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INTRODUCTION

General Introduction

The thymus has been shown to be central to the development of a
functioning immune system. However, the nature of the interaction bet-
ween maturing lymphocytes and other cells and the endocrine products of
this gland is incompletely understood. The presence of a substantial
thymus gland only in young animals and the gradual involution as aging
progresses, long presented a picture of an organ that was only tran-
siently functional, perhaps unecessary. Miller and Osoba's (1961) pio-
neering work on the immunologic basis of a wasting disease induced by
neonatal thymectomy has led to a rich field of research that explores
the mechanism by which the thymus exerts its particular influence on the
developing lymphocyte.

In all vertebrates the thymus originates embryologically from the
primitive pharynx as an epitheliomesenchymal rudiment. In mammals the
thymus' is a derivative of the third branchial pouch that is heavily
infiltrated with lymphocytes. Four distinct histologic regions can be
recognized: 1) the subcapsular lymphoproliferative zone or outer cortex,
2) the inner cortex, 3) the medulla and 4) the perivascular connective
tissue spaces; inner medulla, septa and capsule. The subcapsular zone

contains large lymphoblasts undergoing intense proliferative activity.
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This response is not antigen driven in contrast to mitotic activity
within the germinal centers of the peripheral lymphoid organs. One to
eight assymetric divisions produce small lymphocytes that are passively
crowded toward the inner cortex where they predominate. Eventually these
small lymphocytes enter the vasculature to seed the T-dependent areas of
lymph node, spleen and gut-associated lymphoid tissues.

The non-lymphoid component of the thymus contains both epithelial
and mesenchymal elements. The relative contribution of each to thymic
immuno-differentiating activities dis still unclear. The epithelial
stromal cells can be roughly divided into two forms, driven in contrast
to mitotic activity within the germinal centers nucleoli, and cyto-
plasmic tonofilaments. They are connected to other epithelial cells of
the gland by desmosomes to form a net-like 'cyto-reticulum' that holds
the lymphocytes in place. In the outermost portion of the gland, the
cortex, epithelial cells are found, that are stellate in form and enmesh
large numbers of lymphocytes in their long processes. The central part
of the gland, the medulla, contains fewer lymphocytes and a second type
of epithelial cell more voluminous in nature.

Mesenchymal cells also occur in both these thymic zones. Macro-
phages contain the remains of lymphocytes within their cytoplasm and it
is thought that these phagocytes act to clear the thymus of its effete
or self-reactive cells. Cells related to the dendritic reticulum cells
of the lymph node and to the Langerhans cell of the epidermis are also

present in the thymus. The function of these cells is at present unk-
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nown. A variety of other cell types such as myoid cells, neuroendocrine
cells and granulocytes have been described.

The epithelial-reticular cells of the thymus have long been iﬁpli-
cated in the production of T-cell differentiating factors, known collec-
tively as 'thymic hormones'. The epithelial origin of these factors is
supported by several lines of research but the morphologic and histo-
chemical evidence of secretory activity in thymic epithelial cells has
been confusing and often contradictory. The relative contribution of
each of the mesenchymal elements to the physiology of T-lymphocyte matu-
ration also warrants further study. It is hoped that an additional more
detailed 1light, and electron microscopic, morphometric, histochemical
and immunocytochemical categorization of thymic stromal elements pre-
sented here will aid in the identification of the cells responsible for

T-lymphocyte differentiation.



REVIEW OF LITERATURE

Introduction

The non-lymphoid cellular component of the thymus is a highly het-
erogeneous population. Various classifications of these cells, formu-
lated on morphologic or histochemical bases, have been proposed by sev-
eral investigators (Mandel 1968, Hoshino 1963, Clark 1973, Bennett 1978,
Duijvestijn and Hoefsmit 1981). Most agree that there is a framework of
cells of an epithelial-reticular mnature that enmesh lymphocytes, and
cells that aré mesenchymal-reticular in character which are associated
with the vasculature. The role that any or all of these cells play in
producing the unique environment that permits thymocyte differentiatiom
has been a matter of controversy. (Bennett 1978, Duijvestijn and Hoefs-

mit 1981).

Epithelial Cells

Although light microscopic identification of large pale staining
cells with vesicular nuclei as epithelial cells, in a predominantly lym-
phoid thymus, may be generally accurate, true confirmation of the
epithelial lineage of a thymic stromal cell can only be made at the
ultrastructural level on the basis of the presence of tonofilaments or
desmosomes. A stain claimed to be specific for tonofilaments, Buffalo
Black-Tannic acid, has been used to demonstrate so-called cell-web con-
taining elements in the thymus (Pereira and Clermont 1971). Tonofila-

ments are fibrils 30-60 Angstrom units in diameter that are closely
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related to keratins biochemically and immunologically (Tien-Sun et al.
1979), They are found in large numbers in the cytoplasm of some thymic
epithelial cells, and the similarity of these cells to the keratinoéytes
of the skin is striking. Differences exist between the epithelial cells
of the thymic cortex and those of the medulla, although both contain
tonofilaments. This distinction has been noted in all mammalian species
examined including, the guinea pig (Mandel 1968), the mouse (Clark 1966,
Hoshino 1963, Mandel 1970), the hamster (Ito and Hoshino 1966), the mon-
key (Chapman 1971), the rat (Hwang et al. 1974, van Haelst 1967, Pfoch
1971, Rappay 1971), the dog (Gorgollon et al. 1978) and the human (Bear-
man 1978).

Cortical Epithelium Cortical stellate epithelial cells exhibit an
extremely attenuated cytoplasm drawn out into long cytoplasmic processes
that surround the many lymphocytes seen in the cortex. At the core of
these processes are bundles of tonofilaments. Epithelial cells have a
basement membrane at the surface of the thymic lobule and adjoining the
vascular trabeculae, but only in apposition to the connective tissue
elements. Stellate cell cytoplasmic organelles are generally concen-
trated near the nucleus. These include membrane bound bodies that range
in appearance from characteristic 'clear' vesicles with smaller dense
bodies rimming the interior surface of the vesicle, to electron dense
bodies that may be either lysosomal or secretory in nature.

Cortical epithelial cells have been claimed to have functions cri-

tical for maturation of the thymic immune system. Mandel (1968) as a
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result of his studies on the guinea pig suggested that the pale cortical
reticular cell contained secretory granules that contained a lymphocyto-
poietic substance. These granules were shown to be negative for.acid
phosphatase, making it unlikely that they were lysosomal in nature. He
considered that medullary epithelial cells played no role in lymphocyto-
poiesis. In his opinion, medullary tissue was only necessary as an
epithelial source for the more functionally specialized cortical stel-
late cells. Metcalf and Ishidate (1962) discussed a periodic acid-
Schiff positive reaction (PAS) in a cortical cell and noting its proxim-
ity to mitotic figures, postulated a lymphocytotrophic function. It is
now known that the special 'clear' granules of cortical epithelial
cells, although PAS positive, are not readily visible with the 1light
microscope, making the 'secretory' cell of Metcalf and Ishidate (1962)
more likely to be a macrophage with inclusions of phagocytosed lympho-
cyte remains. Other cortical epithelial cells seem even less likely to
be capable of secretory activity. Frazier (1973) described a very dark
cortical or dense reticular cell in the chick, that was most probably a
degenerating cell. Izard (1968) has also seen such cells and described
them as being increased in number in the leukemic mouse thymus.

Despite the inability to identify a true secretory granule in the
epithelial cells of the thymic cortex, there is still evidence that cor-
tical stellate epithelium may be 'thymotrophic'. Mandi and Glant (1973)
and Goldstein (1975) have identified cortical immunofluorescence stain-

ing of stromal elements for several thymic hormone preparations, but
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emphasized prominent medullary staining as well. Wekerle (1980) was able
to isolate lymphoepithelial complexes from thymic cortex. These con-
sisted of cortical epithelial 'nurse cells' with 'emperipolisedA or
internalized lymphocytes within their cytoplasm. He considered that cell
to cell contact, as well as exposure to the hormonal milieu during this
intraepithelial transit, were essential steps in T-lymphocyte genera-
tion. The stellate cell of the cortex is, in fact, this "nurse' cell.
Zinkernagel's (1978) finding that the thymic epithelial H2 type deter-
mines the context of subsequent antigen recognition during cell-mediated
immune reactions, supports this view of epithelial-lymphocyte cell mem-
brane interaction. Cortical epithelial cells may contribute to the
thymic lymphocyte differentiating microenvironment by contact mediated
mechanisms rather than by the elaboration of soluble factors.

Medullary Epithelium Medullary or hypertrophic epithelial cells
are readily distinguished from cortical epithelial cells by virtue of
their larger nuclear size, more extensive cytoplasm and lack of specific
'clear' cortical epithelial cell granules (Mandel 1968). They often
contain a variety of other inclusions and are packed with tonofilaments
and connected to the other cells by numerous desmosomes. Several sub-
types of medullary epithelial cells have been described (Mandel 1968,
Duijvestijn and Hoefsmit 1981). Mandel (1968) noted a squamous form,
while Duivestijn and Hoefsmit (1981) refered to the same cell as epithe-
lial-reticular. These cells are probably supportive in nature, but they

contain an occasional electron dense granule that some investigators
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have associated with secretory activity (Vetters and Macadam 1973). It
is more likely that their protein synthetic apparatus is concerned with
the synthesis of keratin-like products. |

Villous or cystic forms of epithelial cells (Mandel 1968) or
vacuolated epithelial cells (Duijvestijn and Hoefsmit 1981) are also
seen in the medulla and possess peculiar vesicles in their cytoplasm.
The walls of these vesicles often contain several microvillous projec-
tions directed into the lumen. These vesicles vary in size and shape and
in the extent of the microvillous border. Cilia have also been observed
in the lumina of such vesicles. The microvilliform vesicles of the
medullary hypertrophic epithelial cells may contain a secretory sub-
stance. Studies have sought to prove that these cells are the source of
thymic hormone. Hoshino (1963) showed these vesicles to vary greatly in
shape and size in the mouse and was the first to demonstrate electron
microscopically that their lumina contained an amorphous substance.
Hoefsmit (1975) identified material in the inclusions of these hyper-
trophic epithelial cells as glycoprotein using the silver methenamine-
PAS technique, in guinea pigs and rats. Clark (1973) provided both
radicautographic and histochemical data in mice that showed that these
cells were active in the synthesis of some sulfated mucopolysaccarides
or glycoproteins. Disodium35 sulfate and Cl4 glucosamine were not
incorporated into cortical epithelial cells. Labeling was seen in medul-
lary epithelium with these isotopes. Neither of these proéucts are

constituents of any known thymic hormone, however they are probably



9
jndicators of a keratinization process. Clark (1973) described three
categories of inclusions in medullary epithelium. Small dense granules,
clustered vacuoles and large cysts that stained variably with PAS-Aician
Blue (a test for glycoproteins and muccosubstances) were seen in proxim-
ity to the silver grains in the autoradiographs. The PAS positive inclu-
sions also showed some acid phosphatase activity. The relative propor-
tion of these inclusions varied predictably with the age of the animal.
Bennet (1978) showed incorporation of tritiated fucose into vacuoles of
the hypertrophic epithelial cells as well as into the stellate cells of
the cortex. He noted that although the thymic hormones are all proteins
when released, the native hormone may be stored in epithelial cell
vacuoles as glycoproteins. The effect on thymocytes of this PAS posi-
tive glycoprotein or mucosubstance found in villous and cystic epithe-
lial cells of the thymic medulla is unknown. It is now understood that
T-cell differentiation proceeds not only by the sequential appearence of
cell surface markers during transit through the thymus but also by the
disappearance or masking of certain markers (Scheid et al. 1975). The
finding that the sialic acid content of the thy-1 antigen increased dur-
ing T-iymphocyte maturation (Hoessli 1980) might suggest a need for
exportable epithelial cell glycoproteins. Indeed, villous cells might
function by 'covering up' cell membrane markers during medullary steps
of differentiation (personal communication J. Sharp).

Abrahamson (1968) demonstrated lysosomal changes in some medullary

epithelial cells at the electron microscopic level following cortisone
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induced involution and recovery. He contended that the association of
1ysosomal enzymes with PAS positive material may be in the nature of
control and degradation of secretory material for eventual reléase.
Rappay (1971) noted cellular acid phosphatase and non-specific esterase
reactivity in a light microscopic examination of the stromal cells in a
developing series of rat thymi. Ito (1978) has shown medullary epithe-
lial cell inclusions that are alkaline phosphatase positive.

Thymic or Hassall's corpuscles are medullary epithelial cell
islands or aggregates. They differ markedly in size and configuration
between species and even between lobules within a single gland (Blau
1968, Kotani et al. 1981, Caso 1979). Multicellular Hassall's corpus-
cles are composed of large swirls of squamous epithelial cells often
with a necrotic center. The ultrastructural features of these cells
include, dense plaques of tonofilaments or keratin in their cytoplasm
and desmosomes connecting them to the other epithelial cells of the cor-
puscle. Some cells appear to be undergoing degeneration, while others
are relatively intact. Interspersed among the epithelial cells can be
seen various granulocytes and some macrophages. In some species, simple
Hassall's corpuscles can also be seen. These structures consist of a
single voluminous epithelial cell, wrapped by a single epithelial
lamella, with relatively few tonofilaments within its cytoplasm. Has-
sall's corpuscles are by no means static structures. They are being
remodeled throughout development (Kotani et al. 1981) and it may be that
the single cell forms are the precursors or nucleation centers of the

multicellular corpuscles.
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Hassall's corpuscles have often been implicated in the acquisition
of immunocompetence (Blau 1968). Caso (1979) has observed that only
10-50% of all corpuscles in five different species contained the sulfhy-
dryl groups of keratin. The remainder appeared quite active, exhibiting
histochemical reactivity for glycoproteins and mucoid substances. Blan
(1968) cited the increase in size and number of Hassall's corpuscles
that preceded recovery from irradiation of the guinea pig thymus as evi-
dence for their active role in lymphocytopoiesis. Other authors (Kostew-
icki 1964) cited the acid phosphatase content of Hassall's corpuscles as
an indication of some phagocytic function, perhaps preformed by associ-
ated macrophages, in degrading and recycling lymphocyte materials. It
has also been suggested that thymic corpusgles are responsible for the
production or sequestration of thymic peptides. Van den Tweel (1978) has
shown specific immunocytochemical staining for a thymic hormone prepara-
tion in Hassall's corpuscles and epithelial cells of the calf and man
at the light microscopic level.

Such examples do not, however, confirm the true in situ synthesis
of hormone. Perhaps they indicate the sequestration of the polypeptide
for presentation to the developing lymphocyte. In fact the heavily ker-
atinized end form of Hassall's corpuscles, seem less likely prospects
for actual production of hormone than the more active appearing large

medullary cells or simple Hassall's corpuscles.
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The mesenchymal componentyéf the mammalian thymus consists of con-
pnective tissue cells that_support thg vasculature, as well as thymic
phagocytes and occasional wapdering blood cells. Numeroﬁs inclusion con-
taining cells are seen in ﬁhé>éortex bf’ményvspecieé (Hoefsmit'1975);
Ultrastiuctural examination feVeais these cells to have the internalized
apoptotic remains of numerous thymocyte nuclei withln thelr cytoplasm
These cells resemble the tzngible body macrophages of the lymph node
germinal center. It has been suggested by Duijvestijn and Hoefsmit
(1981) that macrophages are normally present in the epithelial compart-
"ment of the thymus only in sﬁall numbers. However, they are capable of
migrating from the comnective tissue trabeculae into the thymic parench-
yma itself. Other authors descrlbe macroph;gés in substantial numbers
among the lymphocytes of the thymic cortex and especially describe their
concentration at the cortico-medullary boundary (Hwang et al. 1974).
This boundary, although never a sharp line‘of demarcation histologi-
cally, denotes a substantial change in the thymic microenvironment as
evidenced by the physiologic and functional differénces between lympho-
cytes obtained from tﬁese two regions (Stutman 1975, Schlesinger et al.
1975, Schied et al. 1975). .Differ;hceé in immunocompetence, cell sur-~
face character, size and number héve been described between medullary
and cortie§1 lymphocytes. The segregation of the cortical milieu from
the medulla and the rest of the body may be maintained by a blood-thymus
barrier proposed by the studies of Raviola and Karnovsky (1972). This

barrier may be maintained by epithelial cells 'sealing off' the cortical
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vasculature and may be 'backed up' by the concentrations of macrophages
seen at the cortico-medullary border.

Macrophages are also seen in the thymic medulla along with another
type of mesenchymal-reticular cell, the interdigitating cell (IDC). The
IDC has a voluminous cytoplasm with a cytocentrum and a periphery that
is largely devoid of all organelles, giving it a 'clear' or electron-lu-
cent appearance. This cell has a highly dendritic profile and resembles
cells found in the T-cell areas of peripheral lymphoid organs and in the
epidermis. (Van Haelst 1969, Thorbecke et al. 1980, Duijvestijn and
Hoefsmit 1981). The function of the thymic interdigitating cell is at
present unknown, but in other tissues it performs an essential accessory
cell function in the immune response (Steinman et al. 1978, 1979).

Another cell type seen at the cortico-medullary boundary, is the
autofluorescent cell (Sainte-Marie 1965). This cell exhibited a yellow-
green fluorescence in acetone fixed frozen sections viewed with ultra-
violet illumination. The granules of the autofluorescent cell contained
PAS positive material and acid phosphatase activity. O0il red O staining
indicated that these inclusions contained lipid. Autofluorescent cells
are not unique to the thymus, having been found in other lymphoid
organs. Sainte-Marie (1965) dismissed the suggestion that they are
macrophages because they are not found in the usually macrophage rich
lymphatic sinuses of the lymph node. He contended that the development
of these cells paralleled the development of immunity in young animals

and that autofluorescent cells developed under the influence of the thy-
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mus and may be involved in hormone secretion. These cells were not the
vitamin A containing fluorescent cells decribed in the thymus by Ito
(1978), as these latter cells were only found along the connective'tis—
sue trabeculae, and not at the cortico-medullary boundary.

Hakonson's (1974) treatment of the chick thymus with formaldehyde
gas demonstrated another type of fluorescent cell. These cells con-
tained 5-hydroxytryptophan, could also be induced to store L-dopa and
stained with both silver and chromaffin techniques. It has been argued
that these cells should be included in Pease's (1974) APUD system. This
diffuse endocrine network is typified by cells that contain amines, pep-
tides and sometimes esterases and include among others, the neuroecto-
dermally derived enterochromaffin cells of the gut. The amines are
thought to aid in the secretion of the peptide hormones within these
cells. The obvious hormone in question in the thymus would be a lympho-
cytopoietic agent. The plausibility of this idea is increased when it is
recalled that the thymus too, is composed of foregut derived branchial
pouch endoderm. The identification of these cells strictly on the basis
of their argyrophilia is dubious at best as granulocytes also encoun-
tered in thymic tissue non-specifically adsorb silver, making unequivo-
cal identification of a unique APUD cell difficult. Whether these enter-
ochromaffin cells do indeed produce a thymic hormone remains to be
proven.

Mast cells are active in IgE mediated hypersensitivity reactions

and some mastocytopoiesis does occur in the thymus of some species (Met-
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calf 1966). It has been suggested that mast cells can arise directly
from thymocyte precursors and a mast cell precursor or 'P-cell' can be
found in the thymic parenchyma (Burnet 1966). Metcalf (1966) has diétin-
guished two different populations of mast cells in the NZB mouse on the
pasis of their reaction to an elastin stain. He also suggests that in
addition to containing histamine, heparin and allied substances, mast
cell granules might act as ion-exchange pellets to absorb monosacchar-
ides or other products such as polypeptides secreted by epithelial
cells, and thereby play a role in T-cell transformation.

A final non-lymphoid cell type found in the thymus, is the myoid
cell. This cell contains myofilaments and has many of the characteris-
tics of the striated muscle cell (Van de Velde and Friedman 1970,
Strauss et al. 1966). Whether this cell is mesenchymally derived or more
closely related to the thymic epithelial cell has not yet been estab-

lished.

Thymic Hormones

The first indirect evidence that the thymus might elaborate a
humoral substance that produces immunoreconstitution after neonatal thy-
mectomy came from Osoba and Miller (1963), who grafted thymectomized
mice intraperitoneally with thymi enclosed in Millipore diffusion cham-
bers. This technique was as effective in restoring immune function as
simple thymus grafting. Assays used by them and by other workers to con-
firm this restoration included decreased allograft rejection time (Osoba

and Miller 1963), increased delayed hypersensitivity response to sheep
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red blood cells (Law et al. 1964), and an increased capability of cells
from restored mice to initiate a graft versus host splenomegaly or
lethal runting syndrome in appropriate hosts (Stutman et al. 1§70).
Control chambers either empty or containing other normal or neoplastic
tissues, including spleen and lymph node were ineffective in restoring
immune function as defined by the assays mentioned (Stutman et al.
1969). Criticism that questioned the integrity of the chambers was
answered by the observation that T6 chromosome marker-containing thymus
grafts revealed no thymus derived donor cells in the lymphoid tissues of
the host (Barclay et al. 1964).

An elegant natural experiment supporting the hormonal nature of
thymic activity was shown in neonatally thymectomized female mice that
exhibited an dimprovement in immune response during pregnancy. The
assumption that placental transfer of the fetal thymic substance is res-
ponsible for this potentiation of immunity rather than increased sex
hormone levels was indicated by absence of the effect in a pseudo-preg-
nant animal (Osoba 1973).

Studies which  examined recovered chambers histologically,
addressed the question of which cell types contributed the restorative
factor. Chambers usually contained only epithelial cells, the lympho-
cytes having died and fragmented (Osoba and Miller 1963). Furthermore,
serial transfer of an in vivo pre-incubated thymus graft or pre-irradi-
ated graft (a procedure that depleted the thymus of lymphocytes leaving

the more radio-resistant epithelial cells) were both equal in restora-
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tive ability to intact thymi (Hays 1964). Neither experiment negated the
possibility that thymic epithelial cells were sequestering and releasing
thymocyte products that were themselves lymphocytopoietic. In the light
of current immunologic theory implicating the T-cell as both a direct
offector and as a regulator of the immune response, many of the effects
of the early Millipore filter experiments can be better understood.
Recent studies (Bach et al. 1971, Kumoro and Boyse 1973) demonstrated
the appearance of T-cell surface markers on cells of thymectomized adult
and athymic nude mice that have been grafted with thymi in diffusion
chambers. These improved T-cell bioassays have aided in the search for
thymic extracts equally active as the intact gland in restoring immune
function.

Several groups of investigators have isolated bioclogically active
thymic factors from a variety of mammalian sources, including calf, man,
pig, rat and mouse, utilizing a variety of preparative procedures. Those
factors most thoroughly studied are thymosin, thymic humoral factor
(THF), thymopoietin, and circulating thymic factor (FTS)

Goldstein and White (1966) initially utilized a crude lymphocyto-
poiesis assay that measured the increased incorporation of labeled amino
acids and nucleotides into lymph node protein and DNA of thymectomized
mice and used this to direct the purification of a factor they called
thymosin. A number of fractions have since been prepared (Goldstein et
al. 1978). The most active, fraction V, was a complex solution of many

proteins. Among them was thymosin alpha 1, a 22 amino acid polypeptide
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that was 10 to 1000 times more effective in restoring several specific
jmmune parameters than its parent preparation, fraction V. Alpha 1 also
induced the appearance in cortical cells of terminal nucleotidyl tfans-
ferase. This enzyme randomly polymerized nucleotides onto a DNA strand
without a template, an action that is significant in light of Jerme's
theory (1971) that the thymus is the site of random mutation and selec-
tion of non-self reactive clones of T-cells. Another polypeptide Bl has
been shown to be ubiquitin, a non-histone chromosomal protein found
universally in all tissue of both plants and animals, that can induce
the appearance of T-cell surface markers, but can induce B-cell and
granulocyte effects as well (Schlesinger et al. 1975A). A final frac-
tion, alpha 7, has been shown to be inductive of a suppressor T-cell
population. These cells are thought to inhibit aberrant production of
immunoglobulin by B-cells, an essential function in the prevention of
autoimmune states (Horowitz et al. 1977). As to the cellular source of
thymosin, Blankwater (1978) has produced fraction V from calves that
have been irradiated and whose thymi contain only epithelial and stromal
elements.

Thymic pathology has long been associated with the wasting muscle
disease myasthenia gravis. Thymectomy has been found to improve the sta-
tus of some patients. Injection of thymic extracts into animals with
experimental autoimmune thymitis caused a neuromuscular blocking pheno-
menon that was utilized to isolate the thymic humoral mediator responsi-

ble (Goldstein 1975). Thymopoietin has since been shown to be active in
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assays of T-immune restoration as well. Purification has given a pep-
tide of 49 amino acids and a synthetic fragment of this peptide has been
shown to produce the hormonal effect (Schlesinger et al. 1975B).. The
supernatant of certain cultures of thymic epithelium was shown by radio-
immunoassay to possess thymopoietin-like substances (Schlesinger et al.
1975B). Epithelial cultures obtained from patients with severe combined
immunodeficiency did not secrete this agent (Pahwa et al. 1978). Since
these patients have a bone marrow defect, it was presumed that some
interaction between bone marrow cells and thymic epithelium was essen-
tial for thymic hormone production.

Bach et al. (1972) developed a sensitive and complex assay for the
appearance of theta marker on lymphocyte cell surfaces. T-cells sponta-
neously rosette when incubated with heterologous red cells. This reac-
tion can be inhibited by anti-theta serum or azothioprine. Bach et al.
(1972) screened low molecular weight components of normal serum to find
a substance active in potentiating the reappearance of rosette forming
cells after thymectomy. This fraction termed FTS was later purified and
found to be a nonapeptide (Bach et al. 1977). The rosette test has been
used extensively for the final purification of the other two previously
mentioned thymic hormones. Radioimmunoassay has shown fluctuation in
human FTS levels during the aging process (Pahwa et al. 1979).

Trainin (1970) dialysed a crude homogenate of the thymus and found
a small molecular weight preparation containing thymic humoral factor

(THF). THF activity was evaluated by its ability to restore T-cell
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competence in an in vitro graft versus host reaction. Purification
yielded an active acidic protein of aproximately 3,000 molecular weight
with a 30 amino acid composition distinct from the aforementioned‘fac-
tors. Trainin (1974) also isolated an FTS-like factor from crude THF
preparations that is capable of restoring mitogen responsivness to the
T-cells of thymectomized animals, a capability not present in Bach's
FTS.

Other thymic extracts include; lymphocyte stimulating hormone
(Luckey 1973), a factor that may have some effect on antibody synthesiz-
ing B-cells but none in restoration of cell mediated immune function
after thymectomy; and stromal thymic factor, isolated from chick thymus
and active in avian T-cell potentiation, but not completely active in
mammalian systems (Teodorozyk et al. 1975).

The characterization of all these factors as protein led to the
criticism that thymic hormone action was no more than a non-specific
antigen-adjuvant effect or alternatively the result of endotoxin conta-
mination (Goldstein et al. 1975). Rigorous conditions of preparation
excluded the possibility of endotoxin effects and syngeneic sources of
the factor were capable of restorative effects (Kruger et al. 1970).
Furthermore, mere 1-2 hour in vitro preincubation of factors with lym-
phocytes, far short of the time required for the mitogenesis of immuno-
gen activation, yielded an increase in T-cell markers (Bach et al.
1975). The specificity of thymus as a source of hormonal factor was

shown by the ineffectivness of extracts prepared in an identical fashion
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from other tissues including liver, kidney, muscle, spleen or lymph node
(Stutman et al. 1970). However, antibodies to crude thymic extracts
showed immunochemical cross-reactivity with fractions from these éther
tissues, indicating common antigens such as epithelial antigens. Pre-
sumably, the antigens were not germane to the hormonal effects of these
extracts (van den Tweel et al. 1978).

Other substances can also influence the appearance of T-cell mark-
ers. FEpinephrine, insulin, poly-adenosine:uracil, and prostaglandin E2
all have a similar mode of action to thymic hormones via a second mes-
senger cAMP (except thymosin which acts via c¢GMP) but none seems rele-
vant to normal T-cell differentiation. Epinephrine is only active in
greater than physiologic concentrations, dinsulin actually decreases
theta levels, poly adenosine:uracil can activate B-cells as well as
T-cells and prostaglandin E2 works through a different receptor than the

known thymic hormones (Scheid et al. 1975).

Thymic Lymphocytes

The thymic cortex is divided into inner and outer or lymphoproli-
ferative zones. This division is based on the distribution of small lym-
phocytes and large or lymphoblastic cells. Large lymphocytes (8um) or
lymphoblasts populate fhe zone immediately beneath the thymic capsule.
Their nuclei are large with prominent nucleoli and their cytoplasm is
filled with many polyribosomes. Many mitoses are seen in this compara-
tively narrow lymphoproliferative zone. By far the most numerous cell in

the thymus is the small lymphocyte (5um). These cells are produced by
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one to eight divisions of the lymphoblasts and are then crowded toward
the inner cortex and eventually into the medulla before leaving the
gland (Leblond and Sainte-Marie 1960). A resident population of médul-
lary lymphocytes that does not populate the peripheral lymphoid organ
has also been postulated (Elliot 1977).

The concept of T-cell subclasses has been summarized by Stutman
(1975). Data from a number of studies have indicated that T-cell dif-
ferentiation progresses from a bone marrow (or fetal liver) prothymo-
cyte, low in theta antigen, to a cortisone-sensitive, theta-positive,
cortical immunoincompetent thymocyte or TO stage. Stem cells may be one
of the targets of some thymic hormones. Bone marrow cells may be influ-
enced to migrate to the thymus by FTS (Bach 1973). Incubation of bone
marrow cells with thymosin V gives a cell population capable of initi-
ating a graft versus host response in an appropriate host that is sen-
sitive to inhibition by anti-theta serum (Touraine et al. 1974). This
may indicate processing beyond the TO stage by the thymosin complex.
Thymic humoral factor does not seem to be active in this assay (Small
and Trainin 1971). Subsequent steps in differentiation may require
direct transit through the thymus and exposure to its internal humoral
and cellular milieu. Zinkernagel (1978) has shown that the H-2 or histo-
compatability type of the thymic epithelium determines the H-2 reactiv-
ity of thymocytes maturing within the cytoreticulum.

Further differentiation of the TO cell yields a partially immuno-

competent cortisone insensitive T1 cell that is relatively sessile,
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spleen seeking, and long lived (Stutman 1975). This T-cell is thought
to be functional in immunologic memory and to possess supressor activ-
ity. Tl cells are actively stimulated in mixed lymphocyte cultureg and
exhibit all three Ly antigens but are low in theta antigen. These cells
are sensitive to adult thymectomy and reappear after treatment with THF,
thymosin or circulating thymic factor, (Bach and Carnaud 1976), indicat-
ing normal maintainance of these cells in the periphery by these hor-
mones. NZB mice, a strain that succumbs to glomerulonephritis as a
result of high levels of circulating antibody to nuclear antigen, are
thought to lack a specific supressor T-cell population. These mice res-
pond to treatment with several thymic hormone preparations by exhibiting
an increase in supressor cell numbers (Dauphinee et al. 1974). Lympho-
cytes from patients with systemic lupus erythematosus, a human disease
thought to have a similar etiology show an increase in suppressor cell
activity when incubated with several thymic hormones. (Scheinberg et
al. 1975, Horowitz et al. 1977).

T2 cells mature in the peripheral lymphoid system, are lymph node
seeking, short lived and are capable of being stimulated by plant mito-
gens (Stutman 1975). These T-cells have been shown to contain a popula-
tion of cells that are cytotoxic and that possess helper function. Both
antigen and thymic factors may drive the T1 cell to fully competent T2
status (Cantor and Boyse 1975). Several thymosin subfractions have been
proposed to be effective in the activation of cytotoxic or killer

T-cells, other fractions are implicated in the differentiatiom of anti-
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pody helper T-cells (Goldstein et al. 1978). Whether the various thymic
factors represent different native hormones liberated by the thymus,
each influencing different steps in T-cell maturation, or varian£s of
one hormone that in vivo has an effect on all transitions from subset to
subset, remains to be clarified.

Clinical trials of thymosin and THF show some application of
thymic hormone therapy in the restoration of T-cell levels in individu-
als with immunodeficiency diseases and in immunodepressed cancerxr
patients (Goldstein et al. 1978). On the other hand, individuals with
rheumatoid arthritis have been reported to have increased circulating
levels of thymic hormone (Bach et al. 1975). Some patients with conge-
nital agenesis of the thymus or DiGeorge's syndrome have responded well
to thymosin V therapy or fetal thymus transplant (Pahwa et al. 1979).
Patients with ataxia-telangectasia, a genetic disorder with variable
T-cell defects and progressive neurologic deterioration have responded
to a block transplantation of thymus-sternum complex (Lopulchin et al.
1973). The sternal marrow presumably acts as a stem cell source while
thymic epithelium processes these cells to increase T-cell levels. Pure
thymic epithelium has been used in attempts to reconstitute immunologi-
cally, cases of severe combined immunodeficiency in which there was no
bone marrow donor available (Hong et al. 1978). Only a 20-30% success
rate has resulted from this therapy with several individuals succumbing
- to a curious B-cell lymphoma. Thymosin has increased the number of

E-rosettes in patients whose T-cell number was depleted by cancer che-
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motherapy (Goldstein et al. 1978). However, the functional capacity of
this increased number of T-cells to deal with the tumor burden is ques-
tionable. In fact, in an animal model, thymopoietin and THF were éhown
to be ineffective in restoring host resistance to a mouse leukemia as
compared to sham thymectomized controls, even though absolute T-cell
numbers were increased (Martinez et al. 1978).

Regardless of the difficulty in interpreting these complex thymic
hormone effects there will undoubtedly be further development of appli-

cations of thymology to clinical situations.



26
AIMS

The heterogeneity of non-lymphoid cell types found in thymic tis-
sue makes interpretation of their role in the establishment of a T;lym-
phocyte differentiating microenvironment difficult. Therefore, it was
the purpose of this work to recognize and classify the variety of non-
lymphoid cell types found in the normal thymus and compare their distri-
pution and arrangement during thymic development. This was accomplished
at both the 1light and electron microscopic 1level utilizing morphome-
trics, histochemistry and immunocytochemistry applied to thymic cells of
different ages in the rat and of the calf and human infant. It was
intended that this comparative and developmental approach would provide
a better understanding of normal thymic structure and function. The
specific aims of the study were:

1. To determine the proportion of the thymus occupied by the
medulla during thymic development.

2. To determine the absolute cell numbers and the volume density
of the mnon-lymphoid cell component of the cortex and medulla in the
developing thymus.

3. To determine the relative numbers of non-lymphoid cell subtypes
in the thymus (epithelial cells, interdigitating cells, macrophages,
voluminous epithelial cells), and to ascertain whether these numbers
changed with age.

4. To determine whether morphologic evidence of non-lymphoid cell
Secretory activity? could be detected by ultrastructural morphometric

analysis of the developing thymus.
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5. To ascertain whether thymic medullary interdigitating cells
have staining properties for ATPase and S-100 protein similar to the
Langerhans cell of the epidermis. |

6. To examine the distribution of the interdigitating cell in the
mammalian thymus and to compare it with that of the conventional macro-
phage?

7. To ascertain whether thymic myoid cells possess membrane asso-
ciated acetylcholinesterase.

8. To investigate whether thymic myoid cells and epithelial cells
possess similar cytoplasmic markers such as keratin or myoglobin, that
might indicate they are of a common endodermal origin.

9. To determine whether antibodies to thymosin and thymopoietin
are localized in the thymus and whether these hormones are secreted by

different thymic non-lymphoid cells.



CHAPTER I
MORPHOMETRIC ANALYSIS OF NON-LYMPHOID CELL

CHANGES DURING POSTNATAL DEVELOPMENT

Introduction

The thymus is composed of an epithelial and lymphoid parenchyma
together with a connective tissue stroma that forms the thymic capsule
and the intrathymic septa associated with its blood vessels. Lymphocytes
are enmeshed in the epithelial 'cytoreticulum' and cells of mesenchymal
origin are also found within this network. Both these forms of non-lym-
phoid cell may be necessary components of the unique intrathymic micro-
environment needed for T-cell maturation (Jenkinson et al. 1981). Alt-
hough cells that bear obvious structural hallmarks of secretion are not
frequently seen within the thymus (Gorgollon et al. 1978, Duijvestijn
and Hoefsmit 1981), immunofluorescent and cytochemical studies suggest
that certain of the epithelial elements are responsible for the secre-
tion of thymic hormones (Mandi and Glant 1973, Goldstein 1975). How-
ever, the particular cellular elements to which this secretion may be
attributed are not yet known. Nor is the contribution of the mesenchymal
cells to T-cell differentiation understood. The study reported here
deals with a quantitative analysis of the various non-lymphoid cells of
the thymus during postnatal development and looks for evidence of their

secretory activity.

28
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Ultrastructural findings on the non-lymphoid cellular component of
the thymus in various species, are in general agreement. Epithelial
cells are readily distinguished by their intracytoplasmic tonofilaﬁents
and desmosomal attachments to adjacent epithelial cells. Various sub-
types have been described according to their structural characteristics
(Mandel 1968, Hoshino 1963, Clark 1973). However, many authors (Bearman
et al. 1978) consider these subtypes to be merely minor variations of a
single type of cell. The three principle forms which have been described
are the stellate epithelial cell found in the cortex and hypertrophic or
squamous epithelial cell and the cystic or voluminous epithelial cell
found only din the medulla. These later cells are characterized by a
more globular shape coupled with the presence of intracytoplasmic cysts
in which microvilli are often seen (Bennet 1978).

Macrophages are also a prominent feature of the thymus and vary in
their structural appearance according to their level of phagocytic
activity (Hoefsmit 1975). Other, rarer, non-lymphoid cells have been
described. These include the non-epithelial interdigitating cell (Kais-
erling 1974, Klug and Mayer 1979, Duijvestijn and Hoefsmit 1981, Von
Gaudecker et al. 1980) resembling the Langerhans cells found in the
skin; peculiar myoid cells containing myofilaments (Puchtler et al.
1975, Bearman et al. 1978, Gilmore and Bridges 1974); and such cells as
mast cells, plasma cells and granulocytes that are largely or entirely

confined to the septal perivascular regions.
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Published studies on these non-lymphoid cells, with few excep-
tions, have been qualitative. Hwang et al. (1974) obtained quantitative
data on the number and volume of lymphocytes, lymphoblasts and epithe-
l1ial cells in the cortex and medulla of the one day old, ten day old and
75 day old rat. Their study did not, however, provide data on the sub-
types of non-lymphoid cells and so it was to this issue that the present
study was addressed. The purpose was to provide information towards an
understanding of the role these cells might play in the secretion of
thymic hormone. More specifically it was the purpose of this study to:
1) obtain cell counts, both absolute and differential, and volume den-
sity measurements of the non-lymphoid cells in the developing rat thy-
mus; 2) obtain similar data in the calf, because the calf thymus has
been the primary source of several thymic hormone preparations (Gold-
stein et al. 1966, Goldstein 1975); and 3) analyze quantitatively the
various cytoplasmic components of non-lymphoid cells within the thymus
of the rat.
Materials and Methods
Thymi were obtained from Sprague-Dawley rats of either sex from
the following ages groups (n=number of animals): One day old (n=9); day
8 (n=9); day 15 (n=6); day 22 (n=6); day 36 (n=3); day 50 (n=3); day 65
or adult (n=3). Samples were collected from several litters. Six calf
thymi, from animals less than one year old, were obtained from a local
slaughter house. Unfortunately the precise age of these calves could not

be ascertained.
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Rat tissues were fixed for one hour in phosphate buffered 4% glu-
taraldehyde, post-fixed for one hour in 2% osmium tetroxide and dehyd-
rated in a series of graded alcohols. Some calf tissue was fixed simi-
larly, whereas the rest was fixed in 10% buffered formalin. Rat and
calf tissue was embedded in Araldite 6005 or Epon 812, and additionally
some calf tissue was embedded in glycol methacrylate (JB-4). One micron
thick Epon or Araldite and three micron thick methacrylate sections were
stained with toluidine blue or hematoxylin and eosin. Thin sections for
electron microscopy were stained with uranyl acetate and lead citrate.

Sixty blocks from each group of rats and a total of 60 blocks of
embedded calf thymus were examined by light and electron microscopy in
the following ways.

1) Medullary and cortical volume as a percentage of total lobular
volume in the rat thymus was estimated by a planimetric method. Four-
teen blocks from each age group were selected at random for analysis.
Images of one micron thick sections from blocks with a face of 2-5 mm in
diameter, containing medullary, cortical and mixed profiles were pro-
jected by camera lucida onto the digitizing tablet of a Zeiss Videoplan
and traced to give total medullary area as a function of total lobular
area. Ten larger tissue blocks of calf thymus (10-15 mm face) embedded
in JB-4 methacrylate, sectioned and stained with toluidine blue or hema-
toxylin and eosin, were analyzed in the same manner.

2) Morphometric evaluation of sections stained with toluidine blue

were carried out on photographs (1,400X final magnification) of ten
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cortical and ten medullary fields from each group of rats and 20 corti-
cal fields and 20 medullary fields from calf thymi, all selected at ran-
dom. All non-lymphoid cells in each micrograph were counted. Lyﬁpho-
cytes were counted in smaller areas located in the four corners of each
photograph and from these data the percentage of non-lymphoid cells was
determined for each age group. These micrographs were also used to det-
ermine the volume density of lymphoid and non-lymphoid elements by a
standard morphometric technique using intersects on a test grid of 100
points laid over each print (Weibel 1973).

3) Blocks of medulla from each group of rats were sectioned for
electron microscopy. Each non-lymphoid cell in individual grid spaces
of 200 mesh copper grids was counted. At least 100 non-lymphoid cells
from each age group were counted and these data were used to derive the
total number of non-lymphoid cells per 1000 square microns well as to
obtain differential counts of the subtypes of non-lymphoid cells. The
subtypes counted included, squamous epithelial cells, identified by the
presence of tonofilaments and desmosomes; voluminous or cystic epithe-
lial cells, which also contained tonofilaments but in addition contained
cyst~like inclusions with microvilli; interdigitating or Langerhans-1like
cells, which had a characteristic central concentration of organelles
often including Birbeck granules and a peripheral clear area of cyto-
plasm; and macrophages, which contained dense bodies and internalized
remains of lymphocytes within their cytoplasm. Myoid cells, containing

myofilaments, were not included because of their relative scarcity.
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4) Non-lymphoid cells from at least ten blocks from each age group

were analysed morphometrically. In most instances, at least 12 pells‘
from each of the four main cell types were examined from each age group
at a magnification of 15,000X. Only cells that appeared to be sectioned
centrally were photographed. The volume density of the principal orga-
nelles was calculated by standard morphometric techniques with a test
grid of 100 points over each 8x10 micrograph. Organelles that occupied
less than 5% of the non-nuclear volume in each group were counted but
for reasons of scale are not displayed graphically. Statistical signi-

ficance between data points was determined by the Student's T-test.

Results

Medullary volume

Rat thymus from all age groups revealed a demarcation of the
organ's lobules into cortical and medullary zones. The neonatal thymus
however, was infiltrated more uniformly with lymphocytes than were thymi
from the other age groups and so quantitative data for medullary volume
were not obtained.

The growth of the rat medulla in relation to the total organ
growth is displayed in Table I. It éan be seen that as maturation pro-
gressed the medullary volume proportionately increased until it occupied
approximately 30% of the total organ in the adult. The calf thymic

medulla averaged about 15% of the total organ.
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‘A) Rat

The number of cells per unit area’of cortex in the rat increased
continuopsly during the first tl;ree or four weeks of age;' thereafter it
stayed relatively‘constant (Fiéure I)Medullary cellularity ixltcreased.
between the first and eight day but sub#equéntly showed little change
(Figure 1). | _ | _

Lymphoid and non-l.ymphoid‘ éeils éopld be disf.inguished by light
microscopy, generally on the basis of their nuclear characteristics.
Lymphocytes outnumbered non-lymphoid célls in both cortex and medulla
for all age groups examined (Figure‘ 2). The percentage of non-lymphoid
cells in the cortex decreased during the first two weeks of age but
thereafter was constant “at about 2%. It contrast, there was little
change in the percentage of non-lymphoid cells in the medulla between
one and 65 days of age, it was constant at about 12%. The actual numbers
of lymphoid and non-lymphoid cells in the cortex and medulla per 1000
square microns were calculated from the values shown in Figures 1 and 2
and are given in Table II.

The volume density of cortical non-lymphoid cells was highest in
the neonatal thymus. It decreased significantly during the first two
weeks of development .(p<0.01 and remained low until after 50 days- (Fig~
ure 3). By 65 days however, the value was comparable to that duri‘xig the
first week of age. The volume density of lymphoid cells necessarily var-
ied inversely with that of non-lymphoid cells. The volume density of
non-lymphoid cells in the medulla remained relatively constant at an

average of 33% in all age groups (Fig. 3).

~
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B) Calf
Cortical and medullary cell counts and volume density data for the
calf were more variable than with the rat, presumably because of the
different ages of these sub-yearling animals (Table I). The mean values
determined for the percentage of non-lymphoid cells in the cortex (3.3%)
and medulla (15.5%) and their volume density (6.7% and 39.8% respec-
tively) were generally comparable to those seen in rats after the first
weeks of age.

Medullary differential cell counts by electron microscopy

The four main subtypes of non-lymphoid cells in the thymic medulla
were identified by the ultrastructural characteristics depicted in Fig-
ures 4-7. Figure 8 displays the percentage of each of these cell types
in the developing rat medulla. Epithelial cells containing tonofila-
ments made up the majority of cells that were identified in the rat
medulla especially during the first weeks of age. The percentage of
epithelial cells declined from a high of 75% at one day of age to about
52% at 65 days of age. An abrupt drop at 50 days coincided with a rela-
tive increase in the percentage of interdigitating cells and macro-
phages. The percentage of interdigitating cells increased significantly
(p<0.05), over its neonatal level of about 10% to a level of about 33%
at 50 and 65 days. Macrophages showed a significant increase in numbers
(p<0.05) temporarily at 50 days of age but otherwise remained close to
10% of the medullary non=-lymphoid cell population. The proportion of
cystic epithelial cells increased significantly at 15 and 22 days of age

(p<0.05), from a value of about 3-5% before and after that period.
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Volume density of cellular organelles of non-lymphoid cell sub-

types

There was no change in the volume density of any non-nuclear.orga-
nelle in epithelial cells (Figure 9%a; Table III) and interdigitating
cells (Figure 9b; Table IV) during development. However, there was a
trend in epithelial cells for the volume density of of all organelles to
increase with age at the expense of the cell matrix. In contrast, the
volume density of several specific organelles and cytoplasmic structures
in the other two major subtypes of medullary non-lymphoid cells did
change significantly during development (Figures 9c¢c; Table V and Figures
9d; Table VI). Cystic epithelial cells showed progressive increases in
the volume density of cysts (Figure 9d; Table VI) and the volume density
of cytoplasm occupied by dark inclusion bodies in macrophages decreased
significantly until day 22 (Figure 9c¢; Table V). Since the dark inclu-
sions were homogeneous electron dense bodies or contained the remains of

lymphocytes they were considered to be both lysosomes and phagosomes.

Discussion

The ages selected for analysis of the developing thymus, in the
present study were intended to reflect times at which the immunologic
role of the thymus might be expected to change. The purpose was to det-
ermine whether such changes were accompanied by subtle, yet quantita-
tively significant, alterations in non-lymphoid cellular morphology.
Thus although some T-lymphocyte development occurs prenatally (Owen and

Moore 1967), it is in the neonate where the immune system is first
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exposed to the environment. T-cell differentiation and non-lymphoid
cellular activity might therefore be expected to be prominent at this
time. Weaning appears to be the next most critical event, when the.ani-
mal becomes independent of maternal nutritional and immunologic support.
For the rat this occurs at approximately 22 days. The next major change
in mammalian immune development occurs during sexual maturation, which
is after 65 days in the rat. In the postpubertal mammal, thymic involu-
tion commences, cellular immune function begins to wane and therefore
non-lymphoid cellular activity may be expected to decline.

The largest concentration of non-lymphoid cells in the thymus is
in the medullary zone. The proportion of the rat thymus that is formed
by the medulla was found to increase to about 30% at seven weeks of age
(Table I). The rate of increase was not even but because of variations
in the data significance could not be attached to the increment of
increase. Our findings appear to be in disagreement with those of Hwang
et al. (1974) who found that the medulla of the rat occupied a constant
proportion of about 5% of the organ throughout development. Light micro-
scopic planimetry was used in the present study in distinction to the
"measurement of thickness' described by Hwang et al. (1974). Although
the difference in technique may be important Hammmar (1921) has empha-
sized the difficulty of calculating the cortical-medullary 'index'
because of the variable nature of the gland and the irregularity of the
medulla. The reports of other studies, however, were more consistent

with our findings than with those of Hwang et al. (1974). For example,
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Leblond and Sainte-Marie (1960) found that the medulla represented 25%
of the thymus in a 10 week old rat. Kindered (1940) using a different
technique, calculated a value of 22% for the thymic medulla of tﬁe 15
day old rat. He did however record a slight drop in volume occupied by
the medulla on the twentieth day of age (17%). Boyd (1932) determined
that 20-30% of the human thymus was composed of medulla between birth
and 15 years of age.

The percentage of medullary non-lymphoid cells (Figure 2) and
their volume density (Figure 3) were found to be relatively constant
throughout postnatal development. This is in contrast to the data of
Hwang et al. (1974) who found the percentage of epithelial cells in the
medulla of the rat to fall from 48% at one day old to 29% at 10 days old
and rise again to 82% at 75 days. The reason for such a wide discrepancy
from the data of the present study is not clear. Our figure of 10-15% is
comparable to those of 8%, 7.5% and 9.7% reported by Kindered (1940) for
'reticulum' cells in the thymic medulla of 15, 20 and 80 day old rats
respectively. The conclusion to be drawn from the data of the present
study is that the number of non-lymphoid cells per unit area of medulla
(Table II) changes little with age. Thus the absolute number of these
cells increases in proportion to the increase in the size of the
medulla.

Consideration of the stromal elements is necessary in volume den-
sity measurements of the components of the thymus. Hwang et al. (1974)

reported that fibroblasts and vasculature are rarely encountered in the
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thymic parenchyma and therefore their calculation of epithelial cell
parameters included the connective tissue stroma. Boyd (1932) on the
other hand found thymic connective tissue and fat to make up from 20—25%
of the human organ between birth and age 15 years. In the present study
connective tissue composed an average of 25% of the cortex and 35% of
the medulla in all age groups. These values were not included in the
calculation of volume density of lymphoid and non-lymphoid cells. Thus
the high estimate by Hwang et al. (1974) pertaining to the volume den-
sity of the epithelial cells within the thymic medulla might have been
due in part to their inclusion of the connective tissue stroma.

The individual development of non-lymphoid cells shown in Fig 8,
is to our knowledge the first such differential count. Both Hwang et al.
(1974) and Kindered (1940) grouped the non-lymphoid cells together as
'epithelial cells' and 'reticulum cells' respectively. The data pre-
sented here show significant changes in the relative proportion of indi-
vidual cell types especially after weaning. As might be expected the
neonatal thymus is predominantly epithelial. Interdigitating cells,
considered to be of bone marrow origin (Balfour et al. 1981) progres-
sively increase in relative as well as absolute numbers. Presumably the
increase is the result of a continuous migration from the circulatory
system into the medulla of the thymus. The relative percentage of
medullary macrophages showed some fluctuation, but no clear trend was

evident.
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How and why the number and volume density of non-lymphoid cells,
especially of the epithelial cell, change during development is not
understood. Epithelial cells may differentiate along several pathways.
Stem cells in the medulla may be the source of stellate cells that form
the cortical cytoreticulum (Mandel 1968). Other medullary epithelial
cells may increase their synthesis of tonofilaments to such an extent
that they become filled with plaques of keratin. Hassall's corpuscles
are the end products of differentiation along this 1line. Still other
medullary epithelial cells, the so-called voluminous or hypertrophic
cells, accumulate glycosaminoglycans within vacuoles in their cy?oplasm.
These vesicles eventually expand and coalesce to form microvillous cys-
tic structures (Figure 7). Pfoch (1971) reported that 'clear vesicles'
seen in the newborn were absent from the 13 week old rat. He also sug-
gested that the decrease in vesicular content with advancing age coin-
cided with secretion levels of humoral thymic factor. However, these
structures are unlikely to secrete a thymic hormone, as histochemical
analysis (Clark 1973, Caso 1979) has shown the content of the cysts to
be PAS positive and therefore probably a glycosaminoglycan. The glyco-
saminoglycan product from these cells may have an effect on T-cell dif-
ferentiation in the medulla, by 'covering-up' cell surface antigens in
the maturing thymocyte (personal communication J. Sharp). Indeed,
Hoessli et al. (1980) showed that T-cell differentiation is accompanied
by an increase in the sialic acid content of theta antigen. Hirokawa

(1977) states that microvillous vesicles are present in the newborn
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thymic medullary epithelium while rarely seen after one month of age.
In the present study, the changes in cystic volume density (Fig. 7)
reveal a steady dilation of these structures at least until séxual
maturity. These findings are in agreement with those of Mandel (1970)
who observed only a few voluminous epithelial cells in the prenatal
mouse thymus, while these same cells were more numerous and had larger
vesicular profiles in the thymus of the 52 day old mouse.

The information contained in Figure 9 provides a quantitative base
for the differences in the main subtypes of non-lymphoid cells. Apart
from the steady increase in the volume density of cysts in the volumi-
nous cells with age, and the transient decrease in the volume density of
dark inclusions in the medullary macrophage, no obvious changes in the
organelles of other cells were detected. Certainly there were no struc-
tural correlates of secretory activity that varied with the expected
levels of thymic hormone secretion (Pahwa et al. 1979). This finding is
in keeping with the qualitative observations of this and other studies,
that cells revealing classic characteristics of protein hormone secre-
tion are rare in the thymic medulla. This in no way denies the endocrine
role for non-lymphoid cells in T-cell differentiation. A unique form of
local hormonal or paracrine secretion may be opperating. The immunohis-
tologic evidence (Goldstein 1975, Mandi and Glant 1973, Teodorczyk et
al. 1975, van den Tweel et al. 1978, Higley in press). so far available
indicates that epithelial cells do in fact contain various thymic fac-
tors. How these proteins are active in the intrathymic milieu remains

to be elucidated.



42

Summary
Thymic non-lymphoid cells have been shown to influence the differ-
entiation of T-lymphocytes. A morphometric analysis of these cells iden-
tified changes in absolute number and volume density during thymic
development in the rat. The thymic medulla has a larger percentage of
non-lymphoid cells than the cortex, so medullary cells were of particu-
lar interest. The expansion of the thymic medullary volume with age was
documented by planimetry. Several subtypes of non-lymphoid cell were
identified by electron microscopy, including both squamous and cystic
epithelial cells, interdigitating cells and macrophages. Changes in
their relative proportion were determined. Subcellular evidence of
secretory activity was sought by analysis of the volume density of orga-

nelles in each of the non-lymphoid cell classes.



TABLE I

Medullary Volume as a Percentage of Total Thymic Volume

Age(days) Medullary Volume (%) Number of samples¥®

Rat 8 12.7 18
15 13.6 9
22 22.3 21
36 15.8 25
50 30.7 20
65 31.0 18
Calf 14.7 45

* ftof medullary profiles



Table II

Cortex Medulla
f#imon-Ly  {#Lys #non-Ly  #Lys
Day

1 2.27 33.98 2.47 20.3
8 1.3 42.7 3.25 29.25
15 0.66 52.33 3.3 29.7
22 1.47 57.5 4.3 26.93
36 1.52 59.47 4.8 27.2
50 1.1 53.9 3.43 24.06
65 1.25 54.47 3.63 30.1

(Numbers are cells per 1000 square microns)
(non-Ly= non-lymphoid cells)

(Lys= lymphocytes)
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Legend
Fig. 1 Total cell counts per 1000 sq microns in the cortex and
medulla of the developing rat thymus. (mean +- SEM), #-p<0.05, #*¥%-p<0.01

(when compared to neonatal values).
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Fig. 2 Percentage of non-lymphoid cells in the rat of different ages.

(mean +- SEM), *-p<0.01 (when compared to neonatal values).

Fig. 3 Volume density of non-lymphoid cells in the rat thymus at diffe-
rent ages. {(mean +- SEM), *-p<0.05 compared to day 1, *¥%-p<0.01 compared

to day 1, #%!-p<0.005 compared to day 8.
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Fig. %4 Electron micrograph of part of a thymic medullary epithelial cell

depicting the characteristic tonofilaments (t). Nucleus (n). (10,250X).

Fig. 5 Electron micrograph of part of an interdigitating or thymic Lan-
gerhans-like cell showing the concentration of organelles close to the

nucleus. (8,500X).

Fig. 6 Electron micrograph of part of a thymic medullary macrophage con-

taining phagocytosed lymphocytes. (9,750X).

Fig. 7 Electron micrograph of part of a medullary epithelial hyper-

trophic cell containing a microvillous cyst. (10,000X).
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Fig. 8 Proportion of the four main subtypes of non-lymphoid cells in

the medulla of the rat thymus at different ages. (mean +- SEM).
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Fig. 9 Volume density of principal non-nuclear cellular components in 4
types of thymic non-lymphoid cells. The unshaded part of the top of sev-
eral columns represents organelles that comprised less than 5% of‘the
non-nuclear cytoplasm of the cells. a) epithelial cells b) Langerhans-
like or interdigitating cells c¢) macrophages d) cystic epithelial cells.

% p<0.05, **% p<0.01 (as compared to day 8).
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Table III
Volume Density (as %) of Organelles of

Rat Thymic Epithelial Cells During Development

Age(days) Cyto Dk Inc G&V Mito RER Tono

1 76.5+2.0 < 5.0 5.8+2.2 < 5.0 6.5+1.7 < 5.0

8 72.8+2.4 < 5.0 6.6+2.5 5.4+1.6 7.4+1.7 5.0+2.3

15 68.5+2.7 7.6+1.1 5.2+2.6 5.8+2.7 7.4+2.5 5.7+1.8

22 61.5+2.7 5.9+1.7 11.742.7 9.3+1.5 5.9+1.3 5.6+2.0

50 74.3+4.1 < 5.0 < 5.0 <5.0 7.2+41.1 5.7+43.2

65 68.1+6.7 5.1+3.2 5.541.8 5.4+2.1 5.242.2 9.7+4.6
(Cyto=cytosol, Dk Inc=dark inclusions, G&V=Golgi and vesicles

Mito=mitocondria, RER=rough endoplasmic reticulum, Tono=tonofilaments)
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Table IV
Volume Density (as %) of Organelles of Rat

Thymic Interdigitating Cells During Development

Age(days) Cyto Dk Inc G&V Mito RER

1 65.1+3.6 6.2+2.8 8.8+1.6 9.2+2.4 5.3+1.7

8 69.7+3.7 6.5+2.5 10.342.4 5.9+1.6 < 5.0

15 72.445.1 8.5+2.1 9.4+2.9 < 5.0 5.8+1.2

22 65.8+3.0 5.6+2.1 6.0+2.2 7.5+2.1 7.3+1.8

50 67.8+6.3 < 5.0 14.2+6.8 < 5.0 5.7+1.8

65 64.1+3.9 11.8+3.1 5.6+2.8 < 5.0 10.1+3.7
(Cyto=cytosol, Dk Inc=dark inclusions, G&V=Golgi and vesicles

Mito=mitocondria, RER=rough endoplasmic reticulum)
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Age(days)

1

15

22

50

65

45

50.

59

39

57.

50.

Table V

Volume Density (as %) of Organelles of Rat

Thymic Macrophages During Development

Cyto

L0+5.3

6+5.0

.945.5

.3+6.6

4+3.5

5+3.4

Dk Inc Lt Inc G&V Mito RER
40.447.1 < 5.0 < 5.0 < 5.0 5.2+2.3
31.1+5.6 5.0+3.5 < 5.0 < 5.0 < 5.0

16

39

27

31

(Cyto=cytosol, Dk

.3+41.6 8.1+4.8 < 5.0 < 5.0 < 5.0

.0+11.0 5.2+1.7 < 5.0 < 5.0 5.8+2.6

.645.2 < 5.0 < 5.0 < 5.0 < 5.0

7+4.9 < 5.0 < 5.0 < 5.0 6.0+1.8

Inc=dark inclusions, G&V=Golgi and vesicles

Mito=mitocondria, RER=rough endoplasmic reticulum,

Lt Inc=light inclusions)

60



Age (days)

8

15

22

50

65

Table V

I

61

Volume Density (as %) of Organelles of Rat

Thymic Cystic Epithelial Cells During Development

Cyto

64.4+1.8 8.5+1.1

57.9+5.1

52.1+3.7

51.5+2.7

37.5+1.9

Dk Inc

7.8+5.2

5.3+2.8

<

<

5

5.

.0

0

G&V

12.0+2.1 9.3+3.2

8.8+5.1

5.141.2 5.4+1.9

< 5.

< 5.

0

Mito

6.0+2.7

< 5.

< 5.

0

Cyst

9.1+2.8

19.0+5.5

20.9+49.3

33.6+4.0

46.9+4 .4

(Cyto=cytosol, Dk Inc=dark inclusions, G&V=Golgi and vesicles

Mito=mitocondria, Cyst=microvillous cyst)



CHAPTER II

THYMIC INTERDIGITATING-RETICULUM CELLS

Introduction

A form of non-lymphoid cell present in the mammalian thymus as
well as the spleen and lymph node has been called by several names
including, mesenchymal-histiocytic cell (van Haelst 1969), interdigitat-
ing-reticulum cell (Veldman 1970, Lennert et al. 1978, Klug and Mayer
1979, Von Gaudecker et al. 1980, Duijvestijn and Hoefsmit 1981). and
special or oval cell (Olah et al. 1968, Bennett 1978). The cell has been
found to have several morphologic, histochemical and immunochemical fea-
tures in common with the Langerhans cell of the skin (Thorbecke et al.
1980). For example, both cells contain the characteristic cytoplasmic
inclusion, the Birbeck granule (Birbeck et al. 1951). Also, Ia antigen
and Fc receptors have been reported on the the epidermal Langerhans cell
and on the interdigitating-reticulum cell of the mammalian thymus (Hoff-
man-Fezer et al. 1978, Rowden et al. 1977, Rouse et al. 1979, Balfour
et al. 1981). Amino peptidase, non-specific-esterase, and
5'-nucleosidase reactivity have also been demonstrated as common enzy-
matic features of these cell types (Muller-Hermelink et al. 1974).

The recent demonstration of so-called 'dendritic antigen-present-

ing cells' in various lymphoid organs by Steinman et al. (1978,1979) has

62
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raised questions on the relationship between these cells and cells of
the macrophage series. Morphologic and functional assays of such cells
isolated from spleen, lymph nodes and thymi suggest that the antigen-
presenting dendritic cells may be the equivalent of the interdigitating
cells of the thymus (Steinman et al. 1980). Furthermore, although such
cells may represent only a small percentage of the total macrophage
population of lymphoid organs, they may function in the control of a
number of important immune phenomena, such as antigen presentation
(Steinman et al. 1980). The inclusion of the interdigitating cell as a
macrophage may not be justified because of its comparative lack of pha-
gocytic capacity. Nevertheless, the proposal that the interdigitating-
reticulum cell of the lymphoid tissue and the epidermal Langerhans cell
have a common bone marrow origin in the form of a blood-borne monocyte
or macrophage precursor has been supported by a number of authors (Katz
et al. 1979).

The intent of the investigation reported here was to examine the
interdigitating cell and the macrophage population of the thymus, using
four different markers-two for interdigitating cells and two for conven-
tional  macrophages. Magnesium-dependent  adenosine  triphosphatase
(ATPase) staining, a histochemical technique that readily distinguishes
Langerhans cells from epidermal keratinocytes (Juhlin and Shelley
1977), was employed in the identification of Langerhans-like cells in
thymic tissue. Because enzyme expression may be species and age spe-
cific (Smith 1961), thymi from two animal species (rat and calf) and

several age groups (rat) were examined.
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S$-100 is an acidic protein once thought to be restricted to the
nervous system as a component of glial cell cytoplasm (Moore et al.
1968). Recent investigations (Cocchia et al. 1981, Takahashi eg al.
1981) have shown that this antigen also occurs in epidermal Langerhans
cells and in the related interdigitating-reticulum cells of the lymph
node. Accordingly, immunocytochemical techniques were used in the pre-
sent study to examine the human thymus fof cells that contain this pro-
tein. Coupled with these light microscopic studies, ultrastructural
confirmation of thymic cells morphologically similar to Langerhans cells
was performed.
The study also employed immunohistochemical and cytochemical
staining for two lysosomal enzymes (acid phosphatase and lysozyme) that

are strongly associated with phagocytic cells.

Materials and Methods

Thymic tissue from rat and calf was examined by light and electron
microscopy. Thirty-six Sprague-Dawley rats were sacrificed and thymi
obtained from one day old animals, animals 1,2,3,5 weeks of age, and
adults (65 days). Six samples of calf thymus were obtained at a local
slaughter house from animals less than one year old. Human thymic tis-
sue was obtained at auﬁopsy from an infant that had died of a congenital
heart defect. The following histochemical procedures were carried out:

Adenosine Triphosphatase (ATPase) reaction. Tissues from the rat

and calf were frozen in a cryostat at -20 degrees C and 10 micron-thick

sections were cut and then air dried on glass slides. ATPase activity
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was assessed by the method of Wachstein and Meisel (1957). The sections
were fixed for 5 minutes in 10% formalin in cacodylate buffer, and then
rinsed in buffer before incubation in a reaction mixture of 125Qg/m1
adenosine triphosphate, 2% lead nitrate and 0.1M MgS04 in Tris maleate
buffer (pH 7.4) for 1-2 hours at room temperature. Sections were again
rinsed and then immersed in a dilute solution of ammonium sulfide for 1
minute, rinsed, mounted in glycerine and examined. Control slides were
incubated in the presence of 0.25mM cysteine, an inhibitor of non-spe-

cific alkaline phosphatase activity (Padykula and Herman 1955).

Acid phosphatase. Parallel sections were stained for acid phos-

phatase using the method of Gomori (1956). Sections were incubated in a
substrate of 3% sodium B-glycerophosphate, 0.12 g lead nitrate in sodium
acetate buffer (pH 5.0) for 4 hours at 37 degrees C. Slides were then
rinsed in buffer and immersed in a dilute solution of ammonium sulfide
for 1 minute, rinsed, mounted in glycerine and examined. Control reac-
tions consisted of elimination of the B-glycerolphosphate from the pre-
paration.

S$-100 and Lysozyme. Human thymus was fixed in either 10% buffered

formalin or Bouin's solution and embedded in paraffin. Five micron-thick
sections were mounted én glue-coated slides and heated to 60 degrees C
for 30 minutes before being deparaffinized in two changes of xylene. The
sections were then rehydrated and treated with 3% hydrogen peroxide to
eliminate endogenous peroxidase activity and then exposed to a 0.125%

solution of trypsin in calcium chloride buffer for 5-10 minutes. This
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treatment exposed antigenic sites inactivated during fixation and
greatly enhanced the staining reaction for S$-100. The slides were then
washed for 15 minutes in phosphate buffered saline (PBS) and exposéd to
the immunocytochemical staining sequence, as follows. Rabbit antibody
to calf brain S-100 protein (kindly provided by Dr. S Pfeiffer) or human
lysozyme (rabbit anti-muramidase from Immulok, Carpenteria, Calif.) was
applied to sections for 1 hour at room temperature at a dilution of 1:10
in PBS. Slides were then Qashed in three changes of PBS. Two different
reagents were used in the indirect procedure. Slides were incubated with
either FITC or peroxidase-labeled goat anti-rabbit IgG for 30 minutes at
room temperature. Slides were again rinsed in three changes of PBS. FITC
preparations were mounted in glycerine and viewed by ultraviolet illumi-
nation on a Nikon Ultraphot microscope with barrier filter (650-440 nm)
and excitter filter (BG12 or UGl) combination. Peroxidase preparations
were developed with 0.05% diaminobenzidine-0.01% hydrogen peroxide or
0.05% ethylaminocarbazol-0.1% hydrogen peroxide substrate and then
viewed by bright-field microscopy.

Control reactions consisted of deletion of the primary antiserum,
or substitution of normal rabbit serum for the specific immune sera.

Electron microscopy Thymic tissue from both rat and calf was fixed

for 2 hours in 4% phosphate Dbuffered glutaraldehyde (pH 7.6) at &
degrees C, post-fixed in 2% osmium tetroxide for 1 hour, then dehydrated
in a graded ethanol series and embedded in Epon 812. One micron thick-

sections were stained with toluidine blue. Thin sections were mounted on
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200 mesh copper grids and contrast was enhanced with uranyl acetate and
lead citrate. Grids were then examined using a Hitachi HU-IIB electron

microscope.

Results

ATPase Activity

A brown reaction product delineated ATPase reactive structures in
both the rat and calf thymus (Figures 1 and 2). Cysteine added to the
incubation medium caused no diminution of the staining reaction, indi-
cating that true ATPase was demonstrated. In the rat, cellular ATPase
reactivity was restricted to medullary fields in all ages examined (Fig-
ure 2). Although the medulla increased in size in maturity, the numbers
of cells that stained intensely for ATPase dié not appear to change with
age. The reaction was often so intense as to obscure the individual
cell boundaries, but where they could be distinguished, the positive
cells were seen to be dendritic in form with long processes radiating
away from the cell center. This was a cell surface reaction. In addi-
tion to the staining of dendritic cells, staining of blood vessels was
also seen in both cortex and medulla.

ATPase reactivity was differen£1y distributed in the calf thymus.
Reactive cells with a dendritic pattern were not found in the medulla,
although they were prominent in the calf cortex (Figure 1). These ATPase
positive cells were more sparsely distributed than in the rat medulla.
Medullary ATPase staining in the calf was restricted to epithelial cell

aggregates (Hassall's corpuscles) and to the vasculature.
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Acid phosphatase staining in.hoth species was largely confined to
the cortex and was particularly prominent in a band of granular reactive
~cells at the cortico-medullary boundary (Figure 3) However, some dif-
fuse staining for acid phosphatase was seen in Hassall's corpuscles in
the calf medulla.'Deletion of the B-glycerophosphate from the reaction
pixture eliminated these deposits In the cortex, acid phosphatase
positive cells were evenly distributed and their staining was punctate
and restricted to inclusion bodies which were presumed to be lysosomes.
In the rat thymus of all ages, the only aree that contaihed hoth'acid
phosphatase and ATPase positive cells was the cortico-medullary boun-
dary. Parallel sections of calf thymus were stained by the two hlStO'
chemical procedures and it was concluded that ‘each procedure dlsplayed a
different population of cells.

S$-100 and Lysozyme

Indirect immunofluorescence and immunoperoxidase staining of
infant human thymus revealed S-100 positive cells restricted to medul-
lary areas of the gland. These cells were dendritic in outline (Figure 4
and 5) and sparsely distributed throughout the medulla. Both Hassall's
corpuscles and lymphoid elements were negative for this antigen, but
glial components of myelinated nerves ih thymic connective tissue trabe-
culae were strongly positive. Analysis of parallel sections stained'for
the presence of lysozyme demonstrated a different population of cells
restricted to the thymic cortex and some medullary Hassall's corpuscles
(Figure 6). This staining patte:h was punctate in appearance,‘ quite

different from the pattern of S-100 reactivity.
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Ultrastructural Observations

Electron microscopic examination of the rat thymic medulla showed
interdigitating or Langerhans-like cells in various forms as weil as
'conventional' macrophages (Figures 7,8 and 9). Typically, the Langer-
hans-like cell exhibited a 1lobulated, often eccentric euchromatic
nucleus. The cytoplasm was characteristically divided into an orga-
nelle-rich 'cytocentrum' and an organelle-poor or 'clear' ectoplasmic
periphery. The cytocentrum was often present near the nucleus and con-
sisted of a collection of dense bodies, mitochondria and other orga-
nelles organized around a centriole from which radiated arrays of micro-
tubules. These cells also displayed a highly convoluted plasma membrane
with an electron-dense extracellular matrix between the interdigita-
tions. Cellular processes were seen between the surrounding lymphocytes
often at some distance from the cell body. No pyknotic lymphocyte nuclei
were seen in the cytoplasm of these cells.

In contrast, ultrastructural evidence of phagocytosis was observed
in macrophages that were present in large numbers at the rat cortico-
medullary border and in the rat cortex (Figure 9). These cells contained
numerous remains of thymocytes within their cytoplasm. Various other
dense bodies, stacks of rough endoplasmic reticulum and occasional Golgi
bodies were also present in these cells, but no organization of their
cytoplasm into a cytocentrum and a 'clear' ectoplasmic zone was seen.
Macrophages were also seen in the calf cortical and cortico-medullary

zone and were comparable to the examples seen in the rat.



70
Only interdigitating cells contained Birbeck granules. These rod-
like inclusions exhibited a central electron-dense line and cross-stria-
tions of a regular periodicity (Inset Figure 10). Although not pfesent
in every plane of section, these granules were usually in the region of
the cytocentrum but some examples were found in the peripheral cyto-
plasm. The shape of the interdigitating cells in the rat thymic medulla
ranged from roughly spherical forms seen most commonly in samples of
tissue from the youngest animals to highly dendritic types in older
thymi (Figures 10 and 11).
In the calf cortex, interdigitating cells were more difficult to
locate by electron microscopy, owing to their sparse distribution, but
those seen appeared to be identical in all respects to those cells exa-

mined in the rat thymic medulla.

Discussion

In the present investigation two classes of immune accessory cells
have been displayed histochemically and immunocytochemically in parallel
sections of mammalian thymus. It is proposed that the cells which
showed. acid phosphatase and lysozyme activity corresponded to the 'con-
ventional' macrophages, while the presence of S-100 protein and ATPase
activity delineated thymic interdigitating cells. The two cell types
were also recognized by their ultrastructural appearance. Although the
evidence was suggestive that the surface staining pattern associated
with ATPase histochemistry and the cytoplasmic S-100 immunoreactivity

was limited to cells which ultrastructurally conformed to the interdigi-
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tating or Langerhans-like cell, it was not conclusive since any one
cell could not be veiwed by both light and electron microscopy.

The literature on the cytochemical staining patterns of various
cells included in the mononuclear phagocyte system, while containing
areas of dispute, suggests a subdivision into actively phagocytic and
poorly phagocytic types. While Langerhans cells in the epidermis (Wolf
1967) and interdigitating cells in peripheral lymphoid organs (Muller-
Hermelink et al. 1974) have been shown to contain low amounts of acid
phosphatase, macrophages seen in the spleen and peritoneal exudates con-
tain large quantities (Steinman et al. 1979, Eikelenbloom 1978). The
cytochemical studies are supported by ultrastructural studies which
illustrate the paucity of dense single membrane-limited organelles typi-
cal of lysosomes in Langerhans cells or interdigitating cells (Steinman
et al. 1979, Rausch et al. 1977, Thorbecke 1980, Hoefschmit 1975). The
data concerning surface ATPase staining patterns is less certain. Alt-
hough this has been a reliable marker for Langerhans cells (Wolf 1967,
Juhlin and Shelly 1977) and is present on interdigitating cells (Muller-
Hermelink et al. 1974), the cells isolated from the mouse spleen by
Steinman et al. (1979), that appear to be of a similar lineage, have not
yet been shown to express the enzyme. Whether this reflects problems in
isolation and preservation of activity, or delineates a further subpopu-
lation of cells is not at present known. Similarly there is uncertainty
about the presence of ATPase staining on the surface of macrophages

(Eikelenbloom 1978).
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The ATPase reactivity of the calf thymus, to our knowledge, has
not been described before. The pattern of staining for this enzyme was
reported for murine thymus by Smith (1961). She indicated that in the
4~5 week o0ld and 8-11 month C57B1/6 mouse thymus the medulla was more
reactive for ATPase than the cortex. The positive cells were described
as oval medullary cells, with no mention of dendritic forms. In the AKR
mouse thymus, a strain susceptible to leukemia, the ATPase staining was
highly variable and was not confined to either the cortex or medulla;
positive cells were scattered throughout the lobule. Smith (1961)
demonstrated strain differences in the distribution of acid phosphatase
positive cells in the thymus of C57B1/6 mice as compared to AKR mice.
She showed acid phosphatase reactive cells restricted to the cortex of
AKR mice. C57Bl1/6 mice showed reactive cells in the medulla, the same
area that showed the highest concentration of ATPase positive cells.
The relationship of the thymic interdigitating cell to the epider-
mal Langerhans cell was not appreciated until Olah et al. (1968)
described the ultrastructure of the rat thymic medullary special cell
that had an appearance similar to the cell of the skin. While the func-
tion of this cell in the thymus is at present unclear, several roles
have been postulated. Keratinization is a process unique to the thymus
among lymphoid organs, and it has been suggested that the thymic Langer-
hans-like cell as well as its equivalent in the epidermis may be
involved in keratin formation (Silberberg-Sinakin et al. 1980) Antigen

trapping and presentation are a more likely function and have been shown
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for the dendritic-reticular cell of the lymph node and spleen (Mitchel
and Abbot 1965, Veerman and Rooijen 1975) as well as for the epidermal
Langerhans cell. In conflict with this view is the fact that the th&mic
medulla is not generally thought of as a site for antigen processing.

The lack of acid phosphatase staining of interdigitating cells,
when examined by light microscopy, suggests that the dense bodies seen
ultrastructurally are either too sparse to reveal a positive reaction or
are indeed not 1lysosomes. Some authors suggest that these inclusions
may be secretory in nature, (Gery and Waksman 1972) and that thymic
interdigitating cells could thereby influence T-cell differentiation.

As shown in the present study, both acid phosphatase positive and
ATPase positive cells share the cortical zone in the calf. In the rat
the presence of ATPase positive cells and acid phosphatase positive
cells in two different compartments may be a species difference. It pre-
sumably reflects the migratory patterns of interdigitating cells as com-
pared to conventional macrophages. Whether some rat interdigitating
cells may move to the thymic cortex later in life, as implied by their
distribution in the calf, remains to be demonstrated. Transit through
the thymus for the epidermal Langerhans cell seems to be unecessary, as
they can be found in the skin of the athymic nude mouse (Hunter et al.
1976). The thymic resident interdigitating cell may enter the organ
through the medulla during prenatal life as suggested by the restriction
of ATPase staining to the rat medulla even in the earliest ages exa-

mined. If true, this route of entry is the opposite of the lymphoid pre-
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cursor cells which are thought to start their passage through the thymus
at the cortical surface and then pass into the medulla before leaving
the gland. |

The electron microscopic appearance of a spherical form of inter-
digitating cell, most frequently seen in the early examples of rat thy-
mus, may represent the immature form of this cell. Such a theory is con-
sistent with the evidence from the skin where a wvariation in the
morphologic appearance of Langerhans cells has been seen in normal and
traumatized samples (Wolf 1972). It has been proposed that relatively
adendritic cells in the basal layer of the epidermis may represent new
immigrants from the bone marrow stem cell pool. Such indeterminent
cells (Zechckson and Mottaz 1968) often do not show Birbeck granules in
their cytoplasm although they have clearly been related to the mature
Langerhans cells by surface Ia-antigen activity (Rowden et al. 1979).

S-100 a 20,000 MW protein, so-called because of its solubility in
100% saturated ammonium sulfate, is widely distributed in different ani-
mal species. Long known to be present in astrocytes and oligodendroglia
of the central nervous system, Schwann cells of the peripheral nervous
system and satellite cells of the sympathetic ganglia (Lundwin et al.
1976, Eng et al. 1976), 'S-100 content correlates well with the degree of
maturation of the nervous system, but its exact function remains
obscure.

Recently a number of seemingly unrelated cell types have been

shown to contain this protein. These cells include melanocytes and mela-
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poma cells (both in situ or from cultured lines), Langerhans cells of
the epidermis, interdigitating-reticulum cells from the peripheral lym-
phoid tissue, and chondrocytes of both mesenchymal and neuroectodérmal
derivation (Cocchia et al. 1981, Takahashi et al. 1981, Gaynor et al.
1980, Steffanson et al. 1982). 8-100 is thought to be a calcium binding
protein related to calmodulin and troponin C but whether the protein
functions in a similar manner in such disparate cell types is not known.
Alternatively, all the cells that have this marker protein may be more
closely related to neurocectoderm than previously thought. It has been
suggested that complete thymic function is dependent on the developmen-
tal inclusion of a neuroectodermal component into the thymic stroma
(Jenkinson et al. 1981). The finding of $-100 protein in human thymic
dendritic cells strengthens the postulate that these cells are related

to interdigitating-reticular cells in other lymphoid organs.

Summary.

An investigation of the interdigitating cells and conventional
macrophages of the thymus was carried out in the rat, calf and human.
Cytochemical staining for surface adenosine triphosphatase (ATPase) and
for lysosomal acid phosphatase illustrated two distinct populations of
cells with different diétribution patterns in the cortex and medulla of
the thymus of the rat and calf. Immunohistochemical staining for S-100
protein and lysozyme delineated two cell populations in the human thy-
mus. Electron microscopic observations of the thymic regions containing

the interdigitating cell population confirmed similarities between these
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cells, other lymphoid interdigitating reticulum cells (IDC) and the epi-

dermal Langerhans cells.
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Legend
Fig. 1 Frozen section calf thymus (400X). ATPase reaction promi-
nent in cortex (c¢), absent in medulla (m). Inset-High power AfPase

positive cortical dendritic cell.

Fig. 2 Frozen section 15 day old rat thymus (530X). ATPase reaction most
prevalent in medulla (m), cortical reaction (c) restricted to the vascu-

lature.

Fig. 3 Frozen section calf thymus (1,900X). Acid phosphatase reaction

delineates cortico- medullary boundary macrophages. Cortex (c), medulla

(m).
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Fig. 4 Human thymus stained for S-100 (200X). Trypsinized paraffin sec-
tion, indirect immunoperoxidase. (c¢) cortex, (m) medulla, arrows- reac-

tive dendritic cells.

Fig. 5 Human thymus stained for S-100 (950X). Reactive dendritic cells
in medulla. (c¢) cortex, (H) unstained Hassall's corpuscles. arrows-in-

terdigitating cells.

Fig. 6 Human thymus stained for lysozyme (200X). Parallel paraffin sec-
tion, indirect immunoperoxidase. (c) cortex, (m) medulla. Reactive

macrophages can be seen in the cortex and in some Hassall's corpuscles.
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Fig. 7 One micron toluidine blue section of rat thymic interdigitating

cell. (1,000X).

Fig. 8 Electron micrograph of adult rat thymic medulla.(19,250x).
Region of the cytocentrum (c) of the interdigitating cell showing accu-

mulation of dense bodies and mitochondria. (n-nucleus).

Fig. 9 Electron micrograph of macrophage from adult rat cortex.
(8,500X). Note electron dense inclusions (i) and electrom lucent 1lipid

droplets (L).
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Fig.- 10 Electron micrograph of non-dendritic form of interdigitating
cell from neonatal rat thymic medulla. (7,260X). Inset-Birbeck'granule

(43,290X) .

Fig. 11 Electron micrograph of interdigitating cell from 15 day old rat

thymic medulla. (3,220X). Note cytoplasmic extemsions.
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CHAPTER III

THYMIC MYOID CELLS

Introduction

Myoid cells have been demonstrated at one stage or another in the
development of the thymus of all species examined so far (Van de Velde
and Friedman 1970, Toro et al. 1969, Strauss et al. 1966) They are so
named because of the myofilaments that they contain. In man they are in
evidence in both fetal and adult life (van der Geld et al. 1964, Bockman
1968, Puchtler et al. 1975, Bearman et al. 1978, Henry 1966, 1968, 1972)
Whereas in some mammals they may appear only in the mature individual.
Two forms have been described, elongate and ovoid. The elongated forms
are more common and better developed in reptiles and birds (Raviola and
Raviola 1967, Gilmore and Bridges 1974) and in fetal thymi (Strauss et
al. 1966, van de Velde and Freidman 1970) while the ovoid forms predo-
minate in postnatal mammals. Their function is as obscure as their
developmental appearance is variable. Some authors have speculated that
these cells may be actively contractile in some species (Pensa 1904),
perhaps expressing lymphocytes from the thymus. Others have considered
these cells to be vestigial structures (Paneth 1887). Raviola and Ravi-
ola (1967) have postulated that the myoid cell and the thymic epitheli-

al-reticular cell may be of common origin. It has even been suggested
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that the myoid cell may be part of the tissue 'library' maintained by
the thymus for the instruction of tolerance in developing lymphocytes
(Burnet 1962). The ultrastructural features of the myoid cell prﬁvide
little information on its function.

Puchtler et al. (1975) has postulated that myo-epithelial ele-
ments are associated with Hassall's corpuscles. Multicellular Hassall's
corpuscles are made up of concentric arrays of epithelial-reticular
cells often reaching 100 microns or more in diameter and are readily
recognizable (Katerv1971). In some species however, Hassall's corpuscles
often consist of only a few epithelial lamellae wrapped around a large
central hypertrophic or voluminous epithelial cell. These forms are
difficult to distinguish from myoid cells at the 1light microscopic
level, and it is only the presence of tonofilaments, as seen by electron
microscopy, that identifies them as epithelial derivatives.

In the present investigation, thymic tissue from the rat and the
calf was examined ultrastructurally. A cytochemical technique, specific
for acetylcholinesterase (AchE) (Lewis and Schute 1966), was also used
in the present study to identify myoid cells in the calf thymus. Myoid
cell staining by the pericdic acid-Schiff reaction (PAS) was compared to
the PAS staining of simple Hassall's corpuscles in both the calf and
human. Finally, immunocytochemical techniques were used to examine the
human and célf thymus for keratin and myoglobin, two marker proteins for

epithelial and muscle cells.
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Electron microscopy. Thirty-si# thymi were obtained from Sprague-

Dawley rats at weekly intervals from birthv to weaning and then at two
week intervals until nine weeks of age Some tissue was processed for
electron microscopy by fixation in 4% glutaraldehyde, post -fixation in
1% osmium tetroxide, dehydration in a graded ethanol series and embed-
ddng in Epon 812. Six calf thymi from animals less than a year old were
obtained from a local slaughter house and samples were processed in an

1dent1cal manner.

Acetylcholinesterase. A histochemical reaction for acetylcholi-

nesterase was performed on parallel ssmples of calf thymus using the
method of Lewis and Schute (1966). For this reaction fixation was accom-
plished in 2% glutaraldehyde in_cacodylate Bdffer (pH 7.5) for 2 hou;s.
The tissue was rinsed overnight in buffer at 4 degrees C, and then incu-
bated in a mixture of 8mM acetylthiocholine iodide, 12mM copper sulfate
and 17mM glycine (pH 4.8) for 2-6 hours. The tissue was again rinsed in
buffer and transferred to a solution of buffered sodium sulfate (pH 5.4)
for 15 minutes. The tissue was rinsed in buffer a final time, 12-18
hours at 4 degrees C and then processed for elect;on microscopy. Ese-
rine sulfate (8mM) added to the resction mixture served as a control

(Koelle 1950).

Periodic acid Schiff reaction (PAS). Human and calf thymus was
also fixed with 10% buffered formalin and embedded in glycol methacry-
late (JB-4, Polysciences) or paraffin, cut at 3-7 microns and stained

with toluidine blue or by the PAS reaction. For this staining reaction



88
sections were incubated with 1% periodic acid, washed in distilled water
and then treated with Schiff reagent (decolorized Basic Fuchsin) for one
hour for paraffin sections or 2-3 hours for methacrylate sections; Sec-
tions were washed again and treated with 0.5% sodium metabisulfite. Some
slides were counterstained with hematoxylin. This procedure displayed
glycoproteins, glycosaminoglycans and glycogen (Lillie 1951). Control
reactions were carried out with elimination of the periodate oxidation
procedure.

Immunocytochemistry Thymic tissue from one human infant and six

calves was fixed in either 10% buffered formalin or Bouin's solution and
embedded in paraffin. Five micron thick sections were mounted on glued
slides and heated to 60 degrees C for 30 minutes before being deparaf-
finized in two changes of xylene. The sections were then rehydrated,
treated with 3% hydrogen peroxide to eliminate endogenous peroxidase
activity and exposed to a 0.125% solution of trypsin in calcium chloride
buffer for 5-10 minutes. This treatment exposed antigenic sites inacti-
vated during fixation and greatly enhanced the staining reaction . The
slides were then washed for 15 minutes in phosphate buffered saline
(PBS) and exposed to the immunocytochemical staining sequence.

Rabbit antibody to human callus keratin (kindly provided by Dr. K
Sheikh) was prepared according to the method of Tien-Sun et al. (1979)
and applied to sections for 1 hour at room temperature at a dilution of
1:20 in PBS. Slides were then washed in three changes of PBS and then

incubated with peroxidase-labeled goat anti-rabbit IgG for 30 minutes at
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room temperature. Slides were again rinsed in three changes of PBS. The
preparations were then developed in a 0.05% ethylamino-carbazol-0.1%
hydrogen peroxide substrate for 10 minutes and viewed by bright field
microscopy.

A second antigen, human myoglobin (rabbit antibody from Immunlok,
Carpenteria, Calif.). was immunocytochemically localized by identical

methods on parallel sections of the same human thymus.

Results

Probable myoid cells could be seen in the toluidine blue stained
one micron thick sections, as large cells with a circular to oval pro-
file, averaging 30 microns in diameter (Figure 1). Confirmation of myo-
filaments by electron microscopy was necessary however, for an unequivo-
cal identification of these cells (Figure 2). Both light and dark forms
of probable myoid cells were seen in toluidine blue stained sections of
the calf thymus (Figure 3). Ultrastructural examination of these cells
revealed one type had an eccentric heterochromatic nucleus and a disor-
ganized array of myofilaments possibly representing the dark cell (Fig-
ure 4). The myofilaments were quite distinct in size and configuration
from the tonofilaments seen in epithelial-reticular cells. The other
type of myoid cell had a more centrally placed euchromatic nucleus and
myofilaments that were more regularly arranged in recognizable bundles
of thin filaments divided into sarcomere-like regions by periodic
cross-bars of Z-band-like material (Figure 5). Other cytoplasmic fea-

tures of these cells included occasional mitochondria, a Golgi complex,
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as well as a few inclusions of intermediate electron density. Polyribo-
gsomes and glycogen granules were found in the cytoplasm between myofila-
ment bundles. This may have been the ultrastructural equivalent of the
light cell. None of the myoid cells were seen to be connected by desmo-
somes to any thymic epithelial cells.

Two forms of myoid cell were seen in PAS stained methacrylate sec-
tions. Both PAS positive and negative cells could be demonstrated alt-
hough the exact nature of the PAS positive material was unknown.

Both types of myoid cell, as identified by the preceding criteria,
were a common feature of the calf thymic medulla. In contrast, none of
the sections taken from rat thymi of the neonate to the age of weaning
revealed any myoid cells. A few well differentiated or light forms were
seen in the adult rat thymus but never in the numbers observed in the
calf thymus. Neither species at the ages selected exhibited any elon-
gated myoid cells, but a single example of an elongated myoid cell was
seen by light microscopy in the infant human thymus.

Electron microsopic observation of histochemically reacted calf
thymic tissue, revealed acetylcholinesterase specific electron dense
deposits over the nuclear envelope and cytoplasmic inclusions of myoid
cells (Figure 6). Acetylcholinesterase was also close to or in the
plasma membrane of myoid cells (Figure 7). This reaction was blocked in
tissues treated with eserine sulfate. OQOccasional examples of acetylcho-
linesterase positive inclusions were seen in the cytoplasm of cells

that contained no myofilaments (Figures 8 and 9). The presence of des-
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mosomes on some of the membranes of these cells indicated that they may
have been epithelial-reticular cells. Although myelinated nerves were
seen in the thymic capsule of the rat, no nerve endings were seen'near
the myoid cells of either species.

In both the rat and calf, structures that were similar in appear-
ance to ovoid myoid cells at the light microscopic level were revealed
by electron microscopic examination to be simple Hassall's corpuscles
(Figure 10 ) by the presence of tonofilaments and kerato-hyaline gran-
ules in their cytoplasm, rather than myofilaments. These simple Has-
sall's corpuscles consisted of a central hypertrophic epithelial cell
surrounded by a few epithelial lamellae. PAS staining of these struc-
tures generally showed only a spotty or focal reaction product rather
than the uniform positive or negative staining exhibited by the myoid
cells. The simple Hassall's corpuscles were more common in the rat thy-
mus ,whereas the multicellular forms, made up of several concentric
lamellae of epithelial cells, were more often seen in the calf and human
thymus (Figures 11).

Immunostaining of human thymus with antibodies to myoglobin rev-
ealed isolated cells in the medulla that contained reaction product.
There was no reaction in the calf thymus for the anti-human myoglobin,
indicating no interspecies cross-reactivity for this protein.

Hassall's corpuscles in the calf and the human contained immunocy-
tochemically detectible keratins, while none of the myoid cells stained

with the anti-keratin antibodies. Only the peripheral epithelial cells
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in the corpuscles were keratin positive (Figure 12); the central lamel-
lae were keratin negative. The PAS reaction gave the opposite pattern
with the center of the corpuscle intensely positive while the surréund-

ing epithelium contained none of this material (Figure 13).

Discussion

This study shows that myoid cells are a regular feature of the
thymic medulla of three species and that they are quite distinct morpho-
logically and histochemically from thymic epithelium and the cells that
form Hassall's corpuscles. The appearance of myoid cells in fetal or
early life in most mammalian species had led some investigators to spe-
culate that they were only embryonic remnants of branchial arch muscula-
ture that later degenerated (Paneth 1887). In the present study, myoid
cells were found in the rat thymus only in the adult, a finding that
seems to argue against the concept that these cells are vestigial, at
least for this species.

Calf thymus has been examined for myoid cells by Strauss et al.
(1966) who noted elongated forms of this cell type in fetal tissue and
only the ovoid form in postnatal calves. The present study suggests that
cells which stain with PAS may include the ovoid form of myoid cell.
Van de Velde and Fried@an (1970) utilized the Bodian-silver method and
PAS to delineate myoid elements in several species, but did not report
how ovoid cells reacted with the stains. Henry (1966) used phosphotungs-
tic acid-hematoxylin to indentify myoid cells and PAS to stain cystic
Hassal's corpuscles in the human thymus, but did not identify myoid cell

PAS staining.
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An approach, more relevant to muscle cell physiology, was reported
py Sharp and Woo-Sam (1979), who showed, in the rabbit myoid cells and
certain epithelial-reticular cells of the thymus, acetylcholinestérase
reactive membranes and inclusions. In the present study calf thymic
myoid cells were acetylcholinesterase positive with the reaction product
being seen at the periphery of the cell as well as in its cytoplasm.
Non-myoid cell acetylcholinesterase reactivity (presumably epithelial
cell staining) was seen only infrequently in cytoplasmic vesicles.

The demonstration of the shared acetylcholinesterase marker does
not suggest that thymic myoid cells and epithelial-reticulum are embryo-
logically related. A report of a common origin for these cells was
based on the finding of occasional desmoscmes connecting the two cell
types (Raviola and Raviola 1967). In the present study no such connec-
tions were seen. Neither human nor calf myoid cell exhibited any immuno-
reactivity for keratin, an epithelial cell marker protein (Battifora et
al. 1980). Puchtler's (1975) finding that all epithelial cell nests and
Hassall's corpuscles contain myoid elements, was not born out by the
present immunocytochemical findings.

The acetylcholinesterase activity of myoid cells may be consistent
with a role for them in T-cell differentiation. Acetylcholine has been
shown in vitro to cause an electrical potential change in the T-cell
membrane but not in the B-cell (Strom and Shapiro 1980). Thymic lympho-
cytes have been shown to bear a surface marker which cross reacts with

the acetylcholine receptor (Fuchs et al. 1980). Therefore, acetylcho-
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line derived from thymic nerve terminals may trigger some part of the
thymocyte differentiation cascade.

Thymic stromal cells have long been associated with productioﬁ of
a class of polypeptides known collectively as thymic hormones (Goldstein
1975, Mandi and Glant 1973). How these thymic products are related to
the myoid cell, if at all, is at present unclear but one thymic peptide
is of particular interest. Thymopoietin was first isolated on the basis
of its neuromuscular blocking activity in an experimental autoimmune
thymitis preparation, an animal model for myasthenia gravis (Goldstein
1975). Later thymopoietin was found to have a T-cell stimulating capac-
ity as well. Of interest are reports that anti-muscle globulin from the
sera of some myasthenic patients reacts with the myoid elements in tis-
sue section (Mackay and Goldstein 1967). Engle et al. (1977) has shown
that epithelial- reticular cell islands in the human thymic medulla con-
tain alpha-bungarotoxin sensitive acetylcholine receptors. Wekerle et
al. (1978) has found similar receptors on cultured thymic myoid cells.
Injection of an animal with purified acetylcholine receptors from the
electric organ of the torpedo fish can produce a myasthenic-like condi-
tion (Claudio and Rafferty 1980). It seems that the initial autoimmune
insult in myasthenia gravis may involve thymic myoid cells. The involu-
tion or degeneration of ovoid myoid cells suggested in this and other
studies may release muscle-specific antigens such as the acetylcholine
receptor protein that sensitize the individual. Antibodies produced then

cross-react with somatic musculature, precipitating the degenerative
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changes seen in myasthenia gravis. The timing of myoid cell involution
during thymic development may determine whether an autoimmune condition
is produced. Therefore, it is of some value to understand the no?mal
distribution and éppearence of the thymic myoid cell as the individual

ages.

Summary

Myoid cells were consistant features of the calf thymic medulla
but absent early in development in the rat. Finding the myoid cell only
in the adult rat thymus argues against the suggestion that this cell is
vestigial. Only the oval form of myoid cell was apparent in the postna-
tal thymus of these species. A light and a dark form of myoid cell was
displayed by toluidine blue and PAS staining of calf thymus. These two
cell types were thought to correspond to involuting and intact myoid
cells seen by electron microscopy. Calf thymic myoid cells as well as
some thymic epithelial cells were found to possess acetylcholinesterase
activity. Human and calf myoid cells were not immunocytochemically
reactive for keratin as were Hassall's corpuscles and thymic epithelium.
This finding suggests that thymic epithelial cells and myoid cells are
not have been derived from the same lineage. However, myoid cells may
interact with the epithelial-stromal components of the thymic reticulum;

cells known to produce peptides necessary for thymocyte development.
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Legend

Fig. 1 One micron thick section of calf thymic medulla. (500X). Pre-

sumed myoid cells (arrows) can be compared to epithelial reticular cells

(e).

Fig. 2 Electron micrograph of myoid cell from adult rat thymic medulla.
(4,060X) (N) nucleus, (L) lymphocyte, arrows-sarcomere-like collection

of myofilaments.
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Fig. 3 One micron thick section showing light and dark forms of calf
thymic myoid cell (1,280X) Lymphocyte (L), epithelial reticular cell

(e).

Fig. & Electron micrographic detail of dark myoid cell from calf thymus.
Shown are an inclusion body (I), Golgi apparatus (g), glycogen particles
(G) and a heterochromatic nucleus (n) in a cytoplasm with a disorganized

background of myofilaments.

Fig. 5 Electron micrographic detail of a 1light myoid cell from rat
thymic medulla. (1,400X). Z-band-like material (z), with prominent bun-
dles of muofilaments (f) arranged in a sarcomere-like structure. Shown
are myoid cell euchromatic nucleus .(n), and adjacent lymphocyte for com-

parison (L).
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Fig. 6 Electron micrograph of calf thymic myoid cell (13,400X). Myofi-
laments (f) are seen in the cytoplasm. Acetylcholinesterase reaction
product is present in the nuclear envelope and in cytoplasmic vesicies

(arrow).

Fig. 7 Electron micrograph of calf thymic myoid cell (3,770X). Myofila-
ments (f) are seen in the cytoplasm. Acetylcholinesterase reaction del-

ineates the cell membrane.

Fig. 8 Electron micrograph of acetylcholinesterase reaction product in
an epithelial «cell cytoplasmic vacuole (ev) .Desmosome  (arrow).

(17,100X).
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Fig. 9 Electron micrograph rat thymic medulla. (5,850X). The simple
Hassall's corpuscle (H) is the dominant form in rat. It consists of a
central hypertrophic cell (H) surrounded by a single epithelial lamella

(E). arrows-tonofilaments.

Fig. 10 One micron thick section of calf thymic medulla. (1,040X). Show-
ing epithelial cells (e) making up multilaminar Hassall's corpuscle.

Note the keratinized or degenerating center.
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Fig. 11 Medullary zone of human thymus stained for keratin (425X).
Trypsinized paraffin section, indirect immunoperoxidase. (%) reference

artery.

Fig. 12 Medullary zone of human thymus stained by PAS procedure (425X).

Parallel paraffin section. (¥*) reference artery.
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CHAPTER IV

IMMUNOCYTOCHEMICAL LOCALIZATION OF THYMIC HORMONES

Introduction

A hormonal role for the thymus in the differentiation of T-lympho-
cytes was suggested by the early thymic extirpation and grafting experi-
ments (Miller and Osoba 1963, Osoba and Miller 1963, 1966). As a conse-
quence a number of protein factors shown to be active in T-cell
potentiation have been isolated from the thymus (Goldstein et al. 1966,
Goldstein 1975, Bach et al. 1977, Trainin and Small 1970). Although an
understanding of the cytological components responsible for this endoc-
rine secretion is still lacking, it‘has been proposed that the epitheli-
al-reticular cells of the thymus are responsible. Several investigations
have utilized immunocytochemical techniques to determine the reactivity
of epithelial-reticular cells in tissue section (Mandi and Glant 1973,
Goldstein 1975, Teodorczyk et al. 1975, Mandi et al. 1979, van den Tweel
et al. 1978, Schmitt et al. 1981). All studies have identified thymic
hormone immunoreactivity in stromal cells but identification of the spe-
cific subtypes responsible has been hampered by the poor definition
available with 1light microscopic fluorescence immunocytochemistry.
Also, interspecies combinations such as rodent tissues and anti-bovine

serum have often yielded equivocal results. As stated by Teodorczyk et
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al. (1975), " Even if the biological activity of thymic factors is equi-
valent their antigenicity may be species specific.”

Table I. lists the four best characterized thymic hormones (tﬁymo-
sin, thymic humotal factor or THF, thymopoietin and facteur thymique
serique or FTS). It can be seen that they are of different molecular
weight and amino acid composition and that the assays used to determine
their T-cell effects are quite different. The tissue source of choice
for the preparation of most of these factors has been calf thymus.
Ideally then, it is calf thymus that should be examined for thymic hor-
mone reactivity. Human thymic development is also of obvious interest.
In the present study preliminary attempts to localize antibody to thymic
hormone in rat thymic sections were unsuccessful. Human or calf thymus
was therefore utilized in an attempt to identify the cell or cell types
responsible for thymopoietin and thymosin VI production. Both immunofl-
uorescence and immunoperoxidase procedures were employed, the former
because of its ease of application and the later because of its superior
light microscopic resolution of morphology and potential application to

ultrastructural immunocytochemistry.

Materials and Methods

Immunochistochemical techniques were used to examine the localiza-
tion of bovine thymosin and thymopoietin in paraffin embedded calf and
human thymus. Calf thymés was obtained from a local slaughter house and
all animals were less than one year of age. The human thymic tissue was

from an infant male who had died of a congenital heart defect.
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Light Microscopy Thymic hormone immunoreactivity was best pre-

served in tissue fixed in 10% phosphate buffered formalin or Bouin's
solution and embedded in Paraplast. Sections were cut at 5 microns énd
mounted on glass slides. Slides were heated to 60 degrees C for 30
minutes then deparaffinized in two changes of xylene and rehydrated.
Enhancement or exposure of antigenic sites by a brief trypsinization
with 0.125% solution of enzyme for 5 minutes (Curran and Gregory 1977)
greatly improved the staining reaction. Endogenous peroxidase activity
was eliminated by pretreatment of sections with 3% hydrogen peroxide for
5 minutes. Slides were then washed in phosphate buffer at pH 7.2 for 15
minutes.

Immunocytochemical treatment was carried out as follows:

1) Primary antiserum (rabbit anti-thymosin VI or rabbit anti-thy-
mopoietin was kindly provided by Drs. A Goldstein and G Goldstein.
Antiserum against lysozyme (purchased from Immunlok, Carpenteria,
Calif.). was diluted 1:20 to 1:50 in phosphate buffer at pH 7.2, was
applied to sections for 1 to 2 hours at room temperature and then washed
three times in phosphate buffer. It should be pointed out that the rab-
bit anti-thymosin antiserum used, was to a complex thymic fraction con-
sisting of many peptides and that fraction V, not fraction VI, is now
considered to be the more pure preparation for immunologic effects
(Goldstein et al 1975). Thymopoietin antiserum was produced by injec-

tion of rabbits with a single polypeptide (Schlesinger et al. 1975B).
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2) The sections were incubated with goat anti-rabbit IgG peroxi-
dase conjugate (Cappel, Cochranville, Pa. or Polysciences, Warington,
Pa.) at a 1:10 to 1:20 dilution in phosphate buffer for 30 minutés at
room temperature.

3) Sections were then treated with the filtered substrate 0.01%
hydrogen peroxide + 0.05% diaminobenzidine (Sigma, St. Louis) in 0.05M
Tris buffer pH 7.2 or 0.1% hydrogen peroxide + 0.05% ethylaminocarbazol
in 0.1 M acetate buffer at pH 5.2 for 10 minutes at room temperature.
Sections were then washed and counterstained with hematoxylin and eosin
if necessary. Some slides were stained by the PAS reaction preformed
according to the method of Lillie (1951).

4) Controls: These included: a) deletion of the primary or the
bridge antiserum; b) substitution of normal rabbit serum for the spe-
cific anti-thymic hormone; c) preabsorption of the antiserum with thymic
hormone (for this purpose thymopoietin and thymosin were kindly provided
by Dr. John Sharp) and d) staining of non-thymic tissues with the antis-
era.

Immunofluorescent staining of thymic hormone was attempted by the
indirect method. A 1:20 to 1:50 dilution of antiserum to thymopoietin or
thymosin VI in phosphate buffered saline was overlaid on a deparaffin-
ized and rehydrated section of calf or human thymus that had been
treated with trypsin. The incubation with primary antiserum was per-
formed for 1 hour at room temperature. The sections were then rinsed in

several changes of buffer and then fluoroscein-isothiocyanate labeled
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goat anti-rabbit IgG (Cappel, Cochranville, Pa.), diluted 1:10 to 1:20,
was applied for 30 minutes. The tissue was then rinsed in buffer,
mounted in glycerol-phosphate buffer and examined with ultraviolet‘illu-
mination on a Nikon Ultraphot microscope with barrier filter (650-440
nm) and exciter filter (BG12 or UGl) combination.

Electron microscopy Both calf and rat tissues were used for elec-

tron microscopy. Thymi were fixed in a series of fixatives including
1,2,4% glutaraldehyde, 1,2,4% paraformaldehyde and picric acid parafor-
maldehyde. Some tissues were post-fixed in 1% osmium tetroxide. This
tissue was then embedded in Araldite 6005 or Epon 812 and sections were
counterstained with uranyl acetate and lead citrate. Thin sections were

examined in a Hitachi HU-IIB electron microscope.

Results

Parallel sections of human or calf thymus stained with the indi-
rect peroxidase or the immunofluorescent technique for thymosin and thy-
mopoietin, showed reaction product in different locations (Figures 1-6).
Anti-thymosin VI staining was seen primarily in cortical non-lymphoid
stromal cells in the human thymus, some with quite large accumulations
of positively stained material suggesting depots or stores of hormone
(Figures 1 and 3). While most of these cells were considered to be
epithelial cells, some of the thymosin positive cells may have been
macrophages, as evidenced by the reaction of similar cells in parallel
sections for lysosyme and PAS. A few medullary cells and some Hassall

's corpuscles stained slightly with the antiserum to thymosin VI but
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these areas stained even with normal rabbit serum controls. Lymphocytes
were always negative. Deletion of the bridge antiserum or use of normal
rabbit serum produced little or no reaction anywhere in the secfion.
Lymph node sections incubated with anti-thymosin VI also showed some
reaction in paracortical macrophage populations, indicating that the
thymus specific nature of this fraction was not complete. Preabsorption
of the antisera with 1Oug of thymosin in phosphate buffered saline for
24 hours at 4 degrees C prior to the immunocytochemical reaction did
decrease the staining intensity. Calf thymus immunoreactivity was also
cortical, with a band of thymosin VI positive cell also seen at the cor-
tico-medullary boundary.

Immunohistochemical staining of calf or human thymus for
thymopoietin revealed a quite different pattern, with the most intense
label in the medullary epithelial cells although there was staining of
low intensity in the stromal cells of the cortex as well (Figures 2 and
4). For the most part, this staining pattern seemed to delineate the
epithelial-stromal network uniformly. But an occasional intensely
stained large cell was seen in medullary zones particularly in the calf
thymus (Figures 5 and 6). Only some thymic lobules contained these
cells. Two populations of morphologically similar cells that reacted
differently for thymopoietin were apparent. Unstained (Figure 5) and
hematoxylin and eosin counterstained sections (Figure 6) showed some of
the hypertrophic cells to be positive for thymopoietin and others that

were negative. Lymphocytes were also negative. Hassall's corpuscles
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reactivity for thymopoietin was also noted. The reaction was more
intense than the non-specific staining of corpuscles seen in normal rab-
bit serum controls. Lymph node sections incubated with anti-thymopoiétin
were completely ‘negative. Preabsorption of antiserum with antigen
diminished the staining reaction.

Since the non-lymphoid cells from the cortical zones that stained
with antibody to thymosin VI in paraffin sections of human thymus, were
thought to be both epithelial cells and macrophages, these cells were
examined by electron microscopy. These ultrastructural observations
were confined to sections of rat and calf thymus. In both the rat and
the calf, cortical epithelial cells exhibited an extremely attenuated
cytoplasm drawn out into long cytoplasmic processes that surrocunded the
many lymphocytes seen in the cortex (Figure 7). At the core of these
processes were seen bundles of tonofilaments. Stellate cell cytoplasmic
organelles were generally concentrated near the nucleus and these
included membrane bound bodies (Figure 7) which ranged in appearance
from characteristic "clear" vesicles with smaller dense bodies rimming
the interior surface of the vesicle, to electron dense bodies that may
have been either lysosomal or secretory in nature.

Many inclusion containing cells were seen in the calf and particu-
larly in the neonatal and young rat cortex. Ultrastructural examination
revealed these cells to have the internalized apoptotic remains of num-
erous thymocyte nuclei within their cytoplasm (Figure 8). These cells

were considered to be macrophages and not epithelial cells, since they
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lacked tonofilaments and desmosomes, and were thought to be the ultras-
tructural equivalent of the large cortical thymosin VI positive cells
seen in the human thymus. Macrophages were also prominent at the cor£i-
co-medullary boundary in the rat and calf thymus but this zone was not
thymosin VI positive in the human tissue.

By light microscopy the medullary epithelial cells were strongly
thymopoietin positive. By electron microscopy, rat and calf medullary
epithelial cells were abundant and their prominent nuclei and extensive
cytoplasm were readily distinguishable from lymphocyte profiles (Figure
9). These cells were filled with tonofilaments and were connected to the
other cells of the epithelial medulla by numerous desmosomes. Dense
granules seen within their cytoplasm may have been either kerato-hyaline
or secretory granules. Hypertrophic epithelial cells forming the center
of simple Hassall's corpuscles and ovoid myoid cells were also seen.

Discussion

The immunocytochemical observations in the present study indicate
thymosin VI reactivity is restricted to the non-lymphoid stromal ele-
ments in the cortex of the human and the calf thymus. The complex
nature of the antiserum to thymosin VI and its localization in the
thymic stroma, permits one to say very little as to the specific cell or
cells of origin, at least at the light microscopic level. It can only be
suggested that a multicomponent preparation such as thymosin may be pro-
duced by more than one stromal elements, for example epithelial cells

and macrophages. Alternatively some of the immunoreactive sites
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detected by this technique may not be the sites of thymosin production,
but merely places of hormonal sequestration.

Mandi and Glant (1973, 1979) with indirect immunofluoresceﬁce
localized thymosin V in the stromal cells of calf and mouse thymus noted
both cortical and medullary staining. Van den Tweel et al. (1978) have
identified stromal cells positive for Thymosin V and VI in calf thymus
by immunoperoxidase techniques. Both these studies describe patterns of
hormone localization similar to those seen in the present investigation,
but mention some staining by naturally occurring anti-epithelial anti-
bodies in control sera or with anti-hormone serum on non-thymic (con-
trol) tissue.

Recently, Hirokawa et al. (1982) have utilized antisera to thymo-
sin alpha 1 and beta 3 as well as fraction VI, to stain human thymic
tissue ranging in age from newborn to 65 years. Thymosin alpha 1 seems
to be present in epithelial cells of both the cortex and medulla, while
beta 3, an inducer of terminal nucleotidyl transferase in cortical lym-
phocytes, was found only in the cortex. Cells seen to stain for thymosin
VI by Hirokawa et al. (1982) included both epithelial stromal cells and
certain macrophages of both the thymus and spleen. This finding may
indicate that the complex thymic hormone preparations may be produced in
part by mononuclear cells as well as epithelium.

Goldstein (1975) demonstrated a different reactivity for two
antisera to thymopoietin in the stromal cells ofrthe guinea pig. One

antiserum stained the cells of the cortex exclusively, while the other
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highlighted only medullary stromal cells. The antiserum to thymopoietin
obtained for the present study, identified regions of immunoreactivity
in the calf and human thymic medullary non-lymphoid stromal netﬁork.
This pattern was reminiscent of the staining produced by the application
of anti-keratin to parallel sections of human thymus (See Chapter III)
indicating that keratin or tonofilaments (epithelial cell markers) are
expressed by at least some of the thymopoietin positive cells of the
thymus.

It was also shown in the present study that a prominent anti-thy-
mopoietin reaction is identifiable in some medullary hypertrophic cells
of the calf and human thymus. Medullary stromal cell populations are
quite heterogeneous however, as shown by the presence of a distinct thy-
mopoietin negative hypertrophic cell population. This light microscopic
localization cannot eliminate the possibility that squamous epithelial
cells, myoid cells or the various forms of Hassall's corpuscles are all
candidates for thymopoietin synthesis or all have receptors for this

thymic hormone.

Summary

The cellular origin of two distinct T-cell differentiating factors
has been shown to be different cortical and medullary non-lymphoid stro-
mal cells of the human and calf thymus. Both cortical macrophages and
epithelial cells were considered to be immunoreactive for thymosin VI.
Thymopoietin staining was largely restricted to the medullary epitheli-

al-stromal network. Both thymopoietin positive and negative hypertrophic
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cells of an unkown identity were seen in the medulla. Electron micro-
sopic features of the thymic non-lymphoid cells were correlated with the

light microscopic immunocytochemical findings.



Table I

Known Thymic Hormones, Their Structure and Source

Hormone
Thymosin alpha 1

FTS
Thymopoietin

THF

Thymosin alpha 1

FTS

Thymopoietin

MW
3,108
857
5,562

3,2207

AA#
28
9
49

317

Source

Calf thymus
Pig blood
Calf thymus
Calf thymus

5

Ac-Ser-Asp-Ala-Ala-Val-Asp-Thr-Ser-Ser-

10

15

Glu-Ile-Thr-Thr-Lys-Asp-Leu-Lys-Glu-Lys

20

25

Lys-Glu-Val-Val-Glu-Glu-Ala-Glu~-Asn

5

GLX-Ala-Lys-Ser-Glx-Gly-Gly-Ser-Asn

5

Ser-Gln-Phe-Leu-Glu-Asp-Pro-Ser-Val-~

10

15

Leu-Thr-Lys-Glu-Lys-Leu-Lys-Ser-Glu-Leu-

20

25

Val-Ala-Asn-Asn-Val-Thr-Leu-Pro-Ala-Gly-

30

35

Glu-Gln-Arg-Lys-Asp-Val-Tyr-Val-Gln-Leu-

40

Tyr-Leu-Gln-Thr-Leu-Thr-Ala-Val-Lys-Arg-OH

45
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Legend

Fig. 1 Cortical reaction of human thymus stained for thymosin VI (600X).
Trypsinized paraffin section, indirect immunofluorescence. (c) cortex,
(H) Hassall's corpuscle, (B) autofluorescent blood vessel, arrows-thymo-

sin VI reactive cells.

Fig. 2 Medullary reaction of human thymus stained for thymopoietin
(600X). Trypsinized paraffin section, indirect immunofluorescence. (H)

Hassall's corpuscles, (C) cortex, arrows-thymopoietin reactive cells
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Fig. 3 Human thymus stained for thymosin VI (450X). Trypsinized paraffin
section, indirect immunoperoxidase. Ethylaminocarbazol substrate. (c)
cortex, (H) Hassall's corpuscle, arrows-thymosin VI reactive cortical

cells.

Fig. 4 Human thymus stained for thymopoietin (450X). Parallel paraffin
section, indirect immunoperoxidase. Ethylaminocarbazol substrate. (c)
cortex, (H) Hassall's corpuscle. Thymopoietin reactive medulla deli-

neated by arrows.
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Fig. 5 Paraffin section of formalin fixed calf thymic medulla. Immunos-

tained for thymopoietin by the peroxidase anti-peroxidase technique

after trypsinization. Diaminobenzidine substrate. (1,550X). Two types

of hypertrophic cell are demonstrated, cells reactive for thymopoietin

(s) and unreactive cells (u).

Fig. 6 Paraffin section of formalin fixed calf thymic medulla. Immunos-
tained for thymopoietin by the peroxidase anti-peroxidase technique
after trypsinization. Diaminobenzidine substrate. Hematoxylin and
eosin counterstain. (1,550X). Two types of hypertrophic cells demons-

trated, reactive cells (s) and unreactive cells (u).
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Fig. 7 Electron micrograph of rat thymic cortex. (7,500X). Stellate
epithelial cell with clear inclusions (i), nucleus (n), tonofilaments

(t), and surrounding lymphocytes (L).

Fig. 8 Electron micrograph of rat thymus. (13,450X) Nucleus of macro-
phage (N); electron dense inclusions (I) in cytoplasm are pyknotic

remains of lymphocyte chromatin and cytoplasm.

Fig. 9 Electron micrograph of rat thymic medulla. Example of numerous
electron dense granules in hypertrophic epithelial cell. (16,600X).

arrows-desmosomes.
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Conclusion
As has been suggested by this study and many of those cited, the
stromal components of the thymus have a special inductive influenée on
the lymphocytes trafficking through the gland. Morphometric analysis
showed that different forms of thymic non-lymphoid stromal cells changed
in number and relative proportion during developmental periods when
thymic endocrine function is critical. Alterations in thymic morphology,
such as the change in cortical/medullary index from birth to weaning to
sexual maturation may reflect the changing environmental demands placed
on the organism's immune system. Alternatively, these changes may result
from the course of a developmental program independent of external
influence. It has been suggested that non-lymphoid cells produce thymic
hormones that mediate steps in the transition from pre-thymocyte to
effector T-cell. Several thymic hormone preparaticns have been isolated,
anticipating a pleomorphic secretory process. Epithelial cells are the
most obvious candidates for this role, but they often do not exhibit
classical endocrine features such as the secretory apparatus evident in
such cells as those of the anterior pituitary or the pancreatic islets.
Indeed, wultrastructural morphometric analysis of developing thymic
medullary epithelial cells performed in this study, showed little change
in any one organellar parameter as might be expected during secretion.
However, immunocytochemical staining of thymus with two different thymic
hormone antibodies, gave some evidence that cortical and medullary

epithelial cells do contain T-cell differentiating products.
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T-cell differentiation may also be modulated by a variety of mes-
enchymally derived accessory cells, such as interdigitating cells,
macrophages and myoid cells. Several of these cells were shown morpho-
metrically, tokvary in number and morphologic appearance as the animal
ages. Their putative products include: lysosomal enzymes, polysaccar-
ides, neurotransmitter associated receptors and esterases. Several of
these substances were detected in granules, inclusions and vesicles of
these cells by immunocytochemical and histochemical procedures. Non-se-
cretory influences, such as cell to cell contact by any or all of these
cells may also play a role in thymocyte processing.

Dissection of the stromal cell population of the thymus into its
different subtypes by selective tissue culture techniques should aid in
answering questions about their individual or concerted activities in
T-cell differentiation. There is. a possibility that one stromal cell
type can be induced to produce endocrine products only by the influence
of a second cell type. Co-culture experiments might confirm this phe-
nomenuun.

The present investigation supports the suggestion that non-lym-
phoid stromal cells are critical to proper thymic function in early
development. It has been suggested (Bennett 1970) that the decline in
cell mediated immunity is responsible for aging in mammals. This postu-
late maintains that the 'exhaustion of the thymic bioclogical clock' and
the decrease in immune surveillance can cause an increase in the

diseases of autoimmunity and in cancer. It remains to be elucidated if
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non-lymphoid cells play a role in the rate or timing of thymic involu-

tion.
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General summary

The following findings were new to this study:

1) The thymic medulla was found to increase in volume during maturation

of the gland in the rat and the calf.

2) Rat thymic cortical non-lymphoid cells declined in absolute number
and volume density from birth to 65 days of age, while medullary non-

lymphoid cells remained stable in number and volume density.

3) Rat medullary squamous epithelial cells declined in relative number
from birth to day 65, while mesenchymal non-lymphoid cells, including
interdigitating cells and macrophages increased in number. A small,
relatively constant number of cystic epithelial cells was found in the

medulla.

4) No evidence of significant change in volume density of any omne orga-
nelle was found for rat medullary squamous epithelium during thymic
development nor was there any shift in any organelle volume density in
interdigitating cells. Medullary macrophages exhibited a decrease in the
volume density of dark inclusion bodies from birth to weaning. A signi-
ficant increase in the volume density of microvillous cysts was noted in

cystic epithelium from the first week to 65 days of age.

5) Both rat and calf interdigitating cells exhibited ATPase reactivity
much like epidermal Langerhans cells. Both human medullary interdigitat-

ing cells and Langerhans cells also contained S-100 protein.
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6) Rat interdigitating cells were found in the thymic medulla while acid
phosphatase positive conventional macrophages were demonstrated in the
cortex and cortico-medullary zone of this species. Calf interdigitaéing
cells and histiothes were both seen in the cortex. Human lysozyme posi-
tive histiocytes were seen in both the cortex and in medullary Hassall's

corpuscles.

7) Calf thymic myoid cells and certain 'epithelial-like' cells contained

acetylcholinesterase.

8) Thymic myoid cells do not appear to be of endodermal origin as they
do not posses epithelial cell markers such as keratin nor does myoglo-
bin, a myoid cell protein, delineate epithelial cells or Hassall's cor-

puscles.

9) Thymosin VI could be demonstrated by immunocytochemistry in cortical
epithelial cells and macrophages of the human and calf thymus. Thymo-
poietin was largely localized in the medullary non-lymphoid cell popula-
tion. A hypertrophic medullary cell type possesed thymopoeitin reactiv-

ity.
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