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Abstract

Organisms rely on chemical cues in their environment to indicate the presence or absence of food, reproductive partners, predators, or
other harmful stimuli. In the nematode Caenorhabditis elegans, the bilaterally symmetric pair of ASH sensory neurons serves as the pri-
mary nociceptors. ASH activation by aversive stimuli leads to backward locomotion and stimulus avoidance. We previously reported a
role for guanylyl cyclases in dampening nociceptive sensitivity that requires an innexin-based gap junction network to pass cGMP be-
tween neurons. Here, we report that animals lacking function of the gap junction component INX-20 are hypersensitive in their behav-
ioral response to both soluble and volatile chemical stimuli that signal through G protein-coupled receptor pathways in ASH. We find that
expressing inx-20 in the ADL and AFD sensory neurons is sufficient to dampen ASH sensitivity, which is supported by new expression
analysis of endogenous INX-20 tagged with mCherry via the CRISPR-Cas9 system. Although ADL does not form gap junctions directly
with ASH, it does so via gap junctions with the interneuron RMG and the sensory neuron ASK. Ablating either ADL or RMG and ASK also
resulted in nociceptive hypersensitivity, suggesting an important role for RMG/ASK downstream of ADL in the ASH modulatory circuit.
This work adds to our growing understanding of the repertoire of ways by which ASH activity is regulated via its connectivity to other

neurons and identifies a previously unknown role for ADL and RMG in the modulation of aversive behavior.
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Introduction

External chemical cues provide information that drives
Caenorhabditis elegans attraction to or avoidance of a particular en-
vironment (Bargmann 2006; Ferkey et al. 2021). However, the ap-
propriateness of a behavioral response is context-dependent,
reflective of both an animal’s life history and its present internal
state. Thus, the signal transduction pathways that mediate che-
mosensation are subject to modulatory inputs and regulation.
For example, C. elegans sensitivity to aversive stimuli correlates
with feeding status, such that wild-type animals are more likely
to respond to noxious cues when they are well fed than they are
upon food deprivation (Chao et al. 2004; Ferkey et al. 2007; Wragg
et al. 2007; Harris et al. 2009; Ezcurra et al. 2011; Krzyzanowski
et al. 2016). This behavioral reprioritization likely reflects the
need to balance avoiding potentially dangerous situations with
the central requirement to find food. Diminishing aversive re-
sponses when starved may serve to increase the likelihood that
an animal risks entry into a new environment that could poten-
tially provide a food source.

Across species, nociceptive sensory systems detect harmful
stimuli and allow for the initiation of protective behavioral re-
sponses. In C. elegans, the ASH nociceptors are the primary sen-
sory neurons used to detect aversive stimuli. The ASH neurons
are considered “polymodal” since they detect a broad range of

aversive stimuli, including tastants, odorants, ions, heavy metals,
detergent SDS, extreme pHs, osmotic stress, and mechanosensory
stimulation (nose touch) (Bargmann et al. 1990; Kaplan and
Horvitz 1993; Troemel et al. 1995; Hart et al. 1999; Sambongi et al.
1999; Troemel 1999; Sambongi et al. 2000; Hilliard et al. 2002,
2004, 2005; Yoshida et al. 2012; Chatzigeorgiou et al. 2013; Sassa
and Maruyama 2013; Taniguchi et al. 2014; Tran et al. 2017; Liu
et al. 2018). Among these, bitter tastants (e.g. quinine) and the
odorant 1-octanol are thought to signal through G protein-
coupled receptors (GPCRs) (Fukuto et al. 2004; Ezak et al. 2010), al-
though the identity of their receptors is not yet known.
Following GPCR activation by a ligand, heterotrimeric G pro-
teins (composed of Ga, GB, and Gy subunits) transduce the signals
to intracellular effectors. While G protein-coupled signaling can
be inhibited directly at the level of receptors via phosphorylation
of GPCRs by G protein-coupled receptor kinases (GRKs) (Pitcher
et al. 1998; Bunemann and Hosey 1999; Ferguson 2001; Pierce
and Lefkowitz 2001; Fukuto et al. 2004; Wood et al. 2012; Wood
and Ferkey 2016; Komolov and Benovic 2018), the downstream G
protein subunits can also be regulated. Regulator of G protein sig-
naling (RGS) GTPase-activating proteins can dampen Ga signaling
by binding to Ga subunits and stabilizing the transition state for
GTP hydrolysis, thus accelerating their intrinsic GTPase activity
(Ross and Wilkie 2000; Hollinger and Hepler 2002; Willars 2006).
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We previously identified a role for the C. elegans cGMP-dependent
protein kinase (PKG) EGL-4 in the negative regulation of nociceptive
signaling within the ASH neurons (Krzyzanowski et al. 2013). EGL-4
likely dampens ASH sensitivity by phosphorylating and activating
RGS-2 and RGS-3, which then downregulate G protein-coupled sen-
sory signaling in ASH (Krzyzanowski et al. 2013). Thus, animals lack-
ing EGL-4 function are hypersensitive to dilute concentrations of
stimuli that signal through G protein-coupled pathways (bitter ta-
stants and 1-octanol) (Krzyzanowski et al. 2013). As a PKG, EGL-4 re-
quires cGMP binding for activation (Krzyzanowski et al. 2013), the
source of which is (at least in part) the guanylyl cyclase ODR-1
(Krzyzanowski et al. 2016). Our previous work further suggested
that, upon food deprivation, cGMP produced by ODR-1 in the
AWB, AWC, and ASI sensory neurons moves through a gap junction
network from these neurons to ASH to dampen nociceptive sensi-
tivity (Krzyzanowski et al. 2016).

While a gap junction-based network has been proposed to modu-
late ASH signaling, there is still limited knowledge as to the extent of
the network or the innexins (invertebrate analogs of the connexins)
involved. INX-4 functions in ASH and, like egl-4 loss-of-function
(lof) (Krzyzanowski et al. 2013), inx-4(lof) animals are hypersensitive
to dilute quinine (Krzyzanowski et al. 2016). Thus, INX-4 may serve
to let cGMP into ASH. Similarly, loss of INX-18 or INX-19 function
leads to quinine hypersensitivity; INX-18 is required in ASK
(which forms gap junctions with ASH), while INX-19 function is
required in both ASK and ASH (Voelker et al. 2019). Both inx-18(lof)
and inx-19(lof) animals showed diminished cGMP reporter
(Woldemariam et al. 2019) fluorescence in ASH, suggesting that
gap junctions between ASK and ASH are important for transporting
cGMP into ASH (Voelker et al. 2019). Although inx-20(lof) animals also
showed behavioral hypersensitivity to dilute quinine (Krzyzanowski
et al. 2016), its previously reported expression pattern was limited
primarily to pharyngeal tissue (Altun et al. 2009), so its site of action
for modulating ASH signaling was not pursued.

Here, we provide evidence that INX-20is expressed in and func-
tions in the ADL and AFD sensory neurons to modulate
ASH-mediated quinine response. ADL connects to ASH indirectly,
via gap junctions with the RMG interneurons and the ASK sensory
neurons. Like inx-20(lof) mutants, animals lacking either ADL,
RMG, or ASK are also hypersensitive to dilute quinine. This is
the first evidence that these neurons are part of the network
that regulates ASH nociceptive sensitivity (Krzyzanowski et al.
2016), and it identifies a neuronal role for INX-20 in modulating
C. elegans chemosensory behavior.

Materials and methods
C. elegans culture

Strains were maintained under standard conditions on NGM agar
plates seeded with OP50 Escherichia coli bacteria (Brenner 1974).

Behavioral assays

Well-fed young adult C. elegans animals grown at 20°C were used
for analysis, and all behavioral assays were performed on at least
three separate days, in parallel with controls. Response to the sol-
uble aversive tastants was scored as the percentage of animals
that initiated backward locomotion within 4 s of encountering a
drop of the stimulus placed on the agar plate in front of a forward
moving animal (Hilliard et al. 2002, 2004; Fukuto et al. 2004; Ezak
et al. 2010; Krzyzanowski et al. 2013, 2016). We note that our stud-
ies use a “wet drop” that animals enter, not a “dry drop,” and each
animal is tested only once. Tastants were dissolved in M13 buffer,
pH 7.4 (Wood 1988). Response to 1-octanol was scored as the

amount of time it took an animal to initiate backward locomotion
when presented with a hair dipped in 1-octanol (Troemel et al.
1995; Hart et al. 1999; Fukuto et al. 2004; Ferkey et al. 2007; Ezak
et al. 2010; Likhite et al. 2015; Krzyzanowski et al. 2016). All animals
were tested 30 min after transfer to NGM plates lacking bacteria
(“off food”). For heat shock experiments, animals were raised to
young adulthood and then shifted to 33°C for 2 h. They were al-
lowed to recover for 4 h at 20°C prior to assaying. All data are pre-
sented as the mean + standard error of the mean (SEM).

Statistical analysis

One-way ANOVA with Tukey’s Honestly Significant Difference
(HSD) was used for all statistical analyses, except Figs. 1 and 5c,
for which the Student’s two-tailed t-Test was used. The ANOVA
statistics were computed using GraphPad Prism 7.0. In all figures,
* denotes P <0.05, ™ denotes P<0.01, * denotes P<0.001, and
*** denotes P < 0.0001. ns denotes P > 0.05.

Plasmid construction

For a list of plasmids and a description of their construction, in-
cluding primers used, see Supplemental Information.

Transgenic strain generation

Germline transformations were performed as previously de-
scribed (Mello et al. 1991). For inx-20 rescue experiments, 25 ng/pl
of pIM67 elt-2::gfp plasmid (Fukushige et al. 1998) was used as the co-
injection marker, along with 50 ng/ul of the rescuing plasmid.
Cell-specific RNA interference (RNAi) knockdown experiments
were performed as previously described (Esposito et al. 2007), except
inx-1, inx-7, and inx-8. As fusion PCRs were unsuccessful for these
three genes, a noncoding fragment of each was instead subcloned
into pPD49.26 in either the sense or antisense orientations under
the control of the nlp-56 promoter. 50 ng/pl of pJM67 elt-2::gfp plas-
mid (Fukushige et al. 1998) was co-injected with ~50 ng/ul of each
PCR fusion product (Esposito et al. 2007) or 50 ng/jl each of the sense
and antisense plasmids. See Supplemental Information for a list of
primers used. Genetic ablation experiments were performed as pre-
viously described (Chelur and Chalfie 2007). 50 ng/ul of unc-122p::rfp
(Miyabayashi et al. 1999) (Addgene #8938) was co-injected with
75 ng/ul of mCasp plasmid constructs. For the blue light-inducible
guanylyl cyclase (BlgC) experiments, 15ng/ul of pM67 elt-2::gfp
plasmid (Fukushige et al. 1998) was used as the co-injection marker,
along with 20 ng/ul of the cyclase plasmid and 65 ng/ul of pUC19
(Yanisch-Perron et al. 1985).

Strains

For a list of strains used in this study, see Supplemental
Information.

CRISPR-Cas9 genome editing of inx-20

Homology-directed genome editing with CRISPR-Cas9 (Paix et al.
2015) was used to fuse mCherry to the carboxyl terminus
(C-terminus) of INX-20 prior to the translational stop codon/3’
UTR of inx-20. Briefly, mCherry was amplified from pCFj104
(Fwd: ACACCAGCTCCTCAATTCCTTCGACCTCCAAGCAGtaGAA
TGGCaTCAGCTGCGAATGTAggagcatcgggagectcaggagcatcgATGG
TCTCAAAGGGTGAAG, Rev: ggtatcaggaaaacaacaaaatattgaaatta
TTACTTATACAATTCATCCATGCCACC) resulting in a PCR repair
template that contained 35 bp of homology to either side of the
Cas9 cutsite and encoded a nine-amino acid flexible linker region.
Cas9 was purified, as previously described (Trewin et al. 2019). The
C-terminus of INX-20 was targeted with the crRNA CATTC
GCAGCTGAAGCCATT (Dharmacon), and edits were selected



A.H. Chaubeyetal. | 3

using the dpy-10 co-CRISPR approach (Paix et al. 2015; Trewin et al.
2019). A mix containing 25mM KCl, 7.5mM HEPES, 1pg/ul
tractRNA, 0.8 pg/pl inx-20 crRNA, 50ng/ul dpy-10 ssODN,
0.16 pg/pl dpy-10 crRNA, 2.5 ng/pl Cas9, and 180 ng/ul inx-20::link-
er::mCherry repair template was injected into the germline of adult
C. elegans. F1 progeny were screened for dpy-10 edits and mCherry
fluorescence. The CRISPR allele was confirmed using PCR amplifi-
cation (Fwd: AGGTCTGCGACGGAAAACAT; Rev: GCGGATTTC
TTTTGTGCTTTGTG), sequenced, and outcrossed to N2 to remove
the Dpy phenotype.

Neuronal identification

Animals carrying inx-20(jbm47[inx-20::linker::mCherry]), which tags
endogenous INX-20 with mCherry, were crossed to animals carry-
ing integrated transgenes marking selected neurons. ADL was
marked by otIs646 (srh-127p::gfp), and AFD was marked by oyIs18
(gcy-8p::gfp). Images were obtained using a Zeiss Axio Imager Z1
microscope [using a 40x Plan-NEO oil objective (AFD) or 63x
Plan-APO oil objective (ADL), epi-fluorescence, and DIC optics],
high-resolution AxioCam MRm digital camera, and Zeiss
AxioVision software.

Results

The INX-20 innexin gap junction component
regulates sensitivity to G protein-coupled stimuli
We previously found that animals lacking INX-20 function are
hypersensitive in response to a dilute concentration (1 mM) of
the bitter tastant quinine; significantly more inx-20 lof animals re-
sponded to dilute quinine than wild-type animals (Krzyzanowski
et al. 2016) (and Fig. 1a). inx-20(lof) animals were also hypersensi-
tive to dilute concentrations of an additional bitter tastant, amo-
diaquine (Fig. 1b). As in mammals, C. elegans detect bitter
compounds via G protein-coupled receptor pathways (Hilliard
et al. 2004; Chandrashekar et al. 2006; Palmer 2007). The aversive
volatile odorant 1-octanol also activates G protein-coupled signal-
ing (Roayaie et al. 1998; Fukuto et al. 2004). To determine whether
INX-20 regulates 1-octanol avoidance, animals were assayed for
their time to reverse when presented with a range of 1-octanol
concentrations. In response to dilute 1-octanol (30 and 10%),
inx-20(lof) animals responded better than wild-type animals
(Fig. 1c).

C. elegans also avoid soluble stimuli, including the heavy metal
copper and the detergent SDS, that are not thought to signal
through G protein-coupled receptors (Bargmann et al. 1990;
Sambongi et al. 1999; Hilliard et al. 2002, 2005). To assess whether
INX-20 modulates response to these compounds, animals were
tested for their avoidance response across a range of concentra-
tions for each. In all cases, the response of inx-20(lof) animals
was similar to that of wild-type animals (Fig. 1, d, e). We conclude
that INX-20 regulates response to a subset of G protein-coupled
chemosensory responses, including the bitter tastants quinine
and amodiaquine and the aversive odorant 1-octanol, but does
not regulate nociceptive sensitivity in general.

INX-20 function in adult animals is sufficient to
regulate behavioral sensitivity

inx-20 expression was previously seen to begin at the threefold lar-
val stage and continue through adulthood (Altun et al. 2009). To
assess when INX-20 function is required to modulate quinine sen-
sitivity, the inx-20 cDNA was placed under the control of a heat
shock inducible promoter (Stringham et al. 1992) and introduced
into inx-20(lof) animals. Induction of inx-20 expression by heat

shock in adult animal stages, after developmental cell fate speci-
fication and neuronal connectivity are complete, returned the be-
havioral response to dilute quinine to wild-type levels when
assayed 4 h later (Fig. 2a). Transgenic animals that were not
heat shocked remained hypersensitive, similar to inx-20(lof) ani-
mals (Fig. 2a). These results demonstrate that INX-20 function
in adult animal stages is sufficient to modulate behavioral sensi-
tivity to dilute quinine.

INX-20 functions in sensory neurons to regulate
quinine sensitivity

Assessment of the inx-20 pattern of expression is complicated by
the fact that inx-20 lies within an operon. Using only a short up-
stream promoter sequence to drive GFP expression (co-injected
with a corresponding cosmid containing inx-20 genomic sequence
to allow for in vivo homologous recombination), inx-20 was previ-
ously reported to be expressed in just a few cells of the alimentary
canal: the pm1, pm?2, and pm8 cells of the pharynx, the intestinal-
rectal valve, and the pharyngeal epithelium (weakly); no neuronal
expression was observed (Altun et al. 2009). Furthermore, no pha-
ryngeal phenotype has been reported for inx-20(lof) animals. To
determine whether INX-20 functions in pharyngeal cells to regu-
late quinine sensitivity, the ceh-34 (pm1, pm2) and hmgr-1 (pm8)
promoters (Hirose et al. 2010; Ranji et al. 2014) were used in com-
bination to restore inx-20 cDNA expression, and animals were as-
sayed for response to 1 mM quinine. However, inx-20(lof) animals
expressing these constructs remained hypersensitive (Fig. 2b).
This suggests that INX-20 is likely expressed and functions in cells
not identified by the previous expression analysis.

The gap junction components INX-4 (ASH), INX-18 (ASK), and
INX-19 (ASH/ASK) have been shown to function in sensory neu-
rons to regulate quinine sensitivity (Krzyzanowski et al. 2016;
Voelker et al. 2019). To assess whether INX-20 might also have a
neuronal role in modulating aversive behavior, despite the lack
of reported expression there, we used the pan-neural rab-3 pro-
moter (Nonet et al. 1997; Frokjaer-Jensen et al. 2008) to express
inx-20 cDNA in inx-20(lof) animals. Expression using this promoter
dampened the inx-20(lof) hypersensitive response such that trans-
genic animals responded comparable to wild-type animals
(Fig. 2c). Furthermore, inx-20 cDNA expression in just the sensory
neurons, using the osm-5 promoter (Haycraft et al. 2001) also re-
turned the quinine sensitivity of inx-20(lof) animals to wild-type
levels (Fig. 2d). Combined, these data suggest that INX-20 func-
tions in adult sensory neurons to regulate behavioral response
to quinine.

INX-20 functions in the ADL and AFD sensory
neurons to regulate quinine sensitivity
The C. elegans Neuronal Gene Expression Map & Network
(CeNGEN) project aims to report the complete transcriptional pro-
file of the entire C. elegans nervous system at single-neuron reso-
lution (Hammarlund et al. 2018). We consulted the publicly
available CeNGEN site (https://cengen.shinyapps.io/CengenApp/)
to see if this approach might have revealed additional sites of
inx-20 expression missed in the original GFP analysis. CeNGEN
identified the ADL sensory neurons as having the highest expres-
sion of inx-20 mRNA of any cell type. Of the next nine cell types
listed, PQR and PHC also showed expression, although at lower le-
vels (~3.5-fold and ~10.6-fold lower, respectively). RIR, ASI, AFD,
and AWC®'F neurons showed very low expression, ranging from
~20- to 40-fold lower than the level seen in ADL.

ADL has not previously been examined for a role in the modu-
lation of quinine sensitivity. However, among the neurons listed
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Fig. 1. INX-20 does not regulate ASH sensitivity in general. Animals lacking INX-20 function are hypersensitive to dilute concentrations of the bitter
tastants quinine (a) and amodiaquine (b). The percentage of animals responding is shown in both panels. inx-20(lof) animals are also hypersensitive to
dilute concentrations of the volatile odorant octanol (c). The time to response is shown. inx-20(lof) animals respond similarly to wild-type animals to both
copper (d) and SDS (e), across a range of concentrations (P> 0.2 at each). The percentage of animals responding is shown. n > 40 for each. Error bars
represent the standard error of the mean (SEM). Allele used: inx-20(0k426). WT = the N2 wild-type strain. lof =loss-of-function. ns = not significant.

above, AFD and ASI were previously implicated in the modulation
of quinine sensitivity, playing a major and minor role, respectively
(Krzyzanowski et al. 2016). To examine possible sites of INX-20
function in this context, we used the cell-specific RNAi approach
of Esposito et al. (Esposito et al. 2007) to knock down inx-20 expres-
sion in the ADL, AFD, and ASI sensory neurons (Fig. 3a).
Knockdown of inx-20 in either ADL or AFD resulted in more ani-
mals responding to dilute quinine relative to wild-type animals,
although neither reached the level of response seen in inx-20(lof)
animals. However, simultaneous knockdown of inx-20 in both
ADL and AFD resulted in quinine hypersensitivity comparable to
inx-20(lof) animals. Knockdown in ASI had no effect.

As a complimentary approach, to determine whether INX-20
function in either ADL, AFD, or ASI would be sufficient to dampen
the quinine hypersensitivity of inx-20(lof) animals, we used cell-
specific promoters to express the inx-20 cDNA in each of these cells
(Fig. 3b). Expression in either ADL or AFD significantly dampened
inx-20(lof) hypersensitivity. inx-20(lof) animals expressing nx-20
cDNA in just ADL (or in both ADL and AFD simultaneously) re-
sponded comparable to wild-type animals (Fig. 3b). Expression in
ASThad no effect. Combined, these results suggest that gap junctions
thatinclude INX-20 subunits function in the ADL and AFD neurons to
regulate behavioral response to the bitter tastant quinine.

INX-20 is expressed in the ADL and AFD sensory
neurons

In an attempt to visualize endogenous INX-20 expression, we used
the CRISPR-Cas9 homology-directed genome editing approach op-
timized for C. elegans (Paix et al. 2015) to fuse mCherry to the

C-terminus of endogenous INX-20. Gross whole animal examin-
ation revealed bright fluorescence marking expression at the pos-
terior end of the terminal bulb of the pharynx and at the posterior
end of the intestine (Supplemental Fig. 1), consistent with re-
ported expression in pm8 and the intestinal-rectal valve (Altun
et al. 2009), respectively. To look for additional sites perhaps hav-
ing lower level expression, animals expressing INX-20::mCherry
were crossed to animals carrying integrated transgenes marking
ADL (srh-127p::gfp) or AFD (gcy-8p::gfp). Consistent with the cell-
specific RNAi and rescue experiments described above, INX-20::
mCherry expression was observed in both neurons (Fig. 4).
Although expression levels were quite low, it was observed in
both ADLs in 67/90 animals; expression was not seen in 23 ani-
mals. Expression was observed in both AFDs in 91/120 animals;
expression was seen in only 1 AFD in 2 animals, and expression
was not seen in the remaining 27 animals. We conclude that
INX-201s expressed in ADL and AFD, albeit at very low levels, like-
ly near the threshold of detection. We also note that discrete
puncta, which have been observed for several other innexins,
were not observed here.

The ADL, RMG, and ASK neurons modulate
quinine sensitivity

To further examine the role of the ADL sensory neurons in modu-
lating quinine sensitivity, we examined animals in which these
cells were genetically ablated via cell-specific expression
(Taniguchi et al. 2014) of mouse caspase-1 (sth-281p::mCaspl)
(Hamakawa et al. 2015). Animals lacking ADL were hypersensitive
to dilute quinine, responding similarly to inx-20(Iof) animals
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(P> 0.07 when compared to inx-20(lof) animals). c) Pan-neural expression of inx-20 with the rab-3 promoter (Nonet et al. 1997; Frokjaer-Jensen et al. 2008)
was sufficient to eliminate behavioral sensitivity and returned response to levels comparable to wild-type animals (P < 0.001 when compared to
inx-20(lof), P> 0.1 when compared to wild-type). d) Expression of inx-20 in just the sensory neurons, using the osm-5 promoter (Haycraft et al. 2001), was
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lines and n > 90 transgenic animals are shown in each panel. Allele used: inx-20(0k426) loss-of-function. WT = the N2 wild-type strain. lof=

loss-of-function. ns = not significant.

(Fig. 5a). We consulted the C. elegans WormWiring project (https:/
wormwiring.org) for the most current annotations of the original
electron micrograph series reported by White et al. (1986) and
saw that ADL does not form gap junction connections directly
with the ASH neurons that detect quinine. Instead, ADL connects
indirectly to ASH via the interneuron RMG and the sensory neuron
ASK (White et al. 1986; Cook et al. 2019). To determine whether
RMG regulates quinine response, we selectively (Taylor et al.
2019; Lorenzo et al. 2020) ablated this pair of neurons in wild-type
animals (by expressing nlp-56p::mCasp1). Loss of the RMG inter-
neurons also resulted in significant behavioral hypersensitivity
(Fig. 5a). While ASK aids in the detection of 10 mM quinine
(Hilliard et al. 2004), gap junction connections between ASK and
ASH were previously shown to dampen ASH response to dilute
(1mM) quinine (Voelker et al. 2019). We found that ablation of
ASK (by expressing srbc-66p::mCasp1) also resulted in hypersensi-
tivity to 1 mM quinine (Fig. 5a), consistent with ASK dampening
the dilute quinine response.

To determine whether RMG and ASK lie downstream of INX-20
functionin ADL, we expressed srh-220p::inx-20 to restore INX-20 in
the ADL neurons of inx-20(lof) animals or inx-20(lof) animals lack-
ing RMG (via nlp-56p::mCaspl expression) or ASK (via srbc-66p::
mCaspl expression) or both. While expression of inx-20 cDNA in
ADL returned quinine response to wild-type levels in inx-20(lof)
animals with both of these neuron pairs, animals lacking RMG
or ASK remained somewhat hypersensitive despite inx-20 expres-
sionin ADL (Fig. 5b). However, in both cases there was a partial de-
crease in the level of hypersensitivity compared to inx-20(lof)
animals. In contrast, simultaneous loss of both RMG and ASK
completely blocked the ability of ADL-expressed inx-20 cDNA to
dampen quinine hypersensitivity. The response frequency of
these animals remained comparable to inx-20(lof) animals
(Fig. 5b).

To assess whether cGMP generation in ADL is sufficient to
dampen quinine sensitivity, we used the srh-220 promoter
(McCarroll et al. 2005) to express a blue light-inducible guanylyl
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srh-220 (ADL) (McCarroll et al. 2005), gcy-8 (AFD) (Yu et al. 1997), or gpa-4
(ASI) (Jansen et al. 1999) promoters were used to co-express a noncoding
fragment of inx-20 in the sense and antisense orientations in otherwise
wild-type animals. RNAi knockdown of inx-20 in either ADL or AFD leads
to behavioral hypersensitivity to dilute (1 mM) quinine (P < 0.0001 and P <
0.01, respectively, when compared to wild-type), while knockdown in ASI
had no effect (P> 0.9). Simultaneous knockdown in both ADL and AFD
leads to hypersensitivity comparable to inx-20(lof) animals (P> 0.9). b) The
srh-220 (ADL) (McCarroll et al. 2005), gcy-8 (AFD) (Yu et al. 1997), or gpa-4
(ASI) (Jansen et al. 1999) promoters were used to express inx-20 cDNA in
inx-20(lof) animals. Expression in ADL fully rescued quinine
hypersensitivity (P> 0.2 when compared to wild-type animals), while
expression in AFD partially rescued hypersensitivity (P < 0.001 when
compared to either inx-20(lof) or wild-type animals). Simultaneous rescue
in both ADL and AFD fully rescued quinine hypersensitivity (P> 0.6 when
compared to wild-type animals). Expression of inx-20 cDNA in AST had no
effect (P> 0.9 when compared to inx-20(lof) animals). The percentage of
animals respondingis shown. The combined data of > 3 independent lines
and n > 90 transgenic animals are shown. Allele used: inx-20(0k426)
loss-of-function. WT = the N2 wild-type strain. lof =loss-of-function. ns
=not significant.

cyclase (BlgC) (Ryu et al. 2010) in the ADL neurons of animals lack-
ing the blue-violet light receptor LITE-1 (Edwards et al. 2008).
When assayed 10 min after a 30-s exposure to blue light, animals
expressing BlgC in the ADL sensory neurons displayed a 28% de-
crease in the percentage of animals responding to 5 mM quinine
(Fig. 5¢), while animals that were not preexposed to blue light dis-
played wild-type sensitivity. Blue light exposure did not dampen
response in animals lacking INX-20 function. To determine
whether RMG and/or ASK are required for ADL-generated cGMP
to dampen quinine sensitivity, these neurons were ablated alone
or in combination. Loss of either partially blocked the ability
srh-220p::BlgC to dampen quinine response in lite-1(lof) animals;
loss of RMG resulted only in an 18% decrease in percent respond-
ing, while loss of ASK resulted in a 16% decrease. However, simul-
taneous ablation of both RMG and ASK completely blocked the
ability of ADL-expressed BlgC to dampen quinine response
(Fig. 5¢). Combined, these results suggest that gap junction con-
nections between ADL and both RMG/ASK are important for pas-
sing cGMP to modulate ASH-mediated behavioral responses.

In addition to the gap junction connections described above,
ADL also forms direct chemical synapses onto ASH (https:/
wormwiring.org), although it is not presynaptic to either RMG or
ASK (White et al. 1986; Cook et al. 2019). UNC-13 and SNB-1 (synap-
tobrevin) proteins are required for synaptic vesicle fusion and
neurotransmitter release at synapses (Nonet et al. 1998;
Richmond et al. 1999; Tokumaru and Augustine 1999; Calahorro
and Izquierdo 2018). To rule out a role for traditional chemical sig-
naling from ADL in the modulation of quinine sensitivity, we used
cell-specific RNAi (Esposito et al. 2007) to knock down unc-13 or
snb-1 and block synaptic transmission from ADL because null mu-
tants for both are lethal. Animals in which either unc-13 or snb-1
was knocked down in ADL did not show increased sensitivity to di-
lute quinine (Fig. 5d). Although it is possible that the degree of
unc-13 and snb-1 knockdowns were not sufficient to fully disrupt
synaptic transmission, these results suggest that ADL influences
ASH-mediated response to quinine due to gap junction connec-
tions with RMG and ASK, and not via vesicular synaptic
transmission.

The RMG interneurons utilize INX-7 to modulate
quinine sensitivity

CeNGEN reports low-level expression of five innexins in the RMG
interneurons: unc-7, unc-9, inx-1, inx-7, and inx-8. Among these,
inx-7 shows the highest level of expression. To determine whether
any of these innexins function in RMG to modulate quinine re-
sponse, we individually knocked down each in wild-type animals,
using the nlp-56 promoter. Only RMG knockdown of inx-7 resulted
in behavioral hypersensitivity to dilute (1 mM) quinine (Fig. Se),
suggesting that INX-7 contributes to RMG’s role in dampening re-
sponse to dilute quinine.

Discussion

Behavioral plasticity—the ability to adapt and fine-tune behavior
to changes in the external environment or internal physiological
changes—is critical for animal survival and can result from
changes in broad brain areas or at specific neuronal connections.
Chemical synapses utilize vesicular neurotransmitter release at
synaptic clefts between cells. Gap junction channels are formed
through the association of transmembrane connexin (vertebrate)
or innexin (invertebrate) proteins. Sometimes referred to as elec-
trical synapses, gap junctions are physical connections between
cells that allow for direct cytoplasmic communication (Cheung
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srh-127p::gfp

gey-8p..gfp

inx-20::mCherry

inx-20::mCherry

Fig. 4. INX-20::mCherry expression is seen in ADL and AFD. CRISPR-Cas9-mediated genome editing, optimized for C. elegans (Paix et al. 2015), was used to
generate INX-20::mCherry. The integrated transgenes otls646 (Masoudi et al. 2018) (srh-127p::gfp) and oyIs18 (Satterlee et al. 2001) (gcy-8p::gfp) were used to
mark ADL and AFD, respectively. Weak INX-20::mCherry expression was observed in both neurons. Only one AFD is in the focal plane here. Insets show a
zoomed in view of the soma where colocalization is observed. Scale bar =25 um in both panels.

et al. 2014; Palacios-Prado et al. 2014). However, it is now appre-
ciated that their role extends beyond electrical coupling of cells
and that a variety of ions and small molecules can pass through
these channels in different cell types (Anderson and Albertini
1976; Saez et al. 1989; Kirchhoff et al. 1998; Goldberg et al. 1999;
Simon 1999; Norris et al. 2009; Vaccari et al. 2009; Mao et al. 2013;
Shuhaibar et al. 2015).

The C. elegans genome contains 25 genes that encode innexins. Of
these, 16 were reported to be expressed exclusively in neurons
(Altun et al. 2009), suggesting that nervous system connectivity in
C. elegans relies heavily on a gap junction network for communica-
tion. Indeed, innexins have many developmental and signaling
roles in the C. elegans nervous system (Jin et al. 2020). An updated
wiring diagram of the C. elegans nervous system reported the ana-
tomical identification of 890 gap junctions (Varshney et al. 2011), al-
though the innexin components that make up specific individual
connections remain largely uncharacterized. Furthermore, the var-
ied roles of gap junctions in dynamic circuitry usage and informa-
tion flow through the nervous system are not well understood.

We previously described a role for gap junctions in the feeding
state-dependent modulation of ASH-mediated nociceptive re-
sponses (Krzyzanowski et al. 2016). While cGMP functions in ASH
to dampen calcium signaling and nociceptive sensitivity, it is pro-
duced in neighboring neurons that are indirectly connected to
ASH via a gap junction network (Krzyzanowski et al. 2013, 2016;
Voelker et al. 2019). The gap junction component INX-4 functions
in ASH and is required for cGMP entry into ASH (Krzyzanowski
et al. 2016). INX-19 is also important for the diffusion of cGMP
from ASK to ASH and is present on both sides of ASK-ASH gap
junctions (Voelker et al. 2019). Although INX-18 also functions in

ASK, its primary role there appears to be in promoting proper lo-
calization of INX-19 (Voelker et al. 2019). However, INX-18is found
in some gap junctions that contain INX-19, and it may interact
with innexins besides INX-19 in ASH (Voelker et al. 2019). Here,
we report a neuronal role for INX-20, which was not previously
known to be expressed in, or function in, the nervous system.
Cell-specific RNAi knockdown and cell-specific rescue experi-
ments both revealed a role for INX-20in the ADL and AFD sensory
neurons in modulating quinine response sensitivity.

Although the ADL sensory neurons are best known for their
role in pheromone detection, they do also play a minor role in
the detection of several aversive chemical stimuli—both those
that signal through G protein-coupled pathways and those that
do not (Bargmann 2006; Ferkey et al. 2021). However, ADL does
notappear to serve as a direct quinine detector. Neuronal ablation
experiments showed that ASH is the major quinine-detecting
neuron, and ASK also contributes but has a more minor role
that is only revealed when both neurons are ablated in combin-
ation. ADL ablation, alone or in combination with ASH ablation,
did not show a significant reduction in quinine avoidance
(Hilliard et al. 2004).

By examining a lower concentration of quinine than was used
by Hilliard et al. (2004), we found that instead of directly mediating
quinine avoidance, ADL serves a circuit-level modulatory role in
this aversive response. When presented with 1 mM quinine, wild-
type animals respond on average only about 30% of the time (Figs.
1-3 and 5). However, animals in which ADL has been ablated were
hypersensitive, responding twice as frequently (Fig. 5a). Thus, our
results suggest that ADL is important for dampening quinine sen-
sitivity and avoidance. ADL is indirectly connected to ASH via gap
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Fig. 5. The ADL and RMG neurons modulate quinine sensitivity. The ADL sensory neurons do not form gap junction connections directly with ASH.
However, they are connected to ASH via gap junctions with RMG and ASK. a) Genetic ablation of either the ADL, RMG, or ASK neurons in otherwise
wild-type animals resulted in behavioral hypersensitivity to dilute (1 mM) quinine (P < 0.0001 for each when compared to wild-type animals). The
sth-281p (ADL) (Taniguchi et al. 2014; Hamakawa et al. 2015), nlp-56p (RMG) (Taylor et al. 2019; Lorenzo et al. 2020), and srbc-66 (ASK) (Kim et al. 2009)
promoters were used to express mouse caspase-1 (mCaspl). b) Expression of srh-220p::inx-20 (ADL rescue) fully rescued quinine hypersensitivity of
inx-20(lof) animals (P > 0.08 when compared to wild-type), while srh-220p::inx-20 only partially rescued quinine response in animals lacking RMG (nlp-56p::
mCasp1) or ASK (srbc-66p::mCasp1) (P < 0.0001 for either ablation when compared to either wild-type or inx-20(lof) animals). Simultaneous ablation of both
RMG and ASK fully blocked ADL rescue (srh-220p::inx-20) of quinine hypersensitivity (P> 0.2 when compared to inx-20(lof) animals). c) The ADL-selective
srh-220 promoter (McCarroll et al. 2005) was used to drive expression of a blue light-inducible guanylyl cyclase (BlgC) (Ryu et al. 2010). Adult animals
expressing BlgC were tested without blue light exposure (white bars) or after a 30-s exposure (gray bars). lite-1(lof) animals responded to 5 mM quinine
similarly to wild-type animals (P> 0.9). Transgenic lite-1(lof) animals expressing BlgC in ADL displayed a 28% decrease in percent responding following
blue light exposure (P < 0.0001). Loss of inx-20 blocked this diminution (P > 0.1). Ablation of either RMG or ASK only partially blocked the ability of BlgC to
dampen quinine response (P < 0.03 each). ADL-generated cGMP had no effect on quinine response in animals lacking both RMG and ASK (P> 0.8). d)
UNC-13- and SNB-1-dependent synaptic signaling from ADL does not modulate quinine sensitivity. The srh-220p (ADL) (McCarroll et al. 2005) promoter
was used to co-express a noncoding fragment of either unc-13 or snb-1 in both the sense and antisense orientations in otherwise wild-type animals. RNAi
knockdown of neither unc-13 nor snb-1 in the ADL neurons resulted in behavioral hypersensitivity to dilute (1 mM) quinine (P> 0.1 when compared to
wild-type animals for each transgene). e) The nlp-56 (RMG) promoter was used to co-express a noncoding fragment of unc-7, unc-9, inx-1, inx-7, or inx-8 in
the sense and antisense orientations in otherwise wild-type animals. RNAi knockdown of inx-7 lead to behavioral hypersensitivity to dilute (1 mM)
quinine (P < 0.0001 when compared to wild-type animals). The percentage of animals responding is shown. The combined data of > 3 independent lines
and n > 90 transgenic animals are shown in each panel. Alleles used: inx-20(0k426) and lite-1(xu492) loss-of-function. WT = the N2 wild-type strain. lof =
loss-of-function. ns =not significant.
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Fig. 6. Model for INX-20 modulation of ASH-mediated nociceptive
signaling. The innexin INX-20 functions primarily in the ADL sensory
neurons but also plays a minor role in AFD, to decrease C. elegans
behavioral sensitivity to aversive stimuli that signal through G
protein-coupled receptor pathways in ASH. Loss of INX-20 function leads
to behavioral hypersensitivity to these stimuli (e.g. quinine and
1-octanol). Based on the re-annotated wiring diagram (WormWiring.org),
ADL is connected to ASH indirectly via gap junction connections with
RMG and ASK (White et al. 1986; Cook et al. 2019). Our working model is
that cGMP produced by a yet unidentified guanylyl cyclase in ADL moves
through gap junction connections from ADL, through RMG and ASK, to
the ASH nociceptors. We previously proposed that cGMP produced by the
transmembrane guanylyl cyclase ODR-1 in the AWB/AWC/ASI sensory
neurons (Krzyzanowski et al. 2016) moves through ADF/AFD/AIA to ASH.
Once in ASH, cGMP activates the cGMP-dependent protein kinase EGL-4,
which likely directly phosphorylates the regulator of G protein signaling
proteins RGS-2 and RGS-3, stimulating their activity (Krzyzanowski et al.
2013) to downregulate Ga proteins. The site of action for each innexin
shown to modulate ASH sensitivity is shown: INX-20 (ADL, AFD—this
study); INX-7 (RMG—this study); INX-18 [ASK—(Voelker et al. 2019)];
INX-19 [ASK, ASH—(Voelker et al. 2019)]; INX-4 [ASH—(Krzyzanowski et al.
2016)). The guanylyl cyclase that might function in ADL is not known.
Magenta coloration indicates this study’s additions to the modulatory
circuit: the ADL and RMG neurons, INX-20 function in ADL and AFD, and
INX-7 function in RMG. We have also shown that RMG and ASK are
downstream of inx-20 function in ADL.

junctions with the RMG interneurons and the ASK sensory neu-
rons (Fig. 6), and ablation of either neuron pair similarly resulted
in hypersensitivity to dilute quinine (Fig. 5a). We also found that
both RMG and ASK are required for ADL-expressed INX-20 to
dampen the quinine hypersensitivity of inx-20(lof) animals
(Fig. 5b) and for cGMP ectopically generated in ADL (by BlgC) to
dampen quinine response (Fig. 5¢). This suggests an interesting
setup such that ASK appears to serve as both a detector of higher
concentrations of quinine (Hilliard et al. 2004) and a modulator (in-
hibitor) of response to dilute quinine (Fig. 5).

Several innexins are expressed in RMG and could form hetero-
typic channels with the innexins expressed in ADL, ASK, and/or
ASH; UNC-7a expression has been reported in RMG by GFP report-
er analysis (Altun et al. 2009), and transcriptional profiling showed
unc-9, inx-1, inx-7, and inx-8 expression in RMG (CeNGEN: https:/
cengen.shinyapps.io/CengenApp/) (Hammarlund et al. 2018). We
found that RNAi knockdown of inx-7 in RMG resulted in quinine
hypersensitivity, suggesting that this innexin functions in RMG
to dampen response to dilute quinine. While individual knock-
down of the other innexins did not affect behavioral response to

quinine, it is possible that some or all of them also could actin a
combinatorial manner.

In addition to its broad spectrum of chemosensory responses
(Bargmann 2006; Ferkey et al. 2021), C. elegans are extremely ther-
mosensitive—able to detect temperature changes of 0.01°C or less
over a > 10°C temperature range (Luo et al. 2006; Ramot et al. 2008).
The AFD sensory neurons have been established as the primary reg-
ulators of thermosensory behaviors in C. elegans (Mori and Ohshima
1995; Luo et al. 2006; Wang et al. 2013; Goodman and Sengupta 2018),
although they also detect the gas CO, (Bretscher et al. 2011) and pos-
sibly magnetic fields (Vidal-Gadea et al. 2015). There is no evidence
to date that they detect chemosensory ligands. However, we previ-
ously showed that AFD negatively regulates quinine avoidance,
likely serving as an intermediary neuron in the passage of cGMP
from the AWC chemosensory neurons to ASH (Krzyzanowski et al.
2016). Thus, INX-20 may allow passage of cGMP either into AFD
from other neurons (e.g. AWC) or out of AFD (e.g. to ASH) (Fig. 6).
INX-4 functions in ASH and is required for ectopically produced
cGMP to enter ASH (Krzyzanowski et al. 2016). Thus, one possibility
is that INX-20 (in AFD) and INX-4 (in ASH) come together to form a
heterotypic gap junction connection between these cells that al-
lows for cGMP movement between them.

In summary, we have identified a neuronal role for INX-20 in
the non-cell-autonomous regulation of quinine behavioral sensi-
tivity (Fig. 6). While the ASH (major) and ASK (minor) neurons de-
tect quinine (Hilliard et al. 2004), INX-20 functions in the ADL and
AFD sensory neurons to dampen quinine response. Although we
do not know which other innexins INX-20 physically interacts
with to form functional channel connections, we propose that,
like INX-4 and INX-19 (and possibly INX-18) (Krzyzanowski et al.
2016; Voelker et al. 2019), INX-20 is part of a gap junction network
that serves to pass cGMP to the ASH nociceptors. Our work also
identifies a previously unknown modulatory role for the ADL
and RMG neurons (as well as the innexin INX-7) in modulating
chemosensation.

In animals ranging from invertebrates to mammals, chemo-
sensory responses and appetitive behaviors are modulated by
nutritional state (Critchley and Rolls 1996; Dietrich and
Horvath 2009; Magni et al. 2009; Savigner et al. 2009; Niki et al.
2010; Shin and Egan 2010; Sengupta 2013; Komuniecki et al.
2014; Ryan et al. 2014). In C. elegans, responses to ASH-detected
nociceptive stimuli are diminished when animals are removed
from food (Chao et al. 2004; Ferkey et al. 2007; Wragg et al. 2007;
Harris et al. 2009; Ezcurra et al. 2011; Krzyzanowski et al. 2016).
This context-dependent diminution of protective avoidance be-
haviors may allow starved animals to enter new environments,
even in the face of potential dangers, so that they have an in-
creased chance of finding new food sources. However, an ani-
mal’s immediate feeding status is not the only relevant factor
influencing the appropriateness of a behavioral response. As a
pheromone sensor, ADL activation may serve as a proxy for in-
creasing population density and, by extension, dwindling food
availability. By distributing the modulation of ASH sensitivity
among sensory neurons that detect qualitatively different types
of stimuli in the environment (AWB, AWC, ASI, and ADL)—but
that all signal information about an animal’s current and/or future
likelihood of well-being—behavioral responses can be tuned to
maximize fitness and survival. While high sensitivity to noxious
stimuli can certainly be advantageous, context-dependent re-
sponses rely on the integration of diverse sets of environmental in-
formation to modulate neuronal function.
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