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ABSTRACT

In mammals, most neonatal male germ cells (prospermatogo-
nia) are quiescent and located in the center of the testis cords. In
response to an unknown signal, prospermatogonia transition into
spermatogonia, reenter the cell cycle, divide, and move to the
periphery of the testis cords. In mice, these events occur by 3-4
days postpartum (dpp), which temporally coincides with the
onset of retinoic acid (RA) signaling in the neonatal testis. RA has
a pivotal role in initiating germ cell entry into meiosis in both
sexes, yet little is known about the mechanisms and about
cellular changes downstream of RA signaling. We examined the
role of RA in mediating the prospermatogonia-to-spermatogonia
transition in vivo and found 24 h of precocious RA exposure-
induced germ cell changes mimicking those that occur during
the endogenous transition at 3-4 dpp. These changes included:
1) spermatogonia proliferation; 2) maturation of cellular
organelles; and 3), expression of markers characteristic of
differentiating spermatogonia. We found that germ cell exposure
to RA did not lead to cellular loss from apoptosis but rather
resulted in a delay of ~2 days in their entry into meiosis. Taken
together, our results indicate that exogenous RA induces
multiple hallmarks of the transition of prospermatogonia to
spermatogonia prior to their entry into meiosis.

developmental biology, gamete biology, retinoids, spermatogonia,
testis

INTRODUCTION

Following sex determination, primordial germ cells in male
mice become prospermatogonia at ~12.5 days postcoitum
(dpc), proliferate briefly, and become arrested in GO/G1 of the
cell cycle from 14.5 dpc until 1-2 days postpartum (dpp) [1-4].
Then, in response to an undefined signal(s), they move from a
central position to the periphery of the testis cords and resume
mitosis as spermatogonia. Completion of both migration and
mitosis is required for their continued survival [2]. This move
positions them in a potential stem cell niche, flanked by Sertoli
cells within the cord and peritubular myoid cells outside the
cord. The transition of quiescent prospermatogonia into distinct
proliferating populations of type A spermatogonia marks the
beginning of spermatogenesis. One population of undifferen-
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tiated type A spermatogonia (A -A,)) retains stem cell potential
to ensure long-term maintenance of the germline through
balanced self-renewal and differentiation, whereas the other
population of differentiating type A spermatogonia (A, ) is
thought to be committed to ultimately enter meiosis (reviewed
in references [5—7]). The first wave of spermatogenesis does
not rely upon stem cell function but rather on differentiating
spermatogonia that arise directly from the founding pool of
prospermatogonia [8]. It has been suggested that germ cells that
fail to make this transition provide the source for carcinoma in
situ, the precursor lesion to most testicular germ cell tumors in
humans [9-11].

RA has a central role in regulating the sex-specific timing of
meiotic initiation in mouse germ cells [12—-16]. RA is produced
by the mesonephroi of both sexes by 13.5 dpc and enters the
adjacent gonad. In the fetal ovary, RA signaling coincides with
meiotic initiation at 13.5 dpc [12, 16], although there its role
remains to be clarified [17]. In contrast, RA in the fetal testis is
degraded by CYP26 enzymes such as CYP26B1, effectively
blocking RA signaling in prospermatogonia [12, 16, 18].
Differentiation leading to meiotic initiation is therefore delayed
until 3—4 dpp in the testis when RA is no longer actively
degraded [12, 16, 19]. The current understanding of RA
function in the neonatal testis in vivo is rather limited. The only
currently known specific role of RA is activation of the germ
cell-specific Stra8 gene, which encodes a protein that is
essential for germ cell development, although its precise role is
unknown [20-22]. It was previously shown that neonatal RA
injection led to transient increases in Stra8 and Sycp3 mRNA
and protein levels after 24 h [23], followed by a modest
increase in germ cell apoptosis [23, 24]. These neonatal RA
injections resulted in significant stage synchronization in the
adult [23, 24]. In other studies, spermatogonial differentiation
was blocked in prepubertal mice in 2 genetic models with
defective RA storage or production, respectively [25, 26].
Despite intense interest in the processes of germ cell
differentiation and meiotic initiation, little is known about the
cellular changes that occur downstream of RA during germ cell
development.

In this study, we administered exogenous RA to mice at 1
dpp (2 days before their endogenous exposure) and determined
the downstream consequences for germ cell development. We
found precocious RA exposure-induced germ cell changes
mimicking those that occur during the endogenous transition.
These include: 1) proliferation, 2) maturation of cellular
organelles, and 3) expression of markers characteristic of
differentiating spermatogonia. We then followed the fate of
these spermatogonia for several days and found that they were
not lost by apoptosis but rather became transiently arrested
before entering meiosis 2-3 days later than controls. This
temporary arrest coincided with a transient increase in the
expression of Cyp26al and Cyp2bl, which encode RA-
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degrading enzymes. This unexpected delay in meiotic entry
following early RA exposure suggests that a consistent source
of RA is required for neonatal germ cell progression to meiosis.

MATERIALS AND METHODS

Neonatal Mouse Injection and Tissue Fixation

All procedures using animals were performed according to the guidelines
outlined in the National Research Council Guide for the Care and Use of
Laboratory Animals and approved by the Animal Care and Use Committee at
East Carolina University (AUP no. A178). CD-1 mice were used for all studies,
and the day of birth was designated as O dpp. Neonatal mice received one
subcutaneous injection of 50 or 100 pg of all-frans-RA (catalog no. R2625;
Sigma-Aldrich) dissolved in dimethyl sulfoxide (DMSO) or DMSO alone at 1
dpp. Bromodeoxyuridine (BrdU; catalog no. B9285; Sigma-Aldrich) was
dissolved in DMSO and 50 pg/g body weight was injected with or without RA.
Mice were euthanized by decapitation at various time points after injections.
Testes were then collected and either snap-frozen in liquid nitrogen and stored
at —80°C or fixed in 4% paraformaldehyde (PFA) for cryosectioning or in
Bouin solution (for histological analysis).

Quantitative RT-PCR

Quantitative RT-PCR (qRT-PCR) was performed with RNA isolated from
whole testis lysates, using Trizol reagent (Life Technologies) according to the
manufacturer’s instructions and then quantitated by ultraviolet spectroscopy.
Fifty nanograms of RNA were reverse-transcribed and subjected to qPCR in the
same reaction tube using iScript One-Step RT-PCR kit with SYBR green (Bio-
Rad). Amplification and detection of specific gene products were performed
using an iCycler IQ (Bio-Rad) real-time PCR detection system. Threshold
temperatures were selected automatically, and all amplifications were followed
by melt-curve analysis. Relative mRNA levels were calculated using the delta-
delta cycle threshold (AACt) method: mRNA fold-change level = (2744,
where AACt=[ACt gene of interest in treated group] — [ACt of gene of interest
in control group], where ACt = the [Ct gene of interest] — [Ct of reference
gene]. Ct values were normalized to those of Rpll9, and gRT-PCR was
performed in triplicate with testes from at least 4 animals.

Histology and Indirect Immunofluorescence

Whole testes fixed in Bouin solution for 2 h at 4°C were washed overnight
in 1X PBS, dehydrated through an ethanol series, processed using standard
methods, and then embedded in paraffin and cut into 5-um sections. Sections
were stained with hematoxylin and eosin (H&E) stain using standard methods.
Immunohistochemistry (IHC) of Bouin-fixed sections using anti-RHOX13 was
done as described previously [27, 28].

Indirect immunofluorescence (IIF) was performed using standard methods.
Briefly, 5-um frozen sections were cut from tissues that were fixed in 4% PFA
and embedded in OCT. Blocking and antibody incubations were carried out in
1X PBS containing 3% BSA plus 0.1% Triton X-100, and stringency washes
were done with 1X PBS plus 0.1% Triton X-100. For staining with anti-BrdU,
sections were first incubated in 2M HClI for 1 h at 37°C to expose epitopes. All
sections were blocked for 30 min at room temperature and then incubated in
primary antibody for 1 h at room temperature or overnight at 4°C. Primary
antibody was omitted as a negative control. Primary antibodies used were anti-
ZBTBI16/PLZF (1:500 dilution, no. 22839, Santa Cruz Biotechnology), anti-
STRAS (1:3000 no. 49-602, Abcam), anti-KIT (1:1000 dilution, no. 3074, Cell
Signaling Technology), anti-SOHLH1 (1:1000 dilution, a gift from A.
Rajkovic, U. of Pittsburgh [29]), activated anti-cleaved CASP3 (1:500 dilution,
no. 9664, Cell Signaling Technology), anti-MKI67 (1:500 dilution, no. 15580,
Abcam), anti-BrdU (1:50 dilution, no. 00-0103, Life Technologies), and anti-
cleaved PARP1 (1:400 dilution, no. 9544, Cell Signaling Technology).
Secondary antibody (1:500 dilution, Alexa Fluor-488 or —594 donkey anti-
rabbit immunoglobulin G [IgG], Invitrogen) plus phalloidin-594 (1:500
dilution, Invitrogen) were applied for 1 h at room temperature. Coverslips
were mounted with Vectastain containing 4’,6-diamidino-2-phenylindole
(DAPI; Vector Laboratories), and images were obtained using a Fluoview
FV1000 confocal laser scanning microscope (Olympus America). IIF and IHC
were performed in triplicate with testes from at least 4 animals.

Cell Counting

Male germ cells were manually counted from IIF photomicrographs
captured with an Axio Observer Al microscope (Carl Zeiss Microscopy, LLC)
equipped with an XL16C digital camera and Exponent version 1.3 software

(Dage-MTTI). Germ cells were stained by IIF using antibodies against ZBTB16/
PLZF (see above), and testis cords were visualized by staining with phalloidin-
594 (see above). Photomicrographs were analyzed using Axiovision software
(Carl Zeiss Microscopy, LLC). Testis cords were outlined manually using
phalloidin staining as a guide, and the total germ cell numbers were divided by
total cord surface area and multiplied by 1000 to obtain cells/mm?®. Cell
counting was performed in duplicate on testes from at least 4 animals.

Electron Microscopy

Testes were cut into 1- to 3-mm pieces and fixed for 2 h in 2%
glutaraldehyde and then post-fixed in 1% osmium tetroxide (Stevens
Metallurgical). Tissues were then dehydrated by passage through an ethanol
series and embedded in Spurr medium (Electron Microscopy Sciences). Tissues
were cut into ultrathin sections (70 nm) and placed on fresh plasma-etched 200-
hexagon mesh copper grids (Electron Microscopy Science). Sections were
stained in saturated uranyl-acetate in 50% ethanol for 30 min at room
temperature in a humid chamber, washed in distilled water, and then stained
with Reynold lead citrate for 5 min at room temperature. Sections were viewed
with a 1200 EX electron microscope (JEOL) at 80-kV accelerating voltage.
Images were recorded using an SIS MegaView III charge-coupled device
camera (Olympus). Electron microscopy was performed using testes from 6
different animals.

Statistics

Statistical analyses were performed using the Student #-test. Statistical
significance was set at a P value of <0.05.

RESULTS

Neonatal RA Treatments Induce Stra8 Expression

RA provides the requisite signal for the development of
spermatogonia in juvenile and adult mice [14, 30-32]. To study
the effects of RA on neonatal testis development, we adapted
an in vivo model in which neonatal mice were injected with all-
trans-RA at 1 dpp, 2 days prior to their normal endogenous
exposure at 3—4 dpp (Fig. 1A) [19]. Expression of Stra8
mRNA and protein provided evidence of RA signaling in germ
cells, and both were detectable by 3—4 dpp in a subset of
spermatogonia (Fig. 1, B and C) [19, 23]. This timing coincides
with the natural prospermatogonia-to-spermatogonia transition
in the neonatal mouse testis. Injection of 50 or 100 pg of
exogenous RA at 1 dpp significantly increased the number of
STRAS8-positive germ cells (~18-fold), observed by IIF,
relative to DMSO-treated controls (Fig. 1, D and E, and see
Supplemental Fig. S1; supplemental data are available online at
www.biolreprod.org), and induced Stra8 mRNA similar to the
levels measured in 4-dpp testes (Fig. 1F). Similar Stra8
induction has been shown previously following RA injection
into mice at 2 dpp [30]. Both of the doses of RA consistently
induced STRAS protein. However, injection of 100 pg of RA
reduced animal survival rates after 48 h, so we used 50 pg for
experiments that involved longer periods prior to euthanasia.

RA Stimulates Proliferation of Neonatal Germ Cells

The male germ cell population approximately doubles from
1 to 4 dpp in the mouse [33], and this reflects a reentry into the
cell cycle as prospermatogonia transition to spermatogonia
(reviewed in [34]). The timing of germ cell proliferation
corresponds with onset of RA signaling in the neonatal testis
[19, 30]. We therefore hypothesized that, prior to its proposed
role in meiotic initiation (at 8—10 dpp in the mouse), RA directs
postnatal expansion of the germ cell population. To test this
hypothesis, we injected mice with DMSO or RA at 1 dpp,
euthanized them 24 h later, and then stained germ cells with
MKI67, an established marker of nuclear proliferation [35]. We
detected a dramatic increase in the number of MKI67-positive
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RA treatment induced expression of Stra8 mRNA and protein. A) Neonatal mice were injected at 1 dpp and euthanized 24 h after injection. The

normal endogenous RA signaling is initiated at 3 to 4 dpp. B-E) lIF was performed to detect STRA8 (green), and cords were counterstained with phalloidin
(red). Testes were from untreated mice aged 1 dpp (B) or 4 dpp (C) or were from mice euthanized 24 h after injection at 1 dpp with DMSO (D) or RA (E). F)
Stra8 mRNA levels were quantitated from 1- and 4-dpp testes as well as from testes from mice injected at 1 dpp with either DMSO or RA and euthanized
24 h later. Message levels were normalized to the DMSO-treated group, which was set at 1. Bar =60 pm. *P < 0.01.

(MKI67+) germ cells (identified by appearance and diameter
of DAPI-stained nuclei) in response to RA (Fig. 2, A and B).
To verify that the MKI67+ cells that had reentered the cell
cycle were indeed germ cells, we first injected mice at 1 dpp
with BrdU and either DMSO or RA. We then harvested testes
and performed co-IIF with anti-BrdU and anti-ZBTB16 and
found that 25% = 2.1% of ZBTB16+ cells in DMSO-treated
testes were positive for BrdU. In contrast, 40% * 9.7% of
ZBTB16+ cells were also BrdU+, which was a significant
increase (P = 0.015), and indicated that RA stimulated more
germ cells to replicate their DNA in preparation for cell
division (Supplemental Fig. S2).

We quantified the increased number of male germ cells in
DMSO- and RA-treated mice. Discrimination between Sertoli
and germ cell nuclei is rather straightforward in DAPI-stained
sections of the neonatal testis; the small ovoid Sertoli cell
nuclei contain intense heterochromatic foci, whereas both
prospermatogonia and spermatogonia nuclei are large and
round and contain very little heterochromatin [36]. We
identified germ cells by using these criteria along with staining
for DDX4, a pan-germ cell marker (Supplemental Fig. S3, [37,
38]). In addition, we labeled germ cells with anti-ZBTB16
(also called PLZF), which is expressed in prospermatogonia
and spermatogonia [39, 40], and found that all germ cells in the
neonatal testis were ZBTB16+ (Fig. 2, C and D). Therefore,
we counted ZBTB16-positive germ cells in both treatment

groups (Fig. 2, E and F) and expressed the totals as the fold-
change in ZBTB16+ germ cells per square millimeter of testis
cord (Fig. 2G). This approach accounted for the various sizes
and shapes of cord sections and the seemingly stochastic
number of total germ cells per cord. In testes from RA-treated
mice, there were ~1.4-fold more ZBTB16+ germ cells than in
vehicle controls (Fig. 2G). Quantitation of DDX4+ germ cells
gave similar results (1.43-fold increase [Supplemental Fig.
S3)).

RA Induces Expression of Differentiation Markers in
Spermatogonia

The injection of exogenous RA induced precocious
expression of Stra8 and Sycp3 mRNAs and STRAS protein
in neonatal male germ cells after 24 h (Fig. 1) [23]. To address
whether RA induced expression of markers characteristic of
differentiating spermatogonia, we stained DMSO- and RA-
treated testes for SOHLH1 and KIT proteins (Fig. 3, A-D).
KIT protein was detectable in some Leydig cells as previously
reported [41, 42], and there was no increase in KIT+ interstitial
cells in response to RA. There were a very small number of
germ cells in which KIT was faintly detectable in DMSO-
treated testes (Fig. 3A). However, treatment with exogenous
RA at 1 dpp caused a dramatic increase in the number and
staining intensity of KIT+ germ cells (Fig. 3B). Similarly,
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RA treatment stimulated germ cell proliferation. [IF was performed with testis sections from mice injected with DMSO (A and E) or RA (B and F) at

1 dpp and euthanized 24 h later, and from mice aged 1 dpp (C) and 4 dpp (D). Five-micrometer sections were used for detection of MKI67 (A and B, both
green) or ZBTB16 (C-F, both green), and phalloidin (red) was added to highlight the outline of the testis cords. G) The total numbers of ZBTB16+ cells
were determined, divided by the total cord area and then multiplied by 1000 to get cells/mm?, and reported as a fold change from the DMSO-treated

group. Error bars are SD. Bars = 60 um. *P = 0.007.

germ cells in DMSO-treated testes expressed low levels of
SOHLHI1 (Fig 3C), which increased dramatically following
treatment with RA (Fig 3D).

RA Treatment Stimulates Germ Cell Mitochondria
Biogenesis and Golgi Maturation

A number of studies painstakingly characterized changes in
the ultrastructure of prospermatogonia and spermatogonia,
including mitochondrial and Golgi morphologies [2, 43—45]. In
agreement with these reports, we found that mitochondria in
prospermatogonia at 1 dpp were relatively undeveloped and
appeared round with few, indistinct cristae (Fig. 4, A—C). Few
prospermatogonia had visible Golgi bodies, and those present
consisted of 2-3 laminar stacks and few accompanying vesicles
(Fig. 4, A-C). However, by 4 dpp, most germ cell
mitochondria had increased numbers of cristae (Fig. 4, D-F)
and Golgi complexes were more numerous, with extensive

laminar stacks and large numbers of budding vesicles (Fig. 4,
D-F). Treatment of mice with DMSO did not result in an
appreciable change in mitochondria or Golgi complexes as
compared to those at 1 dpp (Fig. 4, G-I). In stark contrast, RA
treatment resulted in mitochondria with an increased number of
electron-dense cristae, and Golgi bodies resembled those in 4-
dpp germ cells (Fig. 4, J-L).

Precocious Exposure to RA Does Not Cause Neonatal
Germ Cell Apoptosis

We tested whether 24-h exposure to RA following injection
at 1 dpp induced germ cell apoptosis as was shown previously,
following exposure of fetal and neonatal prospermatogonia to
RA [23, 24, 46, 47]. We assessed germ cell apoptosis at 48 h
(age = 3 dpp) and 72 h (age = 4 dpp) following RA
administration by using 3 different methods: 1) IIF using
antibodies to detect an active caspase (cleaved CASP3) and a
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h after injection with DMSO (A and C) or RA (B and D) using antibodies for KIT (A and B, both green) or SOHLH1 (C and D, both green), and phalloidin

(red) was added to visualize testis cords. Bar = 60 pm.

caspase cleavage target (PARP1); 2) quantitation of the germ
cell population; and 3) histological analysis of H&E-stained
sections to quantitate cells with apoptotic features. We found
no significant increase in cleaved PARPI in response to RA
compared to that in DMSO controls at 48 or 72 h after injection
(Fig. 5, A-E). Similar results were obtained by staining for
cleaved CASP3 (Supplemental Fig. S4). Furthermore, there
was no decrease in the germ cell population by 48 or 72 h post-
RA treatment (Fig. 5F), as would be expected if there was an
increase in cell death. Finally, light microscopy analysis
revealed similar numbers of germ cells with apoptotic
morphology in the RA- and DMSO-treated testes at 48 and
72 h after RA treatment (Supplemental Fig. S5). Results from a
previous study indicated that RA injection at 2 dpp resulted in a
modest increase in germ cell apoptosis after 48 h [23]. We
repeated those experiments by injecting mice at 2 dpp and
euthanizing them 48 h later, but we did not detect an increase in
apoptosis as assessed by staining for cleaved CASP3
(Supplemental Fig. S6). Taken together, our results reveal that

RA does not promote germ cell apoptosis when given during
the prospermatogonia-to-spermatogonia transition.

Effects of RA on the Fate of Spermatogonia and Onset of
Meiosis

Our results indicate that precocious RA exposure (at 1 dpp)
caused prospermatogonia to exhibit characteristics of early
differentiating spermatogonia (proliferation and marker gene
expression) and then that these spermatogonia were not
removed by apoptosis. An open question is whether the germ
cell population in RA-injected mice follows a normal timeline
to enter meiosis at 10 dpp or whether the timing of their entry
into meiosis would be affected. To address this, we injected
mice with either DMSO or 50 pg of RA at 1 dpp and then
harvested testes at 6, 8, 10, 12, and 14 dpp to determine when
the germ cell population entered meiosis. The reliable
identification of specific premeiotic and meiotic germ cell
types was made possible based on their location within the
testis cord and characteristic nuclear diameter [36] and
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FIG. 4. RA treatment increased mitochondrial biogenesis and Golgi body development. Transmission electron micrographs show testes from mice aged
1 dpp (A-C) or 4 dpp (D-F) or those euthanized 24 h after treatment with DMSO (G-1) or RA (J-L). Black arrows indicate mitochondria, and white arrows
indicate Golgi stacks. A and B) At 1 dpp, prospermatogonia mitochondria have few electron-dense cristae. D and E) Spermatogonia mitochondria from 4-
dpp mice have numerous electron-dense cristae. G and H) Similarly, mitochondria in germ cells from DMSO-treated testes have few electron-dense
cristae, whereas those of RA-treated testes (J and K) contain numerous electron-dense cristae. Golgi bodies in prospermatogonia from 1-dpp (C) and
DMSO-treated (1) testes appear small and indistinct, whereas Golgi bodies in germ cells from 4-dpp (F) and RA-treated (L) testes are larger and appear
active. Bar, top row =5 um; bottom 2 rows =1 pum.

chromatin appearance [48]. To aid identification, we also
labeled cells with an antibody against RHOX13, which is
readily detectable in differentiating spermatogonia and pre-
leptotene spermatocytes, faintly detectable in leptotene sper-
matocytes, and undetectable in zygotene and pachytene
spermatocytes [27, 28]. Although we previously found that
RA enhanced translation of Rhox/3 mRNAs in neonatal testes
[28], we did not detect any difference in the cell types
expressing RHOX13 in DMSO- or RA-treated testes after 8
dpp. In testes from CD-1 mice injected with DMSO, the first
meiotic leptotene spermatocytes appeared as early as 8 dpp in a
small subset (5%) of testis cords (data not shown). By 10 dpp,
meiotic leptotene spermatocytes were readily detectable [36]
and present in a high number (~40%) of the testis cords (Fig.
6A). Zygotene spermatocytes appeared in CD-1 mice in
significant numbers at 12 dpp [36]. We found them in 37%
of cords at 12 dpp (Fig. 6B), with this percentage increasing to
63% by 14 dpp (Fig. 6C). In RA-treated testes at 8 dpp, 1% of
cords contained meiotic leptotene spermatocytes (data not
shown), similar to DMSO-treated controls. By 10 dpp, only
15% of cords from RA-treated testes contained leptotene
spermatocytes (Fig. 6D), which was a significant reduction
compared to DMSO controls. This percentage increased to
27% by 12 dpp (Fig. 6E) and to 86% at 14 dpp (Fig. 5F). A
small number of zygotene spermatocytes appeared in RA-
treated testes by 10 dpp, and they were present in 10% and
12% of cords by 12 dpp and 14 dpp, respectively (Fig. 6, D-F).

No histological evidence of increased germ cell apoptosis in
the RA-treated testes was observed at any of these ages
examined (data not shown). A comparison of the temporal
appearance and abundance of specific germ cell types in these
samples revealed that the 10- and 12-dpp RA-treated testes
resembled those from vehicle-treated testis of 8- and 10-dpp
mice, respectively. These results indicate that, contrary to our
expectation that precocious RA would promote early meiotic
initiation, it instead resulted in a 2-3 day delay, and testes
appeared synchronized by 14 dpp.

Synchronization Follows Loss of RA Signaling after
Exogenous RA Treatment

It was previously shown that testicular Stra8 and Sycp3
mRNA levels increased 24 h after RA injection but then
surprisingly decreased by 48 and 72 h later [23]. This coincided
with a transient increase in mRNA levels for Cyp26al and
Cyp26bl, which encode RA-degrading enzymes [23]. We
verified those results using qRT-PCR to measure Cyp26al and
Cyp26blI mRNA levels from whole testis lysates of mice
euthanized 24, 48, and 72 h following injection with DMSO or
RA at 1 dpp. By 24 h after treatment with RA, Cyp26al and
Cyp26b1 mRNA levels were significantly increased; but, by 48
and 72 h after injection, Cyp26al levels had significantly
decreased below that of control levels, whereas Cyp26b1 levels
only were significantly reduced at 48 h post-RA treatment and

Article 64



RA DIRECTS PROSPERMATOGONIA DIFFERENTIATION

DMSO (48 h)

RA (48 h)

FIG. 5.

Cleaved PARP1 + Cords

N

Percentage cells/cord
(=3}

DMSO (72 h) 48 h 48 h 72 h 72 h

DMSO RA DMSO RA

o

PLZF + Cells/Cord

’ T
T
_E 6
g5 —
B, . . i I i -
[
g 3
T 2 ' —
(0]
. -
5 | | & -
RA (72 h) 48h 48 h 72 h 72 h

DMSO RA DMSO RA

Precocious RA exposure did not result in apoptosis. A-D) IIF of 5-um sections from mice treated with DMSO (A and B) or RA (C and D) at 1 dpp

and euthanized 48 h (A and C) or 72 h (B and D) later are shown. An antibody was used to detect cleaved PARP1 (green). Phalloidin was added to
visualize the outlines of testis cords (red) and DAPI-labeled nuclei (blue). White arrows indicate cleaved PARP1+ cells. E) Testis cord cross-sections
containing cells staining positive for cleaved PARP1 were counted, and their numbers were divided by total testis cord cross-sections and multiplied by
100 to obtain the percentage of cleaved PARP1+ cords. Error bars represent SD. F) The total number of ZBTB16+ cells were determined, divided by the
total cord area, and then multiplied by 1000 to get cells/mm?. This number was multiplied by the average area of a testis cross-section to determine the
number of germ cells per testis cord cross-section. Error bars are SD. Bar = 60 um.

returned to levels similar to those observed in DMSO-treated
testes at 72 h post-RA treatment (Fig. 7, A and B).
Furthermore, while Stra8 mRNA and protein were dramatically
increased 24 h after RA treatment (Fig. 1, E and F), by 48 and
72 h after RA treatment, Stra8 mRNA levels were 10-fold and
7-fold decreased, respectively (Fig. 7C). Although STRAS
protein was readily detectable at 72 h post-DMSO, it became
undetectable by 72 h after RA injection (Fig. 7D). Stra8
mRNA levels increased from 48 to 72 h post-RA treatment,
which follows the dramatic decrease in Cyp26al. This suggests
that endogenous testicular RA levels may be restored as
CYP26 enzyme levels decrease.

DISCUSSION

The current study was designed to assess downstream
events in neonatal germ cell development initiated by RA,
which provides an essential trigger for meiotic entry in both
sexes [12, 13, 16]. Currently, little is known about the
molecular events initiated by RA signaling during the interval
as prospermatogonia transition to spermatogonia. We exposed
prospermatogonia to exogenous RA at 1 dpp at least 2 days
earlier than their native exposure at 3—4 dpp. We discovered
that early administration of RA induced precocious cellular
proliferation and maturation of cellular organelles as well as
expression of markers of differentiating spermatogonia. We
then followed the fate of RA-exposed prospermatogonia and

found that they were not subject to apoptosis but rather
progressed to meiosis, although meiotic entry was delayed by
~2 days. This delay coincided with loss of RA signaling as
assessed by loss of Stra8 mRNA and protein. This indicates
that, in contrast to fetal prospermatogonia, prospermatogonia in
the neonatal testis have gained competence to differentiate in
response to RA and do not undergo apoptosis.

When we injected exogenous RA into neonatal pups, there
was increased proliferation, and a large percentage of
spermatogonia became STRA8+ (Supplemental Fig. S1). In
addition, RA-induced germ cell expression of both KIT and
SOHLHI1, which, along with STRAS, are established markers
of differentiating spermatogonia. It was shown many years ago
that dramatic ultrastructure changes occur as prospermatogonia
make the transition to spermatogonia. In comparison with
quiescent prospermatogonia, mitotically active spermatogonia
have increased cytoplasm/nucleus ratios, mitochondria with
increased numbers of cristae, and prominent Golgi complexes
and rough endoplasmic reticulum [2, 43—45]. These features
are commonly found in proliferating cells and are suggestive of
increased energy metabolism to support biosynthetic activity.
In particular, mitochondrial biogenesis increases the capacity
for oxidative phosphorylation through expansion of the surface
area of the inner mitochondrial membrane. A number of studies
have documented the importance of mitochondrial biogenesis
during differentiation of embryonic, hematopoietic, mesenchy-
mal, and induced pluripotent stem cells. In general, undiffer-
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entiated stem cells tend to have reduced mitochondrial function
and rely on glycolysis, whereas differentiating cells contain
active mitochondria with high membrane potential and
increased oxidative phosphorylation (reviewed in [49, 50]).
The increased reactive oxygen species in differentiating cells as
a result of oxidative metabolism are also linked to cellular
differentiation [51, 52].

Fetal prospermatogonia exit the cell cycle at ~15.5 dpc and
become quiescent until ~2-3 dpp in the mouse. This quiescent
period is likely established because germ cells avoid exposure
to RA by the expression of CYP26 enzymes such as CYP26B1
[12, 13, 16, 18], and this quiescence is arguably the least well-
understood period of male germ cell development. It is clear
that germ cells undergo paternal-specific DNA methylation
patterning during this interval [53] and are sensitive to
environmental insults that presumably generate heritable
epigenetic lesions [54, 55]. When fetal prospermatogonia were
exposed to RA, they expressed meiotic markers before dying
by apoptosis [47, 56], indicating that they cannot commit to the

meiotic program. In this study, we assessed whether postnatal
prospermatogonia were similarly unable to both enter and
proceed through meiosis. Administration of exogenous RA at 1
dpp (2-3 days prior to endogenous exposure) caused prosper-
matogonia to both enter and proceed through meiosis, albeit
delayed, without dying by apoptosis. These results indicate
that, unlike fetal prospermatogonia, neonatal spermatogonia
prior to 4 dpp are competent to differentiate toward entering
meiosis but are awaiting the RA signal to do so.

We found rather low numbers of apoptotic cells within testis
cords of the neonatal testis. Regardless of DMSO or RA
treatment, only ~5%—10% of cords contained cells expressing
markers of apoptosis (cleaved CASP3 or PARPI) or had
morphology consistent with apoptosis. These results are
consistent with those from a previous study, where ~5% of
testis cords in outbred ICR mice contained apoptotic cells from
3-7 dpp [57]. It was recently reported that apoptosis affected
~0.5 and 1 germ cell per testis cord in mice exposed at 2 dpp
for 24 h with DMSO or RA, respectively [23]. These germ
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cells stained positive for the activated effector caspase 3 but
curiously did not display fragmented or condensed nuclei,
shrunken cytoplasm, or detachment from the basement
membrane, which are typical markers of apoptosis (reviewed
in [58]). If the cleaved CASP3+ germ cells observed in that
study were evenly distributed throughout the testis, it would
mean that ~50% and ~100% of cords from DMSO- and RA-
treated mice contained an apoptotic cell(s) respectively.
However, based on our estimates that there are ~5 germ cells
per testis cord at 3 dpp, an increase of 0.5 to 1 germ cell/cord in
apoptosis in response to RA equals a 10% increase in apoptosis
affecting the germ cell population. The neonatal male germ
cells in the C57B1/6 X 129 pups used in their studies were
perhaps more susceptible to apoptosis than those in the CD-1
pups that we used. Even so, it is unlikely that such a modest
increase in apoptosis (~10%) would result in the extensive
stage synchronization seen both in that study and in the current
one (in which apoptosis was not increased in response to RA).

The onset of RA signaling clearly has different conse-
quences for the fate of male and female germ cells during
development. Although RA signaling temporally coincides

with meiotic entry of oocytes at ~13.5 dpc [16, 20, 59, 60], the
onset of RA signaling in the testis occurs at 3—4 dpp [19, 30].
This creates a 5- to 7-day window between exposure of
prospermatogonia to RA and appearance of the first meiotic
leptotene spermatocytes by 8—10 dpp [36]. It is unclear why
there is such a marked sex-specific difference in the initial
response of germ cells to RA. However, female mammalian
germ cells lack two important features found in the male: an
analogous stem cell population and initial developmental
asynchrony. The delay of approximately 1 wk between RA
signaling and meiotic initiation corresponds to the time when
the establishment of the spermatogonial stem cell population
occurs in the neonatal testis [6]. By 4 dpp, only subsets of
spermatogonia were STRA8+, which indicates that RA
signaling does not occur in a significant proportion of
spermatogonia at any particular time (in this study as well as
in [19, 22, 30]). The expression of STRAS in a limited number
of germ cells indicates that there is a heterogeneous population
of undifferentiated and differentiating spermatogonia by 3—4
dpp. The undifferentiated pool of spermatogonia appears to be
protected from RA exposure (and remain STRAS-), whereas
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RA signaling occurs in differentiating spermatogonia over the
next 5-7 days.

Precocious neonatal exposure to RA accelerated germ cell
development by approximately 48 h but then paradoxically
delayed meiotic initiation by approximately 48 h 1 wk later.
This was a rather surprising result, as we reasoned that if the
timing between normal RA exposure (3—4 dpp) and meiotic
initiation (8—10 dpp) were maintained, then meiosis would
initiate 2 days early. Our results instead support a model
whereby neonatal spermatogonia require multiple or consistent
exposures to RA for committed differentiation to ultimately
enter meiosis.

In agreement with previous studies done both in vitro and in
vivo [23, 61], we detected increased testicular mRNA levels for
the RA-degrading enzymes Cyp26al and Cyp26bl after 24 h
of exposure of 2-dpp mice to exogenous RA. In both this and
previous studies, dramatic decreases in both Cyp26al and
Cyp26blI mRNA abundance were then seen after the initial
increase following RA exposure [23, 61]. The CYP26 enzymes
function to degrade RA, and their action has been implicated in
protection of undifferentiated spermatogonia from inappropri-
ate exposure to RA [12, 13, 16, 18, 30]. In this experimental
paradigm, it is likely that an initial increase in CYP26A1 or
CYP26B1 degrades not only the injected exogenous RA but
also the endogenous RA. This is supported by our result
indicating STRAS is lost 48 h after RA injection (Fig. 7D). A
loss of RA provides a plausible explanation for the stalled germ
cell development resulting in the 2- to 3-day delay in meiotic
initiation observed in our study. This model presumes that RA
levels recover a few days after the decreased CYP26 enzyme
levels, which then allows germ cells to proceed toward meiosis
at the same pace. This is supported by our observation that
Stra8 mRNA levels significantly increase from 48 to 72 h
following RA treatment (Fig. 7C). Such a model would explain
the synchronization seen at 12 and 14 dpp in the current study
and in adult mice in previous studies following modification of
RA signaling [23, 24, 62]. It also reveals the fact that the initial
differentiation of spermatogonia in response to RA (as
indicated by their expression of STRAS, KIT, and SOHLH1)
is reversible, as germ cells lose STRAS expression after the
increase in Cyp26 levels but then can apparently differentiate 2
days later to enter meiosis.

The results of the current study indicate that RA provides an
instructive signal for neonatal prospermatogonia to transition
into spermatogonia. Hallmarks of differentiation such as germ
cell proliferation, cord organization, and expression of
differentiated spermatogonia markers, characteristic of sper-
matogonia were all observed approximately 2 days before their
natural progression. In contrast to previous results, we found
that neonatal exposure to RA does not increase germ cell
apoptosis but causes precocious spermatogonia development
that is then halted for ~2 days, presumably by increased
CYP26-dependent degradation of RA. Once Cyp26 levels
decrease 48 h after RA exposure, endogenous RA levels are
presumably restored, and differentiation continues such that
synchrony of spermatogenesis is increased through adulthood.
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