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SENSORY PERCEPTION
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INTRODUCTION

Transient receptor potential channels (TRPs) play important roles in
transmitting a wide range of somatosensory stimuli, including itch, pain,
temperature, and mechanosensation (1–4). TRPs convey itch signals in
response to histamine or chloroquine (CQ). Histamine is a prototypical pruritogen that mediates allergic and inflammatory responses predominantly
through the histamine H1 receptor (H1R) (5) and, to a lesser extent, H4R
(6), which are G protein (heterotrimeric guanine nucleotide–binding protein)–
coupled receptors (GPCRs), in dorsal root ganglion (DRG) neurons. In
contrast, CQ is a prototypical pruritogen for histamine-independent (non1
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histaminergic) itch; systemic use in the treatment of malaria frequently
causes severe pruritus (7). CQ-induced itch is mediated primarily through
a pair of GPCRs, the Mas-related GPCR A3 (MRGPRA3) in sensory neurons (8) and the gastrin-releasing peptide receptor (GRPR) in the spinal
cord (9). Understanding of TRP signaling mechanisms that distinguish
histaminergic and nonhistaminergic itch is of therapeutic importance; most
intractable chronic itch is resistant to antihistamines.
Although more than a dozen TRPs have been identified in DRG neurons (10), to date, only TRPV1, TRPA1, and TRPV4 have been implicated in itch signaling in sensory neurons (3, 11). TRPV1 functions
downstream of H1R to relay histamine itch (12–14), whereas TRPA1
couples to MRGPRA3 to relay CQ-induced itch and to MRGPRC11 to
relay bovine-adrenal-medulla 8–22 peptide (BAM8–22)–induced itch
(8, 12, 15). TRPV4 is required for serotonin (5-hydroxytryptamine)–
induced itch (11), but a role for TRPV4 in sensory neurons responding
to histamine has not been reported. Although TRPV1 activity is important
for H1R signaling in DRG, mice lacking Trpv1 retain partial histamineevoked scratching behavior (13, 14). Ca2+ imaging studies indicate that
half of DRG neurons that respond to CQ do not respond to TRPA1 agonists, yet CQ-induced Ca2+ responses are blocked by the general TRP
blocker ruthenium red (16), suggesting the involvement of other TRP
channels for CQ-induced signaling. Moreover, genetic deletion of the
Mrgpr gene cluster or ablation of MRGPRA3-positive neurons partially
attenuates CQ-induced itch (8, 17). Together, these studies suggest that additional TRPs may be involved in itch signaling induced by CQ or histamine.
Here, we examined the role of TRPV4 in itch and tested the hypothesis
that TRPV1 and TRPV4 cooperate to relay itch information in sensory
neurons. Using a combination of biochemistry, biophysics, behavior,
and electrophysiology approaches, we uncovered previously unknown
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The transient receptor potential channels (TRPs) respond to chemical irritants and temperature. TRPV1
responds to the itch-inducing endogenous signal histamine, and TRPA1 responds to the itch-inducing
chemical chloroquine. We showed that, in sensory neurons, TRPV4 is important for both chloroquineand histamine-induced itch and that TRPV1 has a role in chloroquine-induced itch. Chloroquine-induced
scratching was reduced in mice in which TRPV1 was knocked down or pharmacologically inhibited. Both
TRPV4 and TRPV1 were present in some sensory neurons. Pharmacological blockade of either TRPV4 or
TRPV1 significantly attenuated the Ca2+ response of sensory neurons exposed to histamine or chloroquine. Knockout of Trpv1 impaired Ca2+ responses and reduced scratching behavior evoked by a TRPV4
agonist, whereas knockout of Trpv4 did not alter TRPV1-mediated capsaicin responses. Electrophysiological analysis of human embryonic kidney (HEK) 293 cells coexpressing TRPV4 and TRPV1 revealed
that the presence of both channels enhanced the activation kinetics of TRPV4 but not of TRPV1. Biochemical and biophysical studies suggested a close proximity between TRPV4 and TRPV1 in dorsal root
ganglion neurons and in cultured cells. Thus, our studies identified TRPV4 as a channel that contributes to
both histamine- and chloroquine-induced itch and indicated that the function of TRPV4 in itch signaling
involves TRPV1-mediated facilitation. TRP facilitation through the formation of heteromeric complexes
could be a prevalent mechanism by which the vast array of somatosensory information is encoded in
sensory neurons.
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functions for TRPV4 and TRPV1 in itch responses induced by histamine
or CQ. Our studies suggested that TRPV1 and TRPV4 form complexes to
relay itch signals in a subset of DRG sensory neurons.

RESULTS

Trpv4 is expressed in sensory neurons involved in itch

TRPV4 is required for both CQ- and
histamine-induced itch
To determine whether TRPV4 is required for itch transmission, we examined scratching behaviors of mice lacking Trpv4 (18) after intradermal
injection of histamine or CQ. Compared with wild-type littermates, Trpv4−/−
mice exhibited a significant attenuation in scratching responses to both
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Fig. 1. TRPV4 is expressed in itch-sensing sensory neurons. (A and B)
Images of the double fluorescence in situ hybridization of Trpv4 and Mrgpra3
in mouse-dissociated DRG neurons and a Venn diagram of the number of
the overlap. (C and D) Double fluorescence in situ hybridization of Hrh1 and
Trpv4 in mouse dissociated DRG neurons and a Venn diagram of the overlap.
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(E to H) In situ hybridization of Trpv4 followed by TRPV1 immunohistochemistry
(E) or TRPA1 immunohistochemistry (G) and Venn diagrams of the overlap between Trpv4 and TRPV1 (F) or Trpv4 and TRPA1 (H) in DRG neurons. n = 3
mice and 10 sections per in situ hybridization and immunohistochemistry
experiment. Scale bar, 20 mm. Arrowheads, double-stained neurons.
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We examined the expression pattern of Trpv4 in mouse DRG neurons. In
situ hybridization showed that about 24% (375 of 1565) of mouse DRG
neurons expressed Trpv4 (Fig. 1). To determine whether Trpv4 and
Mrgpra3 expressions overlap, we performed double fluorescence in situ
hybridization and found that most DRG neurons expressing Mrgpra3
(87%, 62 of 71) were Trpv4-positive (Fig. 1, A and B). Histamine receptor 1 (encoded by Hrh1) is a key receptor that mediates histamine itch in
DRG neurons (6). Double fluorescence in situ hybridization showed that
100% (78 of 78) of Hrh1-expressing neurons also expressed Trpv4 (Fig. 1, C
and D). Trpv4 was also expressed in 70% (196 of 282) of Trpv1-expressing
neurons (Fig. 1, E and F) and in 54% (91 of 169) of Trpa1-expressing
neurons (Fig. 1, G and H). These results indicate that Trpv4 is expressed in
subsets of sensory neurons that may be involved in CQ- or histamineinduced itch or in neurons that may respond to both pruritogens.

CQ and histamine (Fig. 2A). We next performed pharmacological blockade of TRPV4 using intraperitoneal injection of HC 067047 (HC), a specific TRPV4 antagonist (19). Consistently, HC markedly reduced
scratching bouts evoked by histamine or CQ relative to the vehicle control
(Fig. 2B).
In addition to DRGs, TRPV4 is present in skin keratinocytes (20). To
ascertain whether TRPV4 is intrinsically required in DRG neurons for CQ
and histamine itch, we performed small interfering RNA (siRNA)
knockdown of Trpv4 in DRG neurons by intrathecal injection of the siRNA.
We observed a significant reduction of scratching responses elicited by
either CQ or histamine in mice injected with the Trpv4 siRNA, when compared to mice injected with negative control siRNA (Fig. 2C). Moreover,
scratching bouts induced by intradermal injection of GSK1016790A
(GSK101), a specific small-molecule agonist for TRPV4 both in vivo
and in vitro (21, 22), were significantly attenuated in mice receiving the
Trpv4 siRNA compared with those injected with control siRNA (Fig. 2C).
qRT-PCR analysis confirmed the knockdown of Trpv4 mRNA in DRGs
relative to the Trpv4 transcript abundance in DRGs from mice receiving
the control siRNA and confirmed that Trpv1, Trpv2, Trpa1, and Trpm8
were unaffected (Fig. 2D). Western blot analysis confirmed that the abundance of TRPV4 protein in DRGs was also significantly reduced in Trpv4
siRNA–treated mice relative to that in the siRNA control mice (Fig. 2E).
The presence of both TRPV4 in neurons with TRPV1 or TRPA1
raised the possibility that TRPV4 could function in concert with
TRPV1 or TRPA1 in itch signaling. To test this, we compared the
scratching response induced by intradermal injection of GSK101 in
Trpv4−/− (18), Trpa1−/− (23), and Trpv1−/− (24) mice with the response
of their wild-type littermates. GSK101-induced scratching behavior
was significantly attenuated in Trpv4−/− and Trpv1−/− mice, but not
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Fig. 2. TRPV4 is a mediator of both CQ- and histamine-induced itch.
(A) Scratching responses induced by intradermal injection of CQ (200 mg)
and histamine (200 mg) in Trpv4−/− mice and wild-type (WT) littermates.
(B) Scratching responses in WT mice preinjected (intraperitoneal) with vehicle control (2% DMSO) or TRPV4 antagonist HC (10 mg/kg) followed by CQ
(200 mg) or histamine (200 mg). (C) Scratching responses to intradermal CQ
(200 mg), histamine (200 mg), or GSK101 (10 mg) in mice intrathecally injected
with control siRNA or Trpv4 siRNA. (D) Quantitative reverse transcription
polymerase chain reaction (qRT-PCR) of the indicated TRP family member
transcripts in DRG of control siRNA– or Trpv4 siRNA–injected mice. Fold basal was determined by normalizing the data to control siRNA group. (E)
Western blot of TRPV4 in DRG of control siRNA– or Trpv4 siRNA–injected mice.
Fold basal was determined by normalizing the data to WT group. Validation
of the antibody using DRG from Trpv4−/− mice. (F) Scratching response induced by intradermal injection of GSK101 (10 mg) in Trpv4−/−, Trpv1−/−, and
Trpa1−/− mice and their respective WT littermates. Data are means ± SEM,
and error bars represent SEM. *P < 0.05, **P < 0.01, ***P < 0.001, unpaired t
test; n = 6 to 8 mice for behavior, and n = 4 for RT-PCR and Western blots.

in Trpa1−/− mice (Fig. 2F), indicating that TRPV4-mediated scratching
response is independent of TRPA1 and that TRPV1 is involved in
TRPV4-mediated itch.

TRPV1 is required for CQ-induced itch in a
TRPV4-dependent manner
The finding that the response to TRPV4 required TRPV1 prompted us to
revisit the role of TRPV1 in CQ itch. Consistent with previous report (13),
Trpv1−/− mice showed impaired scratching response to histamine but not
to CQ (Fig. 3A). However, Trpv1 knockout may result in compensatory
changes in DRG neurons (25). To avoid the potential compensatory effect
that may underlie the normal CQ itch in Trpv1−/− mice, we blocked

TRPV1 increases the proportion of sensory neurons that
respond to a TRPV4 agonist
The observation that GSK101-induced scratching behavior was significantly reduced in Trpv1−/− mice compared to that in wild-type littermates
(Fig. 2F) raised the question of whether or not GSK101 is a partial agonist
for TRPV1. Therefore, we examined GSK101-induced Ca2+ responses in
dissociated DRG neurons using calcium imaging. Consistent with previous studies (21), we did not detect GSK101-responsive neurons in Trpv4−/−
mice, whereas in wild-type mice about 13% of the neurons that could be
activated by depolarization with KCl responded to GSK101 (Fig. 4, A and
B). Capsaicin is a specific agonist of TRPV1 (24, 28), and the percentage
of capsaicin-responsive neurons was similar in the DRGs from Trpv4−/−
and wild-type mice (42% in wild-type mice and 38% in the Trpv4−/−; Fig.
4B), indicating that the function of TRPV1 does not require TRPV4. We
also tested GSK101 at a concentration greater than 1 mM. Whereas the
percent of GSK101-responsive neurons increased in a dose-dependent
manner to 1 mM GSK101, the percent of responsive neurons was similar
between 1 and 10 mM (Fig. 4C). Because the proportion of GSK101responsive neurons was significantly less than that of capsaicin-responsive
neurons even at the highest concentration of GSK101 tested (10 mM), we
concluded that GSK101 is specific for TRPV4 and did not activate
TRPV1. In contrast, in the DRG neurons from Trpv1−/− mice, capsaicin
did not evoke a Ca2+ response, and the proportion of GSK101-responsive
neurons was significantly reduced compared to that of DRGs from wildtype mice (Fig. 4, D and E). These data suggested that TRPV1 enhanced
the responsiveness of a subset of DRG neurons to TRPV4 stimulation but
that TRPV1 activation by capsaicin was independent of TRPV4.

Antagonizing either TRPV4 or TRPV1 reduces CQ- and
histamine-induced Ca2+ signaling
To determine whether antagonism of TRPV4 or TRPV1 attenuated Ca2+
responses evoked by GSK101, CQ, or histamine in sensory neurons in the
DRG, we used a two-step paired protocol and compared the differences in
the amplitude of intracellular Ca2+ concentration ([Ca2+]i) with or without
antagonist. The advantage of this paired protocol is that we can identify
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TRPV1 activity by intraperitoneal injection of SB 366791 (SB), a specific
TRPV1 antagonist in vitro and in vivo (26, 27). SB attenuated not only
histamine-induced itch but also CQ-induced itch (Fig. 3B). Knocking
down Trpv1 in adult mice by intrathecal injection of siRNA against Trpv1
also diminished the scratching response induced by histamine or CQ (Fig.
3C). We confirmed the specificity of the Trpv1 siRNA by qRT-PCR (Fig.
3D) and that TRPV1 abundance was significantly reduced in DRGs of
Trpv1 siRNA–injected mice (Fig. 3E). These results indicated that TRPV1
is involved in CQ- and histamine-induced itch.
Our findings raised an important question about whether TRPV1 and
TRPV4 work in concert or independently to relay CQ itch. Therefore, we
evaluated the relationship between TRPV4 and TRPV1 in histamine- and
CQ-induced itch using siRNA knockdown in the Trpv4−/− background.
Trpv1 siRNA knockdown in Trpv4−/− mice almost abolished scratching
behavior evoked by histamine when compared to control siRNA–injected
Trpv4−/− mice (Fig. 3F). Mice lacking both TRPV4 and TRPV1 functions
that were not exposed to itch-inducing molecules scratch a similar amount
as these mice when exposed to histamine (scratches in 30 min in the absence
of histamine 11 ± 6, n = 7 mice; scratches induced by histamine 8 ± 3, n =
6 mice). By contrast, Trpv1 siRNA knockdown did not further attenuate
CQ-induced itch in Trpv4−/− mice (Fig. 3G). These results suggested that
the function of TRPV1 in CQ-induced itch depended on the presence of
TRPV4, whereas in histamine-induced itch TRPV1 may have both
TRPV4-dependent and TRPV4-independent activities.
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To determine the proportion of DRG neurons that
responded to CQ, histamine, or capsaicin, and also to
GSK101, we used Pirt-GCaMP3 mice, which express a fluorescent Ca2+ indicator specifically in sensory neurons (28). We detected GSK101-evoked Ca2+
responses in neurons that also responded to CQ, histamine, or capsaicin (Fig. 5, A and B). Of the 1493
neurons examined, 170 were activated by GSK101,
and of the GSK101-responsive neurons, ~50% were
also responsive to both CQ and histamine (Fig. 5C).
Furthermore, similar proportions of GSK101-responsive
neurons responded to CQ [52% (89 of 170)] as CQresponsive neurons responded to GSK101 [58%
(89 of 154)]. Similar proportions also existed between GSK101- and histamine-responsive neurons:
57% (97 of 170) of GSK101-responsive neurons
were histamine-responsive, and 62% (97 of 156) of
histamine-responsive neurons also responded to
GSK101 (Fig. 5C). Most of the GSK101-responsive
neurons (79%, 135 of 170), CQ-responsive neurons
(83%, 128 of 154), and histamine-responsive neurons
(81%, 132 of 163), as defined by the first step in the
two-step paired protocol, also responded to capsaicin
(Fig. 5, D and E), which is consistent with previous
studies (12, 29) and indicates that TRPV1 is broadly
distributed in itch-sensing neurons. Furthermore, the
data indicated that TRPV4 and TRPV1 activities are
present in most sensory neurons that respond to both
CQ and histamine.

TRPV1 facilitates TRPV4-mediated
itch responses

0

To examine whether TRPV1 and TRPV4 had additive effects on itch transmission, we tested the effect
of intraperitoneal injection of both TRPV1 and
TRPV4 antagonists (SB and HC, respectively) on
itch behavior at doses that were insufficient to individually block CQ-induced itch (Fig. 6A). However,
co-injection of HC and SB significantly reduced CQinduced scratching (Fig. 6A). These results indicated
that the antagonists were not producing an additive
effect. To test for facilitation of TRPV4-dependent responses by TRPV1, we used the two-step paired
protocol and monitored Ca2+ responses in sensory neurons. Neurons positive for both TRPV4 and TRPV1
were identified by sequential application of GSK101
and then capsaicin (Fig. 6B), the lowest concentrations that evoked Ca2+
responses. Coapplication of GSK101 and capsaicin resulted in a significantly greater response than the response evoked by either agonist alone
(Fig. 6, B and C, purple trace). As a control, we showed that neurons responding only to capsaicin and not GSK101 did not produce an increased
response when both capsaicin and GSK101 were applied (Fig. 6, B and D,
blue trace). Together, these data suggested that TRPV1 facilitates TRPV4mediated itch signaling in sensory neurons.

Fig. 3. TRPV1 facilitates CQ-induced itch. (A) Scratching responses of WT and Trpv1−/− littermates to CQ and histamine. (B) Scratching responses to CQ and histamine in WT mice after
intraperitoneal preinjection of vehicle control (2% DMSO) or TRPV1 antagonist SB (10 mg/kg).
(C) Scratching responses to CQ and histamine in control siRNA– and Trpv1 siRNA–injected
mice. (D) qRT-PCR of the indicated TRP family member transcripts in DRG of control siRNA–
and Trpv1 siRNA–injected mice. (E) Western blot of TRPV1 in DRG of control siRNA– and Trpv1
siRNA–injected mice. (F and G) Scratching responses to histamine (F) and CQ (G) in control
siRNA–injected WT, control siRNA–injected Trpv4−/−, and Trpv1 siRNA–injected Trpv4−/− mice.
Data are means ± SEM, and error bars represent SEM. *P < 0.05, **P < 0.01, ***P < 0.001 versus
control in (B) and (E), versus WT in (A), (F), and (G); #P < 0.05 versus Trpv4−/− in (F); unpaired
t test in (A) to (E); one-way analysis of variance (ANOVA) with Newman-Keuls post hoc in (F) and
(G). n = 6 to 8 mice for behavior, and n = 4 for RT-PCR and Western blots.

the pruritogen-responsive neurons in the first step and then determine the
effect of the antagonist in the second step. Through this procedure, we can
exclude neurons that are not involved in mediating itch responses.
We identified TRPV4-positive neurons with GSK101, washed out the
agonist, applied an antagonist or a control (vehicle), and then added
GSK101 without washing out the antagonist or vehicle (Fig. 4F). We
compared the amplitudes of [Ca2+]i of the first response and the second
response. Application of the TRPV4 antagonist HC blocked GSK101induced responses (~92% decrease), and the TRPV1 antagonist SB reduced
GSK101-induced responses (~38% decrease) (Fig. 4G). The response of the
TRPV4-positive neurons to CQ (Fig. 4, H and I) or histamine (Fig. 4, J and
K) was also significantly reduced by either HC or SB. Collectively, these
data indicated that TRPV1 contributed to the response to CQ and histamine
in TRPV4-positive sensory neurons.

TRPV4 and TRPV1 form complexes in DRG neurons and
are in close proximity when expressed in HEK293 cells
The scratching behavior and Ca2+ imaging analysis suggested that TRPV4
and TRPV1 may function as part of a complex. TRPV1 and TRPV4
coimmunoprecipitated from DRG membrane preparations (Fig. 7A, left
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panel for TRPV4, middle panel for TRPV1, lane 4). In contrast, these
proteins were not detectable either when an irrelevant antibody was used
(Fig. 7A, lane 2) or in the absence of the DRG membranes (Fig. 7A, lane
3). The absence of TRPV4 in Trpv4−/− DRG membranes confirmed the
specificity of the TRPV4 antibody (Fig. 7A, right panel). These results
indicated that TRPV4 and TRPV1 form a complex in DRG neurons.
We performed fluorescence resonance energy transfer (FRET) experiments using cyan fluorescent protein (CFP) and enhanced yellow fluorescent protein (eYFP) as paired fluorophores in human embryonic kidney
(HEK) 293 cells cotransfected with TRPV4-CFP and TRPV1-eYFP,
TRPV4-eYFP, or TRPA1-eYFP. Because FRET requires the donor (CFP)
to be in close proximity (1 to 10 nm) to the acceptor (eYFP), positive FRET
signals observed from the plasma membranes indicate close proximity of
the tagged TRPV channels (30, 31). FRET efficiency was calculated as
the eYFP emission due to energy transfer, by fitting the FRET model to
each coexpression experiment (31). We observed FRET efficiency of
18%, 11%, and 9% in cells cotransfected with TRPV4-CFP/TRPV4-eYFP,
TRPV4-CFP/TRPV1-eYFP, and TRPV4-CFP/TRPA1-eYFP, respectively
(Table 1). To avoid variations due to cell-to-cell heterogeneity, we performed
spatially confined photobleaching of the acceptor (eYFP) (Fig. 7B, yellow
box). After acceptor photobleaching of TRPV1-eYFP, fluorescence intensity
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of TRPV4-CFP (donor) increased due to the loss of energy transfer (Fig.
7C, blue trace), suggesting that the two channels were in close enough proximity for FRET to occur. The nonphotobleached region of the same cell
served as an internal control (Fig. 7D). Both FRET analysis and the change
in signal after photobleaching indicated that TRPV4 homomultimerized
(Table 1 and Fig. 7E). In contrast, cells coexpressing TRPV4-CFP and
TRPA1-eYFP did not show an increase in the acceptor signal after photobleaching (Fig. 7F). These data indicated that TRPV4 can form homomeric
and heteromeric complexes with TRPV1.

TRPV1 enhances the rate of activation of TRPV4 when
coexpressed in HEK293 cells
To investigate the functional effects of this interaction between TRPV1
and TRPV4 in a controlled system, we expressed TRPV4 with or without
TRPV1 and TRPA1 in HEK293 cells and performed electrophysiological
analysis. HEK293 cells expressing only TRPV1 are not activated by
GSK101 (32). We recorded GSK101-activated whole-cell membrane currents using voltage ramps from −100 to +100 mV and defined the time
course of onset and recovery from GSK101-induced activation to calculate
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Fig. 4. GSK101 is a specific agonist for TRPV4, and antagonism of TRPV4
or TRPV1 inhibits CQ- and histamine-induced Ca2+ signaling in sensory
neurons. (A) Representative traces showing Ca2+ responses of cultured
DRG neurons from WT and Trpv4−/− during application of GSK101 (1 mM),
capsaicin (Cap; 100 nM), or KCl (30 mM). (B) GSK101-responsive neurons
as a percentage of total KCl-responsive DRG neurons from WT (104 of 841,
13%) and Trpv4−/− (10 of 937, 1%) mice and the percentage of capsaicinresponsive DRG neurons from WT (345 of 841, 42%) and Trpv4−/− (351 of
937, 38%) mice. (C) Dose response of DRG neurons from WT and Trpv4−/−
DRG neurons to GSK101. (D) Representative traces showing Ca2+ responses of cultured DRG neurons from WT and Trpv1−/− mice during
application of GSK101, capsaicin, or KCl. Concentrations are same as in
(A). (E) GSK101-responsive neurons as a percentage of total KCl-responsive
DRG neurons from WT (147 of 1323, 11%) and Trpv1−/− (75 of 1254, 6%)
mice and the percentage of capsaicin-responsive DRG neurons from WT
(530 of 1323, 40%) and Trpv1−/− (15 of 1254, 1%) mice. (F) Representative
traces showing Ca2+ responses of GSK101-responsive cultured DRG neurons that responded to GSK101 (1 mM) coapplied with vehicle (0.1% DMSO),
HC (10 mM), or SB (10 mM). After first application of GSK101 and washout,
antagonists or vehicle control was preapplied for 1 min and coapplied with
a second GSK101. (G) Amplitudes of [Ca2+]i responses from first and second GSK101 applications in control, HC-treated, or SB-treated DRG neurons.
(H) Representative traces showing Ca2+ responses of CQ (1 mM)–responsive
DRG neurons that responded to CQ coapplied with vehicle (0.1% DMSO),
HC (10 mM), or SB (10 mM). (I) Amplitudes of [Ca2+]i responses from first
and second CQ applications in control, HC-treated, or SB-treated DRG
neurons. (J) Representative traces showing Ca2+ responses of histamine
(Hist) (50 mM)–responsive DRG neurons that responded to histamine coapplied with vehicle (0.1% DMSO), HC (10 mM), or SB (10 mM). (K) Amplitudes
of [Ca2+]i responses from first and second histamine applications in control,
HC-treated, or SB-treated DRG neurons. Data are means ± SEM, and error
bars represent SEM. *P < 0.05, ***P < 0.001, c2 test with Yates’ correction in
(B) and (E), paired t test in (G), (I), and (K). n = 3 to 4 mice, and ~100 DRG
neurons were examined for each mouse.
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Fig. 5. Most of the CQ- and histamine-responsive neurons respond to the
TRPV4 agonist GSK101. (A) [Ca2+]i responses in Pirt-GCaMP3 DRG neurons during application of GSK101 (1 mM), histamine (50 mM), CQ (1 mM), or
capsaicin (100 nM). Blue circles, neurons responsive to GSK101 and capsaicin; violet circles, neurons responsive to GSK101, histamine, CQ, and
capsaicin; brown circles, neurons responsive to GSK101, histamine,
and capsaicin; green circles, neurons responsive to GSK101, CQ, and
capsaicin. (B) Representative traces for neurons that respond to

GSK101 and capsaicin (blue); GSK101, histamine, CQ, and capsaicin
(violet); GSK101, histamine, and capsaicin (brown); or GSK101, CQ,
and capsaicin (green). (C) Venn diagram of DRG neurons responsive
to GSK101, histamine, and CQ. (D) Venn diagram of DRG neurons responsive to GSK101 and capsaicin. (E) Venn diagram of DRG neurons
responsive to capsaicin, histamine, and CQ. Number and percentage of
total neurons that were responsive are indicated for each group. Scale
bar, 100 mm. n = 4 mice per group.

activation efficacy. GSK101 activated a large and almost linear current in
TRPV4-expressing cells, TRPV4- and TRPV1-coexpressing cells, or
TRPV4- and TRPA1-coexpressing cells (Fig. 8, A to C). Although the current densities activated by GSK101 were similar (Fig. 8D), indicating a similar abundance of the channels at the plasma membrane, the time course of
onset and recovery from GSK101 activation displayed differences among
these cells (Fig. 8E). At −60 mV, the estimated dissociation constant (Kd)
for activation by GSK101 in TRPV4- and TRPV1-coexpressing cells was
16.4 ± 5.2 nM, which was significantly lower than the Kd in cells expressing
TRPV4 alone (48.6 ± 8.0 nM) or in cells coexpressing TRPV4 and TRPA1
(28.6 ± 7.7 nM) (Fig. 8F). Although the activation Kd was less in the cells
coexpressing TRPV4 and TRPA1 than in those expressing only TRPV4, the

difference was not significant. These findings showed that the presence of
TRPV1 facilitates TRPV4 activation in HEK293 cells.
To determine whether TRPV4 reciprocally enhanced TRPV1-mediated
activity, we analyzed capsaicin-activated whole-cell membrane currents in
HEK293 cells. Capsaicin activated a large and almost linear current in
TRPV1-expressing cells or in TRPV4- and TRPV1-coexpressing cells
(Fig. 8, G and H). Current densities for capsaicin-induced responses were
similar in these cells (Fig. 8I). The time course of onset and recovery from
capsaicin-stimulated activation were also similar (Fig. 8J), yielding nearly
identical activation Kd: Cells expressing TRPV1 had an activation Kd
of 70.9 ± 24.2 nM, and those expressing both TRPV4 and TRPV1 had
an activation Kd of 71.5 ± 17 nM (Fig. 8K). Thus, TRPV4 does not
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modulate TRPV1 activation when the two channels are coexpressed in
HEK293 cells.
DISCUSSION

Using a multidisciplinary approach combining genetics, biochemistry, and
biophysics, as well as electrophysiological and behavioral studies, we
examined the relationship between TRPV1 and TRPV4 in transmission
of itch signals. We showed that both TRPV1 and TRPV4 contributed
to CQ- and histamine-induced scratching behavior. Our data also indicated
that TRPV1 and TRPV4 function in complexes both in neurons of the
DRG and when expressed in HEK293 cells. Furthermore, pharmacological, behavioral, Ca2+ imaging, and electrophysiological studies indicated that the function of TRPV4 in itch signaling depended on TRPV1
and that TRPV1 facilitates the responsiveness of TRPV4 to pruritogenic
stimuli.
Our finding that TRPV1 was required for CQ-induced itch is surprising,
because previous studies of Trpv1−/− mice indicated that this TRP channel
was not involved (12, 15). This discrepancy can be explained by the distinct
approaches used and the possibility of adaptation in the knockout mice.
Some aspects of TRPV1 function are compensated in Trpv1−/− mice
(25). For example, Trpv1−/− mice exhibit normal mechanical pain hypersensitivity (24, 33), but studies using molecular and pharmacological
blockade in adult mice indicate that TRPV1 is important for this response
(34). Because we used TRPV1 antagonist SB and knockdown to show the

4

kD

80

C

IB: TRPV4

D Nonphotobleached side

Photobleached side
1.0
0.8
0.6
0.4
1.0
0.8
0.6
0.4
0.2
0

1.0
0.8
0.6
0.4
1.0
0.8
0.6
0.4
0.2
0

F

TRPV4-CFP
TRPV4-eYFP

WT –/–

110

0

E

3

10

20 30
Time (s)

40

0

10 20 30
Time (s)

40

TRPV4-CFP
TRPA1-eYFP

1.0
0.8
0.6
0.4
1.0
0.8
0.6
0.4
0.2
0

1.0
0.8
0.6
0.4
1.0
0.8
0.6
0.4
0.2
0
0

10

20 30
Time (s)

40

0

10

20 30
Time (s)

40

Fig. 7. TRPV4 and TRPV1 form complexes in DRG neurons and HEK293
cells. (A) Coimmunoprecipitation of TRPV4 and TRPV1 from DRG membrane preparations from WT or Trpv4−/− mice. Rabbit antibody (1 mg) recognizing TRPV4 was used for immunoprecipitation, and proteins were blotted
(IB) with antibodies recognizing either TRPV4 or TRPV1. Left and middle:
Input to show abundance of TRPV4 and TRPV1 (arrows) in the DRG preparations (lane 1); immunoprecipitation with an irrelevant rabbit IgG (lane 2);
phosphate-buffered saline (PBS) control in which DRG membrane proteins
were omitted (lane 3); proteins immunoprecipitated from DRG membranes
with the antibody recognizing TRPV4 (lane 4). Right: Immunoprecipitation
with the antibody recognizing TRPV4 from DRG membrane preparations
from WT and Trpv4−/− (−/−) mice. (B) Representative confocal images
showing plasma membrane fluorescence intensities of HEK293 cells
expressing TRPV4-CFP (V4-CFP) and TRPV1-eYFP (V1-eYFP), before and
after acceptor (eYFP) photobleaching in the selected region of a cell (yellow
boxes). Overlaid images show typical example of a cell coexpressing
TRPV4-CFP and TRPV1-eYFP. Scale bars, 10 mm. (C) Top: Backgroundsubtracted, normalized fluorescence intensities of donor emission (blue
trace, 445-nm excitation/478-nm emission; CC) and acceptor emission (red
trace, 445-nm excitation/515-nm emission; CY) from selected plasma membrane regions [yellow boxes in (B)]. Bottom: FRET ratio (CY/CC) of the photobleached regions [yellow boxes in (B)]. a.u., arbitrary units. (D) Fluorescence
intensities (top) and FRET ratio (bottom) of nonphotobleached regions. (E and F)
Acceptor photobleaching FRET of cells expressing TRPV4-CFP and TRPV4eYFP (E) and cells expressing TRPV4-CFP and TRPA1-eYFP (F). Arrows indicate photobleaching at 20 s. Data are representative of 3 experiments.

Table 1. FRET between TRPV4-CFP and the indicated eYFPtagged TRP channel expressed in HEK293 cells. The FRET efficiency value is determined by fitting the FRET model to each coexpression
experiment and is given as a percentage as described previously (31);
the mean chi-square value for the best fit was used for analysis of the
indicated number of cells.
TRPV4-CFP signal

TRPV1-eYFP TRPV4-eYFP TRPA1-eYFP

FRET efficiency
Mean chi-square value
Number of cells tested
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Fig. 6. TRPV1 facilitates TRPV4-mediated itch. (A) Scratching responses to
CQ in mice intraperitoneally preinjected with vehicle control (XXX), HC, SB,
or the indicated combinations at the indicated concentrations. (B) Representative traces showing Ca2+ responses in DRG neurons during exposure
to 100 nM GSK101 and 10 nM capsaicin, or coapplication of 50 nM
GSK101 and 5 nM capsaicin. (C and D) Amplitude of [Ca2+]i responses
in DRG neurons that are GSK101-responsive (C) or in DRG neurons that
do not respond to GSK101 (non-GSK101) (D) exposed to 100 nM GSK101
and 10 nM capsaicin, or coapplication of 50 nM GSK101 and 5 nM capsaicin. Data are means ± SEM, and error bars represent SEM. *P < 0.05
versus control, ***P < 0.001 versus GSK101, ###P < 0.001 versus capsaicin,
one-way ANOVA with Tukey post hoc in (A), one-way repeated-measures
ANOVA with Tukey post hoc in (C), and paired t tests in (D). n = 6 to 8 mice
for behavior, n = 3 to 4 mice for Ca2+ responses, and ~100 DRG neurons
were examined for each mouse.
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involvement of TRPV1 in CQ-induced itch, our experimental approaches itch. Which GPCR relays this signal to TRPV4 and TRPV1 remains to be
should avoid developmental or functional compensation that may occur in determined, as well as which GPCR relays histamine-induced itch in these
the Trpv1−/− mice. Compensation is most likely stimulus- and state- neurons. Nevertheless, our studies showed that TRPV4-positive neurons that
dependent—manifesting in one phenotype but not others—depending respond to both CQ and histamine comprise two subpopulations—those that
on the involvement of various TRPs. Although TRPV1 is also present only have TRPV4 and those that have both TRPV4 and TRPV1 (Fig. 9D).
in spinal g-aminobutyric acid–releasing interneurons (35), where it The current study does not exclude the possibility that additional TRPs
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Fig. 9. Models of the roles of TRP channels in CQ- and histamine-induced
itch signaling in sensory neurons. (A) CQ- and histamine-induced itch are
mediated by distinct TRPV4-positive populations of DRG neurons that lack
TRPV1. (B) CQ- and histamine-induced itch are mediated by a subset of
neurons that have both TRPV1 and TRPV4, which form functional complexes. (C) CQ-induced itch is mediated by TRPA1-positive neurons, whereas
histamine-induced itch is mediated by TRPV1-positive neurons. (D) Diagrams
showing the overlap of TRPV4 with TRPV1 (upper panel) or TRPV4 with TRPA1
(lower panel) and their respective roles in CQ- and histamine-induced itch
signaling. (E) Venn diagram indicating overlapping activity of TRPV4 with
TRPV1 or TRPA1 based on Ca2+ imaging studies. V1, TRPV1-positive neurons; V4, TRPV4-positive neurons; V4/V1, neurons positive for both TRPV4
and TRPV1; A1, TRPA1-positive neurons; V4/A1, neurons positive for both
TRPV4 and TRPA1.

are involved in CQ- and histamine-induced itch but does define several
distinct TRP pathways for relaying CQ and histamine itch (Fig. 9, D
and E).
Another study by Akiyama et al. showed that TRPV4 is not required
for histamine-induced itch and, more markedly, that CQ-induced itch is
increased in Trpv4−/− mice (11). Exon 12, which encodes the pore loop
and adjacent transmembrane domain, is deleted in the Trpv4−/− mice that
Akiyama et al. used (36). It is possible that this may result in a truncated
TRPV4 protein with altered activity. Although the mutant mouse was verified by immunostaining with kidney protein extracts, the TRPV4 antibody used recognized the C-terminal peptide sequence, which may not
detect a truncated protein (36). In contrast, in the Trpv4−/− mice that we
used, exon 4, which encodes the ankyrin repeat domain, was replaced
(18), and the absence of TRPV4 transcript and protein was shown by
RT-PCR and immunohistochemistry in DRG sensory neurons (18). More-
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over, the ankyrin repeat domain is conserved in TRPV1, TRPV3, and
TRPV4 and is important for protein-protein interactions and also harbors
the site of ATP (adenosine 5′-triphosphate) and calmodulin binding,
which is critical for TRP channel sensitivity for activation (37). This is
particularly relevant to the present findings, because deletion of the ankyrin
repeat domain may compromise the formation of complexes between
TRPV1 and TRPV4. Moreover, mutations in this domain cause human
congenital disorders by reducing membrane surface localization of functional TRPV4 channels (38). Distinct phenotypes resulting from different
deletions in the same genes are not uncommon. This is especially true for
large proteins, such as GPCR or TRPs, because alternative splicing events
often occur if the deletion is made in the last coding exons, resulting in
truncated protein with altered or partial function, which can produce gainof-function phenotypes or unexpected phenotypes. Because of this possibility, we also used Trpv4 knockdown approaches and confirmed reduced
function by Ca2+ imaging of DRG neurons. The consistent deficits in
histamine- and CQ-induced itch after Trpv4 knockdown indicate that the
Trpv4−/− mice that we used represent a functional null mutation.
Our behavioral and Ca2+ imaging studies showed that TRPV1 deficiency or antagonism impairs TRPV4 responses. Conversely, the presence
of TRPV1 even without adding a TRPV1-specific agonist altered the response and activation kinetics of TRPV4 to GSK101. In contrast, TRPV4
deficiency did not influence the response of TRPV1, and its presence did
not affect the response of TRPV1 to capsaicin. Because GSK101 did not
activate TRPV1, these observations indicated a pivotal role for TRPV1 in
facilitation of TRPV4 function. Furthermore, coapplication of a low dose
of both a TRPV1 and a TRPV4 antagonist—each at half the amount of an
insufficient dose—attenuated scratching evoked by CQ, indicating that
their effects were not independent and additive. This conclusion is
supported by the observation that coapplication of agonists at low concentrations evoked Ca2+ responses that were greater in magnitude than Ca2+
responses evoked by agonists individually even at twice the concentration.
Facilitation between TRPV4 and TRPV1 in sensory neurons occurs
in various conditions. For instance, TRPV4 and TRPV1 are both activated and potentiated by stimuli that activate the GPCR PAR2, a member
of the protease activated receptor family, and this has been implicated in
pain signaling (39–41). Another study found that TRPV4 has a permissive
role for TRPV1 function in central thermosensory neurons (42). Thus, the
close proximity that we detected between TRPV1 and TRPV4 may provide a mechanism for their regulation by the signaling effectors, such as
phosphatidylinositol 4,5-phosphate, downstream of the GPCRs activated
by pruritogens. Intracellular signaling molecules, such as ATP and calmodulin, may bind to the conserved regions in TRP channels at spatially
discrete microdomains of the cell so that activation of one channel modulates the activity of the other and insulates them from the interfering effect of other TRPs (37, 43). Although our studies indicated that TRPV1
and TRPV4 may form a functional complex, our results do not exclude
the possibility that TRPV1 can also facilitate TRPV4 activity without
forming a complex. Whether facilitation occurs at the plasma membrane
or involves enhanced trafficking to the cell surface or directs the channels
to specific regions of the cell (44) remains to be determined.
TRPV4 has emerged as a versatile channel that coassembles with other
types of TRPs (31, 44–46). Functional synergism between TRPV1 and TRPV4
was first reported in Caenorhabditis elegans, suggesting that cross-facilitation
of TRPs may be evolutionarily conserved (47). Given the overlapping expression of TRP-encoding genes and the “lack of ” phenotype for anticipated
function in mice lacking a single TRP, TRP cross-facilitation may be a
common mechanism for cellular “computation” that produces specific behaviors or mediates specific sensory modalities. Dynamic cross-facilitation
of distinct TRPs in response to physiological and pathological stimuli

RESEARCH ARTICLE
would expand the functionality of TRPs as versatile sensors for encoding
and transmitting a vast array of environmental stimuli.

and then a replacing of the limb back to the floor or to the mouth,
regardless of how many scratching strokes take place in between (9).

siRNA treatment
MATERIALS AND METHODS

Double fluorescence in situ hybridization
and immunohistochemistry

Mice

Adult male C57BL/6J mice, Trpv4−/− mice (18), Trpv1−/− mice, Trpa1−/−
mice, wild-type littermates, and Pirt-GCaMP3 mice (28) were used for the
study (all strains were in C57BL/6J background). Mice were housed in
clear plastic cages with no more than five mice per cage in a controlled
environment at a constant temperature of 23°C and humidity of 50 ±
10% with food and water available ad libitum. The animal room was on a
12:12-hour light-dark cycle with lights on at 7 a.m. Male mice 7 to 12 weeks
old were used for experiments. Age-matched animals, tissues, and cells for
culture were used or collected randomly for each group in each experiment.
The animal experiments were performed in accordance with the guidelines of the National Institutes of Health and were approved by the
Animal Studies Committee at Washington University School of Medicine.
C57BL/6J and Trpv1−/− mice (24) were purchased from the Jackson Laboratory. Trpa1−/− mice (23) were from G. Story. Trpv4+/− mice (18) (RIKEN
BioResource Center, Japan) were bred to generate Trpv4−/− mice.

Acute scratching behavior
Scratching behaviors were performed as previously described (51, 52). All
behavior was performed during the light cycle. Briefly, the injection area
was shaved 2 days before experiments. Before the experiments, each
mouse was placed in a plastic arena (10 cm × 11 cm × 15 cm) for 30 min
to acclimate. Mice were briefly removed from the chamber and intradermally injected at the back of the neck with CQ (200 mg in 50 ml of saline;
Sigma), histamine (200 mg in 50 ml of saline; Sigma), or GSK101 [10 mg
in 50 ml of saline containing 2% dimethyl sulfoxide (DMSO); Sigma].
For antagonist experiments, the TRPV4 antagonist HC (Tocris Bioscience) and the TRPV1 antagonist SB (Tocris Bioscience) were first
dissolved in 100% DMSO and diluted with saline. Animal behaviors were
videotaped (Sony, HDR-CX190) from a side angle and played back on
a computer for assessments by observers blinded to the treatments and
the genotypes of the animals. Hindlimb scratching behavior toward the
injected area was observed for 30 min with 5-min intervals. One bout
of scratch was defined as a lifting of the hindlimb to the injection site

Quantitative reverse transcription polymerase chain reaction
Lumbar DRGs were homogenized with a Dounce glass homogenizer, and
total RNA was prepared by using TRIzol reagent (Invitrogen). Complementary DNA (cDNA) was synthesized using SuperScript First-Strand
Synthesis System (Invitrogen), and conventional or qRT-PCR was performed using iQ SYBR Green Supermix (Bio-Rad) and Mx3000P QPCR
System (Stratagene). Expression of target mRNA was normalized to 18S
ribosomal RNA abundance. The following primers are used for PCR: 18S
RNA, 5′-AAACGGCTACCACATCCAAG-3′ and 5′-CCTCCAATGGATCCTCGTTA-3′; Trpv1, 5′-GTGATCGCCTACAGTAGCAGTG-3′
a n d 5 ′ - AC AT G T G G A ATAC AG G C T G T T G - 3 ′ ; Tr p v 2, 5 ′ GGTGGTTTTAGAGCCACTGAAC-3′ and 5′-GTAGATGCCTGTGTGCTGAAAG-3′; Trpv4, 5′-GAGAACACCAAGTTTGTCACCA-3′
and 5′-TGAATCATGATGCTGTAGGTCC-3′; Trpa1, 5′-AGTATCATCTTCGTGTTGCCCT-3′ and 5′-AGTCTCCCACTCCCATAAGACA-3′;
Trpm8, 5′-ATGAATATGAGACCCGAGCAGT-3′ and 5′-GCAAAGAGGAACAGGAAGAAGA-3′.

Western blot and densitometric analyses
Lumbar DRGs (L1 to L6) dissected from siRNA-treated mice and control
mice were homogenized with sonication in 200 ml of ice-cold RIPA (radioimmunoprecipitation assay) buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl,
5 mM EDTA, 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS)
containing proteinase inhibitors (Sigma) as described (53). Homogenates
were centrifuged at 700g for 10 min at 4°C. The supernatants were centrifuged at 12,000g for 30 min at 4°C to obtain the membrane pellets. The
membrane proteins were solubilized in 20 ml of RIPA buffer containing proteinase inhibitors for subsequent SDS–polyacrylamide gel electrophoresis
separation as described previously (53). Transferred blots were blocked in
blocking buffer (5% nonfat dry milk in PBS and 0.1% Tween 20) for 1 hour
at room temperature and incubated with rabbit antibody recognizing actin
(1:5000, Sigma, cat. no. A2066) for 16 hours at 4°C. This was followed by
1-hour incubation in donkey horseradish peroxidase–linked secondary antibodies (Santa Cruz Biotechnology) at 1:5000. Immunoblots were developed with the enhanced chemiluminescence reagents (Thermo
Scientific). Same blots were washed with PBS and 0.1% Tween 20 and reprobed with rabbit antibody recognizing TRPV4 (1:2000, Abcam, cat. no.
ab39260) or TRPV1 (1:3000, same as described for immunohistochemistry). X-ray films were scanned, and the intensities of corresponding
bands (42 kD for actin, 98 kD for TRPV4, and 95 kD for TRPV1) were
measured using Kodak 1D (version 3.1.2). Optical density ratios of TRPV4/
actin and TRPV1/actin were calculated to adjust loading errors.
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For double fluorescence in situ hybridization, complementary RNA probes
for Trpv4, Mrgpra3, and Hrh1 were labeled with fluorescein and digoxigenin (Roche). Fluorescein-labeled probe was purified through a G50 microcolumn (Amersham Pharmacia) and then precipitated with lithium
chloride (LiCl2). Two probes were added into a hybridization buffer.
Probes were detected with an antibody recognizing fluorescein (1:2000,
Roche) or an antibody recognizing digoxigenin (1:2000, Roche). Antibody staining after in situ hybridization to detect Trpv4 was performed as
described (8, 48). Slides were examined using an Olympus BX51 upright
microscope attached with a CCD (charge-coupled device) camera. The
following primary and secondary antibodies were used: rabbit antibody recognizing TRPV1 (1:1000, Neuromics, cat. no. RA14113), rabbit antibody
recognizing TRPA1 (1:50, Ardem Patapoutian Lab), and fluorescein
isothiocyanate–coupled donkey antibody recognizing rabbit IgG (1:400,
Jackson ImmunoResearch). The TRPV1 antibody was previously validated
using wild-type and Trpv1−/− tissues (49). The TRPA1 antibody was previously validated using wild-type and Trpa1−/− tissues (50).

MISSION siRNA Universal Negative Control #1 (SIC001) and selective siRNA
duplex for mouse Trpv4 mRNA (SASI_Mm01_00182300) and Trpv1 mRNA
(SASI_Mm01_00041084) were purchased from Sigma. RNA was dissolved
in diethyl pyrocarbonate–treated PBS and prepared immediately before
administration by mixing the RNA solution with a transfection reagent,
in vivo-jetPEI (Polyplus-transfection SA). The final concentration of
RNA was 1.25 mg/10 ml. siRNA was delivered to the lumbar region of
the spinal cord. Injection was given twice daily for six consecutive days.
Behavioral tests for CQ, histamine, and GSK101 were carried out 24 hours
after the last injection with 3 hours of rest in between tests. Lumbar DRGs
were then dissected out from control and siRNA-treated mice and stored in
RNAlater at −80°C or rapidly frozen in dry ice until RT-PCR or Western
blot analysis.
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DRG culture and Ca2+ imaging

Coimmunoprecipitation

DRGs were dissected on ice and quickly frozen at −80°C. For coimmunoprecipitation analysis, DRGs from five mice were pooled together, and
membrane proteins were extracted as described (53). Samples were
transferred into a microtube containing ice-cold sample buffer [20 mM
tris-HCl (pH 7.4), 1 mM dithiothreitol, 10 mM NaF, 2 mM Na3VO4,
1 mM EDTA, 1 mM EGTA, 5 mM microcystin-LR, and 0.5 mM phenylmethylsulfonyl fluoride] and homogenized by sonication. Homogenates
were centrifuged at 700g for 10 min at 4°C. The supernatant was centrifuged at 40,000g for 30 min at 4°C to obtain the membrane pellet. The
membrane was solubilized in a sample buffer containing 0.5% sodium
deoxycholate. After incubation for 20 min at 4°C, Triton X-100 was added
to a final concentration of 0.5%. Insoluble proteins were sedimented at
50,000g for 30 min at 4°C. The supernatants were used for coimmunoprecipitation. Two hundred micrograms of solubilized samples was incubated with a rabbit antibody recognizing TRPV4 (1 mg, Alomone Labs,
cat. no. ACC-034) overnight at 4°C. The complex was precipitated with

50% TrueBlot rabbit IgG bead slurry (eBioscience). The beads were
washed four times in PBS with 0.3% Triton X-100 and boiled in LDS
sample buffer (Invitrogen) with 50 mM dithiothreitol for 10 min. Membrane proteins or immunoprecipitates were separated on SDS NuPAGE
Bis-Tris 4 to 12% gels (Invitrogen) and transferred to polyvinylidene fluoride membrane (Invitrogen). The blots were blocked in blocking buffer
(5% nonfat dry milk in PBS and 0.1% Tween 20) for 1 hour at room
temperature and incubated with rabbit antibody recognizing TRPV4
(1:5000, same as described for coimmunoprecipitation) or TRPV1
(1:10,000, same as described in immunohistochemistry) for 16 hours at
4°C. This was followed by 1-hour incubation in goat horseradish peroxidase–
linked TrueBlot secondary antibodies (eBioscience) at 1:5000. Immunoblots were developed with the enhanced chemiluminescence reagents
(Amersham). The TRPV4 antibody was previously validated in wild-type
and Trpv4−/− tissues (54).

Confocal subcellular FRET imaging
FRET signals were determined as previously described (55, 56). The
fluorophores used in the present study are cerulean (which is a brighter
version of the CFP) and the eYFP. Plasmids encoding the TRP channel
subunit fused with either cerulean or eYFP at its C terminus were generated and cotransfected into HEK293 cells. Fluorescence imaging was
done at 37°C, 24 hours after transfection. Right before fluorescence recording, the culture media were replaced with Hank’s balanced salt solution supplemented with glucose (1 mg/ml). Confocal imaging and
instantaneous acceptor photobleaching experiments were performed using
an Andor-Yokogawa-Leica spinning disc imaging system composed of an
iXon3 electron-multiplying CCD camera and a computer-steered FRAP-PA
(fluorescence recovery after photobleaching-photoactivation) device (56).
Confocal images of the mid cross section of cells were acquired using a
Leica HCX PL APO CS 63×/1.40 objective. Briefly, CFP was excited
using 6-mW, 445-nm laser, and emission was collected using 478 ± 20
and 535 ± 20 filters.

Whole-cell recordings in HEK293 cells expressing
various TRPs
HEK293 cells were grown as a monolayer in a 24-well plate using passage
numbers less than 30 and maintained in Dulbecco’s modified Eagle’s
medium (DMEM) (Life Technologies), supplemented with 10% fetal
bovine serum (Life Technologies), penicillin (100 U/ml), and streptomycin
(100 mg/ml) in a humidified incubator at 37°C with 5% CO2. The cells
were transiently transfected with 100-ng cDNA of mouse Trpv4 (mTrpv4)
and 100-ng cDNA of C1-GFP (green fluorescent protein), or 100-ng
cDNA of mouse Trpv1 (mTrpv1) or 100-ng cDNA of mouse Trpa1
(mTrpa1) using Lipofectamine 2000 (Invitrogen). After transfection, the
cells were maintained in DMEM at 37°C for 24 hours before use.
Whole-cell patch-clamp recordings were performed using an EPC 10
amplifier (HEKA Elektronik) at room temperature (22° to 24°C) on the
stage of an inverted phase-contrast microscope equipped with a filter set
for GFP visualization. Pipettes pulled from borosilicate glass (BF 150-8610, Sutter Instrument) with a Sutter P-97 pipette puller had resistances of 2
to 4 megohms for whole-cell recordings, when filled with pipette solution
containing 140 mM CsCl2, 2 mM EGTA, and 10 mM Hepes, with pH 7.3
and 315 mOsm/liter in osmolarity. A Ca2+-free extracellular solution was
used for whole-cell recording to avoid Ca2+-dependent desensitization of
TRP channels, containing 140 mM NaCl, 5 mM KCl, 0.5 mM EGTA,
1 mM MgCl2, 10 mM glucose, and 10 mM Hepes (pH was adjusted to
7.4 with NaOH, and the osmolarity was adjusted to ~340 mOsm/liter with
sucrose). The whole-cell currents were recorded using voltage ramps from
−100 to +100 mV during 500 ms at holding potential of 0 mV. Data were
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DRGs were dissected in neurobasal media (Invitrogen) and incubated with
papain (30 ml/2 ml neurobasal; Worthington) for 20 min at 37°C. After
washing with PBS (pH 7.4), cells were incubated with collagenase
(3 mg/2 ml neurobasal; Worthington) for 20 min at 37°C. After washing with
PBS, cells were dissociated with a flame-polished glass pipette in neurobasal media. Dissociated cells were collected through a cell strainer (BD
Biosciences) to remove tissue debris. Dissociated DRG cells were resuspended with DRG culture media (2% fetal bovine serum, 2% horse serum,
2% B-27 supplement, and 1× glutamine in neurobasal media; Invitrogen)
and plated onto poly-ornithine–coated 12-mm-diameter round glass coverslips in a 24-well plate. After 24 hours, cell culture media were replaced
with Ca2+ imaging buffer (140 mM NaCl, 4 mM KCl, 2 mM CaCl2,
1 mM MgCl2, 5 mM glucose, 10 mM Hepes, adjusted to pH 7.4 with
NaOH). Fura-2 acetoxymethyl ester (fura-2 AM) (Invitrogen) was diluted
to 2 mM stock in DMSO/20% pluronic acid. Cells were loaded with fura2 AM (2 mM) diluted in the Ca2+ imaging buffer. Pirt-GCaMP3–cultured
DRG neurons were not loaded with fura-2 AM, because they express a
cytoplasmic fluorescent Ca2+ sensor (28). The coverslips were mounted on
a Warner Instruments recording chamber (RC 26G) perfused with Ca2+
imaging buffer at a rate of ~2 ml/min. An inverted microscope (Nikon
Eclipse Ti 20× objective) with Roper CoolSNAP HQ2 digital camera
was used for fura-2 Ca2+ imaging after 340/380-nm laser excitations
(sampling interval, 2 s; exposure time adjusted for each experiment to
~70 ms for 340 nm and to ~40 ms for 380 nm). Calibration was performed to convert F340/F380 signal ratios to [Ca2+]i using Fura-2 Calcium
Imaging Calibration Kit (Invitrogen) following the manufacturer’s
instruction. Pirt-GCaMP3–cultured DRG neuron fluorescence was
monitored using 488-nm laser excitation of Pirt-GCaMP3 and a 505- to
555-nm variable secondary dichroic mirror to detect the emission of green
fluorescence (sampling interval, 1.5 s; exposure time adjusted for each experiment to ~200 ms). The Ca2+ amplitude was expressed as a normalized
value of the ratio of fluorescent difference (Ft − F0 or DF) to basal fluorescence (F0). GSK101 (1 nM, 10 nM, 100 nM, 1 mM, or 10 mM, Sigma),
CQ (1 mM, Sigma), histamine (50 mM, Sigma), capsaicin (10 or 100 nM,
Sigma), KCl (30 mM, Sigma), the TRPV4 antagonist HC (10 mM, Tocris
Bioscience), the TRPV1 antagonist SB (10 mM, Tocris Bioscience), or
vehicle control [0.1% (v/v) DMSO] in Ca2+ imaging buffer) was applied
to DRG cultures to examine Ca2+ responses. The percentage of responsive
neurons was calculated from total KCl+ neurons. NIS-Elements (version
3.1, Nikon) and Prism 6 (version 6.0e, GraphPad) were used to analyze
Ca2+ imaging data.

RESEARCH ARTICLE
acquired using PATCHMASTER software (HEKA Elektronik). Currents
were filtered at 2 kHz and digitized at 10 kHz. Data were analyzed and
plotted using Clampfit 10 (Molecular Devices). The Kd values were
calculated with the following function: Kd = 100 nM/(toff/ton − 1), where
ton and toff are the fitted time constants for activation and washout of
100 nM capsaicin–activated currents (57, 58).

Statistical analyses
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