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ABSTRACT

It is well established that the ovarian hormone estradiol increases the strength of multiple 

anorexigenic signals and, thereby, decreases food intake in the female rat.  Recently, two studies 

provided the first evidence that estradiol also interacts with orexigenic compounds (17; 43).  To 

further investigate this particular action of estradiol, this thesis examined whether estradiol 

decreases the orexigenic effects of melanin concentrating hormone (MCH), neuropeptide Y 

(NPY), and agouti-related protein (AgRP), three hypothalamic neuropeptides implicated in the 

initiation and maintenance of meals. Experiment 1 revealed three major findings: 1) estradiol 

treatment produces a right-ward shift in the dose response curve of the orexigenic effect of MCH 

in ovariectomized (OVX) rats, 2) the orexigenic effect of MCH is decreased in female rats, 

relative to male rats, an effect that is likely mediated by the higher circulating levels of estradiol 

in female rats, relative to male rats, and 3) the orexigenic effect of MCH is decreased by the peri-

ovulatory increase in estradiol secretion in ovarian-intact, cycling rats.  Experiment 2 revealed 

that estradiol treatment decreased the orexigenic effect of NPY in OVX rats.  In contrast, the 

same regimen of estradiol treatment failed to influence the orexigenic effect of AgRP. Taken 

together, these findings suggest that estradiol decreases food intake, at least in part, by 

decreasing the orexigenic effects of MCH and NPY.  Two models are proposed that provide 

putative mechanisms by which estradiol could decrease MCH and/or NPY signaling.  
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GENERAL INTRODUCTION 

Estradiol decreases food intake.  The ovarian hormone estradiol inhibits food intake in a 

variety of species.  For example, the peri-ovulatory increase in estradiol secretion in female rats 

is associated with a phasic decrease in food intake during estrus (22; 24; 40; 62). Drewett (22) 

was the first to recognize that estradiol also exerts a tonic inhibitory effect on food intake. This 

action of estradiol is best revealed in ovariectomized (OVX) rats, which display a sustained 

increase in daily food intake within 2-3 days following surgery. Two lines of evidence suggest 

that this ovariectomy-induced hyperphagia is mediated solely by the post-surgical decline in 

estradiol secretion.  First, ovariectomy-induced hyperphagia is abolished by estradiol treatment 

alone (4).  Second, progesterone treatment alone fails to attenuate the hyperphagia associated 

with ovariectomy, and progesterone does not modulate estradiol’s ability to restore pre-surgical 

levels of food intake in OVX rats (27). 

Mechanism underlying estradiol’s anorexigenic effect.  Food intake is determined by the 

size and number of meals consumed over a given period of time (75).  In rats, meal size and meal 

number appear to be controlled by independent mechanisms (76).  Behavioral analyses reveal 

that estradiol’s phasic and tonic inhibitory effects on food intake are mediated by a decrease in 

meal size, not meal number (9; 24; 41).  As an indirect control of meal size, estradiol appears to 

decrease food intake by increasing negative-feedback (anorexigenic) signals.  For example, it is 

well established that estradiol increases the strength by which cholecystokinin (CCK) functions 

to signal meal termination (3; 13; 28; 45).  More recently, our laboratory provided the first 

evidence that estradiol can also decrease positive-feedback (orexigenic) signals. We found that a 

physiological dose of estradiol decreased the orexigenic effect of melanin-concentrating 

hormone (MCH) in the OVX rat (49).  

Thesis overview.  The specific aim of this thesis was to investigate estradiol’s ability to 

decrease the strength of several orexigenic signals involved in the initiation and/or maintenance 

of food intake.  As a follow up to our earlier report of an interactive effect of estradiol and MCH 

in the control of food intake in the OVX rat (49), Experiment 1 was designed to address the 

following three questions: 1) Does estradiol produce a right-ward shift in the dose-response 

curve of the orexigenic effect of MCH in OVX rats? 2) Is the orexigenic effect of MCH sexually 

dimorphic or influenced by the estrous cycle? 3)  Does estradiol modulate other behavioral 

actions of MCH?  In addition to modulating the activity of the MCH system, available data 
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suggest that pharmacological doses of estradiol are capable of altering gene expression of two 

additional orexigenic signals: neuropeptide Y (NPY) and agouti-related protein (AgRP). As a 

result, the goal of Experiment 2 was to determine whether a physiological dose of estradiol 

decreases the orexigenic effect of either NPY or AgRP in the OVX rat. 
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STUDY 1- DOES ESTRADIOL DECREASE THE OREXIGENIC EFFECT OF 

MELANIN-CONCENTRATING HORMONE (MCH)? 
Introduction 

Melanin-concentrating hormone (MCH) is a 19-amino acid peptide that is synthesized in 

the mammalian lateral hypothalamus (LH) and zona incerta (ZI) (73).  In rodents, MCH exerts 

its varied actions through the MCH-1 receptor, a G protein-coupled receptor that is widely 

expressed throughout the central nervous system (59).  First identified for its role in regulating 

the aggregation of melanin pigment in teleost fish (82), more recent studies involving rodents 

implicate MCH in the control of food intake and the regulation of fluid and energy balance.  For 

example, acute hypothalamic or ventricular administration of MCH increases food intake (1; 18; 

21; 61), and chronic treatment with an MCH-1 receptor agonist or transgenic over-expression of 

MCH promotes hyperphagia, weight gain, and lipogenesis (46; 69).  In addition to its potent 

orexigenic effect, MCH has been reported to stimulate water intake, independent of food intake, 

in male rats (18; 51).  Finally, ventricular infusion of MCH decreases core body temperature (36; 

85), and targeted deletion of the genes encoding either pre-pro MCH or the MCH-1 receptor 

stimulates locomotor activity, metabolic energy expenditure, and thermogenesis (47; 70; 86).  

At present, only two studies have investigated whether the orexigenic effect of MCH is 

mediated by an increase in meal size, meal number, or both.  Because food intake is the product 

of meal size and meal number (76), this represents an important initial step in characterizing the 

mechanism by which MCH influences ingestive behavior in the rat.  In one study involving diet-

induced obese rats, the hypophagia induced by T-226296, a selective MCH-1 receptor 

antagonist, was mediated by a decrease in meal size, not meal number (39). This suggests that 

endogenous MCH influences feeding by selectively affecting the controls of meal size. However, 

in a more recent study, acute administration of MCH increased both the duration and the number 

of meals consumed by lean, male rats (51). While these studies are in agreement that MCH 

increases meal size/meal duration, additional studies are necessary to reconcile the discrepant 

findings regarding meal number.   

Also requiring additional research is the notion that the behavioral response to MCH may 

differ in male and female rats. While the majority of rodent studies investigating the behavioral 

effects of MCH have been conducted in male rats, a recent study involving female rats provided 

some evidence that the orexigenic and dipsogenic effects of MCH may be sexually dimorphic.  
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In this study, both the duration and magnitude of the hyperphagia induced by acute ventricular 

administration of MCH were decreased by estradiol treatment in the ovariectomized (OVX) rat 

(49). Unlike that observed in male rats (18; 51), MCH failed to stimulate water intake, 

independent of food intake, in either oil- or estradiol-treated OVX rats (49).  This suggests that 

MCH’s ability to stimulate ingestive behavior may be greater in male rats, which have much 

lower circulating levels of estradiol than female rats.  Along the same lines, one could also 

predict that MCH’s ability to stimulate ingestive behavior may be greater in female rats 

following a period of low estradiol section (i.e., during diestrus), relative to a period of high 

estradiol secretion (i.e., during estrus).  

The primary aim of this study was to investigate whether estradiol decreases the 

behavioral response to MCH. To investigate this hypothesis, food and water intake, meal 

patterns, and running wheel activity were examined in male and female rats following ventricular 

administration of multiple doses of MCH. To determine whether estradiol contributes to any sex 

differences in the behavioral response to MCH, female rats were OVX and then treated with a 

physiological regimen of estradiol or oil vehicle replacement.  In a second experiment, cycling 

rats were studied at different stages of the estrous cycle in order to examine the influence of 

endogenous estradiol on the orexigenic effect of MCH.  

Methods 

Animals and housing.  Thirty Long Evans rats (Charles River Breeding Laboratory, 

Raleigh, NC), weighing 225-250 g at study onset, were housed individually in custom-designed 

cages. In Experiment 1 (16 females and 7 males), the cages were connected to running wheels 

(Wahmann; 35 cm in diameter) and equipped with feeding niches that provided access to 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 signal the 

occurrence of feeding behavior.  Any food spillage was collected on a platform surrounding the 

food cup.  Water bottles containing drip-resistant sipper tubes were located ~ 20 cm from the 

feeding niches. Dipole magnets, attached to the barrels of the running wheels, were used to 

monitor the occurrence of wheel revolutions.  In Experiment 2, 7 female rats were housed 

individually in Plexiglas cages equipped with feeding niches that provided access to powdered 

chow.  Food intake was measured by weighing the food cups prior to and immediately after 

feeding tests. Any food spillage was subtracted from the amount consumed during the feeding 
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test.  In both experiments, rats were given free access to powdered rat chow (Purina 5001) and 

tap water, except as otherwise noted.  The testing room was maintained at 20 ± 2°C with a 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.  Male and female rats were anesthetized with intraperitoneal (i.p.) injections of a 

mixture of ketamine (50 mg/ml; Ketaset, Fort Dodge Animal Health, Fort Dodge, IA) and 

xylazine (4.5 mg/ml; Rompun, Mobay, Shawnee, KS) and then implanted with stainless-steel 

guide cannulas (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 (58).  

Immediately after cannula implantation, female rats, used in Experiment 1, were bilaterally OVX 

using an intra-abdominal approach.  Following surgery, each rat received an i.p. injection of 

butorphanol (0.5 mg/kg; Fort Dodge Animal Health, Fort Dodge, IA) and a subcutaneous (s.c.) 

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. Water intake was monitored in individual rats following an 

intracerebroventricular (i.c.v.) infusion 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.  Out of 33 animals, 3 did not meet this 

requirement.  Therefore, only 30 animals were included in the study.  

Behavioral measures.  For Experiment 1, outputs from the magnets, 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 occurrence of 

each wheel revolution (± 0.5 rev) as well as the weight of each load beam (± 0.001 g) and the 

activity of each photo beam at 30 s intervals. Additional software (Meal Weight Analysis; R. 

Henderson, Tallahassee FL) was used to assess food intake and wheel running at particular 

intervals and to convert individual bouts of ingestive behavior 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., 

(24). Water intake was monitored by weighing water bottles (± 0.1 g) at specific intervals.  For 
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Experiment 2, food intake was monitored for 1 h following drug treatment and then again at 21 h 

following drug treatment. 

Experiment 1: Does exogenous estradiol influence the behavioral response to MCH? 

Following surgery, rats were given 1 week to recover in shoebox cages before being transferred 

into the running wheel cages.  Rats were then allowed at least 1 week to adapt to the cages.  Data 

collection did not commence until stable levels of food intake were reached.  Each day, the 

computerized system monitoring food intake and running wheel activity was stopped at 0930 h. 

At this time, the rats’ body weights were recorded, food cups and water bottles were refilled, and 

behavioral data were downloaded from the computer. At 1030 h, the computer system was then 

restarted. At study onset, rats received either cyclic estradiol or vehicle treatment over 3 

consecutive weeks.  Each week, OVX rats (n = 8) received s.c. injections of 4.0 µg estradiol 

benzoate (EB, Sigma, Boston, MA), delivered in 0.1 ml sesame oil vehicle, on Monday and 

Tuesday at 1000 h. The remaining OVX rats (n = 8) and male rats (n = 7) received the same 

schedule of s.c. injections of sesame oil vehicle.  This procedure was used because it mimics the 

changes in estradiol secretion observed across the 4-day estrous cycle in ovarian-intact rats and it 

decreases food intake and increases locomotor activity on Thursday, the day that models estrus 

(4; 24).  Each week on Thursday, food and water were removed from the rats’ cages 1 h prior to 

dark onset.  Using a within-subjects, counterbalanced design, rats received weekly i.c.v. 

infusions of either 0, 1 or 5 µg MCH (Bachem Biosceince Inc., King of Prussia, PA) dissolved in 

2.5 µl saline over a period of 1 min. These infusions were administered 30 min prior to dark 

onset.  At dark onset (1300 h), food and water were returned to the rats’ cages and food intake, 

water intake, and wheel running were assessed at the first two 2-h intervals after dark onset (i.e., 

from 1300 – 1500 h and 1500 – 1700 h) and during the subsequent 16.5 h period (from 1700 – 

0930 h).   

Experiment 2: Does endogenous estradiol decrease the orexigenic effect of MCH? 

Following i.c.v. surgery, rats were given 1 week to recover in shoebox cages before being 

transferred into the custom-designed feeding cages.  Rats were then allowed at least 1 week to 

adapt to the cages.  Each day at 0930 h, the rats’ body weights were recorded, food cups and 

water bottles were refilled and vaginal cytology samples were collected.  Stage of the estrous 

cycle (diestrus 1, diestrus 2, proestrus, or estrus) was determined by daily examination of the 

appearance and abundance of cells within the vaginal cytology samples.  Diestrus 1 was 
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characterized by leukocytes and clusters of cornified cells, diestrus 2 was characterized by 

leukocytes and nucleated epithelial cells, proestrus was characterized primarily by nucleated 

epithelial cells, and estrus was characterized by an abundance of cornified cells.  Cell phase 

labels were assigned to the 24 h period ending at the time of sampling.  Using this strategy, 

proestrus included the light-phase peak in estradiol and luteinizing hormone secretion, and estrus 

included the subsequent dark phase when female rats ovulate and display proceptive behaviors.  

Data collection did not commence until stable levels of food intake were reached and all rats had 

displayed a minimum of 2 consecutive 4-day estrous cycles. Rats were tested during diestrus 2, a 

time following low estradiol levels, and during estrus, a time following high estradiol levels.  On 

these test days, food and water were removed from the rats’ cages 1 h prior to dark onset.  Using 

a within-subjects, counterbalanced design, rats received i.c.v. infusions of either 0 or 5 µg MCH 

dissolved in 2.5 µl saline over a period of 1 min. These infusions were administered 30 min prior 

to dark onset.  At dark onset (1300 h), food and water were returned to the rats’ cages and food 

intake was assessed during the first h after dark onset (i.e., from 1300 – 1400h). 

Data analyses.  Data are presented as means ± SE throughout.  To determine the time 

course over which MCH influenced ingestive behavior in male and female rats (Experiment 1), 

the effects of MCH on non-cumulative food and water intake throughout the first two 2-h 

intervals of the dark phase were analyzed using two-factor, mixed-design ANOVAs, with group 

(OVX-oil, OVX-EB, or Male-oil) as the between-subjects variable and drug dose (0, 1, and 5 µg 

MCH) as the within-subjects variable. These intervals were based on a review of the current 

literature suggesting that an acute infusion of MCH can increase food intake for up to 4 h in male 

rats (59). These initial analyses revealed that the durations of MCH’s orexigenic and dipsogenic 

effects were sexually dimorphic.  In male rats, MCH increased both food and water intake 

throughout the first 4 h of the dark phase.  In female rats, the orexigenic effect of MCH was 

limited to the first 2 h of the dark phase and a dipsogenic effect of MCH was not observed.  

Thus, in order to further characterize group differences in the orexigenic and dipsogenic effects 

of MCH, the maximum increase in food and water intake following MCH treatment, relative to 

that consumed following saline vehicle treatment, was determined for individual rats. This and 

subsequent analyses were limited to the highest dose of MCH because the lower dose of MCH 

failed to influence either food intake in EB-treated OVX rats and failed to influence water intake 

in oil- and EB-treated rats.  The resulting data were analyzed for group differences (OVX-oil, 
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OVX-EB, or Male-oil) using one-way ANOVAs.  To determine whether MCH stimulated water 

intake, independent of food intake, the ratio of water intake to food intake was calculated in 

vehicle and MCH-treated rats during the intervals (either 2 h or 4 h) corresponding to the 

maximal orexigenic and dipsogenic effects of MCH.  Meal patterns were assessed by calculating 

the first dark-phase meal size, as well as the number and average meal size throughout the 

duration of MCH’s orexigenic effect. Finally, running wheel activity during the first 2-h interval 

of the dark phase was determined.  The effects of MCH on the ratio of water intake to food 

intake, meal patterns, and running wheel activity were analyzed using mixed-design ANOVAs 

with group (OVX-oil, OVX-EB, or Male- oil) as the between-subjects variable and drug (0 and 5 

µg MCH) as the within-subjects variable.   In Experiment 2, the effect of MCH on food intake in 

cycling rats was analyzed using a 2 factor repeated-measure ANOVA (cycle stage: D2 and E and 

drug treatment: 0 and 5 µg MCH). Newman Keuls post-hoc tests were used to investigate 

differences between groups following significant ANOVA effects (p < 0.05).   

Results 

 Experiment 1.  During the first 2 h of the dark phase, MCH influenced both food and 

water intake, F(2,40) = 21.37 and 9.62, respectively, Ps < 0.05 (Fig. 1A,B). At this time, both 

doses of MCH increased food intake in oil-treated OVX and male rats, Ps < 0.05 (Fig. 1A). In 

contrast, only the largest dose of MCH increased food intake in EB-treated OVX rats, P < 0.05. 

During this same 2-h interval, both doses of MCH increased water intake in male rats, Ps < 0.05 

(Fig. 1B). Although there was a tendency for the higher dose of MCH to increase water intake in 

oil- and EB-treated OVX rats, this failed to reach statistical significance.  Since our initial non- 

cumulative analysis of food intake revealed that females only responded to the drug treatment for 

2 h, whereas males responded for 4 h, subsequent analysis of cumulative, 4-h food intake was 

limited to male rats.  During the 4 h following drug treatment, an effect of drug dose was 

detected for both food and water intakes in the male rats, F(2,6) = 7.45 and 10.69, respectively, 

Ps < 0.01 (Fig. 2).  Both doses of MCH increased food and water intake in male rats, Ps < 0.01. 

 Analysis of non-cumulative food and water intake revealed that the duration of MCH’s 

orexigenic and dipsogenic effects was longer in male rats, relative to female rats. Thus, to 

examine group differences in the magnitude of MCH’s orexigenic and dipsogenic effect, the 

maximum change in food and water intake following 5 µg MCH, relative to that consumed 

following saline vehicle, was determined for individual rats. The magnitude of the change in 
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food and water intake following MCH treatment was influenced by group, F(2,20) = 4.72 and 

3.96, respectively, Ps < 0.05 (Fig. 3).  While EB-treated OVX rats displayed a smaller increase 

in food intake, relative to oil-treated OVX and male rats, Ps < 0.05, (Fig. 3A), both oil- and EB-

treated rats displayed a smaller increase in water intake, relative to male rats, Ps < 0.05, (Fig. 

3B).  

 Because rats are prandial drinkers, the ratio of dark-phase water intake to food intake was 

calculated in order to determine whether the larger dose of MCH stimulated water intake, 

independent of food intake.  Analyses revealed that that the ratio of water intake to food intake 

was not influenced by either a main or interactive effect of group treatment (Fig. 4). With a 

calculated effect size of 2.90, our design yielded a power level of 0.78, suggesting that our lack 

of a group difference is not secondary to insufficient statistical power. 

 Meal pattern analyses revealed that the size of the first dark meal was influenced by main 

effects of drug treatment and group, F(2,20) = 26.54 and 7.19, respectively Ps < 0.001 (Fig. 5). 

Regardless of group, MCH increased the size of the first dark meal, P < 0.05.  Regardless of drug 

treatment, the size of the first dark meal was smaller in EB-treated OVX rats, relative to oil-

treated OVX and male rats, Ps < 0.05.  Additional meal pattern analyses revealed that the 

number of meals consumed throughout the duration of MCH’s orexigenic effect was not 

influenced by either a main or interactive effect of group treatment (Fig. 6A). With a calculated 

effect size of 0.32, our design yielded a power level of 0.83, suggesting that our lack of a group 

difference is not secondary to insufficient statistical power.  In contrast, the average meal size 

consumed throughout the duration of MCH’s orexigenic effect was influenced by drug treatment, 

F(2,20) = 15.23, P < 0.0005 (Fig. 6B).  MCH increased average meal size in oil-treated OVX 

and male rats, Ps < 0.05. A similar response was observed in EB-treated OVX rats, but this 

failed to reach statistical significance. Similar to that observed during the first dark meal, the 

average meal size throughout the duration of MCH’s orexigenic effect was influenced by a main 

effect of group, F(2,20) = 7.22, P < 0.005 (Fig. 6B).  Regardless of drug treatment, average meal 

size was lower in EB-treated OVX rats, relative to oil-treated OVX and male rats (Ps < 0.05).  

 During the first 2 h following drug treatment, running wheel activity was influenced by a 

main effect of drug treatment, F(1,20) = 6.56, P < 0.05 (Fig. 7).  At this time, the largest dose of 

MCH decreased wheel running in all groups, P < 0.05.  During the subsequent 2-h interval, 

MCH did not influence wheel running in any group. 
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Experiment 2.  MCH’s ability to stimulate dark phase food intake was influence by an 

interactive effect of cycle stage and drug treatment, F(1,6) = 6.87, P < 0.05 (Fig 8).  While MCH 

increased food intake during both stages of the estrous cycle, P < 0.05, the magnitude of MCH’s 

orexigenic effect was greater in diestrous rats, relative to estrous rats, P < 0.05.   

Discussion 

 In a recent study, we provided the first evidence that a physiological regimen of estradiol 

treatment decreases the orexigenic effect of MCH in the OVX rat (49).  Unlike that observed in 

male rats (18; 51), we failed to demonstrate a dipsogenic effect of MCH in female rats (49).  This 

suggested to us that the higher circulating levels of estradiol in female rats, relative to male rats, 

may suppress the behavioral effects of MCH. To test this hypothesis, food intake, water intake, 

meal patterns, and running wheel activity were examined in male and female rats following acute 

administration of two doses of MCH and saline vehicle.  To determine whether estradiol 

modulates any sex differences in the behavioral response to MCH, female rats were OVX and 

treated with a physiological regimen of either EB or oil vehicle replacement (Experiment 1) and 

ovarian-intact, cycling rats were tested following periods of low and high estradiol secretion, 

corresponding to diestrus 2 and estrus, respectively (Experiment 2).  In support of our 

hypothesis, the increase in dark-phase food and water intake following MCH treatment was 

greater in male rats, relative to EB-treated OVX rats. Moreover, the dose-response curve of the 

orexigenic effect of MCH was shifted to the right by our regimen of EB treatment in OVX rats, 

and the orexigenic effect of MCH was greater in diestrous rats, relative to estrous rats. In both 

sexes, the orexigenic effect of MCH was mediated by a selective increase in meal size.  Once 

again, this action of MCH was attenuated by EB treatment in the OVX rat. Finally, MCH 

induced a short-term decrease in running wheel activity that was similar in male and female rats. 

In the present study, both doses of MCH increased dark-phase food intake for 4 h in male 

rats.  No further effect of MCH was observed in male rats after this time.  This finding is 

consistent with previous studies involving male rats in which similar doses of MCH stimulated 

short-term (2-4 h) increases in food intake (18; 61; 64; 81).  In contrast, only a 2-h increase in 

food intake was observed in oil-treated OVX rats following both doses of MCH, and, in EB-

treated OVX rats, only the larger (5µg) dose of MCH increased 2-h food intake.  Thus, the 

minimally effective orexigenic dose of MCH is lower in male rats and oil-treated OVX rats, 

relative to EB-treated OVX rats.  This is interesting, since it suggests that estradiol produces a 

10



right-ward shift in the dose-response curve to MCH, such that a higher dose of MCH is 

necessary to stimulate feeding in EB-treated rats. These findings in OVX rats extend our 

previous report that estradiol attenuates the orexigenic effect of a single dose of MCH (49).  

Taken together, the present findings suggest that male and oil-treated OVX rats are more 

sensitive than EB-treated OVX rats to both the duration and the magnitude of MCH’s orexigenic 

effect.  It is interesting that the orexigenic effect of MCH, determined by the increase in food 

intake following treatment with 5 µg MCH relative to that consumed following saline vehicle, 

was similar in male and oil-treated OVX rats (Fig. 2).  This suggests that an activational, rather 

than an organizational, effect of estradiol is responsible for the reduced sensitivity to the 

orexigenic effect of MCH in female rats. 

 Although it is well known that the peri-ovulatory rise in estradiol secretion in the female 

rat is associated with a transient decrease in food intake during estrus, the mechanism underlying 

this action of estradiol is poorly understood.  Here, the orexigenic effect of MCH was decreased 

in EB-treated OVX rats, relative to oil-treated OVX rats (Experiment 1), as well as in estrous 

rats, relative to diestrous rats (Experiment 2).  Because our regimen of estradiol treatment 

mimics the changes in estradiol secretion across the estrous cycle (4), and it reinstates the 

transient decrease in food intake that is observed during estrus in cycling rats (24), our present 

findings are consistent with the notion that the inhibitory effect of estradiol on food intake may 

be mediated, at least in part, by reduced sensitivity to the orexigenic effect of MCH.  There are 

multiple mechanisms by which estradiol, acting via nuclear estrogen receptors (ERs) capable of 

altering gene transcription, could alter MCH neurotransmission in the female rat.  For instance, 

the expression of ERs within the LH and ZI (72) raises the possibility that estradiol could act 

locally in either of these brain regions to decrease the synthesis of MCH.  In support of this 

hypothesis, physiological doses of estradiol decreased pre-pro MCH mRNA expression in the ZI 

of OVX rats (53) and the LH of obese male rats (52). In addition, chronic, pharmacological 

estradiol treatment in male rats blocked the increase in lateral hypothalamic MCH mRNA 

expression induced by negative energy balance (52).  The expression of ERs within multiple 

brain regions that also express MCH-1 receptors (35; 55) raises an alternative possibility that 

estradiol may decrease MCH neurotransmission by decreasing the number and/or binding 

affinity of MCH-1 receptors.  To test this hypothesis, additional studies are required to determine 
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whether ERs and MCH-1 receptors are co-localized with the same neurons in brain regions 

implicated in the control of food intake. 

In addition to its orexigenic effect, MCH has been reported to exert a dipsogenic effect in 

two studies involving male rats (18; 51). That we failed to replicate this effect in our previous 

study involving oil- and EB-treated OVX rats (49) suggests that this action of MCH may be 

sexually dimorphic.  Thus, in the present study, we monitored water intake, in addition to food 

intake, in male and female rats. Because rats are prandial drinkers, we also compared the ratio of 

water intake to food intake following MCH and saline vehicle treatment.  Any increase in this 

ratio would provide evidence for a dipsogenic effect of MCH, independent of its orexigenic 

effect.  Although MCH stimulated an increase in food intake in male and female rats, a 

concomitant increase in water intake was only observed in male rats (Fig. 1B,D).  Our findings 

in male rats are consistent with a previous report in which acute administration of MCH 

increased dark-phase water intake, in the presence of food, in male rats (18).  While it is 

somewhat surprising that MCH increased food intake without affecting water intake in female 

rats, a similar finding has been reported following acute administration of agouti-related protein 

(AgRP) in male rats (18).  Thus, under certain conditions, orexigenic peptides (i.e., AgRP) can 

stimulate feeding in the absence of a prandial-related increase in water intake.  

Our examination of the ratio of water intake to food intake failed to support the notion 

that MCH exerts a dipsogenic effect, independent of its orexigenic effect. In both sexes, MCH 

failed to increase the ratio of dark-phase water intake to food intake. This suggests that, under 

our testing conditions, the increase in water intake following MCH treatment in male rats is a 

prandial effect.  That is, MCH stimulates food intake and, as a result, water intake is also 

increased.  While our findings are in agreement with a previous study in which two selective 

MCH1-R agonist and antagonist compounds influenced food intake without affecting water 

intake in male rats (69), they are not in agreement with two additional studies in which acute 

administration of MCH was found to stimulate water intake, independent of food intake, in male 

rats (18; 51).  Although we had argued previously that these discrepant findings might reflect a 

sex difference, based on our inability to elicit a dipsogenic effect of MCH either in the presence 

or absence of food in female rats (8), our current findings undermine this notion since we failed 

to detect a selective dipsogenic effect of MCH, independent of its orexigenic effect, in either 

male or female rats.  Rather, it seems possible that these discrepant findings are the result of 
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methodological differences across experiments.  For example, in the two studies that support a 

dipsogenic effect, MCH was administered into the third ventricle (18; 51).  However, here, and 

in the other study that failed to detect a dipsogenic effect (69), MCH was administered into the 

lateral ventricle. Thus, a dipsogenic effect of MCH may only be apparent when MCH is infused 

into the third ventricle, which lies in closer proximity to brain areas implicated in the regulation 

of fluid balance.  To test this hypothesis, additional studies involving site-specific administration 

of MCH are necessary.     

An important first step in elucidating the mechanism by which an orexigenic or 

anorexigenic compound influences food intake is to determine whether it affects the controls of 

meal size and/or meal number (76).  Such analyses in the present study revealed that MCH 

increased the size of the first dark meal in all rats.  In male and oil-treated OVX rats, MCH 

continued to increase average dark meal size throughout the interval over which MCH increased 

food intake.  That MCH increased the size of the first dark meal in EB-treated OVX rats, but 

failed to increase average dark meal size in this group, provides additional evidence that estradiol 

attenuates the duration of MCH’s orexigenic effect.  No differences in meal number were 

observed in any rats during this time. Taken together, these results demonstrate that MCH 

stimulates food intake by selectively affecting the controls of meal size.  Our findings are 

consistent with a previous study in which the anorexigenic effect of a selective MCH-1 receptor 

antagonist was mediated by a decrease in meal size, not meal number (39).  Our findings are also 

partially supported by a more recent study by Scheurink et al (51), who demonstrated that the 

orexigenic effect of MCH is mediated by an increase in both meal duration (which is highly 

correlated with meal size) and meal number.  Thus, while there is general agreement that MCH 

affects the controls of meal size, additional studies may be necessary to reconcile the discrepant 

findings regarding meal number. 

According to Smith (74), the control of meal size is determined by food stimuli acting on 

preabsorptive receptors lining the alimentary canal. While orosensory stimulation during a meal 

elicits positive feedback, which functions to sustain the meal, gastrointestinal stimulation elicits 

negative feedback, which functions to terminate a meal (74).  The size of a given meal is 

determined by the relative potencies of these peripheral feedback signals, collectively known as 

the direct controls of meal size.  According to Smith’s theory, other factors that modulate the 

potency of direct controls, like MCH-1 receptor stimulation, are termed indirect controls (74). 
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The excitatory effect of MCH on meal size, observed here and in previous studies (39; 51), must 

be the result of an increase in the positive feedback associated with the stimulation of orosensory 

receptors and/or a decrease in the negative feedback associated with the stimulation of 

gastrointestinal receptors.  Additional studies are necessary to determine how an increase in 

MCH neurotransmission affects each type of feedback.    

In previous studies, mice with targeted deletion of the genes encoding either pre-pro 

MCH or the MCH-1 receptor displayed increased home-cage locomotor activity (5; 37; 38; 47; 

68) and running wheel activity (86).  This suggests that endogenous MCH exerts an inhibitory 

effect on locomotor energy expenditure.  Our present findings, that acute administration of MCH 

decreased wheel running during the first 2 h of the dark phase in both sexes, are consistent with 

this hypothesis. It appears unlikely that this action of MCH is simply related to a generalized 

sedative effect since MCH failed to decrease the number of meals consumed by either sex during 

the same interval (Fig. 6A).  Rather, this acute, hypoactive effect of MCH appears to be 

consistent with its putative role in promoting positive energy balance.  Our findings of a 

hypoactive effect of MCH are not consistent with previous studies in which chronic ventricular 

infusions of either MCH or an MCH-1 receptor antagonist had no effect on daily home-cage 

activity (30; 39; 48; 50; 85).  It should be noted, however, that in three of these studies, MCH 

also failed to exert an orexigenic effect (30; 50; 85).  Additional studies are required to better 

understand the impact of acute versus chronic administration of MCH on food intake and 

locomotor energy expenditure.  Finally, unlike its effect on food and water intake, MCH’s ability 

to influence running wheel activity does not appear to be sexually dimorphic.  That is, the 

decrease in wheel running following acute administration of MCH was similar in male and oil- 

and EB-treated OVX rats.       

The results of the present study provide the first evidence that the orexigenic effect of 

MCH is sexually dimorphic and modulated across the estrous cycle.  That the magnitude of 

MCH-induced feeding was greater in male and oil-treated OVX rats, relative to EB-treated OVX 

rats, suggests that this sex difference is mediated by an activational effect of estradiol.  Because 

we administered a physiological regimen of estradiol replacement in OVX rats, and estrous rats 

were less sensitive than diestrous rats to the orexigenic effect of MCH, our current findings also 

suggest that the estrous-related decrease in food intake involves decreased sensitivity to the 

orexigenic action of MCH.  A secondary finding in the present study was that the orexigenic 
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effect of MCH is mediated by a selective increase in meal size.  That this effect of MCH was 

greater in male and oil-treated OVX rats, relative to EB-treated OVX rats, provides further 

support for the notion that the orexigenic effect of MCH is sexually dimorphic.  Additional 

studies are required to determine whether MCH increases the positive feedback associated with 

the flavor of food or whether MCH decreases the negative feedback associated with the release 

of gut peptides like cholecystokinin.  Finally, not all of the behavioral responses to MCH were 

sexually dimorphic.  Similar decreases in running wheel activity were observed in male and 

female rats following acute administration of MCH and MCH failed to alter the ratio of water 

intake to food intake in either sex.  We conclude that estradiol selectively decreases the 

orexigenic effect of MCH and that this, in turn, may contribute to the mechanism underlying the 

potent, anorexigenic effect of estradiol in the female rat.   
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STUDY 2- DOES ESTRADIOL DECREASE THE OREXIGENIC EFFECT OF 

EITHER NEUROPEPTIDE Y (NPY) OR AGOUTI-RELATED PROTEIN 

(AgRP)? 

Introduction 

Neuropeptide Y (NPY) is a 36-amino acid peptide implicated in multiple neuroendocrine 

and behavioral functions. NPY’s diverse actions are consistent with the observation that high 

concentrations of NPY containing neurons are found in multiple brain regions, including the 

limbic and cortical regions, amygdala, nucleus of the solitary tract, and hypothalamus (2; 33).  

Hypothalamic NPY, which is synthesized primarily in the arcuate nucleus (ARC) and released in 

the paraventricular nucleus of the hypothalamus (PVN), lateral hypothalamus (LH) and 

dorsomedial hypothalamus (DMH), is believed to play an important role in stimulating feeding 

in rodents.  For example, hypothalamic infusion of NPY stimulates a robust feeding response in 

rodents (17; 44; 77; 78), and NPY gene expression in the ARC is increased by periods of fasting 

(67).  In addition, NPY deficiency in obesity-prone mice attenuates the hyperphagia induced by 

fasting and by exposure to a highly palatable diet (57).  Within the ARC, many, but not all NPY 

neurons are co-localized with another orexigenic peptide, agouti-related protein (AgRP) (11).  

AgRP, acting at hypothalamic MC3/4 receptors, is an endogenous antagonist of the melanocortin 

system, which functions to signal positive energy balance (54; 65).  Acute, ventricular 

administration of AgRP promotes hyperphagia that can persist for up to one week in the rat (34).  

Consistent with AgRP’s role in stimulating food intake, mice deficient in AgRP display an age-

related lean phenotype (83) as well as decreased daily food intake, relative to their wild-type 

(control) litter mates (31).   

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 (22; 24; 42; 

62), both of which can be prevented by a physiological regimen of estradiol treatment alone (4).  

In cycling rats, the peri-ovulatory increase in estradiol secretion decreases food intake 

throughout the period of behavioral estrus (24).  Emerging evidence suggests that this action of 

estradiol is mediated by its ability to interact with multiple orexigenic and anorexigenic 

neuropeptides implicated in the control of meal size (3; 15; 19; 25; 26; 29; 45; 49; 63).  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 
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expression of immunoreactive NPY in the ARC (20), and release of NPY in the PVN of OVX 

rats (10). In addition, the decline in estradiol secretion following ovariectomy is associated with 

an increase in hypothalamic AgRP mRNA expression (19). Taken together, these studies raise 

the possibility that the anorexigenic effect of estradiol may involve decreased NPY and/or AgRP 

signaling.  To test this hypothesis we examined whether estradiol treatment decreases NPY- and 

AgRP-induced feeding in ovariectomized rats.   

Methods 

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, capable of monitoring spontaneous feeding patterns (as described in 

Study 1).  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. 

Surgery.  Under ketamine-xylazine anesthesia, rats were OVX and implanted with guide 

cannulas that targeted the right lateral ventricle as described in Study 1. Following 7 days of 

postoperative recovery, light-phase water intake was monitored following acute, i.c.v. infusion of 

angiotensin II, as described in Study 1.  Nine of the eleven rats passed this angiotensin drinking 

test (mean consumption = 10.1 ± 1.9 ml) and were included in the study. 

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 early 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, OVX rats received acute, s.c. 

injections of either 1 µg 17β-estradiol-3-benzoate (EB, 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 EB/oil treatment throughout 

the duration of the study. This acute regimen of EB 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 (4).  That is, plasma estradiol is low on Monday and Tuesday, peaks 
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on Wednesday, and then falls rapidly to basal levels on Thursday, the day of this hormone 

treatment protocol that models behavioral estrus (7).  

Effect of estradiol treatment on NPY-induced feeding.  Feeding tests were conducted in 

oil- and EB-treated rats on 4 consecutive Thursdays following i.c.v. infusions of either 0 or 5 µg 

NPY (Peninsula Labs, San Carlos, CA), dissolved in 2.5 µl saline vehicle. The dose of NPY was 

chosen because it produces a reliable increase in light-phase food intake in male rats (77-79).  

Each Thursday at 1100 h, rats were deprived of food and water.  Thirty min later, rats received 

i.c.v. infusions of either saline or 5 µg 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 1 day following drug treatment. 

Effect of estradiol on AgRP-induced feeding. Feeding tests were conducted in oil- and 

EB- treated rats over an 8 week period, with feeding tests occurring every other week on 

Thursday following i.c.v. infusions of either 0 or 10 µg AgRP (Phoenix Pharmaceuticals, 

Belmont, CA) dissolved in 5 µl 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 (34).  The dose 

of AgRP was chosen because it produces a reliable increase in 24-h food intake in male rats (18; 

79).  Every other Thursday at 1100 h, rats were deprived of food and water. Thirty min later, rats 

received i.c.v. infusions of either saline or 10 µg AgRP, delivered over a 1 min period.  At 1200 

h, food and water were returned to the rats’ cages and the computerized system was used to 

monitor feeding behavior for up to 7 days following drug treatment. 

Data analyses.  Data are presented as means + SEM throughout.  The effects of estradiol 

on NPY- and AgRP-induced food intake were analyzed using repeated-measures ANOVAs 

(hormone treatment x drug treatment).  On the first day following AgRP treatment, meal patterns 

were assessed by calculating the number and average meal size throughout the duration of 

AgRP’s orexigenic effect. This analysis was limited to 8 rats due to equipment problems that led 

to a loss of meal pattern data for 1 rat. Similar analyses were not conducted in NPY-treated rats 

due to the short (2-h) duration of NPY’s orexigenic effect.  Repeated-measures ANOVAs, as 

described above, were used to examine the effects of estradiol and AgRP treatment on meal 

patterns.  Newman Keuls post-hoc tests were used to investigate differences between groups 

following significant ANOVA effects (p < 0.05).   
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Results 

Effect of NPY on food intake in oil- and EB-treated rats.  Analysis of non-cumulative, 

hourly food intake revealed that 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 food intake in both oil- and EB-treated 

rats, P < 0.05, the magnitude of NPY’s orexigenic effect was greater in oil-treated rats, relative 

to EB-treated rats, P < 0.05.   

Effects of AgRP on food intake and meal patterns in oil- and EB-treated rats.  A single 

micro-injection of AgRP elicited a 4-day increase in food intake in oil- and EB-treated rats, 

F(1,8) = 9.08 – 17.92, P < 0.05 – 0.005 (data not shown).  Feeding data during the first day 

following drug treatment are illustrated in Fig. 2.  AgRP increased daily food intake, relative to 

that consumed following saline treatment, in oil- and EB-treated rats, P < 0.01.  During this 

period, food intake was also influenced by a main effect of hormone treatment, F(1,8) = 5.63, P 

< 0.05 (Fig. 2).  Collapsing across drug treatment, EB-treated rats consumed less food than oil-

treated rats (23.9 ± 1.1 vs. 25.9 ± 0.8 g, respectively, P < 0.05).  An interactive effect of drug and 

hormone treatment was not detected on either the first or any day following drug treatment, 

indicating that the magnitude of the orexigenic effect of AgRP was similar in oil- and EB-treated 

rats. With a calculated effect size of 1.3, our design yielded a power level of 0.99, suggesting that 

our lack of a group difference between oil- and EB-treated rats is not secondary to insufficient 

power. 

Average meal size during the first day following drug treatment was influenced by 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 EB treated rats, Ps < 0.05.  Food intake was also 

influenced by a main effect of hormone treatment, F(1,7) = 8.05,  P < 0.05. Collapsing across 

drug treatment, average meal size was smaller in EB-treated rats, relative to oil-treated rats (2.9 ± 

0.1 vs. 2.4 ± 0.2 g, respectively, P < 0.05).  An interactive effect of drug and hormone treatment 

was not detected, indicating that AgRP produced similar increases in average meal size in oil- 

and EB-treated rats. The orexigenic effect of AgRP was due entirely to an increase in meal size; 

the number of meals consumed during the first day following drug treatment was not influenced 

by either a main or interactive effect of drug treatment (Fig. 3B).  With a calculated effect size of 
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0.50, our design yielded a power level of 0.87, suggesting that our lack of a group difference in 

saline and AgRP-treated rats is not secondary to insufficient power.   

Discussion 

 Available data suggest that estradiol is capable of decreasing both NPY and AgRP gene 

expression (20; 43; 71; 80).  Since NPY and AgRP stimulate food intake, a decrease in the 

signaling of one or both of these neuropeptides could contribute to the anorexigenic effect of 

estradiol.  As a first step in investigating this hypothesis, we examined whether estradiol 

decreases the orexigenic effect of NPY and/or AgRP.  OVX rats were pre-treated with a 

physiological regimen of estradiol or oil vehicle and then food intake was monitored following 

i.c.v. infusions of NPY, AgRP, or saline vehicle.  In partial support of our hypothesis, estradiol 

decreased the magnitude of NPY-induced feeding, but failed to modulate AgRP-induced feeding. 

These findings suggest that a selective decrease in NPY signaling contributes to the anorexigenic 

effect of estradiol. 

 In the present study, NPY elicited a short-term (2-h) increase in food intake in oil- and 

estradiol-treated OVX rats. This increase is comparable to the orexigenic effect of NPY reported 

previously in male and female rats that received similar doses of NPY (17; 79). Our novel 

finding is that a physiologically relevant dose of estradiol decreased the magnitude of NPY-

induced feeding.  Since our regimen of EB treatment mimics the fluctuation in endogenous 

estradiol secretion across the estrous cycle (4), our data suggest that the inhibition of food intake 

during estrus may be mediated, in part, by decreased NPY signaling. 

 Additional studies are necessary to elucidate the mechanism by which estradiol exerts an 

inhibitory effect on NPY and, thereby, suppresses food intake in the female rat.  Since estrogen 

receptors (ERs) can function as ligand-inducible transcription factors capable of modulating 

target gene expression, and tritiated estradiol has been localized on NPY-immunopositive 

neurons in the ARC (66), there are multiple ways by which estradiol could decrease NPY 

signaling.  One possibility is that estradiol could decrease NPY synthesis. This is supported by 

previous studies in which chronic, pharmacological doses of estradiol inhibited the typical 

increase in ARC NPY mRNA observed in hyperphagic, OVX rats (6; 71), and decreased 

immunoreactive NPY in the ARC of OVX rats (20).  In addition, Baskin and colleagues (6) 

demonstrated that NPY mRNA in the caudal ARC is greater in male rats, relative to female rats, 

and that the rise in ARC NPY expression following a fast occurs more slowly in female rats, 
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relative to male rats.  Another possible mechanism that could account for the present findings is 

that estradiol may decrease release of NPY.  Indeed, it has been demonstrated that chronic 

exposure to pharmacological doses of estradiol decreases NPY release in the PVN of OVX rats 

(10).  Finally, estradiol could also act postsynaptically by decreasing the number and/or binding 

characteristics of NPY receptors implicated in the control of food intake. While estradiol has 

been shown to upregulate the number and binding affinity of NPY receptors implicated in 

regulating the release of gonadotropin releasing hormone and luteinizing hormone (56; 84), 

similar studies involving NPY receptors implicated in the control of food intake have not been 

examined. It is important to note that each of these studies examining estradiol’s ability to alter 

NPY neurotransmission involved chronic and/or pharmacological doses of estradiol. As a result, 

they do not reflect what is happening physiologically in the ovarian-intact, cycling rat. Thus, to 

determine whether any of these putative mechanisms could explain the results of the current 

study, which demonstrated that a physiological dose of estradiol decreases the orexigenic effect 

of NPY, it will be important to replicate these studies using cycling rats and OVX rats receiving 

physiological doses of estradiol.   

 In the present study, acute administration of AgRP increased food intake in oil- and 

estradiol-treated rats.  Consistent with previous studies (34; 79), the increase in food intake was 

not evident during the first few h following AgRP treatment but, once evident, it persisted for 

several days (34; 60; 79).  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, in oil- 

and estradiol-treated rats.  Our findings, together with a similar report in male rats (79), suggest 

that AgRP stimulates food intake by selectively affecting the controls of meal size.  Unlike that 

observed following NPY infusion, the orexigenic effect of AgRP was similar in oil- and 

estradiol-treated rats.  Previously, Geary and colleagues (60) also reported that a physiological 

dose of estradiol failed to modulate the orexigenic effect of AgRP in OVX 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 

observed following AgRP treatment.  It is interesting that, in our study and in the study by Geary 

and colleagues (60), AgRP increased food intake for 3-4 days in female rats while in male rats 
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the orexigenic response, following a smaller dose of AgRP than the one used in these 2 studies, 

lasted up to 7 days (34). 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-lasting orexigenic effect 

of AgRP is mediated by a mechanism other than competitive antagonism of MC3/4 receptors 

(34) estradiol could be influencing this unknown mechanism.  Additional studies are required to 

examine potential sex differences in the long-term effects of AgRP, particularly since previous 

studies have demonstrated that estradiol can decrease AgRP gene expression.  One study 

demonstrated that estradiol can decrease AgRP gene expression in a hypothalamic cell line (80) 

while a second study demonstrated that AgRP mRNA is increased in the hypothalamus of OVX 

rats (19).  Perhaps the regulation of AgRP gene expression by estradiol may account for a 

possible sex difference in the duration of AgRP’s effect on food intake.  Taken together, these 

data suggest that estradiol does not modulate the initial response of AgRP to antagonize the 

melanocortin system, however, estradiol may mediate differences in long-term sensitivity to 

AgRP.  Further studies using a direct comparison of male to female rats are needed to explore 

this hypothesis. 

 In summary, we have provided the first evidence that a physiological regimen of estradiol 

treatment decreases the orexigenic effect of NPY in OVX rats.  This study adds to the growing 

evidence that the anorexigenic effect of estradiol is mediated by its ability to modulate the 

strength of multiple anorexigenic and orexigenic compounds (14; 19; 23; 26; 49; 63).                                            

However, it is interesting that estradiol failed to decrease the magnitude of AgRP-induced 

feeding since NPY and AgRP neurons are co-localized in the ARC. Because these peptides exert 

their effects via independent receptors, this could suggest that estradiol acts postsynaptically, at 

NPY-1 and/or NPY-5 receptors, to selectively decrease the orexigenic effect of NPY. 

Alternatively, because there are populations of NPY neurons in the ARC and the NTS that do not 

express AgRP (32), one cannot rule out the possibility that estradiol acts presynaptically to 

decrease the orexigenic effect of NPY.  Additional studies are necessary to determine whether 

the anorexigenic effect of estradiol involves presynaptic and/or postsynaptic regulation of NPY.  
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CONCLUSION 

Estradiol’s potent, inhibitory effect on food intake could be mediated by an increase in 

the strength of anorexigenic signals, by a decrease in the strength of orexigenic signals, or by a 

combination of both mechanisms. It is surprising, therefore, that estradiol’s ability to interact 

with orexigenic systems has gone unexamined until recently.  Within the past few months, 

estradiol has been shown to decrease the orexigenic effects of both MCH and ghrelin (19; 49).  

The current studies strengthen the former finding and provide the first evidence that estradiol can 

decrease the orexigenic effect of NPY.  It is also noteworthy that estradiol failed to influence the 

orexigenic effect of AgRP.  This suggests that the anorexigenic effect of estradiol is not mediated 

by its ability to decrease the activity of NPY/AgRP neurons in the ARC.  Rather, estradiol may 

act to selectively decrease NPY and MCH signaling.  In this regard, it is important to note that 

there are data to support the hypothesis the MCH acts downstream of the NPY system.  In one 

study, terminals containing NPY were found to be in close apposition to MCH cells in the LH 

(12). In a second study, antagonism of the NPY receptor decreased the orexigenic effect of MCH 

in male rats (16).  Thus, it is possible that estradiol decreases NPY signaling, which, in turn, 

decreases MCH signaling.  

 The next important question that must be addressed is: how does estradiol decrease NPY 

and/or MCH signaling?  Because ERs can function as ligand-inducible transcription factors 

capable of modulating target gene expression, there are multiple ways, involving both 

presynaptic and postsynaptic mechanisms, in which estradiol could decrease NPY/MCH 

signaling.  Here, I propose two hypothetical models to account for the present findings (Fig 12).  

The first model illustrates how estradiol could act presynaptically to decrease NPY/MCH 

signaling.  Estradiol, acting via ERs localized on NPY neurons in the ARC or NTS and/or MCH 

neurons in the LH could decrease the synthesis or release of NPY and/or MCH.  This, in turn, 

could decrease the orexigenic effect of these two peptide systems.  The second model illustrates 

how estradiol could act postsynaptically to decrease NPY/MCH signaling.  Estradiol, acting via 

ERs localized on hypothalamic neurons that contain NPY and/or MCH receptors could act to 

decrease the number or binding affinity of these receptors.  This, in turn, could decrease the 

orexigenic effect of NPY/MCH.  Future studies are needed to examine both of these hypothetical 

models. 
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Future Directions 

I have provided evidence that MCH-induced feeding is decreased 1) by a physiological regimen 

of estradiol treatment in OVX rats, 2) in female rats, relative to male rats, and 3) in estrous rats, 

relative to diestrous rats.  Taken together, these findings demonstrate that, during times of 

elevated estradiol secretion, the orexigenic effect of MCH is suppressed. The following studies 

are planned to investigate the mechanism by which estradiol acts to decrease the orexigenic 

effect of MCH in the female rat.  First, to determine whether estradiol can act directly on MCH 

or MCH receptor neurons, I will use immunocytochemical techniques to investigate whether ERs 

are co-expressed in hypothalamic neurons that express either MCH or MCH receptors.  Second, 

to begin to discriminate between presynaptic and postsynaptic effects of estradiol, I will 

investigate whether expression of MCH and MCH receptors varies across the estrous cycle and, 

if so, whether estradiol contributes to this effect.  Third, I plan to administer estradiol directly 

into nuclei that contain either MCH or MCH receptors and test whether site specific estradiol 

administration is sufficient to inhibit MCH-induced feeding.   
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Fig. 1.  The ability of MCH to stimulate food and water intake is sexually dimorphic. (A) During 

the first 2 h of the dark phase (1300 – 1500 h), both doses of MCH increased food intake in male 

and oil-treated OVX rats, whereas only the higher dose of MCH increased food intake in EB-

treated OVX rats.  (B) During this same 2-h interval, both doses of MCH increased water intake 

in male rats, whereas neither dose of MCH influenced water intake in female rats.  *Greater than 

saline-treated control group, P < 0.05.  **Greater than the OVX-oil/MCH (1 µg) group, P < 

0.05. 
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Fig. 2.  Effect of MCH on 4-h food and water intake in male rats.  Both doses of MCH increased 

food and water intake throughout the first 4 h following drug treatment in male rats.  *Greater 

than saline-treated control group, P < 0.01. 
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Fig. 3.  Increase in food and water intake following the larger dose of MCH, relative to that 

consumed following saline vehicle treatment.  (A)  EB decreased the orexigenic effect of MCH.  

A similar orexigenic effect of MCH was observed in oil-treated OVX and male rats.  (B)  The 

dipsogenic effect of MCH was lower in female rats, relative to male rats.  *Less than OVX-oil 

and Male-oil groups, P < 0.05.  **Less than Male-oil group, P < 0.05.  
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Fig. 4.  The ratio of water intake to food intake following infusion of saline vehicle and the 

higher dose of MCH .  MCH did not alter the ratio of water intake to food intake in any group. 
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Fig. 5.  Effect of MCH on the first meal of the dark phase.  MCH increased the size of the first 

dark meal in all groups.  Regardless of drug treatment, meal size was lower in EB-treated OVX 

rats, relative to oil-treated OVX and male rats.  *Greater than saline-treated control group, P < 

0.01.  
+
OVX-EB groups less than OVX-oil and Male-oil groups, P < 0.05.   
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Fig. 6.  Meal pattern analyses throughout the duration of MCH’s orexigenic effect.  (A)  MCH 

did not influence meal number in any group.  (B)  MCH increased average meal size in oil-

treated OVX and male rats.  Regardless of drug treatment, meal size was lower in EB-treated 

OVX rats, relative to oil-treated OVX and male rats.  *Greater than saline-treated control group, 

P < 0.01.  
+
OVX-EB groups less than OVX-oil and Male-oil groups, P < 0.05.   
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Fig. 8.  Effect of MCH on 1 h food intake in diestrus and estrus rats.  MCH increased food intake 

in both groups, however, the magnitude of the increase was larger in diestrous rats, relative to 

estrous rats. *Greater than saline-treated control group, P < 0.05. 
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Fig. 9.  The orexigenic effect of NPY is decreased by EB treatment in ovariectomized rats.  Oil 

and EB-treated rats received i.c.v. infusions of 5 µg NPY or saline vehicle during the mid-light 

phase.  Food intake was then monitored by an automated system that permitted hourly analysis 

of non-cumulative food intake.  This analysis 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 EB-treated rats.  *Greater than saline-treated rats, 

P < 0.05. 
+
EB/NPY group less than oil/NPY group, P < 0.05. 
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Fig. 10.  The orexigenic effect of AgRP is not influenced by EB treatment in ovariectomized 

rats.  Oil- and EB-treated rats received i.c.v. infusions of 10 µg AgRP or saline vehicle during 

the mid-light phase. Food intake was then monitored for 7 days following drug treatment.  AgRP 

produced a similar increase in food intake in oil- and EB-treated rats that persisted for 4 days 

(data from the first day are depicted here). A main effect of hormone treatment also revealed that 

food intake was reduced in EB-treated rats, relative to oil-treated rats.  *Greater than saline-

treated rats, P < 0.01.  
+
EB-treated rats less than oil-treated rats, P < 0.05. 
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Fig. 11.  The orexigenic effect of AgRP is mediated by an increase in meal size, not meal 

number, in oil- and EB-treated rats. (A) During the first day following drug treatment, AgRP 

induced a similar increase in average meal size in oil- and EB-treated rats. A main effect of 

hormone treatment also revealed that average meal size was reduced in EB-treated rats, relative 

to oil-treated rats.  (B) During this interval, AgRP failed to alter meal number in either oil- or 

EB-treated rats.  *Greater than saline-treated rats, P < 0.05.  
+
EB-treated rats less than oil-treated 

rats, P < 0.05.   
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Fig. 12.  Models that may explain estradiol’s ability to decrease the orexigenic effects of NPY 

and MCH.  Top: Estradiol could decrease NPY/MCH signaling via a presynaptic effect.  That is, 

estradiol, acting at ERs localized in NPY and MCH neurons could decrease synthesis or release 

of NPY/MCH.  Bottom:  Estradiol could decrease NPY/MCH signaling via a postsynaptic effect.  

That is, estradiol, acting via ERs localized in neurons containing NPY/MCH receptors could 

decrease the number and/or binding affinity of NPY/MCH receptors. 
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