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Abstract This review considers the factors involved in
the regulation of feeding and metabolism in response to
food deprivation using Caenorhabditis elegans as a model
organism. Some of the sensory neurons and interneurons
involved in food intake are described, together with an
overview of pharyngeal pumping. A number of chemical
transmitters control feeding in C. elegans including
5-hydroxytryptamine (5-HT, serotonin), acetylcholine,
glutamate, dopamine, octopamine, and tyramine. The
roles of these transmitters are modified by neuropeptides,
including FMRFamide-like peptides (FLPs), neuropep-
tide-like protein (NLPs), and insulin-like peptides. The
precise effects of many of these neuropeptides have yet to
be elucidated but increasingly they are being shown to
play a role in feeding and metabolism in C. elegans. The
regulation of fat stores is complex and appears to involve
the expression of a large number of genes, many with
mammalian homologues, suggesting that fat regulatory
signalling is conserved across phyla. Finally, a brief
comparison is made between C. elegans and mammals
where for both, despite their evolutionary distance, clas-
sical transmitters and neuropeptides have anorectic or
orexigenic properties. Thus, there is a rationale to support
the argument that an understanding of the molecular and
genetic basis of feeding and fat regulation in C. elegans
may contribute to efforts aimed at the identification of
targets for the treatment of conditions associated with
abnormal metabolism and obesity.
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Introduction

There has been interest in feeding and food deprivation
in C. elegans for over 30 years (Avery and Horvitz
1990). However, with the increasing occurrence of
obesity in Homo sapiens as a consequence of Western
diets (O’Rahilly and Farooqi 2008), there is mounting
interest in using this model genetic animal to delineate
molecular mechanisms of food intake, metabolism, and
metabolite storage, particularly in relation to fat.
Increasingly evidence suggest that the genes involved in
storage and metabolism are similar in humans and
C. elegans, with the latter having orthologues of a
number of the relevant human genes. In this review, the
regulation of feeding, food metabolism, and its storage in
response to food deprivation will be considered in
C. elegans, together with a brief comparison with the
situation in mammals. In particular, there is a focus
on the neurohormonal and neuronal pathways and the
behavourial outputs that drive food intake in the absence
of calorific requirement.

Feeding in C. elegans is closely linked with the reg-
ulation of pharyngeal pumping. In addition, the control
of body wall muscle and the neuromuscular junctions
that drive locomotion are important structures as they
enable the organism to express the changes in patterns of
activity that allow it to re-locate and move towards food
sources. Therefore, the regulation of both systems will be
described. The literature regarding the factors that induce
dauer formation or regulate ageing in C. elegans is
extensive but although both factors are closely associated
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with the availability and intake of food, neither will be
considered in this review. The reader is also referred to
two recent reviews which complement the current review
and deal with aspects of fat storage and its regulation
(Mullaney and Ashrafi 2009; Watts 2009). Tables 1 and
2 have been included to assist the reader in the identi-
fication of the main neurons and genes described in the
text.

Neural networks

The neural networks involved in the regulation of food
intake in C. elegans are probably under the control of a
range of stimuli including chemical signals emanating from
food sources in the environment (Chalasani et al. 2007),
and mechanical signals produced by the physical presence
of food, either externally or internally. Furthermore, but

Table 1 A summary of the main neurons described in this review, together with their transmitters, neuropeptides, and receptors

Neuron Transmitter Neuropeptide Receptor
ADE-mechanosensory Dopamine - DOP-2
AlIA-amphid interneuron Acetylcholine INS-1, FLP-1s, FLP-2s NPR-11, GLR-2
AIB-amphid interneuron - - GLR-1, MGL-2, NPR-9, GLR-2
AlY-amphid interneuron Acetylcholine FLP-18s, FLP-1s SER-2, mACh, mglr-, GLR-3, MGL-1, FLP-R*
AQR-sensory - - NPR-1
ASH-mechanosensory Glutamate - INS-1
ASI-amphid sensory - DAF-7, DAF-28, INS-1, INS-9, NLP- NPR-5, DAF-11
1s, NLP-18s, FLP-10, FLP-21, NLP-
5/7, NLP-9, NLP-14s, NLP-24s,
NLP-27s
ASJ-sensory - NLP-3 DAF-11
ASK-chemosensory Glutamate - -
AVA-command interneuron - FLP-1s, FLP-18s, FLP-22 DA-R, NPR-4, GLR-1/2, GLR-4/5, NMR-1/2
AVB-command interneuron - - DA-R, GLR-1, GLR-5, GGR-3
AVD-command interneuron - - -
AWA-sensory - INS-1 -
AWC-amphid sensory Glutamate NLP-1s DAF-11 (guanylyl cyclase)
CEP-mechanosensory Dopamine FLP-22 DOP-2
DVA interneuron - NLP-12 GLR-4/5, NMR-1, SER-2, SER-4, GGR-3
I-1-pharyngeal interneuron - NLP-3 GLR-7/8, ACM-2
I-2-pharyngeal interneuron - NLP-3, NLP-8 GLR-7/8, ACM-2
I-3-pharyngeal interneuron - NLP-3 GLR-7/8
I-5-pharyngeal interneuron 5-HT, Glutamate
[-6-pharyngeal interneuron Acetylcholine NLP-3 GLR-7/8
M-3-pharyngeal motoneuron Glutamate FLP-13s, FLP-18s, NLP-3s GLR-8, NPR-1
M-4-pharyngeal motoneuron Acetylcholine FLP-21s SER-7b, ACM-2, GLR-8
MC-pharyngeal motoneuron Acetylcholine FLP-2s, FLP-21s SER-7, GLR-8
MI-pharyngeal intereuron - - GLR-2

NSM-pharyngeal motoneuron  5-HT, Glutamate

NLP-19s
PDE-mechanosensory Dopamine -
PQR-mechanosensory - -
RIC-interneuron Octopamine FLP-7s, FLP-22
RIG-interneuron - FLP-1s, FLP-18s
RIM-interneuron Tyramine FLP-18s
RIV-interneuron - -
SIA-interneuron Acetylcholine -

URX-interneuron - -

FLP-4s, NLP-3s, NLP-13s, NLP-18s,

SER-1, GLUT-R

DOP-2

NPR-1

DOP-3, DAF-1, DAF-3/4
DOP-3, DAF-1, DAF-3/4
NPR-4

SER-3, DOP-2/3

NPR-1

Data taken from references detailed in the text and www.wormbase.org

 In addition to those receptors listed ALY also has tachykinin-like, somatostatin-like, bombesin-like and cholecystokinin-like receptors

@ Springer


http://www.wormbase.org

Invert Neurosci (2010) 10:63-76

65

Table 2 A summary of the main genes described in the review

Gene Protein Expression

Acr-7 Alpha-like subunit of nicotinic Ach® receptor Pharyngeal muscle

Ckr-2 NPL-R (homologue of mammalian CCK® receptor) -

Daf-2 Insulin/growth factor receptor (protein kinase domain) Nervous system, head neurons, intestine

Daf-3 Co-SMAD protein (transcription factor) Widespread, including intestine, nervous system, pharynx

Daf-7 Transforming growth factor f§ ASI sensory neuron

daf-16 Transcription factor of HNF-3/forkhead Widespread, probably all neurons

eat-2 Nicotine-gated ion channel subunit (Ach receptor) Pharyngeal muscle

eat-18 Small protein required for Ach (nicotinic) transmission by M5 Pharyngeal muscle, M5

egl-3 Homologue of mammalian proprotein convertase Widespread in head/tail neurons

exp-2 Expulsion defect (defecation) Pharyngeal/enteric muscles, head neurons

fasn-1 Fatty acid synthase Widespread

far-5 A-9 fatty acid desaturase Intestine/pharynx

far-6 A-9 fatty acid desaturase Intestine/hypodermis

fat-7 A-9 fatty acid desaturase Intestine

fip-18 FLP-18 peptides ATY, AVA, RIG, RIM interneurons, M-2/3 motoneurons

gar-3 Muscarinic Ach receptor Pharyngeal muscle, I-3 and extrapharyngeal neurons

glc-3 Glutamate-gated chloride channel ALY interneuron

glr-1 Glutamate-gated cation channel AIB interneuron

gpb-2 G-protein f§ subunit Throughout nervous system and muscle

mgl-1 Metabotropic glutamate receptor ALY interneuron

mgl-2 Metabotropic glutamate receptor AIB interneuron

mod-1 5-HT anion-gated channel Head/tail neurons, ventral cord

nhr-49 Nuclear hormone receptor -

nip-1 Neuropeptide-like peptides AWC sensory neuron

nlp-12 Neuropeptide-like peptides DVA interneuron, coelomocytes

npr-2 Neuropeptide-like peptide receptor -

npr-4 Neuropeptide-like peptide receptor AVA, RIV interneurons, intestine

npr-5 Neuropeptide-like peptide receptor Several sensory neurons, AIA, AUA interneurons, muscle

npr-7 Neuropeptide-like peptide receptor -

npr-9 Neuropeptide-like peptide receptor AIB interneuron

pept-1 Peptide transporter Intestine

phm-1/7 Pharyngeal muscle proteins Pharyngeal muscle

rbg-3 Rab specific GTPase-activity protein Amphid head/phasmid tail neurons

ser-1 Orthologue of mammalian 5-HT2 receptor Widespread, including M4, NSM, MC pharyngeal neurons
and muscle

ser-2 Tyramine receptor AlY, AIZ, RIA, NSM and other neurons, pharyngeal
muscle

ser-3 Octopamine receptor (homologue SIA interneuron, pharynx, head neurons, nerve ring,

of mammalian 5-HT4 receptor) intestine

ser-6 5-HT G protein-coupled receptor Subset of head/tail neurons

ser-7 Orthologue of 5-HT7 receptor Pharyngeal neurons, intestine

tph-1 Tryptophan hydroxylase NSM, I-5 pharyngeal neurons

tub-1 Homologue of mammalian fubby gene Most ciliated sensory neurons

unc-31 Orthologue of human calcium dependent Widespread in neurons, vulvar muscle

activator protein for secretion

4 Acetylcholine

b Cholecystokinin
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less well studied, are the chemosensory pathways and
receptors that must be involved in detecting the metabolic
and nutritional state of C. elegans. These sensory inputs
that are activated by either external or internal signals are
clearly integrated, and changes in such stimuli result in
whether the animal adopts foraging behaviour. This
behaviour involves a distinctive repertoire of forward
movement, reversals, and turning.

A number of neurons have been implicated in behaviour
associated with feeding, including the amphid wing sensory
neurons, AWC, and the amphid interneurons, AIY (Gray
et al. 2005). AWCs are activated following the removal of
an odour which in turn stimulates the turning behaviour in
the animal which underpins local area search behaviour.
This is tightly temporally regulated and is observed in the
first 15 min following removal from food while the animals
continue to search for food in a restricted immediate area.
AWC:s release the neuropeptide NLP-1 that activates AIA
interneurons, probably through the predicted G protein-
coupled receptor for neuropeptides, NPR-11, and AlAs
induce feedback inhibition onto AWCs via INS-1 (an
insulin-related neuropeptide) (Chalansani et al. 2010).
These authors found that INS-1 is required for the biological
activity of NLP-1. AWCs also synthesise and release glu-
tamate as a transmitter which is involved in local area
search behaviour (Chalasani et al. 2007). Glutamate
released from AWCs acts on a number of follower inter-
neurons, including AIYs, Fig. 1. AIYs synthesise and
release both acetylcholine and FLP-18s (FMRFamide-like
neuropeptides) (Altun-Gultekin et al. 2001; Wenick and
Hobert 2004). These cells express about 25% of all
C. elegans G protein-coupled neuropeptide receptors, at least
6 ion channels, including a glutamate-gated chloride channel
(GLC-3), SER-2 (tyramine) receptors and metabotropic
receptors for acetylcholine and glutamate (Wenick and
Hobert 2004). These findings support the observations of
White et al. (1986) that AIYs receive many synaptic inputs
and in addition are probably activated non-synaptically by
neurohormones. AWCs also synapse onto the amphid
interneurons, AIB, which express glr-1, a glutamate-gated
cation channel. When activated by odour removal, AWCs
activate AIBs via GLR-1 (an AMPA-like receptor) but
inhibit AI'Ys via GLC-3 (glutamate-gated chloride channel/
receptor). Both interneurons play a role in local search
behaviour (Chalasani et al. 2007). This behaviour is man-
ifest as repetitive bursts of reversing and turning, but these
events are inhibited after about 15 min when the animals
begin to extend their food search to explore other areas.

The response of an animal to being placed in an envi-
ronment without food is related to its fed state. Thus, when
well-fed animals are placed in an environment without
food, they show a relatively high frequency of reversals as
they exert behaviour which optimises the possibility of
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Fig. 1 The pathway connecting sensory neurons to ventral moto-
neurons. The amphid sensory neuron, AWC, is activated when an
odour is removed while its basal activity is reduced following
application of an odour. AWC synapses onto primary interneurons
(neurons with direct input from sensory neurons) including ALY
which in turn synapse onto secondary interneurons (neurons only
connected to other interneurons) including RIB. RIB synapses with
command interneurons including AVB and AVA, and these command
interneurons regulate ventral motoneurons to induce forward and
backward movement (after Tsalik and Hobert 2003)

finding food in the immediate area. Conversely, when
food-deprived animals are placed in an environment
without food, their reversal rate is much less frequent.
These animals may undertake straight forward runs of
movement to rapidly escape the unfavourable environment
(Tsalik and Hobert 2003). In addition, there are me-
chanosensory neurons which respond to food texture, viz,
ADEs, PDEs and CEPs (Sawin et al. 2000). When well-fed
animals are transferred to a bacterial lawn, they move more
slowly compared to animals transferred to a plate lacking
bacteria. This is termed “the basal slowing response” and
is due to the ADE, PDE, and CEP dopaminergic neurons
sensing the mechanosensory stimulus of the bacteria.
ADEs synapse onto a number of neurons including the
command interneurons, AVA. PDEs synapse onto DVA
which is activated by body stretch to fine-tune motor
activity (Li et al. 2006).

Feeding

Feeding has been extensively studied in C. elegans (Sey-
mour et al. 1983; Avery 1993a) and depends on pharyngeal
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pumping activity which has been reviewed in depth
(Franks et al. 2006). In a detailed investigation, Avery
identified 35 genes involved in feeding including 7 phm
(pharyngeal muscle) genes which when mutated led to
abnormal muscle contraction. Furthermore, this work
identified 26 eatr genes in which mutants had a disrupted
pharyngeal muscle movement but were still able to sustain
relatively vigorous pumping. Avery considered that the eat
genes affected either the pharyngeal nervous system
function or/and muscle functions that regulate contraction.
Pharyngeal muscle function is dependent on EXP-2, a
voltage-activated potassium channel, which is responsible
for rapid repolarization and which supports muscle relax-
ation and the fast closing of the lumen necessary to force
food into the intestine (David et al. 1999). Pumping is
regulated by an intrinsic pharyngeal nervous system con-
sisting of 20 neurons which is linked to the rest of the
nervous system through a single pair of neurons, RIP
(pharyngeal ring interneurons) neurons (Albertson and
Thompson 1976; White et al. 1986). In the absence of
pharyngeal motoneurons, pharyngeal pumping can con-
tinue albeit slow and uncoordinated (Avery 2010; Avery
and Horvitz 1989). In addition, pharyngeal pumping can be
influenced by neurohormones released from neurons
extrinsic to the pharyngeal nervous system. However, it
should be noted that the pharynx is separated from
the pseudocoelom by its own basal lamina for which
the molecular structure has been described in detail
(www.wormatlas.org), but it has been proposed that
C. elegans lacks a functional blood-brain barrier (Nass
et al., 2008), and so neurohormones could pass from the
pseudocoelomic fluid to the pharynx.

The phenomenon of starvation in C. elegans was first
investigated by Croll and Smith (1978) and subsequently
by Avery and Horvitz (1990). Croll and Smith failed to find
an effect of food deprivation (4 h fasting) on feeding
behaviour measured over a 25-min period at minute
intervals though they found that bacteria stimulated
pumping. In their study, Avery and Horvitz defined star-
vation as being deprived of food for 2 h and found that
starved animals responded to much lower concentrations of
bacteria than well-fed C. elegans. These authors found a
clear increase in pumping rate after 4 h of starvation.
Starved C elegans all responded to bacteria with rapid
pumping, while only 50% of the well-fed animals pumped
rapidly. The quality of food also influences pumping with
poor-quality food increasing the rate, while high-quality
food decreases pumping rate (You et al. 2006). Starvation
would therefore seem to induce a signal which can change
the feeding behaviour of the animal as assayed by pha-
ryngeal pumping. One of these factors would appear to be
MAPK (mitogen-activated protein kinase) which is often
engaged by stress responses including those associated

with starvation. This pivotal regulator of cell signalling is
susceptible to receptor activation and in C. elegans is
stimulated following the activation of muscarinic receptors
in the pharynx following starvation (You et al. 2006). The
muscarinic agonist, arecoline, stimulated pharyngeal mus-
cle MAPK in a way that was inhibited by the antagonist
atropine in gpb-2 mutants that are sensitive to starvation
due to a defect in their pharyngeal muscle. In contrast,
neither nicotine nor 5-HT activated MAPK. In another
study to investigate molecules that modify the starvation
signal Kang and Avery (2009) found that leucine, glutamine,
valine, and alanine could suppress the starvation-induced
death of gpb-2 mutants. The metabotropic glutamate
receptors MGL-1 and MGL-2 were involved in this effect
with MGL-1 located on AIY neurons and MGL-2 receptors
located on AIB neurons. While leucine suppressed starva-
tion-induced stress resistance and the extension of life-span
in wild-type animals, mutations of mgl-1 and mgl-2 pre-
vented these effects of leucine. Kang and Avery also found
evidence that AIYs and AIBs might be able to directly
detect amino acids rather than through a sensory neuron,
such as AWC, and that amino acids might act as anti-
hunger signals in wild-type C. elegans. They found evi-
dence to suggest that food or amino acids activate AIYs
which then inhibit the starvation response, while food or
amino acids inhibit AIBs which activate the response.
There are no direct synaptic links between AIYs and AIBs
with pharyngeal muscle, and so it is likely that neurohor-
monal effectors act from these neurons onto the muscle
with various classes of monoamines and neuropeptides
having a possible role. In this regard, AIYs express the
flp-18 neuropeptide gene, while it is not known which
peptide genes are expressed in AIBs. It has also been
shown that AIY neurons are involved in the extension of
roaming periods and are essential for efficient food seeking
(Shtonda and Avery 2006). IP; signalling through activa-
tion of IP;Rs in the terminal bulb and isthmus of pharynx
and in the nervous system has also been shown to play a
role in the food-induced stimulation of pharyngeal pumping
in C. elegans (Walker et al. 2002).

Transmitters regulating feeding

A number of amines have been implicated in the regulation
of feeding with the best evidence for 5-hydroxytryptamine
(5-HT, serotonin) (Horvitz et al. 1982; Avery and Horvitz
1990). Croll (1975) was first to propose a role for 5-HT in
the coordination of nematode behavioural activities,
including eggs laid, vaginal/vulval activity, and pharyngeal
bulb contractions. Since his pioneering work, a number of
papers have been published demonstrating that 5-HT can
increase the resting pumping level from around 40 pumps
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per minute to a maximum of around 250 pumps per minute
(Avery and Horvitz 1990; Niacaris and Avery 2003). It has
also been shown that a reduction in endogenous levels of
5-HT through the removal or reduction in the activity of
tryptophan hydroxylase, the rate limiting enzyme for the
synthesis of 5-HT, results in a low pumping rate in the
presence of bacteria and a raised level of stored fat
(Sze et al. 2000). However, in the absence of food, tryptophan
hydroxylase—deficient mutants, fph-1, pump at rates com-
parable to wild-type animals (Sze et al. 2000). Thus, while
5-HT is required for the up-regulation of pumping in the
presence of food, it is not necessary for basal pumping rate.
On closer analysis, Hobson et al. (2006) showed that tph-1
mutants can pump at rates similar to wild-type, but their
pumping behaviour is erratic and they fail to sustain fast
pumping. 5-HT is present in pharyngeal neurons, with the
main 5-HT-containing cells being the paired NSM neurons
(Horvitz et al. 1982) that synapse onto pm5 muscles of the
isthmus (Albertson and Thompson 1976). It is likely that IS5
whose axons extend forward to the terminal bulb and ter-
minate in the nerve ring also contains 5-HT (Sawin et al.
2000). The observation that 5-HT cannot stimulate pump-
ing in ser-7 mutants but that bacteria can provides evidence
that 5-HT is not the only transmitter relaying physiological
stimuli associated with the feeding state (Hobson et al.
2006). Interestingly, these authors found that pharyngeal
pumping in ser-7 mutants was inhibited by 5-HT while
pumping was stimulated by bacteria, suggesting a feedback
system activated through a different 5-HT receptor. SER-1
5-HT receptors are widely distributed on pharyngeal
neurons (M4, NSMs, MCs) and muscle, interneurons,
motoneurons, and touch receptor neurons (Carre-Pierrat
et al. 2006; Hamdan et al. 1999; Hobson et al. 2003; Tsalik
et al. 2003; Xiao et al. 2006). Since the cholinergic MC
neurons have SER-7 receptors, it is possible that 5-HT
activation of these receptors also plays an indirect physi-
ological role in regulating pumping. 5-HT can also activate
neuropeptide signalling pathways e.g. it stimulates DAF-2
insulin-like signalling in C. elegans (Sze et al. 2000).

In addition to 5-HT, both acetylcholine and glutamate
are present in identified neurons in the pharyngeal nervous
system. At least 8 neurons, many of them motoneurons,
contain acetylcholine and 5 neurons contain glutamate,
including both I5 and the NSM neurons (Rand et al. 2000;
Chiang et al. 2006; Lee et al. 1999). Since acetylcholine is
excitatory on pharyngeal muscle, it probably plays a role in
activating pharyngeal pumping (Avery and Horvitz 1989).
This is particularly true for the MC and M4 neurons which
innervate the metacarpal and isthmus muscles, respectively
(Albertson and Thompson 1976). Both nicotinic and mus-
carinic receptors are present on pharyngeal muscle. EAT-2,
EAT-18, and ACR-7 are examples of nicotinic receptors,
while GAR-3 is an example of a muscarinic receptor on
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pharyngeal muscle (McKay et al. 2004; Steger and Avery
2004). Inhibitory junctional potentials (ijps) can be recor-
ded from pharyngeal muscle during the period of muscle
contraction and shorten the duration of each syncytial
muscle contraction (Avery 1993b; Li et al. 1997). These
ijps are due to activation of the glutamate-containing M3
neurons which therefore have a role in pump activity (Dent
et al. 1997; Li et al. 1997). Following ablation of M3, these
ijps are absent (Li et al. 1997). At least some of the sensory
neurons in C. elegans are glutamatergic, including the
mechanosensory (ASH) and chemosensory neurons (ASK)
(Lee et al. 1999) and feeding status and 5-HT can influence
the responses of these cells which activate follower com-
mand interneurons through glutamatergic synapses (Chao
et al. 2004). Cation selective non-NMDA receptors are
expressed in many command interneurons, including
AVAs, AVEs, AVDs, AVBs, and PVCs (Hart et al. 1995;
Maricq et al. 1995; Brockie et al. 2001). Thus, both 5-HT
and glutamate contribute to changes in the activity of cir-
cuits which can modify pharyngeal pumping. In addition, a
number of pharyngeal neurons express ionotropic gluta-
mate receptors, viz, 11-3, 16, MI, M3-4, MCs, and NSMs
(Brockie et al. 2001), indicating a key role for glutamate in
the regulation of pharyngeal pumping. It is probable that
changes in levels of 5-HT, acetylcholine, glutamate, or
neuropeptides, due to changes in metabolic state, can
influence feeding activity in C. elegans.

Octopamine and tyramine can also be added to the list of
transmitters influencing feeding since they both inhibit
pharyngeal activity (Rogers et al. 2001). Epinastine is a
selective antagonist of the octopamine-mediated inhibition
(Packham et al. 2010). Only one pair of neurons contains
tyrosine decarboxylase but not tyramine-f-hydroxylase,
viz, RIM motoneurones, and it is likely that these neurons
release tyramine as a transmitter or neurohormone (Alkema
et al. 2005). RIM has a reciprocal gap junction with AIYs.
The only pair of neurons containing both tyrosine decar-
boxylase and tyramine-f;-hydroxylase is RIC, and these
neurons are likely to release tyramine and octopamine
(Alkema et al. 2005). However, neither amine has been
identified in neurons in the pharyngeal nervous system but
both could act as neurohormones as they impact on
pumping and their receptors are expressed in the pharynx.
These transmitters are often discussed as the parallel of the
adrenergic system. Dopamine, octopamine, and glutamate
have all been implicated in the responses associated with
the presence or absence of food (Hills et al. 2004; Suo et al.
2006, 2009a, b). In the presence of food, C. elegans
exhibits area-restricted search (ARS) behaviour associated
with the release of dopamine from certain sensory neurons,
viz, CEPs, PDEs, and ADEs. Dopamine can then act on
two follower cell circuits. Dopamine can act on command
interneurons, viz, AVAs, AVBs, AVDs and PVCs, which
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also express GLR-1 and GLR-2, both AMPA-like gluta-
mate receptors. In turn, these command interneurons
synapse onto motoneurons which regulate forward and
backward movement. In the presence of food, dopamine
can inhibit the octopamine-containing RIC neurons
through activation of DOP-3 receptors which results in
ARS behaviour. In the absence of food, no dopamine is
released and there is no ARS behaviour, but octopamine is
now released from RIC neurons. This octopamine can
activate cholinergic SIA neurons through SER-3 receptors.
This leads to CREB activation in the SIA neurons (Suo
et al. 2009a). In the presence of food, dopamine acts on
DOP-2 and DOP-3 receptors located on SIA neurons to
inhibit CREB activation through the inhibition of G
signalling by activating GOA-1 (G,,). The interaction
between DAF-7, DAF-3, octopamine, tyramine, and
glutamate in pharyngeal pumping and the accumulation of
fat (Greer et al. 2008) will be described in the section on
the regulation of fat stores.

Neuropeptides regulating feeding

In a study using egl-3 and egl/-2] mutants which have a
severely depleted profile of neuropeptides, there was a
decrease in the fat content of the intestine, supporting a role
for neuropeptides in feeding and/or fat storage (Husson
et al. 2006, 2007).

It is likely that most if not all the pharyngeal neurons
contain one or more neuropeptides, in addition to small
molecule neurotransmitters. These are either FLPs
(FMRFamide-like peptides) or NLPs (neuropeptide-like
peptides) (Kim and Li 2004; Li 2005; Li and Kim 2008;
Nathoo et al. 2001). For example, these authors have
identified a number of FLPs in M2, M3, M4, M5, 11, 12,
14, 15, 16, NSM, and MC neurons. FLPs and NLPs also
act on pharyngeal muscle to either excite or inhibit
pumping (Papaioannou et al. 2005, 2008; Rogers et al.
2001).

One of the key interneurons involved in the response
following an olfactory stimulus is the primary interneuron,
AIY. As already described, this neuron expresses a large
number of G-protein-coupled receptor genes associated
with neuropeptides including a tachykinin-like receptor,
somatostatin-like receptor, bombesin-like receptor, CCK-
like receptor, and an FMRFamide-like receptor (Wenick
and Hobert 2004). In addition, AIYs synthesize and release
FLP-18s onto follower neurons or as neurohormones and
the roles of these FLPs have been investigated by Cohen
et al. (2009). Four neuropeptide receptors mutants (npr) are
associated with changes in intestinal fat, viz, npr-2, npr-4,
npr-5, and npr-7, all having raised levels in intestinal fat
compared to wild-type C. elegans. This would suggest that

neuropeptides acting on these receptors are involved in the
storage and metabolism of fat. Cohen et al. tried to identify
the neuropeptides by injecting cRNA corresponding to
each NPR into Xenopus oocytes and then applying neuro-
peptides to determine which activated the receptors.
Since fip-18 is expressed in AlY, they first tested FLP-18
peptides. There are six FLP-18s, all with a C terminal -
PGVLRFamide and with a total of 8—12 amino acids (Kim
and Li 2004, 2008). FLP-18 peptides activated both NPR-4
and NPR-5 receptors, with NPR-5 responding more
strongly than NPR-4. FLP-21 also activated both receptors,
but FLP-23 and FLP-32 had no effect. These authors found
that npr-4 was expressed in a number of sites including
AVA and RIV neurons and parts of the intestine while npr-
5 was expressed in a number of amphid neurons, viz, ADF,
ASE, ASG, ASI, ASJ, ASK, AWA and AWB and in AIA
and AUA interneurons. npr-5 was also expressed in head,
neck, and body wall muscles. Cohen et al. (2009) found
that flp-18 mutants were defective in finding near-threshold
odour sources and that this property could be restored if
flp-18 was specifically expressed in AIYs. This confirms
that AIYs play a role in behaviours associated with odour
detection. These authors also found evidence that FLP-18s
released from AIYs activate a switch in behaviour from
local search for food to dispersal after prolonged
food withdrawal, i.e., playing a role in reversal behaviour.
FLP-18s activated NPR-4 receptors on RIV to regulate
reversals and on AVA to regulate turning behaviour, both
events associated with foraging. They concluded that
FLP-18 peptides released from AIY and RIG interneurons
act on a group of sensory neurons and on intestinal muscle
to regulate accumulation of intestinal fat. Both FLP-18 and
FLP-21 peptides acting on NPR-1 have been implicated in
social feeding in C. elegans with FLP-21 peptides acting in
vivo to inhibit social feeding and on release could activate
NPR-1 on AQR, PQR, and URX body cavity neurons
(Rogers et al. 2003) as these authors showed that fip-21 is
expressed in the intestine. NPR-1 has been cloned and
sequenced and shown to be related to the mammalian NPY
receptor (de Bono and Bargmann 1998) and is expressed
on sensory, motor, and interneurons in C. elegans (Coates
and de Bono 2002).

Two cholecystokinin (CCK)-gastrin-like peptides have
been identified in C. elegans, viz, DYRPLQFamide
(NLP-12a) and DGYRPLQFamide (NLP-12b), together
with their receptors, C.CKR-2a and C.CKR-2b, respec-
tively (Janssen et al. 2008). nip-12 is expressed in a ring
interneuron, DVA, and all six coelomocytes. DVA is
associated with the integration of mechanosensory infor-
mation and provides input to the anterior and posterior touch
circuits (Wicks et al. 1996). The pharyngeal pumping rate of
nlp-12 and ckr-2 mutants was the same as wild type, but both
mutants showed an increase in fat storage. crk-2 mutants
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but not nlp-12 mutants had a reduced amylase secretion.
Taken together these effects would indicate a reduced
metabolism of the fat and carbohydrate stores. These
results provide evidence for a role for NLP-12 in the reg-
ulation of fat storage in C. elegans and complement the
findings that CCKs in mammals are involved in satiety to
regulate food intake (Dufresne et al. 2006). They reinforce
an earlier finding where tripeptidyl peptidase II (TPPID),
which degrades cholecystokinin-8 in mammals and is
expressed in fat-storing cells in C. elegans, regulates fat
storage in C. elegans (McKay et al. 2007). RNAi of TPPII
decreased fat stores in C. elegans.

As already described, AWCs play a key role in odour
detection and subsequent locomotor activity. In addition to
glutamate, AWCs synthesize NLP-1s. nlp-1 encodes three
NLP-1-like neuropeptides with a common C terminal of
-FRMSFa (Li and Kim 2008). NLP-1s act on AIAs through
NPR-11 to inhibit AIAs (Chalansani et al. 2010). AIAs
in turn provide feedback inhibition either directly or
indirectly through the release of INS-1. An NPR which has
been implicated in local search behaviour is NPR-9, an
allatostatin/galanin-like receptor (Bendena et al. 2008).
npr-9 mutants showed a lack of roaming behaviour on
food, that is, where animals progress in a forward direction
which is briefly interrupted by backward movement to
change the direction of forward movement. When not on
food, npr-9 mutants showed shortened forward movement
with high angle turns equivalent to wild-type animals
(Bendena et al. 2008). npr-9 mutants accumulate fat in
their intestines and the gene is only expressed in the AIB
interneurons. Bendena et al. (2008) propose that NPR-9
may act antagonistically to GLR-1 (also present on AIB) to
regulate foraging. Neuropeptides, including the one which
activates NPR-9, may also inhibit release of glutamate
(Mellem et al. 2002). Neuropeptides have been shown to
inhibit synaptic activity of glutamate neurons in mammals
(Gao and van den Pol 2001). Bendena et al. (2008) con-
sider that NLP-5 and NLP-6 are the most likely ligands to
activate NPR-9 since their peptides resemble allatostatin-
like peptides. There are three NLP-5s with a C terminal of
-TLGGMGL/Famide and four NPL-6s with a C terminal of
-F/MGF/Lamide (Li 2005).

Further, evidence for the possible role of neuropeptides
comes from the work of Lee and Ashrafi (2008). These
authors found that UNC-31, which has been implicated in
neuropeptide release (Speese et al. 2007), acts in a group of
head sensory neurons, viz, AWAs, ADFs, ADLs, and ASHs
to modulate the degree of starvation survival in L1 C. elegans.
The mechanism is through the action of TRPV (transient
receptor potential vanilloid) channels located on the cilia of
these sensory neurons. The TRPV channel is involved in
sensing nutrient availability which may in turn influence the
survival of L1 larva in starvation conditions. This activation
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results in the release of dense core vesicle material which
acts on DAF-2 receptors. The material could be INS-1 since
ins-1 is expressed in AWA, ADF, and ASH neurons though
evidence suggests that this peptide may act as an antagonist
at DAF-2 receptors (Li and Kim 2008; Pierce et al. 2001). In
the absence of UNC-31, the survival in conditions of star-
vation is enhanced. It has also been shown that unc-31
mutants pump constitutively, that is, they pump in the
absence of food, even when well fed (Avery et al. 1993).
This pumping might be due to the reduction in or absence of
the release of one or more neuropeptides.

Regulation of fat stores

Fats in C. elegans are stored mainly in the intestine as
triglycerides which are formed by the esterification of fatty
acids with glycerol. Fatty acids are obtained either from
bacteria or synthesized de novo, and both systems play a
role in the accumulation of C16 and C18 mono- and
polyunsaturated fatty acids (MUFAs and PUFAs, respec-
tively) (Watts 2009). Monoethyl branched chain fatty acids
(mmBCFAs), C15 iso and C17 iso, are derived almost
entirely from de novo synthesis since they do not occur in
bacteria (Watts 2009). MUFAs synthesized by A9 desatu-
rases (FAT-5,6,7) are very common in triglycerides and
phospholipids. MUFAs are essential for life in C. elegans
since the triple mutant, fat-5;fat-6;fat-7, is not viable
(Brock et al. 2006). Thus, the correct fatty acid composi-
tion of C. elegans must be maintained.

The storage of fat in C. elegans can be regulated by
several factors including 5-HT, insulin-like peptides and
other growth factor like receptors ligands including DAF-7/
TGFp. The regulation of fat by 5-HT appears to be a
distinct metabolic response activated by the nervous system
and separate from the 5-HT system which regulates feeding
(Srinivasan 2008). While 5-HT activates feeding rate
(Horvitz et al. 1982) it lowers the level of stored fat. Which
5-HT receptors are involved in these two events? ser-1 and
ser-7 mutants showed wild-type fat levels, but their feeding
rate did not increase when exposed to 5-HT. In contrast, in
the presence of 5-HT, the fat levels in mod-I and ser-6
mutants were higher than wild type, while their feeding
rates were raised. The double mutant, mod-1;ser-6 had
even higher fat levels than the single mutants. From this, it
can be concluded that the 5-HT receptors involved in fat
storage are MOD-1 (a 5-HT-gated chloride channel) and
SER-6 (Srinivasan 2008). ser-6 is expressed in a subset of
head and tail neurons (Srinivasan 2008) while mod-1 is
also expressed in several head and tail neurons and in the
ventral cord (Ranganathan et al. 2000). There is no evi-
dence for mod-1 expression in any muscle, suggesting it
functions at the neuronal level. Srinivasan (2008) also
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found evidence that mobilization of fatty acids by 5-HT
and the prevention of their breakdown at the same time by
inactivation of genes regulating f-oxidation results in a
homeostatic reduction in feeding rate. This neural fat
regulating system which is independent of feeding can
cause fat store reduction by stimulating lipid oxidation
through activation of f-oxidation genes. Srinivasan (2008)
also found evidence that the insulin pathway is not required
for the reduction in fat levels by 5-HT since daf-16 mutants
still showed a fall in fat levels following 5-HT treatment.
However, the raised fat levels of daf-2 mutants were
reduced by 5-HT treatment.

A number of receptors and ligands have been implicated
in fat storage in C. elegans, including the insulin-like
receptor DAF-2 and DAF-7 for which the receptors are
DAF-1 and 4 (Ashrafi et al. 2003; Kimura et al. 1997; Mak
et al. 2006; Watts 2008). DAF-28, INS-1, and INS-7 have
all been proposed as ligands for DAF-2 (Li et al. 2003;
www.wormatlas.org). In a key paper, Ashrafi et al. (2003)
used RNAi to demonstrate that 305 genes when inactivated
resulted in a fall in stored fat in C. elegans, while 112
genes when inactivated resulted in a rise in stored fat. This
is a surprisingly high number and it is interesting that
RNAI for these genes also often leads to a reduction in fat
levels in daf-2, tph-1, and tub-1 mutants which have higher
levels of fat than wild type. There was a particularly good
correlation between wild-type and daf-2 mutants while a
number of the RNAIi clones failed to reduce fat levels in
tph-1 and fub-1 mutants. However, there was a strong
correlation between whether these RNAi clones could or
could not reduce fat storage in fph-1 and tub-I mutants.
Ashrafi et al. (2003) concluded that the fat-increasing
signals due to fph-1 and fub-I mutations have at least one
common pathway which is distinct from the pathway that
raises fat storage in daf-2 mutants. This is linked to the
observation that both 5-HT and TUB-1 signalling occur in
neurons, while fat regulation associated with DAF-2 also
occurs in non-nervous tissue (Apfeld and Kenyon 1999;
Wolkow et al. 2000). Some of the genes described by
Ashrafi et al. (2003) are known to alter fat metabolism, for
example, genes encoding enzymatic components of mem-
brane lipid biosynthesis, -oxidation of fat and components
of sterol metabolism. RNAi of a glutamate (C43H6.9)
receptor and a somatostatin-like receptor (F56B6.5) resul-
ted in raised fat levels. These authors found that over 50%
of the fat regulating genes in C. elegans had mammalian
homologues that had not been implicated in fat storage
regulation. fub-1 is an orthologue for the mammalian tubby
gene (Liu et al. 1999) and can regulate fat storage inde-
pendent of daf-16 (Mukhopadhyay et al. 2005). These
authors found that TUB-1 interacts with a RabGTPase-
activating protein, RBG-3, to regulate fat storage. tub-1 is
expressed in ciliated amphid head neurons, viz, ASI, ADL,

ASK, AWB, ASA, AS]J, in ciliated phasmid tail neurons,
viz, PHA and PHB, and in the dopamine-containing neu-
rons, PDE. rbg-3 is also expressed in amphid head neurons
and phasmid tail neurons. rbg-3 RNAI greatly decreased fat
storage of fub-1 mutants and slightly reduced fat storage in
wild-type C. elegans. It was concluded that RBG-3 acted
downstream of TUB-1 (Mukhopadhyay et al. 2005).
McKay et al. (2003) characterized C. elegans homologues
of two mammalian genes, SREBP and C/EBP which con-
trol mammalian adipogenesis (Rosen et al. 2000) and found
that RN A targeting of either gene resulted in the loss of fat
stores in C. elegans. These authors also found two mito-
chondrial respiratory chain genes which when inhibited
resulted in a depletion of fat stores. Deletion of the nuclear
hormone receptor gene, nhr-49, orthologous to mammalian
PPARSs (peroxisome proliferator-activated receptors) raises
the level of fat in C. elegans (van Gilst et al. 2005). This is
a key gene since it influences the expression of 13 genes
involved in energy metabolism in C. elegans. In a recent
paper, Brooks et al. (2009) found that fat storage levels in
C. elegans depended on the strain of bacteria they were fed.
In the absence of AIY interneurons, C. elegans still showed
differential fat storage related to the bacteria they were
grown on, indicating that sensory pathways were not
essential for this effect. All the mutants tested, apart from
pept-1 mutants, which lack a functional peptide transporter,
showed differences in fat stores depending on the strain of
bacteria they were fed. These authors concluded that
nutritional cues deriving from the intestine regulated fat
stores independently from any hormonal influences. Inter-
estingly, they found that Nile Red staining of fixed animals
provided a better indicator of fat stores than Nile Red
staining of live animals. However, in vivo studies investi-
gating lipid storage mechanisms in C. elegans have been
undertaken using CARS (coherent anti-Stokes Rahman scat-
tering) microscopy (Hellerer et al. 2007). Accumulation of
epidermal fat can be detected using this method.

As mentioned earlier, there is a role for insulin-like
receptors and insulin-like peptides in metabolism and
growth in C. elegans. DAF-28/insulin-like peptide (56
amino acids with a C terminal of TACCPRLL) activates
DAF-2/insulin-like receptor to activate growth and its gene
is expressed in ciliated neurons, ASI and ASJ (Pierce et al.
2001; Li 2005). DAF-7 is also expressed in ASIs and is
activated by an abundant supply of food (Ren et al. 1996).
Activation of this gene in larval stages leads to progression
to adult, while inhibition of DAF-7 promotes dauer
formation (Ren et al. 1996). Down-regulation of either the
insulin or TGF-f pathway results in fat accumulation
(Ashrafi 2007). The regulation of fat and feeding has been
thoroughly investigated by Greer et al. (2008). In their
paper, they present evidence that the accumulation of fat
and feeding behaviour is independently regulated. The
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pathways are summarized in Fig. 2. DAF-7 is a ligand
which activates DAF-1 and DAF-4 receptors. While daf-7
is only expressed in ASI interneurons, its receptors are
widely expressed in C. elegans. When DAF-1 and DAF-4
are activated, DAF-3 (a transcription factor related to
vertebrate Smad-4 proteins) is inactivated. DAF-3 stimu-
lates the release of octopamine and tyramine from RIC and
RIM neurons, respectively, and both amines inhibit pha-
ryngeal pumping. Greer et al. investigated the mechanism
whereby inactivation of DAF-7 causes fat accumulation in
spite of reduced feeding rate. Changes in neuropeptide,
acetylcholine, or dopamine levels did not alter fat
accumulation in daf-7 mutants, while changes in glutamate
function reduced fat accumulation in these mutants. Loss of
either mgl-1 or mgl-3 reduced excess fat accumulation
in daf-7 mutants, demonstrating a role for metabotropic
glutamate receptors in fat accumulation. These mutants
have increased de novo fat synthesis which is dependent on
daf-3 which may activate an unknown signal from RIM/RIC
to regulate fat storage through release of glutamate which in
turn activates MGL-1 and MGL-3 receptors in head neurons
(Fig. 2 legend for description). In the absence of fasn-1
(which encodes fatty acid synthase), daf-7 mutants have
reduced fat levels. fasn-1 is expressed in epidermal cells and
these cells together with intestinal cells are the main sites for
fat storage in C. elegans.

Carbohydrate stores

Glycogen is the main carbohydrate store in nematodes
and is stored in a wide variety of tissues (Behm 1997,
2002). Glucose-1-phosphate is converted to glycogen via
UDP-glucose pyrophosphorylase, glycogen synthase and
branching enzyme. The genes for UDP-glucose pyrophos-
phorylase, KO8E3.5, and for branching enzyme, TO4A8.7,
have been identified in C. elegans. The disaccharide, tre-
halose, is the only/major sugar found in the haemolymph of
nematodes, while there is little free glucose (Behm 1997).
Two genes have been identified in C. elegans, viz, ZK54.2
(trehalose-6-phosphate synthase) and F19HS.1 (trehalose-
6-phosphate phosphatase which are involved in the
synthesis of trehalose from UDP-glucose (Pellerone et al.
2003). The glyoxylate cycle, that is, the net synthesis of
carbohydrate from acetyl CoA 2 carbon substrate occurs in
C. elegans embryos where there is a fall in triglyceride
levels as the level of carbohydrate rises.

Comparison with position in mammals

There are striking similarities between the physiological
pathways that regulate fat storage in C. elegans and in
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Fig. 2 The role of DAF-7 in the regulation of feeding and fat storage.
Expression of daf-7 is only detected in ASI amphid sensory neurons.
In the presence of food, a DAF-7 is released and activates DAF-1 and
DAF-4 receptors on RIM and RIC interneurons. Activation of these
receptors inhibits DAF-3 and in turn no tyramine is released from
RIM neurons nor octopamine from RIC neurons. Therefore, the
inhibitory receptors, SER-2 and SER-3 receptors, located within the
pharyngeal system, are not activated and pharyngeal pumping
increases. However, in the absence of food b DAF-7 is not released
from ASI neurons and DAF-1 and DAF-4 receptors are not activated.
This allows activation of DAF-3 which results in the release of
tyramine and octopamine from RIM and RIC neurons, respectively.
Tyramine and octopamine activate SER-2 and SER-3 receptors,
respectively, which reduce pharyngeal pumping rate and hence
feeding. Not shown, but also of note, is that activation of DAF-3 also
results in the activation of MGL-1 and MGL-3 metabotropic receptors
located on head neurons leading to the stimulation of de novo fat
synthesis in epidermal and intestinal cells. The signal from RIM and
RIC neurons to activate glutamate release is not known (after Greer
et al. 2008)

mammals (Mullaney and Ashrafi 2009). For example,
insulin, 5-HT, and TUBBY are all involved in fat storage
in mammals (Noben-Trauth et al. 1996; Leibowitz and
Alexander 1998; Lewis et al. 2002). Feeding and energy
expenditure are regulated through the interaction of
hormones and neurotransmitters, for example, in mammals
the hypothalamus contains centres involved in the con-
trol of appetite and satiety (Arora and Anubhut 2006;
Konturek et al. 2005). The major transmitters involved are
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Table 3 A summary of main mammalian hormones involved in the regulation of feeding

Peptide Amino acids C-terminal sequence Action
Neuropeptide Y (NPY) 36 -YINLITRQRYa' Orexigenic
Melanin-concentrating hormone (MCH) 19 -GRVYRPCWQV-OH Orexigenic
Orexin A 33 -GNHAAGILTLa Orexigenic
Agouti-related peptide (AGRP) 132 -GTAMNPCSRT-OH Orexigenic
Galanin 29 -RSFHDKYGLAa Orexigenic
Ghrelin 28 -KKPPAKLQPR-OH Orexigenic
26RF 26 -RKKGGFSFRFa Orexigenic
Galanin-like peptide 60 -LPYPQSQLAS-OH Orexigenic/Anorectic?
o-Melanocyte-stimulating hormone?® 13 SYSMEHFRWGKPVa Anorectic
Glucagon-like peptide 30 -EFIAWLVKGRa Anorectic
Peptide YY 36 -YLNLVTRQRYa Anorectic
Cholecystokinin (CCK) 58, 39, 33,12 8 (DR)DY(SOsH)MGWMDFa Anorectic
Leptin 146 -LQQLDVSPEC Anorectic
Corticotropin-releasing factor (CRF) 41 -HSNRKLLDIA Anorectic
Neurotensin 13 pQLYENKPRRPYIL Anorectic
Amylin 37 -SSTNVGSNTYa Anorectic
Bombesin 14 pPQRLGNQWAVGHLMa Anorectic
Insulin 51 —SLYQLENYCN4 Anorectic
-ERGFFYTPKT®
NPFF 11 SQAFLFQPQRFa Anorectic

Where the peptides are longer than 14 amino acids, only the C terminal 10 amino acids are given. In the case of CCK, the 8 amino acid sequence
is given plus the 2 previous amino acids of the longer sequences in brackets. a = amide', depends on the species®, derived from Proopio-

melanocortin (POMC)3, A and B chains of insulin*® , respectively

amines, such as 5-HT (anorectic), dopamine and nor-
adrenaline (equivalent to octopamine in C. elegans)
(orexigenic), while the hormones include the orexins
(orexigenic) and leptin (anorectic). These hormones may
be synthesized in the periphery, for example, in the ali-
mentary canal or adipose tissue (leptin) or centrally in the
specific parts of the hypothalamus or both in the periph-
ery and centrally, such as ghrelin (Nakazato et al. 2001;
Kageyama et al. 2010). From Table 3, it is clear that the
mammalian system has a number of hormones which are
either anorectic or orexigenic and which interact to reg-
ulate food intake. Few homologies have been reported
between the mammalian hormones and receptors and
those in C. elegans apart from insulin-like peptides
(Pierce et al. 2001), NPR-1 and NPY receptor (de Bono
and Bargmann 1998), though a CCK-like peptide (NLP-12)
which may reduce fat storage (Janssen et al. 2008) and a
galanin-like receptor (NPR-9) (Bendena et al. 2008) have
recently been identified. Two RFamide peptides have
been identified in mammals which influence food intake,
NPFF may regulate insulin release and therefore food
intake (Panula et al. 1996) and 26RFamide which stim-
ulates food consumption (Chartrel et al. 2003).The major
hormones involved in the regulation of feeding in mam-
mals are listed in Table 3 but will not be considered in

detail in this review. The hypothalamus is the main area
of the brain involved in the regulation of food intake,
particularly the arcuate nucleus and the lateral hypothal-
amus. Leptin plays a major role in the inhibition of
feeding and does this in part by inhibiting NPY and
activating galanin-like peptide (GALP) and propiomela-
nocortin (POMC) which is cleaved to release a-melano-
cyte-stimulating hormone («-MSH). It is likely that a
similar, though simpler, system of peripheral and central
sites involving the release of orexigenic and anorectic
compounds exists in C. elegans, though no hormone has
yet been identified in the fat storing cells in the intestine
of C. elegans (Mullaney and Ashrafi 2009). In their
review, Mullaney and Ashrafi also list the differences
between the mechanisms for storage in C. elegans and in
mammals. In the future, it will be interesting to try and
establish the equivalent of feeding and satiety centres in
C. elegans. In C. elegans, these centres are likely to be at
the level of individual neurons or small groups of neurons
and the combination of molecular genetic and behavioural
approaches employed in the studies reviewed here provide
a powerful route to move this field forward.
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