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Abstract

The central melanocortin system plays an essential role in the regulation of energy metabolism.
Key to this regulation is the sensing and responses of neurons expressing proopiomelanocortin
(POMC) and agouti-related protein (AgRP) to blood-borne metabolic signals. Recent evidence has
demonstrated that POMC- and AgRP-neurons are not simply mirror opposites of each other in
function and responsiveness to metabolic signals, nor are they exclusively first-order neurons.
These neurons act as central transceivers, receiving both hormonal and neural signals, integrating
and transmitting this information to peripheral tissues via the autonomic nervous system to
coordinate whole body energy metabolism. This review focuses on most recent developments
obtained from rodent studies on the function, metabolic regulation and circuitry of the central
melanocortin system.
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Basic Components of the Central Melanocortin System

The central melanocortin system is comprised of neurons that express two of the five
identified melanocortin receptor (MCR) subtypes (see glossary), namely the MC3R and
MCA4R, and neurons that express their endogenous agonists (notably POMC derived a-
melanocyte stimulating hormone, a-MSH) and antagonists (AgRP). AgRP is exclusively
expressed in a group of neurons in the arcuate nucleus of the mediobasal hypothalamus, and
these neurons also co-express Neuropeptide Y (NPY) and the classical neurotransmitter -y-
aminobutyric acid (GABA) [1, 2]. Since AgRP is the unique signature molecule in these
neurons when compared with the more widespread expression of NPY and GABA, these
neurons are termed AgRP neurons hereafter.

POMC expression is similarly restricted in neurons within the arcuate nucleus, but can also
be found in the nucleus of the solitary tract in the hindbrain. Some POMC neurons also co-
express cocaine and amphetamine related transcript (CART) [3], however the importance of
CART in feeding regulation is controversial [4]. Aside from the expression of the signature
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POMC peptide, POMC neurons in the arcuate nucleus consist of distinct subpopulations of
GABAergic and glutamatergic neurons [5, 6], although the GABAergic nature of these
neurons is debated [7]. POMC and AgRP neurons project in parallel to many of the same
brain regions [1, 3]. As receptors for a-MSH and AgRP neuropeptides, the MC4R is widely
expressed in the brain, while MC3R is mostly expressed within the hypothalamus, with
limited expression in the thalamus and brain stem [8].

One special property of the arcuate nucleus could be its vicinity to the median eminence, a
circumventricular organ. Fenestrated capillaries are present in the median eminence, and
considerable vascular permeability is observed in the arcuate nucleus [9-12]. Furthermore,
the ventricular wall of the 3" ventricle next to the median eminence and the arcuate nucleus
is lined with specialized ependymal cells called tanycytes [13]. In contrast to the tanycytes
of the median eminence, tanycytes at the periphery of the arcuate nucleus are devoid of
efficient tight junction complexes, which may facilitate access of molecules from cerebral
spinal fluid to the arcuate parenchyma [10]. This unique anatomical feature of the arcuate
nucleus raises the possibility that some of the resident cells, including AgRP and POMC
neurons, may have more direct access to circulating metabolic signals from the periphery.
The functional significance of this property awaits further study.

Melanocortinergic Neurons in Feeding Regulation

The importance of melanocortin in control of energy balance is indisputable. This is
demonstrated by the essential roles of POMC and MC4R in regulation of feeding and body
weight. Loss of function of POMC or MC4R results in severe hyperphagia and profound
obesity in rodents and humans [3]. In fact, mutations in Mc4rgene represent the most
common cause of monogenic obesity in humans [14, 15]. There is site-specific action of
MCA4R; MC4R in the paraventricular hypothalamus and the amygdala control food intake,
whilst MCA4R in cholinergic neurons regulates energy expenditure [16, 17]. In contrast to
MCA4R, the role of MC3R in the pathogenesis of human obesity remains unclear, although
loss of function of MC3R in rodents results in increased adiposity and reduced lean mass
[18, 19]. Mc3rnull mice also exhibit defects in fasting-induced re-feeding and a Cushing-
like syndrome with elevated basal corticosterone levels, alteration in adipose tissue
distribution and bone remodeling [20]. The MC3R has also been suggested to govern
feeding-associated behaviors, including food anticipatory activity and the behavioral
adaptations to restricted feeding [21, 22].

In contrast to the paramount importance of POMC and MC4R, the role of AgRP
neuropeptide in feeding regulation has become the focus of recent debate. It is well known
that central administration of AgRP potently stimulates feeding, and transgenic
overexpression of Agrp results in severe obesity [3]. However, mice lacking the Agrp gene,
the Ajpy gene, or both do not exhibit alterations in feeding or body weight [23], while mice
deficient in GABA release from AgRP neurons show mild reduction of body weight on a
chow diet [24]. These results indicate that AgRP, NPY and GABA may play redundant roles
in the regulation of food intake and body weight, notably in the face of life-long deficiency
of one of the components. The recent development of inducible genetic and imaging tools
has allowed cell type-specific, reversible and temporal manipulation of neuronal activity. An
optogenetic approach using light-activated cation channel channelrhodopsin-2 shows that
acute activation of AgRP neurons evokes, while selective stimulation of POMC neurons
inhibits, feeding [25]. Similarly, using technology involving activation of designer receptors
by designer drugs, acute activation of AgRP neurons rapidly induces feeding and ultimately
increases fat stores [26]. Interestingly, continuation of evoked feeding requires ongoing
stimulation of AgRP neurons, suggesting that activity in downstream circuits is tied to
dynamic AgRP neuron activity [25]. Consistently, acute ablation of AgRP neurons results in

Trends Endocrinol Metab. Author manuscript; available in PMC 2014 February 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Warne and Xu

Page 3

severe anorexia and weight loss [27, 28]. Taken together, the above findings firmly establish
a crucial role of AgRP neurons in feeding regulation.

Elucidation of downstream circuitry that mediates the orexigenic effects of AgRP neurons
has been an important area of recent research. A new circuit has been recently proposed
whereby a subpopulation of neurons in the hindbrain parabrachial nucleus integrates
GABAergic input from arcuate AgRP neurons, and glutamatergic input from the nucleus of
solitary tract of the hindbrain [29]. Thus, AgRP neurons, by projecting to the hindbrain from
the arcuate nucleus, may link long-term adiposity signals acting in the arcuate nucleus, with
short-term gastrointestinal satiety signals acting in the nucleus of solitary trait, a region that
receives afferent vagal signals from the gastrointestinal tract. Intriguingly, a separate study
suggests that acute evoked feeding induced by photo-stimulation of AgRP neurons does not
require a circuit linking AgRP neurons to the hindbrain parabrachial nucleus, but instead
requires inhibition of oxytocin neurons in the paraventricular hypothalamus [30]. Similarly,
inhibition of POMC neurons is also dispensable for acute evoke feeding by activation of
AgRP neurons, although this circuit likely regulates long-term feeding responses [25, 30].
Future studies are required to dissect how distinct circuits interact to regulate acute and long
term food intake under different physiological conditions.

A significant recent development is the notion that AgRP neurons may regulate feeding via
a melanocortin-independent mechanism. Inhibition of MCRs is not necessary for evoked
feeding responses elicited by acute activation of AgRP neurons, suggesting that AgRP is not
necessary for acute feeding behavior [25]. Instead, NPY and GABA, both components of
AgRP neurons, are important modulators of evoked feeding [30]. In addition, starvation
caused by acute ablation of AgRP neurons has been attributed to a melanocortin-
independent, but GABA-dependent, mechanism [29, 31, 32]. Together, the above studies
suggest that GABA and NPY play an important role in mediating the orexigenic function of
AgRP neurons, and that the explicit necessity of the AgRP neuropeptide in feeding
regulation is once again put into question. Whether AgRP neuropeptide, the namesake of the
AgRP neurons, may have any non-redundant function in metabolic regulation requires
further studies.

Feeding-Independent Metabolic Regulation via the Autonomic Nervous

System

In addition to feeding control, melanocortinergic neurons also participate in the regulation of
energy metabolism in peripheral tissues via feeding-independent mechanisms, most notably
by regulation of the autonomic nervous system. The sympathetic nervous system (SNS) has
significant influence on white adipose tissue (WAT) function. Central AgRP administration
has been shown to reduce WAT sympathetic activity, whereas melanocortin agonists
increase sympathetic activity and the phosphorylation of the essential lipolytic enzyme
hormone sensitive lipase [33-35], although the exact WAT depot affected depends on the
species studied. This is supported by studies in human subjects, where intranasal application
of an MCA4R agonist causes subcutaneous WAT lipolysis [36]. Evidence also supports the
notion that the MCA4R can control brown adipose tissue (BAT) thermogenesis via the SNS.
Central injections of synthetic MCR agonist melanotan Il can increase BAT uncoupling
protein-1 mRNA expression and increase BAT temperature, an effect that can be blocked by
BAT sympathectomy [37, 38]. Accordingly, central infusion of AgRP reduces sympathetic
activity and BAT temperature [39]; blockade of MCA4R in the dorsomedial hypothalamus
also blunts BAT thermogenesis induced by melanotan 1l [40]. Collectively these data
demonstrate that increasing MC4R signaling at multiple brain sites can increase BAT
thermogenesis via SNS activation.
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In contrast, dissecting the contribution of MC4R signaling to sympathetic or
parasympathetic outflow regulation has been a challenge in understanding the autonomic
control of hepatic glucose production (HPG). AgRP neurons have been shown to mediate
insulin's suppressive effect on HPG, an effect that is independent of feeding and body
weight [41, 42]. While previous studies implicate the parasympathetic nervous system as the
mediator in this regulation [43], this conclusion has been disputed [44]. A recent study
shows that genetic restoration of MC4R expression in cholinergic sympathetic preganglionic
neurons of Mc4rnull mice is sufficient to attenuate hyperglycemia and HPG, without
drastically affecting food intake [17]. This finding indicates that MC4R signaling regulates
heptic glucose homeostasis by activating the SNS. Further studies are required to determine
whether suppression of HPG by insulin action on AgRP neurons is mediated by a
melanocortin-dependent or independent mechanism.

Direct and Indirect Hormonal Regulation of Melanocortinergic Neurons

Situated in the arcuate nucleus next to a circumventricular organ, AgRP or POMC neurons
are ideally positioned to sense blood-borne metabolic signals. Indeed, these neurons have
been shown to be regulated by a number of hormonal signals, including leptin, insulin,
estrogen, ghrelin, glucagon-like peptide 1, peptide Y'Y, fatty acids, glucocorticoids and
proinflammatory cytokines [4, 45-49]. Among these signals, leptin regulation of
melanocortinergic neurons has been a focus of interest. POMC and AgRP neurons are direct
targets of leptin regulation, and hence are called first-order targets by leptin. The long form
of leptin receptor is expressed in subsets of POMC and AgRP neurons, and leptin
administration rapidly stimulates phosphorylation of STATS3, a key leptin signaling
pathway, in these neurons [3]. Additionally, increasing evidence suggests that POMC and
AgRP neurons are regulated by leptin via indirect mechanisms. Leptin induces dynamic
changes of excitatory and inhibitory synaptic densities onto POMC and AgRP neurons,
suggesting that leptin regulates these neurons indirectly by acting on their presynaptic
neurons [50]. This notion is supported by recent finding that leptin reduces inhibitory tone
onto postsynaptic POMC neurons by working directly on presynaptic GABAergic neurons
[7]. This mechanism may have functional consequences in the development of obesity, since
obesity-prone rats have a greater number of inhibitory inputs onto POMC neurons than
obesity-resistant rats [51]. Thus, the traditional first-order POMC and AgRP neurons are
also second- or higher-order neurons regulated by leptin. Conversely, the traditional second-
order neurons, including MC4R neurons, can also be under the direct “first-order” control of
leptin [52]. The identities of the leptin-responsive neurons that project onto POMC and
AgRP neurons are not completely understood, however a subset of inhibitory synaptic inputs
onto POMC neurons originate from AgRP neurons and contain AgRP, NPY and/or GABA
[2, 71.

Similar to leptin, other metabolic hormones such as insulin, estrogen and ghrelin also exert
direct and indirect effects on arcuate melanocortinergic neurons. For example, insulin
directly inhibits POMC firing rates via insulin receptor action on POMC neurons [53] but
indirectly inhibits POMC activity by suppression of ventromedial hypothalamus neurons
that project excitatory input onto POMC neurons [54]. Estrogen receptor alpha is expressed
in POMC neurons, the removal of which results in hyperphagia and weight gain,
demonstrating cell-autonomous action of estrogen on POMC neurons [55]. However,
estrogen also induces synaptic remodeling onto POMC neurons, suggesting that estrogen
may regulate POMC activity indirectly via other inter-neurons [56]. Ghrelin acts directly on
the growth hormone secretagogue receptors (GHSR) expressed on AgRP neurons to
stimulate firing frequency and feeding [57]. In addition, ghrelin also acts on other pre-
synaptic neurons to cause the release of glutamate onto AgRP neurons, possibly generating a
positive feedback loop to prolong ghrelin action [58].
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Taken together, AgRP and POMC neurons sense and integrate diverse metabolic signals by
acting as first-order neurons. Additionally these neurons are also higher-order neurons,
whose activities are influenced by other neurons that are under the direct control of
metabolic hormones. This mode of regulation may allow metabolic fine-turning or feedback
regulation in response to changes of physiologic conditions. It is worth noting that POMC
neurons exhibit considerable heterogeneity. POMC neurons consist of distinct
subpopulations of GABAergic and glutamatergic neurons [5, 6], and the acute responses to
leptin and insulin are largely segregated into distinct subpopulations of POMC neurons [53].
Future studies are needed to determine how diverse metabolic and neural signals, direct and
indirect, are integrated by distinct subpopulations of melanocortinergic neurons, and how
these signals further prorogate to their downstream effector neurons.

Requirement of Melanocortinergic Neurons for Leptin Function

One major function of leptin is to convey body's energy status to the brain. With starvation,
plasma leptin concentrations decrease precipitously, which leads to suppression of Pomc
expression and stimulation of Agrp expression, changes that can be prevented by leptin
replacement [3]. Although starvation also stimulates the expression of other orexigenic
neuropeptides, such as melanin-concentrating hormone and orexin, in the lateral
hypothalamus, their corresponding neurons do not express functional leptin receptors and
are not activated by leptin [59]. In light of the severe obesity phenotypes displayed by leptin,
POMC or MC4R deficiency, a long-held notion has been that leptin exerts its anorexigenic
effects by directly stimulating POMC neurons while inhibiting AgRP neurons [3]. However,
this notion has been recently challenged using data generated from genetic models. First, by
using a genetically targeted and easily detectable reporter system, the long form of the leptin
receptor is found to be expressed in many hypothalamic and extra-hypothalamic regions [60,
61]. Second, while obese Mc4rnull mice do not respond to the anorectic effects of leptin,
non-obese Mc4rnull mice do, suggesting that MC4R signaling is not an exclusive target of
leptin action and that factors resulting from obesity contribute to leptin resistance in this
mouse model [62]. Third, genetic removal of leptin receptors from POMC or AgRP neurons
only produces mild obesity [63, 64]. In stark contrast, removal of leptin receptors from a
wide-range of neurons expressing neuronal nitric oxide synthase-1 (NOS1) produces
hyperphagic obesity, decreased energy expenditure and hyperglycemia, approaching the
extent seen in whole-body leptin receptor null mice [65]. Together, these studies indicate
that melanocortinergic neurons may play a much smaller role than previously anticipated in
mediating leptin's effects on appetite and body weight. However, one must be cautious in
interpreting data exclusively from genetic models since these mutant mice may have
developed compensatory mechanisms that may not faithfully describe the normal
contribution of these neurons to physiology. The generation of inducible Cre-lox systems
may help to address this issue. It should also be acknowledged that upon removal of direct
leptin action on POMC or AgRP neurons, these neurons could still receive indirect
regulation from leptin via other leptin-responsive presynaptic neurons, making POMC and
AgRP neurons indirect mediators for leptin's anorexigenic effects.

In addition to the regulation of appetite and energy expenditure, leptin also independently
governs many other metabolic processes. For example, leptin has been recently shown to act
in the brain to suppress hepatic triglyceride levels via activation of the SNS [66]. Two recent
studies demonstrate that restoration of leptin receptor expression in POMC neurons of leptin
receptor deficient mice completely normalizes blood glucose levels [67, 68]. It remains to be
determined whether distinct subpopulations of POMC neurons mediate different aspects of
POMC functions or distinct metabolic effects of leptin. Nevertheless, these studies raise an
intriguing possibility that melanocortinergic neurons may play a predominant role in
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mediating leptin's effects on the autonomic control of lipid and glucose metabolism in
peripheral tissues.

Distinct Responses of AgRP and POMC Neurons to Metabolic Signals

AgRP and POMC neurons are situated in close proximity to each other in the arcuate
nucleus and project in parallel to a number of brain regions. At the receptor level, AgRP and
POMC-derived peptides have opposing actions. AgRP and POMC neurons also have
broadly opposing functions on feeding and body weight and they are regulated in opposite
directions upon changes of energy status, such as in starvation. While overwhelming
evidence indicates that AgRP and POMC neurons act to counter-balance each other to adjust
appetite, they are not simply mirror opposites of each other in their responses to metabolic
stimuli. One notable example is the response of these two neuronal populations to ghrelin.
Ghrelin levels rise before meals and after fasting [69-71]. The GHSR is expressed on the
vast majority of AgRP neurons, but on very few POMC neurons [57, 72]. Ghrelin stimulates
AgRP neuronal activity but has no direct effect on POMC activity, although ghrelin could
still exert inhibitory effects on POMC neurons indirectly via AgRP neurons [24, 57, 69, 73,
74]. Consistently, the orexigenic effects of ghrelin are lost in mice that lack Agrpand Npy,
indicating that ghrelin exerts its orexigenic effects by activating AgRP neurons [24, 75].
Furthermore, AgRP but not POMC neurons have dendritic spines, and fasting-induced
increase of glutamatergic input onto AgRP neurons is paralleled by an increase in AgRP
spine density [76]. AgRP and POMC neurons may also differ in nutrient sensing. Palmitic
acid, a saturated fatty acid, mediates insulin resistance in hypothalamic neurons by
activating protein kinase C (PKC)-6 in diet-induced obesity [77]. Interestingly, PKC-8 is
expressed in discrete neuronal populations of the arcuate nucleus, specifically in AgRP but
not in POMC neurons [77].

Taken together, the above studies suggest that AgRP and POMC neurons may differ in their
abilities to sense and respond to certain hormonal and metabolic signals, and they may play
distinct roles in mediating the actions of these signals. The basis for this differential
regulation is current not known. One possibility is the closer anatomical proximity of AgRP
neurons to the median eminence compared with POMC neurons, which could expose AgRP
neurons to greater concentrations of blood-borne substances. AgRP neurons project onto
POMC neurons and suppress POMC neuronal activity and a.-MSH release [2], although the
reverse has not been demonstrated. While the change of AgRP neuronal activity could
impact AgRP and a-MSH release thereby altering MC4R activity, AgRP neurons also
regulate feeding via a melanocortin-independent, GABA-dependent mechanism [25, 29, 32].
The release of NPY from AgRP neurons can also act on non-MC4R neurons via interaction
with the Y receptors. Thus upon stimulation, AgRP neurons can transmit signals to a
number of different targets via both melanocortin-dependent and independent mechanisms.

Dysregulation of Melanocortinergic Neurons in Obesity

Considerable effort is focused on understanding how the function of melanocortinergic
neurons is influenced by environmental changes, particularly diet-induced obesity. Although
obesity is the result of complex interactions among multiple hormonal and neuronal
pathways, a number of studies have indicated that melanocortinergic neurons contribute to
dysregulation of leptin action and the etiology of obesity. Here we briefly describe some
recent progress in this area.

The effect of cellular stress on melanocortinergic function

Recent studies suggest that high fat feeding increases cellular stress, which alters
melanocortinergic function. Previous work shows that increased endoplasmic reticulum
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(ER) stress and activation of the unfolded protein response in the hypothalamus of obese
mice inhibits leptin signaling [78, 79]. Interestingly, proliferation of peroxisomes, which are
derived from the ER, is increased in the hypothalamus of diet-induced obese animals [80].
Scavenging of reactive oxygen species (ROS) by peroxisomes suppresses POMC neuronal
firing while stimulates AgRP neuronal activity [80]. High fat feeding also induces reactive
gliosis in the mediobasal hypothalamus and elevates the expression of inflammatory
cytokines [51, 81, 82], creating a local inflammatory environment that could dysregulate
melanocortinergic function. Noticeably, autophagy, an indicator of cellular stress and
neuronal injury [83, 84], is markedly elevated in the POMC neurons of diet-induced obese
animals and neuronal injury is evident in POMC neurons upon short-term consumption of a
high fat diet [82]. However, autophagy in POMC neurons is required for appropriate axonal
outgrowth, neuropeptide expression and leptin signaling, and selective deletion of autophagy
gene Afg7 i POMC neurons leads to obesity [85-87]. Similarly, autophagy in AgRP
neurons is required for appropriate AgRP neuronal function during starvation [88]. Thus, it
remains to be determined whether high fat diet-induced autophagy in melanocortinergic
neurons represents a protective mechanism to maintain neuronal homeostasis or if it is a
pathological cause of neuronal injury and dysregulation. Collectively the above studies
suggest that increased neuronal stress and injury are closely associated with impairment of
hypothalamic neuronal function in obesity.

New players in leptin signaling and leptin resistance

Several novel signaling pathways have been recently implicated in leptin signaling and may
be involved in the development of cellular leptin resistance, a hallmark feature of obesity
[89]. Elevation of adenosine 3', 5'-monophosphate (cCAMP) levels impairs multiple leptin
signaling cascades within the hypothalamus [90]. Epac, a cAMP-regulated guanine
nucleotide exchange factor for the small G protein Rap1, is activated in diet-induced obesity,
and it blunts leptin-induced depolarization of POMC neurons [90]. Furthermore, protein
tyrosine phosphatase 1B (PTP1B) acts as a negative regulator of leptin and insulin signaling,
and its deletion from POMC neurons increases energy expenditure and improves glucose
homeostasis [91]. Interestingly, removal of another phosphatase, SH2 domain-containing
protein tyrosine phosphatase-2 (SHP2), from POMC neurons results in the opposite
phenotype [91]. Recently, the G-protein-coupled receptor Gprl7 is shown to be a
transcriptional target of FOXO1 in AgRP neurons, and a novel modulator of food intake
[42]. Future studies are needed to dissect functional interactions among these novel
signaling components and to determine their roles in modulation of melanocortinergic
function under physiological and pathological conditions.

While impairment of leptin action is likely the result of multiple mechanisms induced by
nutrient excess, one player that contributes to hypothalamic leptin resistance could be leptin
itself. Under conditions of negative energy balance, the decline in plasma leptin levels is
detected by the brain and triggers adaptive responses to increase appetite and lower energy
expenditure. Such responses are intact even in obese individuals, where the adaptive
responses triggered by weight loss can be prevented by replacement doses of leptin
administration [92]. In contrast, under conditions of chronic positive energy balance (e.g.
prolonged consumption of fat rich diets) the resultant elevation in circulating leptin
concentration is inevitably met with the development of leptin resistance, attenuating the
anorexic effects of the elevated leptin. Evidence suggests that chronic hyperleptinemia
arising from obesity, but not the obesity alone, is required for the development of leptin
resistance [93]. Accordingly, over-expression of leptin receptors in POMC neurons [94] and
transgenic overexpression of leptin [95-98] predisposes mice to leptin resistance and diet-
induced obesity. Elevated expression of suppressor of cytokine signaling 3 (SOCS3), a
transcriptional target of STAT3, may serve as a negative feedback inhibitor of leptin
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signaling. SOCS3 expression is increased by leptin and in diet-induced obesity, but is
reduced in leptin-deficient mice [65]. Transgenic upregulation of SOCS3 in POMC neurons
not only inhibits STAT3 signaling but also suppresses other signaling pathways, including
mTOR signaling [99]. Indeed, constitutive activation of STAT3 in POMC neurons causes
obesity, which is attributed to increased feedback inhibition by SOCS3 and impairment of
other signaling pathways [100]. It should be noted that SOCS3 can also be induced by
STAT3-independent signaling mechanisms [90, 101].

The contribution of increased leptin action to leptin resistance may appear counter-intuitive
at first glance. However, consistent with the essential role of leptin in adaptive responses to
starvation, leptin-brain communication may have evolved to defend body adiposity which
could be advantageous in times of famine [102]. Thus, the development of leptin resistance
may allow body adiposity to be maintained at elevated levels in the face of hyperleptinemia,
consistent with the physiological role of leptin to preserve body adiposity. Interestingly,
obesity and starvation, two seemingly opposite physiological conditions, share some
neuroendocrine similarities. This includes reduced leptin action via lower plasma leptin
concentrations or acquired leptin resistance, increased firing frequency of AgRP neurons
and decreased activity of POMC neurons [80]. Thus, modulation of AgRP and POMC
neuronal function in obesity may represent one adaptive mechanism to dampen central
leptin action in the face of chronic hyperleptinemia.

Concluding Remarks

Over the past decade, our understanding of the central melanocortin system has advanced
considerably. Gone is the notion that POMC and AgRP neurons are simply first-order
neurons responding in broadly opposing manners to the same metabolic and hormonal
stimuli. It is becoming clear that POMC and AgRP neurons respond to diverse metabolic
signals that elicit both unique and opposing physiological effects. These neurons are first-
order targets by peripheral metabolic signals, but concurrently they are second- or greater-
order neurons. Furthermore, these neurons regulate diverse metabolic processes via
melanocortin-dependent and melanocortin-independent mechanisms. In this regard, central
melanocortinergic neurons are transceivers of hormonal and neuronal information,
receiving, integrating and transmitting this information to other brain regions and peripheral
tissues to maintain whole-body energy homeostasis.
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Glossary

Agouti-related protein
(AgRP)

alpha-M elanocyte
stimulating hormone (a.-
MSH)

Anorexigenic

Circumventricular
organ

First-order neurons
Ghrédin

Insulin

Leptin

Melanaocortin 4 receptor
(MC4R)

Melanocortin 3 receptor
(MC3R)

Neuropeptide Y (NPY)

AgRP is a neuropeptide that binds to the melanocortin
receptor MC4R and MC3R. In the brain, AgRP expression is
restricted in a subset of neurons within the arcuate nucleus.

An anorexigenic neuropeptide that is synthesized within the
arcuate nucleus and brain stem and derived from POMC.

or appetite suppressant, a substance that reduces appetite and
food consumption, resulting in weight loss.

Any of the structures in or near the base of the brain that
differ from normal brain tissue in having capillaries that lack
the usual blood-brain barrier and thus are not isolated from
certain compounds in the blood.

In the melanocortin system, “first-order” neurons are those
neurons that directly detect and respond to a hormone or
metabolite.

An orexigenic stomach-derived hormone that binds to the
growth hormone secretagogue receptor and stimulates
appetite.

A hormone released from the B-cells of the pancreas that
regulates blood glucose levels, but has complex acute and
chronic actions within the brain.

A hormone released from adipocytes that circulates in
proportion to body fat mass and has broadly anorexigenic
roles on energy balance, as well as roles in glucose and lipid
metabolism that are independent from its actions on food
intake.

A receptor with widespread distribution within the brain and
spinal cord. This receptor is best known to mediate
anorexigenic effects exerted by agonist a-MSH. Mutation of
MCA4R is the most common form of inherited human obesity
with a 2.5% prevalence in obese adults.

A receptor that has broad distribution in the brain, but is
distinct in its distribution and ontogeny compared to the
MC4R.

A neuropeptide that is widely expressed with the brain and
acts on the Y receptors (Y1, Y2, Y4, Y5). Within the arcuate
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Orexigenic

Par asympathetic
nervous system

Proopiomelanocortin
(POMC)

Second (or higher) order
neurons

Sympathetic nervous
system
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nucleus, NPY is co-expressed with AgRP in the same
neurons.

or appetite stimulant, a naturally derived (such as a hormone)
or synthetic compound that increases appetite and food
consumption. Certain neuropeptides, such as ghrelin, orexin
and neuropeptide Y, are considered orexigenic.

Part of the autonomic nervous system, the main nerves of
which are the vagus nerves that originate in the medulla
oblongata. Preganglionic parasympathetic neurons synapse
with a few postganglionic neurons close to, or in, the target
organ. Pre- and post-ganglionic neurons use mainly
acetylcholine as the neurotransmitter.

A polypeptide post-translationally processed by prohormone
convertases to generate small peptides, including
adrenocorticotrophin (ACTH) and the a-, p- and -y-
melanocyte stimulating hormones (MSHSs).

neurons that, while not directly detecting a hormone or
metabolite, receive inputs from “first order” neurons either
directly (“second-order”) or indirectly (“higher order”) that
have directly responded to a hormone or metabolite, thus
propagating the signal.

Part of the autonomic nervous system, the preganglionic
motor neurons of which arise in the spinal cord.
Preganglionic sympathetic neurons use acetylcholine,
whereas postganglionic neurons use catecholamines as
neurotransmitters.
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Box: Outstanding Questions

What are the identities of the pre-synaptic neurons that can modulate AgRP and
POMC neuronal function, and how are these pre-synaptic neurons regulated?

Avre all POMC and AgRP neurons created equal? Are there anatomical and
functional distinctions among subpopulations of neurons that express the same
neuropeptides?

Avre diverse peripheral metabolic signals integrated by the same or distinct
subpopulations of melanocortinergic neurons?

What are the overlapping and unique functions of neuropeptides and classical
small neurotransmitters that are co-expressed from the same melanocortinergic
neurons?

Avre there distinct downstream target neurons that mediate effects of
melanocortinergic neurons on feeding, energy expenditure, hepatic glucose
production and lipid metabolism?

What are the specific roles of the parasympathetic and sympathetic nervous
system in mediating melanocortin's metabolic functions in different tissues?

Avre there site-specific or process-specific alterations of melanocortinergic
functions in obesity? What is the temporal regulation of these alterations?
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Melanocortin-dependent and
independent Feeding Regulation

Arcuate
Nucleus

Other brain
regions

s

3rd
Ventricle

MC4R-dependent SNS
outflow: Energy Expenditure,
Glucose and lipid metabolism

Figure 1. Arcuate melanocor tiner gic neurons serve as metabolic transceiver sto regulate ener gy
balance and peripheral energy metabolism

The POMC neurons (depicted as red cells) and AgRP neurons (depicted as green cells) are
in the vicinity of median eminence, a circumventricular organ that exhibits higher
permeability to blood-borne metabolic signals. Blood borne signals also gain access to
neurons in other regions of the brain by crossing the blood-brain barrier (BBB). The POMC
neurons and AgRP neurons express a variety of different receptors (depicted by different
shapes and colors on the cell surface), some of which are also expressed by neurons in other
regions of the brain (depicted as blue cells). For example, AgRP neurons express the growth
hormone secretagogue receptor (GHSR, the ghrelin receptor), but POMC neurons do not. In
contrast, both POMC and AgRP neurons express the leptin receptor and insulin receptor,
which are also expressed by some extra-arcuate neuronal subtypes. Hence, in addition to
under direct hormonal regulation, the AgRP and POMC neurons are influenced by other
neurons that express hormone receptors. AgRP neurons express AgRP, NPY and GABA,
while POMC neurons are comprised of distinct subpopulations of GABAergic and
glutamatergic neurons and they show heterogeneous responses to leptin and insulin. POMC
and AgRP neurons project to the paraventricular nucleus, the parabrachial nucleus and
possibly other regions of the brain to regulate feeding via MC4R dependent and independent
mechanisms. POMC and AgRP neurons also act on MC4R to regulate sympathetic outflow
motor neurons to affect locomotor activity and glucose homeostasis.
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