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The Caenorhabditis elegans ASH sensory neurons mediate
responses to nose touch, hyperosmolarity, and volatile repellent
chemicals. We show here that distinct signaling pathways me-
diate the responses to touch and hyperosmolarity. ASH neu-
rons distinguish between these stimuli because habituation to
nose touch has no effect on the response to high osmolarity or
volatile chemicals (1-octanol). Mutations in osm-10 eliminate
the response to hyperosmolarity but have no effect on re-
sponses to nose touch or to volatile repellents. OSM-10 is a
novel cytosolic protein expressed in ASH and three other

classes of sensory neurons. Mutations in two other
osmosensory-defective genes, eos-1 and eos-2, interact ge-
netically with osm-10. Our analysis suggests that nose touch
sensitivity and osmosensation occur via distinct signaling path-
ways in ASH and that OSM-10 is required for osmosensory
signaling.
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A class of polymodal sensory neurons has been described in the
nematode Caenorhabditis elegans. The bilateral ASH sensory neu-
rons mediate the responses to nose touch, hyperosmolarity, and
volatile repellents; each stimulus evokes backward locomotion
(Bargmann et al., 1990; Kaplan and Horvitz, 1993; Troemel et al.,
1995). ASH neurons provide direct synaptic input to command
interneurons that drive locomotion (White et al., 1986). An
AMPA-type glutamate receptor, GLR-1, is expressed in ASH
synaptic targets and is required for ASH-mediated touch sensi-
tivity but not for osmotic or volatile sensitivities mediated by
ASH (Hart et al., 1990; Maricq et al., 1995). These results suggest
that the ASH-to-interneuron synaptic signals evoked by touch
differ from those signals evoked by osmotic and volatile repel-
lents. However, it is unclear whether common or distinct path-
ways mediate sensory transduction by the different ASH sensory
stimuli.

Touch and hyperosmolarity are both thought to be detected by
mechanically gated ion channels. The C. elegans degenerin pro-
teins have been proposed to act as mechanosensory receptors.
The degenerins MEC-4 and MEC-10, distantly related to epi-
thelial sodium channels, are required for the response to body
touch mediated by the “touch neurons” (ALM, PLM, AVM, and

PVM). Dominant mec-4 and mec-10 mutations cause neurode-
generation, hence the name degenerins. The putative mechano-
receptor complexes are proposed to contain combinations of
degenerin subunits and proteins that tether these complexes to
cytoskeletal and extracellular matrix proteins (Driscoll and
Kaplan, 1997). Although these complexes are an attractive model
for the mechanoreceptor of the touch cells, it is unclear whether
other mechanosensory neurons like ASH use a similar receptor
complex. An alternative candidate receptor is OSM-9, a C. el-
egans homolog of the capsaicin receptor (Colbert et al., 1997).
The vertebrate capsaicin receptor encodes an ion channel gated
by either capsaicin or high temperature (Caterina et al., 1997).
However, osm-9 mutants are defective in response to all stimuli
detected by ASH (Colbert et al., 1997). No homologs of other
receptors implicated in osmosensation or mechanosensation in
either yeast or Escherichia coli have been identified in C. elegans.

Here we characterize further the mechanisms underlying ASH
sensory transduction and modality coding. We show that ASH
neurons distinguish between touch and other ASH stimuli and
that ASH and the microtubule touch cells use distinct mechano-
receptors, and we characterize a modality-specific gene, osm-10
(osmosensory defective). A mutation in osm-10 disrupts ASH-
mediated osmosensation but has no effect on other ASH-
mediated responses. Taken together, our results suggest that the
ASH responses to touch and hyperosmolarity are mediated by
distinct signaling pathways and identify a novel intracellular pro-
tein that is required for osmosensation.

MATERIALS AND METHODS
Behavioral assays
Nose touch, osmotic avoidance, and volatile repellent assays were per-
formed as described previously (Culotti and Russell, 1978; Kaplan and
Horvitz, 1993; Hart et al., 1995). Behaviors were quantitated as follows:
nose touch avoidance (Not) was quantitated as the percentage of trials in
which animals responded to touch with an eyelash by stopping forward
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movement or reversing, osmotic avoidance (Osm) was quantitated as the
percentage of animals that escape a ring of 8 M glycerol in ,8 min, and
volatile avoidance (Sos) was quantitated as the average time to initiate
backward movement in response to an eyelash dipped in 1-octanol. The
morphology of ASH neurons was examined by dye filling using DiD, DiI,
or DiO (Molecular Probes, Eugene, OR). DiD facilitates unambiguous
identification of green fluorescent protein (GFP)-expressing cells, even
at low levels of GFP expression (P. W. Faber, J. Alter, M. MacDonald,
and A. C. Hart, unpublished observations). To generate transheterozy-
gotes unambiguously for behavioral assays, we used recessive genetic
markers (e.g., dpy-17 ) or osm-10::GFP reporter constructs to identify
cross progeny. Strains used included dpy-17 (e164) osm-10 (n1602);
eos-1(nu288) rtEx61(pKP#58); eos-1(nu288) lin-15(n765); nDf16/dpy-
17(e164) unc-32(e189); and individual mutant strains listed in Tables
1–6. unc-8(n491n1193); deg-1(u506u550) (HA27) was constructed from
dpy20(e1282ts)IV;deg-1(u506u550)X (HA4) and unc-8(n491n1193).
HA27 construction was confirmed by sequencing allele-specific polymor-
phisms. Animals were raised at 25° unless otherwise indicated. Direct
injection of pKP#58 into eos-1 created rtEx61; strains were maintained
by selecting for GFP expression each generation on a GFP dissection
microscope (Leica/Kramer Scientific, Burlington, MA).

Positional cloning of osm-10
Mapping data. n1602 was mapped by recombination with MT5427 (sma-3
6 mec-14 4 osm-10 7 ncl-1 9 unc-36 ) and MT4837 (sma-3 8 osm-10 5
lin-39) to an interval between mec-14 and lin-39 on chromosome III by
the use of the Osm assay format described below. Cosmids from the
region were obtained from the C. elegans genome-sequencing project.
Twenty or more transgenic F3 generation KP497 animals [osm-10
(n1602)III; lin-15 (n765) X] were tested for osmotic avoidance for each
cosmid or plasmid to assess rescue activity. pHA#51 contains a 3.2 kb
PstI /XhoI fragment that corresponds to 12848–16050 of cosmid T20H4
and contains the 39 one-half of T20H4.2 and all of T20H4.1 and all of
osm-10 except for part of the 39-untranslated region.

Sequencing. The products of three independent PCR reactions from
osm-10(n1602) or eos-2(nu268) genomic DNA were sequenced to iden-
tify allele-specific polymorphisms. No mutations were identified in
osm-10 exons in eos-2(nu268). The genomic structure of osm-10 pre-
dicted by GENEFINDER and the C. elegans genome-sequencing project
was confirmed by reverse transcription (RT)–PCR from wild-type ani-
mals using Superscript Reverse Transcriptase (Life Technologies, Gaith-
ersburg, MD) and the Marathon cDNA Race Kit (Clontech, Palo Alto,
CA). The translation initiation site was confirmed by sequencing an
RT–PCR product containing a stop codon, in frame, 10 codons upstream
of the predicted initiator methionine codon.

osm-10(nr2076). The osm-10 deletion allele was generated using a
PCR-based strategy by the Nemapharm division of Axys Pharmaceuti-
cals (South San Francisco, CA) (Liu et al., unpublished observations).

osm-10 expression
Antisera. The second exon of osm-10 was amplified by PCR and inserted
into pET21b (Novagen, Madison, WI) for bacterial expression with a
polyHIS tag. Affinity-purified sera from three immunized rabbits de-
tected OSM-10 with varying specificity in whole mounts fixed with
Bowin’s (Nonet et al., 1997) and on Western blots. Confocal resolution
was obtained with optical Z-series sectioning and Openlab deconvolution
image processing (Improvision, Coventry, England). Western blots were
blocked with 5% dry milk and 1% E. coli acetone powder in TBS plus
Tween and were probed with a 1:1000 dilution of affinity-purified (M.
Koelle, personal communication) anti-OSM-10 antisera. HRP-coupled
goat anti-rabbit antiserum (Amersham, Arlington Heights, IL) and ECL
(Dupont NEN, Boston, MA) were used to detect protein.

GFP constructs. In pKP#58 the GFP gene was amplified from
pPD95.67 and inserted in frame into the NruI site [nucleotide (nt) 14155]
in the osm-10 rescue construct pKP#51 (see above). Additional GFP
rescue constructs with different insertion sites were generated; all re-
sulted in the same expression pattern in vivo. Coinjection of pKP#58 and
pJM#24 into lin-15(n765) and subsequent gamma irradiation resulted in
the insertion of nuIs11 into the X chromosome. nuIs11 was backcrossed
four times before laser ablation and the other experiments reported in
this manuscript.

Heterologous expression constructs. OSM-10 protein was expressed
using promoters from the srb-6 and sre-1 genes using pHA#2 and
pHA#1, respectively (Troemel et al., 1995). srb-6 is expressed in ADL,
ADF, ASH, PHA, PHB, and the vulval region; sre-1 is expressed in ADL

and ASJ(faint). PCR-amplified osm-10 genomic DNA (T20H4, nt 13738–
15801) replaced GFP in pTU#62 between SmaI /EcoRI sites to create
pKP#82. SphI /SmaI sites in srb-6 and sre-1 constructs (Troemel et al.,
1995) were used to subclone the srx promoter into pKP#82. Transgenic
strain construction was described in the previous section; lin-15(n765)
animals were injected.

Isolation of eos-2(nu268) and eos-1(nu288)
Hermaphrodite N2 animals were mutagenized with ethylmethanesulfon-
ate; 11,220 haploid genomes were screened, and 50 mutants that were
defective in detecting high osmolarity but had normal dye filling of the
amphid neurons were isolated, including eos-2(nu268) and eos-1(nu288).

Osm assay. Approximately 20 ml of 8 M glycerol (dyed with bromphe-
nol blue) is distributed in a 1.5 cm ring on an agar plate. The ring is
allowed to dry for 2–3 min. Up to 300 well-fed adult worms are washed
three times with S Basal and placed in the center of the ring. Excess S
Basal is blotted off, and the percentage of animals escaping after 10 min
is reported.

Mapping. eos-2(nu268) or eos-1(nu288) was mapped with DA438 [bli-
4(e397)I; rol-6(e187)II; daf-2(e1368) vab-7(e1562)III; unc-31(e928)IV;
dpy-11(e224)V; lon-2(e678)X]. Five of 17 eos-2(nu268) animals were
heterozygous for vab-7. eos-1(nu288) linkage to IV was confirmed with
the dominant markers unc-8(n491dm) dpy-13(e184sd) IV. Fourteen of 16
F2 animals that did not carry unc-8 dpy-13 were homozygous for
eos-1(nu288).

RESULTS
Relationship between mechanoreceptors in ASH and
microtubule touch cells
Both touch and increased osmolarity are thought to be detected
by mechanically gated ion channels. The genes mec-2, mec-4,
mec-5, mec-6, mec-9, and mec-10 encode components of a puta-
tive mechanoreceptor complex that mediates touch sensitivity by
the touch cells in C. elegans (Driscoll and Kaplan, 1997). These
genes are not required for ASH-mediated behavioral responses
(Table 1). The degenerins DEG-1 and UNC-8 were also consid-
ered likely candidates for ASH mechanoreceptors (Driscoll and
Chalfie, 1991; Huang and Chalfie, 1994; Driscoll and Kaplan,
1997) because unc-8 is expressed in ASH (Tavernarakis et al.,
1997) and gain-of-function alleles deg-1(u38) and deg-1(u506)
cause ASH neurons to undergo neurodegeneration (Table 2).
The deg-1(u38) mutation caused temperature-sensitive dominant
nose touch insensitivity, whereas deg-1 null alleles do not perturb
the nose touch response (Table 3) (Garcia-Anoveros et al., 1995).
Double mutants containing null alleles for both unc-8 and deg-1

Table 1. mec genes are not required for ASH function

Genotype
Osm
(% defective)

Sos
(reversal time
in sec)

Not
(% responses)

N2 (wild type) 8 6 2 1.8 6 0.6 86 6 2
eat-4(ky5)III 77 6 4 13.8 6 0.8 4 6 3
osm-3(p802) 88 6 6 0.4 6 0.7 24 6 5
mec-4(u45) 10 6 6 1.4 6 0.2 92 6 4
mec-10(e1515) 15 6 12 1.8 6 0.3 83 6 10
mec-2(e75) 13 6 10 2.7 6 0.6 70 6 6
mec-5(e1340) 8 6 6 3.1 6 0.8 82 6 7
mec-6(u686) 4 6 3 1.3 6 0.3 86 6 5
mec-9(e1494) 3 6 3 1.3 6 0.2 88 6 4
unc-8(n491n1193) 0 6 0 2.0 6 0.3 86 6 6

ASH-mediated sensory responses to high osmolarity (Osm), volatile repellents
(Sos), and nose touch (Not) were compared. For each determination, means 6 SE
are reported; osmotic avoidance (Osm) was analyzed in at least six animals and three
trials, avoidance of 1-octanol (Sos) was determined in at least three animals and
usually a total of 10 trials, and nose touch avoidance (Not) was determined in at least
three animals with 10 trials per animal.
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are normal for all ASH-mediated responses (Table 3), suggesting
that the mechanically gated ion channels used by ASH for nose
touch and osmotic detection may be distinct from those used by
the microtubule touch cells.

Animals distinguish between the ASH sensory stimuli
Although they mediate responses to three sensory stimuli, it is
possible that ASH neurons cannot distinguish between the dif-
ferent stimuli detected. If this were the case, one would predict
that any treatment that causes a decrement in one response would
also produce a defect in the other responses. We found that
repeated nose touch stimuli reduced responsiveness to further
nose touch stimulation; however, these habituated animals re-
mained fully sensitive to hyperosmolarity or volatile repellent
chemicals (Table 4). Similar experiments habituating the re-
sponses to hyperosmolarity or to volatile repellents were not
possible because chronic exposure to these stimuli is lethal. How-
ever, a short exposure to 1-octanol partially habituates response

without deleterious effects; control animals reverse in 1.4 6 0.3
sec, but after two 15 sec exposures to 1-octanol, the average
reversal time is 4.9 6 0.5 sec (n 5 11 animals). This brief
habituation to 1-octanol neither increased nor decreased sensitiv-
ity to nose touch (72 6 6% response vs 80 6 15% response in
control animals). These results suggest that the ASH neurons
distinguish nose touch from hyperosmolarity and the volatile
repellent 1-octanol.

osm-10, a modality-specific gene required
for osmosensation
To identify genes involved in ASH sensory transduction, we
sought mutations that selectively impair ASH-mediated osmosen-
sation but not other ASH-mediated behaviors. One previously
identified mutation, osm-10(n1602), fit our criteria. As previously
shown, osm-10(n1602) mutants failed to avoid either 8 M glycerol
or 4 M fructose (Table 5) (Bargmann et al., 1990), indicating that
they are defective for osmosensation. However, we found that
osm-10(n1602) animals responded normally to nose touch and
volatile repellents, indicating that the mutant ASH neurons re-
tained some sensory functions (Table 5). By contrast, other mu-
tations that cause generalized defects in ASH function or struc-
ture (e.g., osm-3 and eat-4) impaired multiple ASH-mediated
sensory behaviors (Table 1). The n1602 mutation is likely to cause
a severe defect in osm-10 function because the behavior of osm-
10(n1602) homozygotes was indistinguishable from that of osm-
10(n1602)/nDf16 heterozygotes (Table 5).

We positionally cloned osm-10. We mapped osm-10(n1602) to
a small interval on chromosome III between mec-14 and lin-39. A
single cosmid clone from this region, T20H4, and plasmid sub-
clones derived from it were able to rescue the osm-10 defect in
transgenic animals (Fig. 1, top). In this manner, the osm-10–
rescuing activity was mapped to a single gene predicted by the C.
elegans genome-sequencing project (T20H4.1), and the n1602
mutation was shown to correspond to a missense mutation

Table 2. Gain-of-function mutations in the deg-1 gene cause ASH
degeneration

Genotype
Dye filling
(% defective)

N2 (wild type) 0 (n 5 30)
deg-1(u38) 27 (n 5 15)
deg-1(u38); mec-6 0 (n 5 37)
deg-1(u506) 73 (n 5 15)
deg-1(u506u550) 0 (n 5 39)
unc-8(n491) 0 (n 5 10)
unc-8(n491n1193) 0 (n 5 24)

ASH degeneration was assessed by dye filling with DiO. The number of neurons
scored (n) is indicated. Swollen, degenerating ASH neurons were detected in
dye-filling defective strains.

Table 3. degenerin genes are not required for the response mediated
by ASH

Genotype
Osm
(% defective)

Sos
(reversal time
in sec)

Not
(% responses)

unc-8(n491n1193) 0 6 0 2.0 6 0.3 86 6 6
deg-1(u506)X – – 14 6 4
deg-1(u506u550)X 12 6 6 2.1 6 0.3 92 6 5
deg-1(u506u550); unc-8

(n491n1193) 3 6 1 2.2 6 0.5 84 6 3
deg-1(u38) – – 32 6 9
1/1 – – 76 6 9

unc-8 and deg-1 mutations were characterized and analyzed as described in Table 1.
1/1, Control animals; –, not determined.

Table 4. Nose touch habituation does not alter responses to other ASH
stimuli

Assays on 10 wild-type
animals Naive

After Not
habituation After recovery

Not (% responses) 87 6 2 45 6 20 79 6 11
Sos (reversal time in sec) 1.1 6 2.5 1.0 6 1.7 –
Osm (% defective) 0 0 –

Animals were habituated by 40 rapid nose touch trials; the ability to respond to a
single Osm or Sos trial is reported as the percentage responding or the average time
to reverse, respectively. Analysis was as described in Table 1.

Table 5. osm-10, eos-1, and eos-2 are specifically required for osmotic
avoidance

Genotype
Osm
(% defective)

Sos
(reversal time
in sec)

Not
(% responses)

N2 (wild type) 5 6 3 1.9 6 0.1 87 6 2
osm-10(n1602)III 91 6 4 1.5 6 0.5 82 6 13
osm-10(nr2076)III 83 6 5 1.6 6 0.5 94 6 4
eat-4(ky5)III 77 6 2 13.8 6 0.8 4 6 3
eos-1(nu288)IV 28 6 8 2.8 6 0.5 94 6 3
eos-2(nu268)III 35 6 11 1.8 6 0.2 78 6 4
nDf16/osm-10(n1602) 100 6 0 2.5 6 0.8 75 6 15
osm-10(n1602)/1; eos-1

(nu288)/1 41 6 11 2.0 6 0.2 85 6 15
eos-2(nu268)/osm-10

(n1602) 69 6 12 1.7 6 0.3 86 6 3
eos-2(nu268)/1; eos-1

(nu288)/1 53 6 15 1.7 6 0.3 94 6 6
nDf16/1; eos-1

(nu288)/1 63 6 13 2.8 6 0.4 85 6 15
nDf16/1 29 6 4 2.6 6 0.3 94 6 4
osm-10(n1602)/1 0 6 0 1.3 6 0.2 86 6 5
eos-1(nu288)/1 5 6 3 1.7 6 0.1 92 6 4
eos-2(nu268)/1 16 6 9 1.7 6 0.3 86 6 3

Animals were characterized and analyzed as described in Table 1.

1954 J. Neurosci., March 15, 1999, 19(6):1952–1958 Hart et al. • Osmosensory and Mechanosensory Signaling Pathways



(E199K) in one of the predicted exons. We concluded that the
osm-10 gene corresponds to T20H4.1.

After failing to isolate osm-10 cDNAs from available libraries,
we determined the intron/exon structure, the 59 and 39 ends of the
osm-10 mRNA, by RT–PCR. These experiments confirmed that
the predicted OSM-10 protein contains 419 amino acids and is
rich in serine and threonine residues (20.8%). Database searches
for similar proteins failed to identify any osm-10 homologs.
OSM-10 contains 39 potential serine and threonine phosphory-
lation sites for members of the protein kinase C and the cAMP-
and cGMP-dependent, casein, and cyclin-dependent kinase fam-
ilies. The n1602 mutation perturbs a potential tyrosine kinase
phosphorylation site (Fig. 1, bottom). An additional allele, osm-
10(nr2076), was obtained using reverse genetic techniques and
removed nucleotides 14324–15446 within T20H4.1. The pre-
dicted mutant protein consists of 156 amino acids of OSM-10
before a frame shift and premature termination of translation
(after exon 2). osm-10(nr2076) animals are phenotypically indis-
tinguishable from osm-10(n1602) animals.

Polyclonal anti-OSM-10 antisera detected a 49 kDa protein on
Western blots of wild-type and osm-10(n1602) animals (Fig. 2b),
which is consistent with the predicted size of the wild-type
OSM-10 protein. Subcellular localization of OSM-10 was ad-
dressed by expressing GFP reporter constructs and by staining
fixed animals with anti-OSM-10 antisera. We detected OSM-10
expression in four classes of chemosensory neurons in all larval
and adult animals (ASH, ASI, PHA, and PHB). Expression
commences just before hatching. OSM-10 expression was never
observed in any other cells (Fig. 2a). The OSM-10 protein was
uniformly distributed throughout the cell bodies, sensory pro-
cesses, and axons of the expressing cells but was excluded from
nuclei on the basis of confocal resolution microscopy (data not
shown). OSM-10 expression was not altered in osm-10(n1602),
osm-9(ky10), or osm-3(p802) animals. OSM-10 expression was
reduced to barely detectable levels in osm-10(nr2076) animals.
These results demonstrate that OSM-10 is a novel cytoplasmic
protein expressed in the osmosensory ASH neurons.

The OSM-10 expression pattern suggested that ASI, PHA, and

Figure 1. Positional cloning of osm-10. Top, The osm-10 gene maps between mec-14 and lin-39 on chromosome III. The osmotic avoidance defect of
osm-10(n1602) was rescued by the cosmid T20H4 and the plasmid pKP#51 that contains the osm-10 gene T20H4.1. See Results for details. Bottom, The
sequence of the osm-10 cDNA was determined by RT–PCR, leading to the predicted protein sequence shown. The n1602 mutation corresponds to the
missense mutation E199K; E199 is lowercase. Amino acids translated in the predicted osm-10(nr2076) protein are in the box. Potential S/T kinase and
Y kinase sites are indicated as follows (number of sites): protein kinase C (17) sites are underlined; casein kinase II (11) sites are in bold; cAMP- and
cGMP-dependent kinase phosphorylation sites (6) are in italics; and cyclin-dependent kinase (5) sites are outlined.
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PHB might also play a role in osmosensation. To test this possi-
bility, we killed ASH, ASI, PHB, and PHA (the primary synaptic
input for PHB) with a laser microbeam in various combinations,
and the osmotic avoidance behavior of the operated animals was
analyzed (Table 6). We found that the osmotic avoidance behav-
ior of operated animals lacking ASH neurons (ASH2) was in-
distinguishable from that of osm-3 mutants, whereas the response
of animals lacking ASI, PHA, and PHB was indistinguishable
from that of mock-ablated animals. osm-3 mutants have defects in
the sensory endings of amphid and phasmid neurons, including
ASH, ASI, PHA, and PHB (Perkins et al., 1986). On the basis of
these results, we conclude that the ASH neurons play the pre-
dominant role in osmotic avoidance in this assay. It remains
possible that ASI, PHA, and PHB mediate osmosensory regula-
tion of other behaviors.

The restricted expression of OSM-10, together with the os-
motic avoidance defects in osm-10 mutant animals, suggested that
OSM-10 expression might be sufficient to confer osmotic sensi-
tivity on other sensory neurons. We tested this possibility by

ectopically expressing OSM-10 using the promoter for the puta-
tive chemosensory receptor gene sre-1, which is expressed in the
sensory neurons ADL and ASJ (Troemel et al., 1995). Like ASH,
the synaptic targets of ADL include the interneurons that control
locomotion in C. elegans (White et al., 1986). Ectopic expression
of OSM-10 in ADL and ASJ did not rescue the osm-10(n1602)
mutant phenotype (81 6 3% defective; n 5 6 lines). In contrast,
osmosensitivity was partially restored when OSM-10 was ex-
pressed in ASH, ADF, ADL, PHA, and PHB using the srb-6
promoter (44 6 9% defective; n 5 7 lines). srb-6 is another
putative chemosensory receptor gene (Troemel et al., 1995). We
conclude that OSM-10 expression is not sufficient to confer os-
mosensitivity on other sensory neurons and that OSM-10 expres-
sion in ASH, PHA, and PHB is sufficient for partial rescue of
osm-10.

Genes that interact with osm-10
We examined the role of OSM-10 in ASH-mediated sensory
behaviors further by testing for genetic interactions of osm-

Figure 2. a, OSM-10 is expressed in ASH, ASI, PHA, and PHB. Expression was monitored by staining fixed animals in whole-mount preparations with
a polyclonal rabbit anti-OSM-10 antibody. Cells were identified on the basis of their nuclear positions and axon morphologies (Sulston et al., 1983; White
et al., 1986). The OSM-10 protein is diffusely distributed throughout the cell body, sensory processes, cilium, and axons of expressing cells. The cellular
and subcellular expression pattern of the OSM-10::GFP reporter construct nuIs11I is identical. Cells in gray are located on the right side of the animal;
cells in black are on the lef t. Scale bars, 25 mm. b, Polyclonal rabbit anti-OSM-10 antisera recognize a 49 kDa band on Western blots from extracts of
wild-type, osm-10(n1602), osm-3(p802), and nuIs11(pKP#58, pJM#24) animals. An additional band at ;60 kDa corresponding to the OSM-10::GFP
fusion protein is visible in the nuIs11I lane. The same blot probed with anti-tubulin antibodies (N356; Amersham) is shown at the bottom. c, OSM-10
immunoreactivity in ASH neurons (visualized as in a) is shown. OSM-10 immunoreactivity is excluded from the nucleus. Left, Deconvoluted images of
an ASH cell body are shown. Middle, Right, OSM-10 immunoreactivity is severely reduced in osm-10(nr2076) animals but is found at wild-type levels in
eos-1(nu288) or eos-2(nu268) (data not shown) animals.
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10(n1602) with mutations in other osmosensory defective genes
(J. Kass and J. Kaplan, unpublished observations). Two new
genes were found that genetically interact with osm-10 (Table 5).
Double heterozygotes [e.g., osm-10(n1602)/1 IIIC; eos-
1(nu288)/1 IV or osm-10(n1602)/eos-2(nu268) III] are defective
for osmotic avoidance. All of these mutations are recessive as
single heterozygotes [e.g., osm-10(n1602)/1, eos-1(nu288)/1, or
eos-2(nu268)/1], and all are normal for osmotic avoidance. This
type of genetic interaction, termed nonallelic noncomplementa-
tion, is often seen with genes involved in a common biochemical
pathway. Consistent with this hypothesis, eos-2(nu268)/1; eos-
1(nu288)/1 animals are defective in osmotic avoidance. Yet,
eos-1 and eos-2 mutant animals are morphologically normal and
indistinguishable from wild type for other behaviors examined,
including chemotaxis, volatile repellent avoidance, nose touch
response, dauer formation, male mating, locomotion, and egg
laying. Expression and subcellular localization of OSM-10 is
unchanged in eos-1(nu288) animals. Expression of OSM-10 in
eos-2(nu268) and interactions of eos mutations with nr2076 are
under examination (A. C. Hart, unpublished observations) These
results suggest that osm-10, eos-1, and eos-2 are part of a common
signal transduction pathway for ASH-mediated osmosensation.

DISCUSSION
We have shown that ASH-mediated osmotic and touch sensitiv-
ities are mediated by distinct signaling pathways. First, habituat-
ing the nose touch response has no effect on osmotic or 1-octanol
avoidance. This result demonstrates that animals distinguish nose
touch from other ASH sensory modalities. Second, mutations in
osm-10 disrupt ASH-mediated osmosensation but not ASH-
mediated touch or volatile sensitivities. The specificity of the
sensory defects observed in osm-10(nr2076) clearly demonstrates
that these pathways are distinct.

This result is somewhat surprising because the responses to
hyperosmolarity and touch are both thought to be mediated by
mechanically gated ion channels. Examples include mechanically
gated channels in the cochlea, putative cytoskeletal-anchored ion
channels in C. elegans, and ubiquitous stretch-activated channels
in osmosensation (Oliet and Bourque, 1993, 1996). Hence, a
single receptor could have functioned in both sensory modalities
analogous to the dual function proposed for the capsaicin recep-
tor in chemical and thermal sensation (Caterina et al., 1997). On
the other hand, separate receptors would facilitate differentiation
of disparate stimuli. Although touch is a ubiquitous and relatively

innocuous stimulus, osmotic shock and volatile chemicals are
lethal. Thus, animals may need to distinguish between these
stimuli. Stimulus strength may, in part, underlie ASH modality
encoding.

Relationship between ASH and microtubule
mechanoreceptor neurons
A molecular model for the touch cell mechanoreceptor has been
proposed by Chalfie and colleagues (Garcia-Anoveros et al.,
1995; Gu et al., 1996). We found that none of the mec genes that
constitute this putative mechanoreceptor are required for the
ASH-mediated touch of osmotic responses. In addition, the de-
generins deg-1 and unc-8, proposed to be mechanoreceptors on
the basis of their homology to mec genes (Chalfie et al., 1993),
were not required for ASH-mediated responses. These results
suggest that the mechanoreceptors used by ASH are distinct from
those used by the touch cells, although mec or degenerin genes
could play redundant roles in ASH. In contrast, the analysis of
mammalian osmosensing neurons suggests that amiloride-
sensitive stretch-activated channels may be required for detecting
changes in osmolarity (Oliet and Bourque, 1993, 1996). It is not
surprising that ASH and the microtubule touch cells might use
distinct mechanoreceptors, because the sensory endings of these
cells are dissimilar ultrastructurally. The ASH sensory endings
have ciliary axonemes (Albert et al., 1981; Perkins et al., 1986),
whereas the microtubule touch cells have an unusual cytoskeleton
containing 15 protofilament microtubules (Chalfie and Thomson,
1979). Our results provide further evidence of the proposal that
the mechanoreceptors of ciliated and microtubule-containing
mechanosensory neurons are distinct, as suggested previously by
others (Kernan and Zuker, 1995).

Role of OSM-10 in osmosensation
The selectivity of the sensory defects in osm-10 animals suggests
that OSM-10 plays a specific role in transducing osmosensory
signals and is not required for general aspects of ASH function or
development. The specificity of the osm-10(nr2076) defect sug-
gests that the ASH response to high osmolarity differs from
responses to nose touch and volatile repellents and that the latter
two do not require OSM-10 activity.

Although all living cells respond to changes in osmolarity, the
biochemical mechanisms of osmoregulation are only now being
elucidated. Generally, the response to osmotic shock is twofold,
with a relatively immediate activation of stretch-modulated ion
channels and a slower induction of protein kinase cascades. At
present, only one stretch-activated channel has been molecularly
defined, the E. coli channel MscL, which may mediate efflux of
organic solutes in response to osmotic shock (for review, see
Sukharev et al., 1997). In mammalian cells, osmotic shock acti-
vates unidentified potassium and chloride channels (Hallows and
Knauf, 1994; Strange et al., 1996). In both yeast and mammalian
cells, hypertonic shock induces the HOG-1 p38 MAP kinase
(Brewster et al., 1993; Galcheva-Gargova et al., 1994). In yeast,
the osmosensing MAP kinase cascades are coupled to either of
two alternative osmosensory receptors (Sln1 or Sho1) (Maeda et
al., 1994, 1995). In mammalian cells, swelling-activated channel
activity is not blocked by agents that prevent activation of osmo-
sensory MAP kinases, suggesting that these aspects of the osmo-
sensory response are mechanistically distinct (Tilly et al., 1996).
No MscL, Sln1, or Sho1 homologs have been found in any
organism including C. elegans, although the C. elegans genome
sequence is nearly completed. C. elegans MAP kinases and po-

Table 6. Role of OSM-10-expressing cells in osmosensation

Genotype/Cells ablated Osm (min to escape)

Wild type (N2 and nuIs11) 11.0 6 0.4 (n 5 15)
Mock ablation 11.7 6 0.5 (n 5 26)
osm-10(n1602) 2.8 6 0.5 (n 5 8)
osm-3(p802) 1.7 6 0.3 (n 5 12)
ASH2, ASI2, PHA2, PHB2 2.8 6 0.5 (n 5 9)
ASH2 1.8 6 0.4 (n 5 17)
ASI2, PHA2, PHB2 12.0 6 1.1 (n 5 5)

Indicated neurons were killed in young larvae with a laser microbeam as described
(Avery and Horvitz, 1989). The average time required to cross a 1 cm diameter, 8
M-glycerol osmotic barrier was determined three or four times for each animal 3 d
after the operation or determined once for specified genotypes. To facilitate cell
identifications and to monitor laser killing, we used nuIs11 [osm-10::gfp] transgenic
animals for most of the laser experiments. Additional laser ablations in wild-type
animals yielded similar results. These data were pooled for this table. Cell killing
was confirmed by dye filling and/or by GFP staining.
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tassium and chloride channels have not been implicated in
osmosensation.

On the basis of these precedents, OSM-10 could play various
roles in osmosensation. OSM-10 might act as a cytoplasmic reg-
ulator of the osmotically activated channels, analogous to pICln ,
which regulates swelling-activated chloride channels (Krapivin-
sky et al., 1994). OSM-10 might act as a chaperonin specifically
required for the trafficking or localization of osmosensory recep-
tor complexes. Alternatively, OSM-10 might act as a cytoplasmic
target of an osmosensory receptor, such as Ypd1, which is phos-
phorylated by the two-component osmosensor Sln1p in yeast
(Maeda et al., 1994; Posas et al., 1996).

Detecting and responding to changes in external osmolarity are
critical physiological functions of all living cells. Changes in
osmolarity alter cell size and shape-evoking compensatory
changes in membrane permeability to ions and organic solutes.
Despite the fundamental importance of these osmoregulatory
effects, relatively little is known about the molecular mechanisms
underlying osmotic regulation of cellular volume or sensory de-
tection of changes in osmotic regulation or detection. Further
characterization of the osm-10 and eos genes should provide new
insights into the mechanisms underlying osmosensation.
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