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SUMMARY

Dopamine has been implicated in the modula-
tion of diverse forms of behavioral plasticity, in-
cluding appetitive learning and addiction. An
important challenge is to understand how do-
pamine’s effects at the cellular level alter the
properties of neural circuits to modify behavior.
In the nematode C. elegans, dopamine modu-
lates habituation of an escape reflex triggered
by body touch. In the absence of food, animals
habituate more rapidly than in the presence of
food; this contextual information about food
availability is provided by dopaminergic mech-
anosensory neurons that sense the presence
of bacteria. We find that dopamine alters habit-
uation kinetics by selectively modulating the
touch responses of the anterior-body mecha-
noreceptors; this modulation involves a D1-
like dopamine receptor, a Gq/PLC-b signaling
pathway, and calcium release within the touch
neurons. Interestingly, the body touch mecha-
noreceptors can themselves excite the dopa-
mine neurons, forming a positive feedback
loop capable of integrating context and experi-
ence to modulate mechanosensory attention.

INTRODUCTION

Monoamine neuromodulators such as dopamine play

central roles in learning and behavioral plasticity through-

out the animal kingdom. For example, in mammals, dopa-

mine has been implicated in forms of plasticity related to

drug addiction, such as sensitization and tolerance to

stimulants (Berke and Hyman, 2000). Additionally, dopa-

mine is hypothesized to function in appetitive learning ei-

ther as a signal of unpredicted reward (Montague et al.,
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1996; Schultz, 1998) or more recently as an identifier of

novel context (Redgrave and Gurney, 2006). Dopamine

also plays diverse roles in invertebrate behavioral plastic-

ity, such as olfactory memory and experience-dependent

plasticity in sleep need in Drosophila (Ganguly-Fitzgerald

et al., 2006; Schwaerzel et al., 2003). Yet, even in these

simpler systems, the neural mechanisms by which the ef-

fects of dopamine on whole behaviors are implemented

are not well understood.

Understanding the neural basis of dopamine’s role in

behavioral plasticity is perhaps a more tractable problem

in the nematode Caenorhabditis elegans. C. elegans has

a compact, well-characterized nervous system of 302

identified neurons. Exactly eight of these neurons are do-

paminergic (Sulston et al., 1975), and there are four con-

firmed dopamine receptors in the genome (Chase et al.,

2004; Suo et al., 2002, 2003). A variety of behaviors

have been linked to dopamine in C. elegans, including in-

hibition of locomotion and egg laying (Schafer and Ken-

yon, 1995), modulation of crawling speed in response to

food (Sawin et al., 2000), and control of turning frequency

(Hills et al., 2004). Dopamine has also been implicated in

behavioral plasticity in C. elegans, specifically in a form

of nonassociative learning and memory called tap habit-

uation (Rankin and Broster, 1992; Rankin et al., 1990;

Sanyal et al., 2004). When worms receive a nonlocalized

mechanical stimulus, such as a vibration of the growth

substrate, they usually execute an escape response

known as a reversal—a switch from forward to backward

locomotion. More rarely, they respond to a nonlocalized

tap with accelerated forward movement. After repeated

stimulation, there is a decrease in the frequency of rever-

sals and a diminution of reversal magnitude (i.e., the back-

ward distance traveled). Both of these can be immediately

recovered (dishabituated) by the application of a brief

electric shock to the agar (Rankin et al., 1990). The kinetics

with which the reflex attenuates and recovers are strongly

affected by the interstimulus interval (ISI) and rest periods;

while attenuation induced by single blocks of training with

short ISI lasts only minutes, longer-term memory (greater
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than 24 hr) can be induced with protocols using a longer

ISI and containing rest periods between training blocks

(Rose et al., 2002, 2003). These characteristics indicate

that the behavioral plasticity evoked by repeated taps is

an example of habituation, the process by which animals

learn to ignore repeated innocuous stimuli.

The response to tap is mediated by a neural circuit that

also generates an escape response to localized body

touch (Chalfie and Au, 1989; Chalfie et al., 1985; White

et al., 1986). When a worm is touched on the anterior

body, three mechanoreceptor neurons (ALML, ALMR,

and AVM) become depolarized; these neurons make gap

junctions (presumably excitatory) with the AVA and AVD

command interneurons that promote backward move-

ment, and make chemical synapses (inferred to be inhibi-

tory) with the AVB and PVC interneurons that promote for-

ward movement (Figure 1). Thus, anterior touch reflexively

evokes a reversal response. The converse pattern is seen

for the PLM mechanoreceptors that sense posterior body

touch; they make excitatory gap junctions with the forward

command interneurons, and chemical synapses with the

backward command interneurons (Chalfie et al., 1985;

White et al., 1986; Wicks and Rankin, 1995). Thus, poste-

rior touch evokes forward acceleration. It is thought that

following a nonlocalized mechanical stimulus there is

a competition between the forward and backward re-

flexes, in which the reversal response predominates in

naive animals (Wicks and Rankin, 1995). Changes in the

strength of the chemical synapses in this circuit appear

to underlie at least some forms of touch/tap habituation

(Rose et al., 2003), but the importance and sufficiency of

such changes have not been determined.

We showed previously that tap habituation in C. elegans

is modulated by dopamine (Sanyal et al., 2004). Specifi-

cally, the frequency of reversal responses in dopamine-

defective mutants habituates faster than in wild-type

animals, an effect mediated at least in part by a D1-like do-

pamine receptor (DOP-1) functioning in the touch sensory

neurons (Sanyal et al., 2004). Interestingly, in mammalian

studies, dopamine signaling seems to gate the habituation

of visually evoked responses depending on whether or not

they become associated with reward (Ikeda and Hiko-

saka, 2003; Redgrave and Gurney, 2006); therefore, fur-

ther investigation using C. elegans as a model may lead

to insights into the molecular mechanisms for not only ha-

bituation but also for the evaluation of rewarding stimuli.

Our previous findings raised several important ques-

tions: which cells in the touch-avoidance circuit are tar-

gets of dopamine modulation, what molecular mecha-

nisms mediate the effects of dopamine on those cells,

and what is the role of this modulation of the touch circuit

in context of the animal’s behavior? In this study, we dem-

onstrate that dopamine acts through a Gq signaling path-

way to specifically modulate the sensitivity of anterior

body mechanoreceptors to touch. We further show that

dopamine signaling is required to mediate the influence

of food availability on habituation kinetics, and we find

that the dopaminergic CEP neurons participate in a posi-
tive feedback circuit that potentially integrates sensory

information and experience to modify mechanosensory

attention.

RESULTS

Mechanosensory Habituation Results from Changes

in Touch Receptor Neuron Sensory Responses

We showed previously that the frequency of reversal re-

sponses of mutants defective in the dopamine receptor

DOP-1 (dop-1) or in the synthesis of dopamine (cat-2) ha-

bituates more rapidly to repeated tap stimulation than in

wild-type animals (Sanyal et al., 2004; Figure 2A). To in-

vestigate this phenotype further, we assayed the recovery

of dop-1 mutant animals from habituation. We observed

that dop-1 mutants, like wild-type animals, remained ha-

bituated after 30 s or 1 min, but after 3 min had recovered

to prehabituation response levels (see Figure S1B in the

Supplemental Data available with this article online).

Thus, the effect of dopamine appeared specific to the

rate of habituation rather than recovery.

In the previous study, expression of wild-type DOP-1 in

the body touch sensory neurons was shown to be suffi-

cient to rescue the habituation phenotype. To determine

how the DOP-1 receptor might act in the touch neurons

to modify their functional properties, we used in vivo cal-

cium imaging to measure neuronal responses to touch

during habituation. We used a transgenic line expressing

the calcium-sensitive protein cameleon (ljEx123[pmec-4::

YC3.12]; Suzuki et al., 2003) to mechanically stimulate and

Figure 1. Wiring Diagram for the Touch Circuit

Anterior touch activates the mechanoreceptors ALML, ALMR, and

AVM to activate the backward command interneurons AVA and AVD

and inhibit the forward command interneurons AVB and PVC. The

converse connectivity pattern is true for posterior mechanoreceptors

PLML and PLMR.
Neuron 55, 662–676, August 16, 2007 ª2007 Elsevier Inc. 663
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Figure 2. Dopamine Affects Habituation

by Selectively Modulating Anterior

Touch Receptor Neurons

(A) The rate of habituation was significantly

faster in wild-type (N2) compared to dop-1

mutants (n = 50 for dop-1 and 40 for wild-

type). The wild-type and dop-1 curves were

significantly different according to the Mann-

Whitney test (p value = 0.00159).

(B) With repeated touch stimulation, there is

a decrease in the calcium response (red). This

reflects change in the YFP (green)/CFP (blue)

ratiometric levels. Shown is a sample habitua-

tion trace for a wild-type animal.

(C–F) In response to repeated touch stimula-

tion, in ALM but not PLM, the calcium response

size in dop-1 mutants diminishes at a faster

rate compared to wild-type. Defects in dop-1

are rescued by expression of DOP-1 in the

touch neurons. (C) and (E) show aggregate

data from multiple recordings (n = 16 wild-

type, 15 dop-1, and 17 rescue animals for

ALM and n = 20 wild-type and 16 dop-1 for

PLM). Statistical significance is indicated

(***p < 0.001, **p < 0.01, *p < 0.05). (D) and (F)

show sample individual ratio traces of

habituating worms. Wild-type (blue) and

dop-1(green) raw ALM (D) and PLM (F) in vivo

calcium imaging traces are overlaid.

Error bars indicate SEM.
record touch-induced calcium transients from the cell

bodies of the ALM or PLM neurons in response to anterior

or posterior touch, respectively. When we repeatedly

stimulated wild-type animals in the anterior body (the re-

ceptive field of ALM), we observed a decrease in the

size of the evoked calcium transient (Figures 2B and

2C), as reported previously (Suzuki et al., 2003). Using

the same protocol, we found that, while the initial calcium

transient in dop-1 mutants was the same as in wild-type,

the magnitude of the transient in ALM diminished at

a faster rate in the mutant animals (Figure 2C). A similar

phenotype was observed in cat-2 mutants, which are

defective in the synthesis of dopamine (Figure 5E). Ex-

pression of a wild-type dop-1(+) transgene using the

touch-neuron-specific mec-7 promoter rescued this

fast-adaptation phenotype, indicating that the DOP-1 re-

ceptor acts cell-autonomously in ALM to modulate touch

responsiveness (Figure 2C). These results suggested that

the fast-habituation phenotype observed at the level of

behavior resulted at least in part from effects on the dim-

inution of mechanosensory responses in the anterior

touch receptor neurons.

In principle, the habituation phenotype of dop-1 could

also involve changes in the responses of the posterior

touch receptor neurons, which are also activated by tap

and trigger accelerations rather than reversals. When we
664 Neuron 55, 662–676, August 16, 2007 ª2007 Elsevier Inc.
imaged from PLM neurons following repeated posterior

mechanical stimulation, we found that the attenuation of

touch-induced calcium transients in PLM was not altered

in dop-1 mutants compared to wild-type (Figure 2E).

These results suggest that dopamine’s effects on habitu-

ation of the reversal response to body touch occur through

selective modulation of sensory responsiveness in ante-

rior, but not posterior, touch sensory neurons.

Gq-a Signaling Is Required Downstream of DOP-1

for Tap Habituation

In order to learn more about the signaling mechanisms

that mediate the effect of DOP-1 in touch neurons, we ex-

amined the habituation defects of candidate signal trans-

duction mutants. Since DOP-1 is a G protein-coupled re-

ceptor (Sanyal et al., 2004), we first analyzed Go (goa-1),

and Gq (egl-30) a subunit loss-of-function mutants, and

Gs (gsa-1) a subunit gain-of-function mutants (Fig-

ure S1C). We observed that the phenotype of egl-30/

Gq-a loss-of-function mutants was most similar to dop-

1 mutants in that they habituated more rapidly than wild-

type animals to tap (Figure 3A). This phenotype was

partially but significantly rescued by expressing wild-

type egl-30(+) under control of the touch cell-specific pro-

moter mec-4 (Figure 3A). This indicates that Gq-a, similar
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Figure 3. Gq-a/PLC-b Acts Downstream

of Dopamine Signaling to Touch Habitu-

ation

(A) Tap habituation occurs faster in egl-30

(Gq-a) mutants (p value = 2.757e�08; Mann-

Whitney test). This can be significantly rescued

by expression in the touch cells (p value =

0.008122) n = 90 wild-type, 50 egl-30, 45

rescue.

(B) egl-8 (PLC-b) and pkc-1/ttx-4 (nPKC-3/h)

mutants also habituate faster than wild-type

(p value = 1.226e�06 and 1.618e�07, respec-

tively). n = 109 wild-type, 30 egl-8, 50 pkc-1.

(C) dgk-1 (diacylglycerol kinase) mutants habit-

uate slower compared to wild-type (p value =

1.536e–08); this can be rescued by expressing

dgk-1 in the touch cells (p value = 1.908e–05).

n = 199 wild-type, 50 dgk-1, 55 rescue.

(D) Calcium imaging indicates egl-30 and

pkc-1 mutants show faster habituation in the

ALM touch neuron, n = 21, 19, and 20 for

wild-type, egl-30, and pkc-1, respectively.

(E) A model of DOP-1 signaling in the touch

cells. Here, DOP-1 couples to Gq-a to activate

PLC-b to produce the second messengers IP3

and DAG to activate ITR-1 and PKC-1, respec-

tively.

***p < 0.001, **p < 0.01, *p < 0.05. Error bars

indicate SEM.
to DOP-1, acts cell-autonomously in the touch cells to

modulate habituation.

We next assayed egl-8 mutants, which are defective in

phospholipase C-b (PLC-b), the putative downstream ef-

fector of egl-30 (Lackner et al., 1999). We observed that

egl-8 mutants also had a fast-habituation phenotype sim-

ilar to that of egl-30 and dop-1 (Figure 3B). Finally, we

tested the diacylglycerol kinase mutant dgk-1, which en-

codes a molecule thought to antagonize PLC-b signaling

(Miller et al., 1999; Nurrish et al., 1999). We found that

these animals habituated more slowly than wild-type,

a phenotype opposite to dop-1, egl-30, and egl-8 mutants

(Figure 2C). The slow-habituation phenotype of dgk-1 was

significantly rescued by touch-neuron-specific expression

of a wild-type transgene (Figure 3C). Together, these data

suggest that DOP-1 may exert its effects on habituation in

the touch circuit by activating a Gq/PLC-b signaling path-

way in the touch sensory neurons.

PLC-b functions as a signaling molecule by hydrolyzing

PIP2 to produce the second messengers diacylglycerol

(DAG) and inositol triphosphate (IP3) (Figure 3E). In many

systems, a key effector of DAG is protein kinase C (PKC)

(Carr et al., 2002; Yang and Kazanietz, 2003). In C. ele-

gans, there are three neuronal PKCs: two novel PKCs, ac-

tivated by DAG, PKC-1 (previously named TTX-4, nPKC-3/

h) and TPA-1 (nPKC-d/q), and one conventional PKC,

PKC-2 (cPKC-a), activated by both calcium and DAG

(Tabuse, 2002). pkc-1 and tpa-1 mutants have been

shown to be required in the thermosensory neurons for

proper thermotaxis in C. elegans (Okochi et al., 2005).
N

We tested all three PKC loss-of-function mutants for tap

habituation defects and determined that pkc-1 mutants,

like dop-1 and egl-30 mutants, showed rapid habituation

(Figure 3B). In contrast, pkc-2 animals showed normal

habituation, and tpa-1 mutants were slightly touch insen-

sitive but had an overall normal rate of tap habituation (Fig-

ures S2A, S2B, and S2E), suggesting that tpa-1 may be in-

volved in the touch response itself, but not the plasticity of

the response.

To determine whether egl-30 and pkc-1 mutants, like

dop-1 mutants, affected the responsiveness of the ALM

neurons to touch, we assayed their touch neuron calcium

transients. We observed that egl-30 and pkc-1 mutants,

like dop-1 mutants, showed a more rapid reduction in me-

chanically evoked calcium transients in ALM compared to

wild-type (Figure 3D). In contrast, tpa-1 mutants showed

normal calcium transients in the ALM neurons before

and after habituation (Figure S2D). Together, these data

support the hypothesis that dop-1, egl-30, and pkc-1 en-

code components of a signaling pathway that acts in the

ALM neurons to modulate mechanosensory responses,

which in turn affects touch habituation.

Calcium Is an Important Modulator of Touch

Neuron Habituation

In the process of analyzing the behavior of worms express-

ing cameleon in the touch receptor neurons, we identified

another possible modulator of habituation in the touch

neurons: calcium. We observed that worms expressing

a high calcium affinity version of cameleon (YC2.12) in their
euron 55, 662–676, August 16, 2007 ª2007 Elsevier Inc. 665
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Figure 4. Calcium Plays an Important

Role in Touch Habituation

(A) Worms expressing a high-affinity cameleon

(YC2.12) in their touch neuron habituate

faster to tap over the first 16 taps than worms

expressing cameleon (YC3.12) in the touch

cells (p value = 0.002760, Mann-Whitney

test). n = 40 ljEx123[pmec-4::YC3.12] and

bzIs17[pmec-4::YC2.12.

(B and C) itr1 (inositol tri-phosphate receptor)

mutants show subtle defects (p value =

0.003115), while crt-1 (calreticulin) mutants

show extremely rapid habituation (p value =

1.294e–10); crt-1 defects are rescued by ex-

pression in the touch cells (p value = 2.001e–

10). n = 109 wild-type, 35 crt-1, 30 rescue.

(D) Both itr-1 and crt-1 mutants show faster ha-

bituation in the ALM touch neuron, n = 21, 13,

12 for wild-type, itr-1, and crt-1, respectively.

*p < 0.05, **p < 0.01.

Error bars indicate SEM.
touch cells habituated faster than animals expressing a

low calcium affinity version (YC3.12; Figure 4A). YC3.12

is identical to YC2.12, except one of the four conserved

Ca2+-binding sites in the calmodulin domain is mutated

(Miyawaki et al., 1997), which leads to smaller FRET sig-

nals but faster release of calcium (Suzuki et al., 2003; Fig-

ure S3A). We likewise observed little difference between

dop-1 and wild-type animals expressing the high-affinity

(YC2.12) cameleon in the attenuation of touch-induced

calcium transients following repeated touch stimulation

(Figure S3B). Because the major difference between the

YC2.12 and YC3.12 proteins is their ability to bind and

retain calcium, these results suggested to us that calcium

itself might be an important regulator of DOP-1-mediated

modulation of mechanosensory responses.

Previously, it was shown that calreticulin (crt-1), a mole-

cule important for ER calcium homeostasis, affects habit-

uation to repeated anterior body touch (Xu et al., 2001).

We similarly observed that the frequency of reversal re-

sponses to nonlocalized tap stimuli also habituate more

rapidly in crt-1 mutants (Figure 4C). This defect could be

rescued by touch-neuron-specific expression of a wild-

type crt-1 transgene, implicating the body touch sensory

neurons as the site of crt-1 function (Figure 4C) during

habituation. We also assayed tap habituation in mutants

with partial defects in ER calcium release, including reduc-

tion-of-function mutants in the inositol triphosphate re-

ceptor (itr-1) and loss-of-function mutants in the ryanodine

receptor (unc-68). In these experiments, we observed

a rapid-habituation phenotype in the itr-1 mutant (Fig-

ure 4B), but no significant defect in the unc-68 mutant

(Figure S2C). These results are consistent with a role for

IP3, another Gq/PLC-b second messenger that can acti-

vate ITR-1 but not UNC-68, in modulating the rate of tap

habituation in touch neurons.

To further investigate this possibility, we analyzed the

effects of mutations affecting ER calcium on touch-
666 Neuron 55, 662–676, August 16, 2007 ª2007 Elsevier Inc.
evoked calcium transients. As reported previously, mu-

tants defective in ER calcium release, crt-1, itr-1, and

unc-68, were normal in their initial touch-induced calcium

transient, which appears largely mediated by extracellular

calcium influx through L-type voltage-gated channels

(Suzuki et al., 2003). However, after repeated mechanical

stimulation, we observed greater attenuation of ALM

calcium responses to touch in itr-1 and crt-1 mutants

(Figure 4D) but normal attenuation in unc-68 mutants

(Figure S2D). These results again support the notion that

ER calcium release through the IP3 receptor is involved

in the modulation of habituation in the touch neurons.

Food Cues Modulate the Rate of Tap Habituation

We were also interested in what biological role dopamine

modulation of the touch neurons might play in the context

of C. elegans behavior. Dopamine has previously been

linked to the control of food-modulated behaviors. C. ele-

gans has eight dopaminergic neurons, each with ciliated

endings embedded in the cuticle suggesting mechano-

sensory function: four CEP cephalic neurons with endings

in the nose, two ADE anterior dereid neurons with lateral

endings beside the posterior pharynx (anterior body),

and two PDE postdereids with lateral endings in the pos-

terior body (White et al., 1986). It is thought that the ce-

phalic and dereid neurons are required to mechanically

sense bacteria, which then leads to the release of dopa-

mine and promotes a slowing response when on a bacte-

rial lawn (Sawin et al., 2000). Mutations in both cat-2 and

the motorneuron-expressed dopamine receptor dop-3

have been shown cause defects in slowing locomotion

in the presence of food (Chase et al., 2004).

We therefore investigated how food might influence tap

habituation and its modulation by dopamine. Interestingly,

we observed that when animals received habituation

training in the absence of food, their response frequency

habituated more rapidly than in the presence of food, an



Neuron

Dopamine and Sensory Plasticity in C. elegans
Figure 5. Dopamine Is Required for Food

Modulation of Touch Habituation

(A) Wild-type animals habituate more slowly

when trained in the presence of food than in

the absence of food (p value = 0.0001590,

Mann-Whitney test; n = 109 for wild-type on

and 40 off food).

(B) There is little difference in habituation kinet-

ics between dop-1 animals trained on and off

food (n = 60 on food and 40 off food).

(C) When wild-type and dop-1 mutants are

trained in the absence of food, there is no dif-

ference in the rate of habituation (n = 40 for

each).

(D) Calcium imaging performed in the absence

of food revealed no difference in the attenua-

tion of ALM calcium transients in response to

touch in wild-type and dop-1 mutants (n = 13

wild-type, 11 dop-1).

(E) cat-4 mutants are similar in habituation rate

to cat-2 mutants (n = 30 for cat-4 and 50 for

cat-2).

(F–H) dat-1 mutants habituate slowly off food (p

value = 0.01788) and habituate at a wild-type

rate on food (n = 90 for wild-type, n = 45 for

dat-1 on food, n = 40 for dat-1 off food). Their

in vivo calcium responses are elevated com-

pared to wild-type after repeated stimulation

in the presence of food (n = 16 for wild-type,

n = 12 for dat-1). ***p < 0.001, *p < 0.05.

Error bars indicate SEM.
effect similar to the effect of blocking dopamine signaling

(Figure 5A). Moreover, in the absence of food, there was

no significant difference between wild-type and dop-1

mutants in the extent or kinetics of response frequency

of habituation (Figure 5C). Likewise, dop-1 mutants in

the absence of food habituated no more rapidly than in

the presence of food (Figure 5B). Since all previous cal-

cium imaging experiments were performed in the pres-

ence of food, we removed food from the assay conditions

and retested dop-1 and wild-type animals. Here we saw

that with repeated mechanical stimulation there was no

difference in calcium transient attenuation between dop-

1 and wild-type animals, consistent with the behavioral

results (Figure 5D). cat-4 mutants, which are deficient in

both dopamine and serotonin, showed a response

frequency habituation phenotype very similar to that of

cat-2 mutants, which are only deficient in dopamine

biosynthesis (Figure 5E).
N

We also analyzed a mutant strain carrying a deletion of

the dopamine reuptake transporter gene dat-1, which

would be expected to have excessive dopamine signaling.

These animals were found to have a phenotype opposite to

that of dop-1: they habituated slowly (at a rate comparable

to that of wild-type animals on food) both in the presence or

absence of a bacterial lawn (Figures 5F and 5G). Addition-

ally, in the presence of food, the touch-evoked calcium

transients in ALM remained elevated in dat-1 animals com-

pared to wild-type after repeated stimulation (Figure 5H).

Together, these results indicate that the slower rate of

habituation of wild-type animals in the presence of food

requires, and may be mediated by, dopamine signaling

through DOP-1. Interestingly, the constitutive slow-habitu-

ation phenotype of dat-1 was suppressed by mutations in

dop-1, pkc-1, and crt-1 (Figure S4), further supporting the

hypothesis that the effects of dopamine in the touch

neurons are mediated by DOP-1 and PLC-b signaling.
euron 55, 662–676, August 16, 2007 ª2007 Elsevier Inc. 667
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Figure 6. trp-4 Mutants Are Defective in

the Basal Slowing Response to Food

and in Food Modulation of Tap Habitua-

tion

(A) Similar to cat-2 mutants, trp-4 (TRPN)

mutants fail to slow on food.

(B) Basal slowing is rescued when trp-4 is

expressed in the dopamine neurons.

(C) cat-2 and trp-4 mutants also fail to slow on

halocarbon oil, a mechanically viscous yet inert

substance.

(D) trp-4 mutants habituate more rapidly to tap

than wild-type animals (p value = 3.248e–09,

Mann-Whitney test). This phenotype can be

significantly improved by expression of wild-

type trp-4 in the dopamine neurons (p value =

0.002102; n = 109 for wild-type and 50 for

trp-4 and trp-4 rescue.

(E) The ALM calcium response of both cat-2

and trp-4 mutants attenuated faster in re-

sponse to repeated stimulation (n = 42, 19,

and 22 for wild-type, trp-4, and cat-2, respec-

tively). ***p < 0.001, **p < 0.01, *p < 0.05.

Error bars indicate SEM.
The Dopaminergic CEP Neurons Are

Mechanosensitive and Specifically Require the

TRPN Channel trp-4 for Gentle Touch Response

How might dopamine mediate food modulation of touch

habituation? The dopamine neurons are putative mecha-

nosensory neurons that are thought to sense the texture

of food (Sawin et al., 2000). Thus, it is reasonable to sup-

pose that when the worm encounters food, the CEPs

undergo mechanical stimulation and are triggered to

release dopamine. trp-4 encodes a TRPN channel that

has been shown to act as a stretch receptor in C. elegans

interneurons (Li et al., 2006) and is also expressed in the

CEP and ADE dopaminergic neurons (Walker et al.,

2000). It was shown previously that trp-4 mutants, like

dopamine-deficient mutants, do not slow when encoun-

tering a bacterial lawn (Li et al., 2006; Figure 6A). TRP-4

thus represents a likely candidate molecule for a mecha-

nosensor of bacteria.

Consistent with this hypothesis, we observed that the

food-slowing phenotype of trp-4 deletion animals could

be rescued by expressing trp-4(+) in the dopamine neu-

rons (Figure 6B). Moreover, we observed that trp-4 mu-

tants, like cat-2 mutants, also failed to slow their locomo-

tion rate when encountering a viscous, chemically inert

halocarbon oil that mimics the texture of a bacterial

lawn, indicating that the trp-4 behavioral phenotype was

likely to stem from a mechanosensory rather than a che-

mosensory defect (Figure 6C).

Although these hypotheses suggest the dopamine neu-

rons to be mechanosensory, the dopamine neurons have

never been shown to be directly activated by mechanical

stimuli. To further assess whether the dopamine neurons

are mechanosensory, we expressed the FRET-based cal-

cium sensor cameleon in the dopamine neurons using the
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C. elegans vesicular monoamine transporter promoter

cat-1 in order to record neural calcium transients. Two dis-

tinct types of mechanical stimuli to the animal’s nose were

used: a nose press stimulus in which a glass probe was

pressed firmly into the animal’s nose (Movie S1; Hilliard

et al., 2005) and a gentler stimulation, called nose buzz,

in which a probe was gently vibrated against the animal’s

nose (Movie S2). We observed robust calcium transients

in the dopaminergic CEP neurons in response to both

nose press and nose buzz stimuli (Figures 7A, 7C, and

7H). However, whereas trp-4 mutants still responded to

the nose press stimulus (Figures 7A and 7H), they showed

no calcium transient in response to a nose buzz (Fig-

ure 7C). This result suggests that the CEP neurons re-

spond to a range of mechanical stimuli and that TRP-4 is

specifically required for sensation of gentler stimuli, such

as those associated with encountering a bacterial lawn.

Together, these data indicate that TRP-4 is required for

mechanically induced food sensation by the dopamine

neurons of C. elegans.

Food Sensation by the Dopamine Neurons

Modulates Body Touch Habituation

We next asked whether the mechanosensory activation of

the dopamine neurons could affect body touch neuron ha-

bituation. We assayed whether trp-4 mutants, in which the

dopamine neurons were no longer activated by food,

habituated normally to tap in the presence or absence of

a bacterial lawn. In the presence of food, we found that

trp-4 animals, like cat-2 and dop-1 mutants, habituated

more rapidly to tap than wild-type animals and in addition

showed a lower initial reversal response (Figure 6D and

Figure S2F). These phenotypes were significantly rescued

by expressing the wild-type trp-4 gene specifically in the
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Figure 7. Dopamine Neurons Are Me-

chanosensory and Can Regulate Touch

Habituation

(A–D) Both wild-type and trp-4 mutants

showed an in vivo calcium response to nose

press in the dopaminergic neurons CEP (A),

while only wild-type animals responded to

a nose buzz (C). The stimulus response latency

for both nose press (B) and nose buzz (D) in the

CEP cell body was 127 ms. Arrows indicate

time from stimulus to the point at which a signif-

icant rise could be detected from baseline (five

time points recorded prior stimulus). n = 16 re-

cording from 11 animals for nose press and 19

recordings from 11 animals for nose buzz.

(E and F) Anterior touch can indirectly activate

the dopamine neurons. This is abolished in

mec-4 mutants, which lack a functional mech-

anoreceptor channel in the body touch recep-

tor neurons. The response latency in the CEP

cell body in response to anterior body touch

was 196 ms (n = 12 recordings from 7 animals).

(G) Schematic of mechanical stimulation proto-

cols for calcium imaging experiments. Nose

buzz and press stimulate near the sensory cilia

of the dopamine neurons (CEPs green), while

anterior touch stimulates over the sensory den-

drite of the anterior body touch receptor neu-

rons (ALMs, orange; AVM, yellow). Arrows indi-

cate the path by which the probe travels into

the animal.

(H) Quantification of the CEP responses to

nose press, nose buzz, and anterior buzz.

The number of recordings for each type were

as follows: n = 24 for wild-type nose press;

n = 12 for trp-4 nose press, n = 32 for wild-

type nose buzz; n = 12 for trp-4 nose buzz,

n = 22 for wild-type anterior body buzz; n =

18 for trp-4 anterior body buzz. No significant

difference was observed other than the null

response for trp-4 mutants to a nose buzz. *p <

0.05, **p < 0.01, ***p < 0.001. Error bars indicate

SEM.
dopamine neurons (Figure 6D). Moreover, in vivo calcium

imaging experiments indicated that trp-4 mutants showed

a more rapid reduction in ALM calcium responses to me-

chanical stimulation during habituation training than wild-

type animals (Figure 6E). Thus, TRP-4-dependent activa-

tion of the dopamine neurons by food appears to regulate

the sensitivity of the ALM anterior body touch neurons

during habituation, presumably by promoting release of

the neuromodulator dopamine.
N

The Body Touch Neurons Excite

the Dopamine Neurons

Because there are direct synapses from the ALM anterior

body touch neurons (Figures 1 and 7G) to the CEPs, we

also wondered whether the touch neurons might con-

versely be able to regulate the activity of the dopamine

neurons. The receptive field of the ALMs corresponds

roughly to the anterior part of the body between the phar-

ynx and the vulva (Chalfie et al., 1985; Suzuki et al., 2003),
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a region significantly removed in space from the CEP sen-

sory cilia (Figure 7G). Nonetheless, we observed that me-

chanical stimulation of the ALM receptive field evoked

calcium transients in the CEP neurons (Figure 7E). Interest-

ingly, however, this response occurred with a significantly

longer delay than that observed for nose press or nose

buzz stimuli (�200 ms versus 127 ms; Figures 7B, 7D,

and 7F), consistent with the idea that the CEPs were being

indirectly activated by the ALM body touch neurons. To

test this possibility directly, we assayed CEP responses

to body touch in mec-4 null mutants, which lack a mecha-

nosensory channel that is specifically expressed in and re-

quired for body touch neuron function (Chalfie and Au,

1989; O’Hagan et al., 2005; Suzuki et al., 2003). We found

that in mec-4 mutants, the CEP neurons no longer gener-

ated calcium transients in response to anterior body touch

(Figure 7E), indicating that anterior body touch activates

the dopamine neurons indirectly through ALM. Thus, in ad-

dition to their role in mediating the modulation of touch

habituation by food, the dopamine neurons may also par-

ticipate in a positive feedback circuit by which the activity

of the anterior body touch neurons can regulate their own

sensitivity (Figure 8).

DISCUSSION

Effects of Dopamine on Learning Involve Changes

in Sensory Neuron Responsiveness

In previous work, we observed that the DOP-1 dopamine

receptor functions in the body touch neurons to modulate

the habituation to mechanical stimuli (Sanyal et al., 2004);

however, it was not clear whether dopamine was affecting

the cell’s overall response to sensory stimuli or the

strengths of its connections to other neurons. We report

Figure 8. Model for Positive Feedback between Anterior

Body Touch and Dopaminergic Nose Touch Mechano-

receptors

The body touch neurons have direct chemical synapses to the dopa-

mine neurons (ALM to CEP and AVM to ADE), while dopamine appears

to act extrasynaptically on the body touch neurons via DOP-1 recep-

tors. Anterior touch can indirectly excite the CEPs, thereby promoting

dopamine release, which prevents the loss of body touch neuron

responsiveness.
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here that mutations in dop-1 or in other genes affecting

dopamine signaling significantly increased the rate at

which touch-induced calcium transients in the cell body

were reduced following habituation training. Thus, the

dop-1 effect appears to occur upstream of the synapse.

In principle, DOP-1 signaling could act at the level of over-

all neuronal excitability, or alternatively it could specifically

modulate mechanosensory transduction. It should be

noted that earlier imaging studies (Suzuki et al., 2003) in-

dicated that some habituation training protocols affected

cell body calcium transients, while others did not; thus, it

is possible that some forms of mechanosensory habitua-

tion in C. elegans do involve changes in synaptic strength

rather than excitability or sensory transduction. However,

these studies suggest that the target of dopamine in mod-

ulating this C. elegans tap habituation affects the sensitiv-

ity of the touch neurons to sensory stimuli rather than (or in

addition to) the strength of their synaptic connections to

other neurons in the touch circuit.

Research into the cellular basis of learning and memory

has focused frequently on presynaptic and postsynaptic

alterations of chemical synaptic transmission and less

on changes in neuronal excitability or responsiveness to

sensory stimuli (Hawkins et al., 1993; Malenka and Nicoll,

1999). However, while it is clear that changes in the synap-

tic strength are important, recent studies indicate that they

are not the only mechanisms that contribute to learning.

For example, serotonin has been shown to enhance the

excitability of sensory neurons contributing to the sensiti-

zation of the tail-withdrawal reflex in Aplysia (Marinesco

and Carew, 2002). Likewise, in mammalian systems, D1

receptor signaling enhances the responsiveness of pre-

frontal pyramidal neurons (Chen et al., 2004; Gulledge

and Jaffe, 1998; Henze et al., 2000; Lavin and Grace,

2001; Wang and O’Donnell, 2001; Yang and Seamans,

1996). One mechanism for these changes involves en-

hancement of L-type calcium currents in a subset of pre-

frontal pyramidal neurons to elevate the inward calcium

conductance that may render pyramidal cells more excit-

able (Seamans et al., 1997; Yang and Seamans, 1996;

Yang et al., 1999). Because voltage-gated calcium chan-

nels are thought to play a key role in neuronal excitability

in C. elegans (Goodman et al., 1998) and because PKC

has been shown to regulate L-type voltage-gated calcium

channels in some systems (Toselli and Taglietti, 2005;

Young and Yang, 2004), the plasticity mechanisms identi-

fied in our study may function generally in learning and

memory processes.

Involvement of Calcium and Protein Kinase

C Signaling in Neural Plasticity

In this study, we have identified a number of genes encod-

ing molecules that appear to function downstream of

DOP-1 to modulate habituation in body touch neurons.

Several of these, including egl-30/Gq, dgk-1/diacyl glyc-

erol kinase, and egl-8/PLC-b, encode components of the

phospholipase C-b signaling pathway, which regulates

the production of the second messengers diacylglycerol
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(DAG) and inositol triphosphate (IP3), the latter of which

triggers intracellular calcium release from the ER. Here,

both branches of the Gq pathway appear to play a role

in touch neuron habituation, as rapid-habituation pheno-

types were observed for mutations in the DAG target

PKC-1/protein kinase C as well as in several genes affect-

ing ER calcium, including the IP3 receptor. ER calcium,

which had been shown previously to affect touch habitua-

tion (Xu et al., 2001), appears to be required in the touch

neurons themselves to modulate mechanosensory habit-

uation, as does DOP-1, EGL-30/Gq, and PKC-1. Since

mutations in dop-1, pkc-1, and crt-1 are all epistatic in

their constitutive fast-habituation phenotypes to the con-

stitutive slow-habituation phenotype of dat-1 (Figure S4),

we hypothesize that dopamine acts through the DOP-1 re-

ceptor and a canonical Gq/PLC-b signaling pathway

within the body touch receptor neurons to modulate their

sensitivity to mechanosensory stimuli during habituation.

Interestingly, a dop-1; cat-2 double mutant showed

a stronger fast-habituation phenotype than either a dop-

1 or cat-2 single mutant (Figure S4A). cat-2(e1112) mu-

tants are not completely dopamine deficient (Sanyal

et al., 2004); however, the ability of the cat-2 mutation to

enhance the phenotype of the dop-1 null allele suggests

that dopamine may exert additional effects on touch sen-

sitivity and habituation that are independent of the DOP-1

receptor.

In C. elegans, DOP-1 has previously been shown to act

through a Gq-mediated signaling pathway in motorneu-

rons that controls locomotion speed (Chase et al., 2004).

Many of the same molecules implicated in our study also

function in this pathway; indeed, it was through this motor-

neuron pathway that most of the C. elegans genes encod-

ing Go/Gq signal transduction molecules were initially

identified (Brundage et al., 1996; Lackner et al., 1999;

Nurrish et al., 1999). In motorneurons, Gq signaling was

shown to affect synaptic transmission, in part through reg-

ulation of the presynaptic protein UNC-13; however, be-

cause the calcium transients measured in the touch neu-

ron cell body are upstream of synaptic activity, our

findings are likely to represent a different aspect of neuro-

modulation by this pathway. Additional mutations that

apparently antagonize PLC-b signaling in motorneurons,

such as goa-1 loss-of-function and gsa-1 gain-of-function

alleles (Mendel et al., 1995; Segalat et al., 1995), have

habituation-defective phenotypes consistent with a paral-

lel function in the touch neurons. Intriguingly, egl-30 and

goa-1 have been shown to affect sensory adaptation in

the olfactory system of C. elegans (Matsuki et al., 2006).

Thus, the PLC-b pathway may play a widespread role in

neuronal plasticity in the C. elegans nervous system.

Mammalian dopamine receptors have also been shown

to act through PLC-b signaling (Felder et al., 1989; Lee

et al., 2004; Lezcano et al., 2000; Pacheco and Jope,

1997; Zhang et al., 2005), suggesting that the role for

this pathway in neural plasticity might be conserved in

other organisms. The role of PKC is particularly intriguing

because PKC has been shown to markedly impair the
N

cognitive performance of the prefrontal cortex (Birnbaum

et al., 2004; Ellicott et al., 1990). Also, disruption of the

PKC intracellular signaling cascade has been implicated

in bipolar disorder (Manji et al., 1999) and in schizophrenia,

a dopamine-related disorder with learning and habituation

impairments (Koh et al., 2003; Mirnics and Lewis, 2001).

Lastly, lead poisoning may also involve PKC overactivity

and has been associated with inattentiveness and hyper-

activity (Birnbaum et al., 2004).

Dopamine Mediates Food Modulation

of Behavioral Plasticity

These studies have identified an important role for dopa-

mine signaling in modulating body touch habituation in re-

sponse to the presence of food. It is interesting to specu-

late on the biological significance of this modulation,

which causes animals to maintain a robust escape re-

sponse longer in the presence than in the absence of

food. In the worm’s natural environment, the touch re-

sponse most likely serves as an escape reflex to avoid

predatory nematodes and fungi in the soil (Pramer,

1964). As such predators are more likely to be encoun-

tered where bacteria are present, it would presumably

be advantageous for the worm to remain more attentive

to indications of predators under these conditions.

Implications for Mechanosensory Circuit Function

and Behavior

An interesting finding from this study is that dopamine sig-

naling differentially affects the modulation of the anterior

and posterior body touch receptor neurons. Whereas do-

pamine acts to negatively regulate the decrease in ALM

responsiveness resulting from repeated stimulation, it

has no such effect on the loss of responsiveness in the

PLM neurons. Thus, under conditions of active dopamine

signaling (such as the presence of food), the attenuation of

sensory response is slower in ALM relative to PLM, and

ALM-dependent reversal responses are maintained lon-

ger than when dopamine signaling is inactive. By selec-

tively modulating the anterior mechanoreceptor neurons,

dopamine signaling is able to fine-tune the qualitative out-

put (i.e., reversal or acceleration) of the tap escape circuit.

These findings are consistent with previous ablation data,

which indicate that the anterior and posterior avoidance

responses may habituate through different cellular and

molecular mechanisms (Wicks and Rankin, 1996).

These studies provide interesting insight into the func-

tional interaction between the body touch neurons and

a different class of mechanoreceptors, the ciliated ce-

phalic/dereid neurons. Based on morphological evidence,

the ALM anterior body touch neurons direct synaptic out-

put to the CEP cephalic sensilla, which in turn are capable

of signaling extrasynaptically back to the ALMs. Similar

patterns of reciprocal synaptic/extrasynaptic connectivity

are observed between remaining classes of body touch

neurons and dopamine neurons: between the AVM and

ADE neurons, and between the PLM and PDE neurons.

Functionally, the dopaminergic CEP and ADE neurons
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are required to sense textures associated with a bacterial

food source, a process that requires the TRPN channel

TRP-4. Indeed, a bacterial lawn modulates the kinetics

of body touch habituation in a trp-4- and dop-1-

dependent manner, indicating that the cephalic/dereid

neurons use extrasynaptic dopamine signaling to increase

the sensitivity of the body touch neurons in the presence

of food. Conversely, the anterior body touch neurons ap-

pear to mediate indirect activation of the CEP neurons

by gentle body touch through their synaptic connections

in the nerve ring. Thus, these two classes of mechanosen-

sory neurons with distinct receptive fields and sensory

modalities are capable of enhancing each other’s activity,

in one case through extrasynaptic modulation of desensi-

tization, in the other case through direct synaptic excita-

tion. Because the CEPs can be activated by mechanosen-

sory cues related to the presence of food as well as by the

ALMs, they are in a position to integrate information about

environmental context (food) with experience to control

behavioral plasticity.

Reciprocally connected pairs of neurons are extremely

common in the C. elegans nervous system; in fact, recent

studies have shown that this connectivity pattern is signif-

icantly overrepresented not only in C. elegans but also in

mammalian cerebral cortex (Shepherd et al., 2005; Song

et al., 2005; Stepanyants and Chklovskii, 2005). Yet, in

many cases the functional significance of these reciprocal

connections are not understood. In the case of the neu-

rons in the current study, the ALM/CEP reciprocal pair ap-

pears to have the capability of functioning as a positive

feedback loop, in which strongly activated ALM neurons

can temper their own desensitization by promoting dopa-

mine release from the CEPs. Recent studies in a variety of

systems indicate that positive feedback circuits may un-

derlie learning and memory (Crisp and Muller, 2006; De-

mongeot et al., 2000; Doupe et al., 2004, 2005). The use

of a positive feedback circuit to control interactions be-

tween sensory neurons with related but distinct modalities

may allow integration of diverse sensory inputs with ex-

perience to modulate the animal’s relative sensitivity to

particular environmental stimuli.

EXPERIMENTAL PROCEDURES

C. elegans Strains and Genotypic Analysis

Strains were maintained as described by Brenner (1974), at 20�C, on

NGM agar with OP50 E. coli as a food source. For basal slowing as-

says, worms were maintained instead on HB101 E. coli as a food

source. The wild-type reference strain used was N2 Bristol. The mutant

alleles used were as follows: LGI, T1434 egl-30(n686), VC818

trp-4(gk341); LG II, CB1112 cat-2(e1112); LGIII, RM2702 dat-1(ok157);

LG IV, JT73 itr-1(sa73), PR675 tax-6(p675); LG V, ZB1028 crt-1(bz29),

RM2221 egl-8(md1971), IK105 ttx-1/pkc-1/kin-13(nj1); LGX, CB1141

cat-4(e1141), KP1097 dgk-1(nu62), LX636 dop-1(vs101), MT8189

lin-15(n765), TU253 mec-4(u253).

VC818 trp-4(gk341) was obtained from the C. elegans Gene Knock-

out Consortium and backcrossed four times. VC818 was scored using

the primers TAACCGAGATATCATGCGCCAAAG and GTGAAGAGC

CAAGTACCAGG. RM2702 dat-1(ok157) was a kind gift from Janet

Duerr. The deletion removes 1836 bp from within the third intron to
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within exon 12. The primers TCTACATGGAGTTGTGCCTC, GTAG

AGTCACTCCACGAATG, and TTCGAACCTGATCTCAACCC were

used to score for the deletion.

The following strains and arrays were created in this work:

AQ1063 ljIs19[pcat-1::YC2.1]

AQ1064 ljIs20[pcat-1::YC2.1]

AQ1310 egl-30(n686) I; ljEx123[lin-15(+) ; pmec-4::YC3.12]

AQ1312 dop-1(vs101) X; ljEx123[lin-15(+) ; pmec-4::YC3.12]

AQ1349 pkc-1(nj1) V; ljEx123[lin-15(+) ; pmec-4::YC3.12]

AQ1407 itr-1(sa73) IV; ljEx123[lin-15(+) ; pmec-4::YC3.12]

AQ1421 crt-1(bz29) V; ljEx123[lin-15(+) ; pmec-4::YC3.12]

AQ1425 cat-2(e1112) II; ljEx123[lin-15(+) ; pmec-4::YC3.12]

AQ1426 trp-4(gk341) X; ljEx123[lin-15(+) ; pmec-4::YC3.12]

AQ1427 trp-4(gk341) I; ljIs19[pcat-1:::YC2.1]

AQ1435 mec-4(u253) X; ljIs20[pcat-1::YC2.1]

AQ1438 crt-1(bz29) V; ljEx127[pmec-4::crt-1(+); punc-122::GFP]

AQ1439 trp-4(gk341) I; ljEx128[pdat-1::trp-4(+); punc-122::GFP]

AQ1494 dat-1(ok157) III; ljEx123[lin-15(+); pmec-4::YC3.12]

AQ1500 dgk-1(nu62) X, jlEx132[pmec-4::dgk-1(+); punc-122::GFP]

AQ1501 egl-30(n686) I, ljEx133[pmec-4::egl-30(+); punc-122::GFP]

AQ1502 dop-1(vs101)X; ljEx131[pmec-7::DOP-1; punc122::GFP]

pkc-1 was scored using a ring-avoidance assay (Chang et al., 2006;

Okochi et al., 2005), trp-4 using the above primers, dop-1 using the

primers GCGCAGTAAGCGTAGCGGAAAG and CTTCTCGGGGCCAG

TCGA, crt-1 based on size, itr-1 by defecation cycle (Dal Santo et al.,

1999), mec-4 by touch insensitivity (Driscoll and Chalfie, 1991), cat-2

by sequencing the c to t snp at 1801 bp (Sawin et al., 2000), and

egl-30 by their egg-laying defective phenotypes (Bastiani et al., 2003).

Generation of Rescue and Cameleon Constructs

and Transgenic Animals

ljIs19 and jlIs20[pcat-1::YC2.1] transgenic animals were made by inte-

grating the previously characterized array ljEx65[pcat-1::YC2.1] (Shyn

et al., 2003) using g-ray irradiation (Mello et al., 1991). Three indepen-

dent integrants were obtained, all showing strong expression in ami-

nergic neurons. Integrants were backcrossed at least four times before

use. Two of these, ljIs19 and jlIs20, were used. For rescue of crt-1 ha-

bituation phenotypes, stable lines were created by injecting pmec-

4::crt-1(+) (a kind gift from the Driscoll lab) at 10 ng/ml to generate

ljEx127. For trp-4 rescue, a dopamine-neuron-specific promoter,

dat-1, was cloned into pDest (Cheung et al., 2004) via Hind III and

Xho I sites. This promoter was similar to a dat-1 promoter used previ-

ously, utilizing 800 bp upstream of the atg site (Nass et al., 2002). Using

the reverse transcriptase-polymerase chain reaction (RT-PCR), a

5.6 kb trp-4 cDNA was amplified from adult C. elegans RNA using

the primers CCAGATGAATCCCCACACCTCCC and AAGGGGTTATG

CTAAAAACTAGTAGGTACTGC. A feature of this cDNA not predicted

in worm base is that the last splice site occurs 108 bp down from the

predicted one resulting in a cDNA of 5643 bp instead of 5742 bp. This

was observed in all cDNA clones isolated. This cDNA was TOPO

cloned (TOPO TA 2.1, Invitrogen) and ligated into a pEntry vector con-

taining a polycistronic SL2 GFP cassette via XbaI and KpnI sites. The

LR clonase (Invitrogen) was then used to generate pdat-1::trp-4(+).

This rescue was injected into trp-4 mutants at 20 ng/ml with unc-

122::GFP at 10 ng/ml as a coinjection maker to generate ljEx128. For

dgk-1 and egl-30 touch cell-specific rescues, a mec-4 promoter was

cloned into pDest (Cheung et al., 2004) via HindIII and BamHI sites.

A dgk-1 cDNA was amplified using primers GCGAGCTCATGG

CAGCTGAGGGGCACAATG and GCAAGCTTTCAGAGAAAAGCGTC

GCCTTCCTC from a clone KP#137, which contained a functionally

confirmed isoform of dgk-1, dgk-1a, a kind gift from Stephen Nurrish

(Nurrish et al., 1999). This was then cloned into pEntry SL2 GFP vector

via SacI and HindIII sites. RT-PCR was used to amplify a 1 kb egl-30

cDNA using primers GAGCTCATGGCCTGCTGTTTATCCGAAGAG

and AAGCTTCGACATGCGACTTTCTTCTTACACC and cloned into

pEntry SL2 GFP using SacI and HindIII. These pEntry clones were



Neuron

Dopamine and Sensory Plasticity in C. elegans
then recombined (LR clonase) with pDest containing pmec-4 to gener-

ate pmec-4::dgk-1(+) and pmec-4::egl-30(+). pmec-4::dgk-1(+)

was injected at 50 ng/ml into dgk-1(nu62) animals to generate

ljEx132[pmec-4::dgk-1(+)], and pmec-4::egl-30(+) was injected into

egl-30(n686) animals at 20 ng/ml with 10 ng/ml punc-1222::GFP to gen-

erate jlEx133[pmec-4::egl-30(+); punc122::GFP]. For dop-1 rescue in

the touch receptor neurons, clone pVTDop1.R2, used in previous stud-

ies (Sanyal et al., 2004), was injected at 50 ng/ml with 10 ng/ml

punc122::GFP into dop-1(vs101) to generate ljEx131 [pmec-7::dop-

1(+); punc122::GFP].

For touch cell imaging, either lin-15(n765); ljEx123[pmec-4::YC3.12;

lin-15(+)] or bzIs17[pmec-4::YC2.12; lin-15(+)] were used (Suzuki et al.,

2003).

Behavioral Assays

For behavioral assays, young egg-laying adults, 18–22 hr post-L4

stage at 20�C, were used.

Tap assays were performed essentially the same as previously

(Sanyal et al., 2004). To quantify the reversals, animals were tracked

using a Zeiss Stemi 2000-c Stereomicroscope with a Cohu High Per-

formance CCD video camera with a capture rate of 4 frames/s. A

computer-controlled tracker (Parker Automation, SMC-1N) kept the

worm in view during the 5 min recording of the habituation training.

An automated tapper was made using a Lego Mindstorms Robotics

kit. Lego Mindstorm software was used to program the robot to tap

the plate every 10 s 30 times to achieve a 10 s ISI. This Lego tapper

utilized an 8.2 g lever arm with a rubber-coated tip that used the stretch

of rubber bands to dissipate 6 mJoules of energy to the culture plate.

Prior to the assays, animals were placed onto freshly seeded OP50

plates (25 ml OP50 culture spread onto plate and thoroughly dried for

at least 1 hr) and allowed to recover for at least 5 min on the new plate

before the assay.

For basal slowing assays, plates were seeded with 100 mL HB101

E. coli the night before the assay and grown at 37�C. Plates were

allowed to reach room temperature before use and animals were al-

lowed to equilibrate to the new plate for at least 5 min before the assay.

For halocarbon assays, �100 ml of the oil was evenly spread on the

plate instead of food on the day of the assay. Animals were tracked

as mentioned above except at a frame rate of 8 frames/s for 5 min.

Grayscale images were processed using image-processing soft-

ware (Feng et al., 2004; Huang et al., 2006). Images were thinned

into a skeleton set of 30 backbone points with defined head and tail co-

ordinates. A reversal was defined when the distance the first backbone

point traveled was greater than 5% of the worm’s body length. Cen-

troid speed in pixels/s was calculated at every point and was used in

basal slowing assays. Matlab scripts were used to analyze the raw

data. For reversal analysis, the start of a reversal response to a tap

was scored in the time interval 0.5 s before the tap to 3 s after for a non-

reversing worm. The end of a reversal is marked by a change in direc-

tion or no movement for at least two frames. Individual data points

were discarded if the worm was already reversing before the tap stim-

ulus. From this reversal data, the reversal frequency and distance were

calculated. Reversal frequency is defined as the number of animals re-

versing out of the number of valid animals at each point or tap stimulus.

Reversal distance is the distance reversed in response to tap. Wild-

type habituation plots of reversal frequency plots were highly repro-

ducible. Raw wild-type data of four separate sets of 25 animals were

indistinguishable from each other and the mean (Figure S1A). Geno-

type-blind observer scoring of behavioral responses (from digital re-

cordings) yielded results indistinguishable from those obtained by

the automated system (data not shown).

In Vivo Calcium Imaging

Optical recordings were performed on a Zeiss Axioskop 2 upright com-

pound microscope equipped with a Dual View beam splitter (Optical

Insights) and a Uniblitz Shutter (Vincent Associates). Fluorescence im-

ages were acquired using MetaVue 6.2 (Universal Imaging). Acquisi-
tions were taken at 10 Hz for touch cell habituation recordings and

27 Hz or 87 Hz for CEP recordings, with 4 3 4 binning, using a 633

Zeiss Achroplan water-immersion objective. To detect stimulus-

response latency of the CEP neuron in response to various touch stim-

ulations, recording were taken at 87 Hz. A statistically significant rise

was calculated by comparing the average response at each point

poststimulation compared to the baseline 50 ms prior to stimulation.

Filter/dichroic pairs were as follows: excitation, 420/40; excitation di-

chroic, 455; CFP emission, 480/30; emission dichroic, 505; YFP emis-

sion, 535/30 (Chroma). Individual adult worms (�24 hr past L4) were

glued with Nexaband S/C cyanoacrylate glue to pads comprised of

2% agarose in extracellular saline (145 mM NaCl, 5 mM KCl, 1 mM

CaCl2, 5 mM MgCl2, 10 mM HEPES, 20 mM d-glucose [pH 7.2]). Ani-

mals were immersed in the same extracellular saline with food present

in the solution unless otherwise stated. All CEP recordings were per-

formed in the presence of 5 mM serotonin (Sigma). The stimulator

used was a needle with 50 mm diameter made of a drawn glass capil-

lary (1.2 mm OD, 0.69 mm ID borosilicate glass) with the tip rounded to

15 mm for touch cell or 10 mm for CEP on a flame. The stimulator was

positioned using a motorized stage (Polytec/PI M-111.1DG micro-

translation stage with C-862 Mercury II controller) to stimulate. For

harsh nose touch stimulation to activate CEP, the needle was placed

perpendicular to the animal’s body at a distance of 150 mm from the

side of the nose. In the on phase, the glass tip was moved toward

the animal so that it could probe �8 mm into the side of the animal’s

nose, on the cilia, then paused for 2 s, and in the off phase, the needle

returned back in its position (Hilliard et al., 2005). The more gentle CEP

nose buzz stimulation was similar except that the capillary went into

the nose �4 mm and the probe vibrated against the cilia for 2 s.

Body touch stimulations to activate the ALM or PLM touch receptor

neurons were performed as stated previously. A 1 s buzz stimulation

was repeated 12 times for all habituation training, and a 2 s buzz

was used during CEP recordings in response to anterior touch. One re-

cording was taken from each animal for ALM habituation training, while

up to two for each CEP recording were made per animal. No difference

was seen in subsequent CEP recordings compared to initial. To syn-

chronize stimulations with optical recordings, a white LED was trig-

gered at the onset of mechanical stimulation. Image analysis was per-

formed using a custom program written in Java and parameterized

using scripts written in Matlab R13 (The Mathworks) as described in

Hilliard et al. (2005).

Statistical Analysis

For tap assays, at least 30 animals were tested per genotype over at

least 3 independent days. Error bars indicate standard error for a pro-

portion. To assess the overall difference between habituation curves,

a one-tailed Mann-Whitney test was performed over 1–30 time points

to assess whether the first variable (e.g., N2_Food) shows an overall

greater/lower response than the later variable (dop_1_food) over the

entire time series. Percentage-reversal data were used for the analysis.

Similar tests were performed using the first half of the curve following

the naive response (i.e., points 2–16) and the second half of the curve

(points 17–30). To obtain more detailed information about which por-

tions of a given pair of curves were significantly different, sliding win-

dow analysis was performed to identify segments in the time series

where response from one variable (e.g., N2 no Food) was significantly

different from that of the other variable (e.g., dat-1 no Food) using c2

test. Observations are reported in Supplemental Data for different

sizes of the window (w) {w = 2, 3, 4}. For calcium imaging experiments,

the statistical significance of observed differences between mutant

and control animals was evaluated using the nonparametric Mann-

Whitney rank sum test. Error bars indicate SEM.

Supplemental Data

The Supplemental Data for this article can be found online at http://

www.neuron.org/cgi/content/full/55/4/662/DC1/.
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