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ABSTRACT 

 

While it is well established that estradiol exerts a potent, anorexigenic effect in a variety 

of species (27; 33; 57; 84), the mechanism underlying this action of estradiol is poorly 

understood.   My previous research has demonstrated that the orexigenic strength of melanin 

concentrating hormone (MCH) is decreased by estradiol.  For example, males and diestrous 

females are more sensitive to the orexigenic effect of MCH compared to estrous females, and 

MCH-induced feeding is decreased by estradiol treatment in ovariectomized (OVX) rats (65; 

93).  The goal of this dissertation was to examine whether estradiol’s anorexigenic effect is 

mediated, in part, by its ability to decrease MCH signaling.  MCH is a hypothalamic 

neuropeptide that is most recognized for its robust orexigenic action in mammals (1; 17; 26; 83). 

Estradiol binds to the ERα nuclear receptor to influence genes involved in the controls of food 

intake (88; 94; 95; 104).  Because nuclear estrogen receptors (ERs) are capable of inducing or 

repressing gene transcription, there are multiple mechanisms by which estradiol could influence 

the MCH system.  For example, estradiol may decrease MCH synthesis and/or the number of 

MCH receptors (MCHR1s).  To examine these hypotheses, brain tissue sections, obtained at 

different stages of the estrous cycle, were processed for MCH and MCHR1 protein expression.  

Increased serum estradiol levels were associated with a decrease in MCH and MCHR1 protein 

expression in the hypothalamus of cycling rats.  In order to determine whether the changes in 

MCH protein expression across the estrous cycle were caused by fluctuations in estradiol levels, 

we conducted a similar study in which estradiol levels were directly manipulated in OVX rats.  

Administration of both estradiol and a drug that selectively targets ERα significantly reduced 

MCH and MCHR1 expression in the hypothalamus.  This is an important finding because it 

provides the first demonstration that endogenous estradiol acts via ERα to decrease MCH and 

MCHR1 protein expression.  Next, to determine if changes in protein expression were caused by 

a direct effect of estradiol at the level of the MCH and MCHR1 gene, MCH and MCHR1 gene 

expression was examined in a neuronal hypothalamic cell line.  Surprisingly, estradiol failed to 

alter either MCH or MCHR1 gene expression.   In further support of this finding, we 

demonstrated that MCH and ERα are both expressed in the lateral hypothalamus (LH) and zona 

incerta (ZI) of female rats, however, they are not co-localized within the same neurons.  These 

two findings suggest that the earlier observations of decreased MCH and MCHR1 protein 

 x 



 xi 

expression are mediated by an indirect action of estradiol. Finally, we tested whether the ERs in 

the LH are one possible site responsible for inhibiting the orexigenic strength of the MCH 

system. To do so we delivered estradiol directly into the LH and found that it failed to influence 

food intake.  These studies demonstrate that estradiol is capable of inhibiting the MCH system by 

decreasing synthesis of both MCH and MCHR1 protein, however, estradiol likely causes such 

changes by an indirect mechanism that does not involve the LH.   

 

  



CHAPTER 1 

 

ESTRADIOL INHIBITS FOOD INTAKE IN FEMALES 

 

 The ovarian hormone estradiol exerts an inhibitory effect on food intake that is expressed 

in a variety of species, but is particularly well characterized in the female rat.  For example, the 

preovulatory increase in estradiol secretion in female rats is associated with a phasic decrease in 

food intake during estrus (27; 33; 57; 84). In addition, estradiol also exerts a tonic inhibitory 

effect on food intake (27). This action of estradiol is best revealed by ovariectomy, which 

promotes a sustained increase in daily food intake beginning 2–3 days following recovery from 

surgery. There are two lines of evidence to 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 (3).  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 ovariectomized (OVX) 

rats (43). Given estradiol’s phasic and tonic inhibitory effects on food intake, it is not surprising 

that female rats typically consume less daily food intake than male rats, even when sex 

differences in body weight and energy requirement are taken into account (33). 

 

Estrogen Receptors (ERs) 

 Estradiol exerts its behavioral and physiological effects by binding to two classes of 

estrogen receptors (ERs).  The classical nuclear receptors act as ligand-inducible transcription 

factors which are capable of influencing gene expression (48). In addition to the well defined 

nuclear receptors, recent evidence suggests that estradiol can also activate a membrane bound 

receptor (91).  This type of receptor does not influence gene expression and instead its effects are 

characterized by a rapid response, usually within seconds, on neuronal membrane potentials (91).  

There are two lines of evidence to suggest that the estrogen inhibition of food intake is mediated 

by estradiol binding to its nuclear, rather than membrane, receptors.  If the estrogenic inhibition 

of food intake was mediated by membrane-bound receptors, food intake would likely decrease 

rapidly after estradiol was introduced into the system.  However, endogenous estradiol begins to 

rise about 60 h before the decrease in food intake on estrus (7) and exogenous estradiol takes ~ 
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36 h before any behavioral change in food intake is detected (3).  Taken together, this 

demonstrates the important role for nuclear ERs in mediating estradiol’s inhibitory effects on 

food intake. 

 ERs are located in both peripheral tissue and within the brain.  In order to understand 

how estradiol influences food intake it is necessary to understand which ERs, peripheral or 

central, are necessary for these effects.  This question was recently addressed by utilizing an ER 

antagonist, ICI 182,780, which does not cross the blood-brain barrier.  When ICI was 

administered peripherally, it failed to modulate estradiol’s ability to decrease food intake in OVX 

rats.  However, when ICI was chronically administered into the brain it abolished estradiol-

induced reductions in food intake (86).  This demonstrates that central, not peripheral, ERs are 

necessary for the estrogenic inhibition of food intake. 

 

Differences between ERα and ERβ 

 There are two types of nuclear estrogen receptors, ERα and ER .  The two receptors are 

different proteins encoded by separate genes located on different chromosomes, 6q25.1 and 14q, 

respectively (in humans) (16).  The mouse ERα gene encodes a protein of 599 amino acids with 

an approximate molecular mass of 66 kDa while the ER  gene encodes a protein of 527-530 

amino acids with a molecular mass of ~ 60 kDa (23).  Both receptor proteins are composed of six 

domains, however homology between the domains varies.  The A/B domain, which contains a 

ligand-independent activation function (AF-1) for target-gene expression (6; 16; 75), along with 

a region involved in protein-protein interactions, is the least conserved between the two receptors 

with only 17% homology between the human ERα and ER  (22; 23).  In the ERα protein, the 

AF-1 site is very active in stimulating gene expression while the activity of this site in the ER  

protein is negligible (75).  However, the C domain, which contains the DNA binding domain, is 

the most highly conserved between the two receptors (75) with 97% homology between ERα and 

ER  (23).  The D domain, which acts as a flexible hinge between the C and E domains and 

contains a nuclear localization signal (NLS) (16), appears to be homologous between the two 

receptors.  The E domain, which contains the ligand-binding domain, exhibit 60% conservation 

between the two receptors, however, each receptor binds estradiol with nearly equal affinity (23).  

Finally, ERα and ER  only share about 18% homology within the F domain which modulates the 

function of the receptor and interactions with other proteins (16; 55). 
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 Both ERs are widely expressed in both peripheral organs and within the brain.  However, 

there are some notable differences in ERα/  expression patterns in the rat.  In the ovary, ERα is 

primarily localized in the stromal cells, whereas ER  is located in the granulosa cells, of 

developing follicles (101).  In the uterus, ERα is expressed in both stromal and epithelial cells of 

the endometrium, while only low levels of ER  are expressed (101).  In male rats, only ER  is 

expressed in the prostate and in the sertoli cells of the testis (101).  Centrally, at least one form of 

the ER is located in all major nuclei of the brain.  But again, some nuclei preferentially express 

one receptor subtype over the other. For example, ERα, but not ER , is expressed in the 

subfornical organ, ventromedial nucleus, dorsal medial tegmental area, dorsal raphe, and dentate 

nucleus (67). Moreover, ER , but not ERα, is expressed in the olfactory bulb, nucleus 

accumbens, lateral geniculate nucleus, pineal gland, paraventricular nucleus, suprachiasmatic 

nucleus, supraoptic nucleus, substantia nigra, lateral dorsal tegmental area, pontine nucleus, and 

the retina (67).  Theses differences in ER subtype distribution highlight the fact that ERα and 

ER  often mediate different behavioral and physiological responses. 

 

ERα vs. ERβ in the control of food intake 

After determining that central ERs are necessary for the estrogenic inhibition of food 

intake, the next key piece of information in understanding estradiol’s effects on food intake was 

to determine which ER subtype, α or , mediates estrogen’s anorexigenic effects.  ER knockout 

(ERKO) mice and selective ER agonists have been used in attempts to determine which ER, 

ERα or ERβ, mediates the anorexigenic effect of estrogen.  Studies of mice with null mutations 

of ERα (αERKO), ERβ (βERKO), or both ER subtypes (αβERKO) have produced equivocal 

findings regarding the relative contribution of ERα versus ERβ in mediating the inhibitory 

effects of estradiol on food intake.  Heine et al (47) were the first to report that αERKO mice 

display age-related increases in body adiposity, relative to wild-type litter mates.  This finding 

was confirmed and extended in a subsequent report of elevated body adiposity in αERKO and 

α/ ERKO mice, but not in βERKO mice (77; 77). While theses studies did not directly measure 

food intake, it is likely that the increase in body weight was caused by an increase in food intake.  

While these studies suggest that ERα signaling alone is necessary for the normal regulation of 

adipose tissue in mice, one must also consider the fact that female αERKO mice display a 10-

fold increase in circulating plasma estradiol that could promote increased estradiol signaling 
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through ERβ {777}.  This, in turn, could also contribute to the obesity that develops in αERKO 

mice.  Indeed, ovariectomy has been shown to attenuate the enhanced body adiposity of αERKO 

mice, a finding that provides some evidence for the involvement of ERβ in the regulation of 

body adiposity (73). However, only a few studies have examined the feeding behavior of 

αERKO mice. In one study, daily food intake was similar in male αERKO and wild type mice 

(47).  This is not surprising, however, since the increased body adiposity of αERKO mice 

appears to be mediated primarily via a decrease in energy expenditure (47). In a subsequent 

study, chronic estradiol treatment failed to reduce food intake in OVX αERKO mice (42). Taken 

together, these limited studies of ER null mice generally suggest a greater involvement of ERα 

over ERβ in mediating estradiol’s inhibitory effects on energy homeostasis. However, the 

conclusions must be tempered by the possible developmental compensation inherent in knockout 

models.  Additionally, it has recently been demonstrated that the increase in body weight 

following OVX is due to hyperphagia in rats, but not in mice (114).  In mice, the increase in 

body weight is caused by a decrease in locomotor activity (114).  This suggests that rats may be 

a better model animal than mice in which to study the estrogenic inhibition of food intake. 

 In addition to ER knockout studies, which can be difficult to interpret due to possible 

developmental compensations of mice with deletions of ERα and/or ERβ, three recent studies 

involving the use of selective ERα/β agonists provide further support for the role of ERα in 

mediating the estrogenic inhibition of food intake. Chronic treatment with the ERα agonist 

4,4’,4”-(4-propyl-[1H]-pyrazole-1,3,5-triyl)trisphenol, (PPT), decreased 14-day food intake in 

OVX rats, whereas treatment with the ER  agonist 2,3-bis(4-hyroxyphenyl)-propionitrile, 

(DPN), had no effect (88).  These same ERα and ERβ agonists have also been administered via 

an acute injection schedule that more closely mimics the activation of ERs in cycling rats.  In this 

study, OVX rats displayed dose-dependent decreases in 24-h food intake and body weight 

following acute activation of ERα via PPT, but failed to display any alterations in 24-h food 

intake or body weight following acute activation of ER  via DPN (95).  In addition, PPT has 

been shown to inhibit feeding in wild-type, but not ERα knockout mice (104). 

 While the majority of available data suggest that ERα is the critical receptor mediating 

the anorexigenic effect of estrogen, until recently there have been no data to demonstrate that 

pharmacological blockade of endogenous ERα prevents the decrease in food intake following 
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increased estradiol secretion in cycling rats.  Data of this nature are crucial to demonstrate that 

ERα is necessary for the estrogenic inhibition of food intake.  It has been difficult to address this 

problem because selective ER antagonists have been difficult to develop.  For example, both 

tamoxifen and raloxifene, which were developed as ER antagonists, act as ER agonists in brain 

tissue and, as a result, decrease food intake (39; 109).  However, with the recent developments of 

a selective ERα antagonist (methyl piperidinopropyl pyrazole; MPrP) and a selective ER  

antagonist (4-[2-Phenyl-5,7-bis(trifluoromethyl) pyrazolo[1,5-a]pyrimidin-3-yl]phenol; PHTPP), 

the question of which ER, ERα or ER , is necessary for the estrogenic inhibition of food intake 

was recently readdressed.  In OVX rats treated with MPrP, the decrease in food intake following 

EB treatment was abolished (94).  However, OVX rats treated with PHTPP still showed a 

decrease in food intake following EB treatment (94).  Additionally, in cycling rats treated with 

MPrP, the estrous-related decrease in food intake was abolished (94).   These data demonstrate 

that in OVX and cycling rats, activation of ERα, but not ER , is necessary for the estrogenic 

inhibition of food intake.  Taken together, the agonist and antagonist studies demonstrate that 

ERα is both sufficient and necessary for the estrogenic inhibition of food intake.   

 

Estradiol interacts with anorexigenic and orexigenic compounds 

When estradiol binds with its nuclear receptors it acts as a ligand-inducible transcription 

factor.  Therefore, one way in which estradiol decreases food intake is by increasing the strength 

of anorexigenic compounds, or compounds that signal meal termination.  For example, estradiol 

has been shown to increase the satiating effect of cholecystokinin (CCK), a gut peptide that 

exerts an inhibitory control of meal size.  Several groups have shown that estradiol treatment 

increases the satiating effect of CCK in ovariectomized rats (2; 14; 43; 62). It has also been 

shown in cycling rats that the satiating effect of CCK is selectively enhanced during estrus (28).  

In another study investigating the contribution of endogenous CCK to the control of food intake 

in female rats, administration of a CCK type 1 receptor antagonist attenuated, but did not abolish, 

the estrous-related decrease in food intake (31) suggesting that increased sensitivity to CCK does 

not entirely account for the estrous-related decrease in food intake observed in cycling rats.   

In recent years, a number of additional hormones and neurotransmitters implicated in 

meal termination have been identified as targets of estradiol.  For example, Eckel and colleagues 

have shown that there is a sex difference in the response to fenfluramine, a non-specific 
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serotonin agonist that decreases food intake (35).  Females, specifically estrous females, are 

more sensitive to the anorexigenic effect of fenfluramine than male rats (35) and, in OVX rats, 

estradiol treatment increases the anorexigenic effect of fenfluramine compared to oil-treatment 

(85).  Sex-specific responses are also observed following leptin treatment.  Females are more 

sensitive to the anorexigenic effect of leptin compared to male rats (20) and when male and OVX 

female rats are treated with estradiol they show a greater reduction in food intake following 

leptin treatment, compared to oil-treated animals (19).  Additionally, it has been reported that 

estradiol increases the satiating effect of the pancreatic hormone glucagon (41) and the gut/brain 

satiety signal apolipoprotein A-IV (97).  Finally, OVX causes a decrease in pro-

opiomelanocortin (POMC) and corticotrophin-releasing hormone (CRH) mRNA expression in 

female mice, which can be reversed by estradiol treatment (80). Whether these observed changes 

in mRNA following estradiol treatment translate into behavioral changes in food intake has yet 

to be addressed.  Taken together, there is considerable evidence that estradiol increases the 

anorexigenic effects of peptides and neurotransmitter systems that signal satiety.  

While it is well established that estradiol increases the strength of anorexigenic 

compounds, a growing literature suggests that it is also capable of decreasing food intake by 

decreasing the strength of orexigenic compounds, or compounds that promote food intake.  

However, far less is known about how estradiol interacts with these orexigenic compounds.  In 

OVX rats, estradiol treatment decreases the magnitude of NPY-induced feeding (92).  Male and 

OVX female rats are more sensitive to the orexigenic effect of central and peripheral ghrelin 

compared to intact female rats (18).  Additionally, estradiol treatment decreased ghrelin-induced 

feeding in male and OVX female rats (18).  Because the estrogenic inhibition of orexigenic 

compounds has not been examined until the last few years, it is likely that estradiol can decrease 

the strength of additional hormones and peptides which promote food intake.  Emerging 

evidence suggests that melanin concentration hormone (MCH) is one such orexigenic compound. 

 

Melanin Concentrating Hormone 

MCH is a 19-amino acid peptide that is primarily synthesized in the mammalian lateral 

hypothalamus (LH) and zona incerta (ZI) (102).  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 (81).  MCH was first identified for its role in regulating the 
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aggregation of melanin pigment in teleost fish (112).  In rodents, MCH mediates a variety of 

behaviors including sleep, arousal, and learning and memory (81).  However, most studies have 

focused on MCH’s robust role in the control of food intake and the regulation of energy balance.  

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

17; 26; 83), and chronic treatment with an MCH-1 receptor agonist or transgenic over-expression 

of MCH promotes hyperphagia, weight gain, and lipogenesis (63; 96).  In addition to its potent 

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

in male rats (17; 68).  Finally, ventricular infusion of MCH decreases core body temperature (51; 

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

stimulates locomotor activity, metabolic energy expenditure, and thermogenesis (64; 99; 118).  

Similar to the orexigenic compounds NPY and ghrelin, there has been evidence in recent years to 

suggest that the MCH system can be regulated by estradiol. 

 

Estradiol and MCH  

The orexigenic effect of MCH is sexually dimorphic.  The magnitude of MCH-induced 

feeding is greater in male and oil-treated OVX rats, relative to EB-treated OVX rats, which 

suggests that the sex difference is mediated by an activational effect of estradiol (65; 93).  

Estradiol also produces a rightward shift in the orexigenic effect of MCH in OVX rats. That is, 

larger doses of MCH are required to stimulate food intake following the presence of high levels 

of circulating estradiol (93). In addition, the orexigenic effect of MCH is decreased by the pre-

ovulatory increase in estradiol secretion in ovarian-intact, cycling rats (93). The latter finding is 

particularly important since it provides evidence that endogenous estradiol is capable of 

interacting with the MCH system to control food intake in the female rat.  While it is evident that 

estradiol decreases the orexigenic strength of the MCH system in OVX and cycling rats, the 

exact mechanism by which estradiol exerts this action is unclear. 

There is some evidence to suggest that estradiol is capable of decreasing MCH signaling. 

For example, estradiol decreased prepro-MCH mRNA expression in the ZI of OVX rats (70) and 

the LH of obese male mice (69). It has also been shown in male rats that chronic (i.e., non-

physiological) estradiol treatment blocked the increase in lateral hypothalamic MCH mRNA 

expression that is associated with negative energy balance (69; 72). Although it remains to be 

determined whether endogenous or physiological doses of estradiol exert a similar effect on 
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MCH mRNA and protein expression, these studies are consistent with the idea that estradiol’s 

anorexigenic effect is mediated, in part, by decreased MCH signaling.  

 

Goals of the dissertation 

 The central goal of this dissertation was to investigate the mechanism underlying 

estradiol’s ability to decrease the orexigenic effect of the MCH system. Because estradiol acts as 

a ligand-inducible transcription factor, capable of modulating target gene expression, there are 

multiple ways in which estradiol via activation of ERα could decrease MCH signaling. First, 

estradiol could inhibit MCH expression within the LH and ZI. A decrease in the expression of 

MCH could result in decreased synaptic release of MCH. Second, estradiol could inhibit 

postsynaptic neuronal populations and, thereby, decrease the number of MCHR1 within brain 

regions that control food intake. Either or both of these mechanisms would reduce MCH 

signaling and, thereby, could contribute to estradiol’s anorexigenic effect. 

 

Significance 

The estrogenic inhibition of food intake is a basic research problem with obvious clinical 

relevance. For example, low estradiol levels in postmenopausal women are associated with 

increased weight gain and greater risk for developing obesity-related health problems (21; 36). In 

addition, several eating-related disorders are more prevalent in women than in men (111), and 

estradiol has been identified as a biological risk factor for eating disorders in general, and 

anorexia nervosa in particular (29; 52; 53). A necessary first step in understanding how estradiol 

may contribute to eating-related disorders is to determine how it affects the normal controls of 

food intake in healthy animals. Here, I present a novel line of research that addresses 

fundamental questions regarding the neural mechanism by which estradiol interacts with the 

MCH system to control food intake in the female rat. These studies increase our understanding of 

the mechanism underlying estradiol’s anorexigenic effect, which may ultimately reveal how 

estradiol may function as a risk factor for certain eating-related disorders.  
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CHAPTER 2 

 

DOES ESTRADIOL REGULATE THE EXPRESSION OF MCH OR MCHR1 

PROTEIN? 

 

Introduction 

Previously, it has been demonstrated that the orexigenic strength of MCH is decreased by 

estradiol.  For example, both male and diestrous female rats were more sensitive to the 

orexigenic effect of MCH compared to estrous female rats (93), and MCH-induced feeding was 

decreased by estradiol treatment in OVX rats (65; 93).  The mechanism by which estradiol acts 

to produce these behavioral effects is unclear.  However, since estradiol acts as a ligand-

inducible transcription factor, capable of altering target gene expression (76), and ERs are 

located in nuclei which express MCH and MCHR1 (9; 49; 81; 100), it is possible that estradiol’s 

ability to decrease the orexigenic effect of MCH is mediated through a decrease in the expression 

of MCH and/or MCHR1 genes.  This, in turn, could produce a functional decrease in MCH 

and/or MCHR1 protein expression. 

While no available studies have examined the relationship between estradiol and MCH or 

MCHR1 protein expression a few studies have demonstrated that estradiol is capable of 

decreasing MCH gene expression. For example, acute physiological doses of exogenous 

estradiol decreased prepro-MCH mRNA expression in the ZI of OVX rats (70). In addition, 

pharmacological doses of estradiol decreased MCH mRNA in the LH of obese male mice (69). It 

has also been shown in male rats that chronic, pharmacological doses of estradiol blocked the 

increase in LH MCH mRNA expression that is associated with negative energy balance (72).  

While it is likely that these observed changes in gene expression translate to changes in protein 

expression there have been no experiments to test this hypothesis.  In addition, whether similar 

changes in MCH and MCHR1 gene and/or protein expression are observed following exposure 

to endogenous estradiol has not been examined in cycling rats. 

The goal of this study was to investigate whether the expression of either MCH or 

MCHR1 protein is regulated by estradiol. Because we have obtained compelling evidence that 

activation of ERα is both sufficient and necessary for estradiol’s anorexigenic effect (94; 95) we 

hypothesized that estradiol’s ability to regulate MCH/MCHR1 protein would be mediated via 
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activation of ERα, rather than ER .  The first experiment tested whether changes in endogenous 

estradiol levels are associated with changes in hypothalamic MCH and/or MCHR1 expression in 

cycling rats.  A second experiment tested whether estradiol manipulation in OVX rats caused a 

decrease in MCH and/or MCHR1 expression.  In order to investigate our hypothesis that 

estradiol regulates MCH/MCHR1 protein expression via activation of ERα, rather than ER , 

additional groups of OVX rats were injected with a selective ERα agonist, PPT, or a selective 

ER  agonist, DPN.  Based on our earlier behavioral studies (93; 95), we predicted that estradiol, 

acting via ERα, but not ERβ, would decrease hypothalamic MCH and MCHR1 protein 

expression in the female rat.  

 

Methods 

 Subjects and housing conditions:  Female Long-Evans rats (Charles Rivers; 200-225g 

body weight) were housed in shoebox cages. Food (Purina 5001) and tap water were freely 

available except when otherwise noted. Room temperature was maintained at 20 ± 2°C with a 

12:12 light cycle (lights off at 1400 h).   Animal usage and all procedures used in these 

experiments were in compliance with the Florida State University Institutional Animal Care and 

Use Committee. 

Experiment 2.1: Is there a negative association between endogenous levels of estradiol 

and the number of MCH/MCHR1-expressing neurons in cycling rats?  The estrous cycles of 24 

rats were monitored daily. During the mid-light phase, a saline-moistened cotton swab was 

inserted into the rat’s vaginal canal and the resulting cytology sample was transferred to a glass 

slide and viewed at 4x under a light microscope. Stage of the estrous cycle (diestrus 1, diestrus 2, 

proestrus, and estrus) was determined by examining the appearance and abundance of cells 

within individual samples (7). Once 2 regular (4-day) cycles were observed in each rat the 

experimental protocol commenced. During the third cycle, rats were anesthetized during the mid-

light phase of diestrus 1, diestrus 2, proestrus, or estrus. These times were chosen to sample the 

changes in estradiol secretion across the estrous cycle. Specifically, plasma estradiol secretion 

begins to rise during diestrus 2, peaks during the afternoon of proestrus, and declines rapidly to 

basal levels by estrus (7; 38). Prior to transcardial perfusion, blood (2 ml) was collected via 

cardiac puncture and subsequently analyzed for estradiol concentration via radioimmunoassay 

(RIA). Following perfusion, brains were processed for MCH (n=24) or MCHR1 (n=20) 
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immunoreactivity. Only 20 sectioned brains (1 fewer brain per cycle stage) were processed for 

MCHR1 immunoreactivity due to a shortage of the primary antibody.  The LH and ZI were 

examined for expression of MCH immunoreactivity because the synthesis of MCH is primarily 

limited to these two brain regions (9; 81; 98). The dorsal hippocampus was also examined as a 

negative control since MCH protein does not appear to be expressed within this nucleus. For 

MCHR1 expression, the medial preoptic area (MPOA), arcuate nucleus (ARC), dorsal medial 

hypothalamus (DMH), ventromedial hypothalamus (VMH), LH, and ZI were examined. These 

nuclei were chosen because they express ERα protein (100), and they have been implicated in 

the control of feeding (45; 113) or the modulation of feeding behavior by MCH (44). In addition, 

the globus pallidus was examined as a negative control since MCHR1 protein does not appear to 

be expressed within this nucleus (49).   

 Experiment 2.2a: Does estradiol treatment decrease the number of MCH-expressing 

neurons in OVX rats?  Rats were anesthetized with an intraperitoneal (i.p.) mixture of 70 mg/kg 

ketamine (Ketaset, Fort Dodge) and 4.5 mg/kg xylazine (Rompun, Mobay) and then bilaterally 

OVX using an intra-abdominal approach (32; 85; 93). Following surgery, rats received i.p. 

injections of 0.5 mg/kg butorphanol (Fort Dodge Animal Health) and 10 mg/ml gentamicin 

(Butler) to minimize post-surgical pain and the risk of infection, respectively.  Four groups of 

OVX rats (n = 7-8/group) received single, s.c. injections (0.1 ml) of either sesame oil/DMSO 

vehicle, 2 µg estradiol benzoate (EB, Sigma), 75 µg PPT (Tocris) or 150 µg DPN (Tocris) four h 

prior to dark onset.  The dose of EB was chosen based on previous studies that it produces 

circulating levels of estradiol that model those seen in cycling rats (3; 7).  Importantly, this 

schedule of EB treatment has also been shown to restore the behavioral changes associated with 

estrus (e.g., decrease in food intake) on the second day following EB treatment. Accordingly, 

this day models behavioral estrus.  The doses of PPT and DPN were chosen because they have 

been used previously to determine the relative involvement of ERα vs. ERβ in the estrogenic 

inhibition of food intake (88; 95). 

 Rats were injected with Nembutal 9 h after vehicle/EB treatment and 6 h after PPT/DPN 

treatment.  The former (9 h) time point was chosen because serum estradiol levels have been 

shown to peak ~9 h following an acute injection of EB (3).  The latter (6 h) time point was 

chosen for the PPT and DPN treatment groups because the time course of action for theses drugs 

is faster than EB and a 6 h time point corresponds to a time when robust decreases in food intake 
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are observed following PPT treatment (95). Following transcardial perfusion, brains were 

processed for MCH immunoreactivity in the same brain regions as described in Experiment 2.1.   

Experiment 2.2b: Does estradiol treatment decrease MCHR1 protein expression in OVX 

rats?  Because the MCHR1 antibody used in Experiment 2.1 was no longer commercially 

available, western blots were used to examine the effect of estradiol treatment on MCHR1 

protein levels in OVX animals. Five additional groups of OVX rats (n = 7-8 per group) received 

acute, s.c. injections of either vehicle, 2 µg EB, 10 µg EB, 75 µg PPT or 150 µg DPN four h 

prior to dark onset.  The groups of rats received i.p. injections of Nembutal at the same time 

points described in Experiment 2.2a.  Once unresponsive, rats were decapitated and the 

hypothalamus was dissected out of the brain.  Hypothalamic blocks were processed for MCHR1 

protein expression via Western Blot.  To ensure that changes in MCH and MCHR1 protein 

expression were not caused by differences in body adiposity, body weight was matched across 

hormone treatment groups (MCH experiment: M = 236.8 ± 1.9 g;  MCHR1 experiment: M = 

237.7 ± 2.2 g).    

Tissue collection: Rats in Experiment 2.1 and 2.2a were injected with 0.5 ml sodium 

pentobarbital (Nembutal, Butler) and transcardially perfused with phosphate buffer (PB), 

followed by 4% paraformaldehyde (PF) in 0.1 M phosphate buffer solution (PB). Dissected 

brains were exposed to 4% PF overnight and then stored in a 30% sucrose solution in PB for five 

days at 4°C.  Tissue was then sectioned on a freezing, sliding microtome (Zeiss, HM 440E) at 40 

µm coronal sections from the level of the MPOA (+ 0.48 bregma) throughout the ZI (-5.16 

bregma).  Rats in Experiment 2.2b were injected with 0.5 ml sodium pentobarbital (Nembutal, 

Butler) and then decapitated.  For each rat, the hypothalamus was rapidly dissected out of the 

brain.  Coronal cuts were made immediately rostral and 5 mm caudal to the optic chiasm.  Next, 

sagital cuts were made 4 mm bilateral to the midline. Finally the hypothalamus was isolated by a 

horizontal cut below the anterior commissure. Hypothalamic blocks were stored at -80ºC until 

protein purification. 

MCH immunocytochemistry: Tissue sections were processed for MCH immunoreactivity 

using an established protocol (66). Free-floating sections were washed in PB, incubated for 30 

min in 0.3% H202, and rinsed in PB. Sections were then incubated for 1 h in PB containing 10% 

normal goat serum (NGS) and 0.4% Triton X-100 and then incubated overnight at 4°C with 

MCH antibody (Phoenix) diluted 1:20,000 in PB/2% NGS/0.4% Triton X-100. Sections were 
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then rinsed in PB, incubated for 1 h with biotinylated goat anti-rabbit IgG antibody (Vector) 

diluted 1:1000 in PB/2% NGS/0.4% Triton X-100. Sections were then washed in PB, incubated 

for 1 h with avidin-biotin complex (ABC; Vector) diluted 1:500, washed in PB, and incubated in 

PB containing 0.04% 3,3´-diaminobenzide tetra hydrochloride (DAB) and 0.01% H202 for 5 min. 

Sections were then mounted on glass slides and coverslipped. 

MCHR1 immunocytochemistry:  The above protocol was used with two exceptions.  The 

primary antibody used was a MCHR1 antibody raised in chicken (Acris) diluted 1:1,000. The 

secondary antibody used was goat anti-chicken IgG antibody (Vector) diluted 1:400. 

Quantification of immunoreactivity: All processed tissue sections were digitized at 4 and 

20x magnification (Olympus AX70). With the aid of automated counting software (ImagePro, 

Media Cybernetics), the number of neurons (i.e., cell bodies) that expressed MCH or MCHR1 

immunoreactivity within brain regions of interest were quantified.  A constant set of threshold 

criteria were defined based on object shape and size indicative of cell bodies and exclusionary of 

fibers/terminals which allowed for selective quantification.  For individual rats, the numbers of 

MCH/MCHR1-immnoreactive cell bodies were counted unilaterally within sections obtained 

from target nuclei, using the fornix, third ventricle and optic tract as landmarks (79).   

Ten tissue sections per brain (i.e., every fourth section ranging from –1.20 to –5.16 

bregma) were counted to quantify MCH staining throughout the LH and ZI.  Due to the fact that 

there is abundant MCH staining on the border of the LH and ZI, making it difficult to delineate 

the two nuclei, the numbers of MCH expressing neurons within these two nuclei were summed 

to create a composite LH/ZI score.  The numbers of MCHR1 expressing neurons within the our 

target nuclei (LH –2.40 bregma, ZI –2.16 bregma, ARC -3.12 bregma, DMH -2.76 bregma, 

MPOA -0.48 bregma and VMH -2.28 bregma) were also summed to create a composite 

hypothalamic score.  Here, because MCHR1 staining was not as heavily expressed along the 

border of the LH/ZI as MCH staining we were able to have individual counts for the two nuclei.  

SDS-PAGE and western blot analysis:   Hypothalamic tissue blocks were homogenized 

in RIPA buffer (4M NaCl , 1 M Tris, 0.5 M EDTA, 100% NO4O, 5% Desoxihol, 10% SDS, and 

100X protein phosphatase).  Samples were centrifuged at 4ºC at 14000 rpm for 30 minutes and 

the resulting supernatant was extracted.  Protein concentrations were determined via 

spectrophotometry using a standard BSA protocol.  The samples were then treated with SDS-

PAGE sample buffer containing -mercaptoethanol.  Ten mg of protein was resolved on SDS-
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PAGE gels and blotted onto Hybond-P membranes.  The resulting blot was blocked with 5% 

ECL blocking agent in tris-sodium chloride (TN) and incubated overnight with primary 

antibody, diluted 1:500, at 4°C (MCHR1; Santa Cruz).  Immunoreactive bands were visualized 

by incubation with horseradish peroxidase-labeled secondary goat antigoat antisera at 1:20,000 

for 1 h at room temperature followed by chemiluminescence (ECL Plus kit) as described by the 

manufacturer.  Following x-ray visualization, membranes were stripped and then reprocessed for 

the control protein ( -actin; Santa Cruz) at a 1:10,000 dilution. 

Protein quantification:  MCHR1 and -actin labeling was visualized from x-ray film and 

quantified using a computerized imaging program (Image J, NIH) to measure optical density.  

All MCHR1 bands were normalized to -actin controls. 

Estradiol RIA: Clotted blood samples, collected in uncoated tubes, were centrifuged at 

10,000 x g for 15 min. Serum was collected and stored at -20°C until assayed for estradiol using 

a non-extraction, solid phase 
125

I RIA kit (Siemens Diagnostic). An automated gamma counter 

(Apex 41600, Titertek Instruments Inc) and related software was used to quantify labeled 

estradiol. All samples were within the linear detection range and analyzed in duplicate. 

Statistical Analysis:  The relationship between serum estradiol levels and hypothalamic 

MCH and MCHR1 expressing neurons in cycling rats (Experiment 2.1) was analyzed via 

regression analyses. In addition to the regressions, the MCH and MCHR1 neuronal counts from 

the hypothalamus were divided into two groups: rats with low or high estradiol levels (±2 SEM) 

and differences between the groups were analyzed via independent t-tests for the composite 

MCH and MCHR1 hypothalamic scores and for each brain region of interest that expressed 

MCHR1 (e.g., LH, ZI, MPOA, ARC, VMH, DMH). 

The effect of hormone treatment on the number of MCH expressing neurons (Experiment 

2.2a) was analyzed using a one-way ANOVA.   Tukey's HSD multiple comparison, post-hoc test 

was used to assess group differences following significant (P < 0.05) ANOVA effects. For 

Experiment 2.2b, MCHR1 protein expression obtained from western blots was normalized to -

actin control and the 2 and 10 µg EB groups were each compared to the oil-treated group via 

independent t-tests.  The PPT and DPN groups were compared to the oil-treated group via a one-

way ANOVA.  The different statistical tests were warranted due to differences in the numbers of 

groups run on a single membrane across the various hormone treatment conditions. Tukey's HSD 
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multiple comparison, post-hoc test was used to assess group differences following significant (P 

< 0.05) ANOVA effects. 

 

Results 

Experiment 2.1: Is there a negative association between endogenous levels of estradiol 

and the number of MCH/MCHR1-expressing neurons in cycling rats?  MCH staining was 

limited to the LH and ZI, with no staining observed in the dorsal hippocampus, which served as a 

negative control brain region.  Greater MCH expression was apparent in rats that had low levels 

of serum estradiol compared to rats with high levels of serum estradiol (Fig. 2.1).  Quantification 

of the data revealed a negative association between the number of MCH immunoreactive 

neurons in the LH and ZI and serum estradiol levels, r
2 
= 0.30, P < 0.01 (Fig. 2.2).  As serum 

estradiol levels increased the number of neurons that expressed MCH decreased.  For further 

comparison, rats with the lowest levels of serum estradiol, 3.5- 27 pg/ml (2 SEM below mean of 

40 pg/ml, n = 9) were compared to rats with the highest levels of serum estradiol, 50.3- 93.3 

pg/ml (2 SEM above the mean, n = 7).  This analysis revealed that those rats with the highest E2 

levels had fewer MCH immunoreactive neurons than those rats with the lowest E2 levels, t(14) = 

3.18, P < 0.01 (Fig. 2.3). 

MCHR1 staining was observed in all nuclei examined except the globus pallidus which 

served as a negative control brain region.  Greater MCHR1 expression was apparent in rats that 

had lower levels of serum estradiol compared to rats with high levels (Fig. 2.4).  There was a 

negative association between the number of MCHR1 immunoreactive neurons in the 

hypothalamus and serum estradiol levels, r
2
 = 0.472, P < 0.001 (Fig. 2.4 and 2.5).  As serum 

estradiol levels increased the number of neurons that expressed MCHR1 decreased.  For further 

comparison, rats with the lowest levels of serum estradiol (2 SEM below mean [38.7 pg/ml], n = 

9) were compared to animals with the highest levels of serum estradiol (2 SEM above mean, n = 

6).  This analysis revealed that those rats with the highest E2 levels had fewer MCHR1 

immunoreactive neurons than those rats with the lowest E2 levels, t(13) = 3.47, P < 0.05 (Fig. 

2.6).  Additional analysis of specific hypothalamic brain regions revealed higher numbers of 

MCHR1 expressing neurons in the MPOA, ZI and DMH of cycling rats with the lowest serum 

estradiol levels, t(13) = 2.386 - 3.42, (respectively), Ps < 0.01 (Fig 2.7).  No group differences 

were detected in the LH, ARC or VMH, t(13) = 0.31 - 1.24, ns. 
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Experiment 2.2a: Does estradiol treatment decrease MCH/MCHR1 expression in the 

OVX rat?  Neurons that expressed MCH in the LH and ZI were influenced by hormone treatment 

in the OVX rat, F(3,26) = 5.89, P < 0.01 (Fig 2.8).  Animals treated with estradiol, PPT and DPN 

showed a significant decrease in the number of neurons that expressed MCH staining compared 

to oil-treated rats, P < 0.05. 

Experiment 2.2b:  Hypothalamic MCHR1 protein expression was influenced by hormone 

treatment in OVX rats.  While hypothalamic MCHR1 protein expression was similar in rats 

treated with oil and 2 µg EB, t(13) = -1.19, n.s, it was reduced in rats treated with 10 µg EB, 

relative to oil, t(13) = 2.45, P < 0.05 (Fig 2.9).  In addition, treatment with PPT but not DPN 

significantly decreased MCHR1 protein expression compared to oil controls, F(2,20) = 8.21, P < 

0.01 (Fig 2.9). 

 

Discussion 

 Here, we tested the hypothesis that both endogenous and exogenous estradiol decreased 

MCH and MCHR1 immunoreactivity within the hypothalamus of female rats to establish a 

mechanism by which estradiol decreases the orexigenic strength of the MCH system.  The 

findings provide the first demonstration that serum estradiol levels are negatively correlated with 

hypothalamic MCH and MCHR1 protein expression in cycling rats.   While this suggests that 

endogenous estradiol caused the observed changes MCH and MCHR1 expression we did not 

control for fluctuations in other hypothalamic ovarian hormones.  Therefore, in a follow-up 

experiment, we directly tested the hypothesis that estradiol decreases MCH and MCHR1 protein 

expression.  Here, we examined whether exogenous estradiol in OVX rats decreased MCH and 

MCHR1 immunoreactivity in the hypothalamus.  In support of this hypothesis, treatment with 

estradiol decreased the number of neurons that expressed MCH and decreased the levels of 

MCHR1 protein in the hypothalamus.  The fact that our findings were similar across the two 

experiments suggests that the changes in endogenous estradiol secretion across the estrous cycle 

altered MCH and MCHR1 expression in cycling rats.  In addition, activation of ERα decreased 

both MCH and MCHR1 expression to the same extent as estradiol treatment alone.  This 

demonstrates that one mechanism by which estradiol decreases the orexigenic strength of the 

MCH system is mediated through a decrease in MCH and MCHR1 protein through activation of 

ERα.   
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 The data from cycling rats demonstrates that the rise in estradiol levels across the estrous 

cycle is associated with a decrease in hypothalamic MCH and MCHR1 protein expression that, 

in turn, could promote a reduction in food intake on estrus.  The data from the OVX model 

demonstrate that administration of a physiological dose of estradiol is sufficient to decrease the 

amount of MCH and MCHR1 protein in the hypothalamus.  While the low (2 μg) dose of 

estradiol did not reduce MCHR1 protein expression, treatment with a higher, yet still 

physiologically relevant, dose (10 µg) of estradiol was capable of decreasing MCHR1.  While 

the low (2µg) dose of estradiol did not decrease MCHR1 expression, it is likely that if MCHR1 

expression was measured at a different time point, perhaps at a time when the reduction in food 

intake is observed, a decrease in MCHR1 might have been detected.  A time course study 

examining the effects of acute EB treatment on MCHR1 protein expression is necessary to test 

this hypothesis directly.   

 The OVX model also demonstrated that activation of ERα is involved in decreasing 

MCH signaling.  Treatment of OVX rats with the selective ERα agonist PPT decreased 

expression of MCH and MCHR1 protein and the decrease was similar in magnitude to treatment 

with estradiol alone.  Because ERα is both sufficient (95) and necessary (94) for the estrogenic 

inhibition of food intake it is not surprising that activation of ERα alone produced decreases in 

MCH and MCHR1 protein expression similar to that observed following estradiol treatment.  

Most available data suggest that ER  is neither sufficient (95) nor necessary (94) for the 

estrogenic inhibition of food intake.  As expected, treatment with the ER  agonist DPN had no 

effect on MCHR1 expression.  However DPN did decrease the number of neurons that express 

MCH.  While this finding was surprising, the effect may not be specific to MCH-induced food 

intake.  MCH is involved in regulating a variety of other behaviors.  Specifically, MCH has been 

implicated in activating stress responses and inducing anxiety-like behaviors (74) while 

activation of ER  has been shown to produce anti-anxiety behaviors (110).  Therefore, the 

decrease in MCH expression in the LH/ZI following ER  activation may be one mechanism by 

which estradiol produces its anxiolytic effects. Additionally, the LH and ZI are important nuclei 

for anxiety like behaviors because of the abundance of benzodiazepine-1 receptors in the ZI 

(116) and because the LH receives direct projections from the amygdala which are involved in 

the activation of the sympathetic autonomic nervous system during anxiety (58).  Therefore, the 
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decrease in the number of neurons which express MCH following ER  activation may not be 

involved in MCH’s regulation of food intake. 

 The cellular resolution attained through ICC allowed for the investigation of specific 

hypothalamic nuclei which showed changes in the number of neurons that express MCHR1 in 

response to varying levels of endogenous estradiol.  In the MPOA, DMH and ZI there was a 

significant decrease in the number of neurons that express MCHR1 in animals with high serum 

estradiol compared to animals with low serum estradiol.  No significant differences were 

observed in the LH, VMH or ARC.  Available data support the involvement of the MPOA and 

the DMH in estradiol’s regulation of the MCH system.  First, the MPOA is believed to be one 

nucleus in which estradiol acts to decrease food intake because infusions of water soluble 

estradiol into the MPOA inhibits short-term (2 h) food intake (25). The DMH is one of only a 

few nuclei for which direct infusions of MCH has been shown to significantly increase food 

intake (1) suggesting the DMH’s important role within the MCH system.  Finally, the ZI is 

clearly an important nuclei within the MCH system since it is only one of two nuclei that express 

both MCH and MCHR1 (74).  However, the role of the ZI in MCH-induced food intake and the 

estrogenic inhibition of food intake is unclear because there are no studies which examined food 

intake following infusion of MCH or estradiol into this nucleus.  Examining this will be 

important in understanding why MCHR1 protein expression changes as a result of fluctuations in 

estradiol levels.  It is not surprising that there was no effect of estradiol on MCHR1 expression 

observed in the VMH.  There is little evidence that ERs in the VMH participate in the estrogenic 

control of food intake because implants of both pure and crystalline estradiol into the VMH do 

not decrease food intake in OVX rats (13; 78).  It is surprising that there was no effect observed 

in the ARC particularly because infusions of MCH into the ARC increase food intake (1).  This 

could suggest that the changes exerted by estradiol on the MCH system lie downstream of the 

ARC nucleus.  Additionally there was no significant change in the number of neurons that 

express MCHR1 in the LH.  This is surprising because, like the ZI, the LH is the only other brain 

area that contains both MCH and MCHR1 proteins.  It has been shown, however, that infusions 

of MCH into the LH do not significantly increase food intake (1).  Therefore, MCHR1 in the LH 

may not be involved in MCH’s orexigenic responses.   

 Similar associations, like the one observed here between endogenous estradiol levels and 

the number of neurons that express MCH and MCHR1, have been reported between estradiol 
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and other hypothalamic, orexigenic peptides.  For example, the expression of NPY, an 

orexigenic neuropeptide which is synthesized primarily in the ARC, fluctuates across the estrous 

cycle.  During the proestrous phase of the estrous cycle, NPY protein concentrations in the 

MPOA, PVN and ARC are increased compared to the other days of the estrous cycle (59).  

These changes in NPY protein expression are behaviorally relevant because estradiol treatment 

inhibits NPY-induced feeding in OVX rats (92).  In addition, protein levels for other orexigenic 

peptides synthesized in the LH, orexin A and B, fluctuate across the estrous cycle.  Orexin A is 

increased on proestrous, compared to diestrous and orexin B is increased on both proestrous and 

estrous compared to diestrous (82).  The functional significance of this finding is unclear because 

it has yet to be tested whether estradiol treatment inhibits orexin-induced food intake.  However, 

taken together with our findings from the MCH system, it is clear that the expression of multiple 

hypothalamic neuropeptides fluctuate across the estrous cycle. 

 Estradiol treatment decreased MCH and MCHR1 protein expression in OVX animals.  It 

has previously been reported that estradiol decreased prepro-MCH mRNA expression in the ZI 

of OVX rats (70). In addition, pharmacological doses of estradiol decreased MCH mRNA in the 

LH of obese male mice (69). It has also been shown in male rats that chronic, pharmacological 

doses of estradiol blocked the increase in lateral hypothalamic MCH mRNA expression that is 

associated with negative energy balance (72).  The work presented here extends these findings 

by showing that these changes in MCH mRNA translate into changes in the functional protein 

products and that endogenous estradiol is also capable to promoting changes in MCH and 

MCHR1 protein expression.  

 This study provides a possible mechanism by which estradiol can decrease the strength of 

the MCH system.  In cycling rats, when estradiol levels are the highest, the number of neurons 

that express MCH and MCHR1 are the lowest.  In OVX rats, estradiol treatment decreased the 

expression of MCH and MCHR1 protein.  Estradiol exerts these changes in protein via ERα 

because treatment with the ERα agonist PPT also decreased MCH and MCHR1 expression.  

Therefore, estradiol appears capable of activating ERα which decreases the expression of MCH 

and MCHR1 within the hypothalamus.  With less MCH and MCHR1 protein available within the 

feeding circuit, there is a resulting decrease in food intake on estrus in cycling rats and during 

our model day of estrus in the OVX rat. 
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FIGURES FOR CHAPTER 2 

 

 

 

 

 

Figure 2.1. Higher levels of estradiol are associated with lower numbers of MCH 

immunoreactive neurons in the LH and ZI of cycling rats.  These representative 

photomicrographs depict the expression of MCH neurons in the LH and ZI in a cycling rat with 

low serum estradiol (left) and a cycling rat with high serum estradiol (right). Magnification = 4x, 

inset 20x. 
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Figure 2.2.  Serum estradiol levels in cycling rats are correlated with MCH immunoreactive 

neurons in the LH and ZI.  As serum estradiol levels increased the number of neurons that 

express MCH decreased, P < 0.01. 
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Figure 2.3.  Comparison of MCH expressing neurons in the LH and ZI of cycling rats with low 

and high serum estradiol levels.  Rats with high serum estradiol levels, 50- 93 pg/ml, show a 

significant decrease in the number of neurons that express MCH compared to rats with low 

serum estradiol levels, 3-27 pg/ml.  *Less than Low E2 group, P < 0.05. 
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Figure 2.4. MCHR1 immunoreactive neurons within the ZI.  These representative 

photomicrographs depict the expression of MCHR1 neurons in the ZI in a rat with low serum 

estradiol (left) and a rat with high serum estradiol (right). Magnification, 20x, inset 40x. 
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igure 2.5. Serum estradiol levels in cycling rats correlate with MCHR1 immunoreactive 

hat 
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neurons in the hypothalamus.  As serum estradiol levels increased the number of neurons t

express MCHR1 decreased, P < 0.001. 
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igure 2.6. Comparison of MCHR1 expressing, hypothalamic neurons between cycling rats with 

w and high serum estradiol levels.  Rats with high serum estradiol levels, 3- 27 pg/ml, show a 
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significant decrease in the number of neurons that express MCHR1 compared to rats with low 

serum estradiol levels, 50- 93 pg/ml.  *Less than Low E2 group, P < 0.05. 
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Figure 2.7. MCHR1 expression in the MPOA, ZI and DMH is decreased in cycling rats with 

high serum estradiol levels, relative to those with low serum estradiol levels.  Rats with high 

, 

serum estradiol levels, 3- 27 pg/ml, show a significant decrease in the number of neurons that 

express MCHR1 compared to rats with low serum estradiol levels, 50- 93 pg/ml in the MPOA

ZI and DMH.  Within the LH, VMH and ARC there was no change in MCHR1 expression 

between rats with high and low estradiol levels. *Less than low E2, P < 0.05. 
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Figure 2.8. Effect of hormone treatment on the number of MCH expressing neurons in the LH 

nd ZI of OVX rats.  Estradiol, PPT and DPN treatment significantly reduced the number of 

 

a

neurons that express MCH compared to oil treated controls. *Less than oil, P < 0.05. 
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Figure 2.9. Effect of hormone treatment on MCHR1 protein expression in hypothalamic blocks 

btained from OVX rats.  OVX rats treated with 10 µg EB and PPT showed a significant 

. 

o

reduction in the amount of MCHR1 protein compared to oil controls.  Treatment with 2µg EB 

and DPN had no significant effect on MCHR1 protein expression compared to oil controls

*Less than oil vehicle, P < 0.05. 
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CHAPTER 3 

DOES ESTRADIOL INHIBIT MCH AND/OR MCHR1 GENE EXPRESSION IN VITRO? 

troduction 

oming clear that estradiol influences the overall tone of brain regions that 

particip o 

es, 

 

 

 

 

 neurons throughout the brain receive a variety 

of affer

 the 

 

tin 

n 

creases in MCH/MCHR1 protein expression 

followi  

act 

 

 

In

It is bec

ate in the control of food intake (30). More specifically, estradiol has been shown t

decrease the strength of orexigenic neuropeptides, such as NPY and agouti-related protein 

(AgRP) (24; 59; 92; 106) in addition to increasing the strength of anorexigenic neuropeptid

such as cocaine and amphetamine related transcript (CART) and alpha-melanocyte-stimulating

hormone (αMSH), which lie upstream of the MCH system (19; 80; 87).  Therefore, even though

MCH and MCHR1 protein expression is influenced by estradiol status (Chapter 2), it does not 

necessarily indicate that such changes in MCH and MCHR1 expression are the result of a local

action of estradiol directly decreasing MCH and MCHR1 gene expression.  It is possible that the

decrease in MCH and MCHR1 expression following estradiol treatment could be due to 

decreased afferent inputs to the MCH system.  

MCH neurons in the LH/ZI and MCHR1

ent projections (74).  For example, the MCH neurons receive afferent projections from 

the orexigenic NPY/AgRP neurons and the anorexigenic CART/αMSH ARC neurons in the 

ARC (81). Some of these upstream transmitters and neuropeptides are capable of influencing

strength of the MCH system by influencing MCH/MCHR1 gene expression (15; 46; 107).  For 

example, northern blot analysis demonstrated that ventricular infusions of AgRP increased MCH

gene expression in male rats (46).  In the POMC deficient mouse, MCH mRNA levels are 

significantly elevated, suggesting that MCH synthesis is negatively regulated by melanocor

peptides (15).  In addition, the fasting-induced increase in hypothalamic MCH mRNA expressio

is attenuated by leptin administration and MCH mRNA expression is increased in ob/ob, leptin 

deficient, mice relative to wild-type mice (107).   

It remains to be determined whether the de

ng estradiol exposure observed in Chapter 2 are the result of a direct or indirect action of

estradiol.  That is, estradiol may act as a transcription factor at the level of the MCH and/or 

MCHR1 genes and, thereby, directly regulate their expression.  Alternatively, estradiol may 
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indirectly on MCH/MCHR1 gene expression by changing the strength of the afferent inputs to 

the MCH system which in turn influences MCH and/or MCHR1 gene expression.  To test the 

former hypothesis, we examined MCH and MCHR1 gene expression in a hypothalamic cell 

culture model which was devoid of afferent connections.  N-42 cells are a hypothalamic clon

murine cell line that expresses functional ERs and a variety of hypothalamic neuropeptides and 

receptors, such as MCH, MCHR1, NPY, and AgRP (8).  It has previously been reported that 

estradiol treatment inhibits NPY and AgRP gene expression in these cells (106).  The goal of 

study was to determine whether estradiol treatment is also capable of decreasing MCH and/or 

MCHR1 gene expression in this same cell line.  We also examined whether activation of specif

ER subtypes, ERα and ER , decreases MCH and/or MCHR1 gene expression.  Based on our 

earlier work (94; 95), we predicted that any inhibitory effect of estradiol on MCH/MCHR1 

expression within this cell line would be mediated via selective activation of ERα.  

 

al-

this 

ic 

ethods 

ll culture and reagents:  N-42 neurons are a clonal, murine hypothalamic cell model 

that exp

ases 

neuron ns 

a 

ere also 

A within the cell line was verified by PCR. 

CDNA

tion.  

M

Ce

resses a number of neuronal cell markers including MCH, MCHR1, and ERs (8; 106).  

This cell line was chosen for this study because it is reported to express ER proteins and 

MCH/MCHR1 gene products, and it has been demonstrated that estradiol treatment decre

NPY and AgRP expression within these cells (106).  N-42 neurons (CELLutions Biosystems) 

were cultured in monolayer in DMEM (Sigma) and supplemented with 5% fetal bovine serum 

(Sigma), 4.5 mg/ml glucose and penicillin/streptomycin and maintained at 37°C in 5% CO2.   

Experiment 3.1: Verification of ER proteins and MCH and MCHR1 mRNA in N-42 

s.  Three plates of N-42 neurons were cultured in monolayer and exposed to conditio

that permitted their growth. Once the cells were 85% confluent, verification of functional ER 

expression was performed via western blot.  Additionally, rat ovarian tissue was processed as 

positive control for both ERα and ER  (101).  As negative controls, rat PVN tissue was 

processed for ERα (100) and rat liver tissue was processed for ER  (100).  All samples w

processed for the expression of -actin control.   

The presence of MCH and MCHR1 mRN

 from a second set of three sample plates of N-42 neurons was amplified via PCR 

followed by electrophoresis in 1.5% agarose gels then stained with ethidium bromide solu
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In addition, mouse LH tissue punches were processed as positive controls for MCH and 

hippocampal tissue served as a positive control for MCHR1 (90; 98).  As negative contro

mouse liver tissue was processed for MCH (98) and MCHR1 (56).  Finally, all tissue sample

and cell culture samples were processed for actin, a representative housekeeping gene.   

Experiment 3.2: Does estradiol treatment influence MCH or MCHR1 gene expres

ls, 

s 

sion?  

Prior to l 

as 

s, 

ion of ER proteins, N-42 

Cl, 

 1% 

 min 

with 

sera 

y 

 hormone treatment, cells were serum starved for 12 h in phenol red-free DMEM.  A tota

of 48 plates containing 85% confluent N-42 neurons in phenol red-free medium supplemented 

with charcoal-stripped serum were treated with either 10 nM estradiol, PPT, DPN or ethanol 

vehicle.  These doses of hormone treatment were chosen because the same dose of estradiol h

been shown to decrease NPY and AgRP gene expression in N-42 cells and these doses of PPT 

and DPN influence NPY gene expression in a similar neuronal cell line (106).  The cells were 

incubated in the various hormone treatments for either 2, 4, 6 or 24 h.  This was repeated 3 time

providing 48 samples (n = 3/group, 16 groups).  Following hormone treatment, cDNA samples 

from the cell cultures were processed for MCH and MCHR1 gene expression.  RT-PCR values 

were calculated by normalizing the SQ means for the MCH or MCHR1 gene expression to -

actin.  Finally, cDNA samples from the 2 h vehicle and estradiol treatment groups were 

processed for AgRP gene expression to serve as a positive control. 

 SDS-PAGE and western blot analysis: To verify the express

cells from three plates were washed with ice-cold PBS and lysed in high-salt buffer [0.4 M Na

20mM HEPES (pH8.0), 1mM MgCl2, 0.5 mM EDTA, 0.5 mM dithiothreitol, 1 mM 

phenymethylsufonyl fluoride, 0.1% Nonidet P-40, 1% protease inhibitor cocktail, and

phophatase inhibitor cocktail] for 40 min on ice.  Lysates were cleared at 12,000 X g for 20

at 4°C and then protein concentrations were determined via spectrophotometry.  Protein samples 

were then treated with SDS-PAGE sample buffer containing -mercaptoethanol.  Fifty mg of 

lysate protein were resolved on SDS-PAGE gels and blotted onto Hybond-P nitrocellulose 

membranes.  The resulting blot were blocked with 2% ECL in TN and incubated overnight 

primary antibody at 4°C (ERα 1:500; ER  1:2,000; AbCam).  Immunoreactive bands were 

visualized by incubation with horseradish peroxidase-labeled secondary goat antimouse anti

(ERα) or goat antirabbit (ER ) at 1:10,000 for 1 h at room temperature followed by 

chemiluminescence (ECL Plus kit) as described by the manufacturer. Following x-ra
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visualization, membranes were stripped and then reprocessed for the control protein ( -actin; 

Santa Cruz) at a 1:10,000 dilution. 

CDNA synthesis: Total RNA from samples prior to (Experiment 3.1) and after hormone 

treatment (Experiment 3.2) was isolated using TRI Reagent (Molecular Research Center Inc) 

with modifications to remove DNA using the Qiagen RNAeasy columns and DNaseI Kit 

(Qiagen).  RNA was stored at -80°C in RNase-free H20 supplemented with the RNase inhibitor 

Superasin (Ambion) according to the manufacturer’s directions.  Quality and quantify of RNA 

was determined using UV spectrophotometry and agarose gel visualization of intact RNA. First-

strand cDNA was synthesized from 500 ng total RNA using Superscript III reverse transcriptase 

(RT) and a mixture of oligo dT and random hexamer primers according to the manufacturer’s 

protocol (Invitrogen).   

RT-Real Time- PCR: Real-time PCR was performed using an iCycler instrument (Bio-

Rad) with SYBR green PCR master mix (Invitrogen), according to the manufacturer’s 

instructions. Approximately 95 ng of template were used for the PCR.  All primers were 

designed to span introns and synthesized by IDT (Integrated DNA Technologies).  Control 

reactions were performed where amplification was carried out on samples in which the reverse 

transcriptase was omitted (RT-).  -Actin was used as an internal control for quantification of 

individual mRNA.  The primer sequences were: MCH sense, 5’ TCC CAG CTG AGA ATG 

GAG TTC AGA; antisense, 5’ TCT TCC CAG CAT ACA CCT GAG CAT, MCHR1 sense, 5’ 

TTG CCG TGG TGA AGA AAT CCA AGC, antisense, 5’ AGT GCC AGA CAC CAT TAC 

CCA TGA, -Actin sense, 5’ AGA TCT GGC ACC ACA CCT TCT ACA; antisense, 5’ ATA 

CAA GGA CAG CAC CGC CTG AAT, AgRP sense, 5’ CGG AGG TGC TAG ATC CAC 

AGA, antisense, 5’ AGG ACT CGT GCA GCC TTA CAC.     

PCR: To verify presence of the MCH, MCHR1 and -actin genes within the cDNA 

samples, PCR was performed using iCycler instrument (Bio-Rad) and AccuPrime TaqDNA 

Polymerase High Fidelity (Invitrogen) according to manufacture’s instructions in a final volume 

of 50 µl.  Thirty five PCR cycles were used to amplify the samples. The PCR products were 

electrophoresed in 1.5% agarose gels, stained with ethidium bromide solution for 30 minutes and 

destained in distilled water for 10 minutes.  Gels were visualized under UV light. 

Statistical analysis:  The effect of hormone treatment on MCH and MCHR1 expression 

was analyzed using one-way ANOVAs at each time point followed by Tukey’s post-hoc tests to 
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determine any group differences.  The effect of estradiol treatment on AgRP expression was 

analyzed with an independent t-test.  

 

Results 

Experiment 3.1: Verification of ER proteins and MCH and MCHR1 mRNA in N-42 

neurons.  As expected, western blot analysis showed that both ERα and ER  proteins were 

expressed in ovarian tissue.  Also as expected, ERα protein was not detected in the PVN and 

ER  protein was not detected in liver tissue.  All representative cell samples showed staining for 

ERα, ER , and -actin (Fig. 3.1). 

PCR product visualization via electrophoresis revealed the presence of both MCH and 

MCHR1 mRNA in LH and hippocampus tissue samples, respectively.  Additionally, as a 

negative control, both MCH and MCHR1 mRNA were not observed in liver tissue.  Finally, all 

representative cell samples expressed MCH and MCHR1 mRNA.  Γ-actin mRNA was present in 

the positive control hippocampus sample and all cell samples (Fig. 3.2). 

Experiment 3.2: Does estradiol treatment influence MCH or MCHR1 gene expression?  

Estradiol did not influence MCH gene expression in N-42 cells.  Following all hormone 

treatments, MCH gene expression did not differ from vehicle treatment at any time point, F(3,8) 

= 1.05 - 3.00, ns (Fig. 3.3).  In addition, hormone treatment did not influence MCHR1 gene 

expression at any time point, F(3,8) = 0.04 - 0.62, ns (Fig. 3.4).  However, estradiol treatment 

did decrease AgRP gene expression following hormone treatment, t(4) = 2.40, P < 0.05 (Fig. 

3.5).    

 

Discussion 

 Endogenous and exogenous estradiol decreased MCH and MCHR1 protein expression in 

vivo (Chapter 2).  Although ERα is expressed in many of the brain regions that express MCH and 

MCHR1, it is not known whether the estradiol-sensitive MCH/MCHR1 neurons identified in 

Chapter 2 are direct targets of estradiol’s action.  Given the number of estradiol-sensitive afferent 

inputs known to regulate the MCH system, it is unclear whether the estradiol-ER complex 

directly influences MCH and MCHR1 gene expression.   Here, we used a cell culture model, 

devoid of afferent input, to explore this issue.  By using this in vitro approach, we were able to 

determine that estradiol treatment had no effect on the expression of MCH and MCHR1 gene 
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expression.  In addition, activation of ERα and ER  had no significant effect on MCH or 

MCHR1 gene expression. 

Here, estradiol treatment had no effect on MCH or MCHR1 gene expression.  This 

suggests that the decreases in MCH and MCHR1 protein expression observed after estradiol 

exposure in vivo (Chapter 2) is not due to direct regulation by estradiol acting as a transcription 

factor at the level of the MCH and MCHR1 gene.  It is possible that a sub-threshold dose of 

estradiol was used in this experiment or the time course chosen was not appropriate to observe 

changes in gene expression, however, this is unlikely.  The dose of estradiol used here was 

sufficient to decrease AgRP gene expression.  Additionally, others have also shown that 10 nmol 

estradiol can decrease not only AgRP but also NPY gene expression in N-42 neurons (106).  It is 

also unlikely that it would take more than 24 h to observe changes in MCH or MCHR1 gene 

expression because in vivo we were able to observe changes in protein expression 9 h after 

estradiol treatment (Chapter 2).  Because changes in gene expression must occur before changes 

in protein expression one must conclude that estradiol would influence MCH and MCHR1 gene 

expression within the time frame that changes in protein levels are observed. 

Because estradiol had no effect on MCH gene expression in vitro, the changes in MCH 

protein expression observed after estradiol treatment in vivo must be mediated indirectly by 

estradiol.  MCH expressing neurons are located almost exclusively in the LH and ZI (81).  

Neurons containing MCH receive inputs from the first order neurons in the ARC and then 

project throughout the brain, particularly to other nuclei in the hypothalamus and the hindbrain 

(74).  The first order neurons which MCH receives afferent input from include NPY/AgRP and 

α-MSH/CART neurons.  It has been reported that some of these upstream signals can influence 

MCH gene expression.  For example, central infusions of AgRP increased MCH gene expression 

in rats (46).  In the POMC deficient mouse, MCH mRNA levels are significantly elevated.  

Taken together this suggests that MCH synthesis can be up and down regulated by the 

melanocortin system (15).  Importantly, the melanocortin system is influenced by estradiol.  

Estradiol treatment inhibits AgRP gene expression in hypothalamic cells in vitro (106) and the 

removal of endogenous estradiol by OVX causes an increase in AgRP gene expression (18).  

Additionally, in female mice following OVX POMC neurons are decreased and estradiol 

treatment restores POMC mRNA expression back to baseline levels (80). Taken together, these 

data suggest that estradiol decreases the strength of the orexigenic signals and increases the 
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strength of anorexigenic signals from the ARC which project to the MCH system.  This in turn 

could lead to a decrease in MCH gene and protein expression, ultimately resulting in a decrease 

in food intake.   

The ARC neuropeptide systems which send inputs to the MCH system are readily 

accessible to peripheral hormones, such as leptin. These hormones signal energy balance due to 

the proximity of the ARC to the median eminence, which is not protected by the blood brain 

barrier (115).  Leptin has also been shown to be capable of regulating MCH gene expression.  In 

fasted mice, the rise in MCH mRNA is attenuated by leptin treatment (107).  Leptin also appears 

to be a target of estradiol because female rats are more sensitive to the anorexigenic effect of 

leptin compared to male rats (20) and estradiol treatment increases the leptin-inhibition of food 

intake in female rats (19).  Therefore, estradiol can increase leptin signaling which could effect 

MCH expression.  This action of leptin could be mediated indirectly through the first order 

neurons in the ARC (AgRP/POMC) or even directly by leptin because there is a population of 

neurons in the LH that express the leptin receptor (60).  Whether these leptin receptor neurons in 

the LH also express MCH is a hypothesis that has yet to be addressed.  Increased leptin signaling 

to the MCH system, caused by estradiol, would ultimately lead to a decrease in food intake. 

To our knowledge, there are no data to demonstrate which hormones and neuropeptides 

influence MCHR1 gene expression centrally.  However, there are reports demonstrating that 

MCHR1 gene expression is influenced by both CCK (11) and ghrelin (12) in vagal afferent 

neurons and in the nodose ganglia.  Vagal afferent neurons co-express MCHR1 and CCK1.  In 

male rats MCHR1 gene expression in vagal afferent neurons is down regulated following CCK 

treatment (11). In addition, the down regulation of MCHR1 gene expression observed after 

refeeding in fasted rats can be blocked by treatment with the CCK1 antagonist lorglumide (11).  

It is well established that estradiol increases the sensitivity to the satiety effects of CCK centrally 

(31; 34).  If a similar interactions occurs in the periphery this may provide another indirect 

mechanism by which estradiol can inhibit the MCH system.  Therefore, when estradiol is present 

it could act to increase the strength of CCK signaling which can lead to a decrease in MCHR1 

gene expression ultimately leading to a reduction in food intake.   

Additionally, ghrelin receptors are co-expressed with MCHR1 in the nodose ganglia in 

male rats (12).  Ghrelin appears capable of regulating MCHR1 gene expression because the 

decrease in MCHR1 expression observed during refeeding in fasted animals is attenuated by 
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ghrelin treatment (12).  Importantly, estradiol has been shown to inhibit the ghrelin system.  

Estradiol treatment inhibits ghrelin-induced feeding in male and female rats and plasma 

concentrations of ghrelin are increased following the withdrawal of endogenous estradiol caused 

by OVX (18).   Taken together this provides an addition mechanism by which estradiol can 

indirectly inhibit the MCH system.  Estradiol inhibits the strength of the ghrelin system which in 

turn can lead to a decrease in MCHR1 gene expression which would ultimately lead to a 

decrease in food intake.  

Finally, while central regulators of MCHR1 gene expression are unknown, the location of 

MCHR1 suggests additional ways in which the MCH system might be regulated indirectly by 

estradiol.  We demonstrated that protein levels of MCHR1 in the MPOA are significantly 

decreased in animals with high serum estradiol levels (Chapter 2).  The MPOA is one nucleus in 

the hypothalamus where estradiol acts to inhibit food intake (25).  Therefore, it is possible that 

estradiol is acting within the MPOA to decrease orexigenic signals or increase anorexigenic 

signals which in turn could inhibit MCHR1 gene expression here.  In addition, the nucleus of the 

solitary tract (NTS) expresses MCHR1 and is another nucleus where estradiol acts to decrease 

food intake (105).  Therefore, the NTS is another possible site where estradiol could be acting to 

indirectly decrease MCHR1 gene expression, leading to a reduction in food intake. 

 Estradiol had no effect on MCH or MCHR1 gene expression in vitro.  While it is possible 

that a sub-threshold dose of estradiol was used here it is unlikely. In this cell line this dose of 

estradiol was sufficient to inhibit AgRP gene expression here and it has also been reported by 

others (106).  However, it will be important to confirm and extend these negative findings 

particularly by using an in vivo method (see Chapter 4).  Based on the results obtained here, it is 

unlikely that the observed changes in MCH and MCHR1 protein expression reported in Chapter 

2 are the result of the estradiol-ERα complex acting as a transcription factor at the level of the 

MCH and MCHR1 gene.  Instead, it is likely that estradiol is acting upstream of the MCH 

system and is increasing anorexigenic signaling and decreasing orexigenic signaling which is 

causing a decrease in MCH and MCHR1 expression and in turn resulting in a decrease in food 

intake. 
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FIGURES FOR CHAPTER 3 

 

 

 

 

Liver

Figure 3.1. Verification of ERα and ERβ protein expression in N-42 cells.  All N-42 samples 

expressed both ERs.  Positive controls confirmed that both ER subtypes were expressed in 

ovarian tissue.  Negative controls confirmed the lack of ERα expression in the PVN and ER  in 

liver tissue.  In addition, -actin was observed in all samples. 
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Figure 3.2.  MCH, MCHR1, and -actin mRNA in N-42 cells. (A) As expected, MCH mRNA 

was expressed in LH tissue and three representative plates containing N-42 cells.  MCH was not 

expressed in liver tissue, which served as a negative control. (B) As expected, MCHR1 mRNA 

was expressed in hippocampal tissue and three representative plates containing N-42 cells.  

MCHR1 was not expressed in liver tissue, which served as a negative control.  (C) As expected, 

actin mRNA was expressed in hippocampal tissue and three representative plates containing N-

42 cells.  
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Figure 3.3. Effect of hormone treatment on MCH gene expression.  At no time point did any 

hormone treatment influence MCH gene expression. 
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Figure 3.4. Effect of hormone treatment on MCHR1 gene expression.  At no time point did any 

hormone treatment influence MCHR1 gene expression. 
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Figure 3.5. Effect of estradiol treatment on AgRP gene expression.  Two h following estradiol 

treatment AgRP gene expression was decreased, compared to vehicle treatment. *Less than 

vehicle, P < 0.05. 
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CHAPTER 4 

 

ARE ERs LOCALIZED WITHIN NEURONS THAT EXPRESS MCH? 

 

Introduction 

We have demonstrated that the estrogenic inhibition of MCH-induced feeding is 

mediated, at least in part, by a reduction in MCH and MCHR1 protein expression in the 

hypothalamus (Chapter 2).  Using in vitro methods, we demonstrated that a dose of estradiol that 

is capable of down-regulating AgRP expression is not sufficient to decrease either MCH or 

MCHR1 gene expression (Chapter 3).  While informative, the limitations of in vitro studies must 

be considered, such as the different environments in which theses neurons are exposed, when 

drawing conclusions about in vivo systems.  

While the results of Chapter 3 suggest that an indirect mechanism underlies estradiol’s 

ability to alter MCH and MCHR1 protein expression, it is still unclear whether neurons that 

express either MCH or MCHR1 are specific targets of estradiol action in vivo.   Before adopting 

the indirect regulation hypothesis, it needs to be determined whether estradiol can regulate the 

expression of MCH/MCHR1 in the female rat.  This remains a possibility because ERs in 

general, and ERα in particular, are expressed within many hypothalamic brain regions that 

express MCH and MCHR1 (81; 100) and because estradiol is capable of regulating the 

expression of other neuropeptides implicated in the control of food intake (106).   

Thus, the goal of this study was to determine whether MCH-containing neurons also 

express ERα, the ER subtype that appears to mediate estradiol’s anorexigenic effect (88; 95). 

This experiment was limited to only examining ERα and MCH because the MCHR1 antibody 

used in Chapter 2 was no longer available for this study.  If co-localization of MCH and ERα is 

observed it would provide a direct mechanism by which estradiol could influence MCH gene 

expression.  If no co-localization is observed it would provide further support for the results 

obtain in Chapter 3 which suggests that estradiol cannot directly influence MCH gene 

expression.  Here double-label immunocytochemistry was used to examine whether ERα is co-

localized in neurons that express MCH. 

 

Methods 
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Subjects and housing conditions:  Female Long-Evans rats (n = 8, Charles Rivers; 200-

225g body weight) were housed in shoebox cages. Food (Purina 5001) and tap water were freely 

available. Room temperature was maintained at 20 ± 2°C with a 12:12 light cycle (lights off at 

1400 h). 

Monitoring of estrous cycles: Each day, a saline-moistened cotton swab was inserted into 

the vaginal canal and the resulting cytology sample was transferred to a glass slide and viewed at 

4x under a light microscope. Stage of the estrous cycle (diestrus 1, diestrus 2, proestrus, and 

estrus) was determined by examining the appearance and abundance of cells within individual 

samples (7). 

Procedure: The estrous cycles of 8 rats were monitored until 2 regular (4-day) cycles 

were shown. During the third cycle, rats received i.p. injections of 0.5 ml sodium pentobarbital 

(Nembutal, Butler), during the mid-light phase of estrus.  This time point was chosen for two 

reasons. Limiting data collection to a single cycle stage (estrus) should 1) reduce the possibility 

of variability in MCH expression as a function of the estrous cycle and 2) maximize the chance 

of observing co-localization because estrus is the cycle stage in which the estradiol-dependent 

decrease in the orexigenic effect of MCH is apparent. 

Following transcardial perfusion, brains were cut at 40 µm coronal sections as described 

in Chapter 2.  Free-floating brain sections spanning the LH/ZI were dually processed for 

ERα/MCH immunoreactivity.  The dorsal hippocampus and PVN were also processed as 

negative controls since MCH and ERα are not expressed in these nuclei, respectively. Dually-

processed tissue sections were viewed at 10x under a research microscope (Olympus AX70) for 

evidence of single-labeled and double-labeled neurons.  The tissue was examined for the 

presence of single and double labeled cells using image analysis software (Image Pro, Media 

Cybernectics) capable of discriminating nuclear and cytoplasmic staining within individual cell 

bodies.  Double-labeled neurons (ERα/MCH) were identified as cell bodies that expressed 

punctate, black nuclear staining (indicating the presence of ERα) surrounded by brown 

cytoplasmic staining (evidence of MCH).  

ERα/MCH double-label immunocyctochemistry:  Tissue sections were processed for ERα 

immunoreactivity using established methods (37). Sections were washed in PB and incubated for 

1h in 1% H2O2. After a PB rinse, tissue was incubate for 1h in PB containing 2% NGS/0.5% 

Triton X-100 and then incubated at 4°C for 2 days in anti-ERα rabbit IgG (MC-20, Santa Cruz) 
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diluted 1:20,000. After a PB rinse, tissue was incubated for 2h in biotinylated anti-rabbit goat 

IgG (Vector) diluted 1:500 in PB. After a PB rinse, tissue was incubated for 1.5h with ABC 

diluted 1:500, washed with PB, and incubated in PB containing 0.02% nickel intensified DAB 

and 0.01% H202 for 5 min. Following a 1 h PB rinse sections were processed for MCH 

immunoreactivity using the method described in Chapter 2.  Following MCH staining sections 

were mounted on glass slides and coverslipped.   

 

Results 

 As expected, both MCH and ERα staining were present in the hypothalamus.  MCH 

staining was limited to the LH, particularly around the fornix and the ZI (Fig. 4.1).  As expected, 

there was no MCH staining observed in the hippocampus, which served as a negative control 

brain region.  ERα staining was present in the LH, ZI, and DMH, heavily expressed in the VMH 

and ARC, and absent in the PVN (Fig. 4.2).  MCH and ERα neurons were both present in the LH 

and ZI and neurons expressing each protein often lay in close proximity to one another (Fig 

4.3a). However, no neurons which expressed both MCH and ERα were observed at any level of 

the hypothalamus (Fig 4.3b). 

 

Discussion 

 In order for the estradiol-ERα complex to regulate MCH gene expression, the two 

proteins, MCH and ERα, must be co-expressed within neurons in the LH/ZI.  This would provide 

evidence for a direct mechanism by which estradiol, acting via ERα, could decrease the strength 

of the MCH system.  Therefore, the goal of this study was to determine whether ERα and MCH 

are co-expressed within neurons in the female rat hypothalamus.  Neurons expressing ERα and 

MCH were observed in various hypothalamic nuclei, however, the two proteins were not co-

expressed within the same neurons in any of our brain areas of interest.  This demonstrates that 

estradiol, acting via ERα, cannot regulate MCH gene expression in vivo because these two 

proteins are not present in the same neurons.  This extends our findings from Chapter 3, which 

demonstrated that estradiol does not decrease MCH gene expression in vitro.  

It had previously been reported that MCH and ERα are not co-expressed in the male rat 

hypothalamus (71).  It has also been reported that the MCH protein has a slightly different 

expression pattern in females compared to males (89).  For example, MCH is expressed in the 
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laterodorsal tegmental nucleus in females but not males.  In addition, the expression of MCH in 

female rats changes during lactation when prepro-MCH is observed in the preoptic area, 

periventricular nucleus, and the PVN (54).  Because of the different distribution pattern of MCH, 

it was possible that neurons within the female, but not male, hypothalamus co-expressed MCH 

and ERα.  However, in the female rat hypothalamus there was also no co-expression of MCH 

and ERα which extends the null findings reported in male rats. 

While ERα and MCH are not co-expressed within the same neurons in the hypothalamus 

it is possible for estradiol to influence MCH gene expression by binding to the other ER, ER .  

However, ER  appears to be neither sufficient (95) nor necessary (94) for the estrogenic 

inhibition of food intake.  Therefore, if the two proteins, MCH and ER , are co-expressed it 

would be unlikely that regulation of MCH by ER  would be specific to MCH’s orexigenic 

properties.  In addition, due to the low expression of ER  in the LH, particularly where the MCH 

neurons are expressed (61), it is unlikely that co-localization would be observed.  Therefore, we 

did not examine whether ER  is co-localized with MCH within the LH and ZI neurons.   

While MCH and ERα were not co-expressed within neurons in the LH and ZI, these two 

neuronal populations often lay within close proximity to one another.  While this demonstrates 

that estradiol cannot directly regulate MCH gene transcription it raises the possibility that 

estradiol can act with the LH to decrease MCH/MCHR1 protein expression.  This emphasizes 

the importance of determining whether site-specific infusion of estradiol into the LH/ZI 

decreases MCH or MCHR1 gene expression and whether estradiol may act in the LH to inhibit 

MCH-induced food intake (see Chapter 5). 

 The current finding, that MCH and ERα are not co-expressed in neurons within the 

LH/ZI, is consistent with and extends our earlier finding that estradiol failed to decrease MCH 

gene expression in vitro (Chapter 3).  Taken together, these results support the idea that estradiol 

decreases the strength of the MCH system indirectly, likely by influencing 

neuropeptide/hormones which lie upstream of the MCH neurons.  Additional studies to 

determine whether ERα and MCHR1 protein are co-expressed in the female rat hypothalamus 

will be helpful to determine whether there is a direct mechanism by which estradiol can 

influence MCHR1 gene expression in vivo.  Unfortunately, no working MCHR1 antibody is 

commercially available to test this hypothesis.  Given the wide distribution of both MCHR1 (81) 

and ERα (100) throughout the brain it would be surprising if there were no neurons which 
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expressed both proteins.  However, based on the results from Chapter 3, even if MCHR1 and 

ERα are co-expressed within neurons in the hypothalamus, it is unlikely that the MCHR1 gene is 

directly regulated by estradiol. 
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FIGURES FOR CHAPTER 4 

 

 

 

 

 

 

 

Figure 4.1. MCH neurons are expressed in the lateral hypothalamus and zona incerta.  (A) MCH 

neurons in the ZI, 4X. (B) MCH neurons in the ZI, 10X. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 47 



 

 

 

 

 

 

 

 

Figure 4.2. ERα neurons are expressed in the hypothalamus.  (A) ERα neurons were observed in 

the DMH, LH, VMH and ARC, 4X. (B) ERα neurons in the VMH and ARC, 10X. 
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Figure 4.3. MCH and ERα neurons are expressed in close proximity within the hypothalamus. 

(A) MCH and ERα staining, 10X. (B) MCH and ERα are not co-localized within neurons in the 

hypothalamus, 20X.  
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CHAPTER 5 

 

DO ERs IN THE LH CONTRIBUTE TO THE ANOREXIGENIC EFFECT OF 

ESTRADIOL? 

 

Introduction 

 Based on the results from Chapters 2 and 3, it is likely that estradiol inhibits the MCH 

system through an indirect mechanism.  Estradiol must be binding with ERs that lie upstream of 

the MCH system resulting in decreased excitatory input and/or increased inhibitory input to the 

system.  It is possible that ERs in other hypothalamic nuclei are necessary for the inhibition of 

the MCH system by estradiol.  However, ERα-expressing neurons are also located in the LH/ZI 

(100) often in close proximity to MCH neurons (71).  This raises the possibility that these ERα 

neurons in the LH could be the site where estradiol inhibits excitatory input or increases 

inhibitory input to the MCH system. 

 It is possible that estradiol inhibits the MCH system via the intermediate neurons in the 

LH.  There is a significant amount of evidence that the first order neurons in the ARC project to 

the MCH system through intermediate neurons (108), particularly because NPY and AgRP do 

not depolarize MCH neurons (108).  There is evidence to suggest that these intermediate cell 

types are glutamate and -aminobutyric acid (GABA) neurons. First, it has been shown that 

functional glutamate and GABA receptors are expressed on MCH neurons (40).  More 

specifically, the GABAA receptor α3 and α2 subunits have been co-localized in MCH neurons 

(4).  Second, data from electrophysiological studies provide compelling evidence for the role of 

GABA and glutamate in the regulation of MCH neurons.  Recordings from hypothalamic slices 

demonstrate that glutamate excites (depolarizes) MCH neurons while GABA inhibits 

(hyperpolarizes) the neurons (40).  

  It has recently been shown that estradiol influences GABA and glutamate levels in the 

ARC which may act to decrease food intake and body weight (10).  Therefore, it is possible that 

a similar effect may occur in the LH.  That is, estradiol could act locally in the LH to decrease 

afferent input to the MCH system through activation of ERα proteins located within glutamate 

and/or GABA neurons.  A first step towards addressing this hypothesis is to determine whether 

estradiol acts in the LH to decrease food intake.  If estradiol decreases food intake by activating 
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ERs in the LH, then it is possible that estradiol acts in the LH to inhibits MCH-induced feeding.  

In the present study, we hypothesized that site-specific administration of estradiol into the LH 

would reduce food intake in the OVX rat.   

 

Methods 

 Animals and housing: Female Long-Evans rats (n = 18, Charles Rivers; weighing 200-

225 g at study onset) were housed individually in custom-designed cages equipped with feeding 

niches that provided accurate measurement of food intake. Food (powdered chow, Purina 5001) 

and tap water were freely available except when otherwise noted. Room temperature was 

maintained at 20 ± 2°C with a 12:12 light cycle (lights off at 1400 h).  

 Surgery:  Following a 7-day adaptation period to the custom cages, rats were anesthetized 

with an i.p. mixture of 70 mg/kg ketamine (Ketaset, Fort Dodge) and 4.5 mg/kg xylazine 

(Rompun, Mobay) and then bilaterally OVX using an intra-abdominal approach (85; 93). 

Immediately after ovariectomy, rats were implanted with guide cannulas to permit intracranial 

drug delivery. The rat’s head was immobilized in a stereotaxic apparatus and a small incision 

was made to expose the skull. Using bregma as a reference, four 1.8 mm holes were drilled into 

the skull to permit the placement of stereotaxic-guided, unilateral 26-g (for intra cerebral 

ventricular (i.c.v.) cannula implantation; n = 8) or 28-g (for nuclei implantation; n = 10) 

stainless-steel guide cannulas and screws (Plastics One). The LH (c: 2.7mm, l: 1.1mm, v: 

8.0mm) was cannulated to determine the influence of estradiol on food intake in this nuclei while 

the lateral ventricle (c: 0.6 mm, l: 1.7 mm, v: 3.5 mm) was cannulated to serve as a positive 

control. The coordinates for these brain regions were chosen to be consistent with previous 

research (103). The depth of the cannula was chosen to target the upper border of the brain area 

of interest.  The injector was designed to protrude 1 mm below the cannula into the targeted 

brain region. Once at the correct depth the guide cannulas were secured to the skull with 

stainless-steel screws embedded in dental acrylic. Dust caps were inserted into the cannulas to 

keep them free of debris. Following surgery, rats received i.p. injections of 0.5 mg/kg 

butorphanol (Fort Dodge Animal Health) and 10 mg/ml gentamicin (Butler) to minimize post-

surgical pain and the risk of infection, respectively.  

Procedure:  One h prior to dark onset, rats’ food and water were removed from their 

cages.  Thirty min later, rats received microinfusions of either 5 µg (i.c.v.), 2.5 µg (LH), or 0.25 
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µg (LH) of water soluble -estradiol (E2, Sigma) or its vehicle (2-hydroxypropyl- -cyclodextrin; 

Sigma) dissolved in artificial cerebral spinal fluid using a counter-balanced, within-subject 

design. These microinfusions of E2/vehicle were administered either in a volume of 2.5 µl at a 

rate of 2.5 µl/min via a hand-held pump for i.c.v. infusions or in a volume of 200 nl and at a rate 

of 0.05 µl/min via an infusion pump (Harvard Apparatus) for LH infusions. Previously, this dose 

of E2 decreased food intake 2 h following microinfusion into the MPOA (25).  At dark onset, 

food and water were returned to the cages and food intake was measured at 1, 2, 4 and 24 h post 

infusion. 

Cannula verification:  A behavioral assay was used to verify cannula placement for the 

rats with ventricular cannulas. Water intake was monitored in individual rats following an i.c.v. 

infusion of 50 ng of angiotensin II (Sigma-Aldrich) 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.  Following the study, rats received i.p. injections of 0.5 ml pentobarbital. When 

unresponsive, the rats were decapitated and the brains were removed and stored in 10% formalin 

for 72 h at 4ºC.  Brains were then transferred to a 30% sucrose solution for 5 days at 4ºC.  Frozen 

tissue was sectioned on a cryostat (Zeiss) at 40 µm and mounted onto gelatin-coated slides.  

Tissue was stained with cresyl violet, coverslipped, and viewed at 4x under a research 

microscope (Olympus AX70) to verify LH cannula placement.  Rats with cannula placement 

outside of the LH were excluded from the study. 

Statistical Analysis:  Cumulative food intakes were analyzed by two-factor, repeated 

measures ANOVAs (drug by time).  Significant effects were followed up by Tukey’s post hoc 

tests to determine group differences. 

 

Results 

 Among the rats implanted with i.c.v. cannulas, 1 of the 8 failed to consume more than 5 

ml of water following i.c.v. infusion of angiotensin.  This rat was excluded from data analysis.  

As expected, food intake was influenced by an interactive effect of i.c.v. estradiol treatment and 

time, F(3,18) = 6.31, P < 0.01 (Fig. 5.1).  No group differences in food intake were observed at 

1, 2 and 4 h following drug treatment.  However, 24-h food intake following E2 infusion was 

significantly less than food intake following vehicle infusion, P < 0.05. 
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 Among the 10 rats implanted with LH cannulas, histological verification demonstrated 

that 2 animals had misplaced cannulas.  These rats were excluded from data analysis.  Fig 5.2 

provides a representative photomicrograph depicting the cannuala tract into the LH in a rat with 

correct placement.  Infusion of estradiol into the LH failed to influence food intake in OVX rats.  

Neither a main nor an interactive effect of estradiol treatment were detected, F(2,14) = 0.23 and  

F(6,42) = 1.41, respectively, ns (Fig. 5.3). With a calculated effect size of 0.50, our design 

yielded a power level of 0.95, suggesting that our null result is not secondary to insufficient 

statistical power. 

 

Discussion 

 Estradiol likely works to decrease the orexigenic strength of the MCH system through 

indirect changes in MCH and MCHR1 protein expression.  To further understand how estradiol 

is influencing the system a vital piece of information is to understand where estradiol is acting to 

produces such changes.  Because ERα is expressed in the LH it is possible that estradiol acts 

locally within this nuclei to decrease the strength of the MCH system.  There is a significant 

amount of evidence that the first order neurons in the ARC project to the MCH system through 

glutamate and GABA acting as intermediate neurons in the LH (40; 50; 108).  In addition, it has 

been shown in the ARC that estradiol increases protein expression of glutamine synthetase and 

glutaminase which leads to an increase in GABA (10).  Therefore, it is possible that a similar 

effect could occur in the LH whereby estradiol could increase the amount of GABA input to the 

MCH system.  It has previously been shown that GABA hyperpolarizes MCH neurons which 

would lead to a decrease in the signaling strength of the MCH system.  To examine this 

hypothesis we asked whether estradiol acts locally within the LH to decrease food intake. 

However, microinfusions of estradiol into the LH had no significant effect on food intake over a 

24-h time period.  Because estradiol does not inhibit food intake when infused in the LH the 

neuropeptide systems in the LH that control food intake (i.e. MCH) are likely not a direct target 

of estradiol. Therefore, it is unlikely that ERs in the LH are the location where estradiol exerts its 

inhibitory effect on the MCH system. 

 Estradiol infusions into the ventricle significantly decreased food intake 24 h following 

hormone treatment in OVX rats.  This demonstrates that central infusion of the water soluble 

form of estradiol used in the present study is capable of influencing food intake.  Additionally, 
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these doses of water soluble estradiol, 0.25 and 2.5 µg, have previously been shown to inhibit 

food intake when infused into the MPOA of OVX rats (25).  This suggests that the dose of 

estradiol used here was not sub-threshold to detect an effect, particularly because there is more 

ER expression in the MPOA than in the LH (100).  As a result, because this dose of estradiol was 

sufficient to inhibit food intake in the MPOA, it should be large enough to activate the smaller 

pool of ERs in the LH.  Therefore, the null effect observed in the LH is likely not due to 

ineffectiveness of this form of estradiol.     

In Chapter 2, we demonstrated that estradiol inhibits MCH and MCHR1 protein 

expression through activation of ERα.  However, estradiol is likely doing so indirectly because 

we then demonstrated that estradiol does not inhibit MCH and MCHR1 gene expression in vitro 

(Chapter 3) and MCH and ERα are not co-expressed in vivo (Chapter 4).  Now, with the results 

from this chapter, we know that the ERs in the LH are likely not the site by which estradiol acts 

to inhibit the MCH system because estradiol does not act in the LH to reduce food intake. 

 Because the LH is likely not the nucleus where estradiol acts to decrease the strength of 

the MCH system, the involvement of other brain areas in this phenomenon should be considered.  

For example, the ERs in the ARC are one potential candidate for where estradiol may act to 

inhibit the MCH system.  Orexigenic and anorexigenic signals are sent from the ARC to the 

MCH system (81).  One possibility is that estradiol is increasing the strength of the anorexigenic 

signals (19; 80; 87) and decreasing the strength of the orexigenic signals (24; 59; 92; 106) which 

in turn are leading to a decrease in MCH gene expression and therefore a decrease in MCH 

protein.   

The MPOA, DMH and ZI are another set of nuclei that should be considered for being a 

necessary site where estradiol acts to decrease the strength of the MCH system.  Chapter 2 

demonstrated that MCHR1 protein expression is decreased in these three nuclei when estradiol 

levels are high.  Importantly, estradiol has been shown to decrease food intake when infused into 

the MPOA (25), the DMH is one of only a few nuclei that is sufficient for MCH induced food 

intake (1), and ERα is present in all three of these nuclei (100).  Testing whether estradiol in 

these nuclei inhibit MCH-induced food intake will be important in understanding where estradiol 

is exerting its effects on protein expression of the MCH system. 

Finally, the NTS could be an important nucleus where estradiol regulates the strength of 

the MCH system.  First, there MCHR1 is expressed in the hindbrain and specifically in the NTS 
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(49).  Importantly, it has been shown that estradiol acts within the NTS to decrease food intake 

(105).  Finally, both CCK and ghrelin have been shown to decrease MCHR1 gene expression in 

vagal afferent neurons (11; 12), which have the majority of their terminal fields within the NTS 

(34).  Estradiol could produces changes within the NTS on either MCHR1 or other signals which 

then project to the hypothalamus to control food intake.  Understanding the involvement of the 

NTS in the estrogenic inhibition of the MCH system will be an important next step to 

investigate. 

 While estradiol decreases the orexigenic strength of the MCH system through indirect 

changes in protein expression, the site where estradiol exerts its effect on the MCH system is 

unclear.  While ERα expressing neurons in the LH were a likely possibility, estradiol infusions 

into this nucleus had no effect on food intake.  The ARC, MPOA, DMH, ZI and NTS are all 

possible nuclei where estradiol could be acting to decrease the strength of the MCH system.  

Future studies testing whether estradiol infusions in these nuclei inhibit MCH induced food 

intake will be necessary to understand how estradiol is indirectly causing changes in the MCH 

system. 
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FIGURES FOR CHAPTER 5 
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Figure 5.1.  Food intake was influenced by i.c.v. estradiol treatment in OVX rats.  Twenty-four h 

food intake following E2 infusion was significantly less than food intake following vehicle 

infusion.  *Less than vehicle treatment, P < 0.05. 
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Figure 5.2. Photomicrograph of a representative cannula tract targeting the LH.  Area within the 

dashed line delineates the LH. Opt = optic tracts, 3
rd

 V = third ventricle.  Magnification = 4x. 
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Figure 5.3. Estradiol does not act in the LH to decrease food intake.  Infusions of estradiol into 

the LH did not influence food intake at any time point following drug treatment. 
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CHAPTER 6 

 

SUMMARY AND CONCLUSIONS 

 

 The estrogenic inhibition of food intake is mediated, at least in part, by a reduction in 

MCH-induced food intake.  The fact that male and diestrous female rats are more sensitive to the 

orexigenic effect of MCH than estrous female rats suggests that endogenous estradiol decreases 

MCH signaling (93).  Additionally, exogenous estradiol treatment in OVX rats inhibits MCH-

induced food intake (65; 93).  Because estradiol acts as a ligand inducible transcription factor, 

there are many ways in which estradiol could decrease the orexigenic strength of the MCH 

system.  A number of these possibilities were addressed in this dissertation. 

 We established that one mechanism by which estradiol may act to decrease the strength 

of the MCH system is through a reduction in MCH and MCHR1 protein expression.  Here, we 

provided the first demonstration that there is a negative association between endogenous 

estradiol levels and hypothalamic MCH and MCHR1 protein expression in cycling rats.  We also 

demonstrated that a physiological dose of estradiol exerts a similar effect on hypothalamic MCH 

and MCHR1 protein expression in OVX rats.  These findings extend previous reports that 

pharmacological doses of estradiol decrease MCH gene expression in male rats (69; 72).  In 

addition, we demonstrated that activation of ERα alone also induces similar decreases in MCH 

and MCHR1 protein expression in OVX rats.  These results are important because they provide 

the first demonstration that a reduction in MCH signaling may contribute to estradiol’s 

anorexigenic effect.  This adds to the growing literature that estradiol is capable of modulating 

the overall tone of multiple neurotransmitter and neuropeptide systems implicated in the 

physiological control of food intake.  

 We established in Chapter 2 that estradiol inhibits the orexigenic strength of the MCH 

system by producing physiological changes in MCH and MCHR1 protein expression that would 

promote a reduction in MCH signaling. However, very little is known about the mechanism 

underlying estradiol’s ability to decrease signaling within the MCH system.  Because ERs are 

located in the same brain regions as MCH and MCHR1 (49; 81; 100), estradiol could directly 

influence MCH and MCHR1 gene expression.  However, because estradiol has been shown to 

modulate the activity of upstream regulators of the MCH system (5; 92; 106), estradiol could 
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also decrease MCH and MCHR1 protein expression indirectly by influencing the strength of 

afferent inputs to the MCH system.  Our findings involving in vitro methods demonstrated that 

estradiol had no effect on MCH or MCHR1 gene expression in a hypothalamic cell culture 

model.  Moreover, our findings involving an in vivo model system demonstrated that MCH and 

ERα are not co-expressed within the same neurons in the hypothalamus of cycling rats.  Taken 

together, these findings suggest that estradiol is acting upstream of the MCH system to either 

decrease the strength of orexigenic afferent inputs or increase the strength of anorexigenic 

afferent inputs to the MCH system.  Either or both changes could promote a decrease in MCH 

and MCHR1 gene expression and, thereby, protein expression. 

 The next step in understanding how estradiol decreases the strength of the MCH system 

was to identify where in the brain estradiol may be acting to exert these indirect changes in MCH 

and MCHR1 protein expression.  One possibility is that estradiol could act within the LH to 

decrease the strength of the MCH system.  The LH is a likely possibility because ERα is highly 

expressed, often within close proximity to MCH neurons.  While MCH neurons receive 

projections from the first order neurons in the ARC they do so indirectly through GABA and 

glutamate intermediate neurons (40; 50).  It is possible that estradiol could be increasing GABA 

which has been shown to reduce MCH neuronal excitability. This would ultimately lead to a 

reduction in food intake similar to what is observed in the ARC (10).  However, estradiol 

infusion into the LH had no effect on food intake in OVX rats.  The fact that activation of ERs in 

the LH is not sufficient to reduce food intake in the OVX rat weakens the notion that estradiol is 

acting in the LH to decrease the strength of MCH signaling.  It will be important to identify 

which nuclei are necessary for the estrogenic inhibition of MCH-induced food intake.  The ARC, 

MPOA and NTS are all possible targets because they express MCHR1, send inputs to the LH or 

show changes in MCHR1 protein based on changes in estradiol. The estrogenic inhibition of 

food intake is a basic research problem and by furthering our knowledge on how estradiol 

inhibits the MCH system it will increase our understanding on how estradiol acts to reduce food 

intake.  Here, I have demonstrated that estradiol decreases MCH-induced feeding by indirectly 

changing the expression of MCH and MCHR1 protein levels. 
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