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Monoamines and neuropeptides interact to modulate most behaviors. To better understand these interactions, we have defined the roles
of tyramine (TA), octopamine, and neuropeptides in the inhibition of aversive behavior in Caenorhabditis elegans. TA abolishes the
serotonergic sensitization of aversive behavior mediated by the two nociceptive ASH sensory neurons and requires the expression of the
adrenergic-like, G�q-coupled, TA receptor TYRA-3 on inhibitory monoaminergic and peptidergic neurons. For example, TA inhibition
requires G�q and G�s signaling in the peptidergic ASI sensory neurons, with an array of ASI neuropeptides activating neuropeptide
receptors on additional neurons involved in locomotory decision-making. The ASI neuropeptides required for tyraminergic inhibition
are distinct from those required for octopaminergic inhibition, suggesting that individual monoamines stimulate the release of different subsets
of ASI neuropeptides. Together, these results demonstrate that a complex humoral mix of monoamines is focused by more local, synaptic,
neuropeptide release to modulate nociception and highlight the similarities between the tyraminergic/octopaminergic inhibition of nociception
in C. elegans and the noradrenergic inhibition of nociception in mammals that also involves inhibitory peptidergic signaling.

Introduction
Monoamines and neuropeptides can act independently or often
in concert to mediate the nutritional modulation of a host of
behavioral responses. In mammals, olfaction is used to find food
and initiate feeding; conversely, food availability and nutritional
status modulate olfaction (Mulligan et al., 2002; Yeomans, 2006;
Aime et al., 2007). For example, neuropeptide Y transiently in-
creases olfaction in fasted, but not fed, rats and orexin or leptin
mimic the effects of fasting or satiety, respectively (Prudhomme
et al., 2009; Negroni et al., 2012). Similarly, feeding behavior is
influenced by �2-noradrenergic, serotonergic, and peptidergic
systems (Clifton and Kennett, 2006; Magalhaes et al., 2010). In
fact, monoaminergic and peptidergic signaling are extensively
intertwined, and, in many disease states, including depression
and chronic pain, the balance of signaling is altered (Werner and
Convenas, 2010; Drago et al., 2011). In invertebrates, nutritional
status also modulates olfaction and nociception. In Drosophila,
olfactory preferences and feeding behavior can be modulated by
both monoamines and peptides (Melcher and Pankratz, 2005;
Root et al., 2011). In Caenorhabditis elegans, food availability also
modulates sensory-mediated behaviors, and the circuit involved
in nutritionally driven locomotory decision-making has been an-

alyzed extensively (Gray et al., 2005; Chalasani et al., 2007, 2010;
Harris et al., 2010, 2011; Sengupta, 2013).

In the present study, we defined the role of nutritionally driven
monoaminergic signaling in the modulation of nociceptive behavior
in C. elegans, i.e., reversal initiated in response to a volatile repellant.
On food, serotonin (5-HT) is released humorally and dramatically
decreases the time taken to initiate aversive behavior (Chao et al.,
2004; Harris et al., 2009, 2011). In contrast, off food, tyramine (TA)
and octopamine (OA) abolish 5-HT stimulation (Wragg et al., 2007;
Mills et al., 2012a). The receptors mediating the 5-HT stimulation
and OA inhibition of ASH-mediated aversive responses describe a
complex, monoamine-dependent, humorally translated, decision-
making “circuit” (Komuniecki et al., 2012a). For example, three dis-
tinct 5-HT receptors, operating at different levels in the ASH-
mediated circuit, are essential for food or 5-HT stimulation (Harris
et al., 2009, 2010). Similarly, OA inhibition involves multiple OA
receptors that not only inhibit ASH signaling directly but also trigger
the release of neuropeptides that modulate signaling from additional
sensory neurons (Mills et al., 2012a). In fact, OA inhibition of aver-
sive responses mimics the noradrenergic inhibition of nociception in
mammals (Kawasaki et al., 2003; Komuniecki et al., 2012a).

The present study demonstrates that TA inhibits 5-HT-
stimulated aversive responses through the G�q-coupled TA re-
ceptor TYRA-3 and activates a global inhibitory signaling cascade
that involves a complex mix of additional monoamines, includ-
ing OA and dopamine (DA), and neuropeptides. Importantly,
the ASI neuropeptides required for the tyraminergic or octo-
paminergic inhibition are distinct, suggesting that individual
monoamines can stimulate the release of different ASI neuropep-
tides. Together, these studies highlight the complexity of TA in-
hibition, with TA activating a widespread signaling cascade, and
suggest that signaling from a complex extrasynaptic mix of
monoamines is amplified and focused by the localized synaptic
release of neuropeptides to define nutritional status in the mod-
ulation of a range of sensory-mediated behaviors.
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Materials and Methods
Nematode growth and strains. General techniques for the culture and
handling of worms have been described (Brenner, 1974). The N2
Bristol WT isolate of C. elegans was used for all studies. All animals
were raised at 20°C under uncrowded conditions. Strains obtained
from the Caenorhabditis Genetics Center (University of Minnesota,
MN) include tyra-3(ok325), nlp-1(ok1469), nlp-1(ok1470), nlp-5(ok1981),
nlp-14(tm1880), nlp-18(ok1557), c43c3.2(ok1387), co2h7.2(ok2068),
t27d1.3(ok1626), c48c5.1(ok1387), t07d4.1(ok2575), fshr-1(ok778), npr-
10(ok1442), c49a9.7(ok1620), gnrr-1(ok238), y58g8a.4(ok1583), f35g8.1(ok527),
tag-49(ok381), c56g3.1(ok1439), and f41e7.3(tm1497), f14f4.1(tm2243), nlp-
7(tm2984), nlp-9(tm3572), nlp-24(tm2105), npr-9(tm1652), tkr-1(tm1765),
zc412.1(tm1504), c10c6.2(tm1583), t07d10.2(tm2765), w05b5.2(tm2974),
y39a3b.5(tm3082), t22d1.12(tm1498), c16d6.2(tm1782), c56g3.1(tm1553), npr-
10(tm1568), and c25g6.5(tm4763) were received from the National Bio-
Resources Project (Tokyo Women’s Medical University, Tokyo, Japan). All
mutants were backcrossed with the N2 Bristol strain at least 4 times before use in
assays or crosses. Mutant npr-11 (ok594) and CX8912 npr-11; kyEx1686
( gcy-28(d)::npr-11::gfp) animals were kindly provided by Dr. Cori Bargmann
(Rockefeller University, New York, NY).

Behavioral assays. Responses to 1-octanol were assayed as described pre-
viously (Chao et al., 2004; Harris et al., 2010). All experiments used age-
matched, well-fed young adults grown at 20°C on standard nematode
growth medium, seeded with Escherichia coli strain OP50. All mutant ani-
mals were outcrossed (five times) before assay, and all assays were performed in
triplicate (at least three different lines assayed in three separate experiments) and
double-blind to eliminate the influence of any investigator subjectivity. Data are
presented as a mean � SE and analyzed by two-tailed Student’s t test.

Molecular biology and transgenesis. cDNA or genomic regions corre-
sponding to entire coding sequences were amplified by PCR and ex-
pressed under cell-selective promoters when indicated. Selective
expression was achieved using the dat-1 (1.4 kb; CEPs, ADEs, PDEs),
tbh-1 (4.6 kb; RICs), gpa-4 (2.6 kb; ASI), srg-47 (0.65 kb; ASI), ttx-3 (1.5
kb; AIYs), srg-8 (3.0 kb; ASKs), sra-9 (3.0 kb; ASKs), sro-1 (2.0 kb; ADLs),
gcy-28.d (2.9 kb; AIAs), sra-6 (3.3 kb; ASHs, ASIs, PVQs, SPDs/Ms), flp-6
(2.0 kb; ASEs, AFDs, ASGs, PVT, I1), gcy-5 (3.2 kb; ASER), gcy-6 (0.5 kb;
ASEL), and nlp-1 (2.5kb; AWCs, ASIs, BDUs, HSN, PHBs, four head
neurons) promoters, respectively. Neuron-selective rescue and transla-
tional fusion constructs for receptor::gfp localization were created by
overlap PCR fusion (Hobert, 2002). PCR products were pooled from at
least three separate PCR reactions and coinjected with a selectable
marker (myo-3::gfp, unc-122::rfp or F25B3.3::gfp) and carrier DNA into
C. elegans gonads by standard techniques (Kramer et al., 1990; Mello and
Fire, 1995). Neuron-selective RNAi was created as described previously
(Esposito et al., 2007; Harris et al., 2010; Mills et al., 2012a). At least three
products were pooled, and sense and antisense transgenes were microin-
jected at 25–100 ng/�l, with 30 ng of myo-3::gfp or F25B3.3::gfp. Multiple
transgenic lines were examined for each RNAi.

Microscopy and localization. All imaging was performed on an Olym-
pus IX81 confocal scope. Transcriptional and rescuing translational gfp
transgenes for tyra-3a::gfp, tyra-3a::tyra-3a::GFP, and npr-10::gfp were
constructed containing �5 kb upstream of the predicted tyra-3a or
npr-10 ATG or including sequence encoding for the full-length tyra-3a
gene fused in-frame with GFP at the C terminus. Uptake of 1,1�-
dioctadecyl-3,3,3�,3�-tetramethylindodicarbocyanine (DiD) to identify a
subset of amphid sensory neurons was assayed as described previously
(Herman and Hedgecock, 1990; Harris et al., 2010). To localize nlp-14
encoded neuropeptides in the ASIs, the gpa-4 promoter was fused to
mCherry::rab-3::unc-54 3�UTR, and the gpa-4::mCherry::rab-3 construct
was microinjected into nlp-14 mutant animals stably expressing a rescuing
gpa-4::nlp-14::gfp transgene. Animals with/without gpa-4::mCherry::rab-3
were immobilized on agarose pads with 20 mM sodium azide and imaged for
both GFP and mCherry fluorescence.

Phosphoinositide turnover. Phosphatidylinositol (PI) turnover was as-
sayed as described previously (Tejada et al., 2006). Briefly, COS-7 cells
were seeded into 12-well plates and transiently transfected with pFLAG–
tyra-3a (500 ng) using Lipofectamine 2000 (Invitrogen). Twenty-four
hours after transfection, cells were washed with 0.5 ml of PBS, and 0.5 ml

of inositol-free DMEM supplemented with 25 mM L-glucose, 4 mM

L-glutamine, 10% bovine calf serum, and [ 3H]Ins (10 �Ci/ml) was added
to each well to a final concentration of 1 �Ci/ml. Cells were radiolabeled
overnight and then incubated for 1 h with ligand at 37°C. Incubations
were stopped by rapid removal of media and the addition of 350 �l of
ice-cold 50 mM formic acid, followed by incubation at room temperature
for 20 min. Yttrium silicate scintillation proximity assay beads (1 mg/80
�l in water) were added, followed by the addition 20 �l of the formic acid
cell extract. The plate was sealed and shaken for 1 h at 4°C, and, after 2 h
at 4°C, radioactivity was determined using a TopCount NXT system.
Activity is presented as percentage activation above basal.

Results
TYRA-3 functions in dopaminergic, octopaminergic, and
peptidergic neurons to inhibit the 5-HT stimulation of ASH-
mediated aversive responses
Aversive responses mediated by the two ASH sensory neurons are
modulated extensively by nutritional state. For example, when a
hair dipped in dilute (30%) 1-octanol is placed in front of animal
moving forward, backward locomotion is initiated in �10 s un-
der basal conditions off food and in �5 s on food or in the
presence of 5-HT (Chao et al., 2004; Harris et al., 2009). In con-
trast, TA completely abolishes this food or 5-HT-dependent
stimulation, i.e., in the presence of food or 5-HT and TA the
animals initiate reversal in response to dilute octanol in �10 s,
suggesting that the circuit mediating ASH-dependent aversive
responses might exist in two different, nutritionally dependent,
activity states (Wragg et al., 2007; for discussion, see Komuniecki
et al., 2012a; Fig. 1A). Previously, we demonstrated that the TA
receptor TYRA-3 was essential for this TA inhibition of seroto-
nergic stimulation (Wragg et al., 2007). For example, TA did not
inhibit the food or 5-HT stimulation of aversive responses in
tyra-3 null animals, although these animals still exhibited wild-
type responses off food or in the presence of food or 5-HT (Wragg
et al., 2007; Fig. 1B). In contrast, animals with null alleles for two
other TA-dependent GPCRs, TYRA-2 or SER-2, or the TA-gated
Cl� channel LGC-55 were still inhibited by TA (Rex et al., 2004,
2005; Pirri et al., 2009; Fig. 1B). As predicted, TA inhibition in the
tyra-3 null animals could be rescued by the expression of a full-
length tyra-3 genomic transgene, and the overexpression of this
tyra-3 transgene in wild-type animals in the absence of TA signif-
icantly inhibited the 5-HT stimulation of aversive responses
(Wragg et al., 2007; Fig. 1B). TYRA-3 appears to be expressed as
multiple isoforms from multiple promoters (Bendesky et al.,
2011). Therefore, to functionally localize tyra-3 expression,
tyra-3a transcriptional and rescuing translational gfp transgenes
were constructed that contained �5 kb upstream of the predicted
tyra-3a ATG and included all of the sequence used previously to
functionally localize tyra-3b expression (Bendesky et al., 2011).
GFP fluorescence was observed in the ASK, AIM, AVA, BAG,
CEP, OLQ, and SDQR neurons (Fig. 1C–E). These results agree
with those reported for the tyra-3b::gfp transcriptional fusion
but include additional expression in the RIC and ASI neurons
(Bendesky et al., 2011). To identify the neurons involved in the
TYRA-3-dependent TA inhibition of 5-HT-stimulated aver-
sive responses, neuron-selective RNAi was used to knockdown
tyra-3 expression (Fig. 1F). The RNAi knockdown of tyra-3 in the
eight dopaminergic neurons, the two octopaminergic RIC in-
terneurons, or the two peptidergic ASI sensory neurons abolished
TA inhibition (Fig. 1F). In contrast, RNAi from an array of ad-
ditional promoters expressed in other neurons had no effect on
TA inhibition (Fig. 1F). Together, these data suggest that
TYRA-3 functions in multiple neurons to inhibit the 5-HT stim-
ulation of aversive behavior.
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To confirm these RNAi results, a tyra-3a::gfp was expressed in
tyra-3 null animals from these same promoters (Fig. 1F). Surpris-
ingly, tyra-3a expression in the dopaminergic, octopaminergic, or
ASI neurons alone rescued TA inhibition (Fig. 1F). How could
tyra-3 RNAi knockdown in one pair of neurons in wild-type animals
abolish TA inhibition, whereas overexpression in a different pair of
neurons rescue TA inhibition in tyra-3 null animals? We have also
observed this phenomenon previously for the OA inhibition of aver-
sive responses to 100% 1-octanol and have discussed this apparent
paradox extensively (Mills et al., 2012b). Monoamines appear to be
released both tonically and acutely to activate a variety of extrasyn-
aptic receptors on multiple neurons, suggesting that changing hu-
moral concentrations of monoamines may, at least in part, define
behavioral state. The composition of these extrasynaptic mono-
amines is dependent on contributions from multiple neurons,
suggesting that small increases or decreases in ligand release from

any one pair of neurons has the potential to alter signaling. Indeed,
only twofold changes in the expression level of tyra-3 in the ASK and
BAG sensory neurons can have profound effects on sensory-
mediated decision-making, suggesting that any overexpression in
rescued animals (which is likely) may have the potential to compen-
sate for the absence of release from other neurons (Bendesky et al.,
2011). These data suggest that the activation of TYRA-3 may stimu-
late the release of DA, OA, and neuropeptides that together inhibit
the 5-HT stimulation of ASH-mediated aversive responses; how-
ever, signaling from these neurons could also involve other signaling
molecules or even gap junctions.

TYRA-3 stimulates the release of multiple inhibitory peptides
from the ASI sensory neurons
TYRA-3-mediated signaling in the ASIs inhibited the 5-HT stimu-
lation of aversive responses and ablation of the ASIs by the neuron-

Figure 1. TYRA-3 functions in the octopaminergic RIC, dopaminergic ADE/CEP, and peptidergic ASI sensory neurons to inhibit 5-HT stimulated aversive behavior. A, Model for aversive assay. B,
F, Aversive responses to 30% 1-octanol were assayed with or without 5-HT � TA in wild-type, mutant, or transgenic animals expressing either transgenes or RNAi. Black bars, Wild-type or null
animals; gray bars, null animals expressing a rescuing transgene; red bars, wild-type animals expressing RNAi; white bars, wild-type animals expressing egl-1, with the promoters indicated. Data
are presented as mean � SE and analyzed by two-tailed Student’s t test. *p � 0.001, significantly different from wild-type animals under identical conditions. C–E, Fluorescence from wild-type animals
expressing a tyra-3a::gfp transcriptional reporter by confocal microscopy. Scale bar, 10 �m. C, Merge of GFP fluorescence, DiD staining, and DIC. D, E, z-Section from inset in C. E, Merge of GFP and DiD staining.
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selective expression of EGL-1 that encodes a programmed cell death
activator significantly reduced TA inhibition, suggesting that tonic
signaling from the ASIs was inhibiting aversive responses (Fig. 1F;
Conradt and Horvitz, 1998). To identify the ASI signaling molecules
involved in TYRA-3 inhibition, ASI RNAi was used to knockdown
the expression of eat-4, a vesicular glutamate transporter, and egl-3, a
proprotein convertase required for peptide processing (Lee et al.,
1999; Husson et al., 2006). Although this eat-4 RNAi has been used
previously to knockdown expression and alter behavior in the ASH,
ADL, and AWC sensory neurons, its expression in the ASIs had no
effect on aversive responses, suggesting that ASI glutamatergic sig-
naling was not involved in TA inhibition (Fig. 2A; Harris et al., 2010).
In contrast, animals expressing ASI::egl-3 RNAi exhibited more
rapid aversive responses off food and were not inhibited by TA,
suggesting that TYRA-3 activated peptidergic signaling in the ASIs
(Fig. 2A). To identify the ASI neuropeptide-encoding genes involved
in TA inhibition, animals with null alleles for each ASI-expressed
neuropeptide-encoding gene were examined for TA inhibition.
nlp-1, nlp-14, or nlp-18 null animals all exhibited more rapid aversive
responses off food than wild-type animals and were not inhibited by
TA, suggesting that neuropeptides encoded by all three genes were
essential for TA inhibition (Fig. 2B). More importantly, the
ASI::RNAi knockdown of nlp-1, nlp-14, or nlp-18 also abolished the
TA inhibition of 5-HT-stimulated aversive responses (Fig. 2C). Con-
versely, TA inhibition could be rescued in each of these neuropeptide
null animals by the expression of the appropriate genomic or ASI-

specific transgene (Fig. 2C), and animals overexpressing nlp-1, nlp-
14, or nlp-18 responded more slowly to dilute 1-octanol in the
presence of 5-HT than wild-type animals (Fig. 2D). Together, these
data suggest that TYRA-3 stimulates the release of an array of neu-
ropeptides from the ASIs that inhibit the 5-HT stimulation of aver-
sive responses. Interestingly, the nlp-1, nlp-14, and nlp-18 null
animals exhibited more rapid aversive responses off food, whereas
the tyra-3 null animals did not, suggesting that multiple inputs may
be regulating neuropeptide release from the ASIs or from other neu-
rons expressing these same neuropeptides. Indeed, these
neuropeptide-encoding genes are expressed in a wide array of addi-
tional neurons, suggesting that they play a broader role in locomo-
tory decision-making (Li et al., 1999; Nathoo et al., 2001).

NLP-14::GFP is localized to the synapses of the ASIs
To localize the neuropeptides encoded by nlp-14 in the ASIs,
an ASI::nlp-14::gfp transgene was stably expressed in nlp-14
null animals. A number of lines with varying amounts of
ASI::NLP-14::GFP fluorescence were isolated. In lines that rescued
the TA inhibition in nlp-14 null animals, but exhibited low levels of
GFP fluorescence, robust fluorescence was observed in the ASI cell
body and in seven to nine puncta in the distal portion of the ASI
axonal process (Fig. 3A). Because the ASIs only contain approxi-
mately seven to nine synapses, also in the distal portion of the ASI
axonal processes, we hypothesized that these puncta might be syn-
aptic (White et al., 1986; Crump et al., 2001). Indeed, each of

Figure 2. ASI peptidergic signaling is essential for the TA inhibition of 5-HT-stimulated aversive responses. A–D, Wild-type or mutant animals expressing the designated transgenes or RNAis were assayed
for aversive responses to 30% 1-octanol with 5-HT� TA. Black bars, Wild-type or null animals; gray bars, wild-type or null animals expressing a transgene; red bars, RNAi in wild-type animals, with promoters
indicated. Data are presented as mean � SE and analyzed by two-tailed Student’s t test. *p � 0.001, significantly different from wild-type animals under identical conditions.
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the NLP-14::GFP fluorescent puncta colocalized with ASI::
mCherry::RAB-3, a well-characterized presynaptic marker (Nonet
et al., 1997; Graf et al., 2009; Fig. 3B). In contrast, animals overex-
pressing ASI::NLP-14::GFP, as evidenced by their slower responses
to dilute octanol than wild-type animals in the presence of 5-HT
(�7–9 vs 5 s), exhibited additional smaller fluorescent puncta in the
proximal portion of the ASI axonal processes, suggesting that these
puncta might represent the trafficking of NLP-14::GFP (Fig. 3C).
Together, these data suggest that nlp-14 encoded peptides are re-
leased synaptically.

TYRA-3 couples to G�q , and both ASI G�q and G�s signaling
are required for TA inhibition
To understand the role of TYRA-3 signaling in modulating neu-
ropeptide release from the ASIs, we examined (1) G-protein sig-
naling in cells heterologously expressing TYRA-3 and (2) the role
of ASI G-protein signaling in modulating TA inhibition.

COS-7 cells expressing TYRA-3 exhibited a marked TA-dependent
increase in phosphoinositide turnover, with an EC50 of 70.8 � 7.4 nM

(Fig.4A,B). Incontrast,OAandDAhadminimalandnoeffect, respec-
tively (Fig. 4A). These data suggest that TA-dependent activation of
TYRA-3 increased G�q signaling, in agreement with reports for a
related Drosophila TA receptor that specifically activated
Ca 2�-dependent Cl � channels when expressed in Xenopus
oocytes (Cazzamali et al., 2005; Wragg et al., 2007).

To examine ASI G-protein signaling directly, we used a
neuron-specific RNAi approach to either selectively increase or
decrease ASI G�q or G�s signaling, as we described previously for
the ASHs (Harris et al., 2010). The ASI RNAi knockdown of
either gsa-1 (G�s) or egl-30 (G�q) significantly reduced the TA
inhibition of 5-HT-stimulated aversive responses (Fig. 4C). Con-
versely, increasing either G�s or G�q signaling by the ASI RNAi
knockdown of pde-4 that encodes a phosphodiesterase responsi-
ble for cAMP degradation or dgk-1 that encodes a diacylglycerol
kinase responsible for the catabolism of diacylglycerol, a key in-
termediate in G�q signaling, significantly reduced the 5-HT stim-
ulation of aversive responses (Fig. 4C). Together, these results
suggest that both G�q and G�s signaling in the ASIs are required
for TA inhibition and agree with recent reports from Drosophila
motoneurons in which OA-evoked peptide release required the
synergistic interaction of PKA and ER calcium signaling (Sha-
kiryanova et al., 2011). Together, these data suggest that TYRA-3
signals through G�q and that both G�s and G�q are required for
ASI neuropeptide release.

Peptides encoded by nlp-1 and nlp-14
activate NPR-11 and NPR-10,
respectively, to mediate TYRA-3-
dependent inhibition
To identify the GPCRs activated by neu-
ropeptides encoded by nlp-1, nlp-14, and
nlp-18, TA inhibition was examined in
predicted neuropeptide receptor null ani-
mals. Initially, each of the �50 putative
neuropeptide receptor null animals was
examined in a variety of behavioral assays
to develop a “fingerprint” that could be
associated with null alleles for each of the
neuropeptide-encoding genes, on the as-
sumption that neuropeptide and cognate
receptor null animals would exhibit simi-
lar phenotypes, as described previously
for neuropeptides encoded by nlp-3,
nlp-8, and nlp-9 (Harris et al., 2010; Mills

et al., 2012a). For example, predicted neuropeptide receptor null
animals that exhibited wild-type aversive responses on food and
5-HT that were also inhibited by OA, as previously observed for
nlp-1, nlp-14, and nlp-18 null animals, were examined for TA
inhibition (Fig. 5A). 5-HT-stimulated aversive responses were
not inhibited by TA in animals with putative null alleles for npr-
10, npr-11, and f41e7.3 (Fig. 5A). Importantly, NPR-11 had been
identified previously as a receptor for neuropeptides encoded by
nlp-1, validating our approach (Chalasani et al., 2010). Next,
nlp-14 or nlp-18, were overexpressed in the npr-10 and f41e7.3
null backgrounds, on the assumption that the inhibition of
5-HT-stimulated aversive responses observed by nlp-14 or nlp-18
overexpression in wild-type animals would be absent or signifi-
cantly reduced in animals lacking their cognate receptors, as de-
scribed previously (Harris et al., 2010; Mills et al., 2012a). The
overexpression of nlp-14 in npr-10 null animals failed to inhibit
5-HT stimulation, suggesting that NPR-10 encoded a receptor
for neuropeptides encoded by nlp-14 (Fig. 5B). As predicted, the
expression of npr-10 or npr-11 in the appropriate null animals
rescued TA inhibition (Fig. 5C). Together, these data suggest that
peptides encoded by nlp-1 activate NPR-11 and those encoded by
nlp-14 activate NPR-10 to inhibit 5-HT-stimulated aversive re-
sponses.

To functionally localize NPR-10 and NPR-11 in the TA-
dependent pathway inhibiting aversive responses, the promoter::
GFP, neuron-selective RNAi and rescue approach described
above to localize TYRA-3 was used. A npr-10::gfp transgene
was expressed robustly in body wall muscle and to a lesser
extent in a number of head neurons, including the ASI and
ADL sensory neurons and RIA interneurons (Fig. 6 A, B). The
RNAi knockdown of npr-10 in the ADLs, but not the ASIs,
RIAs, or body wall muscle, significantly reduced the TA inhi-
bition of 5-HT-stimulated aversive responses (Fig. 6C). Con-
versely, TA inhibition was rescued in npr-10 null animals by
the expression of ADL::npr-10::gfp and the overexpression of
ADL::npr-10::gfp alone in wild-type animals abolished 5-HT
stimulation (Fig. 6C). Similarly, the expression of an
npr-11::gfp in the AIA interneurons has been reported previ-
ously and the RNAi knockdown of npr-11 in the AIA interneu-
rons abolished TA inhibition, whereas the expression of
NPR-11 in the AIAs rescued TA inhibition in npr-11 null an-
imals (Fig. 6D; Chalasani et al., 2010). Together, these data
suggest that neuropeptides encoded by nlp-1 activate NPR-11

Figure 3. NLP-14::GFP is localized to synapses of the ASIs. Fluorescence from nlp-14 null animals expressing gpa-4::nlp-14::gfp
translational fusions (A–C) coexpressed with gpa-4::mCherry::rab-3 (B) using confocal microscopy. Anterior is right and dorsal is
up. Scale bar, 10 �m. B, Colocalization (yellow) of NLP-14::GFP (green) with the synaptic protein mCherry::RAB-3 (red) in an ASI
neuron. Asterisks indicate colocalization along synapse-rich regions of the distal portion of an ASI axon. C, An nlp-14 mutant animal
overexpressing gpa-4::nlp-14::gfp, based on behavioral assays. NLP-14::GFP fluorescence (green) is observed in the ASI cell body
and in additional puncta along the proximal portion of the ASI axon.
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in the AIA interneurons and those encoded by nlp-14 activate
NPR-10 in the ADL sensory neurons.

Signaling from the sensory neurons innervated by the ASIs
can modulate ASH-mediated aversive responses
The results outlined above and from previous studies suggest that
peptidergic signaling from the ASIs to the glutamatergic ADLs,
AWCs, or ASER sensory neurons has the capacity to inhibit ASH-
mediated aversive responses, based on the localization of the cog-
nate neuropeptide receptors (Mills et al., 2012a; Ohnishi et al.,
2011). Therefore, to examine the roles of ADL, AWC, or ASER
signaling on ASH-mediated aversive responses directly, the

vesicular glutamate transporter encoded by eat-4 was selec-
tively overexpressed in the ADLs, AWCs, or ASER/ASEL, on the
assumption that eat-4 overexpression would selectively increase
glutamatergic signaling from these neurons. As a control, eat-4
was also overexpressed in the ASHs. As predicted, eat-4 overex-
pression in the ASHs decreased the time taken to initiate reversal
off food in response to 30% 1-octanol from �10 to 5 s (Fig. 7). It
is unclear whether ASH::eat-4 overexpression increases quantal
content and/or vesicle number, but in similar experiments in
Drosophila, both parameters appeared to be increased (Daniels et
al., 2004, 2011). More importantly, eat-4 overexpression in both
ADLs or ASEs, or ASER alone, also decreased the time taken to

Figure 4. TYRA-3 couples to G�q and both G�q and G�s signaling in the ASIs are required for TA inhibition. A, B, TA stimulates phosphoinositide metabolism in COS-7 cells expressing TYRA-3a.
COS-7 cells transiently transfected with TYRA-3a–pFLAG were labeled with [ 3H]inositol and incubated with various monoamines at [10 �M] (A) or TA at a range of concentrations (B). PI turnover
was assayed according to Tejada et al. (2006). Values are expressed as percentage stimulation above basal. C, Wild-type and transgenic animals expressing cell-specific RNAi were assayed for
aversive responses to 30% 1-octanol with 5-HT � TA. Black bars, Wild-type animals; red bars, RNAi in wild-type animals. Data are presented as mean � SE and analyzed by two-tailed Student’s
t test. *p � 0.001, significantly different from wild-type animals examined under identical conditions.

Figure 5. Identification of potential ligands for the neuropeptide receptors involved in the TA inhibition of 5-HT-stimulated aversive responses. A, Putative neuropeptide receptor null mutants
were assayed for aversive responses to 30% 1-octanol in the presence of exogenous 5-HT and TA. B, C, Animals overexpressing individual neuropeptide-encoding genes or receptors in wild-type and
mutant backgrounds were examined for aversive responses with 5-HT � TA. Black bars, Wild-type or null animals; gray bars, wild-type or null animals expressing a transgene. Data are presented
as mean � SE and analyzed by two-tailed Student’s t test. *p � 0.001, significantly different from wild-type animals examined under identical conditions.
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initiate reversal off food, suggesting that ASI peptidergic signaling
might be inhibiting signaling from these neurons (Fig. 7). In con-
trast, eat-4 overexpression in both AWCs had no effect on basal
aversive responses off food but abolished 5-HT stimulation, suggest-
ing that ASI peptidergic signaling might be stimulating signaling
from the AWCs (Fig. 7). Indeed, as predicted, AWC::eat-4 RNAi
increased aversive responses off food, supporting the hypothesis that
AWC signaling tonically inhibited ASH-mediated aversive re-
sponses (Mills et al., 2012a). Together, these data support the hy-

pothesis that the peptidergic modulation of signaling from an array
of additional sensory neurons that respond to other environmen-
tal variables, including food odors, CO2, and salt, has the po-
tential to modulate ASH-mediated aversive responses, just as
inputs from multiple sensory neurons appear to fine tune
adaptive food-leaving behavior (Chalasani et al., 2007, 2010;
Bretscher et al., 2011; Milward et al., 2011).

Discussion
The present study demonstrates that the monoaminergic modu-
lation of nociception mediated by the two ASH sensory neurons
is complex and involves, in part, the TA-dependent activation of
global monoaminergic and neuropeptidergic signaling cascades. In-
terestingly, the inhibition of ASH-mediated aversive responses by
OA exhibits a similar complexity, with different OA receptors in-
volved at different levels of ASH excitation (Mills et al., 2012a;
Komuniecki et al., 2012a). Together, these studies highlight the sim-
ilarities between the tyraminergic/octopaminergic inhibition of no-
ciception in C. elegans and the noradrenergic inhibition of
nociception in mammals that requires both direct inhibition of af-
ferent nociceptors and the more global activation of inhibitory pep-
tidergic signaling (Fairbanks et al., 2002; Kawasaki et al., 2003;
Komuniecki et al., 2012a). Because most TA and OA receptors are
expressed on neurons not directly innervated by the RIMs or RICs,
responsible for TA and OA release, respectively, the majority of ty-
raminergic and octopaminergic signaling appears to be humoral,
emphasizing the limitations of the wiring diagram in under-
standing nutritional modulation (Fig. 8; Bargmann, 2012). In con-
trast, monoamine-dependent peptidergic signaling appears to be
primarily synaptic, based on the localization of the key peptide re-
ceptors to downstream synaptic partners of the peptidergic neurons

Figure 6. NPR-10 and NPR-11 function in the ADL and AIA neurons, respectively, to modulate the TA inhibition of 5-HT-stimulated aversive responses. A, B, Fluorescence from N2 wild-type
animals expressing an npr-10::gfp transgene (containing 5 kb upstream of the predicted npr-10 ATG and genomic sequence encoding through to the second exon fused to GFP) using confocal
microscopy. Scale bar, 10 �m. A, Colocalization (yellow) of the anterior portion of an animal expressing npr-10::gfp and coexpressing ttx-3::rfp, npr-9::rfp, or glr-3::rfp for identification of AIY, AIB,
and RIA neurons, respectively. B, Merge of GFP fluorescence, DiD, and DIC. C, D, Aversive responses to 30% 1-octanol were assayed in wild-type, mutant, and transgenic animals with 5-HT � TA.
Black bars, Wild-type or null animals; gray bars, null animals expressing a transgene; red bars, RNAi in wild-type animals with promoters indicated. Data are presented as mean � SE and analyzed by
two-tailed Student’s t test. *p � 0.001, significantly different from wild-type animals under identical conditions; **p � 0.001, significantly different from null animals under identical conditions.

Figure 7. Glutamatergeric signaling from an array of sensory neurons has the potential to
modulate ASH-mediated aversive responses. Wild-type or animals overexpressing eat-4 were
assayed for aversive responses to 30% 1-octanol � 5-HT. Black bars, Wild-type; gray bars,
wild-type animals expressing eat-4 from neuron-specific promoters. Data are presented as
mean�SE and analyzed by two-tailed Student’s t test. *p�0.001, significantly different from
wild-type animals under identical conditions.
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(Fig. 8). For example, the ASIs appear to be
presynaptic to only nine pairs of neurons,
but each of the receptors activated by ASI
neuropeptides has been functionally local-
ized to at least one of these downstream neu-
rons, i.e., NPR-11 (AIAs), NPR-10 (ADLs),
and NPR-18 (ASER) (Chalasani et al., 2010;
Mills et al., 2012a). Overall, these studies sug-
gestthatabroad,humorallytranslated,mono-
aminergicsignal isbothamplifiedandfocused
by the synaptic (or perisynaptic) release of dis-
tinct neuropeptides.

Modest changes in TYRA-3 signaling
may have dramatic effects on
locomotory behavior
Small changes in tyra-3 expression can
initiate dramatic alterations in behavior.
For example, only twofold changes in
tyra-3 expression in the ASKs were suffi-
cient to increase retention on a bacterial
lawn (Bendesky et al., 2011). This study
highlights the complexity of tyraminergic
modulation, i.e., small changes in TA lev-
els have the potential to significantly alter
locomotory behavior. TA receptors are
expressed as multiple isoforms, although
their tissue specificity and functional dif-
ferences have not been characterized (Rex
et al., 2004, 2005; Bendesky et al., 2011;
WormBase). For example, TYRA-3 is ex-
pressed from three distinct promoters as
different isoforms with different N termini (Bendesky et al.,
2011). Interestingly, similar tyra-3 isoforms in the parasitic nem-
atode Ascaris suum exhibit differences in stage-specific expres-
sion during larval hepato-pulmonary migration (Komuniecki et
al., 2012b). Overall, these studies highlight the flexibility of indi-
vidual behaviors and the potential for their rapid, monoamine-
mediated, modulation by transient changes in the environment.

TYRA-3 signaling may stimulate the release of both OA and
DA to inhibit ASH-mediated aversive behavior
TYRA-3 stimulates both octopaminergic and dopaminergic neu-
rons, suggesting that TYRA-3 may stimulate the release of both
DA and OA (Fig. 8). As predicted, exogenous DA and OA both
inhibit the 5-HT stimulation of aversive responses and tdc-1,
cat-2, or tbh-1 null animals, deficient in the synthesis of TA/OA,
DA, or OA, respectively, all exhibit more rapid basal aversive
responses than wild-type animals, suggesting that TA, DA, and
OA signaling tonically inhibit ASH-mediated aversive responses
off food (Alkema et al., 2005; Wragg et al., 2007). Interestingly,
both DA and OA modulate ASH signaling directly through an-
tagonist pairs of DA or OA receptors on the ASHs. For example,
exogenous OA at 4 mM abolishes 5-HT-stimulated aversive re-
sponses through an ASH-expressed, G�o-coupled OA receptor,
OCTR-1, that appears to inhibit the release of both glutamate and
stimulatory neuropeptides from the ASHs (Wragg et al., 2007;
Mills et al., 2012a). In contrast, exogenous OA at 10 mM does not
inhibit food or 5-HT stimulation, because at these elevated OA
levels, a second ASH-expressed OA receptor, SER-3, antagonizes
OCTR-1 signaling (Mills et al., 2012a). A similar antagonism
appears to operate between DOP-3 and DOP-4 in the ASHs in the
DA inhibition of food or 5-HT stimulation (Ezak and Ferkey,

2010; Ezcurra et al., 2011). Whether this type of antagonistic
neuron-specific signaling is a generalized component of mono-
aminergic modulation remains to be determined, but both the
G�q-coupled TYRA-3 and the G�o-coupled TA receptors
TYRA-2 or SER-2 appear to be expressed in the ASIs and RICs,
respectively (Tsalik et al., 2003; Rex et al., 2004).

TA and OA stimulate the release of distinct and
non-overlapping pools of peptides from the ASIs
The TA inhibition of the food or 5-HT stimulation of aversive
responses to 30% 1-octanol requires TYRA-3 and ASI neuropep-
tides encoded by nlp-1, nlp-14, and nlp-18. In contrast, the OA
inhibition of basal aversive responses to 100% 1-octanol requires
the OA receptor SER-6 and ASI peptides encoded by nlp-6, nlp-7,
and nlp-9 (Mills et al., 2012a). The ASI knockdown of nlp-1,
nlp-14, and nlp-18 has no effect on OA inhibition, and, con-
versely, the ASI knockdown of nlp-6, nlp-7, or nlp-9 has no effect
TA inhibition (Mills et al., 2012a). Together, these results suggest
that the ASIs selectively release neuropeptides in response to
TYRA-3 or SER-6 signaling, but the mechanism of this selective
release is unclear. GPCR signaling in the axons of the RIAs ap-
pears to cause local Ca 2� increases that could potentially stimu-
late the release of large dense-core vesicles (LDCVs) at individual
synapses, suggesting that the differential localization of TYRA-3
or SER-6 in the ASIs might explain selective release (Hendricks et
al., 2012). In contrast, ASI neuropeptides might be selectively
packaged into discrete populations of LDCVs and trafficked to
different locations in the ASIs (Wang et al., 2010; Swanger and
Bassell, 2011; Kindler and Kreienkamp, 2012). Alternatively, the
neuropeptides might be selectively proteolyzed after release by
specific neprilysins differentially expressed at sites of peptide re-

Figure 8. TA and OA both activate more global signaling cascades to inhibit aversive responses mediated by the ASH sensory
neurons. Monoaminergic activation appears to be humoral, whereas peptidergic activation appears to be primarily synaptic.
Bottom, Neurons modulated by neuropeptides released from the ASIs and their major connectivities to the locomotory circuit. Red
text, Inhibits the 5-HT stimulation of aversive responses to 30% octanol; red receptor, inhibits the neuron; green receptor, stimu-
lates the neuron; red neuron, inhibits 5-HT stimulation; green neuron, stimulates basal aversive responses.
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lease (Turner et al., 2001; Isaac et al., 2009). Most peptides are
synthesized as preproproteins that are processed through a mul-
tistep pathway (Smith et al., 1995; Rholam and Fahy, 2009). For
example, precursors of mammalian neutrophilins, such as
proNGF, are cleaved within the trans-Golgi network by a propro-
tein convertase, packaged into constitutive vesicles, and secreted
continuously, whereas others such as the BNDF precursor are
sorted into the regulated secretory pathway for secretion by a
receptor-mediated mechanism, with activity-dependent secre-
tion mediating many aspects of synaptic plasticity (Mizuno et al.,
2000; Hibbert et al., 2003; Loh et al., 2004; Lu, 2004).

In summary, TA released in response to changing nutritional
status activates a global monoaminergic/peptidergic signaling
cascade, with receptors localized throughout the sensory-
mediated locomotory circuit (Fig. 8). The TYRA-3-mediated in-
hibition of ASH-mediated aversive responses appears to be
primarily, if not exclusively, humoral, i.e., the tyraminergic RIMs
do not synapse on the dopaminergic, octopaminergic, or pepti-
dergic neurons activated by TYRA-3 and the octopaminergic
RICs do not synapse directly on the ADL, AWB, and ASI neurons
activated by OA and SER-6. In contrast, the peptidergic signaling
involved in monoaminergic inhibition appears to be primarily
synaptic (or perisynaptic) because the neuropeptide receptors
have been functionally localized to downstream partners of the
peptidergic neurons (Fig. 8). Together, these results suggest that
monoaminergic nutritional signals released from a limited num-
ber of neurons are broadcast globally and amplified by more local
peptidergic signaling to modulate not only locomotory decision-
making but probably most nutritionally dependent behaviors in
C. elegans. On a broader level, they highlight the obligate interac-
tion between monoaminergic and peptidergic signaling in the
complex, multilevel regulation of sensory-mediated behaviors.
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