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Estrogen receptor (ER)-a mediates estradiol (E,) actions in
the male gonads and brain and is critical for normal male
reproductive function. In the classical pathway, ERa binds to
estrogen response elements (EREs) to regulate gene tran-
scription. ERa can also regulate gene transcription inde-
pendently of EREs via protein-protein interactions with
transcription factors and additionally signal via rapid, non-
genomic pathways originating at the cell membrane. This
study assessed the degree to which ERE-independent ER«
signaling can rescue the disrupted masculine sexual behav-
iors and elevated serum testosterone (T) levels that have been
shown to result from ERa gene deletion. We utilized male ER«
null mice that possess a ER knock-in mutation (E207A/G208A;

AA), in which the mutant ER« is incapable of binding to DNA
and can signal only through ERE-independent pathways
(ERa A2 mice). We found that sexual behavior, including
mounting, is virtually absent in ERa™’~ and ERa /44 males,
suggesting that ERE-independent signaling is insufficient to
maintain any degree of normal sexual behavior in the absence
of ERE binding. By contrast, ERE-independent signaling in
the ERa 24 mouse is sufficient to restore serum T levels to
values observed in wild-type males. These data indicate that
binding of ERs to EREs mediates most if not all of E,’s effects
on male sexual behavior, whereas ERE-independent ER« sig-
naling may mediate E,’s inhibitory effects on T production.
(Endocrinology 148: 5288-5294, 2007)

ALE FERTILITY IS dependent on the sex steroid hor-
mones testosterone and 17B-estradiol. Testicular tes-
tosterone (T) secreted during pre- and perinatal periods is
necessary to masculinize the external genitalia and brain.
Although there is evidence for the requirement of the an-
drogen receptor (AR) in the development and function of the
male reproductive tract and masculine behaviors (1), T's
effects are exerted largely through its conversion to estradiol
(E,) by aromatase and subsequent signaling through the
estrogen receptor (ER) (2, 3). The importance of E, action in
male fertility is demonstrated by descriptions of testicular
dysfunction and behavioral deficits in ERa knockout
(ERaKO) mice. Although prenatal development of the re-
productive tract does not depend on ER, ERaKO males are
infertile due to atrophy of the testes and seminiferous tu-
bules, tubule dysmorphogenesis, reduced sperm counts, and
impaired copulation and other sexually motivated behaviors
(4-7). ERaKO males also display elevated serum T levels,
reflecting the absence of ER-mediated enhancement of ste-
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Abbreviations: AA, ERe mutation E207A /G208A; AR, androgen re-
ceptor; CV, coefficient of variance; E,, estradiol; ER, estrogen receptor;
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roidogenesis in the neonatal period (8). In contrast to ERe,
deletion of ERB does not impair testicular function, sper-
matogenesis, or normal masculine sexual behavior in adult
mice (9-12); however, ERB may influence the timing of pu-
berty (11) and appears to play a role in behavioral defemi-
nization (12, 13). This would suggest a greater requirement
for ERa in the development of normal male fertility; how-
ever, it remains a possibility that ERa and ERpB regulate
reproductive function together because ERe and ERf often
form heterodimers and interactions between them have been
documented in several tissues (14-19).

In the classical pathway of estrogen action, E, binds to the
ligand binding domain of ER, inducing conformational
changes that allow the receptor to interact with coactivator
or corepressor molecules. The ligand-receptor complex ul-
timately binds as a dimer to estrogen response elements
(EREs) in the promoter region of target genes to either ac-
tivate or repress gene expression (20-23). Whereas E, acts
predominantly via this pathway, other mechanisms of E,
action have also been described, such as rapid, nongenomic
effects through a membrane-associated ER (24-28). Emerg-
ing evidence supports the existence of another pathway in
which ER can regulate genes that lack an ERE via protein-
protein interaction with other transcription factors, such as
c-Fos/c-Jun B [activator protein 1 (AP-1)], specificity pro-
tein-1, and nuclear factor-«B (29-38). Whether E, regulates
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sexual behavior or the neuroendocrine system via ERE-in-
dependent pathways such as these remains to be determined.

The generation of ERa™/** mutant mice by Jakacka et al.
(31) provided a unique opportunity to distinguish between
ERE-dependent and ERE-independent mechanisms of E, ac-
tion in vivo. These mice have a mutation (E207A /G208A; AA)
in the DNA recognition sequence of ERa, which selectively
eliminates ERa signaling through ERE binding and activa-
tion of ERE-containing reporter genes. This mutant receptor
can signal normally through protein-protein interactions, as
demonstrated by active ER regulation of reporter genes con-
taining AP-1 response elements and ER interaction with Jun
in vitro (31, 39). Although heterozygote ERa"/* males are
fertile, heterozygote females display ovarian, uterine, and
mammary gland defects and are consequently infertile (31).

The goal of the present study was to examine the relative
role of ERE-dependent and ERE-independent ER« actions in
masculine sexual behavior and the hypothalamic-pituitary-
gonadal axis. We used complete ERa null (ERa~/ ") animals
and compound heterozygotes (ERa~ /%), which lack ERE-
dependent ERa signaling on both alleles, and thus, E, action
can occur only through ERE-independent mechanisms. Pre-
vious studies demonstrated that the mutant ER« allele in
ERa /#* mice can at least partially rescue some of the phe-
notypes that result from ERa deletion, including elevated
trabecular bone mineral density (40), loss of negative feed-
back on gonadotropin secretion in the female (41), and tu-
bular dysmorphogenesis and spermatogenesis in the testis
(our unpublished observations). In the present studies, we
assessed the degree to which the knock-in of this mutated
allele, and thus the introduction of ERE-independent ER«
signaling, could similarly rescue the impaired masculine sex-
ual behavior and abnormal serum hormone levels observed
in ERe /"~ males.

Materials and Methods
Animals

All animal procedures were conducted in accordance with protocols
approved by Northwestern University’s Animal Care and Use Com-
mittee. The ERa null (ERa™/~) and ERa*/#* mutant mice were gen-
erated as previously described (31, 39, 42). Breeders were backcrossed
for eight to 13 generations onto the C57BL/6 line. Compound heterozy-
gotes (ERa /%) were generated by mating heterozygote ERa™ /44
males with heterozygote ERa null females (ERa*/ 7). ERa” /™ mice were
generated by mating ERe"/~ males and ERe"/~ females. All mice were
genotyped at weaning. DNA was isolated by digestion of tail tissue and
amplified in two separate PCRs to determine the presence or absence of
the wild-type ERa and the presence or absence of the knock-in mutation.

Adult male mice were individually caged at weaning and housed
under a reversed 12-h light, 12-h dark cycle (lights off at 1000 h) with
food and water available ad libitum. All males remained individually
caged throughout the extent of the study and were not tested for be-
havior until they reached sexual maturity.

Stimulus female mice were group caged, ovariectomized under
isoflurane anesthesia, and given sc injections of estradiol benzoate and
progesterone to ensure maximum sexual receptivity. Estradiol benzoate
(10 ng) was injected 48 and 24 h before testing; progesterone (500 ug)
was injected 3-5 h before testing.

Sexual behavior testing

In a protocol modified from Ogawa et al. (43), intact male mice were
tested twice for masculine sexual behavior (naive and experienced), a
minimum of 3 d apart. All tests were conducted under dim red light
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illumination during the dark phase of the light cycle, beginning 2 h after
lights off. Stimulus females were first screened with nonexperimental,
stud males before being placed in the experimental male’s home cage for
30 min. Mounts and intromissions were scored according to the de-
scriptions of McGill and colleagues (44, 45). Repeated, rapid, and shal-
low pelvic thrusting motions were scored as mounts, whereas deeper
thrusts that occurred with a slower rate of pelvic thrusting than mounts
were scored as intromissions. An observer blind to genotype recorded
the following measures: number of mounts, number of intromissions,
mount latency, intromission latency, and ejaculation latency. After the
completion of the two 30-min tests, some animals (n = 12) were tested
in three additional sessions to determine whether repeated sexual ex-
perience had an effect on behavior.

Hormone measurements

Animals were deeply anesthetized with ketamine and xylazine ip,
and blood was withdrawn via cardiac puncture at 1500 h. Blood was
centrifuged and serum stored frozen at —20 C until RIA. Serum from
each animal was assayed for LH, T, and FSH. Serum LH levels were
determined using RP-3 standard and S-11 antibody, generously pro-
vided by the National Institute of Diabetes and Digestive and Kidney
Diseases; the sensitivity and intraassay and interassay coefficients of
variance (CVs) were 0.01 ng/tube, 4.87, and 8.20%, respectively. Serum
FSH levels were determined using RP-2 standard and S-11 antibody, also
from National Institute of Diabetes and Digestive and Kidney Diseases;
the sensitivity and intraassay and interassay CVs were 0.05 ng/tube, 19,
and 14.6%, respectively. Serum T levels were measured using a RIA kit
from MP Biomedicals (Orangeburg, NY); the sensitivity and intraassay
and interassay CVs were 0.02 ng/ml, 8.28, and 13.9%, respectively.

Statistics

The proportion of animals in each experimental group that exhibited
mounts, intromissions, and ejaculation was analyzed using x> tests.
Mount and intromission frequencies for each 30-min test (naive and
experienced) and serum hormone data were initially analyzed with a
Bartlett’s test of equal variances. If variances differed significantly, the
Kruskal-Wallis test and Dunn’s multiple comparisons post hoc test were
used. If the variances did not differ significantly, a one-way ANOVA and
Newman-Keuls post hoc test were used. The behavioral frequency data
represent all test subjects whether or not they engaged in copulation (e.g.
a male that did not mount was assigned a score of zero for mount
frequency). Behavioral latencies, on the other hand, were calculated only
for those males that displayed the behavior. Consequently, the sample
sizes for ERa/~ and ERa™/** males were too small to perform sta-
tistical analyses on behavioral latencies.

Results
Masculine sexual behavior

The proportion of animals exhibiting masculine sexual
behavior was significantly different between genotypes in
both tests (Fig. 1). Almost all wild-type (ERa*’") males
mounted in both the first (94%) and second (100%) tests, most
intromitted (test 1, 71%,; test 2, 82%), and some ejaculated
(test 1, 6%; test 2, 18%). In contrast, only one of 14 ERa /™
males (7%) displayed any sexual behavior; this male
mounted three times over the course of two tests and
achieved a single intromission. Similarly, only three of 17
ERa /2" males mounted (test 1, 18%; test 2, 12%); two of
these males intromitted (test 1, 12%; test 2, 6%) and none
ejaculated.

In both behavioral tests, mount frequency was signifi-
cantly lower in ERa”/~ and ERa™/** males, compared with
ERa™/* male counterparts (P < 0.001), as was intromission
frequency (P < 0.01, Fig. 2). Wild-type males demonstrated
almost twice as many mounts in the second behavioral test
as in the first test, whereas ERa~/~ and ERa/A* males did
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FiGg. 1. Proportion of male mice displaying mounts and intromis-
sions. Wild-type (ERa™"*), ERaKO (ERa /"), and heterozygote mu-
tant ERa /22 male mice were tested in two 30-min tests with a
sexually receptive stimulus female. Males were sexually naive in the
first test and sexually experienced in the second test. In both tests
significantly fewer ERa™’~ and ERa "2 males mounted (A) or in-
tromitted (B) than expected (P < 0.001, y* analysis).

ERa* ERa™ ERa™

not appear to be affected by sexual experience. To determine
whether this was due to a delay in their response to expe-
rience, mice were tested in three additional sessions (data not
shown). ERe"/" males continued to display robust sexual
behavior, whereas ERa /™ and ERa /4” males failed to
show any improvements with additional experience. In fact,
both mounting and intromissive behaviors were almost com-
pletely absent in these males, even in the fifth test.

Although statistical analyses on behavioral latencies could
not be performed due to the small sample sizes, the few
ERa/~ and ERa™/#* males that did display mounts appear
to do so with longer latencies relative to wild types in both
the first test (ERa™/*,12.60 + 1.31 min,n = 16; ERa~/~,21.82
min, n = 1; ERe™ /"4, 17.55 = 3.29 min, n = 3) and second
test (ERa"/*,9.17 = 1.52min, n = 17;ERa” /~,20.95min, n =
1; ERa /A%, 27.06 + 0.44 min, n = 2).

Serum hormone levels

Basal T levels were significantly elevated in ERa™/~ males
(2.70 = 0.77 ng/ml; n = 13; Fig. 3A), compared with ERa*/*
(0.91 = 0.36 ng/ml; n = 13; P < 0.05) and ERa™/** animals
(0.72 = 0.52 ng/ml; n = 9; P < 0.01). Plasma T levels of
ERa™ /A" males were similar to those of wild-type males.
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Fia. 2. Mount and intromission frequency. Male mice were tested
twice with a sexually receptive female; mice were sexually naive in the
first test and sexually experienced in the second test. In both tests
ERa /" and ERa "*4 males display significantly fewer mounts (A)
and intromissions (B) than ERa™* males (*, P < 0.01, **, P < 0.001,
compared with ERa*/", Kruskal-Wallis with Dunn’s multiple com-
parisons test). Values shown are mean * SEM.

This approximately 3-fold increase in T levels in ERa™/~
males is consistent with previous reports (4, 7). There was no
effect of genotype on LH levels (P > 0.05; ERa™™",0.94 + 0.54
ng/ml,n=13;ERa /046 + 0.12ng/ml, n = 13; ERa /*#,
0.95 = 0.66 ng/ml, n = 9; Fig. 3B). Basal FSH levels were
significantly lower in ERa~/#* males (16.77 * 1.99 ng/ml;
n = 9), compared with ERa*/* (22.20 = 0.95 ng/ml, n = 13)
and ERa~/~ males (24.02 + 1.19 ng/ml, n = 13; Fig. 3C).

Discussion

These studies assessed the physiological and behavioral
roles played by ERE-independent ER« signaling in the male
reproductive axis. Our findings reveal that ERE-independent
ERa signaling is sufficient to establish a normal level of T
secretion in male mice, but it does not by itself maintain any
aspect of masculine sexual behavior. Whereas the majority of
wild-type male mice mounted and intromitted in our tests,
sexual behavior was almost completely absent in ERa™/~
and ERa /** male mice. The few ERa /" and ERa /#*
males that did display some sexual behavior demonstrated
significantly lower behavioral frequencies than wild-type
males. Because there were no significant differences in be-
havior between ERa™/4” males and ERa~/~ males, we con-
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Fic. 3. Serum hormone levels. A, Serum T levels are significantly
elevated in ERa™’~ males, compared with ERa™'" (P < 0.05) and
ERa “““males (*, P < 0.01). B, There is no effect of genotype on serum
LH levels. C, Serum FSH levels are significantly lower in ERa "4
males, compared with ERa*/" and ERa/~ males (*, P < 0.01). Values
shown are mean * SEM.

cluded that one ERE-independent ERa mutant allele is not
sufficient, and ERE-dependent ER« signaling is essential, to
maintain normal male behavior.

Our results suggest that sexual behavior depends on ERa-
DNA binding and are consistent with previous in vivo studies
that demonstrate the importance of genomic actions of E, on
masculine sexual behavior. Reinstating copulation after cas-
tration with steroid hormones usually takes days to weeks,
which suggests that longer-term genomic effects are neces-
sary. This is supported by findings that the protein synthesis
inhibitor anisomycin blocks the effects of T (and E,) on cop-
ulatory behavior when implanted into the male rat preoptic
area (46). The mutant ER« in our ERa™/** model can alter
gene transcription at non-ERE sites by tethering to other
transcription factors such as Jun (39). The lack of mounts and
intromissions in these animals, however, suggests that tran-
scription through non-ERE sites is not sufficient to maintain
sexual behavior. Thus, gene targets of E, action that contrib-
ute to the expression of behavior likely contain EREs.
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There is a variety of non-ERE-mediated mechanisms that
have been proposed for E, action. Asjust one example, E, can
signal via rapid, nongenomic actions originating at the cell
surface. It is not entirely clear whether a membrane-associ-
ated ERa plays a role in the central control of sexual behavior,
although E, can have rapid actions on neuronal firing in male
preoptic area slices (47). Presumably, the mutant ERa in our
ERa /* model is capable of translocating to the plasma
membrane and mediating nongenomic effects of E,, as the
knock-in mutation is specific to the DNA-binding domain
and leaves the membrane-localization domain intact (39).
Whereas further analyses are needed to obtain direct evi-
dence that this is possible, the fact that ERe/** males dis-
play severely impaired behavior compared with ERa*/"
counterparts would suggest that if there are any nongenomic
actions of E, occurring through a membrane-associated ERa,
they are not sufficient to maintain normal masculine sexual
behavior in the absence of ERE-dependent pathways.

It is possible that the absence of sexual behavior in
ERe /" males is due to the fact that only one allele of the
mutant ERa is present and is therefore insufficient to elicit
significant effects. Other studies of ERa™/** mice support
the idea that one mutant allele is enough to at least partially
rescue the phenotypes generated by the deletion of the wild-
type ERa. For example, ERa~/~ animals display elevated
trabecular bone mineral density, whereas ERa~/“* animals
have levels similar to those of wild-types (40). In the female,
the knock-in mutation restores negative feedback on gonad-
otropin secretion, which is absent in ERa~/~ females (41).
Finally, testicular degeneration, epididymal dysfunction,
and increased T secretion are all observed in ERa~/~ males
but not young ERe” /#* males (our unpublished observa-
tions; the present study). However, different physiological
processes can have different gene expression requirements,
and two copies of the mutant ERa may be necessary for the
restoration of sexual behavior. Accordingly, a role for ERE-
independent ERa signaling in male sexual behavior cannot
be ruled out completely. It would therefore be especially
interesting to study the AA mutation in the homozygous
state to determine whether gene dosage does in fact have an
effect on sexual behavior. Unfortunately, the apparent in-
fertility of heterozygous females (ERa"/**) makes generat-
ing these animals difficult (31).

Itisimportant to note that some studies suggest that E, and
ER signaling may not be essential for the expression of sexual
behavior in adulthood. Despite evidence that neonatal E,
may play a role in masculinization of sexual behavior, male
aromatase knockouts, which cannot convert T to E,, can sire
litters when they are young adults but demonstrate reduced
fertility with age (48-50). ERaKO males display normal sex-
ual behavior when given the dopamine agonist apomor-
phine, suggesting that the brain is sufficiently organized and
that ERe is not necessary during development or adulthood
for the expression of male sexual behavior. Furthermore,
other studies support AR-dependent masculinization. For
example, gonadally intact AR knockout males exhibit no
male sexual behavior. Although E, treatment resulted in
recovery of mounts and intromissions in AR knockout males,
ejaculation was not restored and any E,-induced recovery
was only about 50% of that observed in wild-type mice (1).
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The ability of dihydrotestosterone treatment to restore
mounts and intromissive behaviors in castrated ERa™/~
males also suggests the importance of androgen signaling (1).
However, our study suggests that AR is not sufficient to
maintain normal behavior in intact animals because T con-
version to dihydrotestosterone and AR stimulation can occur
in our ERa~/~ and ERa/A* males, yet sexual behavior was
virtually absent. Similarly, the present study further dem-
onstrates that ERB is not sufficient for the expression of
copulation in our ERe/~ males under these conditions. This
is in contrast to the findings of Ogawa et al. (51), who pro-
posed that, because ERaSKO males do not display behavior,
either one of the ERs is sufficient for the expression of simple
mounting in male mice, indicating a redundancy of function.

Although ERE-independent mechanisms alone do not ap-
pear to play a role in sexual behavior, our results show that
they may mediate E, action on serum T levels. It is well
documented that prenatal and early postnatal E, treatment
permanently disrupts morphogenesis and function of the
male reproductive tract (52) and that E, treatment in adult-
hood can reduce serum T levels (53). Consistent with pre-
vious reports (4, 7), we observed that ERa deletion results in
elevated T levels. We did not observe an elevation in T in
ERa ™ /A males and serum levels were not significantly dif-
ferent from those of ERa*/* counterparts. We conclude from
these data that ERE-independent signaling introduced by the
knock-in mutation was sufficient to restore serum hormone
T levels in the adult.

In general, elevations in serum T levels may be attributed
to increased stimulation by LH or by increased steroidogen-
esis. It does not appear that deletion of ERa disrupts negative
feedback, causing a consequent rise in LH because the
present study and others fail to show elevated LH in ERa™/~
males (4, 54). In contrast, others have reported approximately
2-fold greater LH levels in intact ERa /"~ males; however, it
is important to note that those levels are not as high as those
in castrated wild-type males. Moreover, castration of
ERe /™ males resulted in a significant rise in LH, suggesting
that negative feedback on LH by T may be mediated at least
in part by mechanisms independent of ER« (55). Clearly ERa
is critical for negative feedback in the female, as demon-
strated by extremely high LH levels in ERe/~ female mice
(56); however, the AR may play the predominant physio-
logical role in the male (54). Our results would suggest that
AR, or perhaps ERp, is sufficient to mediate negative feed-
back on LH in the absence of ERa. Furthermore, the apparent
rescue of serum T by the AA mutation is independent of
changes in LH because serum levels were not affected by
genotype.

ERa is present in the fetal Leydig cells of rodents in which
it regulates steroidogenesis (57). Delbes et al. (58) demon-
strated that ex vivo T production is elevated in fetal ERa™/~
mouse testis, independent of LH stimulation, whereas other
reports suggest that the increased T levels observed in adult
ERa /™ mice can be attributed to both a direct effect of E, on
the testis and stimulation by high levels of LH (59). In ERa-
deficient fetal and adult testes, increased androgen biosyn-
thesis is due in part to Leydig cell hypertrophy, increased
steroidogenic enzyme gene expression (e.g. steroidogenic
acute regulatory protein, cytochrome P450 17a-hydroxy-
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lase/17-20 lyase (P40,,,), 17B-hydroxysteroid dehydroge-
nase type III), and increased steroidogenic enzyme activity
(e.g. P450,,,, 17B-hydroxysteroid dehydrogenase) (58, 59).
Whether ERE-independent signaling through ERa has a di-
rect role in Leydig cell steroidogenic function remains to be
determined. As exposure to environmental compounds with
estrogenic activity has become a major concern in recent
years, uncovering the mechanisms of E,’s actions will be
useful for generating new strategies for treating testicular
development disorders and adult male infertility.

ERE-independent ERa signaling also appears to play arole
in the regulation of serum FSH levels, as demonstrated by
significantly lower levels in intact ERa ™ /AA males, compared
with both ERa*/" and ERa™/~ males. This is particularly
interesting because both copies of ERa are capable of sig-
naling via non-ERE mechanisms in wild-type animals, yet
the AA mutation has a significant suppressive effect in the
absence of ERE-dependent pathways. This suggests that per-
haps ERE-dependent mechanisms antagonize the ERE-inde-
pendent mechanisms that modulate E, effects on FSH. In
support of our findings, transcriptional repression of the
ovine FSHp gene by E, appears to be mediated via receptor-
protein interactions with basal transcription factors, inde-
pendent of direct DNA binding by ER (60). Specifically, ovine
FSH} transcription can be regulated by c-Jun and c-Fos pro-
teins via two AP-1-like sites in the ovine FSHB proximal
promoter, which appear to be important for the regulation of
FSH production in vivo (61). It remains a possibility that
ERE-independent ERa signaling does not act on FSH syn-
thesis directly but rather through another mechanism, such
as by increasing testicular inhibin or reducing activin. Fur-
ther studies will be required to determine the mechanisms
involved in the suppression of serum FSH in ERe /** males.

In summary, we have demonstrated that ERE-indepen-
dent signaling via ERe in ERe /" mice is not sufficient to
recover masculine sexual behavior in the absence of ERE-
dependent mechanisms, indicating that signaling through
EREs mediates most if not all of E,’s effects on male sexual
behavior. In contrast, ERE-independent mechanisms are suf-
ficient to restore serum T levels, suggesting that EREs are not
necessary to mediate E,’s inhibitory actions on steroidogen-
esis. Understanding the molecular mechanisms by which
ERa mediates its effects in specific physiological systems will
ultimately be helpful in the development of pharmacological
therapies that differentially modulate ERE-dependent and
-independent processes.
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