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Bone Morphogenetic Protein-6 (BMP-6) induces atresia in
goat primordial follicles cultured in vitro'

Valdevane Rocha Araujo?’, Isabel Bezerra Lima-Verde?, Khessler Patricia
Olazia Name?3, S6nia Nair Bao?, Claudio Cabral Campello?, José Roberto
Viana Silva*, Ana Paula Ribeiro Rodrigues? and José Ricardo de Figueiredo?

ABSTRACT.- Araujo V.R., Lima-Verde 1.B., Name K.P.O., Bao S.N., Campelo C.C., Silva
J.R.V,, Rodrigues A.P.R. & Figueiredo J.R. 2010. Bone Morphogenetic Protein-6 (BMP-6)
induces atresia in goat primordial follicles cultured in vitro. Pesquisa Veterinaria Brasileira
30(9):770-776. Programa de Pds-Graduacao em Ciéncias Veterinarias, Laboratério de Manipu-
lacdo de Odcitos e Foliculos Pré-Antrais, Universidade Estadual do Ceard, Av. Paranjana 1700,
Campus do ltaperi, Fortaleza, CE 60740-000, Brazil. E-mail: val_exclusiva@yahoo.com.br
This study investigated the effects of bone morphogenetic protein 6 (BMP-6) on in vitro
primordial follicle development in goats. Samples of goat ovarian cortex were cultured in vitro
for 1 or 7 days in Minimum Essential Medium (control medium) supplemented with different
concentrations of BMP-6. Follicle survival, activation and growth were evaluated through histology
and transmission electron microscopy (TEM). After 7 days of culture, histological analysis
demonstrated that BMP-6 enhanced the percentages of atretic primordial follicles when
compared to fresh control (day 0). Nevertheless, BMP-6 increased follicular and oocyte diameter
during both culture periods. As the culture period progressed from day 1 to day 7, a significant
increase in follicle diameter was observed with 1 or 50ng/ml BMP-6. However, on the contrary
to that observed with the control medium TEM revealed that follicles cultured for up to 7 days
with 1 or 50ng/ml BMP-6 had evident signs of atresia. In conclusion, this study demonstrated

that BMP-6 negatively affects the survival and ultrastructure of goat primordial follicles.

INDEX TERMS: TGF-B superfamily, folliculogenesis, germ cell, growth factors, goats.

RESUMO.- [A Proteina Morfogenética Ossea-6 (BMP-6)
induz a atresia em foliculos primordiais caprinos cul-
tivados in vitro.] O presente estudo investigou os efeitos
da proteina morfogenética 6ssea-6 (BMP-6) no desenvol-
vimento in vitro de foliculos primordiais caprinos. Amos-
tras de cértex ovariano de cabras foram cultivados por 1
ou 7 dias em Meio Essencial Minimo (meio controle) su-
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plementado com diferentes concentracdes de BMP-6. As
taxas de sobrevivéncia, ativacao e crescimento foram ava-
liadas por histologia classica e microscopia eletronica de
transmisséo (MET). Apos 7 dias de cultivo, a analise his-
tolégica demonstrou que a BMP-6 aumentou o percentual
de foliculos primordiais degenerados no dia 7 quando com-
parados ao controle fresco (D0). Além disso, houve um
aumento significativo do diametro folicular e oocitario em
ambos os periodos de cultivo em todos os tratamentos na
presenca de BMP-6. Com a progressao do cultivo do dia 1
para o dia 7, nos tratamentos com 1 ou 50ng/ml de BMP-
6, foi observado um aumento significativo no didmetro
folicular. Entretanto, contrario ao observado no meio con-
trole, a MET revelou que os foliculos cultivados nesses
tratamentos apresentavam sinais evidentes de atresia. Em
conclusao, esse estudo demonstrou que a BMP-6 afeta
negativamente a sobrevivéncia e a ultra-estrutura de
foliculos primordiais caprinos.

TERMOS DE INDEXAQAO: Superfamilia TGF-, foliculogénese,
célula germinativa, fatores de crescimento, caprinos.
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INTRODUCTION

Folliculogenesis results from a complex balance among
proliferation, differentiation, and cell death of both the somatic
and germ cell compartments of the follicle (Hussein et al.
2005). This process is controlled by gonadrotophins and
locally produced growth factors, such as bone morphogenetic
proteins (BMPs). The BMP family is the largest within the
TGF-B superfamily of growth factors and several studies
have demonstrated that the BMPs regulate growth,
differentiation, and apoptosis in a wide variety of tissues,
including the ovary (Shimasaki et al. 2004, Araujo et al. 2010).

The BMP-6 protein is expressed in oocytes (ovine:
Juengel et al. 2006, murine: Otsuka et al. 2001; bovine:
Glister et al. 2004; porcine: Brankin et al. 2005a), granulosa
(murine: Erickson & Shimasaki 2003; bovine: Glister et al.
2004; porcine: Brankin et al. 2005a), and theca cells (ovine:
Campbell et al. 2004; bovine: Glister et al. 2004) of ovarian
follicles during different stages of development. As part of
its biological function, BMP-6 forms heteromeric complexes
with a type | and type Il receptor. The mRNAs for BMP
receptors (BMPR-IA, -IB, and Il) are expressed in oocytes
and granulosa cells of goat ovarian follicles (Silva et al. 2004)
as well as in follicles of other mammalian species (murine:
Elvin et al. 2000, Shimasaki et al. 1999, Erickson &
Shimasaki 2003; ovine: Souza et al. 2002, McNatty et al.
2005; bovine: Glister & Knight 2002), which is indicative of
possible autocrine and paracrine effects during follicle growth.

In vitro studies have demonstrated that BMP-6 controls
steroidogenesis as well as granulosa and theca cell proliferation
inovine (Juengel et al. 2006) and porcine (Brankin et al. 2005a).
Juengel et al. (2006) established that BMP-6 inhibits ovine
granulosa cell differentiation. In addition, BMP-6 is effective
at inhibiting FSH-induced progesterone synthesis by murine
granulosa cells, without affecting estradiol production (Otsuka
etal. 2001). However, the involvement of BMP-6 in the control
of ovarian function in goats and in vitro effects on the
development of primordial follicles are still unknown. The
present study was performed to determine the possible role
of BMP-6 in the growth and survival of primordial follicles
during the culture of goat ovarian cortical slices.

MATERIALS AND METHODS

The culture media, BMP-6 and other chemicals used in the
present study were purchased from Sigma Chemical Co. (St
Louis, MO), unless otherwise indicated.

Source of ovaries

Ovarian cortical tissues were obtained from six mixed-breed
goats (n=6) collected at a local slaughterhouse. Immediately post-
mortem, the ovaries were washed in 70% alcohol for 10 seconds
followed by two washes in Minimum Essential Medium (MEM)
plus HEPES (MEM HEPES) supplemented with 100 pg/ml penicillin
and 100 pg/ml streptomycin. The ovary pairs were transported
within 1 hour to the laboratory in MEM at 4°C (Chaves et al. 2008).

Experimental protocol
The culture system has been described in our previous
research (Matos et al. 2007). Ovarian cortical tissue from the

same ovarian pair was cut into 11 slices (3x3x1mm) using a
scissor and scalpel under sterile conditions. The tissue pieces
were then either directly fixed for histological and ultrastructu-
ral analysis (fresh tissue, control) or placed into culture medium
for 1 or 7 days. Caprine tissues were transferred to 24-well
culture dishes containing 1ml of culture medium. In vitro culture
was performed at 39°C in a humidified incubator with 5% CO.,,.
The basic culture medium consisted of MEM (pH 7.2-7.4)
supplemented with ITS (10pug/ml insulin, 5.5ug/ml transferrin,
and 5 ng/ml selenium), 0.23 mM pyruvate, 2mM glutamine,
2mM hypoxantine, and 1.25mg/ml of bovine serum albumin
(BSA). This supplemented medium was called MEM*. Different
concentrations of BMP-6 (0, 1, 10, 50 or 100ng/ml) were added
to the MEM* to test the effects of this growth factor. Each
treatment was repeated six times and the culture medium was
replenished every other day.

Morphological analysis and assessment of in vitro follicular
growth

Before culture (fresh control) and after 1 or 7 days in culture,
samples were fixed in Carnoy solution for 12 h and then
dehydrated in increasing concentrations of ethanol. After paraffin
(Synth, Sao Paulo, Brazil) embedding, the ovarian pieces were
cut into 7 um sections and stained by Periodic Acid Schiff -
hematoxylin. Follicle stage and survival were assessed micros-
copically on serial sections. Coded slides were examined via
microscopy (Nikon, Japan) under 400x magnification.

The follicles were classified as primordial (one layer of
flattened granulosa cells around the oocyte) or growing follicle,
i.e., primary (a single layer of cuboidal granulosa cells around
the oocyte), or secondary (oocyte surrounded by two or more
layers of cuboidal granulosa cells), as described by Hulshof et
al. (1994). These follicles were classified individually as
histologically normal when an intact oocyte was present, i.e., an
oocyte without a pyknotic nucleus or cytoplasmic retraction that
is surrounded by granulosa cells, which are well organized in
one or more layers and have no pyknotic nucleus. Atretic folli-
cles were defined as those with a retracted oocyte, pyknotic
nucleus, and/or disorganized granulosa cells detached from the
basement membrane. Overall, 180 follicles were evaluated for
each treatment (30 follicles per treatment x 6 repetitions = 180
follicles).

The percentages of healthy primordial and growing folli-
cles were calculated before (fresh control) and after culture in
each medium. In addition, follicle and oocyte diameters were
only measured in healthy follicles. Follicle diameter was
recorded from one edge of the granulosa cell membrane to the
other edge, or from the outside edge of the theca cell layer
when present. Oocyte diameter was recorded from edge to
edge of the oocyte membrane. Two perpendicular diameters
were recorded for each and the average was reported as the
follicle and oocyte diameters, respectively. Each follicle was
carefully counted only once, as previously described (Matos et
al. 2007).

Ultrastructural analysis of caprine preantral follicles

For better evaluation of the follicular morphology, ultras-
tructural studies were performed on fragments of fresh controls
and treatments that maintained follicular morphology during
the histological analysis. Small pieces (1 m3) of caprine ovarian
tissues were fixed in 2% paraformaldehyde and 2.5% glutaral-
dehyde in 0.1 M sodium cacodylate buffer (pH 7.2) for 4 h at
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room temperature. After fixation, fragments were post-fixed in
1% osmium tetroxide, 0.8% potassium ferricyanide, and 5 M
calcium chloride in 0.1 M sodium cacodylate buffer for 1 h.
Subsequently, samples were dehydrated through a gradient of
acetone and the tissues were embedded in Spurr. Semi-thin
sections (3 um) were cut on an ultramicrotome (Reichert Su-
pernova, Heidelberg, Germany) for light microscopy studies
and stained with toluidine blue. Uranyl acetate and lead citrate
were added to the ultra-thin sections (60-70nm) for contrast,
and sections were examined under a Jeol 1011 (Jeol, Tokyo,
Japan) transmission electron microscope. Parameters, such
as density and integrity of the ooplasmic and granulosa cell
organelles, vacuolization, and basement membrane integrity,
were evaluated.

Statistical analysis

Means of surviving follicles at all stages, as well as of primor-
dial and developing follicles (primary or secondary) obtained
after 1 or 7 days in the various treatments, were subjected to
analysis of variance (ANOVA), using the GLM procedure of SAS
(1999) and Dunnett’s test applied to compare BMP-6 treated
groups against control and MEM*. The Student-Newman-Keels
(SNK test) and t-student was used to compare differences among
BMP-6 concentrations and to compare means between cultures
at 1 and 7 days, respectively. The diameters of oocytes and
follicles under the various treatments were subjected to ANOVA
followed by SNK. Differences were considered to be significant
when P<0.05 and data were expressed as mean + standard
error of means (S.E.M.) (Steel et al. 1997).

RESULTS

Goat primordial follicle activation and growth during
in vitro culture

In the present study, a total of 1,980 preantral follicles
were analyzed. The percentages of primordial and growing
follicles in non-cultured cortex (fresh control) were 80.27%
and 19.73%, respectively (Table 1). In all treatments, after 1
or 7 days of culture, there was no significant effect of BMP-6
on follicular activation, as indicated by the percentage of pri-
mordial and growing follicles (P>0.05).

Follicle and oocyte diameters before and after in vitro
culture are shown in Table 2. In comparison to uncultured
control values (fresh control), a significant increase in follicle
diameter was observed after culturing ovarian tissue in all
treatments (P<0.05), except in the control medium (MEM™)
alone or medium supplemented with 1 ng/mL BMP-6 after
culturing for 1 day. No significant differences (P>0.05) in
follicle and oocyte diameters were found when treatments
were compared with control medium (MEM*), except for 50
ng/ml BMP-6 at day 1 of culture in regards to oocyte dia-
meter. As the culture period progressed from 1 to 7 days, a
significant increase in follicle diameter was observed in
ovarian tissues cultured in the presence of 1 or 50ng/ml
BMP-6 (P<0.05). Similar results were observed for oocyte
diameter in ovarian tissues cultured in medium supplemented
with only BMP-6 (1 ng/ml). After 1 or 7 days of culture, the

Table 1. Percentages (mean + S.E.M.) of primordial and growing follicles
(primary and secondary) in uncultured tissues and tissues cultured for 1
or 7 days in MEM* (control medium) and MEM* supplemented with
various concentrations of BMP-6

Treatments Primordial follicles Growing follicles
Uncultured (Day 0) 80.27+10.42 19.73+10.42
Cultured Day 1 Day 7 Day 1 Day 7
MEM* 81.03+9.70 74.44114.62 18.97+9.70 25.56+14.62
BMP-6 (1) 76.18+18.96 75.04+9.73 23.81+18.96 24.96+9.73
BMP-6 (10) 84.91+8.12 75.12+10.07 15.09+8.12 24.88+10.07
BMP-6 (50) 73.04+18.58  76.57+18.75 26.96+18.58  23.42+18.75
BMP-6 (100) 76.89+14.31 78.61+15.06 23.11+14.31 21.39+15.06

Table 2. Follicle and oocyte diameters (mean = S.E.M.) in uncultured tissues and
tissues cultured for 1 or 7 days in MEM* (control medium) and MEM* supplemented
with various concentrations of BMP-6. For each treatment, 20 follicles were

evaluated

Treatments Follicle diameter (um) Oocyte diameter (um)
Uncultured (Day 0) 31.08+5.44 20.82+2.00

Cultured Day 1 Day 7 Day 1 Day 7
MEM*+ 34.33+6.04A 36.79+5.91"A 22.48+1.75A 23.86+2.58"A
BMP-6 (1) 34.87+4.53B 40.22+6.68"A 23.41+2.10"B 25.56+2.50"A
BMP-6 (10) 38.23+7.88"A 37.93+6.74"A 24.05+2.62" A 23.87+2.47"A
BMP-6 (50) 36.43+5.04"B 39.86+5.05"A 24.41+1.91°1A  2519+1.26"A
BMP-6 (100) 36.25+4.64"A 37.99+4.14"A 23.98+2.04"A 24.77+2.12"A

* P<0.05, significantly different from uncultured ovarian cortical tissues (control/Day 0).
T P<0.05, significantly different from cultured ovarian cortex tissue in MEM.
(A, B) Different letters in the same row denote significant differences between culture periods within

the same medium (P<0.05).
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Fig.1. Percentages (means + S.E.M.) of atretic preantral follicles
in uncultured tissue (fresh control) and tissue cultured for 1
and 7 days in MEM* and MEM* supplemented with 1, 10,
50, and 100ng/mL BMP-6. For each treatment, 30 follicles
were evaluated in each of five replicates.

addition of BMP-6 significantly increased oocyte diameter
compared to uncultured control (P<0.05). With the increase
in culture period from 1 to 7 days, tissues cultured in me-
dia supplemented with 1 ng/ml BMP-6 had a significant
increase in oocyte diameter (P<0.05).

Effect of BMP-6 and culture periods on follicle atresia

180 follicles were evaluated per treatment, resulting in
a total of 1,451 primordial, 459 primary, and 70 secondary
follicles analyzed. Figure 1 shows the effects of different
concentrations of BMP-6 (1, 10, 50, or 100ng/ml) on the
percentages of morphologically atretic follicles after 1 or 7
days of culture. After 1 day, cultured ovarian tissue in all
medium maintained percentages of healthy follicles simi-
lar to uncultured tissue (fresh control). However, a significant
increase in the percentages of atretic follicles was only
observed in follicles cultured in all medium supplemented
with BMP-6 (P<0.05) after 7 days. With the increase in
culture period from 1 t07 days, a significant increase in the
percentage of atretic follicles was observed in tissue
cultured in medium supplemented with 10, 50, or 100ng/
mL BMP-6. Figure 2 shows normal follicles before culture
(Fig.2A), and degenerated follicles after 7 days of culture
in the presence of 50ng/ml BMP-6 (Fig.2B).

Ultrastructural analysis of goat preantral follicles

To better evaluate follicle quality before and after culture,
TEM was performed to study the ultrastructure of follicles
that were considered morphologically normal during histological
analysis of the uncultured control and cells cultured for 7 days
with MEM* alone and supplemented with 1 or 50ng/ml BMP-
6. Figures 3A and 3B illustrate morphologically normal folli-
cles from the uncultured control and cells cultured only in
MEM*, with intact nuclear and cytoplasmic membranes, as
well as a small number of vacuoles and various organelles,
including mitochondria and endoplasmic reticulum without
degenerative signs. Figures 3C and 3D show follicles cultured
up to 7 days with 1 or 50ng/ml BMP-6, respectively. BMP-6
negatively affected the ultrastructure of follicles cultured for 7
days, since evident signs of degeneration were observed. In

Fig.2. Histological section of (A) normal follicles from uncultured
tissue and, (B) atretic follicles after culture in the presence of
BMP-6. (O) Oocyte; (NU) Ooocyte nucleus; (GC) Granulosa
cells. Staining with periodic acid Schiff-hematoxylin, 400x.

these follicles, a large number of vacuoles and a low density
of organelles were observed in the ooplasm. In addition,
granulosa cells lost gap junctions, reducing the contact with
the oocyte membrane. Moreover, follicles cultured in medium
supplemented with 1 ng/ml BMP-6 for 7 days that were mor-
phologically normal at the histological level had ultrastructural
signs of degeneration, including irregularly shaped nuclear and
cytoplasmic membranes. As the culture period progressed
from 1 to 7 days, a large increase in the number of vacuoles
and broken nuclear membranes were occasionally observed.
Fragmented granulosa cells associated with empty areas
between oocyte and granulosa cells were also observed, which
is indicative of lost cellular communication.

Pesq. Vet. Bras. 30(9):770-776, setembro 2010
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Fig.3. Electron micrograph of caprine preantral follicle from (A) an uncultured control (5800x), (B) MEM*
culture, (C) 1 ng/ml of BMP-6 culture, and (D) 50ng/ml of BMP-6 culture (8000x) for 7 days.
Homogeneous cytoplasm with numerous rounded mitochondria is characteristic of non-cultured follicles
and cultures with only MEM (3A and 3B, respectively). Extreme vacuolization and great holes are
present in the cytoplasm, indicative of degeneration (3C and 3D; solid arrow). Note the empty space in
degenerated granulosa cells after in vitro culture with BMP-6 (3C and 3D; open arrow). (NU) Oocyte
nucleus; (GC) Granulosa cells; (m) Mitochondria; (ser) Smooth endoplasmic reticulum; (v) Vesicle.

DISCUSSION

This study demonstrates for the first time that BMP-6 is not
involved in the initiation of the growth in vitro of goat primor-
dial follicles. The concentrations of BMP-6 used in this
experiment (1, 10, 50 and 100ng/ml) were based on previous
works on ovarian somatic cells culture (thecal and granulosa
cells, Brankin et al. 2005b, Glister et al. 2005), since, to our
knowledge, no report regarding physiological levels of this
factor within the ovary or in plasma has been published.

Ovarian follicle development is regulated by gonadotro-
pins and local growth factors that interact and promote
oocyte growth and granulosa cell proliferation and

Pesq. Vet. Bras. 30(9):770-776, setembro 2010

differentiation (Krysko et al. 2008). Various growth factors
are well known to be involved in primordial follicle activation
(Kit Ligand: Parrott & Skinner 1999; BMP-7: Lee et al. 2001,
2004; FGF-2: Nilsson et al. 2001), but several results have
indicated that the early stage of folliculogenesis is controlled
by a balance between stimulatory and inhibitory factors.
Despite the expression of mRNA for BMP receptors by
goat primordial follicles (Silva et al. 2004), the translation
of BMP receptor mRNAs into proteins is still uncharacterized.
Proliferation of granulosa cells is critical for primordial follicle
growth, but according to Otsuka et al. (2001), BMP-6 did
not promote granulosa cell proliferation in murine cells. BMP-
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6 inhibits steroidogenesis and differentiation of ovine
granulosa cells, but did not affect proliferation (Juengel et
al. 2006). Conversely, in bovine cells, Glister et al. (2004)
demonstrated an increase in granulosa cell number after a
6 day culture period in medium supplemented with BMP-6.
The differential response of granulosa cells to BMP-6 may
be a result of these cells being obtained from large antral
follicles with differentiated granulosa cells, while granu-
losa cells that come from primordial follicles are still
quiescent.

Histological analysis demonstrated that BMP-6 promo-
ted an increase in follicular and oocyte diameter in surviving
follicles, but TEM did not confirm the ultrastructural integrity
of these follicles, since oocyte and granulosa cells had
evident signs of atresia. The increase in follicle diameter
was most likely caused by swollen oocyte and granulosa
cells. The different concentrations of BMP-6 utilized in this
study were toxic for preantral follicles cultured in vitro up to
7 days, since culture using only MEM* presented follicles
with preserved ultrastructural integrity. Several reports have
emphasized the importance of ultrastructural analysis after
culturing preantral follicles in vitro (cow: Van Den Hurk et
al. 1998; rat: Zhao et al. 2000; mouse: Salehnia et al. 2002;
goat: Matos et al. 2007, Araujo et al. 2010). In the present
study, cultured follicles were characterized by a large number
of vacuoles, the absence of organelles in the ooplasm, as
well as irregular or fragmented nuclear and cytoplasmic
membranes. In addition, fragmented granulosa cells with no
oocyte contact were observed. Similar results were observed
after culturing goat preantral follicles in medium containing
indole-3-acetic acid (IAA: Matos et al. 2006).

This study demonstrates for the first time that BMP-6
promotes atresia in goat primordial follicles during the in
vitro culture of ovarian cortical tissues for 7 days. In contrast,
Brankin et al. (2005a) determined that BMP-6 maintained
the pig theca cell viability during a culture period of 6 days.
However, differences in cell types and animal species must
be considered to understand the modes of BMP-6 action.
Fortune et al. (2004) established that supplementation of
culture medium with IGF-1 increased atresia in bovine pri-
mordial follicles cultured in vitro. The presence of growth
factor in culture medium can induce atresia in primordial
follicles depending on the species, follicle stage, and culture
system. Several reports have suggested that preantral
follicle (primordial, primary, and secondary) viability is
determined by the secretion of growth factors by oocyte
and/or granulosa cells (GDF-9: Dong et al. 1996; KL, EGF
and FGFb: Reynaud & Driancourt 2000). According to Sil-
va et al. (2002), 8.5% of primordial follicles within goat
ovaries are atretic. Utilizing the TUNEL technique to detect
apoptosis in goat follicles after the culture of ovarian tissue,
these results indicated that apoptosis in early follicles could
be provoked by reduced oxygen and nutrient diffusion for
preantral follicles within ovarian cortex (Silva et al. 2006).

In conclusion, BMP-6 promotes primordial follicle atresia
during the culture of goat ovarian cortical tissue. In addition,
these results verified that morpho-functional analysis by

TEM allows for a marked improvement in the evaluation of
caprine ovarian tissue integrity. Further studies are
necessary to determine the appropriate culture system
conditions that promote the activation of primordial folli-
cles and the further growth of caprine oocytes by
preservation of ultrastructural integrity.
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