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The study was undertaken to further elucidate a role of gonadal hormones in maintenance of
normal thymocyte maturation and sexual dimorphism in the intrathymic T-cell development.
Rats of both sexes were gonadectomized or sham-gonadectomized (controls) at age of 2 and 6
months, and 30 days later the thymus size, cellularity and thymocyte composition were evalu-
ated. In both control and gonadectomized rats, in spite of age, sexual dimorphism in the thy-
mus size and cellularity was found. Gonadectomy in 2-month-old rats of both sexes increased
the thymus cellularity, volumes of both cortex and medulla and thymus size (to a less extent
in males), while in 6-month-old rats, in this respect, it was effective only in females. In ova-
riectomized (OVX) rats the increase in volume of cortex was more marked in younger rats,
while that of medulla did not differ between rats of different age. It seems obvious that in both
groups of OVX rats the volume of medullary non-lymphoid component was enlarged (the
increase in medullary volume was more pronounced than that in its cellularity). Unlikely, in
rats orchidectomized (ORX) at age of 2 months the volume of this component was either
decreased or unaltered (the increase in the volume of medulla was less conspicuous than that
in the number of medullary thymocytes). In control and gonadectomized rats of both ages,
sexual dimorphism in the composition of thymocyte subsets was also observed. Gonadec-
tomy in 2-month-old rats affected distinct stages of thymocyte maturation in male (increased

low lowthe relative proportions of CD4+8+TCRc cells and their CD4-8+TCR precursors
and decreased those of the most mature CD4+8-TCRc[laigla and CD4-8+TCRc[-laigla cells)
and female rats (decreased only the percentage of the least mature CD4-8-TCRcI3-cells). In
older rats only ovariectomy had impact on the relative proportion of thymocytes decreasing,
besides the relative proportion of CD4-8-TCRc[- cells, those of CD4-8+TCRtl3-, CD4-

low high8+TCRc[ positively selected CD4+8+TCRc[ and the most mature CD4+8-
hxgh hghTCRI3 CD4-8+TCR cells and exerting an opposite effect on the percentages of

CD4+8+TCRt- and CD4+8+TCRcI3lw cells. Thus, results showed sex- and age-dependent
changes in sensitivity of both the developing thymocytes and non-lymphoid cells to long-last-
ing gonadal deprivation.
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dimorphism
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INTRODUCTION

Clinical and experimental observations clearly indi-
cate that both cell-mediated and humoral immune

responses are more effective in females than in males

(Grossman, 1984, 1985, 1990; Ansar-Ahmed et al.,
1985; Kovacs and Olsen, 1998). Although the under-
lying mechanisms of this sexual dimorphism have not
been understood, yet, it has been suggested that
immune-endocrine (particularly gonadal) interactions

produce a significant contribution to the development
and maintenance of this phenomenon (Grossman,
1990; Kovacs and Olsen, 1998). A variety of data
showed that gonadal steroid hormones modulate the
skin allograft rejection time in experimental animals

(Graft, 1969), as well as susceptibility and expression
of autoimmune diseases in both experimental models
(Roubinian et al., 1977a, 1978, 1979; Steinberg et al.,
1980; Pozzilli et al., 1993; Vidal et al., 1994) and
humans (Agnello et al., 1983; Bizzaro et al., 1987;
Ben-Chetrit and Ben-Chetrit, 1994). Similarly to

humans, most models of autoimmune disease in ani-

mals occur preferentially or with greater severity in
females than males (Grossman, 1990; Kovacs and
Olsen, 1998). The classic description of this sexual
dimorphism was made in the NZB/W murine lupus
model. Disease prevalence and the rate of progression
to mortality are greater in females than in males of
this F1 hybrid strain (Steinberg et al., 1980). Gona-
dectomy of NZB/W male mice results in a mortality
curve that is equivalent to intact females. Androgen
treatment in female rats of this strain causes almost
complete disappearance of disease manifestation

(Roubinian et al., 1977a, 1978, 1979). Conversely,
estradiol administration to gonadectomized female
rats enhances disease progression (Roubinian et al,
1978). Since removal of the thymus prevents the ame-
lioration of disease evoked by androgens, it has been
suggested that the thymus represents the key point
within the pathways of interaction between male ste-

roid hormones and the immune system (Roubinian et

al., 1977b). Moreover, it has been assumed that the
immunological dimorphism establishes early in the
course of thymocyte maturation and that the concen-
tration of gonadal steroid hormones is the major fac-

tor in its development and maintenance (Grossman,
1985). To support this hypothesis are data showing
that both thymocytes and thymus epithelial cells

(TEC) express receptors for estrogens and androgens
(Grossman et al., 1979; Gulino et al., 1985; Seiki et

al., 1988; Kawashima et al., 1991; Kawashima et al.,
1992; Viselli et al., 1995; Kohen et al., 1998), and that
TEC also bear the receptors for progesterone
(Fujii-Hanamoto et al., 1985; Kawashima et al.,
1991). In the same line are our previous data showing
sexual dimorphism in the composition of thymocyte
subsets delineated either by expression of CD4/CD8

coreceptor molecules or TCRct[ (Leposavi et al.,
1995, 1996). Moreover, our previous study suggested
that the gonadal steroids are more important for the

development than for the maintenance of sexual

dimorphism in the thymocyte composition. To test

this assumption and to further elucidate the modula-

tory role of sex steroids in intrathymic T-cell matura-

tion in adult rats of both sexes and of different age, we
assessed the effects of one month gonadal deprivation
upon the thymus structure and composition of thy-
mocyte subsets. The rats were gonadectomized at age
of 2 and 6 months, as it has been shown that in rats

major developmental changes in the thymus structural
and thymocyte phenotypic characteristics occur dur-

ing the first month of life and from six month onward
(Quaglino et al., 1998). Since the process of intrathy-
mic T-cell development is commonly depicted as a

linear flow between successively more differentiated

compartments, thus that thymocytes at different

developmental stages are situated within distinct parts
of the thymus (Scollay et al., 1984), in these rats the
volumes of different thymus compartments and their

cellularity were estimated. In addition, as the changes
in cell surface molecules (TCR and coreceptor
CD4 and CD8 molecules) expression allow delinea-
tion and monitoring of the thymocyte populations at

different stages of maturation, and therefore insight
into the process of differentiation of T-lymphocyte
precursors into functionally mature cells (Petrie et al.,
1990; Tsuchida et al., 1994), the expression of these
molecules on the thymocytes of the same animals was
also analyzed.
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TABLE Thymus weight and total number of thymocytes, volumes of the cortex and medulla, and numbers of cortical and medullary
thymocytes in rats sham-orchidectomized (sham-ORX), ORX, sham-ovariectomized (sham-OVX) and OVX at age of 2 months

Sham-ORX ORX Sham-OVX OVX

THYMUS

Thymus weight 0.50 _+ 0.01**a 0.79 0.02**b’*c 0.26 0.02 0.69 0.06**d
(g)

Total number of thymocytes
(x107) 46.62 2 55**a 78.78 1.08**b’*c 22.83 0.71 66.80 +_ 6.52**d

CORTEX

Volume
(cm3) 0.34 0.01**a 0.55 _+ 0.03**b 0.18 0.003 0.53 0.06**d

Number(xl0,)ofthmocytes 39.14 _+ 1.88**a 66.52 4.16**b 19.00 0.25 59.57 6.81 **d

MEDULLA

Volume
(cm3) 0.14 0.01**a 0.21 0.02**b’c 0.06 0.01 0.12 0.009*d

Number of thmocytcs
(xlO’)

7.48 0.89*a 12.26 0.97*b’c 3.83 0.73 7.23 1.18*d

The results are expressed as mean SEM (n=5-7).
p _< 0.05" p < 0.01.
Sham-ORX vs. Sham-OVX.

b ORX vs. Sham-ORX.
ORX vs. OVX.

d OVX vs. Sham-OVX.

RESULTS

Thymus Weight and Volumes of the Thymus
Compartments

Two-month-old rats

In rats sham-gonadectomized at age of 2 months the
volumes of both thymus cortex and medulla, and con-

sequently the thymus weight, were significantly
greater in males than in their female counterparts.
Gonadectomy, at that age, in rats of both sexes signif-
icantly (p<0.01) increased the volumes of both thy-
mus compartments, and thus (p<0.01) the thymus
weight, as well. Ovariectomy was more effective than
orchidectomy in increasing not only the cortical (the
mean value was 194 % greater in OVX than in
sham-OVX rats, and only 62 % greater in ORX than
in sham-ORX animals), but also medullary volume
(the mean value was 100 % greater in OVX than in
sham-OVX rats and only 50 % grater in ORX than in

sham-ORX rats), thus that the volume of cortical

compartment in OVX rats was indistinguishable from
that in ORX rats, while the volume of thymus medulla
did not reach that in ORX rats. Although ovariectomy
was more effective than orchidectomy in increasing
the thymus weight (the mean value was 165 % greater
in OVX than in sham-OVX rats and only 58 %
greater in ORX than in sham-ORX animals), the thy-
mus weight remained significantly (p<0.05) greater in
male gonadectomized rats (Table I).

Six-month-old rats

In rats sham-operated at age of 6 months the volumes
of both thymus compartments, and therefore the
organ weight, were also significantly (p<0.05) greater
in male than in female rats. Ovariectomy, but not

orchidectomy, evoked a significant enlargement of
the volumes of both thymus cortex (the mean value
was 127 % greater in OVX compared with
sham-OVX rats) and medulla (the mean value was
100 % greater in OVX compared with sham-OVX
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rats), thus that the volume of thymus cortex was sig-
nificantly (p<0.05) greater in OVX rats than that in
ORX rats, while the volume of medulla did not signif-
icantly differ between these two groups of rats

(Table II). Since only ovariectomy significantly
(p<0.01) increased the thymus weight (the mean
value was 120% greater in OVX than that in
sham-OVX rats), the thymus weight in OVX rats was

significantly (p<0.05) greater than in ORX rats

(Table II).

Total Number of Thymocytes and Number
of Thymocytes in the Thymus Compartments

Two.month-old rats

In rats subjected to sham-gonadectomy at age of 2
months the numbers of thymocytes in both thymus
compartments, and consequently the total number of
lymphoid cells in thymus were significantly (p<0.01)

higher in male than in female rats. One month after
gonadectomy in rats of both sexes the numbers of thy-
mocytes in thymus cortex (the mean value was 192 %
higher in OVX than in sham-OVX rats and only 70 %
higher in ORX than in sham-ORX rats), and medulla
(the mean value was 89 % higher in OVX than in
sham-OVX rats, and 64 % higher in ORX than in
sham-ORX rats) were increased, thus that in the cor-

tex of OVX rats the number of thymocytes attained
that in the cortex of ORX rats, while the number of
these cells in medulla remained significantly (p<0.05)
greater in male rats than in their female counterparts.
Although ovariectomy produced a more marked
increase in the total thymocyte number (the mean
value was 193 % higher in OVX than in sham-OVX
rats and only 69 % higher in ORX than in sham-ORX
rats), the total number of these cells remained still sig-
nificantly (p<0.05) greater in male compared with
their female counterparts (Table I).

TABLE II Thymus weight and total number of thymocytes, volumes of the cortex and medulla, and numbers of cortical and medullary
thymocytes in rats sham-orchidectomized (sham-ORX), ORX, sham-ovariectomized (slam-OVX) and OVX at age of 6 months

Sham-ORX ORX Sham-OVX OVX

THYMUS

Thymus weight 0.31 0.03"a 0.32 0.04"b 0.20 0.02 0.44 0.05**c
(g)

Total number of thymocytes
(107) 28.47 2.22*a 28.73 3.34*b 19.23 1.87 40.15 4.59**c

CORTEX

Volume
(cm3) 0.21 0.02*a 0.21 0.03*b 0.15 0.01 0.34 + 0.05 **c

Number of thTmocytes
(10’)

24.30 _+ 1.40*a 23.13 _+ 2.77*b 16.67 1.41 36.18 4.56**c

MEDULLA

Volume
(cm3) 0.08 0.03"a 0.09

_
0.009 0.04 0.006 0.08 _+ 0.005 *c

Number of thvmocytes
(xl0’)

4.17 _+ 0.84*a 5.60 0.95 2.57 0.48 3.98
_
0.49*c

The results are expressed as mean __. SEM (n=5-7).
p _< 0.05; p _< 0.01.

Sham-ORX vs. Sham-OVX.
b ORX vs. OVX.

OVX vs. Sham-OVX.
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Six-month-oM rats

The total numbers of thymocytes in both cortex and
medulla, and therefore in the whole organ were sig-
nificantly (p<0.05) higher in male than in female rats

sham-gonadectomized at age of 6 months. Orchidec-

tomy at same age affected the total number of thy-
mocytes in none of the thymus compartments, while
ovariectomy evoked a significant increase in the num-
ber of thymocytes in both thymus compartments (the
value of mean thymocyte number in cortex was
117 % and that in medulla was 55% higher in OVX
than in sham-OVX rats), thus that in gonadectomized
rats the total number of thymocytes was higher in the
thymus cortex of females, while there was no signifi-
cant difference between male and female rats in the
number of these cells in medulla. Since gonadectomy
significantly (p<0.01) affected the total number of
thymocytes only in females (the mean value was

109 % higher in OVX that in sham-OVX), the total
number of these cells was significantly (p<0.05)
higher in gonadectomized female rats than in their
male counterparts (Table II).

Analysis of the Expression of CD4/CD8/TCR[

In respect to the expression ofCD4 and CD8 molecules
and that of TCRc[ (three levels of TCR[ expression
were distinguished: negative, low and high) we delin-
eated and estimated relative proportion of twelve sub-
sets of thymocytes (Tsuchida et al., 1994).

Two month-old rats

In the male sham-gonadectomized rats the relative
proportions of all subsets of thymocytes with unde-
tectable level of TCRc[ (TCR[-) except that of
CD4+8- single positive (SP) cells were significantly
lower compared with female controls. Orchidectomy
affected the relative proportion of none of four sub-
sets of TCR[- cells, while ovariectomy caused only
a significant (p<0.01) decrease in the relative propor-
tion of CD4-8- double negative (DN) thymocytes, but
its value remained still greater than that in ORX rats,
thus that in gonadectomized rats the relative propor-
tions of all subsets of TCRc[- thymocytes except that
of CD4+8- SP were also significantly lower in male
than in female rats (Table III).

TABLE III Percentage (%) of thymocytes within each of twelve subpopulations defined by the expression of CD4, CD8 and TCRct[
molecules in rats sham-orchidectomized (sham-ORX), ORX, sham-ovariectomized (sham-OVX) and OVX at age of 2 months

Thymocyte subpopulations Sham -ORX (mean SEM) ORX (mean SEM) Sham-OVX (mean SEM) OVX (mean SEM)

CD4-8-TCRc- 0.3 0.04"*a 0.3 0.03"*b 1.3 0.05 0.9 0.03"*c
CD4+8-TCRc[- 0.4 0.10 0.3 0.3 0.3 0.02 0.3 0.03

CD4-8+TCRq3- 0.7 0.25**a 0.8 0.03 **b 1.8 0.23 1.7 0.01

CD4+8+TCR- 35 1.43*a 36.4 1.12*b 37.6 0.30 38.6 0.26

CD4-8-TCRctlw 0.7 0.15*a 0.8 +/- 0.07*b 0.5+/- 0.04 0.6 +/- 0.03

CD4+8-TCRctlw 0.9 0.09"*a 0.9 0.09**b 0.4 0.04 0.6 0.03

CD4-8+ TCR[lw 1.1 0.5 1.8 +/- 0.02*t’**b 1.0 0.07 1.1 0.05

CD4+8+TCRlw 35.6 1.46*a 38.9 0.75**d 38.2 0.28 38.5 0.27

CD4--8-TCRhigla 0.7 +/- 0.19*a 0.6 +/- 0.02**b 1.0 +/- 0.04 1.1 0.08

CD4+8-TCRthigla 11.5 +/- 1.61"*a 8.6 _+ 0.31"*d 8.3 +/- 0.1 8.0 0.24

CD4-8+TCRc[laigh 5.5 1.19**a 3.8 +/- 0.34*d 3.2 +/- 0.09 3.1 +/- 0.15

CD4+8+TCRt[high 7.6 1.19 7.0 0.41 6.5 0.07 5.6 0.11

The results are expressed as mean SEM (n=5-7).
* p_<0.05; ** p<0.01.

sham-ORX vs. sham-OVX.
b ORX vs. OVX.

OVX vs. sham-OVX.
d ORX vs. sham-OVX.
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The analysis of relative proportions of thymocytes
expressing low level of TCRot expression
(TCRctI3lw) showed that the relative proportions of
CD4-8- DN and CD4+8- SP cells were significantly
higher, while that of CD4+8+ double positive (DP)
cells was significantly (p<0.05) lower in sham-ORX
than in sham-OVX rats. Orchidectomy significantly
increased the percentage of CD4-8+ SP and CD4+8+
DP thymocytes expressing TCRal3 at low density,
while ovariectomy did not affect the relative propor-
tion of any of subsets of TCRoq3lw cells, thus that in

gonadectomized rats the relative proportions of all
subsets of TCRoc3lw thymocytes except that of
CD4+8+ DP cells were higher in male than in female
rats (Table III).
The relative proportions of both the subsets of SP

cells (CD4+8- and CD4-8+) with high level of

TCRc expression (TCRhigh) were significantly
(p<0.01) higher, while that of CD4-8- (DN) cells was
significantly (p<0.05) lower in sham-ORX compared
with sham-OVX rats. Orchidectomy significantly
decreased the relative proportions of both subsets of

SP cells, while ovariectomy affected percentage of
none of subsets of TCRothigh cells, thus that in gona-
dectomized rats only the percentage of CD4-

8-TCRthigh cells remained significantly different in
male compared with female rats (Table III).

Six month-old rats

Relative proportion of none of the subsets of TCRc13-
thymocytes significantly differed between male and
female rats sham-gonadectomized at age of six
months. Orchidectomy affected relative proportion of
none of the subsets of TCRocl3- cells, while ovariec-

tomy significantly decreased the percentages of CD4-

8-TCRctl3- and CD4-8+TCRoc[3- cells and slightly,
but significantly (p<0.01), increased the relative pro-
portion of CD4+8+TCR- cells. One month after
gonadectomy the relative proportion of CD4-

8+TCR3- thymocytes was significantly (p<0.01)
higher, while that of CD4+8+TCRcI- cells was sig-
nificanly (p<0.01) lower in male than in female rats

(Table IV).

TABLE IV Percentage (%) of thymocytes within each of twelve subpopulations defined by the expression of CD4, CD8 and TCRc
molecules in rats sham-orchidectomized (sham-ORX), ORX, sham-ovariectomized (sham-OVX) and OVX at age of 6 monthsp

Thymocyte subpopulations Sham-ORX (mean +/- SEM) ORX (mean SEM) Sham-OVX (mean SEM) OVX (mean SEM)

CD4-8-TCRal3- 0.3 0.04 0.5 _+ 0.2 0.4 0.01 0.3 0.02*a

CD4+8-TCRotI- 0.4 0.10 0.5 0.11 0.4 0.01 0.5 0.08

CD4-8+TCRctl3- 1.1 0.02 1.1 0.07**b 1.3 0.05 0.7 _+ 0.04**a

CD4+8+TCRaI3- 37.9 0.36 37.9 0.39**b 38.2 0.10 40.0 0.24**a

CD4-8-TCRctl3lw 0.5 _+ 0.01 0.6 0.10 0.8 0.06 0.8 0.02

CD4+8-TCRc13lw 1.2 _+ 0.25 1.3 0.15 1.0 0.06 1.3 0.21

CD4-8+TCRotl3lw 2.2 0.14 2.3 0.16**b 2.0 0.01 1.5 0.05*a

CD4+8+TCRctI3lw 39.0 0.58 37.4 0.79"b 38.2 0.62 39.7 0.15*a

CD4-8-TCRochigh 0.4 +_ 0.08**c 0.3 0.06*% 0.6 _+ 0.01 0.6 0.03

CD4+8-TCRcI3high 7.1 0.20 7.1 0.50 7.1 0.01 6.8 0.07*a

CD4-8+TCRocl3high 3.4 0.14*c 3.0 0.30**b 2.8 _+ 0.01 2.2 0.03**a

CD4+8+TCRctl3high 6.6 0.54 8.0 0.63 **b 7.2 0.09 5.8 0.21"*a
The results arc expressed as mean

___
SEM (n=5-7).

p < 0.05" p _< 0.01
OVX vs. Sham-OVX.

b ORX vs. OVX.
Sham-ORX vs. Sham-OVX.
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There were significant differences in the relative

proportion of none of TCRcI3lw subsets of thy-
mocytes between male and female sham-gonadecto-
mized rats. Orchidectomy also affected the relative
proportion of none of subsets of TCRc3lw cells,
while ovariectomy evoked a significant (p<0.01)
decrease in the percentage of CD4-8+TCRt3lw
cells, and increased the relative proportion of

CD4+8+TCRc3w cells, thus evoking gender-spe-
cific differences in the composition of TCR[3lw thy-
mocyte subsets. Namely, in gonadectomized rats, the
relative proportion of CD4-8+TCRt[3lw cells was

significantly (p<0.01) higher and that of

CD4+8+TCRcw thymocytes significantly
(p<0.05) lower in males than in females (Table IV).
The relative proportion of CD4-8-TCRoc3high thy-

mocytes was significantly (p<0.01) lower, while that
of CD4-8+TCRt[3high cells was significantly
(p<0.05) higher in male than in female sham-gona-
dectomized rats. Orchidectomy had impact on the rel-
ative proportion of none of thymocyte TCRcthigh

subsets. However, the ovariectomy significantly
decreased the percentage of CD4+8+TCRt[3high, as

well as the relative pr,oportions of cells belonging to

both subsets of SP cells expressing TCRc at high
density (CD4+8-TCRt[high, CD4-8+TCRhigh

cells). Therefore, in gonadectomized rats the relative
proportions of CD4+8+TCRc[high and CD4-
8+TCRt[high thymocytes were significantly (p<0.01)
higher, while the percentage of CD4-8-TCRc[3high

cells was significantly (p<0.01) lower in male com-

pared with female rats (Table IV).

DISCUSSION

The present study demonstrated that: a) in spite of age
both the thymus size and cellularity were greater in
male than in female controls; b) in 2-month-old rats

both orchidectomy and ovariectomy increased the
thymus size and cellularity, but ovariectomy was

more effective in this respect; c) in rats aged 6 months
at time of surgery only ovariectomy evoked this effect
(orchidectomy was ineffective in this respect), but it
was less effective than in younger animals; d) sexual

dimorphism in the thymus size and cellularity
remained after gonadectomy in rats of both ages; in
rats two months old at time of gonadectomy both the

thymus weight and cellularity were greater in males
than in females, and vice versa in older rats.

The data showing that, in spite of age, both the abso-
lute thymus weight and cellularity were greater in male
than in female adult rats are in keeping with our previ-
ous observations (Leposavi et al., 1996) and data

showing in three strains of rat that after four weeks of

age the thymus grows faster in male than in female rats

of the same strain (Bellamy et al., 1976). In both adult
male and female rats, gonadectomy-evoked increase in
the thymus weight and cellularity has also been already
demonstrated (Grossman, 1985; Fitzpatrick et al.,
1985; Utsuyama and Hirokawa, 1989; Olsen et al.,
1991, 1998; Fukumoto, 1997). In favour of the present
finding that ovariectomy is more effective than

orchidectomy in inducing the thymus enlargement are

data: a) showing that, compared with androgens, estra-

diol is more potent as thymolytic agent (Kumar et al.,
1995), and b) suggesting that mechanisms by which

estrogens produce the thymus involution are different

from that involved in the androgen-induced organ
involution (Gulino et al., 1985; Olsen et al., 1994;
Kumar et al., 1995; Forsberg, 1996).
The increase in the thymus cellularity, and hence its

size, in gonadectomized rats of both sexes may be
achieved by: a) enhanced immigration of the thy-
mocyte precursors; b) accelerated thymocyte prolifer-
ation; c) decreased thymocyte apoptosis and d)
reduced egress of the thymocytes. It has been pub-
lished that the thymus enlargement in the mice with

androgen level lowered by castration occurs owing
largely to an accelerated rate of thymocyte prolifera-
tion (Olsen et al., 1994). It has also been reported that
a lack of estrogen-induced antiproliferative effect is

associated with the thymus enlargement evoked by
ovariectomy (Forsberg, 1996). However, it has been
hypothesized that the mechanisms of antiproliferative
action of androgens on thymocytes differ from those
of estrogens (Olsen et al., 1994; Gulino et al., 1985).
In support to this assumption are data demonstrating
that mechanisms of androgen-induced suppression of
thymocyte proliferation include enhanced production
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of TGF-3 by TEC (Olsen et al., 1994), while estro-

gens, in addition to indirect (via modulation of TEC
secretory activity) exert a direct antiproliferative
effect on the thymus lymphoid cells (Gulino et al.,
1985; Forsberg, 1996). Additionally, in male rats, a

decreased rate of thymocyte apoptosis (most likely, due
to increased expression of Bcl2 protein) as a mecha-
nism of gonadectomy-induced thymus enlargement has
been recognized (Olsen et al., 1998). On the other side,
direct demonstration of estrogen-mediated thymocyte
apoptosis has not been reported, yet. Finally, it appears
that the alterations in thymocyte trafficking which may
contribute to the regulation of thymus size are more

prominent for estrogens than for androgens (Kovacs
and Olsen, 1998). In keeping with this observation are
data that estrogen administration causes an increase in

thymus vascular permeability by direct effect on vascu-
lar endothelia (Martin et al., 1995).

Although the age-related change in sensitivity to
effects of gonadectomy on the thymus size has been
already demonstrated (Utsuyama et al., 1995), the
lack of any effect of gonadectomy on the thymus size
and cellularity in male rats 6-month-old at time of
surgery was surprising. This discrepancy between the
results hereby presented and some previously pub-
lished (Greenstein et al., 1986) may be related to the
following facts: a) rats used in the previous study
were of different strain (Wistar CSE strain) and age
(old between 12 and 15 months) and b) the relative
(expressed as mg thymic tissue / 100 g body weight)
but not absolute weights of their thymi were com-

pared. The lack of effects on the thymus cellularity
might be related to data suggesting that the
age-related alterations in thymus sensitivity to

gonadal deprivation mainly reflect the changes in the
thymus microenvironment (Utsuyama et al., 1995).
The apparent sexual dimorphism in age-related

decline of thymus sensitivity to action of gonadal hor-
mones might be explained by gender-specific differ-

ences in age-related reduction in (H3) thymidine
incorporation into thymocytes (Segal et al., 1985). In
rats of both sexes (H3) thymidine incorporation into

thymocytes is at its maximum at the second month of

age, and thereafter, in males, the incorporation of this
marker declines rapidly; whereas in females, the

decline starts only after 6 months of age (Segal et al.,
1985). Namely, the sensitivity of thymocytes to ConA
stimulation do not significantly differ between male
and female rats, but since the thymocyte basal prolif-
eration rate decreases with age in gender-specific
way, the blastogenic response of thymocytes to ConA
stimulation also exhibits age-related sexually dimor-

phic decline (Segal et al, 1985). Therefore, differen-
tial effects of gonadectomy in rats of different sex at

distinct age points might be associated with

age-related sexually dimorphic changes in the prolif-
erative capacity of thymocytes.

The results also revealed that, regardless of sex, in

2-month-old rats at time of surgery the increase in
volumes of both the cortex and medulla contributed to

the thymus enlargement, but that the importance of
the first was quantitatively greater. These data are in

agreement with the previous observations that

changes in the number of both cortical and medullary
thymocytes contribute to thymus involution evoked
by estradiol treatment, but that contribution of the
first is quantitatively more significant (Martin et al.,
1994). The disproportional contribution of two main

thymus compartments in the organ enlargement was
more conspicuous in female than in male rats, that
further supports the notion that gender-specific mech-
anisms are involved in the gonadectomy-evoked thy-
mus enlargement. In rats OVX at age of 6 months, the
increase in the volume of thymus cortex was also
greater than that of medulla; this increase was less
pronounced than that in younger animals, while the
increase in volume of medulla did not differ from that
in younger rats. Therefore, it seems that the

age-related decrease in the sensitivity of the whole
organ to ovariectomy mainly reflected a decline in the
cortex sensitivity to this treatment.

Moreover, the present results showed that in OVX
rats of both ages the increase in medullary volume
was more remarkable than that in the number of med-
ullary thymocytes, and that this effect was even more
conspicuous in older rats. These findings suggest that:
a) in the increase in the volume of thymus medulla,
besides lymphoid, participated also the non-lymphoid
cell component and b) the contribution of this compo-
nent was greater in six-month-old rats compared to
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younger animals. These data are in agreement with
the previous reports which emphasize the importance
of non-lymphoid cell component in the estro-

gen-induced thymus involution (Clark and Kendall,
1989; Martin et al., 1994), as well as with those indi-

cating that, in female rats, the surgical ablation of
gonads causes an increase in the number of thymu-
lin-containing TEC (Dardenne et al., 1988), which are
shown to contain the receptors for both estrogens and
progesterone (Fujii-Hanamoto et al., 1985; Kawashima
et al., 1991). Contrary to rats OVX at age of two
months, in rats ORX at the same age, the increase in
the volume of medulla was less conspicuous than that
in the number of medullary thymocytes suggesting
that, in these rats, the volume of non-lymphoid cell
component was either decreased or that the volume of
this component remained unaltered. These findings are

compatible with data showing that: a) TEC contain the
receptors for androgens and b) androgens administra-
tion to TEC culture generates a biphasic proliferative
pattern, whereby higher concentrations than those
required for maximal cell yield result in dose-depen-
dent inhibitory effect (Sakabe et al., 1994).
The phenotypic analysis of thymocytes showed

that the composition ,of thymocyte subsets signifi-
cantly differed between sham-operated male and
female rats of both ages, as well as that the differ-
ences in thymocyte composition between these rats
were age-dependent. These findings are in agreement
with our previous report (Leposavi et al., 1996).
Both orchidectomy and ovariectomy had impact on
the thymocyte composition in rats aged two months at
time of surgery, while in older rats only ovariectomy
evoked changes. In younger rats, the effects evoked
by orchidectomy differed from that induced by ova-
riectomy, that is also in agreement with some previ-
ous findings (Leposavi et al., 1996; Kovacs and
Olsen, 1998). Finally, sexual dimorphism in the thy-
mocyte composition was demonstrated in gonadecto-
mized rats, as well.

In sham-operated rats of both age the relative pro-
portion of CD4-8-TCRItiga thymocytes belonging
to a subset of mature cells which harbors potentially
autoreactive clones (Budd and Mixter, 1995) was
lower in male compared with female rats. These find-
ings might be associated with well-known lower inci-

dence of autoimmune diseases in males compared
with females (Roubinian et al., 1977a, 1978, 1979;
Steinberg et al., 1980; Pozzilli et al., 1993; Vidal et
al., 1994). In male sham-ORX rats of both ages the
relative proportion of the mature CD4-8+TCRlaigt

thymocytes was higher. In male rats sham-orchidecto-
mized at age of two months the relative proportion of
the another subset of the most mature SP thymocytes
(CD4+8-TCRclaigla) was also higher. In these rats,
differences in the relative proportions of thymocytes
expressing undetectable or low levels of TCR,
were observed, as well. However, the significance of
these findings for the immunological sexual dimor-

phism, and especially for higher propensity of
autoimmune diseases in females, is difficult to

explain at present.
Ovariectomy in two-month-old rats evoked a

decrease in the relative proportion of the least mature
CD4-8-TCR-, that is consistent with the proposed
role for estrogens in the regulation of immigration of
the bone marrow-derived precursor cells into the thy-
mus (Forsberg, 1996). Orchidectomy, in the rats of
the same age increased the percentages of CD4-

8+TCRcIlw and CD4+8+TCRcIlw cells and
decreased the relative proportions of both subsets of
SP cells expressing TCRcI at high level, that is in
agreement with the previous reports (Olsen et al.,
1994). The increased percentage of CD4+8+

TCRclw cells might reflect either a decreased rate
of thymocyte apoptosis and/or a decreased rate of thy-
mocyte transition from this stage to the stage of

CD4+8+TCRcItigla which requires the process of
positive selection to be passed (Jameson et al., 1995).
Since the relative proportion of CD4+8+TCRtigt

cells remained unaltered, while the relative propor-
tions of both subsets of the SP mature cells were
decreased, the first option would suggest an increased
egress of mature thymocytes into periphery, while the
second one would implicate a more efficient differen-
tiation of the CD4+8+TCRcItigt cells which passed
positive selection (Jameson et al., 1995) into the
mature cells of both CD4+8-TCRcItigt and CD4-

8+TCRclaigla phenotypes, as well. The former option
is fully consistent with the reduced thymocyte traf-
ficking in male rats due to the presence of androgens
(Kovacs and Olsen, 1998).
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Ovariectomy in rats aged 6 months decreased the
relative proportion of CD4-8+TCRt[3- and that of
CD4-8+TCRa[3lw thymocytes. The cells of these
phenotypes are shown to be a direct precursors of DP
cells in both rats (Hunig et al., 1989) and mice

(Tsuchida et al., 1994). The reduced percentage of
these cells, together with that of CD4-8-TCRc[3-, is
consistent with already mentioned role of estrogens in
the regulation of the thymocyte precursor immigra-
tion (Fosberg, 1994). However, if we take into consid-
eration that, in these rats, the relative proportions of
both CD4+8+TCRa[3- and CD4+8+TCRc[3lw cells
were increased, the decreased percentages of CD4-
8-TCRt[3-, and both CD4-8+TCRc[3- and CD4-
8+TCRc[lw thymocytes might be related to an
accelerated transition of these cells to the stage of DP
cells. The increase in the relative proportions of both
CD4+8+TCRt[3- and CD4+8+TCRa[3lw, together
with the decrease in relative proportion of
CD4+8+TCRc[3high thymocytes, and reduction in
percentage of the cells into which this subpopulation
differentiates (i.e. CD4+8-TCRt[3high and CD4-
8+TCRc13high), is fully in agreement with the previ-
ous finding showing that estrogens in vitro accelerate
thymocyte positive sel,ection, as well as differentia-
tion of positively selected cells into both subsets of
mature cells (Screpanti et al., 1989).

In conclusion, the gonadectomy in adult rats
evoked sex- and age-dependent effects on thymus size
and cellularity, as well as on the composition of
twelve thymocyte subsets delineated by expression of
CD4, CD8 molecules and TCRt[, that clearly indi-
cate sex-dependent changes in the modulatory role of
gonadal hormones in regulation of T-cell maturation,
and possibly immune response. In addition, from the
present results it is also apparent that gonadectomy, in
adult rats, influences, but not abolishes, the sexual
dimorphism in thymus size and cellularity, as well as
that in thymocyte subsets composition.

MATERIALS AND METHODS

Animals

Inbred AO rats of both sexes aged 2 and 6 months at
the beginning of experiment were used. Animals were

kept under routine laboratory conditions and provided
with food and water ad libitum.

Experimental Protocol

Rats aged 2 and 6 months were bilaterally gonadecto-
mized or sham-gonadectomized under sodium pento-
barbitone anesthesia (Nembutal, Serva, 40mg/kg,
i.p.). Orchidectomy was performed through the scro-

tal incision. In sham-operated males, testes were iden-
tified but not removed, and the incision was closed.
Females were ovariectomized through dorso-lateral
incisions. Rats subjected to complete surgical proce-
dure except removing the ovaries were used as

sham-operated controls. One month after surgery, the
rats were killed, their thymuses removed out care-

fully, freed from extraneous tissue, weighed and

appropriately processed for subsequent stereological
or flow cytometric analysis (FCA).

Stereological analysis

The left thymus lobes were fixed in Bouin’s solution,
embedded in paraffin and sectioned transversely on a

Reichert microtome, at a section thickness of 5 tm.
The sections were stained with haematoxylin and
eosin and analyzed under a Reichert microscope
equipped with an eyepiece fitted with Weibel’ s M42
test system. The test area was always chosen at ran-

dom, and the size of the final sample was calculated
separately for each parameter to provide results
within the confidence interval of 95% (Karapetrovi6
et al., 1995).

Absolute volumes of the thymus cortex and
medulla were estimated from the absolute volume of
the organ and volume density (Vv) of appropriate
compartment. The absolute volume of thymus was
calculated by dividing the thymus weight by
1.05 g/cm3, as has been suggested by Casley-Smith
(1988). Vv (represents part of tissue volume occupied
by the analyzed structure) of the thymus cortex and
medulla were determined under a magnification
6.3, using a point counting method. They were calcu-
lated according to the equation: Vv Pf/Pt, where
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Pf the number of test points falling on the analyzed
structure and Pt the total number of test points (42
for the M42 test system).

The number of thymocytes in the cortex was calcu-
lated from the numerical density (Nv) of cortical thy-
mocytes and absolute volume of thymus cortex taking
into consideration that three quarters of the cortical

thymocytes are situated within the deep cortex (Kara-
petrovi6 et al., 1995). The number of the thymocytes
located in the medulla was calculated from their Nv
(represents number of thymocytes per volume unit of
appropriate thymus tissue) and the absolute volume of
thymus medulla. The Nv of thymocytes was esti-
mated under immersion magnification. The test lattice

was placed randomly, but positioned parallel to, and
just touching, the capsule (for the outer cortex analy-
sis) and the cortico-medullary junction (for the deep
cortex analysis). For estimating Nv of medullary thy-
mocytes the lattice was placed randomly throughout
the medulla. Nv of thymocytes was calculated from
the equation: Nv- NA/(D +Go), where NA
stands for number of thymocytes per surface unit of
test area, and was estimated from the relation:
NA=N/At (N=number, of thymocytes per test area;
At=size of test area); 13 for the mean caliper diame-
ter of thymocytes and was calculated according to the

following equation: I3- 6Vv/Sv, where Sv=2If/Lt

(If=the number of intersections of the test lines with
the plasma membrane of the thymocytes and Lt=the
total length of test lines) and Go for depth sharpness
and was determined from the equation: Go=l/(n+Na)
(l=wave length of light; n=coefficient of the immer-

sion oil diffraction; Na=numerical aperture of the

objective lens).

Flow Cytometry

Preparation ofthymocyte single-cell suspension

Thymocyte suspensions were prepared by passing the
thymus tissue through the stainless steel mesh into

ice-cold PBS (pH 7.3) containing 2% fetal calf serum

(Gibco, Grand Island, NY, USA) and 0.01% sodium

azide (PS medium). After washing three times in PS

medium, the single-cell suspensions were counted in
a standard haemocytometer, adjusting the cell concen-
tration to 1 107 cells/ml. The viability of such cell
preparations, as determined by Trypan blue exclusion,
was routinely greater than 95%.

Three-color immunofluorescence staining

ofthymocyte CD4, CD8 and TCRc
The aliquots of 1 106 thymocytes were incubated
for 30 min at 4C, in the dark, with the following anti-
bodies: fluorescein-isothiocyanate (FITC)-conju-
gated anti-CD4 (clone W3/25, Serotec, Oxford, UK);
phycoerythrin (PE)-conjugated anti-CD8 (clone MRC
OX-8, Serotec) and biotin-conjugated anti-TCR[
(clone R73, Serotec). After incubation, the aliquots
were washed three times in PS medium, and incu-

bated for the next 30 min at 4C, in the dark, with the
second-step reagent streptavidin peridinin chlorophill
protein (PerCP) (Becton Dickinson, Mountain View,
CA, USA). Following three washes in PS medium,
the cells were fixed in 0.5 ml 1% paraformaldehyde
and kept at 4 C in the dark until analysis. All samples
were analyzed on the same day on a FACScan flow
cytometer (Becton Dickinson). Dead cells were rou-

tinely excluded on the basis of forward light scatter

and side light scatter. Usually 5 104 flow cytometric
events were analyzed. The analyses were carried out

with respect to appropriate isotypic and fluoro-
chrome-matched controls, with FACScan Research
Software program (Becton Dickinson).

Statistical Analysis

The data were expressed as mean _+ SEM. One-way
analysis of variance (ANOVA) followed by LSD test

for post hoc comparisons was performed for deter-

mining the differences between means, using the
SPSS 7.5 for Windows software package and IBM
compatible PC.
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