
FMRFamide neuropeptides and acetylcholine
synergistically inhibit egg-laying by C. elegans
NielsRingstad& H Robert Horvitz

Egg-layingbehaviorof the Caenorhabditis elegans hermaphrodite is regulated by G protein signaling pathways.Here we show
that the egg layingÐdefectivemutant egl-6(n592) carries an activating mutation in a G proteinÐcoupledreceptor that inhibits
C. elegans egg-layingmotor neurons in a Go-dependent manner. Ligands for EGL-6 are Phe-Met-Arg-Phe-NH2 (FMRFamide)-
related peptides encodedby the genesflp-10 and flp-17. flp-10 is expressedin both neuronsand non-neuronalcells. The major
sourceof flp-17 peptides is a pair of presumptive sensoryneurons, the BAGneurons. Genetic analysisof the egl-6 pathway
revealedthat the EGL-6 neuropeptide signaling pathwayfunctions redundantly with acetylcholine to inhibit egg-laying.The
retention of embryosin the uterus of the C. elegans hermaphrodite is therefore under the control of a presumptive sensory
systemand is inhibited by the convergenceof signals from neuropeptidesand the small-molecule neurotransmitter acetylcholine.

Network connectivity and the biophysical properties of component
neurons generate motor programs that are the basesof innate beha-
viors. How motor programs are modulated by sensory systems and
how they couple to other neural circuits to create natural behaviors
remain major questions in neuroscience. The egg-laying behavior
of theC.eleganshermaphrodite isasimplebehavior that is stimulated
by the detection of a bacterial food source1,2. The study of C. elegans
mutants defective in egg-laying behavior offers the opportunity to
identify genetic, molecular and cellular pathways that control a
modulatedbehavior.

A simpleneuromuscular circuit is requiredfor C.elegansegg-laying
behavior. Sixteen vulval and uterine muscles, all connected by gap
junctions, contract during egg-laying. Vulval musclesreceive synaptic
input from two classes of motor neurons: VC neurons in the ventral
nervecord and sublateral HSN motor neurons3. HSN neuronsprovide
excitatory serotonergic input to vulval muscles1,2 and might also
provide cholinergic input4. The VC neurons are cholinergic4

and might also contain serotonin5. VC neurons have been reported
to inhibit or promote egg-laying behavior under different experi-
mental conditions6,7.

Molecular characterization of genes required for normal egg-laying
by C. eleganshasshown that G protein signaling pathwaysantagonis-
tically regulateegg-layingbehavior. C.elegansGq and Go stimulateand
inhibit, respectively, egg-laying behavior8Ð10, as do Gq and Go effec-
tors11Ð13. Metabotropic serotonin receptors, which are likely to couple
to a Gq signaling pathway, act on the vulval muscles14Ð16. The
prohormone convertase EGL-3 and the carboxypeptidase EGL-21
promote egg laying, suggesting the existence of excitatory peptidergic
signals17,18 that might also act through Gq signaling. Neurochemical
signals that activate the inhibitory Go pathway havenot beendeÞned,

although acetylcholineacting through themuscarinic receptor GAR-2
and unidentiÞed ligands for the orphan G proteinÐcoupled receptor
(GPCR) EGL-47 arecandidates7,19.

Hereweshow that egl-6, deÞned by theegg-laying defectivemutant
egl-6(n592), encodesaGPCRfor FMRFamide-relatedpeptides(FaRPs)
that inhibit the HSN motor neurons in a Go-dependent manner. One
source of peptide ligands for EGL-6 is a pair of presumptive sensory
neurons, theBAG neurons, suggesting that FaRPsignaling integratesa
sensory system with theegg-layingmotor program. Lossof function of
both the egl-6 pathway and acetylcholine signaling causesa strong,
synthetic hyperactiveegg-layingphenotype. FaRPneuropeptidesthere-
foreact redundantly with acetylcholineto inhibit egg-laying,indicating
that inhibition in a motor program can arise from theconvergenceof
two distinct neurochemical signals.

RESULTS
egl-6(n592) causes increased activity of an orphan GPCR
The mutation n592, which deÞnesthe geneegl-6, causesa semidomi-
nant egg-layingdefect that isbypassedbydrugsthatact directlyonegg-
laying muscles2. Wehypothesizedthat egl-6(n592) activatesa pathway
that inhibitsegg-laying, and weclonedtheaffectedgene.

We mapped egl-6(n592) to a 167-kb interval on linkagegroup X.
PCR products spanning this interval derivedfrom wild-type genomic
DNA were unable rescue the egg-layingÐdefective phenotype of
egl-6(n592) mutants. We tested comparable PCR products from
egl-6(n592) DNA for the ability to phenocopy the n592 mutation.
A PCR product predicted to contain only the gene C46F4.1 caused a
severeegg-layingÐdefectivephenotype(Fig. 1a). ThecomparablePCR
product derived from wild-type DNA also caused an egg-layingÐ
defective phenotype (Fig. 1a).
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Wedeterminedthestructureof C46F4.1transcriptsby RT-PCRand
3¢ and 5¢ rapid ampliÞcation of cDNA ends (RACE) experiments.
C46F4.1 generatestwo transcripts with alternative translational starts
(Fig. 1b), each predicted (see below) to encode an orphan GPCR
(Fig. 1c). Disrupting both open reading frames, either by introducing
stop codonsafterboth predicted translationalstart sitesor by introdu-
cing a frameshift in a shared exon, abrogated the ability of C46F4.1
transgenesto phenocopy n592(Fig.1a); disruptingeitheropen reading
framealonedid not havethiseffect. WeidentiÞed amissensemutation,
predicted to changeanalaninein thethird transmembranedomain to
threonine, in theC46F4.1codingsequencein n592mutants(Fig.1b,c).
Given our mapping results, the ability of C46F4.1 transgenes to
phenocopy egl-6(n592) and the identiÞcation of a mutation in the
coding sequence of C46F4.1, weconcludedthat egl-6 is C46F4.1.

WeusedPCRto screen alibraryof mutagenizedwormsfor mutants
carrying deletions in egl-6 and found additional allelesof egl-6, n4536
and n4537. Both deletions remove the translational start site of the
egl-6b transcript and most of the coding sequence of both egl-6
transcripts (Fig. 1b) and are likely to benull allelesof egl-6.

To determine how the n592 mutation affects egl-6, we tested the
effectsof egl-6 genedosageon egg-laying.WequantiÞed C.elegansegg-
layingbehavior usingthedevelopmentalstageof newly laid eggs, which
reßects the timeembryosspent in utero2 (Fig. 2a). Statistical compar-
isons between strains analyzed in this manner are presented in
Supplementary Table 1 online. Wild-type worms retained most eggs
until the embryos developed to a multicellular but premorphogenic

stage (Fig. 2b). egl-6(n592) mutants laid embryosthat had developed
to the twofold stageor later, reßecting slower rates of egg-laying and
longer retention of embryos. egl-6 deletion mutants (egl-6(D)) had
wild-typeegg-laying behavior, indicating that then592 mutation does
not reduce egl-6 gene function. By contrast, transgenic worms with
extra copies of wild-type egl-6 laid later-stageeggsthan did thewild-
type worms. These observations indicate that n592 increases egl-6
activity and that egl-6 inhibits egg-laying. Because activation of
GPCRs is accompanied by allosteric changesin the relative positions
of transmembrane domains20, n592 might increasereceptor function
by stabilizing anactiveconformer of the receptor.
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Figure 1 egl-6 encodes two isoforms of a seven-pass transmembrane receptor. (a) The effects of egl-6 mutations on egg-laying. The number of transgenic lines
with egg-laying defects as a fraction of lines generated is shown for each mutation. Mutated sites are indicated in b as open arrowheads. (b) egl-6 intron-exon
structure and mutations. Coding sequences are depicted as solid boxes. Closed arrowhead indicates the position of the n592 mutation, which is predicted to
alter both isoforms by changing Ala135 to Thr (EGL-6A sequence coordinates). Sequences deleted in alleles n4536 and n4537, which remove most of
the egl-6 coding sequence, are indicated. Open arrowheads indicate the positions of amber nonsense mutations introduced into an egl-6 transgene, and
a frameshift was created at the BglII site indicated. (c) Predicted secondary structure of EGL-6A. Both predicted egl-6 protein products have seven
transmembrane domains. The first 32 residues of EGL-6A, which are replaced by 30 different residues in EGL-6B, are shaded gray. Ala135, predicted
to be mutated to threonine by the n592 mutation, is shaded black.
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Figure 2 egl-6(gf) inhibition of egg-laying requires Go signaling. (a) Stages
of embryonic development used to assay the retention time of freshly laid
eggs. (b) The n592 mutation increases egl-6 function. Distributions of the
developmental stages of eggs laid by worms carrying the n592 mutation and
by worms with normal, decreased or increased egl-6 gene dosage are shown.
egl-6(n592) mutants and worms overexpressing (OE) egl-6 laid later-stage
embryos than did wild-type worms, indicating increased retention time
in utero. The egl-6 deletion allele used was n4536. The transgene used for
egl-6 overexpression was nIs181. (c) Go signaling is required for EGL-6 gain-
of-function mutation to inhibit egg-laying. Shown are distributions of the
developmental stages of eggs laid by worms carrying a goa-1 loss-of-function
mutation together with mutations or transgenes that increase or decrease
egl-6 function. goa-1; egl-6(gf) double mutants were strongly suppressed for
the egg-laying defect caused by egl-6(gf) but were still significantly different
from goa-1 single mutants (P o 10–6) . The egl-6 deletion allele used was
n4536. The goa-1 allele used was n1134. The transgene used for egl-6
overexpression was nIs181.
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Go signaling inhibitsC.elegansegg-laying behavior8,9. Becauseegl-6
encodes a presumptive GPCR that inhibits egg-laying, we tested
whether the egg-layingÐdefective phenotype caused by a gain-
of-function (gf) mutation in egl-6 requires Go signaling. Loss-of-
function (lf) mutations in the gene encoding C. elegans Goa, goa-1,
increaseratesof egg-laying8,9. Weobserveda corresponding changein
thestageof eggsnewly laid by goa-1(n1134) mutants, with a majority
having eight cellsor fewer (Fig. 2c). goa-1(lf) also strongly suppressed
the egg-laying defects caused by either the n592 mutation or over-
expression of wild-type egl-6. egl-6 deletion did not modify the egg-
laying behavior of goa-1 mutants. We observed similar results with a
different goa-1(lf) allele, n3055(data not shown). Our data show that
egl-6 function strongly depends on goa-1, suggesting that EGL-6
couples to a Go signaling pathway. However, some EGL-6 signaling
might be independent of goa-1, as both the egl-6(n592gf) gain-of-
function mutation and extra copiesof wild-typeegl-6 slightly delayed
theegg-laying behavior of goa-1 mutants (Fig. 2c).

EGL-6 inhibits the HSN motor neurons
To determinewhereegl-6 functions,weconstructedagreen ßuorescent
protein (GFP) reporter transgene, egl-6::gfp. This transgenecausedan
egg-laying defect that strongly dependedon goa-1 function (data not
shown), suggesting that it encodesa functional receptor. We detected
egl-6::gfpexpressionusingan antibody to GFPand observedstrongand
consistent expression in HSN motor neurons (Fig. 3a) and in GLR
cells, glia-like cells in the head. We consistently observed weaker
stainingof theDVA tail interneuron and occasionallyobservedstaining
of the lateral interneuronsSDQL and SDQR.

HSN motor neurons innervate vulval musclesand are required for
normalegg-laying2,3. To test whetheregl-6 expression in HSN neurons
sufÞces to inhibit egg-laying, we used transgenes with regulatory
elements from the tryptophan hydroxylase gene tph-1 (ref. 21) to

express egl-6. One promoter, tph-1L, drives gene expression in HSN
neurons and pharyngeal serotonergic NSM neurons, and a truncated
variant, tph-1S, drivesgene expression primarily in NSM neurons19.
Expression of either egl-6 isoform under the control of the tph-1L
promoter caused egg-laying defects, whereas the same cDNAs under
the control of the NSM-speciÞcpromoter tph-1S did not affect egg-
laying (Fig. 3b). Both isoforms of EGL-6 can, therefore, inhibit egg-
laying. Thesedata, together with thedetection of theegl-6 reporter in
HSN motor neurons, suggest that EGL-6 receptors function in and
mediate inhibition of theHSN neurons.

EGL-6 is a receptor for FLP-10 and FLP-17 FaRPs
Wesearchedprotein sequencedatabasesusingBLAST22and found that
EGL-6 has sequence similarity to insect receptors for FaRPs23,24. We
postulated that EGL-6 is a neuropeptide receptor and sought ligands
for EGL-6 in two ways: by screeningneuropeptide-encodingtransgenes
for theability to inhibit egg-laying in anegl-6-dependent manner, and
by screening a library of synthetic peptidesfor peptidesthat activate
EGL-6 in vitro.

Our Þrst approach to identify EGL-6 ligands was based on the
hypothesisthatoverexpression of aligand-encodinggenewould inhibit
egg-laying as does egl-6 overexpression. We generated transgenic
worms carrying extra copies of neuropeptide genes, including ßp-1
through ßp-23, which are predicted to encode FMRFamide-like pep-
tides, and ten nlp genes, which arepredicted to encodeneuropeptide-
like peptides25,26. ßp-10 and ßp-17 transgenes inhibited egg-laying by
wild-typewormsbut not by egl-6(D) mutants (seebelow), suggesting
that ßp-10 and ßp-17 encode ligands for EGL-6. The introduction of
stop codonsor frameshift mutationsinto theßp-10 and ßp-17 coding
sequencesabrogated their ability to inhibit egg-laying behavior (data
not shown). To quantify the egg-laying defects caused by these
transgenesand thedependenceof thesedefectson theEGL-6 receptor,
wegenerated strains carrying stably integrated versions of ßp-10 and
ßp-17transgenes.Stably integratedßp-10or ßp-17transgenesinhibited
egg-layingin wild-typeworms,and thesedefectsrequiredtheegl-6gene
(Fig. 4a,b).

We also tested peptides for EGL-6 agonist activity in vitro. The
coupling of GPCRs to G proteinÐactivated inwardly rectifying K+

(GIRK) channels in heterologous expression systems hasbeen used
to match ligands to orphan GPCRs (for example, in ref. 27). We
coexpressed EGL-6 and GIRKs in Xenopus laevis oocytes and tested
pools of synthetic peptidescorresponding to predicted and observed
C. elegansneuropeptides25,26 for the ability to activate GIRK conduc-
tanceusingatwo-electrodevoltageclamp. Wetested 55peptidesin Þve
pools (Supplementary Table 2 online). Two pools, B and D, evoked
inward currents(Fig.4c) that wereobservedonly in oocytescoexpres-
sing EGL-6 and GIRKs (data not shown). These pools therefore
contained EGL-6 agonists. Pool B contained the predicted
ßp-10 peptide product QPKARSGYIRFamide, and pool D contained
both predicted ßp-17 peptide products, KSAFVRFamide and

b
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Figure 3 egl-6 expression in the HSN motor neurons inhibits egg-laying.
(a) egl-6 is expressed in the HSN motor neurons and the GLR cells. Fainter
expression in the DVA interneuron is not visible in this exposure. Occasional
expression was observed in the neurons SDQL and SDQR. D, dorsal;
V, ventral; A, anterior; P, posterior; L, left; R, right. (b) Expression of egl-6
isoforms in the HSN motor neurons inhibits egg-laying. egl-6a and egl-6b
cDNAs were under the control of tph-1 promoter variants that drive transgene
expression either in both the HSN motor neurons and the NSM pharyngeal
neurons (tph-1L) or in the NSM pharyngeal neurons only (tph-1S). The
number of transgenic lines with egg-laying defects as a fraction of lines
generated is shown for each transgene.
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KSQYIRFamide.Omitting these peptidesfrom the active pools elimi-
nated agonist activity; furthermore, each of these peptides could
function as agonists when applied individually (Fig. 4d). ßp-10 and
ßp-17peptideswereeffectiveat nanomolarconcentrationsin thisassay
(Fig. 4e,f ).

We concluded that ßp-10 and ßp-17 encode ligands for the EGL-6
receptor, because(i) theegg-laying defectscausedby ßp-10 and ßp-17
overexpression requiredthe egl-6 receptor genein vivo, and (ii) ßp-10
and ßp-17 peptidesactivated the EGL-6 receptor in vitro.

Activated mutant EGL-6 receptor is ligand dependent
We isolated deletion alleles of ßp-10 and ßp-17 (Fig. 5a). The n4543
deletion removesthe translational start site of ßp-10 and most of the
coding sequence, including sequences encoding the active peptide.
The n4894 mutation removes the translational start site of ßp-17
and is likely to eliminate the production of both FaRPs encoded
by ßp-17.

Deletion of ßp-10 and ßp-17 did not grossly affect egg-laying
behavior, either individually or in combination (Fig. 5b). Deletion of
ßp-10, however, suppressed theegg-laying defect causedby then592gf
mutation of egl-6, and this suppression was enhanced by deletion of
ßp-17 (Fig.5c). Thesedatashow that theactivity of both thewild-type
receptor and themutant receptor encodedby egl-6(n592gf) isregulated
by ßp-10 and ßp-17 peptides in vivo.

flp-10 and flp-17 can function in different cells
To identify the sourcesof ßp-10 and ßp-17 peptides, we generated
ßp-10::gfp and ßp-17::gfp reportersand detectedtheir expression using
antibody to GFP(Fig.6). Weobservedconsistent ßp-10::gfpexpression
in ASIL, ASIR, DVB, PVCL, PVCR and PVR neurons and in vulval
tissue, uterine cells, spermathecae and the head mesodermal cell
(Fig. 6a). We also observed faint and inconsistent staining of a small

number of unidentiÞed neurons.The pattern of ßp-10::gfp expression
weobservedwassimilarbut not identical to aßp-10expression pattern
previously observedusing a transcriptional reporter28. SpeciÞcally, we
did not observeßp-10expression in theBAGneurons, and theprevious
study did not note ßp-10 expression in the uterus, spermathecae
or head mesodermal cell28. We observed expression of ßp-17::gfp
expression primarily in a pair of anterior sensory neurons, BAGL
and BAGR(Fig.6b). Theßp-17::gfpexpression weobservedwassimilar
to that previously reported28. We also observed faint but consistent
expression of ßp-17::gfp in threepairs of unidentiÞed headneurons.

To test whetherexpression of ßp-10 and ßp-17 in speciÞc neuronsis
requiredfor thesegenesto inhibit egg-laying,welaser-ablatedneurons
in transgenic wormsoverexpressing ßp-10 or ßp-17. Ablation of BAG
neurons or of six neurons expressing ßp-10::gfp together had no
marked effect on egg-laying by wild-type worms (Fig. 6c). We then
ablated six neurons expressing ßp-10::gfp in worms overexpressing
ßp-10 to test whether these neurons were required for the egg-laying
defect conferred by the ßp-10 transgene. Ablation of ASIL, ASIR,
DVB, PVCL, PVCR and PVR together did not strongly modify the
egg-laying phenotype of worms overexpressing ßp-10 (Fig. 6d),
although the small change we observed in the distribution of egg
stagemight besigniÞcant (P ! 0.0193). Thesix neuronsweidentiÞed
asexpressingßp-10::gfpexpressingwerenot, therefore,strictly required
for ßp-10 function. By contrast, laser ablation of the BAG neurons
strongly suppressed the egg-laying defect conferred by ßp-17 over-
expression (Fig. 6e), suggesting that theBAG neurons are a principal
siteof ßp-17expression. Ablation of BAGcellsalso partially suppressed
the egg-laying defects conferredby ßp-10 overexpression (Fig. 6d).

That the ßp-10 transgene functioned in the absence of the six
neurons that expressed ßp-10::gfp suggested that non-neuronalÑ
possibly vulval or gonadalÑexpression of ßp-10 inhibits egg laying.
It is also possible that our ßp-10::gfp reporter was expressed in only a
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Figure 4 flp-10 and flp-17 encode ligands for the EGL-6 receptor. (a,b) Overexpression of flp-10 or flp-17 inhibits egg-laying behavior of wild-type worms but
not of egl-6(D) mutants. Shown are distributions of developmental stages of eggs laid by transgenic worms carrying extra copies of flp-10 (a) or flp-17 (b) in
the presence or absence of an egl-6 deletion allele. flp-10 and flp-17 overexpression increased egg retention times compared to wild type, and deletion of
egl-6 suppressed the egg-laying defects caused by flp-10 and flp-17 overexpression. The transgene used for flp-10 overexpression was nIs209. The transgene
used for flp-17 overexpression was nIs211. The egl-6 deletion allele used was n4536. (c,d) Identification of EGL-6 ligands by screening pools of synthetic
peptides. Pools of synthetic peptides (see Supplementary Table 1) were applied to X. laevis oocytes coexpressing EGL-6 and GIRK channels. The final
concentration of each peptide in the pools was 1 mM. Whole-cell currents were monitored using a two-electrode voltage clamp. Gray bars indicate the periods
during which peptide pools were applied. (e,f) Peptides encoded by flp-10 (e) and flp-17 (f) activate EGL-6 at nanomolar concentrations. Dilution series of the
indicated peptides were applied to X. laevis oocytes coexpressing EGL-6 and GIRK channels. The response was calculated as the ratio of the peptide-evoked
inward K+ current and the peptide-independent inward K+ current. Data were fitted to the Hill equation and normalized to the calculated maximum current.
The means of at least three experiments ± s.e.m. are plotted. EC50, half-maximal effective concentration.
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subset of ßp-10-expressing neurons, in which case we would not have
ablated all ßp-10-expressing neurons. To test whether non-neuronal
cellsarecompetent to expressand processßp-10 peptide,weexpressed
ßp-10 speciÞcally in vulval cells and spermathecae, non-neuronal

tissues that expressed the ßp-10::gfp reporter. We expressed ßp-10 in
vulval cells, in spermathecaeand pan-neuronally using heterologous
promoters fused to the ßp-10 cDNA (seeSupplementary Methods
online). Egg-laying defects were observed in threeof four transgenic
linescarrying thevulval expression construct, Þveof Þvelinescarrying
the spermathecal expression construct and threeof six lines carrying
the pan-neuronal expression construct. Non-neuronal cells can there-
foreexpressfunctionalFLP-10peptide.Togetherwith our laserablation
studies, these data suggest that non-neuronal cells are one source of
endogenousFLP-10 peptide.

The BAG neurons inhibit C. elegans egg-laying behavior
egl-6 overexpression caused an egg-laying defect that was partially
suppressed by ßp-17 deletion (Fig. 7a,b). The egg-laying defect of
wormsoverexpressing egl-6 thereforepartly dependson ßp-17. To test
whether ablation of BAG cells would phenocopy ßp-17 deletion and
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Figure 6 flp-10 and flp-17 are expressed in different cells. (a,b) Expression of flp-10::gfp and flp-17::gfp was detected by immunocytochemistry. (a) flp-10::gfp
expression was observed in the ASI sensory neurons, the DVB motor neuron, the PVC interneurons and the PVR neuron. flp-10::gfp expression was also observed
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micrographs are of the same worm. (c–e) BAG neurons are required for flp-17 function. Neurons expressing flp-10 and flp-17 reporter transgenes were ablated
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Figure 5 The EGL-6 receptor is regulated by flp-10 and flp-17 in vivo.
(a) flp-10 and flp-17 intron-exon structure. Coding sequences are depicted
as solid boxes. The flp-10 and flp-17 loci are both on linkage group IV but in
opposing orientations. Sequences deleted in flp-10(n4543) and flp-
17(n4894) are indicated. The open arrowhead indicates the position of an
amber nonsense mutation that abrogated the ability of the flp-10 transgene
to inhibit egg-laying. A frameshift that abrogated the ability of the flp-17
transgene to inhibit egg-laying was introduced at the indicated BamHI site.
Closed squares indicate the presence of 21U RNA-encoding genes within the
flp-17 locus. The predicted peptide products of flp-10 and flp-17 are shown
beneath the corresponding gene models. (b) flp-10 and flp-17 mutants lay
normally staged embryos. The distributions of developmental stages of
embryos laid by wild-type worms, flp-10 mutants, flp-17 mutants and flp-10
flp-17 double mutants are shown. (c) flp-10 and flp-17 mutations partially
suppress the egg-laying defect caused by the egl-6 gain-of-function mutation.
Shown are the distributions of developmental stages of embryos laid by egl-
6(gf) mutants and egl-6(gf) mutants with mutations that delete the ligand-
encoding genes flp-10 and flp-17. The egl-6 gain-of-function allele used
was n592. The flp-10 and flp-17 deletion alleles used were n4543 and
n4894, respectively.
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whether ßp-17 has a BAG cellÐindependent function, we ablated the
BAG cells in worms overexpressing egl-6, with or without a ßp-17
deletion allele (Fig. 7a). BAG cell ablation suppressed the egg-laying
defect of worms overexpressing egl-6, but this suppression was not
enhancedby ßp-17deletionÑ that is, deletingßp-17had no effect in the
absenceof BAGcells(Fig.7b). Thesuppression byßp-17deletionof the
egg-layingdefect causedbyegl-6overexpression wasenhancedby ßp-10
deletion (Fig. 7c).

Thesedata, together with theexpression of ßp-17::gfp in BAGcells
and the requirement of BAG cells for the function of the ßp-17
transgene, indicate that BAG cells are the principal source of
endogenous FLP-17 peptides. That the effect of BAG cell ablation
on egg-laying behavior was stronger than that of deleting ßp-17
indicates that BAG cells provide one or more inhibitory signals in
addition to FLP-17 peptides. Although someinhibition provided by
BAGcellsmight requireßp-10, weobserved that ßp-10deletion hasa
larger effect than does BAG cell ablation (Fig. 7), suggesting that
ßp-10can function in cellsin addition to BAGcells. Our observation
that BAG cell ablation only partially suppressed the egg-laying
defect caused by ßp-10 overexpression (Fig. 6d) is consistent with
this hypothesis.

EGL-6 and acetylcholine redundantly modulate egg-laying
Although activation of the egl-6 pathway by mutation or over-
expression inhibited egg-laying, mutants lacking egl-6 or the ligand-
encoding genes ßp-10 and ßp-17 had grossly normal egg-laying
behavior (Figs. 2b and 4c). In addition to using the developmental
stage of newly laid eggsto assay egg-laying behavior, weanalyzed the
timingof egg-layingeventsbyegl-6(D) mutants(Supplementary Fig.1
online)and themodulation of egg-layingbehavior of egl-6(D) mutants
by thepresenceor absenceof abacterial food source(datanot shown).
Theseexperimentsdid not reveal notabledifferencesbetween egl-6(D)
mutants and wild-type worms.

Wetestedwhether redundancybetween theegl-6 signaling pathway
and another signaling pathway might explain our observation that
mutants defective in theegl-6 pathway havegrossly normal egg-laying
behavior. We constructed strains with multiple mutations in
egl-6 and genes required for the synthesis or storage of speciÞc
neurotransmitters (GABA, dopamine, glutamate, tyramine, octopa-
mine, serotonin or acetylcholine) and examined these strains for
synthetic egg-laying defects. Genes tested for interactions with the
egl-6 pathway were unc-25, which is required for GABA synthesis29;
cat-2, whichisrequiredfor dopaminesynthesis30; eat-4, which encodes

a vesicular glutamate transporter31; tdc-1, which is required for
tyramine and octopamine synthesis32; tph-1, which is required for
serotonin synthesis21; and unc-17 and cha-1, which encodea vesicular
acetylcholine transporter and a choline acetyltransferaserequired for
acetylcholine synthesis, respectively33,34.

We observed that strains carrying mutations in the egl-6 pathway
and genes required for acetylcholine signaling had a strong synthetic
hyperactive egg-laying phenotype (Fig. 8a). unc-17 and cha-1, which
are requiredfor acetylcholinesynthesis and storage,are in an operon.
The unc-17(e113) mutation reduces the function of both unc-17 and
cha-1 (ref. 35). The egg-laying behavior of unc-17(e113) mutants
(Fig. 8a) was similar to that of wild-type worms and egl-6 deletion
mutants(Fig.2b). Bycontrast, unc-17(e113); egl-6(D) doublemutants
laid early-stageembryoswith eight or fewer cells at a high frequency,
reßecting decreased time spent in utero. Deletion of ßp-10, ßp-17 or
both affected the egg-laying behavior of unc-17(e113) mutants simi-
larly. We saw comparable interactionsbetween another deletion allele
of egl-6and unc-17(e113) and between both deletion allelesof egl-6and
threeother mutationsaffecting the unc-17 cha-1 operon: e876, p1152
and n2421 (data not shown). We also ablated BAG cells, which are a
principal site of ßp-17 expression, in unc-17(e113) mutants and
observed a higher frequency of early-stage embryos laid (Fig. 8a).
Given that potentiation of acetylcholine signaling by mutation of the
acetylcholinesterase-encodinggenesace-1and ace-2causeslocomotion
defects36 and inhibits egg-laying behavior7, we also tested whether
deletion of the EGL-6 signaling pathway could modify the egg-laying
defect of acetylcholinesterasemutants. The egg-laying defect of ace-2;
ace-1 double mutants was suppressed by deletion of egl-6, ßp-10 and
ßp-17 (Fig. 8b). These data show that EGL-6 signaling and cells
required for the production of EGL-6 ligands function redundantly
with acetylcholineto inhibit egg-laying.

Interactions between mutations that affect egl-6 signaling and
mutations that alter acetylcholine signaling are consistent with the
hypothesis that EGL-6 functions upstream of or in parallel to an
acetylcholine signal to inhibit egg-laying. The egg-laying defect of
ace-2; ace-1 double mutants was suppressed by deletion of the egl-6
pathway, but the egg-laying behavior of suppressed worms was still
distinguishable from that of wild-type worms, suggesting that
acetylcholine does not inhibit egg-laying behavior by acting strictly
upstream of egl-6 signaling. The locomotion defects of mutants
with reduced acetylcholine signaling (unc-17 and cha-1 mutants) or
excess acetylcholine signaling (ace-2; ace-1 double mutants) were
not modiÞed by mutations in egl-6 or in the ßp-10 and ßp-17
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Figure 7 The BAG sensory neurons inhibit egg-laying. (a,b) The effect of BAG neuron ablation is not
enhanced by a flp-17 mutation. The BAG neurons were ablated with a laser microbeam in egl-6-
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flp-17 are shown. The transgene for egl-6 overexpression used was nIs181. The flp-17 allele used
was n4894.
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ligand-encoding genes (data not shown), suggesting that EGL-6
signaling doesnot function in all cholinergic circuits.

DISCUSSION
Throughamolecular geneticanalysisof C. elegansmutantsdefectivein
egg-laying behavior, we identiÞed a FaRP signaling pathway that
inhibits motor neurons in the C. elegans egg-laying system in a
Go-dependent manner. This pathway consists of the EGL-6 GPCR
and two classesof peptide ligands encoded by the genes ßp-10 and
ßp-17. We found that the ßp-17 peptides KSAFVRFamide and
KSQYIRFamide are provided by a pair of presumptive sensory
neurons, the BAG cells. The ßp-10 peptide QPKARSGYIRFamide is
expressedby both neuronal and non-neuronal cell types, and our data
suggest that non-neuronal cellsarea sourceof this inhibitory peptide.

We conclude that the EGL-6 receptor transducesinhibitory signals to
the HSN motor neurons from multiple cell types.

Because presumptive sensory neurons are one source of EGL-6
ligands, EGL-6 signaling might modulate egg-laying behavior in
response to environmental cues. BAG cells have specialized cilia
characteristic of sensory neurons37,38 but have not been associated
with asensory modality. BAGcell processeshavegoblet-shapedtermini
surrounding a region of hypodermal tissue, but the processes are not
exposedto theexternal environment37,38 and might thereforefunction
asreceptors for factors that can permeate the cuticle or are generated
internally. Synapsesbetween theBAGcellsand theHSN motor neurons
havenot beenobservedby electron microscopic reconstruction of the
C.elegansnervoussystem3. Therefore, ßp-17-encodedFaRPsare likely
to function asparacrine or endocrine signals in the control of egg-
laying behavior.

Our data suggest that non-neuronal expression of ßp-10 peptides
inhibits egg-laying behavior. Most non-neuronal expression of ßp-10
that we observed wasin components of the hermaphroditeÕs repro-
ductive system: vulval, uterine and spermathecal cells. We further
found that expression of ßp-10 in vulval and spermathecal cells using
heterologous promoters sufÞcesto inhibit egg-laying. It is not fully
understood how somatic components of the hermaphroditeÕs repro-
ductive system might modulate egg-laying behavior. Others have
proposed that mechanical stimuli trigger releaseof neuromodulators
from neuroendocrine cells at the junction of the vulva and uterus39.
Oocytespassing through the spermathecae, distension of the uterus
and mechanical stimulation of vulval tissue might similarly trigger
FLP-10 release and allow ovulation, egg retention and the act of egg-
laying to alter the activity of HSN motor neurons.

EGL-6 signaling is dispensable for the egg-laying behavior of wild-
type worms under normal laboratory conditions. By contrast, the
egg-laying behavior of acetylcholine signaling mutants was strongly
affectedby perturbationsof theEGL-6 pathway (Fig. 8). Lossof egl-6
function or of the function of one or both genes encoding EGL-6
ligands in unc-17 mutants resulted in the expulsion of immature
embryosfrom theuterus. Theegg-layingbehavior of acetylcholinester-
ase-deÞcient mutants, which are egg-laying defective, was also
sensitive to mutation of oneor both genesthat encodeEGL-6 ligands.
Thesedataindicatethatevenpartial lossof function in EGL-6 signaling
can alter the egg-laying behavior of mutants with abnormal acetyl-
cholinesignaling.

What is thecircuit that providesinhibitory cholinergic input to the
egg-laying system?The interactions between the EGL-6 pathway and
acetylcholine signaling support models in which FLP-10 and FLP-17
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Figure 8 EGL-6 signaling inhibits egg-laying behavior redundantly with
acetylcholine. (a) Loss of function in both EGL-6 signaling and acetylcholine
signaling decreases egg retention time. The distribution of developmental
stages of embryos laid by unc-17 mutants (defective in vesicular
acetylcholine transport) is shown together with the distributions of stages of
eggs laid by worms mutant for unc-17 and genes in the egl-6 pathway or
unc-17 mutants lacking BAG neurons. BAG neurons were ablated with a laser
microbeam in unc-17 mutants. An asterisk denotes the presence of the
gcy-33::gfp transgene nIs242, used in some strains to facilitate identification
of BAG neurons. The unc-17 allele used was e113. The egl-6, flp-10 and
flp-17 alleles used were n4536, n4543 and n4894, respectively.
(b) Loss of function in the egl-6 pathway suppresses the egg-laying defect
of mutants with excess acetylcholine signaling. Shown are distributions of
developmental stages of eggs laid by ace-2; ace-1 double mutants (defective
in acetylcholinesterase function) and by worms multiply mutant for
acetylcholinesterase-encoding genes and genes in the egl-6 pathway. The
ace-1 allele used was p1000. The ace-2 allele used was g72. The egl-6,
flp-10 and flp-17 alleles used were n4536, n4543 and n4894, respectively.
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FaRPswork either in parallel to or upstream of acetylcholineto inhibit
egg laying. We have tested whether EGL-6 signaling functions redun-
dantly with the GAR-2 metabotropic acetylcholine receptor, which is
expressedon HSN motor neuronsand hasbeenproposedto negatively
regulate HSN function7,40; we did not observe egg-laying defects in
gar-2; egl-6 doublemutants. Similarly, ablation of thecholinergic VC4
and VC5 egg-laying motor neurons did not modify the egg-laying
behavior of egl-6 mutants (data not shown). It is therefore likely that
thecholinergicpathway that functionsredundantly with EGL-6 signal-
ingrequirescellsand receptorspreviously not implicated in thecontrol
of egg-laying behavior. We observed that the hyperactive egg-laying
phenotype of unc-17; egl-6 double mutants is comparable to that of
goa-1 mutants(Figs. 2 and 8). If cholinergic inhibition of egg-laying is
mediated by metabotropic acetylcholine receptors, a signiÞcant
fraction of inhibitory Go signaling in the egg-laying system might be
controlled by thesereceptorstogetherwith EGL-6. Threemetabotropic
acetylcholine receptors have been found in C. elegans40Ð42. Other
receptors that might mediate inhibitory cholinergic signaling are
acetylcholine-gatedchloride channels43.

Our data and those of others show that the C. elegans egg-laying
system isregulatedby multipleneurotransmitters, includingserotonin,
acetylcholine and FaRPs. Interactions among theseneurotransmitter
systems are critical for the generation and regulation of egg-laying
behavior. There is evidence that acetylcholinesignaling is requiredfor
the stimulatory effects of serotonin on egg-laying, as if these two
neurochemical signals constitute a logical AND gate in the control of
egg-laying6,44. We have described a different relationship between
neurotransmittersystemsin theC. elegansegg-layingsystem: choliner-
gic and peptidergic signalssynergistically inhibit egg-laying,constitut-
ing a logical OR gate. Cholinergic and peptidergic inhibition of
egg-laying might be independently invoked by sensory systems or
other cellular circuits to stop egg-laying by C. elegans in unfavorable
conditions. The logical relationshipsamong neurotransmitter systems
that control C. elegansegg-layingbehavior mighthavegeneral implica-
tionsfor thestudy and manipulation of neural circuits. Wesuggest that
even if inactivation of individual neurochemical pathways has little
or no effect on the function of a target circuit, the combinatorial
perturbation of pathwaysmightcausestrongand speciÞcalterationsof
circuit function.

Noteaddedin proof: Whilethismanuscript wasin review, Hallem and
Sternberg45 identiÞed a role for the BAG neurons in carbon dioxideÐ
avoidancebehavior of C. elegans.

METHODS
Strainsand transgenes. A detailed description of strainsusedand construction
of transgenescan befound in Supplementary Methods.

Mapping and cloning of egl-6(n592). We isolated egg-layingÐdefective Mec
non-Lon and Mec non-Lon recombinants from the strain MT16027
lon-2(e678) egl-6(n592) mec-7(e1506) after crossing with the polymorphic
wild-type strain CB4856 and determined crossover sites as described46. We
mapped n592 to a 167-kb region between SNPs on the cosmids F13D11 and
F22F4. PCR products spanning this interval were derived from wild-type and
n592 genomic DNA, injected into the wild-type strain N2 and scored for the
ability to phenocopy the n592 mutation. A transgenecontaining only the gene
C46F4.1 phenocopied n592. The predicted gene structure of C46F4.1 was
conÞrmed by RT-PCR. We used 5¢RACE(Invitrogen) to identify a transcript
with an alternative start and an SL1 trans-spliced leader sequence. The 3¢
sequencesof egl-6 transcriptswereampliÞed usingPCRfrom aC.eleganscDNA
library (Stratagene) using gene-speciÞc primers and primers directed against
the cloning vector. Sequences of PCR-ampliÞed regions of genomic DNA
comprising all exons and splice junctions of C46F4.1 from n592 mutants and
wild-type wormswere determinedusing an ABI Prism 3100Genetic Analyzer.

Isolation of deletion alleles. Libraries of mutagenized animals were con-
structed and screened by PCR for deletion allelesof egl-6, ßp-10 and ßp-17
essentially asdescribed47. Deletion mutants were isolated from frozen stocks
and backcrossed to wild-typeworms at least four times.Sequencesdeleted in
each allele are described in Supplementary Methods.

Immunocytochemistr y. Worms were Þxed, permeabilized and stained as
previously described48 using a 1:50 dilution of monoclonal antibody to GFP
(Millipore) and a 1:100 dilution of Alexa488-conjugated goat antibody to
mouse(Invitrogen). Sampleswere viewed using a Zeiss Axiophot epißuores-
cence microscope,and imageswere acquiredwith a Hamamatsu Orcacharge-
coupled device camera and OpenLabs imageacquisition software.

EGL-6 expression in X. laevisoocytes. egl-6 cDNAswere ßanked with EcoRI
sites by PCRand clonedinto the pGEMHE vector49. egl-6, GIRK1 and GIRK4
cRNAs were prepared using the mMessage Machine kit (Ambion). X. laevis
oocyteswere injected with 50 ng of egl-6 receptor sense cRNA and 0.5 ng of
GIRK1 and GIRK4 sensecRNA. Injected oocyteswere incubated at 18 1C in
ND96medium (96 mM NaCl, 2.5 mM KCl, 1 mM MgCl2 and 5 mM HEPES,
pH 7.6) for 2Ð5 d before recording.

Whole-cell current recordings were made using the two-electrode voltage-
clamp techniqueataholdingpotential of Ð80 mVasdescribed27. Therecording
chamber wascontinuously perfusedwith ND96medium. To assay activation of
GIRK channels,we equilibratedoocytes in high-K+ medium (96 mM KCl and
2.5 mM NaCl instead of 2.5 mM KCl and 96 mM NaCl) to reversethe K+

gradient and measuredinward currentsbefore,duringand afteraddition of test
peptide. Data were acquired with Clampex 8.0 software (Molecular Devices)
and analyzed ofßine with ClampÞt (Molecular Devices). All experiments
using X. laevis oocyteswere done according to guidelines of the Committee
on Animal Care at MIT. Peptides were synthesized by the MIT Bio-
polymers Laboratory.

Behavioral assays and neuron ablation. Transgenic lineswere scored asegg-
layingdefectiveif youngadults(24 h after lateL4) had, on average,greater than
30 eggsin utero. To score the developmental stagesof newly laid eggs, young
adultsweretransferredto fresh nematodegrowth medium plateswith bacteria,
Þvewormsper plate,for 1 h at room temperatureand thenremoved. Operated
worms were assayedindividually, and a single operatedworm wasassayedtwo
and four times.

Eggson the plate were examinedusing a high-power dissecting microscope
and categorized asdescribed in Figure 2.

Distributionsof thedevelopmental stagesof eggslaid by wormsof different
genotypes were analyzed with the Wilcoxon Mann-Whitney rank-sum test, a
nonparametric test of statistical signiÞcance, as implemented in the Coin
package of the R statistical analysis program50. The results of statistical tests
of signiÞcance can be found in Supplementary Table 1. Egg-laying defects of
many strains were also independently quantiÞed by measuring the number of
retained eggs in staged adults as previously described19, and we observed
similar interactions between receptor- and ligand-encoding genes, receptor-
and G proteinÐencoding genes, and genesin the egl-6 signaling pathway and
acetylcholine biosynthesis genes(data not shown).

Laser microsurgerieswere performed on L2-stagelarvae asdescribed51. Cell
identiÞcationsweremadeon thebasisof nuclear position and cell morphology.
A gcy-33::gfp transgenewasused in someexperiments to identify BAG neurons
(seeSupplementary Methods).

Note:Supplementary information is availableon theNatureNeurosciencewebsite.
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