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The Neural Network for Chemotaxis to Tastants in
Caenorhabditis elegans Is Specialized for Temporal
Differentiation
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Chemotaxis in Caenorhabditis elegans depends critically on the rate of change of attractant concentration computed as the worm moves
through its environment. This computation depends, in turn, on the neuron class ASE, a left–right pair of pair of chemosensory neurons
that is functionally asymmetric such that the left neuron is an on-cell, whereas the right neuron is an off-cell. To determine whether this
coding strategy is a general feature of chemosensation in C. elegans, we imaged calcium responses in all chemosensory neurons known or
in a position to contribute to chemotaxis to tastants in this organism. This survey revealed one new class of on-cells (ADF) and one new
class of off-cells (ASH). Thus, the ASE class is unique in having both an on-cell and an off-cell. We also found that the newly characterized
on-cells and off-cells promote runs and turns, respectively, mirroring the pattern reported previously for ASEL and ASER. Our results
suggest that the C. elegans chemotaxis network is specialized for the temporal differentiation of chemosensory inputs, as required for
chemotaxis.

Introduction
Caenorhabditis elegans exhibits robust chemotaxis in concentra-
tion gradients of attractive odors and tastes. Chemotaxis results
from two distinct behavioral mechanisms, both of which depend
on the time derivative of attractant. The first mechanism is ran-
dom walk that is biased by the time derivative of attractant
concentration (Dusenbery, 1980; Pierce-Shimomura et al.,
1999). When the derivative is negative, indicating movement
down the gradient, the frequency of spontaneous reorienting
turns rises, truncating movements in the wrong direction.
When the derivative is positive, indicating movement up the
gradient, the frequency of turns is suppressed, leading to long
“runs” up the gradient. The second mechanism is klinotaxis,
in which the normal sinusoidal movements of the worm dur-
ing runs are biased in the direction of increasing concentra-
tion (Iino and Yoshida, 2009).

Chemical stimuli are sensed by three types of chemosensory
organs. These include the amphids and the phasmids—left–right
pairs of sensory organs in the head and tail, respectively—and the
inner labial organs of the mouth, which have a sixfold symmetry.
Only the amphids appear to be required for chemotaxis (Ward,
1973; Bargmann and Horvitz, 1991). Each amphid is innervated
by three chemosensory neurons specialized for olfaction and

eight chemosensory neurons specialized for taste. The taste neu-
rons ASEL and ASER, collectively known by the class name ASE,
play a dominant role in chemotaxis to the attractant NaCl and
certain other inorganic salts (Bargmann and Horvitz, 1991;
Pierce-Shimomura et al., 1999; Miller et al., 2005). Calcium imaging
experiments show that ASEL and ASER are functionally asymmetric
(Suzuki et al., 2008). ASEL is an on-cell in that it is transiently acti-
vated by increases in NaCl concentration, whereas ASER is an off-
cell in that it is transiently activated by decreases in NaCl
concentration. The outputs of ASE neurons converge on the motor
system but with opposing effects—activation of ASEL (the on-cell)
promotes runs at the expense of turns, whereas activation of ASER (the
off-cell) promotes turns at the expense of runs. Thus, at the point of
convergence, the net effect of ASE activation is a behavioral signal that
approximates the time derivative of attractant concentration.

It is not yet known whether on– off coding and left–right
asymmetry are general features of the neuronal network for taste,
as physiological recordings of chemosensory responses have been
reported only for ASE and one other class of taste neurons in C.
elegans (Hilliard et al., 2005; Suzuki et al., 2008). Here, we report
the results of the first comprehensive survey of the physiological
responses of taste neurons in C. elegans. We found two new neu-
ron classes that exhibited calcium transients in response to step-
wise changes in salt concentration, ADF and ASH. The two ADF
neurons are on-cells, whereas the two ASH neurons are off-cells.
Thus, on-cells and off-cells are a universal feature of sensory
coding of tastants in C. elegans, but only the ASE neuron class
contains both an off-cell and an on-cell. Using laser ablations
combined with step response behavioral assays, we also found
that newly identified on-cells and off-cells promote runs and
turns, respectively, mirroring the pattern established previously
for ASEL and ASER. Our results suggest that the C. elegans taste
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neurons, in conjunction with downstream elements of the C. elegans
chemotaxis network, are specialized for the temporal differentia-
tion of chemosensory inputs, the fundamental computation un-
derlying this behavior.

Materials and Methods
Animals. The strains used in this study were wild-type C. elegans Bristol
(N2), XL90 lin-15(n765); ntEx4[daf-7::YC3.60; lin-15(�)], XL117 lin-15(n765);
ntEx16[ops-1::YC3.60, lin-15(�)], XL124 lin-15(n765); ntIs16[tph- 1::YC3.60;
lin-15(�)], AQ1444 lin-15(n765); ljEx[sra-6::YC2.12; lin-15(�)] (Hilliard et al.,
2005), XL132 unc-13(e51); ntIs16[tph- 1::YC3.60; lin-15(�)], XL131 unc-
13(e51); ljEx[sra-6::YC2.12; lin-15(�)], XL164 ntEx[gpa- 15::YC3.60], XL138
ntEx25[odr-2b::YC3.60] and Ex[odr-4::YC3.60] (Gabel et al., 2007).
Nematodes were grown in mixed-stage cultures at room temperature
(22–25°C) on 1.7% agar-filled plates containing nematode growth me-
dium seeded with Escherichia coli strain OP50 (Brenner, 1974). All exper-
iments were performed at room temperature (22–25°C). Standard
procedures were used to cross XL117 and AQ1444 with unc-13(e51).

Molecular biology. The tph-1::YC3.60 construct for ADF imaging was
made by PCR amplification of the tph-1 promoter from genomic DNA
and insertion into the HindIII and NotI sites of an expression vector
containing the cameleon probe YC3.60 (Nagai et al., 2004). The expres-
sion vector is a modified pPD95.75 Fire Vector in which GFP (green

fluorescent protein) was replaced with YC3.60.
The tph-1 promoter contains 1.1 kb upstream
of the ATG and the first three codons. This
construct drives expression of YC3.60 exclu-
sively in ADF. The ops-1::YC3.60 construct for
ASG imaging was made by PCR amplification
of the ops-1 promoter from genomic DNA and
insertion into the HindIII and NotI sites of the
YC3.60 expression vector. The ops-1 pro-
moter contains 2 kb upstream of the ATG
and drives expression exclusively in ASG.
The daf-7::YC3.60 construct for ASI imaging
was made by PCR amplification of the daf-7
promoter from genomic DNA and insertion
into the NotI and NcoI sites of the YC3.60 ex-
pression vector. The daf-7 promoter contains
4.7 kb upstream of the ATG and drives expres-
sion in ASI and occasionally drives faint ex-
pression in two unidentified head neurons.
The gpa-15::YC3.60 construct for ASK and
ADL imaging was made by PCR amplification
of the gpa-15 promoter from genomic DNA
and insertion into the HindIII and NotI sites of
the YC3.60 expression vector. The gpa-15 pro-
moter contains 3 kb upstream of the ATG and
drives expression in ASK, ADL, ASH, PHA,
and PHB. All constructs were injected at 50
ng/�g using standard methods (Mello and
Fire, 1995).

Calcium imaging. Young adult animals were
glued to a 1.5% agarose pad (30 mM TAPS
[N-tris(hydroxymethyl)methyl-3-aminopropane-
sulphonic acid], pH 9) using cyanoacrylate
glue (Nexaband S/C; Abbott Laboratories); an-
imals were briefly cooled during the gluing
process. A two-channel, gravity-fed perfusion
pencil (360 �m tip), whose flow was controlled
by programmable upstream valves (AutoMate
Scientific), was placed in close proximity (�0.5
mm) to the nose of each animal. The flow rate
was 0.3 ml/min and the total bath volume was
�0.2 ml. Local perfusion, and thus rapid solu-
tion exchange (t1/2 � 0.5 s), was achieved by
locating the worm in a fluid plume between the
inflow perfusion pencil and the outflow pi-
pette. Solutions contained the indicated

amount of NaCl plus the following (in mM): 10 HEPES-NaOH, pH 7.1, 1
CaCl2, 1 MgSO4; osmolarity was adjusted to 350 mOsm with glycerol.
Optical recordings were performed on a Zeiss Axiovert 135, using a Zeiss
Plan-Apochromat 63� oil, 1.4 numerical aperture objective. The micro-
scope was fitted with a Hamamatsu ORCA AG CCD camera
(Hamamatsu Photonics), an Optical Insights Dual-View beam splitter
(Photometrics), and an electronic shutter (ASI). The genetically encoded
calcium probe cameleon was used in all experiments. Images were ac-
quired at 10 –20 Hz using MetaVue software (version 6.2r2; Molecular
Devices). Image stacks were analyzed using the Jamlyze program, as pre-
viously described (Kerr et al., 2000). The yellow fluorescent protein
(YFP)/cyan fluorescent protein (CFP) emission ratio was computed as
follows: (YFP intensity)/(CFP intensity) � 0.65, where the latter term
corrects for CFP bleedthrough into the YFP channel. Photobleaching was
corrected by fitting a single exponential to inactive portions of the ratio
trace and dividing the latter by the fitted curve.

Neuronal ablations. Cells were killed using a laser as described previously
(Bargmann and Avery, 1995). L1 animals (N2) were mounted on 2.5% aga-
rose pads containing 5–7 mM immobilizing agent NaN3. ASE neurons were
identified by position. Animals were remounted 1–3 h after surgery to con-
firm the ablation; those exhibiting collateral damage were discarded. Sham-
operated animals were treated in the same manner except that the laser was
not fired. Step response behavior was tested 3 d after ablation.

Figure 1. ADF neurons are on-cells. A, B, Average calcium transients in ADF neurons in wild-type animals in response to NaCl
concentration steps of �40 mM from a baseline of 40 mM. C, Average calcium transients in ADF recorded under similar conditions
in unc-13 mutants. D, Average calcium transients in ADF recorded in wild-type animals in which the ASE neurons were ablated. In
all panels, the concentration step is indicated below the calcium traces. The gray band represents �SEM; n � 5 recordings, with
1 recording per worm. The traces from B are shown in blue in C and D for comparison.
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Step response assay. The step response appa-
ratus has been described previously (Miller et
al., 2005). Worms were placed individually on
a thin porous membrane supported over a
yoked pair of miniature inverted showerheads.
Each showerhead emitted a saline solution
with a different salt concentration. Stepwise
concentration changes were delivered by slid-
ing the showerhead assembly relative to the
worm. The behavior of individual worms was
scored manually by pressing computer keys to
record changes in behavioral state. Ablated and
sham animals were tested in an alternating se-
quence, with the experimenter blind to animal
condition. Solutions used in the assay were
identical with solutions used during NaCl im-
aging experiments.

Behavioral statistics. The forward probabili-
ties ( p) for step response experiments were
transformed as 2 arcsin( p) to compensate for
the compression of variance at extremes of the
probability scale (Winer et al., 1991); this
transformation is conservative because it in-
creases the variance at the extremes. Statistical
significance was assessed by a two-factor
repeated-measures ANOVA applied to for-
ward probabilities during a poststimulus anal-
ysis window. In addition, we made planned
pairwise comparisons (t tests) on mean
behavioral-state probabilities at each time
point in the analysis window. The signifi-
cance level of each t test was adjusted using
the Bonferroni correction for multiple
comparisons.

Results
To determine whether the coding strategy
exhibited by amphid chemosensory neu-
ron class ASE is a general feature of che-
mosensory neurons in C. elegans, we
studied the function of each of the other
classes of chemosensory neurons that are
directly exposed to the fluid surrounding
the worm or contained in its mouth.
These included the seven other classes of
exposed amphid neurons, two classes of
phasmid neurons, and one class of neu-
rons in the inner labial sensillae. Given the
left–right symmetry of the amphid and
phasmid organs, and the sixfold sym-
metry of the inner labial sensillae, this
experimental plan dictated multiple recordings from each of
24 distinct types of neurons. Thus, to keep the number of
recordings manageable, we used changes in NaCl concentra-
tion as a representative stimulus for the class of soluble ionic
attractants to which ASE neurons are known to respond (Su-
zuki et al., 2008).

Amphid chemosensory neurons
ADF
Previous laser ablation studies have shown that killing the amphid
neuron class ADF in conjunction with ASG and ASI causes a
deficit in NaCl chemotaxis, whereas killing ADF alone has no
effect, suggesting it acts weakly and redundantly with ASI and
ASG (Bargmann and Horvitz, 1991). To monitor activity in
ADF, we expressed cameleon YC3.6 under the control of the

tph-1 promoter which drives expression in this neuron class
(Sze et al., 2000). Both the left and right ADF neurons (ADFL
and ADFR) exhibited an increase in intracellular calcium in
response to NaCl upsteps and a small decrease intracellular
calcium in response to NaCl downsteps (Fig. 1 A, B). Thus,
ADF is functionally symmetric across the midline and acts as
an on-cell in the sense that its preferred stimulus is an increase
in NaCl.

To test whether NaCl responses in ADF are direct or synapti-
cally mediated, we recorded upstep and downstep responses in
ADF in unc-13(e51) mutants, which have a profound deficit in
synaptic vesicle exocytosis (Richmond et al., 1999). We found
that ADF responses to upsteps and downsteps were eliminated in
unc-13 mutants (Fig. 1C) (data not shown), suggesting that these
responses are synaptic in origin. To test whether ASE neurons
provide this synaptic input, we monitored NaCl responses of
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Figure 2. ASI and ASG neurons are unresponsive to NaCl concentration steps. A, B, Average calcium transients in ASI and ASG
neurons in wild-type animals in response to NaCl concentration steps of �40 mM from a baseline of 40 mM. The concentration step
is indicated below the calcium traces. The gray band represents �SEM; n � 5 recordings, with 1 recording per worm. C, Direct
stimulation of ASI and ASG via high K � saline delivered through an incision in the cuticle; n � 4, with 1 recording per worm.
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ADF neurons in animals in which ASEL and ASER had been ablated.
We found that ADF responses were essentially normal in the ablated
animals (Fig. 1D), arguing against ASE as the source of sensory
input to ADF. Thus, ADF appears to be postsynaptic to one or
more NaCl-sensitive neurons other than the ASE neurons; alter-
natively, synaptic transmission could somehow be required for
normal development of intrinsic NaCl sensitivity in ADF.

ASG and ASI
The amphid neuron classes ASG and ASI act weakly and redun-
dantly with ADF during NaCl chemotaxis (Bargmann and Hor-
vitz, 1991). We imaged ASI and ASG using strains in which
cameleon was expressed under the control of the daf-7 and ops-1
promoters, respectively (Schackwitz et al., 1996; Sarafi-Reinach
et al., 2001). Surprisingly, neither ASI nor ASG exhibited calcium
transients either to NaCl upsteps or downsteps (Fig. 2A,B). To
ensure that the cameleon protein was functional in these strains,
we partially dissected several animals and depolarized ASI and
ASG directly using a high potassium saline. Large ratio increases
were observed, indicating that the cameleon protein was func-
tional in both strains (Fig. 2C). The absence of detectable calcium
transients in ASI and ASG conflicts with the results of the previ-
ous ablations described above (Bargmann and Horvitz, 1991).

One possibility, consistent with the weak ef-
fects of ASI and ASG ablations, is that these
neurons do respond to NaCl, but their cal-
cium transients are small and below the
threshold for detection by the cameleon
protein. Another possibility is that ASI and
ASG do not respond to NaCl but they are
required for the development or function of
other neurons.

ASH
The amphid neuron class ASH is sensitive
to a variety of noxious stimuli including
chemical repellents, osmotic shock, and
nose touch (Hilliard et al., 2005). Consis-
tent with its role in detecting noxious
stimuli, ASH resembles ASER in that it
elicits avoidance responses when stimu-
lated (Tobin et al., 2002).

To monitor activity in ASH, we used a
previously published cameleon strain in
which cameleon is expressed under the con-
trol of the sra-6 promoter (Hilliard et al.,
2005). Both the left and right ASH neurons
exhibited a large increase in intracellular cal-
cium in response to NaCl downsteps and a
small decrease in intracellular calcium in re-
sponse to NaCl upsteps (Fig. 3A,B). Thus,
ASH is functionally symmetric across the
midline and acts as an off-cell in the sense
that its preferred stimulus is a decrease in
NaCl. Our results differ from a previous
study that did not find NaCl sensitivity in
ASH (Hilliard et al., 2005). One possible ex-
planation is that the other study focused on
responses to NaCl upsteps, which we show
here produce a relatively modest decrease in
the calcium signal that may not have been
apparent under the conditions of the previ-
ous experiments.

To test whether NaCl responses in
ASH are direct or synaptically mediated, we recorded upstep and
downstep responses in ASH in unc-13(e51) mutants (Fig. 3C).
We found that calcium transients in ASHR were essentially nor-
mal, indicating that NaCl responses in this neuron may be direct.
In ASHL, however, calcium transients were present but reduced
in amplitude. This result suggests that, whereas NaCl responses in
ASHR are direct, NaCl responses in ASHL may be the sum of
direct and indirect inputs. The demonstration that ASH neurons
respond directly to decreases in salt concentration adds a new
modality to the repertoire of this polymodal neuron. ASH has
previously been shown to be required for avoidance responses to
a wide range of stimuli that includes nose touch (Kaplan and
Horvitz, 1993), bitter, toxic, and noxious chemicals (Hart et al.,
1999; Sambongi et al., 1999; Hilliard et al., 2005), low pH (Sam-
bongi et al., 2000), and high osmolarity (Hart et al., 1999).

A likely candidate for synaptic input to ASHL is ASER which,
like ASHL, is an off-cell. We therefore recorded NaCl responses
in ASH neurons in animals in which ASER was ablated. We found
that ASHL responses in ablated animals were reduced in ampli-
tude by an amount that closely matched the reduction seen in
unc-13 synaptic mutants (Fig. 3D). We conclude that some or all
of the synaptic input to ASHL during NaCl downsteps comes

Figure 3. ASH neurons are off-cells. A, B, Average calcium transients in ASH neurons in wild-type animals in response to NaCl
concentration steps of �40 mM from a baseline of 40 mM. C, Average calcium transients in ASH recorded under similar conditions
in unc-13 mutants. D, Average calcium transients in ASH recorded in wild-type animals in which ASER was ablated. In all panels, the
concentration step is indicated below the calcium traces. The gray band represents �SEM; n � 5 recordings, with 1 recording per
worm. The traces from A are shown in blue in C and D for comparison.
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from ASER. The connection from ASER
to ASHL is likely to be polysynaptic be-
cause there is no anatomical evidence for
monosynaptic chemical or electrical con-
nections between ASER and ASHL (White
et al., 1986). It is presently unclear why
ASER sends input only to the contralateral
ASH neuron. This asymmetry could be an
anomaly or the result of unknown func-
tional differences between ASH neurons.
We note, however, that this asymmetry is
confined to the source of inputs and does
not affect the fact that both ASH neurons
are off-cells. We did not test ASEL for syn-
aptic effects on ASH because ASEL does
not appear to respond to downsteps (Su-
zuki et al., 2008).

Our finding that ASH responds to
NaCl raised the question of whether ASH
activity is responsible for the synaptic in-
put underlying NaCl responses in ADF.
To test this possibility, we imaged ADF in
animals in which both ASH and ASE had
been ablated, in case these neuron classes
might act jointly to excite ADF during
NaCl upsteps. However, we found that
ADF responses were preserved in animals
lacking both ASH and ASE, ruling out
ASH as the synaptic source for the on-
responses we observe in ADF (supple-
mental Fig. 1, available at www.jneurosci.
org as supplemental material).

ASJ, ASK, and ADL
The amphid neuron classes ASJ, ASK, and
ADL have been implicated in a variety of
chemosensory behaviors including minor
roles in chemotaxis (ASJ, ASK) and avoid-
ance (ADL) (Bargmann and Horvitz,
1991; Troemel et al., 1995). We imaged
these neurons in strains in which cam-
eleon was expressed under the control
of the promoters odr-4 (ASJ), gpa-15
(ASK), and gpa-15 (ADL). None of these
neuron classes exhibited calcium tran-
sients either to NaCl upsteps or down-
steps (supplemental Fig. 2, available
at www.jneurosci.org as supplemental
material).

Phasmid chemosensory neurons
The neuron classes PHA and PHB innervate the phasmid chemo-
sensory organs of the tail. These neurons are required for chemo-
sensory avoidance responses initiated when the tail encounters a
chemical repellent (Hilliard et al., 2002). We imaged these neu-
rons in strains in which cameleon was expressed under the con-
trol of the odr-4 promoter. Neither PHA nor PHB exhibited
calcium transients to NaCl upsteps or downsteps (supplemental
Fig. 3, available at www.jneurosci.org as supplemental material).

Inner labial sensory neurons
The neuron classes IL1 and IL2 innervate the six inner labial
sensillae located in the worm’s mouth. We imaged IL2 neurons in

strains in which cameleon was expressed under the control of the
odr-2b promoter. IL2 did not respond to NaCl upsteps or down-
steps (supplemental Fig. 3, available at www.jneurosci.org as sup-
plemental material). IL1, which is primarily a mechanosensory
neuron (Hart et al., 1995), was excluded from our survey.

Behavioral effects of responses to preferred stimuli
Having identified the subset of chemosensory neurons that are
activated or deactivated by changes in NaCl concentration, we
next sought to determine the behavioral effects of neurons in this
subset. This was done by ablating candidate neurons and testing
for changes in the turn or run behaviors elicited by NaCl upsteps
and downsteps, respectively (Miller et al., 2005; Suzuki et al.,
2008).

Figure 4. Behavioral contributions of ADF and ASH responses to preferred stimuli. Probability of forward locomotion is plotted
against time relative to the concentration step. A, Run behavior in animals lacking ADF neurons. B, Run behavior in animals lacking
ADF and ASE neurons. C, Turn behavior in animals lacking ASH neurons. D, Turn behavior in animals lacking ASH and ASER neurons.
The concentration step is indicated between the probability traces. Statistical significance was assessed via a repeated-measures
ANOVA over the time windows indicted by the horizontal lines above the traces. Solid lines, Significance at p � 0.05; dashed lines,
not significant. The asterisks indicate significant differences between control and experimental means (t test, p � 0.05 after
Bonferroni correction); the pluses indicate significance between means in uncorrected comparisons. The gray band represents
�SEM with n � 15 except for C in which n � 13.

Figure 5. Behavioral contributions of ADF and ASH responses to nonpreferred stimuli. Probability of forward locomotion is
plotted against time relative to the concentration step. A, Turn behavior in animals lacking ASER, ASH, and ADF. B, Run behavior in
animals lacking ADF, ASE, and ASH. The concentration step is indicated between the probability traces. Statistical significance was
assessed via a repeated-measures ANOVA over the indicated time window (horizontal lines above traces) after the step. Solid lines,
Significance at p � 0.05; dashed lines, not significant. The asterisks indicate significant differences between control and experi-
mental means (t test, p � 0.05 after Bonferroni correction); the pluses indicate significance between means in uncorrected
comparisons. The gray band represents �SEM with n � 20 in each panel.
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ADF
The preferred stimulus of ADF is an upstep in NaCl, which elicits
run behavior. To test whether ADF contributes to runs, we as-
sayed run behavior in animals in which both ADF neurons had
been ablated. We found that run behavior in ablated animals was
statistically indistinguishable from that of sham-operated con-
trols tested in parallel (Fig. 4A) (F(1,33) � 0.07; p � 0.21). This
result could mean that ADF does not contribute to runs. How-
ever, it is also possible that the contribution of ADF is masked by
large, behaviorally saturating effects of other neurons acting in
parallel. To unmask a possible contribution from ADF, we tested
the effects of ADF ablations in animals in which ASE neurons
were also ablated. ASE neurons are likely candidates for parallel
effects because ablation of either ASEL or ASER reduces run be-
havior, the normal response to upsteps (Suzuki et al., 2008). In-
deed, we found that ablating ADF and ASE caused a significantly
greater run deficit than ablating ASE alone (Fig. 4B) (F(1,89) �
22.2; p � 0.001). We conclude that, in response to its preferred
stimulus, ADF acts redundantly with ASE neurons to elicit runs.

ASH
The preferred stimulus of ASH is a downstep in NaCl, which
elicits turns. To determine whether ASH contributes to turning,
we tested animals in which both ASH neurons were ablated. We
found that turning behavior in ablated animals was statistically
indistinguishable from that of sham-operated controls (Fig. 4C)
(F(1,24) � 1.9; p � 0.18). One interpretation of this result is that
ASH does not contribute to turns induced by decreasing salt. This
interpretation is consistent with the finding that killing ASH,
alone, does not impair chemotaxis tested in a shallow gradient
assay (Bargmann and Horvitz, 1991) with the caveat that the rates
of concentration change experienced by worms in shallow salt
gradients are several orders of magnitude smaller than the rates
experienced in the present study. However, it is possible that ASH
acts redundantly with other neurons, as does ADF (Fig. 4B).
Indeed, we found that ablating ASH jointly with ASER caused a
significantly greater turn deficit than ablating ASER alone (Fig.
4D) (t(42) � 4.1; p � 0.001). We conclude that, in response to its
preferred stimulus, ASH acts redundantly with ASER to cause
turns.

Behavioral effects of responses to nonpreferred stimuli
ADF
The persistence of turn behavior in response to downsteps in
animals lacking ASH and ASER (Fig. 4D) suggests that there is at
least one other sensory neuron that contributes to turns. Accord-
ing to the imaging data presented above (Figs. 1–3), the only
other sensory neurons that respond during downsteps are the
ADF neurons, which are deactivated by this stimulus. Because
ADF activation causes runs (Fig. 4B), its deactivation could con-
tribute to turns by suppressing runs, provided, of course, that
ADF is tonically active. If so, then ablating ADF in animals lack-
ing ASH and ASER would reduce turning behavior relative to
animals lacking only ASH and ASER. We found that this was
indeed the case (Fig. 5A) (F(1,35) � 7.2; p � 0.05). Moreover,
turning appeared to be completely eliminated. We draw two
main conclusions from this experiment. First, ASH, ASER, and
ADF together mediate all of the sensory input required for turn-
ing, with the proviso that sensory responses in ADF are likely to
be synaptic in origin. Second, ADF neurons are tonically active.
Similar findings have been reported for ASER and AWC chemo-
sensory neurons (Chalasani et al., 2007; Suzuki et al., 2008).

ASH
The persistence of residual run behavior in response to upsteps in
animals lacking ADF and ASE (Fig. 4B) suggests that there is at
least one other sensory neuron contributing to runs. The only
other sensory neurons known to respond to upsteps are the ASH
cells, which are deactivated by this stimulus. Applying logic sim-
ilar to that used in the case of ADF, ASH deactivation could
contribute to runs. If so, then ablating ASH in animals lacking all
ADF and ASE neurons would reduce run behavior relative to
animals lacking only ADF and ASE. However, we found no addi-
tional effect of ablating ASH (Fig. 5B) (F(1,46) � 1.1; p � 0.29).
Thus, the deactivation seen in ASH in response to its nonpre-
ferred stimulus does not have a detectable effect on behavior.
Furthermore, ASH, ASE, and ADF neurons do not mediate all of
the sensory input required for normal levels of run behavior;
another pathway remains to be found.

Regulation of behavioral dynamics
The final common path for the regulation of the direction of
locomotion in C. elegans is a small network of premotor com-
mand interneurons (Chalfie et al., 1985; Zheng et al., 1999). In-
spection of the C. elegans anatomical wiring diagram reveals that
neuronal pathways from the taste chemosensory neurons to the

Figure 6. Temporal relationship between behavioral probabilities and the calcium
transients in chemosensory neurons for upsteps and downsteps. In each panel, the behav-
ioral probability and calcium traces were scaled such that the amplitude of the change
from baseline is the same. The concentration step is indicated below the traces. ASE
calcium transients are from the study by Suzuki et al. (2008). The sham experiments from
Figure 4 and Suzuki et al. (2008), their supplemental Figure 6, were used to generate the
behavioral traces.
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command interneurons are overwhelmingly
polysynaptic. This observation raised the
question of whether the time course of be-
havioral responses is set by sensory neu-
rons or by interneurons, including those
in the polysynaptic pathways as well as the
command interneurons themselves. To
address this question, we compared the
average time course of calcium transients
in chemosensory neurons with the aver-
age time course of changes in the proba-
bility of forward locomotion induced by
NaCl upsteps and downsteps (Fig. 6).
Overall, the relative latencies, of calcium
transients and behavioral responses were
consistent with the former causing the
latter.

Additional comparisons provided ad-
ditional insights into sensory processing.
In the case of upsteps, behavior decayed
much more slowly than the calcium tran-
sients in any of the on-cells. One interpre-
tation of this result is that the duration of
the behavioral response is determined pri-
marily by a sensory neuron that remains
to be identified. A second interpretation is
that the interneurons in the polysynaptic
pathways act to prolong the behavioral re-
sponses, possibly by integrating sensory input. In the case of
downsteps, behavior decayed more slowly than calcium tran-
sients in ASH, but at essentially the same rate as the calcium
transient in ASER. This result, together with the fact that the
behavioral effect of ASH is weak and redundant with ASER (Fig.
4), suggests a model in which the time course of the downstep
behavioral responses is set primarily by ASER. We note that be-
havioral responses that decay more slowly than calcium tran-
sients in sensory neurons have been reported in the case of
oxygen-sensing neurons in C. elegans (Zimmer et al., 2009).

Discussion
We have shown that changes in NaCl concentration are repre-
sented in distributed manner by an array of three neuron classes:
ASE (Suzuki et al., 2008), and now ADF and ASH (Fig. 7). Like
the ASE class, ADF and ASH have a preferred stimulus direc-
tion—ADF neurons are on-cells, whereas ASH neurons are off-
cells. Thus, on– off coding is a general feature of C. elegans
chemosensory neurons involved in taste, at least for the size of
concentration steps used here. In contrast, the left–right func-
tional asymmetry of ASE neurons does not extend to ADF and
ASH, as each of these classes is symmetric with respect to being
on-cells or off-cells. Anatomical reconstructions indicate that ADFL
and ADFR are connected by gap junctions, as are ASHL and ASHR;
such connections may help to ensure functional symmetry within
these classes. Consistent with this view, the functionally asymmetric
ASE neurons are not connected by gap junctions.

Our delineation of the taste network remains incomplete in
two respects. First, we cannot yet account for the NaCl responses
of ADF, as neither ASE nor ASH appear to provide this synaptic
input (Fig. 1D). Second, we cannot yet account for a significant
fraction of the run behavior triggered by NaCl upsteps, as upstep
runs survive ablation of all chemosensory neurons known to re-
spond to upsteps (Fig. 5B). In perhaps the simplest model to
account for the missing sensory and behavioral functions, a single

chemosensory neuron (or neuron class) remains to be identified,
as indicated in Figure 6 by neuron X. This class is predicted to
contain one or more on-cells that excite ADF, or off-cells that
tonically inhibit ADF. Furthermore, this class is predicted to con-
tribute to an output pathway that is independent of ADF, ASE,
and ASH (Fig. 6). In light of previous ablation studies, ASI and
ASG are the most likely candidates, although anatomical connec-
tions from these neurons to ADF are indirect (White et al., 1986).
Identification of the missing neurons may require novel calcium
probes with higher sensitivities or more favorable dynamic ranges
than the one used here, or the use of patch-clamp electrophysiolog-
ical approaches that remain to be developed for chemosensory
studies.

The chemosensory neurons do not in themselves represent
the derivative of the time course of concentration. For example,
the derivative of a finite concentration step is a positive impulse
at the onset of the step followed by a negative impulse at the offset
of the step (Fig. 6). Although the calcium transients of the che-
mosensory neurons can be considered as approximations of these
impulses, the chemosensory neurons represent the derivative in-
completely, in two key respects. First, the on-cells (ASEL and
ADF) exhibit only positive impulses, whereas the off-cells (ASER
and ASH) exhibit only negative impulses. Second, the off-cell
impulse is inverted. Nevertheless, previous studies have shown
that the complete derivative is represented at the behavioral level
(Miller et al., 2005) in that the probability of the orientation
behaviors in response to concentration steps exhibits positive and
negative impulses at the onset and offset of the step, respectively.
That fact that the derivative is present at the behavioral level
implies that the responses of on-cells and off-cells are integrated
by the nervous system.

The present findings, in combination with previous results
(Suzuki et al., 2008), suggest that this integration occurs at the
network level. The final common path for the regulation of the
direction of locomotion in C. elegans is a small network of pre-

Figure 7. The neural network for chemotaxis to tastants in C. elegans. NaCl upsteps (blue) and downsteps (red) alter the activity
of each neuron as indicated by idealized traces within each neuron. The solid arrows indicate functional connectivity inferred from
the present study (ADF, ASH) and previous one (ASE) (Suzuki et al., 2008). The dashed arrows indicate predicted connectivity. An
unidentified neuron (X) is posited to account for the synaptic input that drives ADF sensory responses and residual run behavior in
animals lacking ADF, ASE, and ASH. Sensory neurons ultimately influence the activity of command interneurons leading to a
behavioral output that is a filtered derivative of NaCl steps. The gray impulses indicate the mathematical derivative of the NaCl step
shown.
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motor command interneurons (Chalfie et al., 1985; Zheng et al.,
1999). Ablation experiments (Figs. 4, 5), together with direct
activation of chemosensory neurons (Tobin et al., 2002; Suzuki et
al., 2008), show that chemosensory information from both the
on-cells and the off-cells converges at or before the command neu-
rons. Thus, the command neurons, or interneurons upstream of
them, assemble the derivative from distinct components provided
by the chemosensory neurons. Importantly, the overall polarity of
the synaptic pathways that mediate this convergence are such that
the on-cell impulses retain their positive sign, whereas the off-cell
impulses are inverted. In this sense, the C. elegans chemotaxis net-
work, defined as the set of sensory neurons and interneurons directly
involved in regulation of locomotion by chemoattractants, is special-
ized for temporal differentiation, the fundamental computation for
chemotaxis in C. elegans (Pierce-Shimomura et al., 1999).

The mechanism of a biased random walk is known to contribute
to three commonly studied spatial orientation behaviors in
C. elegans: chemotaxis, aerotaxis, and thermotaxis (Pierce-
Shimomura et al., 1999; Ryu and Samuel, 2002; Zariwala et al.,
2003; Chalasani et al., 2007; Zimmer et al., 2009). In each behav-
ior, the complete derivative is represented in the probability or
frequency of specific orientation responses. This commonality
allows for meaningful comparisons of the neural circuits under-
lying these behaviors. In the two cases of orientation to chem-
icals (chemotaxis and aerotaxis), the derivative appears to be
computed partly at the cellular level and partly at the network
level as the main sensory neurons are either on-cells or off-
cells (Chalasani et al., 2007; Zimmer et al., 2009; this study). In
thermotaxis, in contrast, initial indications are that the derivative
is computed mainly at the cellular level, as the main thermosen-
sory neuron class, AFD, exhibits a positive impulse to temperature
upsteps and a negative impulse to temperature downsteps (Clark et
al., 2006). This difference in computational strategy could be the
result of differences in the cellular requirements for sensory trans-
duction, or of differences in the behaviors associated with
orientation to chemicals or temperature. Thus, a comparative
analysis of the circuitry underlying chemotaxis, aerotaxis, and
thermotaxis may provide new insights into the relationship be-
tween constraints operating at the cellular and behavioral levels.
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