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Ovarian estrogen exerts both positive and negative feedback control
over luteinizing hormone (LH) secretion during the ovulatory cycle.
Estrogen receptor (ER) � but not ER� knockout mice lack estrogen
feedback. Thus, estrogen feedback appears to be primarily mediated
by ER�. However, it is now recognized that, in addition to binding to
estrogen response elements (EREs) in DNA to alter target gene
transcription, ER� signals through ERE-independent or nonclassical
pathways, and the relative contributions of these pathways in con-
veying estrogen feedback remain unknown. Previously we created a
knockin mouse model expressing a mutant form of ER� (AA) with
ablated ERE-dependent but intact ERE-independent activity. Breeding
this allele onto the ER�-null (�/�) background, we examine the
ability of ERE-independent ER� signaling pathways to convey estro-
gen feedback regulation of the female hypothalamic–pituitary axis in
vivo. ER��/AA exhibited 69.9% lower serum LH levels compared with
ER��/� mice. Additionally, like wild type, ER��/AA mice exhibited
elevated LH after ovariectomy (OVX). Furthermore, the post-OVX rise
in serum LH was significantly suppressed by estrogen treatment in
OVX ER��/AA mice. However, unlike wild type, both ER��/AA and
ER��/� mice failed to exhibit estrous cyclicity, spontaneous ovulation,
or an afternoon LH surge response to estrogen. These results indicate
that ERE-independent ER� signaling is sufficient to convey a major
portion of estrogen’s negative feedback actions, whereas positive
feedback and spontaneous ovulatory cyclicity require ERE-dependent
ER� signaling.

neuroendocrine � reproduction

Neuroendocrine control of the ovulatory cycle is mediated by
the pulsatile neurosecretion of gonadotropin-releasing hor-

mone (GnRH) (1). The decapeptide is conveyed through the
hypophysial portal vessels to the extracellular spaces of the anterior
pituitary gland where it binds GnRH receptors on the plasma
membranes of gonadotropes. GnRH receptor activation directs the
synthesis and secretion of the gonadotropins luteinizing hormone
(LH) and follicle-stimulating hormone into the peripheral circula-
tion to govern ovarian steroidogenesis and folliculogenesis. Ovarian
steroid secretions, in turn, exert homeostatic feedback actions that
alter GnRH and LH secretions. Throughout most of the rodent
estrous cycle, estrogen exerts negative feedback actions on GnRH
and LH secretion until, on the afternoon of proestrous, elevated
follicular estrogen secretions evoke an abrupt release of a preovu-
latory GnRH surge, and hence LH surge, which triggers ovulation
(1, 2). Thus, both negative and positive feedback actions of estrogen
are critically important in the physiological control of cyclic hor-
mone secretions and ovulatory cyclicity.

In ovariectomized (OVX) animals, virtually all physiological or
supraphysiological regimens of estrogen replacement can manifest
a pronounced suppression of LH secretion, which is at least in part
mediated by retardation of the hypothalamic ‘‘GnRH pulse gen-
erator’’ (3, 4). The ability of estrogen to elicit positive feedback
effects, however, depends on a sustained elevation of circulating
estrogen levels to evoke GnRH and LH surges (1, 3, 5). It remains

unclear whether the signaling pathways that mediate estrogen’s
positive and negative feedback actions are completely separable,
partially dissociable, or largely overlapping. The complexity of
estrogen feedback actions has largely confined experiments to
whole-animal in vivo models and limited detailed mechanistic
studies. Recently, estrogen receptor (ER) � and ER� knockout
(KO) mouse models have been used to identify ER� as the
predominant receptor isoform that conveys estrogen negative feed-
back regulation of LH (6). Moreover, ER� expression in a neuronal
cell population was shown to be required for estrogen positive
feedback (7). However, the precise cellular and molecular mecha-
nisms of estrogen feedback remain elusive because ER� has been
shown to signal through multiple pathways, even within a single-cell
context (8). In the classical genomic pathway, ER� binds to
estrogen response elements (EREs) in DNA to alter the transcrip-
tion of genes (9). In contrast, in the ERE-independent, or non-
classical, genomic pathway, ER� participates in protein–protein
interactions to alter transcription at non-ERE sites by tethering to
other transcription factors such as AP1 and NF-�B (10, 11). ER�
has also been shown to participate in rapid membrane-initiated
signaling (12).

One approach to dissecting multiple signaling activities in vivo
is the use of gene ‘‘knockin’’ models. A mouse expressing a
dimerization-deficient glucocorticoid receptor (GR) unable to bind
DNA was previously used to elucidate the roles of DNA binding-
dependent and binding-independent GR signaling pathways in the
hypothalamic–pituitary–adrenal axis (13). Taking a similar ap-
proach with the ER�, we previously generated a (E207A/G208A;
‘‘AA’’) mutant receptor with disrupted DNA binding and intact
ERE-independent activity (14). Using this AA mutant ER� we
created a nonclassical ER� knockin mouse model. Infertility in the
ER��/AA due to uterine defects and anovulation (15) precluded
breeding of the AA mutation to homozygosity. Therefore, we used
an alternate approach of breeding the AA mutant ER� onto the
ER�KO (ER��/�) background to create an in vivo model of
isolated ERE-independent signaling. In this system, a rescue of
ER��/� phenotypes by AA in ER��/AA mice reveals a physiologic
role for the ERE-independent ER� pathway. Conversely, a lack of
effect implies a role for ERE-mediated pathways. To date, this
model has been used to characterize the in vivo roles of the
ERE-independent pathway in the uterus (16) and bone (17). This
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report investigates the relative contributions of the ERE-dependent
(classical) and -independent (nonclassical) ER� signaling pathways
in providing estrogen feedback in the female hypothalamic–
pituitary–gonadal axis. We find that ERE-independent estrogen
signaling is sufficient to convey partial negative feedback, whereas
estrogen induction of the LH surge (positive feedback) and spon-
taneous ovulation require ERE-dependent signaling.

Results
Ovarian Hemorrhagia and Cyclicity in ER��/AA Versus ER��/�. In
previous reports, ER�KO females were shown to have elevated
serum LH and estradiol, as well as ovarian hemorrhagia (18).
Consistent with these data, here ER��/� females exhibited an
average of four hemorrhagic cysts per ovary (range 0–16), as
compared with wild type (ER��/�), which were essentially devoid
of hemorrhagic cysts (one cyst in 14 ovaries examined) (Fig. 1 A and
B). Upon selectively restoring ERE-independent ER� signaling,
ER��/AA mice exhibit an average of 0.93 (range 0–4) hemorrhagic
cysts, a 77.5% decrease compared with ER��/� animals (Fig. 1 A
and B).

ER�KO mice appear anovulatory based on the absence of
ovarian corpus lutea (18). We observed a similar absence of corpora
lutea in ER��/� and also ER��/AA ovaries (Fig. 1 A and B). Estrous
cycles were examined in each genotype to determine whether the
lack of spontaneous ovulation was due to a lack of cyclicity. In
contrast to ER��/� females, neither ER��/� nor ER��/AA mice
exhibited evidence of estrous cyclicity. Rather, both appeared to be
in constant diestrus (Fig. 1C). These results indicate that ERE-
independent (nonclassical) ER� signaling is not sufficient to me-
diate estrous cyclicity and spontaneous ovulation in vivo.

Serum LH and Estradiol Levels in Ovary-Intact Mice. ER�KO female
mice have elevated LH, excess steroidogenesis, and elevated serum
estrogen compared with wild-type counterparts (18, 19). In our
study, ER��/� females exhibited 10.6-fold greater serum LH (Fig.
2A) (P � 0.05) and 2.2-fold greater serum estradiol (Fig. 2B) (P �
0.01) compared with ER��/� mice. Serum LH levels in ER��/AA

females, however, were 69.9% lower than LH levels in ER��/� mice

(Fig. 2A) (P � 0.05) but remained higher than in the ER��/� (Fig.
2A) (P � 0.05). ER��/AA females exhibited serum estradiol levels
that were indistinguishable from ER��/� and 46% lower than those
in ER��/� mice (Fig. 2B).

Serum LH Response to OVX. Animals of each genotype were OVX to
investigate the serum LH response to a loss of negative feedback.
OVX of ER��/� females increased serum LH 9-fold when com-
pared with intact mice (Fig. 2A, a). In contrast, LH in ER��/� mice
remained high and did not further increase after OVX. OVX in
ER��/AA females resulted in 3.7-fold elevated serum LH compared
with ovary-intact ER��/AA (Fig. 2A), indicating that one or more
ovarian factors provide negative feedback through an ERE-
independent ER� pathway to suppress serum LH.

Estrogen Negative Feedback. To examine whether estrogen is re-
sponsible for negative feedback provided by the presence of ovaries
in the three genotypes, estrogen was replaced in OVX females using
a 17-�-estradiol silastic capsule implanted at OVX followed by a s.c.
injection of estradiol benzoate administered in the morning on day
6 after OVX. In this model, the mice are under estrogen negative
feedback in the morning and positive feedback by late afternoon of
day 7. In ER��/� females killed in the morning on day 7, the
post-OVX rise in LH was completely abrogated (Fig. 2A, c). In
ER��/AA mice, estrogen replacement also returned serum LH to
intact levels (Fig. 2A, d). As previously reported (20), estrogen
failed to decrease LH in OVX ER��/� mice. These data suggest
that estrogen acting via the ERE-independent (nonclassical) ER�
signaling pathway mediates a functionally significant, albeit incom-
plete, level of estrogen negative feedback.

Estrogen Positive Feedback. When killed in the afternoon, imme-
diately preceding lights-out, positive feedback or the endogenous
LH surge response to estrogen can be examined (21). ER��/� mice
exhibited a 21-fold increase in serum LH when compared with
animals killed in the morning on day 7 (Fig. 2A, e). In contrast,
neither ER��/� nor ER��/AA mice showed a significant response.
These data indicate that the ERE-dependent (classical) ER�
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Fig. 1. Ovarian morphology and estrous cyclicity. Selectively restoring ERE-independent ER� signaling decreases ovarian hemorrhagia but does not mediate
spontaneous ovulation or estrous cyclicity. (A) Representative ovarian sections from ER��/�, ER��/�, and ER��/AA mice. CL, corpus luteum; HC, hemorrhagic cyst.
(B) Average incidence of hemorrhagic cyst and corpus luteum (n � 25–30). Note the excess of hemorrhagic cysts in ER��/� mice and the presence of corpus luteum
only in ER��/� mice. (C) Estrous cyclicity (n � 7–13). ER��/� mice exhibit estrous cycles, whereas ER��/� and ER��/AA mice are in constant diestrus.
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pathway is required for positive feedback and estrogen induction of
an LH surge.

Pituitary Response to Exogenous GnRH. The inability to produce an
LH surge may be caused either by a lack of estrogen positive
feedback or by decreased pituitary response to GnRH. To examine
the latter possibility, OVX, estrogen-treated animals of each ge-
notype were given a submaximal dose of exogenous GnRH (Fig.
2C). Both ER��/� and ER��/AA mice responded with significant
elevations of serum LH to �1 ng/ml. Therefore, a lack of positive
feedback in the ER��/AA is not likely due to diminished GnRH
responsiveness. Of note, ER��/� mice did not exhibit a significant
LH response to exogenous GnRH. This is likely because the
saline-treated group is already under stimulation by elevated en-
dogenous GnRH in the absence of estrogen negative feedback.

Discussion
Physiological studies in ER KO models suggest that estrogen
negative feedback occurs primarily through ER� (6, 20, 22). In
general, analyses of ER� signaling in vivo and in vitro have focused
primarily on ERE-mediated gene transcription (9), and these
studies have been invaluable for defining many of the cofactors and
alterations in chromatin that accompany E2-induced changes in
transcription. However, ER also acts through ERE-independent
genomic pathways as well as nongenomic signaling pathways initi-
ated at the cell membrane (8, 12). Currently, the roles of these
distinct ER� signaling pathways in mediating estrogen feedback
effects in the hypothalamic–pituitary–gonadal axis are unclear.

This report finds that the ERE-independent ER� pathway
partially restores estrogen feedback inhibition of LH. This was
evidenced by lower serum LH in ovary-intact animals in mice
expressing the ER��/AA allele, compared with their ER��/� coun-

terparts, resulting in less ovarian hyperstimulation and, hence,
decreased hemorrhagia and steroidogenesis. Also, estrogen re-
placement in OVX ER��/AA mice was sufficient to convey negative
feedback and reduce serum LH to levels observed in ovary-intact
animals. However, the ERE-independent ER� signaling pathway
was not sufficient to mediate estrogen positive feedback or spon-
taneous ovulation despite an unaltered pituitary response to
GnRH. Therefore, we conclude that the ERE-independent ER�
signaling pathway is sufficient for estrogen negative feedback
whereas the ERE-dependent ER� signaling pathway is required for
estrogen positive feedback. In comparison to 100% of wild type,
only 50% of ER��/AA mice responded to gonadotropin-induced
superovulation, and with fewer oocytes recovered (data not shown).
Consistent with ER�KO superovulation (18) this result suggests
that, in addition to hypothalamic and pituitary components, full
ovulatory capacity may require ERE-mediated ER� signaling
within the ovary.

Recently, a neuron-specific ER� mutant female mouse was
shown to lack estrogen positive feedback (7). Therefore, our results
might further specify that it is ERE-dependent ER� signaling that
is required in this neuronal population for estrogen positive feed-
back. Estrogen-induced progesterone receptor (PR) transcription
has been shown to depend on EREs in vitro (23) and is known to
occur in brain regions involved in estrogen positive feedback (24,
25). Consistent with a requirement for the estrogen induction of PR,
and like the ER��/� and ER��/AA, the PRKO female mice lack
estrogen positive feedback and spontaneous ovulation (26). Of
note, PR expression was shown to be reduced in the ER��/AA

compared with ER��/� uterus (16). Thus, the ERE-mediated
induction of PR provides a possible explanation for the lack of
positive feedback regulation in the ER��/AA. Of interest, we have
previously shown that ER��/AA females are anovulatory (15)
whereas ER��/� are fertile (19). Therefore, it seems possible that
the ERE-independent pathway may in some manner inhibit re-
sponsiveness to the positive feedback actions of estrogen. The
mechanisms mediating this putative antagonism and their physio-
logical significance remain to be clarified.

Treatment of OVX, estrogen-replaced, ER��/AA and ER��/�

mice with GnRH produced equivalent LH responses, indicating
that normal pituitary responsiveness to GnRH is maintained by the
presence of the ER��/AA allele. Moreover, the saline-treated
animals in this experiment again demonstrated that the expression
of the ER��/AA allele rescues the majority of estrogen’s negative
feedback actions that are evident in the ER��/� mice. Negative
feedback, in contrast to positive feedback, appears to be intact in
the neuron-specific ER� mutant, suggesting that estrogen’s actions
in hypothalamic glial cells, or pituitary gonadotropes, may be
sufficient to convey estrogen negative feedback (7). Furthermore,
nongenomic estrogen signaling has been shown to be capable of
suppressing LH secretion but not inducing the preovulatory LH
surge in the ewe (27). Therefore, it is possible that some of the
observed estrogen negative feedback actions in ER��/AA animals
reflect a rescue of estrogen’s nongenomic actions.

Ovary-intact and OVX estrogen-treated ER��/AA mice consis-
tently exhibit elevated serum LH levels compared with ER��/�

mice. The basis for the incomplete suppression of LH in ER��/AA

is unclear. It is possible that classical ERE signaling confers aspects
or components important for negative feedback. Alternatively, the
AA allele may alter ER�-mediated estrogen signaling. Data ob-
tained from the use of ER�- and ER�-selective ligands in rats (28)
continue to support the conclusion that ER� is the predominant
receptor isoform mediating negative feedback. However, ER� is
known to heterodimerize with ER�, and there is evidence that ER�
may also have a role in conveying estrogen feedback effects. Higher
LH in the ER�� double KO compared with ER�KO has been
observed (6), and ER� can modify ER� effects in pituitary
gonadotropes (29). Also, we cannot rule out the possibility of an
allelic dosage effect where the single AA allele provided in the
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Fig. 2. Estrogen feedback. The ERE-independent ER� signaling pathway is
sufficient to convey estrogen negative but not positive feedback. (A) Serum LH
from intact, OVX, OVX/estrogen-replaced females killed in the morning for
negative feedback and afternoon for positive feedback (n � 5–16). (B) Serum
estradiol from intact animals (n � 5–6). (C) Pituitary response to exogenous
GnRH in OVX/estrogen-replaced females (n � 6–10).
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ER��/AA is insufficient to mediate complete negative feedback. Of
note, haploinsufficiency has been shown for the repressor of ER
activity, a cofactor capable of altering both ERE-dependent and
-independent genomic signaling (30).

Although GnRH neuronal activity is altered under estrogen
feedback (31, 32), ER� mRNA and protein are absent or unde-
tectable in adult GnRH neurons (33). Therefore, estrogen feedback
is likely conveyed indirectly to GnRH neurons by ER�-expressing
interneurons (2, 34–36). Moreover, lesion studies performed in the
rat and hamster (37, 38) implicated anatomically distinct brain
regions for the conveyance of positive and negative feedback. These
studies localized negative feedback to the arcuate and median
eminence regions of the medial basal hypothalamus and positive
feedback to the preoptic area and suprachiasmatic nucleus. Kiss-1
neurons are ER�-positive and present in both the anteroventral
periventricular nucleus (AVPV) and the arcuate regions. Recent
evidence has shown an ER�-dependent estrogen up-regulation of
Kiss-1 mRNA in the AVPV and down-regulation in the arcuate
region (39, 40). Although circumstantial, these data support the
notion of anatomically distinct responses to estrogen mediated by
ER� during feedback. Results provided here further suggest that
estrogen positive and negative feedback may be separable by their
molecular mechanisms of ER� signaling. Thus, it remains to be
determined whether ERE-dependent and ERE-independent ER�
signaling mechanisms predominate in AVPV and arcuate neurons,
respectively.

In summary, the ER��/AA mouse provides a novel model for
dissecting ERE-dependent from -independent estrogen effects in
the female hypothalamic–pituitary–gonadal axis. Our studies of this
animal clearly document that nonclassical ER signaling can mediate
at least some of estrogen’s negative feedback actions in the hypo-
thalamus and/or pituitary gland. Additional studies will further
distinguish the relative importance of nonclassical genomic, non-
genomic, and/or membrane-initiated ER signaling in these key
physiological actions of estrogen.

Materials and Methods
Animals. Animals were housed according to the National Insti-
tutes of Health Guide for the Care and Use of Laboratory
Animals (41). Animal use procedures were approved by the
Northwestern University Animal Care and Use Committee.
Nonclassical ER� knockin mice were created on a 129SvJ
background (15), and ER�KO mice (obtained from Pierre
Chambon, Collège de France, Illkirch, France) were on a
C57BL/6 background (42). ER��/AA used in these experiments
are the result of the AA mutant allele crossed 7–11 generations
onto the C57BL/6 background. Mice were maintained on a 14-h
light:10-h dark cycle with standard chow (7912; Harlan Teklad,
Madison, WI) and water available ad libitum.

Ovarian Morphology. Ovaries were dissected, fixed in 10% neutral
buffered formalin for 24 h, transferred to 70% ethanol, processed,
and embedded. Slides were prepared by using 5-�m sections,
deparaffinized, and then stained by rapid Giemsa or hematoxylin
and eosin (43). The number of corpora lutea and hemorrhagic
follicles were scored in a blinded fashion by using one section per
ovary and one ovary per animal, stained with hematoxylin and
eosin.

Estrous Cycles. Female mice were individually housed 2 weeks
before experiments. Vaginal smears were taken at 1000 hours

each morning, and cytology was used to identify the phase of the
estrous cycle (44) for 10–20 consecutive days.

OVX and Estrogen Replacement. Intact adult females 2–6 months
(estradiol) or 7–13 weeks (LH) of age were anesthetized with
halothane (B4388; Sigma, St. Louis, MO) between 0800 hours and
1000 hours and killed by exsanguination using cardiac puncture. For
OVX, females (10–13 weeks of age) were transferred to a low-
phytoestrogen diet (2019S; Harlan Teklad) 1 day before surgery.
Between 0800 hours and 1000 hours on the day of surgery (day 0),
females were anesthetized by i.p. injection of 200 mg/kg 2,2,2-
tribromoethanol (T48402; Sigma) in 0.9% sodium chloride (S8776;
Sigma) and 2% tert-amyl alcohol (240486; Sigma) vehicle. Females
were implanted with either blank silastic capsules (OVX group) or
capsules containing 2.5 �g of 17�-estradiol (26) (negative feedback
and positive feedback groups). Between 0900 hours and 1000 hours
on day 6 after OVX, animals in the negative and positive feedback
groups were injected s.c. with 1 �g of estradiol benzoate (E8515;
Sigma) in 0.1 ml of sesame oil (S3547; Sigma). OVX group females
were injected with 0.1 ml of sesame oil vehicle. OVX and negative
feedback animals were killed between 0800 hours and 1000 hours
by exsanguination using cardiac puncture on day 7 after OVX.
Positive feedback animals were killed 30 min before lights-out.

GnRH Stimulation. To test the response to GnRH, OVX/E2-treated
females received a s.c. injection of 0.1 ml of saline vehicle or 200
ng/kg GnRH (L7134; Sigma) 10 min before they were killed
between 0800 hours and 1000 hours on day 7 after OVX. This dose
of GnRH is submaximal as determined in a preliminary titration
experiment (data not shown).

Serum Collection and Assays. Blood was allowed to coagulate for 90
min at room temperature and centrifuged at 2,000 � g for 15 min.
Serum was transferred to a fresh tube and stored at �20°C. Sera
were randomized and assayed by using a mouse LH sandwich
immunoradiometric assay and estradiol RIA (Diagnostic Labora-
tories, Webster, TX) at the University of Virginia Center for
Research in Reproduction Ligand Assay and Analysis Core. For
LH, values below the limit of detection were set to the lowest
detectable amount (0.04 ng/ml).

Statistical Analysis. Incidence of hemorrhagic cysts, corpus luteum,
estrous cyclicity, and serum estradiol data were analyzed by using
the one-way ANOVA with Bonferroni post hoc test with P � 0.01
as the cutoff for significance. Intact, OVX, negative feedback,
positive feedback, and pituitary response to exogenous GnRH
serum LH data were log-transformed and analyzed by using
two-way ANOVA with a Bonferroni post hoc (all-pairwise) mul-
tiple comparisons test for effect of treatment and genotype. P �
0.05 was the cutoff for significance.
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