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Microgravity Promotes Differentiation and Meiotic Entry
of Postnatal Mouse Male Germ Cells
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Abstract

A critical step of spermatogenesis is the entry of mitotic spermatogonia into meiosis. Progresses on these topics are hampered
by the lack of an in vitro culture system allowing mouse spermatogonia differentiation and entry into meiosis. Previous studies
have shown that mouse pachytene spermatocytes cultured in simulated microgravity (SM) undergo a spontaneous meiotic
progression. Here we report that mouse mitotic spermatogonia cultured under SM with a rotary cell culture system (RCCS)
enter into meiosis in the absence of any added exogenous factor or contact with somatic cells. We found that isolated Kit-
positive spermatogonia under the RCCS condition enter into the prophase of the first meiotic division (leptotene stage), as
monitored by chromosomal organization of the synaptonemal complex 3 protein (Scp3) and up-regulation of several pro-
meiotic genes. SM was found to activate the phosphatidyl inositol 3 kinase (PI3K) pathway and to induce in Kit-positive
spermatogonia the last round of DNA replication, typical of the preleptotene stage. A PI3K inhibitor abolished Scp3 induction
and meiotic entry stimulated by RCCS conditions. A positive effect of SM on germ cell differentiation was also observed in
undifferentiated (Kit-negative) spermatogonia, in which RCCS conditions stimulate the expression of Kit and Stra8. In
conclusion, SM is an artificial environmental condition which promotes postnatal male germ cell differentiation and might
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provide a tool to study the molecular mechanisms underlying the switch from mitosis to meiosis in mammals.
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Introduction

In the adult mouse testis, spermatogenesis originates from
spermatogonial stem cells (Asingle, As), that can self-renew or
differentiate into committed paired (Ap) and aligned (Aal)
spermatogonia. The heterogeneous population of germ cells,
including stem cells and committed spermatogonia, is collectively
called undifferentiated spermatogonial population, or Kit-negative
spermatogonia. This population expresses different stem cell
markers (such as Plzf, Oct4, Nanos3) but does not express the
Kit tyrosine-kinase receptor [1-4]. Approximately 6 days after
birth Aal cells begin to differentiate into Al to A4, Intermediate, B
spermatogonia, and finally preleptotene spermatocytes which
undergo meiosis [4]. The appearance of Al coincides with the
expression of the Kit receptor, a marker of differentiating
spermatogonia that is expressed until the preleptotene stage and
then is down-regulated at the time of meiotic entry [5-7]. The cell
population from type Al to type B spermatogonia is called
differentiating (Kit-positive) spermatogonia, which, after a defined
number of cell divisions, enter into the meiotic program. Up to
now, only two agents have been postulated to have a role in the
induction of meiotic entry in male mitotic germ cells: all-trans
retinoic acid (ATRA) and Kit Ligand (KL). ATRA has been
shown to determine entry into meiosis of germ cells in the ovary,
while, in the fetal testis, the presence of the retinoid-degrading
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enzyme CYP26B1 prevented its action [8-9]. Moreover, we
recently demonstrated that, in postnatal testis, ATRA increases
meiotic entry of differentiating spermatogonia i vitro by activating
the Kit signalling pathway [10] and by stimulating a significant
increase of Stra8, a fundamental regulator of meiosis in both
female and male mice [11-12]. Similarly to ATRA, addition of
KL, a growth factor essential for survival and proliferation of Kit
positive germ cells [5,13-14], increases the percentage of meiotic
nuclei in cultured spermatogonia, concomitantly with an up-
regulation of Stra8 [10].

We were interested in establishing culture conditions that would
eventually allow a spontaneous differentiation of mitotic germ cells
toward the meiotic program, in the absence of exogenously added
growth factors or contact with supporting somatic cells. Such
conditions would be helpful to facilitate studies on the molecular
mechanisms that regulate the mitotic-meiotic switch in mamma-
lian germ cells. Recently it has been demonstrated that simulated
microgravity (SM) exerts a positive effect on cell proliferation and
differentiation in cell types such as periodontal stem cells [15] or
osteoclasts and their precursors [16]. As for male germ cells, Di
Agostino and co-workers [17] have shown that isolated mouse
pachytene spermatocytes cultured under SM undergo spontaneous
meiotic progression. SM was also found to increase the number of
duplicating germ cells in organ cultures of testicular fragments

[18].
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Here we report that rotary cell culture system (RCCS)
conditions provoke a dramatic increase in the number of meiotic
figures in cultured Kit-positive spermatogonia, as revealed by the
chromosomal organization of the synaptonemal complex protein 3
(Scp3). We also observed a concomitant increase in the expression
of pre-meiotic proteins, such as Kit and Stra8, and of meiotic
markers, such as Spoll and Scpl. We found that SM stimulates
the last round of premeiotic DNA synthesis and activates the
phosphatidyl inositol 3 kinase (PI3K) signalling pathway in these
cells. PISK activation appears to be required for stimulation of
meiotic entry. Moreover SM was also found to promote
differentation of Kit-negative spermatogonia.

These data suggest that microgravity elicits spontaneous
differentiation of spermatogonia and their entry into the prophase
of the first meiotic division.

Results

Isolation and Characterization of Kit-Positive
Spermatogonia

Spermatogonial germ cell suspensions, including undifferentiated
Kit-negative and differentiating Kit-positive spermatogonia, were
obtained from testes of immature 7 day post-partum (dpp) mice. To
allow the adhesion and removal of most contaminating somatic
testicular cells, suspensions were subjected to a pre-plating treatment
with fetal calf serum. Kit-positive spermatogonia, were then purified
from the germ cell population using anti-CD117 (Kit) conjugated
microbeads. We estimated that this class of cells represents
approximately 20%-25% of total germ cells. This data was
confirmed by cytofluorimetric analysis (Fig. 1A, left panel). The
enrichment of the isolated Kit-positive population was tested by
western blotting analysis, which showed that Kit and Stra8 are
strongly expressed compared to the Kit-negative population (Fig. 1A,
right panel). The purity of the Kit positive germ cells, selected by
immunomagnetic beads, was routinely confirmed by negativity for
the expression, at both protein and mRNA levels, of several markers
of undifferentiated germ cells, such as Oct4, Plzf, Nanos3, Bcl6b,
and for positivity, besides Kit and Stra8, also for Sohlh1 expression,
as previously reported [2 and our unpublished data].

To morphologically characterize the Kit-positive spermatogo-
nia, nuclear spreads were prepared and stained with DAPI and
with an anti-Scp3 antibody that detects premeiotic and meiotic
nuclei. Based on their nuclear size and morphology [19,10],
several types of spermatogonia were identified in the freshly
isolated Kit-positive population (Fig. 1B). Most of spermatogonia
nuclei were Scp3-negative and could be identified as type A and
type B spermatogonia. Type A showed more homogeneously
distributed and less condensed chromatin, while type B possess a
typically round nucleus, which is smaller in size and contains
several condensed chromatin patches.

A lower percentage of cells were Scp3-positive and could be
identified either as preleptotene spermatocytes (2% %0.3% of total
Kit-positive germ cells) showing typical Scp3 spots within their
nuclei, or as “transition” germ cells (14.5% *£1.5%) representing a
subclass of type B spermatogonia characterized by few, small and
diffuse Scp3 spots, in which nuclear Scp3 protein is already
detectable but not yet organized. Notably no meiotic leptotene
spermatocytes were found in the Kit-positive population, as
monitored by DAPI staining and Scp3 organization.

SM Condition Increases Meiotic Entry of Kit-Positive

Spermatogonia
SM has been previously reported to influence chromatin
condensation and meiotic progression of mouse spermatocytes
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from the pachytene stage towards the first meiotic division [17].
We decided to test whether the differentiative effect of SM was also
exerted on the earlier mitotic stages of spermatogenesis, and, in
particular, in Kit-positive spermatogonia, the germ cells prone to
enter into the meiotic program. Isolated Kit-positive spermatogo-
nia were cultured for 48 h in RCCS and their survival was
monitored by Trypan blue staining and by TUNEL analysis. On
the contrary of what previously reported for several other cell types
[20-21], SM did not affect germ cell survival, since the cell
viability rate after 48 h of culture was about 60-70% both in
culture at unit gravity and under the RCCS condition (data not
shown). Figure 2A shows that Kit-positive spermatogonia cultured
for 48 h did not form aggregates when kept in RCCS, a
phenomenon that is instead frequently observed when culturing
other cell types under SM [22-23]. After the 48 h culture period,
nuclear spreads were made and stained with Scp3 to detect
melotic stages, as represented in Fig. 2B. Figure 2C shows that the
cell population cultured under SM underwent a dramatic increase
(10 fold) in the percentage of nuclei with typical meiotic
organization of Scp3 onto chromosomes (35.7%*14.3) with
respect to cells left at unit gravity (3.60% *=2.00). This increase
was mainly due to cells at the leptotene stage (27.31% *=8.6 with
respect to 3.0% 1.5 at unit gravity) (Fig. 2D). We also observed
the appearance of cells at the zygotene stage in the SM condition
(8.4%=2.1), which were never seen in the culture at unit gravity
(Fig. 2D). In line with these results, analysis of nuclear spreads
performed after a shorter period of culture under SM (24 h)
showed a consistent increase in earlier meiotic stages, mainly in
preleptotene/early leptotene nuclear figures (34.5% %7 in SM vs
12.5% %4 at unit gravity; see Fig. 1B and Fig. 2B for representative
cell morphology).

These observations were confirmed by transcriptional and
translational analysis of pre-meiotic and meiotic markers after
24 h of culture. Semiquantitative RT-PCR analysis of Scpl, the
major component of the central region of the synaptonemal
complex [24] and Spoll, a type II topoisomerase, needed for
meiotic recombination [25], showed an increase of about 2 fold
(Fig. 2E; Table 1). A slight increase in the RNA levels of Scp3,
but not of Kit, was also observed (Fig. 2E; Table 1). Moreover,
western blot analysis of spermatogonia protein extracts showed
an increase of about 2 fold for Kit, Scp3 and Stra8 with respect to
extracts from cells cultured at unit gravity (Fig. 2F; Table 1).
These results indicate that the SM condition favours meiotic
progression of the immunomagnetic purified Kit positive
spermatogonia, evaluated both at morphological and molecular
levels.

SM Promotes Differentiation of Kit-Negative
Spermatogonia

We investigated whether SM had effects also on the progression
of mitotic germ cells at earlier stages of differentiation.
Undifferentiated Kit-negative spermatogonia obtained from testes
of 4dpp mice, were purified by depletion of Kit-positive cells with
immunomagnetic beads and their purity was monitored by FACS
analysis (Fig. 3A). The undifferentiated germ cell population was
cultured in RCCS or at unit gravity. After 24 h of culture, germ
cells were analyzed for the expression of protein markers,
important for spermatogonia differentiation and commitment
towards meiosis (Kit, Stra8 and Scp3). Interestingly, we observed a
strong increase in protein levels of Kit and Stra8 markers in SM
conditions, whereas Scp3 levels did not change (Fig. 3B). No Scp3
nuclear organization was evident either in gravity or in SM
condition after 24 h of culture (Fig. 3C). These results suggest that
microgravity accelerates the i vitro spontaneous differentiation of
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Figure 1. Isolation and characterization of Kit-positive Spermatogonia. A) Germ cells were obtained with sequential enzymatic
digestions from testis of 7dpp animals and analyzed by FACS analysis for Kit expression (left panel). Kit-positive spermatogonia were purified
using CD-117 conjugated beads, and Kit and Stra8 protein expression were detected by Western blot analysis. Tubulin was used as loading
control (right panel). B) Representative images of DAPI (blue) and Scp3 (green) staining of nuclear spreads from isolated Kit-positive
spermatogonia. Scp3-negative nuclei with decondensed chromatin (type A spermatogonia) or with heterochromatic nuclei (type B
spermatogonia), and Scp3-positive nuclei with small and diffuse spots (Transition Spermatogonia) or with large and defined spots

(Preleptotene) are shown. Scale bar, 10 um.
doi:10.1371/journal.pone.0009064.g001

undifferentiated spermatogonia, but it does not induce premature
entry into meiosis.

On the other hand, when we cultured total mitotic germ cells
isolated from 4dpp testes, prior of immunomagnetic removal of Kit
positive spermatogonia, we could appreciate the appearance of a
consistent number of Scp3-positive nuclei under SM condition
(16%*3.0), while germ cells at unit gravity were completely Scp3-
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negative (IFig. 3D, E). The Scp3 positive nuclei had the
characteristics of a preleptotene-like stage and we never observed
early leptotene/leptotene meiotic nuclei, even after more prolonged
incubation times. Scp3 espression at both mRNA and protein levels
was clearly increased in the total population of 4dpp germ cells
cultured for 24 h under the RCCS condition with respect to unit
gravity control. (Fig. 3F).
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Figure 2. SM induces meiotic entry of Kit-positive spermatogonia. A) Morphology of Kit-positive spermatogonia from testes of 7dpp mice after
2 days of culture under SM and unit gravity seen at light microscopy. Scale bar, 100 um. B) Representative immunofluorescence images showing Scp3
organization on nuclear spreads at different stages of meiotic prophase | made on cultured spermatogonia. Scale bar, 10 um. C, D) Histograms
representing the percentage of nuclei with a typical meiotic Scp3 organization (C) and relative amount of early leptotene/leptotene and zygotene
meiotic figures (D) after 48 h of cultures kept at unit gravity and in SM. The percentage of Scp3-positive cells present in freshly collected Kit-positive cells
is shown as TO. The values were obtained by counting 400 nuclei in each sample. Data are means = SD of at least four independent experiments.
P=0.005. E, F) Representative semiquantitative RT-PCR (E) and western blots (F) for pre-meiotic markers Kit and Stra8 and meiotic markers Spo11, Scp3,
Scp1 in spermatogonia under SM versus gravity cultures. Similar results were obtained in three separate experiments. See Table 1 for quantitative data.
doi:10.1371/journal.pone.0009064.9002
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Table 1. Up-regulation of pro-meiotic markers in Kit-positive
spermatogonia from 7dpp testes, cultured under SM with
respect to cells kept at unit gravity.

mRNA fold induction Protein fold induction

Gene name (RT-PCR) (Western blot)
Spol1 1.8+0.3 N.D.

Kit 1.0%0.1 18203

Scp1 1.9+0.2 N.D.

Scp3 1.4%0.1 1.9%0.2

Stra8 N.D. 2.2+0.2

doi:10.1371/journal.pone.0009064.t001

SM Induces DNA Synthesis in Preleptotene

Spermatocytes and Activates the PI3K Signalling Pathway

Since Kit-positive spermatogonia undergo a series of mitotic cell
cycles that are required for their subsequent entry into meiosis [10,26],
we investigated whether SM had a positive effect on their proliferation.

Kit-positive spermatogonia were cultured for 24 h under unit
gravity or SM conditions in the presence of BrdU. Cells were
harvested and BrdU positive cells were analyzed by flow cytometry
for quantitation of DNA synthesis. As shown in Fig. 4A, the
percentage of spermatogonia found in S phase did not change
under microgravity. However, to ascertain whether a modification
in DNA synthesis occurred selectively in specific cellular stages in
the two culture conditions, nuclear spreads were simultaneously
immunostained with anti-BrdU and anti-Scp3 antibodies. We
observed an increase of about 2-fold in double positive cells
(58.5% =5) in RCCS culture with respect to cultures at unit
gravity (26.6% =3), as reported in Fig. 4B, C. BrdU labeling
appeared to be uniform in nuclear spreads, rather than dotted or
sparse, suggesting that it actually represents replicative DNA
synthesis, rather than DNA repair events (Fig. 4B). Since most of
the Scp3/BrdU positive nuclei (80%) found under SM conditions
were at the preleptotene stage (Fig. 4B), we can conclude that
microgravity stimulates the last round of pre-meiotic DNA
synthesis, a prerequisite for the entry into meiosis.

We have recently demonstrated that meiotic entry of mitotic
spermatogonia induced by ATRA and KL is mediated by the
activation of PI3K and ERK pathways [10]. We investigated if the
SM-induced differentiation of spermatogonia i vitro involved the
activation of the same signalling pathways. Kit-positive spermato-
gonia were cultured in RCCS for 24 h, before cell protein extraction
and analysis of activated Akt and Erkl1/2. A reproducible increase in
the phospho-Akt levels, and a slighter induction also of phospho-
Erk1/2, were observed in cells cultured under SM with respect to
cells cultured at unit gravity (Fig. 5A). Addition to the culture of the
PI3K inhibitor LY294002 reverted the increase of the Scp3 protein
levels induced by SM after 24 h of culture (Fig. 5B). LY294002 also
abolished the increase in the number of preleptotene/ early leptotene
spermatocytes normally elicited by the RCCS conditions (fig. 5C),
with no effects on cell survival, as determined by both the Trypan
Blue exclusion test and TUNEL assay (data not shown). These
results indicate the involvement of PI3K into the mitotic-meiotic
transition of germ cells under SM condition.

Discussion

In this work we show that mouse spermatogonia, cultured under
SM conditions in RCCS, undergo a spontaneous differentiation
and entry into the early prophase of the first meiotic division.
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After 48 h of culture of isolated differentiating Kit-positive
spermatogonia in RCCS, we found a dramatic increase in the
number of meiotic nuclei, most of which were at the leptotene
stage. A small number of zygotene nuclei were also present in the
RCCS culture, which were never observed at unit gravity. The
starting spermatogonia population consisted mostly of Scp3-
negative germ cells (type A, intermediate and type B spermato-
gonia), and of a small number of preleplotene germ cells, which
eventually shifted toward leptotene and zygotene stages under the
RCCS conditions,. Due to the poor viability of Kit-positive
spermatogonia after prolonged culture periods, we could not test
whether more advanced meiotic stages can be reached after
incubation times longer than 48 h. Further studies will be required
to assess whether improvement of cell viability by addition of
survival factors, hormones, or other pharmacological agents might
extend meiotic progression of these cells under SM. The effect of
SM on meiotic entry of differentiating spermatogonia was
confirmed by the increased expression at the mRNA and/or
protein level of genes important for commitment and entry into
meiosis (such as ki, scp3 and stra8) and of genes essential for early
meiotic DNA recombination (such as spol1, scp3 and scpl).

The effect of microgravity on spermatogonia differentiation was
not exerted only on Kit-positive cells, but it was also evident on
earlier differentiative stages of mitotic germ cells. In fact, when
Kit-negative spermatogonia (obtained from 4dpp testes, after
removal of Kit positive cells) were cultured for 24 h in RCCS, they
underwent differentiation, as evaluated by increased expression of
genes important for commitment of mitotic germ cells to the
meiotic programm (Kit and Stra8), even though they failed to
organize Scp3 onto chromosomes. However when total germ cell
population from 4dpp testes, which includes Kit positive cell
contaminant, were cultured in RCCS, they progressed to early
meiotic stages, as evaluated by induction of Scp3 expression and its
organization in preleptotene-like figures, which were never
observed at unit gravity. This result strongly suggest that SM
affects also the minority of Kit positive cells included in this
population and confirm the previous data obtained from Kit-
positive cells from testes of 7 dpp mice. However these cells were
not able to progress towards leptotene stage compared to the Kit
positive cells collected at 7dpp. These observations indicate that, in
order to start a correct meiotic program, germ cells have to
accomplish the differentiative events occurring during the Kit-
positive stages of cell divisions, as discussed previously [10,26].
The present data indicate that SM acts as an inducer or at least, an
accelerator, of cell differentiation in post-natal mitotic germ cells,
both at the Kit-negative and Kit—positive stages.

We found that SM had no apparent effect on total BrdU
incorporation in Kit-positive spermatogonia cultured for 24 h.
However, Scp3 co-staining revealed that RCCS conditions
stimulated DNA synthesis selectively in preleptotene spermato-
cytes. This observation is in line with our results showing
acceleration of meiotic entry after 48 h of RCCS culture, and
suggests that SM induces progression toward meiosis by
stimulating the last round of pre-meiotic DNA synthesis in Kit-
positive spermatogonia.

The mechanisms underlying the positive effect of microgravity
on germ cell differentiation are unknown. In an attempt to address
this issue, we investigated whether PI3K and ERK pathways,
known to mediate meiotic entry of spermatogonia induced by
ATRA and KL [10], are also affected by the RCCS condition.

We found that after 24 h of culture a sustained activation of Akt
accompanies the spontaneous progression toward the meiotic
prophase of Kit-positive spermatogonia cultured under RCCS
conditions. Erkl/2 activation after 24 h is less evident, but we
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Figure 3. SM accelerates differentiation of undifferentiated Kit-negative spermatogonia. A) FACS analysis of total germ cells population
from testes of 4dpp mice before (left panel) and after (right panel) removal of Kit positive cells. B) Western blot analysis of Kit, Stra8 and Scp3
expression in undifferentiated Kit negative cells at TO and after 24 h of culture under gravity or SM. C) Lack of Scp3 organization on nuclear spreads of
undifferentiated spermatogonia after 24 h of culture under either unit gravity or SM conditions. D) Scp3 organization on nuclear spreads of total
spermatogonia from 4dpp mice, cultured for 24 h under SM or gravity conditions. Preleptotene-like cells are evident only in microgravity samples. E)
Histogram representing the percentage of preleptotene-like nuclei in gravity and SM cultures. The values were obtained by counting 300 nuclei in
each sample. Data are means = SD of at least three independent determinations. P=0.05. F) Representative semiquantitative RT-PCR (left panel) and
western blot (right panel) for Scp3 expression in total spermatogonia from 4pp testes, cultured under SM compared to control cells. Similar results
were obtained in three separate experiments.

doi:10.1371/journal.pone.0009064.9003
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cannot exclude that it occurred at earlier culture times. Thus, SM
stimulates signalling pathways that physiologically mediate the
transition from the mitotic to the meiotic cell cycle in Kit-positive
spermatogonia. Addition of the PI3K inhibitor LY294002
abolished the increase in Scp3 expression and meiotic entry
induced by SM. This observation suggests that induction of Scp3
expression under the RCCS conditions might be physiologically

@ PLoS ONE | www.plosone.org

regulated by PISK activity. This signalling pathway might be
affected by the altered biomechanical forces imposed to the cells
cultured in RCCS, including hydrostatic forces, circumferential
stress, shear stress, metabolic changes, with consequent variations
in the gene expression pattern of cultured mitotic germ cells. For
instance, it is well known that shear stress induces Akt
phosphorylation in endothelial cells [27-28]. Moreover, several
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doi:10.1371/journal.pone.0009064.9005

studies have revealed that modification of biomechanical forces in
i vitro culture systems are able to induce specific developmental
programs in mesenchymal stem cells [29-30].

In conclusion, our results demonstrate that SM induces a
spontaneous acceleration of differentiation in Kit-negative sper-

@ PLoS ONE | www.plosone.org

matogonia, and the meiotic entry of Kit-positive cells in the
absence of any added growth factor or supporting somatic cells.
Induction of meiotic entry is accompanied by stimulation of the
last round of pre-meiotic DNA synthesis in mitotic Kit-positive
cells and activation of the PI3K pathway.
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Thus, SM might provide a simple, inexpensive and powerful
tool to dissect at a molecular level the mechanisms underlying
the switch from mitosis to meiosis during mammalian
spermatogenesis.

Materials and Methods

Spermatogonia Isolation and Culture

This research, involving the use of laboratory mice, has been
approved by the “Institutional Animal Care and Use” Committee
of the University of Rome Tor Vergata. Mice were maintained
and used in accordance with the guidelines issued by the
Committee.

Enriched spermatogonia fraction was obtained from testes of
immature 4 or 7 day-old Swiss CD-1 mice, as reported previously
[10]. Briefly, after dissection of the albuginea membrane, testes
were first digested with collagenase to remove interstitial cells and
then with hyaluronidase and trypsin. The cell suspension was
plated in Petri dishes for 4h in modified Eagle medium (MEM)
supplemented with 10% fetal calf serum to promote adhesion of
somatic cells. This pre-plating treatment allowed removal of most
contaminating Sertoli and Leydig cells. Spermatogonia suspension
was recovered and the purity was monitored morphologically after
Giemsa staining, and immunocytochemically, as described
previously [26]. From testes of 4dpp mice, a 50% enrichment of
germ cells vs. somatic cells was obrtained. In this population, germ
cells consisted mainly (90%) of Kit-negative spermatogonia, as
monitored by FACS analysis. Kit receptor was immunostained
with the APC- anti-mouse CD117 antibody (eBioscience). The
homogeneity of the spermatogonial population from 7 day-old
mice was about 85-90% including all stages: undifferentiated and
differentiating (type Al-A4, intermediate, and type B) spermato-
gonia, 4.5% of preleptotene germ cells and rare leptotene
spermatocytes. In this population 20%-25% of the cells were
Kit-positive spermatogonia, as monitored by FACS analysis.
Separation of Kit-positive spermatogonia was performed by
using magnetic-activated cell sorting (MACS) with CDI117
conjugated microbeads (Miltenyi Biotec, #130-091-224). For an
accurate description of the purification protocol see http://www.
miltenyibiotec.com/download/datasheets_en/264/DS130-091-224.
pdf. Spermatogonia were cultured for 24 h or 48 h in MEM with
100 U/ml penicillin, 100 pg/ml streptomycin, 20 mM L-glutamine
without serum supplementation, at unit gravity in conventional
tissue culture dishes with PBS 0.5% agarose, or at microgravity in a
rotary cell culture system (RCCS) (RCCS-4D; Synthecon Inc., El
Rio, Houston, TX, USA). In the RCCS condition 4 x 10° germ cells
were seeded in disposable vessels with 10 ml MEM, using a rotation
rate of 14 revolutions/min (RPM).

Immunofluorescence and Western Blotting

For meiotic cell spreads, spermatogonia were prepared and
stained essentially as described [10,25]. Slides were washed twice
in PBS, and incubated with anti-Scp3 rabbit polyclonal antibody
(Novus NB 300-231, 1:100) in blocking solution (10% serum from
goat, 3% BSA, 0.05% Triton X-100 in PBS), overnight at 4°C.
After washing, anti-rabbit FITC secondary antibody (Novus NB
730F, 1:100) was added for 1 h at 37°C. The slides were washed
and allowed to dry. Vectashield Mounting Medium with DAPI
(Vector Laboratories) was added and the slides were analyzed
using a Leica microscope.

For western blotting analysis, cells were lysed in 1% Triton X-
100, 150 mM NaCl, 15 mM MgCly, 15 mM EGTA, 10%
Glycerol, 50 mM Hepes (pH 7.4) with protease inhibitors.
Proteins were separated by SDS-10% polyacrylamide gel
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electrophoresis and transferred to nitrocellulose membrane
(Amersham). The membrane was blocked in PBS-5% skim milk
powder for 1 h. Incubation of the membrane with the primary
antibody (1:1000) was carried out at 4°C overnight in PBS-5%
BSA and then with the appropriate horseradish peroxidase-
conjugated secondary antibody (SantaCruz). Anti-Kit rabbit
polyclonal (sc-6283), anti-phospho Erkl/2 mouse monoclonal
antibody (sc-7383), anti-actin rabbit polyclonal (sc-7210), ant-
Scp3 rabbit polyclonal was from Novus, anti-phospho Akt (Ser-
473) from New England Biolabs and anti-Stra8 antibody from
Abcam (ab 49602). The horseradish peroxidase conjugate was
detected by chemiluminescence with an ECL Kit (Amersham) and
autofluorography. Densitometry was performed using a Molecular
Dynamics Densitometer and ImageQuant software. Protein values
were normalized against tubulin or actin levels.

Semi-Quantitative RT PCR Analysis

Total RNA from spermatogonia was isolated using Trizol
Reagent (Life Technologies, USA). DNA was synthesized by
SuperScript™ preamplification system for the first synthesis
(Invitrogen) in a 12 pl reaction mix that contained 3 ug RNA
and 1 pl Random primers. PCR was performed in a 50 pl reaction
mix using 2.0 U Tag polymerase (Fisher), and 50 pmol primers for
about 30 cycles (1820 cycles for B-actin) with 1 ul ¢cDNA as
templates. The PCR products were examined using 1.5% agarose
gel electrophoresis. Band density was evaluated by Molecular
Dynamics Densitometer and ImageQuant software. RNA values
were normalized against actin RNA levels.

Primer sequences for qRT-PCR were: f-actin forw 5'-
GGTTCCGATGCCCTGAGGCTC and rev 5'-ACTTGC-
GGTGCACGATGGAGG; spoll forw 5-CTGTTGGCCAT-
GGTGAAGAGAGG and rev 5- TCCTTGAATGTTAG-
TCGGCACAGC; scp3 forw 5'-ATG ATG GAA ACT CAG
CAG CAA GAG A and rev 5'- TTG ACA CAA TCG TGG
AGA GAA CAA C; s¢pl forw 5'-CAGGTATCAGAACTGTT-
GATCC; rev 5'-CTTCAGTGAGCTGAGAAATCGG; kit forw
5’- GCCACGTCTCAGCCATCTG, rev 5'- GTCGGGAT-
CAATGCACGTCA,

Bromodeoxyuridine/SCP3 Double Staining

According to the manual of BrdU labeling/detection kit (Roche,
Nutley, NJ), 10 uM BrdU labeling medium was added to the
spermatogonia cultures and allowed to incubate overnight at 32
°C under 5% COs. Afterwards, germ cells were processed for both
FACS analysis or spreads preparation. For FACS observation cells
were washed two times in Washing buffer (PBS 0.5% Tween 20),
fixed overnight with Ethanol 70% and stained with anti-Brdu (BD
Biosciences, San Jose, CA, diluted 1:50) according to the
manufacturer’s instruction. After two washing in PBS, 0.5%
Tween 20 the cells were incubated with an anti-mouse FITC-
conjugated secondary antibody (Alexa Fluor® 488 Dye 1:350) at 4
°C for 45 min in the dark. Propidium iodide (1 pg/ul) was added
before the FACS analysis. Spreads were obtained as previously
described. After three washes with PBS, staining was performed
with antibodies anti-BrdU (BD Biosciences, San Jose, CA, diluted
1:40) and anti-Scp3 (Novus, 1:100) in blocking solution containing
DNasel 1 U/ml ( Zymed) and 3 mM MgCl,, at 37 °C for 1 h.
After washing, the cells were incubated with an anti-mouse
FITC-conjugated secondary antibody for anti-BrdU and ant-
rabbit secondary (Alexa Fluor® 568 1:400) for Scp3. Cells were
rinsed with PBS and incubated with 5 pg/ml DAPI for 10 min at
room temperature followed by observation under a fluorescent
microscope.
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Statistical Analysis

The Student t-test and ANOVA have been used to assess the

significance, set at P<<0.05. All experiments were performed from
three to five times and at least in triplicate for each sample. Bars in
the histograms represent standard deviations.

Acknowledgments

We thank Maura Paglialunga for assistance in the animal facility.

References

1.

Buaas FW, Kirsh AL, Sharma M, McLean DJ, Morris JL, et al. (2004) Plzf is
required in adult male germ cells for stem cell self-renewal. Nat Genet 36:
647-652.

. Lolicato F, Marino R, Paronetto MP, Pellegrini M, Dolci S, et al. (2008)

Potential role of Nanos3 in maintaining the undifferentiated spermatogonia
population. Dev Biol 313: 725-738.

. Ohbo K, Yoshida S, Ohmura M, Ohneda O, Ogawa T, et al. (2003)

Identification and characterization of stem cells in prepubertal spermatogenesis
in mice small star, filled. Dev Biol 258: 209-225.

. de Rooij DG (2001) Proliferation and differentiation of spermatogonial stem

cells. Reproduction (Cambridge, England) 121: 347-354.

. Rossi P, Dolci S, Albanesi C, Grimaldi P, Ricca R, et al. (1993) Follicle-

stimulating hormone induction of steel factor (SLF) mRNA in mouse Sertoli cells
and stimulation of DNA synthesis in spermatogonia by soluble SLF. Dev Biol
155: 68-74.

Schrans-Stassen BH, van de Kant HJ, de Rooij D G, van Pelt AM (1999)
Differential expression of c-kit in mouse undifferentiated and differentiating type
A spermatogonia. Endocrinology 140: 5894-5900.

Sorrentino V, Giorgi M, Geremia R, Besmer P, Rossi P (1991) Expression of the
c-kit proto-oncogene in the murine male germ cells Oncogene 6: 149-151.

. Bowles J, Knight D, Smith C, Wilhelm D, Richman J, et al. (2006) Retinoid

signaling determines germ cell fate in mice. Science 312: 596-600.

. MacLean G, Li H, Metzger D, Chambon P, Petkovich M (2007) Apoptotic

extinction of germ cells in testes of Cyp26b1 knockout mice. Endocrinology 148:
4560-4567.

. Pellegrini M, Filipponi D, Gori M, Barrios F, Lolicato F, et al. (2008) ATRA and

KL promote differentiation toward the meiotic program of male germ cells Cell
Cycle 7: 3878-3888.

. Anderson EL, Baltus AE, Roepers-Gajadien HL, Hassold T]J, de Rooij DG,

et al. (2008) Stra8 and its inducer, retinoic acid, regulate meiotic initiation in
both spermatogenesis and oogenesis in mice. Proc Natl Acad Sci U S A 105:
14976-14980.

. Mark M, Jacobs H, Oulad-Abdelghani M, Dennefeld C, Feret B, et al. (2008)

STRAS8-deficient spermatocytes initiate, but fail to complete, meiosis and
undergo premature chromosome condensation. J Cell Sci 121: 3233-3242.

. Blume-Jensen P, Jiang G, Hyman R, Lee KF, O’Gorman S, et al. (2000) Kit/

stem cell factor receptor-induced activation of phosphatidylinositol 3’-kinase is
essential for male fertility. Nat Genet 24: 157-162.

. Kissel H, Timokhina I, Hardy MP, Rothschild G, Tajima Y, et al. (2000) Point

mutation in kit receptor tyrosine kinase reveals essential roles for kit signaling in
spermatogenesis and oogenesis without affecting other kit responses. Embo J 19:
1312-1326.

. Li S, Ma Z, Niu Z, Qian H, Xuan D, et al. (2009) NASA-approved rotary

bioreactor enhances proliferation and osteogenesis of human periodontal

@ PLoS ONE | www.plosone.org

10

Microgravity and Meiosis

Author Contributions

Conceived and designed the experiments: MP. Performed the experiments:
MP SDS SDC. Analyzed the data: SDS GC SD PR PG. Contributed
reagents/materials/analysis tools: SDC SD PR RG. Wrote the paper: PR
RG PG.

21.

22.

23.

24.

26.

27.

28.

29.

30.

ligament stem cells. Stem Cells Dev (Epub ahead of print; doi: 10.1089/
5¢d.2008.0371).

. Tamma R, Colaianni G, Camerino C, Di Benedetto A, Greco G et al (2009)

Microgravity during spaceflight directly affects in vitro osteoclastogenesis and
bone resorption. Faseb J 23: 2549-2554.

. Di Agostino S, Botti F, Di Carlo A, Sette C, Geremia R (2004) Meiotic

progression of isolated mouse spermatocytes under simulated microgravity.
Reproduction 128: 25-32.

. Ricci G, Esposito R, Catizone A, Galdieri M (2008) Direct effects of

microgravity on testicular function: analysis of hystological, molecular and
physiologic parameters. J Endocrinol Invest 31: 229-237.

. Chiarini-Garcia H, Russell LD (2002) Characterization of mouse spermatogonia

by transmission electron microscopy. Reproduction 123: 567-577.

Sharma CS, Sarkar S, Periyakaruppan A, Ravichandran P, Sadanandan B,
et al. (2008) simulated microgravity activates apoptosis and NF-kappaB in
mice testis: Mol Cell Biochem 313: 71-78.

Morbidelli L, Monici M, Marziliano N, Cogoli A, Fusi F, et al. (2005) Simulated
hypogravity impairs the angiogenic response of endothelium by up-regulating
apoptotic signals. Biochem Biophys Res Commun 334: 491-499.

Sanford GL, Ellerson D, Melhado-Gardner C, Sroufe AE, Harris-Hooker S
(2002) Three-dimensional growth of endothelial cells in the microgravity-based
rotating wall vessel bioreactor. In Vitro Cell Dev Biol Anim 38: 493-504.
Boehrs J, Zaharias RS, Laffoon J, Ko YJ, Schneider GB (2008) Three-
dimensional culture environments enhance osteoblast differentiation.
J Prosthodont 17: 517-521.

Ollinger R, Alsheimer M, Benavente R (2005) Mammalian protein SCP1 forms
synaptonemal complex-like structures in the absence of meiotic chromosomes.
Mol Biol Cell 16: 212-217.

. Romanienko PJ, Camerini-Otero RD (2000) The mouse Spoll gene is required

for meiotic chromosome synapsis. Mol Cell 6: 975-987.

Rossi P, Lolicato F, Grimaldi P, Dolci S, Di Sauro A, et al. (2008) Transcriptome
analysis of differentiating spermatogonia stimulated with kit ligand. Gene Expr
Patterns 8: 58-70.

Dimmeler S, Fleming I, Fisslthaler B, Hermann C, Busse R, et al. (1999)
Activation of nitric oxide synthase in endothelial cells by Akt-dependent
phosphorylation. Nature 399: 601-605.

Dimmeler S, Assmus B, Hermann C, Haendeler J, Zeiher AM (1998) Fluid shear
stress stimulates phosphorylation of Akt in human endothelial cells: involvement
in suppression of apoptosis. Circ Res 83: 334-341.

Engler AJ, Sen S, Sweeney HL, Discher DE (2006) Matrix elasticity directs stem
cell lineage specification. Cell 126: 677-689.

Yuge L, Kajiume T, Tahara H, Kawahara Y, Umeda C, et al. (2006)
Microgravity potentiates stem cell proliferation while sustaining the capability of
differentiation. Stem Cells Dev 15: 921-929.

February 2010 | Volume 5 | Issue 2 | 9064



