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Abstract

Aim: The aim of this study was to determine the action of bone morphogenetic proteins (BMPs) on
testicular cell proliferation during early postnatal life, a definite developmental time at which crucial
changes in germ cell and Sertoli cell maturation occur.

Methods: We investigated the effect of BMP2 and BMP7, two factors which belong to the relatively
distant decapentaplegic (DPP) and 60A classes of the large BMP family, upon spermatogonial and Ser-
toli cell proliferation, and we examined the expression of activin/BMP type II and type I receptors. We
used in vitro cultured testis fragments from 7-day-old mice, highly purified populations of somatic and
germ cells and total testes from mice of different ages. Cell proliferation was assessed by BrdU labelling
and [*H]-thimidine incorporation. Ribonuclease protection assays and Northern blotting were per-
formed to analyse receptor expression.

Results and conclusions: We have demonstrated a stimulatory action of BMP2 and BMP7 in spermato-
gonia and Sertoli cell proliferation respectively. ActRIIB is the type II receptor expressed most in sper-
matogonia, whereas Sertoli cells specifically expressed BMPRIIB, in addition to ActRIIB. By contrast,
the presence of ActRIIA was undetectable in either germ or somatic cells. The type I receptors ActRIA,
ActRIB and BMPRIA were all found in both cell types, indicating that the observed effect of BMP2 and
BMP7 on testicular cell proliferation may be mediated by a number of combinatorial interactions in
the receptor complexes. These findings suggest that BMPs are involved in physiological paracrine sig-

nalling during the first wave of spermatogenesis.
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Introduction

The precise orchestration of mammalian spermatogen-
esis relies on the functional coordination of the Sertoli
cell and germ cell lineages. This concept is apparent
particularly during early postnatal testis development,
when the final size of Sertoli cell population is being
established and the first series of spermatogonial div-
isions occur. The importance of these developmental
processes in determining the ultimate sperm output in
the adult is supported by a considerable body of data
(1). However, the regulatory mechanisms underpinning
the coordinated spatial and temporal proliferation of
Sertoli cells and germ cells are not yet fully understood.
Both systemic hormones and local gonadal factors are
involved in the control of somatic and germ cell
events during the initiation of spermatogenesis. To
date, a number of factors produced in the testis which
act as mediators/modulators of gonadotrophin function
have been identified. These factors include bone mor-
phogenetic proteins (BMPs), which comprise a large
group of secreted signalling molecules belonging to
the transforming growth factor (TGF)B superfamily
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(2, 3). It is widely accepted that these proteins function
as either homodimers or heterodimers, the latter being
possibly even between members of relatively distant
subfamilies such as the DPP class (BMP2 and BMP4)
and 60A class (BMP5, BMP6, BMP7, BMP8A and
BMPS8B). Indeed, heterodimers composed of both
classes are functionally more potent in vivo than homo-
dimers, as has been shown in bone and mesoderm
induction (4, 5).

Several BMP genes are expressed in the testis. In par-
ticular, BMP7 and BMPS8 a/b transcripts have been
found in germ cells at different stages of differentiation
(6, 7), suggesting that not only Sertoli cells, but also
germ cells secrete molecules mediating paracrine inter-
actions in the testis. The role of BMP8 and BMP7 in
spermatogenesis has so far been investigated by
means of the knockout approach. About 50% of adult
mice lacking BMP8Db had smaller testes as a result of
progressive germ cell apoptosis and degeneration,
which started in the primary spermatocyte stage and
eventually led to sterility (8). Although less severe, a
similar testicular phenotype was observed in BMP8a-
null mice (9). This phenotype was exacerbated in
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BMP8a ~’/~ mutants that also lacked a single BMP7
allele (7), a fact which demonstrates the involvement
of these BMPs in maintaining the spermatogenic func-
tion of the adult. BMP signalling is also required in the
very early stages of germ cell development. In fact,
genetic studies revealed that both BMP8b ~’~ and
BMP4 '~ mice lack primordial germ cells (PGC)
(10, 11). Furthermore, in vitro co-culture experiments
have shown that both BMP4 and BMPS8B proteins
function synergistically to induce PGC specification
from the epiblast (12). BMP2, another member of
the BMP family, acts in cooperation with BMP4 as
a third signal in PGC formation (13). However, little
information is available on the possible role played
by these factors during early postnatal testis
development.

An additional level of complexity in BMP signalling
regulation is presented by the binding of homo- or het-
erodimeric BMP proteins to heteromeric receptor com-
plexes that consist of structurally similar type I and
type II subunits and display intrinsic serine/threonine
kinase activity. Among the members of the large
TGFB superfamily receptors, several type I (activin-
like kinase, ALK) and type II receptors have been
described (14). The emerging overall picture, in which
different combinations of receptors interact with differ-
ent ligands of the TGFB superfamily, points to a rela-
tively high degree of promiscuity between various
ligands and receptors. In accordance with this view,
activin-like type II receptor (ActRITA) can bind to
both BMP7 and activin (15) and, in concert with
ActRIA, ActRIB or BMPRIB, transduces BMP7 and
activin signals (16). On the other hand, it was shown
that BMP7 binds to BMPRIA (ALK3) and BMPRIB
(ALK®6) in cells cotransfected with DAF-4 as BMP type
II receptor (17).

In the adult testis, ActRITA and ActRIIB were loca-
lized in both germ cells at specific stages of maturation
and somatic cells (18—-20), a fact which points to a
potential role of these receptors in mediating activin
and/or BMP signalling. Indeed, we have previously
demonstrated that activin A regulates terminal Sertoli
cell proliferation in the prepuberal rat testis and that
this effect is mediated by ActRIIA (21, 22).

In this study, we have used the in vitro organ culture
of testis fragments to address the issue of whether
BMPs are directly involved in the control of germ
cell and Sertoli cell proliferation in the early postnatal
period of mouse testis development. We show that
BMP2 and BMP7, two factors belonging to two differ-
ent classes of the BMP family, exert a stimulatory
effect on spermatogonia and Sertoli cell division
respectively. We also analysed the spatiotemporal
expression of BMP type II and type I receptors in
both isolated germ and Sertoli cell preparations and
in the whole developing testis, and showed that
these receptors are differentially expressed in sperma-
togonia and Sertoli cells.
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Materials and methods

Animals

Male CD1 mice were used in all experiments. Animals
were housed in accordance with the guidelines for
animal care of the University of Rome ‘La Sapienza’
and were killed by asphyxiation with CO, before
organ removal.

Organ cultures

In vitro organ cultures of testis from 7-day-old mice
were performed as previously described (21, 23).
Briefly, testicular fragments were placed on steel grids
coated with 2% agar. Grids were then placed in organ
culture dishes (Falcon, Becton Dickinson, NJ, USA).
The culture medium used was Eagle’s minimum essen-
tial medium with Earle's salts (Gibco BRL, Grand
Island, NJ, USA) supplemented with glutamine
(2mM), HEPES (15mM), nonessential amino acids
(single-strength), penicillin (100IU/ml), streptomycin
(100 mg/ml) and gentamicin (50 mg/ml).

Ovine FSH (0-FSH-20, NHPP, Torrance, CA, USA),
recombinant human BMP2 (Genetics Institute, Cam-
bridge, MA, USA) and recombinant human BMP7 (Crea-
tive Biomolecules, Hopkinton, MA, USA) were added to
the culture medium, either alone or in combination, at
the concentrations indicated in the text. Tissue frag-
ments were cultured at 32 °C in a humidified incubator
with 5% CO, for 3 days and labelled with 5 pCi/ml
methyl-[ *H]-thymidine (spec. act. 20 Ci/mmol, NEN Du
Pont, Milan, Italy) or 5-bromodeoxyuridine during the
last 5h of culture (21), washed twice with minimum
essential medium and processed as needed.

Thymidine incorporation into DNA

Determination of [*H]-thymidine incorporation into
testis fragments was performed as previously described
(21). Briefly, labelled fragments were incubated over-
night at 55°C in the presence of 0.5mg/ml protein-
ase-K (Sigma) in 50mM Tris—HCl pH 8, 100 mM
EDTA, 100 mM NaCl and 1% SDS. The DNA was then
extracted with phenol-chloroform-isoamyl alcohol,
and radioactivity was measured by liquid scintillation
counting. The DNA content was determined by a
fluorometric assay using Hoechst 33258 as fluorescent
dye. To this end, aliquots of samples were added to an
appropriate solution of the dye, and fluorescence was
immediately determined with a Perkin-Elmer fluorom-
eter at 365/460 nm (excitation/emission) wavelength,
using salmon sperm DNA as standard.

Bromodeoxyuridine incorporation

BrdU-labelled testis fragments were fixed in Bouin's
fluid, dehydrated, embedded in Histowax (Reichert-
Jung, Milan, Italy) and serial-sectioned. Sections
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(5pm) were stained with an anti-BrdU monoclonal
antibody diluted 1:10 (Amersham) and a peroxidase-
conjugated secondary antimouse IgG antibody diluted
1:80 (DAKO, Milan, Italy).

Morphological analysis

Somatic and germ cells were identified by cell size,
nuclear morphology and localization within the semi-
niferous cords, according to the descriptions by Huck-
ins and Oakberg (24) and Russell et al. (25). The
numbers of proliferating spermatogonia and Sertoli
cells were determined by counting BrdU-labelled cells
per 250000 pm? field in 30-40 cord cross-sections
selected at random within each treatment.

Cell isolation

Highly purified type A spermatogonia were obtained
from 7-day-old mouse testis as previously described
(26). Briefly, the cell suspension obtained after enzy-
matic digestion of testicular tissue was plated for 1h
on plastic dishes coated with Datura stramonium agglu-
tinin (DSA) (Sigma). Cells which did not adhere to the
lectin were then fractionated on a discontinous percoll
density gradient (Pharmacia Biotech, Milan, Italy),
yielding a cell fraction containing 85-90% type A
spermatogonia (as assessed by c-Kit immunostaining).
Pachytene spermatocytes and round spermatids were
obtained from 28-30-day-old mouse testis as pre-
viously described (27). Purity of cell fractions was veri-
fied by morphological assessment of cytospinned
stained cell preparations. Sertoli cell contamination
in germ cell fractions was monitored by RPA analysis
of FSH receptor expression. Sertoli cells were isolated
from 7- and 14-day-old mice as described by Scarpino
et al. (28). Sertoli cell cultures appeared to contain
less than 5% myoid cells, as determined by alkaline
phosphatase staining, and less than 1% germ cells.

Construction of probe plasmids

Total RNA was extracted from tissues or isolated cells
by the guanidinium thiocyanate-cesium chloride ultra-
centrifugation method (29).

c¢DNA fragments were amplified by RT-PCR from the
following tissues: corticotrophic cell line AtT-20 for
ActRIIA (bp 117-453) (30), NIH-3T3 for ActRIIB
(bp 272-471 and 122-471) (31), NIH-3T3 for
ActR-IA (bp 627-966) (32), 12-day postcoitum (dpc)
mouse placenta for ActRIB (bp 116—-403) (33), 12.5
dpc embryo for BMPRIA (bp 155-472) (34), adult
mouse brain for BMPRII (bp 442-805) (35) and
adult mouse testis for FSH receptor (bp 1510-1680,
accession no. M87570). The ribosomal protein S 16
mRNA (bp 1799-1990) (36) was used as internal
standard. All PCR products were cloned into
pBluescript SK (+) plasmid, and their sequences were
confirmed.
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Ribonuclease protection assay (RPA)

Run-off transcripts were synthesized from each linear-
ized template with a Transcription in vitro System Kit
(Promega). Antisense RNA probes were labelled with
[a-*?P]JUTP using T3, T7 or SP6 polymerase. Full-
length single-stranded RNA probes were purified by
acrylamide gel electrophoresis. RPA was performed by
the RPA II Kit (Ambion, Austin, TX, USA), using
20 g of total RNA and 3 X 10°c.p.m. of labelled
probe for each reaction. Nuclease-resistant probes
were visualized by gel electrophoresis [5% acrylamide,
8 M urea and 90 mM Tris Borate, 2 mM EDTA (TBE)]
and autoradiography. To check riboprobe integrity,
each RPA experiment was performed in parallel with
the positive samples mentioned above. Control RPA
experiments showed a 336bp band for ActRIIA (in
ATt-20), 200bp and 339bp bands for ActRIIB and
ActRIA respectively (in NIH-3T3), a 287 bp band for
ActRIB (in 12 dpc mouse placenta) and a 317bp
band for BMPRIA (in 12 dpc mouse embryo) (data
not shown). Protected fragments of identical size were
found when the riboprobes were hybridized with total
RNA isolated from mouse testis or isolated spermatogo-
nia and Sertoli cells.

The mRNA levels of various activin receptors were
individually quantified by autoradiogram densitometric
scanning and then normalized to the content of S16
and expressed as arbitrary densitometric units.

Northern blot analysis

RNA preparations were fractionated on a denaturating
formaldehyde 1.2% agarose gel and then transferred
to a nylon membrane (Hybond-N*, Amersham). After
prehybridization for 15 h at 42 °C in a solution contain-
ing 50% formamide, 1 M NaCl, 10% dextran sulphate,
0.2% Denhardt’s solution, 1% SDS and 100 pg/ml
denatured salmon sperm DNA, the blots were hybridized
with a receptor-specific cDNA probe labelled with [**P]-
dCTP by random priming (Gibco BRL). After hybridiz-
ation at 42 °C, the filters were washed several times
with 2 X SSC, 0.1% SDS at room temperature for
30 min. Washing duration (1-3 X 30 min) and tem-
perature (50 or 60°C) depended on the probe used.
The final wash was in 0.5 X SSC, 0.1% SDS at room
temperature for 30 min. Filters were eventually exposed
to Hyperfilms-MP (Amersham) at — 80 °C for the appro-
priate time. For standardization of different lanes, blots
were rehybridized with ribosomal RNA ¢cDNA probe.

Statistics

Comparison of [*H]-thymidine incorporation between
different treatments was performed by analysis of
variance (ANOVA). Comparison of cell numbers
between control and treated testicular fragments and
comparison of receptor expression between two cell
types was performed by Student’s t-test.
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Results

Effect of BMP2 and BMP7 on [*H]-thymidine
incorporation by in vitro cultured mouse testis
fragments

To investigate whether BMP7 (a factor belonging to the
60 A class of the BMP family) directly affects testicular
cell growth and differentiation, we cultured testis frag-
ments from 7-day-old mice for 3 days in the presence or
absence of recombinant BMP7 with or without FSH
(Fig. 1). FSH (20 ng/ml) significantly stimulated [*H]-
thymidine incorporation compared with the control,
whereas BMP7 (200ng/ml) had no effect. However,
the combination of BMP7 with gonadotrophin resulted
in a significant increase (1.5-fold) in [*H]-thymidine
incorporation compared with that observed with the
FSH treatment alone. When increasing concentrations
of BMP7 (from 50—400ng/ml) were tested (data not
shown), the maximal effect was observed at a concen-
tration of 200ng/ml. This concentration was thus
used in further experiments. We then asked whether
BMP2, a member of the DPP class and thus a distant
relative of BMP7, also affected testicular cell prolifer-
ation. To answer this question, we treated the in vitro
cultured testis fragments with 200 ng/ml BMP2 in
the presence or absence of FSH. A significant increase
of [’H]-thymidine incorporation was observed when
both BMP2 and FSH were present in the medium,
thereby indicating that both BMP2 and BMP7
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Figure 1 Effect of rh BMP7 and rh BMP2 with and without FSH
on [H]-thymidine incorporation by testicular fragments from
7-day-old mice. Fragments were cultured for 3 days in the
presence or absence of oFSH (20 ng/ml) and BMP7 or BMP2
(each at 200 ng/ml) and eventually labelled with [2H]-thymidine for
5h. [*H]-thymidine incorporation into DNA was measured as
described in Materials and methods. Each bar represents the
mean=s.e.M. of three or more independent experiments, each
with triplicate assays. Difference between treatments: FSH vs
control, P < 0.01; BMP7 vs control, P> 0.05; BMP2 vs control,
P> 0.05; FSH + BMP7 vs FSH, P < 0.01; FSH + BMP2 vs
FSH, P < 0.001. Asterisks indicate significant difference with
FSH alone.
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cooperate with FSH in promoting cell division in the
prepuberal testis.

Morphological analysis of BrdU-labelled testis
fragments from 7-day-old mice

We then addressed the question of which testicular cell
type proliferated in response to different treatments by
histochemical analysis of testicular fragments that
had been labelled with BrdU at the end of a 3-day cul-
ture period in the presence or absence of either BMP2
or BMP7, with or without FSH. Within the seminifer-
ous epithelium, Sertoli cells and spermatogonia were
identified by their morphology, as described in Materials
and methods. The treatment of BMP2 together with
FSH elicited a significant increase in proliferating sper-
matogonia when compared with FSH alone, but had no
effect on Sertoli cell proliferation (Fig. 2A—C). By con-
trast, the number of BrdU-labelled Sertoli cells was
markedly enhanced by treatment with BMP7 and
FSH, when compared with the gonadotrophin alone
(Fig. 2A—D). It is noteworthy that there was no signifi-
cant difference in the number of labelled spermatogonia
between the FSH-treated fragments and the FSH plus
BMP7-treated samples. We therefore concluded that,
either directly or indirectly, BMP2 and BMP7 act, at
the onset of spermatogenesis, to modulate spermatogo-
nia and Sertoli cell proliferation respectively.

Activin/BMP receptor expression in purified
spermatogonia and Sertoli cells

The fact that the main cell target of BMP7 was different
from that of BMP2 suggested that at least two distinct
signalling pathways, likely to be mediated by different
BMP receptor type II and I complexes, may exist. We
therefore investigated the expression of these receptors
in highly purified populations of spermatogonia and
Sertoli cells isolated from 7-day-old mouse testis. To
this end, we analysed the mRNA expression of ActRIIA,
ActRIIB, ActRIA, ActRIB and BMPRIA by ribonuclease
protection assay (RPA) (Fig. 3A and B). ActRITA tran-
scripts were not detected in either germ cells or somatic
cells, but ActRIIB, ActRIA, ActRIB and BMPRIA
mRNAs were found in both cell types. The comparison
of expression patterns in Fig. 3B shows that spermato-
gonia and Sertoli cells displayed similar levels of
ActRIIB, ActRIA and ActRIB. By contrast, the
BMPRIA expression of spermatogonia was lower than
that of Sertoli cells.

We then extended the expression analysis of type II
receptors to BMPRII, which forms an active receptor
complex mediating BMP signalling, by examining
germ cells at different steps of differentiation, as well
as Sertoli cells (Fig. 4). Northern blotting analyses of
Sertoli cells isolated from 7- and 14-day-old animals
(not shown) revealed the presence of two major tran-
scripts: a doublet of 9-10kb, and a shorter transcript
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Figure 2 Stimulation of spermatogonia and Sertoli cell proliferation by BMP2 (200 ng/ml) and BMP7 (200 ng/ml) after 3-day culture of
testis fragments in the presence of FSH (20 ng/ml). BrdU labelling was performed during the last 5h of culture. (A) Number of BrdU-
labelled spermatogonia and Sertoli cells per field (250 000 wm?). Each bar represents the mean+s.e.M. of three independent exper-
iments. FSH + BMP2 vs FSH, P < 0.001; FSH + BMP7 vs FSH P < 0.001. (B—D) Photomicrographs of histological sections of testis
fragments cultured in the presence of B, FSH; C, FSH + BMP2; and D, FSH + BMP7. Sections were immunostained with anti-BrdU as
described in Materials and methods. Note BrdU-labelled Sertoli cells (arrows) and spermatogonia (arrowheads). Bar, 20 p.m.
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Figure 3 RNase protection analysis of activin/BMP receptor expression in spermatogonia and Sertoli cells. (A) An amount of 20 p.g of
total RNA was hybridized with ActRIIA + ActRIIB riboprobes (lane 1), ActRIA + ActRIB (lane 2) and BMPRIA (lane 3). The data are
representative of three independent experiments. S16 was used as RNA quantity control. (B) The levels of activin/BMP receptor mMRNA
were quantified individually by densitometric scanning of the autoradiograms, normalized to the content of S16 and expressed as
arbitrary densitometric units. Histograms represent the mean=s.e.Mm. of receptor/S16 ratios obtained in three independent experiments.
The asterisk indicates a significant difference (P < 0.05) between the two cell types.
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Northern analysis of BMPRII

S B T8 T60 Sc spg spc spt

t"

Figure 4 Northern blot analysis of BMP receptor type Il (BMPRII)
expression in spleen (S), brain (B), testis from 8-day-old (T8) and
adult mice (T60), Sertoli cells (Sc), spermatogonia (spg), primary
spermatocytes (spc) and round spermatids (spt). Each lane was
loaded with 20 g total RNA. Equivalent loading was confirmed by
hybridization with a ribosomal 18S cDNA probe.

9-10 kb

4 kb

of approximately 4kb, as a broad band. A similar
expression pattern was found in the adult brain (as
positive control) and in the testis from 8-day-old mice.
By contrast, purified populations of germ cells, includ-
ing type A spermatogonia, pachytene spermatocytes
and round spermatids, besides spleen (as negative
control), showed no evidence of BMPRII mRNA. Of
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interest, BMPRII expression was undetectable also in
the adult testis.

Developmental expression of activin/BMP
receptors in mouse testis

To determine whether activin/BMP receptors are devel-
opmentally regulated during postnatal testis develop-
ment, the expression pattern of type II and type I
receptors was first studied by RPA, using total RNA
isolated from testes of prepuberal (7-day-old) and late
puberal (30-day-old) mice (Fig. 5A). In line with the
observations on isolated somatic and germ cells,
ActRITA and ActRIIB showed an opposite developmen-
tal pattern, ActRIIA being expressed only at 30 days
and ActRIIB mainly at 7 days. ActRIA, ActrRIB and
BMPRIA were constantly present at both ages. We
then asked whether a development-related change
occurred in the expression pattern of different tran-
scripts for each receptor. We therefore performed
Northern blotting using total RNA from testes of mice
from 5 to 60 days after birth (a.b.). Hybridization
with a probe specific to ActRIIA revealed two tran-
scripts of 6 and 3 kb respectively (Fig. 5B). The 6kb
transcript was less abundant and more weakly
expressed in all infant/juvenile stages examined, and
absent in the adult gonad. The 3kb was barely
expressed during the first week of testis development,
consistent with its undetectable levels in isolated sper-
matogonia and Sertoli cells, but increased with age,

A B C
Age (days) Age (days)
T7 T30 5 7 1012 15 30 60 5 7 10 12 15 30 60
ActRIIA EI 6 kb [
! ActRIIA ActRIA . & 3.5kb
S16 <4 -!"_ 3kb
ActRIIB E 188
516 -" n
ActRIIB ¢ '
ActRIA ¢ b .
o
—T o TTTTTT]
c
[oewe = = 9-10 kb BEEE R W W e2k
K -
F 4 kb 3.8kb
s T ladad 41 |

Figure 5 Developmental expression of activin/BMP receptors type Il and type | in mouse testis. (A) RNase protection analysis in pre-
puberal (T7) and late puberal (T30) testis. S16 was used as RNA quantity control. (B) Total RNA (20 ng) was prepared from mouse
testis at different ages from 5 to 60 days a.b. and analysed by Northern blot hybridization with ActRIIA, ActRIIB and BMPRII cDNA
probes. (C) Northern blotting using ActRIA, ActRIB and BMPRIA cDNA probes. The ages were the same as in panel B. Equivalent
loading was confirmed by hybridization with a ribosomal 18S cDNA probe (B and C).
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starting on day 12. When the filter was hybridized with
a cDNA probe specific for ActRIIB, three mRNA distinct
species were detected (Fig. 5B), the upper band being a
doublet of approximately 7—8 kb and the other two of 5
and 4 kb respectively. The 5kb was the predominant
form of ActRIIB mRNA in the testis at all ages. All
three ActRIIB transcripts had similar developmental
patterns: they were highly expressed during the first
10—12 days of testis development, and declined there-
after. The signal in the adult was very weak. The local-
ization of BMPRII on Sertoli cells isolated from 7- and
14-day-old animals prompted us to explore a possible
correlation between the expression of BMPRII mRNA
and the peculiar proliferation kinetics of these cells.
Interestingly, BMPRII was strongly expressed from as
early as 5 days a.b. for the duration of the first 2
weeks, and subsequently became undetectable by day
30 a.b (Fig. 5B). There were at least two BMPRII mess-
ages, with a similar relative abundance at all the ages
examined, in agreement with results reported above
(Fig. 4).

Northern blotting analysis of type I receptor detected
the presence of a 3.5kb ActRIA transcript (Fig. 5C),
whose levels of expression increased during the first
week of postnatal life, peaked in the 7—10-day interval,
and eventually decreased after puberty. The fact that
the level of ActRIA mRNA in the adult was negligible
suggests that the role of this receptor was apparently
limited to the initial phases of postnatal testis develop-
ment. The analysis of ActRIB expression revealed a
broad mRNA band of approximately 4.4 kb (Fig. 5C),
which remained stable at all the time points examined.
Northern blot analysis of BMPRIA (Fig. 5C) revealed
two messages of 6.2 and 3.8 kb, the shorter one being
the predominant form at all ages. It is noteworthy
that BMPRIA mRNA expression pattern correlated
well with that of BMPRII: it was high in the newborn
mice and during the first 2 weeks of postnatal develop-
ment, and decreased thereafter.

Discussion

The findings of this study demonstrate that BMP7 and
BMP2 act as proliferative signals upon Sertoli cells and
spermatogonia during the early postnatal development
of mouse testis. Our results shed new light on the bio-
logical activities of growth factors of the TGFB super-
family that are produced locally within the testis and
contribute to gonadal growth control. Indeed, both
BMP2 and BMP7 are physiologically expressed in the
testis (7). In particular, BMP7 signal has been found
to be associated with spermatogonia and primary sper-
matocytes during early puberty by in situ hybridization
(7). In accordance with the hypothesis that BMP7 is
relevant to a paracrine mechanism, we show here
that BMP7 exerts a stimulatory effect upon the prolifer-
ation of Sertoli cells, though not of spermatogonia, in
7-day-old mouse testicular fragments. However, the
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possibility that the observed effect could be indirect
cannot be ruled out. One of the advantages of testis
organ cultures compared with isolated cells is that
cell-to-cell interactions and testicular architecture are
well maintained, thus allowing better investigation of
issues such as the paracrine regulation of Sertoli cell
and spermatogonia proliferation. In this view, we
have observed the effect of BMP7 and BMP2 only in
the presence of FSH, again pointing to the concept
that these factors function as fine modulators of this
gonadotrophin in locally regulating testicular cell
proliferation in vitro. Our observation suggests
potential in vivo cross-talk mediated by the secretion
of BMP7 by spermatogonia and affecting Sertoli cell
function. Attempts have been made to investigate the
BMP7 role in testis phfysiology by a genetic approach.
Interestingly, BMP7 ™~ :BMP8a ~'~ double mutants
showed more pronounced testis degeneration pheno-
type than homozygous BMPS8a from the age of 4
weeks (7). In addition, as BMP8b homozygous mutants
also display a defect in germ cell proliferation and
differentiation (8), these data taken together emphasize
the importance of BMP7, BMPS8A and BMPS8B, all
members of the 60A subgroup within the BMP family,
as fine regulators of both the onset and the mainten-
ance of spermatogenesis.

The DPP class, another well-characterized subgroup
of the large BMP family, includes BMP2 and BMP4.
These factors share a 92% sequence identity at the
amino acid level in the mature region, and both are
expressed in the testis (7). Indeed, Sertoli cells have
been recently shown to be the site of expression of
BMP4, which was limited to the first week of postnatal
life in the mouse (37). Although no evidence is yet avail-
able on the localization of BMP2 in young and adult
testes, we report here that BMP2 increases spermatogo-
nia proliferation without affecting Sertoli cell mitotic
activity. In view of the close homology between BMP2
and BMP4, this finding highlights the significant role
of the members of this BMP class in the local regulation
of germ cell function. This observation is in keeping with
the fact that BMP4 has a stimulatory effect on [*H]-thy-
midine incorporation by spermatogonia isolated from 4-
and 7-day-old mice (37). By contrast, BMP4 has a nega-
tive effect on the maintenance of adult spermatogonial
stem cells in vitro (38), whereas substantial in vivo and
in vitro evidence indicates that both BMP2 and BMP4
are required for primordial germ cell generation in the
embryo (11-13, 39). Taken together, these obser-
vations lend support to the idea that a given signalling
molecule may affect normal cell differentiation in var-
ious stages of spermatogenesis depending on when
and where it is present. However, a number of findings
supports the involvement of more than one regulatory
factor in spermatogenesis. In this context we, as well
as other authors, have previously demonstrated that
activin, another member of TGFB superfamily,
maintains mitotic potentiality of Sertoli cells in a
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defined phase of their maturation process, when the
proliferative activity of these cells is approaching its
end (21, 40, 41).

It is interesting to note that both BMP7 and activin
are also involved in the paracrine control of ovarian
function, and in particular granulosa cell function,
including a stimulatory effect upon mitotic activity
(42, 43).

The present observation that both spermatogonia
and Sertoli cells express type I and type II BMP/activin
receptors provides additional evidence for the physio-
logical relevance of the factors belonging to the BMP
family during early postnatal testicular maturation.
We demonstrate that apart from ActRIIA, which is
not expressed in both cell types, and BMPRII, which
is absent in spermatogonia, ActRIIB, ActRIA, ActRIB
and BMPRIA are all expressed in isolated spermatogo-
nia and Sertoli cells. This, in turn, suggests that the bio-
logical effects of BMP2 and BMP7 on spermatogonia
and Sertoli cell proliferation are mediated by several
possible combinations of receptor complexes. However,
as the functional specificity of these complexes has
not yet been assessed, their functional interpretation
is impossible. In fact, it is unclear whether BMPs of
different classes share the same receptor complexes.
Indeed, previous reports have demonstrated that both
BMP2 and BMP7 bind BMPRII with BMPRIA,
BMPRIB and ActRIA, thereby inducing a transcrip-
tional response (44). However, the same factors also
elicit biological responses by binding ActRIIA and
ActRIIB (45). It is therefore likely that specific inter-
actions are achieved during testis development by
means of a fine spatial and temporal regulation of
both ligand and receptor isoform expression. Indeed,
we found in this study that Sertoli cells specifically
express BMPRII and that the temporal distribution of
this receptor during the first 2 weeks of postnatal
testis development correlates with the modulating
action of BMP7 upon Sertoli cell proliferation. By con-
trast, the ActRIIA expression pattern in the developing
testis was found to be very different from that of
BMPRII, in so far as it increased with age and was pre-
sent in meiotic and postmeiotic cells (Ref. 18 and our
unpublished data). Thus, taken as a whole, the data
presented in this study suggest that BMP7 exerts a pro-
liferative effect on Sertoli cells via BMPRII and/or
ActRIIB as type II receptors in a specific period of
testis growth. In this respect, it is interesting to note
that the age-related expression of ActRIIA in Sertoli
cells coincides with a precise developmental interval
of the proliferative effect of activin on these cells (22),
indicating that the TGFB superfamily signalling is regu-
lated in a time- and space-dependent manner during
testis development in the rat. In the present study, we
observed regulated expression of several type I BMP/ac-
tivin receptors, including BMPRIA; the developmental
profile of BMPRIA is intensely expressed during the
first 10—15 days of postnatal life and decreases
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thereafter, thus overlapping with that of BMPRII. This
finding supports the hypothesis that BMP7 affects Ser-
toli cell division in immature mouse by signalling
through a BMPRII/BMPRIA receptor complex. Accord-
ingly, BMPRIA showed much higher levels of
expression in Sertoli cells than in spermatogonia.
BMPRIB was not analysed in this study because,
although it was shown in cotransfection experiments
that it can function as BMP receptor, there is no evi-
dence of its expression either in the fetal (34) or in
the adult testis (46). On the contrary, BMPRIB was
recently shown to mediate signalling of Miillerian inhi-
biting substance (MIS), which is not a BMP (47). It is
noteworthy that the expression of other components
involved in the BMP signalling pathway, including fol-
listatin, a weak BMP interacting protein (40), BAMBI,
a non-signalling type I pseudoreceptor (48), and
Smad 1, a downstream transducer (49), have been
shown to be regulated within developing male germ
cells. Follistatin, in particular, has been shown to func-
tion either as antagonist (16) or agonist (50) of BMP7,
depending on the developmental system.

Therefore, these data, taken as a whole, highlight the
need to understand the precise function of the potential
regulators of the TGFB superfamily members during
testis development.
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