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Abstract. The small nematode Caenorhabditis elegans
lives in the soil, where mechanical, thermal and most of
all chemical stimuli strongly influence its behavior. Here
we briefly review how chemical sensitivity is organized
at the cellular and molecular level in this organism. C.
elegans has less than 40 chemosensory neurons. With few
exceptions each neuron senses more than one substance
and each substance is sensed by more than one neuron. At
the molecular level, as in other organisms, also in C. ele-
gans, seven transmembrane G-protein-coupled receptors
(GPCRs), heterotrimeric G proteins, cyclic nucleotide-
gated ion channels, TRP channels and Ca*™ play crucial
roles in chemical sensitivity. An unusual feature, possibly
due to C. elegans s strong dependence on chemical cues,
is the very large number of GPCR chemoreceptor genes
(1300-1700) coded in its genome. Genetic approaches

have also allowed the identification of new molecules in-
volved in chemical sensitivity that would not have been
discovered otherwise. In addition to the basic factors in-
volved in primary signalling, the studies in C. elegans
have revealed a network of regulatory pathways and mol-
ecules suggesting that fine modulation of the responsive-
ness of neurons is important, possibly to allow worms to
negotiate a continuously changing environment. The ex-
perimental versatility of C. elegans has made it possible,
in many cases, to determine precisely in which neuron a
given molecule or pathway is required and for which bio-
logical response. This type of information can contribute
to the general field of sensory signalling because it pro-
vides correlations between the biochemical properties of
molecules and their cellular functions and between these
and the in vivo behavioral responses of the animal.
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Introduction

The nematode worm Caenorhabditis elegans is proving
to be a valuable experimental model to study the role of
genes in the organization and functioning of a nervous
system and in shaping behavior. C. elegans hermaphro-
dites have 302 neurons and males 381 neurons; shape,
position and connectivity of each neuron have been de-
scribed [1] (http://www.wormatlas.org), and this descrip-
tion represents a unique basis to approach the way the
nervous system is organized and functions. A variety of
powerful experimental approaches have been devised to
study the function of cells and the role of genes in this
organism. The study of the nervous system has also been
facilitated by the fact that, under laboratory conditions,
most of the neurons and many of the genes affecting be-
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havior are in fact not required for viability and reproduc-
tion, and thus it has been easier to manipulate them ex-
perimentally. C. elegans enables study of chemoreception
by testing behaviors that depend on or are modulated by
chemical cues present in the environment. Most of the
neurons and many genes affecting these behaviors have
been identified [2—5]. Recently, the development of tech-
niques for imaging Ca™" fluxes in selected sensory neu-
rons in live, behaving animals has opened the possibility
of monitoring the cellular responses of sensory neurons
independently of the activity of the other cells (neuronal
and non) that are involved in behavioral or developmen-
tal responses [6, 7]. In the soil where it lives, C. elegans
moves to find food, mating partners, places with favor-
able conditions for laying its progeny. Mechanical, ther-
mal and most of all chemical stimuli strongly influence
direction and rate of movement. The worm chemotaxes
toward food or indicators of the presence of food, follow-
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ing both volatile and water-soluble cues. In addition, the
worms need to detect and avoid noxious substances and
signals of the potential presence of toxics or of dangerous
situations. The responses to these aversive cues include
negative chemotaxis (moving in a gradient of repellent
away from its source) and the avoidance reflex, in which
the worm inverts the direction of its movement when it
abruptly encounters a noxious or repellent stimulus. Sig-
nals from the environment influence not only movement
but also feeding, mating, egg laying, defecation, social
behavior, development and aging [2, 4, 5]. The different
neuronal circuits responsible for these behavioral and de-
velopmental responses have been and are actively inves-
tigated and have recently been reviewed [5]. However, the
information reviewed here derives mainly from studies of
the way chemical stimuli influence movement (positive
and negative chemotaxis as well as avoidance).

Here we review the C. elegans sensory neurons involved
in detecting chemical cues, their sensory specificities and
what we know about the molecules at work in them: those
necessary for primary sensory transduction (if a neuron
responds or not to a particular ligand and how) and those
that regulate the responsiveness of sensory neurons (ad-
aptation/modulation/plasticity). We then briefly discuss
some of the implications and questions raised by the cel-
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lular and molecular organization of chemical sensitivity
in the worm.

Cellular organization of chemical sensitivity

Chemosensory sensilla

The amphids, the phasmids and the inner labial sensilla
(IL) are the three types of chemosensory sensilla of C.
elegans present in both sexes. The specialized endings of
their associated sensory neurons are exposed to the exter-
nal environment (Fig. 1). The two bilaterally symmetric
amphids and the six ILs are placed anteriorly at the sides
and around the mouth respectively. The bilaterally sym-
metric phasmids are placed instead posteriorly in the tail.
The ILs and the phasmids are simpler than the amphids
and are each associated with the endings of two sensory
neurons. In the phasmids, both neurons, PHA and PHB,
are exposed to the outside, while, of the two neurons of
each IL, only IL2 reaches the outside. The main and most
complex chemoreceptor organs are the amphids. Each
contains the endings of 12 different types of sensory neu-
rons. Like most of the neurons of C. elegans, the bodies
of the amphid neurons are located in the head between
the two bulbs of the pharynx. Their axons connect with
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Figure 1. C. elegans chemosensory organs. Adapted from [2]. (a) Scheme of the position of main sensilla in the animal. () Details of
amphid structure. The cilia of the AWA, AWB, AWC and AFD neurons are embedded in the sheath cell (sh). The cilia of the remaining
eight chemosensory neurons reach the outside environment through the amphid channel constituted by the socket cell (so). (c¢) Structure
of the sensory endings of the amphid neurons. Adapted from [60]. The cilia of the olfactory neurons AWA, AWB and AWC have flattened,
fan-like endings. The cilium of the thermosensory neuron AFD branches in finger-like endings. The remaining neurons have long, thin,

unbranched endings.
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Table 1. Molecules at work in some amphid chemosensory neurons.

Sensory neuron  Primary signalling

Regulation of signalling

G protein Effectors Channels Unknown
Signaling
ASE GPA-3 ? TAX-2/TAX-4 GRK-2, TAX-6, OSM-9
AWC ODR-3, GPA-3, ODR-1, TAX-2/TAX-4 ARR-1, GRK-2, TAX-6,
GPA-2 DAEF-11 OSM-9, TTX-4, TPA-1,
EGL-4
AWB ODR-3 ODR-1 TAX-2/TAX-4 ARR-1, GRK-2
ASH ODR-3, GPA-3, PUFAs OSM-9/0CR-2 OSM-10, QUI-1 ARR-1, GRK-2, GPC-1,
GPC-1 TAX-6, TTX-4, GPA-11
AWA ODR-10, ODR-3, PUFAs OSM-9/0CR-2 GPA-5, ARR-1, GRK-2,
GPA-3 TAX-6, TTX-4, TPA-1

each other and with other neurons in the head. Their den-
dritic processes bundle and extend anteriorly to reach the
outside through the amphid channel and terminate with
specialized sensory cilia (Fig. 1) [1, 2].

Chemosensory neurons

Cell-killing experiments using a laser microbeam [2], and
cell-specific genetic rescue experiments [8, 9], have been
used to assign a function to sensory neurons by testing the
behavioral responses of operated or rescued animals. Fig-
ure 2 summarizes the results obtained by different groups
on the 12 amphid and 2 phasmid sensory neurons.

Some considerations are suggested by these results. First,
different sensory modalities appear to largely define
three groups of amphid neurons. Eight pairs of neurons
detect water-soluble chemicals, three pairs detect volatile
odorants and one neuron is thermosensory. The structure
of the endings of the sensory cilia is different in the three
groups of neurons (Fig. 1c). The function of the two phas-
mid neurons, PHA and PHB, and the structure of their
cilia make them more similar to the group of neurons that
sense water-soluble chemicals. The correlation between
morphology of the cilia and sensory modalities is, how-
ever, not absolute. For instance, the ASH and ADL neu-
rons, which have long, thin cilia, detect both water-solu-
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Figure 2. Schematic representation of the stimuli and of the main behavioral output of the 12 amphid and 2 phasmid sensory neurons. Most
of the information for the assignement of a function to these neurons has been reviewed in [2], where references to the original works can
be found. For the phasmid neurons see [9] and for some of the repellent stimuli see [13, 12].



Cell. Mol. Life Sci.  Vol. 63, 2006

ble and volatile repellents. In addition, ASH also senses
osmolarity and a mechanical stimulus, nose touch. This
broad spectrum of sensory modalities all linked to nox-
ious stimuli suggests that ASH is a polymodal sensory
neurons analogous to the nociceptive neuron of mamma-
lians [10].

Figure 2 also indicates that the organization of the C. el-
egans chemosensory system is such that each substance
is usually sensed by more than one neuron and each
neuron senses more than one substance. Within this or-
ganization, however, sensitivity to repellents appears to
be largely segregated to a group of neurons (ASH, ADL,
AWB, PHA and PHB) different from those that detect at-
tractants and/or signals influencing egg laying and dauer
development (AWA, AWC, ADF, ASG, ASI, ASJ, ASE
and ASK). This situation is somewhat analogous to the
organization of taste in mammalians, in which individual
taste cells express either receptors for bitter substances or
receptors for sugars/amino acids [11]. Although segrega-
tion of the capacity to sense repellents and attractants is
largely the rule, there are at least two documented ex-
ceptions: (i) ASK has been described as sensing the at-
tractant lysine [2] but also the repellent quinine [12]; (ii)
ASE, which appears to be the main neuron for several at-
tractants (Na**, CI-, cAMP) [2], also senses, as repellent,
toxic concentrations of the divalent cations Cu*™* and Cd**
[13]. How a single cell can connect to two different/op-
posite circuits is still not understood.

Another aspect of the cellular organization of chemical
sensitivity regards the location of sensors in the head and
in the tail and the role of amphid versus phasmid sensory
neurons. Ablation of the PHA and PHB phasmid neurons
does not result in chemotaxis or dauer formation defects
[2]. However, PHA and PHB were shown to function as
chemosensory neurons that sense repellents (e.g. the de-
tergent SDS) and negatively modulate the avoidance re-
sponse mediated by sensory neurons of the amphids [9].
In sensing repellents, antagonistic chemosensory inputs
from head and tail neurons are integrated to generate
appropriate behavioral responses. The integration most
likely occurs at the level of the command interneurons
(AVA, AVB, AVD and PVC) that receive inputs from sen-
sory neurons to control the choice between forward and
backward movement. The findings on the phasmid neu-
rons indicate that for mapping chemicals in the environ-
ment, a key factor for its fitness, C. elegans uses at least
two different strategies. For avoidance of noxious chemi-
cals, for which fast responses may have a strong adaptive
value, C. elegans has sense organs in the head and in the
tail (amphids and phasmids) such that activation of sen-
sory neurons immediately and directly reflects the spatial
distribution of the chemical stimuli. For chemotaxis (e.g.
toward food sources), chemosensory organs are clustered
instead together in the head (amphids, IL?), and no input
from the phasmids (tail) is necessary. The worms discern

Multi-author Review Article 1513

the location of chemicals by moving through the environ-
ment and integrating temporally separated signals with
proprioceptive inputs. The temporal integration strategy,
used for chemotaxis, is time consuming by definition but
allows animals to accurately find the point source of an
attractant in any direction. The simple head-to-tail sen-
sory map, used instead for the avoidance reflex, allows
for a very rapid response, but it is obviously limited in
spatial resolution [9].

Molecules required for chemosensation

A powerful approach used in C. elegans to identify mol-
ecules involved in chemoreception has been the isola-
tion of mutants with defects in behaviors dependent on
chemical cues present in the environment. Additional
molecules have been identified via reverse genetics by
isolating deletions or overexpression mutants in candi-
date genes [3, 5, 14]. The molecular and genetic analysis
of these mutants has led to the identification of molecules
necessary for development, differentiation, morphogen-
esis and functioning of chemosensory neurons [15-18].
As for how chemosensory neurons function, which is the
focus of this review, the results clearly indicate that, as in
other organisms, also in C. elegans, seven transmembrane
G-protein-coupled receptors (GPCRs), heterotrimeric G
proteins, cyclic nucleotide-gated ion channels, TRP chan-
nels and Ca*" play crucial roles in chemical sensitivity
[2-5].

Receptors

The genome of C. elegans codes for a very large number
of candidate chemoreceptor genes of the seven-trans-
membrane GPCR class (1300 apparently functional genes
plus an additional 400 pseudogenes). C. elegans strong
dependence on chemical cues is probably the reason for
this unusually large number (about 7% of all its genes).
Absolute number and percentage are higher than in any
other species of vertebrate or invertebrate for which these
figures are known. On the basis of sequence similarity
and of the number and position of introns, C. elegans che-
moreceptor genes have been grouped in four large super-
families each made of several sub-families [19, 20]. The
sequences of the C. elegans genes are highly divergent,
and there is very low sequence similarity between the C.
elegans genes and any of the mammalian chemorecep-
tor gene families. As in mammals, these genes are often
found in clusters in the genome a condition that may fa-
vor frequent duplications and gene losses and which may
underlie their rapid evolution both in terms of sequence
diversification and gene number, as suggested by initial
comparison with the genome of the closely related spe-
cies Caenorhabditis briggsiae [20].
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The first odorant receptor for which a ligand was identi-
fied in any organism is the C. elegans high-affinity recep-
tor for diacetyl, ODR-10, which is expressed in the ol-
factory neuron AWA, and loss-of-function mutants fail to
sense diacetyl [21]. Worms expressing ODR-10 in AWB
instead of in AWA, as normally occurs, avoid diacetyl
instead of being attracted to it. Thus, in C. elegans, the
attractive or repellent quality of a stimulus is not encoded
in the receptor itself but in the connectivity of the sensory
neuron in which the receptor molecule is expressed [22].
An experiment arriving at similar conclusions has now
been realized with taste receptors in mice [23].

Albeit these successes on odr-10, genetic screens for che-
mosensory mutants have been remarkably incapable of
identifying genes for other receptors, although they have
led to the identification of numerous other components
of the signalling necessary for chemosensation. This re-
sistance to genetic analysis is possibly due to extensive
redundancy of the chemoreceptor genes necessary to
sense a particular ligand and to the still-limited capacity
of researchers to detect the subtle behavioral differences
resulting from the loss of a single chemoreceptor gene.
That these genes code for chemoreceptors used to detect
chemicals in the environment is also supported by studies
of their expression patterns using fusions of their regu-
latory regions to the green fluorescent protein (GFP) as
a reporter. Of the genes tested, 80% were expressed in
sensory neurons (70% in amphid neurons) and only about
25% were also expressed in nonneuronal cells [19, 20]. In
addition, translational fusions with GFP have shown that
the corresponding proteins are localized to sensory cilia,
the cellular compartment where detection of chemicals in
the environment occurs.

One striking observation is that C. elegans and mammals
have a roughly similar number of chemoreceptor genes
despite the fact that mouse chemosensory neurons num-
ber in the order of 107, whereas C. elegans has fewer than
30 chemosensory neuron types. As a consequence, mul-
tiple receptors must be expressed in the same neuron. The
unique combinations of neurons in which receptors for
related chemicals are expressed may underlie, at least in
part, the code with which natural mixtures encountered
by C. elegans are sensed, recognized and discriminated.

Heterotrimeric G proteins

The Go subunits

The genome of C. elegans encodes 21 Ge, two Gff and
two Gy subunits. There is one clear ortholog for each of
the four mammalian families of Gas, with C. elegans
GOA-1, GSA-1, EGL-30 and GPA-12 corresponding to
mammalian Go;, Goy, Goy, and Go,, respectively. The
remaining 17 Ga subunits (ODR-3, GPA-1 to GPA-11
and GPA-13 to GPA-17), although perhaps more similar

Chemical sensitivity in C. elegans

to the Ga,; family, are referred to in this context as the C.
elegans specific Go subunits. While the four canonical o
subunits are generally broadly expressed and are involved
in a variety of developmental and behavioral functions,
14 of the C. elegans specific Gor subunits seem primarily
to have a function in chemoreception since their expres-
sion is largely confined to subsets of chemosensory neu-
rons [14, 24, 25]. Loss-of-function mutations (/f) in all
the Go-subunit genes have been isolated either in forward
genetic screens (e.g. odr-3) or by reverse genetics. In ad-
dition, overexpression as transgenes either of the wild-
type (ox) or of in vitro produced, constitutively activated
gain-of-function alleles (gf) have been obtained [14, 24,
26]. The Go subunits ODR-3 and GPA-3 have an impor-
tant role in primary signalling because loss-of-function
mutants have strong chemosensory phenotypes. ODR-3
is expressed in AWA, AWB, AWC, ASH, ADF, PHA and
PHB, and it has been shown to be required for the re-
sponses of AWA and AWC to attractants and of AWB and
ASH to repellents [24]. GPA-3 is expressed in all the che-
mosensory neurons of the amphid except for AWB. Loss-
of-function mutants are defective for chemotaxis to some
water-soluble and volatile attractants, for the response of
ASH to some repellents and are also partially defective
for dauer formation. For the responses mediated by the
three neurons AWA, AWC and ASH, in which they both
function, ODR-3 appears to be more important for some
stimuli, while GPA-3 is more important for others, e.g.
quinine avoidance mediated by ASH [12, 14, 24, 26, 27]
(Figs. 3, 4). Imaging calcium fluxes in ASH has shown
that the transient increase in intracellular calcium (Ca**
transients), observed in wild-type animals challenged
with all classes of repellent stimuli, are reduced in odr-
3(lf) mutants although they are not abolished. Instead, in
gpa-3(lf) mutants, Ca™" transients are significantly re-
duced in response to quinine but are normal for the other
classes of repellent stimuli. When both ODR-3 and GPA-
3 are missing, no avoidance responses are obtained and
no ASH activation occurs, indicating that these two Go
subunits act in redundant pathways that are essential to
activate signalling in ASH [7]. ODR-3 and GPA-3 pro-
teins localize to the cilia of the sensory neurons in which
they are expressed, suggesting that they receive signals
from chemosensory receptors and are directly involved in
the transduction of chemical stimuli [24, 27].

GPA-1, GPA-2, GPA-5 and GPA-11 have also been shown
to be involved in chemical signalling but possibly with
a regulatory role. GPA-1, which is expressed in several
chemosensory neurons, appears to have a role in the plas-
ticity of the response to NaCl. Differently from wild-type,
gpa-1(lf) mutants do not chemotax away from this salt
after preexposure to it. The neuron(s) in which GPA-1
acts for plasticity remain to be established [28]. GPA-2
is expressed in the AWC neuron and has a role in sensing
volatile attractants. However, results were somewhat con-
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Figure 3. Primary sensing (a) and regulation of sensing (b) in ASH. () In ASH, chemical, osmotic and mechanical stimuli activate initially
separated signalling cascades. Osmotic stimuli require OSM-10 and the Go subunits ODR-3. Chemical signals require QUI-1, GRK-2 and,
for quinine, also GPC-1. The Ga subunits ODR-3 and GPA-3 mediate chemical signals and have partially redundant functions. All stimuli,
including the mechanical stimulus nose touch, converge, either directly or through PUFA, on the OSM-9/OCR-2 TRPV channel that is
required for all primary signalling in ASH. In (b) primary signalling is regulated by multiple mechanisms/pathways. GRK-2 and ARR-1
may be involved in receptor desensitization. The nPKC TTX-4 increases signalling by inhibiting adaptation, while the Gy subunit, GPC-1
and the calcineurin TAX-6 stimulate adaptation. Signalling is also positively modulated by inputs from other neurons responding to the
presence of food. Serotonin (SHT) and the Gor subunit GPA-11 mediate this modulation. The stimuli are Cu**, copper ions; H', high pH;
SDS, the detergent sodium dodecyl sulphate; QUI, quinine; OCT, octanol; OSM, high osmotic concentration; touch, nose touch.

tradictory on whether that role is stimulatory or inhibi-
tory [24, 27]. GPA-5 appears to play an inhibitory role in
the responses of AWA to some odorants, because the loss
of GPA-5 function results in increased sensitivity to some
attractants and partially rescues the chemotaxis defects of
odr-3(If) mutations [27, 29]. GPA-11 is necessary in ASH
to mediate the positive modulatory effect of serotonin, an
internal indicator of food abundance, on the responsive-
ness of ASH to octanol [30] (Fig. 3).

Loss-of-function mutations in the other C. elegans specific
Go subunits showed modest or no chemosensory defects.
For several of these genes, overexpression (ox) or gain-
of-function (gf) alleles show some chemosensory defect,
but it is still not clear whether these are due to a specific
function in signalling or to a more general disruption of
neuron physiology when they are overexpressed [14, 27].
The limited effects of mutations in most of the Got sub-
units expressed in chemosensory neurons indicates that
they are probably not required for primary signalling but
play modulatory and partially redundant roles. A network
of Go subunits may be necessary to finely modulate the
responsiveness of chemosensory neurons in a continously
changing environment. The large number of Ga-subunit
genes and the fact that they are expressed in unique com-
binations in the limited number of C. elegans chemosen-

sory neurons [14] is another element (in addition to the
large number of GPCR genes) that probably contributes
to coding chemical signals in C. elegans.

The GY subunit GPC-1

Of the two Gf3 and two Gy subunits coded in the C. ele-
gans genome, the only one for which a role in chemosen-
sation has been demonstrated is the Gy subunit, GPC-1,
which is expressed in most sensory neurons, including
ASH. Behavioral analysis has shown that primary sen-
sory responses of gpc-1(If) mutants are normal [31] with
the exception of quinine avoidance, which is instead re-
duced in these mutants. Ca** imaging of ASH showed that
its cellular response to quinine, but not to other repel-
lents, was reduced in gpc-I mutants [7]. The main role
of GPC-1 in chemosensation, however, appears to be in
adaptation: the reduction in response to a stimulus after
persistent or repeated exposure to it. Behavioral studies
have shown that gpc-1 loss-of-function mutants adapt
poorly to some water-soluble attractants [31] and to nox-
ious stimuli that trigger an avoidance response, although
the mutants are still capable of adapting to volatile attrac-
tants. Ca*™ imaging showed a reduced capacity of gpc-
1 mutants to modify the cellular response of ASH, after
either repeated or prolonged stimulation with a repellent
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Figure 4. Primary sensing («) and regulation of sensing (b) in AWC. (a) In AWC, different odorants, likely sensed by different GPCRs,
activate separate signalling cascades that use one or more Go subunits, with ODR-3 playing the main role. Activation of the Ga subunits
leads, by unknown mechanisms, to activation of the guanylate cyclases ODR-1 and DAF-11, which control the level of cGMP. The nucleo-
tide in turn controls the activity of the cGMP-gated channel TAX-2/TAX-4 that is required for all primary signalling in AWC. In (b) primary
signalling is regulated positively and negatively via different pathways. Receptor desensitization requires GRK-2 and ARR-1. Pathways
that stimulate adaptation and thus downregulate signalling: the OSM-9 dependent TAX-6 adaptation pathway and the cGMP-dependent
EGL-4 kinase pathway, which may involve phosphorylation of the TAX-2 subunit of the TAX-2/TAX-4 channel. Pathways that inhibit ad-
aptation and increase primary signalling use the nPKCs TTX-4 and TPA-1. Odorants areTMT, trimethyl thiazole; BUT, butanone; BENZ,

benzaldehide; IAA, indol acetic acid.

[7]. GPC-1 has been shown recently to have a role also
in the plasticity of the response of worms to NaCl. After
prolonged exposure to NaCl, wild-type worms chemotax
away instead of toward an otherwise attractive concentra-
tion of this salt. In contrast, gpc-1(If) mutants do not [28].
It is not clear whether the function of GPC-1 in adapta-
tion underlies this effect on plasticity.

Downstream pathways

Molecular, cellular and genetic studies indicate that in, C.
elegans, two major ion channels operate to couple recep-
tor activation to the electrical activity of chemosensory
neurons. In one group of neurons, signals from diverse re-
ceptors converge toward the cGMP-gated channel formed
by the two subunits TAX-2 and TAX-4 [32, 33]. In other
cells, signals converge toward the transient receptor po-
tential vanilloid-related channel (TRPV) formed by the
two subunits OSM-9 and OCR-2 [10, 34].

The cGMP-gated channel TAX-2/TAX-4

C. elegans TAX-4 and TAX-2 are the o and 3 subunits
of a cGMP-gated channel expressed in some amphidial
neurons. The activity of this channel is required for the
response of these neurons to the stimuli they each sense.

Accordingly, loss-of-function mutants of fax-2 and fax-
4 show defects in chemotaxis toward NaCl (ASE) and
toward some volatile attractants (AWC) and repellents
(AWB). They also show thermotaxis defects (AFD) and
defects in dauer formation (ASI) [32, 33]. Expression of
these two C. elegans channel subunits in HEK293 cells
has shown that the channel is gated by cGMP and that
it is permeable to Na" and Ca** [35]. The TAX-2/TAX-4
channel is also the target of an adaptation pathway, and a
phosphorylation site on TAX-2 appears to be required for
the adaptation that occurs after short exposure to odors.
The cGMP-dependent protein kinase EGL-4 [36] is one
of the potential candidate kinases for the phosphorylation
of TAX-2 (Fig. 4). Thus in AWC, but possibly also in other
neurons, downmodulation via phosphorylation of the ac-
tivity of the channel involved in primary signalling appears
to be an important early step in adaptation. [36]. It is worth
pointing out that the TAX-2/TAX-4 channel is used both
by neurons sensing water-soluble cues (ASE) and by neu-
rons sensing odorants (AWB and AWC). Also, the chan-
nel is used independent of whether the neuron responds to
attractants (AWC and ASE) or to repellents (AWB). This
crucial role of the TAX-2/TAX-4 channel indicates that in
C. elegans cGMP is an important intracellular messenger
for transduction of various sensory modalities.
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Guanylate cyclases

The transmembrane guanylate cyclase ODR-1 regulates
the level of cGMP in the olfactory neurons AWC and
AWB and thus controls the activity of the cGMP-gated
channel TAX-2/TAX-4. odr-1(lf) mutants fail to chemo-
tax toward all the volatile attractants sensed by AWC and
away from the volatile repellents sensed by AWB. Anti-
ODR-1 antibodies showed that the protein is specifically
localized in the sensory cilia of AWC and could not be
detected in cell bodies and axons, suggesting a direct role
in signalling. While the cytoplasmic, cyclase domain of
ODR-1 is required for the response of AWC to attractants,
its extracellular domain is not, suggesting that for this
function it is not acting as a receptor for the stimuli but as
a component of the transduction pathway downstream of
the receptors and of the G proteins (Fig. 4). Overexpres-
sion of ODR-1 does not affect primary sensing of odor-
ants, but causes odorant-specific defects in adaptation to
and discrimination between AW C-sensed odorants [37].
A second, ODR-1-related transmembrane guanylate cy-
clase, DAF-11, is also expressed in AWC and required for
AWC olfaction. DAF-11 is also required for chemotaxis
to water-soluble attractants and for dauer formation, but
the neurons in which it acts for these latter functions have
not been unambiguously identified [38, 39].

In addition to ODR-1 and DAF-11, C. elegans codes for
many additional guanylate cyclases. As many as 30 of
these are transmembrane cyclases and may also func-
tion as receptors. Some are expressed in chemosensory
neurons, but their function has not been analysed [40].
Two soluble guanylate cyclases, gcy-35 and gcy-36, have
been implicated in social behavior and aerotaxis by act-
ing in three body cavity neurons. They appear to directly
sense oxygen concentration and control the TAX-2/TAX-
4 channel [41-43]. The C. elegans genome codes for four
adenylate cyclases, but mutants in two of these genes
have not shown chemosensory defects [44]. The fact that
no chemosensory mutant has been mapped to these genes
suggests that cAMP is rarely if at all used as a second
messenger in C. elegans chemical sensitivity.

The TRPV channel OSM-9/0OCR-2

The C. elegans genome codes for five TRPV-related chan-
nel proteins. The first TRPV gene, osm-9, was identified
in forward genetic screens for mutants failing to avoid
a high osmotic strength stimulus [34]. The other four
genes were identified on the basis of sequence similarity
to osm-9 and were named ocr-1, -2, -3 and -4 for osm-
9/capsaicin related [10]. The gene osm-9 is expressed in
all the amphid and phasmid neurons, except for AFD and
AWRB, and in a few other neurons. The four ocr genes are
each expressed in a subset of the osm-9 expressing neu-
rons, suggesting that they may act in combination with
OSM-9, although several amphidial neurons express only
OSM-9 [10].
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Loss-of-function of OSM-9 causes defects in all the
functions of the chemosensory neurons AWA and ASH
[34]. Ca*" imaging of the ASH neuron also showed that,
in osm-9(lf) mutants, Ca*" transients in response to all
classes of repellents were abolished [7], confirming that,
in this cell, signals triggered by different stimuli all con-
verge toward the OSM-9 ion channel, which is thus nec-
essary for all ASH primary sensory responses (Fig. 3).
Of the four ocr genes, only ocr-2 has an essential role in
primary sensation. Indeed, both OSM-9 and OCR-2 are
required for AWA and ASH primary signalling. In cells
in which they are both expressed, OSM-9 and OCR-2 are
localized to the sensory cilia, and it was shown that the
two proteins are mutually dependent on each other for
proper localization [10]. In contrast to AWA and ASH, in
the olfactory neuron AWC, primary sensing is mediated
by the TAX-2/TAX-4 channel, and OSM-9 is not required
for primary sensing but for adaptation [34] (Fig. 4). AWC
is one of the neurons in which OSM-9 is expressed by
itself and not with OCR-2 or with any other OCR protein.
OSM-9 in AWC is not localized to the sensory cilia but
in the cell body [10]. This different cellular localization
may underlie its different function in this cell. In addition
to their role in primary sensing and in adaptation, osm-9,
ocr-1 and ocr-2 have also been implicated in the plasticity
of the response to NaCl [28].

ASH senses chemical, osmotic and mechanic stimuli. Most
of them are mediated by one or both of the Go subunits
ODR-3 and GPA-3 [7, 12], and all converge on the OSM-
9/0CR-2 ion channel. How is the activity of this channel
regulated? Studies in mammalian cell cultures and in Dro-
sophila melanogaster have provided evidence for the in-
volvement of various molecules in the activation of TRP
ion channels in different cell types. These include phos-
pholipase CJ3 (PLCP), diacyl glycerol (DAG), inositol tris-
phosphate (IP3) and its receptor (IP3R), phosphokinase C
(PKC), polyunsaturated fatty acids (PUFA) etc., reviewed
in [45]. However, the transduction cascades by which the
different signals are conveyed to the OSM-9/OCR-2 TRPV
channel in AWA and ASH are not understood, although an
important role has been shown for PUFA [46]. C. elegans
strains defective for PUFA synthesis display sensory defi-
cits in TRPV-dependent neurons (e.g. ASH). Addition of
specific PUFA to the diet bypasses the normal requirement
for PUFA synthesis and rescues these deficits. In addition,
delivery of a specific PUFA, eicosapentaenoic acid (EPA),
appears to largely bypass the stimulus transduction cascade
and directly elicits an immediate and strong avoidance re-
sponse of the worms, which is characteristic of ASH acti-
vation. Accordingly, Ca*" imaging showed a rapid increase
of intracellular calcium in the ASH neurons of animals
challenged with exogenous EPA. The effects of PUFA and
of EPA did not occur in osm-9(If) mutants, indicating that
their action requires the presence of a functional OSM-9
channel [46] (Fig. 3).
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The general relevance of studying the function of the
TRPV channel in ASH is supported by the effects of
expressing mammalian TRPV channels in C. elegans.
Worms expressing the mammalian TRPV 1, capsaicin re-
ceptor, in ASH avoid capsaicin, while wild-type worms
do not respond to it [10]. This indicates that, within ASH,
the mammalian protein can interact with the downstream
pathway leading to avoidance. Expression of the mam-
malian TRPV4 can rescue some of the avoidance defects
of osm-9(lf) mutants, namely the response to touch and
to high osmotic stress stimulus. The rescue of the Osm
phenotype is dependent on the presence of a functional
OSM-10 protein (see below). This indicates that TRPV4
can also interact correctly with the upstream factors nor-
mally acting in C. elegans ASH in response to the os-
motic stimulus [47].

Regulators of signalling

The GPCR kinase GRK-2

The C. elegans genome codes for two GPCR kinases,
GRK-1 and GRK-2. GRK-2 is expressed in many neu-
rons, including chemosensory ones, and grk-2 (If) mu-
tants are severely impaired in chemotaxis to some odor-
ants, both attractive and repellent [48], and in chemotaxis
to NaCl [28]. These mutants also fail to avoid quinine,
octanol and a high osmotic strength stimulus (1 M glyc-
erol). Genetic and Ca™ imaging experiments showed that,
the function of GRK-2 is required in ASH, for avoidance
of repellents [48] and also for chemotaxis toward 1-100
mM NacCl [28]. In mammals, G-coupled receptor kinases
(GRKS3s) are involved in desensitization and interruption
of receptor signalling, and loss or reduction of function
results in hypersensitivity [49]. The defect in chemotaxis
toward attractive concentrations of NaCl has been inter-
preted on the basis of this mechanism of action. NaCl
is sensed both by neurons mediating repulsion (ASH
and perhaps ADL) and by neurons mediating attraction
(ASE). Chemotaxis toward or away from NaCl appears
to result from a balance between these opposing inputs
from different neurons. Loss of GRK-2 function would
result in hypersensitivity of ASH to NaCl and thus in ex-
cessive repulsion signals that overcome the attractive sig-
nals from ASE and prevent positive taxis. Expression of
GRK-2 in ASH would restore a more balanced situation
and rescue the chemotaxis defect [28]. In contrast, on the
basis of the role of GRK-2 in desensitization and signal
interruption, it is difficult to explain the fact that loss of
GRK-2 function reduces or even abolishes, instead of en-
hancing, the avoidance response and concomitant Ca**
increases in ASH [48]. It is possible that, in the nematode,
GRK-2 also acts via different mechanisms that remain to
be elucidated.

Chemical sensitivity in C. elegans

The arrestin ARR-1

Arrestins are multifunctional adaptor proteins that in-
teract with signalling molecules (e.g. phosphorylated
GPCRs) to downregulate receptor signalling (desensiti-
zation), promote receptor endocytosis and activate down-
stream pathways [50]. In the C. elegans genome, Arres-
tin-1 (arr-1), which appears to be a B-arrestin, is the only
gene that has significant homology to arrestins in other
organisms. ARR-1 is expressed in many neurons, includ-
ing chemosensory ones. Loss-of-function mutants have
normal primary chemosensory responses [28, 48, 51] but
exhibit significant defects in adaptation to volatile odor-
ants and in recovery from adaptation [51], and also in
the plasticity of the response to NaCl [28]. In agreement
with what is known in other systems, the failure of arr-
1(If) mutants to adapt has been interpreted as a failure
to desensitize the relevant GPCR receptors. Consistent
with this finding, for both adaptation and recovery from
adaptation, ARR-1 function is required in the relevant ol-
factory neurons (e.g. AWC, for isoamyl alcohol) (Fig. 4).
Molecular manipulation of the gene combined with in
vivo and with biochemical studies has in addition shown
that the regions of ARR-1 required for adaptation and for
recovery can be separated. The N-terminal region is re-
quired for arrestin to prevent binding of phosphorylated
GPCR to the G proteins and thus for desensitization and
adaptation. The C-terminal region, which contains bind-
ing sites for components of the endocytic machinery
(clathrin and f,-adaptin), is not required for adaptation
itself but for recovery from adaptation. It does so by pos-
sibly contributing to GPCR endocytosis, which may be
necessary for the receptor to recover its responsiveness to
stimuli and to recycle to the cell membrane (resensitiza-
tion/recovery) [51]. The analysis of ARR-1 in C. elegans
has provided new insight into the correlation between the
molecular interactions of arrestin, the cellular processes
of desensitization and resensitization, and the behavioral
phenomena of adaptation and recovery [51].

The calcineurin TAX-6

C. elegans TAX-6 is the A subunit of calcineurin, a cal-
cium/calmodulin-dependent protein phosphatase. It is
expressed in muscle cells and several neurons, including
chemosensory neurons of amphids and phasmids, and
has been shown to have a role in sensory signalling and in
adaptation. TAX-6 appears to act as a negative regulator
of the responsiveness (gain) of Ca** signalling pathways.
Loss of TAX-6 function causes a thermophilic phenotype
resulting from hyperactivation of the amphidial thermo-
sensory neuron AFD. In contrast, constitutively activated
TAX-6 results in downregulation of AFD signalling and
in a cryophilic or athermotactic phenotype [52]. In AFD,
TAX-6 may regulate, directly or indirectly, the TAX-2/
TAX-4 channel, which is necessary for primary signal-
ling in this cell. zax-6(If) mutants are also partially defec-
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tive for chemotaxis toward odorants sensed by AWC, and
the defect was shown to result from hyperadaptation. In
AWC, adaptation but not primary signalling is mediated
by the OSM-9 channel, and indeed the tax-6(If) defect is
dependent on the presence of a functional OSM-9, sug-
gesting that TAX-6 can also negatively regulate the OSM-
9-dependent adaptation pathway [52].

The cGMP-dependent kinase EGL-4

The ¢cGMP-dependent protein kinase EGL-4 has been
shown to be necessary for adaptation to odorants sensed
by the olfactory neuron AWC. egl-4 null mutants disrupt
both early and late adaptation. After short odor exposure,
for early adaptation, EGL-4 may downregulate signal-
ling by phosphorylating some component, possibly the
B subunit of the cGMP-gated channel TAX-2/TAX-4
(Fig. 4). For later phases of adaptation, after long expo-
sure to odors, a different mechanism might be involved:
anuclear localization signal present in EGL-4 is required
only for this late phase of adaptation. This suggests that
long-term adaptation may involve nuclear translocation
of EGL-4 and possibly novel gene expression and protein
synthesis [36].

The nPKC TTX-4

The gene tx-4 was identified in a screen for mutants de-
fective in thermotaxis and codes for a protein kinase C of
the novel subgroup (nPKC) [53]. TTX-4 mutants show
defects in thermotaxis (AFD), in chemotaxis to odor-
ants (AWA and AWC) and to NaCl (ASE), and in avoid-
ance (ASH). TTX-4 is expressed and required in these
amphid neurons to regulate signal transduction. Genetic
analysis using mutations in other genes and both loss-
of-function and gain-of-function alleles of #£x-4, indicate
that its normal function is to downregulate signalling in
AFD, and stimulate it in ASH, AWA and AWC. The re-
sults also indicate that it acts upstream of TAX-4 in AFD
and AWC, and its role is partially redundant with that of
another nPKC, TPA-1, in AWA and AWC. TTX-4 appears
to be a regulator rather than an essential component of the
signal transduction pathway. Like mammalian nPKCs, it
appears to be activated by DAG. Whether it acts directly
or indirectly on the TAX-2/TAX-4 channel in AWC and
AFD and on the OSM-9 channel in ASH and AWA is not
known [53].

Stimulus-specific molecules

The possibility offered by C. elegans of performing pow-
erful genetic screens for chemoreception-defective mu-
tants has led to the discovery of new molecules involved
in chemical signalling that could not have been identified
otherwise. Two of them, OSM-10 and QUI-1, appear to
have stimulus-specific roles within the polymodal avoid-
ance neuron ASH. OSM-10 and QUI-1 are not required
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for ASH survival nor for its general functioning. In osm-
10 and qui-1 mutants, the morphology of ASH and of its
sensory cilia are apparently normal [12, 54]. OSM-10is a
novel cytoplasmic protein sharing no significant homol-
ogy with known proteins and which is expressed in ASH,
ASI, PHA and PHB. Mutations in osm-10 eliminate the
response to the high osmotic strength stimulus but have
no effect on responses to other stimuli [54] also detected
by ASH: chemical repellents (e.g. quinine, octanol) and
the mechanical stimulus nose touch. qui-I(lf) mutants
fail to avoid quinine and other aversive chemical stimuli
but are still capable of responding to the nose touch and
to a high osmotic strength stimulus [12]. The gene qui-/
is expressed in a small group of neurons, including ASH,
in which expression is strongest. QUI-1 is a novel protein
containing WD40 repeats in the C-terminal region. It is
1592 amino acids long and contains no special localiza-
tion signals, and no secretion peptide or transmembrane
domains [12]. More accurate informatics analysis of its
sequence has revealed that, in addition to the WD40 re-
peats, QUI-1 also contains a NACHT domain, predicted
to have NTPase activity [55], and, most significantly, a
regulator of G protein signalling domain (RGS) [C. Ber-
gamasco and P. Bazzicalupo, in preparation]. The C. ele-
gans genome contains a paralog of QUI-1, and both genes
have been conserved in evolution: orthologs of both are
encoded in the genome of insects and mammals. QUI-
1 and its homologs define a new class of RGS proteins
since their domain composition is different from that of
the 10 classes of RGS domain-containing proteins thus
far identified [56]. While the data indicate that QUI-1
and OSM-10 are involved in stimulus-specific ASH sig-
nalling, mechanistic models for their action remain to be
discovered.

Two more molecules, ODR-4 and ODR-8, which have
been discovered in behavioral screens, are also novel and
also appear to affect the sensitivity of olfactory neurons
to some chemicals but not to others. They appear to be
necessary to localize some but not all GPCRs to sensory
cilia [57].

Concluding remarks

Sensitivity range and the problem of discrimination
The very large number of GPCR genes indicates that C.
elegans can detect a vast variety of chemicals, comparable
or superior to that of much more complex animals. It does
so even with a limited number of chemosensory neuron
types (between 20 and 30). With more than a thousand
different chemoreceptor genes, each neuron must express
many receptors and is thus very broadly tuned. Broadly
tuned sensory neurons are reminiscent of mammalian
taste cells.
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The limited number of neurons poses clear limitations
to the capacity of the nematode to discriminate between
related chemicals. In C. elegans, saturation experiments,
which test whether high uniform concentrations of one
attractant prevent chemotaxis to a second attractant, have
shown that C. elegans can discriminate between at least
five classes of water-soluble and seven classes of vola-
tile attractants, reviewed in [2]. Adaptation experiments
have also shown discrimination between repellents [7].
The capacity of C. elegans for discrimination may in fact
be much greater since the numbers above derive from the
relatively few substances tested. How is discrimination
achieved? The variety of sensory neurons is increased
by generating, through differential gene expression, left-
right asymmetry between the bilaterally symmetric left-
right pairs that define a given neuron type. Differential
expression has been documented for some GPCR-cod-
ing genes between AWC left and AWC right [58] and for
some guanylate cyclases between ASE left and ASE right
[40]. The generation of asymmetry between the two pairs
of neurons has indeed been shown to be necessary for
discrimination between different chemicals [59] and may
regard the expression of many more genes. Some of the
genes that control and realize neuronal asymmetry have
been identified [15, 16]. Neuronal asymmetry cannot,
however, account for all the odor discrimination observed
in C. elegans, since for instance the two AWC neurons
can discriminate at least five odors, and worms carry-
ing a mutation that abolishes AWC asymmetry can still
discriminate between some odors sensed by AWC [58].
For discrimination within a single neuron, signalling by
different receptors should activate and/or be regulated
by distinct downstream molecules. In addition, sensing
complexes for different ligands should be spatially and
functionally isolated within the cell, such that activation
by one ligand does not influence signalling complexes
that sense other ligands. Indeed, genes such as osm-10
and qui-1 affect the capacity of a single neuron, ASH,
to sense some stimuli but not others [12, 54]. Also, the
discovery of genes such as odr-4 and odr-8, required to
localize some but not all GPCRs to sensory cilia [57],
suggests that different signalling complexes may in fact
be assembled separately.

Chemical coding and regulation

The available data suggest that each chemosensory neuron
of C. elegans expresses a unique combination of GPCR
genes and of chemosensory-specific Ga subunits. This
combinatorial makeup of sensory neurons and the fact
that each substance is sensed by more than one neuron
suggest a strategy for chemical coding in which chemi-
cals present in the environment activate unique combi-
nations of neurons. As the number of neurons activated
in any given situation increases, the number of different

Chemical sensitivity in C. elegans

combinations can rapidly become very large. This type
of strategy may be particularly useful in natural condi-
tions where the task is usually not that of distinguishing
between single related molecules but between the com-
plex natural mixtures of chemicals that are present in the
environment.

The activity of each sensory neuron is also regulated by
unique combinations of modulatory molecules acting in
pathways that stimulate or inhibit the responsiveness of
neurons and that are responsible for phenomena such as
desensitization, adaptation, modulation and plasticity. In-
tegration of these pathways probably underlies the flex-
ible response required of worms to negotiate the continu-
ous changes in the chemical composition of the environ-
ment. However, a full understanding of the way chemical
cues are coded in C. elegans and how worms adjust their
responses remains to be elucidated and is a challenging
task for future research.

Future perspectives

The results reported in this review indicate that at the mo-
lecular level C. elegans chemosensory neurons largely use
the same molecules that have been shown to be important
in sensory systems in other organisms. The results also
indicate two directions in which future work on C. elegans
can provide original contributions to the general field of
sensory signalling. First, it can identify new molecules
whose function in sensory system can only be discovered
by powerful genetic screens. Some such molecules have
already been identified, and the list may become larger in
the future as more sophisticated screens are devised. Sec-
ond, the experimental versatility of C. elegans makes it
possible to determine precisely in which neuron molecules
and pathways are acting and which behavioral responses
they are affecting in vivo. This possibility can provide
detailed correlations, not only between the biochemical
properties of molecules and their cellular function in rel-
evant neurons, but also between these cellular functions
and the in vivo behavioral responses of the animal.
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