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The study was aimed to define the putative role of ovarian
hormones in shaping thymocyte apoptosis and proliferation during
thymic involution. Thymocytes from young adult and middle-aged rats
ovariectomized (Ox) before puberty were examined for apoptosis and
proliferation. Apoptosis and proliferation were measured in fresh
thymocyte suspensions and in their 18-hour cultures, and fresh
thymocyte suspensions, respectively. The thymocyte population and
the major thymocyte subsets were analyzed following triple staining
using anti-CD4 and anti-CD8 monoclonal antibodies and 7-AAD to label
apoptotic or proliferating cells. The frequency of apoptotic cells was
lower in thymocyte suspensions and cultures from Ox rats of both ages.
This reflected in a diminished frequency of apoptotic cells amongst
CD4+CD8+ double positive (DP) and CD4+CD8- single positive (SP),
and DP cells in young and middle-aged Ox rats, respectively.
Additionally, in thymocyte cultures from Ox rats the frequency of
apoptotic cells amongst CD4+CD8- and CD4-CD8+ SP cells
decreased with age, but increased within DP and CD4-CD8- double
negative (DN) subsets, reaching in the former subset from middle-aged
Ox rats higher values than in age-matched controls. The frequency of
proliferating cells was also lower in Ox rats than in controls. This
reflected the lower frequency of cycling cells amongst CD4+CD8- SP
and CD4-CD8+ SP thymocytes in young rats, and DP and CD4-CD8+
SP thymocytes in middle-aged rats. Besides, in both SP and DP
thymocyte subsets from Ox rats the frequency of proliferating cells
declined with age. In conclusion, thymocyte apoptosis and proliferation
exhibit ovarian hormone-dependent thymocyte subset specific
alterations during thymic involution.
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INTRODUCTION

The link between sex steroids and thymic involution has been extensively
investigated, but still remains a complex puzzle with missing pieces. Thymus, a
specialized site for T-cell development, undergoes substantial age-associated
morphological and functional changes, eventually leading to a decline in output of
newly generated naive T cells and, consequently, alterations in adaptive immunity.
These changes are responsible for the increased susceptibility to infectious
diseases, greater incidence of malignant and autoimmune diseases and poor
response to vaccines in the elderly (Pawelec et al., 2005; Rose, 1994; Gruver et al.,
2007). It is generally accepted that in rodents the onset or, at least, dramatic
acceleration of thymic involution takes place at puberty (Linton and Dorshkind,
2004). However, the cellular and molecular mechanisms underlying this process
are not completely understood, yet. The better understanding of these
mechanisms will not only contribute to the understanding of basic cellular and
molecular mechanisms underlying age-related immune changes, but it could
enable us to formulate some new strategies to postpone and/or moderate age-
related decline in immune responsiveness.

The development of T-cells is a complex process involving thymocyte
proliferation, apoptosis and differentiational marker expression. Prothymocytes
seed the thymus and pass through multiple stages, from the earliest CD4-CD8-
double negative (DN) stage, to CD4+CD8+ double positive (DP) stage and
ultimately, following rigorous selection processes, to mature CD4+CD8- or CD4-
CD8+ single positive (SP) stage (Jameson et al., 1995). During positive selection,
thymocytes convert from a DP phenotype to a CD4+CD8- or a CD4-CD8+ SP
cells (Jameson et al., 1995). The majority of thymocytes will not undergo positive
selection, but will die by apoptosis within the thymus (Surh and Sprent, 1994).
Thymocytes that express a functional TCRo§ but are potentially autoreactive will
die by apoptosis as a result of negative selection. Thymocytes that do not express
a functional TCR cannot undergo positive or negative selection. This nonselected
population also dies by apoptosis (Surh and Sprent, 1994). Along thymocyte
developing route, cell proliferation takes place at several points from DN to SP
stage, but thymocyte expansion is most extensive at the transition from DN to DP
developmental stage (Surh and Sprent, 1994).

The overall thymocyte number is determined not only by the progenitor
entry, but also by thymocyte apoptosis and proliferation rate. Both of these
processes are shown to exhibit age-related changes. In the rat thymus, thymocyte
apoptosis is most prominent after 2-4 weeks of life (Quaglino et al., 2001).
Incorporation of thymidine in female rat thymocytes peaks during the second
month of life, and starts to decline after 6 months (Segal et al., 1985). However,
mechanisms standing behind the aforementioned age-related thymocyte
changes are still largely unknown.

There is an accumulating body of evidence indicating that pregnancy, as
well as estrogen treatment can induce a significant thymic atrophy in rodents
(Kuhl et al,. 1983; Silverstone et al., 1994; Staples et al., 1998). On the other hand,
it has been shown that in rodents prepubertal ovariectomy postpones age-
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associated thymic involution, whereas ovariectomy in adults leads to reversal of
thymic involutive changes and a significant increase in the overall thymocyte
number (Leposavic and Perisic, 2008; Perisic et al., 2010). However, it should be
pointed that the data on the effects of the extended ovarian hormone deprivation
on thymic involution are limited.

Moreover, there are findings indicating that ovarian hormones influence the
size of the thymocyte pool by affecting the proliferation of these cells (Zoller and
Kersh, 2006; Zoller et al., 2007). The available data on the influence of ovarian
hormones on thymocyte apoptosis and proliferation are inconsistent (Okasha et
al., 2001; Zoller et al., 2007). Okasha et al. (2001) showed direct proapoptotic
estradiol action on thymocytes. On the other hand, during pregnancy significant
changes in thymocyte apoptosis within any of the major thymocyte subsets were
not detected (Zoller and Kersh, 2006). Moreover, both estrogen anti-proliferative
(Zoller et al., 2007) and stimulatory effects (Brunelli et al., 1992) on thymocyte
subset proliferation have been reported.

Considering the all aforementioned, the present study was undertaken to
elucidate the putative role of ovarian hormones in determining proliferative and
apoptotic capacity of the major thymocyte subsets during thymic involution. To
this end, rats were ovariectomized (Ox) at the age of 1 month, and thymocyte
apoptosis and proliferation were examined within the major thymocyte subsets
delineated by CD4/CD8 expression in freshly isolated thymocyte suspensions
and in thymocyte cultures from young sexually mature (2-months-old) and
middle-aged (11-months-old) rats, showing signs of an advanced thymic
involution (Perisic et al., 2010).

MATERIALS AND METHODS

Animals

Female Albino Oxford (AO) rats used in the study were born and bred in the
animal housing facility at the Immunology Research Centre "Branislav Jankovi¢" in
Belgrade. All animals were housed in polyurethane boxes at constant
temperature (22+1°C) on a 12-h light/dark cycle with lights starting at 07:00 am.
They had free access to standard laboratory chow and tap water. All experimental
procedures involving animals and their care were in accordance with the Directive
2010/63/EU of the European Parliament and of the Council on the protection of
animals used for scientific purposes (revising Directive 86/609/EEC). The
experimental protocol was approved by the Experimental Animal Committee of
the Immunology Research Centre "Branislav Jankovic".

Experimental design

One-month-old prepubertal rats were randomly assigned to ovariectomy
and sham-ovariectomy. One and ten months afterwards, both Ox and sham-Ox
rats were sacrificed. Each group consisted of 6 animals.
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Surgical procedure

All animals were anaesthetized with i.p. injection (0.8 mL 100 g/b.w.) of
solution containing ketamine (100 mg/mL, Ketamidor®, Richter Pharma AG,
Austria), xylazine (20 mg/mL, Xylased®, Bioveta, Czech Republic) and saline, in a
1:0.5:8.5 ratio, and then bilaterally Ox or sham-Ox. Ovaries were removed through
small dorsal incisions above the ovaries, on each side of the lumbar spine. Skin
wounds were closed using surgical clips. In sham-Ox rats, the skin and muscle
layers were opened, ovaries manipulated, but not excised. Given that estrogens
increase uterine weight (Frasor et al., 2003), the efficiency of the ovariectomy was
confirmed at autopsy by measuring uterine wet weight. All rats were euthanized
by exposure to increasing concentrations of CO, (between 09:00 and 10:00 h).

Chemicals, antibodies and immunoconjugates

Sodium azide (NaN3) was purchased from Sigma-Aldrich Chemie Gmbh
(Tufkirchen, Germany), while 7-Amino-actinomycin D (7-AAD) and recombinant
rat IL-2 were obtained from BD Biosciences Pharmingen (Mountain View, CA,
USA).

Phenol red-free RPMI-1640 medium (with L-glutamine) was obtained from
Gibco (Invitrogen Corporation, Carlsbad, CA, USA). To prepare complete RPMI
medium 25 mM N-2-hydroxyethylpiperazine-N-2-ethanesulfonic acid (HEPES)
(Sigma-Aldrich Chemie Gmbh), 1 mM sodium pyruvate (Serva, Heidelberg,
Germany), 100 units/mL penicillin (ICN, Costa Mesa, CA, USA), 100 mg/mL
streptomycin (ICN) and 10% inactivated fetal calf serum (FCS) (Gibco, Grand
Island, NY, USA) were added.

The following monoclonal antibodies (mAbs) were used: PE-conjugated
anti-CD4 (clone OX-38) and FITC-conjugated anti-CD8 (clone OX-8). All these
mAbs and isotype IgG controls were purchased from BD Biosciences
Pharmingen.

Preparation of single-cell suspensions

For single-cell suspensions, thymi were dissociated by grinding on a sterile
60-um sieve screen submerged in ice-cold phosphate-buffered saline (PBS), pH
7.4, supplemented with 2% FCS and 0.01% NaN; (FACS buffer). The cell
suspensions were numerated using an improved Neubauer hemacytometer and
trypan blue dye to exclude non-viable cells. Cell density was adjusted to 1x10”
cells/mL by addition of FACS buffer.

Flow cytometric analysis (FCA)

Analysis of thymocyte apoptosis

Thymocyte apoptosis was measured in freshly isolated thymocyte
suspensions and in thymocyte cultures. A total of 2x10° cells/well of thymocytes
was cultivated in 96-well flat-bottom plates (NuncA/S, Roskilde, Denmark) in
phenol red-free RPMI 1640 for 18h. The frequency of apoptotic cells within the
entire thymocyte population, and within the major thymocyte subsets was
determined using 7-AAD staining as previously described (PeriSi¢ et al., 2012).
Briefly, aliquots of single cell suspensions of thymocytes (0.5x10° cells) were
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incubated with PE-conjugated anti-CD4 and FITC-conjugated anti-CD8 mAb
cocktail for 30 min and washed in cold PBS to remove the excess Abs. Next, the
cells were incubated with DNA binding dye 7-AAD (5 uL) at 4°C for 20 min, and
subsequently analyzed on a FACScan flow cytometer using CELLQuest™
software (BD Biosciences). According to the intensity of 7-AAD fluorescence, live
(7-AADY) | early apoptotic (7-AAD™) and late apoptotic thymocytes (7-AADP9)
were delineated within each of four thymocyte subsets identified by plotting CD4
vs CD8 expression. It is noteworthy that: i) 7-AAD analysis closely matches with
merocyanine 540 (Perisic et al., 2010) and FITC-annexinV (Donner et al., 1999;
Gogal et al., 2000) and ii) this assay was superior to propidium iodide and
forward/side scatter analysis (Donner et al., 1999; Gogal et al., 2000).

Analysis of thymocyte proliferation

The frequency of proliferating cells (cells in S+G2/M phases of cell cycle)
was measured in freshly isolated thymocyte suspensions. The cells were
subjected to triple 7-AAD DNA (to identify proliferating cells) and CD4/CD8
thymocyte surface antigen labeling (Rabinovitch et al., 1986). Briefly, aliquots of
0.5x10° cells/mL were incubated with a cocktail of anti-CD4 PE and anti-CD8 FITC
mAbs for 30 min and washed in cold PBS to remove the excess Abs.
Subsequently, the pellet was resuspended in 150 uL 50% FCS in PBS and the
cells were fixed/permeabilized by dropwise addition of 450 uL of cold 70% ethanol
in double distilled H,O while gently mixing. This technique provides the necessary
permeabilization of cell membranes for accurate measurement of DNA content
with minimal loss of Ag surface expression and Ag-Ab association. The cells were
incubated overnight, washed twice with cold PBS to remove the ethanol and
precipitated protein and incubated with 7-AAD (10 uL) at 4°C for 30 min before
analysis on FACScan flow cytometer (Becton Dickinson) using CELLQuest™
software (BD Biosciences). Doublets were excluded by analyzing the correlated
area against width signals of the 7-AAD fluorescence on doublet discrimination
module (DDM) dot plot.

Statistical analysis

All data are presented as means = SEM. The age-related differences were
assessed using Student's unpaired t-test. To assess statistical significance of
influence of peripubertal ovariectomy and aging on thymocyte apoptosis and
proliferation (ovariectomy x aging), two-way ANOVA followed by the Bonferroni
test for post hoc comparisons was used. All analyses were performed with
GraphPad Prism 5 software (GraphPad Software, Inc., La Jolla, CA, USA) with the
significance level set at p<0.05.

RESULTS

Effects of ovarian hormone deprivation on thymic cellularity

The withdrawal of ovarian hormones at the age of 30 days led to higher
(p<0.001) thymocyte vyields in both young (213.93x107/thymus=+8.03x107/
thymus in Ox rats vs 104.03x107/thymus+3.43x107/thymus in controls) and
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middle-aged (49.41 x 107/thymus=1.84x107/thymus in Ox rats vs 14.85x107/
thymus=1.68x107/thymus in controls) rats, but this rise was more prominent
[ovariectomy x age, F(1,20)= 68.84, p<0.001] in middle-aged rats.

Irrespective of ovarian hormone presence, a prominent decline in thymic
cellularity was observed (p<0.001) between the ages of 2 and 11 months, but it
was less pronounced in Ox (approx. 23% of that in young adult rats) than in
control rats (approx. 14% of that in young adult rats).

Effects of ovarian hormone deprivation on thymocyte apoptosis

Next, we examined thymocyte apoptosis. Given that it is often difficult to
detect the effects of experimental interventions on thymocyte apoptosis because
of rapid clearance of apoptotic cells by phagocytes in vivo (Kamath et al., 1998;
Okasha et al., 2001), we examined cell apoptosis not only in freshly isolated
thymocyte suspensions, but also in 18-hour thymocyte cultures (Fig. 1).
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Figure 1. Representative flow cytometry profile demonstrating cell apoptosis within the
major thymocyte subsets in 18-hour thymocyte culture from control young adult rats.
Representative dot-plots generated by flow cytometry analysis software indicate 7-
AAD staining of the major thymocyte subsets (CD4-CD8-, CD4+CD8+, CD4-CD8+,
CD4-CD8+) gated as shown in (central) flow cytometry dot-plot illustrating CD4 vs
CDB8 thymocyte surface labeling. Samples were examined for three degrees of 7-AAD
staining intensity: 7-AADU! (live cells), 7-AADYM (early apoptotic cells) and 7-
AADPright (jate apoptotic cells) were delineated within distinct thymocyte subsets.
Total apoptosis = early + late apoptosis

Thymocyte apoptosis in fresh thymocyte suspensions

Comparing with fresh thymocyte suspensions from age-matched control
rats, a markedly lower (p<0.001) frequency of apoptotic cells was found only in
thymocyte suspensions isolated from young adult ovarian hormone deprived rats
[ovariectomy x age interaction, F(1,20)= 59.96, p<0.001]. This decrease could
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be ascribed to the diminished (p<0.001) frequency of cells in late apoptosis (Fig.
2B). Differently from control suspensions, in thymocyte suspensions from Ox rats
an age-dependent rise (p<0.001) in the overall frequency of apoptotic cells was
found (Fig. 2A). This rise reflected the increase in the frequencies of thymocytes in
both early (p<0.001) and late phases (p<0.01) of apoptosis with age (Fig. 2B). On
the other hand, in thymocyte suspensions from control rats, due to the age-
related decrease (p<0.001) in the frequency of cells in late apoptosis, the overall
frequency of apoptotic cells was lower (p<0.01) in thymocyte suspensions from
middle-aged than those from young rats (Fig. 2B).
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Figure 2. Ovarian hormone withdrawal diminished the percentage of apoptotic cells in
freshly isolated thymocyte suspensions. The bar graphs represent the percentage of
(A) all apoptotic cells and (B) percentages of cells in (left) early and (right) late phase
of apoptosis in fresh thymocyte suspensions from young and middle-aged rats
ovariectomized at the age of one month (Ox) and age-matched controls (Controls).
The figure shows representative results from three independent experiments. Data
are presented as mean + SEM. (n = 6); **p<0.01; ***p<0.001

Thymocyte apoptosis in culture

Compared with age-matched controls, the overall frequency of cells
undergoing apoptosis was diminished in 18-hour thymocyte cultures from both
young (p<0.001) and middle-aged (p<0.05) Ox rats, but to a greater extent
[ovariectomy x age interaction, F(1,20)= 5.07, p<0.05] in those from young ones
(Fig. 3A). The decrease in the frequency of apoptotic cells in thymocyte cultures
from Ox rats of both ages reflected the diminished (p<0.01) frequency of cells in
early apoptosis. A more pronounced decrease in the frequency of apoptotic cells
in thymocyte cultures from young Ox rats than in those from middle-aged rats
when compared with their age-matched control cultures, was related to a
decrease in the frequency of cells in late apoptosis, which was registered only in
young rats [ovariectomy x age interaction, F(1,20) = 13.19, p<0.01] (Fig. 3B).



10 Acta Veterinaria (Beograd), Vol. 63, No. 1, 3-21, 2013.
Arsenovié-Ranin Nevena: Thymocyte apoptosis and proliferation modeling during rat
thymic involution is influenced by ovarian hormones in a thymocyte subset-specific manner

A All thymocytes B
50
'=; w — = =;
£ 30 ]
£ z
g 20 £
5 5
& 10 ®
»
Noung Middle-aged Young  Middle-aged Noung _ Middle-aged
Total apaptosis Farly apaptosis Tate apaptosis
CD4-CD8- DN thymocytes X
£ = 60
e { =
TSy
Iz o =
: R0
£ = s
: =
]
=20 o}
& &
o [}
Young. Middle-aged Young  Middle-aged Young  Middlc-aged
Tatal apoptasis Early apoptosis Late apoptosis
CD4+CD8+ DP thymocytes ans "
w0y — o 25 ik Qi
2 = 20 -
g Z ~
= z 15
Z 20 g
g ERUC
) 2
= 10 LI
& ®
o - 1]
Young Middle-aged Young  Middle-aged Young  Middle-nged
Total apaptosis Early apaptosis Late apopiosis
CD4+CDS- SP thymocytes mnn
6y — 3y a
asn . £
T . ER e
£ ———— K]
2 0 £ 10
= 5
3 2
o - 0 -
Voung, Middie-aged Voung  Middle-aged Young  Middle-aged
Total apopiosis Early apoptosis Late apoptosis
CD4-CDS+ SP thymocytes
50 T o 40 asn
P = - D
T 2 ———
Y T N -
£ M B
g W H ass
B 2w
Z 20- g
- =
£ 10 210
0 o
Young Middle-nged Young  Middle-agesd Young  Middle-aged
Total apoptosis Early apoptosis Tate apoptosis.
[ Controls @ Ox

Figure 3. Ovarian hormone withdrawal exerted thymocyte subset-specific and age-
dependent effects on cell apoptosis in thymocyte cultures. (Panel A) The bar graphs
represent the percentage of all apoptotic cells and percentages of apoptotic cells
within distinct thymocyte subsets delineated by CD4 vs CD8 expression (CD4-CD8-,
CD4+CD8+, CD4-CD8+, CD4-CD8+) in 18-hour thymocyte cultures from young
and middle-aged rats ovariectomized (Ox) at the age of one month (Ox groups) and
age-matched control rats (Controls). (Panel B) The graph bars indicate the
percentage of apoptotic cells in (left) early and (right) late phase of apoptosis within
the whole thymocyte population and the major thymocyte subsets in thymocyte
cultures from young and middle-aged Ox (Ox groups) and age-matched control rats
(Controls). The figure shows representative results from three independent
experiments. Data are expressed as mean = SEM. (n=6); p<0.05; **p<0.01;
***<0.001
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Irrespective of the ovarian hormone presence, the overall frequency of
apoptotic cells in thymocyte cultures was not influenced by donor age. Namely,
with age in thymocyte cultures from both Ox and control rats the frequency of cells
in early apoptosis increased (p<0.01), whereas that of the cells in late apoptosis
decreased (p<0.001), so the overall frequency of apoptotic cells was comparable
in thymocyte cultures from young and middle-aged rats (Fig. 3B).

Apoptosis within the major thymocyte subsets

To determine the stage of differentiation at which thymocytes were most
susceptible to ovarian hormone-induced apoptosis, we examined the frequency
of apoptotic cells within different thymocytes subsets delineated by CD4/CD8
surface expression.

Compared with control cultures from age-matched rats, the frequency of
apoptotic cells within DN subset was unaltered in thymocyte cultures from young
Ox rats, whereas it was increased (p<0.001) in those from middle-aged Ox rats
[ovariectomy x age interaction, F(1,20)= 9.05, p<0.01], due to a higher
(p<0.001) frequency of cells in late apoptosis (Fig. 3A, B). In addition, differently
from control cultures, in thymocyte cultures from Ox rats the age-related increase
(p<0.05) in the overall frequency of apoptotic cells amongst DN thymocytes was
found (Fig. 3A). This increase reflected a higher (p<0.05) frequency of cells in late
apoptosis (Fig. 3B).

The overall frequency of apoptotic cells amongst DP thymocytes was
diminished in thymocyte cultures from both young (p<0.001) and middle-aged
(p<0.05) Ox rats in respect to corresponding age-matched control thymocyte
cultures, but this decrease was more prominent in young rats [ovariectomy x age
interaction, F(1,20)= 8.62, p<0.01] (Fig. 3Ac). In thymocyte cultures from Ox rats
the decrease in the overall apoptosis reflected diminished frequency of cells in
both early (p<0.01) and late (p<0.001) apoptosis and in early apoptosis (p<0.01)
in young and middle-aged rats, respectively (Fig. 3Bc). Furthermore, differently
from control cultures, where the overall frequency of apoptotic cells was not
influenced by donor animal age, in thymocyte cultures from Ox rats an age-
related increase (p<0.01) in the overall frequency of apoptotic cells amongst DP
thymocytes was found (Fig. 3A). This increase reflected a higher (p<0.01)
frequency of cells in early apoptosis in thymocyte cultures from middle-aged
compared with young adult rats (Fig. 3A).

Ovariectomy led to significant changes in the overall frequency of apoptotic
CD4+CD8- SP cells within CD4+CD8- SP subset only in thymocyte cultures from
young rats [ovariectomy x age interaction, F(1,20)= 10.26, p<0.01]. The overall
frequency of apoptotic cells) amongst CD4+CD8- SP cells was diminished
(p<0.001) in thymocyte cultures from young Ox rats (Fig. 3A). This reflected the
reduction in the frequency of cells in both early (p<0.05) and late (p<0.01)
apoptosis (Fig. 3B). In thymocyte cultures from both control (p<0.001) and Ox
(p<0.05) rats the age-related decreases in the overall frequency of apoptotic cells
were measured (Fig. 3A). The age-related decline in the overall frequency of
apoptotic cells within CD4+CD8- SP subset in thymocyte cultures from Ox rats
reflected a decrease (p<0.01) in the frequency of cells in late apoptosis, whereas
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that in control rats was related to the diminished frequencies of cells in both early
(p<0.05) and late (p<0.001) apoptosis (Fig. 3B).

Differently from other thymocyte subsets, the overall frequency of apoptotic
cells amongst the CD4-CD8+ SP cells was not significantly affected in thymocyte
cultures from Ox rats compared with age-matched control cultures (Fig. 3A).
However, in thymocyte cultures from both Ox (p<0.01) and control (p<0.05) rats,
an age-dependant decrease in the overall frequency of apoptotic cells amongst
CD4-CD8+ thymocytes was found. This reflected dramatic age-related decline
(p<0.001) in the frequencies of cells in late apoptosis, since the frequencies of
cells in early apoptosis increased in both Ox (p<0.05) and control (p<0.001) rats
with age (Fig. 3B).

Effects of ovarian hormone deprivation on thymocyte proliferation

To elucidate the role of ovarian hormones in shaping the age-related
changes in thymocyte proliferative capacity, we measured the frequency of
proliferating cells (cells in S+G2/M phases of the cell cycle) within the major
thymocyte subsets using 7-AAD staining (Fig. 4).
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Figure 4. Representative flow cytometry profiles generated by cell cycle analysis of 7-AAD
staining of the major thymocyte subsets in fresh thymocyte suspensions.
The flow cytometry histograms show 7-AAD staining of the major thymocyte subsets
(CD4-CD8-, CD4+CD8+, CD4-CD8+, CD4-CD8+) from young adult control rats
gated as shown in (central) flow cytometry dot-plot illustrating CD4/CD8 thymocyte
surface labeling. In all histograms, the bar indicates proliferating cells (cells in
S+G2M phases of cell cycle)

Ovariectomy diminished thymocyte proliferation in both young (p<0.01)
and middle-aged rats (p<0.001), but this effect of ovariectomy was more
pronounced in middle-aged rats [ovariectomy x age interaction, F (1,20)=4.40,
p<0.05] (Fig. 5). In thymocyte suspensions from both Ox (p<0.001) and control
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rats (p<0.05) the age-related decline in the frequency of proliferating cells was
detected (Fig. 5).
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Figure 5. Ovarian hormone withdrawal affected the percentage of proliferating cells in a
thymocyte subset-specific and age-dependent manner.
The bar graphs represent the percentage of proliferating cells (cells in S+G2/M
phases of cell cycle identified by 7-AAD staining) within (panel A) whole freshly
isolated thymocyte population and (panel B) the major thymocyte subsets delineated
by CD4/CD8 expression (CD4-CD8- DN, CD4+CD8+ DP, CD4+CD8- SP and CD4-
CD8+ SP thymocytes) from young adult and middle-aged rats ovariectomized at age
of 1 month (Ox groups) and from their age-matched counterparts (Controls). The
figure shows representative results from three independent experiments. The data
are expressed as mean = S.E.M. (n = 6) *p<0.05; ** p<0.01; ***p<0.001
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Thymocyte proliferation in distinct thymocyte subsets

Next, to identify thymocyte subset/s, which is/are particularly sensitive to the
withdrawal of ovarian hormones, we examined the frequency of proliferating cells
within each of four thymocyte subsets delineated by CD4/CD8 expression.

In freshly prepared thymocyte suspensions, the frequency of proliferating
cells in DN subset was influenced by neither ovariectomy nor aging.

In DP thymocyte subset we detected ovariectomy-induced decrease
(p<0.001) in the frequency of proliferating cells only in thymocyte suspensions
freshly isolated from middle-aged rats [ovariectomy x age interaction, F (1,20) =
12.30, p<0.01] (Fig. 5). Furthermore, in thymocyte suspensions from Ox rats we
detected the age-related decline (p<0.001) in the frequency of proliferating cells
amongst DP thymocytes, whereas the frequency of these cells remained stable in
DP subset from control rats (Fig. 5).

Ovariectomy influenced the frequency of proliferating cells only within
CD4+CD8- SP cell subset in thymocyte suspensions from young rats
[ovariectomy x age interaction, F (1,20) = 6.02, p<0.05]. In these suspensions the
frequency of proliferating cells amongst CD4+CD8- SP thymocytes was lower
(p<0.01) than in the corresponding control suspensions (Fig. 5). The frequency of
proliferating cells amongst CD4+CD8- SP subset exhibited age-related decline
(p<0.001) in thymocyte suspensions from both Ox and control rats (Fig. 5).

In thymocyte suspensions from both young (p<0.01) and middle-aged
(p<0.05) Ox rats, the frequency of proliferating cells within CD4-CD8+ thymocyte
subset was diminished compared with age-matched controls (Fig. 5). Besides,
the frequencies of proliferating cells amongst CD4-CD8+ cells in thymocyte
suspensions from both Ox and control middle-aged rats were lower (p<0.001)
than in thymocyte suspensions from their young counterparts (Fig. 5).

DISCUSSION

The study showed that the ovarian hormones withdrawal before puberty
significantly diminished the overall thymocyte apoptosis and proliferation in
young sexually mature rats. The values of these thymocyte indices remained
lower in middle-aged Ox than in age-matched controls. Furthermore, the
withdrawal of ovarian hormones leads to differential effects on distinct thymocyte
subsets. This seems to be quite expectable if one considers the following facts.
Firstly, there is differential expression of classical intracellular estrogen receptors
and membrane G protein-coupled receptor 30 (GPR30) across thymocyte
subsets (Leposavic and Perisic, 2008). Secondly, distinct thymocyte subsets
reside in substantially different microsurroundings (Takahama, 2006). Thirdly,
ovarian hormones are shown to influence specific subpopulations of thymic
stromal cells, which, in turn, may influence thymocyte apoptotic and proliferative
capacity (Leposavic and Perisic, 2008). Finally, the effects of estrogens on
immune cells are dependent on: i) the cell type/maturation and its specific
microenvironment, ii) the expression of estrogen receptor subtypes and iii) the
concentration of estrogens (Straub, 2007).
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Thymocyte apoptosis

The lower frequency of apoptotic cells in thymocyte suspensions and in 18-
hour thymocyte cultures from young Ox rats compared with age-matched
controls is in agreement with data showing that: i) estrogen enhances in vitro
murine thymocyte apoptosis (McMurray et al., 2000) and ii) the extended
exposure of adult female mice to supraphysiological levels of 17 B-estradiol or to
low doses of diethylstilbestrol (DES) increases the percentage of apoptotic cells in
fresh thymocyte suspensions (Zajchowski et al., 2000; Calemine et al., 2002). In
addition, the exposure to pharmacological levels of p-estradiol leads to greater
frequency of apoptotic thymocytes and Fas/FasL mRNA levels in thymi from
female rats (Yao and Hou, 2004).

Unlike in thymocyte cultures from middle-aged Ox rats, where the frequency
of apoptotic cells was lower than in those from age-matched controls, there was
no significant difference in the frequency of apoptotic cells in fresh thymocyte
suspensions from the same animals. Furthermore, differently from thymocyte
cultures (where the frequency of apoptotic cells was stable irrespective of donor
age and ovarian hormone presence), the frequencies of apoptotic cells in freshly
prepared thymocyte suspensions from Ox and control rats exhibited age-related
increase and decrease, respectively. Different patterns of the age-associated
changes in thymocyte apoptosis amongst freshly isolated and cultured
thymocytes from control rats could be related to an age-related increase in
macrophage phagocytic activity (Stout and Suttles, 2005; Nishioka and
Hosokawa, 2010), leading to a more efficient elimination of apoptotic cells in the
thymus. The substantial decrease in the frequency of cells in late apoptosis in
fresh thymocyte suspensions from middle-aged compared with young controls
may be taken as indicative of the enhanced macrophage phagocytosis in older
animals. Differential pattern of age-related changes in the frequency of apoptotic
cells in fresh thymocyte suspensions from Ox rats and in their cultures could be
explained by data combining two lines of evidence. First, that estrogen influences
macrophage phagocytosis (Chao et al., 1996; Salem et al., 1999). Second, that
there is a gradual increase in the circulating estrogen level after ovariectomy in
rats, due to the augmented adrenal production and peripheral aromatization of
adrenal androgens (Zhao et al., 2005).

Moreover, our results showed that the withdrawal of ovarian hormones
affected thymocyte apoptosis in a thymocyte subset-specific manner. In favor of
this finding are data indicating that both DES administration to adult female rats
and exposure to this estrogenic compound during foetal development lead to the
cell subset-specific changes in thymocyte apoptosis (Calemine et al., 2002;
Besteman et al., 2005). Considering the ovariectomy-induced effects on
thymocyte apoptosis across distinct thymocyte subsets in culture, it seems clear
that the decrease in the frequency of apoptotic cells among the most numerous
DP thymocytes mostly contributed to the diminished frequency of apoptotic cells
in thymocyte cultures from Ox rats of both ages. This is consistent with the data
indicating that DES augments female murine DP cell apoptosis in a dose-
dependent manner (Calemine et al., 2002). Further support for this finding comes
from data showing that: i) DP cells are extremely sensitive to various apoptotic
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stimuli in vitro, most likely, due to the constitutive activation of the E2F-1
transcription factor (Xue et al., 2010) and ii) signaling via estrogen receptor a
enhances the expression of E2F1 (Louie et al., 2010). It should be also pointed
that the downregulation of Fas/Fas ligand signaling complex component
expression in DP thymocytes, as a consequence of insufficient estrogen
stimulation through classical intracellular estrogen receptor, could also contribute
to the diminished apoptosis of these cells in Ox rats (Mor et al., 2002; Yao and
Hou, 2004). Moreover, given that in the presence of low level of endogenous
estradiol, GPR30-mediated estrogen signaling might exert an anti-apoptotic effect
on DP thymocytes, by altering Ca?* influx and mobilization from intracellular
reservoirs (Revankar et al., 2005; Wang et al., 2008), it may be speculated that this
mechanism also contributed to the lower apoptosis within heterogeneous (in
terms of differentiation/maturation) DP subset from Ox rats. The age-related
increase in the frequency of apoptotic cells within this cell subset in thymocyte
cultures from Ox rats could be related to the aforementioned gradual increase of
the circulating estrogen levels following ovariectomy (Zhao et al., 2005).

In keeping with data showing that phytoestrogens induce apoptosis
selectively in CD4+CD8- SP and DP thymocytes in adult mice (Yellayi et al., 2002),
we measured the higher frequency of apoptotic cells amongst CD4+CD8- SP
cells in thymocyte cultures from young Ox rats. The frequency of apoptotic cells
within this subset in thymocyte cultures from Ox, as in those from control rats,
continued to decrease with age. This finding is consistent with the data indicating
that thymocytes in aged animals acquire resistance to apoptosis with maturation
(Palmers et al., 2009). This is most likely a compensatory mechanism acting to
sustain the numbers of recent thymic emigrants in the periphery that declines with
age (Palmers et al., 2009). In keeping with this assumption, we found an age-
related decrease in the frequency of apoptotic cells within CD4-CD8+ subset in
thymocyte cultures from both Ox and control rats.

Finally, the frequency of apoptotic cells was higher in a small subset of the
most immature DN cells in thymocyte cultures from middle-aged Ox rats than in
age-matched controls. This most likely reflected the influence of ovarian hormone
deprivation on the microenvironment supporting DN cell survival and
differentiation. In favor of this hypothesis are our unpublished data that cortical
thymic epithelial component in rats exhibits more profound changes between the
ages of 2 and 11 months in the Ox than in control rats.

Thymocyte proliferation

The study also demonstrated that the frequency of proliferating cells is
substantially lower in thymocyte suspensions freshly isolated from Ox rats of both
ages then in their age-matched controls. This finding is consistent with data
showing that in Balb/c mice single injection of 17-f-estradiol, as well as
pregnancy-induced rise in ovarian steroid hormone levels leads to the increase in
the percentage of thymocytes in the M phase of the cell cycle (Brunelli et al.,
1992). However, it should be pointed that Zoller et al. (2007) reported the
decrease in frequency of BrdU+ cells within all major thymocyte subsets from
pregnant C57BL/6 mice. This obvious discrepancy between the results obtained
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in pregnant mice of distinct strains, could be related to: i) genetic differences, ii)
different time points during gestation when analysis was performed (on gestation
day 2, 10 and 17 in Balb/c and 18.5 in C57BL/6 mice) and iii) the fact that changes
in the percentage of cells in the M phase of the cell cycle and in that of BrdU+
(presumably all cells that incorporated BrdU, including those entering apoptosis)
cells were reported in Balb/c and C57BL/6 mice (Brunelli et al., 1992; Zoller et al.,
2007), respectively. In favor of the lower thymocyte proliferation in the absence of
ovarian hormones there are data that: i) both thymic epithelial cells and
macrophages synthesize prostaglandin E2 (PGE2) that acts as a cell proliferation
suppressive factor (Hirokawa et al., 1994; Malaguarnera et al., 2001), ii) 17-3-
estradiol negatively regulates PGE2 synthesis in rat uterine tissue (Chaud et al.,
1994) and iii) ovariectomy-induced increase in PG synthesis in neonatal mouse
bone marrow could be reversed by estrogen replacement (Kawaguchi et al.,
1994).

Although it has been previously shown that the extended exposure to high
ovarian steroid hormone levels increases the percentage of proliferating cells in all
thymocyte subsets from mice (Brunelli et al., 1992; Zoller et al., 2007),
ovariectomy-induced decrease in rat thymocyte proliferation achieved statistical
significance only within SP subsets from young rats. Given that both DN and DP
subsets contain cells at distinct differentiational/maturational stages (Perisic et al.,
2010), which possibly exhibit different sensitivity to ovarian hormone action, it may
be speculated that their composition in mice and rats differs in respect to cell
differentiational/maturational stage, and consequently sensitivity to ovarian
hormone action, so that the net effect of ovarian hormones on their proliferation of
DN cells differs between these two species. In addition, it should be consider that
the ovariectomy-induced changes in thymocyte proliferation could be induced by
withdrawal of not only ovarian steroids, but also some non-steroid ovarian
hormones, as it is inhibin, exerting stimulatory effects on thymocyte proliferation
(Aleman-Muench and Soldevila, 2012). The diminished proliferation of both
CD4+CD8- and CD4-CD8+ SP thymocytes in Ox rats could be linked with the
higher PGE2 concentration is in thymic medulla, where the most mature SP
thymocytes reside (Takahama, 2006), than in the thymic cortex (Hirokawa et al.,
1994).

Furthermore, in both control and Ox rats, we found the age-related decline
in thymocyte proliferation, which reflected the diminished proliferation of both
CD4+CD8- and CD4-CD8+ SP cells. This was consistent with the previous
finding showing that murine thymocytes stimulated with ConA (which acts
through the TCR) together with interleukin-2 displayed an age-related decline in
proliferation (Palmers et al., 2009). We obtained similar data using Wistar rat
thymocytes (Leposavic et al., 2006). Moreover, assessing in vivo intrathymic
proliferation by employing TCR excision circle (TREC) ratio analysis, it was
revealed that only thymocytes in later stages of maturation are affected by aging
in humans (Dion et al., 2004). In addition, in Ox rats we also observed a
diminished cell proliferation in DP thymocyte subset. It should be pointed that of
all thymocytes the least mature cortical DP cells exhibit most extensive
proliferation (Surh and Sprent, 1994). Considering that between the ages of 2 and
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11 months more extensive changes in thymic stroma were observed in
prepubertally Ox than in control rats (our unpublished data), it may be speculated
that in Ox rats a decreased proliferation of the least mature DP cells, due to more
extensive changes in their surrounding, contributed to the lower frequency of
proliferating cells within the whole DP thymocyte subset.

In conclusion, the study showed that ovarian hormones contribute to the
alterations in the overall rat thymocyte apoptotic and proliferative capacity
occurring with thymic involution. Furthermore, it demonstrated that only
thymocytes at certain stages of differentiation/maturation embedded in specific
cellular and molecular surrounding exhibit sensitivity to ovarian hormone action in
terms of modulation of cell apoptotic and proliferative capacity. Moreover, it
indicated that the effects of ovarian hormone withdrawal significantly change with
age. Given that thymocyte subsets identified by CD4/CD8 expression are
heterogeneous in respect to differentiation/maturation, it may be assumed that
the age-related changes in the effects of ovariectomy reflected age-related (most
likely not only ovarian-hormone dependent), alteration in composition of
thymocyte subsets in respect to contribution of cells at distinct developmental
stages and/or in intrinsic characteristics of compositing cells. In addition, these
changes may be related to the age-related alterations in specific
microenvironment supporting distinct stages of thymocyte development.
Alternatively, they could reflect the changes in ovarian steroid concentration
occurring following ovariectomy in rats. To exclude the latter option, additional
experiments using blockers of steroid hormone synthesis and/or action are
necessary.
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HORMONI OVARIJUMA IMAJU RAZLI(v:ITvUTICAJ NA MODELOVANJE APOPTOZE
| PROLIFERACIJE UNUTAR RAZLICITIH SUBPOPULACIJA TIMOCITA
TOKOM INVOLUCIJE TIMUSA

ARSENOVIC-RANIN NEVENA, NACKA-ALEKSIC MIRJANA, DJIKIC JASMINA,
PERISIC MILICA, KOSEC D, PILIPOVIC I, STOJIC-VUKANIC ZORICA
i LEPOSAVIC GORDANA

SADRZAJ

Cilj istrazivanja je bio da se definiSe znacaj hormona ovarijuma za razvoj
promena u apoptozi i proliferaciji timocita tokom involucije timusa. U tom cilju
apoptoza i proliferacija timocita ispitivana je kod prepubertetno ovariektomisanih
(Ox) mladih (uzrasta 2 meseca) i sredovecnih pacova (uzrasta 11 meseci). Apop-
toza je odredivana u suspenziji sveze izolovanih timocita i nakon njihove 18-
¢asovne kultivacije, a proliferacija u suspenziji sveze izolovanih timocita. Procenat
apoptoti¢nih i proliferiSucih ¢elija je odredivan u celokupnoj populaciji timocita, i
unutar glavnih subpopulacija ovih ¢éelija, koje su razdvojene na osnovu ekspresije
CD4/CD8 molekula, metodom proto¢ne fluorocitometrije, koriSéenjem 7-amino-
aktinomicina D (7-AAD). Procenat ¢éelija u apoptozi je bio zna¢ajno manji u sus-
penzijama svezih timocita koji su izolovani iz Ox zZivotinja i u njihovim kulturama
nego u onim izolovanim iz kontrolnih Zivotinja. Ovaj nalaz je odrazavao smanjenu
ucCestalost ¢elija u apoptozi u CD4+CD8+ dvostruko pozitivnoj (DP) i CD4+CD8-
jednostruko pozitivnoj (JP) subpopulaciji timocita kod mladih i u DP subpopulaciji
kod sredovecénih Ox pacova. U kulturama timocita koji su izolovani iz sredovecnih
Ox pacova uoceno je smanjenje uCestalosti ¢elija u apoptozi unutar subpopula-
cija CD4+CD8- i CD4-CD8+ JP timocita, a pove¢anje unutar DP i CD4-CD8-
dvostruko negativne (DN) subpopulacije ovih ¢elija. UCestalost proliferiSucih
celija je takode bila niza u suspenzijama timocita izolovanih iz Ox pacova nego u
onim izolovanim iz kontrolnih Zivotinja. Ovo je odrazavalo smanjenu proliferaciju
CD4+CD8- i CD4-CD8+ JP timocita kod mladih, a DP i CD4-CD8+ JP timocita
kod sredovecnih pacova. Procentualna zastupljenost proliferiSucih celija u sub-
populacijama JP i DP timocita je bila ve¢a kod mladih nego kod sredovecnih Ox
pacova. U zaklju€ku, tokom involucije timusa dolazi do promena u apoptozi i pro-
liferaciji timocita koje su specifi¢ne za pojedine subpopulacije timocita i zavisne
od prisustva hormona ovarijuma.






