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Cinnamaldehyde elicits itch behavior via TRPV1 and
TRPV4 but not TRPA1
Dan Domocos, PhDa,b, Taylor Follansbee, PhDa, Amanda Nguyen, BSa, Tony Nguyen, BSa, Mirela I. Carstens, BSa,
Earl Carstens, PhDa,*

Introduction: Cinnamaldehyde (CA) elicits itch sensation in humans. We investigated if CA elicits scratching behavior in mice and
determined the roles for TRPV1, TRPA1, and TRPV4.
Materials and Methods: Scratching behavior elicited by intradermal injection of CA was assessed in wildtype (WT) mice and
knockout (KO) mice lacking TRPV1, TRPA1, TRPV4, or deficient in mast cells. We also assessed scratching and wet dog shakes
elicited by low-threshold mechanical stimulation of skin treated topically with CA or vehicle. Using calcium imaging we tested if CA
activates dorsal root ganglion (DRG) neurons of each genotype.
Results: Intradermal cheek injection of CA elicited dose-dependent hindlimb scratch bouts, with fewer forelimb wipes and facial
groom bouts that were not dose-dependent. CA elicited significantly fewer scratch bouts in TRPV1 and TRPV4 KO mice, but not
TRPA1KOs, compared with WTs. There were no sex differences across genotypes. The histamine H1 antagonist cetirizine did not
affect CA-evoked scratching, which was normal in mast cell deficient mice, indicating lack of histamine involvement. Scores for
alloknesis were significantly greater following topical application of CA compared with vehicle. Post-CA alloknesis scores were
significantly higher in TRPV4KOs of both sexes and in female TRPV1 and TRPA1KOs, compared with WTs. Low threshold
mechanical stimuli also elicited significantly more wet dog shakes in mice treated topically with 20% CA, with significantly fewer in
TRPV1, TRPA1, and TRPV4KOs compared with WTs. In calcium imaging studies, CA excited 24% of WT DRG cells, significantly
fewer (11.5%) in cells from TRPV4KOs, and none in TRPA1KOs. Responses of cells of all genotypes exhibited significant
sensitization to repeated CA stimulation. Sensitization was significantly enhanced by IL-4, which itself excited 16% of WT DRG cells
and none from TRPA1KOs.
Discussion: The results indicate that TRPA1 is dispensable for CA-evoked scratching, which depends partly on TRPV1
and TRPV4.
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It has been estimated that itchy skin conditions such as atopic
dermatitis or psoriasis affect upwards of 10% or more of the
general population with associated annual health care and eco-
nomic costs in the billions of dollars[1–5]. There is thus a pressing
need to better understand itch mechanisms to develop more
effective antipruritic therapies. A variety of chemicals elicit itch
when delivered to the skin[6–10]. Two major types of itch have
been identified: histamine-dependent itch, that is thought to

require the thermosensitive TRP channel TRPV1[11,12], and
nonhistaminergic itch that requires TRPA1[13,14]. The TRPA1
agonist cinnamaldehyde (CA)[15,16] was recently reported to elicit
a sensation of itch when applied topically to the skin[17,18].
However, topical CA also reduced histamine-evoked itch[19], and
is associated with pain. Topical CA elicited an equal or greater
incidence of warmth and burning pain sensations compared with
itch[19,20], as well as thermal hyperalgesia[21–23] and enhancement
of spinal dorsal horn neuronal responses to noxious heat[24].
Moreover, CA excited nociceptive neurons in trigeminal sub-
nucleus caudalis[25,26]. Interestingly, topical delivery of the
TRPV1 agonist capsaicin to human skin initially elicited a sen-
sation of itch followed by burning pain[27], and topical applica-
tion of menthol elicited itch in some subjects[20], suggesting that
some TRP channel agonists initially activate pruriceptors fol-
lowed later by nociceptors.

More recently, the osmosensitive ion channel TRPV4 has also
been implicated in both histaminergic and nonhistaminergic
types of itch[28–30] and TRPC4 has been implicated in itch elicited
by α-methyl-5-HT[31]. The primary aim of the present study was
to investigate if CA elicits itch-related and/or pain-related beha-
vior in mice, and if so, if CA-evoked behavioral responses involve
TRPV1, TRPA1, and/or TRPV4 activity. We additionally inves-
tigated if there is a sex difference in CA-evoked behaviors. Finally,
we also recorded calcium responses of dorsal root ganglion
(DRG) neurons from wildtype (WT) and knockout (KO) mice
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lacking TRPV1, TRPA1, or TRPV4 to determine if sensory
neuron activation by CA is consistent with the behavioral data.

Materials and methods

All experiments were approved by the UC Davis Institutional
Animal Care and Use Committee. WT C57Bl/6J and TRPV1KO
mice of both sexes, and male Sash (cKitW-Sh) mice, were purchased
from Jackson Laboratories. TRPA1KO mice were a generous gift
from Dr David Julius, UC San Francisco. TRPV4KO mice were
originally obtained fromRiken, Japan and kindly transferred to our
laboratory by Dr Hongzhen Hu, Washington University, St. Louis.

Behavioral experiments

All mice were habituated to the recording arena for 3 days before
testing. We used the cheek model[32,33]. Fur on the cheek was shaved
1week before testing. CA (1%–5% in 10%Tween-80; 10%–20% in
5%or10%Tween-80)was injected intradermally (id) in the cheek ina
volume of 10 μL and animals were then videotaped for 40–60minutes
in a clear enclosure with angled mirrors to allowmultiple views of the
face. Videotapes were viewed offline by at least 2 blinded reviewers,
who scored the number of hindlimb scratch bouts directed to the
injected cheek, number of forelimbwipes across the injected cheek, and
number of facial grooming bouts. These behavioral responses are
described in detail elsewhere[32,33]. WT mice served as controls and
were age-matched to the corresponding TRPV1, TRPA1, and TRPV4
knockouts and Sash mice. Data were analyzed by 2-way analysis of
variance (ANOVA) followed by Bonferroni post hoc test, with sex and
genotype as factors. To test for dose-dependency, WT mice were
injected id with vehicle (5% Tween-80), 1% CA, 2.5% CA, or 5%
CA.Dose-response data inWTswere analyzed separately by sex using
2-way ANOVA with Bonferroni post hoc test.

To test for alloknesis and wet dog shakes, the rostral back was
treated with topical application of 20% CA or vehicle (10%
Tween-80). At 5-minute intervals after treatment, the rostral back
skin was then stimulated with a von Frey filament (0.7mN bending
force) delivered 5 times in succession[34]. We recorded if a hindlimb
scratch bout was directed to the stimulus site immediately following
each von Frey filament application. An alloknesis score was calcu-
lated as the total number of immediate von Frey-evoked scratch
bouts directed to the stimulus site (maximum alloknesis score=5).
We noticed that the stimulus often elicited wet dog shakes, either
alone or following a hindlimb scratch bout, and these were also
counted. These shakes were rapid movements similar to a dog
shakingwater off of its back.We compared the raw counts of touch-
evoked scratch bouts or wet dog shakes between sex and genotypes
using a 2-way ANOVA with Bonferroni post-test with P<0.05
taken to be significant.

To test the antihistamine cetirizine, it was dissolved in saline and
administered ip in doses of either 1.5 or 15mg/kg. CA (5%) was
injected in the cheek 15 minutes after cetirizine administration.

Calcium imaging

Solutions and chemicals

The standard extracellular solution used in all experiments contained
(inmM)NaCl, 140;KCl, 4;CaCl 2, 2;MgCl2, 1;HEPES, 10;NaOH,
4.54; andglucose, 5 (pH7.4 at 25°C).Chemicals for applicationwere
diluted from the following stock solutions: CA 200mM in ethanol,
allyl isothiocyanate (AITC) 100mM in DMSO, capsaicin 5mM

in ethanol, histamine dihydrochloride 100mM in water,
GSK1016790A 30 µM in DMSO, and recombinant Murine IL-4
300 µM in water. All compounds were from Sigma except AITC
(Fluka) and IL-4 (Peprotech). The concentrations of applied che-
micals were: CA 300 μΜ, AITC 100 μM, capsaicin 200 nM, hista-
mine 50 μM, IL-4 300 nM, GSK1016790A 35 nM, KCl 50mM.

Mouse DRG culture

Experiments were performed using adult male WTs and TRPV1,
TRPA1, and TRPV4KOs (18–34 g) under a protocol approved
by the UC Davis Animal Care and Use Committee. Mice were
euthanized by inhalation of increasing levels of CO2. DRGs from
all spinal levels were excised from adult male mice, transferred to
HBSS containing 50 μg/mL gentamicin, treated with 2 mg/mL
collagenase and 3mg/mL dispase for 1 hour. DRG cells were
suspended in MEM with Earle’s balanced salt solution (Gibco,
Life Technologies, Carlsbad, CA) containing 100 U/mL peni-
cillin, 100 μg/mL streptomycin (Gibco, Life Technologies), 1×
vitamin (Gibco, Life Technologies) and 10% horse serum (Quad
Five, Ryegate, MT); plated on poly-d-lysine-coated (200 μg/mL)
glass coverslips. NGF at 100 ng/mL (Alomone Labs, Tel Aviv,
Israel) was added and cells were cultured for 16–24 hours.

Intracellular ratiometric calcium imaging

DRG cells were incubated in extracellular solution with Fura-2 AM
(Life Technologies) 3 μM, 30 minutes at 37°C, containing also
0.02% Pluronic (Invitrogen) and left to recover for about 10 min-
utes in extracellular solution before recording. Coverslips were
mounted on a custom-made aluminum perfusion block and viewed
through an inverted microscope (Nikon TS100, Technical
Instruments, Burlingame,CA). Fluorescencewas excited byUV light
at 340 and 380 nm alternately, and emitted light was collected via a
CoolSNAP camera attached to a Lambda LS lamp and a Lambda
optical filter changer (Sutter Instrument, Novato, CA). Ratiometric
measurements were made using NIS-Elements Imaging Software
(Nikon Instruments Inc.) and images were acquired at a rate of
0.5–1Hz. The background intensity was subtracted before calcu-
lating the ratio between the fluorescence emitted when the dye was
excited at 340 nm and at 380 nm (F340/F380 nm). Changes in
fluorescence ratio of 10% or higher were considered responses. The
area under the curve of calcium responses was calculated using a
MATLAB custom script and compared across groups by ANOVA
with genotype and sex as dependent variables.

Results

Scratching behavior

Intradermal cheek injection of CA elicited a significant dose-depen-
dent increase in scratch bouts, but no dose-dependent increase in the
number of forelimb wipes or grooming bouts, in WT mice (Fig. 1).
The number of CA-evoked wipes was within the range of that
reported previously for capsaicin, mustard oil, and bradykinin[33].
There was a significant effect of CA drug concentration on scratch
bouts, but no overall effect of gender. Post hoc tests revealed sig-
nificant differences between saline versus 5%CA for both female and
malemice (<0.05 and<0.01, respectively). Counts of neither scratch
bouts nor wipes increased further at higher doses of CA (20% CA:
65.2±16.6 SEM scratch bouts, 19.8±3.9 wipes/40min, n=8 male
WTs). Topical application of CA to the cheek did not elicit hindlimb
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scratching, forelimb wiping or grooming above levels elicited by
vehicle (ie, <10 scratch bouts, wipes or groom bouts/40 minutes at
30% and 40% CA; n=8 male WTs).

We then investigated if CA (5%) elicited scratching behavior in
TRPV1, TRPA1, and TRPV4KOmice. Figure 2A shows that 5%
CA elicited equivalent scratching in female and male WTmice, as
well as in TRPA1KO andmale Sash (mast cell-deficient) mice that
was significantly greater than that elicited by vehicle injections.
Importantly, scratching was significantly reduced by ~50% in
TRPV1 and TRPV4KOs (Fig. 2A) compared with WTs (P<0.05,
ANOVA). CA did not elicit wipes or groom bouts (Figs. 2B, C)
above levels elicited by vehicle, and there were no significant dif-
ferences by sex or genotype.

Cetirizine

To assess if CA-evoked scratching involves histamine release, we
tested the effect of systemic administration of the histamine
antagonist ceterizine at a low (1.5mg/kg) and high (15mg/kg) dose
in WT mice. Neither dose of ceterizine significantly affected the
number of scratch bouts elicited by intradermal injection of 5%CA.

Alloknesis (mechanical itch)

We tested if alloknesis occurs following topical application of
20%CA to the rostral back. InWTs, von Frey stimulation within
the CA application area elicited significantly more hindlimb
scratch bouts (Fig. 3A) compared with vehicle (10% Tween-80)
and no treatment for both sexes (Fig. 3B) (P<0.05, ANOVA).
Similarly, alloknesis scores were significantly greater following
20% CA compared with vehicle application in TRPV1, TRPA1,
and TRPV4KOs (Figs. 3A, B). There were no significant differ-
ences in alloknesis scores between sexes of any genotype.
Compared with WTs, alloknesis scores after 20% CA were sig-
nificantly higher for TRPV4KOs of both sexes, and for female
TRPV1 and TRPA1KOs (Fig. 3A).

Wet dog shakes

When testing for alloknesis following topical application of 20%
CA, von Frey stimulation frequently elicited wet dog shakes. The
wet dog shakes occasionally occurred immediately following a
stimulus-evoked hindlimb scratch, but more often in the absence
of a scratch bout. For all genotypes, mice of both sexes exhibited

Figure 1. CA elicits dose-dependent scratching. A, Dose-related increase in scratch bouts elicited by CA injected in the cheek. The increase in scratch bouts was
significant (P<0.05, 0.01 for females and males, respectively, analysis of variance followed by post hoc Bonferroni test). There was no significant sex difference. B,
CA elicited a low number of forelimbwipes that was not dose-related and there was no sex difference. C, Therewas no dose-related change in the number of groom
bouts and no sex difference. CA indicates cinnamaldehyde; WT, wildtype.

Figure 2. Scratching elicited by id CA, but not wiping or grooming, was significantly lower in TRPV1 and TRPV4 KOmice of both sexes. A, Scratch bouts elicited by
id CA or saline vehicle in different genotypes of female and male mice. CA elicited significantly more scratch bouts in both female and male WTs and TRPA1KOs,
compared with vehicle controls. The number of CA-evoked scratch bouts was significantly lower in TRPV1 and TRPV4KOs compared with WTs of both sexes
(P< 0.05, analysis of variance). B, Wipes. CA elicited low numbers of forelimb wipes that did not differ significantly by sex or genotype. C, Groom bouts elicited by
CA did not differ significantly by sex or genotype. CA indicates cinnamaldehyde; WT, wildtype.
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significantly more stimulus-evoked wet dog shakes following
application of 20% CA (Fig. 4A) compared with vehicle or no
treatment (Fig. 4B) (P<0.01, ANOVA).

TRPV1, TRPA1, and TRPV4 KOs of both sexes exhibited
significantly fewer von Frey-evoked wet dog shakes compared
withWTs (Fig. 4, *P< 0.05, ANOVA). The observations that CA
application resulted in significantly more von Frey-evoked wet
dog shakes compared with vehicle, and that animals lacking
TRPV1, TRPA1, or TRPV4 exhibited significantly fewer wet dog
shakes compared with WTs, suggest that CA elicits some kind of
irritant sensation triggering touch-evoked wet dog shakes in a
manner that partly involves these TRP channels.

The time courses of von Frey-evoked alloknesis andwet dog shakes
appeared to be fairly stable across the 60-minute observation period.

Calcium imaging

A total of 621 DRG cells fromWTmice were tested with CA and
other chemicals; the percentages of responsive cells are given in

Table 1. CA excited ~24%ofWTDRG cells (Table 1). An example
of CA-evoked responses of DRG cells from WT mice is shown in
Figure 5. Seven of 8 cells exhibited an equal or increased response to
a second CA application; one DRG cell (green line in Fig. 5) showed
a reduced response. All CA-sensitive cells also responded to AITC,
and 2 additionally responded to subsequent capsaicin. The relatively
low number of capsaicin-sensitive WT cells (Table 1) may reflect
cross-desensitization by AITC which was always tested before
capsaicin.

A significantly higher proportion of DRG cells from
TRPV1KO mice responded to CA; none responded to capsaicin
(Table 1) confirming the absence of TRPV1. CA is an agonist of
TRPA1; as expected, no cells from TRPA1KOmice responded to
CA and very few responded to AITC, confirming absence of
TRPA1 (Table 1). This is consistent with the behavioral obser-
vation that CA-evoked scratching was independent of TRPA1. A
significantly lower proportion of cells from TRPV4KO mice
responded to CA (Table 1), consistent with the behavioral data
showing reduced CA-evoked scratching in TRPV4KOmice. Only

Figure 3. Topical application of CA enhanced alloknesis. A, Topical application of CA (20% in 10% Tween) resulted in significant increases in alloknesis scores in
TRPV4KOs of both sexes and in female TRPV1 and TRPA1KOs. *Significantly different fromWT (P<0.05, analysis of variance). B, Vehicle (10% Tween). There was
no significant difference in alloknesis scores across genotypes. For all genotypes, alloknesis scores were significantly higher in CA compared with vehicle and no
treatment groups (P< 0.0, analysis of variance). CA indicates cinnamaldehyde; WT, wildtype.

Figure 4. Wet dog shakes. A, CA (20% in 10% Tween) was applied topically to the rostral back, followed by application of a weak von Frey filament 5 times in
succession, every 5 minutes for 1 hour (same as test for alloknesis shown in Fig. 3). Graph plots number of touch-evoked wet dog shakes by sex and genotype groups.
*Significantly fewer wet dog shakes in all knockout groups versusWTs (P<0.05, analysis of variance). von Frey stimulus frequently elicited hindlimb scratch followed by
wet dog shake. B, Vehicle (10%Tween) and no treatment controls. For all genotypes and both sexes, von Frey stimuli elicited significantlymorewet dog shakes following
topical application of CA compared with vehicle and no treatment (P<0.05 in all cases, analysis of variance). CA indicates cinnamaldehyde; WT, wildtype.
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a small number of cells (1.5%; 5/340) from TRPV4KOs
responded to the TRPV4 agonist, GSK1016790A, supporting the
absence of TRPV4.

Some CA-sensitive DRG cells also responded to AITC, hista-
mine, capsaicin and IL-4. As shown in Table 1, there was a sig-
nificant increase in the proportion of DRG cells from TRPV1KOs
that responded to AITC and IL-4. InDRG cells fromTRPA1KOs,
significantly lower proportions responded to AITC or histamine
and none responded to IL-4. Finally, there was a significantly
lower incidence of capsaicin responsiveness in DRG cells from
TRPV4KOs (Table 1).

CA sensitization and desensitization

We calculated the area under the curve of the responses of 76
DRG cells from WT mice to 2 successive applications of CA (CA1
and CA2; normalized to CA1); 73 cells exhibited a larger response
(>10%) to CA2 (Fig. 6; left blue bar). One cell exhibited no change
and 2 a decreased CA2 response (>10%). Similarly, 23/25 cells
from TRPV1KO and 7/8 cells from TRPV4KO mice exhibited
increases inCA2of >10%,with the remainder unresponsive (n=2)
or reduced (n=1). Mean responses to CA2 were significantly
greater for cells from TRPV1 and TRPV4KOs (Fig. 6; middle and
right blue bars; P<0.05, ANOVA).

IL-4

CA is a contact sensitizer that triggers a CD-1-restricted T-cell
response[35]. Th2 cells release IL-4, among other cytokines, to
induce an allergic reaction[36]. We reasoned that CA might cause
immune cells to release IL-4, which then excites itch-signaling
sensory neurons[37]. We therefore tested if IL-4 activates DRG
cells. IL-4 activated 15.8% of DRG cells fromWTs, 40.3% from
TRPV1KOs and 13.5% fromTRPV4KOs (Table 1). Notably, IL-
4 did not activate any cells from TRPA1KOs. Most IL-4-sensitive
DRG cells also responded to CA, and many also responded to
other chemicals tested. Examples of WT cell responses to IL-4 are
shown in Figure 7.

We tested if IL-4 further increased sensitization of DRG cell
responses to CA. IL-4 was applied immediately before CA2, and
resulted in a significantly greater sensitization of responses to CA2
in DRG cells from WT and TRPV1KOs, but not TRPV4KOs
(Fig. 6, red bars).

Following application of CA2, AITC was tested either preceded
by IL-4 or not. InCA-sensitive cells fromWTs, the response toAITC
following IL-4 and CA2 was significantly lower compared with the
response to AITC following CA2 in the absence of IL-4 (P<0.01,
ANOVA; n=42 and 76, respectively). The same was true for CA-
insensitive cells from WTs (P<0.01, ANOVA; n=20 and 36,
respectively). The same was also true for CA-sensitive (but not CA-
insensitive) cells from TRPV1KOs (P<0.01, ANOVA; n=25 and
31, respectively).

Similarly, responses to capsaicin were significantly lower when
preceded by CA and IL-4, compared with responses preceded by
CA in the absence of IL-4 (P<0.05, ANOVA, n=10 and 17,

Table 1
Percentages of DRG cells from WT and KO mice excited by various chemicals.

Genotype CA AITC Histamine Capsaicin IL-4

WT 23.99 (149/621) 21.9 (136/621) 5.8 (36/621) 7.6 (47/621) 15.8 (35/222)
TRPV1KO 39.9* (131/328) 37.2* (122/328) 8.8 (29/328) 0* (0/328) 40.3* (65/161)
TRPA1KO 0$ (0/326) 1.5$ (5/326) 1.5$ (5/326) 28.8$ (94/326) 0$ (0/326)
TRPV4KO 11.5# (39/340) NT 5 (17/340) 3.5# (12/340) 13.5 (23/170)

Parentheses: number of responsive cells/tested.
AITC indicates allyl isothiocyanate; CA, cinnamaldehyde; NT, not tested.
*,$,#Significantly different from WT (P< 0.05, χ2 test).

Figure 5. Responses of dorsal root ganglion cells from WT mice to CA. Graph
plots fluorescence ratio versus time. Bars with vertical dashed lines represents
times of application of indicated chemicals. Each colored line represents a
separate dorsal root ganglion cell. AITC indicates allyl isothiocyanate; CA,
cinnamaldehyde.

Figure 6. Sensitization of CA-evoked responses of dorsal root ganglion cells.
*Significant difference (P<0.05, analysis of variance). AUC indicates area under
the curve; CA, cinnamaldehyde; WT, wildtype.
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respectively). However, application of IL-4 did not significantly
affect responses to capsaicin in CA-insensitive cells or in cells
from TRPV4KO mice.

IL-4didnot significantly affect responses ofCA-sensitiveWTcells to
histamine, compared with histamine-evoked responses when IL-4 was
not tested (n=17 and 31, respectively). The same was true for CA-
insensitive cells from WTs (n=14) as well as CA-sensitive and CA-
insensitive cells from TRPV4 and TRPV1KOs (n=5–15). This sug-
gests that IL-4 did not sensitize responses to histamine.

Discussion

The present results using the mouse cheek model show that
intradermal injection of CA elicited dose-related hindlimb
scratching, but no dose-dependency for forelimb wiping or facial
grooming. There was no sex difference in behavioral responses to
CA. In addition, topical application of CA resulted in significant
increases in touch-evoked scratch bouts (alloknesis or mechanical
itch) as well as wet dog shakes. These findings are consistent with
human studies showing that topical application of CA elicits itch
sensation and alloknesis[17,18]. CA-evoked scratching was sig-
nificantly lower in TRPV1 and TRPV4KOs, but surprisingly not
in TRPA1KOs. In correlative cellular calcium imaging studies,
CA excited DRG cells in a TRPA1-dependent manner, and
excited significantly fewer cells from TRPV4KOs partly con-
sistent with the behavioral data.

CA-evoked itch and alloknesis (mechanical itch)

Our results are consistentwith a human study showing that topicalCA
(5%) elicitedmoderate itch sensation that peakedby~6–8minutes and
then declined, accompanied by alloknesis (itch to brush or low-
threshold vonFrey stimuli) andpin-prickhyperknesis[18]. Therewasno
sex difference in CA-evoked itch intensity. Consistent with these find-
ings, we observed a dose-related increase in CA-evoked scratching in
mice, as well as a significant increase in von Frey-evoked scratch bouts
(alloknesis or mechanical itch) in skin topically treated with CA, with
no significant sex difference.

The mechanism underlying CA-evoked itch does not appear to
involve mast cell degranulation or histamine release in the skin,

since the evoked scratching was not significantly affected by the
histamine H1 antagonist ceterizine and was not significantly
different between mast cell-deficient mice and WTs.

CA-evoked scratching was significantly lower in TRPV1 and
TRPV4KOs compared with WTs, suggesting a partial role for
these ion channels in mediating CA-evoked itch. TRPV4 in DRG cells
was suggested to form a heteromeric complexwith TRPV1 tomediate
histamine-evoked and chloroquine-evoked itch behavior[30], which
might explain the partial requirement of both TRPV1 and TRPV4 for
CA-evoked scratching behavior as presently observed. Importantly,
CA-evoked scratching in TRPA1KOs was not significantly different
from WTs, indicating that TRPA1 is not required for itch elicited by
CA even though CA is a TRPA1 agonist.

In contrast to the reduced scratching observed in TRPV1 and
TRPV4KOs, alloknesis scores following topical application of
CA were significantly higher in TRPV4KOs of both sexes and in
female TRPV1 and TRPA1KOs. Thus, it is conceivable that
CA acts via TRPA1 expressed in sensory nerve endings[15] or
keratinocytes[38] to enhance alloknesis by some unknown
mechanism. The spinal pathway for alloknesis has recently been
elucidated. Spinal neurons expressing neuropeptide Y (NPY)
inhibit mechanical itch[39] while neurons expressing the NPY-1
receptor, which partially overlaps with Ucn+ neurons[40], promote
mechanical itch[41]. NPY andNPY-1/Ucn3 expressing neurons receive
low-threshold mechanoreceptor input, with inhibition normally
dominating to prevent mechanical itch. Activation of Merkel cell/
slowly adapting type I mechanoreceptors expressing the mechan-
otransduction channel piezo2 inhibits alloknesis in chronic itchmodels,
and loss of Merkel cells/piezo2 increases alloknesis[42]. Conceivably,
CA may act peripherally to excite pruriceptive nerve endings,
but simultaneously to enhance alloknesis via excitation of TRPA1-
expressing sensory nerves or keratinocytes. The mechanism is
currently unknown, but speculatively may involve reduced mechan-
oreceptor input (eg, inhibition of slowly adapting type I fibers) which
disinhibits NPY interneurons to thereby excite NPY-1 receptor-
expressing neurons and thus open themechanical itch gate. It remains
unexplained why alloknesis is increased in TRPV1 and TRPV4KOs,
unless this reflects a developmental compensatory increase in TRPA1
expression in neurons lacking TRPV1 and/or TRPV4.

Wet dog shakes

Wetdog shakes arepart of the opioidwithdrawal syndrome[43] andare
triggered by administration of the cooling agent icilin[44,45] and intra-
cerebroventricular injection of thyrotropin releasing hormone[46,47].
We previously reported that intradermal injection of 5-HT in rats eli-
cited wet dog shakes that correlated with scratching behavior[48]. We
presently observed that low threshold mechanical stimuli elicited wet
dog shakes, the number of which was greater following topical
application of 20% CA compared with vehicle (Fig. 4). Von Frey sti-
muli frequently elicited hindlimb scratch bouts followed by wet dog
shakes. Assuming that von Frey-evoked scratches reflect alloknesis,
perhaps the evoked wet dog shakes do also. Compared withWTs, the
number of von Frey-evoked wet dog shakes following application of
CA was significantly lower in TRPV1, TRPV4, and TRPA1KOs of
both sexes (Fig. 4A), although still significantly greater than in control
animals (Fig. 4B). The application of vehicle alone did not elicit any
more wet dog shakes compared with the no treatment (dry fur) group
(Fig. 4B).We speculate that the increase in numbers of wet dog shakes
following CA application is thus not due to wetness, but rather to an

Figure 7. Examples of wildtype dorsal root ganglion cell responses to IL-4 and
other chemicals (format as in Fig. 5). AITC indicates allyl isothiocyanate; CA,
cinnamaldehyde.
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irritant sensation, possibly itch, mediated by TRPV1, TRPV4, and
TRPA1.

Calcium imaging

Wewere interested in testing if CA excited DRG cells in a manner
consistent with the behavioral data. CA excited 24%ofWTDRG
cells, which compares favorably with 17.8% and 13.5% of CA-
sensitive mouse DRG and trigeminal ganglion (TG) cells,
respectively (E. Carstens, T. Akiyama, M. Iodi Carstens,
unpublished observations) and 10.9% and 18.2%–19% of rat
DRG and TG cells[49,50]. CA did not excite any cells from
TRPA1KOs consistent with CA being a TRPA1 agonist[15]. CA
excited significantly fewer (11.5%) cells from TRPV4KOs, con-
sistent with the reduced scratching in this genotype. However, CA
excited nearly 40% of cells from TRPV1KOs, which is incon-
sistent with the significantly lower CA-evoked scratch bouts in
this genotype. Since CA (and also AITC and IL-4) excited sig-
nificantly more cells from TRPV1KOs, one possible explanation
is a developmental compensation in which TRPA1 is upregulated
in DRG cells of TRPV1KO mice. Capsaicin also excited sig-
nificantly more cells from TRPA1KOs than WTs, suggesting that
TRPV1 may be upregulated in cells lacking TRPA1. However,
capsaicin activated a relatively low percentage of WT DRG cells
possibly due to desensitization from prior CA and AITC
applications.

There was a significant sensitization of DRG cell responses to a
second application of CA in WTs and TRPV1 and TRPV4KOs
(Fig. 6).We previously reported that rat TG cells’ responses to CA
exhibited desensitization to repeated application of high (400
μM) but not lower (200 μM) concentrations[49]. The present
study used an intermediate concentration (300 μM) that elicited
mainly sensitization in mouse DRG cells. In WTs, AITC excited
about the same proportion of CA-sensitive DRG cells as CA itself.
However, the 2 applications of CA followed by AITC may have
cross-desensitized subsequent responses to capsaicin (Table 1)
as noted above. In support, repeated application of AITC at
short interstimulus intervals elicited a desensitizing pattern of
oral irritation, and AITC cross-desensitized capsaicin-evoked
irritation[51].

CA-evoked scratching was normal in TRPA1KOs, and thus
must have an underlying mechanism that is independent of
TRPA1 expressed in sensory neurons or other skin cells. We
reasoned that CA activates Th2 cells[35,36] to release cytokines
including IL-4 that in turn excite sensory neurons[37]. Indeed,
16% of WT DRG cells were excited by application of IL-4.
However, IL-4 did not excite any cells from TRPA1KOs
(Table 1). This rules out IL-4 as the mediator of CA-evoked itch
which was independent of TRPA1. The exact mechanism
underlying CA-evoked itch thus remains unknown. Nevertheless,
we were interested to test if IL-4 further sensitized responses of
DRG cells to CA or other mediators. Indeed, application of IL-4
before the second application of CA resulted in a further sig-
nificant sensitization in cells from WTs and TRPV1KOs (Fig. 2).
In contrast, IL-4 generally desensitized responses to subsequent
application of AITC and capsaicin in CA-sensitive cells fromWTs
and TRPV1KOs, possibly due to the large calcium response eli-
cited by the prior applications of CA and IL-4. We presently did
not observe any sensitizing effect of IL-4 on responses of DRG
cells to histamine, in contrast to a recent report[37].

Methodological issues

Cultured DRG cells are often used as a proxy for peripheral nerve
endings, although there are limitations. Cultured DRG cells are
axotomized and may not express the same proportions of cell
surface proteins as in the nerve endings. This limitation is partly
overcome by newer in vivo calcium imaging methods using, for
example, GCaMP expression[52]. Moreover, the relationship
between calcium influxes and action potentials in DRG cells
cannot be directly inferred[53]. Nevertheless, calcium imaging of
cultured DRG cells remains a common method to assess the
excitability of sensory neurons to chemical agents.

Another issue regards the difference between intradermal
injection versus topical application of chemical agents. Clearly
intradermal injection delivers the intended concentration of an
agent close to the targeted tissue (nerve endings, keratinocytes)
much more rapidly compared with topical application. For
example, a study measuring skin penetration of topically applied
8% capsaicin reported concentrations of 0.4% and 0.6% of the
applied amount in epidermis and dermis, respectively, after
30 minutes[54]. CA is more complex as it is converted to cinnamyl
alcohol and cinnamic acid in the skin[55,56] and penetration
depends on the delivery vehicle[57]. For topical CA application we
used Tween-80 which was estimated to result in a transdermal
flux of <20 μg/cm2 during the first hour. In our experiments,
topical application of 20% CA was insufficient to elicit any
scratching or wiping beyond levels elicited by vehicle application,
yet presumably resulted in an intradermal concentration of cin-
namic acid sufficient to induce alloknesis. In this regard, it is
currently not well understood what local concentrations of
mediators exist in the skin in close proximity to pruriceptors
under pathophysiological conditions, nor the unknown con-
tributions of immune mediators such as IL-4, 13, 31, 33, etc.
More data would be very useful in determining the role of
endogenous mediators and neuroimmune interactions in the
peripheral sensitization of pruriceptors that might contribute to
chronic itch.

A final issue is the dissociation of itch and pain when both
sensations might coexist, given the role of CA in both itch as well
as pain and hyperalgesia. We can only reiterate that itch-related
hindlimb scratching behavior increased significantly in a dose-
related manner by CA, whereas pain-related forelimb wiping did
not (Fig. 1), supporting the notion that these behavioral indices
can distinguish between itch and pain in the cheek model.

In conclusion, CA elicits signs of itch (directed scratching,
alloknesis) inmice via amechanism that is independent of TRPA1
and partly requires TRPV1 and TRPV4. The cytokine IL-4
excited CA-sensitive DRG cells but did not appear tomediate CA-
evoked itch since it acts via TRPA1. While the exact mechanism
of CA-evoked itch remains to be determined, CAmay be added to
the list of mediators that elicit itch in humans and itch-related
scratching behavior in rodents[32,33].

Sources of funding

This work was supported by a grant from the National Institute
of Arthritis, Musculoskeletal and Skin Diseases #AR05715
(to E.C.), and a Fulbright award (to D.D.).

Domocos et al. Itch (2020) 5:e36 www.itchjournal.com

7



Authors’ contribution

D.D. and T.F. contributed equally to this manuscript.

Conflict of interest disclosures

The authors declare that they have no financial conflict of interest
with regard to the content of this report.

References
[1] Bickers DR, Lim HW, Margolis D, et al. American Academy of

Dermatology Association; Society for Investigative Dermatology. The
burden of skin diseases: 2004: a joint project of the American Academy of
Dermatology Association and the Society for Investigative Dermatology.
J Am Acad Dermatol 2006;55:490–500.

[2] Drucker AM, Wang AR, Li WQ, et al. The burden of atopic dermatitis:
summary of a Report for the National Eczema Association. J Invest
Dermatol 2017;137:26–30.

[3] Krueger GG, Bergstresser PR, Lowe NJ, et al. Psoriasis. J Am Acad
Dermatol 1984;11:937–47.

[4] Silverberg JI, Hanifin JM. Adult eczema prevalence and associations with
asthma and other health and demographic factors: a US population–
based study. J Allergy Clin Immunol 2013;132:1132–8.

[5] Thorpe KE, Florence CS, Joski P. Which medical conditions account
for the rise in health care spending. Health Aff (Millwood) 2004;W4:
437–5.

[6] Carstens E, Akiyama T. Central mechanisms of itch. Curr Probl Dermatol
2016;50:11–7.

[7] Dong X, Dong X. Peripheral and central mechanisms of itch. Neuron
2018;98:482–94.

[8] LaMotte RH, Dong X, Ringkamp M. Sensory neurons and circuits
mediating itch. Nat Rev Neurosci 2014;15:19–31.

[9] Meng J, Steinhoff M.Molecular mechanisms of pruritus. Curr Res Transl
Med 2016;64:203–6.

[10] Yosipovitch G, Rosen JD, Hashimoto T. Itch: Frommechanism to (novel)
therapeutic approaches. J Allergy Clin Immunol 2018;142:1375–90.

[11] Shim WS, Tak MH, Lee MH, et al. TRPV1 mediates histamine-induced
itching via the activation of phospholipase A2 and 12-lipoxygenase.
J Neurosci 2007;27:2331–7.

[12] Imamachi N, Park GH, Lee H, et al. TRPV1-expressing primary afferents
generate behavioral responses to pruritogens via multiple mechanisms.
Proc Natl Acad Sci U S A 2009;106:11330–5.

[13] Wilson SR, Gerhold KA, Bifolck-Fisher A, et al. TRPA1 is required for
histamine-independent, Mas-related G protein-coupled receptor-mediated
itch. Nat Neurosci 2011;14:595–602.

[14] Wilson SR, Nelson AM, Batia L, et al. The ion channel TRPA1 is required
for chronic itch. J Neurosci 2013;33:9283–4.

[15] Bandell M, Story GM, Hwang SW, et al. Noxious cold ion channel
TRPA1 is activated by pungent compounds and bradykinin. Neuron
2004;41:849–57.

[16] Macpherson LJ, Dubin AE, EvansMJ, et al. Noxious compounds activate
TRPA1 ion channels through covalent modification of cysteines. Nature
2007;445:541–5.

[17] Namer B, Seifert F, Handwerker HO, et al. TRPA1 and TRPM8 acti-
vation in humans: effects of cinnamaldehyde and menthol. Neuroreport
2005;16:955–9.

[18] Højland CR, Andersen HH, Poulsen JN, et al. A human surrogate model
of itch utilizing the TRPA1 agonist trans-cinnamaldehyde. Acta Derm
Venereol 2015;95:798–803.

[19] Andersen HH, Melholt C, Hilborg SD, et al. Antipruritic effect of cold-
induced and transient receptor potential-agonist-induced counter-irrita-
tion on histaminergic itch in humans. Acta DermVenereol 2017;97:63–7.

[20] Namer B, Kleggetveit IP, Handwerker H, et al. Role of TRPM8 and
TRPA1 for cold allodynia in patients with cold injury. Pain 2008;139:
63–72.

[21] Albin KC, Carstens MI, Carstens E. Modulation of oral heat and cold
pain by irritant chemicals. Chem Senses 2008;33:3–15.

[22] Tsagareli MG, Tsiklauri N, Zanotto KL, et al. Behavioral evidence of
thermal hyperalgesia and mechanical allodynia induced by intradermal
cinnamaldehyde in rats. Neurosci Lett 2010;473:233–6.

[23] Roberts K, Shenoy R, Anand P. A novel human volunteer pain model
using contact heat evoked potentials (CHEP) following topical skin
application of transient receptor potential agonists capsaicin, menthol
and cinnamaldehyde. J Clin Neurosci 2011;18:926–32.

[24] Merrill AW, Cuellar JM, Judd JH, et al. Effects of TRPA1 agonists
mustard oil and cinnamaldehyde on lumbar spinal wide-dynamic range
neuronal responses to innocuous and noxious cutaneous stimuli in rats.
J Neurophysiol 2008;99:415–25.

[25] Zanotto KL, Merrill AW, Carstens MI, et al. Neurons in superficial tri-
geminal subnucleus caudalis responsive to oral cooling, menthol, and
other irritant stimuli. J Neurophysiol 2007;97:966–78.

[26] Zanotto KL, Iodi Carstens M, Carstens E. Cross-desensitization of
responses of rat trigeminal subnucleus caudalis neurons to cinnamalde-
hyde and menthol. Neurosci Lett 2008;430:29–33.

[27] Green BG, Shaffer GS. The sensory response to capsaicin during repeated
topical exposures: differential effects on sensations of itching and pun-
gency. Pain 1993;53:323–4.

[28] Akiyama T, Ivanov M, Nagamine M, et al. Involvement of TRPV4 in
serotonin-evoked scratching. J Invest Dermatol 2016;136:154–60.

[29] Chen Y, Fang Q, Wang Z, et al. Transient receptor potential vanilloid 4
ion channel functions as a pruriceptor in epidermal keratinocytes to
evoke histaminergic itch. J Biol Chem 2016;291:10252–62.

[30] Kim S, Barry DM, Liu XY, et al. Facilitation of TRPV4 by TRPV1 is
required for itch transmission in some sensory neuron populations. Sci
Signal 2016;9:ra71.

[31] Lee SH, Cho PS, Tonello R, et al. Peripheral serotonin receptor 2B
and transient receptor potential channel 4 mediate pruritus to ser-
otonergic antidepressants in mice. J Allergy Clin Immunol 2018;142:
1349–52. e16.

[32] Shimada SG, LaMotte RH. Behavioral differentiation between itch and
pain in mouse. Pain 2008;139:681–7.

[33] Akiyama T, Carstens MI, Carstens E. Differential itch- and pain-related
behavioral responses and µ-opoid modulation in mice. Acta Derm
Venereol 2010;90:575–81.

[34] Akiyama T, Carstens MI, Ikoma A, et al. Mouse model of touch-evoked
itch (alloknesis). J Invest Dermatol 2012;132:1886–91.

[35] Betts RJ, Perkovic A, Mahapatra S, et al. Contact sensitizers trigger
human CD1-autoreactive T-cell responses. Eur J Immunol 2017;47:
1171–80.

[36] Yoshimoto T. The hunt for the source of primary interleukin-4:
how we discovered that natural killer T cells and basophils determine
T helper type 2 cell differentiation in vivo. Front Immunol 2018;
9:716.

[37] Oetjen LK, Mack MR, Feng J, et al. Sensory neurons co-opt classical
immune signaling pathways to mediate chronic itch. Cell 2017;171:
217–28.e13.

[38] Kwan KY, Glazer JM, Corey DP, et al. TRPA1 modulates mechan-
otransduction in cutaneous sensory neurons. J Neurosci 2009;29:
4808–19.

[39] Bourane S, Duan B, Koch SC, et al. Gate control of mechanical itch by a
subpopulation of spinal cord interneurons. Science 2015;350:550–4.

[40] Pan H, Fatima M, Li A, et al. Identification of a spinal circuit for
mechanical and persistent spontaneous itch. Neuron 2019;103:
1135–49.e6.

[41] Acton D, Ren X, Di Costanzo S, et al. Spinal neuropeptide Y1 receptor-
expressing neurons form an essential excitatory pathway for mechanical
itch. Cell Rep 2019;28:625–39.e6.

[42] Feng J, Luo J, Yang P, et al. Piezo2 channel-Merkel cell signalingmodulates
the conversion of touch to itch. Science 2018;360:530–3.

[43] KoobGF,MaldonadoR, Stinus L.Neural substrates of opiate withdrawal.
Trends Neurosci 1992;15:186–91.

[44] Wei ET. Chemical stimulants of shaking behaviour. J Pharm Pharmacol
1976;28:722–3.

[45] Wei ET, Seid DA. AG-3-5: a chemical producing sensations of cold.
J Pharm Pharmacol 1983;35:110–2.

[46] Wei ET. Pharmacological aspects of shaking behavior produced by TRH,
AG-3-5, and morphine withdrawal. Fed Proc 1981;40:1491–6.

[47] Wei E, Sigel S, LohH, et al. Thyrotrophin-releasing hormone and shaking
behaviour in rat. Nature 1975;253:739–40.

[48] Jinks SL, Carstens E. Responses of superficial dorsal horn neurons to
intradermal serotonin and other irritants: comparison with scratching
behavior. J Neurophysiol 2002;87:1280–9.

[49] Klein AH, Carstens MI, Zanotto KL, et al. Self- and cross-desensitization
of oral irritation by menthol and cinnamaldehyde (CA) via peripheral

Domocos et al. Itch (2020) 5:e36 Itch

8



interactions at trigeminal sensory neurons. Chem Senses 2011;36:
199–208.

[50] Klein AH, Iodi Carstens M, McCluskey TS, et al. Novel menthol-derived
cooling compounds activate primary and second-order trigeminal sensory
neurons and modulate lingual thermosensitivity. Chem Senses 2011;36:
649–58.

[51] Simons CT, Carstens MI, Carstens E. Oral irritation by mustard oil: self-
desensitization and cross-desensitization with capsaicin. Chem Senses
2003;28:459–65.

[52] Anderson M, Zheng Q, Dong X. Investigation of pain mechanisms by
calcium imaging approaches. Neurosci Bull 2018;34:194–9.

[53] Ali F, Kwan AC. Interpreting in vivo calcium signals from neuronal cell
bodies, axons, and dendrites: a review. Neurophotonics 2020;7:011402.

[54] Wohlrab J, Neubert RH, HeskampML, et al. Cutaneous drug delivery of
capsaicin after in vitro administration of the 8% capsaicin dermal patch
system. Skin Pharmacol Physiol 2015;28:65–74.

[55] Weibel H, Hansen J. Penetration of the fragrance compounds, cinna-
maldehyde and cinnamyl alcohol, through human skin in vitro. Contact
Dermatitis 1989;20:167–72.

[56] Smith CK, Moore CA, Elahi EN, et al. Human skin absorption and
metabolism of the contact allergens, cinnamic aldehyde, and cinnamic
alcohol. Toxicol Appl Pharmacol 2000;168:189–99.

[57] Pendlington RU, Minter HJ, Stupart L, et al. Development of a modified
in vitro skin absorption method to study the epidermal/dermal disposi-
tion of a contact allergen in human skin. Cutan Ocul Toxicol 2008;
27:283–94.

Domocos et al. Itch (2020) 5:e36 www.itchjournal.com

9


