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Abstract

Attenuated activity of the central nervous melanocortin system causes obesity and insulin
resistance. Obese rodents treated with melanocortins exhibit improvements in obesity and
metabolic homeostasis that are not mutually dependent, suggesting metabolic actions that are
independent of weight changes. These responses are generally thought to involve G-protein-
coupled receptors expressed in the brain. Melanocortin-4 receptors (MC4Rs) regulate satiety and
autonomic nervous system and thyroid function. MC3Rs are expressed in hypothalamic and limbic
regions involved in controlling ingestive behaviors and autonomic function. Mc3r—/- mice exhibit
increased adiposity and an accelerated diet-induced obesity. While this phenotype is not dependent
on hyperphagia, data on the regulation of food intake by MC3Rs are inconsistent. Recent
investigations by our laboratory suggest a unique combination of behavioral and metabolic
disorders in Mc3r—/- mice. MC3Rs are critical for the expression of the anticipatory response and
metabolic homeostasis when food intake occurs outside the normal voluntary rhythms driven by
photoperiod. Using a Cre-Lox strategy, we can now investigate MC3Rs expressed in different
brain regions and organ systems in the periphery. While focusing on the functions of neural
MC3Rs, early results suggest an additional layer of complexity with central and peripheral

MC3Rs involved in the defense of body weight.

1. INTRODUCTION

The rise in the prevalence of obesity is a significant public health issue as it is associated
with insulin resistance and increased risk for type 2 diabetes and cardiovascular disease.
Indeed, less than half of the population in the United States has a healthy body weight (a
body mass index between 18.5 and 24.9 kg/m?).1 Lifestyle changes causing weight loss and
to prevent development of obesity are thus increasingly considered as imperatives.
Unfortunately, strong behavioral responses to caloric restriction make adhering to lifestyle
changes extremely difficult in obese individuals. Clinical studies also indicate other counter
responses to limit weight loss, with reduced resting metabolic rate and physical activity.2
In individuals where the metabolic stress associated with obesity is severe, surgical and/or
pharmacological interventions are therefore often required to obtain weight loss. Gastric
bypass procedures are highly effective and also rapidly improve metabolic homeostasis.®
However, the options for pharmacological intervention are limited.
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Body weight exhibits remarkable stability over time, even in the severely obese. This
suggests that mechanisms exist to sense energy balance and prevent excess weight gain
through the control of appetite and energy expenditure and/or nutrient partitioning. A
popular concept for “energy homeostasis” has evolved whereby body weight is maintained
by neuronal circuits that emanate from the hypothalamus that connect appetite and the
autonomic and neuroendocrine control of metabolism with signals of metabolic status.5-2 As
mentioned previously, caloric restriction produces powerful behavioral and metabolic
counter responses to limit weight loss. However, the nature of the “anti-obesity”
mechanisms beyond the control of appetite in situations of nutrient abundance is still being
debated.10-16 |n situations where calorie-dense diets are freely available, the mechanisms for
the defense of body weight are less robust when compared to the powerful counter-
regulatory responses to calorie restriction.’

It has been known for nearly a century that damage to the hypothalamus or mutations in
certain genes can result in obesity.18-20 Much of the research into the mechanisms that
control the balance of energy intake and expenditure over the last two decades has also
focused on the hypothalamus. Strong evidence links altered activity of the central nervous
melanocortin system that is centered within the hypothalamus with human obesity, and a
model for how the system functions to maintain body weight has been proposed.6:21
Melanocortins regulate both sides of the energy balance equation, regulating satiety and
systems that govern energy expenditure. Much has been learnt about the “first order”
melanocortin neurons releasing the endogenous melanocortin ligands that are regulated by
signals of metabolic state. Considerable attention has also been given to one of melanocortin
receptors that are widely expressed in the brain (melanocortin-4 receptor, MC4R). The
functions of the other melanocortin receptors expressed in the brain (melanocortin-3
receptor, MC3R) that is also known to affect body weight and composition have received far
less attention.

This review begins by providing an overview of our understanding of the neural systems and
the involvement of melanocortins in metabolic homeostasis and prevention of obesity. It will
then focus on the most poorly understood component of the melanocortin system, the
MC3R, in regulating body weight and metabolic homeostasis.

2. THE “LEPTIN-MELANOCORTIN” PATHWAY: A CANONICAL PATHWAY
LINKING ENERGY STORES WITH NEURAL OUTPUTS REGULATING
ADAPTATION TO ENERGY REQUIREMENTS

The “modern era” of obesity research that began to elucidate the mechanisms orchestrating
metabolic homeostasis and weight control originated with mouse genetics that was used to
identify and characterize loci associated with hyperphagia and increased adiposity. The
characterization of the obese (ob/ob) and diabetic (db/db) mice, which are carriers of
recessive mutations causing severe obesity, was a landmark in the development of models
explaining how body weight might be controlled. This research also provided a fundamental
insight into how organisms adapt behavior and metabolism to fasting. Parabiosis
experiments performed by Douglas Coleman and colleagues over 40 years ago suggested
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that ob/ob mutant mice lacked a secreted factor produced by a gene on chromosome 6, while
db/db mice lacked a receptor for a satiety factor likely expressed in the hypothalamus that is
produced by a gene on chromosome 4.22 Positional cloning of the mouse obese gene
identified leptin as a 16 kDa peptide hormone belonging to the cytokine superfamily
secreted from adipocytes.23 Shortly thereafter an expression cloning strategy identified the
leptin receptor as a member of the single transmembrane-spanning cytokine receptor
family.24 Genetic screens of morbidly obese humans subsequently identified homozygous
carriers of “loss of function” mutations in genes encoding leptin (LEP) or the leptin receptor
(LEPR).2> These individuals exhibited a ravenous appetite and severe obesity from early
childhood.

Leptin levels in the circulation are proportional to fat mass, while the actions of leptin
inhibit food intake and reduce fat.26 Circulating leptin may therefore function as an input
into a negative feedback loop that maintains energy reserves in adipose tissue at stable
levels. Heterozygous carriers of null LEP alleles exhibit increased adiposity, consistent with
a compensatory increase in fat mass to increase leptin levels and thereby raising the “settling
point” of adiposity.2” The discovery of LEP and LEPR genes has, however, not led to
effective obesity therapies owing to leptin resistance in obesity.28

Leptin regulates behavioral and metabolic programs that are important for survival during
times of caloric insufficiency (Fig. 4.1).36 The effect of leptin on energy balance is generally
“inhibitory” (i.e., suppression of appetite, stimulation of energy expenditure), loss or
attenuation of action therefore has the potential to cause weight gain and obesity.
Conditional targeting of the Lepr gene in mice indicates that the actions of leptin in the
central nervous system are sufficient and obligatory to maintain energy balance.37-42 Leptin
secretion in well-fed conditions provides the brain with a signal of caloric sufficiency,
attenuating appetite while maintaining energy expenditure. A decline in leptin secretion
from adipocytes with fasting signals caloric deprivation,*3 and instigates behavioral
programs including increased food seeking and an attenuated response to satiety signals.
Leptin-deficiency also promotes neuroendocrine and autonomic responses to instigate
metabolic adaptation to caloric restriction (e.g., reducing energy expenditure).244-46 The
decline in leptin with fasting and the triggering of a counter response to a negative energy
balance are likely the raison d’etre for this hormone.43

While leptin levels do increase with weight gain, this is considered an indicator of leptin
resistance as opposed to an effective counter response for preventing further weight gain.
Indeed, desensitization of hypothalamic neurons to leptin, including the primary
melanocortin neurons releasing the endogenous melanocortin agonists,*” likely contributes
to the deterioration of metabolic homeostasis that is frequently observed in obesity. Several
mechanisms have been suggested to explain leptin resistance with weight gain, including
attenuation of a saturable transporter system across the blood—brain barrier, increased
activity of inhibitory signaling proteins (e.g., protein tyrosine phosphatase 1B, suppressor of
cytokine signaling 3), inflammation, and other cellular stress responses linked to insulin
resistance.28 However, results from a recent study suggest that receptor desensitization,
which describes the phenomenon whereby the response of the receptor declines over time
despite the presence of stimulus, may be critical for the development of leptin resistance.
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When leptin levels are “clamped” in C57BL/6J (B6) mice subjected to diet-induced obesity,
weight gain was normal.#8 Hyperleptinemia therefore does not prevent further weight gain.
These mice also did not develop leptin resistance with obesity. Receptor desensitization
through upregulation of inhibitory signaling proteins (and perhaps saturation of leptin
transport across the blood brain barrier) may therefore be obligatory for the development of
leptin resistance. On the other hand, we have also observed that in conditions of extreme
obesity, hyperleptinemia may actually exacerbate the obese phenotype. Alleviation of severe
hyperleptinemia in B6 mice with obesity due to a combination of reduced MC4R signaling
and high fat diet was not associated with further gain, but actually attenuated the obese
phenotype.4?

Mouse genetics also facilitated the neurochemical identification of the first group of
hypothalamic neurons involved in mediating the actions of leptin. Mice carrying the
dominant agouti alleles lethal yellow (AY) or viable yellow (AVY) had been known for nearly
a century to develop an “adult onset” obesity.%0 Positional cloning of the agouti locus
identified the agouti-signaling protein (ASIP)51:52 subsequently shown to function as a
competitive antagonist for two melanocortin receptors (MC1R, MC4R).53 The yellow color
observed in AY and AYY mice results from antagonism of MC1Rs; obesity was hypothesized
to result from antagonism of MC4Rs expressed in the central nervous system.54-56 The
similarities in the phenotype of Mc4r— /- and AY mice (increased longitudinal growth,
obesity, insulin resistance, and hy-perphagia) supported this hypothesis.>8 Genetic screens
using morbidly obese individuals identified homo- and heterozygous carriers of MC4R
mutations. These individuals have a severe hypherphagic obesity syndrome from a very
early age.>”:58 Unlike the case with leptin and its receptor, however, mutations in the MC4R
gene turned out to be the most common form of monogenic obesity, occurring in 1-6% of
obese individuals.

Regulation of satiety is a major factor in the defense of body weight by MC4Rs.6:59.60
However, as is case the for leptin, studies using rodent models indicate a metabolic
component. Prevention of hyperphagia in Mc4r— /- mice only attenuates obesity,%1 while
analysis of the response ofMc4r— /- mice during the transition to diets with increased fat
content suggests deficits in energy expenditure and nutrient partitioning.69.62-64 MC4Rs in
the brain regulate glucose and lipid metabolism via neuroendocrine and autonomic outputs,
and their activation promotes energy expenditure during periods of caloric
sufficiency.80:61.64-69 gty dies using a Cre-Lox strategy to selectively target Mc4r expression
in mice suggest that the expression of this receptor in the nervous system is sufficient to
restore body weight.” These studies also suggest a functional divergence. Expression of
Mcdrs in the paraventricular nucleus (PVN) of the hypothalamus is sufficient to restore
normal regulation of satiety. However, it does not restore the regulation of energy
expenditure.’® On the other hand, deficits in energy expenditure and insulin sensitivity (but
not food intake) are rescued by expression of Mc4r in preganglionic sympathetic neurons in
the hindbrain.®> These results need to be interpreted with caution, however. For example,
several laboratories have reported a role for Mc4rs in the brainstem in the regulation of
satiety.”1-76 The actions of these receptors, while important, may thus not be sufficient to
overcome loss of Mcd4r activity in PVN neurons. Conversely, intracerebroventricular (icv)
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injections of melanocortin agonists into the hypothalamus can stimulate thermogene-sis.”’
One interpretation of these results is a distributed network involving hypothalamic and
brainstem sites governing appetite and metabolism. Within this network are critical “nodes”
where MCA4R activity is sufficient and necessary to regulate one or the other function, but
not both. The results from studies using the same genetic strategy to explore leptin signaling
in the central nervous system have shown similar outcomes.’8

Strong evidence from basic research and clinical genetics supporting a role for MC4Rs in
preventing obesity in humans has led to several campaigns by pharmaceutical companies
and academia to identify small molecule and peptide analogs with activity at this
receptor.”9-84 However, the response of obese volunteers to compounds targeting MC4Rs in
the clinic has thus far been discouraging due to limited effectiveness and side effects on
cardiovascular function.85 MC4Rs are not, however, the only member of the melanocortin
receptor family involved in metabolic homeostasis. Mc3r— /- mice display an obese
phenotype,32:62:63.86-90 attenuated behavioral, and metabolic adaptations when food intake is
limited both calorically and temporally (to the mid-light cycle),33:34.91.92 and to fasting.3°
And, although obese Mc4r—/— mice treated with melanocortin analogs do not exhibit
reduced food intake and weight loss, reductions in fasting insulin and glucose, suggesting
improvements in glucose homeostasis, were still observed (Fig. 4.2, Table 4.1).93 This
experiment did not determine the subtype of melanocortin receptor that is involved. There is
evidence suggesting that other melanocortin receptors play a role in metabolic homeostasis.
MC5Rs expressed in skeletal muscle regulate activity of AMPK, suggesting a role in
regulating glucose and fatty acid oxidation.94 However, with a caveat that human receptors
were used to characterize the pharmacology, the melanocortin analog administered to Mc4r
—/- mice had low affinity for MC5Rs (K; 7 UM, ECsg=4 uM). This suggests that actions
involving stimulation of MC3Rs and/or MC1Rs result in improvements in glucose
homeostasis in obese mice. As shall be discussed later in the review, data from our
laboratory and others suggest that the functions of MC3Rs can impact on glucose
homeostasis.?2:95

While the MC4R has been studied extensively using a combination of mouse genetics and
pharmacological tools, far less is known about the functions of MC3Rs expressed in the
brain. MC3Rs are expressed in hypothalamic and limbic structures of the central nervous
system controlling ingestive behaviors and metabolic homeostasis.?® The endogenous
agonist a-melanocyte-stimulating hormone (a-MSH) exhibits affinity for both
receptors.96:97 Another form of MSH (y-) exhibits selectivity for the MC3R, suggesting that
there may be differential regulation of the two receptors in situations where activity of
proopiomelanocortin (POMC) neurons that release the endogenous ligands is increased.%6 A
second member of the agouti family, agouti-related peptide (AgRP), is expressed in the
brain and binds with high affinity to MC3Rs and MC4Rs%:99 suggesting parallel regulation
in situations where AgRP expression is upregulated. The additive obesity phenotype
observed in double Mc3r—/-.Mc4r—/- mice suggests that the actions of each receptor
affecting body weight involve independent pathways.8”

While the analysis of Mc3r knockout mice suggests functions that impact on
adiposity,32:62.63.86-90 how and where this receptor affects these processes have remained a
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mystery. Studies analyzing the response of melanocortin receptor knockout mice indicate
that MC3Rs are not required for regulating satiety or neuroendocrine and autonomic systems
governing metabolism in the periphery.30.87.100.101 The |ink between mutations in the
human MC3R gene and obesity has also not been well established when compared to MC4R
mutations. These findings may explain in part the lack of enthusiasm shown by the obesity
field for investigating this receptor. However, recent observations by our laboratory and
others suggest that this receptor may have a critical role in metabolic homeostasis in certain
conditions. Specifically, while loss of MC3Rs has minor effects in “nonobesogenic”
conditions, the actions of the receptor appear to be critical for metabolic flexibility when
mice are challenged with high fat diets. These receptors are also required for both behavioral
and metabolic flexibility during times when food availability occurs outside of the normal
circadian rhythm. These actions may be related to the regulation of circadian oscillators and
the synchronization of circadian rhythms with nutrient availability.32-34.91.92 Moreover, a
recent study by another laboratory reported a critical role for this receptor in the adaptation
to fasting, while also suggesting a possible mechanism (mild hyper-corticosteronemia) in
explaining the obese phenotype.3®

3. THE CENTRAL NERVOUS MELANOCORTIN SYSTEM

3.1. Multiple ligands with biased agonist and competitive antagonist properties

The melanocortin system is comprised of six known ligands that bind with high affinity to
five receptors.6102 The cDNA encoding POMC was one of the first to be identified and
sequenced in the late 1970s.193-105 pOMC is a precursor polypeptide of 241 amino acids
that is processed post-translationally into several peptides including the melanocortins, (-
endorphin, and (B- and y-lipotropin. The peptides originally considered to function as
melanocortin receptor agonists are adrenocorticotrophic hormone (ACTH) and the three
isoforms of MSH (a, B and v). ACTH is produced by corticotroph cells of the anterior
pituitary, which express POMC. In the central nervous system, POMC is processed to
produce a-MSH, y-MSH and (in humans, but not rodents) (3-MSH.

The melanocortin system is unique in that soon after the receptors were cloned, high affinity
ligands were described with both agonist and antagonist properties. ASIP and AgRP display
high affinity for specific melanocortin receptors and were originally reported to function as
competitive antagonists?8:53.106-108 aqainst the MSH peptides classically considered to have
agonist functions. ASIP was the first to be identified by positional cloning and is expressed
in hair follicles and regulates pigmentation by modulating activity of the MC1R.51-53
Ectopic expression of ASIP due to a spontaneous insertion mutation in the promoter region
(e.g., the lethal yellow (AY/a) mouse) or transgenic expression using a human beta actin
promoter produces mice with a yellow coat color. In addition, antagonism of neural MC4Rs
results in a hyperphagic obesity syndrome.54.109.110

The second member of the agouti family of ligands to be identified (AgRP) functions as an
antagonist in cell-based assays using MC3R and MC4R.98:99.108,111.112 Cengrg]
administration of AgRP in rodents has the opposite effect to that observed when a-MSH is
administered, increasing food intake and altering metabolism to favor deposition of adipose
mass.113 Structurally, AgRP is a 132 residue protein composed of two domains. Residues 1—

Prog Mol Biol Transl Sci. Author manuscript; available in PMC 2014 June 20.
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82 (the N—terminus) are removed by prohormone convertases, while a second domain
comprising residues 83-132 is sufficient to induce increased food intakel13 when
administered intracerebroventricularly and is the dominant form found in the
hypothalamus.114

Further investigation has indicated that ASIP and AgRP have functions beyond acting as
competitive antagonists. MC4Rs display high basal levels of adenylyl cyclase (AC) activity
resulting in high cAMP levels that can be reduced in the presence of AgRP, suggesting
“inverse agonist” properties.11%116 ASIP functions as an MC1R inverse agonist.11” Mouse
genetics also supports the hypothesis that the high level of constitutive activity of
melanocortin receptors is physiologically significant. Mice lacking all neural MSH respond
to centrally administered AgRP, displaying reduced oxygen consumption, increased
respiratory exchange ratio (RER, an indicator of whole body substrate preference), and
increased food intake.11® This observation suggests actions of AGRP at MC3R and MC4R in
the central nervous system independent of competitive displacement of MSH. The black
coat color phenotype of Pomc—/- mice backcrossed onto the C57BL/6J (a/a) background
also suggests that the stimulation of eumelanin (black/brown) pigmentation by MC1R is not
dependent on a-MSH.119 Finally, an examination of the AY allele crossed onto mouse lines
with varying coat colors suggested that antagonism of MC1R by ASIP is not the equivalent
to loss of receptor functionl8; Yang et al. interpreted these results as indicating that ASIP
could function as a potential MC1R agonist, stimulating signaling through intracellular
pathways other than G,s coupling.

One of the first mechanisms proposed for explaining the high level of constitutive activity of
the MC4R involved the long N-terminal extracellular loop functioning as a “tethered”
intramolecular ligand.120 More recently, MSH and AgRP have been suggested to function as
biased agonists that regulate the association of MC4R with distinct heterotrimeric G-protein
signaling pathways.121 Activation of MC4R by a-MSH stimulates accumulation of cCAMP
through increasing coupling with Gs. In contrast, AgRP stimulates the coupling of MC4R
expressed in a hypothalamic neuronal cell line (GT1-7) to the G i/o subunit, thereby
inhibiting adenylate cyclase activity and reducing cellular cAMP levels.

In addition to the melanocortins, “nonclassical” melanocortin ligands were recently
identified during a genetic analysis of the K locus controlling pigmentation in dogs.122 The
product of the K locus was identified as f-defensin103, which regulates coat color by acting
as a high affinity ligand for the MC1R. Interestingly, B-defensin103 also binds with low
affinity to MC4Rs. The physiological significance of the interaction between defensins and
the melanocortin system, beyond influencing coat color variation, remains to be explored
and will not be further addressed in this review. Another recent topic in the melanocortin
field that will not be discussed in depth here is heterodimerization of melanocortin receptors
with other G protein coupled receptors (GPCR) involved in metabolic homeostasis. For
example, MC3Rs form heterodimers with ghrelin receptors (GHSR).123.124 Heterodimers
broaden the selection of ligands that can regulate receptor activity while also modulating
post-receptor signaling pathways.

Prog Mol Biol Transl Sci. Author manuscript; available in PMC 2014 June 20.
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3.2. Neurons expressing the endogenous ligands in the central nervous system: “First
order” neurons acting as sensors of metabolic status and vigilance

Neurons expressing the endogenous melanocortin ligands have been observed in two brain
regions.8 Neurons expressing POMC or AgRP are located in the arcuate nucleus of the
hypothalamus, sending projections to similar terminal fields in the forebrain, although AgRP
neurons may not send projections to the brain stem.125126 A smaller population of POMC-
expressing neurons is also located in the nucleus of the solitary tract in the brain stem.
Deletion of Pomc gene in mice results in adrenal insufficiency due to the absence of ACTH
and severe obesity.12” Rescuing Pomc expression in the pituitary exacerbates the obese
phenotype by restoring glucocorticoid levels.128 Homozygous carriers of null mutations in
the human POMC gene have also been identified who display the same characteristics of
morbid obesity and adrenal insufficiency.129 Interestingly, heterozygous carriers of null
mutations in the human POMC gene also exhibit increased propensity for obesity.130

As mentioned before, some of the neurons that release the endogenous ligands for the
melanocortin receptors are important central targets for leptin; actions involving the central
nervous melanocortin system at least partially mediate the effects of leptin on appetite and
metabolism.131-135 However, these neurons are probably heterogeneous with respect to the
kinds of receptors expressed, and integrate multiple inputs from signals of metabolic state
including ghrelin, 36-138 ingylin,29.139-142 grexin, 143 serotonin,66:144-147 and glucosel48.149
(Fig. 4.1). Studies examining hypothalamic neural activity in rats subjected to fasting-
refeeding paradigms suggest that these inputs rapidly regulate the activity of arcuate POMC
and AgRP neurons.150-152 |n fasted conditions, AgRP neurons are “active” while the activity
of POMC neurons is suppressed. In rats allowed access to food for 2 hours, an increase in
Fos activity is observed 60 and 90 min after the initiation of feeding in ARC neurons
positive for a-MSH staining with a return to normal levels at 180 min. These neurons may
therefore integrate signals of long-term energy balance (i.e., leptin and perhaps insulin) with
acute meal-related signals.

4. CLONING OF THE MELANOCORTIN RECEPTORS

As key regulators of many biochemical cascades, GPCRs are the largest and most diverse
class of cell surface receptors in the human genome and the richest source of drug targets for
the pharmaceutical industry. It is estimated that GPCRs are the targets of ~27% of all Food
and Drug Administration approved drugs.1>3 GPCRs have evolved to respond to a large
palette of extracellular signals such as neurotransmitters, hormones, peptides, lipids,
biogenic amines, and metabolites. They control and regulate many physiological responses
such as cell proliferation, endocrine hormone secretion, learning and memory processes,
heart rate, and energy homeostasis.1>* These receptors share a common molecular structure
comprising seven hydrophobic transmembrane spanning domains, with an extracellular N-
terminus and an intracellular C-terminus linked by three extracellular and three intracellular
domains.151 Based on sequence similarity in the seven transmembrane domains, these
receptors have been divided into at least six classes/families: rhodopsin-like receptors
(Family A), secretin-like receptors (Family B), metabotropic glutamate receptors (Family

Prog Mol Biol Transl Sci. Author manuscript; available in PMC 2014 June 20.
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C), fungal pheromone receptors (Family D), cyclic AMP receptors (Family E), and fiizzled/
smoothened receptors.

The first melanocortin receptor (MC1R) was identified using a cDNA library prepared from
a human melanoma cell line that exhibited very high levels of MSH binding; the sequence
data obtained was used to isolate a second melanocortin receptor (MC2R), which turned out
to be the receptor for ACTH.155 Another three receptors were subsequently identified by
several laboratories, and were classified as MC3R, MC4R, and MC5R in the order of their
discovery.96:156-164 NMelanocortin receptors belong to the rhodopsin-like family, which is the
largest and most intensively studied family of GPCR.153 The melanocortin receptors were
initially reported to be coupled to Gs, with stimulation by agonists leading to increased
accumulation of cCAMP levels through activation of specific adenylate cyclase
isoforms,165.166

Of the five melanocortin receptors identified, two (MC3R and MCA4R) are expressed in areas
of the central nervous system linked to expression of complex behaviors related to feeding
and the regulation of metabolic activity. MC4Rs are widely expressed in the brain (~150
nuclei) including the cortex, thalamus, hypothalamus, brainstem, and spinal cord.55:167
MCA4Rs are distributed in many sites involved in autonomic and endocrine function such as
the PVN of the hypothalamus, the dorsal motor nucleus of the vagus, and the raphe,
consistent with the role of this receptor in feeding and autonomic regulation.85:168.169 |
contrast, Mc3r expression measured by in situ hybridization was reported in approximately
35 nuclei that are predominandy in hypothalamic and limbic structures; high levels of
expression are observed in the ventromedial hypothalamus (VMH), medial habenula, ventral
tegmental area, and central linear nucleus of the raphe.%8 Mc3r expression has also been
reported in peripheral tissues including the immune system, kidney, and areas of the
stomach, duodenum, and pancreas.1%8

5. MELANOCORTIN-3 RECEPTORS IN METABOLIC HOMEOSTASIS

5.1. Mutations in the human population

A clear role of the endogenous ligands for the melanocortin receptors in energy balance was
reported by Krude et al. in 1998, who provided the first description of humans congenitally
lacking POMC gene products.29 Patients with POMC deficiency developed severe early
onset-obesity, hyperphagia, and hypocortisolemia secondary to ACTH deficiency.
Homozygous carriers of null mutations in the POMC gene therefore require glucocorticoid
supplementation.179 Obesity in POMC deficiency is due to loss of agonists regulating
MC3R and MC4R, two central receptors known to play an important role in the
hypothalamic leptin-melanocortin pathway of body weight regulation. In 2006, Farooqi et
al. reported that loss of one copy of POMC gene (haploinsufficiency) is sufficient to
increase risk of obesity in humans.13% Humans heterozygous for POMC null mutation have a
body weight toward the upper end of the normal range or are overweight.130171 Analysis of
mice where one copy of the Pomc gene has been deleted also indicates a gene-dosage effect,
with increased propensity for diet-induced obesity.172 Analysis of POMC mutations
affecting specific melanocortin peptides also provided considerable insights in
understanding the relative importance of particular POMC-derived melanocortin ligands in
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the control of energy balance. Human genetic studies were particularly important to
determine the physiological role of B-MSH, a peptide that is not endogenously present in
rodents. In 2006, two studies reporting heterozygous missense mutations in the region of
POMC encoding (B-MSH have suggested a role of this peptide in the hypothalamic control
of body weight in humans.173.174

Contrasting with these rare monogenic forms of obesity, mutations located in the MC4R
gene have been shown to be a frequent cause of an early-onset dominant form of obesity.
Defects in MC4R signaling account for approximately 1-6 % morbidly obese individuals
across diverse ethnic groups.17>-178 Human MCA4R deficiency was reported to affect 4% and
5.8% of severely obese French and British populations, respectively.59175.179 However,
other studies reported a lower incidence of MC4R mutations in their respective obese
populations. The prevalence of MC4R mutations was particularly low in Asian and
Scandinavian populations.178:180 Observation of phenotypes of humans with deficits in
MCA4R signaling reveal physiological roles of this receptor in the regulation of appetite,
body weight, bone mineral content, and cardiovascular function.%9-175.176 Sybjects with
MCA4R deficiency exhibit an obese phenotype characterized by an increase in both fat mass
and lean mass from early age.>® Besides obesity, clinical features of MC4R deficiency
include also hyperphagia, which appears in the first year of life, increased bone mineral
density and accelerated linear growth probably due to the disproportionate early
hyperinsulinemia.>®

In contrast to MC4R mutations, the relevance of MC3R mutations to human obesity is less
clear and a pathophysiological role of MC3R in human obesity is still debated. To determine
whether variations in the MC3R gene are associated with obesity, large-scale screening
studies were conducted on normal and obese subject cohorts. In 2000, Li et al. reported
several sequence variants in the coding and 5’ flanking regions of the MC3R gene but no
significant associations of MC3R variants with obesity have been detected.181 This absence
of association between MC3R variants and obesity was also observed by other groups.
Investigating the prevalence and function of MC3R and MC4R mutations in two cohorts of
North American severely obese and nonobese subjects, Calton et al. confirmed that MC4R
mutations are a significant cause of severe obesity in North American adults whereas MC3R
mutations are not associated with severe obesity.182 Recendy, an European study conducted
by French and Italian investigators reported that rare MC3R mutations with in vitro
functional consequences are associated with human obesity.183 Collectively these studies
indicate that the role of MC3R in regulating body weight is not straightforward, and
associations of MC3R variants with human obesity are dependent on the ethnicity and the
impact of the mutation on receptor functionality. MC3R variants have also been associated
with subtle changes in onset of weight gain, hyperleptinemia, and hyperinsulinemia,184.185

5.2. Targeted deletion of the mouse Mc3r gene

The first reports of the phenotype of mice in which the Mc3r gene was targeted came in
2000 from Roger Cone’s laboratory at The Vollum Institute and a group led by Lex Van der
Ploeg at Merck.86:87 Amgen also produced a Mc3r knockout mouse strain that was used in a
study reported by a third group at the Pennington Biomedical Research Center.% The

Prog Mol Biol Transl Sci. Author manuscript; available in PMC 2014 June 20.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Begriche et al.

Page 11

phenotype of all three strains is very similar, with Mc3r-/- mice displaying a moderate
obesity syndrome characterized by increased adipose mass and reduced lean mass.86:87
Chow-fed Mc3r—/— mice are hyperinsulinemic suggesting an insulin-resistant phenotype
commensurate with a mild increase in adiposity. The hyperinsulinemia in chow-fed
conditions that were observed in Mc3r—/— mice is modest when compared to mice lacking
Mc4r.62:63.69 while the phenotype in the chow-fed condition is modest, Mc3r—/— mice
display accelerated obesity when fed high-fat diets.86:87 In these conditions, adiposity,
hyperinsulinemia, and impaired glucose tolerance are comparable to that associated with
loss of Mc4r when using mice backcrossed onto the B6 background.56

The results from most of these studies suggest that obesity in Mcr—/— mice does not involve
hyperphagia, with altered nutrient partitioning owing to reduced fat oxidation as one
possible mechanism.53 In one study performed by our laboratory where food intake was
measured using an automated system (CLAMS unit), there was moderate hyperphagia
during the daytime when Mc3r—/- mice were first fed a high-fat diet.53 However, the
increased adiposity in Mc3r—/— mice in chow-fed conditions is subtle and appears to be
stable at least to 6-11 months of age.87:93 It is therefore unlikely that marked imbalances
between energy intake and expenditure occur in this model. The differences in weight gain
observed when Mc3r-/- and wild type mice are fed a high-fat diet can be more pronounced.
However, the differences in energy balance are still technically hard to quantify using
indirect calorimetry.11 Our observations suggest that a subtle imbalance between fat intake
and oxidation may be a significant factor in the accelerated diet-induced obesity.%® Fatty
acid oxidation and citrate synthase activity are reduced in skeletal muscle of female Mc3r-/
- mice, suggesting reduced mitochondrial activity.52 The physiological significance and
mechanisms explaining the differences in mitochondrial activity have, however, not been
further explored.

Another potential factor underlying the obese phenotype of Mc3r—/— mice is reduced
physical activity. Mc3r—/— mice can exhibit reduced locomotor behavior in the home-cage
and reduced wheel running in the dark phase.32:63.86.87.186 Reduced physical activity-based
or “nonresting” energy expenditure may therefore play a role in the obese phenotype
observed in Mc3r—/- mice.32:62 What has yet to be determined is whether reduced
locomotor activity is a behavioral disorder (i.e., reduced frequency in the initiation of
movement that might represent an adaptation to negative energy balance) or a result of
deficits in skeletal muscle oxidative metabolism suggested by measurements of fatty acid
oxidation and citrate synthase activity.52

A very recent article from Roger Cone’s laboratory suggests the interesting hypothesis that
MC3Rs are required for adaptation to fasting.3° The increase in adipose tissue lipolysis,
accumulation of triglycerides in the liver, and increased activity of the hypothalamo-
pituatary adrenal axis is compromised in Mc3r—/— mice. A modest increase in corticosterone
in the morning when corticosterone levels are normally low was also proposed as a
mechanism for explaining the increased fat mass and reduced lean mass observed in this
model. These are important findings, as they are the first to define a real “stimulus-
response” function for this receptor. While the site of action and mode of regulation remain
to be determined, it is nevertheless interesting to note that the actions of this receptor appear
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to be dominant in times when AgRP expression is stimulated and POMC activity reduced.
Whether this implies that AgRP is acting as a form of “agonist” to regulate the fasting
response via modulation of hypothalamic MC3Rs or altered activity of arcuate MC3R/
GHSR heterodimers in fasted conditions are involved remains to be determined.

5.3. Response of melanocortin receptor knockout mice to melanocortin analogs

Knockout mice provide an important biological tool to investigate the specificity of action
when compounds with high selectivity are not available. They are also a useful tool for
investigating “off target” responses in highly selective compounds. Several groups have
used Mc3r—/- and Mc4r-/- mice to dissect the role of each receptor in mediating the
response to melanocortin analogs, examining for loss of specific responses. In general, the
outcomes from these studies have been inconsistent and, in most cases, have not been that
informative with respect to defining the actions of MC3Rs.

Marsh et al. reported that Mc4r—/- mice do not respond to centrally administered MTII, a
potent nonselective analog, indicating that the inhibitory effect of melanocortin agonists is
dependent on functional MC4Rs and that MC3Rs cannot compensate.3? The group at Merck
also reported that Mc4r—/— mice do not exhibit reduced food intake and increased oxygen
consumption in response to peripherally administered MTIl. MC4Rs may therefore be
required for regulating both aspects of the energy balance equation in situations where
energy balance is positive. MC3Rs are also not able to compensate in the absence of
MCA4Rs. Consistent with this hypothesis, in an experiment designed to examine the response
of the melanocortin receptor mutant mice in a more physiological setting, the increase in
oxygen consumption associated with hyperphagia is not observed in Mc4r-/- mice, but is
observed in Mc3r—/- mice.60.64 Again, however, this result needs to be interpreted with
caution. It could indicate different responses of secondary neurons expressing either receptor
following activation of POMC neurons in response to overfeeding, which has been observed
in rats.287 However, another plausible interpretation would be a “pre-existing” metabolic
condition (e.g., reduced sympathetic tone of Mc4r—/- mice) that alters the response of
peripheral tissues to dietary modifications.

We have also investigated the response of Mc3r—/- and Mc4r—/— mice to melanocortin
receptor agonists,3 and their response to compounds targeting serotonin receptors expressed
by POMC and AgRP neurons.56:146 The melanocortin analogs provided by Biomeasure
(BIM-22493, BIM-22511) are potent (ECgq ranging from <1 to 10 nM) agonists for the
human MC1R, MC3R, and MC4R, but with low activity at the human MC5R.% BIM-22493
is effective when administered by intraperitoneal injection at inhibiting feeding in wild type
and Mc3r—/- mice, but not in Mc4r—/- mice following an overnight fast. A single injection
of BIM-22493 also acutely improved glucose tolerance in obese leptin-deficient (Lep®"/
Lep®M) mice, indicating that activation of melanocortin receptors rapidly improves glucose
disposal. Studies analyzing melanocortin receptor knockout mice treated with serotonin
receptor agonists that improve insulin action through regulating POMC neurons suggest that
stimulation of MC4Rs on preganglionic autonomic neurons is the most probable “central”
mechanism mediating this response.55:66.188
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We also compared the response of wild type, Mc3r—/- and Mc4r—/- mice to BIM-22511
administered by osmotic mini-pump over 2 weeks (Fig. 4.2, Table 4.1). Weight loss was
observed in wild type and Mc3r—/— mice, but was not observed in Mc4r-/- mice. Weight
loss associated with administration of melanocortin receptor agonists is therefore dependent
on functional MC4Rs. Surprisingly there was no significant effect on cumulative food intake
in wild type or Mc3r-/- mice. However, Mc4r—/- mice exhibited a modest increase in food
intake. Why no significant effect on food intake was observed in wild type mice is not clear,
but could be due to the relatively lean phenotype of the wild type and Mc3r—/- mice and
modest changes in body weight. This study also used female mice of the B6 background. It
would be interesting to repeat these studies with male mice where body weight and adiposity
are increased and matched between groups using a high fat diet, as was done for the studies
examining the role of melanocortin receptors in response to serotonin receptor agonists.56

Another interesting observation made during this experiment was the reduction in fasting
insulin and glucose observed in Mc4r—/— mice treated with BIM-22511 for 2 weeks. The
reduction (50%) was similar in magnitude to that observed in male diet-induced obese mice,
but is clearly not dependent on weight loss. This outcome suggests that some of the effects
of melanocortin agonists to improve insulin sensitivity are independent of MC4Rs. The
improved insulin sensitivity is probably not hepatic, as the severe fatty liver phenotype and
increased expression of insulin-responsive genes associated with obesity was not improved
by the treatment. This may suggest a specific role for the functions of MC4Rs in
maintaining a healthy liver, or that weight loss is important for improving hepatic steatosis.

The agonist used for this study has very low activity at the MC5R, suggesting that these
effects involved MC3Rs (and/or perhaps MCIRs). This effect could be a peripheral
response, as stimulation of central MC3Rs in the studies using serotonin agonists was not
effective.56 Future studies exploring whether MC3R agonists can improve insulin sensitivity
and the tissues involved are clearly needed. However, a role for MC3Rs in regulating
systems that impact on insulin action is not without precedent. Mc3r—/— mice fed a high-salt
diet develop hypertension and insulin resistance. As discussed in the next section, we have
observed what appears to be extrahepatic insulin resistance in Mc3r—/— mice subjected to
restricted feeding (RF) protocols where food is available in the daytime.%2

It is important to note, however, that there are discrepancies in the literature. For example,
there have been reports indicating differences in the response of melanocortin receptor
knockout mice to MTII. Marsh et al. observed that AgRP retains an ability to stimulate food
intake in Mc4r—/— mice when administered icv.,189 although another group only observed a
tendency for response when AgRP was administered over 3 days.2%? One interpretation of
these results is that the “agonist” properties of AgRP at the MC3R can have a modest effect
to increase food intake. The basis for this interpretation is that no decrease in food intake has
been observed in most studies where MC3Rs are stimulated either directly or
indirectly30.66.93,100.146. simple competitive antagonism by AgRP to inhibit the actions of
the a- and y-MSH at this receptor therefore seems an unlikely explanation for the increase in
appetite.
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We have observed that PG932, a derivative of SHU9119 (the first functional MC3/4R
antagonist reported to increase food intake when administered icv.%4) and also an MC3/4R
antagonist, stimulates food intake when administered peripherally, and that this action is
dependent on MC4Rs.191 Navarro et al. observed what appeared to be a stimulatory effect of
MTII administered icv. to Mc4r—/- mice, while the inhibitory effects of peripherally
administered MTI11 were retained.1%2 On the other hand, 194 observed an attenuation of the
response of Mc4r—/- (and Mc3r—/—) mice to centrally administered MTII, with a complete
loss of responsiveness in double Mc3 r— /—. Mc4r—/— mice.

It is really not clear how we can reconcile these differences in the response of knockout
mice to what is considered the “gold standard” melanocortin agonist used to investigate the
behavioral and metabolic responses in rodents (MTII). Of course, technical and
environmental variation between laboratory settings could be a factor. However, it is also
clear that our understanding of the knowledge of melanocortin receptor signaling and
pharmacology remains incomplete. There is a clear need for the development of highly
selective compounds with clearly defined agonist/antagonist properties at the MC3R and
MCA4R. These compounds should also be characterized using mouse receptors, as there can
be species specificity in activity.193 The pharmacology is further complicated by the issue of
biased agonism (i.e., ligands of the same receptor that can stabilize distinct receptor
conformations and preferentially modulate one signaling pathway to the exclusion of others)
and by the heterodimers formed between the MC3R and MC4Rs with other GPCRs that are
involved in the regulation of ingestive behaviors and metabolism.

5.4. MC3Rs and the entrainment of rhythms anticipating food presentation: Mc3r—/- mice
as a form of circadian mutant with reduced sensitivity to caloric cues?

Over the last 5 years, one focus of our laboratory has been to investigate whether MC3Rs
are modulators of feeding-related inputs into neurons governing the development of food
anticipatory activity (FAA).32-34.91,92,195 | the circadian research field, scheduled feeding
protocols are frequently used to entrain food-seeking behavior in rodents. Indeed, restricting
nutrient availability to defined periods at 24 h intervals induces rhythms of locomotor
activity and increased wakefulness that anticipate food presentation.196 In most life forms,
the synchronization of rhythms in activity, metabolism, and ingestive behaviors is essential
for adaptation to cyclical environmental changes. The ability to predict food intake is an
important adaptive feature for surviving competitive environments where nutrients may be
limited while also having an important role in the daily maintenance of metabolic
homeostasis.197

Biological clocks play an important but sill poorly understood role in synchronizing rhythms
with caloric intake. The “molecular clock” machinery is broadly expressed in the CNS and
in numerous peripheral tissues.198:199 The core clock machinery responsible for these
rhythms is composed of nuclear transcription factors (Bmall, Clock, Npas2, RORa) and
transcription repressors (Perl/2, Cry1/2, Rev-erba) that establish rhythms of approximately
24 h.195.200 These transcription factors affect the activity of a large proportion of the
transcriptome (approximately 3000 genes) by direct or indirect mechanisms. In mammals,
many aspects of behavior and physiology including sleep/wake cycles, locomotor activity,
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blood pressure, body temperature, hormone secretion, and metabolic pathways exhibit daily
rhythmicity under the control of circadian clock.195:290 presented first as simple
timekeepers, clocks oscillators are now recognized to be essential in metabolic processes
and the maintenance of energy homeostasis. Emerging evidence indicates that disturbances
of circadian rhythms because of either mutations in clock genes201.202 or lifestyle
modifications20320 increase the risk of developing a metabolic syndrome.

The master clock that synchronizes daily rhythms with photoperiod resides in the
suprachiasmatic nucleus (SCN) of the hypothalamus. The master clock is able to maintain
rhythms even in absence of photic cues. Outside the SCN, other hypothalamic structures
have been implicated for maintaining expression of rhythms especially during periods of
nutrient insufficiency.20%.206 Clocks residing outside the SCN are rapidly entrained by
feeding-related cues that represent the dominant “zeitgeber” or time giver. These clocks in
turn send outputs that regulate many enzymatic processes related to energy homeostasis.
Because of their properties to sense and rapidly respond to nutritional cues, these oscillator
centers located outside of the SCN have been suggested to constitute the Food Entrainable
Oscillator (FEQ).207:208 The entrainment to feeding has been proposed to involve clocks
distributed in the brain and in peripheral tissues suggesting the existence of several FEO
loci. In peripheral tissues, clock oscillators can be rapidly entrained by hormonal signals and
restricting feeding.198 In the liver, clock gene expression is entrained within 2 h even before
apparition of FAA suggesting that peripheral oscillators are directly responsive to cellular
energy status.209

To determine whether MC3Rs regulate inputs into systems governing the expression of
rhythms anticipating nutrient intake, wild type and Mc3r knockout mice were subjected to a
RF protocol. After acclimation to housing conditions where activity can be monitored using
running wheels33:34.92 or infrared beam breaks, %! access to food was limited to defined
intervals with a period length of 24 h. Studies using two models of Mc3r deficiency (the
original Mc3r—/- mouse8® backcrossed onto the B6 background and the Mc3rT8/TB mouse32
developed by our laboratory discussed later in this review) where running wheels were used
to measure FAA yielded similar results. They suggest that MC3Rs are necessary for the
coordinated development of anticipatory activity and increased wakefulness in response to
RF.32:34 Wild type mice subjected to the RF rapidly respond by increasing their activity and
vigilance 2h prior food presentation, while Mc3r—/- mice exhibit a significant attenuation of
FAA. A similar outcome was observed when Mc3r—/- mice housed in constant dark were
subjected to the RF protocol.33

We have also observed abnormal rhythmic expression of clock genes in the cortex of Mc3r
—/- mice in ad libitum and RF conditions.32-3* MC3Rs may thus have a critical role in
maintaining the activity of clocks distributed throughout the central nervous system. This is
an important observation as clocks have been implicated in a range of behavioral disorders
including bipolar disorder, depression, mania, sensitivity to drugs, and the formation and
consolidation of memories.210

A recent paper published in PLoS One examined the phenotype of double Lep®/Lep®®.
Mc3r-/- mice, and suggested that MC3Rs are not essential for FAA.211 The authors
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reported an inhibitory effect of leptin on FAA, as anticipated based on previous studies
using rats with mutations in the leptin receptor.212 Lep®/Lep°. Mc3r—/- mice actually
displayed increased FAA while the inhibitory effects of leptin were preserved. While this
result appears at face value to discount a role for MC3Rs in modulating signals governing
FAA, these results should be viewed with caution. Bouret and Simerly observed that leptin
plays a critical role as a trophic factor in the development of the hypothalamus, stimulating
the growth of projections from the arcuate nucleus to other areas (e.g., dorsomedial
hypothalamus and PVN).213 |_ep®/Lep®P mice display marked and permanent disruptions in
neural projections from the arcuate. The central nervous melanocortin system is therefore
likely also immature in this model, and the results from studies using it are open to debate
(including results of our own experiments examining the response of Lep® /Lep. Mc4r—/-
mice to leptin13d)

MC3Rs are also highly expressed in hypothalamic regions that are critically involved in
metabolic homeostasis (e.g., the arcuate and ventromedial nuclei of the hypothalamus?).
While some studies have reported the importance of clock genes in the expression of food
anticipatory behavior, others have questioned this role arguing that the absence of FAA
observed in clock mutants is more a consequence of a lethargic and moribund state due to
the severe RF paradigm.214.215 \We therefore investigated whether Mc3r— /- mice would
exhibit evidence of metabolic distress during RF.%2 While Mc3r—/- mice fed ad libitum
exhibited normal glycemia and insulinemia throughout the circadian day, remarkably, they
developed a state of insulin resistance and dyslipidemia during RF despite the weight loss
promoted by the RF. They also exhibited hyperglycemia, hyperinsulinemia, and glucose
intolerance. The expression of genes involved in lipogenesis in the liver was increased as
were serum triglycerides. The expression of insulin-responsive lipogenic enzymes correlated
with the degree of hyperinsulinism, while the expression of genes involved in
gluconeogenesis was reduced. This combination suggests a “mixed insulin resistant”
phenotype, where the liver is responding normally to insulin while other tissues responsible
for glucose clearance such as skeletal muscle are probably insulin resistant. In contrast,
obese Mc4r—/- and AV /a mice responded to RF by exhibiting the anticipated weight loss
and improvements in glucose clearance.%2 Mc3r—/- mice thus display a unique combination
of physical characteristics when subjected to daytime feeding, exhibiting deteriorating
metabolic homeostasis while losing weight.

Mc3r—/- mice also exhibit abnormal rhythmicity in the expression of clock genes in the
liver, and abnormal rhythmicity of metabolic oscillators implicated in glucose and lipid
metabolism during the RF.33:92 While this could indicate a role for MC3R to influence
rhythms of the liver clock, it is possible that this result is due to feedback/inhibitory effects
of abnormalities in metabolic homeostasis that develop in Mc3r—/— mice during RF.

5.5. Cell-specific restoration of Mc3r expression in LoxTB Mc3r mice: Potential for new
insights into the biology of MC3Rs

Two factors have hindered progress in the research of MC3R function. One important
problem that is beyond the focus of this article is a scarcity of compounds with specific
agonist and antagonist properties. Another issue has been the lack of transgenic approaches
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using more sophisticated techniques beyond the global knockout approach originally
employed to examine MC3R function. To address this issue, we have developed the LoxTB
Mc3r mouse using a similar strategy used in the genetic dissection of Mc4r activity.’® A
“transcriptional block” flanked by LoxP site (LoxTB) was inserted into the 5" UTR of the
Mc3r gene, and various Cre-expressing transgenic strains were used to remove the LoxTB
sequence and restore expression.32

Homozygous carriers of the LoxTB Mc3r allele exhibit the phenotype observed in all of the
previously developed Mc3r knockout strains, with reduced lean mass and increased fat mass
and normal food intake in chow-fed conditions. They also exhibit the accelerated diet-
induced obese phenotype. Crossing LoxTB Mc3r mouse with Eiia-Cre mice to remove the
LoxTB sequence in early embryogenesis rescued the phenotype. We then used two Cre-
expressing lines to answer two questions: the first was to use the Nestin-Cre transgene to
investigate whether restoring central MC3R expression would rescue the obese phenotype as
observed in the LoxTB Mc4r mouse.’® The second was to examine the function of MC3R
expressed in the VMH. The rationale for focusing on the VMH was based on previous
studies of expression of the Mc3r gene in the rodent brain, and on the abundance of data
suggesting functions of VMH neurons in metabolic homeostasis. The dorsomedial VMH
(dmVMH) exhibits high levels of Mc3r expression relative to other hypothalamic and limbic
structures.% The VMH is also known to have a role in the regulation of outputs governing
glucose homeostasis and that impact on obesity.?16 When the project began, lesioning
experiments had suggested a role for the VMH in the expression of FAA.205.217 More
defined studies had suggested that the dmVVMH may have an inhibitory role in the
expression of FAA, 206 while others have questioned whether any of the hypothalamic nuclei
targeted using the lesion approach are required for FAA 207,218

The first surprising outcome from these studies was the failure of the Nestin-Cre transgenic
to restore a normal body weight phenotype. Expression of MC3R in the brain attenuated the
obese phenotype in chow-fed conditions, while having no affect on the obese phenotype
when mice were fed a high-fat diet.32 While this experiment is being repeated, the results
nevertheless are startling in suggesting that the functions of peripheral MC3R have some
role in the defense of body weight when dietary fat intake is elevated. Ongoing studies are
further exploring the phenotype of NesCre. LoxTB Mc3r mice in an attempt to identify the
role of peripheral MC3R. We are also investigating whether the expression of FAA is
restored in NesCre.LoxTB Mc3r mice. While speculative, one possible outcome is that the
regulation of circadian-related behaviors will involve “central” MC3R, while the accelerated
diet-induced obese phenotype is due to loss of peripheral receptors that impact on metabolic
homeostasis.

Sf1Cre.LoxTB Mc3r mice exhibited a very modest attenuation of the obese phenotype,
while the reduction in lean mass was similar to that observed in LoxTB Mc3r mice. There
was evidence for improvements in metabolic homeostasis, with fasting hyperinsulinemia
normalized suggesting improved insulin sensitivity. Changes in liver gene expression in
LoxTB Mc3r mice suggested altered lipid metabolism, and perhaps fatty liver, were also
improved in SflCre.LoxTB Mc3rmice. These observations suggest that the functions of
MC3Rs expressed in Sf1(+ve) cells can improve metabolic homeostasis in situations of mild
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obesity. This effect was not due to altered food intake, while analysis using indirect
calorimetry suggested altered metabolism. In this group of mice, a significant reduction in
the RER was observed in LoxTB Mc3r mice. This suggests a change in substrate preference
with less carbohydrate oxidation and increased fat oxidation. LoxTB Mc3r mice also
exhibited a normal resting energy expenditure (REE) and reductions in “nonresting energy
expenditure” (NREE), which was calculated by subtracting REE from total daily energy
expenditure.

6. CONCLUSIONS AND FUTURE DIRECTIONS

Over the last decade, technologic advances in genetics, pharmacology, and molecular
biology have largely improved our understanding of how the melanocortin system controls
energy balance. This system is important in integrating many afferent inputs with behavioral
and autonomic responses that adjust food intake and energy expenditure in order to maintain
energy homeostasis.

Indeed, melanocortin neurons not only regulate food intake by processing acute and long-
term signals related to nutrient intake and adipostatic status but also play a role in regulating
energy expenditure, via effects on autonomic outflow to a variety of tissues, as well as
effects on endocrine axes. Generation of more refined transgenic animal models harboring
disruption of MC3Rs in specific brain areas enabled dissection of neuronal subpopulations
that control food intake and/or energy expenditure. Studies conducted in our laboratory have
participated in determining the role of MC3R in energy homeostasis. Our results indicate a
new homeostatic function of this receptor that does not implicate the classical pathway of
reduced food intake and increased energy expenditure to maintain energy balance. Indeed,
our studies indicate that MC3Rs could be important mediators in transmitting feeding-
related inputs into neurons governing the development of anticipatory activity especially
during periods of nutrient insufficiency. MC3R expression is important for maintaining
glucose homeostasis and rhythmicity of clock genes known to regulate gluconeogenic and
lipogenic enzymes as well as rhythms in glucose and lipid metabolism. Although these
findings have contributed to a better understanding of the function of MC3R in energy
homeostasis, further investigations targeting reactivation of MC3R in specific brain areas
will be useful to identify the neuronal sub-populations of MC3Rs involved in the
maintenance of energy homeostasis and circadian rhythms.
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Figure4.l1.
Schematic showing the central role played by arcuate (ARC) melanocortin neurons to

integrate signals of metabolic status with outputs involved in metabolic homeostasis. The
figure shows the two groups of “primary” melanocortin neurons that reside in the ARC and
send projections throughout the central nervous system. POMC neurons (red) express the
preprohormone processed to produce a- and y-MSH (not shown). Activation of POMC
neurons has been suggested to have “catabolic” actions that limit weight gain by reducing
food intake and promoting energy expenditure. AgRP neurons (green) also express
neuropeptide Y (NPY); both neuropeptides are orexigenic and have inhibitory effects on
outputs that maintain energy expenditure (i.e., ANS and HPT). AgRP and POMC neurons
integrate several signals of metabolic state and vigilance. Note, however, that the
populations of POMC and AgRP neurons are probably heterogeneous, exhibiting differential
responses to some or all of the inputs shown here.2? Central administration of a-MSH
inhibits food intake, a response requiring functional MC4Rs.3% MC4Rs also regulate the
autonomic nervous system (ANS) and the hypothalamo-pituitary-thyroid axis (HPT).
Activation of MC4Rs stimulates insulin action to affect glucose disposal and lipid
metabolism through effects on the ANS. Activation of MC4Rs also contributes to
maintaining normal levels of thyroid activity in fed conditions.3! The role of MC3Rs in the
central nervous system is less clear. However, Mc3r-/- mice display reduced activity of
circadian oscillators suggesting a role in maintaining rhythms in the central nervous
system.32-34 |t was recently reported that Mc3r—/- mice also exhibit reduced behavioral and
metabolic adaptation to fasting.3° Stimulation of AgRP expression and appetite is Mc3r
dependent, as is the stimulation of adipose tissue lipolysis.
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Figure4.2.
Response of WT, Mc3rKO, and Mc4rKO treated with BIM-22511 for 14 days. (A) Change

in body weight as a percent of initial weight in WT (top panel), Mc4rKO (middle panel), or
Mc3rKO (bottom panel) treated with BIM-22511 (solid circles) or saline (open circles).
Note the absence of a response in Mc4rKO. (B) Net weight gain or loss in mice treated with
saline or BIM-22511. The effects of BIM-22511 on body weight are dependent on MC4R
activation. (C) Average daily food intake of mice treated with saline or BIM-22511.
Mc4rKO were hyperphagic, while Mc3rKO exhibited reduced food intake relative to WT (a,

Prog Mol Biol Transl Sci. Author manuscript; available in PMC 2014 June 20.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Begriche et al.

Page 33

P<0.001 vs. WT, Mc3rKO; b, P< 0.05 vs. WT). Note that the bars with letters indicate
within genotype comparisons (i.e., LSM of saline and BIM treatment groups combined for
Mc4rKO, compared to LSM of saline and BIM treatment groups for WT). Repeated
measures ANOVA indicated a significant increase in Mc4rKO treated with BIM-22511.
*P< 0.01 vs. saline within treatment. (D, E) Mc4rKO exhibit hepatic steatosis (elevated liver
lipid and triglyceride) relative to WT and Mc3rKO. There was no significant effect of
treatment with BIM-22511 on hepatic lipid content, irrespective of genotype. Reproduced
with permission from Kumar et al., 2009.93
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Table 4.1

Blood chemistries of WT, Mc3rKO, and Mc4rKO treated with BIM-22511 compared to controls

Genotype: WT Mc3rKO Mc4rKO

Treatment: Saline BIM-22511 Saline BIM-22511 Saline BIM-22511
Glucose 100+7 129420 164+22 193428 153+10 119415
(mg/dL)

Insulin 138+30 145+40 124421 310455 3588812  1899+160™
(pg/ml)

HOMA-IR 0.94+0.2 1.3+0.S 1.3+0.3 3.5+0.5 33.5+7.0 14.243.7F

*
P<0.01 compared to saline treatment within genotype. Serum was collected after a 4 h fast.
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