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SUMMARY

In utero irradiation (IR) and postnatal hyperthermia (HT) exposure cause infertility
by decreasing spermatogenic colony growth and the number of sperm in rats. Four
groups were used: (i) Control group, (ii) HT group (rats exposed to hyperthermia on
the 10th postnatal day), (iii) IR group (rats exposed to IR on the 17th gestational
day) and (iv) IR + HT group. Three and six months after the procedures testes were
examined by light and electron microscopy. Some degenerated tubules in the HT
group, many vacuoles in spermatogenic cells and degenerated tight junctions in the
IR group, atrophic tubules and severe degeneration of tight junctions in the IR + HT
group were observed. ZO-1 and occludin immunoreactivity were decreased and dis-
organized in the HT and IR groups and absent in the IR + HT group. The increase
in the number of apoptotic cells was accompanied by a time-dependent decrease in
haploid, diploid and tetraploid cells in all groups. Degenerative findings were severe
after 6 months in all groups. The double-hit model may represent a Sertoli cell only
model of infertility due to a decrease in spermatogenic cell and alterated blood-testis
barrier proteins in rat.
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Spermatogenesis is a long, complex and finely tuned process.
During this process, the developing sperm cell is sensitive to
endogenous and exogenous factors. Exposure to reproduc-
tive cytotoxic agents may damage somatic testicular cells or
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germ cells at different stages of differentiation, leading to a
temporary or permanent impairment of fertility (Take et al.
2009). Many studies have shown that irradiation (IR) and
hyperthermia (HT) lead to infertility due to decrease in
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spermatogenic colony growth, decrease in the number of
sperm and in the weight of the testis in rats (Moore &
Chase 1923; Brinkworth & Handelsman 2000). Moreover,
short-term exposure of the testis to heat (Lue ef al. 1999;
Xu et al. 2003) and radiation (Allan et al. 1988; Hasegawa
et al. 1997) causes apoptosis-related loss of germ cells in the
adult rat.

It is evident that significant permanent tissue hypoplasia
can result following ionizing IR exposure in late foetal
development. Exposure to ionizing IR in early development
causes infertility by affecting the gonocytes (Jensh & Brent
1988). Ionized radiation triggers the apoptosis of the
spermatogenic cells (Allan ef al. 1988; Hasegawa et al.
1997). Depending on the dose and duration of ionizing
radiation, spermatogenic cell damage can be irreversible
(Brinkworth & Handelsman 2000).

Another environmental factor causing infertility in males
is high-temperature. Experimental studies have shown that
HT leads to spermatogenic cell death depending on its dura-
tion and amplitude (Collins & Lacy 1969).

All germ cells are associated with adjacent spermatogenic
cells and with Sertoli cells. This dynamic relation is medi-
ated by tight, gap and anchoring junctions (Russell 1993).
Tight junctions between Sertoli cells and epididymal epithe-
lia are important for the formation and functioning of the
blood-testis and blood-epididymal barriers. Sertoli cell tight
junctions in the seminiferous epithelium are close to the
basement membrane. These junctions at the basal domain of
Sertoli cells break down to allow the passage of preleptotene
and leptotene spermatocytes across the blood-testis barrier,
while new tight junction fibrils are formed under the migrat-
ing preleptotene and leptotene spermatocytes (Pelletier
2001). During this process, tight junctions have a coordinat-
ing role in the movement of early spermatocytes to the
adluminal compartment of the seminiferous epithelium.

Epithelial tight junctions are multimolecular membrane
specializations comprising multiple integral
proteins such as zonula occludens-1 (ZO-1) and occludin.
Z0-1, a 225-kDa protein, is an integral membrane protein
found in the most superficial region of the tight junctions.
Occludin, a 65-kDa protein, was the first tight junction—
associated integral membrane protein identified in different
types of epithelia (Furuse et al. 1993), including the rat tes-
tis and epididymis (Moroi et al. 1998). ZO-1 is necessary
for the localization of occludin in tight junction. The main
roles of tight junctions are to act as a physical barrier to
prevent solutes and water from passing freely through the
intercellular spaces and to create and maintain cell polarity
(Tsukita & Furuse 1999). In the testis, tight junctions
between Sertoli cells form part of the blood-testis barrier,
which is important for the maintenance of a special physio-
logical milieu for spermatogenesis and for the protection of
germ cells from the immune system (Russell & Peterson
19835).

Gonocytes are radiosensitive between 15-19 gestational
days, and gonocytes proliferate and differentiate to the type
A spermatogonia at postnatal first week (Moreno, 2001).

membrane
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The effects of ionizing radiation are reversible at 6 months
after exposure in adults (Brinkworth & Handelsman 2000).
Moreover, hyperthermia causes apoptosis in spermatogenic
cells over long term (Xu ef al. 2003).

In this study, we aimed to show the ultimate stem cell
death and blood-testes barrier damage due to the synergistic
effect of in utero ionizing radiation and postnatal hyperther-
mia using histopathological and ultrastructural analysis,
TUNEL assay for cell death, flow cytometry for DNA ploidy
ratio, ZO-1 and occludin immunohistochemistry at 3 and
6 months in rat testes.

Materials and methods

Animals and experimental design

Thirteen pregnant Wistar albino rats and their litters were
studied. Rats were controlled daily for the presence of sperm
cells by vaginal swab, and the day on which insemination
was detected was defined as embryonic day 0 (EO). Birth
occurred on E21 or E22, and this date was designated as
postnatal day 0 (P0O). Rat pups remained with their mothers
until they were weaned at P21. All animals were maintained
on a 12-h light/dark cycle with food and water available ad
libitum and an average room temperature of 21 = 3 °C.

Ethical Approval. The experimental study was approved
by The Animal Care and Ethical Committee for Experimen-
tal Animals in Marmara University (23.11.2006-40.2005.
Mar).

The experimental design of this study was as follows: (i)
IR group (7 = 14), in which the rats were only exposed to
100 ¢Gy radiation on E17; (ii) HT group (7 = 14), in which
the rats were only exposed to hyperthermia on day P10; (iii)
IR plus HT group (n = 14), in which the rats were exposed
to 100 cGy irradiation on E17, followed by subjection to
hyperthermia of the litter on day P10; (iv) Sham-anesthe-
sized control group (7 = 7), in which neither irradiation nor
hyperthermia was applied to age-matched control rats. Only
the anaesthesia was applied to this group.

Exposure to irradiation and byperthermia

In the irradiation experiments, the pregnant rats were anes-
thetized with 0.2 ml of ketamine (100 mg/kg) and xylazine
hydrochloride (20 mg/kg) intramuscularly and placed in the
irradiator device. In the IR group, the abdomen of the rat
was exposed to 100cGy radiation of a single fraction using
a cobalt 60 teletherapy system with the SSD (Source to skin
distance) technique on E17. The duration of the IR session
was 35 s.

In the hyperthermia experiments, the litters of rats which
were exposed to IR in utero and another group of litters
without exposure to IR were subjected to HT by heating
them with a heating machine on day P10. The duration of
the HT sessions was 10 = 5 min until the rectal temperature
reached 40 + 1 °C.
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Light microscopic preparation and histopathological
scoring

Three or 6 months after IR, HT or both applications, rats
were deeply anesthetized with 50 mg/kg ketamine and
12 mg/kg xylazine hydrochloride and then perfused through
the aorta with a solution of 10% formaldehyde. Then, testes
were removed, left in the same fixative at 4 °C for 4 h and
then washed in tap water for 2 h. Thereafter, the testes were
dehydratated with subsequent 70%, 90%, 96% and 100%
ethanol and cleared with toluene. After overnight incubation
of paraffin in a 60 °C incubator, testes were embedded and
blocked in paraffin at room temperature. Sections were cut
at 5 pum from these blocks. Every fifth section was collected.
Five sections were randomly selected from the series and
stained with haematoxylin—eosin (H&E) for microscopic
examination and measurement of the testicular areas. Ten
testicular areas from serial cross-sections of mid-testicular
region for each animal were photographed and calculated
by the NIH Image Analysis IMAGE ] (National Institutes of
Health, Bethesda, MD, USA) program.

Stained sections from all the animals were analysed by a
blinded observer. Five similar areas were examined at x200
magnification. Histopathological scoring was evaluated by
the modification of Hess’s data and organized as normal,
regressive, degenerative or atrophic tubules (Hess et al.
1988). Normal tubules are tubules with normal morphology
of spermatogenesis and intercellular junctions. Regressive
tubules are seminiferous tubules with one or more abnormali-
ties: whereas intercellular tight junctions are normal, there is
loose cellular organization and cellular degeneration (pyknot-
ic nucleus, granular eosinophilic cytoplasm and karyolysis).
Degenerative tubules show an irregular arrangement of germ
and Sertoli cells with loss of intercellular tight junctions. Atro-
phic tubules show either Sertoli cells or a few germ cells and
Sertoli cells with loss of tight junctions. Interstitial connective
tissue was evaluated as showing a mild, moderate or severe
increase according to the thickening of connective tissue struc-
tures between the seminiferous tubules.

Transmission electron microscopic (TEM) preparation

Approximately 3 mm? tissue blocks from the left testis were
fixed by immersion into 2.5% glutaraldehyde in PBS (0.1 M,
pH 7.2), postfixed in 1% osmium tetroxide in PBS (0.1 M,
pH 7.2), dehydrated in a graded serie of ethanol and embed-
ded in Epon 812 resin (Fluka, Sigma-Aldrich Chemica, Stein-
heim, Switzerland) polymerized at 60 °C. The epon blocks
were sectioned with glass knives on a Leica Ultracut R micro-
tome (Wien, Austria). Ultrathin sections were cut at 60 nm
and were collected on 200-mesh naked copper grids and
stained with uranyl acetate and lead citrate. The ultrathin sec-
tions were investigated using a JEOL 1200 EXII transmission
electron microscope (Tokyo, Japan) at 80 kV accelerating
voltage and photographed with a side mounted digital camera
(Morada Soft Imaging System, Olympus, USA).

Z0-1 and Occludin Immunobistochemistry

Paraffin sections cut at 5 pm thickness were collected into
positively charged slides, incubated in 56 °C overnight,
deparaffinized with toluene for 30 min, rehydrated with an
ethanol series and washed with distilled water. Slices were
incubated with protease (1 mg/ml; Sigma-Aldrich) at 37 °C
for 10 min and washed with phosphate-buffered saline
(PBS). Sections were delineated with a Dako pen (Dako,
Glostrup, Denmark) and incubated in a solution of 3%
H,O, for 10 min to inhibit endogenous peroxidase activity.
After washing with PBS (phosphate buffer solution), sections
were incubated with blocking solution (Scy Tek Ultra Tek
HRP, anti-polivalent, UHP 125 (ScyTek Laboratories Inc.,
Logan, UT, USA)) for 15 min. Then, the sections were
washed with PBS and incubated with primary anti-ZO-1
antibody developed in rabbit (1:100; Zymed Laborotories S.
San Francisco, CA, USA) for 6 h and primary anti-occludin,
an antibody developed in rabbit (1:150; Zymed Laborato-
ries), for one night at +4 °C. Next, the sections were incu-
bated with biotinylated IgG and then with streptavidin-
peroxidase conjugate (Histostain-Plus Bulk kits; Zymed lab-
oratories). The sections were washed with PBS, incubated
with 3-Amino-9-ethylcarbazole (AEC) for 15 min to visual-
ize immunostaining and finally counterstained with Mayer’s
haematoxylin (Zymed Laboratories). Control samples were
processed in the same manner except that the primary anti-
body was omitted. An observer blinded to experimental
groups evaluated the staining intensity semiquantitatively.
Staining intensity was graded as none (—), least (+/—), weak
(+), dense (++) and intense (+++) respectively.

TUNEL method

The TUNEL method was used in accordance with the
manufacturer’s manual (Apoptag Plus Peroxidase in situ
Apoptosis kit, Chemicon International, S7101, Temecula,
CA, USA). The procedure was as follows: every fifth section
(a total of five sections from each animal) was incubated with
proteinase K for § min, washed with distilled water and incu-
bated with 3% hydrogen peroxide in PBS for 5 min. The sec-
tions were then washed with PBS, put in the equilibrium
buffer for 30 min and incubated in recombinant terminal
transferase TdT enzyme at 37 "C for 1 h. The sections were
agitated in washing buffer for 15 s, washed in PBS, put into
anti-digoxigenin conjugate for 30 min and then washed with
PBS. After incubation with peroxidase for 6 min, they were
washed with distilled water, stained with Mayer’s haematoxy-
lin, and after the dehydration procedure, they were covered
with Entellan (Merck, Darmstadt, Germany). Every fifth sec-
tion was collected, and in each section, TUNEL-positive cells
in five similar areas were counted at x400 magnification. An
eye-piece graticule (0.0785 mm?) was used to define the
counting area, and TUNEL-positive cell
expressed as number of cells per unit area. All light micro-
scopic sections were observed and photographed with the

density was
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digital camera (Olympus C-5060, Tokyo, Japan) of a photo-
microscope (Olympus BX51, Tokyo, Japan).

Flow cytometry

For measuring the DNA ploidy content of the cells, the
paraffin embedded tissues were deparaffinized with toluene
and rehydrated with an ethanol series. After incubation with
proteinase K in PBS (1:10) at 37 °C for 30 min, the sections
were washed with PBS, filtered and centrifuged at 240 g for
15 min. For DNA staining, propidium iodide solution was
added to the pellet and incubated for 15 min at 4 °C. The
specimens were examined by a Fac Scan device (FAC Scan;
Becton Dickinson, NJ, USA).

Statistical analysis

Data were analysed using one-way analysis of variance (ANO-
vA). Differences between groups were determined with
Tukey’s multiple comparisons test, and the data were
expressed as mean =+ standard error of the mean (SEM). Sig-
nificance of differences was taken at the level of P < 0.05.

Results

Measurement of testis weight and area

The testicular weight was 1.52 + 0.1 g, and the area of testes
was 3.83 + 0.3 mm” in control group. There were no signifi-
cant changes in weight and cross-sectional area in the HT
group after 3 (weight: 1.52 + 0.08; area: 3.61 £ 0.2) and 6
(weight: 1.51 £ 0.1; area: 3.62 + 0.15) months compared
with the control group. However, the weight (Figure 1a) and
cross-sectional area (Figure 1b) of the testis were decreased
in the IR group (weight: 1.21 £ 0.03; area: 1.9 £ 0.1,
P <0.001 at 3 months, weight: 0.98 +0.02; area:
1.72 £ 0.02, P <0.001 at 6 months) and in the IR + HT
groups (weight: 0.92 + 0.03; area: 1.61 = 0.02, P < 0.001 in
3 months, weight: 0.93 + 0.01; area: 1.55 + 0.04, P < 0.001
in 6 months) compared with control groups (Figure 1).

Histological observations

Normal testis morphology with regular seminiferous tubules
and spermatogenic cells were observed in the control group
(Figure 2a).

Although in the HT group after 3 months most of the
seminiferous tubules were of normal morphology, there
were some degenerated tubules with dilatations in the inter-
cellular spaces, vacuole formation in spermatogenic cells,
and a decrease in the spermatogenic germ cells. Cell debris
was present in the lumen (Figure 2b). After 6 months, the
number of degenerative tubules increased, and atrophic
tubules were present (Figure 2c).

In the IR group after 3 months, the number of atrophic
and degenerative seminiferous tubule increased parallel to a
decrease in spermatogenic germ cells and severe thickening

International Journal of Experimental Pathology, 2012, 93, 438-449
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Figure 1 The graph of (a) testis weight (g) and (b) testis cross-
sectional area (mm?) in control, HT (hyperthermia), IR
(irradiation) and IR + HT (irradiation + hyperthermia) groups
at 3 and 6 months (MNTH). Differences between groups are
significant at the level of **P < 0.01, ***P < 0.001 compared
with control group, +++P < 0.001 compared with HT groups.

of the interstitial tissue. Vacuole formation was observed in
proportionally undamaged spermatogenic cells (Figure 2d).
In the IR group after 6 months, atrophy and degeneration
of seminiferous tubules with a decrease in spermatogenic
germ cells and an increase in interstitial tissue were more
severe than in the same IR group after 3 months (Figure 2e).
In the IR + HT group after 3 (Figure 2f) and 6 (Figure 2g)
months, there were no normal cell structures. Severe degener-
ation of seminiferous tubules with depletion of spermatogenic
germ cells and increase in interstitial tissue were observed.

Histopathological scoring results

Histopathological scoring results for seminiferous tubules in
all experimental groups are shown in Figure 6a. Normal
morphologic stages were
observed in the control group. In the HT group, regressive
seminiferous tubule numbers were higher than in the control
group (P < 0.001) after 3 months with further progressive
increment at 6 months. In the IR group after 3 months, the
number of normal tubules decreased (P < 0.001), whereas
the number of regressive, degenerative and atrophic tubules

seminiferous tubules in all
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Figure 2 (a) Normal testis morphology in control group; (b) Degenerated seminiferous tubules (d) and irregular cell borders (P,
insert) in hyperthermia (HT) group at 3 months; (c) Degenerated seminiferous tubules (d) and luminal cell deposits (+), dilatation of
intercellular tight junctions (—, insert) in HT group at 6 months; (d) Some atrophic seminiferous tubules (a), vacuolized
spermatogenic cells (>) and increase in interstitial tissue (*, insert) in irradiation (IR) group at 3 months; (e) Regressive (r),
degenerated (d) and atrophic (a) seminiferous tubules and increase in interstitial tissue (*) in IR group at 6 months; (f) several
atrophic tubules (a) and an increase in interstitial tissue (*) (insert) in IR + HT group at 3 months; (g) several atrophic tubules (a) in

IR + HT group at 6 months. Staining: H&E, Scale Bars: 50 um.

increased. After 6 months, the number of atrophic tubules
was significantly increased (P < 0.001). After IR + HT
application, the number of normal tubules was almost zero,
and the number of atrophic tubules was statistically
increased (P < 0.001) at three and 6 months (Figure 6a).

Electron microscopic analysis

In the control groups, normal testis ultrastructure and basal
membrane thickness were observed. There were regular Ser-
toli-to-Sertoli and Sertoli-to-germ cell junctions (Figure 3).

In the HT groups, the spermatogonia and Sertoli cells
located on the basal membrane showed normal morphology
in most regions 3 (Figure 3b) and 6 (Figure 3¢) months after
application. However, vacuoles were observed in the cyto-
plasm and around the tight junctions in Sertoli cells in some
seminiferous tubules. Further, spermatozoa with regular
morphology as well as spermatozoa with head defects were
observed in the lumen in both HT groups.

There were thickenings of the basal lamina and fingerlike
extensions towards the cytoplasm in the IR group after 3
(Figure 3d) and 6 months (Figure 3e). Moreover, there were

International Journal of Experimental Pathology, 2012, 93, 438-449
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Figure 3 (a) Regular ultrastructure of the tight junction regions (—), spermatogenic cells, Sertoli cells and spermatozoa in control
group; (b) Vacuole (—) around the tight junctions, and lipid droplets (*) in hyperthermia (HT) group at 3 months; (c) Large
vacuoles (*) in the cytoplasm and around the tight junctions (—) in HT group at 6 months; (d) Huge vacuoles (*) and irregular tight
junctions (—) in irradiation (IR) group at 3 months; (e) Fingerlike projections in the basal lamina (»), huge vacuoles (*) and
irregular tight junctions (—, insert) in IR group at 6 months; (f) Finger-like projections in the basal lamina (P ), large vacuoles (*)
and irregular tight junctions (—) and degenerated nuclei (n) in IR + HT group at 3 months; (g) Finger-like projections in the basal
lamina (P ), large vacuoles (*) and irregular tight junctions (—) and nucleus (n) in IR + HT group at 6 months.

many enlarged vacuoles in the cytoplasm of Sertoli cells,
degenerated germ cells, depletion of spermatogenic cells,
many apoptotic cells, spermatozoa with head defects and
dilatations in the intercellular space near the basal lamina.

In the IR + HT groups, there was severe thickening of the
basal lamina and fingerlike extensions towards the cyto-
plasm of the Sertoli cells, as well as degenerated nuclei of
spermatogonia, severe enlarged vacuoles in the cytoplasm of
Sertoli cells and spermatogonia, dilatation and separations
of tight junctions and foamy cell residues in the lumen at 3
(Figure 3f) and 6 months (Figure 3g). The germinal epithe-
lium was reduced to one or two cell thickness, and there
were no spermatozoa in the lumen.

International Journal of Experimental Pathology, 2012, 93, 438-449

Immunobistochemical localization of ZO-1 and occludin

Reddish-coloured ZO-1 immunoreactivity (ir) was observed
in the peripheral cytoplasm of Sertoli cells and in the basally
located spermatogenic cells in all of the seminiferous tubules
in the control group (Figure 4a). Occludin immunostaining
was concentrated and localized in a linear fashion at the ba-
solateral site of the adjacent Sertoli cells in the control
group as shown in Figure 4c.

Z0-1 and occludin-ir were decreased at 3 (Figure 4e,g)
and 6 (Figure 3f,h) months after HT compared with the
control group. There was a significant decrease and irregular
immunolocalization of ZO-1 and occludin at 3 (Figure 4i,k)
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Figure 4 Negative control of ZO-1 and occludin immunoreactivity in control group (b, d) ZO-1 (a) and occludin
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)

(c
immunoreactivity (—) in control group, hyperthermia (HT) group at 3 months; (e, g) and HT group at 6 months (f, h); decrease in
Z0-1 (i) and occludin (k) immunoreactivity (—) in irradiation (IR) group at 3 months and IR group at 6 months (j, 1) and no ZO-1
(m) and occludin (o) immunoreactivity (—) in IR + HT group at 3 months; IR + HT group at 6 months (n, f). Scale Bars: 50 pm.

Table 1 The intensity of zonula occludens-1 (ZO-1) and occludin immunoreactivity (ir) in control, HT (hyperthermia), IR
(irradiation) and IR + HT (irradiation + hyperthermia) groups at 3 and 6 months (M).

Control HT3 M HT 6 M IR3 M IR6 M IR+HT3 M IR+HT6 M
Z70-1 ir +++ ++ + +/— - _ _
Occludin-ir -+ ++ + +/— - - -
+++, intense; ++, dense; +, weak; +/—, least; —, none.
and 6 (Figure 4j,1) months after IR application, and no ZO- increased significantly at 3 (P <0.001) and 6 (P<

1 ir or occludin-ir cells in the seminiferous tubules at 3
(Figure 4m,0) or 6 (Figure 4n,p) months after IR + HT
application. The intensity of ZO-1 and occludin immuno-
staining is summarized in Table 1.

Quantitative analysis of the TUNEL assay

Brown-coloured TUNEL-positive cells mostly spermatogonia
and primary spermatocytes in seminiferous tubules were
observed in all groups (Figure 5). The total number of TUN-
EL-positive cells throughout the testis was significantly
increased at 3 (P < 0.05) and 6 (P < 0.01) months after HT
application, and also at 3 (P < 0.001) and 6 (P <0.001) months
after IR application, compared with the control group. The
total number of TUNEL-positive cells throughout the testis

0.001) months after IR + HT application, compared with the
controls, the HT and IR groups, and it was further increased
in the HT, IR and IR + HT application groups after 6 months
compared with the 3 monthly groups (Figure 6b).

Flow cytometric analysis

In the HT group, the number of haploid (3 month:
P < 0.01, 6 month: P < 0.05), diploid (3 month: P < 0.01,
6 month: P < 0.05) and tetraploid cells (P < 0.05) was
decreased at 3 and 6 months compared with the control
group. In the IR group, the number of haploid (P < 0.035),
diploid (3 month: P < 0.01, 6 month: P < 0.05) and tetra-
ploid cells (P < 0.05) was decreased at 3 and 6 months
compared with control group. In the IR + HT group, the

International Journal of Experimental Pathology, 2012, 93, 438-449



Distribution of ZO-1 and Occludin after IR and HT in rat testis 445

Figure 5 TUNEL-positive spermatogenic cells (—) in seminiferous tubules in; (a) control group; (b) hyperthermia (HT) group at
3 months; (c) HT group at 6 months; increase in the number of TUNEL-positive spermatogonium (—) in (d) irradiation (IR) group
at 3 months; (e) IR group at 6 months; (f) IR + HT group at 3 months; (g) IR + HT group at 6 months. Scale Bars: a, b, ¢, d;

50 pm.

number of haploid (P < 0.01), diploid (P < 0.01) and tetra-
ploid cells (P < 0.05) was significantly decreased at 3 and
6 months after application compared with control, as well
as the HT and IR groups (Figure 6c).

Discussion

Our study shows that exposure to in utero irradiation fol-
lowed by hyperthermia on postnatal day 10 causes more
degeneration in the testis than does irradiation or hyperther-
mia alone. Degenerative findings were a decrease in testicu-
lar weight and area, a reduction in the number of haploid,
diploid and tetraploid cells, an increase in the number of

International Journal of Experimental Pathology, 2012, 93, 438-449

atrophic seminiferous tubules and TUNEL-positive cells,
thickening of the basal membrane, and a disorganization in
the distribution of ZO-1 and occludin protein.

Radiation is one of the initial and most studied agents in
male infertility. The anti-spermatogenic effects of radiation
depend on dose and repetition. It has been shown that the
application of a single exposure of irradiation leads to irre-
versible damage in human spermatogenesis. With irradia-
tion of 100cGy, the azoospermia was shown to be
reversible 6 months later (Rowley et al. 1974; Brinkworth
& Handelsman 2000). In another study, rats exposed to
in utero X-ray irradiation of 1.5 Gy on gestational day 18
were examined 90 days after birth. Radiation exposure
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Figure 6 The number of (a) normal, regressive, degenerated and atrophic seminiferous tubules, (b) TUNEL-positive cells per
0.0785 mm? and (c) haploid, diploid, and tetraploid cells in control and hyperthermia (HT), irradiation (IR) and IR + HT groups. *;
P < 0.05, **; P < 0.01, ***; P < 0.001 compared with the control group. +; P < 0.05, ++; P < 0.01 compared with HT groups. 6;

P < 0.05 compared with IR groups.

during the embryonic period inhibited testicular develop-
ment decreased spermatogenesis significantly and increased
the infertility rate of the rats (Jensh & Brent 1988).

In the present study, we observed that irradiation of
100cGy on embryonic day 18 leads to severe damage to sper-
matogenic cells after 3 and 6 months resulting in azoosper-
mia; many seminiferous tubules consisted merely of an
aligned row of Sertoli cells. After 6 months, testicular and
spermatogenic damage were more severe. This form of expo-
sure to radiation in the embryonic period was irreversible.

Twelve hours after a single exposure of 0.5 to 5 Gy irra-
diation of adult rats, nuclear chromatin condensation and
margination, necrosis and morphological manifestations of
apoptosis such as nuclear disintegration, and an increase in
TUNEL-positive cells were observed in the spermatogenic
cells (Hasegawa et al. 1997). Liu et al. (2007) applied X-ray

for 10 min to 8-10-week-old male rats and reported a high
number of atrophic seminiferous tubules in the high-dosage
X-ray group and a dosage-dependent increase in the number
of TUNEL-positive cells.

We observed that TUNEL-positive cells increased in num-
ber, mainly amongst spermatogonia and primary spermato-
cytes, in both IR and IR + HT groups. Furthermore, the
irreversibility of the damage may result from the cell death
occurring at the level of spermatogonia functioning as stem
cells. Moreover, cellular debris and no spermatogonia in the
lumen and atrophic tubules can cause azospermia by cell
death in spermatogonia and primary spermatocyte.

Hacker et al. (1981) showed alterations in the amount of
DNA of the spermatogenic series in animals exposed to
radiation. Rats having been exposed to 0.1 and 1.5 Gy
radiation were studied by flow cytometry at 2-35 days.
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Although tetraploid and S phase cells decreased, an increas-
ing amount of DNA was observed in time. They also
reported a decrease in the number of diploid cells, showing
a high incidence of spermatogonial cell death (Hacker ez al.
1980). In our study, parallel to the studies above, we
observed that haploid, diploid and tetraploid DNA content
decreased within 3 months and further at 6 months,
although the greatest decrease in the haploid cells in both
observation periods ocurred of the IR + HT group. A con-
siderable decrease in spermatogonia leads to a decrease in
haploid cells in the long term.

Infertility after irradiation is caused by spermatogonia
undergoing apoptosis instead of differentiation (Boekelheide
et al. 2005). A possible mechanism explaining this finding
could be that radiation has been shown to increase the reac-
tive oxygen species (ROS) in the testis (Kanter et al. 2010;
Kim et al. 2012). This increase in ROS induces apoptosis in
testicular tissue (Turner & Lysiak 2008). According to these
studies, we believe that the increase in apoptosis in the testis
in the irradiation group might be related to the increase of
ROS in long-term especially in HT groups.

Miraglia and Hayashi showed that 90 days after applica-
tion of 45 °C heat for 45 min to 35-day-old rats, testicular
weight was lowered because the parenchymal volume had
decreased. They also reported damage to the spermatogenic
cells and multinuclear bodies of the spermatids (Miraglia &
Hayashi 1993).

We observed that the high heat (40-41 °C) applied at
postnatal day 10 caused no statistical difference in testicular
weight and area compared with the control groups after 3
and 6 months. However, we observed histopathological
changes as vacuoles in some spermatogenic cells of seminif-
erous tubules in HT groups after 3 months. Besides, only
one row of cells remained in a few seminiferous tubules in
HT groups after 6 months. In addition, we observed that in
the IR + HT groups there was a significant decrease in the
weight and area of the testes after 3 and 6 months, and only
one row of serial Sertoli cells remained in almost all of the
seminiferous tubules in testes. The weight and area of testes
were decreased due to the increament of the number of atro-
phic tubules in IR and IR + HT groups.

Khan and Brown showed that programmed cell death
was higher after 15 h if the body temperatures were kept
at 41.3 £ 0.8 °C for 1 h with the application of HT on
postnatal day 7. The heat sensitive cells were the spermato-
gonia, spermatocytes and round spermatids,
whereas the elongated spermatids and Sertoli cells were not
heat sensitive (Khan & Brown 2002). In another study, it
had been observed that the weight of the testes was
decreased and the number of TUNEL-positive cells, mostly
seen among the spermatocytes, was increased after 4, 15,
28, 38 and 68 h after the body temperatures had been
increased to 43 °C in 10-11-week-old rats (Rockett et al.
2001). Gasinska and Hill (1990) showed that high temper-
atures cause degeneration of neighbouring cells by denatur-
ation of cytoplasmic bridges. In another study, apoptosis
was observed in spermatogenic cells of locally heated rats.

primary
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The temperature of the testes was raised to 43 °C and the
testes studied after 12 h, 1, 3, 6, 10, 50 and 80 days. The
high-temperature application caused a decrease in haploid
cells and an increase in TUNEL-positive cells. As a result,
this study showed that local testicular heating causes sper-
matogenic cell apoptosis. The most sensitive cells were the
spermatocytes, and apoptosis of spermatogonia was increased
over long-term exposure (Xu et al. 2003). De Vita et al.
(1990) showed that with a body temperature rise to 3840 °C
for 20-60 min, the weight of mice testes had decreased after
14 and 28 days, the immature spermatids hereby being more
sensitive to heat than the spermatogonia.

We observed increased number of TUNEL-positive cells
in seminiferous tubules especially in spermatogonia and
spermatocytes in HT, IR and IR + HT groups. Moreover,
the most TUNEL-positive cell number was observed in
IR + HT groups at 6 months. HT has an additive effect on
triggering of cell death after irradiation.

Many in vivo models have examined the blood-testis
barrier to study junctional dynamics in the testes. Morales
et al. examined that the massive apoptosis found in the
zygotene—pachytene spermatocytes between days 14 and 20
coincides with an open blood-testis barrier. This absence of
the blood-testis barrier could be one of the factors causing
massive apoptosis of zygotene-pachytene spermatocytes, at
least within the time span analysed; the zygotene-pachytene
spermatocytes are left exposed in an open environment
instead of being isolated in the adluminal compartment to
which they are destined (Morales et al. 2007). In our
study, we detected ZO-1 and occludin protein by immuno-
histochemistry to show damage of blood-testis barrier.
Damage of the tight junctional proteins of the blood-testis
barrier with ageing and experimental cryptorchidism has
been examined by pathology before. Damage occurred in
the tight junctions of Sertoli and Leydig cells and in prolif-
erative and differentiated spermatogenic cells in cryptorchid
dogs, mice, rats and human. Furthermore, cryptorchidism
led to damage of the blood-testis barrier due to functional
damage of internal tight junctions with fewer tight junction
fibrils and abnormal spermatogenesis in the seminiferous
epithelium. Moreover, it was determined that the basal
membrane was thicker. Lui et al. (2003) showed that dam-
age in this kind of experimental model was related to oc-
cludin, ZO-1, E-cadherin, protease and protease inhibitors.
Ribeiro and David-Ferreira (1996) demonstrated that
3 months after irradiation in the prenatal period, tight
junctional proteins changed in relation to the degeneration
of stem cells in the rat testis. Expression of occludin in
Sertoli cells is controlled by an array of molecules includ-
ing proteases, protease inhibitors, cytokines, cAMP and
intracellular Ca** (Mruk & Cheng 2004). In normal semi-
niferous epithelium, occludin forms a continuous belt of
strong immunohistochemical staining at the level of the
blood-testis barrier. This distribution coincides with the
expression of occludin reported in the dog (Gye 2004),
wild rabbit (Yoon et al. 2008) and rat (Altay et al. 2008;
Contuk ef al. 2011) testis. In the present study, there was
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a constant decrease in ZO-1 and occludin immunoreactivi-
tiy, which was parallel to spermatogenic damage in the IR
and HT groups, whereas no immunoreactivitiy was
observed in IR + HT groups. We also observed that tight
junctional components were damaged in the IR and
IR + HT groups with formation of large vacuoles in the
cytoplasm and damaging of basal membrane at level of the
tight junctions. There was a decrease and even absence in
immunoreactivity, and the highly damaged tight junctional
parts might have been either the result of an inhibition of
synthesis or of a change of interaction between the tight
junctional proteins under the influence of HT and/or IR.

Increased production of glycosaminoglycans and proteo-
glycans in basal membrane has been also considered a
defence reaction against the damaging activity of free radi-
cals. Sertoli cell functions, such as differentiation, cell
growth and migration, are dependent on the substratum on
which cells are attached (Dym 1994). Damage and thicken-
ing of the basal membrane had been demonstrated in the
seminiferous epithelium in rat testis after gamma radiation
application (Topcu-Tarladacalisir et al. 2009). Basal mem-
brane thickening (Siu & Cheng 2004; Contuk et al. 2011)
and disorganized occludin distribution (Contuk et al. 2011)
had also been shown in vasectomized rats.

In the present study, the ultrastructure of the seminifer-
ous epithelium and the basal membrane in the rat testis
were also examined by transmission electron microscopy.
Electron microscopic results were in line with the immuno-
histochemical and histopathological results. Ultrastructural
examination revealed minimal degeneration in the 3-month
hyperthermia group, whereas the degeneration progressed
by 6 months and in both the 3 and the 6 months IR
groups. Degenerative findings like vacuole formation in the
spermatogonial cells, dilatation of tight junction, foamy cell
residues in the lumen of seminiferous tubules, thickening of
the basal membrane and fingerlike extensions towards the
cytoplasm were severe in the IR + HT group. The disruption
of the barrier may be related to the dislocation of ZO-1 and
occludin from the basolateral region of the cytoplasm.

Conclusion

Thus, in conclusion, in this study we have shown that
IR + HT application led to a series of morphologic degener-
ations including apoptosis of spermatogenic cells, reduction
in haploid, diploid and tetraploid cells and alterations in the
distribution of ZO-1 and occludin in the blood-testis barrier
and thickening of the basal membrane. The disruption of
the blood-testis barrier might be related to the dislocation of
Z0-1 and occludin from the basolateral region of Sertoli
cells, after which the germ cell damage becomes irreversible.
We assume that this double-hit model can serve as a power-
ful experimental tool to study irradiation and hyperthermia
toxicity in spermatogonial stem cell and Sertoli cell func-
tions in immature human testis. The double-hit model can
be introduced as an experimental Sertoli cell only infertility
model important for identifying this type of irreversible

infertility and highlights a possible target for male infertility
treatment in the future.
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