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Abstract
Despite a strong male bias in both basic and clinical research, it is becoming increasingly accepted
that the ovarian hormone estradiol plays an important role in the control of food intake in females.
Estradiol’s feeding inhibitory effect occurs in a variety of species, including women, but the
underlying mechanism has been studied most extensively in rats and mice. Accordingly, much of
the data reviewed here is derived from the rodent literature. Adult female rats display a robust
decrease in food intake during estrus and ovariectomy promotes hyperphagia and weight gain,
both of which can be prevented by a physiological regimen of estradiol treatment. Behavioral
analyses have demonstrated that the feeding inhibitory effect of estradiol is mediated entirely by a
decrease in meal size. In rats, estradiol appears to exert this action indirectly via interactions with
peptide and neurotransmitter systems implicated in the direct control of meal size. Here, I
summarize research examining the neurobiological mechanism underlying estradiol’s
anorexigenic effect. Central estrogen receptors (ERs) have been implicated and activation of one
ER subtype in particular, ERα, appears both sufficient and necessary for the estrogenic control of
food intake. Future studies are necessary to identify the critical brain areas and intracellular
signaling pathways responsible for estradiol’s anorexigenic effect. A clearer understanding of the
estrogenic control of food intake is prerequisite to elucidating the biological factors that contribute
to obesity and eating disorders, both of which are more prevalent in women, compared to men.
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1. Introduction
Most would acknowledge that a strong male bias exists in both basic and applied animal
research. Indeed, a recent, comprehensive survey of articles published in representative
neuroscience journals revealed that the ratio of single-sex studies involving males versus
females is almost 6 to 1 [1]. Similar surveys revealed failures to report the sex of subjects
and, when both sexes were studied, failures to analyze and present data in a sex-specific
manner [2]. Others have noted that the sex of tissues or cell lines is rarely reported [3]. This
male bias and indifference towards sex-based research is difficult to justify in light of the
many behavioral traits and physiological responses that are known to be sexually dimorphic.
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An informal survey of the literature suggests that the male bias in neuroscience research
extends to the study of ingestive behavior. The relative lack of female-based, feeding
research is particularly troubling, given the higher rates of obesity (characterized by a body
mass index > 40) and eating disorders in women than in men [4–7]. We and others have
argued that an understanding of the normal control of food intake in females is prerequisite
to identifying the biological factors contributing to the high prevalence of disordered eating
in women. This review summarizes the evidence, derived primarily from rodent models, that
the ovarian hormone estradiol plays a critical role in the physiological control of food intake
in females. More recent studies designed to investigate the mechanism underlying
estradiol’s anorexigenic effect are also reviewed.

2. Estradiol is involved in the physiological control of food intake
In addition to its well characterized effects on reproductive behavior, it is now widely
accepted that the ovarian hormone estradiol plays an important role in the normal control of
food intake in a variety of species [8,9]. In women, fluctuations in daily food intake are
correlated with changes in estradiol secretion across the menstrual cycle. The most robust
change is a decline in average daily food intake during the peri-ovulatory period, which
occurs after the initial (follicular phase) rise in plasma estradiol concentration [10,11].
Others have also reported that average daily food intake is lower during the follicular phase
(when plasma estradiol levels are rising), relative to the luteal phase [10,12–14]. As might
be expected, these cyclic changes in food intake are not apparent in women experiencing
anovulatory menstrual cycles [15,16]. It remains less clear, however, whether food intake
increases as a function of the declining estradiol levels in peri-menopausal women. For a
more detailed discussion of the literature regarding the ovarian hormonal control of food
intake in women, the reader is referred to the following review papers [9,17].

Estradiol’s ability to influence food intake is best characterized in the female rat. As
described in greater detail below, the pre-ovulatory increase in plasma estradiol
concentration is associated with a transient decrease in food intake during estrus in cycling
rats [18–22]. Moreover, bilateral ovariectomy produces a rapid (within 1 week) increase in
food intake that promotes increases in adiposity and rapid weight gain [18,23–28]. These
behavioral and physiological responses to ovariectomy can be normalized by a physiological
regimen of estradiol treatment [29,30]. In comparison, a physiological regimen of
progesterone treatment alone is not sufficient to attenuate ovariectomy-induced hyperphagia
and it fails to alter estradiol’s anorexigenic effect in OVX rats [24,31–33]. Thus, it is the
decline in circulating estradiol, rather than progesterone, which promotes the rapid increases
in food intake and weight gain in OVX rats. It should be noted, however, that OVX rats
receiving a high dose of progesterone, in addition to estradiol, consume more food than
OVX rats receiving estradiol alone [23,32–34]. Thus, large, pharmacological doses of
progesterone can inhibit estradiol’s anorexigenic effect.

The gonadal hormone testosterone also influences food intake and body weight. For
example, orchiectomized rats display transient decreases in dark-phase meal number, but
they are compensated for by increases in light-phase meal size such that daily food intake is
not affected by the declining testosterone levels within the first two weeks following
orchiectomy [35]. However, beginning about one month following orchiectomy, male rats
display a decrease in daily food intake and concomitant weight loss [36,37], both of which
can be attenuated by low, physiological doses of testosterone [35,36,38]. Thus,
gonadectomy-induced changes in food intake and body weight develop more slowly in male
rats, relative to female rats. Physiological doses of testosterone increase food intake in
general and protein intake in particular. In comparison, pharmacological doses of
testosterone can decrease carbohydrate intake, but this latter effect is likely mediated by
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aromatized metabolites of testosterone (e.g., estradiol) since carbohydrate intake is not
influenced by the non-aromatizable androgen dihydrotestosterone [39,40].

2.1. Estradiol exerts both phasic and tonic decreases in food intake
The mid-1920s marked the first reports of phasic decreases in food intake during the estrous
stage of the female rat’s reproductive cycle [41,42]. Interestingly, some have argued that the
exclusion of female rats from behavioral experiments may be linked to this and other early
reports (e.g., [43]) that locomotor activity fluctuates across the ovarian reproductive cycle
(reviewed in [1]). More contemporary studies have shown that this phasic decrease in food
intake is correlated with fluctuations in plasma estradiol concentration. In female rats,
plasma estradiol concentration begins to rise during diestrus, peaks during the afternoon of
proestrus, and then falls rapidly to basal levels at the onset of estrus [44–47]. The feeding
rhythm across the ovarian reproductive cycle is just as predictable. Daily food intake
typically peaks during diestrus and reaches a nadir during estrus (e.g., [21,22]). Thus, the
phasic decrease in food intake during estrus is believed to be mediated by the pre-ovulatory
increase in plasma estradiol concentration. An important detail that is often overlooked or
misrepresented in published studies is that the decrease in food intake during estrus is
temporally associated with low, rather than high, circulating levels of estradiol.

Drewett [22] was the first to recognize that estradiol also exerts a tonic inhibitory effect on
food intake. This action of estradiol is revealed in OVX rats, which display increases in
daily food intake that exceed that consumed by cycling rats [18,23–28]. This sustained
increase in food intake appears sufficient to account for the ovariectomy-induced weight
gain (reviewed in [17]), which results primarily from the deposition of adipose tissue
[25,48,49]. Interestingly, this tonic inhibitory effect of estradiol on food intake may not be
expressed in mice. A recent study by Overton et al [50], demonstrated that ovariectomy-
induced increases in the weight gain of C57BL/6 mice was due entirely to a decrease in
energy expenditure, manifested as a decrease in both metabolic rate and locomotor activity,
with no significant increase in food intake [50]. In this same study, ovariectomy-induced
weight gain in Long-Evans rats was due to an increase in food intake and a decrease in
locomotor activity, with no change in metabolic rate [50]. Although it remains to be
determined whether the phenotype of OVX C57BL/6 mice extends to other strains of mice,
the data derived from rat studies indicates that estradiol exerts both tonic and phasic
inhibitory effects on food intake that appear critical for the regulation of body weight. That
sex differences in food intake are minimized in aged (i.e, reproductively senescent) rats [51],
suggests that the phasic and tonic anorexigenic effects of estradiol are critical to the
increased daily caloric intake that is often observed in male and female rats of reproductive
age.

As would be expected, bilateral ovariectomy abolishes estradiol’s phasic inhibitory effect on
food intake. Geary and colleagues have, however, developed an acute, physiological
regimen of estradiol replacement (a single, subcutaneous, injection of 1–2 μg of estradiol
every fourth day) that models the 4-day, cyclic pattern of plasma estradiol concentration and
food intake observed in cycling rats. Specifically, this estradiol replacement protocol
produces changes in plasma estradiol levels in OVX rats that are similar in both the
magnitude and duration to that observed in cycling rats. In addition, food intake is reduced
every fourth day, beginning ~ 30 h after injection of estradiol [30]. Rather than relying upon
chronic estradiol replacement via silastic implants containing crystalline estradiol, the
adoption of this acute (physiologically-relevant) estradiol replacement protocol in OVX rats
has greatly influenced our understanding of the mechanism underlying estradiol’s phasic
inhibitory effect on food intake (e.g., [31,52–57]).
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2.2. Estradiol selectively affects the control of meal size
Analysis of the spontaneous feeding patterns of cycling rats reveals that the decrease in food
intake during estrus is mediated by a selective decrease in meal size with either no change
or, more commonly, a non-compensatory increase in meal frequency [18,19,21]. It appears
unlikely that rats eat less during estrus as a result of being diverted from feeding by other
competing behaviors, such as the increases in locomotor and sexual activity that occur
during estrus. First, increasing the opportunity to exercise fails to alter the magnitude of the
estrous-related decrease in meal size in rats with and without access to running wheels [21].
Second, providing opportunities to engage in sexual or other social behaviors do not prevent
estrous-related decreases in food intake in a variety of species including cats, cows, and
baboons [58–60]. Thus, the decrease in food intake during estrus appears to involve a
selective change in the neurobiological controls of meal size. Likewise, it has been shown
that the hyperphagia following ovariectomy is also mediated by an increase in meal size
[18,30] that can be normalized by acute estradiol treatment [29,30].

According to the theory developed and tested by Smith [61–63], the controls of meal size
are either direct or indirect. The direct controls of meal size arise from the sensory
stimulation of preabsorptive receptors in the oral cavity and upper digestive tract that are
sensitive to the chemical, mechanical, and colligative properties of ingested food. The
resulting positive and negative feedback signals, activated by preabsorptive food stimuli, are
integrated in the brainstem to provide the direct controls of meal size. The indirect controls
of meal size operate independently of these preabsorptive receptors and function to modify
the direct controls of meal size. As described in an earlier review [64], estradiol does not fit
the definition of a direct control of meal size but rather appears to function as a rhythmic,
inhibitory, indirect control of meal size. This theoretical framework has been used with
much success in establishing interactions between estradiol and other systems implicated in
the direct control of meal size such as cholecystokinin, glucagon, and serotonin. The reader
is referred to a number of recent review papers summarizing this research [9,64–66].

3. Mechanism underlying estradiol’s anorexigenic effect
It is becoming increasingly clear that estradiol’s diverse biological activity involves multiple
signaling pathways initiated via activation of both intracellular (nuclear) and membrane-
associated ERs (nERs and mERs, respectively). Under the direct, genomic-signaling
pathway, estradiol binds to the ligand binding domains of the classically-defined nERs, ERα
and ERβ. Following translocation to the nucleus, the DNA binding domains of newly
formed homo- or hetero-dimeric nER complexes bind to estrogen response elements located
in the promoter regions of estradiol-responsive, target genes to initiate gene transcription
[67–69]. In addition, an indirect mechanism exists for nERs to regulate gene transcription in
estradiol-responsive target cells that lack an estrogen response element. In this case, gene
transcription is initiated via nER complexes that are tethered through protein-protein
interactions with other DNA-bound transcriptions factors including activator protein-1
(AP-1) and specificity protein-1 (SP-1) [70,71].

Estradiol can also exert rapid biological effects that do not require nuclear targeting of ERs.
Such signaling is mediated by activation of mERs capable of triggering electrophysiological
and intracellular signaling events that can produce rapid alterations in neuronal activity
including changes in gene expression. mERs include ERα and possibility ERβ, as well as the
G-protein coupled receptors Gq-mER and GPR30 (e.g., [72–75]). Multiple groups have
made significant progress in recent years towards elucidating the specific signaling
pathways of G-protein coupled mERs. For example, binding of estradiol or the synthetic ER
agonist STX to Gq-mER promotes rapid activation of the phospholipase C – protein kinase
C – protein kinase A pathway, which desensitizes μ-opioid and GABAB receptors resulting
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in depolarization of proopiomelanocortin (POMC) neurons in the arcuate nucleus of the
hypothalamus in guinea pigs [72,76,77].

Behavioral studies in rodents have shown that estradiol’s anorexigenic effect is typically
expressed after a delay. For example, there is a time lag of 36 – 40 h between the initial rise
in plasma estradiol concentration during early diestrus and the decline in food intake during
estrus [64]. Additionally, OVX rats do not display a decrease in food intake until at least 24
h after peripheral (subcutaneous) administration of physiologically-relevant doses of
estradiol [29,30]. While the long latencies of this and other actions of estradiol have often
been linked to nERs, and more rapid behavioral and physiological effects of estradiol have
often been linked to mERs, the prevailing literature suggests that while this may be a useful
metric it does not hold up under all conditions [75]. Indeed, there is a growing literature that
estradiol may decrease food intake over a more rapid time course than described above. For
example, Kelly and colleagues [76–79] demonstrated that estradiol can cause rapid
depolarization of hypothalamic POMC neurons through nontranscriptional events involving
Gq-mER-dependent signaling both in guinea pigs and in mice with null mutations of ERα
and/or ERβ. While food intake was not assessed in their studies, increases in POMC
signaling typically promote decreased feeding [80]. The authors did report, however, that
activation of Gq-mER-dependent signaling was effective in reducing ovariectomy-induced
weight gain in guinea pigs, however, the degree to which this was mediated via a decrease in
food intake is currently unknown.

3.1. Central ERs mediate estradiol’s inhibitory effect on food intake
Although ERs are expressed in many peripheral tissues [81–84] and throughout the brain
[85–88], there is a growing consensus that estradiol’s anorexigenic effect is mediated via
activation of central ERs. For example, acute infusions of either dilute crystalline or water-
soluble estradiol into specific brain areas (e.g., nucleus of the solitary tract, medial preoptic
area, dorsal raphe nucleus, and arcuate nucleus) have been reported to decrease food intake
in OVX rats [89–94], but see [89,95]. This action of estradiol is selective since similar
activation of ERs in other hypothalamic areas (e.g., paraventricular and ventromedial nuclei)
does not inhibit food intake. Taken together, these studies suggest that the activation of
central ERs, within a subset of brain nuclei tested to date, is sufficient for estradiol’s
anorexigenic effect.

Considerably less progress has been made towards identifying the sites of the ERs that are
necessary for estradiol’s anorexigenic effect. A primary obstacle is the difficulty in
developing pharmaceutical agents that function exclusively as ER antagonists (i.e., exert
antiestrogenic effects). Rather, most compounds designed to target ERs function as selective
ER modulators (SERMs) in that they exert tissue-specific, mixed agonist/antagonist effects
[96]. For example, while the SERMs raloxifene and tamoxifen block estradiol’s proliferative
effects on breast tissue [96,97], they mimic estradiol’s effect on food intake [37,98–100]. In
other words, they activate, rather than block, the critical ERs responsible for estradiol’s
anorexigenic effect. There is, however, a steroidal compound, ICI 182,780, that has been
classified as a pure antiestrogen [101–103] with a binding affinity that is similar to estradiol
in ER competition assays involving homogenized brain tissue [104]. ICI 182,780 prevents
estradiol signaling by impairing ER dimerization [105], disrupting ER nuclear localization
[106,107], and causing ER degradation [108]. In rodents, peripheral administration of ICI
182,780 prevents the uptake of tritiated estradiol in peripheral, but not hypothalamic, tissue
[104,109], and peripheral, but not central, administration of ICI 182,780 blocks estradiol’s
uterotrophic effect in OVX rats [110]. Taken together, these studies provide strong evidence
that ICI 182,780 fails to cross the blood-brain barrier. Thus, unlike SERMs, ICI 182,780 has
the potential to not only identify the ERs necessary for estradiol’s anorexigenic effect but

Eckel Page 5

Physiol Behav. Author manuscript; available in PMC 2012 September 26.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



also to test directly the relative contribution of peripheral versus central ERs to this action of
estradiol.

Wade and colleagues were the first to demonstrate that peripheral administration of ICI
182,780 failed to attenuate the anorexia associated with chronic (4 weeks), systemic,
estradiol treatment in OVX rats and hamsters [104,109]. Assuming adequate blockade of
ERs by ICI 182,780, these findings suggest that activation of peripheral ERs is not necessary
for estradiol’s anorexigenic effect. However, the necessity of either peripheral or central
ERs in mediating the anorexia associated with a more physiologically-relevant (i.e., acute)
regimen of estradiol treatment was not examined in either study.

To address this question, we examined estradiol’s anorexigenic effect in OVX rats
pretreated with either peripherally- or centrally-administered ICI 182,780 [111]. Estradiol
was administered acutely via subcutaneous injection of a dose of estradiol shown previously
to model the changes in plasma estradiol concentration observed in cycling rats [29,30].
While peripheral blockade of ERs by ICI 182,780 did not influence the anorexia induced by
acute estradiol treatment, it was sufficient to block estradiol’s acute uterotrophic effect
(Fig1), suggesting adequate blockade of peripheral ERs. Our findings extend previous
reports [104,109] by providing the first demonstration that peripheral ERs are not necessary
for the expression of estradiol’s phasic, anorexigenic effect.

While peripheral administration of ICI 182,780 failed to influence estradiol’s phasic
inhibitory effect on food intake in our study [111], central infusion of ICI 182,780 directly
into the lateral ventricles blocked the anorexia associated with acute, subcutaneous estradiol
treatment in OVX rats (Fig 2). Our regimen of centrally-administered ICI 182,780 did not
attenuate estradiol’s ability to induce cornification of the vaginal epithelium, which
represents a peripheral action of estradiol indicative of estrus. This confirms minimal to no
leakage of ICI 182,780 across the blood-brain barrier. While our study provides the first
demonstration that selective blockade of central ERs can abolish estradiol’s phasic,
anorexigenic effect, it does not disclose where the critical, central ERs reside. Additional
research, involving site-specific administration of ICI 182,780 should prove useful in this
regard. Potential central targets include the nucleus of the solitary tract, medial preoptic
area, dorsal raphe nucleus, and arcuate nucleus based on recent reports that infusion of
estradiol in each of these brain areas is sufficient to decrease food intake in OVX rats
[93,94]. This pharmacological approach is limited, however, by ICI 182,780’s ability to bind
to both ER subtypes, ERα and ERβ, with similar affinity. Thus, ICI 182,780 cannot be used
to distinguish the relative involvement of these two ER subtypes in the estrogenic control of
food intake.

3.2. Involvement of ERα versus ERβ
The delay between the increase in plasma estradiol concentration and subsequent decreases
in food intake in both OVX and cycling rats has led investigators to examine the
involvement of nERs, ERα and ERβ, in the estrogenic inhibition of food intake. To date,
several approaches have been used. Studies measuring the body weights of mice with null
mutations of ERα and/or ERβ (i.e. αERKO, βERKO, and α/βERKO mice) have produced
mixed findings. Heine et al [112] reported that male and female αERKO mice display age-
related increases in body adiposity, relative to wild-type mice. At about the same time,
another group reported similar weight gain in αERKO and αβERKO, but not βERKO, mice
[113]. While these findings appear to offer strong support for the necessity of ERα signaling
in the regulation of body weight, a cautionary note is warranted. One must consider the fact
that female αERKO mice display a 10-fold increase in circulating plasma estradiol, relative
to wild-type mice, which could promote increased signaling through ERβ. Although there
are no direct tests of the degree to which increased ERβ signaling may impact weight gain,
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ovariectomy was reported to decrease weight gain and attenuate body adiposity in αERKO
mice [114], thereby providing some evidence for ERβ signaling in the regulation of body
adiposity in mice.

To date, only three studies have examined the feeding behavior of αERKO mice. In the first
study, daily food intake was found to be similar in male αERKO and wild-type mice [112].
This suggests that the increased accrual of body fat in the absence of ERα signaling is
mediated by a decrease in energy expenditure, rather than an increase in energy intake. This
interpretation gains support from a recent study in which the weight gain induced by
ovariectomy in C57BL/6 mice, the background strain for ERα null mice, was mediated
entirely via a reduction in energy expenditure, manifested as reductions in both metabolism
and locomotor activity [50]. In the second study, chronic estradiol treatment decreased food
intake in OVX wild-type mice but had no effect in OVX αERKO mice [115], suggesting an
important role for ERα in mediating estradiol’s tonic inhibition of food intake. In the third
study, chronic estradiol treatment produced a small but significant increase in food intake in
OVX αERKO mice, relative to vehicle-treated OVX αERKO mice, during one week of a
three-week feeding test [114]. While a replication of this very limited response to estradiol is
warranted in light of the two earlier studies of the feeding behavior of αERKO mice, this
initial finding does raise the possibility that ERβ signaling may increase food intake in mice.
Taken together, these studies provide a mixed picture regarding the relative involvement of
ERα and ERβ in the estrogenic control of food intake in mice. Conclusions must be
tempered, however, by the possible developmental compensation inherent in knockout
models, the increased circulating levels of estradiol in ER null mice, and the apparent lack of
a feeding phenotype in at least one strain (C57BL/6) of OVX mice with normal ER
signaling.

Although the limitations of genetically modified mouse models are avoided in studies
involving transient inhibition of ER signaling, such studies have also produced mixed
results. For example, estradiol’s ability to decrease food intake and weight gain was blocked
in OVX rats receiving intracerebroventricular infusions of antisense oligodeoxynucleotides
targeting ERβ. In contrast, estradiol was fully efficacious in reducing food intake in OVX
rats receiving antisense oligodeoxynucleotides targeting ERα [116]. In another study, site-
specific, adeno-associated, viral vectors silencing the expression of ERα in the ventromedial
nucleus of the hypothalamus decreased energy expenditure and promoted weight gain in
mice and rats. Estradiol’s anorexigenic effect was not, however, attenuated by this RNA
interference technique [117].

3.3. ERαbut not ERβ, is sufficient for estradiol’s anorexigenic effect
Our lab has taken a pharmacological approach to discerning the relative roles of ERα and
ERβ in mediating the estrogenic control of food intake. In recent years, two potent and
highly selective ER agonists, 4,4′,4″-(4-propyl-[1h]-pyrazole-1,3,5-triyl)tris-phenol (PPT)
and 2,3-bis(4-hydroxy-phenyl)-propionitrile (DPN), have been developed to target ERα and
ERβ, respectively. PPT has a binding affinity that is ~400-fold greater for ERα than ERβ,
whereas DPN has a binding affinity that is ~70-fold greater for ERβ than ERα [118,119]. In
addition, the binding affinity of PPT for ERα is approximately threefold greater than the
binding affinity of DPN for ERβ [118], and both of these compounds have been shown to
target central ERs following peripheral administration [120–122].

As a first step towards understanding the relative roles of ERα and ERβ in the estrogenic
control of food intake, we compared the acute effects of estradiol benzoate (EB), PPT, and
DPN on the spontaneous feeding patterns of OVX rats [123]. While PPT produced dose-
dependent decreases in food intake, similar treatment with even larger doses of DPN failed
to exert any anorexigenic effect (Fig 3A). This suggests that ERα signaling alone is
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sufficient for estradiol’s phasic inhibitory effect on food intake. A direct comparison of PPT
and EB revealed that the two compounds differed in their latency to decrease food intake.
Each was administered 3 h prior to dark onset and food intake was measured at 24-h
intervals for 4 days. While PPT decreased food intake during the first 24-h interval, EB did
not decrease food intake until the second 24-h interval (i.e., after a 24-h delay). A more
detailed look over the 24-h interval revealed an anorexigenic effect of PPT within the first 3
h of treatment (Fig 3B).

While unexpected, this rapid anorexigenic effect of PPT appears robust. Our findings were
replicated by Thammacharoen et al [124], who reported a feeding-inhibitory effect of PPT
within 4–6 h following treatment in OVX rats. One interpretation of PPT’s short latency to
decrease food intake is that it may interact with mERα, rather than nERα. One must proceed
cautiously with such an interpretation, however, as it is becoming increasingly clear that the
actions of mERs cannot simply be defined by a short latency [75]. Thammacharoen et al
[124] further demonstrated that PPT decreased food intake in wild-type, but not αERKO,
mice. This confirms that activation of nERα and/or mERα is necessary for PPT’s
anorexigenic effect and that nERβ and the mERs, GPR-30 and Gq-mER, are not sufficient.
Another interpretation of the more rapid anorexigenic effect of PPT, relative to estradiol, is
that the two compounds may differ in the time each takes to gain access to the critical ERs.
However, it will be difficult to test this hypothesis until a clearer understanding of the
relative kinetics of estradiol and PPT, at both the systemic and molecular level, is reached. A
final interpretation of PPT’s rapid anorexigenic effect is that it may be secondary to the
induction of an aversive internal state (e.g., malaise). Three additional findings from our
study [123] suggest, however, that the rapid inhibition of food intake by PPT is behaviorally
specific. First, the duration by which estradiol and PPT decrease food intake (~12 h) is not
only similar, but it models the duration of the estrous-related decrease in food in cycling rats
[21]. Second, PPT, like estradiol, decreases food intake by a decrease in meal size, not meal
number. Third, PPT failed to induce a conditioned taste aversion to a novel saccharin
solution.

In summary, the available data suggest that selective activation of ERα is sufficient to
decrease food intake and meal size in OVX rats and mice [123,124], and that selective
activation of ERβ produces neither of these effects [123]. The novel finding that PPT
decreases food intake within 6 h of administration suggests the possible involvement of
nERα. Because the feeding inhibitory effect of PPT appears behaviorally specific otherwise,
this raises the possibility that the estrogenic control of food intake and regulation of body
weight may be mediated by multiple ER-signaling pathways. In support of this notion,
Levine et al [125] recently reported that the knockin of a mutant form of ERα, which signals
only at the level of the plasma membrane (i.e., nERα), was sufficient to normalize body
weight and rescue the metabolic parameters that are dysregulated in αERKO mice.

3.4. ERα is necessary for estradiol’s anorexigenic effect
The first step in establishing the necessity of ERα in the estrogenic control of food intake is
to determine whether estradiol’s anorexigenic effect can be attenuated by selective ERα
blockade. As described above, previous attempts to address this question using mice with
null mutations of ERα were subject to the inherent limitations of knockout models and the
observation that OVX mice, unlike OVX rats, may not display an overt feeding phenotype.
The recent development of a novel ERα antagonist, methyl-piperidino-pyrazole (MPP),
allowed us to re-examine this problem using a pharmacological approach. MPP is a non-
steroidal, pyrazole compound that contains a basic side chain addition that is reported to
convert the pyrazole from an ERα agonist to an ERα antagonist [126]. Receptor binding
assays revealed that MPP has a 200-fold higher binding affinity for ERα over ERβ [127] and
in vitro studies have demonstrated that MPP can down regulate estradiol-responsive genes
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[128]. While MPP appears to function as an ERα antagonist in cell-based, in vitro studies,
two in vivo studies suggested that MPP may exert some estrogenic activity [129,130]. As a
result, we proceeded with caution since the possibility existed that MPP may better be
classified as a SERM, rather than an ERα antagonist. Accordingly, we examined MPP’s
effect on food intake when administered alone and in combination with estradiol and the
ERα agonist PPT. When administered alone, MPP produced a dose-related decrease in 24-h
food intake and MPP failed to attenuate the feeding inhibitory effects of estradiol and PPT
[131]. Thus, our in vivo tests of MPP’s effects on food intake revealed estrogenic activity,
suggesting that MPP functions as a SERM, rather than as an ERα antagonist as originally
described.

As might be expected, it was subsequently shown that MPP can undergo metabolic cleavage
during in vivo tests, returning it to the compound it was derived from, methyl-pyrazole triol
(MPT) [126]. That MPT is an ERα agonist with weak to modest activity [126] explains our
findings that in vivo administration of MPP produced an estrogenic, rather than
antiestrogenic, effect on feeding [131]. This discovery prompted the development of a novel
MPP analog, called methyl-piperidinopropyl pyrazole (MPrP), which was developed to
prevent any metabolic cleavage during tests of its in vivo activity [126]. While MPrP was
found to be highly selective for ERα in binding affinity assays and it exerted potent ERα
antagonist activity in transcription activation assays [126], our group was the first to test its
in vivo actions. Once again, we used this purported ERα antagonist to test the hypothesis
that estradiol’s anorexigenic effect requires activation of ERα [132]. After demonstrating
that administration of MPrP alone failed to affect food intake in OVX rats (i.e., it exerted no
estrogenic activity), we tested MPrP’s ability to attenuate the inhibitory effect of estradiol on
food intake. In support of our hypothesis, we demonstrated that acute administration of
MPrP not only blocked estradiol’s ability to decrease food intake in OVX rats, but it also
prevented the estrous-related decrease in food intake in cycling rats (Fig 4). These findings
clarify and extend the earlier work involving αERKO mice by providing the first evidence
that activation of ERα is necessary for the phasic, inhibition of food intake by both
exogenous and endogenous estradiol in female rats.

4. Conclusions
Behavioral studies involving rodent models have been very useful in first defining, and then
investigating, estradiol’s phasic and tonic inhibitory effects on food intake. Moreover, the
careful behavioral analysis of the rat’s spontaneous feeding patterns was paramount to
linking estradiol to the control of meal size. This provided a critical first step towards
understanding the mechanism underlying estradiol’s feeding inhibitory action. The
development of Smith’s unified theory of the direct and indirect controls of meal size [61–
63] provided a novel framework by which to investigate estradiol’s ability to interact with
neuropeptide and neurotransmitter systems controlling meal size, as reviewed elsewhere
[9,64–66].

Recently, we and others have focused on identifying the critical ERs that mediate estradiol’s
anorexigenic effect. As a steroid hormone, estradiol may act upon nERs, mERs, or a
combination of both. The clearest results come from studies involving ERα- and ERβ-
selective agonists and antagonists. This body of work has shown that selective activation of
ERα is both sufficient and necessary to decrease food intake in both OVX and cycling rats
[123,131,132]. Additionally, the use of another ER antagonist, that does not cross the blood-
brain barrier, provided evidence that the critical ERs reside in the brain, rather than the
periphery [111]. Future studies must focus on identification of the specific brain areas and
ER subtypes involved in mediating estradiol’s anorexigenic effect. Site-specific
administration of specific ER antagonists or site-directed silencing of ERs via RNA
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interference should prove useful in this regard. Another open question that remains is the
relative contribution of nERs and mERs to the estrogenic control of food intake. The recent
demonstrations that Gq-mER-initiated signaling within a feeding-related circuit attenuates
ovariectomy-induced weight gain [77,133] and selective reinstatement of mERα signaling
normalizes weight gain and the metabolic disturbances of αERKO mice [125], provide a
strong rationale for examining the involvement on mERs in the estrogenic control of food
intake. Finally, there is every expectation to believe that female-focused research that
provides a clearer understanding of the critical intracellular signaling pathways responsible
for the estrogenic control of food intake will provide new insights into the mechanisms
responsible for the greater prevalence of obesity and eating disorders in women [4–7], as
well as the postmenopausal weight gain and increased risk of metabolic syndrome that
occurs in the absence of estradiol replacement [134].

Acknowledgments
I would like to thank the Society for the Study of Ingestive Behavior for the great honor of being selected as a
recipient of the Alan N. Epstein Research Award. I am also grateful to the many mentors and colleagues who have
contributed to my professional development over the years. Dr. Ann-Marie Torregrossa provided helpful comments
on the manuscript. This work was supported by NIH awards DK073936 and NS062667.

References
1. Beery AK, Zucker I. Sex bias in neuroscience and biomedical research. Neurosci Biobehav Rev.

2011; 35:565–72. [PubMed: 20620164]
2. Hayes SN, Redberg RF. Dispelling the myths: calling for sex-specific reporting of trial results.

Mayo Clin Proc. 2008; 83:523–5. [PubMed: 18452679]
3. Marts SA, Keitt S. Foreward: a historical overview of advocacy for research in sex-based biology.

Adv Mol Cell Biol. 2004; 34:5–13.
4. American Psychiatric Association. Diagnostic and Statistical Manual of Mental Disorders. 4.

Washington, DC: 1994.
5. Klump KL, Gobrogge KL, Perkins PS, Thorne D, Sisk CL, Breedlove SM. Preliminary evidence

that gonadal hormones organize and activate disordered eating. Psychol Med. 2006; 36:539–46.
[PubMed: 16336745]

6. Ogden CL, Carroll MD, Flegal KM. Epidemiologic trends in overweight and obesity. Endocrinol
Metab Clin North Am. 2003; 32:741–60. [PubMed: 14711060]

7. Flegal KM, Carroll MD, Ogden CL, Johnson CL. Prevalence and trends in obesity among US
adults, 1999–2000. J Am Med Assoc. 2002; 288:1723–7.

8. Geary, N. The effect of estrogen on appetite. Medscape Women’s Health; 1998. p.
3http://www.medscape.com

9. Asarian L, Geary N. Modulation of appetite by gonadal steroid hormones. Phil Trans R Soc B.
2006; 361:1251–63. [PubMed: 16815802]

10. Lyons PM, Truswell AS, Mira M, Vizzard J, Abraham SF. Reduction of food intake in the
ovulatory phase of the menstrual cycle. Am J Clin Nutr. 1989; 49:1164–8. [PubMed: 2729155]

11. Gong EJ, Garrel D, Calloway DH. Menstrual cycle and voluntary food intake. Am J Clin Nutr.
1989; 49:252–8. [PubMed: 2916445]

12. Dye L, Blundell JE. Menstrual cycle and appetite control: implications for weight regulation. Hum
Reprod. 1997; 12:1142–51. [PubMed: 9221991]

13. Buffenstein R, Poppitt SD, McDevitt RM, Prentice AM. Food intake and the menstrual cycle: a
retrospective analysis with implications for appetite research. Physiol Behav. 1995; 58:1067–77.
[PubMed: 8623004]

14. Bisdee JT, James WPT, Shaw MA. Changes in energy expenditure during the menstrual cycle. Br J
Nutr. 1989; 61:187–99. [PubMed: 2706224]

15. Barr SI, Janelle KC, Prior JC. Energy intakes are higher during the luteal phase of ovulatory
menstrual cycles. Am J Clin Nutr. 1995; 61:39–43. [PubMed: 7825535]

Eckel Page 10

Physiol Behav. Author manuscript; available in PMC 2012 September 26.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://www.medscape.com


16. Rock CL, Gorenflow DW, Drewnowski A, Demitrack MA. Nutritional characteristics, eating
pathology, and hormonal status in women. Am J Clin Nutr. 1996; 64:566–71. [PubMed: 8839501]

17. Geary, N. The estrogenic inhibition of eating. In: Stricker, EM.; Woods, SC., editors.
Neurobiology of food and fluid intake. 2. New York: Plenum Publishers; 2004. p. 307-45.

18. Blaustein JD, Wade GN. Ovarian influences on the meal patterns of female rats. Physiol Behav.
1976; 17:201–8. [PubMed: 1033580]

19. Laviano A, Meguid MM, Gleason JR, Yang ZJ, Renvyle T. Comparison of long-term feeding
pattern between male and female Fischer 344 rats: influence of estrous cycle. Am J Physiol Regul
Integr Comp Physiol. 1996; 270:R413–19.

20. Eckel LA. Ingestive behaviour in female rats: influence of the ovarian cycle. Appetite. 1999;
32:274. [PubMed: 10097032]

21. Eckel LA, Houpt TA, Geary N. Spontaneous meal patterns in female rats with and without access
to running wheels. Physiol Behav. 2000; 70:397–405. [PubMed: 11006440]

22. Drewett RF. Oestrous and dioestrous components of the ovarian inhibition on hunger in the rat.
Anim Behav. 1973; 21:772–80. [PubMed: 4798198]

23. Wade GN. Some effects of ovarian hormones on food intake and body weight in female rats. J
Comp Physiol Psychol. 1975; 88:183–93. [PubMed: 1120795]

24. Varma M, Chai JK, Meguid MM, Laviano A, Gleason JR, Yang ZJ, et al. Effect of estradiol and
progesterone on daily rhythm in food intake and feeding patterns in Fischer rats. Physiol Behav.
1999; 68:99–107. [PubMed: 10627068]

25. Wade GN, Gray JM. Gonadal effects on food intake and adiposity: a metabolic hypothesis. Physiol
Behav. 1979; 22:583–93. [PubMed: 379889]

26. Mook DG, Kenney NJ, Roberts S, Nussbaum AI, Rodier WI III. Ovarian-adrenal interactions in
regulation of body weight by female rats. J Comp Physiol Psychol. 1972; 81:198–211. [PubMed:
5084436]

27. Laudenslager ML, Wilkinson CW, Carlisle HJ, Hammel HT. Energy balance in ovariectomized
rats with and without estrogen replacement. Am J Physiol. 1980; 238:R400–5. [PubMed:
7377378]

28. McElroy JF, Wade GN. Short- and long-term effects of ovariectomy on food intake, body weight,
carcass composition, and brown adipose tissue in rats. Physiol Behav. 1987; 39:361–5. [PubMed:
3575476]

29. Geary N, Asarian L. Cyclic estradiol treatment normalizes body weight and test meal size in
ovariectomized rats. Physiol Behav. 1999; 67:141–7. [PubMed: 10463640]

30. Asarian L, Geary N. Cyclic estradiol treatment normalizes body weight and restores physiological
patterns of spontaneous feeding and sexual receptivity in ovariectomized rats. Horm Behav. 2002;
42:461–71. [PubMed: 12488112]

31. Geary N, Trace D, McEwen B, Smith GP. Cyclic estradiol replacement increases the satiety effect
of CCK-8 in ovariectomized rats. Physiol Behav. 1994; 56:281–9. [PubMed: 7938239]

32. Gray JM, Wade GN. Food intake, body weight, and adiposity in female rats: actions and
interactions of progestins and antiestrogens. Am J Physiol. 1981; 240:E474–81. [PubMed:
7195153]

33. Schwartz SM, Wade GN. Effects of estradiol and progesterone on food intake, body weight, and
carcass adiposity in weanling rats. Am J Physiol. 1981; 240:E499–503. [PubMed: 7235006]

34. Wade GN. Gonadal hormones and behavioral regulation of body weight. Physiol Behav. 1972;
8:523–34. [PubMed: 4556652]

35. Chai JK, Blaha V, Meguid MM, Laviano A, Yang ZJ, Varma M. Use of orchiectomy and
testosterone replacement to explore the meal number-to-meal size relationship in male rats. Am J
Physiol. 1999; 276:R1366–73. [PubMed: 10233029]

36. Gentry RT, Wade GN. Androgenic control of food intake and body weight in male rats. J Comp
Physiol Psychol. 1976; 90:18–25. [PubMed: 965512]

37. Wallen WJ, Belanger MP, Wittnich C. Sex hormones and the selective estrogen receptor modulator
tamoxifen modulate weekly body weights and food intakes in adolescent and adult rats. J Nutr.
2001; 131:2351–7. [PubMed: 11533278]

Eckel Page 11

Physiol Behav. Author manuscript; available in PMC 2012 September 26.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



38. Bell DD, Zucker I. Sex differences in body weight and eating: organization and activation by
gonadal hormones in the rat. Physiol Behav. 1971; 7:27–34. [PubMed: 5149713]

39. Nunez AA, Seigel LI, Wade GN. Central effects of testosterone on food intake in male rats.
Physiol Behav. 1980; 24:469–71. [PubMed: 7375567]

40. Siegel LI, Nunez AA, Wade GN. Effects of androgens on dietary self-selection and carcass
composition of male rats. J Comp Physiol Psychol. 1981; 95:529–39. [PubMed: 7276277]

41. Slonaker JR. The effect of copulation, pregnancy, pseudopregnancy and lactation on the voluntary
activity and food consumption of the albino rat. Am J Physiol. 1925; 71:362–94.

42. Wang GH. The changes in the amount of daily food-intake of the albino rat during pregnancy and
lactation. Am J Physiol. 1925; 71:736–41.

43. Wang GH. The relation between “spontaneous” activity and the oestrous cycle in the white rat.
Comp Psychol Monog. 1923; 6:1–40.

44. Freeman, ME. The neuroendocrine control of the ovarian cycle of the rat. In: Neill, JD., editor.
Knobil and Neill’s Physiology of Reproduction, Third edition. New York: Raven Press, Ltd; 2006.
p. 2327-88.

45. Smith MS, Freeman ME, Neill JD. The control of progesterone secretion during the estrous cycle
and early pseudopregnancy in the rat: prolactin, gonadotropin ans steroid levels associated with
rescue of the corpus luteum of pseudopregnancy. Endocrinology. 1975; 96:219–26. [PubMed:
1167352]

46. Butcher RL, Collins WE, Fugo NW. Plasma concentrations of LH, FSH, prolactin, progesterone,
and estradiol-17b throughout the 4-day estrous cycle of the rat. Endocrinology. 1974; 94:1704–8.
[PubMed: 4857496]

47. Becker JB, Arnold AP, Berkley KB, Blaustein JD, Eckel LA, Hampson E, et al. Strategies and
methods for research on sex differences in brain and behavior. Endocrinology. 2005; 146:1650–
73. [PubMed: 15618360]

48. Leshner AI, Collier G. The effects of gonadectomy on the sex differences in dietary self-selection
patterns and carcass compositions of rats. Physiol Behav. 1973; 11:671–6. [PubMed: 4748063]

49. Wade GN, Gray JM, Bartness TJ. Gonadal influences on adiposity. Int J Obes. 1985; 9:83–92.
[PubMed: 4066126]

50. Witte MM, Resuehr D, Chandler AR, Mehle AK, Overton JM. Female mice and rats exhibit
species-specific metabolic and behavioral responses to ovariectomy. Gen Comp Endocrinol. 2010;
166:520–8. [PubMed: 20067798]

51. Tordoff MG, Alarcon LK, Lawler MP. Preferences of 14 rat strains for 17 taste compounds.
Physiol Behav. 2008; 95:308–32. [PubMed: 18639567]

52. Geary N, Asarian L. Estradiol increases glucagon’s satiating potency in ovariectomized rats. Am J
Physiol Regul Integr Comp Physiol. 2001; 281:R1290–4. [PubMed: 11557638]

53. Rivera HM, Eckel LA. The anorectic effect of fenfluramine is increased by estradiol treatment in
ovariectomized rats. Physiol Behav. 2005; 86:331–7. [PubMed: 16139852]

54. Rivera HM, Lockwood DR, Kwon BS, Houpt TA, Eckel LA. Estradiol treatment increases Pet-1
and serotonin transporter (5HTT) gene expression in the OVX rat. Brain Res. 2009; 1259:51–8.
[PubMed: 19168037]

55. Messina MM, Boersma G, Overton JM, Eckel LA. Estradiol decreases the orexigenic effect of
melanin-concentrating hormone in ovariectomized rats. Physiol Behav. 2006; 88:523–8. [PubMed:
16793070]

56. Clegg DJ, Brown LM, Kemp CJ, Strader AD, Benoit SC, Woods SC, et al. Estradiol-dependent
decreases in the orexigenic potency of ghrelin in female rats. Diabetes. 2007; 56:1051–8.
[PubMed: 17251274]

57. Santollo J, Eckel LA. Estradiol decreases the orexigenic effect of neuropeptide Y, but not agouti-
related protein, in ovariectomized rats. Behav Brain Res. 2008; 191:173–7. [PubMed: 18453005]

58. Houpt, KA. Domestic animal behavior. 2. Ames, IA: Iowa State University Press; 1991.
59. Hurnik YS, King GJ, Robertson HA. Estrous and related behavior in postpartum Holstein cows.

Applied Animal Ethology. 1975; 2:55–68.

Eckel Page 12

Physiol Behav. Author manuscript; available in PMC 2012 September 26.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



60. Bielert C, Busse C. Influences of ovarian hormones on the food intake and feeding of captive and
wild female chacma baboons (papio ursinus). Physiol Behav. 1983; 30:103–11. [PubMed:
6682233]

61. Smith GP. The direct and indirect controls of meal size. Neurosci Biobehav Rev. 1996; 20:41–6.
[PubMed: 8622828]

62. Smith, GP. The controls of eating: brain meanings of food stimuli. In: Mayer, EA.; Saper, CB.,
editors. The biological basis for mind body interactions. New York: Elsevier Science; 2000. p.
173-86.

63. Smith, GP. Control of food intake. In: Shils, ME.; Olson, JO.; Shike, M.; Ross, AC., editors.
Modern Nutrition in Health and Disease. 9. Baltimore: Williams & Wilkins; 1998. p. 631-44.

64. Eckel LA. Estradiol: an indirect control of meal size. Physiol Behav. 2004; 82:35–41. [PubMed:
15234587]

65. Butera PC. Estradiol and the control of food intake. Physiol Behav. 2010; 99:175–80. [PubMed:
19555704]

66. Brown LM, Clegg DJ. Central effects of estradiol in the regulation of food intake, body weight,
and adiposity. J Steroid Biochem Mol Biol. 2010; 122:65–73. [PubMed: 20035866]

67. Cheskis BJ, Greger JG, Nagpal S, Freedman LP. Signaling by estrogens. Journal of Cellular
Physiology. 2007; 213:610–17. [PubMed: 17886255]

68. Heldring N, Pike A, Anderson S, Matthews J, Cheng G, Hartman J, et al. Estrogen receptors: how
do they signal and what are their targets. Physiological Reviews. 2006; 87:905–31. [PubMed:
17615392]

69. Klinge CM. Estrogen receptor interaction with estrogen response elements. Nucl Acids Res. 2001;
29:2905–19. [PubMed: 11452016]

70. Paech K, Webb P, Kuiper GG, Nilsson S, Gustafsson J, Kushner PJ, et al. Differential ligand
activation of estrogen receptors ERalpha and ERbeta at AP1 sites. Science. 1997; 277:1508–10.
[PubMed: 9278514]

71. Kushner PJ, Agard DA, Greene GL, Scanlan TS, Shiau AK, Uht RM, et al. Estrogen receptor
pathways to AP-1. J Steroid Biochem Mol Biol. 2000; 74:311–7. [PubMed: 11162939]

72. Lagrange AH, Ronnekleiv OK, Kelly MJ. Modulation of G-protein coupled receptors by an
estrogen receptor that activates protein kinase A. Mol Pharmacol. 1997; 51:605–12. [PubMed:
9106625]

73. Prossnitz ER, Arterburn JB, Smith HO, Oprea TI, Sklar LA, Hathaway HJ. Estrogen receptor
signaling through the transmembrane protein-coupled receptor GPR-30. Annu Rev Physiol. 2008;
70:165–90. [PubMed: 18271749]

74. Arbogast LA. Estrogen genomic and membrane actions at an intersection. Trends Endocrinol
Metab. 2007; 19:1–2. [PubMed: 18023201]

75. Vasudevan N, Pfaff DW. Membrane-initiated actions of estrogens in neuroendocrinology:
emerging principles. Endocr Rev. 2007; 28:1–19. [PubMed: 17018839]

76. Qiu J, Bosch MA, Tobias SC, Grandy DK, Scanlan TS, Rønnekleiv OK, et al. Rapid signaling of
estrogen in hypothalamic neurons involves a novel G-protein-coupled estrogen receptor that
activates protein kinase C. J Neurosci. 2003; 23:9529–40. [PubMed: 14573532]

77. Qiu J, Bosch MA, Tobias SC, Krust A, Graham SM, Murphy SJ, et al. A G-protein-coupled
estrogen receptor is involved in hypothalamic control of energy homeostasis. J Neurosci. 2006;
26:5649–55. [PubMed: 16723521]

78. Qiu J, Xue C, Bosch MA, Murphy JG, Fan W, Ronnekleiv OK, et al. Serotonin 5-
hydroxytryptamine2C receptor signaling in hypothalamic proopiomelanocortin neurons: role in
energy homeostasis in females. Mol Pharmacol. 2007; 72:885–96. [PubMed: 17622577]

79. Kelly MJ, Ronnekleiv OK. Membrane-initiated estrogen signaling in hypothalamic neurons. Mol
Cell Endocrinol. 2008; 290:14–23. [PubMed: 18538919]

80. Zheng H, Patterson LM, Rhodes CJ, Louis GW, Skibicka KP, Grill HJ, et al. A potential role for
hypothalamomedullary POMC projections in leptin-induced suppression of food intake. Am J
Physiol Regul Integr Comp Physiol. 2010; 298:R720–8. [PubMed: 20071607]

81. Gray JM, Dudley SD, Wade GN. In vivo cell nuclear binding of 17-beta[3H]estradiol in rat
adipose tissue. Am J Physiol Endocrinol Metab. 1981; 240:E43–6.

Eckel Page 13

Physiol Behav. Author manuscript; available in PMC 2012 September 26.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



82. Eisenfeld AJ, Aten R, Weinberger M, Haselbacher G, Halpern K, Krakoff L. Estrogen receptor in
the mammalian liver. Science. 1976; 191:862–5. [PubMed: 175442]

83. Thomas ML, Xu X, Norfleet AM, Watson CS. The presence of functional estrogen receptors in
intestinal epithelial cells. Endocrinology. 1993; 132:426–30. [PubMed: 8419141]

84. Pelletier G, Labrie C, Labrie F. Localization of oestrogen receptor alpha, oestrogen receptor beta
and androgen receptors in the rat reproductive organs. J Endocrinol. 2000; 165:359–70. [PubMed:
10810300]

85. Shughrue PJ, Lane MV, Merchenthaler I. Comparative distribution of estrogen receptor-α and -β
mRNA in the rat central nervous system. J Comp Neurol. 1997; 388:507–25. [PubMed: 9388012]

86. Shughrue PJ, Bushnell CD, Dorsa DM. Estrogen receptor messenger ribonucleic acid in female rat
brain during the estrous cycle: a comparison with ovariectomized females and intact males.
Endocrinology. 1992; 131:381–8. [PubMed: 1612018]

87. Shughrue PJ, Merchenthaler I. Distribution of estrogen receptor beta immunoreactivity in the rat
central nervous system. J Comp Neurol. 2001; 436:64–81. [PubMed: 11413547]

88. Spary EJ, Maqbool A, Batten TFC. Changes in oestrogen receptor α expression in the nucleus of
the solitary tract of the rat over the oestrous cycle and following ovariectomy. J Neuroendocrinol.
2010; 22:492–502. [PubMed: 20236229]

89. Butera PC, Beikirch RJ. Central implants of diluted estradiol: independent effects on ingestive and
reproductive behaviors of ovariectomized rats. Brain Res. 1989; 491:266–73. [PubMed: 2765887]

90. Butera PC, Xiong M, Davis RJ, Platania SP. Central implants of dilute estradiol enhance the satiety
effect of CCK-8. Behav Neurosci. 1996; 110:823–30. [PubMed: 8864272]

91. Palmer K, Gray JM. Central vs. peripheral effects of estrogen on food intake and lipoprotein lipase
activity in ovariectomized rats. Physiol Behav. 1986; 37:187–9. [PubMed: 3737718]

92. Wade GN, Zucker I. Modulation of food intake and locomotor activity in female rats by
diencephalic hormone implants. J Comp Physiol Psychol. 1970; 72:328–36. [PubMed: 5489460]

93. Thammacharoen S, Lutz TA, Geary N, Asarian L. Hindbrain administration of estradiol inhibits
feeding and activates estrogen receptor-alpha-expressing cells in the nucleus tractus solitarius of
ovariectomized rats. Endocrinology. 2008; 149:1609–17. [PubMed: 18096668]

94. Santollo J, Torregrossa A-M, Eckel LA. Estradiol acts in the medial preoptic area, arcuate nucleus,
and dorsal raphe nucleus to reduce food intake in ovariectomized rats. Horm Behav. 2011 in press.

95. Hrupka BJ, Smith GP, Geary N. Hypothalamic implants of dilute estradiol fail to reduce feeding in
ovariectomized rats. Physiol Behav. 2002; 77:233–41. [PubMed: 12419399]

96. Dey M, Lyttle CR, Pickr JH. Recent insights into the varying activity of estrogens. Maturitas.
2000; 34:S25–33. [PubMed: 10915919]

97. Webb P, Lopez GN, Uht RM, Kushner PJ. Tamoxifen activation of the estrogen receptor/AP-1
pathway: potential origin for the cell-specific estrogen-like effects of antiestrogens. Mol
Endocrinol. 1995; 9:443–56. [PubMed: 7659088]

98. Wade GN, Heller HW. Tamoxifen mimics the effects of estradiol on food intake, body weight, and
body composition in rats. Am J Physiol Regul Integr Comp Physiol. 1993; 264:R1219–23.

99. Baptista T, Araujo de Baptista E, Hernandez L, Altemus M, Weiss SR. Tamoxifen prevents
sulpiride-induced weight gain in female rats. Pharm Biochem Behav. 1997; 57:215–22.

100. Meli R, Pacillo M, Raso GM, Esposito E, Coppola A, Nasti A, et al. Estrogen and raloxifene
modulate leptin and its receptor in hypothalamus and adipose tissue in ovariectomized rats.
Endocrinology. 2004; 145:3115–21. [PubMed: 15059958]

101. Wakeling AE, Bowler J. ICI 182,780, a new antioestrogen with clinical potential. J Steroid
Biochem Mol Biol. 1992; 43:173–7. [PubMed: 1525058]

102. Wakeling AE, Dukes M, Bowler J. A potent specific pure antiestrogen with clinical potential.
Cancer Res. 1991; 52:3867–73. [PubMed: 1855205]

103. Wakeling AE. Use of pure antiestrogens to elucidate the mode of action of oestrogens. Biochem
Pharmacol. 1995; 49:1545–9. [PubMed: 7786294]

104. Wade GN, Blaustein JD, Gray JA, Meredith JM. ICI 182,780: a pure antiestrogen that affects
behaviors and energy balance in rats without acting in the brain. Am J Physiol Regul Integr
Comp Physiol. 1993; 34:R1392–8.

Eckel Page 14

Physiol Behav. Author manuscript; available in PMC 2012 September 26.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



105. Chen D, Washbrook E, Sarwar N, Bates GJ, Pace PE, Thirunuvakkarasu V, et al. Phosphorylation
of human estrogen receptor a at serine 118 by two distinct signal transduction pathways revealed
by phosphorylation-specific antisera. Oncogene. 2000; 21:4921–31. [PubMed: 12118371]

106. Htun H, Holth LT, Walker D, Davie JR, Hager GL. Direct visualization of the human estrogen
receptor alpha reveals a role for ligand in the nuclear distribution of the receptor. Mol Biol Cell.
1999; 10:471–86. [PubMed: 9950689]

107. Dauvois S, White R, Parker MG. The anitiestrogen ICI 182780 disrupts estrogen receptor
nucleocytoplasmic shuttling. J Cell Sci. 1993; 106:1377–88. [PubMed: 8126115]

108. Long X, Nephew KP. Fluvestrant (ICI 182,780)-dependent interacting proteins mediate
immobilization and degradation of estrogen receptor-a. J Biol Chem. 2006; 281:9607–15.
[PubMed: 16459337]

109. Wade GN, Powers JB, Blaustein JD, Green DE. ICI 182,780 antagonizes the effects of estradiol
on estrous behavior and energy balance in Syrian hamsters. Am J Physiol Regul Integr Comp
Physiol. 1993; 265:R1399–1403.

110. Steyn FJ, Anderson GM, Grattan DR. Differential effects of centrally-administered oestrogen
antagonist ICI-182,780 on oestrogen-sensitive functions in the hypothalamus. J Neuroendocrinol.
2011; 19:26–33. [PubMed: 17184483]

111. Rivera HM, Eckel LA. Activation of central, but not peripheral, estrogen receptors is necessary
for estradiol’s anorexigenic effect in ovariectomized rats. Endocrinology. 2010; 151:5680–8.
[PubMed: 21068154]

112. Heine PA, Taylor JA, Iwamoto GA, Lubahn DB, Cooke PS. Increased adipose tissue in male and
female estrogen receptor-alpha knockout mice. Proc Natl Acad Sci USA. 2000; 97:12729–34.
[PubMed: 11070086]

113. Ohlsson C, Hellberg N, Parini P, Vidal O, Bohlooly M, Rudling M, et al. Obesity and disturbed
lipoprotein profile in estrogen receptor-alpha-deficient male mice. Biochem Biophys Res
Commun. 2000; 278:640–5. [PubMed: 11095962]

114. Naaz A, Zakroczymski M, Heine P, Taylor J, Saunders P, Lubahn D, et al. Effect of ovariectomy
on adipose tissue of mice in the absence of estrogen receptor alpha (ERalpha): a potential role for
estrogen receptor beta (ERbeta). Horm Metab Res. 2002; 34:758–63. [PubMed: 12660895]

115. Geary N, Asarian L, Korach KS, Pfaff DW, Ogawa N. Deficits in E2-dependent control of
feeding, weight gain, and cholecystokinin satiation in ER-alpha null mice. Endocrinology. 2001;
142:4751–7. [PubMed: 11606440]

116. Liang YQ, Akishita M, Kim S, Ako J, Hashimoto M, Lijima K, et al. Estrogen receptor beta is
involved in the anorectic action of estrogen. J Clin Endocrinol Metab. 2002; 26:1103–9.

117. Musatov S, Chen W, Pfaff DW, Mobbs CV, Yang X-J, Clegg DJ, et al. Silencing of estrogen
receptor α in the ventromedial nucleus of hypothalamus leads to metabolic syndrome. Proc Natl
Acad Sci USA. 2007; 104:2501–6. [PubMed: 17284595]

118. Meyers MJ, Sun J, Carlson KE, Marriner GA, Katzenellenbogen BS, Katzenellenbogen JA.
Estrogen receptor-beta potency-selective ligands: structure-activity relationship studies of
diarylpropionitriles and their acetylene and polar analogues. J Med Chem. 2001; 44:4230–51.
[PubMed: 11708925]

119. Stauffer SR, Coletta CJ, Tedesco R, Nishiguchi G, Carlson K, Sun J, et al. Pyrazole ligands:
structure-affinity/activity relationships and estrogen receptor-alpha-selective agonists. J Med
Chem. 2000; 43:4934–47. [PubMed: 11150164]

120. Harris HA, Katzenellenbogen JA, Katzenellenbogen BS. Characterization of the biological roles
of the estrogen receptors, ERalpha and ERbeta, in estrogen target tissues in vivo through use of
an ERalpha-selective ligand. Endocrinology. 2002; 143:4172–77. [PubMed: 12399409]

121. Walf AA, Frye CA. ER-beta selective estrogen receptor modulators produce antianxiety behavior
when administered systemically to ovariectomized rats. Neuropsychopharmacology. 2005;
30:1598–1609. [PubMed: 15798780]

122. Le Saux M, Di Paolo T. Influence of oestrogenic compounds on monoamine transporters in rat
striatum. J Neuroendocrinol. 2006; 18:25–32. [PubMed: 16451217]

Eckel Page 15

Physiol Behav. Author manuscript; available in PMC 2012 September 26.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



123. Santollo J, Wiley MD, Eckel LA. Acute activation of ER alpha decreases food intake, meal size,
and body weight in ovariectomized rats. Am J Physiol Regul Integr Comp Physiol. 2007;
293:R2194–2201. [PubMed: 17942491]

124. Thammacharoen S, Geary N, Lutz TA, Ogawa S, Asarian L. Divergent effects of estradiol and the
estrogen receptor-alpha agonist PPT on eating and activation of PVN CRH neurons in
ovariectomized rats and mice. Brain Res. 2009; 1268:88–96. [PubMed: 19281799]

125. Park CJ, Zhao Z, Glidewell-Kenney C, Lazic M, Chambn A, Jameson JL, et al. Genetic rescue of
nonclassical ERα signaling normalizes energy balance in obese Era-null mutant mice. J Clin
Invest. 2011; 121:604–12. [PubMed: 21245576]

126. Zhou HB, Carlson KE, Stossi F, Katzenellenbogen BS, Katzenellenbogen JA. Analogs of methyl-
piperidinopyrazole (MPP): antiestrogens with estrogen receptor alpha selective activity. Bioorg
Med Chem Lett. 2008; 19:108–10. [PubMed: 19014882]

127. Sun Y, Huang YR, Harrington WR, Sheng S, Katzenellenbogen JA, Katzenellenbogen BS.
Antagonist selective for estrogen receptor alpha. Endocrinology. 2002; 143:941–7. [PubMed:
11861516]

128. Harrington WR, Sheng S, Barnett DH, Petz LN, Katzenellenbogen JA, Katzenellenbogen BS.
Activities of estrogen receptor alpha- and beta-selective ligands at diverse estrogen responsive
gene sites mediating transactivation or transrepression. Mol Cell Endocrinol. 2003; 206:13–22.
[PubMed: 12943986]

129. Lindberg MK, Weihau Z, Andersson N, Moverare S, Gao H, Vidal O, et al. Estrogen receptor
specificity for the effects of estrogen in ovariectomized mice. J Endocrinol. 2002; 174:167–78.
[PubMed: 12176656]

130. Davis AM, Mao J, Naz B, Kohl JA, Rosenfeld CS. Comparative effects of estradiol, methyl-
piperidino-pyrazole, raloxifene, and ICI 182 780 on gene expression in the murine uterus. J Mol
Endocrinol. 2008; 41:205–17. [PubMed: 18632874]

131. Santollo J, Eckel LA. Effect of a putative ER alpha antagonist, MPP, on food intake in cycling
and ovariectomized rats. Physiol Behav. 2009; 97:193–8. [PubMed: 19254732]

132. Santollo J, Katzenellenbogen BS, Katzenellenbogen JA, Eckel LA. Activation of ER alpha is
necessary for the estradiol-induced reductions in food intake in female rats. Horm Behav. 2010;
85:872–77. [PubMed: 20807534]

133. Roepke TA, Xue C, Bosch MA, Scanlan TS, Kelly MJ, Ronnekleiv OK. Genes associated with
membrane-initiated signaling of estrogen and energy homeostasis. Endocrinology. 2011;
149:6113–24. [PubMed: 18755790]

134. Ryan AS, Nicklas BJ, Berman DM. Hormone replacement therapy, insulin sensitivity, and
abdominal obesity in postmenopausal women. Diabetes Care. 2002; 25:127–33. [PubMed:
11772913]

Eckel Page 16

Physiol Behav. Author manuscript; available in PMC 2012 September 26.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig 1.
Estradiol’s acute anorexigenic effect is not influenced by peripheral blockade of ERs. Data
are means ± SEMs. (A) Acute estradiol treatment produced similar decreases in food intake
in rats receiving peripheral (subcutaneous) injections of either vehicle or the ER antagonist
ICI 182,780. (B) Estradiol’s ability to increase uterine weight was blocked by peripheral
administration of ICI, suggesting complete blockade of peripheral ERs. *Estradiol < oil, p <
0.05. **Estradiol > oil, p < 0.05. Modified from [111].
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Fig 2.
Estradiol’s acute anorexigenic effect is prevented by central blockade of ERs. Data are
means ± SEMs. Acute estradiol treatment decreased food intake in rats receiving
intracerebroventricular (icv) infusions of vehicle, but not in rats receiving icv infusions of
ICI 182,780. *Estradiol < oil, p < 0.05. Modified from [111].
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Fig. 3.
Acute activation of ERα, but not ERβ, is sufficient to decrease food intake in OVX rats.
Data are means ± SEMs. (A) A dose-related decrease in food intake was observed in OVX
rats treated with the ERα agonist PPT. The anorexia observed after 75 μg PPT was similar to
a physiological dose of estradiol (E2). Acute administration of the ERβ agonist DPN failed
to alter food intake in OVX rats. (B) Activation of ERα by PPT produced a rapid decrease in
food intake. Rats received subcutaneous injections of either PPT or vehicle (veh) 3 h prior to
dark onset and food intake was monitored at 3-h quartiles for the following 24-h period. PPT
decreased food intake during the first 3-h, light-phase quartile, and throughout most of the
dark-phase (shaded area). *Greater than vehicle, p < 0.05. **Greater than vehicle and 25 μg
PPT, p < 0.05. ***Greater than vehicle, 25 μg PPT, 75 μg PPT and E2, p < 0.05. +PPT <
vehicle, p < 0.05. Modified from [123].
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Fig. 4.
Blockade of ERα decreases estradiol’s anorexigenic effect in OVX and cycling rats. Data
are means ± SEMs. (A) Acute administration of estradiol (E2) decreased food intake in
OVX rats. This action of estradiol was blocked by the ERα antagonist MPrP. (B) Food
intake was decreased during estrus, relative to diestrus, in vehicle (veh)-treated, cycling rats.
This estrous-related decrease in food intake was blocked in rats pretreated with the ERα
antagonist MPrP. *Veh/E2< veh/veh and MPrP/E2, p < 0.05. **Estrus < diestrus, p < 0.05.
Modified from [132].
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