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INTRODUCTION

Although the thymus was recognised by the Greeks, the function of this gland has
remained enigmatic until comparatively recently when the science of immunology
started to elucidate the origins and functions of peripheral lymphocytes in disease. We
now understand that the function of this primary lymphoid organ is to generate most
if not all of the circulating T cell repertoire, and to control the production of self major
histocompatibility (MHC) class II antigen-restricted lymphocytes to ensure that only
lymphocytes capable of correctly distinguishing self from nonself are let loose in the
body. This process is referred to as 'education', and errors in education are eliminated
(negative selection) whilst the correct education process results in the cloning of these
selected thymocytes (positive selection). Thymocytes are subjected both to positive
and negative selection in the thymus, but these processes may well continue among
postthymic T cells in the periphery. Failure to educate thymocytes correctly, or to
control the release of miseducated T cells, usually results in disease, especially
autoimmune conditions.
The name 'thymus' is based on one of two differently accented Greek words

meaning a herb, or the heart or soul. Many mediaeval students regarded the thymus
as at the heart of good health. It is reputed that Galen, who lived about 130-200 AD,
first described the morphology of the gland and it has attracted sporadic interest ever
since, particularly in the 1900s when hyperplasia was noted to occur in conjunction
with myasthenia gravis. Thymectomies performed to ameliorate this and other
conditions were reported (Veau, 1910; Schumacher & Roth, 1912). In the 1940s to
1950s Keynes pioneered the surgery of the gland in myasthenia gravis patients
(Keynes, 1949) and noted that patients with thymomas prospered less well after
thymectomy. This laid the foundations for the modern ideas on the recognition and
treatment of thymic tumours (Keynes, 1955, 1981).

In the early 1930s, it was thought that babies and young children often suffered (and
were thought to die) from an enlarged thymus (status thymicolymphaticus). In the
1930s this condition was thoroughly examined and no longer accepted as a disease
entity. This period resulted in many records of thymus weight and size in fetuses,
children and adults (Bratton, 1925; Greenwood & Woods, 1927; Scammon, 1927;
Young & Turnbull, 1931) which have until recently formed the basis of our current
understanding of thymic status in adult life. Of necessity, many of the data were taken
from patients dying from terminal illnesses after long-term hospitalisation. These
authors were well aware of the bias in their data, but that has been overlooked for
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Fig. 1. A possible arrangement for the T cell receptor (TCR) and CD3 antigens on the T cell, and
MHC on an antigen presenting cell (APC). The CD8 antigen interacts with MHC class I, and the
foreign antigen (stippled) sits in a groove between MHC class I and the TCR.

many years, resulting in a vast underestimate of the size and activity of the adult
thymus (Kendall, Johnson & Singh, 1980).
Thus the thymus was studied after disease but no specific role was attributed to it

in health. Indeed, it was thought to be unnecessary. Not only could adults survive
thymectomy, but the gland was often found at postmortem examination to have
atrophied in adults. In neonates, however, its presence appeared vital as animals
thymectomised around the time of birth died of wasting or runts' disease. More
recently it has been realised that the gland also has an important role at this time in
relation to the development of the sexual organs. Infants with little or no thymus at
birth (e.g. Di George and cri du chat syndromes, ataxia telangectesia) all fail to
develop normal gonads.

After Glick, Chang & Japp (1956) identified the bursa of Fabricius in birds as the
source of antibody-producing cells, circulating lymphocytes were divided into T and
B cells (Szenberg & Warner, 1962), and when mammals were found to be the same in
this respect, interest in the thymus for the generation of T cells started to develop. A
major problem was that T cells appeared to be devoid of any equivalent of B cell
antigen receptors, immunoglobulins, but as soon as they were described, thymocytes
and the thymic microenvironment became the focus of research.

Today, the structure of T cell receptors (TCR) is known in great detail (summarised
in Travers, 1990; Finkel, Kubo & Cambier, 1991), and their study is an important and
fertile research area. The T cell receptor (Fig. 1) is a heterodimer composed of 3
polypeptide chains (CD3) closely associated with a disulphide-linked dimer (an ac and
a ,/ chain). This TCR has a groove in an exposed part of the molecule into which may
fit the antigenic determinants of the major histocompatibility complex (MHC) (Salter
et al. 1990; Wang et al. 1990). The T cell receptor in conjunction with CD4 surface
molecules (CD4 positive T cells or T helper cells) recognises MHC class II, and in
conjunction with CD8 surface molecules (CD8 positive T cells or T suppressor/
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Fig. 2. A schematic and greatly simplified diagram to show the major steps in thymocyte
differentiation and maturation. The top is extrathymic, and prothymocytes enter the thymus between
type I epithelial cells possibly expressing y/dl. Some may leave again to become peripheral y/8 T cells.
Others undergo mitosis and begin to express c/f, as double negative (CD4-/CD8-) cells. These may
transiently express CD4 or CD8 before becoming one of the cortical double positive (CD4+/CD8+)
thymocytes. Many of these die in the thymus (0), and the others enter the medulla as single positive
(CD4+ or CD8+) cells. Epithelial cells of the cortex (right side) provide the microenvironment for
these steps.

cytotoxic cells) recognises MHC class I. Different T cells can therefore be regarded
as restricted in their recognition of foreign antigen in combination with self MHC
antigens. The results of either interaction in the periphery is T cell activation, e.g. the
expression of factors such as interleukin-2 (11-2) and its receptor which in turn results
in proliferation and clonal expansion of the T cell.
The development of this T cell receptor complex takes place in an orderly manner

mainly in the cortex of the thymus (although it may well start before prothymocytes
enter the thymus) and is considered to be completed by the time the cells reach the
medulla. The process ofgene rearrangement results in the early expression ofTCR y/8
followed by TCR , and finally TCR a to form a//, positive cells that no longer are y/6
positive. A population of circulating T cells, especially those associated with skin, the
endothelium of the intestine and other mucosal surfaces, do however express TCRy/8
(TCRl) (Itohara et al. 1990) whereas the majority of peripheral blood T cells express
TCRa/,8 (TCR2). This has led recently to long debates as to whether there are
populations of T cells that do not pass through the thymus, or do so only transiently,
and whether these receptors are related to homing or specific tissue locations. It also
appears that not all animals have the same proportions and intensity of expression of
TCRa//3 and TCRy/6, making the picture most complex.

Alongside the development of surface TCR, thymocytes express many other
antigens, particularly those of the cluster differentiation (CD) series. This has resulted
in the classification of all thymocytes into Stage I (blasts in the subcapsular region),
cortical Stage II and medullary Stage III cells (Rheinherz et al. 1980). Such a
classification has been broadly useful, but now with the recognition of many more
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subtleties and subdivisions more refinement is required. In general it is considered that
thymocyte precursors are 'double negative' (no CD4 or CD8 on their surface
membranes), although very recent work by Wu et al. (1991) showed that CD4 may be
expressed early and then lost as the cells become double negative (Fig. 2). The heat
stable antigen (HSA) and CD2 antigen appear early in thymocyte differentiation, the
11-2 receptor appears transiently, then 60-70% of cortical thymocytes express CD8
before becoming 'double positive' (expressing both CD4 and CD8 on their surface).
This series of events is briefly compared in different species in Aspinall, Kampinga &
van den Bogaerde (1991). As this is occurring there is cytoplasmic development of
TCR a/f and its low-level expression on the membrane. Cortical thymocytes also
express binding sites for lectin peanut agglutinin (PNA) and HSA, neither ofwhich are
found on mature circulating T cells. It is most likely that negative selection occurs at
this stage of development and only cells that downregulate their CD4 or CD8
expression (and HSA+) and express more TCR ac/fl are positively selected to emigrate
from the thymus (summarised in Crispe, 1990). The majority of cells probably die
within the thymus (negative selection) by the process of apoptosis, and clonal
expansion (positive selection) may continue in the periphery.
The control of developmental sequences of all these thymocytes is considered in vivo

to be under the influence of the thymic microenvironment. Many events can influence
this microenvironment. Some can be physiological changes throughout life, such as
old age and pregnancy; others are infections and diseases, such as viral infections,
thymomas or stress. Recently emphasis has been directed to the extreme sensitivity of
the thymus for immunotoxins (see Kendall & Ritter, 1991, for review articles) and so
environmental or man-made insults must also be considered. However, this paper is
largely directed to reviewing our current concept of the microenvironment of the
thymus and the functional implications of its anatomy.

THE NATURE OF THE THYMIC MICROENVIRONMENT

The cells of the thymic microenvironment are sessile epithelial cells and a few myoid
cells, and free cells, e.g., macrophages, interdigitating cells (derived from monocytes,
and therefore specialised macrophages), haemopoietic cells (eosinophils, neutrophils,
B cells, plasma cells, mast cells and erythroid cells) and fibroblasts. Major blood
vessels travel in connective tissue septa (outside the parenchyma of the gland) to the
corticomedullary junction and there enter the cortex and medulla, to drain across the
cortex to the capsule; or they travel in the medulla, back to the septa to leave alongside
the arteries in the septa. Nerves reach the gland with the blood vessels, to serve them
and to reach the cortex and medulla. Lymphatics form at the corticomedullary
junction and leave along the connective tissue septa close to the blood vessels. Lymph
nodes are often closely associated with the hilus of the gland.

Development of the thymus
In man thymic epithelium arises bilaterally from a fusion of the 3rd ventral (and

probably the 4th) branchial pouch endothelium with ectoderm from the corresponding
branchial clefts (Hammar, 1911; Hamilton, Boyd & Mossman, 1972; Starck, 1975).
Different clefts and pouches contribute to the thymus in other animals. This
interaction between the two types of epithelium appears to be essential as in nude
mice embryos, the ectoderm of the 3rd cleft involutes after day 11 , no further
development of endoderm takes place and the thymus never becomes lymphoid
(Cordier & Haumont, 1980).
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Thymic microenvironment
The epithelial organ begins to attract circulating lymphoid cells that enter the

rudiment before vascularisation of the organ has occurred. In avian chimeras and the
mouse, waves of stem cells enter at restricted times of embryonic and possibly
postnatal life (Fontaine-Perus, Culman, Kaplan & Le Douarin, 1981; Le Douarin &
Jotereau, 1981). These prethymic stem cells initially originate extraembryonically from
the yolk sac, then later from the fetal liver, and in neonates and adults from the bone
marrow. In mice, cells capable of colonising pharyngeal pouch tissues in culture are
negative for the Thy-I thymocyte marker and are probably spleen colony forming
units (CFU-S). However the degree of multipotentiality of prethymic stem cells has
not been resolved, especially since different waves of immigrants (from different
sources at various times throughout life) may have previously had restrictions placed
on their multipotency.
As lymphoid cells enter the primordium, epithelial cells are already differentiating

into subcapsular cells resting on a basal lamina and internal cells, some of which still
resemble pharyngeal pouch-type cells (von Gaudecker, 1986). During 9-12 gestational
weeks (g.w.) in man, septa from the mesenchyme around the primordium begin to
indent the epithelial cells and create an 'opening' in the capsular surround which is
advanced to the corticomedullary junction as the medulla starts to form around
14 g.w. This allows others cells, such as monocytes, to enter and become the
interdigitating cells of the medulla and for nerves and blood vessels to travel in the
septa to the medulla. Although blood vessels pass into the parenchyma of the gland
they are always surrounded by subcapsular epithelium in the cortex and partly so in
the medulla (Kendall, 1989). Medullary epithelial cells are morphologically distinct
from other thymic epithelial cells and the medulla, which is fully formed by 17 g.w.,
contains a different population of thymocytes and accessory cells than the cortex.
The early thymic primordium is surrounded by a thin layer of mesenchyme derived

from neural crest cells associated with the hindbrain. This neural crest component is
important for the correct development of the thymus as extirpation experiments have
shown a delayed thymic (and thyroid and parathyroid) development and abnormalities
of the heart and great vessels (Bockman & Kirby, 1985). A similar range of defects
occurs in several syndromes, e.g. Di George and Pierre Robin.
The neural crest also gives rise to thymic myoid cells (Nakamura & Ayer-Le Lievre,

1986), curious muscle cells of unknown function that occur in the medulla. Certain
epithelial cells may also have a neural crest origin (see below).

Eventually the left and right thymus glands come together in the midline and
descend to the superior anterior mediastinum. The two glands remain discretely
encapsulated by connective tissue throughout life; the blood supply, innervation and
lymph drainage are separate. Generally the two glands together are erroneously
referred to as one thymus.
The thymus is largest relative to body weight at birth, increases slightly in size

through childhood and may be reduced in weight with age as much of the cortex is
replaced with fat (Kendall et al. 1980; Steinmann, 1986). Thymocytes in old age have
the same proliferative capabilities although their numbers are reduced, and the
medulla (which is the most constant part of the gland) continues to secrete the thymic
hormone, thymulin, throughout life (Kendall et al. 1991).

Morphological and phenotypic diversity of epithelial cells
Although many workers had described thymic epithelial cells, Wijngaert et al.

(1984) classified them in the human thymus by their ultrastructural morphology. The
classification appears to hold for all vertebrate thymus glands. Wijngaert et al. (1984)
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Fig. 3. Low power EM of adult rat thymus cortex. The lobule is bounded by type 1 epithelial cells
(1) that are connected to type 2 cells (2) deeper in the gland. Prothymocytes (P) are in the subcapsular
cortex where mitoses are common (M). Macrophages (MP) engulf any apoptotic cells (A). Two mast
cells (MT) are adjacent to a blood capillary in the capsule. x 1500.

considered that at least 6 types (Figs 3-6) can be recognised: type 1 (subcapsular/
perivascular; type 2 (cortical) which forms a series in the cortex with types 3 and 4
(electron dense, deep cortical); type 5 (medullary) and type 6 (associated with Hassall's
corpuscles). Types 1 and 5 share certain cytological features, types 2 or 3 could also
give rise to thymic nurse cells (TNC) which have special characteristics, type 4 cells
(electron dense cells) are also found in the medulla and type 5 cells, especially in
rodents, are probably composed of several subtypes with different functions.

Phenotypically the epithelial cells are not so diverse (Fig. 7), although there is a
considerable degree of correspondence with morphological findings (Gaudecker et al.
1986; Lampert & Ritter, 1988). Many smaller differences arise when panels of
antibodies are used (Kampinga et al. 1989; Brekelmans & van Ewijk, 1990). A more
variable finding is the extent of the expression of MHC Class II (Bofill et al. 1985;
Gaudecker et al. 1986). MHC antigens are probably made by epithelial cells (Rouse,
Ezine & Weissman, 1985) and MHC class II expression can be induced by cytokines
such as y-interferon (y-IFN) (Berrih et al. 1985; Rocha, Lehuen & Papiernik, 1988).
Thus the pattern or extent ofMHC class II expression could reflect changes in thymic
physiology, and hence influence the nature of generated thymic subsets.
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Fig. 4. Type 3 epithelial cell surrounded by cortical thymocytes. Adult rat thymus. x 7500.

One interesting and unanswered problem concerns the origin of these epithelial
cells. Norris (1938) observed that in 30 mm human embryos, ectodermal cells of the
cervical vesicle migrate to surround an endodermal thymus primordium completely.
Gaudecker & Muller-Hermelink (1980) found that the thymus rudiments in 35 mm
embryos had two morphologically distinct types of epithelial cell which were
sometimes separated from each other: an outer regular row of prismatic cells and an
inner mass of polygonal cells. As lymphoid cells infiltrate the organ, the distinction
between different epithelial types becomes difficult to observe but Cordier & Haumont
(1980) considered that the endoderm might be invaded by ectoderm in developing
mouse thymuses, especially in the medulla. Much earlier, Norris (1938) had also found
that as the septa invaded the epithelial primordium, so cells from the surround (which
he considered to be ectodermal in origin) broke off and became part of the medulla.
Although these observations were based on conventional light microscopy, it is
fascinating to see that more modern immunocytochemical techniques, using MR14,
MR19, RFD4, TE4 and A2B5 monoclonal antibodies and various polyclonal
antibodies, show that subcapsular/perivascular epithelium and a subpopulation of
medullary epithelial cells are all positive in the human thymus (Lampert & Ritter,
1988). The monoclonal antibody A2B5 recognises a complex ganglioside expressed on
the cell surface of neurons, neural crest derived cells and neuropeptide secreting
endocrine cells (Haynes, Shimizu & Eisenbarth, 1983). This would indicate that all
subcapsular/perivascular and some medullary cells are neural ectodermal in origin.
The study of Hassall's corpuscles tends to support this view as epidermis (ectodermal
origin) is positive with the monoclonal antibodies MR14 and MR19 which also react
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Fig. 5. The deep cortex with a type 4 epithelial cell (electron dense, lower centre) and small
profiles of epithelial cell cytoplasm between most of the cells. Adult rat thymus. x 3900.

with cells around Hassall's corpuscles. Hassall's corpuscles and stratified epithelia of
ectodermal origin have analogous antigens in their specific intercellular substance
(Beletskaya & Gnesditskaya, 1980), as well as being positive with antibodies raised
against skin keratins (Gnesditskaya & Beletskaya, 1974; Takigawa, Imamura & Ofuji,
1977).

Despite this there are problems with this interpretation of both ectodernial and
endodermal components within the thymus. In the fetus (7 g.w.) the thymic rudiment
is entirely epithelial and reacts throughout with A2B5, and with TE4 in the centre
(Haynes, Scearce, Lobach & Hensley, 1984) although a medulla has not yet formed.
It is not until much later (15 g.w.), after lymphoid cells have invaded the organ and
the medulla is morphologically identifiable, that a phenotypically distinct cortex and
medulla are seen. From these data and other observations concerning the induction of
major histocompatibility antigen expression, their own data on mice, and R. Boyd's
unpublished data on chicken, Lampert & Ritter (1988) postulated that the stem cell is
positive to both cortical and subcapsular/medullary markers (a double positive cell).
Immunocytochemistry of cultured rat thymic epithelial cells showed positivity for
both an anticortical and an antimedullary antibody after 6-9 days. These cultures were
able to form complete and functional thymus glands under the kidney capsule of nude
rats (Schuurman et al. 1985; Kendall et al. 1988).
The functional importance of this arises in the study of thymomas. Although most

are benign and often associated with autoimmune conditions, especially myasthenia
gravis, some penetrate the thymic capsule to form metastases in surrounding tissues,
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Fig. 6. An early Hassall's corpuscle (type 6 epithelial cell) in the centre joined by a desmosome

(D) to surrounding type 5 cells (5). Adult rat thymus. x 5000.

and others are clearly malignant (Rosai & Levine, 1976). True thymomas are epithelial
neoplasms that can support phenotypically normal cortical thymocytes, and those
associated with myasthenia gravis (from histological criteria and single marker
studies), were considered to be predominantly of cortical type (Chilosi et al. 1986;
Miiller-Hermelink, Marino & Palestro, 1986), although they do not express MHC
class II antigens. However, when cortical and subcapsular/medullary markers are
used together (De Maagd et al. 1985; Janossy et al. 1986; Willcox et al. 1987), those
that were previously considered as cortical appeared to be double positive, although
there is a wide spectrum of thymoma epithelial cell phenotype. There were very few
purely medullary thymomas. Willcox et al. (1987) examined 6 invasive thymomas and
2 pleural metastases and found that 50-90% of the epithelial cells were double positive
and supported the development of cortical thymocytes. Lampert & Ritter (1988)
concluded that the tumorigenic target cell is a double positive stem cell which in
normal thymus development would be responsible for the entire epithelial cell

9



MARION D. KENDALL

(a)

(b) | l

Fig. 7. Distribution of MRl9 and MR6 positive cells in human paediatric thymus. (a) Subcapsular
cortex and medullary epithelial cells positive with MRl9. (b) Cortical epithelial cells positive with
MR6. x 500.

spectrum. Whether this is ectodermal or endodermal is still not answered, although an
endodermal origin would seem more plausible.
The unifying concept of the origin of thymic epithelium and the stem cells' ability

to differentiate into other epithelial cell forms could explain some of the pleiomorphic
appearances of thymic epithelium. Wijngaert et al. (1984) noted that the epithelial cells
of the cortex seemed to be related in a graded morphological series which extended
from the type 1 cells in the subcapsular/medullary region right across the cortex
(including TNC) into some of the medullary epithelial cells. There has been a long
debate amongst thymologists about the separate identity ofTNCs, but with the double
positive stem cell concept TNC could be the end point of one line of differentiation.
Cortical types 2 or 3 cells, by emperiopoleisis of thymocytes, could become TNC. At
the same time this differentiation process could also be directed to the switching on of
genes for the production of molecules that appear in TNC but not most type 2 or 3
cells, e.g. oxytocin and vasopressin (Geenen et al. 1988).

Morphological and phenotypic diversity of thymic macrophages
Other important components of the thymic microenvironment are macrophages. It

is believed that monocytes enter the gland with other circulating stem cells and
differentiate there into conventional macrophages which are found at the cortico-
medullary junction and in the cortex, or into interdigitating cells which typically
populate the medulla (Kaiserling, Stein & Miiller-Hermelink, 1974).
Macrophages are potent phagocytes, and this can be a major role of these cells in

the thymus. They are especially obvious in involuting glands giving a 'starry sky'
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Fig. 8. A macrophage at the corticomedullary junction containing numerous remnants of
apoptotic thymocyte nuclei. Adult rat thymus. x 10000.

appearance to the cortex with haematoxylin and eosin stains. At these times apoptotic
thymocytes and cellular debris are found within the cytoplasm (Fig. 8). Rosettes of
thymocytes around a central macrophage are commonly seen, e.g. in mouse thymus
glands during pregnancy when the glands involute (Clarke & Kendall, 1990).
Macrophage rosettes form tight adhesions with the thymocytes perhaps signalled by
changes in thymocyte membranes that occur with the onset of apoptosis (reviewed in
Kendall, 1990).
At other times phagocytosis may not be very obvious, although most macrophages

usually contain a range of phagosome-like inclusions. In these situations other most
important functions of macrophages are probably dominant, depending on the
physiology of other cells in the local microenvironment. These functions include
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cytokine production and release which probably affect all stages of thymocyte
proliferation, maturation and differentiation, and finally in thymocyte ontogeny, is the
specialised ability of macrophages to present antigen. Macrophages produce a large
number of different cytokines and express receptors for many (e.g. IL- 1, IL-2, IL-4,
tumour necrosis factor-a or TNF-al and y-interferon or y-IFN). The functional
implications of this in the thymus are discussed below (p. 17).
Macrophages, as one of a number of antigen presenting cells, are central cells in

immune responses. MHC class II positive macrophages take up antigen, process it and
represent it in conjunction with an MHC molecule on their surfaces where T cells,
particularly CD4 positive cells, are activated to proliferate (often through the release
of IL-1). While it is not clear to what extent this could happen within the cortex
(MHC class II positive macrophages are present there), thymic interdigitating cells
are MHC class II positive. These cells have all the attributes of antigen presenting cells,
and their capacity to act in this manner has recently been discussed by Hamblin &
Edgeworth (1988). They concluded that tolerance induction to self-MHC and self
MHC restriction are more likely to be the function of MHC class II positive cells.
Indeed it is now generally accepted that negative selection can be enacted through
these cells (Kyewski, Fathman & Rouse, 1986).

Entry of antigen into the thymus

Where and exactly how tolerance induction is enacted is extremely important to our

concepts of immunity (see review papers in Kendall & Ritter, 1990). Thymocyte
deletion in the medulla and cortex have both been experimentally demonstrated and
a mechanism involving antigen-presenting cells is discussed above, but a mechanism
for the cortex was more difficult to envisage despite the finding of many apoptotic cells
in the cortex. The cortex in the past was generally regarded as inaccessible to
circulating antigens since parenteral injection of antigen did not elicit intrathymic
antibody formation. It seemed sensible that T cells in the periphery able to recognise
foreign antigens would be educated in the thymus without meeting those antigens.
The maintenance of an 'antigenically pure' environment was thought to be achieved

by the presence of a blood-thymic barrier (Marshall & White, 1961; Raviola &
Karnovsky, 1972). Antigens had to be injected directly into the gland for a reaction
to develop, and the use of electron-dense tracers showed the privileged nature of the
cortex. The arrangement of blood vessels within a perivascular space itself delimited
by epithelial cells of the cortex gave morphological support for this. However, this
arrangement does not prevail throughout the gland (Kendall, 1989) and many papers

since Sainte-Marie's early work (1963) have demonstrated that intraperitoneal
injections of antigen did elicit a response from the thymus. The concepts were seriously
questioned.

Recently Nieuwenhuis et al. (1988) demonstrated that a transcapsular route exists
for many antigens to enter the thymus. This means that all developing thymocytes
could be bathed by self antigens and indeed meet circulating foreign antigens. These
authors have also demonstrated cortical deletion of thymocytes with a certain TCR
expression following intraperitoneal injection of antibody directed to it. Kisielow &
von Boehmer (1990) summarised the evidence for immature CD4+/CD8+ thymocytes
expressing a/,/ TCR as the targets of both positive and negative selection in the
thymus. Thus circulating self-antigens permeating the thymus through the trans-
capsular route could influence thymocyte education, resulting in tolerance induction
by clonal deletion.
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Fig. 9. Prothymocytes around and inside the thymic rudiment of a human embryo (crown-rump
length 33 5 mm). Haematoxylin and eosin stain. x 80.

Entry and exit of lymphoid cells
Under the influence of chemoattractants from type 1 cells (see below), stem cells first

colonise the thymus before blood vessels enter the organ (Fig. 9). Later the small
numbers of cells entering make it difficult to establish entry points. Differentiation is
believed to start in the subcapsular cortex, but entry of prothymocytes has been shown
from large venules at the corticomedullary junction (Ceredig & Schreyer, 1984).
However, it is then postulated that the cells migrate across the cortex to the
subcapsular region before returning to the medulla later. It is simpler to envisage that
prothymocytes could leave venules anywhere close to type 1 cells and enter the
subcapsular cortex directly. This could be around the gland, along the septa or right
up to the corticomedullary junction.

Monocytes, mature T cells and B cells (Abou-Rabia and M. Kendall, personal
observations) also enter from the blood vessels at the corticomedullary junction,
perhaps attracted by different factors. These then generally remain close to this region
although mature macrophages are found throughout the cortex.
Many thymocytes become apoptotic, die in situ and are phagocytosed by

macrophages or epithelial cells. Mature thymocytes probably leave the thymus at the
corticomedullary region through high-walled postcapillary venules (not common, but
a few short venules have been described) or lymphatics. The perivascular spaces of this
region may be filled with lymphocytes and lymphatics originate here, deep in the gland
(Kato, 1988; Kendall, 1989; Kendall et al. 1990). In addition, particularly in murine
thymuses, cells might leave through the cystic cavities of the medulla (Khosla &
Ovalle, 1986).

HOW THE THYMIC MICROENVIRONMENT FUNCTIONS

The thymus appears to be essential for the production of mature T cells, and all
conditions in which the thymus is abnormal have impaired T cell responses. This
function is dependent upon interactions between developing thymocytes and factors
from outside the thymus (neural input, blood-borne factors), paracrine effects
(intercellular interactions within the thymus) and feedback mechanisms (to the CNS
and other organs). These interactions are complex and the concepts considered below
are exciting growth areas in thymology. The current views may well be overthrown in
future as a better understanding of neuroendocrine-immune interactions emerges.
The concept of neurotransmitters as products of neurons that interact with other
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neurons or cell types has been paralleled by the term 'immunotransmitter' for
immune system molecules that interact and 'talk' to other cells (Hall, McGillis,
Spangelo & Goldstein, 1985). It is now established that neurotransmitters act in the
immune system, immunotransmitters are functional in the CNS and numerous
peptides from the hypothalamic-pituitary axis (HPA) are immunoregulatory. Of
particular importance is the demonstration of the synthesis and release of pro-
opiomelanocortin (POMC)-derived and growth hormone peptides from circulating
lymphocytes (Blalock, Harbour-McMenamin & Smith, 1985; Weigent & Blalock,
1990) and the production of cytokines such as IL- I by glial cells (Fontana et al. 1982).
IL-1 is a potent activator of the HPA, especially affecting adrenocortico-trophic
hormone (ACTH) and corticosterone (Dunn, 1990). While this type of event is of
fundamental importance for the whole body response to antigens, CNS/thymic
communications may be different and research has been directed towards defining
hypothalamic-pituitary influences on the thymus, neural pathways, chemoattractants,
cytokine reactions, thymic hormones, relationships with other endocrine organs and
the CNS.

Hypothalamic and pituitary influences on the thymus
The hypothalamus is of prime importance in the control of the endocrine system

and the autonomic nervous system. It is also structurally and functionally related to
the higher regions of the nervous system and may well be the main centre through
which behavioural events (e.g. those causing stress) affect the neuroendocrine-immune
system. In addition the suprachiasmatic nucleus appears to be the biological clock or
endogenous neural pacemaker in animals, and many factors and hormones (including
those of the immune response) have circadian rhythms of release. Thus the type of
immune response and its efficiency is influenced by, and affects, hypothalamic events
(Besedovsky, Sorkin, Felix & Haas, 1977).

Evidence for direct interactions between the hypothalamus/pituitary axis and the
thymus in chick embryos was presented when the prosencephalon and primordium of
the hypophysis were removed at 33-38 h of incubation. This resulted in involution of
the thymus and fewer peripheral lymphocytes (Jankovic, Isakovic & Knezevic, 1978).
Thymic involution also occurred after hypophysectomy or lesions of the preoptic
anterior hypothalamic area in rodents (Knutson & Lundin, 1966) and influenced
immune function. Anterior pituitary growth hormone given to hypophysectomised
animals produced a great increase in thymic weight (Shrewsbury & Reinhardt, 1959).

Experimental thymectomy (Pierpaoli, Bianchi & Sorkin, 1971), or the athymic state
as in the hypopituitary dwarf mouse (Fabris, Pierpaoli & Sorkin, 1971), is
accompanied by degranulation of the anterior pituitary growth hormone and
prolactin cells (Bianchi, Pierpaoli & Sorkin, 1971). Anti-growth hormone antibodies
given to intact young mice produce a wasting disease similar to that seen after
thymectomy (Pierpaoli & Sorkin, 1968). The effects could be reversed by growth
hormone or thyroxine treatment (Pierpaoli et al. 1969). Hypopituitary dwarf mice lack
biological activity for thymulin at an early age (Pelletier, Montplaisir, Dardenne &
Bach, 1976). Prolactin, as well as growth hormone and thyroid hormones, all increase
the secretion of thymic hormones (Dardenne & Savino, 1990) in vivo and in vitro.
Abnormalities of pituitary hormones in patients with hypo- and hyperthyroidism,
pituitary dwarfism and acromegaly (Fabris, Mocchegiani, Pacini & Pinchera, 1986;
Timsit et al. 1990) have all confirmed the experimental manipulations of thymulin
levels reported above.
ACTH from the pituitary acts primarily on the adrenal cortex to cause the release

of adrenocortical steroids, mainly cortisol which in high doses causes thymocyte death
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by apoptosis. Recently, however, it has been shown that ACTH releases thymulin in
vivo and in vitro (see p. 00) and this action may protect the immune system in acute
stress.

Innervation
In addition to using hormonal routes, the CNS can also exert control over the

thymus through neural pathways. This area of research had been greatly neglected for
all the lymphoid organs until comparatively recently.
The presence of silver-stained neural profiles in the developing thymus of man was

investigated by Hammar in 1935. He noted that the vagus nerve sends branches into
the thymus primordia during the middle of the second month of gestation, so that by
16-20 weeks a plexus of nerves has formed in the medulla. Later, after the thymus
primordia have descended, the organ acquires nerves from cervicothoracic ganglia and
ansa cervicalis. Only a few papers on the thymic nerves were produced after this until
the 1980s, since when there have been divergent opinions on the presence of a
cholinergic innervation to the gland and several papers on the peptidergic innervation.
The demonstration of thymic innervation using retrograde tracers has been the

subject of dispute since Bulloch & Moore (1981) used horseradish peroxidase (HRP).
Nance, Hopkins & Bieger (1987) repeated the work with lectin-bound HRP and
concluded that leakage of the label from the thymus could have accounted for the
earlier results of Bulloch & Moore (1981), although Magni, Bruschi & Kasti (1987)
largely confirmed them. Recently re-examination of the techniques (Tollefson &
Bulloch, 1990) has confirmed that after injection of either fluorogold or HRP into the
thymus, neurons in the nucleus ambiguus and retrofacial nucleus are labelled; and as
in their previous study, no labelled neurons in the dorsal motor nucleus of the vagus
were seen. This could indicate a possible thymic neural component of vagal
visceromotor fibres.
Another approach is the use of stringently applied acetylcholinesterase enzyme

histology. This shows positive profiles with blood vessels and in the medulla (Al-
Shawaf, Kendall & Cowen, 1991). Some large positive cell bodies were also found in
the medulla. These cells were not thymocytes, epithelial cells or myoid cells (Kendall,
Al-Shawaf & Zaidi, 1989).

Since cholinergic fibres elsewhere in the body may contain vasoactive intestinal
peptide (VIP) (Lundberg et al. 1980), we searched for VIP positivity (using a
polyclonal antibody) and compared the findings with AChE positivity (Al-Shawaf et
al. 1991). The parenchyma of the medulla has only AChE positive fibres and cells but
major blood vessels have AChE and VIP positive types of fibre. Thus the thymus does
appear to contain AChE positive fibres and cells but the presence of a cholinergic
innervation is still not proven (Felten & Felten, 1989).

There is good evidence for a noradrenergic network of nerves in the thymus (see
review by Felten & Felten, 1989). These enter the gland with blood vessels and form
varicose plexuses in the subcapsular cortex and at the corticomedullary junction while
individual varicose fibres penetrate into the cortex. Stimulation of sympathetic
innervation and catecholamines have been shown to stimulate the egress of cells from
the bone marrow, spleen and lymph nodes and a similar effect in the thymus is
possible. Small clusters of terminals are found adjacent to autofluorescent cells
(macrophages) and mast cells, but the functional significance of this is not known.
Catecholamines may influence thymocytes in vivo as developing thymocytes express
beta2-adrenoceptors which, when stimulated in vitro, reduce thymocyte proliferation
and enhance differentiation marker expression (Singh & Owen, 1976; Singh, 1979).
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Following chemical sympathectomy with 6-hydroxydopamine (6-OHDA) at birth,
thymocytes have enhanced proliferative responses (Felten et al. 1987).

Chemical sympathectomy has also been used to demonstrate other nerve nets in the
thymus since VIP, AChE positivity and calcitonin gene related peptide (CGRP)
positivity all persist after sympathectomy, while neuropeptide Y (NP-Y) reactivity
(and SPG positivity) vanish. In adult rats, 6-OHDA injections caused a highly
significant increase in apoptosis and decrease in cortical thymocyte numbers over an
8-day period after sympathectomy, although there was a highly significant increase in
thymocyte proliferation (Kendall & Al-Shawaf, 1991). This is in sharp contrast to the
drop in proliferative activity in peripheral lymphocytes in rats chemically sympa-
thectomised at birth (Felten & Felten, 1989).
Many neuropeptides have been demonstrated in the thymus. Tachykinins and

substance P (SP) occur in neural profiles (Weihe et al. 1989) whilst neurophysin,
oxytocin (OT) and arginine vasopressin (AVP) occur in and are synthesised by
subcapsular and medullary epithelium and thymic nurse cells (Geenen et al. 1988).
AVP is mitogenic for thymocytes (Whitfield, MacManus & Gillan, 1970), whilst in the
periphery both AVP and OT can replace the IL-2 requirement for y-IFN production
(Johnson & Torres, 1985). Since y-IFN upregulates class II expression on macrophages
(Basham & Merigan, 1983) amongst a variety of other actions, these neuropeptides
could be involved in thymocyte development. Immunoreactive VIP was found in large
lymphoid cells in the perivascular spaces, and somatostatin immunoreactivity was
found in epithelial cells at the corticomedullary junction (Gomariz et al. 1990).
Although VIP has been shown to affect lymphocyte traffic in other organs, no
comparable work has been done in the thymus.

Chemoattractants
The thymus is known to attract prothymocytes, circulating stem cells or pre-T cells.

One such factor, a chemotaxic peptide previously called thymotaxin, has been
extensively studied (reviewed in Imhof et al. 1989). Substances purified from
embryonic mouse thymus epithelium were a chemotaxic (m.w. 4 kDa) and a
chemokinetic fraction (< 5 kDa). The chemotaxic factor (thymotaxin) with activity
on haemopoietic precursors from the bone marrow was finally shown to have a m.w.
of 11 kDa. This has led recently to this molecule being identified as /32 microglobulin
(the light chain of MHC Class I and CDl molecules) (Dargemont et al. 1989). Cells
responding to this molecule are resting cells (probably T-lineage committed), high in
their expression of Thy- 1, low in T and B cell differentiation markers and are cells that
do not proliferate under the influence of IL- 1 or IL-3 stimulation. After 3 days in
culture, thymotaxin treatment resulted in significant expression of CD8 and CD4 on
pre-T cells (Imhof et al. 1989).

Cytokines
Once prothymocytes are within the thymus cortex, they are exposed to the influences

of a wide variety of secreted factors. Cytokines from thymic epithelial cells include IL-
1, IL-4 and colony stimulating factor for macrophages (CSF-M); from macrophages
IL-1, IL-6, TNF-a and CSF-M; and from endothelial cells IL-1, IL-6 and CSF-M.
Most other known cytokines could be involved in a minor way, as the thymus can
contain a wide variety of different cell types at different times. These may be specialised
situations but they are nonetheless a property of the thymus (e.g. when eosinophils are
found to develop in the thymus then it is likely that IL-5 is involved in this process).
In addition thymocytes themselves secrete IL- 1, IL-2, IL-4 and IL-6 and mature T cells
also secrete y-IFN and, when activated, TNFa.
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Some principles have emerged from this bewildering array of possible interactions.

In general the interactions within the thymus appear to be very specific and limited to
short-range communications where cells may actually be touching (Poo, Conrad &
Janeway, 1988). This has been elegantly shown at the electron microscope level by
Farr, Anderson, Marrack & Kappler (1985) and von Gaudecker, Larche, Schuurman
& Ritter (1989). Thus immense flexibility can be evoked depending on the repertoire
of receptor expression on the responding cells. Down or up-regulation of receptor
expression may also provide a neat method of controlling interactions and those
dynamics can themselves be modulated by other events such as hormonal actions.

Within the thymus, the differentiation but not proliferation of early thymocytes in
14 day fetal mouse, and CD4/CD8 double negative cells in adults, is under the control
of IL-7 (Henney, 1989). IL-4 is also important in the growth and differentiation of
thymocytes up to 16 days of gestation in mice (Sideras et al. 1988) although
thymocytes require a co-stimulus to respond (Zlotnik et al. 1987). Double negative
thymocytes also proliferate in vitro under the influence of IL-1 (Chaudhri, Clark &
Ceredig, 1988), but in vivo this always requires another stimulator such as a mitogen.
The cytokine IL-2 (produced in vivo by other DN thymocytes, macrophages and
mature T cells) acts on peripheral T cells to amplify clones during the immune
response. Thymocytes also bear receptors for IL-2 and their expression has been
shown to occur specifically during the early stages of thymocyte ontogeny on DN
(CD4-/CD8-) cells. These IL-2R bearing cells show a greater propensity to enter
mitosis and differentiate to mature T cells (Gearing, Wadha & Perris, 1986; Crispe,
1990) than IL-2R-/DN thymocytes. The use of anti-IL-2 antibodies has been shown
to block proliferation and expression of the a/,? T cell receptor (Jenkinson, Kingston
& Owen, 1987). Despite this, a functional role for the IL-2 receptor has been denied
(Plum & De Smedt, 1988). Another cytokine with proliferative and differentiation
properties is IL-6, especially in synergistic combination with IL-2 and IL-4. It may act
to prepare cells for the expression of IL-2R on thymocytes, for example (Hodgkin et
al. 1988). Both IL-2 and IL-4 may be involved in repertoire selection and expression
of differentiation antigens. IL-2 induces the development of CD3+/a/p/TRC' cells,
and IL-4 enhances the expression of Thy- I and CD45 (high molecular weight) antigen
on mature postthymic T cells.
Although intrathymic events involving cytokines may be short-range, many

cytokines are released under immune challenge elsewhere in the body, and at these
times circulating levels of cytokines could have systemic effects that in turn may alter
thymic function. One potential series of events is based on the known release of ACTH
(amongst other things) by systemic administration of IL-1 (Dunn, 1990). We have
recently shown that ACTH itself is a potent releaser of the thymic hormone thymulin
(see below under Thymic hormones). Thymulin has been shown to induce T cell
differentiation markers on prethymic cells and to influence the production of CD8
cells. This is only one possible neuroimmunoendocrine interaction, and many others
are thought to act on lymphopoietic events.

Thymic hormones
The thymus produces a number of peptides which appear to act in a paracrine

fashion within the thymus and also circulate in the periphery where they could act as
feed-back signals to the central nervous system (CNS) (Trainin, 1974). There are 4 well
defined and apparently unrelated thymic peptides which will be considered here:
thymosin al, thymopoietin, thymulin (facteur thymique serique) and thymic humoral
factor. Recent reviews on their biology and methods of assay detail their structure and

17



general characteristics (Dardenne & Bach, 1988; Safieh & Kendall, 1988) and the
structure of THF has been published since then (Burstein, Buchner, Pecht & Trainin,
1988).

Thymosins
Thymosin al was isolated and purified (Low et al. 1979) from a complex mixture

of 40-50 polypeptides called thymosin fraction 5 (TF5), and shown to be secreted by
subcapsular, single or grouped epithelial cells, and cells around Hassall's corpuscles
(Dalakas et al. 1981). Other sources of thymosin alI may exist, especially in the arcuate
nucleus and median eminence of the CNS (Palaszynski, Moody, O'Donohue &
Goldstein, 1983) which had led to its being ascribed a role in neuroimmunomodulation
(Hall, McGillis, Spangelo & Goldstein, 1985). However, it has been suggested that it
is a proteolytic fragment of a larger native polypeptide, and the larger prothymosin aLl
has been isolated from the thymus (highest concentrations), spleen, lung, kidney and
brain (Haritos, Tsolas & Horecker, 1984).
Thymosin al has a wide range of immunomodulatory effects ascribed to it,

including inducing the differentiation of murine cortical thymocytes modulating
terminal deoxynucleotidyl-transferase (TdT) expression, stimulating lymphocyte
mitogen responses, and enhancing production of interferon and macrophage
migration inhibitory factor (Low & Goldstein, 1984).
Most clinical studies have used TF5 and, in general, there are significant

improvements in T cell numbers and functions, decreased infections, increased weight
gain and overall clinical improvement. It is nevertheless important to consider the
action of the individual peptides, as for example the intraperitoneal injection of TF5,
but not thymosin x1, causes a dose-dependent increase in serum corticosterone in
rodents with normal but not elevated levels (McGillis, Hall, Vahouny & Goldstein,
1985).
Thymosinal plasma concentrations are lowered in immunodeficiency conditions

and in adults with malignancy (Wara et al. 1982;Iwata et al. 1983) but raised in
paediatric acquired immunodeficiency syndrome (AIDS) and AIDS-related complex
(ARC) (Hersch et al. 1983; Rubinstein et al. 1986; Naylor et al. 1987). However, these
latter observations may be erroneous as there is some sequence homology between
thymosinazl and proteins of different isolates of human immunodeficiency virus (HIV)
(Schuurman, van Baarlen, Krone & Huber, 1988).
Very recently a thymic peptide MB-35 was purified, chemically synthesised and

sequenced from TF5 (Badamchian et al. 1990). It has sequence homology with residues
86-120 of the nuclear histone H2A previously isolated from thymuses. It is more

potent than TF5 in the stimulation of prolactin and GH release from anterior pituitary
cells in vitro.

The amino acid sequence of thymosin fi4 (which is not an exclusive thymic hormone)
has been established (Low, Hu & Goldstein, 1981). It is probably active in the early
stages of thymocite differentiation as it induces the enzyme terminal deoxynucleotidyl
transferase in murine thymocytes in vitro and in vivo. This thymic hormone also
stimulates the secretion of luteinising hormone releasing hormone from the
hypothalamus which in turn causes the release of luteinising hormone from pituitaries
perfused in sequence although it does not act on the pituitary directly (Rebar, Miyake,
Low & Goldstein, 1981).

Thymopoietin
Thymopoietin, like its synthetic pentapeptide thymopentin, induces early T cell

differentiation and regulates the function of T cells (Goldstein et al. 1979; Ranges,
Goldstein, Boyse & Scheid, 1982) although it was primarily recognised for its
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detrimental effects on neuromuscular transmission. It is probably produced by
epithelial cells of the thymus (Viamontes, Audhya & Goldstein, 1986) but ubiquitin in
most body tissues, and splenin from lymph nodes and spleen, are related peptides with
distinctly different biological roles. Splenin for example does not affect neuromuscular
transmission, although it only differs from thymopoietin by one amino acid
substitution. Both the synthetic pentapeptide thymopentin and thymopoietin bind
with high affinity to the acetylcholine binding region of the acetylcholine receptor. It
has been hypothesised that autoimmune thymitis in myasthenia gravis results in the
hypersecretion of thympoietin with consequent impairment of acetylcholine-mediated
transmission at the neuromuscular junction (Venkatasubramanian, Audhya &
Goldstein, 1986). The demonstration of acetylcholine receptors in the human thymus
supports the view that its origins are in the thymus (Raimond, Morel & Bach, 1984).
Recently Marx reported identifying a 153 kDa molecular weight protein which shares
antigenic determinants with the muscle acetylcholine receptor and is found in
thymomas in myasthenia gravis patients (reported in Kendall & Ritter, 1990). Perhaps
this antigen will be shown to trigger the autoimmune process in this disease.
Thymopentin has been used in animal models for autoimmunity. Lau, Freestone &

Goldstein (1980) found that there was a faster loss of autoantibodies elicited by the
injection of cross-reacting rat erythrocytes when thymopentin was injected than in
control mice. There was also a delay in the appearance of autoantibodies when spleen
cells from rat immunised mice were transferred to syngeneic recipients undergoing
similar immunisation schedules.

Thymulin
Thymulin was isolated and characterised as facteur thymique serique from porcine

serum (Bach, Dardenne, Pleau & Rosa, 1976). It is a well conserved nonapeptide
without species specificity that is produced by epithelial cells of the subcapsular cortex
and medulla in the thymus, and circulates in the blood bound to carriers which have
not yet been identified. It requires zinc for its biological activity. Thymulin binds to
membrane receptors of high affinity and induces T cell markers on immature bone
marrow cells and CD3+ and Lyt2+ positive cells in the mouse (Bach et al. 1971;
Dardenne, Charriere & Bach, 1978). Thymulin also affects mature T cells, particularly
the CD8 subset, although the effects are concentration dependent. CD3+, CD4+ or
CD8+ antigens are modulated in humans with immune deficiencies (Bordigoni et al.
1982).
The precise characterisation of the action of thymulin has been hampered by the

lack of a good quantitiative assay. The existing bioassay has given indications that
blood thymulin activity is reduced in immunodeficiencies (Incefy et al. 1977; Iwata et
al. 1983; Rubinstein et al. 1986) and with age in healthy adults. Children with AIDS
or ARC had abnormally low plasma levels before the development of peripheral blood
T cell abnormalities (Rubinstein et al. 1986). Hypothyroidism and diabetes are also
associated with low levels of thymulin activity in the serum, and treatment with the
appropriate hormone restored levels to normal. Hyperthyroid patients have higher
than normal levels of thymulin (Fabris & Mocchegiani, 1985). These observations and
various animal endocrine manipulations suggest that thyroid hormones and insulin
are both required for the continued output of thymulin and that the decreases
observed in old age can be reversed.
Use of a fully quantitative, recent radioimmunoassay shows that levels are highest

in neonates (2191 + 123 fg/ml), reduced in youngsters under 20 y (1499 + 119 fg/ml)
and remain low (371 + 18 fg/ml) for the rest of adulthood (Safieh et al. 1990).
Preliminary work with the autoimmune condition, alopecia areata, shows that

Thymic microenvironment 19



MARION D. KENDALL

patients have highly significantly lowered plasma thymulin levels (M. Kendall, B.
Safieh and J. Fenton, unpublished).
Our current research is aimed at understanding the relationship between blood

thymulin levels and thymocyte function. Preliminary results indicate that both low
and high thymulin levels are associated with a low percentage of CD8+ cells in the
thymus which is reflected to a lesser extent in the periphery (Kendall et al. 1991).
Thymulin appears to be a potent inhibitor of suppressor T cells in the periphery (Bach
et al. 1981) and our studies may begin to elucidate the mechanisms involved.

This preliminary study also indicated another important facet concerning thymulin
release. When thymulin levels were followed in 4 patients through surgery and into the
postoperative period a consistent finding was a reduction in blood thymulin levels
through surgery followed by a rise during the recovery period to levels greater than
those at induction of anaesthesia. This pattern of release is close to that of cortisol and
ACTH in similar patients (Chambers et al. 1984). This led us to measure dose-related
changes in thymulin evoked by physiological levels of ACTH in incubates of thymic
tissue, and by stress levels ofACTH following adrenalectomy of young rats which also
removed endogenous corticosterone. There was a significant hypersecretion of
thymulin with elevated serum ACTH which was mimicked by potassium and was

calcium dependent (Buckingham, Safieh, Singh & Kendall, 1991; Safieh et al. 1991).
Some peptides coreleased with ACTH have also been shown to elevate thymulin
release from cultured cells (Savino et al. 1990). Thus ACTH, the major pituitary factor
released during stress, has an important functional role in increasing the secretion of
thymulin, which itself influences immune status.

Thymic humoral factor
Thymic humoral factor (THF) was characterised by Trainin & Small (1970) and

used as a crude extract to restore the competence of lymphoid cells from neonatally
thymectomised mice. Injection of THF protected them from wasting disease and
allowed them to reject tumours and reject allogeneic skin grafts (Trainin et al. 1979).
THF is essential for induction of clonal expansion, differentiation and maturation of
T cell subsets. It also augments most T cell functions and has been used clinically to
normalise CD4/CD8 ratios in severe viral infections, intensive chemotherapy in
malignant disease and autoimmune conditions (Handzel et al. 1981; Burstein,
Buchner, Pecht & Trainin, 1988; Trainin, 1988).

Hormonesfrom other endocrine glands
There is evidence in the literature that all the major hormones released from

endocrine organs can influence thymic events and/or structure (Fig. 10). Adrenal and
gonadal hormones have the most potent effects, generally causing thymocyte apoptosis
and reduced thymic function. Gonadectomy and adrenalectomy both increase thymus
weight and this is quite striking in ageing animals (Eidinger & Garrett, 1972; Kendall
et al. 1990). Thymocytes bear receptors for glucocorticoids, and prothymocytes are the
most susceptible to glucocorticoid action with medullary thymocytes being the most
resistant. The sex hormones, however, probably act through the mieroenvironment:
specific high affinity oestrogen receptors, for example, are found on epithelial cells but
not on thymocytes.

Hypertrophy of epithelial cells is seen after thyroxine treatment (Scheiff, Cordier &
Haumont, 1977) although no receptors have yet been observed for the metabolite of
thyroxine, T3. Functionally this results in more thymulin-secreting cells in the gland
and increased serum thymulin levels (Savino, Wolf, Aratan-Spire & Dardenne, 1984).
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Fig. 10. Diagram of the endocrine factors that influence thymic size and function. Dotted lines
indicate thymic involution. Oxytocin and vasopressin are synthesised in the thymus but their function
is not known.
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Fig. 11. Thymulin positive cells in the medulla of a human paediatric thymus. x 160.

Feedback from the thymus to the CNS
Most of the earlier work on thymic hormones as part of the bidirectional circuitry

between the immune system and the CNS was undertaken by Hall and Goldstein.
When it was realised that lymphocytes can synthesise POMC-derived peptides such as
ACTH and opioids, and cytokines, they too were regarded as immunotransmitter
agents (Hall et al. 1985). This attribute of lymphocytes is, however, a property of
peripheral T cells and thymic hormones and nerves remain the most likely means of
communication as far as the thymus is concerned.

In order to clarify these hormonal interactions, thymosins were injected directly into
the CNS and peripheral hormonal changes assessed. Also studies were undertaken to
localise thymosins in the CNS (Hall et al. 1985). TF5 injected directly into the
hypothalamus resulted in increased adrenal weight, and released ACTH from cultured
pituitary cells (McGillis, Hall & Goldstein, 1985). Thymosin al or ,B4 caused different
effects on corticosterone and LH release. LH can cause the release of thymulin. A
radioimmunoassay to detect thymosin al detected it throughout the brain, especially

21



22MAINDKEDL

in the arcuate nucleus and median eminence but thymosin /34 cross-reactivity was
more ubiquitous, being found at many sites outside the brain.
Thymulin introduced by intraventricular cannulation significantly decreased

hypothalamic noradrenaline levels (Vecsei, Faludi & Najbauer, 1987). Hypothalamic
catecholamine concentration may also be lowered during an immune response
(Roszman et al. 1985), and this can alter the secretion of prolactin, growth hormone
and luteinising hormones as shown by chemical sympathectomy experiments (Fenske
& Wuttke, 1976; Willoughby & Day, 1981). We have therefore looked in adult rats for
an effect of injected thymulin (0 1-10 ,tg/kg) on the circulating levels of ACTH and
corticosterone. There were no significant changes over a 48 h period after the
injections (J. C. Buckingham, M. Kendall, B. Safieh, P. 0. Cover and S. Singh,
unpublished). Furthermore similar levels applied in vitro to either hypothalamic or
pituitary incubates failed to elicit the release of corticotrophin releasing factors (CRF-
41 or vasopressin), or ACTH, respectively. Thus although other thymic hormones
may be important in this context, thymulin appears to have other effects.

CONCLUSIONS

The concept that the thymus in adult life is atrophied and unimportant has now to
be finally rejected. Although it is not as active in adulthood as in children, it still
functions to educate thymocytes before they are exported to the periphery and to
secrete thymic hormones. Factors that cause thymic atrophy (e.g. abnormal hormone
levels, immunotoxins), or influence its function (e.g. stress, viral infections, thymomas)
can all potentially alter the nature and output of thymocytes. Such alterations could
result in poor prognosis for disease. The thymus is fundamental for the maintenance
of good health.

SUMMARY

This paper presents a review of our current understanding of the nature of the
thymic microenvironment, after briefly considering the major role of the gland. The
epithelial cells and their products are of fundamental importance, and other cells of
the macrophage series are implicated in most functional events. The embryological
origin of the epithelium is still not clear, although disease conditions would suggest a
single origin. Immigration and emigration of thymocytes is considered, and also the
passage of antigens into the gland. The events within the thymus are under the control
of the CNS acting through the innervation or via hormonal pathways. Both of these
areas are considered in detail, especially thymic hormone origins, functions and
interactions.
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