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Abstract The sensation of itching can be defined as Ban un-
pleasant cutaneous sensation that provokes a desire to
scratch.^ The perception of itching is not critical for the main-
tenance of life, but persistent itching can be extremely irritat-
ing and decreases the quality of life. Crotamiton (N-ethyl-o-
crotonotoluidide) has been used as an anti-itch agent for
humans for around 70 years. In spite of the long use of
crotamiton, its mechanism of action remains unknown. We
hypothesized that crotamiton might have effects on transient
receptor potential (TRP) channels expressed in the peripheral
nervous system and the skin. We first examined the effects of
crotamiton on TRP channels by whole-cell patch-clamp re-
cordings. We found that crotamiton strongly inhibited TRPV
(vanilloid) 4 channels followed by large currents after
crotamiton washout. In mice, crotamiton inhibited itch-
related behaviors induced by a TRPV4-selective agonist

(GSK1016790A). We biophysically investigated the large
TRPV4 currents after crotamiton washout. Comparing
single-channel open probabilities and current amplitudes of
TRPV4, increases in both parameters were found to contribute
to the large washout currents of TRPV4. Because the change
in current amplitudes suggested pore dilation of TRPV4, we
examined this possibility with cation replacement experiments
and by measuring changes in reversal potentials. Greater cat-
ion influxes and changes in reversal potentials upon
crotamiton washout were observed, suggesting that the
TRPV4 pore dilated in its uninhibited state. From these re-
sults, we identified the molecular target of crotamiton as
TRPV4 and demonstrated pore dilation of TRPV4 upon
crotamiton washout.
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Introduction

Itching is an unpleasant cutaneous sensation that provokes a
desire to scratch the surface of the skin [41]. Acute itching is
caused by allergens, mosquito bites, and some chemical com-
pounds [26]. Chronic itching is a frequent consequence of
atopic dermatitis, kidney failure, cholestasis, and neuronal le-
sions [19]. To relieve the sensation of itching with medication,
antihistamines such as diphenhydramine, steroids such as
dexamethasone, local anesthetics such as lidocaine, and a kap-
pa opioid receptor agonist, nalfurafine, have been used.
Crotamiton (N-ethyl-o-crotonotoluidide) is not categorized in-
to any of those antipruritics. Rather, 10% crotamiton ointment
was initially reported as a scabicide in clinical trials with a
cure rate of 95–96% [2, 27]. Scabies is caused by skin infes-
tation by mites such as Sarcoptes scabiei. Although
crotamiton was initially screened as a synthetic parasiticidal
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chemical [13], it was also clinically tested for relief from
itching [12]. For the treatment of scabies, crotamiton is ap-
plied to the entire body for two successive nights and no
cutaneous irritation was observed [13]. Therefore, crotamiton
was found to be biologically safe and it was clinically proven
to be effective for the relief of itching [12]. However, its mo-
lecular mechanisms remain to be elucidated.

Transient receptor potential (TRP) channels constitute an
ion channel superfamily having non-selective cation perme-
ability [50]. TRP channels were first characterized in a fruit fly
with a mutation showing an abnormal photoresponsiveness
[33]. In mammals, TRP channels are comprised of six related
protein families consisting of TRPA (ankyrin), TRPC (canon-
ical), TRPM (melastatin), TRPML (mucolipin), TRPP
(polycystin), and TRPV (vanilloid) [50]. TRP channels are
best recognized for their contribution to sensory transduction,
including temperature, pain, itch, touch, osmolarity, phero-
mones, and various other stimuli originating from both within
and outside of the cell [50]. Among TRP channels, TRPA1,
TRPM2, TRPM3, TRPM8, TRPV1, TRPV2, and TRPV4
channels are expressed in sensory neurons such as dorsal root
ganglion (DRG) neurons and trigeminal ganglion neurons [4,
5, 15, 32, 37, 39, 44, 53] that peripherally sense external
stimuli as mentioned above. On the other hand, TRPV3 and
TRPV4 are mainly expressed in skin keratinocytes [9, 16, 40,
43, 59]. Interestingly, all of these TRP channels are activated
or modulated by temperature; thus, they are also called
thermosensitive TRP channels [4, 5, 9, 15, 16, 32, 39, 40,
43, 44, 48, 53, 59]. Some of these TRP channels are reportedly
involved in itching sensation as stated below [26].

With regard to the mechanisms of action of crotamiton,
it does not possess antihistaminergic, anti-inflammatory,
or local anesthetic effects and it does not have a steroidal
structure. Therefore, we hypothesized that the molecular
targets for crotamiton are TRP channels that are expressed
in peripheral neurons and skin keratinocytes. We screened
the ability of crotamiton to affect TRPA1 [44], TRPM8
[32, 39], TRPV 1 [4], TRPV2 [5], TRPV3 [9, 40, 43, 59],
and TRPV4 [15, 16] channels, most of which were report-
ed to be involved in itching sensations. For example,
TRPV1 transmits histaminergic itching sensations via
phospholipase A2(PLA2)/lipoxygenase or Gq/11/PLCβ3
signaling [17, 20, 24, 42]. TRPA1 is involved in non-
histaminergic itching induced by chloroquine [57], bovine
adrenal medulla 8–22 [57], thymic stromal lymphopoietin
[58], and serotonin [34]. Gain of function point mutations
of TRPV3 such as Gly573Ser, Gly573Cys, and
Trp692Gly, which are involved in Olmsted syndrome,
are associated with itching [31]. TRPV4 is involved in
serotoninergic itch [1], histaminergic itch [7], and
TRPV1-dependent itch [25]. We, therefore, focused on
the molecular mechanisms of crotamiton, and we investi-
gated the modulatory effects of crotamiton on the above

six TRP channels using a patch-clamp technique with
whole-cell and single-channel configurations.

Results

Crotamiton inhibited GSK-activated TRPV4 currents
and reduced GSK-induced itch-related behaviors

We conducted whole-cell patch-clamp recordings with
HEK293T cells that expressed each of the above TRP chan-
nels (mTRPA1, mTRPM8, mTRPV1, mTRPV2, mTRPV3,
and mTRPV4). Crotamiton did not activate any of these chan-
nels (Supplementary Fig. 1). In addition, crotamiton and TRP
ligands did not activate membrane currents in the mock-
transfected cells (Supplementary Fig. 3a). However,
crotamiton did inhibit mTRPA1, mTRPM8, mTRPV2, and
mTRPV4 when the extracellular medium was calcium-free
(Table 1 and Supplementary Fig. 1). Crotamiton strongly
inhibited mTRPV4 currents with the lowest IC50 value among
these TRP channels under more physiological condition with
2 mM extracellular calcium (Table 1 and Supplementary
Fig. 2). Therefore, we focused on mTRPV4 in the following
investigation.

mTRPV4 currents activated by the TRPV4-selective
agonist GSK1016790A (GSK) [46, 47] were inhibited
by crotamiton in a dose-dependent manner in 2 mM ex-
tracellular calcium (Figs. 1a and 2a) and extracellular
calcium-free conditions (Figs. 1b and 2b). Surprisingly,
rapidly activating and larger mTRPV4 currents than those
induced by GSK alone were observed upon crotamiton
washout when the extracellular medium was calcium-
free (Fig. 1b). When crotamiton was applied with GSK,
crotamiton did not completely inhibit GSK-activated
mTRPV4 currents even at higher concentrations
(Fig. 1c). However, clear and large washout currents were
observed (Fig. 1c). The results suggested that removal of
crotamiton resulted in rapid reactivation of mTRPV4 ac-
tivated by GSK. The washout currents were only observed
during co-application of GSK and crotamiton, and not
with GSK alone (Fig . 1d) or crotamiton alone
(Supplementary Fig. 3b). These phenomena were also ob-
served in normal human epidermal keratinocytes (NHEK)
(Fig. 1e), suggesting that a similar mechanism is working
in native cells, although we do not know which TRPV4,
that in neurons or in keratinocytes, shows these phenom-
ena. In order to examine the voltage dependency of the
crotamiton effects, we analyzed GSK-induced mTRPV4
currents with or without crotamiton by applying voltage-
ramp pulses from −100 to +100 mV and constructed cur-
rent–voltage (I–V) curves. GSK induced outwardly recti-
fying mTRPV4 currents that were inhibited by crotamiton
in a dose-dependent manner in the presence of 2 mM
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extracellular calcium (Fig. 2a and Supplementary Fig. 2).
Crotamiton-induced, dose-dependent inhibition of GSK-

activated mTRPV4 currents was also observed in extra-
cellular calcium-free medium. The I–V relationship of the
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Fig. 1 Characterization of TRPV4 inhibition and activation upon
crotamiton treatment in whole-cell recordings. a Superimposed represen-
tative traces of mTRPV4 inward currents at −60 mV in 2 mM extracel-
lular calcium. One hundred nanomolars of GSK1016790A (GSK)-in-
duced mTRPV4 inward currents was inhibited by crotamiton
(500μM). n = 11, 5, and 5 for 0, 30, and 500μMcrotamiton, respectively.
b Superimposed representative traces of mTRPV4 inward currents in the
absence of extracellular calcium. GSK-inducedmTRPV4 inward currents
were inhibited by crotamiton in a dose-dependent manner, followed by
larger currents upon washout of GSK with crotamiton than GSK-induced

currents. n = 6, 6, and 8 for 100, 300, and 1000 μM crotamiton, respec-
tively. c Superimposed representative traces of mTRPV4 inward currents
upon simultaneous application of GSK and crotamiton in the absence of
extracellular calcium. n = 4, 5, 5, and 5 for 3, 30, 300, and 1000 μM
crotamiton, respectively. d A representative trace of mTRPV4 inward
currents upon GSK application in the absence of extracellular calcium.
n = 7. e Superimposed representative traces of GSK-induced currents in
normal human epidermal keratinocytes in the absence of extracellular
calcium

Table 1 IC50 values of TRP
channels inhibited by crotamiton IC50 (μM) mTRPA1 mTRPM8 mTRPV1 mTRPV2 mTRPV3 mTRPV4

0 mM Ca2+ 296.6 283.0 NE 97.5a NE 223.5

2 mM Ca2+ >500 268.2 – >500 – 15.5

NE no effect
a IC50 value was obtained with a dose–response curve for crotamiton up to 1 mM
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mTRPV4 currents without calcium was linear as reported
[30, 45, 52, 54] (Fig. 2b). These data suggested that
crotamiton-induced inhibition of mTRPV4 currents was
voltage-independent regardless of extracellular calcium.
Figure 2c shows dose–response curves of crotamiton-
induced inhibition of mTRPV4 activated by GSK in the
presence and absence of extracellular calcium. IC50 values
for mouse and human TRPV4 were 15.5 and 16.3 μM,
respectively, in the presence of 2 mM extracellular calci-
um, whereas it was 223.5 μM for mTRPV4 in the absence
of extracellular calcium (Table 1 and Fig. 2c). In the pres-
ence of extracellular calcium, the activity was lower than
in the absence of calcium because extracellular calcium
reduced the current amplitude of TRPV4 [45, 54].
Furthermore, crotamiton significantly reduced the GSK-
induced itch-related behaviors in mice (Fig. 3). Taken
together, crotamiton is an inhibitor of TRPV4 channels,
and the antipruritic effect of crotamiton is due, to some
extent, to the inhibition of TRPV4.

Crotamiton induced large washout currents
after GSK-induced mTRPV4 activation

In order to examine the mechanism of crotamiton action in the
washout, we conducted single-channel recordings using
inside-out excised membrane patches of HEK293T cells ex-
pressing mTRPV4. GSK (10 nM) induced a single-channel
activity of mTRPV4 (unitary amplitude = 2.0 ± 0.4 pA,
NPo = 0.7 ± 0.1, n = 11). The resulting single-channel con-
ductance (32.8 ± 5.8 pS) was similar to the reported values
ranging from 30.4 to 61.4 pS [45, 55]. The GSK-induced
single-channel currents were inhibited by crotamiton
(1000 μM) (uni ta ry ampl i tude = 1.6 ± 0.3 pA,
NPo = 0.2 ± 0.1, n = 11), and large washout currents with
large unitary ampli tudes were observed (unitary
amplitude = 4.1 ± 1.0 pA, NPo = 0.8 ± 0.1, n = 11) (Fig. 4a,
b), which was consistent with the results obtained in the
whole-cell recordings (Fig. 1b). NPo values of the GSK-
induced single-channel currents were significantly decreased
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by crotamiton. Both unitary amplitudes and NPo values be-
came significantly larger upon its washout. Consistent with
the results obtained in the whole-cell recordings (Fig. 1c),
some single-channel currents were observed in the simulta-
neous application of GSK and crotamiton (unitary
amplitude = 1.7 ± 0.3 pA, NPo = 0.3 ± 0.1, n = 13). Both
unitary amplitudes and NPo values became significantly larger
upon washout (unitary amplitude = 3.4 ± 0.5 pA,
NPo = 0.7 ± 0.3, the, n = 14) (Fig. 4c, d). These data suggested
that crotamiton changed ion permeation.

Crotamiton induced mTRPV4 pore dilation

Next, we examined whether mTRPV4 permeability was in-
creased upon crotamiton washout at a macroscopic current
level, which was suggested in the single-channel analysis
(Fig. 4). We substituted all the extracellular sodium ions with
organic methylamine or tetramethylammonium ions to esti-
mate the pore sizes of the mTRPV4 channels in a non-
dilated state [8, 22]. Substituted cations were as follows: mono
methylamine [MMA, CH3NH2, diameter (α) = 2.00 Å],
dimethylamine [DMA, (CH3)2NH, α = 4.20 Å],
te t ramethylammonium ion [TetMA+, (CH3)4N

+,
α = 6.48 Å], and N-methyl-D-glucamine (NMDG,
α = 8.90 Å) [8]. Whole-cell patch-clamp recordings using
HEK293T cells expressing mTRPV4 were performed. After
mTRPV4 activation by GSK, cation-substituted solutions
with GSK were applied (Fig. 5a). mTRPV4 currents by
MMA, DMA, TetMA+, and NMDG were 1.55 ± 0.49
(n = 3), 0.32 ± 0.15 (n = 6), 0.05 ± 0.02 (n = 4), and
0.03 ± 0.01 (n = 9), respectively (Fig. 5a, c). NMDG
completely inhibited mTRPV4 currents induced by GSK
and very small mTRPV4 currents were observed in the
TetMA+ solution. On the other hand, mTRPV4 currents were
not inhibited in the MMA or DMA solutions, indicating that
the pore diameter of mTRPV4 activated by GSKwas between
4.20 and 6.48 Å. In addition, the mTRPV4 currents become
even larger in the MMA and DMA solutions (Fig. 5a, c),
indicating that MMA and DMA were more permeable than
sodium ions. Similarly, by using cation-substituted solutions,
mTRPV4 currents caused by crotamiton washout were re-
corded in HEK293T cells expressing mTRPV4. GSK and
crotamiton were co-applied for 60 s in cation-substituted con-
ditions as shown in Fig. 5b and the washout currents of
mTRPV4 were measured. In the solutions of MMA, DMA,
and TetMA+, significant mTRPV4 currents were observed
(MMA = 1.07 ± 0.19 nA, n = 5; DMA = 0.90 ± 0.29 nA,
n = 4; TetMA+ = 0.22 ± 0.07 nA, n = 10) (Fig. 5b, c). Those
results indicated that in addition to MMA and DMA (Fig. 5a,
c), TetMA+ permeated through the mTRPV4 channel pore
(note the comparison of TRPV4-mediated current sizes
(Fig. 5c)). When the extracellular cation was substituted with
NMDG, no measurable currents were observed (n = 4)

(Fig. 5b), suggesting that the pore diameter of mTRPV4 after
washout of crotamiton with GSK was between 6.48 and
8.90 Å.

The permeation of larger cations through the mTRPV4
pore upon washout of crotamiton with GSK indicated pore
dilation. Therefore, in order to confirm the permeability
changes of mTRPV4 upon crotamiton washout shown in
Fig. 5b, the changes in reversal potentials were examined.
The extracellular cations were substituted with TetMA+ and
the intracellular solution was a sodium-based normal bath
solution (see BExperimental procedures^) [6, 23, 46, 51].
Voltage ramps from −90 to 0 mV were delivered every 2 s
with a holding potential of −60 mV. After co-application of
crotamiton and GSK for 60 s, the reversal potential shifted
from −41.2 to −23.4 mV in 110 s (Fig. 6a), indicating that
TetMA+ permeated the mTRPV4 pore upon washout of
crotamiton with GSK although TetMA+ almost completely
inhibited GSK-induced mTRPV4 currents (Fig. 5a, c). The
rate of reversal potential shift +4.85 mV/0.5 min in the cell
shown in Fig. 6a is similar to that observed in the ATP-gated
cation channel P2X4 (+4.42/0.5 min) [23]. Pore dilation was
previously reported not only in ATP-gated channels such as
P2X2 [23, 46], P2X4 [23, 46], and P2X7 [23, 51] but also in
TRPA1 [6, 22], TRPV1 [11, 35], and TRPV3 [10] channels,
supporting the idea that some TRP channels share this prop-
erty. Mean reversal potential shift (8.27 ± 1.31 mV, n = 11)
was statistically significant (Fig. 6b).

Discussion

Crotamiton ointment has been used for itch relief for a very
long time [12], although the mechanisms of action have been
unclear. Therefore, we hypothesized that the molecular target
of crotamiton is a molecule involved in itch sensation and
expressed in the peripheral neurons or the skin keratinocytes.
Thus, we examined TRPA1 [44], TRPM8 [32, 39], TRPV1
[4], TRPV2 [5], TRPV3 [40, 43, 59], and TRPV4 [9, 16]]. We
eventually identified TRPV4 as the target. TRPV4 is
expressed in DRG neurons [15] and skin keratinocytes [9,
16]. Because TRP channel functions are regulated by calcium
ions [21, 32, 36, 49, 54, 59], whole-cell patch-clamp record-
ings were performed in the absence of extracellular calcium or
in 2 mM extracellular calcium. Crotamiton did not activate
any of the six TRP channels examined and inhibited
TRPA1, TRPM8, TRPV2, and TRPV4 channels to different
extents (Supplementary Fig. 1). In the presence of 2 mM ex-
tracellular calcium, TRPV4 was found to have the lowest IC50

value for crotamiton-induced inhibition among the four TRP
channels (Table 1). TRPV4 is a member of the TRP channel
superfamily activated by hypotonic stimulation [30], warm
temperature [9, 14, 16], arachidonic acid metabolite 5′, 6′-
epoxyeicosatrienoic acid [56], and synthetic ligands such as
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4 alpha-phorbol 12,13-didecanoate [54] and GSK1016970A
[47]. TRPV4 was reported to be involved in itch caused by
serotonin [32] and histamine [33] and itch depending on
TRPV1 [34]. Therefore, we examined the effects of
crotamiton on GSK1016970A-induced itch-related behaviors
in vivo. We found that crotamiton significantly reduced the
GSK1016790A-induced scratching behaviors (Fig. 3), sug-
gesting that the antipruritic effect of crotamiton is due to the
inhibition of TRPV4 to some extent.

Indeed, crotamiton rapidly inhibited GSK-activated
mTRPV4 currents in HEK293T cells at both whole-cell and

single-channel levels (Figs. 1, 2, and 4). However, the unitary
amplitudes of TRPV4 currents were not changed with
crotamiton. This result suggests that the effects of crotamiton
are due to inhibition of the frequency of channel opening and
not the blocking of permeation. Surprisingly, mTRPV4 cur-
rents became even larger after crotamiton washout. To esti-
mate the possibility of pore dilation of mTRPV4, we per-
formed current recordings (Fig. 5) and reversal potential shift
experiments using large diameter cations (Fig. 6). Although
the significance of the shift of reversal potentials as a marker
for pore dilation is under debate [28], these data support the
notion of pore dilation. Therefore, the washout currents could
be explained by pore dilation of mTRPV4 activated by GSK.
The physiological functions of pore dilation of TRPV4 in vivo
are still unclear because sudden removal of crotamiton from
the skin would be difficult. Clarification of the sites of action
of crotamiton would be intriguing.

In a phylogenetic tree of the TRPV subfamily, TRPV4 is
located between TRPV1 and TRPV3 [59], both of which have
shown pore dilation [10, 11, 35], suggesting that TRPV1,
TRPV3, and TRPV4 acquired the property during evolution.
Together with the fact that TRPA1 shares the same property
[6, 22], pore dilation could be a common property of a subset
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held at −60 mV. dAveraged values of unitary amplitudes and NPo for the
currents with GSK with crotamiton (GSK+Cro) and crotamiton washout
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of TRP channels expressed in sensory neurons and skin
keratinocytes, and the similarities could provide clues to its
physiological significance. The structure of three (TRPA1
[38], TRPV1 [3, 29], and TRPV2 [18, 60]) of the six TRP
channels examined in this study were analyzed at the atomic
level. Ion permeation pathways in the natural agonist-bound
form were clarified for TRPA1 [38] and TRPV1 [3]. The
widest central cavity of the ion permeation pathway of aryl
isothiocyanate (AITC)-bound TRPA1 is about 4.5 Å [38], and
that of capsaicin-bound TRPV1 is about 4.6 Å [3], both of
which are close to the pore size of TRPV4 estimated by
permeant ions in this study (4.20–6.48 Å). Although the dilat-
ed pore sizes differ between TRPA1/TRPV1 and TRPV4
based on the NMDG permeability, future comparisons of the
channel structure among TRPA1, TRPV1, and TRPV4 could
clarify the mechanisms of pore size fluctuation.

Experimental procedures

Chemicals

AITC and carvacrol were obtained fromWako Pure Chemical
Industries. Capsaicin, crotamiton dimethylamine solution
(DMA), menthol, methylamine solution (MMA), NMDG,
and 2-aminoethoxydiphenylborane (2-APB) were obtained
from Sigma-Aldrich. GSK was obtained from Tocris
Bioscience. Tetramethylammonium hydroxide pentahydrate
(TetMA) was obtained from Tokyo Chemical Industry.
Stock solutions were prepared in ethanol for AITC, capsaicin,
carvacrol, crotamiton, and menthol and in dimethyl sulfoxide
(Wako) for GSK and 2-APB.

Cell culture

HEK293T cells were maintained at 37 °C in 5% CO2 in
Dulbecco’s modified Eagle’s medium (Wako) containing
10% fetal bovine serum (FBS, BioWest), 50 units mL−1 pen-
icillin/50 μg mL−1 streptomycin (Life Technologies) and
2 mM L-glutamine (GlutaMAX™, Life Technologies).
NHEK (Adult, KURABO) were maintained at 37 °C in 5%
CO2 in Humedia-KG2 (KURABO).

Transient transfection of HEK293T cells

Transient transfection of HEK293 cells was achieved with
L i p o f e c t am i n e® Tr a n s f e c t i o n Re a g e n t ( L i f e
Technologies), PLUS™ Reagent (Life Technologies),
and Opti-MEM® I Reduced Serum Medium (Life
Technologies), following the manufacturer’s protocol.
Plasmid DNAs (mTRPA1/pcDNA5-FRT, mTRPM8/
pcDNA5-FRT, mTRPV1/pcDNA3.1, mTRPV2/pcDNA3
mTRPV3/pcDNA3, mTRPV4/pcDNA3, and hTRPV4/
pcDNA3) were transfected with pGreen Lantern 1 into
HEK293T cells and transfected cells were used for
patch-clamp experiments 14–48 h after transfection.

Electrophysiology

HEK293T cells expressing each TRP channel and NHEK
were used for whole-cell recordings and those expressing
mTRPV4 were used for single-channel recordings as well
with standard patch pipettes (3–8 MΩ resistance) made
with borosilicate glass capillaries (King Precision Glass).
The extracellular solution for whole-cell recording was a
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standard bath solution containing 140 mM NaCl, 5 mM
KCl, 2 mM CaCl2, 2 mM MgCl2, 10 mM HEPES, and
10 mM D-glucose at pH 7.4, adjusted with NaOH. A
calcium-free bath solution was prepared by omitting
2 mM CaCl2 from the standard bath solution and adding
5 mM EGTA. The extracellular solution for single-
channel recording and the intracellular solutions for both
whole-cell and inside-out patch-clamp configurations
contained 140 mM KCl, 5 mM EGTA, 2 mM MgCl2,
and 10 mM HEPES at pH 7.4, adjusted with KOH. The
whole-cell voltage-clamp recordings were performed with
the membrane potential clamped at −60 mV. Voltage-ramp
pulses from −100 to +100 mV within 500 ms were ap-
plied every 5 s. Inside-out membrane patches were used
for single-channel recordings where the membrane poten-
tial was clamped at −60 mV. Before membrane excision,
cells were perfused with the standard bath solution that
was then exchanged for the KCl-based solution. Sodium-
substituted solutions were prepared by exchanging sodi-
um for methylamines, the tetraammonium ions, and
NMDG, which were listed in BChemicals.^ Data were
sampled at 10 kHz and filtered at 5 kHz for whole-cell
recording and at 2 kHz for single-channel recording
(Axopatch 200B Amplifier, Molecular Devices). Data
were analyzed using pCLAMP 10.4 Software (Molecular
Devices).

Behavior test

Male C57BL/6N mice (9- to 11-week-old) were kept in a
controlled environment (12 h light/dark cycle, 22–25 °C,
50–60% humidity) with food and water provided ad libitum,
with 2–4 animals per cage. All experiments were performed
during the light cycle. The day before the experiment, the hair
on the backs of the mice was clipped. Prior to scratch record-
ing (1.5 h), the mice were put into a cage for acclimation.
Crotamiton oil or saline (30 μL) was applied to the bare skin
of the mice 0.5 h before recording. After subcutaneous injec-
tion of GSK (10 nmol/50 μL/site), scratching behaviors were
recorded with a camera (NEX-5K, SONY).

Statistics

Data were expressed as means ± SEM. No data points
were excluded. All statistical analyses were conducted in
at least three different experiments. Statistical analyses
were performed with the two-tailed Welch’s t test to com-
pare two groups and with the ANOVA followed by
Tukey’s test for multiple comparisons. We used an
ORIGIN 8.1 software for data fitting. P < 0.05 was con-
sidered to be significant.
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