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Abstract The purpose of the study was to evaluate whether a lower concentration of FSH or 2-h incubation with FSH would improve
the outcome of in-vitro maturation of oocytes. The immature oocytes were obtained from FVB mice, and were allocated to four
groups and incubated in the maturation media for 24 h. The maturation media were supplemented with 10 mlU/ml FSH for 24 h
(group 1), 10 mIU/ml FSH for 2 h (group 2), 75 mIU/ml FSH for 24 h (group 3) or 75 mIU/ml FSH for 2 h (group 4). In each group, half
of the in-vitro-matured oocytes were fertilized and cultured to blastocysts and the remaining matured oocytes were analysed for
growth differentiation factor (GDF)-9 and bone morphogenetic protein (BMP)-15 mRNA to assess the oocyte quality. The maturation
rates and oocyte BMP-15 mRNA concentrations were similar among the four groups. The GDF-9 mRNA concentrations were similar in
group 2 and group 4. The fertilization and blastocyst rates were higher in groups 2 and 4 than in groups 1 and 3. It is concluded that
2-h incubation with FSH is better than 24-h incubation in terms of the fertilization rate and blastocyst development. o8
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Introduction

Immature oocyte retrieval followed by in-vitro maturation
(IVM) broadens the horizon for modern assisted reproduc-
tive technologies. Recent studies showed that IVM is a fea-
sible alternative to IVF (Cha et al., 2005; Lin and Hwang,
2006). However, despite the recent progress, the implanta-
tion rate following IVM remains lower than that of tradi-
tional IVF. The poor outcome of human IVM is thought to
be at least partly due to abnormalities in cytoplasmic mat-
uration in in-vitro-matured oocytes.

During IVM, FSH is generally added to the maturation
medium throughout the maturation period. The effect of
FSH is achieved through secondary messengers such as
cyclic adenosine 3’-5-monophosphate (CAMP). FSH initially
induces cumulus cells to produce cAMP, which is transferred
to the oocyte via gap junctions; however, in the later
stages, the cAMP concentrations decrease (Salustri et al.,
1985). Andersen et al. showed that FSH induces maximal
accumulation of cAMP after 30 min; thereafter, the cAMP
concentrations decrease progressively, reaching the lowest
concentrations at 120 min (Andersen et al., 2001). Further,
CcAMP plays dual roles in the meiotic maturation of oocytes.
Although high cAMP concentrations inhibit oocyte matura-
tion, the subsequent drop in the cAMP concentration trig-
gers oocyte maturation (Salustri et al., 1985; Tornell and
Hillensjo, 1993; Yoshimura et al., 1992). Byskov et al. (1997)
showed that FSH induces cumulus cells within 30 min to pro-
duce, and after 2 h to secrete, a meiosis-activating sub-
stance to induce oocyte maturation in murine oocytes.
These results suggest that short-term incubation with FSH
can also induce oocyte maturation.

Intrafollicular concentrations of FSH are almost con-
stant, at approximately 4—6 mlU/ml, in natural cycles
(McNatty, 1978) and stimulated cycles (Filicori et al., 1996).
The mean peak plasma concentration of FSH in natural
cycles is 10 mlU/ml (Vermeiden et al., 1997), i.e. much
lower than the 75 mIU/ml commonly used in the maturation
medium. Some studies suggest that the correct concentra-
tion of FSH is required to promote oocyte growth. Andersen
et al. (1997) found that serum FSH concentrations had a sig-
nificant inverse correlation with the cleavage rate, suggest-
ing that supraphysiological concentrations of FSH negatively
affected oocyte maturation. Thomas et al. (2005) demon-
strated in mice that the correct concentration of FSH was
crucial to promote oocyte growth from preantral follicles
and only a low FSH concentration (0.05 ng/ml) promoted
oocyte growth. Exposure to high concentrations
(>20 ng/ml) of FSH during IVM can even induce chromosome
abnormalities (Roberts et al., 2005). Since the environment
to which maturing oocytes are exposed can compromise
subsequent embryo development (Rose and Bavister, 1992;
van de Sandt et al., 1990), it was postulated for this study
that continuous exposure to relatively high concentrations
of FSH may result in inferior oocyte maturation.

Growth differentiation factor (GDF)-9 is localized exclu-
sively in oocytes at all stages of follicular growth, except in
primordial follicles (McGrath et al., 1995). GDF-9 promotes
granulosa cell proliferation and is required for ovarian folli-
culogenesis (Elvin et al., 1999; Mazerbourg and Hsueh,
2003). Bone morphogenetic protein (BMP)-15 is also an

oocyte-specific growth factor (Dube et al., 1998) and regu-
lates granulosa cell proliferation and differentiation (Otsuka
et al., 2000). Full complements of both GDF-9 and BMP-15
are essential for the development and function of oocytes
(Su et al., 2004).

The present study used a murine model to observe
whether a lower concentration of FSH or 2-h FSH incubation
would enhance oocyte maturation and embryonic develop-
ment. Besides the outcome of IVM, this study also analysed
the mRNA expression of GDF-9 and BMP-15 to assess the
oocyte quality.

Materials and methods

In-vitro maturation

Chemicals were obtained from Sigma Chemical Company (St
Louis, MO, USA) unless stated otherwise. The mice used in
the study were FVB/NJNarL mice (National Laboratory Ani-
mal Centre, Taipei, Taiwan). In each experiment, 10 female
mice were used. Immature oocytes were obtained from 3-
to 5-week-old female mice, 48 h after intra-peritoneal
injection with 51U pregnant mare’s serum gonadotrophin
(PMSG). Immature oocytes with cumulus cells were
collected by teasing the ovarian follicles. Only cumulus—
oocyte-complexes (COC) that comprised oocytes with
homogeneous cytoplasm and more than three layers of
cumulus cells were used for the study.

The COC were pooled and evenly distributed into four
groups. The basal maturation medium consisted of tissue
culture medium 199, 10% fetal bovine serum, 4 mM hypo-
xanthine and 0.2 mM pyruvate, to which the following were
added for the different treatment groups: (i) Group 1:
10 mIU/ml FSH (Gonal-F; Serono, Aubonne, Switzerland)
and 0.51U/ml human chorionic gonadotrophin (HCG) for
24 h; (ii) Group 2: 10 mIU/ml FSH and 0.5 IU/ml HCG for
2 h, then 0.5 1U/ml HCG only for another 22 h; (iii) Group
3: 75 mlU/ml FSH and 0.5 IU/ml HCG for 24 h; and (iv) Group
4: 75 mlU/ml FSH and 0.5 IU/ml HCG for 2 h, then 0.5 IU/ml
HCG only for another 22 h.

For IVM, the COC were incubated in the maturation
media for a total of 24 h. Only oocytes that displayed a dis-
tinct first polar body were classified as metaphase Il (MIl). In
each group, half of the MIl oocytes went through fertiliza-
tion and culture and the other half of MIl oocytes were ana-
lysed for mRNA expression.

Fertilization

The spermatozoa were retrieved from the cauda epididymis
of 5- to 7-week-old male mice. The spermatozoa were dis-
persed in human tubal fluid medium (Irvine Scientific, Santa
Ana, CA, USA) plus 5 mg/ml fetal bovine serum and diluted
to a concentration of 1 x 10%/ml. The MIl oocytes were incu-
bated with the spermatozoa for 4 h. The oocytes were then
washed to eliminate excess spermatozoa and then cultured
overnight in a drop of mKSOM medium (Speciality Media,
Phillipsburg, NJ, USA) covered with mineral oil. The next
morning, the number of 2-cell embryos was counted and
the embryos were transferred to fresh droplets of mKSOM
medium under mineral oil and cultured to blastocysts.
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Fertilization was considered to be the percentage of 2-cell
embryos 24 h after insemination. The maturation rates, fer-
tilization rates and embryo development were recorded.

RNA isolation and reverse transcription

In the second part of the experiment, the other half of the
in-vitro-matured oocytes in each group were analysed for
GDF-9 and BMP-15 mRNA after stripping of the cumulus cells
with 0.03% hyaluronidase and mechanical pipetting. The
experiment was repeated six times.

Total RNA was extracted from approximately 15
in-vitro-matured oocytes per treatment per experiment by
using the TRIzol RNA Purification Kit (Invitrogen, USA)
according to the manufacturer’s instructions. Briefly, pools
of oocytes were mixed with 500 pl of the TRIzol reagent and
were lysed by repetitive pipetting, followed by addition of
100 pl chloroform and vigorous shaking. After centrifugation
at 12,000¢ for 15 min, the RNA in the upper aqueous phase
was recovered, precipitated and washed with ethanol and
dried. After extraction, the RNA pellets were resuspended
in 40 pl of water and stored at —80°C. The RNA concentra-
tion was determined by UV absorbance at 260 nm (Gene-
Quant RNA/DNA calculator; Pharmacia LKB Biochrom,
Cambridge, UK)

The reverse transcription (RT) reaction was performed,
using Invitrogen reagents, in a 20 ul mixture, containing
extracted RNA, oligo(dT), reverse transcriptase buffer,
dNTP mixure, recombinant ribonuclease inhibitor and 200 |U
SuperScript Il reverse transcriptase. The total RNA,
oligo(dT) and dNTP mixture were incubated at 65°C for
5 min and then chilled on ice. The contents were collected
by brief centrifugation at 12,000¢ for 5s, and first-strand
buffer, DTT, RNaseOU recombinant RNase inhibitor and
200 IU SuperScript Ill reverse transcriptase were added.
The reaction was carried out at 50°C for 60 min and heat
inactivated at 70°C for 15 min. The resultant cDNA mixtures
were stored at —20°C.

Real-time quantification PCR

Oligonucleotide primers for PCR were designed to amplify
GDF-9 and BMP-15 and custom ordered from Invitrogen.
The sense and antisense primer sequences were as follows:
GDF-9 (5'-CAACGACACAAGCACC-3’ and 5-CAACGACACAAG-
CACC-3"); BMP-15 (5-AAATGCCGGACCAAGC-3' and 5-CGG
ACACTCCGCATGA-3'). In order to quantify gene expression,
the expression levels of specific mMRNA were calculated rel-
ative to the housekeeping gene B-actin.

PCR amplification of cDNA was performed by using the
LightCycler FastStart DNA Master™YS SYBR Green | Kit
(Roche, Mannheim, Germany). The procedure was per-
formed with 2 ul cDNA in a final volume of 20 pl containing
the reaction mix (FastStart Tag DNA polymerase, reaction
buffer, MgCl,, SYBR Green | dye and dNTP mix) and the
sense and antisense primers. Real-time PCR was carried
out in a thermal cycler (LightCycler 1.5; Roche). The reac-
tion conditions were as follows: pre-denaturation at 95°C
for 5min and 35 cycles consisting of denaturation at 95°C
for 10s, annealing at 58°C for 10 s and extension at 72°C
for 25s.

Statistical analysis

Statistical analysis was carried out using Statistical Package
for Social Sciences version 13.0 (SPSS, Chicago, IL, USA).
The outcome of IVM, including maturation rate, fertilization
rate, embryo cleavage and blastocyst development among
each group was compared by the chi-squared test. Bivariate
logistic regression was performed to analyse the effects of
incubation duration and concentration of FSH on IVM. Mean
mRNA concentrations were compared by ANOVA, followed
by Tukey post-hoc multiple comparisons. A P-value <0.05
was considered significant.

Results

The results of IVM are shown in Table 1. The maturation
rates were similar between the four groups. The maturation
rate was slightly higher, but not significantly, in group 2.
However, the fertilization and blastocyst rates were higher
in groups 2 and 4 than in groups 1 and 3. The fertilization
and blastocyst rates between groups 2 and 4 were similar.
The results of logistic regression analysis are shown in
Table 2. Incubation in 10 IU/ml and 75 mIiU/ml FSH pro-
duced similar IVM outcomes. Compared with 24-h incuba-
tion, 2-h incubation with FSH slightly improved the
maturation rate (odds ratio (OR) 1.35) although not statisti-
cally significantly. Two-hour incubation with FSH signifi-
cantly improved the fertilization rate (OR 2.16,
P=0.0002) and, even more, blastocyst development (OR
6.93, P=0.0021). GDF-9 and BMP-15 mRNA were expressed
in all four groups of oocytes. The oocyte BMP-15 mRNA con-
centrations were similar in all four groups. The GDF-9 mRNA
concentrations were similar in group 2 and group 4, but the
GDF-9 mRNA concentration in group 3 was slightly higher
than that in group 1 (P = 0.045, Figure 1).

Discussion

This study is the first to show for IVM that 2-h incubation
with FSH is better than 24-h incubation in terms of the fer-
tilization rate and embryonic development. Two-hour incu-
bation with 10 mIU/ml and 75 mIU/ml FSH produced similar
results and both concentrations produced higher fertiliza-
tion rates and blastocyst rates than 24-h exposure. Contin-
uous 24-h incubation with FSH at 10 mlU/ml (group 1) and
75 miU/ml (group 3) produced similar IVM outcomes.
Expression of BMP-15 mRNA was similar in group 1 and group
3, and GDF-9 mRNA concentration in group 3 was slightly
higher than that in group 1 (P = 0.045).

Although different centres have used different media for
human IVM (Chian et al., 2000; Child et al., 2001; Cha et al.,
2005; Lin et al., 2003; Mikkelsen et al., 1999; Trounson
et al., 1994), all media contain FSH. The effects of FSH on
oocyte maturation are mixed. Durinzi et al. (1997) showed
that addition of urofollitropin did not significantly increase
the ability of oocytes to achieve MIl. On the contrary, FSH
supplementation has been shown to increase fertilization
(Schroeder et al., 1988) and embryonic development (Jinno
et al., 1989; Morgan et al., 1991). It is generally believed
that FSH supplementation in the maturation medium is
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Table 1 Outcome of in-vitro maturation of oocytes in different media.
Group 1 Group 2 P-value Group 3 Group 4 P-value
Oocytes (n) 190 190 — 190 190 -
Maturation rate 66.8 74.2 NS 62.1 67.9 NS
Fertilization rate 53.8 78.0 0.004 65.0 80.3 0.038
Morula 20.0 421 0.04 25.6 34.0 NS
Blastocyst 2.9 17.5 0.047 5.1 17.0 0.05

Values are % unless otherwise stated.

Group 1 =10 mIU/ml FSH for 24 h; group 2 = 10 mIU/ml FSH for 2 h; group 3 = 75 mIU/
ml FSH for 24 h; group 4 =75 mIU/ml FSH for 2 h; NS = not significant.

Table 2 Logistic regression analysis of the effects of incubation
duration and concentration of FSH on in-vitro maturation.

Model 101U versus 75 IU (ref.) 2 h versus 24 h (ref.)
OR P-value OR P-value
Maturation 1.29 NS 1.35 NS
Fertilization 1.00 NS 2.16 0.0002
Morula 1.13 NS 2.89 0.0006
Blastocyst 1.00 NS 6.93 0.0021

NS = not statistically significant; OR = odds ratio.

beneficial to oocyte maturation. However, most of the stud-
ies have used supraphysiological concentrations of FSH. The
concentration of FSH is crucial for oocyte development.
Repeated ovarian stimulation in mice has been shown to
reduce in-vitro meiotic competence (Combelles and
Albertini, 2003). Similarly, in human IVF, supraphysiological
concentrations of FSH have been shown to negatively affect
oocyte maturation (Andersen et al., 1997). On the other
hand, some studies have shown that lower concentrations
of FSH are enough for IVM. Byskov et al. (1997) showed that
FSH at 8 IU/ml is sufficient to induce the resumption of mei-
osis in murine oocytes. Similarly, Andersen et al. (1999)
demonstrated that 50% of murine oocytes resumed meiosis
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Figure 1 Real-time PCR of GDF-9 (black bars) and BMP-15

(open bars) mRNA in different treatment groups. Group
1 =10 mIU/ml FSH for 24 h; group 2 =10 mIU/ml FSH for 2 h;
group 3 =75 mlU/ml FSH for 24 h; group 4 = 75 mIU/ml FSH for
2 h. 2P-value is 0.045.

at FSH concentrations of 6—12 mlU/ml. The present study
showed that 10 mIU/ml was sufficient to enhance oocyte
maturation in vitro.

The present study showed that 2-h incubation with FSH
produced higher fertilization and blastocyst rates than 24-h
incubation. These results are compatible with those of the
study by Byskov et al. (1997), in which 2-h priming with
FSH induced oocyte maturation in murine oocytes. Simi-
larly, Xia et al. (2000) used pig oocytes to demonstrate that
priming with FSH for 30 min to 4 h stimulated germinal ves-
icle breakdown and a plateau was reached at 2—4 h of prim-
ing. Lu et al. (2000) showed that the presence of 50 mIU/ml
FSH for 1 h was sufficient to induce meiotic resumption,
which reached a plateau after 2 h. These studies, however,
did not compare the outcomes of IVM between short-term
priming and long-term incubation with FSH.

The explanation for the beneficial effects of short-term
FSH priming may be two-fold. First, FSH causes an increase
in oocyte cAMP concentration via the stimulation of cumulus
cells (Webb et al., 2002). The initial high concentrations of
cAMP maintain the oocytes in meiotic arrest. However, FSH
withdrawal results in a fall in the cAMP concentration, lead-
ing to initiation of meiosis resumption (Eppig, 1989;
Grondahl et al., 2003). Second, continuous FSH incubation
results in the desensitization of FSH receptors. FSH has been
shown to induce a dose-dependent and almost complete
down-regulation of FSH receptor mRNA in Sertoli cells after
4 h of culture (Themmen et al., 1991). Lambert et al. (2000)
showed that the granulosa cells obtained from oocyte
retrieval after ovarian stimulation were refractory to
immediate FSH stimulation, and at least 1 day of culture
was required for the granulosa cells to obtain their respon-
siveness to FSH. Moreover, short-term incubation with FSH
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may be more physiological, since the pituitary release of
FSH is pulsatile (Padmanabhan et al., 1997).

FSH and LH play important roles in the regulation of
oocyte growth and maturation. The pre-ovulatory LH surge
triggers meiosis and final oocyte maturation. LH and HCG
act through the common receptors on the cumulus cells
and they are equally effective in promoting IVM (Hreinsson
et al., 2003). However, the actions of HCG in IVM are still
controversial and may be different in different species.
Anderiesz et al. (2000) showed that human and bovine IVM
were improved by FSH in combination with LH, but inclusion
of LH had no significant effect on murine IVM. On the con-
trary, another recent study showed that addition of HCG
to the maturation medium did not improve the maturation
rate or embryonic development in patients with polycystic
ovary syndrome (Ge et al., 2008). Although rarely used in
murine IVM, HCG is used in many human IVM systems,
including this study centre’s. The present study used murine
oocytes to study human IVM systems, so HCG was added to
the maturation media.

Most of the murine IVM studies obtained blastocyst rates
of about 30% (Anderiesz et al., 2000; Wang et al., 2006),
which are higher than those in the present study. Immature
murine oocytes take 16—18 h to mature in vitro (Chin and
Chye, 2004; Roberts et al., 2005), although some research-
ers cultured for 24 h (Andersen et al., 1999; Junk et al.,
2003). The present study cultured the immature oocytes
for 24 h in order to obtain more mature oocytes. Extended
culture, however, may cause the oocytes to age in vitro
and have adverse effects on IVM (Nagano et al., 2008),
which may be the reason for lower blastocyst rates pre-
sented here.

As in most murine IVM studies, PMSG was administered
before oocyte retrieval to increase the size of the follicles
and the number of immature oocytes obtained (Chin and
Chye, 2004). The role of FSH priming in IVM remains inconclu-
sive. FSH priming has been shown to enhance oocyte
maturation (Junk et al., 2003; Schramm and Bavister, 1994;
Wynn et al., 1998); however, some studies have shown no
differences in the oocyte recovery rate or oocyte maturation
(Trounson et al., 1998; Mikkelsen et al., 1999). In the present
study, the COC obtained were still at the germinal-vesicle
stage, and hypoxanthine was added to the maturation
medium to prevent spontaneous oocyte maturation as in
most murine IVM studies. The results of the present study
demonstrate that after in-vivo priming with PMSG, 2-h
incubation with FSH is better than 24-h incubation for IVM.
Further research is required to confirm the beneficial effects
of 2-h FSH incubation in natural-cycle IVM.

Oocyte maturation is closely dependent on the
surrounding granulosa cells. The cumulus cells, in particu-
lar, nurture the oocyte through the final stages of develop-
ment. However, recent studies show that the oocyte is a
central regulator of granulosa cell function and plays a
critical role in the regulation of oogenesis, ovulation and
fecundity (Gilchrist et al., 2008). The oocyte regulates gran-
ulosa cell and cumulus cell function by secreting certain
oocyte-secreted factors, the most important being GDF-9
and BMP-15. The oocyte secretes these growth factors that
act on the neighbouring granulosa cells, which in turn
regulate oocyte development (Gilchrist et al., 2008). The
present study found that oocyte BMP-15 mRNA concentra-

tions were similar in all four groups. Further, in-vitro-
matured oocytes after 2-h FSH incubation expressed similar
concentrations of GDF-9 mRNA. The results further support
that in the case of 2-h FSH incubation, 10 mIU/ml and
75 mlU/ml produced similar oocyte quality.

In conclusion, the present study demonstrated that expo-
sure to FSH for just 2 h was sufficient to enhance IVM and
produced a better outcome than 24-h exposure to FSH. Low-
and high-dose FSH produced similar outcomes. Further stud-
ies are necessary to determine the best duration of FSH
exposure for human IVM.
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