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Abstract

Dysfunction in neurophysiological systems that regulate food intake and metabolism are at

least partly responsible for obesity and related comorbidities. An important component of this
process is the hypothalamic melanocortin system, where an imbalance can result in severe
obesity and deficits in glucose metabolism. Exercise offers many health benefits related to
cardiovascular improvements, hunger control, and blood glucose homeostasis. However, the
molecular mechanism underlying the exercise-induced improvements to the melanocortin system
remain undefined. Here, we review the role of the melanocortin system to sense hormonal,
nutrient, and neuronal signals of energy status. This information is then relayed onto secondary
neurons in order to regulate physiological parameters, which promote proper energy and glucose
balance. We also provide an overview on the effects of physical exercise to induce biophysical
changes in the melanocortin circuit which may regulate food intake, glucose metabolism and
improve overall metabolic health.

1. Introduction

The concept that the brain influences energy balance arose more than century ago. Joseph P.
Babinski and Alfred Frohlich reported development of obesity in a patient with a pituitary
tumor [10, 76]. In 1904 pathologist Jakob Erdheim suggested that a similar type of obesity
was observed independent of damage to the pituitary gland opposing the idea of pituitary
involvement in the development of obesity in these patients [68]. His-observation was later
supported by several groups that demonstrated ablation of the hypothalamic region (tuber
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cinereum/infundibulum of the hypothalamus) independent of injury to the pituitary induced
adiposity and weight gain [[1]. Hetherington, 1940; [114, 167]]. This led to the concept
that the hypothalamus was an important region of the brain necessary for proper control of
energy balance however, the hypothalamic regions involved in regulating food intake and
body weight, remained unclear at that time.

Several approaches were implemented to determine the regions of hypothalamus that

affect food intake and body weight. Jean Camus and Gustave Roussy performed a series

of surgical procedures on the hypothalamus leaving the pituitary intact and successfully
reproduced the increased adiposity and obesity first observed by Babinski and Frohlich [[38]
and Roussy, 1913a, [39-41]]. Hetherington and Ranson observed adiposity and obesity after
inducing hypothalamic injury limited to the ventromedial hypothalamic nucleus at the level
of the median eminence [105-107]. Physiologists John R Brobeck and Bal K. Anand further
showed that small localized bilateral electrolytic lesions in the extreme lateral part of the
hypothalamus results in complete inhibition of food intake even in hyperphagic and obese
animals [28, 29]. However, large lesions of the ventromedial nucleus with unilateral lesions
in lateral hypothalamus failed to alter food intake [28, 29]. This pioneering work in the
early twentieth century introduced the hypothalamus and associated nuclei as an important
endocrine structure, which contributes to feeding behavior and body weight.

2. The arcuate nucleus: POMC and NPY/AGRP neurons

Over the past 20-30 years, considerable progress has been made in the characterization

of brain circuits in murine models leading to the identification of signaling pathways

that regulate metabolism. This has been accelerated with the use of mouse genetics and

the identification of cell populations and receptors systems, including the melanocortin

and leptin systems [89, 90, 146, 147, 162, 212]. Due to the shared physiology of these
systems across species, both leptin and melanocortins have aided in the description of neural
pathways involved in the regulation of energy balance and glucose homeostasis [70-72].
The hypothalamic arcuate nucleus (ARH) is a crucial brain region that receives input from
several peripheral hormones that reflect energy stores and nutrient availability (e.g. leptin,
insulin, ghrelin, etc.) and relays this information to both intra- and extra-hypothalamic brain
regions (Fig. 1) [8, 195]. Two neuronal cell groups which comprise the melanocortin system,
the anorexigenic pro-opiomelanocortin (POMC) neurons and orexigenic neuropeptide Y
(NPY)/agouti-related peptide (AgRP) neurons of hypothalamic ARH, are regarded as critical
nodes in this process [162]. These two neuronal populations form neural circuits with
various hypothalamic target sites such as the lateral (LHA), and paraventricular (PVH)
nucleus as well as with extrahypothalamic nuclei including the bed nucleus of the stria
terminalis (BNST), amygdala (AMY), lateral parabrachial nucleus (LPB), periaqueductal
grey (PAG), the nucleus of the solitary tract (NTS) and the intermediolateral cell column

of the spinal cord (IML) (Fig. 1) [8, 15, 19, 30, 65, 66, 93, 123, 124, 128, 170, 173, 182,
192].These neuronal circuit connections are crucial for the proper regulation of feeding
behavior, energy homeostasis, and glucose metabolism [9, 19, 67, 84, 115, 129, 178, 187,
195].
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It should be noted that POMC neurons are also expressed in the hindbrain nucleus tractus
solitarius (NTS) [50, 213]. NTS POMC neurons project to and receive inputs from brain
regions which both overlap and are distinct from connections of ARH POMC neurons

[50, 192]. This likely contributes to observations that ARH and NTS POMC neurons have
distinct roles in the regulation of metabolism and the source of POMC neurons must be
considered with various genetic manipulations when describing metabolic phenotypes [32,
55, 209, 211, 213].

Heterogeneity of arcuate POMC and NPY/AGRP neurons

NPY/AgRP and POMC neuronal projections are distributed topographically in the ARH
according to their axon projection targets (Fig. 1) [19, 65, 66]. In particular, AGRP neurons
projecting to anterior brain regions are enriched in the anterior portion of the ARH while
those projecting to the hindbrain are most prevalent towards the posterior ARH [19].
Neurons of the retrochiasmatic area (RCA) and ARH, which express POMC, project to
the paraventricular hypothalamus (PVH) and lateral hypothalamic area (LHA) [65, 66].
Additionally, POMC neurons of the RCA and lateral arcuate project caudally to autonomic
areas [e.g. intermediolateral cell column (IML) and dorsal vagal complex (DVC)] [8, 65,
66]. Therefore, divergent axon projections originate from heterogeneous ARH NPY/AgRP
and POMC neuronal populations.

Various metabolic signals modulate POMC and NPY/AgRP neuronal activity. In particular,
leptin, serotonin (via serotonin 2c receptors — 5-HT,:R), adiponectin, and glucagon-like
peptide 1 (GLP-1) serve to activate, while insulin inhibits POMC neurons via their cognate
receptors [5, 48, 52, 82, 98, 99, 102, 103, 108, 109, 161, 163, 174, 180, 181]. Conversely,
leptin, serotonin (via serotonin 1b receptors - 5-HT14R), adiponectin, insulin, and GLP-1
inhibit NPY/AgRP cells [5, 13, 48, 98, 99, 103, 111, 127, 163, 190]. While leptin, serotonin,
adiponectin, and insulin directly inhibit NPY/AgRP neurons, GLP-1 indirectly inhibits
NPY/AgRP neurons via GABAergic synaptic connectivity [98, 163]. Similarly, ghrelin
directly excites NPY/AgRP neurons while indirectly inhibiting POMC neurons [44, 53, 111,
126, 190]. Together, these findings contribute to the model by which POMC and NPY/AgRP
neurons survey hormonal changes and adjust their activity in response to nutrient state.

It’s important to note that recent imaging techniques have suggested that some of these
metabolic signals may not directly alter the activities of these cells in vivo [4, 46, 138,

179]. The disparity between in vivo imaging and ex vivo observations warrants further
investigation.

Functional heterogeneity and relationship to metabolism

While anatomical studies are necessary to map circuits, the functional assessment of
neuronal circuits is not fully realized through analysis of neuroanatomy alone. Thus,

there is a need to perform functional experiments to determine the structure-function
relationships that influence behavior. Initial utilization of optogenetic and chemogenetic
strategies demonstrated that the acute activity of arcuate NPY/AgRP and POMC neurons
modifies feeding behavior (Fig. 2) [9, 129, 211]. While both populations of neurons regulate
feeding, the AgRP population drives rapid feeding responses (within minutes to hours)
while the arcuate POMC population alters chronic feeding behavior (within hours to days)
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[9, 129, 211]. Interestingly, the ARH POMC neuron induced reduction of food intake and
body weight requires melanocortin receptor signaling [9] while the AgRP neuron induced
hyperphagia is independent of melanocortins [9, 45, 130]. As AgRP is an inverse agonist of
melanocortin receptors, these studies highlight the role of NPY and GABA, independent of
melanocortin signaling, for the acute ability of AgRP neurons to regulate feeding [45, 58,
67, 199-202].

To better understand the functional organization of AgRP circuits, a systematic assessment
of individual projection subpopulations that project to intra- and extra-hypothalamic sites
was performed [19]. Optogenetic stimulation of AgRP neurons that project to the aBNST,
PVH, and LHA were sufficient to evoke voracious food consumption [19]. Thus, AgRP
neuron subpopulations form parallel and redundant circuits which project to distinct regions
and are sufficient to independently evoke food intake. Importantly, several other AgRP
projection subpopulations did not initiate food intake [19], suggesting these populations may
play a role in regulating other behaviors that compete with food intake .

Notably, ablation of NPY/AgRP neurons that co-express GABA in the ARH of adult mice
leads to starvation. These studies demonstrated that GABAergic signaling from AgRP
neurons in the parabrachial nucleus (PBN) is essential for food intake behavior [136, 199].
These findings may seem surprising given that optogenetic activation of AgRP terminals
within the PBN is not sufficient to evoke feeding behaviors [19]. However, this GABAergic
projection is necessary for food intake, as it suppresses the visceral malaise associated
with overconsumption [37]. Interestingly, NPY released from AgRP terminals into the
PBN can also suppress inflammatory pain during hunger [7], suggesting that different
neurotransmitters released from the same AgRP projection subpopulation serve diverse
functions that enable food seeking. As such, NPY/AgRP neurons sit at the intersection of
survival needs that influence behavior, which can include overcoming aversive stimuli in
order to attain nutrients.

2.2.1. Substrate metabolism—Substrate utilization, the selection of either
carbohydrate or fat during metabolic reactions [168], is an underappreciated component

of energy balance regulation. Different energy substrates result in disparate amounts of free
energy, and importantly, the inability to shift between substrates is associated with obesity
[86]. Activation of AgRP neurons results in swift modifications of whole-body substrate
utilization in which carbohydrate usage is increased simultaneously with a decrease in fat
usage, independent of food intake (Fig. 2) [43]. Therefore, activity in AGRP neurons can
spur a metabolic shift towards lipid storage and contribute to peripheral substrate utilization
and lipogenesis.

2.2.2. Energy expenditure and glucose metabolism—Acute activity of arcuate
POMC and NPY/AgRP neurons has been implicated in the regulation of energy expenditure
and glucose metabolism [43, 129, 178, 187]. For example, activation of arcuate AgRP
neurons decreases energy expenditure [129]. Moreover, acute activation of AgRP neurons
but not POMC neurons impairs systemic insulin sensitivity as insulin stimulated glucose
uptake was inhibited in brown adipose tissue (BAT), culminating in insulin resistance

[178]. Neuronal activation of AgRP also coordinates sympathetic nerve activity to BAT
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and modifies gene expression in BAT toward a myogenic signature, increasing myostatin
levels [178]. Ablation of arcuate POMC neurons reduces energy expenditure contributing
to increased adiposity and metabolic dysfunction [211]. Moreover, inhibition of POMC
neurons stimulates feeding while decreasing glucose levels in normoglycaemic mice [187].
Together, POMC and NPY/AgRP neurons modify energy balance and glucose homeostasis,
however the influence of melanocortin signaling on metabolism might depend on both
metabolic state and the activity level in melanocortin circuits.

3. Metabolic signals and cell-type specificity of hypothalamic neurons

There is a distribution of multiple receptors for metabolic signals in POMC and NPY/AgRP
neurons, suggesting heterogeneity in these defined cell types. Our lab and others, have
demonstrated that the activity of various metabolic signals either synergize or segregate

into subpopulations of POMC and NPY/AgRP neurons(Fig. 3) [51, 52, 82, 99, 101, 108,
109, 111, 127, 160, 163, 173, 174, 180, 195, 197, 198]. For example, acute leptin receptor
activity in ARH POMC neurons colocalizes with adiponectin and GLP-1 receptor (GLP-1r)
activity [98, 180]. Additional work suggests that the activity of neurotensin synergizes with
GLP-1r activity in POMC neurons [160]. Thus, the acute activity of neurotensin may also
colocalize with leptin and adiponectin receptor activity (Fig. 3). While several metabolic
signals overlap in ARH POMC neurons, both insulin and serotonin (via 5-HT,:R) are
largely segregated into distinct POMC populations [173, 174, 195, 197]. Initial findings
suggest that NPY/AgRP neurons are more homogenous in acute responses to leptin, insulin,
adiponectin, and ghrelin (Fig. 3) [111, 180]. This is supported, at least in part, by recent
evidence suggesting that distinct AgRP projection-populations have a similar neural activity
response to energy state and metabolic hormones. In particular, food deprivation or ghrelin
activated all AgRP neuron projection subpopulations, regardless of their role in evoking
food intake [19]. However, some evidence for heterogeneity in AgRP neurons exists, as
direct leptin responsiveness may be limited by the postnatal expression of leptin receptors to
extra-hypothalamic AgRP neuron projection subpopulations [19]. Importantly, the receptor
activities in arcuate POMC and NPY/AgRP neurons likely contribute to the effects of these
receptor systems on metabolism (Fig. 2 and Fig. 3) [12, 16, 17, 34, 82, 98, 108, 111, 127,
160, 163, 180, 189, 203-205].

Given the functional activity of metabolic related receptors in AgRP neurons, it is surprising
that functionally identified and discrete subpopulations of these neuron types have not

been identified. Past studies employing traditional immunohistochemistry (IHC) or in situ
hybridization techniques were limited by their scope of transcripts or proteins assessed and
have a bias towards known markers. Similarly, population based analyses of gene expression
can often mask distinct cellular properties [118]. Recent advances in transcriptomics have
now made it possible to directly quantify gene expression of hundreds of individual cells

in a population at a time, with the potential to elucidate pathways that counteract weight-
loss and discover gene expression profiles of various neurons. Ultimately, linking these
transcriptional profiles to function will enable a better understanding of the metabolic
signals that control energy balance.
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3.1. Population-based transcriptional profiling

3.2. Single-

Cell type-specific transcriptomics reveal that the expression of hundreds of genes in AgRP
and POMC neurons are modified by energy state [104]. AgRP neurons are more sensitive

to changes in food intake than POMC neurons, as food deprivation has a greater effect on
gene expression in AgRP neurons [104]. The changes in transcriptional profiles of AgRP
neurons observed may also help explain alterations in cellular activity in response to food
deprivation. For example, the SK3 channel transcript, Kcnn3, an important contributor to
AGRP neuron excitability and burst firing, is elevated in fed mice and reduced during food
deprivation [96, 104]. Analogous to NPY/AgRP neuronal activity after an overnight fast [96,
135, 183], blockage or deficiency of SK3 channels in AgRP neurons promotes increased
action potential firing [96, 104]. In addition to contributing to NPY/AgRP neuronal activity
during energy deficit, this channel has been further linked in NPY/AgRP neurons to

regulate long-term energy balance [96]. Additional changes in genes associated with cellular
excitability were also observed and will be discussed in section 4.2 — energy state dependent
plasticity.

cell transcriptional profiles

While understanding global patterns of gene expression in pooled AgRP and POMC
neurons is important, analysis at the single cell level enables a better understanding of

the heterogeneity within anatomically localized populations of neurons [36, 132]. Unbiased
clustering analysis revealed multiple classes of ARH POMC neurons (n14.Ttr, n15.Anxa2
and N21.Glipr) and two classes of ARH AgRP neurons (n12.SST and n13.Gm8773), each
with distinct cell surface receptor gene expression profiles (Fig. 3) [36]. Leptin, insulin,
adiponectin, and ghrelin receptors are expressed in both AgRP subtypes (Fig. 3) (n12.SST
and n13.Gm8773) [36]. However, all transcripts are enriched to varying degrees in the
n13.Gm8773 AgRP subtype compared to n12.SST (Fig. 3) [36]. Leptin receptors (LepR)
are more highly expressed in ARH AgRP neurons compared to POMC neurons while
insulin receptors (IR) are expressed at similar frequency across POMC and AgRP expressing
neurons (Fig. 3) [36, 132]. Notably, among POMC subtypes, the LepR transcript is largely
restricted to a distinct neuronal subtype (n15.Anxa2; Fig. 3), whereas serotonin 2c receptors
(Htr2c) are predominantly expressed by other POMC subtypes (n14.Ttr and n21.Glipr; Fig.
3) [36]. As little as 10% of ARH POMC neurons expressed GLP-1r [132]. GLP-1r and
Htr2c were both found in n14.Ttr POMC neurons to a higher degree than n15.Anxa2 POMC
neurons (Fig. 3) [36]. However, of the POMC neurons expressing either Htr2c or GLP-1r,
even fewer express both receptors [132]. GLP-1r and adiponectin receptors (AdipoR1/
AdipoR?) are largely restricted to n.14.Ttr and n15.Anxa2 POMC neuron subtypes that
also express LepRs [36]. Insulin receptors were found to be expressed in all three POMC
subtypes (Fig. 3) [36].

The diverse genetic expression of POMC and AgRP subtypes is largely in agreement with
the leptin receptor-, serotonin/Htr2c-, AdipoR1/R2-, insulinR-, and GLP-1r-sensing subtypes
reported by previous studies (Fig. 3) [82, 98, 111, 173, 174, 180, 197]. However, segregation
or overlap of these various receptors is not absolute with respect to the transcriptional
profiles of these neuronal subtypes (Fig. 3) [36, 132]. This may provide important additional
avenues for therapeutic intervention in obesity and diabetes. For example, the 5-HT,R
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agonist, Lorcaserin [169], and various GLP-1 analogues [61] are targeted therapies that have
been marketed for blood glucose control and chronic weight management. Both of these
compounds mediate their effects on energy balance and glucose metabolism, at least in part
via ARH POMC neurons expressing 5-HT R [33, [82], 102] or GLP-1r [80, 98, 163],
respectively. As 5-HTo.Rs and GLP-1rs are not typically expressed on the same POMC
neurons [132], it is likely that distinct subpopulations contribute to the pharmacological
effects of each compound, advancing the idea of a potential combinatorial therapy to achieve
greater weight loss and/or blood glucose control.

While the focus of this review is on gene changes related to cellular activity and distribution
of various metabolic cue/signal related receptors, transcriptional profiling of NPY/AgRP
and POMC neurons also revealed extensive gene expression changes during energy deficit
associated with increased protein translation and folding, circadian gene expression, and
alterations in secreted proteins [36, 104]. Additionally, energy deficit activated pathways
within NPY/AgRP neurons that protect from cellular damage and death were also described
[36, 104]. These changes in gene profiles are also not limited to neurons of origin as the
activity of POMC neurons non-autonomously regulates hepatic transcriptional profiles in a
melanocortin dependent manner [27, 196]. Thus, the widespread changes in transcriptional
regulation observed in NPY/AgRP and POMC neurons in these studies may have profound
implications for the transcriptional profiles of downstream targets, which ultimately alter

physiology.

It is important to consider that a cell-type census is only the beginning of unraveling the
complex architecture of the brain, and thus may present an incomplete picture. In particular,
differential expression of genes does not equate to differential function as there may be
redundancy built within the brain as a compensatory mechanism. Cell transcriptomics only
assesses dynamic transcriptional responses comprehensively across cell types, affirming

the close relationship between a cell’s transcriptional and functional identities. Further
research is needed to establish associative rationale and connect transcriptional changes
with functional output. However, these resources, combined with methods to validate and
manipulate these pathways, provide an exciting framework for extensive metabolic circuit
analysis. The cell type-specific circuit nodes in the brain provide molecular insights towards
unraveling the neuronal regulation of metabolism and will aid in the development of future
therapeutic strategies.

4. Cellular plasticity of POMC and NPY/AGRP neurons in response to

metabolic challenges

One of the most remarkable features of the brain is its ability to undergo functional and
structural changes referred to as plasticity [73, 110]. The plasticity of the brain has probably
been most appreciated with regard to long-term potentiation associated with learning and
memory [14, 20, 100, 117, 137]. However, there is increasing evidence that the brain
responds transiently and/or chronically in response to metabolic state and/or signals [57,
162]. The plasticity of neurons in response to peripheral metabolic cues/signals, e.g.
hormones, glucose and fatty acid levels, may be beneficial in maintaining a regulatory
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balance with regard to feeding, energy expenditure, and glucose metabolism [57, 108, 195,
210].

Leptin has been implicated in the plasticity of metabolically relevant circuits during
development and metabolic disease states. In particular, leptin participates in neurite
outgrowth and synaptic rewiring of ARH neurons during development ([23], b; [25]).
This defines leptin as an important trophic factor responsible for the proper formation

of hypothalamic circuits during development with ramifications for metabolic disorders.
Moreover, Pinto and colleagues examined the synaptic structure and electrophysiological
properties of POMC and NPY/AgRP neurons in the absence or presence of leptin [159].
Specifically, they utilized a genetic model of obesity - mice that are deficient for leptin
(ob/ob mice). NPY neurons from ob/ob mice received a larger amount of excitatory input
than compared to their wildtype counterparts. POMC neurons from ob/ob mice received
less excitatory tone than their wildtype counterparts. The synaptic structure/activity of
NPY and POMC neurons from ob/ob mice corresponds with the phenotype of the mice,
as they were obese and diabetic [113, 162, 212]. Interestingly, treating ob/ob mice with
leptin as a monotherapy restored the synaptic organization of NPY and POMC neurons
to their wildtype state [159]. Remarkably, this reorganization occurred within 6 h of
leptin treatment. These data highlight the rapid plasticity of melanocortin circuits during
development and in mature circuits ([23], b; [25, 159]).

4.1. Energy state dependent plasticity

The energy state of an organism can elicit synaptic reorganization of NPY/AgRP and POMC
neurons [206]. In particular, fasting activates NPY/AgRP neurons, leading to an increase

in action potential firing as well as an increase in the frequency of excitatory postsynaptic
currents to NPY/AgRP neurons [96, 104, 135, 183]. The neurotransmitter glutamate is
released from presynaptic terminals into the synaptic cleft and post-synaptically binds

to both N-methyl-D-aspartate receptors (NMDARS) and a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid receptors (AMPARS), allowing for the influx of Na+ and Ca2+
which in turn influence signal activity. Calcium then triggers a series of intracellular
signaling cascades, which lead to additional AMPAR recruitment [119]. The increase in
postsynaptic ion channels strengthen synaptic signals and may lead to dendritic spinogenesis
[119]. Importantly, fasting results in significant changes in genes associated with glutamate
signaling in AgRP neurons, including increased expression of AMPA and kainate glutamate
receptors [104]. Elevated levels of genes associated with spine morphology and excitatory
synaptic input were also observed in AgRP neurons from food-deprived animals [104].
Functionally, the increased excitatory synaptic input has been suggested to be dependent
upon NMDARSs, which trigger the fasting-induced activation and dendritic spinogenesis
[135, 206]. Additional work suggests postsynaptic NMDARs have the potential to regulate
energy balance independent of energy state [135]. It is currently unclear whether NMDAR
activity is required for the aforementioned fasting-induced SK3 channel activity [96, 104]
or if these are functionally redundant mechanisms to stimulate NPY/AgRP neurons during
energy deficit. While a direct trigger in the fasting induced plasticity of the melanocortin
circuit has yet to be identified, it should be noted that leptin levels fall during a fast [3, 42].
Leptin or leptin receptor deficiency alone also drives the activity of NPY neurons [183] and
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mice that are deficient for leptin or leptin receptors exhibit a blunting of the fasting induced
activation of NPY neurons [183]. Thus, leptin appears to be a prime candidate to contribute
to the energy sensing plasticity of the melanocortin circuit.

Similar to fasting, energy excess (as occurs with HFD exposure) has been linked to both
transient and chronic changes in the activity of NPY/AgRP and POMC neurons [13, 149,
194]. In particular, mice on HFD exhibit an increase in NPY/AgRP activity [13, 194]. This
effect may occur in just a few days and during chronic exposure of HFD this activity may
persist [13]. Furthermore, this effect is mediated by macronutrient content of the diet, as
the increases in NPY/AgQRP activity are independent of caloric intake and weight gain.
Age is also a factor in synaptic architecture of the hypothalamus as AgRP innervation to
POMC neurons increases with aging [149]. This increased AgRP dependent GABAergic
inhibition of arcuate POMC neurons is associated with decreased POMC neuronal activity
with age [149]. Various hormones have been linked to this age-dependent plasticity of

the melanocortin circuit. In particular, mice deficient for leptin or leptin signaling are
protected from age-dependent inhibition of POMC neurons by AgRP projections, and HFD
accelerates the AgRP dependent increase in inhibitory tone to POMC neurons [149]. There
also appears to be projection specific effects as HFD disrupts AgRP projections to the
PVH and leptin deficiency mimics this activity [22, 24, 194]. Similarly, ghrelin has been
implicated in increasing AgRP activity while suppressing POMC projections to the PVH
[177]. Importantly, this may be specific to development as ghrelin signaling failed to alter
these projections in adult mice [177]. Together, peripheral hormonal signals -such as leptin,
ghrelin, and environmental cues - can greatly influence excitatory/inhibitory tone in ARH
POMC and NPY/AgRP neurons as well as innervation to downstream target nuclei. This
plasticity facilitates adaptations to various metabolic challenges.

4.2. Sexual dimorphism in the responses of pomc and npy/agrp neurons

There is a sexual dimorphism in the number of cells within the ARH that contain NPY/
AgRP, and POMC [153]. Compared to females, male mice have fewer POMC neuronal
fibers and increased NPY gene expression in the ARH [153, 188]. The associative decrease
in POMC gene and protein expression is concomitant with an increased energy intake [153].
Accordingly, female rats are more sensitive to the anorectic action of centrally injected
leptin than males [49]. Conversely, males are more sensitive to the hyperphagic effects of
centrally administered AgRP [85], an effect which might also be influenced by estrous
cycle in females [155]. Sex differences have been further highlighted by work using mouse
genetics [17, 33, 165, 166]. These patterns are not limited to rodents as sex differences

in energy expenditure regulation are conserved across species, including humans [49, 153,
164]. Better understanding sex-based differences in the plasticity of metabolically relevant
circuits is a pressing need.

5. Exercise training exerts complex adaptive responses in the arcuate

Regular exercise contributes to improvements in metabolism via activity within the CNS
and can decrease the risk of obesity and diabetes [64, 78, 79, 81, 94, 140, 184]. The
CNS, including the hypothalamus, is essential for many of the beneficial effects of exercise
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[78, 79, 140]. As previously discussed, melanocortin circuits regulate energy/ glucose
homeostasis and are highly sensitive to various metabolic challenges. Exercise itself is a
metabolic challenge, which raises the question if exercise might improve metabolism at least
in part via plasticity of melanocortin circuits.

5.1. Cellular responses of arcuate POMC and NPY/AGRP neurons during and after

exercise

Recent work suggests that exercise (both single bout and chronic training) activates ARH
POMC neurons while simultaneously inhibiting NPY/AgRP neurons (Fig. 4) [97]. In
particular, arcuate POMC neurons from exercised mice are depolarized and receive an
increased excitatory synaptic tone after exercise (Fig. 4). Complementary studies also
demonstrated that acute exercise enhances POMC transcripts in wistar rats [77]. Opposite to
the effects on POMC neurons, NPY/AgRP neurons from exercised mice are hyperpolarized
and receive an increased inhibitory synaptic tone after exercise (Fig. 4). Importantly, these
effects were observed ex vivoand in vivo, utilizing both patch-clamp and in-vivo fiber
photometry methods.

While these data support changes in arcuate POMC and NPY/AgRP neuronal activity after
exercise [97], the effects on these neurons during exercise have remained undefined. In
order to monitor changes in neural activity during exercise, we measured whole-cell calcium
dynamics of arcuate NPY/AgRP and POMC neurons during a single bout of HIIE using
in-vivo fiber photometry [97, 179]. Within minutes of starting a single bout of HIIE, calcium
levels were increased in ARH NPY/AgRP neurons and decreased in ARH POMC neurons
of ad libitum fed mice (Fig. 5A), demonstrating the rapid ability of hypothalamic neurons

to detect and respond to physical activity. In contrast, whole cell calcium levels were
decreased in both ARH NPY/AgRP and POMC neurons of food restricted mice (Fig. 5B).
Interestingly, exercise intensity impacts the magnitude but not direction of calcium dynamics
as the neural activity changes were greater with increasing running speeds (Fig. 5).

5.2. Implications for the changes in cellular activity observed during and after exercise

The changes in calcium dynamics during exercise are different than the effects observed
after exercise, raising several important questions. First, are the calcium dynamics observed
after exercise a reversal of the effects observed during exercise? Our calcium imaging data
combined with ex vivo electrophysiological results suggest that the changes post-exercise
are not simply a reversal of exercise effects, especially because we see activity changes
sometimes for several hours or days post-exercise [97]. However, it is difficult to make

this assessment 7 vivo without measuring the firing rate of individual neurons, as photo-
bleaching of fluorescent reporters can occur over extended sampling periods. One potential
way to assess this question would be using /n vivo extracellular neural activity recordings in
NPY/AgRP and POMC neurons [138].

Second, are the changes in calcium dynamics observed in melanocortin neurons during
exercise occurring in the same population of melanocortin neurons that are altered after
exercise? Melanocortin neurons are highly heterogeneous, and the activity of distinct
subpopulations of melanocortin neurons respond differently to numerous metabolic signals.
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This heterogeneity may in part explain why melanocortin populations respond differentially
during and after exercise. It is also interesting to note that the variability in the calcium
signal increases over time. This could reflect the stress of running and/or variability in
cellular responses, possibly indicative of heterogeneous neural activity to exercise. It will
therefore be important for future work to consider changes in neural activity that occur
during and after exercise in individual neuronal populations.

Third, what is the physiological significance of the changes in activity of arcuate POMC
and NPY/AgRP neurons during exercise versus after exercise? There are many counter-
regulatory activities mediated by the CNS, including the regulation of heart rate, blood
pressure, respiration, and blood glucose levels. Not surprisingly, all of these counter-
regulatory relays are essential in performing exercise and most are influenced by the
melanocortin system in both rodents and humans [69, 83, 87, 131, 150, 171, 172, 207].
Thus, the rapid changes occurring at the beginning of exercise might reflect compensatory
counter-regulatory mechanisms to facilitate exercise performance. Moreover, there are
distinct temporally restricted changes in POMC and NPY/ AgRP neurons that occur after
exercise [97]. Specifically, the exercise-induced inhibition of NPY/AgRP neurons lasted for
only a few hours while POMC neurons remained activated for at least 48 h after a single
bout of exercise [97]. While speculative, the temporal regulation of melanocortin activity in
response to exercise has very interesting implications on the regulation of metabolism and
on behavior. For instance, ARH AgRP neurons have been shown to regulate acute phases
of feeding behavior (from minutes to hours) whereas arcuate POMC neurons appear to
regulate chronic feeding (over hours to days) [9, 211]. The effects of exercise on feeding
behavior remain controversial, with studies suggesting compensatory food intake in response
to increased activity [21, 121]. However, many of these studies have looked at activity
dependent feeding over prolonged periods (i.e. days, weeks, or months). Human studies
suggest a decrease in hunger/feeding may occur during high intensity exercise bouts and in
the hours immediately post exercise [21, 31, 60]. Similarly, mice display acute hypophagia
immediately after high intensity exercise [140]. This exercise-induced hypophagia may
correlate with the suppression of NPY/AgRP neuronal activity observed after exercise.
Additionally, exercise (single bouts or training) results in improved insulin sensitivity
across multiple species up to 48 h after exercise [139, 143, 154, 191]. Importantly, the
physiological role of leptin receptors in POMC neurons is to improve insulin sensitivity and
glucose metabolism [12, 17, 42]. As the leptin receptor expressing POMC neurons remained
activated for 48 h after a single exercise bout, this activity might be a cellular correlate
contributing to exercise-induced improvements in insulin sensitivity observed in multiple
species.

Fourth, how are counter-regulatory responses induced during and after exercise relayed to
arcuate neurons? Counter-regulatory activities depend upon both neuronal circuits, which
function as a “reflex” as well as humoral signals [26, 56, 74, 92, 125, 141, 142, 145, 193,
214]. As hormone-mediated regulatory activity is slower than direct neuronal activity, the
changes observed at the beginning of exercise (within seconds to minutes) likely involve
circuit-mediated changes in activity (possibly recruitment of various reflexes) while the
long-term (lasting for hours to days) changes in neuronal activity is likely dependent upon
humoral signals. These signals may cause differential changes to arcuate neuron activity,
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perhaps accounting for the activity differences observed during and after exercise. Leptin
has been implicated in the rapid rewiring of POMC and NPY/AgRP neuronal circuitry
within the arcuate as well as projection patterns to downstream target nuclei. In support of
a role for leptin in the plasticity of the melanocortin circuit occurring after exercise, POMC
neurons that express leptin receptors appeared more sensitive to the effects of exercise [97].
In contrast, NPY/AgRP neurons that express leptin receptors and those that do not express
leptin receptors were both equally sensitive to the effects of exercise [97]. These data may
support a role for leptin or leptin signaling in the rewiring of arcuate POMC neurons after
exercise. However, it is important to note that leptin levels have generally been reported to
fall after aerobic exercise training [88, 157, 158]. The changes in leptin levels may depend
upon either exercise intensity/ duration or body mass changes [59, 62]. Decreased leptin
levels corresponded to decreased adiposity after exercise training, however leptin levels have
also been shown to fall in response to acute exercise independent of changes in adiposity
[11, 151, 208]. In any case, a decrease in leptin would not be in agreement with the activity
profile exhibited by either POMC or NPY/AgRP neurons after exercise [97]. However,
exercise has also been shown to increase leptin sensitivity [63, 75, 175]. Thus, it might

be possible that there is an increase in leptin signaling contributing to plasticity of the
melanocortin circuit, independent of falling leptin levels. In addition to leptin levels, there
are multiple factors, proteins, and signaling cascades that have been suggested to change in
response to exercise [64, 81, 94, 184]. Thus, it is also possible that, similar to the overlap
in the acute effects of various metabolic receptors in the ARH, exercise-induced plasticity
in POMC and NPY/AgRP neurons may be influenced by several factors. [82, 99, 108, 109,
111, 116, 160, 173, 174, 180, 195, 197, 198]. Ultimately, identification of these signals and
understanding how they influence the neural activity of discrete ARH neuron subpopulations
will be important for understanding the neural basis for the beneficial effects of exercise.

A final salient aspect of exercise performance is the need for efficient utilization of

energy substrates [54, 95]. In particular, there is a preference for carbohydrate utilization
as exercise intensity is increased [18, 54, 95]. Recent work demonstrated that increasing
AgRP neuron activity drives carbohydrate utilization [43]. In the current study, whole

cell calcium dynamics of AgRP neurons were increased during exercise in ad libitum

fed mice and decreased in food restricted mice (Fig 5). As carbohydrates are more

readily available in ad libitum fed animals [144, 156], the increased activity of AgRP
neurons during exercise of these mice might reflect a shift toward carbohydrate utilization.
Interestingly, aerobic exercise performed in a fasted state has been associated with an
increased reliance on fat, at least during exercise of low-to moderate-intensity [2, 95].
While currently unclear, the decreased activity of AgRP neurons during exercise in food
restricted mice might reflect a shift toward fat utilization. Physiological correlates to the
rapid changes in POMC activity observed during exercise might be less apparent. Based
on pharmacological blockade or genetic deficiency of melanocortin signaling studies [6,
35, 112, 152], the decreased POMC activity during exercise of ad-lib fed mice predicts a
similar shift toward carbohydrate utilization. However, if this activity represents substrate
utilization, a shift towards carbohydrate utilization would also persist in food restricted
mice as POMC calcium dynamics are still suppressed. Acute/rapid changes in NPY/AgRP
and POMC activity during exercise may also have implications on energy expenditure,
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blood pressure, as well as glucose metabolism (Fig. 2), which warrants further investigation.
Overall, there are varying energy demands that need to be accounted for during exercise and
these likely differ from the long-term benefits of exercise. The melanocortin system is a key
neural network integrating/relaying these demands and as such, it maybe less surprising that
the activity patterns of melanocortin neurons vary with respect to various metabolic states
which include before, during, and after exercise.

5.3. Conclusion and future directions

In summary, there is increasing evidence that the melanocortin system is highly sensitive

to metabolic state. The activity of melanocortin neurons rapidly adapts to interoceptive
(e.g. hormones and neurotransmitters) and exteroceptive (e.g. diet, fasting/fed state, over-/
under-nutrition, exercise) signals. Alterations in the activity of melanocortin neurons can be
transient or sustained; lasting from hours to days. This is reminiscent of cellular properties
that may underlie metabolic set points that contribute to homeostatic model systems
including body weight and blood glucose regulation [47, 133, 176]. While these data
highlight the plasticity of melanocortin neurons, these results also raise several questions
for future investigation.

First, arcuate POMC and NPY/AgRP neurons have defined projection patterns to multiple
intra- and extra-hypothalamic nuclei (Fig. 1). Many of these downstream target nuclei/

cell populations have also been implicated in direct regulation of energy and glucose
homeostasis [84, 148, 185]. Additionally, these same nuclei send reciprocal projections
back to the arcuate nucleus and in some cases directly back to arcuate POMC and NPY/
AgRP neurons [8, 19, 192]. This is important as much of the plasticity observed in

arcuate POMC and NPY/AgRP neurons involve both excitatory and inhibitory pre-synaptic
activity [57, 97, 135, 159]. Thus, in addition to the plasticity occurring directly within the
arcuate nucleus, there is a need to determine how various metabolic challenges alter the
plasticity of these other metabolically relevant downstream/upstream brain regions in order
to better understand the effects of various metabolic challenges in the brain and the ultimate
contribution to metabolism.

While the plasticity of these metabolic circuits has been largely defined in males, detailed
investigation into the cellular and systemic mechanisms involved in this process in females
has been greatly understudied. This is a striking deficiency, given the widely recognized
sexual dimorphism in metabolism including energy utilization/storage and activity/exercise
capacity. Sex-based differences in the metabolic response to exercise in humans has also
been reported (e.g. transient suppression of hunger after exercise in men but not women
exposed to the same exercise regimen) [21, 120, 122]. However, less is known about the
sex-dependent effects of exercise-induced synaptic rewiring of POMC, NPY/AgRP, and
other neuronal populations, which warrants further investigation.

Finally, the adaptive capacity of metabolically relevant circuits has largely focused on

the plasticity of these circuits in lean subjects. While these data may highlight a cellular
mechanism possibly contributing to metabolic dysfunction, understanding if and how these
circuits can adapt to metabolic improvements in disease states might prove more important.
In particular, do these circuits retain their plasticity after chronic metabolic dysfunction?
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Similarly, do interventions known to improve metabolic dysfunction result in plasticity
predictive of metabolic improvements? These critical questions will need to be answered
in order to better understand metabolic disease and facilitate the development of targeted
therapies.

6. Methods
6.1. Fiber photometry

6.1.1. Experimental model—Agrp-IRES-Cre (Jackson Labs 012,899,
Agrptmi(cre)Lowl;3y [186] and Pomc1-Cre (Jackson Labs 005,965,
POMCt9(Pomel-Cre)16Lowl/3) [12] mice were used for experimentation. All mice were
habituated to handling and experimental conditions prior to experiments. All procedures
were approved by the University of Pennsylvania Institutional Animal Care and Use
Committee.

6.1.2. Exercise groups—All mice were familiarized to the treadmills for 2 days prior
to the exercise bout [Habituation day 1: 5 min rest on the treadmill followed by 5 min at the
speed of 8 m/min and then for 5 min at the speed of 10 m/min; Habituation day 2: 5 min rest
on the treadmill followed by 5 min at the speed of 10 m/min and then for 5 min at the speed
of 12 m/min [91, 97]

6.1.3. Exercise protocol—On the exercise test day, mice were subjected to a single
ramp of high intensity interval exercise (HIIE) bout [91, 97, 140] to assess exercise-induced
changes in calcium dynamics of NPY/AgRP and POMC neurons. Mice were rested on the
treadmill for 5 min prior to performing the 20 min of exercise consisting of 1 x 20 min
interval (5 min at the speed of 12 m/min, followed by 10 min at the speed of 17 m/min, and
then 5 min at the speed of 22 m/min).

6.1.4. Viral injections and fiber optic implantation—Mice were anesthetized
with isoflurane (1.5-3%, Clipper, 0,010,250) and pretreated with subcutaneous injections
of ketoprofen (5 mg/kg, Santa Cruz Animal Health, sc-363115Rx) and bupivacaine

(2 mg/kg, Moore Medical, 52,683). Mice were placed into a stereotaxic apparatus
(Stoelting, 51725D) and viral injections were performed as previously described [1],

[58]. Unilateral injections of the genetically encoded calcium indicator GCaMP6s
[AAV1.Syn.Flex.GCaMP6s.WPRE.SV4O0 (titer: 4.216e13 GC/ml, Penn Vector Core) were
performed in the arcuate hypothalamic nucleus (ARC, 400 pl) according to the following
coordinates: 1.35 mm posterior to bregma, 0.25 mm lateral to midline, and 6.15-6.3 mm
ventral to skull. A ferrule-capped optical fiber (400 um core, NA 0.48, Doric, MF2.5,
400/430-0.48) was implanted 0.2 mm above the injection site and secured to the skull with
Metabond cement (Parkell, S380) and dental cement (Lang Dental Manufacturing, Ortho-jet
BCA Liquid, B1306 and Jet Tooth Shade Powder, 143,069). All mice were given at least 2
weeks for recovery and viral expression before experiments were performed.

6.1.5. Dual-wavelength fiber photometry—Dual-wavelength fiber photometry (FP)
was performed as we and others have previously described [97, 134, 179]. Two excitation
wavelengths were used: 470 and 405 nm. 470 nm excites calcium-dependent fluorescence
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from GCaMP6s protein, providing a measure of AgRP or POMC neuron activity. 405 nm
excites calcium-independent fluorescence from GCaMP6s protein and serves as a control for
movement and bleaching artifacts. Excitation light intensities were modulated at different
frequencies (211 and 566 Hz for 470 and 405 nm, respectively) to avoid contamination from
overhead lights (120 Hz and harmonics) and cross-talk between excitation lights. Excitation
lights were generated through fiber-coupled LEDs (Thorlabs, M470F3 for 470 nm and
M405F1 for 405 nm) and modulated by a real-time amplifier (Tucker—Davis Technology,
RZ5P). GCaMP6s emission fluorescence signals were collected through a patch cord,
collimated, passed through a GFP emission filter (Thorlabs, MF525-39), and focused onto a
femtowatt photoreceiver (Newport, Model 2151, gain set to AC LOW). The emission lights
were converted to electrical signals and demodulated by the RZ5P real-time processor. The
FP experiments were controlled by Synapse software (Tucker—Davis Technology).

6.1.6. Food restriction—Mice were weighed at the same time each day and given chow
once daily (1.5-3.0 g) after experimentation to maintain 85-90% of their starting body
weight.

6.1.7. Fiber photometry hiie experiment—Ad libitum fed mice underwent the single
ramp HIIE protocol as described above. On the second session, mice were tethered to a
patch fiber to habituate to fiber photometry procedures. On test day, AQRP/POMC neuron
activity was recorded during HIIE. Only mice that completed the running interval were
included in the data analysis. AQRP/POMC neuron activity was analyzed during the 20 min
of running and for 10 min pre-running.

6.1.8. Analysis and statistics—Results are reported as the mean £ SEM unless
indicated other wise, as indicated in each figure legend. Fiber photometry data were
exported from Synapse to MATLAB (MathWorks) using a script provided by Tucker—Davis
Technology. The 470 and 405 nm signals were independently processed and normalized

to baseline signals to determine AF/F, where AF/F = (F/Fpre-stimulus)/Fpre-stimulus and
Fpre-stimulus IS the median of pre-stimulus signal (before running). Data were down-sampled
to 1 Hz in MATLAB, and mean AF/F was calculated by integrating AF/F over a period of
time and then dividing by the integration time. All data were evaluated using a ANOVA
with post hoc Holm-Sidak comparisons or two-tailed Student’s t-test, with *0<0.05 being
considered statistically significant.
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Fig. 1. Melanocortin reciprocal projections
Schematic of the melanocortin system illustrating projections of the arcuate (ARH)

nucleus and respective downstream targets. The blue arrows signify POMC projections
and the yellow arrows signify NPY/AgRP projections. AMY, central amygdala; ARH,
arcuate nucleus; BNST, bed nucleus of the stria terminalis; DMV, dorsal motor nucleus
of the vagus; LHA, lateral hypothalamic area; LPB, lateral parabrachial nucleus; NTS,
nucleus tractus solitarius; PAG, periaqueductal grey; PVH, paraventricular nucleus of
the hypothalamus; RET, reticular formation; VMH, ventromedial hypothalamus; DMH,
dorsomedial hypothalamus; IML, intermediolateral cell column of the spinal cord.
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Fig. 2. Metabolic signal dependent regulation of POM C and NPY/AgRP neurons and effects on
metabolism

Flow chart of key peripheral factors (shown at the top) and their effect on POMC and/or
NPY/AgRP neurons. In the top portion: Each color represents a different metabolic signal:
Leptin, adiponectin, serotonin, GLP-1, Ghrelin, and Insulin. Each metabolic signal either
excites or inhibits (represented by line with arrow or line with butt end, respectively),
depending on the target cell. The bottom half of this figure illustrates several metabolic
outcomes that can be modified by NPY/AgRP and/or POMC neuronal activity. In particular,
the activity of NPY/AgRP and POMC neurons has been directly linked to feeding

behavior. There is increasing evidence that the activity of these neurons also play a role

in various metabolic outcomes, including: energy expenditure, carbohydrate/fat utilization,
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blood glucose levels, insulin sensitivity, glucose uptake and blood pressure. A more
complete understanding of how NPY/AgRP and POMC neurons regulate these physiological
parameters will require further investigation.
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Fig. 3. Segregation of acute activity and cell transcriptional gene expression in POMC and NPY/
AgRP célls

The top portion represents the segregation of acute activity in POMC and NPY/AgRP

cells. Each receptor type is dedicated by a color to represent receptor expression and is
shown on the bottom left hand side of the figure. The signaling pathway of each receptor
type is then shown by arrow movement. In POMC neurons, Leptin and Adiponectin act
through Phosphoinositide 3-kinase signaling pathway leading to activation of a putative
transient receptor protein 5 (TRPCS5) channel. Serotonin acts via Phospholipase C and
TRPCS. Insulin acts through P13K as well but ultimately targets an ATP-sensitive potassium
channels (KATP). In AgRP cells, Adiponectin, Leptin, and Insulin act through a PI3K-
KATP dependent mechanism. Ghrelin acts through a mixed cation channel. Adiponectin
Receptors (AdipoR); Ghrelin Receptors (GhsR); Glucagon-like peptide Receptors (GLP-1r);
Insulin Receptors (InsR); Leptin Receptors (LepR); Serotonin 2C Receptors (5-HT,cR). The
bottom portion of the figure shows cell subtypes based on transcriptional profiling data

in Campbell et al. [36]. Neuron clusters are named after the specified gene. POMC has
three subtypes: n14.Ttr, n15.Anxa2, and n21.Gliprl; AgRP has 2 subtypes: n12.Sst and
n13.Gm8773. The size of each partition, although not to scale, is meant to represent the
expression value of each specified receptor in relation to the other subtypes of the cell
(POMC or NPY/AgRP).
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Fig. 4.

Plgsticity of POMC and NPY/AgRP neurons after exercise The plasticity of POMC
(depicted in blue) and NPY/AgRP (depicted in yellow) neurons in response to exercise.
The arrows demonstrate the changes in the circuit depending on the state of the animal

- sedentary or exercise. The pink cell represents downstream targets of these cell
populations. The green synaptic terminals (boutons) are meant to represent excitatory
synaptic projections or inputs, while the red terminals are inhibitory inputs. POMC neurons
are activated while NPY/ AgRP neurons are inhibited after exercise.
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Fig. 5. Neural activity changesin NPY/ AgRP and POM C neurons during exercise.
Mice were subjected to a single ramp of high intensity interval exercise (HIIE) to assess

exercise-induced changes in calcium dynamics of NPY/AgRP and POMC neurons. Mice
were rested on the treadmill for 10 min prior to performing 20 min of exercise at ascending
speed: 5 min at 12 m/min, 10 min at 17 m/min, and 5 min at 22 m/min. Mice were tested
in the ad libitum (A, n=6 NPY/AgRP and n=7 POMC) or food deprived (B, 7= 6 NPY/
AgRP and n=6 POMC) state. Data are expressed as mean + SEM, t-tests and post-hoc
comparisons: *p<0.05, **p<0.01, ***p<0.001.
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