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Background: TRPV1 and TRPV3 subunits are known to form heteromeric channels with unknown functional properties.
Results: Heteromeric TRPV1/TRPV3 channels exhibit unique activation threshold temperature, dynamic range, potentiation
to repetitive heating, and capsaicin sensitivity.
Conclusion: Heteromeric channels are unique sensors for heat and chemical stimuli.
Significance: Heteromeric channels may contribute to the fine-tuning of human sensitivity to sensory inputs.

TRPV1 and TRPV3 are two heat-sensitive ion channels acti-
vated at distinct temperature ranges perceived by human as hot
andwarm, respectively. Compounds eliciting human sensations
of heat or warmth can also potently activate these channels. In
rodents, TRPV3 is expressed predominantly in skin keratino-
cytes, whereas in humans TRPV1 and TRPV3 are co-expressed
in sensory neurons of dorsal root ganglia and trigeminal gan-
glion and are known to form heteromeric channels with distinct
single channel conductances as well as sensitivities to TRPV1
activator capsaicin and inhibitor capsazepine. However, how
heteromericTRPV1/TRPV3channels respond toheat andother
stimuli remains unknown. In this study,we examined the behav-
ior of heteromeric TRPV1/TRPV3 channels activated by heat,
capsaicin, and voltage. Our results demonstrate that the hetero-
meric channels exhibit distinct temperature sensitivity, activa-
tion threshold, and heat-induced sensitization. Changes in gat-
ing properties apparently originate from interactions between
TRPV1 and TRPV3 subunits. Our results suggest that hetero-
meric TRPV1/TRPV3 channels are unique heat sensors that
may contribute to the fine-tuning of sensitivity to sensory
inputs.

TRPV1 and TRPV3 are two members of the vanilloid recep-
tor branch of the transient receptor potential channels,

TRPVs,4 that serve as cellular sensors for increases in temper-
ature and the presence of pungent chemical stimuli (1–4). They
are Ca2�-permeable nonselective cation channels with a simi-
lar structural architecture (5). Like voltage-dependent potas-
sium channels, they are tetramers with four subunits surround-
ing a centrally located ion-conducting pore (6). Each subunit
has six transmembrane segments, with the last two transmem-
brane segments and the linker between them forming the ion
permeation pore. TRPV1 and TRPV3 subunits exhibit about
50% overall sequence similarity, and the similarity between the
transmembrane regions ismuchhigher. They also share a num-
ber of functional domains, such as the intracellular N-terminal
ankyrin-like repeats domain (7, 8) and the charged amino acid-
rich TRP domain located proximal to the S6 transmembrane
segment (9).
Despite structural similarity, TRPV1 and TRPV3 show dis-

tinct functional properties. TRPV1 is strongly activated by tem-
peratures above 40 °C and by capsaicin (CAP) (10–12). TRPV3
is activated atmuch lower temperatures (�30 °C) and by chem-
icals such as camphor, vanillin, carvocral, and cinnamaldehyde
that elicit warm sensation (13–17). In addition, the kinetics of
temperature response by TRPV1 and TRPV3 are very different,
whereas TRPV1 is activated rapidly by brief elevation to high
temperatures, TRPV3 activates at amuch slower pace. Further-
more, TRPV1 can be desensitized by prolonged or repetitive
heating, whereas TRPV3 exhibits prominent sensitization to
repetitive heating (15). These differences in gating properties
are expected to have profound impact on their physiological
roles as temperature and pain sensors.

* This work was supported, in whole or in part, by National Institutes of Health
Grants NS072377 (to J. Z.) and GM081658 (to M. X. Z.). This work was also
supported by the University of California Davis Health System (to J. Z.),
National Science Foundation of China Grants 30970919 (to K. W. W.) and
3092800 (to J. Z.), Ministry of Education of China 111 Project B07001 (to
K. W. W.), and an American Heart Association predoctoral fellowship (to
F. Y.).

1 Both authors contributed equally to this work.
2 To whom correspondence may be addressed. E-mail: wangkw@bjmu.edu.

cn.
3 To whom correspondence may be addressed. E-mail: jzheng@ucdavis.edu.

4 The abbreviations used are: TRPV, transient receptor potential vanilloid;
TRP, transient receptor potential; CAP, capsaicin; eYFP, enhanced yellow
fluorescent protein; CZP, capsazepine; RR, ruthenium red; DRG, dorsal root
ganglion.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 287, NO. 10, pp. 7279 –7288, March 2, 2012
© 2012 by The American Society for Biochemistry and Molecular Biology, Inc. Published in the U.S.A.

MARCH 2, 2012 • VOLUME 287 • NUMBER 10 JOURNAL OF BIOLOGICAL CHEMISTRY 7279

 at P
E

K
IN

G
 U

N
IV

 H
E

A
LT

H
 S

C
IE

N
C

E
 LIB

R
A

R
Y

, on O
ctober 8, 2012

w
w

w
.jbc.org

D
ow

nloaded from
 

http://www.jbc.org/


TRPV1 and TRPV3 are encoded by genes located adjacent to
each other in the human and mouse genomes (13–15). In
human and non-human primates, expression of both TRPV1
and TRPV3 in sensory neurons is detected at mRNA and pro-
tein levels (14, 15, 18). However, in rodents (e.g. rat andmouse)
TRPV3 is found to express predominantly in keratinocytes (13).
The difference in tissue distribution calls for caution in inter-
preting the applicability of behavior and knock-out studies in
rodents to human physiology (19, 20). Indeed, it was previously
found that TRPV1 and TRPV3 subunits co-assemble into het-
eromeric channels (14, 21). Like other heteromeric TRP chan-
nels (22), heteromeric TRPV1/TRPV3 channels exhibit single
channel conductances and chemical sensitivity that are distinct
from the homomeric channels (21). However, very little is
known about the functional properties of the heteromeric
channels. In particular, how heteromeric TRPV channels
respond to temperature remains unknown. Given the dramatic
functional differences betweenTRPV1 andTRPV3 homomeric
channels, it is of great interest to understand how heteromeric
channels formed between them preserve the physiological
properties of each subunit type and respond to benign or nox-
ious stimuli. In this study, we use electrophysiological and fluo-
rescence microscopic recordings to demonstrate that hetero-
meric TRPV1/TRPV3 channels exhibit unique temperature
and chemical responses.

MATERIALS AND METHODS

Molecular Biology and Cell Culture—Mouse TRPV1 and
TRPV3 cDNAs were fused at the C-terminal end to a cDNA
encoding either cerulean (a brighter version of the enhanced
cyan fluorescent protein) or the enhanced yellow fluorescent
protein (eYFP), as described previously (21). The fluorescent
tag facilitated identification of positively transfected cells but
did not significantly alter channel function (21). A TRPV1-
TRPV3 concatemer was described previously (23), in which the
C terminus of TRPV1 was linked to the N terminus of TRPV3
by a short amino acid chain (CQQQQFCSRAQASNSAVDD).
No fluorescent protein tag was used in the concatemer. We
have previously confirmed with a TRPV1-TRPV1 concatemer
that covalent linkage did not exert a detectable effect on chan-
nel function (24). All constructs were confirmed by sequencing.
HEK293 cells were plated at low densities and allowed to

grow overnight in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 20 mM L-glutamine and 10% FBS.
Cells were transiently transfected using Lipofectamine 2000
(Invitrogen) following standard protocols. After 1–2 days,
expressed cells were chosen to perform patch clamp recording.
For TRPV1 � TRPV3 co-expression experiments, cells exhib-
iting strong fluorescence from both cerulean and eYFP were
selected. For TRPV1-TRPV3 concatemer, eYFP was co-trans-
fected with the concatemer at a ratio of�1:4. Cells that showed
significant eYFP fluorescence were selected.
Electrophysiology—Patch clamp recordings were done using

an EPC10 amplifier driven by the PatchMaster software
(HEKA) in the cell-free inside-out or whole-cell configuration.
For both configurations, the bath solution and the pipette solution
contained (in mM) the following: 130 NaCl, 3 HEPES, and 0.2
EDTA (pH 7.2). All recordings were done at room temperature

unless specified; the variation in temperature in these experi-
ments,monitoredby a thermistorplacednext to thepatchpipette,
in most cases was within 1 °C. Capsaicin or capsazepine was
applied to the patch with a rapid solution changer (RSC-200, Bio-
Logic). The speedof solution exchangewas estimatedbymonitor-
ing the time course of junction potential change that occurred at
the tip of an open pipette. Solution exchange was always com-
pleted within 100 ms. EC50 or IC50 was derived from fitting the
dose-response relationship to a Hill equation. Rates of current
inhibition and recovery were estimated by fitting the time course
to a single exponential function.G-V curves were fitted to a single
Boltzmann function as shown in Equation 1,

G/Gmax �
1

1 � exp��qF�V � Vhalf�/RT�
(Eq. 1)

from which the half-activation voltage, Vhalf, and the apparent
gating charge, q, were estimated. A single exponential function
was used to fit the latter part of depolarization-induced current
to estimate the activation rate; similarly, a single exponential
function was fitted to the hyperpolarizing voltage-induced
channel closure to evaluate the deactivation rate. All statistical
data are given asmean� S.E. Student’s t test was used to exam-
ine the significance of statistical differences.
Ca2� Imaging—Transiently transfectedHEK293 cells seeded

in 96-well plates were washed once with an extracellular solu-
tion containing 140 mM NaCl, 5 mM KCl, 1 mM MgCl2, 1.8 mM

CaCl2, 10 mM glucose, and 15 mM HEPES (pH 7.4) and then
incubated in 50 �l of extracellular solution supplemented with
2 �M fluo-4/AM and 0.05% Pluronic F-127 (both were from
Molecular Probes, Eugene, OR) at 37 °C for 60min. Probenecid
(2 mM) was included in all of the solutions to prevent fluo-4
leakage from cells. At the end of the incubation, the cells were
washed three times with extracellular solution and placed in 80
�l of the same solution. Intracellular Ca2� was measured using
a fluid-handling integrated fluorescence plate reader (Flex Sta-
tion, Molecular Devices, Sunnyvale, CA). Capsaicin and other
drugs were diluted into extracellular solution at three times the
desired final concentrations and delivered to the sample plate
by the integrated robotic eight-channel pipettor at the prepro-
grammed time points. The fluo-4 fluorescence was read at an
excitation wavelength of 494 nm and emission wavelength of
525 nm from the bottom of the plate at 0.67 Hz. All of the
experiments were performed at 32 °C.
Temperature Control—Temperature control was achieved in

two ways as follows: 1) perfusion of pre-heated or pre-cooled
solution; 2) heating by infrared laser irradiation. For the perfu-
sion-based method, reservoirs were placed about 20 cm above
the recording chamber, and solution flowwas driven by gravity.
Heating of solutions was done with an SHM-828 multiple line
heater controlled by a CL-100 temperature controller (Harvard
Apparatus). Up to eight solutions were heated simultaneously
via separated lines. A custom-made manifold was attached to
the output ports of the heater. Solution coolingwas achieved by
perfusing a cooled solution, which was embedded in ice water,
through a separate line into the recording chamber. The patch
pipette was placed about 1 mm from the solution output ports.
A TA-29 miniature bead thermistor (Harvard Apparatus) was
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placed right next to (�1 mm) the pipette to ensure accurate
monitoring of local temperature. Temperature readout by the
thermistorwas fed into an analog input port of the EPC10 patch
clamp amplifier and recorded simultaneously with current.
Perfusion-based heating was applied for steady state mea-

surement of threshold temperature. Solution flow was turned
on first, and the heater was set to the desired temperature. In
this way, the temperature changing rate was low (at about
0.15 °C/s) to ensure that the temperature-driven transition
was at equilibrium. The current-temperature relationship
exhibited two phases, a slow increase (probably representing
the temperature-dependent increase in leak current) fol-
lowed by a rapid takeoff phase. A linear fit was done for each
of these two phases. The intersect point of the two fitting
lines was defined as the threshold temperature.
To characterize heat-induced activation kinetics, a rapid

laser heating approach was used (25). Briefly, a 1443-nm laser
diode (Fitel) with controllers (Thorlabs) was used to generate a
continuous narrow laser beam. The maximum optic output
power was 250 milliwatts. The core diameter of laser-conduct-
ing optic fiberwas 10�m.Thepatch pipette tipwas placed right
in front of the center of optic fiber open end. When the laser
was turned on, light energy was efficiently absorbed by water
and converted to heat, elevating the local temperature rapidly.
To calibrate the laser heating system, the solution tempera-

ture of the bath chamber was held at constant levels by pump-
ing heated water that circulated around the chamber. An open
glass pipette filled with a solution distinct from the bath solu-
tion was immersed in the chamber. A thermistor as described

above was placed next to the open pipette. In this way the junc-
tion potential at different temperatures was measured. Subse-
quently, the same pipette was centered at the end of the laser
optic fiber. The laser driving power was adjusted to produce
junction potential values matching those measured at different
temperatures. In this way, the relationship between laser driv-
ing power and temperature was tabulated.
To determine the rate of laser-induced heating, again an

open pipettewas centered at the end of the laser optic fiber. The
rate of junction potential change in response to a particular
laser power was recorded. In this way, it was determined that
the temperature at the pipette tip can reach 45 °C within 30ms.
To measure the rate of heat-induced channel activation, a sin-
gle exponential function was fitted to the rising phase of the
current response to estimate the time constant. Because the
current response of TRPV3 and heteromers could be dramati-
cally potentiated upon repeated heating, all kinetic analyses
were done with the first heating response.
To calculate the activation energy (Ea), time constants of heat

activationmeasured in response to different temperatureswere
first converted to the natural log formbefore plotted against the
inverse of temperature. The Arrhenius Equation 2 was used to
fit the data set,

ln��� �
Ea

R � T
� ln� A� (Eq. 2)

where R is the gas constant; T is the temperature in Kelvin, and A
is a prefactor. Eawas estimated from the slope of the fitted line.

FIGURE 1. Heteromeric TRPV1/TRPV3 channels exhibit intermediate single channel conductance. A, sequence alignment between the pore regions of
TRPV1 and TRPV3. B, representative single channel current traces recorded from cells expressing TRPV1, TRPV3, or TRPV1-TRPV3 concatemer at �80 mV.
All-point histograms of current amplitude for each channel type are superimposed with fits of a double-Gaussian function. C, single channel conductance of
TRPV1/TRPV3 concatemers (118.6 � 6.9 picosiemens (pS), n � 6) is between those of homomeric TRPV1 (99.0 � 3.9 picosiemens (n � 6) and TRPV3 (175.7 �
4.6 picosiemens, n � 4) determined at �80 mV. *, p � 0.05; **, p � 0.01.
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RESULTS

Formation of Functional Heteromeric TRPV1/TRPV3 Chan-
nels—Previously, we have demonstrated that co-expressing
TRPV1 and TRPV3 subunits yielded heteromeric channels of
random subunit stoichiometries (21). Reflecting the difference
in sequence of their pore regions (Fig. 1A), these heteromeric
channels exhibited intermediate single channel conductances
comparing with the homomeric TRPV1 and TRPV3 channels.
To characterize functional properties of a single population of
heteromeric TRPV1/TRPV3 channels, in this study we made
use of a concatemer approach (26) in which the cDNA for
TRPV1 was covalently linked with that for TRPV3 in a single
expression vector (23). Expressing this concatemer construct
yielded heteromeric channels with two TRPV1 subunits and
two TRPV3 subunits in alternate positions (Fig. 1C).

To first confirm that the TRPV1-TRPV3 concatemer vector
indeed produced a single population of heteromeric TRPV1/
TRPV3 channels, we employed inside-out patch clamping to
record single channels from the concatemer-expressing cells.
Indeed, the single channel conductance exhibited a uniform
intermediate value between those of homomeric TRPV1 and
TRPV3 (Fig. 1, B and C). This observation is in agreement with
our previous findings from TRPV1 � TRPV3 co-expression
(21). Therefore, by either co-expressing TRPV1 and TRPV3 or
expressing the TRPV1-TRPV3 concatemer, we were able to
generate functional heteromeric TRPV1/TRPV3 channels on
the cell membrane.
Altered Ligand Gating of Heteromeric TRPV1/TRPV3

Channels—Capsaicin (CAP) is a highly specific agonist for
TRPV1 that exerts no effect on TRPV3. We found that the

FIGURE 2. Heteromeric TRPV1/TRPV3 channels exhibit altered capsaicin sensitivity. A and B, representative current traces of TRPV1 (A) and TRPV1/TRPV3
concatemer (B), recorded at �80 mV in response to different concentrations of capsaicin. C, capsaicin dose-response curves of TRPV1/TRPV3 (open squares) and
TRPV1 (filled squares). The curves represent fits to the Hill equation. The EC50 and slope factor values are as follows: 269 � 27 nM and 0.85 � 0.06 (n � 6)
for TRPV1/TRPV3; 981 � 59 nM and 1.88 � 0.07 (n � 3) for TRPV1. D, comparison of Hill coefficient (left panel) and EC50 (right panel) of TRPV1-TRPV1 and
TRPV1-TRPV3 channels (normalized to TRPV1, n � 6 each). E, example of single channel traces of TRPV1 and TRPV1-TRPV3 channels in response to 10 �M

capsaicin (left panel). The bar graph represents mean open probability values (n � 3 for TRPV1; n � 4 for TRPV1-TRPV3). F, model of capsaicin activation. Gray
triangles represents capsaicin molecule. TRPV1 subunits are illustrated as open circles, and TRPV3 subunits are shown as hatched circles. *, p � 0.05; **, p � 0.01.

Heteromeric TRPV Channels as Unique Cellular Sensors

7282 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 10 • MARCH 2, 2012

 at P
E

K
IN

G
 U

N
IV

 H
E

A
LT

H
 S

C
IE

N
C

E
 LIB

R
A

R
Y

, on O
ctober 8, 2012

w
w

w
.jbc.org

D
ow

nloaded from
 

http://www.jbc.org/


heteromeric channels were also sensitive to CAP. To test
whether the heteromeric channels formed by the concatemer
vector exhibit altered CAP sensitivity compared with homo-
meric TRPV1 channels, we measured current amplitudes of
homomeric and heteromeric channels in response to different
concentrations of CAP (Fig. 2, A and B). Current responses
were normalized to the level at 10 �M CAP, a saturating con-
centration for both channel types, before being plotted against
the CAP concentration (Fig. 2C). We noticed that the dose-
response curve for the heteromeric channels ismuch shallower;
as a result, the Hill coefficient of heteromeric channels (0.85 �
0.06) is significantly smaller than that of homomeric TRPV1
(1.88 � 0.07) (p � 0.001) (Fig. 2D, left panel). To confirm that
the difference in Hill coefficients was not caused by artificial
changes in channel function due to the covalent linkage
between subunits, we compared the capsaicin dose-response
relationships of channels formed by a TRPV1-TRPV1 concate-
mer to those formed by the TRPV1 monomer. We found these
homomeric channels exhibited similar Hill coefficients (Fig.
2D, left panel). Given that the heteromeric channels contain
only two diagonally arranged CAP-binding sites, compared
with four binding sites in homomeric TRPV1, the results could
be easily explained by a reduced number of CAP-binding sites
(Fig. 2F). A possible decreased level of cooperativity between
TRPV1 subunits because of spatial separation could also con-
tribute to the shallower slope.
We observed that the EC50 value of heteromeric channels

(269� 27 nM) is smaller than that of homomeric TRPV1 (981�
59 nM) (p � 0.001) (Fig. 2,C andD). Again, channels formed by
the TRPV1-TRPV1 concatemer behaved similarly to channels
formed by the TRPV1 monomer (Fig. 2D, right panel). This

finding implicates that physiologically the heteromeric chan-
nels may be more sensitive to chemical stimuli.
We further examined themaximal activation level of TRPV1

homomeric channels and heteromeric TRPV1-TRPV3 chan-
nels at saturating capsaicin concentrations. Single channel
recordings showed that 10 �M capsaicin could activate TRPV1
homomeric channels to a near unity open probability (Fig. 2E).
At the same capsaicin concentration, homomeric channels
formed by the TRPV1-TRPV1 concatemer also reached near
unity open probability (data not shown). However, capsaicin
could only partially activate the TRPV1-TRPV3 heteromeric
channels (Po � 61.3� 5.6%, n� 4) (Fig. 2E). This lower efficacy
is most likely due to the much reduced chemical energy that
drives channel activation (two capsaicin bindings per channel
versus four bindings).
To corroborate findings from capsaicin activation, we exam-

ined the inhibition effects of CZP, a TRPV1-specific antagonist.
Despite similar voltage-dependent activations between the het-
eromeric channels and the homomers (Fig. 3), CZP caused a
significant shift of the half-activation voltage of the heteromer
to a more depolarized range (Fig. 4, A–D). Moreover, mea-
suring from the time course of current inhibition upon CZP
application, the heteromers had a reduced on rate and an
increased off rate (Fig. 4, E and F). These changes indicate that
indeed heteromeric channels have altered ligand sensitivities
and likely a reduced level of cooperativity.
Heteromeric TRPV1/TRPV3 Channels Share the Same Pore—

In aCa2� assay, we found that expression of theTRPV1-TRPV3
concatemer led to a larger rise of the intracellular Ca2� concen-
tration, [Ca2�]i, in response to CAP (Fig. 5A) than the expres-
sion of TRPV1 alone. Previous studies have established that

FIGURE 3. Voltage dependence properties of homomeric TRPV1, TRPV3, and heteromeric TRPV1/TRPV3 channel. A–C, representative macroscopic
currents from TRPV1, TRPV3, and TRPV1-TRPV3 concatemer in response to voltage steps to �100 to �220 mV for 150 ms from a holding potential of 0 mV.
D, G-V curves fitted to a Boltzmann function. For homomeric TRPV1, Vhalf � 146 � 19 mV, q � 0.53 � 0.03 e0 (n � 5); for homomeric TRPV3, Vhalf � 130 � 7 mV,
q � 0.68 � 0.02 e0 (n � 7); for TRPV1-TRPV3 concatemer, Vhalf � 138 � 11 mV, q � 0.59 � 0.05 e0 (n � 7). E, comparison of the Vhalf values. F, comparison of the
apparent gating charge q values. G, time constants of voltage-dependent activation of homomeric TRPV1 (n � 4), TRPV3 (n � 3–5), and TRPV1-TRPV3
concatemer (n � 5–7) measured at different voltages. H, time constants of voltage-dependent deactivation of homomeric TRPV1 (n � 4), TRPV3 (n � 5), and
TRPV1-TRPV3 concatemer (n � 8) determined at �120 mV. **, p � 0.01.
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Asp-641 at the pore loop of TRPV3 is critical for the sensitivity
to extracellular Ca2� and the nonspecific TRPV channel
blocker, ruthenium red (RR) (27, 28). The substitution of Asp-
641 by Asn (TRPV3D641N) led to a substantial decrease (	100-
fold) of channel sensitivity to RR. We reasoned that if TRPV1
and TRPV3 co-assemble to form a conducting pore, it should
share properties unique to each of the participating subunits.
Thus, co-assembly ofTRPV1 andTRPV3D641N, but not thewild

type TRPV3, should display decreased RR sensitivity of CAP-
induced response. Monitoring CAP-induced changes in
[Ca2�]i, we found that similar to the TRPV1/TRPV3 concate-
mer, cells co-expressing TRPV1 and TRPV3D641N gave rise to a
larger [Ca2�]i rise than cells expressing TRPV1 alone, and
the increase was correlated with the relative amount of
TRPV3D641N cDNA for co-expression (Fig. 5B). These observa-
tions suggest that the heteromeric channels were indeed

FIGURE 4. Shifts in voltage dependence caused by capsazepine. A and B, G-V curves of TRPV1-TRPV3 concatemer and homomeric TRPV1, respectively, in the
presence or absence of 1 �M capsazepine. Dotted curves represent fits of a Boltzmann function to data points. Dotted lines with an arrowhead in A indicate the
Vhalf values. C and D, Vhalf values of TRPV1-TRPV3 concatemer and homomeric TRPV1, respectively (n � 3–7). E and F, capsazepine on and off rates for
homomeric TRPV1, TRPV1-TRPV3 concatemer, and TRPV1 � TRPV3 co-expression (n � 3–9). *, p � 0.05; **, p � 0.01.

FIGURE 5. Heteromeric TRPV1/TRPV3 channels share the same conducting pore. A, capsaicin-induced increases in intracellular Ca2� concentration
([Ca2�]i) in cells expressing TRPV1 and TRPV1/TRPV3 concatemer. pcDNA3 was transfected as a negative control. B, co-expression of TRPV1 and TRPV3D641N
caused a decrease in capsaicin-induced Ca2� release and an increase in the agonist-induced Ca2� influx. C, co-expression with TRPV3D641N, but not the wild
type TRPV3, decreased the RR sensitivity of the capsaicin-induced Ca2� response.
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formed in co-expressing cells and that the heteromeric chan-
nels appeared to be more Ca2�-permeable. The finding is con-
sistent with the fact that TRPV3 has a higher Ca2� permeability
(PCa/PNa � 12.1) than TRPV1 (PCa/PNa � 9.6) (29) as well as a
higher single channel conductance (Fig. 1, B and C) (21), indi-
cating that the heteromeric channel inherited these permeation
properties. Furthermore, as expected, a right shift in RR sensi-
tivity of the CAP-induced [Ca2�]i was observed with cells that
co-expressedTRPV1 andTRPV3D641N but notwith cells co-ex-
pressing TRPV1 and TRPV3 (Fig. 5C). Because the CAP sensi-
tivity is encoded by TRPV1 and the low RR sensitivity is
encoded by TRPV3D641N, this result can only be interpreted as
the co-assembled channel having properties of both subunits.
Because the RR sensitivity site is situated at the mouth of the
conducting pore, the result is consistent with the expectation
that the co-assembled pore is composed of pore loops from
both TRPV1 and TRPV3D641N.
Altered Heat Activation Threshold of Heteromeric TRPV1/

TRPV3 Channels—It is well known that heat-sensitive TRPV
channels possess distinct temperature thresholds, beyond
which the channel starts to respond to temperature change
with very high sensitivity. TRPV1 is activated by noxious heat,
whereas TRPV3 is activated at innocuous warm temperatures.
If heat activation of theTRPV3 subunits is sufficient to open the
heteromeric TRPV1/TRPV3 channels, one would expect that
the heteromeric channels exhibit a temperature threshold sim-
ilar to that of TRPV3 and lower than that of TRPV1. Con-
versely, if activation of all four subunits is required to open the
heteromeric channels, the temperature threshold would be
similar to that of TRPV1. To distinguish these scenarios, we
measured the heat-induced current from inside-out patches
(Fig. 6A). Surprisingly, we observed that for heteromeric chan-
nels generated from either the TRPV1-TRPV3 concatemer or
co-expression of TRPV1 and TRPV3 subunits, the temperature
thresholdswere around 33 °C (33.3� 0.6 °C, n� 10, and 33.7�
0.4 °C, n � 6, respectively), which were between those of
TRPV1 (37.7� 0.3 °C, n� 9) and TRPV3 (31.3� 0.6 °C, n� 7)
(Fig. 6B). Again, homomeric TRPV1 channels formed by the
TRPV1-TRPV1 concatemer behaved very similarly to homo-
meric TRPV1 channels formed by the TRPV1 monomer (Fig.
6). The heat activation threshold analysis again suggests that
the TRPV1 and TRPV3 subunits must interact with each other
in the heteromers during heat activation.
Altered Heat Activation Kinetics of Heteromeric TRPV1/

TRPV3 Channels—For heat-sensitive TRPV channels, heat
activation kinetics is another important functional property.
TRPV3 activates slowly whereas heat activation of TRPV1 is
rapid (Fig. 7A). We characterized the activation kinetics of the
heteromeric channels. To ensure that the rate of temperature
change was much faster than the rate of channel activation,
we employed a laser heating method (25) to heat the patch
pipette tip above 45 °C in less than 30 ms. Recording from
inside-out patches held at �80 mV, we observed that the het-
eromeric channels and the homomers exhibit marked differ-
ences in the activation rate in response to heating (Fig. 7A). We
noticed that althoughTRPV1 showed the fastest heat activation
kinetics (time constant around 50 ms), the rate was still slower
than the rate of temperature increase, which validates the laser

heating approach. As shown in Fig. 7B, the heat activation rates
of the heteromeric channels, formed either by co-expression or
the concatemer, were intermediate of the rates of homomeric
TRPV1 andTRPV3. This observation indicates that interaction
between TRPV1 and TRPV3 subunits may slow down or speed
up the activation rate of individual subunits.
To better understand the differences in their heat activation

kinetics, we measured the activation rates of TRPV1 and the
heteromer formed by the concatemer at different temperatures
(Fig. 7C). By fitting the data sets to the Arrhenius equation, we
calculated the activation energy (Ea). For heteromeric channels,
the value (24.4� 3.3 kcal/mol, n� 3–4)wasmuch smaller than
that of TRPV1 (58.0 � 5.0 kcal/mol, n � 4–6). The reduced Ea
implies that the energy barrier for heat activation of hetero-
meric channels is much lowered.
Altered Heat-induced Potentiation of Heteromeric TRPV1/

TRPV3 Channels—Heat-dependent potentiation provides
another way to fine tune the physiological properties of heat-
activated TRPV channels. Under our experimental conditions
(cell-free patches recorded in the absence of Ca2�), TRPV1
exhibited virtually no heat-dependent potentiation (Fig. 8A),

FIGURE 6. TRPV1, TRPV3, and heteromeric TRPV1/TRPV3 channels
exhibit distinct heat activation thresholds. A, representative heat activa-
tion time courses recorded at 80 mV. The temperature threshold is defined as
the intersection (arrows) of the pair of fitted linear functions to the leak cur-
rent and the heat-activated channel current. B, comparison of the measured
temperature threshold values of homomeric TRPV1 (37.7 � 0.3 °C, n � 9),
TRPV1-TRPV1 concatemer (38.3 � 0.5 °C, n � 6), TRPV3 (31.3 � 0.6 °C, n � 7),
TRPV1 � TRPV3 co-expression (33.7 � 0.4 °C, n � 6), and TRPV1-TRPV3 con-
catemer (33.3 � 0.6 °C, n � 10). *, p � 0.05; **, p � 0.01; n.s., not significant.
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although the current response of TRPV3 could be substantially
enhanced by repetitive heating (Fig. 8B). The difference reflects
an intrinsic difference in the gating properties of TRPV1 and
TRPV3 subunits, which contributes toward shaping the chan-
nel activation profile (27). For heteromeric channels, we

observed significant current potentiation upon repeated heat-
ing; however, the magnitude of current increase was much
smaller than that of TRPV3 (Fig. 8, C and D), suggesting again
substantial interaction between TRPV1 and TRPV3 subunits
during gating.

FIGURE 7. TRPV1, TRPV3, and heteromeric TRPV1/TRPV3 channels exhibit distinct heat activation kinetics. A, representative current traces at �80 mV
elicited by rapid laser heating (TRPV1, TRPV1 � TRPV3 co-expression, and TRPV1-TRPV3 concatemer) or by perfusion (TRPV3, because of its slow activation time
course). A single exponential function is used to fit to the current raising phase (dotted curve) from which the time constant of heat activation is estimated. B,
distribution of heat activation time constants. Values for TRPV1, TRPV1 � TRPV3 co-expression, and TRPV1-TRPV3 concatemer are measured from current
responses to heating at 43 °C; those of TRPV3 are measured at 37 °C. Each symbol represents an individual measurement. C, temperature dependence of heat
activation time constants of TRPV1 (n � 4 – 6 for each temperature level) and TRPV1/TRPV3 concatemer (n � 3– 4). Dotted lines represent fits to the Arrhenius
equation.

FIGURE 8. Potentiation of TRPV1, TRPV3, and heteromeric TRPV1/TRPV3 channel by repetitive heating. A–C, representative current responses of homo-
meric TRPV1, homomeric TRPV3, and TRPV1/TRPV3 concatemer, respectively, to repeated heating up to 40 °C. D, fold change in current amplitude upon
repeated heating (n � 3– 8). *, p � 0.05.
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DISCUSSION

In this study we systematically investigated the functional
properties of heteromeric TRPV1/TRPV3 channels activated
by heat, agonists and antagonists, and voltage. Our results dem-
onstrated that the heteromeric channels are different from
homomeric channels in sensitivities and dynamic range to ther-
mal and chemical stimuli but to amuch less extent to changes in
transmembrane voltage; they also show potentiation by repet-
itive heat stimuli. These observations indicate that they serve as
distinct cellular sensors to thermal and chemical stimuli and are
thus expected to mediate different sensory responses to benign
and noxious environmental cues. That co-expression of TRPV1
with a TRPV3 mutant with reduced RR sensitivity resulted in
reduced sensitivity of CAP-induced [Ca2�]i to RR strongly
argues for the shared pore architecture between theTRPV1 and
TRPV3 subunits in the assembled channel. Our data further
indicated that subunit-subunit interactions underlie the dis-
tinct gating behaviors in heteromeric channels. Like othermul-
tisubunit channels, temperature-sensitive TRP channels are
known to be allosteric proteins (30). Cooperative gating among
subunits shifts the sensitivity and dynamic range exhibited by
subunits in homomeric channels, sometimes in unexpected
ways (such as to the capsaicin sensitivity). These properties
must be carefully considered when examining the response of
native neurons to heat and agonists.
Recently we reported that a tetramerization assembly

domain in the intracellular C terminus helps to mediate the
assembly of homomeric TRPV1–4 channels (31).We speculate
that a similar mechanism may also contribute to heteromeric
subunit assembly. Initial pulldown assays indeed demonstrated
that the C termini of TRPV1 and TRPV3 interact in vitro,
whereas negative controls using the same C-terminal con-
structs under similar conditions did not show any nonspecific
interaction with GST proteins (data not shown). As the intra-
cellular C terminus of various TRPV channels is known to par-
ticipate in the activation conformational changes (32–36), the
interaction between tetramerization assembly domains might
contribute to changes in cooperativity in heteromeric TRPV
channels as observed in the functional tests. Future experi-
ments will be needed to fully test this possibility.
Experimental investigation of the physiological roles of ther-

mosensitive TRP channels has been done so far mostly with
rodents. Recent studies, however, highlighted the limitation of
using animal models in understanding human physiology (19,
20). Capsaicin receptors in human sensory neurons exhibit sig-
nificant heterogeneity that might reflect differences in the sub-
unit composition (37). The capsaicin response of adult human
dorsal root ganglion (DRG) neurons in culture has an apparent
EC50 of 160 nM (38), which is closer to the EC50 value for het-
eromeric channels andmuch lower than that of the homomeric
TRPV1 channels (see also Fig. 2C). Indeed, it is known that
TRPV1 co-expresses with other temperature-sensitive TRP
channels inDRGneurons (39–41). In particular, co-expression
of TRPV1 and TRPV3 in human DRG neurons is well docu-
mented (14, 42). Whereas the rodent DRG neurons apparently
lack TRPV3 (13), the humanTRPV3was originally cloned from
DRG neurons (14, 15). The functional differences between

homomeric and heteromeric channels should contribute to the
physiological properties of native neurons in both Ca2� influx
and membrane excitability.
Expression of TRP channels in native tissues is dynamically

regulated by both developmental and environmental cues (43–
45). Of particular clinical importance is the induced overex-
pression of TRPV channels under pathological conditions such
as traumatic and diabetic neuropathy, tissue injury, and inflam-
mation (11, 14, 40, 42, 46–48). Such dynamic changes have
been suggested to contribute to elevated sensitivity to noxious
stimuli as seen in hyperalgesia. The distributions of TRPV1–4
channels overlap extensively in both neuronal and non-neuro-
nal tissues. It thus seems likely that the formation of hetero-
meric TRPV channels of diverse functionalities can also be
dynamically regulated, resulting in fine-tuning of the cellular
response to environmental changes.
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Vyklický, L. (2003) Functional role of C-terminal cytoplasmic tail of rat
vanilloid receptor 1. J. Neurosci. 23, 1340–1350

33. Brauchi, S., Orta, G., Salazar, M., Rosenmann, E., and Latorre, R. (2006) A
hot-sensing cold receptor: C-terminal domain determines thermosensa-
tion in transient receptor potential channels. J. Neurosci. 26, 4835–4840

34. Brauchi, S., Orta, G., Mascayano, C., Salazar, M., Raddatz, N., Urbina, H.,
Rosenmann, E., Gonzalez-Nilo, F., and Latorre, R. (2007) Dissection of the
components for PIP2 activation and thermosensation in TRP channels.
Proc. Natl. Acad. Sci. U.S.A. 104, 10246–10251

35. Valente, P., García-Sanz, N., Gomis, A., Fernández-Carvajal, A., Fernán-
dez-Ballester, G., Viana, F., Belmonte, C., and Ferrer-Montiel, A. (2008)
Identification ofmolecular determinants of channel gating in the transient
receptor potential box of vanilloid receptor I. FASEB J. 22, 3298–3309

36. García-Sanz, N., Valente, P., Gomis, A., Fernández-Carvajal, A., Fernán-
dez-Ballester, G., Viana, F., Belmonte, C., and Ferrer-Montiel, A. (2007) A
role of the transient receptor potential domain of vanilloid receptor I in
channel gating. J. Neurosci. 27, 11641–11650

37. Szallasi, A. (1995) Autoradiographic visualization and pharmacological
characterization of vanilloid (capsaicin) receptors in several species, in-
cluding man. Acta Physiol. Scand. Suppl. 629, 1–68

38. Baumann, T. K., Burchiel, K. J., Ingram, S. L., andMartenson,M. E. (1996)
Responses of adult human dorsal root ganglion neurons in culture to
capsaicin and low pH. Pain 65, 31–38

39. Greffrath,W., Binzen, U., Schwarz, S. T., Saaler-Reinhardt, S., andTreede,
R. D. (2003) Co-expression of heat sensitive vanilloid receptor subtypes in
rat dorsal root ganglion neurons. Neuroreport 14, 2251–2255

40. Jordt, S. E., Bautista, D. M., Chuang, H. H., McKemy, D. D., Zygmunt,
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