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Three Distinct Amine Receptors Operating at Different
Levels within the Locomotory Circuit Are Each Essential for
the Serotonergic Modulation of Chemosensation in
Caenorhabditis elegans

Gareth P. Harris, Vera M. Hapiak, Rachel T. Wragg, Sarah B. Miller, Lindsay J. Hughes, Robert J. Hobson,
Robert Steven, Bruce Bamber, and Richard W. Komuniecki
Department of Biological Sciences, University of Toledo, Toledo, Ohio 43606

Serotonin modulates behavioral plasticity in both vertebrates and invertebrates and in Caenorhabditis elegans regulates key behaviors,
including locomotion, aversive learning and olfaction through at least four different 5-HT receptors. In the present study, we examined
the serotonergic stimulation of aversive responses to dilute octanol in animals containing null alleles of these 5-HT receptors. Both ser-1
and mod-1 null animals failed to increase sensitivity to dilute octanol on food/5-HT, in contrast to wild-type, ser-4 or ser-7 null animals.
5-HT sensitivity was restored by the expression of MOD-1 and SER-1 in the AIB or potentially the AIY, and RIA interneurons of mod-1 and
ser-1 null animals, respectively. Because none of these 5-HT receptors appear to be expressed in the ASH sensory neurons mediating
octanol sensitivity, we identified a 5-HT -like receptor, F16D3.7(SER-5), that was required for food/5-HT-dependent increases in octanol
sensitivity. ser-5 null animals failed to increase octanol sensitivity in the presence of food/5-HT and sensitivity could be restored by
expression of SER-5 in the ASHs. Similarly, the RNAi knockdown of ser-5 expression in the ASHs of wild-type animals also abolished
5-HT-dependent increases in octanol sensitivity, suggesting that SER-5 modulates the octanol responsiveness of the ASHs directly.
Together, these results suggest that multiple amine receptors, functioning at different levels within the locomotory circuit, are each

essential for the serotonergic modulation of ASH-mediated aversive responses.
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Introduction

Behavioral plasticity is often mediated by biogenic amines (BAs),
such as serotonin (5-HT). In mammals, 5-HT regulates diverse
central and peripheral responses, including circadian rhythms,
mood, perception and aggression and a variety of drugs modulate
serotonergic signaling in the treatment of schizophrenia, depres-
sion and migraine (Lucki, 1998; Heisler et al., 2007). Changes in
serotonergic signaling can have profound effects on behavior.
However, although all of the mammalian 5-HT receptors have
been cloned and characterized, much still remains to be learned
about how they are integrated into complex multilevel signaling
pathways. Therefore, this study was designed to identify and lo-
calize the Caenorhabditis elegans 5-HT receptors involved in the
modulation of a simple, sensory-mediated, locomotory behavior,
i.e., aversive responses to the volatile repellant, octanol.
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C. elegans has a simple nervous system (302 neurons) and can
detect environmental stimuli through 14 pairs of specialized sen-
sory neurons. More importantly, many sensory-mediated aver-
sive responses are modulated by 5-HT, making C. elegans an
excellent model to study the aminergic modulation of sensory-
mediated locomotory behaviors. 5-HT is a “food is at hand” sig-
nal for starved animals and modulates most key behaviors, in-
cluding aversive learning, egg-laying, feeding and locomotion,
supporting the suggestion that 5-HT levels communicate nutri-
tional state (Horvitz et al., 1982; Segalat et al., 1995; Waggoner et
al., 1998; Sawin et al., 2000; Niacaris and Avery, 2003; Zhang et
al,, 2005). The polymodal ASH sensory neurons are located in
specialized amphidial structures in the head and are essential for
the avoidance of a variety of aversive stimuli, including both
volatile repellants and mechanical stimuli, such as nose touch (de
Bono and Marique, 2005). For example, the ASH neurons are
necessary and sufficient for the detection of dilute octanol, and
5-HT (or the presence of food) potentiates ASH-mediated re-
sponses, i.e., sensitivity to dilute octanol is increased in the pres-
ence of 5-HT or when the animals are on food (Troemel et al.,
1997; Chao et al., 2004). In addition, Ca** transients in the ASHs
can be detected in response to nose touch only if 5-HT is present,
suggesting that the ASHs are modulated directly to 5-HT
(Hilliard et al., 2005).
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In the present study, we identified a subset of amine receptors
that are each essential for 5-HT-dependent increases in aversive
responses to dilute octanol. These 5-HT receptors appear to op-
erate at different levels within the nervous system to integrate
sensory input with locomotory behavior, i.e., SER-5 in the ASH
sensory neurons, MOD-1 in the AIB, and possibly ALY, interneu-
rons that integrate signals directly from the ASH sensory neurons
and SER-1 in the RIA interneurons, major upstream partners of
the ring motor neurons that innervate head muscle. Based on the
comprehensive wiring diagram of the C. elegans nervous system,
we predict that SER-5 increases the responsiveness of the ASHs to
dilute octanol, MOD-1 modulates interneuronal signaling to
stimulate reversal and backward locomotion and SER-1 is poten-
tially involved in the control of head muscle. These observations
highlight the complexity of serotonergic modulation and the ad-
vantages of the C. elegans model for studying the modulation of
amine-mediated chemosensory circuits.

Materials and Methods

Materials. All reagents were purchased from Sigma-Aldrich. DMEM was
purchased from Mediatech, neurochemicals from Sigma-Aldrich, re-
striction enzymes from New England Biolabs, and Promega, and oligo-
nucleotide primers from Integrated DNA Technologies. A C. elegans
c¢DNA pool was purchased from OriGene Technologies, and additional
c¢DNA pools were constructed from mixed stage mRNA using standard
techniques. Green fluorescent protein (GFP) expression vectors were
obtained from Andy Fire (Stanford University School of Medicine, Stan-
ford, CA).

Cultures and maintenance of strains. The N2 Bristol WT isolate of C.
elegans was used for all studies. All animals were raised at 20°C under
uncrowded conditions (Brenner, 1974). The following putative 5-HT
receptor null alleles were used in this study: ser-5 (tm2647)I, ser-
5(tm2654)1, ser-4(ok512)III, mod-1(0k103)V, ser-7(tm1325)X, ser-
1(0k345)X. In addition, the following strains were also examined, rrf-
3(pk1269) and ttx-3(ks5). All strains were obtained from the
Caenorhabditis Genetics Center (University of Minnesota, Minneapolis,
MN) except ser-7(tm1325), ser-5(tm2647) and ser-5(tm2654) which
were received from the National Bio-Resources Project (Tokyo Women’s
Medical University, Tokyo, Japan). tph-1(mg280) animals were provided
by Dr. Mark Alkema (Massachusetts Institute of Technology, Boston,
MA), ttx-3p::mod-1 and odr-2(2b)p::mod-1 animals by Dr. Cori Barg-
mann (Rockefeller University, New York, NY) (Zhang et al., 2005), ser-
1(0k345); mod-1(0ok103) animals from Dr. Ji Ying Sze (Albert Einstein
College of Medicine, New York, NY) and glr-3p::ICE animals from Dr.
Villu Maricq (University of Utah, Salt Lake City, UT). Animals contain-
ing combinations of 5-HT receptor null alleles were constructed using
standard genetic techniques and confirmed by PCR. All mutant animals
were backcrossed with the N2 Bristol strain at least five times before use.

Behavioral assays. Assay plates [5 cm Nematode growth medium plates
(NGM)] were prepared daily and serotonin (4 mm) was added to NGM
liquid media just before pouring. Dilute 1-octanol was prepared daily
using 100% ethanol (v/v) (Sulston and Hodgkin, 1988; Bargmann et al.,
1993; Chao et al., 2004). Synchronized fourth-stage larvae (L4) were
picked 24 h preassay and assays were performed at 23—25°C. Octanol
avoidance was measured as described by Chao et al. (2004). Briefly, the
blunt end of a hair (Loew-Cornell 9000 Kolinsky 8 paintbrush), taped to
a toothpick, was dipped in 30% octanol and the hair was placed in front
of an animal exhibiting forward sinusoidal locomotion. Time to reverse
was recorded and assays were terminated after 20 s, because wild-type
animals spontaneously reverse on average every 20 s (Zhao et al., 2003;
Chao et al., 2004, 2005). For assays in the absence of food or exogenous
5-HT, well fed young adults (three to five per plate) were first transferred
to intermediate nonseeded plates and left for 1 min to prevent any bac-
teria/media carry over, then transferred to NGM plates and assayed after
10 min. For assays in the presence of food (E. coli OP50) or 5-HT, animals
were transferred to plates containing a thin layer of OP50 or 4 mm 5-HT
and assayed after 20 and 30 min, respectively.
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Reversal frequency was assayed as described previously (Tsalik and
Hobert, 2003; Dernovici et al., 2006). Well-fed animals were transferred
to NGM plates for 30 s, then transferred to assay plates (+food) for 1 min
and assayed. Reversal frequency was scored as the number of times an
animal reversed within 3 min (Pierce-Shimomura et al., 1999). Data were
presented as a mean * SE (n = 3) and analyzed by two-tailed Student’s ¢
test. p values were indicated as follows: *p < 0.05, **p < 0.01, ***p <
0.001.

RNA interference. RNA interference (RNAi) was performed as de-
scribed previously using wild-type N2 and rrf-3(pk1629) animals (Ka-
math and Ahringer, 2003). Hermaphrodites and their progeny were
grown on NGM plates containing 25 ug of carbenicillin and 1 mm
isopropyl-B-p-thiogalactopyranosidase (IPTG) and were seeded with
HT115 (DE3) bacteria containing either the ser-5 RNAi vector or empty
vector. Synchronized L4 s were picked 24 h preassay and examined for
octanol sensitivity.

Rescue constructs and strains. All rescue constructs were created by
overlap fusion PCR or by cloning into pPD95.75 (Mello and Fire, 1995;
Hobert, 2002). For overlap PCR, constructs were pooled from at least 3
reactions and were coinjected with myo-3p::gfp, F25B3.3p::gfp or rol-6
and carrier DNA (to 100 ng) into gonads of wild-type and null mutant
animals by standard techniques (Kramer et al., 1990; Mello and Fire,
1995). At least three lines expressing each construct were examined. All
constructs in pPD95.75 were confirmed by sequencing.

FY748 mod-1(ok103)grEx160[mod-1p::mod-1] expresses a full-
length mod-1 transgene in mod-1 null animals. The mod-1 transgene
includes a 2 kb mod-1 promoter, the mod-1 open reading frame and
706 bp of the mod-1 3'UTR, and was created with MOD-1F1 and
MOD-1R1, as described by (Carnell et al, 2005). FY751
ser-5(tm2654)grEx163[sra-6p::ser-5::¢fp] expresses SER-5 in the ASH
sensory neurons of ser-5 null animals. The sra-6p::ser-5::gfp transgene
includes the sra-6 promoter, the ser-5 cDNA, sequence coding for
GFP and the unc-54 3'UTR. The 3.4 kb sra-6 promoter was amplified
with SRA-6F1 and SRA-6R+SER-51 and the ser-5 cDNA with SER-
5F2 and SER-5R+GFP2. The sra-6 promoter was fused to the ser-5
c¢DNA using nested primers, SRA-6F3 and SER-5R3. gfp including the
unc-54 3"UTR was amplified from pPD95.75 with GFPF4a and GFPR4 and
the sra-6p::ser-5 product was then fused to gfp using nested primers, SRA-
6F5 and GFPR5. FY750 ser-5(tm2654)grEx162|ser-5p::ser-5] expresses a full-
length ser-5 transgene in ser-5 null animals. The ser-5p::ser-5 transgene with
a 5 kb ser-5 promoter was amplified with SER-5F1 and SER-5R1 to generate
an 8.6 kb product. RWK8 mod-1(0k103)fvEx3[npr-9p::mod-1::gfp] expresses
MOD-1 in the AIB interneurons of mod-I null animals. The
npr-9p::mod- 1::gfp transgene includes 2 kb of the npr-9 promoter, the mod-1
cDNA, sequence coding for GFP and the unc-54 3’ UTR. The npr-9 pro-
moter was amplified with NPR-9F1 and NPR-9R+MOD-11, the mod-1
c¢DNA with MOD-1F2 and MOD-1R2 and gfp with the primers described
above, except that the gfp forward primer contained an overlapping frag-
mentofthe 3" end of the mod-1 cDNA (GFPF+MOD-13). npr-9p was fused
to the mod-1 cDNA with NPR-9F4 and MOD-1R4 and npr-9p::mod-1 was
fused to gfp with NPR-9F5 and GFPR5.

Localization of SER-5 expression. RWK7 ser-5(tm2654)fvEx2-
[ser-5p::ser-5::¢fp] expresses a full-length ser-5 translational fusion from
the 5 kb ser-5 promoter that includes the endogenous ser-5 3" UTR with
sequence encoding GFP inserted into the predicted SER-5 C terminus 10
aa after TMVIL The ser-5::gfp transgene was created by overlap fusion
PCR from three different products fused by two rounds of PCR. Primers
amplified the ser-55'-end ~5 kb upstream of the ATG up to a portion of
exon 6 using SER-5F1 and SER-5R+GFP1. A second set of primers (SER-
5F+GFP2 and SER-5R2) amplified a short gfp overlap with the ser-5 3’
end including the predicted SER-5 C terminus 10 aa after TMVII and the
ser-5 3'UTR, as follows. Sequence encoding gfp was amplified using
GFPF3b and GFPR3 and then fused in frame with the ser-5 3" product
(using GFPF4 and SER-5R4) and this product was then combined with
the ser-5 5" fragment to generate a full-length ser-5 transgene that in-
cluded sequence coding for GFP inserted in the predicted C terminus of
the receptor using nested primers. PCR products were pooled from at
least 3 separate reactions (5 ng total) and were coinjected either alone or
with rol-6 plasmid (pRF4) and carrier DNA into gonads of ser-5(tm2564)
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null animals by standard techniques (Mello and Fire, 1995). Uptake of
DiD in living animals was assayed as described (Herman and Hedgecock,
1990). Briefly, stock solution (1 mm) of 1,1’-dioctadecyl-3,3,3,3'-
tetrametylindocarbocyanine (DiD) (Molecular Probes/Invitrogen La-
beling and Detection) was diluted 1:200 in M9 buffer. Animals were
incubated in 100 ul of diluted DiD for 1 h at RT, transferred to a fresh
NGM plate seeded with OP50 and allowed to crawl on the bacterial lawn
for 1-2 h to destain and were then placed on agarose pads with 20 mm
sodium azide for visualization. At least five transformed lines were ana-
lyzed for gfp fluorescence and DiD staining using an Olympus confocal
microscope.

Cell-specific RNAi knockdown. Transgenes for cell-specific knockdown
were constructed as described (Esposito et al, 2007). RWKI12
fvEx7[sra-6p::ser-5RNAi] expressed a ser-5(RNAi) in the ASH sensory
neurons of wild-type animals. The sra-6p::ser-5(RNAi) transgene in-
cluded the sra-6 promoter fused to exon rich regions of ser-5. The sra-6
promoter was amplified with SRA-6PF1 and the reverse (sense) primer
SRA-6PRSI1 and the reverse (antisense) primer SRA-6PRA2 to create
templates B and C, respectively. The ser-5 coding region was amplified
from genomic DNA using SER-5TF2 and SER-5TR4 to create template
A. Templates A and B were fused using SRA-6F3 and the reverse nested
primer SER-5R5 to create the sense construct. Templates A and C were
fused using SRA-6F4 and SER-5TF6 to create the antisense construct.
RWK13 fvEx6/glr-3::ser-IRNAi] expressed a ser-1(RNAi) in the RIA in-
terneurons. The glr-3p::ser-1(RNAi) transgene included the glr-3 pro-
moter fused to exon rich regions of ser-1. The glr-3 promoter was ampli-
fied with GLR-3PF1 and the reverse (sense) primer GLR-3PRS1 and the
reverse (antisense) primer GLR-3PRA2 to create templates B and C,
respectively. The ser-1 coding region was amplified from genomic DNA
using SER-1TF2 and SER-1TR3 to create template A. Templates A and B
were fused using GLR-3F3 and SER-1TR4 to create the sense construct.
Templates A and C were fused using GLR-3F4 and SER-1TF5 to create
the antisense construct. Sense and antisense transgenes were both micro-
injected at 100 ng/ul (a list of sense and antisense primers used for the
generation of PCR fusions is included in supplemental material, available
at www.jneurosci.org as supplemental material).

Heterologous expression of SER-5. To express SER-5, pFLAG-SER-5 or
pDisplay-SER-5 were transiently transfected into COS-7 cells using Li-
pofectamine 2000 (Invitrogen; 1 ug of DNA/3 ul of Lipofectamine), as
we have described for other nematode GPCRs (Huang et al., 2002; Hob-
son et al., 2003). Cells were harvested 48 h post-transfection and mem-
branes were prepared as described previously (Rex and Komuniecki,
2002). Briefly, COS-7 cells were washed with ice-cold PBS and incubated
in 15 mm Tris-HCI, pH 7.4,, 1 mm EDTA and 1 mm phenylmethylsulfo-
nylfluoride (PMSF) at 4°C for 10 min. Cells were scraped from plates,
centrifuged at 4000 X g for 15 min and pellets resuspended in ice-cold
TEM (Tris-HCI pH 7.4, 10 mm MgCl,, 0.5 mm EDTA) containing 1 mm
PMSE. Cells were lysed on ice by sonication, centrifuged at 20,000 X g for
1 hat4°C and the pellet homogenized in TEM buffer. Radioligand bind-
ing was performed as previously described (Huang et al., 2002; Hobson et
al,, 2003).

Multiple sequence alignments and production of phylogenetic trees. To
remove hypervariable regions, each vertebrate and invertebrate 5-HT
receptor sequence was truncated at the N terminus (three residues before
TMI), the third intracellular loop (eight residues after TMV and six
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) with ClustalW parameters set to op-
timize protein sequence 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 on request. Bootstrapping was also per-
formed with DNAStar (1000 replicates, random seed), and the resulting
tree was then imported into the Phylogenic Alignment Utility Program
(PAUP, version 4.0b10), where it was analyzed under the distance,
neighbor-joining method to produce the tree reported here. The Caeno-
rhabditis elegans GAR-1 sequence was used as an outgroup. Accession
numbers for all sequences used are listed in the legend to Figure 5.

Harris et al. @ Multiple Amine Receptors Modulate Aversive Behavior

Results

SER-1 and MOD-1 are each essential in modulating
sensitivity to dilute octanol

Wild-type animals on food (E. coli OP50) or incubated in exog-
enous 5-HT (4 mM) exhibit dramatically increased aversive re-
sponses to dilute octanol, but the serotonergic receptors and
pathways mediating these effects have not been identified (Chao
et al,, 2004). C. elegans contains at least four previously charac-
terized 5-HT receptors: three G-protein-coupled receptors,
SER-1, SER-4 and SER-7, and a novel 5-HT-gated Cl ~ channel,
MOD-1 (Olde and McCombie, 1997; Hamdan et al., 1999; Ran-
ganathan et al., 2000; Hobson et al., 2003). Animals carrying null
alleles for each of these 5-HT receptors have been characterized in
other behavioral contexts (Ranganathan et al., 2000; Hobson et
al., 2003; Dempsey et al., 2005; Zhang et al., 2005). To identify the
individual 5-HT receptor(s) and neurons involved in the seroto-
nergic modulation of octanol avoidance, we examined the re-
sponses of each of these 5-HT receptor null mutants to dilute
(30%) octanol, a behavior mediated by the ASH sensory neurons
(Chao et al., 2004). The responses of these mutant animals to
dilute octanol were identical to those of wild-type animals either
off food or in the absence of exogenous 5-HT (Fig. 1). However,
both the ser-1 and mod-1 null animals failed to increase their
sensitivity to dilute octanol on food or in the presence of exoge-
nous 5-HT, in contrast to ser-7, ser-4 or wild-type animals (Fig.
1). The role of mod-1 and ser-1 in 5-HT sensitivity was confirmed
by transgenic rescue, i.e., the expression of full-length mod-1 or
ser-1 transgenes in mod-1 and ser-1 null animals, respectively,
restored 5-HT sensitivity (Figs. 2A, 3A). As predicted, ser-4;
mod-1; ser-7 ser-1 quadruple null animals that lack all previously
identified 5-HT receptors also failed to increase sensitivity to
dilute octanol in the presence of either food or 5-HT (Fig. 1).
These results suggest that both ser-1 and mod-1, but not ser-4 or
ser-7, have essential roles in the modulation of food- and 5-HT-
dependent increases in sensitivity to dilute octanol.

MOD-1 and SER-1 function in the AIB or AIY and the RIA
interneurons, respectively, to modulate ASH-mediated
aversive responses to dilute octanol

The neuronal expression of mod-1 and ser-1 has been character-
ized previously using various mod-1p::gfp and ser-1p::gfp reporter
constructs. mod-1p::gfp transcriptional fusions are expressed in
the AIA, AIB, AIY, AIZ, and RID interneurons, as well as a num-
ber of additional unidentified neurons in the head, ventral cord
and tail. Although ser-1p:gfp constructs depending on the
ser-1::gfp transgene exhibit variable expression, in pharyngeal
and vulval muscles, as well as a number of neurons in the head
and tail, including the RIA interneurons and the ring and ventral
cord motor neurons (Ranganathan et al., 2000; Tsalik et al., 2003;
Wenick and Hobert, 2004; Carnell et al., 2005; Dempsey et al.,
2005; Xiao et al., 2006; Dernovici et al., 2007).

To identify the neurons involved in the MOD-1-mediated
modulation of ASH-mediated aversive responses, we examined
the 5-HT sensitivity of aversive responses to dilute octanol in
mod-1  null  animals  expressing  ttx-3pzmod-1  or
odr-2(2b)p::mod-1 transgenes previously observed to rescue the
5-HT sensitivity of aversive olfactory learning in mod-1 null ani-
mals (Zhang et al., 2005). The ttx-3 promoter appears to be ex-
pressed exclusively in the AIY interneurons in adult animals,
whereas odr-2(2b)p drives expression primarily in the AIB and
AlZ interneurons (Hobert et al., 1997; Chou et al., 2001; Wenick
and Hobert, 2004; Bendena et al., 2008). In addition, we also
examined mod-1 null animals expressing an npr-9p::mod-1 trans-
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Figure 1.

Food- and 5-HT-dependent increases in sensitivity to dilute octanol require both MOD-1 and SER-1. Wild-type and 5-HT receptor null mutant animals were examined for their ability

to respond to dilute (30%) octanol in the presence or absence of food (E. coli OP50) or 5-HT (4 mw), as described in Materials and Methods. Data are presented as mean == SE and analyzed by a
two-tailed Student’s t test. ***p << 0.001; significantly different from wild-type animals under identical test conditions. Numbers of trials are indicated under the bars. Quad, ser-4(0k512);
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Figure 2.

Rescue of 5-HT-dependent increases in aversive responses to dilute octanol and food-dependent alterations in the rate of spontaneous reversals in mod-7 null animals. 4, Wild-type or

mutant animals expressing the indicated transgenes were assayed for 5-HT-dependent increases in aversive responses to dilute (30%) octanol, as described in Materials and Methods. B, C,
Spontaneous reversals (reversals/3 min) were quantified in well fed animals 1 min after transfer to plates without (B) or with (C) £. coli OP50. Data are presented as mean = SE and analyzed by a
two-tailed Student’s  test. ***p < 0.001, significantly different from wild-type animals under identical test conditions. The number of trials is indicated under the bars, and results from rescued

mod-1 null animals are indicated by hatched bars.

gene that is expressed almost exclusively in the AIB interneurons
(Bendena et al., 2008). All three transgenes restored 5-HT sensi-
tivity in mod-1 null animals (Fig. 2A). Interestingly, t#x-3 null
animals in which the AIYs fail to develop exhibited wild-type
responses to dilute octanol both on and off food (Hobert et al.,
1997) (Fig. 2A). However, because mod-1 encodes an inhibitory
Cl~ channel, animals that lack AIYs, such as the ttx-3 null ani-
mals or animals in which the AIYs are inhibited, as in the mod-1
expressing animals, would both be predicted to increase aversive

responses to dilute octanol in the presence of food or 5-HT, ex-
actly as we observed in the present studies. Together, these results
suggest that the AIB and AIY interneurons are involved in mod-
ulating the 5-HT sensitivity to dilute octanol.

As noted above, the 5-HT sensitivity of ser-1 null animals was
rescued with a full-length ser-1p::ser-1::gfp transgene (Fig. 3A).
This ser-1p::ser-1::¢fp transgene contains a truncated 3.6 kb pro-
moter and is expressed in the RIA interneurons and many of the
ring motor neurons, major downstream partners of the RIAs, but
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Figure3. Rescue of 5-HT-dependent increases in aversive responses to dilute octanol and food-dependent alterations in the rate of spontaneous reversals in ser-7 null animals. 4, Wild-type or

mutant animals expressing the indicated transgenes were assayed for 5-HT-dependent increases in aversive responses to dilute (30%) octanol as described in Materials and Methods. B, C,
Spontaneous reversals (reversals/3 min) were quantified in well fed animals 1 min after transfer to plates without (B) or with (C) £. coli OP50. Data are presented as mean = SE and analyzed by a
two-tailed Student's ¢ test. ***p < 0.001, significantly different from wild-type animals under identical test conditions. The number of trials is indicated under the bars, and results from rescued

ser-1null animals are indicated by hatched bars.

apparently not in the ventral cord motor neurons, as noted for
other ser-1p::gfp transgenes (Carnell et al., 2005; Xiao et al., 2006;
Dernovici et al., 2007). Therefore, because the ASHs innervate
the RIAs directly, we examined the potential role of this RIAs/ring
motor neuron pathway in the modulation of serotonergic signal-
ing mediating aversive behavior. However, our attempts to res-
cue ser-1 null animals with a glr-3p::ser-1 transgene were unsuc-
cessful, most probably because the over-expression of ser-1 in the
RIAs from the glr-3 promoter alters RIA morphology. It has been
our experience that neuronal development can be sensitive to the
over-expression of some G- and G, -coupled amine receptors
(Hobson et al., 2003, R. W. Komuniecki, unpublished observa-
tion). Therefore, we instead examined wild-type animals express-
ing either a glr-3p::ICE transgene that selectively ablates the RIAs
or a glr-3p::ser-1(RNAi) transgene that should specifically knock-
down ser-1 expression in the RIAs (Fig. 3A). Animals expressing
either transgene exhibited wild-type responses to dilute octanol
off food, suggesting that the pathways sensing dilute octanol were
intact (data not shown). In contrast, both animals failed to in-
crease octanol sensitivity when incubated in 5-HT, further sup-
porting a role for the RIAs in the SER-1-mediated serotonergic
modulation of olfaction (Fig. 3A).

Together, these results suggest that mod-1 functions in the
AIB and AIY interneurons and ser-1 functions in the RIA/ring
motor neuron pathway that ultimately innervates primarily head
muscle in the serotonergic sensitization of aversive responses to
dilute octanol (White et al., 1986; Alkema et al., 2005).

The expression of SER-5 in the ASH sensory neurons is
essential for the serotonergic modulation of aversive
responses to dilute octanol

As noted previously, the ASH sensory neurons are necessary and
sufficient for responses to dilute octanol and 5-HT increases cal-
cium transients in the ASH sensory neurons, suggesting that a
5-HT receptor may be expressed directly in the ASHs (Chao etal.,
2004; Hilliard et al., 2005). However, none of the previously char-
acterized 5-HT receptors appears to be expressed in the ASHs,

suggesting that an additional 5-HT receptor might remain to be
identfied. To address this possibility, RNAi knockdown of pre-
dicted, previously uncharacterized, C. elegans biogenic amine re-
ceptors (tyra-3, f14d12.6, f16d3.7(ser-5)) was used to screen for
additional GPCRs that might be involved in 5-HT-dependent
increases in octanol sensitivity in both wild-type and RNAi-
sensitive, rrf-3(pk1269), strains (Simmer et al., 2002). As noted in
Figure 4 A, ser-5(RNAi) completely abolished 5-HT-dependent
increases in octanol sensitivity in the rrf-3, but not wild-type
animals. Consistent with these RNAI results, ser-5(tm2654) and
ser-5(tm2647) animals exhibited wild-type responses to dilute
octanol, but also failed to increase octanol sensitivity in the pres-
ence of 5-HT (Fig. 4 B). ser-5(tm2654) animals contain a 348 bp
deletion in exon 4 resulting in a deletion of a portion of TM5, the
third intracellular loop and one-half of TM6. ser-5(tm2647) an-
imals contain a 219 bp deletion in exon 4, resulting in a deletion
of a portion of TM4, the third extracellular loop, TM5 and a
portion of the third intracellular loop. Therefore, ser-5(tm2654)
and ser-5(tm2647) are predicted null alleles, because TMs 5 and 6
are required for ligand-binding (Strader et al., 1989; Choudhary
etal., 1993; Almaula et al., 1996; Roth et al., 1997) and G-protein
coupling (Moro et al., 1993).

As anticipated, food- and 5-HT-dependent increases in re-
sponses to dilute octanol could be restored in ser-5 null animals
by the expression of a full-length ser-5 transgene (Fig. 4B). In
addition, 5-HT sensitivity in ser-5 null animals also could be
rescued with a sra-6p::ser-5 transgene whose expression is con-
fined primarily to the ASHs, suggesting that SER-5 may function
directly in the ASHs (Fig. 4 B) (Troemel etal., 1995). Our analysis
of ser-5 expression from ser-5p::gfp transcriptional and transla-
tional fusions agrees with data reported previously, i.e., fluores-
cence was observed in vulval and body wall muscle, as well as a
number of neurons in the head and tail (Fig. 5C) (Wormbase.org;
Carre-Pierrat et al., 2006). GFP fluorescence also was observed in
the AWB sensory neurons, and more faintly and variably in the
ASHs (Fig. 5C). Low levels of SER-5 expression in the ASHs may
be sufficient to confer 5-HT sensitivity and/or, alternatively,
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SER-5 is essential for 5-HT-dependent increases in sensitivity to dilute octanol. 4, Effect of ser-5 RNAi on sensitivity to dilute (30%) octanol in both wild-type and rrf-3(pk7269) animals.

B, Wild-type and ser-5 null animals were examined for aversive responses to dilute octanol in the presence or absence of 5-HT (4 mm), as described in Materials and Methods. In addition, ser-5
expression in the ASH sensory neurons was knocked down in wild-type animals (sra-6p::ser-5(RNAi) animals). Data are presented as mean = SE and analyzed by two-tailed Student’s t test. ***p <
0.001, significantly different from wild-type or rrf-3(pk1269) animals under identical test conditions. The number of trials is indicated under the bars and results from rescued ser-5 null animals are

indicated by hatched bars.

SER-5 might be acting at some other site in the serotonergic
circuit. Therefore, to confirm a role for SER-5 directly in the
ASHs we examined the 5-HT sensitivity of aversive responses to
dilute octanol in wild-type animals in which SER-5 expression in
the ASHs was knocked down by the expression of a
sra-6p::ser-5(RNAi) transgene. As predicted, these animals exhib-
ited a wild-type response to dilute octanol, but failed to increase
octanol sensitivity in response to 5-HT, as observed above for the
two ser-5 null mutants (Fig. 4 B). Together, these results suggest
that SER-5 functions in the ASHs and increases their responsive-
ness to dilute octanol. Whether SER-5 increases the sensitivity of
the putative octanol receptors, downstream signaling and/or
neurotransmitter release remains to be determined.

No ser-5 ESTs are present in the database and during the
generation of a full-length ser-5 cDNA for expression studies
using 5" and 3’ rapid amplification of cDNA ends (RACE), we
observed that the predicted ser-5 intron/exon splicing pattern
and ser-5 cDNA differed significantly from that published in
Wormbase.org (Hapiak et al., 2009). As suggested from the be-
havioral analyses described above, the new predicted SER-5
amino acid sequence is most closely related to mammalian 5-HT
receptors (Fig. 5A). For example, SER-5 was 35% identical to the
human 5-HT, receptor within predicted transmembrane do-
mains involved in ligand binding. In addition, both SER-5 and
5-HTg have short third intracellular loops (67 and 60 aa, respec-
tively) with BBXXB,o, (where B is a basic amino acid) motifs at
the C termini of the loop that in other GPCRs can confer consti-
tutive activity and a conserved PLRYK,, motif in the second
intracellular loop that is not found in any other 5-HT receptors.
Finally, the genes encoding the mammalian 5-HT receptors con-
tain two introns within sequence encoding the putative third
intracellular and third extracellular loops. The positions of both
introns are conserved in ser-5 (Hapiak et al., 2009). Interestingly,
all of the previously characterized 5-HT receptors clustered ac-

cording to their documented G-protein coupling, regardless of
phylogenetic origin, validating the utility of the tree and support-
ing the identification of SER-5 as a Ga-coupled 5-HT receptor
(Fig. 5B). Although this tree was generated using truncated
amino acid sequences with the more variable N and C termini
and third intracellular loops deleted, similar results were ob-
tained using the full-length receptors (data not shown). Interest-
ingly, during lethargus mutations that increase G signaling dra-
matically increase aversive responses to dilute octanol in the
absence of food or exogenous 5-HT (Raizen et al., 2008). We have
observed similar effects in wild-type animals (G. P. Harris, un-
published observation). It will be important to determine
whether SER-5 and/or the ASH sensory neurons are essential for
this Ga,-mediated increase in octanol sensitivity or lethargus.

The serotonergic receptors and pathways modulating ASH-
mediated aversive behaviors overlap with those modulating
the overall rate of spontaneous reversals

The spontaneous initiation of backward locomotion in C. elegans
is regulated by the presence of food and 5-HT (Tsalik and Hobert,
2003, Wakabayashi et al., 2004; Gray et al., 2005; Dernovici et al.,
2007). For example, in wild-type animals, 5-HT decreases the rate
of spontaneous reversal, based on the observation that tph-
1(mg280) null animals that lack detectable 5-HT and animals in
which the serotonergic neurons have been ablated exhibit a
markedly decreased duration of forward movement, i.e., they
reverse more frequently (Wakabayashi et al., 2004). In contrast,
5-HT markedly decreases the time taken to reverse in response to
dilute octanol (Chao et al., 2004; present study). Therefore, to
better understand these two potentially conflicting observations,
we examined the rate of spontaneous reversal in the presence of
food and after 1 min in the absence of food in both the mutant
and rescued animals used in the present study (Figs. 2, 3). As
noted by others, wild-type animals reverse more frequently im-
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Figure5. SER-5ismostidentical to invertebrate/mammalian 5-HT receptors and is expressed in both neurons and muscle. 4, Predicted amino acid sequence of SER-5. The full-length ser-5 cDNA
sequence was generated by 5" and 3" RACE as described in Materials and Methods. Putative transmembrane regions are shaded in gray. Residues potentially involved in BA binding are in white, and
G-protein-coupling residues are underlined (Strader et al., 1989; Choudhary et al., 1993; Moro et al., 1993; Barak et al., 1994; Almaula et al., 1996; Roth et al., 1997). Potential PKA and PKC
phosphorylation sites were identified using ScanProsite, and are indicated in bold and gray, respectively (Gattiker etal., 2002). Sequestration and desensitization sites are bold and underlined (Barak
etal., 1994). B, Unrooted phylogenetic tree of vertebrate and invertebrate 5-HT receptors. Sequences were modified to remove hypervariable regions by the deletion of the N termini 3 aa before the
first predicted transmembrane domains, the third intracellular loops, 8 aa after and 6 aa before predicted transmembrane domains 5 and 6, respectively, and the C termini, 12 aa after predicted
transmembrane domain 7. Annotated sequences were initially aligned using MegAlign in DNAStar with ClustalW, and using parameters defined in Materials and Methods and fine-tuned by hand.
Bootstrapping was undertaken in DNAStar (1000 replicates with random seed). Homo sapiens (H) in green: H5HT1a (CAA40962), H5HT1b (P28222), H5HT1d (P28221), H5HT1e (CAA77558), H5HT1f
(AAA36605), H5HT2a (CAA40963), HSHT2b (CAA54513), H5HT2¢ (AAF35842), H5HT4 (Q13639), HSHT5a (CAA57168), H5SHT6 (AAA92622), Hs5HT7 (CAH69965), Caenorhabditis elegans (Ce) in red:
CeSERT (NP_001024728), CeSER4 (NP_497452), CeSER7 (NP_741730), CeSERS. [SER-5 is a potentially new 5-HT receptor in C. elegans, based on new sequence information on ser-5 (based on 5’
and 3’ RACE) (Hapiak etal., 2009) and also based on two 5-HT-dependent behavioral phenotypes, egg laying and octanol avoidance (Hapiak et al., 2009; Harris et al., 2009).] Caenorhabditis briggsae
(Cb): CbSER-1 (CAE69959), ChSER4 (CAE69091), CbSER7 (CAE58847), ChSERS (CAE60436), Aedes egyptii (Ae): Ae5SHT7 (AAG49292), Drosophila melanogaster (Dm) in blue: Dm5HT7 (NP_524599),
Dm5HT2a (NP_725849), Dm5HT2b (CAA77571), Dm5HT (NP_730859), Hemonchus contortus (Hc): HcSHT1e (AA045883), Ascaris suum (As): As5HT-2¢ (AAC78396). €, GFP fluorescence from a
full-length ser-5p::ser-5::gfp transgene that includes sequence coding for GFP inserted into the predicted C terminus of the receptor. CA, Merge of GFP fluorescence and 1,1’-dioctadecyl-3,3,3",3'-
tetramethylindodicarbocyanine perchlorate (DiD, a lipophilic dye) staining in the nerve ring. €B, Single Z-section of GFP/DiD merge in the nerve ring. €C, €D, Insets from (B with GFP fluorescence
(€€) and DiD staining (€D).

mediately off food compared with on food (Figs. 2, 3) (Tsalik and
Hobert, 2003). This is also true for ser-1, mod-1, ser-5 and ser-4;
mod-1;ser-7 ser-1 null animals (Fig. 2, 3; data not shown, Der-
novici et al., 2007). However, ser-1 or mod-1 null animals reverse
significantly more frequently than wild-type animals off food
(Figs. 2B, 3B) and significantly less frequently than wild-type
animals on food (Figs. 2C, 3C). The decreased reversal frequen-
cies of the ser-1 and mod-1 null animals on food contrast sharply
with those of tph-1 null animals that lack 5-HT or ser-4;mod-1;
ser-7 ser-1 animals that lack most serotonergic signaling, i.e., both
tph-1 and ser-4;mod-1;ser-7 ser-1 null animals reverse signifi-
cantly more frequently than wild-type animals on food.

As noted above, the expression of mod-1 in either the AIYs

(ttx-3p), AIBs/AIZs (odr2(2b)p) or AIBs (npr-9p) interneurons
was sufficient to rescue the 5-HT-dependent stimulation of aver-
sive responses to dilute octanol in od-I null animals, suggesting
that the AIBs and probably AIYs play essential roles in modulat-
ing the 5-HT sensitivity to dilute octanol (Fig. 3, Table 1). In
contrast, as shown in Figure 2, the expression of mod-1 in the
AlIBs or AIBs/AIZs of mod-1 null animals on food or in the AIBs
of mod-1 null animals off food did not restore the rate of sponta-
neous reversals to wild-type levels. The rate of spontaneous re-
versal was only rescued to wild-type levels in animals expressing
mod-1 in the AIYs on food or the AIYs and AIBs/AIZs off food
(Fig. 2B, C). Together these results suggest that MOD-1 plays
different roles in modulating the rate of spontaneous reversal and
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Table 1. Identification of neurons expressing MOD-1 that are involved in food/5-HT
modulation of spontaneous reversals and aversive responses to dilute octanol

Reversals
Spontaneous

Strain Phenotype Octanol + 5-HT Onfood 0ff food
ttx-3 null No AlY 0 + +
mod-1 null No MOD-1 - — +
mod-1 rescue

ttx-3p AlY R R R

odr-2bp AIB/AIZ R NR R

npr-9p AIB R NR NR

All null animals and rescued strains were examined for spontaneous reversals and aversive responses to dilute
octanol (30%) as outlined in Figure 3. Responses are indicated as greater than (+), less than (—), or the same as (0)
wild-type animals. R, Rescued; NR, not rescued in mod-1 null animals.

ASH-mediated aversive responses and suggest a potential role for
the AIZ interneurons in modulating the rate of spontaneous re-
versal immediately off food.

The ser-1 transgene used to rescue the 5-HT sensitivity of
aversive responses to dilute octanol in ser-1 null animals also
restored the rate of spontaneous reversal to wild-type levels both
on and immediately off food (Fig. 3 B,C). This ser-1 transgene
appears to be expressed in the RIA and number of ring motor/
interneurons (Xiao et al., 2006; Dernovici et al., 2007). Interest-
ingly, animals lacking RIAs (glr-3p::ICE) or with reduced SER-1
expression in the RIAs (glr-3p::ser-1(RNAi)) failed to increase
aversive responses to dilute octanol in presence of 5-HT (Fig. 3A),
but still exhibited wild-type rates of spontaneous reversal both on
and immediately off food (Fig. 3 B, C) (Tsalik and Hobert, 2003).
These results highlight the importance of the RIAs in the seroto-
nergic sensitization of aversive responses to dilute octanol and
suggest that other neurons, possibly the ring motor neurons, are
responsible for SER-1 mediated modulation of spontaneous
reversal.

Together, these results highlight the complexity of serotoner-
gic signaling in the modulation of reversal responses and suggest
that ser-1 and mod-1 inhibit reversal off food and stimulate re-
versal on food, in agreement with their proposed stimulatory
roles in mediating the food- and 5-HT-dependent increases in
aversive responses to dilute octanol observed above.

Discussion

In the present study, we have identified three amine receptors
that are each essential for 5-HT-dependent increases in aversive
responses to dilute octanol. Off food, wild-type, and 5-HT recep-
tor mutants respond identically to dilute octanol. In contrast, on
food or in the presence of 5-HT, wild-type animals respond more
rapidly and this increased aversive response is completely abol-
ished in animals lacking either SER-5, MOD-1, or SER-1. Inter-
estingly, no intermediate responses were observed; each of the
receptors appear to be essential for 5-HT sensitization, suggesting
that each plays a different, but critical role in the process.

Serotonergic signaling enhances responses to dilute octanol at
multiple levels within the ASH-mediated locomotory circuit

Each of the receptors that are essential for the serotonergic sensi-
tization of aversive responses to dilute octanol operate at differ-
ent levels within the ASH-mediated locomotory circuit: SER-5 in
ASH sensory neurons, MOD-1 in the AIB interneurons that re-
ceive direct input from the ASHs, and SER-1 in RIA/ring motor
neuron pathway that innervates head muscle (Fig. 6). Based on
the wiring diagram of the C. elegans nervous system, we predict
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that SER-5 increases the responsiveness of the ASHs to initiate
backward locomotion, MOD-1 modulates signaling to the com-
mand interneurons through the AIBs to inhibit forward locomo-
tion, and SER-1 modulates signaling to head muscle (Fig. 6). For
example, 5-HT stimulated responses in ser-1 animals could be
rescued with a ser-1p::ser-1::gfp transgene that is expressed in the
RIAs and the RMD ring motor neurons that innervate head mus-
cle (Xiao et al., 2006; Dernovici et al., 2007). Ablation of the RIAs
or the knockdown of ser-1 expression in the RIAs has no effect on
the rate of spontaneous reversal or octanol sensitivity off food,
but abolishes 5-HT-dependent increases in sensitivity to dilute
octanol, suggesting that the sensitization of head muscle may be
essential for stimulating aversive responses, especially when the
ASH is less than maximally stimulated.

Food/serotonin activates SER-5 in the ASH sensory neurons
Serotonin (5-HT) is one of the “food is at hand” signals in C.
elegans and regulates most aspects of C. elegans behavior. Four C.
elegans 5-HT receptors have been identified previously, three
G-protein-coupled receptors, SER-1, SER-4, and SER-7 that ap-
pear to signal through Gag, Ga,, and Ga, respectively, and a
novel 5-HT-gated chloride channel, MOD-1. In addition, we
have identified a fifth putative 5-HT receptor, SER-5. Previously,
the roles of these receptors in pharyngeal pumping (Hobson et
al., 2003), egg-laying (Hobson et al., 2003; Carnell et al., 2005;
Dempsey et al., 2005; Xiao et al., 2006), the enhanced slowing
response (Ranganathan et al., 2000), and aversive learning
(Zhang et al., 2005) have been characterized. In addition, 5-HT
plays a role in modulating locomotory transitions associated with
nutritional status (Fujiwara et al., 2002; Tsalik and Hobert, 2003;
Gray et al., 2005). However, a thorough understanding of the
anatomy and overall modulation of serotonergic signaling is still
in its infancy and few studies have localized the 5-HT receptors
involved in mediating individual behaviors.

The role of feeding status and 5-HT in the modulation of
octanol avoidance has been demonstrated previously (Chao etal.,
2004). The ASH sensory neurons are both necessary and suffi-
cient for responses to dilute octanol and food/5-HT increases
these responses. Similarly, nose touch, another ASH-mediated
behavior, elicits 5-HT-dependent Ca*™ transients in the ASHs,
even in unc-13 animals, strongly suggesting that 5-HT alters the
sensitivity of the ASHs directly (Hilliard et al., 2005). Indeed, we
have identified a putative 5-HT receptor, SER-5, that functions
directly in the ASHs. SER-5 is most closely related to mammalian
5-HT, receptors. 5-HT, receptors are abundantly expressed in
olfactory tubercles, although no studies have examined their role
in mammalian nociception (Woolley et al., 2004; Mitchell and
Neumaier, 2005). Because the 5-HT specificity of SER-5 has not
been demonstrated through ligand-binding studies, 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. We consider this a remote possibility, given the close
alignment of the new SER-5 sequence with other 5-HT receptors
and the identification of a second 5-HT stimulated behavior that
is dependent on SER-5, i.e., 5-HT-dependent increases in egg-
laying in ser-4;mod-1;ser-7 ser-1 null animals (Hapiak et al.,
2009). Attempts to express SER-5 in mammalian cells with the
addition of signal sequences or temperature shock, as we have
described for other C. elegans GPCRs, have been unsuccessful
(Rex and Komuniecki, 2002; Hobson et al., 2003). Indeed, the
direct characterization of SER-5 may be problematic in the ab-
sence of a nematode cell line. For example, the heterologous ex-
pression of many olfactory and pheromone GPCRs that are ex-
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pressed in sensory neurons is poor and
may require accessory proteins (Loconto
et al., 2003).
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Both the AIB and potentially the ATY
interneurons are involved in the MOD-
1-dependent sensitization of ASH-
mediated aversive responses

The ASH sensory neurons innervate the
AVA/AVB/AVD command interneurons
that likely function as a “bistable switch”
to regulate forward/backward locomotion
and reversal (Chalfie et al., 1985; Zheng et
al., 1999; Brockie et al., 2001; Tsalik and
Hobert, 2003; Gray et al., 2005). In addi-
tion, the ASHs synapse on the AIA, AIB
and RIA interneurons, but not on the mo-
torneurons that directly innervate body
wall muscle. 5-HT stimulated responses to
dilute octanol can be rescued in mod-1 an-
imals by expression of mod-1 transgenes in
the AIBs or AIYs (npr-9p or ttx-3p). Simi-
larly, the expression of odr-2(2b)p::mod-1
(AIBs/AlZs) or ttx-3p::mod-1 transgenes

7

Backward

rescued aversive learning in mod-1 ani-
mals (Zhang et al., 2005). The AIBs are
innervated by the ASHs and are prominent

Motorneurons

postsynaptic partners of the AIAs. Because
the expression of mod-1 in the AIBs alone
rescued 5-HT-dependent increases in oc-
tanol sensitivity, these results suggest that
the AIBs play a key role in mediating the
effects of MOD-1 signaling on octanol
sensitivity (White et al., 1986).

The AIYs also appear to be involved
in mod-1-mediated aversive behaviors,
although they are not directly innervated
by the ASHs. In fact, many sensory neu-
rons mediate locomotory behaviors through the AIYs (Ryu
and Samuel, 2002; Tsalik and Hobert, 2003; Zariwala et al.,
2003). For example, ttx-3 mutants, in which the AIYs fail to
develop, do not modulate reversal frequency in response to
ASE-mediated gustatory or AWA/AWC-mediated olfactory
cues (Tsalik and Hobert, 2003). In contrast, in the present
study, ftx-3 null animals exhibited wild-type aversive re-
sponses to dilute octanol in both the presence and absence of
5-HT. However, mod-1 encodes a 5-HT-gated chloride chan-
nel that would presumably inhibit AIY function. Therefore, as
observed in the present study, aversive responses to dilute
octanol on food would be predicted to be stimulated in both
wild-type animals without AIYs, as observed in f#x-3 animals
or in animals in which the AIYs are inhibited by MOD-1, as in
the ttx-3p::mod-1 rescued animals. It is worth noting that the
expression of an inhibitory Cl~ channel has the potential to
silence neurons and could affect behavior, even if these neu-
rons are not normally involved in the behavior. However,
based on expression of mod-1 and neuron-specific rescue of
mod-1 animals, these results suggest that both the AIBs and
AlIYs are involved in the MOD-1-dependent modulation of
octanol sensitivity in the presence of food or 5-HT.

Both the AIBs and AIYs also modulate spontaneous rever-
sal (Tsalik and Hobert, 2003; Gray et al., 2005). For example,
AIB ablation prevents the stimulation of long reversals and w

Figure 6.
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Tentative localization of 5-HT receptors in neurons involved in ASH-mediated aversive responses to dilute octanol.
The ASH sensory neurons are necessary and sufficient for responses to dilute octanol and innervate multiple levels of the locomo-
tory circuit, including the command interneurons that control forward and backward locomotion (White et al., 1986; Chao et al.,
2004). Interestingly, based on the tentative localization of different ser-x::gfp transgenes and the neuron-specific rescue/knock-
down studies described above, the 5-HT receptors modulating octanol sensitivity do not appear to be expressed directly in the
command interneurons but, instead, in neurons modulating their output. Direct outputs from the ASH are presented in red.
Numbers are an estimate of synaptic connectives between neurons (White et al., 1986).

turns when animals are removed from food, suggesting that
the AIBs increase the probability of reversal during area re-
stricted search (Gray et al., 2005). Similarly, ablation of the
AlYs increases the frequency of spontaneous reversals both on
and off food and roles have been proposed for the AIYs in
modulating reversals associated with other behaviors (Mori
and Ohshima, 1997; Tsalik and Hobert, 2003; Gray et al,,
2005). The AIBs and AIYs appear to act, at least in part, in
parallel, based on the observation that their roles in the mod-
ulation of locomotory behavior appear to be additive (Gray et
al., 2005). In the present study, spontaneous reversal was sim-
ilarly stimulated in mod-1 and ttx-3 animals off food. In con-
trast, reversal frequency was inhibited in mod-1 animals and
stimulated in ##x-3 animals on food. Together with the data on
octanol sensitivity described above, these observations high-
light the different, but overlapping, roles played by serotoner-
gic signaling in the modulation of spontaneous reversals or
ASH-mediated aversive responses.

In summary, our observations suggest that the serotonergic
modulation of aversive responses involves sensitization at multi-
ple levels within the ASH-mediated circuit that controls reversal/
backward locomotion. In addition, they highlight the advantages
of the C. elegans model in dissecting the complex aminergic mod-
ulation of olfactory behaviors.
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