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Summary

The detection of osmotic stimuli is essential for all or-
ganisms, yet few osmoreceptive proteins are known,
none of them in vertebrates. By employing a candi-
date-gene approach based on genes encoding mem-
bers of the TRP superfamily of ion channels, we cloned
cDNAs encoding the vanilloid receptor-related osmot-
ically activated channel (VR-OAC) from the rat, mouse,
human, and chicken. This novel cation-selective chan-
nel is gated by exposure to hypotonicity within the
physiological range. In the central nervous system, the
channel is expressed in neurons of the circumventricu-
lar organs, neurosensory cells responsive to systemic
osmotic pressure. The channel also occurs in other
neurosensory cells, including inner-ear hair cells, sen-
sory neurons, and Merkel cells.

Introduction

Most organisms are sensitive to osmotic and mechani-
cal stimulation (French, 1992). This responsiveness is
thought to be mediated by ion channels that measure
the tension in membranes (Kernan and Zuker, 1995;
Sackin, 1995) or in other elastic elements (Hudspeth and
Gillespie, 1994). Stretch-activated channels have been
isolated from bacteria and their molecular structure has
been reported (Sukharev et al., 1994). A stretch-sensitive
channel has also been identified in yeast (Kanzaki et al.,
1999); like the bacterial channels, this may be involved
in sensing osmotic stimuli. Finally, a group of genes have
been shown by genetic approaches in Caenorhabditis
elegans and Drosophila melanogaster to encode puta-
tive ion channels involved in mechanosensation (mec-4,
mec-10, Osm-9, and NompC; Gu et al., 1996; Lai et al.,
1996; Colbert et al., 1997; Walker et al., 2000). Mutations
in these genes cause variously loss of osmotic avoid-
ance, touch insensitivity, lack of responsiveness to
sound, and dyscoordination through impaired proprio-
ception.

II'To whom correspondence should be addressed at the following pres-
ent address: Eaton-Peabody Laboratory, Massachusetts Eye and Ear
Infirmary and Harvard Medical School, 243 Charles Street, Boston,
Massachusetts 02114 (e-mail: hellers@epl.meei.harvard.edu).

Because no genes encoding osmotically or mechani-
cally activated ion channels have been identified in ver-
tebrates, we undertook a search for mammalian and
avian homologs of OSM-9. We describe here a verte-
brate osmotically gated ion channel that is related to
OSM-9 and to the vanilloid receptor 1 (VR1; Caterina et
al., 1997). The functional properties of this channel upon
heterologous expression in eukaryotic cells, as well as
its gene expression pattern, suggest that itis an osmore-
ceptor involved in the regulation of systemic osmotic
pressure.

Results

Molecular Cloning of VR-OAC

In an attempt to identify osmoreceptive and mechano-
sensitive ion channels in vertebrates, we sought verte-
brate homologs of the C. elegans gene Osm-9, whose
product confers sensitivity to osmotic pressure, touch,
and specific odorants (Colbert et al., 1997). We also
used sequence information about two vertebrate pro-
teins with significant similarity to OSM-9, the vanilloid
receptor VR1, which responds to vanilloid ligands, and
the vanilloid receptor-like receptor VRL-1, which is acti-
vated by noxious temperatures (Caterina et al., 1997;
Caterina and Julius, 1999; Caterina et al., 1999).

Expressed-sequence tags encoding vertebrate pro-
teins homologous to OSM-9 and VR1 were identified in
GenBank and employed as probes for high-stringency
screening of a rat kidney cDNA library. This approach
resulted in the isolation of a cDNA of 3211 base pairs
that includes an open reading frame of 2613 nucleo-
tides. In a complementary strategy, a mixture of nucleo-
tide probes corresponding to the transmembrane regions
of OSM-9, VR1, and VRL-1 was used for low-stringency
screening of a mouse hypothalamic cDNA library and
of an arrayed chicken inner-ear cDNA library (Heller et
al., 1998). This led to the isolation of murine and chicken
cDNAs homologous to the rat cDNA. Finally, the se-
quence of the human ortholog was retrieved from the
high-throughput genomic-sequence database (Gen-
Bank accession number AC007834) and completed by
PCR-based cloning from HEK293 cell cDNA.

The novel protein identified in the four species has
the primary structural characteristics of an ion channel
and is named VR-OAC, for vanilloid receptor-related
osmotically activated ion channel. The predicted amino
acid sequences of VR-OAC from the four species are
depicted in Figure 1. Hydrophobicity analysis of VR-
OAC indicates a structure similar to those of OSM-9,
VR1, and VRL-1, with six predicted membrane-spanning
domains and a putative pore loop (Figure 2A). VR-OAC’s
amino-terminal domain bears three ankyrin repeats and,
like its carboxyl terminus, is predicted to occur intracel-
lularly. Analysis of phylogenetic relationships indicates
that VR-OAC represents a member of the OSM-9 family
in the TRP superfamily of ion channels (Figure 2B;
Harteneck et al., 2000).
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OSM-9, and CG4536 that do not align with the VR-OACs are omitted. Lowercase letters denote the first and last residues of insertions with

Figure 1. Analysis of VR-OAC Amino Acid Sequences

Comparison of the amino ac



VR-OAC, a Vertebrate Osmoreceptor
527

A

out out
[olololololelole] [elelelelole o 0]
00000000 3 o k- 3 - 00000000
in o0y g g 5 8 & 5 in

CeOSM-9
MmVR-OAC
RnVR-OAC
HsVR-OAC
GgVR-OAC
RNVR-1
RNVRL-1
—MmTRPS
L_MmTRP4

N
CeNompC
—_: DmCG4536

Figure 2. Schematic Structure and Phylogenetic Relations of
VR-OAC

(A) Schematic structure of VR-OAC predicted by hydropathy analy-
sis. Three ankyrin-repeat domains (ARD) occur near the amino termi-
nus. The channel’s core comprises six a-helical transmembrane
domains and a pore loop (PL).

(B) The phylogenetic relations among VR-OAC-related proteins, in-
cluding NOMPC and mammalian TRP proteins. The species abbrevi-
ations are provided in the caption of Figure 1.

Chromosomal Location of Vroac and Vr1 Genes

We identified genomic sequence-tagged sites flanking
the human VROAC locus and mapped the gene to chro-
mosome 12924 between the markers D12S1339 and
D12S2291. Because the human VR1 gene is located on
chromosome 17 (Touchman et al., 2000), VR-OAC and
VR1 stem from separate but related genes, rather than
from splice variants of the same gene.

To establish the map positions of these genes in the
mouse, we typed a radiation-hybrid panel and a BSS
interspecific cross from the Jackson Laboratory with
probes corresponding, respectively, to Vroac and Vr1.
Vroac mapped to the distal arm of chromosome 5 be-
tween the anchored markers D5Mit25 and D5Mit188;
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Figure 3. VR-OAC mRNA Expression in Rat Organs

A multiple-organ Northern blot demonstrates expression of a 3.2
kb VR-OAC mRNA in lung, spleen, kidney, testis, fat, and faintly in
trigeminal ganglia. The upper panel shows an autoradiograph of the
membrane hybridized with a VR-OAC-specific probe. As an indicator
of the relative mRNA loading, the lower panel shows the signal after
hybridization to detect the mRNA of glyceraldehyde 3-phosphate
dehydrogenase.

Vr1 was localized on chromosome 11 between D11Mit7
and D11Mit36. The map positions for both genes repre-
sent chromosomal locations with conserved synteny be-
tween the murine and human genomes.

Expression of VR-OAC

To determine the expression pattern of VR-OAC, we first
performed Northern blot analysis (Figure 3). A single
mRNA species of 3.2 kb was abundant in kidney, lung,
spleen, testis, and fat. A lower level of expression was
observed in sensory ganglia. When polyA+ RNA from
150 mouse cochleae was subjected to Northern blot
analysis, a faint 3.2 kb band of VR-OAC mRNA was
detected (not shown).

A more detailed analysis of VR-OAC expression was
performed by in situ hybridization. Although relatively
faint signals are characteristically associated with low-
abundance messages such as those for ion channels,
we detected VR-OAC mRNA in several sites. In the cen-
tral nervous system, VR-OAC was expressed in neurons
of two circumventricular organs, the vascular organ of
the lamina terminalis (VOLT) and the subfornical organ
(SFO; Figures 4A, 4B, and 4D). The median preoptic area
(MnPO) of the lamina terminalis also contained labeled
neurons (Figures 4A and 4D). VR-OAC mRNA occurred
in ependymal cells lining the choroid plexus of the lateral
ventricles (Figures 4C and 4D); the ependymal cells of
the third ventricle, on the contrary, did not express VR-
OAC (Figure 4A). Scattered neurons in other regions of
the brain, including the cerebral cortex, thalamus, hip-
pocampus, and cerebellum, expressed VR-OAC mRNA

respect to the RnVR-OAC sequence. Red columns highlight positions with identical residues over all sequences. Blue columns indicate
positions with identical residues within sequence groups (the VR-OACs, RnVR1 and RnVRL-1, and OSM-9 and CG4536). Cyan columns denote
conserved positions. The last alignment row shows the consensus sequence. The lowercase characters indicate conservation of chemical
classes: o = alcohol, | = aliphatic, a = aromatic, ¢ = charged, h = hydrophobic, p = polar, s = small, u = tiny, and t = turnlike. The percentage
of sequence identity of each sequence to the RnVR-OAC sequence is shown at the end of the alignment. Ankyrin-repeat domains (ARD, pale
blue boxes), transmembrane regions predicted by PHDhtm (TM, magenta boxes), putative pore-loop regions (PL, gray box), and the secondary
structures predicted for RnVR-OAC by PHDsec are indicated. The triangle indicates a putative cAMP-dependent phosphorylation site, open
circles denote predicted PKC phosphorylation sites, and filled circles indicate possible asparagine glycosylation sites.
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Figure 4. In Situ Hybridization Analysis of VR-OAC Expression in
the Central Nervous System

(A) In a coronal section of the lamina terminalis of the mouse brain,
VR-OAC-expressing neurons occur in the arched vascular organ of
the lamina terminalis (VOLT). Positive neurons are also located in the
median preoptic area (MnPO); a few labeled neurons are scattered
through the adjacent brain. The optic chiasm (OC) lies below the
third ventricle (lll), whose ependymal cells are unlabeled.

(B) In another coronal section of the murine lamina terminalis, VR-
OAC mRNA is abundantly expressed in neurons of the subfornical
organ (SFO). VHC, ventral hippocampal commissure.

(C) The ependymal cells of the choroid plexus (CP) of the rat’s lateral
ventricle (LV) express VR-OAC mRNA. CC, corpus callosum.

(D) Two orientation drawings situate the structures in panels (A)-(C)
in coronal sections of the rodent brain. The abbreviations are as
noted for those illustrations.

The sections in panels (A)-(C) were lightly counterstained with nu-
clear fast red. The scale bars correspond to 50 pm.

weakly (not shown). For these and all the other in situ
results presented, sense controls were uniformly nega-
tive (not shown).

In the mouse’s inner ear, VR-OAC was expressed in
both inner and outer hair cells of the organ of Corti
(Figure 5A) as well as in hair cells in the cristae of the
semicircular canals and in the utricular macula (not
shown). VR-OAC mRNA also occurred in large cell bod-
ies of the auditory ganglion and in marginal cells of the
stria vascularis (Figure 5B). Similar results were obtained
for avian VR-OAC in the chicken’s inner ear.

VR-OAC mRNA was abundantly expressed in the tri-
geminal ganglion in a subpopulation of sensory neurons
with large somata (Figure 5C). We also detected expres-
sion in Merkel cells within the sinuses of vibrissae on
the snout (Figure 5D).

In the kidney, VR-OAC mRNA was found in tubular
epithelial cells; a significantly weaker signal was also
apparent in glomeruli (Figure 5E).

Osmotic Gating of VR-OAC
To confirm that VR-OAC functions as an ion channel and
to determine the stimulus that gates it, we expressed the
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Figure 5. In Situ Hybridization Analysis of Rodent VR-OAC Ex-
pression

(A) In the murine cochlea, VR-OAC mRNA occurs in both inner hair
cells (IHC) and outer hair cells (OHC). SM, scala media.

(B) Marginal cells (MC) of the cochlear stria vascularis in the mouse
display VR-OAC mRNA.

(C) In the murine trigeminal ganglion (TG), VR-OAC mRNA occurs
in a population of large neurons. Specific staining is not detectable
in small and very large sensory ganglion cells.

(D) Surrounding the obliquely sectioned shaft of a vibrissa (V) from
an albino rat’s snout, Merkel cells (MeC) strongly express VR-OAC
(blue reaction product). Nerve fibers (NF) innervating the Merkel
cells are black following antineurofilament immunolabeling.

(E) In the cortex of the murine kidney, VR-OAC is strongly expressed
by epithelial cells of tubules (T). The expression in glomeruli (G) is
much weaker.

The scale bars correspond to 50 wm.

rat and chicken proteins in stably transfected Chinese
hamster ovary (CHO) cells. Untransfected CHO cells and
a line stably transfected with a VR1-expressing plasmid
served as controls. We loaded VR-OAC-expressing cells
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with the Ca?*-indicator fluo-4 AM and used conventional
and confocal microscopy to monitor changes in fluores-
cence, which reflected alterations in the intracellular
Ca?* concentration.

Upon osmotic stimulation of transfected cells, intra-
cellular fluorescence increased significantly within sec-
onds under hypotonic but not hypertonic conditions
(Figure B6A, upper panels). Cells expressing the rat and
the chicken orthologs were indistinguishable in their re-
sponsiveness. A control cell line expressing rat VR1 did
not respond to changes in osmotic strength but did
display strong Ca?" influx after exposure to the vanilloid
hyperagonist resiniferatoxin (Figure 6A, lower panels).
Individual transfected cells displayed two response pat-
terns during exposure to hypotonic conditions. Some
cells had elevated intracellular Ca?* levels throughout
the exposure (Figure 6B, upper trace). Other cells
showed oscillating intracellular Ca?* concentrations
(Figure 6B, lower trace) with as many as eight cycles of
increased fluorescence during a 2 min stimulus period.

If VR-OAC is naturally gated by changes in the trans-
membrane osmotic pressure, one would expect the
channel to respond to minute fluctuations. We con-
firmed this by observing responses as the osmotic
strength of the extracellular medium was decreased in
small increments (Figure 6C). VR-OAC-mediated Ca**
influx was detectable even upon exposure to an osmotic
strength of 292 mmol-kg~", a deviation of only 1% from
the control value (not shown).

We performed additional experiments to test the
specificity of VR-OAC’s response to osmotic stimuli.
Because chicken and rat VR-OAC-transfected cells did
not respond to isotonic reduction of the Na* concentra-
tion to as low as 50 mM, the channel is unlikely to sense
hyponatremia. The cells responded neither to the vanil-
loid hyperagonist resiniferatoxin nor to anandamide, an
endogenous cannabinoid and agonist of human and
rodent VR1 (Zygmunt et al., 1999). Furthermore, no re-
sponse was observed upon exposure of VR-OAC-trans-
fected cells in isotonic medium to temperatures ranging
from room temperature to 55°C.

The sensitivity of VR-OAC to osmotic stimulation was
noticeably increased at physiological temperatures
(Figure 6D). Interestingly, the temperatures of greatest
responsiveness differed between the rat and chicken
VR-OACs. The maximal sensitivity of the rat VR-OAC
occurred at the mammalian core body temperature of
37°C. For the chicken VR-OAC, maximal responsiveness
corresponded to the avian core body temperature of
40°C (Eppley, 1996). At 40°C, the difference in increase
of Ca?" influx between rat and chicken VR-OACs was
statistically significant (p = 0.03, Student’s t test). VR-
OAC is therefore capable of detecting small osmotic-
pressure changes under physiological conditions.

Origin of VR-OAC-Induced Ca?* Signals

The large and often oscillatory Ca?*" signals observed
after stimulation of VR-OAC-transfected cells suggest
responses amplified by the release of Ca?" from internal
stores, which is known to occur in CHO cells (Penner
et al., 1989). To confirm this possibility, we depleted
internal stores in control experiments by opening IP;-
gated channels with thapsigargin; we additionally pre-
vented Ca?" replenishment by blocking potentiation

channels with SKF 96365 (Merritt et al., 1990). Under
these conditions, hypotonic stimuli failed to further in-
crease the slightly elevated background level of Ca%**-
induced fluorescence (Figure 6E). These results suggest
that VR-OACs do not admit most of the Ca?" that ap-
pears in the cytoplasm upon osmotic stimulation, but
rather trigger Ca?* release from intracellular stores.

We next sought to determine whether Ca?* release
from internal stores is triggered by Ca*" entering the
cells through open VR-OACs. When loaded with fluo-4
AM in isotonic saline solution without Ca?*, VR-OAC-
transfected cells displayed only low baseline fluores-
cence (Figure 6F). No change in fluorescence was appar-
ent upon substitution of hypotonic solution lacking Ca?*;
subsequent addition of 2 mM Ca?* led within a few
seconds to a strong increase of intracellular fluores-
cence.

Two other experiments buttressed the conclusion that
Ca?* entering through VR-OACs triggers internal re-
lease. First, the fluo-4 fluorescence did not increase
upon depolarization of VR-OAC-transfected cells by ad-
dition of 20 mM K* to Ca?*-containing isotonic medium.
It follows that neither depolarization per se nor any sub-
sequent transmembrane flux of Na* or K suffices to
trigger release. Second, when transfected cells were
maintained in a solution in which the Na* and K* had
been replaced by 120 mM of the impermeant cation
N-methyl-p-glucamine, but the Ca?" concentration re-
mained 2 mM, an increase in fluorescence occurred
upon exposure to hypotonic solution of otherwise identi-
cal composition (not shown). These control experiments
establish that Ca** entry through VR-OACs is both nec-
essary and sufficient to evoke internal Ca?* release, but
do not exclude the possibility that additional molecular
signals intervene in the process.

Electrophysiological Characterization of VR-OAC
We evaluated the properties of VR-OAC by tight-seal
recordings from transfected cells. Consistent with the
fluorescence imaging experiments, hypotonic stress of
cells during whole-cell recording induced channel open-
ing within a few seconds to 2 min, whereas isotonic
stasis or hypertonic conditions did not (Figure 7A). Re-
versal-potential measurements indicated that the chan-
nel’s permeability to K* slightly exceeds that to Na* and
that the permeability to Cl~ is substantially lower.

VR-OACs displayed the dual rectification (Figure 7B)
found in some other members of the TRP superfamily
(Caterina et al., 1999). Because we used EDTA to lower
divalent-cation concentrations into the nanomolar range
and maintained identical ionic compositions for internal
and external solutions, rectification may be an intrinsic
property of VR-OAC, rather than a consequence of diva-
lent-cation blockage. Extracellular Ca?* evoked a pro-
nounced outward rectification by greatly reducing the
inward current (Figures 7A and 7B). This rapid and re-
versible response suggests that Ca?* produces a flicker
block of the channel’s pore. Ca?>" exposure also in-
creased the outward current relative to that seen in the
standard hypotonic solution. This response, which was
rapid, reversible, and reproducible across many cells,
betokens an additional Ca?*"-dependent modulation of
the channel.

Gadolinium ion (Gd®*) blocks the activity of many
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Figure 6. Gating of VR-OAC Investigated by Ca?* Imaging

(A) CHO cells, permanently transfected with an expression vector for chicken VR-OAC and loaded with the Ca?*-indicator fluo-4, are observed
by confocal microscopy. Replacement of the isotonic extracellular solution (295 mmol-kg~') with hypotonic medium (245 mmol-kg ") results
in a dramatic increase in fluorescence, reflecting a rise in the intracellular Ca®*" concentration (upper panels). Replacement of isotonic solution
restores the Ca?* concentration to its background level. In a quantitative analysis of frames from the series, each point represents the fluo-
4 fluorescence from a microscopic field containing approximately 2000 cells (plot). The peak fluorescence is 3.8X as great as the control
value. Control cells expressing rat VR1 do not exhibit alterations of intracellular Ca?* concentration when the osmotic strength is changed
(lower panels). Exposure to 200 nM of the vanilloid agonist resiniferatoxin increases the intracellular Ca?* concentration.

(B) Individual cells respond to hypotonic solution either by an elevated Ca?" concentration throughout the stimulus period (upper trace) or by
an oscillatory increase (lower trace). The peak fluorescence for each experiment is 5X as great as the respective control value.

(C) Cells stably transfected with chicken VR-OAC produce graded responses to a range of hypotonic solutions. The data points represent an
exchange from isotonic solution (295 mmol-kg~") to solutions with osmotic strengths (in mmol-kg~") of 223 (diamonds), 247 (triangles), 259
(squares), 273 (filled circles), 288 (stars), and 295 (open circles). The stimulus period is indicated below the traces. The peak fluorescence is
4.6X as great as the control value.

(D) The temperature sensitivity of cell lines stably transfected with rat or chicken VR-OAC is demonstrated by the fluorescence from roughly
2000 cells stimulated with hypotonic solution of 260 mmol-kg . Data are presented as means and standard deviations from 3-4 measurements.
For rat VR-OAC, the sensitivity peaks at 37°C, the mammalian core body temperature; for chicken VR-OAC, maximal responsiveness occurs
at 40°C, the avian core body temperature. RT, room temperature.

(E) In a control experiment, internal Ca*" stores are depleted with 10 .M thapsigargin and potentiation channels are blocked with 20 .M SKF
96365. Under these conditions, the modest background level of fluo-4 fluorescence does not increase upon exposure to hypotonic medium.
(F) When transfected cells in isotonic medium free of Ca?* are exposed to Ca*"-free hypotonic medium, no change occurs in the intracellular
fluo-4 fluorescence. When 2 mM Ca?* is added to the medium, however, the intracellular Ca?* concentration promptly rises.

stretch-activated channels (Yang and Sachs, 1989). shown). Similar observations were made by inside-out
Within the first few minutes of extracellular application, patch recordings. The slow development of the Gd®*-
the effect of 500 M Gd** on VR-OAC-transfected cells dependent block suggests that the ion suppresses con-
resembled that of Ca?". More protracted exposure to duction in VR-OACs through an indirect mechanism,

Gd** irreversibly abolished the whole-cell current (not rather than by tightly binding in the pore. Consistent
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results were obtained by fluo-4 imaging during Gd®**
application.

In patch recordings from VR-OAC-expressing cells,
we observed large single-channel currents (Figure 7C)
never encountered in control cells. On the basis of
clearly defined unitary currents, the single-channel con-
ductance of VR-OAC is 310 pS. In both inside-out and
outside-out excised patches containing multiple chan-
nels, gating exhibited strong voltage dependence. Be-
cause the current during the largest voltage steps was
often smaller than the response to smaller stimuli, the
channels may display inactivation.

We performed a control experiment to confirm that
the current through VR-OACs was unchanged under
conditions in which the internal Ca?* stores had been
depleted. After incubation in 10 uM thapsigargin and 20
wM SKF 96365, cells displayed characteristic VR-OAC
currents when stimulated with hypotonic solution. Like
VR1 (Caterina et al., 1997), VR-OAC is therefore not a
store-operated channel.

Deletion of the Ankyrin-Repeat Domain

The amino-terminal domain of VR-OAC includes three
ankyrin repeats that might physically link the receptor
to the cytoskeleton (Figures 1 and 2A). To evaluate the
potential importance of this domain, we constructed two
VR-OAC variants: eGFP-OAC, which bears the complete
coding sequence of rat VR-OAC fused at its amino termi-
nus to the carboxyl terminus of enhanced green fluores-
cent protein (eGFP), and eGFP-AOAC, a similar con-
struct lacking the first 402 amino acids of VR-OAC,
including all three ankyrin repeats. Confocal microscopy
of transiently and stably transfected cells indicated that
both the intact and deleted fusion proteins were local-
ized to the plasma membrane. The fusion proteins
sometimes produced membrane-associated fluores-
cent clusters that did not colocalize with focal adhesion

50 100

- Isotonic

- Hypertonic

-+ Hypotonic

- Hypotonic + Ca®*

Figure 7. Electrophysiological Characteriza-
tion of VR-OAC-Expressing CHO Cells

(A) Whole-cell current responses to voltage-
step stimuli illustrate the osmotic sensitivity
and Ca?"-dependent rectification of VR-OAC.
The membrane potential was held at 0 mV
and stepped in 20 mV increments to =100
mV (bottom family of traces). Cells exposed
to isotonic or hypertonic solutions responded
similarly to untransfected control cells. Hypo-
tonic solutions, however, elicited robust
whole-cell currents with marked outward rec-
tification in the presence of 1 mM free Ca?".
The rectification developed rapidly and dis-

appeared immediately upon withdrawal of
Ca*".

(B) The voltage-current relation under hypo-
tonic conditions displays dual rectification.
Inclusion of Ca*" in the hypotonic medium
significantly reduces the inward current.

20 pA (C) A current record from an inside-out patch
20ms at +80 mV shows unitary events correspond-

ing to a conductance of 310 pS. The upper
level represents the channel’s open state.
Although the results shown were taken from
chicken VR-OAC recordings, the electro-
physiological responses of the rat ortholog
corroborated the principal conclusions.

points visualized by paxillin immunolabeling (not
shown).

Both eGFP-OAC and eGFP- AOAC responded to hy-
potonic stimuli. Electrophysiological evaluation of os-
motically stimulated cells expressing the two fusion pro-
teins and native VR-OAC disclosed no significant
differences in their steady-state responses to hypotonic
stimulation (not shown). Ca2?*-imaging experiments re-
vealed, however, that cells expressing the fusion protein
without ankyrin repeats responded less robustly than
cells expressing the intact variant during the first 60 s
after application of a hypotonic stimulus. The ratio of
fluorescence 60 s after stimulus application to that be-
fore stimulation differed significantly (p < 0.01, Stu-
dent’s t test) between cells transfected with GFP-OAC
(4.4 = 2.1, mean = standard deviation, n = 7) and eGFP-
AOAC (0.8 = 0.4, n = 8).

Discussion

Although osmoreception and mechanoreception occur
at numerous locations in the vertebrate nervous system,
the identity of the receptor molecules is unknown. In
this report, we present evidence that VR-OAC acts in
vitro as a poorly selective vertebrate cation channel that
is gated by osmotic stress. Among the cell types that
express VR-OAC are neurosensory cells that have pre-
viously been demonstrated to respond to systemic os-
motic pressure. Because osmosensitivity is thought to
stem from the detection of membrane tension by mecha-
nosensitive channels, VR-OACs might be expected to
respond to other mechanical stimuli as well. Consistent
with this hypothesis, VR-OACs occur in mechanosen-
sory cells of the inner ear and the somatosensory
system.

VR-OAC belongs to the OSM-9 family of the TRP su-
perfamily of ion channels, whose members respond to
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ligands (VR1), heat (VR1 and VRL-1), and osmotic stimuli
(OSM-9 and VR-OAC). In C. elegans, the single protein
OSM-9 mediates responsiveness to ligands, osmotic
pressure, and touch; heat has not been tested (Colbert et
al., 1997). The gene ancestral to Osm-9 was presumably
replicated several times during vertebrate evolution, so
that the sensory functions mediated by OSM-9 have
been distributed among at least three different proteins,
VR1, VRL-1, and VR-OAC. VR-OAC is also distantly re-
lated to the mechanosensitive channel NOMPC in Dro-
sophila, but has no homology with the mechanosensitive
channel MID1 in yeast or with the putative channel com-
ponents MEC-4 and MEC-10 in Caenorhabditis.

Gating of VR-OAC

Our experiments establish that osmotic stimuli, presum-
ably acting through membrane stretch, efficiently gate
VR-OAC. Although the response of VR-OAC to osmotic
strengths slightly below the physiological setpoint sup-
ports the relevance of subtle changes in membrane ten-
sion as an effective stimulus, the gating mechanism of
VR-OAC is unknown. The relatively normal sensitivity of
the mutant receptor lacking the ankyrin repeats implies
that an ankyrin-mediated connection to the cytoskele-
ton is not essential for gating by osmotic stress, but a
connection might be required for rapid responsiveness.
VR-OAC might be part of a multimeric complex in which
a binding partner provides additional anchoring to the
cytoskeleton so that VR-OAC lacking its ankyrin repeats
nevertheless responds.

VR-OAC is the first osmotically activated channel to
be characterized in vertebrates. A fuller understanding
of its function in vivo awaits the results of analysis of
gene-targeted mice. However, the functional properties
obtained upon heterologous expression of VR-OAC and
the localization of its mMRNA suggest several possibilities
that are discussed below.

Potential Relevance of VR-OAC
for Systemic Osmoregulation
Systemic osmotic pressure is one of the most aggres-
sively defended setpoint values in vertebrate animals.
Osmoregulation by the central nervous system thus con-
stitutes a homeostatic circuit of vital significance. In the
nuclei of the central nervous system that are known
to function in osmoregulation, VR-OAC is expressed in
neurons of two circumventricular organs, the vascular
organ of the lamina terminalis (VOLT) and the subfornical
organ (SFO). The circumventricular organs represent the
only part of the brain lacking a blood-brain barrier (Mc-
Kinley and Oldfield, 1990). VOLT and SFO neurons,
which respond to changes in osmotic pressure, project
to the antidiuretic hormone-secreting magnocellular
neurosecretory cells in the supraoptic and paraventricu-
lar nuclei of the hypothalamus (Sibbald et al., 1988; Mc-
Kinley et al., 1992; Denton et al., 1996; Bourque and
Oliet, 1997). VOLT and SFO are thus regarded as osmo-
receptive sensory organs within the central nervous sys-
tem. Lesioning experiments have established a role for
the VOLT and SFO in osmotically induced drinking be-
havior (Thrasher et al., 1982; McKinley et al., 1999).

In support of the hypothesis that VR-OAC serves as
an osmoreceptor responsive to systemic hypotonicity,

expression in the VOLT corresponds with peroxidase
labeling that signals the absence of a blood-brain barrier
(Bisley et al., 1996). Moreover, the sensitivity of VR-OAC
is maximal at the core body temperature and lies within
the physiological range of osmoregulation.

The third part of the lamina terminalis that bears VR-
OAC-expressing neurons, the median preoptic area
(MnPO), differs from the VOLT and SFO by possessing
an intact blood-brain barrier. The MnPO has neverthe-
less been implicated in osmotically induced drinking
behavior and in adaptive responses leading to the secre-
tion of antidiuretic hormone (Travis and Johnson, 1993).
It is plausible that MnPO neurons sense circulatory os-
molality in the adjacent VOLT and SFO by means of
osmoreceptor-bearing axonal projections into those
areas.

The occurrence of VR-OAC in the choroid plexus of
the lateral ventricles suggests a role in sensing the hy-
drostatic or osmotic pressure of cerebrospinal fluid (Mc-
Kinley and Oldfield, 1990). The expression of VR-OAC
in the kidney by tubular cells, and to a lesser degree by
glomerular cells, also fits with a postulated osmosensory
function of the channel.

Potential Relevance of VR-OAC

for Inner-Ear Function

In the cochlea, expression of VR-OAC mRNA was de-
tected in marginal cells of the stria vascularis, nonsen-
sory cells that maintain the ionic composition of endo-
lymph and the endocochlear potential. VR-OAC in these
cells could participate in regulation of the osmotic or
hydrostatic pressure in the endolymph. VR-OAC mRNA
was also detected in cochlear outer and inner hair cells
and in vestibular hair cells. The channel might therefore
act as an osmotic sensor in the fluid homeostasis of
these cells.

Might VR-OAC form the hair cell’s mechanoelectrical
transduction channel? The channel’s physiological
properties, including voltage sensitivity and a single-
channel conductance of 310 pS, make this role improba-
ble for VR-OAC alone. The VR-OAC protein could, how-
ever, be part of a heteromultimeric transduction chan-
nel. It might alternatively mediate a second form of
mechanosensitivity in hair cells, the slow mechanical
response that persists after tip-link disruption (Meyer et
al.,, 1998). It is interesting in this context that nompC
null mutants display a small mechanoreceptor potential
(Walker et al., 2000) that might be caused by the Dro-
sophila ortholog of VR-OAC.

Potential Relevance of VR-OAC

for Somatosensory Function

VR-OAC mRNA is abundantly expressed by a subpopu-
lation of large neurons in the trigeminal ganglion. The
labeled cells include neither the small sensory neurons
that give rise to unmyelinated C fibers nor the very large
neurons whose A« (class |) fibers innervate muscle spin-
dles. VR-OAC mRNA occurs in neurons whose myelin-
ated, rapidly conducting Ay (class Il) and A3 (class lll)
fibers mediate epicritic mechanosensation. It is note-
worthy that the maximal sensitivity of VR-OAC at normal
body temperatures (Figure 6D) corresponds to the peak
thermal sensitivity for tactile and vibratory stimuli in
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mammals (Weitz, 1941; Fucci et al., 1976; Dehnhardt et
al., 1998).

We also observed VR-OAC mRNA in the Merkel cells
associated with vibrissae. Because of their synaptic
contacts with sensory nerve endings, Merkel cells have
been suggested to be mechanoreceptors (Andres and
von During, 1973).

In summary, we identified an osmotically activated
channel in the rat, mouse, human, and chicken. The
anatomical distribution of the novel channel suggests
that it plays a role in sensing systemic osmotic pressure
and the osmotic or hydrostatic pressure in several physi-
ological compartments of the body.

Experimental Procedures

Cloning of VR-OAC

A cDNA encoding VR-OAC was identified in a rat kidney library (Tate
et al., 1992) through screening with a 283 base-pair fragment derived
from W53556, an expressed sequence tag with homology to VR1.
Two million clones of a mouse hypothalamus cDNA library were
screened with a mixture of nucleotide probes corresponding to the
transmembrane regions of VR1, VRL-1, and OSM-9. Two 2.6 kb
clones harbored an incomplete mouse VR-OAC cDNA. The missing
5’ end was retrieved through 5’-RACE (Clontech Laboratories, Palo
Alto, CA).

221,184 randomly selected clones from a chicken auditory epithe-
lium cDNA library (Heller et al., 1998) were arrayed on nylon filters
(Genome Systems/Incyte Genomics Inc., St. Louis, MO). The re-
sulting macroarrays were screened with *P-labeled probes in a
fashion similar to that used for the hypothalamic cDNA library. One
clone contained the full-length coding sequence of chicken VR-
OAC. Six additional chicken VR-OAC cDNAs were isolated by con-
ventional plaque hybridization from the original chicken library.

Amino acid sequences were analyzed using the PSI-BLAST al-
gorithm (http://www.ncbi.nim.nih.gov), PSORT (http://psort.nibb.
ac.jp), the PHDsec program (Rost and Sander, 1993), and PHYLIP
(Retief, 2000).

Expression Analysis
Northern blot analysis was performed with a *?P-dCTP-labeled cDNA
probe corresponding to nucleotides 384-667 of the rat Vroac cDNA.
In situ hybridization was performed on frozen sections according
to established protocols (Heller et al., 1998; http://dir.niehs.nih.gov/
dirlep/ish.html). Two mouse VR-OAC mRNA-specific antisense ribo-
probes were used, one corresponding to nucleotides 384-667, en-
coding the amino terminus, and another corresponding to nucleo-
tides 1401-1746, encoding the first two transmembrane domains.
The respective sense probes served as controls.
Immunocytochemistry was performed according to established pro-
tocols (Liedtke et al., 1996) and the manufacturers’ suggestions (http://
www.zymed.com; http://home.att.net/~sternbmonoc/SMI35.htm).

Chromosomal Mapping

Radiation hybrid panel mapping was conducted with the T31 mouse-
hamster genomic DNA hybrid cell line panel (Research Genetics,
Huntsville, AL). A mouse-hamster polymorphism based on Vroac
cDNA nucleotides 384-501 was used for the PCR.

To map Vr1, we amplified from mouse genomic DNA an intronic
sequence between nucleotides 2082 and 2346. Using as templates
Mus spretus and M. musculus BL6 genomic DNA, we employed an
Xbal polymorphism to type the JAX BSS backcross panel, (C57BL/
6JEi X SPRET/Ei)F1 X SPRET/Ei (Rowe et al., 1994).

Cell Lines and Ca*-Imaging Experiments

The complete cDNAs of rat VR-OAC, chicken VR-OAC, and rat VR1
were subcloned into the eukaryotic expression vector pcDNA3.1
(Invitrogen, Carlsbad, CA). CHO-K1 cells (ATCC, Manassas, VA)
were transfected with these vectors and selected with G418 (Life
Technology, Gaithersburg, MD). Stable clones that expressed the

mRNAs were identified by Northern blot analysis and, for VR1, by
response to ligand.

For Ca?" imaging, cells were plated on glass-bottom dishes 36-48
hr prior to the experiment and loaded with fluo-4 by incubation for
30 min at room temperature in 1.5 mM of the acetoxymethyl ester
(Molecular Probes, Eugene, OR) in isoosmotic saline solution con-
taining 130 mM Na*, 2.5 mM K*, 2 mM Ca?", 1 mM Mg?*, 138.5
mM CI~, 20 mM p-glucose, and 10 mM HEPES at pH 7.3 (Babcock
et al., 1997).

Confocal analysis was performed with an MRC-1024ES system
(Bio-Rad, Hercules, CA) mounted on an inverted microscope (Zeiss
Axiovert 135TV, Carl Zeiss, Jena, Germany). Analysis of single-frame
or single-cell integrated signal density was performed on Macintosh
computers running NIH Image software (version 1.61; O’Neill et al.,
1989).

Solutions with different osmotic strengths were created by adding
water or mannitol to the saline solution. Unless otherwise noted,
the Ca?" concentration of all solutions was held constant at 2 mM.
Osmolalities were verified with a vapor-pressure osmometer (Vapro
5520, Wescor Inc., Logan, UT). The test solutions included a graded
series of hypotonic solutions (with 220 mmol-kg~"' the lowest osmo-
lality), a hypertonic solution (330 mmol-kg™), isotonic solutions at
295 mmol-kg ' with graded concentrations of Na* (with 50 mM the
lowest concentration), and hypotonic solutions containing 100 .M,
250 pM, and 500 uM GdCl,. Ligands used for stimulation were
resiniferatoxin (Sigma Chemicals, St. Louis, MO) at 0.2 uM and 5
wM and anandamide (Cayman Chemical, Ann Arbor, MI) at 5 pM
and 25 pM. To test whether VR-OAC is directly gated by increases
in temperature, we exposed dishes containing fluo-4-loaded cells
to temperatures ranging from room temperature to 30°C, 37°C, 40°C,
45°C, 50°C, and 55°C. Images were acquired during the thermal
stimulus series at intervals of 60 s for up to 10 min after the start
of heating. A series of calibration experiments confirmed that this
interval ensured proper thermal equilibration. A similar procedure
was used to test the response to hypotonicity at various tempera-
tures.

Electrophysiological Recordings

Electrophysiological characterization of VR-OAC was performed at
room temperature on CHO cell lines stably or transiently transfected
with one of four expression vectors, pcDNA3.1 (Invitrogen) with
inserts bearing chicken or rat VR-OAC, eGFP-OAC, or eGFP-AOAC.
These cells were selected because untransfected HEK 293 cells
responded to hypotonic stress and Xenopus laevis oocytes are sen-
sitive to membrane stretch (Yang and Sachs, 1989).

Cells plated on glass-bottom Petri dishes were observed through
a 40X water-immersion objective lens on an inverted microscope
equipped with Nomarski optics. Tight-seal pipettes were bent to
permit an orthogonal approach to a cell’s surface and heat-polished
to give resistances of 3-5 M(). Internal solutions typically contained
117 mM NacCl, 5 mM HEPES, 1 mM EDTA, and mannitol to achieve
isotonicity. Whole-cell and patch currents were recorded with a
voltage-clamp amplifier (EPC-7, List-Electronic, Darmstadt-Eber-
stadt, Germany). Cells were generally held at —60 mV. Pipette and
cell capacitances were largely compensated; series-resistance
compensation ranged from 10% to 60%. Responses were low-pass
filtered at 2 kHz with an eight-pole Bessel filter and sampled at
5 kHz.

During whole-cell recording, cells were maintained in isotonic
or slightly hypertonic solutions. Stimulation was accomplished by
perfusion of hypotonic solutions and measurements were performed
within 5 min of stimulation. The standard hypotonic solution con-
tained 117 mM NaCl, 5 mM HEPES, and 1 mM EDTA and had an
osmotic strength of 225 mmol-kg . Isotonic and hypertonic solu-
tions were prepared by supplementing this hypotonic solution with
mannitol to, respectively, 295 mmol-kg~" and 340 mmol-kg~'. All
solutions used in perfusion of cells had a pH of 7.3 and contained 1
mM phenol red for visibility. EDTA did not appear to have deleterious
effects on the cells, for whole-cell currents could be recorded stably
for over 20 min.

In studies of the effects of Ca*" and Gd** on whole-cell currents,
hypotonic test solutions included, respectively, 2 mM CacCl, or 500
wM GdCl;. Because carboxylic-acid Ca** chelators compromise the
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capacity of GdCl, to block mechanosensitive channels (Caldwell et
al., 1998), EDTA was excluded from the latter medium and the pipette
solution. Inside-out and outside-out patch recordings were per-
formed with isotonic NaCl solution lacking EDTA in the pipette and
an identical solution supplemented with 1 mM CacCl, in the bath.
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