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Abstract

The hypothalamus is an evolutionarily conserved brain structure that regulates an organism’s basic
functions, such as homeostasis and reproduction. Several hypothalamic nuclei and neuronal
circuits have been the focus of many studies to understand their role in regulating these basic
functions. Within the hypothalamic neuronal populations, the arcuate melanocortin system plays a
major role in controlling homeostatic functions. The arcuate pro-opiomelanocortin (POMC)
neurons in particular have been shown to be critical regulators of metabolism and reproduction
because of their projections to several brain areas both in and outside of the hypothalamus, such as
autonomic regions of the brain stem and spinal cord. Here, we review and discuss the current
understanding of POMC neurons from their development and intracellular regulators to their
physiological functions and pathological dysregulation.

Keywords
POMC,; hypothalamus; development; food intake; obesity

INTRODUCTION

The hypothalamus, an evolutionarily conserved brain structure, regulates an organism's basic
functions, such as homeostasis and reproduction. Within the hypothalamus many nuclei and
neuronal circuitries have been characterized, and their functions have been studied. Research
on the hypothalamic arcuate nucleus and its neuronal populations has gained momentum
with the discovery of leptin over 20 years ago. This led to the hypothesis that in this nucleus,
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the so-called melanocortin system previously thought to be involved in food regulation (1)
plays a fundamental role in metabolism regulation. The arcuate melanocortin neurons
consist of two distinct neuronal populations: the pro-opiomelanocortin (POMC)-expressing
neurons and the neuropeptide Y/agouti-related peptide (NPY/AgRP)-expressing neurons.
More recent studies using pharmacogenetic and optogenetic techniques (2, 3) have further
proved that although POMC neuronal activation reduces food intake and increases energy
expenditure, NPY/AgRP neuronal activation induces increased food intake and decreased
energy expenditure (4, 5). These opposite functions in metabolism regulation are
accomplished by the opposite effects on their target neurons, the melanocortin 4 receptor
(MCA4R)-expressing neurons, in several brain areas. POMC cells activate MC4R-expressing
neurons in the paraventricular nucleus of the hypothalamus (PVH) and in other brain
regions, including the brainstem, thus inhibiting food intake and increasing energy
expenditure. Conversely, NPY/AgRP neurons antagonize these effects (4). Furthermore, the
NPY/AgRP neurons, containing the inhibitory neurotransmitter GABA, project onto POMC
neurons (1). Thus, in addition to their action on MC4R-expressing cells, NPY/AgRP/GABA
neurons also have a direct inhibitory effect on POMC neuronal activity.

In the last few years, new data have come to light suggesting that the roles of these two
neuronal populations in metabolism regulation and their developmental origins are more
complex than previously thought. In this review, we highlight the recent discoveries that
have expanded our understanding of POMC neurons before and after birth as well as in
adults. We discuss new findings that are changing our view of POMC neurons from a
homogeneous to heterogeneous population of neurons. Finally, we describe how POMC
neurons respond and function to regulate energy balance (metabolism) in different metabolic
states.

POMC PROGENITOR/LINEAGE AND ADULT NEUROGENESIS

Embryonic Development

The hypothalamic primordium arises from cells in the ventral neural tube of the
diencephalon at embryonic day (E) 9.5 in the mouse. The highly proliferative progenitor
cells of the hypothalamic arcuate nucleus (ARC) originate from the hypothalamic
ventricular zone (HVZ). These HVZ cells gradually migrate laterally (5), differentiate, and
then form each hypothalamic nucleus by E16.5-18.0 (Figure 1a) (6). POMC neurons can be
identified as early as E10.5 in the anterobasal area, which also contains neurons of the
ventromedial nucleus of the hypothalamus that are marked by steroidogenic factor 1 (7). The
transcriptional control of the development and function of the ARC neurons is the focus of
several studies. To date, several transcription factors have been identified. The Nkx2-1
homeobox gene, also known as thyroid transcription factor 1 (TTF-1), in ventral
hypothalamic progenitor cells is required for the specification of this region (8), as deletion
of Nkx2-1 leads to the loss of the neural tube ventral midline (9).

Sonic hedgehog (Shh), Six3, and retinal anterior neural fold homeobox (Rax) were also
identified as critical regulators of HVZ and POMC development (Figure 1a). Shh, which is
secreted by prechordal mesoderm at E7.5 and by hypothalamic neuroepithelium at E8.5,
plays a critical role in the development of the ventral portion of the neural tube (10). Shh
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signaling increases Nkx2-1 expression (11), which, as mentioned above, plays a critical role
in the development of the neural tube ventral midline (9), and deletion of Shh in mice with
the Nkx2-1-Cre driver (12) affects the development of POMC neurons. Six3 is a regulator of
forebrain development, including the hypothalamus (13), and is crucial for Shh expression
(14). Finally, Rax, a key regulator of eye development, is also important for the formation of
the ventral neural tube (15). If Rax is deleted in mice with the Six3-Cre driver, a transient
loss of the POMC neurons occurs at E10.5, followed by their reappearance at E17.5 (16).

Mash1, a member of the basic helix-loop-helix family of transcription factors, is also
expressed in progenitor cells of the ventral hypothalamus, and its deletion induces
hypoplastic ARC due to defects in neurogenesis and apoptosis (7). Mash1 is critical for
POMC differentiation through neurogenin 2/3 (Ngn2/3) and nescient helix-loop-helix 2/pro-
hormone convertase 1 (NhIh2/PC1). Mash1 knockout mice fail to express Ngn3 transcript
and cannot develop POMC-positive neurons (7). Genetic fate-mapping studies using Ngn3-
Cre mice have shown, however, that not all POMC neurons are derived from the Ngn3-
positive progenitors (Figure 1a). Knockout mice for Ngn3 exhibit a loss of 60—-70% of
POMC-positive cells that occurs between E10.5-17.5. As a result, mice with a selective
deletion of Ngn3 in Nkx2-1 cells become obese in adulthood (23, 24). In addition, Ngn3
regulates Nhlh2 expression, which is required for the expression of PC1, the enzyme
responsible for the proteolytic cleavage of the POMC precursor to a-melanocyte-stimulating
hormone (a-MSH) (23), thus affecting the production of a.-MSH.

During the early stage of embryonic development, Notch signaling and the so-called lateral
inhibition are also critical events in the neurogenesis and differentiation of POMC neurons
(Figure 1b). Notch signaling, an evolutionarily conserved signaling pathway, regulates
multiple processes during development via cell-cell communication. This pathway is
initiated when a transmembrane Notch receptor anchored in a cell interacts with a
transmembrane Notch ligand (Delta or Serrate/Jagged) in a neighboring cell. Once the
receptor—ligand binding is formed, a series of proteolytic cleavages are triggered that result
in the release of the intracellular domain of Notch (NICD). This intracellular domain will
then form a nuclear complex with a recombination signal-binding protein for the
immunoglobulin kappa J region (RBPJ) that will activate the transcription of target genes
(17, 18). Some targets of the NICD/RBPJ complex are the transcriptional repressors Hes
(hairy/enhancer of split) and Hey (Hes-related type) genes (19, 20). Hes1 works as a
transcriptional repressor of Mash1 and thus prevents the initiation of POMC neuronal
differentiation (21). A function of Notch is lateral inhibition, whereby a ligand-expressing
cell inhibits the expression of the ligand in the neighboring cells, thus preventing those cells
from adopting the same fate and generating a patched cellular pattern (22). Therefore, when
Notch is separated from the neighboring cells, the progenitor cells can no longer express the
repressor Hes1, and Mash1 can now enhance Ngn2/3, which then initiates POMC
neurogenesis (Figure 1b) (23, 24). In support of this, conditional Rbpjk deletion in Nkx2-1
cells (25) leads to fewer progenitors and increased numbers of differentiated POMC neurons
(21). By contrast, mice expressing constitutively active NICD in Nkx2-1 cells have a higher
number of hypothalamic progenitors but a reduced number of differentiated POMC neurons
(21). The mechanisms by which all the above factors and Notch signaling interact and
contribute to POMC development remain an ongoing research focus.
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Interestingly, POMC mRNA levels are highest at E13 and then gradually decrease by E18.
Indeed, studies from the Zeltser group (26, 27) have found that POMC-positive progenitors
differentiate to other neuronal populations that reside in the ARC and in other brain regions,
and during this process they lose POMC expression. Studies using POMC-Cre and loxP-
mediated reporter gene mice show that 25-50% of NPY neurons and approximately 18% of
kisspeptin neurons express POMC-Cre lineage traces (26, 28, 29). This suggests that a
subset of the NPY and Kisspeptin neurons derive from POMC-positive progenitors (Figure
1a). Given that POMC progenitors are regulated by the factors described above,
development of NPY and kisspeptin neurons is also influenced by these factors. For
example, Rbpjk ablation in Nkx2-1-expressing cells increases both POMC and NPY
neurons. On the other hand, expressing constitutively active NICD significantly decreases
POMC and NPY neurons (21). Mash1 knockout mice also exhibit a reduction in NPY and
POMC neurons, and ectopic expression of Ngn2 in Mash1 null mice partially rescues this
phenotype, increasing NPY neurons (7). However, other factors appear more selective. For
example, in Ngn3 knockout mice POMC neurons decrease while NPY neurons increase
(23). Similarly, Rbpjk ablation in Nkx2-1 cells decreases kisspeptin neurons while
increasing POMC neurons (28). Collectively, these data suggest that Ngn3 and Rbpjk might
promote NPY/kisspeptin neurogenesis from POMC-negative progenitors.

Early Postnatal Development

In mice, ARC neuronal projections are incomplete at birth but then mature postnatally
during lactation (Figure 1a). For example, projections from the ARC to the dorsomedial
hypothalamus evolve on postnatal (P) day 6. Projections to the PVH occur on P8-10 and to
the other nuclei on P12-16 (30). Leptin, which has a robust surge in circulating levels
between P6-14 (31), has a crucial effect on ARC neuronal axon growth. Indeed, leptin
knockout (ob/ob) mice display reduced a-MSH-positive fibers in the PVH. Leptin
administration on P12, but not on P80, can restore a-MSH fibers (32). In line with this, the
long form of leptin receptor (LepRb) starts to be expressed in the ARC between P6-10, and
LepRb-null (db/db) mice, similar to the ob/ob mice, show reduced a-MSH projections to the
PVH compared to wild-type controls (33). In addition, mice with mutations on Tyr1138 on
LepRb that lack LepRb-signal transducer and activator of transcription 3 (STAT3) signal
transduction show a significant decrease of a-MSH fibers in the PVH (33), suggesting that
STAT3 signaling is critical for POMC axonal growth. Conversely, although mice with
Tyr985 mutation in LepRb and defects in the LepRb-extracellular signal-regulated kinase
(ERK) pathway show a decrease in POMC-PVH projections at P12, by P80 they display a
similar POMC-PVH projection compared to wild-type controls, which suggests that other
signaling pathways may compensate to normalize POMC projections (33).

Axonal growth is regulated by a dynamic remodeling of cytosolic structures and requires
protein degradation and turnover that lead to replacement of damaged organelles and
proteins, referred to as autophagy. Autophagy was recently shown to be an important
intracellular mechanism involved in POMC axonal growth. Morphological studies revealed
that autophagy occurs in the hypothalamus during development. Coupe and collaborators
(34) demonstrated that loss of autophagy-related protein 7 (Atg7), an essential autophagy
gene, reduces POMC projections to the PVH as early as P14 without altering POMC cell
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number (34), suggesting that this process has a specific role on postnatal axonal growth.
Mice with selective deletion of Agt7 in POMC neurons displayed increased postweaning
body weight and adiposity that were associated with a disruption in the maturation of POMC
axonal projections. Because leptin directly promotes POMC axonal growth postnatally (32)
and also promotes autophagy (35), it is conceivable that the neurotrophic effects of leptin
postnatally may be mediated, at least in part, via autophagy activation. In addition, brain-
derived neurotrophic factor (Bdnf) a critical gene in synaptic plasticity, neural circuit
development, and energy metabolism regulation (36), plays a role in POMC axonal growth.
Deletion of the long 3"UTR Bdnf mRNA transcript leads to a decrease of a.-MSH
projections into the dorsomedial hypothalamus but not the PVH without affecting POMC
cell number (37). Considering that leptin was shown to increase Bdnf mRNA and protein
levels in the hypothalamus, BDNF may also play a role in leptin signaling and axonal
growth of POMC neurons (38).

Adult POMC Neurogenesis and Artificial POMC-Like Neurogenesis from Pluripotent Stem

Cells

Hypothalamic POMC neurogenesis can also occur in adult mice (Figure 1a) (39, 40). In vivo
bromodeoxyuridine (BrdU) labeling studies found BrdU incorporation as late as 30 days
after its administration in adult mice (39). Despite the caveats of this technique, another fate-
mapping study that used lentivirus-expressing Sox2, which marks neural stem cells (NSCs),
revealed that Sox2-positive cells differentiate to POMC neurons in mice at three months of
age (39). As many as 1,000 new ARC neurons were generated from Sox2-positive cells 80
days after virus infection. These new neurons account for 6% of all neurons in this region,
with 10% of these new neurons being POMC neurons, and only 3% being NPY neurons
(39).

Several factors affect POMC neurogenesis. For example, intracerebroventricular (ICV)
injection of the ciliary neurotrophic factor increases BrdU incorporation in POMC-positive
neurons, and many of these newborn POMC cells were responsive to leptin showing
phosphorylated STAT3 (pSTAT3) immunoreactivity (40). High-fat diet (HFD) feeding also
affects hypothalamic neurogenesis in adult mice. Specifically, the HFD effect on
neurogenesis has two phases, an initial phase at days 1-3 during which neurogenesis is
enhanced, and a second phase from day 4 when neurogenesis is attenuated (39, 41, 42).
Some of these newborn cells become POMC neurons after 2—3 weeks (41). If AraC protein
is used to block neurogenesis during HFD, dramatic weight gain ensues (41). Also, ablation
of Sox2-positive cells in mice by the thymidine kinase and ganciclovir system resulted in a
10% reduction in POMC cells and an obese/diabetic phenotype (43). Thus, these data
suggest that neurogenesis from Sox2-positive NSCs is required for the homeostatic
regulation of energy metabolism by the hypothalamus. Although neurogenesis of
hypothalamic circuits seems to occur in response to energy supply, it is of interest that a
continuous overload of nutrients attenuates neurogenesis, and as a consequence leads to a
deterioration of the hypothalamic homeostatic control (42).

Because neural stem cells play a role in the hypothalamic regulation of homeostasis,
transplantation of these cells may be beneficial for curing metabolic dysfunctions. Indeed,
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Czupryn and collaborators (44) found that transplantation of hypothalamic cells collected
from E13.5 into the hypothalamus of db/db mice at P0.5-5.5 leads to differentiated POMC-
like neurons that are B-endorphin positive, glucose sensing, leptin activated, and insulin
suppressed. As a result, these mice showed a decrease in their body weight and an overall
improved metabolic phenotype (44), thus suggesting that transplanted embryonic cells can
generate functional neuronal circuit(s) in the hypothalamus. However, Li et al. (43) reported
that HFD feeding attenuates the survival rate of the transplanted hypothalamic NSCs
(hNSCs) or inducible pluripotent stem cells (iPSCs). The mechanism responsible for this
attenuation is unclear, but the activation of 1xB kinase B (IKKp) and the nuclear factor-xB
(NF-xB) pathways during HFD feeding may be involved. In support of this, ICV injection of
a lentivirus encoding constitutively active IKKp under control of the Sox2 promoter in mice
fed a standard chow diet decreased the number of ARC POMC cells and affected
neurogenesis; this resulted in increased body weight three months post-ICV injection (39).
In addition, suppressing IKKp by lentivirus-mediated expression of a dominant-negative
form of IKK restored the survival rate of transplanted hNSCs and iPSCs in HFD-fed mice
(43). In this study (43), hNSCs and iPSCs injected through the carotid artery were able to
cross the leaky hypothalamic blood-brain barrier (BBB) during HFD feeding, settle in the
hypothalamus, and differentiate into POMCergic and GABAergic neurons, inducing an
improvement of metabolic phenotypes in obese mice. Differentiation into POMCergic and
GABAergic neurons was pivotal for the improved phenotype, as treatment with ShRNA
against POMC or GABA prevented the beneficial effects of the transplantation on energy
metabolism (43). Thus far, these types of studies have been limited to rodent models, but it is
possible that stem cell therapy in humans might be targeted to cure severe metabolic
disorders. Future investigations into the potential role of hypothalamic neurogenesis in the
treatment of obesity are warranted.

THE HETEROGENEITY OF POMC NEURONS

The hypothalamic POMC neurons are generally considered as a homogenous neuronal
population. However, their projection fields are shown to be diverse. For example, whereas
POMC neurons in the rostral arcuate nucleus project mostly to autonomic areas (45, 46),
caudal arcuate POMC neurons project mainly to hypothalamic areas, including the PVH (1,
47), suggesting the possible heterogeneity of these cells.

Recent evidence shows that POMC neurons are indeed heterogeneous in nature in terms of
the neurotransmitters and receptors they express. For example, both leptin and serotonin
depolarize POMC neurons (48, 49). However, none of the serotonin-responsive POMC
neurons are activated by leptin, and leptin-activated POMC cells are located more laterally
in the ARC than the serotonin-responsive cells (48). Williams and collaborators (49)
reported another example of POMC heterogeneity, showing that leptin and insulin acutely
affect anatomically segregated POMC neuronal populations of the ARC (Figure 2a). In
addition, subsets of POMC neurons express either glutamate, GABA, or both (50). The
percentage of POMC neurons expressing vesicular glutamate transporter 2 (vGlut2) mRNA
is highest at P1 and gradually decreases by 8 weeks of age in mice. In contrast, the
percentage of neurons that express glutamate decarboxylase 67 (GAD67) mRNA, an
enzyme that catalyzes the decarboxylation of glutamate to GABA, is lowest at P1 and
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increases over time (51). Furthermore, three different subpopulations of POMC neurons
were described according to their responses to changing glucose levels: spontaneous
excitatory postsynaptic current positive [SEPSC(+)] neurons that decrease their SEPSC when
lowering glucose concentrations, the SEPSC(-) neurons that decrease their SEPSC when
increasing glucose levels, and the SEPSC(+/-) neurons (52). The sEPSC(+/-) POMC
neurons show an acute phase (approximately 10 min) in which they decrease their SEPSC
when exposed to low glucose concentrations. They then increase their SEPSC after 25 min of
continuously low levels of glucose (52), suggesting that glucose induces excitatory synaptic
plasticity. The reasons for POMC neuronal heterogeneity are unclear. Studies looking at the
metabolic effects of selective deletion of either leptin receptors or serotonin receptors in
POMC neurons show a differential role of these neurons in feeding regulation, energy
expenditure, and glucose metabolism. This therefore suggests that distinct POMC neuronal
populations in the ARC may influence diverging downstream pathways that ultimately will
affect food intake, energy expenditure, or glucose metabolism.

POMC PROCESSING

POMC mRNA is expressed not only in the hypothalamic arcuate nucleus but also in other
brain areas, including the brainstem and pituitary (4). This gene encodes a polypeptide
hormone precursor that undergoes tissue-specific proteolysis, thus generating a specific
repertoire of biologically active peptides and hormones, including adrenocorticotropin
(ACTH), a-, p- and y-MSHs, and p-endorphin (Figure 2b), all of which can modulate food
consumption and energy balance.

These functional peptides are generated through a complex posttranslational process, which
allows them to exert a broad spectrum of physiological effects in a tissue-dependent manner.
In the corticotrophs of the anterior pituitary, POMC is mostly processed to ACTH, -
lipotropin (B-LPH), and a 16-kDa N-terminal fragment, whereas in the melanotrophs POMC
is further metabolized in smaller peptides, including a-MSH (4). This latter neuropeptide is
predominantly generated at the hypothalamic level through a cascade of posttranslational
reactions, some of which are catabolized by the following enzymes: PC1 and PC2, the
carboxypeptidase E (CPE), and the peptidyl a-amidating monooxygenase (PAM) (Figure
2b). These enzymes are required for both the synthesis of the active form of a-MSH and the
regulation of all POMC-derived peptides. It is worth noting that expression of PC1 and PC2
drives the tissue-specific posttranslational processing of the POMC precursor protein,
whereas CPE and PAM play a key role in regulating the trafficking of the POMC precursor
protein from the Golgi to the secretory granules (53, 54). Finally, once a-MSH is
synthesized through this complex pathway, it can be degraded by the prolylcarboxypeptidase
(PRCP), which by removing its C-terminal valine residue will inactivate this neuropeptide
(55, 56). Indeed, PRCP plays a crucial role in regulating the melanocortin system efficacy, as
its inhibition or deletion leads to a reduction in food consumption, body weight, and an
increase in energy expenditure (57, 58). Besides this pathway, POMC can be cleaved in p-
LPH and then converted into B-endorphin, an orexigenic opioid peptide, whose acetylation
results in the loss of its opioid activity.
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In conclusion, it is now clear that the regulation of POMC processing, which is a pathway
that generates several biologically active neuropeptides with opposing effects on feeding
behavior and energy expenditure, is essential for energy homeostasis (59). Accordingly,
impairment in the POMC posttranslational processing is associated with the development of
obesity both in humans and animals (60).

REGULATION OF POMC NEURONS

Leptin

By conveying information about the metabolic status of the organism, several peripheral
signals, such as hormones and nutrients, regulate POMC transcription and processing as
well as POMC neuronal activity, synaptic plasticity, and axonal projections (2, 61-64). By
integrating these peripheral signals, POMC neurons are, in turn, responsible for the
maintenance of energy and glucose homeostasis (Figure 2b). Below, we describe prominent
peptide hormones and small signaling molecules that modulate POMC neurons (see Table
1).

Leptin, an adipocyte-derived hormone, plays a prominent role in the regulation of POMC
neurons. As mentioned above, a subpopulation of POMC neurons expresses the long form of
LepRb. Via a direct effect on POMC neurons, leptin activates the LepRb-STAT3 pathway
and the Jak2-phosphoinositol-3-kinase (PI3K)-transient receptor potential canonical (TRPC)
channel pathway. This induces increased POMC mRNA levels and neuronal depolarization
that will result in a decrease of food intake. In addition to these signaling pathways, leptin
also affects the mammalian target of rapamycin (mTOR) pathway and the activity of AMP-
activated protein kinase (AMPK) (65, 66). The inhibition of hypothalamic AMPK is a
necessary event for the effect of leptin on feeding and body weight, as constitutively active
hypothalamic AMPK blocks its anorexigenic effect (66). In addition, activation of the
mTOR pathway affects AMPK phosphorylation, an event necessary for leptin's effects on
hypothalamic AMPK activity, hypothalamic neuropeptide expression, food intake, and body
weight (65). This suggests that similar to the muscle (67), reciprocal modulation of the
activity of mTOR and AMPK also exists in the hypothalamus.

To date, several mouse models with LepRb deletion in POMC neurons have been generated
and studied (68-72), showing the important role of POMC neurons in mediating leptin
effects on energy homeostasis. Interestingly, however, when LepRbs were reexpressed in
POMC neurons of LepRb-null mice (db/db), only a modest reduction in body weight was
observed, which was due to partial normalization of energy expenditure; no effect on food
intake was found (73, 74). Furthermore, a significant improvement in glucose metabolism
was observed (73, 74).

In addition to the direct effect of leptin on POMC neurons via its receptor, leptin also affects
the synaptic input organization onto POMC cells (Figure 1a) (75). The effect of leptin on the
synaptic input organization onto POMC neurons (75) is mediated by the direct effect of
leptin on both specific neuronal populations, such as the NPY/AgRP neurons, and glial cells.
For example, by directly inhibiting the neighboring orexigenic NPY/y-aminobutyric
(GABA) neurons (63), leptin will decrease the number of GABAergic inputs onto POMC
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cells (75). In addition, via its direct effect on glial cells, leptin will affect the glial coverage
of POMC neurons. Indeed, selective deletion of LepRb in astrocytes (76) induces alteration
in glial morphology and causes a decrease in glial coverage and an increase in synaptic
inputs onto POMC neurons. As a result, leptin-induced suppression of feeding is diminished
in mice with selective deletion of LepRb in glial cells, suggesting that glial cells play an
active role in the initiation of hypothalamic synaptic plasticity and the neuroendocrine
control of feeding by leptin.

Insulin, a hormone produced by pancreatic B cells (77, 78), modulates POMC neuronal
activity in the regulation of glucose and energy metabolism. Remarkably, its effect on
POMC neurons is controversial. Two reports demonstrated that insulin suppresses POMC
neuronal activity (49, 79), whereas a later study showed that insulin excites POMC neurons
(80). This discrepancy could be attributed to the utilization of different insulin formulations.
The earlier study by Williams and collaborators (49) used a formulation containing Zn+2,
which might promote POMC hyperpolarization (49). Qiu et al. (80) used purified insulin
that lacked this cation and found that insulin depolarizes POMC neurons via PI3K-TRPC5
channels (80).

Consistent with Qui et al.'s (80) report, if insulin receptor (InsR) is reintroduced in POMC
neurons in L1 mice that lack hypothalamic insulin receptors, inhibitory synaptic contacts
onto POMC neurons are reduced concomitant with an increased energy expenditure,
exacerbated insulin resistance, and increased hepatic glucose production (HGP) (78). The
phenotypes of the POMC InsR versus the AgRP InsR knockin mice were diametrically
opposite, suggesting that the insulin signaling in AgRP neurons decreases HGP, whereas
insulin signaling in POMC neurons promotes HGP and energy expenditure (78). In support
of this, mice with selective deletion of InsR in AgRP neurons fail to suppress hepatic
glucose production (81). Interestingly, however, when InsR was selectively ablated in
POMC neurons, no effects on either body weight or glucose metabolism were observed (68).
Furthermore, although both insulin and leptin activate the same intracellular enzyme, PI3K
(81), selective deletion of LepRb in POMC neurons produces mice with increased body
weight and impaired glucose metabolism. Selective double deletion of InsR and LepRb in
POMC cells does not alter body weight but does impair glucose metabolism (82). Thus,
these results further argue in favor of distinct arcuate POMC neuronal subpopulations.

The gastrointestinal octanoylated peptide hormone ghrelin has well-established orexigenic
actions, which are mainly mediated by the arcuate neurons (83-87). A particular subset of
these hypothalamic cells (i.e., AGQRP/NPY neurons) can be easily reached by the ghrelin due
to their peculiar anatomical position and their high expression of the ghrelin receptor (86).

A growing body of evidence demonstrates that circulating ghrelin levels rise after fasting,
thus promoting the activation of arcuate AGRP/NPY orexigenic neurons (85, 88-89). The
most important consequence of activating these orexigenic neurons is the inhibition of
POMC neurons, which leads to a dramatic increase in food intake. Several studies
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established that the effects of ghrelin on POMC neuronal activity are indirect and mediated
by the neighboring AgRP neurons (85, 89). First, POMC neurons do not express ghrelin
receptors (86). Second, we and others (85, 87, 89) have shown that ghrelin indirectly inhibits
POMC neuronal activity, increasing the miniature inhibitory postsynaptic currents (mIPSCs)
on POMC cells. The ghrelin-driven hyperpolarization of POMC neurons is accompanied by
a reduction of asymmetric synapses, thus resulting in less excitatory synapses in POMC
cells. Consistent with this, ghrelin administration to mice with selective deletion of vesicular
GABA transporter in AgRP neurons failed to increase the frequency of inhibitory
postsynaptic potentials in POMC neurons, suggesting that ghrelin-stimulated GABAergic
input onto POMC neurons is mediated by NPY/AgRP neurons (89).

Finally, our group reported an additional mechanism underpinning the orexigenic effects of
ghrelin, showing that both peripheral and central administration of ghrelin increases the
MRNA and protein levels of PRCP, the enzyme responsible for the degradation of a-MSH
(90). Therefore, by affecting PRCP levels and thus modulating POMC processing, ghrelin
can further regulate melanocortin signaling (64).

Glucocorticoids

Among the plethora of factors regulating melanocortin system activity, glucocorticoids
secreted from the adrenal cortex play a prominent role. Cortisol or corticosterone (in
rodents) synthesis and secretion are controlled by both the hypothalamic releasing factor
corticotropin and the pituitary POMC-derived ACTH and play important roles in regulating
energy homeostasis, in part by regulating POMC neurons. As reviewed elsewhere (62, 91),
glucocorticoids are able to promote positive energy balance by several mechanisms,
including direct transcriptional regulation of hypothalamic neuropeptides, alteration of the
sensitivity of peptide signaling in the central melanocortin system, and influence on the
activity of arcuate neuronal populations. Accordingly, an increase in glucocorticoid levels
was found in several genetic and dietary models of obesity, whereas adrenalectomy (ADX)
reverses the obese phenotype by reducing food intake and preventing excessive weight gain.

In addition to controlling transcript levels of neuropeptides in the arcuate, corticosterone
affects POMC neuronal activation via alterations of synaptic input organization onto POMC
neurons (92). Indeed, data from our laboratory have demonstrated that ADX leads to a
decrease in inhibitory synapses onto POMC neurons, resulting in a decrease in mIPSCs and
an increase in miniature EPSCs of POMC neurons (92); these deficits are restored after
corticosterone replacement (92).

Endocannabinoids

Endocannabinoids, which have recently been redefined as thrifty lipids and dietary fat
sensors, control the rewarding properties of food and stimulate energy intake (93, 94). The
endocannabinoid system (ECS) exerts biological effects through activation of the G protein-
coupled CB1 and CB2 receptors; both receptors are expressed in POMC neurons.

The ECS regulates the complex behavior of food seeking and the process of energy storage
by modulating the activity of extrahypothalamic neurons (95) and regulating other hormones
that convey information to the ARC about the whole-body energy status (96). Besides the
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effects of endocannabinoids on the limbic forebrain and brainstem, their orexigenic actions
were recently correlated with an increase in NPY and the POMC-derived p-endorphin (97)
and a change in POMC neuronal activity (2, 98, 99).

POMC neurons continuously release endocannabinoids under basal conditions. Interestingly,
this constitutive endocannabinoid release and exogenously applied cannabinoid receptor
type 1 (CB1R) agonists lead to the retrograde inhibition of the presynaptic GABA release
onto POMC neurons (98), suggesting that the activation of CB1R receptors results in a
paradoxical increase in the excitatory tone on the anorexigenic POMC neurons. In support of
this, a recent study from our group and Horvath's group (2) has shown that hyperphagic
stimulation of CB1R results in the activation of POMC neurons and that POMC neuronal
activation is key for the increased feeding behavior evoked by CB1R. Although the Pomc
gene encodes the anorexigenic peptide a-MSH, it also encodes the orexigenic peptide -
endorphin (100). Indeed, CB1R activation produced a significant increase in PCs, including
PC1 and PC2, the latter identified as an indispensable enzyme for the processing of POMC
into B-endorphin (2). In fact, hypothalamic p-endorphin levels were increased after CB1R
activation. Additionally, the blockage of central p-opioid receptors prevented CB1R
activation-induced feeding (2), suggesting that CB1R-induced acute feeding is evoked by
POMC neuronal activation via p-endorphin release and p-opioid activation (Figure 2c).
These findings bring POMC neurons into a new light, suggesting a more complex role in
feeding regulation than previously thought.

Smoking-induced nicotine dependence poses a significant global health burden, and
smoking is known to affect feeding behavior. Subsequently, smokers are associated with a
significantly lower body mass index compared to nonsmokers, and quitting smoking induces
weight gain. These effects are attributed to the actions of nicotine at both peripheral and
central levels. Centrally, nicotine has a direct effect on POMC neurons (101, 102). It
depolarizes them via the activation of a3p4 nicotinic acetylcholine receptors, thus
decreasing food intake and body weight (101). In addition, siRNA-mediated knockdown of
MCA4R in the PVH blunts the effect of nicotine on food intake (101), suggesting that the
melanocortin system plays a role in nicotine-induced hypophagia. Interestingly, nicotine also
depolarizes the orexigenic NPY/AgRP neurons (102). However, nicotine evokes a greater
depolarization in POMC neurons compared to NPY/AgRP neurons. Although it evokes an
inhibitory effect on the synaptic release of glutamate onto NPY/AgRP neurons, no effect on
synaptic glutamate release was observed in POMC neurons (102). Collectively, these data
suggest that nicotine's effects on POMC neurons may be one potential site for selective
pharmacological intervention to regulate feeding.

Serotonin, via 5-hydroxytryptamine 2C receptor (5-HT2CR) in the brain, regulates energy
balance and glucose homeostasis (48, 103-107). Meta-chlorophenylpiperazine (mCPP), a
selective 5-HT2CR agonist, improves insulin resistance and glucose intolerance in diet-
induced obesity (DIO) mice via the melanocortin 4 receptor signaling pathway (104). This
suggests the involvement of POMC neurons in the central serotonin control of metabolism;
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POMC neurons indeed express 5-HT2CRs (103) and receive innervation from serotoninergic
neurons (108). In addition, 5-HT drugs activate POMC neurons (103), and 5-HT2CR
agonists stimulate POMC expression (104). Administration of 5-HT receptor agonists in
global 5-HT2CR knockout mice with selective reexpression of 5-HT2CR in POMC neurons
induces suppression of feeding (105) and controls glucose metabolism by regulating hepatic
insulin sensitivity (106). mCPP has been shown to depolarize approximately 25% of POMC
neurons through TRPC channels (48, 106), and mice selectively lacking Htrc2r in POMC
neurons have normal body weight but develop glucoregulatory defects including
hyperinsulinemia, hyperglucagonemia, and insulin resistance (107). In addition, these mice
do not display the anorectic response to serotonergic agents that suppress appetite but
develop hyperphagia and obesity when exposed to HFD feeding (107). Thus, these data
show that serotonin, through its 5-HT2CR, regulates energy and glucose homeostasis via the
direct control of POMC neurons.

Glucose is an important modulator of POMC neurons (109). Physiologically, when glucose
levels rise (during the postprandial period), POMC neuronal activity increases, thus
determining the activation of neuronal circuits that convey the satiety signal as well as
hepatic glucose homeostasis and insulin sensitivity.

How does glucose regulate POMC neuronal activation? Whether or not glucose is directly
uptaken by POMC neurons, its oxidation by the mitochondria will produce ATP. By binding
and closing the ATP-dependent potassium channels (KATP), ATP will in turn depolarize
POMC membrane potential, thus increasing POMC electrical activity. In support of this,
Parton and collaborators (109) reported that POMC neurons with a mutated KATP channel
subunit are unable to sense glucose and alter their electrical activity.

In addition to the production of ATP, mitochondrial glucose oxidation also affects the
production of reactive oxygen species (ROS). Indeed, high glucose levels increase ROS in
POMC neurons (61, 85, 110), whereas low glucose levels, such as during fasting, reduce
POMC ROS levels, and POMC neurons are silent. Thus, ROS may function as modulators
of POMC neuronal activity, and their increased levels during positive energy balance may
lead to satiety. Indeed, when ROS scavengers are centrally administered, feeding behavior
and cellular events associated with negative energy balance are promoted (110), whereas
when increased ROS levels are promoted in POMC neurons, feeding behavior and
associated cellular events to satiety are observed (110, 111). Thus, it is reasonable to
hypothesize that short-term ROS peaks may occur daily and may be critical for the proper
behavioral, endocrine, and autonomic response to nutrient intake.

Conversely, if the exposure to hyperglycemia is sustained, such as during HFD feeding, a
diet characterized by elevated glucose and fatty acids (FAs) and prolonged and elevated ROS
generation may be detrimental, as shown in other glucose-sensing brain areas (112).
Therefore, the impaired ability of POMC neurons to respond to circulating signals including
leptin might contribute to triggering the so-called leptin resistance (110). In support of this,
recent data from several laboratories including ours show that activation of peroxisome
proliferator—activated receptor gamma (PPARy) in POMC neurons during HFD feeding may
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be involved in the development of leptin resistance (110, 111, 113, 114) by affecting ROS
levels in these neurons. But how do ROS regulate POMC neuronal activity? ROS are highly
reactive molecules shown to impact several signaling pathways, ion channels, and transports
and known to modify kinases and ubiquitination/proteasome systems (115). Several studies
have shown that ROS can cause reversible posttranslational protein modifications to regulate
protein activity. For example, ROS can oxidize thiol groups on cysteine residues in target
proteins, including phosphatase enzymes and ion channels (116), thus altering their
enzymatic and activity levels. Therefore, it is conceivable that in POMC neurons, glucose
oxidation and promotion of ROS production may affect the activity of ion channels,
including KATP, thus altering POMC membrane potential.

POMC neurons are able to sense FAs. These acids, and more specifically oleic acid, trigger
depolarization of POMC neurons and induce a decrease in food intake (117). Similar to
glucose sensing, KATP channels mediate FA sensing in POMC neurons. An increase in ATP
production by p-oxidation of FAs closes the KATP channels, thus depolarizing these
neurons (117).

In addition to the intracellular effects on POMC neurons, HFD feeding has been associated
with changes in the synaptic input organization onto POMC neurons (Figure 1a) (118).
Specifically, in DIO animals, the total number of synapses onto POMC neurons decreases
due to a significant reduction in inhibitory synapses (118). This phenomenon is associated
with increased glial ensheathment around the POMC perikarya (118). Interestingly,
organization of synaptic input onto POMC neurons differs between DIO and diet-resistant
(DR) animals (118), with DIO animals presenting a higher number of inhibitory synapses
onto POMC neurons compared to DR animals (118). Note that POMC-specific deletion of
the GABAB receptor protects animals against obesity when fed an HFD (119).

Amino Acids

The mammalian target of rapamycin complex 1 (mTORC1) is known as an amino acid
sensor. ICV injection of L-leucine activates mTORCL signaling and decreases food intake
(120). Injection of either rapamycin, an inhibitor of MTOR, or ERK inhibitor restores the
leucine-induced decrease in food intake (120, 121). However, long-term activation of the
mMTOR signaling revealed a different effect. The tuberous sclerosis protein 1/2 (TSC1/2)
complex is an inhibitory upstream protein of the mTORC1. Mice with selective deletion of
TSC1 in POMC neurons show a higher body weight and food intake (122). Rapamycin
treatment of these animals ameliorates the hyperphagia and obesity (122). These effects of
mTOR are found to be associated with aging-related obesity. Notably, mTOR signaling in
POMC neurons increases during aging, and because of this and an increased KATP channel
expression, POMC neurons are electrically silent in aged mice (123). However, ICV infusion
of rapamycin to aged mice restores the excitability of POMC neurons and decreases both
food intake and body weight (123).
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MALNUTRITION AND OVERNUTRITION DURING PREGNANCY

Both POMC neuronal projections and POMC responsiveness to different signals are affected
by the nutritional states during pregnancy (Figure 3). During the so-called “Dutch Hunger
Winter” at the end of World War 11 in the Netherlands, babies of mothers who had suffered
severe malnutrition during pregnancy were small sized at birth and later exhibited
accelerated catch-up growth accompanied with attenuated glucose metabolism and
decreased insulin secretion (124, 125). Similar results and higher morbidity of type I1
diabetes are reported in other populations that experienced gestational famines, such as in
Austria, Ukraine, China, and Nigeria (125). Rodent models of prenatal maternal
undernutrition also show defects in glucose tolerance and insulin secretion. In rats, the
offspring born from 70% food-restricted mothers have an abnormal rhythm of food intake
(126). Maternal undernutrition suppresses the surge of leptin secretion between P6-14 and
attenuates both POMC neuronal projections and mRNA in neonates (127). Similar to calorie
restriction, protein restriction during gestation and lactation induces a defect in POMC
neuronal projections to the PVH (128). Interestingly, when protein restriction was stopped at
birth and mothers received normal amounts of protein during lactation, POMC projections to
the PVH were restored. Additionally, an enhanced leptin surge and a catch-up growth in the
body weight were observed in the pups (128).

Similar to undernutrition, maternal overnutrition during both gestation and lactation also
causes obesity in adult offspring (129). Maternal HFD feeding affects the programming of
the POMC neurocircuit, predisposing offspring to metabolic disorders. For example,
maternal HFD feeding activates astrocytes, which serve as key regulators of glucose and
glutamate transport to neurons (130). Maternal HFD feeding induces an increase in glial
coverage onto POMC neurons, resulting in decreased inhibitory inputs and an enhancement
of POMC glucose sensing (130). Importantly, many of the known modulators of POMC
neurons change when mothers are fed an HFD, including FAs, glucose, insulin, and
inflammatory cytokines. All of these circulating signals may contribute to the offspring
obese phenotype (131).

Steculorum & Bouret (131) unmasked that streptozotocin-induced type | diabetes in dams
decreases leptin sensitivity in ARC neurons and decreases a-MSH fibers in the P\VH with an
increased number of POMC cell bodies in the ARC. In addition to the diet, the timing of
exposure also plays an important role in determining the metabolic fate of the offspring. For
example, two studies have revealed that maternal HFD feeding during lactation, which
corresponds to the last trimester of human pregnancy, leads to increased body weight and
attenuated glucose metabolism in the offspring (132, 133). It was found that during lactation,
HFD feeding decreases both a-MSH and AgRP projections to hypothalamic targeted areas,
including the PVH (133). Interestingly, insulin receptor deletion in POMC neurons of the
offspring of lactating HFD-fed mothers prevented the decrease of a-MSH projections to the
preautonomic PVH, the altered parasympathetic innervation to pancreatic -cells, and the
impaired glucose-stimulated insulin secretion of the offspring (133). Thus, these data
indicate that maternal HFD feeding during this critical time window induces an abnormal
insulin signaling in POMC neurons of offspring, which in turn may contribute to the long-
term impairment of hypothalamic control of energy and glucose homeostasis.
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OBESE STATE

Inflammation

Classically, inflammation is an acute protective response to pathogens and injury to help
return the system to normal status. However, overnutrition-induced inflammation in
metabolic tissues, which is termed metaflammation, has unique features compared to classic
inflammation (134). Unlike classic inflammation, metaflammation is a chronic, low-grade
sterile inflammation without any microbial infection. In this atypical inflammation, the
hypothalamus, especially the ARC, might be considered as the primary metabolic tissue
where inflammatory responses to metabolic changes occur. This is because hypothalamic
proinflammatory cytokines (111b, 116, and Tnfa) and NF-xB pathway genes (Ikbkb and
Ikbke) are all significantly increased within 1 to 3 days of HFD feeding, whereas
inflammation is not yet detected in peripheral organs such as the liver and adipose tissue
(135, 136). Therefore, metaflammatory responses occur rapidly in the hypothalamus
compared to peripheral tissues.

Several cytokines are able to enter the ARC by crossing the BBB, including tumor necrosis
factor-a (TNF-a), interleukin-6 (IL-6), interleukin-1a (IL-1a) and interleukin-1p (IL-1pB)
(137); they can directly influence neurons expressing these cytokine receptors (138). In
conditions of nutrient deprivation and excess nutrients, the permeability of the BBB is
increased (139). These physiological changes facilitate how ARC neurons sense circulating
signals, including cytokines. Several studies established the role of cytokines in central
inflammation by assessing the effects of central administration of cytokines and/or after
neuron-specific deletion of cytokines and their receptors. For example, central
administration of TNF-a rapidly increases cytokines, such as IL-1p, IL-6, and IL-10, and
also significantly increases neuropeptide levels in the hypothalamus (140). In addition, acute
TNF-a-induced inflammation inhibits food intake by modulating insulin and leptin
signaling in the hypothalamus (141, 142) and reduces expression of thermogenic proteins in
brown adipose tissue and skeletal muscle (142, 143). Consistent with this, genetically
deficient mice for either TNF-a. (144) or TNF-a receptors (142, 143) are protected from
DIO. Interestingly, although central administration of TNF-a significantly induced IKKp
phosphorylation, particularly in POMC neurons, and the Pomc gene is a downstream target
of NF-xB (145), POMC-specific IKKp ablation is insufficient to prevent HFD-induced
obesity but rather prevents obesity-induced hypertension (146). By contrast, AgRP-specific
IKKB-deficient mice are partially protected from HFD-induced obesity (146, 147), thus
suggesting that in the ARC the physiological effects of neuronal IKKB/NF-xB activation are
cell-type dependent.

Contrary to TNF-a-deficient mice, whole-body IL-6-deficient mice develop mature-onset
obesity, including glucose intolerance and leptin resistance (148), and ICV injection of 1L-6
increases energy expenditure and decreases body fat (149). IL-6 is an important
inflammatory cytokine mediating the beneficial effects of exercise on leptin and insulin
sensitivity (150). In addition to IL-6, hypothalamic IL-10 is necessary to exert the beneficial
metabolic effect of exercise and IL-6 (150). POMC and NPY neurons may be directly
involved with the anti-inflammatory effects of IL-6 and IL-10 because both neuronal
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populations express 1L-6 and IL-10 receptors (150). Interestingly, whereas physical activity
increases POMC mRNA and reduces NPY mRNA levels in obese animals, it does not alter
these mMRNAs in lean animals (150). Intrahypothalamic injection of recombinant IL-10
reduces food intake and restores insulin and leptin sensitivity in obese mice (150).
Consistent with this, systemic IL-10 treatment produces an anorexigenic effect in leptin-
deficient (ob/ob) mice (151). Systemic IL-10 treatment to ob/ob mice remarkably induces
STAT3 phosphorylation and POMC mRNA expression, suggesting that 1L-10 can substitute
for leptin in STAT3 activation, particularly in POMC neurons (151).

IL-1pB, known as a classic proinflammatory cytokine, also has a beneficial effect similar to
IL-6 and IL-10. Central or peripheral administration of IL-1f suppresses food intake and
increases body temperature (152). Conversely, central administration of IL-1 receptor
antagonist blunts the anorexigenic effect of leptin, and leptin fails to suppress food intake in
IL-1 receptor-deficient mice, suggesting that IL-1 is a central mediator of leptin action (152,
153). Indeed, IL-1p induces c-fos activation in POMC neurons and stimulates the release of
a-MSH from hypothalamic explants (154, 155). Activation of POMC neurons by I1L-1f
seems to be mediated by IL-1R expressed in POMC neurons. Indeed, electrophysiological
recordings showed that IL-1p increases the frequency of action potentials in POMC neurons
(155). It should be noted that although POMC neurons may play a relevant role in central
inflammation, the genetic animal models targeting cytokines or cytokine receptors have thus
far provided limited direct evidence because most of these animal models do not target
specific neuronal populations, such as the POMC neurons.

In addition to cytokines, Toll-like receptors (TLRS), key membrane-bound pattern-
recognition receptors involved in innate immune responses, have been implicated in the
central development of metabolic disorders. HFD feeding and central lipid infusion activate
TLR4 signaling and the downstream IKKB/NF-xB pathway, resulting in metabolic
dysfunctions, such as central leptin resistance, systemic glucose intolerance, increased food
intake, and weight gain (147, 156). Similarly, TLR2/4-deficient mice are protected from
HFD-induced obesity (157, 158). Furthermore, brain-specific disruption of myeloid
differentiation factor 88, which is a downstream signal adaptor for most TLRs (159),
protects mice from DIO (156). However, a recent study reported conflicting results and
showed that TLR2-deficient mice display mature-onset obesity possibly due to reduced
hypothalamic a.-MSH levels (160). Future studies targeting TLR deficiency in specific
neuronal populations will address the direct involvement of TLR signaling in the central
regulation of metabolism.

Endoplasmic Reticulum Stress

The endoplasmic reticulum (ER) is a fundamental organelle for maintaining cellular
metabolic homeostasis and preserving systemic metabolic homeostasis. The ER serves many
functions, including lipid and carbohydrate metabolism in the smooth ER, and the protein
folding and transport of synthesized proteins to the Golgi apparatus in the rough ER. Under
normal ER homeostasis, misfolded proteins are delivered to the cytoplasm and undergo
proteasomal degradation, which is important for quality control of proteins. Attenuation in
ER homeostasis leads to the accumulation of misfolded proteins that in turn activates stress-
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responsive signaling pathways known as the unfolded protein response (UPR) to maintain
metabolic homeostasis at the cellular level (161). Therefore, UPR signaling is essential for
cellular adaptation to changes of the cellular nutrient state (161). Many studies have shown
that defects in the UPR pathway causes metabolic disorders, including impaired glucose
tolerance and insulin and leptin resistance (161, 162). For example, mice with a pan-
neuronal deletion of X-box-binding protein 1 (Xbpl), a transcription factor triggered by ER
stress, display increased body weight, glucose intolerance, insulin resistance, and leptin
resistance on HFD feeding compared to control mice (162). In addition, mice with POMC-
specific constitutive expression of Xbp1 are protected against DIO, as they show improved
leptin and insulin sensitivity and liver metabolism (163). Further, POMC-specific Xbp1-
deficient mice preserved leptin sensitivity and leptin-induced depolarization of POMC by
ER stress-induced treatment (163). Besides molecular events triggered by UPR signaling,
ER-mitochondria communication is important in maintaining normal leptin sensitivity.
Mitofusin 2 (Mfn2), a dynamin-like GTPase protein involved in mitochondrial fusion, is a
key molecule for ER-mitochondria contacts (164). POMC-specific Mfn2-deficient mice
display a significant decrease in ER-mitochondria contacts (165), which is associated with
leptin resistance, hyperphagia, reduced energy expenditure, and defective POMC processing
(165). Indeed, we have recently shown that in a transgenic mouse model with improved
leptin sensitivity on an HFD, the number of ER—mitochondria contacts in POMC neurons
was preserved compared to obese controls (111).

Autophagy, a catabolic cellular process involving the degradation of damaged cellular
components, represents a quality control process for organelles such as the ER and
mitochondria (166). Several recent studies have demonstrated that defects in hypothalamic
autophagy lead to metabolic dysregulation. HFD feeding is associated with decreased
autophagy in the mediobasal hypothalamus (167). Moreover, mediobasal hypothalamic
inhibition of Agt7, an essential autophagy gene, in mice fed a standard chow diet was shown
to increase energy intake and reduce energy expenditure by promoting hypothalamic
inflammation (167).

Subsequent studies showed that mice with selective POMC deletion of Atg7 displayed
increased body weight, food intake, adiposity, decreased energy expenditure, leptin
resistance, and glucose intolerance (34, 168, 169). Furthermore, POMC-derived a-MSH
projections to the PVH are diminished in POMC-specific Atg7 knockout mice compared to
controls (34). Similar to POMC-specific Atg7 knockout mice, POMC-selective Atgl12-
deficient mice also displayed a similar obese phenotype (170). Interestingly, a recent study
showed that activation of autophagy in POMC neurons in response to cold exposure
regulates lipophagy in brown adipose tissue and the liver (171). In contrast to the role of
autophagy in POMC neurons, selective deletion of Atg7 in AgRP neurons results in reduced
body weight, adiposity, and refeeding response to fasting that is at least partly due to
increased a-MSH levels in the hypothalamus. This suggests that inhibition of autophagy in
AgRP neurons may downregulate the inhibitory effects of AgRP onto POMC neurons, thus
promoting the effect of POMC neurons on energy metabolism (172). In summary,
hypothalamic autophagy seems to play a key role in the regulation of energy homeostasis.
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Furthermore, as autophagy has been shown to decline in aging, this mechanism may also
contribute to the altered energy balance observed with age.

FUTURE DIRECTIONS

Much progress has been made in our understanding of the physiological functions of POMC
neurons in the regulation of energy and glucose metabolism. However, recent evidence
shows that POMC neurons are heterogeneous in nature and can function as orexigenic
neurons. This suggests that more studies are needed to identify the molecular profile of the
diverse POMC subpopulations and their projection fields and to dissect the role of POMC
neurons in regulating energy and glucose metabolism.
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SUMMARY POINTS

The development of POMC neurons and their neuronal circuit is regulated by
multiple transcriptional factors, hormonal signals, and nutritional status.
Maternal nutrition during gestation also plays a key role in the development
of this neuronal population.

POMC neurons are heterogeneous in terms of their responsiveness to different
hormones and nutrients.

POMC neurons can act as anorexigenic or orexigenic according to the
peptides released.

Neurogenesis of POMC neurons in adulthood is artificially reproducible.

Pathological changes in the function and projection of POMC neurons
deteriorate the homeostatic control of energy metabolism, leading to
metabolic syndromes (Figure 3).
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Figure 1.
Development of POMC neurons. (&4) Overview of the factors that regulate embryonic POMC

development and postnatal maturation of POMC circuitry. Notch signaling, Shh, Nkx2-1,
Six3, Rax and Sox2 regulate POMC neurogenesis during embryonic development. Some
POMC-positive progenitors become NPY and Kisspeptin neurons. At birth, POMC neuronal
projections are immature. Leptin, autophagy, and BDNF regulate POMC axon growth. In the
adult stage, leptin, glucose, glucocorticoid, and HFD modulate synaptic input organization
onto the POMC neurons (red, excitatory synapses; blue, inhibitory synapses; green,
astrocytes). POMC neurogenesis also occurs in adulthood, and it is shown to be induced by
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the injections of the hNSCs and iPSCs. CNTF and HF diet affect adult POMC neurogenesis.
(b) Outline of the Notch signaling pathway regulating POMC neurogenesis. The progenitor
cell, via the formation of the Notch/DLL1 complex with a neighboring cell, inhibits its own
differentiation to a POMC neuron (lateral inhibition) by activating the transcriptional
repressor Hes1, which is induced by NICD/Rbpjk binding. Once the Notch/DLL1 is
removed, Mashl and Ngn2/3can initiate the differentiation of the cell into a POMC neuron.
Abbreviations: BDNF, brain-derived neurotrophic factor; CNTF, ciliary neurotrophic factor;
E, embryonic day; HFD, high-fat diet; hNSC, hypothalamic neural stem cell; HVZ,
hypothalamic ventricular zone; iPSC, inducible pluripotent stem cell; Ngn 2/3, neurogenin
2/3; NICD, intracellular domain of Notch; NPY, neuropeptide Y; NSC, neural stem cell;
POMLC, pro-opiomelanocortin.
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Figure 2.
Hormonal and nutritional regulation of POMC neurons. (&) Localization of insulin-, leptin-

and serotonin-responsive POMC neurons in the ARC, modified from (49). () POMC
protein processing and signaling pathways regulating POMC neuronal activity. Please note
that the effects of insulin, leptin, and 5-HT may not occur in the same POMC cell as shown
in panel a. (¢) The paradoxical orexigenic effect of POMC neuronal activation in response to
cannabinoids due to the release of the orexigenic POMC-derived p-endorphin.
Abbreviations: 3V, third ventricle; ACTH, adrenocorticotropin; AMPK, 5’-adenosine
monophosphate activating kinase; ARC, arcuate nucleus; CLIP, corticotropin-like
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intermediate lobe peptide; CPE, carboxypepetidase E; DMH, dorsomedial nucleus of the
hypothalamus; ER, endoplasmic reticulum; F, fornix; FOXO, forkhead transcription factor;
InsR, insulin receptors; IRS, insulin receptor substrate; Jak, Janus kinase; lepRb, leptin
receptor; MSH, melanocyte-stimulating hormone; mTOR, mammalian target of rapamycin;
nAChR, nicotinic acetylcholine receptor; Opt, optic tract; p85/p110, p85 and p110 subunit of
phosphoinositol-3-kinase; PAM, peptidyl a-amidating monooxygenase; PC, prohormone
convertase; POMC, pro-opiomelanocortin; PIP3, phosphatidylinositol3,4,5-triphosphate;
PLCg1l, phospholipase C gamma 1; POMC, pro-opiomelanocortin; PPARg, peroxisome-
proliferator activated receptor gamma; PRCP, prolylcarboxypeptidase; PVH, paraventricular
nucleus of the hypothalamus; ROS, reactive oxygen species; SON, supraoptic nucleus;
STATS3, signal transducer and activator of transcription 3; TRPC, transient receptor potential
canonical; UCP2, uncoupling protein 2; VMH, ventromedial nucleus of the hypothalamus.
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Figure 3.

Beneficial and detrimental factors regulating POMC neurons during prenatal and postnatal
periods. POMC neurons maintain their physiological functions by autophagy and adult

neurogenesis. However, inflammation, chronic ROS production, and ER stress that are
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Prenatal

Postnatal

induced by HFD feeding deteriorate POMC functions and projections. Prenatal factors, such

as maternal nutritional states, have profound effects on POMC neuronal functions and thus

on the whole-body energy and glucose homeostasis. Abbreviations: ER, endoplasmic

reticulum; HF, high-fat; hNSC, hypothalamic neural stem cell; IKK, IxB kinase p; NF-xB,

nuclear factor-xB; iPSC, inducible pluripotent stem cell; POMC, pro-opiomelanocortin;
PPARg, peroxisome proliferator-activated receptor gamma; ROS, reactive oxygen Species.
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Table 1
POMC (pro-opiomelanocortin) neuronal regulation
MODULATOR OF | EFFECTSON KO animals PHENOTYPE REFERENCES
POMC NEURONS | POMC
NEURONS
Leptin Enhancement of POMC LepR deletion in POMC Obese Hyperglycemia 68-72
function neurons Hyperinsulemia
hyperleptinemia
Selective re-expression of LepR Modest reduction of body 73,74
in LepR-null mice (db/db) weight
No effect on food intake
Partial normalization of
energy expenditure
Restored impaired glucose
metabolism
LepR deletion in astrocytes Impaired leptin-induced 76
suppression of feeding
Insulin Inhibition (slice preparation) InsR deletion in POMC neurons | No effect on body weight 49,72, 79
and glucose metabolism
Activation (slide preparation) | InsR reintroduced in POMC Increased energy 78, 80
neurons of L1 mice expenditure and hepatic
glucose production
Ghrelin Indirect inhibition None No ghrelin receptor in 81, 82, 85, 86,
POMC 88
Glucocorticoids Inhibition (slice preparation) ADX animals and ADX mice Reduced food intake and 92
with corticosterone replacement | body weight
Endocannabinoids | Activation CB1RKO mice; CBI1R activation promotes 2,98, 99
. i i POMC neuronal activation
CB1R KO mice with selective via the release of b-
re-expression of CB1R in endorphin
POMC neurons
Nicotine Activation AAV-shRNA targeting B4 Nicotine-induced 101, 102
nAChR in the vetral hypophagia induces POMC
hypothalamus neuronal activation.
POMC knockout mice Knockdown of p4 101, 102
acetylcholine receptors in
the ventral hypothalamus
abolish nicotine-induced
hypophagia.
Nicotine-induced
hypophagia does not occur
in POMC KO mice
Serotonin Activation 5htycr knockout Hepatic insulin resistance 106
Sht,cr expressed only in POMC Glucoregulatory defects; 106
neurons Obese mice on HFD
Selective POMC 5ht,cr deletion | Normal body weight, 107

hyperinsulemic,
hypergluconemic, insulin
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MODULATOR OF | EFFECTSON KO animals PHENOTYPE REFERENCES
POMC NEURONS | POMC

NEURONS
resistant, hyperphagic, and
obese on HFD
Glucose Activation Kir6.2 deletion in POMC Glucose intolerant 109
neurons
Peroxisome-proliferator- Increased hepatic insulin 110, 111, 113,
activated receptor gamma sensitivity and weight gain 114
(PPARg) delition in neurons and | induced by TZDs during
PPARg deletion in POMC HFD is abolished in neuron-
neurons specific PPARg KO mice.
Alteration in hypothalamic
expression of PPARg affects
energy balance.
Mice with selective deletion
on PPARgamma in POMC
neurons are resistant to HFD
Fatty Acids Activation dependent on type | SUR1 deleted-POMC neurons Oleic acid excites POMC 117
of fatty acids neurons
SUR1-deleted POMC
neurons are not depolarized
by oleic acid
Amino Acids Activation (acutely) Tsclc KO Acute activation of mTOR 120-122

Inhibition (chronically)

by amino acid decreases
food intake; chronic
activation of mTOR in
TSC1 KO increase body
weight

Abbreviations: ADX, adrenalectomized; CB1R, cannabinoid receptor type 1; HFD, high-fat diet; InsR, insulin receptor; Kir6.2, inward-rectifier
potassium ion channel 6.2; KO, knockout; LepRb, leptin receptor; mTOR, mechanistic target of rapamycin; nAChR, nicotinic acetylcholine
receptor; POMC, pro-opiomelanocortin; PPARy, peroxisome proliferator-activated receptor gamma; SURL, sulfonylurea receptor 1; TSC1,
tuberous sclerosis protein 1; TZD, thiazolidinedione.
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