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Abstract. Transient receptor potential (TRP) ion channels
have been identified as cellular sensors responding to di-
verse external and internal stimuli. This review will cover
the TRPV subfamily that comprises vertebrate and inverte-
brate members. The six mammalian TRPV channels were
demonstrated to function in thermosensation, mechanosen-
sation, osmosensation and Ca* uptake. Invertebrate TRPV

channels, five in Caenorhabditis elegans and two in Dro-
sophila, have been shown to play a role in mechanosensa-
tion, such as hearing and proprioception in Drosophila and
nose touch in C. elegans, and in the response to osmotic
and chemical stimuli in C. elegans. We will focus here on
the role that TRPV ion channels play in mechanosensation
and a related sensory (sub-)modality, osmosensation.
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Introduction

The transient receptor potential (TRP) ion channel was
first described in Drosophila, deriving its name from the
mutant phenotype of a transient receptor potential in re-
sponse to prolonged light stimulation [1-4]. Thereafter,
many TRP-related channels have been identified in inver-
tebrates and vertebrates, one in yeast, none in bacteria or
plants. In genetically tractable model organisms such as
Drosophila and Caenorhabditis elegans, genetic screen-
ing led to the discovery of additional TRP channels in-
volved in signal transduction in response to mechanical,
chemical, osmotic and thermal stimuli. These TRP chan-
nels include Drosophila NOMPC [5], Nanchung (NAN)
[6], Painless [7], and Pyrexia [8] and C. elegans OSM-9
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[9], OCR-2 [10] and LOV-1 [11]. In mammals, expres-
sion cloning led to the discovery of new TRP channels.
The finding of a novel TRP channel responding to the
ingredient of hot peppers, capsaicin, first named vanil-
loid receptor 1 (VR1), later TRPV, represented another
landmark [12]. TRPV1 was found to be gated by vanil-
loid ligands, noxious heat > 42 °C and acidity [13]. The
identification of TRPV1 as a thermal transducer molecule
subsequently led to the discovery of additional ‘thermo-
TRPs’, namely TRPV2 [14], -V3 [15-17], -V4 [18-20],
-M8 [21, 22] and -A1 [23], which appear to respond to
different temperatures from cold to hot. To date, some 70
TRP channels have been found in genomes of humans, C.
elegans, and Drosophila [24] and have been categorized
into 7 subfamilies by sequence homology: TRPC, TRPYV,
TRPM, TRPN, TRPA, TRPP and TRPML [25-27].

Emerging features of the TRP family include their physi-
ological role in sensory transduction with different sub-
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modalities [28—-33]. TRP channels are gated by diverse
external stimuli such as heat, cold, mechanical forces
and endogenous stimuli including intracellular signal-
ing components downstream of phospholipase-C [29,
34-36] as well as lipid signaling molecules [35, 37-44].
Recently, it was reported that in some TRP channels
gating was tightly modulated by membrane potential
[45-48]. Most TRP channels non-selectively mediate
influx of cations, but some members are very selective,
for example, TRPVS and -V6 exhibit Ca** selectivity
[49-52], and TRPM4b and -M5 are permeant only to
monovalent cations [46, 53-55]. With respect to their
predicted structure, TRP channels also show diversity;
the TRPC and TRPV subfamilies contain 3~5 multiple
ankyrin-binding repeats N-terminal to the transmem-
brane segments [26]. The TRPA and TRPN subfamilies
encompass 8~29 ankyrin repeat superdomains [5, 7,
23], but the TRPM and TRPP subfamilies lack ankyrin
repeats [26]. Some members in the TRPM subfamily
have a long C-terminus with enzymatic domains such
as an ADP-ribose phosphatase-related NUDIX domain
(TRPM2) [56] and an atypical kinase domain (PLIK:
phospholipase C-interacting kinase) (TRPM6, TRPM7)
[57-59]. Despite their generally low sequence homolo-
gy, all TRP channels share a basic building plan, namely
six predicted transmembrane domains with cytoplasmic
N-terminus and C-terminus and a pore region between
TMS5 and TM6. This topology bears a principal resem-
blance to voltage-gated potassium and also cyclic nucle-
otide-gated channels [25], suggesting that they originate
from a single proto-ancestor.

The TRPV subfamily

The founding members of the TRPV subfamily are
OSM-9 in C .elegans and TRPV1 in mammals, both
reported in 1997. OSM-9 was identified through genetic
screening for defects in osmotic avoidance [9]. TRPV1,
-V5 and -V6 were identified by an elegant expression
cloning strategy [12, 60, 61]. The remaining mammalian
TRPV channels, TRPV2, -V3 and -V4 were identified
by a candidate gene approach, respectively [14-20].
The latter strategy also led to the identification of four
additional ocr genes in C. elegans [10] and two Dro-
sophila TRPV channels, Nanchung (NAN) and Inactive
(IAV) [6, 62]. The TRPV channels can be subgrouped
into four branches by sequence homology (fig. 1). One
branch includes four members of mammalian TRPVs,
TRPV1, -V2, -V3 and -V4; in vitro whole cell recording
showed that they respond to temperatures higher than 42,
52, 31 and 27C, respectively, suggesting that they are
involved in thermosensation, hence the term ‘thermo-
TRPs’. Insightful review articles on ‘thermo-TRPs’ are
available [31,63-66], and we refer the interested reader
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Figure 1. A phylogenetic tree shows four branches of TRPV fam-
ily. TRPV1, -V2, -V3, -V4, -V5, -V6, mammalian TRPV channels.
Nanchung and Inactive, Drosophila TRPV channels. OSM-9, OCR-
1,-2,-3, C. elegans TRPV channels. The distance scale is expressed
as the number of substitutions per amino acid.

to these papers. The second mammalian branch includes
the Ca**-selective channels TRPV5 and TRPV6. Their
physiological function is likely to be in Ca** uptake in
the kidney and intestine [67-9]. One invertebrate branch
includes C. elegans OSM-9 [9] and Drosophila 1AV [62];
the other branch contains four C. elegans OCRs [10] and
Drosophila NAN [6].

This review will elaborate on the role that mammalian
and invertebrate TRPV channels play in signal transduc-
tion in response to osmotic and mechanical stimuli. We
coin the terms‘osmo-TRP’and ‘mechano-TRP’which
denotes the involvement of such a TRP channel in trans-
duction in response to an osmotic and/or mechanical
stimulus. Certainly, osmo- and mechano-TRPs comprise
family members that do not belong to the TPRV sub-
family, e.g. one would refer to TRPA1, NOMPC (and
others) as a mechano-TRP, but the scope of our review
will remain focused on the TRPV subfamily and the fol-
lowing pertinent questions. Do TRPV ion channels func-
tion in sensing and transduction of mechanical stimuli?
What about their role in response to osmotic stimuli? If
the answer to these questions is affirmative, how exactly
does it go? Which molecular mechanisms are involved?
Are the responses to either stimulus linked, possibly via
the transduction of membrane tension? Two main rea-
sons for the preliminary nature of arising answers is (i)
that the field of TRPV ion channels is ‘on the market’ for
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less than a decade [9, 12], and (ii) that the methodology
to answer the above questions with respect to TRPV ion
channels is challenging and complex.

Mammalian TRPV channels and mechano- and
osmosensation

TRPYV channels in mechanotransduction in
mammals: TRPV1 and TRPV4

With respect to mammalian TRPV channels, trpv] null
mice, which have previously been shown to be devoid of
thermal hyperalgesia following inflammation [70,71], also
displayed an altered response of their bladder to distension
[72]. The TRPV1 protein could be localized to sensory
and autonomous ganglia nerve cells, and also to urethelial
cells lining the pyelon, ureter and bladder. When bladder
and urethral-epithelial cells were cultured, their response
to mechanical stress was significantly different from wild-
type. More specifically, the TRPV1*-excised bladders
secreted ATP upon mechanical stretch which, in turn, is
known to excite nerve fibres in the submucosa of the blad-
der. This response to a mechanical stimulus was greatly
diminished in bladders excised from #rpvI null mice. It
appears likely that this mechanism, which is operative in
the mouse, also plays a role in human bladder epithelium.
Intravesical instillation of TRPV1-activating ligands is
being used to treat hyperactive bladder syndromes, as in
spinal cord disease, although the exact pathophysiology
and its modulation by TRPV1 agonists is not clear at this
point [73-76]. Another instance of an altered response to
mechanical stimulation in #rpv/ null mice pertains to the
response of the jejunum to mechanical distension [77].
Afferent jejunal nerve fibres were found to respond with
lowered frequency of discharge in #rpv/ null mice than
in wild-type (w.t.) littermates. In humans, in the rectum,
TRPV 1-positive fibres were found significantly increased
in patients suffering from fecal urgency, a pathologic hy-
persensitivity of the rectum to mechanical distension [78].
Expression of TRPVI1* fibres in rectal specimens from
these patients was correlated with a lowered threshold to
mechanical distension (the TRPV1"* fibres were also cor-
related with a subjective feeling of heat). Another recent
study focused on possible mechanisms of signal transduc-
tion in response to mechanical stimuli in vessels [79].
Elevation of intraluminal pressure in mesenterial arteries
was found to be associated with generation of 20-hydroxy-
eicosatetraenoic acid, which in turn activated TRPV1 on
C-fibre nerve endings, which resulted in depolarization of
nerves and consequent vasoactive neuropeptide release.
With respect to nociception, TRPV1 was shown to be in-
volved in inflammatory thermal hyperalgesia, but not me-
chanical hyperalgesia in mice [80, 81]. However, a specific
blocker of TRPV1 reduces mechanical hyperalgesia in the
rat [82]. This finding in rats is not in keeping with a lack of

Review Article 2987

a difference between frpvI null mice and w.t. littermates.
Either this may be due to a species difference between rat
and mouse with respect to signal transduction in inflam-
mation-induced mechanical hyperalgesia and the role of
TRPV1, or it may be due to the different mechanisms that
affect the signaling in a general gene knockout (i.e. of the
trpvl gene) vs. a specific pharmacological blocking (of
the TRPV1 ion channel protein, which most likely partici-
pates in a multiple-protein signaling complex).

In trpv4 null mice, the response to mechanical stimula-
tion is altered [83, 84]. In the absence of TRPV4, which
in w.t. could be demonstrated to be expressed in sensory
ganglia [83] and, in skin, in subcutaneous nerve fibres and
keratinocytes (epithelial cells) [85, 86], the threshold for
noxious mechanical stimulation was significantly elevat-
ed. This result was obtained using two standard tests, the
Randall-Sellitto test, which applies mechanical pressure
by squeezing the paw (or the tail), and an automatized
von-Frey test, which applies mechanical pressure by pok-
ing the hindpaw from underneath, leading to withdrawal
[83]. In rats, however, an antisense-mediated knock-down
of TRPV4 protein in dorsal root ganglion neurons did not
increase the threshold for mechanical noxious stimuli
[87]. In mice, paw withdrawal in response to a noxious
thermal stimulus, an infra-red beam applied to the paw
(Hargreave’s test), was no different between trpv4 null
and w.t., neither was the escape response of the mice in
response to the hot-plate test [83, 84]. However, a more
sophisticated evaluation of abnormalities toward thermal
stimuli revealed an abnormal inflammatory hyperalgesia
in trpv4 null mice, and altered behavior in a thermal gra-
dient [88, 89]. When the rats were sensitized with taxol,
their threshold for noxious mechanical stimuli was dras-
tically lowered as a result of the taxol-induced neuropa-
thy (taxol is a chemotherapeutic agent used in patients
suffering from breast and ovarian cancer, and is known to
induce a painful neuropathy in humans when surpassing
a limiting dose) [90, 91]. When these rats were treated
intrathecally with the TRPV4-specific antisense oligo-
nucleotide, the threshold for mechanical painful stimuli
went up [92]. This effect unambiguously suggests a role
for TRPV4 in mediating hyperalgesia in response to me-
chanical stimuli in a neuropathic pain model. Last, but
not least, with respect to mechanoreception in #rpv4 null
animals, trpv4 null mice do not show any sign of inner
ear dysfunction, including deafness [83], which has to be
viewed against the expression pattern of the trpv4 gene
in the inner ear [18, 93]. trpv4 messenger RNA (mRNA)
could be detected in the secretory epithelia of the stria
vascularis/tegmentum vasculare and in neurosensory in-
ner ear hair cells of both rodents and birds. This negative
finding in vivo does, however, not exclude a role for trpv4
in inner ear function.

With respect to the functioning of TRPV2 in vivo, we
cannot tell because the rpv2 null mouse has not yet been
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published. Findings in a #rpv3 null mouse were reported
very recently [94]. Deletion of the trpv3 gene led to ab-
normalities of thermosensation and thermal preference.
Inflammatory hyperalgesia in response to mechanical
stimulation was not found to be different between rrpv3
null mice and w.t. littermate controls. Testing of the thresh-
old for noxious mechanical stimuli was not reported.

TRPV channels in transduction of osmotic stimuli in
mammals: TRPV1 and TRPV4

In regard to the response of TRPV channels to osmotic
stimuli in vivo, we comment on what we know about the
role of TRPV1 and -4 in response to osmotic stimuli in
live animals. Before we tackle this subject, it is worth-
while considering the nature of the osmotic stimulus on
a cell and on a mammalian organism [95, 96]. Osmotic
stimulation is any deviation from an osmotic set point,
which in most mammals is 295 mosmol/l [97, 98]. For
a multicellular organism with an internal milieu, hyper-
tonicity can be considered the more relevant stimulus
because accumulation of osmolytes is an unavoidable
consequence of metabolism, i.e. if metabolism is nec-
essary for life itself, then life can be considered a race
against hypertonicity. When confronted with a deviation
from the iso-osmotic set point, cells respond with initial
swelling or shrinkage, and then with counter-regulatory
volume regulation. Mammalian organisms respond to
deviations from the osmotic set point by a complex set
of measures that consist mainly of alterations of secre-
tion of a water-saving hormone, anti-diuretic hormone
(ADH), also called vasopressin, and alterations in water
intake [97-100]. Deviations from systemic tonicity are
being sensed in the lamina terminalis, the anterior wall of
the third ventricle adjacent to the anterior hypothalamus
in the central nervous system (CNS) [101]. In the lamina
terminalis, the sensory circumventricular organs, orga-
num vasculosum laminae terminalis (OVLT) and subfor-
nical organ (SFO), do not possess a blood-brain barrier
[102-104]. ADH is being synthesized in magnocellular
neurons in the supraoptic and paraventricular nucleus of
the hypothalamus [105]. These neurons have been dem-
onstrated to be directly sensitive to osmotic stimulation
by activation of stretch-inactivated cation channels of a
yet unknown molecular identity [98]. However, these
neurons are not located outside the blood-brain barrier,
and their known projections to the circumventricular
organs involve synaptic relay [98, 99, 101]. At the cel-
lular level, an osmotic stimulus can be regarded as a me-
chanical stimulus, because a change in volume alters cell
membrane tension, a mechanical force parallel to this
membrane. However, a change in cell volume could con-
ceivably lead to only a small or even no change in mem-
brane tension provided the membrane is very ‘loose’,
possibly being involved in the formation of multiple
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processes. From yeast cells we also know that another re-
sponse to osmotic stimulation can be the specific activa-
tion of intracellular phosphorylation/dephosphorylation
signaling cascades [106—108]. This appears to be true
also in mammalian cells. These two basic response pat-
terns — osmotic stimulus leading to mechanical stimula-
tion of the cell membrane vs. osmotic stimulus leading to
activation of intracellular phosphatase/kinase signaling
cascades — need not be mutually exclusive (fig. 2).

Returning to the question which roles TRPV1 and TRPV4
play in the response to osmotic stimulation in live animals,
the focus will first be on the latter channel. trpv4 null
mice, when challenged with systemic hypertonicity, did
not counter-regulate their systemic tonicity as efficiently
as w.t. littermates [83]. Their drinking was reduced, and
systemic osmotic pressure was significantly elevated.
Continuous infusion of the ADH analogue dDAVP led
to systemic hypotonicity, whereas renal water readsorb-
tion capacity was not impaired in either genotype. ADH
synthesis in response to osmotic stimulation was impaired
in #rpv4”" mice. Hypertonic stress led to diminished ex-
pression of c-FOS* cells in the circumventricular organ,
OVLT, indicative of impaired osmotic activation. These
findings in #rpv4~~ mice point toward a defect in osmotic
sensing in the CNS. Thus, TRPV4 is necessary for the
maintenance of osmotic equilibrium in mammals. It is
conceivable that TRPV4 acts as part of an osmotic sensor
in the CNS. The impaired osmotic regulation in #rpv4 null
mice reported in the paper referenced above differs from
that published in another report. While our experiments
showed that trpv4 null mice secrete reduced amounts of
ADH in response to hypertonic stimulation, the results
from Mizuno et al. [109] suggest that there is an accentu-
ated ADH response to water deprivation and subsequent
systemic administration of propylene glycol to mice. The
reasons for this discrepancy are not clear; perhaps they
are due to methodological differences. A blunted ADH
response and diminished cFOS response in the OVLT
in trpv4 null mice upon systemic hypertonicity suggests,
as one possibility, an activation of TRPV4" sensory cells
in the OVLT by hypertonicity. This consideration, in
contradiction to what can be learned from heterologous
cellular expression systems, is important and will be fol-
lowed up further below. When using osmotic stimuli as
noxious stimuli, hypotonicity-induced paw withdrawal
in mice and rats did not differ in #rpv4 knock-out or
knock-down animals when compared with w.t. [87, 92].
However, when paws were pre-sensitized with prostag-
landin E2, w.t. controls were significantly more sensitive
to a hypotonic aversive stimulus than ¢rpv4 knock-out or
knock-down animals. With respect to the frpvl gene, the
bladder epithelial cells of ¢rpvI null mice did not respond
to hypotonic osmotic stimulation in explant culture when
compared with w.t. littermates [72]. Recently, Bourque
and colleagues communicated that the trpvl gene is
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necessary for osmotic sensing and secretion of ADH in
response to osmotic stimuli in the CNS [158-159].

Considerations regarding heterologous cellular
expression systems

When exploring the function and physiology of ion chan-
nels, heterologous cellular expression systems permitted
the most rewarding investigations, e. g. for voltage-gated
channels, but also for ligand-gated channels such as the
nicotinic acetylcholine receptor, GABA-ergic channels
and NMDA receptors. It is perhaps slightly underappre-
ciated that this concept cannot be translated seamlessly to
the investigation of channels that respond to osmotic and
mechanical stimuli. Non-specific effects may result from
perturbation of the cells through purely physical effects
of these stimuli. With respect to mechanical stimulation,
a substantial problem lies in the application of the stimu-
lus, e.g. stretching the cell, and the measurement of the
subsequent cellular response. First, a latency has to be
determined in order to be able to differentiate direct acti-
vation of the channel, i.e. mechanotransduction happens
exclusively by activation of the channel without other
signaling molecules directly involved in this signaling,
vs. an indirect response, i.e. mechanotransductory chan-
nel activation occurs downstream. For a direct response,
a latency shorter than 1 ms is required [110, 111]. With
currently available technology, this means that patch-
clamp recordings have to be performed. In this setting, a
substantial challenge is the application of the mechanical
stimulus without disturbing recording. With respect to
tonicity, the precise beginning of the osmotic stimulus
cannot be defined. When applying the osmotic solution
by means of streaming bath solution, one has to realize
that a mechanical stimulus is co-applied, namely flow,
notably so in case the cell bears any mechanosensitive
processes. Also, it is important to consider that osmotic
and mechanical stimuli as activators of ion channels are
distinctly different from specific ligands/activators (e. g.
GABA, NMDA). It can reasonably be assumed that
most given cells harbor an innate response to primal
biophysical stimuli such as tonicity and touch; i.e. het-
erologously expressing a given channel in this context
is supplementing a pre-existing signaling apparatus by
one more molecule. It is quite clear, on the other hand,
that the situation is different for e. g. the response of an
epithelial or fibroblast cell to a nervous system-specific
ligand/activator such as GABA or NMDA.

Heterologous expression data for TRPV4

Bearing in mind these qualifiers, a response to osmotic
and mechanical stimuli in heterologous cellular expres-
sion systems could be demonstrated for TRPV4 and
TRPV2. Chinese hamster ovary (CHO) tissue culture cells
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responded to application of hypotonic solution when they
were (stably) transfected with TRPV4 [18]. HEK-293T
cells were found to harbor frpv4 complementary DNA
(cDNA), which was cloned from these cells. However,
trpv4 cDNA was absent in other batches of HEK 293T
cells, so that this cell line was used as heterologous ex-
pression vehicle by other investigators [19, 20]. Notably,
when comparing the two settings it was obvious that the
single-channel conductance was very different [18, 19].
This clearly underscores the relevance of the comprehen-
sive gene expression pattern in a heterologous cell system
for the functioning of TRPV4 in response to a very basic
biophysical stimulus. It is conceivable that this also ap-
plies to other TRP channels and to other such stimuli.
It will be interesting to learn about the specific TRP(V)
channel protein ‘interactomes’ in a given type of cell. All
interaction partners, particularly other ion channel sub-
units, can be regarded as candidate regulators of channel
activity. Also, it was found that the sensitivity of TRPV4
could be tuned by warming of the media. Peak sensitivity
of gating in response to hypotonicity was recorded at core
body temperature of the respective organism, and TRPV4
channels from both birds (chick, core body temperature
40°C) and mammals (rat, 37 °C) were compared in CHO
cells [18]. This experiment was later recapitulated with
mammalian TRPV4 in HEK-293T cells [112]. In addi-
tion, in this investigation, the cells were mechanically
stretched, without a change of osmotic pressure. At room
temperature, there was no response upon mechanical
stimulation; however, at 37°C the isotonic response to
stretch resulted in the maximum calcium influx of all con-
ditions investigated. In two other investigations, TRPV4
was found to be responsive to changes in temperature [86,
113]. Change in temperature was accomplished by heat-
ing the streaming bath solution (see above considerations
regarding flow). Gating was increased when hypotonic
solution was used as bath solution. In one investigation,
temperature stimulation could not activate the TRPV4
channel in cell-detached inside-out patches [113]. With
respect to the gating mechanism of TRPV4 by hypotonic-
ity (as discussed above for the dualism [change in tonicity
leads to change in membrane tensile strength] vs. [change
in tonicity leads to altered phosphorylation states in intra-
cellular signaling cascades]), other investigations report
conflicting results on phosphorylation sites of TRPV4
that are necessary for the response to hypotonicity.

One paper reported that TRPV4 was tyrosine-phospho-
rylated in HEK-293T cells and in murine distal con-
voluted tubule cells from kidney [114, 115]. Tyrosine
phosphorylation was sensitive to a specific inhibitor of
the Src family tyrosine kinases. The Lyn tyrosine kinase
was found to coimmunoprecipitate TRPV4 protein and to
bear a prominent role in phosphorylation of the TRPV4
protein, in which the amino acid residue Y253 was found
to be pivotal. A point mutation of Y253 greatly reduced
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hypotonicity-induced channel activity. On the other
hand, in another investigation, in HEK-293T cells, hypo-
tonicity activated TRPV4 by means of phospholipase-A2
formation of arachidonic acid via a cytochrome P450
epoxygenase pathway [116]. In HEK cells, this signal-
ing mechanism did not apply for activation of TRPV4
by heat or by the phorbol-ester 4-alpha PDD. This lat-
ter activation mechanism was found to be dependent on
phosphorylation of Y555 of TRPV4. However, the au-
thors of this study could not replicate the aforementioned
finding, namely that tyrosine kinase phosphorylation of
residue Y253 of the TRPV4 channel was pivotal for hy-
potonicity-induced gating. In yet another investigation,
mentioned above in respect to response of live animals to
painful mechanical stimuli, the alteration of mechanical
hyperalgesia in a taxol-induced neuropathy pain model
in the rat was found to be sensitive to blocking of Src-
type of tyrosine kinase inhibitors [92]. This was also true
for the Ca**-influx response of explanted DRG ganglion
neurons to hypotonicity.

What lessons might be learned from these three inter-
esting investigations, all of which were elegant studies
conducted by well-respected groups? The discrepancy be-
tween the first two studies reiterates the importance of the
role of the host cell in heterologous expression systems
and, possibly, their respective transcriptome. With respect
to mechanical hyperalgesia in rodents with taxol-induced
neuropathy, it would be interesting to see whether a mouse
knock-in of a distinct point mutation of TRPV4, such as
Y253F, would have a diminished mechanical hyperalge-
sia and whether the DRG ganglion cells of this line of
mice would respond differently with respect to their
hypotonicity-induced Ca** influx. In a very recent paper,
the ciliary beating frequency of ciliated cells was found
to be influenced by gating of TRPV4 [117]. In explanted
ciliated cells, and also in heterologously transfected HeLa
cells, TRPV4 could be activated (mechanically) by expos-
ing the cells to hyperviscous, isotonic media.

Heterologous expression data for TRPV2

With respect to the TRPV2 ion channel, it was initially
described as a temperature-gated ionotropic receptor
for stimuli > 50°C [14]. Recently, TRPV2 was also
demonstrated to respond to hypotonicity and mechanical
stretch [118]. Arterial smooth muscle cells from various
arterial territories expressed TRPV2 protein. These cells
responded to hypotonic stimulation with calcium influx.
This activation could be reduced by specific down-regu-
lation of TRPV2 protein by antisense oligonucleotides.
Heterologously TRPV2-expressing CHO cells displayed
a similar response to hypotonicity. These cells were also
stretched by applying negative pressure to the patch pi-
pette and by stretching the cell membrane on a mechani-
cal stimulation device. Both maneuvers led to calcium
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influx that was dependent on heterologous expression of
TRPV2. There are no reports on whether these responses
depend on tyrosine-kinase-induced phosphorylation of
specific TRPV2 residues.

... in aggregate ...

Thus, from these in vitro studies we can conclude that
both TRPV4 and TRPV2 are ionotropic candidate mech-
anoreceptors involved in the transduction of osmotic and
mechanical signaling. In addition, up to this point, heter-
ologous expression systems did not reveal any evidence
that TRPV1, -3, -5 or -6 responded to such stimuli. From
the studies in genetically engineered rodents, it appears
that both TRPV1 and TRPV4 are involved in the response
to mechanical and osmotic stimuli in vivo (with #rpv2 and
trpv6 null mice not yet reported). Clearly, the findings
in heterologous expression systems pertaining to TRPV
channel activation in response to biophysical stimuli with
basic relevance for cellular homeostasis, such as tempera-
ture, mechanical, osmotic and ionic stimuli, will have to
be interpreted with caution. On the other hand, findings
from live animals are of considerable value in this respect.
However, with respect to animal data, some important
qualifiers have to be kept in mind. First, one needs to
ascertain the activity of the respective promoter in a given
cell population. Either the cells have to homogeneously
express a given TRPV gene, e.g. the TRPV3 or TRPV4
protein in the epidermis of the skin, or the cell harboring
an active trpv promoter has to be highlighted by a (fluo-
rescent) reporter gene. Rodent transgenic technology will
permit the generation of such mouse lines [119, 120],
which will have to be crossed into the respective trpv null
lines. Second, ‘knocking out’ a given trpv gene represents
an attractive first-line approach, but one has to be aware of
the possibility of developmental compensation leading to
‘masking’ of a phenotype. This can be avoided by gener-
ating ‘second generation’ knock-out models with cre-lox
technology that leads to tissue/cell-specific deletion of a
targeted gene, and by ‘third generation’ knock-out tech-
nology that will permit not only tissue/cell-specific target-
ing, but also feature inducibility, i.e. temporal control.

C. elegans TRPV channels and mechano-,
osmosensation

Cloning of the osm-9 gene, a founding member of the
trpv gene family

At the end of 1997, about the same time that the landmark
TRPV1 paper made the cover of Nature [12], a paper was
published in the Journal of Neuroscience entitled ‘OSM-
9, a novel protein with structural similarity to channels,
is required for olfaction, mechanosensation and olfactory
adaptation in Caenorhabditis elegans [9]. The discoveries



Cell. Mol. Life Sci. ~ Vol. 62, 2005

reported in these two papers can be regarded as the found-
ing events for the TRPV subfamily of ion channels. The
osm-9 mutant was found in a forward genetics screen in
C. elegans that applied a confinement assay with a high-
molar osmotically active substance. osm-9 mutants did
not respect this barrier, and the mutated gene was found to
be a TRP-related ion channel. On closer analysis, osm-9
mutants did not respond to aversive osmotic stimuli, they
did not respond to mechanical stimuli applied to their an-
terior end (‘wormnose’) and they displayed sensory defi-
cits in their response to odorant cues. The OSM-9 chan-
nel protein was expressed in amphid sensory neurons,
the worm’s cellular substrate of exteroceptive sensing of
chemical, osmotic and mechanical cues. In this respect,
it should be reiterated that worms are not capable of per-
ceiving light, and the mechanical sense refers to touch
including vibration of the supporting media, but worms
cannot hear. The OSM-9 channel protein was expressed
in the sensory cilia of the AWC and ASH amphid sen-
sory neurons. Bilateral laser ablation of the ASH neuron
is known to lead to a deficit in osmotic, nose touch and
olfactory avoidance [121]. ASH has thus been termed the
‘nociceptive’ neuron [122]. The OSM-9 protein could not,
however, be expressed in heterologous cellular expression
systems, and explant cultures of amphid sensory neurons
were not functional (see below).

Four more trpv genes in the C. elegans genome;

ocr-2 gene functions in nociception

Next, from the same laboratory, four additional TRPV
channels from C. elegans were reported, named OCR-1
to -4 (OSM-9 and capsaicin-receptor related channels
1-4) [10]. Of these four channels, only the OCR-2 chan-
nel was found to be expressed in ASH. Because of the
prominent role of ASH in the response to osmotic and
mechanical stimulation, the investigation focused pro-
minently on OCR-2. The ocr-2 mutant phenotype was
virtually identical to the osm-9 phenotype with respect
to ‘nociceptive’ submodalities, and there was genetic
evidence that the two channels were necessary for the
proper intracellular trafficking of other TRPV channels
in sensory neurons, indicating that these channels inter-
act. When expressing the mammalian capsaicin receptor
TRPV1 in the ASH sensory neurons, neither osm-9 nor
ocr-2 mutants could be rescued for any of their deficits,
but osm-9 ash::trpv1 transgenic worms displayed a brisk
avoidance response to TRPV1 ligands such as capsaicin,
which normal worms virtually do not respond to.

TRPV4 expression in ASH rescues osm-9 mechanical
and osmotic deficits

Next, TRPV4 was transgenically targeted to the ASH
neurons of osm-9 mutants. Surprisingly, TRPV4 ex-
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pression in C. elegans ASH rescued the osm-9 animal’s
defects in avoidance of hyperosmotic stimuli and nose
touch [123]. However, mammalian TRPV4 was unable
to rescue the odorant avoidance defect of osm-9, suggest-
ing that this specific function of TRPV channels differs
between vertebrates and invertebrates. This basic finding
of the rescue experiments in osm-9 ash::trpv4 worms
has important implications for mechanisms of signal
transduction, a schematic representation is shown (fig.
2A-C).

TRPV4 appeared to be integrated into the normal ASH
sensory neuron signaling machinery, since the transgene
failed to rescue these deficits in C. elegans mutants de-
fective in osmosensation and mechanosensation (includ-
ing OCR-2, bespeaking the specificity of the observed
response). A point mutation in the pore loop of TRPV4,
M680K, markedly reduced complementation, indicat-
ing that TRPV4 very likely functions as an ion channel
in the transduction of osmotic and mechanical stimuli
in vivo. In an attempt to recapitulate the properties of
the mammalian channel in the aversive reaction of the
worm, the sensitivity for osmotic stimuli and the effect
of temperature on the avoidance responses of osm-9
ash::trpv4 worms more closely resembled the known
functional properties of mammalian TRPV4 than that
of normal worms. These data suggest that TRPV4 func-
tions as an osmotically and mechanically gated channel,
and that, in this model, TRPV4 directs the osmotic and
mechanical avoidance behavior of the worm. Our inves-
tigation suggested that TRPV4 functions as (part of) the
sensor for osmotic and mechanical stimuli. This is illus-
trated in figure 2B (tonicity signaling) and -2C (mech-
anotransduction). The characteristics of the response of
osm-9 ash::trpv4 worms more closely resemble those of
the TRPV4 channel than those of w.t. worms in several
important respects. osm-9 ash::trpv4 worms respond to
mildly hyper-osmolar solutions that are not sensed by
normal worms. In addition, the modulating effect of
temperature on the response of osm-9 ash::trpv4 worms
resembles known properties of mammalian TRPV4 in
heterologous expression systems. It appears unlikely
that these fundamental properties of the response of
osm-9 ash::trpv4 worms would resemble those of mam-
malian TRPV4 if it were downstream of the sensor.
Moreover, TRPV4 does not complement the odorant
avoidance deficit of osm-9 worms, where G-protein-cou-
pled receptors function as the sensors, and TRPV4 did
not function down stream of other known mutations that
affect nose touch and osmotic avoidance in C. elegans.
In aggregate, these data and considerations suggest that
mammalian TRPV4 was functioning as the osmotic and
mechanical sensor or at least a component of it. It should
be reiterated that TRPV4 was practically expressed only
in ASH, a single sensory neuron, where the mammalian
protein, with a similarity to OSM-9 of approximately
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Figure 2. Schematic repre-
sentations illustrating how
signal transduction in sensory
(nerve) cells in response to
odorant (A), osmotic (B) and
mechanical (C) stimuli could
possibly function. (A) The
odorant activates the TRPV
ion channel via a G-protein-
coupled receptor mechanism.
Such a mechanism is opera-
tive in the ASH sensory neu-
ron of C. elegans in response
to e. g. 8-octanone, a repulsive
odorant. Intracellular signal-
ing cascades downstream
of the G-protein-coupled
receptor activate the TRPV
channel, OSM-9 or OCR-2.
Calcium influx through the
TRPV channel serves as an
amplification mechanism,
which is required for this
signaling pathway to lead to
the stereotypical withdrawal
response. (B) This drawing
represents two possibilities
for how tonicity signaling
could work. In one alterna-
tive scenario, depicted on the
right-hand side, the TRPV
channel  functions  down-
stream of a — yet unknown
— osmotic stimulus transduc-
tion mechanism, which is
directly activated by a change
in tonicity. This is conceptu-
ally related to what is depicted
in (A). Intracellular signaling
via  phosphorylation  (de-
phosphorylation)-dependent
pathways activates the TRPV
channel. For heterologous cel-
lular expression systems, two
groups have obtained data,
contradictory in its detail,
that suggest phosphorylation
of TRPV4 to be of relevance
[114, 116]. On the left-hand
side of the representation,
note another scenario where
the TRPV channel is at the

top of the signaling cascade, i.e. it is directly activated by a change in tonicity, which in turn leads to an altered mechanical tension of the
cytoplasmic membrane via volume change. Note that the two alternatives need not be mutually exclusive. Apart from phosphorylation of
the TRPV channel, which could possibly be of relevance in vivo, a direct physical linkage of the TRPV channel to the cytoskeleton, to the
extracellular matrix and to the lipids of the plasma membrane adjacent to the channel has to be entertained. (C) This drawing represents two
possibilities for how mechanotransduction could work. Here, depicted on the right-hand side, an unknown mechanotransduction channel
responds directly to the mechanical stimulus with calcium influx. This activity and the subsequent signal transduction are modulated more
indirectly by the TRPV channel, which acts on the unknown transduction channel, onto the biophysical properties of the membrane, and
via other, yet-unknown intracellular signaling mechanisms. The left-hand side depicts another alternative. Here, the TRPV channel is the
mechanotransducer itself, i.e. it is activated directly via mechanical stimulation. The data from [123] suggest the scenarios where the TRPV
channel (namely TRPV4) is the transduction channel itself, whereas what is depicted in (A) is not functional when the OSM-9 (or OCR-2)
TRPV channel is substituted by mammalian TRPV4.

25%, was trafficked correctly to the ASH sensory cilia.
The rescue was specific (not for OCR-2, not by mamma-
lian TRPV1), and it respected genetically defined path-

ways for osmotic and nose-touch avoidance. Thus, this
approach has considerable impact on the understanding
of the functioning of TRPV4 and on TRPV channel
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functioning in general. However, this investigation also
brings up stimulating questions. While TRPV4 restores
responsiveness to hyper-osmotic stimuli in C. elegans
osm-9 mutants, it is only gated by hypo-osmotic stimuli
in transfected mammalian cells. The basis for this differ-
ence is not known. One possibility is suggested by the
results of a recent study where a mechanosensitive ion
channel, gramicidin A, behaved either as a stretch-inac-
tivated or as a stretch-activated channel depending on the
lipid composition of the surrounding lipid bilayer [124].
An alternate possibility is that TRPV4 forms heteromul-
timeric complexes with other proteins, as was recently
shown for the MEC proteins, and that this transduc-
tion channel multiplex has different properties than its
modular components [125, 126]. TRP ion channels are
known to form heteromeric complexes with related fam-
ily members [127, 128]. OCR-2 and OSM-9 are the only
C. elegans TRPV family members that are expressed in
ASH neurons, and OCR-2 expression is essential for the
ability of TRPV4 to rescue the sensory defects of osm-9
worms [10, 123]. The specific rescue of osm-9, but not
ocr-2, by TRPV4 represents an important instance in
which the phenotypes of these two TRPV mutants have
been distinguished, and suggests that OCR-2 and OSM-
9/TRPV4 channels may well have distinct properties.
Lastly, it should not be forgotten that this animal model
allows the exploration of the medically relevant TRPV4
channel in a simplistic genetic model organism, which is
a multicellular organism with a nervous system that can
elicit a set of behavioral responses, amongst them avoid-
ance behavior in response to noxious stimuli. Related to
this investigation, it was recently reported that TRPV2
could rescue one particular deficit in the ocr-2 mutant,
namely the dramatic down regulation of serotonin bio-
synthesis in the sensory ADF neuron, but mammalian
TRPV2, unlike TRPV4 directing behavior in osm-9, did
not rescue the osmotic avoidance reaction present in ocr-
2 [129, 130]. Common to all three investigations is the
conservation of TRPV signaling function across phyla
that were separated by several hundred million years
of molecular evolution, and this despite relatively low
sequence homology!

Ca’ imaging in ASH now possible

Until recently, progress regarding the C. elegans TRPV
channels was impeded by the unavailability of heterolo-
gous expression systems, and by a lack of methodology
that would permit measurement of intracellular signaling
in ASH or other sensory neurons while the worm is be-
ing stimulated with sensory stimuli. A recent investiga-
tion reports major progress in this area [131]. Calcium
sensitive fluorescent proteins were expressed in ASH,
and their activation by calcium influx was monitored by
fluorescence microscopy. Osmotic stimulation and nose
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touch did indeed activate ASH, and calcium influx could
be readily observed. ASH proved to be a multimodal
‘nociceptive’ sensory neuron because many other stimuli
elicited calcium influx into ASH, e. g. copper ions, SDS,
quinine, hypertonic osmotic stimuli, nose touch (needed
the presence of serotonin). This multimodal response,
which showed adaptability, was greatly diminished in
osm-9 mutants.

Polyunsaturated fatty acids regulate TRPV channel
functioning in C. elegans

In the osm-9 ash::trpv4 model we speculated that the
lipid composition of the ASH cell membrane might
be related to the response to hypertonicity versus hy-
potonicity in tissue culture cells [123]. In a landmark
paper, published very recently, it was demonstrated that
specific polyunsaturated fatty acids drove TRPV-depend-
ent avoidance reactions in C. elegans, and the molecular
identity of some of these lipids was defined for the first
time [132]. A subset of 20-carbon polyunsaturated fatty
acids (PUFAs) could be implicated in nociceptive avoid-
ance behaviors. PUFA signaling led to rapid TRPV-de-
pendent calcium transients in ASH and other sensory
neurons. It was concluded that a subset of PUFAs (with
omega-3 and omega-6 acyl groups) could act as endog-
enous modulators of TRPV signal transduction in C.
elegans nociception.

Drosophila TRPV channels and hearing

Drosophila affords a useful model system particularly in
the field of hearing since one can easily measure sound-
evoked extracellular membrane potentials upon acous-
tic stimulation [133, 134] as well as perform intricate
genetic analysis. The Drosophila genome encodes two
TRPV family ion channels, NAN (CG5842) and 1AV
(CG4536). Recent molecular analysis revealed that the
two channels are exclusively expressed in chordotonal
neurons, which function as cellular stretch receptors in
transduction of sound and proprioception. Consistent
with their expression pattern, mutations in NAN and
IAV cause deafness and proprioception defects [6, 62].
As established for other TRP channels, NAN and TAV
are likely to form heteromers in vivo. In this section, we
will discuss whether the NAN-IAV complex is an audi-
tory transducer.

Drosophila hearing organs and cilia

Auditory communication in Drosophila plays a criti-
cal role during courtship and mating [135]. During this
behavior, a mature male fly approaches a female, then
extends one of its wings and generates vibrations with
it, thereby producing a species-specific song, colloqui-
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ally known as ‘love songs’ [136—138]. The ‘love songs’
are composed of pulse and sine components. The sine
component of the song consists of an ~160-Hz sinusoi-
dal sound wave [139, 140]. The pulse component of the
song is composed of trains of 5- to 10-ms pulses with
an ~34 ms interval [135, 137]. When the male is close
to female, the near-field amplitude amounts to 95 dB
[140]. Upon hearing the male’s ‘love songs’, females
halt their movement and become receptive to copulation
[135, 141].

Drosophila’s hearing organ resides in the antennae [133,
139], which are composed of three segments including
(from proximal to distal) the first (scape), the second
(pedicel) and the third segment (funiculus) to which aris-
ta, a tree like structure, is bonded (fig. 3A). The second
segment contains Johnston’s organ, the antennal chordo-
tonal organ that responds to sound. In chordotonal organs,
neurons elaborate cellular processes, called sensory cilia,
with an axonemal segment of a 9 x 2 + 0 arrangement
of microtubules [142, 143]. This structure is encased in
actin-rich scolopidia and is thought to be bathed in a high
K", low Ca** endolymph in analogy to that of external
sensory organs [144]. The distal end of the sensory cilia
is attached to the dendritic cap that contains the NOMPA
[145]. The arista and the third segment are the fly’s sound
receiver, which oscillates about the longitudinal axis of
the third segment in response to the ‘love song’ [137,
146, 147]. The articulation resides at the second and third
joint. In this configuration, the mechanical oscillation of
the third segment causes stretching of the sensory cilia of
the chordotonal neurons in the second segment (fig. 3B).
A mechanosensitive channel presumed to be located in

Mechano-TRPV channels

Figure 3. A hypothetical mod-
el of the NAN-IAV channel
gating. (A) Scanning electron
microscopy of a Drosophila
eye, next to it the Drosophila
antenna. (B) Higher magnifica-
tion transmission electron mi-
croscopy of ultra-thin sections
cilia of antenna; depicted is the
Johnston’s organ. Arrows in-
dicate the vibration of cuticles
caused by sound. (C) Higher
® magnification  transmission
electron microscopy shows a
transverse section of scolopid-
ia. (D) Schematic drawing of
scolopidia. NAN-IAV hetero-
meric channels are located in
the proximal region of the cilia
(depicted In red) [62]. Stretch
causes bending of cilia at the
proximal region [156]. (E)
Stretch opens the NAN-IAV
heteromeric channel.

scolopale
rod

NAN 1AV

NAN IAV
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the cilia is thought to respond to the mechanical tension
generated by the oscillation of the third segment and to
allow influx of cations into the cytoplasm, which in turn
generates membrane depolarization. The identity and
localization of this mechanosensitive channel has been
elusive.

The previous electrophysiological conclusion that neu-
rons in the second segment are auditory receptors is
further confirmed using atonal mutant flies, which lack
the Johnston’s organ and are defective in sound-evoked
potentials [134]. Recently, flies lacking only outer seg-
ments of dendrites were generated and shown to lack
sound-evoked potentials as well, indicating that the cilia
mediate sound-induced mechanical sensory transduction
[148-150]. The delicate structure of chordotonal cilia ap-
pears to be important for mechanosensation, as revealed
by two auditory transduction mutants, touch-insensitive
larva B (tilB) and beethoven (btv) [134]. tilB and btv mu-
tants were isolated through genetic screening for uncoor-
dination [151] and defects in an auditory behavior assay,
respectively [152]. The two mutants lack sound-evoked
potentials but mechanoreceptor potentials in bristles are
intact [134]. The fact that #i/B and btv are specific to chor-
dotonal mechanosensation is interesting given that bristle
and chordotonal mechanosensation have been considered
to be very similar, possibly sharing underlying genetic
pathways [134]. Of note, ultrastructural analysis revealed
that the #i/B and bfv mutants exhibit subtle axonemal
defects of the sensory cilia of chordotonal organs [134],
implying that the axoneme of chordotonal cilia plays a
critical role for chordotonal-specific mechanotransduc-
tion.
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Tablel. Properties of TRPV family ion channels.
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Nomenclature  Other names Expression

Agonists

Physiological roles

Mammalian TRPV channels

TRPV1 VRI1 DRG, CNS, bladder, vessels

TRPV2 VRL-1, GRC, DRG, CNS, widely expressed
OTRPC2

TRPV3 VRL-3 DRG, skin, widely expressed

TRPV4 VR-OAC, DRG, kidney, skin, inner ear
OTRPC4, hair cells, inner ear stria
Trpl2, vascularis, endothelium, brain,
VRL-2 hypothalamus/ circumventricular

organs, trachea/ lung, fat, heart

TRPVS EcaCl, intestinal and renal epithelia,
CaT2,ECaC CNS

TRPV6 EcaC2, CaTl, intestinal and renal epithelia,
CaTL CNS

capsaicin, protons,

heat (>42 °C), anandamide
12-(S)-HPETE(12-(S)-hydroper-
oxyeicosatetraenoyl acid), 5-(S)-
HETE, LTB4 (leukotriene B4)

noxious heat (>52°C), cell
swelling, mechanical force

temperature (>31°C) and
diphenylboronic anhydride

cell swelling, mechanical force,
4- PDD (4 -phorbol-12,13-dide-
canoate), temperature (>27 °C)
5,6'-EET [5',6'-epoxyeicosatrieno-
ic acid]

constitutively active in
transfected cells

constitutively active in
transfected cells

thermal pain sensation, mech-
anosensation (see this review),
vascular regulation, taste trans-
duction [70, 71]

thermosensation., mechanosen-
sation* [14, 118]

thermosensation (thermal prefer-
ence), pain sensation [94]

osmotic regulation by the CNS,
mechanically- and osmotically-
mediated pain sensation, thermal
preference [84, 89, 123]

Ca”* uptake in kidney, Ca** home-
ostasis and bone structure [157]

Ca”" uptake in kidney and
intestine*® [49]

Drosophila TRPV channels

Nanchung CG5842 chordotonal neurons

Inactive CG4536 chordotonal nuurons

cell swelling

cell swelling

mechanosensation of hearing and
proprioception [6]

mechanosensation of hearing and
proprioception [62]

C. elegans TRPV channels**

Osm-9 OLQ, ADL, ADF, AWA, ASH
Ocr-1 ADL

Ocr-2 ADF, AWA, ASH

Ocr-3

Ocr-4 OLQ

PUFAs

not determined

PUFAs

not determined

not determined

chemosensation, mechanosen-
sation, hyperosmolarity sensation
[9, 10]

chemosensation [10]

chemosensation, mechanosen-
sation, hyperosmolarity sensation
[10]

putative: mechanosensation [10]

* No trpv2, trpv6 null mouse reported up to this point.

** No heterologous expression has ever been obtained with C. elegans TRPV channels.
* OCR-4 has the highest degree of conservation with NAN, expressed in the mechanosensitive OLQ sensory neuron.

Drosophila TRPV channels

The full-length complementary DNAs from CG5842
and CG4536 predict a protein of 833 and 1123 amino
acids, respectively, and both have five cytoplasmic an-
kyrin repeats in the N-terminus preceding six putative
transmembrane domains and a pore region between TM5
and TM6 [6, 62]. CG5842 was named nanchung after its
mutant phenotype, deaf (nanchung means ‘deaf” in Ko-
rean). CG4536 was identified as Inactive. The previously
known IAV mutation featured a mutant phenotype of
locomotor inactivity, courtship abnormalities and altered

responses to cocaine [153]. NAN is most similar to C.
elegans OCR-4 (37% amino acid identity) whereas IAV
is most similar to C. elegans OSM-9 (43% amino acid
identity).

In situ hybridization with NAN and AV antisense probes
to Drosophila embryos revealed NAN and [AV expres-
sion in chordotonal neurons of the embryonic peripheral
nervous system, with no detectable expression elsewhere
[6, 62]. The NAN-expressing cells were visualized in
vivo by fusing a 557-base pair (bp) fragment of the NAN
promoter region to DNA encoding the yeast transcrip-
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tion activator Gal4, and this construct was used to drive
expression of green fluorescent protein (GFP) from
UAS-GFP transgenic flies. Transgenic embryos carry-
ing both constructs showed GFP expression exclusively
in chordotonal neurons in keeping with in situ staining.
Expression was also specific to chordotonal neurons in
adults, including those in the legs, antennae and wings
[6]. A promoter-driven Gal4/UAS-GFP system using a
promoter region of the IAV locus confirmed chordotonal
neuronal expression of IAV as well [unpublished obser-
vations].

In heterologous expression systems, CHO cells expressing
NAN or TAV showed an increase in intracellular calcium
concentration after superfusion with hypo-osmotic solu-
tion due to an influx of extracellular Ca*" [6, 62]. Both
NAN- and TAV-expressing cells were unresponsive to
stimuli that can activate other TRP family members, in-
cluding capsaicin, menthol and temperatures ranging from
10 to 60°C. Whole-cell recordings showed that the NAN
and TAV proteins mediate K* and Na* currents with similar
levels of permeability (Px/Py, = 0.84 and 0.85 for NAN
and TAV, respectively). The permeability of IAV to Ca** is
slightly higher than to Na* (P¢,/Py, = 2.79 for IAV).

nan mutant flies (null allele) are viable, but show some
proprioceptive defects [6]. When tapped to the bottom of
their culture vial, nan flies promptly climb up the walls,
showing that the flies are intact in geotaxis. However,
their climbing ability is impaired when compared with
w.t. flies, suggesting a proprioceptive defect. A few nan
mutant flies fall off the wall when climbing, and many
fall off when they reach the top, suggesting that they are
not able to properly measure the distance to touch the
top surface. After they fall off they are slower to right
themselves. These phenotypes are also observed in iav
mutants and other deaf mutants [134]. Notably, antennal
amputation of w.t. flies leads to a locomotor-phenotype
similar to that found in nan or iav mutant flies, imply-
ing that the locus of the locomotor defect resides in the
antenna. The antennal sound-evoked potentials were
completely absent in nan and iav [6, 62]. Rescue experi-
ments using chordotonal expression of w.t. NAN cDNA
or a genomic DNA fragment harboring the complete w.t.
iav gene restored sound-evoked potentials and full loco-
motor activity to nan and iav mutants, respectively. The
nan mutation does not lead to antennal structural defects
that could be related to the mutant phenotype because
ultrastructural examination of nan mutant antennae did
not reveal any abnormality.

NAN-IAV heteromer

NAN and AV are localized to the same site in the cilia
(fig. 3) [6, 62]. As stated, both nan and iav mutants
are completely deaf, indicating that a NAN homomer
— provided it exists — in iagv mutants is not functional

Mechano-TRPV channels

in auditory transduction. By similar reasoning, IAV ho-
momers — provided they exist — in nan mutants are not
functional. As an alternative explanation, their stability
or localization may depend on each other. These two
possibilities were tested by using anti-NAN and anti-
TAV immune sera. Immunostaining of nan mutant an-
tennae with anti-IAV sera showed no detectable IAV in
the cilia, and conversely, immunostaining of iav mutant
antennal sections with anti-NAN serum revealed no de-
tectable NAN in the cilia [62]. As for endogenous [AV,
the localization of an IAV-GFP fusion protein was also
dependent on NAN; no ciliary GFP signal was detected
in nan mutants containing the same IAV-GFP construct
that localized to cilia in w.t. Thus, NAN and TAV are
interdependent for their stability and/or localization to
the cilium, indicating that NAN forms a complex with
TAV. In contrast to the in vivo results, NAN or IAV pro-
motes a hypotonically activated current when individu-
ally expressed in heterologous tissue culture systems,
meaning that NAN homomers or IAV homomers may
be functional in response to osmotic stimuli in trans-
fected cells. As an alternate explanation, it is possible
that TRP(V) subunits or yet other unknown proteins
that are endogenously expressed in the cultured cells can
form heteromeric complexes with the expressed NAN
and AV channels and stabilize it. Based on these results
and deliberations, it is reasonable to assume that chor-
dotonal neurons harbor as yet unknown quality control
systems, precluding a NAN or [AV homomer from
proper trafficking to the cilia. Elucidating the molecular
physiology of this quality control system will prove a
worthy goal for future studies.

NAN-IAV heteromer: a mechanosensitive channel
mediating hearing?

Antisera against the cytoplasmic N- and C-terminal
regions of NAN and IAV revealed that NAN and TAV
are both localized to the sensory cilia of the chordotonal
neurons [6, 62]. Each chordotonal cilium is interrupted
at approximately two-thirds of its length by a ciliary
dilation composed of a tubular array of unknown com-
position and function. Notably, a GFP-IAV fusion pro-
tein is located to the proximal end of the cilia and thus
absent from the region beyond the ciliary dilation [62].
Given the localization of the GFP-IAV fusion protein,
the question arises whether the postulated NAN-IAV
heteromeric complex is a mechanosensitive transduc-
tion channel that mediates hearing in Drosophila. If
yes, how is NAN-IAV gated? A prevailing model for
mechanotranduction is direct gating [154, 155] based
on studies of both mammalian inner ear hair cells and
C. elegans mec body-touch mutants. This model ten-
ders that the mechanosensitive channel is anchored to
both the cytoskeleton and to the extracellular matrix.
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Relative movement of the intracellular and/or extracel-
lular components exerts a direct mechanical stimulation
that opens the channel. If this mechanism were to apply
to the chordotonal neurons, then the chordotonal mech-
anosensitive channel should be located at the tip of the
cilia where it is in intimate proximity to a NOMPA-
containing dendritic cap. If this is the case, then the
NAN-IAV heteromeric complex is rather unlikely to
function as auditory mechanotransducer since NAN-
TAV appears to be restricted to the proximal part of the
cilium so that NAN-IAV cannot interact directly with
cap components. However, NAN-IAV below the detec-
tion of fluorescence microscopy for the GFP-IAV fu-
sion protein could reside beyond the ciliary dilation. On
the other hand, the NAN-IAV complex could very well
function as an auditory transducer within the confines
of an alternate model of mechanotransduction, namely
that the cilia would become bent or stretched, which
would lead to opening the NAN-TIAV complex (fig. 3).
This model would reconcile the established localiza-
tion of the postulated NAN-IAV heteromeric channel
by assuming that membrane stretch, such as that result-
ing from hypotonic stimulation in tissue culture cells
transfected with NAN or AV, would lead to a gating of
NAN-IAV similar to the gating in heterologously trans-
fected cells. In support of this model, ciliary bending
has actually been observed in stimulated grasshopper
femoral chordotonal organs [156]. Future studies will
have to address these issues.

Concluding remarks

TRPV channels constitute one of the most exciting arenas
of rapid progress in experimental biology today. Clearly,
the enthusiasm that has greeted these novel molecular
players on the scene has not diminished since it became
apparent that temperature and hot peppers are not the
only stimuli that can activate these channels. Decipher-
ing molecular mechanisms of TRPV channel functioning
is not trivial, because these channels are modulated by
stimuli that pertain to cell-autonomous basic homeosta-
sis. We have to bear this qualifier in mind when we inter-
pret data from heterologous cellular expression systems.
Also, the specificity of the stimulus needs to be control-
led precisely in these systems. Yet heterologous cellular
expression systems permit high-throughput screening of
chemical compounds/pharmacological agents that can
potentially interfere with a specific signaling pathway.
The significance of data obtained from genetically al-
tered rodents will assume a pivotal position, although we
have to bear in mind that developmental compensation
can ‘mask’ a phenotype. When using explant cultures
from these animals, we need to be confident that a given
trpv promoter is active in a certain cell, and that the in-
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vestigation is performed in the presence vs. absence of
the particular TRPV channel we want to learn about. In-
vertebrate model organisms will provide another avenue
that will carry us in our march toward an increased un-
derstanding of molecular mechanisms of TRPV channel
regulation. Both Drosophila trpv mutants are deaf, and
suggestive evidence of mechanosensory involvement of
several mammalian TRPV channels, as reviewed above,
underscores the biological relevance of these Drosophila
mutants. C. elegans harbors five TRPV channels, two of
which are clearly involved in the response to osmotic and
mechanical stimuli. The finding that mammalian TRPV4
can direct osmotic and mechanical, not chemical avoid-
ance reactions in the C. elegans TRPV mutant osm-9 is
truly inspirational, because it demonstrates an evolution-
ary conservation of osmotic and mechanical sensing
capability in TRPV channels across phyla that cover
several hundred million years of molecular evolution.
On the other hand, it underscores the general relevance
of C. elegans and Drosophila TRPV channels for under-
standing the molecular biology of this class of channels.
Moreover, a mammalian ion channel that appears rel-
evant for the molecular understanding of pain, TRPV4,
can be tested more extensively in an uncomplicated and
highly versatile genetic model organism, C. elegans. Af-
ter the widespread acceptance of the handy term ‘thermo-
TRPs’, we believe it is time to add ‘mechano-TRP’ and
‘osmo- TRP’ to the lexicon. Last, but not least, the field
of TRP channels, TRPV channels in particular, appears
to exert an irresistible draw on the biomedical commu-
nity in the widest sense. The reason for this appears to be
the electrifying combination of yet-unraveled molecular
mechanisms of ion channel functioning together with un-
deniable clinical-medical relevance that stretch-activates
our scientific imagination and will surely drive us to ex-
citing new pastures.

Acknowledgements. This work was supported in part by a National
Research Laboratory (NRL) grant 2005-01335 (Korea Research
Foundation) to C.K. and by NIH award NIMH K08 64702, a Klin-
genstein Fellowship (Klingenstein Fund Inc., New York, NY, USA),
and grants from the Whitehall Foundation (Palm Beach, FL, USA)
and the American Federation of Aging Research (New York, NY,
USA) to W.L.

1 Cosens D. J. and Manning A. (1969) Abnormal electroretino-
gram from a Drosophila mutant. Nature 224: 285-287

2 Montell C. and Rubin G. M. (1989) Molecular characterization
of the Drosophila trp locus: a putative integral membrane pro-
tein required for phototransduction. Neuron 2: 1313-1323

3 Hardie R. C. and Minke B. (1992) The trp gene is essential for
a light-activated Ca** channel in Drosophila photoreceptors.
Neuron 8: 643-651

4 Wong F., Schaefer E. L., Roop B. C., LaMendola J. N.,
Johnson-Seaton D. and Shao D. (1989) Proper function of
the Drosophila trp gene product during pupal development is



2998

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

W. Liedtke and C. Kim

important for normal visual transduction in the adult. Neuron
3: 81-94

Walker R. G., Willingham A. T. and Zuker C. S. (2000) A Dro-
sophila mechanosensory transduction channel. Science 287:
2229-2234

Kim J., Chung Y. D., Park D. Y., Choi S., Shin D. W., Soh H. et
al. (2003) A TRPV family ion channel required for hearing in
Drosophila. Nature 424: 81-84

Tracey W. D., Jr., Wilson R. L., Laurent G. and Benzer S. (2003)
painless, a Drosophila gene essential for nociception. Cell 113:
261-273

Lee Y., Lee Y., Lee J., Bang S., Hyun S., Kang J. et al. (2005)
Pyrexia is a new thermal transient receptor potential channel
endowing tolerance to high temperatures in Drosophila mela-
nogaster. Nat. Genet. 37: 305-310

Colbert H. A., Smith T. L. and Bargmann C. 1. (1997) OSM-
9, a novel protein with structural similarity to channels,
is required for olfaction, mechanosensation and olfactory
adaptation in Caenorhabditis elegans. J. Neurosci. 17: 8259—
8269

Tobin D., Madsen D. M., Kahn-Kirby A., Peckol E., Moulder
G., Barstead R. et al. (2002) Combinatorial expression of TRPV
channel proteins defines their sensory functions and subcellular
localization in C. elegans neurons. Neuron 35: 307-318

Barr M. M. and Sternberg P. W. (1999) A polycystic kidney-
disease gene homologue required for male mating behaviour in
C. elegans. Nature 401: 386-389

Caterina M. J., Schumacher M. A., Tominaga M., Rosen T.
A., Levine J. D. and Julius D. (1997) The capsaicin receptor: a
heat-activated ion channel in the pain pathway [see comments].
Nature 389: 816-824

Tominaga M., Caterina M. J., Malmberg A. B., Rosen T. A.,
Gilbert H., Skinner K et al. (1998) The cloned capsaicin re-
ceptor integrates multiple pain-producing stimuli. Neuron 21:
531-543

Caterina M. J., Rosen T. A., Tominaga M., Brake A. J. and
Julius D. (1999) A capsaicin-receptor homologue with a high
threshold for noxious heat. Nature 398: 436-441

Xu H., Ramsey I. S., Kotecha S. A., Moran M. M., Chong J.
A., Lawson D. et al. (2002) TRPV3 is a calcium-permeable
temperature-sensitive cation channel. Nature 418: 181-186
Peier A. M., Reeve A. J., Andersson D. A., Mogrich A., Earley
T. J., Hergarden A. C. et al. (2002) A heat-sensitive TRP chan-
nel expressed in keratinocytes. Science 296: 20462049

Smith G. D., Gunthorpe M. J., Kelsell R. E., Hayes P. D., Reilly
P., Facer P. et al. (2002) TRPV3 is a temperature-sensitive vanil-
loid receptor-like protein. Nature 418: 186—190

Liedtke W., Choe Y., Marti-Renom M. A., Bell A. M., Denis
C. S., Sali A. et al.(2000) Vanilloid receptor-related osmotically
activated channel (VR-OAC), a candidate vertebrate osmore-
ceptor. Cell 103: 525-535

Strotmann R., Harteneck C., Nunnenmacher K., Schultz G. and
Plant T. D. (2000) OTRPC4, a nonselective cation channel that
confers sensitivity to extracellular osmolarity. Nat. Cell Biol. 2:
695-702

Wissenbach U., Bodding M., Freichel M. and Flockerzi V.
(2000) Trpl2, a novel Trp related protein from kidney. FEBS
Lett. 485: 127-134

Peier A. M., Moqrich A., Hergarden A. C., Reeve A. J., Anders-
son D. A., Story G. M. et al. (2002) A TRP channel that senses
cold stimuli and menthol. Cell 108: 705-715

McKemy D. D., Neuhausser W. M. and Julius D. (2002) Identi-
fication of a cold receptor reveals a general role for TRP chan-
nels in thermosensation. Nature 416: 52-58

Story G. M., Peier A. M., Reeve A. J., Eid S. R., Mosbacher
J., Hricik T. R. et al.(2003) ANKTMI1, a TRP-like channel
expressed in nociceptive neurons, is activated by cold tempera-
tures. Cell 112: 819-829

Goodman M. B. and Schwarz E. M. (2003) Transducing touch
in Caenorhabditis elegans. Annu. Rev. Physiol. 65: 429-452

25

26

27

28

29

30

31

32

33

35

36

37

38

39

40

41

42

43

44

45

46

47

Mechano-TRPV channels

Harteneck C., Plant T. D. and Schultz G. (2000) From worm to
man: three subfamilies of TRP channels. Trends Neurosci. 23:
159-166

Montell C. (2005) The TRP superfamily of cation channels. Sci.
STKE 2005: re3

Vriens J., Owsianik G., Voets T., Droogmans G. and Nilius
B. (2004) Invertebrate TRP proteins as functional models for
mammalian channels. Pflugers Arch. 449: 213-226

Voets T. and Nilius B. (2003) TRPs make sense. J. Membr. Biol.
192: 1-8

Moran M. M., Xu H. and Clapham D. E. (2004) TRP ion
channels in the nervous system. Curr. Opin. Neurobiol. 14:
362-369

Xu H., Ramsey I. S., Kotecha S. A., Moran M. M., Chong J.
A., Lawson D. et al. (2002) TRPV3 is a calcium-permeable
temperature-sensitive cation channel. Nature 418: 181-186
Patapoutian A., Peier A. M., Story G. M. and Viswanath V.
(2003) ThermoTRP channels and beyond: mechanisms of tem-
perature sensation. Nat. Rev. Neurosci. 4: 529-539

Corey D. P. (2003) New TRP channels in hearing and mechano-
sensation. Neuron 39: 585-588

Wang H. and Woolf C. J. (2005) Pain TRPs. Neuron 46: 9-12
Hardie R. C. (2003) Regulation of TRP channels via lipid sec-
ond messengers. Annu. Rev. Physiol. 65: 735-759

Hardie R. C. (2003) TRP channels in Drosophila photorecep-
tors: the lipid connection. Cell Calcium 33: 385-393

LiY, JiaY. C, Cui K, Li N,, Zheng Z. Y., Wang Y. Z. et
al.(2005) Essential role of TRPC channels in the guidance of
nerve growth cones by brain-derived neurotrophic factor. Na-
ture 434: 894-898

Hofmann T., Obukhov A. G., Schaefer M., Harteneck C., Gu-
dermann T. and Schultz G. (1999) Direct activation of human
TRPC6 and TRPC3 channels by diacylglycerol. Nature 397:
259-263

Hwang S. W., Cho H., Kwak J., Lee S. Y., Kang C. J., Jung J.
et al.(2000) Direct activation of capsaicin receptors by products
of lipoxygenases: endogenous capsaicin-like substances. Proc.
Natl. Acad. Sci. USA 97: 6155-6160

Benham C. D., Davis J. B. and Randall A. D.(2002) Vanilloid
and TRP channels: a family of lipid-gated cation channels. Neu-
ropharmacology 42: 873-888

Smart D., Gunthorpe M. J., Jerman J. C., Nasir S., Gray J., Muir
A. L et al. (2000) The endogenous lipid anandamide is a full
agonist at the human vanilloid receptor (hVR1). Br. J. Pharma-
col. 129: 227-230

Smart D., Gunthorpe M. J., Jerman J. C., Nasir S., Gray J., Muir
A. I et al. (2000) The endogenous lipid anandamide is a full
agonist at the human vanilloid receptor (hVR1). Br. J. Pharma-
col. 129: 227-230

Piomelli D. (2001) The ligand that came from within. Trends
Pharmacol. Sci. 22: 17-19

Zygmunt P. M., Petersson J., Andersson D. A., Chuang H.,
Sorgard M., Di Marzo V. et al. (1999) Vanilloid receptors on
sensory nerves mediate the vasodilator action of anandamide.
Nature 400: 452-457

Watanabe H., Vriens J., Prenen J., Droogmans G., Voets T. and
Nilius B. (2003) Anandamide and arachidonic acid use epox-
yeicosatrienoic acids to activate TRPV4 channels. Nature 424:
434-438

Nilius B., Prenen J., Droogmans G., Voets T., Vennekens R.,
Freichel M. et al. (2003) Voltage dependence of the Ca2+-
activated cation channel TRPM4. J. Biol. Chem. 278: 30813—
30820

Hofmann T., Chubanov V., Gudermann T. and Montell C. (2003)
TRPMS is a voltage-modulated and Ca(**)-activated monova-
lent selective cation channel. Curr. Biol. 13: 1153-1158

Voets T., Droogmans G., Wissenbach U., Janssens A., Flockerzi
V. and Nilius B. (2004) The principle of temperature-dependent
gating in cold- and heat-sensitive TRP channels. Nature 430:
748-754



Cell. Mol. Life Sci.

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

Vol. 62, 2005

Brauchi S., Orio P. and Latorre R. (2004) Clues to understand-
ing cold sensation: thermodynamics and electrophysiological
analysis of the cold receptor TRPMS. Proc. Natl. Acad. Sci.
USA 101: 15494-15499

Peng J. B., Brown E. M. and Hediger M. A. (2003) Epithelial
Ca™ entry channels: transcellular Ca®* transport and beyond. J.
Physiol. 551: 729-740

den Dekker E., Hoenderop J. G., Nilius B. and Bindels R. J.
(2003) The epithelial calcium channels, TRPVS5 & TRPV6:
from identification towards regulation. Cell Calcium 33:
497-507

Vennekens R., Hoenderop J. G., Prenen J., Stuiver M., Wil-
lems P. H., Droogmans G. et al. (2000) Permeation and gating
properties of the novel epithelial Ca(2+) channel. J. Biol. Chem.
275: 3963-3969

Vennekens R., Droogmans G. and Nilius B. (2001) Functional
properties of the epithelial Ca2+ channel, ECaC. Gen. Physiol.
Biophys. 20: 239-253

Launay P., Fleig A., Perraud A. L., Scharenberg A. M., Penner
R. and Kinet J. P. (2002) TRPM4 is a Ca2+-activated nonselec-
tive cation channel mediating cell membrane depolarization.
Cell 109: 397-407

Liu D. and Liman E. R. (2003) Intracellular Ca2+ and the
phospholipid PIP2 regulate the taste transduction ion channel
TRPMS. Proc. Natl. Acad. Sci. USA 100: 15160-15165
Prawitt D., Monteilh-Zoller M. K., Brixel L., Spangenberg C.,
Zabel B., Fleig A. et al. (2003) TRPMS is a transient Ca2+-ac-
tivated cation channel responding to rapid changes in [Ca2+]i.
Proc. Natl. Acad. Sci. USA 100: 15166-15171

Perraud A. L., Fleig A., Dunn C. A., Bagley L. A., Launay P.,
Schmitz C. et al. (2001) ADP-ribose gating of the calcium-per-
meable LTRPC2 channel revealed by Nudix motif homology.
Nature 411: 595-599

Walder R. Y., Landau D., Meyer P., Shalev H., Tsolia M., Boro-
chowitz Z. et al. (2002) Mutation of TRPM6 causes familial
hypomagnesemia with secondary hypocalcemia. Nat. Genet.
31: 171-174

Schlingmann K. P., Weber S., Peters M., Niemann Nejsum L.,
Vitzthum H., Klingel K. et al. (2002) Hypomagnesemia with
secondary hypocalcemia is caused by mutations in TRPM6,
a new member of the TRPM gene family. Nat. Genet. 31:
166-170

Runnels L. W,, Yue L., Clapham D. E. (2001) TRP-PLIK, a
bifunctional protein with kinase and ion channel activities. Sci-
ence 291: 1043-1047

Hoenderop J. G., van der Kemp A. W., Hartog A., van de Graaf
S. F, van Os C. H., Willems P. H. et al. (1999) Molecular
identification of the apical Ca2+ channel in 1, 25-dihydroxy-
vitamin D3-responsive epithelia. J. Biol. Chem. 274: 8375-
8378

PengJ. B., Chen X. Z., Berger U. V., Vassilev P. M., Tsukaguchi
H., Brown E. M. et al. (1999) Molecular cloning and characteri-
zation of a channel-like transporter mediating intestinal calcium
absorption. J. Biol. Chem. 274: 22739-22746

Gong Z., Son W., Chung Y. D., Kim J., Shin D. W., McClung
C. A. et al. (2004) Two interdependent TRPV channel subunits,
inactive and Nanchung, mediate hearing in Drosophila. J. Neu-
rosci. 24: 9059-9066

Benham C. D., Gunthorpe M. J. and Davis J. B. (2003) TRPV
channels as temperature sensors. Cell Calcium 33: 479-487
Patapoutian A. (2005) TRP channels and thermosensation.
Chem. Senses 30 Suppl. 1:1193-1194

Tominaga M. and Caterina M. J. (2004) Thermosensation and
pain. J. Neurobiol. 61: 3—12

Clapham D. E., Montell C., Schultz G. and Julius D. (2003)
International Union of Pharmacology. XLIII. Compendium of
voltage-gated ion channels: transient receptor potential chan-
nels. Pharmacol. Rev. 55: 591-596

Hoenderop J. G., Nilius B. and Bindels R. J. (2005) Calcium
absorption across epithelia. Physiol. Rev. 85: 373-422

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

Review Article 2999

Hoenderop J. G. and Bindels R. J. (2005) Epithelial Ca2+ and
Mg2+ channels in health and disease. J. Am. Soc. Nephrol. 16:
15-26

Hoenderop J. G., Nilius B. and Bindels R. J. (2003) Epithelial
calcium channels: from identification to function and regula-
tion. Pflugers Arch. 446: 304-308

Caterina M. J., Leffler A., Malmberg A. B., Martin W. J.,
Trafton J., Petersen-Zeitz K. R. et al. (2000) Impaired nocicep-
tion and pain sensation in mice lacking the capsaicin receptor.
Science 288: 306-313

Davis J. B., Gray J., Gunthorpe M. J., Hatcher J. P., Davey P.
T., Overend P. et al. (2000) Vanilloid receptor-1 is essential for
inflammatory thermal hyperalgesia. Nature 405: 183-187
Birder L. A., Nakamura Y., Kiss S., Nealen M. L., Barrick S.,
Kanai A. J. et al. (2002) Altered urinary bladder function in
mice lacking the vanilloid receptor TRPV 1. Nat. Neurosci. 5:
856-860

Dinis P., Charrua A., Avelino A., Yaqoob M., Bevan S., Nagy I.
et al. (2004) Anandamide-evoked activation of vanilloid recep-
tor 1 contributes to the development of bladder hyperreflexia
and nociceptive transmission to spinal dorsal horn neurons in
cystitis. J. Neurosci. 24: 11253-11263

Lazzeri M., Vannucchi M. G., Zardo C., Spinelli M., Beneforti
P., Turini D. et al. (2004) Immunohistochemical evidence of va-
nilloid receptor 1 in normal human urinary bladder. Eur. Urol.
46: 792-798

Stein R. J., Santos S., Nagatomi J., Hayashi Y., Minnery B. S.,
Xavier M. et al. (2004) Cool (TRPMS8) and hot (TRPV 1) receptors
in the bladder and male genital tract. J. Urol. 172: 1175-1178
Apostolidis A., Brady C. M., Yiangou Y., Davis J., Fowler C. J.
and Anand P. (2005) Capsaicin receptor TRPV1 in urothelium
of neurogenic human bladders and effect of intravesical resinif-
eratoxin. Urology 65: 400-405

Rong W., Hillsley K., Davis J. B., Hicks G., Winchester W. J.
and Grundy D. (2004) Jejunal afferent nerve sensitivity in wild-
type and TRPV1 knockout mice. J. Physiol. 560: 867-881
Chan C. L., Facer P, Davis J. B., Smith G. D., Egerton J., Boun-
tra C. et al. (2003) Sensory fibres expressing capsaicin receptor
TRPVI in patients with rectal hypersensitivity and faecal ur-
gency. Lancet 361: 385-391

Scotland R. S., Chauhan S., Davis C., De Felipe C., Hunt S.,
Kabir J. et al. (2004) Vanilloid receptor TRPV1, sensory C-fib-
ers, and vascular autoregulation: a novel mechanism involved in
myogenic constriction. Circ. Res. 95: 1027-1034

Caterina M. J. and Julius D. (1999) Sense and specificity: a
molecular identity for nociceptors. Curr. Opin. Neurobiol. 9:
525-530

Gunthorpe M. J., Benham C. D., Randall A. and Davis J. B.
(2002) The diversity in the vanilloid (TRPV) receptor family of
ion channels. Trends Pharmacol. Sci. 23: 183-191

Pomonis J. D., Harrison J. E., Mark L., Bristol D. R.,
Valenzano K. J. and Walker K. (2003) N-(4-tertiarybutyl-
phenyl)-4-(3-cholorphyridin-2-yl)tetrahydropyrazine
-1(2H)-carbox-amide (BCTC), a novel, orally effective va-
nilloid receptor 1 antagonist with analgesic properties: II.
In vivo characterization in rat models of inflammatory and
neuropathic pain. J. Pharmacol. Exp. Ther. 306: 387-393
Liedtke W. and Friedman J. M. (2003) Abnormal osmotic
regulation in trpv4-/- mice. Proc. Natl. Acad. Sci. USA 100:
13698-13703

Suzuki M., Mizuno A., Kodaira K. and Imai M. (2003) Impaired
pressure sensation in mice lacking TRPV4. J. Biol. Chem. 278:
22664-22668

Delany N. S., Hurle M., Facer P., Alnadaf T., Plumpton C.,
Kinghorn I. et al. (2001) Identification and characterization of
a novel human vanilloid receptor-like protein, VRL-2. Physiol.
Genomics 4: 165-174

Guler A. D., Lee H., lida T., Shimizu 1., Tominaga M. and
Caterina M. (2002) Heat-evoked activation of the ion channel,
TRPV4. J. Neurosci. 22: 6408-6414



3000

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

W. Liedtke and C. Kim

Allessandri-Haber N., Yeh J., Boyd A. E., Parada C. A.,
Chen X., Reichling D. B. et al. (2003) Hypotonicity induces
TRPV4-mediated nociception in rat. Neuron 39: 497-511
Todaka H., Taniguchi J., Satoh J., Mizuno A. and Suzuki M.
(2004) Warm temperature-sensitive transient receptor poten-
tial vanilloid 4 (TRPV4) plays an essential role in thermal
hyperalgesia. J. Biol. Chem. 279: 35133-35138

Lee H., Iida T., Mizuno A., Suzuki M. and Caterina M. J.
(2005) Altered thermal selection behavior in mice lacking
transient receptor potential vanilloid 4. J. Neurosci. 25:
1304-1310

Dina O. A., Chen X., Reichling D. and Levine J. D. (2001)
Role of protein kinase Cepsilon and protein kinase A in a
model of paclitaxel-induced painful peripheral neuropathy in
the rat. Neuroscience 108: 507-515

Dina O. A., Parada C. A., Yeh J., Chen X., McCarter G. C. and
Levine J. D. (2004) Integrin signaling in inflammatory and
neuropathic pain in the rat. Eur. J. Neurosci. 19: 634-642
Alessandri-Haber N., Dina O. A., Yeh J. J., Parada C. A.,
Reichling D. B. and Levine J. D. (2004) Transient receptor
potential vanilloid 4 is essential in chemotherapy-induced
neuropathic pain in the rat. J. Neurosci. 24: 44444452

Mutai H. and Heller S. (2003) Vertebrate and invertebrate
TRPV-like mechanoreceptors. Cell Calcium 33: 471-478
Mogrich A., Hwang S. W., Earley T. J., Petrus M. J., Murray
A. N., Spencer K. S. et al. (2005) Impaired thermosensation in
mice lacking TRPV3, a heat and camphor sensor in the skin.
Science 307: 1468-1472

Bourque C. W., Oliet S. H. and Richard D. (1994) Osmorecep-
tors, osmoreception and osmoregulation. Front. Neuroendocri-
nol. 15: 231-274

Nevoigt E. and Stahl U. (1997) Osmoregulation and glycerol
metabolism in the yeast Saccharomyces cerevisiae. FEMS
Microbiol. Rev. 21: 231-241

Denton D. A., McKinley M. J. and Weisinger R. S. (1996)
Hypothalamic integration of body fluid regulation. Proc. Natl.
Acad. Sci. USA 93: 7397-7404

Bourque C. W. and Oliet S. H. (1997) Osmoreceptors in the
central nervous system. Annu. Rev. Physiol. 59: 601-619
McKinley M. J., Bicknell R. J., Hards D., McAllen R. M., Vi-
vas L., Weisinger R. S. et al. (1992) Efferent neural pathways
of the lamina terminalis subserving osmoregulation. Prog.
Brain Res. 91: 395-402

Johnson A. K. and Thunhorst R. L. (1995) Sensory mecha-
nisms in the behavioral control of body fluid balance: thirst
and salt appetite. Prog. Psychobiol. Physiol. Psychol. 16:
145-176

McKinley M. J., Gerstberger R., Mathai M. L., Oldfield B. J.
and Schmid H. (1999) The lamina terminalis and its role in flu-
id and electrolyte homeostasis. J. Clin. Neurosci. 6: 289-301
McKinley M. J., Allen A. M., Chai S. Y., Hards D. K., Mendel-
sohn F. A. and Oldfield B. J. (1989) The lamina terminalis and
its neural connections: neural circuitry involved in angiotensin
action and fluid and electrolyte homeostasis. Acta Physiol.
Scand. Suppl. 583: 113-118

Johnson A. K. and Loewy A. D. (1990) Circumventricular or-
gans and their role in visceral functions. In: Central Regulation
of Autonomic Function, pp. 247-267, Loewy A. D. and Spyer
K. M. (eds.), Oxford University Press, Oxford

McKinley M. J., Allen A. M., May C. N., McAllen R. M.,
Oldfield B. J., Sly D. et al. (2001) Neural pathways from the
lamina terminalis influencing cardiovascular and body fluid
homeostasis. Clin. Exp. Pharmacol. Physiol. 28: 990-992
Bourque C. W. and Renaud L. P. (1983) A perfused in vitro
preparation of hypothalamus for electrophysiological stud-
ies on neurosecretory neurons. J. Neurosci. Methods 7:
203-214

Brewster J. L., de Valoir T., Dwyer N. D., Winter E. and Gustin
M. C. (1993) An osmosensing signal transduction pathway in
yeast. Science 259: 1760-1763

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

Mechano-TRPV channels

Brewster J. L. and Gustin M. C. (1994) Positioning of cell
growth and division after osmotic stress requires a MAP ki-
nase pathway. Yeast 10: 425-439

Hohmann S. (2002) Osmotic adaptation in yeast — control of
the yeast osmolyte system. Int. Rev. Cytol. 215: 149-187
Mizuno A., Matsumoto N., Imai M. and Suzuki M. (2003)
Impaired osmotic sensation in mice lacking TRPV4. Am. J.
Physiol. Cell Physiol. 285: C96-101

Hudspeth A. J. (1989) How the ear’s works work. Nature 341:
397-404

Hudspeth A. J. and Gillespie P. G. (1994) Pulling springs to
tune transduction: adaptation by hair cells. Neuron 12: 1-9
Gao X., Wu L. and O’Neil R. G. (2003) Temperature-modulat-
ed diversity of TRPV4 channel gating: activation by physical
stresses and phorbol ester derivatives through protein kinase
C-dependent and -independent pathways. J. Biol. Chem. 278:
27129-27137

Watanabe H., Vriens J., Suh S. H., Benham C. D., Droogmans
G. and Nilius B. (2002) Heat-evoked activation of TRPV4
channels in a HEK293 cell expression system and in native
mouse aorta endothelial cells. J. Biol. Chem. 277: 47044—
47051

Xu H., Zhao H., Tian W., Yoshida K., Roullet J. B. and Co-
hen D. M. (2003) Regulation of a transient receptor potential
(TRP) channel by tyrosine phosphorylation. SRC family ki-
nase-dependent tyrosine phosphorylation of TRPV4 on TYR-
253 mediates its response to hypotonic stress. J. Biol. Chem.
278: 11520-11527

Tian W., Salanova M., Xu H., Lindsley J. N., Oyama T. T.,
Anderson S. et al. (2004) Renal expression of osmotically
responsive cation channel TRPV4 is restricted to water-imper-
meant nephron segments. Am. J. Physiol. Renal. Physiol. 287:
F17-24

Vriens J., Watanabe H., Janssens A., Droogmans G., Voets T.
and Nilius B. (2004) Cell swelling, heat and chemical agonists
use distinct pathways for the activation of the cation channel
TRPV4. Proc. Natl. Acad. Sci. USA 37: 305-310

Andrade Y. N., Fernandes J., Vazquez E., Fernandez-Fernan-
dez J. M., Arniges M., Sanchez T. M. et al. (2005) TRPV4
channel is involved in the coupling of fluid viscosity changes
to epithelial ciliary activity. J. Cell Biol. 168: 869-874
Muraki K., IwataY., Katanosaka Y., Ito T., Ohya S., Shigekawa
M. et al. (2003) TRPV2 is a component of osmotically sensi-
tive cation channels in murine aortic myocytes. Circ. Res. 93:
829-838

Zhang Y., Buchholz F., Muyrers J. P. and Stewart A. F. (1998)
A new logic for DNA engineering using recombination in Es-
cherichia coli. Nat. Genet. 20: 123-128

Gong S., Zheng C., Doughty M. L., Losos K., Didkovsky N.,
Schambra U. B. et al. (2003) A gene expression atlas of the
central nervous system based on bacterial artificial chromo-
somes. Nature 425: 917-925

Kaplan J. M. and Horvitz H. R. (1993) A dual mechanosensory
and chemosensory neuron in Caenorhabditis elegans. Proc.
Natl. Acad. Sci. USA 90: 2227-2231

Bargmann C. I. and Kaplan J. M. (1998) Signal transduction in
the Caenorhabditis elegans nervous system. Annu. Rev. Neu-
rosci. 21: 279-308

Liedtke W., Tobin D. M., Bargmann C. I. and Friedman J. M.
(2003) Mammalian TRPV4 (VR-OAC) directs behavioral re-
sponses to osmotic and mechanical stimuli in C. elegans. Proc.
Natl. Acad. Sci. USA 100: 14531-14536

Martinac B. and Hamill O. P. (2002) Gramicidin A channels
switch between stretch activation and stretch inactivation de-
pending on bilayer thickness. Proc. Natl. Acad. Sci. USA 99:
4308-4312

Chalfie M. (1993) Touch receptor development and function in
Caenorhabditis elegans. J. Neurobiol. 24: 1433-1441
Goodman M. B., Ernstrom G. G., Chelur D. S., O’Hagan R.,
Yao C. A. and Chalfie M. (2002) MEC-2 regulates C. elegans



Cell

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

. Mol. Life Sci. ~ Vol. 62, 2005

DEG/ENaC channels needed for mechanosensation. Nature
415: 1039-1042

Xu X. Z., Li H. S., Guggino W. B. and Montell C. (1997)
Coassembly of TRP and TRPL produces a distinct store-oper-
ated conductance. Cell 89: 1155-1164

Xu X. Z., Chien F,, Butler A., Salkoff L. and Montell C. (2000)
TRPgamma, a drosophila TRP-related subunit, forms a regu-
lated cation channel with TRPL. Neuron 26: 647-657

Zhang S., Sokolchik I., Blanco G. and Sze J. Y. (2004)
Caenorhabditis elegans TRPV ion channel regulates SHT
biosynthesis in chemosensory neurons. Development 131:
1629-1638

Sokolchik 1., Tanabe T., Baldi P. F. and Sze J. Y. (2005) Poly-
modal sensory function of the Caenorhabditis elegans OCR-2
channel arises from distinct intrinsic determinants within the
protein and is selectively conserved in mammalian TRPV pro-
teins. J. Neurosci. 25: 1015-1023

Hilliard M. A., Apicella A. J., Kerr R., Suzuki H., Bazzicalupo
P. and Schafer W. R. (2005) In vivo imaging of C. elegans ASH
neurons: cellular response and adaptation to chemical repel-
lents. EMBO J. 24: 63-72

Kahn-Kirby A. H., Dantzker J. L., Apicella A. J., Schafer W.
R., Browse J., Bargmann C. I. et al. (2004) Specific polyun-
saturated fatty acids drive TRPV-dependent sensory signaling
in vivo. Cell 119: 889-900

Ewing A. W. (1978) The antenna of Drosophila as a ‘love
song’ receptor. Physiol. Entomol. 3: 33-36

Eberl D. F., Hardy R. W. and Kernan M. J. (2000) Genetically
similar transduction mechanisms for touch and hearing in Dro-
sophila. J. Neurosci. 20: 5981-5988

Hall J. C. (1994) The mating of a fly. Science 264: 1702—
1714

Waldron I. (1964) Courtship sound production in two sympat-
ric sibling Drosophila species. Science 144: 191-193
Bennet-Clark H. C. and Ewing A. W. (1970) The love song of
the fruit fly. Sci. Am. 223: 85-90

Shorey H. H. (1962) The nature of the sound produced by Dro-
sophila melanogaster during courtship. Science 137: 677-678
Caldwell J. C. and Eberl D. F. (2002) Towards a molecular un-
derstanding of Drosophila hearing. J. Neurobiol. 53: 172-189
Bennet-Clark H. C. (1971) Acoustics of insect song. Nature
234: 255-259

Greenspan R. J. and Ferveur J. F. (2000) Courtship in Dro-
sophila. Annu. Rev. Genet. 34: 205-232

Gray E. G. and Pumphrey R. J. (1958) Ultrastructure of the
insect ear. Nature 181: 618

Whitear M. (1960) Chordontonal organs in Crustace. Nature
187: 522-523

Kiippers J. (1974) Measurements on the ionic milieu of the
receptor terminal in mechanoreceptive sensilla of insects. In:
Symposium on Mechanoreception, pp. 387-394, Schwartz-
kopf J. (ed.), Westdeutscher, Opladen

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

Review Article 3001

Chung Y. D., Zhu J., Han Y. and Kernan M. J. (2001) nompA
encodes a PNS-specific, ZP domain protein required to con-
nect mechanosensory dendrites to sensory structures. Neuron
29: 415428

Manning A. (1967) Antennae and sexual receptivity in Dro-
sophila melanogaster females. Science 158: 136-137

Gopfert M. C. and Robert D. (2002) The mechanical basis of
Drosophila audition. J. Exp. Biol. 205: 1199-1208

Dubruille R., Laurencon A., Vandaele C., Shishido E., Cou-
lon-Bublex M., Swoboda P. et al. (2002) Drosophila regulatory
factor X is necessary for ciliated sensory neuron differentia-
tion. Development 129: 5487-5498

Martinez-Campos M., Basto R., Baker J., Kernan M. and Raff
J. W. (2004) The Drosophila pericentrin-like protein is essen-
tial for cilia/flagella function, but appears to be dispensable for
mitosis. J. Cell Biol. 165: 673-683

Baker J. D., Adhikarakunnathu S. and Kernan M. J. (2004)
Mechanosensory-defective, male-sterile unc mutants identify
a novel basal body protein required for ciliogenesis in Dro-
sophila. Development 131: 3411-3422

Kernan M., Cowan D. and Zuker C. (1994) Genetic dissection
of mechanosensory transduction: mechanoreception-defective
mutations of Drosophila. Neuron 12: 1195-1206

Eberl D. F., Duyk G. M. and Perrimon N. (1997) A genetic
screen for mutations that disrupt an auditory response in
Drosophila melanogaster. Proc. Natl. Acad. Sci. USA 94:
14837-14842

McClung C. and Hirsh J. (1999) The trace amine tyramine is
essential for sensitization to cocaine in Drosophila. Curr. Biol.
9: 853-860

Ernstrom G. G. and Chalfie M. (2002) Genetics of sensory
mechanotransduction. Annu. Rev. Genet. 36: 411453
Sukharev S. and Corey D. P. (2004) Mechanosensitive chan-
nels: multiplicity of families and gating paradigms. Sci. STKE
2004: re4

Moran D. T., Varela F. J. and Rowley J. C. 3" (1997) Evidence
for active role of cilia in sensory transduction. Proc. Natl.
Acad. Sci. USA 74: 793-797

Hoenderop J. G., van Leeuwen J. P., van der Eerden B. C.,
Kersten F. F., van der Kemp A. W., Merillat A. M. et al. (2003)
Renal Ca2+ wasting, hyperabsorption, and reduced bone
thickness in mice lacking TRPVS5. J. Clin. Invest. 112: 1906-
1914

Sharif Naeini R., Witty M. F,, Seguela P. and Bourque C. W.
TRPV1 splice variant is essential for osmosensory transduc-
tion in vasopressin neurons of mouse hypothalamus. The
Physiologist 2005; 48: 147.

Ciura S. and Bourque C. W. Impaired detection of hyperos-
motic stimuli in the OVLT of TRPV1 KO mice. The Physiolo-
gist 2005; 48: 148.

To access this journal online:
http://www.birkhauser.ch




