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ABSTRACT: The nicotinic acetylcholine receptor
is among the most thoroughly characterized molecules
in the nervous system, and its role in mediating fast
cholinergic neurotransmission has been broadly con-
served in both vertebrates and invertebrates. However,
the accessory molecules that facilitate or regulate nico-
tinic signaling remain mostly unknown. One approach
to identify such molecules is to use molecular genetics in
a simple, experimentally accessible organism to identify
genes required for nicotinic signaling and to determine
the molecular identity of the mutant genes through mo-
lecular cloning. Because cellular signaling pathways are
often highly conserved between different animal phyla,
the information gained from studies of simple organisms
has historically provided many critical insights into
more complex organisms, including humans. Genetic
screens essentially make no prior assumptions about the

types of molecules involved in the process being studied;
thus, they are well suited for identifying previously un-
known components of cell signaling pathways. The so-
phisticated genetic tools available in organisms such as
the nematode Caenorhabditis elegans and the fruit fly
Drosophila melanogaster have also proven extremely
powerful in elucidating complex biologic pathways in
the absence of prior biochemical information and for
assessing a molecule’s in vivo function of in the context
of an intact nervous system. This review describes how
genetic analysis has been used to investigate nicotinic
signaling mechanisms in worms and flies, and the pros-
pects for using these studies to gain insight into nicotinic
receptor function and regulation in humans. © 2002
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NICOTINIC SIGNALING IN
CAENORHABDITIS ELEGANS

C. elegans is particularly well-suited to molecular
studies of nervous system function: it has a simple
nervous system containing 302 neurons, and the po-
sition, cell lineage, and synaptic connectivity of each
of these neurons is precisely known (Salston and
Horvitz, 1977; Salston et al., 1983; White et al.,
1986). Because a particular neuron can be identified
based on its position and ablated with a laser, it is
possible to evaluate the function of any individual
neuron or group of neurons by characterizing the

behavioral abnormalities of laser-ablated animals
(Bargmann and Avery, 1995). Moreover, because of
their short generation time, small genome size, and
accessibility to germline transformation, these ani-
mals are highly amenable to molecular and classical
genetics (Wood, 1988). Thus, in C. elegans it is
relatively straightforward to identify genes involved
in specific behaviors, and to determine precisely how
their activity in specific neurons and muscle cells
affects the behavior of the whole animal. For these
reasons, it is an excellent model organism for study-
ing the molecular and cellular basis of nervous system
function and behavior.

Acetylcholine is the primary excitatory neurotrans-
mitter in C. elegans, and the only one identified thus
far that is essential for viability (Rand and Nonet,
1997a). Through use of antibodies to choline acetyl-
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transferase (ChAT), many cholinergic neurons have
been identified, including three types of motorneurons
(Rand and Nonet, 1997b): ventral cord motorneurons
(i.e., the VA, VB, VC, DA, and DB neurons), pha-
ryngeal motorneurons (i.e., MC, M1, M2, M4, and
M5), and sublateral motorneurons (i.e., SMB and
SMD). As would be expected, due to its presence in
C. elegans motor neurons, cholinergic neurotransmis-
sion plays an important role in numerous C. elegans
behaviors. Although some cholinergic transmission is
likely to involve muscarinic receptors (Culotti and
Klein, 1983), it is clear from both pharmacological
and genetic studies that nicotinic receptors play a
major role in the function of the C. elegans nervous
system.

NICOTINIC RECEPTOR SUBUNITS

At least 40 genes with sequence similarity to nicotinic
receptor subunits have been identified in the C. el-
egans genome, although at present only 27 of these
have been shown to be authentic nicotinic receptor
homologs (Squire et al., 1995; Ballivet et al., 1996;
Bargmann, 1998). These nicotinic receptor genes can
be grouped based on sequence similarity into five
groups (Mongan et al., 1998, 2002). One group (the
UNC-38-like nAChR genes) consists of three alpha-
subunit genes that are most similar to insect alpha
subunits. A second group (the UNC-29-like genes)
consists of four non-alpha subunit genes that are most
similar to insect non-alpha genes; with respect to
vertebrate nAchRs, this group is most similar to skel-
etal muscle non-alpha subunits. A third group (the
ACR-16-like genes) consists of nine genes that resem-
ble vertebrate alpha-7 subunit genes. The other two
receptor groups (the DEG-3-like and ACR-8-like
genes) consist respectively of eight and three genes,
and thus far appear to be unique to nematodes. It is
worth noting that the ACR-8-like genes all contain
basic rather than acidic residues in the pore-lining M2
region, implying that they might function as anion
rather than cation channels (Mongan et al., 1998).
Because nicotinic anion channels have been described
in other invertebrates (notably in Aplysia; kehoe and
McIntosh, 1998), it is tempting to speculate that the
ACR-8-like genes might encode subunits of such re-
ceptors.

Only a few of the C. elegans nicotinic receptor
genes have been studied at the functional level. The
most extensively studied are the subunits of the le-
vamisole receptor, so named because it is the target of
the antihelminthic compound (and ganglionic nAChR
agonist; Eyre, 1970) levamisole. Treatment of nema-

todes with levamisole has striking effects on behavior,
including spastic paralysis of the body wall muscles,
stimulation of egg laying, and protraction of the male
spicules (Lewis et al., 1980a, 1987a). Other cholin-
ergic agonists activate the levamisole receptor; be-
sides levamisole, the most potent are the ganglionic
nicotinic agonists carbachol and dimethylphenyl-
piperazinium. The ability of these agonists to induce
contraction is blocked by the ganglionic nicotinic
antagonist mecamylamine (effective at 100 mM).
Thus, although the levamisole receptor is found on
nematode muscle, its pharmacologic profile generally
resembles that of ganglionic nicotinic receptors of
vertebrates.

By screening for levamisole-resistant mutants, it
has been possible to identify genes affecting the func-
tion of the levamisole receptor (Lewis et al., 1980b).
Mutations conferring strong resistance to levamisole
(i.e., resistant at concentrations of 1 mM) have been
identified in six genes. Four of these genes, unc-38,
unc-29, unc-63 and lev-1, encode nicotinic receptor
subunits (Fleming et al., 1993, 1997). The UNC-38
protein is most similar to the insect �-like subunits
ALS and SAD (49% amino acid identity). UNC-29
and LEV-1 are closely related (66% identity, 77%
similarity) to each other (Ballivet et al., 1996; Flem-
ing et al., 1997), and encode proteins whose closest
homologs in vertebrates are the skeletal muscle non-�
subunits (approximately 55% sequence similarity).
Coexpression of UNC-29 and LEV-1 with UNC-38 or
UNC-63 in Xenopus oocytes leads to expression of
levamisole-gated nicotinic currents, indicating that
these proteins are likely to comprise the endogenous
levamisole receptor.

Expression studies have shown that the levamisole
receptor proteins are expressed in specific sets of
neurons and muscle cells. Functionally, the best char-
acterized site of levamisole receptor function is at the
body muscle neuromuscular junction, which is in-
volved in generating body movements during loco-
motion. Electrophysiologic studies have demonstrated
that the levamisole receptor is one of three ligand-
gated ion channels present at the neuromuscular junc-
tion; the others are a second, levamisole-insensitive
nicotinic receptor (whose subunits have not been de-
fined genetically), and an inhibitory GABA receptor
(Richmond and Jorgensen, 1999). The levamisole re-
ceptor and the levamisole-insensitive nAChR provide
approximately equal contributions to excitatory neu-
rotransmission between cholinergic motorneurons and
the body muscle (Richmond and Jorgensen, 1999);
thus, levamisole receptor null mutants are only par-
tially impaired for locomotion (Lewis et al., 1980b).
The levamisole receptor also is involved in the control

536 Schafer



of egg laying in C. elegans. Treatment with levami-
sole or other nicotinic agonists stimulate egg-laying
muscle contraction (Trent et al., 1983; Weinshenker et
al., 1995), and animals carrying recessive mutations
in one or more levamisole receptor genes are insen-
sitive to levamisole-mediated egg-laying [Waggoner
et al., 2000 #512; Kim et al., 2001 #513]. Both the
vulval muscles and the egg-laying motor neurons
express the levamisole receptor genes, and loss of
functional levamisole receptor expression in either the
neurons or muscle cells led to abnormal egg-laying
(Kim et al., 2001). Thus, in the egg-laying motor
synapses the levamisole receptor appears to function
both pre- and postsynaptically to stimulate muscle
contraction. Interestingly, in the egg-laying neuro-
muscular junctions the levamisole receptor is not suf-
ficient to induce muscle contractions: serotonin, a
neuromodulator released by the egg-laying motorneu-
rons, is apparently required to potentiate the levami-
sole receptor’s ability to induce egg-laying muscle
contraction (Waggoner et al., 1998). Likewise, in the
male spicule protractor muscles, a second unidentified
acetylcholine receptor appears to potentiate the induc-
tion of muscle contractions by the levamisole receptor
(Garcia et al., 2001).

The other nicotinic receptor subtype that has been
the subject of extensive genetic analysis in C. elegans
is the DEG-3/DES-2 receptor. deg-3 was originally
defined by dominant mutations that resulted in ne-
crotic degeneration of sensory neurons (Treinin and
Chalfie, 1995). It was subsequently shown that the
deg-3 gain-of-function alleles caused a constitutive
influx of cations that triggered cell death. des-2 was
identified on the basis of loss-of-function mutations
that suppressed the cell death phenotype of deg-3
gain-of-function mutations (Treinin et al., 1998). Ini-
tially, neither des-2 loss-of-function mutations nor
deg-3 loss-of-function mutations (identified as intra-
genic revertants of the deg-3 dominant alleles) ap-
peared to have visible behavioral abnormalities, and
their role in normal nervous system function was
therefore unclear. However, when DEG-3 and DES-2
were expressed in Xenopus oocytes, it was unexpect-
edly found that the resulting nAChR was activated
much more readily by choline than by acetylcholine
(Yassin et al., 2001). Because choline is a strong
chemoattractant to nematodes, this result raised the
possibility that the DEG-3/DES-2 nAChR was, in
fact, a chemoreceptor for choline. Consistent with this
hypothesis, the DEG-3 receptor protein was found to
be localized to the sensory dendrites of putative che-
mosensory neurons, and deg-3 and des-2 loss-of-func-
tion mutants exhibited strong defects in chemotaxis to
choline (Yassin et al., 2001). Because DEG-3 and

DES-2 are members of a novel class of nematode
nAChRs (Mongan et al., 2002), it will be interesting
to learn whether other members of this receptor class
play similarly novel roles in nervous system function.

GENES REQUIRED FOR NICOTINIC
RECEPTOR MATURATION AND/OR
FUNCTION

Although nicotinic receptors themselves are among
the most thoroughly characterized neurobiologic mol-
ecules, much less is known about the accessory mol-
ecules that regulate nicotinic receptor function or pro-
mote their assembly and maturation. In principle,
genetically tractable organisms like C. elegans offer a
powerful means of identifying such molecules and
studying their function in an intact animal. The func-
tions of several C. elegans nicotinic receptors can be
evaluated through behavioral assays; in particular, the
levamisole receptor’s activity is required for coordi-
nated locomotion and levimisole-induced paralysis
and egg laying. By screening for levamisole-resistant
uncoordinated mutants, a set of levamisole resistance
genes have been identified whose products are re-
quired for levamisole receptor activity (Lewis et al.,
1980b, 1987b). Several of these genes (e.g., unc-29,
unc-38, unc-63, and lev-1) encode subunits of the
levamisole-sensitive nAChRs. However, at least two
levamisole-resistance genes, ric-3 and unc-50, are
known to encode novel, non-nAChR subunit proteins
that are required for the production of functional
nicotinic receptors.

Mutations in ric-3 were identified initially in
screens for mutants resistant to the acetylcholinester-
ase inhibitor aldicarb (Nguygen et al., 1995). Loss-
of-function mutations in ric-3 also confer resistance to
levamisole (Miller et al., 1996) and suppress the cell-
death phenotype of deg-3 dominant mutations (Halevi
et al., 2002). In addition, ric-3 mutants exhibit abnor-
malities in pharyngeal pumping, which lead to defects
in feeding. Rapid pharyngeal pumping involves exci-
tatory neurotransmission through a nicotinic acetyl-
choline receptor; electrophysiologic recordings dem-
onstrated that this cholinergic neurotransmission was
greatly impaired in ric-3 mutants. Both the levami-
sole-sensitive and the levamisole-insensitive nAChRs
(but not the GABA receptor) in the body muscle NMJ
were severely defective in ric-3 mutants (Halevi et al.,
2002). Thus, ric-3 appeared to encode a molecule that
is specifically required for the activity of multiple
nicotinic receptors.

ric-3 encodes an integral membrane protein with
two predicted membrane-spanning alpha-helices and
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three cytoplasmic coiled-coil domains that could me-
diate intracellular protein–protein interactions (Halevi
et al., 2002). RIC-3 protein is expressed in intracel-
lular membrane compartments (possibly ER) in the
body and pharyngeal muscles and in virtually all
neurons. The molecular properties of RIC-3 suggest a
role in the maturation and/or trafficking of nicotinic
receptors, and indeed, it has been shown that DEG-3
receptor protein (which normally is distributed along
the sensory dendrites of chemosensory neurons) is
retained in the neuronal cell bodies of ric-3 mutant
animals. RIC-3 homologs have been identified in
Drosophila and Anopheles, but vertebrate homologs
have not been reported.

Another gene whose product has been implicated
in nAChR maturation is unc-50. unc-50 was origi-
nally defined by mutations that caused uncoordinated
locomotion and conferred strong resistance to levami-
sole (Brenner, 1974; Lewis et al., 1980a). Extracts
prepared from unc-50 mutants lacked saturable le-
vamisole binding activity, suggesting that the
UNC-50 gene product is required for the assembly of
functional levamisole receptors (Lewis et al., 1987a).
unc-50 has been cloned and shown to encode a novel
transmembrane protein (M. Hengartner and H. R.
Horvitz, unpublished; cited in Riddle et al., 1997)
with close human, rat, fungal, and plant homologs.
Interestingly, UNC-50 (and its various homologs)
contains an RNA binding motif, and the mammalian
UNC-50 homolog has been shown to bind RNA in
vitro (Fitzgerald et al., 2002).

The specific role played by UNC-50 in nAChR
maturation is still largely uncharacterized. The mam-
malian homolog of UNC-50 appears to be expressed
in the inner nuclear membrane, suggesting a possible
role in the export or translational regulation of nico-
tinic receptor RNAs (Fitzgerald et al., 2000). How-
ever, experiments in which mammalian UNC-50 was
coexpressed in Xenopus oocytes with mammalian nic-
otinic receptors failed to establish a requirement for
UNC-50 in nAChR expression, perhaps due to the
presence of an endogenous UNC-50 homolog. The
existence of UNC-50 homologs in animals lacking a
nervous system, as well as the fact that unc-50 mu-
tants show growth and fertility defects not seen in
nicotinic receptor mutants suggest that UNC-50 is
also likely to participate in cellular processes unre-
lated to nicotinic receptor function. However, because
unc-50 alleles have been recovered multiple times in
screens for viable levamisole resistant mutants (Lewis
et al., 1987b), it appears that at least in C. elegans, the
generation of functional nAChRs is particularly sen-
sitive to loss of UNC-50 protein function. The facility
of genetic analysis in C. elegans should make it

possible to explore the functional role of UNC-50 in
nAChR maturation in considerable detail.

Several other levamisole resistance genes have
been identified but not cloned; in principle, these also
represent candidates for encoding novel molecules
involved in the maturation or functional activity of C.
elegans nicotinic receptors. For example, mutants car-
rying recessive alleles of the unc-74 gene are strongly
levamisole resistant, show locomotion and egg-laying
phenotypes indistinguishable from those of levami-
sole receptor mutants, and lack levamisole binding
activity as assayed in vitro (Lewis et al., 1980b,
1987a; Kim et al., 2001). The unc-74 gene product
may therefore be important for the expression, pro-
cessing or assembly of levamisole-sensitive nicotinic
receptors. Multiple recessive alleles of another gene
lev-9, have been identified that confer weaker resis-
tance to levamisole (locomotion and egg laying), do
not cause defects in locomotion, and have no detect-
able effect on the biochemical properties of the recep-
tor as assayed in vitro (Lewis et al., 1980b, 1987b;
Kim et al., 2001). For example, the amount of satu-
rable levamisole-binding activity is comparable to the
amount present in wild-type, and the dissociation con-
stants for levamisole binding in either the presence or
absence of antagonist are likewise normal. The lev-9
gene product therefore may encode a protein that
positively regulates levamisole receptor activity in
vivo, rather than functioning as a subunit or essential
accessory protein for the receptor. Because both
unc-74 and lev-9 have been mapped to small, well-
defined chromosomal intervals, it is likely that mo-
lecular information about the identities of their prod-
ucts will be available soon, which should provide
additional insight into the processes underlying nico-
tinic receptor assembly and function.

GENES INVOLVED IN NACHR
REGULATION

C. elegans genetics has also been used to identify
genes that regulate nicotinic receptor activity. For
example, in nematodes (as in many other organisms),
chronic exposure to agonists such as nicotine has been
shown to induce adaptive changes in nAChR function
and abundance. As noted previously, initial treatments
with exogenous nicotine cause nematode body mus-
cles to hypercontract; however, after several hours in
the presence of nicotine, animals acquire tolerance to
nicotine, and animals are able to move freely in the
presence of agonist concentrations that would para-
lyze a naı̈ve animal (Lewis et al., 1980a). In addition,
when nicotine-adapted animals are removed from nic-
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otine, their locomotive behavior becomes uncoordi-
nated in highly specific ways, suggesting that nema-
todes are capable of becoming nicotine dependent as
well as nicotine tolerant.

Nicotine tolerance can also be observed in egg-
laying behavior (Waggoner et al., 2000). When wild-
type animals are treated with nicotine overnight, the
adapted animals become insensitive to stimulation of
egg laying by levamisole or other nicotinic agonists.
This attenuation of levamisole response is long last-
ing, and persists for up to 24 h after removal from
nicotine. This loss of levamisole responsiveness is
accompanied by a corresponding decrease in the
abundance of UNC-29–containing receptors in the
vulval muscles, an effect that may be mediated at the
level of protein turnover (Waggoner et al., 2000).
Interestingly, the nicotine-dependent decrease in
UNC-29 receptor abundance requires the function of
TPA-1, a PKC isoform that is expressed in the vulval
muscles (Tabuse et al., 1989). tpa-1 loss-of-function
mutants show grossly normal egg-laying behavior,
and naı̈ve mutant animals show wild-type sensitivity
to levamisole and express normal levels of UNC-29
protein. However, long-term nicotine treatment does
not reduce agonist sensitivity nor does it downregu-
late UNC-29 protein levels in the vulval muscles
(Waggoner et al., 2000). Because UNC-29 and other
nicotinic receptor subunits contain consensus se-
quences for PKC phosphorylation (Fleming et al.,
1997), these results may suggest that direct phosphor-
ylation of nicotinic receptors represents a signal for
increased turnover. In the future, it should be possible
to test this hypothesis, as well as identify other genes
required for long-term responses to nicotine in C.
elegans.

NICOTINIC SIGNALING IN
DROSOPHILA

Nicotinic signaling has also been studied in the fruit
fly Drosophila melanogaster. Drosophila, like C. el-
egans, has a sequenced genome and is extremely
tractable to sophisticated molecular and genetic anal-
ysis. However, the nervous system of Drosophila
differs substantially in scale and complexity from that
of C. elegans; whereas C. elegans contains only 302
neurons of defined position and connectivity, Dro-
sophila contains on the order of 105 neurons arranged
in neural circuits that remain incompletely character-
ized. Thus, although it is often more difficult to un-
derstand the neural behavioral phenotypes in Dro-
sophila than in C. elegans, the increased behavioral
complexity afforded by Drosophila’s bigger nervous

system also makes it perhaps better suited for inves-
tigating more complex forms of behavior and learning
(Dubnau and Tully, 1998).

The roles of nicotinic receptors in C. elegans and
Drosophila differ in a number of key respects.
Whereas C. elegans nAChRs are present at both neu-
romuscular junction and neuron–neuron synapses,
Drosophila nAChRs are exclusively neuronal (Gun-
definger and Hess, 1992; Lee and O’Dowd, 1999)
(glutamate functions as the excitatory neurotransmit-
ter at insect NMJs). Furthermore, whereas C. elegans
contains approximately 30 or more nicotinic receptor
subunit genes in its genome, the Drosophila genome
contains only 10 (Littleton and Ganetzky, 2000;
Grauso et al., 2002). The smaller number of receptor
genes in Drosophila compared to C. elegans is per-
haps counterintuitive given its nervous system’s sub-
stantially greater neural complexity. However, recent
evidence suggests that the functional complexity of
Drosophila nAChRs may be somewhat greater than
simple genomic analysis would imply. In particular, it
has been shown that one of the Drosophila nAChRs,
D�6, undergoes differential RNA editing, leading to
the production of products with distinct predicted
functional properties (Grayso et al., 2002).

The roles of Drosophila nAChRs in nervous sys-
tem and behavior are considerably less well-charac-
terized than in C. elegans. Mutants defective in indi-
vidual nAChR genes have not been described, nor
have the expression patterns of individual nAChR
genes been characterized at the cellular level. How-
ever, the effects of nicotine on various aspects of
Drosophila behavior have been recently described
(Bainton et al., 2000). In particular, acute nicotine
treatment stimulates grooming, jumping, and hyper-
active locomotion, and causes abnormalities in
geotaxis behavior. These assays have been used to
demonstrate a role for dopamine in the modulation of
acute nicotine responses is behaving flies. In the fu-
ture, it should also be possible to use these behavioral
assays to identify mutants defining molecules that are
specifically required for nicotinic receptor function.

SUMMARY AND FUTURE PROSPECTS

The genetic analysis of nicotinic signaling in worms
and flies is a relatively new undertaking, and in many
respect the receptors and signaling molecules that
participate in nicotinic receptor response pathways are
less well understood in these simple animals than in
vertebrates. However, it is clear that is possible to
rapidly identify mutants with altered nicotinic recep-
tor function in straightforward genetic screens, and
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that in at least in some cases these molecules will have
close human homologs. The completion of the worm
and fly genomic sequences and the consequent avail-
ability of high-resolution genetic maps has made the
cloning of mutant genes in these animals significantly
easier and more rapid; likewise, the rapid progress
toward sequencing the human genome has made the
identification of human homologs of worm and fly
genes much more straightforward. Thus, both worms
and flies offer considerable promise for the identifi-
cation of novel proteins that are important for the
maturation or regulation of nicotinic receptors that
would be difficult to identify through conventional
biochemical or physiologic approaches in vertebrates.
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