
Light-sensitive neurons and channels mediate
phototaxis in C. elegans

Alex Ward1,2,5, Jie Liu1,5, Zhaoyang Feng1,4 & X Z Shawn Xu1–3

Phototaxis behavior is commonly observed in animals with light-sensing organs. C. elegans, however, is generally believed to

lack phototaxis, as this animal lives in darkness (soil) and does not possess eyes. Here, we found that light stimuli elicited

negative phototaxis in C. elegans and that this behavior is important for survival. We identified a group of ciliary sensory neurons

as candidate photoreceptor cells for mediating phototaxis. Furthermore, we found that light excited photoreceptor cells by evoking

a depolarizing conductance carried by cyclic guanosine monophosphate (cGMP)-sensitive cyclic nucleotide–gated (CNG)

channels, revealing a conservation in phototransduction between worms and vertebrates. These results identify a new sensory

modality in C. elegans and suggest that animals living in dark environments without light-sensing organs may not be presumed to

be light insensitive. We propose that urbilaterians, the last common ancestor of bilaterians, might have already evolved a visual

system that employs CNG channels and the second messenger cGMP for phototransduction.

The ability to sense and react to environmental stimuli is essential for
animal survival1. Among the most common stimuli are chemicals,
mechanical forces and light. Animals have evolved specialized sensory
systems (for example, olfactory, gustatory, auditory and visual systems)
to detect these stimuli. Although the morphology of sensory organs is
highly diverse among different organisms, the cellular and molecular
mechanisms underlying sensory perception, transduction and proces-
sing have similarities across phylogeny2. As such, invertebrate
organisms have been widely used as genetic models for the study of
sensory physiology.

Light sensation is a universal phenomenon found in most organ-
isms. In vertebrates and insects, light is detected by photoreceptor cells
in the retina, which mediates image-forming vision3,4. Photoreceptor
cells also mediate non–image-forming functions, such as phototaxis
and circadian rhythm5,6. Notably, retinal photoreceptor cells in verte-
brates (for example, cones and rods) and insects adopt distinct
morphologies, with the former being ciliated and the latter bearing
microvillar structures3,4. The phototransduction cascades in these two
types of photoreceptor cells are also distinct, although both types of
cells detect light with the rhodopsin family of G protein–coupled
receptors3,4. Specifically, vertebrate rods and cones transduce light
signals into electrical responses by opening/closing CNG channels
using cGMP as a second messenger3. In contrast, Drosophila photo-
receptor cells employ transient receptor potential (TRP) family chan-
nels and an unknown second messenger for phototransduction4. It is
not known how these two distinct modes of phototransduction have
evolved in vertebrates and insects during evolution.

The nematode C. elegans has emerged as an increasingly popular
genetic model organism for the study of sensory transduction, includ-

ing olfactory transduction and mechanotransduction7,8. Here, we
developed C. elegans as a model for phototransduction. We found
that, despite the lack of specialized light-sensing organs, worms engage
in phototaxis behavior that is mediated by light-sensitive neurons and
requires cGMP/CNG channel–dependent phototransduction. This
behavior is important for survival and might provide a potential
mechanism for retaining worms in soil.

RESULTS

Light stimuli evoke negative phototactic responses

Animals living in dark environments without light-sensing organs are
generally believed to have not evolved or to have lost sensitivity to light
during evolution. However, we reasoned that there must be a mechan-
ism(s) that acts to keep such animals in the dark. One possibility is that
when the animal approaches a light environment, light may trigger
negative phototactic responses that would drive the animal back to a
dark environment.

We tested this hypothesis in C. elegans, an organism that lives in soil
and lacks morphologically distinct light-sensing organs9. We found that
light stimuli elicited robust avoidance responses in worms. Specifically,
when a flash of light was focused on the head of a worm moving
forward, the animal quickly responded by stopping forward movement
and initiating reversals (Fig. 1a and Supplementary Video 1 online).
Similarly, when a light pulse was directed to the tail or body of a worm
moving backwards, the animal stopped its backward movement and
began to move forward (Supplementary Video 2 online). As a result of
these behavioral responses, the animals were able to avoid light. This
negative phototaxis behavior might serve as a potential mechanism for
keeping worms in soil.
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Worms respond to light in a dose-dependent manner

To characterize phototaxis behavior, we focused on the head avoidance
response, as it is relatively easy to quantify this response. We found that
worms responded to light stimulation in a dose-dependent manner
(Fig. 1b,c and Supplementary Fig. 1). The percentage of worms that
responded increased as the intensity of the stimulus increased (Fig. 1b).
A similar phenomenon was observed when we extended the duration of
the stimulus (Fig. 1c and Supplementary Fig. 1). We also quantified
the response delay and found that worms initiated reversals as soon as
1 s after the onset of light illumination, depending on the light intensity
(Fig. 2a). To quantify the response amplitude and duration, we
measured the distance (that is, the number of head swings) and the
duration of backward movement (Fig. 2b,c). The distance and dura-
tion of backward movement increased with the intensity of the
stimulus (Fig. 2b,c). These results demonstrate that behavioral
responses to light in C. elegans are dose dependent.

Notably, we found that worms showed the highest sensitivity to
UV-A light (long ultraviolet; 350 ± 25 nm), followed by violet (435 ±
10 nm) and blue light (470 ± 20 nm) (Fig. 1b). UV-B (280–315 nm)
and UV-C (o280 nm) light were not tested because of technical
reasons. In contrast, worms were rather insensitive to green-1 light

(500 ± 10 nm; Fig. 1b). Very little, if any, response was induced by
green-2 (545 ± 15 nm) or yellow light (575 ± 25 nm), the wavelengths
shown to have subtle effects on worm movement10 (Fig. 1b). These
results indicate that the observed avoidance responses resulted from
light rather than heat, as green and yellow light produce more heat than
ultraviolet, violet and blue light. Although it is always difficult to
compare conditions in the laboratory with those in the natural
environment, the ultraviolet components in sunlight might potentially
induce a negative phototactic response in worms (Supplementary
Fig. 2 online). Phototaxis to ultraviolet light has also been observed in
other organisms, including the fruit fly Drosophila11.

Phototaxis is essential for survival

Phototaxis behavior may also serve as a protective mechanism for
C. elegans, as prolonged light exposure paralyzed and killed the animal
(Fig. 3). Thus, it seems that the ability to avoid light is essential for sur-
vival. The paralysis induced by prolonged light exposure and the photo-
tactic responses triggered by acute light pulses are probably mediated by
different mechanisms, as mutants lacking phototaxis can still be
paralyzed by light (A.W. and X.Z.S.X., unpublished observations).

As observed with phototaxis, UV-A light was also more efficient at
paralyzing worms than violet and blue light (Fig. 3). Green and yellow
light did not induce paralysis in worms in 20 min under our conditions.
As worms showed the highest sensitivity to UV-A light, we chose to
focus on UV-A light for further characterization.

Identification of candidate photoreceptor cells

In the vertebrate retina, light is first detected by photoreceptor cells (for
example, rods and cones)3. To identify candidate photoreceptor cells in
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Figure 1 Light evokes avoidance responses in C. elegans in a dose-dependent

manner. (a) Snapshot images showing that a flash of light triggered an

avoidance response in a worm moving forward. A flash of light (2 s, UV-A)

was delivered by an objective to the head of a worm moving forward under a

microscope. The animal quickly responded by stopping forward movement

and initiating reversals. The dotted red line indicates the position of the worm

in the field. (b) Worms responded to light in an intensity-dependent manner

and were most sensitive to UV-A light. Light pulses (2 s) of varying intensity
were tested for the head avoidance response and the percentage of worms

that responded was scored (Io ¼ 20 mW mm–2, n ¼ 10). Error bars represent

s.e.m. (c) Worms responded to light in a duration-dependent manner. Light

pulses of varying duration were tested for the head avoidance response. Two

different intensities of UV-A light were tested (–1.12log I/Io and –1.43log I/Io,

n ¼ 10). We also examined violet and blue light (Supplementary Fig. 1).

Error bars represent s.e.m.
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Figure 2 Behavioral quantification of phototactic responses. (a) Quantification of the response delay. Worms responded to a flash of light by initiating reversals

in as short as B1 s, depending on the light intensity. The response delay was quantified as the time interval between the onset of light illumination and the

time point at which the animal initiated backward movement. We tested three different intensities of UV-A, violet and blue light pulses (2 s, n ¼ 10). Error

bars represent s.e.m. (b) Quantification of the response amplitude. The assay was performed as described in a, and the number of head swings during

backward movement was quantified (n ¼ 10). Error bars represent s.e.m. (c) Quantification of the response duration. The assay was performed as

described in a, and the duration of backward movement was quantified (n ¼ 10). Error bars represent s.e.m.
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C. elegans, we used a laser ablation approach to determine which
sensory neurons are required for mediating the light-induced head
avoidance response. Laser ablation of a combination of seven
neurons (ASJ, AWB, ASK, ASH, ASI, AWC and ADL) abrogated
the head avoidance response (Fig. 4a). All of these neurons are
ciliated neurons12.

We further narrowed down the list to four neurons (ASJ, AWB,
ASK and ASH) that, when killed together, led to a severe defect in the
head avoidance response (Fig. 4a). A similar group of neurons have
been found to be important for electrotaxis13. Ablation of these
neurons individually or in different combinations did not yield a
severe defect (Fig. 3a and Supplementary Fig. 3 online), revealing
the presence of functional redundancy among these neurons for
mediating phototaxis. Although we cannot rule out the possibility
that other neurons may also be light sensitive, our results identify these
neurons as candidate photoreceptor cells that are important for
phototaxis in C. elegans.

CNG channels are important for phototaxis

In vertebrate rods and cones, light signals are transduced into electrical
responses in a process called phototransduction, which requires CNG

channels3,14. We thus wondered whether CNG channels were also
involved in mediating phototaxis in C. elegans. The worm genome
encodes a total of six CNG channel homologs, four of which have
known mutant alleles available for study (cng-1, cng-2, tax-2 and
tax-4)15. Some of these genes have also been shown to function as
CNG channels in heterologous systems16. We found that mutations in
the CNG-channel homolog tax-2 led to a severe defect in phototaxis,
whereas those in the other three did not (Fig. 4b and A.W. and
X.Z.S.X., unpublished observations). Notably, a previous study showed
that tax-2 is expressed in a number of ciliary sensory neurons,
including ASJ, AWB and ASK, that we identified as candidate photo-
receptor cells by laser ablation17. This provides additional evidence that
these neurons may act as photoreceptor cells.

To gather further evidence, we generated transgenic worms that
expressed the wild-type tax-2 gene specifically in these neurons using
cell-specific promoters. We found that expression of TAX-2 in ASJ,
ASK or AWB alone was sufficient to yield a significant rescuing effect
(P o 0.004 for ASJ and ASK, P o 0.04 for AWB; Fig. 4c). Notably,
expression of TAX-2 in ASJ showed the strongest effect (Fig. 4c). This
suggests that there may be multiple photoreceptor cells that possess
overlapping functions in mediating phototaxis in C. elegans.

Light evokes an inward current carried by CNG channels

To obtain direct evidence that the identified candidate photoreceptor
cells are light sensitive, we sought to record the activity of these neurons
in response to light by patch clamp. Calcium imaging approaches were
not chosen, as worms are sensitive to violet and blue light, which
overlap with the spectrum of all of the genetically encoded calcium
sensors that are currently available. We decided to focus on the ASJ
neuron, as expression of tax-2 in this neuron in tax-2(p671) mutant
worms gave rise to the strongest rescuing effect (Fig. 4c). However,
initial attempts to record this neuron using classic whole-cell recording
protocols failed to detect light-induced currents in ASJ. This might
result from some potential physical damage to the neuron that was
caused by the recording protocol. Alternatively, some component(s)
that are essential for phototransduction might have been dialyzed out
by the recording pipette. To overcome this difficulty, we developed a
protocol to record ASJ in situ in dissected live worms by perforated
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whole-cell recording. We found that a flash of light evoked an inward
current in ASJ, which developed in milliseconds (356 ± 37 ms, n ¼ 12)
after the onset of light illumination (Fig. 5a). In vertebrate photo-
receptors from the parietal eye, light can also evoke an inward current
by opening CNG channels, although in those from lateral eyes light
elicits an outward current18. Consistent with our behavioral data,
UV-A light is more efficient in inducing a light conductance than are
violet, blue and green light (Supplementary Fig. 4 online). The light-
induced current in ASJ was slightly outward rectifying, with a reversal
potential near zero (Fig. 5), a feature similar to that observed in

vertebrate photoreceptors14. Notably, the light-induced current
was sensitive to L-cis-diltiazem, a CNG channel–specific inhibitor
that blocks light-induced currents in vertebrate rods and cones19

(Fig. 5b,d and Supplementary Fig. 5 online). These data provide
strong evidence that the ASJ neuron is a photoreceptor neuron and that
the observed light conductance is mediated by CNG channels.

To provide further evidence for a critical role of CNG channels in
mediating the light conductance in ASJ, we recorded this neuron from
mutant animals lacking the CNG-channel homolog TAX-2 (Fig. 5c).
No notable light-induced current was observed in ASJ of tax-2 mutant
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Figure 5 Light stimulates the photoreceptor neuron ASJ by evoking an inward

current carried by CNG channels. (a) Light evoked an inward current in the

ASJ neuron of wild-type worms. The ASJ neuron from acutely dissected live

worms was recorded by perforated voltage clamp (–70 mV). A flash of UV-A

light (0.5 s, –1log I/Io) was used to stimulate the neuron. The same intensity

and duration of UV-A light was used during the rest recordings unless

otherwise indicated. Shown is a representative trace. (b) The light-induced

current was sensitive to the CNG-channel inhibitor L-cis-diltiazem. Recording
was performed as described in a. L-cis-diltiazem (100 mM) is membrane-

permeable and was included in the bath solution. The inhibitory effect of this

drug was reversible (Supplementary Fig. 5). Shown is a representative trace.

(c) The light-induced current was absent in mutant worms lacking the CNG-

channel homolog TAX-2. Recording was performed as in a. Two different

tax-2 mutant alleles (p671 and p691) were examined. (d) Bar graph

summarizing the data in a–c. **P o 0.00001 compared with wild type,

n Z 9. Error bars represent s.e.m. (e) I-V relations of the light-induced

conductance. Shown are voltage-ramp traces recorded from wild-type worms

with and without L-cis-diltiazem and from tax-2(p671) mutant worms.

Figure 6 The light-sensitive CNG channels in the

photoreceptor neuron ASJ are sensitive to cGMP.

(a) cGMP induced an inward current in ASJ in a

concentration-dependent manner. We dialyzed

cGMP at varying concentrations into ASJ with the

recording pipette. (b) cAMP failed to evoke an

inward current in ASJ at concentrations of up to

2 mM. (c) The cGMP-induced current was
sensitive to L-cis-diltiazem. The drug (100 mM)

was included in the bath solution. (d) The cGMP-

induced current was absent in tax-2 mutants.

(e) Bar graph summarizing the cGMP- and cAMP-

induced currents recorded from wild-type worms

(n Z 5). (f) Bar graph summarizing the cGMP-

induced currents recorded from tax-2 mutant

worms. **P o 0.0001 compared with wild type,

n Z 5. (g) I-V relations of the cGMP-induced

conductance. Shown are voltage-ramp traces

recorded from wild-type worms with and without

L-cis-diltiazem and tax-2(p671) mutant worms.

(h) The light-induced and the cGMP-induced

conductance shared a nearly identical I-V

relationship. The voltage-ramp traces from g and

Figure 5e were normalized and superimposed.

(i) The light-induced current was blocked by the

guanylate cyclase inhibitors LY83583 and
methylene blue (MB). LY83583 (100 mM) and

MB (10 mM) were included in the bath solution.

A control trace (drug free) is also shown. (j) Bar

graph summarizing the effects of the guanlynate

cyclase inhibitors on the light- and cGMP-induced

currents. LY83853 and MB blocked the light-

induced current but had no significant effect on

the cGMP-induced current. **P o 0.0003

compared with control, n Z 5. All error bars

represent s.e.m.
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worms (Fig. 5c–e). This observation, together with the electrophysio-
logical and pharmacological evidence described above, strongly
suggests that the light-induced conductance in ASJ is mediated by
CNG channels.

cGMP is a second messenger for phototransduction in ASJ

In vertebrate rods and cones, the light-sensitive CNG channels are
gated by the second messenger cGMP, but are rather insensitive to
cAMP14. In contrast, the olfactory transduction CNG channels in
vertebrate olfactory receptor neurons can be activated by both cAMP
and cGMP, although their native ligand is cAMP14. We thus asked
whether the light-sensitive CNG channels in worm photoreceptor
neurons depend on cGMP and/or cAMP. Dialysis of cGMP into the
ASJ neuron elicited an inward current, the amplitude of which showed
a dose dependence on cGMP concentration (Fig. 6). Notably, cAMP
evoked very little, if any, current in ASJ at concentrations of up to 2 mM
(Fig. 6b,e), demonstrating that cGMP, rather than cAMP, is the
preferred ligand for the CNG channels in ASJ, a property that is shared
by those in vertebrate rods and cones14.

As was the case with the light-induced current, the cGMP-induced
current in ASJ was also sensitive to L-cis-diltiazem, a CNG channel–
specific inhibitor19 (Fig. 6c,f and Supplementary Fig. 5). In addition,
both types of currents shared a nearly identical I-V relationship, that is,
slightly outward-rectifying with a reversal potential near zero (Fig. 6g).
Normalized I-V traces from both channels extensively overlap
(Fig. 6h). Furthermore, similar to the light-induced current, the
cGMP-dependent current also required the CNG-channel homolog
TAX-2, as no current was induced by cGMP in the ASJ neuron recorded
from tax-2 mutant worms (Fig. 6d,f). Taken together, these observa-
tions strongly suggest that the light- and cGMP-induced currents were
carried by the same type of CNG channels. These data also suggest that
cGMP may be a second messenger for transducing light signals into
electric responses in the photoreceptor neuron ASJ.

If cGMP is a second messenger mediating phototransduction in ASJ,
as suggested above, then blocking the production of cGMP should
block phototransduction. cGMP is produced by guanylate cyclases. The
worm genome encodes over 30 guanylate cyclase genes20. To overcome
the potential functional redundancy, we tested LY83857, a known
guanylate cyclase inhibitor21, and found that it suppressed the light-
induced current in ASJ (Fig. 6i,j). As a control, this drug did not have a
significant effect on the cGMP-induced current in ASJ (P 4 0.50;
Fig. 6j). To obtain additional evidence, we tested another known
guanylate cyclase inhibitor, methylene blue22, and found that methy-
lene blue also suppressed the light-induced current in ASJ (Fig. 6i,j).
These results demonstrate that cGMP has a critical role in photo-
transduction and strongly suggest that cGMP is a second messenger for
mediating phototransduction in the photoreceptor cell ASJ.

DISCUSSION

C. elegans reacts to a wide variety of chemical (for example, odorants,
tastants and oxygen, etc.) and mechanical (for example, body and nose
touch) stimuli and is commonly used as a model for the study of
sensory transduction23–28. In this study, we found that phototaxis
behavior is present in C. elegans, a soil-dwelling organism that lacks
specialized light-sensing organs. This behavior is essential for survival
and might provide a potential mechanism for retaining worms in soil,
their natural environment. It thus appears that organisms living in dark
environments without light-sensing organs may not be presumed to be
completely blind. Our studies identify a new sensory modality in
C. elegans and indicate that C. elegans could be a suitable model
organism for the study of phototransduction.

Classic anatomical analyses indicate that, in light of the wide
diversity of eye structure, eyes in vertebrates and invertebrates must
have evolved independently29, although genetic studies of eye devel-
opment have cast doubt on this view30. On the contrary, Charles
Darwin postulated a monophyletic origin of eye evolution in his book,
The Origin of Species, and suggested that all complex eyes may have
evolved from a prototype eye that comprised only two cells: a photo-
receptor cell (optic nerve) and a pigment cell(s), which were covered by
translucent skin without any lens or other refractive body (depicted in
Supplementary Fig. 6 online). The photoreceptor cell senses light and
the pigment cell shades light such that light is only detected by the
photoreceptor cell at certain directions (Supplementary Fig. 6). This
type of primitive eye has been suggested to be present in a number of
invertebrate organisms, including some planarians and annelid
larva31,32. It would be interesting to test whether the proposed photo-
receptor cells are light sensitive.

In the case of C. elegans, clearly no pigment cells have been identified
that may act to shade light from the photoreceptor cells. Nevertheless, it
is important to consider that worms live in soil (depicted in Supple-
mentary Fig. 6), an environment that is distinct from that above
ground where light would be detected from all directions. It is
conceivable that when a worm approaches or emerges from the surface
of the ground, light would be projected from top but not underneath,
which would trigger a negative phototactic response in the animal
(Supplementary Fig. 6). Under this scenario, soil shades light, acting as
a surrogate pigment cell (Supplementary Fig. 6). We thus propose that
the photoreceptor cells in worms are capable of assuming the proposed
function of Darwin’s primitive eyes. It is possible that pigment cells
have been lost inC. elegans during evolution since its ancestors began to
live in soil. Indeed, some marine and freshwater nematodes do have
pigments in the head and are phototactic, although no photoreceptor
cell has been functionally identified in these species33,34. It is also
possible that pigment cells have evolved independently of photorecep-
tor cells and have been recruited as needed during evolution.

There are two major types of photoreceptor cells in metazoans: the
ciliary photoreceptors represented by vertebrate rods and cones3 and
the rhabdomeric photoreceptors, exemplified by those from Drosophila
ommatidia35. Although these two types of photoreceptors both detect
light with the rhodopsin family of G protein–coupled receptors, the
downstream phototransduction cascades in the two cell types are
distinct3,35. Specifically, vertebrate rods and cones employ light-
sensitive CNG channels and the second messenger cGMP for photo-
transduction3, whereas Drosophila phototransduction is mediated by
light-sensitive TRP channels and an unknown second messenger(s)
(possibly DAG or its metabolites)35. Thus, the question arises as to
whether these two distinct phototransduction cascades have evolved
separately in vertebrates and insects after their ancestors split from
urbilaterians, the last common ancestor of all bilaterians36. Alternatively,
one or both types of phototransduction may have already been present
in urbilaterians. Our studies indicate that C. elegans photoreceptor cells
also employ CNG channels and the second messenger cGMP for
phototransduction. Thus, the cGMP/CNG channel–mediated photo-
transduction seems to be an ancient pathway. We propose that urbila-
terians might have already evolved a visual system that employs the
cGMP/CNG channel–mediated signaling for phototransduction. Con-
sidering that C. elegans and Drosophila both belong to the same
superphylum, Ecdysozoa36, it is possible that Drosophila might have
lost this mode of phototransduction during evolution; alternatively, this
pathway may exist in some Drosophila photoreceptors that have not yet
been functionally identified. Future work is needed to address the
evolutionary origin of TRP channel–mediated phototransduction.
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METHODS
Behavioral and statistical analysis. Phototaxis was tested on day 1 adult

worms unless otherwise indicated. Worms were transferred to nematode

growth medium plates (one worm per plate) covered with a thin layer of

freshly spread OP50 bacteria 2–5 min before the test. To quantify the percent

responding, we tested each worm five times with an 8–10-min interval between

each test and tabulated a percentage score for each worm. To quantify response

delay, response amplitude and response duration, we tested each worm only

once. The number of head swings was determined according to the definition

created in a previous study37. Light pulses from an Arc lamp (EXFO Xcite) were

delivered to the worm head via a 10� objective in combination with a 1–8�
zoom lens on a Zeiss microscope (Zeiss Discovery) and the entire event was

recorded with a digital camera (Cohu 7800) at 16 frames per s. To direct light to

the worm head, we manually moved the stage (plate) such that only the head of

the worm appeared in the field of view. A positive response was scored if the

worm stopped forward movement within 3 s after the cessation of light

illumination and also initiated backward movement that lasted at least half

of a head swing. In most cases, a 2-s light pulse was used to trigger responses

unless otherwise indicated. When light was directed to the worm tail or body, it

usually stimulated forward movement. Light intensity was determined with a

radiometric sensor head (268S for UV-A light and 268LP for visible light)

coupled to an optometer (S471, UDT Instruments). The intensities of UV-A,

violet, blue, green-1, green-2 and yellow light were sampled at 340, 430,

470, 500, 550 and 580 nm, respectively. The background light used to visualize

worms was filtered into red with a red filter. Io was set as 20 mW mm–2 for all

wavelengths. A software package was developed in the laboratory by modifying

one reported previously to control the shutter and the camera, as well as to

process images and quantify behavioral parameters38,39. Laser ablation was

performed on L2 worms using standard protocols40 and phototaxis was

analyzed at day 1 or 2 adulthood. A GFP transgene under the control of the

tax-2D promoter was expressed in the worm to aid laser ablation17.

Statistical analysis was carried out using the Statistica (StatSoft). P values

were generated by ANOVA using the Bonferroni test. P o 0.05 was considered

to be significant.

Genetics and molecular biology. To generate transgenic worms expressing the

wild-type tax-2 genes in specific neurons, we directly injected plasmids

encoding tax-2 cDNA under the control of the trx-1 (ASJ), str-1 (AWB) and

srg-8 (ASK) promoters into tax-2(p671) worms41,42. Plasmids encoding DsRed

driven by the same cell-specific promoters were used as a co-injection marker

to facilitate selection of the worms carrying the transgene in the neuron of

interest for behavioral tests. The srg-8::tax-2 transgene appeared to get silenced

after more than two passages, and the worms were thus assayed at the

F2 generation.

Electrophysiology. Patch-clamp recordings were carried out under an Olym-

pus microscope (BX51WI) with an EPC-10 amplifier and the Pulse software

(HEKA) using a protocol modified from previous studies43,44. In brief, worms

were glued to a sylgard-coated coverglass covered with bath solution and a

small piece of cuticle in the worm head was cut open and pinned down to the

coverglass to expose the cells. The ASJ neuron was identified by an mCherry

fluorescence marker expressed as a transgene driven by the trx-1 promoter.

mCherry was excited by orange light (590 ± 10 nm). Background light was

filtered into red with a red filter. Light pulses (0.5 s) were delivered from an Arc

lamp (EXFO Xcite) coupled to a mechanical shutter (Sutter) triggered by the

amplifier. Recording pipettes were pulled from borosilicate glass and fire-

polished. The bath solution contains 145 mM NaCl, 5 mM KCl, 1 mM CaCl2,

5 mM MgCl2, 11 mM dextrose and 5 mM HEPES (330 mOsm, pH adjusted to

7.3). The pipette solution for perforated patch clamp contained 115 mM

potassium gluconate, 15 mM KCl, 5 mM MgCl2, 10 mM HEPES, 0.25 mM

CaCl2, 20 mM sucrose, 5 mM EGTA and 50 mg ml–1 nystatin (315 mOsm, pH

adjusted to 7.2). We included 5 mM Na2ATP and 0.5 mM Na2GTP in the

pipette solution during classic whole-cell recording. When acquiring voltage-

ramp traces, potassium gluconate was replaced with CsCl in the pipette

solution. Nystatin was included in the pipette solution only during perforated

whole-cell recording. Several other ionophores were also tested for perforated

patch clamp (for example, b-escin, amphotericin B and gramicidin), and

nystatin was found to be the most efficient under our conditions. Voltages

were clamped at –70 mV. Current data were sampled at 5 kHz. Series resistance

and membrane capacitance were both compensated for during recording.

Note: Supplementary information is available on the Nature Neuroscience website.
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