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One of the main goals of neurobiology, and the focus of this dissertation, is to

understand how genes act within a nervous system to generate behavior. The

nematode Caenorhabditis elegans has a relatively simple nervous system comprised

of 302 neurons with known connectivity. Despite this simplicity, C. elegans displays a

wide-range of behaviors with surprising complexity. Well-developed genetics

combined with a manageable nervous system make C. elegans a useful model to study
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how genes alter behavior. This dissertation focuses on the mechanosensory neurons of

C. elegans.

In the development of the gentle touch mechanosensory neurons, serotonin

appears to act as permissive cue that allows these neurons to migrate to their proper

locations. Mutations in Go-alpha (goa-1) signaling and the calcium channel (unc-2)

also affect migration of the gentle touch neurons. Genetic analysis confirms that these

genes act in the same pathway to confer motility to the migrating touch neurons.

Dopamine is also important for the gentle touch neurons, but not

developmentally. DOP-1, a D1-like dopamine receptor expressed in the touch neurons,

is required for normal habituation of the gentle touch response. Cell-specific rescue

confirms a role for DOP-1 signaling in the touch cells during habituation. Further

genetic analysis indicates that Gq-alpha (egl-30) signaling couples to DOP-1. This

signaling utilizes the second messengers IP3 and DAG to act on ER calcium and PKC

activity respectively to modulate habituation. In vivo calcium imaging indicates that

this signaling cascade acts cell autonomously to regulate touch cell sensitivity. Food is

an essential cue for dopamine modulation of touch habituation; in the absence of food,

DOP-1 worms habituate at the same rate as wildtype. Experiments also suggest that

worms utilize their dopamine neurons to sense food mechanically, and release

dopamine to slow habituation; this is dependent on the TRPN channel TRP-4.

Another potential mechanosensitve TRP channel in C. elegans, TRPA-1 was

recently identified. This channel is not required for gentle touch, but instead a distinct

type of mechanosensation, nose touch and also foraging related behaviors. Cell-
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specific rescue and in vivo calcium imaging confirmed a direct role for TRPA-1 in

nose touch neurons.
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Chapter 1

Introduction

1.1  Caenorhabditis elegans as a model to study neurobiology

Scientific use of C. elegans was pioneered by Sydney Brenner in the 1960s as

a model to study neurobiology (Brenner, 1974). Since then, this nematode has become

the first multi-cellular organism with a completely sequenced genome, and in 2003

and again in 2006, work in C. elegans has been recognized with a Nobel Prize. As a

result of these accomplishments and further advances in genetics, electrophysiology

and in vivo imaging techniques, the full potential of neuroscience in this organism is

finally being realized.

The nervous system of C. elegans is well-defined, being comprised of 302

neurons of invariant cell lineage (Sulston and Horvitz, 1977; Sulston et al., 1983).

Serial micrographs have contributed substantially to an understanding of this finite

nervous system by providing a picture of the complete connectivity of all neural cells

(the wiring diagram), consisting of 5,000 chemical synapses, 2,000 neuromuscular

junctions and around 700 gap junctions (White et al., 1986). This is relatively simple

compared to the human brain, which consists of 100 billion neurons, each having on

average 7,000 synaptic connections to other neurons, resulting in 100 to 500 trillion

total synapses (Drachman, 2005). Chemical neurotransmission in C. elegans utilizes

neurotransmitters similar to those found in higher organisms, including acetylcholine,

GABA, glutamate, serotonin, dopamine, octopamine, as well as multiple
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neuropeptides (Bargmann, 1998). Similar to other systems, both ionotropic and

metabotropic receptors are employed in neurotransmission (Brownlee et al., 2000;

Brownlee and Fairweather, 1999).

Precise neuronal positioning has played a key role in understanding the genes

and molecular mechanisms required for neuronal migrations and axonal guidance;

insight that has been translated into an understanding of complex neuronal guidance

pathways that exist in higher organisms (Hamelin et al., 1993; Ligon et al., 2003;

Serafini et al., 1994; Whangbo and Kenyon, 1999; Wu et al., 1999; Zallen et al.,

1998). A number of C. elegans neurons and neuroblasts undergo directed migration in

embryogenesis or during larval development. Among the best studied of these are the

Q neuroblasts and their descendents (Figure 1.1). A wide array of genes have been

identified whose products are important for guidance of the Q cells and/or their

descendents, such as members of the Hox gene cluster, the small GTPase mig-2, the

putative receptor molecule mig-13, the netrin guidance molecule unc-6 and its

receptors unc-5 and unc-40, calcium channels unc-2 and egl-19 and the CaMII kinase

unc-43 (Clark et al., 1993; Kim et al., 1999; Lee et al., 1997; Reiner et al., 1999;

Salser and Kenyon, 1992; Sym et al., 1999; Tam et al., 2000; Wang et al., 1993;

Zipkin et al., 1997).

Although proper development is important for establishing a working nervous

system, it is also imperative to understand the function of neurons in a mature nervous

system. In C. elegans, laser ablation techniques have been used to eliminate individual

neuronal precursors to understand and assign functions to subset of neurons
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(Bargmann and Avery, 1995). Systematic ablations, along with the completion of the

wiring diagram has lead to the designation of functional neural circuits (Bargmann et

al., 1993; de Bono et al., 2002; Gray et al., 2005; Hilliard et al., 2002; Mori and

Ohshima, 1995; Wicks and Rankin, 1996). With only a few layers of neural

processing separating sensory input from motor output, the roles of specific genes and

neurons with in a neural circuit can be easily examined. These succinct circuits serve

as the foundation to study the defined behaviors which they control, such as

chemotaxis to a food source or mate, thermotactic memory, complex egg-laying

patterns, and the ability to avoid noxious mechanical and chemical cues (Bargmann

and Mori, 1997). This simplicity and deep understanding of nematode brain structure,

combined with a quick generation time and powerful genetics, creates an excellent

model in which to study developmental biology, neurobiology and behavioral

neuroscience.

1.2  Genetics of Caenorhabditis elegans

In combination with its accessible nervous system, C. elegans is also highly

amenable to genetic analysis, which allows for a detailed examination of complex

gene interactions and molecular mechanisms of neuronal function and development.

C. elegans are free-living, self-fertilizing hermaphrodites with a generation time of 4

days. Forward genetic screens in C. elegans have been a powerful tool to identify

novel genes involved in countless processes from axonal guidance and sensory

behavior to mitosis and aging (Bargmann, 1998; Dillin et al., 2002; Wu et al., 1999).
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For example, screens have been carried out to identify isolated genes involved in

dopamine and serotonin biosynthesis (Sawin et al., 2000; Sulston et al., 1975). This

enabled study of study of these monoamines in behavior and more recently in learning

and in models of disease (Nass and Blakely, 2003; Nass et al., 2005; Nass et al., 2002;

Sanyal et al., 2004).

Germline transformation enables the creation of transgenic animals that transmit

extrachromosomal transgenes stably to progeny (Mello et al., 1991). This enables

creations of transgenics that can express a gene of interest in a specific subset of cells

to help infer function of a given gene (Chalfie et al., 1994; Fire and Waterston, 1989).

In addition, male nematodes, present at low frequency can be used to crossbreed

mutants and transgenics.

Sequencing of the genome has revealed a genome size of 97 MB, and 20,000

predicted genes. This complete sequence, along with the subsequent completion of

multiple eukaryote genomes has allowed homology searches which have uncovered

more conservation than was ever expected (1998). For example, homology searches

for aminerigc receptors have uncovered C. elegans homologues to mammalian

serotonin receptors (5HT1, 2 and 7) and dopamine receptors (D-like, D2-like)

amenable for reverse genetic experiments (Dempsey et al., 2005; Hobson et al., 2003;

Hobson et al., 2006; Huang et al., 2002). As valuable as the genome sequence has

been, incredible genetic power has also been provided in the worm by the discovery of

RNA interference, first revealed in C. elegans and now widely used (also the

foundation for the recent 2006 Nobel Prize in Physiology or Medicine (Fire et al.,
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1991)). Chromosome- and genome-wide screens using this technique to eliminate

gene function have allowed for the identification of genes with maternal effect

contributions or those required for viability that are unable to be discovered using

conventional genetic screens.

1.3  Touch sensation

C. elegans responds to a variety of mechanical stimuli in distinct receptive

fields. Both light body touch (touch with an eyelash) and harsh body touch (touch with

a platinum wire) evoke an escape response in which the direction of the locomotion is

changed to allow the animal to evade the mechanical stimulus. Five primary touch

receptor neurons sense gentle touch and send information to a network of four pairs of

interconnected interneurons that act on motor neurons to promote forward and

backward movement (Chalfie et al., 1985), (Figure 1.2 A, B). The connectivity of this

circuit is well described; in response to anterior stimulation, the touch cells ALM and

AVM make gap junctions with the interneurons AVA and AVD (presumably

excitatory) and provide some synaptic output to the forward interneurons AVB and

PVC (inhibitory) to promote backward movement. This is reversed for the posterior

touch cell PLM.

Genetic screens in C. elegans have identified many genes required for the

development and function of the mechanosensory circuit. These genes are referred to

as mec (mechansosensory defective), and include transcription factors, and genes

hypothesized to encode the putitive mechanoreceptor responsible for sensing light
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touch (Chalfie and Au, 1989; Chalfie et al., 1981; Chang et al., 1996; Chuang et al.,

1994; Driscoll and Chalfie, 1991). To date, two families of ion channel have been

shown to be required for mechanosensation, the Transient Receptor Potential (TRPV)

channel family and the EnaC/DEG channel family (Figure 1.3). The gentle touch

mechnoreceptor is dependant on this latter ion channel family.

C. elegans also displays an escape response to mechanical stimulation of the

nose ("nose-touch”) (Kaplan and Horvitz, 1993). Here a nose-on collision into an

eyelash during forward movement evokes a response, and the worm initiates backward

movement. This behavior is dependent on the ASH nociceptive neurons as well as at

least two additional ciliated neurons with projections to the nose, OLQ and FLP

(Figure 1.2). OSM-9, a member of the vanilloid sub-family of TRP family (TRPV)

channels in C. elegans, is required for nose-touch behavior, as well as for escape

responses to several noxious stimuli (Colbert et al., 1997) (Figure 1.3). There are

additional classes of ciliated neurons that make projections to the nose, including the

dopaminergic neurons, CEP and ADE. These neurons are thought to sense food

(bacteria) mechanically, and in response to food release dopamine to slow locomotion.

Consistent with this, tyrosine hydroxylase mutants cat-2, which lack dopamine, fail to

slow their locomotion on food (Sawin et al., 2000). More recently these mutants have

been shown to have defects in egg-laying, area restricted search behavior, and state-

dependent learning (Bettinger and McIntire, 2004; Chase et al., 2004; Dempsey et al.,

2005; Hills et al., 2004; Schafer and Kenyon, 1995; Weinshenker et al., 1995).
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1.4  Dopamine and habituation

Habituation is a fundamental form of non-associative learning and memory

that allows organisms to ignore irrelevant, repeated stimulation. Habituation has been

studied and characterized in a multitude of organisms including the invertebrates

Drosophila and Aplysia, and also higher mammals (Cho et al., 2004; Geer, 1966;

Pinsker et al., 1970; Thompson and Spencer, 1966). In the C. elegans mechanosensory

circuit repeated touch or tap to the culture plate leads to habituation (Rankin and

Broster, 1992; Rankin et al., 1990). When worms sense tap there is a competition

between the forward and backward touch reflexes. In C. elegans tap habituation

training, wildtype animals respond to tap initially with a reversal (15-25 times), and

with increasing tap number there is a decrease in reversal rate (Figure 1.4 A, B) and

distance, and a corresponding increase in accelerations. Rate of habituation and

recovery are dependant on the time between stimulations, the interstimulus interval

(ISI). At shorter ISIs, both recovery and habituation are faster than at longer ISIs,

consistent with classic habituation paradigms (Rankin and Broster, 1992). In addition,

long-term, protein expression dependent memory of tap habituation has been observed

up to 48 hours after training (Rose et al., 2003; Rose et al., 2002).

Dopamine in the vertebrate central nervous system is critical for motor control

and behavioral plasticity. Stimulation of the D1 dopamine receptor is thought to play a

central role in adaptive processes seen in psychostimulant intake, including

sensitization, tolerance and drug dependence. (Beninger and Miller, 1998; Berke and
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Hyman, 2000; Nader et al., 1997). Given the prominent role of dopamine in diseases

involving facilitation of attention or sensory processing defects such as attention

deficit disorder and schizophrenia, surprising little is known about the molecular

mechanisms that lead to these disease states (Dougherty et al., 1999; Laruelle et al.,

2003; Roman et al., 2004; Smith et al., 2003; Swanson et al., 2000; Tallerico et al.,

2001). Further investigation of learning in model systems is likely to provide

important mechanistic insight into parallel processes in vertebrates, including changes

that occur in drug addiction and withdrawl.

1.5  In vivo imaging

Although electrophysiology approaches in the C. elegans nervous system have

been used despite small, inaccessible neurons, it has remained difficult to examine

neural responses in live animals in response to specific stimuli. To overcome these

difficulties, genetically encoded sensors can be expressed (under the control of cell-

specific promoters) in subsets of neurons to monitor in vivo responses. One such

molecule, cameleon, utilizes fluorescence resonance energy transfer (FRET) to

monitor calcium influxes (Miyawaki et al., 1999; Miyawaki et al., 1997), (Figure 1.5).

In the presence of high cytoplasmic calcium concentrations, such as during neuronal

depolarization, two fluorophores, CFP and YFP, separated by a calmodulin-binding

domain, are brought together resulting in a ratiometric measure of calcium response

(Figure 1.5). This molecule has been shown to be an efficient tool to examine neuronal

responses in C. elegans, including the basic response properties of the touch cells
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(Kerr et al., 2000; Kerr and Schafer, 2006; Suzuki et al., 2003). These imaging tools

are not only useful for understanding neuronal function, but are invaluable for

studying learning and memory.

Overall the goal of the following experiments has been to combine genetics,

behavior and in vivo imaging to understand how novel genes and monoamines shape

and modulate the nervous system of C. elegans.
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Figure 1.1: Post-embryonic migrations of the Q descendant neurons
After AVM and SDQR arise from division of QR.pa, SDQR migrates dorsally and
anteriorly and projects an axon into the sublateral nerve. AVM migrates ventrally and
projects an axon into the ventral nerve cord. QL.pa produces PVM and SDQL, whose
cell bodies do not undergo any further migrations.
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Figure 1.2:  Schematic of the C. elegans touch circuit.
(A) Shown are the relative positions of the touch neurons (green), their axons that
form their respective anterior (ALM and AVM) and posterior fields (PLM). Nose
touch neurons (ASH, OLQ and FLP) are located in the head. Ciliated processes at the
tip of the nose are required for nose on collision mechanical response. A touch circuit
connectivity diagram is depicted in (B) The body touch circuit is depicted. Here the
touch cells make electrical gap junctions (+) or chemical synapses (-) onto the
downstream interneurons, which integrate these signals. Anterior touch stimulates
backward movement, while posterior touch stimulates forward movement.
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Figure 1.3: Mechanosensory channels and C. elegans homologues
The two families of ion channels required for mechanosensation are depicted. The
Transient Receptor Potential (TRPV) homolohues OSM-9 and OCR-2 are required for
nose touch responses while the EnaC/DEG channel members MEC-4 and MEC-10 are
required for gentle touch.
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Figure 1.4:  Habituation kinetics of wildtype animals (N2)
In response to a non-localized tap to a culture plate, a high proportion of animals
reverse in response to tap (90%). After repeated tap training there is habituation. This
is indicated by a decrease in reversal rate (~35%, A), and a decrease in the distance the
animals reverse in response to tap (B). Error bars represent standard error of a
proportion, or SEM for distance, training was 10sec ISI for 30 taps, n=40.
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Figure 1.5:  Examples of calcium imaging in touch neurons
(A) Cameleon can be genetically encoded and expressed in specific neurons in C.
elegans. Cameleon is a calcium indicator comprised of two fluorophores, CFP and
YFP that are separated by a calmodulin-binding domain. In the presence of calcium,
the calmodulin-binding domain undergoes a conformation change that results in FRET
(fluorescence resonance energy transfer). This leads to a decrease in CFP, and
corresponding increase in YFP intensity. The calcium response is reported as a change
in the CFP/YFP ratio. An example recording of a ratiometric calcium response taken
from the touch neurons in response to mechanical stimulation is shown in (B).
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Chapter 2

Serotonin promotes Go-dependent neuronal migration

in Caenorhabditis elegans

2.1  ABSTRACT

The directed migration of neurons during development requires attractive and

repulsive cues, that control the direction of migration, as well as permissive cues that

potentiate cell motility and responsiveness to guidance molecules. Here we show that

the neurotransmitter serotonin functions as a permissive signal for embryonic and

post-embryonic neuronal migration in the nematode C. elegans. In serotonin-deficient

mutants, the migrations of the ALM, BDU, SDQR and AVM neurons were often

foreshortened or misdirected, indicating a serotonin requirement for normal migration.

Moreover, exogenous serotonin could restore motility to AVM neurons in serotonin-

deficient mutants as well as induce AVM-like migrations in the normally non-motile

neuron PVM, indicating that serotonin was functioning as a permissive cue to enable

neuronal motility. The migration defects of serotonin deficient mutants were

mimicked by ablations of serotonergic neuroendocrine cells, implicating humoral

release of serotonin in these processes. Mutants defective in Gq and Go signaling, or in

N-type voltage-gated calcium channels, showed migration phenotypes similar to

serotonin-deficient mutants, and these molecules appeared to genetically function

downstream of serotonin in the control of neuronal migration. Thus, serotonin is
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important for promoting directed neuronal migration in the developing C. elegans

nervous system. We hypothesize that serotonin may promote cell motility through G-

protein-dependent modulation of voltage-gated calcium channels in the migrating cell.

2.2  INTRODUCTION

The regulation and guidance of cell movement is critical for normal

development of the nervous system. In particular, the outgrowth and navigation of

axonal growth cones and the motility and direction of migrating neurons depend on

spatially and temporally regulated guidance molecules (Nakamoto et al., 1996,

Ladmesser et al., 1992). In some cases, these molecules function as positional cues for

guiding the direction of cell movement; examples include the netrin, semaphorin, and

slit/robo families of diffusible ligands (Kennedy 2000, Van Vactor et al., 1999,

Guthrie 1999, Fu et al., 2000). In other cases, such as with laminin and NCAMs,

molecules can serve as permissive cues that promote motility per se or potentiate a

response to positional cues (Perris et al., 2000, Bonner et al., 2001, Skladchikova et

al., 1999). Although recently a great deal of progress has been made in understanding

the mechanisms controlling the motility and guidance of axon growth cones, the

mechanisms underlying the guidance of migratory neurons are less well understood.

One way to obtain information about the process of neuronal migration is

using a genetically tractable animal such as the nematode Caenorhabditis elegans. C.

elegans has a simple, well-characterized nervous system consisting of 302 identified

neurons, and it is extremely amenable to classical and molecular genetic studies
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(Chalfie et al., 1988). Moreover, because individual migrating cells can be specifically

labeled in transgenic animals expressing green fluorescent protein under the control of

a cell-type-specific promoter, it is straightforward to assay cell migration in wild-type

and mutant animals in vivo.

A number of C. elegans neurons and neuroblasts undergo directed migration in

embryogenesis or during larval development. Among the best studied of these are the

Q neuroblasts and their descendents (Figure 2.1) (Sulston et al., 1977). QL and QR are

bilateral homologues found respectively on the left and right midbody region in the C.

elegans L1 larva.  During the first larval molt, QR migrates from the midbody to the

anterior body region. During this anterior migration, QR undergoes cell divisions that

give rise to the neuroblast QR.pa, which in turn divides to produce AVM, a

mechanosensory cell, and the interneuron SDQR. AVM then migrates ventrally and

projects an axon into the ventral nerve cord, while SDQR migrates dorsally and

projects an axon into the dorsal sublateral nerve. In contrast, QL migrates in a

posterior direction toward the tail. After undergoing a pattern of cell divisions

identical to that of QR, the QL.pa neuroblast divides to produce the touch neuron

PVM and the interneuron SDQL; however, unlike their right-side homologues, these

neurons do not migrate from their birthplace on the lateral midline (White et al.,

1986).

Many genes have been identified whose products are important for guidance of

the Q cells and/or their descendents. Many of these genes affect the migrations of the

neuroblasts (i.e. QR/L, QR/L.p and QR/L.pa) that undergo long anterior- or posterior-
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directed migrations before dividing to generate neurons. Some of these include the C.

elegans members of the Hox gene cluster, which specify Q cell identity (Clark et al.,

1993, Salser et al., 1992, Wamg et al., 1993), mig-2, a small GTPase (Zipkin et al.,

1997), and mig-13, a putative receptor molecule (Sym et al., 1999). A second set of

genes, including the netrin guidance molecule unc-6 and its receptors unc-5 and unc-

40, control the migration and axonal guidance of one QR descendant in particular,

SDQR (Kim et al., 1999). Mutations in these genes lead to a ventral displacement of

the SDQR cell body and cause the SDQR axon to project into the ventral nerve cord

rather than the dorsal sublateral nerve. Finally, a third group of genes, including the

calcium channels unc-2 (Schafer et al., 1995) and egl-19 (Lee et al., 1997), and the

CaMII kinase unc-43 (Reiner et al., 1999), affect the migration of the AVM and

SDQR cell bodies. Although mutations in egl-19 affect guidance of the AVM axon as

well as its cell body, mutations in unc-2 and unc-43 lead to specific defects in cell

migration. In each of these mutants the ventral migration of AVM frequently does not

occur or is misdirected, suggesting that calcium influx in the migrating AVM neuron

promotes cell motility and/or response to guidance cues (Tam et al., 2000). However,

the signals that might control such a calcium influx in the developing neuron have not

been identified.

In this study, we demonstrate that the neurotransmitter serotonin promotes

directed migration of several migrating neurons including AVM and SDQR. We also

show that exogenous serotonin can induce migration in the PVM neurons that

normally do not migrate, indicating that serotonin is a permissive signal that can
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trigger cell motility. Finally, we present evidence that serotonin's effect on neuronal

migration is mediated through a signaling pathway involving the trimeric G-proteins

Go and Gq and the voltage-gated calcium channel UNC-2.

2.3  RESULTS

2.3.1  Serotonin-deficient mutants exhibit post-embryonic cell migration defects

To determine whether serotonin affected neuronal migration, we first assayed

the positioning of the post-embryonic touch receptor neuron AVM and its sister cell

SDQR in serotonin-deficient mutants. Specifically, the final positions of the AVM and

SDQR cell bodies were determined in mutants carrying a loss-of-function mutation in

one of four genes: tph-1 (Sze et al., 2000), (which encodes tryptophan hydroxylase),

cat-4, bas-1 (Loer et al., 1993), (genes required for AA-decarboxylase activity) or cat-

1 (Duerr et al., 1999), (which encodes the vesicular monoamine transporter). Previous

studies had shown that serotonin levels are significantly reduced in bas-1 mutants and

undetectable in tph-1 and cat-4 mutants (Sze et al., 2000, Loer et al., 1993), while cat-

1 mutants produce serotonin but fail to transport it to neuronal processes (Duerr et al.,

1999). We observed that mutations in all four genes caused defects in the proper

positioning of AVM and SDQR (Figure 2.1, Table 2.1). Specifically, although AVM

and SDQR adopted final positions in the animal's anterior body region, AVM was

frequently found at positions that were dorsal, posterior or even anterior to its wild-

type location. SDQR also sometimes adopted final positions that were ventral or

posterior to its wild-type location, though the penetrance of SDQR mispositioning
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(approximately 20% penetrance in tph-1) was significantly less than that observed for

AVM (approximately 40% penetrance in tph-1). Interestingly, a dopamine-deficient

mutant cat-2(e1112), defective in tyrosine hydroxylase (Lints et al., 1999) showed

nearly normal positioning of these neurons (Table 2.1). Thus, these data suggested that

the migrations of the AVM and SDQR cell bodies specifically require serotonin for

their proper execution.

The patterns of SDQR/AVM mispositioning seen in serotonin-deficient

mutants resembled those of the calcium channel mutant unc-2. We showed previously

that unc-2 did not affect the long anterior-directed migrations of QR.pa and its

ancestors; rather, unc-2 appeared to be specifically required for the migration of the

AVM and SDQR neuronal cell bodies (Tam et al., 2000). To investigate whether

serotonin affected these migrations in a similar manner, we performed lineage analysis

on tph-1 mutant animals to determine the paths taken by AVM and SDQR when they

were mispositioned (Figure 2.3). Out of 20 mutant animals lineaged, 10 had misplaced

AVM or SDQR neurons. In 7 of these animals, the final migrations of SDQR or AVM

were either misdirected or shortened. In 3 animals, the position of QR.pa at the time of

division was slightly posterior from its normal position. Thus, serotonin was required

primarily for accurate guidance of the SDQR and AVM migrations though it also had

a slight effect on the long migrations of the precursor neuroblasts.

We also assessed the effect of serotonin on the outgrowth and guidance of the

AVM axon. To visualize the AVM axon in wild-type and mutant animals, we used

mec-4::GFP transgene to fluorescently label the AVM processes and cell body (Xu et
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al., 2001). Since mec-4 encodes a touch neuron-specific degenerin channel, mec-

4::GFP allowed labeling of all touch cell axons as well as providing a marker for

touch neuron differentiation. In a tph-1 mutant background, we observed that mec-

4::GFP was expressed normally in AVM, indicating that it adopted the cellular

identify of a touch neuron. Moreover, although many of the tph-1 animals had

misplaced AVM cell bodies, in all of these animals the AVM axon nevertheless made

the proper connection into the ventral cord (data not shown). Thus serotonin

deficiency appeared to affect guidance of only the cell body and not the axon of AVM.

2.3.2  Effect of serotonin on the migrations of embryonic neurons

In addition to the post-embryonically-migrating neurons AVM and SDQR,

several other neurons undergo directed migrations during embryogenesis. For

example, ALM and BDU are bilaterally-symmetric sister neurons that are generated in

the head region of the embryo. During late embryogenesis, the BDU neurons migrate a

short distance to lateral positions just posterior to the head, while the ALM neurons

migrate a longer distance to dorsal and more posterior positions (Figure 2.1). To

determine whether serotonin affected the guidance of these migrations, we assayed the

final positions of ALM and BDU in tph-1 and cat-4 mutant animals. We observed that

the cell bodies of both ALM and BDU were often found anterior to their normal

positions in both tph-1 and cat-4 mutants (Figure 2.2). To determine whether serotonin

affected the guidance of these cells’ axons, we generated tph-1 mutant strains carrying

either a mec-4::GFP transgene (which labels the ALM neurons) or a slt-1::GFP
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transgene (which labels the BDU neurons) (Hao et al., 2001). In both cases, the

guidance of the labeled neurons' axons was normal in the tph-1 mutant background,

and the expression of both marker transgenes was not significantly altered (data not

shown). Thus, serotonin appeared to be specifically required to effectively guide the

embryonic migrations of the ALM and BDU cell bodies, but not their axons.

We also examined the effect of serotonin deficiency on a non-neuronal cell

migration. During post-embryonic development, the gonadal distal tip cells undergo

complex directed migrations that determine the morphology and orientation of the

mature gonad (Kimble et al., 1979). We observed that in tph-1 deletion mutants, the

distal tip cell migrations were completely normal (75/75 animals tested). Thus, the

effect of serotonin on cell migration may be specific for developing neurons.

2.3.3  Involvement of serotonergic neuroendocrine cells in neuronal migration

We next wished to identify the source of serotonin that facilitates neuronal

migration in wild-type animals. Only a small number of C. elegans neurons express

tryptophan hydroxylase, the essential enzyme for serotonin biosynthesis; in the

embryo and L1 larva, these include the two NSM neurosecretory cells and the two

ADF chemosensory neurons (Sze et al., 2000). To determine if either of these two cell

types might be the source of the serotonin involved in promoting neuronal migration,

we performed cell-specific laser ablations of these cells immediately after hatching

and assessed the effect of the ablation on the post-embryonic AVM and SDQR

migrations. We found that ablation of the NSMs alone resulted in a significant
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(penetrance =20-25%) migration defect (Table 2.1). Likewise, ablation of the ADFs

alone also caused a significant defect in AVM and SDQR migration (penetrance = 45-

50%). Ablation of all four neurons resulted in a migration defect that, while no greater

in penetrance than that of the ADF singly-ablated animals, was essentially identical in

penetrance to the tph-1 deletion mutant. Thus, the NSM and ADF neurons together

appeared sufficient to account for serotonin's effects on neuronal migration during

post-embryonic development.

2.3.4  Exogenous serotonin restores directed cell migration

Since endogenous serotonin appeared to be important for promoting motility in

migrating neurons, we reasoned that application of exogenous serotonin might rescue

the migration defects of serotonin-deficient mutants. Since the egg shell surrounding

the embryo is not serotonin-permeable, we assayed whether exogenous serotonin

added to the growth medium could rescue the post-embryonic migration defects in

AVM and SDQR. We observed that exogenous serotonin indeed rescued the AVM

and SDQR cell body positioning defects of tph-1, cat-1, cat-4 and bas-1 mutant

animals (Figure 2.4) supporting the hypothesis that serotonin may function to

potentiate directed migration of these neurons.

PVM, the left-side homologue of AVM, does not undergo ventrally-directed

migration; rather, it remains at the lateral location at which it is born. PVM's site of

birth is relatively distant from the NSMs and ADFs; thus, if serotonin functioned as a

permissive signal for touch neuron motility, the failure of PVM to migrate might be
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explained as a failure to receive a serotonin-mediated motility signal. To test this

possibility, we assayed whether exogenous ectopic serotonin could induce the

normally sessile PVM neurons to migrate. When we assayed the positioning of the

PVM cell body in wild-type animals grown in the presence of exogenous serotonin,

we observed that PVM often migrated. Moreover, these migrations were often

ventrally and/or anteriorly directed, leading PVM to adopt a developmental pattern

similar to that normally adopted by AVM (Figure 2.4). Thus, in addition to being

required for the normal ventrally-directed migration of AVM, serotonin also induced

migration of its normally stationary lateral homologue, PVM.

2.3.5  GOA-1 functions downstream of serotonin in guiding neuronal migration

What signaling molecules mediate serotonin's influence on neuronal

migration? Most serotonin receptors are coupled to G-protein-mediated signaling

pathways; perhaps the effects of serotonin on neuronal migration might require the

activity of one or more G-proteins. The C. elegans genome contains 20 genes

encoding distinct G-protein alpha subunits. Of these, 17 viable loss- or reduction-of-

function alleles have been identified (Jansen et al., 1999, Lochrie et al., 1991). We

therefore assayed each of these 17 mutant lines for misplacement of AVM and SDQR.

Among these strains, mutants carrying loss-of-function mutations in the Go

homologue goa-1 and the Gq homologue egl-30 displayed the most penetrant

(approximately 30% for AVM) misplacement phenotypes. As was the case for all four

serotonin-deficient mutants, goa-1 and egl-30 mutations also affected SDQR, ALM,
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and BDU migration with similar penetrance (Figure 2.5). Furthermore, the effects of

goa-1 and egl-30, like serotonin, were specific to cell body migration, since the AVM

axon entered the ventral cord in the correct location in mutant animals even when the

cell body from which the axon originated was misplaced (data not shown).

Interestingly, whereas a gain-of function allele of egl-30 caused significant

misplacement of all four neurons, a goa-1 gain-of-function allele showed no

misplacement phenotype for AVM, SDQR or BDU (Table 2.2). Thus, Go, like

serotonin, appeared to play a permissive rather than an instructive role in the

migrations of these three neurons.

Together, these data suggested that serotonin's effect on AVM, SDQR, and

BDU cell migration might be mediated by a Go-dependent signal transduction

pathway. To further examine this possibility, we analyzed the cell migration

phenotypes of tph-1; goa-1 double mutants. In a double mutant carrying loss-of-

function mutations in both tph-1 and goa-1, we observed that in these animals, the

migration defects (assayed with respect to AVM, SDQR and BDU) showed the same

penetrance as in the tph-1 single mutant (Table 2.3), implying that GOA-1 affected the

same aspect of the AVM/SDQR/BDU migration process as serotonin.

In principle, GOA-1 could be involved in mediating either serotonin release or

serotonin response during neuronal migration. To distinguish between these

possibilities we analyzed a double mutant carrying a tph-1 deletion and a goa-1 gain-

of-function allele. In this double mutant, we observed a substantially lower penetrance

of AVM, SDQR and BDU misplacement in the double mutant than in the tph-1 single
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mutant. Thus, the dominant, constitutively activating goa-1 mutation suppressed the

cell migration phenotypes of the tph-1 deletion mutant, implying that Go functioned

downstream of serotonin in promoting directed migration of these neurons. We also

found that exogenous serotonin failed to rescue the migration defect of a goa-1 loss-

of-function mutant, as would be predicted if serotonin functioned upstream of goa-1

(Figure 2.5). These results suggested that serotonin might induce neuronal migration

through activation of Go signaling pathways in the migrating cell.

To further test this possibility, we examined whether expression of active

GOA-1 in the migrating neurons under a cell-type-specific promoter could rescue the

migration defect of a goa-1 recessive mutant. For these experiments, we chose the egl-

46 promoter, which directs expression in a small set of neurons that includes the

developing AVM and SDQR neurons (Wu et al., 2001). If GOA-1 functioned within

the migrating neurons, an egl-46::goa-1(dm) transgene might be expected to rescue

the AVM/SDQR migration defects of a goa-1(n1134) mutant. In fact, we found that

this was so; out of 29 independent F1 animals transformed with the transgene, AVM

was misplaced in only 2 and SDQR in only 3 (Table 2.3). Thus, these results

supported the hypothesis that GOA-1 acts within the migrating neuron promotes

directed motility, and provided additional evidence that GOA-1 is involved in

serotonin response rather than serotonin release.

2.3.6  The UNC-2 calcium channel may function downstream of serotonin and Go
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The neuronal migration phenotypes of tph-1, egl-30 and goa-1 loss-of-function

mutants were quite similar to those previously observed for the calcium channel gene

unc-2 (Figure 2.5). For example, all four genes had similarly penetrant AVM, SDQR,

ALM and BDU migration defects, and all four genes specifically affected the

migrations of the neuronal cell bodies but not their axons. It therefore seemed

plausible that goa-1 and serotonin might participate in the same pathway as unc-2 in

promoting neuronal migration. To investigate this possibility we constructed double

mutants carrying mutations in unc-2 and either goa-1 or tph-1. When we analyzed tph-

1(mg280); unc-2(mu74) and goa-1(n1134); unc-2(mu74) double mutants, we found

that the penetrance of the migration defects in the double mutants was comparable to

their penetrance in the single mutants (Table 2.3). These results therefore suggested

that all three genes functioned in the same pathway to promote directed cell migration.

To assess whether unc-2 functioned upstream or downstream of goa-1 with

respect to neuronal migration, we also analyzed the phenotype of a double mutant

carrying a goa-1 gain-of-function allele and an unc-2 null allele. We observed that the

unc-2 mutation was largely epistatic to goa-1: the migration defects in the double

mutant were equally penetrant to those of the unc-2 single mutant for BDU and

SDQR, and comparably penetrant for AVM. Furthermore, we also observed that the

migration defects of the unc-2 mutant were not rescued by exogenous serotonin,

suggesting that the migration defects of unc-2 mutant animals are not a result of a

deficiency in serotonin release (Figure 2.5). Taken together our results suggested that
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unc-2 functions downstream of serotonin and Go in the control of AVM, SDQR and

BDU migration.

2.4  DISCUSSION

We have shown here that serotonin is an important regulator of both

embryonic and post-embryonic neuronal migrations in the nematode C. elegans. In

serotonin-deficient animals, the migrating neurons ALM, BDU, AVM and SDQR

were frequently mispositioned as a result of shortened or misdirected migrations. Not

only could exogenous serotonin rescue these migration defects, it could also induce

PVM, a normally non-motile homologue of AVM, to undergo ventral and/or anterior

migration. In developing embryos and first-stage larvae, serotonin is present

exclusively in neurons and neurosecretory cells located in the head. Thus, serotonin

may normally serve as a permissive cue that confers motility and/or responsiveness to

localized guidance molecules on migrating neurons in the anterior of the animal.

The migration defects of serotonin-deficient mutants were phenocopied by

ablation of the NSM and ADF neurons; thus, the serotonin that promotes neuronal

migration during development is most likely released from these cells. Neither the

NSMs, which are pharyngeal neurons, nor the ADFs, which are sensory neurons with

an axonal projection in the nerve ring, are in direct physical proximity with the

migrating AVM or SDQR neurons. The morphology of the NSMs clearly suggests a

neuroendocrine function for these neurons. Although the ADFs have a standard

sensory neuron morphology, they express tryptophan hydroxylase at very high levels,
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and their ablation phenotype was even more penetrant than for the NSMs. Thus, it is

reasonable to conclude that both the NSMs and ADFs promote neuronal migration

during post-embryonic development by releasing serotonin as a neurohormone.

A wide range of evidence has implicated serotonin in the control of neuronal

migration in the brain in other organisms. For example, in rodents serotonin has been

shown to regulate the embryonic migration of cranial neural crest cells in mice

(Moiselwitsch et al., 1995) and has been implicated through dietary serotonin

depletion experiments in promoting cerebellar granule cell migration (Del Angel-

Meza et al., 2001). It has also been found that pharmacologically induced serotonin

depletion leads to smaller whisker barrels in rats (Bennett-Clarke et al., 1994),

whereas a mono-amine oxidase knock-out mouse with excessive synaptic serotonin

displays a lack of cortical barrel patterns (Cases et al., 1996). Serotonin has also been

shown to regulate the morphology and cell movements of chick neuroepithelial cells

during neural tube closure (Emanuelsson et al., 1988, Lauder et al., 1981). Together,

these studies indicate that serotonin's role in brain development is widespread and

broadly conserved, although the molecular mechanisms underlying these

developmental functions in vertebrates are largely unknown.

Genetic evidence presented here suggests that in C. elegans, serotonin

functions together with the G-proteins GOA-1 and EGL-30 and the calcium channel

UNC-2 to promote neuronal migration. Epistasis analysis specifically suggested that

the Go homologue GOA-1 is a serotonin effector in migrating neurons and that the N-

type calcium channel homologue UNC-2 is a target for this signaling pathway.
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Previous studies have defined a complex Go/Gq-dependent signaling network that

regulates synaptic transmission through the second messenger signalling (Robatzek et

al., 2000, Brundage et al., 1996, Segalat et al., 1995, Mendel et al., 1995, Miller et al.,

1999, Robatzek et al., 2001). Since mutants defective in various components of this

Go/Gq network also affected neuronal migration, the same signal transduction

components that regulate synaptic vesicle fusion in mature neurons may also play a

role in controlling cell motility during development. The nature of the Go/Gq

pathway's putative effect on UNC-2 calcium channel function is not known. In

vertebrates, Go has been shown to negatively regulate voltage-gated calcium channel

activity (Oh et al., 2002, Scott et al., 1989, Kinoshita et al., 2001). Thus, one possible

hypothesis to explain the migration defects of tph-1 and goa-1 loss-of-function

mutants is that loss of Go signaling leads to unregulated or inappropriately active

calcium transients in the migrating cells. Alternatively, 5HT might be required to

activate calcium influx for motility in the migrating cells. In the future, it may be

possible to test this hypothesis directly using recently developed methods for in vivo

calcium imaging (Kerr et al., 2000, Miyawaki et al., 1997). These results may provide

important general insight into the mechanisms through which serotonin and other G-

protein coupled neuromodulators regulate neuronal migration during development. 

2.5  METHODS

Strains and general methods
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Strains were grown and assayed at room temperature (22oC) unless stated

otherwise. Animals were grown on standard nematode growth media (NGM) with

Escherichia coli strain OP50 as a food source. For drug experiments, 5-

hydroxytryptamine (creatine sulfate complex, Sigma) was added to NGM at 7.5 mM.

The mutant strains used in this study are:  goa-1(n1134)I, egl-30(n686)I, egl-

30(sy676dm)I, syIs9[goa-1(Q205L)dm]I, tph-1(mg280)II, cat-2(e1112)II, bas-

1(ad446)III, cat-4(e1141)V,  unc-2(mu74)X, cat-1(e1111)X. The egl-30 (dm) and goa-

1(dm) strains were kind gifts from Carol Bastiani and Jane Mendel in the Sternberg

lab. The egl-30 dominant allele contains two egl-30 mutations, (md186) and an

intragenic revertant allele causing an amino acid change of R334 to W. The GFP strain

used in the ablations analysis, pha-1(e2123ts); him-5(e1490) [pha-1(+) tph-1:GFP]

was provided by Rene Garcia. zdIs4[pmec-4::GFP],  a kind gift from the Driscoll

Lab, carries a transcriptional fusion of the mec-4 promoter to GFP.

Microscopy

Nematodes were mounted on 2% agarose pads with 40mM NaN3 for

anesthesia. The positions of AVM, SDQR, ALM and BDU were determined using

Nomarski optics at the end of L1 and early L2 stage. At this stage the hypodermal V

cells have divided once and are stationary markers that can be used to score the

position of the neuron cell bodies. The positions of AVM and ALM axons were

visualized by fluorescence microscopy in L4 worms carrying the mec-4::GFP array.
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Treatment with exogenous serotonin

To assay the effect of serotonin on post-embryonic migrations, newly hatched

first stage larvae (L1s) were transferred to serotonin plates and grown to the second

(L2) or fourth larval stage (L4). The position of PVM was scored in L4 animals using

GFP fluorescence from the mec-4::GFP array. The positions of SDQL, PVE and PDE

were scored at the same stage, using Nomarski optics. AVM and SDQR were scored

in L2 using Nomarski.

Construction of double mutants

The zdIs4[pmec-4::GFP] integrated array was crossed into the tph-1(mg280),

goa-1(n1134), egl-30(n686) and goa-1(syI9dm) genetic backgrounds using standard

methods. Double mutants containing the tph-1(mg280) allele along with a mutation in

goa-1, egl-30, or unc-2 were constructed by first crossing the single mutants and then

identifying animals homozygous for goa-1, egl-30, or unc-2 in the F2 generation

based on their visible uncoordinated phenotypes. Homozygosity for tph-1 was then

confirmed by PCR analysis of the F3 self-progeny of these animals. Double mutants

containing the unc-2(mu74) allele and a mutation in goa-1 or egl-30 were constructed

by crossing the single mutants and identifying  goa-1 or egl-30 homozygotes in the F2

generation. These animals were picked to individual plates, and animals exhibiting the

stronger Unc phenotype characteristic of unc-2 homozygotes were identified from the

F3 self-progeny of these animals. The presence of both mutations in all double

mutants was subsequently verified by mating the putative double mutant with wild-
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type, and confirming the presence of both single mutant phenotypes in the F2

generation.

Analysis of the QR.pa cell lineage

Animals were staged by isolating larvae that hatched within a 30 minute time

window. These staged larvae were then grown for 7-8 hours at 20oC. Worms were

then mounted on 2% agarose pads and observed for 3-4 hours under Nomarski optics.

Ablations of Serotonergic Neurons

Laser ablations were performed on newly-hatched L1 animals using a standard

protocol (Bargmann et al., 1995). Neurons were identified for ablation by using a tph-

1::GFP marker, which is restricted mainly to the ADF and NSM neurons at the L1

stage. After the ablation, worms were allowed to recover until the worms reached the

L2 larval stage, during which the final positions of AVM and SDQR were scored.

Individuals in which GFP was still visible in the target neuron after the ablation were

excluded from the analysis. Mock-ablated animals were animals transferred to agar

pads and anesthetized in parallel to the animals that underwent laser ablation. The

ablated animals showed a statistically-significant increase in misplaced neurons

relative to mock-treated animals (P < 0.02 for AVM in NSM-ablated compared to

mock ablated, P < 0.01 for all other ablations).

goa-1 Transgenic Rescue
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A 3-kb egl-46 genomic fragment containing the first 8 amino acids of EGL-46

was fused to goa-1 genomic DNA containing the activating gain-of-function mutation,

syIs9[goa-1(Q205L)] (Wu et al., 2001, Hobert et al., 2002]. This fragment has been

shown to direct expression of GFP in the following neurons during the L1 and L2

larval stages:  the developing neurons of the Q lineages (AVM, SDQR, PVM, and

SDQL), up to ten neurons in the head including the FLPs but not the NSMs or ADFs,

the HSNs, and 11 ventral cord motorneurons, (Wu et al., 2001). The PCR product was

gel purified and coinjected with myo-2::YC2.1 construct (Hobert et al., 2002). F1 L2

larvae with glowing pharynxes were scored for migration defects. Mosaic animals

(detected by partial expression of the GFP marker in the pharynx and pharyngeal

nervous system) were not included in the analysis. The number of mispositioned AVM

and SDQR neurons in animals expressing the pegl-46::goa-1(Q205L) transgene was

significantly different from uninjected animals according to the z test (P < 0.001 for

AVM, P < 0.02 for SDQR).
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Figure 2.1:  Neuronal migrations in wild-type C. elegans
(A) Embryonic migrations.  ALML/R and BDUL/R are generated by mitotic divisions
of the AB.arppaapp and AB.arpppapp neuroblasts in the embryonic head. In each case,
during late embryogenesis, the anterior daughter (ALM) undergoes a long posterior
and dorsal migration, while the posterior daughter (BDU) undergoes a shorter
posterior migration. (B) QR and QL lineages. During the L1/L2 molt, QR migrates
anteriorly, undergoing two divisions to generate the QR.pa neuroblast. QR.pa divides
to produce AVM, a touch neuron, and SDQR, an interneuron. In contrast, QL migrates
posteriorly, undergoing divisions that produce the QL.pa neuroblast. QL.pa divides to
produce PVM, a touch neuron, and SDQL, an interneuron. (C) Post-embryonic
migrations of the Q descendant neurons  After AVM and SDQR arise from division of
QR.pa, SDQR migrates dorsally and anteriorly and projects an axon into the sublateral
nerve. AVM migrates ventrally and projects an axon into the ventral nerve cord.
QL.pa produces PVM and SDQL, whose cell bodies do not undergo any further
migrations.
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Figure 2.2:  Migration defects of serotonin-deficient mutants
The final positions of SDQR, AVM, BDU and ALM in tph-1 mutants are summarized.
Left is anterior, top is dorsal. Wild-type positions are depicted by darkened circles;
lightly shaded circles indicate positions observed after defective migration. Arrows
indicate the normal path of migration in wild-type animals and percentages indicate
the fraction of cell attaining the position indicated.
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Figure 2.3:  Analysis of AVM and SDQR cell lineages in tph-1 mutants
Shown are representative cell lineages seen in 20 tph-1 mutant animals. The position
of QR.pa at the time it divided to produce SDQR and AVM is indicated by the gray
box. The positions to which SDQR and AVM migrated are indicated by asterisks.
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Figure 2.4:  Effect of exogenous serotonin on AVM and PVM migration
(A) Rescue of AVM migration defects by exogenous serotonin. Serotonin-deficient
animals were allowed to develop on exogenous serotonin (7 mM 5-HT) to test whether
serotonin could rescue the migration defects of SDQR and AVM. The number of
animals tested (no drug/on serotonin) were:  tph-1: n=100/n=50; cat-4: n=100/n=50;
bas-1: n=86/n=60; cat-1: n=50/n=50. * indicates a statistically significant difference
between treated and untreated animals. (B-D)  Effect of exogenous serotonin on the
positioning of PVM. Shown are representative images of wild-type animals expressing
pmec-4::GFP in the absence (B) or presence (C, D) of exogenous serotonin. In all
images, right is posterior and top is dorsal. The positions of PVE, PDE, and SDQL
(and the normal position of PVM) as determined by Nomarski optics are circled. (E)
Frequency of serotonin-induced mispositioning of PVM. The normal position of PVM
within the postdereid is indicated in bold. The percentage of animals with PVM found
at other positions is indicated. A total of 66 animals were tested.
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Figure 2.5:  Misplacement phenotypes of  goa-1, egl-30 and unc-2 mutant animals
(A) The positions adopted by ALM, BDU, AVM and SDQR in egl-30(n686), goa-
1(n1134) and unc-2(mu74) mutant animals are summarized (n=100 for all strains).
Left is anterior, up is dorsal. Wild-type positions are indicated by darkened circles.
Arrows represent embryonic migrations to wild-type position for ALM and BDU, and
migration from the final division of QR.pa into wild-type positions of AVM and
SDQR. (B) AVM and SDQR migration defects are not rescued by exogenous
serotonin in goa-1(n1134) and unc-2(mu74) mutants. Mutant animals were allowed to
develop on exogenous serotonin (7 mM 5-HT). The number of animals tested (no
drug/on serotonin) were: goa-1(n1134): n=200/n=100; unc-2(mu74): n=200/n=100.
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Table 2.1:  Migration phenotypes of L1 larvae with serotonergic neurons
ablated

Neurons Ablated n=20 AVM SDQR
Mock-ablated 0% 0%
NSMs    20% * 25%
ADFs 55% 40%
NSMs and ADFs 30% 35%
* p < 0.02 for AVM in NMS ablations compared to mock ablated, p < 0.01 for all
other ablations.
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Table 2.2:  Penetrance of migration defects in serotonin-deficient and G-protein
mutants.

Strain Percent misplaced Neurons
genotype AVM SDQR ALM BDU n=

N2 0% 0% 0% 0% 200
Tph-1(mg280) 43% 23% 40% 50% 200
Cat-4(e1141) 31% 15% 34% 24% 100
bas-1(ad446) 30% 12% 13% 16% 100
cat-1(e1111) 27% 12% 17% 6% 100
cat-2(e1112) 6% 10% 6% 4% 50
egl-30(n686) 30% 26% 25% 49% 100

egl-30(sy676dm) 33% 30% 22% 12% 100
goa-1(n1134lf) 32% 27% 19% 24% 200
goa-1(syIs9dm) 0% 0% 37% 0% 150
egl-8(md1971) 20% 14% 29% 10% 85
dgk-1(nu62) 24% 30% 49% 1% 75
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Table 2.3:  Double mutant analysis of tph-1, goa-1 and unc-2 migration
phenotypes

Strain genotype Percent misplaced neurons
AVM SDQR ALM BDU n=

goa-1(n1134lf) 32% 27% 19% 24% 200
goa-1(n1134lf) + pegl-

46::goa-1(Q205L)
transgene*

7% * 10% ** 20% 24% 29 1

goa-1(sy1s9dm) 0% 0% 37% 0% 150
tph-1(mg280) 43% 23% 40% 50% 200
unc-2(mu74) 34% 23% 41% 16% 200

goa1(n1134lf); unc-2(mu74) 36% 29% 42% 29% 200
tph-1(md280); unc-2(mu74) 38% 34% 33% 29% 200

goa-1(e1134lf); tph-
1(mg280)

45% 49% 42% 29% 100

tph-1(md280);
goa1(syIs9dm)

10% 10% 39% 6% 200

unc-2(mu74); goa-
1(syIs9dm)

21% 21% 25% 17% 200

* p value < 0.001 **  p value < 0.02. 1 n= 29 for AVM and SDQR, n=51 for ALM and
BDU.
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Chapter 3

Dopamine modulates the plasticity of mechanosensory

responses in Caenorhabditis elegans

3.1  ABSTRACT

Dopamine-modulated behaviors, including information processing and reward,

are subject to behavioral plasticity. Disruption of these behaviors is thought to support

drug addictions and psychoses. The plasticity of dopamine- mediated behaviors, for

example, habituation and sensitization, are not well understood at the molecular level.

We show that in the nematode Caenorhabditis elegans, a D1 like dopamine receptor

gene (dop-1) modulates the plasticity of mechanosensory behaviors in which

dopamine had not been implicated previously. A mutant of dop-1 displayed faster

habituation to nonlocalized mechanical stimulation. This phenotype was rescued by

the introduction of a wild-type copy of the gene. The dop-1 gene is expressed in

mechanosensory neurons, particularly the ALM and PLM neurons. Selective

expression of the dop-1 gene in mechanosensory neurons using the mec-7 promoter

rescues the mechanosensory deficit in dop-1 mutant animals. The tyrosine

hydroxylase-deficient C. elegans mutant (cat-2) also displays these specific behavioral

deficits. These observations provide genetic evidence that dopamine signaling

modulates behavioral plasticity in C. elegans.
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3.2  INTRODUCTION

The dopamine system in the vertebrate central nervous system plays a critical

role in motor control, reward and cognition. Dysfunction of this system is associated

with various disorders and behaviors, including Parkinson’s disease, schizophrenia,

Tourette’s syndrome, attention deficit hyperactivity disorder and addictions. Studies

on the role of dopamine in reward and the mechanisms of addiction have revealed that

this system is involved in behavioral plasticity. For example, dopamine D1 receptor

stimulation is thought to play a central role in behavioral plasticity as seen in

psychostimulant intake, including sensitization, tolerance and drug dependence (Nader

et al., 1997; Berke and Hyman, 2000). Dysfunction of the molecular mechanisms

underlying these forms of plasticity of the dopamine system has also been postulated

to contribute to the development of schizophrenia (e.g. Beninger and Miller, 1998;

Berke and Hyman, 2000). While much progress has been made in the understanding of

dopamine signaling and its role in behavioral plasticity in mammalian organisms, the

molecular basis for dopamine-induced plasticity is not well understood. To obtain

more insight into this process, we studied the role of dopamine and a specific

dopamine receptor, DOP-1, in behavioral plasticity in a simple, genetically tractable

organism, the nematode Caenorhabditis elegans.

C. elegans is a well-studied genetic model organism for which cell lineage,

neuronal network and genomic sequence have been well described (Sulston et al.,

1983; White et al., 1986; The C. elegans Sequencing Consortium, 1998), resulting in

unprecedented insight into the nervous system of a single animal species (Bargmann,
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1998). In C. elegans, dopamine is a prominent neurotransmitter synthesized in eight

sensory neurons: two anterior deirid neurons (ADEs), two posterior deirid neurons

(PDEs) and four cephalic neurons (CEPs). In addition, three pairs of sex-specific

dopaminergic neurons, namely the A neurons of rays 5, 7 and 9, were identified in the

male tail of C. elegans (Sulston et al., 1975; for a review, see Wintle and Van Tol,

2001). Few major behavioral abnormalities have been reported for the tyrosine

hydroxylase (TH)-deficient C. elegans mutant cat-2(e1112). However, recently it was

shown that cat-2 mutants are deficient in food sensing, in that well-fed worms failed to

slow upon entry into a bacterial lawn. The dopamine-mediated slowing of locomotor

activity in bacteria appears to be a tactile response to the bacteria. The relationship

between dopamine and mechanosensory locomotor responses is not yet elucidated, but

it appears to underlie an important adaptive mechanism to maximize foraging

strategies (Sawin et al., 2000).

Based on the observation made in TH-deficient mice that dopamine synthesis

might be rescued through alternative routes of synthesis involving tyrosinases (Rios et

al., 1999), we speculate that cat-2 mutants may not be completely dopamine-deficient.

Indeed, we find that cat-2 mutants contained significant amounts of dopamine (this

manuscript), and thus we argue that some dopamine-modulated behaviors may not be

readily revealed in such mutants. We therefore pursued genetic analysis of dopamine-

mediated behavioral plasticity in C. elegans by elucidating post-synaptic molecular

components of the dopamine system. To date, little is known about the receptors

through which dopamine mediates these physiological effects.
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Here we describe the functional characterization of a dopaminergic receptor

gene (dop-1) of C. elegans, previously identified by Suo et al (2002). The dop-1 gene

resembles the mammalian D1-like receptor family. Loss of the dop-1 gene results in

altered mechanosensory (Rose and Rankin, 2001) habituation. This behavior is

considered to be a simple form of learning (Rose and Rankin, 2001) and is also

affected in the TH-defective cat-2(e1112) mutant strain.  These findings further

support a general role of dopamine in behavioral plasticity and an involvement of the

D1 receptor subtype in some of these behaviors (e.g. Sawin et al., 2000; Rothenfluh

and Heberlein, 2002; McNamara et al., 2003). This work also provides a genetic and

molecular link between dopamine signaling and the mechanosensory neural circuits in

C. elegans, serving as a simple genetic system for further elucidating the molecular

mechanisms of dopamine receptor function with potential relevance to behaviors seen

in vertebrates.

3.3  RESULTS

3.3.1  Dopamine in C. elegans

While previous work showed that dopamine serves as a neurotransmitter in C.

elegans (Sulston et al., 1975; for a review, see Wintle and Van Tol, 2001), levels of

various amines and their metabolites are unknown. By using high-performance liquid

chromatography (HPLC) analysis coupled to electrochemical detection, we analyzed

the content of amines in wild-type (N2), cat-1(ok411), cat-2(e1112) and cat-4(e1141)

strains. Thus, we detected serotonin (0.01070.002 ng/wet weight (ww), n 1/4 8),
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dopamine (0.01270.002 ng/ww, n 1/4 8), as well as several of their metabolites,

including 5-hydroxyindole acetic acid (5-HIAA; 0.00870.002 ng/ww) and

homovanillic acid (HVA; 0.01670.04 ng/ww) in crude C. elegans homogenates. We

could not detect (nor)epinephrine or their metabolites, as reported previously by

Horvitz et al (1982). The lack of (nor)epinephrine in C. elegans is congruent with the

apparent absence of the biosynthetic enzymes and candidate receptors for these

compounds in the genome. Mutant strains deficient for the vesicular monoamine

transporter (cat-1), TH (cat-2) and GTP-cyclohydroxylase (cat-4) have reduced levels

of dopamine (cat-1: 0.005970.0007 ng/ww, n 1/4 7; cat-2:0.007070.0016 ng/ww, n 1/4

7; cat-4: 0.007370.0017 ng/ww, n 1/4 6). This indicates that these mutant animals can

synthesize about 40% of wild-type levels of dopamine by means not involving TH, as

seen for TH-deficient mutant mice (Rios et al., 1999).

3.3.2  dop-1 is a C. elegans D1-like dopamine receptor

To identify putative dopamine receptor genes in C. elegans, we performed an

in silico analysis of the C. elegans genome database using known mammalian

dopamine receptor sequences. We isolated the cDNAs for 13 of these receptors using

RT–PCR. In a functional screen based on dopamine receptor-induced GDP–GTP

exchange, we identified two cDNAs, dop-1s and dop-1l, which responded positively

to dopamine. These two different cDNAs, both derived from the F15A8.5 genomic

locus of C. elegans, were generated through alternative splicing of exon 5

(Supplementary data).
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Both dop-1 isoforms mediated dopamine-stimulated [35S]GTP-g-S binding in

COS-7 cells in a concentration-dependent manner (EC50 B0.8 mM) (Figure 3.1).

Among the other amines tested, only (nor)epinephrine could measurably stimulate the

receptor, albeit at a 10-fold lower potency than dopamine (Figure 3.1). The five

different mammalian dopamine receptors are classified into two groups, the D1-and

D2-receptor families, that couple either through the stimulatory G protein Gs or the

inhibitory family Gi/o (Missale et al., 1998). Both splice forms of DOP-1 showed

cholera toxin sensitivity in dopamine-stimulated [35S]GTP-γ-S binding assays and

stimulated cAMP production (DOP-1L EC50:20710 nM; DOP-1S EC50:28713 nM)

(Figure 3.2). Furthermore, coexpression of DOP-1 and the G protein-activated

inwardly rectifying potassium channel Kir3.2 with bovine or C. elegans Gs subunits in

Xenopus oocytes facilitated robust channel activation by DOP-1 (DOP-1S EC50:

11.371.0 nM; DOP-1L: 23.071.0 nM), while coexpression of the receptor and channel

with the C. elegans Go ortholog goa-1 did not.

We performed a pharmacological analysis of the receptor, including an

assessment of whether the DOP-1 receptor displays ligand-independent activity

(Lefkowitz et al., 1993) (Figure 3.3 and Supplementary data). Unlike the mammalian

D1-like receptors, DOP-1 could not bind to the specific mammalian D1 receptor

antagonist [3H]SCH23390.  However, at high concentrations (1 mM), this ligand acts

as an agonist on DOP-1. SKF38390, another benzazepine with potent agonist effects

on mammalian D1 receptors, also acts like an agonist for DOP-1 (Figure 3.3),

although its potency is three orders of magnitude lower than dopamine on DOP-1. In
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this study, the mammalian D2 antagonists, (+)-butaclamol and haloperidol, the mixed

D1/D2 antagonist cis-flupenthixol and the neurotransmitter octopamine displayed

clear inverse agonist effects at DOP-1 by reducing basal levels of intracellular cAMP

(Figure 3.3). The presence of cis-flupenthixol (10 mM) in dopamine dose–response

experiments shifted the EC50 to a lower potency, while maximum dopamine-mediated

stimulation was enhanced (Figure 3.3). These data are consistent with an interpretation

that the DOP-1 receptors have ligand-independent activity. It is unknown whether

DOP-1 displays similar functional characteristics in its native environment or whether

this receptor can couple effectively to other G proteins.

3.3.3  Molecular genetics of dop-1 in C. elegans

To date, only a role for dopamine in food sensing has been revealed through

analysis of cat-2 mutants. Considering that cat-2 mutants are not completely

dopamine-deficient and that dopamine receptors can display ligand-independent

activity, dopamine may be involved in behaviors previously not identified. We

addressed the question of dop-1 function by determining where the receptor is

expressed, and by identifying and characterizing mutants of the dop-1 gene.

To determine the expression pattern of dop-1, we constructed a dop-1::gfp

fusion and generated transgenic lines that expressed the reporter from an

extrachromosomal array.  GFP fluorescence was detected in the transgenic animals

consistently in the PLM and PHC mechanosensory neurons, and less frequently with
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lower intensity in the ALM mechanosensory neurons (Figure 3.4). In addition, we

identified fluorescent signals in several neurons just behind the nerve ring (Figure

3.4). The relatively low intensity of fluorescence for dop-1::gfp-expressing head

neurons reduced the possibility for accurate assignment, although tentative

assignments for AUA, RIB and RIM interneurons could be made. While the dop-

1::gfp construct included 1.7 kb of promoter sequence plus the large first intron of the

gene, the expression pattern of the gene may be incomplete considering that the next

predicted gene is about 15 kb upstream from dop-1. However, expression of dop-

1::gfp in the ALM, PHC and PLM mechanosensory neurons suggests a role of the

DOP-1 receptor in mechanosensation (Rose and Rankin, 2001).

We identified a mutant line that is deleted for 2.4 kb of the dop-1 coding

region. This deletion eliminates sequences from the 50 promoter region through the

translation initiation codon up to the end of the predicted fourth transmembrane a-

helix of the receptor protein (nucleotide -533 to nucleotide 1872, as measured from the

position of the initiation codon; see Supplementary data). Thus, the dop-1(ev748)

deletion mutation is likely to render the gene nonfunctional.

3.3.4  Effect of the dop-1 mutation on mechanosensory responses

Since dop-1::gfp is expressed in the mechanoreceptor neurons ALM and PLM,

we reasoned that dop-1 might affect mechanosensory responses mediated by these

neurons. However, dop-1(ev748) mutant animals appeared to be normal for light touch

sensitivity (Chalfie et al., 1985). A related behavior shown previously to require these
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cells is the response to a nonlocalized mechanical stimulus, or taps, administered to

the culture plate. Adult animals respond to tap by switching from forward to backward

movement (‘reversal’) mediated largely by the ALM neurons or, less frequently, by

moving forward at a higher speed (‘acceleration’) mediated largely by the PLM

neurons. Repeated stimulation of wild-type animals results in a decrease in the

frequency of tap-induced reversals as well as a reduction in the distance traveled

during a reversal, a process known as tap habituation (Rose and Rankin, 2001).

We subjected dop-1 mutant and wild-type animals to a series of 30 taps

administered 10 s apart, and measured the frequency of reversals detected by our

system immediately following the stimulus. We observed that dop-1 and wild-type

animals both initially exhibited high rates of reversals in response to tap stimuli. Wild-

type animals showed a significant decrease in reversal rate after repeated stimulation.

This decline in reversal rate correlated with a decrease in reversal distance, an increase

in accelerations and nonresponses, and showed significantly slower kinetics when the

interstimulus interval was increased (see Supplementary data). Thus, our stimulus

protocol could reliably measure tap habituation. We observed that the dop-1(ev748)

mutant showed a much more rapid decline in reversal rate in response to habituation

training than the wild-type strain (Figure 3.5 A), although reversal distance was less

affected suggesting that reversal rate and distance are distinct measurable responses to

tap stimulation (see Supplementary data). These alterations in reversal rate in tap

habituation were rescued by a wild-type dop-1 transgene expressed under its own

promoter, indicating that the phenotype was indeed a consequence of the dop-1 loss-
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of-function mutation (χ2 plus Bonferroni, P<0.0005; Figure 3.5 B). Moreover, cat-

2(e1112) mutant animals which contain reduced levels of dopamine, also exhibited

rapid habituation to tap than wildtype (χ2 plus Bonferroni, P<0.0001; Figure 3.5 A).

The cat-2 tap habituation phenotype could be rescued by acute administration of

exogenous dopamine (χ2 plus Bonferroni, P<0.0005; Figure 3.5 C). Thus, these

experiments suggest that dopamine modulates tap habituation in C. elegans, and that

the DOP-1 receptor is required for this modulation.  dop-1 is expressed in both the

ALM and PLM neurons; thus, we reasoned that dopamine might affect the tap

response by modulating the functional properties of the mechanoreceptor neurons

themselves. However, dop-1 is also expressed in other neurons, including PHC, a

neuron with significant synaptic input to the interneurons in the touch avoidance

circuit (White et al., 1986) that might also affect tap habituation. To address whether

dop-1 functioned cell autonomously in the touch neurons to modulate tap responses,

we constructed transgenic lines in which dop-1 was rescued by a wild-type dop-1(+)

coding region expressed under the control of the touch neuron-specific mec-7

promoter evEx167[dop-1(ev748)] (Figure 3.5 D). We observed that these lines did not

exhibit the dop-1 precocious habituation phenotype; indeed they habituated at least as

slowly as wild-type animals (χ2 plus Bonferroni, P<0.0005). Thus, expression of

functional DOP-1 protein in the mechanosensory neurons was sufficient to rescue the

dop-1 mutant phenotype. This result indicates that dopamine influences tap

habituation by directly modulating the properties of the touch receptor neurons.
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Moreover, cat-2(e1112) mutant animals, which contain reduced levels of dopamine,

also exhibited more rapid habituation to tap than wild type.

3.3.5  dop-1 is not required for food sensing and pharmacologically induced

dopamine behaviors

As indicated previously, in C. elegans the cat-2 gene modulates locomotor rate

in response to its food, bacteria. Well-fed wild-type animals move more slowly in the

presence of bacteria than in the absence of bacteria. The basal slowing response in C.

elegans is mediated through a dopamine-containing neural circuit that senses a

mechanical attribute of bacteria and is defective in cat-2(e1112) (Sawin et al., 2000).

Well-fed dop-1(ev748) mutants did not show any significant difference compared to

controls in dopamine-mediated slowing response upon encountering a bacterial lawn.

In the food-sensing assay, a significant decrease in locomotor rate was observed for

both the mutant and control worms when they were placed in a bacterial lawn as

compared to those placed on plates containing no bacteria (Figure 3.6 A).

While no other genetic data exist for dopamine-mediated behaviors,

pharmacological data using exogenously supplied dopamine and/or dopaminergic

agonists and antagonists have implicated the C. elegans dopamine system in egg-

laying behavior and motility (Schafer and Kenyon, 1995; Weinshenker et al., 1995,

1999; for a review, see Wintle and Van Tol, 2001). Exogenously supplied serotonin

stimulates egg laying in C. elegans whereas exogenously supplied dopamine inhibits

both basal and serotonin-induced egg laying.  We assessed whether dop-1 mutants
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display changed dopamine-mediated reduction of serotonin-induced egg laying. In our

study, dopamine (1 mM) inhibited both basal and serotonin-induced (2.5 mM) egg

laying in dop-1 mutants and in wild-type or him-5 controls. This indicates that DOP-1

receptors are not required for dopamine to exert its inhibitory effect on egg laying

(Figure 3.6 B).

Exogenous dopamine also inhibits motility in C. elegans (Schafer and Kenyon,

1995). Using our experimental conditions, 20 mM dopamine is required for complete

immobilization of worm populations when preincubated on NGM plates containing

dopamine. The dop-1 mutant animals were completely immobilized when

preconditioned for 1 h on dopamine-containing plates, as were the different controls.

Detailed analysis demonstrated that there is no difference in the sensitivity in

dopamine-induced immobility as determined by dose–response analysis (Figure 3.6

C). Thus, dop-1 does not appear to be required for dopamine-induced paralysis.

3.4  DISCUSSION

3.4.1  Dopamine in C. elegans

C. elegans is a unique genetic model system whose cell lineage, neuroanatomy

and genomic sequence have been well described. Despite the relative simplicity of this

system it has the ability to display behavioral plasticity which may underlie learning

processes. Two well-documented examples in this regard in C. elegans are olfactory

adaptation and habituation to a nonlocalized mechanical stimulus (Colbert and
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Bargmann, 1995; Rose and Rankin, 2001). In mammals, dopamine is thought to play

an important role in behavioral plasticity, particularly with regard to reward and

cognition (Nader et al., 1997; Beninger and Miller, 1998; Berke and Hyman, 2000).

The critical importance of dopamine in mammals is illustrated by the severe motor

disabilities, aphagia and adipsia observed in dopamine-deficient mice, resulting in the

death of newborn mice around the weaning period (Zhou and Palmiter, 1995;

Szczypka et al., 2000). In contrast, C. elegans cat-2 mutants, which lack TH activity,

are viable, which allows the use of this model system for studying dopamine-related

behaviors. However the TH pathway is not the only potential source for dopamine

synthesis. It has been shown that tyrosinase activity can substantially contribute to

dopamine synthesis (Rios et al., 1999). Indeed, biochemical analysis showed that cat-2

mutants have only a 60–70% reduction in dopamine compared to wild-type animals.

As seen in mice, it is possible that this dopamine is produced through the activity of

tyrosinases, which are known to play a critical role in cuticle formation in C. elegans.

The lack of an effect on food-sensing behavior after ablation of neurons postsynaptic

to dopamine neurons (Sawin, 1996) shows that dopamine can act as a neurohormone

in C. elegans, and thus synthesis of the neurotransmitter in the appropriate cell type

may not be critical for all dopamine- mediated functions. Furthermore, C. elegans

dopamine neurons contain the dopamine transporter CeDAT (Jayanthi et al., 1998);

thus, dopamine synthesized at alternate locations may be taken up in these neurons

and participate in regulated release.
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3.4.2  dop-1 encodes a D1-like receptor displaying constitutive activity

It is possible that critical functional roles for dopamine in C. elegans have been

overlooked because of the significant amount of dopamine present in cat-2(e1112)

animals. Therefore, selective disruption of targets for dopamine signaling may be

more appropriate to reveal the functional role of dopamine in C. elegans. In working

towards this goal, we have described the isolation and characterization of a dopamine

receptor gene, dop-1, which can give rise to two alternatively spliced forms of the

receptor. While the observed alternative splicing is reminiscent of what is seen for the

mammalian D2 receptor, the primary sequence does not point to a closer relationship

with either the mammalian dopamine D1-or D2-receptor family. These clones are

similar to the two splice variants of exon 5 described by (Suo et al 2002). A third

splice variant has been described by (Suo et al 2002), which has no exon 5 either but

employs an alternative downstream 3’ splice junction site for exon 8, shortening this

exon by three codons. Pharmacological analyses using [125I]iodolysergic acid

diethylamide showed that dopamine bound with high affinity to this receptor. We have

made similar observations (not shown). Our extended functional analyses establish

that for both spliced forms of dop-1, dopamine is the most likely endogenous ligand

for this receptor, particularly since we could not detect endogenous (nor)epinephrine

in C. elegans. Furthermore, because this receptor appears to be preferentially coupled

to Gs over Gi/o and can stimulate adenylyl cyclase activity, it is functionally related to

the mammalian dopamine D1-receptor subclass (Missale et al., 1998). The ALM and
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PLM neurons express gsa-1, goa-1 and gpa-16 (PLM only) (Jansen et al., 1999),

which supports the possibility that DOP-1 also couples to GSA-1 in vivo.

The observation that several ligands suppress the basal activity of DOP-1

indicates that the receptor displays constitutive activity. The reduced potency but

enhanced maximal stimulation of DOP-1 by dopamine in the presence of the inverse-

agonist cis-flupenthixol likely reflects the block of constitutive receptor

desensitization, thereby increasing the pool of receptors available for agonist

activation (Leurs et al., 1998). Constitutive activity is a feature that has been observed

for the mammalian D1-receptor class (Charpentier et al., 1996). While the

pharmacological and functional profile of DOP-1 does not precisely mimic the

mammalian D1 receptor, it is noteworthy that a single amino-acid change in the

mammalian receptor can enhance constitutive activity and make the mammalian D1

antagonist SCH23390 behave like a partial agonist as it does for DOP-1 (Cho et al.,

1996). It is unknown whether DOP-1 has similar functional characteristics in its native

environment.

3.4.3  Role of DOP-1 receptors in nematode behaviors

Genetic and pharmacological studies have clearly demonstrated a role for

dopamine in regulating several behaviors in C. elegans, including egg laying,

locomotor activity and food sensing. The mechanisms underlying these dopamine-

modulated behaviors, however, remain largely unknown. As might be expected from



74

the lack of dop-1::gfp expression in egg-laying neurons or muscles, the dop-1 mutants

displayed no overt abnormalities in the dopamine-mediated inhibitory response on

serotonin-induced egg laying (Weinshenker et al., 1995, 1999; Wintle and Van Tol,

2001). Likewise, neither food-sensing (Sawin et al., 2000) nor dopamine-induced

immotility (Schafer and Kenyon, 1995) appeared to be defective in the dop-1 mutants

under our experimental conditions.

These behavioral data suggest that there may be additional dopamine receptor

types, besides dop-1, through which dopamine can mediate these behaviors.

Alternatively, the high concentrations of drugs that are required for penetration of the

C. elegans cuticle in the egg laying and immotility assays might result in activation of

nondopaminergic receptors, for example octopamine receptors, that are also known to

inhibit egg-laying (Horvitz et al., 1982). Given that cat-2(e1112) animals are also

defective in the food-sensing response (Sawin et al., 2000), perhaps a more

parsimonious explanation for these behaviors is that they are mediated through

alternative dopamine receptors. Indeed, recently another dopamine receptor (dop-2)

has been described (Suo et al., 2003) that may be involved in these behaviors.

3.4.4  dop-1 and behavioral plasticity

The behavioral analysis of the dop-1(ev748) deletion mutant clearly implicates

DOP-1 in the control of habituation to nonlocalized mechanical stimulation (tap). Tap

habituation (Rankin et al., 1990) is a well-characterized paradigm for behavioral

plasticity in C. elegans, and is amenable to analysis at the molecular and cellular
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levels. These effects of the dop-1 mutation are mimicked by a cat-2 mutation and

rescued by a wild-type dop-1 transgene, indicating a role for dopamine in modulating

mechanosensory plasticity. Importantly, behavioral plasticity itself is not eliminated in

dop-1 mutants, but rather proceeds with an altered time course relative to wild-type

animals, placing dopamine signaling in a critical position to modulate multiple sensory

inputs contributing to whole animal behavior. Tap avoidance behavior is thought to

reflect a combination of two antagonistic reflexes: a reversal response mediated by the

anterior mechanoreceptor neurons ALML, ALMR and AVM, and a forward

acceleration response mediated by the posterior mechanoreceptor neurons PLML and

PLMR (Wicks and Rankin, 1995) (see Figure 3.5 E). Habituation training results in a

progressive decrease in the magnitudes of both the ALM/ AVM-dependent reversal

response and the PLM-dependent acceleration response. Since the ALM/AVM

component appears to habituate faster than the PLM-dependent component, this also

leads to a decrease in reversal frequency (Wicks and Rankin, 1996). The decrement in

reversal frequency was enhanced by dop-1 and cat-2 loss-of-function mutations, and

the dop-1 mutant defect was rescued by expression of functional receptor in the touch

receptor neurons.  Thus, the DOP-1 receptor may function within the ALM neurons to

regulate habituation of the reversal response negatively, perhaps by decreasing its

touch sensitivity and/ or synaptic output. Since the rate of habituation of the PLM-

dependent acceleration component would also affect changes in reversal frequency, it

is possible that the dop-1 phenotype could also involve modulatory actions of

dopamine on processes taking place within the PLM neurons. In the future, optical
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imaging studies of neuronal activity during habituation (Kerr et al., 2000) should

provide a deeper insight into the cellular basis for the dop-1 phenotypes.

ALM and PLM are not postsynaptic to the dopamine neurons; however, the

dopamine-containing CEP and PDE neurons receive significant synaptic input from

ALM and PLM, respectively, and their processes are closely apposed in the nerve ring

and ventral nerve cord. Previous laser ablation studies (Sawin, 1996) support the

notion that dopamine can function as a neurohumoral agent in C. elegans.  Moreover,

it is possible that the dopamine transporter CeDAT in the dopamine neurons may

mediate extrasynaptic secretion of dopamine, in a manner similar to that recently

observed for the mammalian dopamine transporter (Falkenburger et al., 2001). Thus,

we hypothesize that dopamine could be released humorally from the CEPs to

modulate ALM function and from the PDEs to modulate PLM function. Synaptic

input from the touch neurons could control the release of dopamine from the CEP and

PDE neurons, which could in turn serve as a feedback loop to modulate the activity

and habituation properties of the touch circuit (see Figure 3.5 E). Additionally, the

CEP and PDE dopamine neurons themselves have been implicated in sensing the

tactile presence of bacteria (Sawin et al., 2000); thus, dopamine neurotransmission

through DOP-1 receptors could serve to mediate functional interactions between these

two distinct mechanosensory modalities.

In conclusion, the demonstration that dop-1 plays a role in the kinetics of

habituation without affecting habituation itself indicates that habituation to ‘tap’ is not

simply the result of desensitization of a single molecular component, but rather an
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active process, which includes DOP-1 signaling. The role of dop-1 in the habituation

of mechanosensory and olfactory responses (WMNuttley and DvdKooy, unpublished)

may be part of a logical behavioral circuit to optimize food-foraging strategies without

directly affecting food sensing per se (Sawin et al., 2000). The results presented here

provide evidence that dopamine can modulate behavioral plasticity in C. elegans and

raise the possibility that dopamine acts as a neurohumoral agent that regulates

habituation in C. elegans.  This may be a general principle that is applicable to more

complex nervous systems. For example, the involvement of dopamine in behavioral

plasticity and learning has been well documented in vertebrates. The parallels between

dopamine’s role in the behavioral plasticity processes of such phylogenetically diverse

animals suggests that the analysis of DOP-1’s role in habituation may provide

important general insights into the molecular basis of dopaminergic modulation of

behavioral plasticity.

3.5  METHODS

Nematode strains, cell culture and transfection

All C. elegans strains were cultured by standard methods (Brenner, 1974). cat-

1(ok411), cat-2(e1112) and cat-4(e1141) were obtained from the Caenorhabditis

Genetics Centre (University of Minnesota, St Paul, MN, USA).

COS-7 and CHO-K1 cells were cultured in alpha-minimum essential medium

(a-MEM) supplemented with 10% fetal bovine serum (FBS) and with 2.5% FBS,
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2.5% horse serum, respectively.cDNAs encoding receptors were subcloned into the

expression vector pRSV/Rc (Invitrogen Life Technologies, Burlington, Ont., Canada)

and transfected into the cells using LipofectAMINETM according to recommended

protocols (Invitrogen Life Technologies, Burlington, Ont., Canada).

High-performance liquid chromatography

Dopamine, serotonin and their metabolites were measured in mixed-stage

populations of C. elegans by a coulometric method using HPLC (for details, see

Supplementary data).

Pharmacological and functional studies

[35S]GTP-γ-S binding assays were performed as described previously

(Oldenhof et al., 1998) on membrane preparations of COS-7 cells harvested 48 h after

transfection with the different DNA constructs. To determine the effect of cholera

toxin (CTX) and pertussis toxin (PTX) on agonist-induced [35S]GTP-γ-S stimulation,

transfected cells were preincubated with either CTX (100 ng/ml) or PTX (100 ng/ml)

for 24 h prior to harvesting.

The ability of the cloned receptors to increase intracellular cAMP

accumulation was assessed 24 h after transfection of the DNA constructs as described

by us previously (Asghari et al., 1995).  Functional coupling of dop-1 to Kir3.2

channels was assessed in Xenopus oocytes as described previously (Schoots et al.,
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1999). cRNA was synthesized in vitro from dop-1, human Kir3.2, goa-1 and gsa-1

(kind gift from Dr RH Plasterk, The Hubrecht Laboratory and Center for Biomedical

Genetics, Utrecht, The Netherlands). Isolated oocytes were injected with

approximately 10 ng of the desired cRNAs. Currents were recorded 48–72 h after

injection. The dop-1 receptors expressed on the oocytes were exposed to 1 mM

dopamine or (nor)epinephrine in the recording solution.

Derivation of dop-1 deletion mutants

A dop-1 deletion mutant was detected in a C. elegans deletion library

(Ginzburg et al., 2002) generated by UV-TMP mutagenesis (Gengyo-Ando and

Mitani, 2000). Two sets of nested PCR primers, located at 845 bp upstream from the

initiation codon and the TM5 region of the dop-1 receptor gene, spanning 3.6 kb of

genomic DNA, were used to detect a deletion that generated a 750 bp product. The

corresponding mutant was isolated as a homozygote by standard sib-selection

methods. The PCR product from this mutant was sequenced and revealed a deletion of

2.4 kb spanning from upstream of the translation initiation codon to the end of TM4 in

the dop-1 gene (nucleotide -533 to nucleotide +1872, as measured from the position of

the initiation codon). The dop-1 mutant homozygous for the deletion was backcrossed

into wild type (N2) and twice into him-5(e1490) V to generate NW1583 dop-1(ev748)

X; him-5(e1490) V.
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dop-1::gfp and dop-1 rescue constructs

A 3.6 kb genomic DNA fragment, containing the promoter (1.7 kb upstream of

translation initiation methionine) up to and including most of exon II, was inserted in

frame into the XmaI–KpnI site of a GFP vector, pPD95.79 (kindly provided by A Fire,

Carnegie Institution of Washington, Baltimore, MD). Cell bodies of neurons in the

head that express dop-1::gfp were localized relative to chemosensory amphid neurons

that take up lipophilic dyes such as DiI, DiO, FITC and rhodamine (Hedgecock et al.,

1985). A rescue construct containing the entire dop-1 gene (4.5 kb) plus the 1.7 kb

promoter sequence was created by replacing the GFP portion of the construct with a

BamHI–KpnI fragment containing the remainder of the dop-1 gene (exon 2–exon 9)

(pVTDOP1.R1). Another dop-1 rescue construct using the mec-7 promoter (pmec-7)

was created by cloning a PCR-amplified pmec-7 fragment (nucleotide -14 to -852

from the initiation codon) in the SalI/ApaI restriction sites of pD95.79 followed by

insertion of dop-1 gene sequences downstream from nucleotide +47 (ApaI/KnpI

fragment) (pVTDOP1.R2).

Derivation of transgenic lines

Extrachromosomal arrays of dop-1::gfp and rol-6(su1006) were generated by

comicroinjection of the DNAs into wild type (N2) or him-5(e1490) hermaphrodite

gonads containing oogonia (Mello and Fire, 1995). F1 and F2 transformants were

selected based on the dominant rolling phenotype induced by rol-6(su1006). Similarly,

the dop-1 rescue strains NW1584 dop-1(ev748) X;him-5(e1490) V;evEx153[sur-5::gfp
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pVTDOP1.R1] and NW1632 dop-1(ev748) X;him-5(e1490) V;evEx153[sur-5::gfp

pVTDOP1.R2] were generated by coinjection of the pVTDOP1.R1 and pVTDOP1.R2

rescue constructs with sur-5::gfp into dop-1(ev748) X;him-5(e1490) V.  Transformants

were selected based on positive GFP expression.

Microscopy

GFP-expressing transgenic animals were immobilized using 1 mM levamisole

and transferred to a 1% agarose pad on a glass slide. GFP was visualized with a Leica

DMRXE microscope (Leica Microsystems Inc., Bannockburn, IL) equipped with a

broad-pass I3 FITC filter. In some cases, serial optical sections were acquired with an

Olympus Inverted IX-70 microscope equipped with fluorescence optics and

Deltavision Deconvolution Microscopy hardware and software (Applied Precision

Inc., Issaquah, WA).  Images were deconvolved and then 3D reconstructions were

made using the Deltavison software.

Behavioral studies

Analysis of tap responses. To assay the tap response, hermaphrodite worms at

the fourth larval stage were selected and placed on NGM plates containing OP50 for

approximately 24 h. Next, each worm was transferred to new NGM plates. These

plates were prepared by adding 60 ml saturated OP50 culture solution to the surface of

the plate and allowing it to dry for 1 h at room temperature. Plates were secured to a
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computer-controlled tapping and tracking system, which administered taps of 6 mJ at

selected time intervals (for details, see Supplementary data). Prior to the training

sessions, the worms were allowed to adjust to the plate for 1 h. In the next 20 min the

animals were assessed for behavior. Recordings of spontaneous reversal behavior

under these conditions did not reveal significant differences between mutant and

control animals.

Reversal frequency was defined as the number of reversals at a given stimulus

number divided by total number of data points at that stimulus. Missing data points

occurred if the worm was already reversing at the time of the stimulus or if the tracker

failed to record the animal’s position accurately due to a twisted or coiled body

posture. The average number of data points per stimulus (out of 40 possible) were:

wild type (N2)—38.3, dop-1(ev748) X;him-5(e1490) V;evEx153[sur-5::gfp

pVTDOP1.R1]—38.2, dop-1(ev748) X;him5( e1490) V;evEx153[sur-5::gfp

pVTDOP1.R2]—36.9, dop-1(ev748) X;him-5(e1490) V—38.2. On graphs error bars

represent s.e.m.; for reversal frequency, s.e.m. was calculated using the Bernoulli

random variable method. The χ2 test was performed on the fraction of reversals in wild

type versus mutant or mutant versus rescue over the interval of tap stimuli 2–13.

Egg-laying assays. Three separate drops (40 ml each) of M9 media alone, or

M9 containing drugs (2.5 mM 5-HT, 1 mM dopamine), were placed on a 100 mm

petri dish. All drugs were made fresh in M9 buffer immediately prior to assay. Three

adult worms (24–48 h post L4 stage) were picked and placed into each drop of media

and the number of eggs laid per drop was determined after 20, 40 or 60 min.
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Dopamine-induced immotility assay. Assay plates were made by adding

dopamine at a final concentration of 0–20 mM to 1.5% agar-noble in 10 mM HEPES,

pH 7.2 (melted and cooled to 501C). As has been documented extensively by others,

the relatively high concentrations of drugs are required to elicit a response in the

behavioral assays because the cuticle is relatively impermeable to these substances.

Approximately 10 adult worms from a synchronized population were transferred to a

marked center location of the plate. After an incubation period of 40 min at 211C, the

animals were scored as mobile, immobile or unresponsive. The worms that were able

to complete sinusoidal body motions and move from their position during the 10–20 s

observation period were considered mobile. Worms were considered immobile if they

were motionless but responded to a gentle touch, or if the tail region of the animal

moved but there was very little positional change on the plate. Only animals that were

responsive to a gentle touch were calculated in the % immotility. The nonresponsive

rate (unresponsive:responsive) was 0.089 for wild type (N2), 0.081 for him-5 and

0.088 for dop-1; him-5. The agar plates were not used beyond 4 h post dopamine

addition.

Food-sensing behavior assay. The food-sensing behavior assays were

performed as described in Sawin et al., (2000).
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3.6  SUPPLEMENTARY RESULTS

3.6.1  Isolation of putative amine receptor cDNA clones

Potential amine receptors in the C. elegans genome were identified by virtue of

their homology to human dopamine D2 receptor sequence, using the TBLASTN

algorithm (Altschul et al., 1997). Receptor exons were predicted with the FGENEN

algorithm of GeneFinder (Solovyev and Salamov, 1997). The 3’ ends of the putative

amine receptors were cloned from RNA isolated from C. elegans by Rapid

Amplification of cDNA Ends (RACE) using gene-specific primers directed against the

predicted seventh transmembrane segment (TM7). As many C. elegans genes share a

conserved, trans-spliced non-coding leader sequence SL1, we used RT-PCR with an
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SL1-specific forward and third transmembrane segment (TM3)-specific reverse primer

to clone 5’ ends. This was successful for 8 of 13 candidate genes. The remainder were

cloned by 5’ RACE with a TM3-specific reverse primer. In several cases, including

F15A8.5 (dop-1), nested PCR was used in order to obtain unique and specific RACE

products. Full length cDNAs were then cloned by RT-PCR after start and stop codons

were unambiguously determined from 5’ and 3’ RACE products. For F15A8.5, two

PCR products were observed under all PCR conditions (Supplementary Fig. 1), and

both of these products were cloned.

3.6.2  Pharmacological analysis of DOP-1

Additional ligands with known agonist and antagonist activity on mammalian

D1 receptor were tested for their activity on DOP-1 employing the GDP-GTP

exchange assay ([35S]GTP-γ-S binding) as described in the materials and methods in

the manuscript. The data show that dopamine, as well as the D1 agonists A68930,

SKF81297, and the D1 antagonist SCH23390 stimulate [35S]GTP-γ-S binding (Figure

2). The difference in efficacy for different compounds between [35S]GTP-γ-S binding

and cAMP measurements is commonly seen and likely related to the substantial

amplification in the cAMP response measurements and suggests that SCH23390 is a

partial agonist and A68930 a full agonist (e.g. Payne et al., 2002). SKF81297 appears

to function as a partial agonist on DOP-1. The D1/D2 antagonist clozapine behaves

unusual in that at 10 mM it does not stimulate [35S]GTP-γ-S binding but can reduce

dopamine-induced [35S]GTP-γ-S binding, suggesting that at this concentration it
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behaves as an antagonist. However, at a higher concentration (30 mM) clozapine can

stimulate [35S]GTP-γ-S binding, suggesting that clozapine at high concentrations

behaves as a weak partial agonist on DOP-1. None of the compounds at any of the

used concentrations could elicit a response in COS-7 cells transfected with the control

vector pRcRSVneo.

3.6.3  Habituation to mechanosensory stimuli

To address whether the experimental protocol performed in our studies

accurately reflect the ‘tap’ habituation protocol as described by Dr. Rankin and

colleagues (for review see Rose and Rankin, 2001), we examined both the reversal

rate (i.e. the fraction of animals executing a reversal response following a stimulus)

and the reversal distance (the average distance traveled by those animals executing a

reversal) following repeated stimulation (It should be noted that previous studies

reporting reversal distance (e.g. Rose and Rankin, 2001) averaged in a 0 value for non-

reversing animals, making their measurement essentially the product of our two

parameters). We observed that both reversal rate and reversal distance decreased upon

repeated stimulation (Supplementary Figure 3). Moreover, we observed that the

decrease in reversal rate was more rapid when the training was performed with a

shorter interstimulus interval (Supplementary Figure 3), suggesting that the decrement

in reversal responses in our experiments indeed represents habituation as described in

previous studies (Rose and Rankin, 2001). Interestingly, the reversal distance in the

dop-1 mutant animals is less prominently affected as reversal rate (Figure 3). This
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suggests that the dop-1 mutant animals unmask dissociation between reversal rate and

distance and that the decreases in reversal rate and reversal distance may represent

functionally distinct aspects of tap habituation.

3.7  SUPPLEMENTARY METHODS

High Performance Liquid Chromatography (HPLC)

Dopamine, serotonin and their metabolites were measured by a coulometric

method using high performance liquid chromatography (HPLC) (Spectrophysics

SP8800 HPLC pump, ThermoFinnigan, Mississauga, Ontario, Canada) and

electrochemical detection (ESA Coulochem 2, ESA, Chelmsford, MA, USA) with

coulometric cells (ESA guard cell 5020 and analytical cells 5010 & 5011 in series).

The eluent consisted of sodium acetate buffer (0.1M, pH3.9) octane sulphonate

(0.8mM), EDTA (0.1mM) and 4% methanol (Sigma St Louis, MO, USA) at a flow

rate of 0.5 ml/min, through a reverse phase ODS spherosorb column (250 x 4.7mm,

5mm) (Hichrom, Theale, Berkshire, UK). Simultaneous analysis of dopamine,

serotonin and their metabolites was achieved by selective electrochemical oxidation at

+400mV followed by serial reduction at potentials of -200mV and -400mV. Mixed

stage populations of C. elegans strains were grown on NGM containing bacterial lawn

(OP50), harvested in 10 ml M9 media, and transferred to NGM plates without

bacterial lawn for 1 to 3 hrs to minimize contribution of intestinal contents to the

amine measurements. Next the animals were harvested and washed in 10 ml M9,

weighed and frozen at -80°C. The samples were sonicated in 200:l perchloric acid
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0.1N and centrifuged at 17,000 xg for 15 min. Samples were filtered 0.45:m, cooled to

4oC and 100ml injected using an autosampler (Spectrophysics AS3000,

ThermoFinnigan, Mississauga, Ontario, Canada). Identification and quantification of

dopamine, serotonin and their metabolites was achieved by comparing peak areas and

retention times (dual channel data acquisition Spectrophysics SP4050 and Winner on

Windows chromatography software, ThermoFinnigan, Mississauga, Ontario, Canada)

with the respective peak characteristics of commercial standards (Sigma St Louis,

MO, USA) (quantified as individual, multiple mixed standard and spiked sample

injections) to verify retention times and quantify amine levels.

Behavioral Studies

Analysis of tap responses. Animals were tracked using a Zeiss Stemi 2000-c

Stereomicroscope with a Cohu High Performance CCD video camera with a capture

rate of 2 frames/sec. A computer-controlled tracker (Parker Automation, SMC-1N)

placed the worm in view during the 5 minute 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 second 30 times to

achieve a 10 sec 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.

Grayscale images were processed using image processing software (J.Feng,

unpublished). Briefly, the algorithm converts an eight-bit grayscale image into a
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binary image. This binary image is then thinned into a skeleton and finally into a set of

30 backbone points. To score a reversal, three qualifiers were used. First, at time t, the

last backbone point must be between the last two backbone points at t+1. Second, the

first backbone point at t, must be between the first and second backbone points at t+1.

Third, distance the first backbone point travels must be greater than 3.3% of the

worm’s body length. The start of a reversal response to a tap was scored in the time

interval, 0.5 sec before the tap to 2 sec after for a non-reversing worm. The end of a

reversal is marked by a change in direction or no movement for at least 1 sec.

Genotype-blind observer scoring of behavioral responses (scored from videotape

recordings) yielded results indistinguishable from those obtained by the automated

system (Supplementary Figure 3.3).
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Figure 3.1: Catecholamines stimulate DOP-1
(A) Stimulation of DOP-1L by various biogenic amines as measured by [35S]GTP-γ-S
binding in COS-7 cells. Each bar represents the normalized mean7s.e.m. of triplicate
values after subtracting mean baseline levels. (B, C) Dopamine-, epinephrine-and
norepinephrine-mediated [35S]GTP-γ-S binding in COS-7 cells expressing DOP-1L
(B) and DOP-1S (C). Data points represent normalized mean+/-s.e.m. of triplicate
values.
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Figure 3.2: DOP-1 functionally couples to Gαs in heterologous expression
systems
Top panels: (A) Dopamine-mediated stimulation of [35S]GTPγ-S binding in DOP-1-
expressing COS-7 cells was inhibited by preincubating cells with 0.1 mg/ml CTX but
not by 0.1 mg/ml PTX for 24 h post-transfection. Each bar represents the mean+/-
s.e.m. (n 1/4 3). (B) Dopamine increases intracellular cAMP levels in a concentration-
dependent manner in CHO-K1 cells expressing dop-1l or dop-1s. The graph represents
a typical observation for DOP-1S. Each data point represents the mean+/-s.e.m. of
triplicate measurements. Similar curves are obtained for DOP-1L (not shown). (C)
Stimulation of Kir3.2 by DOP-1 in Xenopus oocytes requires Gsα expression. Shown
are the current traces of oocytes expressing dop-1l, Kir3.2 (human) and Gsα (bovine)
or goa-1 (inset). DA is 1 mM dopamine in KD98. The recording solution is KD98 (98
mM KCl, 1 mM MgCl2, 5 mM K-HEPES, pH 7.5). (D) Summary of the experiments
for the expression of the channel with the receptor and the different G protein subunits
(Gsα (bovine), gsa-1 and goa-1 (C. elegans)). The data are expressed as percentage
activation over basal (mean+/-s.e.m.; nX10). (E) Dose–response curve for DOP-1L-
mediated activation of Kir3.2 by dopamine. Each data point is the mean+/-s.e.m.
(nX5). Similar curves are obtained for DOP-1S (not shown).
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Figure 3.3: Pharmacological profile of DOP-1
(A) Effect of various mammalian dopamine receptor agonists and antagonists on
DOP1L-stimulated cAMP accumulation was evaluated alone or in the presence of 1
mM dopamine. (B) Dose–response curves for DOP-1Lmediated cAMP accumulation
by dopamine in the presence or absence of cis-flupenthixol are shown in the lower
panel. The inset in the lower panel shows the dose–response curve for cisflupenthixol
on DOP-1L. Each bar or data point on the curves represents mean+/-s.e.m. for
triplicate measurements.
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Figure 3.4: Expression of dop-1::gfp in wild-type animals
The dop1::gfp construct and corresponding transgenic animals were made as
described in Materials and methods. The tip of the head is to the left in all panels. (A)
The PLM neuron (open arrowhead) has a process that extends into the tip of the tail
(arrows to the right of the cell body). The PHC neuron (closed arrowhead) has axons
(small arrows to the left) that extend into the ventral nerve cord. (B) ALM neuron
expressing dop-1::gfp. (C) The head of a dop-1::gfp animal labeled with Di-I to stain
certain amphid chemosensory sensory neurons. The most posterior of these neurons is
ASI, which is just anterior to ASH. Three of the dop-1::gfp-expressing neuron cell
bodies in the head are found between ASI and ASH and are tentatively identified as
RIM (arrow), AUA (open arrowhead) and RIB (closed arrowhead).
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Figure 3.5: Tap response and habituation in dop-1 mutants
For all the indicated genotypes, 40 hermaphrodites were subjected to tap stimulation
with a 10 s interstimulus interval (ISI), and their behavioral responses were scored
using an automated tracking system. (A) Reversal rate of wildtype, cat-2, dop-1
mutant strains. (B, D) Reversal rate for dop-1 and dop-1 + Ex[Pdop-1::dop-1] (B),
and dop-1;him-5 and dop-1;him5 + Ex[Pmec-7::dop-1] rescue (D). (C) Reversal rate
for cat-2 and cat-2 rescued with exogenous dopamine. The graphs indicate the rate
(out of the total number of trials) with which the indicated strain reversed in response
to a tap stimulus. Error bars represent s.e.m. A χ2 test was performed on the fraction of
reversals in wild type versus mutant or mutant versus rescue over the interval tap
stimulus 2 to tap stimulus 13. With a Bonferroni correction for multiple comparisons,
we found P-values <0.0001 for cat-2(e1112) versus wild type (N2), P<0.0005 for
dop1( ev748);him-5(e1490) versus dop-1(ev748);him-5(e1490) + Ex[Pmec-7::dop-1]
rescue, P<0.005 for dop-1(ev748) versus dop-1(ev748) + Ex[Pdop-1::dop-1] and
P<0.0001 for cat-2(e1112) versus cat-2(e1112) + dopamine. (E) Diagram of the tap
avoidance circuitry. Hypothesized humoral signaling between dopamine neurons and
dop-1-expressing mechanosensory neurons is indicated.
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Figure 3.6: Behavioral analysis of dopamine-modulated behaviors in dop-1 C.
elegans mutants
(A) Analysis of the slowing response, as measured by the number of body bends per
min (Y-axis), of control animals (him-5; white bars) and dop-1 mutants (black bars)
before (-bacterial lawn) and after entry ( + bacterial lawn) into the bacterial lawn. (B)
Block of serotonin-induced egg laying (2.5 mM) by dopamine (1 mM) in him-5
control animals (white bars) versus dop-1 mutants (black bars). The amount of eggs
laid per animal after 20 min is plotted on the Y-axis. (C) Dopamine-induced
immobilization of the control strains N2 (white bars) and him-5 (gray bars) compared
to the dop-1 deletion strain (black bars). The concentrations of dopamine used in the
analyses are indicated on the X-axis and the percentage of immobile animals on the Y-
axis. Because the dop-1 mutant animals are in a him-5 genetic background, we used
him-5 animals as control (see Materials and methods). The bars in the different
experiments represent the mean+/-s.e.m.
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Supplementary Figure 3.1: Genomic organization of the dop-1 gene
Exons are indicated as open boxes. The putative transmembrane regions of DOP-1 are
shaded in the boxes. The initiation and stop codons are indicated. The position of the
exon boundaries are indicated by nucleotide numbers as derived from the position in
the C. elegans cosmid F15A8 (NCBI; Genbank; accession U97549). The initiation
codon is located at position 9978 of the minus strand of cosmid F15A8. The mature
RNA is generated by splicing together 9 exons of which exon 5 is alternatively spliced
generating dop-1l and dop-1s. Analysis of the predicted protein sequence using
SMART (Schultz et al., 1998) identified the prototypical seven-TM structure of G
protein-coupled receptors (GPCR). The overall sequence similarity to the human
dopamine D1 and D2 receptors is low and the highest level of conservation (35% to
40%) is within the transmembrane domains. The location of the primer pairs for the
detection of the dop-1(ev748) deletion are indicated by arrows. The deleted region for
dop-1(ev748) and the alternatively spliced exon 5 are indicated. The right panel shows
the alternatively spliced dop-1 gene products as detected by RT-PCR on total RNA
from mixed stage C. elegans populations.
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Supplementary Figure 3.2:  Pharmacological profile of DOP-1L for various D1
agonists and antagonists as measured by their ability to modulate [35S]GTPγS
binding in COS-7 cells
The concentration of the drugs is indicated in the graph. The data are expressed as
percentage change over unstimulated [35S]GTP-γ-S incorporation (baseline) and
represent the mean  +  SEM of minimally triplicate measurements.
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Supplementary Figure 3.3: Reversal frequency of wild-type C. elegans (n2) at 10s
and 60s ISI ‘tap’ training and comparison of reversal distance between wild-type
(n2) and dop-1(ev748) X; him-5(e1490) V  (dop-1;him-5) at 10 sec ISI training
(A) Reversal frequency at 10s ISI recorded and scored using the algorithms used for
all previous automated ‘tap’ assays (dark grey), and using visual scoring of wild-type
animals at 10 sec ISI (light grey) and 60s ISI (white). Asterisks indicate significant
differences from 10s ISI visual scoring for the mean reversal rate (expressed as
percentage of total number stimuli) in the tap interval indicated on the horizontal axis
of the graph (* P <0.005, ** P <0.001). Error bars represent SEM. n=10 for visual
scoring, n=40 for automated scoring. (B) Reversal distance (mm) for both wild-type
(n2) and dop-1 mutant (dop-1; him-5) animals. Error bars represent SEM, n=40. For
visual scoring animals were prepared as in automated scoring (see Materials and
Methods). Reversal frequency scored visually was the same as found in automated
scoring. 60 sec ISI recording were identical to 10 sec ISI recording except animals
were stimulated at 1minute intervals. Reversal distances were scored using the
automated system. Average reversal distance does not include non-reversal events,
only actual reversal distances at each stimulus number.
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Chapter 4

Dopamine mediates context-dependent modulation of

sensory plasticity in C. elegans

4.1  ABSTRACT

Among the simplest forms of selective attention is habituation, a process by

which repeated stimulation leads to an attenuation of response to that stimulus. In the

nematode C. elegans, repeated mechanosensory stimulation of neurons sensing gentle

body touch leads to habituation of an escape reflex triggered by these touch receptors.

We have found that the presence of a bacterial lawn modulates mechanosensory

habituation, such that animals in the absence of food habituate much more rapidly than

animals in the presence of food. This contextual information is provided by different

mechanosensory neurons that sense the presence of bacteria, and requires

extrasynaptic dopamine signaling between these bacteria-sensing neurons and the

body touch receptors. The body touch receptors’ response to dopamine involves the

D1-like dopamine receptor DOP-1, a Gq-coupled phospholipase C-β signal

transduction pathway, and ER calcium release within the touch neurons, and

ultimately leads to regulation of whole-cell responsiveness and/or excitability.

Interestingly, the body touch receptor neurons can themselves excite the dopamine

neurons, suggesting sensory feedback could be integrated with contextual cues directly

sensed by the dopamine neurons to modulate mechanosensory attention.
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4.2  INTRODUCTION

Habituation is a fundamental yet ubiquitous form of non-associative learning

and memory that allows organisms to ignore irrelevant, repeated stimulation. It has

been studied and characterized in multitude of organisms including the invertebrates

Drosophila and Aplysia, and higher mammals (Cho et al., 2004; Geer, 1966; Pinsker et

al., 1970; Thompson and Spencer, 1966). The commonality of habituation among a

wide range of organisms suggests that the underlying cellular and molecular

mechanisms for this phenomenon have been conserved through evolution. Although

habituation is considered a ‘simple’ form of learning, is it clear that this process is

mechanistically quite complicated. Surprisingly little is known about the genetics and

underlying mechanisms of habituation in any organism.

In the nematode C. elegans, paradigms for habituation have been defined most

thoroughly for escape behaviors evoked by gentle body touch (Rankin and Broster,

1992; Rankin et al., 1990). Gentle touch to the anterior body region of C. elegans

evokes backward locomotion away from the stimulus, a response known as a reversal,

while posterior touch stimulates forward movement, or acceleration. When worms

receive a non-localized mechanical stimulus, such as there is a competition between

the forward and backward reflexes. In C. elegans naïve wildtype animals the

predominant (90%) initial response to a non-localized tap to the culture plate is a

reversal, but after repeated stimulation there is a decrease in both the frequency of

reversals and a diminution of reversal magnitude (i.e. the backward distance traveled).

The kinetics of habituation and recovery are strongly affected by the inter-stimulus
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interval (ISI) and rest periods; while habituation induced by single blocks of training

with short ISI lasts only minutes, longer term memory (up to >24 hours) can be

induced with protocols using a longer ISI or containing rest periods between training

blocks (Rose et al., 2003; Rose et al., 2002). In some protocols, habituation can be

made context-dependent, leading to a simple form of associative learning (Rankin,

2000; Rankin et al., 1990).

The neural circuit required to mediate the gentle touch and tap escape

responses has been defined by laser ablation, genetic, and more recently, physiological

studies. Here, five primary sensory neurons, called touch receptors direct their

synaptic output to a network of four pairs of interconnected interneurons that act on

motor neurons promote forward and backward movement (Chalfie and Au, 1989;

Chalfie et al., 1985; White, 1986). In response to anterior stimulation, the touch cells

ALM and AVM become depolarized; these neurons make gap junctions (presumably

excitatory) with the interneurons AVA and AVD which promote forward movement,

and make chemical synapses with the AVB and PVC interneurons that promote

forward movement. The converse pattern is seen for the posterior PLM touch

receptors; they make gap junctions with the forward command interneurons, and

chemical synapses with the backward command interneurons (Chalfie et al., 1985;

White, 1986; Wicks and Rankin, 1995). It has been proposed that changes in the

strength of the chemical synapses in this circuit 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.
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Mechanosensory habituation in C. elegans is modulated by dopamine (Sanyal

et al., 2004). Specifically, mutants defective in dopamine signaling habituate faster

than wildtype animals, an effect mediated at least in part by a D1-like dopamine

receptor (DOP-1) functioning in the touch sensory neurons (Sanyal et al., 2004). In

this study, we show that this modulation of habituation by dopamine involves changes

in the overall responsiveness of the touch neurons. In addition we identify a PLCβ-

mediated signaling cascade that functions in this process and demonstrate a role for

ER calcium release in controlling touch neuron activity. Finally, we demonstrate that

dopaminergic neurons are involved in the mechanosensory detection of a bacterial

lawn, a sensory input that provides important context information for the regulation of

touch neuron habituation.

4.3  RESULTS

4.3.1  Tap habituation results in changes in excitability of the touch receptor

neurons

We showed previously that mutants defective in the dopamine receptor DOP-1

or in the synthesis of dopamine habituated more rapidly to repeated tap stimulation

than wild-type animals ((Sanyal et al., 2004); Figure 4.1 A)). Since dop-1 mutant

animals recovered normally from habituation (Figure 4.1 A), dopamine signaling

appears to specifically modulate the kinetics of tap habituation. In the previous study,

expression of dop-1(+) in the touch sensory neurons was shown to be sufficient to

rescue the habituation phenotype.
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To determine how the DOP-1 receptor might act in the touch neurons to

modify their functional properties we used in vivo calcium imaging to measure neural

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 record touch induced calcium transients from the cell

bodies of ALM and PLM neurons. When we trained wild-type animals by anterior

touch stimulation with a 10 second inter-stimulus interval (ISI) we observed a

decrease in the ALM response with repeated stimulation (Figure 4.1 B, C), as reported

previously (Suzuki et al., 2003). Using the same protocol, we found that the response

of the anterior touch cells (ALMs) diminished at a faster rate in dop-1 mutants

compared to wildtype controls (Figure 4.1 C). A similar phenotype was observed in

cat-2 mutants, which are defective in the synthesis of dopamine (Figure 4.1 E). These

results paralleled the fast habituation phenotype observed at the level of behavior, and

indicated that the effect of dopamine signaling on touch habituation occurred at a step

between touch sensation and cell body calcium entry. Since previous

electrophysiological data indicated that the mechanotransduction apparatus does not

desensitize (O'Hagan et al., 2005), these results are consistent with the possibility that

dopamine modulates habituation-induced changes in sensory neuron excitability.

In principle, the tap 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 imaged from PLM

neurons following repeated buzz stimulation, we found that the rate at which touch
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induced calcium transients were attenuated in PLM was not altered in dop-1 mutants

compared to wildtype (Figure 4.1 D). These results suggest that dopamine may be

required specifically to modulate anterior, but not posterior touch neurons, and are

consistent with previous ablation data which indicates that the anterior and posterior

avoidance responses may habituate through different cellular and molecular

mechanisms (Wicks and Rankin, 1996).

4.3.2  Gq-alpha signaling is required downstream of DOP-1 for tap habituation

Previously it has been shown that DOP-1 acts cell autonomously in the touch

neurons to slow habituation (Sanyal et al., 2004). In order to learn more about the

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

examined the tap learning defects of Go (goa-1), Gs (gsa-1) and Gq (egl-30) alpha-

subunit mutants. We observed that that Gq-alpha loss-of-function mutants, like to dop-

1 mutants, habituated more rapidly than wild-type animals to tap (Figure 4.2 A). We

also assayed tap habituation in egl-8 mutants, which are defective in phospholipase C-

beta (PLC-β), the putative downstream effector of egl-30. We observed that egl-8

mutants also had a fast habituation phenotype similar to that of egl-30 (Figure 4.2 B).

Finally, we tested the diacylglycerol kinase mutant dgk-1, which encodes a molecule

thought to antagonize PLC-β signaling, and we found that these mutants were

habituation-defective, a phenotype opposite of dop-1, egl-30 and egl-8 mutants

(Figure 4.2 B). Together, these data indicate that DOP-1 couples to the Gq-alpha

signaling pathway in touch neurons to modulate tap habituation. Interestingly, DOP-1
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was shown previously to couple to the EGL-30 Gq pathway in the C. elegans motor

neurons that regulate locomotion (Chase et al., 2004), and mammalian dopamine

receptors have also been shown to act through this pathway (Felder et al., 1989; Lee et

al., 2004; Lezcano et al., 2000; Pacheco and Jope, 1997; Zhang et al., 2005)

PLC-β functions as a signaling molecule by hydrolyzing PIP2 to produce the

second messengers diacylglycerol (DAG) and inositol triphosphate (IP3) (Figure 4.2

E). In many systems a key effector of DAG is protein kinase C (PKC) (Carr et al.,

2002; Yang and Kazanietz, 2003). In C. elegans there are three neuronal PKCs:  two

nPKCs, activated by DAG, PKC-1/TTX-4 (nPKC-epsilon/eta) and TPA-1 (nPKC-

delta/theta), and one cPKC, PKC-2 (PKC-alpha), activated by both calcium and DAG.

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). 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 4.2 C). In

contrast, pkc-2 animals showed normal habituation, and tpa-1 mutants were slightly

touch insensitive but had an overall normal rate of tap habituation (Supplementary

Figure 4.1 A, B).

To determine if egl-30 and pkc-1 mutants, like dop-1 mutants, affected the

touch neuron excitability, we assayed their in vivo calcium response to repeated touch

stimuli. Here we found that similar to dop-1 mutants, egl-30 and pkc-1 mutants

showed a more rapid reduction in touch cell response compared to wildtype (Figure

4.2 E). In contrast, tpa-1 mutants showed normal calcium transients in the touch cells
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before and after habituation (Supplementary Figure 4.1 C). Together, these data

suggest that dop-1, egl-30 and pkc-1 are encode components of a signaling pathway in

the touch cells that mediates dopamine-induced modulation of the touch habituation.

4.3.3  Calcium is an important modulator of touch neuron habituation

Analysis of the behavior of worms expressing the calcium sensor cameleon in

their touch receptor neurons suggested 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 touch cells habituated faster than

animals expressing a low calcium affinity version cameleon (YC3.12) (Figure 4.3 A).

YC3.12 is identical to YC2.12, except one of the four conserved Ca2+ binding sites in

calmodulin is mutated (Miyawaki et al., 1997), which leads to smaller FRET signals

but faster release of calcium ((Suzuki et al., 2003), Supplementary Figure 4.2 A).

Likewise, in animals expressing the high affinity (YC2.12) cameleon, we also found

little difference between dop-1 and wildtype animals in the attenuation of touch-

induced calcium transients following repeated touch stimulation (Supplementary

Figure 4.2 B). Since 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 touch learning.

Previously it was shown that mutations in calreticulin (crt-1), a molecule

important for ER calcium homeostasis, increase the rate of habituation to gentle touch

(Xu et al., 2001). We observed that crt-1 mutant habituate also more rapidly to non-



113

localized tap stimuli (Figure 4.3 C). This defect could be significantly rescued by

expression of crt-1(+) in the touch neurons, implicating the touch cells as the site of

crt-1 function (Figure 4.3 C). We also assayed tap habituation in mutants with partial

defects in ER calcium release, including reduction-of-function mutants in the inositol

triphosphate receptor (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, but no significant defect in the unc-68 mutant (Figure 4.3 B, D). These results

are consistent with a role for IP3, another Gq/PLC-β effector that can activate 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 neuron calcium transients evoked by mechanical

stimuli. As reported previously, mutants defective in ER calcium release, crt-1, itr-1

and unc-68, had no effect on the initial touch neuron calcium response, 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 neuronal calcium responses to touch in itr-1 and crt-1

mutants, but normal attenuation in unc-68 mutants (Figure 4.3 E, F). 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.

4.3.4  Food cues modulate the rate of tap habituation
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 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. elegans has

eight dopaminergic neurons, each with ciliated endings embedded in the cuticle,

indicating mechanosensory function: 4 CEP cephalic neurons with endings in the

nose, 2 ADE dereid neurons with lateral endings beside the posterior pharynx, and 2

PDE postdereids with lateral endings in the posterior (White et al., 1986). It is thought

that the cephalic and dereid neurons are required to mechanically sense bacteria to

release dopamine and promote a slowing response on a bacterial lawn (Sawin et al.,

2000).

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, they habituated more rapidly than in the

absence of food, an effect similar to the effect of blocking dopamine signaling (Figure

4.4 A). Moreover, in the absence of food, there was no significant difference between

wildtype and dop-1 mutants in the extent or kinetics of habituation (Figure 4.4 B).

Likewise, dop-1 mutants in the absence of food habituated no more rapidly than in the

presence of food (Figure 4.4 C). cat-4 mutants, which are deficient in both dopamine

and serotonin, showed a habituation phenotype identical to that of cat-2 mutants,

which are only deficient in dopamine biosynthesis (Figure 4.4 D). Together, these

results imply 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.
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4.3.5  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 mechanosensory neurons that are thought to sense the

texture of food. Thus, it is reasonable to suppose 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 encountering a bacterial lawn ((Li et

al., 2006), Supplementary Figure 4.3 A). TRP-4 thus represents a likely candidate

molecule for a mechanosensor 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

neurons (Supplementary Figure 4.3 B). Moreover, we observed that trp-4 animals, like

cat-2 mutants, also failed to slow their locomotion rate when encountering a viscous,

chemically inert halocarbon oil, indicating that the trp-4 behavioral phenotype was

likely to stem from a mechanosensory, rather than a chemosensory defect

(Supplementary Figure 4.3 C).

To further assess whether the dopamine neurons are mechanosensory, we

expressed the FRET-based calcium sensor cameleon in the dopamine neurons using
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the C. elegans vesicular monoamine transporter promoter cat-1. We then applied two

distinct types of mechanical stimuli to the animal's nose: a nose press stimulus in

which a glass probe was pressed firmly into the animal's nose (Supplementary Movie

4.1; (Hilliard et al., 2005)), and a gentler stimulation, called nose buzz, in which a

probe was gently vibrated against the animal's nose (Supplementary Movie 4.2). We

observed robust responses of the dopaminergic CEP neurons to both nose press and

nose buzz stimuli (Figure 4.5 C, D, E). However, whereas trp-4 mutants still

responded to the nose press stimulus (Figure 4.5 D), they showed no response to a

nose-buzz (Figure 4.5 E). This result suggests that the CEP neurons respond to a range

of mechanical stimuli, and that TRP-4 is specifically required for sensation of gentler

stimuli, including those associated with encountering a bacterial lawn. Together, these

our data indicate that TRP-4 is required for mechanically-induced food sensation by

the dopamine neurons of C. elegans.

4.3.6  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 habituation. 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 wildtype animals (Figure 4.5 A). The rapid habituation of trp-4 mutant

animals on food was significantly rescued by expressing the wild-type trp-4 gene
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specifically in the dopamine neurons (Figure 4.5 B). Moreover, in vivo calcium

imaging experiments indicated that trp-4 mutants showed a more rapid reduction in

ALM cellular responses to mechanical stimulation during habituation training than

wildtype animals (Figure 4.1 E). Thus, mechanosensory stimulation of the CEP

neurons appears to negatively regulate desensitization of the ALM anterior body touch

neurons during habituation, presumably by promoting release of the neuromodulator

dopamine.

4.3.7  The body touch neurons excite the dopamine neurons

Since there are direct synapses from the ALM anterior body touch neurons

(Figure 4.5 F) to the CEPs, we also wondered whether the touch neurons might

conversely 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

pharynx and the vulva (Chalfie et al., 1985; Suzuki et al., 2003), a region significantly

removed in space from the CEP sensory cilia (Figure 4.5 C). Nonetheless, we

observed that mechanical stimulation of the ALM receptive field evoked calcium

transients in the CEP neurons (Figure 4.5 G). Interestingly, however, this response

occurred with a significant (approximately 1.5 second) delay from the onset of the

stimulation, 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 mechanosensory channel

that is specifically expressed in and required for body touch neuron function (Chalfie
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and Au, 1989; O'Hagan et al., 2005; Suzuki et al., 2003). We found that in mec-4

mutants, the CEP neurons no longer generated calcium transients in response to

anterior body touch (Figure 4.5 G), indicating that anterior body touch activates the

dopamine neurons indirectly through ALM. Thus, in addition to their role in mediating

the modulation of touch habituation by food, the dopamine neurons may also

participate in a positive feedback circuit by which the activity of the anterior body

touch neurons can negatively regulate their own desensitization (Figure 4.5 F).

4.4  DISCUSSION

4.4.1  Effects of dopamine on learning involve changes in sensory neuron

excitability and/or responsiveness

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

the body touch neurons to modulate habituation to mechanical stimuli; 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 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 overall neuronal excitability, or

alternatively it could specifically modulate mechanosensory transduction. Based on

electrophysiological studies indicating that the mechanotransduction channel itself

does not undergo sensory adaptation, we think the former hypothesis is more likely
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(O'Hagan et al., 2005). It should be noted that earlier imaging studies (Suzuki et al.,

2003) indicated that some habituation training protocols affected cell body calcium

transients, while others did not; thus, it is possible that some forms of mechanosensory

habituation 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 modulating this C. elegans tap habituation is a whole-cell process.

Research into the cellular basis of learning of learning and memory has

focused frequently on presynaptic and postsynaptic alterations of chemical synaptic

transmission and less on changes in neuronal excitability (Hawkins et al., 1993;

Malenka and Nicoll, 1999). However, while it is clear that changes in the synaptic

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 sensitization of the tail withdrawal

reflex in Aplysia (Marinesco and Carew, 2002). Likewise, in mammalian systems D1

receptor signaling enhances the responsiveness of prefrontal 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 enhancement of L-type Ca2+ currents in a subset of prefrontal

pyramidal neurons to elevate the inward Ca2+ conductance which may render

pyramidal cells more excitable (Seamans et al., 1997; Yang and Seamans, 1996; Yang

et al., 1999). Since voltage-gated calcium channels are thought to play a key role in

neuronal excitability in C. elegans (Goodman et al., 1998), and since PKC has been
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shown to regulate L-type calcium channels in some systems (Toselli and Taglietti,

2005; Young and Yang, 2004), the plasticity mechanisms identified in our study may

function generally in learning and memory processes.

4.4.2  Involvement of calcium and protein kinase C signaling in neural plasticity

In this study, we have identified a number of genes encoding 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 glycerol kinase, and egl-

8/PLC-b, encode components of the phospholipase C-β signaling pathway, which

regulates the production of the second messengers diacylglycerol (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 unmodulated habituation phenotypes were observed for mutations in

the DAG target PKC-1/protein kinase C as well as in several genes affecting ER

calcium, including the IP3 receptor. ER calcium, which had been shown previously to

affect touch habituation, appears to be required in the touch neurons themselves to

modulate mechanosensory habituation, as does PKC-1 (Xu et al., 2001). Interestingly,

in C. elegans DOP-1 has previously been shown to act through a Gq-mediated

signaling pathway in motorneurons that controls locomotion speed (Chase et al.,

2004). Together, these results indicate that DOP-1 acts through a more or less

canonical Gq/PLC-β signaling pathway to regulate changes in neural excitability and

function during habituation.
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How might these results relate to neural plasticity in other organisms?  The role

of PKC is particularly intriguing since PKC has been shown to markedly impair the

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 (Koh et al., 2003; Mirnics

and Lewis, 2001). Lastly, lead poisoning may also involve PKC overactivity and has

been associated with inattentiveness and hyperactivity (Birnbaum et al., 2004).

4.4.3  Implications for mechanosensory circuit function and behavior

These studies provide interesting insight into the functional interaction

between the body touch neurons and another, very different class of mechanosensory

neurons, the ciliated cephalic/dereid neurons. Based on morphological evidence, the

ALM anterior body touch neurons direct synaptic output 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 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 sensitize the body touch neurons in the presence of food.
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Conversely, the anterior body touch neurons appear 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 mechanosensory neurons with distinct receptive fields

and sensory modalities are capable of sensitizing each other's activity, in one case

through extrasynaptic modulation of adaptation, in the other case through direct

synaptic excitation.

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 significantly 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 neurons in the current study, the ALM/CEP

reciprocal pair appears to have the capability of functioning as a positive feedback

loop, in which strongly activated ALM neurons can temper their own desensitization

by promoting dopamine release from the CEPs. Recent studies in a variety of systems

indicate that positive feedback circuits may underlie learning and memory (Crisp and

Muller, 2006; Demongeot et al., 2000; Doupe et al., 2005; Doupe et al., 2004). The

use of a positive feedback circuit to control interactions between sensory neurons with

related but distinct modalities may allow integration of diverse sensory inputs with

experience to modulate the animal’s relative sensitivity to particular environmental

stimili.
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4.5  METHODS

C. elegans strains and genotypic analysis

Strains were maintained as described by (Brenner, 1974), at 20oC, on NGM

agar with OP50 E. coli as a food source. For basal slowing assays, 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:

LGI: T1434 egl-30(n686), MT2426 goa-1(n1134), KG524 gsa-1(ce94), VC818 trp-

4(gk341) LG II: CB1112 cat-2(e1112) LG IV: JT73 itr-1(sa73), PR675 tax-6(p675),

MJ500 tpa-1(k501), CB4856 unc-43(e755) LG V: ZB1028 crt-1(bz29), RM2221 egl-

8(md1971), IK105 ttx-1/pkc-1/kin-13(nj1), CB540 unc-68(e540)

LGX:  CB1141 cat-4(e1141), SA748 dgk-1(sa748), LX636 dop-1(vs101), MT8189

lin-15(n765), TU253 mec-4(u253), VC127 pkc-2(ok328).

VC818 trp-4(gk341) and VC127 pkc-2(ok328) was obtained from the C. elegans Gene

Knockout Consortium and each backcrossed 4 times. VC818 was scored using the

primers TAACCGAGATATCATGCGCCAAAG, and

GTGAAGAGCCAAGTACCAGG. VC127 was scored using the primers

ACCTCCCAATTTGCTTCCTT, GTTATGCTCGAACGAGACG,

GGAGTAGATACCGATGTAAG.

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

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

AQ1405 tpa-1 (k530) IV; ljEx123[lin-15(+) ; pmec-4 ::YC3.12]

AQ1407 it-1(sa78) IV; ljEx123[lin-15(+) ; pmec-4 ::YC3.12]

AQ1408 unc-68(kh30) V; 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) I; ljEx123[lin-15(+) ; pmec-4 ::YC3.12]

AQ1427 trp-4(gk341) I X; 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]

pkc-1 and tpa-1 were scored using a ring avoidance assay (Chang et al., 2006; Okochi

et al., 2005), trp-4 and pkc-2 using the above primers, dop-1using the primers

GCGCAGTAAGCGTAGCGGAAAG and CTTCTCGGGGCCAGTCGA, crt-1 based

on size, itr-1 by defecation cycle (Dal Santo et al., 1999), mec-4 by touch insensitivity

(Driscoll and Chalfie, 1991), unc-68 due to its uncooridated phenotype (Maryon et al.,

1996), cat-2 by sequencing the c to t snip at 1801bp (Sawin et al., 2000), and egl-30

by their egg-laying deffective phenotypes (Bastiani et al., 2003)

Generation of rescue and cameleon constructs and transgenic animals

A 2300 bp fragment upstream of the cat-1 gene was cloned into YC2.1 vector
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with introns, (YC vector a kind gift from Jami Dantzker in the Bargmann lab) using

Hind III and Not I sites. This was injected into N2 animals at 50 ng/ul to generate a

stable transgenic line according to standard procedure and then integrated using γ-ray

irradiation (Mello et al., 1991). Three independent integrants were obtained, all

showing strong expression in aminergic neurons. Integrants were backcrossed at least

4 times before use. Two of these ljIs19 and jlIs20 were used. For rescue of crt-1

habituation phenotypes, stable lines were created by injecting pmec-4::crt-1(+), (a

kind gift from the Driscoll lab) at 10ng/uL 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 previously, 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

AAGGGGTTATGCTAAAAACTAGTAGGTACTGC. A feature of this cDNA not

predicted in worm base is that the last spice 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 containing a polycistronic SL2 GFP

cassette via Xba I and Kpn I sites. The LR clonase (Invitrogen) was then used to

generate pdat-1::trp-4(+). This rescue was injected into trp-4 mutants at 20ng/uL with

unc-122::GFP at 10 ng/uL as a co-injection maker to generate ljEx128. For touch cell
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imaging either lin-15(n765); ljEx123[pmec-4::YC3.12; lin-15(+)] or bzIs17[pmec-

4::YC2.12; lin-15(+)] were used (Suzuki 2003).

Tap and basal slowing assays

For behavioral assays, young egg-laying adults, 18-22 hours post L4 stage at

20 C were used.

Tap assays were performed essentially the same as previously (Sanyal 2004).

To quantify the reversals, animals were tracked using a Zeiss Stemi 2000-c

Stereomicroscope with a Cohu High Performance CCD video camera with a capture

rate of 4 frames/sec. A computer-controlled tracker (Parker Automation, SMC-1N)

placed the worm in view during the 5 minute 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 second 30 times to

achieve a 10 sec 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 (25uL

OP50 culture spread onto plate and thoroughly dried for at least 1 hour) and allowed to

recover for at least 5 minutes on the new plate before the assay.

For basal slowing assays plates were seeded with 100uL 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 allowed to equilibrate to the new plate for at

least 5 minutes before the assay. For halocarbon assays, approximately 100uL of the
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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/sec for 5 minutes.

Grayscale images were processed using image processing software (Cronin et

al., 2006; Huang et al., 2006). Images were thinned into a skeleton set of 30 backbone

points with defined head and tail coordinates. A reversal was defined when the

distance the first backbone point traveled was greater than 5% of the worm’s body

length. Centroid speed in pixels/second was calculated at every point 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

sec before the tap to 3 sec after for a non-reversing worm. The end of a reversal is

marked by a change in direction or no movement for at least 2 frames. Genotype-blind

observer scoring of behavioral responses (from digital recordings) yielded results

indistinguishable from those obtained by the automated system. At least 30 animals

were tested per genotype for tap assays, 20 for basal slowing on at least 3 independent

days. A z test for proportions was used to determine if the proportion of animals

reversing in the tap stimulus range 4 to 12 was significantly different in compared to

wildtype or mutant compared to transgenic rescue. A student’s t test was used for

statistical analysis of basal slowing response.

In vivo calcium imaging

Optical recordings were performed on a Zeiss Axioskop 2 upright compound

microscope equipped with a Dual View beam splitter (Optical Insights), and a Uniblitz
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Shutter (Vincent Associates). Fluorescence images were acquired using MetaVue 6.2

(Universal Imaging). Acquisitions were taken at 100Hz for touch cell habituation

recordings, and 37Hz for CEP recordings, with 4x4 binning, 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). Individual adult worms (~24 hours past L4) were glued with

Nexaband S/C cyanoacrylate glue to pads comprised of 2% agarose in extracellular

saline (145mM NaCl, 5mM KCl, 1mM CaCl2, 5mM MgCl2, 10mM HEPES, 20mM d-

glucose, pH 7.2). The stimulator used was a needle with 50 µm diameter made of a

drawn glass capillary (1.2 mm OD, 0.69 mm ID borosilicate glass) with the tip

rounded to 15 µm for touch cell or 10 µm for CEP on a flame. The stimulator was

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

with C-862 Mercury II controller) to stimulate. For harsh nose touch stimulation, the

needle was placed perpendicular to the animal’s body at a distance of 150 µm from the

side of the nose. In the on phase, the glass tip was moved toward the animal so that it

could probe ~8 µm into the side of the animal’s nose, on the cilia, then paused for 2

seconds, and in the off phase, the needle returned back in its position (Hilliard 2005).

A more gentle nose buzz stimulation was similar except that the capillary went into

the nose ~4 µm and the probe vibrated against the cilia for 2 seconds. Body touch

stimulations to activate the touch receptor neurons were performed as stated

previously. A 1 second buzz stimulation was used for all habituation training, and a 2

second buzz was used during CEP recordings. To synchronize stimulations with
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optical recordings, a white LED was triggered at the onset of mechanical stimulation.

Image analysis was performed using a custom program written in Java, and

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

Hilliard et al., 2005.
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Figure 4.1:  Dopamine can attenuate the ALM touch neurons during repeated
stimulation
(A) Although the rate of habituation was significantly faster in wildtype (N2)
compared to dop-1 mutants (p < 0.01), no difference was seen in the rate of recovery
after habituation training. n= 50 for dop-1 and 40 for wildtype. (B) With repeated
touch stimulation there is a decrease in the calcium response (red) with repeated
stimulation. This reflects change in the YFP (green)/CFP (blue) ratiometric levels. (C-
D) In response to repeated touch stimulation, in ALM, and not PLM, the calcium
response size in dop-1 mutants diminishes at a faster rate compared to wildtype, n= 21
for wildtype and 17 for dop-1 for ALM and n= 20 for wildtype and 16 for dop-1 for
PLM. (E) Both cat-2 and trp-4 mutants show defects in ALM touch neuron
habituation. The calcium response attenuated faster, n= 42, 19 and 22 for wildtype,
trp-4 and cat-2 respectively.
Error bars indicate SEM for imaging and SEM for a proportion in behavioral
experiments. z test for proportions and the Mann-Whitney rank test was used for
statistical analysis for behavior and imaging respectively. ***p <0.001, **p<0.01,
*p<0.05 for respective intervals.
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Figure 4.2:  Gq-alpha/PLC-β is downstream of dopamine signaling to touch
habituation
(A-C) Tap habituation occurs faster in egl-30 (Gq-alpha), egl-8 (PLC-β) and pkc-1/ttx-
4 (nPKC-epsilon/eta) mutants, and slower in dgk-1 (diacylglycerol  kinase) mutants
compared to wildtype, n= 109 for wildtype and 30 for egl-30, egl-8,  dgk-1 and pkc-1,
p<0.001 (taps 4-12) for egl-30 and egl-8, , p<0.05 (taps 4-12) for pkc-1, p<0.001.(taps
13-21) fro dgk-1. (D) Both egl-30 and pkc-1 mutants show faster habituation in the
ALM touch neuron, n= 21, 19 and 20 for wildtype, egl-30 and pkc-1 respectively. (E)
A model of DOP-1 signaling in the touch cells. Here DOP-1 couple to Gq-alpha to
activate PLC-β to produce the second messengers IP3 and DAG which activate ITR-1
and PKC-1 respectively.
Error bars indicate SEM for imaging and SEM for a proportion in behavioral
experiments. z test for proportions and the Mann-Whitney rank test was used for
statistical analysis for behavior and imaging respectively. ***p <0.001.
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Figure 4.3:  Calcium plays an important role in touch habituation
(A) Worms expressing a high affinity cameleon (YC2.12) in their touch neuron
habituate fast to tap than worm expressing cameleon (YC3.12) in the touch cells, n=40
for ljEx123[pmec-4::YC3.12] and bzIs17[pmec-4::YC2.12p<0.05 (tap interval 4-12)
(B-D) itr1 (inositol tri-phosphate receptor) and crt-1 (calreticulin) mutants and not
unc-68 (ryanodine receptor) mutants show more rapid tap habituation. n= 109, 30, 60
and 35 for wildtype, crt-1, itr-1 and unc-68 respectively, p<0.0001 4-12, crt-1 vs.
wildtype, p<0.05, itr-1 vs. wildtype (tap interval 4-12). (C) crt-1 mutants can be
rescued by expression in the touch receptor neuron pmec-4::crt-1(+), p<0.01, n=34 for
crt-1, n=30 for rescue. (E-F) Both itr-1 and crt-1 mutants show faster habituation in
the ALM touch neuron, while unc-68 does not, n= 21, 13, 12, 14 for wildtype, itr-1,
crt-1and unc-68 respectively. Error bars indicate SEM for imaging and SEM for a
proportion in behavioral experiments. For behavioral experiments. a z test for
proportions and the Mann-Whitney rank test was used for statistical analysis for
behavior and imaging respectively. *p<0.05, **p<0.01.
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Figure 4.4:  Food cues play a key in the role of dopamine on touch learning
(A) When wildtype is trained on food and off food, there is a significant difference in
tap habituation, p<0.05 (tap interval 4 to 12), n=109 for wildtype on and 40 off food.
(A) When wildtype and dop-1 animals are trained in the absence of food, there is no
difference in the rate of tap habituation, n=40 for each strain. (C) There is no
significant difference in dop-1 animals trained on and off food, n=60 on and 40 off
food. (D) cat-4 mutants are not significantly different than cat-2 mutants, n=30 for
cat-4 and 50 for cat-2.
Error bars indicate SEM for a proportion. In behavioral experiments a z test for
proportions was used for statistical analysis.
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Figure 4.5:  Dopamine neurons are mechanosensory and can regulate touch
habituation
(A) Both trp-4 (TRPN) and cat-2 (tyrosine hydroxylase) mutants habituate fast to tap,
n=109 for wildtype and 50 for trp-4 and cat-2. p< 0.001 and p<0.05 for trp-4 and cat-
2 respectively (tap interval 4 to 12). (B) trp-4 mutants can be significantly improved
by expression in the dopamine neurons, p<0.05 (tap interval 4 to 12). (A-B) Error bars
are SEM for a proportion. (C) Schematic of mechanical stimulation for calcium
imaging. Nose buzz and press directly activates the dopamine neurons (CEPs green)
while anterior touch directly activates the touch receptor neurons (ALMs orange and
AVM yellow) and indirectly activates the dopamine neurons. Arrows indicate path
probe travels into animal. (D-E) Both wildtype and trp-4 mutants respond to nose
press (D), while only wildtype animals respond to a nose buzz (E). (F-G) The touch
cells synapses onto the dopamine neurons, leading to paracrine dopamine onto the
DOP-1 receptors on the touch neurons. Anterior touch can indirectly activate the
dopamine neurons, and this is abolished in mec-4 mutants lacking a functional
mechanoreceptor (G).
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Supplementary Figure 4.1:  pkc-2 and tpa-1are not required for habituation in
the touch neurons
(A) pkc-2 (PKC-alpha) mutants show normal tap habituation n=109 and n=30 fir
wildtype and pkc-2 respectively. (B) tpa-1 (nPKC-delta/theta) mutants show faster tap
habituation (tap interval 4 to 12)  p<0.05 compared to wildtype. In response to the first
tap, the proportion of animals responding in wildtype compared to tpa-1 mutants is
also significantly different p<0.0001. n=109 for wildtype and n=60 for tpa-1. (C)
While pkc-1 mutants show more rapid touch  attenuation with repeated touch, tpa-1
mutants do not differ compared to wildtype. n= 21, 20 and 6 for wildtype, pkc-1 and
tpa-1 respectively.
Error bars indicate SEM for imaging and SEM for a proportion in behavioral
experiments. z test for proportions and the Mann-Whitney rank test was used for
statistical analysis for behavior and imaging respectively. ***p <0.001.
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Supplementary Figure 4.2:  Cameleon is a calcium binding protein that can alter
touch habituation
(A) Calcium response to touch in a high (YC2.12) and low (YC3.12) affinity
cameleon strains. YC2.12 exhibits a linear rising phase over a larger range of calcium
changes while YC3.12 exhibits a more rapid return to baseline than YC2.12. (B) The
effects of dop-1 on touch neuron attenuation are less apparent in a high affinity
(YC2.12) background. n=20 for pmec-4::YC2.12 and n=19 for dop-1; pmec-
4::YC2.12.
Error bars indicate SEM for imaging, the Mann-Whitney rank test was used for
statistical analysis, *p<0.05.
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Supplementary Figure 4.3:  Dopamine neurons require trp-4 to sense food
mechanically in the basal slowing response
(A) Similar to cat-2 mutants, trp-4 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.
n= at least 20 for all assays and strains, error bars are SEM, *p<0.05, **p<0.01,
***p<0.001 using a student’s t test.
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Chapter 5

A role of C. elegans TRPA1 in mechanosensation

5.1  ABSTRACT

Members of the transient receptor potential (TRP) ion channels mediate

thermosensation and mechanosensation in both vertebrates and invertebrates.

Mammalian TRPA1 is postulated to play a role in noxious cold sensation and

mechanosensation. Three members of the TRPA subfamily have been characterized in

Drosophila melanogaster, and all have distinct thermosensory roles. trpa-1 is the

Caenorhabdidtis elegans ortholog of mouse TRPA1. Mutant alleles of trpa-1 show

specific abnormal mechanosensory behaviors related to nose-touch and foraging

responses. In support of this behavioral phenotype, trpa-1 is expressed in sensory

neurons required for these mechanosensory behaviors. Furthermore, mechanical

pressure can activate cTRPA-1 when heterologously expressed in mammalian cells.

Collectively, these data demonstrate that trpa-1 encodes an ion channel required for

mechanosensory transduction, and that TRPA family members play disparate roles in

sensing distinct thermal and mechanical stimuli in various species.

5.2  INTRODUCTION

Sensory neurons convert environmental stimuli into an electrical signal.

Sensory receptor proteins of diverse modalities from various species have been
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isolated, including taste and odorant receptors. Relatively less is known about thermo-

and mechano-receptors. C. elegans exhibit well-characterized behaviors to assay

thermosensation and mechanosensation; however, the molecular mechanisms

underlying sensory transduction for these behaviors remain relatively unknown.

One of the first sensory modalities to be explored in detail in C. elegans was

mechanosensation [reviewed in (Goodman, January 06, 2006)]. Both light body touch

(stroke the animal’s body with an eyelash) and harsh body touch (touch the body with

a platinum wire) evokes an escape behavior in which the direction of the locomotion

wave rapidly changes to allow the animal to crawl away from the mechanical

stimulus. These behaviors have been characterized in detail by laser ablation studies,

genetic screens, in vivo imaging, and electrophysiology. Three neurons (ALML,

ALMR and AVM) are required for reverse locomotion in response to anterior touch,

and 2 neurons (PLML and PLMR) are required for forward acceleration away from

posterior touch (Chalfie et al., 1985). 17 genes required for response to gentle body

touch have been isolated, and are designated as the “mec” (mechanosensory abnormal)

genes (Chalfie and Au, 1989; Chalfie et al., 1981). The products of at least three of

these genes, the stomatin MEC-2, the DEG/ENaC protein MEC-4, and the accessory

protein MEC-6, comprise core components of a mechanotransduction complex. Co-

expression of these molecules in heterologous cells reconstitutes an ion channel

(Chelur et al., 2002; Goodman et al., 2002) that is permeable to sodium as well as

calcium (Bianchi et al., 2004). Mutations in any of these genes specifically abolish

neural responses to gentle touch in intact animals (Suzuki et al., 2003) and
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mechanoreceptor potentials in dissected worm preparations (O'Hagan et al., 2005).

The products of the other mec- genes are thought to function in coupling the opening

of this mechanoreceptor complex to mechanical forces applied to the body cuticle

(Tavernarakis and Driscoll, 1997).

C. elegans also displays an escape response to mechanical stimulation of the

nose ("nose-touch”) (Kaplan and Horvitz, 1993). An eyelash placed in the path of a

forward moving worm evokes a reversal response upon collision, a behavior

dependent on the ASH nociceptive neurons as well as at least two additional neuron

classes, OLQ and FLP. OSM-9, a member of the vanilloid sub-family of Transient

Receptor Potential (TRPV) family in C. elegans, is required for this nose-touch

behavior, as well as for escape responses to several noxious stimuli (Colbert et al.,

1997). osm-9 mutants are also defective in ASH neural responses to all mechanical,

chemical, and osmotic stimuli tested, though whether OSM-9 is a direct sensor of

mechanical forces is not known.

Touch also affects other aspects of C. elegans behavior, including the behavior

known as foraging (Hart et al., 1995). On a plate with food, C. elegans make high

frequency, local exploratory movements of the head known as foraging. Touching the

nose or the anterior body of foraging worms with an eyelash results in backward

movement and interruption of foraging (Alkema et al., 2005; Hart et al., 1995).

Additionally, touch to the ventral or dorsal side of the nose results in an aversive head

withdrawal reflex (Hart et al., 1995). The OLQ/ IL1 sensory neurons, through the

RMD motor neurons are required for this behavior and are thought to mediate the
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primary sensory response (Hart et al., 1995). Furthermore, ablation of these neurons

results in exaggerated head bends and slower foraging rate (Drsicoll, (1997); Hart et

al., 1995). However the identity of the mechanotransduction channel mediating these

responses is not known.

Thermosensory behaviors have also been characterized in C. elegans, though

the mechanisms underlying thermosensory transduction are not well understood

(Mori, 1999). Thermosensory neurons are contained within the amphid sensilla, a

complex sensory organ situated bilaterally at the tip of the head. To date the only

known neuron required for normal thermotaxis in C. elegans is the amphid sensory

neuron, AFD (Mori and Ohshima, 1995). Recently, neuroimaging studies using the

genetically-encoded calcium indicator cameleon protein demonstrated that AFD

responds to increases in temperature from 15oC and above, but not to cooling (Kimura

et al., 2004). It is not known which neurons, if any, respond to cooling in C. elegans. It

has been demonstrated that thermosensory signal transduction requires the function of

a cyclic nucleotide-gated channel encoded by the tax-2 and tax-4 genes in the AFD

neuron (Komatsu et al., 1996). However it has not been demonstrated if tax-2 and tax-

4 act as direct thermosensors.

There is increasing evidence that Transient Receptor Potential (TRP) ion

channels play important roles in transduction of temperature and pressure (Patapoutian

et al., 2003; Pedersen et al., 2005). TRPA, the most-recent identified subfamily of

TRP ion channels, has members in both vertebrates and invertebrates. Initial studies

showed that noxious cold temperature activates TRPA1, the single mammalian
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member of this subfamily (Story et al., 2003). Indeed, TRPA1 appears to be required

for mediation of cold hyperalgesia after peripheral inflammation due to CFA or nerve

injury in rats (Obata et al., 2005). Interestingly, vertebrate TRPA1 has also been

identified as a candidate for the mechanosensitive transduction channel in vertebrate

hair cells (Corey et al., 2004). Two recent studies of TRPA1-/- mice revealed no

defects in auditory responses (Bautista et al., 2006; Kwan et al., 2006). However,

Kwan et al (but not Bautista et al.) show that TRPA1-/- mice had lowered sensitivity

to noxious cold and mechanical stimuli implying a role in somatosensory thermo- and

mechano-transduction. The TRPA subfamily also includes four Drosophila and two C.

elegans members (Viswanath et al., 2003). Two members of the Drosophila TRPA

family, dTRPA1 and pyrexia have been shown to be required for different modes of

temperature sensation (Lee et al., 2005; Rosenzweig et al., 2005; Viswanath et al.,

2003). painless, a more distant dTRPA family member, has been shown via genetic

analysis to mediate high temperature mechanical responses (Tracey et al., 2003). The

role of C. elegans TRPA subfamily has not been characterized.

In this study we describe the identification and characterization of C. elegans

trpa-1. We show that trpa-1 is required for normal mechanosensory responses of C.

elegans to nose-touch and for normal foraging behavior, but has no effect on other

mechanosensory, thermosensory, and chemosensory behaviors. cTRPA-1 when

expressed in CHO cells, is activated by mechanical stimuli, lending to the evidence

that cTRPA-1 is essential for mechanosensory responses in worms.
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5.3  RESULTS

5.3.1  cTRPA-1 encodes a TRPA subfamily member

Our homology searches identified two TRPA1 family members in C. elegans

(Supplementary Figure 5.1). One, C. elegans TRPA-1 (C29E6.2, with 41% similarity,

23% identity to mTRPA1), is an ortholog of mTRPA1 and dTRPA1; the other, C.

elegans TRPA-2 (M05B5.6), is a distant family member with no predicted ankyrin

domains. (Alignment shown in Supplemenatary Figure 5.2). Given the suggested roles

of TRPA family members in thermosensation and mechanosensation in other species,

we focused on C. elegans trpa-1. Our own analysis of the trpa-1 locus predicted a

cDNA that contained an extra 82 bp of coding exon upstream of the predicted ATG

(GenBank accession number to be inserted). Based on our prediction, a 3.6 kilobase

(kb) full-length trpa-1 complimentary DNA (cDNA) was amplified using RT-PCR

from whole worm RNA. trpa-1, similar to other members of this family, encodes a

putative ion channel cTRPA-1, with six predicted transmembrane domains and 17

predicted amino-terminal ankyrin repeats (Patapoutian et al., 2003). 

5.3.2  trpa-1 is expressed in many neurons in C. elegans

To assess the expression pattern of trpa-1, we analyzed the expression patterns

of reporter transgenes consisting of translational fusions of the trpa-1 gene to GFP.

We generated three such fusion gene constructs, all containing the entire 2.5 kb

intergenic sequences between trpa-1 and upstream gene F38H4.10. In addition, each

construct contained either the first 2 exons (the "short fusion"), the first 6 exons (the
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"partial protein fusion") or all 11 exons (the "full-length protein fusion") of trpa-1

fused in frame to GFP (Figure 5.1 A). In all three constructs, multiple transgenic lines

were used to confirm expression.

We observed expression of cTRPA-1::GFP fusion proteins in several cell

types. In lines carrying the short fusion construct (e.g., ljEx107), cTRPA-1::GFP

fusion protein was localized in many tissues including head and body wall muscle, the

excretory system, the rectal gland, vulva epithelium, epithelial cells in the head, and

the spermatheca (Figure 5.1 B and data not shown). Inconsistent expression in some

head neurons was also observed with this construct. In lines generated from the partial

and full-length protein fusion constructs (e.g., ljEx109 and ljEx114 respectively),

localization of the cTRPA-1::GFP fusion protein was observed at the sensory neuron

cilia (Figure 5.1 F) in addition to the cytoplasm. Both ljEx109 and ljEx114 showed

expression in similar sets of cells, with the most stable expression in the full-length

fusion line ljEx114. In these transgenic lines, cTRPA-1::GFP was expressed in the

same cells as in ljEx107 (Figure 5.1 C), along with some additional cells including the

majority of amphid sensory neurons (e.g. ASH, AWA, AWB, ASI, and ASK) and the

phasmid neurons PHA and PHB (Figure 5.1 G and data not shown). The full-length

cTRPA-1::GFP was also expressed in additional sensory neurons, such as the OLQ

and IL1 (Figure 5.1 F); and PVD and PDE, in the postdeirid sensilla (Figure 5.1 E).

Additional neurons in the head and ventral nerve cord also expressed cTRPA-1::GFP

(data not shown).
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Since the ASH and OLQ neurons were known to contribute to nose touch

behaviors, we sought to verify expression of trpa-1 in these cells through co-labeling

experiments. We confirmed that trpa-1::GFP was expressed in ASH by co-labeling

animals with the lipohilic dye DiI, which labels ASH through its exposed sensory cilia

(Figure 5.1 G). To assess expression in the OLQ neurons, we generated a pdel-2::RFP

reporter construct (Supplementary Figure 5.3), since the del-2 promoter was reported

to be specifically expressed in the IL1, OLQ, and possibly the ASH neurons

(Harbinder et al., 1997). In our hands pdel-2::RFP expression was seen in the IL1 and

OLQ labial neurons, though we did not detect expression in any amphid neurons. We

generated an ocr-4::RFP construct, which was specifically expressed in OLQ (Figure

5.1 H-J) (Tobin et al., 2002). Both RFP reporters co-labeled trpa-1::GFP-expressing

labial neurons, confirming that trpa-1 is expressed in the known nose touch neurons

ASH and OLQ, as well as the putatively mechanosensory IL1 neurons.

5.3.3  trpa-1 mutants show defects in nose-touch response behaviors

We next examined the behavior of trpa-1 mutants to determine the role played

by this ion channel in vivo. We obtained two mutant strains expected to cause a loss of

cTRPA-1 function, ok999 and tm1402. ok999 harbors a deletion of about 1400bp in

the N-terminal region of the predicted protein, whereas tm1402 harbors a 581bp

deletion and a 16bp insertion in the N-terminal region of cTRPA-1. We were unable to

detect a cDNA product in RT-PCR experiments from either of these mutant worms

using primers that were used to amplify wild-type full-length trpa-1 (data not shown).
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We also performed RT- PCR from a downstream ATG at 1987 bp in the gene and

were likewise unable to obtain any detectable messages (data not shown). The two

alleles of trpa-1 mutants were viable and healthy and had normal brood size (though

was a slight developmental delay in the trpa-1(ok999) allele). We broadly surveyed

the behavior of the trpa-1 mutants, and observed normal or nearly normal phenotypes

with respect to thermotaxis, gentle and harsh body touch, a subtle abnormality in egg-

laying, and abnormal pharyngeal pumping (see Supplemental Figure 5.4).

The most robust behavioral abnormalities we observed in trpa-1 mutants were

related to nose touch mechanosensation. Nose touch evokes an escape behavior, which

is assayed by placing an eyelash perpendicular to the path of the animal during

forward movement (Kaplan and Horvitz, 1993). When the tip of the nose comes in

contact with the eyelash, the animal reverses the direction of the locomotor waveform

and crawls backward away from the stimulus (Supplementary Movie 5.1). We found

that trpa-1 mutants are defective for nose-touch response (Figure 5.2 A). Ablation

experiments have implicated the putative mechanoreceptor neurons OLQ and FLP,

along with the ASH nociceptors, in nose touch escape behavior (Kaplan and Horvitz,

1993). Unlike osm-9 and ocr-2 animals, trpa-1 animals did not display defects in other

ASH-mediated avoidance behaviors; for example, they showed normal avoidance of

high osmolarity, denatonium and copper (Figure 5.2 C). The selectivity of the sensory

defects in trpa-1 animals suggested that cTRPA-1 is not required for general aspects

of ASH function and development, and therefore most likely either has a modality
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specific function in ASH or alternatively functions primarily in other nose-touch

sensory neurons.

To assess these possibilities, we assayed whether nose touch defects were

rescued by expression of cTRPA-1 under the control of promoters specific to ASH or

other nose-touch neurons. To assess functional rescue in ASH, we used the sra-6

promoter, which expresses strongly in ASH, and weakly in ASI (Troemel et al., 1995).

In two independent rescue lines, ljEx118 and ljEx119, no complementation of the

trpa-1 nose touch phenotype was observed (Figure 5.2 B). We also assayed rescue

using a fragment of the del-2 promoter, which directed expression as previously

reported (Harbinder et al., 1997) in the OLQ and IL1 neurons, though not in ASH (see

note in Methods). We observed that trpa-1 mutant animals expressing [pdel-2:trpa-

1(+)], were rescued significantly for nose-touch responses (Figure 5.2 A). Similar

results were seen for trpa-1(ok999) allele (data not shown).Together, these results

suggested that TRPA-1 might function in the OLQ and/or IL1 neurons, but perhaps

not in ASH, to facilitate nose touch escape behavior. It is worth noting that neither the

OLQ nor IL1 neurons alone have a significant effect on nose touch avoidance when

eliminated by laser ablation (Kaplan and Horvitz 1993; see also Figure 5.3 C); thus,

the nose touch defect of trpa-1 may also reflect a redundant function for the TRPA-1

protein in other putative nose touch sensory neurons (see Figure 5.3 D).

In addition to causing a reversal of the locomotor wave, nose touch was also

observed to induce the animal to bend its nose sharply away from the probe. This

behavior, known as the head withdrawal reflex, was previously reported by (Kaplan
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and Horvitz 1993) to occur in response to touch on the side of the nose, though we

also observed it in head-on collisions with an eyelash hair (Figure 5.3 A;

Supplementary Movie 5.2). The head withdrawal reflex was shown (Kaplan and

Horvitz, 1993) to be dependent on the OLQ and IL1 neurons. We therefore assayed

the head withdrawal response in trpa-1 loss-of-function mutants. We observed that

trpa-1 animals were strongly defective in the head withdrawal response (Figure 5.3

B). In contrast, osm-9 animals showed robust head withdrawal responses to nose

touch. The head withdrawal defect of trpa-1 animals resembled the phenotype of

animals in which the OLQ neurons were ablated (Figure 5.3 C). Thus, this phenotype

of trpa-1 mutants was consistent with an abnormality in OLQ sensory responses.

5.3.4  cTRPA-1 affects OLQ-dependent foraging behavior

In addition to their role in triggering escape behavior, the OLQ and IL1

neurons have also been implicated in the control of head movements known as

foraging (Figure 5.4). In the presence of food, C. elegans make rapid nose oscillations

as part of their exploratory process, which cease upon touch to the top of the nose

anterior body (Alkema et al., 2005; Hart et al., 1995; Rex et al., 2004). Additionally, if

animals are touched on the ventral or dorsal side of the nose during forward

movement, there is an aversive head movement away from the stimulus termed the

head withdrawal reflex (Hart et al., 1995). Foraging and the head withdrawal reflex

require two sets of labial neurons, OLQ and IL1, and their synaptic target the RMD

motor neurons (Drsicoll, (1997); Hart et al., 1995). glr-1 mutants (that lack a
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functional glutamate receptor) have abnormal head withdrawal reflex and foraging

behaviors (Hart et al., 1995) (Figure 5.4 A). glr-1 is expressed in the RMD motor

neurons, which is required for these foraging behaviors. In addition, expression of

GLR-1 specifically in RMD neurons in the glr-1 mutants rescues the phenotype

demonstrating that GLR-1 receptors function in these neurons. Neither the DEG/ENaC

ion channels required for body touch response nor OSM-9, the TRPV ion channel

subunit in ASH neuron, appear to be required for these foraging behavior (Figure 5.4A

and data not shown). Thus, the identity of the primary mechanotransduction channel

mediating foraging behavior in OLQ and IL1 is not known.

When we assayed the effect of mutations in trpa-1 on foraging behaviors, we

observed that both trpa-1 mutant worms (ok999 and tm1402) failed to suppress

foraging head movements when touched on top of the head or anterior body (28%

suppressed compared to 85% in wild-type; Figure 5.4 A). This phenotype was also

rescued by expression of wild-type trpa-1 in OLQ and IL1 under the control of the

del-2 promoter (Figure 5.4 A). Expression of cTRPA1 in ASH neurons under the

control of sra-6 promoter did not rescue the foraging defects in ok999 mutant worms

(Figure 5.4 B), a result consistent with previous work suggesting that ASH is not

involved in this behavior.

OLQ and IL1 have also been shown to affect the frequency and amplitude of

foraging movements. We observed that trpa-1(ok999) foraged at a significantly slower

rate than wild-type (Figure 5.4 C), a phenotype that was rescued by expression of

wild-type trpa-1 under the del-2 promoter (Figure 5.4 C). This slow foraging rate was
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not a result of overall slow locomotor activity since trpa-1 move at a slightly faster

rate compared to wild-type (Figure 5.4 D). trpa-1 mutants also exhibit exaggerated

head bends during foraging (Figure 5.4 E), a phenotype observed in worms with

ablated OLQ and IL1 neurons (Hart et al., 1995). In summary, trpa-1 mutants showed

multiple phenotypes characteristic of OLQ/IL1-ablated animals, indicating a possible

role for TRPA-1 in these putative mechanosensory neurons. The OLQ and IL1

neurons in the two trpa-1 mutant strains had normal morphologies (data not shown),

suggesting that trpa-1 affects the function rather than the structure or development of

these cells.

5.3.5  trpa-1 affects neural responses of OLQ neurons to nose touch

 To determine how TRPA-1 might affect nose touch neuron function, we

utilized the genetically encoded calcium sensor cameleon to monitor in vivo responses

of the ASH and OLQ neurons to touch stimuli. We showed previously that ASH

shows cell-autonomous calcium transients in response to nose touch that are

dependent on the TRPV channel osm-9 (Hilliard et al., 2005). Using the ljEx95[psra-

6::YC2.12] cameleon line (Hilliard et al., 2005), which expresses cameleon in ASH,

we tested the effect of trpa-1 mutations on touch-induced calcium transients in these

cells. We observed no significant difference between either trpa-1 mutant alleles and

wild-type (Figure 5.5 B, C), suggesting that TRPA-1 is not critical for nose touch

transduction in ASH.
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We also tested neural responses to nose touch in OLQ. We generated a

cameleon line, ljEx120[pocr-4::YCD3] that expressed cameleon specifically in OLQ

under the control of the ocr-4 promoter. Using this line, we observed reproducible

responses to nose touch stimuli in wild-type animals. When trpa-1 mutants were tested

in this assay, they showed significantly decreased calcium transients in response to

nose touch (Figure 5.5 D, E). Thus, these data support our hypothesis that trpa-1

functions in nose touch mechanosensation in the OLQ neurons in addition to other

mechanosensory neurons. We were unable to conduct similar experiments for the IL1

neurons, since cameleon lines using known IL1 promoters (e.g. del-2) were

insufficiently bright to be useful for imaging.

5.3.6  cTRPA1 is activated by mechanical stimuli in CHO cells

To test if cTRPA-1 could be activated by mechanical stimulation, we

established a stable tet-inducible cTRPA-1 CHO cell line and assayed

electrophysiological responses to pressure from the recording pipet. Application of

pressure stimuli to cells using the recording electrode has been previously used to

study mechanosensitive ion channels (Cho et al., 2002; Hamill and McBride, 1997;

McBride and Hamill, 1999). It is hypothesized that pressures applied to whole cell

would mimic the pressure a cell experiences during a mechanical stimuli (McBride

and Hamill, 1999) (Chalfe et al., 2006; Zhang and Bourque, 2006). Negative pressure

applied to the cell from the recording pipet results in cell shrinkage. For example, a

cell's observed two dimensional area decreases to 89.5% of its original size after
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applying a -50mmHg suction (Supplementary Figure 5.5 C). In whole-cell recordings,

we observed robust currents in response to suction stimuli (negative pressure) in

cTRPA-1-expressing stable CHO cells induced with tet (n=22), but not in un-induced

control cells (n=15) (Figure 5.6 A, B). The threshold of cTRPA-1-activation is

estimated to be 44 +/- 5mmHg suction (n=25 +/- SEM). The average current density

evoked by -100mmHg at +100mV is 7.47 +/- 2.19pA/pF (n=22 +/-SEM) in tet-

induced cTRPA-1 expressing CHO cells, and 0.98 +/- .39pA/pF (n=15 +/-SEM) in

uninduced cTRPA-1 cells (Figure 5.6 C). Complementing the results obtained from

tet-inducible cTRPA1 CHO cells, transiently-transfected cTRPA1 elicited similar

currents to a -100mmHg negative-pressure in CHO cells (Figure 5.6 C). cTRPA-1-

expressing cells did not respond to positive pressure stimuli i.e. to blowing (up to

+50mmHg). Positive pressure >50mmHg disrupt the integrity of the seal and were not

tested. Similar to cTRPA1, mouse TRPA1 is also activated by negative but not

positive pressure (SW Hwang and AP, unpublished observations). We did not observe

responses to hypotonic or hypertonic solutions in cTRPA-1-expressing CHO cells. We

also did not observe any responses in a stable cell line expressing TRPM8 (n=7) or in

tet-treated naïve CHO cells (n=15) (data not shown and Figure 5.6 C). The currents

evoked by mechanical stimuli in cTRPA-1-expressing cells show dual rectification,

similar to that observed for other members of the TRP super-family (Figure 5.6 B)

(Liedtke et al., 2000). A reversal potential of 0mV was observed in an external

solution containing (in mM) CsCl 140; EGTA 5; HEPES 10; MgCl 2 and CaCl 2.

Responses to prolonged suction stimuli show no desensitization (Supplementary
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Figure 5.5 A). Cells expressing cTRPA-1 did not respond to any of the sensory

compounds that have previously been shown to activate mTRPA1, such as

cinnamldehyde, mustard oil or allicin (data not shown) (Bandell et al., 2004;

Macpherson et al., 2005).

We also assayed cTRPA-1 responses to pharmacological antagonists of

mammalian TRP channels. Ruthenium red, a blocker of several thermoTRPs, failed to

block cTRPA-1. Previous studies have shown that ruthenium red acts by binding to a

negatively charged aspartate in the putative pore of the TRP channels (Voets et al.,

2002). Consistent with this, sequence analysis revealed that this aspartate is not

conserved in the pore of cTRPA-1. Gadolinium (Gd3+) is considered a blocker of

native mechanically-gated ion channels in animal tissues and has been previously

shown to block mTRPA1 (Kanzaki et al., 1999; Liedtke et al., 2000; Nagata et al.,

2005; Sachs and Yang, 1990). 500µM Gd3+ completely blocked suction responses of

cTRPA-1 cells (3/3 cells), while 100mM Gd3+ partially blocked cTRPA-1 currents

(3/10 cells were completely blocked; 4/10 cells, partially blocked; and 3/10, not

blocked) (Figure 5.6 A and 5.6 B, and data not shown). Application of 500µM Gd3+

caused a reduction of the basal currents due to blocking constitutive activity of

cTRPA-1 (Figure 5.6 A and 5.6 B). This is similar to the effect of 100µM Gd3+ on

mTRPA1 expressed in HEK cells and the effect of 10mM camphor on rTRPA1

expressed in HEK cells (Nagata et al., 2005; Xu et al., 2005). However, application of

500µM Gd3+ has no effect on uninduced cTRPA-1 CHO cells (Supplementary Figure
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5.5 B). These results suggest that cTRPA1 is a non-selective cation channel similar to

other members of this family and is activated by mechanical stimuli.

Finally, we explored if cTRPA1 could be activated by mechanisms

independent of mechanical stimuli. Some TRP ion channels are activated downstream

of G-protein coupled receptors (Montell, 2005). Bradykinin is an inflammatory

peptide that mediates pain and inflammation. Mouse TRPA1 is activated by

bradykinin through Bradykinin 2 receptor (Bandell et al., 2004). In similar fashion,

cTRPA1 is activated by bradykinin-receptor activation in CHO cells (Figure 5.6 D).

This activity can be blocked by 100µM Gd3+, and is not observed in the absence of

cTRPA1 (Figure 5.6 D).

5.4  DISCUSSION

5.4.1  C. elegans TRPA-1 channel responds to mechanical stimuli and functions in

nose touch

We have shown here that the C. elegans TRPA1 ortholog trpa-1 is required for

mechanosensation and is activated in response to a mechanical stimulus. Loss-of-

function mutations in trpa-1 cause abnormalities in distinct behaviors requiring the

labial mechanosensory neurons: nose touch-evoked escape behavior and head

withdrawal, control of foraging amplitude and frequency, and touch-mediated

suppression of foraging behavior. These phenotypes are rescued by expression of the

wild-type trpa-1 gene under the control of a del-2 promoter, which appears to be

specific to the OLQ and IL1 neurons. In addition, trpa-1 mutations significantly
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reduce neural responses of OLQ (but not ASH) to nose touch stimuli. Finally, C.

elegans TRPA-1 protein expressed heterologously in mammalian cells forms ion

channels that are activated by a mechanical stimulus. This is consistent with TRPA1

being directly mechanosensitive; however, it is possible that the mechanical forces

activate TRPA1 indirectly via release of membrane-associated or cytosolic factors.

Collectively, our results argue that C. elegans TRPA-1 is a mechanotransducer in

labial nose touch neurons.

It is interesting to note that while trpa-1 mutants show significantly reduced

touch-induced calcium transients in OLQ, such responses are not completely

eliminated. This contrasts with the situation in ASH, in which mutants defective for

the TRPV channel gene osm-9 show virtually no responses to nose touch or other

repellents (Hilliard et al., 2005). This may suggest the existence of a second

mechanosensor in OLQ that accounts for the trpa-1-independent nose touch response

component. For example, in Drosophila hair mechanoreceptors, there appears to be a

minor mechanoreceptor potential that is independent of the nompC TRPN channel

(Walker et al., 2000). Alternatively, the OLQs receive synaptic input (Figure 5.3 D)

from the putatively mechanosensory CEP neurons (White, 1986), which express the C.

elegans TRPN homologue trp-4 (Li et al., 2006; Walker et al., 2000). Thus, the trpa-

1-independent response to nose touch may involve indirect activation of OLQ by the

CEPs, whose nose touch response may not involve TRPA-1 channels.

The trpa-1 behavioral defect in nose touch avoidance might appear

surprisingly strong given the partial defect in OLQ neural responses. However, it
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should be noted that loss-of-function mutations in odr-3, a G-protein a-subunit thought

to activate OSM-9 TRPV channels in ASH (Roayaie et al., 1998), have strong

behavioral defects in ASH-mediated avoidance behaviors, even though they reduce

repellent-evoked calcium transients by about 50% (Hilliard et al., 2005). It is also

interesting to note that there is no significant difference in the reversal response in wt,

mock and OLQ ablated animals, consistent with the previous observation by Kaplan

and Horvitz. So while functional expression of TRPA-1 in OLQ+IL1 is sufficient to

rescue the trpa-1 mutant behavioral defect, OLQ neurons are not necessarily required

for nose touch in wild-type. Our results are analogous to a recent study on C. elegans

TRP-4 (Li et al., 2006). In this paper, trp-4 is shown to be clearly required for

mechanosensory responses to body bending in the DVA neuron, and the

proprioceptive behavioral phenotype of trp-4 is completely rescued by expression of

wild-type trp-4 in DVA. Yet DVA ablation in wild-type has no proprioception

phenotype at all, presumably due to some kind of compensation for the lesion. It is

therefore reasonable to suppose that trpa-1 function in the IL1 and other sensory

neurons also contribute to the nose touch avoidance phenotype, though we were

unable to test this directly due to the lack of a suitable cameleon line.

5.4.2  Insights into C. elegans mechanosensory behaviors

It is interesting to compare the role of cTRPA-1 in nose touch behavior with

the molecules involved in a different C. elegans mechanosensory behavior, gentle

body touch. More than a dozen mec genes have been identified in behavioral screens
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whose products are specifically required in the ALM, AVM and PLM neurons for

gentle touch sensation [reviewed in (Syntichaki and Tavernarakis, 2004)]. It has been

hypothesized that two members of the amiloride-sensitive DEG/ENaC sodium channel

family (MEC-4 and MEC-10), a stomatin protein (MEC-2), as well as several other

proteins that act as accessory factors or extracellular and cytoplasmic tethers together

form a mechanotransduction complex in these neurons (Chalfie, 1997). Although in

vivo imaging and electophysiology have demonstrated that the core components of this

putative complex are specifically required for gentle touch mechanotransduction by

the body touch neurons (O'Hagan et al., 2005; Suzuki et al., 2003), heterologously

expressed DEG/ENaC channels, are not mechanosensitive (Chelur et al., 2002;

Goodman et al., 2002). This failure to successfully reconstitute a mechanosensitive

complex is thought to reflect the dependence on the intracellular and/or extracellular

tethers. In contrast, we have found that cTRPA-1 is activated by mechanical forces

directly applied to a recording patch pipet. This result argues that cTRPA-1 is

functional without any specialized accessory molecules, or that these molecules are

present in CHO cells. This may suggest a fundamental difference in the mechanisms

of touch sensation in TRPA-expressing neurons and DEG/ENaC expressing neurons.

It is also interesting to compare the role of cTRPA-1 with previously

characterized TRPV ion channels, which are also required for mechanosensory and

chemosensory avoidance behaviors. The osm-9 and ocr-2 genes, members of the

TRPV family, are required for normal responses to nose touch sensitivities but not for

foraging responses, and imaging experiments indicate that they are required for nose
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touch responses in the ASH neurons (Hilliard et al., 2005; Tobin et al., 2002). In

addition, osm-9 and ocr-2 mutants have defects in osmotic and chemical avoidance,

and are therefore thought to function in polymodal nociception in ASH (Tobin et al.,

2002). In contrast to what we have observed here for cTRPA-1, activation of OSM-9

or OCR-2 by mechanical stimuli has not been demonstrated in heterologous systems,

and in fact some of the functions of OSM-9 and OCR-2 are dependent on G-protein-

mediated signaling pathways (Kahn-Kirby and Bargmann, 2005; Kahn-Kirby et al.,

2004). Thus, the mechanisms by which TRPV channels participate in mechanosensory

transduction may also differ significantly from those of TRPA channels.

5.4.3  TRPA-1 function in other cells

In addition to the labial mechanosensory neurons, many other cells express

trpa-1, including many neurons. However, no strong behavioral phenotypes could be

attributed to expression in these cells. In particular, trpa-1 mutations had no detectable

effect on nose touch or other sensory functions of ASH, despite clear expression of

trpa-1 reporters in these neurons. Perhaps TRPA-1 plays a minor or modulatory role

in sensory transduction in ASH, or alternatively functions in some other aspect of

cellular physiology. In this regard, it is interesting to note that the TRPV channel osm-

9 also has a broad expression pattern in C. elegans, including amphid and phasmid

sensory neurons, OLQ and FLP nose touch neurons, the harsh touch neuron PVD,

rectal gland cells, and uterine cells (Colbert et al., 1997). In at least some of these cells

(e.g. the olfactory neuron AWA), OSM-9 channels are localized to the neuronal cell
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body rather than the sensory cilia, and function in sensory adaptation rather than

sensory transduction. Since TRPA-1, like other TRP channels in both vertebrates and

invertebrates (Bandell et al., 2004; Tobin et al., 2002), can couple with GPCRs, it is

possible that TRPA-1 may have functions in some neurons that are distinct from its

mechanosensory activity.

The role of TRPA family of ion channels in sensory biology is now well

established in many systems, from nematodes to mammals [this study, and reviewed

in (Pedersen et al., 2005)]. Interestingly, while trpa-1 in C. elegans appears to be

required only for mechanosensation, in other animals TRPA family members were

initially implicated as thermosensory channels. For example, mouse and fly TRPA1

proteins are activated by temperature, and loss-of-function mutants are defective in

thermosensory behaviors (Kwan et al., 2006; Obata et al., 2005; Rosenzweig et al.,

2005; Story et al., 2003; Viswanath et al., 2003). However, a potential role for

mammalian TRPA1 in mechanosensation was recently suggested by the observation

that TRPA1-/- have a deficit in acute somatic mechanosensation (Kwan et al., 2006).

Combined, TRPA1 orthologs from three species are shown to be critical in sensing

cold, heat, and mechanical stimuli. Understanding the molecular mechanisms by

which TRPA channels are regulated by such distinct sensory stimuli represents an

important and fascinating challenge for future investigation

5.5  METHODS

Molecular cloning of cTRPA1
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 Phylogenetic analysis of the TRPA family among the various genomes was

performed as described (Viswanath et al., 2003). Using the reverse transcriptase

polymerase chain reaction (RT-PCR), a 3.6 kb cTRPA1 cDNA was amplified from

adult C.elegans RNA using the primers ATGTCGAAGAAATCATTAGG and

TCAGTTATCTTTCTCCTCAAGT. A feature of this cDNA not predicted in worm

base is a coding exon of 82 bp that is 525 upstream of the predicted start ATG. Rapid

amplification of cDNA ends (RACE) PCR (Clontech) was used to confirm the 5’end

of cTRPA1.

Generation of cTRPA1 GFP expression constructs and transgenic animals

All cTRPA1::GFP fusions were made using the green fluorescent protein

(GFP) expression vector pPD95.75 (A. Fire). To generate cTRPA-1 GFP translational

fusion constructs, 2.5kb of promoter sequences plus the first 2 exons (for

cTRPA1exon2::GFP), the first 6 exons (for cTRPA1exon6::GFP) or all the genomic

sequences of cTRPA1 with GFP fused inframe just prior to the STOP codon (for

cTRPA1full::GFP) was PCR amplified and sub-cloned into pPD95.75 vector. ljEx107

was created by injecting cTRPA1exon2::GFP at 50ng/ml into a lin-15 mutant using 50

ng/ml lin-15 rescue plasmid as a transformation marker. ljEx109 was created by

coinjecting cTRPA1exon6::GFP at 50ng/ml and lin-15(+) rescue plasmid at 50ng/ml

into a lin-15 mutant. ljEx114 was generated by injecting cTRPA1full::GFP into N2 at

35ng/ul. Each line was compared to 1-2 additional independent transgenic lines with

the same reporter to confirm the expression pattern.
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Generation of RFP and cameleon constructs and transgenic animals

pEntry RFP was made by cloning mcherry RFP (Shaner et al., 2004) with SalI-

EcoRI into XbaI-EcoRI sites in pEntry. pEntry YCD3 was made by cloning a YCD3

version of cameleon using the same cloning strategy as for RFP. (The YCD3

combines the modifications to cameleon described in (Palmer et al., 2004) and (Nagai

et al., 2004). A 2.4 kb del-2 promoter fragment was obtained by PCR on C. elegans

genomic DNA using primers GCTTCTCCCAAACCGTTGTGATTC and

GCGAGAAGAGGAGGAG AAAAGTGATTG and cloned into pDest 49.26 (Cheung

et al., 2004). A 4.8 kb ocr-4 promoter fragment was similarly cloned using primers

GCATGCTCAAAGACCTTGGCTCCAC and

GGTACCTAATACAAGTTAGATTCAGAGA. The LR clonase (Invitrogen) was

then used to generate pdel-2::RFP, pocr-4::YCD3, and pocr-4::RFP. The RFP

constructs were injected at 75ng/ul into N2 with unc-122::GFP at 15ng/ul as a co-

injection maker to generate ljEx117 and ;jEx122 respectively. pocr-4::YCD3 was

injected at 90ng/ul with 10ng/ul unc-1222::GFP into N2 to create ljEx120. For ASH

imaging, lin-15(n765); ljEx95[psra-6::YC2.12 lin-15(+)] animals were used (Hilliard

et al., 2005).

Microscopy for still images and cell identification

All still images were taken using a Zeiss Axioscope 100 microscope equipped

with GFP and Texas red filters, and an ORCA CCD camera. Animals were
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immobilized on 2% Agarose pads in M9 with 40mM NaN3. For DiI staining, animals

were washed with H2O twice and resuspended in 1 mL M9 with 2 uL DiI stock

(2mg/ml) for 20 minutes. Animals were then washed once with H2O and placed on an

NGM plate with food for 20 minutes. Remaining neurons were identified by

monitoring cell body position using Normarski optics (White, 1986), by characteristic

axon morphology, and location relative to co-staining with the fluorescent dye DiI.

Note on the expression pattern of the pdel-2::RFP reporter

In our reporter line ljEx117, expression of RFP was detected in neurons which

by position could be unambiguously identified as OLQ and IL1 neurons (see

Supplemental Figure 5.2). In contrast to the results of Harbinder et al (Harbinder et al.,

1997), who also observed expression of a pdel-2::lacZ transgene in neurons

provisionally identified as ASH, we did not detect expression of pdel-2::RFP in ASH

or any other dye-filling amphid neuron. It should be noted that our promoter fragment

differed in both its 5' and 3' ends from the promoter used in the earlier study, which

could account for the differences in observed expression pattern. As with any study of

this type, it is impossible to rule out the possibility that our del-2 promoter transgene

was expressed at very low levels that were below the detection limit of our

experiment.

C. elegans Strains and genotypic analysis
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Strains were maintained as described by (Brenner, 1974), at 20oC, on NGM

agar with OP50 E. coli as a food source. The wild-type reference strain used was N2

Bristol. The mutant alleles used were:

LGIII: KP4 glr-1(n2461) LGIV: RB1052 trpa-1(ok999),TM1402 trpa-

1(tm1402),CX10 osm-9(ky10), LGX: TU253 mec-4(u253), MT8189 lin-15(n765).

The following strains and arrays were created in this work:

AQ1126 lin-15(n765) X; ljEx107[lin-15(+); TRPA-1::GFP (2 exons)]

AQ1206 lin-15(n765) X; ljEx109[lin-15(+); TRPA-1::GFP (6 exons)]

AQ1295 ljEx114[TRPA-1::GFP (full length)]

AQ1340 trpa-1(ok999) IV; mec-4(u253) X;

AQ1341 trpa-1(ok999) IV; ljEx115[pdel-2::trpa-1(+); punc-122::GFP]

AQ1342 trpa-1(tm1402) IV; ljEx115[pdel-2::trpa-1(+); punc-122::GFP]

AQ1346 ljEx117[pdel-2::RFP; punc-l22::GFP]

AQ1348 trpa-1(ok999) IV; ljEx95[lin-15(+); psra-6::YC2.12]

AQ1392 trpa-1(ok999) IV; ljEx118[psra-6::trpa-1(+); punc-122::GFP]

AQ1393 trpa-1(ok999) IV; ljEx119[psra-6::trpa-1(+); punc-122::GFP]

AQ1394 ljEx122[pocr-4::RFP; punc-l22::GFP]

AQ1395 ljEx120[pocr-4::YCD3; punc-l22::GFP]

AQ1396 trpa-1(ok999) IV; ljEx120[pocr-4::YCD3; punc-l22::GFP]

AQ1397 ljEx114[TRPA-1::GFP (full length)]; ljEx117[pdel-2::RFP; punc-l22::GFP]

AQ1398 ljEx114[TRPA-1::GFP (full length)]; ljEx122[pocr-4::RFP; punc-

l22::GFP] 
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We obtained the trpa-1 mutant strains from the CGC provided by the C.

elegans gene knockout project at OMRF (ok999) and from the Japanese knockout

consortium at National bioresource project (tm1402). The two trpa-1 mutant alleles

we obtained were outcrossed 4 times to the wild-type N2 strain.

Behavioral assays

For all behavioral assays, 4 day old young adults were used for the assays,

unless otherwise mentioned.

ASH avoidance assays were performed according to (Tobin et al., 2002).

Briefly, a drop of repellent (1 mM glycerol, 1mM CuCl2 or 10mM Denatonium in

M13) was applied to the tail. A positive response was scored if the worm responded

within 4 s. All assayed were performed on unseeded NGM plates. Animals were tested

twice, approximately 5 minutes apart. The avoidance index is the number of positive

responses divided by the total number of trials (Hilliard et al., 2002). Nose touch

assays were performed as previously described (Hart et al., 1995). Assay plates were

prepared fresh each day by spreading one drop of OP50 onto plates and used within 4

hours. For each strain, 10 animals were allowed to move forward into an eyelash in the

path of the animal. This was repeated 10 times for each animal, at least 3 trials per

strain. This was then repeated on at least three independent days. Nose touch

insensitive mutants osm-9(ky10) and glr-1(2461) were used as a positive controls.

For the inhibition of foraging in response to anterior touch, plates and hair

picks were prepared similarly to the nose-touch assay. Touch in this case was applied
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during forward movement to the top of the head. Inhibition of foraging was scored if

at least 2 consecutive head bends were made without foraging during backward

movement. 30 animals were scored per strain on each trial. Multiple stimulations per

worm as described in (Rex et al., 2004) gave similar results. Similar results were

found if the animal was stimulated anywhere from the first pharyngeal bulb to

approximately 40um from the vulva. glr-1(n2461) mutant, defective in this behavior

was used a positive control.

Laser ablations were carried out on newly hatched L1 animals by using a

standard protocol (Bargmann, 1995). Neurons were identified using ljEx122[pocr-

4::RFP] transgenic animals as a marker for the OLQ neurons. Animals were scored

blinded as young adults. Each animals was given 10 stimulations as described for the

nose touch assay. This was repeated two more times for each animal, 1 hour between

sets. For habituation to nose touch, animals were assayed in the same manner as

described for nose touch. Plotted is percent of animals, out of 100 responding at each

interval.

For light touch, 10 worms per strain were given 10 stimulations with an

eyelash, 5 anterior and 5 posterior, with one minute between stimulations. No

difference was seen between anterior and posterior response. A null allele, touch

insensitive allele of mec-4 was used as a positive control. The percent responding

represents both types of stimuli. A trpa-1(ok999); mec-4(u253) double mutant was

generated to assay for harsh touch. The same assay as light touch was used for harsh

touch, although a platinum wire was used in place of an eyelash to stimulate animals.
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Population thermotactic assays using a linear thermal gradient were performed

as follows (Ito, 2005): A stable linear thermal gradient was established on a 60-cm

long aluminum platform with one end of the platform placed in an ice water bath and

the other end in a water bath at 45oC. A rectangular plate (14 cm x 10 cm, Nalge

Nunc) containing TTX media (2% agar, 3% sodium chloride and 25 mM potassium

phosphate) was placed for 15 min on the linear thermal gradient such that the center of

the plate was at 20oC. A gradient in the range of 17oC to 23oC was established on the

TTX plate. About 200-300 animals grown at 17oC, 20oC or 23oC under well-fed non-

crowded conditions were placed in the 20oC range on TTX plate and allowed to

thermotax for 1 hr. The TTX plate was divided into eight equal segments. At the end

of 1 hr animals were killed by chloroform gas and the number of animals at the eight

different temperature regions was counted.

To quantify the frequency of foraging, animals were tracked using a Zeiss

Stemi 2000-c Stereomicroscope with a Cohu High Performance CCD video camera

with a capture rate of 30 frames/sec. A computer-controlled tracker (Parker

Automation, SMC-1N) placed the worm in view during the 1-minute recording.

Videos were collected on fresh, thinly seeded OP50 plates. The videos, recorded at 30

frames/sec, were then scored blinded frame by frame, counting the number of foraging

movements in 10 second intervals during which the animal was moving forward. A

foraging movement was defined as a complete cycle of movements by the tip of the

nose from the ventral side through the dorsal extreme or vice versa. Two 10 second
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intervals were quantified for each animal and at least 25 animals were scored per

strain.

For analysis of egg-laying and defecation, up to 6 hour videos were recorded

using the automated worm tracking system previously described (Waggoner et al.,

1998). Egg-laying analysis was performed in the same manner as previously reported

(Waggoner et al., 1998). Here, the inter-cluster time constant (indicating the average

time between bursts of egg-laying events) was slightly longer in trpa-1 mutants than

wild-type (1477 s, compared to 1201 s in wild-type). In addition the intra-cluster time

constant (indicating the rate of egg-laying within a burst) was longer in the mutants,

32.2 s compared to 21.2 s in wild-type. For defecation analysis, the time of 5

defecation cycles averaged per worm, n=18 in wild-type and 16 for trpa-1.

To perform the pumping assay, lawns were seeded the day before with one

drop OP50 spread onto plate and grown overnight at 37oC. Young adults were placed

on these lawns for at least 1 hour before videos were recorded. At least 18 videos were

recorded per strains at 20 hz for 20 seconds on the axioscope described in the still

image method section. Videos were slowed down 10X and pumping was scored by

eye.

Rescue of cTRPA1 mutant phenotype

For labial neuron-specific rescue, pdel-2::ctrpa-1was created. Full-length

cTRPA-1 cDNA was subcloned into the pdel-2 pDest vector at the KpnI-SalI sites.

trpa-1(tm1402) mutant animals were injected with pdel-2::ctrpa-1 at 75ng/uL with
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25ng/uL of punc-122::GFP as a co-injection marker at 25ng/uL to create ljEx115. This

array was crossed into trpa-1(ok999) to score rescue in both alleles. ASH specific

rescue of trpa-1 utilized the sra-6 promoter. The rescue construct was made by fusing

a 4 kb sra-6 promoter fragment to full-length cTRPA-1 cDNA cloned into pDest

49.26 at the NheI-KpnI site (Cheung et al., 2004) . The resulting psra-6::trpa-1

construct was injected in trpa-1(ok999) animals at 50 ng/uL with 15 ng/uL punc-

122::GFP to generate ljEx118 and ljEx119.

In vivo Calcium imaging

Optical recordings were performed on a Zeiss Axioskop 2 upright compound

microscope equipped with a Dual View beam splitter (Optical Insights), and a Uniblitz

Shutter (Vincent Associates). Fluorescence images were acquired using MetaVue 6.2

(Universal Imaging). Acquisitions were taken at 75Hz for ASH recordings, and 100Hz

for OLQ, with 4x4 binning, 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). Individual adult

worms (~24 hours past L4) were glued with Nexaband S/C cyanoacrylate glue to pads

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

CaCl2, 5mM MgCl2, 10mM HEPES, 20mM d-glucose, pH 7.2). This saline with the

addition of 2.0mM serotonin was used to immerse animals prior to stimulation. The

stimulator used was a needle with 50µm diameter made of a drawn glass capillary (1.2

mm OD, 0.69 mm ID borosilicate glass) with the tip rounded to 10µm on the flame.
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The stimulator was positioned using a motorized stage (Polytec/PI M-111.1DG

microtranslation stage with C-862 Mercury II controller) to stimulate nose touch. The

needle was placed perpendicular to the animal’s body at a distance of 150 µm from the

side of the nose. In the on phase, the glass tip was moved toward the animal so that it

could probe ~8 µm into the side of the animal’s nose, on the cilia, then paused for 2

seconds, and in the off phase, the needle returned back in its position. Similar ASH

results were seen if the probe was brought in onto the top of the nose during the

stimulation as was done previously (Hilliard et al., 2005). For ASH nose touch all

animals were pre-exposed to UV for 60 seconds before the initial stimulus was

delivered. Image analysis was performed using a custom program written in Java, and

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

Hilliard et al., 2005.For each strain, responses to multiple stimulations (three per

animal for ASH recordings, and two per animal for OLQ) and multiple worms (n=8

animals per strain for ASH, n=10 and 13 for wild-type and trpa-1respectively for

OLQ) were averaged and analyzed statistically.

Electrophysiology

cTRPA-1 expressing tet-inducible stable CHO cells were generated as

previously described (Story et al.,2003). For transient transfections CHO cells were

transfected using Fugene as previously described (Bandell et al., 2004). Cells were

plated onto poly-D-lysine-coated cover slips for recording purposes, and recordings

were undertaken 24hr after tetracycline induction. Recording electrodes were
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fabricated from borosilicate capillary tubing (B150-86-10; Sutter Instrument, Novato,

CA) and had resistances of 2-5 M _ when containing intracellular saline (see below).

Current signals were detected and filtered at 10 kHz with a Multiclamp 700A

amplifier (Axon Instruments, Union City, CA), digitally recorded with a DigiData

1322A laboratory interface (Axon Instruments) and PC compatible computer system,

and stored for off-line analysis. Data acquisition and analysis were performed with

PClamp9 software (Axon Instruments). For whole cell experiments, a voltage ramp

protocol was used with a sampling interval of 400µs/channel (2.5kHz), holding at -

60mV for 250ms, then ramping from -120mV to +120mV over 325 ms, returning to -

60mV for 250ms after the ramp. Ramps were taken with an inter-sweep interval of 3

seconds. The regular pipette solution was (in mM) CsCl, 140; EGTA, 5; HEPES, 10;

MgATP, 1; titrated to pH 7.4 with CsOH. The extracellular solution contained (in

mM) CsCl 140; EGTA, 5; HEPES, 10; MgCl, 2; and CaCl, 2. (±)-Pressure was

hydrostatically delivered by the recording pipette using a syringe and monitored

through Pressure Monitor (World Precision Instruments). For blocking experiments,

100µM-500µM GdCl3 was added to the extracellular solution without EGTA since

EGTA has been shown previously to chelate Gd3+ (Caldwell et al., 1998).
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5.6  SUPPLEMENTARY RESULTS

5.6.1  Effects of cTRPA-1 on other behaviors

Since cTRPA-1 appears to play a mechanosensory role in C. elegans, we tested

for defects in other well-characterized mechanosensory behaviors in trpa-1 mutants.

The two trpa-1 mutant strains showed normal escape responses to gentle body touch,

which requires the ALM , AVM and PLM, PVM touch neurons (Supplementary

Figure 5.3 A) (Chalfie, 1997). cTRPA-1::GFP expression was also observed in the

PVD neurons which is required for response to harsh touch (Way and Chalfie, 1989).

Harsh touch can only be assayed in animals that lack functional light touch response

(Driscoll and Chalfie, 1991). Therefore, harsh touch was assayed in a mec-4 null

mutant background by poking the animal on the anterior or the posterior side with a

platinum wire and scoring for escape responses. We observed that the trpa-1(ok999);

mec-4(u25)3 double mutants showed a normal response to harsh touch

(Supplementary Figure 5.3 B). We did not observe evidence for a role of cTRPA-1 in

response to either gentle body touch or harsh body touch.
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Mammalian TRPA1 (mTRPA1) and Drosophila TRPA1 (dTRPA1) respond to

temperature, and are required for cold hyperalgesia and thermotaxis in adult rats and

fly larvae, respectively.(Rosenzweig et al., 2005; Viswanath et al., 2003; Story et al.,

2003; Obata et al., 2005). We, therefore, explored if trpa-1 mutants showed defects in

temperature sensation. In a linear thermotaxis assay paradigm (Ito, 2005), we did not

find evidence for a role of cTRPA-1 in C. elegans thermotaxis (Supplemenatary

Figure 5.3 C)

As shown in Figure 5.2 cTRPA-1::GFP is also expressed in several non-

neuronal cells such as the pharyngeal muscle, vulva epithelium, and the rectal gland.

We found that trpa-1 mutants have a moderate effect on these behaviors. trpa-1

mutant worms have a slightly faster rate of pharyngeal pumping (Supplementary

Figure 5.3 E). It is unclear if cTRPA-1 is playing a direct role in pumping or if the

higher rate of pumping is a secondary effect of defects in foraging behavior. In

addition, their defecation cycle is also slightly faster than wild-type animals

(Supplementary Figure 5.3 D). trpa-1 mutant worms also show slight alterations in the

timing of egg laying behavior (Waggoner et al., 1998).
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Figure 5.1:  cTRPA-1::GFP fusion protein is expressed in neuron and non-
neuronal cell types
(A) The design of the three cTRPA-1::GFP fusion constructs, with ~2.5 kb of
promoter sequence and the first 3, 6 or all 11 exons (denoted as blue boxes) of trpa-
1fused to GFP. (B) A side view of the worm of a transgenic animal expressing the
ljEx107 fusion gene. Expression is observed in the rectal gland (r), head epithelium
(h.e), and the pharynx (p). (C) Expression of ljEx114 in the non-neuronal tissue of the
vulva epithelium (v.e) and also in an embryo (e).
(D-E) Expression of ljEx114 in the IL1 neurons, the amphid ganglia in the head, and
the PVD and PDE neurons in the postderied ganglia respectively.
(F) Expression of ljEx114 in the labial neurons OLQ and IL1 with an inset of
expression in the cilia. (G) DiI staining shows colocalization of ljEx114 in the ASH
neuron. (H-J) Expression of pocr-4::RFP in the OLQ neurons (H), ljEx114 (I), and a
merged image of I and H, showing expression of ljEx114 in the OLQ neurons (J). In
all pictures, anterior is to the right and ventral is the bottom (ventral is outwards in
(C)).
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Figure 5.2:  trpa-1 mutants have defects in nose-touch, but are normal for ASH-
mediated osmosensory and chemosensory avoidance behaviors
For all assays, each data point represents at least 30 animals, assayed on three
independent days. Error bars denote the SEM. Asterisks denote significant (p<0.001)
differences from wild-type using the non-parametric Mann-Whitney rank sum test,
except in the case of the pdel-2::trpa-1 rescue experiment, where it represents a
significant (p<.001) difference from trpa-1 mutant. (A) Nose touch response of wild-
type and trpa-1(ok999 and tm1402) animals following light touch to the nose. The
trpa-1 mutants show a compromised response to nose-touch, which is rescued by
expression of cTRPA1 in the labial sensory neurons IL1 and OLQ using the del-2
promoter. Nose-touch insensitive osm-9 mutants (defective in the ASH TRPV
channel) and glr-1 mutants (defective in neurotransmission between ASH and
downstream interneurons) were used as controls. (B) Expression of cTRPA-1
specifically in ASH neurons (in the two independent lines, ljEx118 and ljEx119) under
the control of sra-6 promoter does not rescue the nose touch phenotype of the trpa-1.
(C) In a drop-test assay trpa-1 mutants avoid high osmotic strength (1M glycerol),
heavy metals (1mM copper chloride) and bitter compounds (10mM denatonium) to the
same degree as wild-type animals. osm-9(ky10), which abolishes all ASH sensory
responses, was used as control for the assay.
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Figure 5.3:  Nose touch is a complex response that coordinates reversal and head
movement
(A) Shown is response of wildtype animals to 30 consecutive nose touch stimulations.
A reversal response is indicative of a nose touch response, but animals can also show a
head withdrawal from collision with an eyelash; this is not considered a nose touch
response. More head withdrawals are more apparent after the reversal response is
habituated, after about 15 nose touches (n=20). (B) Although both osm-9 and trpa-1
mutants are defective in the reversal response to nose touch, they show distinct
difference in head withdrawal even in the first 10 nose touch stimulations. osm-9
mutants show an significantly elevated frequency of head withdrawals (p<0.01), while
this frequency is significantly reduced compared to wildtype (p<0.001), n=30. (C)
Ablation of OLQ neurons has no effect on the reversal response to nose touch. The
frequency of head withdrawals are significantly reduced (p<0.0001) compared to
wildtype or mock ablated. n=10 animals for N2, mock and ablated, each animal was
scored in 3 sets of 10 stimulations. (D) Shown is a schematic of the nose touch circuit.
Here FLP and ASH make major contributions direction on the command interneurons
to directly, to inhibit forward movement (light chemical synapses) and activate
backward movement (dark chemical synapses). OLQ and IL1 labial neurons form part
of an interconnected network of 20 ciliated putative mechanosensory neurons that
synapse on the RIC motor neuron to directly modulate head movement and foraging,
and also synapse onto the interneuron RIC to indirectly activate the backward
command interneurons. Error bars are SEM.
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Figure 5.4:  Effect of trpa-1 on head foraging movements
Asterisks indicate a statistically-significant difference between the indicated strain and
wild-type (or between two bracketed strains) according to the Mann-Whitney rank
sum test (p<.001). (A) trpa-1 worms failed to suppress head movements associated
with foraging while reversing in response to anterior-touch. glr-1 mutants, defective in
a glutamate receptor thought to be important for neurotransmission between labial
mechanosensory neurons and interneurons, were used as a control. The touch-
suppression of foraging defect was rescued by cell-specific expression of cTRPA-1 in
OLQ and IL1 neurons (n= at least 30 animals on 3 independent days). (B) Expression
of cTRPA-1 under the control of sra-6 promoter (expresses in ASH neurons) fails to
rescue touch-mediated foraging defects in trpa-1 mutant worms. (C) trpa-1 and glr-1
mutant animals foraged more slowly than wild-type worms. trpa-1 mutants were
rescued by expression of cTRPA-1 in the labial neurons under the del-2 promoter. At
least 45 recordings per strain were used to quantify foraging. (D) trpa-1 animals
moved faster than wild-type animals (n=40). For panels A-D, error bars denote the
SEM. Asterisks (p<0.001) and circles (p<0.01) denote significant differences from
wild-type. (E) trpa-1 mutants exhibit exaggerated head bends. A representative
snapshot of mutant and wild-type worms during normal forward locomotion are
illustrated. Anterior is the top, ventral is right.
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Figure 5.5:  Effects of trpa-1 on neural responses to nose touch in OLQ and ASH
(A) Schematic of imaging setup for nose touch stimulation. Here animals expressing
cameleon in either the ASH (blue) or OLQ (orange) neurons are immobilized with
glue and immersed in a bath solution containing 2 mM serotonin. To stimulate, a glass
probe (~10µM tip) is displaced 8µM into the side of the nose and held for 2 seconds
and then released. Dashed probe indicates previous stimulation tactics. (B)
Representative ASH recordings from wild-type (blue) and trpa-1 mutant animals
(pink). Traces indicate the YFP/CFP ratio, which correlates with intracellular calcium.
The black line indicates the 2 second duration of the touch stimulus. (C) Quantitative
summary of the ASH nose touch response data. No statistically significant difference
was observed between wild-type and trpa-1 mutant animals (n=8). (D) Representative
nose touch responses of wild-type (orange) and trpa-1 mutant (pink) in the OLQ
neuron. As in panel A, the traces represent the YFP/CFP ratio, corresponding to
intracellular calcium. (E) Quantitative summary of the OLQ nose touch response data.
trpa-1 mutants have a significantly reduced response to nose touch compared to wild-
type animals (p<0.05, n=10 for wild-type, 13 for trpa-1) according to the non-
parametric Mann-Whitney rank sum test as well as the t-test.
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Figure 5.6:  Mechanical stimuli activate cTRPA1-expressing stable CHO cells
using whole-cell electrophysiology methods
(A) cTRPA1-expressing CHO cells respond to suction in whole-cell configuration.
Application of -75mmHg suction (indicated by red bar) activates a representative
cTRPA1-expressing CHO cell. After perfusing 500µM Gd3+ in the bath (indicated by
black bar), no currents are evoked by suction. After washout of gadolinium, currents
evoked by suction are restored. Currents are shown at holding potentials of +60 and -
60mV. (B) Instantaneous current voltage relationships of the same cell shown above.
Voltages were ramped from -120 to +120mV. Responses are shown before and during
application of -75mmHg suction with and without 500µM Gd3+ in the bath. (C)
Average current density evoked by an average suction of -100mmHg. Left graph –
current densities in tetracycline-induced and uninduced CHO cells stably expressing
cTRPA1 as well as naïve CHO cells treated with Tet at +/- 100mV. n = 22, 15, and 15
for cTRPA1 + Tet, cTRPA1 – Tet, and CHO + Tet, respectively. Right graph – current
densities in CHO cells transiently transfected with cTRPA1 (n = 10) or empty vector
(n = 11). Error bars are +/- SEM. (D) Left panel - average current density evoked by
1µM Bradykinin (BK) in transiently transfected HEK cells co-transfected with
cTRPA1 and Bradykinin Receptor (B2R) (+cTRPA1 +B2R n = 16) or with B2R alone
(-cTRA1 +B2R n = 14). Error bars are +/- SEM. Right panel – representative traces of
a +cTPRA1+B2R expressing cell responding to 1µM BK, reversibly inhibited by
100µM Gd3+ (top trace) and a –cTRPA1 +B2R expressing cell’s response to 1µM BK
(bottom trace).
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Supplementary Figure 5.1:  Phylogenetic tree of TRPA subfamily
H. sapiens, M. musculus, D. melanogaster and C. elegans members of these families
are color coded, and the proposed names of the two C. elegans members is in
parenthesis. ClustalW was used to align the transmembrane domains and the
alignment is presented as a phylogram. The number of predicted ankyrin repeats is
listed.
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Supplementary Figure 5.2:  cTRPA-1 is a member of the TRPA subfamily of
TRP channels
Comparison of C.elegans TRPA-1 (C29E6.2) and TRPA-2 (M05B5.6) protein
sequences to mouse TRPA1(Genbank accession number AY23117), human TRPA1
(NM_007332.1)and Drosophila TRPA1 (AY302598). The alignment was generated
using Megalign and Boxshade. Identical or conserved residues are shown in blue and
similar residues are shown in yellow.
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Supplementary Figure 5.3:  The full length cTRPA-1 GFP fusion, ljEx114
colocalizes with pdel-2::RFP in the Il 1 and OLQ neurons
Left panels indicate pdel-2::RFP expression in the OLQ (top panels) or IL1 (bottom
panels) neurons, center panels are ljEx114 expression, and right panels are the merged
images.
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Supplementary Figure 5.4:  cTRPA-1 is not required for body touch responses
and normal thermotaxis
(A) trpa-1 mutants respond normally to gentle body touch with an eyelash (n=100
trials). (B) In a mec-4 (light touch-insensitive) background, harsh touch response is not
affected in trpa-1 mutants (n=100 trials). (C) cTRPA-1 is not required for normal
response to thermotaxis. The distribution of wild-type animals (filled circle, n=6 trials)
and trpa-1 mutants (ok999 and tm1402, filled triangle and filled square respectively,
n=4 trials) cultivated at 20oC on TTX plate with thermal gradient. 20oC on the
gradient is at 0. (D) Defecation in trpa-1is slightly faster than wild-type animals (n=18
animals for wild-type, 16 for trpa-1, 5 cycles averaged per animal, single asterisks
denotes p<0.05). (E) Quantification of pharyngeal pumping in wild-type and trpa-1
mutant worms shows that trpa-1 worms pump faster than wild type animals (n=18
animals for each strain, 3 asterisks denotes p<0.001).
The error bars indicate Standard Error of Mean (SEM). Asterisks indicate significance
(P>0.001).
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Supplementary Figure 5.5:  cTRPA-1 current do not desensitize
(A) Prolonged suction at -50mmHg does not desensitize cTRPA1 currents. (B)
Response of an uninduced cTRPA1 stable cell to application of 500µM Gd3+
(indicated by black bar). (C) Changes in cell size due to whole cell suction. Pictures of
a CHO cell in whole-cell configuration with 0, -50, and -100mmHg applied pressure.
Area of the cell is calculated at 0-100mmHg suction and compared to the cell’s
original size as a percentage.
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Chapter 6

Conclusion

6.1  Serotonin and neuronal migration

A wide body of evidence has implicated serotonin in the control of neuronal

migration in the brains of higher eukaryotes (Moiselwitsch et al., 1995; Del Angel-

Meza et al., 2001; Bennett-Clarke et al., 1994; Cases et al., 1996; Emanuelsson et al.,

1988, Lauder et al., 1981). Together, these studies indicate that serotonin's role in

brain development is widespread and broadly conserved, although the molecular

mechanisms underlying the developmental function of serotonin in vertebrates are

largely unknown. I have been able to show that serotonin is an important regulator of

both embryonic and post-embryonic neuronal migrations in the nematode C. elegans,

and that serotonin acts as a neurohormone to serve as a permissive cue that confers

motility and/or responsiveness to localized guidance molecules on migrating neurons

in the anterior of the animal. Epistasis analysis specifically suggests that the Go

homologue GOA-1 is a serotonin effector in migrating neurons and that the N-type

calcium channel homologue UNC-2 is a target for this signaling pathway. We

hypothesize that the migration defects resulting from alterations in this pathway arise

from unregulated or inappropriately activated calcium transients in the migrating cells,

or that 5HT might be required to activate calcium influx for motility in the migrating

cells. This is supported by experiments in vertebrates where Go has been shown to

negatively regulate voltage-gated calcium channel activity (Oh et al., 2002, Scott et
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al., 1989, Kinoshita et al., 2001). The results uncovered studying the role of serotonin

in C. elegans neuronal migration may provide important general insight into the

mechanisms through which serotonin and other G-protein coupled neuromodulators

regulate neuronal migration in other systems.

6.2  The role of dopamine in touch habituation

Despite the relative simplicity of the C. elegans nervous system, it has the

ability to display behavioral plasticity. Behavioral analysis of the D1-like dopamine

receptor mutant DOP-1 clearly implicates this receptor in the control of plasticity in

touch habituation, a well-characterized paradigm for behavioral plasticity in C.

elegans (Rankin et al., 2000). This is of high interest, since in mammalian systems

dopamine has long been suspected to play an important role in behavioral plasticity,

particularly with regard to reward and cognition (Beninger and Miller, 1998; Berke

and Hyman, 2000; Nader et al., 1997). Consistent with this, the dopamine deficient

mutant cat-2 shows similar defects to dop-1 mutants. In addition, a wild-type dop-1

transgene is able to rescue the dop-1 habituation phenotype, indicating a role for

dopamine in modulating mechanosensory plasticity. From this data it was

hypothesized that dopamine could be released humorally from the dopamine neuron

onto the touch neurons to modulate their activity.

Further results indicate that DOP-1 acts through a more or less canonical

Gq/PLC-β signaling pathway. This signaling utilizes the second messengers IP3 and

DAG to act on ER calcium and PKC activity respectively to modulate habituation. I



205

found 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. Research into the cellular basis of learning of learning

and memory has focused frequently on presynaptic and postsynaptic alterations of

chemical synaptic transmission and less on changes in neuronal excitability (Hawkins

et al., 1993; Malenka and Nicoll, 1999). Therefore the plasticity mechanisms

identified in my studies are quite novel and may function generally in many learning

and memory processes.

I have also demonstrated that food is an important cue that regulates dopamine

release and hence the rate of habituation. Functionally, the dopaminergic neurons are

required in order to sense textures associated with a bacterial food source, a process

that requires the TRPN channel TRP-4. In response to food, the dopamine neurons use

extrasynaptic dopamine signaling to sensitize the body touch neurons to further

stimulation. This release can act on the touch receptor neurons via the D1-like

dopamine receptor. Conversely, the anterior body touch neurons appear to mediate

indirect activation of the dopamine neurons by gentle body touch through their

synaptic connections in the nerve ring. This is interesting since 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 significantly over-

represented not only in C. elegans but also in the mammalian cerebral cortex

(Shepherd et al., 2005; Song et al., 2005; Stepanyants and Chklovskii, 2005).
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Interestingly, in many cases the functional significance of these reciprocal connections

are not understood. Overall, examining the role of genes in the plasticity of neural

activity and neural circuits and their relationship to behavior has proven extremely

rewarding. The data obtained in these studies may provide a general principle that is

applicable to more complex nervous systems. Overall it is likely that the role of

dopamine in habituation in the C. elegans nervous system may provide important

general insights into the molecular basis of dopaminergic modulation of behavioral

plasticity.

6.3  A role of C. elegans TRPA1 in mechanosensation

Members of the transient receptor potential (TRP) ion channels mediate

thermosensation and mechanosensation in both vertebrates and invertebrates.

Although mammalian TRPA1 is postulated to play a role in noxious cold sensation, its

role in mechanosensation is less clear. I have shown that the C. elegans TRPA1

ortholog trpa-1 is required for mechanosensation. cTRPA-1 is required for nose touch-

evoked escape behavior and head withdrawal, control of foraging amplitude and

frequency, and touch-mediated suppression of foraging behavior. This behavior is

dependent on the ASH nociceptive neurons as well as at least two additional neuron

classes, OLQ and FLP. These phenotypes are rescued by expression of the wild-type

trpa-1 gene in the labial neurons OLQ and IL1. In addition, trpa-1 mutations

significantly reduce in vivo neural responses of OLQ (but not ASH) to nose touch

stimuli. Finally, C. elegans TRPA-1 protein expressed heterologously in mammalian
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cells results in the formation of ion channels that are activated by a mechanical

stimulus. This is consistent with the idea that TRPA family members play disparate

roles in sensing distinct thermal and mechanical stimuli in various species.
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