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Abreviations

BSA: Bovine Serum Albumin

CDK: cyclin-dependant kinase

CHX: cycloheximide

DNA: Desoxyribonucleic Acid

¢DNA : complementary DNA

RNA : Ribonucleic Acid

mRNA : messager RNA

BMP : Bone Morphogenetic Protein

BMPR : Bone Morphogenetic Protein Receptor
CG: granulosa cells

DMEM : Dulbecco’s Modified Eagle Medium
E,: oestradiol

ERK: extracellular signal-regulated kinase
FCS: Fetal Calf Serum

FecB: Fecondity Booroola

FOS: Fetal Ovine Serum

FSH : Follicle Stimulating Hormone

GDF : Growth Differentiation Factor

GnRH : Gonadotrophin Releasing hormone
GnRH-R: GnRH receptor

JAK/STAT: Janus kinase/Signal Transducers and Activators of Transcription
LH : Luteinising Hormone

MAPK: mitogen-activated kinase

oFSHP-luc: construct of the ovine FSH3 promoter followed by the reporter gene, luciferase
PBS : Phosphate Buffer Salt

PCR : Polymerase chain reaction

RT-PCR : reverse transcription-PCR
SDS-PAGE : Sodium dodecyl sulfate-Polyacrylamide gel electrophoresis
TAKI : TGFP kinase 1

TGFB : Transforming Growth Factor-f3

TBST: Tris-buffered saline-0.1% Tween 20
WT: wild-type
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Fig.1. Schematical representation of differential regulation of gonadotropin secretion.



Foreword

Reproductive function requires the secretion of the gonadotropins, luteinizing
hormone (LH) and follicle-stimulating hormone (FSH) synthesized by the gonadotrope cells.
A tight control of the production of these hormones is crucial, particularly in females, to
coordinate the terminal follicular growth, the follicle selection as well as the timing and the
number of ovulation. Synthesis and release of both gonadotropins are controlled by
hypothalamic gonadotropin releasing hormone (GnRH) and gonadal steroids (progesterone
and oestradiol). Despite these common regulators, divergences in the circulating patterns of
LH and FSH are often encountered. Such divergences have suggested that other factors are
specifically implicated in the control of FSH production. Inhibins and activins, members of
the Transforming Growth Factor-Beta (TGF-[) superfamily, inhibit and stimulate respectively
FSH synthesis and release. These gonadal factors are also produced in the pituitary where
they act as paracrine factors. Other molecules of the TGF-J superfamily, the Bone
Morphogenetic Proteins (BMPs) have recently been involved for their action in reproduction
at ovary level. Whether BMPs act at pituitary level and participate with other factors to
regulate FSH production in females is not elucidated. In order to extend our knowledge of the
differential regulation of FSH and LH synthesis, this question was addressed in this study and
developed around three purposes:

- Are BMPs and receptors expressed in pituitary? What are their effects on
gonadotropin production? Does the natural mutation of BMPR-IB in ewes have an effect at
pituitary level?

- What are the mechanisms of BMPs action at intracellular level?

- Is the mouse gonadotrope cell line LBT; a good model to analyse BMP action on

FSH production?

Answering to these questions should help to better understand the mechanisms which
control the fertility in females.

Before presenting the results, some data concerning the gonadotropins and the
differential control of their synthesis and release are developed followed by a focus on BMP

effects on reproduction. The mechanisms of action of BMPs, as well as activin are also

detailed.
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Introduction

The gonadotropins, luteinizing hormone (LH) and folliculo-stimulating hormone
(FSH) are both synthesized in the pituitary by the gonadotrope cells (also called
gonadotropes). Once released into the blood, these hormones target the gonads to regulate the
gametogenetic and steroidogenetic functions. In females, they play critical and
complementary roles during the terminal phase of the follicular growth. FSH stimulates
follicular growth including cohort growth, selection and growth of dominant follicle, acting
on ovary granulosa cells. LH induces the ovulation and the formation of the corpus luteum
acting on granulosa cells and internal theca cells. An appropriate gonadotropin signal at the
correct time at the ovary is a prerequisite to control the growth, the maturation and the number
of follicles as well as the onset of ovulation (Fig. 2., McNeilly ef al. 1992). To allow exquisite
control of the ovarian function, a fine regulation of the secretion of both LH and FSH must
exist and leads to variations in circulating gonadotropin concentrations throughout the
oestrous cycle and divergent circulating patterns between LH and FSH are visible. For
example, FSH concentration drops whereas LH pulses increase during the follicular phase, an
important period for the selection of the preovulatory follicle. Such divergences in circulatory
profiles of LH and FSH, necessaries for the appropriate development of the reproductive
events arise from mechanisms and/or factors. Particularly, the regulation of the synthesis and
release of FSH appears to be complex and is less well understood compared with LH. The
purpose of this introduction is to review the current state of the knowledge of the mechanisms

and the factors involved in the differential regulation of LH and FSH production.

[. Secretion profiles differ between gonadotropin hormones

A.. The pulsatile nature of gonadotropin secretion

The release of LH mainly occurs in a pulsatile burst, characterised by a quick and
punctual release in blood. Indeed, measurements of gonadotropins in the peripheral
circulation show a clear pulsatile profile of LH secretion. A tight relationship between LH and
the hypothalamic Gonadotropin Releasing Hormone (GnRH) was demonstrated using
methods of collection of hypophyseal portal blood in sheep allowing measurements of GnRH

concentrations close to its site of action simultaneously to the determination of LH
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ovariectomized ewe sampled during the breeding season. Hypophyseal portal LH and
peripheral LH patterns from a previous study are provided in the lower panels for
comparison. To understand temporal relationships between FSH and GnRH, GnRH
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identified pulses of FSH. Arrows indicate the GnRH-associated bursts of FSH that occur on
top of a previously triggered episode of FSH release (Padmanabhan ef al. 1997).
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concentrations in the peripheral blood (Caraty et al. 1982, Clarke & Cummins 1982). These
methods confirmed that each pulse of LH is a direct reflection of secretion of GnRH.

When FSH patterns are monitored in the peripheral circulation, the profile is not as
regularly pulsatile as observed for LH and clear association between GnRH and FSH is not
evident. One can argue that FSH has a longer half-life than LH and this can obscure the
detection of FSH pulses in the peripheral circulation. Recent studies in sheep carried out to
monitor FSH secretory pattern close to the site of release either in hypophyseal portal blood
(Padmanabhan et al. 1997) or cavernous sinus (Clarke er al. 2002) have clearly shown that a
synchrony exists between GnRH and FSH pulses but also that episodic secretion of FSH
occurs independently of GnRH pulse (Fig. 3). Others factors and/or mechanisms would

account for independent FSH pulses.

B. Throughout the oestrous cycle

In addition to the different nature of secretion observed between FSH and LH,
circulating concentration patterns of these hormones can diverge throughout the oestrous
cycle. In sheep, generally mono-ovulatory species with a long oestrous cycle characterised by
a short follicular phase or in rat, pluri-ovulatory species, presenting a short cycle, the
gonadotropin secretion profiles are very similar. Plasma LH concentrations are low
throughout the cycle except during the preovulatory surge whereas FSH concentrations
fluctuate at different stage of the oestrous cycle (Fig. 4). The initial portion of the follicular
phase is characterised by a relatively high ratio of FSH to LH. This elevated FSH
concentration is critical for the recruitment and maturation of ovarian follicles. By the middle
of the follicular phase, LH pulse frequency increases whereas the rise in oestradiol and inhibin
released from the growing follicle reduces FSH levels (Niswender ef al. 1975). At the end of
the follicular phase, the high oestradiol concentrations trigger the LH and FSH preovulatory
surges. Just after ovulation, LH concentrations return to low levels while a second surge of
FSH is noticeable attributed, at least partly, to the drop in estradiol and inhibin levels (Mann
et al. 1990). During the luteal phase, LH concentrations remain low and FSH levels fluctuate
episodically (Driancourt ez al. 1991). Besides the large changes in LH concentrations at the
preovulatory surge, there is little evidence for any change in levels of LHf mRNA throughout
the oestrous cycle (Currie and McNeilly 1995, Crawford ef al. 2000, Fafioffe ef al. 2004). In
contrast, the release of FSH appears to be closely related to the levels of FSHf mRNA
(McNeilly et al. 2003, Fafioffe et al. 2004). Thus, these differences between FSH and LH
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profiles throughout the cycle underline the existence of specific mechanisms and/or factors of
regulation. We propose to examine how the structure, the production site or/and the

modulators of gonadotropins can participate to the differential regulation.

[I. Levels of regulation implied into the differential secretion
A. The synthesis of gonadotropins

1. From DNA to mRNA

Gonadotropin hormones are constituted by an association of a common o subunit and
a specific B subunit. Each subunit is encoded by a single gene. The o subunit gene comports 4
exons and 3 introns while LHB and FSHP subunit genes comport 3 exons and 2 introns. (Fig.
5). The maturation of the primary transcripts gives a single transcript for o and LHp subunits
whereas FSH} gene generates various transcripts due to multiple polyadenylation sites
(Jameson et al. 1988). Interestingly, the FSHB mRNA major form has a shorter half life (for
rat, 1h) compared to those of o and LHP mRNA (for rat, o: 6h30; LHpB: 44h) (Bouamoud et
al. 1992). This unstability of FSHB mRNA is due to the presence of an untranslated long 3’
poly-A tail (Bouamoud et al. 1992). This mechanism could represent a major post-

transcriptional control means to regulate synthesis of FSHP (Brown et al. 2001).

2. From mRNA to the protein

LH and FSH are both glycoprotein hormones. After the subunit gene transcription in
the nucleus, the separated translation of the subunits follows into the rough endoplasmic
reticulum. In this compartment, the signal peptide is excised and the immature sugar chains
are transferred onto the o- and B-subunits. Then, the complete synthesis of the subunits and
the non-covalent association of the - and [-subunits are performed. Afterwards, the
maturation of the oligosaccharidic chains is achieved throughout the transit from endoplasmic

reticulum to the Golgi apparatus resulting in biologically active dimers LH or FSH. An

ultimate achievement occurs within the secretory granules.

The composition of the oligosaccharidic chains provides the hormone complexity. The

modifications of these chains occurring in the Golgi apparatus depend on the identity of the [3-
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subunit. In ovine species, the a-subunit and the FSHP-subunit have two sites of N-
glycosylation whereas LHf3-subunit has one N-glycosylation site (Stockell-Hartree & Renvick
1992, Bousfield er al. 1994). Moreover, in spite of synthesis of LH and FSH takes place in the
same pituitary cell, sulfated oligosaccharides predominate on LH while sialylated
oligosaccharides predominate on FSH in human, bovine and ovine species (Baenziger &
Green 1988). These differences in the oligosaccharide chains lead to different half-life of LH
and FSH. Human LH protein injected in rat has a 15min half-life (Burgon et al. 1996)
whereas human FSH protein half-life injected in monkey is about 1h30 (Klein ez al. 2002).
Adding to these characteristics, FSH has several isoforms that vary in their glycosylation
status. These isoforms can be highly potent with a short half-life or less biological active with
a longer half-life (for review: Ulloa-Aguirre ef al. 1995). From a functional perspective, the
control of FSH quality provides an exquisite fine-tuning system for precisely regulating the

multiple functions of FSH (Padmanabhan et al. 2001).

B. The storage of gonadotropins

LH and FSH are both produced by the gonadotrope cells of the anterior pituitary.
Gonadotropes constitute approximately 10% of the anterior pituitary cell population (Childs er
al. 1987, Taragnat et al. 1998) that contains four other endocrine cell types, somatotropes,
lactotropes, thyrotropes, corticotropes. Moreover, anterior pituitary also comprises

folliculostellate cells and stem cells recently described (Chen et al. 2005).

1. The gonadotrope cell sub-populations

Ultrastructural studies have showed three types of gonadotrope cells in rat: the type I
corresponds to large ovoid cells with small and large secretory granules, the medium-size type
Il is more angular with densely packed granules and the small size type III is angular with
peripherally organised granules (Childs et al. 1980, Tougard & Tixier-Vidal 1988, 1994). In
other species (porcine, ovine), one morphological cell type was observed with a homogenous
distribution (Dacheux 1978, Currie & McNeilly 1995). However, immunohistochemical
approaches or in situ hybridisation studies have shown gonadotropes containing both LH and
FSH (bi-hormonal cells) or only LH or FSH (mono-hormonal cells) (Fig. 6). The pattern of
storage seems to differ between species. In rat, bihormonal, mono-LH and mono-FSH cells

have been described (Childs et al. 1987) whereas in cycling ewes, only bihormonal and



mono-LH were detected (Taragnat et al. 1998). These observations raised the following
questions: Are these sub-populations independently regulated? Or are the cells intrinsically
bihormonal with the capacity to direct the production of either hormone depending of the
endocrine context? Interestingly, proportions of these different populations change throughout
the oestrous cycle. Study of cycling female rats showed an increase in LH-containing cells
during the LH surge by 2-fold although the percentage of total gonadotropes did not change
suggesting that monohormonal FSH cells may have contributed to the surge by synthesizing
LH (Childs er al. 1987). In cycling ewes, the proportion of gonadotrope cells falls at the end
of the preovulatory gonadotropin surge, consequently to a specifically decrease of the
bihormonal cells, strongly suggesting that the bihormonal gonadotropes preferentially
participate to the LH surge (Taragnat e al. 1998). Moreover, the apparition of few mono-FSH
cells at this phase of the cycle could reflect a specific loss of LH from bihormonal cells
(Taragnat et al. 1998). After ovulation, the proportion of gonadotrope cells increases as result
of a rise in the percentage of bihormonal cells. During the luteal phase of the cycle, the
proportion of bihormonal cells continues to rise to detriment of mono-LH cells suggesting that
mono-LH cells synthesize FSH to appear as bihormonal cells. Such fluctuations during the
oestrous cycle suggest that regulatory factors as GnRH, steroids... play a role in the control of
these sub-populations. Indeed, GnRH was shown to differentially affect these sub-
populations. When gonadotrope cells from cycling female rats are stimulated with GnRH, the
proportion of bihormonal cells increases (Childs 1985). This change is similar to that seen in
vivo. Pulsatile injections of GnRH analogue at low frequency (1 pulse/6h) of ovariectomized
ewes passively immunized against GnRH increased the percentage of bihormonal cells
compared to high frequency (1 pulse/lh) by driving the synthesis of FSH in mono-LH cells
(Molter-Gerard et al. 1999). Moreover, the stimulatory effect of estradiol induces a switch

from bihormonal cells to mono-LH cells by depleting cells from FSH (Molter-Gerard et al.
2000).

Altogether, these data demonstrate that monohormonal cells can convert to
multihormonal cells and vice-versa under the influence of regulatory factors that differentially
drive LH and FSH synthesis and/or release. Hence, their intracellular storage must be

different to allow selective release.



Fig.7. Transmission electron micrograph of a lightly stained, immunogold-identified (for LH)
gonadotroph cell from an 80 nm section of male mouse pituitary gland (from Crawford er al.

2002).
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2. The subcellular level: the secretory granules

At the subcellular level, secretory granules within one cell have been found to contain
either one or both gonadotropins (Inoue & Kurosumi 1984). In sheep, FSH appears to be
localised in different regions of the cell compared with LH (Thomas & Clarke 1997).
Whereas LH is packaged in electron-dense core granules (Currie & McNeilly 1995, Crawford
et al. 2002, Fig. 7), FSH is present in less dense granules (Crawford ef al. 2002). This
differential packaging is associated to different patterns of trafficking. LH is released
predominantly via a regulated pathway in response to GnRH stimulation and some FSH may
be associated with LH. However, most FSH secretion is typical of a constitutive-like pathway
in which freshly FSH synthesised is destined for release. The regulated secretion is mediated
by dense core secretory granules containing highly concentrated stores of protein that are
reserved for exocytose in response to a specific stimulus. In these granules, LH colocalises
with secretogranin II (Sgll) (Sion et al. 1988, Crawford ef al. 2002) and SgllI is released
simultaneous to LH in response to GnRH (Nicol ef al. 2002). The less dense granules
containing FSH could mediate the constitutive-like secretion of FSH. These granules
incorporate chromogranin A rather than secretogranin II (Watanabe et al. 1991). However, in
the mouse gonadotrope cell line, LBT2, the release of FSH stimulated by both activin and
GnRH is not correlated to the release of chromogranin A, suggesting that FSH release is

granin-independent (Fig. 8, Nicol ef al. 2004).

In addition to the different packaging of LH and FSH within the cell, differences in the
trafficking of the LH and FSH granules to the cell membrane occur. This is illustrated by

changes in secretory granule populations over the oestrous cycle.

In the luteal phase, the vast majority of cells (80%) contain LH secretory granules
throughout the cytoplasm while 20% of cells present granules polarised to the region of the
cell next to a vascular sinusoid (Currie & McNeilly 1995). The percentage of polarised cells
increases during the follicular phase to 45% at oestrus, 75% at oestrus just before the LH
surge and 90% in mid-LH surge. These results show that polarisation of secretory granules in
gonadotrope cells is important for secretion of LH surge. Whether a similar polarisation exists
for FSH-containing granules was not studied over the oestrous cycle. Nevertheless, oestradiol

treatment of ovariectomized ewes causes the movement of LH secretory granules to the



periphery of the gonadotrope but does not influence the distribution of FSH-containing

granules (Thomas & Clarke 1997).

These data are consistent with the notion that the trafficking of LH- and FSH-
containing granules is differentially regulated. At present, the mechanisms that dictate and

control the differential packaging and trafficking of LH and FSH are not known.

C. The modulation of LH and FSH secretion by common

regulators: hypothalamic and gonadal factors

Gonadotropin Releasing Hormone (GnRH) is the hypothalamic factor that provides
primary drive for the reproductive axis. Without GnRH, the gonadotropes and the gonads do

not function. However, the secretion of GnRH as well its action on gonadotropes is modulated

by a range of factors such as gonadal and pituitary factors.

1. GnRH, the hypothalamus modulator

a. GnRH structure and origin

GnRH is a decapeptide that was first characterised in mammals (GnRH-I). Using
various molecular techniques, twenty-three structural forms have been identified in
vertebrates but in the majority of species, two or three variants (GnRH-I, GnRH-II, GnRH-IIT)
occur in anatomically and distinct neuronal populations (Millar ef al. 2004). The GnRH-I is
the hypothalamic form (called here as GnRH for the following sections) that provides the
hypophysiotropic drive to the gonadotropes whereas the GnRH-II is more ubiquitous (review,
Millar et al. 2004). The GnRH neurons originate from the olfactory placode (Schwanzel-
Fukuda & Pfaff 1989) and migrate to the forebrain. In adult, the GnRH neuronal cell bodies
localised in the hypothalamus project to the external zone of the median eminence, where
terminals are found in close proximity to the primary capillary bed of the hypophyseal portal
system (Page & Dovey-Hartman 1984). The peptide is released in synchronized pulses to
stimulate the biosynthesis and secretion of LH and FSH (Fink 1988).
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Fig.9. GnRH signaling pathways in gonadotrope cells (from Counis et al. 2001).



b. GnRH receptors and signaling pathways

GnRH binds with high affinity to its cognate type I receptors on the membranes of the
pituitary gonadotropes to elicite its action. The presence of GnRH II in most vertebrates
suggests the probable existence of type II receptors. However, although the type II receptor
gene is present in the genome of different species, its expression is silencious at least in
human, sheep, bovine and rat (Gault et al. 2004). Thus, it is reasonable to think that GnRH
triggers its signaling pathway via type [ GnRH receptor (GnRH-R). The GnRH receptor is a
member of the rhodopsin-like G protein coupled receptor family (GPCR) which is
characterised by seven transmembrane helices, linked by extracellular and intracellular loops
(Tsusumi ef al. 1992, [lling et al. 1993). The mammalian GnRH-R is unique in lacking an
intracellular carboxyl-terminal tail, a feature that contributes to the lack of rapid
desensitization (Davidson ef al. 1994) and a slow internalization (Blomenrohr et al. 1999). In
gonadotropes, GnRH-R interacts with Gg/y protein through the second and third loops,
activating the phospholipase C[ (PLCP), resulting in the hydrolysis of membrane-bound
phosphatidylinositol 4,5-bisphosphate (PIP2) to inositol 1,4,5-triphosphate (IP3) and
diaglycerol. The IP3 bound to its receptor triggers the release of intracellular calcium and the
diaglycerol activates the protein kinase C (PKC) (Naor ef al. 1998, Fig. 9). Other couplings
with Gs and Gi proteins have also been described but the predominant association between
GnRH-R and G protein is with Ggi; (review, Pawson & McNeilly 2005). Moreover, the
activation of PKC-dependent MAP kinase (MAPK) subfamily as the extracellular signal
regulated protein kinase (ERK), the c-junk N-terminal protein kinase (JNK), the p38 MAPK
and the big MAPK (BMK) cascades have been described (Naor ef al. 2000). For example, in
murine gonadotrope cell line, LBT2, the activation of transfected rat LH} promoter by a
GnRH agonist was reduced by cotransfection with ERK or JNK dominant negative showing

their implication on LH promoter activity (Harris et al. 2002, Nguyen ef al. 2004).

The GnRH leads to a rise in intracellular calcium levels derived from IP3-activated
intracellular storage pools and from the influx of calcium from extracellular fluid through L-
type voltage sensitive calcium channels (Stojilkovic et al. 1994). In mouse gonadotropes
LBT,, GnRH stimulated calcium/calmodulin-dependent protein kinase type II (Ca/CaMK II)
subunit activity by 3-fold. The administration of the Ca/CaMK Il-specific inhibitor blocked
the GnRH response and suppressed the o subunit and LH promoter responses to GnRH by
40-60% (Haisenleder ez al. 2003).
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30min (from Kaiser et al. 1997)



c. GnRH effect on gonadotropin subunit expression and gonadotropin

secretion

The indispensable role of GnRH to induce the synthesis and release of gonadotropins
is demonstrated by several evidences. Genetic GnRH deficiency in rodents (Mason et al.
1986) or humans (Seminara et al. 1998) results in a decrease of the plasma gonadotropin
concentrations associated with hypogonadism and infertility. The same phenotype is observed
in patients with loss of function mutations in the type I receptor gene (Kottler et al. 1999).
This role of GnRH is confirmed by experimental animal models where the blockade of GnRH
action by hypothalamo-pituitary disconnection, passive immunization or GnRH antagonist
provokes the decrease of FSH and LH release (Clarke et al. 1983, Caraty er al. 1984, Lalloz et
al. 1988). This effect is accompanied by a reduction in the expression of the three
gonadotropin subunit genes, o, LHB and FSHP. Moreover, GnRH response elements have
been identified in the rat LHP gene promoter (Kaiser ef al. 1998) and in the ovine FSHp gene
promoter (Strahl et al. 1998, Miller et al. 2002, Coss et al. 2004). However, the degree of
GnRH dependency differs between LH and FSH. When the action of GnRH is suppressed in
hypothalamo-pituitary disconnected animals or in GnRH immunised animals, LH release is
immediately blocked demonstrating the strictly GnRH dependency of LH. In contrast, FSH
concentrations slowly decrease (Culler & Negro-Vilar 1986, Turzillo & Nett 1997, Molter-
Gérard ef al. 1999). GnRH-R mutations in patients with idiopathic hypogonadotropic
hypogonadism affect differently the LHB, FSHP and aGSU gene promoters (Bédécarrats et
al. 2003). Then, a question is how single hormone (GnRH) acting on a single cell can
differentially regulate LH and FSH. It is well established that the pulsatile nature of GnRH
release is crucial for stimulating LH and FSH production (Wildt et al 1981). Only
intermittent GnRH administration activates LH secretion while continuous GnRH leads to a
decline in LH release after an initial stimulation. Furthermore, GnRH differentially regulates
gonadotropin secretion via changes in the pattern of GnRH pulse release. In vivo, the patterns
of GnRH pulses vary physiologically depending on the hormonal status and the reproductive
cycle stage. It has been shown that high frequencies of GnRH inputs, similar to those
observed in follicular phase are favourable to o, LHB subunits expression and LH release
while slow frequencies comparable to those occurring in luteal phase selectively increase
FSHB mRNA expression and FSH release (Dalkin et al. 1989, Molter-Gerard et al. 1999,
Farnworth 2000, Burger er al. 2002, Fig. 10). These selective effects of GnRH pulse

frequency are similar on subunit promoter activities (Bédécarrats & Kaiser 2003). Fast
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frequencies stimulate expression of a rat LHB promoter-reporter to a greater degree than
slower frequencies. In contrast, a rat FSHP promoter was preferentially stimulated by slower

GnRH pulse frequencies.

How gonadotropes are able to differentiate GnRH pulse frequencies and activate
appropriate signal transduction pathways to differentially stimulate o, LHB and FSH} gene
expression and hormone release has yet to be elucidated. The response of gonadotropes to
GnRH correlates with the number of GnRH-R on the cell surface. GnRH itself regulates this
number. Administration to a GnRH antagonist in sheep showed a decrease in GnRH-R
mRNA expression and GnRH-R numbers (Brooks & McNeilly 1994). Moreover, fast GnRH
pulse frequencies induce high density of GnRH-R whereas lower frequencies are associated
with a low density of GnRH-R (Clarke er al. 1987, Kaiser et al. 1997, Fig. 10). These results
mimic the pattern of GnRH-R gene expression and receptor number observed throughout the
oestrous cycle (Brooks ef al. 1993, Fafioffe et al. 2004, Schirman-Hildesheim er al. 2005).
Using cotransfection of increasing amounts of rat GnRH-R with gonadotropin gene reporter
constructs in the heterologous rat somatolactotrope GH3 cell line, Kaiser ef al. (1995) showed
a differential regulation of LH} and FSHf by GnRH, with LHf} and FSHf promoter activities
being up-regulated to the greatest extent at high and low cell surface GnRH-R densities,
respectively. In murine LBT, gonadotropes, the increase in GnRH number precedes the pulse
frequency-dependent preferential stimulation of LHP or FSHP promoters and may be a
mediator of the differential regulation of gonadotropin subunit expression by different
frequencies of GnRH (Bédécarrats & Kaiser 2003). However, the mechanisms by which
GnRH number contributes to these effects remain to be elucidated. Recent studies have shown
that the pattern of MAP Kinase, particularly ERK is altered distinctly under high and slow
GnRH pulse frequencies (Haisenleder et al. 1999, Kanasaki et al. 2005).

Although GnRH is an important factor of regulation of gonadotropin secretion capable
of differentially modulate LH and FSH production via changes in its input patterns, evidence

support the existence of non-GnRH-dependent mechanism regulating FSH.
Indeed, in the hypophyseal portal blood, some FSH pulses are not associated with

GnRH pulses (Padmanabhan ef al. 1997). These pulses are maintained after GnRH antagonist

treatment (Padmanabhan ef al. 2003) suggesting that other factors are involved in the
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regulation of the FSH secretion (Padmanabhan & Sharma 2001, Pawson & McNeilly 2005).
Then, the existence of a FSH-releasing factor (FSH-RF) has been suggested and supported by
the following experiment. The radiofrequency lesions of the dorsal anterior hypothalamic area
(DAHA) abolished FSH pulsatility without altering LH pulsatility suggesting the involvement
of distinct neural region for controlling the FSH pulsatility (Lumpkin ef al. 1989). Using
biochemical separation methods, a preparation enriched with biologically active FSH-RF was
obtained (Lumpkin ef al. 1987). The identification of variant forms of GnRH opened up the
possibility that one form was the putative FSH-RF. In the rat pituitary cells, the lamprey
GnRH III which was shown to release FSH at lower doses than GnRH has been suggested
(Yu et al. 1997, 2002). However, studies in ewe (unpublished data) and in cattle (Amstalden
et al. 2004) showed no effect of the lamprey GnRH III on FSH secretion. Hence, to date, a
physiologically relevant hypothalamic FSH-RF has not yet been characterized. Besides,
several results suggested effects of gonadal and pituitary factors in the differential regulation

of gonadotropin secretion.

2. The steroids, gonadal factors

In addition to the GnRH, steroid hormones, oestradiol and progesterone, have a large
influence on the secretion of both gonadotropins by modifying the secretion of GnRH from
the hypothalamus or acting directly at the pituitary level on gonadotrope cells. Their effects
are either negative or positive on gonadotropin secretion. During the luteal phase of the ewe
oestrous cycle, the GnRH pulse frequency is low due to the high circulating concentrations of
progesterone secreted by the corpus luteum. Following the demise of the corpus luteum, the
follicular phase is initiated, progesterone concentrations fall and plasma levels of oestrogen
produced by the ovarian follicles inhibit FSH secretion. Later in the ! icular phase, the
plasma oestrogen concentrations increase and provoke a switch from uegative effect to

positive effect of oestrogen on GnRH/LH pulse frequencies which trigger the preovulatory

LH surge.

a. Steroids signaling pathways

The steroids access to the pituitary via the blood and diffuse through the membrane to
bind steroids hormone receptors (SHRs). These receptors are expressed in the gonadotropes
(Childs ef al. 2001). The effect of oestradiol is mediated by two types of oestrogen receptors

(ERoe and ERP) while progesterone can bind the progesterone receptor (PR). In sheep
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Fig.11. A biphasic effect on mean LH and FSH plasma levels in ovariectomized ewes was
observed after oestiadiol (E,) treatment. Injection of E2 6h before slaughter induced a decrease in
LH (A) and FSH (B) plasma levels compared with non-E2-treated ewes (P< 0.01). In contrast, an
increase in LH plasma concentrations was observed in ewes killed 12 h after injection (P< 0.01
vs. non treated ewzs) and FSH plasma reached the level of non treated ewes (from Molter-Gerard
et al. 2000)



pituitary, there is a significant expression of the ERa while the expression of the ERP is very
low (Tobin ef al. 2001). After the binding of the ligand, the conformation of the intracellular
receptor complexed with conforming proteins (chaperones) changes. This phenomenon
triggers the complex to bind specific regions of DNA of target genes called Steroid Response
Element (SRE). SREs initiate chromatin remodelling and can be modulated by activator or
repressor transcriptional factors, stimulating the transcription and protein synthesis (O’Malley
& Tsai 1992, Beato & Klug 2000, Nilsson ef al. 2001). Besides this classical steroid pathway,
some data provide evidence for up-regulation of second messenger systems. For instance,
oestradiol induces rapid effects via phosphorylation of MAPK and of cAMP response element

binding protein (CREB) in the brain suggesting non genomic actions (Abraham et al. 2003).

b. Oestrogen effect on gonadotropin secretion

The responsiveness of gonadotropes to oestrogens varies throughout the oestrous cycle
associated with an increase in the number of gonadotropes expressing ERa in the follicular
phase compared to the luteal phase (Childs ef al. 2001, Tobin ef al. 2001). The biphasic effect
of oestrogen is clearly demonstrated in ovariectomized ewes treated with oestradiol, in which

a decrease in gonadotropin release occurs preceding an increase of gonadotropin secretion
(Fig. L1).

* negative effects

The negative effect of oestrogens is demonstrated by gonadectomy. Indeed, after
ovariectomy, LHP and FSHB mRNAs as well as LH and FSH concentrations increased. The
addition of oestrogens suppresses this post-ovariectomy rise (Corbani et al. 1984, Shupnik er
al. 1988). Concerning LH, this action reflects a hypothalamic action since a GnRH antagonist
was able to block the post-ovariectomy increase (Dalkin ef al. 1993, Shupnik & Fallest 1994).
However, oestrogens also exert a direct action on the pituitary. To discern the hypothalamic
effects of oestrogens from direct pituitary effects, animal models were developed in which the
GnRH input was removed either by hypothalamo-pituitary disconnection (HPD) or by
immunisation against GnRH. In such animals given with constant hourly pulses of GnRH or
GnRH analogue to restore the gonadotropin secretion, injection of oestradiol induces a rapid
suppression of LH release due to a reduction in LH pulse amplitude (Clarke & Cummins
1984, Molter-Gerard et al. 2000) without reduction in the level of LHB mRNA (Mercer et al.
1993, Molter-Gerard er al. 2000). If oestradiol is administered chronically, the LH pulse
amplitude is reduced by only 20% suggesting that the long term inhibitory feedback targets
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mainly the hypothalamus (Clarke et al. 1988). To reinforce these data. it was observed that in
ewe pituitary cells treated with oestradiol for 24h, LH release was not reduced. In contrast, an

increase in LH concentrations was observed (Nett ef al. 2002).

Concerning the oestrogen action on FSH synthesis and release, the post-ovariectomy
increase in FSHB mRNA was only partially reduced by oestradiol, suggesting the importance
of another factor, such inhibin, in suppressing FSHf expression (Condon et al. 1985, Gharib
ef al. 1987, Dalkin et al. 1990). In rat treated with a GnRH antagonist, oestradiol is not able to
reduce the post-ovariectomy increase in FSHB mRNA suggesting a pituitary site of action
(Shupnik ef al. 1988). In sheep, the negative effect of oestradiol on FSH production seems to
target preferentially the pituitary. In GnRH deficient animals, oestradiol provokes an
inhibitory effect on FSHB mRNA and FSH release (Mercer et al. 1993, Molter-Gérard et al.
2000). This inhibitory effect is also observed when ewe pituitary cells are treated with
oestradiol for 24h (Phillips er al. 1988, Nett et al. 2002, Faure et al. 2005). Moreover,
treatment of ovine pituitary cells with oestradiol suppressed the activity of an ovine FSHf
promoter-luciferase transfected in ovine pituitary cells (Miller & Miller 1996). However, in
contrast to LH promoter, no oestrogen response element (ERE) was present upstream of the
coding region of the ovine FSHP subunit gene. Other elements must confer the
responsiveness to oestradiol.

The inhibitory effect of oestradiol in GnRH immunised ewes on LH and FSH release
was accompanied with a specific decrease of bithormonal gonadotrope cells suggesting that

both LH and FSH synthesis are reduced (Molter-Gérard et al. 2000).

* positive effects

The stimulatory effect of oestradiol on LH secretion is clearly illustrated by the
preovulatory surge. A similar surge can be induced, after an initial inhibition of LH release, in
ovariectomized animals treated with oestradiol (Clarke ef al. 1989, Fig. 11). For this action,
oestradiol alters at least two parameters. First, it increases the number of GnRH receptors
present at the gonadotrope membrane in a rapid delay (Clarke er al. 1988, Gregg et al. 1990,
Ghosh ef al. 1996, Cowley et al. 1998). Second, it stimulates GnRH secretion (Moenter er al.
1990). Thus, oestradiol increases the sensitivity of gonadotropes to GnRH allowing a

maximal response to massive release of GnRH. Exposure of pituitary cells to oestradiol for

14



24h leads to an increase in medium LH concentrations, consistent with the presence of an

ERE upstream of the coding region for the LHf} subunit gene (Shupnik & Rosenzweig 1991).

Concomitantly to the LH surge, an FSH surge occurs after oestradiol treatment both in
intact and GnRH immunized animals given with hourly GnRH pulse (Caraty et al. 1984,
Molter-Gérard et al. 2000). In OVX-HPD ewes treated with oestradiol, no FSH surge is
observed (Mercer ef al. 1993). The stimulatory effect on FSH could be the reflection of the
increase of the sensitivity of the gonadotropes to the enhanced release of GnRH rather than a
direct pituitary effect. As a matter of fact, in superfused rat anterior pituitary gland, the
administration of both oestradiol and pulses of GnRH induced the LH and FSH surges (Wun
& Thorneycroft 1987).

c. Progesterone effect on gonadotropin secretion

Progesterone is an inhibitory factor of the gonadotropin synthesis and release. Similar
to oestradiol, progesterone acts at hypothalamic level. This hormone decreases the frequency
of the GnRH pulses (Karsch ef al. 1997). In HPD ewes, progesterone does not modify the
release of LH and FSH, suggesting that it does not act directly at the pituitary. However,
following exposure of pituitary cells to progesterone, the release of GnRH-stimulated LH is
blocked as well as the secretion of LH stimulated by oestradiol (Batra & Miller 1985a). The
action of progesterone on LH should be modified by hormonal environment. Moreover,
progesterone is able to inhibit the basal secretion of FSH and the expression of the FHS[
mRNA (Batra & Miller 1985b), demonstrating the differential effect of this steroid on the
gonadotropin production.

Moreover, the association of oestradiol and progesterone increased gonadotropin

secretion showing an indirect effect of progesterone on FSH and LH secretion (McPherson et
al. 1975).

From these data, it is clear that steroids, particularly oestrogens alter differentially the

ability of the gonadotropes to synthesize and release LH and FSH.
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D. Specific FSH regulatory factors: the gonadal and

pituitary factors, activin, inhibin and follistatin

[n addition to steroids. other proteins secreted by the gonads, activin, inhibin and
follistatin have received considerable attention as specific regulators of FSH. These factors

have been demonstrated to be also produced in the pituitary.

a. Structure of activin, inhibin and follistatin

Activin and inhibin, members of the transforming growth factor-p (TGFp)
superfamily, were initially discovered in ovarian follicular fluid. Inhibin is disulphide-linked
heterodimers consisting of a o« subunit and a B subunit (BA or BB) forming inhibin A or
inhibin B. Both inhibin forms inhibit FSH secretion (De Kretser & Robertson 1989, Vale ef
al. 1990). Activin is the result of the dimerization of two [ subunits giving activin A (BA-
BA), activin B (BB -BB) and activin AB (BA-BB) (Fig. 12). Activin is a stimulating factor of
FSH secretion (Ling et al. 1986, Vale et al. 1986). Follistatin, a glycoprotein hormone
structurally unrelated to activin and inhibin, binds to activin and neutralizes its bioactivity

(Ueno et al. 1987, Ying et al. 1987, Nakamura et al. 1990, Farnworth ef al. 1995).

b. Activin and inhibin modulate preferentially FSH secretion

It is well established that activin and inhibin stimulate and inhibit respectively FSH
production (reviews Knight 1996, Bilezikjian er al. 2004). For instance, the treatment of
animals with charcoal-extracted follicular fluid (enriched in inhibin) reduces significantly the
FSH secretion while LH concentrations are not affected (Martin ef al. 1986, Brooks et al.
1992). The transcription rate for the FSH3 gene is inhibited of 50% in 6h after ewe treatment
with inhibin (Clarke ef al. 1993). Conversely, the injection of polyclonal antiserum to inhibin
in the female rat causes an increase of FSH secretion without modification of LH
concentrations (Fig. 13, Rivier et al. 1986). Such an injection increases FSH3 mRNA by 2
fold within 2h (Dalkin er al. 1993) and FSHp-primary transcripts by 10 fold after 72h (Burger
et al. 2001) showing an effect on FSHp stability mRNA and gene transcription. Concerning
activin, it stimulated FSH release and FSHP mRNA expression level by stabilizing it, without
affecting LH release or LHB mRNA in rat cultured pituitary cells (Carroll ef al. 1989, 1991).
With the development of the murine LB T, gonadotrope cell line transfected with a luciferase-

based reporter containing either 5.5 kb of ovine FSHP regulatory sequence (Huang ef al.
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2001a) or rat FSHPB promoter (Suszko et al. 2003), it has been possible to demonstrate that
activin stimulates promoter activity. Activin is generally described as a specific regulatory
factor of FSH production without affecting LH secretion. Surprisingly, two recent studies
have shown an effect of activin on LHP promoter. In LBT; cell line and in primary mouse
pituitary cells, activin A was able to increase both LHB mRNA expression and LH secretion
(Yamada et al. 2004, Coss et al. 2005). Moreover, activin stimulates the rat LHB promoter
activity transfected in LBT, through Smad-binding and homeobox elements (Yamada et al.

2004, Coss et al. 2005). The response to a combination of activin and GnRH was higher than

that to activin A or GnRH alone.

Moreover, in rat activin and GnRH act synergistically on FSH} promoter activity,
FSHB mRNA expression and FSH release (Nicol et al. 2004, Gregory et al. 2005). This effect
could be mediated, at least partly, by the activin-induced increase in the GnRH receptors.
Indeed, Braden & Conn (1992) demonstrated that, in rat pituitary cell culture, activin A was
able to stimulate GnRH receptor synthesis by 2-fold compared to control (Fig. 14) while
inhibin induced a decrease in GnRH receptors without change in GnRH affinity for its
binding sites (Wang et al. 1988). Furthermore, addition of activin A on oT3 cell line
transfected with a mouse GnRH-R promoter/luciferase gene (GnRH-Rluc) leads to increase
about 2-fold the luciferase activity (Fernandez-Vazquez ef al. 1996). The responsiveness to
activin is conferred by an identified sequence on the GnRH receptor promoter containing two
overlapping cis-regulatory elements of interest: the GnRH receptor activating sequence
(GRAS) and a putative SMAD-binding element (SBE) (Duval et al. 1999, Norwitz et al.
2002). In contrast to rat, activin inhibits GnRH receptor expression and GnRH binding in
sheep whereas inhibin has the opposite effect (Gregg ef al. 1991). Further studies are required

to elucidate the mechanism of action of activin on GnRH receptor expression.

¢. Endocrine vs paracrine actions of inhibin and activin

The negative relationship existing between inhibin and FSH concentrations in the
blood during the oestrous cycle supports an endocrine role for inhibin in the regulation of
FSH secretion (Ying 1988). In contrast, similar correlation is not true for activin. Serum
activin levels are unperturbed across the oestrous cycle (Knight ef al. 1996) and circulating
activin appears to be bound to follistatin virtually irreversibly (Schneyer et al. 1994). Rather,

a paracrine/autocrine effect for activin has been suggested. Inhibin and activin subunits
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(Meunier e/ al. 1988) as well as receptors for activin (Cameron ef al. 1998, Fafioffe et al.
2004) were detected in rat in anterior pituitary, particularly in the gonadotrope cells (Mathoux
et al. 2001). An activin bioactivity has been observed in supernatants from ewe pituitary cells
(Mathoux ef al. 2001). Moreover, the incubation of cultured rat pituitary cells with a
monoclonal antibody specific for the activin B reduced the FSH mRNA expression and FSH
concentration without affecting LH production (Fig. 15, Corrigan er al. 1991). Similarly, the
treatment of pituitary cells with follistatin decreases FSH secretion (Robertson et al. 1990). In
common with activin, follistatin does not appear to play an important role through gonadal
feedback action. This is shown from animal studies which ovariectomy has no long-term
effects on circulating follistatin concentrations (Klein er al. 1993). Collectively, these
observations show that pituitary cells secrete activin which stimulates FSH synthesis and
release. Therefore, pituitary activin must be considered as an important modulator of FSH

biosynthesis and release.

To be considered as a physiological regulator, activin action has to be modulated. The
expression of activin receptor type [ (ALK-2 and ALK-4) and type II is modified throughout
the oestrous cycle with higher levels before the preovulatory surge and during the secondary
surge of FSH (Fafioffe er al. 2004). Although there is no data concerning the variations of
pituitary activin subunits throughout the oestrous cycle, it has been showed that ovariectomy
increases the level of activin BB-subunit mRNA as well as follistatin mRNA (Roberts et al.
1989, Halvorson ef al. 1994). The increase in BB-subunit mRNA is prevented by treatment
with oestradiol (Roberts er al. 1989). Furthermore, oestradiol inhibits the expression of activin
BB-subunit in ewe pituitary cells (Baratta et al. 2001). This effect is independent of GnRH
and represents a mechanism by which oestradiol modulates FSH secretion directly at the
pituitary level. In addition to oestradiol, GnRH also regulates activin BB-subunit mRNA.
Treatment of ewe pituitary cells with a high dose of GnRH decreases activin bioactivity
(Mathoux et al. 2001). In rat, low frequencies of GnRH pulses, favourable to FSH synthesis
and release, increases activin BB-subunit mRNA whereas faster frequencies have the opposite
effect in rat (Dalkin et al. 1999). This effect appears to be mediated by follistatin whose
concentrations or mRNA levels vary in opposite way to activin (Kirk ef al. 1994, Besecke et
al. 1997, Dalkin et al. 1999). Inhibin plays also a role in the regulation of activin bioactivity.
Similarly to follistatin, inhibin antagonizes activin effect on FSH secretion. However, its

mechanism of action is different from that of follistatin. After binding to the TGFB type III
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Ligands

BMP-2

BMP-4

BMP-6

BMP-7

BMP-15

GDF-9

BMP-15/GDF-9

Null mice phenotypes

Non viable, defect in cardiac development
Non-viable, default in mesoderm differentiation

Viable, no major defects except a consistent delay
in ossification confined to the developing sternum

Severe defects confined to the developing kidney and
eye

Female infertility; block in folliculogenesis at
primary stage

Female infertility; oocyte loss

Tablel. Knockout mice for selected BMPs/GDF.

References
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receptor, also called betaglycan, inhibin acquires a high affinity for activin type II receptors
and thereby prevents activin signaling and action (Lewis er al. 2000). In rat, betaglycan
immunoreactivity on gonadotrope cell surface is regulated throughout the oestrous cycle and

is highly correlated with serum pituitary levels (Chapman & Woodruff 2003).

Thus, activin and inhibin, members of the transforming growth factor-B (TGFp)
superfamily, are undoubtedly important modulators of FSH synthesis and release, and

represent modifiers of hypothalamic or systemic endocrine signals.

[lI. Bone Morphogenetic Proteins (BMPs): newly identified

modulators of FSH secretion

Recent studies have added a new wrinkle to the complexity of the differential
regulation of LH and FSH secretion. It appears now that BMPs, other members of the TGF

superfamily, can modulate FSH synthesis and release (Huang er al. 2001, Otsuka &
Shimasaki 2002).

Over twenty bone morphogenetic proteins (BMP-1 to BMP-20) and nine growth
differentiation factors (GDF-1 to GDF-9) considered as BMP sub-group have been identified
(Knight & Glister 2003). Initially, BMPs were identified through their actions on bone
morphogenesis. Subsequent studies showed that they are multifunctional proteins expressed in
many tissues and involved in several functions as embryonic mesoderm induction (review:
Harland 1994), genital duct differentiation (Durlinger ef al. 2002), myogenesis (Massagué ef
al. 1986), bone formation (Centrella er al. 1987), erythropoiesis (Krystal er al. 1994),
inflammation (Marek et al. 2002), wound repair (Montesano & Orci 1988) and ovarian
folliculogenesis (Knight & Glister 2003). Knockout approaches to generate loss of function of

BMP family members have demonstrated their critical role (Table 1).
Nevertheless, we should underline that multiple TGF-B superfamily members are often

co-expressed in several tissues and they can compensate for each other. For example, BMP-6

null mice have no major effect whereas BMP-6/BMP-5 double mutant has exacerbated
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defects (Solloway et al. 1998). Similarly, loss of either BMP-5 or BMP-7 has negligible
effects on development while early embryonic lethality is observed for BMP-5/BMP-7 double

mutant mice (Solloway & Robertson 1999).

A. Role of BMPs in reproduction

1. Natural mutations of BMP subgroup genes in ewes: examples of

Inverdale and Booroola breeds

As reported in table 1, knockout mouse models for some BMPs have shown
reproductive deficiencies, mainly due to abnormal ovarian function. Moreover, natural
mutations of the BMP system in sheep have been identified that alter the ovulation rate.
Recently, in different sheep families, namely Inverdale, Hanna, Belclare Cambridge and

Booroola, mutations were identified in genes from the BMPs or their receptors.

a. Merino’s Booroola ewes

The Booroola phenotype is characterised by increased ovulation rate and litter size.
The wild type ewes have one or two ovulations, the heterozygous ewes have 3-4 ovulations
and the homozygotes for the FecB (FecB: Fec for fecundity and B for Booroola) gene have

ovulation rate equal or more than 5.

The discovery of the FecB gene associated to the hyper-prolificacy revealed a single
amino acid substitution (Q249R) in the intracellular serine/threonine kinase domain of the
Bone Morphogenetic Receptor type 1B, BMPR-IB (Mulsant ef al. 2001, Souza et al. 2001,
Wilson et al. 2001).

b. Inverdale ewes

In New Zealand, hyper-prolificacy in Romney breed was detected and associated with
a gene localised on X chromosome: FecX' (Davis ef al. 1991). The Inverdale homozygous
ewes are infertile due to impairment of the follicular development beyond the primary stage
while heterozygotes are hyperprolific. The gene mutation responsible for this phenotype is
one substitution in amino-acid sequence in BMP-15 gene (Galloway et al. 2000). Other sheep

breeds as Belclare and Cambridge are also characterised by sterility in homozygotes and high
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prolificacy in heterozygotes. The phenotype is similar to the Inverdale ewes and is associated
with GDF-9 and BMP-15 mutations localised on X chromosome (Yan et al. 2001, Hanrahan
et al. 2004).

[n contrast to the findings in ewes, BMP-15 knockout mice are fertile with minimal
ovarian defects (Yan ef al. 2001). This observation raises the possibility that members of the

TGFP superfamily behave differently in mono- versus polyovulatory species.

2. Do natural mutations act at ovary and/or at pituitary level?

The available evidence strongly indicates that the FecB mutation exerts its action at
the ovary rather through altered amounts of gonadotropin stimulation (Souza et al. 2003). The
most consistent changes associated with the mutations described for Booroola, Inverdale or
Hanna ewes are the size and the number of the ovulatory follicles (Driancourt et al. 1986,
McNatty et al. 1986). In homozygous FecB/FecB ewes, the increased ovulation rate is
associated to the “precocious” development of a large number of antral follicles that are
smaller than in wild-type follicles (McNatty et al. 1986). As Booroola ewes, Inverdale
follicles are precociously differentiated in FecX' heterozygous ewes. The dynamics of follicle
development in ewe with or without the Booroola mutation are similar during the follicular
and early luteal phases of the oestrous cycle, but the follicles ovulate and achieve dominance
at a smaller size. The presence of BMPs and their receptors in the ovaries has been reported
(Souza et al. 2002). BMPRIB mRNA was detected by in situ hybridization on oocyte and
granulosa cells, from the primordial follicle stage to the antrum follicle stage (Wilson et al.
2001). The treatment of cultured granulosa cells with GDF-5 and BMP-4 (preferential BMPR-
IB ligands) induce an inhibition of progesterone secretion. These inhibitory effects are lower
for granulosa cells from homozygous FecB/FecB ewes than from wild type ewes. In contrast,
activin had similar inhibitory effect in both (Fabre et al. 2003). Altogether, these data provide
evidence for the action of FecB mutation at the ovary level. Whereas in Inverdale and Hanna
ewes all the effects appear to be within the ovary, it was suggested that some effects of the

Booroola mutation may occur at the pituitary.

Some studies report higher FSH concentrations in presence of the FecB mutation
during various stages of the oestrous cycle and anoestrus (Bindon et al. 1984, McNatty et al.
1987). However, other reports found no difference (Souza et al. 1997). Gonadotropin subunit

mRNA expression was not significantly different between the FecB carrier and the non carrier
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genotypes (Fleming ef al. 1995). Moreover, the difference in ovulation rate can still be
observed under similar gonadotropin environment. For instance. hypophysectomised ewes
induced to ovulate by chorionic gonadotropin injections maintain the genotype difference in
ovulation rate (Fry er al. 1988). These observations strongly suggest that the Booroola
mutation does not act through pituitary function. Nevertheless, BMP mRNAs and BMP
receptors are detected in the pituitaries from different species suggesting a role for BMPs in

the pituitary (Wilson er al. 2001, Huang et al. 2001, Faure ez al. 2005).

‘3. Which role for BMPs on gonadotropin synthesis and release?

The finding of BMP mRNAs and BMP receptors in the ewe pituitary in preliminary
studies incited us to investigate the role of these molecules on gonadotropin synthesis and
release. In the same time, Huang and coworkers (2001) showed that BMP-6 and BMP-7 were
able to stimulate the ovine FSHP} promoter linked to a luciferase reporter gene (oFSHbetal.uc)
in transgenic mice primary cell cultures or after transient expression in murine gonadotrope
cell line, LBT,, by 6-fold and 4-fold respectively (Fig. 16). The treatment with 1ug/ml of
BMP-6 or BMP-7 of LT, cells also increased the endogenous FSH secretion by 10-fold.
Nevertheless, BMP-6 and BMP-7 doses are very high. Indeed, BMP-6 and BMP-7 at 100
tig/ml showed no effect on FSH secretion (Fig. 17, Otsuka & Shimasaki 2002). However, the
bioneutralizing antibody to BMP-7, cross-reacting with BMP-6 but not with activin decreased
the basal oFSHbetaLuc expression and FSH secretion from transgenic mouse pituitary cell
cultures indicating endogenous BMPs role. Similar result was found in rat and sheep pituitary
cell cultures (Huang et al. 2001). Another BMP, BMP-15 at 100 ug/ml was able to stimulate
FSHP subunit transcription in LBT, cells and in rat primary pituitary cells without affecting

LHP or GnRH receptor transcription (Otsuka & Shimasaki 2002).

Taken together, these data underline the role of BMPs as stimulatory factors of FSH

production, at least in rodents.

B. Other roles of BMPs in pituitary

1. Role in pituitary organogenesis

Members of BMP family are detectably expressed during mouse pituitary

organogenesis and their role has been established, initially in an organ system culture and
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more critically in vivo. A three-phase signaling regulation of pituitary organogenesis is
observed. Each stage is mediated by the actions of a series of intrinsic and extrinsic signaling

molecules which include BMPs. These factors act to positionally determine cell types.

a. The Rathke pouch rudiment formation

The adenopituitary comes from an ectoderm primordium which involution forms the
Rathke's pouch rudiment (Fig. 18). BMP-4, Wnt-5a and FGF-8 are expressed in distinct,
overlapping patterns in the ventral diencephalons and BMP-4 plays a critical role for Rathke’s

pouch formation (Ericson ef al. 1998, Treier ef al. 1998).

b. Determination of progenitor cells in distinct pituitary cell types

The anterior pituitary presents distinct cell types which express different hormones.
The appearance of specific cell types, beginning at e10.5 coincides with the onset of BMP-2
in the pituitary ectoderm in a ventral-dorsal gradient (Ericson et al. 1998, Treier et al. 1998).
This gradient acts in concert with a FGF-8 dorsal-ventral gradient. These opposing gradients
dictate overlapping patterns of transcription factor expression and are crucial for cell type
determination (Fig. 18, Dasen ef al. 1999). BMP-2, ventral factor, induces the expression of
transcription factor, GATA-2, in the ventral region. This induction inhibits the expression of
Pit-1 responsible for the differentiation of thyrotropes, somatotropes and lactotropes, allowing
the gonadotropes to take place. Hence, BMP-2 is required to generate ventral pituitary cell
types including gonadotropes, while FGF-8 determines dorsal cell types including

corticotropes.

c. Terminal differentiation of ventral cell types
Finally, the temporary loss of BMP-2 signal is required for terminal differentiation of

ventral cell types, the third phase of organogenesis (Treier ef al. 1988).

Thus, BMPs exhibit sequential roles, first dorsally and then ventrally to progressively

determine organogenesis and cell types within the pituitary.

2. Pituitary pathologies associated with BMPs

A report on human pathologies described three patients with deletion in the region

422-q23 of the chromosome 14 presenting bilateral anophthalmia and absent pituitary or
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hypogonadism. Interestingly, the human BMP-4 gene maps to this region suggesting its
implication in these pathologies through its role in pituitary and eye development (Lemyre ef
al. 1998). Moreover, the involvement of activin/BMP system was demonstrated in human
pituitary adenomas. In the tumors, pituitary activin/BMP system was present and the levels of
follistatin mRNA were reduced in FSH —producing adenomas compared with non-functioning
pituitary adenomas, suggesting that endogenous follistatin is involved in FSH overproduction
through inhibition of activin/BMP system (Takeda et al. 2003). In prolactinomas, the down
regulation of noggin (a BMP-2/BMP-4 inhibitor) and the overexpression of BMP-4

responsible for the cell proliferation were detected (Paez-Pareda et al. 2003).

Collectively, these data show that BMPs can be involved in the tumorigenesis in

pituitary.

[V. Mechanisms of action of Bone Morphogenetic Proteins (BMPs)

and Activin

A Signaling

1. Ligands

TGFp superfamily members are conserved proteins between species and classified in
two subfamilies, TGFB/Activin/Nodal and BMP/GDF (Growth differentiation factor) /MIS
(Muellerian inhibiting substance), defined by their sequence similarity and their specific
transduction signal (Fig 19). These proteins share a set of common sequence and structural
features. They are synthesized as proprotein then clived to yield the C terminus. The active
forms of these proteins are homo- or hetero-dimers linked by a disulfide bridge (Vitt et al.
2001). Each monomer comprises several extended P strands interlocked by disulfide bonds
forming a cystine knot BMPs heterodimers association can enhance their biological activity.
For example, co-expression of BMP-2 with BMP-7 in Chinese Hamster ovary cells forming
heterodimeric BMP-2/7 showed a specific activity about 20-fold higher than BMP

homodimers in an in vitro alkaline phosphatase induction assay. These heterodimers were also
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5. to 10-fold more efficient than BMP-2 in inducing cartilage and bone in an in vivo assay.

Gimilar results were obtained with BMP-2/6 heterodimer (Israel ef al. 1996).

2. Receptors (Fig. 20)

a. Type I and [I receptors

The TGFP superfamily members act through two type of receptors, type I and type IIL.
Seven type I receptors and five type II receptors are known (review: Manning et al. 2002).
For example, type I and II receptors for activin are ALK-2/ActRI, ALK-4/ActRIB, ActRII
and ActRIIB (Donaldson et al. 1999, Gray et al. 2000, Harisson et ;:u’. 2004). For BMPs,
specific type I and type II receptors are ALK-3/BMPR-IA, ALK-6/BMPR-IB and BMPR-II
(Takeda et al. 1994, Rosenzweig et al. 1995, Tkeda et al. 1996). These receptors have a short
extracellular domain, a single transmembrane domain and an intracellular domain containing
serine/threonine kinase region. Type I receptors, but not type II, have a characteristic repeat of
gycines and serines also called GS region in the N terminal domain of the serine/threonine
kinase region (Kawabata er al. 1998). The kinase domain contains a specific binding site to
Smads, intracellular effectors (see next part): the L45 loop that determines the specificity of
Smad binding to the receptor. When the 45 region was exchanged between TGF type I and
BMP type I receptors, the Smad activation and signaling pathway depending to them was
switched from one to another (Persson et al. 1998, Itoh ef al. 2003). One characteristic of
BMPR-II receptor is a long C terminal tail following the serine/threonine region, important

for specific pathways (Rosenzweig et al. 1995).

b. Receptor activation

Proteins of the TGF-B superfamily bind to two different types of receptors termed as
type II and type I receptors. Both types contain serine/threonine kinase domains in their
intracellular portion and exist on cell surface in various oligomeric forms, ie type II-type I
heterodimers, type II homodimers or type I homodimers (Gilboa et al. 2000). Activin and
TGFp ligands bind with a high affinity to a homodimeric complex of type II receptors which
are constituvely active. Then, the complex recruits a homodimer of type I receptors before
inducing the signaling pathway (ten Dijke ef al. 1994a; Wrana ef al. 1994). In contrast, a
heterotetrameric complex of type I and type II receptors is required to be bound by BMPs.
This cooperation between the two types of receptors is necessary for optimal binding and

Smad signal transduction at least for BMP-2 and BMP-7 (Liu et al. 1995, Rosenzweig ef al.
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1995). Nevertheless, BMP-2 can bind to BMPR-II receptor and recruits the other receptor

inducing another signaling pathway, p38 MAPK (Nohe ef al. 2002).
Once the ligand associated with the receptor complex, the type II receptor trans-
phosphorylates the type I receptor on its GS domain. Thus, type I receptor is activated and

phosphorylates intracellular substrate.

c. Receptor specificity

Specific ligands can bind specific receptor. Nevertheless, ALK-2/ActRI acts as a type
[ receptor for activin and also for certain BMPs including BMP-6 and BMP-7 (ten Dijke ef al
1994b). Whereas BMPR-II specifically binds to BMPs, Act-RII and Act-RIIB can also bind
BMPs (BMP-7 for example) and trigger the activin signaling pathway in some cells but not in
all. For instance, BMP-7 was not able to stimulate FSH secretion in rat pituitary cells
(Yamashita et al. 1995). Altogether, these studies show crosstalks between TGFf superfamily

members on their reciprocical signaling pathways (for review, Miyazono et al. 2001).

3. Smad, intracellular proteins and transcription factors

Smad proteins are major signaling molecules acting downstream of the
serine/threonine kinase receptors (Heldin ef al. 1997). There are eight smad proteins that are
classified in three groups:

-RSmad -1, -2, -3, -5 and -8 (receptor regulated smad) which bind specifically
to the receptor to transduce the signaling pathway

-coSmad-4 (common smad) which interacts with R-Smad, forming a complex
in aim to translocate into the nucleus

-ISmad-6 and -7 (inhibitory smad) which modulate TGF3 members signaling

pathway (see signaling regulation below)

a. Smad structure

Smad proteins, except Smad-6 and -7, have a conserved structure. The N terminal end
containing Mad Homology domain-1 (MHI) has DNA-binding activity (Shi et al. 1998)
whereas the C terminal end, through the MH2 domain (Attisano & Wrana 2000) is implicated
into receptor binding, RSmad-coSmad interaction and has transcription regulatory activity.

The RSmad have a specific pattern SSXS which is the type I receptor phosphorylated site

26



(Souchelnystskyi er al. 1997). More recently, a deletion analysis of human Smad-3 protein
showed in mammalian cells that Smad-3 contains a middle transactivation domain, important

for transcriptional activation and interaction with coactivators (Prokova er al. 2005).

b. Smad activation

Smad-1, Smad-5 and Smad-8 are specific to BMP signaling pathway (Tamaki et al.
1998, Yamamoto et al. 1997) whereas Smad-2, Smad-3 are activated by activin and TGF[3
receptors (Macias-Silva et al. 1996, Candia ef al. 1997, Nakao er al. 1997b). The activated
type I receptor L45 loop (Persson ef al. 1998) can bind to R-Smad via the L3 loop located
near the C terminal domain. Even if this sequence is highly conserved between RSmads, two
amino acids in the L3 loop are essential for the specificity of receptor/smad interaction.
Swapping these can induce a switch between TGFB and BMP subgroup signaling pathways
(Chen et al. 1998, Lo et al. 1998). The receptor/smad interaction triggers the phosphorylation
of R-Smads serine 465 and 467 in the C terminus (Souchelnystskyi ef al. 1997). Moreover,
the specificity of phosphorylation is leading by adjacent sequences as arginine 462 and
cysteine 463 in the C terminus of Smad-2 for specific binding to the type I TGFp receptor
(Yakymovych ef al. 2004). Once phosphorylated by receptors, these Smads bind to Smad-4,
also called co-Smad forming a transcriptional complex which translocates into the nucleus to

promote specific gene expression (Massagué & Wotton 2000, for review: Zwijsen ef al.

2003).

c. Smad translocation into the nucleus. role on gene transcription

Once the complex Smad-4/RSmad is translocated into the nucleus, it interacts with
various DNA-binding proteins which bind to promoter regions on Smad Binding Element
(SBE) of target genes. In addition, Smad-4 helps R-Smad for the binding with cofactors like
FAST-1, SMIF for Smad-2 (Liu et al. 1997, Bai et al. 2002) or p300/CBP for Smad-1

(Pouponnot et al. 1998) via Smad-4 activation domain (de Caestecker ef al. 2000).

A wide range of genes can be modulated by Smad signaling pathways, corresponding
to TGFB superfamily effect (review: Miyazono et al. 2005). Concerning the reproductive
function, for instance, BMP-4 has been shown to inhibit progesterone production in ovine
granulosa cells. This inhibitory action was associated with a decrease in the expression of

cAMP-regulated genes, steroidogenic acute regulatory protein (StAR) and P450 side-chain
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cleavage (P450 scc). This inhibitory effect is mediated by BMP-4-activated Smad-1 which
inhibits the transcriptional activity of SF-1 on its responsive element (Pierre et al. 2004). In
mouse gonadotrope cells, the activation of Smad-2 and Smad-3 mediates the stimulatory
effect of activin on FSHP promoter activity and FSH secretion (Dupont e al. 2003, Bernard
2004), potentially mediated by an activin response element (Huang et al. 2001, Suszko et al.

2003).

B Modulation of TGFB superfamily signaling pathways (Fig. 21)

BMPs have diverse and often complementary effects. It is obvious that a tight
regulation of different actions of these proteins is necessary for proper functioning. Hence,
BMPs signaling is subjected to regulation at multiple levels: extracellular level, at the

membrane site and intracellular levels.

1. At extracellular level : antagonists

At extracellular level, proteins can bind ligand proventing them to access to the
receptor or to trigger the signal transduction (review: Massagué¢ & Chen, 2000, Balemans &

van Hul 2002).

a. Follistatin is preferentially an activin antagonist

Follistatin, a 35,000 Kda protein was isolated from porcine follicular fluid by
chromatography and was responsible for specifically inhibiting FSH release, not LH, in the rat
anterior pituitary monolayer culture (Ueno et al. 1987). Then, follistatin mRNA was detected
in the ovary, the kidney and also the brain by Northern blot in rat (Shimasaki et al. 1989).
Follistatin was described as an activin antagonist, interacting directly with activin (Nakamura
et al. 1990), and preventing activin interaction with its type II receptor (de Winter ef al.
1996). Follistatin (review Phillips & de Kretser 1998) is localized in several cell types
including gonadotropes and folliculostellate cells in rat (Kaiser e al. 1992). In ovine pituitary
cell cultures, follistatin was continuously secreted and increased in a dose dependence manner

with exogenous recombinant activin A (Farnworth ef al. 1995) and prevented activin action.
Follistatin was also described as BMP antagonist. For example, follistatin can bind to

BMP-4 and BMP-7 forming a trimeric complex with the receptor, antagonizing their effect
(Fainsod ef al. 1997, Iemura et al. 1998).
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b. BMPs antagonists

Noggin, a secreted polypeptide, can bind BMP-2, BMP-4 and BMP-7 with a higher
affinity for BMP-2 and BMP-4 and abolishes BMP-4 activity by blocking binding to cognate
cell-surface receptors, preventing for instance BMP-4 inhibition on neural induction and
mesoderm dorsalization during the amphibian embryogenesis (Zimmerman et al. 1996).
BMPs and Noggin can regulate each other as BMP-2 and BMP-6 can induce Noggin mRNA
expression and can stimulate protein level in rat cultures of osteoblast-enriched cells
(Gazzerro ef al. 1998).

Chordin, was described as a protein secreted by Spemann organizer tissue during
gastrulation in Xenopus. Chordin antagonizes specifically BMPs (BMP-4) but not activin by
blocking binding to their receptors (Piccolo ef al. 1996).

DAN/Cerberus protein family was described in Xenopus embryos, both proteins
Cerberus (Piccolo et al. 1999) and Dan (Stanley et al. 1998) sharing structural homology and
antagonizing BMP functions (Pearce ef al. 1999). In this family, Gremlin was also described
as specific BMP antagonist (Hsu ef /. 1998) and its mRNA and protein level are induced by
BMP-2 in osteoblasts (Pereira ef al. 2000).

BMPER (bone morphogenetic protein [BMP]-binding endothelial cell precursor-
derived regulator), more recently, has been described as a protein which can directly interact
with BMP-2, BMP-4 and BMP-6 and implicated into endothelial cell differentiation in

vasculogenesis (Moser et al. 2003)

We should underline that the system ligands/antagonists can modulate the accessibility

of BMPs and activins to their receptors.

2. At receptor level

a. BAMBI
The protein BAMBI (BMPs and Activin receptor membrane bound inhibitor) is a
transmembrane inhibitor which is related to TGF[ family type I receptors but lacks an
intracellular kinase domain. BAMBI associates with TGF[ family type I receptors preventing
receptor complexes, inhibiting TGFP family signaling (Onichtchouk er al. 1999).
Interestingly, BAMBI is co-expressed with BMP-4 during early Xenopus embryogenesis and
induced by BMP-4 in mouse embryonic fibroblasts (Grotewold er al. 2001). Moreover,
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BAMBI transcription is regulated by TGFp signaling through direct binding of Smad-3 and
Smad-4 to the BAMBI promoter (Sekiya et al. 2004).

b. FKBP-12
The immunophilin FKBPI2 (12-kDa FKS506-binding protein) is a common
cytoplasmic interactor of TGFP family type I receptors, hiding the phosphorylation sites of
the type II receptor (Wang er al. 1996, Okadome ef al. 1996). Mutations of binding sites of
FKBP12 or type I TFGJ receptor prevent the interaction between the proteins, leading to
receptor activation in absence of ligand (Chen ef al. 1997, Huse et al. 1999). Another study
showed that FKBP2 was a negative regulator of type [ TGF[ receptor internalization (Yao et

al. 2000).

c. Betaglycan/inhibin

The betaglycan, membrane-bound proteoglycans also referred to the type III TGF-beta
receptor was purified and showed to bind to TGF 1 and 2 with high affinity (Andres et al.
1989). Moreover, the betaglycan is also able to bind inhibin A (Esparza-Lopez et al. 2001).
The study of betaglycan mRNA and protein distribution showed its presence in brain,
pituitary and gonads underlining an important role in reproduction (MacConell ef al. 2002).
Binding to inhibin, the betaglycan can functionally antagonize activin signaling by enhancing
the binding of inhibin A to activin type II receptor (Lewis et al. 2000) and the TGF[ signaling
by preventing type I/ type II complex formation (Eickelberg ef al. 2002). Even if inhibin and
betaglycan system antagonize preferentially activin signaling, a recent study showed an
inhibitory effect on BMP signaling (Wiater & Vale 2003). In female rat, the betaglycan has
been localized in pituitary cells (Chapman & Woodruff 2003) and its repartition varies along
the ooestrous cycle (Fafioffe er al. 2004). For example, in rat pituitary, betaglycan has been
localised in gonadotrope cell membranes, concentrated before and after the primary and
secondary FSH surges (Chapman & Woodruff 2003). Modulation of inhibin binding for
betaglycan by competition with TGFP reversed the inhibitory effect of inhibin on GnRH-R
and FSHP subunit transfected promoters in the gonadotrope cell line LBT2, showing an
interplay between activin, inhibin and TGFp for the betaglycan accessibility (Ethier et al.
2002, review: Bilezikjian er al. 2004). More recently, the expression and the regulation of the

betaglycan gene was showed to be increased by FSH and oestradiol in cultured rat granulosa
cells (Omori ez al. 2005).
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3. At intracellular level

a. Smad anchor receptor activation (SARA)

SARA (for Smad anchor for receptor activation) was identified for interacting directly
with Smad-2 and Smad-3 and with the TGF[ receptor. Phosphorylation of Smad-2 induces
dissociation from SARA with concomitant formation of Smad-2/Smad-4 complexes and
nuclear translocation (Tsukazaki ef al. 1998). SARA was also described into endosomes and it

required for the internalization of the activated receptors (Hayes et al. 2002).

b. Smad-4 interacting protein: SMIF

After TGF} stimulation, receptor-associated Smads are phosphorylated and form a
complex with the common mediator Smad-4. SMIF, a ubiquitously expressed protein, was
recently described as a Smad-4-interacting transcriptional co-activator inducible by BMP-4

binding (Bai RY er al. 2002).

c. Inhibitory smads: Smad-6 and Smad-7

Smad-6 and Smad-7 were described as inhibitory Smads (Nakao et al. 1997, Topper et
al. 1997). Both have MH2 domain like the RSmads and Smad-4 but have a long N terminal
tail which are both important for their inhibition (Hanyu et al. 2001, Nakayama et al. 2001,
Mochizuki et al. 2004). Smad-7 is described for binding BMP and TGFf receptors to inhibit
their signaling pathways (Souchelnytskyi et al. 1998). Even if Smad-6 and Smad-7 have
common sequences, they play different roles on BMP and TGF[ signaling, depending also to
the cell type. Both were demonstrated as antagonist of BMP-2 induced growth arrest and
apoptosis in mouse B lineage cells. Although both can inhibit the Smad-1/Smad-5
phosphorylation (BMP signaling), only Smad-7 was able to antagonize activin effect
inhibiting Smad-2 phosphorylation on B cells (Ishisaki e al. 1999). In another study,
adenoviral overexpression of Smad-6 or Smad-7 in chondrocytes showed that Smad-7 totally
inhibited important TGFJ mediated biological responses such as proliferation and PG
synthesis while overexpressed Smad-6 had not or only a partial inhibitory effect on TGFP
activity (Scharstuhl ef al. 2003). To summarize this part, BMP signaling can be inhibited by

Smad-6 and Smad-7 whereas TGFP signaling (also activin) can be specifically inhibited by
Smad-7.
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Although one study demonstrated Smad-6 role on TGF[ signaling at high dose
through TPRI receptor, decreasing about 40% the phosphorylation of Smad-2 but not Smad-3
in presence of TPRI (Imamura et al. 1997), the common effect described of Smad-6 is to
block specifically BMP signaling preventing the interaction between the phosphorylated form
of Smad-1 (not Smad-2) and Smad-4 without interfering with the receptor-mediated
phosphorylation of Smad-1 in Xenopus embryos and mammalian cells. Even if Smad-6 can
nonselectively interact to type [ receptors (TGFB-R and BMP-R), Smad-6 and Smad-4
compete for receptor activated Smad-1 (not Smad-2). Smad-6 mutant proteins experiment
confirmed these results (Hata er al. 1998). At nuclear level, Smad-6 repressed bone
morphogenetic  protein-induced gene transcription in mammalian cells recruiting
transcriptional corepressor or acting itself as corepressor (Bai S e al. 2000, Lin X et al.
2003b). A feedback loop has been described as BMPs can induce Smad-6 and modulate its
own signaling pathway (Takase er al. 1998, Li et al. 2003). Moreover, the transfection of
mouse Smad-6 promoter demonstrated the importance of a sequence called the proximal
BMP-responsive element (PBE) for the transcriptional activation by BMPs (Ishida er al.
2000).

Smad-7 is described as TGF[} and activin signaling pathways inhibitor, associated with
type I/Il receptors complex and inhibiting the phosphorylation of Smad-2 and Smad-3 (Nakao
et al. 1997a, Casellas & Brivanlou 1998). Moroever, Smad-7 has been described as BMP
signaling inhibitor interacting with type I BMP receptors inhibiting Smads phosphorylation
(Souchelnytskyi ef al. 1998). In rat pituitary cells, Smad-7 mRNA was increased by activin
and transient transfection of Smad-7 inhibited an activin/TGF beta-responsive reporter as
modulator of activin pathway in alpha T3-1 cells (Bilezikjian ef al. 2001). Studies on Smad-7
promoter showed the direct association of activin or TGF specific R-Smads, Smad-3 on a

consensus Smad-3-Smad-4 binding element (Nagarajan ef al. 1999).

d. Smad degradation by ubiquitinylation

For ending the signal transduction, processes of dephosphorylation and degradation by
ubiquitination of the R-Smads due to Smurf proteins (Smurfl and Smurf2), members of the
Hect family of E3 ubiquitin ligases, are important (Lo & Massagué 1999, Zhu ef al. 1999, Lin
Xetal. 2002, Dato & Wang 2005). Smad-4 is regulated by SUMOylation in transfected HeLa

cells. SUMO-1 overexpression increased Smad-4 level, growth inhibitory response, as well as
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Fig.22. Interactions between Smad signaling pathway triggered by BMPs and other
signaling pathways like TGFpB/Activin, Erk-MAPK, JAK-STAT and Wnt/Ca2+ pathways
(for review, Von Bubnoff et al. 2001).



iranscriptional responses to TGF, preventing Smad-4 from ubiquitin-dependent degradation

(Lin X et al. 2003a).

Smad-6 and Smad-7. binding Smurfs proteins and the type I receptor, also play a role
in this process, targeting the type I receptor degradation (Kavsak er al. 2000, Ebisawa et al.
2001, Murakami er al. 2003). Furthermore, Smad-7 mRNA stability is also regulated by a
balance between ubiquitinylation and acetylation (Gronroos er al. 2002, Simonsson et al.
2005). We should also underline that the tight control of TGF[} signaling pathway to avoid
amplification of the respbnse is modulated by the induction of Smurf2 by TGF[ (Ohashi et al.
2005).

4. At nucleus level

At nucleus level, many transcription factors can interact with Smads, acting
specifically as enhancer (STAT3) or repressor (Hox family) depending of the constitution of
the cell (for review, Miyazono ef al. 2001; Reguly & Wrana 2003).

C Interaction with other signaling pathways (Fig. 22)

Functional cross-talks between different signaling pathways have been documented.
Thus, TGFB pathways can interact with other pathways than Smads as mitogen-activated
protein kinase (MAPK), Ca2+/calmoduline, CDK or JAK/STAT signaling pathways (for
review: von Bubnoff & Cho 2001, Miyazono et al. 2001, Nohe at al. 2004).

1. MAPK/Erk

The Erk/MAP kinase pathway which mediates the effect of tyrosine kinases receptors
can also interact with TGFp signaling pathways. Smads can be phosphorylated in the linker
region between their conserved Mad Homology 1 (MH1) and 2 (MH2) domains by MAPK
(Massagué 2003). This phosphorylation inhibited their translocation to the nucleus thereby
antagonizing TGFp signaling (Kretzschmar et al. 1997). Recent studies analysed the
phenotypes of Smad-1 mutants mice carrying mutations preventing phosphorylation required
for BMP downstream activation (Smad-1(C)) or for MAPK binding (Smad-1(L)). Smad-
l(C/C) mutants had same phenotype as Smad-1 null mice whereas Smad-1(L/L) survived

embryogenesis in spite of defects in gastric epithelial homeostasis. Interestingly, allelic
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complementation in mutants (C/L) restored the lack of primordial germ cells seen in Smad-
I(L/L) mice (Aubin et al. 2004). These results showed the interaction between MAPK and

BMP signaling pathways.

2. Ca’'/calmodulin

The calmodulin is intracellular Ca2+ receptor which plays a role in the inositol-
phospholipid pathway triggered by G protein coupled receptors. The calmodulin is able to
bind Smad-1, 2, 3 and Smad-4 by interaction cloning strategy with calmodulin-agarose.
Moreover, a calmodulin antagonist, W13, increased the expression of the activin inducible
transcriptional reporter, 3TPlux whereas overexpression of calmodulin decreased the
expression of the reporter (Zimmerman et al. 1998). A study showed the calmodulin inhibitor
effect on activin/TGFP signaling pathway via the down regulation of Smad-2 activity while
calmodulin increased Smad-1 activity stimulating BMP signaling pathway (Scherer & Graff
2000). In the contrary, using the Xenopus embryo system, another work showed that dorsal
injection of Smad-1 RNA into the 4-cell-stage embryos resulted in embryonic ventralization
which was inhibited by calmodulin (Xu ef al. 1999). Even if these results are contradictory,

they suggested interaction between TGF[ signaling pathways and calmodulin.

3. JAK/STAT

The evidence of interaction between TGFP and STAT (Signal Transducers and
Activators of Transcription) has been studied. LIF (leukemia inhibitory factor) acting via
STATs can act in synergy with BMP-2 on primary fetal neural progenitor cells to induce
astrocytes. The formation of a complex between STAT3 and Smad-1, bridged by p300 which
is a STAT3 coactivator, is involved in the cooperative signaling of LIF and BMP-2
(Nakashima ef al. 1999).

4. CDK

More recently, cyclin-dependent kinases (CDKs) were shown to phosphorylated
Smad-2 and Smad-3 in vitro. TGFP signaling induces the transcription of growth inhibitory
cell cycle regulators such as p15 or p21, and suppresses the expression of stimulatory growth
factors as c-myc. Moreover, a mutant of Smad-3 enables to be phosphorylated by CDK
enhanced p15 transcription. As CDK phosphorylated Smad-3 reducing its activity, CDK can
tightly modulate TGFP signaling to allow cell cycle progression (Matsuura ef al. 2004).
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Aims of the thesis

GnRH, steroids, activins and inhibins are regulatory factors involved in the differential
regulation of FSH and LH secretion. BMPs, members of TGF[ superfamily as activin and
inhibin, were recently described as important modulators of reproductive function,
particularly in the ewe. However, little is known about their role at pituitary level. In order to
extend our knowledge of the regulation of gonadotropin synthesis and release, we investigated
the potential role of BMPs in ewe pituitary. The first part of the study was addressed to
determine whether BMPs, particularly BMP-4 and BMP-6, can affect gonadotropin synthesis
and release in ewe pituitary cells. We detected the presence of several BMP mRNAs and
BMP receptors type IA, [B and II in the pituitary. Further, BMP receptors type [A and II
colocalised with gonadotrope cells indicating a putative role of BMPs on gonadotropin
regulation. Pituitary cell treatment with different BMPs exerted an inhibitory effect
specifically on FSH synthesis and release, without modifying LH production. This result
incited us to investigate whether BMPs interact with modulators of gonadotropin secretion,
mainly oestradiol and activin. Indeed, BMPs amplifies the inhibitory effect of oestradiol and
block the stimulatory effect of exogenous activin. Since activin is also produced by pituitary
cells and stimulates basal FSH secretion, we secondly questioned whether BMP-4 acts
through its own signalling pathway or by inhibiting endogenous activin pathway. Lastly, we
compared the effects of BMP-4 on gonadotropin production between ewe pituitary cells and
mouse gonadotrope cells. Indeed, while BMP-4 has inhibitory effect on FSH[3 expression and
FSH release in ewe pituitary cells, studies in rodents have shown a stimulatory effect of other
BMPs. We tempted to elucidate the effect of BMP-4 on gonadotropin secretion in
complement to the main modulators (GnRH and activins) in the mouse gonadotrope cell line,

LBT.
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Chapter I:

BMP-4 inhibits the follicle-
stimulating hormone

secretion in ewe pituitary



[ntroduction

In females, the gonadotropins FSH and LH produced by pituitary gonadotropes are
required for terminal follicular growth and regulation of ovulation number (McNeilly er al.
1992). The patterns of the synthesis and release of LH and FSH diverge in several
physiological situations. However, the mechanisms involved in this differential regulation are
still unclear. Gonadotropin synthesis and release are orchestrated by an interplay of
hypothalamic GnRH, gonadal steroids (oestradiol and progesterone) and non-steroids gonadal
and pituitary factors (activins and inhibins). Each factor acts differentially on FSH and LH
synthesis and release. Particularly, activins and inhibins, members of the transforming growth
factor beta (TGFP) superfamily are involved in specific regulation of FSH production.
Activins are known to increase FSH mRNA expression and FSH release (Carroll ef al. 1989)
and to act as paracrine factors (Knight 1996, Bilezikjian ef al. 2001, Welt et al. 2002, Lin et
al. 2003).

Recently, other molecules of the TGF-f3 superfamily, the bone morphogenetic proteins
(BMPs) were shown to play a role in FSH regulation (Huang ef al. 2001, Otsuka & Shimasaki
2002). It is now admitted that BMPs play a crucial role in reproduction. In sheep, natural
mutations of the BMP system alter the ovulation rate. For instance, in the Booroola
phenotype, hyperprolificacy is associated with a mutation in the intracellular serine/ threonine
kinase domain of the BMP receptor [B (Mulsant ef al. 2001, Souza et al. 2001, Wilson et al.
2001). Besides the regulatory role of BMPs in the ovary, little is known about the action of
BMPs at the pituitary level, particularly in species other than rodents. In mouse embryos, the
role of BMPs in pituitary organogenesis is well documented. BMP-4 is required for induction
and formation of the Rathke’s pouch rudiment (Takuma ef al. 1998) while BMP-2 acting with
FGF-8 in opposite gradients determines gonadotrope cell differentiation (Ericson ef al. 1998,
Dasen ef al. 1999). In the adult mouse pituitary, high concentrations of BMP-6 and BMP-7
stimulate the activity of transfected ovine FSHf} promoter and the release of FSH (Huang et
al. 2001). In the adult rat pituitary, BMP-15 stimulates specifically FSH release (Otsuka &
Shimasaki 2002). Taken together, these data suggest that BMPs may act as regulatory factors
in the pituitary, at least in rodents.

In order to extend our knowledge of the factors involved in the regulation of FSH
synthesis and release in sheep, our study focuses on the role of BMPs. In this first part, three
questions were addressed:

- Are BMPs and BMP receptors expressed in the pituitary?
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Does exogenous BMP-4 affect gonadotropin synthesis and release?
Does BMP-4 modulate the effects of other FSH regulatory factors?
Does the Booroola mutation on BMP receptor type IB modify the response of

pituitary cells to BMP-4?
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Abstract

Activins and inhibins, members of the transforming
growth factor-beta family are able to stimulate and inhibit,
respectively, FSH synthesis and release. Other members
of this superfamily, the bone morphogenetic proteins
(BMPs), may also affect FSH synthesis in the mouse. The
aim of this work was to determine whether BMPs are
expressed in the ovine pituitary and whether they play a
role in the regulation of FSH release.

The mRNAs encoding BMP-2, BMP-4, BMP-7 and
the oocyte-derived growth factor, growth differentiation
factor (GDF)-9 were detected in the pituitanies of cyclic
ewes by reverse-transcriptase PCR,, as well as the mRNAs
encoding the BMP type [ receptors, BMPR-IA (activin-
receptor-like kinase (ALK)-3) and BMPR-IB (ALK-6),
and type Il receptors (BMPR-II). Immunolabeling of
pituitary sections revealed the presence of BMPR-IA
(ALK-3) and BMPR-II in gonadotrope cells. To investi-
gate the potential effects of BMPs on FSH secretion, ewe

pituitary cell cultures were treated with BMP-4 (10 "' M
to 10”7 ?M) for 48 h. [nterestingly, FSH release was
decreased in a dose-dependent manner. At 10”7 M
BMP-4 both FSH concentration and FSHf mRNA
expression were reduced by 40% of control values. In
contrast, there was no inhibitory effect on either LH or
LHP mRNA expression. A similar result was found with
BMP-6. BMP-4 triggered the phosphorylation of Smadl,
suggesting that the effect of BMP-4 on FSH secretion is
due to the activation of the BMPs signaling pathway.

Furthermore, BMP-4 blocked the stimulatory effect of

activin on both FSH release and FSHP mRNA and
amplified the suppression of FSH release and FSHf
mRNA levels induced by 17B-estradiol. These results
indicate that a functional BMP system operates within the
sheep pituitary, at least in vitro, to decrease FSH release and
to modulate the effect of activin.

Journal of Endocrinology (2005) 186, 109-121

Introduction

In females the gonadotropins FSH and LH produced by
pituitary gonadotropes are required for terminal follicular
growth and reguladon of ovulation number (McNeilly
etal. 1992). The patterns of the synthesis and release of LH
and FSH diverge in several physiological situations. How-
ever, the mechanisms involved in LH and FSH differenual
regulation are still unclear. Gonadotropin synthesis and
release are orchestrated by an interplay of hypothalamic,
gonadal and pituitary factors. The primary stimulus for
synthesis and release of FSH and LH appears to be the
hypothalamic gonadotropin-releasing hormone (GnRH).
Nevertheless, depending on pulse frequency or amplitude,
GnRH exerts a differential effect on both hormones.
While a high frequency of GnRH pulses is favourable to
LH secretion, a low frequency is associated with the
production of FSH (Dalkin et al. 1989, Molter-Gerard
et al. 1999). Other factors such as gonadal steroids, pro-
gesterone and estrogens can also differentially modulate

lournal of Endocrinology (2005) 186, 109-121
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the secretion of LH and FSH (Mercer et al. 1993,
Molter-Gerard et al. 2000). In addition to GnRH and
steroids, some members of the transforming growth factor-
beta (TGF-P) superfamily, particularly activins and inhib-
ins, are involved in specific regulation of FSH production.
Activin is a dimer of two P subunits (A and B). The
association of the subunits results in activin A, activin B or
activin AB, each of which increases FSH [ mRNA
expression and FSH release (Carroll ef al. 1989). Activins
are produced by the gonads and the pituitary where they
act as paracrine factors (Knight 1996, Bilezikjian et al.
2001, Welt et al. 2002, Lin et al. 2003). Inhibin is a dimer
of an o subunit and either BA or BB subunits forming
inhibin A or B respectively, each of which suppresses FSH
synthesis and release (De Kretser & Robertson 1989).
They are produced mainly in the gonads and act through
an endocrine pathway. Recently other molecules of the
TGF-f superfamily, the bone morphogenetic proteins
(BMPs) were shown to play a role in FSH regulation
(Huang et al. 2001, Otsuka & Shimasaki 2002).
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BMP-4 inhibits FSH secretion

[nitially, BMPs were identified through their actions on
bone morphogenesis. They are now known to have effects
on growth, differentiation, apoptosis and other phenomena
in many cell types (for review, Shimasaki er al. 2004).
BMP signaling occurs through a heteromeric complex
with a type BMPR-IA (ALK-3) or BMPR-IB (ALK-6)
and type BMPR-IT serine/threonine kinase receptors
(Kawabata et al. 1998, Miyazono et al. 2001). The ligand
binding induces the trans-phosphorylation of the type I
receptor by the type II receptor. Consequenty, the
activated BMPR-I phosphorylates cytoplasmic proteins
called receptor-activated Smads (R-Smads) which interact
with a co-Smad, Smad4. BMP signaling recruits the
specific R-Smads, Smad1, Smad5 and Smad8 and the
R-Smad-co-Smad complex translocates to the nucleus to
promote specific gene expression (for review, Zwijsen
et al. 2003).

It is now admitted that BMPs play a crucial role in
reproduction. In sheep, natural mutations of the BMP
systerm alter the ovulation rate. For instance, in the
[nverdale, Hanna, Cambridge and Belclare phenotypes,
mutations in the BMP-15 gene lead to hyperprolificity in
heterozygous ewes, while homozygous ewes are stenle
(Galloway et al. 2000). A mutation in GDF-9, associated
with alterations in follicular development, has also been
identified in Belclare and Cambridge sheep (Hanrahan
et al. 2004). In the Booroola phenotype. hyperproliticity is
associated with a mutation in the intracellular serine/
threonine kinase domain of the BMP receptor IB (Mulsant
et al. 2001, Souza et al. 2001, Wilson et al. 2001). Several
BMPs have recently been implicated as autocrine/
paracrine regulators of ovaran follicule development
(Knight & Glister 2003, Shimasaki et al. 2004 (review)).
For instance, BMP-15 produced by oocytes stimulates
granulosa cell proliferation (Otsuka et al. 2000). BMP-4
and BMP-7 expressed by theca cells affect follicle devel-
opment (Lee et al. 2001) and enhance FSH action on
granulosa cells by stimulating estradiol (Shimasaki et al.
1999, Souza et al. 2002, Glister et al. 2004) and decreasing
progesterone production (Shimasaki et al. 1999, Fabre et al.
2003). Besides the regulatory role of BMPs in the ovary,
little is known about the action of BMPs at the pituitary
level, particularly in species other than rodents.

[n mouse embryos, the role of BMPs in pituitary
organogenesis is well documented. BMP-4 1s required for
induction and formation of the Rathke’s pouch rudiment
(Takuma et al. 1998) while BMP-2 acting with FGF-8 in
opposite gradients determines gonadotrope cell differ-
entiation (Ericson ef al. 1998, Dasen et al. 1999). In the
adult mouse pituitary, high concentrations of BMP-6 and
BMP-7 stimulate the activity of transfected ovine FSHf3
promoter and the release of FSH (Huang et al. 2001). In
the adult rat pituitary, BMP-15 stimulates specifically FSH
release (Otsuka & Shimasaki 2002). Taken together, these
data suggest that BMPs may act as regulatory factors in the
pituitary, at least in rodents.

Journal of Endocrinology (2005) 186, 109-121

To extend our knowledge of FSH synthesis regulation,
we investugated the potential role of BMPs in the ewe
pituitary. Our data showed that BMP receptors and
BMP-2, BMP-4, BMP-7 and GDF-9 mRNAs were
present in the pituitary. Interestingly, BMP-4 and BMP-6
inhibited the FSH, but not the LH release from primary
pituitary cells. In comparison with other physiologi-
cal factors, we found that BMPs antagonized the activin
effect known for stimulating FSH release and amplified
the inhibitory action of |7B-estradiol. Thus, in the sheep
pituitary BMP-4 and BMP-6 act to suppress FSH
production.

Materials and Methods

Reagents

Cell culture reagents used were DMEM (Dulbecco’s
modified eagle’s medium) and F12 (Nutrient mixture
F-12 Ham) from Sigma (Saint Louis, MO, USA).
Gentamicin, nistatine, L-ascorbic acid, apo-transferrin,
FCS (fetal calf serum) and BSA (bovine serum albumin)
were purchased from Sigma. Collagenase A and DNase [
were from Roche Diagnostics Ltd (Meylan, France).
Human recombinant Activin-A, BMP-6 and BMP-4
were obtained from R&D systems (Lille, France). 17-p
estradiol was from Sigma. Rabbit antibodies against phos-
phorylated Smadl and against Smad1 protein were from
Upstate  Biotechnology (Euromedex, Mundolsheim,
France). Mouse monoclonal antibody directed against
bovine LHP (bLHP 518B7) was obtained from ] F Roser
(Department of Animal Science, University of California,
USA) (Matteri et al. 1987). Rabbit polyclonal antibody
directed against BMPR-IA (amino acid 181-202; ten
Dijke et al. 1994), BMPR-IB (amino acid 151-168; ten
Dijke er al. 1994) and BMPR-II (amino acid 185-202;
Rosenzweig et al. 1995) were kindly given by C H Heldin
(Ludwig Insutute for Cancer Research, Uppsala,
Sweden).

Tissue collection

Pituitaries from Ile de France, Merinos d’Arles and
Scottish Blackface ewes were collected throughout the
year and dissociated for cell cultures or immersed in
Bouin's Holland fixative containing HgCl, for immuno-
histochemistry. Some pituitaries and ovarian follicles were
used for RINA extraction.

Reverse transcription-PCR on whole tisstes

Total RNA from ewe pituitaries and ovarian follicles were
extracted using TRI Reagent (Sigma). Complementary DNA
was synthesized from 1 pug RINA in a volume of 20 pl con-
taining 150 ng oligodT (Promega, Charbonniéres, France),
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Table 1 Oligonucleotide primer sequences used for PCR (A) and Real-time PCR (B).

APCR
Annealing MgCl, Product
temperature concentration size
Forward sequence Reverse sequence "C (mM) (bp}
Primer
BMP-2 gTCACAgATAAggCCATTgC CCTCCACAACAATETCCTgA 58 15 403
BMP-4 gaTCACCTTTggCCATgATg ACCTTgTCATACTCATCCAg 58 2 359
BMP-6 AAgCAgCCCTTCATggTgeC CATgTgTgCeTTgAgAggeA 58 1 296
BMP-7 AgAgCATCAACCCCAAGTTg CgATgATCCAGTCCTgCCAg 62 1 284
BMP-15 ggATCACTggATCATTgCTC gCAATCATACCCTCATACTC 58 1-5 250
GDF-9 TAgTCAgCTgAAgtggaACA ACgACAggTACACTTAgTgg 58 1 275
CBMP-RIA  AACACATgCATAACTAATgg ACCATCTgAATCTgTTTggC 54 15 493
BMP-RIB AgATTggAAAAgaTCgCTATg CgAgTglTggeTegTATg 54 1-5 486
BMP-RII ATggAACATEACAACATTgC CCTgggAAgAggTCTETACA 54 15 523
B Real time PCR
Forward sequence Reverse sequence Probe
Primer
FSHP CACgAgegTgCTTTTCCATT TeegACCgTATCCCTAgCTTI AATAATCTTAgAAATCCTCTCAggCAATCCCTTCCTC
LHPB CCgCTCCCAGATATCCTCTTC TeCTgeCTTTgggAgTTAgg AAggATgCCCCACTTCAATCTCCCAT

{mM dNTPs, 20 U of RNasin, 1 xRT PCR buffer
[from 5 X assay buffer B (250 mM Trs—-HCI (pH 8-3),
375 mM KCl, 15 mM MgCl,, 50 mM DTT)], and 12 U
M-MLV reverse transcriptase (Promega). For the negative
control, the reverse transcriptase was omitted. The RINA
denaturation was performed at 70 °C for 10 min and the
reverse transcription at 37 °C for 1 h. PCR. was carried out
in a volume of 25l containing 2-5ul RT reaction
mixture, 1 X PCR buffer [from 10 x PCR. buffer without
MgCI2 (500 mM KCI, 100 mM Tns HCI (pH 9) and
10% Triton X-100), 50 pmol of each primer, indicated
concentrations of MgCl,, 0-2 mM dNTPs and 10 U Tag
polymerase (Promega). PCR reactions were performed for
30 cycles of 30 s at 94 °C, 2 min at indicated annealing
temperature, and 3 min at 72 °C. For primer sequences
and details, see Table 1A.

Immunohistochemistry

After fixation and dehydration, sheep pituitaries were
embedded in paraffin wax. Sections (5 um thickness) were
dewaxed and re-hydrated in xylene then in decreasing
concentrations of alcohol (100, 90 and 75%). Antigen
retrieval was performed by steaming the sections in a
pressure cooker in citrate buffer (0-01 M) pH 60 for
Smin, then cooled down for 20 min. After two 5 min
washes in PBS a combined avidin-biotin block was
performed according to the manufacturer’s instructions
(Vector Laboratories, Peterborough, UK). Sections were
incubated at 4 °C overnight with the monoclonal anti-
bLHP diluted 1:250 in PBS containing 20% normal goat
serum and 5% BSA (PBS/NGS/BSA). Negative controls
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were performed by replacing the first antibody with
normal goat serum. After washes in PBS-Tween 20
(0-05%; PBST) and PBS, slides were incubated in goat
anti-mouse Alexa 488 (Molecular Probes, Eugene, OR,
USA) and diluted at 1:200 in PBS for 1 h. After washes in
PBS, slides were blocked in PBS/NGS/BSA for 30 min.
Sections were then incubated at 4 °C overnight with
rabbit polyclonal antibody directed against BMPR-IA,
BMPR-IB or BMPR-II diluted in PBS/NGS/BSA at
1:100, 1:100 and 1:25, respectively. Negative controls
were performed by replacing either BMPR antibody with
normal goat serum. After washes in PBST and PBS, slides
were incubated with goat anti-rabbit biotinylated antibody
(Dako, Cambridge, UK) and diluted 1:500 for 30 min.
After three 5 min washes in PBS, sections were incubated
with streptavidin Alexa 546 (Molecular Probes) diluted at
1:200 in PBS/NGS/BSA and counterstained for 2 min
with propidium iodure at 1:2000 for 2 min. Sections from
sheep ovaries were performed as positive controls (Souza
et al. 2002). The slides were examined using LSN 510
meta confocal microscope.

Sheep pituitary cell cultures

Pituitaries were finely sliced and placed in F12 supple-
mented (3 pg/ml gentamicin, 2 pg/ml nistatine, 5% FCS,
04 mg/ml collagenase A and 0:025 mg/ml DNase [) and
incubated for 1 h30 in a shaking water bath at 37 °C
followed by manual dispersion through different sizes of
syringe. Cells were then centrifuged at 100 g for 5 min and
the pellet resuspended in culture medium (DMEM sup-
plemented with 3 pg/ml gentamicin, 2 pg/ml nistatine,
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100 uM L-ascorbic acid, 5 pg/ml apo-transferrin and 5%
FCS). Cells were plated in 48-\\-‘-;“ plates at 200 000
cells/well, 12-well plates at 1% 10" cells/well or 6-well
plates at 2% 10" cells/well in 500 pl, 1 ml or 2 ml respect-
ively of culture medium (DMEM with 5% FCS), and
dlowed to attach for 2 days in a humiditied atmosphere
with 5% COs5 in air at 37 °C. Media were replaced with
serum-free DMEM containing (- 1% BSA. One hour later,
the medium was changed and DMEM-0-1% BSA alone
(control) or supplemented with test substances at different
concentrations (see Results) was added. Media were
collected 48 h later to assay for FSH and LH.

LH and FSH assays

The concentrations of FSH and LH were determined
using double antibody ELISA immunoassays for all experi-
ments, except for the estradiol experiments. For these
latter, performed in Scotland, radicimmunological assay
(RIA) for FSH was used.

ELISA LH and FSH were assayed in duplicate aliquots of
pituitary cell culture supernatants. For LH, microtitration
plates (Maxisorp C96, Nunc, France) were coated over-
night at 4 °C with 100 pl/well of a monoclonal antibody
to bovine LH B-subunit 518B7 (Matteri et al. 1987) and
diluted 1:3200 in carbonate buffer. Plates were then
washed and blocked with PBS pH 74 containing 0-09%
Tween 20 and 12:5% Sea-Block (Pierce, Brebiéres,
France). Purified ovine LH (oLH CY1083) used as
standard, controls and supernatants were added at 20 ul/
well along with 80 pl/well of dilution medium (PBS
containing 0-09% Tween 20, 12-5% Sea-Block and 2%
normal rat serum). Plates were incubated overnight at
4°C. After removal of unbound matenal, biotinylated
monoclonal antibody to human ¢-subunit (Dirnhofer et al.
1994) diluted at 23 ng/100 pul/well in PBS containing
0-1% Tween 20 and 1% rat serum was added for 1 h at
37°C. Plates were washed and horseradish peroxidase-
labelled neutravidin (Pierce) was added at 25 ng/100 ul/
well. After 25 min at room temperature in obscurity and
washing, peroxidase activity was developed with 100 pl
tetramethylbenzidine/well (Dako) for 30 min at room
temperature. The reaction was stopped with 50 pl Hcl/
H2504/H20 (1 v/1 v/6 v) per well and the signal was
measured at 450 nm and 620 nm. The minimum detect-
able concentration for LH was 0-1 ng/ml. The intra- and
inter-assay coefficients of variation of the control averaged
4% and 10%, respectively. The cross-reaction with oFSH
was 0-01%.

For FSH, concentrations were measured as described for
LH assay with the following modifications. Plates were
coated overnight at 4 *C with 100 pl/well of a monoclonal
antibody to ovine FSH 3 subunit (Henderson et al. 1995)
and diluted 1:100 in carbonate buffer. Purified ovine FSH
(NIH RP2) used as standard, controls and supernatants
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were added at 50 upl/well along with 50 ul/well of
dilution medium. The minimum detectable concentra-
tion for FSH was (-2 ng/ml. The intra-and inter-assay
coefficients of wvariauon of the control were 2-6%

and 2-1%, respectvely. The cross-reaction with oLH was
0-07%.

RIA RIA assay on ovine FSH was previously described
(McNeilly et al. 1976, 1986). The sensitivity of the
FSH RIA was 01 ng/ml and the intra- and inter-assay
coefficients of variation were less than 10%.

Quantitative RT-PCR from pituitary cell cultures

Ovine FSHP and LHP primers and probe were
designed using Primer Express software (PE Biosystems,
Warrington, Cheshire, UK) and synthesized by PE
Biosystems (Table 1B). Ribosomal 18S primers and probe
were from a Tagman RINA Control Reagents kit (VIC
labeled probe; PE Biosystem).

Total RNA from 12-well plates were extracted using
the Agilent Total RNA [solation Mini Kit. RNA concen-
tration was measured using RNA 6000 Nano Assay
(Agilent Technologies, Stockport, UK). Aliquots of
total RNA were treated with DNase [ using DNA-free
(Ambion Ltd, Huntingdon, Cambs, UK) according to
manufacturer’s protocol. Samples were then reverse
transcribed, using oligod(T)16, with Tagman Reverse
Transcription Reagents (PE Biosystems) according to the
manufacturer’s protocol, using a program of 10 min at
25°C, 30 min at 48 °C and 5 min at 95 °C. DNase-
treated RINA was approximatively added at 25-50 ng/ul.
For PCR, a reaction mix was prepared consisting of
Tagman Universal PCR. Master Mix (1 X ), FSHf} or LHJ}
forward and reverse primers (300 nM each), FSHf or LHf}
probe (200 nM), rbosomal 18S forward and reverse
primers (50 nM each) and ribosomal 18S probe (200 nM).
This was aliquoted for each sample in separated tubes, then
c¢DNA was added at 1 pl/25 pl reaction mix (equivalent to
25-50 ng total RNA/25 pl). Aliquots of 25 pl were dis-
patched into a 96-well PCR plate, with each sample
added in duplicate, optical caps fixed onto the plates and
the PCR reaction run on an ABI Prism 7900 PCR
machine (PE Biosystems) using standard conditions. Con-
trols including ¢cDNA prepared without Multiscribe
reverse transcriptase enzyme were done to check for
efficiency of DNAse treatment. Prior to analysis, a valida-
tion assay was performed to demonstrate that amplification
of FSHP} gene and the reference (18S) were approximately
equal, whereas the amplification of LHP gene and 18S
were not equal. FSHB and LHP mRNA quantifica-
tons were performed by the AACt method and the
standard curve method respectively (Bulletin number 2;
PE Biosystems). A standard PCR reaction using the FSH[f}
and the LHP primers was run on an agarose gel to confirm
amplification of a single product of the correct size.
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[Vestern blotting analysis of Smad proreins

To investigate Smad-1 acuvation by BMP-4, ewe
pituitary cells were cultured at 2 X 10 cells/well in 6-well
lates for 48 h. Media were changed to remove non-
atached cells and replaced by fresh media containing
cerum-free DMEM-0:1% BSA alone or supplemented
with 10°°M (50 ng/ml) of BMP-4 for 30, 60 and
90 min. Cells were then washed once on ice with cold
pBS and lysed in lysis buffer (150 mM NaCl, 10 mM Tris
pH 74, 1 mM EDTA, | mM EGTA, 1% Triton X-100,
0-5% Igepal CA-630, 100 mM sodium fluoride, 10 mM
sodium pyrophosphate, 10 mM sodium orthovanadate,
proteases inhibitor cocktail). The concentrations of the
proteins  were determined with BC Assay Protein
Quantitation kit (Interchim, Montlugon, France). After
[ min at 95 °C in the reducing SDS-PAGE buffer con-
wining f-mercaptoethanol, 15 pg proteins were separated
in 10% SDS-PAGE gels and electroblotted onto
[mmobilon-P membranes (Millipore corporation, Bedford,
MA, USA). Membranes were blocked for 1 h at room
temperature in Tris-buffered saline—0-1% Tween contain-
ing 5% fat-free dry milk and incubated with the anti-
phospho Smadl or the anti-Smadl protein diluted at
1:4000 and 1:1000, respectively, overnight at 4 °C. After
washing, the membranes were incubated with the second-
ary antibody, a peroxidase-conjugated anti-IgG (Biorad,
Marnes fa Coquette, France) diluted 1:10000 for 1 h.
[mmunoreactive proteins were detected using enhanced
chemiluminescence reagents (Amersham Pharmacia
Biotech, Orsay, France). Membranes were exposed to
Hyperfilm ECL (Amersham Pharmacia Biotech) for
5 min,

Statistical analysis

Results are reported as mean £ s.EM. All experiments were
performed in triplicate in at least three different expen-
ments. For each figure, the number of experiments shown
is indicated in the legend. The effects of increasing doses
of BMP-4 on FSH concentrations were analysed by
one-way ANOVA followed by Newman-Keuls post-test.
The time course experiment was analysed by two-way
ANOVA followed by Bonferroni post-test in order to
appreciate the ‘time effect’ as well as the ‘ligand’ effect.
Comparison between BMP-4 or BMP-6 and control
groups on FSH and LH hormone concentrations and
mRNA expression levels were analysed by an unpaired
t-test. Comparison between BMP-4, activin, BMP-4 plus
activin, estradiol, BMP-4 plus estradiol and control
groups on FSH hormone concentrations and FSHf
mRNA expression levels were analysed by one-way
ANOVA followed by Newman-Keuls post-test. P<0-05
was considered significant. The statistical analysis was
performed using the GraphPad Prism version 4-00 pro-
gam for Windows (GraphPad Software, San Diego, CA,
USA: www.graphpad.com).
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Results

BMPs and BMP receptors are expressed in the ewe pituitary

To test whether ewe picuitary cells express BMP receptors
and BMPs, RT-PCR was performed on Ile de France and
Merinos d’Arles ewe pituitaries using primers described in
Table 1A. After 30 cycles, DNA fragments were detected
at expected sizes for BMP-2, BMP-4, BMP-7, GDF-9,
BMP-RIA (ALK-3), BMP-RIB (ALK-6) and BMP-RII
(Fig. 1A, B). No PCR product was detected for BMP-6
and BMP-15 in the pituitary. Positive controls were done
on sheep ovaran follicles. In follicles, DNA fragments
were observed for BMP-6 and BMP-15 (Fig. 1C, D).
When negative controls were performed by omitting
reverse transcriptase in the RT reaction, no PCR products
were detected (not shown). Sequencing of all fragments
confirmed product identity.

BMP receptors LA and II are present in gonadotrope cells

[mmunohistochemistry analysis revealed BMPR-IA,
BMPR-IB and BMPR-II positive cells in the pituitary.
The wvast majority of cells bearing the BMPR-IA and
BMPR-II are identified as gonadotropes by colocalization
of BMPR-IA or BMPR-II and LH immunoreactivity
(Fig. 2A, C). In contrast, BMPR-IB did not colocalize
with LH (Fig. 2B).

BMP-4 and BMP-6 inhibit FSH secretion and mRINA levels
in the ewe pituitary

To determine whether BMPs were capable of modifying
gonadotropin release from the ewe pituitary, cells were
incubated with BMP-4. A dose—response study showed
that treatment of cells with BMP-4 for 48 h inhibited FSH
secretion from pituitary cells in a dose-dependent manner
(Fig. 3A). The maximal inhibition of BMP-4 on FSH
release was obtained with concentrations from
5x107 "M (25ng/ml). A time course experiment
showed that significant effect with BMP-4 at 10 "M
(50 :gg/ml was observed from 24 h (Fig. 3B). When

M BMP-4 were used to treat cells for 48 h in
adr:htlonal experiments, we confirmed that BMP-4 inhib-
ited FSH release by 40% (P<0-01) compared with control
(Fig. 4A). LH release was not decreased (Fig. 4B). Simi-
larly, FSHP mRINA expression was decreased by 30-40%
(P<0-05) but not LHp mRNA expression (Fig. 4C, D).
When cells were treated with 2% 10~ ? M (100 ng/ml)
BMP-6 for 48 h, a similar inhibitory eftect on FSH release
was observed (Fig. 4E, F). These inhibitory effects of
BMPs were found for Ile de France, Merinos d’Arles and
Scortish Blackface ewes.

BMP-4 stimulates the BMP signaling pathway

To determine whether BMP-4 could activate the BMP
signaling pathway, proteins were extracted after 30, 60 or
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Figure 1 Expression of BMP ligands and receptors in sheep pituitary and ovarian follicles.
Total RNA was extracted from sheep pituitaries (A,B) and ovarian follicles (C,D). The
mRNAs encoding BMP ligands (A,C) and receptors (B,D) were analysed by RT-PCR at 30
cycles. DNA fragments were electrophoresed in 1% agarose gel and visualized by

ethidium bromide staining.

90 min treatment with 10 ~ 7 M BMP-4. The activation of
Smad-1 was followed by western blot analysis using an
antibody which recognizes the dual serine phosphorylated
Smad-1 (Ser 463/465) with an apparent molecular weight
of 65-66 kDa in the phosphorylated state. Figure 5 shows
that BMP-4 induced the apparition of a 66 kDa band
within 30 min. The lower band observed on the blot
corresponded to a non-specific band. In control samples
harvested at the same time points, no phospho Smadl
immunoreactivity was detected. For Smad-1 protein, the
intensity of the band did not change between control and
BMP treatment (Fig. 5).

BMP-4 antagonises activin effects

To test whether BMP-4 was able to counteract the
stimulatory effect of activin on FSH secretion and FSHf3
mRNA expression, cells were incubated with both
2x107°M activin (50 ng/ml) and 10~° M BMP-4.
BMP-4 antagonised the activin effect on FSH secretion
(Fig. 6A) and on FSHP mRNA levels (Fig. 6B).

BMP-4 amplifies the cffect of 17-8 estradiol

To test whether BMP-4 was able to amplify the inhibitory
action of estradiol on FSH production, the effects of
simultaneous treatment with BMP-4 and 17-f estradiol
were determined. A dose-response study showed chat
17-B estradiol inhibited the FSH secretion from pituitary
cells in a dose-dependent manner (Fig. 7A). At 10~ '* M,
17-B estradiol inhibited by 30-40% FSH release (P<0-05
vs control) and maximal inhibition (around 70%) was
obtained with 10~ "' M (P<0-:001 vs control; P<0-05 vs
107" M). FSHR mRNA expression was decreased by
80% (P<0-001 vs control) with 10~ "' M 17-f estradiol
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(Fig. 7B). When cells were incubated with both BMP-4
(10 ~? M) and 17-B estradiol (10~ '*M or 10 ™' M), a
stronger inhibition of FSH release was observed compared
with either factor alone (Fig. 7A). This was also observed
on FSHP mRNA levels when cells were treated with
both BMP-4 (10 "°M) and 17-PB estradiol (10 ™' M)
(Fig. 7B).

Discussion

The synthesis and the secretion of the gonadotropins are
differennially regulated by GnRH, ovarian hormones and
pituitary factors. Control of FSH production includes
specific factors belonging to the TGF-f superfamily,
activin and inhibin. Recent data in rodents emphasize the
potential role of other members of the same family, the
BMPs, in the regulation of FSH synthesis and release
(Huang et al. 2001, Otsuka & Shimazaki 2002). We
investigated here whether BMPs could participate to
control FSH synthesis and secretion in the ewe. We first
demonstrated that ewe pituitary does express a set of
BMP mRNAs, BMP-2, BMP-4, BMP-7 and GDEF-9.
Furthermore, BMP type [A (ALK-3) and II receptors are
present in the gonadotrope cells suggesting that a func-
tional BMP system can act within the pituitary. Indeed,
we observed that BMP-4 and BMP-6 decreased FSHf}
mRNA expression and FSH release from ewe pituitary
cells, whereas similar inhibitory effects were not observed
on LH secretion,

The presence of BMP-2, BMP-4 and BMP-7 mRINA
in the adult ovine pituitary corroborates the results of
Souza et al. (2003). Moreover, for the first time, GDF-9
mRNA, known to be specifically expressed in oocyte
(Yan er al. 2001) was detected in the pituitary. However,
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BMPR-IA merge

BMPR-II

Figure 2 Immunohistochemical double staining for BMPR and LH. BMPR-IA, BMPR-IB
and BMPR-II proteins were detected in the pituitary by immunohistochemistry. Ewe
pituitary sections were incubated with mouse monoclonal antibody directed against LH
{1:250) to detect gonadotrope cells followed by goat Alexa 488-conjugated anti-mouse
igG. In a second step, the same sections were incubated with rabbit polyclonal antibodies
directed against BMPR-IA (1:100) (A), BMPR-IB (1:100) (B) or BMPR-II (1:25) (C) followed
by goat anti-rabbit biotinylated antibody and then Alexa 546 labelled streptavidin, Nuclei
were counterstained with propidium iodure. Most BMPR-IA and BMPR-Il positive cells are
dso positive for LH. BMPR-IB positive cells are not positive for LH (B). Bar=10um.

we did not detect BMP-6 and BMP-15 mRNA in ewe
| pwitary after 35 PCR cycles, whereas they are clearly
dbserved in the ovaran follicles. In the mouse, these
MRNAs appeared in the pituitary after more than 30-35
tycles (Huang et al. 2001, Otsuka & Shimazaki 2002).
Ht‘nce, the pattern of BMP expression appears to be
dfferent among species. In the ewe, our results suggest
than BMP-2, BMP-4, BMP-7 and GDF-9 could have

portant actions at the pituitary level. Because BMP-4

mww_entin{rinulogv-journats.cm

mRNA was strongly expressed in pituitary, we examined
its effect on FSHP expression and FSH release in the ewe
pituitary cells in primary culture. The effect of BMP-6
reported as an FSH stumulator in mouse pituitary by
Huang ef al. (2001) was also exanuned. The findings of
inhibitory effects of both BMP-4 and BMP-6, at low
concentrations, on FSHP mRNA expression and FSH
release from ewe pituitary cells were unexpected. Indeed,
similar doses of BMP-6 and BMP-7 had no effect on FSH
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Figure 3 Dose response (A) and time course (B) of BMP-4 on
FSH release from ewe pituitary cells. For the dose response, cells
were cultured in serum-free medium for 48 h in the presence of
indicated concentrations of BMP-4. For the time course, cells were
cultured in serum-free medium in the presence or absence
(control) of 10~ 7 M of BMP-4 for indicated times. Media were
collected and the concentrations of FSH were determined by
ELISA. Values are the mean + sem. from one representative
experiment with triplicate determinations. Three experiments were
performed with similar results. a vs b, P<0-05; a vs ¢, P<0:0001; b
vs ¢, P<0:01: %, P<0-05 vs respective control.

synthesis and secretion in mouse pituitary cells or the
gonadotrope cell line, LPT2 (Yamashita et al. 1995, Huang
et al. 2001, Otsuka & Shimasaki 2002) while a much
higher concentration (1 pug/ml, i.e. 2 X 10~ ® M) increased
FSH transcription and secretion. Another BMP, BMP-15
exhibited a stimulatory effect in rodents (Otsuka &
Shimasaki 2002). The inhibitory effect of BMP-4 on
ovine FSH production was not accompanied with an
effect on pituitary cell proliferation as judged by the
absence of changes in pituitary cell number after BMP
treatment (data not shown). In mouse experiments, it has
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been suggested that BMP-6 and BMP-7 could transduce
an acuvin-like signal since certain BMPs can bind to
activin type [l receptor present on mouse gonadotropes
(Yamashita er al. 1993). Moreover, follistatin, known to
neutralize activin, has been observed to bind several BMPs
(lemura er al. 1998) and local concentrations of follistatin
may be sufficient to complex with BMP and compete with
activin. However, in the ewe pituitary BMPs do not exert
an activin-like signal although, activin type II and type |
(ALK-2 and ALK-4) receptors are expressed (Dupont et al.
2003) as well as follistatin (Farnworth er al. 1995). Rather,
BMPs can stimulate their own receptors. Activation of
BMP type | receptors (ALK-3 and ALK-6) 1s known to
induce the phosphorylation of intracellular receptor-
specific Smad proteins (R-Smad), Smadl, Smad5 and
Smad8 (Miyazono et al. 2001). [n ewe pituitary cells, we
observed that phosphorylation of Smadl occurred within
30min of BMP addition. This result indicates that
BMPs induce their own signaling pathway. Whether
the acavation of Smadl 1s responsible for the decrease of
FSHP mRNA levels and FSH release has yet to be
confirmed.

Upon phosphorylation of the R-Smad proteins, these
latter associate with a common partner, Smad-4 and
translocate to the nucleus. The complexes R-Smad-
Smad4 are then capable of binding DNA on a Smad
binding element (SBE). The regulation of target gene
requires additional interaction with transcripuion factors,
either coactivators or corepressors (for review, Massague &
Wortton 2000). Both SBEs and transcription factors may
be cell type specific. For instance, a SBE was recently
identified in the rat FSHP subunit gene that is required for
full actvin responsiveness (Suszko er al. 2003). Interest-
ingly, whereas this site is conserved in the mouse gene, it
is not present in the ovine, bovine, porcine or human
genes, suggesting that important species-specific differ-
ences exist in activin regulation of FSHf} gene expression.
Similar differences probably exist in BMP regulation of
target genes. Given that BMP-15 was found to stimulate
the activity of ovine FSH promoter transfected in mouse
LPT2 gonadotrope cells, the presence of specific repressors
rather than particular SBE in ovine gonadotropes could be
favoured. Alternatively, because we did not determine
whether BMPs act directly on FSHP} promoter, we cannot
exclude the possibility that BMPs affect FSH production
via another target gene in gonadotropes or other cell type.
Further experiments will help to discern between these
hypotheses.

Considering the inhibitory effect of BMPs on FSH
secretion from ewe pituitary cells, we questioned whether
BMPs can affect the stimulatory effect of activin, an
essential regulator of FSH. Activin is produced by the
pituitary and exerts a paracrine action on FSH secretion
(for review, Padmanabhan & McNeilly 2001). In the ewe,
activin BB-subunit and activin receptors are expressed
by the gonadotropes themselves (Dupont et al. 2003,
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Figure 4 (1) Effect of BMP-4 on FSH (A) and LH (B) release and on FSHP (C) and LHp (D)
mRNA expression from ewe pituitary cells. Cells were cultured in serum-free medium for
48 h with 10 7% M of BMP-4. Media were collected and the concentrations of FSH and
LH were determined by ELISA. Values are the mean + sem. from ten experiments. a vs b,
P<0-01. Cells were harvested and total mRNAs were extracted. A real time PCR was
performed to detect the relative level of FSHB or LHB mRNA expression compared with
the 185 mRNA. Values are the mean + sem. from one representative experiment with
triplicate determinations. Three experiments were performed with similar results. a vs b,
P<0-05. (I1) Effect of BMP-6 on FSH (E) and LH (F) release from ewe pituitary cells. Cells
were cultured in serum-free medium for 48 h with 210~ 7 M of BMP-6. Media were
collected and the concentrations of FSH and LH were determined by ELISA. Values are

the mean =+ sém. from five experiments. a vs b, P<0-05.

McNeilly er al. 2003) and the production of activin
was suggested by the findings of an activin bioactivity
from pituitary cell conditioned media (F Mathoux, D ]
Phillips and C Taragnat, unpublished observations). The
action of activin is modulated by antagonists, mainly
follistatin and inhibin which abolish the effect of activin.

www.endocrinology-journals.org

In our study, BMP-4 and BMP-6 (not shown) were
found to antagonize the activin effect, suggesting that
they can participate with other activin antagonists to
regulate FSH synthesis and secretion. The precise mecha-
nisms by which BMP and activin interact are under
investigation.
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Figure 5 BMP-4 effect on Smad-1 phosphorylation. Pituitary cells
were cultured in serum-free medium in presence or absence
(control) of 10~ M BMP-4 for indicated times. Total proteins
(15ug) were separated on 10% SDS-PAGE and transferred on
PVDF membrane. Blots were probed with phospho-Smad1
antibady (upper) or with a Smad1 antibody (lower) and bands
were revealed by ECL. ns refers to non specific.
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Besides pituitary factors, another main regulator of FSH
is estradiol. Estrogen receptors are expressed in gonado-
tropes in sheep (Sheng et al. 1998, Tobin et al. 2001)
and injections of 17-B estradiol in ewes reduced FSHP
mRNA concentrations and FSH release directly at the
pituitary level (Mercer er al. 1993, Phillips et al. 1998,
Molter-Gérard et al. 2000). Moreover, the treatment of
ovine pituitary cells with 17-f estradiol showed a direct
negative effect on FSH promoter (Miller & Miller 1996).
[n our study, estradiol also exerted a strong inhibition on
FSHP mRNA expression and FSH release. Moreover,
BMP-4 amplified this effect of estradiol. In other tissues, it
was shown that estrogens and BMPs could interact
through overlapping intracellular signaling mechanisms
(Yamamoto ef al. 2002). In pituitary prolactinomas in
rodent and human where BMP-4 as well as 17-3 estradiol
induces cell proliferation, an additive effect of both
BMP-4 and 17-f estradiol was observed (Paez-Pereda
et al. 2003). In that model, Smadl and Smad4 physically
interacted with the estrogen receptor under BMP-4
stimulation (Paez-Pereda et al. 2003, Wu et al. 2003). A
similar mechanism can occur in gonadotrope cells.

Whether BMP-4 exerts an inhibitory effect on FSH
synthesis and release in vivo is not known at this date. In
sheep, mutations have been identified either in BMPR-IB
(ALK-6) in Booroola ewes (Mulsant et al. 2001, Souza
et al. 2001, Wilson et al. 2001) or in BMP-15 in [nverdale
and Hanna ewes (Galloway er al. 2000). Homozygous
mutants for BMPR-IB and heterozygous mutants for
BMP-15 exhibit a greater ovulation rate than wild type
animals. Whether these mutants present changes in plasma
FSH concentrations 1s a matter of controversy (McNatty
¢t al. 1987, McNatey et al. 1991). However, we did not
detect BMPR-IB in the gonadotrope cells. Hence, it is not
surprising that the mutation does not significantly affect
FSH release. We did not detect BMP-15 mRNA in the
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Figure 6 Interaction between BMP-4 and activin effects on FSH
release (A) and FSHE mRNA expression (B) in ewe pituitary cells.
Cells were cultured in serum-free medium for 48 h in presence of
10 ~9 M BMP-4 and/or 2 10 ~? M activin. Media were collected
and the concentrations of FSH were determined by ELISA. Cells
were harvested and total mRNAs were extracted. A real time PCR
was performed to detect the relative level of FSHp mRNA
expression compared with the 185 mRNA (B). Values are the
mean + sem. from one representative experiment with triplicate
determinations. Three experiments were performed with similar
results. Bars with different letters indicate that group means are
significantly different at P<0-05.

pituitary, excluding the effect of the mutation at the
pituitary level. Therefore, these mutation models are not
suitable for understanding further the role of BMP-4 in
FSH control.

In conclusion, BMP-4 and BMP-6 were shown to
decrease FSHP} mRINA expression and FSH release from
ewe pituitary cells and are able to antagonize the effects of
activin, at least in vitro. These effects were not found on
LH secretion. Moreover, the detection of BMP-2,
BMP-4, BMP-7 and GDF-9 mRNAs in the pituitary as
well as the colocalisation of both types of BMP receptors
on gonadotrope cells suggest that these BMPs can exert

www.endocrinology-journals.org



BEMP-4 inhibits FSH secretion MmO FALRE and others

ped

FSH concentration
(ng/ml)

00 beifliny s " -
0 0.01 0.1 1 10

Estradiol concentration
(pM)

o

Relative FSHR mRNA level
(arbitrary units)

Estradiol concentration
(pM)

Figure 7 Effect of 17-B estradiol in presence of BMP-4 on FSH
release (A) and FSH} mRNA expression (B) in ewe pituitary cells.
Cells were cultured in serum-free medium for 48 h in the
presence of indicated concentrations of 17-B estradiol with or
without 1077 M of BMP-4, Media were collected and the
concentrations of FSH were determined by RIA (A). Cells were
harvested and total mRNAs were extracted. A real time PCR was
performed to detect the relative level of FSHB mRNA expression
compared with the 185 mRNA (B). Values are the mean =+ sem,
from one representative experiment with triplicate determinations
and three experiments were performed with similar results.
Different letters indicate that group means are significantly
different at P<0-05. *, P<0-05 vs 17- estradiol or BMP
individually.

paracrine actions on FSH production modulating activin
and/or estradiol action. Therefore, the findings of a
functional BMP system in the ewe pituitary emphasize the

www.endocrinology-journals.org

role of BMPs in FSH control. Further experiments are
required to establish the physiological importance of BMPs
within the pituitary in the overall regulation of FSH
synthesis and release.

Acknowledgements

We would like to thank Keith Henderson from Ag
Research, Wallaceville Research Centre, Upper Hutt,
New Zealand and Carl-Henrk Heldin from the Ludwig
[nstitute for Cancer Research, Uppsala, Sweden for the
gift of the BMP receptor antibodies. We thank Sylvie
Canépa and Fabrice Mathoux for setting the oFSH ELISA
assay, lan Swanston and George Johnston for oFSH RIA
technical assistance and Mbhairi Laird and Sheila
McPherson for immunohistochemistry technical assist-
ance. We also thank the staff of INRA and MRC
slaughterhouse and experimental farm for technical assist-
ance. We acknowledge Judy McNeilly and Xavier Cayla
for discussion.

Funding

This work was supported by Institut National de
Recherches Agronomiques and by the Medical Research
Council (Human Reproductive Sciences Unit, EH16
4SB, UK). MF was supported by a PhD fellowship from
the Région Centre and by a fellowship for traveling from
the Académie d'Agriculture de France and the Science
and Technology Department of the French Embassy in the
United Kingdom.

References

Bilezikjian LM, Blount AL, Corrigan AZ, Leal A, Chen Y & Vale
WW 2001 Actions of activins, inhibins and follistatins: implications
in anterior pituitary funceion. Clinical and Experimental Phannacology
and Physiology 28 244-248,

Carroll RS, Corrigan AZ, Gharib SD, Vale W & Chin WW 1989
Inhibin, activin, and follistatin: regulation of follicle-stimulating
hormone messenger ribonucleic acid levels. Molecular Endocrinology 3
1969-1976.

Dalkin AC, Haisenleder DJ, Ortolano GA, Ellis TR & Marshall JC
1989 The frequency of gonadotropin-releasing-hormone stimulation
differentially regulates gonadotropin subunit messenger ribonucleic
acid expression. Endocrinology 12 917-924,

[Dasen JS, O'Connell SM, Flynn SE, Treier M, Gleiberman AS, Szeto
DP, Hooshmand F, Aggarwal AK & Rosenfeld MG 1999
I eciprocal interactions of Pitl and GATA2 mediate signaling
gradient-induced determination of pituitary cell types. Cell 97
587-598.

De Kretser DM & Robertson DM 1989 The isolation and physiology
of inhibin and related proteins. Biology of reproduction 40 33—47.

Dimhofer S, Madersbacher S, Bidart JM, Ten Kortenaar PB, Spoul G,
Mann K, Wick G & Berger P 1994 The molecular basis for
epitopes on the free beta-subunit of human chorionic
gonadotrophin (hCG), its carboxyl-terminal pepride and the hCG
beta-core fragment. Journal of Endocrinology 141 153-162.

Journal of Endocrinology (2005} 186, 109-121

119



|20 MO FAURE and others

BMP-4 inhibits FSH secretion

Dupont J. MeNeilly |, Vaiman A, Canepa S, Combarnous ¥ &
Taragnat C 2003 Actvin signaling pathways in ovine pituitary and
Lbeta T2 gonadotrope cells. Biology of reproduction 68 18771887

Ericson J, Norhin S, Jessel T & Edlund T 1998 Integrated FGF and
BMP signaling controls: the progression of progenitor cell
differentiation and the emergence of patern in the embryonic
anterior pieaitary. Development 125 10051015

Fabre S, Pierre A, Pisselet C, Mulsant P, Lecerf F, Pohl ], Monger P
& Monniaux 12 2003 The Booroola mutation in sheep is associated
with an alteration of the bone morphogenenc protein recepror-1B
functonality. Journal of Endocrinology 177 435-444.

Earnworth PG, Thean E, Robertson DM & Schwartz | 1995 Ovine
anterior pituitary production of follistatin i vitro. Endocrinology 136
13974406,

Galloway SM, McNawy KP, Cambridge LM, Laitinen MP, Juengel
JL, Jokiranta TS, MeLaren R, Luiro K, Dodds KG, Montgomery
GW, Beatnie AE, Davis GH & Ritvos O 2000 Mutations in an
oocyte-derived growth factor gene (BMP15) cause increased
ovulation rate and infertility in a dosage-sensinve manner. Nature
Genetics 25 279-283.

Glister C, Kemp CF & Knight PG 2004 Bone morphogenetic protein
(BMP) ligands and receptors in bovine ovarian follicle cells: actions
of BMP-4, -6 and -7 on granulosa cells and differential modulation
of Smad-1 phosphorviation by follistatin. Reproducrion 127 239-254.

Hanrahan JP, Gregan SM, Mulsant P, Mullen M, Davis GH, Powell
R & Galloway SM 2004 Mutations in the genes for cocyte-derived
growth factors GDFY and BMP15 are associated with both
increased ovulation rate and sterility in Cambnidge and Belclare
sheep (Owvis aries). Biology of Reproduction 70 900909,

Henderson KM, Camberis M & Hardie AH 1995 Generation of
monoclonal antibody to ovine FSH and its application in
immunoneutralization and enzymeimmunoassay. fournal of
Reproduction and Fertility Suppl 49 511-515.

Huang HJ, Wu ]JC, Su P, Zhirnov O & Miller WL 2001 A novel role
for bone morphogeneric proteins in the synthesis of follicle-
stimulating hormone. Endocrnology 142 2275-2283.

lemura S, Yamamoto TS, Takagi C, Uchiyama H, Nasume T,
Shimasaki S, Sugino H & Ueno N 1998 Direct binding of
follistatin o a complex of bone-morphogenetic protein and its
receptor inhibits ventral and epidermal cell fates in early Xenopus
embryo. PNAS 95 9337-9342.

Kawabata M, Imamura T & Miyazono K 1998 Signal transduction by
bone morphogenetic proteins, Cytokine and Growth Factor Reviews 9
49-61.

Knight PG 1996 Roles of inhibins, activins, and follistatin in the
female reproductive system. Frontiers of Neuroendocrinology 17
476509,

Knight PG & Glister C 2003 Local roles of TGF-b superfamily
members in the control of ovarian follicle development. Animal
Reproduction Sciences 78 165—=183.

Lee WS, Owsuka F, Moore RK & Shimasaki S 2001 Effect of bone
morphogenetic protein-7 on folliculogenesis and ovulation in the
rat. Biology of reproduction 65 994-999,

Lin SY, Morrison JR, Phillips 1] & de Kretser DM 2003 Regulation
of ovarian function by the TGF-f superfamily and follistatin.
Reproduction 126 133-148.

McNatty KP, Hudson N, Henderson KM, Gibb M, Morrison L, Ball
K & Smith P 1987 Ditferences in gonadotrophin concentrations and
pituitary responsiveness to GnlLH between Booroola ewes which
were homozygous (FF), heterozygous (F+) and non-carriers (++) of
1 major gene influencing their ovulation rate. Journal of Reproduction
and Fernility 80 577-588.

McNatry KP, Hudson NL, Shaw L, Condell LA, Ball K, Seah SL &
Clarke 1] 1991 GnRH-induced gonadotrophin secretion in
ovariectomized Booroola ewes with hypothalamic-pituitary
disconnection. Joumal of Reproduction and Fertility 91 583-592.

lournal of Endocrinology (2005) 186, 109-121

MeNeilly JIR, McNeilly AS, Walton |S & Cunningham FJ 1976
Development and application of a heterologous radioimmunaeassay
for ovine follicle-sumulating hormone. Joumal of Endocrinology 70
6979

McNeilly AS, Jonassen JA & Fraser HM 1986 Suppression of follicular
development after chronic LHIRH immunoneutralization in the
ewe. Joumal of Reproduction and Feriility 76 481490,

McNeilly AS, Crow W, Brooks | & Evans G 1992 Luteimzing
hormone pulses, follicle sumulating hormone and the control of
tollicle selecnion. Jowmal of Reproduction and Ferilry Suppl 45 5-18.

McNeilly AS, Crawtord JL, Taragnar C, Nicol L & McNeilly JIR
2003 The differential secrerion of FSH and LH: regulanon through
genes, feedback and packaging. Reproducrion Suppl 61 463-476.

Massague | & Worton D 2000 Transcriprional control by the
TGF-beta/Smad signaling system. The EMBO jonmal 19
1745-1754.

Mattent RL, Roser JF, Baldwin DM, Lipovetsky V & Papkott H 1987
Characterization of a monoclonal anubody which detects luteinizing
hormone from diverse mammalian species. Domestic Animal
Endocninology 4 157-165.

Mercer JE, Phillips DJ & Clarke [J 1993 Short-term regulation of
gonadotropin subunit mRINA levels by estrogen: studies in the
hypothalamo-pituitary intact and hypothalamo-pituitary
disconnected ewe. Journal of Neuroendocrinology 3 391-396.

Miller CDD & Miller WL 1996 Transcriptional repression of the ovine
follicle~stimulating hormone- beta gene by 17 beta-estradiol.
Endocrinology 137 3437-3446.

Mivazono K, Kusanagi K & Inoue H 2001 Divergence and
convergence of TGF-beta/BMP signaling. Joumal of Cellular
Physiology 187 263-276.

Molter-Gerard C, Fontaine |, Guerin S & Taragnat C 1999
Differenrial regulation of the gonadotropin storage pattern by
gonadotropin-releasing hormone pulse frequency in the ewe. Biology
of Reproduction 60 1224-1230.

Molter-Gerard C, Caraty A, Guenn S, Fontaine ] & Taragnat C 2000
Dynamic changes in the gonadotrope cell subpopulations during an
estradiol-induced surge in the ewe. Biology of Reproduction 63
1084-1091.

Mulsant P, Lecerf F, Fabre S, Schibler L, Monget P, Lanneluc I,
Pisselet C, Riquer J, Monniaux D, Callebaut [, Cribiu E,
Thimenier |, Teyssier ], Bodin L, Cognie Y, Chitour N & Elsen
JM 2001 Mutation in bone morphogenetic protemn receptor-1B is
associated with increased ovulation rate in Booroola Merino ewes.
PNAS 98 5104-5109.

Otsuka F & Shimasaki S 2002 A novel function of bone
morphogenetic protein-13 in the pituitary: selective synthesis and
secretion of FSH by gonadotropes. Endocrinology 143 4938-4941.

Owsuka F, Yao Z, Lee T, Yamamoto S, Erickson GF & Shimasaki S
2000 Bone morphogenetic protein-15, Identification of targer cells
and biological functions. The fournal of Biological Chemistry 275
39523-39528.

Padmanabhan V & McNeilly AS 2001 Is there an FSH-releasing
factor? Reproduction 121 21-30.

Paez-Pereda M, Giacomini D, Refojo 1D, Nagashima AC, Hopfuer U,
Grubler Y, Chervin A, Goldberg V, Goyva R, Hentges ST, Low
MJ, Holsboer F, Stalla GK & Arzt E 2003 Involvement of bone
morphogenetic protein 4 (BMP-4) in pituitary prolactinoma
pathogenesis through a Smad/estrogen receptor crosstalk. PNAS
100 1034-1039.

Phillips CL, Lin LW, Wu JC, Guzman K, Miloted A & Miller WL
1998 17f-estradiol and progesterone inhibit transcription of the
genes encoding the subunits of ovine follicle-stimulating hormone.
Molecular Endocrinology 2 641-649.

Rosenzwelg BL, Imamura T, Okadome T, Cox GN, Yamashia H,
ten Dijke P, Heldin CH & Miyazono K 1993 Cloning and
characterization of a human type 1l receptor for bone
morphogenetic proteins. PNAS 92 7632-7636.

www.endocrinology-journals.org



BMP-4 inhibits FSH secretion m-0 Faure and others

sheng €, McNeilly AS & Brooks AN 1998 Distribution of estrogen
receptor 4 and luteinizing hormone B suburit in the ovine pituitary
glnd during fetal development. foumal of Newroendocrinology 10
713-718.

shimasaki S, Zachow RJ, Li D. Kim H, lemura 5. Ueno N, Sampath
K, Chang RJ & Erickson GF 1999 A functional bone
morphogenetic protein system in the ovary. PNAS 96 7282-7289.

himasaki S, Moore K, Otsuka F & Erickson GF 2004 The bone
morphogenetic protein systen in mammalian reproducrion.
Endocrine Reviaws 25 72-101.

souza CJ. MacDougall C, MacDougall C, Campbell BK, McNeilly
AS & Baird DT 2001 The Booroola (FecB) phenotype is associated
with 2 muration in the bone morphogenenc receptor type 1 B
(BMPRIB) gene. Jourmal of Endocrinology 169 IUI-R6.

Souza CJ, Campbell BK, McNeilly AS & Baird DT 2002 Effect of
bone morphogenetic protein 2 (BMP2) on oestradiol and inhibin A
production by sheep granulosa cells, and localization of BMP
receptors in the ovary by immunohistochemustry. Reproduction 123
363-369.

Souza CJ, Campbell BK, McNeilly AS & Baird DT 2003 Bone
morphogenetic proteins and folliculogenesis: lessons from the
Booroola mutation. Reproduction Suppl 61 361-370.

Suszko MI, Lo 1), Suh H, Camper SA & Woodruff TK 2003
Regulation of che rat follicle-stimulating hormone beta-subunit
promoter by activin. Molecular Endocrinology 17 318-332.

Takuma N, Sheng HZ, Furuta Y, Ward JM, Sharma K, Hogan BLM,

Phaff SL, Westphal H, Kimura § & Mahon KA 1998 Formation of
Rathke’s pouch requires dual induction from the diencephalons.
Development 125 48354840,

ten Dijke P, Yamashita H, lchijo H. Franzen P, Laiho M, Miyazono
K & Heldin CH 1994 Characterization of type | receptors for
transforming growth facror-beta and activin. Saence 264 101-104.

Tobin VA, Pompolo S & Clarke 1] 2001 The percentage of pituitary
gonadotropes with immunoreactive oestradiol receptors increases in
the follicular phase of the ovine oestrous cycle. Joumal of
Newroendocrinology 13 846-854.

www.endoarinology-journals.org

Wele C, Sidis Y, Keutmann H & Schneyer A 2002 Activins, Inhibins,
and Follistauns: from endocrmology to signaling. A paradigm for the
new millennium. Experimental Biology and Medecne (Maywood) 227
724-752.

Wilson T, Wu XY, Juengel JL, Ross K, Lumsden [M. Lord EA,
Dodds KG, Walling GA, McEwan JC, O’Comnell AR, McNarty
KP & Montgomery GW 2001 Highly prolific Booroola sheep have
a muration in the intracellular kinase domain of bone
morphogenene protein [B recepror (ALK-6) that 1s expressed in
both cocytes and granulosa cells. Biology of Reproducion 64
1225-1235.

Wu L, Wu Y, Gathings B, Wan M, Li X, Grizzle W, L Z, Lu C,
Mao Z & Cao X 2003 Smad4 as a transcription corepressor for
estrogen receptor . Journal of Biological Chemistry 278
15192-15200.

Yamamoto T, Saatcioglu F & Massuda T 2002 Cross-talk between
bone morphogenetic proteins and estrogen receptor signaling.
Endocrinology 143 2635-2642.

Yamashita H, ten Dijke P, Huylebroeck D, Sampath TK, Andries M,
Smith JC, Heldin CH & Miyazono K 1995 Osteogenic protein-|
binds to actuvin type [l receprors and induces certain acuvin-like
ettects. The Journal of Cell Biology 130 217-226.

Yan C, Wang P, DeMayo |, DeMayo FJ, Elvin JA, Carino C, Prasad
SV, Skinner SS, Dunbar BS, Dube JL, Celeste A & Matzuk MM
2001 Synergistic roles of bone morphogenetic protein 15 and
growth differentiation factor 9 in ovarian function. Molecular
Endocrinology 15 854-866.

Zwisen A, Verschueren K & Huylebroeck 1D 2003 New intracellular
components of bone morphogenetic protein/Smad signaling
cascades. FEBS letters 546 133-139.

Received 29 March 2005

Accepted 8 April 2005

Made available online as an Accepted Preprint
21 April 2005

Journal of Endocrinology (2005) 186, 109-121



Discussion

Our results showed for the first time that BMP-4 and BMP-6 were able to inhibit FSH,
but not LH, synthesis and release in ewes. These data contrast with those obtained in the
mouse gonadotrope cell line LBT, in which BMP-6, BMP-7 and BMP-15 exert stimulatory
effect on FSH synthesis and release (Huang et al. 2001, Otsuka & Shimasaki 2002).This
difference of BMP effect could be due to the species or to the BMP chosen. Therefore, we
tested two other available BMPs. BMP-15 was chosen for its known action in murine LB T,
gonadotropes and rat primary cell culture. GDF-9 represents a potential functional factor since
it s ex;.)ressed in ewe pituitary. BMP-15 and GDF-9 inhibited FSH release compared to
control by a 40-50% at maximal doses (10° M (50 ng/ml) and 6x10° M (200ng/ml)
respectively (Fig. 23)). Hence, all BMPs tested in ewe pituitary cell cultures have a similar
inhibitory effect. The difference observed between ewe pituitary cells and mouse
gonadotropes can rely on species difference and/or on culture conditions. In our study, BMPs
were added to the serum-free medium for 48h whereas in LBT,, medium contained 1% FCS
potentially rich in growth factors. Further experiments comparing both rodent and ovine
species will help to understand the opposite effect on FSH release between both species.

To test whether other hormone secretion could be affected by BMPs, we assayed
prolactin hormone concentrations in ewe pituitary cells. Indeed, in human prolactinomas,
BMP-4 was shown to stimulate cell proliferation (Paez-Pareda er al. 2003). After treatment
with 10°M BMP-4 (50ng/ml) for 48h, no significant difference was found on prolactin

secretion comparing to the control conditions (Fig. 24).

Our results also showed that certain BMPs, including BMP-4, are expressed in the
pituitary. Together with the presence of BMP receptors on gonadotrope cells, these data
suggest a paracrine role of BMPs. To test this hypothesis, ewe pituitary cells were treated for
48h with noggin, a BMP-2/BMP-4 inhibitor which physically interacts with them
(Zimmerman et al. 1996). Very variable results were obtained but the overall effect is the
absence of modification of FSH release. This suggests that BMP-2/BMP-4 would not act as
paracrine factors on FSH production (Fig. 25). Nevertheless, the loss of BMP-2/BMP-4 could
be compensated by other BMPs as BMP-6, BMP-7 and GDF-9 also expressed in the ewe
pituitary and able to inhibit FSH release. These BMPs do not seem to act synergically since
the addition of both 10°M BMP-4 and 2.10°M BMP-6 in the pituitary cell culture showed the

same inhibition than either factor alone (Fig. 26). Rather, compensating effects are possible.
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various examples illustrate BMP compensation. For instance, BMP-5 or BMP-7 null mice
present no major defect whereas BMP-5/BMP-7 double mutant embryos do not survive

(Solloway & Robertson 1999).

BMP-4 was described to play a role with other factors modulating specifically FSH
secretion. Activin, ovarian and pituitary factor stimulating FSH secretion, was antagonized by
BMP-4 effect and the gonadal steroid oestradiol inhibitory effect was amplified by BMP-4.
Besides these factors, the hypothalamic GnRH is known to be an important modulator of
gonadotropins secretion as hypothalamo-pituitary disconnection or passive immunization
against GnRH provokes the decrease of FSH and LH release (Clarke er al. 1983, Caraty et al.
1984). Considering BMP-4 inhibitory effect on FSH secretion, we tried to determine its
putative interaction with GnRH effect. Nevertheless, GnRH stimulatory effect was difficult to
find in our conditions. Only two experiments showing both GnRH and BMP-4 effects were
available. In these experiments, the addition of 10 M GnRH the last three hours of 48h of
treatment by 10°M BMP-4 showed that BMP-4 effect was able to antagonise GnRH effect
(Fig. 27). GnRH and BMP pathways could interact as they both can transduce via Ca2+ and
MAPK/Erk signaling pathways. Whether BMPs affect GnRH-R mRNA expression in ewe
pituitary is not known. In rodent, BMP-15 does not affect GnRH-R mRNA expression
(Otsuka & Shimasaki 2002). However, as said previously, rodent and ovine species respond
differentially to BMPs. Further studies could explore these fields after having ameliorated our
protocol to obtain consistent stimulatory effect of GnRH. We can suggest using a GnRH
pulsatile treatment. To favour FSH secretion (Dalkin et al. 1989, Molter-Gerard et al. 1999,
Farnworth 2000, Burger et al. 2002), low pulse frequencies could be applied by pituitary cell
perifusion system. Alternatively, plated cells could be treated by one GnRH pulse per day

following the same protocol as described in Nicol and coworkers (2002).

The inhibitory effect of BMPs on FSH secretion was found on three breeds of sheep:
lle de France, Scottish black face and Merinos. In Merino’s Booroola family, a mutation in
the BMP receptor type IB is associated with the hyperprolificacy of these ewes (Mulsant ez al.
2001, Souza et al. 2001, Wilson et al. 2001). At pituitary level, the effect of the mutation is
not elucidated. In some studies, higher FSH concentrations were found in presence of the
mutation compared to the wild type (WT) animals (Bindon ef al. 1984, McNatty et al. 1987)
while in others no difference was detected between the two genotypes (Souza ef al. 1997). In
our study, BMP-4 inhibited FSH release in both genotypes (WT and FecB/FecB) with the
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same 40-50% inhibition (Fig. 28). The lack of difference between both genotypes is consistent
with the absence of BMPR-IB on gonadotrope cells (Faure ef al. 2005). However, it is
reasonable to think that the BMPR-IB mutation could affect another cell type since the
BMPR-IB mRNA was detected in the ovine pituitary. On going experiments try to colocalise
this receptor with another pituitary cell type and to determine whether other hormone levels

are affected.

In conclusion, BMP-4, BMP-6, GDF-9 and BMP-135 inhibited FSH release but not LH
nor prolactin from ewe pituitary cells. BMP-4 was described as a new modulator of FSH
secretion and capable to interact with activin, oestradiol and GnRH. Moreover, consistent
with the absence of BMPR-IB on gonadotrope cells, no difference was observed in the FSH

response to BMP-4 between Booroola genotypes.

Altogether, these findings provide evidence for a role of BMP system in the regulation

of FSH production in the ewe and their ability to interplay with main FSH modulators.
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Fig23. Effect of BMP-4, BMP-6, GDF-9 and BMP-15 on FSH release from ewe pituitary
cells. Cells were cultured in serum-free medium for 48h with 10°° M BMP-4, 2.10° M BMP-6,
10°M GDF-9 (kindly gven by L. Persani (Milano University)) or 6.10° M BMP-15
(generously provided by A. Hsueh (Standford University)). Media were collected and FSH
concentration was determined by ELISA. Values are the mean + S.E.M. from one

representative experiment with triplicate determination. Three experiments were performed
with similar results. a vs b, P<0.01.
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fig.24. Effect of BMP-4 on prolactin release in ewe pituitary cells. Cells were cultured in
serum-free medium alone (Control) or in presence of 10° M BMP-4 (50ng/ml) for 48h. Media
were collected and prolactin concentrations were determined by radioimmunological assay as
previously described (Kann 1971). Values are the mean + S.E.M. from five experiments.
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Fig. 25. Effect of noggin on FSH release from ewe pituitary cells. Cells were
cultured in serum-free medium for 48h with 4.10° M noggin (100ng/ml) a gift from
Regeneron pharmaceuticals, Inc (Tarryton, NY, USA). Media were collected and FSH
concentration was determined by ELISA. Values are the mean + S.E.M. from three
experiments with triplicate determination.
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Fig.26. Interaction between BMP-4 and BMP-6 on FSH release from ewe pituitary
cells. Cells were cultured in serum-free medium for 48h in presence of 107 M BMP-4
(0ng/ml) and/or 2.10° M BMP-6 (100ng/ml). Media were collected and FSH
concentrations were determined by ELISA. Values are the mean + S.EM. from one
representative experiment with triplicate determination. Three experiments were performed
with similar results. a vs b, P<0.001.
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Fig.27. Interaction between BMP-4 and GnRH on FSH release from ewe pituitary
cells. Cells were cultured in serum-free medium for 48h with or without 10 M BMP-4
(35ng/ml). GnRH (108M) from Ferring (Gentilly, France) was added three hours before
the end of 48h treatment. Media were collected at 48h and FSH concentrations were
determined by ELISA. Values are the mean + S.E.M. from one representative

experiment with triplicate determination. Two experiments were performed with similar
results.
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Fig. 28. Effect of BMP-4 on FSH release from wild type (WT) and FecB/FecB
genotypes ewe pituitary cells. Cells were cultured in serum-free medium alone (Control)
or in presence of 10° M BMP-4 (50ng/ml) for 48h. Media were collected and FSH
concentrations were determined by ELISA. Values are the mean + S.E.M. from five
experiments. a vs b, P<0.01.
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A. Introduction

In the previous chapter, BMP-4 was shown to antagonize the stimulatory effect of
activin on FSH synthesis and release in sheep pituitary in vitro (Faure et al. 2005). Activins,
BMP mRNAs and their receptors are present in the pituitary suggesting paracrine actions
(Meunier ef al. 1988, for review Knight 1996, Cameron er al. 1998, Shimasaki et al. 1999,
Fafioffe et al. 2004). Activin binds to a homodimeric complex of type II receptors (ActRII or
ActRIIB). Then, the complex recruits a homodimer of type I receptors (ALK-2/ActRI, ALK-
4/ActRIB) before inducing the signaling pathway (ten Dijke et al. 1994a, Wrana et al. 1994).
BMP signaling occurs through a preformed heteromeric complex with a type BMPR-IA
(ALK-3) or BMPR-IB (ALK-6) and type BMPR-II serine/threonine kinase receptors
(Kawabata et al. 1998, Miyazono et al. 2001). In both signaling, once the ligand is associated
with the receptor complex, the type II receptor trans-phosphorylates the type I receptor.
Consequently, the activated type [ receptor phosphorylates cytoplasmic proteins called
receptor-activated Smads (R-Smads) which interact with a co-Smad, Smad-4. Activin
signaling recruits the specific R-Smads, Smad-2 and Smad-3 while BMP signaling acts
through Smad-1, Smad-5 and Smad-8. In ovine pituitary cells, the activation of the Smad-2
signaling pathway by activin was previously shown (Dupont et al. 2003). The R-Smad-co-
Smad complex translocates into the nucleus to promote specific gene expression (Massagué &

Wotton 2000, for review: Zwijsen et al. 2003).

To counteract the positive effect of activin, follistatin can combine with activin,
producing a complex which is unable to bind the activin receptors (Nakamura et al. 1990, de
Winter ef al. 1996). Moreover, follistatin has also been described as a BMP antagonist
(Fainsod et al. 1997, lemura ef al. 1998). Activin and BMPs signaling pathways can be
inhibited by Smad-7, an inhibitory smad, which able to bind BMP and TGF/activin receptors
inaim to decrease R-Smads phosphorylation inhibiting their signaling pathways (Zimmerman
ef al. 1996, Nakao et al. 1997a, Topper et al. 1997, Casellas & Brivanlou 1998,
Souchelnytskyi er al. 1998, Ishisaki ef al. 1999). A specific inhibitory Smad, Smad-6, inhibits

BMP signaling by preventing the interaction between the phosphorylated form of Smadl and
Smad-4 (Hata et al. 1998).

In ovine pituitary cells, BMP-4 prevents the stimulatory effect of exogenous activin on

FSH secretion. Besides, activin produced by the pituitary, is known to activate its own
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pathway. No data are available on the interaction of BMP-4 and activin. In this chapter, we
investigated whether BMP-4 triggers its own signaling pathway and/or reduces the activin

signaling pathway.

B. Material & Methods

Reagents

Rabbit polyclonal antibodies against Smadl (cat# 06-653, lot 22953) and against
Smad-2/3 (cat# 07-408, lot 24340) proteins were from Upstate Biotechnology (Lake Placid,
NY, USA). Rabbit polyclonal antibody against Smad-2-phosphospecific (ser 465/467) protein
(cat# 566415, lot D20646) was from Calbiochem (Merck Biosciences LTD., Nottingham,
UK). Rabbit polyclonal antibody against Smadl/5-phosphospecific was kindly given by
Professor Carl Heldin, Luwig Institute, Stockholm, Sweden (Persson er al. 1998). Rabbit
polyclonal antibodies against human Smad-6 and Smad-7 were from TCS Cellworks (Botolph
Claydon, Buckingham, UK).

Smad-6 and -7 adenoviruses were a gift from Dr. Aristidis Moustakas (Ludwig
Institute for Cancer Research, Uppsala, Sweden).

Human recombinant follistatin-288 was from R&D systems (Minneapolis, USA).

Sheep pituitary cell cultures

Pituitary cell cultures were performed as previously described (Faure et al. 2005).
After allowing cells to attach, media were replaced with serum-free DMEM containing 0.1%
BSA. One hour later, the medium was changed and DMEM-0.1% BSA alone (control) or
supplemented with test substances (see results). Media were collected 48h later to assay for
FSH and LH (Faure et al. 2005).

Western blotting analysis of Smad proteins

To investigate Smad activation by BMP-4 or/and activin, ewe pituitary cells were
cultured at 2.10° cells/well in 6-well plates for 48h. Media were changed to remove
nonattached cells and replaced by fresh media containing serum-free DMEM - 0.1% BSA
alone or supplemented with 10 M (35ng/ml) of BMP-4 or/and activin (50ng/ml) for 30, 60
and 90 min. Cells were then washed once on ice with cold PBS and lysed in lysis buffer
(150mM NaCl, 10mM Tris pH 7.4, ImM EDTA, EGTA 1mM, Triton X-100 1%, Igepal CA.
630 0.5%, 100mM Sodium fluoride, 10mM Sodium pyrophosphate, 10mM Sodium
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orthovanadate, proteases inhibitor cocktail). The concentrations of the proteins were
determined with BC Assay Protein Quantitation kit (Interchim, Montlugon, France). After
imin at 95°C in the reducing SDS-PAGE buffer containing [B-mercaptoethanol, 10ug of
proteins were separated in 10% SDS-PAGE gels and electroblotted onto Immobilon-P
membranes (Millipore corporation, Bedford, MA). Membranes were blocked for 1 h at room
temperature in Tris-buffered saline-0.1% Tween (TBST) containing 5% fat-free dry milk and
incubated with the anti-Smad], anti-Smad-2/3. or anti-Smad-2 phosphospecific antibodies
diluted at 1:1000 in TBST 1%BSA 5% milk for 1h at RT. After washing, the membranes
were incubated with the secondary -antibody, a peroxidase-conjugated anti-IgG (Biorad,
Marnes la Coquette, France) diluted 1:15000 for 1 h. Immunoreactive proteins were detected
using enhanced chemiluminescence reagents (Amersham Pharmacia Biotech, Orsay, France).
Membranes were exposed to Hyperfilm ECL (Amersham Pharmacia Biotech) for 20sec. The
same protocol was followed for anti-Smad1/5 phosphospecific antibody except the blocking

buffer was 1% BSA in TBST and the antibody was diluted in 1:5000 in 1% BSA TBST.

Reverse transcription

Total RNA from 6-well plates were extracted using Agilent Total RNA Isolation Mini
Kit. RNA concentration was measured using RNA 6000 Nano Assay (Agilent Technologies,
Stockport, UK,). Aliquots of total RNA were treated with DNase I using DNA-free (Ambion
Ltd, Huntingdon, Cambs, UK) according to manufacturer’s protocol. Samples were then
reverse transcribed, using oligod(T)16, with Tagman Reverse Transcription Reagents (PE
Biosystems) according to the manufacturer’s protocol, using a program of 10min at 25°C,

30min at 48°C and 5Smin at 95°C.

Quantitative RT-PCR for Smad-4, Smad-7on pituitary cell cultures

Smad-4 and Smad-7 primers sequences (Smad-4-forward:
TCCTCATgTgATCTATgCCC, Smad-4-reverse: TgCAgTgTTAATCCTgAgAg, Smad-7-
forward: ATCTTCATCAAgTCCgCCaC, Smad-7-reverse: CTTgACTTCCgAggAATgCC)
were synthesized by MWG Biotech AG (Ebersberg, Germany). GapdH sequences were gAC
ATC AAg AAg gTg ¢gTg AAg C (forward) and gTC CAC CAC CCT gTT gCT gTA g
(reverse). DNase-treated RNA was added at 25-50ng/pl. For PCR, a reaction mix was
prepared consisting of Quantitect SYBRGeen Master Mix (1X), Smad-4 or Smad-7 forward

and reverse primers (500nM each). A control reaction was done with GapdH forward and
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reverse primers (500nM each). This was aliquoted for each sample in duplicate in separated
capillaries, then cDNA was added at 1ul/10ul reaction mix. Capillaries were spun for 10sec at
800g. PCR reaction was run on a Lightcycler machine (Roche Diagnostics Ltd, UK) using
standard conditions. Controls included c¢cDNA prepared without Multiscribe reverse
transcriptase enzyme to check for efficiency of DNAse treatment. Prior to analysis, a
validation assay was performed to demonstrate that amplification of the gene of interest and
the reference (GapdH) were approximately equal and the fusion curve showed a single surge
corresponding to a single PCR product. After the run, capillaries were spun upside down in
eppendorf tubes for 10sec at 800g. The PCR product was run on an agarose gel to confirm

amplification of a single product of the correct size.

LacZ, Smad-6 and Smad-7 adenoviruses infection of sheep pituitary cells

Viruses were propagated in HEK 293 cells. Cells were cultured on matrigel (1:29)
coated plates in MEM with Earles salts, Glutamax [, 25 mM HEPES and 10% FCS. Just
before infection (cells approx. 60% confluent) medium was changed to 5% FCS for 1h (5 ml
med. per 10 cm plate), then virus (from a 6th seed stock) added (35ul per plate) and
incubation continued until a cytopathic effect was apparent (practically 100% cell
detachment). Cells/medium were collected and virus released by 5 cycles of freeze/thaw (dry
ice-EtOH/37°C bath). Cell debris collected by spinning at 3K for 10 min. Supernatants were
aliquoted into eppendorfs and stored at -70 °C.

Viral titre of the working stock (7th seed) was assessed using Rapid Titre kit (BD
Biosciences Clontech,Cowley, Oxford, UK). Integrity of virus preps was assessed using
restriction analysis of the DNA prep and by western blotting. The Smad 6/ and 7 proteins are
Flag-tagged and were detected using a rabbit anti-Flag polyclonal antibody (Sigma). To infect
sheep pituitary cells with Smad-6 or Smad-7 adenoviruses, cells were cultured in DMEM+5%
FOS in 6-well plates for 24h to allow them to attach. After a wash, media were replaced with
OptiMEM (Gibco (Invitrogen), Paisley, UK) alone or supplemented with the adenovirus
diluted at 10pfu/cell, 50pfu/cell or 100pfu/cell for 2h. Then, cells were washed and
DMEM+10% FOS were added for 4h. To eliminate any trace of serum in the culture, media
were replaced with serum-free DMEM containing 0.1% BSA. One hour later, the medium
was changed and DMEM-0.1% BSA alone (control) or supplemented with BMP-4 (35ng/ml)
or activin (50ng/ml) was added. Media were collected 48h later to assay for FSH and LH
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concentrations and cells were used for quantitative RT-PCR for FSH and LHp (Faure et al.

2005).

LacZ staining by [-galactosidase

To check adenovirus infection efficiency, ewe pituitary cells infected with 100 pfw/
cell LacZ were fixed in PBS containing 2% Formaldehyde + 0.2% Glutaraldehyde for Smin.
After a PBS wash, cells were stained in PBS containing 5 mM K;Fe(CN)g, 5 mM KyFe(CN)g,
2 mM MgCly and B-galactosidase for 2h at 37°C. After PBS wash, slides were examined

using LSN 510 meta-confocal microscope.

Smad-6 and Smad-7 immunohistochemistry

After formaldehyde fixation of pituitary cells, permeabilisation with 0.2% NP40, 1%
BSA, 10% NGS in PBS for 20min was performed. After a wash in water, the slides were
incubated in a hydrogen peroxyde/methanol block for 30min. After two Smin-washes in TBS,
a combined avidin-biotin block was performed according to the manufacturer’s instructions
(Vector Laboratories, Peterborough, UK). Cells were incubated at 4°C overnight with the
monoclonal anti- Smad 6 or Smad-7 diluted 1:200 in TBS containing 20% normal goat serum
and 5% BSA (TBS/NGS/BSA). Negative controls were performed by replacing the first
antibody with normal goat serum. After two Smin-washes in TBS, slides were incubated with
goat anti-rabbit biotinylated antibody (Dako, Cambridge, UK) diluted 1:500 for 30 min. After
two Smin-washes in TBS, slides were blocked for 30min with ABC complex/HRP according
to the manufacturer’s instructions (Dako, Cambridge, UK). The slides were revealed by DAB

staining and examined using LSN 510 meta-confocal microscope.

Statistical analysis

Results are reported as mean + S.E.M. All experiments were performed in triplicates
except the adenovirus experiments which were performed in duplicate in at least three
different experiments. For each figure, the number of experiments shown is indicated in the
legend. Comparison between BMP-4, activin, BMP-4+activin and control groups on Smad-4
and Smad-7 mRNA expression levels were analysed by one-way ANOVA followed by
Newman-Keuls post-test. Comparison between increasing doses of follistatin supplemented or
not with BMP-4 was analysed with a two-way ANOVA followed by unpaired #-test. P<0.05

was considered significant. Comparison between increasing doses of adenovirus and between
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BMP-4 treatment and control groups on oFSHp, oLHB mRNA expression and FSH and LH
concentrations were analysed with a two-way ANOVA followed followed by Newman-Keuls
post-test. For each dose of follistatin, comparison between BMP-4 treatment and control
groups were analysed by unpaired r-test. The statistical analysis was performed using the
GraphPad Prism version 4.00 program for Windows (GraphPad Software, San Diego
California USA, www.graphpad.com).

C. Results

I. Is Smad pathway used by BMP-4 for inhibiting FSH secretion?
1. BMP-4 stimulates Smad1 phosphorylation

To determine whether BMP-4 could signal via Smadl signaling pathway, ewe
pituitary cells were treated for 1h with 10°M BMP-4 (35ng/ml). After protein extraction, the
activation of Smadl/5 was followed by western blot analysis using a rabbit polyclonal
antibody against the phosphorylated form Smadl1/5. Figure 1 shows that BMP-4 induced the
appearance of a 66 kDa band. In control samples harvested at the same time points, no
phospho Smad-1 immunoreactivity was detected. For non-phosphorylated Smad-1protein, the

intensity of the band did not change between control and BMP treatment (Fig. 29).

2. Smad-6, BMP specific signaling inhibitor, does not affect the inhibited
FSH secretion by BMP-4

To test whether the phosphorylation of Smad-1 is responsible for the inhibition of
FSH secretion by BMP-4, Smad-6, BMP specific signaling inhibitor, was overexpressed by
adenoviral infection in ewe pituitary cells. Preliminary experiments showed that 90% and
80% of cells expressed LacZ and Smad-6 respectively when adenoviruses were used at dose
100pfu/cell (Fig. 30A-B). When cells were infected with Smad-6 adenovirus, a slight decrease
on FSH secretion (around 30%) was observed similar to those with LacZ adenovirus (Fig.
31). However, the inhibition of oFSHB mRNA expression and FSH release by BMP-4

treatment were not reversed in presence of Smad-6 adenovirus (Fig. 31).

3. Smad-7, TGFP signaling inhibitor, blocks the inhibited FSH secretion
by BMP-4
Meanwhile, Smad-7, TGFP signaling inhibitor, was overexpressed in ewe pituitary

cells by adenoviral infection. An immunohistochemistry using a monoclonal antibody against
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Smad-7 revealed that at 100pfu/cell, 80% of the cells were infected (Fig. 32A). Moreover, the
overexpression of Smad-7 dose-dependently reduced the phosphorylated form of Smad-1
level (Fig. 32B). Interestingly, the inhibition of oFSHB mRNA expression and FSH release by
BMP-4 treatment was reversed when Smad-7 was overexpressed from dose 10pfu/cell and
s0pfu/cell respectively in ewe pituitary cells (Fig. 33).

However, in basal conditions, the Smad-7 adenovirus infection reduced drastically
oFSHP mRNA expression and medium FSH concentrations in a dose-dependent manner up to
85% (Fig. 33). In contrast, LH release was not affected (Fig. 34). The inhibition observed for
FSH was specific to Smad-7 adenovirus since infection of pituitary cells with LacZ
adenovirus (100pfu/cells) only decreased control FSH mRNA expression to 33% and FSH
release to 33% (Fig. 31). This result corroborated the presence of an endogenous FSH specific
stimulatory factor which was also blocked by Smad-7 overexpression. It is well established
that activin acts as endogenous factor using Smad-2/Smad-3 signaling pathway. Indeed, the
phosphorylated form of Smad-2 was detected in control conditions (Fig. 35A). The
overexpression of Smad-7 reduced in a dose dependent manner the level of Smad-2
phosphorylated form confirming our hypothesis (Fig. 35A). This inhibition is associated to a
lack of stimulatory effect of exogenous activin on FSHB mRNA expression (Fig. 35B).
However, activin-stimulated FSH release was not completely blocked by Smad-7

overexpression (data not shown).

I[I. Does BMP-4 modulate the activin signaling pathway to inhibit FSH
secretion?

The overexpression of Smad-7 affected both BMP and activin signaling pathways. To
discern whether the preferential signaling pathway used by BMP-4 to inhibit FSH secretion,

the activin signaling pathway was specifically blocked using follistatin.

1. BMP-4 still inhibited the FSH secretion when activin signaling pathway

is blocked by follistatin
Previous results in our lab showed that the level of phosphorylated form of Smad-2
was suppressed when ewe pituitary cells were treated with follistatin for 24h (Dupont et al.
2003). To determine if BMP-4 inhibited-FSH secretion was dependent on the Smad-2/Smad-3
signaling pathway, ewe pituitary cells were simultaneously treated by BMP-4 and follistatin.

Follistatin inhibited the FSH secretion from pituitary cells in a dose-dependent manner (Fig.
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36). When cells were incubated with both BMP-4 (10 M) and follistatin (0.03 to 1.3 10M),
a stronger inhibition of FSH release was observed compared to either factor alone (p<0.01,

Fig. 36).

2. BMP-4 does not affect the intensity of the phosphorylated form of
Smad-2

To determine whether BMP-4 could affect Smad-2 phosphorylation, ewe pituitary
cells were treated for lh with fresh medium supplemented with 10°M BMP-4, 2. 10°M
activin or both factors. In presence of both treatment, no decrease in the intensity of the 60-65
kDa band corresponding to the phosphorylated form of Smad-2 was noticeable compared to
either factor alone (Fig. 37A).

When cells were pretreated for 24h with 1.3 10°M follistatin (100ng/ml) in order to
reduce the endogenous activation of Smad-2, exogenous activin induced the appearance of
Smad-2 phosphorylated band. BMP-4 did not modify the intensity of the band compared to
control. When cells were treated with both BMP-4 and activin, the intensity of the

phosphorylated form of Smad-2 was not different compared to activin alone (Fig. 37B).

III. Does BMP-4 activate downstream common factors of both BMP and
activin signaling pathways?
1. BMP-4 does not affect Smad-4 mRNA expression, a cofactor required
for both BMPs and activin signaling pathways
To test whether BMP-4 could modify Smad-4 mRNA expression, ewe pituitary cells
were treated with 10° M BMP-4, 2.10” M activin or both factors. There was no significant

difference between the control and each factor alone or simultaneously added into the medium
(Fig. 38).

2. BMP-4 stimulates Smad-7 mRNA expression, the TGFP signaling

pathway inhibitor
To determine whether BMP signaling could interfere with the activin pathway
modulating the expression level of inhibitors, Smad-7 mRNA expression level was analysed
from cells treated with 10° M BMP-4, 2.10° M activin or both factors. When cells were

treated with activin alone, no significant effect was detected compared to the control. When
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cells were incubated with BMP-4 alone or simultaneously added with activin, a 2-fold

stimulation was observed (p<0.05 vs control, Fig. 39).

D. Discussion

Gonadal and pituitary factors like activins and inhibins are known for differentially
modulating the gonadotropin secretion. Furthermore, BMP-4 and BMP-6 were recently
shown to inhibit FSH production in sheep (Faure e al. 2005). In this study, we investigated

the signaling pathway triggered by BMP-4 in ewe pituitary cells.

In ewe pituitary cell cultures, the treatment with exogenous BMP-4 led to the phosphorylation
of Smadl/5. To determine whether the activation of Smadl/5 by BMP-4 was required for the
oFSHP mRNA expression and FSH release inhibition, inhibitory Smads were overexpressed
to block the signaling pathway. Preliminary experiment showed that ewe pituitary cells were
infected successfully with adenoviruses as demonstrated by the expression of the Smad-6 and
Smad-7 in more than 80% of cells. In our conditions, the Smad-6 overexpression did not
block the inhibitory effect of BMP-4 on FSH secretion. A possible explanation is that Smad-1
signaling pathway is not responsible for the inhibitory effect of BMP-4. However, the absence
of interaction between Smad-1 phosphorylated form and Smad-4 has to be checked in order to
determine whether Smad-6 is functional in our system.

The overexpression of the TGF[ signaling inhibitor, Smad-7, decreased dose
dependently the level of the Smad-1 phosphorylated form. Moreover, the Smad-7 but not
LacZ (not shown) overexpression blocked the inhibitory effect of BMP-4 on FSH secretion
suggesting the involvement of Smads in BMP-4 action. However, in these conditions, the
basal FSH concentrations were decreased by the Smad-7 overerexpression suggesting that
Smad-7 has also blocked an endogenous stimulatory signaling pathway. Smad-7 is known to
block the Smad-2/Smad3 signaling pathway. Indeed, the Smad-2 phosphorylated form level
was decreased by the Smad-7 overexpression. As endogenous activin signaling pathway act
through Smad-2/Smad-3 signaling pathway (Dupont et al. 2003, Suszko et al. 2003, 2005,
Bernard er al. 2004), we can hypothesize that Smad-7 has blocked both BMP-4 and activin
signaling pathways.

To determine whether BMP-4 effect on FSH secretion interacts with activin signaling

pathway, we blocked specifically the activin action by treating the ewe pituitary cells with
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follistatin. Follistatin blocked the endogenous phosphorylation of Smad-2 and decreased in a
dose-dependent manner the FSH production corroborating the results of Ying er al. (1987).
Moreover, the co-treatment with BMP-4 showed a further decrease in FSH release suggesting
that activin and BMP-4 act independently on FSH secretion. [n addition, the phosphorylation
of Smad-2 triggered by activin was not altered by BMP-4 treatment. Downstream common
factors of BMP and activin signaling pathways, Smad-4 and Smad-7, mRNA expression were
also examined after BMP-4 treatment. Smad-7, but not Smad-4 mRNA expression was
stimulated by BMP-4 treatment in the ewe pituitary cells. Neither BMP-4 nor activin alone or
combined modified Smad-4 mRNA expression level. Surprisingly, BMP-4 but not activin was
able to stimulate Smad-7 mRNA expression in the ewe pituitary cells. This result was
contradictory to a previous report (Bilezikjian er al. 2001) which showed that activin
stimulated Smad-7 expression and that follistatin blocked this induction in rat pituitary cells.
In our conditions, it is possible that endogenous activin contributed to the elevated levels of
Smad-7 mRNA in control preventing further stimulation by exogenous activin. Alternatively,
this difference could be due to the species. Altogether, our results suggest that BMP-4 can
regulate by feedback loop both activin and BMP signaling pathways keeping the balance

between the two effects in the ewe pituitary cells.

50



Control BMP4

P-Smad1 ——

Smad!

Fig. 29. BMP-4 effect on Smadl phosphorylation. Pituitary cells were cultured in
serum-free medium in presence or absence (control) of 10 M BMP-4 (50ng/ml) for 1h.
Total proteins (10pg) were separated on 10% SDS-PAGE and transferred on PVDF
membrane. Blots were probed with phospho-Smadl (upper) and Smadl (lower)
antibodies. Bands were revealed by ECL plus.
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\Fig 32. Infection of ewe pituitary cells with Smad7. Cells were infected for 2h with Smad7
adenovtrus then medium was replaced with 10% FCS medium for 4h. (A) After washing, fresh serum-
te medium was added to the cells for 48h. Cells were then fixed and incubated with monoclonal
ftibody against human Smad7 (1:200) and revealed by DAB staining. (B) After washing, fresh
&nm-free medium was added to the cells for 1h. Total proteins (10pg) were separated on 10% SDS-

PAGE and transferred on PVDF membrane. Blots were probed with phospho-Smad1 antibody. Bands
Yere revealed by ECL plus.
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A. Introduction

Mellon and co-workers, using targeted oncogenesis in transgenic mice have generated
an immortal gonadotrope cell line, LBT, (Mellon er al. 1991). These gonadotrope cells can
express o, LHPB, FSHBF mRNA and secrete LH and FSH hormones (Turgeon et al. 1996,
Graham et al. 1999). Like primary pituitary cell cultures, gonadotropin secretion is
differentially modulated by GnRH, steroids and peptide factors in LBT, gonadotrope cells
providing a good reproducible model (Turgeon et al. 1996, Nicol e al. 2002, Spady et al.
2004). GnRH is able to stimulate LH synthesis, translation and secretion (Liu et al. 2002,
Nguyen ef al. 2004). As already described in primary cell culture, GnRH pulse frequency also
affects differentially LH and FSH production in this murine gonadotrope cell line (Kanasaki
et al. 2005). Recently, studies of the mouse FSH} promoter showed the presence of response
elements responsible for GnRH-mediated FSH production (Coss et al. 2004). Adding to
GnRH and steroid effects, activins and inhibins play an important role preferentially on FSH
secretion. As with primary ovine pituitary cells, the murine LBT, gonadotrope cell line
expresses the activin receptors (types IA, IB, IIA, and IIB) and the Smad proteins (Smad-2, -
3, -4, and -7) and can trigger the Smad2/3 signaling pathway required for FSH production
(Dupont et al. 2003, Bernard 2004). Moreover, studies of the FSHP promoter showed the
presence of response elements responsible for activin-mediated FSH secretion (Suszko et al.
2003, Bailey ef al. 2004). In addition, GnRH and activin can act in synergy since activin can
stimulate GnRH-R mRNA expression, and the GnRH induction of FSHP mRNA expression is
reduced by follistatin, an activin antagonist (Graham er al. 1999, Pernasetti ef al. 2001, Nicol
et al. 2004, Gregory et al. 2005).

Recently, other members of the TGFB superfamily like activins and inhibins were
shown to modulate preferentially FSH secretion. TGF-1 and -2 inhibit GnRH-R promoter
activity assessed by luciferase reporter gene expression at low doses and can also interfere
with inhibin-induced inhibition by binding betaglycan allowing activin at higher doses to
stimulate FSH secretion in LBT; cell line (Ethier ef al. 2002). Moreover, Bone Morphogenetic
proteins (BMPs) are able to modulate FSH synthesis and release from the pituitary but in an
apparently species-specific manner. In contrast to the fact that BMP-4 and BMP-6 were
shown to inhibit specifically FSHB mRNA expression and FSH release in ovine pituitary cells

(Faure e al. 2005), BMP-6, -7 and -15 were able to stimulate FSH production and the oFSH3
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but not GnRH-R promoters in the murine gonadotrope cell line (LBT,) and rat pituitary cells

(Huang ef al. 2001b, Otsuka & Shimasaki 2002).

Whether BMP-4 is able to inhibit gonadotropin secretion in the mouse LPT; cell line
was studied. Our results showed that contrary to the previous reports using BMP-6, BMP-7
and BMP-15 (Huang ef al. 2001b, Otsuka & Shimasaki 2002), BMP-4 was not able to modify
either FSH or LH secretion in the gonadotrope cell line on its own. However, we found that
BMP-4 stimulated FSH secretion and abolished LH secretion in the combined presence of
activin and GnRH whereas GnRH and activin stimulated both FSH and LH. As BMP-4
suppressed GnRH-R mRNA expression in the combined presence of activin and GnRH, our
results suggest that the effect of BMP-4 on GnRH-stimulated FSH secretion is due to the
inhibition of GnRH-R mRNA expression potentially resulting in a signaling situation similar

to a reduced pulse frequency of GnRH which favours FSHP mRNA expression.

B. Material & Methods

Reagents

Human recombinant activin and BMP-4 were from R&D systems (Abingdon, Oxon,
UK) and GnRH was from Bachem (St. Helens, Merseyside, UK).

Rabbit polyclonal antibodies against Smadl (cat# 06-653, lot 22953) and against
Smad2/3 (cat# 07-408, lot 24340) proteins were from Upstate biotechnology (Lake Placid,
NY, USA). -Rabbit polyclonal antibody against Smad2-phosphospecific (ser 465/467) protein
(cat# 566415, lot D20646) was from Calbiochem (Merck Biosciences LTD., Nottingham,
UK). Rabbit polyclonal antibody against Smad1/5-phosphospecific was kindly given by Carl
Heldin (Persson et al. 1998).

LBT; cell cultures

LBT, cells were kindly provided by Dr. P. Mellon (University of California, San
Diego, CA, USA). They were grown and cell cultures were performed as previously described
(Nicol e al. 2004). Per well, 2.75 x 10 cells were plated in 6-well plates coated with Matrigel
(1:4) in 2ml of medium. The following day (day 0), the medium was removed to be assayed
for FSH and LH. Phenol red-free DMEM from Sigma (Poole, Dorset, UK) was replaced alone
(C) or containing 2.10° M (50ng/ml) activin (A); 2.10° M (50ng/ml) activin and 10°M
GnRH (AG); 10 M (50ng/ml) BMP-4 (B); 2.10° M (50ng/ml) activin and 10” M (50ng/ml)
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BMP-4 (AB); 2.10° M (50ng/ml) activin and 10°M GnRH and 10° M (50ng/ml) BMP-4
(ABG) for 1h. Cells were then washed with medium to remove residual GnRH. Fresh medium
(1.5ml) was added containing the same treatment except that no GnRH was added, and left
overnight. This protocol was repeated twice (day 1 and day 2). On day 3, media were

collected for assay without adding the GnRH and cells were harvested for RNA extraction.

Mouse FSH and LH assay by RIA

RIA assay on mouse FSH and LH was previously described (McNeilly er al. 1996)
using reagents supplied by Dr AF Parlow (National Hormone & Peptide Program, Harbor-
UCLA, CA, USA). The sensitivity of the FSH and LH RIAs were 0.1 ng/ml and the intra- and

inter-assay coefficients of variation were less than 10%.

Reverse transcription-PCR on whole tissues

Total RNA from LBT; cells and mouse ovaries obtained from adult female mice aged
14 weeks were extracted using TRI Reagent (Sigma). Complementary DNA was synthesized
from 1 pg RNA in a volume of 20 pl containing 150 ng oligo dT (Promega, Charbonniéres,
France), ImM dNTPs, 20 U of RNasin, IX RT PCR buffer [from 5X assay buffer B (250mM
Tris-HCI (pH 8.3), 375mM KCI, 15mM MgCl2, 50mM DTT)], and 12 U M-MLV reverse
transcriptase (Promega). For the negative control, the reverse transcriptase was omitted. The
RNA denaturation was performed at 70°C for 10min and the reverse transcription at 37°C for
1h. PCR was carried out in a volume of 25 pl containing 2.5 ul RT reaction mixture, 1X PCR
buffer [from 10X PCR buffer without MgCl2 (500mM KCI, 100mM Tris HCI (pH 9) and
1,0% Triton® X-100), 50 pmol of each primers, indicated concentrations of MgCl2, 0.2mM
dNTPs and 10U Tagq polymerase (Promega). PCR reactions were performed for 30 cycles of
30s at 94°C, 2 min at indicated annealing temperature, and 3 min at 72°C. For primer

sequences and details, see chapter I, (Faure et al. 2005) and Nicol ef al. (2002, 2004).

Quantitative RT-PCR

Mouse FSHP and LHp primers and probe were designed using Primer Express
software (PE Biosystems, Warrington, Cheshire, UK) and synthesized by PE Biosystems.
Sequences were given in Nicol ef al. (2004). Ribosomal 18S primers and probe were from a

Tagman RNA Control Reagents kit (VIC labeled probe; PE Biosystem).



Total RNA from 6-well plates was extracted using Tri Reagent (Sigma, Poole, Dorset,
UK). Aliquots of total RNA were treated with DNase [ using DNA-free (Ambion Ltd,
Huntingdon, Cambs. UK) according to manufacturer’s protocol. Samples were then reverse
ranscribed, using oligod(T)16, with Tagman Reverse Transcription Reagents (PE
Biosystems) according to the manufacturer’s protocol, using a program of 10min at 25°C,
30min at 48°C and Smin at 95°C. DNase-treated RNA was added at 25-50ng/ul. For PCR, a
reaction mix was prepared consisting of Tagman Universal PCR Master Mix (1X), FSHf or
LHB forward and reverse primers (300nM each), FSHP or LHB probe (200nM), ribosomal
18S forward and reverse primers (50nM each) and ribosomal 18S probe (200nM). This was
aliquoted for each sample in separate tubes, then cDNA was added at 1ul/25pul reaction mix
(equivalent to 25-50ng total RNA/25ul). Twenty-five ul aliquots were dispensed into a 96-
well PCR plate, with each sample added in duplicate, optical caps fixed onto the plates and
the PCR reaction run on an ABI Prism 7900 PCR machine (PE Biosystems) using standard
conditions. Controls included ¢cDNA prepared without Multiscribe reverse transcriptase
enzyme were performed to check for efficiency of DNAse treatment. Prior to analysis, a
validation assay was performed to demonstrate that amplification of FSHP or LH genes
comparing to the reference (18S) were approximately equal (Nicol ef al. 2002). Quantification
of FSHB and LHB mRNA was performed by the AACt method and the standard curve method
respectively (Bulletin #2; PE Biosystems). A standard PCR reaction using the FSHP} and the
LHP primers was run on an agarose gel to confirm amplification of a single product of the

correct size.

Western blotting analysis of Smad proteins

To investigate Smad activation by BMP-4 and/or activin, LBT, cells were cultured at
2.75x10° cells/well in 6-well plates for three days as with exactly the same treatments as
described previously (see LBT, cell cultures above). On day 3, GnRH was added with all
treatments for 1h after which cells were washed once on ice with cold PBS and lysed in lysis
buffer (150mM NaCl, 10mM Tris pH 7.4, ImM EDTA, EGTA ImM, Triton X-100 1%,
Igepal CA. 630 0.5%, 100mM Sodium fluoride, 10mM Sodium pyrophosphate, 10mM
Sodium orthovanadate, proteases inhibitor cocktail). The protein concentration was
determined with BC Assay Protein Quantitation kit (Interchim, Montlugon, France). After
Imin at 95°C in the reducing SDS-PAGE buffer containing B-mercaptoethanol, 10pg of

proteins were separated in 10% SDS-PAGE gels and electroblotted onto Immobilon-P
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membranes (Millipore corporation, Bedford, MA). Membranes were blocked for 1 h at room
temperature in Tris-buffered saline-0.1% Tween (TBST) containing 5% fat-free dry milk for
and incubated with the anti-Smadl, anti-Smad2/3, anti-phosphoSmad2 antibodies diluted at
1:2000, 1:1000 and 1:2000 respectively in TBST 1%BSA 5%milk for 1h at RT. After
washing, the membranes were incubated with the secondary antibody, a peroxidase-
conjugated anti-IlgG (Biorad, Marnes la Coquette, France) diluted 1:15000 for 1 h.
[mmunoreactive proteins were detected using enhanced chemiluminescence reagents
(Amersham Pharmacia Biotech, Orsay, France). Membranes were exposed to Hyperfilm ECL
(Amersham Pharmacia Biotech) for 20sec. The same protocol was followed for anti-phospho
Smad1/5 except that the blocking buffer was 1% BSA in TBST and the antibody was diluted
in 1:5000 in 1% BSA TBST.

Statistical analysis

Results are reported as mean + S.E.M from one representative experiment. All
experiments were performed in triplicates in at least two different experiments. Comparison
between activin (A), GnRH (G), BMP-4 (B), activintBMP-4 (A+B), activin+tBMP-4+GnRH
(A+B+G) and control (C) groups on FSH, LH concentrations and FSHP} and LH3 mRNA
expression were analysed by one-way ANOVA followed by Newman-Keuls post-test. P<0.05
was considered significant. The statistical analysis was performed using the GraphPad Prism
version 4.00 program for Windows, GraphPad Software, San Diego California USA,

www.graphpad.com.

C. Results
1. BMPs and their receptors are expressed in the mouse pituitary and

the gonadotrope cell line, LB T,

To test whether LBT, cells express BMPs and their receptors, RT-PCR was performed
using primers described in Table IA (Chapter I, Faure et al. 2005). In LBT, cells, DNA
fragments were detected at expected sizes for BMP-6, BMP-7 and the two receptors BMP-
RIA (ALK-3) and BMP-RII after 30 cycles (Fig. 40A, B). No PCR product was detected for
BMP-2, BMP-4, BMP-15 or BMP-RIB (ALK-6). Positive controls were performed using
mouse ovaries and DNA fragments were observed for BMP-2, BMP-4 and BMP-15 (Fig.
40C, D). When negative controls were performed by omitting reverse transcriptase in the RT

reaction, no PCR products were detected (not shown).
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2. BMP-4 amplifies the stimulatory effect of GnRH on activin-
stimulated FSH secretion and inhibits the stimulatory effect of GnRH on
activin-stimulated LH secretion

To determine whether BMP-4 was capable of modifying FSH or LH secretion in the
LBT> gonadotrope cell line, cells were incubated with BMP-4 (IO'QM) for three days
following the protocol previously described (Nicol e/ al. 2002). On the last day, the
concentration of FSH and LH in the medium was assayed and cells were harvested to extract
total RNAs. BMP-4 did not modify FSH or LH concentrations on its own or in presence of
activin. However for FSH release, the GnRH stimulatory effect on activin-stimulated FSH
release was amplified by the co-treatment with BMP-4 (Fig.41A, b vs d, P<0.001) and this
was paralleled by changes in FSHB mRNA expression (Fig.41B, ¢ vs d, P<0.05). In contrast,
the GnRH stimulatory effect on activin-stimulated LH release was reduced by the co-
treatment with BMP-4 (Fig.42A, b vs ¢, P<0.001). The BMP-4 inhibitory effect on GnRH
effect was stronger on LH} mRNA expression as the level of LHB on activintGnRH+BMP-4

group was not significantly different from the control group (Fig.42B, b vs a, P<0.01).

3. GnRH does not affect the independent BMP and activin signaling
pathways

To determine whether BMP-4 and Activin signaling pathways could interact together,
proteins were extracted after 60 min treatment with 10° M BMP-4, 2.10” M activin or both.
These conditions were also carried out with the addition of a 1h pulse of GnRH to amplify the
activin effect. Figure 43 shows that BMP-4, but not activin, induced the appearance of a 66
kDa band corresponding to the phosphorylated form of Smad-1 and Smad-5 in the presence or
absence of GnRH. When cells were incubated with both BMP-4 and activin, phosphorylated
Smad-1 was also detected. Comparing the intensity of this 66kDa band between BMP-4 and
BMP-4+activin treatments revealed no significant difference. For Smad-1 protein, the
intensity of the band did not change between control and BMP treatment (Fig.43, upper). The
activation of Smad2 was assessed with an antibody recognising the dual serine 465/467 with
an apparent molecular weight of 58 kDa. Activin induced the appearance of a 58 kDa band
whereas no band was detected in the control or after treatment with BMP-4 alone. When cells
were treated with both BMP-4 and activin, the band corresponding to the phosphorylated
form of Smad-2 was detected and its intensity was not significantly different to the band seen

after activin treatment, in the absence or presence of GnRH (Fig.43, lower).
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4. BMP-4 inhibits GnRH receptor mRNA expression

Since BMP-4 was able to differentially modulate gonadotropin secretion in the
presence of GnRH in the LBT, gonadotrope cell line, cells were incubated with BMP-4 (10
M) for three days following the same protocol as previously described above (Nicol et al.
2002). On the last day, cells were harvested to extract total RNAs. Although BMP-4 did not
modify GnRH-R mRNA expression on its own, the GnRH stimulatory effect on GnRH-R
mRNA expression was reduced by the co-treatment with BMP-4 (Fig.44, ¢ vs a,b, P<0.001).

D. Discussion

While previous studies using the mouse gonadotrope LBT, cell line reported that
BMPs could stimulate ovine FSH promoter activity, or mouse FSH mRNA and secretion
(Huang ef al. 2001b, Otsuka & Shimasaki 2002), in our primary sheep pituitary cultures,
BMPs consistently inhibited FSH mRNA and secretion (Chapter II, Faure ef al. 2005). Thus it
was important to confirm this apparent species difference in the effect of BMP-4 on FSH
production in the ovine pituitary cells and the mouse LBT, cell line. Our results showed that
contrary to the previous reports, BMP-4 on its own was not able to modify either FSH or LH
secretion in the mouse gonadotrope cell line. However, we found that BMP-4 stimulated FSH
secretion and abolished LH secretion in presence of activin and GnRH whereas GnRH and
activin stimulated both FSH and LH. BMP-4 also suppressed GnRH-R mRNA expression in

presence of activin and GnRH.

[n LBT2 gonadotropes, we detected mRNAs for BMP-6 and BMP-7, and the receptors,
BMPR-IA (ALK-3) and BMPR-II in LBT; cells corroborating a previous report (Otsuka &
Shimasaki 2002). Furthermore we did not detect BMP-2, BMP-4 and BMP-15 DNA
fragments after 30 cycles although they are clearly observed in the mouse ovary (Figure 1).
This contrasts in part with the previous report in which BMP15 was observed, although only
after 35 cycles (Otsuka & Shimasaki 2002).

Although BMP-4 was able to inhibit oFSHB mRNA expression and FSH release
without affecting LH production in ewe pituitary cells, BMP-4 had no effect on either FSH or
LH secretion in the murine LPT, gonadotrope cell line. Similar results were obtained with
BMP-6 and BMP-7 at 200ng/ml (Otsuka & Shimasaki 2002) although very high dose
(lug/ml) stimulated FSH secretion (Huang ef al. 2001b). BMP-15 had also stimulatory effect
at 100ng/ml (Otsuka & Shimasaki 2002). This difference of effect between BMPs is
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surprising as we found that BMP-4, BMP-6, BMP-15 and GDF-9 had the same inhibitory
effect in the ewe pituitary cells (Chapter I, data not published). Moreover, several BMPs were
found to have similar effects in various cell types (Solloway ef al. 1998). Nevertheless, LBT,
cells express very low level of FSHB mRNA and release very little FSH without activin or

GnRH stimulation suggesting that a potential inhibitory effect of BMP-4 may not be

noticeable in these conditions.

Since we showed that BMP-4 effect could antagonize the effect of activin on FSH
secretion in the ewe pituitary cells, we determined whether BMP-4 and activin could interact
in the murine LBT, gonadotrope cell line. In our culture conditions, activin stimulated FSH
production while BMP-4 alone had no effect. However, it is known that the effect of activin
on FSH secretion is amplified by co-treatment with GnRH (Graham ef al. 1999, Nicol et al.
2004). When we treated the LPBT, cells with both activin and GnRH we found that BMP-4
amplified the stimulatory effect of both activin and GnRH on FSH mRNA expression and on
FSH release. The transcription factors Smad-2, Smad-3 and Smad-4 mediate activin-
stimulated activity of the rat FSHP} promoter and FSH secretion in LBT; cells (Dupont et al.
2003, Suszko et al. 2003, Bailey et al. 2004, Bernard 2004). Since BMP-stimulated phopho-
Smad-1 also interacts with Smad-4 we can hypothesize that BMP-4 may act to stimulate
FSHP promoter activity via Smad-4 although promoter activation via different response
elements such as AP-1 cannot be ruled out (Coss ef al. 2004). Further investigations are
required to determine the precise mechanisms involved. Interestingly, BMP-4 acts not only on
activin and GnRH-stimulated FSH but also on activin and GnRH-stimulated LH production.
This surprising result differs from our results in ovine pituitary cells and previous results in
LBT, gonadotropes (Otsuka & Shimasaki 2002). We used a daily one hour treatment with
GnRH, a GnRH pulse, in our experiments in LBT, cells as described previously (Nicol ef al
2002, 2004). We found that BMP-4 inhibited the stimulatory effect of both activin and GnRH
on both LH release and LHB mRNA expression. Moreover, BMP-4 was able to inhibit
GnRH-R mRNA expression in presence of both activin and GnRH. A recent study showed
that using a perifusion system on LBT, gonadotrope cells allowing GnRH pulses, LHB gene
promoter activity was stimulated at higher GnRH pulse frequencies whereas the FSHf3 gene
promoter was preferentially stimulated at lower GnRH pulse frequencies. Moreover, GnRH-R
number was increased at higher frequencies of pulsatile GnRH (Bédécarrats & Kaiser 2003).

Therefore, our results suggest that BMP-4, by inhibiting GnRH-R expression, could
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potentially mimic a decrease in GnRH pulse frequency by decreasing the GnRH receptor
numbers thus promoting activation of the FSHf gene promoter and inhibiting the LHB gene
promoter. Further studies would determine whether BMP-4 is able to decrease GnRH-R
number, although previous studies have indicated a close relationship between GnRH receptor
binding sites and levels of GnRH mRNA, at least in sheep (Brooks et al. 1992). Moreover, as
BMP and activin signaling pathways are not modified in presence of GnRH, it would be
interesting to look at P38 and ERK phosphorylation, recently described as varying
dependently to GnRH pulses (Kanasaki e al. 2005).

[n conclusion, the effects of BMPs on pituitary gonadotrophin expression and
secretion appear to be opposite in the mouse gonadotropes compared with the sheep pituitary
gonadotrope cells. These data may reflect different roles of BMPs in mono- vs pluri-ovulatory
species. BMP-4 alone was not able to modify either FSH or LH production in the murine
gonadotrope cell line, LBT,. However, BMP-4 acted differentially on GnRH and activin-
stimulated gonadotropin secretion, by stimulating FSHB mRNA expression and FSH release
and by inhibiting LH production. Moreover, BMP-4 was able to inhibit GnRH-R mRNA
expression suggesting a link between the decrease in GnRH-R expression and the inhibition
of LH secretion. Thus, in the mouse pituitary BMP-4 may play an important role in

gonadotropin secretion by modulating GnRH receptor mRNA expression.
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Fig. 40. Expression of BMP ligands and receptors in LT, cells and mouse ovaries.
Total RNA was extracted from LPT, cells (A,B) and mouse ovaries (C,D). The mRNAs
encoding BMP ligands (A,C) and receptors (B,D) were analysed by RT-PCR at 30 cycles.
DNA fragments were electrophoresed in 1% agarose gel and visualized in ethidium
bromide staining.



25+

N
o
1

-
(4]
[]

-
o
[

(4]
1

FSH (ng/10° cells plated)

[=]
[

1.75-
1.50-
1.25+ C
1.00-
£ 0.75
0.50- =
0.254 |
0.00

arbitrary units)

Ho

FSHbeta mRNA relative

expression

O+
>
&

Fig. 41. FSH release (A) and FSHP} mRNA expression (B) on treatment day 3 from
LBT, cells cultured either in the absence of 2.10°M activin, 10°M BMP-4 or 2.10°M
activin+10°M BMP-4 and given a one hour pulse of 10°M GnRH per day for 3 days.
Values represent mean+S.E.M. from one representative experiment in triplicate. P<0.05
was considered as significant and different letters indicate a significant difference.
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Fig. 4. GnRH-R mRNA expression on treatment day 3 from LBT, cells cultured either in
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lepresentative experiment in triplicate. P<0.05 was considered as significant and different
letters indicate a significant difference.



General discussion



The studies in this thesis have shown the presence of several BMPs and their receptors
in the ewe pituitary and in the LBT, mouse gonadotrope cell line. BMP-4 and other BMPs
were able to regulate differentially gonadotropin secretion in both species. However, the
effect of BMP-4 was different among species as BMP-4 inhibited specifically basal and
activin-stimulated FSH secretion without altering LH production in sheep, whereas BMP-4
amplified the activin and GnRH stimulatory effect on FSH secretion and inhibited the LH
production stimulated by activin and GnRH in mouse.

In the following discussion, three major aspects are examined:

1- What role do BMPs play in the regulation of gonadotropin synthesis and secretion?

2- How do BMPs interact with other gonadotropin modulators?

3- Is there a physiological role for BMPs in the differential regulation of gonadotropin

secretion?

[. - What role do BMPs play in the regulation of gonadotropin synthesis and secretion?

A. Do BMPs act as paracrine factors?

BMP-2, BMP-4 and BMP-7 mRNAs were detected in the ewe pituitary whereas
BMP-6 and BMP-7 mRNA were detected in the mouse gonadotrope cell line, LBT,. These
results corroborate Souza and co-workers (2003) for the sheep and Otsuka & Shimasaki
(2002) for the LBT, mouse gonadotrope cell line. Surprisingly, we also found GDF-9 mRNA
in the ewe pituitary which is known as to be specifically expressed in oocyte (Yan et al.

2001). Hence, the pattern of BMP expression appears to be different between the sheep and

the mouse.

BMP receptors are expressed in ewe pituitary and in the LBT; cell line. Both BMPR-
IA and BMP-RII, not BMPR-IB, were detected by immunohistochemistry in the gonadotrope
cells in the ewe pituitary. We then hypothesize that BMPs act through BMPR-IA and BMPR-
II. All gonadotrope cells expressed these two receptors but we also found both in other cell
types. Further investigations should determine the other pituitary cell types expressing
BMPR-IA, BMPR-IB and BMPR-II. As previously described, Booroola Merino ewes showed
hyper-prolificacy linked to a mutation in the BMPR-IB receptor. Thus, it would be interesting
to find which cell type expresses BMPR-IB to determine which hormone release could be

affected by this mutation. The present result that the BMPR-IB is not localised in the
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gonadotrope clearly supports previous studies that there is no difference in LH or FSH
secretion and that the effects of the BMPR-IB mutation resides within the ovary. Moreover,
the two receptors mRNAs (BMPR-IA and BMPR-II) were found in LBT, cell line
corroborating the work of Otsuka & Shimasaki (2002).

Expression of both BMPs and BMP receptors in the pituitary suggest a paracrine role
for BMPs. To test this hypothesis, ewe pituitary cells were treated with Noggin, BMP-
2/BMP-4 antagonist. No significant effect was seen. Since several BMPs are able to inhibit
specifically FSH secretion, we suggest that other BMPs can compensate the lack of BMP-2
and BMP-4. To complete these results, it will be interesting to determine which BMPs are
produced in the different pituitary cell types using double immunohistochemistry. The
incubation of cultured ewe pituitary cells with BMP antibody specific for one selected BMP
could help to discern the effect of endogenous BMP on FSH production. Moreover, it would
be interesting to assay BMPs in the pituitary and in the blood but no assays are currently
available. Nevertheless, the effects of antibody against BMP-6 or against BMP-7 on FSH
release in the gonadotrope cell line strongly suggest a potential paracrine role for BMPs
(Huang et al. 2001). Moreover, the common signaling pathway for BMPs was not activated in
our control conditions although activated in presence of BMP-4 suggesting that BMPs act
rather as endocrine factors. However, further experiments should investigate whether other
signaling pathways can be triggered by BMPs such as MAPK, JAK/STAT or CDK (for
review: von Bubnoff & Cho 2001, Miyazono et al. 2001, Nohe at al. 2004). Another
suggestion would be to colocalise elements of the signaling pathway triggered by BMPs
within gonadotrope cells. However, TGF[ superfamily signaling pathways are known to
interact between each other so it could be difficult to distinguish whether BMPs or another
member of the family triggered a selected pathway (Candia et al. 1997).

To summarize, BMPs do not seem to act as paracrine factors on gonadotropin
production in the sheep in contrast to the mouse gonadotrope LB T, cell line. However, BMPs

can be produced and act in the pituitary only in specific physiological conditions.

B. BMPs differentially affect the gonadotropin production

Having demonstrated that the BMP receptors and the BMPs were expressed in the ewe
pituitary, further studies were carried out with primary sheep pituitary cell cultures to examine

the potential effects of BMPs on gonadotropin secretion. A dose response study showed that
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reatment with BMP-4 for 48h inhibited FSH secretion from pituitary cells in a dose-
dependant manner. The maximal inhibition of 40% was obtained with doses from 5x10"'M
(25ng/ml) of BMP-4. A time course experiment showed that a significant effect with 10°M
BMP-4 (50ng/ml) was observed from 24h of incubation. The same inhibition of FSH
secretion was found with 2x10” M BMP-6 (100 ng/ml), 10° M GDF-9 (50 ng/ml) or 6x10”
M BMP-15 (200ng/ml) for 48h. Although all tested BMPs inhibited FSH production, each
BMP was effective at different concentrations (from 5x10""M to 6x10™ M) maybe reflecting
their affinity for their receptors. Moreover, the co-treatment with BMP-4 and BMP-6 showed
no additive effect. We also found 40% of inhibition on FSH} mRNA expression when cells
were treated with 10°M BMP-4 (50ng/ml) or 2x10” M BMP-6 (100ng/ml) alone for 48h.
This inhibitory effect on FSH secretion due to BMPs treatment on ewe pituitary cells was not
found with LH secretion. Moreover, no significant effect was observed in presence of 10°M
BMP-4 for 48h on prolactin secretion. These results show that several BMPs act preferentially
on FSH secretion in the ewe pituitary cell culture by inhibiting FSHB mRNA expression and
its release. Our results were surprising as other studies showed that BMPs were able to
stimulate FSH secretion. However, studies were undertaken in rodents. Similar doses of
BMP-6 and BMP-7 had no effect on FSH synthesis and release in mouse pituitary cells or the
LBT, gonadotrope cell line, whereas BMP-15 stimulated FSH secretion in rodents (Otsuka &
Shimasaki 2002). The same stimulatory effect was found with BMP-6 and BMP-7 but only
with a very high dose (1pg/ml, i.e. 2x10®*M) in mouse pituitary cells or LBT; cell line (Huang
et al. 2001). As we found that several BMPs had the same effect on FSH secretion in the
sheep pituitary primary cultures, we tested whether BMP-4 in our hands had a different effect
on gonadotropin secretion in rodents.

A treatment with 10°M BMP-4 (50ng/ml) of the mouse LBT; cells, showed that BMP-
4 was not able to modulate either FSH or LH production using the protocol previously
described by Nicol and co-workers (2004). This result was similar to these found by Otsuka &
Shimasaki using BMP-6 and BMP-7 (2002). However, they found a stimulatory effect of
BMP-15. They also showed BMP-15 bound BMPR-IB in granulosa cells and activated Smad-
I phosphorylation (Moore et al. 2003). BMP-15 can also act via activin signaling pathway as
it is able to bind weakly ALK-2 (ActRI) and ActRIl and to stimulate weakly the
phosphorylation of Smad-2 (Moore ef al. 2003). In our experiments, BMP-4 was able to
activate the phosphorylation of Smad1/5, not Smad-2. Moreover, we found an effect of BMP-

4 on activin and GnRH-stimulated gonadotropin secretion. These very surprising and
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interesting results showed BMP-4 was able to amplify the activin and GnRH-stimulatory
effect on FSH production and to inhibit the activin and GnRH-stimulatory effect on LH
secretion in the LPBT, cell line. This result shows a differential effect of BMP-4 on

gonadotropin production modulating the effects of activin and GnRH.

C. Which pathway(s) are triggered by BMPs for modulating the
gonadotropin secretion?

The BMP common signaling pathway is via Smad1/5/8. The treatment with BMP-4
activated the phosphorylation of Smad1/5 in both ewe pituitary cells and mouse gonadotrope
cells. However, whether the activation of Smadl/5 was responsible of the inhibition of FSH
secretion due to BMP-4 treatment in the ewe pituitary cells is not known. Moreover, even
though Smad1/5 was activated in LBT; cells, no effect of BMP-4 alone on FSH production
was noticeable. This suggests a fundamental difference in the effect BMP among species.
Adenoviral vector induced overexpression of Smad-6 which is a specific BMP signaling
pathway inhibitor would allow to answer the question. Results showed that overexpression of
Smad-6 did not prevent the BMP-4 inhibition on FSH synthesis and release. However,
whether Smad-6 overexpression is able to block the signaling via Smad-1 has to be checked,
particularly, if the interaction between the phosphorylated form of Smad-1 and Smad-4 is
prevented. Adenoviral vector inducing overexpression of the TGFp signaling pathway
inhibitor Smad-7 reversed BMP-4 inhibition on FSH secretion in ewe pituitary cells.
However, Smad-7 is also an activin signaling pathway inhibitor (Ishisaki et al. 1999), we
cannot conclude whether BMP-4 effect while initially activating the phospho Smad-1, acts
only through Smadl/5/8 or interacts with the Smad2/3 signaling pathways as both were
inhibited. The signaling pathway suppression was confirmed by the reduction of the
phosphorylated form of Smadl/5 and Smad-2. Then, to specifically block the activin
signaling pathway, we used follistatin which binds activin. The co-treatment with both
follistatin and BMP-4 showed a further decrease suggesting the independence of activin and
BMP-4 signaling pathways in our system. In addition, BMP-4 was not able to modify Smad-2
phosphorylation. Nevertheless, BMP-4 may inhibit FSH production using other pathways as
mitogen-activated protein kinase (MAPK), Ca2+/calmoduline, CDK or JAK/STAT signaling
pathways (for review: von Bubnoff & Cho 2001, Miyazono ef al. 2001, Nohe er al. 2004).
Further experiments should determine which pathway is required for BMP-4 inhibition of

FSH secretion in ewe pituitary cells and stimulation in the mouse gonadotrope cell line, LBT.



D. Which level(s) of gonadotropin regulation are affected by BMP effect?

BMP-4 is able to specifically inhibit FSH secretion in ewe pituitary cells and to
differentially affect gonadotropin secretion in LBT, cells. Whatever the signaling pathway
triggered by BMP-4, it is interesting to determine at what level FSH regulation could be
modulated by BMP-4. This effect could act at gene level by modulating gene expression, at
mRNA level by affecting stability like activin, at protein level through affecting translation or
at the level of secretion. Moreover, to underline the complexity, the effect of BMP-4 could act
directly on FSH promoter or via modulation of the expression of other proteins which would
then affect the FSHP promoter.

After Smad signaling pathway activation, the phosphorylated form of R-Smad proteins
associates with a common partner, Smad-4 and translocates into the nucleus. The R-Smad-
Smad4 complex (es) are then capable of binding DNA on a Smad binding element (SBE). The
regulation of target gene requires additional interaction with transcription factors, either
coactivators or corepressors (for review, Massague and Wotton 2000) and both SBEs and
transcription factors may be cell type specific. For instance, a SBE was recently identified in
the rat FSH} subunit gene that is required for full activin responsiveness (Suszko ef al. 2003).
Interestingly, whereas this site is conserved in the mouse gene, it is not present in the ovine,
bovine, porcine or human genes suggesting that important species-specific differences exist in
activin regulation of FSHP gene expression. Similar differences probably exist in BMP
regulation of target genes. Given that BMP-15 was found to stimulate the activity of the ovine
FSHB promoter transfected into mouse LBT, gonadotrope cells, the presence of specific
repressors rather than particular SBEs in ovine gonadotropes could be favored. Moreover,
BMP-4 has a different effect depending on the species reinforcing the presence of species-
specific cofactors. Alternatively, because we did not determine whether BMPs act directly on
the FSHB promoter, we cannot exclude the possibility that BMPs affect FSH production via

another target gene in gonadotropes or other cell type.

In LBT; cell line, BMP-4 inhibited the LH production stimulated by both activin and
GnRH. Activin A is known to increase both LHP mRNA expression and LH secretion and to
act synergistically with GnRH through the activation of transfected LHP3 promoter (Nicol et
al. 2004, Yamada et al 2004). The activation of Smad-binding and homeobox elements on

LHB promoter by activin was shown (Coss et al. 2005). Similarly to activin, response

64



elements specific to BMP signaling could be present on LHP} promoter and participate with

GnRH and activin response elements to modulate LH production.

BMP-4 was able to inhibit oFSHB mRNA expression by 40% in the ewe pituitary
cells. Cycloheximide had a drastic inhibitory effect on its own on oFSHP mRNA expression
but not LHB mRNA. This showed the importance of one or several proteins for maintaining
the oFSH mRNA level or for synthesizing new transcripts and emphasizing the differences
in t/2 of the mRNAs (see Brown ef al 2001). Following our hypothesis that the FSH secretory
pathwéy is more constitutive than LH secretory pathway, FSH new transcripts are translated
and the new protein is secreted without being stored in electron dense secretory granules
(McNeilly et al 2003). This hypothesis has been reinforced by studies on LBT; cells showing
that LH, but not FSH, released in response to GnRH was co-released with Sgll via a
regulated, granin-dependent pathway, (Nicol er al 2002; 2004). Nevertheless, further
experiments on kinetics should help to determine whether BMP-4 could affect transcription
and mRNA expression of other proteins. Because BMP-4 inhibited FSH transcription, we
should also test its impact on FSH3 mRNA stability by an actinomycin-D treatment especially
since activin may act via Smad2/3-Smad 4 to stabilize FSHf mRNA.

Although our experiments in sheep suggest that BMP-4 affects the synthesis of FSHf3
mRNA rather than the translation into protein, we can not exclude an effect on the protein
synthesis and the secretory process because of LPT, experiments showing also an effect on
LH secretion. Protein synthesis could be tested by following the FSH incorporation of
labelled amino acids in presence of BMP-4 treatment. Both FSH and LH are produced in the
same gonadotrope cells but chromogranin A (CgA) was associated with secretory granules
containing FSH and LH hormones whereas secretogranin II (SgIl) was only associated with
LH in the gonadotrope cells in rodents (Crawford ef a/ 2002, Watanabe ef al. 1991). We could
suggest that, because in the mouse LB T, gonadotropes BMP-4 enhanced activin plus GnRH-
stimulated FSH secretion and inhibited activin plus GnRH —stimulated LH secretion, BMP-4
could affect the secretory pathway of FSH and LH by modifying the storage of FSH and LH
into specific secretory granules. Further experiments could determine the specific secretory
granules selected by BMP effect by following Sgll and CgA with FSH and LH or by

electronic microscopy after BMP-4 treatment.
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[n conclusion, BMPs play a role in the differential regulation of gonadotropin
secretion depending on the species. In sheep, BMPs inhibit specifically FSH synthesis and
release without affecting LH production whereas in mouse LB T; gonadotrope cell line, BMP-
4 has no effect on its own but amplified activin and GnRH-stimulated FSH secretion and
inhibits activin and GnRH-stimulated LH production. Even if the Smadl/5/8 signaling
pathway is activated, our experiments suggest that the different effects of BMPs in sheep and

mouse gonadotropes may be related to the activation of different signaling pathways in these

gonadotropes.

[I. How BMPs interact with other gonadotropin modulators?

Gonadotropin synthesis and release are regulated by hypothalamic, gonadal and
pituitary factors. The hypothalamic GnRH and the gonadal steroids particularly progesterone
and oestradiol can act differentially on gonadotropin synthesis and release. In addition to
GnRH and steroids, some members of the Transforming Growth Factor-Beta (TGF-3)
superfamily, particularly activins and inhibins, are involved in specific regulation of FSH
production, stimulating and inhibiting respectively FSH synthesis and release without

affecting LH production.

A. The GnRH stimulatory effect on gonadotropin secretion is
differentially modulated by BMP-4 depending on species

In ewe pituitary cells, we showed that the stimulatory effect of GnRH on FSH
secretion was counterbalanced by BMP-4 treatment. However, our protocol using GnRH have
to be modified to ensure the stimulatory effect of GnRH on FSH secretion. As previously
shown (Nicol et al. 2002, 2004) mouse LBT, cells treated with both activin and GnRH
secreted more FSH than with GnRH alone. A similar protocol should be used in sheep cell
culture. In these conditions, and in complete contrast to the sheep, BMP-4 was able to amplify
the stimulatory effect of both treatments on FSH secretion in the LT, cell line. Surprisingly,
BMP-4 also inhibited the stimulatory effect of activin and GnRH both on LH release and LHf3
mRNA expression. More interestingly, BMP-4 also inhibited GnRH-R mRNA expression
similar to the changes in LHP mRNA expression. A recent study showed that using a
perifusion system with LBT, gonadotrope cells allowing GnRH to be given in a series of
pulses, LHB gene promoter activity was stimulated at higher GnRH pulse frequencies whereas

the FSHB gene promoter was preferentially stimulated at lower GnRH pulse frequencies.
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Moreover, GnRH-R number was increased at higher frequencies of pulsatile GnRH
(Bédécarrats & Kaiser 2003). Therefore, our results showed with a single daily pulse of
GnRH (which is a low frequency) that BMP-4, by inhibiting GnRH-R expression, could
decrease the GnRH receptor numbers. As the density of GnRH receptor on gonadotropes
determines their ability to respond to GnRH (Wise ef al. 1984), we could suggest that a lower
expression of GnRH receptors due to BMP-4 treatment could activate the FSHf gene
promoter and inhibits the LHP gene promoter. These findings are reinforced by the different
effects between sheep and rodents of another member of the TGFp superfamily, activin on
GnRH receptor expression and numbers in both species. In sheep, the number of GnRH
receptors was was decreased by activin A (Gregg ef al. 1991). In contrast, activin stimulated
GnRH receptors number in rodents (Braden & Conn 1992). These results underline the
difference among species. Therefore, BMP-4 may play a role in differential gonadotropin

regulation by modulating the number of GnRH receptors.

B. The negative effect of oestradiol on FSH secretion is enhanced by

BMP-4 in sheep

In additon to pituitary factors, another main regulator of FSH is estradiol. Estrogen
receptors are expressed in gonadotropes in sheep (Sheng ef al. 1998, Tobin et al. 2001),
injections of 17-B estradiol in ewes reduced FSHP mRNA concentrations and FSH release
directly at the pituitary level (Mercer ef al. 1993, Phillips et al. 1998, Molter-Gérard et al.
2000) while immunoneutralisation of estradiol increased plasma concentrations of FSH
(Mann et al. 1990). Moreover, the treatment of ovine pituitary cells with 17- estradiol
showed a direct negative effect on the ovine FSH promoter (Miller & Miller 1996). In our
study, estradiol also exerted a strong inhibition on FSH} mRNA expression and FSH release.
Moreover, BMP-4 amplified this effect of estradiol. In other tissues, it was shown that
estrogens and BMPs could interact through overlapping intracellular signaling mechanisms
(Yamamoto ef al. 2002). In rodent and human pituitary prolactinomas where BMP-4 as well
as 17- estradiol induce cell proliferation, an additive effect of both BMP-4 and 17-8 estradiol
was observed (Paez-Pereda et al. 2003). In that model, Smad-1 and Smad-4 physically
interacted with the estrogen receptor under BMP-4 stimulation (Paez-Pereda et al. 2003, Wu
et al. 2003). To determine whether a similar mechanism can occur in ewe gonadotrope cells,
co-immunoprecipitation studies could demonstrate that under BMP-4 stimulation some

¢lement of BMP signaling pathway could interact with the estrogen receptor. Moreover, the
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analysis of estrogen receptor promoter may identify response elements related to the BMP

effect on FSH secretion.

C. The local specific FSH stimulatory factor, activin, is antagonized by

BMP-4 in sheep and not affected in the mouse gonadotrope cell line

Local factors like activins and inhibins preferentially act on FSH secretion by
stimulating and inhibiting respectively FSHP gene transcription, translation and FSH
production (De Kretser & Robertson 1989, Vale et al. 1990, Ling et al. 1986, Vale et al.
1986). Inhibin and activin subunits were detected in the rat by immunolocalization in the
ovary (especially granulosa cells, theca cells) and anterior pituitary (Meunier et al. 1988).
Receptors for activin were also identified in granulosa and theca cells, oocyte and the pituitary
(Cameron ef al. 1998, Fafioffe er al. 2004) indicating an autocrine/paracrine role of activin
(review Findlay et al. 2001, Pangas ef al. 2002). The incubation of cultured rat pituitary cells
with a mouse monoclonal antibody specific for the activin B reduced the FSHB mRNA
expression and FSH concentration without affecting LH production (Corrigan ef al. 1991). As
activins are a main regulator of FSH production and had the opposite effect of BMPs, we
treated the ewe pituitary cells with both 10°M BMP-4 and 2x10”M activin-A for 48h. Results
showed that BMP-4 antagonized the stimulatory effect of activin. In contrast, no effect was
noticeable on either FSH or LH production in LBT, cells suggesting a different mode of
regulation in rodents. Because of the interaction between BMP-4 and activin in the ewe
pituitary, we tried to determine at which level they could interact. At an intracellular level, in
both cell types, the BMP-4 induced phosphorylation of Smad-1 was not affected by activin
and the activin-induced phosphorylation of Smad-2 was not affected by BMP-4. Thus, the
activin and BMP Smad pathways do not appear to interact at this level, and the results of our
last experiments using the adenoviral Smad-6 and -7 vectors suggest that BMP could act via
other pathways. Nevertheless, further experiments should determine whether BMP pathway
could interact with activin pathway. However, other levels of interaction need to be examined,
particularly at the level of ligands, receptors and at promoter regulation. Co-
immunoprecipitation would help to discern if BMP could interact with activin itself and with
which kind of receptor. However, results on follistatin experiments showed that BMP-4
decreased FSH production even more than follistatin alone suggesting independent pathways.

As studies on gene promoters showed that activin regulated the rat FSHP promoter by

consensus Smad-binding element(s) in the mouse LBT, gonadotrope cell line (Suszko et al.

68



2003), we can suggest competition between BMP and activin signaling pathways transcription
factors. Moreover, GnRH activated the FSHP promoter, both GnRH and activin A had
synergistic role on FSHP3 promoter stimulation, and this effect was abolished by mutation of
the Smad-binding element (Gregory er al. 2005). In our LBT; cell experiments, because we
found an interaction in presence of GnRH, we can suggest that the transcription factor(s)
induced by BMP-4 could potentially bind DNA on this important Smad-binding element
required for the synergistic effect of GnRH and activin. The same experiment could be done
on the LHP promoter as Yamada and others (2004) found that activin A was able to increase
both LHB mRNA expression and LH secretion and to increase synergistically with GnRH a

transfected LHP promoter-reporter construct in LBT; cells.

In conclusion, BMP-4 effect interacts with the other gonadotropin modulators GnRH,
oestradiol and activins. In sheep, BMP-4 inhibits the stimulatory effect of GnRH and activin-
A and is additive to the inhibitory effect of oestradiol on both oFSHB mRNA expression and
FSH release without affecting LH secretion. In sheep, the effect of BMPs may interact with
activin by modulating directly its signaling pathways thus affecting the FSHf} promoter, or
indirectly by modulating intermediary, as yet unidentified, factors like inhibitors or cofactors.
In contrast, in the mouse LBT, gonadotrope cell line, the main role of BMPs is to modulate
GnRH effect, acting to affect both FSH and LH production. BMP effect could influence
GnRH effect by modulating GnRH receptor expression and then, GnRH receptor numbers.
This interaction with other modulators underlines the important role of BMPs on differential

gonadotropin secretion depending on species.

[Il. Is there a physiological role for BMPs in the differential regulation of
gonadotropin secretion?

BMPs affect the differential regulation of gonadotropin secretion. However, we would
like to determine whether BMPs effect is reproducible in physiological conditions, during the

oestrous cycle and in in vivo experiments.

A. Do other factors modulate BMPs expression?
To determine whether BMP-4 mRNA expression is modulated by FSH regulators, ewe
pituitary cells were treated with 10°M BMP-4, 2x10°M activin and 10"°M 17p- oestradiol
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Fig. 45. Effect of activin and oestradiol treatment on BMP-4 mRNA expression relative
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10"'"M E2 + 10°°M BMP-4 for 48h. Total mRNA were extracted and real time PCR was
performed.



for 48h. Preliminary data showed that activin was able to stimulate by 2-fold o0BMP-4 mRNA
expression whereas oestradiol had no effect (Fig.45). This result reinforced the possibility that

endogenous BMP synthesis is modulated by local factors.

B. Does the effect of BMPs depend on the stage of the oestrous cycle?

The effects of BMP-4 treatment was examined in cell cultures from non-cyclic ewe at
different times throughout the year and no difference was noticeable between experiments.
Nevertheless, it would be interesting to look at the effect of BMPs on FSH secretion at
different stages of the oestrous cycle. Maybe, BMPs are present all the time but during the
FSH second surge, they could be blocked by antagonists or gonadotrope cells are less
responsive to the effects of BMPs. To test these two hypotheses, we should determine the
pattern of expression of BMP antagonists, during the oestrous cycle, and test, by in vitro
studies, the effect of BMPs on FSH secretion in cell cultures of pituitaries collected at
different stages of the sheep oestrous cycle. When the BMP assays become available, it would

be also interesting to follow their concentrations during the oestrous cycle.

C. Are BMPs able to modulate gonadotropin secretion in vivo?

Our results on BMP effect were obtained on ewe pituitary cells which were allowed to
attach for two days before being treated. During this time, the cells are obviously not exposed
to the in vivo modulators such as circulating steroids or other growth factors. To complete our
study, in vivo experiments would help to determine the physiological effect of BMPs. BMPs
can be directly delivered in the pituitary by stereotaxical approach. However, the quantity of
BMPs delivered would be still important. Alternatively, adenoviral vectors expressing BMP-4
or signaling pathway inhibitor can be delivered into the ovine pituitary gland by stereotaxy
This original approach was successfully developed by Davis and co-workers (2001). Our
results showed a very high efficiency of adenovirus infection in ewe pituitary cells in culture,
confirming the efficacy of this method. After determining the signaling pathway(s) required
for BMPs to inhibit FSH secretion, we could transfect cells with a specific inhibitor mediated
by adenoviral vectors.

Meanwhile, natural mutations have been described and affected folliculogenesis in
sheep. Booroola ewes are hyper-prolific due to a mutation in the intracellular serine/threonine
kinase domain of BMPR-IB. Two groups found higher FSH concentrations in the presence of

the mutation attributed to a deficiency in ovarian feedback (Bindon ef al. 1984, McNatty et al.
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1987) while one group found no difference in gonadotropin secretion between the two
genotypes (Souza et al. 1997). A study of gonadotropin subunits mRNA expression in
pituitaries by Northern blots showed no significant difference between the FecB carrier and
the non-carrier genotypes (Fleming ef al. 1995). In our experiments, we found the same 40%
inhibition on FSH secretion in both genotypes. Moreover, we showed that the BMPR-IB was
not expressed in gonadotrope cells by immunohistochemistry in the sheep pituitary. We can
not exclude a very low expression of this receptor in gonadotropes, but on-going experiments
will determine which pituitary cell type expresses this receptor. Therefore, we would like to
measure changes in the hormone corresponding to the cell type expressing the BMPR-IB and
determine whether the mutation of BMPR-IB could affect its secretion. Ancther sheep breed
is known for hyper-prolificacy, the Inverdale ewes have a mutation in the bmp-15 gene. In
homozygous FecX'/FecX' ewes, gonadotropin plasma concentrations are high whereas no
significant difference is noticeable for heterozygous ewes compared to wild type. With our
results showing the inhibition of FSH by BMP-15, we cannot exclude a role at the pituitary
level. It would be interesting to test whether BMP-15 treatment on pituitary cell culture from

homozygous FecX'/FecX' ewes would reverse the high level of FSH concentration.
In conclusion, for the first time, our data provide evidence for a role of BMPs in the

differential regulation of gonadotropin synthesis and release in ewe pituitary. Furthermore, we

demonstrate their ability to interplay with main FSH modulators.
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[ntroduction

Les hormones gonadotropes, 1’hormone lutéinisante (LH) et I'hormone folliculo-
stimulante (FSH) sont synthétisées par les cellules gonadotropes de 1"hypophyse antéricure.
Une fois libérées dans le sang, elles agissent sur les gonades pour réguler la gamétogenese et
la stéroidogénese. Chez la femelle, elles jouent un réle critique et complémentaire lors de la
phase terminale de la croissance folliculaire. FSH stimule la croissance de follicules et la
sélection du follicule dominant, agissant sur les cellules de granulosa. LH induit I'ovulation et
la formation du corps jaune grace a son action sur les cellules de la granulosa et celles de la
theque interne. Le signal donné par les hormones gonadotropes doit étre finement régulé pour
permettre un controle précis des étapes de la croissance folliculaire jusqu’a I'ovulation
(McNeilly et al. 1992). Ainsi, les niveaux sécrétés de LH et de FSH varient au cours du cycle.
De plus, la libération de LH se fait de maniére pulsatile reflétant le profil de sécrétion du
facteur hypothalamique, GnRH (Gonadotropin Releasing Hormone). Ceci a été démontré
grace a des mesures dans le sang porte hypothalamo-hypophysaire proche du site de libération
de GnRH et du sang périphérique chez le mouton (Caraty et al. 1982, Clarke & Cummins
1982). Lorsque des mesures de FSH sont réalisées dans le sang périphérique, les profils de
sécrétion ne sont pas clairement pulsatiles. Cependant, des études récentes chez le mouton
montrent une synchronie entre la libération de GnRH et celle de la FSH lors de mesures dans
le sang porte hypothalamo-hypophysaire (Padmanabhan et al. 1997) ou dans le sinus
caverneux (Clarke et al. 2002). De plus, d’autres pulses de FSH sont présents, indépendants
de ceux reflétant les pulses du GnRH. Ces différences de sécrétion entre LH et FSH suggerent
des mécanismes ou des facteurs de régulation différents. En plus de cette nature de sécrétion,
les concentrations de LH et de FSH varient au cours du cycle. Chez la brebis comme chez la
ratte, les profils de sécrétions suivent le méme profil. Les concentrations plasmatiques de LH
sont faibles et augmentent au moment du pic pré-ovulatoire en méme temps que celles de
FSH. Mais, alors que les concentrations en LH sont faibles en dehors du pic pré-ovulatoire,
les concentrations de FSH fluctuent tout au long du cycle. Le rapport des concentrations
LH/FSH détermine les phases du cycle. En effet, les concentrations en FSH é¢levées lors de la
phase folliculaire sont nécessaires pour la croissance folliculaire et la maturation des follicules
ovariens (Niswender er al. 1975). La forte concentration en oestradiol sécrétés par les
follicules en croissance déclenche alors le pic pré-ovulatoire de LH et de FSH en fin de phase
folliculaire. Juste aprés 1’ovulation, les concentrations en LH redeviennent faibles alors qu'un

second pic de FSH survient (Mann ef al. 1990). Lors de la phase lutéale, les concentrations en



LH restent faibles alors que celles de FSH fluctuent épisodiquement. Malgré la forte
augmentation de LH au cours du pic pré-ovulatoire, les niveaux d’expression de I© ARNm
LHP ne sont pas modifiés pendant le cycle oestrien (Currie & McNeilly 1995, Crawford ef al.
2000, Fafioffe er al. 2004). A contrario, I’expression de I’ARNm FSHf refléte la libération
de FSH (McNeilly et al. 2003, Fafioffe et al. 2004).

Cette différence de profil de sécrétion des hormones gonadotropes souligne
I'importance de mécanismes spécifiques et/ou de facteurs de régulation. Plusieurs niveaux

sont concernés : lors de la synthese, lors du stockage et/ou lors de la sécrétion.

Au niveau structural, les hormones gonadotropes sont des glycoprotéines constituées
par I’association non covalente de deux sous-unités, une commune o et une spécifique, f.
Une fois synthétisées et leur peptide signal clivé, ces sous-unités sont modifiées par I’ajout de
chaines oligo-saccharidiques spécifiques. Chez ’espéce ovine, les sous-unités o et FSHf
comportent deux chaines N-gycosylées alors que la LHJ} n’en comporte qu'une (Sockell-
Hartree & Renvick 1992, Bousfield er al. 1994). En outre, la nature des sucres varie d’une
hormone a l'autre. Ceci explique une différence dans les demi-vies des hormones. Par
exemple, la LH humaine injectée chez le Rat a une demi-vie de 15min (Burgon et al. 1996)
alors que celle de la FSH humaine injectée chez le singe est de 1h30 (Klein et al. 2002).

Le deuxiéme niveau concerné par un profil différentiel de sécrétion des hormones
gonadotropes est celul du stockage des hormones une fois synthétisées. LH et FSH sont toutes
deux synthétisées par les cellules gonadotropes de I’hypophyse antérieure qui constituent
environ 10% des cellules hypophysaires (Childs et al. 1987, Taragnat ef al. 1998). Des études
ultrastructurales ont montré plusieurs types morphologiques cellulaires chez le rat (Childs et
al. 1980, Tougard & Tixier-Vidal 1988, 1994), un seul type cellulaire est observé dans les
autres espéces porcines et ovines (Dacheux 1978, Currie & McNeilly 1995). Par ailleurs, des
¢tudes immunohistochimiques ou d’hybridation in situ ont montré que des populations
cellulaires gonadotropes contenant LH et FSH (cellules bi-hormonales) ou seulement LH ou
FSH (cellules mono-hormonales). Chez des rattes cyclées, la proportion de cellules contenant
LH est doublée lors du pic pré-ovulatoire sans que le nombre de cellules gonadotropes soit
modifié suggérant que les cellules monohormonales FSH aient participé a la synthése de LH
(Childs et al. 1987). Chez des brebis cyclées, la proportion de cellules gonadotropes diminue

suite au pic pré-ovulatoire des hormones gonadotropes en conséquence d’une diminution du
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nombre de cellules bihormonales (Taragnat et al. 1998). Ces variations de proportions des
sous-populations lors du cycle oestrien peuvent étre dépendantes des facteurs de régulations
tels que le GnRH, les stéroides. En effet, des études chez la ratte ou chez la brebis montre que
le nombre de cellules bihormonales est modifié par une stimulation au GnRH (Childs 1985,
Molter-Gérard et al. 1999) ou par I'oestradiol (Molter-Gérard et al. 2000). De plus, au niveau
sub-cellulaire, des granules de sécrétions contiennent 'une ou les deux hormones
gonadotropes (Inoue & Kurosumi 1984). Alors que LH est stockée dans des granules denses
aux é¢lectrons (Currie & McNeilly 1995, Crawford et al. 2002), FSH est présente dans des
granules moins denses (Crawford et al. 2002). Cette différence de stockage est associée avec
une différence de profil de sécrétion. LH est préférentiellement libérée par une voie régulée
par GnRH et quelque FSH peut étre associée avec LH. Cependant, la plupart de la FSH est
libérée par une voie dite constitutive ou chaque nouvelle molécule de FSH synthétisée est
aussitot libérée dans le sang. La voie régulée de LH est associée a des molécules appelées
granines qui sont nécessaires pour I'exocytose. Dans les granules de sécrétion, LH est
associ¢e avec la secretogranine I1 (Sgll) (Sion et al. 1988, Crawford et al. 2002) et FSH avec
la chromogranine A (CgA) (Watanabe et al. 1991). Cependant, dans la lignée de cellules
gonadotropes murines, LB T, la libération de la FSH n’est pas corrélée avec celle de la CgA
contrairement a la LH qui est libérée simultanément avec Sgll en réponse au GnRH et a

I"activine (Nicol et al. 2002, 2004).

La syntheése et la sécrétion des hormones gonadotropes est modulée par des facteurs de
régulation, hypothalamiques, gonadiques ou hypophysaires.

Le GnRH, facteur hypothalamique, est le premier stimulus nécessaire dans la fonction
de reproduction. Plusieurs formes structurales sont connues a ce jour mais dans la majorité
des espéces vertébrées, deux ou trois variants (GnRH-I, GnRH-II et GnRH-III) sont détectés
et ceci dans des populations neuronales distinctes (Millar et al. 2004). GnRH-I est le facteur
hypothalamique (appelé par la suite GnRH) alors que GnRH-II est une forme ubiquitaire.
GnRH est libéré de maniére pulsatile et module la biosynthese et la libération des hormones
gonadotropes (Fink 1988). Des mutations génétiques de GnRH ou une perte de fonction de
son récepteur induisent un niveau faible des concentrations circulantes de LH et de FSH que
ce soit chez la souris ou chez ’humain (Mason et al. 1986, Seminara et al. 1998, Kottler et al.
1999). L'importance du GnRH a été démontrée grace a un blocage de son action par des
techniques de disconnection hypothalamo-hypophysaire, d’immunisation passive ou

d’injection par des antagonistes du GnRH diminuant ainsi les concentrations des hormones
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gonadotropes et de leurs messagers (Clarke ef al. 1983, Caraty et al. 1984, Lalloz et al. 1988).
Cependant, les effets sont différents sur la synthése et la libération de LH et de FSH. Le
blocage de I'effet du GnRH résulte en une inhibition rapide de la sécrétion de LH démontrant
un lien direct GnRH/LH alors que les concentrations de FSH diminuent plus lentement
(Culler & Negro-Vilar 1986, Turzillo & Nett 1997, Molter-Gérard et al. 1999). Comment un
méme peptide peut-il agir sur une méme cellule tout en modulant différemment la libération
de LH et FSH ? Il a ¢t¢ montré que la fréquence des pulses de GnRH affectait de maniere
différente la libération des hormones gonadotropes. De fortes fréquences de pulses de GnRH
augmentent le nombre de récepteurs au GnRH a la surface des cellules gonadotropes alors que
de faibles fréquences diminuent leur nombre correspondant au profil observé lors du cycle
oestrien (Clarke et al. 1987, Brooks er al. 1993, Kaiser et al. 1997, Fafioffe et al. 2004,
Schirman-Hildesheim et al. 2005). De plus, une forte fréquence de GnRH, semblable a ceux
de la phase folliculaire, stimule I'expression des ARNm o et LHp et la libération de la LH
alors qu’une faible fréquence, mimant ceux de la phase lutéale, favorise la production de FSH
(Dalkin et al. 1989, Kaiser et al. 1997, Molter-Gérard et al. 1999, Farnworth 2000, Burger et
al. 2002).

Par ailleurs, des ¢tudes montrent que dans le sang porte hypophysaire, une certaine
proportion de pulses de FSH n’est pas associée avec des pulses de GnRH (Padmanabhan et al.
1997). Ces pulses sont maintenus en présence d’un antagoniste du GnRH (Padmanabhan et al.
2003) suggérant le role d’autres facteurs de régulation spécifiques de la séerétion de FSH
(Padmanabhan & Sharma 2001, Pawson & McNeilly 2005). De plus, 1'existence d'un facteur
permettant la libération de FSH (FSH-RF) a été suggéré et son hypothése a ¢€t¢ soutenue par
une expérience de lésion de ['aire hypothalamique dorsale antérieure montrant 1’abolition des
pulses de FSH mais pas ceux de LH (Lumpkin et al. 1989). L’un des variants de GnRH,
GnRH-III pourrait étre ce facteur (Yu et al. 1997, 2002). Néanmoins, cette hypothése n’a pas
été validée pour le moment.

D’autre part, des résultats montrent I'importance des facteurs gonadiques et
hypophysaires sur la régulation différentielle de la sécrétion des hormones gonadotropes. Les
effets des stéroides (progestérone et oestradiol) sur la libération de LH et FSH sont
généralement positifs mais peuvent étre négatifs en fonction du moment du cycle oestrien.
Lors de la phase folliculaire, les follicules sécrétent de I’oestradiol qui augmente la fréquence
des pulses GnRH/LH provoquant ainsi le pic pré-ovulatoire. En phase lutéale, le corps jaune
sécréte de la progestérone diminuant les fréquences des pulses de GnRH (Karsh et al. 1997).

L'effet positif des oestrogénes s’explique par la stimulation du nombre de récepteurs au
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GnRH (Clarke et al. 1988, Gregg et al. 1990, Ghosh et al. 1996, Cowley et al. 1998) ainsi que
la libération de GnRH elle-méme (Moenter ef al. 1990). L’effet négatif des stéroides a été
démontré lors de gonadectomie car dans ce cas, les ARNm LHp, FSHp et les concentrations
en FSH et LH sont stimulés. De plus, I'addition d’oestrogénes abolit cette stimulation
(Corbani et al. 1984, Shupnik et al. 1988). Pour LH, l'effet des oestrogénes est
hypothalamique comme le démontre I’ajout d’un antagoniste du GnRH qui rétablit les
concentrations des hormones gonadotropes (Dalkin er al. 1993, Shupnik & Fallest 1994).
Cependant, les oestrogenes peuvent aussi agir au niveau hypophysaire. Chez les animaux dont
I’hypothalamus est déconnecté de I"hypophyse et donc ne présentant plus de libération de LH,
la restauration des pulses de LH est obtenue par un analogue du GnRH. Dans ces conditions,
I'injection d’oestradiol induit une suppression rapide des concentrations de LH due a une
réduction de I'amplitude des pulses de LH et de FSH (Clarke & Cummins 1984, Molter-
Gérard et al. 2000). De plus, cet effet inhibiteur est aussi observé sur la FSH lorsque des
cellules hypophysaires ovines sont traitées par de ’oestradiol pendant 24h (Phillips et al
1988, Nett et al. 2002, Faure et al. 2005).

En plus de I'action du GnRH et des stéroides, des protéines sécrétées par les gonades,
les activines et les inhibines agissent préférentiellement sur la synthése et la libération FSH.
Elles sont constituées de deux sous-unités (o et 3 pour les inhibines et deux [ pour les
activines). Les inhibines A et B comportant respectivement les sous-unités BA et BB inhibent
la sécrétion de la FSH (De Kretser & Robertson 1989, Vale et al. 1990) alors que les activines
A (BA-BA), B (BB-BB) et AB (BA-BB) stimulent la production de FSH (Ling et al. 1986,
Vale et al. 1986). La follistatine, protéine sans rapport structural avec les activines et les
inhibines, lie les activines et bloque leurs activités (Ueno et al. 1987, Ying et al. 1987,
Nakamura et al. 1990, Farnworth et al. 1995). L’injection d'un anticorps polyclonal anti-
inhibine chez la ratte provoque une stimulation de la libération de FSH et des messagers
FSHP sans affecter celle de LH (Rivier et al. 1986, Dalkin et al. 1993). L’effet opposé a été
obtenu en injectant un anticorps anti-activin sans modifier la sécrétion de LH (Corrigan ef al.
1991). Ces expériences démontrent 1'importance des inhibines et des activines sur la
régulation spécifique de la sécrétion de FSH.

Par ailleurs, des études ont montré que d’autres protéines appartenant a la méme
famille du TGFp que les activines et les inhibines, les Bone Morphogenetic Proteins (BMPS)
sont décrites comme des facteurs importants dans la fonction de reproduction. En effet, des

mutations naturelles de ces facteurs ou de leurs récepteurs entrainent des cas



d’hyperprolificité chez les brebis (Davis et al. 1991, Mulsant et al. 2001, Souza et al. 2001,
Wilson et al. 2001). Alors que le role de ces BMPs au niveau ovarien est bien documenté, peu
de données sont disponibles au niveau hypophysaire excepté un role dans la mise en place de
I’hypophyse et la détermination des cellules gonadotropes lors de I’embryogénése. Dans ce
contexte, notre ¢tude a viser a évaluer le role potentiel des BMPs dans la régulation

diftérentielle de la sécrétion des hormones gonadotropes.

Résultats

Chapitre I :

Les ARNm des BMP-2, BMP-4, BMP-7 et GDF-9 ont été détectés dans I’hypophyse
ovine par RT-PCR. Les transcrits des récepteurs BMP-RIA, BMP-RIB et BMP-RII sont
exprimés mais seuls BMP-RIA et BMP-RII, pas BMPR-IB, colocalisent avec les cellules
gonadotropes sur des coupes d’hypophyses. Pour déterminer I’effet des BMPs, BMP-4, BMP-
6, BMP-15 et GDF-9 sur la sécrétion de FSH, différentes doses (de 3.10"" a 3.10° M) sont
ajoutées au milieu de culture des cellules hypophysaires ovines dissociées et platées.
Quarante-huit heures plus tard, les surnageants sont récoltés et FSH et LH sont dosées grace a
un ELISA de type sandwich. Les ARN cellulaires sont extraits pour analyser les ARNm de
FSHP et de LHP par RT-PCR en temps réel (Tagman). BMP-4 entraine une inhibition dose-
dépendante de la libération de FSH par les cellules hypophysaires qui atteint 41,1 + 7.8 %
pour une dose de 3.10°M (n=10, p<0.05) sans affecter celle de la LH. Cette inhibition
s’accompagne d’une diminution des ARNm de FSHf}. Cette méme inhibition est retrouvée
avec les autres BMPs testées.

Pour déterminer le réle des BMPs vis-a-vis des régulateurs connus de FSH et LH, les
cellules hypophysaires ont été co-traitées avec GnRH (10°M), I’oestradiol (10"°M) ou
I’activine A (10°M). Le traitement des cellules hypophysaires avec BMP-4 modére la
stimulation de la libération de FSH induite par GnRH (10®M). Par ailleurs, BMP-4 amplifie
’action négative de 1’oestradiol (10"°M) sur I'expression du messager FSHf et sur la
libération de FSH. Le co-traitement des cellules hypophysaires avec BMP-4 et activine (10
M) annule les effets respectivement inhibiteur et stimulateur de ces molécules sur
Iexpression des ARNm de FSHp et la libération de FSH. Ces résultats indiquent que les

BMPs exercent une action inhibitrice sur la synthése et la libération de FSH. Cette action
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s’oppose a celle de I'activine. De plus, les BMPs diminuent I’effet stimulateur de GnRH et

amplifient I’action inhibitrice de I"eestradiol.

Chapitre 1l :

Dans le premier chapitre, nous avons démontré que BMP-4 était capable d’inhiber la
séerétion de FSH et d’antagoniser les effets stimulants de [’activine dans des cellules
hypophysaires ovines en culture. Nous avons recherché si I’effet de BMP-4 était dépendant ou
non de la voie de signalisation de I’activine. Les voies de signalisation des BMPs et de
I’activine sont similaires. En effet, apres liaison aux récepteurs spécifiques, ceux-ci entrainent
la phosphorylation de R-Smads (Smad-1, Smad-5 et Smad-8 pour BMPs ou de Smad-2 et
Smad-3 pour "activine). Une fois activées, ces R-Smads se lient a une Smad commune aux
deux voies de signalisation (Smad-4) et le complexe transloque au noyau pour activer le(s)
géne(s) cible(s). Nous avons montré par Western blot que la protéine Smad-1 était
phosphorylée aprés un traitement d’une heure par BMP-4 indiquant que la voie de
signalisation spécifique des BMPs était activée. Pour tester si ’inhibition de la sécrétion de
FSH par le traitement BMP-4 était due a I’activation des voies de signalisation utilisant les R-
Smads, nous avons surexprimé Smad-7, un inhibiteur de la phosphorylation des récepteurs
BMP et/ou activine. Des expériences préliminaires de surexpression de LacZ (100pfu/cellule)
montrent que 90% des cellules hypophysaires ovines étaient infectées. La surexpression de
Smad-7 (100pfu/cellule) a été vérifiée grace a une immunohistochimie utilisant I’anticorps
anti-Smad-7. De plus, le niveau de phosphorylation de Smad-1 est réduit de maniére dose-
dépendante. De maniére intéressante, la surexpression de Smad-7 reverse I'inhibition des
niveaux de messagers FSHf} ainsi que de la libération de la FSH due au traitement par BMP-
4. 11 faut aussi souligner que la surexpression de Smad-7 marque une inhibition des messagers
FSHP et de la libération de la FSH au niveau basal. Ce résultat suggere un effet endogéne
stimulant qui aurait été bloqué par la surexpression de Smad-7. Nous faisons I’hypothese qu’il
s’agit du role de I’activine qui est bien connue pour agir de maniere endogene sur la sécrétion
de FSH via la voie de signalisation Smad-2/Smad-3 (Bernard 2004). Dans nos conditions de
cultures, la forme phosphorylée de Smad-2 est détectée en I’absence de tout traitement. De
plus, la surexpression de Smad-7 bloque la stimulation par "activine de I'expression du
messager FSHB. En conséquence, nous ne pouvons pas conclure si les BMPs agissent via
Smad-1 ou en en interagissant avec la voie de signalisation de I'activine pour inhiber la

sécrétion de FSH. Néanmoins, nous avons utilisé la follistatine comme inhibiteur de la voie de
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signalisation de I'activine. Lorsque les cellules hypophysaires ovines sont co-traitées avec
BMP-4 (10°M) et follistatine (0,03 a 1,3x10M), une inhibition plus forte que celle obtenue
avec chaque facteur est observée. Par ailleurs, la présence conjointe de BMP-4 et d’activine
ne modifie pas les niveaux de phosphorylation de Smad-2 par rapport a un seul facteur. Pour
tester si BMP-4 pouvait agir sur des facteurs communs avec la voie de I’activine, les niveaux
des messagers de Smad-4 et de Smad-7 sont mesurés aprés un traitement par BMP-4, activine
ou les deux facteurs sur des cellules hypophysaires ovines mises en culture. BMP-4 ne
modifie pas I’expression du messager de Smad-4 mais stimule celui de Smad-7. L’ensemble
de ces résultats suggere que 1'effet de BMP-4 sur la sécrétion de la FSH se fait dans un
premier temps via la voie Smad-1 et dans un deuxiéme temps en modulant I’expresssion de
’ARNm de Smad-7 qui pourrait inhiber la voie de signalisation de I’activine requise pour la
synthése et la libération de FSH. D’autres expériences en cours vise a surexprimer Smad-6, un
inhibiteur spécifique de la voie BMP, bloquant I’interaction entre Smad-1 phosphorylée et

Smad-4.

Chapitre 11 :

Nos résultats ont été obtenus sur des cultures primaires de cellules hypophysaires
ovines. L’hypophyse antérieure est constituée de plusieurs types cellulaires dont les cellules
gonadotropes qui représentent seulement 10% des cellules. Pour déterminer le réle des BMPs
sur les cellules gonadotropes, une lignée murine de cellules gonadotropes a été utilisce.

BMP-6, BMP-7, BMP-RIA et BMP-RII ont été détectés par RT-PCR suggérant un
role paracrine de ces BMPs sur les cellules gonadotropes murines. Lorsque des cellules LBT»
sont traitées par BMP-4 seul, aucun effet sur les niveaux de messagers de FSHp, de LHf ni de
libération de FSH et de LH ne sont observés. Par contre, en présence simultanée de GnRH et
d’activine, BMP-4 est capable d’amplifier I’effet stimulateur de GnRH et de I'activine sur la
synthése et la libération de FSH. De maniére intéressante, BMP-4 inhibe I’effet stimulateur de
GnRH et de I'activine sur les niveaux du messager LHp et sur la libération de LH.

Pour déterminer si les voies BMPs et activine pouvaient interagir, la phosphorylation
de Smad-1 et de Smad-2 a été suivie par Western blot. Que ce soit en présence ou non de
GnRH, aucune modification de I’intensité du signal n’est visible.

Comme BMP-4 est capable de moduler de maniere différentielle la sécrétion des
hormones gonadotropes en présence du GnRH dans la lignée gonadotrope murine, LBT,, nous

avons étudié I'effet de BMP-4 sur I’expression du messager du récepteur du GnRH. Le
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résultat obtenu suit le profil de celui de la LH suggérant que BMP-4 serait capable en inhibant
I'expression du messager du récepteur du GnRH de mimer une situation analogue a une
diminution des fréquences de pulses de GnRH via une baisse du nombre de récepteurs au

GnRH, privilégiant ainsi la sécrétion de FSH.

Conclusion et discussion

—_—

Nous avons montré la présence de plusieurs BMPs et de leurs récepteurs dans
I’hypophyse ovine et dans la lignée gonadotrope murine, LBT,. Les BMPs régulent de
maniére différentielle la sécrétion des hormones gonadotropes en fonction des espéces
étudiées. Nos résultats montrent que BMP-4 et d’autres BMPs (BMP-6, BMP-15 et GDF-9)
sont capables d’inhiber préférentiellement la sécrétion de FSH sans inhiber celle de LH chez
’ovin alors que BMP-4 amplifie Ieffet stimulateur de I"activine et du GnRH sur la sécrétion
de FSH et inhibe la production de LH stimulée par I’activine et le GnRH dans la lignée
murine de cellules gonadotropes. De plus, BMP-4 est capable d’interagir avec des facteurs
régulateurs de la sécrétion des hormones gonadotropes tels que le facteur hypothalamique,
GnRH, les facteurs gonadiques et hypophysaires, 'oestradiol et I’activine. Dans cette
discussion, nous avons traité les questions suivantes :

[- Quel role les BMPs jouent-ils dans la régulation différentielle de la synthése et de la
libération des hormones gonadotropes ?

2- Comment les BMPs interagissent-ils avec les autres modulateurs de la sécrétion des
hormones gonadotropes ?

3- Existe-t-il un role physiologique pour les BMPs sur la régulation différentielle de la
séerétion de LH et de FSH ?

1- Quel role les BMPs jouent-ils dans la régulation différentielle de la synthése et de la

libération des hormones gonadotropes ?

Les messagers de BMP-2, BMP-4 et BMP-7 ont été détectés dans I"hypophyse ovine
et ceux de BMP-6 et BMP-7 dans la lignée gonadotrope murine, LPT,. Ces résultats
corroborent ceux de Souza et collaborateurs (2003) pour 'ovin et d’Otsuka et Shimasaki
(2002) pour les LPT,. De plus, nous avons montré¢ la présence d’un facteur exprimé
spécifiquement dans I'ovocyte, GDF-9 (Yan et al. 2001). Les résultats obtenus soulignent une

différence d’expression entre 1’ovin et la souris. Les messagers des récepteurs BMP-RIA,
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BMPR-IB et BMP-RII ont éteé détectés dans I’hypophyse ovine mais seuls les récepteurs de
type IA et II ont été colocalisés sur les cellules gonadotropes ovines. De plus, ces mémes
récepteurs ont été détectés dans la lignée de cellules gonadotropes murines. Comme cela a été
décrit précédemment, une race de brebis hyperprolifique, Mérinos Booroola, posséde le
récepteur de type IB muté. Il serait donc intéressant de déterminer sur quel type cellulaire ce
récepteur est exprimé et ainsi, de doser I'hormone concernée. Comme les ligands sont
présents, nous avons émis ['hypothése d’un rdle paracrine. Le traitement des cellules
hypophysaires en culture avec noggin, un antagoniste des BMPs, n’a pas permis de conclure
quand a leurs roles. Il serait intéressant de doser les BMPs circulants une fois un dosage
disponible ou d’incuber les cellules hypophysaires ovines avec un anticorps anti-BMPs.

Nous avons montré par ailleurs que les BMPs agissaient de maniere différente sur la
sécrétion des hormones gonadotropes chez 'ovin et dans la lignée cellulaire murine. Chez
'ovin, I'effet de BMP-4 inhibe spécifiquement la synthése et la libération de la FSH sans
affecter ni la production de LH ni celle de la prolactine. Cet effet sur la sécrétion de FSH a été
aussi retrouvé avec BMP-6, BMP-15 et GDF-9. Ces résultats ¢taient surprenants car d’autres
études montraient plutot un réle stimulateur de BMP-6, BMP-7 et de BMP-15 sur la sécrétion
de FSH chez les rongeurs (Huang er al. 2001, Otsuka & Shimasaki 2002). Nous avons donc
voulu tester ’effet de BMP-4 sur nos cultures de cellules provenant de la lignée gonadotrope
murine. Aucun effet de BMP-4 seul ne fut détectable mais BMP-4 était capable de moduler en
présence simultanée d’activine et de GnRH la synthése et la sécrétion des hormones
gonadotropes, d’une part en amplifiant leur effet stimulateur sur la FSH et d’autre part, en
inhibant leur effet stimulateur sur la production de LH. Ces résultats montrent bien que les
BMPs peuvent réguler de maniere différentielle la synthése et la libération des hormones
gonadotropes en fonction de I’espece étudiée.

Bien que nos résultats montrent que BMP-4 soit capable de phosphoryler Smad-1 dans
les deux espéces, nous ne pouvons pas déterminer si cette activation est liée a I’effet obtenu
sur la production des hormones gonadotropes. Par ailleurs, le blocage de la voie de
signalisation spécifique des BMPs par la surexpression d’un inhibiteur, Smad-7, montre une
réversion de I’effet inhibiteur de BMP-4 sur la synthese et la libération de la FSH. Mais
comme Smad-7 peut aussi moduler la voie de signalisation de I'activine, nous ne pouvons
exclure que I'effet de BMPs passe via la voie de I'activine. Des résultats supplémentaires
suggerent pourtant une indépendance des deux voies de signalisation car 1’addition simultanée
avec BMP-4 de follistatine, antagoniste de I’activine, inhibe plus fortement la libération de

FSH qu'en présence des facteurs seuls. D autres expériences permettront de déterminer le
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type de voie de signalisation engendrée par BMP-4. En effet, BMPs peuvent interagir avec
d'autres  voies  comme celles des mitogen-activated protein  kinase (MAPK),
Ca2+/calmoduline, CDK ou JAK/STAT (pour revues : von Bubnoff & Cho 2001, Miyazono
et al. 2001, Nohe et al. 2004).

Quelque soit la (les) voie(s) de signalisation activée(s) par BMP-4 pour moduler la
sécrétion des hormones gonadotropes, il semble important de déterminer a quel niveau la
régulation s’effectue. Des études du promoteur de FSHp et/ou de LH[3 nous apporteraient des
éléments de réponse. De plus, BMPs peut agir sur la stabilité du messager et des expériences

en utilisant I"actinomycine €lucideraient ce point.

2- Comment les BMPs interagissent-ils avec les autres modulateurs de la sécrétion des

hormones gonadotropes ?

BMP-4 module la régulation différentielle de la sécrétion des hormones gonadotropes.
Cette régulation est le jeu de plusieurs facteurs, hypothalamique (GnRH), gonadiques (les
stéroides et les facteurs non-stéroidiens comme les activines et les inhibines) et hypophysaires
(les activines).

GnRH est connu pour stimuler la production de LH et de FSH. Dans nos cultures
hypophysaires ovines, BMP-4 a inhibé cet effet stimulateur sur la libération de FSH sans
modifier la stimulation de LH par le GnRH. Cependant, la stimulation par le GnRH n’a pas
été obtenue de maniére consistante. Une amélioration du protocole est envisagée. Par ailleurs,
en utilisant le protocole mis en place par Nicol et collaborateurs (2002, 2004), nous avons
reproduit une situation ou un pulse de GnRH par jour (équivalent a une faible fréquence de
pulses de GnRH) favorisaient avec I’activine la synthese et la libération de FSH dans la lignée
de cellules murines. Dans ces conditions et de maniére completement opposée a 1’ovin, BMP-
4 amplifiait 1"effet stimulateur de I’activine et du GnRH sur la sécrétion de FSH. Par ailleurs,
dans ces conditions, BMP-4 inhibait la stimulation de la sécrétion de LH par I’activine et le
GnRH. De maniére intéressante, BMP-4 inhibait I’expression du messager du récepteur du
GnRH mimant ainsi une situation analogue a une réduction des pulses de GnRH.

Chez l'ovin, I'étude de I’effet simultané de I'oestradiol connu pour inhiber la
production de FSH et de celui de BMP-4 a montré une inhibition encore plus forte qu’en
présence des deux facteurs seuls. Dans un autre systéme, celui des prolactinomes humains,
BMP-4 est décrit pour stimuler la prolifération des cellules. Dans ces conditions, I’oestradiol
et BMP-4 ont des effets additifs (Paez-Pereda et al. 2003). Dans ce modele, Smad-1 et Smad-

4 interagissent physiquement avec le récepteur de 'oestradiol en présence de BMP-4 (Paez-
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Pereda er al. 2003, Wu et al. 2003). 1l serait donc intéressant de déterminer si de tels
mécanismes interviennent dans les cellules hypophysaires ovines en analysant par exemple les
éléments de réponse du récepteur des oestrogenes.

Les facteurs gonadiques appartenant a la famille du TGFp, les inhibines et les
activines, agissent préférentiellement sur la sécrétion de FSH. Les inhibines inhibent la
transcription du messager FSHp et la libération de la FSH alors que les activines les stimulent
(De Kretser & Robertson 1989, Vale et al. 1990, Ling et al. 1986, Vale et al. 1986). Les sous-
unités des inhibines et des activines ont été détectées chez le rat par immunolocalisation dans
I'ovaire et I’hypophyse antérieure (Meunier et al. 1988). De plus, I'incubation de cellules
hypophysaires de rat avec un anticorps anti-activine B réduit expression du messager FSHp et
les concentrations en FSH sans modifier la production de LH (Corrigan et al. 1991). Dans
notre travail, des cellules hypophysaires ovines ont été traitées simultanément par de
I'activine A et BMP-4. Ce co-traitement a eu pour résultat d’antagoniser les effets
stimulateurs de I'activine et les effets inhibiteurs de BMP-4. Pour comprendre a quel niveau
ces deux protéines pouvaient interagir, nous sommes intéressés aux voies de signalisation.
Aucune modification n’a été détectée sur les niveaux de phosphorylation des protéines Smad-
1 et Smad-2, respectivement spécifiques des voies de signalisation BMPs et activines.
L’interaction a vraisemblablement lieu a un niveau post- R-Smads. Une étude approfondie des
éléments de réponse aux Smads sur le promoteur de FSH3 ou LHP devrait nous apporter des

informations supplémentaires.

3- Existe-t-il un role physiologique pour les BMPs sur la régulation différentielle de la
secrétion de LH et de FSH ?

BMPs affectent de maniére différente la sécrétion des hormones gonadotropes. Est-ce
que cet effet a un sens physiologique et est-1l reproductible au cours du cycle oestrien et lors
d’expériences in vivo ?

Des expériences in vivo pourraient étre mises en place en injectant par stéréotaxie des
BMPs ou des inhibiteurs au niveau de I’hypophyse et d’analyser les variations des
concentrations en hormones gonadotropes. Une seconde approche qui a été développée par
Davis et collaborateurs (2001) serait d’infecter les cellules hypophysaires par stéréotaxie avec

un adénovirus.
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Des expériences préliminaires ont montré que I'expression du messager de BMP-4
pouvait €tre stimulé par I"activine mais non affecté par un traitement par I’oestradiol. Pour
déterminer si I'effet de BMPs peut varier au cours du cycle, il faudrait obtenir un dosage des
BMPs qui n’est pas disponible a I’heure actuelle. De plus, une étude des antagonistes pourrait
nous indiquer la disponibilité des BMPs. Pour tester si les cellules gonadotropes sont

réceptives tout au long du cycle a I'effet des BMPs, des cellules prélevées a différents stades

du cycle pourraient étre traitées par les BMPs.

En conclusion, pour la premiére fois, nous avons mis en évidence un effet inhibiteur
spécifique sur la synthese et la libération de la FSH chez I'ovin. En revanche, ces mémes
molécules modulent différemment la sécrétion des hormones gonadotropes chez la souris.

L’ensemble de ce travail souligne I'importance des BMPs au niveau hypophysaire.
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Abstract

Bone Morphogenetic Proteins (BMPs): new modulators of the follicle-stimulating
hormone (FSH) synthesis and release in the ewe

In females, the gonadotropins, follicle-stimulating hormone (FSH) and luteinizing
hormone (LH) produced by gonadotropes are required for the terminal follicular growth and
the regulation of ovulation number. The patterns of the synthesis and release of LH and FSH
diverge in several physiological situations. However, the mechanisms involved in LH and
FSH differential regulation are still unclear. Gonadotropin synthesis and release are
orchestrated by interplay of hypothalamic, gonadal and pituitary factors. Although GnRH and
the gonadal steroids are common to FSH and LH hormone regulation, they act differentially
on their production. In addition to GnRH and steroids, some members of the Transforming
Growth Factor-Beta (TGFp) superfamily, particularly activins and inhibins, are involved in
the specific regulation of FSH production, stimulating and inhibiting respectively FSH
synthesis and release. Inhibins and activins are gonadic factors but activins are also described
to act as paracrine factors. Recently, other molecules of the TGF-3 superfamily, the Bone
Morphogenetic Proteins (BMPs) were shown to play a role in Reproduction, acting at least at
the ovary level.

To extend our knowledge on FSH synthesis regulation, we investigated the potential
role of BMPs in the ewe pituitary. The two types of BMP receptors (BMPR-IA and BMPR-II)
co-localised with gonadotrope cells and their ligands (BMP-2, BMP-4, BMP-7 and GDF-9)
mRNAs were detected in the pituitary suggesting a paracrine action of BMPs. BMPR-IB was
not detected on gonadotropes. Interestingly, in three breeds of ewes, BMP-4 as well as BMP-
6, BMP-15 and GDF-9 inhibited specifically the FSH synthesis and release, but not the LH
production from ewe pituitary cells. Moreover, BMP-4 antagonized the stimulatory etfect of
activin and amplified the inhibitory action of 17B-estradiol.

To determine at which level BMP-4 was able to act on FSH differential secretion, we
investigated the Smads signaling pathways. BMP-4 activated the phosphorylation of Smad-1/-
5 without affecting Smad-2 phosphorylation level triggered by activin. The blockade by
inhibitory Smad, Smad7 showed the role of the Smad signaling in BMP-4 action. Blocking
the activin signaling by follistatin suggested independence between activin and BMP-4
signaling pathways.

[n the mouse gonadotrope cell line (LBT;), BMPs and their receptors mRNAs were
detected. In contrast to ewe, BMP-4 alone was not able to modulate the gonadotropin
secretion. However, BMP-4 amplified the stimulatory effect of activin and GnRH on FSH
secretion. Moreover, BMP-4 inhibited the stimulatory effect of activin and GnRH on LH
production by inhibiting the expression of GnRH receptor. These differences of effect due to
the species underlined the necessity of studying different models to enhance our
understanding of reproductive function.

Collectively, these data open up a novel concept that a functional BMP system plays a
crucial role in regulating gonadotropin synthesis and release. Further investigations should
determine by which intracellular mechanisms BMPs act on FSH secretion in ewe and in
mouse. Furthermore, the physiological importance of BMPs within the pituitary in the overall
regulation of FSH synthesis and release has to be established.



