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Abstract
Estradiol (E2) exerts an inhibitory effect on food intake in a variety of species. While compelling
evidence indicates that central, rather than peripheral, estrogen receptors (ERs) mediate this effect,
the exact brain regions involved have yet to be conclusively identified. In order to identify brain
regions that are sufficient for E2's anorectic effect, food intake was monitored for 48 h following
acute, unilateral, microinfusions of vehicle and two doses (0.25 and 2.5 μg) of a water-soluble
form of E2 in multiple brain regions within the hypothalamus and midbrain of ovariectomized
rats. Dose-related decreases in 24-h food intake were observed following E2 administration in the
medial preoptic area (MPOA), arcuate nucleus (ARC), and dorsal raphe nucleus (DRN). Within
the former two brain areas, the larger dose of E2 also decreased 4-h food intake. Food intake was
not influenced, however, by similar E2 administration in the paraventricular nucleus, lateral
hypothalamus, or ventromedial nucleus. These data suggest that E2-responsive neurons within the
MPOA, ARC, and DRN participate in the estrogenic control of food intake and provide specific
brain areas for future investigations of the cellular mechanism underlying estradiol's anorexigenic
effect.
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Introduction
Behavioral studies in rats reveal that estradiol's (E2's) anorexigenic effect occurs slowly,
within hours to days following acute, peripheral E2 treatment (Geary and Asarian, 1999;
Asarian and Geary, 2002). This has prompted investigations of the relative contributions of
the two nuclear estrogen receptor (ER) subtypes, ERα and ERβ, to the estrogenic control of
food intake. Studies involving ER null mice and pharmacological manipulations of ERα and
ERβ suggest that activation of ER is both sufficient and necessary for E2's anorexigenic
effect (Geary et al., 2001; Roesch, 2006; Santollo et al., 2007; Thammacharoen et al., 2009;
Santollo et al., 2010). Less is known, however, regarding the sites of the critical ERs. While
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E2 is released by the ovaries, thereby gaining easy access to peripheral ERs, it also readily
crosses the blood-brain barrier, thereby gaining access to central ERs. As such, E2's
anorexigenic effect could be mediated by activation of peripheral and/or central ERs.

The relative contributions of peripheral and central ERs to E2's anorexigenic effect have
been addressed in three studies involving ICI 182,780, an ER antagonist with limited ability
to cross the blood-brain barrier. In the earlier studies, peripheral administration of ICI
182,780 failed to influence the anorexigenic effect of chronic E2 treatment in
ovariectomized (OVX) rats and hamsters (Wade et al., 1993a; Wade et al., 1993b). Recently,
we extending these reports by demonstrating that peripheral administration of ICI 182,780
fails to alter the anorexia following acute E2 treatment in OVX rats. Peripheral
administration of ICI 182,780 did, however, block E2's proliferative effect on uterine tissue,
thereby confirming extensive blockade of peripheral ERs (Rivera and Eckel, 2010). In
comparison, central administration of ICI 182,780 was sufficient to block E2's acute,
anorexigenic effect in OVX rats. Our observation that E2 continued to induce vaginal estrus
in these same rats confirms that centrally administered ICI-182,780 did not leak into the
periphery (Rivera and Eckel, 2010). Taken together, these studies demonstrate that
activation of central, rather than peripheral, ERs is necessary for E2's anorexigenic effect.

It is likely that E2's anorexigenic effect is mediated by a distributed neuronal network since
E2 influences the activity of a number of hypothalamic neuropeptide and neurotransmitter
systems implicated in the control of food intake. For example, studies in rodents reveal that
estradiol decreases neuropeptide Y (NPY) and melanin-concentrating hormone (MCH)
mRNA expression in the arcuate nucleus (ARC) and the lateral hypothalamus (LH),
respectively (Baskin et al., 1995; Murray et al., 2000; Pelletier et al., 2007). In addition,
estradiol increases pro-opiomelanocortin (POMC) and corticotropin-releasing factor (CRF)
mRNA expression in the ARC and paraventricular nucleus of the hypothalamus (PVN),
respectively (Pelletier et al., 2007). Thus, it is likely that the critical, central ERs underlying
E2's anorexigenic effect are located in multiple brain areas.

One approach to identify the locations of the critical ERs involves direct administration of
E2 in specific brain areas. Of the hypothalamic nuclei, the PVN has received the most
attention. Butera and colleagues were the first to report that administration of dilute,
crystalline E2 in the PVN decreased food intake in OVX rats and guinea pigs (Butera and
Czaja, 1984; Butera and Beikirch, 1989) and that subcutaneous administration of E2 failed
to decrease food intake in OVX rats with bilateral lesions of the PVN (Butera et al., 1992).
Because others have failed to replicate these findings (Dagnault and Richard, 1994; Hrupka
et al., 2002), the role of the PVN in the estrogenic control of food intake remains
unresolved. More recently, the involvement of additional hypothalamic and hindbrain sites
have been examined. Similar to the PVN, there are conflicting reports regarding the medial
preoptic area's (MPOA's) role in the estrogenic control of food intake. Richard and
colleagues reported dose-related decreases in food intake following microinfusions of a
water-soluble form of E2 in the MPOA (Dagnault and Richard, 1997), whereas Geary and
colleagues were unable to replicate these findings when placing dilute crystalline E2
implants in the MPOA (Hrupka et al., 2002). One report exists that direct administration of
E2 in the nucleus of the solitary tract is sufficient to decrease food intake in OVX rats
(Thammacharoen et al., 2008). Finally, there has been agreement to date that the
ventromedial hypothalamus (VMH) is not involved in the estrogenic control of food intake.
Implants of both pure and dilute crystalline E2 in the VMH fail to reduce food intake
(Palmer and Gray, 1986; Butera et al., 1989) and rats with VMH lesions display a reduction
in food intake following E2 treatment (King and Cox, 1973).
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Although the available literature suggests that E2 acts in the brain to decrease food intake,
methodological differences among previous studies may have contributed to the equivocal
findings regarding the sites of the critical ERs. Studies attempting to replicate previous
findings often used different forms of E2 (i.e. crystalline or water-soluble) that may have
resulted in differing concentrations of E2 in the brain. Other methodological inconsistencies
across studies involve the duration of E2 treatment (acute versus chronic application), the
type of E2 (E2 benzoate, 17-β E2, water-soluble E2), and differing rat strains (Long Evans,
Wistar, Sprague Dawley). The present study was designed to address some of these
methodological inconsistencies by examining food intake in a single strain of OVX rats
receiving similar site-specific, unilateral microinfusions of a water-soluble form of E2 in
various hypothalamic brain areas. The small volume and lipophobic properties of this form
of E2 were chosen to minimize the spread of E2. In addition, acute hormone treatment was
used in an attempt to more accurately model the cyclic rise in endogenous E2 secretion in
the intact female rat and to prevent a sustained elevation in central E2 concentration.

The goal of this experiment was to target multiple brain areas using a unified approach
involving acute E2 administration to identify nuclei sufficient for E2's anorexigenic effect.
The lateral ventricle was included as a positive control and to establish an upper boundary of
E2 doses to be administered in specific brain regions. The PVN and MPOA were chosen on
the basis of at least one positive report that site-specific administration of E2 within these
brain areas reduced food intake in OVX rats (Butera et al., 1989; Dagnault et al., 1997). The
ARC, LH, and DRN were chosen because they each synthesize either a neuropeptide or a
neurotransmitter (e.g., NPY, MCH, and serotonin respectively) that has been implicated in
the estrogenic control of food intake (Rivera and Eckel, 2005; Eckel et al., 2005; Messina et
al., 2006; Santollo and Eckel, 2008a; Santollo and Eckel, 2008b). The VMH was chosen as a
negative control region because it is well established that E2 does not act in the VMH to
decrease food intake (Palmer et al., 1986; Butera et al., 1989).

Materials and methods
Animals and housing

Female, Long-Evans rats (Charles River Breeding Laboratory, Raleigh, NC) weighing 225–
250 g at study onset, were housed individually in custom-designed cages. Each cage was
equipped with a feeding niche that provided access to a spill-resistant food cup. Rats were
given free access to powdered rat chow (Purina 5001) and tap water, except where otherwise
noted. The testing rooms were maintained at 20 ± 2°C under a reverse 12:12-h light–dark
cycle (dark onset=1300 h). Animal usage and all procedures were approved by the Florida
State University Institutional Animal Care and Use Committee.

Surgery
Rats were anesthetized by intraperitoneal (i.p.) injections of a mixture of ketamine (50 mg/
kg; Ketaset, Fort Dodge Animal Health, Fort Dodge, IA) and xylazine (4.5 mg/ml; Rompun,
Mobay, Shawnee, KS) and then bilaterally OVX using an intra-abdominal approach.
Immediately following ovariectomy surgery, rats were implanted with single, stainless-steel,
guide cannulae (26-g (nucleus-specific) or 22-g (lateral ventricle), Plastics One, Roanoke,
VA) targeting the MPOA (AP: −0.7 mm; ML −0.5 mm; DV: −8.0 mm; n = 12), ARC (AP:
−3.5 mm; ML: −0.4 mm; DV: −9.3 mm; n = 10), DRN (AP: −7.8 mm; ML: −4.4 mm; DV:
−7.2 mm; 35° angle; n = 13), PVN (AP: −1.8 mm; ML: −0.4 mm; DV: −7.4 mm; n = 10),
LH (AP: −2.6 mm; ML: −1.1 mm; DV: −8.0 mm; n = 9), VMH (AP: −2.4 mm; ML: −0.7
mm; DV: −9.0 mm; n = 12), or lateral ventricle (AP: −0.6 mm; ML: −1.7 mm; DV: −3.5
mm; n = 18). The coordinates were chosen in an attempt to target the portion of each brain
area containing the greatest density of ERα expression (Jacobs and Azmitia, 1992;
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Yokosuka et al., 1997; Sato et al., 2005; Muschamp and Hull, 2007). The depths of the
cannulae were chosen to target the upper border of the brain area of interest in order to limit
tissue damage within targeted brain areas. Following surgery, rats received i.p. injections of
butorphanol (0.5 mg/kg; Fort Dodge Animal Health, Fort Dodge, IA) and gentamicin (10
mg/ml; Pro Labs Ltd, St. Joseph, MO) to minimize post-surgical pain and the risk of
infection, respectively. Behavioral testing did not commence until food intake and body
weight returned to pre-surgical levels (~ 7 days).

Cannula verification
Ventricular cannulae were verified following post-operative recovery by monitoring light-
phase water intake following intracerebroventricular (i.c.v.) microinfusion of 50 ng of
angiotensin II (Sigma–Aldrich, St. Louis, MO), delivered in 5 μl of saline vehicle over a
period of 1 min. Only those rats that consumed at least 5 ml of water in 20 min were
included in the study. All but three rats passed this criterion (15 of 18 placements were
correct; mean consumption = 8.8 ± 1.2 ml).

Nuclei-specific cannulae were verified using postmortem histology. At the end of the study,
rats were anesthetized with 0.5 ml of sodium pentobarbital (50 mg/ml Henry Schein,
Melville, NY) and, once unresponsive, decapitated. Their brains were removed and stored in
10% formalin (Sigma–Aldrich, St. Louis, MO) for 48 h and then stored in a 30% sucrose
solution for cryoprotection. One week later, brains were sectioned on a cryostat (Ziess) at 40
μm intervals. Serial sections were obtained through the nuclei of interest and then stained
with cresyl violet (Sigma–Aldrich). A rater, unaware of the behavioral data, assessed
cannula placements in accordance with a rat stereotaxic atlas (Paxinos and Watson, 1998).
Rats in which the tips of the cannulae were misplaced (greater than 300 μm beyond the
targeted area in any direction, i.e. dorsal, ventral, rostral or caudal) were excluded from data
analysis. This resulted in 39 rats being included in the data analysis; 7 out of 12 MPOA, 6
out of 10 ARC, 6 out of 13 DRN, 7 out of 10 PVN, 6 out of 9 LH, and 7 out of 12 VMH
(Fig. 1).

Drugs
The form of E2 used in the present study was synthesized to be water soluble by the addition
of a carrier molecule, 2-Hydroxypropyl-b-cyclodextrin, which accounted for 95.3% of the
drug dry weight. Drug solutions of varying concentrations were created by dissolving the β-
E2/cyclodextrin carrier molecule (E4389; Sigma-Aldrich, St. Louis, MO) in artificial
cerebral spinal fluid (aCSF) to yield concentrations of E2 ranging from 0.25 – 10 μg of E2
per microinfusion volume. Similarly, vehicle solutions were created by dissolving the
cyclodextrin carrier molecule (C0926; Sigma-Aldrich) alone in aCSF to produce varying
concentrations that matched the amount of carrier present in the E2 solutions.

Experiment 1: ventricular microinfusions of E2
Each day at 0900 h, food intake and body weight were recorded and water and food cups
were refilled. On test days, food and water were removed from the rats' cages 1-h prior to
dark onset. Thirty min prior to dark onset, dust caps were removed and replaced with an
internal injector that extended 0.5 mm past the guide cannula and in the lateral ventricle.
Using a within-subjects, counter-balanced design, rats received i.c.v. microinfusions of
either 0 and 5 μg E2 in 2.5 μl vehicle (group 1, n = 7) or 0 and 10 μg E2 in 2.5 μl vehicle
(group 2, n = 8) over a period of 1 min via a hand-pump syringe. The injector remained in
the guide cannula for an additional 1 min to allow for the drug to diffuse away from the tip
of the injector. At dark onset, food and water were returned to the cages and food intake was
measured at 1, 2, 4, 24, and 48 h following treatment.
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Experiment 2: site specific microinfusions of E2
The procedure for this second series of experiments was the same as Experiment 1 with the
following exceptions. The internal injector extended 0.5 mm past the guide cannula with the
exception of the following brain regions: MPOA = 1.0 mm projection and LH = 0.8 mm
projection. Longer projections were necessary in these brain areas in order to target the
regions containing the greatest density of ERα while still targeting the upper borders of the
nuclei for the guide cannula depth. Using a within-subjects, counter-balanced design, rats
received microinfusions of 0, 0.25 and 2.5 μg E2 in 200 nl of vehicle at 4-day intervals. All
microinfusions were administered over a period of 3 min via a microinfusion pump (Harvard
Apparatus). The injector remained in the guide cannula for an additional 3 min to allow for
the drug to diffuse away from the tip of the injector. These drug doses were chosen based on
the results from Experiment 1 and a previous study in which water-soluble E2 was
administered in the MPOA (Dagnault et al., 1997).

Data Analysis
Food intake is presented as mean ± SEM throughout. Food intakes following drug treatment
for each brain site were analyzed using repeated-measures ANOVAs (drug treatment X
time). Newman Keuls post-hoc tests were used to investigate differences between groups
following significant ANOVA effects (P < 0.05). To assess drug spread in animals with
misplaced cannulae, 24-h food intake following vehicle and 2.5 μg E2 treatments were
analyzed using paired t-tests.

Results
Food intake following ventricular microinfusions of both doses of E2 was influenced by
interactive effects of hormone treatment and time, F-values = 4.36 and 6.31, Ps < 0.005
(Fig. 2). A reduction in 24-h food intake was detected in rats receiving the lower (5 μg) dose
of E2, relative to vehicle-treated rats, P < 0.05 (Fig. 2a). Reductions in 4- and 24-h food
intake were detected in rats receiving the higher (10 g) dose of E2, relative to vehicle-treated
rats, Ps < 0.05 (Fig. 2b).

Food intake following site-specific microinfusions of E2 in the MPOA, ARC, and DRN was
influenced by interactive effects of hormone treatment and time, F-values = 2.44 – 9.12, Ps
< 0.05 – 0.001 (Fig. 3a–c). Dose-dependent decreases in 24-h food intake were observed in
rats receiving microinfusions of E2 in each of these brain regions (Ps < 0.05). In addition, a
decrease in 4-h food intake was also apparent, but this effect was limited to rats receiving
the larger dose of E2 in the MPOA and ARC only. The anorexigenic effect of E2 in each of
these three brain areas (MPOA, ARC, DRN) was limited to 24 h, since food intake in all rats
had returned to basal levels by 48 h following E2 treatment (data not shown). Food intake
following site-specific microinfusions of E2 in the PVN, LH and VMH was not influenced
by either main or interactive effects of hormone treatment, F-values = 0.63–2.03, n.s., (Fig.
3d–f). Food intake at all time points was similar between E2- and vehicle-treated rats.

As a measure of drug spread, we compared 24-h food intake measurements following
microinfusions of vehicle and the larger dose of E2 that were obtained from the 26 rats with
misplaced cannulae (one rat was excluded from this analysis as the misplaced cannula
targeted the third ventricle and, as would be expected, decreased food intake). Analysis of
the feeding data by individual brain areas and combined across all brain areas (to increase
statistical power) failed to yield any significant effects of hormone treatment (Table 1).
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Discussion
These findings clearly show that unilateral microinfusions of E2 in the MPOA, ARC and
DRN are sufficient to produce dose-related decreases in 24-h food intake in OVX rats. In
contrast, similar microinfusions of E2 in the PVN, LH and VMH do not influence food
intake. Identification of the brain areas that mediate the anorexigenic effects of E2 is
important for multiple reasons. First, knowing where E2 acts in the brain to reduce food
intake is a prerequisite to understanding both the cellular mechanisms and the neuronal
circuitry underlying the hormone's robust anorexigenic action. Second, identification of the
critical brain areas will help to identify feeding-related peptides and neurotransmitter
systems that may be modulated by E2, thereby contributing to sex differences in food intake.

E2 in the MPOA, ARC, and DRN
The present data, along with a previous report by Richard and colleagues (Dagnault et al.,
1997), demonstrate that E2 in the MPOA is sufficient to decrease food intake. Richard's
group tested the involvement of the MPOA in E2's anorexigenic effect in food-restricted,
OVX rats trained to consume food during two, 2-h test meals separated by 9 h.
Microinfusions of the two highest doses of water soluble E2 (0.25 and 2.5 μg) in the MPOA
decreased food intake during the first, 2-h test meal, occurring 4 h after E2 treatment, but not
during the second, 2-h test meal, occurring 15 h after E2 treatment (Dagnault et al., 1997).
Our findings are in partial agreement with this report in that MPOA infusions of the higher
(2.5 μg) dose of E2, but not the lower (0.25 μg) dose of E2, was sufficient to decrease 4-h
food intake in OVX rats. However, we, unlike Richard's group, detected a dose-related
decrease in 24-h, food intake in E2-treated rats. It is surprising that Richard's group did not
report a reduction in food intake during the second, 2-h feeding test because the available
literature suggests that E2 acts via a genomic mechanism to reduce feeding (e.g., Geary et
al., 1999; Asarian et al., 2002). Although, a behavioral change within 4 h could still be the
result of a genomic mechanism, our observation that the anorexigenic effect of the lower
dose of E2 was limited to 24 h is clearly consistent with a genomic effect. The reduction in
food intake observed at 4 h in both studies could suggest that the larger dose of E2, 2.5 μg,
represents a pharmacological hormone dose.

Our findings, however, are in contrast with Geary and colleagues (Hrupka et al., 2002), who
reported that dilute crystalline E2 implants in the MPOA failed to reduce food intake but
produced reliable decreases in body weight. In addition, Butera et al. did not detect an
anorexigenic effect of dilute crystalline E2 in the MPOA on 3-day food intake in OVX rats
(Butera et al., 1989). However, these discrepancies could reflect methodological differences
among studies, such as the use of different E2 preparations. We and Richard's group used
acute microinfusion of water soluble E2, whereas the other reports used dilute crystalline
implants. Also, the coordinates used to target the MPOA differed. We and Richard's group
targeted the caudal MPOA, which has the greatest expression of ERα (Sato et al., 2005), the
ER subtype that appears to mediate E2-induced decreases in food intake (Roesch, 2006;
Santollo et al., 2007; Santollo et al., 2010). Therefore, the inefficacy of E2 treatment by
others could result from insufficient activation of ERα within this brain region.

Our MPOA data suggest that CRF may be one mediator of E2's anorexigenic action in
female rats. CRF is an anorexigenic peptide that is co-localized with ERs in the caudal
MPOA (Dagnault et al., 1997) and it has previously been demonstrated that acute i.c.v.
microinfusion of a CRF antagonist blocks E2's anorexigenic effect in OVX rats (Dagnault et
al., 1993). An important next step will be to determine if other feeding-related peptides in
the MPOA also contribute to E2's anorexigenic effect.
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A novel finding from this study is that E2 microinfusions in the ARC produced dose-related
decreases in 24-h food intake, which implicate the ARC as an important nucleus for E2's
anorexigenic effect. Similar to our findings involving the MPOA, microinfusions of the
larger dose of E2 in the ARC produced a significant decrease in 4-h food intake. Again, this
could suggest that the larger dose of E2 is pharmacological because a behavioral change this
rapidly is not normally observed following administration of a physiological dose of E2
(Geary et al., 1999; Asarian et al., 2002). Our finding, that microinfusion of E2 in the ARC
is sufficient to decrease food intake in OVX rats, is consistent with previous studies
demonstrating that E2 can influence a variety of peptides in this nucleus. For example, E2
increases the expression of the anorexigenic peptide POMC but it also decreases the
expression of the orexigenic peptides NPY and AgRP (Crowley et al., 1985; Baskin et al.,
1995; Clegg et al., 2007; Pelletier et al., 2007). It has also been demonstrated that both
peripheral and central (i.c.v.) administration of E2 increases leptin's anorexigenic effect in
female rats (Clegg et al., 2006). Because leptin receptors are abundantly expressed in the
ARC, where they influence activity of both orexigenic and anorexigenic peptide
populations, our data suggest that the interaction between E2 and leptin could occur locally
in the ARC. Taken together, the available evidence suggests that E2 acts in the ARC to
increase anorexigenic signaling and decrease orexigenic signaling, which leads to an overall
reduction in food intake.

Our demonstration that E2 microinfusion in the DRN is sufficient to decrease food intake is
novel. We hypothesized that E2 acts in the DRN to decreases food intake because it is the
major locus of serotonin cell bodies and because we previously demonstrated that increased
serotonin neurotransmission mediates, in part, E2's anorexigenic effect. Estrous females are
more sensitive to the anorexigenic effect of the non-specific serotonin agonist fenfluramine
than males or diestrous females (Rivera et al., 2005). Moreover, exogenous E2 increases the
anorexigenic effect of fenfluramine in OVX rats (Eckel et al., 2005), suggesting that the
aforementioned sex and estrous-related changes in fenfluramine's anorexigenic effect are
mediated by endogenous E2. In addition, E2 increases expression of the Pet-1 and serotonin
transporter genes, which have been implicated in the regulation of serotonin neurons in the
DRN during the same time period that E2 decreases food intake and body weight in OVX
rats (Rivera et al., 2009). In support of our hypothesis, similar to our findings in the MPOA
and ARC, dose-related decreases in 24-h food intake were observed following E2
microinfusion in the DRN. Our data support the notion that E2 can act within the DRN to
alter serotonin neuronal activity and, thereby, decrease food intake.

In summary, our findings confirm and extend a previous report that E2 acts in the MPOA to
decrease food intake (Dagnault et al., 1997) and identify two additional brain areas, the ARC
and DRN, in which E2 acts to decrease food intake. We are confident that none of the
positive effects are due to leakage of E2 in surrounding brain regions. As a control, we
examined the rats with cannulae that missed their targets in the MPOA, ARC, and DRN. In
each case we found no effect of E2 microinfusion on food intake. We also examined the rats
with cannulae that missed their targets in the PVN, VMH and LH and again we found no
effect of E2 microinfusion on food intake. This further supports our claim that there was
minimal drug spread because these three nuclei are in close proximity to areas where one
would expect E2 to reduce food intake, such as the 3rd ventricle and ARC. Our work is also
consistent with previous data demonstrating that E2 modulates the potency of feeding-
related neuropeptides/neurotransmitters residing in each of these brain regions, including
NPY, CRF, POMC and serotonin (Crowley et al., 1985; Baskin et al., 1995; Dagnault et al.,
1997; Rivera et al., 2005; Eckel et al., 2005; Clegg et al., 2007; Pelletier et al., 2007; Rivera
et al., 2009).
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E2 in the PVN, LH, and VMH
Microinfusions of E2 in the PVN failed to decrease food intake in OVX rats. Our finding is
consistent with some, but not all, previous studies investigating the involvement of the PVN
in E2's anorexigenic effect. For example, implants of dilute crystalline E2 are reported to
either decrease (Butera et al., 1989) or have no effect (Hrupka et al., 2002) on food intake in
OVX rats. In addition, bilateral lesions of the PVN may either block (Butera et al., 1992) or
have no effect (Dagnault et al., 1994) on E2's anorexigenic effect in OVX rats. It is difficult
to reconcile these discrepant findings. In a previous report where E2 in the PVN had no
effect on food intake, norepinephrine microinfusion in the PVN did decrease food intake.
This suggests that misplaced cannulae and/or tissue damage did not contribute to the
negative finding (Hrupka et al., 2002). It is possible that the positive results from previous
reports resulted from drug spreading in the 3rd ventricle. However, this still cannot account
for the positive (but unreplicated) finding obtained from the lesion study. This leaves open
the possibility that had our study used bilateral, instead of unilateral, E2 microinfusions in
the PVN a decrease in food intake may have been observed. However, additional data
suggest otherwise. Since the early positive reports by Butera and colleagues (Butera et al.,
1989; Butera et al., 1992), it is now well established that ERα is both sufficient and
necessary for E2's anorexigenic effect (Roesch, 2006; Santollo et al., 2007; Thammacharoen
et al., 2009; Santollo et al., 2010). Because of the negligible expression of ERα in the PVN
(Shughrue et al., 1997), one would expect that E2 in the PVN would fail to influence food
intake. Therefore, our data suggest that the critical ERs that mediate E2's anorexigenic effect
reside outside of the PVN and that either the neuronal populations in the PVN do not
contribute to E2's anorexigenic effect or if they are involved they are mediated by E2
indirectly from other upstream nuclei. For example, although CRF is abundantly expressed
in the PVN (Liposits et al., 1987) and may be involved in mediating E2 anorexigenic effect
(Dagnault et al., 1993), based on the data here it is likely that the site of this interaction is
not in the PVN. Instead the interaction could be in the MPOA, based on our current findings
and the work of Richard and colleagues (Dagnault et al., 1997), or mediated in nuclei
upstream of the PVN.

A surprising result was that E2 in the LH did not decrease food intake because available
evidence demonstrates that E2 interacts with two feeding related peptides located in the LH,
MCH and orexin. For example, E2 decreases MCH gene expression in the LH of obese male
rats (Morton et al., 2004) and E2 treatment decreases the orexigenic effect of MCH in OVX
rats (Messina et al., 2006; Santollo et al., 2008b). In addition, orexin protein expression
changes across the estrous cycle with a peak during proestrous (Porkka-Heiskanen et al.,
2004). While these studies provide a sound rational for targeting the LH, our findings that
microinfusions of E2 in the LH are not sufficient to decrease food intake fail to implicate the
LH in mediating E2's anorexigenic effect. Although it is possible, based on the large rostral-
caudal extent of the LH, that E2 microinfusions in a different part of the LH would be
capable of decreasing food intake. However, we believe that this is unlikely because we
chose our coordinates based on the location of the greatest ERα expression within this
nucleus (Muschamp et al., 2007). This suggests that the neuronal populations in the LH are
not direct targets of E2 that contribute to its anorexigenic actions. Instead, if neuropeptides
such as MCH and orexin are involved in E2's anorexigenic effect, it is likely that the critical
ERs mediating these interactions reside outside of the LH.

As expected, E2 in the VMH was not sufficient to reduce food intake. This finding is in
agreement with other studies in which implants of both pure and diluted crystalline E2 in the
VMH failed to affect food intake (Palmer et al., 1986; Butera et al., 1989). Additionally, rats
with VMH lesions still show a reduction in food intake following E2 treatment (King et al.,
1973). In a more recent study, OVX mice with viral-mediated knockdown of ERα in the
VMH were as equally responsive to the anorexigenic effect of E2 as control mice (Musatov

Santollo et al. Page 8

Horm Behav. Author manuscript; available in PMC 2012 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



et al., 2007). In an attempt to reveal an inhibitory effect of E2 on food intake within the
VMH, we chose coordinates that targeted the region containing the greatest density of ERα
cell bodies (Yokosuka et al., 1997). However, E2 microinfusion still failed to decrease food
intake. These observations, in combination with previous research, provide compelling
evidence that the VMH is neither sufficient nor necessary for E2's anorexigenic effect. Thus,
if any peptides in the VMH contribute to E2's anorexigenic effect, it is likely through an
indirect pathway originating outside of the VMH.

Perspectives
Here we demonstrated that the MPOA, ARC and DRN are brain regions where E2 can act to
decrease food intake, whereas the PVN, LH and VMH are not sufficient for this behavioral
effect. Although the neural mechanisms by which E2 decreases food intake are poorly
understood, these findings add to our knowledge of the brain circuitry involved in mediating
E2's anorexigenic effect. Our data strengthen a previous report that the MPOA is involved in
mediating E2's anorexigenic effect (Dagnault et al., 1997). In addition, we have provided the
first evidence that E2 administration in the ARC and DRN are sufficient to reduce food
intake in OVX rats. Each brain region identified as being sufficient for mediating the
anorexigenic effect of E2 contains neurons that express various peptides and
neurotransmitters that are implicated in the physiological control of food intake, in general,
and the estrogenic control of food intake, in particular. For example, our data suggest that
the peptides in the ARC such as NPY, AgRP and the POMC products, such as α-melanocyte
stimulating hormone, are likely mediators of the estrogenic control of food intake. In
addition, CRF in the MPOA and serotonin in the DRN are also likely to play a role. Geary
and colleagues previously identified the nucleus of the solitary tract (NTS) as an additional
site where E2 acts to decrease food intake (Thammacharoen et al., 2008). Because
cholecystokinin, POMC and serotonergic neurons are all expressed in the NTS, and either
their behavioral effects or gene expression are increased by estradiol (Geary et al., 1994;
Eckel et al., 2002, Eckel et al., 2005; Rivera and Eckel, 2005; Rivera et al., 2009, Pelletier et
al., 2007), it is likely that these signals from the NTS play a role in mediating the estrogenic
inhibition of food intake. A major challenge for future studies will be to determine the
relative contributions of the critical ERs in each of the brain areas identified in the present
study and in the NTS along with understanding how these E2-sensitive sites communicate
with one another. Such information is critical to further our understanding of the neural
circuitry underlying E2's anorexigenic effect. At a more molecular level, it will be important
to determine how the activation of ERs within these nuclei affects the transcription of genes
implicated in the estrogenic control of food intake. Answers to these questions will be
important to further our understanding of sex differences in food intake.
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Fig. 1.
Summary of cannula placements. The line drawings represent the cannula placements of rats
included in the study. Rats with misplaced cannulae were excluded from data analysis. This
resulted in 39 rats being included in the data analysis (MPOA, −0.4 bregma, n=7; ARC,
−3.4 bregma, n=6; DRN, −7.8 bregma, n=6; PVN, −1.8 bregma, n=7; LH, −2.6 bregma,
n=6; VMH, −2.5 bregma, n=7)
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Fig. 2.
Food intake following ventricular (i.c.v.) microinfusions of E2. Microinfusions of E2 into
the lateral ventricle decreased food intake in OVX rats. (A) The lower (5 μg) dose of E2
decreased 24-h food intake. (B) The higher (10 μg) dose of E2 decreased both 4- and 24-h
food intake. *E2 < vehicle at corresponding time points, P < 0.05.
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Fig. 3.
Food intake following site-specific microinfusions of E2. Microinfusions of E2 in the
MPOA, ARC and DRN, but not in the PVN, LH, or VMH decreased food intake in OVX
rats. In the MPOA and ARC (A and B, respectively), the larger dose of E2 decreased 4- and
24-h food intake, whereas the smaller dose of E2 decreased 24-h food intake only. In the
DRN (C), dose-related decreases in 24-h food intake were observed following E2 treatment.
Neither dose of estradiol affected food intake in the PVN (D), LH (E) or VMH (F). *E2 <
vehicle at corresponding time points, P < 0.05. **2.5 μg dose of E2 < 0.25 μg dose of E2, P
< 0.05.
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Table 1

Food intake following infusions of vehicle and 2.5 μg estradiol (E2) in rats with misplaced cannulae that failed
to target the indicated brain areas.

Brain area Vehicle 2.5 μg E2 t-test results

MPOA 19.5 ± 0.6 g 20.4 ± 1.0 g t(4) = 0.702, p = 0.52

ARC 23.1 ± 0.8 g 22.7 ± 0.8 g t(2*) = 1.245, p = 0.34

DRN 21.9± 1.2 g 21.0 ± 1.6 g t(6) = 1.073, p = 0.32

PVN 20.9 ± 0.6 g 22.1 ± 2.1 g t(2) = 0.831, p = 0.49

LH 20.1 ± 2.0 g 22.0 ± 1.7 g t(2) = 2.495, p = 0.12

VMH 22.9 ± 0.9 g 21.8 ± 0.7 g t(4) = 0.918, p = 0.41

Combined Nuclei 21.5 ± 0.5 g 21.5 ± 0.6 g t(25*) = 0.008, p = 0.99

Data are presented as mean ± SEM. Group differences were assessed via dependent t-tests, which are presented in the last column. Twenty-four h
food intake was similar following microinfusions of vehicle or E2 in these rats with misplaced cannulae.

Abbreviations: MPOA = medial preoptic area; ARC = arcuate nucleus; DRN = dorsal raphe nucleus; PVN = paraventricular nucleus; LH = lateral
hypothalamus; VMH = ventromedial hypothalamus.

*
One rat with a misplaced cannula in the ARC was excluded from the ARC and combined nuclei analyses because the cannula extended into the

third ventricle and, as expected, reduced 24-h food intake.
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