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Abstract

Available data suggest that estradiol exerts an inhibitory effect on food intake by modulating the
actions of multiple gut- and brain-derived peptides implicated in the control of food intake. For
example, recent studies have shown that estradiol decreases the orexigenic effects of ghrelin and
melanin-concentrating hormone. In the present study, we examined estradiol’s ability to decrease
the actions of two additional orexigenic peptides, neuropeptide Y (NPY) and agouti-related protein
(AgRP). Food intake was monitored following lateral ventricular infusions of 5 pg NPY, 10 ug
AgRP, or saline vehicle in ovariectomized rats treated with either 1 g estradiol or sesame oil vehicle.
NPY increased food intake for 2 h in both oil-and estradiol-treated ovariectomized rats. During this
interval, the orexigenic effect of NPY was significantly greater in oil-treated rats, relative to estradiol-
treated rats. In contrast to the short-term action of NPY, a single injection of AgRP increased food
intake for 3 days in oil- and estradiol-treated rats. Meal pattern analysis revealed that the orexigenic
effect of AgRP is mediated by an increase in meal size, not meal number. Unlike that observed
following NPY treatment, estradiol failed to modulate the magnitude by which AgRP increased food
intake and meal size. We conclude that a physiological regimen of estradiol treatment decreases the
orexigenic effect of NPY, but not AgRP, in ovariectomized rats.
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Introduction

It is well established that neuropeptide Y (NPY) plays an important role in the physiological
control of food intake. The best evidence in support of this claim involves reports that acute,
pharmacological antagonism of NPY Y1 and Y5 receptors inhibits basal and NPY-induced
food intake in male rats [12,21]. Other studies have also revealed that hypothalamic infusion
of NPY stimulates a robust feeding response [8,23,36] and NPY gene expression is increased
by periods of fasting [34]. Finally, NPY deficiency in obesity-prone mice attenuates the
hyperphagia induced by fasting or exposure to a highly palatable diet [28]. Within the arcuate
nucleus of the hypothalamus, many, but not all, NPY neurons are co-localized with another
orexigenic peptide, agouti-related protein (AgRP) [18,20]. AgRP, acting at hypothalamic
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MC3/4 receptors, is an endogenous antagonist of the melanocortin system [26,32]. As such,
acute ventricular administration of AgRP promotes hyperphagia that can persist for up to one
week in male rats [19]. Consistent with AgRP’s role in stimulating food intake, mice deficient
in AgRP are lean [40] and display decreased daily food intake, relative to wild-type litter mates
[17].

The ovarian hormone estradiol exerts an inhibitory effect on food intake that is expressed in a
variety of species. In rats, ovariectomy promotes hyperphagia and weight gain [39], both of
which can be prevented by a physiological regimen of estradiol treatment alone [2]. In cycling
rats, the pre-ovulatory increase in estradiol secretion decreases food intake throughout
behavioral estrus [15]. This action of estradiol appears to be mediated by its ability to interact
with multiple orexigenic and anorexigenic neuropeptides implicated in the control of meal size
[13]. It is possible that NPY and AgRP may be added to this growing list based on previous
studies in which estradiol was shown to decrease NPY/AgRP signaling. For example, estradiol
decreases expression of immunoreactive NPY in the arcuate nucleus [11], and release of NPY
in the paraventricular nucleus of the hypothalamus of ovariectomized rats [6]. In addition, the
decline in estradiol secretion following ovariectomy is associated with increased hypothalamic
NPY and AgRP mRNA expression [10,35]. Taken together, these studies raise the possibility
that the anorexigenic effect of estradiol may involve decreased NPY and/or AgRP signaling.
Totest this hypothesis we examined whether estradiol treatment decreases NPY - and/or AgRP-
induced feeding in ovariectomized rats.

Animals and housing

Eleven female Long-Evans rats (Charles River Breeding Laboratory, Raleigh, NC), weighing
200-225 g at study onset, were housed individually in custom-designed cages. The cages were
equipped with feeding niches that provided access to powdered chow (Purina 5001) in spill-
resistant food cups mounted on weight-sensitive load beams. Infrared beams, located on either
side of the feeding niches and centered above the feeding cups, were also used to detect bouts
of feeding behavior. Any food spillage was collected on a platform surrounding the food cup.
Water bottles were located ~ 20 cm from the feeding niches. Rats were given free access to
chow and water, except as otherwise noted. Throughout the study, the testing room was
maintained at 20 + 2°C with a 12:12 h light-dark cycle (dark onset = 1700 h). Animal usage
and all procedures were approved by the Florida State University Institutional Animal Care
and Use Committee.

Behavioral measures

Surgery

Outputs from the load beams and photo beams were fed via an interface into a computer located
in an adjacent room. Custom-designed software (ESP 500; R. Henderson; Florida State
University) recorded the weights of load beams (+ 0.001 g) and the activity of photo beams at
30 s intervals. Additional software (Meal Weight Analysis; R. Henderson, Tallahassee FL)
was used to assess food intake at particular intervals and to convert individual feeding bouts
into discrete meals. A meal was defined as any feeding bout of at least 0.35 g that was separated
from other feeding bouts by at least 15 min. In previous studies, these criteria accounted for
97-99 % of daily food intake (e.g., [15]).

Rats were anesthetized with intraperitoneal injections of a mixture of ketamine (50 mg/ml;
Ketaset, Fort Dodge Animal Health, Fort Dodge, 1A) and xylazine (4.5 mg/ml; Rompun,
Mobay, Shawnee, KS) and then bilaterally ovariectomized using an intra-abdominal approach.
Immediately following ovariectomized, rats were implanted with stainless-steel guide cannulas
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(26 gauge, Plastics One, Roanoke, VA) aimed at the right lateral ventricle. Stereotaxic
coordinates (AP: —0.6 mm relative to bregma; ML: —1.7 mm from the midline; DV: —3.5 mm
from the surface of the skull) were based on the atlas of Paxinos and Watson [29]. Following
surgery, each rat received an intraperitoneal injection of butorphanol (0.5 mg/kg; Fort Dodge
Animal Health, Fort Dodge, IA) and a subcutaneous injection of gentamicin (10 mg/ml; Pro
Labs Ltd, St. Joseph, MO) to minimize post-surgical pain and the risk of infection, respectively.

Following 7 days of postoperative recovery, a behavioral assay was used to verify each rat’s
cannula placement. Light-phase water intake was monitored in individual rats following
ventricular infusion of 50 ng of angiotensin Il (Sigma-Aldrich, St. Louis, MO) delivered in 5
ul 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. Nine of the eleven rats passed this criterion (mean
consumption =10.1 + 1.9 ml).

General procedure

Prior to data collection, rats were given 1 week to adapt to the custom cages. Following
adaptation, the computerized system monitoring food intake was stopped for 1 h (from 0900
—1000 h) during the light phase. At this time, the rats’ body weights were recorded, food cups
and water bottles were refilled, and behavioral data were downloaded from the computer. For
12 consecutive weeks, ovariectomized rats received acute, subcutaneous injections of either 1
Hg B-estradiol-3-benzoate (estradiol, Sigma, Boston, MA) delivered in 0.1 ml sesame oil
vehicle or oil vehicle alone each Wednesday between 0930 and 0945 h. Hormone treatment
was reversed weekly such that all rats received alternating estradiol/oil treatment throughout
the duration of the study. This acute regimen of estradiol replacement was used because it
mimics, from Monday to Thursday, the changes in estradiol secretion observed across the 4-
day estrous cycle in ovarian-intact rats [2]. That is, plasma estradiol is low on Monday and
Tuesday, peaks on Wednesday, and then falls rapidly to basal levels on Thursday, the day of
this hormone treatment protocol that models behavioral estrus [4].

Effect of estradiol treatment on NPY-induced feeding

Feeding tests were conducted in oil- and estradiol-treated rats on 4 consecutive Thursdays
following ventricular infusions of either 0 or 5 pg NPY (Peninsula Labs, San Carlos, CA),
dissolved in 2.5 pl saline vehicle. The dose of NPY was chosen because it produces a reliable
increase in light-phase food intake in rats [8,37]. Prior to feeding tests, food and water were
removed from the cages in order to prevent rats from consuming a meal during the 30 min
interval preceding NPY/saline infusions. Our concern was that any food intake during this time
could influence the feeding test. At 1130 h, rats received ventricular infusions of either saline
or 5 ug NPY, delivered over a period of 1 min. At 1200 h, food and water were returned to the
rats’ cages and the computerized system was used to monitor feeding behavior for 24 h
following drug treatment.

Effect of estradiol on AgRP-induced feeding

Feeding tests were conducted in oil- and estradiol-treated rats over an 8 week period, with
feeding tests occurring every other week on Thursday following ventricular infusions of either
0 or 10 pg AgRP (Phoenix Pharmaceuticals, Belmont, CA) dissolved in 5 pl saline vehicle.
The feeding tests were conducted bi-weekly based on a report that AgRP can increase food
intake for up to 7 days in male rats [19]. The dose of AgRP was chosen because it produces a
reliable increase in 24-h food intake in male rats [9,37]. Every other Thursday at 1130 h, rats
received ventricular infusions of either saline or 10 pg AgRP, delivered over a 1-min period.
The computerized system was used to monitor feeding behavior for 7 days following drug
treatment.

Behav Brain Res. Author manuscript; available in PMC 2009 August 22.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Santollo and Eckel

Page 4

Data analyses

Results

Data are presented as means + SEM throughout. Two-factor, repeated measures ANOVAs
(drug treatment x hormone treatment) were used to assess the orexigenic effect of NPY at 2,
4, 6, and 24 h following drug treatment. These analyses revealed that the orexigenic effect of
NPY was limited to 2 h in oil- and estradiol-treated rats. Examination of meal pattern data
during the first 2 h following drug treatment revealed that most rats consumed a single meal
during this interval. Because the amount of total food consumed was virtually identical to the
average meal size during this 2 h interval, we did not conduct a separate analysis of the effects
of NPY on meal patterns.

A two-factor, repeated-measures ANOVA (hormone treatment x day) was used to assess the
long-term effects of AgRP on daily food intake in oil- and estradiol-treated rats for 8 days (i.e.,
following saline treatment and the first 7 days following AgRP treatment). This analysis
revealed that AgRP induced a similar increase in food intake in oil- and estradiol-treated rats
that persisted for 3 days. Additional 2-factor, repeated-measures ANOVAs (drug treatment x
hormone treatment) were used to assess the impact of estradiol treatment on AgRP’s ability to
modulate food intake, average meal size and meal number on the first day following drug
treatment. Meal pattern analysis was limited to 8 rats due to equipment problems that led to a
loss of meal pattern data for 1 rat. Newman Keuls post-hoc tests were used to investigate
differences between groups following significant ANOVA effects (P < 0.05).

Effect of NPY on food intake in oil- and estradiol-treated rats

The orexigenic effect of NPY was limited to the first 2 h following drug treatment (i.e., during
the mid-light phase from 1200 — 1400 h). The effect of NPY on food intake during this 2-h
interval was differentially influenced by hormone treatment F(1,8) = 16.93, P < 0.01 (Fig. 1).
While NPY increased 2-h food intake in both oil- and estradiol-treated rats (Ps < 0.05) at a
time of day when food intake was minimal in both groups, the magnitude of NPY’s orexigenic
effect was greater in oil-treated rats, relative to estradiol-treated rats, P < 0.05.

Effects of AQRP on food intake and meal patterns in oil- and estradiol-treated rats

Analysis of daily food intake following saline infusion and during the 7-days following AgRP
infusion revealed a long-term, orexigenic effect of AgRP, F(7,56) = 5.65, P < 0.01. Post-hoc
analyses revealed that AgRP increased food intake for 3 days in oil- and estradiol-treated rats,
P < 0.05 (data not shown). Our analysis failed to reveal either a main effect of hormone
treatment, F(7,56) = 0.9, P > 0.05, or an interactive effect of drug and hormone treatment, F
(7,56) = 1.66, P > 0.05. Thus, the long-term, orexigenic effect of AgRP did not differ in oil-
and estradiol-treated rats.

A robust, orexigenic effect of AgRP was detected during the first day following infusion, F
(1,8) =17.92, P < 0.01 (Fig. 2). While AgRP increased food intake in both oil- and estradiol-
treated rats, P < 0.05, the magnitude of this effect did not differ between groups. Our analysis
also revealed a main effect of hormone treatment, F(1,8) = 5.63, P < 0.05. Collapsing data
across the drug treatment factor revealed that estradiol-treated rats consumed less food than
oil-treated rats, (23.9 £ 1.1 g vs. 25.9 + 0.8 g, respectively, P < 0.05). An interactive effect of
drug and hormone treatment was not detected, F(1,8) = 1.01, P > 0.05.

Meal pattern analysis revealed that AgRP influenced average meal size during the first day
following drug treatment, F(1,7) = 9.43, P < 0.05 (Fig. 3A). AgRP increased average meal
size, relative to that observed following saline treatment, in oil- and estradiol-treated rats, Ps
< 0.05. Our analysis also revealed a main effect of hormone treatment, F(1,7) = 8.05, P < 0.05.
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Collapsing data across the drug treatment factor revealed that estradiol-treated rats consumed
smaller meals than oil-treated rats, (2.4 £ 0.2 vs. 2.9 £ 0.1 g, respectively, P < 0.05). An
interactive effect of drug and hormone treatment was not detected, F(1,7) = 0.03, P > 0.05,
indicating that AgRP produced similar increases in meal size in oil- and estradiol-treated rats.
Meal number analysis revealed neither main effects of hormone or drug treatment nor an
interactive effect of hormone and drug treatment, F(1,7) = 0.04 — 1.70, Ps > 0.05 (Fig. 3B).

Discussion

Here, we tested the hypothesis that decreased sensitivity to the orexigenic effects of NPY and/
or AgRP contributes to the anorexigenic effect of estradiol. As a first step in investigating this
hypothesis, we examined whether a physiological dose of estradiol decreases the orexigenic
effect of NPY and/or AgRP in the ovariectomized rat. While estradiol decreased the magnitude
of NPY-induced feeding, it failed to modulate AgRP-induced feeding. This suggests that a
decrease in NPY, but not AgRP, signaling contributes to the anorexigenic effect of estradiol.

Consistent with previous studies [8,23,36,37], NPY elicited a short-term increase in food intake
in oil- and estradiol-treated ovariectomized rats. Our findings extend these studies by providing
the first demonstration that an acute, physiological dose of estradiol attenuates the magnitude
of NPY-induced feeding in ovariectomized rats. Previous studies involving hypothalamic, site-
specific infusions of NPY, which stimulated food intake for a longer duration than that observed
here following ventricular infusions of NPY, suggest that NPY increases food intake by a
selective increase in meal size, not meal number [22,24]. In the present study, most rats
consumed a single meal during the 2-h interval over which NPY increased food intake. As
such, the 2-h feeding data presented in Fig. 1, which approximate meal size, suggest that
estradiol inhibited the orexigenic effect of NPY by decreasing its ability to increase the size of
meals. This is entirely consistent with previous reports that estradiol influences food intake by
selectively modulating other neuropeptides involved in the direct control of meal size [5,13,
15].

The regimen of estradiol treatment used in the present study was chosen because it mimics the
fluctuation in endogenous estradiol secretion across the estrous cycle [2]. As such, our data
suggest that the phasic inhibition of food intake during estrus involves decreased NPY
signaling. In addition to this phasic (estrous-related) effect, estradiol exerts a tonic inhibition
of food intake that is best revealed by the chronic hyperphagia observed in ovariectomized
rats. Although not examined here, decreased NPY signaling may also contribute to the tonic
inhibition of food intake by estradiol since a sustained increase in hypothalamic NPY gene
expression is observed in hyperphagic, ovariectomized rats [1,10].

Since estrogen receptors can function as ligand-inducible transcription factors capable of
modulating target gene expression, and tritiated estradiol has been localized on NPY neurons
in the arcuate nucleus [33], there are multiple ways by which estradiol may decrease NPY
signaling. First, estradiol decreases the expression of NPY in the arcuate nucleus of
ovariectomized rats [3,11,35]. Second, estradiol decreases NPY release in the paraventricular
nucleus of ovariectomized rats [6]. Third, estradiol influences the number and binding affinity
of NPY receptors implicated in regulating the release of gonadotropin releasing hormone and
luteinizing hormone [27,41]. It should be noted that all of these studies demonstrating
estradiol’s ability to decrease NPY signaling involved chronic, pharmacological estradiol
replacement paradigms in ovariectomized rats. Thus, it will be important to determine whether
changes in endogenous estradiol are capable of altering NPY signaling in cycling, female rats.

In the present study, acute administration of AgRP increased food intake in oil- and estradiol-
treated rats. Consistent with previous studies [19,30,37], this action of AgRP persisted for
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several days. An examination of spontaneous feeding patterns further revealed that the
orexigenic effect of AgRP was mediated by an increase in meal size, not meal number. The
current findings, together with a similar report in male rats [37], suggest that AgRP stimulates
food intake by selectively affecting the controls of meal size. However, unlike that observed
following NPY infusion, the orexigenic effect of AGRP was similar in oil- and estradiol-treated
rats. Previously, Geary et al [30] reported that a similar regimen of estradiol replacement failed
to modulate the orexigenic effect of AgRP in ovariectomized rats. Our findings extend this
report by examining meal patterns to determine whether estradiol may selectively suppress
AgRP’s ability to increase meal size, an effect that may not be revealed when examining daily
food intake since it could be masked by a compensatory increase in meal number. We saw no
evidence; however, that estradiol attenuates the increase in meal size following AgRP
treatment. Itis interesting that in our study and in the study by Geary et al [30], AgRP increased
food intake for 3-4 days in female rats whereas in male rats, the orexigenic response following
a smaller dose of AgRP than that used in these two studies persisted for 7 days [19]. This
suggests that females may be less sensitive to the long-term, orexigenic effect of AgRP. Since
there are data to suggest that the long-term orexigenic effect of AgRP is mediated by a
mechanism other than competitive antagonism of MC3/4 receptors [19], it is possible that the
higher circulating levels of estradiol in the female rat may influence this other mechanism. It
will be interesting to examine potential sex differences in the long-term effects of AgRP,
particularly since estradiol decreased AgRP gene expression in a hypothalamic cell line [38],
and ovariectomy is associated with increased hypothalamic AgRP mRNA expression [10].
Taken together, these data suggest that estradiol does not modulate the initial response of AGRP
to antagonize the melanocortin system. Rather, estradiol may mediate differences in long-term
sensitivity to AgRP.

In summary, the current study provides the first evidence that a physiological regimen of
estradiol treatment decreases the orexigenic effect of NPY in ovariectomized rats. This adds
to the growing evidence that estradiol’s anorexigenic effect is mediated by its ability to
modulate the strength of multiple anorexigenic and orexigenic compounds [7,10,14,16,25,
31]. It is interesting that estradiol failed to decrease the magnitude of AgRP-induced feeding
since NPY and AgRP neurons are co-localized in the arcuate nucleus. Because these peptides
exert their effects via independent receptors, this could suggest that estradiol acts
postsynaptically, at NPY Y1 and/or Y5 receptors, to selectively decrease the orexigenic effect
of NPY. Alternatively, because there are populations of NPY neurons in the arcuate nucleus
and the nucleus of the solitary tract that do not express AgRP [18], one cannot rule out the
possibility that estradiol acts presynaptically to decrease the orexigenic effect of NPY.
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Fig. 1.

The orexigenic effect of NPY is decreased by estradiol treatment in OV X rats. Qil- and
estradiol-treated rats received intracerebroventricular infusions of 5 pug NPY or saline vehicle
during the mid-light phase. Analysis of food intake during the following 24 h interval revealed
that the orexigenic effect of NPY was limited to the first 2 h following drug treatment. During
this interval, the orexigenic effect of NPY was greater in oil-treated rats, relative to estradiol-
treated rats. *Greater than saline-treated rats, P < 0.05. *Oil/NPY group greater than estradiol/
NPY group, P < 0.05.
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Fig. 2.

The orexigenic effect of AgRP is not influenced by estradiol treatment in OV X rats. Oil-and
estradiol-treated rats received intracerebroventricular infusions of 10 pg AgRP or saline
vehicle during the mid-light phase. During the first day following drug treatment, AGRP
produced a similar increase in food intake in oil- and estradiol-treated rats. A main effect of
hormone treatment also revealed that food intake was reduced in estradiol-treated rats, relative
to oil-treated rats. *Greater than saline-treated rats, P < 0.01. *Estradiol-treated rats less than
oil-treated rats, P < 0.05.
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Fig. 3.

The orexigenic effect of AgRP is mediated by an increase in meal size, not meal number, in
oil- and estradiol-treated OV X rats. (A) During the first day following drug treatment, AgRP
induced a similar increase in average meal size in oil- and estradiol-treated rats. A main effect
of hormone treatment also revealed that average meal size was reduced in estradiol-treated
rats, relative to oil-treated rats. (B) AgRP failed to alter meal number in either oil- or estradiol-
treated rats. *Greater than saline-treated rats, P < 0.05. *Estradiol-treated rats less than oil-
treated rats, P < 0.05.
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