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ABSTRACT

Egg-laying behavior in Caenorhabditis elegans is regulated by multiple neurotransmitters, including acetyl-
choline and serotonin. Agonists of nicotinic acetylcholine receptors such as nicotine and levamisole
stimulate egg laying; however, the genetic and molecular basis for cholinergic neurotransmission in the
egg-laying circuitry is not well understood. Here we describe the egg-laying phenotypes of eight levamisole
resistance genes, which affect the activity of levamisole-sensitive nicotinic receptors in nematodes. Seven
of these genes, including the nicotinic receptor subunit genes unc-29, unc-38, and lev-1, were essential for
the stimulation of egg laying by levamisole, though they had only subtle effects on egg-laying behavior in
the absence of drug. Thus, these genes appear to encode components of a nicotinic receptor that can
promote egg laying but is not necessary for egg-laying muscle contraction. Since the levamisole-receptor
mutants responded to other cholinergic drugs, other acetylcholine receptors are likely to function in
parallel with the levamisole-sensitive receptors to mediate cholinergic neurotransmission in the egg-laying
circuitry. In addition, since expression of functional unc-29 in muscle cells restored levamisole sensitivity
under some but not all conditions, both neuronal and muscle cell UNC-29 receptors are likely to contribute
to the regulation of egg-laying behavior. Mutations in one levamisole receptor gene, unc-38, also conferred
both hypersensitivity and reduced peak response to serotonin; thus nicotinic receptors may play a role in

regulating serotonin response pathways in the egg-laying neuromusculature.

ICOTINIC acetylcholine receptors (nAChRs) are
heteropentameric ligand-gated ion channels that
induce fast depolarization of excitable cells in response
to acetylcholine binding (GALzI et al. 1991). In muscle
cells, nicotinic receptors present at the neuromuscular
junction mediate rapid excitation that leads to muscle
contraction. Neurons also contain nicotinic receptors,
which are widely expressed in the brain and other neural
tissues, and function in the modulation of neurotrans-
mission (SARGENT 1995). The activities of nicotinic re-
ceptors are known to be subject to both short-term and
long-term regulation. For example, long-term exposure
to nicotine leads to long-lasting changes in both the
abundance and functional activity of nicotinic receptors
in brain neurons, processes thought to be critical for
nicotine addiction (Dani and HeINEMANN 1996). Yet
the molecular mechanisms responsible for regulating
nicotinic receptor activity are not well understood in
any organism.

One way to approach the question of nAChR function
and regulation in vivo is to use a genetically tractable
animal such as the nematode Caenorhabditis elegans. C.
elegans, with its simple well-characterized nervous system
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and its amenability to classical and molecular genetic
studies, is well suited for investigating how specific neu-
rotransmitters, receptors, and signaling molecules func-
tion within the context of the nervous system to produce
behavior. In C. elegans, a number of genes encoding
homologues of nAChR subunits have been identified
(FLEMING et al. 1993, 1997; TREININ and CHALFIE 1995;
BALLIVET et al. 1996; BAYLIS et al. 1997; MONGAN et al.
1998). Several of these genes have been shown to en-
code functional receptor subunits when expressed ec-
topically in oocytes (SQUIRE et al. 1995; FLEMING et al.
1997); however, the roles most of them play in nervous
system function and behavior are not known.

The cells in which nicotinic receptor function has
been best characterized in C. elegans are the body mus-
cles, which mediate locomotion. Electrical recordings
from these muscles indicate that two distinct nicotinic
receptor subtypes mediate excitation of the body mus-
cles (RicHMOND and JORGENSEN 1999). The first of these
is activated by the antihelminthic drug levamisole and
is therefore known as the levamisole receptor. Activation
of this receptor by levamisole causes body muscle hyper-
contraction and, at high doses, spastic paralysis (LEwIs
et al. 1980b). Screens for levamisole-resistant mutants
have led to the identification of multiple genes affecting
the function of this receptor (LEwIS et al. 1980a). Three
of these levamisole-resistance genes, unc-38, unc-29, and
lev-1, encode receptor subunits (FLEMING et al. 1997):
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unc-29and lev-1 encode candidate non-o-subunits of the
levamisole receptor, whereas unc-3§ encodes a candi-
date a-subunit. A second levamisole-insensitive nicotinic
receptor has also been identified in the body muscle
through electrophysiological methods (RicHMOND and
JORGENSEN 1999); the genetics and molecular biology
of this receptor have not been characterized.

Nicotinic receptors also function in the pharynx, a
specialized muscular organ responsible for feeding. Al-
though the pharynx has intrinsic myogenic contractile
activity, cholinergic neurotransmission from the pha-
ryngeal motorneuron MC is necessary for rapid pharyn-
geal pumping (RAIZEN et al. 1995). Since nicotine but
not levamisole induces pharyngeal muscle contraction
in the absence of the pharyngeal nervous system, a nico-
tinic receptor distinct from the levamisole receptor ap-
pears to be at least partially responsible for mediating
cholinergic transmission in the pharynx (AVERY and
HorviTz 1990). eat-2 and eat-18 are candidates for en-
coding subunits of this pharyngeal nAChR, since loss-
of-function mutations in these genes cause a phenotype
similar to ablation of the MC neurons and in some cases
alter pharmacological responses to nicotine (RAIZEN
et al. 1995). Another gene, deg-3, encodes a nicotinic
receptor subunit that is expressed in the pharynx; how-
ever, deg-3 loss-of-function mutants do not appear to
exhibit abnormal feeding behavior (TREININ and CHAL-
FIE 1995).

Another C. elegans behavior that involves the activity
of nicotinic receptors is egg laying. Egg laying requires
the activity of a set of eight specialized vulval muscles,
which are extensively innervated by cholinergic mo-
torneurons (WHITE e al. 1986; RAND and NONET
1997a). Nicotinic agonists including levamisole have
been shown to stimulate egg laying, suggesting that cho-
linergic neurotransmission involving nicotinic receptors
promotes egg-laying muscle contraction (TRENT et al.
1983; WEINSHENKER ¢t al. 1995). When applied in com-
bination with serotonin, the nicotinic agonist levamisole
is capable of stimulating egg-laying muscle contraction
in animals carrying ablations of the egg-laying mo-
torneurons (WAGGONER et al. 1998). This result indi-
cates that stimulation of egg laying by cholinergic ago-
nists is mediated at least in part by nicotinic receptors
in the vulval muscles. unc-29 recessive mutants are resis-
tant to stimulation of egg laying by levamisole, and ex-
pression of an unc-29 wild-type transgene in the vulval
muscles is sufficient to restore levamisole response
(WAGGONER et al. 2000a). Thus, UNC-29-containing nic-
otinic receptors in the vulval muscles appear to be at
least partially responsible for the acute effects of nico-
tinic agonists on egg laying.

In this study, we describe a more detailed analysis of
the function and regulation of the nicotinic receptors
involved in egg-laying behavior. In particular, we dem-
onstrate that the genes encoding subunits of the well-
characterized body muscle levamisole receptor also

function in the control of egg laying, specifically by
mediating the stimulation of egg laying by levamisole,
controlling the timing of egg-laying events, and regulat-
ing the response of the egg-laying neuromusculature to
serotonin. We also present evidence that the wunc-29
receptor functions in neurons as well as muscle cells.

MATERIALS AND METHODS

Strains and genetic methods: The chromosomal locations
of the genes studied in these experiments are as follows: LGI,
unc-74, unc-38, unc-63, unc-29, lev-10; LGIL, tph-1; LGIV, dpy-
20, lev-1; LGV, egl-1; LGX, lev-9, lev-8. Routine culturing of C.
elegans was performed as described (BRENNER 1974). All mu-
tant strains but one [lev-9(x66)] had been backcrossed once to
wild type when we received them; for the tracking experiments
(Table 1), the unc-29 and lev-1 mutant strains were each back-
crossed an additional four times to wild type.

Behavioral assays: Drug response assays in M9 salts were
performed essentially as described (WAGGONER et al. 2000a).
Unless otherwise stated, nematodes were grown at room tem-
perature on standard nematode growth medium (NGM)
seeded with Escherichia coli strain OP50 as a food source. For
dose-response experiments, individual young gravid hermaph-
rodites were placed in microtiter wells containing liquid M9
and the indicated concentration of drug. After a 1-hr incuba-
tion at room temperature, the eggs laid by each animal were
counted. For studies of egg-laying behavior on NGM solid
media, single animals were transferred to agar plates seeded
with E. coli OP50 as a food source. The egg-laying behavior
of each animal was recorded for 4-12 hr as described using an
automated tracking system (WAGGONER et al. 1998). Because
levamisole treatment emptied the uterus of wild-type animals,
wild-type worms were tracked on levamisole for only 2 hr.

Analysis of egg-laying patterns: Intervals between egg-laying
events were determined from analysis of videotapes obtained
using the tracking system. Quantitative analysis of the egg-
laying pattern using this interval data was performed as de-
scribed (ZHOU et al. 1998). Briefly, egg-laying events in C.
elegans are clustered, with periods of active egg laying, or active
phases, separated by long inactive phases during which eggs
are retained. Both the duration of the inactive phases (“inter-
cluster intervals”) and the duration of intervals between egg-
laying events in a cluster (“intracluster intervals”) model as
exponential random variables with different time constants
(WAGGONER el al. 1998). Thus, the probability density function
for the intervals between events is

| (x) = i\ M + k,z(p)\g)e"/’}‘ﬂ)*, x =0,
b o= PN — Ny) _ MA—p)
] M= ph N — PN,

where the intracluster time constant is 1/\; and the interclus-
ter time constant is 1/pXy. The maximume-likelihood estima-
tion method used to derive timing parameters was essentially
the one described previously (ZHOuU et al. 1998), with one
improvement: multiple histograms of log interval time were
used to initialize the maximum-likelihood (ML) algorithm,
thereby avoiding the possibility of the program fixing on a
local rather than the global maximum.

The experimental variance and statistical significance of
the timing data were evaluated in two ways. The theoretical
expected variance of estimated parameters and time constants
based on the two-state model was determined by using the
model probability density function to generate 100 indepen-
dent sets of simulated egg-laying data (containing the same
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TABLE 1

Egg-laying patterns of levamisole-receptor mutants

Intracluster time

Strain (no., hours, intervals) constant (1/\;; sec)

Intercluster time
constant (1/p\,; sec)

Clustering
parameter (P)

N2 (10, 58, 357) 16 = 2 1386 = 201 0.555 = 0.031
unc-29(x29) (8, 38, 196) 14 = 2 2236* + 494 0.700 = 0.057
unc-29(e193) (8, 44, 155) 16 = 4 2042*% * 267 0.327 = 0.051
unc-29(e1072) (8, 44, 162) 31*% £ 6 1733* = 236 0.444 = 0.045
unc-38(x20) (6, 25, 127) 18 £ 3 1738 *= 389 0.669 + 0.043
unc-38(e264) (15, 62, 207) 18 = 4 1555 = 166 0.357 = 0.035
lev-1(e211) (10, 45, 161) 32% x5 2171% * 296 0.497 = 0.040
lev-1(x427) (11, 52, 149) 28% *+ 4 2896%* + 477 0.508 = 0.048
unc-29(x29); lev-1(e211) (7, 31, 143) 30% = 5 2067% * 417 0.576 * 0.047
unec-38(x20); lev-1(e211) (12, 40, 138) 27% + 4 2007* + 305 0.453 + 0.048
unc-38(sy576) unc-29(e1072) (7, 27, 113) 29% = 5 1740% = 324 0.479 = 0.053
unc-38(sy576) unc-29(el072); lev-1(e211)

(8, 30, 118) 32% + 7 1850* = 330 0.492 = 0.050

*Intervals statistically different (level of confidence P < 0.05) from wild type according to the Mann-Whitney
rank sum test. A cutoff point of 120 sec, or 300 sec in the case of strains with intracluster time constants >20
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sec, was used to separate short and long intervals.

number of intervals as the real data and using the same param-
eters) and computing the standard deviation of the parame-
ters estimated from these simulations. Analysis of real data
using this method indicates that real variation between individ-
ual animals of the same strain is comparable to the theoretical
expectation. For example, when eight recordings of different
wild-type worms made on different days were individually ana-
lyzed, the average intra- and intercluster time constants esti-
mated from each were 14 sec and 1374 sec, with standard
deviations of 7 sec and 422 sec, respectively. Simulations using
the same parameters and data sets of comparable size (~40
intervals) had similar variation to what was observed experi-
mentally (standard deviation: 4 sec and 504 sec). To test for
the statistical significance of differences in egg-laying interval
times, a nonparametric test was used (the Mann-Whitney rank
test). The ability of such tests to determine statistical signifi-
cance is independent of the nature and degree of variation
in the data (ZAR 1996). To increase our confidence that differ-
ences between mutant and wild-type strains were due to muta-
tions in the levamisole receptor genes, all unc-29 and lev-1
mutant strains were backcrossed four times to wild type (in
addition to the one backcross performed prior to our receiving
the strains) before being analyzed in the tracking assay.
Sequencing of unc-29 mutations: Genomic DNA (SuLsTON
and HopGKIN 1988) or single worms (WrLLIAMSs 1995) were
used as a template to obtain PCR products for sequencing.
PCR products were purified using the QIAquick gel extraction
kit (QIAGEN, Chatsworth, CA). DNA sequencing was per-
formed by the Molecular Pathology Shared Resource, UCSD
Cancer Center, which is funded in part by National Cancer
Institute Cancer Center support grant no. 5POCA23100-16.
The sequence alterations were confirmed by both sequencing
DNA from additional independent PCR reactions and by re-
striction digest of multiple PCR products from single worms.
Construction of double and triple mutant strains: Double
mutants carrying mutations in #ph-I or egl-1 and in one of the
levamisole receptor genes were constructed by crossing the
single mutants and screening the second generation self-
progeny for nicotine-resistant animals whose progeny were all
egg-laying defective. The unc-38(sy576) unc-29(e1072) double
mutant was derived by crossing a unc-38(sy576) unc-29(e1072);
him-5(e1490) strain (provided by Rene Garcia and Paul Stern-

berg) to wild type, and isolating an Unc non-Him F, segregant.
lev-1(e211) was introduced into this double mutant or into unc-
38(x20) or unc-29(x29) in the following manner. lev-1(e211)
males were mated to the Unc strain and the nicotine-sensitive
hermaphrodite progeny were then mated to lev-1(e211) males.
Non-Unc nicotine-resistant (i.e., lev-1/lev-1) hermaphrodite
progeny from this backcross were picked individually and al-
lowed to self-fertilize. Some of these segregated Unc animals,
which were picked individually and allowed to self-fertilize.
The presence of unc-38, unc-29, and lev-1 was confirmed by test
cross with males heterozygous for unc-38(x20) or unc-29(x29) or
males homozygous for lev-1(e211).

Cell ablation experiments: For ablations of VC1-6, we ab-
lated the neuroblasts P1.a—P9.a, which are the larval precursors
of the VCs. Although only P3.a—P8.a normally give rise to the
VCs, adjacent Pn.a cells can generate VCs in the absence
of P3.a—P8.a unless killed (L1 and CHALFIE 1990). Wild-type
animals were grown at 20° ~10 hr after hatching, the Pn.a
cell nuclei were identified by position in the ventral cord and
killed; cell killing was verified by scoring for the absence of
adult ventral cord motorneuronal nuclei in the midbody re-
gion. We also confirmed the ability of this ablation to eliminate
the VCs by performing the same procedure on strain AQ242
(genotype dpy-20(el 282)IV; [Ex1[dpy-20(+ ), egl-36::GFP]), which
expressed green fluorescent protein (GFP) in all VC neurons;
cell killing was verified in late L4 by scoring for the absence
of fluorescence in the ventral cord and vulval area. Three
other ventral cord neurons that also descend from the ablated
neuroblasts (VA7, VB8, and VD7) potentially make single syn-
apses with the egg-laying muscles; thus, it was formally possible
these neurons might contribute to this effect. However, abla-
tions of a subset of Pn.a neuroblasts (for example, P3.a—P.8.a)
that eliminated VA7, VB8, and VD7 but spared one or more
VGCs (as indicated by egl-36::GFP-expressing cells that sent pro-
cesses to the vulva) did not prevent levamisole response (data
not shown).

RESULTS

Genes required for egg laying in response to nicotinic
agonists: To identify genes required for nAChR function
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in egg-laying cells, we assayed egg-laying behavior in
levamisole-resistant mutants, which were originally iden-
tified on the basis of their resistance to the effects of
levamisole on body muscle. Mutations conferring resis-
tance to high concentrations of levamisole (i.e., 1 mm)
have been identified in several genes, including unc-29,
unc-38, unc-50, unc-63, unc-74, and lev-1 (LEWIS et al.
1980a). All of these “strong” levamisole resistance genes
affect the assembly of functional levamisole-binding re-
ceptors as assayed in vitro (LEWTS et al. 1987), and three
of them, unc-38, unc-29, and lev-1, are known to encode
nicotinic receptor subunits (FLEMING et al. 1997). Muta-
tions in three additional genes (lev-8, lev-9, and lev-10)
confer only partial resistance to levamisole (i.e., to con-
centrations =100 wM) and have no detectable effect on
the biochemical properties of the receptor as assayed
in vitro. These “weak” levamisole resistance genes have
been hypothesized to regulate the activity of the levami-
sole receptor indirectly (LEwIs et al. 1980a, 1987).

To assess the possible involvement of these levamisole
resistance genes on egg-laying behavior, we assayed mu-
tant animals for egg laying in response to acute levami-
sole treatment. Levamisole treatment results in a dose-
dependent stimulation of egg laying in hypertonic liquid
medium (M9 salts), a condition that normally inhibits
egg laying (TRENT et al. 1983). We had previously found
that mutants defective in the nicotinic receptor subunit
gene unc-29were insensitive to stimulation of egg laying
by levamisole (WAGGONER et al. 2000a). When we as-
sayed the effects of other levamisole resistance genes,
we found that many of them were also levamisole resis-
tant with respect to egg laying (Figure 1). For example,
recessive alleles of the unc-38 and lev-1 genes, which
encode a- and non-a-nicotinic receptor subunits, re-
spectively, conferred partial or complete resistance to
levamisole in the M9 assay. Likewise, mutants defective
in the two other strong levamisole resistance genes, unc-
63 and unc-74, also showed no significant stimulation of
egg laying by levamisole. Finally, lev-8 and lev-9 mutants,
which were only partially levamisole resistant in the body
muscle, were highly resistant to the stimulatory effects
of levamisole on egg laying. In contrast, lev-10 mutant
animals exhibited a robust stimulation of egg laying by
levamisole. unc-50 mutants were not tested because their
extremely low brood size made egg-laying behavior dif-
ficult to evaluate. Together, these results indicated that
many of the same genes required for levamisole re-
sponse in body muscle, including all the known receptor
subunit genes, were also required for the acute effects of
levamisole on egg laying. Thus, a nicotinic acetylcholine
receptor with a similar subunit composition to the leva-
misole receptor in body muscle also appeared to pro-
mote egg laying.

To investigate the possible involvement of other ace-
tylcholine receptors in egg-laying behavior, we assayed
the egg-laying responses of the levamisole receptor mu-
tants on responses to the general nicotinic agonist nico-

tine. Like levamisole, nicotine caused robust dose-
dependent stimulation of egg laying by wild-type ani-
mals in M9. Mutations in all three known levamisole
receptor genes (i.e., unc-29, unc-38, and lev-I) led to a
reduced response to nicotine in this assay, although
significant stimulation was observed in all three mutants,
especially at the later time point (Figure 2, a and b).
Interestingly, the nicotine response observed in the leva-
misole receptor mutants displayed different dose-re-
sponse kinetics from the wild-type response; the half-
maximal point for the mutant response was at ~0.2 mm,
compared to 0.8 mm for the wild-type response. Thus,
these results indicate that although the levamisole re-
ceptor genes mediate some of the stimulatory effect of
nicotine on egg laying, a significant component of this
stimulation is levamisole receptor independent and may
be mediated through a different nicotinic receptor sub-
type.

Effects of the levamisole receptor on the temporal
pattern of egg laying: To investigate in more detail the
role of nicotinic receptors in egg-laying behavior, we
analyzed the effect of the agonist levamisole on the
timing of egg-laying events. Under conditions favorable
to egg laying (i.e, NGM seeded with abundant food),
wild-type worms fluctuate between two discrete behav-
ioral states: an inactive egg-laying state during which
eggs are retained in the uterus and an active state during
which eggs are laid in clusters. By recording and analyz-
ing an animal’s behavior over long time periods, it is
possible to determine exponential time constants for
the onset of the active phase and for egg laying within
the active phase (WAGGONER et al. 1998). When we ana-
lyzed the egg-laying pattern of wild-type animals during
acute levamisole treatment, we observed that the time
constant for the onset of the active phase as well as the
time constant for egg laying within the active phase were
significantly reduced: on levamisole, the intracluster in-
terval displayed a twofold reduction, and the interclus-
ter interval displayed a more than threefold reduction
(Figure 3). Thus, levamisole treatment appeared to both
facilitate onset of the active phase of egg laying and
stimulate egg-laying muscle contractions during the ac-
tive phase. These effects of levamisole on the timing
of egg-laying events were dependent on the levamisole
receptor genes (unc-29, unc-38, and lev-1). By them-
selves, these genes had only subtle effects on the tempo-
ral pattern of egg laying (Table 1). Yet all mutants re-
tained the characteristic biphasic pattern of egg laying,
and the mutant time constants differed significantly
from those of wild type by no more than a factor of
two. Yet in contrast to its effect on wild-type animals,
levamisole treatment had little or no effect on the egg-
laying patterns of the levamisole receptor mutants (Fig-
ure 3; unc-38 and lev-1 data not shown). Thus, although
the levamisole receptor genes were not critical for egg
laying in the absence of drug, they were apparently
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necessary for the acute effects of levamisole on egg
laying on NGM as well as in M9.

How likely is it that these mutations in the nicotinic
receptor genes completely eliminate the functional ac-
tivity of the encoded receptor protein? The previously
reported sequences of the unc-38(x20) and lev-1(x427)
alleles suggest that they cause severe if not complete
loss of receptor function (FLEMING e al. 1997). By se-
quencing the complete coding regions of the unc-29
mutant alleles, we determined that the unc-29(x29) mu-
tation introduced a nonsense mutation (tat — taa)
within the fourth transmembrane a-helix. unc-29(el 93)
was found to be a missense mutation (cca — tca) that
changes a universally conserved proline residue at posi-
tion 258 to a serine; the sequence alteration in the
unc-29(el1072) allele could not be identified. Thus, unc-
29(x29) probably causes a severe loss of nicotinic recep-
tor function and might representa molecular null allele.
To further address the egg-laying phenotype of a com-

plete levamisole receptor knockout, we analyzed the
egg-laying behavior of unc-29/unc-38/lev-1 double and
triple mutant strains, which were defective in two (or
in the latter case three) of the identified levamisole
receptor subunits. In each case, the pattern of egg laying
was grossly normal, and although abnormalities in the
timing of egg-laying events were observed, they were
quantitatively not much more severe than in the single
mutant strains (Figure 3; Table 1). Together, these re-
sults suggested that while a nicotinic receptor con-
taining UNC-29, UNC-38, and LEV-1 subunits is neces-
sary for stimulation of egg laying by levamisole, it is
unnecessary for egg-laying muscle contraction per se.
The cellular basis for unc-29 egg-laying phenotypes:
UNC-29 is expressed in both neurons and muscle cells
(FLEMING et al. 1997). Specifically, UNC-29 has been
shown to be expressed in the vulval muscles as well
as the VC egg-laying motorneurons (WAGGONER et al.
2000a; see Figure 4a). Thus, it was of interest to deter-
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Frcure 2.—Effects of levamisole receptor genes on egg lay-
ing in response to the general nicotinic agonist nicotine. Egg-
laying responses to nicotine were determined using the M9
assay described in Figure 1. Data collected after 1 and 2 hr
are shown in a and b, respectively. The unc-29(x29), lev-1(e211),
and unc-38(x20) alleles were used for these experiments. Points
and error bars indicate the mean and standard error of 36
trials at each concentration.

mine the cellular foci for the egg-laying phenotypes of
unc-29. In principle, the egg-laying abnormalities in unc-
29loss-of-function mutants could be the result of a lack
of UNC-29 receptor function in the vulval muscles, the
VCs, or perhaps some other cell type. To address these
possibilities, we generated transgenic animals with the
unc-29 mutant background that expressed the wild-type
allele of unc-29 only in muscle cells (using the myo-3
promoter; OKKEMA et al. 1993) or only in the vulval
muscles (using the ndE-box promoter; HARFE and FIRE
1998). When we tested these lines for the ability to lay
eggs in M9 in response to levamisole, we observed that
both the myo-3::unc-29line and the ndE-box::unc-29 line
showed robust stimulation (Figure 4b). Thus, functional
UNC-29 receptors in the vulval muscles apparently were
sufficient to rescue the levamisole-insensitive phenotype
as measured in the M9 assay.

We also assayed the responses of our muscle-specific
transgenic lines to levamisole on NGM agar plates. Sur-
prisingly, the egg-laying patterns of both the myo-3::unc-
29 line (Figure 4c) and the ndE-box::unc-29 line (not
shown) were largely unaffected by the presence of leva-
misole. Thus, whereas vulval muscle-specific expression
of wild-type unc-29rescued the levamisole-resistant phe-
notype of unc-29(x29) in the M9 egg-laying assay, muscle-
specific expression failed to rescue the levamisole-resis-
tant phenotype on NGM plates. These results implied
that vulval muscle UNC-29 receptors were sufficient to
provide levamisole response in M9, whereas levamisole
response on NGM might require the activity of neuronal
UNC-29 receptors. To test this possibility, we performed
ablations that eliminated the egg-laying motorneurons
that express UNGC-29 (i.e., the VCs) and determined
the effect of this ablation on egg-laying responses to
levamisole. We observed that, like the myo-3::unc-29 ani-
mals, animals lacking the VCs were largely levamisole
insensitive on NGM (Figure 4d). These results were
consistent with the hypothesis that levamisole receptors
in the VC neurons participate in the control of egg
laying.

Effect of levamisole receptor genes on serotonin re-
sponses: Previous studies indicated that acetylcholine
and serotonin act in parallel to activate egg laying in C.
elegans. To gain further information about the relation-
ship between serotonin and acetylcholine in the control
of egg laying, we analyzed the behavior of double mu-
tants defective in both nicotinic acetylcholine receptor
function and serotonergic neurotransmission. We first
analyzed the phenotypes of double mutants carrying a
loss-of-function mutation in #ph-I, which encodes the
serotonin biosynthetic enzyme tryptophan hydroxylase
(SzE et al. 2000). We observed that, by itself, a ¢ph-1 loss-
of-function mutation resulted in a small but significant
increase in the duration of the inactive egg-laying phase.
When a unc-29 or lev-1 mutation was crossed into a {ph-1
mutant background, no significant enhancement of the
egg-laying phenotype was observed (Figure 5, a—c). In
contrast, both unc-29 and lev-1 dramatically enhanced
the egg-laying defect caused by an ¢gl-1 mutation, which
causes inappropriate cell death of the serotonergic HSN
neurons (DEsAI et al. 1988). In an egl-I mutant back-
ground, unc-29 and lev-1 mutations decreased the over-
all rate of egg laying and significantly decreased the
rate of egg laying within the active phase (Figure 5,
d—f). Thus, the activity of UNC-29/LEV-1 containing
nicotinic receptors appeared to be particularly impor-
tant for egg laying in the absence of the HSNs.

We also assayed the effect of mutations in the levami-
sole receptor genes on the egg-laying response to exoge-
nous serotonin (Figure 6). We observed that unc38
mutants exhibited a greatly overall diminished response
to serotonin; at peak concentrations, unc-38 mutants
showed at least a threefold reduction in the number of
eggs laid (Figure 6¢). In addition, unc-38 mutants also
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Ficure 3.—Effect of the levamisole receptor on the timing of egg-laying events. Shown are histograms of interval times between
egg-laying events for wild-type or mutant animals in the presence or absence of levamisole. For each histogram, the left peak
contains the intracluster intervals (i.e., the intervals between events within a cluster), and the right peak contains the intercluster
intervals (i.e., the intervals between clusters). Dashed lines indicate the estimated intracluster and intercluster time constants.
Animals were tracked as described on nematode growth medium (NGM) or on NGM containing 50 um levamisole. This
concentration effectively stimulates egg laying in wild-type animals, but does not cause body muscle paralysis. For animals tracked
on NGM, the numbers of animals tracked, hours observed, and intervals analyzed, along with the estimated model egg-laying
parameters, are in Table 1. For animals tracked on levamisole, the numbers of animals, hours tracked, and total intervals analyzed
were as follows: N2, nine animals, 19 hr, 64 intervals; unc-29(x29), five animals, 21 hr, 100 intervals; lev-1(e211), six animals, 28
hr, 101 intervals; unc-38(x20), seven animals, 35 hr, 104 intervals; unc-38(sy576) unc-29(e1072); lev-1(e211), nine animals, 47 hr,
275 intervals. Both the long (=120 sec) and short (<120 sec) intervals were significantly shortened by levamisole in wild type
(confidence level P < 0.001). In the unc-29 single mutant neither parameter was significantly shortened, and in the unc-38;unc-
29;lev-1 triple mutant the long interval was slightly shortened (confidence level P < 0.05) according to the Mann-Whitney rank
sum test. In testing the significance for the mutants, a cutoff point of 300 sec was used in separating long and short intervals to
adapt to the shifts in the curves representing intracluster intervals.

showed hypersensitivity to serotonin in that they consis-
tently responded more than wild type to abnormally
low concentrations of drug. Since unc-38 mutations also
conferred serotonin hypersensitivity in an egl-I mutant
background (data not shown), this effect was apparently
independent of the HSN neurons. Thus, unc38 ap-
peared to both potentiate and negatively regulate sero-
tonin response in the egg-laying circuitry. In contrast,
the dose responses of unc-29 and lev-1 mutants were
more similar to wild type: although both mutants did
experience a reduction in peak response, it was not
nearly as pronounced as that seen in unc¢-38 mutants,
and statistically significant serotonin hypersensitivity to
low doses was seen in only one allele of unc-29 (el 93
Figure 6, a and b).

DISCUSSION

Genetic requirements for cholinergic neurotransmis-
sion in egg-laying behavior: Cholinergic agonists, includ-
ing the nicotinic agonists nicotine and levamisole, have

long been known to stimulate egg laying. We recently
found that the stimulation of egg laying by levamisole
requires a nicotinic receptor containing the subunit
protein UNC-29, which is also an essential component
of the levamisole receptor in body muscle (WAGGONER
et al. 2000a). In this study we observed that several other
genes that affect the activity of the body muscle levami-
sole receptor are also required for the acute effects of
levamisole on egg laying. These include the genes unc-
38 and lev-1, which encode a- and non-a-subunits, re-
spectively, of the body muscle levamisole receptor
(FLEMING et al. 1997). Thus, the levamisole-sensitive nic-
otinic receptor that promotes egg-laying muscle con-
traction appears to have a similar if not identical subunit
composition to the levamisole receptor in the body mus-
cle. Interestingly, lev-1 loss-of-function mutants, which
are only partially resistant to levamisole with respect to
body muscle contraction, were completely levamisole
resistant with respect to egg laying. Therefore, the LEV-1
protein may be a nonessential subunit of the body mus-
cle levamisole receptor, but an essential subunit of the
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F1GUre 4.—Partial rescue of unc-29 egg-laying phenotypes by muscle-specific gene expression. (a) Expression pattern of UNC-
29 in the egg-laying neuromusculature. An UNC-29::GFP chimeric protein shows pattern of expression in the vulval muscles
(vml and vm2) and VC motorneurons (WAGGONER ¢t al. 2000a). (b) Dose response curves showing egg laying in response to
levamisole by wild-type animals, unc-29 mutants, and transgenic animals expressing functional unc-29 only in the vulval muscles
(ndE-box::unc-29(+ ); strain AQ497) or in vulval and body muscles (myo-3::unc-29(+); strain AQ548) in an unc-29 mutant back-
ground. Individual points and error bars indicate the mean and SEM of at least the following numbers of trials: N2, 16; unc-29(x29),
16; ndE-box::unc-29(+ ), 20; myo-3::unc-29(+), 30. (c and d) Effect of levamisole on the egg-laying patterns of animals with muscle-
specific unc-29(+) expression (c) or with ablation of the Pn.a VC neuronal precursors (d). Dashed lines indicate the estimated
intracluster and intercluster time constants. The number of animals, hours tracked, and total intervals analyzed were as follows:
AQb548/ myo-3::unc-29 (no drug), five animals, 26 hr, 71 intervals; AQ548/myo-3::unc-29 (levamisole), five animals, 30 hr, 109
intervals; N2, VC— (no drug), three animals, 20 hr, 42 intervals; N2, VC— (levamisole), three animals, 24 hr, 69 intervals.

levamisole receptor involved in egg laying. Several other
levamisole resistance genes that have not been cloned,
including unc-74, lev-8, and lev-9, also appeared to affect
egg laying in response to nicotinic agonists (though
only a single allele of lev-8 was available, making effects
of genetic background impossible to rule out for this
mutant). Thus, the regulatory pathways controlling the
activity of levamisole receptors involved in egg laying
may be also similar to those affecting the body muscle
receptors.

Despite their apparent role in mediating cholinergic
neurotransmission in the egg-laying circuit, none of the
levamisole resistance genes were critical for egg laying.

Recessive mutants with defects in the levamisole recep-
tor subunit genes not only failed to exhibit a gross egg-
laying-defective phenotype, but their temporal patterns
of egg laying also showed little deviation from those
of wild-type animals. Even double and triple mutants
defective in multiple levamisole receptor subunits ex-
hibited only a subtle alteration in egg-laying pattern:
the intracluster and intercluster time constants were
slower by a factor of no more than two. unc-29, unc-38,
and lev-1 mutants all exhibited a reduced but measur-
able response to the general nicotinic agonist nicotine;
thus, the vulval muscles, like the body muscles, most
likely contain a second nicotinic receptor whose func-



Nicotinic Receptor Genes in C. elegans Egg Laying 1607

a tph-1(mg280) d

04 ' ' 04

egl-1(n986)
| |

[ |
03 1182 18423+330 03

02 0.2

13543 |

4350{511452

| | FiGUrE 5.—Interactions be-
tween the egg-laying pheno-
types of egl-l, tph-1, and the
levamisole receptor genes.

ol gl HHDDHH.: i

i fW
74 55 403 2981 22026

b unc-29;tph-1 e
04 : : 0.4

il i

Shown are histograms of inter-
val times between egg-laying
events. Dashed lines indicate
the estimated intracluster and

UnC'zg -egl_1 intercluster time constants.
’
|

| The number of animals, hours

74 55 403 2981 22026

03} 11s+3 I 1869s+292 03|
02} 02|

01t IH 0.1

Frequency

|
81s+21 |

tracked, and total intervals
analyzed were as follows: (ph-1
(mg280), 6 animals, 40 hr,
131 intervals;  (ph-1(mg280);
lev-1(e211), 6 animals, 33 hr,
115 intervals; (ph-1(mg280);unc-
29(x29), 6 animals, 33 hr, 88

|
5768s+748

HHH%Hm

74 55403298122026

c lev-1;tph-1 f
04 ' ' 04

al
74

intervals; egl-1(n986), 13 ani-
mals, 70 hr, 118 intervals; egl-
1(n986); lev-1(e211), 4 animals,
48 hr, 35 intervals; egl-1(n986);
unc-29(x29), 6 animals, 72 hr,
| 40 intervals. The short intervals

55 403 2981 22026

lev-1;egl-1
|

|
F21 1254822 5|

|
03l 12843 |

0.2

?_ mﬂfﬂmzﬂﬂfﬁ.

55 403 2981 22026

Interval time (s)

tion overlaps that of the levamisole receptor (RICHMOND
and JORGENSEN 1999). It is also possible that the vulval
muscles, like the pharyngeal muscles, may possess intrin-
sic myogenic activity, making cholinergic neurotrans-
mission important but not essential for muscle contrac-
tion (RAIZEN et al. 1995). The egg-laying phenotypes of
choline acetyltransferase (i.e., cha-I) mutants support
this possibility; c¢ha-1 conditional mutants have a signifi-
cantly longer intracluster time constant than even the
levamisole receptor triple mutant (WAGGONER el al.
1998), yet not even the strongest cha-I mutants are com-
pletely defective for egg laying (RAND 1989). In the
future, analyses of vulval muscle physiology may make
it possible to address this issue more definitively.
Evidence that unc-29 functions in both egg-laying
muscles and neurons: Although the function of UNC-
29-containing nicotinic receptors has previously been
studied only in muscle cells, GFP reporter studies have
indicated that UNC-29 receptors are also expressed in
neurons (FLEMING et al. 1997). The evidence presented
here indicates that neuronal as well as vulval muscle
UNC-29 receptors participate in the control of egg-lay-
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egl-1; unc-29 double mutants
were statistically different from
the egl-l single mutant ac-
cording to the Mann-Whitney
rank sum test (level of confi-
dence P < 0.05).
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ing behavior. Expression of a functional unc¢-29 trans-
gene under the control of the vulval muscle-specific
ndE-box promoter restored levamisole sensitivity in the
M9 egg-laying assay; thus, it is clear that UNC-29 recep-
tors in the vulval muscles mediate at least some of the
effects of nicotinic agonists on egg laying, probably
through direct muscle excitation. However, when ana-
lyzed on NGM plates, lines expressing unc-29(+) under
the control of either the ndE-box or the muscle-specific
myo-3 promoter appeared levamisole resistant, since
their egg-laying pattern was largely unaffected by levami-
sole treatment. These results illustrate that the genetic
requirements for pharmacological stimulation of egg
laying can differ when assayed under conditions that
are normally permissive for egg laying (i.e., seeded NGM
plates) instead of conditions that are normally inhibi-
tory (i.e., M9 liquid medium). Such a discrepancy is not
unique to these transgenic lines; we previously observed
that mutants defective in the neuropeptide gene flp-1
showed almost no stimulation of egg laying by serotonin
in M9, but displayed an essentially wild-type response
on NGM (WAGGONER e al. 2000b). Since the myo-3
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Ficure 6.—Effect of levamisole receptor genes on egg lay-
ing in response to serotonin. Egg-laying responses to serotonin
were determined for the different mutant alleles by placing
individual animals in liquid M9 and the indicated concentra-
tion of serotonin and counting the number of eggs laid by
each animal after 1 hr of drug exposure. Both alleles of unc-
38(x20) and unc-38(e264) and one allele of unc-29(el 93) showed
a statistically significant increase in egg laying at low (8.25
mM) serotonin concentrations according to the Mann-Whit-
ney rank sum test (confidence level P < 0.05). By the same
test, all shown levamisole receptor mutants unc-29(x29), unc-
29(e193), unc-38(x20), unc-38(e264), lev-1(e211), and lev-1(x427)
displayed a statistically significant decrease in egg laying at
high (25 mM) serotonin concentrations (confidence level P <
0.05). Individual points and error bars indicate the mean and
SEM of at least the following numbers of trials: N2, 70; unc-
29(x29), 38; unc-29(el 93), 36; unc-38(x20), 36; unc-38(e264), 32;
lev-1(e211), 33; lev-1(x427), 34.

promoter directs gene expression in all unc-2%express-
ing muscle cells atlevels atleast as high as those provided
by the unc-29 promoter (see WAGGONER et al. 2000a),
our results suggest that neuronal UNC-29 receptors are
important for the levamisole response on NGM. Consis-
tent with this possibility, ablations that eliminated the
VC motorneurons (the only neurons in the egg-laying
circuit with detectable UNG-29 expression) also con-
ferred resistance to levamisole in the NGM assay. Since
an ectopic promoter that replicated the neuronal UNC-

29 expression pattern was not available, we could not
determine whether neuronal UNC-29 receptors were
sufficient for levamisole response on NGM. Nonethe-
less, our results indicate that the alterations in egg-laying
pattern caused by levamisole treatment are at least par-
tially dependent on neuronal UNC-29 receptors, possi-
bly functioning in the VCs.

How might neuronal UNC-29 receptors participate
in the regulation of egg laying? In vertebrate systems,
neuronal nicotinic receptors have been shown to facili-
tate neurotransmitter release from synaptic terminals.
Thus, it is reasonable to suppose that UNC-29 receptors
in the VCs function in a similar fashion to promote
release of neurotransmitters and/or neuromodulators
that function at the VC-vulval muscle neuromuscular
junctions. The VCs contain multiple neurotransmitters,
including acetylcholine (RaAND and NONET 1997a), one
or more FMRFamide-related neuropeptides (SCHINK-
MANN and L1 1992), and an unidentified biogenic amine
(DUERR et al. 1999). Since levamisole shortens, and leva-
misole receptor mutations often lengthen, both the in-
tercluster and intracluster time constants, levamisole
receptors in the VCs may regulate the release of trans-
mitters that induce egg-laying contractions within the
active phase (i.e., acetylcholine) as well as modulators
that control the onset of the active phase (perhaps a
peptide or amine).

Levamisole receptors and HSN-independent egg-lay-
ing neurotransmission: Although mutations in the leva-
misole receptor genes had relatively subtle effects on
the pattern of egg laying, their effect was considerably
greater in animals lacking the serotonergic HSN mo-
torneurons. In an egl-1 mutant background, both unc-
29and lev-1 mutations lengthened the intracluster time
constant more than threefold. These results imply that
the levamisole receptor is specifically important for cho-
linergic neurotransmission between the VC motorneu-
rons and the vulval muscles, butless important for HSN/
vulval muscle neurotransmission. Neuronal UNC-29 re-
ceptors indeed appear to be expressed in the VCs but
not the HSNs; thus, importance of unc-29 for HSN-
independent egg laying may reflect this asymmetery in
the distribution of neuronal UNC-29 receptors in the
egg-laying motor synapses.

Interestingly, no phenotypic synergy was observed be-
tween the levamisole receptor genes and tph-1, a gene
required for the synthesis of the major HSN neurotrans-
mitter serotonin. This is perhaps surprising since seroto-
nin is sufficient to rescue HSN function (TRENT et al.
1983) and has been shown to potentiate the induction
of egg laying by nicotinic agonists (WAGGONER el al.
1998). However, a number of studies have demonstrated
that the loss of HSN function can have effects on egg
laying that are more severe than those caused by a defect
in serotonergic neurotransmission. For example, HSN-
deficient animals were found to be resistant to stim-
ulation of egg laying by levamisole, whereas serotonin-
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deficient animals were not (WEINSHENKER et al. 1995).
Likewise, the ability of G,/goa-1 mutations to shorten
the inactive egg-laying phase is dependent on the pres-
ence of the HSNs, but not on the ability to synthesize
serotonin (WAGGONER et al. 2000b). The simplest inter-
pretation of these results is that the HSNs contain a
second neuromodulator that functions redundantly
with serotonin to potentiate the ability of nicotinic re-
ceptors to induce vulval muscle contraction. The iden-
tity of such a hypothetical stimulatory modulator of egg
laying is not known, although since the HSNs contain
RFamide immunoreactivity, one possible candidate is a
FMRFamide-related neuropeptide.

Connections between nicotinic receptor activity and
serotonin response: An interesting and unexpected re-
sult was the observation that mutants defective in the
receptor subunit gene unc-38 dramatically altered the
egg-laying response to serotonin. unc-38 animals laid
eggs in response to serotonin concentrations that were
approximately fivefold lower than those required to
stimulate egg laying in wild type; however, the magni-
tude of the serotonin response (i.e., the maximum num-
ber of eggs laid in response to serotonin) was much
lower in un¢-38 mutants than in wild-type animals. Both
the hypersensitivity and reduced response to serotonin
appeared to be somewhat specific to unc¢-38, as both
these effects were minimal in unc-29 and lev-1; overall,
the serotonin dose responses of these two mutants were
more similar to wild type. Thus, a nicotinic receptor
containing UNC-38 but not UNC-29 or LEV-1 subunits
appears to both promote and negatively regulate seroto-
nin responses in the egg-laying circuitry.

Whatinteractions between cholinergic and serotoner-
gic response pathways might explain the effects of unc-
38 mutations on serotonin response? Interestingly, mu-
tations in a number of genes involved in promoting
neurotransmitter release from ventral cord neurons are
also serotonin hypersensitive and/or show reduced se-
rotonin responses (SCHAFER et al. 1996). Preliminary
analysis of une¢38::GIP promoter fusions (A. GoTT-
SCHALK and W. SCHAFER, unpublished data) as well as
genetic evidence (discussed in RAND and NoNET 1997b)
suggests that un¢-38 functions in neurons as well as mus-
cles. Perhaps neuronal UNC-38 receptors might control
the release of modulators that downregulate or potenti-
ate serotonin response in the egg-laying neuromuscula-
ture. Alternatively, the vulval muscles might express an
UNC-38-containing nicotinic receptor subtype whose
chronic activity regulates the activity of signal transduc-
tion pathways downstream of serotonin. In either case,
the long-term activity of UNC-38 receptors could di-
rectly or indirectly modulate the activity of serotonin-
responsive signaling pathways in the vulval muscles. In
the future, the identification and characterization of
additional genes required for the egg-laying responses
to these transmitters are likely to provide insight into

these interactions between cholinergic and serotonergic
neurotransmission.
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