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Abstract

The regulation of energy homeostasis is an essential function of every living organism. In mammals a complex interplay of
neural networks has evolved to ensure proper adaptation to energy demands, availability, consumption, storage and utiliza-
tion. While a large set of parallel and redundant brain networks are functionally intertwined in these processes, a specific
subset of hypothalamic neurons producing the agonist and antagonist of the anorectic signaling pathway controlled by the
melanocortin receptor have been extensively studied. The anorectic/catabolic pro-opiomelanocortin (POMC) producing
neurons and the orexigenic/anabolic Agouti-related peptide (AgRP) producing neurons exert opposing functions of vari-
ous aspects of foraging, ingestive and post-ingestive processes. Located close to circumventricular these two populations
integrate circulating reflecting energy status but are dynamically controlled by food-predicting cues. This review will be
focusing on recent advances in understanding the role of the hypothalamic AgRP neurons, as critical metabolic sensors
and regulators. We explore the intricate mechanisms by which these neurons integrate diverse nutritional signals and
coordinate autonomic and behavioral responses to maintain metabolic equilibrium.
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mTORC1 Mammalian target of rapamycin complex 1
Ucp2 Uncoupling protein 2

GHRH Growth hormone releasing hormone

GH Growth hormone

IGF-1 Insulin-like growth factor-1

ABA Activity-based anorexia

AR Androgen receptors

1 Introduction

The regulation of energy homeostasis is essential for sur-
vival, relying on the complex interplay of brain networks
and functions to anticipate energy intake in response to both
internal and external cues. It is now clear that a large set of
parallel and redundant brain networks are essential for driv-
ing feeding and regulating metabolic outcomes, integrating
nutrient availability with metabolic needs and the cognitive
aspects of feeding. Over the last 20 years, genetic research
in both humans and mice has pinpointed several neural cir-
cuits that regulate appetite and metabolism. Chief among
them is the hypothalamic leptin-melanocortin signaling
pathway, which, when genetically disrupted, leads to most
known cases of monogenic severe obesity.

This melanocortin pathway involves a complex hor-
monal network with three primary components. First is the
prohormone proopiomelanocortin (POMC), which is enzy-
matically processed into active fragments such as a-, -,
and y-melanocyte-stimulating hormones (MSH), along with
adrenocorticotropic hormone (ACTH) [1]. Second are the
melanocortin receptors (MCI1R through MC5R), a group of
five G protein-coupled receptors that respond to these pep-
tides [2]. Third, the system includes natural antagonists like
agouti and agouti-related peptide (AgRP), which modulate
receptor activity. This signaling network influences a wide
range of biological functions, including pigmentation, adre-
nal development, reproductive behavior, and, most impor-
tantly in this context, the regulation of body weight and food
consumption. POMC and AgRP neurons are located in the
arcuate nucleus (Arc) of the hypothalamus. In both rodent
and human, the hypothalamus shows a similar organiza-
tion and contains several sub nuclei with convergent func-
tions (Fig. 1). The Arc lies in close vicinity to the median
eminence (ME), which is a specialized circumventricular
organ (CVO), a structure of the blood—brain barrier (BBB)
described as a fenestrated and densely irrigated endothelium
that has evolved to allow selective exchange and passive
diffusion of the blood-borne molecules through the cerebro-
spinal fluid (CSF) [3, 4].

This positioning grants Arc neurons unique access to cir-
culating hormones and nutrients making them important sen-
sors of metabolic activity. They integrate these circulating
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signals reflecting energy status into synaptic signals that are
then transmitted to downstream regions including the para-
ventricular nucleus (PVN) and brainstem. Although AgRP
and POMC neurons located in the Arc represent a relatively
small cell population they project to various hypothalamic
and extra-hypothalamic areas [5, 6] and exert a central influ-
ence on the control of feeding behavior and energy balance.

AgRP neurons drive feeding in two distinct phases: an
appetitive phase (food-seeking, motivation) and a consum-
matory phase (eating, chewing, swallowing, and satiety).
While forebrain regions and reward circuits support appe-
titive behaviors, hindbrain circuits largely govern consum-
matory actions. Ablation of AgRP neurons disrupts both
phases, regardless of melanocortin pathway involvement.
These neurons are activated by caloric deficits and inhibited
during feeding [7-9].

AgRP neurons also process environmental cues about
food availability. They are rapidly suppressed—within sec-
onds—by the sight, smell, or learned signals of food, well
before ingestion begins. This fast inhibition, too quick to
involve hormonal feedback, is attributed to sensory input
from afferent circuits [7-9]. Notably, exposure to nutritive
food strengthens these cue-based inhibitory responses, par-
ticularly for palatable meals [10, 11], suggesting that AgRP
neurons encode learned associations between food cues and
expected nutritional content.

This review explores recent advances in our understand-
ing of the role of Arc AgRP neurons as key metabolic inte-
grators. We examine how they integrate hormonal, sensory,
and nutrient signals to regulate feeding, energy expendi-
ture, and glucose homeostasis. We also consider emerging
insights into their role in modulating the neural circuitry that
governs the hedonic aspects of feeding behavior. Finally,
we discuss how dysfunction of these neurons contributes to
obesity and related disorders, and how targeting them may
offer therapeutic potential.

2 AgRP neurons, a crucial component of the
network that regulates feeding behavior

2.1 Melanocortin-dependent and independent
mechanisms

POMC neurons form subpopulations that project to distinct
brain areas. These neurons express receptors for leptin,
insulin, and serotonin (Htr2c) and release either GABA or
glutamate depending on their Arc location [12—15], Some
even express Agouti related peptide (Agrp) and Neuropep-
tide Y (Npy) transcripts, highlighting a functional overlap
with orexigenic neurons [15]. Leptin, a hormone reflecting
long-term energy stores, primarily activates POMC neurons,
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Fig. 1 Anatomical localization of the hypothalamic nuclei and AgRP
neurons. Upper panel: Human (left) and rodent (right) coronal sec-
tions and localization of the hypothalamus and hypothalamic nuclei.
Arc, arcuate nucleus; DMH, dorsomedial hypothalamic nucleus;
LH, lateral hypothalamic area; PVN, periventricular nucleus; VMH,
ventromedial hypothalamic nucleus; ME, median eminence. Lower
panel: Rodent arcuate nucleus with pro-opiomelanocortin (POMC)
and agouti-related peptide (AgRP) neurons. Circulating energy-related

which release a-MSH to stimulate melanocortin receptors
on PVN neurons (PVNMR) and suppress appetite [16, 17].
These PVN neurons then release anorectic neuropeptides
like TRH (thyrotropin-releasing hormone), CRH (cortico-
tropin-releasing hormone), and oxytocin [18]. In contrast,
AgRP neurons are activated by energy-deficit signals like
ghrelin and promote feeding [19]. AgRP neurons enhance
appetite through the release two neuropeptides AgRP and

signals target arcuate neurons through fenestrated capillaries and via
tanycytic-regulated transport. Integration of these signals by POMC
and AgRP neurons leads to the release at post-synaptic targets of the
melanocortin receptor (MCR) agonist alpha-melanocyte-stimulating
hormone (a-MSH) and antagonist AgRP by POMC and AgRP neu-
rons, respectively. AgRP neurons also release neuropeptide Y (NPY)
and y-aminobutyric acid (GABA)

NPY, and the fast acting neurotransmitter y-aminobutyric
acid (GABA) [20-23]. AgRP peptide, unique to these neu-
rons, antagonizes a-MSH at MC4R in the PVN to promote
feeding [24]. NPY a very potent orexigenic molecule, co-
expressed in 90% of Arc AgRP neurons, promotes feed-
ing via Y1 and Y5 receptors, particularly in PVN oxytocin
neurons [25] but also in other hypothalamic nuclei [26,
27]. GABA directly inhibits POMC neurons, reinforcing
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the orexigenic drive of AgRP neurons [21, 28]. However,
this classical vision of a Yin and Yang control of feeding
through the opposite regulation of POMC and AgRP neu-
rons has recently been challenged. A study by De Solis et
al. showed that the promotion of food intake is actually the
result of a simultaneous activation and inhibition of AgRP
and POMC neurons respectively. Both inputs coordinately
and cooperatively leads to the activation of NPY receptor-1
expressing neurons in the PVH (PVN *?/R) which in turn
project to Tyrosine hydroxylase (Th+) positive neuron in the
NTS (NTS™") [29].

2.2 Initiating feeding and preventing starvation

Functional studies using cell-specific ablation based on
restricted expression of the diphtheria toxin receptor (DTR)
confirmed the critical role of AgRP neurons in feeding:
removal of these neurons in adult mice led to anorexia [30,
31]. Additional models of either progressive postnatal cell
death [32, 33] or incomplete ablation (less than 50%) of
AgRP neurons [32] consolidate previous findings, show-
ing that post-embryonic ablation of AgRP neurons leads
to a lean, hypophagic phenotype with reduced adiposity. A
recent study has challenged the notion that the integrity of
AgRP neurons located in the Arc are critical for survival.
Using intra-arcuate toxin injection to achieve targeted abla-
tion of Arc AgRP neurons selectively and sparing to other
Agrp expressing cells in the rest of brain and body, the
authors found no changes in daily ad libitum feeding, while
refeeding after a 24-hour fast was impaired [34]. This result
suggests that Arc AgRP neurons are not indispensable for
normal feeding in adult mice.

One possible explanation is the existence of other Agrp-
expressing cells identified in the hindbrain notably, at the
level of the area postrema (AP), the adjacent subpostrema
area (SubP), and the commissural nucleus tractus solitarii
(cNTS). These cells are collectively referred to as AgRPHin
neurons. It has been shown that food deprivation stimulates
AgRPHiM expression. Moreover, chemogenetic activation
of AgRPH" neurons results in hyperphagia and weight
gain in adult mice with or without hypothalamic AgRP
neurons, suggesting that AgRP"™ neurons drive feeding
independently of hypothalamic AgRP neurons [35]. Other
recent studies have demonstrated the existence of periph-
eral AgRP-expressing cells, in the pituitary [36] and adrenal
glands [37], that are also involved in food intake regulation.
Chemogenetic inhibition of Agrp-expressing cells of the
pituitary gland causes weight loss [36]. Meanwhile, short-
term fasting leads to an increase in adrenal Agrp expression
[37]. Despite these discoveries, the specific mechanisms by
which these peripheral AgRP cells influence energy bal-
ance and homeostasis remain largely unknown. Hence, the
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absolute necessity for Arc AgRP neurons (referred to as
AgRPA™ neurons) to prevent starvation is disputed, prompt-
ing a more refined vision of their role as key regulator/
modulator of behavior and metabolic control. In that line,
the fact that AgRP*™ neurons are sufficient to drive feed-
ing sequence has been clearly established using approaches
aiming at transiently manipulating Arc AgRP neurons in
behaving animals. Optogenetic and/or chemogenetic activa-
tion of AgRPARC neuron induces feeding, even in the pres-
ence of food while AgRP inhibition reduces food intake [25,
38-40]. Moreover, chronic activation of these neurons leads
to hyperphagia and obesity [41].

Furthermore, since the initial studies charting the wide-
spread projections of AgRP neurons to both hypothalamic
and non-hypothalamic regions, the use of tracing tech-
niques—alongside targeted stimulation of AgRP axon
subsets at their downstream sites—has helped to reveal
overlapping and parallel neural pathways by which AgRPA™
neurons influence feeding behavior, metabolic regulation,
and cognition. These methods have enabled to functional
separation of the specific circuits that either drive or sus-
tain feeding behavior i.e. prevents starvation after AgRPA™
neuron ablation. Direct manipulation of Arc AgRP neurons
projections at their post-synaptic targets demonstrated coor-
dinated and timely controlled release of NPY and GABA
which mediate immediate feeding responses, while the
release of AgRP ensured the continuation of feeding [22,
39]. It also arises from these approaches that feeding con-
trol by AgRPA™ neurons also involved melanocortin-inde-
pendent mechanisms. AgRP neurons ablation leads to the
parabrachial nucleus (PBN) hyperactivity, anorexia, and
weight loss, reversible by GABA agonist infusion [31, 42,
43]. Blocking MC4R in the PVN fails to prevent starvation
caused by AgRP*™ ablation neurons [38, 44], but on the
other hand, AgRP-ablated mice are protected from anorexia
by restoring GABAergic signaling in a structure that receive
important projections from the AgRP*™, the PBN. However,
no feeding response resulted from the acute stimulation of
AgRPA™ fibers projecting to the PBN, the periaqueductal
gray area (PAG) or the central nucleus of the amygdala
(CeA), while similar activation of Arc AgRP fibers in the
paraventricular thalamus (PVT), the anterior division of the
bed nucleus of the stria terminalis (aBNST) or lateral hypo-
thalamus (LH) triggered feeding [39].

A recent study capitalized on feeding sequence analysis
assisted by machine-learning combined with in vivo manip-
ulation and imaging of subtle neural substrates, revealed
that AgRP*™ neurons and GABAergic neurons in the LH
and Dorsal Raphe (DR) proceed by iteration to balance the
urge to consume food with the motivation to explore unfa-
miliar and potentially hazardous environment [45]. Alto-
gether, these results exemplify the rare complexity by which
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discreet, sequential release and signaling initiated at indi-
vidual post-synaptic targets is instrumental in the orchestra-
tion of feeding by AgRP*™ neurons, while undergoing fine
tuning as a consequence of both metabolic need and envi-
ronmental cues.

3 Diversity in arcuate AgRP neurons nature,
inputs and outputs

Both POMC*™ and AgRP*RC neurons contact many brain
regions within the hypothalamus. Among these, the PVN
receives the densest AgRP innervation (~30%) [39, 46].
Activation of AgRP—PVN projections powerfully stimu-
lates feeding via melanocortin pathway inhibition [25, 39].
As a major hypothalamic output hub, the PVN regulates
autonomic outflow to liver, adipose tissue, and other meta-
bolic organs [47].

Other intrahypothalamic AgRP neuron projections
include the lateral, ventromedial, and dorsomedial, hypotha-
lamic areas (LH, VMH, and DMH, respectively), the supra-
chiasmatic area (SCN) and the preoptic area (POA). AgRP
projections also extend beyond the hypothalamic borders,

innervating the central and medial nuclei of the amygdala
(CeA and MeA, respectively), the aBNST, the PVT, the
PBN, the lateral septum (LS), and the PAG [46, 48] (Fig. 2).

Single-cell transcriptomic analysis combined with func-
tional tracing and manipulation methods have revealed the
heterogeneity in different POMC and AgRP subpopulations,
defined by their selective receptor equipment, post-synaptic
targets and function ranging from feeding behaviors to cog-
nitive and metabolic control [15, 39, 49, 50]. This modu-
lar organization enables specific circuits to mediate distinct
aspects of hunger and food-seeking behavior using segre-
gated and parallel output. Optogenetic stimulation of fiber
terminals in specific brain regions has revealed that AgRP
projections to the LH, aBNST, PVT, mPOA, or MeA are
sufficient to induce feeding [25, 39, 51, 52].

AgRP projections to the LH stimulate food intake and
induce insulin resistance, partly by suppressing inter-
scapular brown adipose tissue (iBAT) metabolism [53].
AgRP—aBNST activation also stimulates feeding and
reprograms 1BAT gene expression, increasing mus-
cle-related genes and altering glucose uptake. Fasting
strengthens AgRP—BNST connectivity while weaken-
ing CeA—BNST circuits, favoring orexigenic tone [54].

-_- _irl-dl-rt_;c_; :,‘ AgRP efferent projections (output)

-: _in_-d_ljr(_;c_; :: AgRP afferent projections (input)

OB o......

Fig. 2 Efferent and afferent projections of AgRP neurons. Direct (dark
blue and red) and indirect (light blue and red, dashed) projections of
AgRP neurons are presented. AgRP neurons directly project to the ante-
rior bed nucleus of the stria terminalis (BNST), medial preoptic area
(MPOA), lateral hypothalamus (LH), amygdala (medial and central,
MeA, CeA), dorsomedial hypothalamus (DMH), dorsal raphe (DR),

Brainstem

AgRP
neurons

parabrachial nucleus (PBN), paraventricular thalamus (PVT), lateral
septum (LS) and Periaqueductal gray (PAG). AgRP neuron indirectly
exert a control on the nucleus tractus solitarius (NTS), ventral tegmen-
tal area (VTA), and olfactory bulb (OB). They receive direct afferent
projections from the DMH and PVH and are indirectly controlled by
OB input. Created in BioRender
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Other projections have more nuanced roles. Stimulating
AgRP—CeA, —PAG, or —»PBN terminals alone does not
trigger feeding [39]. PBN CGRP neurons mediate satiety;
AgRP projections inhibit them, delaying meal termination
[55]. AgRP neurons targeting the MeA suppress defensive
behaviors, allowing feeding to override fear and aggression
responses [52]. Collectively, these pathways demonstrate
how AgRP neurons coordinate diverse metabolic, behav-
ioral, and autonomic responses.

Compared to their outputs, AgRP afferents remain less
well defined. These neurons receive dense synaptic input,
enabling fast modulation. Tracing and electrophysiology
studies have identified major inputs from PVH and DMH,
along with local Arc inputs, including POMC neurons [46,
56, 57]. Fasting enhances excitatory PVH input to AgRP
neurons [58, 59]. A subset of PVH neurons expressing
thyrotropin-releasing hormone (TRH) and pituitary adenyl-
ate cyclase-activating polypeptide (PACAP) provide strong
glutamatergic input. Their activation increases AgRP activ-
ity and feeding in sated mice, while silencing suppresses
hunger-driven intake, highlighting a PVHMAAPAgRP
pathway crucial for hunger signaling [57]. The DMH sup-
plies inhibitory GABAergic input via LepR/dynorphin-
expressing neurons. Stimulating DMH®ABA_ AgRP circuits
reduces AgRP activity at mealtime, especially after fasting
[56]. Additional inputs from LH, PBN, BNST, CeA, and
MeA form reciprocal loops that integrate environmental and
emotional cues [60].

Together, these afferent and efferent pathways place
AgRP neurons at the center of a distributed circuit that con-
trols feeding behavior, integrating sensory and metabolic
signals to shape adaptive behavior.

4 AgRP neurons: control of nutrient
partitioning and peripheral function

Beyond promoting feeding, AgRP*™ neurons shape how the
body utilizes and stores nutrients. Early studies showed that
the intracerebroventricular administration of AgRP frag-
ments reduced energy expenditure (EE), increased adiposity,
and induced weight gain—without necessarily increasing
food intake—suggesting direct effects on substrate use [61].
In addition, chemogenetic activation of AgRP neurons dem-
onstrated their implication in substrate storage and utiliza-
tion (nutrient partitioning): stimulation rapidly raises the
respiratory exchange ratio (RER), indicating a shift towards
carbohydrate use and reduced fat oxidation [22, 40, 62, 64].
Mice lacking AgRP neurons from early life show altered
metabolism despite normal food intake—developing late-
onset obesity, hyperinsulinemia, and a shift towards lipid
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use, alongside hepatic triglyceride synthesis from carbohy-
drates [63].

Interestingly, this altered nutrient partitioning provides
some protection from glucose intolerance and fat accumula-
tion during high-fat feeding. In adult mice receiving con-
trolled enteral nutrition, AgRP neuron ablation reduced fat
mass compared to controls on identical diets [62, 63].

Conversely, activating AgRP neurons promotes glucose
utilization and suppresses lipid oxidation, encouraging lipo-
genesis and fat gain. This also blunts the browning of white
adipose tissue (WAT) and reduces thermogenic activity in
iBAT [65]. AgRP neurons act as a metabolic brake, using
mTORCI signaling to regulate iBAT thermogenesis based
on internal and external cues [66].

AgRP neurons also impact glucose metabolism. Their
activation causes insulin resistance by impairing glucose
uptake in iBAT—a process dependent on NPY. NPY-defi-
cient mice do not develop insulin resistance after AgRP
stimulation, but selective Npy re-expression in AgRP neu-
rons restores this effect [67]. This regulation is melanocor-
tin-independent; activating POMC neurons does not affect
insulin sensitivity [53]. Interestingly, a recent study by De
Solis et al. reveals that, while coordinated activation and
inhibition of AgRP and POMC neurons cooperatively con-
trol feeding, these neurons exert a control on liver glucose
production through segregated autonomic branch and liver
signaling pathway [29].

AgRP dysfunction contributes to obesity-related glucose
dysregulation and to diabetic hyperglycemia. High-fat and
high-sugar diets raise Agrp expression [68, 69] and hyper-
activate these neurons, independent of caloric content [70].
Obesogenic diets also impair AgRP responsiveness to food
cues—blunting the typical rapid inhibition during chow
presentation [71, 72] while weight loss partially restores
AgRP sensitivity to sensory cues but does not fully recover
hormonal responsiveness (e.g., ghrelin, leptin, cholecys-
tokinin (CCK)) or nutrient-driven inhibition [70, 71, 73].
This persistent dysfunction suggests a potential for diet
composition to induce neural remodeling. AgRP neurons
activity is elevated in multiple diabetic models, including
leptin-deficient ob/ob mice, Zucker diabetic fatty rats, and
streptozotocin (STZ)-induced diabetes [74—76]. Inhibiting
AgRP neurons in STZ models reduces both hyperphagia
and hyperglycemia [77]. Central leptin administration low-
ers Agrp expression and improves glycemia. Additionally,
CRISPR-mediated deletion of leptin receptors in AgRP
neurons induces diabetes—highlighting their role in leptin’s
antidiabetic effects [77-79].

Together, these findings position AgRP neurons not just
as drivers of feeding, but as key regulators of systemic
nutrient handling—modulating glucose metabolism, insulin
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sensitivity, fat storage, and energy partitioning (for review
see [80]).

The indirect control exerted by AgRP neurons on the
autonomic nervous system also allows them to coordinate
energy availability with bone remodeling and reproductive
function, in coordination with metabolic demands [81, 82].
Mice lacking uncoupling protein 2 (Ucp2) in AgRP neu-
rons develop osteopenia, while restoring Ucp2 rescues bone
density. Deleting AgRP itself increases bone mass despite
leanness, particularly in males. Mechanistically, AgRP
neurons influence bone formation via the PDKI-FoxOl
pathway, which modulates the GHRH (growth hormone
releasing hormone)-GH (Growth hormone)-IGF-1 (insulin-
like growth factor-1) axis AgRP-specific 3-phosphoinosit-
ide-dependent protein kinase-1 (PDK1) knockout mice
show impaired bone formation and GH release, linked to
enhanced FoxO1 activity [83].

Notably, this pathway appears to be independent of leptin
signaling. In leptin-deficient ob/ob females, AgRP and NPY
mRNA levels are elevated. Deleting AgRP neurons in this
model restores both reproductive and metabolic functions
[84]. Although AgRP neurons express androgen receptors
(AR), excess androgens (as in polycystic ovary syndrome:
PCOS) do not disrupt their function, suggesting that ARs in
these neurons are not major contributors to PCOS pheno-
types [85].

During food scarcity or AgRP activation, reproductive
behaviors decline. Interest in mates drops, likely via AgRP-
mediated inhibition of kisspeptin neurons in the reproduc-
tive axis [86]. The VMH may serve as a key postsynaptic
target, given its role in regulating mating and aggression
[87]. Food deprivation also reduces parental behaviors,
reflecting an adaptive shift towards energy conservation
[88].

5 AgRP neurons: cognitive integration and
behavioral regulation

AgRP neurons also process environmental cues about food
availability. They are rapidly suppressed—within seconds—
by the sight, smell, or learned signals of food, well before
ingestion begins. This fast inhibition, too quick to involve
hormonal feedback, is attributed to sensory input from
afferent circuits [7-9]. Notably, exposure to nutritive food
strengthens these cue-based inhibitory responses, particu-
larly for palatable meals [10, 11], suggesting that AgRPA™
neurons encode learned associations between food cues
and the expected nutritional content. AgRPA™ neurons are
dynamically regulated by interoceptive (ingested nutrients,
hormones...) or exteroceptive (encountered food-related

sensory cues) signals which have different regulatory effects
on AgRP neuronal activity.

Hence, beyond hunger AgRP*?® neurons shape sen-
sory perception, motivation, mood, and adaptive behavior
[89-91]. Amongst extra hypothalamic areas targeted by
these neurons are regions of the limbic reward systems,
notably the dopaminergic circuits of the nucleus accumbens
(NAcc) and striatum, which mediate the reinforcing effects
of high-fat, high-sugar foods [92-94]. In physiological and
pathophysiological conditions, these circuits can override
homeostatic regulation, resulting in continued eating despite
the absence of energy requirements.

5.1 AgRP neurons modulation of dopamine
signaling and reward-associated behaviors

Several reports emphasize the relationship between AgRP
neurons and the limbic system. While the stimulation of
AgRP neurons in the presence of food increases food con-
sumption, manipulating these neurons in the absence of
food triggers compulsive and stereotypic behaviors that
recapitulate the behavioral adaptations observed during
starvation. This behavior is associated with reduced anxiety,
as assessed using an open field or elevated plus maze test
[90]. It also modulates the territorial aggression behavior
observed in conditions of starvation. Interestingly the spe-
cific activation of AgRP—MeA but not AgRP—PVN cir-
cuits reduces territorial aggression [52], while inhibition of
AgRP neurons reverses this anxiolysis [95].

Furthermore, elevated activity of AgRP neurons induced
by optogenetics has been associated with a negative valence
—a motivational drive to escape hunger- that influences
learning and behavior: in the context of flavor choice or
place preference, animals will avoid the stimulus paired
with AgRP stimulation. This aversive state can be reversed
by food cues, which highlights the sensory-based regulation
of AgRP activity [7, 52].

Early during development, AgRP neurons play a role in
establishing reward system function. Indeed, early postna-
tal AgRP ablation impairs the ventral tegmental area (VTA)
dopaminergic plasticity, leading to a long-term imbalance
between homeostatic and reward-driven feeding [89, 96].
Disruption of metabolic signaling in AgRP neurons reduces
dopamine (DA) release in the NAcc and blunts caloric
reward responses [97]. These effects depend on ghrelin
signaling, which gates sensory control over AgRP neurons
[98].

AgRP neurons indirectly influence DA-dependent behav-
iors. Although they are unlikely to exert direct monosynap-
tic input onto the VTA, they shape reward circuitry through
developmental programming and circuit interactions. AgRP
ablation leads to long-term adaptations in motivational
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systems, shifting behavior towards reward-driven rather
than energy-driven feeding [89].

Chemogenetic inhibition of AgRP neurons during peri-
puberty disrupts medial prefrontal cortex (mPFC) activity
and produces long-lasting cognitive and behavioral deficits,
partially mediated by VTA and medial thalamic inputs [99].

On the other hand, the role of DA signaling in AgRP
neurons has only recently been documented. Using tracing
techniques, Zhang et al. showed that DA in the Arc origi-
nates primarily from dopaminergic neurons located in hypo-
thalamic regions and the zona incerta [100]. Presentation of
food is immediately followed by DA release in the Arc in
fasted mice. DA release is modulated both by food palat-
ability (standard vs. high fat diet) and the metabolic state
of the animal. In addition, genetic ablation of DA receptor
D1 (Drdl) expressed in AgRP neurons reduces refeeding of
high fat diet.

5.2 AgRP neurons and sensory detection of food

Smell and taste are highly relevant sensory cues predict-
ing food palatability, food danger and are likely to play a
key role in food choice and food consumption. Even before
ingestion, and well before nutrients and hormones reach the
Arc, the smell and sight of food are sufficient to transiently
inhibit AgRP neuronal activity [7, 9, 101]. Interestingly, this
modulation is learning-dependent, as it is only observed
for familiar foods and varies according to their palatability
and the animal’s metabolic status. As the neuronal pathway
linking olfactory detection with AgRP modulation remains
unknown, these data suggest that in the presence of food,
AgRP neurons play a role in the anticipatory modulation of
metabolism triggered by sensory cues. This inhibition would
help drive satiation as suggested by a recent study. In mice
licking a bottle containing liquid diet, each bout of ingestion
was precisely locked to phasic dips in AgRP neuron activity,
confirming the impact of orosensory sensory signals driv-
ing AgRP neurons. Interestingly, preventing these transient
dips via closed-loop stimulation delays satiety and increases
food intake [102]. Furthermore, this rapid inhibition may
serve adaptive functions. Indeed, as suggested by Berrios
et al., the rapid inhibition of negative value promoted by
AgRP activation could optimize food cue-based learning.
This aspect seems to be a pivotal function of AgRP neurons
as they can learn the nutritive value of foods in a single trial
[11].

In addition, this regulation is bidirectional, since AgRP
activity can also modify sensory perception. According to
tracing studies, the effects of AgRP neurons on taste and
smell are likely to be indirect. The paraventricular thalamus
has been identified as a possible relay. In the context of an
odorant preference test between food and social cues, fasted
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but not fed animals have a longer exploration of food odor-
ants. However, optogenetic activation of AGRP—PVT ter-
minals in fed mice increases attraction to food odors, this
was not observed when activating other projection sites of
AgRP neurons. This effect is mediated by AgRP-neuron-
derived NPY binding on the NPY-Y5 receptor [103].

In addition to modulating the perception of food odours,,
AgRP neurons also play a role in modulating taste percep-
tion. AgRP—LHGIlut projections enhance sweet taste sen-
sitivity while reducing aversive responses to taste [104].
AgRP activity also influences the insular cortex (InsCx),
where hunger shifts sensory processing of food cues. A
specific pathway via the PVT and the basolateral amygdala
(BLA) has been shown to connect AgRP neurons to the
InsCx and to be involved in the hunger-dependent enhance-
ment of food cue responses in mice. AgRP activation dur-
ing satiety can restore hunger-like neuronal responsiveness
in the InsCx [105]. AgRP—PVT projections are critical for
cue-driven food seeking; their ablation impairs spatial and
contextual learning related to food availability [60].

5.3 AgRP neurons and social behaviors

AgRP neurons also influence social behaviors. A subset
projecting to MeA—pBNST circuits suppresses territorial
aggression and fear in favor of food-seeking behaviors [52].
However, hunger does not always suppress social drive. In
fasted or AgRP-activated males, the competition between
food seeking and social dominance remains context-depen-
dent [88]. Finally, AgRP neurons can also be indirectly
modulated by the peripheral detection of food composition.
Alcohol and other non-nutritive drugs inhibit the activity
of hypothalamic AgRP neurons, in a vagus-independent
manner, whereas fats and other satiety signals depend on
vagal input. Simultaneously, nutrients, alcohol, and drugs
enhance midbrain DA signaling, demonstrating a bidirec-
tional interaction between hypothalamic and DA circuits
[106]. Notably, alcohol’s effects on AgRP neurons sug-
gest it is not perceived as calories by the brain, consistent
with its minimal impact on long-term feeding behavior and
body weight regulation. These findings highlight that non-
nutritive, rewarding substances can regulate homeostatic
feeding systems, and that natural and drug rewards are pro-
cessed through interdependent modulation of hypothalamic
and reward circuits, providing new insights into the neu-
ral mechanisms underlying feeding behavior and addiction
[106].

Together, these findings position AgRP neurons as key
integrators of homeostatic requirementsand environmen-
tal input. They dynamically modulate sensory process-
ing, reward, cognition, and emotional behavior to promote
survival.
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6 AgRP neurons and the integration of
environmental cues

6.1 Integration of circadian rhythms

Since sleep and feeding are both critical for energy homeo-
stasis it is not surprising that AgRP neurons also regulate
sleep—wake states. Fasting or chemogenetic activation of
AgRP neurons promotes wakefulness and disrupts sleep,
while their inhibition increases non-rapid eye movement
(NREM) sleep and reduces fragmentation during fast-
ing [107]. Sleep deprivation, in turn, suppresses AgRP-
driven feeding, suggesting a trade-off between sleep and
food-seeking.

Furthermore, AgRP neuron activity follows circadian
patterns entrained by fluctuations in circulating hormones
as well as by an intrinsic clock. Levels of leptin, ghrelin, and
insulin oscillate in line with light/dark cycles and feeding
rhythms [108], and AgRP neurons gradually ramp up firing
across the light period, peaking to promote feeding during
the active phase [9].

In addition, AgRP neurons regulate time-of-day-specific
gene expression related to metabolism and synaptic plastic-
ity, aligning feeding with energy demand. Their clock also
mediates leptin’s transcriptional actions [109]. Moreover,
AgRP neuron activity primarily follows the circadian rest-
activity cycle and integrate time-of-day information from
past feeding experiences with current metabolic needs to
predict circadian feeding times [ 110]. Novel feeding patterns
or periodic stimulation of AgRP-neurons can resynchronize
the daily rhythm of AgRP-neuron activity. This resynchro-
nization drives anticipatory-like behavior through a process
involving prodynorphin neurons in the DMH (DMHPYN)
neurons [110]. In addition, a recent study using long-term
calcium imaging reveals that AgRP neurons display intrinsic
circadian rhythm that is independent of the feeding rhythm
imposed by excitatory inputs from 77/ expressing neurons
in the DMH through a SCN—DMY "™ — AgRP This circuits
activates AgRP neurons in a feed-forward manner to pre-
vent energy deficit [111].

Altogether, these findings highlight the intricate rela-
tionship between circadian rhythms and feeding behavior,
demonstrating how AgRP neurons participate in the brain
circuits that integrates multiple signals to regulate energy
homeostasis, anticipate mealtimes and prevent energy
deficits.

6.2 Thermal sensing and feeding
Cold exposure increases energy expenditure in order to main-

tain core temperature, which requires a higher food intake to
preserve energy balance [112, 113]. However, this response is

not driven by energy deficit signals—AgRP activation occurs
too quickly for this to be the case. Instead, it is a feedforward
signal that anticipates energy needs. Silencing AgRP neu-
rons blocks cold-induced hyperphagia but not thermogenesis
[114].Conversely, heat suppresses appetite: during exercise, in
warm environments, or during fever, food intake drops. This
suppression is driven by TRPV1-expressing POMC neurons
that are heat-activated, leading to appetite inhibition [115].

7 AgRP neurons and anorexia nervosa

Feeding is a fundamental survival behavior that is tightly
regulated in response to varying environmental conditions
[116, 117]. In anorexia nervosa (AN), however, this regula-
tion breaks down, resulting in severe malnutrition. Despite
its complexity and high mortality rate, effective treatments
remain limited, emphasizing the need to understand the neu-
ral mechanisms underlying pathological feeding behaviors
[118].

Genetic studies have identified variants of the Agrp
gene as potential risk factors for AN [119, 120]. Elevated
plasma AgRP levels have been observed in patients with AN
and replicated in rodent models of activity-based anorexia
(ABA), which combines food restriction with voluntary
exercise. In these models, Agrp expression increases at both
the mRNA and protein levels [121-124].

Chronic central infusion of AgRP alleviates ABA symp-
toms, increasing food intake while reducing hyperactivity
[124-126]. Further studies have shown that AgRP neurons are
essential for survival under conditions of food restriction and
high exercise. In vivo calcium imaging shows that AgRP neu-
ron activity drops sharply after voluntary cessation of running,
Paradoxically, daily activation of AgRP neurons increases
running but improves survival in food-restricted animals.
In contrast, AgRP ablation in such conditions leads to death
within 72 h due to compulsive running [127]. Similarly, neo-
natal ablation of AgGRP/NPY neurons results in high mortality
under restricted feeding, with surviving mice showing delayed
recovery and absence of anticipatory food-seeking behavior
[128]. These outcomes reflect not just a failure of intake, but a
broader failure in fuel mobilization under stress.

Providing a high-fat diet to AgRP-deficient, food-restricted
mice prevents mortality and long-term behavioral disruption,
underscoring AgRP neurons’ role in coordinating energy
needs with behavioral output [127]. ABA mice also exhibit
reduced meal frequency and longer delays between pellet
retrievals [129]. AgRP neurons in these mice show abnor-
mally prolonged inhibition in response to food, contributing
to sustained hypophagia. Activating AgRP neurons during
feeding restores normal intake patterns and reduces hyper-
activity, thereby preventing the development of ABA [129].
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Taken together,, these findings suggest that AgRP neu-
rons act as critical survival nodes, integrating caloric needs
with behavioral drives. In AN and its models, dysfunction
of these neurons contributes contributes to reduced intake
and maladaptive behaviours such as compulsive exercise.
Targeting this circuitry could offer new therapeutic strate-
gies for treating AN.

8 Concluding remarks
As a whole, recent technological advances have allowed to

depict a far more complex picture of the function of AgRP
neurons in the ecosystem of behavior regulation. While

initially focused on acute feeding regulation, the ability to
manipulate and image the dynamic responses of AgRP neu-
rons and their post-synaptic responses in various conditions
has drastically broadened our understanding of their func-
tion and how AgRP neurons act as critical hubs for various
signals that are directly or indirectly connected to metabolic
demands. AgRP neurons are diverse in nature, and projec-
tion and exploit the full range of target-specific neurotrans-
mission, coordinated synaptic shaping and cell specific
response to energy-related signals. They integrate environ-
mental, exteroceptive and interoceptive food-predicting
cues and exerting control not only over feeding, but also
over the fate of ingested calories, sleep, reproduction, bone
health, and adaptive behavior (Fig. 3). Given their pivotal
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Fig. 3 Integrative inputs and outputs of AgRP neurons. AgRP neurons
integrate metabolic needs (encoded by circulating signals of hunger
and satiety) and nutrient composition (encoded by gut to brain nervous
inputs) with both environmental and food-related cues. In turn AgRP
neurons exert a control on various components of feeding (appetitive,
anticipatory, consummatory and post-ingestive phases), they exert
an indirect control on dopamine-encoded reward value. In addition,
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and exploratory behaviors (balancing hunger with new environment
threats). At metabolic level AgRP neuron are paramount in regulating
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role as master metabolic coordinators, AgRP neurons repre-
sent an ideal target to leverage anti-obesity strategies. How-
ever, much work remains to be done to apprehend their role
in a pathophysiological context whether it is two opposite
ends of body weight regulation i.e. obesity and anorexia but
also in other food-related diseases such as compulsive and
addictive behaviors.
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