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The C. elegans osm-9/Capsaicin Receptor Related Gene Family

David M. Tobin

Abstract

The C. elegans OSM-9 protein, the mammalian capsaicin receptor VR1, and the

mammalian osmoreceptor VR-OAC are related TRP channel family members that are

implicated in several forms of sensory transduction. Four additional osm-9/capsaicin

receptor-related (ocr) genes are present in the C. elegans genome. Each ocrgene is

expressed in a subset of the cells that express osm-9. The ocr-2 gene is expressed in the

ASH polymodal nociceptor neurons, where it is required for osmosensory,

mechanosensory, and chemosensory responses. Based on their expression patterns,

mutant phenotypes and interactions with osm-9, we propose that OCR proteins associate

with, and may form heteromultimeric channels with, OSM-9.

We have used the ocr-2 gene as a tool for the investigation of neuronal circuitry

that promotes a social feeding behavior. Natural isolates of C. elegans feed on bacteria

either alone or in groups. ocr-2 mutations suppress this social feeding. We show that

ocr-2 regulates social feeding through its requirement in nociceptive neurons. Ablation

of the nociceptive neurons ASH and ADL transforms social animals into solitary feeders.

Social feeding is probably due to sensation of noxious chemicals by ASH and ADL.

Thus social feeding in C. elegans may be a response to adverse or stressful conditions.
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In order to understand the relationship between the C. elegans osm-9/ocr gene

family and its vertebrate relatives, we expressed two vertebrate orthologs in the C.

elegans ASH neurons. Expression of mammalian VR1 does not rescue ocr or osm-9

behavioral phenotypes in C. elegans, but VR1 can function and respond to capsaicin in

ASH. Expression of VR1 causes reversible, capsaicin-inducible activation of the

nociceptive sensory neurons in C. elegans and could be useful to activate other neural

pathways. VR-OAC expression in C. elegans ASH neurons rescued osm-9 defects in

avoidance of hyperosmotic stimuli and nose touch. VR-OAC rescue was specific for

osm-9 deficits because it respected genetically defined molecular pathways these

behaviors. Mutations in the predicted pore region abolish rescue, suggesting that VR

OAC can function as an ion channel in the transduction of osmotic and mechanical

stimuli in vivo. These results suggest a mechanistic link between the vertebrate and

nematode proteins.

Graduate Advisor
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Chapter One

Introduction



The TRP superfamily of ion channels consists of a set of structurally related

molecules implicated in Phospholipase C (PLC) signaling pathways, multiple forms of

sensory transduction, and capacitative calcium entry (Clapham et al., 2001). With few

corresponding mutants, some are “orphan” channels for which no known ligand or

mechanism of activation has been defined, while others are "multi-parent" channels for

which competing claims have been made about the in vivo method of activation. Most of

those with suggested mechanisms of activation have been examined in vitro, and it is not

clear whether the in vitro properties reflect endogenous processes. In this introductory

chapter, I will address the general structure of TRP superfamily channels, their proposed

mechanisms of activation, and evidence about the subunit composition of these channels.

I will then describe in greater detail one subfamily of TRP channels which include VR1,

VR-OAC and osm-9. This subfamily has been implicated in the sensation of nociceptive

cues, and mechanical and osmotic stimuli. Therefore, I will review some of the neurons

and molecules which are thought to respond to these stimuli. Finally, I will conclude

with a brief overview of amphid sensory neurons, nociceptive cues and social behavior in

C. elegans.

Common molecular structure and features of TRP family members

The current requirements for membership of the TRP superfamily include six

membrane-spanning domains with a relatively conserved S6 membrane spanning domain.

Two of three groups of TRP channels contain a series of N-terminal ankyrin repeats,



which range from two in the case of TRP and TRPL to 29 in the Drosophila NOMPC

mechanoreceptor. TRP family members lack the positive charges of the S4 domain that

act as voltage sensors in voltage-gated channels (Noda et al., 1984). Though structural

conservation rather than any striking sequence conservation link TRP superfamily

members, the S6 domain contains a signature stretch of conserved residues in each of

these family members, also called a TRP box.

The three groups of TRP channels have been classified as TRPC, TRPM, and

TRPV (Clapham et al., 2001). In another system of nomenclature, they have been called

short (S), long (L) and osm (O) respectively (Harteneck et al., 2000). The TRPC

subfamily includes the canonical Drosophila TRP channel subunit and its more recently

identified vertebrate relatives; the TRPM subfamily corresponds to long TRP channels,

which have extensive C-terminal extensions. The TRPV/O-TRPC family contains osm-9,

VR1, VRL-1 and VR-OAC/O-TRPC4, as well as two other channels highly selective for

calcium.

Overall, the TRP superfamily is a large and diverse family of putative channels,

expressed in a wide variety of cell types. Even within one subfamily, multiple modes of

activation and multiple functions are likely to exist.

TRP, the not-so-canonical channel

The archetypal and most well-studied member of this family is TRP, first cloned

by transformation rescue of a Drosophila mutant named for the "transient receptor

potential" that describes the mutant photoreceptor response (Montell et al., 1985; Montell

and Rubin 1989). trp mutants display dramatically reduced currents upon light activation



of photoreceptors. Other Drosophila mutants with defects in phototransduction affect a

classic PLC-mediated signal transduction pathway, suggesting that TRP is regulated by

PLC. norp.A encodes a Phospholipase C required for phototransduction (Bloomquist et

al., 1998). Other signaling components identified include rhodopsin, a Gaº, and an eye

specific PKC (reviewed in Ranganathan et al., 1995). Heterologously expressed TRP can

form a channel that is activated by thapsigargin treatment, presumably by depleting

intracellular calcium stores, but as discussed below, this is unlikely to be its endogenous

mode of activation (Vaca et al., 1994).

A related channel, also expressed in Drosophila photoreceptor neurons and

named TRP-like (TRPL), was identified by homology to TRP. TRPL is 40 percent

identical to TRP, but lacks the C-terminal proline-rich region of TRP (Phillips et al.,

1992). When heterologously expressed alone, it forms a constitutively active channel

(Vaca et al., 1994). Generation of a mutant (screened for by Western-blots of fly

extracts!) showed that TRPL appeared to be redundant with TRP in carrying the light

activated current (Niemeyer et al., 1996). The trp trpl double mutant is devoid of any

light-induced currents in photoreceptors, suggesting that the residual current in trp

mutants may be carried by TRPL. trpl mutant photoreceptors have similar peak response

amplitudes to wildtype photoreceptors, but do have defects under other conditions, such

as sustained illumination (Leung et al., 2000),

There are two schools of thought about the multimeric composition of these

channels. One group asserts that all light-activated currents can be accounted for by TRP

and TRPL homomultimers. Analysis of wild type, trp, and trpl mutant photoreceptors

suggests that summation of the TRP and TRPL channel components as determined in



each mutant, could account for the biophysical properties of wild-type photoreceptor

neurons (Reuss et al., 1997). The other point of view is that TRP and TRPL channel

subunits can heteromultimerize to generate a novel conductance upon light activation.

Xu et al. (1997) demonstrate interactions between the channels by co

immunoprecipitation from Drosophila head extracts and a novel conductance when the

channels are co-expressed in tissue culture cells. However, this novel conductance is at

odds with the recordings made from the trp and trpl mutants which both should

presumably lack the hypothesized TRP/TRPL heteromultimer (Reuss et al., 1997). In

response, Xu et al. (1999) proposed a third putative subunit, called TRPY, that

preferentially associates with TRPL in vitro to produce a channel that responds to known

activators or inhibitors of PLC pathways. The existence of the third subunit is critical to

the heteromultimerization proposal because TRPL homomultimers have dramatically

different properties when expressed heterologously than the residual channels in trp

mutant photoreceptors. This paradox might be reconciled if the native channel is a

TRPL/TRPY heteromultimer. In addition, if Reuss et al. (1997) are actually recording

TRPL/TRPY currents in the trp mutant photoreceptors, then their argument that they are

only recording TRPL currents is incorrect. What remains ambiguous, however, is the

existence and contribution of the proposed TRP/TRPL heteromultimer which would be

disrupted in either the trp or trpl mutant.

Drosophila TRP related proteins (TRPC family)

Mammalian members of the TRP subfamily most closely related to Drosophila

TRP genes include TRPC1-7. While TRPC4 and TRPC5 are relatively Ca2+ selective



(Philipp et al., 1996; Philipp et al., 1998), the remaining TRPC conductances are

nonselective. Identified based on homology to the Drosophila members, many of these

channels behave as store-operated channels in vitro. Upon depletion of intracellular

calcium stores, internal Ca” stores are replenished with external Ca” entering through

store-operated channels. This influx, called capacitative calcium entry, has been

proposed to proceed through a number of the channels in this TRP subfamily. By

expressing antisense cDNAs of these family members and examining store-operated

calcium entry, Zhu et al. (1996) argue for the involvement of two family members in this

process. On the other hand, TRP also behaves as a classical store-operated channel when

heterologously expressed (Vaca et al., 1994), but it is doubtfult that this is its mechanism

of activation in vivo.

At least one combination of TRPC channel subunits -- TRPC1 and TRPC5 -- can

form heteromeric channels when heterologously expressed (Strubing et al., 2001).

Coexpression results in a novel nonselective cation channel that is activated by Ga

coupled receptors but not by depletion of intracellular calcium stores (Strubing et al.,

2001). It is possible that different subunit compositions may result in distinct

mechanisms of channel activation.

Long TRP family members (LTRP/TRPM)

One class of TRP channels, termed TRPM or LTRP, contain extended C-terminal

regions after the sixth membrane-spanning domain. Most of these family stretch more

than 1500 amino acids in length. At least one of these family members, TRP-PLIK

(TRPMT) has been shown to have kinase activity at its C-terminus, and the kinase



activity is required for function (Runnels et al., 2001). It has been proposed that the long

C-termini of these family members confer additional functions to these proteins

(Clapham et al., 2001). TRPM2 can be gated by ADP-ribose through a carboxy-terminal

NUDT9 domain (Perraud et al., 2001).

Four C. elegans genes fall into this family, one of which, gon-2, is required for

post-embryonic mitotic divisions of cells which give rise to the gonad (West et al., 2001).

Another vertebrate subfamily member has been implicated in tumor progression (Duncan

et al., 2001).

The TRPV subfamily

Members of the TRPV subfamily all contain three ankyrin repeats. One vertebrate

family member, ECaC, is expressed exclusively in epithelial cells, where it acts as a

calcium channel (Hoenderop et al., 1999). ECaC2, also called TRPV6 and Cat 1, has

been heterologously expressed in mammalian cells. Characterization of its biophysical

properties, including high calcium selectivity, activation by low calcium concentrations,

inactivation by higher calcium concentrations, single channel Na+ conductance in

divalent-free conditions, and sensitivity to La3+, suggested that ECaC2 could comprise at

least part of the elusive Ierac channel, discussed below (Yue et al., 2001). The remaining

members of this subfamily include the capsaicin receptor VR1, the closely-related VRL

1, an osmotically-sensitive channel VR-OAC, and C. elegans osm-9. These channels are

discussed further below.

Channel Activation



The TRP class of channels has been proposed to be gated by a number of

mechanisms and molecules. The classic mechanism is capacitative (or store-operated)

calcium entry, and for many years there was controversy over whether the canonical TRP

channel was a player in a capacitative calcium entry pathway. It is clear that there is a

calcium release activated current (Icrac) that results upon release of intracellular calcium

stores in a variety of cell types (Hoth and Penner, 1992). When heterologously expressed

in tissue culture cells or Xenopus oocytes, a wide range of TRP channels appear to be

activated by depletion of calcium stores (reviewd in Putney and McKay, 1999).

However, none of these channel subunits alone or in combination has been shown to

recapitulate all the characteristics of Icrac.

A large body of work has examined the TRP channel family's role in store

operated calcium entry. Pharmacological evidence and heterologous coexpression

studies indicate a requirement of the IP3 receptor for store-operated activation of these

channels (Kiselyov et al., 1999; Ma et al., 2000). One proposed mechanism of activation

is conformational coupling between endoplasmic reticulum and the plasma membrane, in

which disruption of cortical actin can prevent activation (Berridge, 1995; Ma et al.,

2000). The cytoplasmic N-terminal domain of the type 1 IP3 receptor has been proposed

to function as a gate for activation of TRPC3 (Kiselyov et al., 1999). However, even

around this well-studied channel there is controversy about activation mechanism, as a

number of groups have shown that these same channels can operate independently of

stores (Hoffman et al., 1999; Li et al., 1999; Ma et al., 2000). Heterologous expression

may not be able to recapitulate endogenous processes and pharmacological manipulations



may not have the required specificity to unambiguously delineate molecular mechanisms

of channel gating.

It has been argued that TRP itself is gated by a capacitative calcium entry

mechanism, and indeed coexpression of TRP and TRPL in Xenopus oocytes can

reconstitute capacitative calcium entry (Gillo et al., 1996). However, phototransduction

is not dependent on either the IP3 receptor or the ryanodine receptor. In a series of

mosaic experiments, it was demonstrated that both the IP3 and ryanodine receptors were

dispensable for Drosophila phototransduction (Archaya et al., 1997; Sullivan et al.,

2000). Similarly, photolysis of caged IP3 is not sufficient to activate the channel (Hardie,

1995). In retrospect, the lack of a requirement for the IP3 receptor is perhaps not a

surprising result, because the calcium stores in photoreceptors are located at the base of

the rhabdomeres, far from the localization of many of the TRP channels. Given the

distance between channel and calcium store, the postulation of diffusible IP3 and store

operated channels as a primary signaling mechanism seems difficult to reconcile with the

milisecond latency of neuronal activation in the Drosophila light response.

More recent work suggests that lipid signaling molecules may directly activate

TRP channels. Chyb et al. (1999) have shown that heterologously expressed TRP and

TRPL respond to polyunsaturated fatty acids such as linolenic and arachidonic acids.

Similarly, human TRPC6 and TRPC3 are capable of direct activation by diacylglycerol

(Hoffman et al., 1999). In this model, the Drosophila TRP channels might be activated

directly by a DAG-related compound following PLC activation.

A related model for the activation mechanism of a subset of these channels

follows from work with VR1, discussed below. Chuang et al (2001) propose a



mechanism in which PtdIns(4,5)P, inhibits channel activation. PLC-mediated hydrolysis

to Ins(1,4,5)P, and diacylglycerol relieves this inhibition and opens the channel. In this

model, polyunsaturated fatty acids and other lipids like anandamide may activate TRP

superfamily channels by displacing PIP, from a channel inhibitory site (Julius and

Basbaum, 2001).

Channel Biophysical Properties

Most TRP channels are nonselective cation channels when heterologously

expressed, particularly those in the TRPC subfamily. In Drosophila, TRPL is relatively

nonselective, but TRP channels appear to be highly calcium permeable (Pca/PNa = 87)

(Reuss et al., 1997). VR1 exhibits a relatively high permeability to Ca2+ ions, with a

PCs/PNa ratio of around 10 (Caterina et al., 1997). TRPV5 and TRPV6 have the highest

Ca2+ selectivity of any TRP channels for which this property has been determined; the

PCs/PNa ratio is greater than 100 for each of these channels. It may be relevant that the

proposed mechanism of activation of TRPV6 is calcium store depletion, and there is

some evidence that TRPV6 may in fact be central to the well characterized calcium

release activated current (Ictac) (Yue et al., 2001). Except for TRPM7 (TRP-PLIK) which

is relatively nonselective, none of the long TRPs (TRPM subfamily) has been

characterized biophysically.

Channel Localization

10



In the case of TRP, organization into a large “signalplex” or “transducisome” may

explain some of the rapid kinetics of visual transduction in Drosophila. Drosophila

phototransduction requires only tens of milliseconds from rhodopsin activation to the

generation of a receptor potential (Ranganathan et al., 1991). Bringing signaling

components together in complexes may add to the efficiency and speed of signaling and

has been proposed to create microdomains in which localized changes in calcium

concentrations allow individualized regulation of signaling components.

A protein called INAD consists largely of five PDZ domains and may anchor the

signaling complex. INAD binds at least seven other proteins shown to play key roles in

phototransduction including rhodopsin (Chesevich et al., 1997; Xu et al., 1998),

phospholipase C (Huber et al., 1996); protein kinase C (Huber et al., 1996), the NINAC

myosin III (Wes et al., 1999), calmodulin, TRP and TRPL. In addition, full assembly of a

signaling complex consisting of the TRP channel, PLC, eye-specific PKC, and INAD is

required for maintenance of the complex in the rhabdomeres (Shieh and Zu, 1996; Huber

et al., 1996; Chevesich et al., 1997; Tsunoda et al., 1997; Li and Montell, 2000; Tsunoda

et al., 2001).

VR1 is a mammalian TRP superfamily member which appears to be central to

multiple modes of activation of nociceptive nuerons. Isolated based on its responsiveness

to capsaicin, the active ingredient of chili peppers, VR1 has been shown to respond to

both physical and chemical stimuli. It is activated by capsaicin as well as natural stimuli

including noxious heat, acidic pH, and anandamide (Caterina et al., 1997; Tominaga et

11



al., 1998; Zygmunt et al., 1999). Activation by low pH appears to be indirect; low pH

probably serves merely to reduce the temperature at which VR1 is activated (Tominaga et

al., 1998).

VR1 is expressed in small diameter polymodal nociceptive sensory neurons that

respond to noxious chemical, mechanical and thermal stimuli (Tominaga et al., 1998).

Myelinated Aö fibers are thought to mediate rapid sensations of pain upon stimulation,

whereas unmyelinated C fibers that conduct more slowly transmit the duller, more diffuse

sensation of pain which arrives as "second pain" after injury (Basbaum and Jessel, 2000).

Among the C fibers are polymodal nociceptors, which detect mechanical, chemical and

thermal noxious stimuli. Other subpopulations of C fibers are responsive to only subsets

of these three nociceptive modalities.

Mice mutant for VR1 have defects in some responses to noxious heat, but by no

means are the knockout mice completely defective for thermal nociception (Caterina et

al., 2000; Davis et al., 2000). There have been no defects described in the knockout mice

for mechanical stimulation of C fiber neurons.

Other pathways impinge on VR1 activation. ATP release from neighboring cells

during tissue damage produces a proalgesic response. Extracellular ATP can itself excite

nociceptive neurons. While some of this action may occur through ionotropic ATP

(P2X) receptors (Lewis et al., 1995; Chen et al., 1995), it has been shown that VR1

activity can be potentiated by metabotropic (P2Y) ATP receptors in a PKC-dependent

pathway (Tominaga et al., 2001). Another group suggests that lipoxygenase products

that represent endogenous capsaicin-like substances may activate VR1 directly after

tissue damage. 12- and 15-(S)-hydroperoxyeicosatetraenoic acids, 5- and 15-(S)-

12



hydroxyeicosatetraenoic acids, and leukotriene B4 all activate VR1 at concentrations of

10 HM (Hwang et al., 2000).

Other agents known to affect VR1 include bradykinin and nerve growth factor

(NGF). Biologically, both these substances are pro-algesic agents that produce

nociceptor hypersensitivity (Shu and Mendell, 1999; Koltzenburg et al., 1999). Both

stimulate phopholipase C signalling pathways through G-protein-coupled (BK2) and

tyrosine kinase (TrkA) receptors respectively. VR1 is required for both bradykinin and

NGF-mediated hypersensitivity (Chuang et al., 2001). Both agents have potentiating

effects on VR1 that are mimicked by decreasing PIP2 levels. In addition, PLCY co

immunoprecipitates with TrkA and VR1 when TrkA and VR1 are co-exressed (Chuang et

al., 2001). These observations lead to a model in which VR1 can be activated by PLCY

hydroloysis of PIP2 upon activation of the TrkA receptor or the BK2 G-protein coupled

receptor. The potentiating effects of these pathways on VR1 do not require PKC, but

additional regulation may occur through a PKC-dependent mechanism. PKC-8 is able to

mediate the bradykinin potentiation of heat-evoked current, and PKC activation

potentiates capsaicin-evoked responses in VR1-expressing oocytes (Cesare et al., 1999;

Premkumar et al., 2000).

Thus, the VR1 ion channel can be modulated and activated both by intracellular

Second messengers and by extracellular signals such as protons and heat.

VRL-1

Another family member, VRL-1, is closely related to VR1 but is insensitive to

capsaicin or protons and requires higher temperatures for activation (Caterina et al.,

13



1999). VRL-1 is expressed in medium and large-diameter sensory neurons distinct from

the smaller diameter neurons that express VR1, and its function is unclear. These

neurons may correspond to the type I Aö nociceptors that respond to noxious

temperatures greater than 52 degrees C (Treede et al., 1995). The presence of VRL-1

may also help to explain the residual sensitivity to noxious heat in VR1 knockout mice,

but this explanation is only speculative. VRL-1 was also described as a cation channel

that is translocated to the plasma membrane upon exposure to IGF-I, suggesting that this

class of channels may also be regulated by growth factors (Kanzaki et al., 1999).

VR-OAC

A number of groups have identified a vertebrate ion channel that is specifically

gated by osmotic stimuli, the vanilloid receptor related osmotically activated ion channel

(VR-OAC; named also OTRPC4, TRP12 and VRL-2) (Liedtke et al., 2000; Strotmann et

al., 2000; Wissenbach et al., 2000; Delany et al., 2001). VR-OAC is a non-selective

cation channel that belongs to the osm-9 subfamily of the trp ion channel superfamily.

VR-OAC can detect changes in osmotic pressure with great sensitivity (Liedtke et al.,

2000; Strotmann et al., 2000). In heterologous expression systems it is gated through

hypotonicity within the physiological range.

VR-OAC is expressed in neurons of the circumventricular organs, where there is

no functional blood brain barrier (Liedtke et al., 2000). These neurons have been shown

to sense systemic osmotic pressure, the most aggressively defended homeostatic setpoint

value in vertebrates (Denton et al., 1996; Lind et al., 1982; McKinley et al., 1992;

14



McKinley et al., 1999). Through known projections they relay their findings to

magnocellular hypothalamic neurons that secrete antidiuretic hormone into the blood.

VR-OAC has also been found to be expressed in mechanotransductory cells,

including inner ear hair cells, trigeminal ganglion intermediate-size neurons, and Merkel

cells in close proximity to whiskers (Liedtke et al., 2000). In mechanosensory transducer

cells, VR-OAC could possibly function in maintaining cell-autonomous osmotic and

ionic homeostasis. Alternatively, VR-OAC could form a mechanotransductory ion

channel, perhaps complexed with other channel components. The channel's physiological

properties, including voltage sensitivity and a single-channel conductance of 310 pS,

make this role improbable for VR-OAC alone (Liedtke et al., 2000). Though VR-OAC

clearly responds to osmotic cues, its activation by hypoiosmolarity is the opposite to what

is expected physiologically. Hyperosmotic conditions do not activate heterologously

expressed VR-OAC.

osm-9

osm-9 is the closest C. elegans relative of VR1 and VR-OAC. It is expressed in

sensory neurons and required for some olfactory responses, mechanosensory responses,

and osmosensory responses (Colbert et al., 1997). osm-9 is required for all known

responses mediated by the nociceptive ASH neurons described below (Kaplan and

Horvitz, 1993; Colbert et al., 1997). However, osm-9 also acts in non-nociceptive cell

types and even some non-neuronal cells, where its functions may be different. The AWA

olfactory neurons detect numerous attractive volatile odorants using G protein-coupled

receptors (Bargmann et al., 1993; Sengupta et al., 1996). The response to all AWA
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odorants requires osm-9, which is proposed to form a G protein-regulated transduction

channel in AWA. OSM-9 localizes to the sensory cilia in AWA, suggesting a direct role

in sensory transduction (Colbert et al., 1997). Several other neurons express osm-9 and

might use it during primary transduction: the pheromone-sensing ADF neurons, the odor

sensing ADL neurons, and the touch-sensing OLQ neurons. An additional group of

sensory neurons, including the AWC olfactory neurons, express both osm-9 and another

sensory transduction channel, the com/P-gated channel encoded by tax-2 and tax-4

(Coburn and Bargmann, 1996; Komatsu et al., 1996; Komatsu et al., 1999). AWC

olfaction does not require osm-9, but does require tax-2 and tax-4, as well as other

components of a G protein-coupled com/P signaling pathway (L'Etoile and Bargmann,

2000; Birnby et al., 2000). In AWC, osm-9 has a role in olfactory adaptation, the

downregulation of olfactory responses after prolonged odorant exposure (Colbert and

Bargmann, 1995). No biochemical or electrophysiological analysis of osm-9 has been

completed, and, thus, its channel function is only inferred. However, its characterized

roles in sensory neurons, its evolutionary relationship to known channel subunits and

other experiments described in this thesis all suggest that it very likely forms part of an

ion channel related to other members of this subfamily.

OTHER MECHANOSENSITIVE CHANNELS AND PROTEINS

The most well studied physiological mechanosensory system is the auditory inner

ear hair cell (Hudspeth, 1989). Despite elegant characterization of its regulation and

gating, the molecular identity of the transduction channel is unknown. Other systems

have uncovered candidate mechanosensory molecules that are described below.
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Drosophila Nomp Proteins

Genetic approaches to mechanosensory transduction in Drosophila have identified a class

of mutants with morphologically normal mechanoreceptive cells but no observable

mechanoreceptor potential upon stimulation of sensory bristles (nomp mutants) (Kernan

et al., 1994). The nompC gene was cloned and encodes an outlying member of the TRP

superfamily which has not been placed in any of the three major categories of TRP

family members (Walker et al., 2000). Conservation, as in other TRP superfamily

members, is present in the more highly conserved S6 domain, and a striking number of

N-terminal ankyrin repeats (29 in all) are present in the N-terminus. Another nomp

mutant, nompa, disrupts contacts between sensory endings and cuticular structures

(Chung et al., 2001). nompa encodes a protein expressed in sense organs of the

peripheral nervous system by support cells that ensheath the neuronal sensory process. In

this respect, it may be similar to extracellular mantle proteins in C. elegans such as MEC

9, though there is no sequence homology observed.

Nompa and NompC are expressed only in the peripheral nervous system, and

there are probably other mechanosensitive signaling systems in Drosophila, as noted

below.

C. elegans mec genes

The array of C. elegans mec mutants has proved a useful tool in the elaboration of

one framework for mechanosensation. Central to this response are subunits of a

hypothesized ion channel of the DEG/ENaC family. MEC-4, MEC-10, and MEC-6 may
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form subunits of a mechanosensitive channel (Driscoll and Chalfie, 1991; Huang and

Chalfie, 1994). The molecular nature of MEC-6 has not been described, but genetic

evidence suggests that it may be a third channel subunit (Chalfie and Wolinsky, 1990).

However, no direct evidence exists to establish direct gating of MEC-4/MEC-10/MEC-6

by mechanical stimuli.

What is the proposed mechanism for mechanosensory channel activation? A

number of mec genes are thought to provide eseential components. Atypical 15

protofilament microtubules are prominent in mechanosensory touch cells (Chalfie and

Thomson 1979, 1982). These microtubules are encoded by mec-7, a touch cell-specific

fl-tubulin, and mec-12, an O. tubulin (Savage et al., 1989; Fukushige et al., 1999). mec-2

encodes a stomatin-related protein which, on the basis of genetic interactions and

mislocalization in two mec-12 missense alleles, has been proposed to link the

mechanosensory channel with the microtubule network (Huang et al., 1995).

In addition to the large-diameter microtubules, another striking feature in electron

micrographs is extensive extracellular matrix associated with touch cells (Chalfie and

Thomson 1979, 1982). mec-5 and mec-9 encode extracellular components of the

mechanosensory apparatus of the touch cells. MEC-5 is a collagen that is made by

epidermal cells surrounding the touch cells (Du et al., 1996). The long transcript of

MEC-9 is a secreted protein with EGF-like and Kunitz domain-like repeats that is

expressed in touch cells. Loss of function mutations in mec-9 dominantly enhance mec-5

mutations, and this has led to the model that both of these proteins are extracellular

matrix components that interact (Du et al., 1996). By analogy to tip links associated with

hair cells of the ear (Hudspeth, 1989), a model has been proposed in which structures of
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the extracellular matrix link to a mechanosensitive channel, perhaps through the MEC-5

collagen. mec-1 mutants lack most of the extracellular matrix and have defects in the

attachment of touch cell processes near the cuticle (Chalfie and Sulston, 1981).

DEG/ENaC family

Drosophila homologs of the DEG/ENaC family members exist, though no

mutations have been described in any of the corresponding genes. Nonetheless,

Pickpocket (PPK) has been shown to be expressed in the dendrites of peripheral

mechanosensory neurons during embryonic and larval development (Adams et al., 1998).

Two mouse knockouts of DEG/ENaC channel subunits have revealed roles for

these channels in vertebrate mechanosensation. The brain sodium channel BNC1 is also

expressed in lanceolate nerve endings that lie adjacent to and surround hair follicles

(Price et al., 2000). In mice lacking functional BNC1, rapidly adapting mechanosensory

neurons fire only about half the number of action potentials as wild-type mice in response

to a 20-plm stimulus. Also expressed in these neurons are two ENaC subunits, but

existing knockouts cannot be analyzed for responsiveness to mechanical stimuli; they die

within a few days of birth due to defects in electrolyte metabolism (Gillespie and Walker,

2001). More recently, a knockout of another family member, DRASIC, revealed roles in

different mechanoreceptors. Lack of DRASIC appeared to significantly decrease the

responsiveness of mechanoreceptors sensing noxious pinch, but it increased the

responsiveness of mechanoreceptors sensing light touch (Price et al., 2001). DRASIC

can be activated heterologously by protons, and nerve preparations from mice lacking
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this channel showed changes in acid-evoked responses in both mechanoreceptors and

nociceptive neurons. Surprisingly, the DRASIC knockout also shows decreased

responsiveness to noxious heat in C-MH neurons, akin to the VR1 -/- mouse (Price et al.,

2001; Caterina et al., 2000). Since DRASIC does not appear to be gated by noxious heat

in heterologous expression systems, this result raises the possibility of a functional

interaction between the two channels. Indeed DRASIC expression is restricted to sensory

afferent neurons (Waldmann et al., 1997).

Other relatives of the C. elegans mec genes also are expressed in vertebrate

sensory neurons, including stomatin, the closest vertebrate relative of mec-2 (Mannsfeldt

et al., 1999). However this expression is not specific to the nervous system, or to specific

sets of sensory neurons.

MscL

MscL was biochemically purified and shown to be responsible for a large

mechanosensitive conductance in bacteria (Sukharev et al., 1994). It is a 136 aa protein

with a highly hydrophobic core that has been crystallized from Mycobacterium

tuberculosis (Chang et al., 1998). Structually, it is comprised of two membrane-spanning

domains and appears to form homopentamers. It is intriguing, but perhaps coincidental,

that the two membrane-spanning architecture matches the architecture of the putative

mechanosensitive MEC-4/MEC-10 channel subunits in C. elegans touch cells. However,

as Driscoll and Kaplan point out (1996), McSL can be reconstituted in liposomes, and so
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does not require the ancillary extracellular and intracellular components that the C.

elegans MEC system may use. Instead, membrane tension alone must be sufficient to

open the channel. Estimations of the open probability of MscL and the kinetics of

transitions as a function of membrane tension suggest that, in native conditions, MscL

openings could be driven primarily by forces of an osmotic nature (Sukahrev et al.,

2001).

Other mechanosensitive ion channels

In addition to the suspected mechanosensitive channels mentioned above,

unrelated channels in yeast and bacteria have been suggested to respond to mechanical

stimuli. These include the yeast Midl channel, and the K' channel TREK-1 (Kanzaki et

al., 1999; Maingret et al., 1999). mid1 encodes an integral membrane protein with at least

4 transmembrane domains, one of which shows some similarity to the S3 hydrophobic

segment of voltage-gated Ca" and Na’ channels (Kanzaki et al., 1999).

TREK-1 is expressed specifically in neuronal tissues and consists of four

transmembrane domains and two putative pore regions (Maingret et al., 1999). Though

previously reported to be gated by arachidonic acid and other polyunsaturated fatty acids

(Fink et al., 1998), TREK-1 is also activated by mechanical stimuli and this stimulation is

blocked by gadolinium (Maingret et al., 1999). Perturbation of the outer layer of the

membrane with trinitrophenol appears to lead to direct channel activation, suggesting that

intracellular second messengers are not required and that the channel may indeed be

directly activated by mechanical stimuli.
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Alternate systems for osmosensation in yeast and bacteria

Ion channel activation is not an absolute requirement of osmotic sensation, though

organisms as diverse as vertebrates and bacteria appear to use ion channels to sense

mechanical and osmotic stimuli. Yeast cells respond to elevated osmotic conditions

using a MAPK pathway known as the high osmolarity glycerol (HOG) pathway. Upon

exposure to high external osmolarity, yeast cells will ultimately raise internal glycerol

concentration and offset high extracellular osmolarity (Bloomberg and Adler, 1992).

Two osmosensing mechanisms feed into the HOG pathway and appear to be redundant

for osmosensation. The first relies on a phosphorelay system related to bacterial 2

component response regulators and includes a two-transmembrane domain protein --

Slnlp -- and the response regulator Ssklp (Maeda et al., 1994). The extracellular domain

of Sln1p is thought to function as a dimerization and activation domain, and the first

transmembrane domain is required for sensitivity to high osmolarity (Ostrander and

Gorman, 1999). Arabidopsis may use a similar pathway for sensing osmolarity, as a

homolog that is up-regulated in dehydrated plants can functionally substitute for Sln1 in

yeast cells (Urao et al., 1999).

The second yeast pathway involves the osmosensor Sholp, a protein with four

putative membrane-spanning domains and a carboxy-terminal SH3 domain (Maeda et al.

1995). Though little structure-function analysis has been carried out on Sholp, close

relatives have been identified in K. lactis and Candida, and these are able to complement

shol mutations in S. cerevisiae. Sequence conservation points to the four membrane

spanning domains rather than N-terminal or C-terminal regions as the most likely sensors

of osmotic conditions. The SH3 region has also been conserved, though it is most likely
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that this domain's principle role is in downstream signaling through the HOG pathway

(Siderius et al., 2000).

Bacteria also use a classic two-component phosphorelay system to detect osmotic

strength. Env2, a histidine kinase, is the putative transducer of high osmolarity. When

activated, it phosphorylates the Ompr response regulator which induces transcription of

the OmpC and Ompf outer membrane porin genes (reviewed in Pratt and Silhavy, 1995).

Env2 consists of two transmembrane domains and the molecule is known to

homodimerize. Again membrane tension is the most likely trigger for activation, as the

periplasmic domain can be substituted without abolishing response to osmotic stimuli

(Leonardo and Forst, 1996).

While these osmosensory systems in yeast, bacteria and plants may shed light on

the mechanisms by which molecules can structurally respond to osmotic gradients or

membrane distortion, they are unlikely to fit into a sensory scheme that requires rapid

signaling. The known consequences of activation of these pathways appear to be mostly

at the transcriptional level -- transcription of genes required for glycerol synthesis in the

case of the HOG pathway, transcription of outer membrane porin genes in the case of

Env2 activation.

C. elegans sensory neurons and behaviors

C. elegans chemosensory neurons are concentrated in the amphid sensory organs.

Most sensory behaviors mediated by amphid neurons have been shown to require G

protein signaling, and at least 15 neuronally-expressed GO subunits may contribute to

these responses (Roayaie et al., 1995; Jansen et al., 1999). G proteins presumably couple
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to some of the hundreds of C. elegans G-protein coupled receptors, most of which are

expressed in chemosensory cells (Troemel et al., 1995). For example, the diacetyl

receptor ODR-10 is a seven-transmembrane G-protein coupled receptor which likely

couples to the Go subunit ODR-3 after odorant binding (Sengupta et al., 1996; Roayaie

et al., 1995). Though G protein coupled receptors are widely expressed in amphid

sensory neurons, at least two major sensory transduction pathways mediate downstream

responses to chemosensory cues. Neurons such as AWA, ASH, and ADL require the

osm-9 gene described above for all of the behaviors that they mediate. A complementary

group of neurons including the olfactory neurons AWC and AWB and the Na' and CT

sensing ASE neurons require a tax-2/tax-4 c6MP pathway for sensory transduction.

Other C. elegans sensory systems functioning in the amphid: tax-2/tax-4

OSM-9 may play regulatory roles in neurons for which cGMP signalling is the

primary mode of sensory transduction. In the AWC neurons, osm-9 mutants display

defects in adaptation to butanone and isoamyl alcohol, though they maintain normal

dose/response curves in primary olfactory responses to these odorants (Colbert et al.,

1995). OSM-9's role in the AWC neurons modulates a signaling system that is required

in a range of amphid sensory neurons. tax-2 and tax-4 encode subunits of a com/P-gated

ion channel that is required for chemotaxis to volatile odorants sensed by AWC, for

repulsion from noxious odorants sensed by AWB, for chemotaxis to Na' and CI ions

sensed by ASE, and for thermotaxis mediated by AFD (Coburn et al., 1996; Komatsu et

al., 1996; Mori and Ohshima, 1995). Electrophysiological characterization reveals that a
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reconstituted TAX-2/TAX-4 channel is more sensitive to c(3MP than to cAMP (Komatsu

et al., 1999).

Consistent with the involvement of c(3MP in chemosensation, a transmembrane

guanylyl cyclase, ODR-1, (Bargmann et al., 1993; L'Etoile et al., 2000) and a related

guanylyl cyclase, DAF-11 (Birnby et al., 2000), are both required for AWC olfaction and

may generate the comp that opens the TAX-2/TAX-4 channel. c.6MP-mediated

pathways may be central to sensory transduction in other C. elegans neurons, as guanylyl

cyclases appear to be expressed in distinct sensory neurons, many of which express tax

2/tax-4. These neurons include AWB, AWC, AFD, ASE, BAG, and URX (Yu et al.,

1997).

ASH Nociceptive Neurons

Two amphid sensory neurons called ASH have hallmarks of polymodal

nociceptors. Exposed ciliated endings of ASH reach the amphid sensory pore where they

presumably can access noxious cues. Laser ablation and genetic experiments have shown

that animals lacking the two ASH neurons are compromised for responsiveness to a range

of aversive cues. These include osmotic avoidance, backing in response to nose touch,

and avoidance of certain volatile repellents such as 2-octanone, octanol, and high

concentrations of benzaldehyde (Kaplan and Horvitz, 1993; Troemel et al., 1995). All

ASH responses require osm-9, the closest C. elegans relative of a channel that also

appears to be intimately involved in nociception, vertebrate VR1.

As in vertebrate nociceptors, glutamate is thought to be the predominant

excitatory neurotransmitter for ASH. Postsynaptic gluatmate receptors populate the
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command interneurons downstream of ASH (Hart et al., 1995; Maricq et al., 1995;

Brockie et al., 2001). Mutations in glr-1 result in defects in certain ASH-mediated

behaviors, including the nose touch response (Hart et al., 1995; Maricq et al., 1995). A

vesicular glutamate transporter, encoded by eat-4, is expressed in ASH neurons and

mutations in eat-4 result in defects in ASH-mediated behaviors (Lee et al., 1999;

Belocchio et al., 2000).

Unlike vertebrate nociceptive neurons expressing VR1 or VRL1, ASH has never

been implicated in thermal sensation. Wittenburg et al. (1999) have demonstrated the

existence of an acute thermal avoidance response, but the cellular locus of this action

remains unclear. ASH is not required for thermotactic responses, described below.

Other C. elegans sensory neurons have been shown through laser ablation studies

to mediate avoidance behaviors. These include the amphid sensory neurons ADL, which

mediates repulsion to the volatile odorant 1-octanol, and AWB, which mediates repulsion

to 2-nonanone (Troemel et al., 1997).

Social Behavior

The range of chemical and mechanical stimuli that C. elegans can detect leads to

a number of more complex behavioral programs, including mating, chemotaxis, and

food-dependent modulation of behavior (Ward, 1973; Liu and Sternberg, 1995;

Bargmann et al., 1993; Colbert and Bargmann, 1997; Sawin et al., 2000) Naturally

occurring polymorphisms in the C. elegans npr-1 gene account for two divergent

foraging behaviors (de Bono and Bargmann, 1999). When placed on a lawn of E. coli,

solitary strains of C. elegans feed alone while social strains feed in clumps (R. Cassada,
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personal communication; de Bono and Bargmann, 1998; Hodgkin and Doniach, 1997).

npr-1 encodes a neuropeptide receptor-related protein that is expressed in neurons. A

null mutation results in social foraging behavior, and wild social strains all share the

same V to Famino acid alteration in the third intracellular loop which reduces, but does

not abolish, protein function (de Bono and Bargmann, 1998).

Individuals from many animal species live in groups for part or most of their

lives. In some species aggregation is associated with mating or breeding (cicadas;

mayflies). In other species aggregation provides a defense against predators or adverse

conditions. For example cooperative defense is seen in wildebeest, starlings, owlfly

larvae, and bees (Tinbergen, 1953; Wilson, 1975). In other species living in groups

increases feeding efficiency (e.g. among wolves, locusts, flycatchers (Wilson, 1975)).

These selective advantages are not mutually exclusive, and aggregation can contribute

advantages for breeding, defense, as well as feeding efficiency. Living in groups can also

carry costs. For example food has to be shared among individuals of a group, and disease

can spread more easily in aggregations (Giraldeau and Caraco, 2000).

Within a species aggregation behavior can be regulated by environmental signals

such as predators, food availability, and season. For example the presence of an intruder

induces collective defensive behavior in bees and wasps (Wilson, 1975). In the

grasshopper Schistocerca gregaria which is usually a solitary insect, increasing

population density and decreasing food availability induce formation of an alternative

life-style, the locust, which actively aggregates (Uvarov, 1966). Adverse conditions,

such as exposure to slaughterhouse sounds, have been shown to cause pigs to spend more

>
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time close to their group mates (Geverink et al., 1998). Likewise, domesticated rats

exposed to adverse conditions also display affiliative behavior (Taylor, 1981).

In the case of locust aggregation, some of the cues that favor aggregation have

been described, and these may include mechanosensory cues and bacterially-derived

pheromone cues. Stimulation of the rear leg, but not other body parts, can induce

aggregation of previously solitary locusts (Simpson et al., 2001). Exposure of crowded

desert locust nymphs to fecal-derived volatiles including guaiacol and phenol causes

dramatic aggregation (Obeng-Ofori et al., 1994). Interestingly, these volatiles are

produced by bacteria in the locust gut during food digestion (Dillon et al., 2000); thus, a

volatile cue promoting aggregation behavior depends on locust diet and associated

bacterial metabolites. Although there is considerable data about the ecology and

sociobiology of aggregation behavior in many different species, the neural mechanisms

that mediate and regulate aggregation are still unknown.

Overview of this thesis

This thesis characterizes a family of osm-9/capsaicin receptor-related genes in C.

elegans and examines their relationship to both C. elegans and vertebrate relatives.

Chapter 2 describes the identification and characterization of four osm-9/capsaicin

receptor-related (ocr) genes that are present in the C. elegans genome. The function of

ocr-1 and ocr-2 in chemosensory and nociceptive neurons is examined genetically. In

addition, we present evidence that OCR proteins may associate with OSM-9. Chapter 3

uses the characterization of ocr-2 as a starting point for a series of experiments that

eliminate or restore neuronal activity in targeted cells. We use this approach to define the
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neuronal circuitry that subserves a “social” behavioral foraging program. Chapter 4

examines the relationship between osm-9, ocr-2, and the mammalian osmotically

activated channel VR-OAC. VR-OAC is shown to functionally substitute for osm-9 and

to incorporate into genetically defined pathways for osmotic sensation and nose touch

responsiveness. Chapter 5 presents a perspective on future experiments suggested by this

work.
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CHAPTER 2. The C. elegans osm-9/capsaicin receptor related (ocr) gene family

encodes potential ion channel subunits with roles in nociception and

chemosensation.

Statement of Contributions.

My work contributed substantially to all figures in the paper. David Madsen and Villu

Maricq at the University of Utah, and Gary Moulder and Robert Barstead at the º

Oklahoma Medical Research Foundation generated the original deletion mutations in ocr- º .

1 and ocr-2. Erin Peckol, while a graduate student at UCSF, made the initial observation º :
that transcription from the odr-10 promoter was downregulated in osm-9 mutants. All ... . . * * º º
other results shown are my work. *** **
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Summary

The C. elegans OSM-9 protein, the mammalian capsaicin receptor VR1, and the

mammalian osmoreceptor VR-OAC are related TRP channel family members that are

implicated in several forms of sensory transduction. Here we characterize four additional

osm-9/capsaicin receptor-related (ocr) genes that are present in the C. elegans genome.

Each ocr gene is expressed in a subset of the cells that express osm-9. The ocr-2 gene is

expressed in the ASH polymodal nociceptor neurons, where it is required for

osmosensory, mechanosensory, and chemosensory responses. Both ocr-1 and ocr-2 are

expressed in the AWA olfactory neurons; ocr-2 has an essential role in olfaction, but ocr

1 does not. Based on their expression patterns, mutant phenotypes and interactions with

osm-9, we propose that OCR proteins associate with, and may form heteromultimeric

channels with, OSM-9. The differential expression of OCR proteins may help define the

functions of OSM-9-containing neurons. Expression of mammalian VR1 does not rescue

ocr behavioral phenotypes in C. elegans, but VR1 can function and respond to capsaicin

in ASH. The expression of VR1 causes reversible, capsaicin-inducible activation of the

nociceptive sensory neurons in C. elegans and could be useful to activate other neural

pathways.

Introduction

Two families of ion channels function in many sensory transduction cascades: the

cyclic nucleotide-gated channels and the TRP channels. The related ion channel subunits

TRP (transient receptor potential), TRPL, and TRPY form the Drosophila

phototransduction channel, which is gated by a G-protein signaling cascade that includes

... --- * *

>
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rhodopsin, Ga, and phospholipase C (PLC) (Montell et al., 1985; Philips et al. 1992; Xu

et al., 2000; Niemeyer et al., 1996; Ranganathan et al., 1995). The exact signal produced

by PLC is unknown, but is probably a lipid, since polyunsaturated fatty acids can activate

fly TRP channels, and diacylglycerol can activate some human TRP channels (Chyb et

al., 1999; Hoffman et al., 1999). TRP is the founding member of a large superfamily of

channels that are present throughout vertebrates and invertebrates. TRP-related proteins

have been proposed to be regulated by lipids, small molecules like ADP-ribose (Perraud

et al., 2001; Sano et al., 2001), IP3 calcium stores (Berridge, 1995), calmodulin (Scott et

al., 1997), and Mg-ATP (Nadler et al., 2001), but the functions of most TRP channels are

unknown.
-
º sº

The TRP superfamily can be divided into three subfamilies based on sequence * - “
º M

conservation (Harteneck et al., 2000). One subfamily includes OSM-9, VR1, and VR- - *** ** º

OAC/OTRPC4, which are all implicated in sensory transduction. All members of this º * º º e

subfamily share a common domain structure with two or three cytoplasmic N-terminal º c

ankyrin repeats, six predicted membrane-spanning domains with a conserved region that º º ()

may act as the channel pore, and a long unconserved cytoplasmic tail. osm-9 is a º

Caenorhabditis elegans gene that is expressed in sensory neurons and required for some S.
olfactory responses, mechanosensory responses, and osmosensory responses (Colbert et

al., 1997). VR1 is a mammalian cation channel that is activated by capsaicin, the active 8.
ingredient of chili peppers, as well as natural stimuli including noxious heat, acidic pH, º

and anandamide (Caterina et al., 1997; Tominaga et al., 1998; Zygmunt et al., 1999). >

VR1 is expressed in small diameter polymodal nociceptive sensory neurons that respond * 2

jºto noxious chemical, mechanical and thermal stimuli. Mice mutant for VR1 have defects
- - -
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in some responses to noxious heat (Caterina et al., 2000). Another family member, VRL

1, is closely related to VR1 but is insensitive to capsaicin and requires higher
-

temperatures for activation (Caterina et al., 1999). VRL-1 is expressed in medium and

large-diameter sensory neurons distinct from the smaller diameter neurons that express

VR1, and its function is unclear. VR-OAC/OTRPC4 forms an osmosensitive channel

that opens in response to hypo-osmotic stimuli (Liedtke et al., 2000; Strotmann et al.,

2000). VR-OAC is expressed in a number of osmosensitive and mechanosensitive

neurons, including neurons of the circumventricular organs and inner-ear hair cells, and

in non-neuronal osmosensitive cells. All members of the osm-9 family of TRP channels . >

are also expressed in some non-neuronal cells. One vertebrate family member, ECaC, is º ~
º >

expressed exclusively in epithelial cells, where it acts as a calcium channel (Hoenderop et . . . .” º 2

al., 1999). It is noteworthy that several members of the osm-9/VR1 family of channels ... --- * * º

are involved in detecting physical stimuli, like temperature, osmotic strength, and touch.
*

-: e

For VR1, VRL-1, and VR-OAC/OTRPC4, these features are reconstituted in
-

º
C

heterologous cell types, which suggests that the channels respond directly to physical
sº
º O

stimuli. .*

An interesting feature of this channel family is its apparent conservation of

function. VR1 is expressed in polymodal nociceptive neurons that sense noxious heat, s
chemicals, and acid in mammals, and osm-9 is required in the nociceptive ASH neurons 2.

of C. elegans that sense noxious chemicals, osmolarity, and touch (Kaplan and Horvitz, S

1993; Colbert et al., 1997). However, osm-9 also acts in non-nociceptive cell types,
-

where its functions may be different. The major chemosensory organs of C. elegans, the > 2

amphids, contain 12 pairs of sensory neurons, of which the nociceptive ASH neurons are 2 º'
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one pair. Other amphid neurons also express osm-9, but do not use it for nociception.

The AWA olfactory neurons detect numerous attractive volatile odorants using G

protein-coupled receptors (Bargmann et al., 1993; Sengupta et al., 1996). The response

to all AWA odorants requires osm-9, which is proposed to form a G protein-regulated

transduction channel in AWA. OSM-9 localizes to the sensory cilia in AWA, suggesting

a direct role in sensory transduction (Colbert et al., 1997). Several other neurons express

osm-9 and might use it during primary transduction: the pheromone-sensing ADF

neurons, the odor-sensing ADL neurons, and the touch-sensing OLQ neurons. An

additional group of sensory neurons, including the AWC olfactory neurons, express both

osm-9 and another sensory transduction channel, the cKMP-gated channel encoded by

tax-2 and tax-4 (Coburn and Bargmann, 1996; Komatsu et al., 1996; Komatsu et al.,

1999). AWC olfaction does not require osm-9, but does require tax-2 and tax-4, as well

as other components of a G protein-coupled cK;MP signaling pathway (L'Etoile and

Bargmann, 2000; Birnby et al., 2000). In AWC, osm-9 has a role in olfactory adaptation,

the downregulation of olfactory responses after prolonged odorant exposure (Colbert and

Bargmann, 1995).

osm-9 can carry out different functions in different cell types: polymodal sensory

functions in ASH, olfactory functions in AWA, and adaptation functions in AWC. One

explanation for this observation might be that other proteins modify osm-9 function in

specific cell types. Many ion channels belong to multigene families where the assembly

of related subunits can yield channels with distinct functions. Here we identify and

characterize a family of osm-9/capsaicin receptor related (ocr) genes in C. elegans.

There are four ocr genes predicted in the genome, each of which is coexpressed with

**-
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osm-9. One ocr gene, ocr-2, is expressed in AWA and ASH, and participates in olfaction

and nociception. Like OSM-9, OCR-2 localizes to the cilia involved in the initial events

of sensory transduction. Mislocalization experiments suggest that OCR-2 associates

with, and may be a subunit of, OSM-9-containing channels. This result suggests that the

VR/OSM-9 family of channels can form heteromultimeric channels that allow channel

function to be modulated in a cell type-specific fashion.

Results

The complete family of osm-9/capsaicin receptor-related (ocr) genes in C. elegans

and Drosophila

The mammalian subfamily of channels related to OSM-9 includes VR1, VRL-1,

VR-OAC, and ECaC; we sought to characterize the extent of the C. elegans family by

analysis of the C. elegans genome sequence. Using osm-9 as a starting point, we

identified four additional genes in the subfamily, which we call osm-9/capsaicin receptor

related (ocr) genes. Full predicted protein sequences for these genes were determined

either by RT-PCR-based isolation of cDNAs (ocr-1 and ocr-2) or additional refinement

of Genefinder predictions based on conserved sequences and intron/exon boundaries

(ocr-3 and ocr-4). Several groups have noted the presence of these genes, which have

not been characterized in detail (Caterina et al., 1997; Bargmann, 1998; Harteneck et al.,

2000). Sequence alignments and evolutionary trees of sequence similarity in this gene

family are displayed in Figures 1A and 1B. Each of the ocrgenes is 20-25% identical to

osm-9 and, like osm-9, contains three ankyrin repeats and six membrane-spanning

domains. The two most closely related subunits, ocr-1 and ocr-2, are over 50% identical

:

- ****

****

- * *--

- ***

***** - .

. ... sº * *
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to each other. The other ocr genes are more distantly related (30-40%), but still show

considerably more similarity to each other than to osm-9.

All of the C. elegans osm-9/ocrgenes appear to be more closely related to each

other than to the mammalian genes in this subfamily, and conversely the mammalian

genes appear to be more closely related to each other than to C. elegans genes (Figure

1B). Since the sequences are highly divergent, it is unclear whether particular C. elegans

genes might be orthologs of particular mammalian genes in the family. Homology

searches with the Drosophila genome identified two open reading frames that fell within

the osm-9/ocrgene family. Drosophila CG4536 is most closely related to C. elegans

osm-9, and Drosophila CG5842 is more closely related to the C. elegans ocr genes than

to either CG4536 or osm-9. Similarities are strongest in the ankyrin repeats and in

transmembrane domains, with less conservation of the extended C terminal sequence.

These results suggest that the common ancestor of nematodes and flies had at least one

osm-9-like gene and at least one ocr-like gene.

ocr genes are expressed in subsets of OSM-9-expressing neurons.

We constructed fusions of the green fluorescent protein (GFP) to the four

predicted OCR family members in C. elegans to assess their expression patterns. The

reporter genes included at least 4 kb of upstream sequence and the first 68-100 amino

acids of each predicted protein fused in-frame to GFP. Each fusion gene was expressed

only in a subset of OSM-9-expressing neurons. ocr-1::GFP was limited to two pairs of

amphid sensory neurons, AWA and ADL (Figure 1D). AWA senses attractive volatile

odorants including diacetyl and pyrazine (Bargmann et al., 1993). ADL senses repulsive

*

--- a -- *

------sº
- *****

*** *-
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sº
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volatile odorants such as 1-octanol (Troemel et al., 1997). ocr-2::GFP was expressed in

four pairs of amphid sensory neurons, AWA, ADL, ASH, and ADF, and the two pairs of

phasmid neurons, PHA and PHB (Figure 1E and data not shown). ASH senses noxious

nose touch, certain repulsive volatile odorants, and repulsive high osmotic strength, and

ADF senses water-soluble attractants and probably dauer pheromones. The functions of

the PHA and PHB neurons have not been described. ocr-3::g■ p was expressed in the

rectal gland cells, and occasionally weakly in the glial socket cells of the head (Figure

1F). The functions of the rectal gland cells are unknown. ocr-4::g■ p was expressed in

the four mechanosensory OLQ neurons (Figure 1G). All of the ocr-expressing neurons,

as well as the rectal gland cells, also express osm-9. A number of neurons that express

osm-9 fail to express any ocr gene, including AWC, ASE, ASG, ASI, ASJ, ASK, FLP

and PVD, and the IL2 neurons (Figure 1C). Interestingly, most of these neurons express

tax-2 and tax-4 (the comp-gated channel); none of the ocr-expressing neurons express

tax-2 and tax-4.

The expression patterns of the ocr genes suggest that their functions are related to

the functions of osm-9. These results are unlike those observed in the mammalian

Subfamily: mammalian VR1, VR-OAC, and ECaC are expressed in largely non

overlapping cell types, and have been expected to have independent functions.

ocr-2 mutants are defective in a range of AWA and ASH-mediated behaviors, but

ocr-1 mutants do not have obvious sensory defects.

To analyze the functions of the ocrgenes, we generated mutations in ocr-1 and

ocr-2, the two family members that were expressed in cells with known functions. Two

*
sº

y
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nº
deletion alleles of ocr-1 were generated following either chemical mutagenesis or a Tcl

transposon insertion-imprecise excision strategy. The ocr-1(ok 132) mutation creates an
-

in-frame 2.3 kb deletion that is predicted to remove all three ankyrin repeats and five of

the six transmembrane domains from OCR-1. The ocr-1(ak+6) mutation is an in-frame 2

kb deletion that removes DNA encoding the three ankyrin repeats and the first

transmembrane domain (Figure 2A). Based on the deletion of conserved sequences that

should be required for channel function, both mutations are likely to represent molecular

null alleles. The ocr-2(ak-47) mutation was isolated by a Tcl transposon insertion

followed by an imprecise excision. ocr-2(ak+7) causes an in-frame deletion that removes

DNA encoding five of six membrane-spanning domains. This mutation should be a null

mutation for channel function (Figure 2A). ºr 2

Since ocr-1 is strongly expressed in AWA, we examined chemotaxis to the

AWA-sensed odors diacetyl and pyrazine in ocr-1 mutants. ocr-1 animals appeared º: !e

normal for all AWA-mediated behaviors. To address whether ocr-1 had a subtle effect
-

º º C

on AWA chemotaxis, we performed a dose-analysis of chemotaxis to serial dilutions of
*

º
-

O

the odorants diacetyl and pyrazine. No significant difference between wild-type and ocr- sº

1 animals was observed at any concentration (Figure 2B and 2C). S.
Another possible role for ocr-1 could be as a negative regulator of osm-9 in

olfactory adaptation. However, no adaptation defect was observed in ocr-1 mutants b.

(Figure 2D and 2E). We conclude that known AWA functions are not strongly affected º
º

by mutation of the ocr-1 gene. *

The ocr-2 gene is also expressed in AWA neurons, so its function was analyzed º
by testing chemotaxis of ocr-2 mutants to diacetyl and pyrazine. ocr-2 mutants exhibited jº.

º
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a profound defect in chemotaxis to the AWA-sensed odorants (Figure 3A). This defect

was apparent across a range of odorant concentrations (Figure 3B and 3C). Thus, AWA

function requires osm-9 and ocr-2, but not ocr-1. Despite the similarity between ocr-1

and ocr-2 sequence, ocr-1 is unable to substitute for ocr-2 function in AWA.

ocr-2 is expressed in the nociceptive ASH neurons, which direct avoidance of

noxious odors, nose touch, and high osmotic strength. All nociceptive functions of the

ASH neurons were severely compromised by the ocr-2 mutation. Avoidance of the

volatile repellent 2-octanone was almost completely abolished (Figure 3D), and nose

touch responses were likewise defective (Figure 3E). ocr-2 animals retained some ability

to avoid high osmotic strength solutions, although they failed to respond to lower osmotic

strength solutions (Figure 3F). This residual osmotic avoidance could be due to ASH . . * *

sensory function that persists in the ocr-2 mutant, or alternatively the behavior could be

directed by a second sensory neuron that is affected by osm-9 but not ocr-2. Osmotic : -

º
s -- -*

avoidance is known to involve at least one other sensory neuron, but the identity of that -->
- ** **

neuron is unknown. * = a
º

º

Rescue experiments verified that the chemotaxis and nociceptive defects in ocr-2

mutants were caused by the ocr-2 mutation. A 16 kb transgene containing only the ocr-2

gene was introduced into the ocr-2(ak+7) strain. The transgene rescued the AWA

olfactory defect and the ASH nociceptive defects in 4 of 5 lines examined (Figure 3A and

3D).

ocr-1 and ocr-2 both contribute to activity-dependent gene regulation in AWA

>s
º

*.
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osm-9 regulates the expression of the diacetyl receptor odr-10 in an activity

dependent transcriptional pathway (A. Kahn-Kirby et al., in preparation). This assay

provided another measurement of osm-9-like activities in the AWA neurons, and it was

used to characterize the ocr mutants. ocr-1 mutants exhibited normal expression of odr

10::g■ p, whereas ocr-2 mutants exhibited moderately decreased odr-10::g■ p levels

(Figure 4E). ocr-2; ocr-1 double mutants showed no expression of odr-10::g■ p, a

phenotype similar to that of osm-9 mutants (Figure 4B and 4C). ocr-2/+, ocr-1/+

compound heterozygotes had normal levels of odr-10::g■ p expression (Figure 4D).

These results demonstrate that ocr-1 and ocr-2 have overlapping functions in the

regulation of gene expression, and reveal a function of ocr-1 in the AWA neurons that

can only be observed in the context of an ocr-2 mutation.

OCR-2 localizes to olfactory cilia in an OSM-9-dependent fashion

In the AWA and ASH cells where they are co-expressed, osm-9 and ocr-2 have

similar mutant phenotypes. This could occur because the two molecules carry out two

different essential activities in AWA and ASH, or because OSM-9 and OCR-2 cooperate

in a single process. OSM-9 is localized to the cilia of AWA neurons, consistent with a

role in the initial events of sensory transduction. We constructed a tagged full-length

OCR-2 protein by inserting a GFP reporter with synthetic splice acceptor and donor sites

into the second intron of ocr-2. Like OSM-9, the GFP-tagged OCR-2 fusion protein

localized to sensory cilia (Figure 5A). Strong expression was visible in several sensory

cilia, including the AWA cilia and the phasmid cilia, with additional expression in

>

>
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neuronal cell bodies. These results suggest that both OSM-9 and OCR-2 carry out

functions in the cilia.

Individual components of a protein complex may require full complex assembly

for proper localization. To test the hypothesis that OCR-2 and OSM-9 are present in the

same protein complex, we asked whether localization of OCR-2::GFP to cilia depends on

functional OSM-9. OCR-2::GFP expression was examined in two osm-9 mutants: the

null osm-9(ky10) early stop mutant, and the osm-9(n2743) missense allele that converts a

conserved glycine to glutamate in the second ankyrin repeat. In either an osm-9(n.2743)

or an osm-9(ky10) mutant, OCR-2::GFP was absent from cilia and present only in cell
- -º-

bodies (Figures 5B and 5C). This reduced expression was not sufficient to explain the

localization defect: even at comparably low protein levels, OCR-2::GFP in an osm-96+) . . . º:

background was detectable in cilia. . . . .-- *****

OCR-2 was not mislocalized in either n.2743/+ or ky10/+ heterozygotes (data not º º:

shown). Expression levels of OCR-2::GFP were decreased in osm-9 mutants, which
-

º
could be caused either by destabilization of a protein complex or by effects of osm-9 on

*- s
º

ocr-2 gene expression. To distinguish between these possibilities we examined a short

OCR-2::GFP fusion that did not encode a full-length protein. This short OCR-2::GFP

protein is not preferentially localized to cilia and is unlikely to be functional. The short

OCR-2::GFP protein was equally expressed in wild-type and in the null mutant osm

9(ky10), indicating that the activity of the ocr-2 promoter is not affected by the osm-9

mutant (Figures 5D, 5E, and 5F). Thus, the stability of full-length OCR-2 and its

localization to cilia specifically require OSM-9, suggesting that OSM-9 and OCR-2 act in

a common protein complex.
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VR1 does not rescue OSM-9 or OCR-2, but expression of VR1 in ASH generates a

capsaicin avoidance response.

The similarity between OSM-9 and the mammalian VR1 channel suggested that

these two molecules might have similar functions. To ask whether VR1 could rescue

osm-9 mutants, we used the promoter of the seven-transmembrane chemosensory

receptor sra-6 to drive expression of the VR1 cDNA in ASH (Troemel et al., 1995). This

transgene did not rescue the osmotic avoidance defect of ocr-2 or osm-9, suggesting that

the two putative channels are not interchangeable. VR1 also failed to rescue olfaction

when expressed in AWA (data not shown). However, expression of the VR1 transgene in

ASH resulted in a novel behavior appropriate to the introduced channel. Though C.

elegans has no acute response to capsaicin (Wittenburg and Baumeister, 1999), animals

expressing the sra-6:: VR1 transgene exhibited a robust avoidance of capsaicin. Contact

with a drop of 50 puM capsaicin resulted in immediate reversal, similar to the reversals

seen with repellents normally sensed by ASH (Figure 6). Animals without the transgene

did not respond to capsaicin.

Using this assay, we asked if VR1 utilized the endogenous G protein-coupled

pathway in ASH. odr-3 encodes a G-protein alpha subunit required for all known ASH

behaviors, and osm-10 encodes a novel intracellular protein required for osmotic

avoidance (Roayaie et al., 1998; Hart et al., 1999). The capsaicin-avoidance response

generated by sra-6:: VR1 was intact in odr-3, osm-10, osm-9 and ocr-2 mutants (Figure

le

s
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6B). These results indicate that VR1 bypasses many essential components of ASH signal

transduction, probably by direct depolarization of the neuron in response to capsaicin.

eat-4 encodes a vesicular glutamate transporter essential for glutamatergic

neurotransmission from ASH and other neurons (Lee et al., 1999; Bellocchio et al.,

2000). eat-4 mutations entirely abolished the capsaicin avoidance response,

demonstrating that, like other ASH responses, this novel behavior relies on glutamatergic

neurotransmission (Figure 6B). glr-1 encodes one of several glutamate receptors

expressed on interneurons downstream of ASH (Maricq et al., 1995; Hart et al., 1995;

Brockie et al., 2001). glr-1 mutations affect a subset of ASH responses: glr-1 mutants are

defective in their avoidance of nose touch, but avoid high osmotic strength normally.

Mutations in glr-1 did not suppress the capsaicin avoidance response in VR1 transgenic

animals (Figure 6B).

Discussion

The OSM-9/VR1/VR-OAC family of channels is implicated in a variety of

sensory modalities. Previous analysis of this channel family had emphasized the distinct

properties of different family members: for example, VR1 senses temperature and VR

OAC senses osmotic stimuli. Our results indicate that different family members can

cooperate in common functions, possibly by the formation of heteromeric channel

complexes. Molecular and genetic evidence indicates that OSM-9 acts together with

related OCR proteins in sensory transduction. Each of the four ocr genes is expressed

with osm–9: ocr-1 in AWA and ADL, ocr-2 in AWA, ADL, ADF, ASH, PHA and PHB,

ocr-3 in rectal gland cells, and ocr-4 in OLQ. Of all these neurons, the AWA and ASH

>

>
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neurons have the best-defined functions; these functions are strongly dependent on both

osm-9 and ocr-2, with a lesser role for ocr-1 in some AWA functions.

All of the cells that express ocr-1, ocr-2, and ocr-4 are ciliated sensory neurons,

and both OSM-9 and OCR-2 proteins localize to these sensory cilia. Thus, OCR-2 has

the proper subcellular localization to participate in the initial events of sensory

transduction. OCR-2 localization depends on OSM-9: in osm–9 mutants, OCR-2 is

retained in neuronal cell bodies. This interaction suggests that OSM-9 and OCR-2

coassemble in a single signaling complex. In Drosophila phototransduction, full

assembly of a signaling complex consisting of the TRP channel, PLC, eye-specific PKC,

and INAD is required for maintenance of the complex in the rhabdomeres (Shieh and Zu,

1996; Huber et al., 1996; Chevesich et al., 1997; Tsunoda et al., 1997; Li and Montell,

2000; Tsunoda et al., 2001). This requirement parallels our result with OCR-2, where

another component of the signaling complex (OSM-9) is required for its proper

subcellular localization. Our results do not distinguish whether OSM-9 and OCR-2

actually assemble into a single channel, or whether they are components of a more

heterogeneous complex like the TRP complex.

ocr-2 mutants have phenotypes that are similar to those of osm-9 mutants in the

AWA and ASH neurons. ocr-1, though strongly expressed in AWA, did not show any

behavioral defects for AWA-mediated behaviors. In AWA and ASH, ocr-2 and osm-9

cannot compensate for one another, indicating that both have essential functions. In

principle, OSM-9 could act only to transport OCR-2 to cilia, a role analogous to that

proposed for the GABA B2 subunit of the GABA B receptor (Margeta-Mitrovic et al.,

2000). Alternatively, both OSM-9 and OCR-2 could be essential channel subunits. We
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favor the latter possibility, since osm-9 phenotypes are generally stronger than ocr-2

phenotypes, and osm-9 is expressed in many cells that do not express OCR proteins.

Unfortunately, expression of OSM-9, OCR-2, or both subunits in Xenopus oocytes and

HEK-293 cells has not resulted in detectable currents upon stimulation with voltage,

thapsigargin, IP3, capsaicin, heat or high osmotic strength solutions (E. Reuveny, L. Jan,

M. Caterina, D. Julius, W. Liedtke, and J. Friedman, personal communication).

However, their similarity to known channels suggests that OSM-9 and OCR-2 are

channel proteins.

osm-9 is part of an activity-dependent transcriptional pathway that is required for sº

expression of the diacetyl receptor odr-10 in AWA neurons (A. Kahn-Kirby et al., in

preparation). odr-10 expression provides an alternative assay for the function of the osm- --- M

9 pathway. Both ocr-1 and ocr-2 contribute to odr-10 transcription, but only ocr-2 - - - * * º

contributes to olfactory behavior. Transcriptional regulation may measure different

aspects of OSM-9/OCR function than behavior. For example, the regulation of channel
- *

º o

activity is likely to be important for olfactory chemotaxis, but the average level of
-

º
-

0.

channel activity could be used to set transcription levels. The transcriptional assay .*

suggests that OSM-9 and OCR-1 can form a channel in AWA, although the channel

cannot mediate olfactory function. Our results suggest that two kinds of OSM-9- S.º
containing channels could exist in AWA: one OSM-9/OCR-1 channel and one OSM

9/OCR-2 (with or without OCR-1) channel. Only OCR-2-containing channels can ~ -

mediate olfaction, but either OSM-9/OCR channel alone may give sufficient activity to s

allow odr-10 transcription. Although this idea is unusual for this channel subfamily, it is º
analogous to observations with other TRP channels. The endogenous channels in ) ly
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Drosophila photoreceptor neurons are thought to be formed from TRP, TRPL, and TRPY,

but a channel with different properties can form with a subset of these subunits

(Niemeyer et al., 1996; Xu et al., 2000). It will be interesting to ask whether heteromeric

channels are formed between other members of the OSM-9/VR/VR-OAC family.

The distinguishable AWA phenotypes of ocr-1 and ocr-2 mutants suggest that ocr

genes differ in their function or regulation. However, the AWA olfactory neurons and

the polymodal ASH neurons use the same OCR-2 protein, so one protein can act in

different sensory modalities based on context. OCR-2 functions in olfaction in AWA and

ASH, and mechanosensation and osmosensation in ASH. Sensitivity to different sensory

modalities may be generated by other cell-type specific proteins that modify OSM

9/OCR-2 function, or other channels that function together with this one. The OLQ

neurons are mechanosensory, so OCR-4 may have a specific mechanosensory role. The

functions of the OCR-3-expressing rectal gland cells are unknown.

In several chemosensory neurons that express osm-9 but not ocr genes, osm-9 is
* * * *

not essential for sensory transduction (ASE, ADF, AWC). Each of these OSM-9/non

OCR neurons expresses the TAX-2/TAX-4 cyclic nucleotide gated channel. These

observations suggest a model in which OSM-9 requires an associated OCR subunit to

function as a primary sensory transduction channel. osm-9 plays a regulatory role in the

AWC olfactory neurons, where the comp-gated channel encoded by tax-2 and tax-4 has

a more central role in olfaction. OSM-9 might also regulate sensory activity in other

neurons that express osm-9 but not ocr genes.

Are OSM-9 and OCR-2 directly involved in sensory transduction, or are they

essential for another activity like activity-dependent gene regulation? Several results

------ *

------,

* * *.
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favor a direct involvement of OSM-9 and OCR-2 in sensory transduction. Mutations that

bypass the defect in gene regulation do not restore proper behavior to osm-9 mutants (A.

Kahn-Kirby et al., in preparation). Moreover, the induction of capsaicin avoidance by

VR1 in osm-9 and ocr-2 mutants demonstrates that osm-9 and ocr-2 defects are limited to

the sensory transduction machinery, since the ASH neurons are still present, active, and

able to generate avoidance when stimulated by a heterologous channel in these mutants.

In AWA neurons, OSM-9 is strongly implicated in olfactory function and is

proposed to be a G protein-regulated sensory transduction channel analogous to the TRP

channel in Drosophila vision. The seven-transmembrane G protein-coupled receptor

ODR-10 acts as a receptor for the odorant diacetyl in AWA (Sengupta et al., 1996), and

the G-protein ODR-3 transduces olfactory responses (Roayaie et al., 1998), possibly

leading to intracellular gating of OSM-9/OCR channels. A similar pathway may operate

for odor avoidance in ASH. However, this activation pathway may not be conserved in

all OSM-9/VR1/VR-OAC family members. The mammalian VR1 receptor did not

rescue the behavioral defects in osm-9 or ocr-2 mutants, although it was able to generate

a "9"el avoidance response to its ligand capsaicin. These results suggest that VR1 does

**Pond to the sensory signals or signal transduction cascades that induce OSM-9 and

OCR-2 activity.

The capsaicin avoidance behavior generated by expressing mammalian VR1 in
AS

- - - - -H provides a Strategy for the selective, temporally-controlled activation of sensory
neur - - - - - -*S. Capsaicin bypassed several ASH molecules normally required for signaling,
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suggesting that the channel depolarizes the neurons directly. The effect of VR1 in ASH

required the endogenous vesicular glutamate transporter, which is consistent with the

proposal that glutamate is the endogenous neurotransmitter released by ASH. The

introduction of a channel with a novel pharmacology provides a method for drug

inducible activation of selective neurons in vivo; it may have general utility for answering

questions about neural circuitry.
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EXPERIMENTAL PROCEDURES

Strains

Wild-type animals were C. elegans variety Bristol, strain N2. Worms were grown at 209

C and maintained using standard methods (Brenner, 1974). Strains used in this work

included CX10 osm-9/ky10) IV, MT6317 osm-9/n2743) IV, CX4533 ocr-1(okl32) V,

CX4545 ocr-2(aka 7) IV, CX4777 lin-15(n?65ts) X; ocr-2(ak-47) IV, CX4746 ocr

2(aka 7) IV; ocr-1(ok132) V, CX3260 kyIs?7 II, CX4541 kyIs?7 II; ocr-1(okl32) V,

CX4899 kyIs?7 II; ocr-2(ak+7) IV, CX5010 kyIs?7 II; ocr-2(ak+7) IV; ocr-1(ok132) V,

CX4438 kyIs?7 II; osm-9/ky10) IV; ocr-1(okl32) V, CX5342 kyIs?7II; osm-9(ky10) ocr

2(ak+7) IV; CX5343 kyIs?7II; osm-9(ky10) ocr-2(aka 7) IV; ocr-1(okl32) V, CX4312

kyIs?7 II; osm-9/ky10) IV, CX4978 kyIs?00X, CX5005 kyIs200X; osm-10(n1602) III,

CX5488 kyIs200X; glr-1(ky176) dby-196m/347ts) III, CX5496 kyIs?00X; eat-4(ky5) III,

CX5501 kyIs200X; ocr-2(aka 7) IV, CX5569 kyIs200X; osm-9■ ky10) ocr-2(ak+7) IV,

CX5570 kyIs?00X; osm-9/ky10) IV, CX5056 kyIs?00X; odr-3(n1605) V.

cDNA isolation and prediction

ocr-1 and ocr-2 cDNAs were generated by RT-PCR. The 5' primers complemented the

trans-spliced leader, SL1, and the 3' end was cloned by 3' RACE with oligo dT and an

internal sequence. cDNAs were sequenced and compared to Genefinder predictions from

the C. elegans sequencing consortium (Wilson et al., 1994). With some differences in

predicted intron/exon structures, ocr-1 is synonymous with F28H7.10 while ocr-2

corresponds to T09A12.3. The predicted ocr-3 gene is partially represented by

T10B10.7, while the predicted ocr-4 gene is represented by Y40C5A.2. Tight
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conservation between T10B10 and the C. briggsae cosmid CBO33H10 was used to

assist in the prediction of ocr-3 gene structure.

Isolation and sequencing of deletion alleles

To obtain mutations in the ocr-1 and ocr-2 genes, we used a PCR-based strategy to

isolate deletion mutants from a library of 10° EMS- or UV-trimethylpsoralen

mutagenized animals or, in a two-step process, from a frozen library of animals with high

Tcl transposase activity (Dernburg et al., 1998; Zwaal et al., 1993). In the latter strategy,

after isolating an animal homozygous for an internal insertion, we looked for rare,

imprecise excision events that deleted flanking sequences in addition to the transposon.

After isolation of single animals homozygous for the deletion, each mutant was

outcrossed at least six times, and the mutation was reisolated based solely on the presence

of the deletion. Deletion bands were sequenced. The ocr-1(okl32) mutation removes

nucleotides 24,612 through 26,959 of cosmid F28H7. The ocr-1(ak+6) mutation deletes

nucleotides 24,323 through 26,349 of cosmid F28H7. The ocr-2(ak+7) mutation removes

nucleotides 923 through 2,882 of cosmid T09A12.

Plasmid Construction

For the ocr-1::g■ p fusion, 4 kb of sequence upstream of the ocr-1 gene as well as DNA

encoding the first 100 amino acids of the predicted OCR-1 protein was amplified by PCR

and subcloned into the ppD95.75 vector in frame with GFP. For the ocr-2::g■ p fusion,

3.8 kb of sequence upstream of the ocr-2 gene as well as DNA encoding the first 98

amino acids of the OCR-2 protein was amplified by PCR and subcloned into the

pFD95.75 vector in frame with GFP. For the ocr-3::g■ p fusion, 5.7 kb of sequence

upstream of the ocr-3 gene as well as DNA encoding the first 92 amino acids of the

a ºneº

-- *.

* **** *

---- **
, -e-r- .

--- - - --- * *

jº
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A.

predicted OCR-3 protein was amplified by PCR and subcloned into the pPD95.75 vector 2.

in frame with GFP. For the ocr-4::g■ p fusion, 4.8 kb of sequence upstream of the ocr-4

gene as well as DNA encoding the first 68 amino acids of the predicted OCR-4 protein c

was amplified by PCR and subcloned into the pPD95.75 vector in frame with GFP. y

To construct a plasmid that contained the entire ocr-2 coding region as well as

possible regulatory regions, a 16 kb KpnI-Sphl fragment of the cosmid T09A12 was

subcloned into pGEM7 (Promega). A synthetic exon with GFP coding sequences derived

from pPD103.75 was inserted into a Stul site in the second intron of ocr-2, resulting in an , - -

in-frame GFP fusion that lies between the 86" and 87" amino acids.

To construct the VR1(ASH) construct, an Asp718-Dra■■ I fragment of the VR1
*-*-;

cDNA was inserted into the C. elegans expression vector pPD49.26 between an Asp718 º: A

and an EcoRV site. Subsequently 3.8 kb of the sra-6 promoter region was amplified by gº * -- 2,

PCR using primers with synthetic Xbal sites (Troemel et al., 1995) and inserted at an --
Xbal site in the pPD49.26/VR1 cDNA construct 5’ of the VR1 cDNA. º º

Transgenic Strains 9

Germline transformation was carried out as described by Mello et al. (1991) using 40 º
ng/ul of lin-15(+) plasmid (Clarket al., 1994) for the rescue of the lin-15(n?65ts)

multivulval phenotype at 20°C. Each of the ocrexpression constructs shown in Figure 1 º

was injected at 50 ng/ul. For rescue experiments, 40 ng/ul lin-15(+) was co-injected > L

with 25 ng/mL of the 16 kb ocr-2 fragment into lin-15(n?65ts); ocr-2(ak-47) animals and s
non-Multivulva animals were assayed for chemotaxis and 2-octanone avoidance after the * l

second generation. 2 s
A.
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To generate transgenic strains expressing full-length, GFP-tagged OCR-2, 100

ng/ul of the long ocr-2::g■ p construct was injected along with 50 ng/ul of the dominant

pRF4 rol-6(sulo O6) plasmid into osm-9/n2743) animals (Mello et al., 1991). This same

transgene was then crossed into wild-type and osm-9■ ky10) animals.

100 ng/ul of the Psra-6::VR1 cDNA transgene was coinjected with 10 ng/ul, elt

2::g■ p (Fukushige et al., 1998) and transgenic worms were identified by GFP staining in

intestinal nuclei. The transgenic VR1(ASH) array was integrated into the genome using

psoralen mutagenesis (Yandell et al., 1994). One integrant, kyIs200X, was outcrossed

six times and used for subsequent analysis.

Behavioral Assays º
Chemotaxis assays were performed as described in Bargmann et al. (1993). Adaptation - - -- * * *

assays were performed as described in Colbert and Bargmann (1995), with the
-

- º

modification that 2-methylpyrazine adaptation was performed for 15 minutes with 4 HD
-

º
2-methylpyrazine. Osmotic avoidance assays were performed as described by Hilliard et * * *

al. (submitted). Briefly, a drop of hyperosmotic fructose solution in M13 buffer was

placed directly in front of an animal in motion and the animal’s response was assessed.

A reversal of more than half a body length before leaving the drop area was considered a

response. Individual animals were tested up to five times with a rest interval of at least

one minute between each trial. The nose touch response was assayed as described by

Kaplan and Horvitz (1993). 2-octanone avoidance was assayed as described for

benzaldehyde avoidance by Troemel et al. (1995). A 20 pull microcapillary tube

containing 5 pil of a 1:10 dilution of 2-octanone in ethanol was placed immediately in

52



front of a freely-moving adult animal on an agar plate in the absence of bacteria, and time

until reversal was scored. Capsaicin assays were performed using a modified Hilliard

drop test. Capsaicin was diluted to 50 puM in M13 and 2% ethanol. A drop was placed in

front of the animal and, after encountering the drop, the animal was scored as responding

if it reversed more than half a body length before crossing the drop.
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Figure 1. Sequence analysis and expression pattern of the ocr gene family.

(A) Alignment of the four predicted C. elegans OCR proteins. Amino acid sequences are

based on sequencing of RT-PCR-generated cDNAs (ocr-1 and ocr-2) or on refinement of

Genefinder predictions (ocr-3 and ocr-4). Identical residues are shaded black; similar

residues are shaded grey.

(B) Dendrogram of the OSM-9/VR subfamily of TRP-related ion channels. Sequences

were aligned using the ClustalW alignment program (Thompson et al., 1994), and the

dendrogram was constructed using Phylip software.

(C-G) Expression patterns of the ocr genes. Translational GFP fusions were constructed

for each of the four ocr genes; each fusion includes the first 68-100 amino acids of the

OCR protein. (D) OCR-1::GFP is expressed in the amphid sensory neurons AWA and

ADL, indicated by arrows. The animal shown is mosaic, so only the right ADL neuron

(ADLR) and left AWA neuron (AWAL) are visible. (E) OCR-2::GFP is expressed in

AWA, ADL, ASH, indicated by arrows, and, not visible, ADF and the phasmid neurons

PHA and PHB. (F) OCR-3::GFP is expressed in the rectal gland cells, indicated by

arrows. (G) OCR-4::GFP is expressed in the OLQ neurons; the OLQ cell bodies are

indicated by arrows. The intersection of these expression patterns with that of osm-9 is

represented in the Venn diagram in (C). Scale bar, 30 p.m.
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Figure 2. ocr-1 mutants have normal AWA chemotaxis and adaptation.

(A) Gene structure of ocr-1 and ocr-2. Exons are displayed as boxes, introns as lines.

Signature domains of the TRP superfamily are shaded. The extent of each deletion is

indicated by arrowheads. None of the three deletions results in a frameshift.

(B, C) Chemotaxis of ocr-1(okl32) (dashed line) and wild-type (solid line) animals to

different concentrations of the AWA-sensed odorants diacetyl (B) and 2-methylpyrazine

(C). Animals were raised at 20°C and tested as adults to a point source of 1 ul of

odorant diluted in ethanol. Chemotaxis Index (C.I.) = (number of animals at odorant–

number of animals at control)/total number of animals on the plate. Each data point

represents the average of at least five independent chemotaxis assays on three separate

days. Error bars denote the standard error of the mean (SEM).

(D, E) Adaptation of wild-type and ocr-1(okl32) animals to diacetyl (D) and 2

methylpyrazine (E). Animals were incubated with (Ad) or without each odorant and then

tested for their responses to 1/1000 dilutions of diacetyl and 2-methylpyrazine.

Adaptation is odor-specific, so diacetyl adaptation does not diminish the pyrazine

response and vice versa.
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Figure 3. ocr-2 mutants have chemosensory, mechanosensory, and osmosensory defects.

(A) Chemotaxis of wild-type, osm-9 and ocr animals. Odorant dilutions are 1/1000 for

diacetyl and 2-methylpyrazine and 1/200 for benzaldehyde. ocr-2 rescue was assessed

with transgenic lines that carried a plasmid containing the entire ocr-2 coding region.

(B, C) Chemotaxis responses of wild-type and ocr-2(ak-47) animals were compared over

a series of 10-fold odorant dilutions for diacetyl (B) and 2-methylpyrazine (C). Each data

point represents the average of at least five independent assays.

(D) Time to reversal of wild-type, osm-9(ky10), ocr-2(ak+7), and rescued ocr-2(ak+7)

animals in response to a 1/10 dilution of the volatile repellent 2-octanone. Each animal

was assayed only once, and the assay was stopped after 20 s if there was no reversal.

(E, F) Backing response of wild-type, osm-9(ky10), and ocr-2(ak+7) animals following

light touch to the nose (E), or encounter with a drop of 4 M or 2 M fructose (F). Each

data point represents the response of at least 50 animals. Error bars denote the standard

error of the proportion. Asterisks denote significant (p<0.01) differences from wild-type.
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Figure 4. ocr-1 and ocr-2 both contribute to activity-dependent gene regulation of odr-10

in AWA.

(A) An odr-10::GFP fusion gene, kyIs?7 (Sengupta et al., 1996), with the odr-10

promoter and the first six amino acids of ODR-10 fused to GFP is expressed in AWA

IneurOnS.

(B) Expression of odr-10::GFP is abolished in an osm-9/ky10) mutant.

(C) Expression of odr-10::GFP is abolished in an ocr-2(ak+7); ocr-1(okl32) mutant.

(D) Expression of the odr-10::GFP is restored in an ocr-2(ak+7)/ocr-2(+); ocr

1(okl32)/ocr-1(+) compound heterozygote. Scale bar, 30 pm. Arrows indicate AWA

cell bodies.

(E) Fraction of adult kyIsà7 animals with bright GFP staining in AWA neurons in ocr

mutant backgrounds. Each data point represents at least 50 animals. Error bars denote the

standard error of the proportion. Asterisks denote significant (p<0.01) differences from

wild-type.
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Figure 5. Localization of OCR-2 to sensory cilia requires functional OSM-9 protein.

(A) Confocal projection of an adult hermaphrodite expressing a GFP-tagged full-length

OCR-2 protein. The arrowhead marks the sensory cilia.

(B) Expression of the full-length GFP-tagged OCR-2 in an osm-9(ky10) mutant is

confined to neuronal cell bodies (arrow).

(C) Expression of GFP-tagged OCR-2 in an osm-9/n2743) mutant is also confined to cell

bodies (arrow).

(D) Confocal projection of an animal expressing a short ocr-2::g■ p fusion gene with 100

amino acids of ocr-2 sequence.

(E) Expression levels of the short ocr-2::g■ p fusion gene are unaffected in an osm

9(ky10) mutant. Scale bar, 30 p.m.
*s ** * *

(F) Relative intensity of GFP in cells expressing the short ocr-2::g■ p fusion gene. *

----- ==-

Intensity in cell bodies expressing GFP was determined at identical exposures for 10 º

animals of each strain. Quantitation was performed using NIH Image 1.6. Error bars -
denote the standard error of the mean.
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Figure 6. Mammalian VR1 generates backing behavior in C. elegans when expressed in

the nociceptive ASH neurons.

(A) Time-lapse images of wild-type and VR1(ASH) animals encountering a drop of 50

HM capsaicin on an unseeded agar plate. Dotted lines denote the drop of capsaicin

containing buffer.

(B) Backing response of VR1(ASH) animals in the genetic background of mutations that

compromise other ASH-mediated responses. At least fifty animals per data point were

exposed to a drop of 50 HM capsaicin and scored for responsiveness. Error bars denote

the standard error of the proportion. Asterisks denote significant (p<0.01) differences

from VR1(ASH) animals.
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CHAPTER3. Social feeding in C. elegans is regulated by nociceptive

IleUITOIAS.

Statement of contributions:

This chapter was a collaboration with Mario de Bono, first at UCSF and now at

the MRC Laboratory of Molecular Biology in Cambridge, England. My contributions to

this paper involved the discovery that ocr-2 mutations suppressed npr-1 social behavior

and initial characterization of the npr-1; ocr-2 double mutants. Based on these

observations, I generated a series of fusion genes that expressed ocr-2 in single cells to

determine in which neurons ocr-2 was acting in social behavior. This analysis revealed

that ocr-2 expression in either of two sensory neuron pairs, ASH and ADL, could rescue

the suppression of the npr-1 phenotype. Reciprocally, I showed that ablation of these two

neurons turns social animals into solitary feeders, suggesting a model in which aversive

cues promote social feeding.

y
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Natural isolates of C. elegans feed on bacteria either alone or in groups. We show

here that social feeding is regulated by nociceptive neurons. Ablation of the

nociceptive neurons ASH and ADL transforms social animals into solitary feeders.

Social feeding is probably due to sensation of noxious chemicals by ASH and ADL;

it requires the TRP-related transduction channel encoded by ocr-2 and osm-9, as

well as odr–4 and odr-8, genes required to localize sensory chemoreceptors to cilia.

Thus social feeding in C. elegans may be a response to adverse or stressful

conditions. Other sensory neurons may suppress social feeding, since social feeding

in ocr-2 and odr-4 mutants is restored by mutations in osm-3, which encodes a

kinesin required for the development of 26 ciliated sensory neurons. Our data
-

º:

suggest a model for regulation of social feeding by opposing sensory inputs:

aversive inputs to nociceptive neurons promote social feeding, whereas antagonistic

inputs from neurons that express osm-3 inhibit aggregation.

Individuals from many animal species live in groups for part or most of their , - e.
------

lives. Within a species aggregation behavior can be regulated by environmental signals º
*

- * r * -

such as predators, food availability, and season. For example the presence of an intruder , -e ‘’

induces collective defensive behavior in bees and wasps'. In the grasshopper

Schistocerca gregaria which is usually a solitary insect, increasing population density

and decreasing food availability induce formation of an alternative lifestyle, the locust,

which actively aggregates’. Although there is considerable data about the ecology and

sociobiology of aggregation behavior in many different species, the neural mechanisms

that mediate and regulate aggregation are mysterious.

Natural isolates of the nematode C. elegans display one of two feeding behaviors

on a lawn of bacteria”. Solitary feeders such as the standard British N2 strain disperse
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on bacterial food and strongly reduce locomotory activity upon encountering food. By

contrast, social feeders such as the Hawaiian strain CB4856 aggregate together when

feeding. Animals from social strains also accumulate on the border of the bacterial lawn,

and do not reduce their locomotory activity upon encountering food. This natural

variation in aggregation behavior is associated with natural variation in npr–1, a putative

neuropeptide receptor related to the NPY receptor family". Social and solitary feeders

have been isolated from different parts of the world. For all seventeen strains examined,

the same single amino acid change in npr-1 distinguishes social feeders from solitary

ones. All solitary strains bear a 215 valine residue at the npr-1 locus, whereas all wild

social strains bear a 215 phenylalanine residue. Null mutants at the npr-1 locus strongly

aggregate, indicating that npr-1 acts as a negative regulator of this simple social behavior. ºr

Food and high population density stimulate social feeding º º

To characterise social feeding behavior further we examined the time course of --->

aggregation of social strains, and its dependence on population density. Social feeders

aggregated quickly, within 20 minutes of being put together on food, and a high

population density favored aggregation (Fig. 1a). Interestingly, animals from the solitary

wild strain N2 aggregated transiently when transferred to a fresh food source (Fig. 1a).

Since well-fed animals dispersed in the absence of food, and since population

density affected aggregation behavior, we asked whether social animals would aggregate

in the absence of food if they were maintained at a high population density. High

population density was achieved by trapping animals using a chemical or physical barrier

(see Methods). In the absence of food neither well-fed npr-1(null) mutants nor well-fed

73



wild social animals showed a significant tendancy to aggregate at population densities

where aggregation was strong in the presence of food (Fig. 1b).

Pheromones, as well as food inputs and temperature, regulate development of the

alternative C. elegans dauer larva stage. Since aggregation involves an input from

population density, we examined the effect of daf-22 mutations that affect production of

the dauer-inducing pheromone. The social feeding behavior of npr-1 mutants was not

suppressed by daf-22 mutations, or by mutations in other dauer pathway genes that affect

a TGF-5 signaling cascade (daf-3,5,7,8), or an insulin receptor signalling pathway (daf.

2, daf-16)’.

Mutants in daf-1, daf-7, daf-8 and daf-14 have previously been shown to

aggregate and border on food, although less aggressively than npr-1 mutant animals".

The aggregation and bordering of these daf mutants are completely suppressed by

mutations in daf-3 and daf-5°, whereas daf-3 and daf-5 did not inhibit npr-1 aggregation

and bordering (data not shown). To ask if the daf genes and npr-1 regulate social feeding

by a common pathway, we compared social feeding in npr-1 and daf-7 single mutant

animals with the behavior of daf-7; npr-1 double mutant animals. Social behavior was

enhanced in the daf-7; npr-1 double mutants (Fig. 1c-g): the average number of animals

in a clump is greatly increased in daf-7; npr-1(null) strains compared to npr-1(null) or

daf-7 strains (Fig. 1e and g). This result suggests that daf-7 and npr-1 negatively regulate

social behavior by different interacting pathways.

Mutations in the TRP-related channels OSM-9 and OCR-2 disrupt social feeding

The observation that aggregation behaviour is modulated by food and population

-

(*
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density initiated a search for sensory mechanisms that might mediate these effects. Many

sensory responses have been described in C. elegans, and several of these have been

analysed at the genetic and molecular levels. These include responses to

mechanosensory stimuli, chemical attractants and repellants, and temperature gradients”.

We asked whether mutations that disrupted one or more of these behaviors prevented

npr-1 mutant animals from aggregating together. Mutants with defective responses to

water soluble attractants (che-13, osm-1, osm-3), attractive odorants (che-13, osm-1, odr

1, odr-2, odr-3, odr-7), aversive chemicals (che-13, osm-1, osm-3, odr-3), gentle touch on

the body (mec-3, mec-4), touch to the head (che-13, osm-1), mechanical properties of

bacteria (cat-4), or temperature (ttº-3) were still able to aggregate efficiently (Fig. 2a and

data not shown). Bordering behavior was also unaffected by these mutations (Fig.2b and

data not shown).

Interestingly, mutations in the osm-9 and ocr-2 genes completely abolished

aggregation of npr-1 animals, and substantially reduced accumulation at the border (Fig.

2c and 2d). osm-9 and ocr-2 encode predicted subunits of a cation channel in the TRP

superfamily that is proposed to form a sensory transduction channel in several C. elegans

chemosensory neurons’. osm-9 and ocr-2 are required for some forms of olfactory

chemoattraction as well as avoidance of hyperosmotic stimuli, nose touch, and certain

volatile aversive stimuli. The closest vertebrate relatives of OSM-9 and OCR-2 are the

vanilloid (capsaicin) receptor VR1 that is implicated in sensing thermal pain, and the

osmo-mechanosensitive channel VR-OAC/OTRPC4. Members of this TRP subfamily

are nonselective cation channels that are expressed in sensory neurons; they can be

-

s
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directly activated by harmful heat, vanilloid compounds from chili peppers, or osmotic

changes, and indirectly activated by G protein signaling".

The odr-4 and odr-8 genes are required for some olfactory responses, and act to

localise a subset of olfactory receptors to olfactory cilia”. odr-4 encodes a novel

transmembrane protein whereas the molecular identity of odr-8 is unknown. Mutations

in both odr-4 and odr-8 strongly disrupted the ability of npr-1 animals to aggregate and

to border on food (Fig.2c and 2d).

Mutations in ocr-2, osm-9, odr-4 and odr-8 could disrupt aggregation of npr-1

animals by reducing production of the stimuli that promote aggregation. Alternatively

these mutations could disrupt the detection of these stimuli. To distinguish between these º

two possibilities we asked whether individual ocr-2; npr-1, osm-9; npr-1, odr-4; npr-1 º º
and odr-8; npr-1 animals would join clumps of phenotypically marked social npr-1 º

animals. If the suppressed animals are defective in signal production but can respond to ■ º

exogenous signal they should join clumps of npr-1 social animals. However, all four
-

, -e-.
double mutants, like the solitary wild strain N2, failed to join clumps of npr-1 social

animals (Fig. 2e). These results suggest that the double mutants cannot sense signals that

promote aggregation. Bordering behavior of the double mutant strains was also

unaffected by the presence of social npr-1 animals (Fig. 2.f).

Wild solitary strains like N2 animals respond to food by reducing their

locomotory activity. This slowing response is mediated by a dopamine-containing neural

circuit that senses a mechanical attribute of bacteria”. The slowing response is enhanced

by starvation through a mechanism that involves serotonin’’. npr-1 mutants and wild

social strains do not strongly reduce locomotion in response to food'. To ask whether
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ocr-2, osm-9, odr-4 and odr-8 are required for the hyperactivity of npr-1 animals we

compared the speed on food of npr-1 animals with that of npr-1 double mutants with

these genes. We found that all four double mutants displayed a slowing response similar

to that of N2 solitary animals (Fig. 3). Thus ocr-2, osm-9, odr-4 and odr-8 are required

for all known behavioral differences between social and solitary strains. These results

also indicate that npr-1 is not required for the food-induced slowing mediated by

dopamine and serotonin signaling. Instead, lack of npr-1 can activate the locomotory

circuitry such that negative regulation by serotonin and dopamine are ineffectual.

OCR-2 and ODR-4 are required in nociceptive neurons for social behavior º

The expression patterns of the sensory transduction genes provided a set of º
candidate neurons for social feeding behavior. OCR-2 and OSM-9 are co-expressed in is a 4

six pairs of neurons: ADF, ADL, ASH, AWA, PHA and PHB. To identify the cells ■ º
where OCR-2 activity is required for social behavior, we expressed an ocr-2 minigene in

-*

subsets of these six neurons using neuron-specific promoters. Expression of OCR-2 in º
either ASH or ADL was able to restore social behavior to ocr-2; npr-1 animals;

expression in the other types of neurons did not alter the solitary behavior of ocr-2; npr-1

animals (Fig. 4a).

The odr-4 gene is expressed in 12 pairs of neurons, including ASH and ADL".

To ask where odr-4 activity is required for social behavior we expressed GFP-tagged

functional ODR-4 in subsets of these twelve neurons in odr-4; npr-1 animals and assayed

aggregation and bordering behavior. Expression of odr-4 in ADL restored aggregation

and bordering behaviors of odr-4; npr-1 animals to levels seen in npr-1 control animals

* 1.

º

s
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7A.º(Figure 4b). Weak rescue was also observed with promoters that express in the ASH
-

neurons (data not shown). No rescue was detected by expression in any of the other

neurons tested (Figure 4b and Methods). For each transgene, expression of ODR-4::GFP

in the appropriate predicted neuron was confirmed by fluorescence microscopy. This

analysis of ocr-2 and odr-4 implicated the ASH and ADL neurons in social feeding

behavior.

In the C. elegans olfactory neuron AWA the OCR-2/OSM-9 channel is thought to

be gated by a G-protein coupled cascade activated by ligand binding to olfactory

receptors such as ODR-10”. Similar pathways may operate in the ASH and ADL
*

s
neurons, which also express predicted chemosensory receptors". The observation that º
odr-4 expression in ADL is sufficient to restore social feeding to odr-4; npr-1 animals º:

supports this hypothesis. ODR-4 acts to localize a subset of chemosensory receptors, ... ---a - 25

including ODR-10, to the cilia of olfactory neurons”. The requirement of odr-4 in ADL : º

neurons for social feeding suggests that chemosensory receptors act in ADL to support º o

this behavior. º y

cº

Ablation of ASH and ADL nociceptive neurons abolishes social feeding behavior
~y

To test directly if the ASH and ADL neurons are important for social feeding, we ).2

ablated these neurons using a laser microbeam. Ablated animals expressing a GFP º
•r

marker were mixed with unmarked npr-1 animals and the ability of ablated animals to

aggregate was measured. Ablation of both ASH neurons, or of both ADL neurons, did
* -

not disrupt social behavior. However, simultaneous ablation of all ASH and ADL

neurons strongly disrupted the ability of npr-1 animals to aggregate (Figure 4c). These nº
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data suggest that the ASH and ADL neurons act redundantly to promote social feeding

behavior.

The ASH and ADL neurons are strongly implicated in aversive responses to

noxious stimuli. ASH neurons are important for avoidance of touch to the head,

hyperosmotic solutions, extracts of dead worms, high concentrations of benzaldehyde,

and toxic heavy metal ions such Cuº" and Cd” ”". The ADL neurons are important

for long-range avoidance of 1-octanol and contribute with ASH to short range avoidance

of the 1-octanol and garlic”. The well documented roles for ASH and ADL in mediating

response to aversive stimuli suggests that such stimuli play a role in social behavior: ASH

and ADL may activate social feeding behavior in response to repulsive cues. Since two

aspects of this behavioral response, bordering and hyperactivity, can be observed in

isolated animals, the most likely source of the aversive cues in standard culture

conditions is bacteria.

Nociceptive neurons are antagonized by other neurons that repress social behavior

Ablation of the ASH and ADL pairs of nociceptive neurons strongly disrupted

social feeding of npr-1 animals. However a mutation in osm-3 kinesin that disrupts

sensory cilia of ASH, ADL and other neurons has no effect on social behavior (compare

Fig. 5a,b and Fig. 4). OSM-3 is expressed in the 26 C. elegans neurons that are directly

exposed to the environment”, and osm-3 mutants lack the distal segments of these 26

sensory cilia”. Why do osm-3 mutations not disrupt social behavior? Since osm-3 acts

in other neurons apart from ASH and ADL we reasoned that high levels of social

behavior in osm-3; npr-1 animals could reflect a balanced removal of positively and
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negatively acting signals that regulate aggregation (Fig. 5c). In this model disruption of

ASH and ADL neurons only removes stimuli that activate social behavior, whereas osm

3 mutations remove both the ADL/ASH positive signals and opposing negative ones (Fig.

5c). This hypothesis predicts that the triple mutants odr-4; osm-3; npr-1 and osm-3 ocr

2; npr-1 should aggregate indistinguishably from osm-3; npr-1 animals. This prediction

is borne out: the triple mutant strains aggregate and border to the same level as npr-1 and

osm-3; npr-1 mutants (Fig. 5a and b).

These data suggest that social feeding behavior in C. elegans is regulated by

antagonistic signals. Signalling from the ASH and ADL neurons promote social feeding

behavior while signalling from another, as yet unidentified neuron that expresses osm-3

suppresses social behavior.

Discussion

Natural variation in npr-1 as well as loss-of-function mutations at this locus

induce aggregation, preferential accumulation at the border of a lawn and hyperactivity

on food'. Several models could explain how npr-1 regulates these behaviors. In one

model these three behavioral changes could result from npr-1 acting in distinct neural

circuits. Alternatively these behaviors could be part of a common behavioral response

that is coordinately regulated by the same neural circuits. Our observations suggest that

aggregation and accumulation at the border of a lawn are likely to be co-ordinately

regulated. First, mutation of osm-9, ocr-2, odr-4 and odr-8 genes suppress both these

behaviors in npr-1 animals, so that double mutants resemble solitary N2 animals.

Second, expression of ocr-2 in ASH or ADL, and of odr-4 in ADL restores both

, sº wº
** ***.

-

- *** ***

* * * * *
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aggregation and bordering to ocr-2; npr-1 or odr-4; npr-1. Third, removal of osm-3

activity in ocr-2; npr-1 and odr-4; npr-1 animals restores both aggregation and

bordering. The coordinated appearance and disappearance of these behaviors in these

experiments suggest they share a common neural basis. It is unclear whether

hyperactivity on food is also co-regulated with aggregation and bordering.

The nociceptive ASH and ADL neurons are redundantly required for social

feeding in an npr-1 mutant background. Interestingly, however, ASH and ADL are not

always essential for this behavior, since a mutation in osm-3 fully restores social behavior

to ocr-2; npr-1 and odr-4; npr-1 mutants. osm-3 encodes a kinesin that is required for

normal cilium structure in all neurons with cilia that are directly exposed to the

environment”. A likely explanation for our genetic results is that some of the osm-3-

expressing neurons inhibit social behavior. We suggest that ASH and ADL transmit

information about aversive stimuli in the environment to a different circuit that is

responsible for aggregation and bordering. This circuit may also respond to an

antagonistic set of neurons that express osm-3 and inhibit social feeding (Fig. 5c). Studies

of aggregation behavior in invertebrate species like the locust” , of social behavior in

eusocial insects like bees” and of social affiliation and attachment in vertebrate species”

have indicated the complexity of these behaviors. Each of these behaviors involves

processing of multiple sensory inputs (usually including touch, smell, and vision) and

complex motor responses. Our data suggest that social feeding in C. elegans may also be

under complex regulation. ASH and ADL promote social feeding, but other neurons

must also contribute. Several pathways appear to inhibit social feeding: a pathway

y
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mediated by npr-1 itself, a pathway that involves the TGF-3 daf-7, and an inferred

pathway involving neurons that express osm-3.

The complex sensory regulation of social feeding is reminiscent of the complex

sensory regulation of dauer larva development by pheromones, food, and temperature.

Dauer-constitutive daf-7 TGF-B pathway mutants exhibit mild aggregation behavior",

suggesting that DAF-7 TGF-3 normally acts to inhibit social feeding. Since double

mutants between daf-7 and npr-1(null) mutants show enhanced aggregation compared to

either mutant alone it is likely that these two genes use different pathways to inhibit

aggregation behavior. Consistent with this possibility, five classes of sensory neurons

that regulate dauer formation have been identified, but these neurons do not include ASH

and ADL’. Thus the neural control of dauer formation is at least partly distinct from the . . . .

neural control of npr-1 aggregation. It is interesting to note that aggregation can be

regulated by two different sensory pathways that respond to environmental stress, the º

TGF-B dauer pathway and the ASH/ADL nociceptive pathway. º º

Food, food acquisition and population density are important regulators of

aggregation in a variety of species'. Aggregation in nematodes is also regulated by food.

well-fed animals from wild social C. elegans strains as well as from npr-1 mutant strains

do not aggregate when food is absent. Signals from bacterial food are likely to be

complex and could regulate C. elegans aggregation in several ways. In one model, a

signal from bacteria induces and mediates aggregation. In a second model the signal to

aggregate derives from nematodes rather than bacteria, but food provides a regulatory

signal or context necessary for the aggregation to occur. It is also possible that bacteria

provide both the signal to aggregate and other modifying stimuli that regulate social
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feeding. Our results suggest that a nociceptive ASH/ADL stimulus is produced in

standard culture conditions, which strongly suggests that it is made at least in part by E.

coli. It is surprising to think that food would be a source of aversive stimuli, but E. coli is

not a common bacteria in the soil, C. elegans’s natural habitat, and C. elegans raised on

E. coli will chemotax to its water-soluble products but do not find its odor attractive”.

Recent studies in a variety of models have begun to provide insights into social

attachment in mammals”. The neuropeptides oxytocin and vasopressin have been

implicated in this process, providing a striking parallel to the neuropeptide regulation of

social feeding in C. elegans. It will be interesting to study the role of aversive stimuli

and of neurons mediating aversive responses in regulating social behavior in mammals

and other animals. In some animal species aggregation is associated with mating or

breeding (cicadas, mayflies). In other species, aggregation provides a defense against

predators or adverse conditions. For example, cooperative defense is seen in wildebeest,

starlings, owlfly larvae, and bees”. In other species, living in groups increases feeding

efficiency (e.g. among wolves, locusts, flycatchers, and Myxobacter bacteria'). These

Selective advantages are not mutually exclusive. Living in groups can also carry costs.

For example food has to be shared among individuals of a group”, and disease can

spread more easily in aggregations. Since social feeding is initiated by aversive stimuli,

we propose that C. elegans aggregation supplies a defense to the animal. Possible

advantages to group feeding would include the secretion of enzymes that inactivate

bacterial toxins, or the stimulation of dauer formation and dispersal in the next

generation.
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Methods

Strains

”. Many strains wereNematodes were grown at 20°C under standard conditions

obtained from the Caenorhabditis Genetics Center. Most mutations have been described

previously”. Strains used were: CB1141, cat-4(e1141) V, CB1124, che-3(e1124) I;

CB3323, che-13(e1805) I; CB1391, daf-2(e1391ts) III; CB1376, daf-3(e1376) X;

CB1386, daf-5(e1386) II; CB1372, daf-7(e1372) III; CB1393, daf-8(e1393ts) I; DR26,

daf-16(m26) I; DR476, daf-22(m/30) II; CB1338, mec-3(e1338) IV; CB3274, lon

2(eff’8) mec-4(e1497) X; CX4057, npr-1(g320) X; AX201, npr-1(ky13) X; AX203, lon

2(eff/8) npr-1(ad609) X; AX204, npr-1(ad609) X; CX4546, ocr-2(ak+7) IV; CX2335,

odr-1 (n1936) odr-7(ky4) X; CX2304, odr-2(n2145) V; CX2205, odr-3(n2150) V;

CX2675, odr-4(n2144) III; CX31, odr-8(ky31) IV; CX3073, odr-8(ky173) IV; PR808,

osm-1 (p.808) X; PR802, osm-3(p802) IV; MT3665, osm-9/n 1601) IV; CX10, osm

9(ky10) IV; FK134, ttz-3(ks5) X.

Strains generated in this work include: AX1013, cat-4(e1141) V: npr-1 (adó09) X;

AX986, che-3(e1124) I; npr-1(ad609) X; AX298, daf-2(e1391ts) III; lon-2(et,78) npr

1(ad609) X; AX1020, daf.3(e1376) lon-2(eó78) npr-1(ad609 X; AX988 daf-5(e1386) II;

npr-1(adó09) X; AX990, daf-7(e1372) III; npr-1(g320) X; AX992 daf-7(e1372) III; npr

1(ky13) X; AX208, doy-5(e61) daf-8(e1393ts) I; npr-1(ad609) X; AX289, daf-16(m26) I;

lon-2(eff’8) npr-1(ad609) X; AX994, daf-22(m/30) II; npr-1(ad609) X; AX996, mec

3(e1338) III; npr-1(ad609) X; AX998 npr-1(ad609) mec-4(e1497) X; CX4650, ocr

2(ak+7) IV; npr-1(ad609) X; AX1000, lon-2(et,78) npr-1(ad609) odr-1 (n1936) odr

7(ky4) X; AX1003, odr-2(n2145) V; npr-1(ad609) X; AX623, odr-4(n2144) III; npr

_*
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1(ad609) X; AX215, odr-4(n2144) III; npr-1(adó09) lin-15(n765ts) X; AX433, odr

8(ky31) IV; npr-1(ad609) X; AX434, odr-8(ky173) IV; npr-1(adó09) X; AX256, npr

1(adó09) osm-1(p808) X; AX295, osm-3(p802) IV; npr-1(ad609) X; AX218, osm

9(n1601) IV; npr-1(ad609) X; AX485, osm-9(ky10) IV; npr-1(adó09) X; AX1005, lon

2(et,78) npr-1(adó09) ttz-3(ks5) X; AX821, osm-3(p802) ocr-2(ak+7) IV; npr-1(adó09)

X; AX636, odr-4(n2144) III; osm-3(p802) IV; npr-1(ad609) X; AX265, doy-20(e1282ts)

IV; npr-1(ad609) X; CX4827 ocr-2(ak+7) IV; npr-1(ad609) lin-15(n?65ts) X.

Behavioral assays

Aggregation, bordering and locomotory activity were quantitated essentially as described

previously". Locomotion is scored by automated quantitation of movement speed with

the DIAS software program”. Modifications are indicated below. In the bordering and

aggregation time courses in Fig. 1a, the number of animals in the assay was varied, and

aggregation and bordering was measured at the time intervals shown. To measure

aggregation and bordering in the absence of food (Fig. 1b) animals were prevented from

dispersing using either a chemical barrier of 4M Fructose, or a physical barrier in the

form of a copper washer (A. Davies and S. McIntire, personal communication). Assays

in the presence of food were run in parallel following an identical protocol and

maintaining a constant population density. The assays shown in Fig. 1f and 1g employed

the standard assay, except that 40 animals were put into the assay. The average group

size in Fig. 1e and 1g was calculated by dividing the total number of animals in groups by

the number of groups. In Fig. 2e and 2f, 2 test animals of the desired genotypes were

assayed in the presence of 80 animals from strain AX265, dpy-20(e1282ts) IV; npr

r ----- *

... * * *
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1(ad609) X grown at 25 degrees. Animals from strain AX265 grown at 25 degrees are

dumpy but aggregate to a similar degree as npr-1(adó09) animals. Test animals can thus

be easily distinguished by their wild type length from non-test dumpy animals, and their

ability to aggregate and border with npr-1 social animals determined.

Genetics

Double mutants between npr-1 X and other loci were made by replacing marked balancer

chromosomes with chromosomes carrying the mutation of interest. The building of the

odr-4(n2144) III; npr-1(ad609) X double mutant strain is given as an example. odr-4 III

males were mated with unc-36 dpy-18 III; npr-1 X hermaphrodites and the F1 cross

progeny males of genotype + odr-4 +/unc-36 + dpy-18 III; npr-1/0 X backcrossed to

unc-36 dpy-18 III; npr-1 X hermaphrodites. Non-Unc non-Dpy hermaphrodite cross

progeny of genotype unc-36 + dpy-18/+ odr-4 + III; npr-1 X were singled and allowed to

generate progeny. Nine of these progeny were picked, of which on average three were of

genotype odr-4 III; npr-1 X, identified by failure to generate any Unc or Dpy progeny.

The genotype of strains was confirmed either by phenotypic analysis or by detection of

the DNA lesions associated with the allele. When a mutation that suppressed social

feeding behavior was identified a second allele of that gene was tested to corroborate the

suppression (ky10 and n1601 for osm-9; ky31 and ky173 for odr-8). Only one allele of

º

º

odr-4 is available.

*** * *

-----> *

... • *:
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*** * *

º
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Molecular Biology

Plasmids were made using standard methods”. Details of plasmid construction are

available upon request. ocr-2 fusion genes were built by constructing a promoterless ocr

2 cassette from a rescuing ocr-2 genomic clone and then inserting the promoter

sequences indicated in the text. odr-4 fusion genes were built by replacing the odr-10

promoter in the p■ odr-10p:ODR-4-GFP) clone”, with the promoter sequences indicated

in the text. The control for rescue was p0DR-4-4". The promoters used to drive odr-4

and ocr-2 expression in specific neurons were as follows (neurons where the promoter . “

drives expression are indicated in brackets):
-

Promoters for odr-4 constructs: odr-10 (AWA); str-1 (AWB); odr-3 (AWC, AWB, **

AWA, ASH, ADF); p■ ()8G3 (ADF); sra-6 (ASH; ASI); srg-8 (ASK); sre-1 (ADL, ASJ); º
pF47C12 (ADL); str-3 (ASI). Appropriate cell type-specific expression was confirmed

by examining ODR-4::GFP fluorescence. º

Promoters for ocr-2 constructs: T08G3 (ADF); odr-10 (AWA); sra-6 (ASH; ASI); sre-1 - sº

** - - -

(ADL; ASJ); odr-3 (AWC, AWB, AWA, ASH, ADF). To confirm that fusion genes -, * *

rescued ocr-2 by expression in the expected cells, ocr-2(ak-47) IV; lin-15(n765ts) npr

1(ad609) X animals in which a cell-specific fusion gene restored clumping were

subjected to laser ablation. Laser ablation of ADL eliminated rescue by the sre-1::ocr-2

transgene; laser ablation of ASH eliminated rescue by the sra-6::ocr-2 transgene. To aid

in the identification of ADL or ASH and to confirm cell kills, the extragenic arrays of

these strains also contained either sre-1::GFP (ADL) or sra-6::GFP (ASH) markers.

Promoters used were described previously” ”.
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Laser ablation

Neurons were identified for laser ablation using DIC optics by a combination of

positional and morphological cues”. Neurons were killed using a laser microbeam

focussed through a 100x Neofluar objective of a standard Zeiss microscope”. Neurons

were killed during the L1 or L2 stages, and operated animals assayed within 48 hours of

the L4 to adult moult. Operated animals were mislo V; npr-1 (adó09) X, which

expressed GFP in muscle cells under the myo-2 promoter. To test aggregation, they were

mixed with npr-1 control animals that did not express GFP. , --

Transgenic strains º

Germline transformation was carried out as described”. The lin-15 clone p]MZ º
(50ng/pul) ” was used as a coinjection marker. Strains injected were either AX215 odr- ---

4(n2144) III; npr-1(ad609) lin-15(n765ts) X or CX4827 ocr-2(ak+7) IV; npr-1(ad609) º

lin-15(n?65ts) X. Test DNA was injected at 50ng/ul. Transgenic lines were identified º
by rescue of the lin-15(n765ts) multivulva phenotype at 20°C. The social/solitary º -

phenotype of transgenic lines was determined by carrying out aggregation/bordering

assays and by visual inspection. At least four transgenic lines were examined for each

tested clone.
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Figure 1. Aggregation of well fed npr-1 animals is rapid in the presence of food

but not its absence, and is enhanced by increased population density and

disruption of daf-7 TGF-B.

(a). Time courses for aggregation of 20, 40, 60 or 80 npr-1(ad609) animals, or of

80 N2 animals, as indicated.

(b). Well-fed social strains do not aggregate in the absence of food. The npr-1

allele used was ad609. CB4856 is a wild social strain from Hawaii bearing the

npr-1 215F allele.

(c) and (d) Aggregation and bordering assays of 80 animals for the genotypes

shown. The ky13 allele is predicted to be null for npr-1.

(e) Average group size in the assays shown in 1c and 1d. A single assay plate

usually has multiple aggregates of 3 or more animals; only animals in such

aggregates were scored to get the average group size.

(f) and (g) 9% aggregation and average group size, respectively, of animals of the

indicated genotype in assays involving only 40 animals.

Each bar in (a) to (g) represents data from at least 5 assays. Error bars are

standard errors of the mean.
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Figure 2. Social feeding is not impaired by mutations that abolish many sensory

behaviors, but npr-1 animals defective in ocr-2, osm-9, odr-4 or odr-8 genes fail

to aggregate or to join aggregates of npr-1 animals.

(a) and (b): mec-3(e1338), mec-4(e1497) and osm-3(p802) mutations do not

disrupt aggregation or bordering of npr-1(ad609) animals. The che-3(e1124)

mutation reduced aggregation and bordering of npr-1 animals, but this result is

ambiguous because che-3 animals leave the food lawn and climb the side of the

petri dish, where they die of dessication.

(c-f) Mutations in ocr-2, osm-9, odr-4 and odr-8 strongly reduced aggregation and

bordering of npr-1 animals. c,d show data from standard assays; in e and f

individual animals of each genotype were tested for their ability to join groups of

phenotypically marked npr-1 animals, or to border in the presence of npr-1

animals (see Methods). Bars in panels c and d represent the average of at least

10 population assays. Bars in panels e and frepresent the average for at least

30 individual animals, each tested 2 or 3 times. Error bars show the standard

error of the mean.
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Figure 3. Mutations in ocr-2, osm-9, odr-4 and odr-8 restore the ability of npr-1

animals to slow down upon encountering food, making the locomotory response

to food of the double mutants similar to that of well fed and starved animals from

the N2 solitary wild strain. Each column represents data from at least 25 animals

each recorded for 4 minutes. Error bars indicate the standard error of the mean.
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Figure 4. The nociceptive neurons ASH and ADL are required for social feeding

behavior.

(a) Expression of an ocr-2 minigene in ASH or ADL neurons restored

aggregation behavior to ocr-2; npr-1 mutant animals, whereas expression in the

ADF or AWA neurons did not.

(b) Expression of gfp-tagged ODR-4 in ADL restored social behavior to odr-4;

npr-1 mutant animals, whereas expression in ADF did not. Expression of ODR

4::GFP in AWA, AWB, ASI, and ASK also failed to restore aggregation behavior

to odr-4; npr-1 animals (data not shown).

(c) Ablation of both pairs of ADL and ASH neurons suppressed aggregation.

Ablation of both ASH neurons, or both ADL neurons, or both ASH and 1 ADL

neuron did not suppress aggregation behavior.
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Figure 5. Removal of osm-3 kinesin restores social feeding behavior to mutants

defective in nociceptive neuron function. Aggregation (a) and bordering (b)

behaviors were scored in npr-1 animals as well as in the indicated double and

triple mutants. Each bar represents the average of at least 10 assays. Error

bars indicate the standard error of the mean. (c) Model for social feeding in C.

elegans. The ASH and ADL nociceptive neurons are proposed to respond to

aversive stimuli from food to promote social feeding. This function requires the

putative OCR-2/OSM-9 ion channel. The ODR-4 protein may act in ADL to

localise seven transmembrane domain chemoreceptors that respond to noxious

stimuli. In the absence of ASH and ADL activity an unidentified neuron XXX

represses social feeding, perhaps in response to a different set of food stimuli.
-
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CHAPTER 4. VR-OAC FROM THE RATRECONSTITUTES MECHANICAL AND

OSMOTIC SENSITIVITY IN THE CAENORHABDITIS ELEGANS MUTANT OSM-9

Statement of contributions.

This chapter is a collaboration with Wolfgang Liedtke and Jeffrey Friedman at the

Rockefeller University. My contributions included designing and partially constructing

the C. elegans expression vector through which VR-OAC was expressed, generation and

collaborative characterization of all the C. elegans strains described, ablation

experiments, and generation and characterization of the GFP-tagged VR-OAC protein.

My work contributed substantially to all figures.

:
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In order to understand metazoan animals' response to osmotic and

mechanical stimulation, we have expressed the vanilloid receptor related osmotically

activated channel (VR-OAC), a candidate vertebrate osmoreceptor, “in the

Caenorhabditis elegans mutant osm-9°. VR-OAC expression in C. elegans ASH

neurons rescued osm-9 animals’ defects in avoidance of hyperosmotic stimuli and

nose touch. However, mammalian VR-OAC was unable to rescue the osm-9 defect

in an odorant avoidance response thought to be mediated by G-protein signaling.

VR-OAC rescue was specific for osm-9 deficits because it respected genetically

defined molecular pathways for nose touch and osmotic avoidance. A point

mutation in the pore-loop of VR-OAC, methionin to lysin at position 680, markedly

reduced complementation, thus indicating that VR-OAC functions as an ion channel

in the transduction of osmotic and mechanical stimuli in vivo.

All living organisms are endowed with the capability to respond to osmotic and

mechanical stimuli”. In multicellular organisms with a nervous system, specialized

nerve cells transduce the physical stimulus into neuronal excitation”. The cellular

identity of such transducer cells is known in vertebrates, as well as in insects and other

invertebrates. In mammals, inner ear hair cells transduce sound and acceleration”,

sensory ganglion nerve cells transduce outer and inner surface mechanical stimuli", and,

in the brain, circumventricular organ nerve cells transduce systemic osmotic pressure”.

Whereas the transductory function of these neurosensory cells is known, at least to a

degree, the identities of the underlying molecules that carry out these functions are not.

º
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In the invertebrate genetic model organisms, Drosophila melanogaster and

Caenorhabditis elegans, mutants with particular deficits in response to mechanical and/or

7"*". In C. elegans,osmotic stimuli have been identified through specific screens

genetic evidence from these mutants clearly points towards the existence of at least two

mechanosensory pathways”. In one mechanosensory pathway, a stimulus is applied

to the animal's body, whereupon the animal reverses or accelerates, depending on the

location of the stimulus. Saturation mutagenesis yielded the mec mutants; their

respective genes have been cloned. mec-4 and mec-10 encode ion channel subunits in the

DEG/ENaC superfamily; other mec genes encode ancillary proteins that most likely form

complexes with MEC4 and MEC10*. In a second mechanosensory pathway,

responsiveness to nose touch is mediated largely by a pair of ASH neurons in the animal's

head. Each ASH neuron extends a dendritic process, tipped with a single cilium of

characteristic morphology, to the tip of the nose".”. Upon light touch to the tip of the

nose, the animal reverses. The nose touch response shares common molecular

components with an osmotic avoidance response, also largely mediated by ASH. The

osm-9 and ocr-2 genes encode ion channels in the trp superfamily and the odr-3 gene a

G_-protein, and all three mutants are defective for osmotic avoidance and nose touch

responses”. The phenotypes of the glr-1 and osm-10 mutants indicate, on the other

”. glr-1 encodes ahand, a distinction between osmotic and mechanical sensing

postsynaptic C. elegans glutamate receptor and is necessary for sensitivity to nose touch

only. osm-10 encodes a cytoplasmatic protein expressed in ASH neurons and is

necessary for osmotic avoidance only.

º
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In D. melanogaster, the recently cloned nompC ion channel is a

mechanotransductory ion channel”; nompa is a transmembrane protein with a large

extracellular matrix domain possibly linking ion channel complexes to the extracellular

matrix”. A C. elegans relative of nompC is expressed in a third class of putative

mechanosensory neurons which do not express the mec genes or osm-9 and osm-9-related

genes.

We and others have recently identified a vertebrate ion channel that is specifically

gated by osmotic stimuli, the vanilloid receptor related osmotically activated ion channel

(VR-OAC; named also OTRPC4, TRP12 and VRL-2)". VR-OAC is a non-selective

cation channel that belongs to the osm-9 subfamily of the trp ion channel superfamily

VR-OAC is related to the C. elegans channel OSM-9, which is part of the nose touch

mechanosensory pathway, and to the mammalian channels vanilloid receptor 1 (VR1)

and vanilloid receptor like channel (VRL-1)*". The latter two are transductory ion

channels for noxious heat”. VR-OAC can detect changes in osmotic pressure with

great sensitivity”. In heterologous expression systems it is gated through hypotonicity

within the physiological range. VR-OAC is expressed in neurons of the

circumventricular organs where there is no functional blood brain barrier'. These

neurons have been shown to sense systemic osmotic pressure, the most aggressively

defended homeostatic setpoint value in vertebrates”. Through known projections they

relay their findings to magnocellular hypothalamic neurons that secrete antidiuretic

hormone into the blood. VR-OAC has also been found to be expressed in

mechanotransductory cells, namely inner ear hair cells, trigeminal ganglion intermediate

size neurons, and Merkel cells in close proximity to whiskers'. In mechanosensory

36,37
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transducer cells. VRoac could possibly function in maintaining cell-autonomous

osmotic and ionic homeostasis. Alternatively, VR-OAC could form a

mechanotransductory ion channel, perhaps complexed with other channel components.

The C. elegans osm-9 mutant is characterized by lack of response to nose touch,

lack of avoidance of hyperosmotic stimuli and lack of response to certain volatile

odorants. osm-9 is expressed in a subset of sensory neurons, some of which are thought

to respond directly to mechanical and hyperosmotic stimuli’. Thus, in addition to its

sequence similarity with VR-OAC, OSM-9 is required for responses similar to those

mediated by VR-OAC-expressing cells. We have addressed the question of whether VR

OAC is a vertebrate functional orthologue of the C. elegans putative channel OSM-9 by

expressing rat VR-OAC in osm-9 worms.

The coding region of the rat VR-OAC cDNA was cloned into a C. elegans

expression vector that contained the sra-6 promotor. This promotor directs expression

strongly in the ASH mechano- and osmosensory neurons”. This construct was used to

generate VR-OAC (ASH) transgenic lines after co-injection with the elt-2::g■ p marker,

which directs expression of GFP in C. elegans intestinal cells”. Several transgenic lines

of worms were established and maintained in an osm-9/ky10) genetic background. ky10

is a putative null allele that results from an early stop codon’. While osm-9 animals are

almost completely defective in their response to hyperosmotic stimuli and nose touch,

transgenic worms expressing VR-OAC(ASH) clearly displayed both of these responses

(Figure 1). The avoidance reactions were assayed on single animals as previously

described”. A brief videotape of the osmotic avoidance can be accessed under

56
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"Supplemental Materials" (Supplemental Figure 1). While VR-OAC partially rescued

the osmotic avoidance and nose touch defects of osm-9, it failed to restore the osm-9

defect in ASH-mediated odorant avoidance of the volatile repellent 2-octanone (data not

shown).

In order to confirm that the observed rescue of osmotic avoidance and nose touch

is mediated by VR-OAC expression in the ASH neurons, both ASH neurons were laser

ablated in osm-9/VR-OAC transgenic (tg) worms. This procedure abolished rescue

(Figure 1a). In order to visualize the subcellular localization of the VR-OACtg in the

ASH neuron, GFP was tagged to the C-terminus of VR-OAC. The tagged protein

localized to the cilia of the ASH neuron, where the initial events of sensory transduction

are believed to occur. Though GFP was also present in the ASH cell bodies, it was

absent in the axons and dendrites (Figure 2a). Rescue was not significantly impaired in

VR-OAC/GFPtg osm-9 worms, suggesting that this tagged version of the protein was

functional (Figure 2b).

The functional subsitution of VR-OAC for OSM-9 in ASH neurons could be

explained by incorporation of the mammalian channel into the existing C. elegans

mechanosensory and osmosensory architecture. Alternatively, activation of VR-OAC, a

known osmotically-sensitive ion channel, may simply enable animals to bypass the

endogenous signaling pathways that have been compromised by mutations in osm-9. In

order to understand better the specificity of the observed rescue, VR-OACtg worms were

crossed to C. elegans mutants which genetically define the ASH mechano- and

osmosensory pathways. The VR-OAC transgene used in previous rescue experiments

was crossed to ocr-2, odr-3, glr-1, osm-10 and double-mutants of the former with osm-9.

~
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ocr-2 and odr-3 mutants are defective for osmotic avoidance and nose touch responses,

glr-1 animals have defects only in the nose touch response, and osm-10 animals have

defects only in the osmotic avoidance response. VR-OAC expression in ASH led to

specific complementation of the osm-9 deficits only; each of these mutants suppressed

VR-OAC rescue (Figure 3), suggesting that rescue was not merely a result of bypassing

the endogenous mechano- and osmosensory transduction pathways with a non

physiological activity. In addition, the rescue effect is specific to VR-OAC, since a

closely related family member, VR1, was unable to rescue the osmotic avoidance defects

of these mutants. We have shown previously that rat VR1 expressed in ASH neurons

under the control of the same sra-6 promotor does not rescue the behavioral defects of

osm-9 worms (Tobin et al., submitted).

Next, we used the transgenic rescue of osm-9 by VR-OAC as an in vivo model to

define structure-function relationships of VR-OAC (Figure 4). Gross deletions were

constructed lacking either the N-terminal intracellular domain (aminoacid [AA] 1-410 of

VR-OAC), the C-terminal intracellular domain (AA 741-781 of VR-OAC) or both.

Three lines of worms were established for each of the gross deletions. The line with the

most pronounced rescue as an indication of highest expression level of ty, was

investigated more completely. VR-OAC without both its N-terminus and C-terminus was

still capable of rescuing osmotic avoidance and nose touch defects, albeit at a lower level

than the intact channel (Figure 4). The N-terminus and the C-terminus thus appear

dispensable for the response to osmotic and mechanical stimuli, and, most likely, for

proper intracellular transport in the ASH neuron.

º
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In addition to these gross deletions, we wanted to learn more about the structure

function relationship of strategically positioned single amino acid exchanges in the pore

loop domain of VR-OAC. As for the gross deletions, three lines of worms were

generated for each point mutation. Whereas an exchange in charge at position 671 and

682 (D671K, D682K) reduced rescue somewhat, introduction of a positive charge at

position 680 (M680K) strikingly reduced rescue (Figure 4). However, this reduction did

not reach the level of uncomplemented osm-9. These findings and previous work on

other ion channels “” point toward AA680 of VR-OAC and similarly positioned AA

residues of family members of the osm-9 ion channel subfamily as key molecular

determinants of pore-loop and thus ion channel function. These data indicate that VR

OAC functions as an ion channel in vivo. It strongly argues against a hypothetical

scenario where VR-OAC solely functions as a "chaperone" for OCR-2 to reach its

appropriate location in the ASH cilium. Whereas some residual rescue could be observed

in osm-9/VR-OAC[M680K]tg worms, VR-OAC[M680K] totally lacked function in

tissue culture cells (Supplemental Figure 2).

Assuming that binding partners probably originate from the same subfamily of

ion channels, the only candidate ion channel binding partner for VR-OAC in osm-9

worms is OCR-2. ocr-2 is the only other member of the osm-9 subfamily of trp ion

channels that is known to be expressed in the ASH neurons. In each cell in which it is

expressed, ocr-2 appears to play similar roles to that of osm-9. OCR-2 is dependent on

functional OSM-9 protein for proper localization to the sensory cilia. Is it possible that

the observed rescue of osm-9 by VR-OAC might be explained by a restored localization

of OCR-27 A single amino acid change in the putative pore loop of VR-OAC (M680K)
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abolishes rescue. This result suggests that VR-OAC is functioning as a true ion channel

in ASH, rather than as a chaperone-like protein for OCR-2 transport to the cilia. VR

OAC is unable to rescue osm-9 mutations in the absence of OCR-2, though it still

reaches the sensory cilia in this background (Figure 2c). Since the defect is not caused by

mislocalization, we propose that, in ASH, OCR-2 and heterologously expressed VR

OAC form core components of a mechano- and osmo-sensitive ion channel.

We have proposed that OCR-2 and OSM-9 form heteromultimeric channels in

sensory neurons such as ASH (Tobin et al., submitted). The specific rescue of osm-9, but

not ocr-2, by VR-OAC is the first distinction that has been made in ASH between these

two mutants and may reflect distinct properties of ocr and osm-9/VR-OAC channel

subunits. The failure of VR-OAC to rescue osmotic and mechanosensory defects in the

background of ocr-2 and other mutants strongly suggests that VR-OAC has been

incorporated into an endogenous pathway rather than bypassing an unrelated mechanism

for mechanotransduction.

Why did VR-OAC respond to hypotonic osmotic stimuli in heterologous tissue

culture expression systems, but complement osmotic avoidance defects of hypertonic

osmotic stimuli in osm-9 worms ? We co-expressed VR-OAC with OCR-2 and, as an

alternate strategy in order to co-express two mammalian genes, with VRsv" in three

different lines of commonly used tissue culture cells. In none of these experiments could

we observe calcium influx in response to hypertonic stimuli (data not shown). In

addition, we subjected C. elegans wildtype and osm-9 animals to hypotonic osmotic

stimuli which elicited an avoidance response in both (data not shown). We hypothesize

binding partners to VR-OAC that make the channel respond to the opposite stimulus it

º
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responds to in heterologous tissue culture expression systems. Proteins with an

extracellular matrix domain that acts as lever and/or "push-pull converter" can be

hypothesized”.

Transgenic expression of rat VR-OAC in the C. elegans mutant osm-9 reveals the

presence of true functional molecular orthology of VR-OAC to the C. elegans ion

channel OSM-9 with respect to sensing osmotic and mechanical stimuli. Rescue of a

genetically deficient transductory function by a gene that has evolved over millions of

years of molecular evolution is unprecedented. In addition, these results implicate VR

OAC not only in sensing osmotic stimuli in a live organism, but also in

mechanotransduction. Rescue is remarkable in view of 30% amino acid identity of the

two channels. In an alignment of VR-OAC and OSM-9, identical or conservatively

exchanged amino acids are located mainly in the transmembrane domain. In view of this,

the fact that both the N-terminal and the C-terminal intracellular domain of VR-OAC are

dispensable for rescue becomes less surprising. While sensitivity to nose touch and

osmotic avoidance can be reconstituted independent of the N- and C-terminus of VR

OAC, not even intact VR-OAC rescues the ASH odorant avoidance defects. Because C.

elegans odorant sensation is known to function through G-protein coupled receptors, we

speculate that intracellular mechanisms of channel activation may not have been as well

conserved.

With respect to the association / dissociation of osmo- and mechano-sensation in

the ASH mechanosensory pathway in C. elegans, our results indicate the following.

First, through the specific profile of the rescue it is clear that there are two different

signalling pathways that do not function without OSM-9, namely signalling in response
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to odorant repellents on the one hand and response to hyperosmotic and nose touch

stimuli on the other hand. Other mutants which define the nose touch mechanosensory

pathway imply an association of mechano-osmo-transduction. If mechano- and osmo

transduction are indeed linked and the transduction channel consists of members of the

osm-9 subfamily, then this may well be through complexing of OSM-9 with OCR-2 since

no other members of this family are expressed in the ASH neuron. In addition, the rescue

of osm-9 by AN-VR-OAC-AC implies the binding sites do not reside in the N- and C

terminal domains.

However, such a working hypothesis has to be reconciled with the phenotypes of

the glr-1 and the osm-10 mutants”. The postsynaptic C. elegans glutamate receptor

GLR-1 is necessary for nose touch only, and the intracellular protein OSM-10 of the

ASH neuron is necessary for osmotic avoidance only. One possibility consists of

heteromultimeric ion channel complexes that have the same ionophore core, OSM-9 and

OCR-2, and a different set of intracellular and extracellular binding partners that define

the specificity of the response. In the standard mechanosensory pathway in C. elegans,

extracellular matrix proteins are considered likely binding partners to heteromultimeric

ion channels. This points towards a specific role for anchoring in the extracellular matrix

of mechanoreceptor complexes. VR-OAC's function in a heterologous expression system

was significantly altered, though not abrogated, by deletion of the N-terminus containing

the ankyrin repeat domains'. This points toward intracellular anchoring as having an

important role in osmosensory heteromultimeric complexes. OSM-10 is a protein that

could play exclusively a role in the formation of specifically osmosensory complexes.

With respect to the specific mechanosensory defect of glr-1, it is possible that
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mechanosensory specificity is achieved through the amount of calcium influx into the

ASH neuron". A minor amount of calcium influx, perhaps in a localized, subcellular

fashion, in response to a mechanical stimulus could lead to glutamatergic transmitter

release only, whereas an osmotic stimulus would lead to a higher amount of calcium

influx which would in turn release glutamatergic and other transmitters so that there is no

obvious lack of osmotic avoidance in the glr-1 mutant. To obtain clarity, future studies

will have to involve imaging studies of gene expression of other osmoreceptor /

mechanoreceptor candidate ion channels in C. elegans, physiological recordings from

ASH neurons in live worms in response to osmotic and mechanical stimuli, and

recordings from yet-to-be-established heterologous expression systems allowing for the

unambiguous measurement of a response latency upon mechanical stimulation.

In sum, we have demonstrated the specific rescue of osmotic avoidance and nose

touch defects in the C. elegans mutant osm-9 by transgenic expression of rat VR-OAC in

the ASH neuron. The odorant avoidance defects in these worms were not affected, and

an amino acid exchange M680K in the pore-loop domain of VR-OAC drastically reduced

rescue. These results indicate that VR-OAC functions as an ion channel in the

transduction of osmotic and mechanical stimuli in vivo and that VR-OAC and OSM-9 are

true functional orthologues thus bridging millions of years of molecular evolution. Our

results underscore the general relevance of the invertebrate genetic model organism C.

elegans in the molecular understanding of multiple forms of mechanotransduction.

BNC1 is a mammalian orthologue of the MEC-4/MEC-10 mechanotransductory ion

channel identified in touch-insensitivity screens in C. elegans more than a decade

ago.”Mice lacking the BNC1 sodium channel have subtle, yet specific
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mechanosensory defects”, and additional evidence points toward the BNC1 channel

being a mechanoreceptor”.
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Methods.

EXPERIMENTAL PROCEDURES

Strains

Wild-type animals were C. elegans variety Bristol, strain N2. Worms were grown at 209

C and maintained using standard methods (Brenner, 1974). Strains used in this work

included CX10 osm-9/ky10) IV, CX4545 ocr-2(ak+7) IV, CX 4651 osm-9 (ky10) ocr-2

(aka 7) IV, CX2205 odr-3(n2150) V, CX5614 osm-9/ky10) IV; odr-3(n2150) V, MT3641

osm-10(n1602) III, CX5599 osm-10(n1602) III; osm-9/ky10) IV, CX3019 day

19(n1347ts) glr-1(ky176) III, CX5581 dpy-196m/347ts) glr-1(ky176) III; osm-9/ky10) IV.

Construction of Double Mutants

CX10 osm-9/ky10) animals carrying the VR-OAC(ASH) transgene were crossed to an

array of mutants involved in ASH mechanosensory and osmosensory genetic pathways.

The molecular lesion for each allele used has been described previously, and each

resulted in a restriction fragment polymorphism detectable after PCR amplification of the

region. Double mutants were constructed on the sole basis of molecular identification of

the presence of the allele of interest and the absence of wildtype copies. Each double

mutant genotype was confirmed in a subsequent generation. Animals carrying the VR

OAC(ASH) transgene were identified on the basis of intestinal fluorescence conferred by

the elt-2::g■ p coinjection marker.

The ocr-2(ak+7) mutation removes nucleotides 923 through 2,882 of cosmid

T09A12 and was identifiable using flanking primers (Tobin et al., submitted). The osm
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9(ky10) mutation results in the absence of an Haeill site at nucleotide 15,906 of cosmid

B0212. The odr-3(n2150) mutation results in the removal of a XhoI site at nucleotide

24,624 of cosmid C34D1. The glr-1(ky176) mutation represents a 1.62 kb deletion in the

glr-1 gene which that spans introns 4-9 (intron 4/...GTGCCAC-1.62 kb deletion

CGTACTA.../intron 9) and was identified using flanking primers. The osm-10(n1602)

allele results in the creation of an Xmn■ site at nucleotide 14,950 of cosmid T20H4.

Plasmid Construction

A cassette for expression of cDNAs in ASH was created by subcloning 3.8 kb of

the sra-6 promoter region, amplified by PCR using primers with synthetic Xbal sites and

inserted at an Xbal site in the ppD49.26 construct 5’ of the multiple cloning site for

insertion of cDNAs. A SacI-Not■ -SacI linker was inserted in the multiple cloning site

designed for cDNA insertion. Subsequently, a KpnI/Not■ fragment of the rat VR-OAC

cDNA was excised from pcDNA3.1 and cloned into this version of the Prag/ppD49.26

vector. Each of the point mutations examined were constructed using the QuickChange

mutagenesis kit (Stratagene).

To construct the GFP-tagged version of VR-OAC(ASH), a GFP-encoding

fragment from pPD102.33 (A. Fire, personal communication) was excised with Xbal and

then inserted into an Avr11 site of the original VR-OAC(ASH) construct. This

corresponds to an in-frame insertion of GFP at amino acid 848 of rat VR-OAC.

Downstream of the insertion and in-frame lie the last 23 amino acids (848-871) of the

predicted VR-OAC protein.
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Transgenic Strains

Germline transformation was carried out as described by Mello et al. (1991) using 10

ng/ul elt-2::g■ p (Fukushige et al., 1998) and 100 ng/ul of the VR-OAC construct;

transgenic worms were identified by GFP staining in intestinal nuclei. For

structure/function analysis, at least three independent transgenic strains were examined

for each VR-OAC construct. For mutant analysis, the same transgene, kyEx575, was

crossed to each of the mutants.

Behavioral Assays

Osmotic avoidance assays were performed as described by Hilliard et al.

(submitted). Briefly, a drop of hyperosmotic 1 M fructose solution in M13 buffer was

placed directly in front of an animal in motion and the animal’s response was assessed.

A reversal of more than half a body length before leaving the drop area was considered a

response. The nose touch response was assayed as described by Kaplan and Horvitz”.

2-octanone avoidance was assayed as described for benzaldehyde avoidance by Troemel

et al.”. A 20 mL microcapillary tube containing 5 pil of a 1:10 dilution of 2-octanone in

ethanol was placed immediately in front of a freely-moving adult animal on an agar plate

in the absence of bacteria, and time until reversal was scored.

Laser ablation

Neurons were identified for laser ablation using DIC optics by a combination of

positional and morphological cues (Bargmann and Avery, 1995; Sulston et al., 1983).
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Neurons were killed using a laser microbeam focussed through a 100x Neofluar objective

of a standard Zeiss microscope (Bargmann and Avery, 1995). Neurons were killed

during the L1 or L2 stages, and operated animals assayed within 48 hours of the L4 to

adult molt. After behavioral assays were performed, animals were incubated with the

lipophilic dye Dil which fills ASH neurons, among others, to confirm that ASH neurons

had been killed.
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Figure 1

VR-OAC expression in the C. elegans sensory neuron ASH rescues the osmotic

avoidance and nose touch defects of osm-9.

A) Osmotic avoidance responses of wild-type animals, osm-9 animals, osm-9 animals

carrying the ASH-expressed VR-OAC transgene, mock operated osm-9/VR-OAC

animals, and osm-9/VR-OAC animals in which both ASH neurons had been ablated.

Each animal was assayed 10-30 times with a drop of 1 M fructose in M13 buffer, using

the Hilliard drop test (Hilliard et al., submitted). Error bars represent the standard error

of the mean (SEM). Asterisks signify p-0.001 compared to osm-9. Pound signs signify

p-0.001 compared to osm-9/VR-OAC.

B) Nose touch responses of wild-type animals, osm-9 animals, and osm-9 animals

carrying the ASH-expressed VR-OAC transgene. Nose touch responses were assayed as

described by Kaplan and Horvitz (1993). Error bars represent the SEM.
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Figure 2

GFP-tagged VR-OAC is functional and localizes to the ASH sensory cilia in osm-9

and ocr-2 mutants.

A) View of the tip of the nose of an osm-9/ky10) animal expressing GFP-tagged VR

OAC protein under the control of the sra-6 promoter. The ASH sensory cilia are marked

by an arrowhead.

B) Osmotic avoidance assays of osm-9(ky10) animals with and without the GFP-tagged

VR-OAC transgene. Error bars denote the SEM. The pound sign denotes p-0.001

compared to osm-9.

C) View of the tip of the nose of an ocr-2(ak+7) animal carrying the same VR

OAC::GFP transgene as the animal shown in (A).
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Figure 3

VR-OAC rescue of osm-9 respects genetically defined pathways for osmosensation

and mechanosensation. Osmotic avoidance and nose touch responses of animals

carrying the VR-OAC(ASH) trangene in genetic backgrounds that compromise

endogenous osmosensory and mechanosensory pathways. Each data point represents at

least 50 assays on at least 5 animals. Error bars represent the SEM.
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Figure 4.

Structure/function analysis of VR-OAC suggests that VR-OAC functions as an ion

channel in C. elegans ASH neurons.

A) Osmotic avoidance responses of osm-9/ky10) animals expressing mutated rat VR

OAC in ASH. Versions of VR-OAC were generated that lack the predicted intracellular

N-terminal region (AN), the predicted intracellular C-terminal region (AC), all predicted

intracellular regions (ANAC), or that contain single amino acid substitutions in the

predicted pore domain, as indicated. Black bars are combined data for three independent

transgenic lines, while grey bars represent the responsiveness of the best performing line

for each construct.

B) Nose touch responses of osm-9(ky10) animals expressing the same VR-OAC

constructs described above. Error bars denote the SEM.
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Chapter Five

Future Directions
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This thesis describes the characterization of a family of C. elegans genes that are

closely related to the putative sensory transduction channel subunit OSM-9 and the

TRPV subfamily of ion channels. We have called these genes ocr genes for osm

9/capsaicin receptor related. One of these genes, ocr-2, plays a role in multiple forms of

chemosensation and nociception. Like osm-9, ocr-2 is essential in a number of sensory

modalities. Furthermore, OCR-2 co-localizes with OSM-9, and ocr-1 and ocr-2 have a

redundant effect on activity-dependent regulation of transcription that is similar to that of

osm-9.

Future Directions: ocrgenes

The localization of OCR-2 to sensory cilia depends on functional OSM-9. This

interaction suggests that OSM-9 and OCR-2 coassemble in a single signaling complex.

Does OSM-9 localization depend on OCR-27 Because OSM-9 is expressed in many

more cells than OCR-2, it is hard to distinguish individual cilia in the amphid. An ocr-2

mutant would be expected to affect only a subset of the amphid neurons. However, the

phasmid neurons PHA and PHB which are also ciliated, express only ocr-2 and osm-9. In

these neurons as well, ocr-2 localization to the cilia is dependent on OSM-9 (D. Tobin

and C. Bargmann, unpublished observations). Thus, by examining localization in a

different set of neurons, the reciprocal experiment -- examining OSM-9 localization in an

ocr-2 background -- should be possible.

The co-dependent localization of OSM-9 and OCR-2 does not prove that the two

proteins form a heteromeric channel, though it does suggest that they are part of a

common complex. Might coexpression of OSM-9 and OCR-2 form channels with
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distinct physiological properties? Unfortunately, collaborations with a number of other

laboratories have not resulted in identifying channel activity for either OSM-9, OCR-2 or

the two in combination (E. Reuveny and L. Jan; M. Caterina and D. Julius; W. Liedtke

and J. Friedman, personal communication). Another possibility would be to record

directly from GFP-labelled OSM-9/OCR-2 expressing neurons in osm-9 and ocr-2

mutants, either in ex vivo preparations or in cultured C. elegans neurons. These

experiments might provide convincing, direct evidence that these putative channel

subunits were indeed functioning in a channel. Finally, even if heterologous expression

does not allow for channel activity, perhaps because of difficulties in expression levels,

localization, or in identifying gating molecules and stimuli, it may be informative to

attempt to identify biochemical interactions of the two proteins through co

immunoprecipitation experiments.

Two Drosophila genes clearly fall into osm-9 and ocr families, respectively. It

should be relatively straightforward to examine the expression patterns of these genes

through in situ hybridizations. Though large families of candidate chemosensory

receptors have recently been identified in Drosophila, the channel that they couple to

during neuronal excitation is unknown (Clyne et al., 1999; Clyne et al., 2000; Scott et al.,

2001). Because of their homology to C. elegans osm-9 and ocr genes, the Drosophila

family members would seem to be excellent candidates for transduction channels. Even

if these genes are not expressed in Drosophila gustatory or olfactory neurons, it will be

informative to characterize their expression patterns. In C. elegans, no ocr gene is

expressed in any cell that does not also express osm-9. If the same pattern holds true in
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Drosophila, this may point out something fundamental about the architectural

requirements of the putative channel.

What role does OSM-9 play in neurons that do not express any ocr genes? We

have noted that these neurons generally express TAX-2/TAX-4, the com/P gated channel,

and that OSM-9 may play a regulatory function in these neurons. In the chemosensory

AWC neurons, tax-2 and tax-4 are absolutely required for chemotaxis while osm-9

appears to act only in adaptation to a subset of AWC-sensed odorants (Colbert et al.,

1997). If subunit composition determines, to some extent, the role that osm-9 is playing,

it may be possible to perturb that function by misexpressing an ocr gene in those neurons.

Though misexpression of ocr-2 in AWC does not compromise AWC chemotaxis (nor

does it create a functional primary transduction channel capable of substituting for TAX

2/TAX-4), it will be interesting to examine whether adaptation is compromised. This

would not only provide evidence for interaction between the channels, but may also point

to a biological consequence of subunit composition.

The Capsaicin Receptor VR1 as a Tool for Probing Neuronal Circuitry

By expressing the capsaicin receptor VR1 heterologously, we were able to confer

capsaicin-responsiveness on at least one sensory neuron. This approach provides a

promising avenue for the temporal activation of neuronal circuits. Because mammals are

the only known responders to capsaicin, the method may have general utility.

Theoretically, zebrafish, chickens and Drosophila could all be amenable to this approach.

It is important to note, however, that attempts to express VR1 in other C. elegans neurons

did not result in capsaicin sensitivity. This could be due to a cell-specific context that
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ASH was able to provide and that other neurons could not. The other neurons in which

VR1 was expressed were not exposed neurons. Perhaps the cuticle provides enough of a

barrier to make these neurons inaccesible to this highly hydrophobic molecule. This is

the case with lipophilic dyes, which label only a small subset of C. elegans neurons. It

will, therefore, be interesting to express VR1 in other C. elegans neurons that are

permeable to lipophilic dyes. The salt-sensing ASE neurons would fulfill these criteria.

ASE neurons adapt to prolonged exposure to salts; if VR1 is functional and accessible to

capsaicin in ASE, it would provide a useful tool to probe the process of adaptation. Is

depolarization sufficient to induce adaptation processes? Does sufficient depolarization

prime the neuron for adaptation, allowing it to adapt at lower concentrations or after less

prolonged exposure?

Future Directions: Social Behavior and Foraging

Experiments with npr-1 animals have begun to define some of the circuitry that

promotes social foraging behavior. It is striking that each of the neurons identified as

mediators of this behavior responds to aversive cues. The nature of the aversive cue that

promotes clumping behavior, however, remains undefined. A body of evidence points to

bacterially-produced volatile metabolites as a potential trigger of the behavior. npr-1

animals fail to clump on killed bacteria (Wayne Davis and Leon Avery, personal

communication). The clumping behavior can be restored by exposing the animals to the

smell of live bacteria. It will be interesting to define either biochemically or through

bacterial genetics the identity of the clumping-inducing molecules that the bacteria

produce. Locusts also respond to certain bacterially-derived volatiles by aggregating,
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though the ecological significance of this behavior is more fully understood and may be

unrelated to roundworm behaviors (Obeng-Ofori et al., 1994; Dillon et al., 2000).

How general is the relationship between social feeding and nociception? Is

clumping induced by specific compounds or do multiple aversive cues trigger a general

aggregative stress response? To answer these questions, it will be useful to activate

nociceptive neurons in npr-1 under normally non-clumping conditions. If exposure of

non-clumping npr-1 animals (for example npr-1 animals growing on killed bacteria) to

odorants known to activate ASH and ADL does induce clumping, it would suggest a

general connection between aversion and aggregation. Is the npr-1 mutation creating a

novel behavior or is it sensitizing a universal C. elegans behavioral response to aversive

conditions? Exposure of "wildtype" animals to extremely aversive conditions may help

to answer this question.

Though nociceptive neurons have been identified as neurons that promote

clumping behavior, they are not absolutely required for aggregation. osm-3 mutations

Suppress ocr-2 suppression of npr-1 clumping. This observation has led to a model in

which osm-3-expressing neurons antagonize clumping and ocr-2-expressing neurons

promote the behavior. Further studies may illuminate the identity of the hypothesized

antagonistic neuron(s). Finally, since neither osm-3 or ocr-2 are absolutely required for

clumping, the neuronal circuitry that most directly mediates this behavior remains

undefined.

Future Directions: VR-OAC

135



The TRP superfamily of channels, and particularly the OSM subfamily, has

multiple members postulated to be activated by physical stimuli. These include OSM-9,

VR-OAC, NompC, VR1, and VRL-1. It will be interesting to define the structural

determinants of these sensitivities.

Results from our VR-OAC structure/function studies suggest that both the N and

C termini are dispensable for this function. One possibility, then, is that the intracellular

regions are not necessary for mechanotransduction. Perhaps the ankyrin repeats and

extended C termini are more important in targeting and intracellular signaling roles then

in the sensitivity to mechanical stimuli. Localized targeting is an important feature of a

number of mechanosensors and osmosensors in both prokaryotes and eukaryotes. As a

principle, tethering of the channel to rigid structures may not be required to sense

mechanical and osmotic stimuli; alternative mechanisms such as membrane deformation

could gate the channel. From this perspective, it is probably significant that all known

subunits of osmo- or mechanosensitive channels or receptors have multiple

transmembrane domains and these domains are implicated in mechanosensation in some

CaSCS.

VR-OAC might require some sort of tethering to the extracellular matrix or

intracellular components to function, as appears to be the case with the MEC system of

mechanotransduction in C. elegans or in the most widely studied model for

mechanotransduction in the vertebrate ear. In this case, our observation that the

intracellular regions of VR-OAC are not essential could be misleading because other

subunits such as OCR-2 could provide that function to a heteromultimeric chennel that

contains VR-OAC. It will, therefore, be interesting to examine whether the N- and C
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terminally deleted VR-OAC constructs can still rescue osm-9 mutations in a background

in which OCR-2 is also missing these intracellular regions. For NompC, the conservation

of 29 ankyrin repeats makes it difficult to imagine that these repeats do not play some

crucial role in its function (Walker et al., 2000).

The requirement of OCR-2 for VR-OAC function presents the possibility that

OCR-2 and VR-OAC may heteromultimerize to form osmotically-sensitive channels.

Co-immunoprecipitation experiments will test this hypothesis directly (W. Liedtke, D.

Tobin, and C. Bargmann, in progress). The properties of VR-OAC in vitro -- its

responsiveness to hypoosmotic but not hyperosmotic stimuli -- are surprising, given the

physiology of osmosensitive neurons. Perhaps the ability of rat VR-OAC to rescue C.

elegans defects in responsiveness to hyperosmotic stimuli indicates that VR-OAC may

have different properties in vivo. Identifying the determinants of this sensitivity should

provide insight into mechanisms of mechanotransduction.

Is there a homologue of OCR-2 in osmo- and mechanosensitive neurons that

express VR-OAC'? From phylogenetic trees, it appears that no ocr-like genes exist in

vertebrates. Nonetheless, other TRPV family members may provide an OCR-2-like

function for VR-OAC. Ongoing experiments (W. Liedtke, D. Tobin, J. Friedman, C.

Bargmann, in progress) are examining whether VR-OAC when expressed with OCR-2 or

different variants of VR1 displays sensitivity to conditions of high osmotic strength.

Conclusion

These studies have characterized the C. elegans family of osm-9/capsaicin

receptor-related genes and implicated them in chemosensation and nociception. A
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framework for a sensory transduction channel in a subset of chemosensory neurons has

emerged. In addition, the relationship between osm-9 and VR-OAC suggests that these

channels may be directly activated by external cues, such as mechanical and osmotic

stimuli. However, it is clear that olfactory transduction in C. elegans neurons proceeds

through an intracellular G protein coupled cascade. The downstream events that connect

odorant binding to OSM-9/OCR-2 channel activation remain elusive. Heterologous

expression of these channel subunits as well as ongoing genetic approaches may help to

elucidate the still-mysterious intracellular gating mechanisms of these channels.
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