change in intensity from this value. Care was taken to omit all changes that were due to
focal shifts or sample movement in any dimension. The spatial extent (half-maximal
width) of local flashes was measured from line scans of AF/F, at the time of maximal
intensity change. To determine the effects of the pharmacological agents, we followed and
compared the summed length of the same processes in control Ringer’s solution and after
applying the agents. Because the distribution of neuronal processes is largely two-
dimensional in the retina, complete representations of the majority of dendrites could be
obtained in single planes. Comparison of the total length of the processes in control
solution at two time points, 20 min apart, indicated that addition and retraction of
processes were balanced, with no net change in total length®. The total length was then
measured 25-30 min after the drug was introduced. Changes in total length upon drug
treatment were expressed as a percentage of baseline length. The rate of change was
calculated by dividing this number by the time between measurements (% change per
min). In the uncaging experiments, we measured the total length of all terminal processes
in focus that were at least partially located within 20 pm around the centre of the laser spot,
before and after stimulation. All other terminal dendrites outside this region of maximal
stimulation served as controls. The average initial lengths of individual terminal dendrites
were similar for both groups (inside and outside the stimulated area). All statistical
analyses: t-test, paired or unpaired.
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Transient receptor potential (TRP) proteins are cation-selective
channels that function in processes as diverse as sensation and
vasoregulation. Mammalian TRP channels that are gated by heat
and capsaicin (>43°C; TRPV1 (ref. 1)), noxious heat (>52°C;
TRPV2 (ref. 2)), and cooling (<22 °C; TRPMS (refs 3, 4)) have
been cloned; however, little is known about the molecular
determinants of temperature sensing in the range between
~22°C and 40°C. Here we have identified a member of the
vanilloid channel family, human TRPV3 (hTRPV3) that is
expressed in skin, tongue, dorsal root ganglion, trigeminal
ganglion, spinal cord and brain. Increasing temperature from
22°C to 40°C in mammalian cells transfected with hTRPV3
elevated intracellular calcium by activating a nonselective cat-
ionic conductance. As in published recordings from sensory
neurons, the current was steeply dependent on temperature,
sensitized with repeated heating, and displayed a marked hyster-
esis on heating and cooling>°. On the basis of these properties,
we propose that hTRPV3 is thermosensitive in the physiological
range of temperatures between TRPM8 and TRPV1.

Survival depends on the precise regulation of body temperature''.
Certain dorsal root ganglia (DRG) neurons detect temperature
changes between 32°C and 43°C (warmth)® and respond with
calcium influx processes’. Recordings of a nonselective ion channel
activated by temperatures from 25°C to 49 °C (ref. 6), as well as
temperature-activated cationic currents in both central and sensory
neurons®'” are indicative of an involvement of TRP ion channels.
Activation of TRP channels depolarizes cells from the resting
membrane potential and shortens action potential duration. Most
TRP channels are cation-nonselective and permeant to the signal
transduction element Ca®". Although all channels and enzymes are
inherently temperature-sensitive, the discovery of ‘hot’ pepper’,
noxious heat® and menthol-sensitive>* TRP channels with high 10-
degree temperature coefficients (Q o values (ref. 12)) motivates the
search for other ion channels in the mammalian TRP superfamily.

|| Present address: Elixir Pharmaceuticals Inc. 1000, One Kendall Square, Cambridge Massachusetts
02139, USA.
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Database searches revealed TRP-related expressed sequence tags
(ESTs) in a human testis library. The corresponding genomic
sequences were identified on human chromosome 17 near the
TRPV1 locus (chromosome location 17p13). A combination of
exon-prediction software, polymerase chain reaction (PCR), rapid
amplification of cloned ends (RACE) and screening of a human
brain complementary DNA library yielded a putative open reading
frame (ORF) of 790 amino acids with homology to members of the
TRPV family (Fig. 1a). The hTRPV3 cDNA is 38%, 38%, 32% and
12% identical to that of TRPV4, TRPV1, TRPV2 and TRPMS,
respectively. Hidden Markov modelling" of the transmembrane
topology of the amino acid sequence of hTRPV3 was consistent
with a primary structure containing six transmembrane domains
(Fig. 1b). As is characteristic for other TRPV and TRPC family
channels (Fig. 1c), hTRPV3 contains three putative ankyrin repeats
(Fig. 1a).

TagMan quantitative PCR with reverse transcription (RT-PCR)
of 22 different human tissues revealed high TRPV3 expression in
brain, spinal cord, DRG, skin and testis. Lower expression was seen
in stomach, trachea, small intestine and placenta (see Supplemen-
tary Information). Expression of an approximately 5-kilobase (kb)
transcript in tongue and stomach was also detected by northern blot
analysis (see Supplementary Information). In situ hybridization of
monkey tissue with an antisense RNA probe derived from the 3’ end
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of the coding region of TRPV3 labelled neurons throughout the
cortex, thalamus and striatum (Fig. 2; see also Supplementary
Information). In the spinal cord, TRPV3 was present in ventral
horn motoneurons, as well as interneurons in the intermediate zone
and deep laminae of the dorsal horn, but not in the superficial dorsal
horn (laminae I and II). In the peripheral nervous system, TRPV3
was detected in sympathetic neurons in the superior cervical ganglia
(SCG) and in most of the sensory neurons in the DRG and
trigeminal ganglia (Fig. 2). Bright field microscopy revealed that
TRPV3 RNA is present in DRG sensory neurons of all sizes,
including the small nociceptive neurons that previously were
shown to express the heat-sensitive channel TRPV1 and the cold-
sensor channel TRPMS (refs 1, 3, 4, 14). No signal was detected in
glial cells in either the central or peripheral nervous system. Finally,
TRPV3 was detected in the upper layer of monkey tongue (data not
shown) and in cells surrounding hair follicles of human skin that
receive sensory and sympathetic innervation'®

Given the homology of h\TRPV3 to other heat-activated channels,
we tested whether hTRPV3 coded for a functional heat-sensitive
and Ca**-permeable channel. One defining characteristic for tem-
perature-gated channels is a rapid, nonlinear change as a functional
response to temperature changes. We transfected hTRPV3 into
CHO-K1 (Chinese hamster ovary) cells and measured intracellular
calcium ([Ca®"];) concentration responses and hTRPV3 currents
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(1-6) and a pore region (P). ¢, Phylogenetic tree of the TRP ion channel superfamily. PAM
is defined as ‘point accepted mutation’ in the MacVector software, Oxford Molecular
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(Intrpvs) 24h later. Cells were loaded with the Ca*"-sensitive
fluorescent dye Fura-2 AM, and fluorescence ratios recorded during
perfusion of a heated bath solution. Vector-transfected CHO-K1
cells exhibited no appreciable increase in [Ca®"]; in response to a
temperature ramp. In contrast, [Ca*t]; in cells transfected with
hTRPV3 exhibited an average peak increase of 398 * 94nM
(mean * s.e.m.) in response to a temperature ramp from 22 °C to
38°C over 12-15s (n = 34 cells, Fig. 3a, b). The response decayed
slowly when the temperature was maintained at a plateau tempera-
ture. Reduction of extracellular calcium to nominal concentrations
(~10uM) reduced [Ca®"]; to basal levels (60 + 20 nM; Fig. 3a,
n = 26 cells).

Increasing bath temperature from 23°C to 36°C (initial
rate = 0.7°Cs™ ") elicited a large outwardly rectifying whole-cell
current (Iyrrpvs, Fig. 3¢—f). Intrpys readily activated above room
temperature (22.6 = 0.1°C) and rapidly deactivated after removal

Figure 2 /n situ hybridization of monkey tissue sections showing expression of TRPV3 in
central and peripheral neurons and in the skin. a—i, Emulsion autoradiograms of monkey
cortex (@), cortex sense probe control (b), thalamus (), dorsal spinal cord (d), trigeminal
ganglion (e), superior cervical ganglion (f), dorsal root ganglion (g, h), and human hair
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of the heating stimulus (Fig. 3¢). The average heat-activated I, rpys3
was 1.4 = 0.3nA at +80mV and —0.42 £ 0.12nA at —80mV
(mean * s.e.m.). We frequently observed that a residual com-
ponent of I;,trpy3 decayed slowly after cooling from peak tempera-
tures (Fig. 3¢, d). Similar heating protocols applied to vector- and
non-transfected cells failed to activate a similar current (Fig. 3c).
Itrpys reversed near 0 mV (Fig. 3d), as expected for nonselective
cation channels. Large, fast-current fluctuations about the mean
Itrpvs Were observed at both negative and positive membrane
potentials (Fig. 3¢, d), a characteristic of neuronal heat-activated
currents®.

No currents were measured in cells transfected with hTRPV3
when agonists of TRPV1 (10 pM capsaicin, 10 pM resiniferatoxin,
pH 4.3) or TRPV2 (10nM insulin-like growth factor-I)'® were
applied at 22°C. Activators of TRPV4 (hypotonic solution
250 mosM'”'® and 10 uM phorbol ester (PDD')) also failed to

follicle root sheath cells (arrows) (i). Note the lack of expression in the superficial laminae
of the dorsal horn (dotted line in d). Scale bar: 40 wm for x 10 magnification dark field
images (a, b, d, f, g); 10 um for X 40 magnification bright field images (c, e, h, i).
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activate any new currents in hTRPV3-transfected cells at 22 °C. To
exclude contamination by native Mg -inhibited current®*?, we
commonly studied the temperature-dependent activation of
I'yrrpys in the presence of 10 mM [Mg”]i.

Itrpvs Was cation-nonselective (Fig. 3e) with relative perme-
abilities of Ca®™ > Na™ =~ K™ =~ Cs™ and permeability ratios as
listed in Fig. 3f. Ruthenium red (10 p.M), a nonselective blocker of
many cation channels, blocked heat-evoked Iy rrpyvs by 89 = 3%
(holding potential, V}, = —40mV, n =5, P < 0.05). In contrast,
the TRPV1 antagonist capsazepine (10 uM) failed to significantly
block the current (5.2 = 2% at Vy, = +60 mV, n = 4). The failure
of capsaicin to activate and capsazepine to block I',rrpy3 agrees with
the predicted absence of a capsaicin-binding site” in the hTRPV3
sequence.

Iyrrpvs activates rapidly in response to voltage steps with no
evidence of time-dependent inactivation (Fig. 4a, b). Outside-out,
single-channel recordings from hTRPV3-expressing cells revealed
that the single channel current—voltage (I-V) relation was out-
wardly rectifying with a chord conductance of 172 = 9pS at
+60mV (n = 4; Fig. 4c). At +60mV, the single-channel mean
open time was 5.4 = 0.2ms (n = 4; Fig. 4d). Consistent with the
behaviour of the whole-cell current, single-channel opening prob-
ability increased markedly with temperature elevation from 25 °C to
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Figure 3 Temperature-activated currents and [Ca®*]; increases in hTRPV3-expressing
CHO-K1 cells. a, Fura-2-measured changes of [Ca®*]; with changing temperature.

b, Heat-induced Ca®* response in CHO-K1 cells. ¢, Activation of /gpy3 by temperature
elevation. Representative whole-cell currents at +100 mV or —100 mV in CHO-K1 cells
transfected with hTRPV3 or pTracer vector. d, hTRPV3 /~V/ relation determined from
voltage ramps (—100 to +100 mV, 200 ms). Numbers correspond to the time course in
¢. The inset shows normalized /trpys (Mean = s.e.m., n = 18). e, /,rpys3 is carried by
monovalent cations and Ca*. f, Calculated relative permeabilities of /gpys. Erey IS the
reversal potential; 7 is the time constant.
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37°C (Fig. 4e, f).

Activation of I,rpy3 at —60 mV is correlated with the initial rate
of heating (Fig. 5a). Rapid heating (4.1-6.0°Cs™") elicited larger
hTRPV3 currents (—648.3 * 237.2 pA at 32 °C) than slower heat-
ing protocols (—158.3 & 33.0 pA at 32°C). One method used to
quantify the temperature sensitivity of ion channels is the 10-degree
temperature coefficient (Q o), corresponding to the inverse slope of
log (I) plotted against 1/T, where T is absolute temperature
(Arrhenius plot'>**; Fig. 5b). Qo values for the membrane con-
ductance of relatively ‘temperature-insensitive’ channels is approxi-
mately 1.5. In contrast, " TRPV3-transfected cells exposed to slow
heating protocols usually showed an initial activation phase
(Qio=1.9 £ 0.3, n=16 cells) followed by a second steep
phase (Q;o=17.3 = 3.0, n =19 cells) corresponding to ~11.4
and ~54.0 kcal mol ™', respectively. The slope of the second phase is
unlike temperature-insensitive conductances, but comparable to
data we replotted from Itgrpyi, Itrpv2 (refs 2, 14) and Ipe, in
neurons'®*>*. The inflection point of these two phases is referred to
as the thermal threshold (T,)*'**°. In cells that clearly exhibited
both a first and second phase, T}, = 31 = 2°C (n = 12) was close to
the threshold for warm-sensitive neurons®”” and warm-activated
currents in neurons™'’. Cells exposed to rapid heating typically
exhibited a steep initial activation phase (Q;o = 21.6 £ 4.2,
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Figure 4 Temperature-activated hTRPV3 currents. a, b, Kinetics of temperature-
activated whole-cell currents resulting from 200-ms voltage steps from —100 to
+100mV in 10-mV increments in CHO-K1 cells transfected with hTRPV3 (a) or pTracer
vector (b). ¢, hTRPV3 single-channel /—V relation at 34 °C. A linear regression fit from
440 to 480 mV (solid line) yielded a slope conductance of 197 + 11 pS

(mean = s.e.m., n = 4). Chord conductance was 172 = 9pS at +60 mV. Channel
amplitudes were determined by measuring amplitude histograms at each potential.

d, Representative single channel traces at different holding potentials. e, Single-channel
currents (outside-out patches) of hTRPV3-transfected cells in response to a temperature
ramp. Current activated most prominently at temperatures above 30 °C. f, Representative
single-channel currents (V/, = 60 mV) in response to a temperature ramp from 24.5 °C
to 37 °C. Dashed lines indicate the closed state.

NATURE | VOL 418 | 11 JULY 2002 | www.nature.com/nature




n=11) that was followed by a more shallow phase
(Q10=3.9 £ 0.7, n =14 cells). Irrpys did not saturate up to
the highest temperature tested (50°C). Similar variable heat
responses were also recorded for the capsaicin- and pH-insensitive
heat-activated current in trigeminal neurons'.

Repeated temperature elevation increased both the steady-state
current and the current variance (Fig. 5¢). hTRPV3 was differen-
tially sensitive to the direction of temperature change, resulting in
hysteresis of the thermal activation—deactivation cycle. Whereas
increasing temperature resulted in progressive activation of I, trpv3,
even small decreases in temperature profoundly affected current
deactivation (Fig. 5d). Loop hysteresis was independent of the
absolute temperature reached during the heating protocol (Fig.
5d). Heat-induced activation of I} rpys also accelerated the tem-
poral kinetics and decreased the temperature-dependence of sub-
sequent thermal activations (Fig. 5d, €). Qo values for the first,
second and third heat exposures in Fig. 5e were similar (18.7, 20.6
and 17.5, respectively). However, the zero current intercept
decreased 3—4 °C after the initial heat exposure, indicating a change
in the thermal sensitivity of Itrpys. The hysteresis effect predicts
that the immediate history of temperature activation will affect the
current induced in cells expressing hTRPV3. Both the speed of
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Figure 5 Temperature-dependent gating of /rpys. @, /nrrev—temperature (7) response
from two cells recorded at —60 mV at the initial heating rates indicated. Higher d7/dt
(where tis time) characteristically evoked larger currents (black trace, left y axis).

b, Arrhenius plots of the data in a illustrate three phases of the thermal response. Q1o
values were derived from linear fits of the data and the plots demonstrate the range of
variability. ¢, Sensitization of /rrpy3 0N repeated heat stimulation is characteristic of
Intreva @nd is blocked by ruthenium red (RR 10 wM). d, Repeated heating speeds /h1rpys
activation rates without altering deactivation. e, Hysteresis of /,trpy3 in response to
heating and cooling. Arrows indicate temporal direction of current response.
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temperature change and the absolute temperature affect I'trpys,
consistent with data from primary afferent warm-sensitive
fibres™.

We found that hTRPV3 codes for a highly temperature-sensitive
ion channel uniquely sensitive around the physiological 37°C
temperature point in mammals. The temperature dependence of
hTRPV3 fills a gap between the cool-sensing TRPMS8 (25°C to
15°C) and the heat-sensing TRPV1 (>43°C) channels. In DRG
neurons, not all low-threshold, heat-induced responses are sensitive
to capsaicin®. Identification of hTRPV3 as a heat-sensitive but
capsaicin-insensitive cation channel may help explain these pre-
vious findings. The apparent disparity between robust primate
TRPV3 expression reported here and sparse warm-sensitive
responses in rodent sensory neurons and fibres” could result from
inter-species variability, post-transcriptional or -translational regu-
lation or hetero-oligomerization of TRPV3 with TRPV channels
that respond only at higher temperatures. hTRPV3 may report
graded responses to warm stimuli in peripheral tissues that are
normally below (17 °C-22 °C) the channel’s thermal threshold, but
responds robustly to small perturbations around core body tem-
perature (36 °C to 38 °C). The wide tissue distribution of hTRPV3
suggests that hTRPV3 may have additional, as yet unidentified
functions. O

Methods

Cloning

To identify new TRP channels, we searched the NCBI, Millennium EST, ENSEMBL, and
Celera databases with the sequences of known TRPV channels. A full-length human
hTRPV3 cDNA containing a 2,373-nucleotide ORF was isolated from a human brain
cDNA library using the primers 5'-GCCACGACCACCCAGAACCTCA-3" and 5'-
CACCCACTGAGCACTGAGCACGAGG-3'. Both 3" and 5" RACE reactions established
that this clone contained the entire ORF.

RT-PCR and in situ hybridization

Expression of hTRPV3 in a panel of human nervous system and peripheral tissues was
assessed by TagMan real time quantitative RT-PCR (essentially as previously described™)
using the following primers in the 3" end of the coding region, giving an amplicon of
64 bp: sense, 5'-GAGCAGATTCCGGATGGGA-3'; antisense, 5'-CCGCAAACACAGT
CGGAAA-3'; fluorescent probe, 5'-CATCCTCGGCCACTTTGCACAGCT -3'. 82-
microglobin RNA was used as the internal reference for gene expression.

To determine cellular expression, 12-pm fresh-frozen sections were prepared from
cynomolgus monkey tissues (brain, DRG, spinal cord and SCG). In situ hybridization was
performed using a **S-labelled, 247-bp human hTRPV3 cRNA probe covering amino
acids 672754, essentially as described®. A **P-labelled cRNA probe (~600 bp) extending
from the EcoRI to the EcoRV sites in the 3" end of hTRPV3 was hybridized to a multiple
human tissue northern blot (MTN3, Clontech). The same probe labelled with digoxigenin
was hybridized to human scalp tissue.

Mammalian cell electrophysiology

hTRPV3 was subcloned into a green fluorescence protein (GFP)-containing vector
(pTracer-CMV2, Invitrogen) for expression in CHO-K1 cells. Cells were transfected
using LT2 polyamine (PanVera) or Lipofectamine 2000 (Invitrogen) transfection reagent
(6-8h). Transfected cells, cultured at 37 °C, were plated onto glass coverslips and
recorded 24 to 48 h later. Unless otherwise stated, the pipette solution contained (in
mM): 147 Cs, 120 methane-sulphonate, 8 NaCl, 10 EGTA, 2 Mg-ATP, and 20 HEPES, pH
7.4. Bath solution contained (in mM): 138 NaCl, 1.8 CaCl,, 5 KCl, 20 HEPES, pH 7.4,
and 10 glucose. Data were collected using an Axopatch 2A patch clamp amplifier,
Digidata 1320, and pClamp 8.0 software. Whole-cell and excised outside-out patch
currents were filtered at 2 kHz and digitized at 10 kHz. The perfusate was heated using a
Warner TC-333A or TC-344B heater controller and either Warner SHM-6 or SH-27B
solution heater. In some experiments, the bath solution was cooled before heating. The
rate of temperature change was between 0.7°C and 6.0°Cs ™", depending on the flow
rate. For determination of the current—voltage relation, background currents before heat
stimuli were subtracted from responses in the presence of heat. In experiments
performed with high [Mg”"]; to block endogenous currents, the pipette solution
contained (in mM): 145 Cs-gluconate, 10 MgCl,, 10 Cs4-BAPTA, 10 HEPES, pH 7.2.
Heat-activated Itppys in high [Mg*"]; was not detectably different from those recorded
in standard pipette solution.

The permeability of monovalent cations relative to that of Na™ was estimated from the
shift in reversal potential on replacing external Na* in nominally Ca**-free bath solution
(145 mM XCl, 20 mM HEPES, 10 mM glucose, pH 7.4), where X was Nat, K, CsT, or
NMDG™. Ca®* permeability was estimated from the shift in reversal potential on
replacing NMDG-CI with solution containing (in mM): 100 NMDG-CI, 30 CaCl,, 20
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HEPES, 10 glucose, pH 7.4 (see equation (2)*).
Px/Pxa = {[Na"],/[X]o Hexp((F/RT)(Vx — Va))} (1)

Pca/Pya = {[Na*1, /4[Ca* 1o Hexp((F/RT)(Vea = VaDH1 +exp(FVea /RT} - (2)

where [X], is defined as the extracellular concentration of the given ion, P is defined as the
permeability of the ion indicated by the subscript, F is Faraday’s constant, R is the gas
constant, T'is absolute temperature and Vis the reversal potential for the ion indicated by
the subscript.

Calcium imaging

Cells were loaded with 2 puM Fura-2 AM in cell culture medium at room temperature for
30 min. We recorded Fura-2 ratios (F340/F380) on a MERLIN imaging system (Olympus).
The standard curve for Fura-2 ratio versus Ca*" concentration was constructed using the
Fura-2 calcium imaging calibration kit (Molecular Probes).

Data analysis

Group data are presented as mean * s.e.m. Statistical comparisons were made using
analysis of variance and the t-test with Bonferroni correction. A two-tailed value of
P < 0.05 was taken to be statistically significant.
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Vanilloid receptor-1 (VR1, also known as TRPV1) is a thermo-
sensitive, nonselective cation channel that is expressed by cap-
saicin-sensitive sensory afferents and is activated by noxious
heat, acidic pH and the alkaloid irritant capsaicin'. Although VRI
gene disruption results in a loss of capsaicin responses, it has
minimal effects on thermal nociception®’. This and other experi-
ments—such as those showing the existence of capsaicin-insen-
sitive heat sensors in sensory neurons*—suggest the existence of
thermosensitive receptors distinct from VR1. Here we identify a
member of the vanilloid receptor/TRP gene family, vanilloid
receptor-like protein 3 (VRL3, also known as TRPV3), which is
heat-sensitive but capsaicin-insensitive. VRL3 is coded for by a
2,370-base-pair open reading frame, transcribed from a gene
adjacent to VRI, and is structurally homologous to VR1. VRL3
responds to noxious heat with a threshold of about 39 °C and is
co-expressed in dorsal root ganglion neurons with VR1. Further-
more, when heterologously expressed, VRL3 is able to associate
with VR1 and may modulate its responses. Hence, not only is
VRL3 a thermosensitive ion channel but it may represent an
additional vanilloid receptor subunit involved in the formation
of heteromeric vanilloid receptor channels.

On the basis of the reasoning that a family of thermoreceptors
homologous to VR1 might exist, we searched public nucleotide
databases for sequences homologous to those of vanilloid receptor
family members. Because we had previously noted that two mem-
bers of this family, TRPV6/CaTl (ref. 5) and TRPV5/ECACI (ref.
6), were co-localized on chromosome 7 (ref. 7), we focused our
searches in genomic regions flanking TRPV1/VR1 17p13 (ref. 8)
and TRPV4/VRL-2 12q23-24.1 (ref. 9). Sequence searches of the
GenBank database led to the identification of an unfinished human
genomic sequence (AC025125) sharing homology with human VR1
(AJ277028). Polymerase chain reaction (PCR) and rapid amplifica-
tion of complementary DNA ends (RACE) analyses were used to
extend the partial gene prediction. Analysis of the sequences
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