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Abstract

Studies have suggested that manipulations of the central melanocortin circuitry by
pharmacological agents produce robust effects on the regulation of body weight and glucose
homeostasis. In this review, we discuss recent findings from genetic mouse models that have
further established the physiological relevance of this circuitry in the context of glucose and
energy balance. In addition, we will discuss distinct neuronal populations that respond to central
melanocortins to regulate food intake, energy expenditure, insulin sensitivity, and insulin
secretion, respectively. Finally, multiple hormonal and neural cues (e.g., leptin, estrogen, and
serotonin) that use the melanocortin systems to regulate energy and glucose homeostasis will be
reviewed. These findings suggest that targeting the specific branches of melanocortin circuits may
be potential avenues to combat the current obesity and diabetes epidemics.
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Introduction

The use of genetic mouse models has catalyzed substantial advances in the understanding
about how the central nervous system (CNS) provides a coordinated control of energy and
glucose homeostasis. While numerous molecules in the brain and neural structures play key
roles in regulating energy and glucose balance and deserve attention, the current review will
focus on the central melanocortin system. As illustrated below, the physiological
significance of the central melanocortin system has gone beyond the regulation of feeding
and body weight. Current evidence indicates that central melanocortins also regulate insulin
sensitivity and glucose homeostasis through distinct CNS populations expressing
melanocortin receptors. We will also review evidence supporting the role of the
melanocortin system as the key mediator for multiple metabolic cues, such as leptin,
estrogens, and serotonin.
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The central melanocortin system

The central melanocortin system comprises neurons that produce endogenous melanocortins
and the downstream neurons that express melanocortin receptors.1-3 The melanocortin
neurons include those expressing pro-opiomelanocortin (POMC) and those expressing
neuropeptide Y (NPY) and agoutirelated peptide (AgRP), which are both located in the
arcuate nucleus (ARC). While POMC neurons synthesize and secrete an anorexigenic
peptide, a-melanocyte—stimulating hormone (a-MSH), to activate melanocortin receptors,
NPY/AgRP neurons release orexigenic peptides, NPY, and AgRP.1-3 Notably, AgRP is the
endogenous antagonist of the melanocortin receptors.13 POMC and NPY/AgRP populations
have been long believed to be the primary central regulators of energy homeostasis.?, ®

The anorexigenic property of POMC neurons has been well established, as the deletion of
POMC gene causes hyperphagia and obesity.8 However, neither single deletion of AgRP or
NPY nor double deletion of AgRP and NPY in mice leads to abnormality in food intake and
body weight.” These results are not in agreement with pharmacological studies showing that
treatment of AgRP or NPY leads to an increase in food intake.8, @ It has been argued that the
lack of phenotypes in animals with gene mutations at the embryonic stage could result from
possiblegenetic compensations during early development. To circumvent this issue and
establish the role of NPY/AgRP neurons in the control of body weight, several groups have
used distinct genetic mouse models to achieve selective ablation of NPY/AgRP neurons
during adulthood. For example, Palmiter and colleagues used a mouse model with the
Creinducible diphtheria toxin receptor (DTR). Crossing these mice with AgRP-Cre
transgenic mice generated mice with DTR expressed only in AgRP-expressing cells.
Injections of diphtheria toxin into these mice results in selective ablation of NPY/AgRP
neurons. They found that ablation of NPY/AgRP neurons during adulthood leads to rapid
decreases in food intake and body weight.10 Similarly, Barsh and colleagues crossed AgRP-
Cre transgenic mice to a loxP-flanked mitochondrial transcription factor A (Tfam) allele to
selectively delete Tfam from AgRP cells, which causes progressive loss of this population as
animals grow.11 These mice with NPY/AgRP ablation display modest lean phenotypes.11
Finally, targeted expression of a neurotoxic ataxin-3 to AgRP-expressing neurons resulted in
loss of the NPY/AgRP neurons and decreases in food intake and body weight.12 Results
from these three different models with genetic ablation of NPY/AgRP neurons all support a
physiological role of these neurons in promoting feeding and body weight gain. This notion
has been further supported by recent studies using genetic tools to selectively manipulate
electrophysiological properties of NPY/AgRP neurons. For example, Aponte and colleagues
generated mice expressing the light-activated cation channel, channelrhodopsin-2 (ChR2),
only in NPY/AgRP neurons.23 Light stimulation in these mice induces rapid activation of
NPY/AgRP neurons, which results in increased feeding.13 Similarly, Krashes and colleagues
used Designer-Receptors-Exclusively-Activated-by-Designer-Drugs (DREADD)4, 15 to
rapidly depolarize or hyperpolarize NPY/AgRP neurons in mice.1® While depolarization of
NPY/AgRP neurons promotes eating, hyperpolarization of these neurons inhibits eating.16
Collectively, these genetic mouse models with NPY/AgRP ablation or stimulation/inhibition
during adulthood demonstrate a physiological role of NPY/AgRP neurons in the control of
energy homeostasis. The discrepancy between these recent studies!?-13, 16 and those with
early embryonic gene deletion’ may indicate that other neuronal populations (e.g., POMC
neurons) undergo adaptive changes to compensate for the loss of NPY/AgRP during early
development.

It is important to note that NPY/AgRP ablation or stimulation/inhibition models cannot rule
out the possibility that other neuropeptides or neurotransmitters released by these neurons
may contribute to the regulation of energy homeostasis. Indeed, Aponte and colleagues
demonstrated that increased feeding induced by activation of NPY/AgRP neurons does not
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require the melanocortin receptors,13 suggesting that these neurons may release
neurotransmitters other than AgRP to regulate feeding. NPY released from these NPY/
AgRP neurons could certainly be one of these neurotransmitters. Alternatively, NPY/AgRP
neurons also release GABA, a classic neurotransmitter that has been implicated in the
control of body weight.10, 17 To evaluate the physiological relevance of GABA release from
NPY/AgRP neurons, Tong and colleagues generated a mouse model carrying loxP-flanked
alleles encoding the vesicular GABA transporter (VGAT), which is required for presynaptic
release of GABA.18 Crossing these loxed VGAT mice with knockin AgRP-IRES-Cre mice
produced mice with selective deletion of VGAT in NPY/AgRP neurons. Mice lacking
VGAT in NPY/AgRP neurons have reduced GABA release, and these mice display reduced
body weight primarily due to increased energy expenditure.1® These findings provide
genetic evidence that GABA release from NPY/AgRP neurons is required to maintain
normal energy homeostasis. It has been suggested that NPY/AgRP neurons provide a direct
GABAergic input to POMC neurons, which forms a neural network to mediate actions of
various metabolic signals.10, 17, 20, 21 Thjs notion is further supported by the observations
that the inhibitory postsynaptic currents (both at the basal condition and after ghrelin
treatment) recorded from identified POMC neurons are significantly attenuated in mice
lacking VGAT in NPY/AgRP neurons. In addition, the orexigenic effects of ghrelin are
significantly blunted in these mutant mice.1® In addition to this GABAergic AgRP-POMC
network, recent evidence from the Palmiter group demonstrated that GABA released from
NPY/AgRP neurons also acts on neurons in the parabrachial nucleus to maintain normal
feeding behavior.22

Neurons expressing melanocortin receptors receive inputs from POMC neurons and NPY/
AgRPneurons to regulate energy and glucose homeostasis. In particular, melanocortin
receptor 3 and 4 (MC3Rs and MC4Rs) have been demonstrated to be the most relevant
melanocortin receptors in the context of energy and glucose homeostasis.>, 23, 24 For
example, MC3Rs are required to mediate melanocortin actions on energy expenditure, as
MC3R knockout mice show decreased energy expenditure and increased sensitivity to diet-
induced obesity.23, 25 Effects of MC3Rs on food intake are not yet fully understood. Initial
characterization of MC3R knockout mice showed that mutants eat less when fed with chow,
and no difference in food intake was observed when fed with a high-fat diet (HFD).23, 25
However, Butler and colleagues recently reported that MC3R knockout mice eat more
during the light cycle, but not in the dark cycle.28 This suggests that MC3Rs may be
involved in the circadian control of feeding behavior. Similarly, Butler and colleagues
recently demonstrated that MC3R knockout mice, when subjected to a light-cycle feeding
paradigm, exhibit hyperinsulinemia and glucose intolerance compared to wild-type
controls.?” These findings support the notion that MC3Rs in the brain are important for the
circadian control of glucose and energy homeostasis.

MCA4Rs are also involved in the regulation of energy and glucose homeostasis. For example,
mutations in MC4R gene in mice® or humans?8, 29 |ead to obesity. Data obtained from
MCA4R knockout mice indicate that central MC4R signals contribute to the control of body
weight balance by regulating both food intake and energy expenditure.>, 39, 31 Recent
evidence also demonstrated that the central melanocortin system directly controls peripheral
lipid and glucose metabolism, effects that are independent of its role in food intake and
energy expenditure.32 An interesting question is which MC4R populations in the CNS are
responsible for each of these distinct functions, given that MC4Rs are expressed in multiple
relevant CNS sites.33-35 The Lowell and Elmquist laboratories developed a loxTB MC4R
null mouse model whose MC4R expression is globally disrupted by a loxP-flanked
transcriptional blocking cassette (IoxTB) inserted into the MC4R gene.36 These loxTB
MCA4R null mice display hyperphagia, lower energy expenditure, obesity, hyperinsulinemia,
and hyperglycemia,3® phenotypes identical to those seen in the conventional MC4R
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knockout mice.® Uniquely, the loxTB cassette can be removed by the Cre-recombinase,
which results in reactivation of MC4R expression. The loxTB MC4R null mice were crossed
with SIM1-Cre transgenic mice to restore MC4R expression only in SIM1 neurons in the
paraventricular nucleus of the hypothalamus (PVH) and the amygdala.36 This manipulation
markedly improves the obesity seen in loxTB MC4R null mice. Notably, the hyperphagia is
completely rescued, while reduced energy expenditure, hyperglycemia, and
hyperinsulinemia are unaffected.36 These findings demonstrate that MC4Rs expressed by
SIM1 neurons in the PVH and the amygdala control food intake, but not energy expenditure
and glucose/insulin balance.

We have recently crossed the loxTB MC4R null mice with the ChAT-IRES-Cre and
Phox2b-Cre mice, respectively.3” The ChAT-IRES-Cre restored MC4R expression in all
cholinergic neurons, which include both the sympathetic preganglionic neurons in the
intermediolateral column (IML) and the parasympathetic preganglionic neurons in the dorsal
motor nucleus of the vagus (DMV); the Phox2b-Cre led to selective reexpression of MC4Rs
in autonomic control neurons, including the parasympathetic preganglionic neurons in the
DMV.37 We found that while MC4Rs in cholinergic neurons (both sympathetic and
parasympathetic neurons) are sufficient to increase energy expenditure and partially rescue
the obesity seen in loxTB MC4R mice, reexpression of MC4Rs in Phox2b neurons
(parasympathetic neurons) does not significantly affect energy expenditure and body
weight.37 Therefore, these findings suggest that MC4Rs expressed in the sympathetic
preganglionic neurons in the IML are important for the control of energy expenditure.
Further, we found that reexpression of MC4Rs in cholinergic neurons attenuates both
hyperglycemia and hyperinsulinemia.3” In addition, euglycemic—hyperinsulinemic clamp
studies revealed that hepatic insulin action and insulin-mediated suppression of hepatic
glucose production are improved in mice with MC4Rs reexpressed in cholinergic neurons.3’
In contrast, restoration of MC4Rs in Phox2b neurons only attenuates hyperinsulinemia, but
has fewer effects on glucose levels.3” Based on these findings, we suggest that MC4Rs
expressed in the sympathetic preganglionic neurons in the IML are involved in the
regulation of insulin sensitivity in liver and hepatic glucose production, whereas
MC4Rsexpressed by parasympathetic neurons in the DMV may control insulin secretion
from the pancreas.

Leptin is a circulating adipokine that plays critical roles in the regulation of body mass and
body composition.38 Leptin contributes to the regulation of body weight by influencing both
food intake3?, 40 and energy expenditure.#1-43 Biological actions of leptin are thought to be
primarily mediated by the long-form leptin receptor (also known as LEPR-B).44
Accumulating evidence indicates that leptin produces antiobesity effects by acting via
LEPR-B in the brain.#> For example, CNS-specific deletion of LEPR-B results in marked
obesity.#6, 47 In contrast, transgenic, brain-specific reconstitution of LEPR-B in LEPR-
deficient (db/db) mice ameliorates obesity.48-50

LEPR-B is abundantly expressed in several sites within the hypothalamus, including the
ARC, the dorsomedial nucleus of the hypothalamus, the lateral hypothalamic area, and the
ventromedial hypothalamic nucleus (VMH).51-56 Taking advantage of the Cre-loxP genetic
animal models that allow manipulations of LEPR-B in a cell- or site-specific manner, the
relative importance of leptin action at these different sites is beginning to be understood.

The melanocortin pathway is downstream of leptin actions. Particularly, leptin directly
depolaizes POMC neurons.?1, 57 Furthermore, fasted rodents (a condition of reduced leptin
levels) and leptin-deficient (ob/ob) mice both have decreased hypothalamic POMC mRNA
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content, which can be normalized by exogenous leptin administration.58-60 These findings
support the possibility that leptin acts on LEPR-B expressed by POMC neurons to regulate
body weight balance. To directly test this possibility, we have previously crossed the
loxPflanked LEPR-B allele with the POMC-Cre transgene, which resulted in selective
deletion of endogenous LEPR-B from POMC neurons.29 We demonstrated that this deletion
causes modest obesity primarily because of decreased energy expenditure.20, 61 Bjgrbak
and colleagues have recently crossed actindriven loxTB LEPR-B alleles with the POMC-Cre
transgene, which results in reexpression of LEPR-B in all POMC neurons (including those
that do not endogenously express LEPR-B) on the db/db background.®2 The reexpression
leads to a modest reduction in body weight.52 Collectively, the deletion and reexpression
models provide consistent evidence to support that POMC neurons are one physiologically
relevant site that mediates leptin actions on body weight control. Of note, while selective
deletion of LEPR-R from POMC neurons does not significantly affect food intake,20, 61
reexpression of LEPR-R in all POMC neurons partially rescue hyperphagia seen in db/db
mice.52 This discrepancy can be interpreted to suggest that LEPR-B is only expressed in
POMC neurons that regulate energy expenditure but are not major regulators of food intake.
Alternatively, the lack of feeding phenotype in deletion models is due to compensatory
effects of other brain regions expressing LEPR-B.

Indeed, leptin has been shown to act on a subset of neurons in the VMH, namely
steroidogenic factor 1 (SF1) neurons. SF1 is a transcription factor that is expressed
exclusively in the VMH within the brain.%3 Deletion of SF1 in mice disrupts VMH
structure® and leads to obesity.5> We found that leptin directly depolarizes SF1 neurons via
LEPR-B-mediated mechanisms.®6 In addition, selective deletion of LEPR-B in SF1 neurons
produces modest obesity,%6, 67 indicating that LEPR-B expressed by SF1 neurons is also
required to maintain normal body weight. Interestingly, mice lacking LEPR-B only in SF1
neurons show impaired thermogenic responses to acute HFD challenge,6 suggesting that
leptin actions via SF1 neurons are required to mediate the appropriate thermogenic
responses to overnutrition.

Actions of leptin in the CNS have been implicated in glycemic control (as reviewed in Refs.
68 and 69). Many of these leptin regulations on glucose homeostasis appear to be mediated
by LEPR-B expressed in the hypothalamus. For example, it has been shown that while
partial restoration of LEPR-B in the ARC on the LEPR-B null background only modestly
decreases body weight, such manipulation remarkably improves hyperinsulinemia and
completely normalizes hyperglycemia seen in LEPR-B null mice.”® Similarly, LEPR-B
reexpression in all POMC neurons on the db/db background produces robust improvements
in the glucose/insulin profile, while body weight is only modestly reduced.52 Moreover,
SF1-specific deletion of LEPR-B causes insulin resistance before onset of obesity.5”
Consistent with findings that acute infusion of leptin in the third cerebral ventricle markedly
inhibits liver glycogenolysis and suppresses glucose productionin rodents,’! phenotypes
observed in these genetic mouse models support that leptin actions in the ARC (e.g., POMC
neurons) and in SF1 neurons are required to regulate insulin sensitivity and glucose
homeostasis andthat these effects are likely independent of leptin effects on body weight and
adiposity.

In addition to the aforementioned hypothalamic neurons, emerging evidence suggests that
leptin may also act on extra-hypothalamic sites to regulate feeding behavior and body
weight balance. For example, Hayes and colleagues have recently shown that knock-down
of LEPR-B in the nucleus of solitary tract (NTS) and area postrema (AP) via stereotaxic
injections of AAV-shRNA leads to increased susceptibility to diet-induced obesity.”2
Development of obesity in these animals is not due to alterations in energy expenditure, but
rather to impaired satiation and increased food intake.”2 Consistently, Scott and colleagues.
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demonstrated that selective deletion of LEPR-B in the NTS produces hyperphagia in mice.”3
Thus, these results suggest that LEPR-B expressed in the NTS/AP is required to mediate the
anorexigenic effects of leptin.

Leptin modulates multiple intracellular signaling cascades that in turn lead to alteration of
gene expression profiles and changes of neuronal electrophysiological activity. As LEPR-B
is a member of the class I cytokine receptor superfamily that commonly activates Janus
kinase/signal transducer and activator of transcription (JAK/STAT) pathway,* the JAK/
STAT3 pathway is thought to be a central mediator of leptin actions. Indeed, leptin rapidly
induces tyrosine phosphorylation on both JAK2 and STAT3 in the hypothalamus. Knock-in
mice in which the STAT3 binding site on LEPR-B (Tyr 1138) is mutated display
hyperphagic and obese phenotypes as db/db mice that completely lack LEPR-B.7# In
addition, deletion of STAT3 from the entire population of the leptin-responsive cells results
in hyperphagia and obesity.’® Interestingly, no deficits in reproduction and glucose
homeostasis were observed in these mouse lines, suggesting that other signaling pathways
rather than STAT3 may be involved.

Leptin also modulates other signaling pathways, including the PI3K/Akt pathway,’8-79 the
mTOR/S6K pathway,80, 81 and the AMPK pathway.82 Leptin increases the levels of

PIP3, 83.84 3 catalyzed product of PI3K. Pharmacological and genetic studies have shown
that the PI3K pathway is required to mediate leptin actions to acutely suppress food intake8®
and to depolarize POMC neurons.”5-78 The hypothalamic mTOR/S6K pathway is another
indispensable signaling mechanism mediating leptin anorexigenic actions.88 Leptin inhibits
5’-AMP-activated protein kinase (AMPK) in the hypothalamus. Expression of the
constitutively active form of AMPK attenuates leptin’s anorexigenic effects.82 However, the
molecular links between LEPR-B and PI3K, mTOR/S6K, or AMPK are not fully
understood.

Leptin signaling is negatively regulated by suppressor of cytokine signaling-3 (SOCS-3)87
and protein tyrosine phosphatase 1B (PTP1B).88, 89 SOCS-3 and PTP1B are increased
within the hypothalamus in a state of excess nutrition/obesity.89-92 Overexpression of
SOCS-3 or PTP1B in vitro attenuates leptin-induced STAT3 activation.88, 8 Mice with
brain-specific SOCS-3 deletion are protected from diet-induced obesity and leptin
resistance.%3, % PTP1B knockout mice are likewise resistant to dietinduced obesity.88, 89, 95
Deletion of SOCS3 from POMC neurons results in increased leptin sensitivity and improves
glucose homeostasis despite normal body weight gain.% In addition, mice lacking PTP1B
only in POMC neurons show reduced body weight, enhanced leptin sensitivity, and
increased energy expenditure.%” Interestingly, a direct comparison among brain-specific
knockout mice of SOCS-3, PTP1B, or both suggests that brain functions of SOCS-3 and
PTP1B do not completely overlap in terms of control of energy homeostasis.? Collectively,
SOCS-3 and PTP1B contribute to cellular leptin resistance.

Ovarian estrogens exert important antiobesity effects in women and female mammals. For
example, lower levels of estrogens in postmenopausal women are associated with an
increased risk for developing obesity.9%-101 Ovariectomized (OVX) animals with reduced
estrogen signaling develop obesity and hyperadiposity.102-194 Although OVX induces a
transient increase in food intake, the hyperphagia does not seem to account for the
development of obesity.194 Further, OV X rats gain weight to a similar extent when they are
pair-fed compared to estradioltreated rats,10°, 106 suggesting that endogenous estrogens
regulate body weight homeostasis primarily by modulating energy expenditure. However,
estradiol replacement was shown to decrease food intake and increase energy expenditure in
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rodents,197 indicating that exogenous estrogens may promote a negative energy balance by
influencing both energy intake and energy expenditure. Importantly, estrogens are also
thought to play a role in regulating fat distribution. For example, female humans and rodents
distribute relatively more fat in subcutaneous depot, while males have more fat stored in
visceral depot, which is more likely to cause metabolic syndromes such as insulin
resistance.108-110 Estrogens appear to account for this sexual dimorphism because the
differences in the fat distribution between premenopausal females and age-matched men are
abolished between postmenopausal females and age-matched men.111

Estrogen receptor-a (ERa), one of the estrogen receptors, is believed to mediate most
estrogenic effects on energy homeostasis. For example, female mice with a targeted deletion
in the ERa gene (ERaKO) develop obesity and hyperadiposity, primarily due to decreased
energy expenditure.112 Although no hyperphagia is observed in ERaKO mice,112-114 ERa
is clearly required to mediate normal satiation process because estradiol-induced hypophagia
and CCK-induced satiation in wild-type mice are blocked in ERa.KO mice.114

ERa is expressed in brain regions implicated in the regulation of energy balance. These
include the PVH, medial preoptic area (MPOA), ARC, VMH, and NTS, etc.115, 116 |p
earlier attempts to determine the effects of estrogen on food intake and body weight in these
CNS regions, intranuclear microinjections and lesions were often used. However, due to the
inherent difficulty in precisely placing cannulae or producing lesions in small but complex
brain regions, findings obtained from these studies are difficult to reproduce and
interpret.117-122

Recently, the role of estrogens and ERa in the VMH in the regulation of energy balance has
been reexamined using the ERa silencing approach.123 In this study, ERa in the VMH is
knocked down with an AAV-shRNA.123 Animals with impaired ERa signaling in the VMH
are less sensitive to estradiol-induced weight loss and develop obesity characteristic of
increased visceral fat.123 The obesity syndrome is likely caused by decreased physical
activity and impaired diet-induced thermogenesis, whereas food intake of these animals is
not directly affected.123 We recently generated mice with ERa deleted in VMH SF1
neurons.124 We found that deletion of ERa in VMH SF1 neurons in female mice, while not
affecting food intake, significantly reduces basal metabolic rate and diet-induced
thermogenesis, which consequently results in increased body weight and hyperadiposity.124
Interestingly, a significant increase in visceral fat deposition (versus subcutaneous fat
deposition) was observed in these mutant females.124 Finally, we showed that the decreased
energy expenditure and increased visceral fat distribution in mice lacking ERa in SF1
neurons presumably results from decreased sympathetic tone (as demonstrated by decreased
plasma norepinephrine levels).124 Our findings are largely consistent with those obtained
from the VMH-specific ERa knock-down model. Collectively, these results support the
hypothesis that ERa signaling in VMH neurons (e.g., SF1 neurons) plays an important role
in regulating energy expenditure and fat distribution.

A recent study demonstrated that NPY/AgRP neurons are required to mediate the
anorexigenic effects of estrogens. In this study, Xu and colleagues showed that
hypothalamic expression of NPY and AgRP in wild-type mice is tightly regulated across the
estrus cycle, with the lowest levels during the estrus, which coincides with the plasma
estrogen peak and feeding nadir.125 They further showed that central estradiol
administration suppresses fastinginduced c-Fos activation in NPY/AgRP neurons and blunts
the refeeding response.12° Importantly, the cyclic changes in food intake and
estradiolinduced anorexia are blunted in mice with degenerated NPY/AgRP neurons.12
This study indicates that NPY/AgRP neurons are functionally required for the cyclic
changes in feeding across estrous cycles. Surprisingly, these authors also found that ERa is
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not expressed in NPY/AgRP neurons,25 suggesting that estrogen may regulate these
neurons indirectly via presynaptic neurons that express ERa (e.g., POMC neurons).

Indeed, POMC neurons coexpress ERa..124, 126 127 | addition, estrogens regulate
excitability of POMC neurons. Using electron microcopy, Horvath and colleagues have
reported that the number of excitatory synaptic inputs to ARC POMC neurons rises as mice
enter proestrus when estrogen levels arehigh.197 Further, central estradiol administration
rapidly increases the excitatory synapses on POMC neurons, an effect that is also reflected
by increasedminiature excitatory postsynaptic current recorded from POMC neurons.107
These synaptological rearrangements in POMC neurons are tightly paralleled with the
effects of estradiol on food intake and body weight.197 Similarly, Ronnekleiv and colleagues
reported that estradiol administration in hypothalamic slices activates POMC neurons by
rapidly uncoupling GABAGR receptors from the G protein—gated inwardly rectifying K*
channels.128 Importantly, we recently demonstrated that female mice lacking ERa. in POMC
neurons only develop hyperphagia.124 These observations, together with the findings from
the Horvath and Ronnekleiv groups, indicate that estrogen/ERa signals inPOMC neurons
are physiologically relevant in the regulation of food intake.124

Central serotonin (5-HT) systems play critical roles in the suppression of feeding. Brain 5-
HT is primarily synthesized by neurons in the dorsal raphe nucleus (DRN) in the midbrain,
which have projections to the hypothalamus.12 5-HT release from the DRN is rapidly
enhanced after each meal, 130 suggesting that increased 5-HT bioavailability may participate
in the regulation of feeding behavior. Indeed, fenfluramine, a pharmacological agent that
increases serotonin content by stimulating synaptic release of serotonin and blocking its
reuptake into presynaptic terminals,131 shows a potent anorexigenic activity in rodents and
humans.132-134 Conversely, treatments that suppress central serotoninergic signaling
produce hyperphagia and weight gain in humans and rodents.135-138 At least 14 serotonin
receptors have been cloned, and many of these receptors have been implicated in the
regulation of food intake and body weight.139 In particular, the 5-HT,c receptor (5-HT,cR),
which is exclusively expressed in the CNS,139 has been shown to mediate a significant
portion of the anorexigenic effects of central serotonin systems. For example, relatively
selective 5-HTo¢cR agonists, including mCPP, promote satiety and produce hypophagia.
These effects are blocked by 5-HT,¢R antagonists or in 5-HTocR knockout animals.140-144
Notably, deletion of 5-HT,cRs causes hyperphagia and obesity in mice,144, 145 indicating
that the endogenous 5-HT,cR signal is a physiological regulator of feeding. In addition,
mutations in the 5-HT,cR gene have been recently linked to several obesity conditions seen
in humans. For instance, commonly used atypical antipsychotic drugs (e.g., clozapine and
olanzapine) have been reported to cause serious weight gain, which may be associated with
their 5-HT,cR antagonist properties and with polymorphisms in 5-HT,cR gene.146, 147
Furthermore, a splicing variant of 5-HT,cR with impaired function has been suggested to
contribute to hyperphagia and obesity in patients with Prader-Willi syndrome.148

Recent studies have demonstrated that 5-HT,cRs are also involved in glycemic control,
actions that are independent of their effects on food intake and body weight. For example,
deletion of 5-HT,¢cRs in ob/ob mice leads to synergistic impairment of glucose balance,
while such double deletion does not lead to more severe obese phenotypes compared to ob/
ob mice.149 In addition, mCPP administration at a subthreshold dose (1 mg/kg), which does
not affect food intake and body weight, ameliorates insulin resistance and glucose
intolerance in mice with diet-induced obesity.150 Collectively, these findings indicate that
both endogenous 5-HT,cRs and exogenous drugs that activate 5-HT,cRs exert antiobesity
and antidiabetic effects.
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5-HT,cRs are widely expressed in the brain,1®1 and the physiological relevant sites of 5-
HT,cRs that regulate body weight and glucose balance are difficult to identify due to the
lack of commercially available 5-HTcR-selective drugs. Using neuroanatomy,
electrophysiology, and genetic mouse models, several groups have demonstrated that POMC
neurons are one of the physiologically important targets of 5-HT,¢cR signals in the context
of energy homeostasis. For example, POMC neurons coexpress 5-HT,cRs®2 and receive
inputs from 5-HT—immunoreactive nerve terminals from the DRN.1%3 These anatomical
findings are further supported by electrophysiological studies showing that 5-HT
compounds, including fenfluramine and mCPP, activate POMC neurons, effects that are
blocked by 5-HTcR antagonists.152, 154 In addition, 5-HT,¢R agonists increase POMC
expression in the ARC.150, 155 Collectively, these findings indicate that a 5-HTocR—
melanocortin circuit may provide the anatomical basis to mediate the anorexigenic actions
of 5-HT compounds (e.g., fenfluramine).

The physiological relevance of this 5-HT,cR—melanocortin circuitry is established using
genetic mouse models. First of all, we showed that the anorexigenic action of fenfluramine
is blunted in Ay micel91 or MC4R knockout mice,16 suggesting that the intact central
melanocortin system is required to mediate the pharmacological actions of 5-HT. Recently,
we generated a loxTB 5-HT,cR null mouse model in which expression of 5-HT,cRs is
disrupted globally by inserting a loxP-flanked transcriptional blocker cassette.1%” Crossing
these 1oxTB 5-HT¢cR null mice with transgenic POMC-Cre mice produced 2C/POMC mice
in which 5-HT,¢R is expressed only in POMC neurons. We found that loxTB 5-HT,cR null
mice predictably develop hyperphagia and obesity and show attenuated anorexigenic
responses to fenfluramine and mCPP.158 All of these deficiencies are normalized in 2C/
POMC mice.158 Notably, energy expenditure is not affected in either loxTB 5-HT,cR null
mice or 2C/POMC mice.158 These results highlight the physiological functions of the 5-
HT,cR-melanocortin circuitry in the control of food intake and body weight. We recently
demonstrated that while the anorexigenic effects of fenfluramine are abolished in mice with
global MCA4R deficiency, these effects can be restored in mice with MC4Rs reexpressed
only in SIM1 neurons in the PVH and the amygdala.1>° These observations further support
the model that 5-HT compounds (e.g., fenfluramine) act on 5-HT,cRs expressed by POMC
neurons to stimulate secretion of a-MSH, which in turn activates MC4Rs expressed by
SIM1 neurons in the PVH and amygdala to suppress food intake.

The 5-HTycR-melanocortin circuitry is also physiologically relevant in the regulation of
insulin sensitivity and glucose homeostasis. For example, it has been shown that mCPP
improves glucose tolerance and insulin sensitivity in wild-type mice with diet-induced
obesity, while such antidiabetic effects are blunted in mice lacking MC4Rs.1%0 In addition,
young loxTB 5-HTy¢R null mice develop insulin resistance in the liver, phenotypes that are
independent of hyperphagia and obesity.160 Notably, insulin resistance is normalized by
reexpression of 5-HT,cRs only in POMC neurons (2C/POMC mice).160 In addition, we
demonstrated that while the global deletion of 5-HT,¢cRs abolishes antidiabetic effects of
mCPP, such effects are restored in 2C/POMC mice.180 Collectively, these findings
demonstrate that 5-HT,cRs expressed by POMC neurons are physiological regulators of
insulin sensitivity and glucose homeostasis.

In addition to 5-HT,cRs, 5-HT4g receptors (5-HT1gRs) are another important target of 5-
HT action on feeding. Specifically, high-affinity 5-HT1gR agonists and fenfluramine
produce substantial reductions in food intake, effects that are attenuated by pharmacological
blockade 5-HT1gRs.161-163 |n addition, 5-HT;gR knockout mice show increased body
weight and food intakel®4 and are less sensitive to fenfluramine-induced anorexia.165 5-
HTq1gRs are widely expressed in the brain, with particularly high levels in the olfactory
tubercle, caudate putamen, cortex, hypothalamus, hippocampal formation, thalamus, DRN,
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and cerebellum.156, 166 167 NPY/AgRP neurons in the ARC may be one of the
physiologically relevant targets of 5-HT,gRs to regulate food intake. First, we demonstrated
that 5-HT—positive terminals establish synaptic contacts on both cell body and axon
terminals of NPY/AgRP neurons, 195 and 5-HT1gRs are expressed by a subset of NPY/AgRP
neurons.195 We further showed that 5-HT and selective 5-HT1gR agonists hyperpolarize
NPY neurons and decrease their firing rate, effects that are blocked by the 5-HT1gR
antagonist.105 Given that NPY/AgRP neurons provide a strong inhibitory GABAergic
projection to POMC neurons1?, 21, 168 and that 5-HT;gRs expressed on axon terminals have
been demonstrated to suppress GABA release, 169, 170 the direct inhibitory effects of 5-
HT1gRs on NPY/AgRP neurons may lead to indirect activation (disinhibition) of POMC
neurons. Indeed, we observed that fenfluramine and 5-HT1gR agonists potently suppress the
inhibitory postsynaptic currents in POMC neurons. Finally, we showed that the anorexigenic
effects of fenfluramine and the 5-HTgR agonist are blunted in MC4R knockout mice or Ay
mice.105 Collectively, these findings support a model that 5-HT directly inhibits NPY/AgRP
neurons via 5-HT1gRs. This action indirectly activates POMC neurons, and this 5-HT1gR-
NPY/AgRP-POMC circuitry may at least partly mediate the anorexigenic effects of 5-HT.

As discussed above, current evidence indicates that the central melanocortin pathway plays
essential roles in multiple aspects of energy and glucose homeostasis. These include food
intake, energy expenditure, insulin sensitivity, and insulin secretion. Remarkably, many of
these functions are mediated by distinct CNS regions expressing melanocortin receptors
(Fig. 1). Further, multiple hormones and/or neurotransmitters, including leptin, serotonin,
and estrogen, have been shown to directly act on POMC neurons to regulate energy and
glucose balance (Fig. 1). Interestingly, the physiological functions of these signals, while all
acting through POMC neurons, are not necessarily identical. For example, leptin directly
acts on POMC neurons to regulate energy expenditure and glucose homeostasis.2? On the
other hand, estrogens, via actions on ERa in POMC neurons, suppress food intake, but do
not directly regulate energy expenditure.124 5-HT acts on 5-HT,cRs in POMC neurons to
regulate both feeding>8 and insulin sensitivity,169 but does not affect energy expenditure.
Collectively, these results suggest that several subsets of POMC neurons exist that project to
and act on distinct downstream MCA4R populations to exert different functions. Multiple
metabolic cues may be integrated by distinct or partially overlapping POMC subsets.
Supporting this notion, we have recently found that acute electrophysiological responses to
leptin, insulin, and 5-HT,cR agonists are largely segregated in distinct subsets of POMC
neurons.®’, 171

In conclusion, the past two decades have been an exciting time in the field of obesity and
diabetes research. We have witnessed an explosion of knowledge regarding the control of
energy balance and glucose homeostasis. This includes genetic, pharmacological, and
neuroanatomic studies. While the increase in our knowledge is impressive, it is somewhat
disappointing that the number of treatments for obesity and its complications have not kept
up with the pace of discovery. Hopefully, the ever-increasing knowledge base will lead to
rational strategies in the years that follow to deal with the increasing incidences of obesity
and diabetes.
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PVH/amygdala

Figure 1.

A schematic model for functional segregation of the central melanocortin system. Current
evidence suggests that several subsets of POMC neurons exist in the ARC that project to and
act on distinct downstream MCA4R populations to suppress food intake, to increase energy
expenditure, to decrease insulin secretion, or to increase insulin sensitivity, respectively.
Multiple metabolic cues, including estrogens, 5-HT, and leptin, directly act on distinct or
partially overlapping POMC subsets to regulate different aspects of energy and glucose
homeostasis.
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