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Abstract

We investigated whether apoptotic sperma-
tocytes from the mouse Mus m. domesticus
presented alterations in chromosomal synaps-
es and DNA repair. To enrich for apoptotic
spermatocytes, the scrotum’s temperature was
raised by partially exposing animals for 15 min
to a 42°C water bath. Spermatocytes in initial
apoptosis were identified in situ by detecting
activated caspase-9. SYCP1 and SYCP3 were
markers for evaluating synapses or the struc-
ture of synaptonemal complexes and Rad51
and YH2AX for detecting DNA repair and chro-
matin remodeling. Apoptotic spermatocytes
were concentrated in spermatogenic cycle
stages III-IV (50.3%), XI-XII (44.1%) and IX-X
(4.2%). Among apoptotic spermatocytes, 48%
were in middle pachytene, 44% in metaphase
and 6% in diplotene. Moreover, apoptotic sper-
matocytes showed several structural anom-
alies in autosomal bivalents, including split-
ting of chromosomal axes and partial asynaps-
es between homologous chromosomes. yYH2AX
and Rad51 were atypically distributed during
pachytene and as late as diplotene and associ-
ated with asynaptic chromatin, single chromo-
some axes or discontinuous chromosome
axes. Among apoptotic spermatocytes at
pachytene, 70% showed changes in the struc-
ture of synapses, 67% showed changes in
yH2AX and Rad51 distribution and 50% shared
alterations in both synapses and DNA repair.

Our results showed that apoptotic spermato-
cytes from Mus m. domesticus contain a high
frequency of alterations in chromosomal
synapses and in the recruitment and distribu-
tion of DNA repair proteins. Together, these
observations suggest that these alterations
may have been detected by meiotic check-
points triggering apoptosis.
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Introduction

In sexually mature males, Sertoli cells rec-
ognize and quickly remove apoptotic cells by
phagocytosis.! During the spermatogenetic
cycle, about 0.2% of cells may be undergoing
apoptosis. This is a relative percentage value,
representing the number of apoptotic germ
cells for every 100 Sertoli cells.> Apoptotic
germ cells are mainly dividing spermatogonia
and spermatocytes in meiotic prophase. The
activities of caspases-3, -8 and -9 are similar in
apoptotic germ and somatic cells, suggesting
that these cell lineages share apoptotic path-
ways.* During the first meiotic prophase, chro-
mosomal recognition, pairing, synapses and
recombination between homologous chromo-
somes are closely interrelated and sequentially
occurring processes.** There are also structur-
al changes in chromosomes associated with
these processes such as, the formation of
synaptonemal complexes (SCs) and the
recruitment of specific proteins, including
DNA repair proteins. The SC is a proteina-
ceous structure assembled between the two
homologues that consists of two lateral ele-
ments, one per homologue, bound in a zipper-
like manner, by the central element. The chro-
matin, organized in loops, is connected to the
SC’s lateral elements.5® Several proteins are
associated with the SC. SYCP3 protein is the
main constituent of the lateral elements or
axes of each pair of homologous chromo-
somes, while SYCP1 protein is the main con-
stituent of the central element.®* The Spoll
protein initiates meiotic recombination by
generating DNA double-strand breaks (DSBs)
which are also crucial to the successful recog-
nition/ pairing between homologous chromo-
somes.!%!! DSBs induce local chromatin
remodeling, mainly by introducing specific
histone modifications such as phosphorylation
of histone H2AX (yH2AX), which in turn pro-
motes the recruitment of the DNA repair pro-
teins.? As DSBs are repaired and chromo-
somes synapsed there is a decrease in
YH2AX.® Thus, at pachytene, yH2AX remains
associated only with the sex chromosomes’
unsynapsed chromatin.#!> Recombination and
synapsing between homologous chromosomes
occurs concurrently with the recruitment of
the DNA repair/recombinases Rad51 and
Dmc1.'%17Rad51 and Dmcl have been shown to
form numerous foci named early recombina-
tion nodules. Early recombination nodules par-
ticipate in DSBs, early DNA repair and recom-
bination.!"® During the mid pachytene, a
reduced number of late recombination nodules
indicate the effective crossing-over events
between  homologous  chromosomes.!
Desphosphorylation of histone yH2AX in
synapsed chromatin occurs concurrently with
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the disappearance of Rad51 and Dmcl from
recombination nodules.!"? It has been report-
ed that exposing adult male mice to increasing
temperature (temperature stress) resulted in
a loss of germ cells by apoptosis as well as poor
structural quality of spermatozoa. Pachytene
spermatocytes and spermatids are the germ
cells most susceptible to higher temperature
exposure.?’? To our knowledge, there is little
information associating apoptotic spermato-
cytes with anomalies in chromosomal synaps-
es and/or DNA repair during meiosis. Exposing
adult male mice to a brief and moderate rise in
temperature may provide an excellent experi-
mental model for the enrichment of spermato-
cytes undergoing apoptosis thus, facilitating
studies directed at determining which chromo-
somal and DNA repair alterations may be pres-
ent in these spermatocytes. Using sexually
mature male mice in combination with the
above temperature raise experimental model
we investigated whether apoptotic spermato-
cytes also contain alterations in the distribu-
tion of proteins constituting SCs between
homologous chromosomes and/or in the
recruitment and distribution of DNA repair
proteins.
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Our results showed that alterations in SCs
and DNA repair proteins are found more fre-
quently in apoptotic than in normal spermato-
cytes at prophase I, suggesting that these alter-
ations may be detected by meiotic checkpoints
triggering programmed cell death.

Materials and Methods

Six sexually mature 9 to 12 weeks old male
mice (Mus musculus domesticus, C3H strain)
were studied. Mice were fed ad libitum while
maintained at 22°C on a 12/12 h light/dark cycle.
Experimental procedures involving mice were
approved by the Medical School’s Ethics Review
Committee (N° CBA #0441) and by the Chilean
National Science Foundation FONDECYT-
CONICYT’s Ethics Review Committee. Care and
handling of laboratory animals followed institu-
tional and national guidelines (protocol CBA
#0441 FMUCH).

Induction of apoptosis in seminifer-
ous epithelium

Mice were partially immersed for 15 min in a
thermo-regulated circulating bath kept at 42°C.
After 4 or 5 h post water immersion, mice were
sacrificed as previously described.2’%

Immunochemical detection
of apoptotic germ cells in
seminiferous epithelium

Testes were surgically removed and fixed for
5 to 6 h in freshly prepared Bouin solution (75
mL saturated solution of picric acid in distilled
water, 5 mL of acetic acid, 20 mL 37% (wA) for-
malin). Once dehydrated in ethanol, testes were
embedded in Paraplast and 5 um thick serial
sections made. Preceding immunocytochem-
istry protein renaturation and antigenic recov-
ery was achieved by exposing histological sec-
tions to double distilled water vapor for 30 min.
Before probing with antibodies, sections were
incubated for 20 min at 37°C with freshly pre-
pared 4% (w/v) fetal bovine serum (FBS) block-
ing solution. Caspase-9 was detected using rab-
bit polyclonal abs 32539 and 2320 (Abcam,
Cambridge, UK) showing monospecific speci-
ficities for caspase-9 in situ. Histological sec-
tions with anti-caspase-9 primary antibodies at
a dilution of 1: 200/ 1:500 respectively, in phos-
phate buffer saline (PBS) supplemented with
2% (whv) FBS, were incubated in a humidified
chamber for 1 h at 37°C or overnight at 4°C.
After incubation with first specific antibodies,
sections were washed several times in 1X PBS.
Sections were incubated with labeled secondary
antibodies diluted 1:100 in PBS for 45 min at
37°C in a humidified chamber. Secondary anti-
bodies were: FITC-conjugated goat anti-mouse
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IgG (Jackson Laboratory, Bar Harbor, ME, USA),
FITC-conjugated or Texas Red-conjugated goat
anti-rabbit IgG (Jackson Laboratory). Nuclei
were stained with DAPI (4’, 6-diamino-2-
phenylindole) (Calbiochem, Billerica, MA, USA)
and coverslips mounted with Vectashield
(Vector Laboratories Inc., Burlingame, CA,
USA). Alternatively, biotinylated goat anti-rab-
bit IgG were used in combination with Kit BIO-
CARE’'S  4plus™  Detection  Systems
(immunoperoxidase and peroxidase and
diaminobenzidine Streptoavidin-peroxidase
and diaminobencidine) and according to the
manufacturer’s instructions. These sections
were treated for 5 min with 5% (wA) periodic
acid, following by 40 min incubation in Schiff’s
reagent. Nuclei were stained with Mayer’s
hematoxylin essentially as described by
McManus.** The different stages of the cycle of
the seminiferous epithelium were defined
according the mouse spermiogenesis described
by Oakberg.? The apoptotic condition of a spe-
cific state in seminiferous epithelia was deter-
mined when in a given cross section of seminif-
erous tubules at such stage at least three or
more spermatocytes show the presence of cas-
pase-activated positive reaction.?* At least 10
histochemical observations for each state of the
seminiferous epithelium were recorded.

In situ detection of apoptosis in iso-
lated germ cells

We used a squashing technique that pre-
serves relatively well the nuclear volume and
cytoplasm of germ cells and was performed
essentially according to Page.?” Once seminifer-
ous tubules were fixed in 1% (w/v) buffered for-
malin, they were carefully pressed so that cells
were allowed to exit the tubules and move onto
the surface of clean microscope slides.
Coverslips were used to gently apply pressure in
order to separate cells. Slides containing cell
squashes were immediately immersed in liquid
nitrogen and coverslips removed. Squashes
containing isolated spermatocytes were used to
identify by immunochemistry activated cas-
pase-9, Rad51, yH2AX, SYCP1 and SYCP3.
Immunochemistry was as described above. As
primary antibodies were used: to Rad51, Rabbit
polyclonal (Abcam 1837); to yH2AX, mouse poly-
clonal anti-histone-phospho (Ser139)
(Millipore JBW301); to SYCP1, rabbit polyclonal
(Abcam 15087); to SYCP3, rabbit polyclonal
antibody (Abcam 12452). As secondary antibod-
ies were used: goat anti-mouse antibodies con-
jugated with FITC (Jackson Laboratory); goat
anti-mouse conjugated to Alexa 350 (Jackson
Laboratory); goat anti-mouse conjugated with
Texas Red (Jackson Labs); goat anti-rabbit con-
jugated to FITC (Jackson Laboratory); goat anti-
rabbit conjugated with Texas Red (Jackson
Laboratory).

Images were acquired using a Nikon (Tokyo,
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Japan) Optiphot or an Olympus BX61 epifluo-
rescent microscopes equipped with Nikon PL
APO 100X, 1.30 NA objective lenses.
Corresponding fluorescent signals were detect-
ed using the following barrier filters Chroma
49002 ET-GFP (FITC/Cy2), 49010 ET-RandB
Phycoerythrin/mOrange/Mko and Hoechst UV-
2A. Images were acquired using a DS-L1 Nikon
camera control unit. All images were minimally
processed for contrast using Adobe Photoshop
CS5.1 software.

Statistic analysis

Fisher’s test was used for dichotomous vari-
ables. Significant differences P<0.05 with a
confidence interval of 95% were considered.
The statistical analysis program Graph Pad 5.1
was used.

Results

A brief and mild temperature
increase induced apoptosis in mouse
germ cells

In untreated mice, we found 1 apoptotic sper-
matocyte, or that was positive for activated cas-
pase-3 in situ, among of 1043 germ cells exam-
ined. Moreover, in untreated animals, Sertoli
cells and round and elongated spermatids
showed a very low frequency of apoptotic sig-
nals. These observations were consistent with a
previous report.8 In contrast, mice subjected to
a transient increase in scrotal temperature
showed a significant augment in apoptotic sper-
matocytes. Immunocytochemistry revealed that
activated caspase-3 was found in 15% and 22%
of spermatocytes after 4 h and 5 h post temper-
ature exposure, respectively. Higher rates of
apoptosis were detected 5 h elapsed after the
end of treatment using antibody probes for acti-
vated caspase-9 (Table 1). Since a higher
enrichment for apoptotic spermatocytes (ie.,
showing activated caspase-9 in situ) was
observed at 5 h post higher scrotal temperature
treatment (37%) and cells also displayed well-
preserved nuclear morphology, apoptotic cell
enrichment was conducted using these condi-
tions for the studies that followed.

Apoptotic spermatocytes were not
randomly distributed during
gametogenesis

At the resolution of the light microscope, his-
tological sections of seminiferous tubules
obtained from specimens subjected to a higher
transient scrotal temperature showed no abnor-
malities in cellular organization and cell associ-
ations at the different stages of gametogenesis.
Suggesting therefore, that transient higher
scrotal temperature conditions chosen for this
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study, had little or no effect on the integrity of
seminiferous tubules. Examination of apoptotic
spermatocyte populations revealed that they
were not randomly distributed but instead, only
observed in association with a few stages of the
spermatogenic cycle. Most apoptotic spermato-
cytes were concentrated in stages III-IV and XI-
XII of the spermatogenic cycle. Stages III-IV and
XI-XII showed spermatocytes at the middle of
the pachytene stage and at metaphase I respec-
tively (Figure 1). Of 1,043 apoptotic spermato-
cytes examined, 50% were in stages III-IV, about
44% were in stages XI-XII and about 4% were in
stages IX-X of the spermatogenic cycle (Figure
2). In stages of the spermatogenic cycle, other
than stages III-IV, XI-XII and IX-X, apoptotic
spermatocytes were not observed. Similar
results were obtained using immunofluorescent
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Identification of meiotic stages in
isolated apoptotic spermatocytes

Isolated spermatocytes and other gonial
cells obtained from untreated mice and mice
subjected to a transient increase in scrotal
temperature, were morphologically indistin-
guishable at the level of resolution of the light
microscope. /n situ localization analyses, how-

ever, revealed that apoptotic markers were
preferentially abundant in spermatocytes and
round spermatids. Furthermore, apoptotic
spermatocytes were mainly in pachytene and
at metaphase 1 stages. Specifically, of 869
apoptotic spermatocytes studied, 48% were in
middle pachytene and 44% were in metaphase
I. In contrast, about 6% of apoptotic spermato-
cytes were in diplotene. Moreover, apoptosis

Table 1. Activated caspases 3 and 9 in mouse spermatocytes after 4 or 5 h post 15 min

exposed to a moderate rise of temperature.

4h 45 (15%)
184 (22%)

265 (86%)
671 (78%)

157 (27%)
532 (37%)

427 (12%)
912 (63%)

or peroxidase-based histochemical localizations
(Figure 1). oh

Figure 1. Immunocytochemical localization of activated caspase-9 to apoptotic spermatocytes in histological sections through seminif-
erous tubules from mice Mus m. domesticus. A-D) Independent fields. A,C) Bright field microscopy: immunoperoxidase-conjugated sec-
ondary antibodies and diaminobencidine (brown) detection of caspase-9 activation. B,D) Fluorescent microscopy: immunofluorescent
detection of caspase-9 activation with Texas red-conjugated secondary antibodies (red). A,B) Apoptotic spermatocytes at pachytene in
stages III-IV of the spermatogenic cycle; arrow points to an apoptotic spermatocyte at pachytene. C,D) Apoptotic spermatocytes at
metaphase in stages XI-XII of the spermatogenic cycle; Arrow points to an apoptotic spermatocyte at metaphase I. Nuclei and
DNA/chromatin were stained with Mayer's hematoxyline (A,C) and DAPI (B,D), respectively. Scale bars: 20 pm.
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markers were practically undetectable during
leptotene and zygotene (Table 2, Figure 3). It
should also be noted that sets of round sper-
matids, often showed positive reaction to acti-
vated caspases in their shared cytoplasm.

Apoptotic spermatocytes contain a
relative high frequency of abnormal
synapses

Apoptotic spermatocytes showed relative
high frequencies of abnormal synapses includ-
ing, partial unsynapses, discontinuous chro-
mosomal axes, splitting of chromosomal axes
as well as irregular deposit of SYCP1 and
SYCP3 on SCs (Figure 4 A,A"). Apoptotic sper-

Table 2. Distribution of meiotic stages in
apoptotic spermatocytes.

Prophase 489 (56%)
Leptotene 0 (0%)
Zygotene 2 (0.3%)
Early pachytene 5 (0.6%)
Middle pachytene 415 (48%)
Late pachytene 18 (2.%)
Diplotene 49 (6%)
Metaphase [ 380 (44%)
Total 869 (100%)

Original Paper

matocytes may present one or more of these
anomalies affecting one or several bivalents
(Figure 4A). Of 754 apoptotic spermatocytes
examined, 64% showed abnormalities on chro-
mosomal axes, evidenced by abnormal distri-
bution of SYCP3. Nuclear alterations involving
SYCP3 were not observed in normal or non-
apoptotic spermatocytes (Table 3). Frequency
differences in nuclear anomalies between
non-apoptotic and apoptotic spermatocytes, as
evidenced by SYCP3 distribution, were highly
significant (P<0.0001). Of 441 spermatocytes
examined, 79% showed structural abnormali-
ties on SCs as evidenced by SYCP1 distribu-
tion. In contrast, only 0.7% of normal or non-
apoptotic spermatocytes showed abnormalities

Ppress

in chromosomal synapses (Table 3). Frequency
differences in nuclear abnormalities between
normal or non-apoptotic and apoptotic sperma-
tocytes, as evidenced by SYCP1, were highly
significant (P<0.0001).

Distribution of chromatin and DNA
repair proteins in apoptotic
spermatocytes

yH2AX

During pachytene, in normal or non-apop-
totic spermatocytes, YH2AX was only localized
to XY bivalent’s chromatin displaying a roughly
elliptical shape attached to the inner face of
the nuclear envelope. In sharp contrast to nor-

Table 3. Synapses status in apoptotic and non-apoptotic pachytene spermatocytes.

Active SYCP1
[nactive
Active SCYP3
Inactive

93 (21%) 348 (799%)
147 (99%) 1 (0.7%)
275 (37%) 479 (64%)
417(100%) 0 (0%)

Table 4. Distribution of YH2AX and RAD51 in apoptotic and non-apoptotic pachytene

spermatocytes.

Active yH2AX
Inactive

Active RAD51
Inactive

273 (36%) 481 (64%)
417 (100%) 1 (0.2%)
132 (29%) 328 (71%)
285(99%) 3(1%)

Figure 2. Relative distribution of apoptotic spermatocytes
throughout the spermatogenic cycle. Bar graph showing the
number of caspase-9 positive spermatocytes in each stage of the
spermatogenic cycle of seminiferous tubules from heat stressed

mice.

stressed mice.

Figure 3. Relative distribution of apoptotic spermatocytes
throughout prophase I and metaphase I. Bar graph showing the
number of caspase-9 positive spermatocytes classified according
to the different meiotic stages of isolated germ cells from heat
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mal spermatocytes, YH2AX remained associat-
ed with autosomal chromatin or chromosomal
axes showing incomplete synapsis in apoptotic
spermatocytes at pachytene. This association
persisted throughout and was even observed in
more advanced meiotic states, including late
pachytene and diplotene. Moreover, in apoptot-
ic spermatocytes at pachytene, YH2AX exhibit-
ed an atypical distribution over the sex chro-
mosomes. Here YH2AX adopted a mainly ring
shape tracing the axes of sex chromosomes
but not extending to the central space occu-
pied by the sex chromatin (not shown). Of 754
apoptotic spermatocytes in middle and late
pachytene studied, 64% presented anomalous
persistence of yH2AX over unsynapsed chro-
matin, as well as atypical distribution over sex
chromosomes. Frequency differences in abnor-
mal distribution of yYH2AX between normal or
non-apoptotic and apoptotic spermatocytes
were highly significant (P<0.001) (Table 4).

Rad51

In normal or non-apoptotic spermatocytes,
Rad51 was widely distributed throughout the
chromatin at leptotene and over chromosomal
axes at zygotene. Immunocytochemical detec-
tion of Rad51 decreased in tandem with the
progression of chromosomal synapses. At
pachytene, Rad51 was only detected in associ-
ation with sex chromosomes’ single axes
(Figure 4B). In apoptotic spermatocytes at
pachytene, Rad51 was observed in several foci
over the path of autosomal bivalent SCs
(Figure 4C). This unusual Rad51 distribution
was also observed in apoptotic spermatocytes
in late pachytene. Of 460 pachytene apoptotic
spermatocytes studied, 71% showed persisting
association of Rad51 with chromosomes. In
these cells, detailed examination revealed that
Rad51 formed several foci over autosomal biva-
lent’s SCs. In 99% of non-apoptotic spermato-
cytes, Rad51 was found associated with only
the axes of sex chromosomes. Only in about
1% of these spermatocytes, Rad51 formed foci
in autosomal bivalents (Table 4). Frequency
differences of abnormalities between non-
apoptotic and apoptotic spermatocytes were
highly significant (P<0.001).

Apoptotic spermatocytes showed
abnormalities both in chromosome
structure and DNA repair

Apoptotic spermatocytes were also evaluated
for the co-localization of structural proteins in
chromosome axes and DNA repair proteins by
examining the distribution of protein pairs
SYCP3//H2AX and SYCP3/Rad51, respectively.
Of 754 apoptotic spermatocytes examined, 48%
showed anomalies in the distribution of both
synaptic and repair proteins.Specifically, YH2AX
was found associated with chromatin surround-
ing discontinuous chromosomal axes as

[European Journal of Histochemistry 2016; 60:2677]
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revealed by SYCP3 localization. In this popula-
tion of apoptotic spermatocytes about 15%
showed anomalies in either synaptic or DNA
repair proteins. About 20% of apoptotic sperma-
tocytes showed no detectable alterations in the
distribution of SYCP3 and yH2AX (Table 5). Of
460 apoptotic spermatocytes examined, approx-
imately 51% showed anomalies in the distribu-
tion of both synaptic and DNA repair proteins.

pachytene stages and localized over chromoso-
mal axes that appeared fractured. In this same
population of apoptotic spermatocytes, only
about 16% showed anomalies in chromosomal
axes (as revealed by SYCP3 distribution) and
about 20% displayed abnormal Rad51 distribu-
tion. About 13% of apoptotic spermatocytes
showed no alterations in the distribution of
either of these proteins (Table 5).

Rad51 was found in association with advanced

Table 5. Co-distribution of SYCP3/yH2AX and SYCP3/RAD51 in apoptotic pachytene
spermatocytes.

Normal 156 (21%)

117 (16%)

119 (16%)
362 (48%)

62 (14%)
70 (15%)

94 (20%)
234 (51%)

Abnormal

Figure 4. Immunofluorescent localization of activated caspase-9 and nuclear proteins
SYCP1, SYCP3 and Rad51 in apoptotic and non-apoptotic spermatocytes at pachytene.
A) In situ localization of SYCP1 (red) and SYCP3 (green) in an apoptotic pachytene sper-
matocyte evidenced by the wide reaction to activated caspase-9 (red) at the cytoplasm;
several alterations in chromosome structure and synapses are detected in the nucleus;
normal chromosome synapses are shown in yellow by overlaying fluorescent signals from
SYCP1 (red) and SYCP3 (green). A’) Apoptotic spermatocytes were isolated and probed
with specific antibodies directed against activated caspase-9, SYCP1, SYCP3 and Rad51
as described in Materials and Methods; the panel shows alterations observed in SCs from
apoptotic spermatocytes at pachytene: (1) Discontinuous chromosomal axes, (2) partial
unsynapses, and (3) irregular distribution on SCs of SYCP1 or SYCP3. B) I situ local-
ization of Rad51 (green) and SYCP3 (blue) in a normal pachytene spermatocyte; Rad51
is only detected associated to the sex chromosome single axes (XY). C) In situ localization
of Rad51 (green) and SYCP3 (blue) in an apoptotic pachytene spermatocyte evidenced
by the widespread cytoplasmic reaction to activated caspase-9 (red); Rad51 observed
forming several foci (green) over the synaptonemal complexes of the autosomal bivalents
(blue) in sex chromosome single axes (XY). Scale bars: 10 pm.
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Discussion

In the male germinal epithelium cellular
responses leading to apoptosis normally occur
at a very low frequency. This observation has
limited our ability to study nuclear participants
involved in triggering programmed germinal
cell death. Previous studies by others have
shown that a temporary rise in the tempera-
ture of the scrotum causes a complex response
in germ cells including apoptosis.??!#32 This
temperature-precipitated  response  also
involves an induction of genes associated with
hypoxia and oxidative stress resulting in DNA
damage and DSB.**3! Moreover, mouse sper-
matocytes at pachytene experience higher
oxidative stress responses compared to round
spermatids when these stages are temporarily
subjected to a temperature of 40°C.2 The
observation that spermatocytes have higher
temperature sensitivity with respect to other
germ cells offers an experimental approach for
enrichment in apoptotic cells. Therefore, in
this work we increased the number of germ
cells undergoing apoptosis by exposing the
scrotum of mice and consequently their semi-
niferous epithelia to a brief and moderate rise
in temperature.” Since among caspases, acti-
vation of caspase-9 is considered a reliable
marker for the initiation of the apoptotic
response,® in situ detection of activated cas-
pase-9 was used as a marker for evidencing
initiation of apoptosis. Similarly as described
in a rat model,” a significant increase in germ
cell apoptosis was obtained after 15 min of
exposure to a mild scrotal temperature rise.
This relative short exposure time followed by a
5 h delay in collecting specimens, lead to
enrichment in apoptotic germ cells particularly
in spermatocytes at pachytene and at
metaphase 1. Cell renewal dynamics in semi-
niferous epithelia, together with the relative
short exposure time used in this study con-
tributed to enriching for meiotic stages under-
going early apoptotic activation and reducing
the chances of evaluating chromatin fragmen-
tation and karyorrhexis, recognized as later
events in apoptosis.? Since apoptotic signals
were predominantly found associated with
spermatocytes at pachytene and at metaphase
I, our results suggest that in seminiferous
epithelia the apoptotic response specifically
targets certain cell stages. Notably, these mei-
otic stages in turn coincide well with the onset
of the pachytene and metaphase check-
points.!83437  QObservations in seminiferous
epithelia also revealed that apoptotic sperma-
tocytes were grouped in sets. Observation that
support the hypothesis that cellular associa-
tions and intercellular bridges, that normally
synchronize seminiferous epithelia develop-
ment, may also be contributing to synchronize
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the triggering of apoptosis in these sets.®

Examining the spermatogenetic cycle, apop-
totic spermatocytes concentrated in stages III-
IV, mostly at pachytene, IX-XII, mostly at
metaphase [ and, in IX-X mostly at advanced
pachytene or diplotene. Our observations
using isolated spermatocytes were consistent
with those made while these cells still
remained forming part of the seminiferous
epithelium.* Most isolated apoptotic sperma-
tocytes were distributed between pachytene
and metaphase 1. An observation that is also
consistent with the prophase and metaphase
checkpoints.?** The prophase checkpoint
ensures the correct recombination and synap-
sis of homologous chromosomes,**> while the
metaphase checkpoint ensures the correct
alignment and separation of homologous chro-
mosomes; a process similar to what occurs
during mitosis.?*"

To explain the small population of diplotene
apoptotic spermatocytes we found at diplotene,
two hypotheses have been put forward: That a
prophase checkpoint evasion may be occurring
through a mechanism known as MSUC
(Meiotic ~ Silencing  of  Unsynapsed
Chromatin)® or, that there is a damage thresh-
old requirement precipitating apoptosis.!
Since in this study the total time before speci-
mens were prepared for immunocytochemistry
was 5-1/4 h (15 min + 5 h) and the pachytene
stage extends for 6 days,' there would not be
enough time for cells in early meiotic prophase
to reach the diplotene stage. Therefore, we
have to conclude, that most apoptotic sperma-
tocytes at diplotene initiated apoptosis while at
this stage. We do not have evidence however,
to ascertain wether this late prophasic apopto-
sis involves the action of prophase or
metaphase checkpoints. On the other hand,
the absence of apoptosis between its highest
peak during early prophase and a second peak
toward the end of prophase does not support
the hypothesis for sustained retention of the
initial checkpoint. Therefore, the small popula-
tion of apoptotic spermatocytes we found at
diplotene, cannot be explained by the above
hypotheses.

Our results show that there is indeed an
association between spermatocyte apoptosis
and abnormal synapses between homologous
chromosomes. Synaptic anomalies were evi-
dent through changes in structural compo-
nents of SCs. In this study, the quality of chro-
mosomal axes or lateral elements of SCs were
evaluated by examining the distribution
SYCP3. The continuity of the SCs’ central ele-
ment was evaluated by examining the distribu-
tion of SYCP1. Although SYCP1 and SYCP3 are
not the only components of SCs, they have
been recognized as reliable in situ targets for
evaluating synapses because they are highly
conserved and widely distributed in SCs from
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several organisms.®® Indeed, assembly of SC
components is a complex process regulated by
a combination of associated nonstructural pro-
teins and post-translational modifications,
which together coordinate the timing of
homologous chromosome pairing, DSB forma-
tion and recombination.*

Therefore, the heat stress may be directly
affecting the distribution of synaptic proteins
like SYCP3 or SYCPI, or it may be affecting
others related to or interacting with SC assem-
bly, like modified histones, DNA repair pro-
teins, recombinases, efc. All of them are
required for the normal synapsis and mainte-
nance of the SC and consequently for the nor-
mal progression of the meiotic prophase.”
While conducting these in situ studies, we
noticed that in apoptotic spermatocytes at
pachytene, a phosphorylated form of H2AX per-
sisted in association with chromatin and so
did Rad51 in chromosomal axes. Both observa-
tions point to a delayed localization of these
proteins with respect to their normal distribu-
tion pattern in meiotic prophase. Recruitment
and renewal of these proteins is controlled by
the meiotic prophase checkpoint.* Pachytene
spermatocytes carrying a minimum threshold
of anomalies in protein recruitment, as we
observed, would be detected by the meiotic
prophase checkpoint and therefore eliminated
by apoptosis. It is possible that these early mei-
otic events (i.e., synapsis, recombination) may
be especially susceptible to a scrotal tempera-
ture rise, in similar way to oxidative stress.3!4
The persistence of yH2AX and Rad51 proteins
through pachytene suggests that MSUC may
indeed be occurring. If this is the case, repres-
sion of gene expression may also be
occurring. 04647

Since the formation of synapses and DNA
repair are intimately ligated, it is not possible
to infer whether meiotic checkpoints act inde-
pendently detecting alterations on synapses or
on DNA repair.® Moreover, our study could not
discern sub-microscopical or molecular alter-
ations occurring concurrently with or preced-
ing checkpoints activation. Unfortunately, little
is known about the role of checkpoints on mei-
otic divisions. Information governing meiotic
anaphase chromosome separation is apparent-
ly contained within chromosomes and, does
not involve the spindle.?**’ Checkpoint mecha-
nisms detecting alterations in the two distinct
meiotic divisions may also be an intrinsic
property of meiotic chromosomes. However,
many protein families has been described
involved in chromatid cohesion or in the cen-
tromeric region organization, all of which may
be subject to the metaphase checkpoint con-
trol. It has been described recently that some
proteins first localize to the SCs’ central
regions subsequently they re-localize to the
centromeric region of metaphasic chromo-
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somes.” Thus, this complex process of chro-
mosome segregation appears to be not only
dependent on chromosome structure or on the
integrity of the meiotic spindle, but on the
coordination of multiple events including
some whose dynamics starts at SCs of the pre-
ceding prophase 1.5

We found that almost half of apoptotic sper-
matocytes were in metaphase I. Considering
the time frame of our experiments, it would
not be possible for damaged chromosomes at
prophase to reach metaphase. Thus it is likely
that the rise in scrotal temperatures induce
damage during metaphases’s chromosome
alignment, or during the meiotic spindle
assembly. Anomalies in each or all these steps
would have been detected by the metaphase I
checkpoint, which plays an important role in
male germ cell development and regulation.’!

This study showed evidence that anomalies
in chromosome synapses and DNA repair, were
frequently found in apoptotic spermatocytes at
specific stages of the seminiferous epithelia.
In our experiments, all gonadic cells were
exposed moderate rise in temperature, but
only a few specific germ cells were irreversibly
damaged and underwent apoptosis. Since
apoptotic spermatocytes were at an early
prophase stage, at a stage when critical events
are occurring under the surveillance of check-
points capable of triggering apoptosis, it is
possible to conclude that the enrichment for
apoptotic spermatocytes observed was due to
the induction of chromosomal alterations and
the consequent activation of these check-
points. These observations help explain the
fertility decline observed in scrotal individuals
who have had the temperature of their gonads
elevated above their normal value.
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