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Channels in Skin Keratinocytes Modulate Pain Sensitivity via
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The ability to sense changes in the environment is essential for survival because it permits responses such as withdrawal from noxious
stimuli and regulation of body temperature. Keratinocytes, which occupy much of the skin epidermis, are situated at the interface
between the external environment and the body’s internal milieu, and have long been appreciated for their barrier function against
external insults. The recent discovery of temperature-sensitive transient receptor potential vanilloid (TRPV) ion channels in keratinocytes has raised the possibility that these cells also actively participate in acute temperature and pain sensation. To address this notion, we
generated and characterized transgenic mice that overexpress TRPV3 in epidermal keratinocytes under the control of the keratin 14
promoter. Compared with wild-type controls, keratinocytes overexpressing TRPV3 exhibited larger currents as well as augmented
prostaglandin E2 (PGE2 ) release in response to two TRPV3 agonists, 2-aminoethoxydiphenyl borate (2APB) and heat. Thermal selection
behavior and heat-evoked withdrawal behavior of naive mice overexpressing TRPV3 were not consistently altered. Upon selective
pharmacological inhibition of TRPV1 with JNJ-7203212, however, the keratinocyte-specific TRPV3 transgenic mice showed increased
escape responses to noxious heat relative to their wild-type littermates. Coadministration of the cyclooxygenase inhibitor, ibuprofen,
with the TRPV1 antagonist decreased inflammatory thermal hyperalgesia in transgenic but not wild-type animals. Our results reveal a
previously undescribed mechanism for keratinocyte participation in thermal pain transduction through keratinocyte TRPV3 ion channels and the intercellular messenger PGE2.
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Introduction
Skin forms the interface between the internal constituents of the
body and the external environment. Sensory nerve endings in the
dermis and epidermis are established as cutaneous detectors of
thermal, chemical, and mechanical stimuli. Keratinocytes, which
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comprise much of the epidermis, are recognized predominantly
for forming a barrier against organismal invasion or loss of water
and nutrients. However, the superficial location of skin keratinocytes, coupled with the close apposition of their membranes
with those of sensory afferents (Hilliges et al., 1995), poise keratinocytes to communicate the presence of environmental stimuli
directly to the nervous system. Whereas the release of trophic
factors such as nerve growth factor (NGF) and artemin from
keratinocytes can chronically modulate neuronal structure and
function in the skin (Malin et al., 2006; Albers and Davis, 2007),
the recent discovery of temperature sensitive ion channels of the
transient receptor potential vanilloid (TRPV) family in keratinocytes has fueled the notion that keratinocytes participate in
acute thermosensory transduction.
TRPV3 and TRPV4 are two thermosensitive calciumpermeable channels that are activated by heat, with thresholds of
⬃27°C and ⬃34°C, respectively (Guler et al., 2002; Peier et al.,
2002; Smith et al., 2002; Watanabe et al., 2002; Xu et al., 2002).
Mice lacking either of these channels exhibit defects in thermal
selection and heat-evoked withdrawal behaviors (Lee et al., 2005;
Moqrich et al., 2005). TRPV3 and TRPV4 are expressed in skin
keratinocytes (Guler et al., 2002; Peier et al., 2002; Xu et al., 2002),
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where these channels can be activated by heat or their respective
chemical activators (Chung et al., 2003, 2004a,b; Moqrich et al.,
2005; Hu et al., 2006; Xu et al., 2006). Yet, there is evidence that
TRPV3 and TRPV4 are also expressed in sensory neurons and in
the CNS (Smith et al., 2002; Xu et al., 2002). Thus, the physiological significance of these channels within keratinocytes is unclear.
If keratinocytes do participate in sensory transduction, a soluble factor might be released upon stimulation of keratinocyte
TRPV ion channels as a means of communication and relay.
Until now, the identity of such an intercellular signaling molecule(s) has remained elusive. In this study, we generated transgenic mice overexpressing TRPV3 selectively in keratinocytes.
Phenotypic analysis of these mice revealed that TRPV3 channels
expressed in keratinocytes can contribute to thermal nociception
and hyperalgesia, at least in part through calcium- and
cyclooxygenase-1 (COX1)-dependent release of prostaglandin E2
(PGE2).

Materials and Methods
Chemicals. Unless otherwise indicated, chemical reagents were obtained
from Sigma and cell culture reagents from Invitrogen.
Animals. The mouse TRPV3 cDNA (Chung et al., 2003) was modified
to include a hemagglutinin (HA) epitope at the N terminus or yellow
fluorescent protein (YFP, Invitrogen) at the C terminus. These engineered cDNAs were subcloned into the multiple cloning site of a modified keratin 14 cassette containing the keratin 14 promoter, a rabbit
␤-globin intron, a multiple cloning site, and the keratin 14 polyadenylation site (Paladini and Coulombe, 1998). DNA constructs were linearized
and microinjected into fertilized murine C57BL/6J oocytes, and embryos
were reimplanted in the uterus of a surrogate mother. Genotypes
of founders and progenies were confirmed using PCR and Southern
blotting. PCR primers were 5⬘-ATCTCCAGGAAGAAGTGTGCACTC-3⬘ and 5⬘-GGGAAGATGTCCCTTGTATCACC-3⬘, and the size of
transgenic PCR product was 705 base pairs (bp). For Southern blotting, a
probe (194 bp) was generated by PCR amplification of recombinant
TRPV3 with two primers; 5⬘-CCAAGGACAAAAAGGACTG-3⬘ and
5⬘-CATCAGGGCAATGAGCAT-3⬘, and used to detect two specific
bands of ⬃5 kilobase pairs (kb, transgenic) and ⬃2.1 kb (wild type) after
enzymatic digestion of genomic DNA with EcoRV. Blots were scanned
using a PhosphorImager. Three independent transgenic mouse lines
were established. Transgenic and C57BL/6J wild-type mice were intermated to produce transgenic and wild-type experimental animals. All
experiments were conducted according to protocols approved by The
Johns Hopkins Animal Care and Use Committee.
Protein expression analysis. For immunoblotting, the back skin of adult
wild-type or TRPV3 transgenic mice was shaved, homogenized, and then
lysed using M-PER mammalian protein extraction reagent (Pierce) according to the manufacturer’s instructions. Proteins were resolved by
SDS-PAGE, electrotransferred to polyvinylidenedifluoride membranes,
and subjected to immunoblot analysis as described (Guler et al., 2002).
Primary antibodies for immunoblot included rabbit anti-TRPV3
(1:1000) (Chung et al., 2004), monoclonal mouse anti-TRPV3 (1:400,
clone 15/4, University of California, Davis/National Institute of Neurological Disorders and Stroke/National Institute of Mental Health NeuroMab Facility, Davis, CA), rabbit anti-TRPV1 (1:1000, Calbiochem),
rabbit anti-HA (1:1000, Covance Research Products), HRP-conjugated
monoclonal rat anti-HA (1:4000, clone 3F10, Roche), rabbit anti-green
fluorescent protein (GFP, 1:3000, Invitrogen), mouse anti-␤-actin (1:
5000, Sigma) and anti-␣-tubulin (1:10,000, Hybridomabank, University
of Iowa, Iowa City, IA). Biotinylated secondary anti-rabbit and antimouse antibodies (1:5000, GE Healthcare) were used for detection by
enhanced chemiluminescence (GE Healthcare). Quantification of
scanned ECL films was performed using ImageJ software (National Institutes of Health). For immunofluorescence, mice were perfused transcardially with 4% paraformaldehyde/phosphate buffered saline (PBS),
and the glabrous skin was dissected, cryoprotected in 30% sucrose/PBS,
sectioned at 16 –20 m, and subjected to immunostaining as described
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(Guler et al., 2002) with rabbit anti-TRPV3 (1:1000 (Chung et al., 2004),
monoclonal mouse anti-TRPV3 (1:25 or 1:10, clone 15/4, NeuroMab),
mouse anti-GFP (1:500, Sigma), anti-keratin 10 (1:1000, Sigma), antikeratin 14 (1:5000, Sigma), or anti-PGP 9.5 (1:1000, Ultraclone), followed by Cy3-conjugated goat anti-rabbit IgG (1:900, Jackson Immunoresearch) for rabbit primary antibodies, Cy3-conjugated goat antimouse IgG2a (1:500, Jackson) for monoclonal anti-TRPV3, or Cy3conjugated donkey anti-mouse (1:700, Jackson) for anti-GFP. Tissues
were imaged using a Nikon E600FN epifluorescence microscope
equipped with a Roper Coolsnap ES camera and ESee Software (ISee
Imaging) or a Zeiss 510 Meta Scanning Confocal microscope and LSM
software (Zeiss).
Cell culture. Primary mouse keratinocytes were cultured as described
previously (Chung et al., 2004). Newborn mice (postnatal day 1–3) were
decapitated, and their limbs were removed. After washing with betadine,
water, and 70% ethanol, trunk skin was removed, stripped of fat, and
floated (epidermis upward) overnight at 4°C in a Petri dish containing
0.25% trypsin. The epidermis was peeled from underlying tissue the
following day. Keratinocytes were harvested from both surfaces of the
dissection plane by flushing with medium or gentle scraping and placed
in mouse keratinocyte medium (Chung et al., 2003). Cells were pelleted,
resuspended in mouse keratinocyte medium, layered on a density gradient (Lymphoprep, Axis-shield), and centrifuged (15 min, 500 rpm, 4°C).
Keratinocytes, located at the interface of the resulting two layers, were
recentrifuged and resuspended, counted, plated at 10 5/cm 2 in plastic
dishes or on glass coverslips, and assayed after being incubated for 40 – 80
h at 37°C/5% CO2.
Electrophysiology. Whole-cell voltage-clamp analysis was performed as
described previously (Chung et al., 2004). Briefly, the recording pipette
was filled with internal solution containing (in mM) 120 cesium aspartate, 10 CsCl, 1 MgCl2, 5 EGTA, and 10 HEPES (pH 7.4, adjusted with
CsOH; 295 mOsm, adjusted with mannitol). Osmolarity was measured
using a vapor pressure osmometer (Wescor). Cells were superfused with
bath solution throughout the experiment. Bath solution contained (in
mM) 130 sodium aspartate, 6 NaCl, 2 CaCl2, 1 MgCl2, 10 glucose, and 10
HEPES (pH 7.4, adjusted with NaOH; 305 mOsm, adjusted with mannitol). Because of their flat morphology, cells were treated briefly with
trypsin-EDTA just before whole cell recording to facilitate seal formation
and membrane capacitance measurement. An Axopatch 200B amplifier
(Axon Instruments) connected to a Digidata 1322A analog/digital converter (Axon) was used together with pClamp 9.0 software (Axon) to
deliver voltage pulses and acquire and analyze data. Borosilicate glass
electrodes had tip resistances of 1.5–2 megaohms when filled with pipette
solution. We recorded whole-cell currents only when the series resistance
was ⬍7 megaohms without compensation. Heat stimuli were delivered
using an in-line heater (Warner Instruments) and monitored with a
thermocouple (Physitemp) placed within 4 mm of the microscopic field.
Solution exchange was performed using a valve manifold (Warner
Instruments).
PGE2 measurement. Primary mouse keratinocytes were cultured from
wild-type and transgenic neonatal mice as described above. Cells were
plated at 10 5/cm 2 in plastic culture dishes and cultured for 48 – 60 h at
37°C, 5% CO2 before experimentation. Cells were acclimated in buffer
(in mM: 130 NaCl, 3 KCl, 2.5 CaCl2, 0.6 MgCl2, 10 Hepes, 1.2 NaHCO3
and 10 glucose, adjusted to pH 7.45 with NaOH) at room temperature for
60 –90 min before experimentation. For Ca 2⫹-free stimulation, NaCl
was lowered to 120 mM and CaCl2 was replaced with 10 mM EGTA at pH
7.45. Supernatant was collected at 30 min intervals (baseline and stimulated conditions) unless stated otherwise. An additional antagonist pretreatment period before stimulation was included in the antagonism
experiments. A circulating water bath was used for heat stimulation.
Samples were spiked with 50 –500 pmol PGD2-d4 (Cayman Chemicals)
before processing to track endogenous PGE2 recovery. Samples were
loaded onto preconditioned Bond-Elut LRC C-18 cartridges (Varian) in
50/50 buffer/25% methanol, washed with water, and eluted with 65%
methanol. The eluant was analyzed on a Shimadzu HPLC coupled to a
API-3000 triple quadrupole MS (Applied Biosystems) with the following
conditions: linear gradient from 17–100% methanol/water with 1 mM
ammonium acetate at 0.2 ml/min over 3 min, XDB-C18 HPLC column
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(3.5 m, 2.5 mm ⫻ 50 mm; Agilent Technologies), electrospray negative
ion multiple reaction monitoring mode (Q1–Q3 ⫽ 351.2–315.1, 359.3–
315.4). Standard curves were constructed for each batch of analysis, and
the levels of analytes in the samples were extrapolated accordingly. The
amount of PGE2 was corrected for recovery and protein content (BCA
assay, Pierce) in each culture well.
Temperature selection assay. Temperature selection assays were performed as described previously (Lee et al., 2005). Briefly, a mouse was
placed on a 170 cm ⫻ 10 cm metal platform on which a linear thermal
gradient spanning from 0.8 to 48.8°C was maintained in the long axis by
means of feedback-controlled resistive heaters and a heat sink. The position of the mouse within the surface temperature gradient was then
monitored over a 2 h test period using a series of infrared beams and
activity monitoring software (OptoMax, Columbus Instruments). Wildtype and transgenic mice were alternated to minimize the impact of any
nonthermal variables.
Assays of acute nociception and hyperalgesia. In the tail immersion assay, the tail of a gently restrained mouse was immersed in a water bath set
at 46 –50°C, and the time to tail withdrawal was recorded. In the radiant
paw heating assay, the plantar surface of one hindpaw of a mouse standing on a glass surface was subjected to radiant heat stimulation and the
latency to paw withdrawal was measured. In the hot plate assay, a freely
moving mouse was placed on a metal surface preheated to 46 –52°C and
latency to the onset of biting, licking or rapid shaking of the hindpaws
was measured. To induce peripheral inflammation, 15 l of Complete
Freund’s adjuvant (CFA) (Sigma) was injected subcutaneously into the
plantar surface of one hindpaw using a Hamilton (Hamilton) syringe and
a 30 gauge needle. With the exception of the temperature preference
assay, which was scored automatically, all behavioral assays were performed with the experimenter blinded to genotype or treatment.
Behavioral assays with JNJ-7203212 and ibuprofen. Following 4 baseline latency measurements in the hot plate test (52°C), animals were
injected intraperitoneally with 40 mg/kg ibuprofen or vehicle (PBS) and
40 mg/kg JNJ-7203212 (Ghilardi et al., 2005; Swanson et al., 2005) (Johnson & Johnson, Pharmaceutical Research and Development LLC) or
vehicle (1:4:15 Pharmasolv: Cremaphor: 5% Dextrose), prewarmed to
37°C. Responses to the hot plate were tested at 30 min intervals following
injection. For the inflammatory pain paradigm, baseline paw withdrawal
latencies to a radiant heat source were established before injection of CFA
in the left hindpaw (15 l, intraplantar), and post-CFA withdrawal latencies recorded 24 h following CFA injection. Upon establishment of
post-CFA baseline, 40 mg/kg ibuprofen or vehicle was injected intraperitoneally and 15 min later, 40 mg/kg JNJ-7203212 or vehicle were injected
intraperitoneally (all prewarmed to 37°C) and paw withdrawal latencies
monitored at 20 min intervals thereafter.
Core body temperature measurements. Mice were surgically implanted
with telemetric body temperature probes (G2 E-Mitter, Minimitter) in
their peritoneal cavity as previously described (Lee et al., 2005). Mice
were allowed to recover for at least 7 d until normal circadian rhythm of
core body temperature was re-established. Using telemetric receiver platforms (ER-4000, Minimitter) and VitalView software (Minimitter), core
body temperature was continuously monitored at 2 min intervals with
the mice freely moving in their home cages. Mice were handled daily for
2 d before drug challenge. On the testing day, after a 30 min baseline
period, mice were injected intraperitoneally with 40 mg/kg JNJ-7203212
or vehicle (prewarmed to 37°C) as for thermal nociception assays, and
body temperature monitored in the absence of experimenters for 24 h.
Statistical analyses. Data are expressed as mean ⫾ SEM. Data from the
PGE2 release experiments were analyzed using ANOVA with Bonferroni
or Dunnett’s post hoc comparisons. Electrophysiology data were analyzed
using ANOVA with Bonferroni post hoc comparisons. Data from behavioral experiments were evaluated using the Mann–Whitney U test,
ANOVA with repeated measures with Bonferroni post hoc comparisons,
or two-tailed t tests for experiments with planned comparison designs.
Statistical analyses were performed using either Microsoft Excel or Prism
(GraphPad).
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Results
Keratinocyte-specific overexpression of TRPV3 in
transgenic mice
To study the role of TRPV3 in keratinocytes, we generated transgenic mice overexpressing TRPV3 tagged with either YFP at its C
terminus or an HA epitope at its N terminus under the control of
the keratin 14 promoter, which drives gene expression in most
basal cells of stratified squamous epithelia including the skin epidermis (Fig. 1 A). Two transgenic lines (A and B) were established
with the HA-TRPV3 construct, and one line was established with
the TRPV3-YFP construct. Transgenic mice of all three lines exhibited no obvious abnormalities in behavior or in the appearance of their skin and hair as neonates or young adults. Genomic
incorporation of the transgenes was verified by Southern blot
(Fig. 1 B). The number of transgene copies per genome (transgene/endogenous) was 11.2 ⫾ 1.7 for TRPV3-YFP (n ⫽ 6), 4.4 ⫾
0.4 for HA-TRPV3 (B) (n ⫽ 26) and 1.9 ⫾ 0.3 for HA-TRPV3 (A)
(n ⫽ 14). Transgenic protein expression was detected in lysates of
back skin from adult transgenic animals, using either antiTRPV3 (Fig. 1C,G), anti-HA (Fig. 1 D) or anti-GFP antibodies
(Fig. 1 E, G). HA-TRPV3 migrated at ⬃90 –100 kDa and TRPV3YFP at ⬃115 kDa (Fig. 1C–G). A less intense band with the same
mobility as recombinant mouse TRPV3 was detected in wild-type
skin using anti-TRPV3 (Fig. 1C). Similar results were obtained
using two additional anti-TRPV3 antibodies (data not shown).
Although absolute transgenic protein expression levels varied
among preparations, the rank order of TRPV3 protein expression
(endogenous and transgenic) in adult back skin of the different
lines was TRPV3-YFP ⬎ HA-TRPV3 (B) ⬎ HA-TRPV3 (A) ⬎
wild-type, with an approximate ratio of 18:8:4:1. A lesser extent of
transgenic protein overexpression was apparent in primary keratinocyte cultures (Fig. 1 F). Consistent with these findings, reverse transcription-PCR (RT-PCR) analysis revealed an increase
in TRPV3 mRNA in the back skin of all three transgenic mouse
lines, compared with wild-type (supplemental Fig. S1 A, available
at www.jneurosci.org as supplemental material). Together, these
results indicate that all three lines of transgenic mice overexpress
TRPV3 in keratinocytes.
No transgenic protein was detected in lysates of trigeminal
ganglia of the HA-TRPV3 (A) or TRPV3-YFP lines, although
trace amounts were detected in the HA-TRPV3 (B) line using
anti-HA (Fig. 1G) (data not shown). mRNA encoding transgenic
TRPV3 was detected in the trigeminal ganglia of HA-TRPV3 lines
(A) and (B), but not in TRPV3-YFP trigeminal ganglia (supplemental Fig. S1 A, available at www.jneurosci.org as supplemental
material). The amount of TRPV1 protein in the trigeminal ganglia was comparable between wild-type and TRPV3-YFP transgenic animals (supplemental Fig. S1 B, available at www.
jneurosci.org as supplemental material). The amount of TRPV4
mRNA in back skin and trigeminal ganglia was also comparable
between wild-type mice and mice of all three transgenic lines
(supplemental Fig. S1 A, available at www.jneurosci.org as supplemental material), arguing against the occurrence of compensatory changes in the expression levels of these homologous thermosensory proteins.
Localization of transgenic TRPV3 was visualized by immunofluorescence using anti-TRPV3 antibodies. In glabrous hindpaw
skin of wild-type animals, modest TRPV3-like immunoreactivity
was observed, with enrichment in the lower portion of the epidermis (Fig. 2 A; supplemental Fig. S2 A, B, available at www.
jneurosci.org as supplemental material). In contrast, stronger
TRPV3 immunoreactivity was consistently observed in the epi-
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Figure 1. Generation of keratinocyte-specific TRPV3-overexpressing transgenic mice. A, Keratin 14 promoter driven TRPV3 transgenic constructs. B, Southern blots of EcoRV-digested genomic
DNA, using the probe indicated in panel A, confirming genomic incorporation of the transgene in 3 lines of transgenic mice (HA-TRPV3 A, HA-TRPV3 B, TRPV3-YFP). T, Transgenic band; E, endogenous
band. C–E, Immunoblot comparison of TRPV3 expression in the back skin of adult wild-type mice versus mice from HA-TRPV3 and TRPV3-YFP lines. Blots were probed with mouse monoclonal
anti-TRPV3 (C), rat monoclonal anti-HA (D), and rabbit anti-GFP (E). Lane at far left in C shows lysate from HEK293 cells transiently transfected with recombinant TRPV3, whose position is denoted
by arrowhead. F, Immunoblots probed with rabbit anti-TRPV3 and rabbit anti-HA antibodies, showing increased transgenic protein expression in cultured HA-TRPV3 B keratinocytes. G, Immunoblots showing increased transgenic protein expression in the skin but not in trigeminal ganglia of TRPV3-YFP mice using rabbit anti-TRPV3 and rabbit anti-GFP antibodies.

dermis of transgenic mice, although the precise pattern and intensity of expression differed between lines. HA-TRPV3 (A) skin
exhibited basal epidermal TRPV3 immunoreactivity indistinguishable from that of wild-type skin, but strong immunoreactivity in a few scattered suprabasal keratinocytes (Fig. 2 B). Skin
from HA-TRPV3 (B) mice exhibited even more frequent robust
staining of suprabasal keratinocyte patches, as well as occasionally increased staining in the basal epidermis (Fig. 2C). In the
TRPV3-YFP line, robust TRPV3 immunoreactivity was uniformly observed among basal keratinocytes (Fig. 2 D), a pattern
overlapping that of endogenous TRPV3-like immunoreactivity
and recapitulating keratin 14 expression (supplemental Fig.
S2 E, F, available at www.jneurosci.org as supplemental material).
A few scattered suprabasal keratinocytes also showed strong antiTRPV3 staining in TRPV3-YFP transgenic mice. Similar patterns
of transgenic protein expression among the three lines were observed using two additional anti-TRPV3 antibodies (data not
shown). The pattern of transgene expression in TRPV3-YFP
transgenic mice was further corroborated by the intrinsic fluorescence of the TRPV3-YFP fusion protein (Fig. 2 E, F ) and by staining with an anti-GFP antibody (supplemental Fig. S2C,D, available at www.jneurosci.org as supplemental material). No
transgenic protein expression was detected in sensory ganglia of
any line by immunofluorescence using anti-HA or anti-GFP antibodies (data not shown). To determine whether overexpression
of TRPV3 altered keratinocyte differentiation or epidermal innervation, we immunostained the glabrous hindpaw skin of wild-

type and TRPV3-YFP transgenic mice with anti-keratin 14 (labels
basal keratinocytes), anti-keratin 10 (labels suprabasal keratinocytes) and anti-PGP 9.5 (labels sensory nerve fibers). No obvious
differences in staining pattern were observed between wild-type
and transgenic mice for any of these three markers (supplemental
Fig. S2 E–J, available at www.jneurosci.org as supplemental
material).
Increased channel function in
TRPV3-overexpressing keratinocytes
To evaluate the functional consequences of increased TRPV3 expression, we performed whole-cell patch-clamp electrophysiology on primary keratinocytes cultured from neonatal mice. Consistent with our previously reported findings (Chung et al.,
2004a,b), heat stimuli (40 – 43°C, 30 s) evoked small, outwardly
rectifying current responses in ⬃80% of wild-type keratinocytes
(Fig. 3A,C). These responses desensitized upon repetitive applications of heat, consistent with mediation by endogenous TRPV4
(Chung et al., 2004). The TRPV3 agonist 2-aminoethoxydiphenyl
borate (2APB, 100 M) (Chung et al., 2004b; Hu et al., 2004) evoked
little response in wild-type keratinocytes when added alone (Fig.
3 B, D). However, the coapplication of 2APB and heat yielded
larger current responses that sensitized with repetitive stimulation, characteristic of those mediated by endogenous TRPV3
(Fig. 3 B, D) (Chung et al., 2004b; Moqrich et al., 2005). Examination of keratinocytes isolated from TRPV3 transgenic mice
revealed a continuum of increased responsiveness to TRPV3 ago-

Huang et al. • Keratinocyte TRPV3 Modulates Pain via PGE2

J. Neurosci., December 17, 2008 • 28(51):13727–13737 • 13731

be acutely released from keratinocytes in
response to TRPV3 activation and is
known to influence sensory neurons. One
such candidate mediator is PGE2, which
was previously shown to be released from
keratinocytes in response to several nonthermal stimuli, and can promote thermal
and mechanical hypersensitivity by acting
through G-protein-coupled EP receptors
on sensory neurons (Ferreira et al., 1978;
Taiwo and Levine, 1989a,b; Sugimoto et
al., 1994; Oida et al., 1995; Southall and
Vasko, 2001; Moriyama et al., 2005), or
serve as a precursor for pronociceptive
agonists of TRPA1 (Materazzi et al., 2008).
We therefore assayed the release of PGE2
from keratinocytes cultured from wildtype and transgenic neonatal mice. Using
liquid chromatography-tandem mass
spectrometry (LC-MS/MS), we could
readily detect PGE2 release under basal
conditions from keratinocytes of both genotypes (Fig. 4 A, inset). Upon exposure to
2APB (50 or 100 M), however, TRPV3YFP transgenic keratinocytes released ⬃7fold more PGE2, compared with wild-type
cells (Fig. 4 A) ( p ⬍ 0.001). The effect was
unlikely to be due to generalized hyperresponsiveness of the transgenic cells,
since no differences in evoked PGE2 levels
Figure 2. Immunofluorescent localization of TRPV3 in skin of transgenic mice. A–D, Hindpaw glabrous skin of wild-type (A),
HA-TRPV3 A (B), HA-TRPV3 B (C), or TRPV3-YFP (D) mice, respectively, probed with anti-TRPV3. Increased TRPV3 staining was were seen when cells were stimulated with
observed in the skin epidermis of transgenic mice. E, F, Intrinsic YFP fluorescence in wild-type (E) and TRPV3-YFP transgenic (F ) the calcium ionophore A23187 (1 M)
skin. Dashed line denotes dermal-epidermal junction. Arrows mark basal epidermal staining, arrowheads mark suprabasal epi- (Fig. 4 A). Another TRPV3 chemical agonist, camphor (Moqrich et al., 2005), also
dermal staining. Scale bar, 50 m.
increased PGE2 from TRPV3-YFP keratinocytes (2.91 pmol/mg protein at 2 mM
nists. Whereas repetitive heat stimuli evoked only minute curcamphor; 10.8 pmol/mg protein at 4 mM camphor) compared
rents in cells of the HA-TRPV3 (A) line, progressively larger rewith wild-type keratinocytes (1.14 pmol/mg protein at 2 mM
camphor, p ⬍ 0.05; 3.65 pmol/mg protein at 4 mM camphor, p ⬍
sponses were observed in cells derived from lines HA-TRPV3 (B)
0.001; n ⫽ 3 wells per group). It has previously been reported that
( p ⬍ 0.001 vs wild-type at ⫹80 mV, repeated measures two-way
the TRPV1-selective agonist, capsaicin, evokes PGE2 release in
ANOVA) and TRPV3-YFP ( p ⬍ 0.01 vs wild-type at ⫹80 mV),
the human keratinocyte-derived HaCaT cell line (Southall et al.,
respectively, which also sensitized with repetitive stimulation
2003). However, we did not observe capsaicin (1–10 M)-evoked
(Fig. 3 A, B). Moreover, in a subset of TRPV3-YFP keratinocytes,
PGE2 release from mouse primary wild-type keratinocytes (data
persistent stimulation with heat produced a biphasic current, the
not shown), consistent with our previous electrophysiological
second component of which was characterized by large ampliand immunoblot findings (Chung et al., 2004). In addition to
tude and loss of outward rectification (supplemental Fig. S3 A, B,
chemical agonists, we tested the effect of sustained heat stimuli on
available at www.jneurosci.org as supplemental material). We
keratinocyte PGE2 release. Wild-type keratinocytes exhibited a
previously reported that the appearance of such biphasic retemperature-dependent increase in PGE2 release that peaked at
sponses is highly dependent on TRPV3 current density (Chung et
42°C and declined slightly at higher temperatures (Fig. 4 B). In
al., 2005). A progression of increasing current amplitudes among
TRPV3-YFP transgenic keratinocytes, heat evoked PGE2 release
the 3 transgenic lines was also observed during stimulation with
was significantly greater than in wild-type keratinocytes at 42°C
2APB alone ( p ⬍ 0.0001 at ⫹80 mV, p ⬍ 0.05 at ⫺80 mV,
( p ⬍ 0.01), with a strong trend toward increased responses at all
one-way ANOVA with Bonferroni post hoc comparison) (Fig.
temperatures ⬎31°C, reminiscent of the temperature3D). As in wild-type keratinocytes, coapplication of heat and
dependence of TRPV3. These data are consistent with TRPV32APB resulted in much larger currents in both HA-TRPV3 lines
mediated heat-evoked PGE2 release. HA-TRPV3 (B) keratinothan were seen with either stimulus alone (Fig. 3 B, D). Thus,
cytes also exhibited increased 2APB-evoked PGE2 release
transgenic overexpression of TRPV3 results in graded electrocompared with wild-type. As with TRPV3-mediated current
physiological responses that are proportional to relative channel
responses, exposure of HA-TRPV3 (B) transgenic keratinoexpression levels in the different transgenic lines.
cytes to a combination of 2APB (100 M) and modest heat
(36°C) caused a supra-additive increase in PGE2 release (Fig.
Keratinocyte TRPV3 activation leads to the release of PGE2
To understand how TRPV3 ion channels in keratinocytes might
4C) ( p ⬍ 0.001). No such supra-additivity was observed in
mediate downstream effects, we searched for a factor that could
wild-type keratinocytes.
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A more detailed examination revealed
that the augmented PGE2 release from
HA-TRPV3 (B) transgenic keratinocytes
was evident as early as 1–5 min from the
onset of stimulation, indicating that the
mechanisms underlying this response
could be engaged rapidly (Fig. 4 D). Since
our assay required the accumulation of
PGE2 in bulk medium, the true kinetics of
the release response might be even more
rapid. Removal of extracellular calcium
abolished the TRPV3-dependent release of
PGE2 (Fig. 4 E) ( p ⬍ 0.01). Coapplication
of the nonselective COX inhibitor ibuprofen (100 M) blocked the stimulated response, as did the COX-1 selective inhibitor SC-560 (1 M). In contrast, the COX-2
selective inhibitor CAY10404 (10 M) had
only a modest inhibitory effect (Fig. 4 E)
( p ⬍ 0.01). Therefore, the rapid release of
PGE2 following activation of TRPV3 receptors on keratinocytes is dependent
upon calcium influx and the COX-1
enzyme.
Keratinocyte TRPV3 modulates pain
behaviors via prostaglandin action
Because TRPV3 channels are activated by
non-noxious heat stimuli and selection of Figure 3. Whole-cell patch-clamp electrophysiology of primary keratinocytes from TRPV3 transgenic mice. A, Representative
preferred floor temperature is reportedly current responses of wild-type (top, left) and TRPV3-YFP transgenic (top, right) keratinocytes to stimulation by repeated 42°C heat
delayed in TRPV3 knock-out mice (Mo- pulses (bottom) recorded during voltage ramps. Upward current traces were measured at ⫹80 mV and downward traces at ⫺80
qrich et al., 2005), we tested the possibility mV. B, Representative current traces evoked by 2APB (100 M) in wild-type (top) and TRPV3-YFP transgenic (bottom) cells. A heat
that overexpression of TRPV3 in keratin- stimulus (41°C) was applied in the middle of the response to 2APB, as indicated by the horizontal bars. C, Quantification of
sensitizing current responses to three consecutive heat stimuli (41– 43°C) among wild-type and transgenic keratinocytes. Four
ocytes might affect perception of innocu- bars are shown for a given stimulus. The first pair of bars show the mean ⫾ SEM of responses recorded at ⫹80 mV and the right
ous temperatures. We observed no consis- pair show responses at ⫺80 mV. Open bars represents the wild-type response and the filled bars represent the response of the
tent significant differences in any of our indicated transgenic line. n ⫽ 3–21 cells per bar. D, Quantification of current responses evoked by 2APB (100 M), or the
three transgenic lines, compared with simultaneous application of 2APB plus heat among wild-type (open bars) and transgenic (filled bars) keratinocytes, measured at
wild-type littermates, in either the distri- ⫹80 mV (upward bars) or ⫺80 mV (downward bars). n ⫽ 4 –21 cells per bar. Progressive increase in response sensitivity to
bution of their final locations on a contin- TRPV3 agonists was observed in the order of wild-type ⬍ HA-TRPV3 A ⬍ HA-TRPV3 B ⬍ TRPV3-YFP.
uous floor gradient of 0 – 49°C or in their
rates of assuming that distribution (Fig. 5A; supplemental Figure
mental material) (n ⫽ 7–13 mice per genotype in each cohort),
S4 A, B, available at www.jneurosci.org as supplemental material)
despite the fact that this line expresses the highest level of trans(data not shown). Thus, overexpression of keratinocyte TRPV3
genic TRPV3. Hence, two of the three keratinocyte-specific
does not appear to influence thermal selection behavior. We also
TRPV3 lines showed increased sensitivity to moderately hot
observed no differences in daytime rectal temperature between
stimuli, albeit inconsistently. We also evaluated hyperalgesia in
wild type and HA-TRPV3 (A) transgenic mice (wild type, 36.0 ⫾
TRPV3-YFP transgenic mice following inflammation evoked by
0.2°C, n ⫽ 11; transgenic 36.0 ⫾ 0.1°C, n ⫽ 14).
hindpaw injection of CFA. No significant differences in thermal
Since studies of TRPV3 knock-out mice implicated this chan(radiant heat) hypersensitivity were observed between transgenic
nel in behavioral responsiveness to acute painful heat stimuli
and wild-type animals (Fig. 5C).
(Moqrich et al., 2005), we also performed assays of thermal noThe modest and inconsistent thermal nociception phenotypes
ciception on our transgenic mice. Wild-type and TRPV3of our TRPV3 transgenic mice led us to consider the possibility
overexpressing mice exhibited similar escape latencies in the tail
that other thermosensitive molecules might be masking the conimmersion assay (over the range of 46 –50°C) (Fig. 5B) and in the
tribution of TRPV3. TRPV1 has been shown to be important for
radiant paw heating assay (Fig. 5C). In contrast, in the hot-plate
both acute thermal nociception and inflammatory thermal hyassay, 2 of 3 independent cohorts of HA-TRPV3 (B) mice showed
peralgesia in mice (Caterina et al., 2000; Davis et al., 2000; Garciasignificantly shorter withdrawal latencies at 47 and 48°C, and 1 of
Martinez et al., 2002; Gavva et al., 2005; McGaraughty et al.,
2 cohorts of HA-TRPV3 (A) mice showed significantly shorter
2006). We therefore examined the effects of acute administration
latencies at 46 and 47°C, compared with wild-type littermates
of a TRPV1-selective antagonist, JNJ-7203212 (Ghilardi et al.,
(Fig. 5D; supplemental Fig. S4C, available at www.jneurosci.org
2005; Swanson et al., 2005) on thermal nociception in wild-type
as supplemental material) (n ⫽ 9 –13 mice per genotype in each
and TRPV3 transgenic mice. Using HEK293 cells stably transcohort). However, no significant differences from wild-type were
fected with either rat TRPV1 (Guler et al., 2002) or mouse
found in either of two cohorts of the TRPV3-YFP line (Fig. 5D;
TRPV3-YFP (Chung et al., 2005), we first confirmed the ability of
supplemental Fig. S4C, available at www.jneurosci.org as suppleJNJ-7203212 (200 nM) to inhibit TRPV1 activation and its lack of
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Figure 4. Measurement of PGE2 release from primary keratinocytes. Supernatants from cultured keratinocytes in buffer were collected during baseline and stimulus periods (30 min each), and
processed and analyzed for PGE2 using LC-MS/MS. A, TRPV3-YFP transgenic keratinocytes show increased PGE2 release compared with wild-type keratinocytes in response to the TRPV3 agonist 2APB
(50 –100 M), but comparable responses to A23187 (1 M). Inset, Example chromatograms showing detection of PGE2 from buffer under basal and stimulated conditions using LC-MS/MS. B,
Exposure to heat (by immersion in a water bath) increased PGE2 release in TRPV3-YFP transgenic keratinocytes more than in wild type. C, Supra-additive increase in stimulated PGE2 release in
HA-TRPV3 line B compared with wild-type keratinocytes in response to coapplication of 2APB (100 M) and 36°C. D, Cumulative stimulated PGE2 release over time (buffer collected after 1, 5, 10 or
30 min incubation) in wild-type and HA-TRPV3 line B keratinocytes. E, 2APB (100 M) plus 36°C-stimulated PGE2 release in HA-TRPV3 line B keratinocytes is diminished in calcium-free buffer and
in the presence of COX antagonists. Data are expressed as mean ⫾ SEM, n ⫽ 3 per group. A–D were analyzed using ANOVA with Bonferroni post hoc comparisons and E was analyzed using ANOVA with
Dunnett’s test. **p ⬍ 0.001, *p ⬍ 0.01, difference between wild type and transgenic (A–D) or between pharmacological treatment and vehicle (DMSO) control in cells treated with 2APB plus heat (E).

effect on TRPV3 at a five-fold higher concentration (supplemental Fig. S3C–E, available at www.jneurosci.org as supplemental
material). In the hot plate assay (52°C), JNJ-7203212 (40 mg/kg,
i.p.) significantly increased escape latencies in wild-type mice, a
finding consistent with previous reports that pharmacological
TRPV1 antagonism can suppress acute thermal nociception
(McGaraughty et al., 2006). Although the TRPV1 antagonist also
increased hot plate latencies in TRPV3-YFP transgenic mice, it
did so to a lesser extent, resulting in significantly shorter escape
latencies compared with those of their wild-type littermates (Fig.
6 A) (ANOVA with repeated measures, p ⬍ 0.05). Thus, in the
naive state, TRPV1 appears to mask the pronociceptive effects of
keratinocyte TRPV3 overexpression. To determine if PGE2 contributes to the relay of thermosensory information from TRPV3expressing keratinocytes to sensory neurons, we performed the
hot plate test in the presence of JNJ-7203212 as described above,
with or without pretreatment with the COX antagonist ibuprofen
(40 mg/kg, i.p.). In the absence of ibuprofen, TRPV3-YFP transgenic mice exhibited shorter escape latencies compared with their
wild-type littermates (Fig. 6 B) ( p ⬍ 0.05), confirming the findings of the experiment shown in Figure 6 A. Administration of
ibuprofen resulted in tendencies toward shorter latencies in wildtype mice and longer latencies in TRPV3 transgenic mice. Although those trends did not reach statistical significance, the hy-

persensitivity of TRPV3 transgenic mice was eliminated as a
result (Fig. 6 B).
Because TRPV1 contributes more to inflammatory thermal
hyperalgesia than to acute thermal nociception (Caterina et al.,
2000; Davis et al., 2000), we next asked whether TRPV1 antagonism would unmask any differences between wild-type and
TRPV3 transgenic mice under inflammatory conditions.
Twenty-four hours after inflammation evoked by CFA (same experiment as shown in Fig. 5C), the TRPV1 antagonist substantially increased latencies of paw withdrawal from radiant heat in
wild-type mice, as well as in TRPV3-YFP transgenic mice (Fig.
6C). As in the acute hot plate assay, there was a tendency toward
shorter latencies in the transgenic mice, but in this case, the difference was not statistically significant. Following CFA inflammation, in the presence of the TRPV1 antagonist, ibuprofen did
not alter the withdrawal latency of inflamed wild-type mice. In
contrast, ibuprofen significantly increased the response latency of
the TRPV3 overexpressing mice, indicating a greater contribution of prostaglandins to thermal hyperalgesia in the transgenic
animals (Fig. 6C) ( p ⬍ 0.05). Together, these findings support
the notion that thermal pain sensitivity can be modulated by
prostaglandin signaling downstream of keratinocyte TRPV3.
Among the recently recognized consequences of acute TRPV1
antagonism is a transient hyperthermia that has been reported
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Figure 5. Temperature preference and pain behavior of wild-type and keratinocyte TRPV3 overexpressing mice. A, Temperature preference behavior of HA-TRPV3 line B mice (top) and
TRPV3-YFP mice (bottom) over 60 –120 min after placement in a temperature gradient ranging from 0 to 49°C. Mean presence time at each temperature is illustrated. B, Tail withdrawal behavior
of HA-TRPV3 line B mice (top) and TRPV3-YFP mice (bottom) exposed to a heated water bath. C, Latency of paw withdrawal from radiant heat in wild-type and TRPV3-YFP mice before and 24 h after
injection of CFA (15 l, intraplantar) into the ipsilateral hindpaw. D, Latency of HA-TRPV3 line B (top), HA-TRPV3 line A (middle) and TRPV3-YFP (bottom) mice to paw licking, biting, or shaking
behavior upon placement on a hot plate at the indicated temperatures. In each graph, data shown are from a single cohort of 9 –13 mice per genotype. Two of three cohorts of HA-TRPV3 B mice, one
of two cohorts of HA-TRPV3 A mice and two of two cohorts of TRPV3-YFP mice tested showed the presented response (see also supplemental Fig. S4C, available at www.jneurosci.org as supplemental
material). Hot plate data were analyzed using Mann–Whitney U test. **p ⬍ 0.0001, *p ⬍ 0.05. Data are represented as mean ⫾ SEM. Numbers of mice (n) are indicated in each panel.

across numerous mammalian species (Swanson et al., 2005;
Gavva et al., 2007). To exclude the possibility that the reduced
effect of JNJ-7203212 on hot plate latency in TRPV3-YFP transgenic mice is attributable to a differential impact of this compound on core body temperature, we directly compared its thermoregulatory effects between genotypes. Wild-type and TRPV3YFP transgenic mice were surgically implanted with telemetric
body temperature probes. After 1 week of recovery, they were
injected with JNJ-7203212 (40 mg/kg, i.p.) or vehicle (PBS).
Whereas vehicle produced no significant changes in core body
temperature, JNJ-7203212 evoked a transient hyperthermia that
peaked at ⬃30 min and subsided toward baseline within 180 min
(Fig. 6 D). This hyperthermic response was indistinguishable between wild-type and TRPV3-YFP transgenic mice. This result
indicates that differences in hot plate latency between these two
genotypes cannot be attributed to either differential body temperatures or a general diminution in JNJ-7203212 efficacy in
TRPV3-YFP mice.

Discussion
Our findings that keratinocyte TRPV3 can mediate heat-evoked
prostaglandin release and influence both acute nociception and
hyperalgesia substantiate the notion that keratinocytes can contribute to sensory function. The responses of keratinocytes to
TRPV3 stimuli in vitro were proportional to the TRPV3 expression level, with TRPV3-YFP keratinocytes exhibiting the largest
responses to heat or 2APB. In the absence of TRPV1 antagonist,
the in vivo TRPV3 transgenic thermal hypersensitivity phenotype

was incompletely penetrant among cohorts, and not correlated
with transgene expression level. There are several possible explanations for this apparent discrepancy. First, other downstream
effectors and cell types necessary to translate increased channel
functionality to behavior may have adapted to the lifelong excess
of TRPV3 in some animals. Second, transgene mRNA expression
was detected in the trigeminal ganglia of HA-TRPV3 mice, but
not those of TRPV3-YFP mice. Although we could not resolve the
cellular origin of this mRNA, it might result in increased TRPV3
expression in sensory neurons in HA-TRPV3 mice. Third, behavioral differences between transgenic lines might be due to variations in the TRPV3 expression pattern within the skin epidermis,
with TRPV3-YFP animals showing more uniform and robust
basal epidermal overexpression, and HA-TRPV3 animals exhibiting strong but patchy overexpression in more superficial layers.
These different patterns might stem from different transgene insertion sites. Alternatively, HA-TRPV3 and TRPV3-YFP proteins
might differ in stability as keratinocytes migrate from basal to
more superficial epidermal layers during differentiation. Differential function and expression of signaling molecules between
keratinocytes in different epidermal layers is well recognized. For
example, the antinociceptive modulator ␤-endorphin is differentially expressed across epidermal strata (Khodorova et al., 2003).
In addition, the terminations of functionally distinct peptidergic
and nonpeptidergic classes of small-diameter sensory neurons
segregate to the stratum spinosum and the more superficial stratum granulosum, respectively (Zylka et al., 2005). Improved con-
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and TRPV4 (Guler et al., 2002; Watanabe
et al., 2002), as well as the relatively modest
thermal nociceptive phenotypes of individual TRPV channel knockouts (Caterina
et al., 2000; Davis et al., 2000; Liedtke and
Friedman, 2003; Suzuki et al., 2003; Lee et
al., 2005; Moqrich et al., 2005) support the
notion of functional redundancy between
these molecules. Redundancy is likely further expanded by the expression of these
thermosensitive molecules in multiple cell
types. Such overlap in function may be
evolutionarily advantageous, as encoding
and signaling of high temperatures that
cause tissue damage is essential for survival.
Surprisingly, 2APB did not potentiate
heat-evoked PGE2 release from wild-type
cells, as it did in transgenic cells. One interpretation of this finding is that endogenous TRPV3, when expressed at normal
levels, is not a major contributor to heatevoked PGE2 release from keratinocytes
and that additional, TRPV3-independent
mechanisms exist for such release. However, given the pleiotropic actions of 2APB
(Bootman et al., 2002), we cannot exclude
potential inhibitory effects of this compound on targets downstream of endogenous TRPV3 signaling. Alternatively, our
findings might reflect low endogenous
Figure 6. Changes in thermal pain behavior of TRPV3-YFP transgenic mice unmasked by pharmacological antagonism of TRPV3 expression levels under our culTRPV1. A, Hot plate (52°C) latencies of wild-type and TRPV3-YFP transgenic mice before and after administration of the TRPV1 ture conditions. In wild-type keratinoantagonist JNJ-7203212 (40 mg/kg, injected i.p. at arrow). Data were analyzed by ANOVA with Bonferroni post hoc comparisons;
cytes, TRPV3-like currents evoked by heat
*p ⬍ 0.05 antagonist versus vehicle; #p ⬍ 0.05 wild type versus transgenic. B, Effects of cyclooxygenase antagonism. Wild-type
were not readily detected unless 2APB was
and TRPV3-YFP transgenic mice were pretreated with the COX antagonist ibuprofen (40 mg/kg, i.p.) or vehicle 15 min before
injection of JNJ-7203212 or vehicle. Beginning 30 min after the final injection, hot plate latency was measured at 30 min intervals coapplied, consistent with our previous
and 6 consecutive values averaged to calculate difference from the baseline (measured during the 90 min before ibuprofen observations (Chung et al., 2004b). Other
injection). C, Effects of TRPV1 and COX antagonists on CFA-induced thermal hyperalgesia in wild-type and TRPV3-YFP transgenic investigators have reported more frequent
mice. Immediately following the measurement of post-CFA paw withdrawal latency (Fig. 5C), TRPV3-YFP transgenic and wild- TRPV3-like heat-evoked currents in keratype mice were injected with ibuprofen (i.p., 40 mg/kg) or vehicle, and 15 min later injected with JNJ-7203212 (40 mg/kg, i.p.) or tinocyte cultures (Moqrich et al., 2005).
vehicle. After an additional 30 min, latency to escape from radiant paw heating was measured at 20 min intervals in the ipsilateral Although our conclusions are derived
paw. The three latencies obtained between 50 and 90 min postinjection were averaged to calculate the change from the post-CFA largely from TRPV3 gain-of-function conbaseline measured before ibuprofen injection. Note that ibuprofen increases withdrawal latency in TRPV3-YFP, but not wild-type ditions, overexpression of keratinocyte
mice treated with the TRPV1 antagonist. Planned comparisons of data in B and C were analyzed by Student’s t test. *p ⬍ 0.05; n.s.,
TRPV3 is not a situation unique to our
no significant difference (n ⫽ 6 –12 per group). D, Change in core body temperature in response to injection of JNJ-7203212 (40
transgenic model. Human patients experimg/kg, i.p.) in wild-type (vehicle n ⫽ 4, JNJ-7203212 n ⫽ 5) versus TRPV3-YFP (JNJ-7203212; n ⫽ 8) mice.
encing cutaneous pain after breast surgery
show an upregulation of both TRPV3 and
trol of layer-specific TRPV3 overexpression using transgene inTRPV4 in keratinocytes of affected skin that is most evident in the
sulators or other epidermal promoters might help to clarify this
basal epidermis (Gopinath et al., 2005).
issue. Finally, one cannot exclude the possibility that epitope tagOur data also suggest that PGE2 is at least one signal by which
keratinocyte TRPV3 channels can communicate with cutaneous
ging of the TRPV3 construct affected proper trafficking or cousensory neurons. The association between PGE2, sensory transpling to other proteins, although neither tag appeared to interfere
duction, and TRP channels is consistent with the established role
with either ion channel function or PGE2 release in vitro.
In contrast to their apparently normal thermal nociception in
of PGE2 as a pronociceptive mediator (Cesare and McNaughton,
1997; Bley et al., 1998). EP1, EP3 and EP4 receptors are found on
the absence of pharmacological agents, TRPV3-YFP transgenic
primary sensory neurons (Sugimoto et al., 1994; Oida et al., 1995;
mice (the highest TRPV3 expressing line) consistently exhibited
Southall and Vasko, 2001; Moriyama et al., 2005). One consegreater thermal nociception than wild-type mice upon pharmaquence of PGE2 action is sensitization of neuronal TRPV1 via
cological inhibition of TRPV1. This effect is apparently not atEP1 or EP4 receptors, and TRPV1 has been found to be a major
tributable to changes in TRPV1 expression in the transgenic
contributor to PGE2-induced inflammatory heat hyperalgesia in
mice. These data suggest that keratinocyte TRPV3 channels facilmice (Moriyama et al., 2005). Nevertheless, other mechanisms of
itate heat-evoked activation of nociceptive signaling pathways,
PGE2-induced hypersensitivity have been reported. PGE2 can
but that this effect is masked by the activity of TRPV1. Overlap
modulate neuronal TTX-resistant sodium currents (England et
between the activation temperatures of TRPV3 (Peier et al., 2002;
al., 1996; Gold et al., 1996) and suppress voltage-activated outSmith et al., 2002; Xu et al., 2002) TRPV1 (Tominaga et al., 1998),
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ward potassium currents (Nicol et al., 1997). Furthermore, PGA2,
a PGE2 derivative, can evoke pain by acting at TRPA1 on nociceptive neurons (Materazzi et al., 2008). Our results with the
TRPV1 antagonist suggest that, at least in the context of TRPV3
overexpression, the downstream effects of keratinocyte TRPV3stimulated release of PGE2 are likely mediated by TRPV1independent mechanisms.
The effects of TRPV3-stimulated PGE2 may not be limited to
pain modulation, since prostaglandins in the skin have been implicated in functions such as keratinocyte differentiation, wound
healing, inflammation and tumorigenesis (Lee et al., 2003). It is
possible, for example, that PGE2 contributes to the hair cycle
defects and dermatitis observed in Nh mice and WBN/Kob-Ht
rats (Asakawa et al., 2006; Imura et al., 2007). These lines harbor
naturally occurring point mutations in the TRPV3 gene that render the channel constitutively active and hypersensitive to
TRPV3 agonists (Asakawa et al., 2006; Xiao et al., 2008). A lack of
constitutive TRPV3 channel activity in our transgenic mice might
explain the absence of alopecia, although more extensive analyses
will be required to totally exclude more subtle hair cycle defects.
Given the results of our study, it would also be interesting to
evaluate thermosensation and thermal nociception in Nh mice
and WBN/Kob-Ht rats. Conversely, it is likely that mediators
other than PGE2 are involved in modulating pain sensitivity upon
keratinocyte TRPV3 activation. Small molecules that have been
shown to be involved in sensory transduction and released from
epithelial cells, such as ATP (Cockayne et al., 2000; Birder et al.,
2002; Koizumi et al., 2004; Birder et al., 2007; Roper, 2007) and
serotonin (Roper, 2007) are plausible candidates. In addition,
one TRPV3 agonist, eugenol, has been reported to trigger the
release of interleukin-1␣ from oral mucosal epithelial cells (Xu et
al., 2006), although involvement of TRPV3 in such release was
not definitively established. In another recent study (Yoshioka et
al., 2008), the transgenic overexpression of the hypersensitized
TRPV3 mutant found in Nh mice was reported to result in enhanced NGF release from epidermal sheets at 33°C, but normal
release at 37°C. Since NGF can also sensitize sensory afferents, it
will be interesting to determine whether overexpressed wild-type
TRPV3 also enhances release of this mediator.
The anatomical basis of communication between keratinocytes and sensory neurons is poorly understood. Despite the close
juxtaposition between the membranes of keratinocytes and sensory nerve endings, no synapse-like structures have been identified at these points of proximity. Our present results showing that
PGE2 is released upon keratinocyte TRPV3 activation may offer a
resolution to this dilemma. PGE2, like many other lipid mediators, is not packaged in vesicles, but is instead synthesized on
demand. Acute calcium influx through TRPV3 channels likely
activates calcium-sensitive isoforms of phospholipase A2, which
in turn provide arachidonic acid as a substrate for COX, thereby
initiating the prostaglandin synthesis cascade (Smith et al., 2000).
Once synthesized, PGE2 is released from cells via plasma membrane transporters (Funk, 2001). Hence, communication between keratinocytes and sensory neurons via PGE2 release and
action would not require a classical synapse.
Together, our findings reveal a mechanism by which TRPV3
expressed in skin keratinocytes can participate in modulating
thermal nociception, hence broadening our understanding of
sensory transduction. Our study might also have therapeutic implications with respect to the efficacy of TRPV1-selective antagonists, and their coadministration with COX inhibitors, particularly in disease states where TRPV3 or other heat-gated channels
are upregulated or sensitized in the skin.
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