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The ability to detect noxious stimuli, process the nociceptive signal, and elicit an appropriate behavioral response is essential for survival.
In Caenorhabditis elegans, opioid receptor agonists, such as morphine, mimic serotonin, and suppress the overall withdrawal from
noxious stimuli through a pathway requiring the opioid-like receptor, NPR-17. This serotonin- or morphine-dependent modulation can
be rescued in npr-17-null animals by the expression of npr-17 or a human � opioid receptor in the two ASI sensory neurons, with ASI
opioid signaling selectively inhibiting ASI neuropeptide release. Serotonergic modulation requires peptides encoded by both nlp-3 and
nlp-24, and either nlp-3 or nlp-24 overexpression mimics morphine and suppresses withdrawal. Peptides encoded by nlp-3 act differen-
tially, with only NLP-3.3 mimicking morphine, whereas other nlp-3 peptides antagonize NLP-3.3 modulation. Together, these results
demonstrate that opiates modulate nociception in Caenorhabditis elegans through a complex monoaminergic/peptidergic cascade, and
suggest that this model may be useful for dissecting opiate signaling in mammals.
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Introduction
The modulation of pain is complex, and how we perceive and
respond to painful stimuli is dependent upon context or behav-
ioral state. Neuromodulators, such as noradrenaline, serotonin
(5-HT), and a host of neuropeptides, including endorphins, can
alter both the perception and response to painful stimuli within
an unchanging anatomical context. To better understand the role

of neuromodulators in the context-dependent perception of
noxious stimuli, we have examined the role of opiates in the
modulation of aversive behavior mediated by the two nociceptive
Caenorhabditis elegans ASH sensory neurons. In C. elegans, be-
havioral state or “context” is largely defined by food availability
and is translated by both synaptic and extrasynaptic monoamin-
ergic/peptidergic signaling to modulate the sensory-mediated
locomotory decision-making associated with nociception (Komu-
niecki et al., 2014). The ASHs are primary sensors for chemical
repellents, high osmolarity, and mechanical stimulation, all of
which elicit a rapid avoidance response. For example, the activa-
tion of ASH glutamatergic signaling by 1-octanol increases ASH
somal Ca 2� and initiates a complex aversive response involving
an initial backward locomotion, followed by reversal and move-
ment away from the noxious source that is usually accompanied
by an � turn. In contrast, although food or 5-HT stimulates the
initiation of this initial backward locomotion, they induce ani-
mals to back up less and continue forward after backward loco-
motion is complete (i.e., animals will move forward and feed even
in the face of a noxious odorant). Food and 5-HT have been
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Significance Statement

Opiates are used extensively to treat chronic pain. In Caenorhabditis elegans, opioid receptor agonists suppress the overall
withdrawal from noxious chemical stimuli through a pathway requiring an opioid-like receptor and two distinct neuropeptide-
encoding genes, with individual peptides from the same gene functioning antagonistically to modulate nociception. Endogenous
opioid signaling functions as part of a complex, monoaminergic/peptidergic signaling cascade and appears to selectively inhibit
neuropeptide release, mediated by a �-adrenergic-like receptor, from two sensory neurons. Importantly, receptor null animals
can be rescued by the expression of the human � opioid receptor, and injection of human opioid receptor ligands mimics
exogenous opiates, highlighting the utility of this model for dissecting opiate signaling in mammals.
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proposed to stimulate the aversive response, based on a more
rapid initiation; however, they actually desensitize the animal to
aversive stimulus by minimizing the initial backward response
and inducing forward locomotion (Summers et al., 2015). This
food or 5-HT “desensitization” requires the expression of neuro-
peptides encoded by nlp-3 in the ASHs, as nlp-3 null animals can
be rescued by ASH nlp-3 expression and ASH nlp-3 RNAi knock-
down abolishes 5-HT modulation in wild-type animals (Chao et
al., 2004; Harris et al., 2009, 2010).

C. elegans ASHs and mammalian nociceptive neurons exhibit
important similarities (Salt and Hill, 1983; Otsuka and Yoshioka,
1993; Nathoo et al., 2001; Mellem et al., 2002; Harris et al., 2010).
In mammals, the noradrenergic inhibition of chronic pain in-
volves the inhibition of afferent pain receptors through G�o-
coupled �2-adrenergic receptors and the release of inhibitory
neuropeptides mediated by G�q-coupled �1-receptors. A similar
system operates in the C. elegans ASI sensory neurons, with
tyramine (TA)/octopamine (OA) replacing epinephrine/norepi-
nephrine. For example, in C. elegans, the TA-dependent modu-
lation of nociception involves, and the release of neuropeptides
from the ASIs mediated by, a TA-dependent �-adrenergic-like
receptor TYRA-3 (Hapiak et al., 2013).

In the present study, we have demonstrated that C. elegans
contains an opioid signaling system and an opioid-like receptor,
NPR-17, which modulates nociception. For example, opioid re-
ceptor agonists, such as morphine mimic 5-HT, stimulate an
initial withdrawal from a noxious odorant. However, after this
initial withdrawal is complete, opiate receptor agonists also de-
sensitize the aversive response and induce animals to continue
forward toward the noxious odorant. Importantly, the morphine
and 5-HT sensitivity can be rescued in npr-17-null animals by the
expression of a human �-opioid receptor, OPKR-1, suggesting
that C. elegans contain endogenous OPKR-1 ligands. 5-HT mod-
ulation requires neuropeptides encoded by both nlp-3 and nlp-
24, with ASI nlp-24 peptides activating ASI NPR-17 directly to
selectively inhibit the release of a subset of ASI peptides, mediated
by the �-adrenergic-like receptor TYRA-3 to modulate aversive
responses to 1-octanol. Only one of three nlp-3 neuropeptides,
NLP-3.3, mimics 5-HT, with the others antagonizing NLP-3.3-
dependent phenotypes, demonstrating that distinct peptides en-
coded by the same gene can have different functions. These
results demonstrate that C. elegans contains an endogenous opi-
oid signaling system that modulates chemical nociception
through a monoaminergic/peptidergic signaling cascade, involv-
ing serotonergic, adrenergic, and multiple peptide receptors. In
addition, they emphasize that perception is not hard-wired, and
highlight the utility of the C. elegans model in dissecting these
complex, dynamic modulatory circuits.

Materials and Methods
Materials. Restriction enzymes were purchased from New England Bio-
labs. NLP-3 neuropeptides were purchased from Neo-peptide. Salvi-
norin A was purchased from Tocris Bioscience. A plasmid containing the
human � opioid receptor cDNA was purchased from Open Bioscience.
All other chemicals were purchased from Sigma-Aldrich, including mor-
phine sulfate salt pentahydrate, naloxone, norbinaltorphimine, Dynor-
phin A, tyramine and octopamine hydrochloride, serotonin creatine
sulfate complex, and 1-octanol. cDNA pools were constructed from
mixed-stage C. elegans mRNA using standard techniques. GFP reporter
constructs were obtained from Andy Fire (Carnegie Institute of Wash-
ington, Washington, DC).

Strains. General techniques for the culture and handling of worms
have been described (Brenner, 1974). The Bristol N2 strain was used as
wild-type. Strains obtained from the Caenorhabditis Genetics Center

(University of Minnesota) include nlp-24 (tm2105), nlp-3 (tm2302), and
npr-17 (tm3210) were received from the National Bio-Resources Project
(Tokyo Women’s Medical University). The double mutants nlp-3
(tm2302);npr-17 (tm3210) were constructed using standard genetic tech-
niques. All mutant animals were backcrossed with the N2 Bristol strain at
least 4� before use in assays or crosses.

Molecular biology and transgenesis. cDNA or genomic regions corre-
sponding to the entire coding sequences of nlp-3, nlp-24, npr-17, and
opkr-1 were amplified by PCR and expressed under neuron-selective
promoters where indicated. Neuron-selective rescue constructs were cre-
ated by overlap fusion PCR (Hobert, 2002). Transcriptional fusion con-
structs for npr-17::gfp localization were created by using 5 kb upstream
PCR fusion. Neuron-selective RNAi constructs were created as previ-
ously described (Esposito et al., 2007). PCR products were pooled from at
least three separate PCRs and coinjected with a selectable marker
(myo-3::gfp, unc-122::rfp or F25B3.3::gfp) and carrier DNA into gonads of
C. elegans wild-type or mutant animals by standard techniques (Kramer
et al., 1990; Mello and Fire, 1995). Selective expression was achieved
using ceh-2 (Aspöck et al., 2003), flp-8 (Kim and Li, 2004), glr-1(Brockie
et al., 2001), gpa-4 (2.6kb); npr-9 (1.9 kb), odr-2b (Chou et al., 2001),
opt-3 (Fei et al., 2000), tdc-1 (Alkema et al., 2005), unc-53 (Stringham et
al., 2002), flp-5 (Kim and Li, 2004), gcy-33 (Gross et al., 2014), gpa-9
(Jansen et al., 1999), sra-6 (3.3 kb), str-1 (Troemel et al., 1995), and srg-47
(McGrath et al., 2011).

Behavioral assays. All experiments used age-matched, well-fed young,
hermaphrodite adults grown at 20°C on standard nematode growth me-
dium, seeded with Escherichia coli strain OP50. 1-Octanol avoidance was
assayed as described previously (Chao et al., 2004). Briefly, fourth-stage
larvae were picked 24 h before testing and maintained at 20°C. Nematode
growth medium plates were prepared the morning of the experiment by
adding serotonin, tyramine, or octopamine (final concentration, 4 mM)
to liquid nematode growth medium before pouring. Morphine (320
�M), salvinorin A (320 �M), naloxone (320 �M), or nor-BNI (320 �M)
was spread on top of test plates immediately before incubation. Dilute
(30%) 1-octanol was prepared daily using 100% ethanol (v/v). For assays,
animals were placed on an unseeded nematode growth medium transfer
plate to minimize bacteria carryover, and then transferred to fresh test
plates and incubated for 10 min (off food), 20 min (morphine, salvinorin
A), or 30 min (serotonin, naloxone, octopamine, tyramine) before assay.
Five animals were placed on each plate, and the blunt end of a hair
(Loew-Cornell series 8 paintbrush) dipped in 1-octanol was placed in
front of a forward moving animal after it just reversed. The time taken to
reverse during a 20 s exposure to 1-octanol was recorded, as wild-type C.
elegans spontaneously reverse on average every 20 s.

Peptide injections. NLP-3.1,2,3 peptides and Dynorphin A were diluted
in electrophysiology external buffer (150 mM NaCl, 5 mM KCl, 5 mM

CaCl2, 1 mM MgCl2, 10 mM glucose, 15 mM HEPES, pH 7.30, 327–333
mOsm) from a 10 �3

M stock solution and were injected into test animals
close to the nerve ring at a concentration of 10 �6

M. Injected animals
were placed on nematode growth medium test plates and allowed to
recover for 10 min before assay. Mock-injected animals served as
controls.

Microscopy and image analysis. Transcriptional and translational trans-
genes for npr-17::gfp and nlp-24::gfp were generated by PCR fusion (Hobert,
2002). PCR products were pooled from at least three separate PCRs and
coinjected with a selectable marker (unc-122::rfp or rol-6) by standard tech-
niques. Uptake of 1,1�-dioctadecyl-3,3,3�,3�-tetramethylindodicarbocyanine
(DiD) to identify a subset of amphid sensory neurons capable of dye
uptake was assayed as described previously (Herman and Hedgecock,
1990). Briefly, a stock solution (1 mM) of DiD (Invitrogen, Labeling and
Detection) was diluted 1:200 in M9 buffer. Larval stage 4 (L4) animals
were incubated in 100 �l of diluted DiD for 1 h at room temperature,
transferred to a fresh nematode growth medium seeded with OP50 and
allowed to crawl on the bacterial lawn for 1–2 h to destain, and were then
placed on 2.5% agarose pads with 2 �l sodium azide (10 mM) for visual-
ization. At least three transformed lines were analyzed for gfp fluores-
cence and DiD staining using an Olympus IX81 confocal microscope.
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Results
Opiates modulate nociception through
an opioid-like receptor, NPR-17
The neuropeptide receptor NPR-17 is es-
sential for the food or 5-HT modulation of
aversive responses to 1-octanol (Harris et
al., 2010). Indeed, upon exposure to dilute
1-octanol, 5-HT (1) stimulated the initia-
tion of the aversive response and (2) in-
duced animals to move forward after
backward locomotion was complete but
had no effect on these three parameters in
npr-17-null animals (Fig. 1A,B). Con-
versely, npr-17 overexpression from its na-
tive promoter mimicked 5-HT (Fig. 1A).

NPR-17 is conserved among nema-
todes and is most closely related to C.
brenneri CBN-NPR-17 (89% identity; E
value 0.0) and in the distantly related
nematode Brugia malayi (69% amino acid
identity; E value 2 � 10�170). In addition,
NPR-17 is more distantly related to the
human KOR (24% identity; E value 1 �
10�12), with greater identity in the trans-
membrane domains (30%), and recent
work has suggested that NPR-17 func-
tions as an opiate receptor to modulate
feeding (Cheong et al., 2015).

Opiates, such as morphine, inhibit noci-
ceptive signals in C-fibers in response to
chemical stimuli (Morgan et al., 2006; Aliza-
deh et al., 2014). Like C-fibers, the ASHs are
polymodal, unmyelinated, and express a
TRP channel. Therefore, to determine
whether C. elegans has an endogenous opi-
oid signaling system modulating nocicep-
tion, wild-type animals were incubated with
morphine, a broad-spectrum opioid recep-
tor agonist and salvinorin A, a selective KOR
agonist. Both morphine and salvinorin A
mimicked 5-HT and stimulated the initia-
tion of the aversive response and induced an-
imals to move forward after the initial
backward locomotion was complete (Fig.
2A,B). Conversely, naloxone, a high-affinity
MOR antagonist that also antagonizes KOR
and DOR and norbinaltorphimine (nBNI), a
selective KOR antagonist, abolished the
5-HT modulation of aversive responses
(Fig. 2A). Morphine or salvinorin A had
no effect on aversive responses to
1-octanol in npr-17-null animals (Fig.
2A). Importantly, although morphine and
5-HT decreased the time taken to initiate withdrawal from a nox-
ious stimulus and induced the animals to move forward after
initiation, instead of initiating an � turn and reversing away,
consistent in keeping with an overall hypothesis of morphine-
induced pain suppression.

NPR-17 functions in multiple sensory neurons, including the
ASIs, to modulate aversive responses to 1-octanol
We have previously reported that NPR-17 is expressed in a subset
of head and tail neurons, including the AUAs and PVPs (Harris et

al., 2010). Additional analysis has also identified npr-17::gfp ex-
pression in the ASIs (Fig. 3A,B). To functionally localize NPR-
17-dependent modulation, npr-17 was selectively knocked down
using RNAi in neurons expressing npr-17::gfp, as well as addi-
tional neurons within the ASH-locomotory circuit. RNAi knock-
down from this minimal npr-17 promoter mimicked the npr-17-
null phenotype. The RNAi knockdown of npr-17 using two
different promoters whose expression overlap in either the AUAs
( flp-8, ceh-6), PVPs (odr-2b, unc-54), or ASIs ( gpa-4 or srg-47)
largely abolished 5-HT modulation (Fig. 3C). Surprisingly,

Figure 1. NPR-17 is essential for 5-HT-mediated 1-octanol avoidance. A, B, Aversive responses to 1-octanol were measured in
the presence and absence of 4 mM 5-HT in wild-type, npr-17-null, and transgenic animals. Data are mean � SEM, with 15–20
animals being tested in three independent experiments. *p � 0.0001, significantly different from wild-type animals under
identical conditions (two-tailed Student’s t test). **p � 0.0001, significantly different from same strain under different conditions
(two-tailed Student’s t test).

Figure 2. NPR-17 is required for responses to opiate receptor agonists. A, Aversive responses to 1-octanol were measured in the
presence and absence of 4 mM 5-HT, 320 �M morphine, 320 �M salvinorin A, or 320 �M naloxone and 4 mM 5-HT or 320 �M nBNI,
and 4 mM 5-HT in wild-type and npr-17-null animals. B, Postaversive responses were measured as described previously (Summers
et al., 2015) in the presence or absence of 320 �M morphine. Data are mean � SEM, with 15–20 animals being tested in three
independent experiments. *p � 0.0001, significantly different from wild-type animals under identical conditions (two-tailed
Student’s t test). **p � 0.0009, significantly different from wild-type animals on 5-HT (two-tailed Student’s t test). ***p �
0.0014, significantly different from wild-type animals on 5-HT (two-tailed Student’s t test).
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npr-17 expression in the ASIs alone was sufficient to rescue 5-HT
or morphine-dependent modulation in npr-17-null animals (Fig.
3D). This phenomenon where RNAi knockdown in one pair of
neurons is sufficient to mimic the null phenotype, where expres-
sion in a different pair of neurons is sufficient to rescue the null
animals, has been discussed previously and may result from over-
expression during rescue (Mills et al., 2012). Together, these data
suggest that NPR-17 functions at multiple sites, including the
ASIs, AUAs, and PVPs, to modulate aversive responses.

NPR-17 signaling requires G�o in the ASIs
Signaling from mammalian KORs is complex, with both G�o/i

and MAP kinases involved (Prather et al., 1995). To date, only
one ortholog of the mammalian G�o/i subunit, encoded by goa-1,
has been identified in C. elegans (Mendel et al., 1995; Ségalat et al.,
1995). To determine whether NPR-17 potentially couples to

G�o/i, goa-1 was selectively knocked down using RNAi. The RNAi
knockdown of goa-1 in all NPR-17-expressing neurons, using the
npr-17 promoter or, specifically in the ASIs, using either the
srg-47 or gpa-4 promoters, had no effect on basal aversive re-
sponses off food but abolished morphine or 5-HT-dependent
stimulation (Fig. 4). These data suggest that, like the human opi-
ate receptors, G�o/i may also be involved in NPR-17 signaling.

npr-17-null phenotypes could also be rescued by the
expression of the human KOR in the ASIs
Even though NPR-17 and the human KOR exhibited limited
amino acid sequence identity (�25%), morphine-modulated
aversive responses could also be rescued in npr-17-null animals
by the ASI expression of the human KOR (OPKR-1) (Fig. 5A).
This result suggests that C. elegans contains endogenous peptides
that also activate the human KOR or that the KOR is constitu-

Figure 3. NPR-17 expression in the ASIs is necessary and sufficient for aversive responses to dilute 1-octanol. A, Florescence from wild-type animals expressing an npr-17::gfp transcriptional
reporter merged with DiD staining by confocal microscopy. B, z-Section from A, inset. C, D, Aversive responses to 1-octanol were measured in the presence and absence of 4 mM 5-HT or 320 �M

morphine in wild-type, npr-17-null, and transgenic animals. Ceh-2 (NSM, I3, M3, M4) (Aspöck et al., 2003); flp-8 (ADA, AUA, PVM, RMG,URX); glr-1 (AVA, AVB, AVD, AVE, PVC, AIB, RMD, RIM, SMD,
AVG, PVQ, URY); gpa-4 (ASI); npr-9 (AIB); odr-2b (AIB, AIZ, ASG, AVG, IL2, PVP, RIF, RIV, SIAV); opt-3 (AVA); tdc-1 (RIC, RIM); unc-53 (ALN, PLN, PVP, PVQ, BDU, PVM, PDE). Data are mean � SEM, with
15–20 animals being tested in three independent experiments. *p � 0.0001, significantly different from wild-type animals under identical conditions (two-tailed Student’s t test). **p � 0.0001,
significantly different from animals carrying the same transgene under different conditions (two-tailed Student’s t test).
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tively active under these expression conditions. Human KORs are
activated by endogenous Dynorphin (Dyn) peptides (O’Connor
et al., 2015). Therefore, to determine whether endogenous mam-
malian KOR ligands could activate NPR-17, Dyn-A was injected
into the pseudocoelom of wild-type and npr-17-null animals. As
predicted, Dyn-A injection into wild-type, but not npr-17-null,
animals mimicked morphine or 5-HT and stimulated the initia-
tion of the aversive response (Fig. 5B). Together, these data
strongly support previous observations that NPR-17 is a opioid-
like receptor and that C. elegans contains endogenous opioid-
receptor ligands (Cheong et al., 2015).

NPR-17 functions in the ASI sensory neurons and appears to
selectively inhibit a tyramine-mediated peptidergic signaling
cascade
The monoaminergic inhibition of ASH-mediated aversive re-
sponses is focused on the two ASIs (Mills et al., 2012; Hapiak et
al., 2013). For example, TA abolishes the food or 5-HT modula-
tion of responses to 30% 1-octanol and requires (1) the G�q-
coupled TA receptor TYRA-3 and (2) neuropeptides encoded by
nlp-1, -14, and -18 in the ASIs. Similarly, the OA modulation of
aversive responses to 100% 1-octanol requires (1) the G�q-
coupled OA receptor SER-6 and (2) the neuropeptide-encoding
genes nlp-6, -7, and -9 in the ASIs (Mills et al., 2012; Hapiak et al.,
2013). We hypothesized that ASI NPR-17-mediated G�o-
signaling might inhibit the release of these modulatory neuro-
peptides from the ASIs. Therefore, NPR-17 or the human KOR
OPKR-1 was selectively overexpressed in the ASIs of wild-type
animals. Interestingly, although the overexpression of full-length
npr-17 genomic transgene stimulated the initiation of aversive
responses to 1-octanol off food, the ASI overexpression of

NPR-17 or OPKR-1 had no effect on basal aversive responses,
suggesting that additional NPR-17-expressing neurons were
involved in more rapid initiation observed after npr-17 overex-
pression, as suggested above (Fig. 6). Surprisingly, the ASI over-
expression of either NPR-17 or OPKR-1 abolished the TA, but
not OA modulation of aversive responses. Conversely, TA, but
not OA, also abolished the morphine-modulation of aversive re-
sponses (Fig. 6). Together, these data highlight the delicate bal-
ance of monoaminergic/peptidergic signaling and that ASI
NPR-17 signaling might selectively inhibit the TA, but not the
OA-dependent release of ASI neuropeptide.

Neuropeptides encoded by both nlp-3 and nlp-24 are required
for the 5-HT and NPR-17-mediated modulation of aversive
responses to 1-octanol
To identify the neuropeptides involved in NPR-17 signaling, we
screened a large number of neuropeptide-null animals for phe-
notypes identical to npr-17-null animals. Using this approach, we
identified two genes, nlp-3 and nlp-24, whose null alleles mim-
icked npr-17-null animals (i.e., aversive responses to dilute
1-octanol were not modulated by 5-HT) (Harris et al., 2010). In
addition, (1) both neuropeptide-null animals were rescued by the
expression of the appropriate genomic transgene; (2) nlp-3 or
nlp-24 overexpression mimicked npr-17 overexpression and
yielded animals that initiated basal aversive responses more rap-
idly that wild-type animals; (3) nlp-3 or nlp-24 overexpression
phenotypes were absent in npr-17-null animals; and (4) mor-
phine stimulated aversive responses in both nlp-3 and nlp-24 null
animals (Fig. 7). Together, these data suggest that peptides from
both nlp-3 and nlp-24 are capable of activating NPR-17 or that
they act in series or parallel as part of a larger peptidergic signaling
cascade. Importantly, nlp-24 neuropeptides exhibit weak identity
to human dynorphin, a ligand for the human � opioid receptor,
with each peptide containing a conserved YGG motif (Nathoo et
al., 2001). In contrast, nlp-3 neuropeptides do not. In addition,
one of the six nlp-24 neuropeptides actives NPR-17 heterolo-
gously expressed in mammalian cells, and a different nlp-24 neu-
ropeptide activates the human � opioid receptor expressed under
similar conditions, suggesting that the neuropeptides encoded by
nlp-24 may function physiologically as ligands for NPR-17, al-
though it is unclear why only one of the six peptides was active in
these assays (Cheong et al., 2015).

Neuropeptides encoded by nlp-3 potentially function
extrasynaptically to enhance aversive responses
Given that neuropeptides encoded by nlp-24 appeared to activate
NPR-17, we examined the role of nlp-3 modulation more thor-
oughly. Previous work has demonstrated that nlp-3 expression in
the two ASH sensory neurons is essential for the 5-HT modula-
tion of the aversive response, based on ASH nlp-3 RNAi knock-
down (Harris et al., 2010). In addition to the ASHs, nlp-3::gfp
expression is also observed in a number of other sensory neurons
(Nathoo et al., 2001). Therefore, to better understand nlp-3-
mediated peptidergic signaling, nlp-3 was selectively rescued and
overexpressed in additional pairs of sensory neurons endoge-
nously expressing nlp-3 (Fig. 8). Surprisingly, the 5-HT modula-
tion of 1-octanol-dependent aversive responses could be rescued
in nlp-3 null animals by selective nlp-3 expression/overexpres-
sion using promoters that drive expression in neurons including
the ASHs, AWBs, BAGs, or NSMs (Fig. 8). In contrast, selective
nlp-3 expression in the ASJ or ASE neurons did not rescue 5-HT
modulation. Conversely, selective nlp-3 overexpression in the

Figure 4. NPR-17 is a G�o-coupled receptor. Aversive responses to 1-octanol were mea-
sured in the presence and absence of 4 mM 5-HT or 320 �M morphine in wild-type and animals
expressing goa-1 RNAi. The srg-47 promoter was used to drive expression in the ASIs. Data are
mean � SEM, with 15–20 animals being tested in three independent experiments. *p �
0.0001 significantly different from wild-type animals under identical conditions (two-tailed
Student’s t test).
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two ASHs, ASEs, ASJs, AWBs, BAGs, or NSMs of wild-type ani-
mals mimicked 5-HT and stimulated the initiation of the aversive
response from 	10 to 5 s (Fig. 8). Perhaps the low-volume release
of nlp-3 peptides from the ASJs and ASEs is insufficient to rescue
5-HT modulation, whereas nlp-3 selective overexpression cou-

pled to endogenous release from other
neurons results in high-volume release
capable of more robust diffusion and/or
the saturation of extracellular pepti-
dases. These data suggest that locally/
humorally released nlp-3-encoded neuro-
peptides potentially function extrasynap-
tically and modulate the activity state of
the aversive circuit.

Peptides encoded by nlp-3 differentially
modulate aversive responses
The nlp-3 gene encodes three different
peptides: two are closely related, NLP-3.1
(AINPFLDSMG) and NLP-3.2 (AVNP
FLDSIG); and one is distinct, NLP-3.3
(YFDSLAGQSLG). Each has been isolated
directly from C. elegans and characterized
by Q-TOF MS/MS (Nathoo et al., 2001;
Husson and Schoofs, 2007). Importantly,
in common with NPR-17, these nlp-3
peptides are also highly conserved among
nematodes, with NLP-3.3 identical in
nematodes as diverse as C. elegans, Ascaris
suum, and filarial parasites, such as Loa loa
(Fig. 9A).

To determine which of the nlp-3-
encoded peptides is required for the
5-HT-dependent modulation of aversive
responses to 1-octanol, peptides were in-

jected individually into wild-type animals and 1-octanol avoid-
ance assayed after 10 min. Mock-injection or the injection of
NLP-3.1 or NLP-3.2 had no effect on aversive responses. In con-
trast, the injection of NLP-3.3 mimicked exogenous 5-HT or
nlp-3 overexpression and stimulated the initiation of the aver-
sive response off food (Fig. 9B). This NLP-3.3 stimulation was
short-lived and absent 20 min after injection, suggesting either
that the peptide was rapidly degraded or the receptor desensi-
tized/downregulated (Fig. 9B). Importantly, NLP-3.3 injec-
tion had no effect on aversive responses in npr-17-null animals
(Fig. 9B). Similarly, the injection of NLP-3.3 into nlp-3;npr-
17-null animals expressing an ASI::opkr-1 transgene also stim-
ulated the initiation of basal aversive responses off food,
suggesting that NLP-3.3 was capable of activating the KOR
directly or that NPR-17/KOR signaling was required for NLP-
3.3-dependent activation.

Interestingly, the more rapid initiation of aversive responses
observed after NLP-3.3 injection were absent when NLP-3.3 was
coinjected with NLP-3.1, suggesting that NLP-3.1 might antago-
nize the action of NLP-3.3 (Fig. 9A,B). This apparent “inhibi-
tion” did not appear to result from increased amounts of peptide
injected, as it was also apparent when the concentrations of both
peptides were halved (Fig. 9B). To further define a role for these
potentially inhibitory nlp-3 peptides, an nlp-3 transgene was con-
structed that included NLP-3.1 and 3.2, but not 3.3. As predicted,
the expression of this transgene had no effect on aversive re-
sponses off food but abolished 5-HT modulation (Fig. 9C). To-
gether, these data suggest that the effects of nlp-3 signaling are
rapid, short-lived, not the result of developmental compensation,
require NPR-17, and that individual peptides encoded by the
same gene have the potential to have antagonistic effects on indi-
vidual behaviors.

Figure 5. Aversive responses can be restored by expression of the human KOR in npr-17-null animals. A, Aversive responses to
1-octanol were measured in the presence and absence of 4 mM 5-HT or 320 �M morphine in wild-type and transgenic animals. The
srg-47 promoter was used to drive expression in the ASIs. B, Aversive responses to 1-octanol were measured in animals 10 min after
injection of DYN-A (10 mM) peptide. Data are mean � SEM, with 15–20 animals being tested in three independent experiments.
*p � 0.0001 significantly different from wild-type animals under identical conditions (two-tailed Student’s t test). **p � 0.0027,
significantly different from mock-injected animals (two-tailed Student’s t test). ***p � 0.0087, significantly different from
wild-type animals injected with DYN-A (two-tailed Student’s t test).

Figure 6. NPR-17 modulates TA but not OA signaling in the ASIs. A, B, Aversive responses to
1-octanol were measured in the presence and absence of 4 mM 5-HT or 4 mM TA and 4 mM 5-HT
or 4 mM OA. The srg-47 promoter was used to drive expression in the ASIs. Data are mean �
SEM, with 15–20 animals being tested in three independent experiments. *p � 0.0012, sig-
nificantly different from wild-type animas under identical conditions (two-tailed Student’s
t test). **p � 0.0199, significantly different from wild-type animas under identical conditions
(two-tailed Student’s t test).
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Neuropeptide signaling by nlp-3 and
nlp-24 interacts to positively modulate
ASH-mediated aversive responses to
1-octanol
As noted above, nlp-3, nlp-24, and npr-17
are all required for the 5-HT stimulation
of aversive responses, with nlp-3 and
nlp-24 overexpression phenotypes absent
in npr-17-null animals. Because nlp-24
appears to encode ligands for NPR-17
(Cheong et al., 2015), these data suggest
that nlp-3 might act upstream or in paral-
lel to nlp-24. Importantly, nlp-3 overex-
pression phenotypes (i.e., more rapid
initiation of aversive responses than wild-
type animals off food) were absent in an
nlp-24 null background, and nlp-24 over-
expression phenotypes were absent in an
nlp-3 null background, suggesting that
that the two neuropeptide signaling path-
ways may act in parallel to modulate aver-
sive responses (Fig. 10). Together, these
data highlight the complexity of peptider-
gic modulation and the complex interac-
tion of nlp-3 and nlp-24-dependent
neuropeptide signaling in the modulation
of aversive responses.

5-HT appears to stimulate the release of
nlp-24-encoded peptides from the two
ASI sensory neurons
An nlp-24::gfp transgene is expressed in
the spermatheca and the two ASI sensory
neurons (Nathoo et al., 2001), and previ-
ous work has suggested that nlp-24 pep-
tides might be secreted and sensed by the
ASIs (Cheong et al., 2015). As predicted,
the ASI::RNAi knockdown of nlp-24 abol-
ished the serotonergic modulation of
aversive responses (Fig. 11). As noted
above, 5-HT appears to act upstream of
nlp-24; therefore, the G�s- and G�q-
coupled 5-HT receptors SER-7, SER-1,
and SER-5 were selectively knocked down
in the ASIs of wild-type animals, on the
assumption that 5-HT stimulated the re-
lease of nlp-24 peptides. The ASI RNAi
knockdown of ser-5 or ser-7 had no effect
on serotonergic modulation (Fig. 11).
This result suggests that the RNAi did not
spread significantly from the ASIs, as ser-5
null animals fail to respond to 5-HT in
aversive assays (Harris et al., 2009; 2010).
In contrast, the ASI RNAi knockdown of
ser-1 mimicked nlp-24 null animals and abolished serotonergic
modulation (Fig. 11). Together, these results suggest that 5-HT
activates SER-1 on the ASIs, stimulates the release of nlp-24-encoded
peptides that in turn activate ASI NPR-17, and selectively inhibits the
release of TA-dependent neuropeptides (Fig. 12).

Discussion
The present study demonstrates that opioid receptor agonists act
through the opioid-like receptor NPR-17 to modulate chemical

nociception in C. elegans through a complex signaling cascade in-
volving both monoamines and neuropeptides. Although opi-
oid agonists stimulate the initial withdrawal from the noxious
stimulus, they induce the animals to continue to move for-
ward in the face of the repellant, in keeping with their pro-
posed role in pain suppression.

In mammals, KORs interact primarily with inhibitory G�
subunits and KOR agonists inhibit adenylyl cyclase, and decrease
SV/DCV release by inhibiting neuronal Ca 2� currents, mediated

Figure 7. NLP-3 and NLP-24 require NPR-17 to modulate 1-octanol avoidance. Aversive responses to 1-octanol were measured
off food or in the presence of 4 mM 5-HT or 320 �M morphine in wild-type, null, and transgenic animals. Data are mean � SEM,
with 15–20 animals being tested in three independent experiments. *p 
 0.0001, significantly different from wild-type animals
under identical conditions (two-tailed Student’s t test). **p � 0.0012, significantly different from wild-type animals expressing
the same transgene (two-tailed Student’s t test). ***p � 0.0022, significantly different from wild-type animals expressing the
same transgene (two-tailed Student’s t test).

Figure 8. Peptides encoded by nlp-3 are expressed in multiple sensory neurons that modulate ASH-mediated aversive re-
sponses. Transgenes composed of a neuron-selective promoter fused to nlp-3 cDNA were injected into either wild-type or nlp-3-
null animals. Aversive responses to 1-octanol were measured off food or in the presence of 4 mM 5-HT. ceh-2 (NSM, I3, M3, M4);
flp-5 (ASE, PVT, RMG, I4); gcy-33 (BAG); gpa-9 (ASJ, PHB, PVQ); sra-6 (ASH, ASI, PVQ); str-1 (AWB). Data are mean � SEM, with
15–20 animals being tested in three independent experiments. *p � 0.001, significantly different from wild-type animals under
identical conditions (two-tailed Student’s t test). **p � 0.0001, significantly different from wild-type animals under identical
conditions (two-tailed Student’s t test).
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at least in part by G-protein �� subunits. KOR signaling also
activates MAPK kinases, so that the effects of KOR signaling can
be both acute and chronic, mediated by rapid changes in neuro-
nal excitability and gene expression, respectively. The present
study suggests that ASI NPR-17 signaling may selectively inhibit
peptide release from the ASIs. In mammals, KORs are expressed
at all levels of the hypothalamic/hypophaseal axis and are in-
volved in stress, mood, feeding, and nociception (Calogero et al.,
1996; Knoll and Carlezon, 2010; Vadivelu et al., 2011; Van’t Veer
and Carlezon, 2013; Sudakov et al., 2014). Interestingly, the C.
elegans peptidergic ASIs are involved in a multineuron, multi-
peptide signaling cascade that mimics the mammalian hypotha-
lamic/hypophaseal axis, with the peptidergic ASIs contributing
significantly to “behavioral state” by releasing an array of pep-
tides that are broadcast widely to differentially modulate individ-
ual behaviors.

Neuropeptides encoded by nlp-3 and nlp-24 are both required
for the 5-HT modulation of aversive responses to 1-octanol
Neuropeptides encoded by both nlp-3 and nlp-24 are required for
the 5-HT modulation of aversive responses and feeding in C.
elegans (Harris et al., 2010; Cheong et al., 2015). 5-HT appears to
stimulate the release of nlp-24 peptides from the ASIs that, in
turn, activate ASI NPR-17. ASI NPR-17 then selectively inhibits
the TA/TYRA-3-dependent-release of ASI neuropeptides

Figure 9. nlp-3-encoded peptides differentially modulate ASH-mediated 1-octanol aversive responses. A, Annotated NLP-3 protein sequences were obtained using NCBI blast and were aligned
using Clustal Omega. Red represents identical amino acids. Blue represents potential dibasic cleavage sites. B, Aversive responses to 1-octanol were measured off food either 10 or 20 min after
injection. C, Aversive responses to 1-octanol were measured off food or in the presence of 4 mM 5-HT or 320 �M morphine in wild-type, double mutants, and transgenic animals. Data are mean �
SEM, with 15–20 animals being tested in three independent experiments. *p � 0.0001, significantly different from mock-injected animals (two-tailed Student’s t test). **p � 0.01, significantly
different from mock-injected animals (two-tailed Student’s t test). ***p � 0.01, significantly different from animals injected with NLP-3.3 only (two-tailed Student’s t test). ****p � 0.0001,
significantly different from wild-type animals injected with only NLP-3.3 after 10 min (two-tailed Student’s t test).

Figure 10. Both nlp-3 and nlp-24 are essential for aversive responses. Aversive responses to
1-octanol were measured off food in wild-type, double mutants, and transgenic animals. Data
are mean � SEM, with 15–20 animals being tested in three independent experiments. *p �
0.0001, significantly different from wild-type animals under identical conditions (two-tailed
Student’s t test). **p � 0.0001, significantly different from wild-type animals overexpressing
the same transgene (two-tailed Student’s t test).
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(Hapiak et al., 2013). In addition, NPR-17 also functions on ad-
ditional neurons modulating the ASH-mediated locomotory cir-
cuit. In contrast, nlp-3 peptides appear to act in parallel to nlp-
24/npr-17, as nlp-3 overexpression phenotypes are absent in
nlp-24 or npr-17-null animals.

The extensive interactions between peptidergic and monoam-
inergic signaling pathways have hindered attempts to identify the
NLP-3 receptor. Given that nlp-3 is expressed in a number of
sensory neurons, we hypothesize that NLP-3 may integrate sen-
sory information into the locomotory circuit. This level of com-
plexity, in a “simple” model organism, was unexpected, with
multiple monoamines and neuropeptides involved and highlights
the utility of C. elegans for modeling the complex interactions be-
tween monoaminergic and peptidergic signaling involved in the
opiate-dependent modulation of nociception.

Extrasynaptic neuropeptide release modulates
behavioral state
Because nlp-3 null phenotypes can be rescued in different sensory
neurons and nlp-3 overexpression phenotypes are apparent when
expressed in any sensory neurons expressing nlp-3::gfp, nlp-3
peptides may function extrasynaptically to modulate the aversive
circuit. Indeed, the release of neuropeptides from dense-core ves-
icles is not restricted to synaptic specializations (Ludwig et al.,
2002; Ludwig and Pittman, 2003; Fuenzalida et al., 2011). Neu-
ropeptides can diffuse long distances with peptidergic fibers and
receptors often found in spatially distinct regions of the brain,
with peptidergic signaling enhanced by
long half-lives compared with classical
transmitters, high-affinity receptors, and
post-translational modifications designed
to prevent degradation. Indeed, the wir-
ing diagram only presents a static picture
of a dynamic situation, and subsets of
synapses can be selected by context-
dependent changes in internal state medi-
ated by an array of neuromodulators,
suggesting a delicate balance between lo-
cal/humoral pools of synergistic/antago-
nistic monoamines and neuropeptides.
Subtle changes in monoaminergic or pep-
tidergic signaling can result in significant
behavioral changes. For example, in
C. elegans, numerous peptide/receptor
overexpression phenotypes have been
identified, and only twofold changes in
the expression of a TA receptor were suf-
ficient to alter locomotory behaviors
(Bendesky et al., 2011). Similarly, increasing the ratio of CRF1/
CRF2 receptors increased fear responses in rats (Elharrar et al.,
2013; Zheng et al., 2013). Together, these studies highlight the
complexities of peptidergic modulation.

Neuropeptides encoded by the same gene can have
antagonistic effects on behavior.
nlp-3 encodes three neuropeptides, but only NLP-3.3–3 mimics
nlp-3 overexpression to stimulate aversive responses. Indeed,
NLP-3.1 appears to abolish both 5-HT and NLP-3.3 stimulation.
The opposing activities of these two nlp-3 peptides could be me-
diated by the same receptor, with NLP-3.1 and NLP-3.3 compet-
ing for a common binding site, or alternatively, NLP-3.1 could
activate a second receptor modulating the locomotory circuitry.

Indeed, most peptide-encoding genes encode multiple peptides,
each with potentially different properties. For example, although
Dyn-A, Dyn-B, and �-neoendorphin are potent KOR agonists,
Dyn-A and Dyn-B cause more KOR internalization and down-
regulation than �-neoendorphin (Chen et al., 2007). Peptides
encoded by the same gene may also activate different recep-
tors. For example, C. elegans flp-18 neuropeptides activate
NPR-1, NPR-14, and NPR-5 to modulate social feeding, forag-
ing, and metabolism (Rogers et al., 2003; Cohen et al., 2009).

Because nlp-3 encoded peptides are potentially released extra-
synaptically and probably degraded rapidly, based on the short
half-life of NLP-3.3 stimulation, this arrangement could provide
additional levels of modulation, with distinct local/humoral
pools with different NLP-3.1/3.3 ratios, dependent on the rela-
tive placement and specificity of the different peptide-degrading

Figure 11. SER-1 is expressed in the ASIs and is essential for 5-HT-stimulated aversive re-
sponses. Aversive responses to 1-octanol were measured off food in wild-type and transgenic
animals. The srg-47 promoter was used to drive expression in the ASIs. Data are mean � SEM,
with 15–20 animals being tested in three independent experiments. *p �0.0001, significantly
different from wild-type animals under identical conditions (two-tailed Student’s t test).

Figure 12. The opioid-like receptor NPR-17 is required in the ASIs to modulate ASH-mediated aversive responses.
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peptidases. These studies raise intriguing questions approximately
the constraints that limit the transmission and precision of pep-
tidergic signaling.

The ASIs receive modulatory inputs from three
different monoamines
Food modulates aversive responses by stimulating the local/hu-
moral release of 5-HT from the serotonergic NSM neurons,
which, in turn, activates distinct 5-HT receptors throughout the
locomotory circuit (Harris et al., 2009, 2011). In wild-type ani-
mals, these 5-HT receptors are essential for food/5-HT stimula-
tion, but in various null backgrounds the absence of one receptor
can be compensated for by the overexpression of another, sug-
gesting that a complex interactive cascade of serotonergic signal-
ing modulates the aversive machinery. In the present study, we
have presented genetic evidence demonstrating that 5-HT acti-
vates a G�q-coupled 5-HT receptor SER-1, on the ASIs, stimulat-
ing the release of nlp-24 encoded peptides that, in turn, activate
ASI NPR-17 to selectively inhibit the release of a third group
of ASI peptides that inhibit 5-HT stimulation. The release of these
ASI peptides is mediated by the G�q-coupled adrenergic-like TA
receptor TYRA-3, and the receptors for these peptides appear be
distributed throughout the locomotory circuit (Hapiak et al.,
2013). Similarly, at higher levels of ASH stimulation, OA inhibits
aversive responses by the activation of an additional ASI G�q-
coupled receptor, SER-6, which stimulates the release of a com-
pletely different group of ASI peptides (Mills et al., 2012). These
results suggest that three distinct G�q-coupled monoamine re-
ceptors are expressed on the ASIs that stimulate the release of
distinct subsets of neuropeptides. Although these receptors het-
erologously couple to G�q, they could couple to additional sig-
naling pathways in vivo. In addition, ASI peptide release may be
compartmentalized, with peptides localized to different DCVs
and/or receptors. Indeed, although C. elegans neurons are isopo-
tential, increases in internal Ca 2� may be required for DCV re-
lease that would be dependent on the position of L-type Ca 2�

channels, such as EGL-19, and/or the release of Ca 2� from inter-
nal stores (Simmons et al., 1995; Sabatier et al., 1997; Ludwig et
al., 2002; Zahratka et al., 2015). Indeed, Ca 2� signaling is local-
ized in the RIA interneurons, with GAR-3, a G-protein coupled
acetylcholine receptor, mediating independent Ca 2� events in
ventral and dorsal axonal segments (Hendricks et al., 2012).
Asynchronous Ca 2� events were also observed in the AIY in-
terneurons (Clark et al., 2006; Chalasani et al., 2007). Spatially
restricted Ca 2� signals are also observed in higher organisms. For
example, bradykinin induces the release of internal Ca 2� at junc-
tional microdomains leading to the activation of Ca 2�-activated
chloride channels (Jin et al., 2013). Although compartmentalized
Ca 2� signals have only been reported in a couple of C. elegans
neurons, genetic data from this study and others suggest that
local Ca 2� signaling may be a more widespread phenomenon in
C. elegans.

Opioid signaling in other invertebrates
The role of opioid signaling in modulating nociception in higher
organisms has been extensively studied. However, less is known
about its role in invertebrates. Interestingly, morphine and its
active metabolite, M6G, have been isolated directly from the
nematodes, Ascaris summ and Dracunculus medinesis (Pryor et
al., 2005). The production of endogenous morphine in the para-
sites may be required to suppress host immune responses because
morphine can act as an immunosuppressant. In C. elegans and A.
suum, morphine also modulates thermal aversion. Interestingly,

morphine had no effect on the initiation of “rapid reflex with-
drawal” to heat but dramatically altered the postinitiation re-
sponse, by inducing animals to backup less and continue moving
forward, mimicking exactly the C. elegans aversive response to
100% octanol on 5-HT (Mills et al., 2012). Endogenous opioid
signaling in nematodes may have been directed primarily at en-
hancing the withdrawal away from noxious stimuli, but in higher
organisms has been expanded to also suppress the psychological
perception of pain by downregulating the signaling pathways as-
sociated with pain perception, as evidenced by the ability of 5-HT
or morphine to suppress reversal after the initiation of the aver-
sive response.
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