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The belly rules the nose: feeding state-dependent modulation
of peripheral chemosensory responses
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Feeding history and the presence of food dramatically alter

chemosensory behaviors. Recent results indicate that internal

nutritional state can gate peripheral gustatory and olfactory

sensory responses to affect behavior. Focusing primarily on

recent work in C. elegans and Drosophila, I describe the

neuromodulatory mechanisms that translate feeding state

information into changes in chemosensory neuron response

properties and behavioral output.
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‘‘Come, our stomachs will make what’s homely savory’’

William Shakespeare (Cymbeline)

Introduction
An animal’s feeding state and food availability can pro-

foundly affect its olfactory and gustatory responses. Thus,

while hunger sensitizes our chemosensory abilities to

maximize our ability to find food, even the most delect-

able confections may not tempt us when sated (well,

maybe sometimes). Although learning, culture and

psychological factors complicate feeding behaviors in

humans, in general, feeding state and the presence of

food alter dietary choice, food searching and appetitive

behaviors across species, driven partly by changes in

chemosensory preferences (e.g. [1–3]). Thus, the modu-

lation of chemosensory responses as a function of nutri-

tional state is a common feature of nervous systems

regardless of their complexity.

In principle, information regarding our feeding state can

interface with sensory processing pathways at any level,

from peripheral to central brain regions. Indeed, chemical
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stimulus-evoked activity is altered in an internal energy

state-dependent manner in both higher order processing

centers as well as at the first synapse between sensory and

interneurons in different species (e.g. [4–6]). While food-

dependent modulation of central neurons can coordi-

nately alter responses to a suite of sensory stimuli, it is

now becoming increasingly clear that food and feeding

state gate responses in chemosensory cells themselves,

thereby modulating specific chemosensory behaviors.

Here, I review recent findings in C. elegans and Drosophila
regarding modulation of peripheral chemosensory neuron

properties by feeding/fasting state and food perception.

I refer the reader to recent reviews and articles discussing

similar mechanisms in the mammalian olfactory and

gustatory systems (e.g. [1,7–11]).

Modulation of chemosensory responses by
starvation or satiety
Hungry and satiated animals exhibit markedly distinct

responses to attractive or noxious chemicals. Metabolites,

neuropeptides, monogenic amines and hormones in-

cluding dopamine, insulin, serotonin and neuropeptide

Y produced by the brain as well as peripheral tissues such

as the gut act in a complex manner to inform the body of

its nutritional status and energy requirements [12,13].

Despite the significant differences in nervous system

architecture between vertebrates and invertebrates, many

(but not all) of the molecules that signal hunger or satiety

are conserved and function via similar molecular signaling

pathways [14,15]. Although the roles of these molecules

in altering energy homeostasis and behaviors have largely

been studied in the central nervous system, recent studies

show that peripheral chemosensory neurons may also be

targets, providing a simple mechanism by which feeding

status can directly modulate chemosensory responses.

Regulation by Neuropeptide Y (NPY) signaling

Neuropeptide Y (NPY) is a potent orexigenic signal

produced in the arcuate nucleus of the hypothalamus

in vertebrates [16]. NPY-related peptides and receptors

are conserved in invertebrates and have been shown to

also play roles in feeding-related behaviors [17,18]. In

C. elegans, animals with reduced or loss of function of the

NPY-related peptide receptor NPR-1 exhibit a range of

behavioral modifications in the presence of food. For

instance, npr-1 mutants move rapidly, avoid high oxygen

concentrations and aggregate, behaviors that are exhib-

ited by animals with high NPR-1 activity only when food

is limiting or absent [18–20]. Aggregation behaviors are

driven partly by altered responses to a complex mixture of
dulation of peripheral chemosensory responses, Curr Opin Neurobiol (2012), http://dx.doi.org/
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small molecule pheromones produced by other individ-

uals [21�,22�]. Cell-specific rescue experiments together

with analyses of pheromone-induced calcium dynamics

have now shown that NPR-1 acts in the RMG inter/motor

neuron to regulate responses of electrically connected

chemosensory neurons to pheromones [21�,22�]. Thus,

food (and other stress information) is integrated by NPR-

1 in RMG to indirectly modulate chemosensory neuron

responses and allow the circuit to drive distinct behaviors

in the presence or absence of food.

Young Drosophila larvae are attracted to sugar, whereas

late-stage larvae show sugar aversion before pupation.

The related neuropeptide F receptor NPFR1 inhibits

aversion of sugar in young larvae [23] and acts directly in

sugar responsive thoracic sensory neurons to attenuate

TRP channel signaling and sugar-induced aversive

responses [24]. Interestingly, NPFR1 and insulin have

also been shown to act in central circuits to modify

responses to noxious stimuli upon starvation [25],

suggesting that as in C. elegans, NPFR1 may act indirectly

to alter chemosensory responses in a feeding state-de-

pendent manner in Drosophila. Given the central role of

NPY-like peptides and receptors in regulating multiple

behaviors in addition to feeding, gating of peripheral

responses by NPY-mediated neuromodulation of a cen-

tral circuit may allow fine-tuning of chemosensory

responses via integration of multiple internal state cues.

Regulation by dopaminergic signaling

Although food intake is under complex homeostatic con-

trol in vertebrates, the hedonic effects of food can over-

ride the body’s caloric requirements. However, internal

metabolic state and learning can alter the hedonic value of

food stimuli suggesting an interaction between nutri-

tional state and food perception [26,27]. Midbrain dopa-

minergic circuits play a crucial role in the cross-talk

between homeostatic and hedonic control of eating beha-

viors [26,27]. In both flies and worms (see below), food-

regulated dopamine signaling also alters chemosensory

preferences partly via direct effects on chemosensory

neuron responses.

Hungry flies extend their proboscis (the proboscis exten-

sion reflex or PER is a commonly used measure of feeding

behavior) more frequently when presented with sugar than

fed flies [28��,29��]. Two studies have recently demon-

strated a role for dopamine in mediating this starvation-

dependent increase in sugar responses [28��,29��]. Sugar is

sensed by Gr5a-expressing gustatory neurons located at the

proboscis tip; the termini of these neurons arborize in the

subesophageal ganglion (SOG), the primary taste relay

center in the brain [30] (Figure 1a). Food deprivation

was shown to increase dopaminergic signaling in the

SOG [28��,29��] (Figure 1a). Dopamine in turn acts

directly on dopamine receptors in the termini of Gr5a-

expressing neurons to increase PER [28��] (Figure 1a). In
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fact, activation of the single dopaminergic TH-VUM

neuron in the SOG was sufficient to increase PER [29��].

How does dopamine affect gustatory neuron responses?

Starvation and dopamine signaling increased stimulus-

evoked intracellular calcium dynamics in the terminals of

the Gr5a-expressing sugar-responsive neurons in the

SOG without affecting sugar-evoked action potentials

[28��] (Figure 1a). This suggests that presynaptic release

of neurotransmitter by gustatory neurons may be facili-

tated by starvation/dopamine. However, when flies are

starved for longer periods of time (>24 h), mechanisms

other than dopamine are required to modulate chemo-

sensory responses [28��]. A candidate for mediating this

regulation is the takeout (to) molecule since starvation-

induced sensitization of sugar responses in gustatory

neurons is also abolished in to mutants [31]. Takeout
encodes a putative juvenile hormone carrier protein pro-

duced in fat tissues and also in olfactory and gustatory

cells, is upregulated upon starvation, and regulates feed-

ing and foraging behavior [31,32]. Although the functions

of to remain to be fully elucidated, these observations

suggest that distinct phases of the feeding state may be

communicated via partly different mechanisms to per-

ipheral chemosensory neurons to continuously reshape

their responses.

Regulation by insulin signaling

Circulating levels of insulin reflect internal metabolic

state since fasting decreases, and feeding increases, insu-

lin levels. Recent genetic and physiological experiments

in flies and worms suggest that insulin levels directly

affect peripheral chemosensitivity.

Recent elegant work in Drosophila has described a com-

plex positive feedback loop by which feeding state alters

olfactory responses via insulin signaling [33��]. Drosophila
is more strongly attracted to vinegar when fasted [33��].
As in the case of feeding state-dependent enhancement

of sugar responses, increased search behavior for vinegar

is mediated via increased activity of the vinegar-respon-

sive Or42b olfactory sensory neurons (OSNs) [33��]
(Figure 2a). This enhancement is facilitated by an auto-

crine positive feedback loop requiring the sNPF peptide

(not to be confused with the NPY-like NPF peptide

discussed earlier [17]) and increased expression of the

sNPFR1 receptor in OSNs [33��] (Figure 2a). In this case,

however, feeding state regulates the activity of this auto-

crine mechanism not by dopamine, but by insulin. Root

et al. found that expression of a constitutively activated

insulin receptor in the OSNs downregulates sNPFR1

expression and was sufficient to block hunger-induced

enhancement of vinegar responses via decreased sNPF-

sNPFR1 autocrine signaling [33��] (Figure 2a). The

source of the insulin signal was not identified but is likely

to be the insulin producing cells (IPCs) in the fly brain.

Intriguingly, expression of insulin-like peptides in the
dulation of peripheral chemosensory responses, Curr Opin Neurobiol (2012), http://dx.doi.org/
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Chemosensory responses are altered by dopaminergic input as a function of feeding state or food availability.

(a) (Left) Schematic of fly brain showing location of Gr5a-expressing sugar sensing gustatory neurons in the proboscis; termini of these neurons

arborize in the SOG. (Right) Fasted flies show enhanced PER to sugar. Starvation results in increased dopamine release from neurons such as the

TH-VUM neuron in the SOG. Dopamine acts via the DopEcR to increase presynaptic calcium dynamics in the termini of Gr5a gustatory neurons in the

SOG (red traces). Increased neurotransmission may contribute to enhanced PER. See [28��,29��] for details.

(b) (Left) Schematic of worm head showing location of cell bodies and processes of the ASH and CEP sensory neurons (from www.wormatlas.org).

(Right) Food acutely enhances ASH-mediated aversive responses. Bacteria are sensed by the mechanosensory CEP neurons that release dopamine to

enhance somatic calcium transients in ASH via the DOP-4 D2-like receptor, and increase ASH-driven avoidance behavior. The location of DOP-4

receptors and sites of dopamine release from CEP are unknown. From [45��].
IPCs is itself under positive regulation by sNPF, raising

the possibility of a food-driven negative feedback loop

regulating food search behavior [34]. The insulin receptor

is expressed broadly among OSNs, suggesting that feed-

ing state may have diverse effects on the responses to

other odors as well either directly, or indirectly via other

neuromodulatory loops.

In C. elegans, insulin can dampen responses to food and

food-related odors in the AWC olfactory neurons to

maximize gain and regulate food search behaviors.
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NLP-1 neuropeptide signaling from the AWC sensory

neuron promotes INS-1 insulin production from the AIA

interneurons, direct postsynaptic partners of AWC

[35��,36] (Figure 2b). INS-1 in turn feeds back onto

the AWC neurons to inhibit olfactory responses [35��]
(Figure 2b). However, since the timescale of release of

either NLP-1 or INS-1 with respect to food is not yet

known, the exact relationship of this gain control mech-

anism with starved/fed state remains speculative. Never-

theless, the well-described role of AWC in the response to

food-derived odors and in food search behavior [37,38],
dulation of peripheral chemosensory responses, Curr Opin Neurobiol (2012), http://dx.doi.org/
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Insulin signaling translates feeding state information into changes in chemosensory neuron responses.

(a) Drosophila is more strongly attracted to food odors such as vinegar when starved. Under fed conditions, insulin inhibits expression of the sNPF

receptor in Or42b OSNs. Upon starvation, reduced insulin signaling disinhibits sNPFR1 expression and enhances presynaptic calcium influx (indicated

by red traces at neuron termini). For details see [33��].

(b) Food responses in the AWC olfactory neurons of C. elegans are dampened by INS-1 insulin signaling from the AIA interneurons. Calcium responses

are indicated by red traces in the AWC soma. Insulin signaling is promoted by a NLP-1/NPR-11 neuropeptide signaling loop. The temporal relationship

between food presence/removal and insulin or NLP-1 production is speculative. For details see [35��].

(c) Prolonged exposure to salt in the absence of food switches the response of C. elegans to salt from attraction to aversion. This switch is mediated by

INS-1 insulin signaling from the AIA interneurons that increases calcium influx in the ASER salt sensing neurons (red traces in ASER soma). For details

see [56��,58��].
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suggests that insulin-mediated regulation of AWC

response properties has significant implications for the

regulation of chemosensory behaviors as a function of

feeding state and history.

Changes in gene expression in chemosensory neurons

by fasting/feeding

Internal metabolic state has dramatic consequences on

multiple aspects of physiology and behavior mediated

partly via changes in gene expression in a broad range of

tissues and organs [39–42]. A recent study in Drosophila
has shown that food deprivation for variable periods of

time leads to robust changes in gene expression in the

major chemosensory organs [43]. Although the func-

tional consequences of these gene expression changes

have not yet been clarified, these observations suggest

that feeding state-regulated changes in gene expression

may contribute to altered chemosensory neuron

responses. Indeed, as described above, sNPFR1 expres-

sion is upregulated in fly antennae in the starved state

[33��] (Figure 2a) and is required for the increased

responsiveness of these neurons to chemosensory

stimuli.

Acute modulation of chemosensory
responses by food
In addition to being gated by prior feeding experience,

sensory responses can also be acutely regulated by the

presence or absence of food. In this context, I define

acute regulation as alteration of sensory responses to a

stimulus based upon simultaneous presentation of the

stimulus and food. Information about food and a chemi-

cal stimulus can be integrated in parallel channels, and

this information in turn can modulate behavior either by

feedback regulation of sensory neuron activity, or alter-

natively, by feedforward mechanisms in the circuit. In

some cases, however, food odors have been shown to act

within the sensory neurons themselves to directly alter

sensory transduction  as in the case of food-dependent

modulation of carbon dioxide responses in Drosophila
[44].

Acute modulation via dopaminergic signaling

In C. elegans, food acutely enhances aversion of chemicals

such as copper and glycerol [45��] via increasing stimulus-

evoked intracellular calcium dynamics in the ASH poly-

modal sensory neurons [45��] (Figure 1b). As in the case

of starvation-mediated changes in gustatory responses in

flies, food modulates ASH responses via dopaminergic

signaling. However, unlike in flies where dopamine

release is enhanced upon starvation, dopamine is released

in the presence of bacterial food in worms (compare

Figure 1a and b). Mechanical stimulation of the CEP

sensory neurons by bacteria stimulates dopamine release,

which then feeds back via the DOP-4 D1-like dopamin-

ergic receptors in ASH to enhance somatic calcium

responses in response to copper [45��] (Figure 1b).
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Whether dopamine affects primary sensory response

thresholds or downstream signaling events in ASH in

C. elegans is unclear. However, it is evident that dopa-

mine-mediated regulation of ASH responses is quite

complex. Food and dopamine enhance chemosensory

responses but not nose touch responses in ASH, indicat-

ing a modality-specific effect [45��]. Even within the

chemosensory modality, different mechanisms are used.

Thus, while food also enhances ASH-mediated avoidance

of octanol [46�], dopamine actually dampens this response

acting via a D2-like receptor [47,48]. This dampening is

mediated by inhibition of serotonergic signaling (see

below). These observations point to a clear role for

dopaminergic signaling in the modulation of chemosen-

sory sensitivity in response to acute and long-term feed-

ing state in both C. elegans and Drosophila (Figure 1).

Acute regulation via serotonin/octopamine signaling

In C. elegans, serotonin and octopamine play prominent

roles in signaling the feeding state in addition to insulin,

dopamine and peptides described above. Serotonin med-

iates the effects of food on locomotion, egg-laying and

feeding behaviors, whereas octopamine antagonizes ser-

otonin and mediates a subset of effects of starvation [49].

Food and serotonin have been shown to gate mechan-

osensory responses in feeding leech via suppression of

neurotransmitter release from mechanosensory neurons

[50��]. Similarly, serotonin and octopamine gate a subset

of ASH-mediated chemosensory responses via cognate

ASH-expressed receptors in C. elegans [48,51,52].

The effects of different neuromodulators on ASH sensory

responses are remarkably stimulus-specific. Thus, food or

serotonin enhances ASH-mediated avoidance of octanol

whereas dopamine, tyramine, octopamine or starvation

decreases this response [46�,48]. By contrast, serotonin

does not mediate food-dependent enhancement of cop-

per or glycerol responses in ASH which is instead

mediated by dopamine [45��] (Figure 1b). Thus, different

neuromodulatory pathways appear to target distinct sig-

naling pathways within a single sensory neuron type.

Octopamine turns out to have a broader set of targets than

just ASH, since it regulates octanol avoidance behavior

via modulation of neuropeptide signaling from a distrib-

uted set of chemosensory neurons under starvation con-

ditions [53�]. However, whether this remarkably complex

signaling network alters sensory neuron response proper-

ties upstream (as in the case of dopaminergic modulation

of ASH responses to copper) or downstream of calcium

responses is not yet known.

Plasticity in chemosensory responses upon
prior pairing of food and chemicals
Pairing of food with odors increases the appetitive value

of the odors, whereas conversely, pairing of an odor

with starvation or another aversive stimulus decreases
dulation of peripheral chemosensory responses, Curr Opin Neurobiol (2012), http://dx.doi.org/
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subsequent responses to the odor in both C. elegans and

Drosophila [54,55]. This behavioral plasticity has been

shown to occur in higher integrative centers of the brain

[54,55]. However, at least in one recent report in

C. elegans, this plasticity has clearly been shown to arise

from changes in chemosensory neuron response

thresholds [56��].

While salt is normally attractive to C. elegans, animals will

avoid salt upon prior exposure to salt under starvation

conditions [57,58��]. Starvation in the absence of salt does

not affect salt responses [57,58��] suggesting that these

stimuli must be paired for the plasticity to occur. Imaging

of intracellular calcium dynamics has demonstrated that

changes in ASE sensory responses to salt contribute to

this ‘salt chemotaxis learning’ [56��] (Figure 2c). This

sensory experience-dependent modulation is mediated

partly via INS-1 insulin signaling from the AIA inter-

neurons, via the DAF-2 insulin receptor in the right ASE

(ASER) neurons [56��,58��] (Figure 2c). Under these

conditions, therefore, insulin appears to be the starvation

signal. How food or starvation is sensed in the context of

salt to regulate insulin secretion, and whether mechan-

isms involving modulation of chemosensory responses are

generalizable to other forms of food-associated behavioral

plasticity remain to be seen.

Conclusions
A clear theme running through the above discussion is the

remarkable complexity of mechanisms by which internal

nutritional state information is transmitted to the chemo-

sensory system to change behavior. However, this is

probably only the proverbial tip of the iceberg. What is

the reason for this complexity? For one, nutritional state-

dependent chemosensory gating is not a binary ON–OFF

switch. Instead, responses are likely to be precisely cali-

brated according to not just whether the animal has eaten

or not, but by what they have eaten and when. Behavioral

responses also change depending on how long animals

have been deprived of food. Thus, complex neuromodu-

latory pathways may be required to translate multiple

aspects of the food response to the periphery. In addition,

food signals must be integrated in the context of other

external and internal cues such as stress, emotions, sleep

and prior experience to regulate chemosensory behaviors;

precise integration of these cues may require multiple,

interconnected neuromodulatory pathways. A major chal-

lenge for the future will be to decode exactly which

aspects of the internal state map to changes in chemo-

sensory responses, and how these changes in turn map to

alterations in behavior.
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