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Abstract

Genetic analysis in the nematode C. elegans has provided important insights into many aspects of neuronal cell biology, includ-
ing functions related to addiction. Specifically, genetic and molecular screens to have been used to identify molecules involved in
long-term responses to drugs of abuse and to analyze the mechanisms underlying their effects on nervous system development,
plasticity, and behavior. This review presents a personal view of addiction-related research in C. elegans, and includes a discussion
of technical innovations that have facilitated neurobiological analyses in C. elegans and a look at future prospects drug addiction
research in simple animal models.
# 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

The analysis of simple, genetically tractable organ-

isms has provided critical insights into the nature of

many complex biological processes. For example, the

fundamental mechanisms underlying the control of

gene expression, cell-cycle progression, and multi-

cellular development were initially defined in large part

as a result of genetic analysis in bacteria, yeast, and the

fruit fly Drosophila. The ability to use an essentially

unbiased phenotype-driven genetic screen to identify

molecules involved in these processes was critical in

converting these initially mysterious questions into

tractable scientific problems. Today, many of the

remaining scientific mysteries lie in the realm of neu-

roscience; for example, how do mental and behavioral

states relate to the functional states of neurons and

neural circuits, and how are these processes affected by

experience, genetics, and the external environment?

These questions lie at the heart of understanding drug

addiction, and it is likely that genetic analysis in simple
model organisms will have an important role to play in
their solution.
The nematode Caenorhabditis elegans is particularly

well suited to the genetic dissection of behavior and
nervous system function. C. elegans is among the most
amenable organisms with a nervous system for classical
and molecular genetic analysis; it has a short (3-day)
generation time, is capable of self- and cross-fertiliza-
tion, and has a completely sequenced genome consist-
ing of approximately 19,000 genes. Reporter molecules
and other transgenes can be readily targeted to specific
cell-types in stable transgenic animals, and double-
strand RNA interference can be used to rapidly deter-
mine loss-of-function phenotypes of uncharacterized
C. elegans genes. Perhaps most importantly, C. elegans
has a remarkably small and well-characterized nervous
system. Whereas mammalian nervous systems contain
trillions of neurons, and even Drosophila contains hun-
dreds of thousands of neurons, an adult C. elegans her-
maphrodite contains exactly 302 neurons, each of
whose precise identity, developmental lineage, and
physical synaptic connectivity is known (Sulston and
Horvitz, 1977; Sulston et al., 1983; White et al., 1986).
Thus, in C. elegans it is a relatively tractable problem
to correlate the phenotypes of behavioral mutants with
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perturbations in specific molecular defects in nervous
system function or development. This makes it possible
to use genetics as a powerful tool to define basic mol-
ecular mechanisms underlying poorly understood
aspects of neuronal function, including those involved
in addiction.
We have used C. elegans behavioral genetics to

investigate a number of key aspects of the cell biology
of addiction. In particular, we have used genetic and
molecular screens to identify molecules involved in
long-term responses to nicotine, as well as to dissect
the molecular basis for the effects of dopamine and
serotonin on nervous system development, plasticity,
and behavior. This review presents an overview of
addiction-related research in C. elegans, with a parti-
cular but not exclusive focus on our own work.
Included is a description of important technical inno-
vations that have facilitated analyses of drug response
mechanisms (and more generally, nervous system function
and behavior) in C. elegans, and a view of future pro-
spects for the use of simple genetic models in the study
of drug addiction.
2. Identification of molecules involved in responses
to drugs of abuse

Among all addictive substances, tobacco has been
implicated in the largest number of premature deaths
(Peto et al., 1992). Nonetheless, major gaps exist in our
understanding of the molecular mechanisms that
underlie the compulsive use of tobacco. Long-term
effects of nicotine, a potent stimulant and cholinergic
agonist, are almost certainly responsible for many of
tobacco’s addictive properties (Clarke, 1991; Pontieri
et al., 1996; Pidoplichko et al., 1997). Chronic exposure
to nicotine has been shown to cause adaptive changes
in the sensitivity and number of nicotinic receptors in a
wide range of neural tissues, including the reward path-
ways of the mammalian brain (Simasko et al., 1986;
Marks et al., 1992; Peng et al., 1994). These changes
are thought to be important for the acquisition of
nicotine tolerance, the appearance of withdrawal symp-
toms, and the increase in drug-seeking behavior. How-
ever, many questions remain about the basic molecular
processes that are important for mediating these chan-
ges and how these processes function within the neuro-
nal circuitry of the brain to modify behavior.
Nicotine has major acute and chronic effects on the

behavior of C. elegans. The acute effects of nicotine
include an increase in egg-laying rate, hypercontraction
of the body wall muscles (Lewis et al., 1980), and in
males, protraction of the mating spicules (Garcia et al.,
2001). These actions of nicotine all involve a specific
nicotinic receptor subtype, called the levamisole recep-
tor due to its sensitivity to the nematode-specific
agonist levamisole. The subunits of the levamisole recep-
tor have been identified in genetic studies (Lewis et al.,
1987; Fleming et al., 1997). The expression of the two
non-a levamisole receptor subunits, encoded by the
unc-29 and lev-1 genes, is mostly restricted to motor-
neurons and muscle cells, while the a subunits encoded
by unc-38 and unc-63 are widely expressed in the brain
neurons as well (Fleming et al., 1997; A. Gottschalk
and W. Schafer, unpublished data). The levamisole
receptor-dependent effects of nicotine on egg-laying,
locomotion, and male spicule protraction all appear to
involve both pre-synaptic and post-synaptic receptor
function (Waggoner et al., 2000; Garcia et al., 2001;
Kim et al., 2001). In addition to the levamisole receptor,
the C. elegans genome contains approximately 40
additional genes encoding nicotinic receptor subunits;
however, the roles of these receptors in C. elegans
behavior are not well-characterized (Squire et al., 1995;
Ballivet et al., 1996; Bargmann, 1998).
Chronic nicotine treatment also affects C. elegans

behavior. In particular, long-term nicotine exposure
leads to long-lasting changes in egg-laying behavior
including increased tolerance to nicotinic agonists
(Waggoner et al., 2000). These changes result at least in
part from a downregulation in the abundance of the
UNC-29 nicotinic receptor protein in the egg-laying
muscles. Since this downregulation is independent of
the unc-29 promoter and is blocked by proteasome
inhibitors, it is likely that chronic nicotine causes an
increase in the regulated degradation of UNC-29 pro-
tein. Interestingly, the downregulation of levamisole
receptors in the egg-laying system is dependent on a
PKC isoform encoded by a C. elegans gene called
tpa-1, as well as several other genes encoding compo-
nents of the phospholipase C signaling pathway. Since
nicotinic receptors of both vertebrates as well as worms
contain PKC phosphorylation sites (Eusebi et al., 1985;
Downing and Role, 1987; Safran et al., 1987), it is
possible that phosphorylation of one or more receptor
subunits is involved in targeting the receptor for degra-
dation; alternatively, PKC could regulate nicotinic
receptor activity indirectly through the mediation of
other regulatory molecules. Future studies of other
downregulation-defective mutants should identify
additional molecules involved in long-term nicotine
responses, which may play conserved roles in nicotine
addiction in humans.
Another drug whose abuse is extremely widespread

is ethanol. The mechanisms underlying ethanol addic-
tion are even more poorly understood than for nic-
otine, since even the targets for acute ethanol
intoxication have not been unambiguously identified. A
number of receptors and channels, including the
NMDA, serotonin and GABA receptors and various
voltage-gated ion channels, appear to be modulated by
the presence of ethanol (Diamond and Gordon, 1997);
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however, the relative importance of each of these puta-
tive direct targets for the in vivo psychoactive effects of
ethanol has not been well-established.
In C. elegans, ethanol treatment alters behavior in a

manner reminiscent of intoxication in humans (Davies
et al., 2003). For example, ethanol treatment decreases
locomotor activity, reduces the amplitude of body
bends during movement, and inhibits egg-laying beha-
vior. Estimates of the critical internal ethanol con-
centrations for these effects are close to the ethanol
concentrations in the blood of intoxicated humans,
suggesting that ethanol’s effects on nematodes and
humans may be mechanistically related.
To identify potential ethanol targets in the nervous

system, genetic screens for ethanol resistant mutant
have been conducted using ethanol inhibition of loco-
motion or egg-laying as phenotypic assays (Davies
et al., 2003). Among the genes defined by these
mutants is slo-1, which encodes a BK-type potassium
channel related to the Drosophila slowpoke channel
(Wang et al., 2001). slo-1 loss-of-function mutants are
highly ethanol resistant, while slo-1 gain-of-function
mutants show behavioral patterns in the absence of
drug that mimic the behavior of wild-type animals
under the influence of ethanol. Moreover, ethanol
treatment increases the activity of the slo-1-dependent
current in C. elegans sensory neurons, indicating that
not only is slo-1 required for ethanol response, but it is
also itself regulated by ethanol. It is interesting to
speculate that human homologues of slo-1 might rep-
resent functionally relevant targets of ethanol in the
human brain. It is also worth noting that a number of
genes with strong effects on acute ethanol responses
have been independently identified in genetic screens in
Drosophila (Cohan and Hoffman, 1986; Moore et al.,
1998; Bainton et al., 2000); the analysis of ethanol
response in these two genetically tractable simple sys-
tems is likely to provide complementary insights into
the molecular mechanisms underlying ethanol intoxi-
cation and addiction.
In the future, C. elegans studies may facilitate the

identification of molecules involved in acute and
chronic responses to other drugs of abuse. For
example, dopamine reuptake transporter is thought to
be a critical molecular target for several drugs of
abuse, including cocaine and amphetamine. Recently,
the C. elegans dopamine transporter, encoded by the
gene dat-1, was shown to exhibit sensitivity to both
amphetamine and cocaine comparable to that exhibited
by the human dopamine transporter (Jayanthi et al.,
1998). Thus, it may be possible to develop behavioral
assays for response and/or adaptation to cocaine and
amphetamine in C. elegans. Such assays could be used
to screen for mutants with abnormal drug responses, as
has already been done in Drosophila (McClung and
Hirsch, 1998; Torres and Horowitz, 1998; Li et al.,
2000).
3. Mechanisms of dopamine and serotonin

modulation of neural plasticity and development

Biogenic amines, in particular dopamine and sero-
tonin, have been widely implicated in the mechanisms
of action of drugs of abuse. For example, hallucino-
gens such as LSD and mescaline are thought to act
primarily by potentiating neurotransmission through
5-HT2 serotonin receptors in the brain (Titeler et al.,
1988). Likewise, cocaine and amphetamines act by
inhibiting reuptake of dopamine and other amine neu-
rotransmitters, thus potentiating dopaminergic trans-
mission (Cole et al., 1995). Addiction to other drugs of
abuse is also thought to involve neuronal adaptation at
dopaminergic synapses in the mesolimbic system. For
example, both alcohol and opiates are known to stimu-
late dopamine release in the nucleus accumbens, an
effect that is thought to underlie both their self-reinfor-
cing properties and their addictive nature (Nestler et al.,
1993; Nestler, 1996; Tabakoff and Hoffmann, 1996). To
better understand these processes, we have used gen-
etics to investigate the mechanisms for serotonin and
dopamine’s effects on C. elegans nervous system func-
tion and development.
Dopamine-deficient mutants have been identified in

C. elegans, as have mutants carrying deletion alleles of
the three known dopamine receptor genes in the worm
genome (Sulston et al., 1975; Loer and Kenyon, 1993;
Suo et al., 2002; Sanyal et al., 2004). Perhaps surpris-
ingly, all of these mutant strains are active, fertile, and
exhibit grossly normal behavior. However, dopamine-
deficient mutants have been shown to exhibit defects in
several specific features of the C. elegans behavioral
repertoire. For example, animals lacking dopamine fail
to slow their locomotion rate when entering a food
source from a food-free environment (Sawin et al.,
2000). Likewise, dopamine-deficient animals do not
forage for food using the area-restricted search strategy
used by wild-type C. elegans (Hills et al., 2004).
Finally, both dopamine-deficient mutants and mutants
defective in a D1-like dopamine receptor have striking
effects on learning and memory related to a simple
relex known as tap avoidance (Sanyal et al., 2004).
C. elegans initially responds to a non-localized mech-

anical stimulus (tap) or a gentle touch on its anterior
body (touch), by rapidly reversing its direction of
movement . Repeated mechanical stimulation leads to
a diminution in this avoidance reflex (Rankin et al.,
1990). Elegant behavior studies have demonstrated that
this diminution is an example of classical habituation,
since it occurs more rapidly (and is recovered from
more quickly) with a shorter interstimulus interval
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(ISI) than with a longer ISI, and can be rapidly ‘‘dish-
abituated’’ using a single noxious stimulus such as an
electric shock (Rankin et al., 1990; Rankin and Broster,
1992). Long-term memory of habituation can be
demonstrated by applying four successive training
blocks of habituating tap stimuli separated by a 1 h
rest period; worms conditioned in this way exhibit a
protein-synthesis-dependent reduced behavioral
response to tap stimuli up to 24 h later (Rankin et al.,
1990). Thus, mechanosensory habituation in principle
represents a genetically tractable model for short-term
and long-term-sensory learning.
Genetic analyses identified a role for the C. elegans

D1 dopamine receptor homologue, encoded by the
gene dop-1, in modulating the kinetics of this simple
form of learning (Sanyal et al., 2004). dop-1 loss-of-function
mutants, as well as mutants deficient in dopamine syn-
thesis, adapt with significantly more rapid kinetics to
tap stimuli than wild-type animals. The precocious
habituation phenotype of dop-1 mutants can be
reversed by expression of the wild-type dop-1 gene in
the touch neurons alone, indicating that the DOP-1
receptor functions in the primary sensory neurons.
Moreover, exogenous dopamine treatment immediately
prior to habituation training completely rescues the
precocious habituation of dopamine-deficient mutants,
indicating that dopamine acts acutely to modulate the
rate of habituation. Imaging experiments from dop-1
mutants indicated that the sensitivities of both the
anterior and posterior touch receptor neurons (see
below) to mechanical stimuli, as well as their rates of
sensory adaptation to repeated stimulation, were nor-
mal (K. Kindt and W. Schafer, unpublished). Thus,
dop-1 is likely to control the modification of synaptic
strength between the sensory neurons and the inter-
neurons in the touch circuit.
Interestingly, serotonin affects the development,

rather than the plasticity, of the touch avoidance cir-
cuit. Specifically, serotonin functions as a permissive
signal for embryonic and post-embryonic neuronal
migration of mechanoreceptor neurons (Kindt et al.,
2002). Among the three touch-sensory neurons in the
anterior body region, the two ALM neurons are
embryonically derived, while the single AVM neuron is
post-embryonically derived. During embryogenesis, the
ALM neurons migrate posteriorly from their place of
birth in the head to their final locations in the body. In
contrast, the AVM neurons are derived from neuro-
blasts that migrate anteriorly from the mid-body region
during larval development; the AVM neuron itself then
migrates ventrally to its final location (Sulston and
Horvitz, 1977; Sulston et al., 1983).
During development of the touch circuit, serotonin is

important for the directed migrations of both the ALM
and AVM neurons (Kindt et al., 2002). In serotonin-
deficient mutants, the migrations of ALM and AVM,
as well as their sister neurons BDU and SDQR, are
often foreshortened or misdirected, indicating a sero-
tonin requirement for normal migration. Moreover,
exogenous serotonin can restore motility to AVM neu-
rons in serotonin-deficient mutants as well as induce
AVM-like migrations in its normally non-motile pos-
terior homologue PVM. Mutants defective in Go and
Gq signaling, or in N-type voltage-gated calcium chan-
nels, show similar migration phenotypes to serotonin-
deficient mutants and genetically function downstream
of serotonin in the control of neuronal migration. In
fact, ectopic expression of active Go in AVM is suf-
ficient for guided migration, indicating that Go func-
tions cell-autonomously in the migrating neuron to
promote directed motility. Serotonin has been impli-
cated in various aspects of brain development in mam-
mals, most notably in promoting migration of granule
cells of the cerebellum (Moiseiwitsch and Lauder,
1995). From the standpoint of addiction, these obser-
vations highlight and in some cases directly demon-
strate (Cases et al., 1996) the potential deleterious
consequences of chronic exposure to serotonergic drugs
during development. However, the molecular mech-
anism by which serotonin controls these processes is
not well understood. The C. elegans data indicate that
serotonin may direct neuronal migration through
G-protein-dependent modulation of voltage-gated cal-
cium channels in the migrating cell, both in nematodes
and in mammals.
4. New methods for imaging neuronal activity and

function

The studies described above illustrate the power of
genetic analysis in addressing neurobiological problems
in simple systems. However, using behavior alone to
analyze nervous system mutants has significant limita-
tions. To fully understand a behavioral phenotype at
the molecular and cellular level, it is necessary to deter-
mine the effects of specific gene products on the activity
of individual components of neural circuits, and to cor-
relate neural activity with behavior. Unfortunately, the
impermeant cuticle, hydrostatic skeleton and small
neurons of C. elegans make it extremely difficult to
monitor neural activity in intact behaving animals. One
approach to surmount this key obstacle is to use
optical imaging using a genetically encoded indicator
(such as cameleon, a calcium-sensitive GFP derivative,
Miyawaki et al., 1997) as an in vivo neural sensor. In
principle, protein-based optical sensors have great
potential for non-invasive, simultaneous imaging of
multiple neurons in an intact animal.
Studies in C. elegans were among the first to demon-

strate the utility of genetically encoded calcium sensors
for detecting neuronal and muscle calcium transients in
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vivo (Kerr et al., 2000). The first such studies used
transgenic lines that expressed the calcium indicator
cameleon in the pharynx, a muscular feeding organ
with many similarities to vertebrate cardiac muscle
(Avery and Thomas, 1997). Using these lines, it was
possible to detect optical signals that correlated tempo-
rally with muscle contraction. By recording from ani-
mals carrying mutations in voltage-gated calcium
channels, it was shown that cameleon-based imaging
could be used to reliably measure the duration and
magnitude of the calcium transients in intact behaving
animals. In addition, using animals that expressed
cameleon under a pan-neural promoter, electrically
evoked calcium transients could be detected in individ-
ual neurons. This represented the first use of a geneti-
cally encoded sensor to detect calcium influx in
excitable cells and demonstrated their utility for neuro-
nal imaging in genetically manipulable animals.
Cameleon-based calcium imaging has subsequently

been used in intact, behaving animals to address funda-
mental properties of neurons in C. elegans. For
example, to investigate the properties of neurons
involved in sensing gentle touch stimuli, cameleon was
expressed in the ALM mechanosensory neurons, and
neural activity was recorded following mechanical
stimulation (Suzuki et al., 2003). These experiments
revealed that the mechanosensory modality of the
ALM touch receptor neurons is rapidly adapting and
primarily senses motion rather than pressure or defor-
mation. In addition, for each of the receptive fields for
the neurons were defined and shown to correspond to
the region of the cuticle over the sensory dendrite. Sub-
jection of these neurons to repeated stimulation resul-
ted in a recoverable decrease in the mechanosensory
transient, a process of sensory adaptation that may
contribute to non-associative learning processes such as
touch habituation (see above).
In vivo imaging of touch neurons could also be com-

bined with genetics to investigate the molecular basis
for neuronal signal transduction at the single cell level.
For example, imaging experiments using the mechan-
osensory-defective mutants revealed that the DEG/
ENaC channel subunit MEC-4 (Chalfie et al., 1993;
Canessa et al., 1994; Lai et al., 1996) and the channel-
associated stomatin MEC-2 (Huang et al., 1995) are
specifically required for touch-evoked calcium tran-
sients in response to gentle mechanical stimulation, but
not for the response to harsh mechanical stimulation or
for potassium-induced depolarization. Mammals also
express homologues of both degenerins and stomatins
in certain mechanosensory neurons, though their pre-
cise physiological role there has been difficult to discern
(Price et al., 2000, 2001). Elucidation of the precise role
of the degenerins and other MEC proteins in C.
elegans mechanosensation is therefore likely to
provide insight into fundamental mechanisms of touch
sensation that are conserved from nematodes to verte-
brates.
Genetically encoded neural probes hold great prom-

ise not only for defining the cellular basis for beha-
vioral phenotype, as described above. Perhaps even
more importantly, they offer the possibility of monitor-
ing the activities of entire neural circuits, or even the
entire animal’s brain, at the single cell level during the
execution of behavior. In our own lab, we have
successfully imaged the in vivo activities of multiple
sensory neuron types (Fukuto et al., 2004, l A. Api-
cella, M. Hilliard, H. Suzuki and W. Schafer, unpub-
lished), as well as motorneurons (Shyn et al., 2003) and
interneurons (H. Suzuki and W. Schafer, unpublished).
Thus, we anticipate that cameleons, or related mole-
cules such as GCaMP (Nakai et al., 2001; Wang et al.,
2003) can be used to detect activity in virtually all
C. elegans neurons. Because C. elegans is highly trans-
parent, and its nervous system highly compact, it may
be possible in the future to simultaneously image from
complete neural circuits, or even the entire C. elegans
brain, at single cell resolution. This would allow a
reductionist understanding of the molecular basis of
behavior that would be unprecedented even for an ana-
tomically simple animal. More practically, it would
greatly enhance the capability of C. elegans researchers
to understand the behavioral phenotypes of addiction
mutants, or other mutants affecting nervous system
function, at the cellular and circuit levels.
5. Machine vision analysis of behavior

Another historical limitation to the genetic analysis
of behavior in C. elegans has been a shortage of quan-
titative tools for analyzing and classifying behavioral
patterns. Often animals with lesions in particular neu-
rons or with mutations in genes encoding important
neuronal signaling molecules show behavioral pheno-
types that are difficult to identify by eye to a human
observer. Furthermore, many important behavioral
events occur infrequently or over a long time scale,
making them impractical to assay by real-time obser-
vation. Finally, even mutants with obvious abnormali-
ties in behavior are difficult to precisely describe in
relation to other mutants based on qualitative descrip-
tions alone. Therefore, to fully realize the potential of
C. elegans for the genetic analysis of nervous system
function, it is necessary to develop and apply sophisti-
cated methods for the rapid and consistent quantita-
tion of behavioral phenotypes.
One of the first applications of machine vision to

behavioral analysis in C. elegans was in the investi-
gation of egg-laying behavior. Egg-laying in C. elegans
is controlled by a pair of serotonergic neurons, called
the HSNs, and egg-laying has long served as a
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behavioral assay for serotonergic neurotransmission
function (Trent et al., 1983; Desai et al., 1988;
Weinshenker et al., 1995). However, because egg-laying
event are infrequent, it is difficult to assess the specific
role of serotonin in the control of egg-laying through
real-time observation. To obtain such information, an
automated tracking and imaging system was used for
monitoring the long-term behavior of individual ani-
mals and quantitatively analyzing their temporal pat-
tern of egg-laying (Waggoner et al., 1998). These
analyses revealed that egg-laying was temporally clus-
tered, with bursts of multiple egg-laying events sepa-
rated by long quiescent periods during which no
egg-laying occurred (Zhou et al., 1998). Quantitative
analyis of the intervals between egg-laying events
revealed that egg-laying can be modeled as a stochastic
process in which animals fluctuate between discrete
behavioral states: an inactive state, during which eggs
are retained, and an active state, during which eggs are
laid in clusters. A combination of genetic, pharmaco-
logical, and cell ablation experiments demonstrated
that serotonin functions specifically to promote the
switch from the inactive to the active phase, while acet-
ylcholine triggers individual egg-laying events within
the active phase (Waggoner et al., 1998). Interestingly,
(Hardaker et al., 2001) serotonin release from the HSN
egg-laying motorneurons also appears to modulates
decision-making interneurons in the brain that control
the pattern of body movement and serve to coordinate
egg-laying and locomotor behaviors. Thus, serotonin
apparently functions quite generally to modulate tran-
sitions between functional states of circuits involved in
at least two distinct behavioral outputs, egg-laying and
locomotion. The application of machine vision was
critical to identifying these behavioral effects of sero-
tonin, as neither the duration of the egg-laying inactive
phase nor the coordination of locomotion with egg-
laying are parameters apparent to a real-time human
observer.
To learn more about the neural and molecular basis

for serotonin’s modulatory effects on behavior, we used
the genetically encoded calcium indicator cameleon to
image from neurons (HSNs) and muscles (vulval mus-
cles) in intact animals and assayed the effects of sero-
tonin and the Go a-subunit homologue GOA-1 on the
activity of these cells in vivo (Shyn et al., 2003). We
found that serotonin stimulates vulval muscle activity
by direct action on the muscle cells, altering their pat-
tern of calcium transients. In contrast, serotonin acts to
silence spontaneous activity in the HSNs, suggesting a
partial mechanism for serotonin adaptation. GOA-1
acts antagonistically to serotonin in the vulval muscles,
but is required for serotonin silencing of the HSNs.
Conversely, the Gq homogue EGL-30 is required for
serotonin response in the vulval muscles but not in the
HSN motorneurons. Together, these results indicate
that the acute stimulation and chronic inhibition of
egg-laying by serotonin use distinct G-protein-mediated
signal transduction mechanisms.
Machine vision not only facilitates the detailed char-

acterization of specific behaviors; it also makes it poss-
ible to comprehensively quantify the similarities of
particular mutant phenotypes and determine how
phenotypic similarity correlates with the involvement
of mutant gene products in a common biological func-
tion. Preliminary results suggest that this sort of quan-
titative phenotype mapping using behavioral data is
feasible in C. elegans. For example, a recent study from
our lab used data obtained from digital videos of
behaving worms to investigate the natural clustering of
C. elegans behavioral phenotypes for a small set of
representative locomotion-abnormal mutants (Geng
et al., 2003). From a complex data set consisting of 253
features measured from recordings of eight distinct
genotypes (100 individuals per genotype), each mutant
type could be represented as a cloud of data points in
feature space. Using principal components analysis, a
phenotype map indicating the relative similarities of
each type could be generated by projecting the high
dimensional data into two-dimensions. Moreover,
when k-means clustering and Euclidean distance mea-
surements were used to explore the natural structure of
the behavioral data, the phenotypic classes inferred
from the cluster analysis matched the known molecular
similarities of the mutants that were grouped together.
For example, the unc-29 and unc-38 mutants, defective
in different subunits of the levamisole-sensitive nic-
otinic receptor, formed a single cluster, as did the unc-2
and unc-36 mutants, which are defective in the a-1 and
a-2 subunits of the N-type voltage-gated calcium chan-
nel. Similar experiments using a larger data set with 16
genotypes gave similarly promising results (W. Geng,
Ph.D. thesis, UCSD, 2004). Thus, machine vision
approaches make it possible to map the phenotypes of
neuronally expressed genes using a complex behavioral
signature based on quantitative image features.
The development of behavioral imaging tools

addresses an increasing need within the C. elegans
research community for rigorous and quantitative
assays for behavioral phenotypes, especially those that
are difficult to detect or quantitate by eye. The broader
adoption of these tools will ultimately make it possible
to standardize behavioral assays among C. elegans
researchers and facilitate the comparison and sharing
of data between lab groups. In addition, these imaging
and analysis tools may make it possible to undertake a
systematic characterization and classification of mutant
phenotypic patterns in C. elegans. When complete, this
‘‘worm phenotype project’’ could allow researchers to
identify groups of mutants and pharmacological treat-
ments that have similar effects on behavior or develop-
ment and ultimately, to infer the molecular pathways
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affected by novel genes of unknown function or drugs
of unknown target.
6. Perspectives and future prospects

Genetic analysis in C. elegans has generated critical
insight into several major neurobiological problems,
notably axon guidance, cell death and sensory trans-
duction. Though studies of addiction in C. elegans are
still in an early stage, the well-defined behavioral para-
digms for nicotine and ethanol response, combined
with the inherent advantages of nematode genetics for
the discovery of new molecules, suggest outstanding
promise for future research. Particularly exciting is the
possibility that newly developed tools for in vivo neu-
roimaging will make it possible not only to identify
new addiction-related molecules through genetics, but
also to rigorously understand their effects on behavior
at the level of specific neurons and functional neural
circuitry. Understanding the molecular basis for the
behavioral effects of drugs of abuse in nematodes
should at a minimum provide a conceptual model for
analogous processes of addiction in humans. In
addition, it is probable that novel addiction-related
molecules identified in worms will have broadly con-
served functions in more complex organisms; these
molecules can then be analyzed further in the context
of more complex human nervous systems. The appli-
cation C. elegans genetics to the study of addiction
biology is likely to provide important new insights that
will complement the information gained through more
traditional physiological investigations in humans.
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