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The nematode Caenorhabditis elegans changes its chemotaxis to NaCl depending on previous experience. At the behavioral level, this
chemotactic plasticity is generated by reversing the elementary behaviors for chemotaxis, klinotaxis, and klinokinesis. Here, we report
that bidirectional klinotaxis is achieved by the proper use of at least two different neural subcircuits. We simulated an NaCl concentration
change by activating an NaCl-sensitive chemosensory neuron in phase with head swing and successfully induced klinotaxis-like curving.
The curving direction reversed depending on preconditioning, which was consistent with klinotaxis plasticity under a real concentration
gradient. Cell-specific ablation and activation of downstream interneurons revealed that ASER-evoked curving toward lower concentra-
tion was mediated by AIY interneurons, whereas curving to the opposite direction was not. These results suggest that the experience-
dependent bidirectionality of klinotaxis is generated by a switch between different neural subcircuits downstream of the chemosensory
neuron.
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Introduction
Behaviors, which are the prominent outputs of the nervous sys-
tem, are often generated in response to sensory inputs. Although
the transformation of information in this process is a major focus
of neuroscience, it is difficult to figure out exactly how behavioral
outputs are generated in higher animals. In the soil nematode
Caenorhabditis elegans, all 302 neurons and their connections
have been mapped completely (White et al., 1986), and C. elegans
chemosensation and chemotactic behaviors have been well de-
scribed (Ward, 1973; Bargmann and Horvitz, 1991). This under-
standing of the nematode’s nervous system offers advantages for
studying the processes between inputs and outputs at a cellular
resolution by using the single-neuron manipulation techniques
that are available for this model organism.

For chemotaxis, the relationships between chemicals as inputs
and locomotion as outputs are well studied. As one of the two
major behavioral strategies for chemotaxis, C. elegans employs

klinotaxis; when the animal faces a concentration gradient per-
pendicular to its body axis, it gradually curves toward the con-
centration peak of the chemical (Fig. 1a; Iino and Yoshida, 2009).
Course correction in klinotaxis is thought to be exerted by biasing
motor outputs during sinusoidal forward movement in response
to the chemical gradient. The gradient is probably detected as
changes in the chemical input caused by sinusoidal movements of
the head, where the chemosensing amphid sensilla are located
(Izquierdo and Lockery, 2010). This view has been supported by
a set of experiments in which the optogenetic activation or inac-
tivation of the odor-sensitive AWC ON neuron in synchrony with
the animal’s head swing induced curving outputs that corre-
sponded to positive klinotaxis to odor (Fig. 1b; Kocabas et al.,
2012).

Unlike klinotaxis to odor, klinotaxis to NaCl is bidirectional,
and it changes as a result of learning. C. elegans memorizes the
NaCl concentration at which it is cultivated with food and in a
following test it shows chemotaxis to the memorized NaCl con-
centration. Thus, klinotaxis to NaCl can be either positive or
negative, depending on the difference between the memorized
concentration and the concentration at the position of the worm.
Klinotaxis in both directions requires inputs from a single che-
mosensory neuron, ASER, which is activated in response to the
decrease in NaCl concentration (Kunitomo et al., 2013). Al-
though klinotaxis to odor and NaCl are mediated by different
chemosensory neurons (AWC ON and ASER, respectively), the
postsynaptic interneuron classes for these neurons are common:
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AIA, AIB, and AIY. We focused on this
commonality of circuits and bidirection-
ality of the klinotactic outputs to elucidate
the neural mechanisms of klinotaxis and
its plasticity. We first controlled the activ-
ity of ASER neuron in animals condi-
tioned by different NaCl concentrations.
We found that the same activation pattern
of a single chemosensory neuron, ASER,
generated two opposite curving outputs
in correspondence with plastic klinotaxis.
We next examined the involvement of in-
terneurons postsynaptic to the ASER neu-
ron by ablation or activation experiments
and found that AIY interneurons were re-
quired for negative klinotaxis to NaCl but
not for positive klinotaxis. These results
suggest that C. elegans realizes bidirec-
tional and plastic klinotaxis by the proper
use of at least two neural subcircuits: one
that contains AIY interneurons and others
that do not contain AIY.

Materials and Methods
Strains and culture. C. elegans strains were cul-
tured and maintained using the standard pro-
cedure (Brenner, 1974) with two exceptions.
First, NA22 instead of OP50 strain of Esche-
richia coli was used as a food source to avoid
starvation after overcrowding. Second, C.
elegans SRS281 and SRS291 strains (see below)
were cultured and maintained at 25°C to select
transgenic animals as described previously
(Granato et al., 1994; Kocabas et al., 2012). All
C. elegans strains were derived from the wild-
type strain Bristol N2. The following strains
have been made by Kocabas et al. (2012) and
were obtained from the Caenorhabditis Ge-
netics Center (University of Minnesota):
pha-1(e2123) III; lite-1(ce314) X; sraEx281
[ttx-3p::chop-2(H134R)::TagRFP � pBX(pha-
1(�))] (SRS281), pha-1(e2123) III; lite-
1(ce314) X; sraEx291[npr-9p::chop-2(H134R)::
TagRFP � pBX(pha-1(�))] (SRS291). The following strains have been
made by Kunitomo et al. (2013): lite-1(ce314) X; peIs1091[gcy-5p::chop-2
(H134R)::yfp unc-122p::mCherry] (JN1601), lite-1(ce314) X; peIs1091;
peIs578[npr-9p::casp1 npr-9p::venus unc-122p::mCherry] (JN1602).
The other strains were generated in this study: lite-1(ce314) X; peIs1091;
peIs579[ttx-3p::casp1 ttx-3p::venus lin-44p::gfp] (JN1603), lite-1(ce314)
X; peIs1091; peIs580[ins-1(short)p::casp1 ins-1(short)p::venus unc-122p::
gfp] (JN1604), lite-1(ce314) X; peEx1605[ins-1(short)p::chop-2(H134R)::
yfp unc-122p::gfp] (JN1605), lite-1(ce314) X; peEx1608[ins-1(short)
p::chop-2(H134R)::yfp npr-9p::chop-2(H134R)::yfp unc-122p::mCherry]
(JN1608), lite-1(ce314) X; peIs1091; peIs578; peIs580 (JN1607), lite-
1(ce314) X; peIs1091; peIs579 peIs580 (JN1606). All strains carry the lite-
1(ce314 ) mutation to abolish innate avoidance of blue light (Edwards et
al., 2008; Liu et al., 2010).

Generation of strains. Transgenic strains were generated by microin-
jection of transgene DNA to hermaphrodite germline (Mello et al., 1991).
Plasmids for germline transformation were generated by the Gateway
system (Invitrogen), in which the promoter sequence on an entry vector
and the ORF of the gene of interest on a destination vector were
combined by LR reaction. Details of this method have been described
previously (Matsuki et al., 2006). pENTR-ttx3p, pENTR-ins1(short)p,
pDEST-casp1, and pDEST-chop-2(H134R)::yfp have been made previ-
ously (Matsuki et al., 2006; Lin et al., 2010; Yoshida et al., 2012; Kuni-
tomo et al., 2013). The AIY-ablated strain peIs579 (JN579) was generated

by integrating the transgenes Ex[ttx-3p::casp1] (100 ng/�l) and
Ex[ttx-3p::venus] (100 ng/�l) into the genome by UV irradiation fol-
lowed by outcrossing with N2 three times. For the AIA-ablated strain
peIs580 (JN580), the ins-1(short) promoter was used. AIY and AIA neu-
rons were absent in �90% of JN579 and JN580 animals, respectively.
JN1603, JN1604, JN1606, and JN1607 strains were generated by crossing
JN1601 and JN579, JN1601 and JN580, JN1603 and JN1604, and JN1602
and JN1604, respectively. For the JN1605 strain that expresses channel-
rhodopsin-2 ChR2(H134R) in AIA neurons, Ex[ins-1(short)p::chop-2
(H134R)::yfp] (90 ng/�l) was injected into lite-1(ce314 ) animals with a
coinjection marker. For the JN1608 strain that expresses ChR2(H134R)
in AIA and AIB neurons, Ex[ins-1(short)p::chop-2(H134R)::yfp] (50 ng/
�l) and Ex[npr-9p::chop-2(H134R)::yfp] (50 ng/�l) were used.

Automatic tracking and stimulation of freely moving nematode. We used
an upright microscope (BX51, Olympus) equipped with a halogen light
source (U-LH100IR, Olympus), a motorized stage (HV-STU02-1,
HawkVision), a CCD camera (GRAS-03K2M-C, Point Grey Research),
and a blue LED (470 nm; pE-100, CoolLED) for the worm tracking and
stimulation system (Fig. 1d). The animal’s centroid, tail, head, and mid-
line were detected and used for tracking and automated blue-light illu-
mination. Tail and head were detected essentially as the sharpest and the
second sharpest parts of the body, respectively. Midline was calculated
based on the tail position, the head position, and the outline of the
animal. The neck angle was defined as the angle between two line seg-
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Figure 1. Procedure for optogenetic stimulation of neurons that induce klinotaxis-like curving. a, Schematic diagram of klino-
taxis. Worms gradually curve toward the side with higher (or lower) chemical concentrations. b, Schematic diagram of the
photoactivation pattern. In the illustration, the animal is stimulated when it bends its neck to the left side. The left curve is
ipsilateral to the stimuli. The right curve is contralateral to the stimuli. c, Quantification of head swing. Neck angle h is defined as
the angle between two lines. One links the 5 and 20% points of the animal’s midline and the other links the 20 and 35% points. The
0 and 100% points are set to the head and tail, respectively. The head-swing criterion is �h� � 10°. In the illustration, the animal
is assumed to be bending its neck to the left side. d, Setup for automated tracking and stimulation. The control software decides
whether to stimulate or not by the criteria (c) every 50 ms during an assay. e, Definition of the curving rate. See the Materials and
Methods for a description.
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ments, one between two points at 5 and 20% of the head-to-tail length
along the midline and the other between 20 and 35% points (Fig. 1c, h).
When the neck angle became �10° (or ��10°), the animal was assumed
to be bending its neck to one side and was stimulated by irradiating 0.8
mW/mm 2 of blue light (Fig. 1b). It took �20 ms from image capture to
posture detection, and the whole process was performed at 20 Hz by a
custom-made operating software. The software was developed in C��
with OpenCV library and ran on Realtime Linux. During the assay, the
worm tracking and stimulation system recorded outline, midline, and
location of the animal in a custom format in every 50 ms.

Preculture and assays. All animals used in this study were hermaphro-
dites. After cultivating on the nematode growth medium (NGM) plates
under the standard culture conditions for 4 d, animals at the L4 stage
were moved to preconditioning plates and further cultivated at 20°C
overnight. The preconditioning plates were standard NGM plates, except
that their NaCl concentrations were 25 or 75 mM, and the food source on
those plates contained optional 1 mM all trans-Retinal (ATR; Sigma-
Aldrich), which is necessary for channelrhodopsin to work in C. elegans.
Before the assay, each animal was washed with wash buffer (25 mM po-
tassium phosphate, pH 6.0, 1 mM CaCl2, 1 mM MgSO4, 50 mM NaCl)
three times, and was placed on an assay plate. Assay plates were 8.5 cm in
diameter and included 2% agar in the same ingredients as wash buffer. In
each experiment, one animal was tested on an assay plate for 11 min
under the automatic tracking and stimulation system. The animal was
allowed to move freely without blue-light stimulation for the first 1 min
and with the stimulation for the remaining 10 min. The stimulation was
dependent on the animal’s head swing; namely, the blue light was illumi-
nated while the animal’s neck was bent on one side, and no stimulation
while on the other side (Fig. 1b). Tracking data were recorded during the
assay and for extra 10 s (670 s in total).

Analysis of locomotion. Stops, omega turns, and backward movements
were automatically detected from the recorded midline data and centroid
location data. Time periods within 3.18 s from these events were classi-
fied as “not-run” periods, and the remaining periods were classified as
“run” periods (adopted from Iino and Yoshida, 2009). If the change in
moving direction is �� during the interval �s, then the curving rate is
��/�s (Fig. 1e). We calculated the curving rate for every 0.01 mm of run
parts. We calculated the average curving rate of an animal only if the total
length of the run part of its track was �10 mm during the 10 min test
period with stimulation; otherwise the record was discarded. The sign of
curving rate was determined so that the value was positive when the
animal curved toward the side of the stimulus (ipsilateral side) and the
value was negative when the animal curved toward the opposite side
(contralateral side). The above criteria were adjusted from Iino and Yo-
shida (2009) to suit the recorded locomotion data.

Results
Closed-loop photostimulation of identified neurons
To achieve photostimulation in phase with head swing, we per-
formed high-speed tracking of moving animals based on the
bright-field image of the animals. At the same time, the posture of
the animal was extracted by determining the midline of the body.
The calculated head-swing angle was used to determine the tim-
ing of the blue-light illumination (Fig. 1b,c,d; Materials and
Methods), thus allowing us to stimulate ChR2-expressing neu-
rons only when the worm swung the head to one side.

The head swing-dependent activation of the ASER neuron
causes experience-dependent biased curving
It was previously reported that a phasic optical stimulation of the
odor-sensitive AWC ON chemosensory neuron using a protocol
similar to the one described above made the animals turn away
from the direction in which the head was bending when the blue
light was turned on (“contralateral curving” to phasic stimula-
tion; Fig. 1b; Kocabas et al., 2012). This activation pattern corre-
sponds to a virtual odor gradient perpendicular to the direction
of forward locomotion, and the contralateral curving to phasic

activation corresponds to the positive klinotaxis to odor, because
the AWC ON neuron is activated when odor concentration de-
creases (Chalasani et al., 2007). We examined whether the same
activation pattern of NaCl-sensitive ASER chemosensory neuron
generated similar behavioral outputs by using animals that ex-
pressed ChR2 only in the ASER neuron (Fig. 1b). To test the effect
of NaCl preference change caused by the difference in previous
culture conditions, we precultured the animals with different
concentrations of NaCl (25, 50, or 75 mM; Fig. 2a) and photo-
stimulated the ASER neuron only when the animal bent its head
to one side. In a reaction similar to that with AWC ON stimula-
tion, animals curved in response to phasic ASER activation. We
found that the curving responses were significantly different be-
tween the cases where photostimulation was applied during ven-
tral bending of the head and the cases where it was applied during
dorsal bending (Fig. 2b, bottom). This difference was also ob-
served in animals precultivated without ATR, which is essential
for photoactivation of ChR2, suggesting that C. elegans has an
intrinsic bias toward ventral curving, probably due to dorsoven-
tral asymmetry of the nervous system, and the curving responses
to phasic stimulation of ASER also inherits this bias. Considering
this, we hereafter conducted the experiments without discrimi-
nating the ventral/dorsal stimulation. Apart from the ventral bias
observed in all conditions, the animals showed significantly dif-
ferent curving responses to phasic stimulation, depending on
preculture conditions; the curving was strongly ipsilateral to the
stimulated side when the animals were precultivated at 25 mM, a
little contralateral when precultivated at 50 mM, and strongly
contralateral when precultivated at 75 mM (Fig. 2b, top, bottom).
Knowing that the ASER neuron shows calcium responses to de-
crease in NaCl concentration regardless of the NaCl concentra-
tion of precultivation (Kunitomo et al., 2013), we concluded that
the ipsilateral curving to the phasic activation of ASER corre-
sponds to the negative klinotaxis to NaCl, and the contralateral
curving corresponds to positive klinotaxis. These results were
consistent with the previously reported plastic klinotaxis to NaCl
(Kunitomo et al., 2013), in which animals cultivated at a lower
concentration curve toward lower NaCl concentrations and vice
versa.

AIY neurons are required for ipsilateral curving to the phasic
activation of ASER neuron but not for contralateral curving
We next examined the involvement of postsynaptic interneurons
in the ipsilateral/contralateral curving outputs. The ASER neuron
sends synaptic outputs to three pairs of interneurons: AIA, AIB,
and AIY (Fig. 3a). Of these, the ablation of AIY interneurons by
the cell-specific expression of mouse caspase abolished the ipsi-
lateral curving to the phasic activation of the ASER neuron in
animals cultivated at 25 mM NaCl, but did not affect the con-
tralateral curving of animals cultivated at 75 mM NaCl (Fig. 3b).
Ablation of the AIA or AIB interneurons caused little or no de-
fects in both the ipsilateral and contralateral curving (Fig. 3b).
However, double ablation of AIA and AIB neurons caused a sig-
nificant decrease in curving bias on both sides, suggesting that
these neurons work redundantly. Effects of AIA/AIY ablation
could not be assessed because these animals reversed at an unusu-
ally high rate and showed very short run lengths (run length
during 10 min of wild-type JN1601 conditioned with 25 mM

NaCl without ATR: 43.3 � 2.89 mm, n � 34; AIA/AIY-ablated
strain JN1606: 2.80 � 0.54 mm, n � 31), which was consistent
with previous reports that both AIA and AIY neurons suppress
reversals (Wakabayashi et al., 2004; Gray et al., 2005).
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Head swing-dependent activation of
AIY neurons always causes
ipsilateral curving
We next expressed ChR2 in each of the
three interneuron classes and examined
the effects of optogenetic activation. Di-
rect activation of AIY neurons with the
same phasic pattern induced strong ipsi-
lateral curving toward activation stimuli
regardless of the NaCl concentration of
cultivation (Fig. 3c, top). Direct phasic ac-
tivation of AIA neurons generated a weak
ipsilateral curving bias when the animals
were cultivated at 25 and 50 mM NaCl,
while no significant bias was detected after
preincubation at 75 mM NaCl (Fig. 3c).
Direct phasic activation of AIB neurons
alone or AIA and AIB neurons together
did not induce any significant bias on
curving (Fig. 3c). These results were con-
sistent with the previous proposal that
AIY neurons are key neurons that directly
regulate ipsilateral curving to the phasic
activation of upstream chemosensory
neurons (Kocabas et al., 2012). However,
AIY neurons cannot generate contralat-
eral curving or contribute to contralateral
curving as judged by the cell-ablation ex-
periments. The remaining two interneu-
ron classes, AIA and AIB, do not seem to
be able to generate curving bias, even if
activated together (Fig. 3c).

Figure 2. Bidirectional klinotaxis-like curving induced by ASER activation. a, Culture and assay conditions. L4 animals were
transferred to the preculture plates that contained ATR necessary for channelrhodopsin to work in C. elegans and different concen-
trations of NaCl (25, 50, or 75 mM), and were tested on the next day on the assay plate that contained 50 mM NaCl. b, Curving
induced by phasic activation of the ASER neuron after preculture at different concentrations of NaCl. Average curving rate of each
animal during the 10 min test period was calculated and the values were averaged across animals that moved forward for �10 mm
during the 10 min period. In this assay, we recorded whether the side of stimulation was the ventral side or the dorsal side of each
animal. “No ATR” indicates the results of the animals precultured without ATR. JN1601 strain was used. Top, Average curving rate
during the 10 min calculated without considering ventral/dorsal difference. The numbers of animals for each bar from left to right
were 40, 40, 37, 40, 32, and 39. The effect of concentration of preculture on curving bias was significant (F(2,222) � 80.3, p � 2 	

4

10 �16) and the effect of interaction between presence of ATR
and concentration of preculture was significant (F(2,222) �
85.6, p � 2 	 10 �16, 2-way ANOVA). p values of the statis-
tical test between “ATR” and “no ATR” in each preculture
condition were p � 4.55 	 10 �15, p � 6.02 	 10 �6, and
p � 2.92 	 10 �9 (***p � 0.001, Student’s t test). Bottom,
Average curving rate in response to ventral stimuli and dorsal
stimuli, calculated by the same dataset as the top panel. VS,
Ventral stimuli; DS, dorsal stimuli. The numbers of animals for
each bar were 20, 20, 20, 20, 20, 20, 17, 20, 16, 19, 16, and 20.
The main effects or interactions of three factors [presence of
ATR while precultivation (ATR), concentration of preculture
(concentration), dorsal/ventral difference of stimulation (D/
V)] on curving bias were tested by three-way ANOVA: the ef-
fect of concentration was significant (F(2,216) � 146, p �
2.2 	 10 �16); the effect of D/V was significant (F(1,216) �
165, p � 2.2 	 10 �16); the effect of interaction between
concentration and D/V was not significant (F(2,216) � 2.31,
p � 0.102); the effect of interaction between concentration
and ATR was significant (F(2,216) � 158, p � 2.2 	 10 �16);
and the effect of interaction between D/V and ATR was signif-
icant (F(1,216) � 11.8, p � 7.25 	 10 �4). Corrected p values
(kp): VS(ATR) versus VS(No ATR), 3.00 	 10 �10, 1.87 	
10 �9, 4.16 	 10 �4 (25 mM preculture condition); DS(ATR)
versus DS(No ATR), 1.35 	 10 �3, 4.54 	 10 �6, 1.94 	
10 �8 (50 mM preculture condition); VS(ATR) versus DS(ATR),
9.66 	 10 �7, 1.01 	 10 �8, 1.87 	 10 �9 (75 mM precul-
ture condition); k � 3; ***kp � 0.001, **kp � 0.01, *kp �
0.05, t test with Bonferroni’s correction.

15634 • J. Neurosci., November 19, 2014 • 34(47):15631–15637 Satoh et al. • Circuits for Plastic C. elegans Klinotaxis



Discussion
The neural basis of chemotaxis in C. elegans has been studied for
years. As sensory inputs, the responses of neurons to chemical
cues, such as odor and salts, have been well described (Chalasani
et al., 2007; Suzuki et al., 2008). As behavioral outputs, two major
strategies for chemotaxis are known: (1) klinokinesis, in which
the animal changes the frequency of a complex turning behavior

that consists of consecutive short reversals and omega turns, and
(2) klinotaxis, in which the animal gradually curves during for-
ward locomotion in response to the chemical gradient perpen-
dicular to the body axis (Pierce-Shimomura et al., 1999; Iino and
Yoshida, 2009).

Recent studies on chemotaxis to odor have provided a better
understanding of the neural mechanisms that connect these sen-
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F(2,162) � 0.744, p � 0.477; AIA/AIB-ChR2, F(2,174) � 1.09, p � 0.337; and the effects of the presence of ATR on curving bias were significant in AIY-ChR2 (F(1,155) � 189, p � 2 	 10 �16) and
AIA-ChR2 (F(1,180) � 12.1, p � 6.40 	 10 �4), but were not significant in AIB-ChR2 (F(1,162) � 0.435, p � 0.511) and AIA/AIB-ChR2 (F(1,174) � 0.518, p � 0.473, 2-way ANOVA). p values of
statistical tests between ATR and No ATR in each preculture condition in AIY-ChR2 are 1.00 	 10 �11, 2.02 	 10 �7, and 3.15 	 10 �13. p values of statistical tests between ATR and No ATR in each
preculture condition in AIA-ChR2 are 3.86	10 �2, 5.66	10 �3, and 0.372 (Student’s t test). d, A possible neural mechanism that generates bidirectional klinotaxis in salt chemotaxis. Information
from the ASER salt-sensing neurons is mediated by AIY neurons and other unknown pathways.
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sory inputs to behavioral outputs. AWC chemosensory neurons
show calcium responses to the removal of odor, such as isoamyl
alcohol or butanone (Chalasani et al., 2007). Three major in-
terneuron classes that are postsynaptic to AWC neurons are also
responsive to odor; namely, AIB neurons respond to odor re-
moval, while AIA and AIY neurons respond to odor exposure
(Chalasani et al., 2007, 2010). At the behavioral level, the ablation
of AIB neurons decreases reversal events, and the ablation of AIA
or AIY neurons increases reversal events (Wakabayashi et al.,
2004; Gray et al., 2005). Through experiments to control activity
of the AWC ON neuron or of postsynaptic interneurons, it has
been suggested that AIB interneurons drive klinokinesis while
AIY interneurons drive klinotaxis, probably in response to odor-
evoked activity changes of AWC neurons (Kocabas et al., 2012).

These three interneuron classes, AIA, AIB, and AIY, are post-
synaptic to many sensory neurons and are likely to also be in-
volved in the chemotaxis to other chemicals. For the chemotaxis
to NaCl, ASE neurons are essential in the low concentration range
(�200 mM; Hukema et al., 2008). The first-layer interneuron
classes that are postsynaptic to ASE neurons are AIA, AIB, and
AIY, the same set as for AWC neurons (Fig. 3a; White et al.,
1986). Chemotaxis to odor is similar to chemotaxis to NaCl ex-
cept that chemotaxis to NaCl, unlike chemotaxis to odor, will
change according to experience (Saeki et al., 2001; Kunitomo et
al., 2013). Experience also affects the underlying klinotaxis be-
havior. This plasticity requires the ASER neuron, which is one of
a bilateral ASE chemosensory neuron pair (Tomioka et al., 2006;
Kunitomo et al., 2013). In this study, we performed ASER activa-
tion experiments in animals that experienced different NaCl con-
centrations and found that input from a single chemosensory
ASER neuron was sufficient to drive both ipsilateral and con-
tralateral curving outputs that corresponded to negative and pos-
itive klinotaxis to NaCl, respectively (Fig. 2b). The plastic curving
outputs that depended on previous experiences were consistent
with the plastic klinotaxis to NaCl (Kunitomo et al., 2013). With
ASER activation in interneuron-ablated animals, we found that
AIY interneurons are required only for ipsilateral curving caused
by ASER activation but not for contralateral curving (Fig. 3b).
Consistently, direct activation of interneurons showed that AIY
can drive ipsilateral curving but not contralateral curving (Fig.
3c). Therefore, it is deduced that the plastic bidirectional klino-
taxis to NaCl is regulated by switching between microcircuits that
contain AIY and those that do not contain AIY (Fig. 3d). Double
ablation of AIA and AIB interneurons suggested that these neu-
rons redundantly regulate curving contralateral to the side of
ASER activation, or positive klinotaxis to NaCl (Fig. 3b). How-
ever, simultaneous activation of AIA and AIB neurons did not
induce any biased curving (Fig. 3c). One possibility is that AIA
and AIB neurons regulate positive klinotaxis only when activated
with a time lag. Therefore, simultaneous activation of both neu-
rons was not sufficient for curving.

Note that in interneuron activation experiments both left and
right bilateral cells of each interneuron class (AIYL and AIYR,
AIAL and AIAR, AIBL and AIBR) were activated at the same time
because technical limitations made it impossible to genetically or
spatially segregate the left and right neurons. There is strong left–
right asymmetry in the connectivity from ASE chemosensory
neurons to downstream interneurons: the right ASE neuron is
strongly connected to the right members of AIY and AIB neurons
(ASER to AIYR/AIBR), which is also true for the left members
(ASEL to AIYL/AIBL). There is also a clear functional left–right
asymmetry of ASE neurons in sensing NaCl concentration
changes: the ASEL neuron responds to increase in NaCl concen-

tration while the ASER neuron responds to decrease of NaCl
(Suzuki et al., 2008). Therefore, there remains a possibility that
activating both left and right members of interneurons simulta-
neously might not precisely mimic the phasic NaCl concentra-
tion change in some cases.

Considering that both AWC ON and ASER neurons are stim-
ulated by the removal of responsive chemicals (Chalasani et al.,
2007; Suzuki et al., 2008; Kunitomo et al., 2013), it is possible that
the contralateral and ipsilateral curving induced by AWC ON ac-
tivation might be differently mediated by AIY neurons.

The neural pathways for contralateral curving to ASER acti-
vation (or positive klinotaxis to NaCl) are still unknown. Abla-
tion of each of the first-layer interneurons that were postsynaptic
to the ASER neuron did not abolish the contralateral curving in
response to the phasic activation of the ASER neuron (Fig. 3a,b).
There might be other functional pathways from the ASER neuron
through other sensory neurons that mediate contralateral curv-
ing. Another possibility is that there is an extensive functional
redundancy between the pathways in which these interneurons
transmit the ASER activation pattern. A defect in the contralat-
eral curving observed in the AIA/AIB double-ablation animals at
least partially supports the latter possibility.
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