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The G-Protein-Coupled Serotonin Receptor SER-1
Regulates Egg Laying and Male Mating Behaviors in
Caenorhabditis elegans
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Serotonin (5-HT) is a neuromodulator that regulates many aspects of animal behavior, including mood, aggression, sex drive, and sleep.
In vertebrates, most of the behavioral effects of 5-HT appear to be mediated by G-protein-coupled receptors (GPCRs). Here, we show that
SER-1 is the 5-HT GPCR responsible for the stimulatory effects of exogenous 5-HT in two sexually dimorphic behaviors of Caenorhabditis
elegans, egg laying and male ventral tail curling. Loss of ser-1 function leads to decreased egg laying in hermaphrodites and defects in the
turning step of mating behavior in males. ser-1 is expressed in muscles that are postsynaptic to serotonergic neurons and are known to be
required for these behaviors. Analysis of the ser-1 mutant also reveals an inhibitory effect of 5-HT on egg laying that is normally masked
by SER-1-dependent stimulation. This inhibition of egg laying requires MOD-1, a 5-HT-gated chloride channel. Loss of mod-1 function in
males also produces defects in ventral tail curling and enhances the turning defects in ser-1 mutant males. Sustained elevations in 5-HT
levels result in behavioral adaptation to both the stimulatory and inhibitory actions of the neurotransmitter, indicating that both SER-1
and MOD-1 signaling can be modulated. Removal of wild-type animals from high levels of exogenous 5-HT produces a SER-1-dependent
withdrawal response in which egg laying is significantly decreased. These studies provide insight into the role of 5-HT in behavior and the
regulation of 5-HT2 receptor function.
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Introduction
The neurotransmitter 5-hydroxytryptamine (5-HT) is widely
used in the nervous systems of both invertebrate and vertebrate
organisms and modulates many aspects of behavior. In Caeno-
rhabditis elegans, 5-HT regulates locomotion, egg laying, pharyn-
geal pumping, and male mating behaviors (Loer and Kenyon,
1993; Waggoner et al., 1998; Duerr et al., 1999; Nurrish et al.,
1999; Sawin et al., 2000; Sze et al., 2000). Application of exoge-
nous 5-HT to wild-type animals inhibits locomotion and stimu-
lates egg laying, pharyngeal pumping, and the ventral tail curling
that occurs during male mating (Horvitz et al., 1982; Loer and
Kenyon, 1993; Schafer and Kenyon, 1995; Nurrish et al., 1999). C.
elegans adapts to the effects of exogenous 5-HT on egg laying and
locomotion after long-term exposure to the drug (Schafer and
Kenyon, 1995). Searches for G-protein-coupled receptors
(GPCRs) that could mediate these effects of 5-HT in C. elegans

have identified three candidate genes [ser-1, ser-4 (formerly
5-HT-Ce or cer-1), and ser-7b] encoding receptors shown to bind
5-HT in vitro (Olde and McCombie, 1997; Hamdan et al., 1999;
Hobson et al., 2003). In addition to the candidate GPCRs, a
5-HT-gated chloride channel, MOD-1, has been identified in C.
elegans and shown to be required for the enhanced slowing re-
sponse of food-deprived animals after encountering bacteria
(Ranganathan et al., 2000; Sawin et al., 2000).

The neuromuscular circuits that are likely to mediate the ef-
fects of 5-HT on egg laying and ventral tail curling have been
studied extensively. In the C. elegans hermaphrodite, egg laying is
mediated by 16 vulval and uterine muscles that receive neuronal
input from two classes of motorneurons, the ventral-type C (VC)
and the hermaphrodite-specific neurons (HSNs), both of which
contain 5-HT (Desai and Horvitz, 1989; Duerr et al., 1999; Sze et
al., 2000). The male-specific CP motorneurons are immunoreac-
tive for 5-HT and innervate the male-specific diagonal muscles
that are important for proper turning in males (Loer and Kenyon,
1993).

Here, we determined that SER-1, a 5-HT GPCR, is the recep-
tor that mediates the stimulatory effects of 5-HT on egg laying
and ventral tail curling. Interestingly, the SER-1 receptor shows
high homology to the vertebrate 5-HT2 type receptors (Hamdan
et al., 1999) that influence many aspects of mammalian behavior,
such as feeding and mood, and are targets of a variety of psycho-
active medications, including antidepressants, anxiolytics, and
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atypical antipsychotic drugs (for review, see Roth et al., 1998;
Giorgetti and Tecott, 2004). Our additional analysis of the re-
sponses of the ser-1 mutant to exogenous 5-HT also reveals a
previously undescribed inhibitory effect of 5-HT on egg laying
not observed in wild-type animals. This inhibitory response is
dependent on the 5-HT-gated chloride channel, MOD-1. Longer
exposures to 5-HT can diminish the 5-HT-dependent effects on
egg laying and lead to a dependence on 5-HT for egg laying. This
dependence produces a withdrawal response that requires the
SER-1 receptor. Together, these observations suggest that C. el-
egans is a good model for studying acute and adaptive responses
to serotonin.

Materials and Methods
Strains. C. elegans were maintained as described previously (Brenner,
1974). The wild-type strain used was Bristol N2. Mutant strains were
obtained from the C. elegans Genetics Center (Minneapolis, MN). ser-
1(ok345) and mod-1(ok103) were generated by the C. elegans Gene
Knockout Consortium (Oklahoma City, OK). The ser-1 strain used was
DA1814 (outcrossed 10 times), and the mod-1 strain used was MT9668
(outcrossed six times). Mutants used were as follows: ser-1(ok345), mod-
1(ok103), unc-13(e1091), tph-1(mg280), egl-1(n487), unc-42(e270), and
the deficiency strain TY404 (�/szT1[lon-2(e678)]; lin-15(n765)Df1/
szT1). The double mutants ser-1(ok345);mod-1(ok103), ser-1(ok345);egl-
1(n487), and ser-1(ok345);unc-42(e270) were constructed using standard
genetic techniques.

RNA-mediated interference. RNA-mediated interference (RNAi) ex-
periments were performed as described previously (Kamath and Ahr-
inger, 2003) using wild-type N2 animals. Fourth larval (L4) stage her-
maphrodites and their progeny were grown on nematode growth media
(NGM) agar plates containing 25 �g/ml carbenicillin and 1 mM

isopropyl-�-D-thiogalactopyranoside and seeded with HT115(DE3)
bacteria containing either the ser-1 (F59C12.2) RNAi vector or an empty
vector, which served as a control (gift from Dr. J. Ahringer, Wellcome
Institute, Cambridge, UK).

Behavioral assays. The age-matched adults used in all of the egg-laying
assays were obtained by picking L4 stage hermaphrodites 24 –30 h before
each assay and culturing on food at 20°C.

For egg-laying assays performed in liquid, age-matched adults were
placed into 50 �l of M9 buffer [KH2P04 (3 g/L), Na2HP04 (6 g/L), NaCl
(5 g/L), and 10 mM MgS04] and the indicated compounds. The number
of eggs laid in each well was counted after 90 min (except for assays using
�-methyl-5-HT-treated animals, in which the number of eggs laid was
counted after 60 min). 5-HT (Sigma, St. Louis, MO) was used at 12.5 mM

in M9 buffer. Levamisole, nicotine, and oxotremorine M (Sigma) were
used at 50 �M, 0.5%, and 20 mM, respectively, all in M9 buffer. �-Methyl-
5-HT (Sigma) was used at 125 �M in water.

For acute egg-laying assays performed on plates, NGM agar plates
containing 5-HT were prepared 1–2 d before the experiment by adding
5-HT (final concentration, 7.5 mM) to the liquid NGM agar before pour-
ing. To contain the animals, four copper rings (13 mm in diameter) were
embedded into the NGM plates, and a single drop of concentrated Esch-
erichia coli strain OP50 bacteria was placed into the center of each ring as
a food source and allowed to dry. Ten animals were placed inside each
ring. The number of eggs laid after 60 min was counted.

For adaptation assays, NGM agar plates containing 5-HT were pre-
pared as described above. Age-matched adults were placed onto NGM
plates containing 7.5 mM 5-HT for 4 –5 h. Control animals were placed
onto NGM plates containing 0 mM 5-HT for the same length of time. Ten
animals were then transferred to NGM plates containing either 0 mM

5-HT or 7.5 mM 5-HT and assayed in the same manner as in the acute
assay. The number of eggs laid after 60 min was counted.

To determine the number of eggs in utero, age-matched adults were
placed singly into microtiter wells containing 50 �l of 5% sodium hypo-
chlorite, which dissolves the animals but leaves the eggs intact. After the
animals dissolved (5–10 min), the number of eggs was counted for each
animal.

In the tail-curling assay, age-matched males were obtained by picking

L4 stage males 16 –20 h before experiments were performed and cultur-
ing on food at 20°C. Five males were placed into 50 �l of 20 mM 5-HT in
M9 buffer (Loer and Kenyon, 1993). After 15 min, the number of males
with curled tails was counted.

For male turning behavior, age-matched males were obtained by pick-
ing L4 males 16 –20 h before experiments were performed and culturing
on food at 20°C. A single male and 20 unc-13(e1091) L4 hermaphrodites
were placed on a 6 cm NGM agar plate seeded with a small drop of OP50
bacteria. unc-13 hermaphrodites were used for the matings because they
move poorly, which makes it easy for males to locate them. L4 hermaph-
rodites, which lack a vulval opening, were used to allow individual males
to perform a large number of turns, because turning behavior persists
until the male locates the vulva. The number of turns was counted for 2
min after initiation of the first turning event. Turns were scored blind as
to genotype as “good,” “sloppy,” and “missed” as initially described by
Loer and Kenyon (1993).

For mating efficiency assays, single unc-13 L4 hermaphrodites were
placed onto an agar plate seeded with OP-50 E. coli bacteria with a single
L4 mutant male. The number of cross progeny was determined by count-
ing the number of non-Unc animals that were produced from the
mating.

Molecular biology. The Pser-1::gfp transgene construct was made ac-
cording to the Hobert (2002) method of fusing the ser-1 promoter PCR
product to a PCR product containing the gfp open reading frame. The
primers used to generate the ser-1 promoter product were: 5�, CAGGAC-
GAGCTGTTGA; 3�, AGTGCACCTGCAGGCATGCAAGCTGAGCG-
CTGTGTGAGAAGAGTTC. This PCR product contains 8.1 kB of the
ser-1 promoter and 9 bp of the first exon. Germline transformation was
performed as described previously (Mello and Fire, 1995). The Pser-1::gfp
was injected into N2 wild-type animals at a concentration of 50 �g/ml
together with 50 �g/ml pBluescript vector, which served as carrier DNA.
Stable lines containing extrachromosomal arrays were isolated. Three
stable lines were examined and showed similar patterns of gfp expression.
One line was chosen for additional analysis, egEx21[Pser-1::gfp; pBS].

The extrachromosomal arrays carrying the ser-1 rescuing transgene
construct, egEx18[ser-1(�);Pofm-1::gfp], egEx19[ser-1(�);Pofm-1::gfp],
and egEx20[ser-1(�);Pofm-1::gfp] contain a 15 kB ser-1 PCR product
from genomic DNA that includes 7 kB upstream of the ser-1 open-
reading frame and 884 bp of the 3�-UTR. The extrachromosomal array
that did not rescue the ser-1 phenotype, egEx33[ser-1(�);Pofm-1::gfp],
contains an 11 kB ser-1 PCR product from genomic DNA including a 3.4
kB ser-1 promoter region. The ser-1 PCR products were injected into
ser-1(ok345) animals at �50 �g/ml with 50 �g/ml Pofm-1::gfp, which is
expressed in coelomocytes as the coinjection marker (Miyabayashi et al.,
1999). The primers used for rescuing construct were: 5�, GGAAGTTCT-
GAATCAATCAGCCC, 3�; CTGCCAAATCTAGTTGAGGGTCC; for
the nonrescuing construct, 5�, TCTTCCCCAATGTTTCTCTCACTC,
and 3�, CTGCCAAATCTAGTTGAGGGTCC. The control extrachro-
mosomal array containing only the transformation marker transgene,
egEx23[Pofm-1::gfp], was generated by injection of ofm-1::gfp into ser-
1(ok345) animals at 50 �g/ml.

The strain expressing the ser-1 cDNA in muscle,
ser-1(ok345);egEx26[Pmyo-3::ser-1(�);Pofm-1::gfp], was generated by fusion of
the muscle-specific myo-3 promoter (Okkema et al., 1993) to the ser-1 cDNA.
ser-1cDNAwasisolatedbyreversetranscription(RT)-PCRfrompolyA-isolated
RNA using the SuperScript First-Strand Synthesis System for RT-PCR (Invitro-
gen, San Diego, CA). Primers used for cDNA isolation were: 5�, ATGGGAATC-
TACCATTTCAACGG; and 3�, CCTTAAATTTCAGATTTTTATCAGG. The
following primers were used for amplifying the myo-3 promoter from genomic
DNA: 5�, GGCTCAACAAAGATCAGGTGAC; and 3�, GAAATGGTAGAT-
TCCCATTTCTAGATGGATCTAGTGGTC. The fusion product was gener-
ated using the primers: 5�, CCTTAAATTTCAGTTTTTATCAGG; and 3�,
CCTTAAATTTCAGATTTTTATCAGG. The Pmyo-3::ser-1 fusion product
was injected into ser-1 animals at �50 �g/ml along with ofm-1::gfp as a coinjec-
tion marker. The mod-1 rescuing transgene, egEx24[mod-1(�);Pofm-1::gfp],
was made by injection of a 6.7 kB PCR product of the genomic mod-1 gene
containing 2 kB of DNA upstream of the mod-1 open reading frame and 706 bp
of the 3�-UTR at �50 �g/ml along with ofm-1::gfp (50 �g/ml) as a coinjection
marker into mod-1;ser-1 mutant animals. Rescue of mod-1 function was assayed
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bytestingforrestoredsensitivity to5-HTonthrashingin liquid(Ranganathanet
al.,2000)beforetestingforeffectsonegglaying.Theprimersusedtogeneratethe
genomic mod-1 were: 5�, CTGCTAAAAGTGGTAGGTTAGC; and 3�, AG-
TATCAAGTCGAGGAAGACAG. The strain expressing mod-1(�) under
the tph-1 promoter ser-1(ok345);mod-1(ok103);egEx29[Ptph-1::mod-1(�);
Pofm-1::gfp] was generated by fusion of a 3.1 kB promoter of the tph-1 gene to a
genomic fragment containing the entire mod-1 open reading frame and 706 bp
of its 3�-UTR. The primers for generating the tph-1 promoter for fusion with
mod-1 were: 5�, TTGCAATACTAATAGGGAGTGC; and 3�, AGTATCAAGT-
CGAGGAAGACAGTTCAGGAATAAACTTCATAATCACTCTTTTTGCA-
CAAATATCC. The primers for generating the genomic fragment containing
mod-1 were: 5�, ATGAAGTTTATTCCTGAAATCACAC; and 3�, AGTAT-
CAAGTCGAGGAAGACAG. The primers for the fusion of the tph-1 promoter
and the mod-1 open reading frame were: 5�, GTGCAAGACTATTAGG-
GAGTGC; and 3�, GTTCTCTCTACTTGTGTTACTTGCAGG.

Results
ser-1 animals are defective in 5-HT-mediated
egg-laying behavior
We obtained a strain with a deletion in the ser-1 gene. ser-
1(ok345) has a deletion of 859 base pairs coupled with an inser-
tion of 24 base pairs, which together result in a predicted trunca-
tion of the last third of the SER-1 protein (C. elegans Gene
Knockout Consortium). Under standard culture conditions, the
ser-1 mutant has no gross behavioral defects in locomotion, pha-
ryngeal pumping, egg laying, or male mating, all of which are
behaviors modulated by 5-HT (Horvitz et al., 1982; Loer and
Kenyon, 1993; Duerr et al., 1999; Nurrish et al., 1999; Sawin et al.,
2000; Sze et al., 2000). However, we found that ser-1 mutant
animals are remarkably resistant to exogenous 5-HT with regard
to egg laying in liquid. Wild-type animals lay few eggs when
transferred to M9 buffer (1.3 � 0.2 per animal in 90 min). Addi-
tion of 5-HT to the media stimulates them to lay a large number
of eggs (14.7 � 0.8 per animal in 90 min) (Fig. 1A). ser-1 mutant
animals, in contrast, show complete resistance to exogenous
5-HT, laying only 0.3 � 0.1 eggs per animal in 90 min (Fig. 1A).
In fact, 56 of 64 ser-1 mutant animals laid no eggs during 5-HT
treatment, whereas only 2 of 64 wild-type animals laid no eggs
(Fig. 1A).

The deletion in ser-1(ok345) disrupts approximately the last
third of the open reading frame, so it is possible that the gene
product may have partial function. To test whether the pheno-
types observed are attributable to loss of ser-1 function, we exam-
ined the effect of 5-HT on egg laying in animals in which we have
reduced levels of the ser-1 transcript by RNA-mediated interfer-
ence (Fire et al., 1998; Montgomery and Fire, 1998). Like ser-
1(ok345) mutant animals, ser-1 RNAi animals displayed resis-
tance to the stimulatory effects of exogenous 5-HT on egg laying
in liquid: 32 of 61 ser-1 RNAi animals laid no eggs (Fig. 1B), and,
overall, these animals laid fewer eggs compared with control an-
imals (number of eggs per animal in 90 min, ser-1 RNAi, 2.5 �
0.5; control RNAi, 12.5 � 0.8; p � 0.001). The similarity in the
phenotype of ser-1(ok345) mutant animals and ser-1 RNAi ani-
mals suggests that ser-1(ok345) is a loss-of-function mutation.
We found that 5-HT failed to stimulate egg laying in a strain in
which the ser-1(ok345) allele was placed heterozygous to a defi-
ciency of the chromosomal region containing the ser-1 gene
(number of eggs per animals in 90 min, 0.0 � 0; p � 0.001) (Fig.
1B), further indicating that ser-1(ok345) is a strong loss-of-
function allele. The lack of stimulation of egg laying by 5-HT
resulting from loss of ser-1 demonstrates that ser-1 is responsible
for the ability of animals to lay eggs in response to exogenous
5-HT.

We also examined the egg-laying behavior of ser-1 mutant

animals on plates in the absence of exogenous 5-HT. Wild-type
animals placed on a plate with food will lay eggs at a rate of 4 –10
eggs per animal per hour (Waggoner et al., 1998). We found that
ser-1 mutant animals laid significantly fewer eggs than wild-type
animals (number of eggs per 10 animals in 60 min, ser-1, 60 � 3,
wild type, 78 � 3; p � 0.001) (Fig. 1C). Mutants defective in the
production of 5-HT, cat-4 and bas-1 (Waggoner et al., 1998) and

Figure 1. ser-1 mutant animals are defective in 5-HT-mediated egg-laying behavior. A,
ser-1 mutant animals are resistant to the stimulatory effects of exogenous 5-HT on egg laying in
liquid. Single animals were placed into liquid M9 buffer containing 12.5 mM 5-HT for 90 min, and
the number of eggs laid was counted. n � 64 for each genotype. The inset shows the average
number of eggs laid per individual animal. B, ser-1 RNAi animals and ser-1(ok345) over a
deficiency in the ser-1 gene are resistant to the stimulatory effects of exogenous 5-HT on egg
laying in liquid. Single wild-type animals fed bacteria expressing the double-stranded RNA
homologous to ser-1 and ser-1(ok345) placed heterozygous to a deficiency of the chromosomal
region containing the ser-1 gene (ser-1/yDf1) were placed into liquid M9 buffer containing 12.5
mM 5-HT for 90 min, and the number of eggs laid was counted. n � 64 for each RNAi group and
n � 12 for ser-1/yDf1. The inset shows the average number of eggs laid per individual animal.
C, ser-1 and tph-1 mutant animals display a lower rate of egg laying in the absence of exogenous
5-HT compared with wild type on plates. Ten animals were assayed on NGM plates seeded with
bacteria for 60 min, and the number of eggs laid was counted for each trial. n � 9 trials for wild
type and ser-1. n � 6 trials for tph-1. D, ser-1 mutant animals retain more eggs in utero
compared with wild type. A higher than normal number of unlaid eggs within the uterus is
indicative of defects in egg laying. The 5-HT-deficient mutant tph-1 is a known egg-laying
defective mutant (Sze et al., 2000). The number of eggs per individual was counted. n � 40
animals for wild type and ser-1 and n � 20 animals for tph-1. Error bars indicate SEM. The
asterisk indicates a statistical difference from wild type (N2); p � 0.001; Mann–Whitney U test.
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tph-1 (Fig. 1C), also have lower rates of egg laying on plates. C.
elegans hermaphrodites produce self-fertilized eggs that develop
within the uterus and are released during short active phases of
egg laying that are followed by periods of inactivity (Waggoner et
al., 1998). Egg-laying-defective (Egl) mutants have been shown to
hold more eggs in utero than wild-type animals. We found that,
similar to the 5-HT-deficient mutant, tph-1 (Sze et al., 2000),
ser-1 mutant animals hold more eggs than wild-type animals
(number of eggs in utero, ser-1, 20.4 � 0.9; wild type, 12.9 � 0.5;
p � 0.001; tph-1, 20.4 � 1.5) (Fig. 1D).

ser-1 functions in vulval muscles
Exogenous 5-HT might exert its stimulatory effect on neurons or
directly on the muscles that mediate egg laying. We therefore
sought to identify the cells in which ser-1 is expressed. We first
performed transformation rescue with genomic fragments con-
taining the ser-1 open reading frame. We found that the open
reading frame and a promoter length of �7 kB was sufficient to
rescue the egg-laying defects (Fig. 2A) (data not shown). We
made a reporter construct containing 8 kB of the upstream pro-
moter region of ser-1 fused to gfp (Chalfie et al., 1994). This
construct revealed expression in a greater number of cells than
had been reported previously in which a translational fusion con-
taining a 1.7 kB upstream region was used (Tsalik et al., 2003).
Animals expressing a Pser-1::gfp transgene containing a 3.4 kB
upstream promoter region failed to express gfp in the vulval mus-
cles but did express gfp in many of the other cells seen with the 8
kB promoter reporter construct. In addition to the previously
reported expression in pharyngeal muscle and neuronal pro-
cesses in the nerve ring, we observed, beginning at the L1 larval
stage, expression of gfp in neurons in the head, neurons in the tail
(including PVT and PVQ), ventral cord motorneurons (Fig. 2B),
and in adults in vulval muscle (Fig. 2C) and uterine cells. We also
observed faint expression of gfp in the posterior intestine. We did
not observe expression in the HSNs or VC neurons, which are
known to regulate egg-laying behavior (Trent et al., 1983; Bany et
al., 2003). Absence of ser-1 in these neurons is consistent with the
fact that animals lacking functional HSNs or VC neurons are still
capable of 5-HT-dependent stimulation of egg laying (Trent et
al., 1983; Waggoner et al., 1998).

The expression of gfp in the vulval muscles suggests that ser-1
may be acting in vulval muscles to mediate the stimulatory effect
of 5-HT on egg laying. To test this hypothesis, we expressed the
ser-1 cDNA using the muscle-specific myo-3 promoter (Okkema
et al., 1993) to determine whether it could rescue 5-HT-induced
egg laying. Consistent with this hypothesis, we found the
Pmyo-3::ser-1(�) transgene partially restored 5-HT-dependent
egg laying to ser-1(ok345) animals (Fig. 2A). A wild-type ser-1
transgene with the same 3.4 kB promoter that failed to express gfp
in the vulval muscles also failed to rescue the egg-laying defects of
the ser-1 mutant animals (Fig. 2A). These results indicate that
ser-1 expression in muscle can restore egg laying. Previous studies
have indicated that 5-HT acts on vulval muscle to stimulate egg
laying (Trent et al., 1983; Brundage et al., 1996; Waggoner et al.,
1998; Bastiani et al., 2003; Shyn et al., 2003). Our results indicate
that ser-1 mediates this response.

Pharmacological characterization of the ser-1 mutant
We performed pharmacological studies to further elucidate the
role of the SER-1 receptor in egg-laying behavior. ser-1 has high
sequence homology to mammalian 5-HT2 receptors (Hamdan et
al., 1999). It has been reported previously that �-methyl-5-HT, a
5-HT2 receptor agonist, stimulates egg laying in liquid for C.

Figure 2. Rescue and expression pattern of ser-1. A, Rescue of the resistance to 5-HT-
induced egg laying in ser-1 mutant animals in liquid. Three transgenic ser-1 strains containing
the ser-1 open reading frame and a 7 kB upstream promoter (ser-1;egEx18[ser-1(�)], ser-1;
egEx19[ser-1(�)], ser-1;egEx20[ser-1(�)]) showed a restored 5-HT-induced egg-laying re-
sponse. The control strain (ser-1;egEx23[Pofm-1::gfp]) carrying an array containing only the
coinjection marker, ofm-1::gfp, showed no rescue of the ser-1 mutant egg-laying behavior nor
did the strain ser-1;egEx33[ser-1(�);Pofm-1::gfp] containing a 3.4 kB upstream promoter and
ser-1 open-reading frame. Overexpression of ser-1 in a wild-type background (egEx18[ser-
1(�)]) behaved like wild-type for 5-HT-induced egg laying. Selective expression of ser-1 in
muscles (ser-1;egEx26[Pmyo-3::ser-1(�)]) restored the 5-HT-induced egg-laying response.
Single wild-type animals were placed into liquid M9 buffer containing 12.5 mM 5-HT for 90 min,
and the number of eggs laid was counted. n � 24 for each group. Error bars indicate SEM. The
asterisk indicates a statistical difference from ser-1 mutant animals ( p � 0.001), and the
number sign indicates a statistical difference from wild-type animals (Mann–Whitney U test).
B, C, Expression pattern of Pser-1::gfp in L1 hermaphrodite larvae. Pser-1::gfp(egEx21) contains
an 8 kB upstream ser-1 promoter and is expressed in pharyngeal muscle, neurons in the head,
ventral cord, and tail of L1 larvae. D, Expression of Pser-1::gfp(egEx21) in young adults.
Pser-1::gfp is expressed in the vulval muscles in young adult hermaphrodites.
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elegans wild-type animals (Bastiani et al., 2003). We found that
ser-1 mutant animals were resistant to �-methyl-5-HT-induced
stimulation of egg laying in liquid (number of eggs laid per ani-
mal in 60 min, ser-1, 2.2 � 0.6, wild type, 12.7 � 0.6; p � 0.001)
(Fig. 3A). This result indicates that the response to both 5-HT and
a more specific 5-HT2 receptor agonist is mediated by SER-1.

C. elegans wild-type animals are also stimulated to lay eggs in
liquid by treatment with cholinergic agonists (Trent et al., 1983;
Weinshenker et al., 1995). We were interested in determining
whether or not the resistance to exogenous 5-HT affects the abil-
ity of ser-1 mutant animals to respond to the cholinergic agonists
levamisole, nicotine, and oxotremorine. Both levamisole and nic-
otine activate nicotonic-type receptors, and oxotremorine acti-
vates muscarinic receptors. Compared with wild-type animals,
ser-1 mutant animals displayed a statistically significant lower
level of levamisole-induced egg laying (number of eggs laid in 90
min, ser-1, 5.2 � 0.6, wild-type N2, 8.4 � 0.6; p � 0.001) (Fig. 3B)
and a lower level of stimulation of nicotine-induced egg laying
(number of eggs laid in 90 min, ser-1, 4.7 � 0.6, wild-type N2,
6.9 � 0.9; p � 0.05) (Fig. 3B). Oxotremorine stimulated egg
laying in both wild-type and ser-1 mutant animals to the same
degree (number of eggs laid in 90 min, ser-1, 3.4 � 0.7, wild-type
N2, 3.3 � 0.7; p � 0.001) (Fig. 3B). We also tested the effect of the
acetylcholinesterase inhibitor, aldicarb, which has been shown to
inhibit egg laying on plates (Bany et al., 2003) and found both
wild-type and ser-1 mutant animals displayed a similar level of
inhibition of egg laying (number of eggs laid per 10 animals: N2,
control, 88 � 5 vs aldicarb, 43 � 4, and ser-1, control, 70 � 4 vs
aldicarb, 42 � 3). Therefore, SER-1 appears to contribute to the
function of the cholingeric stimulatory egg-laying pathway but
not to the inhibitory or muscarinic egg-laying pathways. 5-HT
plays a role in regulating the duration of the inactive egg-laying
state, and acetylcholine plays a role in regulating the number of
egg-laying events that occur during the active state (Waggoner et

al., 1998). The reduction in levamisole and nicotine-induced egg
laying of ser-1 mutant animals may reflect the fact that animals
defective in 5-HT signaling are reported to spend less time in the
active egg-laying phase (Waggoner et al., 1998).

Loss of ser-1 function reveals an inhibitory effect of 5-HT on
egg laying
Wild-type animals lay few eggs in liquid unless treated with
agents that induce egg laying such as 5-HT or levamisole (Trent et
al., 1983; Weinshenker et al., 1995), making it difficult to assess
the effect of 5-HT on basal egg-laying rate in solution. The reason
for the observed decrease in egg laying is unclear; it may be be-
cause animals display distinct behavioral responses in liquid ver-
sus on solid substrates. Therefore, we examined the effect of
5-HT administration on the egg-laying behavior of ser-1 mutant
animals on agar plates with food, conditions in which egg laying
is promoted in wild-type animals. Although wild-type animals
increase their egg-laying rate in the presence of 5-HT, surpris-
ingly, ser-1 mutant animals exposed to 5-HT on agar plates for 60
min displayed a significantly lower rate of egg laying compared
with untreated ser-1 mutant animals (number of eggs laid per 10
animals: 0 mM 5-HT, 37 � 4; 7.5 mM 5-HT, 7 � 2; p � 0.001) (Fig.
4A). This result indicates that there is an inhibitory effect of 5-HT
on egg laying that is unmasked by loss of the SER-1 receptor. An
acute inhibitory effect of 5-HT on egg laying has not been ob-
served previously in C. elegans. The inhibition of egg laying by
5-HT in the ser-1 mutant suggests that there might be a 5-HT
receptor that negatively regulates egg laying in C. elegans. To test
this hypothesis, we constructed a double mutant with ser-1 and
mod-1, which encodes a 5-HT-gated chloride channel that we
suspected may mediate this inhibition. After exposure to 5-HT
on agar plates, the mod-1;ser-1 double mutant failed to display
the inhibition in egg laying seen in the ser-1 single mutant (num-
ber of eggs laid per 10 animals: 0 mM 5-HT, 41 � 4; 7.5 mM 5-HT,
37 � 4; p � 0.73) (Fig. 4A). In addition, we were able to restore
the 5-HT-mediated inhibition of egg laying by reintroducing the
wild-type mod-1 gene into ser-1;mod-1 mutant animals (number
of eggs laid per 10 animals: 0 mM 5-HT, 42 � 3; 7.5 mM 5-HT,
20 � 2; p � 0.001) (Fig. 4A). These results suggest that the
MOD-1 channel mediates the inhibitory effect of 5-HT on egg
laying. The mod-1 single mutant does not appear to have obvious
defects in egg laying and retains a similar number of eggs in utero
as wild-type animals (data not shown). The mod-1 single mutant
does appear to be slightly more responsive to exogenous 5-HT
than wild-type animals, because it lays a larger number of eggs
than wild type (number of eggs laid per 10 animals in 60 min: N2,
131 � 3; mod-1, 166 � 8; p � 0.0012) (Fig. 4A). This difference in
egg laying may be attributable to an absence of a basal inhibitory
response in the mod-1 mutant animals.

Previous imaging studies have demonstrated that exogenous
5-HT can decrease the frequency of calcium transients in the
HSNs (Shyn et al., 2003), so we used egl-1 mutant animals, which
lose their HSNs during development through aberrant pro-
grammed cell death (Desai et al. 1988) to ask whether the HSNs
play a role in the 5-HT-mediated inhibition of egg laying. We
constructed a ser-1;egl-1 double mutant and asked whether the
inhibitory effect of 5-HT on egg laying was still evident. Because
egl-1 mutant animals lay few eggs normally, we predicted that it
might be difficult to assess a 5-HT-dependent inhibitory effect in
the ser-1;egl-1 mutant animals. To our surprise, we observed a
significant increase in egg laying after treatment with 5-HT
(number of eggs laid per 10 animals: 0 mM 5-HT, 4 � 1; 7.5 mM

5-HT, 32 � 4; p � 0.001). These results suggest the intriguing

Figure 3. Pharmacological characterization of ser-1 mutant animals in liquid. A, The ser-1
mutant is resistant to the stimulatory effect of a 5-HT2 receptor agonist, �-methyl-5-HT, on egg
laying. Single N2 and ser-1 animals were placed in water containing 125 �M �-methyl-5-HT for
60 min, and the number of eggs laid was counted. Number of eggs laid in water alone: N2,
2.9 � 0.61; ser-1, 1.8 � 0.56 eggs laid in 60 min. n � 48 for each genotype. B, ser-1 mutant
animals are partially resistant to the cholinergic agonists levamisole and nicotine on egg laying.
Single N2 and ser-1 mutant animals were placed in liquid M9 buffer containing 50 �M levami-
sole, 0.5% nicotine, or 20 mM oxotremorine for 90 min, and the number of eggs laid was
counted. Number of eggs laid in M9 buffer: N2, 1.3 � 0.2; ser-1, 0.3 � 0.11. n � 48 for each
genotype. All error bars indicate SEM. *p � 0.001 and **p � 0.05 (Mann–Whitney U test);
difference between N2 and ser-1 animals.
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possibility that there are at least three separate responses to 5-HT
in the egg-laying pathway. SER-1 is responding to 5-HT by stim-
ulating egg laying, and MOD-1 is mediating an inhibition of egg
laying. In addition, there is another 5-HT induction of egg laying
that is independent of the ser-1 pathway and the HSNs.

The VC neurons make synaptic connections with the HSNs
(White et al., 1986) and are immunoreactive for 5-HT (Rand and
Nonet, 1997; Duerr et al., 1999), so we examined the role of the
VC neurons in mediating the 5-HT-dependent inhibition of egg
laying. Ablation of VC neurons or genetic disruption of their
function results in animals that are hyperactive for egg laying,
indicating an inhibitory role for these neurons in egg laying (Bany
et al., 2003). We made a double mutant with ser-1 and a mutant
defective in VC neuron function, unc-42 (Bany et al., 2003),
which encodes a transcription factor important for the fate and
function of many neurons (Wightman et al., 1997; Baran et al.,
1999). We tested both unc-42 and ser-1;unc-42 mutant animals
for their egg-laying behavior in response to 5-HT. unc-42 mutant
animals are hyperactive for egg laying and show a slight increase
in egg laying in response to exogenous 5-HT (number of eggs laid
per 10 animals: 0 mM 5-HT, 52 � 3; 7.5 mM 5-HT, 62 � 2; p �
0.012). The ser-1;unc-42 mutant animals, like ser-1 mutant ani-
mals, displayed a 5-HT-mediated decrease in egg laying (number
of eggs laid per 10 animals: 0 mM 5-HT, 53 � 2; 7.5 mM 5-HT,
14 � 2; p � 0.001), suggesting that the inhibitory effects of 5-HT
on egg laying do not depend on VC neuron function.

We tested whether expression of mod-1 in the HSNs could
restore the inhibitory effects of 5-HT on egg laying in a mod-1
mutant. We expressed the mod-1 gene using the tph-1 promoter,
which selectively drives expression in serotonergic neurons, in-
cluding the HSNs (Sze et al., 2000). The Ptph-1::mod-1 transgene
restored the 5-HT-dependent inhibition of egg laying in ser-1;
mod-1 mutant animals (number of eggs laid per 10 animals: 0 mM

5-HT, 40 � 2; 7.5 mM 5-HT, 7 � 1; p � 0.001) (Fig. 4A). This
result appears to reflect a 5-HT-dependent effect on egg laying,
because in the absence of 5-HT, these animals laid a similar num-
ber of eggs as ser-1;mod-1 mutant animals (number of eggs laid
per 10 animals: ser-1;mod-1;egEx29[Ptph-1::mod-1], 40 � 3; ser-
1;mod-1, 41 � 4; p � 0.813) (Fig. 4A). This result, together with
the analysis of egl-1 mutants (above) suggests that the HSNs are
the effectors of the 5-HT-mediated inhibition of egg laying.

mod-1 has been reported to be expressed in neurons (Ranga-
nathan et al., 2000), but it has not been reported to be expressed
specifically in the HSNs or VC neurons. We generated a
Pmod-1::gfp using the same promoter length required for the
rescue of the egg-laying phenotype, and we observed expression
in a number of neurons in the head, but did not observe expres-

4

animals treated with 5-HT increased their rate of egg laying on 5-HT, whereas the ser-1;unc-42
decreased their rate of egg laying. n � 12 trials for each genotype and condition. C, Chronic
exposure to 5-HT eliminates the 5-HT-dependent inhibition of egg laying in ser-1 mutant ani-
mals and produces a withdrawal effect on wild-type animals. Ten animals were pretreated on
plates containing 7.5 mM 5-HT for 4 –5 h. Animals were then transferred to plates containing 0
or 7.5 mM serotonin for 60 min, and the number of eggs laid was counted. After 5-HT treatment,
ser-1 mutant animals do not display inhibition of egg laying in the presence of 5-HT. After 5-HT
treatment, wild-type animals no longer show stimulation of egg laying in the presence of 5-HT
(adaptation) but rather show inhibition of egg laying in the absence of 5-HT (withdrawal).
Adapted-ser-1 mutant animals fail to display withdrawal effects in the absence of 5-HT. ser-1
mutant animals expressing ser-1 in muscles restores the withdrawal response and adaptation
to the inhibitory effects on egg laying. n � 14 trials for each genotype and condition. Error bars
indicate SEM. The asterisk indicates a statistical difference between 0 mM 5-HT and 7.5 5-HT mM;
p � 0.001; Mann–Whitney U test.

Figure 4. Inhibitory effects of 5-HT on egg laying are revealed in ser-1 mutant animals on
agar plates. A, Acute exposure to 5-HT on agar plates inhibits egg laying of ser-1 mutant animals
in a mod-1-dependent manner. ser-1 mutant animals display an inhibition of egg laying on 7.5
mM 5-HT compared with 0 mM 5-HT that is not seen in wild-type animals. ser-1;mod-1 mutant
animals display no inhibition of egg laying by 5-HT indicating that MOD-1, a 5-HT-gated chlo-
ride channel, is required for the inhibition of egg laying by 5-HT. Transgenic ser-1;mod-1 ani-
mals containing mod-1(�) expressed under the control of either its own promoter or the tph-1
promoter are rescued for the inhibition of egg laying seen in ser-1 mutant animals. Ten animals
were placed on agar plates containing 7.5 mM 5-HT for 60 min, and the number of eggs laid was
counted for each trial. n � 20 trials for wild type and ser-1 for each condition. n � 8 trials for
other genotypes and conditions. B, Role of HSNs and VC neurons in the 5-HT-dependent inhi-
bition of egg-laying behavior. Double mutants were made between ser-1 and egl-1 (egl-1
mutants are defective in HSN function) and between ser-1 and unc-42 (unc-42 mutants are
defective in VC neuron function). Ten animals were placed on agar plates containing 7.5 mM

5-HT for 60 min, and the number of eggs laid was counted for each trial. ser-1;egl-1 mutant
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sion in either the HSNs or VC neurons (data not shown). Al-
though we cannot rule out the possibility that Pmod-1::gfp is
expressed in the HSNs at too low a level to be detected, our results
suggest that mod-1 functions in neurons upstream of the HSNs to
inhibit egg laying. In support of this, Wenick and Hobert (2004)
reported that mod-1 is expressed in AIY, an interneuron which
synapses onto the HSNs.

Adaptation and withdrawal occur during exposure to
exogenous 5-HT
C. elegans undergoes adaptation to the stimulatory effects of ex-
ogenous 5-HT on egg laying; wild-type animals treated overnight
on plates containing 5-HT become egg-laying defective (Schafer
and Kenyon, 1995). We were interested in whether animals that
lack the stimulatory SER-1 receptor would display any adaptive
responses to 5-HT on egg laying. We treated wild-type and ser-1
mutant animals on 5-HT plates for 4 –5 h to allow adaptation to
develop and then tested their responses to 5-HT. After this treat-
ment in wild-type animals, 5-HT no longer stimulates egg laying,
and animals lay a similar number of eggs on 7.5 mM 5-HT plates
as naive animals on 0 mM 5-HT plates (number of eggs laid per 10
animals in 60 min: adapted, 50 � 3; naive, 50 � 4; p � 0.84) (Fig.
4C). ser-1 mutant animals exposed to 5-HT for 4 –5 h displayed a
different form of adaptation. Naive ser-1 mutant animals initially
after exposure to 5-HT display an inhibition of egg laying that
diminishes over time (number of eggs laid per 10 animals in 60
min: naive, 7 � 2; adapted, 38 � 2; p � 0.001) (Fig. 4C). Adapted
ser-1 mutant animals lay a similar number of eggs as naive ser-1
mutant animals on 0 mM 5-HT (number of eggs laid per 10
animals in 60 min: adapted on 7.5 mM 5-HT, 39 � 3; naive on 0
mM 5-HT, 37 � 4; p � 0.98) (Fig. 4C). These results suggest that
after chronic exposure (4 –5 h), C. elegans can modulate both the
acute inhibitory and stimulatory responses to 5-HT on egg-laying
behavior.

We observed that adapted wild-type animals display an addi-
tional behavior that has not been reported previously. Adapted
wild-type animals that were transferred to plates without 5-HT
exhibited a strong inhibition of egg laying after removal from
5-HT (number of eggs laid per 10 animals in 60 min: 0 mM 5-HT,
6 � 1; 7.5 mM 5-HT, 51 � 3; p � 0.001) (Fig. 4C). This result
suggests that after prolonged exposure to exogenous 5-HT, ani-
mals develop a dependence on 5-HT to sustain a normal egg-
laying rate. This development of dependence on 5-HT for egg-
laying probably does not represent a normal response to
endogenous 5-HT but rather has more similarity to withdrawal
responses seen with repeated or chronic exposure to neuroactive
drugs. We found that this effect is reversible; animals show recov-
ery from withdrawal after a few hours (data not shown). In con-
trast, we found that adapted ser-1 mutant animals did not display
this withdrawal response. Adapted ser-1 mutant animals trans-
ferred to 0 mM 5-HT plates laid as many eggs as ser-1 mutant
animals transferred to 7.5 mM 5-HT plates (number of eggs laid
per 10 animals in 60 min: 0 mM 5-HT, 44 � 4; 7.5 mM 5-HT, 39 �
3; p � 0.29) (Fig. 4B). These results suggest that the withdrawal
response is dependent on the SER-1 receptor. To further examine
the dependence of withdrawal on SER-1, we tested whether ex-
pressing ser-1 only in the muscle under control of the myo-3
promoter could rescue the withdrawal response. We found that
ser-1 muscle expression restored the wild-type withdrawal re-
sponse to the ser-1 mutant animals (number of eggs laid per 10
animals in 60 min: 0 mM 5-HT, 14 � 3; 7.5 mM 5-HT, 32 � 2; p �
0.007) (Fig. 4B). Expression of ser-1 in muscle also restores the
adaptation to the stimulation of egg laying (number of eggs laid

per 10 animals in 60 min: naive 7.5 mM 5-HT, 71 � 3; adapted 7.5
mM 5-HT, 32 � 2; p � 0.001). Together, these results suggest that
SER-1 can function in muscle to mediate the 5-HT-dependent
stimulation and adaptive responses on egg laying.

SER-1 is required for 5-HT-dependent male mating behavior
We tested ser-1 mutant animals for defects in other behavioral
responses to exogenous 5-HT. ser-1 mutant animals were sensi-
tive to exogenous 5-HT for stimulation of pharyngeal pumping
and inhibition of locomotion to a degree similar to wild-type
animals (data not shown). However, we observed a difference in
the response of ser-1 mutant males to treatment with exogenous
5-HT. C. elegans males perform a stereotypical series of behav-
ioral steps during male mating consisting of response to contact
with the hermaphrodite, turning, vulva recognition, spicule in-
sertion, and sperm transfer (Liu and Sternberg, 1995). The turn-
ing behavior consists of a tight ventral inward curl of the male tail
that is used to maintain continuous contact with the hermaph-
rodite when turning from one side of the hermaphrodite to the
other. Both the ability to turn and the timing of the turn are
important for efficient performance of this task (Liu and Stern-
berg, 1995). Six male-specific serotonergic motorneurons (the
CP neurons) innervate the male-specific diagonal muscles
(White et al., 1986) and laser killing of either the CP motorneu-
rons or the diagonal muscles produces defects in the ability of
males to perform the turning step of mating (Loer and Kenyon,
1993). When exposed to exogenous 5-HT, males curl their tails
ventrally (Loer and Kenyon, 1993). After treatment with 20 mM

5-HT, we found that ser-1 mutant males curled their tails 18% of
the time, whereas wild-type males displayed tail curling 80% of
the time (Fig. 5A). The resistance of ser-1 mutant males to 5-HT-
induced tail curling suggests that SER-1 may function in males to
mediate this step of male mating behavior. We examined the
expression pattern of Pser-1::gfp (egEx21) in males. In addition to
pharyngeal muscle and neuronal expression similar to that ob-
served in hermaphrodites, there was a low level of expression in
the male-specific diagonal muscles (Fig. 5B). The 5-HT-
dependent tail-curling response could be rescued by the expres-
sion of the wild-type ser-1 gene both under control of its own
promoter and under control of the muscle-specific myo-3 pro-
moter (Fig. 5A). Together, the expression pattern in the diagonal
muscles and rescue by muscle-specific ser-1 expression support
the notion that SER-1 functions in these muscles to mediate tail
curling.

Because MOD-1 is involved in the 5-HT-dependent-egg-
laying response in hermaphrodites, we asked whether there is a
role for MOD-1 in the 5-HT-dependent male tail-curling re-
sponse. mod-1 mutant males show a decrease in 5-HT-dependent
tail-curling response compared with wild-type males (45 � 5 vs
80 � 4%; p � 0.001). The mod-1;ser-1 double mutant demon-
strated resistance to the 5-HT-dependent tail curling that was
similar to that of ser-1 single mutants (13 � 7 vs 18 � 7%; p �
0.346), suggesting that these two genes act in the same pathway to
mediate tail curling.

To determine whether this resistance to the 5-HT-dependent
tail curling corresponds to deficits in male mating behaviors, we
examined ser-1, mod-1, and ser-1;mod-1 mutant males for their
ability to make proper turns during mating. Approximately 95%
of the time, wild-type males will stop moving after initial contact
with the vulva (Liu and Sternberg, 1995), limiting the number of
turns a male makes before mating. To increase the number of
observable turning events, we paired males with L4 hermaphro-
dites, which have not yet formed vulvas. We found that wild-type
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males made good turns (in which they reach the opposite side of
the hermaphrodite while remaining in continuous contact)
�85% of the time, sloppy turns (in which they reach the opposite
side of the hermaphrodite but lose contact during the process)
�2% of the time, and missed turns (in which they fail to turn at
all) �13% of the time (Fig. 5C). ser-1 mutant males, in contrast,
make fewer good turns (�53%) and a higher percentage of
sloppy and missed turns (10 and 37%, respectively). Expression
of the wild-type ser-1 transgene restored the turning behavior of
ser-1 mutant males (79% good turns, 7% sloppy turns, and 14%
missed turns). mod-1 mutant males did not show a statistical
difference from wild-type animals for turning behavior (Fig. 5C).
However, the mod-1;ser-1 mutant males performed fewer good
turns compared with ser-1 mutant males (29 vs 53%). mod-1;
ser-1 mutant animals demonstrate subtly exaggerated body bends
when moving backwards, which may be important during mat-
ing because the male moves backward when its tail makes contact
with the surface of the hermaphrodite. mod-1 mutant males are
slightly less likely to stop after initial contact with the hermaph-
rodite. Defects in initial contact have been reported in 5-HT-
deficient males and may be attributed to defects in sensory ray
function (Loer and Kenyon, 1993). These defects in tail curling
and turning did not prevent mating of these mutant males. We
tested ser-1, mod-1, and ser-1;mod-1 mutant males for mating
efficiency and found that they did not differ significantly from
wild-type males, whereas the 5-HT-deficient mutant, tph-1,
showed a decrease in mating efficiency (Fig. 5D). Our analysis
indicates that ser-1 and mod-1 together play a role in the turning
event of the mating behavior but are not necessary for efficient
mating, at least in laboratory conditions.

Discussion
We identified SER-1 as the 5-HT G-protein-coupled receptor
responsible for the stimulatory effects of exogenous 5-HT on two
sexually dimorphic behaviors of C. elegans, egg laying in her-
maphrodites, and ventral tail curling in males. Dempsey et al.
(2005) have also shown a similar result in ser-1 animals on egg
laying in hermaphrodites. SER-1 is expressed in specific sets of
muscles that mediate egg laying and male mating. Reconstruction
of the C. elegans nervous system indicates that these muscles are
innervated by neurons (White et al., 1976; White, 1988), which
are serotonergic (Desai et al., 1988; Loer and Kenyon, 1993; Barg-
mann, 1998). Both the hermaphrodite-specific vulva muscles and
the male-specific diagonal muscles are homologous tissues that
are derived from the same postembryonic blast cell (Sulston and
Horvitz, 1977). In addition to the defects observed in response to
exogenous serotonin, ser-1 mutant animals display correspond-
ing defects in egg laying and the turning step of male mating
behavior in the absence of exogenous 5-HT.

In the absence of exogenous 5-HT, ser-1 mutant animals ex-
hibit lower rates of egg laying on food and a higher number of
eggs retained in utero, supporting a role for SER-1 in egg laying.
Dempsey et al. (2005) have also shown a similar result in ser-1
animals. The defects observed in ser-1 mutant animals are con-
sistent with the results observed in mutants defective in the syn-
thesis of 5-HT (Sulston et al., 1975; Weinshenker et al., 1995;
Duerr et al., 1999; Sze et al., 2000), which do not display obvious

4

wild-type, ser-1, mod-1, and mod-1;ser-1 and tph-1 mutant males. A single unc-13 L4 her-
maphrodite was placed onto an agar plate with a single L4 mutant male. The number of cross
progeny was determined by counting the number of non-Unc animals that were produced from
the mating. n � 50 for number of mating plates examined.

Figure 5. SER-1 is important for induction of ventral tail curling and male turning behavior.
A, ser-1, mod-1, and mod-1;ser-1 mutant males are resistant to the effects of exogenous 5-HT on
tail curling in liquid. Males were treated in M9 buffer containing 20 mM 5-HT for 15 min (5
animals per well), and the number of males with curled tails was counted. Transgenic ser-1
males expressing the ser-1 gene under its own promoter or under a muscle-specific promoter
(myo-3) restore the tail-curling phenotype. Mutant males: n � 9 trials for each genotype. Error
bars indicate SEM. The asterisk indicates a statistical difference between N2 and mutant males;
p � 0.001 (Student’s t test). The number sign indicates a statistical difference between ser-1
and mod-1; p � 0.001 (Student’s t test). B, Expression pattern of Pser-1::gfp(egEx21) in males.
In addition to neuronal expression observed in hermaphrodites (bright staining in the tail),
fainter expression in the male diagonal muscles (arrows) is observed. C, Turning behavior of
ser-1, mod-1, and mod-1;ser-1 males. Average percentage of good, sloppy, and missed turns per
individual male is shown. n�20 for each genotype. The percentage of good turns is statistically
different between wild-type N2 and mutant males ( p � 0.001; Student’s t test) and between
ser-1 and mod-1;ser-1 mutant males ( p � 0.001; Student’s t test). D, Male mating efficiency of
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Egl phenotypes. Although it has long been known that 5-HT plays
a role in egg laying in C. elegans, neither mutations in ser-1 nor in
5-HT biosynthesis genes were identified in screens for Egl ani-
mals, most likely because of the subtle nature of the resulting Egl
defect.

Several of the GPCRs in C. elegans that regulate behavior have
been identified by knock-out of candidate genes rather than in
genetic screens (Suo et al., 2002; Bany et al., 2003; Chase et al.,
2004). Mutants with defects in downstream targets of GPCRs,
such as the G-proteins G�q (egl-30) and G�o ( goa-1), are defec-
tive in egg laying and show resistance to the effects of exogenous
5-HT on egg laying (Mendel et al., 1995; Segalat et al., 1995;
Brundage et al., 1996; Bastiani et al., 2003). egl-30 and goa-1
mutants display more severe defects in egg laying than does the
ser-1 mutant possibly because of their expression in both the
egg-laying neurons and egg-laying muscles (Mendel et al., 1995;
Segalat et al., 1995; Bastiani et al., 2003) and/or activation by
multiple neurotransmitter pathways. For example, in the HSNs,
goa-1 is activated by an unidentified serotonin-dependent GPCR,
acetylcholine-dependent GPCRs, and another GPCR with a li-
gand that is unknown at present (Bany et al., 2003; Shyn et al.,
2003; Moresco and Koelle, 2004).

We identified a previously uncharacterized 5-HT-mediated
inhibitory pathway regulating egg-laying behavior, which is ob-
served in ser-1 mutant animals exposed to exogenous serotonin
on agar plates. This inhibition of egg laying by 5-HT is dependent
on MOD-1. mod-1 mutant animals are more sensitive to the
stimulatory effects of 5-HT than wild-type animals, further sup-
porting an inhibitory role for mod-1 in egg-laying behavior. Stud-
ies have demonstrated that exogenous 5-HT decreases activity in
HSNs (Shyn et al., 2003), supporting the notion of inhibition of
these neurons by 5-HT. We found that mod-1 appears not to be
expressed in the HSNs, consistent with a role for MOD-1 activity
in neurons upstream of the HSNs in 5-HT-mediated inhibition
of the HSNs. An additional role for MOD-1 in the inhibition of
egg laying by dopamine has been proposed and reported to be
independent of the HSN pathway (Dempsey et al., 2005). In con-
trast, our results indicate that the 5-HT-mediated MOD-1-
dependent inhibition of egg laying requires the HSN pathway.

MOD-1 may function to decrease neuronal activity by hyper-
polarizing neurons in a similar manner to other ligand-gated
chloride channels such as the GABAA receptor. 5-HT-dependent
chloride conductances have also been identified at the Retzius
P-cell synapse of medicinal leeches (Lessmann and Dietzel, 1995)
and are postulated to play a role in limiting presynaptic stimula-
tion. Whether the 5-HT-dependent inhibition of egg laying has
an adaptive role for C. elegans remains unknown; however, in C.
elegans, environmental cues can cause inhibition of egg laying.
Animals decrease egg laying in the absence of food, in a liquid
environment, or during mechanical stimulation (Trent et al.,
1983; Chalfie et al., 1985).

The inhibitory response to 5-HT on egg laying in ser-1 mutant
animals is attenuated after long-term exposure to serotonin.
Wild-type animals can also decrease the response to the stimula-
tory effects of serotonin and nicotine after chronic exposure to
these compounds (Schafer and Kenyon, 1995; Waggoner et al.,
2000). Adaptation to chronic elevations in neurotransmitter con-
centration often occurs by downregulation of either receptors or
downstream pathways. One possibility is that the MOD-1 recep-
tor is downregulated in response to sustained elevations of 5-HT.
In C. elegans, adaptation to nicotine involves a reduction in ace-
tylcholine receptor levels in muscle, which requires TPA-1, a pro-
tein kinase C homolog (Waggoner et al., 2000).

We identified a withdrawal response of egg-laying behavior
that occurs after removal from long-term 5-HT exposure. The
development of a physical dependence is also seen with chronic
drug use. For example, withdrawal effects are seen with many
drugs of abuse, including cocaine, which causes increases in levels
of monoamines such as serotonin at synapses. Withdrawal from
cocaine has been shown to result in changes of levels of
G-proteins and activators of G-protein signaling (Carrasco et al.,
2003; Bowers et al., 2004; Carrasco et al., 2004). These initial
results suggest that C. elegans may be a useful model system to
study mechanisms of withdrawal responses.

5-HT produces stimulatory or inhibitory effects on behavior
in C. elegans depending on the type of receptor present in the
particular neural circuit controlling behavior. In other inverte-
brates, 5-HT has been shown to potentiate the frequency and
amplitude of muscle contractions (Weiss et al., 1978; Lange,
2004), which can occur through calcium influx from the activa-
tion of voltage-gated L-type calcium channels (Brezina et al.,
1994). This serotonergic pathway appears to be conserved in C.
elegans. 5-HT has been shown to stimulate increases in the fre-
quency of calcium transients in C. elegans vulval muscle, which
requires EGL-19, the C. elegans homolog of the voltage-gated
L-type calcium channel (Shyn et al., 2003). Genetic evidence also
suggests that the EGL-19 channel is regulated by serotonergic
pathways. Double mutants of egl-19 and either bas-1 or cat-4
(both 5-HT-deficient mutants) display more severe defects in egg
laying than the egl-19 mutant alone (Waggoner et al., 1998).
SER-1 appears to function like a 5-HT2 receptor in the muscles
that mediate the stimulatory effects of 5-HT on egg laying.

5-HT is not the only transmitter within the egg-laying system
that can produce both stimulatory and inhibitory effects on egg
laying. Increasing synaptic levels of acetylcholine at the synapse
through inhibition of acetylcholinesterase by aldicarb adminis-
tration results in an inhibition of egg laying, whereas addition of
cholinergic agonists such as levamisole results in stimulation of
egg laying (Bany et al., 2003). For both acetylcholine and 5-HT,
the stimulation of egg laying occurs via receptors expressed in the
muscles while the inhibition occurs via receptors expressed in
neurons.

We demonstrated that ser-1 mutant males show resistance to
5-HT-induced ventral tail curling normally seen in wild-type
males placed in liquid containing exogenous 5-HT (Loer and
Kenyon, 1993). ser-1 mutant males also exhibit defects in the
turning step of mating behavior but are normal for mating effi-
ciency at least in laboratory conditions. mod-1 appears to have a
weaker but similar effect on male tail curling as ser-1. This result
is different from its role in egg laying in which mod-1 produces an
inhibitory effect on egg laying that opposes the stimulatory effect
of ser-1. One possibility is that mod-1 functions in neurons to
inhibit the activation of neurons required for ventral tail contrac-
tion. mod-1 mutant males, however, do not demonstrate corre-
sponding defects in turning behavior like ser-1 mutant males, but
like ser-1 mutant males, the mod-1 mutant males mate normally.
ser-1;mod-1 males produce more severe turning defects than
those seen in ser-1 males suggesting a contributing, but not es-
sential, role for mod-1 in the male turning behavior. We observe
mod-1::gfp expression in processes associated with sensory ray 4
(data not shown), supporting a possible role in mating behavior.

5-HT-defective mutants cat-1, cat-4, and tph-1 can mate but
with less efficiency than wild type (Hodgkin, 1983) (Fig. 5D),
suggesting that there may be other serotonergic pathways in-
volved in male mating. Processes associated with male tail sen-
sory rays 1, 3, and 9 show 5-HT immunoreactivity (Loer and

Carnell et al. • Serotonin Receptor SER-1 Regulates Behaviors in C. elegans J. Neurosci., November 16, 2005 • 25(46):10671–10681 • 10679



Kenyon, 1993), and rays 7–9 mediate the timing of turning (Liu
and Sternberg, 1995), suggesting that 5-HT could affect mating
through these sensory pathways as well. This may explain the
more severe defects in mating associated with 5-HT-defective
mutants but not ser-1, mod-1, or mod-1;ser-1 mutant males. Ab-
normal synthesis of 5-HT may also result in behavioral abnor-
malities that indirectly disrupt mating efficiency. For example, it
has been reported that cat-4 and tph-1 mutant animals move
more slowly than wild-type animals (Hardaker et al., 2001; Cro-
nin et al., 2005).

In mammals, 5-HT2 receptors are important in the modula-
tion of many behaviors (food intake, aggression, mood, sleep,
and sex drive). Disruption of 5-HT2 receptor function is associ-
ated with neurobehavioral abnormalities such as altered appeti-
tive behavior, seizures, and drug dependency and can potentiate
the response to antidepressant medication (Tecott et al., 1995;
Rocha et al., 2002; Cremers et al., 2004). Chronic exposure to
antidepressants and atypical antipsychotics, which bind 5-HT2

receptors, directly result in decreases in receptor levels (Peroutka
and Snyder, 1980; Andree et al., 1986; Willins et al., 1999). Such
adaptive changes to these drugs may relate to the adaptive re-
sponses observed in C. elegans after chronic 5-HT receptor acti-
vation. Additional studies of the SER-1 receptor and serotonergic
function in C. elegans may contribute to our understanding of
5-HT2 receptors and their regulation in mammalian systems.
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