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In the ovary, the steroid hormone estrogen and the TGF-�
superfamily member activin are both produced by granulosa
cells and they both have intraovarian functions. Emerging
evidence has indicated an interaction of these two signaling
pathways. Based on the fact that estrogen and activin can
impact early follicle formation and development, we hypoth-
esize that estrogen treatment may alter activin signaling in
the neonatal ovary. Therefore, this study was designed to ex-
amine the effect of neonatal diethylstilbestrol (DES) and es-
tradiol (E2) exposure on the mRNA and protein levels of the
key factors involved in activin signaling in the mouse ovary.
CD-1 mouse pups were given daily injections of DES, E2, or oil
on postnatal d 1–5, and ovaries and sera were collected on d

19. Neonatal DES or E2 exposure decreased the number of
small antral follicles, induced multioocytic follicle formation,
and decreased activin �-subunit mRNA and protein levels.
Consistent with local loss of �-subunit expression, the phos-
phorylation of Smad 2, a marker of activin-dependent signal-
ing, was decreased in the estrogen-treated ovaries. The de-
creased �-subunit expression resulted in a decrease in serum
inhibin levels, with a corresponding increase in FSH. Estro-
gen also suppressed activin subunit gene promoter activities,
suggesting a direct transcriptional effect. Overall, this study
demonstrates that activin subunits are targets of estrogen
action in the early mouse ovary. (Endocrinology 148:
1968–1976, 2007)

OVARIAN FOLLICLE DEVELOPMENT is a compli-
cated process finely regulated by various intrinsic and

endocrine factors, and this process involves interactions be-
tween multiple cell types within the ovary. Factors produced
by ovarian granulosa cells include the steroid hormone es-
trogen and the TGF-� superfamily member activin, both of
which have been demonstrated to play an important intrao-
varian role in regulating follicle development (1–9).

Estrogen signals through binding to estrogen receptors,
ER� or ER�, in most cases, although receptor-independent
mechanisms exist. Both ER� and ER� are expressed in mouse
or rat ovaries, where ER� is the most abundant form of ER
and is expressed predominantly in the granulosa cells,
whereas ER� is expressed mostly in the theca cells (10, 11).
The importance of estrogen in ovarian follicle development
and maturation has been elucidated in ER�-, ER�-, or ER�-
and ER�-compound knockout mouse models, all of which
show various defects in ovulation and/or follicle develop-
ment (12–15). ER�-knockout mice are infertile, and ovarian
follicles fail to mature or ovulate and form hemorrhagic cysts
(12, 13). ER�-knockout mice are either subfertile or infertile,
and ovarian follicles are relatively normal, although the
numbers of large antral follicles and corpora lutea are re-
duced (12, 14, 15). ER�- and ER�-compound knockout mice
are also infertile and have a similar phenotype to that of
ER�-knockout mice. In addition, antral follicles in ER�- and

ER�-compound knockout mice are smaller in size and con-
tain fewer granulosa cells (12). Unexpectedly, Sertoli cells are
also found in the ER�- and ER�-compound knockout mouse
ovaries, suggesting an important role for ERs in maintaining
granulosa cell fate (12).

An impact of estrogen on the proper formation and long-
term function of the early follicle pool has been indicted by
many studies. In an estrogen-deficient mouse model, the
aromatase knockout mouse, there is a blockage of follicle
development at the antral stage and absence of corpora lutea,
as well as a decrease in primordial and primary follicle num-
bers (16, 17). When administered neonatally during the crit-
ical period of follicle formation in rodents, estrogens can
induce several long-term pathologies in the ovary. For in-
stance, delayed follicle and interstitial development at d 14
and 21 of age in neonatal estradiol benzoate exposed rats
have been documented (18). A lack of corpora lutea in adult
mice exposed neonatally to diethylstilbestrol (DES) or estra-
diol (E2) has also been reported (19), suggesting that these
effects persist and impact fertility. Neonatal exposure to DES,
E2, or the phytoestrogen genistein in mice also induces for-
mation of multioocytic follicles (MOFs) (20–22), which have
also been reported in alligators exposed to environmental
estrogenic contaminants (23).

Activin and its functional antagonist inhibin were origi-
nally isolated from gonadal sources based on their ability to
stimulate (activin) or suppress (inhibin) the synthesis and
secretion of FSH (24–30). Activin and inhibin are structurally
related and share a common signaling pathway. Activin is a
dimer of two �-subunits, �A or �B, to form activin A (�A�A),
activin B (�B�B), or activin AB (�A�B), and inhibin is a
heterodimer of a unique �-subunit with either of the two
shared �-subunits to form inhibin A (��A) or inhibin B (��B)
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(26–29). Activin signals through a receptor serine-threonine
kinase/Smad protein pathway, which involves activin bind-
ing receptors (ACTR IIA and ACTR IIB), a signaling receptor
(ACTR IB), signaling coactivators (Smads 2, 3, and 4), and an
inhibitor (Smad 7) (31–34). Inhibin antagonizes activin action
by competing for the �-subunits or for binding to activin type
II receptors (35). A coreceptor, �-glycan, mediates the latter
action (36, 37). Activin has been shown to regulate ovarian
granulosa cell proliferation and differentiation (3, 5, 6, 38),
promote ovarian follicle atresia (39), increase FSH receptor
expression in undifferentiated granulosa cells (40, 41), and
stimulate oocyte maturation in vitro (42). Inhibin is able to
stimulate LH-dependent androgen production by thecal cells
(43, 44). Mice that lack activin receptor type II are infertile,
and follicle development is blocked at the antral stage with
very few corpora lutea observed (45). Overexpression of
follistatin, an activin antagonist, in transgenic mice also
blocks follicle development at the secondary follicle stage
(46).

Our laboratories have developed two transgenic mouse
models with defects in activin expression or activin signaling
(47, 48). These are mice that overexpress the inhibin �-sub-
unit gene from a metallothionein-I promoter (MT-� inhibin
subunit), which have decreased activin levels (47), and mice
that express a nonphosphorylatable Smad 2 protein from the
Müllerian inhibiting substance promoter (MIS-Smad 2 dom-
inant negative), which have interrupted activin signaling
(48). In these mice, a variety of ovarian pathologies have been
observed, including development of ovarian cysts and for-
mation of MOFs (47, 48). Because formation of MOFs likely
occurs during the earliest stages of follicle formation, prob-
ably through an incomplete breakdown of germ-cell syncytia
(49), these transgenic mouse models indicate an important
role for activin in the early ovary and in establishing the
follicle pool. This is re-enforced by studies showing that
administration of excess activin in the neonatal period en-
hances the number of primordial follicles (50).

Estrogen and activin signaling proteins are colocalized in
the granulosa cells in the ovary, suggesting a possible inter-
action of these two factors. Indeed, multiple findings have
indicated an effect of estrogen on activin signaling pathways
(51–57). Based on the fact that estrogen and activin both have
an impact on early ovarian follicle formation and follicle
development, we hypothesize that estrogen treatment may
alter activin signaling in the neonatal ovary. Therefore, this
study was designed to examine the effect of neonatal DES
and E2 exposure on the mRNA and protein levels of the key
factors involved in activin signaling in the mouse ovary. The
results demonstrate that neonatal estrogen exposure de-
creases activin subunit gene expression and impacts activin
signaling, indicating that activin genes are targets of estrogen
action in the mouse ovary.

Materials and Methods
Antibodies

Rabbit polyclonal antibodies against inhibin �, �A, and �B subunits
were gifts from W. Vale and J. Vaughn (The Salk Institute, La Jolla, CA).
Rabbit polyclonal antibody against actin was purchased from Sigma (St.
Louis, MO). Rabbit anti-Smad2 and Phospho-Smad2 antibodies were
purchased from Invitrogen (Carlsbad, CA) and Cell Signaling (Danvers,

MA), respectively. HRP-labeled donkey antirabbit IgG was purchased
from Amersham Biosciences (Little Chalfont, Buckinghamshire, UK).
Biotin-labeled goat antirabbit IgG was purchased from Vector Labora-
tories, Inc. (Burlingame, CA).

Animal treatment and tissue collection

CD-1 mice (Harlan, Indianapolis, IN) were maintained on a 12-h
light/12-h dark cycle (lights off at 1700 h) with food and water available
ad libitum. Breeders (90–180 d old) were fed with a soy-free mouse chow
(Harlan 7926) to limit exogenous phytoestrogen intake through food. At
the time of delivery (d 1), eight pups were kept with each female to
minimize the possible difference in pup development caused by nutrient
availability. The pups were given daily sc injections of 1 �g DES (0.5
mg/kg), 20 �g E2 (10 mg/kg) or corn oil (vehicle), all in 20 �l of volume,
on d 1–5 after birth. Ovaries and sera were collected on postnatal d 19.
The injection doses were chosen based on previous reports (20–22).
Ovaries were collected on d 19 because, at this age, all follicles through
the antral stage can be observed and yet the animals are prepubertal.
Ovaries were either stored at �80 C for later RNA isolation or ovary
protein extract preparation, or immediately fixed for follicle counting
and IHC studies. Animals were cared for in accordance with all federal
and institutional guidelines.

RNA isolation and real-time PCR

Total RNA was isolated from d 19 ovaries using a Qiagen RNA
isolation kit (Qiagen, Valencia, CA). On column DNase digestion was
performed using an RNase-Free DNase Set (Qiagen) to eliminate DNA
contamination, and the resulting RNA was reverse transcribed with
AMV-reverse transcriptase (Fisher Scientific, Pittsburgh, PA). Real-time
PCR was performed on a Bio-Rad iCycler using SyberGreen SuperMix
(Bio-Rad Laboratories, Inc., Hercules, CA) to quantitatively measure the
mRNA levels of inhibin �, activin �A, activin �B, ACTR IA, ACTR IIA,
ACTR IB, ACTR IIB, Smad 2, Smad 3, Smad 4, Smad 7, and follistatin.
Primers were designed according to the complete mouse cDNA se-
quences of the above genes. A list of the primers used is shown in Table
1. Ribosomal protein L19 was used as an internal control for all reactions.
The threshold cycle numbers of L19 were not altered by neonatal DES
or E2 treatment compared with the oil controls (data not shown). The
amplicons from reactions for the activin/inhibin subunits were se-
quenced to confirm correct products. Specificity of all the real-time PCR

TABLE 1. List of primers used in this study

Genes PCR primers (5�–3�) Product size (bp)

L19 CTG AAG GTC AAA GGG AAT GTG 195
GGA CAG AGT CTT GAT GAT CTC

Inhibin � CTC CCA GGC TAT CCT TTT CC 112
TGG CCG GAA TAC ATA AGT GA

Inhibin �A GAT CAT CAC CTT TGC CGA GT 143
TGG TCC TGG TTC TGT TAG CC

Inhibin �B CTA GAG TGT GAT GGG CGG AC 308
ACA TCC CGC TTG ACA ATG TT

ACTR IA TGT ACT GTC CAT AGC CAG CG 131
TGC AGC ACT GTC CAT TCT TC

ACTR IB CGC TCC AGG ATC TCG TCT AC 202
AAC CAA GAC CGT TCT TCA CG

ACTR IIA AGT GAA GCA AGG TTG TTG GC 128
CAT ATT GCC CTC ACA GCA AC

ACTR IIB TCA ATT GCT ACG ACA GGC AG 140
TGG CTC GTA CGT GAC TTC TG

Smad 2 CTC CAG TCT TAG TGC CTC GG 300
AAC ACC AGA ATG CAG GTT CC

Smad 3 GAC CAC AGA AGA AAA CCC CA 245
AGG GCA TGC TCC ATT ACA AC

Smad 4 CCT GTT GTG ACT GTG GAT GG 159
CCA AAC GTC ACC TTC ACC TT

Smad 7 CAG CTC AAT TCG GAC AAC AA 193
AAC CAG GGA ACA CTT TGT GC

Follistatin GAG TGA CTT ACT CCA GCG CC 266
AGC TTC CTT CAT GGC ACA CT
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was also confirmed by a single peak in the melt curves and by a single
band of the predicted size after agarose gel electrophoresis of the PCR
products (data not shown).

Western blot

Protein homogenates were prepared in GBA buffer [50 mm Tris-HCl,
120 mm NaCl, 5 mm KCl, 1 mm MgSO4, 1 mm CaCl2, 10% glycerol, 0.5
mm 4-(2-aminoethyl)-benzenesulfonyl fluoride (AEBSF, Roche Molec-
ular Biochemicals, Indianapolis, IN), and 0.1 mm bacitracin (Sigma), pH
7.4 at 4 C] from pools of ovaries collected from four to six mice. Proteins
were electrophoresed under reducing conditions in 13% SDS-PAGE gels
and transferred to nitrocellulose membranes. Blots were incubated over-
night at 4 C with primary antibody (anti-inhibin �, �A, �B, or anti-
Phospho-Smad2, 1:1000 dilution; anti-Smad2, 1:500 dilution) followed
by 1 h of incubation at room temperature with HRP-labeled donkey
antirabbit secondary antibody (1:5000 dilution). Proteins were then vi-
sualized by chemiluminescence. For inhibin �, �A, and �B detection, the
experiments were repeated three to four times and the blots were
scanned by densitometry. The intensities of the protein bands were
analyzed using the public domain NIH Image program (http://rsb.in-
fo.nih.gov/nih-image/). The pixel intensity of each precursor or mature
protein band was normalized against that of the corresponding loading
control, which was actin. The relative intensity of the precursor or
mature protein band was then obtained from the ratio of the experi-
mental group (DES or E2) over the oil control.

Immunohistochemistry

Fresh ovaries obtained from mice from each treatment group were
fixed in 4% PFA overnight and embedded in paraffin. Five-micrometer
serial sections were obtained and mounted on Superfrost-Plus slides
(Fisher Scientific). Sections from each ovary were either left unstained
for use in immunohistochemistry or stained with hematoxylin and eosin
to examine the numbers of follicles. For immunohistochemistry, slides
were deparaffinized and rehydrated. Antigen retrieval was performed
using 0.01 m sodium citrate. Each tissue section on the slides was treated
with 3% H2O2 and avidin/biotin blocking reagents (Vector Laboratories,
Inc.). Tissue sections were then incubated with primary antibody [anti-
Phospho-Smad2 (1:1000 dilution) or anti-Smad2 (1:250 dilution)] over-
night at 4 C and incubated the next day with secondary antibody (bi-
otinylated goat antirabbit IgG, 1:200 dilution) at room temperature for
30 min. Sections were then treated with ABC reagent (Vectastain Elite
ABC kits; Vector Laboratories, Inc.). For visualization, a TSA Plus Flu-
orescein System (PerkinElmer, Boston, MA) was used according to the
manufacturer’s instruction. Sections were counterstained with DAPI
(data not shown). Negative controls were produced by omitting the
primary antibody. No fluorescent signal was detected in the negative
controls, indicating specificity of the assay (data not shown).

GRMO2 cell culture and transfection and luciferase assays

GRMO2 cells are from a mouse granulosa cell line provided by N.V.
Innogenetics (Ghent, Belgium). Culture of GRMO2 cells and transfection
and luciferase assays were performed as described previously (60) with
slight modification. Briefly, cells were cultured in a humidified incu-
bator at 37 C and 5% CO2 in a phenol red-free D-MEM/F-12 medium
(Invitrogen Corporation, Grand Island, NY) supplemented with 10
�g/ml insulin, 5 nm sodium selenite, 5 �g/ml transferring, 100 �g/ml
sodium pyruvate, and 2% charcoal/dextran-treated fetal bovine serum
(Hyclone, Logan, UT). After 3-d culturing in the aforementioned estro-
gen-deprived condition, GRMO2 cells were transiently transfected with
DNA constructs (500 ng per well of a 12-well culture plate) using cationic
liposomes in a phenol red-free Opti-MEM (Invitrogen Corporation). The
DNA constructs used were either a 837-bp (�769 to �68) inhibin �-sub-
unit promoter-luciferase reporter construct (61), a 609-bp (�571 to �38)
�A subunit promoter-luciferase reporter construct (62), or a 547-bp
(�1460 to �914) �B subunit promoter-luciferase reporter construct (63).
After 6 h transfection, cells were aspirated and maintained in fresh
culture medium for 14–16 h. Fresh medium containing vehicle, 100 nm
E2, 1 �m ICI182, 780, or a combination of the latter two was then given
to the cells for 24 h. After the treatments, cells were washed with PBS
and lysed on ice in lysis buffer [25 mm HEPES (pH 7.8), 15 mm MgSO4,

4 mm EGTA, 1 mm dithiothreitol, 0.1% Triton X-100] for 20 min. For
luciferase assay, cell lysates (100 �l) were added to 400 �l of reaction
buffer (25 mm HEPES, pH 7.8, 15 mm MgSO4, 4 mm EGTA, 2.5 mm ATP,
1 mm dithiothreitol, 1 �g/ml BSA) and 100 �l of 1 mm luciferin (sodium
salt) (Analytical Bioluminescence, San Diego, CA) were added using an
automatic injector and emitted luminescence was measured using a 2010
luminometer (Analytical Bioluminescence) for 10 sec. Relative light units
were normalized for total protein content measured with the Bio-Rad
protein assay reagent (Bio-Rad Laboratories, Inc.).

Hormone measurements

Total activin A (free activin A plus follistatin-bound activin A,
dimeric form) in serum and in ovary was measured using a total activin
A ELISA kit (Oxford Bio-Innovation LTD, Oxfordshire, UK) according
to the manufacturer’s instructions. Ovary extracts were prepared as
described previously (64, 65) with slight modification. Briefly, three to
four d-19 ovaries from each treatment group were homogenized in 150
�l of 0.85% (wt/vol) NaCl using a sonic disruptor (Model 100; Fisher
Scientific). Homogenates were then centrifuged at 15,000 � g for 30 min
at 4 C. The supernatants were collected and immediately used for total
activin A ELISA. Intraassay and interassay coefficients of variation (CV)
were less than 8% and assay sensitivity was 78 pg/ml. The results were
normalized with protein concentrations of the ovary extracts measured
by Bradford assay. Serum inhibin A (CV � 6%; sensitivity, 20 pg/ml),
inhibin B (CV � 10%; sensitivity, 20 pg/ml), FSH (CV � 7%; sensitivity,
3.2 ng/ml), and LH (CV � 9%; sensitivity, 0.08 ng/ml) levels from each
treatment group were measured by the University of Virginia Center for
Research in Reproduction Ligand Assay and Analysis Core.

Follicle counting

Follicle counting was performed as reported previously (66–68). Pri-
mordial follicles included those that had an oocyte surrounded by a
single layer of squamous granulosa cells. Primary follicles had an en-
larged oocyte surrounded by either a single layer of cuboidal granulosa
cells or a single layer of mixed cuboidal and squamous granulosa cells.
Secondary follicles were follicles that had an enlarged oocyte sur-
rounded by two or more layers of cuboidal granulosa cells but had no
fluid-filled antrum. Small antral follicles had an oocyte surrounded by
layers of cuboidal granulosa cells that contained one or more small antra.
Large antral follicles had an oocyte enclosed by cumulus cells and a
single large antrum surrounded by a single layer of cuboidal granulosa
cells. Atretic follicles were those that had a degenerating or fractionated
oocyte. Follicles with oocytes containing a clear nucleus were counted
on every fifth section of each serial sectioned ovary. The cumulative
counts for each ovary were then multiplied by a correction factor of five
to estimate the total number of follicles (66–68). Because formation of
MOFs was observed in these neonatal estrogen-treated mice, the num-
bers of MOFs were also counted on every fifth section of each serial
sectioned ovary. Each counted MOF was compared with those on the
previous and following counted sections to avoid double counting. The
cumulative counts for each ovary were then multiplied by a correction
factor of five.

Statistics

Data are presented as means � sem. One-way ANOVA followed by
a Tukey-Kramer post hoc analysis was used for statistical comparisons
among multiple groups. For statistical comparisons between two
groups, the Student’s two-tailed t test was used. P � 0.05 was considered
significant.

Results
Effect of neonatal DES or E2 treatment on activin subunit
gene expression and protein levels

To determine whether neonatal estrogen treatment altered
activin expression or signaling in the ovary, we first sought
to examine gene expression levels of activin/inhibin sub-
units and activin signaling components. We injected CD-1
mouse pups with oil (vehicle control), DES, or E2 on d 1–5
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after birth, collected ovaries on d 19, and isolated total RNA.
Ovaries were collected on d 19 because, at this age, all fol-
licles through the antral stage can be observed and yet the
animals are prepubertal. The mRNA abundance of activin/
inhibin subunits and activin signaling proteins was then
measured by quantitative real-time PCR in the oil and es-
trogen-treated groups. A 75% decrease in the �A subunit and
60% decrease in the �B subunit mRNA levels were observed
in the neonatal DES-treated mouse ovaries (Fig. 1A). In the
neonatal E2-treated mouse ovaries, the mRNA levels of �A
and �B subunits decreased by about 80 and 75%, respectively
(Fig. 1B). The mRNA levels of inhibin � also decreased about
25% in both groups, although this was significant only in the
E2-treated mice. The mRNA abundance of activin binding
receptors (ACTR IIA and ACTR IIB), signaling receptor
(ACTR IB), signaling coactivators (Smads 2, 3, and 4), and
inhibitor (Smad 7) as well as follistatin was not significantly
changed after the two estrogen treatments (data not shown).

Because significant decreases in the mRNA levels of the
activin �A and �B subunits were observed in the neonatal
DES- or E2-treated mouse ovaries, we examined the protein
abundance of the inhibin �, and �A and �B subunits. In
whole ovary homogenates from all treatment groups, both
precursor and mature forms of the three inhibin/active sub-
unit proteins were detected by Western blots (Fig. 2, A and
B). Quantitative results of multiple Western blots for each
subunit are shown in Fig. 2, C and D. In DES-treated mice,
�A subunit precursor and mature protein levels were 75 and
62%, respectively, of those from the controls (Fig. 2C). In
E2-treated mice, �A subunit precursor and mature protein
levels were 69 and 73%, respectively, of those from the con-
trols (Fig. 2D). Inhibin � precursor and mature protein levels
were not significantly altered by either of the estrogen treat-
ments. Mature protein levels of �B subunit were slightly

decreased in the ovaries from DES or E2-treated mice, al-
though the decreases were not statistically significant. The
minor differences between mRNA level measurements and
protein level measurements may be explained by different
sensitivities between quantitative real-time PCR and West-
ern blot, or could reflect differences in processing or stability
of the �B subunit compared with �A.

To further confirm the mRNA and Western blot results
and also to measure the biologically active dimeric form of
activin in the whole ovary, ELISA were performed. Because
an ELISA for total activin is only available for activin A, we
measured this isoform in whole ovary extracts. The results
show that total activin A levels decreased in the ovaries of
mice treated with estrogens, compared with the oil controls
(Table 2). There was no significant difference between the
DES- and E2-treated groups.

Effect of E2 on the inhibin �, �A, and �B subunit
promoter activities

To investigate the mechanism of the estrogen effect on
activin gene expression and to determine whether this rep-
resents a direct transcriptional effect, we examined inhibin �,
�A, and �B subunit promoter activities in transfected
GRMO2 granulosa cells treated with vehicle (control), E2,
ICI182, 780, or a combination of the latter two. GRMO2 cells
are a cell line derived from undifferentiated mouse granulosa
cells collected from follicles at early developmental stages
that express the endogenous inhibin and activin subunit
genes. Results showed that, although E2 did not alter inhibin
� promoter activity (Fig. 3A), it had a relatively small but
significant suppressive effect on the �A and �B subunit pro-
moter activities (Fig. 3, B and C, respectively), consistent with
its effect on �-subunit mRNA levels. Most importantly, the
suppressive effect of E2 on the �A and �B subunit promoter
activities was abolished by the anti-estrogen ICI182, 780,
indicating a specific estrogenic effect (Fig. 3, B and C). In-
terestingly, ICI182, 780 decreased inhibin � promoter activity
when given alone or in combination with E2 (Fig. 3A). This
decrease in inhibin � promoter activity may result from a
suppression of endogenous estrogen in the culture medium
by the excess amount of ICI182, 780.

Immunohistochemistry and Western blot of total or
phosphorylated-Smad 2 (P-Smad 2) in the neonatal DES-
or E2-treated mouse ovaries

Because activin mRNA and activin A protein levels were
decreased in the ovaries from mice treated neonatally with
DES or E2, we examined activin signaling status in those
ovaries. Activin signaling involves phosphorylation of Smad
proteins, including Smad 2 and Smad 3. Therefore, immu-
nohistochemical studies and Western blot analysis of P-Smad
2 and total Smad 2 were performed. Consistent with de-
creased activin expression, a decrease in P-Smad 2 levels was
observed at the whole ovary level in the neonatal DES- or
E2-treated mouse ovaries compared with the oil controls,
whereas total Smad 2 levels were not different among the
groups (Fig. 4A, �100 pictures). In all ovaries, P-Smad 2 was
detected predominantly in nuclei and Smad 2 was detected
mostly in the cytoplasm (Fig. 4A, �200 pictures). The de-

FIG. 1. Real-time quantitative PCR analysis of inhibin/activin sub-
unit mRNA levels in mouse ovaries after neonatal DES or E2 treat-
ment. Whole ovaries from each treatment group were used for RNA
isolation followed by RT and real-time PCR. A, Measurements in
ovaries from neonatal DES-treated animals. B, Measurements in
ovaries from neonatal E2-treated animals. Significant differences be-
tween oil and estrogen-treated groups are indicated above the bars.
The numbers at the bottom of each bar indicate experimental repli-
cates. *, P � 0.05; **, P � 0.005; †, P � 0.001.
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crease in P-Smad 2 levels was most apparent in the granulosa
cells, and was not observed in germ cells (Fig. 4A, �200
pictures). Similar results were also obtained for P-Smad 3 and
total Smad 3 (data not shown). Western blot confirmed the
decrease in P-Smad 2 protein levels in the ovaries after DES
or E2 treatment as compared to the oil controls (Fig. 4B).

Hormone measurements in the neonatal DES- or
E2-treated mice

Because activin and inhibin share common �-subunits and
we observed a decrease in �-subunit expression in neonatal
DES- or E2-treated mouse ovaries, we measured serum total
activin A, inhibin A, and inhibin B concentrations in 19-d-old
mice treated neonatally with oil, DES, or E2. In addition,
because activin and inhibin regulate the synthesis and se-
cretion of FSH, we also measured serum FSH and LH con-
centrations. Serum total activin A levels were 694.3 � 25.5
pg/ml in oil-treated (n � 9), 640.3 � 62.3 pg/ml in DES-
treated (n � 4), and 545.5 � 56.4 pg/ml in E2-treated (n � 6)
mice. The differences among these three groups were not
significant as tested by ANOVA. Because we did observe a
decrease in ovarian activin levels (Table 3), this suggests that
ovarian activin may not all be secreted and the ovary may not

be the only/major source of circulating activin (69, 70). How-
ever, serum inhibin A and inhibin B concentrations in the
DES- or E2-treated animals were both lower than those in the
oil controls (Fig. 5, A and B, respectively). This observation
is consistent with decreased �-subunits in the ovary, because
inhibin and activin share the same �-subunits and the ovary
is considered the major source of circulating inhibin (70, 71).
FSH concentrations increased in the DES- or E2-treated mice
compared with the oil controls, and the increase in the DES-
treated mice was more robust than that in the E2-treated mice
(Fig. 5C). The elevation in FSH levels in the DES or E2-treated
mice is likely a consequence of decreased inhibin levels,
rather than a consequence of any change in GnRH, as serum
LH levels were not altered by any of the treatments (Fig. 5D).
To examine whether the elevation in FSH levels is a chronicle
phenomenon after neonatal estrogen exposure, serum FSH
levels were also measured in 6-d-old mice treated neonatally
with oil, DES, or E2. The results revealed that, unlike what
was observed in 19-d-old animals, at d 6, serum FSH levels
were actually decreased in the DES- or E2-treated mice (7.9 �
0.3 and 7.9 � 0.9 ng/ml, respectively) compared with the
controls (24.6 � 1.5 ng/ml). This observation is consistent
with reports by others (72).

Changes in ovarian weight and follicle populations after
neonatal DES or E2 treatment

To evaluate the impact of neonatal estrogen treatment on
ovarian follicle development and thus to see whether this
might contribute to decreased activin expression in the
ovary, we collected ovaries on d 19 from neonatal oil, DES-
treated, or E2-treated mice, measured ovarian weight, and
counted the number of follicles. The ovarian weight was
lower in DES- or E2-treated animals than in oil-treated ani-

TABLE 2. ELISA measurement of total activin A levels in the
ovary

Treatment Total activin A
(pg/mg protein)

Oil 220.8 � 22.4a

DES 126.1 � 28.1b

E2 78.7 � 11.6b

Data are presented as mean � SEM. n � 3–5 animals.
Different superscripts indicate statistical significance at P � 0.01.

FIG. 2. Western blot measurement of inhibin �, �A,
and �B subunit protein levels. A, Representative pic-
tures of Western blots. Both precursor and mature
forms of all three subunits were detected in all treat-
ment groups. Actin was used as a loading control. O,
Oil; D, DES. B, Quantitative results of Western blots
from the neonatal DES-treated mouse ovaries as
compared to the oil controls. E, E2. C, Quantitative
results of Western blots from the neonatal E2-treated
mouse ovaries as compared to the oil controls. The
numbers at the bottom of each bar indicate experi-
mental replicates. *, P � 0.05.
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mals (Table 3). In addition, DES treatment resulted in fewer
total and small-antral follicles. E2 also decreased the number
of small-antral follicles. The number of large-antral follicles
appeared to be reduced in DES or E2-treated animals, al-
though this was not statistically significant given the small
number of these advanced follicles at this age (Table 3). Thus,
neonatal estrogen treatment had a marked effect on the ovar-
ian follicle pool, and this may contribute to the decreased

gene expression and biosynthesis of activin. Induction of
MOF formation by neonatal DES or E2 treatment was also
observed in this study (Table 3), consistent with previous
reports (20, 21). Not surprisingly, given their relative po-
tencies in binding to the estrogen receptor (73, 74), DES
had a more pronounced effect than estradiol on follicle
development.

Discussion

Estrogen is important for ovarian follicle development and
function, and estrogen treatment can impact a variety of
target genes in the ovary. Our data reveal that neonatal DES
or E2 exposure hinders follicle development, decreases ac-
tivin �-subunit mRNA and �A protein levels, and attenuates
activin signaling in the ovary. Consistent with decreased
�-subunit expression, serum inhibin levels are also de-
creased, which in turn likely causes increases in FSH. In
addition, we show that estrogen can suppress activin subunit
gene expression at a gene transcriptional level. Therefore, our
study demonstrates that the activin genes are targets of es-
trogen action in the mouse ovary.

Activin and inhibin have been shown to play autocrine/
paracrine roles in regulating ovarian follicle development
(3–6), and regulation of activin and/or activin signaling com-
ponent expression by estrogen has been suggested by several
other studies. In the ovaries of 23- to 25-d-old rats treated
with DES, although inhibin �-subunit mRNA levels were
unaffected, both �A and �B subunit mRNA levels were
strongly suppressed in isolated granulosa cells (75). In an-
other study, E2 treatment decreased �B subunit mRNA levels
in ewe pituitary cells, whereas follistatin mRNA levels were
not changed (51). In cultured MCF-7 human breast cancer
cells, 10 nm E2 treatment at different time points also sup-
pressed �B subunit gene expression (52) and this finding was
confirmed by a recent expression microarray study of MCF-7
cells treated with 100 nm E2 for 6 and 12 h (53). These results
are consistent with our findings. However, there is also ev-
idence that estrogen can suppress ACTRII expression in rat
hypothalamus (54) and increase follistatin expression in
chicken granulosa cells (55), effects which were not observed
in this study in the mouse ovary. In addition, an increase
instead of a decrease in �B subunit gene expression in the
uterus of neonatal estradiol valerate-treated sheep has been
reported (56). When cultured immature rat granulosa cells
were treated with 10 �m E2 for 48 h, an increase in inhibin
� and �B subunit mRNA levels was observed, whereas the

FIG. 3. Effects of E2 and ICI182, 780 on in-
hibin �-, �A-, and �B-promoter activities in
transfected GRMO2 granulosa cells. All the
treatments were given for 24 h. The numbers
at the bottom of each bar indicate replicate
experiments. Each measurement was done in
triplicate. *, P � 0.05.

FIG. 4. Immunohistochemical and Western blot analysis of P-Smad
2 and Smad 2 expression in mouse ovaries after neonatal oil, DES, or
E2 treatment. A, Representative pictures from immunohistochemical
studies. Experiments were repeated three times with three to four
ovaries in each experiment. Scale bars in �100 pictures, 100 �m.
Scale bars in �200 pictures, 20 �m. B, Representative Western blot
pictures. Experiments were repeated twice. An average of quantita-
tive results from the replicate experiments shows that, in DES- and
E2-treated mice, P-Smad2 protein levels are 54 and 60%, respectively,
of those from the oil controls.
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�A subunit mRNA level was not altered (57). These differ-
ential effects of estrogen in regulating activin and/or activin
signaling component expression suggest specificities in es-
trogen action among species and tissues, or related to the
time and dose of estrogen treatment. Biphasic effects of es-
trogen depending on the time and dose have been docu-
mented in many systems (76–81).

In the present study, we also examined ovaries on d 6
immediately after neonatal estrogen treatment. We found
that the mRNA levels of �A and �B subunits after DES
treatment, and the mRNA levels of the �B subunit after E2
treatment were decreased to the same extent in the d-6 ova-
ries as in the d-19 ovaries (data not shown). These results
support the idea that a prolonged suppression in �A and �B
subunit gene expression is most likely triggered during the
neonatal estrogen treatment period and persists at least until
postnatal d 19. Persistent changes in gene expression induced
by prenatal or neonatal estrogen exposure have been dem-
onstrated previously by microarray studies of mouse testis

collected on postnatal d 21, 105, and 315, from which 32 genes
have been identified as being altered in the long-term by the
early estrogen exposure (58). In the current study, it is pos-
sible that estrogen treatment during the neonatal period im-
pacts a subset of follicles at a certain critical developmental
stage, and as those follicles develop and mature, they con-
tinue to express less activin. The persistent decrease in activin
expression may also relate to the decreased number of small
antral (and antral) follicles in the neonatal estrogen-treated
animals. The latter explanation is supported by our results
showing that ovary size as well as small-antral and antral
follicle numbers are decreased in the neonatal DES- or E2-
treated mice. Our observations on the ovary size and follicle
populations indicate a delay in follicle development in the
DES- or E2-treated animals, which is consistent with reports
by others (18, 19).

It has been previously shown that FSH levels are actually
decreased on d 6 and 12 in neonatal DES-treated mice compared
with the controls, and an increase in FSH is subsequently ob-
served at d 21 (72), suggesting that FSH levels are not chron-
ically elevated in those animals. Our data collected on d 6 and
19 are consistent with these observations. Because inhibin is a
potent suppressor of FSH synthesis and secretion (24, 25, 30),
the elevated FSH levels on d 19 are likely caused by decreased
serum inhibin A and inhibin B levels. This increase in FSH is not
observed at d 6, perhaps because the decrease in FSH levels
results from a negative feedback mechanism triggered by high
estrogen levels immediately after the 5-d neonatal estrogen
treatment. Inhibin is unlikely to contribute significantly to this
early decrease in serum FSH levels on d 6, because it is thought
that activin predominates in the early follicles, and inhibin
increases in recruited follicles when FSH induces expression of
the inhibin �-subunit in cells that have acquired the FSH re-
ceptor (3, 5, 38). Inhibin and activin can regulate FSH levels and,
in turn, FSH can regulate expression of both inhibin �-subunit
and �-subunits. It has been reported that when a 48-hr treat-
ment with recombinant human FSH was given to cultured
granulosa cells collected from 22-d-old rats, gene expression of
inhibin �, �A, and �B subunits was significantly induced (82).
In another study, FSH stimulates �A subunit production in
cultured granulosa cells collected from 12-d-old rats (75). In our
study, despite the significant elevation in serum FSH levels on
d 19, activin subunit expression remained decreased in the
ovaries from the neonatal estrogen-treated mice. Therefore, our
results indicate that altered FSH is most likely not a direct cause
of decreased activin expression, as it might be expected to
actually increase activin gene expression.

The suppression of �A and �B subunit gene expression by
neonatal estrogen exposure could be a direct effect of estro-

FIG. 5. Serum concentrations of inhibin A (A), inhibin B (B), FSH (C),
and LH (D) measured in mice treated neonatally with DES or E2. The
numbers at the bottom of each bar indicate sample numbers. Different
lowercase letters above the bars indicate statistical significance at P �
0.01.

TABLE 3. Ovarian weight and follicle counts

Treatment Ovarian weight
(mg)

Follicle counting

Total Primordial Primary Secondary Small antral Large antral Atretic MOF

Oil 1.69 � 0.09a 5606 � 280a 4381 � 289 671 � 51 398 � 22 123 � 25a 18 � 7 16 � 11 0.2 � 0.2a

DES 0.78 � 0.15b 4368 � 617b 3135 � 511 677 � 111 518 � 60 30 � 5b 7 � 6 1 � 1 38 � 4b

E2 0.54 � 0.01b 5702 � 323a 4335 � 450 820 � 95 480 � 50 60 � 5b 5 � 3 5 � 2 8 � 1b

Data are presented as mean � SEM. n � 7–11 animals for MOF counting and n � 3–4 animals for the rest. Different superscripts within each
measurement/counting category indicate statistical significance. P � 0.01 for ovarian weight; P � 0.001 for MOF counting; P � 0.05 for the
rest.
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gen, because our data have revealed that E2 significantly
suppressed �A and �B subunit promoter activities in
GRMO2 cells. Given that ER� is the most abundant form of
ER expressed in the granulosa cells (10, 11), one can speculate
that the effect of estrogen on activin gene expression may be
mediated by ER�, although further studies are required to
confirm this idea. Recently, genome-wide estrogen receptor
binding sites have been analyzed in human MCF-7 breast
cancer cells (53). Those binding sites often map more than 50
kb from proximal promoter regions of genes, and surpris-
ingly, the proximal (1 kb) binding sites only constitute about
4% of all the binding sites (53). Therefore, it is possible that
certain key estrogen receptor binding sites are not included
in the promoter regions that we tested in this study, and this
may explain why the observed suppression of activin sub-
unit promoters by estrogen is relatively weak. Indeed, from
the published mapping data (53), we found that estrogen
receptor binding sites have been mapped within about 30 kb
of the �A and �B subunit gene transcription start sites. It has
also been reported that, in the 3�-untranslated region of the
human activin �B gene, there is a potential estrogen response
element (51). An indirect effect of estrogen through alter-
ations in estrogen receptors, signaling cofactors, or other
signaling pathways is also possible, and this requires further
investigation.

In summary, the results from this study show that activin
expression and signaling are regulated by estrogen. This
study demonstrates that activin genes are targets for estrogen
action in the early mouse ovary, indicating that some actions
of estrogens might be mediated by changes in activin ex-
pression and signaling. Understanding how estrogen im-
pacts activin signaling pathways in the ovary promises to
increase our understanding of how these signals regulate
normal follicle development and hence fertility.

Acknowledgments

We thank Drs. Mary Hunziker-Dunn and Jon Levine for their critical
review of this manuscript. We thank Drs. W. Vale and J. Vaughn from
The Salk Institute for providing the rabbit polyclonal antibodies against
inhibin �, �A, and �B subunits, and Dr. Milan Bagchi from University
of Illinois (Champaign, IL) for providing ICI180, 782. We thank Andrew
Lisowski for performing tissue processing and helping with immuno-
histochemical experiments. We appreciate help from Angel Nickolov
and Alfred Rademaker with statistical analysis; Maia Feigon, Jacob
Avraham, Latha Subramaniam, and Jill Hogan with follicle and MOF
counting; and Tina Hutton with animal dissections. We thank the Keck
Biophysics Facility for providing training and access to the iCycler. We
also thank the University of Virginia Center for Research in Reproduc-
tion Ligand Assay and Analysis Core, supported by National Institute
of Child and Human Development (Specialized Cooperative Centers
Program in Reproduction Research) Grant U54-HD28934, for perform-
ing hormone concentration measurements.

Received August 10, 2006. Accepted January 16, 2007.
Address all correspondence and requests for reprints to: Kelly E.

Mayo, Ph.D., Professor, Department of Biochemistry, Molecular Biology
and Cell Biology, Northwestern University, 2205 Tech Drive/Hogan
4-112, Evanston, Illinois 60208. E-mail: k-mayo@northwestern.edu.

This project was supported by National Institutes of Health (NIH)
Program Project Grant HD91291. J.L.K. is funded by an NIH Endocri-
nology Training Grant T32 DK007169, and S.B.-G. is funded by an
NIH/National Cancer Institute Oncogenesis and Development Biology
Training Grant T32 CA080621.

Disclosure Statement: The authors have nothing to disclose.

References

1. Britt KL, Findlay JK 2002 Estrogen actions in the ovary revisited. J Endocrinol
175:269–276

2. Palter SF, Tavares AB, Hourvitz A, Veldhuis JD, Adashi EY 2001 Are estro-
gens of import to primate/human ovarian folliculogenesis? Endocr Rev 22:
389–424

3. Findlay JK 1993 An update on the roles of inhibin, activin, and follistatin as
local regulators of folliculogenesis. Biol Reprod 48:15–23

4. Mather JP, Moore A, Li RH 1997 Activins, inhibins, and follistatins: further
thoughts on a growing family of regulators. Proc Soc Exp Biol Med 215:209–222

5. Knight PG, Glister C 2001 Potential local regulatory functions of inhibins,
activins and follistatin in the ovary. Reproduction 121:503–512

6. Findlay JK, Drummond AE, Dyson M, Baillie AJ, Robertson DM, Ethier JF
2001 Production and actions of inhibin and activin during folliculogenesis in
the rat. Mol Cell Endocrinol 180:139–144

7. Pangas SA, Rademaker AW, Fishman DA, Woodruff TK 2002 Localization
of the activin signal transduction components in normal human ovarian fol-
licles: implications for autocrine and paracrine signaling in the ovary. J Clin
Endocrinol Metab 87:2644–2657

8. Knight PG, Glister C 2003 Local roles of TGF-� superfamily members in the
control of ovarian follicle development. Anim Reprod Sci 78:165–183

9. Knight PG, Glister C 2006 TGF-� superfamily members and ovarian follicle
development. Reproduction 132:191–206

10. Mowa CN, Iwanaga T 2000 Developmental changes of the oestrogen recep-
tor-� and -� mRNAs in the female reproductive organ of the rat—an analysis
by in situ hybridization. J Endocrinol 167:363–369

11. Jefferson WN, Couse JF, Banks EP, Korach KS, Newbold RR 2000 Expression
of estrogen receptor � is developmentally regulated in reproductive tissues of
male and female mice. Biol Reprod 62:310–317

12. Dupont S, Krust A, Gansmuller A, Dierich A, Chambon P, Mark M 2000
Effect of single and compound knockouts of estrogen receptors � (ER�) and
� (ER�) on mouse reproductive phenotypes. Development 127:4277–4291

13. Lubahn DB, Moyer JS, Golding TS, Couse JF, Korach KS, Smithies O 1993
Alteration of reproductive function but not prenatal sexual development after
insertional disruption of the mouse estrogen receptor gene. Proc Natl Acad Sci
USA 90:11162–11166

14. Krege JH, Hodgin JB, Couse JF, Enmark E, Warner M, Mahler JF, Sar M,
Korach KS, Gustafsson JA, Smithies O 1998 Generation and reproductive
phenotypes of mice lacking estrogen receptor �. Proc Natl Acad Sci USA
95:15677–15682

15. Emmen JM, Couse JF, Elmore SA, Yates MM, Kissling GE, Korach KS 2005
In vitro growth and ovulation of follicles from ovaries of estrogen receptor
(ER)� and ER� null mice indicate a role for ER� in follicular maturation.
Endocrinology 146:2817–2826

16. Britt KL, Saunders PK, McPherson SJ, Misso ML, Simpson ER, Findlay JK
2004 Estrogen actions on follicle formation and early follicle development. Biol
Reprod 71:1712–1723

17. Britt KL, Drummond AE, Dyson M, Wreford NG, Jones ME, Simpson ER,
Findlay JK 2001 The ovarian phenotype of the aromatase knockout (ArKO)
mouse. J Steroid Biochem Mol Biol 79:181–185

18. Ikeda Y, Nagai A, Ikeda MA, Hayashi S 2001 Neonatal estrogen exposure
inhibits steroidogenesis in the developing rat ovary. Dev Dyn 221:443–453

19. Forsberg JG 1985 Treatment with different antiestrogens in the neonatal period
and effects in the cervicovaginal epithelium and ovaries of adult mice: a
comparison to estrogen-induced changes. Biol Reprod 32:427–441

20. Iguchi T, Fukazawa Y, Uesugi Y, Takasugi N 1990 Polyovular follicles in
mouse ovaries exposed neonatally to diethylstilbestrol in vivo and in vitro. Biol
Reprod 43:478–484

21. Iguchi T, Takasugi N, Bern HA, Mills KT 1986 Frequent occurrence of
polyovular follicles in ovaries of mice exposed neonatally to diethylstilbestrol.
Teratology 34:29–35

22. Jefferson WN, Couse JF, Padilla-Banks E, Korach KS, Newbold RR 2002
Neonatal exposure to genistein induces estrogen receptor (ER)� expression
and multioocyte follicles in the maturing mouse ovary: evidence for ER�-
mediated and nonestrogenic actions. Biol Reprod 67:1285–1296

23. Guillette Jr LJ, Gross TS, Masson GR, Matter JM, Percival HF, Woodward
AR 1994 Developmental abnormalities of the gonad and abnormal sex hor-
mone concentrations in juvenile alligators from contaminated and control
lakes in Florida. Environ Health Perspect 102:680–688

24. Schwartz NB, Channing CP 1977 Evidence for ovarian “inhibin”: suppression of
the secondary rise in serum follicle stimulating hormone levels in proestrous rats
by injection of porcine follicular fluid. Proc Natl Acad Sci USA 74:5721–5724

25. Igarashi M 1988 [Control mechanism of FSH secretion from the pituitary].
Nippon Sanka Fujinka Gakkai Zasshi 40:973–978

26. Ying SY 1988 Inhibins, activins, and follistatins: gonadal proteins modulating
the secretion of follicle-stimulating hormone. Endocr Rev 9:267–293

27. de Kretser DM, Robertson DM 1989 The isolation and physiology of inhibin
and related proteins. Biol Reprod 40:33–47

28. Vale WHA, Rivier C, Yu J 1990 The inhibin/activin family of hormones and
growth factors. In: Sporn MRA, ed. Growth factors and their receptors. Berlin:
Springer-Verlag; 211–248

Kipp et al. • Estrogen and Activin Gene Expression Endocrinology, May 2007, 148(5):1968–1976 1975

 at Northwestern Univ Sci-Engineering Library on May 8, 2007 endo.endojournals.orgDownloaded from 

http://endo.endojournals.org


29. Woodruff TK, Mayo KE 1990 Regulation of inhibin synthesis in the rat ovary.
Annu Rev Physiol 52:807–821

30. Carroll RS, Kowash PM, Lofgren JA, Schwall RH, Chin WW 1991 In vivo
regulation of FSH synthesis by inhibin and activin. Endocrinology 129:3299–3304

31. Attisano L, Wrana JL 2002 Signal transduction by the TGF-� superfamily.
Science 296:1646–1647

32. Carcamo J, Weis FM, Ventura F, Wieser R, Wrana JL, Attisano L, Massague
J 1994 Type I receptors specify growth-inhibitory and transcriptional responses
to transforming growth factor � and activin. Mol Cell Biol 14:3810–3821

33. Lebrun JJ, Vale WW 1997 Activin and inhibin have antagonistic effects on
ligand-dependent heteromerization of the type I and type II activin receptors
and human erythroid differentiation. Mol Cell Biol 17:1682–1691

34. Zimmerman CM, Mathews LS 1996 Activin receptors: cellular signalling by
receptor serine kinases. Biochem Soc Symp 62:25–38

35. Mathews LS, Vale WW 1991 Expression cloning of an activin receptor, a
predicted transmembrane serine kinase. Cell 65:973–982

36. Bernard DJ, Chapman SC, Woodruff TK 2001 An emerging role for co-
receptors in inhibin signal transduction. Mol Cell Endocrinol 180:55–62

37. Lewis KA, Gray PC, Blount AL, MacConell LA, Wiater E, Bilezikjian LM,
Vale W 2000 Betaglycan binds inhibin and can mediate functional antagonism
of activin signalling. Nature 404:411–414

38. Ethier JF, Findlay JK 2001 Roles of activin and its signal transduction mech-
anisms in reproductive tissues. Reproduction 121:667–675

39. Woodruff TK, Lyon RJ, Hansen SE, Rice GC, Mather JP 1990 Inhibin and activin
locally regulate rat ovarian folliculogenesis. Endocrinology 127:3196–3205

40. Xiao S, Robertson DM, Findlay JK 1992 Effects of activin and follicle-stim-
ulating hormone (FSH)-suppressing protein/follistatin on FSH receptors and
differentiation of cultured rat granulosa cells. Endocrinology 131:1009–1016

41. Nakamura M, Nakamura K, Igarashi S, Tano M, Miyamoto K, Ibuki Y,
Minegishi T 1995 Interaction between activin A and cAMP in the induction
of FSH receptor in cultured rat granulosa cells. J Endocrinol 147:103–110

42. Sadatsuki M, Tsutsumi O, Yamada R, Muramatsu M, Taketani Y 1993 Local
regulatory effects of activin A and follistatin on meiotic maturation of rat
oocytes. Biochem Biophys Res Commun 196:388–395

43. Hsueh AJ, Dahl KD, Vaughan J, Tucker E, Rivier J, Bardin CW, Vale W 1987
Heterodimers and homodimers of inhibin subunits have different paracrine
action in the modulation of luteinizing hormone-stimulated androgen bio-
synthesis. Proc Natl Acad Sci USA 84:5082–5086

44. Hillier SG, Yong EL, Illingworth PJ, Baird DT, Schwall RH, Mason AJ 1991
Effect of recombinant activin on androgen synthesis in cultured human thecal
cells. J Clin Endocrinol Metab 72:1206–1211

45. Matzuk MM 2000 Revelations of ovarian follicle biology from gene knockout
mice. Mol Cell Endocrinol 163:61–66

46. Guo Q, Kumar TR, Woodruff T, Hadsell LA, DeMayo FJ, Matzuk MM 1998
Overexpression of mouse follistatin causes reproductive defects in transgenic
mice. Mol Endocrinol 12:96–106

47. McMullen ML, Cho BN, Yates CJ, Mayo KE 2001 Gonadal pathologies in trans-
genic mice expressing the rat inhibin �-subunit. Endocrinology 142:5005–5014

48. Bristol-Gould SK, Hutten CG, Sturgis C, Kilen SM, Mayo KE, Woodruff TK
2005 The development of a mouse model of ovarian endosalpingiosis. Endo-
crinology 146:5228–5236

49. Jefferson W, Newbold R, Padilla-Banks E, Pepling M 2006 Neonatal genistein
treatment alters ovarian differentiation in the mouse: inhibition of oocyte nest
breakdown and increased oocyte survival. Biol Reprod 74:161–168

50. Bristol-Gould SK, Kreeger PK, Selkirk CG, Kilen SM, Cook RW, Kipp JL,
Shea LD, Mayo KE, Woodruff TK 2006 Postnatal regulation of germ cells by
activin: the establishment of the initial follicle pool. Dev Biol 298:132–148

51. Baratta M, West LA, Turzillo AM, Nett TM 2001 Activin modulates differ-
ential effects of estradiol on synthesis and secretion of follicle-stimulating
hormone in ovine pituitary cells. Biol Reprod 64:714–719

52. Frasor J, Danes JM, Komm B, Chang KC, Lyttle CR, Katzenellenbogen BS 2003
Profiling of estrogen up- and down-regulated gene expression in human breast
cancer cells: insights into gene networks and pathways underlying estrogenic
control of proliferation and cell phenotype. Endocrinology 144:4562–4574

53. Carroll JS, Meyer CA, Song J, Li W, Geistlinger TR, Eeckhoute J, Brodsky
AS, Keeton EK, Fertuck KC, Hall GF, Wang Q, Bekiranov S, Sementchenko
V, Fox EA, Silver PA, Gingeras TR, Liu XS, Brown M 2006 Genome-wide
analysis of estrogen receptor binding sites. Nat Genet 38:1289–1297

54. Trudeau VL, Pope L, de Winter JP, Hache RJ, Renaud LP 1996 Regulation of
activin type-II receptor mRNA levels in rat hypothalamus by estradiol in vivo.
J Neuroendocrinol 8:395–401

55. Davis AJ, Brooks CF, Johnson PA 2000 Estradiol regulation of follistatin and
inhibin �- and �(B)-subunit mRNA in avian granulosa cells. Gen Comp En-
docrinol 119:308–316

56. Hayashi K, Spencer TE 2005 Estrogen disruption of neonatal ovine uterine
development: effects on gene expression assessed by suppression subtraction
hybridization. Biol Reprod 73:752–760

57. Turner IM, Saunders PT, Shimasaki S, Hillier SG 1989 Regulation of inhibin

subunit gene expression by FSH and estradiol in cultured rat granulosa cells.
Endocrinology 125:2790–2792

58. Fielden MR, Halgren RG, Fong CJ, Staub C, Johnson L, Chou K, Zacharewski
TR 2002 Gestational and lactational exposure of male mice to diethylstilbestrol
causes long-term effects on the testis, sperm fertilizing ability in vitro, and
testicular gene expression. Endocrinology 143:3044–3059

59. Miyagawa S, Suzuki A, Katsu Y, Kobayashi M, Goto M, Handa H, Watanabe
H, Iguchi T 2004 Persistent gene expression in mouse vagina exposed neo-
natally to diethylstilbestrol. J Mol Endocrinol 32:663–677

60. Burkart AD, Mukherjee A, Mayo KE 2006 Mechanism of repression of the
inhibin �-subunit gene by inducible 3�,5�-cyclic adenosine monophosphate
early repressor. Mol Endocrinol 20:584–597

61. Pei L, Dodson R, Schoderbek WE, Maurer RA, Mayo KE 1991 Regulation of
the � inhibin gene by cyclic adenosine 3�,5�-monophosphate after transfection
into rat granulosa cells. Mol Endocrinol 5:521–534

62. Ardekani AM, Romanelli JC, Mayo KE 1998 Structure of the rat inhibin and
activin �A-subunit gene and regulation in an ovarian granulosa cell line.
Endocrinology 139:3271–3279

63. Dykema JC, Mayo KE 1994 Two messenger ribonucleic acids encoding the
common � B-chain of inhibin and activin have distinct 5�-initiation sites and
are differentially regulated in rat granulosa cells. Endocrinology 135:702–711

64. Herath CB, Yamashita M, Watanabe G, Jin W, Tangtrongsup S, Kojima A,
Groome NP, Suzuki AK, Taya K 2001 Regulation of follicle-stimulating hor-
mone secretion by estradiol and dimeric inhibins in the infantile female rat. Biol
Reprod 65:1623–1633

65. Kenny HA, Bernard DJ, Horton TH, Woodruff TK 2002 Photoperiod-depen-
dent regulation of inhibin in Siberian hamsters: I. Ovarian inhibin production
and secretion. J Endocrinol 174:71–83

66. Johnson J, Canning J, Kaneko T, Pru JK, Tilly JL 2004 Germline stem cells and
follicular renewal in the postnatal mammalian ovary. Nature 428:145–150

67. Perez GI, Robles R, Knudson CM, Flaws JA, Korsmeyer SJ, Tilly JL 1999
Prolongation of ovarian lifespan into advanced chronological age by Bax-
deficiency. Nat Genet 21:200–203

68. Morita Y, Perez GI, Maravei DV, Tilly KI, Tilly JL 1999 Targeted expression
of Bcl-2 in mouse oocytes inhibits ovarian follicle atresia and prevents spon-
taneous and chemotherapy-induced oocyte apoptosis in vitro. Mol Endocrinol
13:841–850

69. Knight PG 1996 Roles of inhibins, activins, and follistatin in the female re-
productive system. Front Neuroendocrinol 17:476–509

70. Sakai R, Shiozaki M, Tabuchi M, Eto Y 1992 The measurement of activin/EDF
in mouse serum: evidence for extragonadal production. Biochem Biophys Res
Commun 188:921–926

71. Rivier C, Rivier J, Vale W 1986 Inhibin-mediated feedback control of follicle-
stimulating hormone secretion in the female rat. Science 234:205–208

72. Halling A 1992 Alterations in hypothalamic and pituitary hormone levels
induced by neonatal treatment of female mice with diethylstilbestrol. Reprod
Toxicol 6:335–346

73. Kuiper GG, Carlsson B, Grandien K, Enmark E, Haggblad J, Nilsson S,
Gustafsson JA 1997 Comparison of the ligand binding specificity and transcript
tissue distribution of estrogen receptors � and �. Endocrinology 138:863–870

74. Kuiper GG, Lemmen JG, Carlsson B, Corton JC, Safe SH, van der Saag PT,
van der Burg B, Gustafsson JA 1998 Interaction of estrogenic chemicals and
phytoestrogens with estrogen receptor �. Endocrinology 139:4252–4263

75. Drummond AE, Dyson M, Thean E, Groome NP, Robertson DM, Findlay JK
2000 Temporal and hormonal regulation of inhibin protein and subunit mRNA
expression by post-natal and immature rat ovaries. J Endocrinol 166:339–354

76. Chalbos D, Vignon F, Keydar I, Rochefort H 1982 Estrogens stimulate cell
proliferation and induce secretory proteins in a human breast cancer cell line
(T47D). J Clin Endocrinol Metab 55:276–283

77. Garnier M, Di Lorenzo D, Albertini A, Maggi A 1997 Identification of estrogen-
responsive genes in neuroblastoma SK-ER3 cells. J Neurosci 17:4591–4599

78. Sanchez JJ, Abreu P, Gonzalez-Hernandez T, Hernandez A, Prieto L, Alonso
R 2004 Estrogen modulation of adrenoceptor responsiveness in the female rat
pineal gland: differential expression of intracellular estrogen receptors. J Pineal
Res 37:26–35

79. Parini P, Angelin B, Stavreus-Evers A, Freyschuss B, Eriksson H, Rudling M
2000 Biphasic effects of the natural estrogen 17�-estradiol on hepatic cholesterol
metabolism in intact female rats. Arterioscler Thromb Vasc Biol 20:1817–1823

80. Sengupta K, Banerjee S, Saxena N, Banerjee SK 2003 Estradiol-induced
vascular endothelial growth factor-A expression in breast tumor cells is bi-
phasic and regulated by estrogen receptor-� dependent pathway. Int J Oncol
22:609–614

81. Chen S, Nilsen J, Brinton RD 2006 Dose and temporal pattern of estrogen
exposure determines neuroprotective outcome in hippocampal neurons: ther-
apeutic implications. Endocrinology 147:5303–5313

82. Mukherjee A, Mayo K 2000 Regulation of inhibin subunit gene expression by
gonadotropins and cAMP in ovarian granulosa cells. In: Shupnik MA, ed. Gene
engineering in endocrinology. Totowa, NJ, Humana Press Inc.; 277–306

Endocrinology is published monthly by The Endocrine Society (http://www.endo-society.org), the foremost professional society serving the
endocrine community.

1976 Endocrinology, May 2007, 148(5):1968–1976 Kipp et al. • Estrogen and Activin Gene Expression

 at Northwestern Univ Sci-Engineering Library on May 8, 2007 endo.endojournals.orgDownloaded from 

http://endo.endojournals.org

