The reti-
cular cells in this area were stellate in shape and contained very
little visible TPA-staining fibrils. They lined a series of anas-
tomosing spaces lying against the periphery of the white pulp. Such
marginal sinusoidal spaces were surrounded by very fine argyrophilic
fibers which showed continuity with the coarser fibers at the peri-
phery of the white pulp on the one hand and with those of the remain-
der of the marginal zone on the other (Fig. 99).

The great majority of the white pulp arterial capillaries,
particularly those in the cortex of lymphatic nodules, opened into

the marginal sinusoidal spaces at right or acute angles (see Fige 92).
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The latter were lined, along their inner surfaces which lay against
the white pulp, by an endothelium which was continuous with that of
the white pulp capillaries. Howevef, their outer walls showed dis=~
continuity and appeared to be formed by elongate reticular cells
containing delicate TPA-positive fibrils in their apparently per-
forated or fenestrated cytoplasmic extensions (Fig. 92).

The disorganized area, which succeeded to the marginal sinus
area, consisted of a meshwork of a fine argyrophilic fibers in
association with reticular cells, apparently polymorphous and con-
taining very little cell web fibrils. This meshwork supported an
evenly-distributed population of cells, most of which were erythro-
cytes and medium=-sized lymphocytes. No macrophages were seen in
this area (Figs. 98 and 99).

The better organized, external area of the marginal zone was
characterized by a meshwork of reticular cells, which contained
more TPA-positive fibrillar material in their cytoplasmic processes
and which were arranged in concentric lamellae separated from each
other by W¥ascular spaces rich in medium-sized lymphocytes and a few
macrophages (Fig. 98). These reticular cells were in close associa-
tion with coarser argyrophilic fibers which were continuous with
those of the cords of the red pulp (Fig. 99).

In some rare instances, however, the marginal zone was parti-
cularly rich in lymphoid cells, and TPA-stained reticular cells be-

came very difficult to identify (Fige 97). The concentration of

lymphocytes in the marginal zone might be such that it could not



109.
easily be distinguished from the neighboring white pulp.

Red pulp sinuses did not usually penetrate the marginal zone
(Fige. 97). However, arteriéles of white pulp origin and capillaries
of unclarified origin were sometimes seen passing through the zone,.

Continuous with the marginal zone were the splenic cords of
Billroth. Cordal reticular cells were abundant. They were bran-
ched, polymorphous cells with nuclei similar in structure to those
of white pulp and sinal reticular cells. They were in close asso-
ciation with argyrophilic fibers, seemingly compartmentalizing the
cord into communicating vascular spaces. A small number of them
contained some TPA-stained fibrils in their cytoplasm (Figs. 100,
101, 104). Atthe limit of the cords, they clothed the sinal base-
ment membrane., These cord-limiting cells sent long cytoplasmic
projections that not only extended along the outer side of the sinal
basement membrane but seemed to radiate into the cordal area as well.
However, delicate TPA-staining fibrils were identifiable only in the
cytoplasmic processes clothing the basement membrane (Figs. 101, 103,
104).

Distributed between the cords were the long, irregularly bran-
ching splenic venous sinuses. They often reached to and lay against
the periphery of the marginal zone, conforming to its contour (see
Fig. 97). They were lined by a single incomplete layer of spindle-
shaped, nearly uniplanar reticular cells, often termed "reticulo-
endothelial cells", though they showed little or no phagocytic acti-

vity. In longitudinally cut sinuses, these lining cells were seen to
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run parallel to the long axis of the vessel with apertures or gaps
between some of them and contained, in the portion of their cyto-
plasm adjacent to the fenestrated basement membrane, coarse TPA-
positive fibrils, the so-called "basal plates", running parallel to
the long axis of the cells (Fig. 102).

In cross sections of sinuses, therefore, the sinal cells were
cut transversally and presented a cuboidal shape and intensely TPA-
stained cross sections of basal plates, appearing as points or short
bars bearing a slight indentation in their middle (Figs. 100-104).
Similarly, in section, the fenestrated sinal basement membrane oc-
curred either as long segments or as rows of short, rounded, dis-
continuous masses of PAS-reactive, or silver-impregnable, substance

(see Figs, 7 and 8 in Materials and Methods section).

SUMMARY OF OBSERVATIONS ON THE ADULT RAT SPLEEN

In surmary then, as shown in Figure 96, the splenic white pulp
was clearly demarcated from the surrounding marginal zone; that tran-
sitional vascular tissue interposed between white and red pulp, by
a conspicuous single or double layer of reticular cells rich in
coarse TPA-staining fibrils.

In the white pulp itself, which consisted of periarterial lym-
phatic sheaths and lymphatic nodules, there was an abundance of re-
ticular cells with coarse TPA-positive fibrils. They formed an unin-

terrupted investing layer around all arterial channels of the white
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pulp, except around arterial capillaries supplying the germinal
center of lymphatic nodules.

In the periarterial lymphatic sheaths, which were supported
by a network of heavy argyrophilic fibers with large meshes having
a mainly circumferential paitern, the TPA-stained reticular cells
ran parallel to the central artery and arterioles and were arranged
in concentric layers separated from each other by spaces containing
rows of lymphocytic elements. These layers clothed the heavy argy-
rophilic fibers, so that the latter were sandwiched between the TPA-
stained cytoplasmic projections of reticular cells,

In the lymphatic nodules implanted on the central artery, as
represented in Figure 96, reticular cells with TPA-positive fibrils.
formed a delicate layer at the 1limit between germinal center and
cortex. Like the investing layer of all arterial channels of the
white pulp, excepting germinal center capillaries, this delimiting
layer was not associated with argyrophilic fibers. By means of se-
rial sections, it was found that such a TPA-stained layer was inva-
ginated in the mid-portion of the germinal center at the point:-of
entrance of the arteriole to the center and that it became continuous
with the layer investing the arteriole where the latter broke up
into radial capillaries in the central portion of the germinal cen-
ter., Owing to this invagination, well-developed germinal centers
appeared to be polarized, oblong structures, with one pole facing
the central artery and another one directed toward the marginal zone.

Moreover, the study of TPA-stained serial sections revealed that the
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layer of reticular cells delimiting the germinal center formed an
investment for the capillaries as they ran out of the germinal cen-
ter to terminate in the meshes of the marginal zone. Thus, a ger-
minal center was found to be a dilatation, accompanied perhaps by
cellular infiltration, of the potential space between the walls of
the radial capillaries given off by the arteriole to the center and
the layer of TPA-stained reticular cells investing these capillaries,

Reticular cells with TPA-positive fibrils were also absent
from the cortex of the lymphatic nodules, except around the arte-
rioles supplying the cortical areas covering the lateral aspects of
the germinal center, around which they made up concentric layers as
in the periarterial lymphatic sheaths, The spaces delimited by these
layers were continuous not only with the other cortical areas but
with the periarterial sheaths as well,

Thus the splenic white pulp seemed to be compartmentalized by
layers of reticular cells with intracytoplasmic TPA-staining fibrils.

In the marginal zone, reticular cells containing discrete TPA-
positive fibrils lay upon a meshwork of argyrophilic fibers. They
were randomly distributed in the inner portion of the zZone, while
they were disposed in concentric layers separated from each other by
blood spaces toward its periphery.

In the red pulp, some reticular cells with fibrils were found
in the splenic cords between the sinuses, The wall of the sinuses
contained three elements: a regularly fenestrated basement membrane

sandwiched between an inner layer of sinal reticular cells, often
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termed "reticulo-endothelial cells", and an outer layer of corde
limiting reticular cells. The long, spindle-shaped sinal reticu-
lar cells contained prominent TPA-positive fibrils forming "basal
plates" in the portion of their cytoplasm adjacent to the basement
membrane. Similarly, the cord-limiting reticular cells, characte-
rized by long slender processes thaﬁ not only radiated into the
cord area but extended along the sinus wall as well, often showed
TPA-staining fibrils in the cytoplasmic extensions that lay upon
the sinal basement membrane. The latter, therefore, in section,

was often seen to be enclosed by two incomplete TPA-stained lines.



Fig. 71 Schematic diagram illustrating a portion of the rat
spleen at the level of the hilum (description given

in pp. 93-99).
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Fig, 72

Fig. 73

Fig. 74

Spleen. Typical hematoxylin-eosin pre ration to
show relation of the marginal zone (MZ) to the red
pulp (RP) and the white pulp. Two lymphatic no-
dules, each consisting of a lightly stained ger-
minal center (GC) surrounded by a dark cortex (e,
are illustrated., Between the two lymphatic no-
dules is an obliquely cut central artery (arrow)
with a periarterial lymphatic sheath (PLS) on

each side. The white pulp thus comprises the lym-
phatic nodules and the periarterial lymphatic sheaths.
The marginal zone (MZ) forms a halo around the white
pulp.

Carnoy fixation and hematoxylin-eosin (x85).

Spleen. The marginal zone (MZ) separates each side
of a portion of the white pulp from the red pulp (RP).
This white pulp portion consists of a periarterial
lymphatic sheath (PLS) around a central artery (cA).

Carnoy fixation and hematoxylin-eosin (x85).

Spleen, This shows the marginal zone (MZ) between

the red pulp (RP) and a portion of the white pulp
consisting of a periarterial lymphatic sheath (PLS)
around a central artery (CA). Note that the terminal
arterioie (TA) is surrounded by only a sleeve of
1lymphoid cells and is not separated from the red

pulp (RP) by the marginal zone (MZ). The arrow in-
dicates the point at which the marginal zone (MZ) stops.

Carnoy fixation and hematoxylin-eosin (x85).
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Fig. 75

' Spleen.White.Pulp. A central (eccentric) artery

(CA) is visible between a periarterial lymphatic
sheath (PLS) and a lymphatic nodule composed of a
pale-staining germinal center (GC) surrounded by
a cortex (C). This portion of the white pulp is
covered on each side by the marginal zone (M2).
Note the arterial branch (AB) given off by the
central artery (CA) to the germinal center (GC).

Carnoy fixation and PA-silver (x125).










Fig. 76

Fige 77

Spleen White Pulp. This shows a longitudinal sec-
tion of a periarterial lymphatic sheath coaxially
surrounding the central artery (CA) with its inten-
sely stained smooth muscle cells. Above the artery,
four spaces (1 to 4) are visible, Each space or
compartment is delimited by two deeply stained lines
representing layers of fusiform reticular cells with
long cytoplasmic processes containing TPA-stained
fibrils. The elongated, flattened nuclei of these
reticular cells are indicated by arrows. Note that
the innermost stained line or layer of reticular
?el%s invests the adventitia of the central artery
CA).

Carnoy fixation and TFA (x525).

Spleen White Pulp. This is a higher power view of
the periarterial lymphatic sheath seen in Fig. 76.
The four spaces or compartments (1 to 4) are visi-
ble. Each compartment is occupied by rows of lym-
phocytes and is delimited on each side by a layer
of elongated, almost squamous TPA-stained reticular
cells whose nuclei are indicated by arrows. These
cells can be seen to anastomose in space (1) and

to form a continuous layer along the margin of the
periarterial lymphatic sheath.

Carnoy fixation and TPA (x1100).
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Fig. 78

Fig. 79

Fig. 80

Spleen White Pulp. A portion of a periarterial
lymphatic sheath is visible above a central arte-
ry (CA) with intensely stained smooth muscle cells
in its wall, Four spaces or compartments (1 to 4)
are readily identifiable above the artery. Each
space contains mainly lymphocytes and is deli=-
neated by fusiform TPA-stained reticular cells
with long cytoplasmic extensions and elongate
nuclei (N). Note again that the innermost layer
of reticular cells closely invests the adventi-
tia of the central artery (CA). The arrow points
to a TPA-negative, coarse extracellular reticulum
fiber sandwiched between two TPA-stained cyto-
plasmic processes of reticular cells,

Carnoy fixation and TPA (x1100).

Spleen White Pulp. Arrows point to the layer of
TPA-stained reticular cells investing the adven-
titia of the central artery (CA). The arrow below
the artery points up to a reticular cell nucleus
protruding into the unstained adventitial layer of
the artery.

Carnoy fixation and TPA (x1260).

Spleen White Pulp. The marginal zone (MZ) sepa-
rates the red pulp (RP) from the periarterial lym-
phatic sheath (PLS) of the white pulp. In the sheath
(PLS), the central artery (CA) is surrounded by
concentric lamellae of coarse argyrophilic fibers.

Carnoy fixation and PA-silver (x250),
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Fig., 81

Fig. 82

Fig. 83

Spleen White Pulp. Cross section of a periarte -
rial lymphatic sheath. Arrows indicate the cir-
cumferential pattern followed by the elongate TPA-
stained reticular cells around the central artery (ca).

Carnoy fixation and TPA (x600).

Spleen White Pulp. Cross section of a periarterial
lymphatic sheath. Note the circumferential pathway
which the coarse argyrophilic fibers commonly asso=-
ciated with the TPA-stained reticular cells follow
around the central artery or arteriole (cA). '

Carnoy and PA-silver (x465) .

Spleen White Pulp. Longitudinal section of the
periarterial lymphatic sheath (FLS) and the central
artery (CA) at the level of the hilum. The margi-
nal zone (MZ) separates the sheath on each side from
the red pulp (RP). In the hilum region, the spaces
of the periarterial sheath are seen to come into
close contact with an efferent lymphatic vessel
(LyV). The portion of the wall of the lymphatic
vessel (LyV) which faces the periarterial sheath
appears to be discontinuous (arrow).

Carnoy fixation and PA-silver (x220).
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Fig. 84

Spleen White Pulp. A portion of a lymphatic nodule
with its pale-staining germinal center (GC) and
dark cortex (C) is seen to be surrounded by the
marginal zone (MZ). This portion of the nodule is
not supported by argyrophilic fibers except along

its margin (arrow).

Carnoy fixation and PA-silver (x225).
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Fig. 85

Fig. 86

Fig, 87

Spleen White Pulp. The arrow points to a single
layer of elongate, TPA-stained reticular cells
demarcating a lymphatic nodule (LN) from the
marginal zone (MZ).

Carnoy fixation and TPA (x525).

Spleen White Pulp. Arrows indicate a double

layer of elongated, fibril-containing reticular
cells forming a sort of barrier at the boundary
between lymphatic nodule (LN) and marginal zone (M2).

Carnoy fixation and TPA (x600).

Spleen White Pulp., A conspicuous sheath (arrow)
formed by two layers of TPA-stained reticular cells
is visible along the margin of the lymphatic nodule
(LN) and serves to demarcate it from the surrounding
marginal zone (MZ). Note that some cells in the
sheath tend to be rounded and to contain very little
TPA-stained material.

Carnoy fixation and TPA (x850).
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Fig. 88

Fig. 89

Fig. 90

Spleen White Pulp. An obliquely sectioned central
artery (CA) is visible between a periarterial lym-
phatic sheath (PLS) below and the proximal cortex
(PC) or cortical area (1) in text of a lymphatic
nodule above. The proximal cortex (PC) is devoid
of TPA-stained reticular cells, but is delimited
below from the central artery (CA) by the conti-
nuous layer of TPA-stained cells investing its
adventitia (arrow) and above from the pole of the
germinal center (GC) which is directed toward the
central artery by another layer of TPA-stained cells
(arrow). A macrophage (M) with a voluminous, TPA=-
negative, granular cytoplasm and a pyknotic nucleus
(indicated by arrow within macrophage) is visible
in the proximal cortex (PC).

Carnoy fixation and TPA (x550).

Spleen White Pulp. Toward the lateral cortex which
corresponds to cortical area (3) or (4) in text, a
branch of the central artery (ca) may appear to be
almost completely surrounded by the proximal cortex
(PC), but it is always separated from it by the
layer of TPA-stained cells investing its adventitia
(arrows).

Carnoy fixation and TPA (x525).

Spleen White Pulp. The proximal cortex (PC) or cor-
tical -area (1) with a macrophage (M) is seen to be
separated from the germinal center (GC) by a conti-
nuous layer of TPA-stained cells and to become conti-
nuous with the spaces of the periarteriolar lymphatic
sheath in the lateral cortex (LC). Arrows point to
TPA-stained cells lining spaces of the periarteriolar
lymphatic sheath in the lateral cortex (LC).

Carnoy fixation and TPA (x550).
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Fig. 91

Fig. 92

Spleen White Pulp. The proximal cortex (PC) or
cortical area (1? of a lymphatic nodule is sepa-
rated from the germinal center (GC) by a conti-
nuous layer of TPA-stained cells and shows con-
tinuity with the spaces (1,2,3, and 4) of the
periarterial lymphatic sheath (PLS).

Carnoy fixation and TFA (x525).

Spleen White Pulp. Two arterioles (a) given off

by the central artery are visible in the lateral
cortex (LC) which is demarcated from the germinal
center (GC) by a layer of TPA-stained cells (arrows).
Some of the spaces (1,2, and 3) of the periarte-
riolar lymphatic sheath in the lateral cortex (1L.C)
are illustrated. At the limit between the lymphatic
nodule and the marginal zone (MZ), a white pulp
capillary is seen to open into a marginal sinus
(MS). On the surface of the nodule, the sinus is
1lined by an endothelium continuous with that of the
capillary. However, the wall of the sinus directed
toward the remainder of the marginal zone (MZ) can
be observed to be formed by a TPA-stained reticular
cell (covered by a black bar) seemingly displaying
discontinuity in one of its cytoplasmic processes

(3 arrows).

Carnoy fixation and TPA (x525).
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Fig. 93

Fig. 94

Fig. 95

Spleen White Pulp. A branch (a) is given off by
the central artery (CA) whose wall contains inten-
sely TPA-stained smooth muscle cells, The arte-
rial branch (a) crosses the lateral cortex (1LC)

to reach the mid-portion of a germinal center (GC).
The investing layer of reticular cells of the
arterial branch to the germinal center delineates,
together with the delimiting TPA-stained layer

of the center, a space containing a row of lym-
phocytes (as indicated by arrovs).

Carnoy fixation and TPA (x550).

Spleen White Pulp. Arrows point to the periarte-
riolar space seen in Fig. 93. The space delimited
by TPA-positive reticular cells does not completely
cut off the germinal center (GC).

Carnoy fixation and TPA (x550).

Spleen White Pulp. Oblique section through the space
seen in Figs. 93 and 94 in the central portion of a
germinal center. The lumen (Lu) of this space can
be seen to be delimited by a TPA-stained layer.

Carnoy fixation and TPA (x1100).
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Fig. 96 Schematic diagram illustrating the compartments
delimited by TPA-stained reticular cells
(description given in pp. 110-112) .in the white

pulp.







Fig. 97

Fige 99

Spleen Marginal Zone. In some instances, the mar-
ginal zone (MZ) may contain large numbers of lym-

‘phocytic cells, A marginal sinus (MS) is visible

between the lymphatic nodule (LN) and the marginal
zone (MZ). Venous sinuses of the red pulp were not
found in the marginal zone, A venous sinus (s)
conforming to the contour of the marginal zone 1is
j1lustrated around the periphery of this zone.

Carnoy fixation and TPA (x400).

Spleen Marginal Zones A marginal sinus (Ms) is
visible between the marginal zone (M2) and a lym-
phatic nodule (LN). Arrows point to a single layer
of TPA-stained reticular cells along the margin of
the module. The marginal zone is usuvally divisi-
ble into three ill-defined vascular areas: 1) the
marginal sinus area (MS) into which many white pulp
capillaries open; 2) a disorganized area containing
polymorphous reticular cells with a scanty amount

of TPA-staining fibrils; and 3) an organized area
toward the periphery of the zone in which concen-
trically disposed layers of elongate reticular cells
with discrete cell web fibrils in their cytoplasmic
processes (as can be observed in thia photomicro-
graph) delimit communicating blood spaces. A portion
of the red pulp (RP) is visible.

Carnoy fixation and TPA (x525).

Spleen Marginal Zone. The supporting framework of
the marginal zone (MZ) is formed by a network of
delicate argyrophilic fibers which is continuous with
the coarser network along the margin of the lymphatic
nodule which is seen with its dark cortex (C) and
1ight germinal center (GC). Two venous sinuses (S)
are illustrated around the periphery of the marginal
zone.

Carnoy fixation and TPA (x475).
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Fig. 100

Fig. 101

Pig. 102

Spleen Red Pulp., Cross section of a venous sinus
(s). The reticulo-endothelial or sinal reticular
cells appear cuboidal as they are sectioned trans-
versely. Arrow inside sinus points to the cross
section of a TPA-stained fiber, the so-called
"basal-plate’. A TPA-positive fibril (F) is visi-
ble in the cytoplasm of a cordal reticular cell.

Carnoy fixation and TPA (x1100).

Spleen Red Pulp. Cross section of a venous sinus
(8)s Arrow inside sinus points to a transversely
cut "basal plate". The unstained sinal basement
membrane (BY) is sandwiched between the dark cross
sections of "basal plates" and a more lightly

ticular cells., Some TPA-stained platelets (P)
are visible.

Carnoy fixation and TPA (x1100).

Spleen Red Pulp. Tangential section through a
venous sinus. Arrows indicate longitudinally cut
"hasal plates” in the cytoplasm of the spindle-
shaped sinal or reticulo-endothelial cells.

Carnoy fixation and TPA (x850).










Fig. 103

Fig. 104

Spleen Red Pulp. Longitudinal section of a venous
sinus (S). Arrow points to a spindle-shaped sinal
cell with longitudinally cut "bassl plates" along-
side the unstained sinal basement membrane (EM).
The latter is sandwiched between two TPA-positive
fibrils, one belonging to a sinal cell and the
other to a cord-limiting reticular cell.

Carnoy fixation and TPA (x1100).

Spleen Red Pulp. Cross section of a venous sinus
(8). The unstained sinal basement membrane (M) is
sandwiched between two TPA-stained lines. A megaka-
ryocyte (M) contains TPA-stained fibrils under the
cytoplasmic membrane (1), This cell has extended

a process rich TPA-positive material (2 and 3) through
a gap in the sinus wall. A fibril (F) in a cordal
reticular cell is visible.

Carnoy fixation and TPA (x1100).
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DISCUSSION

From the evidence presented in this work, there are two dis-
tinct compartments in the thymic lobule: an epithelial compartment
and a connective tissue compartment (Fig. 62). The epithelial
compartment comprises the cortex and the outer medullary zone which
is contiguous with the cortex and for which the term outer medulla"
was proposed. The connective tissue compartment is constituted
exclusively by the inner medullary zone, referred to as #inner medul-
1a", and its prolongations. The salient features of these two com-
partments, which have never been clearly described in the literature,

will now be discussed.

Egithelial Compartment:

A) Nomenclature.

Using the electron microscope, Clark (1963) and Hoshino (1963)
have observed "epithelial" and "macrophagic" or "mesenchymal” reti-
cular cells in the mouse thymus. Subsequently, several investigators
have presented no discrepancies in their studies of the ultrastructure

of the thymus with the above-mentioned findings (Weiss, 1963; Cowan
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and Sorenson, 19643 Izard, 1966a, 1966b; Elackburn and Miller, 1967).

As indicated in the Review of the Literature, it is usually
very difficult to differentiate by light microscopy between thymic
reticular cells of endodermal-epithelial origin and those of mesen-
chymal derivation, though Downey (1948), in studies on the rabbit
thymus, has enumerated some morphological characteristics which, in
well-fixed material, permit a distinction between these two cell types.

In this work, only one type of reticular cells could be safely
identified, The term "reticular-epithelial cells" was used to desi-
gnated such cells because 1) they were stellate in shape; 2) they did
not appear to be phagocytic and displayed conspicuous epithelial cha-
racteristics, such as tonofibrils; 3) there was a basement membrane-
like layer wherever they bordered on connective tissue; 4) they were
interconnected by their cytoplasmic processes to form a continuous
epithelium and were therefore judged to be "fixed" elements in contrast
to mobile cells such as lymphocytes.

B) Cortex.

1) Cytology of reticular-epithelial cells

In the cortex, two main types of reticular-epithelial cells,
namely flattened and stellate types, were recognized in TPA-stained
preparations, though there were transitional cell forms between both
types (Figs. 15-21). It appears very likely that the cells of the
flattened variety correspond to the "subcapsular" cells observed in
the rat thymus by Sainte-Marie and Leblond (1958a, 1964a).

In light microscopic studies on the rat thymus, Sainte-Marie



116.
and Leblond (1958a, 1964a) have reported that the nucleoli and nuclear
membrane of reticular cells stain a pale orange hue with the Dominici
technique and thus display some acidophilia., Moreover, using the
electron microscope, Clark (1963), Weiss (1963) and Kohnen and Weiss
(1964) noticed that the tonofilaments of thymic reticular cells had
a special affinity for membranous sites (nuclear and cytoplasmic mem-
branes). It therefore seems likely that the consistently intense
TPA staining of the nucleoli of reticular-epithelial cells is atiri-
butable to some acidophilic protein component of these structures,
presumably their acidophilic core, as reported by Sainte-Marie and
Leblond (19582, 196la). However, the TPA coloration of the nuclear
membrane of these cells must be essentially due to an accumulation
of tonofilaments on it.

Hoshino (1963) found under the electron microscope only occa=-
sional bundles of tonofilaments in the cytoplasm of stellate cortical
reticular cells. This is confirmed by the present work. The slender
cytoplasmic processes of these cells were often found to be less rea-
dily identifiable, kee., to contain less tonofibrils, than those of
the reticular-epithelial cells of the flattened type. This finding
strongly argues against the view generally held by light microscopists
that cortical reticular cells are not conspicuous, except for their
nuclei, owing to the presence of closely packed lymphoid cells.

According to McNabb (1964) and Kallenbach et al. (1965), inter-
cellular junctional complexes, i.e., terminal bars and desmosomes,

are TPA negative, but their TPA staining is essentially due to an ag-
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gregation of "cell web" filaments on the cytoplasmic membrane involved
in these structures. It has also been noticed, in studies with the
electron microscope, that the tonofilaments in the cytoplasm of thy-
mic reticular cells do not always terminate in desmosomes (Clark,
19635 Hoshino, 19633 Kohnen and Weiss, 1964). Thus, two factors may
explain the failure to observe desmosomes in TPA-stained sections of
thymus: 1) a number of desmosomes are not associated with tonofibrils
and are therefore TPA negative; 2) the desmosomes into which tonofi-
brils insert cannot be resolved by light microscopy as a result of
an accumulation of tonofilaments on the cytoplasmic membrane which
makes it difficult to differentiate between the portion of the membra-
ne involved in these intercellular attachment devices and the rest of
the membrane,

Lastly, "lipid-laden foamy cells" or "chromolipoid cells" have
been described in the thymic cortex of the aging mouse (Loewenthal
and Smith, 1952). Since their cytoplasm was filled with granules po-
sitive with the PA-Schiff technique, Metcalf and Ishidate (1961, 1962,
1963) referred to these cells as "PAS-positive reticulum cells". The
latter were thought to be reticular-epithelial cells by Siegler (1964),
However, in a recent study of the peculiar distribution of these cells
in the lymphocytic tissue of the rat, Sainte-~Marie (1965) found them
to be extremely rare in the thymic cortex of animals of all ages.

This author concluded that "PAS-positive reticulum cells" were not
specific thymic cells for they also occurred in association with lym-

phatic nodules of the spleen, lymph nodes and Peyer's patches,
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In the present work, the cortical retiéular-epithelial cells
of normal young and adult thymuses did not appear to contain PAS-
positive granules in their cwtoplasm. It therefore seems very likely
that the "lipid-laden foamy cells" of Loewenthal and Smith (1952)
and the "PAS~positive reticulum cells" of Metcalf and Ishidate (1961,
1962, 1963), which are known to be phagocytic, do not belong to the
population of cortical reticular-epithelial cells. They may repre-
sent the "macrophagic" reticular cells of mesenchymal derivation
which have been observed in very small numbers in the thymic cortex
by Clark (1963), Hoshino (1963) and Izard (1966a).
2) Spatial distribution of reticular-epithelial cells

. D S TP G S S S I e T St S S S " T i S G D S G S D S v

Around the periphery of each thymic lobule and around cortical
blood vessels, a continuous boundary formed by reticular-epithelial
cells with a basement membrane has been described as a Whematothymic
barrier" by Clark (1963) and as a "thin sheet' by Hoshino (1963).
It has been assumed that such a blood-thymus barrier inhibits the
passage of antigens from the vascular system into the extravascular
spaces of the thymus (Weiss, 1963; Miller et al., 1964), However,
in 1964, Clark concluded from his data that there was no absolute
barrier to the penetration of antigen into the thymus but only a
decreased permeability of the thymic parenchyma to antigen as compa-
red with other lymphoid organs. More recently, Kouvalainen and Gitlin
(1967) confirmed and extended the data obtained by Clark (1964a).

Such a continuous boundary was observed in the present study

and was found to be constituted by a continuous layer of reticular-
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epithelial cells of the flattened category, which completely demar-
cated the cortical parenchyma of each thymic lobule from the surroun=-
ding commective tissue, t.e., the capsule, interlobular septa, intra-
lobular septula accompanying cortical capillaries, and perivascular
spaces enclosing lobular blood and lymphatic vessels (Figs. 34 and 62).
This delimiting layer was always separated from the connective tissue
on which it brodered by a continuous membrane, which stained with
silver and PAS,

In some instances, the flattened reticular-epithelial cells
were found to completely delineate "pockets" of lymphoid cells from
the remainder of the cortical parenchyma (Fig. 21). These cortical
pockets were filled with lymphocytes and consistently occurred at the
periphery of thymic lobules, preferably right along the interlobular
septa. Such lymphocytic compariments, whose functional significance
is entirely unknown, have not been described in the literature sur-
veyed.

In agreement with the electron microscopic findings of Clark
(1963) and Hoshino (1963) in the mouse thymus, the present work re-
vealed that the stcllate reticular-epithelial cells were interconnec-
ted by their slender cytoplasmic extensions. Together with the cells
of the flattened type, they were observed to form a loose network
ermeshing lymphocytes throughout the cortical parenchyma (Figse. 34
and 62),

C) Outer medulla.

1) Cytology of reticular-epithelial cells

Under the electron microscope, Hoshino (1963) has recognized
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two main types of epithelial cells in the medulla of the mouse thymus,
namely "reticular" and "hypertrophic" types. In TPA-stained prepa-
rations, five types of reticular-epithelial cells could be easily
jdentified by light microscopy in the outer medulla: "flattened",
"irregularly stellate", "multibranched", "hypertrophic", and "dege-
nerating". These five categories of cells are not, however, intended
to be a rigid classification. In fact, all these outer medullary
reticular-epithelial cells seem to belong to a single cell population.

The flattened reticular-epithelial cells were found to be mor-
pholocically identical to those of the cortex. While Clark (1963)
observed that the medullary epithelial cells were numerous and volu-
minous, Hoshino (1963) reported that most of these cells were stellate
in form and often contained considerable amounts of tonofilaments
in their cytoplasmic processes. The numerous reticular-epithelial
cells of the irregularly stellate variety seen in the outer medulla
of the rat thymus seem to correspond to the "voluminous medullary
epithelial cells" of Clark (1963) and the "epithelial cells of the
reticular type" rich in tonofilaments of Hoshino (1963).

Striated muscle cells, the so-called “myoid cells", have been
reported in the fetal and perinatal thymus of some mammals (Harmar,
1905; Pappenheimer,. 1910; Dustin and Bailez, 1914; Salkind, 19153
Wassjutotschkin, 1918}, and even of man (Henry, 1966). In a recent
paper, Raviola and Raviola (1967) confirmed with the electron micros-
cope that striated muscle cells commonly occurred in the thymus of

reptiles and birds. These authors described these cells as “round
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or elongated myoid cells" resembling adult skeletal or cardiac muscle
fibers and preferably encountered in the medulla of the thymic lobule.
Interestingly enough, they observed that these cells were joined by
desmosomes to reticular cells and to other myoid cells; they also
noticed some degenerating myoid cells with pycnotic nuclei and an
electron dense cytoplasm. They finally suggested that myoid cells
might originate from reticular cells.

No myoid cells were recognized as such in the parenchyma of the
rat thymus. The only type of reticular-epithelial cells that could
conceivably be classified as myoid cells are those which were referred
to as "multibranched reticular-epithelial cells" in the outer medulla.
It may be recalled that these multibranched cells are provided with
ramifying, dendrite-like cytoplasmic processes conspicuously richer
in TPA-staining tonofibrils than the neighboring reticular cells with
which they are anastomosed. The possibility that they may represent
myoid cells, however, should be dismissed since their cytoplasmic
filaments are not striated.

Furthermore, using the electron microscope, Clark (1963) des=-
cribed two types of cytoplasmic inclusions, which might be secretory,
in some medullary reticular-epithelial cells of the mouse thymus.
Hoshino (1963), on the other hand, observed that some large and round
epithelial cells in the medulla of the mouse thymus had a few short
cytoplasmic processes, sparse tonofilaments, and peculiar vesicles
provided with microvilli or cilia in their wall; he described them

as "hypertrophic" epithelial cells and stated that they often under-



122,
went degeneration and were related to the formation of Hassall's
corpuscles, More recently, Kohnen and Weiss (1964) noticed similar
ciliated vesicles in the cytoplasm of some medullary reticular-epi-
thelial cells in guinea pig and mouse thymuses and referred to them
as "intracellular cysts".

In the present work, however, reticular-epithelial cells of
the outer medulla were classified as "hypertrophic" when they dis-
played morphological characteristics, such a round shape, a thin rim
of tonofibrils right under the cytoplasmic membrane and numerous PAS-
positive cyioplasmic granules of uniform size, They were regarded
as "degenerating" cells when their cytoplasm contained very little
fibrillar elements and was occupied by either large PAS-positive
granules of varying sixe or a single large inclusion presumably cor-
responding to an "intracellular cyst'. They were finally considered
to have degenerated when all cellular structures were obliterated by
several globular, colloi-like masses and the whole cell was transfor-
med into an amorphous mass or "extracellular cyst" reacting positively
to the PAS technique. Such a classification does not differ conside-
rably from that proposed by Hoshino (1963).

Lastly, since Metecalf (1958) has proposed that the thymus se-
cretes a "lymphocytosis-stimulating factor", morphological and phy-
siological evidence indicated that some thymic medullary epithelial
cells may elaborate and secrete a hormone capable of stimmlating lym-
phopoiesis within the thymus. As pointed out previously, electron

microscopists have described several cytological features of thymic
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medullary epithelial cells which ﬁay be indications of secretory
activity (Hoshino, 1962, 1963; Clark, 1963; Weiss, 1963; Izard, 1965¢).
Moreover, Metcalf (1958) recorded a greater increase in the number of
circulating lymphocytes in newborn mice and thymectomized adults
when the animals were injected with extracts of thymic medulla than
when they were treated with extracts of thymic cortex. Osoba and
Miller (1964) stated that, within diffusing chambers, the thymus,
though still capable of reversing the crippling effects of early
thymectomy, consisted almost entirely of epithelial cells., More re-
cently, Clark (1966) presented cytological and histochemical evidence
indicating that some medullary epithelial cells of the mouse thymus
Were capable of elaborating and secreting a sulfated acid mucopoly-
saccharide, However, in a recent paper, Izard (1966) stated that he
found no morphological evidence of granular secretion within medullary
epithelial cells of the guinea pig thymus.

From the present morphological study it appears that the only
cells in the outer medulla of the rat thymus that could conceivably
be candidates for such a secretory role are the reticular-epithelial
of the hypertrophic type. Nevertheless, since these cells were found
to be linked to adjacent degenerating and degenerated reticular cells
(Fig. 30), it seems rather unlikely that they are involved in the se-
cretion of a hormone. As they are usually found in close association
with reticular-epithelial cells which are provided with the so-called
"intracellular cysts" or which have undergone hyaline degeneration,

it appears more likely that these hypertrophic cells represent reti-
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cular cells in the initial stages of the degenerative process. It
is suggested, after Hoshino (1963), that hypertrophic reticular-
epithelial cells may degenerate and converge into Hassall's corpus-
cles, However, the PAS-positive granules that they accumulate or
the cysts that may occur in their cytoplasm may be manifestations of
synthesis and storage of a substance, perhaps the sulfated acid mu-
copolysaccharide which Clark (1966) found in some medullary epithelial
cells, Such a sulfated acid mucopolysaccharide may be similar to
those observed during keratinization of the epidermis (Wislocki et
al., 1951) and may, according to Sylven (1950), provide sulfated
redicals indispensable for the keratinization process. Such a pro-
cess cormonly takes place in Hassall's corpuscles, and the latter
have been reported to contain sulfated acid mucopolysaccharides
(Verne et al., 1956).

3) Hassall's corpuscles

There has been considerable controversy concerning the nature
and origin of Hassall's corpuscles. Recent electron microscopic stu=-
dies of these structures (Hoshino, 1963; Kohnen and Weiss, 1964; Izard,
1965¢c, 1966) seem to support the theory of Kingsbury (1928). Accor-
ding to this theory, Hassall's corpuscles are epithelial in nature
and develop from hypertrophied reticular-epithelial cells.

From the evidence presented in this work, Hassall's corpuscles
are restricted to and are not difficult to find in the outer medulla
of the rat thmus. They constitute a diverse group of polymorphous

bodies showing a great variability in size and structure. They may
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vary from small solid masses of lamellated reticular-epithelial cells
with massive quantities of tonofibrils (Fig. 31) to large structures
displaying basically a central core filled with fluid or degenerating
cells and surrounded by concentric lamellae of reticular-epithelial
cells rich in tonofibrils (Figs. 31-33).

The central core of the corpuscles was found to vary in compo-
sition; it may consist of a single degenerating reticular-epithelial
cell or may be composed of two or more such cells in addition to a
few degenerate lymphoid elements. Unlike some investigators (Izard,
1965c; Kostowiecki, 1963, 19643 Jaroslow, 19673 and others), no other
cell types or degenerating blood vessels were found to form the core
of these bodies, findings which argue in favor of their exclusive
development from hypertrophic or degenerating reticular-epithelial
cells in the outer medulla of the rat thymus.

Furthermore, Kohnen and Weiss (1964) and Izard (1965c, 1966),
in studies on the ultrastructure of Hassall's corpuscles, have repor-
ted that the cells making up the central core of these corpuscles,
like those in the stratum corneum of the epidermis, have lost their
nuclei and have become transformed into filamentous areas. Kohnen
and Weiss (1964) added: "It is doubtful that all intracellular fi-
brils are inserted into desmosomes, and there is suggestive evidence
that fibril deposition and membrane desintegration are associated
processes, In the present work, no TPA-staining fibrils or desmo-
somes could be recognized in the central cells of well-developed

corpuscles. It can reasonably be concluded that typical tonofilaments
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are not present in these cells and that the filamentous material
observed by electron microscopists in their cytoplasm, since it is
TPA negative, does not belong to the "cell web" family and may re-
present the product of membrane desintegration. This finding also
supports the view that degenerating reticular-epithelial cells in
which no tonofibrils were observed form the center of Hassall's cor-
puscles,

The present study also demonstrated conclusively that the wall
of a Hassall's corpuscles was composed of concentric lamellae of
tonofibril-containing reticular-epithelial cells. As reported by
Kohnen and Weiss (1964), the most peripheral cells of the wall was
found to contain conspicuously more tonofibrils than neighboring
reticular-epithelial cells in the outer medulla and was often seen
to diverge from the main body to establish connections with these
cells, i.e., with the outer medullary reticular framework. Unlike
Izard (1965c, 1966), however, the tonofibrils were observed to be
less conspicuous in the cytoplasm of the cells bordering the central
core of corpuscles. In small, developing corpuscles, avidly TPA-
stained granules of various sizes were seen in association with tono-
fibrils, particularly in the cytoplasm of reticular cells contiguous
with the center of the corpuscle. It is noteworthy that these gra-
nules resemble the keratohyalin granules of epidermal cells which are
also TPA positive (Kallenbach, 1963). Similar granules were reported
in Hassall's corpuscles by Kohnen and Weiss (1964) and Izard (1965¢c)

who also believed them to represent keratohyaline granules.
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L) Spatial distribution of reticular-epithelial cells

The present work revealed, in accord with the electron micros-
copic findings of Clark (1963) and Hoshino (1963), that all the tono-
fibril-containing reticular-epithelial cells of the outer medulla were
anastomosed by their cytoplasmic processes to form a continuous, dense
network holding lymphocytes in its meshes. This network, at the cor-
tico-medullary boundary, was continuous with the rather loose cellu-
lar reticulum of the cortex, thus indicating that the reticular-epi-
thelial cells of both cortex and outer medulla belonged to a single
cell population. Furthermore, as found by Sainte-Marie and Leblond
(196k4a), no membrane or ﬁetwork of fibers was observed at the junc-
tion between cortex and outer medulla.

However, at the limit between outer and inner medulla, i.e.,
between epithelial and comnective tissue compartments, the reticular-
epithelial cells of the flattened type were found to form a continuous
layer. These cells also formed a continuous epithelial sheet around
outer medullary capillaries and around the perivascular connective
tissue spaces which enclosed the post-capillary venules that had ex-
tended from the immer medulla into the outer medulla to receive the
blood carried by cortical capillaries.

Using the électron microscope, Clark (1963), Hoshino (1963)
and Weiss (1963, stated that the epithelial sheet formed a continuous
barrier around the periphery of each thymic lobule, around intrathy-
mic blood vessels as well as around perivascular spaces. They also
reported that this sheet was always separated from the surrounding

connective tissue by a continuous basement membrane. This is in
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agreement with the evidence presented in this work, except that the
basement membrane associated with the flattened epithelial cells is
discontinuous at the boundary between outer and inner medulla. The
significance of such a discontinuous basement membrane will be dis-
cussed later.

In his electron microscopic investigation of the mouse thymus,
Clark (1963) reported that medullary epithelial cells were often ar-
ranged in "clumps" or "solid cords”., In the ﬁresent study, small
accumulations of epithelial cells were sometimes encountered in the
outer medulla; however, they did not form compact, solid epithelial
masses. Such masses, however, were found in the inner medulla.

D) Mitoses of reticular-epithelial cells.

Using the electron microscope, Clark (1963) stated that he
observed no epithelial cells in mitosis in the thymic reticular cell
network. However, in their light microscopic study of the rat thy-
mus, Sainte-Marie and Leblond (1964a) found, in both the cortex and
the medulla of the thymic lobule, dividing reticular cells which
they related to the epithelial cells of Clark (1963).

In the present work, a number of cortical and outer medullary
reticular-epithelial with tonofibrils were found in mitosis (see Fig.
53). A radioautographic experiment demonstrated that some thymic
reticular-epithelial cells could synthesize DNA (see Figs. 54 and 55).
However, more labeled reticular cells were observed in the outer me-
dulla than in the cortex. This might be attributable to the fact

that, unlike the reticular-epithelial cells of the cortex, those of
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the medulla were numerous and contained large amounts of tonofibrils,
which thus made them more readily identifiable in TPA-stained radio-
autographs.

E) Temporal distribution of reticular-epithelial cells.

From the evidence presented in this work, it was only with time
and gradually that tonofibrils became visible in thymic reticular
epithelial cells. It may be recalled that, between the thirteenth
and the fifteenth day of embryonic development, no reticular-epithe-
lial cells with demonstrable tonofibrils were observed.

In 13-day-old embryos, the thymic anlage was a solid epithelial
mass completely delimited from the surrounding mesenchyme by a conti-
nuous basement membrane. At this stage of development, besides the
columnar epithelial cells with a terminal bar-terminal web complex
bordering traces of the primitive pharyngeal duct, the thymic anlage
was populated by only conical epithelial cells arranged in acinar
configuration (see Figs. 63 and 64). Such conical cells corresponded
to the "undifferentiated epithelial" cells of Ackerman and Knouff
(1965) and to the "primitive stromal epithelial® cells of Sanel
(1967).

It was not until the sixteenth day of embryonic life that ton&-
fibrils became visible in epithelial cells accumulated into a newly
formed Hassall's body, which stained lightly in H and G preparations
and which thus constituted the first or early medulla.

The present work revealed that, in the final quarter of embryo-

genesis of the thymus, it was not possible to demonstrate tonofibrils
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in the cytoplasm of cortical reticular-epithelial cells, It was
only by the second postnatal day that TPA-staining fibrillar mate-
rial could be identified in the epithelial cells of only the deep
portion of the thymic cortex. The latter was richly provided with
small lymphocytes in contrast to the subcapsular cortex which was
much less differentiated and was composed mainly of reticular cells
and lymphoblasts.

Indeed, it was noticed that in 4-day-old rats the subcapsular
cortex had disappeared, the whole cortex had increased in size, and
was more uniformly populated by reticular cells with visible tono-
fibrils., However, it was only between the sixth and the seventh day
of postnatal life that a layer of flattened reticular cells could be
identified where the thymic parenchyma bordered on connective tissue.

Finally, it is noteworthy that the first medulla, as can be
seen in Figures 67 and 69, was formed in close association with an
iﬁterlobular septum, In a recent study of the first stages of deve=-
lopment of the medulla and the cortex in the rabbit thymus, Kostowiecki
(1967) confirmed this association and stated that the early medulla
was a mixture of epithelial cells derived from the original epithelial
anlage and mesenchymal cells provided by a nearly mesenchymal septum,
This may explain the partitioning of the medullary region into an

outer and inner medulla in the adult thymus.

Connective Tissue Compartment:

A) Topography.

From the evidence presented in this work, the connective tissue
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compartment of each thymic lobule can be defined as a large, irre-
gular, sharply defined comnective tissue space which is divisible
into two main components: 1) the "inner medulla", which occupies the
deeper portions of the lobule; and 2) the "perivascular spaces,
which are prolongations or extensions of the inner medulla enclosing
blood and lymphatic vessels,

This compartment is completely demarcated from the epithelial
one, which comprises the cortex and the outer medulla, by a conti-
nuous sheet of flattened reticular-epithelial cells resting on a
basement membrane-like layer, which stains with silver and PA-Schiff,
At the level of the perivascular spaces, the basement membrane was
observed to be continuous. However, it was found to be disconti-
nuous at the boundary between outer and inner medulla.

In his study of the histogenesis of dense lymphatic tissue of
the intestine, Latta (1921) described the changes taking place in
the basement membrane associated with the rapid increase of lym-
phocytes in the epithelium. He noticed under the light microscope
that the basement membrane became indistinct as lymphoeytes crowded
into the epithelium. More recently, Shimizu and Andrew (1967) made
a correlated light and electron microscopic investigation of lym-
phocyte-epithelial relations in the appendix of normal rabbits of
various ages. These authors found with the electron microscope that
the basement membrane at the level of the lymphatic nodules became
discontinuous at two weeks and aven disappeared in older animals,
According to these workers, the basement membrane became disconti-

nuous once lymphocyte migration into the epithelium was considerable,



132,
They concluded that the discontinuity of the basement membrane was
an indication of active lymphocyte migration from the 1ymphatic no=-
dules into the epithelium.

Similarly, Toro and Olah (1967), using the electron microsco-
pe, observed that the migration of thymic lymphocytes across the
wall of thymic capillaries was precedéd by local dissolution of the
collagenous fibers and disappearance of the basement membrane. In
contrast to the above workers, Clark (1963) held that it was possi=-
ble for:lymphocytes to pass +through the basement membrane. Moreover,
Sainte-Marie and Leblond (1958b, 1964a, 1964b) observed figures of
diapedezing small lymphocytes across the basement membrane-like layer
forming the outer wall of perivascular spaces in the rat thymus.

From the above references, it appears that lymphocytes can
pass through the basement membrane; however, when lymphocyte migra-
tion across the membrane is massive, the latter would become discon-
tinuous and possibly disappear.

B) Content.

The connective tissue compartment of the thymic lobule was
found to contain larger amounts of argyrophilic fibers than any of
the two components of the epithelial compartment. The fibers were
haphazardly distributed in the inner medulla, but formed, as pre-
visouly observed by Smith and Ireland (1941) and Sainte-Marie and
Leblond (1958b, 1964a, 1964b), concentric layers inside the perivas-
cular spaces.

The concentration of lymphocytes in this area was slightly
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lower than that in the cortex but higher than that in the outer me-
dulla, It followed that, in silver preparations, the connective
tissue compartment had a color intermediate between that of the cor-
tex and that of the outer medulla (see Figs. 35-39).

This compartment was extremely well vascularized, In addition
to post~capillary venules and lobular veins, it contained a number
of arterial chammels which ramified into numerous capillaries in the
imner medulla area. Such capillaries were confined to the territory
of the inner medulla and were never seen to penetrate the epithelial
compartment. The arterial channels were often accompanied by typi-
cal, endothelium-lined lymphatic vessels.

Not infrequently, branching cysts and duct-like spaces were
found in the imnner medulla and in some large perivascular spaces
which traversed the epithelial compartment to become continuous with
interlobular septa.,

C) Perivascular spaces.

The present work demonstrated conclusively that, in accord
with Clark (1963) and Weiss (1963), perivascular spaces were not
endothelium~lined as believed by Sainte-Marie and Leblond (1958b, ,
1964a),  They were found to be connective tissue spaces, continuous
with the inner medulla, that enclosed blood vessels and that were
delimited from the epithelial compariment by a continuous epithelial
layer with an uninterrupted basement membrane. The belief of Sainte-
Marie and Leblond (1964a) that these spaces may not completely sur-

round a blood vessel obviously stems from the fact that the sections
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often passed through the point where they become continuous with the
inner medulla,

In section, perivascular spaces may be encountered in the ou-
ter medulla around a single post-capillary venule; however, in both
the outer medulla and the cortex, they may be observed around a sin-
gle lobular veins, around lobular blood and lymphatic vessels, or
again around cystic and duct-like spaces. In all these locations,
they were separated from the parenchyma of the epithelial compartment
by a continuous epithelial sheet with a basement membrane.

D) Cystic and duct-like spaces.

According to Tesseraux (1959), typical cysts lined by cuboidal,
columnar, or ciliated cells might be localized in the interlobular
septa of the thymic lobe, but they most frequently occurred within
the thymic lobule completely surrounded by thymic parenchyma. Scham-
bacher (1903) and Shier (1963) proposed that Hassall's corpuscles
might develop from the epithelial lining of tubular cysts.

The present work demonstrated conclusively that there were two
main categories of thymic cysts: 1) the so-called "intracellular"
and "intercellular" cysts, which were found exclusively in the outer
medulla of the thymic lobule and which seemed to arise from degene-
rating medullary reticular-epithelial cells; and 2) frankly tubular
or duct-like epithelial cysts which were lined by cuboidal, columnar,
or ciliated cells and which were confined to the territory of the
connective tissue compartment and of some interlobular septa of the

thymic lobule.
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The epithelial lining cells of the tubular cysts were found to
be rich in cell web filaments. When such cysts were cut tangentially,
they assumed the appearance of solid masses of epithelial cells richly,
provided with cytoplasmic filaments (see Fig. 45). Such masses would
correspond to the ones observed by Clark (1963) in the medulla of the

mouse thymus.

Blood and Lymphatic Vascularization:

The present investigation clarified some points concerning the
intralobular blood circulation in the rat thymus, First, it was con-
firmed that the pattern of arterial supply of the thymic lobule was
centripetal, Secondly, it was clearly shown that the epithelial
compartment of the thymic lobule, i.e., cortex and outer medulla,
was characterized by the presence of only arterial capillaries which
had three patterns of distribution. Thirdly, this work demonstrated
conclusively that the thymic lobule had a double arterial supply:
one set of septal arterial branches for the epithelial compartment,
and another set for the connective tissue compartment.

It is generally believed that the thymus has only small effe-
rent lymphatic channels which run mainly in the interlobular septa
(Weiss, 1966a; Sainte-Marie and Leblond, 196la; Smith, 1955). The
present work revealed the presence of true endothelium-lined lym-
phatic vessels which originated in the inner medulla and accompanied

the lobular veins and arteries to the lobar hilum,
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SPLEEN

Like the reticular-epithelial cells of the thymus, most reti-
cular cells in the spleen were found to contain TPA-staining fibrils,
to form a continuous layer around most blood vessels and to delimit
compartments within the splenic pulp. Unlike the thymic cells, howe-
ver, their fibrils became visible late in postnatal life and these
cells were not observed to form a continuous boundary around the
periphery of the organ, i.e., under the capsule and along the tra-
beculae, The cytological characteristics and spatial distribution
of these TPA-stained reticular cells in the splenic white pulp,

marginal zone and red pulp will now be discussed,

White Pulp:
A) Cytology of TPA-stained reticular cells,

In the periarterial lymphatic sheaths of the white pulp, Ga-
lindo and Imaeda (1962), using the electron microscope, described
two main types of reticular cells, both of which were elongate in
shape in section: 1) "fixed reticular cells type A (FRCA)" rich in
cytoplasmic free ribosomes which gave them a dark appearance, and
2) "fixed reticular cells type B (FRCB)"'with fewer ribosomes., These
workers found both cell types to be intimately associated with the
extracellular reticulum and, on the basis of their structural pattern,
suggested that FRCA might potentially transform into FRCB and/or

macrophages,
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Similarly, Weiss (1964) reported that most reticular cells in
the periarterial lymphatic sheaths were fixed to the extracellular
reticulum which they ensheathed. This author, however, noticed elec-
tron dense cytoplasmic material aligned in the portion of the cyto-
plasm of these cells that lay alongside the reticulum.

The present work revealed that all TPA-stained reticular cells
in the periarterial lymphatic sheaths, in section, were fusiform and
possessed elongate cytoplasmic extensions. With the exception of
those associated with the adventitia of arterial channels, they were
observed to encompass the coarse extracellular reticulum fibers of
the white pulp stroma., In addition, delicate TPA-~staining fibrils,
most probably corresponding to the electron dense material seen by
Weiss (196U4), could be identified in the portion of their cytoplasm
that was adjacent to the reticulum. It therefore seems most likely
that such TPA-stained reticular cells represent the more differentia-
ted "fixed reticular cells type B (FRCB)" of Galindo and Imaeda (1962)
and the abundant "fixed reticular cells" with dense, aligned cyto-
plasmic material of Weiss (1964).

Moreover, Weiss (1964) noted that both endothelial cells and
what he called "advential cells" of arterial capillaries contained
dense basal material similar to that present in reticular cells. Such
Yadventitial cells" with dense cytoplasmic substance would correspond
to the "unfixed", elongate TPA-stained reticular cells observed in
this work in close proximity to the adventitia of arterial vessels,

It is noteworthy that the nuclei of TPA-stained reticular cells,
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unlike those of thymic reticular-epithelial cells, were often not
readily identifiable. This may be attributable to the fact that the
relatively scant amount of TPA-staining material present in these
cells preferably accumulates in their basal cytoplasm, i.e., the
portion of the cytoplasm lying alongside the extracellular reticulum,
and does not aggregate on the nuclear membrane as tonofilaments do
in thymic reticular-epithelial cells.

It is equally noteworthy that, as a general:-rule, the nuclei
of the TPA-stained reticular cells were observed to bulge away from
the extracellular reticulum to which the cells were attached. One
exception to that rule was the nuclei of the "unfixed" reticular cells
that were associated with the walls of arterial vessels and that were
not fixed to reticulum fibers; indeed, they were found to consisten-
tly protrude into the adventitial connective tissue. It follows that
TPA-stained reticular cells in the periarterial lymphatic sheaths are
oriented cells with a base resting on extracellular reticulum staina-
ble with silver and PAS and containing TPA-staining fibrils analogous
to the so-called "basal web" seen in the cytoplasm of kidney epithe-
1ial cells (Clermont and Pereira, 1966).

Little is known of the cytological characteristics of reticular

cells in the uncommon secondary lymphatic nodules of the spleen. In

a recent electron microscopic study of normal mouse spleens, however,
Swartzendruber (1967) could distinguish two types of reticular cells
in the germinal centers: 1) reticular cells with electron dense mate-
rials in their elongate cytoplasmic processes, and 2) "dark" reticu-

1ar cells or "transitional" cells linked by desmosomes. In the pre-
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sent work, the TPA-stained reticular cells in the lymphatic nodules
were found to display the same cytological features as those in the
periarterial lymphatic sheaths. They probably correspond to the
Wypeticular cells with electron dense materials" of Swartzendruber
(1967).

B) Spatial distribution of IPA-stained reticular cells.

The present study demonstrated conclusively that there was an
abundance of TPA-stained reticular cells in the splenic white pulp.
They were seen to form a conspicuous single or double layer richly
provided with coarse TPA-staining fibrils which completely demarca-
ted the white pulp from the surrounding marginal zone, Such a layer
was found to be associated with a dense network of delicate argyro-
philic fibers, which was called the "capsule of the follicle" by
Krumbhaar (1948).

In light microscopic studies on the perifollicular region of
the rat spleen, Snook (1964) found, at the margin of splenic lym-
phatic nodules, an unusual aggregation of reticﬁlum-like cells which
were blackened by Marshall's silver impregnation technique, hence
the name "marginal metalophils" that he gave such cells. He stated
that these marginal metalophils tended to be rounded with blunt pro-
cosses in contrast to the highly branched metalophils or fixed reti-
cular cells of the white pulp. Moreover, this author suggested that
such cells represented potential phagocytes since they often reacted
negatively to tests for iron. Recently, Pettersen et al. (1967), in

their study of the primary and secondary immune responses in the
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rat spleen, suggested that the marginal metalophils of Snook (1964)
might initiate the antibody-forming process in the lymphatic nodules
by coming into close contact with marginal zone lymphocytes.

It appears likely that the dense ring of marginal metalophils
observed by Snook (1964) corresponds to the conspicuous sheath or
barrier of TPA-stained reticular cells seen at the margin of the
white pulp. Indeed, while most TPA-stained reticular cells composing
the sheath were elongate, some were plump but still contained de-
monstrable fibrils in their cytoplasm; furthermore, an occasional
cell with nuclear morphology similar to that of reticular cells and
with phagocytosed material was sometimes recorded in the marginal
sheath; however, such a macrophage did not display TPA-staining fi-
brils. It therefore seems plausible that the TPA-stained reticular
cells making up the barrier at the margin of the white pulp are po-
tential phagocytes which may be mobilized into active macrophages.

Snook (1946) described plexuses of deep 1lymphatic vessels in
the periarterial sheaths of the splenic white pulp of some marmmals
but denied their existence in the rat, The present work confirmed
Snook's finding that deep lymphatic did not occur in the splenic
periarterial sheaths of the rat. Instead the periarterial sheaths
were found to be compartmentalized by layers of TPA-stained reticu-
lar cells which encompassed the coarse fibers of the white pulp
stroma and were concentrically disposed around the central artery.
The compartments thus formed were seen to extend around the branches

of the central artery which supplied the cortex of lymphatic nodules.
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Similarly, at the level of the splenic hilum, these compartments were
found to abut upon lymphatic vessels provided with gaps in the pertion
of their wall which is contiguous with the periarterial lymphatic
sheath., This suggests that lymphocytes formed in the nodules may not
pass into the red pulp in any large numbers and be supplied to the
blood, for they may travel from the cortex through the intercommu-
nicating compartments of the periarterial lymphatic sheath to be re-
moved by the lymphatics in the hilum region.

An interesting finding was that the marginal zone was missing
around the distal ends of the periafterial lymphatic sheaths, just
before the arterioles penetrated and terminated in the red pulp. An
even more interesting discovery was that, at their distal ends, the
periarterial lymphatic sheaths were observed to be much attenuated
and to be reduced to a delicate, loose sleeve composed of few argy-
rophilic fibers and of one or two layers of lymphocytic cells deli-
mited by one or more continuous sheets of TPA-stained reticular cells,
The terminal arterioles were found to retain their investing layer
of fibril-containing reticular cells until the arterial vessels en-
ded in the red pulp. At times, a double layer of TPA-stained reticu-
lar cells could be recognized about these channel. However, it was
very difficult to follow these structures in serial sections as they
were at the limit of visibility of the light microscope. More work
thus needs to be done to clarify the structural peculiarities of such
terminal arterioles and associated layers of reticular cells,

Nevertheless, since the single or double layer of TPA-stained
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reticular cells investing arterial capillaries was seen, at the limit
between lymphatic nodules and marginal zone, to diverge from the walls
of these vessels to become continuous with the conspicuous sheath of
reticular cells forming a barrier at the margin of the white pulp,
it appears likely that the single or double layer of fibril-containing
reticular cells ensheathing terminal arterioles at the distal ends
of the periarterial lymphatic sheaths might do likewise and become
an integrant part of the barrier decarmating the white pulp from the
marginal zone. It is further suggested that, unlike the situation
at the proximal ends of the periarterial lymphatic sheaths, few lym-
phocytic cells would follow the distal ends of these sheaths to reach
the red pulp.

It therefore seems likely that the barrier of reticular cells
found at the boundary of the white pulp, in—addition to representing,
as suggested by Snook (1964), a source of potential phagocytes which
would, according to Pettersen et al. (1967), initiate the antibody-
forming process by coming into close contact with marginal zone lym-
phocytes, would be effective to prevent the emigration of large num-
bers of white pulp lymphocytes into the marginal zone and eventually
into the red pulp and the blood circulation. This belief appears to
be substantiated by the finding of Pearce et al. (1918) that, in dogs,
Y+he blood of the splenic vein does not differ greatly from that of
the artery".

Furthermore, the TPA-stained reticular cells were observed to

form a continuous uninterrupted investing layer around all arterial
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charmels in the white pulp, excepting around arterial capillaries
supplying the germinal center of lymphatic nodules. Such a layer is
morphologically "analogous? to the epithelial boundary formed by reti-
cular-epithelial cells around intrathymic blood vessels, However,
the cells making up the sheet investing white pulp arterial channels,
unlike thymic reticular-epithelial cells, do not display epithelial
characteristics, such as tonofigrils and desmoscmes, do not have a
basement membrane-like layer wherever they come into contact with
cornnective tissue, and are known to be of mesodermal origin. Obvious-
1y, the presence of desmosomes does not imply per se that a cell is
epithelial in nature, for endothelial and mesothelial cells, which
are derived from the mesenchyme, may have such intercellular attach-
ment devices. However, in the case of the thymus, this criterion
has all its value owing to the presumably endodermal or perhaps ec=-
todermal origin of this organ and to the epithelial character of its
cellular reticulum.

The finding that germinal center arterial capillaries were the
only vascular channels of the white pulp which were not closely in-
vested by a continuous layer of TPA-stained reticular cells was
significant, for it gave some insight into the peculiar structural
organizations of large, well-developed secondary lymphatic nodules
of the splenic white pulp. Indeed, from the evidence presented in
this work, the germinal center of these transitory structures seems
to have resulted from the cellular infiltpation and subsequent dila-

tation of the potential space between the walls of the radial capil-
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laries given off by the arteriole to the center and the layer of
TPA-stained reticular cells investing these capillaries, This belief
is substantiated by two findingss 1) capillaries within the germinal
center are not invested by a layer of TPA-stained reticular cells;
and 2) the delimiting cellular layer of the center not only is conti-
nuous with the investing layer of the arteriole to the center, but
it also covers the capillaries that emerge from the center to run out
toward the marginal zone, Thus, the layer of TPA-stained reticular
cells investing white pulp arterial channels, since it was intima-
tely associated with neither argyrophilic extracellular reticulum
nor a basement membrane, would be a loose, "unfixed" membrane which
could lend itself quite well to changes that might occur in the vi-
cinity of these channels.

In a recent note, Millikin (1967) described well-developed
germinal centers of the human spleen, lymph nodes and mucous membra=
nes as bipolar spheroids consisting of two separate hemispheres.
According to this author, in splenic germinal centers, one hemisphe=-
re was light and eosinopholic and was directed toward the marginal
zone, while the other hemisphere was dark (owing to the presence of
cells with scanty cytoplasm and darkly basophilic nuclei) and was
diametrically opposite the light hemisphere. The present work con=-
firmed that splenic germinal centers were bipolar, oblong structures,
with one pole facing the marginal zone and another one directed to-
ward the central artery. However, it was found that the two hemis-

pheres are not separate, but that the germinal center was only inva-
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ginated at the point of entrance of the arteriole to the center in
its mid portion. Moreover, in contrast to Millikin (1967), the
hemisphere facing the marginal zone was found to contain more small
cellular elements (1ymphoqyte@ than the other hemisphere, which were
lightly stained with TPA and therefore made the hemisphere appear
light.

The cortex of splenic secondary lymphatic nodules was thus
found to be a corona around the germinal center from which it was
separated by a continuous 1ayer of TPA-stained reticular cells. It
was observed to be demarcated from the marginal zone by the conspi-
cuous sheath of reticular cells at the margin of the white pulp,
and from the central artery by the layer of TPA-stained reticular
cells which invested it.

From the evidence presented in this work, the cortex of the
splenic secondary lymphatic nodules is divisible into four merging
areas. The cortical area capping the pole of the oblong germinal cen=-
ter directed toward the marginal zone was found to bear a close re-
semblance to the area capping the other pole of the germinal center,
as both areas were completely devoid of argyrophilic reticulum fibers
and of blood vessels. These two cortical areas were observed to com-
municate through the spaces of the periarteriolar lymphatic sheaths
which surrounded the arterioles supplying the cortical areas covering
the lateral aspects of the bipolar germinal center. The TPA-stained
reticuler cells of such sheaths were found to show continuity with

those forming the barrier at the margin of the white pulp. Moreover,
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the spaces of the periarterial lymphatic sheaths were seen to merge
imperceptibly both with those of the periarteriolar Iymphatic sheaths
forming the lateral cortical areas and with the cortical area capping
the pole of the germinal center facing the central artery.

The above findings thus seem to indicate 1) that the splenic
lymphatic nodules implanted on the central artery are developed within
the periarterial lymphatic sheaths and represent dilatations of these
sheaths, and 2) that all the reticular cells with TPA-staining fibrils

of the white pulp belong to a single cell polulation.

Marginal Zone:

The present work confirmed the existence of a "marginal sinus"
in the marginal zone, into which many pulp capillaries opened. In
accord with the findings of Snook (1964), the marginal sinus was
observed to be lined on the white pulp surface by an endothelium
which was continuous with that of the white pulp capillaries, and
laterally, i.e., toward the meshwork of the marginal zone, by a layer
of cells showing discontinuity. However, this study revealed that
the lateral wall of the marginal sinus was formed by fisiform reti-
cular cells with elongate, slender cytoplasmic processes which, un-
like the lining endothelial cells, contained TPA-staining cell web
fibrils and appeared to be fenestrated (see Fig. 92). The fenes-
trae or pores in the cytoplasmic processes of these cells were sepa-
rated from each other by TPA-positive dots and could thus be easily

identified. Such apertures in the lateral wall of the marginal sinus
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would thus allow the passage of blood into the meshes of the margi-
nal zone,

If connections were seen between the endothelial cells of some
white pulp capillaries and TPA-stained reticular cells of the margi-
nal zone, no such connections could be ascertained between the latter
and the reticulo-endothelial cells lining splenic venous sinuses at
the periphery of this zone., Instead, in this area, fusiform reti-
cular cells with delicate cytoplasmic fibrils were found to be dis-
posed in concentric, discontinuous lamellae lying on similarly dis-
posed, fine argyrophilic fibers and separated from each other by
blood spaces. As venous sinuses were not iound in the marginal zone,
it seems likely that such concentric lamellae of TPA-stained reti-
cular cells might be effective in preventing the invasion of this
zone by venous sinuses, Moreover, as macrophages were found to be
abundant only toward the periphery of the marginal zone, it is doubt-
ful that this zone acts as a blood filter., Owing to the peculiar
disposition of the TPA-stained reticular cells in concentric, dis-
continuous lamellae toward the periphery of the zone, the latter,
as suggestedfby Lillie (cited by Krumbhaar, 1948), may instead act

as a "pressure reducing mesh",

Red Pulp:
A) Cytology of TPA-stained reticular cells,

Electron microscopists have recently described three main types

of reticular cells in the splenic red pulp of many mammals: "cordal",
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Yoord-limiting" and "sinal' reticular cells (Weiss, 1962b, 1963,
1966b; Galindo and Freeman, 1963; Roberts and Latta, 1964). From
the evidence presented in this work, only a few cordal reticular
cells contained TPA-staining fibrils, However, all cord-limiting
and sinal reticular cells were found to accumulate cell web fibrils
in the portion of their cytoplasm lying alongside the sinal base~
ment membrane.

According to Weiss (1963, both cordal and sinal reticular cells
were characterized by the presence of an electron dense substance
which, in some instances, assumed a filamentous appearance in the
part of their cytoplasm lying in close physical relation to the sinal
basement membrane or cordal extracellular reticulum. As suggested
by this author, such cytoplasmic filaments are related to the "cell
web" described by Leblond et al., (1960). They also correspond to
the fibrils observed in this work in the cytoplasm of all three ty-
pes of reticular cells,

B) Spatial distribution of TPA-stained reticular cells.

As previously reported by many investigators (Weiss, 1962b,
1963, 1966b; Galindo and Freeman, 1963; Roberts and Latta, 1964), the
basement membrane of the splenic venous sinuses was observed to be
sandwiched between the TPA-staining cytoplasmic processes of the
sinal reticular cells, also referred to as "reticulo-endothelial cells",
and those of the cord-limiting reticular cells. It is felt that all
three types of TPA-stained reticular cells of the splenic red pulp

as well as those of the white pulp and marginal zone belong to a
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single cell population.

It may be argued that, unlike other TPA-stained reticular cells,
the sinal or reticulo-endothelial cells are not contiguous and con-
tain a large amount of cell web fibrils in the form of "basal plates'.
However, Thomas (1967), using the electron microscope, has recently
presented evidence that sinal cells are often contiguous and do not
commonly alternate with gaps or apertures. Furthermore, Roberts
and Latta (1964), in studies on the rabbit spleen, reported that the
three types of red pulp reticular cells followed no definite pattern
as to types of spaces they lined and that similar and dissimilar
reticular cells might line a basement membrane on the same or oppo-
site side. Lastly, it was observed that reticular cells sending out
long cytoplasmic processes and subjected to mechanical stretch tended
to accumulate larger quantities of cell web fibrils. For instance,
cord-limiting reticular cells which sent out long cytoplasmic pro-
jections dying alongside the sinal basement membrane contained more
demonstrable cytoplasmic fibrils than the other cordal reticular
cells, It therefore appears likely that sinal cells, are spindle-
shaped cells that can be subjected to mechanical stretch when venous
sinuses are dilated, deposit massive quantities of TPA-staining fi-
laments which, as suggested by Leblond et al., (1960), may serve to

maintain their shape and integrity.
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SUMMARY AND CONCLUSIONS

Staining sections of the thymus and spléen of the rat with
the tannic acid-phosphomolybdic acid-amido black (TPA) technique
made it possible to understand some structural characteristics of
these two complex lymphatic organs. This was facilitated by the
staining of fibrils, referred tc as "cell web", in the cytoplasm
of most reticular cells, which could thus be readily identified.

In the thymus, the reticular-epithelial cells were easily
recognizable by the well-stained tonofibrils in their cytoplasm
and were found to be distributed as follows.

In the cortex of each thymic lobule, the reticular-epithelial
cells formed a continuous layer on the immer surface of the cap-
sule and along the interlobular septa. They also closely invested
all the small blood vessels. In the intervening space these cells
formed a loose network emmeshing closely packed lymphoid cells.

In the medulla two zones were distinguished. In the outer
zone, which was contiguous to the cortex, the reticular-epithelial
cells, characterized by a voluminous cytoplasm rich in tonofibrils,
were abundant and formed a dense networke In the inner Zone no reti-
cular-epithelial cells could be seen, but instead connective tissue
cells and fibers made up the supporting framework. These two zones,
referred to as "inner" and Youter" medulla, were clearly demarcated
by flattened reticular-epithelial cells, The inner medulla was con-

tinuous with the perivascular connective tissue spaces seen around
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the venules of the outer medulla and the larger blood vessels tra-
versing the cortex.

Therefore, the reticular-epithelial cells constituted the sup-
porting framework of the cortex and outer medulla, whereas the sup-
porting tissue of the inner medulla (which was continuous with the
perivascular spaces) was of a comnective tissue nature. The thymic
lobule was thus divisible into two compartments: an epithelial coms.-
partment comprising the cortex and outer medulla, and a connective
tissue compartment composed of the inner medulla and its prolonga-

tions as perivascular spaces.

In the spleen, the:white pulp was separated from the red pulp
by the "marginal zone"™, a region in which reticular cells containing
delicate TPA-positive fibrils were abundant. The white pulp in turn
was demarcated from the marginal zone by a single or double layer of
reticular cells rich in coarse TPA-staining fibrils,

In the white pulp itself, which was divisible into periarterial
lymphatic sheaths and lymphatic nodules, there was an abundance of
reticular cells with coarse TPA-positive fibrils. 1In the periarterial
lymphatic sheaths, these cells ran parallel to the central artery
and were arranged in concentric layers separated from each other by
spaces containing lymphocytes. In the lymphatic nodules implanted
on the central artery, they formed a delicate layer at the limit bet-
ween germinal center and cortex. Reticular cells with TPA-positive
fibrils were absent from the germinal center and cortex of the lym-

phatic nodules except around the arteriocles supplying these zones,
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around which they made up concentric layers as in the periarterial
lymphatiec sheaths,

In the marginal zone, reticular cells containing discrete cell
web fibrils were randomly distribu£ad in the deeper portions of this
zone but were arranged in concentric lamellae separated from each
other by blood spaces toward the periphery.

In the red pulp, some reticular cells with TPA-positive fibrils
were found in the splenic cords of Billroth located between the ve-
rous sinuses. Finally, the long spindle-shaped reticulo-endothelial
cells lining the sinuses contained a prominent TPA-positive cell web
in the portion of their cytoplasm lying alongside the fenestrated
sinal basement membrane.

Thus, the thymus and spleen of the rat appeared to be compart-
mentalized by reticular cells containing TPA-staining fibrils in
their cytoplasm. Such a compartmentalization of these two intri-
guing lymphatic organs, which has never been clearly stated in the
literature, therefore lay the morphological foundation for a study

of their specific functions.
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