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Functional asymmetry in C. elegans taste neurons and its
computational role in chemotaxis

Hiroshi Suzuki1,3,a, Tod R. Thiele2,a, Serge Faumont2, Marina Ezcurra4, Shawn R.
Lockery2,b, and William R. Schafer1,4,b
1 Division of Biological Sciences, University of California, San Diego, La Jolla, California 92093,
USA
2 Institute of Neuroscience, University of Oregon, Eugene, Oregon, USA
4 MRC Laboratory of Molecular Biology, Cambridge CB2 0QH, UK

Summary
Chemotaxis in C. elegans, like chemotaxis in bacteria1, involves a random walk biased by the time
derivative of attractant concentration2,3, but how the derivative is computed is unknown. Laser
ablations have shown that the strongest deficits in chemotaxis to salts are obtained when the ASE
neurons (ASEL and ASER) are killed, indicating that this pair plays a dominant role4. Although these
neurons are left-right homologs anatomically, they exhibit marked asymmetries in gene expression
and ion preference5–7. Here, using optical recordings of calcium transients in ASE neurons in intact
animals, we demonstrate an additional asymmetry: ASEL is an ON-cell, stimulated by increases in
NaCl concentration, whereas ASER is an OFF-cell, stimulated by decreases in NaCl concentration.
Both responses are reliable yet transient, indicating that ASE neurons report changes in concentration
rather than absolute levels. Recordings from synaptic and sensory transduction mutants show that
the ON-OFF asymmetry is the result of intrinsic differences between ASE neurons. Unilateral
activation experiments indicate that the asymmetry extends to the level of behavioral output: ASEL
lengthens bouts of forward locomotion (runs) whereas ASER promotes direction changes (turns).
Strikingly, the input and output asymmetries of ASE neurons are precisely those of a simple yet novel
neuronal motif for computing the time derivative of chemosensory information, which is the
fundamental computation of C. elegans chemotaxis3,8. Evidence for ON and OFF cells in other
chemosensory networks9–12 suggests that this motif may be common in animals that navigate by
taste and smell.

To image the activity of ASE neurons in response to stepwise changes in NaCl concentration,
we used the genetically encoded calcium sensor cameleon13, which reports increases in calcium
concentration as increases in the ratio of fluorescence at distinct wavelengths. We observed
that a stepwise increase (upstep) in NaCl concentration evoked a rapid increase in emission
ratio in ASEL (Fig. 1a). Similar results were obtained when upsteps were delivered from
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different baseline NaCl concentrations (Fig. 4a, Supplemental Fig. 1); emission ratio increases
were absent when a calcium-insensitive form of cameleon was used (Supplemental Fig. 2).
Thus, ASEL appeared to be activated by an increase in NaCl concentration.

Surprisingly, ASER neurons showed the opposite pattern of response. A stepwise decrease
(downstep) in NaCl concentration evoked a rapid increase in emission ratio, and similar results
were obtained when downsteps were delivered from different baselines (Fig. 1b, 4a,
Supplemental Fig. 1). In addition, we observed that an upstep of NaCl evoked a prominent
decrease in the emission ratio in ASER (Fig. 1a, 4a, Supplemental Fig. 1). Neither type of
ASER response was evident when we used calcium-insensitive cameleon (Supplemental Fig.
2). Thus, ASER appeared to be activated by a decrease in NaCl concentration and deactivated
by an increase in NaCl concentration.

Opposing responses in ASEL and ASER were observed consistently across a range of step
durations (from 10 to 60 sec, data not shown) and for a variety of salts, including those that
did or did not contain Na+ and Cl  ions (Supplemental Fig. 2). In dose response experiments
we found that the magnitude of the responses in ASEL and ASER was a saturating function
of step amplitude (Fig. 1c, d) and that ASER is more sensitive than ASEL to small changes in
NaCl (Fig. 1c, d). We conclude that opposing responses are a general feature of ASE neurons.

Together, these data indicate that the ASEL and ASER neurons function, respectively, like
ON-cells and OFF-cells, a common coding mechanism in visual systems14. Notably, the ON
and OFF responses to preferred stimuli were transient in the face of a maintained concentration
change. These responses therefore signal changes in salt concentration rather than its absolute
level and thus provide the basis for computing the time derivative of concentration.

ASE neurons are reported to have different ion sensitivities, in that killing ASEL impairs
chemotaxis mainly to Na+, whereas killing ASER impairs chemotaxis mainly to Cl  ions6. To
assess ion sensitivity directly, we imaged the response of ASEL and ASER to 10mM step
changes in sodium acetate and ammonium chloride (Fig. 1e, Supplemental Fig. 3); at this step
size neither cell responded to ammonium or acetate ions (see also Supplemental Fig. 2b). We
found that only ASEL responded to Na+ ions, a result that is consistent with the effects on
Na+ chemotaxis when ASEL or ASER are killed. In addition, we found that ASER responded
much more strongly to Cl  ions than did ASEL. This result is consistent with the strong effect
on Cl  chemotaxis when ASER is killed. The comparatively weak response of ASEL to
chloride may or may not be consistent with absence of an effect on Cl  chemotaxis when ASEL
is killed; this would depend on the relative sensitivity of imaging and behavioral experiments,
which is not known. Overall, we conclude that ASE neurons are differentially sensitive to
Na+ and Cl  ions.

In principle, the opposing responses of ASEL and ASER neurons could result from intrinsic
differences between the sensory properties of ASEL and ASER or from intrinsic differences
in chemosensory neurons that are presynaptic to ASE neurons. We therefore imaged ASEL
and ASER in unc-13 and snb-1 mutants, which have impairments in the release of synaptic
vesicles15,16. In addition, we imaged ASE in unc-31 mutants, which are defective for dense-
core vesicle release17. We observed that the ON-cell, OFF-cell asymmetry of ASEL and ASER
was preserved in each of these mutants (Fig. 2a & b, Supplemental Fig. 4), suggesting that the
functional asymmetry of ASE neurons is likely intrinsic rather than synaptic in origin.

The mechanism of sensory transduction in ASE neurons is unknown but the cGMP-dependent
pathway is a strong candidate in two respects. First, salt chemotaxis is impaired by mutations
in the genes tax-2 and tax-4, which are expressed in ASE neurons and encode subunits of a
cGMP-gated cation channel18,19. Second, salt chemotaxis is also impaired by mutations in the
gene egl-4, which is expressed in ASE neurons and encodes a cGMP-dependent protein kinase
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(PKG)20,21. When we imaged calcium responses to NaCl upsteps and downsteps in ASEL and
ASER in both tax-2 and tax-4 mutants, we found that the absence of either tax-2 or tax-4
function eliminated all responses in ASE neurons (Fig. 2c, Supplemental Fig. 4). These results
support a model in which ASE responses are mediated by cGMP signaling. The ON-OFF
asymmetry of ASE neurons could be explained if cGMP levels are increased by upsteps in
ASEL and by downsteps in ASER. ASE responses were also completely absent in egl-4 mutants
(Fig. 2d), indicating that PKG is also required for salt detection. EGL-4 regulates olfactory
adaptation involving phosphorylation of the TAX-2 protein in other C. elegans neurons22.
Thus, salt adaptation and detection may be linked in ASE neurons.

Behavioural studies have shown that NaCl upsteps increase the probability of forward
locomotion and, concomitantly, decrease the probability of turning, whereas downsteps have
the opposite effects8. The fact that ASEL and ASER are strongly activated by upsteps and
downsteps, respectively (Fig. 1a, b), suggests that ASEL contributes to upstep behaviour
whereas ASER contributes to downstep behaviour. To test this model, we selectively activated
either ASEL or ASER via transgenic strains in which the mammalian cation channel TRPV1,
which opens in response to the exogenous ligand capsaicin, is expressed either in ASEL or
ASER23. Calcium imaging showed that only the ASE neuron expressing TRPV1 was activated
by capsaicin (Fig. 3a & b, Supplemental Fig. 5). We found that activation of ASEL elevated
forward probability (Fig. 3c, ANOVA, p < 0.01) whereas activation of ASER had the opposite
effect (Fig. 3d, ANOVA, p < 0.05). We conclude that ASEL activation causes runs whereas
ASER activation causes turns; thus the functional asymmetry between ASE neurons extends
to the level of behavioural output.

The question remained, however, whether ASE neurons make a necessary contribution to the
run and turn behaviors that underlie chemotaxis to salts such as NaCl3,8. When ASER was
killed and animals were tested with its preferred stimulus (a downstep), we observed a large
deficit in turn behavior (Fig. 4c; ANOVA, p < 10 3; Supplemental Fig. 6); the presence of
residual turn behaviour is consistent with the observation that chemosensory neurons other
than ASE neurons contribute to chemotaxis4. Conversely, when ASER was killed and animals
were tested with its non-preferred stimulus (an upstep), we observed a small but significant
deficit in run behavior (Fig. 4b; ANOVA, p < 0.01). In confirmation, we found that when ASER
was killed together with ASEL, the defect in the response to upsteps was greater than when
ASEL alone was killed (Fig. 4f vs. d; ANOVA, p < 0.05). We conclude that ASER makes a
necessary contribution to runs and turns. Notably, because ASER is deactivated by its non-
preferred stimulus (Fig. 1a, Fig. 4a), ASER’s positive contribution to run behavior in intact
animals must be the result of de-suppression of forward probability. This finding suggests that
ASER is tonically active at the baseline NaCl concentration, like at least one olfactory neuron
in C. elegans24.

When ASEL was killed and animals were tested with its preferred stimulus (an upstep), we
observed a significant deficit in run behavior (Fig. 4d; ANOVA, p < 10 3; Supplemental Fig.
6); the presence of residual run behaviour is, again, consistent with the observation that other
chemosensory neurons contribute to chemotaxis4. In contrast, when ASEL was killed and
animals were tested with its non-preferred stimulus (a downstep), we found no deficit in turn
behaviour (Fig. 4e; ANOVA, p = 0.13), nor did killing ASEL together with ASER enhance
the deficit produced by killing ASER alone (Fig. 4c vs. g; ANOVA, p = 0.50). Thus, ASEL
makes a necessary contribution to runs but not turns.

We have shown that a left-right homologous pair of chemosensory neurons is functionally
asymmetric at the cellular level: ASEL acts like an ON-cell, is specialized for Na+ sensation,
and causes runs, whereas ASER acts like an OFF-cell, is specialized for Cl  detection, and
causes turns. ON-cells and OFF-cells are a common feature of early stages in visual
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processing14. ON-cell chemosensory neurons are also well known, as are chemosensory
neurons that hyperpolarize in response to concentration increases25,26 and chemosensory OFF-
cells, including the AWC olfactory neurons in C. elegans9–12,24. However, the observation of
a single pair of anatomically homologous chemosensory neurons with ON-OFF functionality
and differential chemical sensitivity appears to be unprecedented.

The asymmetry of ASE neurons at the sensory level (ON-cell vs. OFF-cell) and the behavioural
level (runs vs. turns) immediately suggests that the time derivative is computed, at least in part,
by a two-stage neuronal motif (Fig. 4h). First, each ASE neuron is transiently activated by its
preferred stimulus such that the time course of ASEL activation approximates the derivative
of an upstep, whereas the time course of ASER activation approximates the inverse derivative
of a downstep. Second, the effects of ASE activation converge, but with opposing effects:
ASEL positively regulates forward locomotion whereas ASER negatively regulates it, causing
turns. Thus, at the point of convergence, the net effect of ASE activation is a behavioral signal
that approximates the time derivative of salt concentration. The functional asymmetries of ASE
neurons may have emerged as a means of computing a quantity that is essential to chemotaxis
in this organism. ASE asymmetry is established and maintained by a complex gene regulatory
network7; the critical role of chemotaxis in the search for food and habitat27,28 would appear
to justify the complexity of this network.

Methods Summary
Calcium imaging

Animals expressing cameleon YC2.12 in ASEL and ASER neurons were glued to a coverslip
and submerged in a pool of saline. NaCl steps were produced by placing the worm in a plume
between an inflow and an outflow pipette; the solution feeding the plume was changed by
valves controlled by the data acquisition system. For ratiometry, images in two distinct
wavelength bands were projected in juxtaposition on the photodetector via a beam splitter.

Selective activation of ASE neurons
The capsaicin receptor TRPV1 was expressed exclusively in ASEL or ASER using the gcy-7
and gcy-5 promoters, respectively5. Worms were glued to coverslips, but here the tail was free
to move. Capsaicin was delivered as above. Behaviour was scored manually by pressing
computer keys to record bouts of forward swimming29; the observer was blind to genotype.

Neuronal ablations
ASE neurons were identified by position and killed with a focused laser beam30. Behaviour
was tested using the concentration-clamp assay8 in which a worm is placed on a porous
membrane that is infused from below by a pair of inverted showerheads that emit osmotically
balanced solutions with different NaCl concentrations; concentration changes are produced by
sliding the showerhead assembly relative to the worm. Behavior was scored as above.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Response of ASEL and ASER to NaCl concentration steps
a,b. Average calcium transients in ASE neurons in response to NaCl concentration steps of ±
40 mM from a baseline of 40 mM. The gray band represents ± 1 standard error of the mean
(SEM). Here and below: transients were imaged using the ratiometric calcium sensor cameleon
and traces indicate average percent change in ratio; ASEL is shown on the left and ASER is
shown on the right; the concentration step is indicated below the calcium traces; and n  5 five
recordings, with one recording per worm. c. Average calcium transients in response to
concentration steps of various amplitudes from a baseline of 40 mM. Trace color denotes step
size as indicated in the legends; SEM is not shown. d. Summary of the data in c showing the
effect of step size on average peak response amplitude; error bars are ± SEM. e. Differential
sensitivity of ASEL and ASER to Na+ and Cl . Traces are average percent change in calcium
signal. Trace color denotes stimulus condition as shown in the legend; n  5 five recordings,
with one recording per worm. See Supplemental Fig. 3 for SEM. The diagram depicts the
relative ion sensitivities inferred from the imaging data.
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Figure 2. Effects of synaptic and signal transduction mutants on ASE sensory responses
Average ASE calcium transients in four mutant strains in response to NaCl concentration steps
of ± 40 mM from a baseline of 40 mM. a,b. Mutants with defects in synaptic vesicle release.
c,d. Mutants with defects in cGMP-dependent signaling. In each panel: traces indicate average
percent change in ratio; the gray band represents ± 1 standard error of the mean; ASEL is shown
on the left and ASER is shown on the right; the concentration step is indicated below each
calcium trace; n  5 five recordings, with one recording per worm.
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Figure 3. Unilateral activation of ASEL and ASER
a,b. Average capsaicin induced calcium transients in strains expressing the capsaicin receptor
TRPV1 exclusively in either ASEL or ASER. The dashed line indicates the onset of capsaicin
application, which was maintained for the duration of the experiment (ASEL 25 M, n = 6;
ASER 5 M, n = 7). The gray band represents ± 1 standard error of the mean (SEM). c,d.
Behavioural effects of capsaicin in the strains shown in a and b at the same capsaicin
concentrations. The probability of forward locomotion is plotted against time. An increase in
forward probability is termed a run whereas a decrease in forward probability is termed a
turn. Statistical significance (TRPV1 strain vs. wild-type N2) was assessed via a repeated
measures ANOVA over a 1 min. window (horizontal line above traces; p values are given in
the text) following capsaicin application. Stars, significant differences between the means at
each time point after correcting for multiple comparisons (t test; p < 0.05); pluses, significant
differences detected in uncorrected t tests (p < 0.05). Imaging and behavioural data are from
different individuals. The gray band represents ± 1 standard error of the mean with n  22.
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Figure 4. Roles of ASEL and ASER in NaCl step-response behaviour
a. Average ASE calcium transients in response to concentration steps of ± 9 mM. The
concentration step is indicated below each calcium trace. The gray band represents ± 1 standard
error of the mean (SEM); n  5 five recordings, with one recording per worm. b–g. Effects of
unilateral and bilateral ASE ablations on the behavioural response to concentration steps.
Probability of forward locomotion is plotted against time relative to the step. Statistical
significance (ablation vs. sham) was assessed via a repeated measures ANOVA over the
indicated time window (horizontal lines above traces) following the step (shown above b and
c). Notation and symbols: ASEL( ), ASEL ablation; ASER( ), ASER ablation; ASE( ),
bilateral ASE ablation; thick horizontal line, ANOVA significant at p < 0.05 or less; thin
horizontal line, not significant; stars, time points at which there were significant difference
between means after correcting for multiple comparisons (t test; p < 0.05); pluses, time points
at which there were significant differences in uncorrected t tests (p < 0.05). Imaging and
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behavioural data are from different individuals. The gray band represents ± 1 standard error of
the mean with n  15 in each panel. h. Functional connectivity implied by b–g together with
imaging data (panel a and Fig. 1a,b) and unilateral activation experiments (Fig. 3). Unidentified
neurons (shown in gray) account for residual behavior when ASE is ablated.

Suzuki et al. Page 11

Nature. Author manuscript; available in PMC 2010 November 18.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript









Copyright ! 2009 by the Genetics Society of America
DOI: 10.1534/genetics.109.105171

Worms With a Single Functional Sensory Cilium Generate Proper
Neuron-Specific Behavioral Output
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ABSTRACT
Studying the development and mechanisms of sensory perception is challenging in organisms with

complex neuronal networks. The worm Caenorhabditis elegans possesses a simple neuronal network of 302
neurons that includes 60 ciliated sensory neurons (CSNs) for detecting external sensory input. C. elegans is
thus an excellent model in which to study sensory neuron development, function, and behavior. We have
generated a genetic rescue system that allows in vivo analyses of isolated CSNs at both cellular and systemic
levels. We used the RFX transcription factor DAF-19, a key regulator of ciliogenesis. Mutations in daf-19
result in the complete absence of all sensory cilia and thus of external sensory input. In daf-19mutants, we
used cell-specific rescue of DAF-19 function in selected neurons, thereby generating animals with single,
fully functional CSNs. Otherwise and elsewhere these animals are completely devoid of any environmental
input through cilia. We demonstrated the rescue of fully functional, single cilia using fluorescent markers,
sensory behavioral assays, and calcium imaging. Our technique, functional rescue in single sensory cilia
(FRISSC), can thus cell-autonomously and cell-specifically restore the function of single sensory neurons
and their ability to respond to sensory input. FRISSC can be adapted to many different CSNs and thus
constitutes an excellent tool for studying sensory behaviors, both in single animals and in populations of
worms. FRISSC will be very useful for the molecular dissection of sensory perception in CSNs and for the
analysis of the developmental aspects of ciliogenesis.

THE detection of environmental cues is essential for
the survival of every organism. These cues trigger

and modulate essential behaviors like the search for
food, avoidance of harmful conditions, or reproduction.
Sensory perception in humans and animals relies on
several different modalities including vision, touch,
hearing, taste, and smell. Input via several or all of these
senses is received simultaneously through sensory
neurons. These sensory neurons transmit their signals
to the brain, where all the information is integrated and
processed, resulting in behavioral responses. As a con-
sequence, studying sensory behavior in higher organ-
isms is a very challenging task.

The nematode Caenorhabditis elegans responds tomost
sensory input except for sound. It detects a wide variety
of environmental signals and executes a large number
of different behaviors. C. elegans possesses a simple, well-
described, and invariantly wired neuronal network of

only 302 neurons (White et al. 1986). Therefore, C.
elegans is an excellent model organism in which to study
the underlying neuronal logic that determines behav-
ior. To sense environmental and internal cues, C. elegans
possesses a rather small number of sensory neurons.
Some of these sensory neurons are located throughout
the body, where they are responsible for sensing body
touch (Bounoutas and Chalfie 2007). The majority,
however, are located in the head and tail of the worm
and have access to the environment. Best described and
most studied is a subgroup of ciliated sensory neurons
(CSNs) organized in two symmetric lateral sense organs—
the amphids in the head and the phasmids in the tail
(Perkins et al. 1986). All amphid and phasmid neurons
are bipolar neurons that extend two processes from the
cell body, one dendrite and one axon. At their tips, CSN
dendrites project a small process, a cilium, with access to
environmental cues. Cilia function as compartments to
localize receptors and downstream signaling molecules
that are necessary to receive sensory input. Each CSN is
unique in its expression of receptors; these determine
its sensory spectrum and trigger distinct behaviors in the
worm (Figure 1A).
Several techniques have been developed to study the

sensory functions of individual CSNs. One strategy is
based on the elimination of individual CSNs with a
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focused laser beam (Bargmann and Horvitz 1991;
Bargmann and Avery 1995). In this technique, a single
CSN or combinations of CSNs are deleted in individual
animals, which are later tested for their behavioral
response to distinct sensory cues. Genetic ablation of
single CSNs can be achieved by expressing cytotoxic
genes [e.g., ced-4 or mec-4(d)] from a cell-specific pro-
moter (Shaham and Horvitz 1996; Harbinder et al.

1997). Targeted cell ablation can also be induced by
cell-specific expression of caspases, cysteine proteases
that are key regulators of induced cell death (Chelur
and Chalfie 2007). However, all cell ablation methods
reach limitations when complex or redundant sensory
functions are studied. Such redundancies are uncov-
ered only if, by chance, the right combination of sensory
neurons is eliminated. Furthermore, these techniques
allow only a certain cue to be matched to a specific
behavior. Analyzing sensory perception inside the CSN
under investigation itself is not possible (Figure 1B).

A recently developed technique employed to investi-
gate sensory neuron function is optical imaging of
calcium transients using fluorescent reporters. These
molecules, e.g., cameleon, are used tomeasure neuronal
activity when single neurons are exposed to sensory cues
(Figure 1C; Kerr et al. 2000). In contrast to ablation
methods, neuronal activity imaging is used to study
sensory functions of single neurons, both in wild type
and in mutant animals. However, such experiments
cannot directly establish a correlation between the
activity of a neuron and the behavioral output assigned
to that neuron; establishment of a functional link be-
tween a given neuron and behavior requires additional
experimental manipulation.

In summary, the methods described above are used
very successfully to determine the requirement of single
CSNs for the detection of a specific sensory cue.
However, these methods do not allow the examination
of the sufficiency of single CSNs isolated from all other
sensory input. Neither do any of the available methods
cover all aspects of a sensory system: cue/perception/
neuron/behavior. These issues could be solved by an
in vivo system that relies on the presence and function
of only a single or a small number of selected ciliated
neurons in an otherwise cilia-free background. In one
possible approach, a heat-shock system that has been
adapted for cell- and stage-specific expression of trans-
genes was tested in CSNs (Bacaj and Shaham 2007).
This tool was successfully used to extend and rescue
short and partially defective cilia structures to their full
length in a small number of neurons (but see also
Hilliard et al. 2004 for comparison). However, it re-
mains unclear how the acute exposure to heat-shock
temperatures affects the stability of cilia extension and
cilia functionality, as well as behavioral outputs.

In this work we use the C. elegans daf-19 mutant as a
tool with which sensory input through a single, fully
functional cilium can be assayed in the background of a
transgenic animal that is otherwise fully defective with
regard to sensory input through cilia (Figure 1D). daf-19
encodes an RFX transcription factor that in CSNs
directly controls the expression of a large number of
structural and functional cilia genes (Efimenko et al.
2005). In daf-19 mutants, no cilia are formed and the
animals are completely sensory defective. However, even
though sensory cilia are entirely absent, the remainder

Figure 1.—Different methods to determine the sensory
specificity of single CSNs. (A) Wild-type worms are able to dis-
tinguish between a variety of volatile and soluble chemicals
(sensory cues 1–3). Each CSN (neurons 1–3) detects one or
more cues that evoke different behaviors in the worm. (B) Ab-
lation techniques are applied to eliminate a single CSN (e.g.,
neuron 3). Subsequent analysis of the ablated animals deter-
mines the requirement of neuron 3 for sensory behavior 3. A
redundant sensory function (detection of cue 1 and appropri-
ate execution of behavior 1 evoked by neuron 3) is masked by
the remaining functionality of neuron 1. (C) Imaging neuro-
nal activity in neuron 3 (dashed line) provides information
about the ability of cues 1 and 3 to stimulate it. Due to the
immobilization of the worm during the imaging procedure,
direct correlation of these sensory functions to behaviors 1
and 3 is not possible. (D) Restoring a single cilium on neuron
3 in a cilia-free daf-19 mutant background allows the isolated
investigation of single sensory inputs at both cellular and be-
havioral levels. Both unique (cue 3) and redundant (cue 1)
functions of a particular sensory behavior can be detected.
Neurons in gray are not functional. (B–D) Behaviors in gray
are not or cannot be executed by the worm.
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of the CSN (cell body, dendrite, axon) is intact and
properly localized (Swoboda et al. 2000). We recently
identified the relevant daf-19 transcript, daf-19c, which
controls the development of structurally and func-
tionally intact cilia (Senti and Swoboda 2008). This
transcript now enables us—for the first time—to specif-
ically and fully rescue functional cilia development. We
have developed a genetic rescue system, functional
rescue in single sensory cilia (FRISSC), in which we
restore single cilia by expressing daf-19c from CSN-
specific promoters in a daf-19 mutant background. We
show that restored single cilia are structurally as well as
functionally complete and are sufficient to trigger cor-
rect behavioral responses. Moreover, rescued neurons
show normal responses to sensory stimuli, while non-
rescued neurons are completely nonresponsive. Thus,
FRISSC allows one to assay in vivo the function of a
single CSN, isolated from any other sensory input
through cilia. Sensory perception through this CSN
can be analyzed at a cellular level, as can its contribution
to behavior at a systemic level. The heritable nature of
the system allows the analysis of a large number of
animals, also making it optimal to investigate even
subtle phenotypes or redundant functions. FRISSC
can also be adapted to dissect the signal reception and
transduction machinery localized to cilia in C. elegans.
By inducing heterologous expression of neuronal pro-
teins from other organisms, the relevance of this tool
can be extended beyond the worm.

MATERIALS AND METHODS

Strains and culture methods: Growth and culture of C.
elegans strains were carried out as described (Brenner 1974).
All strains were grown at 20! unless stated otherwise. Strains
used for this study were CB3323 [che-13 (e1805)], JT204 [daf-12
(sa204)], JT5010 (wild-type N2 Bristol), JT6924 [daf-19 (m86);
daf-12 (sa204)], MT3665 [osm-9 (n1601)], and XL76 [ntIs13
(flp-6TYC2.12, lin-15(1))]. The extrachromosomal array
transgenes used in this work are summarized in the supporting
information, Table S1.

Injection constructs, germ-line transformation, and GFP
expression analyses: Transcriptional fusions to fluorescent
reporters were injected at 20–60 ng/ml and daf-19c rescue
constructs were injected at 50 ng/ml. Promoters of
the following genes were selected to drive daf-19c expression:
gcy-5 (encoding a guanylyl cyclase; Yu et al. 1997), gpa-13
(encoding a G protein a; Jansen et al. 1999), dat-1 (encoding a
dopamine transporter; Jayanthi et al. 1998), gpa-11 (encod-
ing a G protein a; Jansen et al. 1999), and trx-1 (encoding a
thioredoxin; Miranda-Vizuete et al. 2006). Adult hermaph-
rodites were transformed using standard techniques (Mello
et al. 1991). Transgenic extrachromosomal arrays were ana-
lyzed in a daf-12 (JT204) or daf-19 ; daf-12 (JT6924) mutant
background. The daf-12 mutation completely suppresses the
dauer formation constitutive (Daf-c) phenotype of daf-19 and
prevents dauer formation. Cameleon strains were generated as
follows: XL76, expressing cameleon YC2.12 under control of
the flp-6 promoter in ASEL and ASER, was crossed into daf-12
and daf-19; daf-12 backgrounds. daf-19; daf-12 animals express-
ing cameleon were transformed with gcy-5Tdaf-19c at 50 ng/ml
and with the co-injection marker elt-2TmCherry at 50 ng/ml.

Two independent rescue lines were used for optical imaging of
calcium transients (‘‘calcium imaging’’).
Behavioral assays: To assess avoidance behavior, drop assays

were performed as described (Hilliard et al. 2002). For each
assay, 30 worms were picked as L4 larvae and examined 24 hr
later (as 1-day-old adults). The animals were tested for their
avoidance behavior with three to five consecutive drops of
0.1% SDS or 1 m glycerol. Each assay was repeated at least
twice, and data were pooled for statistical analysis. The
avoidance index (a.i.) was determined as the number of
correct responses to a drop of repellent (backwardmovement)
divided by the total number of drops applied. Staged young
adults (obtained by growing the progeny of bleached gravid
adults) were used for chemotaxis assays. Attraction to 10 mm
NaCl was assessed in quadrant assays, as described (Wicks et al.
2000; Jansen et al. 2002). Each strain was tested in at least three
independent assays. A chemotaxis index (c.i.) was calculated
as (A ! C)/(A 1 C), where A is the number of worms in
quadrants with NaCl and C is the number of worms in
quadrants without the attractant.
Antibody staining: Staining with antibodies against DAF-

19C, OSM-5, and GFP was carried out as described (Senti
and Swoboda 2008). The secondary antibodies Alexa488 and
Alexa546 (Jackson Immunoresearch) were used 1:250, and
Cy3was used 1:1000. Incubations with primary antibodies were
performed overnight at 4!, and incubations with secondary
antibodies were for 3 hr at room temperature.
DiI staining, microscopy, and fluorescence imaging: Fluo-

rescent dye-filling assays with DiI or FITC were performed as
previously described (Starich et al. 1995). For the investiga-
tion of GFP expression and dye filling, worms were anesthe-
tized in 0.1% sodium azide inM9 buffer and immobilized on a
2.0% agarose pad. Analyses were performed on a Zeiss
Axioplan 2 microscope with OpenLab software. The data
presented in Tables 1 – 3 are based on the analysis of at least
30 transgenic adult animals per line. Frequencies of reporter
gene expression, rescue of dye filling, and cilia formation were
confirmed in larvae and found to be very similar to those in
adults (data not shown). Confocal micrographs of anesthe-
tized worms were taken on an LSM 510 META laser-scanning
microscope (Zeiss) equipped with an Argon 2/488 nm and a
HeNe 543 nm laser.
Calcium imaging and image analysis: Selection of rescued

worms for optical imaging of calcium transients (‘‘calcium
imaging’’) was done in the following way: 20 hr before imag-
ing, animals at the late L4 stage were paralyzed on nematode
growth medium agar plates containing 0.5 mm levami-
sole (Riedel-de-Haën) for 1 hr. After paralysis, worms were
mounted individually on 2% agarose pads containing 0.5 mm
levamisole. They were imaged and examined for cilia with
a Zeiss Axioskop inverted microscope, using a 3100 Plan-
NEOFLUAR objective. gcy-5Tdaf-19c worms with structurally
complete cilia were recovered by carefully peeling off the cover
glass and picking off the worms. Worms without rescued cilia
were discarded. To make sure that all animals received the
same treatment, daf-12 and daf-19; daf-12 control animals were
paralyzed, mounted, and recovered in the same manner. All
animals were allowed to recover on plates with bacterial food
and were used for calcium imaging the following day.

Sample preparation and delivery of NaCl steps was per-
formed in the following way: recovered worms were glued on
2% agarose pads (40 mm NaCl) using cyanoacrylate glue
(Nexaband S/C, Abbott Laboratories). The pad was briefly
placed on ice during the gluing to constrict the animals’
movements. Animals were placed under the microscope in a
perfusion chamber (RC-26GLP, Warner Instruments) under
a constant flow rate (0.4 ml/min) of 40 mm NaCl using a
perfusion pencil (AutoMate) for inflow, and a peristaltic
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pump to regulate the outflow (Econo Pump, Bio-Rad). Ten-
second steps in NaCl were achieved by delivering 0 and 80 mm
NaCl buffers using the perfusion pencil and automated valves
(EW-98302-20, Cole Parmer), controlled byMotorway software
2.5. All buffers contained the indicated concentration of NaCl,
10 mm HEPES–NaOH (pH 7.1), and 1 mm MgSO4. The
osmolarity for the individual buffers was adjusted to 350
mOsmo using glycerol.

For imaging and image analysis, optical recordings were
performed on a Zeiss Axioskop 2 upright compound micro-
scope using a363 Zeiss Achroplan water immersion objective.
Filter/dichroic pairs were excitation, 420/40; excitation di-
chroic 455; CFP emission, 480/30; emission dichroic 505; and
YFP emission, 535/30 (Chroma). The microscope was fitted
with a Hamamatsu Orca ER CCD camera, a Hamamatsu W-
View emission image splitter and a Uniblitz Shutter (Vincent
Associates). Images were acquired at 10 Hz using MetaVue 4.6
(Universal Imaging). Image analysis was performed using a
custom program written in Java, parameterized, and averaged
using scripts written in Matlab 6.5.1 (The Mathworks).

RESULTS

Rescue of cilia on selected CSNs: DAF-19 is required
in all CSNs to activate the cilia formation program. daf-19
mutants fail to activate direct-target cilia genes and
completely lack all ciliated structures. Expression of
daf-19c, the CSN-specific isoform of the daf-19 gene, in a
daf-19mutant background rescues cilia formation and all
cilia-related phenotypes, thereby restoring all sensory
functions (Figure 2B; Senti and Swoboda 2008). In this
work, we asked whether we could use a modified rescue
strategy to generatewormswith cilia ononly a few selected
or even single CSNs in a worm that otherwise completely
lacks sensory environmental input through cilia. In such
anexperimental setup, wewould be able to investigate the
cell autonomy of cilia formation and of sensory behavior
at the level of single CSNs.

To determinewhether we could generate only a single
cilium in a daf-19mutant background, we initially chose
the gcy-5 promoter to express daf-19c in a cell-specific
manner. gcy-5 encodes a guanylyl cyclase and its pro-
moter drives expression exclusively in a single CSN, the
neuron ASER (Figure 2A). To facilitate the identifica-
tion of ASER in transgenic worms, we cotransformed the
reporter gene gcy-5Tgfp together with the rescue con-
struct. When stained with an antibody against DAF-19C,
we detected only one nucleus expressing DAF-19C in
these rescue lines. This nucleus always resided in the gfp-
marked ASER neuron (data not shown). DAF-19C
expression in ASER was observed from embryonic to
adult stages. These expression dynamics followed the
expression pattern of the gcy-5Tgfp reporter. By con-
trast, daf-19c expressed from its own promoter restored
direct-target cilia gene expression as well as cilia
formation in all CSNs in the head and tail of the worm
(Figure 2B and data not shown). To demonstrate that
DAF-19C expressed from a heterologous promoter was
functional, we investigated the expression of reporter
constructs (promoter fusions to gfp or DsRed) of
established direct DAF-19C target cilia genes (x-box
genes; Haycraft et al. 2001, 2003; Blacque et al.
2004). Expression of DAF-19C in the single ASER
neuron activated bbs-7Tgfp, che-13TDsRed and OSM-5
expression, tested by antibody staining, in the neuron
(Figure 2, C and C9 vs. D and D9, and E; data not
shown). These results demonstrate that daf-19c under
the control of a heterologous promoter is able to
induce cilia-specific gene expression in selected single
neurons.

Several additional features can be used to verify that a
particular cilium or CSN is structurally and functionally

Figure 2.—Expression of daf-19c and rescue
of cilium formation in a single ASE neuron. (A)
A schematic showing the location of the left–
right neuron pair ASE in the head of C. elegans
from a lateral view. ASER is visualized in C–E.
(B–G) Confocal stacks showing all CSNs (B)
or only ASER (C–E) and magnifications of the
ASER dendrite tip (marked by an arrowhead
in F and G) of transgenic daf-19 mutants. (B)
Rescue of daf-19c expression in all CSNs from
its own promoter induces the direct DAF-19C
target bbs-7Tgfp in all CSNs. (C) The ASER neu-
ron, marked with gcy-5Tgfp, does not express di-
rect DAF-19C targets such as che-13TDsRed in a
daf-19 mutant background. The cilium at the
tip of the dendrite is not formed (F, magnifica-
tion of C). (D and E) Expression of daf-19c in
ASER from the gcy-5 promoter activates the
direct DAF-19C targets che-13TDsRed (D) and
bbs-7Tgfp (E) in ASER and rescues cilium forma-
tion (G, magnification of E). The asterisks in C
and D indicate expression of the elt-2TmCherry
transgenesis marker. C9 and D9 show only the
red channel of C and D. Neurons in which
GFP (green) and DsRed (magenta) colocalize
appear white (D).
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complete. One method is visual inspection of cilia
morphology. We investigated visually the rescue of cilia
structures in the gcy-5 rescued lines and found that
ASER neurons formed cilia at the tip of their dendrites.
By contrast, cilia were never found on ASER neurons in
daf-19 mutants (Figure 2, F vs. G) or ASEL (Figure 3, A
and B). Some CSNs are characterized by their direct
contact to the environment. Consequently, when wild-
type worms are exposed to fluorescent lipophilic dyes
(DiI, DiO, FITC, etc.), 12 of 60 CSNs take up the dye
through their cilia, and fluorescent labeling occurs
throughout the cell body and both neurites. Structurally
impaired, short, or missing cilia lead to a phenotype
described as dye filling defective, or Dyf (Perkins et al.
1986; Starich et al. 1995). To confirm the structural
integrity of rescued single cilia by dye filling, we
generated another rescue line, using the gpa-13 pro-
moter. This promoter drives daf-19c expression in the
following CSNs: ADF, ASH, AWC in the head, and PHA/
B in the tail (Figure 4, A and B). Again we confirmed the
expected expression pattern of DAF-19C and the
activation of its direct-target cilia genes bbs-7Tgfp and
che-13TDsRed (Figure 4, C–E; data not shown). gpa-13
activates expression in two neuron pairs, ASH and ADF,
which can be labeled with the lipophilic dyes DiI and
FITC, respectively. daf-19 mutants are completely dye
filling defective. However, when daf-19c was expressed
in those mutants from the gpa-13 promoter, ASH neu-
rons expressing DAF-19C regained their ability to fill
with DiI and ADF neurons to fill with FITC (Figure 4E).
These results show that expression of DAF-19C in
selected CSNs can restore not only cilia gene expres-
sion, but also structurally complete cilia.

Single rescued CSNs are physiologically fully func-
tional: Calcium imaging provides a very goodmethod to
measure neuronal activity in vivo. The genetically
encoded calcium indicator cameleon has been used to
study sensory responses in many C. elegans neurons
(Kerr et al. 2000; Suzuki et al. 2003; Hilliard et al.
2005), and we have previously shown that ASER is
stimulated by decreases in NaCl and ASEL by increases
in NaCl (Suzuki et al. 2008). To investigate the proper-
ties of neurons in which ciliogenesis has been rescued by
expression of daf-19c, we recorded calcium transients in
ASER in response to a NaCl down-step. daf-12 animals
showed responses similar to wild type (data not shown),
a 42.4% average ratio change (N ! 10) in response to a
40-mm down-step (Figure 3C). In daf-19; daf-12 animals,
the calcium transients in response to the down-step were
completely abolished (Figure 3E), as expected from the
lack of cilia and sensory function. We then tested
transgenic gcy-5Tdaf-19c rescue lines expressing camel-
eon in ASEL and ASER. Expression of daf-19c in daf-19;
daf-12 mutants under the control of the gcy-5 promoter
fully rescued the calcium transients in ASER in two
independent transgenic lines. The transgenes yielded
on average ratio changes of 49.3% and 47.8%, respec-

tively (N ! 8) (Figure 3, G and I), confirming that the
ASER cilium is fully functionally restored.
To demonstrate that the rescue in ASER was cell-

autonomous, we recorded calcium transients in ASEL in
response to 40-mm NaCl up-steps by stimulating the
worms with 80 mm NaCl. daf-12 animals showed a wild-
type response, a 10.6% ratio change (Figure 3D; data
not shown). daf-19; daf-12 mutants and both transgenic
gcy-5Tdaf-19c rescue lines failed to respond to the up-
step (Figures 3, F, H, and J). These data confirm that the
rescue in ASER is cell-autonomous and that the cilium is
required for the sensory response. Taken together, these
data show that expression of daf-19c from the gcy-5
promoter rescues neuronal activity cell-autonomously

Figure 3.—Expression of daf-19c from the gcy-5 promoter
in ASER restores cilia structure and calcium transients, indi-
cating functional neuronal activity. (A and B) Expression of
gcy-5Tdaf-19c rescues cilia formation on the dendrite of
ASER, but not ASEL. The white square in A indicates the area
shown in B. The arrowhead in B marks the tip of the ASER
dendrite. (C–J) Shown are the average calcium transients in
response to NaCl up- and down-steps. (C and D) daf-12 ani-
mals show wild-type responses in ASER in response to NaCl
down-steps, and in ASEL to NaCl up-steps. (E and F) daf-19;
daf-12 animals show no calcium transients in ASER and
ASEL. (G and I) Expression of gcy-5Tdaf-19c fully rescues cal-
cium transients in ASER, but not in ASEL (H and J).
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in ASER and restores calcium transients in response to
sensory stimuli. Thus, the cilium on the ASER dendrite
is fully functional and capable of transmitting physio-
logical responses.

Quantitative evaluation of the rescue system: Since
we can restore the structure of cilia on single CSNs and
their sensory ability in daf-19 mutants, we asked if we
could establish a tool that allows the functional in-
vestigationof any singleCSN.Oneprerequisite would be
that the rescue works efficiently using a large variety of
CSN-specific promoters. Thus, we quantified the rescue
efficiency of DAF-19C expressed from promoters that
are active in different sets of CSNs (Table 1).

We ensured that all promoters tested—gcy-5, gpa-13,
dat-1, gpa-11, and trx-1—are active at late embryonic
stages, the time period when cilia develop in C. elegans.
The onset of promoter activity was monitored by
transcriptional gfp fusions. Consistent with the gfp ex-
pression profile of the promoters, all were able to
induce DAF-19C expression from the late embryonic
to adult stages as confirmed by immunofluorescent
staining with antibodies against DAF-19C (data not
shown). We detected DAF-19C expression exclusively

in those neurons in which the promoters were expected
to be active.

All transgenes were studied in the worm as extrachro-
mosomal arrays. As a consequence of not being in-
tegrated into the genome, extrachromosomal arrays are
occasionally lost in certain cells during mitosis. Thus, to
mark transgenic, DAF-19C-expressing, and therefore
potentially rescued neurons, we used cell-specific pro-
moterTgfp fusions. To then quantify the expression of
DAF-19C in those neurons, we coexpressed a transcrip-
tional DsRed fusion of the direct DAF-19C target cilia
gene che-13. Each transgenic gfp-positive neuron was
then scored for the induction of che-13TDsRed. We
found that in all transgenic rescue lines the induction
of cilia gene expression in transgenic neurons was
exceptionally high, that is,.80% (Table 2). Transgenic
lines expressing daf-19c from the gpa-13 promoter did
not contain a gfp marker for neurons harboring the
extrachromosomal expression array. Thus, we were not
able to analyze specifically only transgenic neurons.
Instead, we assumed that all neurons were transgenic. In
such a scenario, the efficiency of DAF-19C to activate
direct-target cilia genes in those CSNs in which the gpa-

Figure 4.—Expression of daf-19c and rescue of
cilium formation in a defined group of CSNs. (A
and B) Exemplifying schematics showing the lo-
cation of a bilateral pair of CSNs in the head (A)
and tail (B), respectively, of C. elegans from a
dorsal/ventral view. (C–E) Confocal stacks show-
ing the head (C and E) and tail (D) of transgenic
daf-19 mutants. Rescue of daf-19c from the gpa-13
promoter induces the expression of the direct
DAF-19C targets che-13TDsRed (C and D) and
bbs-7Tgfp (E). The successful rescue of cilium
morphology is visualized by dye filling of ASH
(arrowhead in E) with the lipophilic fluorescent
dye DiI. The star marks residual DiI in the phar-
ynx and intestine. Neurons in which GFP (green)
and DiI (magenta) colocalize appear white (E).

TABLE 1

Rescue of cilia formation and sensory function by expressing daf-19c from different CSN-specific promoters

Rescue of

Promoter Start of expression Site of expression che-13TDsRed/bbs-7Tgfp
Cilia
length

Dye
filling

Sensory
behavior

Calcium
imaging

gcy-5 Embryo ASER Yes/yes Yes NA Yes Yes
gpa-13 Embryo ADF, ASH, AWC, PHA/B Yes/yes Yes Yesb Yes ND
dat-1 Embryo (PDE in L1) ADE, CEPs, PDE Yes/yes Yes NA ND ND
gpa-11 Embryo ADL, ASH Yes/yes Yes Yes ND ND
trx-1 Embryo ASJ Yes/yes Yesa No ND ND

NA, not applicable; ND, not determined.
a Cilia appeared shorter than wild-type cilia.
b Analyzed in ADF and ASH.
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13 promoter was active was .65%. However, since
extrachromosomal arrays are never transmitted to all
cells, the number of actual transgenic neurons is
unknown. The fraction of che-13TDsRed-expressing neu-
rons, therefore, is necessarily a conservative (under-)
estimate.

Next we asked how the efficiency in inducing (direct
DAF-19C target) cilia genes corresponded to the struc-
tural formation of complete cilia. We examined single
transgenic neurons marked with bbs-7Tgfp by visual
inspection for the presence of cilia at the tip of their
dendrites (Table 3). Typically, more than half, in some
cases up to 80% of all transgenic gfp-positive neurons in
the various rescue lines, formed cilia compared to the
complete absence of cilia in daf-19 mutants (Table 3).
Only in ASJ neurons did we observe that the rescue
efficiency of cilia was exceptionally low. Rescued cilia in

ASJ were typically also misshaped or short. We speculate
that trx-1 promoter strength (driving daf-19c) or as-yet-
unknown aspects of ASJ development may constitute
possible reasons for the observed low rescue efficiency.
When applicable, dye-filling assays were performed to
demonstrate that the structural rescue of cilia was
indeed complete. As expected, rescued cilia also facil-
itated fluorescent dye filling with lipophilic dyes in most
neurons (Table 3). We did not observe dye filling in
rescued ASJ neurons, which is likely due to misshaped
or short cilia. Also the phasmid CSNs PHA/B did not fill
with DiI. In summary, using five different promoters to
control daf-19c expression, we examined 11 different
classes of CSNs: ADE, ADF, ADL, ASE, ASH, ASJ, AWC,
CEP, PDE, PHA, and PHB. In 11/11 CSN classes
(100%), we were able to induce expression of direct
DAF-19 target cilia genes and, in 7/7 examined CSN
classes (100%), the morphological rescue of cilia.
Testing the structural integrity of those cilia by dye
filling was successful in 3/4 (75%) cases.
Finally, to ensure that the rescue of functional cilia

was specific for the rescued CSN, we analyzed all lines
for the nonspecific induction of the cilia reporter genes
bbs-7Tgfp and che-13TDsRed. We did not find activation
of cilia genes in nontransgenic neurons (data not
shown). In addition, we did not find neurons that were
rescued for their Dyf phenotype, except for those
sensory neurons in which we intentionally expressed
DAF-19C (data not shown). In summary, we conclude
that the expression of daf-19c from CSN-specific pro-
moters in daf-19 mutants restores cilia-specific gene
expression and cilia structure only in those CSNs in
which the promoter is active. This rescue is specific for
the rescued CSNs and is cell-autonomous as it does not
lead to rescue in other neighboring neurons. Thus, this
rescue system, which we call FRISSC, can be adapted to
many different CSNs.
Applying the daf-19c rescue system to test the

autonomous function of single CSNs: The highly
efficient rescue of cilia structures on selected neurons
prompted us to test whether sensory functions of these
cilia were restored to a similar extent. In such a case, our
rescue system would be suitable to investigate behaviors
mediated by single neurons in a population of trans-
genic worms. As proof of principle, we used two
different assays that investigate sensory behaviors either
at the level of single worms or at the level of a population
of worms.
First, we analyzed aversive behaviors on single worms.

Weused the gpa-13 promoter rescued lines to investigate
the sensory function of rescued ASH neurons in drop
tests (Hilliard et al. 2002) and measured aversive
behaviors to water-soluble repellents. Aversion to these
substances is mediated mainly by ASH and to a minor
extent also by ASK or ADL, depending on the nature of
the repellent. We performed drop assays using 0.1%
SDS and 1m glycerol (Figure 5, A and B). In these assays,

TABLE 2

Rescue efficiency of cilia gene activation in single neurons
that express daf-19c from CSN-specific promoters

Promoter Cell type
Transgenic

line

Transgenic neurons
expressing

che-13TDsRed (%)

gcy-5 ASER Line 1 100
Line 2 100

gpa-13a ADF L/R Line 1 .68
Line 2 .73

ASH L/R Line 1 .72
Line 2 .80

AWC L/R Line 1 .72
Line 2 .78

PHA/B L/R Line 1 .65
Line 2 .78

dat-1 ADE L/R Line 1 100
Line 2 100

PDE L/R Line 1 100
Line 2 83

CEPs Line 1 98
Line 2 98

gpa-11 ADL L/R Line 1 98
Line 2 93

ASH L/R Line 1 100
Line 2 100

trx-1 ASJ L/R Line 1 87
Line 2 95

Transgenic neurons were marked with gfp and scored for
the activation of the direct DAF-19C target che-13TDsRed.
All rescue lines summarized in this table contain the trans-
gene (promoterTdaf-19c, promoterTgfp, che-13TDsRed), except
for the gpa-13 rescue lines, which contain the transgene
(promoterTdaf-19c, che-13TDsRed). Note that lines 1 and 2, re-
spectively, described in this table are not the same as lines 1
and 2, respectively, described in Table 3.

a The gpa-13 promoter rescue lines do not contain a gfp
marker for transgenic neurons. Therefore, the percentage
of calculations are based on the assumption that all neurons
carry the extrachromosomal array transgene. Since extrachro-
mosomal arrays can be lost during mitosis, these numbers are
therefore an underestimate.
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daf-19; daf-12 mutants and control strains containing
mutations in che-13 and osm-9, which are defective in the
detection of repellents, had very low a.i.’s—,0.1 for
SDS and 0.2 for glycerol—compared to an a.i. of 0.96
(P , 0.001) and 0.95 (P , 0.001) in wild-type or daf-12
mutants, respectively. As expected, expression of daf-19c
from the gpa-13 promoter in ASH substantially im-
proved the avoidance behavior. We obtained an a.i. of
0.5 (P , 0.001) and 0.6 (P , 0.001) for the two rescue
lines tested (Figure 5A). Intriguingly, this 50–60%
increase in the avoidance behavior matched the 50–
60% morphological rescue of ASH cilia in the two
rescue lines (compare Figure 5A and Table 3). These
results suggest that the rescue of cilia structure and
sensory behavior is tightly correlated. We repeated the
drop assay and followed it with a dye-filling assay for
each individual worm analyzed. Indeed, we saw a strong
correlation between the rescue of cilia structure and
aversion. All worms in which cilia formation on ASH
neurons was rescued and dye filling was restored
responded correctly to the aversive stimulus, resulting
in an a.i. .0.9 (P , 0.001) for the rescue lines (Figure
5B). As a negative control, we included the gcy-5
promoter rescue lines in our assays, lines that show
functional rescue only in ASER neurons (Figure 5A).
These CSNs are required for detection of the attractant

NaCl, but not for repelling compounds. As expected,
rescue of cilium structure on ASER did not restore
aversion, resulting in an a.i. ,0.1.

Second, we analyzed chemotaxis behaviors in popu-
lations of worms. To specifically test the rescue of
sensory functions in ASER, we performed quadrant
assays that investigate the attraction to NaCl (Figure
5C). The attraction to salt is mediated by several CSNs,
such as the bilateral neuron pairs ASEL/R and
ADFL/R. Wild-type worms and daf-12 mutants, as well
as osm-9mutants, which are defective in the detection of
repellents, but not of NaCl, scored c.i.’s of $0.8.
Mutations in daf-19 lead to a very low c.i. of 0.09 (P ,
0.001). As expected, on the basis of their sensory
capacity, worms with rescued cilia on either ASER (in
gcy-5 promoter rescue lines) or ADF (in gpa-13 promoter
rescue lines) were able to detect NaCl correctly. Their
c.i. increased to 0.32 and 0.47 (P , 0.05) in gcy-5
promoter rescue lines and to 0.45 (P , 0.1) in gpa-13
promoter rescue lines, respectively. The partial rescue
observed in all lines most likely uncovers the redundant
functions of several CSNs in the attraction to NaCl
sensory behavior. In addition to transgenic rescued ani-
mals (‘‘trans’’), we also analyzed nontransgenic (‘‘non-
trans’’), mutant worms of each strain in the very same
experiments. As expected for this internal control,

TABLE 3

Rescue efficiency of cilia structures in single neurons that express daf-19c from CSN-specific promoters

Promoter Cell type Transgenic line
Transgenic neurons with

rescued cilium (%)

Rescue confirmed by dye
filling (d) or visibility of

cilium (c)

gcy-5 ASER Line 1 71 c
Line 2 82 c

gpa-13 ADF L/R Line 1 Yes d
Line 2 Yes d

ASH L/R Line 1 67 d
Line 2 54 d

AWC L/R Line 1 Yes c
Line 2 Yes c

PHA/B L/R Line 1 0 NA
Line 2 0 NA

dat-1 ADE L/R Line 1 ND ND
Line 2 ND ND

PDE L/R Line 1 ND ND
Line 2 ND ND

CEPs Line 1 59 c
Line 2 56 c

gpa-11 ADL L/R Line 1 35 d
Line 2 57 d

ASH L/R Line 1 48 d
Line 2 54 d

trx-1 ASJ L/R Line 1 15 c
Line 2 33 c

Transgenic neurons were marked with bbs-7Tgfp. All rescue lines summarized in this table contain the trans-
gene (promoterTdaf-19c, bbs-7Tgfp). Note that lines 1 and 2, respectively, described in this table are not the same
as lines 1 and 2, respectively, described in Table 2. NA, not applicable; ND, not determined; Yes, representative
spot-checks were done.
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nontransgenic worms were not rescued for their ability
to detect NaCl. In summary, our results show that the
expression of daf-19c in single CSNs is highly penetrant
and is sufficient to functionally restore the sensory
capacity of a single CSN and the behaviors associated
with this rescue of neuron function.

DISCUSSION

FRISSC—a new tool to analyze CSN-specific sensory
function: Formation of cilia is dependent onDAF-19C, a
recently discovered novel isoform of the RFX transcrip-
tion factor DAF-19 (Senti and Swoboda 2008). While
all other cilia structure mutants show short or mis-
shaped cilia, daf-19 mutant animals are completely
devoid of cilia structures. Therefore, daf-19 mutants
are guaranteed to be free from all sensory input through
cilia. FRISSC uses this mutant to generate single
functional CSNs on demand by expressing daf-19c from
CSN-specific promoters. Thus, FRISSC experimentally

introduces a simple morphological change from ‘‘with-
out cilium’’ to ‘‘with cilium’’ on an otherwise structurally
intact neuron. This results in the transformation of the
sensory status of the animal from ‘‘no input’’ to ‘‘input.’’
FRISSC is not only ‘‘clean’’ with regard to sensory abil-

ities before and after rescue, but also cell-autonomous.
We tested FRISSC with regard to cilia gene expression,
cilia morphology, and cilia sensory function. We ob-
served rescue of cilia morphology and sensory output
(behavior) only in those neurons in which we intention-
ally expressed DAF-19C, but never in other CSNs. This
strictly neuron-specific cilia rescue by DAF-19C is crucial
for the analysis and correct interpretation of single CSN
functions and their respective contributions to neuronal
networks and sensory behaviors. Furthermore, we found
that the rescue potential of the different promoterT
daf-19 transgenes is highly efficient and penetrant.
Thus, FRISSC fulfills all requirements as a tool for
studying the autonomous function of single CSNs with-
out sensory input from other CSNs.

Figure 5.—Expression of daf-19c in single
CSNs restores sensory functions and behavior.
(A) Drop assay on single worms. Transgenic
daf-19 mutants expressing daf-19c from the gpa-
13 promoter show rescue for the avoidance of
SDS, mediated by ASH. Restoring cilia on other
CSNs (e.g., on ASER by expression from the gcy-5
promoter) does not rescue the avoidance behav-
ior. (B) Drop assay on single worms. The rescue
of avoidance behavior strongly correlates with
structurally intact cilia. Themeasurable rescue ef-
ficiency reaches wild-type levels, when only those
worms are scored, in which at least one ASH neu-
ron is able to take up the lipophilic fluorescent
dye DiI (gpa-13Tdaf-19c line 1 1 DiI). (C) Quad-
rant assay testing chemotaxis to salt. Rescue of
cilia formation through daf-19c expression from
the gcy-5 promoter (in the salt-sensing neuron
ASER) or from the gpa-13 promoter (in the
salt-sensing neuron ADF) partially restores the at-
traction to salt. ‘‘trans’’ and ‘‘non-trans’’ refer to
transgenic and nontransgenic animals, respec-
tively, in the same C. elegans strain. Both popula-
tions were scored on the same assay plate and
therefore give a direct estimate of the rescue ef-
ficiency. Error bars show SEM values. *P , 0.1,
**P , 0.05, and ***P , 0.001 (as detected by a
two-sample t-test).
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Noteworthy features of FRISSC: Three protein iso-
forms are expressed from the gene daf-19: DAF-19A, -B,
and -C. DAF-19A/B isoforms, which are not expressed in
CSNs, are required for the maintenance of synaptic
vesicle proteins at later stages of the C. elegans life cycle
(Senti and Swoboda 2008). All daf-19 mutant alleles
currently available affect all three isoforms equally. This
may be a concern when using FRISSC to conduct
behavioral studies in daf-19 mutants. However, we have
shown that the synaptic defects in daf-19 mutants affect
adult worms only as they age (Senti and Swoboda
2008). The defects do not affect larvae or young adults
that are typically used for behavior assays. Thus, late
synaptic defects due to the loss of daf-19A/B are not
problematic, as is apparent from the behavioral assays
that we performed in this study.

Furthermore, we performed our analyses in a daf-19;
daf-12 double-mutant background to suppress the Daf-c
phenotype of daf-19. In all the behavioral tests that we
performed, daf-12 single mutants did not exhibit any
sensory defects. Therefore, we conclude that mutations
in daf-12 do not interfere with our behavioral analyses.
However, in some instances a pure daf-19 mutant
background might be advantageous, e.g., for dauer-
related CSN functions. In that case, the genetic back-
ground can easily be changed.

Expanding the versatility of FRISSC: Several meth-
ods are available to study sensory functions and related
behaviors of CSNs. Some of them are based on the
elimination of the neuron in question (cell ablation
techniques using a laser beam or expression of cytotoxic
molecules). Other techniques focus on isolated investi-
gation in an environment where all other CSNs are also
functional (neuronal activity imaging). Each of these
methods has specific advantages; choosing one method
over another is typically based on experimental
circumstances.

A unique feature of FRISSC is the isolation under
which a particular sensory event can be studied. All
currently available cilia structure mutants have cilia
remnants of various lengths, categorized as likely non-
functional (Perkins et al. 1986; Haycraft et al. 2001,
2003). However, when studying these mutants, residual
function, especially for sensing volatile chemicals
(cues), cannot be excluded. daf-19 mutants are cur-
rently unique, as they are completely devoid of any cilia
structures and therefore lack any sensory input via cilia.

Another strong advantage of FRISSC is its heritability.
Transgenic worms can be generated easily, and the
rescuing transgenes are then maintained as extrachro-
mosomal arrays (Mello et al. 1991). In contrast, laser
ablation experiments yield only a limited number of
manipulated animals and require specific technical
equipment and skills (Bargmann and Horvitz 1991;
Bargmann and Avery 1995). We have shown that
FRISSC is sufficiently quantitative as well as efficient
for analyzing a particular behavior even in a population

of transgenic worms. Thus, the constant supply of a
large number of transgenic animals allows for the
examination of even subtle phenotypes that otherwise
might be missed. Although possibly advantageous, it is
therefore not necessary to integrate extrachromosomal
arrays into the genome prior to behavioral analyses. In
contrast, as demonstrated in drop and quadrant assays,
nontransgenic ormosaic animals can serve as important
internal negative controls.

We developed FRISSC with the aim of studying the
functions of single CSNs. Although the list of promoters
specific for single CSNs is long, some CSNs share
specific promoters with at least one other or more types
of CSNs. In that case, the use of transgenes as extra-
chromosomal arrays, which are occasionally lost during
mitosis, can be exploited. Since extrachromosomal
arrays give rise to a heterogeneous population that does
not express the transgene in every target cell, mosaic
analysis can be applied. Alternatively, our rescue system
can be combined with a tool that superimposes second-
level expression control (both spatial and temporal),
e.g., the FLP recombinase system (Davis et al. 2008).

Future applications: FRISSC allows the creation and
in vivo analysis of single functional CSNs independent of
any other sensory input through cilia on other neurons.
We envision three major areas of applications for this
tool. First, FRISSC will facilitate the investigation of
single cilia and CSN function from the cellular level to
isolated sensory circuits andfinally to isolated behaviors.
For example, many CSNs, such as those involved in salt
taste and nose touch, have overlapping sensory modal-
ities, and discerning the contribution of an individual
neuron type can be difficult. FRISSC will be one of the
tools of choice when sensory redundancies need to be
understood. The investigation of the role of selected
interneurons, which typically receive input from multi-
ple CSNs, in a particular sensory behavior will be
possible with FRISSC. Similarly, this novel tool can be
used to study the crosstalk between CSNs. These
neurons not only transmit signals through interneur-
ons, but also establish elaborate contacts to other CSNs.
For example, the CSN ASER establishes synaptic con-
tacts to the following CSNs: ADL, ASI, AWA, and AWC
(White et al. 1986). It will therefore be interesting to
investigate how the detection of a certain cue X affects
signaling in the CSN Y, even though CSN Y itself does
not detect cue X. With a tool like FRISSC, which makes
use of CSNs that lack cilia (sensory input) but are
otherwise functional, it will be possible to answer those
kinds of questions. Second, single isolated cilia can also
be used in a gain-of-function or sufficiency approach by
expressing and analyzing individual molecular compo-
nents of the signal reception and transduction machin-
ery in different types of CSNs. The function and effect of
these proteins can subsequently be evaluated from the
cellular to the organism level in vivo in transgenic
animals. Finally, FRISSC combined with other methods
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creates a powerful tool for studying questions concern-
ing the development of functional cilia as such. Adding
time control to the spatial expression of DAF-19, e.g., by
adapting the hsf-1 model (Bacaj and Shaham 2007) or
the FLP-recombinase system (Davis et al. 2008), allows
the precise initiation of ciliogenesis. Thus, one could
investigate the potential of DAF-19-induced ciliogenesis
at different developmental stages or could focus on the
early steps of cilia assembly. The latter application will
be made considerably easier, as not all cilia develop at
the same time or in the same manner (Sulston and
Horvitz 1977; Sulston et al. 1983). Being able to
selectively focus on only one cilium will help to solve
time-related aspects of ciliogenesis, including when and
how sensory cilia attain their signal reception and
transduction capacities. Overall, FRISSC will allow
questions to be answered regarding sensory neuron
development and sensory mechanisms from a new
angle. It will therefore provide a valuable addition to
the toolbox for sensory behavior analysis.

We thank Christos Samakovlis for access to his imaging facility and
KirstenSenti, JanBurghoorn, andElizabethDeStasio for valuable com-
ments on experiments and the manuscript. We thank the Caenorhab-
ditis Genetics Center, which is funded by the National Institutes of
Health, and Sean Lockery and Antonio Miranda-Vizuete for providing
some of the worm strains and plasmid constructs used in this study. We
thank Ithai Rabinowitch and Tadas Judickas forMatlab scripts. G.S. was
supported by a doctoral scholarship program from the Austrian
Academy of Sciences. J.L. was supported by a stipend from theGerman
Academic Exchange Services. Work in the laboratory of W.R.S. was
supported by the Medical Research Council of the United Kingdom.
Work in the laboratory of P.S., a member of the NordForsk Nordic
C. elegans network, was supported by grants from the Swedish Research
Council and from the Swedish Foundation for Strategic Research.

LITERATURE CITED

Bacaj, T., and S. Shaham, 2007 Temporal control of cell-specific trans-
gene expression in Caenorhabditis elegans. Genetics 176: 2651–2655.

Bargmann, C. I., and L. Avery, 1995 Laser killing of cells in Caeno-
rhabditis elegans. Methods Cell Biol. 48: 225–250.

Bargmann, C. I., and H. R. Horvitz, 1991 Chemosensory neurons
with overlapping functions direct chemotaxis to multiple chem-
icals in C. elegans. Neuron 7: 729–742.

Blacque, O. E., M. J. Reardon, C. Li, J. McCarthy, M. R. Mahjoub
et al., 2004 Loss of C. elegans BBS-7 and BBS-8 protein function
results in cilia defects and compromised intraflagellar transport.
Genes Dev. 18: 1630–1642.

Bounoutas, A., and M. Chalfie, 2007 Touch sensitivity in Caeno-
rhabditis elegans. Pflugers Arch. 454: 691–702.

Brenner, S., 1974 The genetics of Caenorhabditis elegans. Genetics
77: 71–94.

Chelur, D. S., and M. Chalfie, 2007 Targeted cell killing by recon-
stituted caspases. Proc. Natl. Acad. Sci. USA 104: 2283–2288.

Davis, M. W., J. J. Morton, D. Carroll and E. M. Jorgensen,
2008 Gene activation using FLP recombinase in C. elegans.
PLoS Genet. 4: e1000028.

Efimenko, E., K. Bubb, H. Y. Mak, T. Holzman, M. R. Leroux et al.,
2005 Analysis of xbx genes in C. elegans. Development 132:
1923–1934.

Harbinder, S., N. Tavernarakis, L. A. Herndon, M. Kinnell, S. Q.
Xu et al., 1997 Genetically targeted cell disruption in Caeno-
rhabditis elegans. Proc. Natl. Acad. Sci. USA 94: 13128–13133.

Haycraft, C. J., P. Swoboda, P. D. Taulman, J. H. Thomas and B. K.
Yoder, 2001 The C. elegans homolog of the murine cystic kid-
ney disease gene Tg737 functions in a ciliogenic pathway and is
disrupted in osm-5 mutant worms. Development 128: 1493–1505.

Haycraft, C. J., J. C. Schafer, Q. Zhang, P. D. Taulman and B. K.
Yoder, 2003 Identification of CHE-13, a novel intraflagellar
transport protein required for cilia formation. Exp. Cell Res.
284: 251–263.

Hilliard, M. A., C. I. Bargmann and P. Bazzicalupo, 2002 C.
elegans responds to chemical repellents by integrating sensory
inputs from the head and the tail. Curr. Biol. 12: 730–734.

Hilliard, M. A., C. Bergamasco, S. Arbucci, R. H. A. Plasterk and
P. Bazzicalupo, 2004 WormsTasteBitter:ASHNeurons,QUI-1,
GPA-3 andODR-3Mediate Quinine Avoidance in Caenorhabditis
elegans. EMBO J. 23: 1101–1111.

Hilliard, M. A., A. J. Apicella, R. Kerr, H. Suzuki, P. Bazzicalupo
et al., 2005 In vivo imagingofC. elegansASHneurons: cellular re-
sponse and adaptation to chemical repellents. EMBO J. 24: 63–72.

Jansen, G., K. L. Thijssen, P. Werner, M. van der Horst, E.
Hazendonk et al., 1999 The complete family of genes encoding
G proteins of Caenorhabditis elegans. Nat. Genet. 21: 414–419.

Jansen, G., D. Weinkove and R. H. Plasterk, 2002 The G-protein
gamma subunit gpc-1 of the nematode C.elegans is involved in
taste adaptation. EMBO J. 21: 986–994.

Jayanthi, L. D., S. Apparsundaram, M. D. Malone, E. Ward, D. M.
Miller et al., 1998 The Caenorhabditis elegans gene T23G5.5
encodes an antidepressant- and cocaine-sensitive dopamine
transporter. Mol. Pharmacol. 54: 601–609.

Kerr, R., V. Lev-Ram, G. Baird, P. Vincent, R. Y. Tsien et al.,
2000 Optical imaging of calcium transients in neurons and
pharyngeal muscle of C. elegans. Neuron 26: 583–594.

Mello, C. C., J. M. Kramer, D. Stinchcomb and V. Ambros,
1991 Efficient gene transfer in C.elegans: extrachromosomal
maintenance and integration of transforming sequences. EMBO
J. 10: 3959–3970.

Miranda-Vizuete, A., J. C. Fierro-Gonzalez, G. Gahmon,
J. Burghoorn, P. Navas et al., 2006 Lifespan decrease in a
Caenorhabditis elegans mutant lacking TRX-1, a thioredoxin
expressed in ASJ sensory neurons. FEBS Lett. 580: 484–490.

Perkins, L. A., E. M. Hedgecock, J. N. Thomson and J. G. Culotti,
1986 Mutant sensory cilia in the nematode Caenorhabditis
elegans. Dev. Biol. 117: 456–487.

Senti, G., and P. Swoboda, 2008 Distinct isoforms of the RFX tran-
scription factor DAF-19 regulate ciliogenesis and maintenance of
synaptic activity. Mol. Biol. Cell 19: 5517–5528.

Shaham, S., and H. R. Horvitz, 1996 Developing Caenorhabditis
elegans neurons may contain both cell-death protective and
killer activities. Genes Dev. 10: 578–591.

Starich, T. A., R. K. Herman, C. K. Kari, W. H. Yeh, W. S. Schack-
witz et al., 1995 Mutations affecting the chemosensory neurons
of Caenorhabditis elegans. Genetics 139: 171–188.

Sulston, J. E., andH. R. Horvitz, 1977 Post-embryonic cell lineages
of the nematode, Caenorhabditis elegans. Dev. Biol. 56: 110–156.

Sulston, J. E., E. Schierenberg, J. G. White and J. N. Thomson,
1983 The embryonic cell lineage of the nematode Caenorhab-
ditis elegans. Dev. Biol. 100: 64–119.

Suzuki, H., R. Kerr, L. Bianchi, C. Frokjaer-Jensen, D. Slone et al.,
2003 In vivo imaging of C. elegans mechanosensory neurons
demonstrates a specific role for the MEC-4 channel in the pro-
cess of gentle touch sensation. Neuron 39: 1005–1017.

Suzuki, H., T. R. Thiele, S. Faumont, M. Ezcurra, S. R. Lockery
et al., 2008 Functional asymmetry in Caenorhabditis elegans
taste neurons and its computational role in chemotaxis. Nature
454: 114–117.

Swoboda, P., H. T. Adler and J. H. Thomas, 2000 The RFX-type
transcription factor DAF-19 regulates sensory neuron cilium for-
mation in C. elegans. Mol. Cell 5: 411–421.

White, J.G.,E.Southgate, J.N.ThomsonandS.Brenner, 1986 The
structure of the nervous system of the nematode Caenorhabditis
elegans. Philos. Trans. R. Soc. Lond. B Biol. Sci. 314: 1–340.

Wicks, S. R., C. J. de Vries, H. G. van Luenen and R. H. Plasterk,
2000 CHE-3, a cytosolic dynein heavy chain, is required for sen-
sory cilia structure and function in Caenorhabditis elegans. Dev.
Biol. 221: 295–307.

Yu, S., L. Avery, E. Baude and D. L. Garbers, 1997 Guanylyl cyclase
expression in specific sensory neurons: a new family of chemo-
sensory receptors. Proc. Natl. Acad. Sci. USA 94: 3384–3387.

Communicating editor: M. Nonet

Single Cilia Rescue in C. elegans 605

http://www.wormbase.org/db/gene/gene?name=DAF-19;class=Gene
http://www.wormbase.org/db/gene/gene?name=hsf-1;class=Gene
http://www.wormbase.org/db/gene/gene?name=DAF-19;class=Gene








Food sensitizes C. elegans avoidance behaviours
through acute dopamine signalling

Marina Ezcurra1,2, Yoshinori Tanizawa1,
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Many behavioural states are modulated by food avail-
ability and nutritional status. Here, we report that in
Caenorhabditis elegans, the presence of an external food
source enhances avoidance responses to soluble repellents
sensed by the polymodal ASH neurons. This enhancement
requires dopamine signalling and is mimicked by exo-
genous dopamine. Food modulation is dependent on the
mechanosensory cilia of the dopaminergic neurons, indi-
cating that dopamine is released in response to sensation
of bacteria. Activation of the dopamine neurons leads
within seconds to a transient state of increased sensory
acuity. In vivo imaging experiments indicate that this
dopamine-dependent sensitization results in part from
modality-specific increases in the magnitude and duration
of gustatory responses in the ASH neurons. The D1-like
dopamine receptor DOP-4 acts cell autonomously in ASH
to mediate effects on response magnitude. Thus, dopamine
functions as a direct signal of the presence of food to
control context-dependent behavioural states.
The EMBO Journal (2011) 30, 1110–1122. doi:10.1038/
emboj.2011.22; Published online 8 February 2011
Subject Categories: neuroscience
Keywords: C. elegans; dopamine; modulation; neuropeptide;
nociception

Introduction

Sensory systems in both simple and complex animals are not
static, but can switch between alternative behavioural states.
This plasticity allows animals to adjust their behaviours in
response to changes in the internal or external environment,
such as feeding state, nutritional status, sleep depri-
vation and stress. To switch between behavioural states, the
nervous system utilizes neuromodulators such as biogenic
amines and neuropeptides. Neuromodulators act by altering
the properties of specific neurons, resulting in changes in
information processing and behavioural responses.

The nematode Caenorhabditis elegans offers a useful sys-
tem to study neuromodulation at the behavioural, cellular
and molecular levels. C. elegans has a compact nervous

system consisting of 302 neurons, of which 32 are chemo-
sensory and 28 are mechanosensory (Bargmann and Mori,
1997). Despite this small number, nematodes can sense a
diverse variety of chemical and mechanical stimuli and
generate relatively complex behaviours. C. elegans uses a
large number of neuromodulators, including the mono-
amines serotonin, dopamine, octopamine and tyramine, as
well as many neuropeptides (Rand and Nonet, 1997). In
addition, a range of sophisticated genetic tools exists for
studying behavioural states at the molecular level.

One particularly important factor that guides behaviour
is feeding state. In the laboratory, C. elegans is grown
using the E. coli strain OP50 as a food source, and various
types of behaviours have been shown to be affected by the
presence or absence of bacterial food. Specifically, the pre-
sence of food stimulates feeding (Avery and Horvitz, 1990)
and egg laying (Trent et al, 1983), slows the rate of locomo-
tion (Sawin et al, 2000), and modifies responses to sensory
stimuli (Saeki et al, 2001; Chao et al, 2004; Hilliard et al,
2005; Mohri et al, 2005; Harris et al, 2009). These behaviour-
al changes depend on a variety of neuromodulators, in
particular, monoamines. For example, serotonin has been
implicated in the food-dependent modulation of feeding
(Horvitz et al, 1982) and locomotion (Sawin et al, 2000);
tyramine affects foraging and the control of egg laying (Rex
et al, 2004; Alkema et al, 2005); and octopamine is important
in starvation-induced changes in gene expression (Suo et al,
2006). Neuropeptides also appear to be involved in food
modulation of behaviour; for example, the flp-1 neuropeptide
gene is required for the stimulation of egg laying by bacteria
(Waggoner et al, 2000), and insulin-like peptides are impor-
tant for some forms of food-dependent sensory plasticity
(Kodama et al, 2006; Tomioka et al, 2006). For all these
examples, however, it remains unclear whether these mod-
ulators are directly mobilized by the presence or absence of
food, and if so what the neural and molecular mechanisms
might be.

Another molecule strongly implicated as a direct signal of
food in C. elegans is dopamine. Dopamine is required for the
two effects of food on locomotion: a decrease in locomotion
speed when worms encounter a food source (Sawin et al,
2000) and an increase in turn frequency when worms leave
food (Hills et al, 2004). Dopamine is also required for the
suppression of CREB-dependent gene expression in well-fed
animals (Suo et al, 2009), as well as for the slowing of touch
habituation on food (Sanyal et al, 2004; Kindt et al, 2007).
There are only eight dopaminergic neurons in C. elegans:
four CEPs in the nose, two ADEs in the head and two PDEs
in the body (Sulston et al, 1975). All are ciliated neurons
with putative mechanosensory dendrites, and the CEPs in
particular have been shown to respond directly to mechanical
stimuli (Kindt et al, 2007; Kang et al, 2010). This and other
evidence suggest that the dopaminergic neurons directly
sense the presence of bacteria using a mechanosensory
modality.
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In this study, we identify a new dopamine-mediated effect
of feeding state on C. elegans behaviour. We find that
responses to soluble repellents are enhanced in the presence
of food, an effect dependent on direct food sensing by the
dopamine neurons. Optical activation of the dopaminergic
neurons mimics this effect within seconds, indicating that
dopamine acutely modulates food-regulated behaviours. The
enhancement of repellent responses is mediated in part by
DOP-4, a D1-like dopamine receptor that functions in the ASH
nociceptors to increase the magnitude of sensory responses.
These results reveal that dopamine acts to signal the presence
of food and to modify sensory perception in response to
feeding state.

Results

Food enhances avoidance responses in ASH neurons
To investigate the effect of feeding state on avoidance res-
ponses, we tested how food affects behavioural responses
to the soluble repellents copper, primaquine and glycerol.
We measured the avoidance behaviour by applying a drop of
repellent-containing solution to freely moving animals and
scoring repellent-evoked reversals, an assay known as the
drop test (Hilliard et al, 2002). We observed that wild-type
animals showed significantly stronger avoidance of 2mM
CuCl2 in the presence of food than in the absence of food
(Figure 1A). Likewise, we observed a significant increase in
escape behaviour in response to glycerol (0.5M) and prima-
quine (10mM) in the presence of food compared with that in
food-free conditions (Figure 1A). These results indicate that
food enhances avoidance of soluble repellents in wild-type
animals.

Avoidance of copper, glycerol and primaquine is mainly
mediated by the nociceptive neuron ASH (Bargmann et al,
1990; Sambongi et al, 1999; Hilliard et al, 2004). Transient
activation of ASH generates more prolonged activation of
the backward command interneurons, which evoke escape
responses (reversals) by triggering a transition between
backward and forward locomotion (Faumont and Lockery,
2006; Guo et al, 2009). In principle, the presence of food
could enhance avoidance of these compounds by increasing
the sensitivity or excitability of the ASH neurons themselves;
alternatively, the effect could be the result of changes else-
where in the escape circuit. To investigate these possibilities,
we used calcium imaging to measure repellent-evoked
neuronal activity in ASH on- and off-food. We found that
in the presence of food, the magnitude of the neuronal res-
ponses to copper and glycerol was increased (Figure 1B–D).
The presence of food also increased the duration of the
response to 0.5M glycerol (Figure 1C and D), as indicated
by the integral of the ratio trace over the course of the
response (Supplementary Figure 1). Thus, the presence of
food appears to enhance avoidance of soluble repellents by
increasing and in some cases by prolonging ASH sensory
responses.

Food modulation of ASH sensory responses is mediated
by dopamine
Monoamines, in particular dopamine and serotonin, have
been implicated in food-related behavioural plasticity in
C. elegans (Chao et al, 2004; Harris et al, 2009; Ezak and
Ferkey, 2010). We therefore investigated whether dopamine

and/or serotonin are involved in mediating the enhancing
effect of food on avoidance responses. Previous studies have
found that exogenous serotonin and dopamine added to the
experimental plates or the buffer can mimic the effects of
aminergic signalling on many behaviours (Horvitz et al,
1982; Schafer and Kenyon, 1995; Chao et al, 2004; Ezak
and Ferkey, 2010). Therefore, we performed the drop test on
wild-type animals on food-free plates containing 10mM
dopamine or 10mM serotonin. We observed that exogenous
dopamine increased avoidance responses to copper; in con-
trast, exogenous serotonin did not affect avoidance responses
to copper (Figure 2A). We also used calcium imaging to test
whether addition of 10mM dopamine or 10mM serotonin to
the recording buffer affects neuronal responses in ASH. We
found that whereas serotonin does not affect ASH calcium
transients (data not shown), 10mM dopamine increases
both the magnitude and the duration of responses to 2mM
CuCl2 (Figure 2D and H and Supplementary Figure 1), 10mM
CuCl2 (Figure 2H and Supplementary Figure 1) and 0.5M
glycerol (Figure 2H and Supplementary Figure 1). We
reported previously that responses to a non-chemical stimu-
lus, nose touch, are enhanced by exogenous serotonin
(Hilliard et al, 2005). However, in this study, we could not
find any differences between nose touch responses off-food
and in the presence of exogenous dopamine or serotonin
(Figure 2G and H). Thus, exogenous dopamine mimics many
of the effects of food on ASH responses, though some of
these (e.g., the prolonging of CuCl2 responses) may be non-
physiological.

The modality-specific effects of dopamine on stimulus-
evoked calcium transients suggest that dopamine modulation
specifically affects sensitivity to chemical repellents rather
than the general excitability or synaptic activity of the ASH
neurons. To investigate this possibility further, we used a
channelrhodopsin 2 (ChR2) transgene expressed specifically
in ASH to test the effects of food and dopamine on reversals
evoked by non-specific depolarization of ASH. We observed
that exposure to blue light evoked reversals in this strain that
were dependent on the ChR2 cofactor retinal, indicating
that ChR2 could robustly activate ASH. Neither the frequency
nor the magnitude of these reversals was detectably affected
by the presence or absence of food. Likewise, addition of
exogenous dopamine to animals off-food did not enhance
ChR2-evoked reversal responses (Figure 3A–D). These results
further support the hypothesis that dopamine modulation of
ASH is repellent-specific and most likely acts at the level of
the sensory response.

Together, these results suggest that endogenous dopamine
signalling might specifically enhance ASH responses to
chemical repellents in response to food. To test this possibi-
lity, we investigated the phenotype of cat-2(e1112) animals,
which are defective in dopamine biosynthesis (Lints and
Emmons, 1999). In behavioural experiments, we observed
that cat-2(e1112) animals showed indistinguishable avoid-
ance responses to copper in the presence and absence of
food (Figure 2B). In contrast, on plates containing 10mM
dopamine, the avoidance response of cat-2(e1112) animals
was increased (Figure 2B). Thus, endogenous dopamine
appears to be necessary for the enhancement of avoidance
responses by food. We also analysed ASH neuronal responses
in cat-2 mutants by calcium imaging. In these experiments,
neither the magnitude nor the duration of calcium transients
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evoked by 2mM CuCl2 or 0.5M glycerol were altered by the
presence of food (Figure 2E, F and H and Supplementary
Figure 1). Together, these results indicate that endogenous
dopamine is necessary for food modulation of ASH-mediated
avoidance of soluble repellents, and suggest that dopamine
signalling directly or indirectly modulates ASH sensory
responses generated by food. We also tested whether food

affected the ASH sensory adaptation to repeated or contin-
uous stimulation. We showed previously that ASH-mediated
avoidance responses attenuate after receiving repeated
stimuli or after prolonged incubation in 10mM CuCl2
(Hilliard et al, 2005). We found that in the presence of
food, wild-type animals adapt more slowly to repeated stimu-
lation with 10mM CuCl2 as assayed by the drop test
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(Figure 4A). Addition of exogenous dopamine to food-free
assay plates slowed habituation to copper, mimicking the
effect of food (Figure 4A). Conversely, dopamine-deficient
cat-2 mutants adapted rapidly in the presence of food

(Figure 4B), suggesting that endogenous dopamine is
required for the inhibitory effect of food on adaptation. We
further tested whether food also affects adaptation to conti-
nuous stimulation using a different assay (Hilliard et al, 2002),
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in which the animals are tested after 15 s incubation in 10mM
CuCl2. Also, in these conditions, we found that adaptation in
wild-type animals is inhibited in the presence of food (Figure
4C and D), and that cat-2 mutants adapt rapidly both in the
absence and in the presence of food (Figure 4C and D).

To determine whether these behavioural effects of food
result from changes in ASH sensory responses, we measured
copper-evoked calcium transients in ASH before and after
15 s treatment with 10mM CuCl2. In the presence of food
or exogenous dopamine, ASH responses were significantly
larger after the chronic treatment than in animals tested in
the absence of food or dopamine (Figure 4E–H). Moreover, in
cat-2 mutants subjected to chronic 10mM CuCl2 exposure,
calcium transients were not affected by the presence of
food, and calcium transients were absent in both on-food
and off-food conditions (Figure 4E, F and H). Together, these
experiments indicate that food decreases adaptation to CuCl2
through dopamine signalling. Our calcium imaging data
show that the initial responses also to 10mM CuCl2 were
increased by food and dopamine; however, we could not
detect this in our behavioural assays as almost 100% of the
tested animals respond to this concentration of copper.

Modulation of avoidance behaviours requires
dopaminergic sensory cilia
The dopaminergic neurons of C. elegans are mechanosensors
that appear to directly sense the presence of a bacterial lawn
(Sawin et al, 2000; Kindt et al, 2007). However, these neurons
also receive input from other neurons via synapses and gap
junctions, and could therefore in principle respond indirectly
to internal signals of food availability. To determine whether
the dopaminergic neurons sense and respond to food directly,
we investigated whether the dopamine neurons’ sensory cilia
are required for food modulation of repellent responses.
We used a method called FRISSC (functional rescue in single
sensory cilia), in which a null mutation in the ciliogenic
RFX transcription factor DAF-19C, which is required for the
production of cilia (Swoboda et al, 2000; Senti et al, 2009), is

rescued cell specifically, allowing for restoration of ciliogen-
esis and sensory function in individual neurons in a daf-19
background (Senti et al, 2009). To suppress the dauer-forma-
tion phenotype in daf-19 animals, we also introduced a daf-12
mutation. As Figure 5 shows, daf-19;daf-12 animals have
defective responses to glycerol. When we restored the cilia
of the ASH neurons but not the dopamine neurons using
either the gpa-11 or the gpa-13 promoter, we observed that
responses to glycerol were of equal magnitude in the
presence and absence of food (Figure 5). However, when
we also restored cilia to the dopamine neurons using a
dat-1Hdaf-19c(! ) transgene, we observed significantly
stronger escape responses in the presence of food than in
the absence of food (Figure 5). Thus, the cilia of the dopa-
mine neurons are specifically required for food modulation,
indicating that dopamine signalling is activated by external
sensory cues.

Dopamine is an acute signal of the presence of food
These genetic and pharmacological data suggest that dopa-
mine is released in the presence of food to modulate avoid-
ance behaviours and ASH activity. However, experiments
using dopamine signalling-deficient mutants cannot address
the dynamics of the dopamine-mediated food signal. In
principle, dopamine signalling could act acutely to indicate
the presence of food at a given moment; alternatively, dopa-
mine signalling could act on a longer time scale to represent
the animal’s experience of food over the course of minutes
or hours. To investigate the time scale of dopamine action,
we generated transgenic lines expressing ChR2 (Nagel et al,
2005a, b) under the dat-1 (dopamine neuron-specific) and
tph-1 (serotonin neuron-specific) promoters, in a lite-1(ce314)
background. LITE-1 mediates responses to ultraviolet light,
and loss of lite-1 prevents native light responses (Edwards
et al, 2008; Guo et al, 2009). We grew these animals in the
presence or absence of the ChR2 cofactor retinal, and per-
formed the behavioural tests on food-free media after a flash
of blue light to activate the dopaminergic or serotonergic
neurons, respectively. We observed that upon a 10 s blue-light
stimulation of the dat-1HChR2 line, the animals’ rate of
locomotion decreased within seconds, a response similar to
the dopamine-dependent slowing response to a bacterial
lawn (Sawin et al, 2000). In a cat-2 mutant background,
this slowing response was not observed, indicating that the
dopaminergic neurons inhibit locomotion speed through
dopamine release. Blue-light stimulation of the tph-1HChR2
line likewise led to retinal-dependent slowing (data not
shown), as expected from previous studies, indicating that
serotonin inhibits locomotion. Blue-light exposure did not
induce slowing in either line if the animals were grown in the
absence of retinal. Next, we investigated the time course of
the light-induced slowing of locomotion in the dat-1HChR2
line. We found that 60–70 s after the light flash, the speed
had returned to its baseline level (Figure 6A). This is in
line with other studies showing that within 5min of being on
food, animals display a decreased rate of locomotion (Sawin
et al, 2000).

We next tested how activation of dopaminergic and sero-
tonergic neurons by ChR2 affected ASH-mediated avoidance
responses. We observed that the CuCl2 responses of retinal-
grown dat-1HChR2 animals were significantly enhanced by
blue-light stimulation, whereas animals of the same genotype
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grown without retinal or tph-1HChR2 animals grown with or
without retinal showed no enhancement (Figure 6B). Thus,
the acute activation of the dopaminergic neurons quickly and
robustly enhances avoidance to CuCl2, whereas activation
of the serotonergic neurons does not. When we performed
the dat-1HChR2 photoactivation experiments in a dopamine-
deficient cat-2 mutant background, we did not observe
enhanced avoidance in response to blue light. Thus,

activation of the dopaminergic neurons appears to modulate
ASH responses through dopamine release.

We then investigated the persistence of dopamine-evoked
sensitization to repellents. We found that when dat-1HChR2
animals were stimulated with CuCl2, a minute after receiving
a blue-light flash, their avoidance response was slightly
less sensitized than that immediately after stimulation
(Figure 6B). By 2 minutes after dat-1HChR2 activation, the
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CuCl2 avoidance response had returned to its normal off-food
level (Figure 6B). These results show a similar time course
to the dat-1HChR2 effect on locomotion speed. Activation of
dat-1HChR2 in the presence of food did not further enhance
CuCl2 avoidance (Figure 6C), indicating that food and the
dopamine neurons affect the same modulatory process. Thus,
activation of the dopamine neurons appears to cause an
immediate and transient enhancement of ASH-mediated
repellent avoidance, suggesting that dopamine signals the
acute presence of food in the environment.

The DOP-4 dopamine receptor acts in ASH to enhance
repellent responses
To identify the receptor mediating the effects of dopamine on
ASH, we screened mutants defective in each of the four
dopamine-activated G protein-coupled receptors (GPCRs) in
the C. elegans genome. We first used the drop test to
determine whether deletion mutations in each of these
genes (dop-1, dop-2, dop-3 or dop-4) affected the enhance-
ment of repellent avoidance by food. We observed that
responses to copper in dop-1, dop-2 and dop-3 deletion
mutants were still modulated by food, whereas responses to
copper in dop-4 mutants were not (Figure 7A). Copper
avoidance in dop-4 mutant animals was also unaffected by
treatment with 10mM dopamine (Figure 7B) or by photo-
activation of the dopaminergic neurons (Figure 6B).
Interestingly, dop-4 did not prevent photoactivation-induced
slowing of locomotion (Figure 6A), indicating that it affects
only a subset of dopamine-related phenotypes. Thus, DOP-4

is a candidate for mediating the enhancement of ASH re-
sponses by dopamine. To test DOP-4 directly, we imaged ASH
calcium transients evoked by copper and glycerol in dop-4
mutants. We found that in dop-4 mutants, the magnitudes of
ASH calcium transients evoked by copper or glycerol were
not significantly increased by dopamine or by food (Figure
7C–F). Thus, DOP-4 appears to be important for modulation
of ASH by dopamine. Interestingly, dopamine still increased
the duration of repellent-evoked calcium transients (Figure
7C and D and Supplementary Figure 1); thus, this effect may
involve a dopamine receptor other than DOP-4 or, alterna-
tively, may reflect a non-physiological effect of exogenous
dopamine.

A dop-4Hgfp promoter fusion has been shown to be
expressed in a number of neurons as well as non-neuronal
tissues, but these do not include the ASH neurons (Sugiura
et al, 2005). Additional dop-4 reporter transgenes constructed
in our lab likewise did not show visible expression in ASH
(data not shown). However, as gfp expression can be below
the limit of detection, we used cell-specific rescue and knock-
down experiments to determine whether DOP-4 might func-
tion directly in ASH. We first generated transgenic animals
expressing wild-type dop-4(! ) under the control of its own
promoter and two additional promoters, sra-6 and gpa-13,
whose expression patterns overlap only in ASH. Both
ASH-expressed transgenes rescued the food-modulation
defect (assayed by behaviour) of the dop-4 deletion mutant,
as did expression under the dop-4 promoter (Figure 8A).
In contrast, expressing dop-4(! ) under a non-ASH promoter
(gcy-5) did not rescue the mutant phenotype (Figure 8A). The
sra-6Hdop-4(! ) transgene also restored the ability of dopa-
mine to enhance repellent-evoked calcium transients in ASH
in the dop-4 deletion mutant (Figure 7C and F). These results
suggest that the DOP-4 receptor can act cell autonomously in
ASH to mediate dopamine enhancement of repellent responses.

To further test whether DOP-4 functions in ASH for dopa-
mine modulation, we knocked down dop-4 expression cell
specifically using RNAi (Esposito et al, 2007). Although
transgenic RNAi silencing can spread between C. elegans
tissues (Jose et al, 2009), spreading of cell-specific RNAi
has not been observed between different neurons (Esposito
et al, 2007; Harris et al, 2009; Chatzigeorgiou et al, 2010).
Therefore, we generated transgenes expressing sense and
antisense dop-4 sequences (hence referred to as RNAi trans-
genes) under the control of the dop-4 promoter, and the sra-6
and gpa-13 promoters. As controls, we also generated RNAi
transgenes expressed under the control of the flp-17 and gcy-5
promoters, which do not drive the expression in ASH. We
observed that dop-4, sra-6- and gpa-13-driven RNAi trans-
genes led to a defect in dopamine modulation of repellent
avoidance (Figure 8B). However, expressing a dop-4 RNAi
transgene under the flp-17 and gcy-5 promoters did not affect
dopamine modulation of repellent avoidance. These results
are consistent with the cell-specific mutant rescue data
indicating that DOP-4 acts cell autonomously in ASH to
mediate the enhancement of repellent responses by food
and dopamine.

Discussion

In this study, we show that the behavioural escape responses
to soluble repellents are enhanced by food, and that this
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enhancement results at least in part from changes in the
response properties of the primary chemosensory neurons.
Food modulation potentially involves at least three different
pathways that increase the sensory responsiveness of the
ASH nociceptors. In the first pathway, dopamine acts directly
on ASH through dopamine receptor DOP-4 to increase the
magnitude of its acute responses to repellents. In the absence
of food, dopamine signalling does not affect ASH responses;
thus, activation of the dopaminergic pathway functions as a
direct ‘on-food’ signal to facilitate larger sensory responses
in ASH. In the second pathway, dopamine acts in a dop-4-
independent manner to inhibit adaptation to repeated stimuli
in the presence of food. Finally, dopamine also acts in a third,
dop-4-independent pathway to prolong initial responses
to repellents such as glycerol in the presence of food.

The duration of responses to glycerol in dop-4 animals
are unaffected by the presence of food, and the molecules
required for this third pathway remain unidentified. As none
of the dopamine-activated GPCRs affect response duration,
we speculate that a dopamine-gated ion channel may be
involved.

These studies add to the already remarkable number of
food-dependent modulatory pathways acting on the ASH
neurons. For example, several studies have shown that
ASH-mediated avoidance behaviours are also modulated by
food through serotonergic signalling. Responses to nose
touch are enhanced in the presence of food; this process
has been shown to require serotonin signalling and can be
mimicked by provision of exogenous serotonin (Chao et al,
2004). However, when we tested nose touch responses using
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calcium imaging, we did not find exogenous serotonin to
have an effect, suggesting that serotonin modulates ASH
activity downstream of calcium signalling, possibly at the
synapse. Food and serotonin also enhance responses to dilute

octanol, a process requiring the activities of the G-proteins
GPA-11 (Chao et al, 2004) and EGL-30 (Harris et al, 2010), and
the serotonin receptor SER-5 (Harris et al, 2009). Conversely,
octopamine appears to inhibit dilute octanol responses in the
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absence of food, a process that requires the OCT-1 receptor
and the G-protein GOA-1 (Harris et al, 2010). Dopamine does
not appear to be involved in enhancing octanol responses in
ASH; indeed, exogenous dopamine dampens responses to
dilute octanol in a process requiring the activity of dopamine
receptor DOP-3 (Ezak and Ferkey, 2010). SER-5, OCT-1 and
DOP-3 are required cell autonomously in ASH; thus, includ-
ing DOP-4, there are at least four different GPCRs that directly
modulate ASH activity in response to food. Calcium imaging
experiments have not been reported for ser-5, oct-1 or dop-3
mutants for octanol; thus, it is not clear whether these path-
ways affect sensory transduction and neuronal excitability,
or processes downstream of calcium influx such as synaptic
transmission. However, it is clear that the targets of at least
two of these pathways differ from those of DOP-4, as neither
dop-3 nor ser-5 affects the calcium transients evoked by
soluble repellents (data not shown). Thus, the molecular
mechanisms by which a single environmental condition—
food—modulates a single sensory neuron appear to be
unexpectedly intricate and complex.

Both DOP-4 and DOP-3 act cell autonomously in ASH;
thus, dopamine appears to act directly on the ASH neurons to
modulate their activity. C. elegans has eight dopaminergic
neurons, and activation of this set of neurons is sufficient to
immediately induce increased avoidance. On the basis of the
EM reconstruction of the C. elegans nervous system, the
dopaminergic neurons make synapses with a total of 41
neurons; however, these neurons do not include ASH. This
implies that dopamine appears to signal extrasynaptically to
modulate ASH avoidance responses. Dopamine has been
shown to act extrasynaptically in other C. elegans neural
circuits. For example, the basal slowing response is regulated
by DOP-1 and DOP-3 acting in the motor neurons, which
receive no significant synaptic input from the dopaminergic
neurons (Chase et al, 2004). Signalling through the DOP-1
receptor also acts in the ALM anterior body mechanorecep-
tors to modulate habituation to touch responses (Kindt et al,
2007); although the touch receptor neurons synapse onto the
dopaminergic CEP neurons, there are no reported synapses
from any of the dopaminergic neurons to the ALMs. Indeed, a
survey of expression data indicated that of the 118 C. elegans

neurons expressing dopamine-activated GPCRs, only 20
(17%) were post-synaptic to any of the dopaminergic neu-
rons (Suo et al, 2003, 2009; Tsalik et al, 2003; Chase et al,
2004; Sanyal et al, 2004; Sugiura et al, 2005; Etchberger et al,
2007; Ezak and Ferkey, 2010). The prevalence of extrasynap-
tic signalling in C. elegans is not limited to the dopamine
system; only 17 of 45 serotonin receptor-expressing cells are
post-synaptic to serotonergic neurons (Tsalik et al, 2003;
Carnell et al, 2005; Xiao, 2006 #2417; Hobson et al, 2006;
Dernovici et al, 2007; Harris et al, 2009), and none of the 80
tyramine receptor-expressing neurons are post-synaptic
to tyraminergic neurons (Tsalik et al, 2003; Rex et al, 2004,
2005). This suggests that most aminergic neurotransmission
may involve extrasynaptic communication pathways that are
not identified in the EM reconstruction of the C. elegans
anatomy. Thus, even the nominally complete anatomical
wiring diagram is likely to significantly underestimate the
functional connectivity in the C. elegans nervous system.

Dopamine has been implicated in the control of food-
dependent states with respect to many behaviours (Sawin
et al, 2000; Hills et al, 2004; Kindt et al, 2007; Ezak and
Ferkey, 2010). However, the mechanism and dynamics of how
dopamine signalling is activated by food to modulate neural
circuits has been difficult to discern. We show here that food
modulation requires the sensory cilia of the dopamine neu-
rons, indicating that dopamine signalling is directly
activated by external sensation of bacteria. Using the light-
activated channel ChR2, we found that optogenetic activation
of the dopaminergic neurons causes an immediate increase
in avoidance responses, an effect that lasts for 1–2min.
This demonstrates that the activation of dopaminergic neu-
rons is sufficient to acutely modulate avoidance responses.
Optogenetic activation of the dopaminergic neurons also
induces immediate slowing of speed and, interestingly, this
effect also lasts between 1 and 2min, indicating that dopa-
minergic modulation of both behaviours has a similar time
course. This correlates well with the time course of the effects
exerted by food itself on behaviour; for example, differences
in calcium transients could be observed within a few minutes
after the animals are placed on- or off-food. Likewise, the
basal slowing response, which requires dopamine, occurs

A

0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1

W
ild

 ty
pe

do
p-
4::
do
p-
4

sra
-6
::d
op
-4

gp
a-
13
::d
op
-4

A
vo

id
an

ce
 in

de
x

(%
 r

es
po

nd
in

g)
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1

W
ild

 ty
pe

do
p-
4(
ok
13
16
)

sra
-6
::d
op
-4
RN

Ai

gp
a-
13
::d
op
-4
RN

Ai

gc
y-5
::d
op
-4
RN

Ai

flp
-1
7::
do
p-
4R
NA
i

B

dop-4(ok1321)

ca
t-2
(e
11
12
)

do
p-
4(
ok
13
21
)

*** ***
***

*** *** *** ***

gc
y-5
::d
op
-4

N!102

A
vo

id
an

ce
 in

de
x

(%
 r

es
po

nd
in

g)

do
p-
4::
do
p-
4R
NA
i

2 mM CuCl2

N!104
2 mM CuCl2

Off-food On-food Off-food On-food

Figure 8 The dopamine receptor DOP-4 functions in ASH to modulate avoidance behaviours. (A) Transgenic rescue of dop-4(ok1321). Fraction
of animals responding to 2mM CuCl2. Expressing genomic dop-4 DNA under its own promoter (ASG, AVL, CAN and PQR), or the sra-6 (ASH,
ASI and PVQ) or gpa-13 (ASH, ADL, AWC, PHA and PHB) promoters restores the avoidance on food. Expression under the gcy-5 promoter
(ASER) does not rescue. (***Po0.001, t-test), NX126. (B) RNAi knockdown of DOP-4 in ASH results in defect avoidance on food. Fraction of
animals responding to 2mM CuCl2. Animals expressing dop-4 RNAi under its own promoter, or under the sra-6 and gpa-13 promoters, both of
which express in ASH, do not have increased avoidance on food. Animals expressing dop-4 RNAi under the gcy-5 and flp-17 promoters, which
do not express in ASH, display wild-type behaviour. (***Po0.001, t-test), NX94.

Food sensitizes C. elegans avoidance behaviours
M Ezcurra et al

&2011 European Molecular Biology Organization The EMBO Journal VOL 30 | NO 6 | 2011 1119



within 5min of being placed on food (Sawin et al, 2000), and
increases in reversals and turning occur within 1min of
removal from food (Hills et al, 2004). Thus, it appears that
dopamine is released immediately upon food encounter, and
that this signal is only maintained for a prolonged period if
the animal remains in a food-rich environment.

Although dopamine itself appears to be a direct, acute
signal of food availability, dopamine signalling may interact
with other monoamine and neuropeptide systems to integrate
information about food and starvation across varying time
scales. Previous studies have also indicated that dopamine
acts indirectly by controlling the release of other neuro-
modulators; for example, dopamine appears to negatively
regulate release of octopamine from neurons controlling
CREB-dependent gene expression in interneurons (Suo
et al, 2006). Interactions between neuromodulator systems
have a critical role in the control of behavioural states in
many organisms, including mammals. Future studies of these
processes in C. elegans may provide insight into conserved
mechanisms by which feeding state modifies neural circuits
controlling complex behaviours.

Materials and methods

Strains and culture
Strains were maintained as described (Brenner, 1974). All strains
were grown at 201C on NGM plates with OP50. The following
strains were used: N2 (wild-type reference), CB1112 cat-2(e1112),
LX636 dop-1(vs101), LX702 dop-2(vs105), LX703 dop-3 (vs106),
RB1252 dop-4(ok1321), JT204 daf-12(sa204), JT6924 daf-19(m86);
daf-12(sa204),OE3789 daf-19(m86);daf-12(sa204);ofEx588[gpa-13H
daf-19c], OE3797 daf-19(m86);daf-12(sa204);ofEx596[gpa-11Hgfp;
gpa-11Hdaf-19c;che-13HdsRed;elt-2HmCherry], OE3793 daf-19(m86);
daf-12(sa204);ofEx592[dat-1Hdaf-19c]. The following strains were
generated: AQ2353 dop-4(ok1321);ljEx241[sra-6Hdop-4, unc-122Hgfp],
AQ2548 dop-4(ok1321); ljEx304[dop-4Hdop-4; unc-122Hgfp], AQ2465
dop-4(ok1321);ljEx292[gpa-13Hdop-4;unc-122Hgfp], AQ2477 dop-4
(ok1321);ljEx302[flp-17Hdop-4; unc-122Hgfp], AQ2475 daf-19(m86);
daf-12(sa204);ofEx588[gpa-13Hdaf-19c];ofEx592[dat-1Hdaf-19c],AQ2483
ljEx290[sra-6Hdop-4RNAi;elt-2HmCherry], AQ2519 ljEx281[gpa-13Hdop-
4RNAi; elt-2HmCherry], AQ2484 ljEx291[flp-17Hdop-4RNAi; elt-2
HmCherry], AQ2546 ljEx303[gcy-5Hdop-4RNAi;elt-2HmCherry],
AQ2028 lite-1(ce314);ljIs100 [Pdat-1HChR2Hyfp,unc-122Hgfp],
AQ2050 lite-1(ce314);ljIs102 [tph-1;;ChR2HYFP;unc-122Hgfp],
AQ2235 lite-1(ce314); ljIs114[Pgpa-13HFLPase, Psra-6HFTFHChR2H
YFP], AQ2673 lite-1(ce314); cat-2(e1112); ljIs100[Pdat-1HChR2HYFP,
unc-122Hgfp], AQ2235 lite-1(ce314); ljIs114[Pgpa-13HFLPase;Psra-6H
FTFHChR2HYFP], AQ2242 dop-4(ok1321) ljEx95[sra-6Hyc2.12,
lin-15(! )], AQ2180 cat-2(e1112); ljEx95[sra-6Hyc2.12, lin-15(! )],
AQ2241 dop-4(ok1321) ljEx95[sra-6Hyc2.12, lin-15(! )], AQ2303 dop-
4(ok1321) ljEx241[sra-6Hdop-4, Punc-122Hgfp]; ljEx95[sra-6H
yc2.12; lin-15(! )].

Generation of transgenic animals
Cameleon strains were generated by crossing lin-15(n765);ljEx95
[sra-6HYC2.12] (Hilliard et al, 2005) with cat-2(e1112) and dop-
4(ok1321), and by crossing dop-4(ok1321);ljEx95[sra-6HYC2.12]
with dop-4(ok1321);ljEx241[sra-6Hdop-4]. cat-2(e1112) was con-
firmed by PCR, followed by digestion using StyI. dop-4(ok1321) was
confirmed by PCR. daf-19(m86);daf-12(sa204);gpa-11Hdaf-19;dat-
1Hdaf-19c was generated by crossing daf-19(m86);daf-12(sa204);
gpa-11Hdaf-19c (Senti et al, 2009) with daf-19(m86);daf-12(sa204);
dat-1Hdaf-19c (Senti et al, 2009).

Rescue constructs. Plasmids were constructed using MultiSite
Gateway Three-Fragment Vector Construction Kit (Invitrogen).
Promoters were inserted into pDONR P4-P1R, except gpa-13, which
was inserted into pDEST4926. Genomic DNA of dop-4 was inserted
into pDONR 221. A pENTRY P2R-P3 containing the unc-54 30-UTR
(kindly provided by Ithai Rabinowitch) was used. Rescue constructs
were generated by recombining the pENTRY and pDESTR4-R3

vectors using LR Clonase II Plus. sra-6 pEntry was kindly provided
by Emanuel Busch and contains a 3 kb region of the promoter.
flp-17 pEntry and gcy-5 pEntry were kindly provided by Andrew
Bretscher and contain a 3 kb and 2.2 kb region of the promoter,
respectively. The primers used are listed in Supplementary
data. ljEx305[sra-6Hnpr-1], ljEx304[dop-4Hdop-4] and ljEx241
[sra-6Hdop-4] were injected (Mello et al, 1991) at 50 ng/ml with
co-injection marker unc-122Hgfp at 50ng/ml. All other rescue
constructs were injected at 50 ng/ml with co-injection marker
elt-2HmCherry at 50ng/ml.

ChR lines. Promoters for dat-1 and tph-1 were PCR amplified and
cloned into pDONRP4-P1R (Invitrogen). ChR2 (Nagel et al, 2003)-
coding sequence without a stop codon was PCR amplified from a
plasmid MGW16-3 (a kind gift from Emanuel Busch) and cloned
into pDONR221 (Invitrogen). These plasmids were recombined in
conjunction with a plasmid including YFP and unc-54 30-UTR
(a generous gift from Mario de Bono), and pDESTR4-R3 (Invitro-
gen) using LR clonase II Plus (Invitrogen) to generate pTNZ13 Pdat-
1HChR2HYFP and pTNZ31 Ptph-1HChR2HYFP. pTNZ13 and
pTNZ31 were injected (Mello et al, 1991) into wild-type to generate
transgenic animals, which were subsequently irradiated with
365nm UV light at an intensity of 2mJ/cm2 in the presence of
0.033mg/ml trimethylpsoralen (Sigma-Aldrich, MO) to generate
integrated transgenic arrays ljIs100 and ljIs102, respectively.
Obtained integrants were outcrossed five times with wild type,
and then the transgenes were transferred to KG1180 lite-1(ce314)
to establish AQ2028 (with ljIs100) and AQ2050 (with ljIs102). FLP
recombinase (Davis et al, 2008) was used to express ChR2
specifically in ASH by generating pTNZ141(Pgpa-13HFLPase) and
pTNZ109(Psra-6HFTFHChR2HYFP), and injecting them at 60 ng/ml
and 140 ng/ml, respectively, into lite-1(ce314). The obtained line
was irradiated as described above and the integrated strain was
outcrossed with lite-1(ce314) seven times.

Cell-specific RNAi. The sense and antisense RNAi strands spanning
a 1.6 kb region of the dop-4 gene (Keating et al, 2003) were inserted
into pDONR221 (Invitrogen). The cell-specific RNAi constructs were
generated by recombining the RNAi plasmids with the pENTRY
containing promoters for sra-6, gpa-11, gcy-5 and flp-17, pENTRY
containing unc-54 30-UTR, and pDESTR4-R3. The primers used to
amplify the RNAi are listed in Supplementary data. For all RNAi
constructs, the sense and antisense strand constructs were injected
at 100 ng/ml each with co-injection marker elt-2HmCherry at
50 ng/ml.

Drop test assays
For all behavioural assays, L4 stage animals were picked 20h before
the assay. The drop test and the adaptation drop test were
performed on NGM plates and prepared for off- and on-food assays
as follows: for on-food plates, 25 ml of overnight culture of OP50 in
LB (A" 0.5) was spread on each plate. For off-food plates, 25ml of
LB was spread on each plate. All plates were allowed to dry for 1 h
without lids, and used after an additional hour for assays. Animals
were picked from the culture plate using an eyelash pick, and
placed on a plate without food for a few seconds to prevent food
from being transferred to the assay plates. The animals were then
placed on the assay plate. Animals were allowed to settle for 10min
and then assayed using a capillary to deliver the repellent drop as
described previously (Hilliard et al, 2002). For the drop test, 10
animals were assayed on each plate. All animals were stimulated
every 60 s, and the fraction of worms reversing was recorded. In the
adaptation drop test, a single animal was picked to each plate
and assayed 20 times every 10 s. The response to every drop was
recorded. Responses to chronic stimulation were tested using a
previously described protocol (Hilliard et al, 2002). A drop of the
repellent was first delivered to a single animal to test the
pre-chronic stimulation. The animal was then placed in a drop of
the repellent for 15 s, followed by a recovery time of 2min. After the
recovery, the animal was tested again for post-chronic responses.
The tested repellents were CuCl2 (copper(II)chloride dihydrate,
Sigma), glycerol (Fisher) and primaquine diphosphate (Sigma-
Aldrich). All repellents were dissolved and diluted in M13 buffer.
For behavioural assays with exogenous dopamine and serotonin,
fresh assay plates containing 10mM dopamine or 10mM serotonin
were prepared by spreading dopamine (dopamine hydrocomplex,
Sigma-Aldrich) or serotonin (serotonin creatinin sulphate complex,
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Sigma-Aldrich) dissolved in M9 on each assay plate. The same
volume of M9, without the drug, was spread on control plates for
assays without drugs. All plates were dried without lids for 1 h and
used after an additional hour. Dopamine plates were kept in dark
until the assay to prevent oxidation. In all serotonin experiments,
addition of serotonin stimulated rapid pharyngeal pumping,
indicating that it was biologically active.

ChR2 assays
For ChR2 experiments, transgenic animals were grown in the dark
at 201C on NGM plates seeded with OP50 with or without all-trans
retinal (ATR; Sigma-Aldrich) dissolved in ethanol. For locomotion
and drop test assays, adult animals were transferred to an unseeded
NGM plate without ATR and left undisturbed for 10min before
illumination. After the recovery, blue light (440–460 nm) from
Luxeon III LXHL-PR09 (Lumileds, CA) was used to illuminate the
entire plate for 10 s during the recording in order to activate ChR2.
The animals were then tested for either speed or avoidance.

To grow animals for speed assays, 5mM ATR was used and 20
adult animals were tested in each experiment. Movies were
recorded with a USB-connected camera AM413TL (AnMo, Taiwan)
at the frequency of 2 frames per second, and analysed using Parallel
Worm Tracker (Ramot et al, 2008) running on MATLAB (Math-
works, MA). The speed of all the animals in the movie frame was
averaged to generate one speed value at each time point. Assays
were done for 11 different sets of animals for each condition (with/
without ATR). For avoidance assays, 62.5mM ATR was used to grow
the animals, and 10 adult animals were stimulated with repellent
drops as described for the drop test. The drop was delivered 0, 1 or
2min after the illumination. As a control for reversals caused by the
ChR activation, the same assay was performed delivering drops
with only M9 buffer. To test for reversals following ChR activation
of ASH, adult animals were transferred to plates that were unseeded
or seeded, or that containing 10mM dopamine. The animals were
allowed to recover for 5min and illuminated for 1 s. Reversals were
analysed using the Parallel Worm Tracker (Ramot et al, 2008).

Calcium imaging experiments

Sample preparation and delivery of repellent. Animals were glued
on 2% agarose pads made with neuronal buffer using cyanoacrylate
glue (Nexaband S/C, Abbott Laboratories). The pad was briefly
placed on ice during the gluing to constrict the animal’s move-
ments. The animals were placed under the microscope in a
perfusion chamber (RC-26GLP, Warner Instruments) under constant
flow rate (0.4ml/min) of neuronal buffer using a perfusion

pencil (AutoMate). Outflow was regulated using a peristaltic pump
(Econo Pump, Biorad). Repellents were delivered using the
perfusion pencil and automated valves (EW-98302-20, Cole Parmer
Ltd), controlled by Motorway software 2.5. The neuronal buffer
contained 40mM NaCl, 10mM HEPES-NaOH pH 7.1 and 1mM
MgSO4, and the osmolarity was adjusted to 350mOsmo using
glycerol. Copper and glycerol were dissolved in M13 buffer. For
recordings with food, OP50 was grown overnight in LB (A! 0.5),
and 50ml cultures were pelleted by centrifugation. The pellets were
dissolved in neuronal buffer or repellent, to a final volume of 25ml,
and used within 1 h.

Calcium imaging and image analysis. Optical recordings were
performed on a Zeiss Axioskop 2 upright compound microscope
using a " 63 Zeiss Achroplan water immersion objective. Filter/
dichroic pairs were: excitation, 420/40; excitation dichroic 455; CFP
emission, 480/30; emission dichroic 505; YFP emission, 535/30
(Chroma). The microscope was fitted with a Hamamatsu Orca ER
CCD camera, a Hamamatsu W-View emission image splitter and a
Uniblitz Shutter (Vincent Associates). Images were acquired at
10Hz using MetaVue 4.6 (Universal Imaging). Image analysis was
performed using a custom programme written in Java parameter-
ized and averaged using scripts written in Matlab 6.5.1 (Math-
works).

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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ABSTRACT

Food availability and nutritional status are important cues affecting various 

behaviors. Here we report that in C. elegans, neuropeptide signaling acts to 

inhibit nociception in food-poor environments. Overexpression of the 

FMRFamide-related peptide FLP-8 results in inhibition of escape responses 

and increased adaptation to soluble repellents when tested in the absence of 

an external food source, but not when tested on a thin lawn of bacterial food. 

This effect requires the neuropeptide receptor NPR-1, which acts on the 

polymodal nociceptive ASH neurons to decrease repellent-evoked calcium 

transients in ASH, resulting in increased behavioral adaptation. NPR-1 has 

the opposite effect on adaptation as dopamine, which signals the presence of 

food and decreases adaptation. Epistasis analysis revealed that the effect of 

dopamine on ASH adaptation requires NPR-1, suggesting that dopamine 

affects adaptation indirectly through changes in neuropeptide signaling. 

Thus, FLP-8 and NPR-1 act in the same pathway to signal the absence of food 

and increase ASH adaptation, and this pathway is controlled by dopamine 

signaling. These results indicate that feeding state modulates nociception 

through a complex network of bioamine and neuropeptide signaling.
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INTRODUCTION

Feeding state and nutritional status guide many behaviors and physiological 

responses. One important cue is starvation, which induces behavioral changes 

to increase the chance of survival and reproduction during reduced food 

availability. 

In the nematode C. elegans, food availability and nutritional status have 

strong effects on several behaviors. Within minutes of leaving food, animals 

change their speed and locomotion, and inhibit pharyngeal pumping and 

egg-laying (Avery and Thomas, 1997; Hills et al., 2004; Sawin et al., 2000; 

Trent, 1982). In C. elegans, the main molecules signaling food are serotonin 

and dopamine, which act to modulate locomotion and pharyngeal pumping 

(Chase et al., 2004; Horvitz et al., 1982; Sawin et al., 2000; Weinshenker et al., 

1995). In addition to classical neurotransmitters, C. elegans has a complex 

system of neuropeptides consisting of approximately 100 peptide genes, 

encoding over 250 peptides. 29 of the peptide genes encode FMRF-related 

peptide (FLP) genes. Determining the function of FLPs has turned out to be a 

difficult task, since FLPs have overlapping functions and expression patterns, 

and 

neuropeptide receptors have the ability to bind to several peptides. So far the 

roles of only a few FLPs are known. 

Here we report that FLP signaling inhibits escape responses to noxious 

stimuli in C. elegans in the absence of food but not in the presence of food. The 

peptides encoded by flp-8 function as antinociceptive signals inhibiting both 
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avoidance behaviors and neuronal activity in the nociceptive ASH neurons.  

FLP-8 acts in the same pathway as the C. elegans ortholog of the mammalian 

NPY receptor NPR-1, which acts on ASH to inhibit nociception when food 

availability is low. This effect is the opposite of dopamine, which enhances 

ASH responses and decreases adaptation to repeated stimulation in the 

presence of food (Ezcurra et al., 2011). We show that NPR-1 is required for 

dopamine to decrease adaptation, indicating that the effects of dopamine are 

mediated indirectly through changes in neuropeptide signaling. 

RESULTS

The neuropeptide receptor NPR-1 promotes sensory adaptation off food

We have previously reported that animals adapt slower to chemical repellents 

in the presence of food as compared to in the absence of food. This effect is 

mediated by dopamine, which acts as an on-food signal (Ezcurra et al., 2011). 

To investigate if other molecules are also involved in mediating the effect of 

feeding state on adaptation, we screened through candidate bioamine and 

neuropeptide receptor genes for defects in responses to repeated stimulation. 

We found that animlas that carry a null mutantion in the neuropeptide 

receptor npr-1, which is implicated in foraging (de Bono and Bargmann, 1998), 

adapted normally to repeated stimulation with 10 mM CuCl2 in the presence 

of food, but adapted slower than wildtype to copper  in the absence of food 

(Figure 1A, B). We observed the same phenotype for other chemical 

repellents; 1M glycerol and hydrochloric acid at pH 3.5 (Figure 1C, D, E, F). 
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Thus, npr-1 loss-of-function caused unfed mutant animals to show behavior 

characteristic of well-fed animals. This adaptation phenotype was rescued by 

expression of an npr-1(+) transgene under the ASH-specific sra-6 promoter 

(Figure 1A), suggesting that NPR-1 functions in the absence of food to 

modulate repellent sensation in response to neuropeptide signals in ASH. 

Similarly, in calcium imaging experiments npr-1(ky13) animals showed 

normal initial CuCl2 -evoked calcium responses in ASH in both the presence 

and absence of food, but adapted less only in the absence of food (Figure 2A, 

B, D, E).  The calcium imaging phenotype was rescued by expression of an 

npr-1(+) transgene under the ASH-specific sra-6 promoter (Figure 2C, D, E). 

Together, these results suggest that NPR-1 functions in ASH to modulate 

repellent sensation in response to neuropeptide signals, indicating the 

absence of food.

To test if NPR-1 acts in ASH to specifically inhibit adaptation, or affects 

avoidance responses more generally, we tested if npr-1 mutations have any 

effect on acute responses. Using the drop test, we tested acute responses to 

copper and glycerol. We found that npr-1 mutants respond like wild type 

animals to 2mM copper, 10mM copper and 0.25 M glycerol (Figure 1G). We 

also tested if NPR-1 affects acute responses to nose touch by performing 

calcium imaging recordings while touching the nose with a glass probe. We 

found that calcium transients were not different from wild type (Figure 1H). 

Thus, NPR-1 seems to have a specific role in ASH increasing adaptation to 
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chemical repellents, but does not affect acute responses to chemical or 

mechanical stimulation.

The neuropeptide FLP-8 increases adaptation through the NPR-1 pathway

In vitro studies have identified the FMRFamide peptides FLP-18 and FLP-21 

as ligands of NPR-1 (Rogers et al., 2003), suggesting that these peptides could 

be functioning to increase adaptation through NPR-1. We tested null mutants 

for these peptides and found that flp-21(ok889) adapts like wild type and that 

flp-18(db99) adapts more rapidly (Figure 3A), indicating that these peptides do 

not increase adaptation in ASH. To identify neuropeptides which inhibit 

avoidance responses, we screened available flp mutants for defects in 

adaptation (the tested strains were: flp-1(yn2), flp-1(yn4), flp-2(gk1039), flp-

3(ok3265), flp-6(ok3056), flp-7(ok2625), flp-9(ok2730), flp-10(ok2624), flp-

11(tm2706), flp-12(ok2409), flp-13(tm2427), flp-15(gk1186), flp-16(ok3085), flp-

17(ok3587), flp-19(ok2460), flp-20(ok2964), flp-25(gk1016), flp-28(gk1075) and flp-

33(gk1037)), and found that none of these strains exhibit the same phenotype 

as npr-1 (data not shown). To test the remaining genes for which mutants 

have not been isolated, we made overexpression lines expressing each flp 

gene under its own promoter in a wild type background (flp-5::flp-5, flp-8::flp-

8, flp-14-flp-14, flp-22:: flp-22, flp-23:: flp-23, flp-24:: flp-24, flp-26:: flp-26, flp-32:: 

flp-32, and flp-34::flp-34). Behavioral phenotyping of these lines revealed that 

overexpression of flp-8 leads to inhibited escape responses. Using both 

behavioral and calcium imaging experiments, we observed that flp-8::flp-8
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animals adapt faster than wild type (Figure 3C) and that ASH responds less to 

repeated stimulation (Figure 3C, E, F). Interestingly, when we tested 

behavioral adaptation on food, we could see no effect of FLP-8 overexpression 

on adaptation (Figure 3D). Thus, FLP-8 seems to inhibit avoidance off food, 

but not on food. FLP-8, like NPR-1, seems to be indicating the absence of food 

and inhibiting avoidance, suggesting that both molecules might be acting in 

the same pathway.  To test if FLP-8 acts in the same pathway as NPR-1 to 

inhibit nociception, we crossed the FLP-8 overexpression strain with npr-

1(ky13). When we tested adaptation in an flp-8::flp-8;npr-1 background, we 

found that the FLP-8 overexpression phenotype was completely suppressed 

(Figure 3C). These results suggest that FLP-8 functions to inhibit avoidance 

responses through the NPR-1 pathway, either directly by binding to NPR-1 or 

indirectly by acting further upstream. 

During the course of this work, we acquired a flp-8mutant strain, flp-

8(pk360), which carries a large deletion in the flp-8 gene. These animals have 

no defects in adaptation (Figure 3B), indicating that other neuropeptides may 

act to increase adaptation and have overlapping functions with FLP-8. Since 

our findings indicate that overexpression analysis of flp genes is more 

informative than mutant analysis, we also made lines overexpressing flp-18

and flp-21. None of these lines displayed inhibited nociception, indicating that 

these peptides do not act in the NPR-1 signaling pathway to inhibit ASH. 

Neuropeptide signaling mediates the effect of dopamine on adaptation
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NPR-1 and dopamine signaling have opposing effects on adaptation to 

repellents: NPR-1 increases adaptation in unfed animals, whereas dopamine 

decreases adaptation in well-fed animals. We have shown previously that cat-

2(e1112) animals, which are defective in dopamine biosynthesis (Lints and 

Emmons, 1999) adapted rapidly in the presence of food, suggesting that 

endogenous dopamine is required for the inhibitory effect of food on 

adaptation.

To determine how these opposite pathways interact, we analyzed copper

adaptation in cat-2;npr-1 double mutants.  When assayed in the absence of 

food either by behavior or calcium imaging, we found that cat-2;npr-1 animals 

showed decreased adaptation compared to wild type (Figure 4A, C, E), a 

phenotype comparable to that of the npr-1 single mutant.  Likewise, in the 

presence of food, cat-2;npr-1 animals showed slow adaptation (Figure 4B, D, 

F), resembling wildtype and the npr-1 single mutant and not the cat-2 single 

mutant.  Thus, npr-1 appeared completely epistatic to cat-2with respect to 

ASH adaptation phenotypes.  These results indicate that the effect of 

dopamine on ASH adaptation requires NPR-1 and is consistent with the 

possibility that the effects of dopamine on adaptation are mediated indirectly 

through changes in neuropeptide signaling. 

Model of dopaminergic and peptidergic modulation of escape responses

Our data show that in the absence of an external food source, neuropeptide 

signaling acts on the nociceptive ASH neurons to decrease responses to 
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chemical repellents.  The FMRFamide-related peptide FLP-8 and the 

neuropeptide receptor NPR-1 act in the same pathway to increase adaptation 

to noxious stimuli in the absence of food. FLP-8 is expressed in the oxygen 

sensing neuron URX, in the mechanosensory neuron PVM and in the AUA 

interneuron, and is released by one or several of these neurons in response to 

low food availability.  In contrast to FLP-8, dopamine decreases adaptation in 

the presence of food. This effect requires NPR-1, suggesting that dopamine 

modulates nociception through changes in neuropeptide signaling. Dopamine 

affects adaptation through an unknown receptor (Figure 5). 

DISCUSSION

In this study, we show that adaptation to chemical repellents is 

increased through neuropeptidergic signaling, leading to decreased 

avoidance behaviors. This effect is mediated by NPR-1 inhibiting activity in 

the nociceptive ASH neurons in food-poor conditions but not in well-fed 

conditions. The FMRFamide related peptide FLP-8 also inhibits nociception 

and ASH activity in the absence of food. Overexpression of FLP-8 results in 

anti-nociceptive effects, which are suppressed in an npr-1 null background. 

Together, these results suggest that FLP-8 is released in the absence of food to 

inhibit avoidance and that FLP-8 acts in the same pathway as NPR-1. Other 

flp genes are also involved in food signaling. For example, the flp-1

neuropeptide gene is required for the stimulation of egg-laying by bacteria 

(Waggoner et al., 2000), and the neuropeptides encoded by FLP-18 act 
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through the receptors NPR-4 and NPR-5 to regulate foraging and fat 

accumulation (Cohen et al., 2009). These results point to a role for FLPs in 

modulating a variety of behaviors in response to feeding state. Interestingly, 

mammalian FMRF-related peptides, encoded by farp-1 to farp-5, have been 

implicated in both antinociception and feeding behaviors (Chartrel et al., 

2003; Dong et al., 2001; Murase et al., 1996; Panula et al., 1999), indicating that 

FMRF-related peptides have evolutionarily conserved functions.

The anti-nociceptive effects of NPR-1 are exhibited in the absence of 

food but not in the presence of food. This effect is the opposite of dopamine, 

which enhances ASH responses and decreases adaptation in the presence of 

food (Ezcurra et al., 2011). Thus, adaptation is modulated in the presence of 

food by dopamine to decrease adaptation, and in the absence of food by NPR-

1 to increase adaptation. Since npr-1 is completely epistatic to dopamine 

signaling mutations, dopamine may not only act as a direct on-food signal, 

but also act indirectly to inhibit the activity of an “off food” neuropeptide 

signal. Previous studies have also indicated that dopamine acts indirectly by 

controlling the release of other neuromodulators; for example, dopamine 

appears to negatively regulate release of octopamine from neurons 

controlling CREB-dependent gene expression in interneurons (Suo et al., 

2006).  Interactions between neuromodulator systems play a critical role in the 

control of behavioral states in many organisms, including mammals.  Future 

studies of these processes in C. elegans may provide insight into conserved 
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mechanisms by which feeding state modifies neural circuits controlling 

complex behaviors. 
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EXPERIMENTAL PROCEDURES

Strains and culture

Strains were maintained as described (Brenner, 1974). All strains were grown 

at 20 C on NGM plates with OP50. The following strains were used:  N2 (wild 

type reference), CB1112 cat-2(e1112), CX4148 npr-1(ky13), AQ2180 cat-2(e1112); 

ljEx95[sra-6::YC2.12; lin-15(+)], flp-8(pk360), RB982 flp-21(ok889), flp-18(db99), 

AQ1044 ljEx95 [sra-6::YC2.12; lin-15(+)]. The following strains were created: 

AQ2559 ljEx309[flp-8::flp-8], AQ2647 flp-8::flp-8; ljEx95 [sra-6::YC2.12; lin-

15(+)], AQ2627 npr-1(ky13); ljEx309[flp-8::flp-8], AQ2518 npr-1(ky13); 

ljEx305[sra-6::npr-1; unc-122::gfp], AQ2803 npr-1(ky13); ljEx95 [sra-6::YC2.12; 

lin-15(+)], AQ2933 npr-1(ky13); ljEx95 [sra-6::YC2.12; lin-15(+)]; ljEx305[sra-

6::npr-1; unc-122::gfp], AQ2180 cat-2(e1112); ljEx95[sra-6::YC2.12; lin-15(+)],

AQ2310 cat-2(e1112);npr-1(ky13); ljEx95[sra-6::YC2.12; lin-15(+)].
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Generation of transgenic animals

Cameleon strains were generated by crossing ljEx95[sra-6::YC2.12] (Hilliard et 

al., 2005) into npr-1(ky13) and cat-2(e1112). npr-1(ky13) was confirmed by PCR 

followed by digest of the PCR product using DraI. cat-2(e1112) was confirmed 

by PCR followed by digest using StyI. 

Rescue constructs

Plasmids were made using the MultiSite Gateway Three-Fragment Vector 

Construction Kit (Invitrogen). Promoters were inserted into pDONR P4-P1R, 

except gpa-13, which was inserted into pDEST4926. Genomic DNA of npr-1

was inserted into pDONR 221. A pENTRY P2R-P3 containing the unc-54

3’UTR (kindly provided by Ithai Rabinowitch) was used. Rescue constructs 

were generated by recombining the pENTRY and pDESTR4-R3 vectors using 

LR Clonase. sra-6 pEntry was kindly provided by Emanuel Busch and 

contains a 3 kb region of the sra-6 promoter. ljEx305[sra-6::npr-1] was injected 

(Mello et al., 1991) at 50ng/ l with co-injection marker unc-122::gfp at 50 

ng/ l.  

Overexpression lines

Genomic DNA of flp-5, flp-8, flp-14, flp-22, flp-23, flp-24, flp-26, flp-32, and flp-

34, and a 2 kb upstream region, were amplified by PCR. The PCR products 

were purified using a PCR Purification Kit (Qiagen) and injected (Mello et al., 

1991) at 100 ng/ l with co-injection marker unc-122::gfp at 50 ng/ l.  

Drop test assays
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For all behavioral assays, L4 stage animals were picked 20 h before the assay. 

The drop test and the adaptation drop test were performed on NGM plates 

and prepared for off- and on-food assays as follows: For on-food plates, 25  l 

of overnight culture of OP50 in LB (A=0.5) was spread on each plate. For off-

food plates, 25  l of LB was spread on each plate. All plates were allowed to 

dry for 1 h without lids, and used after an additional hour for assays. Animals 

were picked off the culture plate using an eyelash pick, and placed on a plate 

without food for a few seconds to prevent food from being transferred to the 

assay plates. The animals were then placed on the assay plate. Animals were 

allowed to settle for 10 min and then assayed using a capillary to deliver the 

repellent drop as described previously (Hilliard et al., 2002). For the drop test, 

10 animals were assayed on each plate. All animals were stimulated every 60 

seconds, and the fraction of worms reversing was recorded. In the adaptation 

drop test, a single animal was picked to each plate and assayed every 10 

seconds, 20 times. The response to every drop was recorded, and the 

avoidance index was calculated by dividing the number of animals reversing 

with the number of animals tested. The tested repellents were CuCl2

(copper(II)chloride dihydrate, Sigma) and glycerol (Fisher). Repellents were 

dissolved and diluted in M13 buffer.

Calcium imaging experiments

Sample preparation and delivery of stimulation
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Animals were glued on 2% agarose pads made with neuronal buffer using 

cyanoacrylate glue (Nexaband S/C, Abbott Laboratories). The pad was briefly 

placed on ice during the gluing to constrict the animal's movements. The 

animals were placed under the microscope in a perfusion chamber (RC-

26GLP, Warner Instruments) under constant flow rate (0.4 ml/min) of 

neuronal buffer using a perfusion pencil (AutoMate). Outflow was regulated 

using a peristaltic pump (Econo Pump, Biorad). Repellents were delivered 

using the perfusion pencil and automated valves (EW-98302-20, Cole Parmer 

Ltd), controlled by Motorway software 2.5. The neuronal buffer contained 40 

mM NaCl, 10mM HEPES-NaOH pH 7.1, 1mM MgSO4, and the osmolarity 

was adjusted to 350 mOsmo using glycerol. Copper and glycerol were 

dissolved in M13 buffer. For recordings with food, OP50 was grown 

overnight in LB (A=0.5), and 50 ml cultures were pelleted by centrifugation. 

The pellets were dissolved in neuronal buffer or repellent, to a final volume of 

25 ml, and used within 1 h. Adaptation was tested by first giving the animals 

a 3 sec pre-chonic stimulation, followed by a 15 sec chronic stimulation and a 

2 min rest. Animals were then given a 3 sec post-chronic stimulation. The pre-

and post-chronic responses were analyzed. Nose touch stimulation was 

delivered as described previously (Chatzigeorgiou and Schafer, 2011; Kindt et 

al., 2007). 

Calcium imaging and image analysis
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Optical recordings were performed on a Zeiss Axioskop 2 upright compound 

microscope using a 63x Zeiss Achroplan water immersion objective. 

Filter/dichroic pairs were: excitation, 420/40; excitation dichroic 455; CFP 

emission, 480/30; emission dichroic 505; YFP emission, 535/30 (Chroma). The 

microscope was fitted with a Hamamatsu Orca ER CCD camera, a 

Hamamatsu W-View emission image splitter and a Uniblitz Shutter (Vincent 

Associates). Images were acquired at 10 Hz using MetaVue 4.6 (Universal 

Imaging). Image analysis was performed using a custom program written in 

Java, parameterized and averaged using scripts written in Matlab 6.5.1 (The 

Mathworks).
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Figure legends

Figure 1. The neuropeptide receptor NPR-1 promotes sensory adaptation 

off food

A-F) Fraction of animals responding to repeated drops of chemical repellent. 

A) npr-1(ky13) adapts slower than wildtype to 10 mM CuCl2 off food. 

Transgenic animals expressing genomic npr-1 DNA under the sra-6 promoter 

(ASH, ASI, PVQ) adapt like wildtype. B) npr-1(ky13) animals adapt like 

wildtype to 10 mM CuCl2 on food. npr-1(ky13), wildtype and rescued animals 

adapt at the same rate on food. C) npr-1(ky13) adapts slower than wildtype to 

HCl pH 3.5 off food. D) npr-1(ky13) animals adapt like wildtype to HCl pH 3.5 

on food. E) npr-1(ky13) adapts slower than wildtype to 1 M glycerol off food. 

F) npr-1(ky13) animals adapt like wildtype to 1 M glycerol on food. G) Acute 

avoidance of soluble repellents is not significantly different in npr-1(ky13)

animals. Fraction of animals reversing after delivery 2 mM CuCl2, 10 mM 

CuCl2 and 1 M glycerol. H) Acute responses to nose touch are not 

significantly different in npr-1(ky13) animals. Shown are average responses in 

ASH. Behavioral data was analyzed using Student’s t-test. Calcium imaging 

data was analyzed using the Mann-Whitney Rank Sum test. *p < 0.05, **p < 

0.01, ***p < 0.001.

Figure 2. The neuropeptide receptor NPR-1 acts in ASH to increase 

adaptation to repellents off food
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A-C) Average neuronal responses in ASH before and after chronic treatment 

with 10 mM CuCl2. Shown are responses on and off food. Grey bars indicate 

the duration of the stimulus A) Off food, wildtype completely adapts after the 

chronic treatment, and shows no post-chronic responses. On food, wildtype 

still responds after the chronic treatment B) npr-1(ky13) shows post-chronic 

responses both off and on food. C) Transgenic animals expressing genomic 

npr-1 DNA under the sra-6 promoter display wildtype responses. D-E) 

Quantification of ASH responses on and off food in wildtype, npr-1(ky13) and 

rescued animals before and after chronic treatment. Blue circles represent 

individual animals assayed. Black diamonds indicate average value.  D) Post-

chronic responses in npr-1(ky13) are significantly larger than in wildtype and 

rescued animals off food. E) Post-chronic responses are not significantly 

different on food. Data was analyzed using the Mann-Whitney Rank Sum 

test. *p < 0.05, **p < 0.01, ***p < 0.001. 

Figure 3. FLP-8 inhibits avoidance and ASH responses through NPR-1 

signaling

A-D) Fraction of animals responding to repeated drops of 10 mM CuCl2. A) 

flp-21(ok889) adapts like wildtype and flp-18(db99) adapts faster than 

wildtype. B) flp-8(pk360) adapts like wildtype. C) Wildtype animals 

overexpressing FLP-8 adapt faster off food. The overexpression phenotype is 

suppressed in an npr-1(ky13) background. D) Animals overexpressing FLP-8 

adapt at the same rate as wildtype on food. E) Average ASH responses in 
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wildtype and FLP-8 overexpressing animals to two subsequent stimulations 

with 10 mM CuCl2. Grey bars indicate the duration of the stimulus. Wildtype 

animals have reduced responses to a second stimulation. In FLP-8 

overexpressing animals responses to the second stimulation are almost 

completely absent. F) Quantification of ASH responses in wildtype and FLP-8 

overexpressing animals. Blue circles represent individual animals assayed. 

Black diamonds indicate average value.  Responses to the second stimulus are 

significantly larger in wildtype compared to FLP-8 overexpressing animals. 

Initial responses are not significantly different. Behavioral data was analyzed 

using Student’s t-test. Calcium imaging data was analyzed using the Mann-

Whitney Rank Sum test. *p < 0.05, **p < 0.01, ***p < 0.001.

Figure 4. NPR-1 is required for dopamine modulation of ASH adaptation 

A-B) Fraction of animals responding to repeated drops of 10 mM CuCl2. A) 

cat-2(e1112);npr-1(ky13) animals adapt like npr-1(ky13) in the absence of food. 

B) cat-2(e1112);npr-1(ky13) animals adapt like npr-1(ky13) in the presence of 

food. 

C-D) Average neuronal responses in ASH off food after chronic treatment 

with 10 mM CuCl2. Grey bars indicate the duration of the stimulus C) 

Wildtype and cat-2(e1112) animals completely adapt after the chronic 

treatment on food. npr-1(ky13) and cat-2(e1112);npr-1(ky13)animals adapt less 

and show post-chronic responses. 
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D) Wildtype, npr-1(ky13) and cat-2(e1112);npr-1(ky13)animals show post-

chronic responses on food. cat-2(e1112) animals completely adapt on food. 

E-F) Quantification of ASH responses on and off food. Blue circles represent 

individual animals assayed. Black diamonds indicate average value.  E) 

Wildtype and cat-2(e1112) completely adapt after the chronic treatment off 

food. npr-1(ky13) and cat-2(e1112);npr-1(ky13) respond. F) Wildtype, npr-

1(ky13) and cat-2(e1112);npr-1(ky13) respond after the chronic treatment on 

food. cat-2(e1112) has completely adapted. Behavioral data was analyzed 

using Student’s t-test. Calcium imaging data was analyzed using the Mann-

Whitney Rank Sum test. *p < 0.05, **p < 0.01, ***p < 0.001.

Figure 5. Model of modulation of the ASH neurons

In the absence of food, FLP-8 and NPR-1 act in the same pathway to increase 

adaptation to noxious stimuli. FLP-8 is expressed in URX, PVM and AUA is 

released from some or all of these neurons, and acts directly or indirectly 

through NPR-1 to inhibit ASH activity. In contrast to FLP-8, dopamine 

decreases adaptation in the presence of food by increasing ASH activity 

through an unknown receptor. This effect requires NPR-1, suggesting that 

dopamine modulates nociception through changes in neuropeptide signaling
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