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Abstract

The metabolic and nutritional status of an organism influences multiple behaviors in addition
to food intake. When an organism is hungry, it employs behaviors that help it locate and ingest
food while suppressing behaviors that are not associated with this goal. Alternatively, when an
organism is satiated, food-seeking behaviors are repressed so that the animal can direct itself to
other goal-oriented tasks such as reproductive behaviors. Studies in both vertebrate and inverte-
brate model systems have revealed that food-deprived and -satiated behaviors are differentially
executed and integrated via common molecular signaling mechanisms. This article discusses cel-
lular and molecular mechanisms for how insulin, neuropeptide Y (NPY), and serotonin utilize
common signaling pathways to integrate feeding and metabolic state with other motivated
behaviors. Insulin, NPY, and serotonin are three of the most well-studied molecules implicated in
regulating such behaviors. Overall, insulin signaling allows an organism to coordinate proper
behavioral output with changes in metabolism, NPY activates behaviors required for locating and
ingesting food, and serotonin modulates behaviors performed when an organism is satiated.
These three molecules work to ensure that the proper behaviors are executed in response to the
feeding state of an organism.

Index Entries: Insulin; serotonin; neuropeptide Y; invertebrate behavior; vertebrate behavior.
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Table 1
Behaviors Affected by Insulin, NPY, and Serotonin

Signaling molecule Positive regulation

Negative regulation

Insulin Learning and memory in vertebrates
Male mating in C. elegans

Neuropeptide Y Feeding in vertebrates and invertebrates
Locomotion in vertebrates

Serotonin Feeding in vertebrates and invertebrates

Male mating in C. elegans
Aggression in vertebrates
Appetite in invertebrates

Feeding in vertebrates and invertebrates

Food preference in Drosophila
Aggression in vertebrates
Social feeding in C. elegans

Feeding in vertebrates
Sexual behavior in vertebrates
Aggression in vertebrates

Avoidance of repellents in C. elegans

multiple stimuli. The organizational complex-
ity of the vertebrate nervous system has ren-
dered this goal a daunting but nonetheless
tractable task. However, invertebrate models
with less complex nervous systems, such as
Aplysia californica, Drosophila melanogaster, and
Caenorhabditis elegans show similar motivated
behavioral states and can be used to reveal
fundamental molecular signaling mechanisms
involved.

Signals regulating feeding need to be coor-
dinated with other behavioral states of the
organism. Various signaling mechanisms
believed to only regulate one aspect of food
intake actually regulate multiple facets of this
behavior. For example, insulin not only regu-
lates glucose levels in the body but also influ-
ences appetite in conjunction with various
other signaling molecules, including neu-
ropeptide Y (NPY), leptin, dopamine, and sero-
tonin (1-6). All of these signaling molecules
have multiple effects on brain function in addi-
tion to influencing other tissues and systems in
the body. Both vertebrates and invertebrates
use these signaling molecules to mediate
changes in feeding state, and not surprisingly,
these molecules have been reported to influ-
ence other motivated behaviors. This article
focuses on three of the most studied signaling
molecules implicated in regulating food
intake—insulin, neuropeptide Y, and sero-
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tonin—and discusses their effects on other
motivated behaviors (Table 1). We also high-
light the similarities between systems and the
utility of using invertebrate models to guide
behavioral research in higher organisms.

Insulin

Control of Metabolism

Insulin’s most widely studied role is its reg-
ulation of metabolism, including controlling
the body’s ability to handle food by internaliz-
ing glucose. Additionally, insulin regulates
many other functions related to metabolism,
such as reproduction and lifespan (1,7). In ver-
tebrates, insulin is synthesized in the pancreas
and is released into the bloodstream as a result
of increased blood glucose levels (8-11). Insulin
is then transported to fat and muscle cells,
where it signals these cells to uptake glucose,
thus lowering blood sugar levels (Fig. 1A; refs.
12 and 13). The biological functions of insulin
are mediated through the insulin receptor, and
the signaling pathways regulated by this
receptor are conserved across species. In verte-
brates, insulin receptors are found in various
tissues, including muscle, fat, liver, and brain
cells, consistent with insulin’s ability to con-
trol metabolism in a broad range of tissues
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(14-17). The insulin receptor is a receptor
tyrosine kinase composed of four subunits:
two extracellular subunits that interact with
the ligand and two intracellular subunits.
When brought together, the intracellular sub-
units autophosphorylate, allowing docking of
scaffolding proteins that activate kinases such
as mitogen-activated protein kinase (MAPK)
and phosphoinositide-3 kinase (PI3K) to regu-
late cell proliferation and glucose uptake,
respectively (18-20).
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Fig. 1. Cellular and molecular mechanisms of
insulin, NPY and serotonin regulation of behaviors in
vertebrates. (A), The squares depict cells in verte-
brates that act in the insulin-signaling pathway. High
blood glucose stimulates the pancreas to secrete
insulin into general circulatory system (solid arrows).
Insulin directly acts on insulin receptors on muscle
and fat cells to uptake blood glucose (solid arrows).
Insulin also acts on the insulin receptors of cells in the
hypothalamus and hippocampus (solid arrows) to
eventually attenuate feeding behaviors (dashed bar)
and facilitate memory-related tasks (dashed arrow).
(B), Insulin inhibits NPY secretion from a population
of cells in the Arcuate Nuclei. In the Arcuate Nuclei
(dashed box), GABA-secreting cells (upper solid
square) respond to insulin stimulation (dashed arrow).
Secreted GABA leads to inhibition (dashed bar) of
NPY synthesis in NPY-secreting cells (lower solid
square). In the absence of insulin, NPY from the Arcu-
ate Nuclei activates NPY receptors on other hypothal-
amic cells, which consequently promotes feeding
behaviors. (C), Activation of serotonin autoreceptors
on serotonergic cells in the Raphe Nuclei can attenu-
ate aggressive behavior. Serotonin from Raphe Nuclei
cells can promote aggressive behavior (dashed arrow)
and, through the hypothalamus, attenuate feeding
and sexual behavior (dashed bars). Stimulation of
serotonin autoreceptors or NPY receptors on the
Raphe Nuclei serotonergic cells leads to downregula-
tion of serotonin secretion (solid bar).

Insulin signaling also regulates metabolic
processes in invertebrate model systems,
including the nematode C. elegans. Mutations
that affect the C. elegans homolog of the verte-
brate insulin receptor DAF-2 result in adult
animals with increased fat storage compared
to wild-type controls (7). DAF-2 signals via the
conserved PI3K signal transduction cascade
that results in phosphorylation of the tran-
scription factor DAF-16/FOXO, inhibiting
nuclear localization of the transcription factor
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(21-23). In the absence of DAF-2, nuclear-local-
ized DAF-16 results in stress resistance and an
increase in the lifespan of the organism (Fig.
2A; refs. 24 and 25). Mutations in DAF-16 sup-
press increased fat storage of DAF-2 mutants,
suggesting that fat metabolism in C. elegans is
controlled via the conserved insulin receptor
signaling cascade (22,26,27).

Insulin-like signaling in C. elegans has also
been shown to integrate cell metabolism with
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Fig. 2. Cellular and molecular mechanisms of
insulin, NPY and serotonin regulation of behaviors in
invertebrates. (A), The squares depict a general cell
in C. elegans that responds to insulin-like signaling.
The left cell shows that insulin signaling directly acts
through the DAF-2 receptor and the PI3K kinase
(solid arrows). Consequently, the DAF-16/FOXO
transcription factor becomes phosphorylated (dashed
arrow). Phosphorylated DAF-16/FOXO does not
translocate into the nucleus. The left cell shows that
when insulin signaling is reduced, nonphosphory-
lated DAF-16/FOXO translocates into nucleus.
Therefore, low insulin signaling promotes stress resis-
tance, life-span extension and reduces mate search-
ing (dashed arrows). (B), The squares depict cells in
Drosophila. Ribosomal s6 kinase (S6K) positively reg-
ulates Drosophila insulin-like peptide (DILP) release
from DILP secreting cells. DILP activates insulin
receptors; this leads to inhibition of NPY/NPFRT sig-
naling (dashed bars), which then reduces nonpre-
ferred food intake. In different cells, DILP can also
negatively regulate DAF-16/FOXO (dashed bars) to
inhibit feeding behavior. (C), In C. elegans AQR,
PQR, and URX neurons (generalized as the square)
promote oxygen-induced aggregation behavior via
the GCY-35/TAX-2/TAX-4 pathway (solid arrows).
Neuropeptide FLP-21 stimulated NPR-1 receptors
inhibit aggregation behavior through antagonizing
this pathway in the same set of neurons (dashed bar).
(D), In the C. elegans pharynx, MC and M3 motor
neurons (depicted as squares in the left part of the fig-
ure) stimulate rhythmic pharyngeal muscle contrac-
tions (depicted as the square in the right part of the
figure). Acetylcholine from MC activates pharyngeal
muscle excitation; glutamate from M3 terminates
pharyngeal muscle excitation. 5-HT increases the fre-
quency of pharyngeal muscle action potentials by
acting on SER-7 receptor on MC and M3 neurons.
Activated SER-7 might increase MC and M3 neurons
activity indirectly (dashed arrows).

lifespan, stress response, and reproduction (7).
In addition to increased fat storage, loss of
DAF-2 function results in adult animals that
live twice as long as wild-type (7,25). In larval
animals, insulin-like signaling also regulates
lifespan by controlling the nematode’s devel-
opment into a long-lived, nonfeeding state
called the dauer larva. Normally, high levels of
an insulin-like molecule indicate abundant
food, and the dauer pathway is repressed. When
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food is not scarce, low levels of this ligand ini-
tiate the dauer pathway, which allows the
organism to survive in adverse environments.
Decreased DAF-2 signaling, either because of
starved conditions or mutation in the receptor,
results in animals that develop into dauers
(7,28). The long-lived and constitutive dauer
phenotypes of DAF-2 mutants depend on the
activity of DAF-16, implicating the require-
ment of other conserved insulin signal trans-
duction pathway components that also
regulate fat metabolism.

Additionally, work in C. elegans has impli-
cated that signals coming from the germline
affect longevity, connecting the reproductive
processes of an organism with its lifespan (29).
Therefore, insulin-like signaling in C. elegans
not only acts to control the metabolic status of
the organism but also integrates other biologi-
cal processes, including metabolism, lifespan,
and reproduction. Insulin’s control of these
processes is not just specific to invertebrates
but is also apparent in higher organisms. For
example, knocking out insulin receptors from
fat cells in transgenic mice results in animals
that have lower fat mass and live 18% longer
than control mice (30).

Control of Behaviors

Once insulin was found to pass the blood-
brain barrier and insulin receptors were iden-
tified in the vertebrate central nervous system,
insulin’s role in modulating behavior became
an active area of study (15,31-33). Two areas of
the brain found to have high concentrations of
insulin receptors are the hypothalamus (an
area involved in regulating animal activity,
emotional behavior, sexual behavior, and
metabolism) and the hippocampus (an area
involved in learning and memory) (Fig. 1A;
ref. 15). Based on brain lesion studies in rats,
these areas have been suggested to regulate
behavioral responses to food. Chemical abla-
tion of the hypothalamus results in greater
food intake and obesity (34). Conversely, hip-
pocampal lesions cause rats to eat the same
amount of food as control animals but con-
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sume much smaller amounts per meal and eat
larger numbers of meals (35). Insulin might
control how these two brain regions affect
food consumption because knocking out the
insulin receptor in the central nervous system
causes mice to increase feeding behavior (1).

In the hypothalamus and hippocampus,
studies have found a correlation between
insulin levels and behaviors associated with
learning and memory. Mice who are fed at
regular intervals eventually express higher
levels of insulin in the hypothalamus immedi-
ately prior to meal-time, and if food is not
administered at the usual time, then hypo-
thalamic insulin levels increase further (36).
This suggests that the animal may associate
signals in the environment with food, and
upregulate insulin levels at this time to pre-
pare for feeding. In the hippocampus, insulin
levels are also correlated with memory-like
behaviors. This was demonstrated using the
Morris water maze, which requires a swim-
ming rat to learn the location of a platform
submerged underwater. Rats that have been
trained to locate the platform have increased
levels of insulin receptors in the hippocam-
pus, suggesting that insulin signaling is
upregulated during learning (37). In a similar
study, diabetic rats required more time than
control rats to learn where a camouflaged
platform was located. However, when insulin
was administered to these diabetic animals,
the ability to locate the platform was restored
(38). Insulin appears to play a similar role in
memory in humans, because increasing
insulin levels increases memory in patients
with Alzheimer’s (39,40).

The role of insulin in feeding behavior has
also been investigated in invertebrate model
systems. Studies of the Drosophila insulin-like
receptor have found that insulin signaling can
negatively regulate hunger-driven behaviors,
including feeding rate and food preference.
Similarly to C. elegans, Drosophila’s genome
contains one identified insulin-like receptor
that is involved in controlling growth, body
size, lifespan, and sexual development (41—44).
To study how insulin influences feeding,
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insulin signaling was disrupted in flies to
determine if they still displayed normal feed-
ing habits. Normally, well-fed Drosophila larvae
avoid food that has been made noxious with
the bitter compound quinine. Conversely, lar-
vae that have been food-deprived eat the
altered food. When insulin receptors are selec-
tively removed from Drosophila neurons, well-
fed larvae eat food regardless if it contains
quinine or is unaltered, suggesting that food
preference of well-fed larvae is regulated by
insulin signaling in the nervous system. Con-
sistent with this, overexpressing Drosophila
insulin-like peptides (DILPs) in larvae results
in starved animals that avoid noxious food (45).

The amount of DILP secretion is controlled
by the ribosomal s6 kinase (S6K); when S6K is
upregulated in neurons that express DILPs, lar-
vae show a decreased response to food, sug-
gesting that S6K suppresses hunger response
by positively regulating DILP release (Fig. 2B;
ref. 46). Therefore, S6K activity may decrease
insulin signaling to upregulate feeding or food
foraging behaviors when the animal is starved.
Consistent with this, globally overexpressing
the DAF-16/FOXO transcription factor, which
is negatively regulated by insulin, results in lar-
vae that display behaviors associated with star-
vation. Therefore, insulin signaling through the
conserved DAF-16/FOXO signaling pathway
mediates both behavioral and metabolic
responses to food (Fig. 2B; ref. 47).

In addition to insulin’s regulation of feeding,
some studies suggest insulin plays a role in
human sexual behavior. Erectile dysfunction
(ED) has long been known to be a side effect of
men with diabetes, possibly because diabetes
has many debilitating effects on the body
(48,49). However, one study posits that dia-
betes-related ED might also be correlated with
reduced sexual libido (50). However, because
metabolism and behavior are integrated within
a complex network, it is difficult to determine
whether insulin’s effect on human sexual psy-
chology is direct.

Interestingly, a more direct link between
insulin signaling and male sexual behavior has
been found in C. elegans male mate-searching
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behavior (51). This behavior is initiated when
males are placed on a food source that does not
contain potential mating partners (hermaphro-
dites). Well-fed males leave the food source in
search of potential mates elsewhere. Con-
versely, males that have been previously food-
deprived do not display mate-searching
behavior and instead stay at the food source.
Reduction of insulin signaling via a mutation
in the C. elegans insulin-like receptor DAF-2
results in well-fed males that do not engage in
mate-searching, mimicking starved males. The
behavioral defect caused by reduced DAEF-2
signaling can be suppressed by reducing DAF-
16/FOXO function, thus demonstrating that
the conserved insulin pathway can integrate
the nutritional status of the organism with
motivational behaviors such as male mating
(Fig. 2A; ref. 51).

Neuropeptide Y

Regulation of Feeding

Similarly to insulin, neuropeptide Y (NPY)
plays a crucial role in regulating energy
homeostasis, food intake, and social behavior
in a variety of organisms; however, its cellular
effects are mediated through a G protein-cou-
pled receptor (NPY-R) rather than a receptor
tyrosine kinase. In vertebrates, NPY exerts its
effects through activating multiple NPY
receptors; for example, five different NPY
receptors, Y1, Y2, Y4, Y5 and Y6, have been
cloned in humans, rats, and mice (52-57). In
vitro studies using vertebrate cells have
shown that activated NPY receptors transmit
their signals through the pertussis toxin-
sensitive G proteins, Gi/o (58,59). Models for
how NPY uses such signaling pathways to
regulate feeding and other related behaviors
have been revealed for both vertebrates and
invertebrates.

In vertebrates, NPY signaling modulates
behaviors associated with acquiring and con-
suming nutrients. NPY receptors Y1 and Y5 are
expressed in the hypothalamus, the area of the
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brain implicated in regulating motivated feed-
ing and metabolism (Fig. 1B; refs. 53 and 60).
Intracerebroventricular injections of NPY into
the hypothalamus stimulate feeding and, over
time, can result in obese animals (61-64).
Exogenously added NPY is believed to stimu-
late Y1 and Y5 because mice with these recep-
tors knocked out have reduced or eliminated
behavioral response to NPY treatments. Con-
versely, mice lacking NPY or the Y1 and Y5
NPY receptors, do not display major feeding
defects or abnormal body weight (65-67).
However, following a period of fasting, NPY
knockout mice do show reduced responses to
food (68). These results suggest that NPY and
the Y1 and Y5 NPY receptors are not essential
when food is readily available to animals but
might be used to modulate feeding behavior
when food is scarce.

To ensure NPY-mediated behaviors are only
displayed under proper conditions, NPY sig-
naling pathways are linked with insulin-sig-
naling pathways. Studies using diabetic rats
showed that decreased insulin causes
increased hypothalamic NPY expression and
increased feeding behavior (2). In a related
study, when exogenous insulin was injected
into fasted rats with low amounts of endoge-
nous insulin, NPY levels normalized (3). These
results suggest that insulin negatively regu-
lates feeding behavior by attenuating NPY
expression and secretion. Insulin’s regulation
of NPY activity has been proposed to occur in
the arcuate nucleus region of the hypothala-
mus, because NPY messenger RNA expression
is attenuated by exogenous insulin in arcuate
nucleus cell cultures. Additionally, this
inhibitory effect requires synaptic transmission
from GABAergic cells in the culture, indicating
that insulin acts upstream of NPY-expressing
cells (Fig. 2B; ref. 69).

Behavioral studies in invertebrates such as
Drosophila have provided further insight into
how NPY signaling modifies feeding behavior.
In Drosophila larvae, the homologs of NPY and
NPYR1, neuropeptide F (dNPF), and neu-
ropeptide F receptor 1 (NPFR1) have been
implicated in regulating a behavioral switch in
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food acceptance or rejection. Developing lar-
vae are attracted to food, and this is likely a
result of the requirement to increase their body
mass before pupation. Conversely, older larvae
that have approached the time of pupation
show decreases in feeding behavior. Corre-
spondingly, dNPF RNA levels in the brain are
high in developing larvae, whereas RNA levels
decrease in older larvae, suggesting that ANPF
signaling positively regulates feeding behav-
ior, similarly to NPY signaling in vertebrates
(70). In addition to positively regulating feed-
ing in developing larva, dNPF signaling also
downregulates food preference in Drosophila.
Feeding larvae that have not been food-
deprived prefer to eat food in liquid rather
than in solid form. However, overexpressing
NPEFR1 results in indiscriminate feeding, caus-
ing the larvae to show no preference to one
type of food over the other (45,46). These results
suggest dNPF signaling may be employed to
ensure the organism feeds when food sources
are scarce. Therefore, NPFR1-expressing neu-
rons could mediate responses to food as an
organism develops and has different nutri-
tional requirements (70).

Intriguingly, studies that investigated how
dNPF signaling regulates food preference in
feeding larvae also found that this molecule
controls avoidance to noxious food, a moti-
vated behavior that is regulated by insulin.
Normally, well-fed Drosophila larvae avoid
food that has been mixed with quinine; how-
ever, fasted larvae are more willing to eat the
noxious food. Conversely, knocking down
NPFR1 in fasted larvae causes the larvae to
avoid the noxious food. Quinine aversion in
feeding larvae is also regulated by insulin sig-
naling, suggesting that dNPF levels may be
influenced by insulin, as NPY is in vertebrates.
This is supported by the observation that a
dominant-negative version of the insulin
receptor expressed in NPFR1-expressing neu-
rons causes well-fed larvae to eat noxious food
(45,46). Therefore, dNPF signaling appears to
attenuate avoidance to noxious food when the
metabolic status and insulin levels of the ani-
mal are stressed (Fig. 2B).
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Regulation of Other Motivated Behaviors

NPY signaling has also been implicated in
mediating other motivated behaviors, includ-
ing anxiety and stress-related responses in ver-
tebrates. The highest concentration of NPY
neurons in mice is located in the basolateral
nucleus of the amygdala (BLA), which is
believed to be a key regulator of fear and anxi-
ety behaviors (71,72). Recent studies have
found that injection of NPY into the BLA blocks
anxiety responses to different stress-response
assays (73). Normally, an animal that has been
restrained for 30 min and then placed with a
partner rat spends a significantly reduced
amount of time interacting (i.e., grooming)
with the other rat compared to nonstressed
controls. However, pretreatment of NPY in the
BLA results in restrained animals that interact
with their partners at normal levels.

Another stress response assay is the two-
floor choice test; rats that are injected with the
pharmacological stressor urocortin I (Ucn) on
one of the two floors spend significantly less
time on the floor that Ucn was administered,
compared to control rats that have been
injected with a non-Ucn-containing vehicle.
Conversely, NPY-pretreated rats spend approx-
imately equal amounts of time on both floors
when injected with Ucn. These results support
the idea that NPY can attenuate specific behav-
iors when the organism is stressed, such as the
dNPF-inhibition of food avoidance observed in
starved Drosophila larvae.

In addition to regulating feeding, studies of
the NPY Y1 and Y5 receptors have revealed
that Y1 and Y5 may also regulate locomotion
and addictive behaviors, respectively. Origi-
nally, the NPY Y1 receptor was believed to
only affect feeding behavior because knockout
mice gain more weight than control animals.
When these mice have been studied in more
detail, it has been evident that they also dis-
play reduced locomotion compared to control
animals. Therefore, reduced energy expendi-
ture in NPY Y1 knockout mice could explain
the observed obesity and implicate a role for
NPY in locomotion regulation (74). Recently,
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the NPY Y5 was implicated in alcohol rein-
forcement in rodent models of alcoholism.
Specifically, selective antagonism of the Y5
receptor decreased ethanol consumption and
reinforcement, suggesting that NPY signaling
pathways can contribute to abnormal displays
of food- and stress-related behaviors (75).

Signaling through the NPY receptor also reg-
ulates feeding-related social behaviors in
invertebrates. In Drosophila, 90% of older lar-
vae migrate to the border of a glucose-agar
plate, and the majority (82%) of these migrat-
ing animals then engage in a social-clumping
behavior. Because older larvae have naturally
lower levels of ANPF, this suggests signaling
through the Drosophila NPY-like receptor
downregulates social behaviors. Consistently
with the idea of dNPF signaling functioning to
inhibit clumping social behavior, dNPF-defi-
cient animals display premature social border-
ing behaviors, and overexpression of dNPF
suppresses the social bordering behavior of
older larvae (70).

Studies in C. elegans have found that NPY
receptor signaling directly controls a social-
clumping behavior similar to Drosophila larvae.
Although there is no homolog of an NPY-like
ligand, C. elegans contain a homolog of the
NPY receptor NPR-1, and signaling through
this receptor via non-NPY-like neuropeptides
regulates social feeding behaviors. Different
isolates of C. elegans display variation in feed-
ing behaviors: some feed in aggregates (social
foragers), and others feed alone (solitary for-
agers). This dimorphic behavior is controlled
by the npr-1 gene. The standard laboratory N2
strain of C. elegans contains an npr-1 allele (that
encodes an NPR-1 protein with a valine at
position 215) that promotes solitary foraging
behavior; conversely, a naturally occurring
allele that encodes a change of a single amino
acid in the receptor (NPR-1 215F) results in
aggregation behavior (76).

The amino acid change in different NPR-1
proteins has been proposed to affect how the
receptor activates its G protein and subsequent
downstream effector pathways (76,77). In C.
elegans, NPR-1 is activated by two FMR-
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Famide-related neuropeptides encoded by the
flp-18 and flp-21 genes (77). Null mutation in
npr-1 and overexpression of FLP-21 enhance
aggregation behavior, suggesting that this
might be the default behavior that is sup-
pressed by NPR-1/FLP-21 signaling (Fig. 2C).
In Xenopus ooyctes, FLP-21 can activate NPR-1
of solitary worms better than the protein from
aggregating worms, implicating that receptors
on solitary feeding animals might have greater
affinity to the neuropeptide (77,78).

High oxygen concentration is an environ-
mental signal that triggers aggregation behav-
ior in C. elegans, and NPR-1 signaling has also
been proposed to inhibit this behavior. AQR,
PQR, and URX are three sensory neurons that
promote high-oxygen-induced aggregation
behavior via the soluble guanylate cyclase
GCY-35; these neurons also express NPR-1
(79,80). Oxygen binds to GCY-35, inducing the
enzyme to catalyze the formation of cyclic
guanosine monophosphate (cGMP). This sec-
ond messenger then activates a cGMP-gated
cation channel consisting of the subunits TAX-2
and TAX-4 (81-83). When activated by high
oxygen, AQR, PQR, and URX instruct the
worm to move toward regions of low oxygen
(ref. 79; Fig. 2C). To regulate this oxygen avoid-
ance behavior, ligand-stimulated NPR-1 might
antagonize GCY-35 TAX-4/TAX-2 signaling
and repress the activity of oxygen sensing neu-
rons; consequently, aggregates of worms can
then disperse if their food source is depleted
(Fig. 2C; refs. 79 and 80). High oxygen might
act as an environmental stressor to worms, and
the finding that the C. elegans NPY-like receptor
downregulates responses to oxygen is consis-
tent with NPY-inhibition of anxiety behaviors
in rodents.

Serotonin

Modulation of Feeding Behavior
by Serotonin

Serotonin (5-HT) is one of the most ancient
neurotransmitters, and it has been implicated
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in a wide range of behaviors, including feed-
ing, mood, aggression, sleep, pain, learning,
and sexual activity (84-88). The cellular effects
of serotonin are mediated by a variety of spe-
cific cell-surface receptors (seven distinct
classes). The majority of these receptors belong
to the G protein-coupled receptor family that
transduces signals via guanine nucleotide
binding regulatory proteins. The 5-HT1 recep-
tor class signals through the G protein Gy; 5-
HT?> receptors signal through Gg; 5-HTj, 5-HTs,
and 5-HT7 receptors signal through Gs; and the
5-HTs receptor, although its cognate G protein
has not been identified, is proposed to inhibit
cyclic adenosine monophosphate (cAMP) pro-
duction (89-98). The 5-HTj3 receptor, which is a
ligand-gated ion channel, is the only known
serotonin receptor that is not a G protein-cou-
pled receptor (99). With this diverse set of
receptor types, serotonin can act as both an
activator and an inhibitor, allowing it to regu-
late and integrate many different behaviors.

In vertebrates, serotonin appears to play a
primarily inhibitory role in feeding behavior
by acting in the hypothalamus. Exogenous 5-
HT or drugs that stimulate serotonin signaling
result in decreased food intake in free-fed and
food-deprived rats (4-6). Alternatively, drugs
that antagonize serotonin receptor signaling
increase food intake (88,100-102). Intraperi-
toneal injections of 5-HT agonists and antago-
nists in rats have identified 5-HT G
protein-coupled receptors involved in both
suppressing and activating feeding behavior.
Agonists specific for the 5-HTip and 5-HTic
receptors decrease food intake and induce
behaviors associated with food satiation such
as exploratory behavior, grooming, and sleep
(103). Conversely, administration of agonists
specific to the 5-HTia receptor appears to
mediate the opposite response. In the Raphe
nuclei, the main source of serotonergic neurons
in the brain, administration of 5-HT1a receptor
agonists increases food intake by activating
somatodendritic autoreceptors, which inhibit
cell firing and reduce serotonergic transmis-
sion (Fig. 1C; refs. 104-109). It is not currently
known how 5-HTja signaling in the brain stem
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coordinates with other serotonin receptor sub-
types and other brain areas to modulate feed-
ing. Overall, it has been proposed that
serotonin signaling acts on the hypothalamus
to control the satiation process by negatively
regulating how long the animal feeds. This is
supported by the findings that increased 5-
HT2a /28 receptor signaling in the hypothala-
mus decreases the duration of individual
meals but has no effect on the frequency of
meals taken (5,110,111).

Similarly to the vertebrate systems, sero-
tonin appears to play a major role in modulat-
ing feeding behaviors in invertebrates. In C.
elegans, serotonin regulates feeding behavior
by controlling the sensitivity of the muscular
organ responsible for feeding, the pharynx.
Administration of exogenous serotonin results
in increased pharyngeal muscle contraction
and food intake, whereas chronic depletion of
serotonin reduces pharyngeal contraction rate
(112-115). Similarly to insulin and NPY, sero-
tonin appears to be modulatory, because sero-
tonin-deficient animals can still contract their
pharyngeal muscle and ingest food, albeit at a
decreased efficiency (115). Cell-ablation studies
have found that the pharyngeal muscles have
their own intrinsic firing capability, and the
pharyngeal neurons M3 and MC serve to regu-
late timing and feeding efficacy (116). The M3
motor neurons inhibit muscle contraction by
releasing glutamate, and the MCs stimulate
muscle contraction via the neurotransmitter
acetylcholine (Fig. 2D; refs. 112 and 116-121).
The increase in pharyngeal muscle contrac-
tions by serotonin requires synaptic transmis-
sion and the M3 and MC neurons, suggesting
that the effect of 5-HT regulates feeding by
affecting receptors on pharyngeal neurons
(120,122). Consistently, researchers have deter-
mined that 5-HT stimulation of the pharynx
requires the C. elegans 5-HT7-like G protein-
coupled-receptor (SER-7), which is expressed
in pharyngeal neurons MC and M3, but not in
the pharyngeal muscles (Fig. 2D; ref. 123). In
humans, the 5-HT7 receptor is expressed
widely in the brain. It has been implicated
in relaxation of smooth muscle, circadian
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rhythms, migraines, sensory processing, and
regulation of limbic processes, although it is
not entirely clear how it regulates these behav-
iors (124,125).

In Apylsia, many classical studies have
demonstrated the importance of serotonin in
the formation of learning and memory, and
recent findings have shown it also plays a role
in feeding behavior. Feeding behavior in
Aplysia consists of an anticipatory or appetitive
phase during which the animal senses and
seeks out food, followed by a physical feeding
phase that includes repetitive biting and swal-
lowing. Previous contact to food results in
faster response time and subsequent biting,
suggesting that the anticipatory state of the ani-
mal, or its appetite, can influence the feeding
phase (126-128). Both in vitro and in vivo stud-
ies suggest serotonergic neurons that are active
during the appetitive phase play an important
role in establishing the preparatory state for
feeding behaviors (129-131). It has been pro-
posed that during the appetitive phase, sero-
tonergic neurons are active and increase their
synaptic output to motorneurons responsible
for feeding (131). Serotonergic input increases
the sensitivity of these neurons to upstream
food signals, causing them to stimulate muscles
faster in the presence of food.

Serotonergic Integration of Feeding
With Other Motivated Behaviors

In addition to regulating appetite and satia-
tion, serotonin signaling pathways also regu-
late the proper timing and execution of other
behaviors linked to feeding. Aggressive behav-
ior is sometimes associated with feeding when
organisms are competing for natural resources;
in rodents, serotonin signal transduction path-
ways appear to regulate both feeding and
aggression. Intraperitoneal injections of 5-HT
receptor agonists have found that stimulation
of 5-HT1 reduces aggressive behavior, whereas
stimulation of 5-HT3 receptors leads to an
increase in aggression (132-134). It is not clear
how serotonin regulates aggression in verte-
brates at the neural and molecular levels,
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because removal of serotonin signaling has
broader effects than aggression. Historically,
serotonin is believed to play a primarily
inhibitory role in aggression because of the
finding that depletion of serotonin in the
Raphe nuclei leads to increased aggression
(135,136). However, recent studies on the 5-
HT1a receptor have challenged this view. In
the Raphe nuclei, the benzodioxopiperazine
drug S 15535 increases 5-HTja autoreceptor
activity on serotonin secreting cells and simul-
taneously decreases 5-HTia activity on their
postsynaptic partners (137,138). Using S 15535,
researchers determined that activating 5-HT1a
autoreceptors on serotonergic neurons in the
Raphe nuclei decreases aggressive behavior.
This suggests that 5-HT1a autoreceptors in the
Raphe nuclei act in presynaptic neurons to
inhibit aggressive behavior by decreasing sero-
tonergic neurotransmission (Fig. 1C; ref. 139).
Because serotonin signaling appears to both
repress and facilitate aggression, it has been
proposed that increased serotonin signaling
activates normal responses of aggression,
whereas abnormal responses of aggression
occur when serotonin is significantly low (140).
The finding that the 5-HT1a receptor acts as
an autoreceptor to regulate aggression is similar
to its proposed role in feeding behavior, sug-
gesting that 5-HT14 signaling pathways may be
involved in integrating these two behaviors.
The finding that NPY appears to couple territor-
ial aggression and feeding by acting on 5-HT1a-
expressing neurons in the Raphe nuclei is
consistent with this idea. Loss of NPY signaling
as a result of knocking out the Y1 receptor in
mice results in increased territorial aggression,
and this aggressive phenotype can be sup-
pressed by administration of a 5-HT1a receptor
agonist (141). It is possible that the feeding and
aggression are regulated by the same intracellu-
lar pathways because both Y1 and 5-HTia
receptors signal through Gi/o (Fig. 1C).
Serotonin also regulates male mating behav-
iors in vertebrate model systems. Activating 5-
HTxc receptors facilitates erections and inhibits
ejaculation, whereas pharmacological stimula-
tion of 5-HTia facilitates ejaculation and
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represses sexual satiation (142-144). Addition-
ally, it has been proposed that high levels of
serotonin after ejaculation may result in the
observed quiescence and latency until the next
mating attempt. This is supported by the find-
ing that injection of selective serotonin re-
uptake inhibitors into the anterior lateral
hypothalamic area increases the latency of
males to copulate, and this effect is blocked by
5-HT>a antagonists (Fig. 1C; refs. 145 and 146).
The role of serotonin signaling in reducing
mating drive is similar to its role in satiation
during feeding behavior; both of these moti-
vated behaviors are modulated by 5-HT2a
receptor signaling in the hypothalamus. There-
fore, it is possible that serotonin signaling may
link sexual motivation with feeding status in
vertebrates; it remains to be determined how
these two behaviors are integrated at the cellu-
lar and molecular levels.

Similarly to vertebrates, behavioral studies in
C. elegans have shown that serotonin signaling
coordinates feeding with other food-dependent
behaviors. These behaviors include, but are not
limited to, locomotion, egg-laying, chemotaxis,
and male mating. Serotonin regulates locomo-
tion rate in response to the food status of the
worm. Specifically, food-deprived animals dis-
play an “enhanced slowing response” by sig-
nificantly decreasing their locomotion when
they encounter food (bacteria). However, this
behavioral response is defective in serotonin
biosynthesis mutants and in animals lacking
the serotonergic neurons in the pharynx, the
NSMs (147).

Serotonin levels and feeding status also regu-
late chemosensory avoidance in C. elegans.
Normally, well-nourished worms avoid the
chemical repellent octanol; 10 min of starvation
results in a decreased response to the repellent.
Endogenous serotonin is required for response
of well-fed animals to octanol; mutants lacking
the serotonin synthesis enzyme tryptophan
hydroxylase mimic starved animals. In this
case, it appears that serotonin acts directly on
one pair of chemosensory neurons via the
worm-specific G protein GPA-11 to mediate the
change in sensitivity to the aversive chemical
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Fig. 3. Insulin, NPY, and serotonin (5-HT) integrate multiple behaviors associated with feeding state. A
schematic diagram summarizing general behaviors (closed boxes) influenced by insulin, NPY and 5-HT is
shown. Arrows indicate positive regulation of the behavior by the neurotransmitter, whereas bar-headed lines
indicate negative regulation. Both insulin and serotonin signaling are activated by food intake and negatively reg-
ulate behaviors associated with low food intake and positively regulate reproductive and social behaviors. Con-
versely, NPY levels rise in response to decreased food intake; NPY negatively regulates social and environmental
responses and positively regulates locomotion and feeding to ensure the animal acquires and ingests food.

octanol. This behavioral change has been
explained by the idea that food deprivation in
starving animals relaxes responses to aversive
stimuli, which allows the animal to search for
food in nonpreferred environments (148). The
effect of serotonin on chemosensation in
starved and nonstarved animals parallels the
effects of insulin and NPY on Drosophila larval
feeding, consistent with the idea that various
signaling molecules regulate motivated behav-
iors via common intracellular pathways.
Feeding status and serotonin levels also
affect C. elegans male mating behaviors. For
example, the insulin-regulated mate-searching
behavior discussed earlier also requires sero-
tonin signaling, because serotonin-deficient
males show a significant decrease in mate-
searching behavior, similarly to starved males
(51). Feeding state and mating behavior may
be integrated via the NSM pharyngeal neu-
rons, which express serotonin and other neu-
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ropeptides that could signal the presence of
food to the rest of the animal (113,115,
117,149,150). When a male is on a food source,
the pharynx rapidly contracts to ingest bacte-
ria, but when he locates a hermaphrodite and
initiates copulation, the pharyngeal contrac-
tions are repressed, a response that is depen-
dent on the NSM neurons. Additionally, males
that are food-deprived or contain mutations
that affect muscle contractile proteins in the
pharynx have reduced sex muscle excitability
and are less likely to engage in mating, a phe-
notype that can be suppressed by ablating the
NSM neurons. These results suggest that the
NSMs can downregulate the male genitalia in
response to pharyngeal signals and can regu-
late pharyngeal muscle contractions in
response to sexual stimulation (151). It is possi-
ble that this pair of neurons use various signal-
ing molecules such as serotonin to regulate
feeding and mating behaviors positively when
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food is abundant as well as other neuropep-
tides to negatively regulate these behaviors
when food is scarce. Therefore, individual cir-
cuits may coordinate the proper timing of feed-
ing and other motivated behaviors by utilizing
different signaling molecules.

Conclusion

Both vertebrates and invertebrates appear to
utilize insulin, NPY, and serotonin signal trans-
duction pathways to regulate behaviors that
are associated with or are dependent on the
presence of food in the environment (Fig. 3).
These systems are coordinated to ensure proper
behavioral responses to external and internal
conditions. Insulin signaling mainly coordi-
nates behaviors with energy homeostasis and
metabolism; NPY signaling is involved in regu-
lating behaviors that are required to ensure sur-
vival under poor nutrient conditions; and
serotonin signaling appears to modulate
behaviors that should be displayed during
nutrient-rich conditions. Dietary intake is likely
correlated with the synthesis of insulin, NPY,
and serotonin, which makes these molecules
ideal for modulating other behaviors that
should be performed according to food accessi-
bility. Using a small set of such signaling mole-
cules, an organism can coordinate the proper
timing of different behaviors without having to
utilize multiple intracellular pathways for each
behavior. However, mistakes in modulating a
diverse range of behaviors with a few key regu-
lators can lead to complex behavioral dysfunc-
tions, such as the eating disorders anorexia and
bulimia nervosa (152-154). In vertebrates, the
organizational complexity of the nervous sys-
tem makes it difficult to gain a detailed under-
standing of neural and molecular principles of
signal transduction and how to treat such con-
ditions. This can be seen most readily in
humans, where the drive to eat is not only
influenced by hunger or satiation but is also
affected by psychological and cultural aspects.
Because serotonin, insulin, NPY, and other mol-
ecules regulate the same areas of the brain in
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vertebrates, it is likely they are modulating the
same intracellular pathways to regulate moti-
vated feeding behaviors. Invertebrate models
such as Drosophila and C. elegans allow a
detailed analysis of these signal transduction
pathways within a less complex nervous sys-
tem. Such studies can reveal basic principals of
nervous system design and offer new direction
for vertebrate models.
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