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Habituation is a highly conserved phenomenon that remains poorly understood at the molecular level. Invertebrate model

systems, like Caenorhabditis elegans, can be a powerful tool for investigating this fundamental process. Here we established a

high-throughput learning assay that used real-time computer vision software for behavioral tracking and optogenetics for

stimulation of the C. elegans polymodal nociceptor, ASH. Photoactivation of ASH with ChR2 elicited backward locomotion

and repetitive stimulation altered aspects of the response in a manner consistent with habituation. Recording photocurrents

in ASH, we observed no evidence for light adaptation of ChR2. Furthermore, we ruled out fatigue by demonstrating that

sensory input from the touch cells could dishabituate the ASH avoidance circuit. Food and dopamine signaling slowed ha-

bituation downstream from ASH excitation via D1-like dopamine receptor, DOP-4. This assay allows for large-scale genetic

and drug screens investigating mechanisms of nociception modulation.

Habituation is a nonassociative form of learning characterized by
a decremented response to repeated stimulation. It can be ob-
served in organisms across phylogeny and is often considered a
“cognitive building-block” (Rankin et al. 2009). Consistent with
this role, deficits in habituation are associated with a variety of
neuropsychiatric disorders, including autism and schizophrenia
(Braff et al. 1992; Kleinhans et al. 2009). Despite its omnipresence
and conservation, the cellular mechanisms underlying habitua-
tion are poorly understood. Researchers have therefore turned
to a diverse array of model organisms for mechanistic insights
(Kandel 2004; Bozorgmehr et al. 2013; Roberts et al. 2013; Twick
et al. 2014).

C. elegans is a free-living nematode with a 302-cell nervous
system of known connectivity (White et al. 1986). Its neurons
are optically accessible through a transparent cuticle and geneti-
cally accessible with a sophisticated molecular biology toolkit.
Despite its reproducible wiring diagram, C. elegans show a remark-
able capacity for behavioral plasticity, including habituation
(Rankin et al. 1990) and a variety of forms of associative learning
(Ardiel and Rankin 2010). The best-characterized habituating
behavior of C. elegans is the tap-withdrawal response, wherein
the animal reverses following nonlocalized mechanosensory
input—a tap to the side of the Petri plate (Rankin et al. 1990;
Bozorgmehr et al. 2013). This behavior arises from an integration
of two antagonistic reflexes: backward locomotion and forward
acceleration (Wicks and Rankin 1995). In this study, we examined
habituation of reversal behavior in the absence of competing for-
ward locomotion by stimulating ASH, paired polymodal nocicep-
tors at the worm’s nose. Activation of ASH neurons promotes
backward locomotion away from the stimulus using many of
the same interneurons as the tap-withdrawal response (Wicks
and Rankin 1995; Guo et al. 2009; Piggott et al. 2011).

ASH neurons are especially interesting in the context of ha-
bituation because of the diversity and salience of the cues they
detect: toxic volatile and nonvolatile repellents, as well as osmotic
pressure and physical contact (Bargmann et al. 1990; Kaplan and
Horvitz 1993; Hilliard et al. 2002, 2005). Although an organism
might not be expected to habituate to potentially lethal stimuli,
repeated or prolonged exposure to naturally occurring ASH-
sensed stimuli leads to a decreased likelihood of responding that
is mostly stimulus specific (Hart et al. 1999; Ezcurra et al. 2011;
Hilliard et al. 2005; Lindy et al. 2014). Monitoring calcium tran-
sients in ASH, Hilliard et al. (2005) showed that the behavioral
decrement correlates with a decrease in ASH cellular responsive-
ness and that both are at least partially dependent on GPC-1, a
G-protein g- subunit. More recently, Lindy et al. (2014) found
that reduced responding associated with prolonged exposure
to hypertonicity depends on calcium flux through the TRPV-like
channel OSM-9. As with tap habituation (Kindt et al. 2007), the
decrement to ASH-sensed stimuli is affected by feeding status,
with the presence of food promoting responding to repeated
or prolonged exposure to the water-soluble repellent CuCl2
(Ezcurra et al. 2011). Exogenous dopamine mimics the presence
of food and a dopamine-deficient cat-2 mutant lacking tyrosine
hydroxylase behaves on food as if tested in its absence, suggesting
dopamine mediates the food effect; however, the key dopamine
receptor has not been identified.

Decreased cellular responsivity to specific stimuli (Hart et al.
1999; Hilliard et al. 2005) suggests that ASH may be adapting at
the level of sensory transduction (e.g., by receptor internaliza-
tion); however, habituation may also be occurring in parallel
downstream. The molecular underpinnings of habituation are
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poorly understood, but a key distinction from adaptation is that
habituation is readily reversible, whereas recovery from adapta-
tion requires time away from the stimulus. To better understand
the response decrement associated with ASH, we established a
high-throughput training assay that used real-time computer vi-
sion software for detailed behavioral tracking and optogenetic ac-
tivation of ASH for tight temporal and intensity regulation. In
addition to facilitating stimulus delivery, photoactivation pre-
vented sensory adaptation by bypassing sensory transduction,
thus allowing us to probe downstream loci of plasticity. By dissect-
ing the response into multiple metrics we identified behavioral
plasticity consistent with habituation. Through mutant analysis
we found that GPC-1 and OSM-9 do not play a role in habituation
and that dopamine signaling modulates it via D1-like dopamine
receptor, DOP-4.

Materials and Methods

Strains
Animals were maintained on nematode growth medium (NGM)
seeded with Escherichia coli (OP50) as described in Brenner
(1974). Two integrated Channelrhodopsin-2 (ChR2) transgenes
were used for ASH photoactivation. Initial experiments were
conducted using a strain with ChR2 under control of the sra-6
promoter (AQ2026 ljIs105[sra-6p::ChR2::YFP + unc-122p::GFP]),
which expresses strongly in ASH and more weakly in a pair of sen-
sory neurons (ASI) and interneurons (PVQ) (Troemel et al. 1995).
To rule out a contribution of the off-target cells, we took ad-
vantage of a second strain that used intersecting promoters and
FLP recombinase to specifically target ChR2 to ASH (AQ2235
lite-1(ce314) ljIs114[gpa-13p::FLPase + sra-6p::FTF::ChR2::YFP];
Ezcurra et al. 2011; Schmitt et al. 2012). AQ2026 showed robust
responding at irradiances below the threshold for the C. elegans
innate response to blue light (we used 70 mW/mm2); however, re-
duced ChR2 expression in AQ2235 necessitated increased irradi-
ance (we used 250 mW/mm2) and therefore experiments with
this strain were performed in a background lacking LITE-1, a na-
tive C. elegans short-wavelength light receptor (Edwards et al.
2008). The transgenic background used is specified in the figure
captions. The ljIs105 and ljIs114 ChR2 transgenes were crossed
with available mutants to generate the following:

VG53 glr-1(ky176); ljIs105
VG54 mec-4(u253); ljIs105
VG152 eat-4(ky5); ljIs105
VG154 nmr-1(ak4); ljIs105
VG155 glr-1(ky176); nmr-1(ak4); ljIs105
VG177 cat-2(e1112); ljIs105
VG224 cat-2(e1112); lite-1(ce314) ljIs114
VG236 dop-3(ok295); ljIs105
VG237 dop-1(vs101); ljIs105
VG238 dop-1(ok398); ljIs105
VG240 dop-2(vs105); lite-1(ce314) ljIs114
VG241 dop-5(ok568); lite-1(ce314) ljIs114
VG248 dop-4(ok1321); ljIs105
VG249 dop-6(ok2090); ljIs105
VG284 bas-1(ad446); cat-4(e1141); lite-1(ce314) ljIs114
VG388 trp-4(sy695); lite-1(ce314) ljIs114
VG389 trp-4(sy695); lite-1(ce314) ljIs114; xuEx584

[dat-1p::trp-4-sl2-YFP + unc-122p::GFP]
VG515 osm-9(ky10); ljIs105
VG524 gpc-1(pk298); ljIs105

The dop-4 rescue plasmids (a gift from William Schafer, MRC
Laboratory of Molecular Biology) (Ezcurra et al. 2011) were inject-
ed into the gonad of VG248 at 35 ng/mL with pCFJ90 (myo-
2p::mCherry; 3ng/mL) (Frøkjaer-Jensen et al. 2008) for use as a vis-
ible marker and pBluescript to make the total DNA concentration

100 ng/mL (Mello et al. 1991). The following strains were generat-
ed by microinjection:

VG394 dop-4(ok1321); ljIs105; yvEx[dop-4p::dop-4 +
myo-2p::mCherry]

VG384, VG385 dop-4(ok1321); ljIs105; yvEx[gpa-13p::
dop-4 + myo-2p::mCherry]

VG566, VG567, VG568 dop-4(ok1321); ljIs105; yvEx
[sra-6p::dop-4 + myo-2p::mCherry]

Behavioral tracking
NGM plates were spread with 50–100 mL OP50 liquid culture
mixed with all-trans-retinal (ATR; or equal volume of ethanol ve-
hicle) for a final plate concentration of 5 mM ATR. Plates were
stored at room temperature in the dark for 24–48 h before use.
For age-synchronized colonies, gravid adults were left 3–6 h to
lay �20–80 eggs before being removed from the plate. Animals
were reared at 20˚C and tested as 3 or 4 d olds. Behavioral tracking
occurred directly on the rearing plates, except for experiments
evaluating the effect of food or exogenous dopamine or those uti-
lizing strains with extra-chromosomal arrays. For food+ condi-
tions, animals were transferred 10–15 min before testing to
plates streaked at most 2 h earlier with OP50 liquid culture
(food+) or just the LB (food2). For dopamine treatment, animals
were transferred to freshly made 10 mM dopamine (Sigma-
Aldrich) plates 10–15 min before testing. Animals with extra-
chromosomal arrays were picked based on expression of a fluores-
cent coinjection marker to ATR-containing food plates 24 h before
testing, with control strains similarly handled.

Multi-Worm Tracker software (version 1.2.0.2) was used for
stimulus delivery and image acquisition (Swierczek et al. 2011).
Following a 3–5 min acclimatization phase, stimuli were present-
ed using custom-built LED rings (Luxeon Star LEDs) capable of il-
luminating 60 or 35 mm (diameter) Petri plates with uniform blue
light (max ¼ 70 or 250 mW/mm2, respectively). An orange filter
prevented the blue light from entering the camera. For dishabitu-
ation, taps were delivered by an electromagnetic tubular push
solenoid (#195205-127, Ledex, Vandalia, OH, USA). Offline
behavioral quantification with Choreography software (version
1.3.0_r1035; Swierczek et al. 2011) used “—shadowless,” “–mini-
mum-move-body 2,” and “–minimum-time 20” filters to restrict
the analysis to animals that moved at least two body lengths
and were tracked for at least 20 sec. The MeasureReversal plugin
was used to identify reversals occurring within 3 sec (dt ¼ 3) of
the light pulse onset. Custom MatLab scripts organized and sum-
marized Choreography output files.

Naturally sensed stimuli
The nose touch assay was conducted on rearing plates with the ex-
perimenter blind to strain (glr-1+ or 2) or treatment (ATR+ or 2).
Nose touch sensitivity was assayed within 30 sec of the last light
pulse. Positive responses were defined as reversals elicited by con-
tact with an eyebrow hair placed perpendicular to the direction of
forward motion (Kaplan and Horvitz 1993).

For octanol exposure, four 3mL drops of 30% 1-octanol or the
ethanol vehicle were placed on the Petri plate lid of rearing plates.
The plates were sealed with parafilm and the Multi-Worm Tracker
was used to monitor responses elicited by ChR2 activation.

Electrophysiology
Whole-cell recordings followed procedures described in Lindsay
et al. (2011). Briefly, worms were immobilized with cyanoacra-
late glue on an agarose pad and immersed in recording saline
consisting of (in mM): 5 KCl, 10 HEPES, 8 CaCl2, 143 NaCl,
30 glucose. ASH was exposed by cutting a small hole in the cuticle
using a sharpened glass needle and patch clamped using an elec-
trode filled with (in mM): 125 K-gluconate, 1 CaCl2, 18 KCl,
1 MgCl2, 10 HEPES. Neurons were voltage clamped at 275 mV
and light pulses were delivered using a computer controlled LED
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illumination system (Rapp optoelectronics). Holding current was
filtered at 2 kHz and acquired at 10 kHz. Charge transfer associated
with each stimulus was calculated by integrating the holding cur-
rent evoked during the stimulus epoch.

Statistics
One-way ANOVAs and Tukey’s honestly significant difference
criterion were used to compare responses between strains and
treatments. For response probability, tests compared the mean
from the proportion of worms responding on each plate (n ¼
number of plates tested). For duration and latency metrics,
data were combined across plates and collective means were
compared (n ¼ number of animals tested). For all statistical tests,
a was 0.01.

Results

Population assay for repeated ASH activation
We adapted the Multi-Worm Tracker (Swierczek et al. 2011) for
optogenetic experiments, allowing for simultaneous stimulation
of ASH neurons with precise temporal and intensity regulation
in an entire population of animals. Using a custom built LED light
ring, reversal responses to blue light pulses were detected in the
majority of animals with ChR2 driven by the sra-6 promoter (ex-
presses in ASH, ASI, and PVQ; see below for data from a strain ex-
pressing ChR2 in ASH alone) and fed the essential opsin cofactor,
ATR (Fig. 1A). Although the probability of an animal responding
was relatively stable over a wide range of irradiance intensities
and durations, the magnitude of the response was dictated by
the illumination parameters, with response duration increasing
with illumination irradiance and duration and response latency
decreasing with increased illumination irradiance (Fig. 1B,C).
This finding was similar to earlier reports using single-worm assays
and is consistent with graded synaptic output of ASH (Lindsay
et al. 2011; Husson et al. 2012).

Avoidance responses to the various aversive stimuli detected
by ASH can be genetically dissociated both at the levels of sensory
transduction and signal propagation. Although photoactivation
with ChR2 bypasses native sensory transduction machinery, defi-
cits associated with synaptic transmission should generalize to
stimuli simulated by photocurrents. For example, mutants lack-
ing the AMPA-type glutamate receptor subunit GLR-1 are unre-
sponsive to nose touch and delayed in responding to osmotic
shock (Hart et al. 1995; Maricq et al. 1995; Mellem et al. 2002).
To assess which types of stimuli the photoactivation parameters
used in these studies mimicked the ChR2 transgene was crossed
into several glutamate transmission mutants. Loss of the vesicular
glutamate transporter, EAT-4, decreased the proportion of ani-
mals reversing, as well as the duration and latency of responses
elicited by a 2-sec light pulse at 70 mW/mm2 (Fig. 1D). As with
EAT-4, loss of GLR-1 delayed the initiation of the reversal;
however, the phenotype was less severe and neither the pro-
bability nor duration of the response was distinguishable from
control (Fig. 1D), suggesting that additional glutamate receptor
subunits play a role in the photoactivated response. The NMDA
glutamate receptor subunit was dispensable for normal respond-
ing; however simultaneous loss of NMR-1 and GLR-1 recapitulat-
ed the extent of the eat-4 mutant’s latency phenotype (Fig. 1D).
This pattern of deficits was similar to those observed for osmotic
shock (Mellem et al. 2002), suggesting that the 2-sec photostimu-
lation was simulating an intense aversive stimulus and not nose
touch.

To examine the plasticity of the response, the 2-sec blue light
pulse was administered every 10 sec for 5 min (i.e., 30 stimuli at
0.1 Hz). Repeated stimulation had a variety of behavioral con-
sequences that were quantified with several metrics: proportion

of the population reversing, response latency (time to initiate
reversal), and reversal duration (Fig. 2A). With repeated stimu-
lation the majority of animals reversed to each stimulus; how-
ever, the duration of the reversal responses decreased, and the
latency increased. The �1-sec increase in response latency by
the end of 30 stimuli could not fully account for the �2.5-sec
decrease in response duration, suggesting that repetitive stimu-
lation results in both delayed initiation and earlier termination
of responses.

Behavioral plasticity is specific to ASH photoactivation
The experiments described above were conducted with a strain us-
ing the sra-6 promoter to drive ChR2 expression in ASH, ASI, and
PVQ (Troemel et al. 1995). Neither ASI nor PVQ are thought to
elicit rapid reversal responses, but chemosensory ASI neurons
have been implicated in the inhibition of reversals (Gray et al.

Figure 1. Activation of ChR2 in sra-6 expressing neurons elicits back-
ward locomotion. (A) Raster plots of behavioral state in the presence
(ATR+) or absence (ATR2) of all-trans retinal. Each line represents an
animal, with black pixels depicting backward locomotion and remaining
pixels (white) depicting forward locomotion or no movement. The blue
bar represents whole-plate illumination with blue light at 0.07 mW/
mm2. Scale bar corresponds to 1 sec (horizontal) and 30 animals (vertical).
(B) Three response metrics (proportion, duration, and latency) for a 0.07
mW/mm2 light pulse of several durations (left) and a 2-sec light pulse at
several intensities (right). Circles are plate means, crosses are population
means+SEM (n ¼ 2–4 plates). (C) Representative raster plots of behavior
in response to a 0.07 mW/mm light pulse of 0.5, 1.5, and 2.5 sec (left) or a
2-sec light pulse at 0.004, 0.02, and 0.07 mW/mm2 (right). (D)
Proportion, duration and latency response metrics for glutamate transmis-
sion mutants stimulated with a 2-sec light pulse at 0.07 mW/mm2. Circles
are plate means, crosses are population means+SEM (n ¼ 4 plates), and
asterisks denote statistically distinguishable groups. All data collected
using the ljIs105 ChR2 transgene.
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2005; Guo et al. 2015). To rule out a potential contribution from
activating these off-target cells, we tested another strain con-
structed with intersecting promoters and FLP recombinase to spe-
cifically target ChR2 to only ASH (Ezcurra et al. 2011). Repeated
photoactivation of ASH alone with thirty 2-sec light pulses result-
ed in a similar pattern of plasticity to that described above (Fig.
2A), i.e., the majority of animals responded to the final stimulus,
but with a decreased reversal duration and increased reversal la-
tency compared with the first stimulus (Fig. 2B).

Photocurrents do not change with repeated stimulation
Photocurrents in ASH were measured during stimulation to de-
termine whether the behavioral decrement associated with re-
peated illumination (Fig. 2) was caused by light adaptation
of ChR2. As expected, a 2-sec blue light pulse evoked inward
currents in ASH neurons expressing functional ChR2. Important-
ly, the waveform of these currents did not change noticeably
over 30 stimuli administered at 0.1 Hz (Fig. 3A) and there was
no decrease in the magnitude of negative charge transfer
(Fig. 3B). Although the precise cellular conditions in ASH differed
between intact animals and those prepared for electrophysiologi-
cal recordings, these data suggest that the behavioral decrement
in response to repeated photoactivation was not caused by light
adaptation of ChR2, but by downstream cellular or synaptic
mechanisms.

Generalization of simulated and naturally sensed stimuli
If the observed decrements in responding (Fig. 2) were caused by
processes downstream from ChR2-mediated photocurrents, then
the behavioral consequence of repeated photoactivation would
be expected to affect responding to naturally occurring cues. We
tested this hypothesis by delivering twenty 2-sec light pulses at
0.1 Hz prior to assessing nose touch sensitivity. Stimulated
ATR-fed ChR2 transgenic animals were indeed less likely to reverse

after a head-on collision with an eyelash
than unstimulated controls, or stimulat-
ed animals reared in the absence of ATR
(Fig. 4A). The experimental group’s level
of responding to nose touch was indistin-
guishable from the nose touch-defective
glr-1 mutant. This is likely a function of
the increased response latency associated
with repeated photoactivation, as con-
trol animals immediately initiate back-
ward locomotion upon contact with the
eyelash.

Prior exposure to a stimulus natural-
ly sensed by ASH should have a similar
behavioral consequence as repeated
ASH photoactivation. Indeed, we found
that a 3-min exposure to the volatile re-
pellent 1-octanol decreased the duration
and increased the latency of reversal re-
sponses elicited by ChR2 photocurrents
(Fig. 4B). The decrease in response dura-
tion and increase in response latency
were dependent on ASH activation, as
the 3-min preexposure had no effect on
a mutant lacking OSM-9, the TRPV-like
channel required for initiating cell exci-
tation to most, if not all, ASH-sensed
stimuli (Fig. 4B; Colbert et al. 1997;
Tobin et al. 2002; Hilliard et al. 2005).
These experiments demonstrate that pri-
or exposure to simulated stimuli affect re-

sponses to naturally sensed cues and vice versa. This bidirectional
generalization confirms that the behavioral decrement observed
in Figure 2 was not simply light adaptation of ChR2 and supports
the validity of using optogenetics to understand the nature of re-
sponse decrement to repeated stimulation. Although ASH senses a
variety of cues, none are easily administered discretely to a large
number of animals simultaneously. Optogenetics allows for con-
sistent repetitive stimulation, which is important for habituation
assays where the intensity and timing of stimuli determine the ex-
tent of the response decrement (Rankin et al. 2009). In addition,
photoactivation bypasses sensory transduction and allows for
the investigation of downstream loci of plasticity independent
of adaptation at the level of sensory transduction.

Figure 2. Plasticity of reversal responses elicited by repeated photoactivation of sra-6 expressing cells
(ASH, ASI, and PVQ; A) or just ASH (B). Three different response metrics: proportion responding with a
reversal, duration of any reversals that occurred, and latency to initiate those reversal for thirty 2-sec
light pulses administered at 0.1 Hz. Gray lines correspond to the individual plates (n ¼ 6 plates) com-
prising the mean (black line).

Figure 3. Photocurrents are unaffected by training. (A) Membrane
current in ASH for thirty 2-sec light pulses administered at 0.1 Hz. (B)
For each stimulus, photocurrents were quantified by calculating the
total charge transfer during 2 sec of illumination. Mean+SEM (n ¼ 11
animals). All data collected using the ljIs105 ChR2 transgene.
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Dishabituation
In contrast to sensory adaptation or mo-
tor fatigue, habituation in many animals
is an attentional process that can be read-
ily reversed by presenting a novel or nox-
ious dishabituating stimulus (Thompson
and Spencer 1966). We tested whether a
tap to the side of the Petri plate could dis-
habituate responses to repeated photoac-
tivation of ASH. Tap was chosen because
it could be discretely applied to the
entire population simultaneously. Fur-
thermore, the interneurons and motor
neurons mediating the tap-withdrawal
response are mostly overlapping with
those required for ASH-mediated rever-
sals (Wicks and Rankin 1995; Guo et al.
2009; Piggott et al. 2011). To test whether
the response decrement associated with
ASH photostimulation could be dishabi-
tuated, two groups of animals were given
2-sec light pulses at 0.1 Hz for 5 min, with
the second to last stimulus (i.e., the 29th
stimulus) either omitted or replaced by a
tap. The results showed that tapped ani-
mals responded to the final light pulse
with longer reversals (Fig. 5A) and short-
er latencies than untapped controls (Fig.
5B). The untapped controls showed no
evidence for spontaneous recovery over
the 20 sec (Fig. 5A,B). Thus the tap disha-

bituated the reversal response to the light pulse. Since the behav-
ioral decrement associated with repeated ASH photoactivation
could be at least partially reversed by novel sensory input (i.e., a
tap), sensory adaptation or motor fatigue could not fully account
for the plasticity.

The tap withdrawal response is mediated by five body touch
receptor neurons located along the length of the animal (Wicks
and Rankin 1995). Although ASH is not involved in the tap with-
drawal response (Wicks and Rankin 1995), it is a mechanosensor
and could potentially detect agar vibrations in response to tap.
To test whether the body touch receptor neurons mediate dishabi-
tuation, a mec-4 loss-of-function allele was used to specifically ren-
der them insensitive to mechanical stimuli (O’Hagan et al. 2005).
Although worms carrying the mec-4 mutation responded and ha-
bituated to repeated ASH photoactivations, the habituated re-
sponses were not dishabituated by tap (Fig. 5C,D), indicating
that activation of the touch receptor neurons mediates dishabitu-
ation in this assay.

Recapitulating the cat-2 mutant phenotype
In previous research, the G-protein g-subunit GPC-1, the TRPV-
like channel OSM-9, and dopamine signaling have all been im-
plicated in the behavioral decrement associated with repeated
or prolonged exposure to stimuli naturally detected by ASH
(Hilliard et al. 2005; Ezcurra et al. 2011; Lindy et al. 2014). We in-
vestigated whether mutations in genes encoding GPC-1, OSM-9,
or CAT-2 (tyrosine hydroxylase, the rate limiting enzyme in dop-
amine biosynthesis) would similarly alter the decrement in re-
sponse to repeated ASH photoactivation. We found no evidence
for involvement of OSM-9 or GPC-1, as the corresponding loss
of function mutants were indistinguishable from control in terms
of the probability (Fig. 6A), duration (Fig. 6B), and latency (Fig.

Figure 4. Generalization of natural and simulated stimuli. (A) Nose
touch responding was affected by simulated stimuli (stim ¼ 2-sec light
pulse × 20 at 0.1 Hz), as the probability of crawling backward after a
head-on collision with an eyelash was significantly reduced by light
pulses if animals were reared on the essential opsin cofactor, ATR. # and
& denote statistically distinguishable groups (n ¼ 41, 56, 46, 52 animals
per group). (B) For control, but not for an osm-9 mutant, preexposure
to octanol (oct) decremented the duration and increased the latency of
reversals elicited by ChR2 photocurrents, when compared with preexpo-
sure to the ethanol vehicle (veh). Circles are plate means, crosses are pop-
ulation means+SEM (n ¼ 4 plates), asterisks denote statistically
distinguishable groups and (n.s.) no significant difference. All data collect-
ed using the ljIs105 ChR2 transgene.

Figure 5. Sensory input from body touch receptors acts as a dishabituating cue. (A) Tap after training
reversed the change in response (A) duration and (B) latency associated with repeated ASH activation.
The dash-dot line is the initial response level and the dashed line is the habituated response level. (C,D)
Habituated responding of a touch insensitive mec-4 mutant was not reversed by tap. Duration (C) and
latency (D) of the reversal response elicited by the final 2-sec light pulse of training (hab) and after a
dishabituating tap (dishab). Circles are plate means, crosses are population means+SEM (n ¼ 4
plates), asterisks denote statistically distinguishable groups, and (n.s.) no significant difference. All
data collected using the ljIs105 ChR2 transgene.
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6C) of the first and final responses of training. The lack of a habit-
uation phenotype in the optogenetic assay may be explained by
stimulus-specific roles for GPC-1 and OSM-9 in ASH; however,
we hypothesize that both of these molecules are functioning up-
stream of cell excitation to mediate adaptation at the level of sen-
sory transduction and are therefore not relevant when ASH is
directly depolarized with ChR2 photocurrents. In contrast, the
dopamine deficient cat-2 mutant showed habituation deficits.
Of the three response metrics, loss of cat-2 had the clearest effect
on the proportion of worms responding, fewer mutants than con-
trol animals reversed after just a few trials and this continued to
decline with repeated stimulation (Fig. 6A). This rapid decrement
in proportion of animals reversing recapitulates the cat-2 mutant
deficit associated with repeated or prolonged exposure to a natu-
rally sensed stimulus, CuCl2 (Ezcurra et al. 2011). For the cat-2 mu-
tant it is difficult to interpret the duration and latency metrics
because there were so few reversals at the end of the 30 stimuli;
however restricting our analysis to the first few responses, we ob-
served more rapid increase in reversal latency for the cat-2 mutant
than for control (Fig. 6C), but no obvious difference for reversal
duration after the initial stimulus (Fig. 6B). Because of the paucity
of responses from the cat-2 mutant toward the end of the assay,
the magnitude metrics (i.e., duration and latency) were not used
in subsequent analyses.

Food texture slows habituation via dopamine
Because of its specificity to ASH, the ljIs114 ChR2 transgene was
preferentially used for subsequent mutant analysis, except when
the gene of interest was located on chromosome X, where the
ljIs114 ChR2 transgene was integrated. As with the ljIs105 ChR2
transgene, we found that disrupting dopamine biosynthesis in
the ljIs114 background resulted in a decreased likelihood of re-
sponding at the end of the habituation assay (Fig. 7A), thereby rul-

ing out a necessary contribution from
ASI and PVQ. This was true for both the
monoamine deficient cat-4;bas-1 double
mutant, as well as the dopamine defi-
cient cat-2 mutant. C. elegans has eight
dopaminergic neurons in three classes
(CEP, ADE, and PDE). These cells are
thought to directly detect the texture
of the bacterial lawn (Sawin et al.
2000). To evaluate the role of food, we
transferred animals to unseeded or fresh-
ly seeded plates immediately before
testing. Recapitulating the observations
of Ezcurra et al. (2011) for a naturally
sensed cue (CuCl2), we found that popu-
lations tested in the absence of food ha-
bituated faster in response to repeated
ASH activation than populations tested
on a bacterial lawn (Fig. 7B).

Detection of the texture of the
bacterial lawn requires the mechanosen-
sitive TRPN channel, TRP-4 in the dopa-
mine neurons (Li et al. 2006; Kindt
et al. 2007). To confirm the link between
food and dopamine signaling, we evalu-
ated the loss-of-function phenotype for
trp-4. Consistent with an inability to
detect the bacterial lawn, the trp-4 mu-
tant expressing ChR2 in ASH displayed
a more rapid decrement in responding
than control (Fig. 7C). In addition to
the dopaminergic neurons, TRP-4 is ex-

pressed in at least two classes of interneurons, including DVA,
where it functions as a stretch receptor for proprioceptive feed-
back (Li et al. 2006). To localize the TRP-4 site of action we rescued
it in dopaminergic neurons by expressing TRP-4 cDNA with a
dat-1 promoter. The behavior of the trp-4 rescue strain was indis-
tinguishable from control, with rescued animals being more re-
sponsive at the end of the assay than the trp-4 mutant (Fig. 7C).
This indicates TRP-4 function in dopaminergic neurons is suffi-
cient for food dependent suppression of habituation. Collectively,
these results suggest a model where the texture of the bacterial
food source stimulates dopamine release, which promotes per-
sistent responses to aversive stimuli (i.e., slows habituation
of response probability) by modulating the avoidance circuit
downstream from ASH excitation.

DOP-4 slows habituation
To identify the receptor by which food and dopamine slowed ha-
bituation, we evaluated loss-of-function phenotypes for con-
firmed (DOP-1, DOP-2, DOP-3, and DOP-4) and potential
(DOP-5 and DOP-6) dopamine GPCRs. The initial response prob-
ability of all mutant strains was indistinguishable from control an-
imals (Fig. 8A). However, when evaluated at the final stimulus
presentation, loss of DOP-4—an invertebrate-specific D1-like re-
ceptor (Sugiura et al. 2005) recapitulated the rapid habituation
phenotype of the dopamine-deficient cat-2 mutant (Fig. 8B). To
confirm the dop-4 mutation as the causative allele, we reintro-
duced dop-4 genomic DNA with its promoter. This fully rescued
the deficit of the dop-4 mutant (Fig. 8C). Ezcurra et al. (2011) dem-
onstrated that DOP-4 signaling increases ASH excitability in the
presence of food. However, our data suggested that for repetitive
stimulation, dopamine signaling modulated responses down-
stream from ASH excitation. In contrast to the naı̈ve response de-
scribed by Ezcurra et al. (2011), we found that DOP-4 expression in

Figure 6. Analysis of mutations in genes previously implicated in repeated responding to naturally
sensed ASH stimuli. Response probability (A), duration (B), and latency (C) for reversals elicited by
thirty 2-sec light pulses administered at 0.1 Hz (n ¼ 4 plates). # and & denote statistically distinguish-
able groups based on the response to the final stimulus. All data collected using the ljIs105 ChR2
transgene.
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ASH did not rescue the habituation deficit of the dop-4 mutant—as
determined by five independent lines each expressing one of two
rescue constructs used by Ezcurra et al. (2011) (gpa-13p::dop-4 or
sra-6p::dop-4).

To confirm DOP-4 as the receptor by which dopamine signal-
ing promotes responding to repetitive ASH activation, we exposed
animals to exogenous dopamine during habituation training.
This treatment compensated for loss of tyrosine hydroxylase,
but not loss of DOP-4, as the cat-2 mutant was indistinguishable
from control, while the dop-4 mutant was less responsive than
both strains (Fig. 8D). Thus, the D1-like receptor DOP-4 is essen-
tial for dopamine to exert its influence on habituation of the
ASH avoidance circuit.

Discussion

Population assay for habituation of ASH-mediated

reversals
We have established a new C. elegans learning assay, combining
optogenetics with real-time computer vision software (the
Multi-Worm Tracker) (Swierczek et al. 2011) to enable both high-
throughput and highly detailed behavioral analysis of responses
elicited by the polymodal nociceptor, ASH. Although popula-
tion assays can be used to obtain avoidance indices for naturally
sensed stimuli, probing the dynamics of the reversal response it-
self requires discrete stimulus presentation. This has traditionally
been accomplished with single worm assays (Kaplan and Horvitz

1993; Hilliard et al. 2002; Chao et al.
2004), although recently developed mi-
crofluidic devices could be used for
stimulating multiple animals with water-
soluble repellents (Larsch et al. 2013). In
addition to increasing throughput, opto-
genetics allowed us to specifically target
ASH and bypass sensory transduction to
investigate downstream loci of plasticity.

Repeated photoactivation of ASH
induced a decrement in responding con-
sistent with the characteristics of ha-
bituation, as electrophysiological and
behavioral data ruled out sensory adap-
tation or motor fatigue. Most notably,
mechanosensory input from the touch
receptor neurons could reverse the ha-
bituated response (Fig. 5). The behav-
ioral plasticity was observed using two
different ChR2 transgenes and various
stimulation protocols. Photoactivation
with ChR2 bypassed sensory transduc-
tion, suggesting that at least one locus
of plasticity lies downstream from cell
excitation. Earlier work using naturally
sensed cues implicated the G-protein
g- subunit GPC-1, the TRPV-like channel
OSM-9, and dopamine signaling in
behavioral decrement associated with
repeated or prolonged ASH activation
(Hilliard et al. 2005; Ezcurra et al. 2011;
Lindy et al. 2014). In our optogenetic-
based assay, dopamine deficient ani-
mals showed altered habituation; how-
ever loss of GPC-1 or OSM-9 had no
effect on the ASH-mediated response
or plasticity (Fig. 6). We propose that
sensory adaptation at the level of sti-

mulus detection is mediated by GPC-1 and OSM-9 and occurs in
parallel with more downstream mechanisms of habituation.
Consistent with this model, previous assays (Hilliard et al. 2005;
Ezcurra et al. 2011) found more rapid decrements in the probabil-
ity of responding than those observed here.

Independence of response measures
A number of results demonstrate that different aspects of a re-
sponse (e.g., probability, duration, and latency) can be indepen-
dently controlled. For example, loss of the vesicular glutamate
transporter EAT-4 decreased the likelihood of responding to ASH
activation and delayed and shortened the responses that did
occur, but loss of GLR-1 affected only response latency, a deficit
exacerbated by simultaneous loss of NMR-1. These data show
that multiple glutamate receptors shape the response elicited by
ASH activation. Furthermore, both the response duration and
latency habituated, but the �1 sec increase in response latency
by the end of 30 stimuli could not fully account for the �2.5 sec
decrease in response duration, suggesting they are independent
metrics. Finally, mutations in genes altering dopamine trans-
mission had the largest effect on habituation of response pro-
bability, but also altered response latency early in habituation
training. In contrast, the dopamine deficit had little effect on ha-
bituation of response duration. Taken together, these data support
the hypothesis that the proportion of worms reversing and the
duration and latency of the response are mediated by different
mechanisms.

Figure 7. Dopamine signaling promotes responding during habituation training. (A) Loss of mono-
amine biosynthetic enzymes (CAT-2, BAS-1, CAT-4) altered the probability of responding relative to
control (+; n ¼ 6 plates). (B) Comparing populations off of food (food2) with those tested on a bac-
terial lawn (food+; n ¼ 6 plates). Although all other experiments were conducted in the presence of a
bacterial lawn, the food+ condition for Figure 7B refers to a very thin bacterial lawn that was spread
with liquid culture at most 2 h before testing (compared with the usual 24 h or more before testing),
thus the more rapid decline in responding than was observed for other trials with food (n ¼ 6
plates). (C) Loss of trp-4 recapitulated the dopamine deficient cat-2 mutant phenotype. Loss of trp-4
could be compensated for by restoring trp-4 expression to dopaminergic neurons (n ¼ 8 plates).
Mean+ SEM. # and & denote statistically distinguishable groups based on the likelihood of responding
to the final stimulus. All data collected using the ljIs114 ChR2 transgene.
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Dopamine modulates habituation
Dopamine is a neuromodulator frequently implicated in neural
and behavioral plasticity in a wide range of organisms. A role for
dopamine signaling has also been proposed for habituation in
mammals (Lloyd et al. 2014), for which it is well-positioned based
on responding of mesolimbocortical and nigrostriatal dopaminer-
gic neurons to unconditioned salient and arousing sensory input
(Horvitz 2000). In C. elegans, dopamine influences a variety of be-
haviors, including locomotion (Sawin et al. 2000; Hills et al. 2004;
Vidal-Gadea et al. 2011) and learning (Bettinger and McIntire
2004; Sanyal et al. 2004; Kindt et al. 2007; Hukema et al. 2008;
Voglis and Tavernarakis 2008; Kimura et al. 2010). Previous
work has demonstrated that dopamine signaling modulates
naı̈ve responding to ASH-sensed cues, increasing or decreasing
sensitivity depending on the stimulus (Ferkey et al. 2007; Wragg
et al. 2007; Ezcurra et al. 2011). However, unlike habituation,
this modulation is thought to occur upstream of cell excitation.
Here we showed that loss of dopamine signaling led to a rapid
decrease in the proportion of worms responding to repeated
ASH photoactivation and identified the dopamine receptor,
DOP-4, as a key mediator. Using CuCl2 as a stimulus, Ezcurra
et al. (2011) also found that loss of dopamine signaling resulted
in a more rapid decrement in responding; however, in their assay
the dop-4 mutant did not have a phenotype. It is possible that
DOP-4 signaling modulates habituation to some, but not all
ASH-sensed stimuli. Alternatively, a role for DOP-4 may have
been masked by sensory adaptation to CuCl2. Our optogenetic ap-
proach removed the contribution of adaptation to specifically
evaluate habituation, which may better reveal the dop-4 mutant
phenotype.

For habituation to nonlocalized mechanosensory input
(taps), the D1-like DOP-1 dopamine receptor functions in the

body touch receptor neurons to promote
cell excitability (Kindt et al. 2007).
Although DOP-1 and DOP-4 are both
D1-like receptors, DOP-4 belongs to an
invertebrate specific subfamily that in-
cludes the Drosophila receptor, DAMB,
and the Apis mellifera receptor, DOP-2
(Sugiura et al. 2005). The deficits associ-
ated with each dopamine receptor ap-
pear to be assay-specific, as loss of
DOP-4 did not decrease the probability
of response in the tap habituation assay
(data not shown) and loss of DOP-1 did
not affect habituation of ASH-mediated
reversals (Fig. 8A). Thus habituation of
these avoidance circuits is similarly af-
fected at the behavioral level by the
same neuromodulator, but via distinct
receptors. It remains to be determined
whether the cellular signals are also
divergent: one difference appears to be
their site of action, with DOP-1 function-
ing in the sensory cells to promote excit-
ability and DOP-4 signaling in some
as-yet-unidentified downstream cell or
cells. Further comparisons between ha-
bituation to ASH stimulation and habitu-
ation to tap will be useful for evaluating
the generalizability of findings between
circuits.

As mechanistic insights emerge, it is
apparent that multiple cellular processes
can underlie habituation, for example
the depression of excitatory synapses de-

scribed for the gill and siphon withdrawal reflex of Aplysia (Kandel
et al. 2004) and the recurrent inhibition motif of the Drosophila ol-
factory system (Twick et al. 2014). The best prospect for a complete
characterization of habituation is the continued use of model sys-
tems with tractable nervous systems. Combining optogenetics
with the Multi-Worm Tracker has removed the bottleneck of
data collection and analysis, making it feasible to conduct large
parametric studies or drug or genetic screens targeting habitua-
tion of the ASH avoidance circuit.
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