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How does an organism’s internal state direct its actions? At one

moment an animal forages for food with acrobatic feats such as

tree climbing and jumping between branches. At another time,

it travels along the ground to find water or a mate, exposing

itself to predators along the way. These behaviors are costly in

terms of energy or physical risk, and the likelihood of

performing one set of actions relative to another is strongly

modulated by internal state. For example, an animal in energy

deficit searches for food and a dehydrated animal looks for

water. The crosstalk between physiological state and

motivational processes influences behavioral intensity and

intent, but the underlying neural circuits are poorly understood.

Molecular genetics along with optogenetic and

pharmacogenetic tools for perturbing neuron function have

enabled cell type-selective dissection of circuits that mediate

behavioral responses to physiological state changes. Here, we

review recent progress into neural circuit analysis of hunger in

the mouse by focusing on a starvation-sensitive neuron

population in the hypothalamus that is sufficient to promote

voracious eating. We also consider research into the

motivational processes that are thought to underlie hunger in

order to outline considerations for bridging the gap between

homeostatic and motivational neural circuits.
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Interoceptive neural circuits sense physiological signals of

basic survival needs (e.g. energy or water) and influence

the selection of the actions that result in the satisfaction of

those needs. Food intake is obviously essential for survi-

val, and the neural processes mediating hunger are under

strong selective pressure. In light of this, these circuits are

expected to be developmentally controlled with some

hardwired components. One group of such specialized

circuit elements is the interoceptive neuron populations

that monitor circulating levels of the nutrients and hor-

mones that reflect the energetic status of an animal [1].
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Starvation-sensing neural circuits
A number of starvation-sensitive neuronal cell types are

located in the hypothalamus, a conserved forebrain region

most widely associated with maintaining physiological

homeostasis. The gene Agouti related protein (Agrp) is

specifically expressed in a small population of neurons

[2,3] within the arcuate nucleus, which is a part of the

hypothalamus that samples circulating factors transported

from blood into the brain. AGRP neurons are electrically

activated by hormone signals of energy deficit [4] and are

inhibited by signals of energy surfeit [5,6]. Manipulation

of electrical activity in these neurons has striking beha-

vioral consequences. Rapid ablation of AGRP neurons in

adult mice leads to aphagia [7], and inhibition of their

electrical activity suppresses feeding [8�]. Conversely,

application of optogenetic [9�] and pharmacogenetic

[8�] tools for rapid cell type-specific neuron activation

showed that these neurons were sufficient to evoke

voracious eating in well-fed mice within minutes and

without training. AGRP neuron-evoked feeding is

specific for food in the presence of water [9�], indicating

behavioral specificity for an explicit consummatory goal.

In addition, the magnitude of feeding behavior is closely

tied to the level of activity in AGRP neurons, where

strong activation results in consumption similar to 24-hour

food deprivation and lower levels of activity result in

intermediate food intake [9�]. These experiments

indicate that AGRP neurons are a sensory neuron popu-

lation that transduces the level of a physiological need

into an appropriate behavioral response by acting as a gas

pedal controlling appetite.

AGRP neurons, which mediate behavioral responses for

food seeking and consumption, can serve as an entry point

to neural circuits for these complex motivated behaviors

associated with hunger (Figure 1a). AGRP neuron axonal

projections provide an anatomical map of downstream

brain regions mediating feeding behavior (Figure 1b),

and the circuits that lead to voracious feeding during AGRP

neuron activation can be examined node-by-node using

optogenetic and pharmacogenetic circuit manipulation

techniques [10��]. An important first step is that these

tools enable the functional significance of downstream

populations targeted by AGRP neurons to be directly

compared. By activating specific AGRP neuron axon pro-

jections, it was found that only a subset of these projections

can evoke voracious feeding. In particular, photostimula-

tion of AGRP axons targeting the paraventricular hypo-

thalamic nucleus (PVH) acutely elicited feeding behavior

but projections to the parabrachial nucleus or to POMC

neurons in the arcuate nucleus did not [10��] (Figure 1c).

Cell type-specific channelrhodopsin-assisted circuit
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Figure 1
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Node-by-node deconstruction of neural circuits for hunger. (a) AGRP neurons are a molecularly defined, starvation-sensitive circuit entry point for

which external activation (e.g. using optogenetics- blue ticks and shading) is sufficient to induce voracious food consumption. Photo from Igor

Siwanowicz. (b) The axon projections of AGRP neurons reveal a map of the downstream second-order regions potentially mediating the evoked

feeding response. (c) The functional influence of specific AGRP neuron axonal projections can be prioritized by cell type-specific neuron and axon

activation or silencing methods. Three AGRP neuron projections to regions previously associated with feeding behavior (POMC, PVH and PBN

neurons — a subset of the total) have been examined. Projections to the PVH were sufficient to recapitulate the effect of AGRP neuron somatic

activation. (d) Cell type-specific functional circuit mapping revealed the inhibitory interaction of AGRP neurons with PVH neurons (blue ticks are 1-ms

light pulses). (e) This inhibitory synaptic operation could be independently recapitulated by neuronal silencing in molecularly defined PVHSIM1 neurons

using neuronal silencers. (f) Circuit analysis indicates that distinct projections of AGRP neurons have different functions. ARCAGRP!ARCPOMC

connections influence long-term regulation of food intake and other aspects of energy homeostasis. ARCAGRP!PBN connections are involved in

suppressing visceral malaise. ARCAGRP!PVH connections regulate acute food intake. PVH neurons in turn communicate with brainstem regions

associated with satiety (NTS: nucleus of the solitary tract, DVC: dorsal vagal complex).
mapping [11] revealed that AGRP neurons inhibit specific

postsynaptic targets due to asynchronous synaptic release

of gamma-aminobutyric acid (GABA) [10��] (Figure 1d).

Therefore, AGRP neuron projections inhibit PVH neurons

(Figure 1d), and consistent with this, pharmacogenetic

silencing of PVH neurons recapitulates the evoked feeding

response from activating AGRP neurons [10��] (Figure 1e).

The general approach outlined here uses cell type-specific

circuit mapping to establish functional synaptic connec-

tivity between cell types, and the measured circuit oper-

ations (e.g. excitation or inhibition) guide electrical

manipulations of the postsynaptic population in behaving

animals (Figure 1f). The methodology applied for

ARCAGRP!PVH circuitry is also suitable for extending
Current Opinion in Neurobiology 2013, 23:353–360 
the analysis of feeding circuits downstream of the PVH to

higher order circuit nodes, such as hindbrain regions

implicated in appetite [12].

Motivational properties of AGRP neuron
activity
A key characteristic of hunger is the willingness to work

for food. However, neuronal perturbations that increase

food consumption vary in their capacity to increase motiv-

ation. Animals in a state of energy deficit will work much

harder for food in an operant task than animals fed ad

libitum [13]. In contrast, rats with ventromedial hypo-

thalamus lesions or chemical silencing of the nucleus

accumbens shell do not overeat if required to work for
www.sciencedirect.com
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food [14–16]. As with food deprivation, AGRP neuron

activation influences both food seeking and consumption.

During AGRP neuron stimulation, mice work for food on

a progressive ratio by nose-poking [8�] or lever-pressing

[10��], and they devote nearly as much effort to the task as

24-hour food deprived animals. Furthermore, using the

circuit analysis techniques mentioned above, it was found

that silencing the PVH recapitulates the motivational,

food-seeking effects of activating the presynaptic AGRP

neurons [10��]. Thus, AGRP neurons are also a sensory

neuron entry point to motivational processes, and their

downstream circuit connections allow identification of

motivationally important brain regions not previously

associated with instrumental responding (e.g. the

PVH). This framework highlights the potential, using

modern circuit mapping and manipulation methods in

the mouse, to map these motivational processes associ-

ated with homeostatically sensitive neurons to successive

downstream circuit nodes that regulate behavioral intent

and intensity.

What motivational processes might be engaged by AGRP

neurons and other cell types that regulate energy balance?

AGRP neuron activity is expected to induce some, but

not necessarily all, of the motivational characteristics of

deprivation-induced hunger. As a framework for future

investigation, we have broadly outlined here three mech-

anisms that have been examined for deprivation-induced

hunger: firstly, enhancement of sensitivity to food-related

sensory cues; secondly, negative reinforcement processes

where actions that lead to eating shut off an unpleasant

need state; thirdly, positive reinforcement, where depri-

vation increases the incentive value of food by acting on

either the perceived pleasantness or post-ingestive qual-

ities of nutrients.

Sensory sensitivity in hunger
One view is that hunger modulates the sensitivity to

sensory cues associated with food such as taste and smell

and that this greater sensitivity influences behavioral

responding [17] (Figure 2a). Experiments in invertebrates

provide the clearest examples of deprivation state mod-

ulating sensory signaling. In flies, olfactory signals in the

presynaptic terminals of olfactory receptor neurons were

enhanced in hunger, which was mediated by the neuro-

peptide sNPF receptor (a neuropeptide Y analog) under

regulation by insulin receptor signaling [18�]. Also in flies,

gustatory responses to sugar were increased in hunger by a

dopamine-modulated process [19]. Similarly in worms,

food removal activates calcium signals in the AWC exter-

oceptive chemosensory neuron in an insulin-signaling

inhibited process that is important for food seeking

[20]. In each of these studies, a mechanistic understand-

ing of the molecular pathways controlling the alteration in

sensory neuron response amplitudes was extended

through genetic manipulation to determine the influence

on feeding behavior.
www.sciencedirect.com 
Whether this modulation of sensory sensitivity extends to

rodents, primates, and humans is less clear. Some evi-

dence shows modulation of olfactory and gustatory sig-

naling in mammalian organisms [21–23]. In humans, the

experimental results are mixed: some experiments show

no influence of hunger or satiety state on perceived

intensity of odors [24] or tastes [25], while others suggest

a shift [26] or showed inconsistent effects [27,28]. Psy-

chophysical studies in rats found that taste sensitivity in a

discriminative responding (go/no-go) experiment for salt

taste is not altered by a different homeostatic need,

sodium deprivation [29]. Moreover, in primates electro-

physiological recordings from the nucleus of the solitary

tract (a hindbrain gustatory relay nucleus) and primary

gustatory cortex, indicate that the intensity of response to

tastants is not altered by hunger to satiety transitions

[30,31]. Additional work will be needed to examine the

influence of hunger processes on sensory sensitivity in

mammals, but, currently, this mechanism is not well

supported.

Reinforcement processes in hunger
In behavioral analysis, the term ‘reinforcement’ reflects

an internal process by which a particular outcome of

behavior increases the probability of an action that pre-

ceded it either by acting as a reward (positive reinforce-

ment) or by removing an unpleasant state (negative

reinforcement). The reinforcing properties of food have

been assessed through various behavioral tasks such as

conditioned place preference for a chamber previously

associated with food [32,33], conditioned flavor prefer-

ence [34], and elevated lever pressing [13]. Multiple

mechanisms have been identified, likely operating in

concert, underlying the reinforcing properties of food

in hungry animals.

Negative reinforcement

Negative reinforcement was classically viewed as a mech-

anism through which hunger could influence motivation

for food. According to this view, actions are reinforced

(their probability increased) if they result in elimination

of unpleasant need states [35,36] (Figure 2b). The aver-

sive motivating condition has been called ‘drive’, which

was used to explain how a need state energizes behavior

and reinforces the actions that led to drive reduction [36].

A key test of this theory was performed by analyzing

affective properties of lateral hypothalamus electrical

stimulation. Lateral hypothalamus activation was thought

to recapitulate the underlying processes of deprivation-

induced hunger based on observations that electrical

stimulation in this area could evoke feeding behavior

[37] and also that some lateral hypothalamic neurons

are inhibited by nutrient signals [38]. According to drive

reduction theory, lateral hypothalamus-mediated feeding

behavior would be a reaction to an aversive internal need

state that the animal would normally eliminate by eating

nutrients previously associated with reducing the activity
Current Opinion in Neurobiology 2013, 23:353–360
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Figure 2
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Control processes for food seeking and consumption behaviors that

may be modulated by AGRP neurons activated during energy deficit.

Sensory information is integrated by multiple brain systems that

influence control of motor actions (these systems are represented

generically in the diagram as ‘Controller’), including those involved in

food seeking or consumption. (a) AGRP neurons, which are activated by

energy deficit, could increase the sensitivity to sensory stimuli

associated with food. (b) Negative reinforcement. For a food deprived

animal, sensory information or actions that lead to nutrient ingestion

could be reinforced by suppressing an aversive energy deficit state,

possibly mediated by AGRP neurons. Red T-arrows represent a state-

dependent aversion signal whose offset increases the propensity to

respond to sensory cues that predict food or to select actions that result

in nutrient consumption. (c) Positive reinforcement. Nutrients are

rewarding, even in the absence of a need state, and energy deficit,

possibly acting through AGRP neurons, may increase the reward value

of food. Blue arrows represent a signal that reinforces responding to

sensory information or action selection that results in nutrient ingestion.
of these putative need-sensing neurons. The affective

consequences of activating the lateral hypothalamus

could be assayed by testing whether the animal would

engage in lever pressing to shut off electrical stimulation

in the absence of food. In contrast to predictions from this

theory, electrodes implanted in the lateral hypothalamus

led to vigorous self-stimulation [39,40]. This result was

used to argue against negative reinforcement mechanisms

of hunger, at least with respect to lateral hypothalamic

stimulation [41]. More recently, negative reinforcement

mechanisms have been emphasized for the motivation to

reuse drugs of abuse to alleviate the intense discomfort of

withdrawal symptoms [42]. Negative reinforcement has

also been associated with the relief from pain by an

analgesic [43]. Lateral hypothalamus-evoked and AGRP

neuron-evoked feeding show different characteristics [1],

so whether negative reinforcement contributes to the

behavioral motivation during energy deficit or during

AGRP neuron stimulation remains an area for consider-

ation.

Positive reinforcement

Positive reinforcement mechanisms reflect the pursuit of

rewards from the environment. Outcomes that increase

positive affect (i.e. feel good) have the potential to be

reinforcing (Figure 2c). Unlike negative reinforcement,

need states are not required for this, which greatly

increases the generality of the concept [44]. In the case
Current Opinion in Neurobiology 2013, 23:353–360 
of food seeking and consumption behaviors, hunger has

been investigated as increasing the incentive value from

both the sensory and the post-ingestive/caloric qualities

of food.

Palatability. Hunger states influence the incentive value

of food, in part, by changing the hedonic qualities of food-

associated sensory cues. This is embodied in the separate

concepts of alliesthesia [45] and sensory-specific satiety

[46]. Alliesthesia refers to the change in perceived plea-

santness of external sensory cues associated with changes

in internal state. Examples include differences in the

reported pleasantness of exposure to warm solutions

under conditions of bodily hyperthermia or hypothermia

and also the flavor cues associated with sweet solutions in

hunger versus satiety [45]. A key challenge is assessing

the hedonic qualities of sensory cues without relying on a

motivational readout, such as level of consumption, which

can result from other processes [47]. Therefore, much of

the evidence for hunger modulation of palatability is

based on human studies, which take advantage of sub-

jective self-reporting of internal feelings. Shifts in plea-

santness of odors [24,28], taste [27], and visual [27,48]

cues are found when comparing subjects in hunger and

satiety states. Opioid pathways appear to be especially

important for selectively controlling ratings of food plea-

santness without affecting subjective ratings of hunger

level [49]. The hormone ghrelin, an energy deficit signal

from the gut, also increases the reported palatability of

food [50].

Evaluating pleasantness separately from other motiva-

tional factors is substantially more challenging in non-

human organisms, which cannot report subjective ratings.

Taste-reactivity facial expressions are the primary objec-

tive method used to evaluate pleasantness (also referred

to as ‘liking’). Manipulation of hunger state in rats is

associated with taste reactivity scores that suggest

increased liking of a sucrose–quinine mixture only after

the fairly extreme condition of 48-hour of food depri-

vation (but not 24-hour deprivation) [51]. In non-human

primates, the firing rate of neurons in the orbitofrontal

cortex is both taste responsive and is sensitive to the

hunger or satiety states and the tendency to accept or

reject a particular food, in contrast to responses from

primary gustatory cortical neurons, which are not found

to be modulated by hunger [52]. In consideration of the

influence of AGRP neurons on food seeking and con-

sumption, one possibility is that AGRP neurons act on

brain regions that increase the pleasantness of sensory

cues, such as taste and smell, associated with food.

Post-ingestive effects. The reinforcing properties of food can

also be mediated through post-ingestive/caloric pro-

cesses. Rodents develop a preference for a non-nutritive

flavor paired with intragastric infusions of caloric sugars,

fats, and amino acids [34,53,54]. Nutrient reinforcement
www.sciencedirect.com
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Figure 3
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Reversible modulation of consummatory preference for sweet solutions

dependent on nutrient content, energy deficit, and leptin. In ad libitum

(freely) fed mice, optogenetic co-activation of dopamine neurons with

consumption of the non-nutritive sweetener sucralose induced a

preference for sucralose solution over a nutritive sucrose solution. Food

deprivation (24-hour) reversed this preference, but food-restricted mice

given leptin switched their preference back to sucralose. Reproduced

from [72�].
does not require food deprivation [54]. Acquisition of a

preference for sucrose can also be developed in mice

genetically engineered to lack sweet taste sensation [55�],
indicating the important role for post-ingestive reinforce-

ment by nutrients. Systemic injections of a dopamine D1

receptor antagonist during training blocks flavor prefer-

ence learning with intragastric glucose infusions [56], and

the post-ingestive consequences of nutrients have been

found to include elevation of dopamine levels in the

striatum [55�]. This is consistent with other experiments

showing that the reinforcing properties of food are

mediated, in part, by the midbrain dopaminergic system,

and manipulation of dopamine levels and dopamine re-

ceptor activity are capable of enhancing or eliminating

food reinforcement effects [57–59].

Hormonal modulation. Hormones signaling physiological

energy balance modulate the incentive value of food.

Intracerebroventricular administration of the hormone

ghrelin, which signals energy deficit, increases lever

pressing of non-food deprived rats for sucrose solution

to levels similar to those of animals under 24-hour food

deprivation [60]. Conversely, the hormone leptin, which

signals fat reserves, suppresses conditioned place prefer-

ence for sucrose in food deprived mice [61]. In addition,

acute administration of leptin or insulin to hungry animals

decreases lever pressing for sucrose solution in a progress-

ive ratio task [62].

Hormonal modulation of the incentive value of food is

mediated, at least in part, though dopamine neurons.

Ghrelin increases the expression of tyrosine hydroxylase,

dopamine turnover, and electrical activity of dopamine

neurons [63–65]. Therefore, physiological signals of

energy state appear capable of modulating the incentive

value of food, in part, through upregulation of the dopa-

minergic system. Leptin is reported to reduce the elec-

trical activity of ventral tegmental area dopamine neurons

in brain slices and in vivo, and knockdown of the leptin

receptors in ventral tegmental area dopamine neurons

increase the incentive salience of sucrose in a preference

test [66–70].

Recent experiments have shown that optogenetic acti-

vation of dopamine neurons concurrently with consump-

tion of a non-nutritive sweetener is a combination

preferred over the nutritive sweetener, sucrose, alone

[71��] (Figure 3). This further highlights the capability

for dopamine neurons to mediate the reinforcing qualities

of sweet flavors. Importantly though, in food deprived

mice the preference for a non-nutritive sweetener paired

with dopamine neuron activation was reversed to sucrose

preference, and this preference was switched back to the

artificial sweetener + dopamine neuron activation in food

deprived mice treated with the hormone leptin

(Figure 3). The processes underlying these preference

switches are unclear, but these experiments indicate an
www.sciencedirect.com 
important influence of physiological state and hormones

on the reinforcement qualities of taste, nutrients, and

dopamine neuron activity.

The relative influence of physiological signals acting

directly on dopamine neurons or influencing these cir-

cuits by way of starvation-sensing neurons, such as AGRP

neurons, is an area for further examination. For example,

recent work suggests that AGRP neurons play a devel-

opmental role in modulating dopamine neuron function

[72�]. A direct projection of AGRP neuron axons is

apparent in the vicinity of midbrain dopamine neurons,

although the projection is very sparse in adult mice [72�]
and has not been functionally characterized. It is not yet

known whether AGRP neurons influence dopamine

neuron responsiveness during food-deprivation. Given

the motivational consequences of AGRP neuron acti-

vation, the downstream circuits are likely to reveal

important motivational circuit processes associated with

fundamental need states.

Conclusions
Here, we have outlined some considerations for investi-

gating motivational mechanisms that underlie the vora-

cious food seeking and consumption associated with

hunger. AGRP neurons facilitate circuit analysis of hun-

ger circuits from cell types and synaptic physiology to
Current Opinion in Neurobiology 2013, 23:353–360
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animal behavior. Rapid manipulation of AGRP neurons

offers a means to control and examine behavioral and

circuit mechanisms underlying the motivational pro-

cesses that mediate goal-directed behaviors. The inter-

action between AGRP neurons and motivationally

important brain regions is a key area for exploration.

Investigation of the components that mediate the homeo-

static response to energetic need, will be the key to

understanding the needs and desires associated with

essential physiological requirements for survival.
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