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Roles for Transforming Growth Factor Beta
Superfamily Proteins in Early Folliculogenesis

Daniel J. Trombly, B.S.,"2 Teresa K. Woodruff, Ph.D.," %3
and Kelly E. Mayo, Ph.D."3

ABSTRACT

Primordial follicle formation and the subsequent transition of follicles to the
primary and secondary stages encompass the early events during folliculogenesis in
mammals. These processes establish the ovarian follicle pool and prime follicles for entry
into subsequent growth phases during the reproductive cycle. Perturbations during follicle
formation can affect the size of the primordial follicle pool significantly, and alterations in
follicle transition can cause follicles to arrest at immature stages or result in premature
depletion of the follicle reserve. Determining the molecular events that regulate primordial
follicle formation and early follicle growth may lead to the development of new fertility
treatments. Over the last decade, many of the growth factors and signaling proteins that
mediate the early stages of folliculogenesis have been identified using mouse genetic
models, in vivo injection studies, and ex vivo organ culture approaches. These studies reveal
important roles for the transforming growth factor B (TGF-B) superfamily of proteins in
the ovary. This article reviews these roles for TGF-B family proteins and focuses in
particular on work from our laboratories on the functions of activin in early folliculogenesis.
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Ovarian foliicles, the functional units within the
female gonad, are comprised of three cell types: oocytes,
surrounding granulosa cells, and an external thecal cell
layer. Follicles serve to nurture maturation of the oocyte,
a process that is critical for successful reproduction.
Folliculogenesis starts with the assembly of primordial
follicles. In mice, primordial germ cells migrate to the
urogenital ridge around embryonic day 11." At embry-
onic day 13.5, synchronous rounds of mitotic division in
the female gonad yield clusters of oocytes arranged in
syncytia, also referred to as “cysts” or “nests.”” Germ cell
nests arise from incomplete germ cell cytokinesis. The
resulting syncytia persist until germ cells undergo a wave

of apoptosis near the time of birth.> During programmed
nest breakdown, germ cells are encapsulated by squa-
mous somatic cells (pregranulosa cells) to generate pri-
mordial follicles. Primordial follicles assemble during
midgestation in humans.*

Enlargement of the oocyte and differentiation of
pregranulosa cells from a squamous to a cuboidal mor-
phology are some of the hallmarks of the primordial to
primary follicle transition. During the reproductive life-
span, some primordial follicles remain dormant; others
are recruited to enter the growing follicle pool. This is
referred to as initial follicle recruitment.” Secondary
follicles contain two layers of granulosa cells, resulting
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from granulosa cell proliferation, and an external layer of
thecal cells. Thecal cells are the source of androgens,
which become aromatized to estrogen in granulosa cells.
During the female reproductive cycle, select numbers of
follicles mature in response to circulating gonadotropins,
steroids, and the local actions of growth factors.” Many
of these growth factors are synthesized and secreted by
granulosa cells. Follicle development continues until
ovulation, when an egg or eggs competent for fertiliza-
tion are extruded from the ovary, and the remaining
somatic cells of the follicle luteinize. The late stages of
follicle maturation are beyond the scope of this article
but are addressed in many excellent reviews.®™®

Studies within the last decade have uncovered
some of the pathways and genes that mediate primordial
follicle formation and the transition to primary and
secondary follicles. For example, intraovarian steroids
(E,), secreted signaling molecules (Wnt4), and tran-
scription factors (FoxI2, Figa, Nobox) impact early
folliculogenesis.”'® Many of these findings stem from
knockout studies in mice or ex vivo organ culture experi-
ments. Therefore, this review centers on work performed
in the rodent, but comparisons to other species are
discussed where appropriate. Skinner and colleagues
have described the roles of several growth factors in
regulating the primordial to primary follicle transi-
tion,**'? and Ojeda and colleagues (see this issue) detail
the functions of neurotrophins during early follicle
development. This article provides a broad overview of
signaling by transforming growth factor B (TGF-p)
superfamily proteins and then focuses on their roles
during follicle formation and the early stages of follicle
growth.

Transforming Growth Factor Beta
Superfamily Signaling

TGF-B superfamily proteins are extracellular, secreted
growth factors that function via autocrine or paracrine
signaling. TGF-B signaling directs a variety of cell
processes during embryonic and postnatal development,
including differentiation, apoptosis, proliferation, and
cell speciﬁcation.13 There are > 40 mammalian TGF-$3
family proteins.'* The two chief subgroups include the
growth differentiation factors and bone morphogenetic
proteins (GDFs/BMPs) and the activins/TGF-fs.
TGF-B ligands are either homodimeric or heterodimeric
molecules that bind to and signal through plasma mem-
brane-spanning serine/threonine kinase receptors. '
Following ligand binding to a type II receptor, type II
receptors recruit and transphosphorylate type I recep-
tors."® Type I receptors are also known as activin-like
kinases, or ALKs. BMPs bind type I receptors first or
may bind type II/ALK complexes on the cell surface. '
Phosphorylation of ALKs within a serine-rich juxta-
membrane domain leads to the activation of receptor

Smad proteins, molecules that transduce TGF- family
signals.'” Receptor-activated Smads are phosphorylated
and in turn form a complex with the co-Smad Smad4.
Smad complexes translocate into the nucleus and pro-
mote TGF-B superfamily target gene transcription.”
TGF-B signal transduction is antagonized by inhibitory
Smads, or I-Smads. I-Smads are believed to inhibit
signaling by either preventing phosphorylation of type
I receptors or by sequestering Smad4.” Although I-
Smads inhibit the signaling of TGF-B superfamily
proteins through intracellular means, signaling suppres-
sion also occurs outside the cell. Extracellular binding
proteins, including follistatin, noggin, and chordin,
prevent interaction between TGF-B superfamily ligands
and their receptors.'® Figure 1 summarizes TGF-3
signaling and lists the receptors and Smad proteins
that comprise the core signaling pathway for TGF-8
family growth factors.

Transforming Growth Factor Beta

TGF-Rs are homodimeric cytokines that influence cell
migration, proliferation, and other vital cellular proc-
esses.”” Mammals express three of the five TGF-B
isoforms: TGF-B1, TGF-B2, and TGF-p3." Little is
known about how TGF-fs affect early folliculogenesis.
Depending on the species examined, TGF-B can either
support or inhibit preantral follicle survival in vitro.? In
vivo models of TGF-B action in the early ovary are
lacking because targeted disruption of TGF-p2, TGF-
B3, or the transforming growth factor B type II receptor
(TRRII) results in either embryonic or perinatal lethal-
ity."* TGF-B1-null mice develop inflammatory lesions,
resulting in postnatal letha.lity.21 In a 2006 report, Ing-
man et al found that TGF-B1-null mice maintained on
an immunocompromised genetic background have a
similar percentage of primordial, primary, and antral
follicles compared with controls.”> The generation of
conditional TGF-B2 and TGF-B3 knockout mice
would shed light on how these proteins function during
the initial stages of folliculogenesis.

Inhibin and Activin

Inhibins are disulfide-linked heterodimers of o and B
subunits.?® The B subunit shares substantial homology
with other TGF-B family proteins, whereas the o
subunit is more divergent. The two isoforms of in-
hibin/activin B subunits are BA and BB. Inhibin A is
comprised of o and BA subunits, whereas dimerization
of a and BB subunits results in inhibin B formation.
Activins are homodimers and heterodimers of the 8
subunits: activin A (BARA), activin B (BB£B), and
activin AB (BARB). All subunits (o, BA, and BB) are
expressed in granulosa cells of growing follicles.** As an
endocrine regulator, inhibin functionally antagonizes
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Figure 1

(A) Transforming growth factor beta (TGF-B) family cell signaling pathway. TGF-B family ligands bind and signal

through serine/threonine kinase receptors on the plasma membrane. Signals are transduced through phosphorylated receptor
Smad proteins. Receptor Smad/co-Smad dimers translocate into the nucleus to stimulate target gene transcription. (B)
Receptors and Smad proteins that comprise the core signaling pathway for TGF-B and bone morphogenetic proteins (BMP)
family ligands. See Shimasaki et al'® for a comprehensive list of TGF-B family ligands and their receptors. AMH, anti-mllerian

hormone; GDF, growth differentiation factors.

activin in the pituitary by inhibiting follicle-stimulating
hormone (FSH) production.25 26 Inhibin likely antago-
nizes activin actions in the ovary as well. Inhibin antag-
onizes activin through competition for binding to activin
receptors.”’ Activin signaling may also be decreased
through competition for subunit assembly, for instance
when the expression of the inhibin « subunit exceeds
that of the activin BA or BB subunits.?® Activin signal-
ing is also attenuated by its binding to the secreted
glycoprotein antagonist follistatin.”” Multiple paracrine
roles for inhibin and activin are described in the ovary.*
For example, inhibin positively regulates luteinizing
hormone-induced androgen synthesis in theca cells.**
Activin stimulates FSH receptor expression in granulosa
cells and synergizes with FSH to regulate the prolifer-
ation and differentiation of granulosa cells from late-
stage follicles.>® Less is known about how inhibin and
activin function during the initial stages of follicle
development.

Activin subunits and receptors are expressed in the
germ cell and somatic cell compartments within neonatal
mouse®® and human fetal ovaries.®® Ovaries at these
stages undergo germ cell nest breakdown and subsequent
follicle formation. The ovaries of neonatal mice injected
with activin A develop 30% more primordial follicles than
controls, although many of these follicles are likely
abnormal (Fig. 2)3% An increase in pregranulosa cell
and germ cell proliferation is seen in ovaries from mice
injected with activin A.>* Germ cell proliferation has also
been reported in human ovarian cortical sections cultured
with activin.>® These data indicate that local concentra-

tions of activin during the time follicles assemble may
determine the size of the ovarian follicle pool, and higher
pregranulosa cell and/or germ cell numbers may enhance
the efficiency of follicle formation. Inhibin B levels drop
more than twofold during the interval of follicle forma-
tion in neonatal mice.** This decrease in inhibin may
lower the ratio of inhibin to activin' in the neonatal
mouse ovary and thus provide a mechanism of sustained

Figure 2 Hormonal regulation of germ cell nest break-
down. (A) Germ cell nests breakdown giving rise to primor-
dial follicles. (B) Increased activin (act) signaling within
neonatal mouse ovaries leads to a higher number of primor-
dial follicles compared with controls. (C) Increased estradiol
(E,) signaling within neonatal mouse ovaries downregulates
activin expression and results in multi-oocytic follicle (MOF)
formation.
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activin signaling during the period of follicle formation.
Activin A is upregulated in adult mice lacking inhibin
@, but it has not been reported whether this occurs in
neonatal mice.®® If Activin A is upregulated in neonatal
inhibin @ ™/~ mice, then it would be informative to
examine the ovarian phenotype of these mice to deter-
mine whether there is an increased percentage of
primordial follicles in neonatal inhibin o~/ ovaries,
which would support findings from activin injection
experiments.

The ovaries of neonatal mice injected with estra-
diol (E,), the synthetic estrogen diethylstilbestrol, or the
phytoestrogen genistein have decreased activin subunit
expression and low levels of phosphorylated Smad2,
indicating that activin signaling in this system is atte-
nuated.*® Interestingly, the ovaries of mice treated with
these estrogenic compounds develop multi-oocytic fol-
licles (MOFs; Fig. 2).36740 MOFs, which have two or
more germ cells trapped within a follicle boundary, likely
arise from the incomplete breakdown of germ cell
nests.>’® Thus these data support the concept that
activin is important for germ cell nest breakdown.
Germ cell nest breakdown is inhibited in the ovaries of
neonatal mice injected with genistein and in mouse
ovaries cultured with estrogen.*”*! These data imply
that estrogen needs to be suppressed or at low levels to
provide an environment permissive for primordial fol-
licle formation in mice.*"** Estrogen appears to have the
opposite effect in nonhuman primates. As with humans,
primordial follicle formation begins at midgestation in
baboons, a time when estrogen levels are elevated.*?
Fetal ovaries have an increased number of germ cell
nests and fewer primordial follicles when pregnant
baboons are injected with an aromatase inhibitor,**
Inhibin o expression is upregulated in the fetal ovary
of these estrogen-suppressed baboons, and activin sub-
unit and receptor expression is unchanged.” In un-
treated baboons, activin subunits and receptors are
expressed in the fetal ovary; inhibin a expression is
minimal.* These studies suggest that estrogen sup-
presses inhibin a in the fetal baboon ovary. Although
there may be differences in how estrogen regulates
inhibin and activin expression in baboon and mouse
ovaries, a lower inhibin-to-activin ratio in both species
during the initial stages of folliculogenesis may promote
follicle formation. ’

The MOF phenotype described in ovaries of
estrogen-treated mice is also found in mouse models
where activin synthesis or signaling is decreased: MT-a
inhibin, Smad2-DN, and conditional activin fA-null
mice.?#4447 The relatively low number of MOFs found
in adult activin-attenuated mouse ovaries implies that
other genetic pathways may compensate for activin
during the neonatal period or that other pathways are
equally important for follicle formation, MOFs were not
reported in BB-null ovaries, suggesting that this pheno-

type is linked directly to BA deficiency or to the
perturbation of other growth factors in these animal
models. Future rescue experiments, where neonatal BA-
null ovaries are cultured with activin, would help clarify a
role for activin in mediating the proper encapsulation of
germ cells by somatic cells.

Activin signaling likely promotes but may not be
critical for proper primordial follicle formation. Adult
ovaries lacking both activin BA and BB subunits have
similar numbers of primordial, primary, and secondary
follicles compared with controls.*” Aside from other
signaling proteins promoting follicle formation, the
method of generating the conditional BA knockout
allele may account for similarities in follicle populations
between activin subunit null and control ovaries. Cre-
mediated excision of activin BA, specifically in granulosa
cells, was achieved using the anti-miillerian hormone
receptor 2 (Amhr2) promoter.48 Because Amhr2-Cre is
likely most active in granulosa cells once primordial
follicles have formed, the timing of activin disruption
in conditional BA-null mice may be too late to see a
significant effect on follicle formation.* Activin sub-
units and receptors are also expressed in the germ cell
compartment during the earliest stages of follicle devel-
opment.**335 A conditional system that achieves acti-
vin subunit or receptor disruption in both germ and
somatic cells may therefore be useful for determining
activin action at these early stages. Ex vivo organ culture
studies may serve as a complementary approach to this
conditional system, where activin genes are excised from
cultured late-embryonic or neonatal rodent ovaries
through cell-permeable Cre recombinase.”!

It is unclear how activin impacts the growth of
primary follicles. In vitro studies have shown that activin
stimulates the proliferation of rat granulosa cells and
promotes the growth of rat and mouse preantral fol-
licles.**® This effect on preantral follicles is age depend-
ent: Activin stimulates the growth of preantral follicles
isolated from immature mice but not adult mice.>*** The
preantral follicles isolated in these studies have one to two
layers of granulosa cells, so the growth of primary follicles
may be influenced by activin. The ovaries of mice over-
expressing follistatin arrest at the primary follicle stage,”
making it tempting to speculate that activin is involved in
promoting the transition between primary and secondary
follicles. Follistatin antagonizes different TGF-P ligands
including BMP7,'® so other growth factors may be
affected in ovaries overexpressing follistatin. Interestingly,
ovaries from FoxI2 mutant mice exhibit early follicular
depletion, a potential consequence of low activin A
levels.>® This raises the possibility that activin may have
the capacity to suppress early follicle growth. Indeed, one
study demonstrated that preantral follicle growth is in-
hibited when preantral follicles are co-cultured with
secondary follicles, a source of activin.’ Activin has no
effect on the growth of primary follicles in cultured bovine
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ovarian cortical pieces.’® Further investigation is necessary
to determine if activin directly affects primary follicle
growth in rodent ovaries.

Anti-Miillerian Hormone

Anti-millerian hormone (AMH), also referred to as
miillerian-inhibiting substance, controls miillerian duct
regression during male development.®® In the female,
AMH is expressed in granulosa cells of primary and
growing follicles within mouse and human ovaries,*™2
Amhr2 receptor mRINA is expressed in granulosa cells of
preantral follicles,®® whereas oocytes and granulosa cells
of develoéping follicles express AMH type I receptor
mRNAs.** Ablation of the AMH gene in mice®® aug-
ments primordial follicle recruitment, and consequently
the ovarian follicle reserve is prematurely depleted.®®
These data indicate that AMH inhibits early follicle
growth. Similar studies with the Amhr2 knockout
mouse have yet to be performed but would be informa-
tive in this regard. As discussed in the previous section,
FoxI2 mutant ovaries exhibit early follicular depletion.*®
This phenomenon may be linked to the downregulation
of AMH in the ovaries of Fox]2 mutant mice. Aside
from mouse genetic models, findings from two ex vivo
culture experiments support a role for AMH in inhibit-
ing follicle growth. Neonatal mouse ovaries cultured in
the presence of AMH develop 40% fewer growing
follicles compared with controls.®® Similarly, Carlsson
et al have shown that the growth of primordial follicles is
diminished in human ovarian cortical strips cultured
with AMH.®” These studies show that AMH inhibits
the primordial to primary follicle transition, a role that
may be conserved across species. In one contrasting
report, AMH promoted the growth of primordial fol-
licles in human ovarian cortical cultures.’® These cul-
tures were exposed to AMH for a longer period
compared with the experiments of Carlsson and cow-
orkers,®”%® so it is unclear if this stimulation had con-
founding effects on follicle survival.

Increased AMH expression in vivo would be
predicted to retard follicle growth in ovaries, but there
are no models to support this assertion. Neonatal ovaries
of mice that overexpress AMH have fewer germ cells
than controls, and these transgenic ovaries degenerate.69
Some AMH transgenic ovaries display retarded follicle
growth compared with controls, a potential consequence
of ectopic AMH expression in the fetal ovary.”® These
phenotypes are reversed when AMH transgenic mice are
crossed with Amhr2 knockout mice, indicating that
AMH signals specifically through Amhr2.”! An in vivo
gain-of-function model for AMH, via inducible trans-
gene expression during the neonatal period, may cor-
roborate current findings from ex vivo experiments in
which neonatal ovaries were cultured with AMH. In
addition to its role in suppressing initial follicle growth,

AMH serves as a marker of female fcrtility.72 In humans,
serum AMH levels decline with age as the ovarian
follicle reserve becomes depleted.73 Therefore, serum
AMH measurements provide a way to gauge the quality
of the ovarian follicle pool.

The mechanisms by which AMH inhibits initial
follicle recruitment are unknown. Although Amhr2
mRNA is expressed in the neonatal mouse ovary,60
demonstration of Amhr2 mRNA and protein localiza-
tion in ovaries at this stage is lacking. Recent evidence
suggests that AMH can suppress the stimulation of
initial follicle growth by three growth factors: basic
fibroblast growth factor, kit ligand, and keratinocyte
growth factor.”* From this same study, microarray data
showed that AMH decreases the expression of TGF-
family receptors whose ligands are known to ;)romote
the primordial to primary follicle transition. 4 Thus
AMH inhibition of primordial follicle growth may be
achieved directly, by interactions with putative Amhr2
receptors on pregranulosa cells of primordial follicles.
Inhibition of primordial follicle growth by AMH may
also occur indirectly, where AMH signaling decreases
the expression of growth factors known to promote the
primordial to primary follicle transition, or AMH at-
tenuates the responsiveness of ovarian cells to these
growth factors by decreasing the expression of their
receptors.”*

BONE MORPHOGENETIC PROTEINS

AND GROWTH DIFFERENTIATION FACTOR9
Although initially characterized in the bone, BMPs
regulate cell death, growth, and differentiation in a
host of tissues.'® Several BMPs play important roles in
the postnatal ovary. BMP7 and BMP4 mRNAs are
expressed in the thecal cell layer of antral follicles.**
BMPRII transcripts are expressed in oocytes of primary
follicles and granulosa cells of developing follicles.**
Immunolocalization studies in neonatal rat ovaries reveal
that BMP4 is expressed in stromal cells surrounding
primordial follicles.”” Intrabursal injection of BMP7
leads to an increased number of developing follicles.”®
To further define BMP7 action in early ovaries, Lee et al
cultured neonatal rat ovaries in the presence of BIMP7
and found a stimulatory effect on primordial follicle
growth.”” Ovaries cultured with BMP4 also have an
increased percentage of developing follicles compared
with control ovaries.” These studies suggest that BMP4
and BMP7 are important for the primordial to primary
follicle transition. Removal of endogenous BMP4 in
ovary cultures with a neutralizing antibody results in
progressive oocyte and follicle loss, so BMP4 may be
considered a follicle survival factor.”” This property of
BMP4 may not correlate with primordial follicle growth.
Comparing the numbers of atretic follicles between
control and BMP4-treated ovary cultures should answer
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this question. Type I and type II BMP receptors are
expressed in rodent primary follicles.?’ Thus BMP4 and
BMP7 may act directly on these follicles to promote the
transition to secondary follicles.

GDF9 mRNA and protein is expressed exclusively
in oocytes of primary and growing follicles within mouse
ovaries.”®”? This expression pattern is conserved in both
rat and humans.®%®! GDF9 female mice are infertile
because follicles arrest at the primary follicle stage,
indicating that GDF9 is crucial for primary follicle
growth.? Findings from in vivo and organ culture studies
corroborate a role for GDF9 in promoting the advance-
ment of primary follicles to the secondary follicle
stage.®>®* Some reports propose that GDF9 may also
induce primordial follicle progression.**®* Given that
GDF9 ™/~ ovaries contain primary follicles, this may
be considered a minor role for GDF9. The progression of
primary follicles to the secondary stage requires granulosa
cell proliferation. The granulosa cells of primary follicles
in GDF9 =/~ ovaries have decreased expression of pro-
liferation markers compared with controls.*® Addition-
ally, primary rat granulosa cells treated with GDF9
exhibit an increase in granulosa cell proliferation.*’” These
studies provide evidence that the transition between
primary and secondary follicles is mediated in part
through GDF9-induced granulosa cell proliferation. Fol-
licles from GDF9 ™/~ ovaries lack supporting theca
cells.®? In addition to its role in stimulating granulosa
cell proliferation, GDF9 is believed to regulate thecal cell
proliferation or differentiation %%’

Interestingly, inhibin « is upregulated in gran-
ulosa cells of primary follicles in GDF9-null ovaries, %
The interactions between GDF9 and inhibin o were
addressed using a mouse genetic model.?” GDF9/in-
hibin o double-null ovaries contain follicles beyond the
primary stage.?” This implies that suppression of in-
hibin a in the granulosa cells of primary follicles may be
required for continued maturation of follicles. BA and
BB subunits are upregulated in GDF9 =/~ /inhibin
o~/ ovaries,®” and therefore activin may promote
the growth of primary follicles via granulosa cell pro-
liferation. The timing of GDF9 action is species de-
pendent. Primordial follicle formation occurs earlier in
hamster ovaries compared with mouse and rat ovaries.
GDF9 is expressed in germ cells before follicle for-
mation in the hamster ovary.”® RNA interference
(RNAi)-mediated knockdown of this growth factor in
cultured fetal hamster ovaries results in fewer primor-
dial follicles, suggesting that GDF9 mediates primor-
dial follicle formation in the hamster.”!

Like GDF9, BMP15 expression is restricted to
oocytes of primary and growing follicles.”> BMP15 is the
closest homologue to GDF9 within the TGF-B super-
family.’ In contrast to the severe ovarian defects and
infertility of GDF9-null mice, BMP15-null mice are
subfertile with ovaries that are histologically similar to

litter-mate controls.”® This phenotype is not seen in
sheep, where naturally occurring mutations of BMP15
yield a similar block in the progression of primary follicle
growth compared with that found in GDF9-null ova-
ries.** Despite the fact that BMP15 is not essential for
early follicle maturation in rodents, this growth factor
has a supporting role for granulosa cell function.'®
BMP15 stimulates the proliferation of primary rat gran-
ulosa cells.” This effect on proliferation is enhanced by
concomitant treatment with GDF9, indicating syner-
gism between these TGF- ligands.®” The synergistic
effect on granulosa cell proliferation was not seen in
cultured ovine granulosa cells, indicating species-specific
differences in the responsiveness to these growth
factors.”®

CONCLUSIONS AND FUTURE DIRECTIONS
The ovary contains a myriad network of factors that
regulate the initial stages of folliculogenesis, and this
network includes several TGF-B family proteins
(Fig. 3). Adding to this growing list of factors, a distant
TGF-B ligand, glial cell-derived neurotrophic factor
(GDNF), was recently found to promote the primordial
to primary follicle transition.”” The core signaling com-
ponents (receptors, Smads) are similar for each ligand,
yet there are differences in how these growth factors
impact follicle formation and the transition between
primordial and primary follicles. This diversity likely
stems from the temporal control of TGF-B family
gene expression and also crosstalk between TGF- and
other cell signaling pathways. For instance, TGF-B
signaling can activate the mitogen-activated protein
kinase (MAPK) pathway, and crosstalk between these
two pathways occurs at the level of Smad-MAPK
protein interactions.”® The antagonism of multiple
TGF-B ligands by a single modulator, such as follistatin
or noggin, provides another method of achieving diver-
sity in cellular responses to TGF-B signaling. For
example, inhibin was found to antagonize BMPs at the
level of the BMP receptor,” adding to the complexity of
TGF-B family signaling regulation.

Activin may promote primordial follicle forma-
tion in mice, and it can be considered one of the earliest
TGF-B family effectors of folliculogenesis. Further in-
vestigation is necessary to determine if activin is critical
for follicle formation. Activin may also positively regu-
late the growth of primary follicles, although this might
occur in the immature mouse ovary and not in the adult
ovary. Thus TGF-B family ligands can have multiple
roles during early follicle development, and in some cases
these roles may change depending on the maturity of the
ovary. There are no known TGF-B family proteins that
inhibit primordial follicle formation. AMH inhibits the
primordial to primary follicle transition, whereas BMP4
and BMP7 promote this process. Animal knockout
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Figure 3 Early folliculogenesis involves the breakdown of germ cell nests into primordial follicles and the subsequent
transition of follicles to the primary and secondary stages. Different transforming growth factor beta (TGF-B) superfamily ligands
regulate each of these developmental processes. Activin may play a role in primordial follicle formation. Bone morphogenetic
protein 7 (BMP7) and BMP4 promote the transition of primordial follicles to primary follicles, whereas anti-mullerian hormone
(AMH) inhibits initial follicle growth. Growth differentiation factor 9 (GDF9) is critical for follicles to advance to the secondary
stage. In primary follicles, inhibin may be suppressed by GDF9, which allows for granulosa cell proliferation by activin. Bars
indicating the relative activities of these TGF-B family proteins in prepubertal mouse ovaries are also shown (black = high

activity). E,, estradiol.

models have show that the growth of primary follicles
depends, in part, on the suppression of inhibin by
GDTF9. GDF9 has an essential role in advancing primary
follicles to the secondary stage in the mouse ovary. In
contrast, GDF9 is important for primordial follicle
formation in the hamster ovary. This demonstrates
that different species may use a TGF-B family protein
in distinct ways, yet the net impact is to ensure follicle
maturation.

The initial stages of folliculogenesis can be
thought of as a balance of stimulatory and inhibitory
inputs, but what tips this balance? For instance, AMH
inhibits the transition of primordial follicles to primary
follicles, but which factors temper AMH activity to
promote follicle transition? Studies aimed at identifying
how TGF-B family proteins interact with other signaling
proteins and how TGF-(3 target genes are affected during
early folliculogenesis may answer these questions. Our
understanding of TGF-P protein function has benefited
from gain and loss of function studies in mice. Such
studies have shown that perturbation of TGF-B family
protein signaling alters the carly stages of folliculo-
genesis. Organ culture studies have provided an alter-
native approach to studying TGF-B family protein
function. The majority of organ culture experiments
performed are gain of function experiments, where
ovaries are cultured in the presence of a TGF-f family
ligand. Although it is possible to block protein function
in an organ culture system by using neutralizing anti-
bodies or antagonists, new technologies will likely
enhance such loss of function experiments. For exam-

ple, RNAi has been used extensively as a tool to knock
down gene expression in mammalian cells. New gene
delivery systems promise to make RNAi more useful in
the context of organ cultures. One can envision simul-
taneously knocking down multiple combinations of
TGF-B ligand and receptor mRNAs in ovary cultures
to answer questions pertaining to early follicle growth,
Ultimately, understanding the events that mediate early
follicle development may provide an avenue to better
treat female infertility.
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