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ABSTRACT

Serotonin (5-HT) regulates key processes in both vertebrates and invertebrates. Previously, four 5-HT
receptors that contributed to the 5-HT modulation of egg laying were identified in Caenorhabditis elegans.
Therefore, to assess potential receptor interactions, we generated animals containing combinations of
null alleles for each receptor, especially animals expressing only individual 5-HT receptors. 5-HT-
stimulated egg laying and egg retention correlated well with different combinations of predicted
excitatory and inhibitory serotonergic inputs. For example, 5-HT did not stimulate egg laying in ser-1, ser-7,
or ser-7 ser-I null animals, and ser-7 ser-I animals retained more eggs than wild-type animals. In contrast,
5-HT-stimulated egg laying in ser-4;mod-1 animals was greater than in wild-type animals, and ser-4;mod-1
animals retained fewer eggs than wild-type animals. Surprisingly, ser-4;mod-1;ser-7 ser-1 animals retained the
same number of eggs as wild-type animals and exhibited significant 5-HT-stimulated egg laying that was
dependent on a previously uncharacterized receptor, SER-5. 5-HT-stimulated egg laying was absent in ser-
5;ser-4;mod-1;ser-7 ser-1 animals, and these animals retained more eggs than either wild-type or ser-4;mod-1;ser-7
ser-1 animals. The 5-HT sensitivity of egg laying could be restored by ser-5 muscle expression. Together, these
results highlight the dual excitatory/inhibitory serotonergic inputs that combine to modulate egg laying.

N mammals, serotonin (5-HT) regulates diverse
central and peripheral responses, including feed-
ing, mood, perception, and aggression, and a variety of
drugs appear to modulate serotonergic signaling in the
treatment of schizophrenia, depression, and migraine.
Clearly, changes in serotonergic signaling can have pro-
found effects on behavior. Mammalian 5-HT receptors are
divided into seven subfamilies (5-HT,7) and 14 subtypes
on the basis of amino acid sequence, pharmacology, and
coupling specificity (HOYER e/ al. 1994; BOCKAERT et al.
2006). However, although all of the mammalian 5-HT
receptors appear to have been identified, much still re-
mains to be learned about how they are integrated in
complex multi-level signaling pathways.
5-HT also is an important neuromodulator in inver-
tebrates. For example, in the nematode model Caeno-
rhabditis elegans, 5-HT is one of the “food is at hand”
signals for starved animals. 5-HT levels are elevated on
food (bacteria), resulting in the inhibition of locomo-
tion and the stimulation of pharyngeal pumping and
egg laying, as well as the modulation of more complex
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behaviors, including the enhanced slowing response,
forward/reverse movement, chemosensation, and aver-
sive olfactory learning (HORVITZ et al. 1982; SAWIN et al.
2000; SZE et al. 2000; CHAO et al. 2004; ZHANG et al. 2005).
Until recently, our understanding of serotonergic sig-
naling in C. elegans was gleaned largely from the study of
tph-1 null animals that lack tryptophan hydroxylase,
essential for 5-HT synthesis, or from the incubation of
animals in high levels of 5-HT, on the assumption that
these concentrations were necessary to overcome the
relative impermeability of the nematode cuticle (Sze
et al. 2000). Previously, four 5-HT receptors were
characterized in C. elegans: three G-protein-coupled
receptors, SER-1, SER-4, and SER-7, which appear to
couple to Gag, Ga,, and Gay, respectively, and a novel 5-
HT-gated Cl~ channel, MOD-1 (OLDE and McCOMBIE
1997; HAMDAN et al. 1999; RANGANATHAN et al. 2000;
HogsoN et al. 2003). More recently, serotonergic signal-
ing has been examined in animals containing null
mutations in the genes encoding these 5-HT receptors.
For example, both SER-1 and SER-7 are required for 5-HT-
stimulated egg laying, SER-7 for 5-HT-stimulated pharyn-
geal pumping, SER-1 for male tail curling, and MOD-1 for
the 5-HT inhibition of locomotion and modulation of
aversive olfactory learning (CARNELL et al. 2005; DEMPSEY
et al. 2005; HoBSON et al. 2006; RANGANATHAN et al. 2000;
ZHANG et al. 2005, respectively). More importantly, 5-HT
can have both excitatory and inhibitory inputs into the
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same process. For example, both ser-I and ser-7 appear to
be essential for 5-HT-stimulated egg laying, but in either
ser-1 or ser-7 null backgrounds, 5-HT actually inhibits
egg laying through a pathway involving mod-1 and ser-4
(CARNELL et al. 2005; HOBSON et al. 2006).

Therefore, to further define potential interactions
among these 5-HT receptors, we prepared animals con-
taining combinations of null alleles for these four 5-HT
receptors and examined 5-HT-dependent egg laying, a
simple behavior with complex regulation by 5-HT. Most
importantly, we generated animals that expressed only
individual 5-HT receptors from their native promoters,
minimizing the need for subtype-specific ligands to
examine receptor function. Interestingly, ser-4;mod-1;ser-7
ser-1 quadruple null animals (Q4ser-5) were viable and
still exhibited significant 5-HT-dependent egg laying,
suggesting that additional 5-HT receptor(s) remained
to be identified. Indeed, using a combination of bio-
informatics, RNA interference (RNAi), and null mu-
tants, we tentatively identified a fifth amine receptor,
SER-5 (F16D3.7), involved in the serotonergic modula-
tion of egg laying. b-HT-stimulated egg laying was
completely abolished in ser-5;ser-4;mod-1;ser-7 ser-1 quin-
tuple null animals (Q5) and could be rescued to the
levels observed in ser-4;mod-1;ser-7 ser-1 animals by ser-5
expression in muscle. Interestingly, ser-4;mod-1 and ser-7
ser-1 null animals exhibited more obvious egg-laying
defects than wild-type or ser-4;mod-1;ser-7 ser-1 animals,
emphasizing the delicate balance of serotonergic sig-
naling. These observations confirm that the serotonergic
modulation of egg laying involves both excitatory and
inhibitory inputs mediated by at least five different
receptors, three of which, SER-1, SER-7, and SER-5,
appear to function in muscle. Together, these studies
highlight the utility of the C. elegans model system for
studying the interactions of multiple receptors in aminer-
gic modulation of both simple and complex behaviors.

MATERIALS AND METHODS

Culture, maintenance of strains, and reagents: C. elegans
animals were cultured by standard methods at 20° (BRENNER
1974). All experiments used well-fed adults grown on standard
nematode growth medium (NGM) seeded with the Escherichia
coli strain OP50 (BRENNER 1974). The N2 Bristol strain was
used as wild type in all assays. The ser-7(tm1325), ser-7(tm1728),
ser-5(tm2654), and ser-5(tm2647) strains were obtained from the
National Bioresources Project (Tokyo Women’s Medical Uni-
versity, Tokyo); ser-7(tm1325) ser-1(ok345) (DA2109) double
mutants were a kind gift from Leon Avery (University of Texas
Southwestern Medical Center, Dallas); and all other strains were
obtained from the Caenorhabditis Genetics Center (Oklahoma
Medical Research Foundation). All chemicals were purchased
from Sigma-Aldrich (St. Louis). 5-HT creatinine sulfate was
used for all assays requiring serotonin (Sigma-Aldrich).

Creation of strains containing null mutations in multiple
genes encoding 5-HT receptors: Putative null alleles are
available for genes encoding each of the four currently iden-
tified C. elegans 5-HT receptors: ser-4(ok512)II1, mod-1(ok103)V,
ser-7(tm1325)X, and ser-1(ok345)X. All mutant animals were

backcrossed with the N2 Bristol strain at least five times before
use in assays or crosses. Using standard genetic techniques,
mod-1(ok103) animals were crossed with ser-4(ok512) animals to
create ser-4(ok512);mod-1(ok103) (OT179) double mutants.
ser-4;mod-1 (OT179) double mutants were then crossed into
ser-7(tm1325) ser-1(0k345) (DA2109) animals to create ser-4;
mod-1;ser-7 ser-1 (OT182) quadruple mutants. To create the
ser-5;ser-4;mod-1;ser-7  ser-I quintuple mutant (Qb), ser
5(tm2654)I was outcrossed (five times) and then crossed into
ser-7(tm1325) ser-1(ok345) (DA2109) animals or ser-4;mod-1
animals to create ser-5;ser-7 ser-1 (RWKI1) or ser-5;ser-4;mod-1
(RWK2) triple mutants, respectively. ser-5;ser-7 ser-1 animals
were then crossed into ser-4;mod-1;ser-7 ser-1 animals to create
ser-5;ser-4;mod-1;ser-7 ser-1 (RWK3) quintuple mutants. ser-5;ser-
4;mod-1;ser-7 ser-1 (RWK3) mutants were crossed with either
ser-5;ser-7 ser-I (RWKIL) or ser-5;ser-4;mod-I (RWK2) triple mu-
tants to create ser-5;ser-4;mod-1;ser-7 (RWK14) and ser-5;
ser-4;mod-1;ser-1 (RWK15) or ser-5;mod-1;ser-7 ser-I (RWKI16)
and ser-5;ser-4;ser-7 ser-1 (RWK17) quadruple mutants, re-
spectively. Allmutant animals were screened by PCR with primers
flanking the deletions to confirm the crosses. Animals con-
taining mutant alleles have correspondingly smaller PCR
products relative to wild type. To confirm that the mutant
animals were homozygous for the deletion, a second PCR re-
action was conducted using the forward primer flanking the
deletion and a reverse primer internal for the deletion. Homo-
zygous mutants produced no PCR product in this reaction.

Rescue contructs and strains: All rescue constructs were
created by overlap fusion PCR (HoserT 2002). For overlap
PCR, constructs were pooled from multiple reactions and were
co-injected with myo-3p:: gfp, unc-119p::gfp or rol-6 and carrier
DNA (to 100 ng) into gonads of wild-type and null mutant
animals by standard techniques (MEeLLO and FIRE 1995).
Multiple lines for each construct examined. The RWK4 ser-5;
ser-4;mod-1;ser-7 ser-1 fVEX1[myo-3p::ser-5] expresses a ser-5
transgene in body-wall and vulval muscle of ser-5;ser-4;mod-1;
ser-7 ser-Inull animals (OKKEMA et al. 1993). The myo-3p::ser-5::
gfp transgene includes the myo-3 promoter, the ser-5cDNA, and
the unc-54 3’-UTR and was injected into the gonads of ser-5;ser-
4;mod-1;ser-7 ser-1 animals at 10 ng/pl along with the co-
injection marker unc-119::gfp. FY750 ser-5(tm2654)grEx162[ser-
5p:iser-5] expresses a full-length ser-5 transgene in ser-5 null
animals, including the ser-5 3'-UTR. The ser-5p:: ser-5 transgene
was created by PCR fusion, including a 5-kb ser-5 promoter
using SER-5F (CCCCCGAAGGTAATGGAAA) and SER-5R
(TGGGCAGTTATTTTTGGGATTC) to produce an 8.6-kb
product.

Localization of SER-5 expression: A ser-5 full-length trans-
lational fusion was created by overlap fusion PCR (HOBERT
2002). To create the full-length ser-5::gfp transgene with
sequence coding for GFP inserted into the predicted C-
terminal tail 10 aa from the stop codon (exon 7), three
different PCR fragments were fused by two rounds of PCR.
Primers were designed to amplify the 5'-end of the gene ~5 kb
upstream of the ATG (SER-5 Al F1: CTTACCTGTAGAATGG
CACAAACCC), including the full-length gene and portion of
the exon 7 (SER-5 Bl R: caactccagtgaaaagttcttctectttactcatAG
TAATGAGCCCAACAACTTTGGTTC; sequence representing
the gfp overlap is in lowercase). A second set of primers was
designed to amplify a short gfp overlap with the ser-5 3’-end
of the gene, including the last 10 aa and 3'-UTR ~1 kb
downstream of the stop codon (SER-5 C1 F: ttggaattcgc
tagccggccataccagCCTGATCATAAGTTGCAGACAGTAGC and
SER-5 D1 R: CTTTATGAACCTATGTTGTGTTGTGAC). A
full-length amplified gfp fragment was then fused in frame
with the ser-5 3" product. Using nested primers, this resulting
product was combined and amplified with the ser-55" fragment
to generate a full-length gene product and its endogenous
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Ficure 1.—Effects of 5-HT on egg laying in an-
imals expressing combinations of 5-HT receptors.
Egg laying was assayed on NGM agar plates in the
presence or absence of 5-HT or bacteria (E. coli
OP50), as described in MATERIALS AND METHODS.
Atleast three trials with 15 animals/ trial were per-
formed for each strain. Data presented as mean
*SE and analyzed by two-tailed Student’s #test.
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3’-UTR with GFP inserted in the C terminus of the receptor.
PCR products were pooled from at least three separate PCR
reactions (5 ng total) and were co-injected either alone or with
rol-6 plasmid (pRF4) and carrier DNA into gonads of ser-5
(tm2564) null mutant animals to create the RWK7 ser-5(1m2654)
JUEX2 [ser-5p::ser-5:: gfp] transgenic line. Atleast five transformed
lines were analyzed.

DiD staining of amphidial sensory neurons: Uptake of dye
in living animals was assayed as described (HERMAN and
Hepcecock 1990). Briefly, stock solution (1 mm) of 1,1'-
dioctadecyl-3,3,3',3'-tetrametylindodicarbocyanine (DiD) (In-
vitrogen/Molecular Probes, Eugene, OR) was diluted 1:200 in
M9 buffer. Using a 96-well microtiter plate, animals were
immersed in wells containing 100 pl of diluted DiD and allowed
to incubate for 1 hr at room temperature. Animals were then
transferred to a fresh NGM plate seeded with OP50 and allowed
to crawl on the bacterial lawn for 1-2 hr to destain. Animals were
then put on agarose pads with 20 mMm sodium azide and
visualized by confocal microscopy using the appropriate filters.

Behavioral assays: Egg laying was assayed at 20°-22°, as de-
scribed by HoBsoN ez al. (2006) unless stated otherwise. Young
adult animals were synchronized by picking fourth-stage larvae
24 hr before assay. For assays in the absence of bacteria,
animals were transferred to fresh bacteria-free NGM and al-
lowed to move away from any transferred bacteria prior to
replating and assay. 5-HT-stimulated egg laying was measured
by placing animals on NGM plates with or without 5-HT (26 mm)
in the presence or absence of bacteria. To assess egg retention,
individual animals were dissolved in 1% hypochlorite, and
released eggs were counted. To stage freshly laid eggs, animals
were plated on NGM seeded with bacteria and left for 45 min,
and the stage of eggs was determined as described by KOELLE
and HorviTz (1996). Locomotion was assayed as described by
SAWIN et al. (2000). Briefly, synchronized young adult animals
were transferred to bacteria-free NGM to prevent bacterial car-
ryover and then to NGM plates containing no drug or 15 mm
5-HT, and body bends/20 sec were counted after 20 min.

Identification of the ser-5 cDNA: The full-length ser-5 cDNA
sequence was generated by 5’ and 3’ RACE using gene-specific
primers and a C. eleggans cDNA pool prepared using a
Marathon cDNA amplification kit (BD Biosciences Clontech,
Palo Alto, CA). Total RNA was isolated from mixed-staged N2
worms with Trizol (Invitrogen, Carlsbad, CA), and poly(A)*
RNA was prepared with the PolyATract mRNA isolation system
(Promega, Madison, WI). The cDNAs were synthesized from
poly(A)" RNA and ligated with adapter primer 1 (AP1) and
adapter primer 2 (AP2). Multiple fragments were subcloned

*P < 0.001, significantly different from wild-type
animals examined under identical conditions. O,
N2; B, ser-4;mod-1; @, ser-7 ser-1; and A, ser-4;mod-
1;ser-7 ser-1.

into PCR 2.1 (Invitrogen) and sequenced (Plant and Microbe
Genomics Facility, Columbus, OH). The full-length ser-5cDNA
was ~1.4 kb and differed significantly from that described in
the Wormbase database. For expression, ser-5 was amplified
using two gene-specific primers—ser-5 F (5'-ATGTTTCA
AGTCTCCGATGGAGATGGC) and ser-5 R (5'-CGAAGCCA
CTGTCTGCAACTGGAA)—and subcloned into pDisplay
(Invitrogen).

Sequence alignments and production of phylogenetic tree:
To remove hypervariable regions, each vertebrate and in-
vertebrate 5-HT receptor sequence was truncated at the N
terminus [3 residues before transmembrane I (TMI)], the
third intracellular loop (8 residues after TMV and 6 residues
before TMVI), and the C terminus (12 residues after TMVII).
The initial alignment was performed with the modified
sequences using the MegAlign program (DNAStar, Madison,
WI) with ClustalW parameters set to optimize protein se-
quence alignments (multiple alignment parameters: gap
opening penalty of 15 and gap extension penalty of 0.3;
pairwise alignment parameters: gap opening penalty of 35 and
gap extension penalty of 0.75). The resulting alignment was
then fine-tuned manually. All alignments are available upon
request. DNAStar also performed the neighbor-joining anal-
ysis, followed by bootstrapping (1000 replicates, random seed)
to produce the tree reported here. The C. elegans GAR-1
sequence was utilized as an outgroup. Accession numbers for
all sequences used are listed in the legend to Figure 3.

RESULTS

The 5-HT stimulation of egg laying is mediated by
multiple 5-HT receptors and involves both excitatory
and inhibitory inputs: Each of the four previously iden-
tified C. elegans 5>-HT receptors plays a role in modulating
5-HTstimulated egg laying (SER-1, SER-4, SER-7, and
MOD-1). For example, SER-1 and SER-7 are expressed in
vulval muscle and stimulate egg laying; ¢.e., 5-HT does not
stimulate egg laying in animals with null mutations in ei-
ther ser-1or ser-7 (CARNELL et al. 2005; DEMPSEY et al. 2005;
HogsoN et al. 2006). In contrast, 5-HT inhibits egg laying
on bacteria in ser-1 or ser-7 null backgrounds through a
pathway that appears to involve both mod-1 and ser-4, as
null mutations in either (or both; see Figure 1) of these
genes abolishes the 5-HT inhibition of egg laying on
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bacteria observed in ser-I or ser-7 null backgrounds
(CARNELL et al. 2005; HOBSON et al. 2006). Therefore,
to examine the potential interactions of these 5-HT re-
ceptors in the modulation of egg laying, we generated
mutant animals containing combinations of null alleles
for the genes encoding each of these receptors, includ-
ing a quadruple null mutant (ser-4;mod-1;ser-7 ser-1),
lacking all of the previously identified 5-HT receptors.
The ser-4;mod-1;ser-7 ser-1 animals were viable, although
they failed to respond to 5-HT in most locomotory,
feeding, and behavioral assays (data not shown). All ser-
4, mod-1 or ser-4;mod-1 null animals laid eggs more rapidly
on 5-HT than wild-type animals, and this increased 5-HT
responsiveness was more much apparent earlier in the
egg-laying assays (Figure 1; data not shown; KOMUNIECKI
et al. 2004). For example, after 15 min on 5-HT, ser-4;mod-
1 and wild-type animals had laid 12.3 = 3.2and 4.8 = 1.1
eggs, respectively, while after 60 min they had laid 13.6 =
2.6 and 11.7 = 1.8 eggs, respectively (Figure 1).
Together, these results support earlier observations that
SER-4 and MOD-1 provide inhibitory inputinto the egg-
laying process (KOMUNIECKI ef al. 2004; CARNELL ¢! al.
2005; DEMPSEY et al. 2005). Surprisingly, although 5-HT
did not stimulate egg laying in ser-1, ser-7 or ser-7 ser-1
animals, 5-HT still significantly stimulated egg laying in
ser-4;mod-1;ser-7 ser-1 animals (Figure 1 and Figure 2;
Hosson et al. 2006). This result strongly suggests that
the inability of the ser-1, ser-7 and ser-7 ser-1 animals to
respond to 5-HT is due not only to the potentially
decreased responsiveness of the vulval muscle, but also
to the serotonergic inhibition of egg laying mediated by
ser-4and/or by mod-1. In addition, the demonstration of
significant 5-HT-stimulated egg laying in the ser-4;mod-
1;ser-7 ser-I null animals also suggests that, in the absence
of inhibitory serotonergic input through SER-4 and/or
MOD-1, 5-HT can stimulate egg laying through addi-
tional, as yet unidentified, 5-HT receptor(s).
Identification of an additional G-protein-coupled
receptor, SER-5, involved in the serotonergic stimula-
tion of egg laying in ser-#;mod-1;ser-7 ser-1 animals: To
identify additional amine receptor(s) responsible for
the 5-HT-stimulated egg laying observed in ser-4;mod-1;
ser-7 ser-1 animals, wild-type, RNAi-sensitive r7f-3(pk1269),
and ser-4;mod-1;ser-7 ser-I animals were screened using
RNAI for predicted, previously uncharacterized, C. ele-
gans biogenic amine receptors that might be involved in
5-HT-stimulated egg laying (F14D12.6, Yb54G2A.35,
F16D3.7, and TYRA-3). Using this approach, we identi-
fied a putative 5-HT receptor, F16D3.7 (SER-5), which
was potentially involved in 5-HT-stimulated egg laying in
ser-4;mod-1;ser-7 ser-I animals (data not shown; CARRE-
P1ERRAT et al. 2006). To confirm a role of SER-5 in the se-
rotonergic modulation of egg laying, 5-HT-stimulated egg
laying was examined in ser-5(tm2654) animals (Figure 2).
The ser-5(tm2654) animals contain a 348-bp deletion in
exon 4, resulting in deletion of a portion of TMV, the
third intracellular loop, and half of TMVI. Therefore,
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F1GURE 2.—The muscle expression of SER-5 is essential for
5-HT-stimulated egg laying in ser-4;mod-1;ser-7 ser-1 null ani-
mals. Egg laying was assayed on NGM agar plates in the pres-
ence of 5-HT as described in MATERIALS AND METHODS (A-C).
At least three trials with 15 animals/trial were performed for
each strain. Data presented as mean =SE and analyzed by two-
tailed Student’s ttest. *P < 0.001, significantly different from
wild-type animals examined under identical conditions. B, N2;
A, ser-5(tm2654); @, Q4ser-1, ser-5;ser-4;mod-1;ser-7, A, Q4ser-5,
ser-4;mod-1;ser-7 ser-1; O, Qdser-7, ser-5;ser-4;mod-1;ser-1; [,
Q4mod-1, ser-5;ser-4;ser-7 ser-1; O, Q4ser-4, ser-5;mod-1;ser-7
ser-1; @, Qb, ser-5; ser-4;mod-1;ser-7 ser-1. Hatchmarked bars
in C: Q5 animals rescued with the transgenes indicated.

ser-5(tm2654) is a predicted null allele, as TMs V and VI
are required for ligand binding (STRADER e al. 1989;
CHOUDHARY et al. 1993; ALMAULA et al. 1996; ROTH et al.
1997) and for G-protein coupling (MoRro ¢t al. 1993).
Under standard conditions, ser-5 null animals exhibited
wild-type responses to 5-HT in egg-laying assays (Figure 2).
However, since the 5-HT stimulation of egg laying in
ser-4;mod-1;ser-7 ser-1 animals was significantly less than
that observed in wild-type animals, we reasoned that any
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F16Uure 3.—Genomic structure, predicted amino acid sequence, phylogenetic relationships, and muscle expression of ser-5. (A)
New ser-5 genomic structure predicted from RACE. ser-5 contains eight exons and seven introns and exhibits an intron/exon
pattern similar to that predicted for its C. briggsae homolog, CBG04044. Intron positions conserved in the human 5-HT6 receptor
are indicated by a red line. (B) Predicted amino acid sequence and membrane-spanning model of SER-5. Amino acids potentially
involved in ligand binding, G-protein coupling, sequestration, and desensitization are illustrated (MORO et al. 1993; BARAK el al.
1994; RoTH et al. 1997). Potential PKC, PKA, and palmitolylation sites were identified using Scanprosite. (C) Unrooted phyloge-
netic tree of previously characterized vertebrate and invertebrate 5-HT receptors. Sequences were modified to remove hypervari-
able regions by deletion of the N termini, 5 amino acids before the first predicted transmembrane domains; the third intracellular
loops, 5 amino acids after and before predicted transmembrane domains 5 and 6, respectively; and the C termini, 10 amino acids
following predicted transmembrane domain 7. Annotated sequences were initially aligned using MegAlign in DNAStar with Clus-
tal W using default parameters and fine-tuned by hand. Bootstrapping was undertaken in DNAStar (1000 replicates with random
seed). Homo sapiens (H): HbHT-1a (CAA40962), HGHT1b (P28222), H5HT1d (P28221), H5HTle (CAA77558), H5HTIf
(AAA36605), HbHT2a (CAA40963), HSHT2b (CAA54513), HGHT2c (AAF35842), HHHT4 (Q13639), HbHT5a (CAA57168),
H5HT6 (AAA92622), HsbHT7 (CAH69965). C. elegans (Ce) in red: CeSER1 (NP_001024728), CeSER4 (NP_497452), CeSER7
(NP_741730), and CeSER5 (our unpublished results). C. briggsae (Cb): CbSER-1 (CAE69959), CbSER4 (CAE69091), CbSER7
(CAEB8847), and CbSERH (CAE60436). Aedes egyptii (Ae): AeSHT7 (AAG49292). Drosophila melanogaster (Dm): Dm5HT7
(NP_524599), DmbHT2a (NP_725849), Dm5HT2b (CAA77571), and DmbHT (NP_730859). Haemonchus contortus (Hc):
HcbHT1e (AAO45883). Ascaris suum (As): AsbHT-2c (AAC78396). (D) Expression of a full-length ser-5p::ser-5::gfp translational
fusion in muscle. Wild-type animals expressing a full-length ser-5 transgene with sequence coding for GFP inserted into the pre-
dicted SER-5 C terminus were examined for GFP fluorescence, as described in MATERIALS AND METHODS.

potential role of SER-5 in wild-type animals might be
obscured by the presence of more robust serotonergic
inputs from the other 5-HT receptors. Therefore, 5-HT-
stimulated egg laying was also examined in quadruple
null animals (Q4) expressing only individual receptors
and in ser-5;ser-4;mod-1;ser-7 ser-1 quintuple null animals
(Qb) lacking all five receptors (Figure 2). Quadruple null
animals expressing only ser-1 (Q4ser-1), ser-7 (Q4ser-7),
or ser-5 (Q4ser-5) alone all exhibited significant, but
varying, degrees of 5-HT-stimulated egg laying (with ser-
1> ser-5 = ser-7), suggesting that serotonergic signaling
through each of these receptors individually was capa-
ble of stimulating egg laying (Figure 2). In contrast, as
predicted, quadruple null animals expressing only ser-4

(Q4ser-4), mod-1 (Q4mod-1), or Q5 quintuple null ani-
mals failed to lay eggs on 5-HT, supporting our hypoth-
esis that ser-5 was involved in the 5-HT-dependent egg
laying observed above in the ser-4;mod-1;ser-7 ser-1 null
animals. In addition, these data suggest that all of the
major 5-HT receptors involved in the serotonergic
modulation of egg laying have been identified (Figure 2).

No ser-5 ESTs are present in the database. Therefore,
we attempted to confirm the predicted SER-5 amino
acid sequence by 5" and 3’ RACE using multiple cDNA
pools from mixed-stage animals. Surprisingly, the ser-5
cDNA sequence and predicted intron/exon splicing
pattern of the ser-5 gene differed significantly from that
predicted in Wormbase (Figure 3). On the basis of our



158 V. M. Hapiak et al.

RACE data, the “new” ser-5 genomic sequence contains
eight exons and seven introns and closely resembles
that of its putative Caenorhabditis briggsae ortholog
(CBG04044, accession no. CAE60436). The predicted
SER-5 amino acid sequence contains seven putative
transmembrane regions that include conserved amino
acids involved in biogenic amine binding (Figure 3B;
RoTH et al. 1997). In addition, SER-5 contains the highly
conserved DRY motif in the second intracellular loop,
potential protein kinase A (PKA) and protein kinase C
(PKC) phosphorylation sites, and the NPXXY motif
within TM7 that has been implicated in receptor
desensitization and internalization (Figure 3B; Moro
et al. 1993; BARAK et al. 1994).

On the basis of an analysis of all previously character-
ized 5-HT receptor sequences, the predicted SER-5
amino acid sequence is most identical to those of
mammalian 5-HTs receptors (Figure 3, A-C). For
example, SER-5 was 35% identical to the human 5-HTg
receptor within the seven predicted transmembrane
domains (Figure 3B). In addition, both SER-5 and 5-HTj
receptors have short third intracellular loops (67 and 60
amino acids, respectively) with BBXXBggs (where B is a
basic amino acid) motifs at the C termini of the loop that
in other G-protein-coupled receptors (GPCRs) can
confer constitutive activity and a conserved PLRYK;gg
motif in the second intracellular loop that is not found
in any other 5-HT receptor subtypes (KOHEN et al. 2001;
PUROHIT et al. 2003; MiTCHELL and NEUMAIER 2005).
Although the phylogenetic tree was generated using
truncated amino acid sequences with the more variable
N and C termini and third intracellular loops deleted,
similar results were obtained using the full-length
receptors (data not shown). Interestingly, all of the 5-
HT receptors clustered according to their documented
G-protein coupling, regardless of phylogenetic origin,
validating the utility of the tree and supporting the
identification of SER-b as a Gag,-coupled 5-HT receptor
(Figure 3C). Finally, the genes encoding the mamma-
lian 5-HT¢ receptors contain two introns within the
sequence encoding the putative third intracellular and
third extracellular loops. The positions of both introns
are conserved in ser-5 (Figure 3A).

The muscle expression of SER-5 rescues 5-HT-
stimulated egg laying in ser-5;ser-4;mod-1;ser-7 ser-1 null
animals: CARRE-PIERRAT et al. (2006) reported that SER-
5 was expressed in both neurons and body-wall/vulval
muscle on the basis of fluorescence from a transcrip-
tional GFP reporter that included ~3.5 kb upstream of
the putative start codon. We have confirmed these
results using a full-length ser-5 transgene that has
sequence coding for GFP inserted into the predicted
SER-5 C terminus. In addition to extensive neuronal
fluorescence, we observed robust fluorescence in body-
wall muscle that extended into the muscle arms and weak
and variable fluorescence in vulval muscle (Figure 3D).
Given these observations, we attempted to rescue 5-HT-

stimulated egg laying in Qb null animals by expressing
SER-5 directly in muscle using the myo-3 promoter
(Figure 2). Indeed, the muscle expression of SER-5 in
the Qb animals restored 5-HT-stimulated egg laying to
levels observed in Q4ser-5 animals (Figure 2). Together,
these results suggest that the muscle expression of SER-5
is sufficient for the serotonergic modulation of egg
laying observed above in Q4ser-5 animals.

Since SER-5 is expressed in both body-wall and vulval
muscle, we also examined whether SER-5 was involved
in the serotonergic modulation of locomotion, espe-
cially since, in addition to modulating the rate of egg
laying, 5-HT also appears to modulate the pattern of
egg-laying events, coordinating locomotion with egg
laying (HORrvITZ et al. 1982; WAGGONER et al. 1998). The
effects of 5-HT on locomotion were measured in
animals with null mutations in individual 5-HT recep-
tors and in quadruple null animals expressing only
individual 5-HT receptors, as described above for egg
laying (Figure 4). SER-5 did not appear to play a major
role in the modulation of locomotory rate. For example,
5-HT slowed ser-5 null animals to the same extent as wild-
type animals. In addition, Q4ser-5 animals that express
only SER-5 and Qb animals that lack all five 5-HT
receptors were equally resistant to the 5-HT-dependent
inhibition of locomotion. In contrast, both ser-4 and
mod-1 appeared to be involved in the 5-HT-dependent
inhibition of locomotion; i.e., 5-HT did not inhibit
locomotion in ser-4;mod-1 double mutants and inhibited
Q4ser-4 animals that express only SER-4 as rapidly as
wild-type animals (Figure 4). These results suggest that,
in contrast to SER-4 or MOD-1, SER-6 does not contrib-
ute directly to the modulation of locomotory rate.

Effects of serotonergic signaling on egg retention:
The role of dual stimulatory/inhibitory serotonergic
signaling in the regulation of egg laying is supported by
data on egg retention (Figure 5A). For example, most
animals lacking both SER-1 and SER-7 (ser-7 ser-1, ser-5;
ser7 ser-1, Q4ser-4, Q4mod-1, and Q5 mutants) were egg
laying defective (Egl-d) and retained significantly more
eggs than wild-type animals, suggesting that, in the
absence of both ser-1 and ser-7, inhibitory serotonergic
input predominated (Figure 5A). Similarly, animals
lacking both SER-1 and SER-7 and either or both SER-
4 or MOD-1 also retained significantly more eggs than
tph-1 null animals that lack significant amounts of 5-HT
on the basis of HPLC and immunostaining, supporting
an inhibitory role for SER-4 and MOD-1 in the egg-
laying circuit. In contrast, animals lacking SER-4, but
retaining two of the three stimulatory 5-HT receptors
(ser-4, ser-4;mod-1, ser-5;ser-4;mod-1, or ser-4;mod-1;ser-7)
were egg laying constitutive and retained significantly
fewer eggs than wild-type animals, further supporting an
inhibitory role for SER-4 in the egg-laying circuit
(Figure 5A). Interestingly, Q4 animals expressing only
ser-1, ser-5, or ser-7 were not egg laying and retained the
same number of eggs as wild-type animals, highlighting
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the delicate balance of serotonergic input that regulates
egg laying (Figure bA). As predicted on the basis of this
observation, the egg-retention phenotype in the Qb5
animals could be rescued by the muscle expression of
either ser-5 or ser-7 (Figure 5A; data not shown). Finally,
both Q5 animals that lack all known 5-HT receptors and
tph-1 null animals that lack most, if not all, serotonergic
signaling were Egl-d and retained about the same
number of eggs, supporting the suggestion that all of
the major 5-HT receptors involved in the egg-laying
circuit had been identified (ZHANG et al. 2005).

As predicted from the egg retention data, wild-type
and Q4ser-5 animals laid most of their eggs at the comma
stage (Figure 5B). In contrast, ser-4;mod-1 animals laid a
significantly higher proportion of early embryos (one- to
eight-cell embryos) and ser-7 ser-1 and Q5 animals laid a
significantly higher proportion of late-stage embryos
(post comma, Figure 5B). These differences in egg
laying were not the result of defects in fecundity, as all of
the animals used in this study produced similar numbers
of eggs (data not shown).

Taken together, these observations suggest that sero-
tonergic input into the regulation of egg laying is
complex, that both excitatory and inhibitory serotoner-
gic inputs are involved, and that additional redundant
regulatory pathways are probably operative.

DISCUSSION

Serotonin modulates most key processes in C. elegans
and this study highlights previous observations on the

complexity of serotonergic signaling in the regulation
of egg laying. To summarize, (1) at least five different
amine receptors are involved in the 5-HT stimulation of
egg laying, (2) serotonergic input can be both excitatory
and inhibitory, (3) serotonergic signaling appears to
overlap with other modulatory pathways, and (4) 5-HT
appears to function at multiple levels within the egg-
laying circuit and may modulate both the release of
neurotransmitters/neuromodulators and the activity
state of vulval muscle. For example, SER-1, SER-7, and
the putative 5-HT receptor, SER-5, are all expressed in
vulval muscle and the muscle expression of each rescues
5-HT-insensitive egg-laying phenotypes; SER-1 and SER-
7 in ser-1 and ser-7 null animals, respectively, and SER-5
in Q5 null animals (Figure 6; CARNELL et al. 2005;
HossoN et al. 2006; X1a0 et al. 2006). In contrast, the
expression of both SER-4 and MOD-1 appears to be
exclusively neuronal and neither 5-HT receptor appears
to be expressed in vulval muscle or the HSN/VC
neurons that control egg laying, suggesting that SER-4
and MOD-1 act upstream to inhibit the egg-laying
neurons directly and/or to regulate the release of
additional modulators (MENDEL et al. 1995; SEGALAT
et al. 1995; LACKNER et al. 1999; Bany et al 2003;
Moresco and KorLLE 2004; CARNELL et al. 2005;
HossoN et al. 2006). Fluorescence from a ser-4::gfp
transgene has been observed primarily in the RIB and
RIS head interneurons and the PVT and either DVA or
DVC tail interneurons (as well as a few other potentially
faintly fluorescing neurons in the nerve ring (TsALIK
et al. 2003). Similarly, a mod-1::gfp transgene appears to
be expressed in the AIA, AIB, AIY, RID, and probably
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Frcure 5.—Egg retention and stages of freshly laid eggs in
animals expressing combinations of 5-HT receptors. (A) An-
imals were picked as fourth-stage larvae and grown for 24 hr,
and the number of eggs in individual uteri were counted, as
described in MATERIALS AND METHODS. (B) Staged adults
were plated on NGM seeded with bacteria and left for 45
min, and the stage of eggs was determined. Data are pre-
sented as mean *£SE (n = 75) and analyzed by two-tailed Stu-
dent’s #test. *P < 0.005 and **P < 0.001: significantly
different from wild-type animals examined under identical
conditions. Q4ser-1, ser-5;ser-4;mod-1;ser-7, Q4ser-4, ser-5;
mod-1;ser-7 ser-1; Q4ser-b, ser-4;mod-1;ser-7 ser-1, Q4ser-7, ser-
5;ser-4;mod-1;ser-1; Q4mod-1, ser-5;ser-4;ser-7 ser-1; QB, ser-5;
ser-4;mod-1;ser-7 ser-1. Hatchmarked bars: Qb animals rescued
with the transgenes indicated.

AlZ interneurons, as well as additional interneurons in
the head, ventral cord, and tail (RANGANATHAN e/ al.
2000; WENICK and HoBERT 2004; ZHANG et al. 2005).
However, the definitive site(s) of SER-4 and MOD-1
action and their roles in the modulation of egg laying
remain to be determined. In addition, it also will be
important to separate the effects of 5-HT directly on the
egg-laying machinery and secondarily on locomotion
(HorviTz et al. 1982; WAGGONER et al. 1998). For
example, these 5-HT receptors modulate many aspects
of locomotion, including rate and reversal frequency,
and previous studies have demonstrated a relationship
between egg laying and locomotion; i.e., eggs are laid in
clusters and the velocity of forward movement increases
significantly immediately (30 sec) prior to an egg-laying
event (HARDAKER et al. 2001). This increase in velocity
requires the AVF interneurons and 5-HT, as it is absent
in {ph-1 null animals that lack 5-HT. Clearly, additional

studies correlating the serotonergic modulation of egg
laying and locomotion are warranted.

Dual excitatory and inhibitory serotonergic modula-
tion of egg laying: This study confirms that dual ex-
citatory and inhibitory serotonergic inputs combine to
modulate egg laying in C. elegans, as suggested by other
workers, and demonstrates that the lack of 5-HT-
stimulated egg laying in ser-I and ser-7 null animals re-
sultsin large partfrom unchecked inhibitory serotonergic
inputs mediated by SER-4 and MOD-1 (CARNELL et al.
2005; DEMPSEY et al. 2005; HoBsoN et al. 2006). In other
organisms, interactions between 5-HT receptors in
single cells or tissues have been described, but few studies
have defined a circuit with both inhibitory and stimu-
latory serotonergic inputs into a single pathway. Recently,
multiple serotonergic inputs regulating bladder con-
traction have been suggested on the basis of pharmacolo-
gical analyses. For example, acetylcholine release from
isolated detrusor muscle strips appears to be stimulated
by Gagcoupled 5-HT, and 5-HT; receptors and in-
hibited by Ga; ,/,-coupled 5-HT receptors (D’AGOSTINO
et al. 2006) . Similarly, low concentrations of 5-HT (1 nm)
inhibit and higher concentrations stimulate heart rate
in Drosophila larvae, suggesting differential inputs from
5-HT receptors with potentially different affinities for 5-
HT (Dasarr and CooPER 2006). Although a number of
additional studies in invertebrates have used mamma-
lian 5-HT subtype-specific agonists and antagonists to
predict the involvement of multiple 5-HT receptors in
the regulation of various behaviors, these observations
should be interpreted with caution. Ligands specific for
vertebrate 5-HT receptor subtypes can bind with dra-
matically different affinities and specificities to their
invertebrate counterparts. For example, a-methyl-5-HT,
a potent agonist of mammalian 5-HTy receptors is also a
potent agonist of SER-7, while ketanserin, a 5-HT,
antagonist, binds with very low affinity to invertebrate
5-HTglike receptors (HAMDAN et al. 1999; R. J. HOBSON
and R. KomUNIECKI, unpublished observations). Similarly,
5-CT, a potent agonist of mammalian 5-HT; and 5-HT~,
does not activate SER-7 (HosoN et al. 2003). The
absence of selective ligands for invertebrate 5-HT
receptors highlights the utility for genetic model
systems, such as C. elegans, in the study of multi-level,
multi-receptor, serotonergic regulation in invertebrates,
since individual 5-HT receptors can be readily expressed
in individual cells in a multitude of different mutant
backgrounds. Most importantly, animals expressing
only individual 5-HT receptors from their native pro-
moters can be generated. For example, the quadruple
null animals used in the present study presumably
express only single 5-HT receptors and therefore the
effects of low levels of exogenous 5-HT on these animals
will be mediated exclusively by these individual recep-
tors, minimizing the need for receptor-specific ligands.

The identification of the individual excitatory/in-
hibitory 5-HT receptors involved in the modulation of
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FIGURE 6.—Dual excitatory and inhibitory
inputs modulate 5-HT-stimulated egg laying
through at least five different receptors. Left: Pu-
tative localization of 5-HT receptors in the egg-
laying circuit. None of the 5-HT receptors appear
to be expressed directly in the egg-laying neurons
(HSNs/VCs). Instead, SER-4 and MOD-1 appear
to be expressed upstream in interneurons in the
nerve ring, SER-1 and SER-7 function directly in
vulval muscle, and SER-5 is expressed in both
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body-wall and vulval muscle, although its definitive site of action remains to be determined. Right: Both excitatory and inhibitory
serotonergic inputs modulate egg laying. The serotonergic regulation of egg laying involves a delicate balance of excitatory and
inhibitory inputs. In ser-4;mod-1;ser-7 ser-1 animals, egg laying on bacteria appears to be wild type, most probably due to redundant
regulatory pathways. In contrast, in the absence of either inhibitory or excitatory serotonergic input, the balance is tipped and ser-
4:mod-1 or ser-7 ser-1 double mutants exhibit more obvious egg-laying phenotypes than either wild-type animals or mutant animals

lacking most serotonergic signaling.

egg laying are in agreement with the complex roles
proposed for individual G-proteins in the regulation of
egg laying (BANY et al. 2003; BASTIANI et al. 2003; SHYN
et al. 2003; DEMPSEY et al. 2005). For example, the direct
modulation of vulval muscle calcium dynamics by 5-HT
is dependent on EGL-30, supporting a direct role for
SER-1/EGL-30 in vulval muscle (BRUNDAGE et al. 1996;
BaNY et al. 2003; BASTIANT ¢f al. 2003; SHYN et al. 2003;
CARNELL ¢t al. 2005; HoBSON et al. 2006). GOA-1 appears
to play multiple roles in the modulation of egg laying. In
vulval muscle, GOA-1 is not involved directly in re-
sponses to 5-HT, but instead antagonizes the effects of 5-
HT-stimulated calcium transients, potentially through a
number of uncharacterized Go,-coupled receptors
(BASTIANT et al. 2003; SHYN et al. 2003). In the HSNS,
GAR-2, a Ga,-coupled muscarinic receptor and GOA-1
appear to mediate the effects of acetylcholine released
by the VCs and to inhibit the release of 5-HT and
perhaps other neurotransmitters from the HSNs (BaNy
et al. 2003). Finally, GOA-1 is also essential for the 5-HT-
dependent silencing of the HSNs, presumably through
the Ga,-coupled SER-4 (Bany et al. 2003; SHYN et al.
2003). However, it is unclear if SER-4 and GOA-1 act
directly in the HSNs or in neurons innervating the
HSNSs, especially since SER-4 expression appears to be
limited to a small number of interneurons, and is not
observed in the HSNs. In fact, it is not clear if the
serotonergic silencing of the HSNs is direct or involves
the release of other unidentified neuromodulators.
Role of SER-5 in egg laying: SER-5 appears to be
responsible for the 5-HT-stimulated egg laying observed
in ser-4;mod-1;ser-7 ser-1 null animals, suggesting that
SER-5 may be a 5-HT receptor. As noted above, SER-5 is
most identical to mammalian 5-HTg Gag-coupled re-
ceptors. However, since the 5-HT specificity of SER-5 has
yetto be demonstrated directly after heterologous expres-
sion, it is possible that an additional, as yet unidentified,
5-HT receptor is involved in the release of another
neuromodulator that then activates SER-5 in muscle.
We consider this to be a remote possibility, given (1) the
close alignment of the new SER-5 predicted amino acid
sequence with other 5-HT receptors; (2) the utility of the

tree in predicting the G-protein coupling of all previously
characterized 5-HT receptors; and (3) the identification
of a second 5-HT-stimulated behavior that is also de-
pendent on SER-5, i.e, b-HT-dependent increases in
aversive responses to dilute octanol (Figures 2 and 3; G.
Harris and R. KoMUNIECKI, unpublished results). Un-
fortunately, attempts to characterize the pharmacology
and coupling of SER-5 directly from heterologous expres-
sion in a number of mammalian cell lines have been un-
successful. On the basis of the immunolocalization of the
FLAG-tagged receptor, SER-5 appears to be expressed at
low levels and retained in the endoplasmic reticulum (R.
KomuNIEckr, unpublished results). The heterologous
expression of SER-5 may problematic; for example, many
mammalian olfactory GPCRs are resistant to heterolo-
gous expression and appear to require additional ancil-
lary proteins for proper membrane localization (BRADY
and LiMBIRD 2002; TAN et al. 2004; LUuTTRELL 2006).
Interestingly, CARRE-PIERRAT ef al. (2006) reported that
5-HT did not stimulate cAMP levels after the heterolo-
gous expression of SER-5 in COS-7 cells. However, it is
unclear which SER-5 sequence was examined in these
studies, given our RACE results described above, and
whether the receptor was actually surface expressed.
Role of other regulatory pathways in the modulation
of egg laying: Both Q4ser-5 and Q5 animals were viable
and superficially wild type with respect to locomotion
and feeding, although exogenous 5-HT did not inhibit
locomotion. In addition, both mutant animals appeared
to acutely upregulate egg laying when starved animals
are placed on bacteria in a manner similar to that
observed in wild-type animals (R. KOMUNIECKI, un-
published results). Indeed, Q4ser-5 animals retained
the same number of eggs at the same developmental
stage as wild-type animals, suggesting that in the absence
of most serotonergic signaling, egg laying on bacteria
was wild type and that overlapping signaling pathways,
mediated by other modulators, also regulate egg laying
in wild-type animals. Indeed, animals with mutations in
peptidergic signaling are also egg laying defective. For
example, ¢gl-21 null animals that lack an enzyme es-
sential for processing FMRFamide peptides also exhibit
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a severe egg-laying-defective phenotype, and in many
systems it has been suggested that peptidergic signaling
may be a prerequisite for effective serotonergic mod-
ulation (WAGGONER et al. 2000; Jacos and Karran 2003;
ScHAFER 2006). This observation highlights the poten-
tially important role of other ligands in the modulation

of egg laying.

To summarize, it is clear from recently published work
and from the analyses outlined above that at least five
receptors, operating at multiple levels within the egg-
laying circuit, relay nutrition status and other sensory
information to fine-tune egg laying through a delicate
balance of both excitatory and inhibitory serotonergic
inputs. Such complexity probably evolved to ensure that
egg laying is rapidly and specifically initiated only under
the appropriate environmental conditions.
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