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Abstract The thymus is an important organ for producing T cells. Thymic struc-
tures consist of thymic epithelial cells among which thymocytes proliferate and
maturate. The structural and functional recovery of the rat thymus after irradiation
was studied morphologically and by the message expression changes of several
cytokines. In this manuscript we tried to describe further details of rat thymic
epithelial cells in respect to their electron microscopic features as well as their function
to interact with thymocytes. Then the mechanisms responsible for the regeneration of
the thymus after irradiation were considered. Not only the reproliferation of the
thymocytes but also the regeneration of the vasculatures and thymic epithelial cells
are considered important for thymus regeneration. Cytokine message changes were
shown to be seriously involved for the degree of recovery of the thymus tissue after

irradiation.
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1. Introduction

The thymus is an important organ for
producing T cells. The fine meshwork of the
thymic epithelial cells (TECs) along the vascu-
lar structures consists of the hematopoietic
microenvironments for thymocyte prolifera-
tion and maturation.”* The detailed mecha-
nisms of the thymocyte — thymic epithelial
cell interactions for thymocyte proliferation
and maturation in vivo are not elucidated yet,
though progress has recently been made in
elucidating events that regulate the develop-
ment of intrathymic microenvironments.” ™ *

Phylogenically, typical thymus is observed
from fish; the continuation of the epithelial
cells of the endodermal origin makes the thy-
mic epithelial cords among which thymocytes
proliferate and maturate. The cortex consists

of abundant thymocytes with cortical thymic
epithelial cells, though the medulla consists of
fewer relatively matured thymocytes with
medullary thymic epithelial cells. Subse-
quently, the cortex appeared dark compared
to the medulla in Hematoxylin and eosin
staining. These typical structures are well
conserved through the phylogeny. Whether
thymic epithelial cell origin is either endoder-
mal only or endodermal and ectodermal mix-
ture, is still controversial.”® Paxl is a trans-
criptional regulatory protein and its expres-
sion in thymic epithelial cells can be detected
through thymic development and in the
adult.” Beside Paxl, Foxnl, a forkhead class
transcription factor that is expressed by
thymic epithelial cells is not required for the
initial formation of the thymic primordium
but it functions to regulate thymic epithelial
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cell differentiation and proliferation.®? Fur-
thermore, the keratinocyte growth factor
(KGF) can significantly affect the develop
ment and function of thymic epithelial cells.”

In this manuscript we tried to explain the
morphological importance of the thymic
epithelial cells to understand the interactions
between thymocytes and thymic epithelial
cells for thymocyte proliferation and matura-
tion. We then considered the regeneration
mechanisms for the thymus tissue after irra-
diation focusing on the thymic epithelial cell
regeneration and message expression changes
of several cytokines.

2. The morphology and function of the thy-
mic epithelial cells

Light microscopically thymic epithelial cells
can be discriminated from the thymocytes
because of much content of the cytoplasm,
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Fig. 1 Electron micrograph of rat thymic
epithelial cell types.
A: a subcapsular (perivascular) thy-
mic epithelial cell
B: a pale thymic epithelial cell
C: an intermediate-type cell
D: a dark cell
Ax6,000, Bx7,500, Cx6,000,
Dx6,700
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and the relatively large and faintly stained
nuclei. Following the electron microscopical
features of the thymic epithelial cells, four
types of the thymic epithelial cells were ob-
served in the rat thymic cortex;""” sub-
capsular(perivascular), pale, intermediate and
dark (Fig.1). Among these cells, subcapsular
thymic epithelial cells are considered impor-
tant for the proliferation of the immature
type of thymocytes that originate from the
bone marrow. On the other hand, pale thymic
epithelial cells and probably intermediate
thymic epithelial cells are thought to be the
major thymic epithelial cells for thymocyte
proliferation and maturation where positive
selection may take place.”” The importance of
immunoelectron microscopical analyses using
antibodies against cell surface molecules and
several enzymes for understanding the inter-
actions between thymic epithelial cells and
thymocytes were shown.” '?

3. Recovery from radiation injuries

Thymus is one of the radiosensitive organs.
A great deal of research has been done'™" but
the detailed recovery mechanisms after irra-
diation have not yet been elucidated. We have
studied the rat thymus after irradiation."?
The rats were irradiated with the radiation
doses of 2 to 8 Gy. The changes in the body
weights and the thymus weights were mea-
sured after irradiation.”™ The thymus
welights decreased and then recovered after
irradiation. Figure 2 shows the changes of
the thymus weights after irradiation. At
doses of 2 to 6 Gy, these weights recovered
quickly, though in the 8 Gy group, thymus
recovered slowly and finally recovered only
up to 65% of the normal thymus.” Many
thymocytes died and the percentages of
thymocytes in the thymus decreased after
irradiation. The double positive (CD4+CD8+)
cell population, which is the major population
of the thymocyte subsets (more than 80% in
normal) decreased, but the double negative
(CD4-CD8-) cell population which is the minor
population of the thymocyte subsets (less
than 1% in normal), increased.””* These per-
centage changes returned to almost normal
on day 7 for 6 Gy irradiation and on day 14
for 8 Gy irradiation.



Thymic Architectures for T Cell Production 3

300

250

200

150

100

Thymus weights (mg)

o
(=]

0 5 10 15 20 25
Time after irradiation (Days)

Fig. 2 Changes in thymus weights after
several doses of irradiation.
Thymus weights (mg) were measured
after irradiation. In the ranges of
relatively low doses (2 Gy I— N and 6
Gy €—®), thymus weights decreased
once, then recovered rapidly, but in 8
Gy (A—A), thymus weights de-
creased, gradually increased, and
eventually recovered only up to 65% of
the normal thymus weights. Normal

control (O—Q).

4. Vascular changes in the thymus after
irradiation

The vascular structures were visualized
with Indian ink. The unique fine meshwork in
the cortex of the thymus was visualized in the
thymus (Fig. 3). This fine vascular meshwork
1s indispensable, not only for thymic epithe-
lial cells, but also for thymocytes. After irra-
diation, besides the severe damage to the
thymocytes blood vessels showed severe changes
following the irradiation doses. In the case of
6 Gy on day 3 after irradiation the fine vascu-
lar meshwork in the cortex disappeared and
the extreme dilatation of the medullary ves-
sels was observed” (Fig. 3A). These changes
rapidly returned to almost normal on day 5
(Fig. 3B). The regeneration of the vascular
endothelial cells and associated tissues may
be accelerated with several cytokines released
from the damaged thymic epithelial cells and
maybe from the macrophages.

5. Radiation injury and repair

After irradiation, the thymocytes were
destroyed. Many apoptotic figures of the

Fig. 3 Distribution of vasculature and its
recovery after irradiation.
Rats were perfused with Indian ink
and thymus tissue was observed un-
der microscope. Vasculatures on day
3 after 6 Gy irradiation (A). The fine
meshwork of the vessels in the cortex
was destroyed, and extremely dilated
vessels in the medulla were observed.
On day b after irradiation (B), the fine
meshwork in the cortex recovered,
and dilatation of the medullary ves-

sels returned to the normal sizes.
x72

thymocytes can be observed in the thymus in
this stage (Fig. 4). Phagocytosed thymocytes
by macrophages can be also observed.”
(A) Thymic epithelial stem cells may exist
In the 6 Gy irradiation on days 3 to b after
irradiation, the percentages of macrophages
increased, and they often phagocytosed dead
thymocytes. On day 5 the percentages of
thymocytes increased, and the structure of
the thymus retuned to almost normal on day
7. Changes in the frequency of thymic epithe-
lial cell subtypes were also observed.”” Inter-
mediate-type cells increased in frequency on
days 3 to o after irradiation, and these
changes returned to normal gradually. This
type of epithelial cell may be an immature
type. Furtheremore, in the 8 Gy irradiation, a
frequency of immature types of p63 positive
thymic epithelial cells increased. These re-
sults suggest that thymic epithelial cells may
be reproduced after irradiation.”” Subse-
quently, stem cells, or even not stem cells,
some thymic epithelial cells having the poten-
tial to divide, may exist, particularly near the
subcapsular region.
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Fig. 4 The morphology of the irradiated and
recovering rat thymuses.
Thymic epithelial cells are remarka-
bly observed, even in the cortex in the
thymus from the 10 Gy irradiated
and recovering rat (day 7) (A).

Semithin  sections stained with
toluidine blue staining showed the
reduced number of thymocytes in the
irradiated and recovering rat thymus
(6 Gy, day 7). Apoptotic figures of
thymocytes are observed (B).

A x390, Bx1,500

(B) Cytokine changes may be important for
the recovery

Cytokine message changes may be useful to
understand the mechanisms responsible for
the recovery of the thymus after irradiation.
The message changes for the several
cytokines were followed after irradiation.””®
Some results were summarized in Fig. 5. As
explained in Fig. 2, when the irradiation
doses were as high as 8 Gy, the weights of
thymus did not return to the normal level,
but to only 65% of the normal weights,
though, in 2 Gy and even 6 Gy the weights
returned nearly to the normal level. The
mechanisms concerning why the thymus
weights did not return to normal level in 8 Gy
irradiation compared to those in lower irra-
diation doses were not clear, but the possibil-
1ty existed that thymic epithelial cell damages
had been serious, and even after recovery
thymic epithelial support for thymocyte pro-
liferation and maturation may not be enough
compared to the normal level. Cytokine mes-
sage levels were compared between those for 6
Gy and 8 Gy irradiations (Fig. 5). These re-
sults were obtained after comparing for each
cytokine levels when the histology of the

L4
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Fig. 5 The degrees of cytokine message ex-
pression were plotted for each 6 Gy
and 8 Gy irradiation. Each cytokine
gene expression was measured using
RT-PCR on day 7 for 6Gy irradiation
when thymic structures returned to
almost normal, and on day 21 for 8
Gy irradiation when thymic struc-
tures returned to almost normal. The
percent of recoveries compared to the
normal levels were calculated and
plotted on the graph. The gray area
shows 6 Gy, and the dark gray repre-
sents 8 Gy irradiation.

thymus appeared almost normal on day 7 for
6 Gy, and on day 21 for 8 Gy after irradiation.
In 8 Gy, TGF-8, TNF-«, and INF- 7 appear
ed less compared to 6 Gy, particularly IL-6,
IL.-10, and IL-4 were reduced. These results
may reflect some structural alteration of
thymus, particularly thymic epithelial cells
after 8 Gy irradiation. Further analyses are
required.

Summing up these results, the recovery
process of the thymus after irradiation was
considered (Fig. 6). Thymic epithelial cells and
vascular structures consist of a fundamental
structure for thymocyte proliferation and
maturation. The details of the intimate inter-
actions between thymic epithelial cells and
thymocytes have been gradually elucidated in
the molecular levels and by the immuno-
electron microscopical analyses using anti-
bodies against cell surface molecules.” ¥ Af-
ter irradiation, thymocytes were destroyed
and phagocytozed by macrophages. Vascular
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Fig. 6 Schematic representation of thymic
changes after irradiation.
Stage 0: Thymocytes (yellow) filled the thy-
mus among which thymic epithelial
cells (orange) exist, providing the
microenvironment for thymocyte
proliferation and maturation. Ves-
sels are well conserved.
After irradiation, most thymocytes
died (green), and the fine meshwork
of the blood vessels was destroyed.
Thymic epithelial cells (orange) and
macrophages (purple) remained.
Macrophages phagocytosed the dead
thymocytes. Blood vessels started to
recover. Thymocytes started to di-
vide. Thymic epithelial cells may
also start to proliferate if these have
been damaged by enough doses of
irradiation as 6 Gy and 8 Gy.
The preserved and recovered thymic
epithelial cells and recovered blood
vessels provide the suitable micro-
environment to accelerate the prolif-
eration and maturation of thymo-
cytes. Relatively increased macro-
phages after irradiation reduced
their number and keep the normal
number in this stage.
Stage 4: A nearly recovered thymus.

Stage 1:

Stage 2:

Stage 3:

structures also were destroyed. These changes
evoke the cascade of several cytokine changes.
Subsequently, a regeneration of vascular
structures as well as the reproliferation and
maturation of thymocytes take place. In the
severely damaged thymus, as in the case of 8
Gy 1rradiation, damaged and destroyed thy-
mic epithelial cells were replaced by the newly
proliferated thymic epithelial cells, probably
from thymic epithelial stem cells, which are
thought to be p63 positive. Subsequently,
after a reorganization of thymic micro-
environment, the thymocytes will gain
enough chances to proliferate and mature,
although some structural and functional al-
terations after 8 Gy irradiation may affect
the extent of thymocyte proliferation and
maturation, eventually resulting in only 65%
recovery in the thymic weights.
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