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ABSTRACT
The aim of the present study was to determine the role of GDF-9 and/or FSH on the growth and mRNA expression
for FSH-R, GDF-9, and BMPs in goat secondary follicles after culture in vitro. Goat secondary follicles (~200µm)
were isolated and cultured for six days in minimum essential medium (MEM) supplemented with GDF-9 (200
ng/mL), FSH (50 ng/mL) or both. At the beginning and end of culture, the follicular diameter was evaluated and
compared. The levels of mRNA for GDF-9, FSH-R and BMPs -2, -4, -6, -7 and -15 in cultured follicles were
quantified by real time PCR. The results showed that a significant increase of follicle diameter after six days when
compared to day 0, but the presence of GDF-9 and FSH did not influence the follicular growth in comparison with
those cultured in MEM. Real time PCR showed that GDF-9 down-regulated the levels of mRNA for BMPs -2 and 15, while FSH either alone or in combination with GDF-9 did not affect the expression of GDF-9, FSH-R and
BMPs. In conclusion, GDF-9 reduced the expression of BMP-2 and -15 in caprine preantral follicles after their
culture, but FSH either alone or in association with GDF-9 did not control the expression of GDF-9, FSH-R and
BMPs.
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INTRODUCTION
The mammalian ovary contains thousands of
oocytes enclosed in preantral follicles (i.e.
primordial, primary and secondary follicles) that
have the potential to be fertilized, but the vast
majority becomes atretic during the growth and
maturation (Markström et al. 2002). To increase
the efficiency of this gonad, the role of growth
factors and gonadotropins that are involved in the
complex bidirectional signaling between the
oocyte and the surrounding somatic cells during
*

the growth and development of secondary follicles
(~200 µm) up to the antral stage, has been
evaluated (Romero and Smitz 2009; Duarte et al.
2010;Magalhães et al. 2010). Oocyte maturation
and in vitro embryo production have been
described after culture of goat secondary follicles
(Magalhães et al. 2010; Saraiva et al. 2010), but
despite the success of these studies, these in vitro
systems still have a very low efficiency, with a
small percentage of embryos produced from in
vitro matured oocytes. In this context,
quantification of mRNA of growth factors during
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follicular development in vitro can contribute to
the establishment of an ideal culture medium and
thus increase the potential of these in vitro models.
Growth and differentiation factor-9 (GDF-9)
belongs to the various growth factors that control
the early follicle growth in mammals (Vitt and
Hsueh 2002). GDF-9 may be secreted by oocyte
and granulosa cells (Silva et al. 2004; Spicer et al.
2008), but oocyte-specific expression of GDF-9
protein has been reported (McGrath et al. 1995;
Aaltonen et al. 1999; Jaatinen et al. 1999; Sadeu
and Smitz 2008). In vitro, GDF-9 promotes the
growth of the oocyte, proliferation of granulosa
cells (Spicer et al. 2006), differentiation of thecal
cells (Spicer et al. 2008) and specific cellular
functions (Sadeu and Smitz 2008). Like GDF-9,
bone morphogenetic proteins (BMPs) comprise
another subgroup of ligands that are involved in
the control of folliculogenesis (Hogan 1996; Dube
et al. 1998). The expression of BMP -2, -4, -6, -7
and -15 has been demonstrated in the somatic
follicular components of preantral follicles in
several species (Erickson and Shimasaki 2003;
Silva et al. 2004;Juengel et al. 2006; Frota et al.
2010). Receptors for GDF-9 (Silva et al. 2004) and
FSH (Saraiva et al. 2010) are expressed in goat
preantral follicles, but it is still not know if GDF-9
either alone or together with FSH controls the
expression of FSH-R, GDF-9 and BMP -2, -4, -6, 7 and -15.
It is hypothesized that GDF-9 could promote
oocyte and granulosa cell development within goat
preantral follicles and that this effect could be
enhanced by the addition of FSH. Furthermore, the
presence of GDF-9 and FSH in the culture
medium can influence the expression of mRNA
for GDF-9, FSH-R and BMP-2,-4,-6,-7 and -15.
To test this hypothesis, the effects of GDF-9 and
FSH, alone or in combination, on the
morphological development of 6-days cultured
goat secondary follicles were investigated, while
the levels of mRNA for GDF-9, FSH-R and BMP2, -4, -6, -7 and -15 in these follicles were
quantified.

MATERIALS AND METHODS
Ovaries
Ovaries (n=10) of goats (Capra hircus) were
collected from a slaughterhouse and transported to
the laboratory in minimal essential medium (αMEM) containing antibiotics (100 µg/mL
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penicillin and 100 µg/mL streptomycin) at 32°C
for a maximum of 1 h.
Isolation and in vitro culture of goat secondary
follicles
In the laboratory, surrounding fat tissue and
ligaments were stripped off from the ovaries.
Ovarian cortical slices (1 to 2 mm in diameter)
were cut from the ovarian surface using a surgical
blade under sterile conditions. The ovarian cortex
was subsequently placed in fragmentation
medium, consisting of α-MEM plus HEPES.
Secondary follicles of approximately 200 µm in
diameter were visualized under a stereomicroscope
(SMZ 645 Nikon, Tokyo, Japan) and manually
dissected from the strips of ovarian cortex using
26 gauge (26G) needles. After isolation, follicles
were transferred to 100 µL drops containing fresh
medium under mineral oil to further evaluate the
follicular quality. Follicles with a visible oocyte,
surrounded by granulosa cells, an intact basement
membrane and no antral cavity were selected for
culture (Fig. 1A).
For in vitro studies, after selection, follicles were
individually cultured in 100 µL drops of culture
medium in Petri dishes (60 x 15 mm, Corning,
USA). Control culture medium consisted of αMEM (pH 7.2 - 7.4) supplemented with 3.0
mg/mL bovine serum albumin (BSA), ITS (insulin
10 µg/mL, transferrin 5.5 µg/mL and selenium 5
ng/mL), 2 mM glutamine, 2 mM hypoxantine and
50 µg/mL of ascorbic acid under mineral oil. For
treatments, control culture medium was
supplemented with 50 ng/mL of FSH (rFSH®,
Nanocore, Brazil), 200 ng/mL of GDF-9 (Sigma,
St. Louis, USA) or both. The concentrations of
FSH and GDF-9 were those that promoted the
highest growth rates in in-vitro goat preantral
follicles in previous studies (Matos et al. 2007;
Martins et al. 2010). Fresh media was prepared
and incubated for 1h prior to use. For culture, the
follicles were randomly chosen and incubated for
six days in the incubator with 5% CO2 in the air at
39°C. Every alternate day, 60 µL of the culture
medium was replaced with fresh medium. A mean
number of 30 follicles were used per treatment.
The morphology and follicular diameter were
assessed at the beginning and end of culture with
the aid of an inverted microscope. In addition, the
percentages of secondary follicles that reached
antrum formation in vitro was determined.
To evaluate the effect of GDF-9, FSH and their
combination on expression of mRNA of GDF-9,
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FSH-R and BMP -2, -4, -6, -7 and -15 in goat
follicles that were cultured for a six-day period, for
each treatment, three groups of eight follicles were
collected at the end of the culture period, which
were then stored at -80°C until extraction of total
RNA.
Quantification of mRNA for GDF-9, FSH-R
and BMPs in cultured follicles
The isolation of total RNA was performed using
Trizol plus purification kit (Invitrogen, São Paulo,
Brazil). According to the manufacturer’s
instructions, 1.0 mL of Trizol solution was added
to each frozen samples and the lysate was
aspirated through a 20G needle before
centrifugation at 10,000 g for 3 min at room
temperature. Thereafter, all lysates were diluted
1:1 with 70% ethanol and subjected to a minicolumn. After binding of the RNA to the column,
DNA digestion was performed using RNAse-free
DNAse (340 Kunitz units/mL) at room
temperature for 15 min. After washing the column
three times, the RNA was eluted with 30 µL
RNAse-free water. Prior to reverse transcription,
the eluted RNA samples were incubated at 70oC
for 5 min and chilled on ice. Reverse transcription
was then performed in a total volume of 20 µL,
which was comprised of 10 µL of sample RNA,

4.0 µL 5X reverse transcriptase buffer (Invitrogen,
São Paulo, Brazil), 8 units RNAseout, 150 units
Superscript III reverse transcriptase, 0.036 U
random primers (Invitrogen, São Paulo, Brazil), 10
mM DTT, and 0.5 mM of each dNTP. The mixture
was incubated at 42oC for 1h, at 80oC for 5 min,
and then stored at -20oC. Negative controls were
prepared under the same conditions, but without
the inclusion of the reverse transcriptase.
The quantification of mRNA was performed using
SYBR Green. The PCR reactions were composed
of 1.0 µL cDNA as a template in 7.5 µL of SYBR
Green Master Mix (PE Applied Biosystems, Foster
City, CA), 5.5 µL of ultra-pure water, and 0.5 µM
of each primer. The primers were designed to
perform the amplification of mRNA for GDF-9,
FSH-R, BMP -2, -4, -6, -7 and -15 and
housekeeping genes β-actin and ubiquitin (Table
1). The thermal cycling profile for the first round
of PCR was initial denaturation and activation of
the polymerase at 94oC for 15 min, followed by 40
cycles of 15 sec at 94oC, 30 sec at 60oC, and 45
sec at 72oC. The final extension was at 72oC for 10
min. All reactions were performed in a real time
PCR Mastercycler (Eppendorf, Germany). The
delta-delta-CT method was used to transform the
CT values into normalized relative expression
levels (Livak and Schmittgen 2001).

Table 1 - Primer pairs used in real-time PCR for quantification of GDF-9, FSH-R and BMPs
caprine preantral follicles.
Target
Sense (s)
Primer sequence (5´ 3´)
Position
gene
Anti-sense (as)
ACCACTGGCATTGTCATGGACTCT
s
188-211
β- actin
TCCTTGATGTCACGGACGATTTCC
as
363-386
GAAGATGGCCGCACTCTTCTGAT
s
607-631
UBQ
ATCCTGGATCTTGGCCTTCACGTT
as
756-780
ACAACACTGTTCGGCTCTTCACCC
s
332
– 356
GDF-9
CCACAACAGTAACACGATCCAGGTT
as
426-451
AGGCAAATGTGTTCTCCAACCTGC
s
250-274
FSH-R
TGGAAGGCATCAGGGTCGATGTAT
as
316-340
AGGCCCTTGCTTGTCACTTT
s
778-797
BMP-2
TTGAGGCGTTTCCGCTGTTT
as
875-894
TCAACCAACCACGCCATTGT
s
3105-3126
BMP-4
TGAGTTCGGTGGGAACACAACA
as
3191-3213
ACACATGAACGCCACCAACCAT
s
141-163
BMP-6
AGGATGACGTTGGAGTTGTCGT
as
262-284
AGGCAGGCATGTAAGAAGCA
s
78-108
BMP-7
TTGGTGGCGTTCATGTAGGA
as
223-243
AAGTGGACACCCTAGGGAAA
s
237-257
BMP-15
TTGGTATGCTACCCGGTTTGGT
as
362-384

Statistical analysis
The nonparametric Kruskal-Wallis test was used
to compare the levels of mRNA for GDF-9, FSHR, BMP -2, -4, -6, -7 and -15 in cultured follicles

in 6-days cultured
Genbank
accession n°.
GI:28628620
GI:57163956
GI:51702523
GI:95768228
GI: 213521327
GI: 157092665
GI:76262832
GI: 297481859
GI:8925958

(p<0.05). The T-test was used to compare the
follicular diameter before and after culture
(p<0.05). Data of follicular growth in the different
treatments were compared by the Student-
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Newman-Keuls test (p<0.05). The chi-square test
was used to compare the percentage of follicles
that had formed an antrum (p<0.05).

RESULTS
In vitro growth of cultured secondary follicles
After the culture, the follicles showed a normal
morphological architecture of the oocyte and
neighboring granulosa cells (Fig. 1B). The
secondary follicles cultured for six days in MEM
alone or supplemented with FSH, GDF-9 or both
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FSH and GDF-9 showed a significant increase in
follicular diameter in all the treatments when
compared to day 0 (Table 2). A high percentage of
follicles (from 53.3 to 76.6%) had developed an
antrum cavity after the culture (Table 2). In these
follicles, two distinct granulosa cell populations
were clearly recognizable, with the cumulus cells
that surrounded the oocyte being clearly
distinguishable from the mural granulosa cells
(Fig. 1B). However, the supplementation of
culture medium with GDF-9, FSH or both did not
influence either follicular growth or antrum
formation (Table 2).

Figure 1 - Morphological characteristics of goat prantral follicles before (A) and after culture (B). A:
antrum, CC: cumulus cells, GC: granulosa cells, MGC: mural granulosa cells, O: oocyte.
Bars = 100 µm.
Table 2 - Follicular diameter and antrum formation before and after 6-days culture of secondary follicles in MEM
and MEM supplemented with FSH, GDF-9 or both.
Day 0
Day 6
Growth
Antrum formation
Treatments
Diameter ± SEM
Diameter ± SEM
Diameter ± SEM
at Day 6 (%)
MEM
205.95 ± 8.163
296.089 ± 15.069*
90.136 ± 9.532
53.3% (16/30)
229.082 ± 7.397
352.551 ± 14.013*
123.468 ± 9.089
63.3% (19/30)
MEM + FSH
221.088 ± 9.52
332.142 ± 14.500*
111.053 ± 9.320
66.6% (20/30)
MEM + GDF-9
336.053 ± 17.418*
111.734 ± 10.84
76.6% (23/30)
MEM + GDF-9 + FSH 224.319 ± 10.784
*significant difference compared to day 0 (p<0.05).

Levels of mRNA for GDF-9, FSH-R and BMPs
in cultured secondary follicles
As illustrated in Figures 2 and 3, culture of goat
secondary follicles in medium supplemented with
FSH, GDF-9 or both did not influence the levels of
mRNA for GDF-9, compared to MEM alone (Fig.
2). Despite an increase in the levels of FSH-R
from three to four times in follicles cultured in
medium supplemented with FSH, GDF-9 or both,

the differences were not considered statically
significant (Fig. 3). On the other hand, when
compared to MEM, the addition of GDF-9 to this
medium significantly decreased the levels of
mRNA for BMP-2 and BMP-15, but not those for
BMP-4, -6, and -7. However, FSH either alone or
in combination with GDF-9 did not affect the
expression of GDF-9, FSH-R and BMPs (Fig. 4 AE).
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Figure 2 - Levels of mRNA for GDF-9 on goat
secondary follicles after culture in MEM
and MEM supplemented with FSH, GDF9 or both. (M: MEM).

Figure 3 - Levels of mRNA for FSH-R on goat
secondary follicles after culture in MEM
and MEM supplemented with FSH, GDF9 or both. (M: MEM).

Figure 4 - Levels of mRNA for (A) BMP-2, (B) BMP-4, (C) BMP-6, (D) BMP-7 and (E) BMP-15 on
goat secondary follicles after culture in MEM and MEM supplemented with FSH, GDF-9
or both. (M: MEM).
ab
significant difference between treatments (p<0.05)
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DISCUSSION
This study demonstrated that caprine preantral
follicles grew in culture, even in the absence of
FSH and GDF-9. It is well established that
paracrine signals from the oocyte play an essential
role in the growth and development of the ovarian
follicle. Oocyte-derived growth differentiation
factor-9 (GDF-9) has been shown to favor the
oocyte growth and follicular development
(Hayashi et al. 1999; Martins et al. 2010). In this
study, goat secondary follicles exposed for a
period of six-day to GDF-9, FSH or both
compounds, had an increase in the follicular
diameter when compared to uncultured secondary
follicles, but not when compared to follicles that
had been cultured in MEM alone. Most likely, the
absence of effects of GDF-9 and/or FSH on the
development of early-staged follicles could be due
to the presence insulin in control medium, a
hormone which was crucial in the regulation
carbohydrate and fat metabolism (Van Wezel and
Rodgers 1996). Previous studies have shown that
bovine preantral follicles could grow even in the
absence of gonadotropins when they were cultured
in the presence of insulin (Gutierrez et al. 2000)
and that insulin led to enhanced cell proliferation
in granulosa (Jones et al. 1995) and thecal cells
(Duleba et al. 1997). This hormone is also
commonly used in the cultured cells and tissues to
increase the cell viability due to its ability to
remove
pro-apoptotic
molecules
and
phosphatidylinositol-3 kinase activation (Louhio et
al. 2000). Insulin was used successfully by Silva et
al. (2010) to culture caprine preantral follicles,
with the addition of a fixed concentration of FSH,
which
enhanced
survival,
growth,
and
development of follicles. Follicular growth may be
regulated by substances produced within the
follicle in response to insulin stimulation and the
effects of numerous putative autocrine/paracrine
follicle mediators have been discussed (van den
Hurk and Zhao 2005). The presence of ascorbic
acid in the medium aids in maintaining follicular
viability, since it is known to promote collagen
synthesis, both at the level of the genome, and as a
co-factor in the secretion and stabilization of the
protein (Pinnell 1985). Therefore, it is likely to
assume that a follicle has a high requirement for
ascorbic acid for the production of sufficient basal
lamina components to maintain the expansion of
this membrane during its growth.
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The present findings with goat follicles showed
that antrum formation was not stimulated by FSH
and GDF-9 after six days of culture. The signals
for antrum formation were not well understood,
but several studies have shown that antrum
formation was an event independent of
gonadotropins (Gulyas et al. 1977; Halpin et al.
1986; Hillier et al. 1994; Cain et al. 1995).
Recently, administration in culture medium of
FSH did not stimulate the expression of mRNA for
proteoglycans involved in antrum formation, i.e.,
HAS-1, HAS-2, perlecan and versican, in
developing bovine follicles (Vasconcelos et al.
2012).
These
proteoglycans
and
their
glycosaminoglycan side chains are osmotic
solutes, which act to increase the osmotic pressure
inside of the follicle, resulting in fluid
accumulation (Grimek and Ax 1982; Bellin et al.
1983; Grimek et al. 1984; Clarke et al. 2006). In
accordance with the present results, Vasconcelos
et al. (2012) also demonstrated that the presence of
GDF-9 in culture medium of bovine preantral
follicles was not accompanied by an enhancement
of the number of follicles showing antrum
formation. The formation of antrum after culture
of goat follicles even in the control medium could
be due to the presence of insulin, since previous
studies have shown that insulin stimulated the
formation of antrum in cultured bovine preantral
follicles (Itoh et al. 2002).
The results of this study showed that, in cultured
secondary follicles, FSH, GDF-9 or both did not
change the expression patterns of GDF-9 or FSHR. In contrast, in rodents, the expression of GDF-9
was up-regulated by FSH (Wang and Roy 2006).
Contrary to FSH, the addition of GDF-9 decreased
the levels of mRNA for BMP-2 and BMP-15 in
cultured secondary follicles. Several studies have
shown the expression of BMP-15 mRNA in
primary follicles (Hogan 1996; Laitinen et al.
1998; Aaltonen et al. 1999; Jaatinen et al. 1999;
Galloway et al. 2000). The mRNA for BMP-15
was previously detected in caprine primordial,
primary and secondary follicles as well as in
oocyte and granulosa cells of antral follicles (Silva
et al. 2004). BMP-2 mRNA was localized in
granulosa cells of rat primary, secondary and
antral follicles (Juengel et al. 2006), as well as in
theca cells of bovine antral follicles (Fatehi et al.
2005). It is possible that GDF-9 can have downregulated expression of mRNA for BMP-2 and
BMP-15 either directly or indirectly, since GDF-9
is able to induce the expression of BMP
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antagonists (Pangas et al. 2004). Several highaffinity binding proteins antagonize BMP
signaling,
including
follistatin,
noggin,
chordin/SOG, and members of the DAN family,
including DAN, cerberus, and gremlin (Pangas et
al. 2004).

CONCLUSIONS
In conclusion, this study demonstrated that the
addition of GDF-9 to the culture medium of goat
secondary follicles after six days in vitro reduced
the synthesis of mRNA for BMP-2 and -15, but
not that of BMP-4, -6, and -7, while FSH either
alone or in combination with GDF-9 did not affect
the growth and expression of GDF-9, FSH-R and
BMPs in secondary follicles.
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