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(e.g., hormones and metabolites) and either coordinate or 
suppress behavioral responses to seek and consume food. 
Much of the recent work has focused on the circuits in-
volving Agouti-related protein (AGRP)-expressing neu-
rons, a small molecularly defined population in the hypo-
thalamic arcuate nucleus (ARC) that senses circulating 
signals of the energetic status. AGRP neurons are acti-
vated by hormonal signals of energy deficit (e.g., ghrelin) 
 [6, 7]  and are inhibited by signals of energy surfeit (e.g., 
leptin)  [7, 8] . Optogenetic and chemogenetic activation 
of AGRP neuron firing leads to voracious food seeking 
and consumption behaviors within minutes  [9–11] . Con-
versely, AGRP neuron ablation or chemogenetic inhibi-
tion results in appetite suppression  [10, 12] . Bidirectional 
control of feeding behavior by AGRP neurons makes 
them an attractive entry point to investigate the neural 
circuits that regulate feeding behavior, and, using new 
tools, multiple pathways have been identified ( fig. 1 ;  ta-
ble 1 ). Here we review emerging insights into the neural 
control of appetite.

  Molecular Mediators of Appetite 

 AGRP neurons release a number of molecules that 
rapidly elicit intense food consumption when injected 
into the brain: AGRP  [13] , neuropeptide Y (NPY)  [14] , 
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 Abstract 

 New tools for mapping and manipulating molecularly de-
fined neural circuits have improved the understanding of 
how the central nervous system regulates appetite. Studies 
that focused on Agouti-related protein neurons, a starva-
tion-sensitive hypothalamic population, have identified 
multiple circuit elements that can elicit or suppress feeding 
behavior. Distinct axon projections of this neuron popula-
tion point to different circuits that regulate long-term appe-
tite, short-term feeding, or visceral malaise-mediated an-
orexia. Here, we review recent studies examining these neu-
ral circuits that control food intake.  © 2014 S. Karger AG, Basel 

 Introduction 

 A longstanding goal of neuroscience is to understand 
the relationship between brain function and behavioral 
states such as hunger  [1–3] . Appetite is controlled by 
multiple circuits that are comprised of distinct molecu-
larly defined neuron populations  [4, 5] . These networks 
integrate peripheral signals of metabolic and visceral state 
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and γ-aminobutyric acid (GABA)  [15] . The relative role 
of these molecules for AGRP neuron-evoked feeding has 
recently been examined. The results of several experi-
ments indicate that NPY and GABA mediate initiation of 
eating within minutes of elevated AGRP neuron activity, 
whereas the neuropeptide AGRP regulates feeding over 
longer timescales. Increased food intake resulting from 
optogenetic or chemogenetic activation ( fig. 2 ) of AGRP 
neurons was suppressed by either an NPY 1R antagonist 
or a GABA A  receptor antagonist microinjected in the 
paraventricular hypothalamic nucleus (PVH)  [11] . This 
showed that AGRP neurons require both NPY and GABA 
signaling to elicit acute feeding responses. A related result 
using mutant mice confirmed this finding, with some 
noteworthy differences. Chemogenetic activation of 
AGRP neurons ( fig. 2 c) in either  Npy  –/–  mice or in mice 
lacking GABA in AGRP neurons each rapidly evoked 
feeding behavior  [16] . One difference with the pharma-
cological analysis described above was that either NPY or 
GABA alone appeared sufficient for acute feeding. An ex-
planation for this apparent discrepancy is indicated by a 
closer evaluation of  Npy  –/–  mice in which electrophysio-
logical analysis showed dramatic compensatory upregu-
lation of AGRP neuron synaptic output: connectivity and 
GABA release probability ( fig. 3 )  [11] . Therefore, it ap-
pears that GABA and NPY are both required for acute 

feeding, as revealed by pharmacological inactivation ex-
periments, but they likely compensate for one another in 
mutant mouse models.

  What is the role for the AGRP neuropeptide released 
by AGRP neurons? AGRP inhibits melanocortin recep-
tors, which leads to increased food intake and body weight. 
However, AGRP neuron photostimulation still rapidly 
elicits feeding behavior in  A  y  mutant mice  [9] , in which 
melanocortin receptors are constitutively blocked. This 
indicated that the AGRP neuropeptide was not required 
for acute AGRP neuron-evoked feeding behavior. Inter-
estingly though, activation of AGRP neurons lacking both 
GABA and NPY increased feeding with a delay of several 
hours, and this was not observed if melanocortin receptor 
4 was absent  [16] . Together, these results from AGRP neu-
ron activation studies revealed that unlike NPY and 
GABA, which mediate acute feeding, the neuropeptide 
AGRP and its interaction with melanocortin receptors are 
involved in long-term regulation of feeding behavior.

  Circuit for Long-Term Regulation of Food Intake 

 Appetite is regulated on timescales of minutes for the 
execution of feeding behavior as well as over longer tim-
escales associated with maintaining energy homeostasis. 

  Fig. 1.  Summary diagram illustrating cell types and circuits that influence appetite. Blue shading represents sites 
associated with AGRP neuron-evoked food intake. Based on anatomical studies, AGRP neurons are shown as 
separate subpopulations defined by their axon projection sites. RMg = Raphe magnus nucleus; ROb = raphe ob-
scurus nucleus; SIM1 = single-minded homolog 1; DR = dorsal raphe. 
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ronal circuit manipulations that 
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Distinct regulation of acute and long-term control over 
appetite has been found with manipulation of molecu-
larly defined cell types and circuits. Within the ARC, 
AGRP neurons are intermingled with POMC neurons 
that release the neuropeptide α-MSH, which has been 
shown to strongly suppress food intake. Cell type-specif-
ic POMC neuron activation over 24 h showed reduced 
body weight and food intake  [9, 17] , and POMC neuron 
inhibition correspondingly increased food intake over 24 
h  [11] . AGRP neurons form local inhibitory synaptic con-
nections onto POMC neurons  [18] , indicating a possible 
circuit through which AGRP neurons can influence ap-
petite. In addition, functional studies have demonstrated 
that this interaction powerfully suppresses POMC neu-
ron firing when AGRP neurons are activated  [11] . How-
ever, neither POMC neuron gain-of-function nor loss-of-
function manipulations significantly affected food intake 
over the 1-hour timescale associated with voracious 
AGRP neuron-evoked food intake  [9, 17, 19] . The mis-
match in the timescales for AGRP and POMC neuron 
control over feeding indicated a role for POMC neurons 
in long-term regulation of appetite and also that AGRP 
neurons likely do not control acute induction of feeding 
behavior through suppression of POMC neuron activity. 

  This was confirmed with neural circuit epistasis anal-
ysis in which AGRP neurons were photostimulated si-
multaneously with POMC neurons  [11] . In this experi-
ment, AGRP inhibition of POMC neurons was over-
come by coincident depolarization of POMC neurons 
with channelrhodopsin-2 to test the necessity of this in-
hibitory interaction for acute control over food con-
sumption. Mice consumed as much food with AGRP 
neuron activation alone as they did with coactivation of 
AGRP and POMC neurons  [11] , consistent with the con-
clusion that ARC AGRP  → ARC POMC  does not regulate 
short-term food intake. Together with the long timescale 
for POMC neuron activation and silencing to affect food 
intake, this indicates that AGRP neuron inhibition of 
POMC neurons may be important for long-term regula-
tion of appetite but not necessarily for the short-term 
feeding behavior that is elicited upon activation of AGRP 
neurons.

  Neural Circuits That Rapidly Elicit Food Seeking and 

Consumption Behavior 

 The second-order circuit nodes through which AGRP 
neurons influence behavior and physiology can be visual-
ized by their axon projections using immunochemistry 

a

b

c

  Fig. 2.  Optogenetic  [37]  and chemogenetic  [38]  tools for neuronal 
activity manipulation.  a  Rapid reversible manipulation of neuronal 
membrane potential can be achieved using optogenetic tools. 
Channelrhodopsin-2 (ChR2) is a cation channel activated by blue 
light, which depolarizes neurons in response to blue light to trigger 
action potentials with millisecond precision. Halorhodopsin 
(NpHR) and Archaerhodopsin (Arch) are activated by yellow 
wavelengths and pump chloride ions and protons, respectively. 
These channels hyperpolarize neurons and inhibit activity with 
millisecond precision.  b ,  c  Variations on chemogenetic silencing 
tools; direct manipulation of ionic conductances ( b ) or G-protein-
coupled intracellular pathways ( c ). Chimeric PSAM (pharmaco-
logically selective actuator module)-based ligand gated ion chan-
nels: PSAM-5HT3 or PSAM-GlyR acutely modulate cation or chlo-
ride membrane conductances when activated by their cognate 
synthetic ligands (PSEMs = pharmacologically selective effector 
molecules), enabling rapid reversible activation or inhibition of 
neuronal activity, respectively. Similarly, engineered variants of 
human muscarinic acetylcholine receptors, hM3Dq and hM4Di, 
have reduced acetylcholine sensitivity but are responsive to an oth-
erwise inert synthetic ligand, Clozapine-N-oxide (CNO). Delivery 
of CNO activates hM3Dq and hM4Di signaling through their 
downstream Gα q  protein or Gα i  protein intracellular pathways, cul-
minating in neuron activation or neuron inhibition (in part through 
increased inward rectifier K +  channel conductance), respectively. 
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for the neuropeptide AGRP  [20]  or transgenic expression 
of a fluorescent protein  [19, 21] . The long-range neural 
circuit connections of AGRP neurons that mediate acute 
elevation of appetite have been investigated by optoge-
netic activation of axon projections  [11, 21]  ( fig. 1 ). These 
studies identified the anterior portion of the bed nucleus 
of the stria terminalis (aBNST), the lateral hypothalamus 
suprafornical division (LHAs), and the PVH as sufficient 
to increase food intake to a level similar to that achieved 
by activation of AGRP neuron somata. Activation of 
AGRP neuron projections to the paraventricular thala-
mus (PVT) modestly increased food intake. Axon projec-
tions to the central nucleus of the amygdala (CEA), peri-
aqueductal gray (PAG), and parabrachial nucleus (PBN) 
did not elicit increased food intake. Therefore, a subset of 
brain areas contacted by AGRP neuron projections is suf-
ficient to induce food consumption behavior. Two of 
these brain areas, the PVH  [22]  and the LHA  [2] , had al-
ready been extensively investigated for the feeding behav-
iors evoked; however, the importance of the LHAs subdi-
vision had only been proposed based on anatomical con-
nectivity  [23] . In addition, injection of a GABA A  receptor 
agonist into the PVT was found to acutely increase feed-
ing  [24] . The BNST had been implicated in obesity based 
on a lesion study  [25] , but the role of the anterior subdivi-
sions of the BNST to acutely regulate feeding behavior 
had not been shown. Therefore, analysis of the axon pro-
jections of AGRP neurons enabled identification of a sub-
set of brain areas that were sufficient to elicit food intake.

  In addition to functional studies, anatomical analysis 
of AGRP neuron axon projections has also provided im-
portant insights into the organization of feeding circuits. 

Individual axon projection fields appear to arise from dis-
tinct subpopulations of AGRP neurons, and axon collat-
eralization was not detected  [21] . Therefore, molecularly 
defined AGRP neurons can be subdivided into separate 
populations defined by their axon projection targets 
( fig. 1 ). It is a configuration that is seen in some neuro-
modulatory systems, such as midbrain dopamine neu-
rons  [26] , but not in other populations, such as noradren-
ergic cells in the locus coeruleus  [27] . This is suggestive 
of specialized roles for these distinct AGRP neuron cir-
cuits. One example of this comes from the analysis of 
leptin receptor (Lepr) expression as detected by a  Lepr-
IRES-Cre  mouse line, which indicated that AGRP neu-
rons that project outside of the hypothalamus express 
leptin receptor, while those that project within the hypo-
thalamus do not  [21] . In contrast, responsiveness to ghre-
lin or to food deprivation was observed in both intrahy-
pothalamic and extrahypothalamic AGRP neuron pro-
jection subpopulations.

  Because AGRP neuron axon projections arise from 
separate neuronal subpopulations, their activation indi-
vidually identifies target areas that are independently suf-
ficient to initiate feeding (aBNST, LHAs, PVH, and PVT). 
Nevertheless, anatomical analyses have shown substan-
tial interconnectivity between these brain areas, indicat-
ing a network across which feeding may be coordinated. 
For example, optogenetic activation of GABA-releasing 
BNST neurons (BNST GABA ) elicits voracious eating  [28] . 
Using optogenetic circuit mapping in conjunction with 
single-cell RT-PCR, this was found to involve an inhibi-
tory synaptic projection to the LHA that selectively tar-
gets glutamate neurons ( fig.  1 ). Consistent with this, 

a b c

  Fig. 3.  Compensatory adaptations in 
ARC                   AGRP  → PVH circuit in  Npy  –/–  mice. 
 a  Observed connectivity rate of the 
ARC AGRP  → PVH projection in  Npy  +/+  and 
 Npy  –/–  mice.  b ,  c  Representative whole-cell 
voltage clamp recordings showing paired 
pulse depression of ARC AGRP  → PVH syn-
apses in  Npy  +/+  and  Npy  –/–  mice ( b ) and the 
average paired pulse response ( c ). In-
creased paired pulse depression in  Npy  –/–  
mice indicates increased GABA release 
probability. A 1  = Amplitude of first pulse; 
A 2  = amplitude of second pulse. Data is 
represented as mean ± SEM and is from 
Atasoy et al.  [11] . 
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LHA glutamate  neuron inhibition evokes feeding  [28] . How-
ever, the precise relationship to AGRP neuron projec-
tions is not yet clear. Although the BNST and LHA neu-
ronal manipulation covered broad areas of each region, 
the targeted areas were both posterior relative to the 
respective AGRP axon projection fields targeted for 
photostimulation ( fig. 1 ). Further work is required to es-
tablish the relationship between ARC AGRP  → aBNST, 
ARC AGRP  → LHAs, and BNST GABA  → LHA glutamate  circuit 
elements.

  The PVH is another brain area that has a well-estab-
lished role in regulating feeding behavior  [29] , and activa-
tion of GABA-releasing AGRP neuron axons in the PVH 
robustly evoked feeding  [11] . Cell type-specific chemoge-
netic neuronal silencing of SIM1 neurons in the PVH (en-
compassing most PVH neurons) also rapidly increased 
eating as well as instrumental food seeking behavior  [11] . 
Interestingly, a recent study has shown that a subset of 
PVH neurons that express thyrotropin-releasing hormone 
(TRH) and release glutamate from synaptic contacts onto 
AGRP neurons can activate food intake  [30] . Because si-
lencing the PVH elicits eating (and this likely includes the 
TRH subpopulations that project to AGRP neurons), it in-
dicates that the PVH circuit responsible for orchestrating 
feeding behavior also involves PVH axon projections else-
where in the brain. To identify this projection, a cell type-
specific chemogenetic synaptic silencing tool, based on an 
axon-selective variant of the Gα i  protein-coupled hM4D 
receptor ( fig. 2 c), has been used to examine downstream 
PVH axon projections for the regulation of appetite. This 
study found that PVH inhibition acts to increase food in-
take through projections to the region around the caudal 
ventrolateral PAG and dorsal raphe  [31]  ( fig. 1 ). Further 
experiments are required to determine the underlying cell 
types in these areas that control appetite. 

  Neural Circuits for Anorexia  

 One of the striking characteristics of AGRP neurons is 
that their rapid ablation in adult mice leads to anorexia, 
ultimately resulting in death by starvation  [12] . Although 
this was first attributed to the important role of AGRP 
neurons to positively regulate appetite, further investiga-
tion has revealed that suppression of eating may be due 
to a function of AGRP neurons that is distinct from the 
process by which these neurons acutely elicit voracious 
food intake. Using localized intracranial injections of 
benzodiazepines (GABA A  receptor potentiators), it was 
found that infusion into the PBN restored feeding in mice 

after AGRP neuron ablation, and this was not seen in oth-
er areas, such as the PVH  [32] . Therefore, AGRP neuron 
projections to the PBN appear to play an essential role for 
maintaining appetite through their release of GABA. In 
light of this, it was surprising when activation of AGRP 
axon projections to the PBN did not elicit feeding in the 
same manner as the ARC AGRP  → PVH projection did  [11] . 
However, the distinction between these two pathways has 
become increasingly clear with further analysis of the 
PBN appetite regulatory circuit, which appears to be a 
visceral malaise anorexia circuit and not an acute activa-
tor of voracious eating. 

  Using rescue of AGRP neuron ablation-induced an-
orexia as a readout, a series of hindbrain manipulations 
was identified that restored eating in mice lacking AGRP 
neurons. These experiments revealed a circuit from hind-
brain serotonin neurons to serotonin receptor 3 (5HT3 
receptor)-expressing neurons in the nucleus of the soli-
tary tract (NTS) that, in turn, activates glutamatergic NTS 
neurons that project to the PBN  [33]  ( fig. 1 ). The involve-
ment of 5HT3 receptor signaling in the NTS and a finding 
that the antiemetic ondansetron (a 5HT3 receptor antag-
onist) restored eating after AGRP neuron ablation indi-
cated that this circuit may also be activated by signals that 
lead to nausea. Indeed, further investigation has shown 
that a subset of PBN neurons that express the peptide cal-
citonin gene-related peptide (CGRP) mediate the re-
sponse to many signals associated with nausea or illness 
and are known to suppress appetite  [34] . Activation of 
PBN CGRP  axon projections to the CEA but not to the 
BNST strongly reduces appetite  [34] . Moreover, silencing 
PBN CGRP  neurons leads to modest reduction in anorexia 
due to nausea agents such as LiCl; however, basal food 
intake is not elevated  [34] . Furthermore, a recent report 
found that neurons that express protein kinase C-δ 
(PKC-δ + ) in the lateral division of CEA are likely respon-
sible for the anorexigenic effect of PBN CGRP  activation 
 [35] . PKC-δ +  neurons receive direct synaptic input from 
PBN CGRP  neurons. Moreover, increasing PKC-δ +  neuron 
activity robustly reduced food intake, whereas inhibition 
of these neurons modestly increased food intake  [35] . A 
local inhibitory connection made by PKC-δ +  neurons 
onto other CEA neurons (PKC-δ – ) likely mediates this 
effect, although the precise molecular identity of these 
PKC-δ –  neurons remains to be determined  [35] . 

  What then is the role of the ARC AGRP  → PBN pro-
jection? It appears that a visceral malaise anorexia 
circuit involving RMg 5HT /ROb 5HT  → NTS 5HT3R  → 
PBN glutamate(CGRP)  → CEA GABA(PKC-δ+)  → CEA PKC–δ–  sup-
presses appetite and is modulated by AGRP neurons 
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( fig. 1 ). The loss of the ARC AGRP  → PBN inhibitory input 
appears to upset the excitatory/inhibitory balance in PBN 
neurons that mediates anorexia related to circulating and 
neural signals associated with visceral malaise. Therefore, 
ARC AGRP  → PBN axon projections play an essential role 
for gating visceral inputs and suppressing a visceral mal-
aise state that causes anorexia. It will also be important to 
investigate the possibility of a similar role for the 
ARC AGRP  → CEA circuit, which was not found to evoke 
food intake  [21] , but it may be positioned to gate the an-
orexigenic output of the CEA.

  Conclusions 

 Overall, the emerging picture is that AGRP neurons 
influence appetite through multiple processes. Based on 
investigations with cell type-specific and projection-

specific manipulations, these include (1) long-term reg-
ulation of feeding behavior through POMC neurons, (2) 
acute control of appetite through an interconnected 
‘core forebrain feeding circuit’  [21]  involving aBNST, 
PVH, LHAs, and the PVT, and (3) gating of visceral sig-
nals that include those associated with illness and nau-
sea. It is noteworthy that nearly all of the brain regions 
associated with long-term feeding, acute appetite, or 
visceral malaise are also interconnected. Identification 
of additional cell types, cell type-specific perturbations, 
and circuit mapping techniques will be needed to eluci-
date the role of these seemingly distinct but shared net-
works in regulating different aspects of appetite. Fur-
thermore, access to these different neural circuits will 
facilitate the understanding of the underlying behavior-
al mechanisms by which AGRP neurons elicit goal-di-
rected motivated behaviors associated with food seek-
ing  [36] .
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