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FMRFamide neuropeptides and acetylcholine
synergistically inhibit egg-laying by C. elegans

Niels Ringstad& H Robett Horvitz

Egg-layingbehaviorof the Caenorhabditis elegans hermaphrodite is regulated by G protein signaling pathways. Here we show
that the egglayingbdefectivemutant egl-6(n592) carries an activating mutation in a G proteinBcoupledreceptor that inhibits

C. elegans egg-layingmotor neuronsin a G,-dependent manner. Ligands for EGL-6 are Phe-Met-Arg-Phe-NH (FMRFamide)-
related peptides encodedby the genesflp-10 and flp-17. flp-10 is expressedin both neuronsand non-neuronalcells. The major
source of flp-17 peptides is a pair of presumptive sensoryneurons, the BAG neurons. Genetic analysis of the egl-6 pathway
revealedthat the EGL-6 neuropeptide signaling pathway functions 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 biophyscal properties of component
neurons generate motor programs that are the basesof innate beha-
viors. How motor programs are modulated by sensory sysems and
how they couple to other neural circuits to crede natural benhaviors
remain major quegions in neurosgence. The egy-aying behavior
of the C. eegnshemaphrodite is asmple behavior that is simulated
by the detedion of a bacterial food sourcel2. The study of C. ekegns
mutarts defedive in egy-aying behavior offers the opportunity to
identify genetic, molealar and celular pathways that control a
modulated behavior.

A simple neuromuscular circtit isrequiredfor C. ee@nsegy-aying
benhavior. Sikteen vulval and uterine muscles al connected by g
jundions, contract during egy-aying. Vulvd musclesreeive synaptic
input from two clases of motor neurons VC neurons in the vertral
nerve cord and stblateral HSN motor neurons®. HSN neuronsprovide
exitatory seotonergic input to vulval muscles? and might aso
provide cholinergic input®. The VC neurons are cholinergic?
and might also contain seotonin®. VC neurons have been reported
to inhibit or promote egy-aying behavior under differert experi-
mental conditions®”,

Molecular charaderization of genes required for normal egy-aying
by C. ek@ns hasshown that G protein signaling pathwaysantagonis-
tically regulate egy-laying benavior. C. ee@ns Gy and G, gimulate and
inhibit, repedively, egy-laying behavior®®9, as do Gy and G, effec-
torsPB, Metatotropic serotonin re@ptors, which are likely to couple
to a Gy sgnding pathway, ad on the vulvd muscles®®. The
prohormone convertae EGL-3 and the caboxypeptidese EG-21
promote ey laying, suggeding the exstence of excitatory peptidergic
signalst’*8 that might also ad through Gy signaling. Neurochemicd
dgndsthat adivate the inhibitory G, pahway have not beendebned

athough acetylcholine ading through the muscainic reepor GAR-2
and unidertiPal ligands for the orphan G proteinBroupled re@por
(GPCR) EQ_-47 are candidates 1°.

Herewe show that egi6, dened by the eqy-aying defective mutant
egt6(n592), encodesa GRCRfor FMRFamiderelatedpeptides (FaRPs)
that inhibit the HSN motor neuronsin a G,-dependert mamer. One
saurce of peptide ligands for EGL-6 is a pair of preuimptive sersay
neurons, the BAG neurons suggesting that FaRPsgnding integratesa
sery sysem with the egydaying motor program. Loss of function of
both the egl6 pathway and acetyicholine sgnding causesa grong,
synthetic hypeactiveegy-laying pherotype FeRPneuropeptidesthere-
foread redundartly with acetyicholineto inhibit egy-aying, indicating
that inhibition in amotor program can arise from the convergence of
two distinct neurochemica sgnads.

RESULTS
egl-6(n592) causes increased activity of an orphan GPCR
The mutation n592 which debPresthe gene egl6, causesa semdomi-
nant eqy-laying defed thatisbypas®dby drugsthatad diredly on egy-
laying muscle€. We hypatheszedthat egl6(n592) activates a pathway
that inhibits egyHaying, and we cloned the affected gene

We mapped egi6(n592) to a 167-kb interva on linkage group X.
PCR products spaming this interva derived from wild-type genomic
DNA wee unade resue the eq-layingRlefedive pherotype of
egi6(n592 mutants. We tested comparable PCR products from
egi6(n592 DNA for the alhility to phenocopy the n592 mutation.
A PCR product predcted to contain only the gene C46H4.1 caueda
severe egr-layingBlefedive phenotype (Fig. 1a). The comparable PCR
product derived from wild-type DNA alo caused an egrlayingb
defedive pherotype (Fig. 18).
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Figure 1 egl-6 encodes two isoforms of a seven-pass transmembrane receptor. (a) The effects of eg/-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) eg/-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 Alal35 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 eg/-6 transgene, and

a frameshift was created at the Bglll site indicated. (c) Predicted secondary structure of EGL-6A. Both predicted eg/-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. Alal35, predicted

to be mutated to threonine by the n592 mutation, is shaded black.

We determinedthe sructure of C46H4.1 transcripts by RT-PCRand
3¢and 5¢ rapid anplibcaion of cDNA erds (RACE expeaiments
CA46F4.1 gereratestwo transcripts with alternative trandational sarts
(Fig. 1b), eah predcted (see bdow) to encode an orphan GFCR
(Fig. 19. Disrupting both open realing frames, either by introdudng
gop codonsafter both predcted trandational start stesor by introdu-
cing a framedift in a shared exon, abrogated the allity of C464.1
tranggenesto pherocopy n592(Fig. 18); disrupting eitheropen realing
framedonedid not havethis effed. Weidertibeal amissernse mutation,
predcted to change analaninein thethird tranamembrane domain to
thremine in the C46F4.1 coding seuerncein n592 mutants(Fig. 1b,c).
Given our mgpping reallts, the aklity of C4H.1 trangenes to
phenocopy egt6(n5R) and the idertibation of a mutation in the

stage (Fig. 2b). egi6(n5R) mutants laid enmbryosthat had developed
to the twofold stageor later, reffeding slower rates of egy-Haying and
longer retertion of embryos. egi6 deletion mutants (egi6(D)) had
wild-typeegy-aying behavior, indicating that the n592 mutation does
not reduce egl6 gene function. By contrast, tranggenic worms with
exra copies of wild-type egi6 laid later-sageegsthan did the wild-
type worms The® obsnations indicae that n592 increaes egi6
adivity and that egi6 inhibits egy-Haying. Because adivaion of
GPRCRs is acoompanied by allogeric changesin the relative postions
of traremembrane domaing?®, 592 might increaseree@por fundion
by gabilizing an adive conformer of the reepor.

coding sequence of C46F4.1, we concludedthat egi6 is C46FH4.1 a  stage: 1 2 3 4 5 6
We usedPCRto saee alibrary of mutagenzedwormsfor mutants BA‘}\‘ /2)
carying ddetionsin egi6 and found additional alleles of egt6, n4563%6 ‘gy @ @

and n4537. Bath deletions renove the trardationd start ste of the

1-8 9-20

egibb trancript and mog of the coding sejuence of both egi6 cells  cels cells  Comma Twofold - Threefold+
transcripts (Fig. 1b) and are likely to benull allelesof egi6. b ' Wild type Cio goa-1(Ify
To determine how the n592 mutation affects egi6, we tesed the 0g|n=160 o8 n=128
effectsof egl6 genedosage on egy-laying. Wequartipal C.ee@nseqy- 06 06
layingbehavior usngthedewelbpmental stageof newly laid eqys which 0.4 04
refleds the time embryos spent in uter? (Fig. 2a). Sttisticd compar- 02 0.2
isons beween drains andyzed in this mame are preerted in 1 2 3 4 5 6 1 2 3 4 5 6
Supplemertary Table 1 online. Wild-type worms retained mos eqgys 10 egh-6(n592f) 10 goa-1(1f); egl-6(n592gf)
until the embryos de\eloped to a multicelular but prenorphogenc 0.8 n=109 08 n=151
0.6 I 0.6
- — - - — 2 04 0.4
Figure 2 egl-6(gf) inhibition of egg-laying requires G, signaling. (a) Stages S 02 02 . . .
of embryonic development used to assay the retention time of freshly laid £ |
eggs. (b) The n592 mutation increases egl-6 function. Distributions of the % 1.2 3 4 5 6 it 2 3 4 5 6
developmental stages of eggs laid by worms carrying the n592 mutation and S 10 egl-6() 1.0 goa-1(If); egl-6(' )
by worms with normal, decreased or increased eg/-6 gene dosage are shown. g 08{n=162 08 n=137
egl-6(n592) mutants and worms overexpressing (OE) eg/-6 laid later-stage “ 06 0.6
embryos than did wild-type worms, indicating increased retention time 0.4 0.4
in utero. The egl-6 deletion allele used was n4536. The transgene used for 0.2 0.2
egl-6 overexpression was n/s181. (c) G, signaling is required for EGL-6 gain- - 2 3 4 5 & y 2 3 7 5 5
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 1.0 egl-6(0F) 1.0 goa-1(If); egl-6(0E)
mutation together with mutations or transgenes that increase or decrease 0811106 08 n=137
egl-6 function. goa-1; egl-6(gf) double mutants were strongly suppressed for g'i g'i
the egg-laying defect caused by eg/-6(gf) but were still significantly different 0'2 0'2
from goa-1 single mutants (P < 107°) . The egl-6 deletion allele used was ’ ﬂ © l I
n4536. The goa-1 allele used was n1134. The transgene used for egl-6 1 2 3 4 5 6 1 2 3 4 5 6

overexpression was nls181.

Embryo stage Embryo stage
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G, signaling inhibits C. eegrs eqy-laying behavior®?. Because egi6
ercodes a preaumptive GRCR that inhibits egy-aying, we tesed
wheher the egayingRlefedive phenotype caused by a gan-
of-fundion (gf) mutation in egi6 requires G, dgnding. Loss-of-
function (If) mutations in the gene encoding C. ek@ns Gya, g@-1,
increase rates of eqylaying®®. We obseveda correpponding changein
the gageof egysnewly laid by ga-1(n1134) mutarts, with a majority
having eight cels or fewer (Fig. 20). ga-1(If) also srongly suppresed
the eqy-laying defeds caused by either the n592 mutation or over
expresion of wild-type egi6. egi6 ddetion did not modify the eqy-
laying benavior of ga-1 mutarts. We obsened similar reslts with a
differert ga-1(If) alele, n3055 (data not shown). Our data show that
egi6 function grongly deperds on ga-1, suggeting that EG-6
couples to a G, sgnding pathway. However, some EQ_-6 sigraling
might be indeperdent of ga-1, as both the egl6(n52gf) gan-of-
function mutation and exra copies of wild-type egi6 sightly delayed
the egy-aying behavior of ga-1 mutants (Fig. 20).

EGL-6 inhibits the HSN motor neurons

To determinewhere egt6 functions, we consructedagrean Buoresert
protein (GFP) reporter transgene, egi6::gfp. This transgene causedan
eg-aying defed that strongly depended on ga-1 function (daa not
shown), suggeting that it encodesa functiond reepor. We deteded
egi6:gfp expresion usng an artibody to GAPand obenedgrongand
consigent expresion in HSN motor neurons (Fig. 38 amd in GLR
cels, glia-like cels in the heal. We consstently observed weder
daining of the DVA tail internewron and occasondly obsevedstaining
of the lateral interneurons SDQL and SDQR.

HSN motor neurons innervate vulvd musclesand are recpired for
normal egyHaying?2. To test whether egi6 expresion in HSN neurons
aufbces to inhibit eg-laying, we used transgenes with regilatory
ekenmerts from the tryptophan hydroxylase gene tph-1 (ref 21) to

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.

expres egi6. One promoter, tph-1L, drives gene expresson in HSN
neurons and pharyrgeal serotonergic NSM neurons, and a truncaed
vaiart, tph-1S drivesgene expresion primarily in NSV neurons'®,
Expresion of either egi6 isoform under the control of the tph-1L
promoter caused e@-aying defeds, whereas the same cDNAs under
the control of the NSM-specibc promoter tph-1S did not affect eqy-
laying (Fig. 3b). Bath isoforms of EGL-6 can, therefore, inhibit egy-
laying. The® data, togehe with the detection of the egl6 reporter in
HSN motor neurons, sigges tha EA-6 reeptors function in and
mediate inhibition of the HSN neurons

ECL-6 is a receptor for FLP-10 and FLP-17 FaRPs
Weserchedprotein sequence databasesusng BLAST22 and found that
EGQ.-6 has s@uerce smilarity to insed re@pors for FERP324 We
postulated that EA-6 is a neuropeptide reepor and saught ligands
for EGL-6 in two ways by saeaingneuropeptide-encoding trarnggenes
for the ablity to inhibit egyHayingin an egi6-deperdent manner, and
by screaning a library of synthetic pegidesfor peptidesthat activate
EGL-6 in vitro.

Our brst gpproach to idertify EA.-6 ligands was based on the
hypathessthat overexpresion of aligand-encoding genewould inhibit
eq@-aying as does egi6 overexpresion. We generated transgenic
worms carying exra copies of neuropegtide genes, including Rp-1
through Rp-23, which are predcted to encode FMRFamidedike pep
tides, and ten nlp genes which are predcted to encode neuropeptide-
like peptide€3%, RBp-10 and Bp-17 transgenes inhibited egyHaying by
wild-typeworms but not by egi6(D) mutarts (seebdow), suggesing
that Bp-10 and Rp-17 encode ligands for EGL-6. The introduction of
stop codons or frameshift mutationsinto the 3p-10 and Rp-17 coding
sauercesabrogated their ability to inhibit egy-aying behavior (data
not shown). To quartify the egq-laying defeds caused by the®
tranggenes and the deperdence of thee defeds on the EA-6 reeptor,
we ganerated grains carying stably integated versons of 3p-10 and
Rp-17 trangyenes. Sibly integrated3p-10 or Bp-17 tranggenesinhibited
egy-ayingin wild-typeworms,and theedefedsrequiredtheegi6 gene
(Fig. 4ab).

We alko teded peptidesfor EG-6 agnist adivity in vitro. The
coupling of GPCRsto G proteinEactivated inwardly redifying K*
(GIRK) chamds in hetelogous expresion sygems has been used
to match ligands to orphan GRPCRs (for example, in ref 27). We
coexpresed EGL-6 and GIRKs in Xenopus laevis oocytes and tested
pools of synthetic peptidescorreponding to predcted and obsened
C. eka@rs neuropeptides?5?6 for the alility to adivae GIRK conduc-
tance usng atwo-eledrodevoltage clamp. Wetested 55peptidesin Pwe
pools (Supplementary Table 2 online). Two pools, B and D, evoked
inward currerts (Fig. 40 thatwere obsevedonly in oocytescoexpres
sing EA-6 and GIRKs (daa not shown). The® pools therefore
contained EQ-6 agnigds. Pool B contaned the predcted
3p-10 peptide product QPKARS5YIRFamide, and pool D contained
both predcted RBpl7 pepide produds, KSAFVRFamide and
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Figure 4 flp-10and 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 n/s209. The transgene
used for flp-17 overexpression was n/s211. 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. /aevis oocytes coexpressing EGL-6 and GIRK channels. The final
concentration of each peptide in the pools was 1 nM. 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 fip-10 (e) and flp-17 (f) activate EGL-6 at nanomolar concentrations. Dilution series of the
indicated peptides were applied to X. /aevis 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. ECsg, half-maximal

effective concentration.

KSQYIRFamide. Omitting the® peptidesfrom the adive pools eimi-
nated agonist adivity; furthemore, eaxh of thee peptides could
function as agonists when applied individudly (Fig. 4d). Bp-10 and
3p-17 peptideswere effective a nanomolar concertrationsin thisasay
(Fig. 4ef).

We conduded that 3p-10 and Rp-17 encode ligands for the EA-6
reepor, because (i) the eqy-laying defects caused by Rp-10 and 3p-17
overexpresion recuiredthe eglé reeptor genein vivo, and (ii) 3p-10
and p-17 pepidesactivated the EG-6 re@ptor in vitro.

Activated mutant EGL-6 receptor is ligand dependent

We isolated deletion alldles of Bp-10 and Bp-17 (Fig. 58). The n4543
deletion removesthe trandational gart site of 3p-10 and most of the
coding seuence, including seuences encoding the adive peptide.
The n4894 mutation renoves the trandational gart dte of Bp17
and is likely to eiminate the production of both FeRPs ercoded
by Bp-17.

Ddetion of p-10 and Bp-17 did not grossly affect egylaying
benhavior, either individudly or in combination (Fig. 5b). Deetion of
3p-10, however, suppresal the egy-laying defed caused by the n592gf
mutation of egl6, and this suppresion was erhanced by ddetion of
3p-17 (Fig. 50). Thee data show thatthe activity of both the wild-type
reepor and themutant reepor encodedby egt6(n592gf) isregulated
by Bp-10 and Rp-17 peptidesin vivo.

fip-10 and fip-17 can function in different cells

To idertify the sources of Bp-10 and Rp-17 peptides, we generated
3p-10:dfp and Bp-17::gfp reporters and detectedtheir expresion usng
antibody to GFP (Fig. 6). Weobsenedconsstent 3p-10::gfp expresion
in AL, ASR, DVB, P\VCL, PVCR and PVR neurons and in vulval
tissue, uterine cels, spemathecae and the head mesodemal cel
(Fig. 6a). We also obsened faint and inconsstent staining of a small

number of unidertiPel neurons. The pattern of Rp-10::gfp expresion
weohsenedwassmilar but not iderticd to aBp-10 expresion patem
previoudy observed usng atranscriptiond reporter?®. Spedibedly, we
did not obseneRp-10 expresion in the BAG neurons and the previous
study did not note Bp-10 expresion in the uteus spemaheae
or heal meodemal cel?® We obsened expresion of Rp-17:gfp
expresion primarily in a pair of antefior sensry neurons, BAGL
and BAGR (Fig. 6b). The Bp-17:¢fp expresion weohsenedwassimilar
to that prevoudy reportecP8. We aso obseved faint but consigtent
expresion of Bp-17::gfp in threepairs of uniderntibPeal head neurons.
To teg whetherexpresion of Bp-10 and Bp-17 in spedbc neuronsis
requiredfor thee genesto inhibit egyaying, welaser-ablatedneurons
in tramsgenic worms overexpresing 3p-10 or B3p-17. Ablation of BAG
neurons or of sx neurons expresing Bp-10::gfp togeher had no
marked effect on eg@y-aying by wild-type worms (Fig. 6¢). We then
abated Sx neurons expresing Rp-10:dgfp in worms overexpresing
Bp-10 to test whether the neurons were recuired for the egg-laying
defed conferred by the Bp-10 tranggene Ablation of ASL, ASIR,
DVB, P\CL, PVCR and PVR togeher did not srongly modify the
egyHaying pherotype of worms overexpresing Rp-10 (Fig. 6d),
although the smal change we obseved in the distribution of e
stage might besgnibant (P! 0.0193. The six neuronswe identibeal
asexpresing Rp-10:gfp expresing were not, therefore, strictly recuired
for Bp-10 function. By contrag, lase ablation of the BAG neurons
strongly suppresed the egy-aying defed conferred by Bp-17 over
expresion (Fig. 66, suggesting that the BAG neurons are a prindpa
site of 3p-17 expreson. Ablation of BAG celsaso partially suppresel
the egyHaying defeds conferred by 3p-10 overexpresion (Fig. 6d).
That the Bp-10 tranggene functioned in the aksence of the six
neurons tha expresed Rp-10:gfp swggesed that non-neuronalN
possbly vulval or gonadalNe xpresion of Rp-10 inhibits eqy laying.
It is dso possible that our Rp-10:¢fp reporter was expreseal in only a
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subset of Bp-10-expresing neurons, in which case we would not have
ablated al 3p-10-expresing neurons. To tes whether non-neuronal
celsare competert to expresand proces Bp-10 peptide, we expresed
3p-10 spedbcdly in vulval cels and spermathe@e non-neuronal

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 fip-
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 fip-17
transgene to inhibit egg-laying was introduced at the indicated BamH)| 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) fip-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 fip-10
flp-17 double mutants are shown. (c) flp-10 and flp-17 mutations partially
suppress the egg-laying defect caused by the eg/-6 gain-of-function mutation.
Shown are the distributions of developmental stages of embryos laid by eg/-
6(gf) mutants and eg/-6(gf) mutants with mutations that delete the ligand-
encoding genes flp-10 and fIp-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.

tissles that expreseal the Bp-10::gfp reporter. We expreseal 3p-10 in
vulval cels, in permathe@eand pan-neuronally usng heterologous
promoters fused to the Bp-10 cDNA (see Supplementary Methods
online). Egglaying defects were obsened in threeof four transgenic
linescaryingthevulvd expresion congrud, Pwe of Pwelinescarying
the spermathecd expresion construct and threeof six lines carying
the panneurond expresion construct. Non-neurond cels can there-
foreexpresfundional FLP-10 peptide Togetherwith our laseralation
studies, the® data sugges tha non-neurona cels are one source of
erdogerous FLP-10 peptide

The BAG neurons inhibit C. elegans egg-laying behavior

egi6 overexpresion caused an eq-laying defed that was partially
syppresed by Rp-17 deetion (Fig. 7ab). The egy-aying defed of
worms overexpressing egi6 therefore partly depends on Bp-17. To test
whether adation of BAG cels would phenocopy Rp-17 deleton and

a p-10::g1 c Wild type* d fip-10(OE e fip-17(OE)*
p-10-gip DVB PVR
v NV Unoperated Unoperated Unoperated
g - g-g n=92 é-g n=51 (1)'3 n=32
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> 104 04 " 104
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S 06 6 worms 0.6 5 worms 06 7 worms
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Figure 6 flp-10 and flp-17 are expressed in different cells. (a,b) Expression of flp-10::gfp and fip-17::gfp was detected by immunocytochemistry. (a) fip-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

in the head mesoderm cell (open arrowhead), vulval cells, uterus and spermathecae. The ASI dendrites contained high levels of flp-10::gfp (closed arrowhead).
Both micrographs are of the same worm. (b) flp-17::gfp expression was detected primarily in a pair of anterior sensory neurons, BAGL and BAGR. Both
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
with a laser microbeam in wild-type animals (c) and in animals overexpressing flp-10 (d) or fip-17 (e). The distributions of developmental stages of eggs laid by
operated animals are shown. The transgene used for fip-10 overexpression was n/s209(flp-10(+)]. The transgene used for flp-17 overexpression was nl/s211.
Asterisks denote the presence of the gcy-33::gfp transgene, nls242, used in some strains to facilitate identification of BAG neurons.
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Figure 7 The BAG sensory neurons inhibit egg-laying. (a,b) The effect of BAG neuron ablation is not 2 10 Unoperated n=64
enhanced by a flp-17 mutation. The BAG neurons were ablated with a laser microbeam in eg/-6- E 8 worms
overexpressing animals that were (a) otherwise wild type or (b) mutant for flp-17. The distributions g g'z
of developmental stages of eggs laid by operated worms are shown. (c) flp-10 mutation enhances 5 0'4
the effects of flp-17 mutation more strongly than does BAG cell ablation. The distributions of § 0'2
developmental stages of eggs laid by transgenic worms overexpressing eg/-6 and lacking flp-10 and g
flp-17 are shown. The transgene for egl-6 overexpression used was n/s181. The flp-17 allele used = 1 2 3 4 5 6
Embryo stage

was n4894.

whether Rp-17 has a BAG celBindependert function, we ablated the
BAG cels in worms overexpresing egi6, with or without a 3p-17
deletion allde (Fig. 78). BAG cel aHation suppresed the eq@-laying
defed of worms overexpresing egi6, but this suppresion was not
erhancedby Rp-17 deletionN that is, deleting Rp-17 had no effect in the
absenceof BAG cdlis(Fig. 7b). Thesuppresion by 3p-17 ddetion of the
eg-ayingdefed causedby egl6 overexpresion waserhancedby 3p-10
deletion (Fig. 79).

Thesedata, together with theexpression of Bp-17::gfpin BAG cells
and the requirement of BAG cdls for the function of the R3p-17
transgene, indicate that BAG cdls are the principa source of
endogenous FLP-17 peptides. That the effect of BAG cell ablation
on egg-laying behavior was sronger than that of deleting Rp-17
indicates that BAG cdls provide one or more inhibitory signalsin
addition to FLP-17 peptides. Although someinhibition provided by
BAG cdlsmight require 3p-10, weobserved that Bp-10 deletion hasa
larger effect than does BAG cdl ablation (Fig. 7), suggesting that
3p-10 can function in cdlsin addition to BAG cdls. Our obsevation
that BAG cdll ablation only partialy suppressed the egg-laying
defect causal by Rp-10 oveexpression (Fig. 6d) is consstent with
this hypothesis.

EGL-6 and acetylchaline redundantly modulate egg-aying
Although adivaion of the egl6 pathway by mutaton or over
expresion inhibited egy-aying, mutarts lacking egt6 or the ligand-
ercoding genes Bp10 and Rp17 had grody norma egq-laying
benavior (Figs 2b and 4c). In addition to usng the dewelopmental
stage of newly laid egysto assy eq-aying behavior, we analyzed the
timing of e@-laying e\ertsby egi6(D) mutants(Supplementary Fig. 1
online) and themodulation of egy-aying behavior of egi6(D) mutants
by the preence or absence of abacterial food source (datanot shown).
Thes experimerts did not reved notate differencesbawea egi6(D)
mutarts and wild-type worms

We testedwhethe redundancy beween the egi6 signaling pathway
and another ggnding pathway might explain our obsevaion that
mutarts defedive in the egi6 pathway have grosdy normal egy-aying
benavior. We condructed strains with multiple mutations in
egi6é and geres required for the synthess or gorage of gecibc
neurotramamitters (GABA, dopamine, glutamate, tyramine, odopa-
mine, serotonin or acetyicholing and examined these srains for
synthetic egyHaying defeds. Genes tesed for interactions with the
egl6 pathway were unc-25, which is recuired for GABA synthess?®
ca-2, whichisrecuiredfor dopaminesynthess®® ed-4, which ercodes

a vescular glutamate trangporter’l, tdc-1, which is required for
tyramine and octopamine synthess®2 tph-1, which is required for
seotonin synthesis?l; and unc-17 and cha-1, which ercode a vescular
aetyicholine trangporter and a choline acetyitranderaserequired for
a@tylicholine synthess, repectively3334

We obseved that strains carying mutations in the egi6 pathway
and genes required for acetylcholine signaling had a srong synthetic
hypeactive egylaying phenotype (Fig. 8. unc-17 and cha-1, which
arerequiredfor acetyicholine synthess and sorage, arein an operon.
The unc-17(e113) mutation reduces the function of both unc-17 and
cha-1 (ref 35. The eg-laying behavior of unc-17el13) mutants
(Fig. 83) was dmilar to that of wild-type worms and egi6 ddetion
mutants (Fig. 2b). By contrast, unc-17€113); egi6(D) double mutants
laid ealy-s¢ageenbryoswith eight or fewe cels at a high frequency,
refeding degeaed time gent in utero. Deetion of Rp-10, Bp-17 or
both affected the egy-aying behavior of unc-17el13) mutants smi-
larly. We saw comparable interactions beween another deetion allele
of egl6 and unc-17e113) and bewean both delefion dlelesof egi6 and
threeothe mutations affeding the unc-17 cha-1 operon: e&6 p1152
and n2421 (data not shown). We also alated BAG cels, which are a
principal ste of Bpl7 expresion, in unc-17(e1l3) mutants and
obseved a higher frequency of ealy-stage enbryos laid (Fig. 8a).
Giventha potertiation of acetylcholine sgnaing by mutation of the
aetyicholinegerase-ercoding genesae-1 and ae-2 causeslocomotion
defeds’® ard inhibits eggdaying behavior’, we aso tested whether
deetion of the EGL-6 signding pathway could modify the egy-aying
defed of acetyichdlineterasemutants The egy-aying defect of ae-2;
a@-1 double mutants was suyppresed by ddetion of egt6, 3p-10 and
RBp17 (Fig. 8b). The®e data show that EG-6 dgnding and cels
required for the production of EA.-6 ligands function recindantly
with acetyicholineto inhibit egylaying.

Interactions beween mutatons tha affed egl6 sgnding and
mutations that ater aetylicholine sgnding are consigent with the
hypathess that EAL-6 functions upstrean of or in pardlel to an
actylcholine sgnd to inhibit egydaying. The egydaying defed of
a®@-2, ae-1 double mutants was suppresed by deketion of the egl6
pathway, but the egy-Haying behavior of suppresed worms wes ill
diginguishalle from that of wild-type worms, swgeding tha
aetyicholine does not inhibit egy-Haying behavior by ading strictly
upstrean of egi6 dgnding. The locomotion defects of mutants
with reduced atylcholine signaling (unc-17 and cha-1 mutants) or
exes actycholine dgnding (a2, ae-1 double mutants) were
not modibPed by mutations in egi6 or in the Bp-10 and Rp-17
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ligand-encoding genes (daa not shown), suggeting that EGQ-6
signding does not function in all cholinemic circuits

DISCUSSION

Throughamolecular genetic andysisof C. ee@nsmutantsdefedivein
egy-aying behavior, we iderntibed a FeRP signaling pathway that
inhibits motor neurons in the C. ek@ns e@-laying sydem in a
Go-deperdent manner. This pathway conssts of the EGL-6 GRCR
and two clasesof peptide ligands encoded by the genes 3p-10 and
Bp-17. We found that the Rp-17 peptides KSAFVRFamide and
KSQYIRFamide are provided by a par of presmptive sensory
neurons the BAG cels. The Bp-10 peptide QPKARSSYIRFamide is
expresed by both neuronal and non-neurond cel types and our daa
suggestthat non-neuronal cels are a source of this inhibitory peptide.

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 eg/-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 el13. 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 eg/-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.

We condude that the EGL-6 reepor trangducesinhibitory dgnasto
the HSN motor neurons from multiple cel types.

Beause presimptive srsay neurons are one saurce of EGL-6
ligands, EG-6 signaing might modulate egy-laying behavior in
repone to ervironmental cues BAG cels have ecidizal cilia
characteristic of sersory neurons®”® but have not been ascoiated
with asersay modality. BAG cel proceseshavegablet-shapedtermini
surounding aregon of hypodermal tissie, but the proceses are not
exposedto the exema ervironmert3%3 and might therefore fundion
asreepors for fadors that can pemeate the cuticle or are generated
intemaly. Synapsesbhewea theBAG celsand theHSN motor neurons
have not been obseved by eledron microscopic reongruction of the
C. ek@nsnervous syden®. Therefore, Rp-17-encoded FeRPs are likely
to function asparacrine or endoaine signds in the control of eq-
laying behavior.

Our data sugges tha non-neurona expresion of Rp-10 peptides
inhibits egy-laying behavior. Mog non-neurond expresion of Bp-10
that we obsened wasin componerts of the hermagphrodite® repro-
ductive sygem: vulval, uterine and pematheal cels. We further
found that expresion of 3p-10 in vulva and spermatheal cels usng
heterologous promoters sufbcesto inhibit eg-laying. It is not fully
understood how somatic componerts of the hermaphrodite® repro-
ductive sygem might modulate egy-aying behavior. Othes have
proposed tha medanical simuli trigge releaseof neuromodulators
from neuroendoaine cels a the junction of the vulva and uteus®®.
Oocytes pasing through the spemathe@e digenson of the uterus
and medanicd gimulation of vulval tissie might similarly trigger
FLP-10 releae and dlow ovulation, egy retertion and the ad of eq-
laying to dter the adivity of HSN motor neurons

EQ.-6 sgnding is dipensable for the egy-laying benavior of wild-
type worms under normal laboratory conditions By contrag, the
egy-aying behavior of aetycholine sgnding mutarts was srongly
affected by perturbations of the EGL-6 pathway (Fig. 8). Loss of egi6
fundtion or of the function of one or both genes encoding EGL-6
ligands in unc-17 mutarts reslted in the expulson of immaure
enmbryosfrom theuterus The egy-Haying behavior of acetyicholineser-
a®-deltient mutants, which are eg-aying defedive, was alo
sangtive to mutation of one or bath geresthat encode EA-6 ligands
Thesdaaindicate thatevenpartial lossof fundtionin EGL-6 sgnding
can after the egy-aying behavior of mutarts with atmormal acetyl-
choline signding.

Wha is thecircuit that providesinhibitory cholinergic input to the
eg-aying sygent? The interactions baween the EGL-6 pathway and
aetyicholine signaling support modek in which FLP-10 and FLP-17
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FeRPswork eitherin parallelto or upgrean of acetyicholineto inhibit
egy laying. We have tested whether EGL-6 sgnding functionsredun-
dartly with the GAR-2 metabotropic aetyicholine reeptor, which is
expresedon HSN motor neuronsand hasbesnproposedto negdively
reqilate HSN function’#% we did not obsere egylaying defeds in
ga-2; egi6 double mutarts. Smilarly, alation of the cholinergic VC4
and VC5 eq@-laying motor neurons did not modify the eg-laying
benavior of egié mutants (data not shown). It is therefre likely that
thecholinergic pathway that functionsrecundantly with EGL-6 sgna-
ingrequirescelsand reepors previoudy not implicaed in thecontrol
of egy-aying behavior. We obsened that the hypeactive egy-laying
pherotype of unc-17; egié double mutants is comparable to that of
g@-1 mutants (Figs 2 and 8). If cholinergic inhibition of egy-laying is
medated by metabotropic acetylcholine reepors, a signibcant
fraction of inhibitory G, sgnding in the egydaying sygsem might be
controlled by theereeporstogeherwith EG_-6. Threemetalotropic
acetylcholine reeptors have been found in C. ek@ns*®%. Other
reepors that might medate inhibitory cholinergic signaiing are
acetylcholine-gated chloride chames?S,

Our daa ard those of others show tha the C. eke@ns egy-aying
gydem isregulatedby multiple neurotrangmitters including serotonin,
acetyichaline and FaRPs. Interactions among these neurotranamitter
sydems are ciritical for the generation and regilaion of ea-laying
benhavior. There is evidence that acetylcholine signaling is recuired for
the stimulatory effeds of serotonin on eg-aying, as if the® two
neurochemical 9gnds congtitute alogicd AND gae in the control of
egyHaying®. We have desribed a differert reltionship beween
neurotranamitter sygemsin the C. ee@nsegy-aying sygem: choliner-
gic and peptidergic signals synergisticdly inhibit egy-aying, conditut-
ing a logical OR g&e. Cholinergic and peptidergic inhibition of
egyHaying might be independertly invoked by srsay sytems or
other celular circuits to stop egylaying by C. eke@ns in unfavorable
conditions The logical relaionships among neurotranamitter sysems
that control C. ee@nsegy-laying benavior mighthave general implica-
tionsfor the sudy and manipulation of neura circuits. Weswgges that
ewen if inactivaton of individua neurochermica pahways has little
or no efed on the function of a target circuit, the combinaorial
perturbation of pathwaysmight cause srongand gpecibcdterationsof
circuit function.

Noteaddedin prod: Whilethismanuscipt wasin review, Hallem and
Serreg idertibal a roe for the BAG neuors in cabm dioxided
avoidance behavior of C. degans

METHODS
Srainsand transgenes A deailed desaiption of srainsusedand congrudion
of tramsgenescan be found in Supplementary Methods.

Mapping and cloning of egt6(n5R). We isdated egy-ayingRieective Mec
non-Lon and Mec non-Lon remmbinarts from the stan MT16027
lon2(e67) egl-6(nN5R) mex-7(elE after crossng with the polymorphic
wild-type strain CB4856 and determined cros®ver sites as desribed'®. We
mapped n592to a 167-kb regon between NPs on the cosmids F13D11 and
F2F4 PCR produds spanning this interval were derived from wild-type and
n592 genomic DNA, injected into the wild-type strain N2 and sored for the
ability to phenocopy the n592 mutation. A trarsgne containing only the gene
CAG-41 pherocopied n592. The predcted gene studure of CAHH1 was
conPmed by RT-PCR. We usel 5¢RACE (Invitrogen) to identify a transaipt
with an alternative start and an 9.1 transspliced lealer sequerce. The 3¢
sa@uerces of egl-6 transaipts wereampliPal using PCR from aC. deg@nscDNA
library (Stratagene) using gere-gpecibc primers and primers directed aging
the doning vedor. Seuences of PCR-ampliPal regons of genomic DNA
comprising al eons and sgice junctions of C46-41 from n592 mutants and
wild-type worms were determined using an ABI Prism 3100 Genetic Analyzer.
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Isdation of deletion alleles. Libraries of mutagenized anmals were con-
structed and saeaed by PCR for ddetion allelesof egi6, Rp-10 ard 3p-17
esatialy asdesaibed*’. Delefion mutants were isolated from frozen stocks
and backcros®d to wild-type worms at leag four times. Sequencesddeted in
eah alele are desaibed in Supplementary Methods

Immunocytochemistry. Worms were bxed pemeailized and stined as
prevously desgibed*® using a 1:50 dilution of monoclonal artibody to GFP
(Millipore) and a 1:100 dilution of Alexa438-conjugaed gaat arntibody to
mouse (Invitrogen). Sanpleswee viewed using a Zdss Axiophot eff3uores
cerce microsope, and imageswere aquired with a Hamamasu Orcacharge
coupled device canera and OpenLabsimageadayuisition sdtware.

EG.-6 expression in X. laevisoocytes. egl-6 cDNAs were Ranked with EOR
sites by PCRand clonedinto the pGEMHE vedor“®. egl-6, GIRK1 and GIRK4
cRNAs were prepared usng the mMesaye Madine kit (Ambion). X. laevs
oocyteswee injeded with 50 ng of egl-6 reepor seise cRNA and 05 ng of
GIRK1 and GIRK4 sensecRNA. Injected oocyteswere incubated at 18 1C in
ND96 medium (96 mM Nad, 25 mM KCI, 1 mM MgCl, and 5 mM HEPES
pH 76) for 285 d before recrding.

Whole-cel curert recordings were made usng the two-electrode voltage
clamp technique at a holding potential of D® mV as desaibed?”. Therecording
chambea wascontinuoudy pefusedwith ND96 medium. To asg adivaion of
GIRK chamels, we equilibrated oocytes in high-K* medium (96 mM KCl ard
25 mM Nad insteal of 25 mM KCI and 96 mM Nad) to rewersethe K*
gradent and measiredinward currerts before,during and after addition of test
peptide Data were acquired with Clampex 80 sdtware (Molecular Deviceg
and amalyzed off3ine with Clampbt (Molecular Deviceg. All experiments
usng X. laevs oocyteswere done acording to guiddines of the Committee
on Animal Cae at MIT. Peptides were syntheszed by the MIT Bio-
polymers Laboratory.

Behavioral asays and neuron ablation. Trarsgeric lineswere sored aseq-
laying defectiveif young adults (24 h atter late L4) had, on average, greder than
30egsin utern. To sore the devebpmental stagesof newly laid egs, young
adults were transferredto fred nematode growth medium plateswith becteria,
Pwewormspe plate,for 1 h atroom temperature and thenremoved Operated
worms were asg/edindividualy, and a single operated worm wasasaed two
and four times.

Egson the plate were examined using a high-power diseding microscope
and caegarized asdesaibed in Figure 2.

Distributions of the developmental stagesof e@yslaid by worms of differert
ganotypes wae aralyzed with the Wilcoxon Mam-Whitney rark-sum test, a
nonparametric test of statisticd signib@nce, as implemented in the Coin
packae of the R sttsticd analyss progran™ The resilts of sitsical tesis
of signibcance can be found in Supplementary Table 1. Egy-aying defects of
many strains were also independently quantibed by measuring the number of
retained eqys in staged adults as prevously desaibed, and we obsened
similar interadions beween re@por- and ligand-encoding genes, re@por-
and G proteinbecoding genes and genesin the egi6 sigraling pathway ard
aetyicholine biogynthess genes(data not shown).

Lase microsurgaieswere peformed on L2-stagelarvae asdesaibed®™. Cel
idertiP@tonswere madeon the basis of nudear position and cel morphology
A gg-33:dfp transgene was usel in sane expeimentsto idertify BAG neurons
(seeSupplementary Methods).

Note: Supplementary informaionis avalae on the Nature Neuoscercewebste
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