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Summary

In vertebrate visual and olfactory systems, a cyclic
nucleotide-gated channel couples receptor activation
to electrical activity of the sensory neurons. The
Caenorhabditis elegans tax-2 gene is required for
some forms of olfaction, for chemosensation of salts,
and for thermosensation. We show here that tax-2
encodes a predicted subunit of a cyclic nucleotide-
gated channel thatis expressed in olfactory, gustatory,
and thermosensory neurons, implicating this channel
in multiple sensory modalities. Some sensory neurons
display axon outgrowth defects in tax-2 mutants. Thus,
the channel has an unexpected role in sensory neuron
development in addition to its role in sensation. Con-
sistent with this proposed dual function, a Tax-2::GFP
fusion protein is present both in sensory cilia and in
sensory axons.

Introduction

Sensory neurons respond to the environment by trans-
ducing external stimuli into patterned electrical activity.
In both vertebrate visual and olfactory neurons, sensory
receptor proteins initiate this process by regulating sec-
ond messengers that open cyclic nucleotide-gated ion
channels. In photoreceptors, light-activated rhodopsin
stimulates cGMP hydrolysis to reduce channel activity;
in olfactory neurons, odorants induce cAMP production
to stimulate channel activity (Fesenko et al., 1985; Sklar
et al.,, 1986; Nakamura and Gold, 1987; Stryer, 1991).
Although they are regulated by different nucleotides,
the genes that encode vertebrate visual and olfactory
cyclic nucleotide-gated channels are similar to one an-
other (Kaupp et al., 1989; Dhallan et al., 1990; Bonigk
et al., 1993).

The cyclic nucleotide—-gated channels are distantly
related to the Shaker class of voltage-gated potassium
channels, but they are gated by an intracellular ligand
(cAMP or cGMP) instead of membrane potential. Cyclic
nucleotide binding to an intracellular domain of the
channel allows nonspecific cation entry and neuronal
depolarization (Goulding et al., 1994). Each channel is
composed of related « and 3 subunits that assemble to
form a heteromeric channel protein (Chen et al., 1993;
Bradley et al., 1994; Liman and Buck, 1994; Korschen
et al., 1995).

Although the prominence of cyclic nucleotide-gated
channels in sensory transduction is well established,
questions about their function remain. First, other types

of odor-activated channels have been reported in olfac-
tory neurons, and the relative importance of each chan-
nel in signal transduction is unknown (Kleene, 1993;
Lowe and Gold, 1993; Dubin and Dionne, 1994). Second,
it is not known whether the cyclic nucleotide-gated
channels in sensory neurons act only in sensory trans-
duction, or if they participate in other aspects of neu-
ronal function. Third, these channels are expressed in
other neuronal and non-neuronal cell types, but their
function in these cell types is not understood (Ahmad
et al., 1994; Biel et al., 1994; Weyand et al., 1994; el-
Husseini et al., 1995).

In Caenorhabditis elegans, genetic analysis can be
used to probe chemosensory transduction in vivo. The
C. elegans nervous system contains 32 chemosensory
neurons, which can be divided into 14 types based on
morphology (Ward et al., 1975; Ware et al., 1975; White et
al., 1986). Laser killing experiments have demonstrated
chemosensory functions for ten types of neurons in the
major chemosensory organ, the amphid (Bargmann and
Horvitz, 1991a, 1991b; Bargmann et al., 1993; Kaplan
and Horvitz, 1993; Troemel et al., 1995). Different amphid
neurons can detect water-soluble attractants, volatile
attractants, pheromones, and chemical repellents. The
amphid also contains one type of neuron that detects
temperature (Mori and Ohshima, 1995). Screens for che-
motaxis mutants in C. elegans have identified mutations
in various odr, che, and tax genes (Dusenbery et al.,
1975; Lewis and Hodgkin, 1977; Bargmann et al., 1993).
Some of these mutants have defects in many chemosen-
sory neurons, while others have defects that are limited
to one or a few chemosensory responses.

Olfactory recognition in C. elegans appears to be initi-
ated by interactions between odorants and G protein-
coupled receptors. Genetic and molecular analysis sug-
gests that a seven transmembrane domain protein
encoded by the odr-10 gene is a diacetyl receptor, al-
though it has not been demonstrated to bind to odorant
(Sengupta et al., 1996). odr-10 is required for the re-
sponse to the volatile odorant diacetyl, and a tagged
Odr-10 protein is localized to the sensory cilia of the
neurons that detect diacetyl. Several different families
of predicted G protein—coupled receptors could encode
additional C. elegans chemoreceptors. There are at least
40 candidate receptor genes in six gene families (the
sra, srb, srd, sre, srg, and sro genes) that appear to
be expressed predominantly in chemosensory neurons
(Troemel et al., 1995), as well as at least 80 other odr-10-
like genes (E. Troemel, J. Chou, and C. I. B., unpublished
data). Each individual chemosensory neuron appears
to express several different candidate chemosensory
receptor genes (Troemel et al., 1995); correspondingly,
laser killing experiments and behavioral studies indicate
that each chemosensory neuron detects several chemi-
cal stimuli (Ward, 1973; Colbert and Bargmann, 1995).

The second messenger pathways that are used by C.
elegans sensory neurons are not known. While the odr-
10 mutant phenotype is extremely selective, as is ex-
pected of a receptor, we expected that the genes that
act in sensory transduction might affect multiple sensory
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Table 1. tax-2 Behavioral Defects Are Similar to the Loss of Some Amphid Neuron Functions

tax-2 (p671,0691,ks10,ks15,

Amphid Neuron Function ks31,ky139) Phenotype tax-2(p694) Phenotype
AWA Pyrazine, diacetyl, trimethythiazole chemotaxis® + +

AWC Benzaldehyde, isoamyl alcohol, 2-butanone, - +

trimethythiazole chemotaxis®
AFD Thermotaxis® ~f —f
ASE Chemotaxis to water-soluble compounds (NaCl)° —4 —
Axon morphology abnormal

ASH Osmotic avoidance; nose-touch avoidance® + +

ASJ Regulation of dauer recovery® Axon morphology abnormal +

ASK Lysine chemotaxis® - ND

All alleles were tested for volatile chemotaxis, NaCl water-soluble chemotaxis, ASJ axon morphology, and osmotic avoidance. Only tax-
2(p691) was tested for ASE axon morphology and lysine chemotaxis. Published thermotaxis data for p671, p691, and p694 are cited.

2 Bargmann et al. (1993); ® Mori and Ohshima (1995); ¢ Bargmann and Horvitz (1991a); ¢ Kaplan and Horvitz (1993); ¢ Bargmann and Horvitz
(1991b); " Hedgecock and Russell (1975); ¢ Dusenbery et al. (1975). Abbreviations: ND, not determined.

responses. We describe here the characterization of
the tax-2 gene, which affects chemotaxis to attractive
compounds, avoidance of repulsive compounds, and
thermotaxis (Dusenbery et al., 1975; Hedgecock and
Russell, 1975; Bargmann et al., 1993). tax-2 encodes a
predicted subunit of a cyclic nucleotide-gated channel.
An additional cyclic nucleotide-gated channel subunit
that might function with tax-2 is encoded by the tax-4
gene (Komatsu et al., 1996 [this issue of Neuron]); tax-4
affects the same behavioral responses as does tax-2.
tax-2 is expressed in the subset of sensory neurons
whose function is defective in the mutants.

In addition to their apparent sensory function, both
tax-2 and tax-4 have an unexpected role in sensory axon
guidance. In tax-2 and tax-4 mutants, sensory axons
invade regions from which they are normally excluded,
suggesting that channel activity inhibits or limits axon
outgrowth of sensory neurons.

Results

tax-2 Encodes a Cyclic Nucleotide-Gated

Channel Subunit Required for Multiple

Sensory Functions

Seven tax-2 mutant alleles have been isolated based
on defects in chemotaxis, thermotaxis, and dauer larva

formation (Dusenbery et al., 1975; C. M. C., |. Mori, Y.
Ohshima, C. I. B., unpublished data). These mutants
were compared with one another in various behavioral
assays. All tested alleles were defective in chemotaxis to
water-soluble attractants and in thermotaxis (Dusenbery
et al., 1975; Hedgecock and Russell, 1975; Table 1);
similar defects are associated with loss of function of
the ASE, ASK, and AFD sensory neurons. In addition,
six of the seven mutants were defective in chemotaxis
to a subset of volatile odorants (Figure 1). p671, p691,
ks10, ks15, ks31, and ky139 were defective for chemo-
taxis to benzaldehyde and isoamyl alcohol, but profi-
cient in chemotaxis to diacetyl, pyrazine, and trimethyl-
thiazole. These chemotaxis defects are characteristic
of animals that lack the function of the AWC olfactory
neurons, but maintain function of the AWA olfactory
neurons (Bargmann et al., 1993) (Table 1). By contrast,
animals mutant for the tax-2 allele p694 were normal for
chemotaxis to all volatile odorants.

Negative chemotaxis responses to volatile repellents
including 1-octanol and 2-nonanone were also defective
intax-2(p671), tax-2(p691), and tax-2(ks31) mutants; the
cells required for these responses are unknown. How-
ever, the mutants responded normally to water-soluble
repellents, which are detected by the ASH sensory neu-
rons. Movement, fertility, and development appeared
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normal, though the mutants were often slightly smaller
than wild-type animals and had slightly slowed devel-
opment.

These results indicate that most tax-2 alleles affect a
common set of sensory functions, while the weak allele
p694 only affects a subset of those functions. All of the
tax-2 mutants are recessive and fail to complement one
another. In addition, the phenotype of tax-2(p691) is not
enhanced in a tax-2(p691)/deletion heterozygote (data
not shown). Taken together, these results are consistent
with the mutations causing a loss of tax-2 gene function.

tax-2 was cloned by genetic mapping and cosmid
rescue of tax-2 mutants (Figure 2A). cDNA clones from
the rescuing region were identified by screening a
mixed-stage library and by reverse transcriptase-
polymerase chain reaction amplification of tax-2 clones
from total mMRNA. The genomic sequence and the se-
quence of cDNA clones representing the entire tax-2
coding regions were determined.

tax-2 encodes a predicted protein of 800 amino acids
with substantial structural and sequence similarity to
the cyclic nucleotide-gated channels from vertebrate
photoreceptors and olfactory neurons (Figure 2C). The
overall structure consists of a nonconserved amino-ter-
minal region, a central region that includes six potential
membrane-spanning domains, and a carboxy-terminal
cyclic nucleotide-binding domain (Henn et al., 1995).
Based on the presence of an asparagine residue at posi-
tion 662, tax-2 would be predicted to interact more
strongly with cGMP than with cAMP (Varnum et al.,
1995). tax-2 was most similar to the B subunit of the
human rod channel, with which it shared 40% amino acid
identity over the transmembrane domains and cyclic
nucleotide-binding domain. tax-2 and the B subunit of
the rod channel were more similar to one another than
either was to any other member of the channel family
(Figure 2B).

To confirm the identification of the tax-2 gene, the
coding regions of the mutant alleles were sequenced.
The weak allele tax-2(p694) was a deletion of the first
exon and about 1.8 kb of upstream sequences (Figures
2A and 2C). Four of the other mutations were missense
mutations in the potential membrane-spanning regions
of tax-2 (Figure 2C), including three mutations found
within the predicted pore region. tax-2(p691) led to the
substitution of a serine for a proline residue at position
426, tax-2(ky139) led to the substitution of a cysteine
for an arginine residue at position 410, and tax-2(ks31)
led to the substitution of an isoleucine for a threonine
residue at position 427. tax-2(p671) was a missense
mutation in the first membrane-spanning domain, lead-
ing to the substitution of an arginine for a cysteine at
position 229. The presence of these mutations at con-
served positions suggeststhat the predicted pore region
and membrane-spanning domains are essential for nor-
mal tax-2 function, consistent with the prediction that
it acts as part of a channel.

The tax-4 gene encodes a predicted subunit ofacyclic
nucleotide-gated channel that is most similar to the «
subunits of the vertebrate rod and olfactory channels
(Komatsu et al., 1996). The phenotypes and expression
patterns of tax-2 and tax-4 mutants are similar, sug-
gesting that these two genes function in the same sen-
sory neurons (see below).

tax-2 Is Expressed in Thermosensory Neurons

and a Subset of Chemosensory Neurons

To ask whether tax-2 functions within the sensory neu-
rons or in the interneurons that mediate chemosensory
behaviors, the expression of tax-2 was examined. Fu-
sions of tax-2 to the green fluorescent protein (GFP)
revealed expression of GFP in 11 classes of sensory
neurons (Figure 3). tax-2::GFP expression was observed
in all four types of neurons that were affected in tax-2
mutants, including neurons required for thermotaxis,
water-soluble chemotaxis, and volatile chemotaxis
(AFD, ASE, ASK, and AWC). It was not expressed in
sensory neurons whose function was intact in tax-2 mu-
tants, or in any nonsensory cell type.

The expression pattern suggests that tax-2 acts cell-
autonomously in the sensory cells whose function is
compromised in these mutants. Support for this model
is provided by analysis of the tax-2 deletion mutation
p694, which lacks the firstexon and the upstream region
of tax-2. Atax-2A::GFP fusion with a similar deletion was
expressed inonly seven classes of sensory neurons. The
deleted fusion gene was expressed in the AWC neurons,
whose function was normal in p694 mutants, but not in
the AFD or ASE neurons, whose function was disrupted
by the p694 deletion (Figure 3B). This correlation is con-
sistent with a direct requirement for tax-2 expression
within the affected sensory cell types; it also indicates
that tax-2 defects are caused by a loss of gene function,
at least in AFD and ASE.

Comparison of three tax-2::GFP fusion genes revealed
two distinct regions that regulated tax-2::GFP expres-
sion in different neurons (see Figure 2A; Figure 3). An
upstream element was required for expression in four
cell types (ADE, AFD, ASE, BAG), while a region in the
first intron was required for consistent expression in
ASG, ASJ, ASK, and AWB. Either the upstream region
or the first intron was sufficient for expression in ASI,
AWC, and PQR.

To confirm these observations, two tax-2 genomic
clones were tested for rescue of different tax-2 pheno-
types (see Figure 2A). Only a clone that included the
upstream element rescued CI~ chemotaxis, consistent
with the observation that the upstream element was
required for ASE expression. However, a clone that
lacked the first exon and upstream sequences could
fully rescue benzaldehyde chemotaxis, consistent with
the AWC expression of a similar tax-2::GFP fusion gene.

Interestingly, these results also indicate that the nor-
mal amino terminus of tax-2 is not required for its olfac-
tory function in AWC, since the first coding exon is de-
leted in tax-2(p694) and in the shorter tax-2 rescuing
fragment. The truncated tax-2(p694) protein might initi-
ate at methionine 138 of tax-2, upstream of the first
transmembrane domain. A short version of the rod
channel that lacks much of its nonconserved amino ter-
minus retains normal channel function when expressed
in Xenopus oocytes (Chen et al., 1993; Korschen et al.,
1995).

tax-2 and tax-4 Affect Axon Outgrowth

of Some Sensory Neurons

All of the known defects in tax-2 and tax-4 mutants
can be ascribed to defective function of the amphid
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Figure 2. Localization and Sequence Analy-

Rescu sis of tax-2

(A) Localization of the tax-2 gene. Cosmid
T18D4 and subclones were tested for rescue
of the chemotaxis and amphid axon defects
of tax-2(p691). For each experiment, the num-
ber of independent transformed lines that
rescued the tax-2 mutant phenotype is given
as a fraction of the total number of lines
tested. Rescue was scored if a line had a
chemotaxis index =0.6, or had >50% normal
amphid axon morphology assessed by dye
filling (this assay reveals ASJ axons but not
ASE axons). Inset diagram shows tax-2 geno-
mic organization with the location of the p694
deletion and the p671, ky139, p691, and ks31
mutations indicated. Boxes depict exons.
GFP expression plasmids are described in
Experimental Procedures. An inverted trian-
gle indicates the restriction site at which a
frameshift mutation was created. Abbrevia-
tions: B, BamHI; Bg, Bglll; Bs, BsaBl; H,
Hindlll; S, Sall.

(B) A rooted parsimonious tree of cyclic nu-
cleotide-gated channel protein sequences
from the first transmembrane domain through
the cyclic nucleotide-binding site. Tree was
calculated using the Phylogeny Inference
Package of programs (Felsenfeld, 1989). Pre-
fixes: h, human; r, rat; f, catfish.

(C) Predicted amino acid sequence of the
tax-2 cDNA and sequence comparisons. The
comparison between the predicted amino
acid sequences of the tax-2 cDNA, the short
form of the human rod cyclic nucleotide-
gated channel g subunit (hRCNC2; Chen et
al., 1993), and the rat olfactory cyclic nucleo-
tide-gated channel o subunit (rOCNC1; Dhal-
lan et al., 1990) is shown. Identical residues
are shaded. Amino acids are numbered be-
ginning at the first methionine. Predicted
transmembrane domains and the cyclic nu-
cleotide-binding domain are underlined. The
location of the p694 deletion and the p671,

N.D. 2/3

2/2 2/2

0/6 6/6

ND. N.D.

ND. ND.
0/4 4/4

none none

N.D. 0/10

ky139, p691, and ks31 mutations are indicated along with the predicted amino acid alterations. The predicted ATG used in the p694 deletion

mutant and in clone p[tax-2A::GFP] is marked by an asterisk.

chemosensory neurons. The amphids are a bilaterally
symmetric pair of sensory organs in the head that each
contain 12 sensory neurons; the phasmid organs of the
tail each contain 2 sensory neurons (Ward et al., 1975;
Ware et al., 1975). The sensory neurons are bipolar neu-
rons, with one axon, or presynaptic process, and one
dendrite, which terminates in the sensory cilia (Figure
3; Figure 4). The axons of the amphid neurons extend
to a central neuropil called the nerve ring, in which they
synapse onto target neurons. The phasmid axons syn-
apse onto their targets in the ventral nerve cord neuropil.

Interestingly, defects in sensory axon development
were observed in tax-2 and tax-4 mutants. The sensory
neurons were examined using the dye DiO, which stains
dendrites, cell bodies, and axons of six amphid neuron
pairs and two phasmid neuron pairs (Herman and
Hedgecock, 1990) (Figures 4A and 4D). The most com-
mon defect was the presence of one or more inappropri-
ate posteriorly directed amphid axons in the ventral
nerve cord (Figure 4B). The process was assigned to
the ASJ neurons by examining different subsets of axons
with GFP fusion genes (see Experimental Procedures).

(Figure 2 continued on next page)

In wild-type animals, the axons of the ASJ neurons
terminate in the dorsal nerve ring. In 60%-90% of tax-2
and tax-4 mutants, at least one ASJ axon bypassed its
normal site of termination and extended into the ventral
nerve cord (Figure 5). Furthermore, in 5% of tax-2 and
tax-4 mutants, the initial outgrowth of the ASJ axon was
posteriorly, rather than ventrally, directed (see Fig-
ure 4C).

The six strong tax-2 mutations showed comparable
axon phenotypes, but the weak tax-2 mutant p694 did
not display any ASJ developmental defects. In addition,
both the full-length tax-2 genomic clone and the clone
with the deleted promoter rescued all ASJ develop-
mental defects of tax-2(p691) mutants. These data sug-
gest that the phenotypes of tax-2 are cell-autonomousin
affected sensory neurons, since the tax-2(p694) deletion
mutant should retain expression in ASJ (see above).
Likewise, both tax-2 clones that rescued the axon de-
fects should be expressed in ASJ.

Defects were also observed in the ASE sensory neu-
rons and the phasmid neurons. It was found that 45%
of the ASE neurons in tax-2(p691) adults had both a
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normal axon and an extra process that extended posteri-
orly from the ASE cell body (n = 204 animals). In 2%-6%
of the mutant animals (depending on the mutant allele),
the phasmid processes failed to terminate at the proper
positionin the ventral nerve cord. Mutant phasmid axons
could continue in the ventral nerve cord for up to twice
their normal length (Figures 4D and 4E). However, many
of the sensory neurons appeared to have normal axons
in tax-2 and tax-4 mutants. In particular, the AWC, AFD,
and ASK axons were normal in the mutants, despite the
compromised function of those sensory cell types (data
not shown).

These results demonstrate that the cyclic nucleotide-
gated channel affects both sensory function and out-
growth of some sensory cell axons. The timing of tax-2
expression was consistent with functions in both devel-
opment and transduction, since all tax-2::GFP fusion
genes were expressed continuously from about mid-

embryogenesis until the adult stage. Transduction mole-
cules should be found in the sensory cilia, while guid-
ance molecules should act in the axon. To explore these
possibilities further, the location of the Tax-2 protein
was examined using an epitope-tagged protein. The
tax-2 rescuing fragment was fused to the GFP at the 3’
end of the tax-2 coding region (see Figure 2A). This Tax-
2::GFP fusion gene fully rescued both the tax-2 benzal-
dehyde chemotaxis defect (chemotaxis index = 0.90,
n = 4 assays) and the axon guidance defect (98% normal
axons by DiO staining, n = 165), indicating that the
protein was functional.

Strong Tax-2::GFP protein expression was observed
both in the sensory cilia and in the axons of the chemo-
sensory neurons (see Figures 3C and 3D). Weaker fluo-
rescence was visible in the dendrites and cell bodies.
Tax-2::GFP was distributed similarly in tax-4 mutants,
but a Tax-2::GFP protein bearing the p6917 point muta-
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Figure 3. tax-2 Protein Is Expressed in Sensory Neurons and Is
Localized to Both the Sensory Cilia and the Axons

(A) GFP expression driven by the tax-2::GFP construct, which in-
cludes the upstream sequences and the first intron (see Figure 2C).
Left-lateral view of a transgenic worm showing the GFP-expressing
AWC, AFD, ASE, ASG, ASJ, ADE, and BAG neurons. The GFP-
expressing ASK, ASI, and AWB neurons are out of this plane of
focus. A construct that contained only the upstream sequences
drove GFP expression in the neurons AWC, AFD, ASE, ASI, ADE,
BAG, and occasionally ASK (data not shown). All constructs were
expressed occasionally in the tail sensory neuron PQR; a phasmid
neuron (PHA or PHB) was also seen rarely. Anterior is to the left,
and dorsal is up.

(B) GFP expression driven by the tax-2A::GFP construct, which lacks
the promoter and most of the first intron (mimicking the tax-2(p694)
deletion; see Figure 2A). Left-lateral view of a transgenic worm
showing the GFP-expressing neurons AWB, AWC, ASG, ASI, ASK,
and ASJ. The positions of the sensory neurons are diagrammed at
right. Anterior is to the left, and dorsal is up.

(C) Localization of the Tax-2::GFP tagged protein. Left-lateral view
of a transgenic animal expressing the GFP-tagged Tax-2 protein.
Intense staining in the sensory cilia and axons is diagrammed in
black, while weaker staining in the dendrites and cell bodies is
diagrammed in gray. Anterior is at left, and dorsal is up.

(D) Higher resolution view of Tax-2::GFP in the sensory cilia, gener-
ated by constrained iterative deconvolution. Dorsal view of the two
bilaterally symmetrical AWC sensory cilia showing expression of
the tagged Tax-2 protein. Other sensory cilia are out of the plane
of focus. Anterior is at the top. Diagrammed dots indicate punctate
staining in the dendrites. Scale bar, 5 pm.

tion was not localized to the cilia. These results indicate
that localization to the cilia is sensitive to the structure
of the Tax-2 protein, and likely to be specific, rather
than nonspecific, protein sorting. In the axons, the Tax-
2::GFP fusion protein was localized to the synapse-rich
nerve ring and excluded from the amphid commissures,
which lack synapses. The axon localization might be
due to overexpression of the tagged protein; however,
six GFP-tagged odr-10 or sr receptors that are localized
to the cilia are excluded from axons, even when they
are expressed at comparably high levels (Sengupta et
al., 1996; L. Tong, D. Tobin, E. Troemel, and C. |. B,,
unpublished data). The axon staining was visible as soon
as Tax-2::GFP could be detected, at the comma stage of
development when sensory axons form. Cilium staining
was not visible until later in embryogenesis when cilia
could be resolved (the pretzel stage).

ot o

normal termination point

Figure 4. Developmental Defects of tax-2 and tax-4 Mutants Visual-
ized by DiO Staining

(A) DiO staining of wild-type adult animal. Left-lateral view of one
amphid showing dendrites, cell bodies, and axons of six amphid
neurons. The normal position of the neuron ASJ is marked in (A)-(C).
Some DiO staining is observed in the gut. In all cases, anterior is
to the left and dorsal is up. Positions of the staining neurons are
diagrammed.

(B) Left-lateral view of a DiO-stained tax-2 mutant adult, showing
an aberrant amphid neuron process projecting posteriorly from the
nerve ring. tax-4 animals have an identical phenotype.

(C) Left-lateral view of a DiO-stained tax-2 mutant adult, showing
an aberrant process projecting laterally from the ASJ neuroninto the
posterior body region. tax-4 animals have an identical phenotype.
(D) DiO staining of wild-type phasmid neurons. Left-lateral view of
one phasmid sensory organ showing dendrites, cell bodies, and
axons of two phasmid sensory neurons. The normal termination
point of the phasmid axons is marked.

(E) Left-lateral view of a tax-2 mutant adult phasmid. The normal
termination point of the phasmid axon is indicated. The tax-4 mutant
phenotype is identical.

tax-2 and tax-4 May Function Together in
Chemosensation and Axon Guidance

The similar mutant phenotypes of tax-2 and tax-4 sug-
gested that they might function together as subunits of
a single channel. To determine whether the tax-2 and
tax-4 mutants showed any genetic interaction or redun-
dancy, axon morphology and chemotaxis were ob-
served in tax-2; tax-4 double mutants. In all cases, tax-2;
tax-4 double mutant strains had similar phenotypes to
the tax-2 and tax-4 single mutants, and no new defects
were apparent (Figure 5). In particular, the same subset
of olfactory responses was abnormal, and there was no
increase in the number of defective axons per animal
compared with the single mutants. This result indicates
that the channel subunits are not redundant with one
another to any appreciable extent; rather, they seem to
act in a single process.
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Figure 5. Chemotaxis and Axon Guidance
Defects of tax-2; tax-4 Double Mutants

For responses of tax-2; tax-4 double mutant
combinations to volatile odorants, each data
point represents the average of 4-8 indepen-
dent assays using ~100-200 animals per
assay (error bars equal the SEM). The dilution
of odorants in ethanol were the following:
1:200 benzaldehyde, 1:100 isoamyl alcohol,
10 mg/ml pyrazine, 1:1000 diacetyl, and
1:1000 2,4,5-trimethylthiazole. For amphid
axon defects of tax-2, tax-4, and tax-2; tax-4
double mutants, data points refer to the per-
centage of normal amphids (error bars denote
the 95% confidence level). For each point,
200-700 DiO-stained adults were viewed; this
assay reveals ASJ axons but not ASE axons.
An amphid was scored as defective if any
amphid neuron had a defect.

To ask whether either gene could compensate for the
absence of the other, we injected the tax-4 genomic
rescuing clone into tax-2 mutants, and vice versa. The
transgenic animals generated in these experiments typi-
cally contain hundreds of copies of the transgene, and
express 10-20 times as much protein as is expressed
from the endogenous gene (Mello et al., 1991; A. V.
Maricq and C. I. B, unpublished data). We found that
high expression of tax-4 was able to rescue both the
chemotaxis phenotype and the axon guidance pheno-
type of tax-2 mutants (Figure 6). Thus, an a-like cyclic
nucleotide-gated channel gene can bypass defects ina
B-like subunit when expressed at sufficiently high levels.
The tax-2 transgene did not ameliorate the tax-4 mutant
phenotype.

Discussion

A Predicted Cyclic Nucleotide-Gated Channel

Acts in Olfaction, Salt Sensation,

and Thermosensation

Cyclic nucleotide—gated channels are the major trans-
duction channel in vertebrate olfactory neurons (Naka-
mura and Gold, 1987; Firestein et al., 1991). Our results
implicate similar channels in C. elegans olfaction. Ge-
netic characterization of tax-2 and tax-4 indicates that
these two putative channel genes are essential for nor-
mal olfaction, and the Tax-2 protein is localized to the
cilia where sensory transduction occurs. These observa-
tions suggest that similar channels are used in verte-
brate and invertebrate olfaction. A Drosophila cyclic nu-
cleotide-gated channel is expressed in the antennae,
which contain fly olfactory neurons (Baumann et al.,
1994); although its function is unknown, its localization
is consistent with a role in olfaction.

While the AWC olfactory neurons require tax-2 and
tax-4 function, the AWA olfactory neurons neither re-
quire nor express these two genes. Thus, different olfac-
tory channels may operate in different olfactory cell
types.

Interestingly, our results also implicate cyclic nucleo-
tide—gated channels in salt taste and thermosensation.
tax-2 and tax-4 mutants are defective in their ability to
sense both Na“ ions and CI~ ions, and tax-2 is expressed
in the neurons that detect these ions (ASE) (Dusenbery
et al., 1975; Bargmann and Horvitz, 1991a). In vertebrate
salt sensation, an amiloride-sensitive sodium channel
accounts for some, but not all, aspects of salt taste
(Avenet and Lindemann, 1988), but the other compo-
nents of this process are unknown. tax-2 and tax-4 mu-
tants are also defective in thermotaxis and tax-2 is ex-
pressed in the AFD thermosensory neurons, suggesting
that the channel acts in thermosensation (Hedgecock
and Russell, 1975; Mori and Ohshima, 1995). Little is
known about thermotransduction; these results suggest
that this sensory modality and many others share a
common type of channel.

The Tax-2 and Tax-4 proteins have similar functions
and appear to be expressed mostly in the same sensory
neurons (Komatsu et al., 1996), suggesting that they
might contribute to a single heteromeric channel. tax-2
and tax-4 mutants have similar behavioral and develop-
mental defects, and tax-2; tax-4 double mutants are
indistinguishable from the single mutants. Since genetic
and molecular results are consistent with the existing
alleles being loss of function alleles, both subunits of
the proposed C. elegans channel may be required for
its function or proper regulation in vivo. Nonetheless,
high levels of tax-4 expression bypass the requirement
for tax-2, suggesting that the a-like tax-4 subunit can
either function alone to a limited extent or provide some
tax-2 function. Similarly, while most vertebrate cyclic
nucleotide-gated channels are probably heteromeric in
vivo, the a subunits are capable of forming channels on
their own when expressed at high levels (Kaupp et al.,
1989; Dhallan et al., 1990). Beta subunits are required
for the channels to show normal kinetics and nucleotide
sensitivity (Chen et al., 1993; Bradley et al., 1994; Liman
and Buck, 1994; Yao et al., 1995).

These genetic results demonstrate a requirement for
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Figure 6. tax-4 Overexpression Rescues tax-2 Mutant Phenotypes
(A) Benzaldehyde chemotaxis of tax-2(p691) animals overexpress-
ing tax-4 genomic DNA. Each data point represents the average of
eight to ten independent assays using ~100-200 animals per assay
(error bars equal the SEM). kyEx131, kyEx142, and kyEx143 are
independent transgenic lines carrying extrachromosomal arrays of
the tax-4 rescuing clone and the coinjection marker. NaCl chemo-
taxis was also rescued in the transgenic strains (data not shown).
Overexpression of p[tax-2] in tax-4(p678) did not rescue the tax-4
chemotaxis phenotypes (data not shown).

(B) Amphid axon defects of tax-2(p691) animals overexpressing
tax-4 genomic DNA. Data points refer to the percentage of normal
amphid axons (error bars equal the 95% confidence level). For each
point, 200 DiO-stained adults were viewed. An amphid was scored
as defective if any amphid neuron had a defect. Overexpression of
the tax-2 genomic DNA in tax-4(p678) did not rescue the tax-4 am-
phid neuron defects (data not shown).

the channelin sensory neurons, but electrophysiological
characterization will be required to demonstrate a direct
role for the channel in transduction. By sequence, the
tax-2/tax-4 channel appears most likely to be cGMP
activated, suggesting that it could respond to a phos-
phodiesterase cascade like that used in vertebrate vi-
sion (Stryer, 1991). However, it is possible that the chan-
nel plays a permissive or indirect role in function of the
sensory neurons.

Axon Guidance and Termination Are Regulated

by a Cyclic Nucleotide-Gated Channel

The tax-2 and tax-4 mutants reveal an unexpected func-
tion for the cyclic nucleotide-gated channelin the devel-
opment of a few sensory neurons. C. elegans neurons
have highly stereotyped axon morphologies in wild-type
animals. In tax-2 and tax-4 mutants, the ASJ neurons
frequently grow well beyond their normal stopping point,
while the ASE neurons have an extra process in an
ectopic location. Since the mutant axons are more ex-
tensive than wild-type axons, the normal activity of the
channel inhibits or limits axon outgrowth in inappropri-
ate regions.

Only a subset of the defective sensory neurons have
abnormal axons in tax-2 and tax-4 mutants. In particular,
the ASK, AWC, and AFD neurons, whose functions are
essential for chemotaxis and thermotaxis, do not have
any obvious developmental defects. Moreover, normal
AWC olfactory behaviors can be generated when the
tax-2 gene product is provided only in the adult stage,
consistent with a direct role of the channel in AWC olfac-
tion rather than development (C. M. C., I. Mori, Y. Oh-
shima, C. I. B., unpublished data). We suggest that the
channel functions primarily in sensory transduction, but
has additional developmental effects in some neurons.

tax-2 and tax-4 might have a permissive function in
axon guidance, or they might mediate the recognition of
instructive guidance cues. The cyclic nucleotide-gated
channel could contribute to activity-dependent guid-
ance of some axons. Although activity-dependent pro-
cesses have not been previously described in C. elegans
neuronal development, they drive a late stage of axon
refinement in other sensory systems (Shatz and Stryker,
1988). However, the ASJ axon in tax-2 and tax-4 mutants
is sometimes misrouted from the first point at which
the axon leaves the cell body. This error occurs before
normal sensory stimuli are present and before synapses
are made, suggesting a function for the channel early
in axon outgrowth. In addition, the presence of the Tax-
2::GFP protein in the synaptic regions of sensory axons
raises the possibility that the channel acts in axons to
influence their outgrowth.

Indirect evidence from other systems suggests that
cyclic nucleotides could function during the develop-
ment of synapses. cGMP suppresses synapse formation
at the vertebrate neuromuscular junction (Wang et al.,
1995), and cAMP levels modify axon morphology in
Aplysia and Drosophila (Zhong et al., 1992; Schacher et
al., 1993). A vertebrate cyclic nucleotide—-gated channel
subunit is expressed on immature hippocampal neu-
rites before synapses are formed (J. Bradley, Y. Zhang,
and K. Zinn, personal communication). Cyclic nucleo-
tide-gated channels might contribute to developmental
functions by regulating calcium entry into cells (Frings
et al., 1995). Mutations in several voltage-activated
channels modify synaptic arbors of motor neurons in
Drosophila (Budnik et al., 1990), and some in vitro mod-
els of neurite outgrowth depend on the activity of volt-
age-activated calcium channels (Williams et al., 1992).

During olfaction, it is likely that signal transduction is
initiated through binding of ligands to seven transmem-
brane receptors such as the sr genes and odr-10-like
genes (Troemel et al., 1995; Sengupta et al., 1996). The
known receptors of this family appear to be localized
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to the sensory cilia (Sengupta et al., 1996; L. Tong, D.
Tobin, E. Troemel, and C. I. B., unpublished data). If
tax-2 and tax-4 also act in the axons, different recep-
tors might regulate the channel there. Axonal cGMP or
cAMP could be produced by other G protein—coupled
receptors, by ligand-activated transmembrane guanylyl
cyclases, or by gases such as nitric oxide. A shared
dependence on the tax-2/tax-4 cyclic nucleotide-gated
channel might allow cross-talk between sensory activity
and connectivity of the neuron.

Experimental Procedures

Strain and Genetics

Wild-type worms were C. elegans variety Bristol, strain N2. Worms
were grown on plates at 25°C, using standard methods (Brenner,
1974). The following strains were used in this work: PR691 tax-
2(p691) 1, PR671 tax-2(p671) |, PR694 tax-2(p694) 1, CX139 tax-
2(ky139) |, FK31 tax-2(ks31) |, FK10 tax-2(ks10) |, FK15 tax-2(ks15)
1, PR678 tax-4(p678) lll, and CX89 tax-4(ky89) lll. Double mutant
strains without additional marker mutations were constructed using
standard genetic methods and verified by complementation testing.

Behavioral Assays

Population chemotaxis assays were performed as described (Barg-
mann et al., 1993). The chemotaxis index was defined as (Natactant —
Neounteratiractant)/ TOtal N. Osmotic avoidance assays were performed as
described (Vowels and Thomas, 1994). Negative chemotaxis to
1-octanol and 2-nonanone was tested on square assay plates; in
other respects, this population chemotaxis assay is similar to posi-
tive chemotaxis assays (B. E. Kimmel and C. I. B., unpublished data).
Long-range negative chemotaxis is distinct from the acute reversal
seen in response to a pulse of 1-octanol (Troemel et al., 1995).

DiO Staining and GFP Visualization of Chemosensory Neurons
DiO staining was performed essentially as described (Herman and
Hedgecock, 1990), except that animals were stained for 16-18 hr
on arotator in the presence of 1 ul of concentrated Escherichia coli
per ml of M9 buffer. Stained animals were viewed by fluorescence
microscopy; only adults were scored, since DiO staining of larvae
is variable. An animal was scored as having defective amphids if
any amphid neuron had abnormal axons (see Figure 3). A set of
GFP fusion genes was used to identify the affected DiO-staining
neuron, and to visualize other sensory neurons (particularly AWC,
AFD, ASE, and ASK). These included a ceh-23::GFP fusion gene,
which stains AWC, AFD, ASE, ADF, ASG, ASH, and ADL neurons
(Wang et al., 1993; J. Zallen and C. . B., unpublished data), M7::GFP
(ASI), and C42::GFP (AWB) (E. Troemel and C. I. B., unpublished
data), and tax-2::GFP fusion genes (see below) including tax-
2A::GFP (AWB, AWC, ASG, ASI, ASJ, and ASK) and tax-2p::GFP
(AWC, AFD, ASE, ASI, ADE, BAG, and occasionally ASK). The tax-2
fusion genes were visualized as unstable arrays, so that only a
subset of cells stained in many animals, allowing matching of individ-
ual cells with affected axons. The ASE defects observed with tax-
2p::GFP were apparent in all four larval stages and the adult,
whereas ASJ defects observed with tax-2A::GFP were only apparent
in L4 and adult stages. High resolution three-dimensional images
of Tax-2::GFP protein in the cilia were acquired using wide-field
fluorescence microscopy and refined by constrained iterative de-
convolution (Hiraoka et al., 1990).

Molecular Biology Methods

General DNA manipulations were carried out as described (Sam-
brook et al., 1989). Nested deletions for DNA sequencing were gen-
erated using Exonuclease Il (New England Biolabs) and sequenced
using the fmol sequencing system (Promega). Sequence analysis
was performed using Geneworks (Intelligenetics). Sequence com-
parisons were carried out using the BLAST network service (Altschul
et al.,, 1990), and sequence alignments were produced using the
CLUSTAL W program (Thompson et al., 1994).

Germline Transformation

Germline transformation (Mello et al., 1991) was performed by coin-
jecting test DNA at a concentration of 10-40 pg/ml and marker DNA
at a concentration of 60 pg/ml into the gonad of animals. For tax-2
injections, the tax-2(p691) strain was injected with glr-1::GFP marker
DNA (Maricq et al., 1995) and transgenic animals were recognized
on the basis of neuronal GFP expression. For tax-4 injections, a
tax-4; lin-15(n765ts) strain was injected with JM23 lin-15 marker
DNA, and transgenic animals were recognized by rescue of the
lin-15 multivulval phenotype at 20°C (Huang et al., 1994). Multiple
independent lines were established from each injection.

Genomic Localization of tax-2

tax-2 had been incorrectly mapped to chromosome Il, but we found
that p691 was linked to chromosome |, between the two cloned
genes unc-29 and lin-11; from a strain of genotype tax-2/unc-29 lin-
11, 3/15 Lin non-Unc recombinants segregated tax-2 and 57/60 Unc
non-Lin segregated tax-2. Cosmid clones from this interval were
tested for their ability to complement the tax-2 mutant phenotype
in transgenic worms. The cosmid T18D4 rescued the tax-2(p691)
benzaldehyde chemotaxis defect and the axon outgrowth pheno-
type, as did a 6.5 kb Hindlll fragment of T18D4. The 6.5 kb fragment
was sequenced on one strand, revealing one open reading frame.
A frame-shift mutation was introduced into the 6.5 kb Hindlll frag-
ment by digesting with BsaB1 and inserting a linker with the se-
quence 5'-CCCCCGGGGG-3’' (New England BioLabs). This insertion
added eight amino acids after position 384 followed by a stop codon
at position 393, effectively deleting transmembrane domains 4 and
5, the presumed pore and cyclic nucleotide-binding regions and
the COOH-terminus. This construct failed to rescue the tax-2(p691)
mutant phenotypes. A genomic clone containing the entire coding
region of tax-2 plus 1.8 kb of upstream sequences was constructed
by adding a 2.2 kb Bgll-Hindlll fragment 5’ to the 6.5 kb Hindlll
fragment.

Isolation and Characterization of cDNAs

The 6.5 kb Hindlll genomic fragment was used to screen approxi-
mately 1.1 X 10° plaques of a mixed-stage worm cDNA library
(Barstead and Waterston, 1989). Three positive clones were identi-
fied, and DNA sequencing revealed that they were overlapping par-
tial cDNAs beginning at amino acid positions 399, 492, and 527 and
continuing to the 3’ end. RT-PCR was used to isolate the remainder
of the cDNA. Total worm RNA was prepared from mixed-stage N2
worms by LiCl precipitation (M. Finney, personal communication).
First-strand cDNA was synthesized using an oligonucleotide in exon
8 and was used as a template for subsequent amplification using
nested oligonucleotides. The conditions used for PCR were the
following: 30 s at 95°C, 1 min at 52°C, and 2 min at 72°C for 30 or
35 cycles followed by 10 min at 72°C. One band of 661 bp was
detected and sequenced. In asecond experiment, first-strand cDNA
was synthesized using an oligonucleotide in exon 4 and was used
as a template for subsequent amplification using oligonucleotides
that detect SL-1 and SL-2 trans-spliced mRNAs (Huang and Hirsh,
1989). Reactions were subjected to additional rounds of amplifica-
tion using nested oligonucleotides. A 704 bp band was detected in
samples amplified using SL-1. No bands were detected in reactions
using SL-2. All cDNAs were sequenced on both strands.

Sequencing of tax-2 Alleles

Genomic DNA was isolated from N2, tax-2(p694), tax-2(p671), tax-
2(p691), tax-2(ks10), tax-2(ks15), tax-2(ks31), and tax-2(ky139)
worms as described (Klein and Meyer, 1993). Fragments of tax-2
genomic DNA were PCR-amplified using primers within introns and
sequenced using 3P end-labeled primers. At least one strand of the
open reading frame of all 14 exons, their splice junctions, and ~30
bp beyond the 3’ and 5’ ends of open reading frames were se-
quenced. The exons containing the mutations were sequenced on
both strands. PCR and Southern blot analysis of N2 and tax-2(p694)
genomic DNA revealed an ~2 kb deletion encompassing exon 1
and ~1.6 kb 5 of the tax-2 coding region. To define the right
breakpoint of the deletion, primers flanking this region were used
to amplify and sequence the region from tax-2(p694).
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tax-2::GFP Expression

Translational fusions between tax-2 and GFP were constructed us-
ing expression vectors provided by A. Fire (A. Fire, S. Xu, J. Ahnn,
and G. Seydoux, personal communication). The tax-2 promoter con-
struct was constructed by amplifying 1.8 kb of tax-2 upstream se-
quence and the first three amino acids of tax-2 from genomic DNA,
using the Expand PCR kit (Boehringer Mannheim). The conditions
used for PCR were the following: 30 s at 95°C, 1 min at 52°C, and
2 min at 72°C for 20 cycles, followed by 10 min at 72°C. This fragment
was digested with BamHI and Sall and ligated into the GFP expres-
sion vector pPD95.79 to make P[tax-2p::GFP]. To make P[tax-
2::GFP], the Bgll-Sall genomic fragment containing ~1.8 kb of tax-2
upstream sequences and 215 amino acids of tax-2 protein was
ligated into the GFP expression vector pPD95.77. To make P[tax-
2A::GFP], the Hindlll-Sall genomic fragment containing part of intron
1 and 188 amino acids of tax-2 coding region was ligated into
pPD95.77. Constructs were coinjected with plasmid pJM23(lin-15)
into the gonads of lin-15(n765ts) animals and lin-15(+)-transformed
progeny were viewed using fluorescence microscopy.

The GFP-tagged Tax-2 protein was constructed by ligating the
4.2 kb Hindlll-BamHI genomic fragment into the GFP expression
vector pPD95.75. This construct was injected into lin-15(n765ts)
animals with pJM23 as described above. The Tax-2 GFP-tagged
gene was also injected into tax-2(p691) animals using glr-1::GFP
coinjection marker, and GFP-positive transformed progeny were
assayed for rescue of tax-2 mutant phenotypes.

Expression of tax-4 in tax-2 Mutants

The tax-4 genomic rescuing clone pSF12 (Komatsu et al., 1996) and
coinjection marker gir-1::GFP were injected into tax-2(p691) mutant
worms. The tax-2 full-length genomic rescuing clone was injected
into tax-4(n678); lin-15(n765) mutant worms with pJM23. Transgenic
strains were identified by GFP fluorescence or rescue of the lin-15
multivulval phenotype, respectively.

Generating the tax-2( p691) Mutant Allele

To ask whether tax-2 mutations poison wild-type tax-4 function, the
tax-2(p691) mutant allele was injected into wild-type animals. These
animals responded normally to odorants and had normal sensory
axons, indicating that the transgene did not disrupt the function of
the endogenous tax-2 and tax-4 genes. PCR was used to amplify
the full tax-2 coding region and about 1.8 kb of upstream sequences
from tax-2(p691) genomic DNA, using the Expand kit (Boehringer
Mannheim). The conditions used for PCR were the following: 30 s
at 95°C, 1 min at 54°C, and 8 min at 72°C for 30 or 35 cycles followed
by 10 min at 72°C. The 6.4 kb fragment was gel purified using Gene
Clean (Bio101) and injected into lin-15(n765ts) animals with pJM23.
Transformed progeny were assayed for chemotaxis and axon out-
growth phenotypes. A smaller amplified fragment of p697 was used
to construct a GFP-tagged Tax-2 protein bearing the mutation.
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