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ABSTRACT. The guinea pig is an excellent animal model for studying
reproductive biology of adult humans and most domestic animals. Yet,
whether this animal might serve as a good model for embryonic stage
investigations and determinations of signals affecting or directing ovary
development remains unknown. These questions were addressed by
examining morphological evolution and the expression of biomarkers
of cell proliferation and apoptosis in the ovaries of fetal and neonatal
guinea pigs in the present study. Embryonic and neonatal guinea pigs at
30, 40, 50, 60, and 68 days postcoitum (dpc) and at 1 day postpartum
(dpp) were evaluated, and the dynamic changes in follicles between
30 dpc and 1 dpp were observed. Results also showed that a critical
period of follicular development in guinea pig embryos occurred at
40 to 50 dpc. Moreover, the proliferating-cell nuclear antigen, a cell
proliferation marker, immunohistochemically stained healthy follicles,
while caspase-3, an apoptosis marker, was mainly observed in atretic
follicles. Together, these results demonstrate that cell proliferation
and apoptosis contribute to follicular formation, development, and
atresia in fetal and neonatal guinea pig ovaries. Furthermore, this study
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confirmed that the guinea pig is also an excellent animal model for
studying reproductive biology in human and domestic animal embryos.
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INTRODUCTION

Guinea pigs, unlike other rodents, i.e., rats, mice and hamsters, exhibit follicular for-
mation and development in utero before birth, and thus have a long gestation period of ap-
proximately 70 days, similar to that of large animals (Shi et al., 1999; Suzuki et al., 2003;
Sadeu et al., 2007). During pregnancy, fetal ovarian development begins with primordial germ
cells (PGCs) migrating to and invading embryonic gonads, followed by primordial follicle
assembly and development at different time points (Loffler and Koopman, 2002; Suh et al.,
2002; Sawyer et al., 2002). Additionally, the number of oocytes in the adult animal ovary is de-
pendent on the initial recruitment of primordial follicles (McGee and Hsueh, 2000). Therefore,
understanding changes and the mechanisms underlying embryo ovarian development during
pregnancy has become increasingly critical.

During the embryonic ovarian development process, on the one hand, cell proliferation
(especially that of granulosa cells) is important for follicle assembly and development (van
den Hurk and Zhao, 2005). In addition, apoptosis has been implicated in processes associated
with normal ovarian development and function, including death of germ and granulosa cells
in follicular atresia (Morita and Tilly, 1999; Tilly and Robles, 1999). Several previous studies
have investigated morphological changes of ovaries in young and adult guinea pigs (Book-
hout, 1945; Sadeu et al., 2007; Wang et al., 2010). However, such knowledge with respect to
embryonic guinea pigs is lacking. Moreover, no metabolic markers have yet been examined in
these embryos. In this study, we addressed not only morphological changes, but also changes
in the expression of metabolic markers, in the ovary of embryonic guinea pigs. We used pro-
liferating-cell nuclear antigen (PCNA) as a proliferation marker and caspase-3 as an apoptosis
marker. PCNA is a co-factor of DNA polymerases, and plays a key role in controlling several
reactions involved in cell proliferation (Maga and Hubscher, 2003; Moldovan et al., 2007).
Therefore, this protein has been commonly used as a proliferation marker (Paunesku et al.,
2001; Sears and Nevins, 2002; Wildemann et al., 2003). Caspases (cysteine proteases) under-
lie the metabolic and morphological features of apoptosis. Among them, caspase-3 is a major
executioner protease, participating in cell apoptosis during follicular atresia (Matikainen et al.,
2001; Johnson and Bridgham, 2002; Glamoclija et al., 2005; Hussein, 2005).

Therefore, the present study was designed to investigate follicular formation and de-
velopment, and to examine the ovarian expression of PCNA and caspase-3 in embryonic and
neonatal guinea pigs.

MATERIAL AND METHODS
Animals and sample collection
Adult guinea pigs (Cavia porcellus) of the Hartley strain of 5 months of age, with an

initial weight of 400-700 g, were provided by the Experimental Animal Center of Nanjing Medi-
cal University (Nanjing, China). Four animals per cage were housed under a temperature of 23°
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+ 2°C and 50 + 20% humidity with a 12-h light and dark cycle, and were fed commercial food
and tap water ad libitum. The cages used for breeding guinea pigs in this study were 75 x 75 x 30
cm® and were purchased from the Experimental Animal Center of Nanjing Medical University
(Nanjing, China). Bedding was replaced every week. The estrous cycles of parental females were
examined daily, checked when vaginas were open from 1 week prior to mating, and parental
males were randomly paired with an equivalently treated female (1:1 ratio). Fetal guinea pig ova-
ries from pregnant gilts (N = 5) were obtained by hysterotomy performed under anesthesia with
isoflurane (Foranew, Abbott Japan Co., Ltd., Tokyo, Japan) 30, 40, 50, 60, and 68 days postcoitum
(dpc). Neonatal guinea pig ovaries from neonatal pups were obtained by ovariectomy performed
under isoflurane anesthesia 1 day postpartum (dpp). Briefly, pregnant female guinea pigs were an-
aesthetized with 5% isoflurane, which was delivered during induction, and with 1-2% isoflurane
via a facemask during surgery. The skin on the genital pore and the abdomen was then clipped and
disinfected. Pregnant animals were then placed in dorsal recumbency, and fetal guinea pigs were
obtained using an aseptic technique. The animal was treated gently, and surgery time for each ani-
mal was limited to 1 h. The animal experimental protocol was approved by the Institutional Ani-
mal Care and Use Committee of Nanjing Agricultural University, and experiments were strictly
carried out according to appropriate animal welfare guidelines (Close et al., 1996).

Histological observations

To evaluate the follicular formation and development of female fetal and neonatal
guinea pigs, ovarian samples kept in 70% alcohol were dehydrated through increasing al-
cohol concentrations, embedded in paraffin, and sectioned serially at 5 um. Ten slides were
randomly chosen at every time point, stained with hematoxylin and eosin, and histopathology
was observed under a light microscope (Nikon Inc., Melville, NY, USA).

Determination of germ cell number and follicle classification

The numbers of individual follicles and egg nests were determined by examining five
sections (the middle cross-section and four other sections) per ovary. Every section was at
least 20 um away from other sections. Egg nests were classified as oogonia or oocytes clus-
tered into nests and surrounded by a layer of squamous follicular cells as described previously
(McCoard et al., 2003; Kezele and Skinner, 2003). Primordial follicle classification was based
on the presence of a single layer of flattened follicular cells surrounding an individual oocyte.
An oocyte surrounded by a single layer of cuboidal follicular cells was classified as a primary
follicle. Secondary follicles had more than one distinct layer of cuboidal granulosa cells.

Immunohistological staining

After fixation, ovaries from female fetal and neonatal guinea pigs at different time
points were embedded in paraffin, and then 5-um sections were cut and mounted on slides. The
sections were then processed for immunohistochemical analysis using polyclonal antibodies
raised in rabbits against PCNA and caspase-3 (Boster Biological Technology, Ltd. Co., Wuhan,
China). The sections were incubated at room temperature overnight with polyclonal rabbit
immunoaffinity-purified antisera directed against PCNA (1:100) or caspase-3 (1:100). The
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immunoreactivity assay of specific proteins was visualized by the Elite ABC kit (BioGenex,
San Ramon, CA, USA), and reactions were performed with 0.05% 3,3'-diaminobenzidine
tetrachloride (Sigma Chemical Co., USA) in 10 mM phosphate-buffered saline containing
0.01% H,O, for 3 min. The negative control used normal rabbit serum instead of primary
antibody (Boster Biological Technology). Finally, sections were counter-stained with
hematoxylin and mounted with coverslips to identify the structure and type of cells.

Statistical analysis

Statistical analyses were performed using the Statistical Package for the Social Sci-
ences (SPSS) program. Differences in percentage of egg nests, single follicles, and types of
follicles between ages were evaluated by one-way analyses of variance (ANOVA) with Tukey
tests. P values less than 0.05 were considered to be statistically significant.

RESULTS

Morphological changes during follicular formation and development in female
fetal and neonatal guinea pigs

Follicular formation and development in female fetal and neonatal guinea pigs were
evaluated in ovaries at 30, 40, 50, 60, and 68 dpc and at 1 dpp. At 30 dpc, the fetal ovary was
comprised primarily of naked eggs not yet assembled into primordial follicles; these oocytes
were located in nests within the ovarian cortex (Figure 1A). In the 40-dpc-old ovary, the vast
majority of follicles were primordial follicles, and the largest follicles observed contained a
single layer of granulosa cells (Figure 1B). In addition, at 50 dpc, primordial and primary fol-
licles were present in the cortex in multiple layers; secondary follicles were first observed and
located at the innermost cortical-medullary border (Figure 1C). At 60 dpc, secondary follicles
with two or more layers of squamous granulosa cells appeared (Figure 1D). At 68 dpc, before
parturition, oocytes in the largest early tertiary follicles with antra were surrounded by more
than three layers of squamous granulosa cells (Figure 1E). At 1 dpp, ovarian contents were
observed to be identical to those at 68 dpc (Figure 1F).

Primordial follicle assembly and developmental kinetics

By 50 dpc, the proportion of egg nests, which included unassembled oocytes, de-
creased to only 35.2%, and continuously decreased to 15.2, 5.7, and 4.8 at 60 dpc, 68 dpc, and
1 dpp, respectively (P < 0.001; Figure 2A). Furthermore, there was a gradual increase in the
primordial to primary follicle transition, with the percentage of different-stage follicles com-
prising 64.8% of all single follicles; single follicles comprised approximately 95% at 1 dpp
(Figure 2A). In addition, primordial follicles were not observed at 30 dpc, and the proportions
of primordial follicles increased between 40 and 50 dpc (P < 0.05) but decreased (P < 0.05)
from 60 dpc to 1 dpp (Figure 2B). The proportions of primary follicles increased from 50 dpc
to 1 dpp (P <0.05; Figure 2B). Secondary follicles were frequently observed at 68 dpc and be-
yond. Consistent with directional transition in follicle development, secondary follicles were
always located at the cortical-medullary border forming a layer inside the primary follicles.
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Figure 1. Histologic observation of follicular formation and development in female fetal and neonatal guinea pigs.
A. 30 days postcoitum (dpc). B. 40 dpc. C. 50 dpc. D. 60 dpc. E. 68 dpc. F. 1 day postpartum (dpp). EN = egg nest;
pm: primordial follicle; p = primary follicle; SF = secondary follicle; ETF = early tertiary follicle; GC = granulosa
cell; Oo = oocyte. Scale bars = 50 um.

A —8— Eggnest
—o— Single follicle
a a
100
c
S 8]
©
&
60
T
[=))
@
T 40
(0]
Q
@
o 20 4
0 T T T T T
30dpc 40 dpc 50 dpc 60 dpc 68 dpc 1 dpp
B I FPrimordial follicle
[ Primary follicle
I Secondary follicle
a [ Early tertiary follicles
c\D\ 90 4
5
B b
)]
_% 60
3 ¢ c
L c
°© d
W o d d
d
€ c €
¢ e €

40 dpp 50 dpp 60 dpp 63 dpp 1dpe

Figure 2. Percentages of egg nests and follicles per section in the fetal and neonatal guinea pig ovary. A. Percentages
of egg nests and single follicles; B. percentages of primordial and primary follicles. dpc = day postcoitum; dpp = day
postpartum. Values represent means + SE. Bars with different superscript letters are statistically different. P < 0.05.
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Immunohistochemical analysis of PCNA and caspase-3

To investigate the localization of PCNA and caspase-3 proteins, markers of cell prolif-
eration and apoptosis in the ovary during follicular development in fetal and neonatal guinea
pigs, immunohistochemical analysis was performed in the ovaries at 30, 40, 50, 60, 68 dpc,
and at 1 dpp. Results showed that the PCNA was mainly localized in oocytes and in some
stromal cells between different nests at 30 dpc (Figure 3A). At 40 dpc, oocytes and the single
layer of granulosa cells of primordial follicles were strongly stained (Figure 3B). The staining
of PCNA expanded through multiple layers of granulosa cells, which accompanied follicular
development at 50 and 60 dpc (Figure 3C and D). In addition, PCNA was also expressed at the
surface of epithelial cells (Figure 3C). Furthermore, at 68 dpc and at 1 dpp, the expression pat-
terns were the same as those at 50 and 60 dpc, localizing to secondary follicles, early tertiary
follicles, and some stromal cells (Figure 3E and F).
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Figure 3. Immunohistochemical analysis of PCNA. Ovarian sections were immunohistochemical stained for PCNA
and counterstained with H&E. The immunohistochemical signals appear brown and the counterstaining background
was blue in color. A. 30 days postcoitum (dpc). B. 40 dpc. C. 50 dpc. D. 60 dpc. E. 68 dpc. F. 1 day postpartum
(dpp). G. Negative control. EN = egg nest; pm = primordial follicle; p = primary follicle; sc = stromal cells; sec =
superficial epidermal cells; SF = secondary follicle; ETF = early tertiary follicle; GC = granulosa cell; Oo = oocyte.
Scale bars = 50 pm.

We further evaluated changes and expression patterns of caspase-3 during follicular
formation and development in fetal and neonatal guinea pigs. At 30 dpc, caspase-3 was mainly
localized in some oocytes and stromal cells among different nests. In addition, some oocytes
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that did not stain for caspase-3 were located near the positively stained parts of the egg nest
(Figure 4A). At 40 and 50 dpc, caspase-3 staining was localized to oocytes and expanded
through layers of granulosa cells (Figure 4B and C). Caspase-3 was also expressed at the sur-
face of epithelial cells (Figure 4B). Furthermore, positive staining of caspase-3 was observed
in oocytes and granulosa cells of atretic follicles at 60 dpc, 68 dpc, and 1 dpp (Figure 4D, E
and F). A mass of dead granulosa cells separated from the layer of healthy granulosa cells and
scattered in the antrum was found with intensive staining of caspase-3.
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Figure 4. Immunohistochemical analysis of caspase-3. A. 30 days postcoitum (dpc). B. 40 dpc. C. 50 dpc. D. 60
dpc. E. 68 dpc. F. 1 day postpartum (dpp). G. Negative control. EN = egg nests; pm: primordial follicle; p = primary
follicle; sc = stromal cells; SF = secondary follicle; ETF = early tertiary follicle; GC = granulosa cell; Oo = oocyte.
Scale bars = 50 um.

DISCUSSION

To the best of our knowledge, this is the first report showing the morphological
changes during follicular formation and the development and expression patterns of PCNA
and caspase-3 in embryonic ovaries from guinea pigs. Our results suggested that the most
critical time period of follicular development in guinea pig embryos occurs at 40-50 dpc.

The guinea pig is an excellent animal model for studies of the reproductive system
of adult humans and most domestic animals (Suzuki et al., 2003). In mice and rats, compa-
rable studies have revealed that follicular formation and development are initiated after birth
(McGee and Hsueh, 2000). In 1945, Bookhout found that guinea pigs initiated their ovarian
follicular formation and development before birth (during pregnancy). Results of the present
study indicate that primordial follicle assembly and developmental kinetics in guinea pigs are
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similar to embryos of humans, pigs, and sheep (McGee and Hsueh, 2000; Sawyer et al., 2002;
Ding et al., 2010). This suggests that the guinea pig is also a good animal model to study early
ovarian development in large animals and humans.

Much evidence has accumulated showing an intimate relationship between cell pro-
liferation within oocytes or granulosa cells and follicular development (Matsumi et al., 1998;
Quirk et al., 2004; van den Hurk and Zhao, 2005). To confirm this, we investigated PCNA
localization in different stages of embryos. We found PCNA continually expressed in oocytes
and expanding granulosa cells at 40, 50, 60, and 68 dpc, and at 1 dpp. Immunohistochemi-
cal staining was particularly strong when accompanied by follicular development in healthy
follicles. In addition, PCNA was observed in some stromal cells at 30 dpc, suggesting that
stromal cells were involved in follicular formation.

We also detected the expression pattern of caspase-3 in fetal female guinea pigs. Pre-
vious studies reported that caspase-3 was absent in granulosa cells of healthy follicles and
its expression was regulated by gonadotropin in granulosa cells (Boone and Tsang, 1998;
Glamoclija et al., 2005). Caspase-3 mutant female mice possessed aberrant atretic follicles
containing granulosa cells that could not be eliminated by apoptosis (Matikainen et al., 2001;
Johnson and Bridgham, 2002; Quirk et al., 2004; Hussein, 2005). In the present study, we
found that caspase-3 was localized to some oocytes and stromal cells within different nests
at 30 dpc, and was markedly and continually expressed in oocytes and expanding granulosa
cells at 40, 50, 60, and 68 dpc and at 1 dpp in atretic follicles; however, it was absent in
granulosa cells of healthy follicles. Therefore, caspase-3 appears to be functionally required
for granulosa cell apoptosis during follicular atresia in fetal guinea pig ovaries. However, in
mice, prepubertal primordial follicle loss was found to occur independently of the classical
caspase-3-dependent apoptotic pathway (Tingen et al., 2009). This difference could be due to
differences in the follicular environment and might involve some unknown factors.

Both of these criteria were used to evaluate the effects of drugs on developmental and
reproductive function (Jacquet et al., 1997; Adriaens et al., 1999; Wehner et al., 2009). There-
fore, our findings could help to clarify mechanisms involved in human embryonic ovarian
development and folliculogenesis.

Collectively, we expect that in addition to providing information regarding proliferation
and apoptosis in guinea pig ovaries during pregnancy in vivo, this study will influence the develop-
ment of strategies to treat human ovarian cancers and ameliorate adverse effects of their therapy.
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