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Abstract

Objective: Efficiency of preantral follicle culture in vitro is low and is dependent on
species, development stage, and follicle-stimulating hormone (FSH) concentration.
Here, we optimized the preantral follicle in vitro culture system in mice.

Methods: The primary follicles (PM follicles, 80-100 um diameter ) and early second-
ary follicles (ES follicles, 110-130 um diameter) isolated from 14-day female mice
were cultured in mediums containing 10 mIU/mL or 100 mlU/mL r-FSH. The follicle
growth and oocyte maturation were observed. Estradiol (E2) was detected by ELISA.
FSH receptor (FSHR), Ki-67, 38-HSD, CYP17, and CYP19 levels were detected by im-
munofluorescence and Western blot.

Results: The antrum formation and oocyte maturation rates of ES follicles were sig-
nificantly higher than those of PM follicles (P < .05). They were also significantly
higher in ES follicles with 100 mIU/mL r-FSH than with 10 mIU/mL r-FSH (P < .05). A
higher FSHR level was found in ES follicles. Meanwhile, with 10 mIU/mL r-FSH, the
ES follicles exhibited a pattern of flat growth, whereas a pattern of stereoscopic spa-
tial growth was observed with 100 mIU/mL r-FSH. The 100 mlU/mL r-FSH stimulated
granulosa cell proliferation more significantly than 10 mIU/mL r-FSH. Moreover, FSH
significantly promoted ES follicle granulosa cell proliferation compared to PM follicu-
lar granulosa cells. The secretion of E2 and the expressions of 33-HSD, CYP 17, and
CYP 19 in ES follicles with 100 mIU/mL r-FSH were significantly higher than those
with 10 mIU/mL r-FSH.

Conclusions: The 100 mIU/mL r-FSH ideally promotes the development of ES fol-
licles, whose growth pattern can more reasonably simulate the growth of follicles in

vivo.
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1 | INTRODUCTION

The culture systems of preantral follicle include two-dimensional
culture and three-dimensional culture. Two-dimensional culture
system is commonly used in mouse preantral follicle culture.r®
Since the two-dimensional culture system does not require encap-
sulation of follicles, the operation is relatively simple. Therefore,
this culture system can not only be used to expand the source of
available oocytes, but also become a good research model for pre-
dicting premature ovarian failure and screening ovarian toxic sub-
stances, to reduce the use of experimental animals and improve
animal welfare.? Although the in vitro culture of preantral follicles
of mice has achieved high birth rates in several studies,*® the mat-
uration rate of oocytes cultured in vitro from preantral follicles
has been unstable (varied from 20% to 70%) in most studies.>”1°
Many factors, including breed, FSH concentration, follicle size,
and use of mineral oil, can affect the development of preantral
follicles of mice in vitro. Therefore, how to optimize and stabi-
lize the in vitro culture of preantral follicles is continuously being
investigated.!”1114

The growth and development of follicles are regulated by hor-
mones. Follicular development includes primordial follicles, primary
follicles (PM), secondary follicles, antral follicles, and mature folli-
cles.® Follicle-stimulating hormone (FSH) and luteinizing hormone
(LH) from the pituitary gland are the two major hormones that
regulate follicular development. According to the dependence of
FSH, follicular development is divided into FSH-dependent phase
and FSH-independent phase.'® FSH plays an important role in the
growth and development of antral follicles and the synthesis of ste-
roid hormones.'” However, its role in the growth and development
of preantral follicles remains unclear.

Pedersen et al'® and Mandl et al* have divided the preantral
follicles of mice into primordial follicles, PM follicles, and secondary
follicles. They defined preantral follicles containing a layer of intact
or incomplete flat granulosa cells as primordial follicles (Grade | fol-
licles) and preantral follicles containing 1-2 layers of cubic granulosa
cells as PM follicles (Grade II-llI follicles). Meanwhile, preantral fol-
licles containing 3 layers of cubic granulosa cells without follicular
antrum are considered to be early secondary follicles (ES follicles,
Grade IV-Va follicles), while preantral follicles containing more than
3 layers of cubic granulosa cells without antrum are advanced sec-
ondary follicles (Grade Vb follicles). Halpin et al found that preantral
follicles (Grade V) with a diameter of 150-180 pm could not grow in
vitro in the absence of FSH.2° Cortvrindt R et. al also showed that
FSH could promote the survival of preantral follicles with a diameter
of 95-142 pm in mice.?! Recently, preantral follicles with a diameter
of 80-180 pm are often selected and used for in vitro culture, 132223
and follicles in this diameter range include grade 11, llI, IV, and V folli-
cles. The different grades of follicles have different amounts of gran-
ulosa cells and different sizes. Their sensitivity to FSH in each grade
of follicles is unknown. So we speculate that these follicles probably
have different sensitivity to FSH and different development rate

stimulated by FSH. If we only select specific grade of follicles for

culture, we might obtain the high development rate of preantral fol-
licles in vitro.

In this study, we selected and cultured the PM follicles (Grade IlI
follicles with a diameter of about 80-100 pm and containing 1-2 lay-
ers of cubic granulosa cells) and ES follicles (Grade IV follicles with a
diameter of about 110-130 pm containing 3 layers of granulosa cells
follicles) with FSH of different concentrations. The effects of FSH
on the spatial growth pattern and secretory ability of follicles were
studied. We determined the optimal developmental period and FSH
concentration of preantral follicular culture in mice. Furthermore, by
optimizing the two-dimensional culture system of preantral follicles,
we improved the developmental rate of preantral follicles of mice

in vitro.

2 | MATERIALS AND METHODS
2.1 | Animals

The 14-day-old female ICR mice were provided by experimental
animal center of Jilin University. All mice were provided with free
access to a standard laboratory mouse diet and sterile water. This
study was conducted with approval from the Ethics Committee of

Jilin Medical University.

2.2 | Culture of preantral follicles in vitro

Mice were sacrificed by cervical dislocation, and the bilateral ova-
ries were rapidly removed into L-15 medium with 10% FBS (Gibco
BRL, Gaithersburg, MD). Follicles were mechanically isolated by
gently scraping the ovary with 26G needles after the tissues around
the ovaries were removed. Released preantral follicles were then
washed in L-15 medium. The preantral follicles were selected accord-
ing to the Pedersen and Peter's grading criteria'®'? for PM follicles
(Grade Ill) with the diameter of 80-100 pm and ES follicles (Grade 1V)
with the diameter of 110-130 pm. Culture dishes with 60 mm diam-
eter (Falcon, Becton Dickinson, NJ) were pre-equilibrated and con-
tained fifteen 20 uL culture droplets of a-MEM medium (Gibco BRL,
Gaithersburg, MD) supplemented with 5%FBS, 1%ITS (Gibco BRL,
Gaithersburg, MD) and different concentrations of r-FSH (10 mIU/
mL or 100 mlU/mL) covered with 5 mL of mineral oil (Sigma-Aldrich,
M5310). The selected preantral follicles were placed individually
into the culture droplets and incubated at 37°C, 5%CO, for 10 days.

The medium was changed and collected on Day 2, Day 4, Day 6,
Day 8, and Day 10, and the growth of the follicles was recorded at the
same time. During follicular growth, the follicles with lighter color, no
stereoscopic growth change were atretic follicles. The follicles with ob-
vious stereoscopic growth pattern, dark color, and gradually increasing
follicle diameter were normal follicles. At the end of the culture, follicles
were further cultured in a-MEM medium containing 2.5 IU/mL hCG
(Merck Serono, Darmstadt, Germany) for another 16 hours for ovu-

lation. Then, the COCs (Cumulus-Oocyte Complexes) were expelled
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FIGURE 1 PM follicles and ES follicles (A)
isolated in vitro. A, PM follicles, about 80-
100 pm in diameter, containing 1-2 layers
of cubic granulosa cells. B, ES follicles,
approximately 110-130 pum in diameter,
containing 3 layers of cubic granulosa
cells. Scale bar: 100 um

from the follicles. Oocyte maturation was examined by removing the
granulosa cells surrounding the oocytes under the stereoscopic micro-
scope. Oocytes with first polar bodies and homogeneous cytoplasm
were considered normal mature oocytes. Oocytes with first polar bod-
ies, large granules in the cytoplasm, and small cytoplasmic fragments
in the perivitelline space were considered abnormal mature oocytes.
Mature oocytes that are at the meiosis Il stage are called Mll oocytes.
The adherent area of the follicles was measured by Image Pro-Plus 6.0
software. The follicles isolated in vivo before ovulation were used to

compare with the follicles cultured in vitro at day 10 before ovulation.

2.3 | Immunofluorescence

Ovarian tissue was fixed in 4% paraformaldehyde for 4 hours and de-
hydrated with gradient ethanol. After xylene treatment, the tissues
were embedded in paraffin and cut into 5 pm slides. The dewaxed
slides were blocked with 1% BSA for 1 hour at 37°C. Thereafter, the
slides were incubated with rabbit FSH receptor (FSHR) antibody (bs-
20658R; Bioss, Beijing, China) overnight at 4°C. In the negative control
group, antibody dilution buffer was added instead of FSHR antibody.
After washing, FITC-labeled goat anti-rabbit secondary antibodies
were added, and the samples were further incubated at room tempera-
ture for 1 hour. Then, the slides were incubated with 5 pg/mL Hoechst
33 342 at room temperature for 15 minutes for the nuclei staining.
Observation and photographing were carried out using a fluorescence
microscope (Olympus, BX53, Japan). Fluorescence intensity was ana-
lyzed using Image Pro-Plus 6.0 image analysis software. Five sections
from one ovary were randomly selected for staining analysis. Five PM
follicles and five ES follicles were taken from each tissue section for
fluorescence intensity analysis under 400x magnification. The experi-
ment was repeated 5 times, and 3 mice were used each time.

2.4 | ELISA

The supernatant from each cultured follicle was used for estradiol
(E2) analysis. E2 was detected by an ELISA kit (Bioss China, bsk00483)
according to the instructions. Briefly, all samples and standards were
added into a 96-well plate and incubated at 37°C for 30 minutes.

After washing, a coloring solution was added and incubated at 37°C

PM follicles (B)

ES follicles

in the dark for 10 minutes. The absorbance value OD450 was meas-

ured using a microplate reader (USA, Biotek, EL x 800).

2.5 | Western blot

The 100 follicles were pooled from 5 mice at a time for each group.
Total protein was extracted from PM and ES follicles using RIPA
lysate (PO013B, Beyotime Biotech, Beijing, China) for Western blot-
ting analysis. After SDS-PAGE, the proteins were transferred to
PVDF membrane, which was blocked with 5% skim milk for 1 hour
at room temperature. Then, the membrane was incubated with
antibodies to FSHR (bs-20658R; Bioss), Ki-67 (A2094; ABclonal),
3B-hydroxysterol dehydrogenase (33-HSD) (bs-3906R; Bioss), P450
17alpha-hydroxylase (CYP17) (bs-3853R; Bioss), P450 aromatase
(CYP19) (bs-0114R; Bioss), GAPDH (bs-2188R; Bioss) or f-actin
(Ac026, ABclonal) overnight at 4°C. After washing, secondary an-
tibody of HRP-labeled goat anti-rabbit antibody (bs-0295G-HRP;
Bioss) was added and incubated for 1 hour at room temperature.
Finally, the membrane was subjected to color development and pho-
tographed using a Tanon 4600 imaging system. Image was further
analyzed by grayscale analysis using Tanon GIS ID software. The
experiment for each group was repeated 5 times, and 5 mice were

used each time.

2.6 | Statistical analysis

All data were analyzed using SPSS 17.0 statistical software and ex-
pressed as mean + standard deviation (SD). Independent sample t
test was used for comparison between two groups. Multiple com-

parisons were performed with one-way ANOVA followed by LSD

post hoc test. A P < .05 was considered to be statistically significant.

3 | RESULTS
3.1 | Isolation of preantral follicles in mice

After the mouse ovaries were mechanically separated, primordial

follicles, PM follicles, and ES follicles were obtained, respectively.
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In this study, PM follicles were 80-100 pm in diameter (grade Il
follicles) containing 1-2 layers of granulosa cells (Figure 1A), and
ES follicles were 110-130 um in diameter (grade IV follicles) con-
taining 3 layers of granulosa cells (Figure 1B) (Table 1). The pre-
antral follicles were then cultured in vitro, and the growth was
continuously observed.

3.2 | Effect of FSH on the growth and
development of preantral follicles in vitro

The PM and ES follicles were cultured in medium containing
10 mIU/mL and 100 mIU/mL r-FSH, respectively. And the follicular
growth on Day 2, Day 4, Day 6, Day 8, and Day 10 was observed
(Figure 2). We found that most follicles began adherent growth
on Day 2. Adherent follicles were considered living follicles, while
non-adherent follicles suspended in culture media were consid-
ered dead follicles. On Day 4, the granulosa cells proliferated and
grew out through the basal membrane, which was more obvious
in the ES follicles. The granulosa cells of ES follicles on Day 6
continued to proliferate and bulged to the surroundings, but the
granulosa cells of the PM follicles did not. Most of the ES follicles
began to form follicular antrum on Day 8, while only a few fol-
licular antra were found in PM follicles cultured at 100 mIU/mL
r-FSH. On Day 10, the follicular antrum continued to increase, and
the follicles were close to maturity. Although some follicles did
not form follicular antrum, the morphology of follicles was normal
and thus was considered to be in the stage of development arrest.
Degenerating follicles, which were separated from the granulosa
cells and formed naked oocytes, were also observed.

We then performed the statistical analysis for the adherent rates
of follicules, antrum formation, development arrest, and degenera-
tion (Tables 2 and 3). The adherent rate of PM follicles in 100 mIU/
mL r-FSH on Day 2 was significantly higher than that in 10 mIU/mL
r-FSH, but the adherent rate of ES follicles was not significantly af-
fected by FSH (Table 2). In the 10 mIU/mL r-FSH, the adherent rate
of ES follicles was significantly higher than that of PM follicles. These
results indicated that the effect of FSH on follicular adherence de-
pended on the development stage of follicles. PM follicle cultured
in 10 mlU/mL r-FSH culture medium could not form antral follicles.
Most of them formed degenerating follicles (93.23%), and a small
number were in development arrest stage (6.77%) (Table 3). In the
culture medium of 100 mIU/mL r-FSH, 36.14% of PM follicles formed
antral follicles (Table 3). ES follicles formed antral follicles in 10 mIU/
mL r-FSH and 100 mlU/mL r-FSH, and the ratio of antral follicles

TABLE 1 Separated follicles of PM and ES from D14 mouse
ovaries

No. of
Group Diameter (um)  No. of mice follicles
PM follicle 80-100 40 800
ES follicle 110-130 40 800

formed in 100 mIU/mL r-FSH was significantly higher than that in
10 mIU/mL r-FSH (92.74% vs 78.63%) (P < .05) (Table 3). The rate
of ES follicle degeneration in 100 mIU/mL r-FSH was significantly
less than 10 mIU/mL r-FSH (2.19% vs 19.72%) (P < .05) (Table 3). The
antrum formation rate of ES follicles was significantly higher than
that of PM follicles. Therefore, ES follicles have greater development
potential than PM follicles in the two-dimensional culture environ-
ment in vitro.

3.3 | Effect of FSH on follicular maturation

After 10 days of culture, hCG was added to the culture medium to
promote ovulation (Figure 3A) and oocyte maturation (Figure 3B).
There was no mature oocyte because no antral follicles were formed
in PM follicles with 10 mIU/mL r-FSH. The COCs expelling rate of PM
follicles with 100 mlU/mL r-FSH was not significantly different from
that of ES follicles (94.44% vs 100%) (P > .05) (Table 4). The matu-
ration rate of oocytes in ES follicles with 10 mIU/mL or 100 mIU/
mL r-FSH was significantly higher than that of PM follicles (Table 4).
Moreover, the oocyte maturation rate of ES follicles with 100 mIU/
mL r-FSH was significantly higher than that with 10 mlU/mL r-FSH
(80.88% vs 48.55%) (P < .05). Therefore, ES follicular phase was
the best period for culture of preantral follicles in vitro and that
100 mlIU/mL r-FSH was more suitable to promote the maturation of
the oocytes from ES follicles.

3.4 | Effect of FSH on the spatial growth of follicles
in vitro

During the development of follicles in vitro, we found that most PM
follicles did not continue to grow after 6 days of culture. However,
ES follicles had two growth modes with different concentrations of
r-FSH. As shown in Figure 4A, the color of the ES follicles grown
in the 100 mIU/mL r-FSH medium was darker, and the ES follicles
exhibited a three-dimensional spatial growth pattern. This growth
pattern is more like the growth of the follicles in vivo. However, the
ES follicles in the 10 mIU/mL r-FSH medium grew in a flatted growth
pattern (Figure 4A). The adherent area of the ES follicles in the
100 mIU/mL r-FSH medium was significantly smaller than that in the
10 mIU/mL r-FSH medium (Figure 4B). These results indicated that
follicular growth was more appropriate to mimic the growth pattern
in vivo with 100 mIU/mL r-FSH.

3.5 | Effect of FSH on proliferation of
granulosa cells

Ki-67 is related to ribosomal RNA transcription and is usually
used as a marker of cell proliferation. We used Western blot to
detect Ki-67 in granulosa cells. The results showed that Ki-67 lev-

els in ES follicle granulosa cells were significantly higher than PM
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FIGURE 2 Growth and development
of PM follicles and ES follicles in vitro.
Scale bar: 100 pm. Arrows indicate

PM follicle
10mlIU/ml FSH

PM follicle
100miU/ml FSH

ES follicle
100mIU/ml FSH

ES follicle
10mlIU/ml FSH

-
follicular antrum. Day 2, follicles that F r
adhered to the wall. Day 4, follicles with )
granulose cells breaking through the Day 2 ' @ O .
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with granulose cells bulging. Day 8, antral ”r
follicles. Day 10, follicles close to maturity 4
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- E
Day 6 . y
Day 8
4 — —
Day 10
TABLE 2 The adherent rate of
reantral follicles on day 2 of culture in No. of Rate of

p.t Y No. of No. of adherent adherent
vitro Group mice follicles follicles follicles

PM follicle 10 mlU/mL FSH 10 200 186 93.23+1.98

100 mlU/mL FSH 10 200 199 99.50 + 1.12°
ES follicle 10 mIU/mL FSH 15 300 295 98.35 + 1.64°
100 mlU/mL FSH 15 300 298 99.60 + 0.89

Note: Data were shown as mean + SD.
2P < .05, PM follicle in 100 mIU/mL FSH group compared with PM follicle in 10mIU/mL FSH group.
PP < .05, ES follicle in 10 mIU/mL FSH group compared with PM follicle in 10 mIU/mL FSH group.

follicles after ten days of culture (Figure 5A,B). In addition, the
levels of Ki-67 in ES follicles and PM follicular granulosa cells in
100 mlU/mL r-FSH were significantly higher than those in 10 mIU/
mL r-FSH. We conclude that ES follicle granulosa cells had a sig-
nificantly higher proliferation capacity than PM follicles in vitro,
and 100 mlU/mL r-FSH significantly stimulated granulosa cell
proliferation.

3.6 | Effect of FSH on the secretion of E2 by follicles

E2 is the most important hormone secreted by follicles, which re-
flects the function of follicles. Herein, E2 levels after D4, D6, D8,
and D10 culture were detected by ELISA (Table 5). The E2 levels
from ES follicles at D4, D6, D8, and D10 were significantly higher
than those from PM follicles with 10 mlU/mL or 100 mIU/mL r-FSH

(P < .05). However, there was no significant difference in E2 levels
between 10 mIU/mL and 100 mIU/mLr-FSH (P > .05) for PM follicles.
For ES follicles, the E2 level in the 100 mIU/mL r-FSH medium was
significantly higher than that in the 10 mIU/mL r-FSH medium. These
data suggested that 100 mIU/mL r-FSH stimulated the secretion of
E2 by the follicles from ES follicle culture more effectively.

3.7 | Expression of FSH receptor in preantral follicle

Next, we used immunofluorescence to detect the expression of
FSHR. FSHR was expressed in granulosa cells instead of oocytes or
theca cells of follicle (Figure 6A). The mean fluorescence intensity
of FSHR in ES follicles was significantly higher than that in PM fol-
licles (P < .05, Figure 6B). The obtained PM follicles and ES follicles
were separately subjected to Western blot analysis (Figure 7A). The
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TABLE 3 Percentages of antral follicles, arrested follicles, and degraded follicles on day 10

The percentage of
degraded follicles

The percentage of
arrested follicles

The percentage of
antral follicles

NO. of degraded

follicles

NO. of arrested

follicles

NO. of antral
follicles

NO. of adherent

follicles

Group

WANG ET AL.

93.23 +2.00
63.06 + 3.02°
19.72 + 3.86°¢

6.77 +1.89

36.14 + 4.02°
78.63 +4.13°

0.00+ 0.0

173
125

13

186
199

10 mIU/mL FSH

PM follicle

0.80 +0.04°

72
232
276

100 mlU/mL FSH
10 mIU/mL FSH

5.07 + 1.74P4

1.65 +0.27°

58

295

ES follicle

2.19 + 0.80°¢

92.74 + 2.54°4

15

298

100 mIU/mL FSH

2P < .05, PM follicle in 2100 mIU/mL FSH group compared with PM follicle in 10 mIU/mL FSH group.

bp < .05, ES follicle in 100 mlU/mL FSH group compared with ES follicle in 10 mIU/mL FSH group.
°P < .05, ES follicle in 10 mIU/mL FSH group compared with PM follicle in 10 mIU/mL FSH group.

Note: Data were shown as mean + SD.

dp < .05, ES follicle in 100 mlU/mL FSH group compared with PM follicle in 100 mIU/mL FSH group.

results showed that the levels of FSHR in ES follicles were signif-
icantly higher than that in PM follicles (P < .05, Figure 7B). Thus,
FSHR level was higher in ES follicles than that in PM follicles and ES
follicles were more sensitive to FSH than PM follicles.

3.8 | Effect of FSH on the expressions of rate-
limiting enzymes in steroid hormone synthesis
in follicles

We used Western blot to detect the expressions of rate-limiting en-
zymes in steroid hormone synthesis in follicles, including 33-HSD,
CYP17, and CYP19. The results showed that there were no sig-
nificant differences between PM follicles grown at 10 mIU/mL and
100 mIU/mL r-FSH (Figure 8A,B). However, the expressions of these
enzymes in the developing follicles from ES follicle culture were
higher than those from PM follicle culture. Their expression in ES fol-
licles grown in 100 mlU/mL r-FSH was significantly higher than that
of ES follicles grown in 10 mlU/mL r-FSH (Figure 8A,B). Therefore,
the secretion of E2 by the developing follicles from ES follicle culture
was significantly higher than that from PM follicle culture. Together,
we found that the expression of 33-HSD, CYP17, and CYP19 in the
developing follicles from ES follicle culture was higher than that from
PM follicle culture, and their expression by the developing follicles
from ES follicle culture in 100 mIU/mL r-FSH was significantly higher
than that in 10 mIU/mL r-FSH.

4 | DISCUSSION

Currently, the most commonly used method for in vitro culture of
mouse preantral follicle is the two-dimensional droplet method.!
The 80-180 pm preantral follicle is selected for in vitro cul-

tUI’e,lS’ZZ'ZS

and the commonly used r-FSH concentration is 10 mIU/
mL or 100 mIU/mL.1*32324 Under the same conditions, the average
in vitro maturation rate of follicular oocytes is 60%-70%.% The in
vitro maturation is unstable, and the maturation rate varies greatly
(8%-80.88%).22425 Cortvrindt et al performed a two-dimensional
culture with follicles of 95-142 pm and 100 mlU/mL r-FSH, and ob-
tained 41% of Ml oocytes.?! In this study, ES follicles were selected
and cultured in a culture medium containing 100 mIU/mL r-FSH, and
an oocyte maturation rate of 80.88% was obtained. We suppose
that the great difference in oocyte maturation rate may be as fol-
lows. The preantral follicle of 80-180 pm includes the follicles of the
two stages of PM and ES.*®? The follicles of these two stages have
different diameters and different number of granulosa cells,'®1?
and thus, they may have different sensitivity to FSH stimulation.
Therefore, under the same concentration of FSH, PM follicles and
ES follicles may have different development rates and maturation
rates, thus leading to the differences in oocyte maturation rate of in
vitro culture of preantral follicle.

The response of follicles to FSH stimulation is closely related
to the expression of FSHR.?® Otkay et al found that FSHR was
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FIGURE 3 COCs and Mll oocytes
expelled after ES follicle maturation. A,
COCs expelled from mature follicles. Scale
bar: 100 um. B, Mll oocytes having a first
polar body. Scale bar: 50 pm

TABLE 4 The rate of mature oocytes cultured for 11 d in vitro

NO. of antral
Group follicles COCs
PM follicles 10 mIU/mL FSH 0 0
100 mIU/mL FSH 72 68
ES follicles 10 mlU/mL FSH 232 230
100 mIU/mL FSH 276 276

NO. of expelled

NO. of mature
oocytes

0
16
112
223

The rate of
expelled COCs

0.00 +0.00
94.44 + 2.03
99.14 + 0.57
100.00 + 0.00

The rate of
mature oocytes

0.00 + 0.00
23.54 + 7.62°
48.55 + 3.73¢
80.88 + 4.02°¢

Note: Data were shown as mean + SD.

P < .05, PM follicle in 100 mIU/mL FSH group compared with PM follicle in 10 mIU/mL FSH group.
bp < .05, ES follicle in 100 mIU/mL FSH group compared with ES follicle in 10 mIU/mL FSH group.
P < .05, ES follicle in 10 mIU/mL FSH group compared with PM follicle in 10 mlU/mL FSH group.
d4p < .05, ES follicle in 100 mIU/mL FSH group compared with PM follicle in 200 mlU/mL FSH group.

expressed on primary follicles containing a layer of granulosa cells.?

Our study also found that FSHR was expressed on both primary and
secondary follicles. Although the expression of FSHR was found
on both primary and secondary follicles, Hardy et al found that the
growth rate of follicles with a diameter of <110 pm had no significant

ES follicle
100mIU/ml FSH

(A)  ESfollicle
10mIU/ml FSH

Isolated follicles
in vivo before
ovulation

100 uM

difference with or without treatment with 10 ng/mL r-FSH.?” After
knocking out the FSH gene, Kumar et al found that the growth of
primary follicles could be maintained and that primary follicles could
develop well to the secondary follicles.?® Dierich et al found that
in the absence of FSHR, female mice cannot ovulate, but follicles
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FIGURE 4 Analysis of adherence of antral follicles formed by ES follicles after culture for 10 d. A, Antral follicles formed by ES follicles
after culture for 10 d and isolated follicles in vivo before ovulation. Upper left panel: Antral follicles grew in 10 mIU/mL r-FSH medium,
spreading in a flat pattern, with a large adherent area; Upper right panel: Antral follicles grew in a medium with 100 mIU/mL r-FSH showing
a three-dimensional spacial growth pattern. Lower left panel: Isolated follicles in vivo before ovulation. Scale bar: 100 pm. B, Analysis of
adherent areas of antral follicles. The adherence areas of D10 antral follicles grown in 10 mlU/mL and 100 mlU/mL r-FSH culture medium
were measured by Image Pro-Plus 6.0 image analysis software (n = 100). Comparison was performed using the t test. Compared with

10 mlU/mL r-FSH, *P < .05
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FIGURE 5 Cell proliferation of follicular granulosa by assessing Ki-67 expression. A, Ki-67 levels in different experimental groups on
day 10. Image 1 and image 2 were representative Western blot images of two groups of mice. B, Relative expression of Ki-67 by grayscale
analysis. AP < 0.05, PM follicle 100 mIU/mL FSH group compared with PM follicle 10 mIU/mL FSH group; 4P < .05, ES follicle 100 mlU/mL
FSH group compared with ES follicle 10 mlU/mL FSH group; #P < .05, ES follicle 10 mIU/mL FSH group compared with PM follicle 10 mIU/
mL FSH group; *P < .05, ES follicle 100 mIU/mL FSH group compared with PM follicle 200 mIU/mL FSH group

TABLE 5 Concentrations of E2 in supernatant from each cultured follicle

NO. of NO. of

Group mice follicles DO D4 D6 D8 D10

PM follicle 10 mIU/mL 8 160 0.00+0.00  1.18 +0.40 1.74 + 0.43 2.45+0.44 3.30 +0.34
FSH
100 mlU/mL 8 160 0.00 +0.00  2.35+0.59 2.89 +1.12 3.84 +1.03 4.62 +0.61
FSH

ES follicle 10 mIU/mL 8 160 0.00+0.00  4.21+0.69° 494 +0.42° 5.29 + 0.47° 8.62 +0.62°
FSH
100 mlU/mL 8 160 0.00 +0.00  6.49 + 1.81%¢ 7.69 + 1.66%¢ 9.97 + 1.86%¢ 14.08 + 1.75%¢
FSH

Note: Data were shown as mean + SD.

4P < .05, ES follicle in 100 mIU/mL FSH group compared with ES follicle in 10 mIU/mL FSH group.
bp < .05, ES follicle in 10 mIU/mL FSH group compared with PM follicle in 10 mlU/mL FSH group.
‘P < .05, ES follicle in 200 mIU/mL FSH group compared with PM follicle in 200 mIU/mL FSH group.
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FIGURE 6 FSHR expressionin PM follicles and ES follicles in ovarian tissue of D14 female mice. A, Immunofluorescence staining of FSHR
in PM follicles and ES follicles. The FSHR was stained green, and the nuclei were stained blue. The white circle indicates the area used for
analyzing relative fluorescence intensity of FSHR expression. The control group was a negative control group. Scale bar: 100 um. B, Relative
fluorescence intensity analysis of FSHR expression. Compared with PM follicles, *P < .05
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can develop into antral follicles.?’ The above studies indicate that
the growth of mouse primary follicle may not be dependent on FSH.
This study also found that during the in vitro culture of PM follicles
with different concentrations of FSH, most PM follicles could slowly
grow to D6, but cannot form a follicular antrum. Therefore, in the
process of in vitro culture of preantral follicles, if PM follicles are also
cultured, the development rate and maturation rate of follicles will
be greatly reduced. We suppose that the current two-dimensional

WILEY-2°™

ES follicle

culture system of preantral follicles in mice may be not suitable for
the culture of PM follicles. Further research is needed to investigate
the in vitro culture system of PM follicles.

Follicles at different developmental stages have different FSHR
expression levels, and thus, they have different sensitivities to FSH
stimulation.?® Saraiva et al found that with the development of fol-
licles, the expression of FSHR increased significantly.2 Therefore,
they used the sequence culture method for the culture of preantral
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19 in Day 6 and Day 10 follicles. Image 1
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follicles, that is, 100 ng/mL FSH was added at DO-D12, 500 ng/mL
FSH at D6-D12, and 1000 ng/mL FSH at D12-D18, which signifi-
cantly improved the survival of preantral follicles and the formation
of antral follicles.® In this study, we found that ES follicles had higher
FSHR expression levels than PM follicles, suggesting that ES follicles
may develop better at higher FSH concentrations. Therefore, we
compared the effects of 10 mlU/mL r-FSH and 100 mIU/mL r-FSH
on ES follicle development. The results showed that 100 mIU/mL
r-FSH significantly stimulated the development of ES follicles, ob-
tained a higher oocyte maturation rate. FSH binds to the FSHR on
the granulosa cell membrane and stimulates the expression of ste-
roid hormone synthesis rate-limiting enzyme in granulosa cells. 3132
The expression of these enzymes converts androstenedione syn-
thesized from follicular theca cells into E2. Therefore, for ES folli-
cles with high FSHR expression, 100 mlU/mL FSH can significantly
stimulate the secretion of E2. It has been indicated that estrogens
stimulate the proliferation of GCs and are absolutely necessary for
the normal follicle growth.®! Currently, researchers commonly use
10 mlU/mL r-FSH or 100 mIU/mL r-FSH to culture mouse preantral
follicles. However, because PM follicles and ES follicles are not cul-
tured separately, the results are unstable, and the concentration of
FSH is also uncertain. In this study, PM follicles and ES follicles were
separately cultured. The results showed that the in vitro develop-
ment rate of preantral follicles was better when ES follicles were
cultured with 100 mIU/mL r-FSH.

This study reported for the first time that FSH affected not only
the in vitro development rate of preantral follicles, but also their in
vitro development patterns. In 10 mlU/mL r-FSH culture medium,
ES follicles exhibited a tiled growth pattern, with large adherence
area; while in 100 mlU/mL r-FSH culture medium, they presented
a three-dimensional growth pattern, with small adherence area.
Although studies have reported that FSH affects the development
of preantral follicles,®33 there is no report regarding the effect of
FSH on the growth pattern of preantral follicles in vitro. The reason
may be that the PM follicles and ES follicles were cultured together
in previous studies. When the development rate is not high, no dif-
ference in development patterns has been found. In this study, ES
follicles and PM follicles were cultured separately, allowing us to ob-
serve the effect of FSH on the growth pattern of follicles in vitro.
Additionally, the three-dimensional growth pattern of ES follicles in
the culture medium of 100 mIU/mL r-FSH was similar to the growth
pattern of follicles before ovulation in vivo, thus better simulating
the growth of follicles in vivo. Therefore, the culture of ES follicles
in a culture medium of 100 mIU/mL r-FSH not only improves the
secretory function of the follicles and the development rate in vitro,
but also simulates the in vivo growth of follicles.

In summary, the two-dimensional culture system of preantral
follicles in mice may be not suitable for the culture of PM follicles.
The optimal in vitro culture system for PM follicles needs further in-
vestigation. Higher in vitro development and maturation rates of ES
follicles (110-130um) can be obtained in a two-dimensional culture
system with 100 mIU/mL r-FSH. The 100 mlU/mL r-FSH can stim-

ulate ES follicle granulosa cells to quickly proliferate and grow in a

three-dimensional pattern, and, promote ES follicles to express more
steroid hormone synthesis rate-limiting enzymes and synthesize and
secrete more estrogens, finally achieving a higher oocyte maturation
rate. Therefore, the two-dimensional droplet culture system with
100 mIU/mL r-FSH is an optimal in vitro culture system for ES folli-
cles that can simulate the growth pattern of follicles in vivo.
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