
SMAD3 Regulates Follicle-stimulating Hormone Synthesis by
Pituitary Gonadotrope Cells in Vivo*□S

Received for publication, September 16, 2016, and in revised form, December 16, 2016 Published, JBC Papers in Press, December 19, 2016, DOI 10.1074/jbc.M116.759167

Yining Li‡, Gauthier Schang‡, Ulrich Boehm§, Chu-Xia Deng¶, Jonathan Graff�, and Daniel J. Bernard‡1

From the ‡Centre for Research in Reproduction and Development, Department of Pharmacology and Therapeutics, McGill
University, Montreal, Quebec H3G 1Y6, Canada, the §Department of Pharmacology and Toxicology, University of Saarland School
of Medicine, D-66421 Homburg, Germany, the ¶Faculty of Health Sciences, University of Macau, Macau SAR 999078, China, and the
�Department of Developmental Biology, University of Texas Southwestern, Dallas, Texas 75390

Edited by Xiao-Fan Wang

Pituitary follicle-stimulating hormone (FSH) is an essential
regulator of fertility in females and of quantitatively normal
spermatogenesis in males. Pituitary-derived activins are thought to
act as major stimulators of FSH synthesis by gonadotrope
cells. In vitro, activins signal via SMAD3, SMAD4, and fork-
head box L2 (FOXL2) to regulate transcription of the FSH�
subunit gene (Fshb). Consistent with this model, gonadotrope-
specific Smad4 or Foxl2 knock-out mice have greatly reduced
FSH and are subfertile. The role of SMAD3 in vivo is unresolved;
however, residual FSH production in Smad4 conditional knock-
out mice may derive from partial compensation by SMAD3 and
its ability to bind DNA in the absence of SMAD4. To test this
hypothesis and determine the role of SMAD3 in FSH biosynthe-
sis, we generated mice lacking both the SMAD3 DNA binding
domain and SMAD4 specifically in gonadotropes. Conditional
knock-out females were hypogonadal, acyclic, and sterile and
had thread-like uteri; their ovaries lacked antral follicles and
corpora lutea. Knock-out males were fertile but had reduced
testis weights and epididymal sperm counts. These phenotypes
were consistent with those of Fshb knock-out mice. Indeed,
pituitary Fshb mRNA levels were nearly undetectable in both
male and female knock-outs. In contrast, gonadotropin-releas-
ing hormone receptor mRNA levels were significantly elevated
in knock-outs in both sexes. Interestingly, luteinizing hormone
production was altered in a sex-specific fashion. Overall, our
analyses demonstrate that SMAD3 is required for FSH synthesis
in vivo.

Pituitary follicle-stimulating hormone (FSH)2 is an essential
regulator of gonadal function (1, 2). FSH acts on ovarian gran-
ulosa cells to regulate follicle development and on testicular
Sertoli cells to regulate spermatogenesis (1, 3, 4). In both
humans and rodents, mutations in genes regulating FSH syn-
thesis or action cause primary amenorrhea because of the arrest
of follicle development at the pre-antral or early antral stage
(5–9). In contrast, the effects of these mutations in males are
species-specific. For example, FSH-deficient mice are oligo-
spermic but fertile (1), whereas FSH-deficient men are azoo-
spermic and infertile (10 –12).

FSH is a dimeric glycoprotein composed of the chorionic
gonadotropin � subunit (CGA) non-covalently linked to the
FSH� subunit (FSH�). The former is shared with other glyco-
protein hormones; the latter is specific to FSH (13–16). Synthe-
sis of the FSH� subunit is rate-limiting in dimeric FSH produc-
tion (17–19) and is regulated by several endocrine and
autocrine/paracrine factors in the hypothalamic-pituitary-go-
nadal axis (20, 21). Among these factors, the pituitary-derived
activins have been the most thoroughly investigated, both in
vitro and in vivo. In recent years, particular focus has been
placed on the mechanisms through which activins regulate
transcription of the FSH� subunit gene (Fshb) (16, 22–27).

As members of the TGF� superfamily, activins signal
through complexes of serine/threonine kinase receptors and
SMAD signaling proteins (28, 29). According to current in vitro
models, activins stimulate the phosphorylation and nuclear
accumulation of the receptor-regulated SMAD protein
SMAD3 in gonadotrope cells. In the nucleus, phospho-SMAD3
partners with the ubiquitous co-factor SMAD4 and the cell-
specific forkhead box L2 (FOXL2) to promote transcription of
the murine Fshb gene (30, 31). Specifically, SMAD4 and FOXL2
bind adjacent cis-elements in the proximal Fshb promoter (Fig.
1, top panel, SBE2/FBE2). The two proteins are then linked
through their mutual association with the C-terminal Mad ho-
mology 2 (MH2) domain of SMAD3 (30, 32). The in vitro model
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further suggests that SMAD3 can regulate murine Fshb with
SMAD4 at a canonical SMAD binding element (SBE1) located
144 bp upstream of SBE2/FBE2 (30) and with FOXL2 via a third
response element (FBE1) �85 bp upstream of the SBE (33) (Fig.
1, top panel). Importantly, the actions of SMAD3 and SMAD4
at SBE1 appear to be independent of FOXL2, whereas the
actions of SMAD3 and FOXL2 at FBE1 are independent of
SMAD4 (30, 31). Thus, only at SBE2/FBE2 do all three proteins
work together, but SMAD3 represents the common mediator
of activin signaling at all three cis-elements (30, 31).

Consistent with the in vitro model, conditional deletion of
either Smad4 or Foxl2 from pituitary gonadotrope cells (here-
after, Smad4 cKO and Foxl2 cKO, respectively) produces pro-
found FSH deficiency in mice in vivo (34, 35). Female cKOs are
subfertile, producing smaller litters (both models) at reduced
frequency (Foxl2 cKO) compared with wild-type littermates
(34, 35). This contrasts with the more extreme phenotype of
Fshb knock-out females, which are infertile (1). However, it is
important to note that in both Smad4 and Foxl2 cKOs, females
still produce some FSH, which may be sufficient to drive some
ovarian follicle development (34, 35). This residual FSH pro-
duction may reflect the fact that there are cis-elements in the
Fshb promoter where FOXL2 and SMAD4 can act indepen-
dently of one another (see above and Fig. 1). Consistent with
this idea, ablation of Smad4 and Foxl2 together (hereafter,
Smad4/Foxl2 cKO), which would affect protein complex bind-
ing to all three cis-elements, results in a more extreme FSH
deficiency, as well as infertility in female mice (34).

In apparent contrast with the in vitro model, however, mice
with a conditional deletion in the Smad3 gene in gonadotropes
(hereafter Smad3 cKO) produce FSH at normal levels and are
fertile (36). This was a surprising result because, a priori, these
mice would be predicted to exhibit a phenotype comparable
with that of Smad4/Foxl2 cKOs. The absence of a phenotype is
not explained by compensation via the related receptor-regu-
lated SMAD2, because mice with conditional deletions in both
Smad2 and Smad3 in gonadotropes exhibit normal fertility and
quantitatively normal FSH levels (36). Instead, the absence of a

phenotype may be explained by the observation that the condi-
tional deletion in the Smad3 gene does not remove all Smad3
expression (and hence function) in gonadotropes of these mice
(36).

In the above described models, the Cre-lox system was used
to remove functionally important exons in both the Smad2 and
Smad3 genes in gonadotropes (36). Recombination of the
Smad2 gene effectively abolished SMAD2 protein expression.
In the case of Smad3, however, the floxed region (exons 2 and 3)
encodes only one part of the SMAD3 protein: the N-terminal
MH1 domain, which mediates SMAD3 binding to DNA (37). In
gonadotropes of Smad3 cKO mice, the Smad3 transcript lacked
exons 2 and 3, as predicted, but contained the remaining 7
exons (exons 1 and 4 –9). Moreover, there was an increase in the
abundance of this novel mRNA. Although translation is pre-
dicted to start in exon 1 and for the protein to be translated out
of frame in exon 4, the translation start in exon 1 does not
conform to a consensus Kozak sequence (38). In contrast, such
a sequence exists in exon 4, allowing the C-terminal half of
SMAD3 to be translated in frame. This includes the entirety of
the MH2 domain, which is phosphorylated by activin type I
receptors, and interacts with SMAD4 and FOXL2 (39, 40). In
vitro, this truncated protein functions identically to full-length
SMAD3, in the presence of SMAD4 (36). If this is also the case
in vivo, it could explain the absence of an FSH or fertility phe-
notype in Smad3 cKO mice. This possibility is further sup-
ported by the in vitro model (Fig. 1), which indicates that
SMAD3 does bind DNA at the FBE1 or SBE2/FBE2 cis-ele-
ments. Unfortunately, these data only indirectly suggest a role
for SMAD3 in FSH synthesis in vivo.

To definitively rule in or out a role for SMAD3, we need to
specifically and completely ablate SMAD3 protein function
(including the MH2 domain) in gonadotropes of mice. To our
knowledge, there are no other floxed Smad3 strains currently
available that would enable this approach. Still, existing models
may allow an assessment of SMAD3 function in FSH synthesis.
Specifically, residual FSH production in Smad4 cKO mice may
be explained by the ability of SMAD3 to partially compensate

FIGURE 1. Models of SMAD signaling to the Fshb promoter in murine gonadotrope cells of wild-type and Smad4 knock-out mice. Top panel, in wild-type
mice, activins stimulate the formation of complexes of SMAD proteins and FOXL2, which act via at least three cis-elements in the proximal Fshb promoter.
SMADs can bind DNA via SBEs, and FOXL2 binds via FBEs. FOXL2 binds the distal FBE1 site and recruits SMAD3 via protein-protein interaction. Complexes of
SMAD3 and SMAD4 can bind SBE1, which contains binding sites for both proteins. More proximally, SMAD4 binds SBE2, FOXL2 binds FBE2, and the two
proteins are linked through their mutual association with SMAD3. Bottom panel, in mice lacking SMAD4 in their gonadotropes (cKO), SMAD3/SMAD4 binding
to SBE1 is lost. However, SMAD3/FOXL2 binding to FBE1 is intact. In the absence of SMAD4, SMAD3 can bind SBE2, enabling activins to stimulate Fshb
production, although at reduced levels relative to wild type. MH1, DNA binding domain; MH2, protein-protein interaction domain.
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for the absence of SMAD4 (Fig. 1, bottom panel). In vitro,
SMAD3 can bind to SBE2 in the Fshb promoter (30) (Fig. 1).
Moreover, SMAD3-FOXL2 can stimulate transcription via SBE2/
FBE2, although less potently than SMAD3-SMAD4-FOXL2
(30). If SMAD3 does in fact partially compensate for the
absence of SMAD4 at this element and must bind DNA to do
so, mice lacking SMAD4 and SMAD3 DNA binding activity
should exhibit more extreme FSH deficiency and fertility phe-
notypes than mice lacking SMAD4 alone. Here, we tested this
hypothesis using the Cre-lox system to simultaneously remove
SMAD4 and the SMAD3 MH1 domain in gonadotrope cells.

Results

Truncated SMAD3 Stimulates Fshb Transcription in the
Presence but Not the Absence of SMAD4 in Vitro—Mice lacking
Smad3 exons 2 and 3 express a truncated form of SMAD3,
which lacks the DNA binding MH1 domain (hereafter SMAD3-
MH2) (36). We proposed that this protein functions equiva-
lently to full-length SMAD3, but only in the presence of
SMAD4, enabling transactivation of the Fshb gene. To further
test this idea, we compared the activities of full-length SMAD3
and SMAD3-MH2 in a heterologous reporter assay. We co-
transfected SW480.7 cells, a SMAD4-deficient human colon
adenocarcinoma-derived cell line (41, 42), with a murine Fshb
promoter-reporter and the indicated combinations of SMAD3
or SMAD3-MH2, SMAD4, FOXL2, and a constitutively active
form of the canonical activin type I receptor (T206D or TD)
(43). The latter was used as a surrogate for ligand. Co-transfec-
tion of SMAD3 and FOXL2 increased reporter activity, which
was significantly stimulated by ALK4TD (Fig. 2). In contrast,
the combination of SMAD3-MH2 and FOXL2 failed to turn on
the reporter, whether or not ALK4TD was co-transfected.

SMAD3 and SMAD3-MH2 were expressed at comparable lev-
els (data not shown). Remarkably, when SMAD4 was intro-
duced, SMAD3 and SMAD3-MH2 were comparable in their
abilities to potently stimulate the Fshb reporter in the presence
of FOXL2. Thus, as predicted, SMAD3-MH2 can activate the
Fshb promoter, but only in the presence of SMAD4 (and
FOXL2). These results reinforce the idea that SMAD3-MH2
should be unable to promote Fshb expression in the absence of
SMAD4 in vivo.

Smad3 and Smad4 Genes Were Efficiently and Specifically
Recombined in Gonadotropes—To ablate the SMAD3-MH1
domain and SMAD4 in gonadotropes, we crossed mice harbor-
ing floxed alleles for Smad3 and Smad4 (Fig. 3A) with GRIC
mice, which express Cre from the GnRH receptor locus. As
anticipated, we observed recombination of the floxed alleles in
pituitaries of both male and female cKO mice, as well as in the
testes and epididymides of cKO males (Fig. 3B). Note that, in
addition to gonadotropes, the GRIC allele is active in the male
germ line (44). An analysis of gonadotropes (YFP� cells) iso-
lated from these animals revealed highly efficient depletion of
Smad3 (Fig. 3C) and Smad4 (Fig. 3E) mRNAs, when examined
using primers against the targeted exons. As reported previ-
ously (36), there was an overall up-regulation of the Smad3
mRNA levels in gonadotropes of cKO mice, although this tran-
script lacked the targeted exons (Fig. 3D). Note that Smad3 and
Smad4 mRNA expression in non-gonadotrope cells of the pitu-
itary (YFP�) was equivalent between genotypes (Fig. 3, C–E,
white bars). The purity of YFP� cells was 79.3% for the control
and 78.3% for cKO mice, respectively. No YFP� cells were
observed in the YFP� population.

cKO Mice Are FSH-deficient—Serum FSH levels were signif-
icantly depleted in adult cKO mice relative to littermate con-
trols (Fig. 4, A and B). Similarly, intrapituitary FSH protein con-
tent was profoundly reduced in cKO animals as assessed by RIA
(Fig. 4, C and D) or immunofluorescence (Fig. 5). Reductions in
FSH protein derived from a robust decrease in pituitary Fshb
mRNA expression in cKOs (Fig. 6, A and B).

Male cKO mice also showed diminished serum LH relative to
controls (Fig. 4E). In contrast, serum LH was significantly ele-
vated in cKO females (Fig. 4F). Consistent with the sex differ-
ence in LH secretion, pituitary Lhb and Cga mRNA levels were
modestly decreased in cKO males but markedly increased in
cKO females (Fig. 6, A and B). Interestingly, these RNA differ-
ences were not reflected at the level of intrapituitary LH protein
content (Figs. 4, G and H, and 5). In both sexes, pituitary Gnrhr
mRNA expression was up-regulated in cKOs relative to con-
trols (Fig. 6, A and B). Expression of Smad3 or Smad4 did not
differ between genotypes of either sex, except for Smad4, which
was modestly decreased in cKO males (Fig. 6, A and B). Given
the relatively small proportion of gonadotropes in the pituitary
(�5–10%) and the ubiquitous expression of SMADs, we did not
expect to detect changes in Smad3 or Smad4 in the analysis of
the whole gland, although, as described above, recombination
in gonadotropes was highly efficient (Fig. 3).

Impaired Fertility in cKO Females and Males—8-week-old
male and female control and cKO mice were paired with age-
matched wild-type C57BL/6 mice for a period of 6 (males) or 4
(females) months. Littermate controls and cKOs were mated

FIGURE 2. SW480.7 cells were transfected with the �1990/�1 murine
Fshb-luc reporter and different combinations of FOXL2, SMAD3, SMAD3-
MH2, and/or SMAD4. Cells were co-transfected with a constitutively active
activin type I receptor (ALK4-TD, red bars) or empty expression plasmid
(pcDNA3.0, black bars). Bars represent the means (�S.E.) of three indepen-
dent experiments. Reporter activity was normalized to that of cells trans-
fected with empty expression plasmids (first set of bars at left). Two-way
analyses of variance were conducted to compare SMAD3/FOXL2 versus
SMAD3-MH2/FOXL2 and SMAD3/SMAD4/FOXL2 versus SMAD3-MH2/SMAD4/
FOXL2, followed by Bonferroni-corrected multiple comparison tests. Bars
with different letters are significantly different from one another, whereas
those without letters were not subjected to statistical analysis.
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on the same day. cKO and control males sired equivalent num-
bers of litters at similar intervals over 6 months (Fig. 7A); how-
ever, cKOs fathered smaller litters (Fig. 7B). Note that two of
the six cKO males only sired one litter and were excluded from
the analysis. Control females were fertile and produced an aver-
age of 4.5 litters and 6.25 pups/litter over the course of 4
months. In contrast, cKO females were uniformly sterile; none
produced a single pup or showed any overt evidence of preg-
nancy during the mating trial (Fig. 7C).

Spermatogenesis Is Impaired in cKO Males—Despite hav-
ing equivalent body mass relative to littermate controls
(supplemental Fig. S1A), cKO males exhibited a 50% reduction
in testicular mass (Fig. 8, A and B). Cauda epididymal sperm
count was similarly reduced by 50% in cKO males relative to
controls (Fig. 8C). In contrast, there were no differences
between genotypes in progressive sperm motility (Fig. 8D) or
seminal vesicle weights (Fig. 8E). Similar results were seen in
control and cKO males at the conclusion of the fertility trials
(data not shown). Consistent with the normal seminal vesicle
weights, but in apparent contrast with the reduced serum LH,

cKO males had statistically normal serum testosterone levels
(supplemental Fig. S2). Despite impairments in spermatogene-
sis, cKO males showed overtly normal testicular histology (Fig.
8F).

cKO Females Are Acyclic and Hypogonadal—We next exam-
ined the underlying cause of infertility in cKO females. Adult
cKO females exhibited normal body mass (supplemental Fig. S1B)
but were profoundly hypogonadal with hypoplastic uteri (Fig. 9,
A–C). The latter condition was emblematic of estrogen defi-
ciency, although we did not measure levels of 17�-estradiol in
these animals. In our experience, 17�-estradiol ELISAs lack
sufficient sensitivity to accurately measure the hormone on
cycle stages other than proestrus in the mouse. Although cKO
and control littermates exhibited vaginal opening at roughly the
same postnatal age (Fig. 9D), we were unable to reliably mea-
sure estrous cyclicity in cKO females (data not shown). Indeed,
as indicated in ovarian tissue sections, cKO females showed an
arrest in follicle development at the pre-antral or early antral
stage and the complete absence of corpora lutea (Fig. 9E). cKO
mice also showed impaired responsiveness (ovulation) to exog-

FIGURE 3. Recombination of Smad3 and Smad4 alleles in mouse gonadotropes. A, schematic representation of the floxed Smad3 and Smad4 alleles pre- and
postrecombination with Cre. Exons 2 and 3 of Smad3 and exon 8 of Smad4 were flanked with loxP sites (light gray triangles). Exons are shown as dark gray boxes.
B, PCR detection of floxed and recombined Smad3 and Smad4 alleles from the indicated tissues of control and cKO mice. C–E, RT-qPCR analysis of mRNA levels
of Smad3 and Smad4 in purified gonadotropes (YFP�) and non-gonadotropes (YFP�) from adult control (YFP/�;GRIC) and cKO (Smad3fx/fx;Smad4fx/fx;YFP/�;
GRIC) mice. In C and E, primers were directed against the deleted region of the genes/transcripts. In D, primers were directed against non-targeted exons in
Smad3.

SMAD3 Regulates FSH Production in Vivo

2304 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 292 • NUMBER 6 • FEBRUARY 10, 2017



enous gonadotropins when treated as juveniles (postnatal days
24 –28; Fig. 9F).

Basal and Activin A-stimulated Fshb Expression Are Reduced
in cKO Pituitaries—To more directly assess the effects of the
targeted mutations on activin signaling in gonadotropes, we
cultured pituitary cells from male and female cKO and control
mice. Basal Fshb mRNA expression in murine pituitary cultures
depends on activins or related ligands (45). Here, basal Fshb
expression was almost completely abolished in cKO cultures
relative to controls (Fig. 10, A and B). Activin A induced signif-
icant increases in Fshb expression in gonadotropes of cultures
from both control males and females (Fig. 10, A and B). In

contrast, activin A modestly stimulated Fshb in cultures from
male but not female cKOs (Fig. 10, A and B).

Discussion

SMAD3 Regulates FSH Synthesis in Vivo—The data pre-
sented here provide the first conclusive evidence that SMAD3
regulates FSH synthesis in vivo. Previously, we reported that
Smad3 cKO mice are fertile with normal FSH synthesis (36).
However, these animals express a truncated and functional
form of SMAD3 (i.e. the C-terminal MH2 domain) that lacks
DNA binding activity (i.e. the N-terminal MH1 domain) but
can still cooperatively regulate Fshb promoter activity with

FIGURE 4. cKO males and females are FSH deficient. A, B, E, and F, FSH (A and B) and LH (E and F) levels in mouse serum were measured by multiplex ELISA.
Individual data points are shown (n � 12 or 14 for control and cKO, respectively) as are the group means (horizontal lines). C and D, pituitary FSH content was
assessed by RIA (n � 8 or 5 for control and cKO males; n � 11 or 7 for control and cKO females). All samples from cKO females were below the detection limit
of the assay. G and H, pituitary LH content was measured by ELISA. The data were analyzed by Student’s t test in each panel.

FIGURE 5. FSH protein expression is greatly diminished in cKO pituitaries. Immunofluorescence staining for LH� (green) and FSH� (red) in pituitaries of
adult control and cKO males (left panels) and female (right panels) mice. The nuclei are labeled with DAPI (blue). Scale bars, 100 �m.
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SMAD4 and FOXL2 (Fig. 2). Although we will eventually
require a model that removes all SMAD3 function in gonado-
tropes, here we were able to combine two existing mouse
strains to probe the role of SMAD3 in FSH synthesis: the Smad3
mice described above (lacking the MH1 domain) and mice lack-
ing Smad4 in gonadotropes (34).

The latter have reduced FSH and are subfertile (34). We
argued that the residual FSH in these animals results from par-
tial compensation by full-length SMAD3 and its ability to bind
DNA via its MH1 domain (37) (Fig. 1, bottom panel). If this is
true, then mice lacking the SMAD3 MH1 domain should be
unable to compensate for the absence of SMAD4. Indeed, as we
show here, Fshb mRNA and FSH protein are essentially unde-
tectable in these mice. As a result, females are sterile; males are
oligospermic and have small testes. These phenotypes are con-
sistent with those of Fshb knock-outs (1). Our data therefore
suggest that SMAD3 regulates FSH synthesis in vivo. They also
suggest that the MH2 domain of SMAD3 is more critical for
Fshb regulation than its MH1 domain and that SMAD complex
binding to the Fshb promoter is mediated principally via
SMAD4.

We contend that the SMAD3-MH1 domain plays a lesser
role than its MH2 domain in Fshb regulation for at least two
reasons. First, mice lacking the SMAD3-MH1 domain produce
FSH at seemingly normal levels (36). A role for the SMAD3-
MH1 domain in FSH synthesis is only observed when SMAD4
is absent (as demonstrated here). Second, the SMAD3-MH2

domain is phosphorylated by the type I receptor (in response to
ligand binding and receptor complex activation) and mediates
the protein interactions with both SMAD4 and FOXL2 (32, 39,
40, 46, 47). Based on these observations, one could argue that
SMAD3 may not need to directly bind the Fshb promoter to
regulate its transcription under normal conditions. Instead,
SMAD complex binding activity is conferred principally by
SMAD4 and FOXL2.

If this is true, the 8-bp SMAD binding element (SBE1 in Fig.
1) in the proximal promoter may not play a significant role in
FSH synthesis in vivo, because SMAD3-SMAD4 complex bind-
ing to this site requires DNA binding activity of both proteins,
at least in vitro (31). The role, if any, of this cis-element in vivo
should be assessed, perhaps with the aid of newer gene editing
technologies (e.g. CRISPR-Cas9). Interestingly, although this
was the first activin-responsive cis-element described in the
Fshb promoter (25), it has only been observed in rodents thus
far (16). The Fshb promoters of other species, such as sheep and
pigs, can be robustly stimulated by activins in the absence of
this 8-bp SBE (24, 48, 49). Moreover, adding this element to the
human promoter only modestly increases its activin and SMAD
sensitivity (31). It is perhaps unsurprising then that it might not
play an essential role in mice. Indeed, even point mutations in
this element in in vitro promoter-reporter assays only partly
attenuate activin responsiveness (17, 30, 31).

A Potential Role for SMAD2 in FSH Synthesis?—Our conten-
tion that the SMAD3-MH2 domain is essential for FSH synthe-

FIGURE 6. Fshb expression is abolished in pituitaries of cKO mice. Pituitaries were collected from 10-week-old control and cKO mice (n � 11 or 15 for control
and cKO males. A, (n � 12) genotype for females; B, mRNA levels of gonadotropin subunits (Fshb, Lhb, and Cga), GnRH receptor (Gnrhr), Smad3, and Smad4 were
measured by RT-qPCR. mRNA levels were normalized to the housekeeping gene Rpl19. Bars reflect group means (�S.E.). The data were analyzed by Student’s
t test. ***, p � 0.0001; **, p � 0.0004. n.s., not statistically significant.

FIGURE 7. Fertility is impaired in cKO mice. Control and cKO males (n � 6 or 4) and females (n � 4) were paired with wild-type C57BL6 mice for 6 or 4 months,
respectively. A and B, average number of litters (A) and litter size (B) in control and cKO males. Different colors are used to indicate data from individual animals.
C, average litter size in control and cKO females.
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sis is challenged by earlier findings. To date, four mouse strains
with targeted mutations in Smad3 have been described. As we
argued previously (36), we would predict that mice in two (50,
51), if not three (52), of these strains likely produce Smad3
transcripts that encode the MH2 domain, akin to what we
describe in the present model. A fourth strain (hereafter
Smad3�ex8), however, lacks exon 8 (of the 9 exon gene), and as
a result, the terminal 89 amino acids of the MH2 domain of the
protein (53). This includes the critical C-terminal serines that
are phosphorylated by type I receptors. FSH has been measured
in these mice, but not in great detail and with seemingly con-
flicting results. Female Smad3�ex8 mice appear to have
increased circulating FSH, which may result from the loss of
estrogen and/or inhibin feedback (i.e. these animals also have
ovarian defects (54)). In contrast, pituitary Fshb mRNA levels
are reduced by �30% in 8-week-old Smad3�ex8 males (55).
Although the basis of the sex difference is not yet clear, the fact
remains that these mice lack a functional SMAD3-MH2
domain and can still produce FSH protein or transcript at
slightly reduced to elevated levels.

The prediction of our model is that a complete loss of
SMAD3 (and in particular the MH2 domain) should abrogate
FSH production, as we see in Smad4/Foxl2 cKO mice (34) and
the Smad3/4 cKO animals described here. The Smad3�ex8 mice
challenge this idea and raise the possibility that SMAD2 might
compensate for the loss of functional SMAD3 in these animals.
This is plausible for a few reasons. First, SMAD2 is abundantly
expressed in gonadotropes and is phosphorylated in response
to activin stimulation, at least in immortalized gonadotropes
(22, 25). Second, SMAD2 interacts with both SMAD4 and
FOXL2 (32, 39). The latter interaction appears to be weaker
than the association between SMAD3 and FOXL2 but is still
measureable. Moreover, the interaction might be enhanced in
the absence of SMAD3. Recall that Smad3�ex8 mice would not
express a functional SMAD3-MH2 domain, which is required
for the FOXL2 interaction. Third, SMAD2 was previously dis-
counted because it lacks DNA binding activity (36). However,
as we discuss above, SMAD3 does not need to bind to DNA to
regulate Fshb. Thus, if SMAD2 is indeed partially compensating
for the loss of SMAD3 function in Smad3�ex8 mice, then cross-

FIGURE 8. cKO males are oligospermic. A, testes and seminal vesicles from adult control and cKO males. B, testicular weights of 10-week-old control and cKO
males (n � 13/genotype). C, sperm counts from snap frozen epididymides of 10-week-old control and cKO males (n � 9/genotype). D, sperm motility
assessment from fresh cauda epididymides in adult control and cKO males (n � 8 or 6 for control and cKO, respectively). E, seminal vesicle weights of
10-week-old control and cKO males (n � 13/genotype). F, H&E staining of testicular sections from representative control and cKO males. Scale bars, 100 �m.
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ing these animals with those lacking SMAD2 in gonadotropes
(36) should lead to severe FSH deficiency.

We would still argue that, under normal circumstances,
SMAD2 plays little to no role in Fshb regulation. Instead,
SMAD3 is likely the primary transducer of type I receptor acti-
vation to the Fshb promoter. This concept is supported by the
absence of an FSH phenotype in gonadotrope-specific Smad2
knock-out mice (36). Rather, the ability of SMAD2 to regulate
Fshb may only be manifested when SMAD3 function is com-
promised, as in Smad3�ex8 mice. If this is true, it begs the ques-
tion of why SMAD2 does not compensate in the Smad3/4 cKO

mice described here. The simple answer is likely because it lacks
DNA binding activity. That is, in Smad4 cKO mice, SMAD3 can
partially compensate because it can bind DNA via its MH1
domain. In Smad3/4 cKO mice, the inability of SMAD2 to bind
DNA and its weaker FOXL2 interaction would likely preclude
compensation. There is a naturally occurring splice variant of
SMAD2 that can bind DNA, but it is expressed at far lower
levels than the full-length isoform (22, 25, 56, 57).

Shared and Unique Phenotypes of Smad3/4 versus Smad4/
Foxl2 Knock-out Mice—The phenotypes of Smad3/4 cKO mice
are highly similar but not identical to those of Smad4/Foxl2

FIGURE 9. cKO females do not ovulate. A, morphology of ovaries and uteri from adult control and cKO females. B and C, ovary and uterus weights from
10-week-old control and cKO females (n � 12/genotype). D, day of vaginal opening in control and cKO females (n � 6/genotype). E, H&E-stained ovaries from
representative 10-week-old control and cKO females. Corpora lutea (CL) are labeled. Scale bars, 100 �m. F, COCs collected after exogenous gonadotropin
stimulation in juvenile control and cKO females (n � 18 or 7 for control and cKO, respectively).

FIGURE 10. Basal and activin A-stimulated Fshb expression were abolished in cKO pituitary cells. Primary pituitary cells were prepared from adult male (A)
or female (B) control or cKO mice and treated with 1 nM activin A (red) or with vehicle (black). Fshb mRNA levels were measured by RT-qPCR. Bars represent the
means (� S.E.) of three independent experiments. Bars with different symbols (a, b, c, and d) differ significantly.
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cKO mice (34) (Table 1). In both models, FSH production is
severely impaired, leading to oligospermia in males and sterility
in females. Females exhibit a block in folliculogenesis at the
pre-antral or early antral stage akin to what was described in
Fshb knock-out mice (1). In both models, LH secretion and Lhb
mRNA expression are increased in females. Cga mRNA expres-
sion and LH secretion are reduced in males of both models.
Interestingly, however, Lhb mRNA levels are decreased in
Smad3/4 cKO males but elevated in Smad4/Foxl2 cKO males.
Lhb mRNA is not altered in males lacking Smad4 alone, sug-
gesting that SMAD3 and FOXL2 play distinct roles in Lhb reg-
ulation. At present, there is no evidence that FOXL2 regulates
Lhb expression (35). However, SMAD3 can potentiate the stim-
ulatory effects of EGR1 (a mediator of GnRH action) on Lhb
promoter activity (58) in vitro, and this effect is dependent upon
SMAD binding elements (55). Therefore, the loss of SMAD3
binding to the Lhb promoter in Smad3/4 cKO males may con-
tribute to the reduction in Lhb mRNA expression. Unfortu-
nately, we did not measure Lhb mRNA in mice lacking SMAD3-
MH1 (36), so it is unclear whether the down-regulation
depends on coordinated loss of both SMAD3 and SMAD4 DNA
binding activity. Moreover, it is not yet clear why Lhb levels are
reduced in Smad3/4 cKO males but elevated in females,
although this may reflect sex-specific endocrine effects.

Another major difference between Smad3/4 and Smad4/
Foxl2 cKO models is in pituitary expression of Gnrhr, which is
elevated in the former but unchanged in the latter. The Gnrhr is
similarly up-regulated in pituitaries of mice lacking Smad4
alone (34) but is unaltered in mice lacking Foxl2 alone (35).
These data suggest that the loss of Smad4 likely underlies the
increase in Gnrhr in Smad3/4 cKO mice, although we cannot
rule out the effects of the loss of SMAD3 DNA binding activity,
because we did not measure Gnrhr in mice with the isolated
Smad3 deletion (36). Interestingly, Gnrhr up-regulation is not
observed in pituitaries cultured from Smad3/4 cKO males or
females relative to controls (supplemental Fig. S3, E and F). This
suggests that endocrine factors (e.g. GnRH) contribute to the
increase in gene expression observed in vivo. As such, neither
SMAD4 nor the SMAD3-MH2 domain appears to regulate
Gnrhr expression directly.

In conclusion, the data presented here indicate that: 1)
SMAD3 regulates FSH synthesis by gonadotrope cells in vivo, 2)
FSH production in Smad4-deficient mice is partly rescued by
full-length SMAD3, 3) SMAD4 DNA binding activity plays a
more essential role in transcriptional regulation of Fshb than
does SMAD3 DNA binding activity, 4) SMAD3/SMAD4 bind-

ing to the 8-bp SBE at �266/�259 of the murine Fshb promoter
(SBE1) may be dispensable for transcription regulation of the
gene, and 5) SMAD3 and SMAD4 play essential roles in Fshb
expression in vivo. The gene deletions do not appear to mark-
edly perturb gonadotrope cell development because expression
of other gonadotrope-specific genes such as Gnrhr, Lhb, and
Cga is largely intact. Because SMAD3 and SMAD4 are media-
tors of TGF� superfamily signaling and have not previously
been implicated in GnRH action, these data indicate that
activins play a dominant role over GnRH in the regulation of
FSH and/or that GnRH action is somehow dependent upon a
functional activin signaling cascade.

Experimental Procedures

Materials—Pregnant mare’s serum gonadotropin (or eCG,
G4877), human chorionic gonadotropin (C1063), hyaluronidase
(H3884), BSA (A4378), M199 medium with Hanks’ salt (M7653),
avertin (2,2,2-Tri bromoethanol, T48402), and paraformaldehyde
(PFA, P6148) were from Sigma-Aldrich. EvaGreen (AC814737H)
was from Applied Biological Materials Inc. (Richmond, Can-
ada). Polyethylenimine (23966) was from Polysciences Inc.
(Warrington, PA). RNasin (0000183771), Moloney murine
leukemia virus reverse transcriptase (0000172807), DNase
(0000156360), and random hexamer primers (0000184865)
were from Promega Corporation (Madison, WI). TRIzol� re-
agent (15596026), FBS (10438026), Alexa Fluor 488 donkey
anti-goat (A11055), Alexa Fluor 594 donkey anti-rabbit anti-
bodies (A21207), ProLong� Gold Antifade reagent with DAPI
(1266174), o-Phenylenediamine (002003) were from Life Tech-
nologies Inc. dNTPs (800-401-TL), HBSS (311-511-CL), and
DMEM (319-005-CL) were from Wisent Inc. (St-Bruno, Can-
ada). Rabbit anti-FSH� antibody (AFP7798_1289P) was from
the National Hormone & Peptide Program, NIDDK, National
Institutes of Health (Bethesda, MD). Goat anti-Lutropin �
(LH�) antibody (sc-7824) used in immunofluorescence was
from Santa Cruz Biotechnologies Inc. (Dallas, TX). Tissu-Tek�
optimal cutting temperature (OCT, 4583) compound was from
Sakura Finetek Europe B.V. (Alphen aan den Rijn, Nether-
lands). Recombinant activin A (338-AC-050) was from R&D
Systems. Oligonucleotides were synthesized by Integrated
DNA Technologies (Coralville, IA). Total RNA mini kit
(FA32808-PS) was from Geneaid (New Taipei City, Taiwan).
Adenoviruses expressing GFP (Ad-GFP) and Cre-IRES-GFP
(Ad-Cre) were from Baylor College of Medicine Vector Devel-
opment Laboratory (Houston, TX). Isoflurane (CP0406V2) was
purchased from Fresenius Kabi (Homburg, Germany). Mouse

TABLE 1
Pituitary gene expression profiles in different conditional knockout models
The following abbreviations and symbols are used in the table: ND, not determined;1, increased in cKO relative to control (more arrows indicate larger effects); 2,
decreased in cKO relative to control; �, equivalent between cKO and control; ���, comparable litter sizes and frequency to controls; ?, males reproduce, but their fertility
was not systematically characterized; ��, smaller litters than controls; �, smaller litters and at lower frequency than controls; �, sterile.

Genotype
Fshb Lhb Cga Gnrhr Fertility

Male Female Male Female Male Female Male Female Male Female

Fshb KO 22 22 � 1 ND ND ND ND ? �
Smad2/3 cKO � � ND ND ND ND ND ND ��� ���
Foxl2 cKO 2 2 � � � � � � �� �
Smad4 cKO 2 2 � � 2 � 1 1 ��� ��
Smad4/Foxl2 cKO 22 22 1 1 2 � � � ��� �
Smad3/Smad4 cKO 22 22 2 1 2 1 1 1 �� �
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LH reference (AFP5306A) and rabbit anti-LH (AFP240580Rb)
used in the LH ELISA were provided by Dr. Parlow (National
Hormone & Peptide Program). Monoclonal anti-bovine LH
mAb (51887) used in the LH ELISA was provided by Dr. Roser
(University of California-Los Angeles). Donkey anti-rabbit
HRP (P0448) was purchased from Dako Canada ULC (Missis-
sauga, Canada).

Constructs—The full-length and SMAD3-MH2 expression
constructs were described previously (36). To circumvent
expression differences between full-length and truncated
SMAD3 constructs, we introduced a mutation in the start
codon in exon 1 of the latter to bias translation initiation toward
the AUG in exon 4. We used the QuikChange site-directed
mutagenesis protocol and the following primer set on the MH2
expression vector (forward, CTT CGG TGC CAG CCT TGT
CGT CCA TCC TG; reverse, CAG GAT GGA CGA CAA GGC
TGG CAC CGA AG). The constitutively active ALK4 expres-
sion vector (T206D) and �1990/�1 mFshb-luc reporter were
described previously (22, 43).

Cell Culture, Transfection, and Promoter-Reporter Assays—
SW480.7 cells (human SMAD4-deficient colon carcinoma; gift
from Dr. Fang Liu, Rutgers University, NJ) (41, 42) were cul-
tured in DMEM with 10% FBS (v/v) at 37 °C and 5% CO2. For
promoter-reporter experiments, the cells were seeded in
48-well plates at a density of 70,000 cells/well. Approximately
24 h after seeding, the cells were transfected with 225 ng/well of
the �1990/�1 murine Fshb-luc reporter plasmid, along with
4.15 ng of FOXL2 and/or 25 ng of the indicated SMAD expres-
sion constructs using polyethylenimine in serum-free medium
for 2 h. Where indicated, ALK4-TD was co-transfected at 10
ng/well. After transfection, serum-free medium was changed to
complete medium. 48 h later, the cells were washed with PBS.
The lysates were prepared (28, 59), and luciferase assays were
performed as described (60) on an Orion II microplate lumi-
nometer (Berthold detection systems, Oak Ridge, TN). All con-
ditions were performed in duplicate wells in three independent
experiments.

Animals—The Smad3fx/fx, Smad4fx/fx, and GnrhrIRES-Cre/

IRES-Cre (hereafter GRIC) mice were described previously (61–
63). Smad3fx/fx were crossed with Smad4fx/fx animals to gener-
ate Smad3fx/�;Smad4fx/� progeny, which were then crossed to
produce Smad3fx/fx;Smad4fx/fx animals. GRIC females were
crossed to Smad3fx/fx;Smad4fx/fx males. Their female GRIC/�;
Smad3fx/�;Smad4fx/� progeny were again crossed to Smad3fx/fx;
Smad4fx/fx males to produce GRIC/�;Smad3fx/fx;Smad4fx/�

females. Conditional Smad3/4 double knock-outs (GRIC/�;
Smad3fx/fx;Smad4fx/fx or cKO) and control (Smad3fx/fx;Smad4fx/fx)
littermates were finally generated by crossing Smad3fx/fx;
Smad4fx/fx males with GRIC/�;Smad3fx/fx;Smad4fx/� females.
To enable gonadotrope purification, Gt(ROSA)26Sortm1(EYFP)Cos/
J males (hereafter ROSA26YFP/YFP) were crossed with
GRIC/�;Smad3fx/fx;Smad4fx/� females mice to generate
GRIC/�;Smad3fx/�; Smad4fx/�;ROSA26YFP/� mice (64). GRIC/�;
Smad3fx/�;Smad4fx/�;ROSA26YFP/� females were then crossed
with Smad3fx/fx;Smad4fx/fx males to obtain experimental
GRIC/�;Smad3fx/fx;Smad4fx/fx;ROSA26YFP/� mice, in which
gonadotropes deficient in SMAD3 and SMAD4 expressed
enhanced YFP. Genotyping primers are listed in Table 2. All

animal experiments were performed in accordance with insti-
tutional and federal guidelines and were approved by the
McGill University and Goodman Cancer Centre Facility Ani-
mal Care Committee (protocol 5204).

FACS—Cell sorting was performed at the Cell Vision Core
Facility for Flow Cytometry and Single Cell Analysis of the Life
Science Complex at the Rosalind & Morris Goodman Cancer
Research Centre. Pituitary cell suspensions were prepared
from 14 GRIC/�;Smad3fx/fx;Smad4fx/fx;ROSA26YFP/� male and
female animals as described previously (35), and single cell
suspensions were prepared in PBS. Fourteen GRIC/�;
ROSA26YFP/� male and female mice were used as controls. The
cells were then passed through a 70-�m nozzle at 70 p.s.i. into a
Becton Dickinson FACSAria (software version 8.0.1). The pitu-
itary cells were then run and gated to sort YFP� (gonadotropes)
and YFP� (non-gonadotropes) cells from both control and
experimental pituitaries. We obtained 1.7 	 104 YFP� and
7.1 	 105 YFP� cells for the controls; 1.4 	 104 YFP� and 6.8 	
105 YFP� cells for the experimental animals. Sorting purity was
assessed by culturing 5 �l of both YFP� and YFP� cells from
control and cKO pituitaries in one well of a 96-well plate with
M199 medium. 12 h later, the YFP�/� ratio was calculated in
each group. Total RNA was extracted from YFP� and YFP�
cells using a total RNA mini kit according to the manufacturer’s

TABLE 2
Genotyping and qPCR primers

5�3 3�

Genotyping
Smad3

Forward CTCCAGATCGTGGGCATACAGC
Reverse GGTCACAGGGTCCTCTGTGCC
Recombined TCGTCGATCGACCTCGAATAAC

Smad4
Forward GGGCAGCGTAGCATATAAGA
Reverse GACCCAAACGTCACCTTCAG
Recombined AAGAGCCACAGGTCAAGCAG

GRIC
Forward GGACATGTTCAGGGATCGCCAGGC
Reverse GCATAACCAGTGAAACAGCATTGCTG

ROSA26 eYFP
Forward AAAGTCGCTCTGAGTTGTTAT
WT reverse GCGAAGAGTTTGTCCTCAACC
eYFP reverse GGAGCGGGAGAAATGGATATG

qPCR
Smad3 exons 3/4

Forward CATTCCATTCCCGAGAACAC
Reverse ATGCTGTGGTTCATCTGGTG

Smad3 exons 8/9
Forward CATCCGTATGAGCTTCGTCA
Reverse CATCTGGGTGAGGACCTTGT

Smad4
Forward TCACAATGAGCTTGCATTCC
Reverse CCATCCACAGTCACAACAGG

Fshb
Forward GTGCGGGCTACTGCTACACT
Reverse CAGGCAATCTTACGGTCTCG

Rpl19
Forward CGGGAATCCAAGAAGATTGA
Reverse TTCAGCTTGTGGATGTGCTC

Gnrhr
Forward CACGGGTTTAGGAAAGCAAA
Reverse TTCGCTACCTCCTTTGTCGT

Lhb
Forward AGCAGCCGGCAGTACTCGGA
Reverse ACTGTGCCGGCCTGTCAACG

Cga
Forward TCCCTCAAAAAGTCCAQGAGC
Reverse GAAGAGAATGAAGAATATGCAG
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instructions. Pituitary selective gene expression was assessed by
RT-qPCR.

Hormone Analyses—Blood was collected by cardiac puncture
and allowed to clot at room temperature for 20 min. Serum was
obtained following centrifugation at 3000 	 g and stored at
�20 °C until analysis. To measure pituitary FSH and LH con-
tent, pituitaries were isolated and homogenized in 300 �l of
PBS, sonicated, and centrifuged for 10 min at 16,000 	 g at 4 °C.
Supernatant was removed and kept at �20 °C until assayed. All
hormone assays were performed at the Ligand Assay and Anal-
ysis Core of the Center for Research in Reproduction at the
University of Virginia (Charlottesville, VA), except for pituitary
LH content (below). Serum FSH and LH levels were measured
by multiplex ELISA. The reportable ranges were 2.40 –300 and
0.24 –30 ng/ml for FSH and LH, respectively. Intra-assay CVs
were �5.0%. Testosterone was measured by ELISA. The report-
able range was 10 –1600 ng/ml, and the intra-assay CV was

20%. For pituitary FSH content, all samples were diluted 50
times and then measured by radioimmunoassay. The report-
able range was 2.9 – 40 ng/ml. For pituitary LH content, all
homogenized samples were diluted 106 times in 0.05% PBST
supplemented with 0.2% BSA and measured with an in-house
sandwich ELISA as described previously (65).

Immunofluorescence—10 –12-week-old male and female ani-
mals were anesthetized with 200 mg/kg avertin by i.p. injection
followed by an overdose of isoflurane through a nose cone. The
animals were transcardially perfused with PBS followed by
freshly made 4% PFA in PBS. Pituitaries were isolated and post-
fixed in 4% PFA for 3 h at room temperature. After a brief rinse
with PBS, pituitaries were immersed in 30% sucrose overnight
at 4 °C and then embedded in OCT on dry ice. Pituitaries were
sectioned (5 �m) on a cryostat and mounted on prechilled
Micro slides. The slides were then warmed up to room temper-
ature, and sections were blocked in 1.5% donkey serum in PBS
for 1 h. The sections were washed three times in 0.2% PBST and
then incubated with rabbit anti-rat FSH� (1:500) and goat anti-
LH� (1:500) overnight at room temperature. After three washes
with PBST, the sections were incubated with Alexa Fluor 594-
conjugated donkey anti-rabbit (1:600) and Alexa Fluor 488-
conjugated donkey anti-goat (1:600) secondary antibodies for
1 h at room temperature. After another three washes with
PBST, coverslips were mounted with ProLong Gold antifade
reagent with DAPI and dried at 37 °C for 15 min in the dark.
Images were acquired with an Axiocam 506 color camera using
Zeiss blue edition (Zen 2 lite) software on a Zeiss Axio Imager
M2 microscope.

RT-qPCR—Pituitaries from 10-week-old mice were extracted
and immediately frozen in liquid nitrogen and stored
at �80 °C. Control females were euthanized at 7 a.m. on the
morning of estrus (as assessed by vaginal cytology). cKO
females, which did not cycle, were euthanized the same day as
control littermates. Samples were homogenized in 500 �l of
TRIzol reagent, and the total RNA was extracted according to
the manufacturer’s protocol. RNA concentration was deter-
mined by NanoDrop. Two �g of RNA per sample were then
reverse transcribed into cDNA using Moloney murine leuke-
mia virus reverse transcriptase and random hexamer primers at
a final volume of 40 �l. Two �l of cDNA were then used as

template for qPCR analysis as described previously (22) on a
Corbett Rotorgene 600 instrument (Corbett Life Science) using
EvaGreen reagent and primers listed in Table 2. mRNA
levels of target genes were determined using the 2���Ct

method. Ribosomal protein L19 (Rpl19) was used as a con-
trol for normalization.

Puberty Onset, Estrous Cyclicity, and Fertility Assessment—
To assess puberty onset, the females were monitored daily for
vaginal opening starting on postnatal day 24 (66). Starting at 8
weeks of age, estrous cyclicity was assessed daily in the after-
noon (�3 p.m.) for 2–3 weeks by collecting vaginal cells with a
cotton swab wet with sterile saline. The cells were smeared on a
glass slide, stained with 0.1% methyl blue, and examined by light
microscopy. Staging was assessed according to published
guidelines (66). One cycle was defined as the sequential appear-
ance of all estrous cycle stages, regardless of the number of days
spent in each stage. To assess fertility, 8-week-old males (n �
6/genotype) and females (n � 4/genotype) were paired with
age-matched, wild-type C57BL/6 mice (Charles River) for 6 or 4
months, respectively. Breeding cages were monitored daily, and
the date of birth and number of newborn pups were recorded.
The pups were removed from the breeding couple at postnatal
day 15. At the end of the mating trials, control and cKO animals
were dissected; blood samples were collected as described
above. Pituitaries were isolated, snap frozen, and kept at �80 °C
until processing for RNA extraction using TRIzol. One ovary or
testis was collected, weighed, and fixed in 10% formalin (ova-
ries) or Bouin’s buffer (testes).

Sperm Counting—Epididymal sperm heads were counted
using a hemacytometer as described previously (35). Briefly, the
left epididymis of the animal (n � 9/genotype) was immediately
snap frozen in liquid nitrogen, weighed, and then homogenized
(2 	 15 s, separated by 30 s) on ice in 2 ml 0.9% NaCl, 0.1%
Thimerosal, and 0.5% Triton X-100 with a Polytron on power
setting 4. The samples were then diluted 20 times in PBS. Ten
�l of each sample were loaded and counted on each side of a
hemacytometer.

Sperm Motility Analysis—Sperm motility of 10 –12-week-old
male control (n � 8) and cKO (n � 6) mice was analyzed using
computer-assisted sperm analysis, as described previously (67).
All materials and tools were prewarmed and kept at 37 °C
before and during all steps. The left side cauda epididymis of
each animal was clamped off and briefly rinsed in prewarmed
Hanks’ salt M199 medium supplemented with 0.5% (w/v) BSA
and adjusted to pH 7.4. The tissue was cut 10 times with fine-
point scissors, and sperm were allowed to disperse in fresh
M199 medium with BSA for 5 min in a 35-mm Petri dish. The
sperm suspension was then diluted four times before loading
into a 2X-CEL 80-�m deep sperm analysis chamber. Subse-
quently, 20 �l of diluted sperm sample was analyzed using a
Hamilton-Thorne IVOS automated semen analyzer (Hamil-
ton-Thorne Biosciences, Beverly, MA). IVOS parameters were
set according to the standards determined by The Jackson Lab-
oratory. Two slides were analyzed per sample, and five views
from each slide were analyzed.

Reproductive Organ Histology—Ovaries and testes were iso-
lated from 10-week-old control and cKO females and males,
respectively, weighed on a precision balance and fixed in 10%

SMAD3 Regulates FSH Production in Vivo

FEBRUARY 10, 2017 • VOLUME 292 • NUMBER 6 JOURNAL OF BIOLOGICAL CHEMISTRY 2311



formalin or Bouin’s buffer at room temperature. Tissues were
then paraffin-embedded and cut into 5-�m sections. The sec-
tions were stained with H&E. The images were acquired with
Leica DFC310 FX 1.4-megapixel digital color camera with a
high quality transmitted light microscope (Leica DM1000 LED)
using Leica Application Suite version 4.0.0 software.

Superovulation—Superovulation was performed in juvenile
(postnatal days 23–28) females as described previously (35).
Control and cKO females were injected i.p. with 5 IU of preg-
nant mare’s serum gonadotropin at 5 pm. 48 h later, the mice
were treated i.p. with 5 IU of human chorionic gonadotropin.
After 14 h, mice were killed, and cumulus-oocyte complexes
(COCs) were harvested in PBS from ampullae of the oviduct.
COCs were enzymatically dissociated using 0.5 mg/ml hyalu-
ronidase for 10 min at 37 °C. Oocyte number was then counted
under an inverted microscope.

Primary Pituitary Cultures—Primary pituitary cultures were
prepared as previously described (68). Briefly, pituitaries were
isolated from adult control and cKO animals, single suspended
cells were seeded at a density of 300,000 cells/well in 48-well
plates. The cells were allowed to settle for 16 h in M199 culture
medium supplement with 10% FBS. The media were then
replaced with 2% FBS-containing media in the presence or
absence of 1 nM activin A. Note that cultures from males and
females were prepared and processed separately. Culture media
were removed, the cells were harvested, and RNA was extracted
using a total RNA mini kit following the manufacturer’s
instructions.

Statistical Analysis—All of the data were analyzed by unpaired
Student’s t tests except pituitary gene expression in the primary
culture experiments, which was analyzed by multiple t tests. For
the reporter assay, two-way analyses of variance were con-
ducted, followed by Bonferroni-corrected multiple comparison
tests. Statistical analyses were performed using GraphPad
Prism 6 (GraphPad). Values of p � 0.05 were considered statis-
tically significant.
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