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Abstract
Chronic itch is a debilitating condition that affects one in 10 people. Little is known about the
molecules that mediate chronic itch in primary sensory neurons and skin. We demonstrate that the
ion channel TRPA1 is required for chronic itch. Using a mouse model of chronic itch, we show
that scratching evoked by impaired skin barrier is abolished in TRPA1-deficient animals. This
model recapitulates many of the pathophysiological hallmarks of chronic itch that are observed in
prevalent human diseases such as atopic dermatitis and psoriasis, including robust scratching,
extensive epidermal hyperplasia, and dramatic changes in gene expression in sensory neurons and
skin. Remarkably, TRPA1 is required for both transduction of chronic itch signals to the CNS and
for the dramatic skin changes triggered by dry-skin-evoked itch and scratching. These data suggest
that TRPA1 regulates both itch transduction and pathophysiological changes in the skin that
promote chronic itch.

Introduction
Chronic itch is a widespread and debilitating condition that results from a variety of
pathological conditions such as eczema, kidney failure, cirrhosis, nervous system disorders,
and some cancers (Bowcock and Cookson, 2004; Yosipovitch, 2004; Ikoma et al., 2006).
Although a number of factors have been identified that mediate acute itch transduction in
primary sensory afferents and the CNS, several major obstacles persist that cloud our
understanding of chronic itch (Dong et al., 2001; Sun and Chen, 2007; Liu et al., 2009; Sun
et al., 2009; Lagerström et al., 2010; Ross et al., 2010; Wilson et al., 2011; Liu et al., 2011;
Han et al., 2013). First, very little is known about the fundamental basis for chronic itch
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perception, including the molecules that underlie chronic itch and promote itch sensations,
in both primary sensory neurons and the skin. Second, the signaling pathways in the skin
and the peripheral nervous system that initiate and sustain chronic itch conditions remain
unknown. Finally, the contribution of the itch-scratch cycle, in which repetitive scratching
worsens itch symptoms, to the progression of chronic itch has not been examined
thoroughly. Therefore, there is an urgent need to better understand the cellular and
molecular mechanisms underlying chronic itch.

A variety of cell types contribute to chronic itch pathologies and sensations. In the skin,
tissue-resident cells such as keratinocytes and cells that infiltrate during inflammation, such
as lymphocytes, mast cells, and eosinophils, release pruritogens that activate primary
afferent neurons (Ikoma et al., 2006). These pruritogens are detected by the free nerve
endings of primary afferent C-fibers located within the epidermis (Ikoma et al., 2006). Itch
is mediated by both histamine-sensitive and histamine-insensitive C-fibers, although most
forms of chronic itch are insensitive to antihistamine treatment and are mediated by
histamine-insensitive neurons (Jeffry et al., 2011; Han et al., 2013).

The ion channel TRPA1 is required for acute histamine-independent itch (Wilson et al.,
2011). However, whether TRPA1 ion channels are required for chronic itch has not been
examined. Using a mouse cheek model of chronic itch adapted from the model used by
Miyamoto et al. (2002b), we show that scratching evoked by a dry skin model is abolished
in TRPA1-deficient animals. This model recapitulates many of the pathophysiological
hallmarks of chronic itch that are observed in prevalent human diseases such as psoriasis,
including robust scratching, extensive epidermal hyperplasia, and changes in gene
expression in the skin (Bowcock and Cookson, 2004). We provide clear evidence that
TRPA1-expressing sensory neurons drive all of these dry-skin-evoked phenotypes. In
addition, we show for the first time that a model of chronic itch leads to significant
expressional changes in the sensory neurons that innervate the affected skin. Finally, we
demonstrate that dry, itchy skin triggers TRPA1-dependent hyperplasia in both the presence
and absence of scratching. Remarkably, TRPA1 is required not only for transduction of
chronic itch signals to the CNS, but also for the changes in gene expression that we observed
in both neurons and skin.

Materials and Methods
Mice and behavior

All experiments were performed on male mice, 8–14 weeks of age. Female mice were not
used due to effects of the estrus cycle on itch behaviors. Mice (20–35 g) were housed with a
12 h light-dark cycle at 21°C. For assessing dry-skin-evoked itch behaviors in the mouse
cheek, each cheek was shaved (Fig. 1B) and treated twice daily with a cotton swab
immersed in either a 1:1 mixture of acetone and ether or water for 15 s, followed by water
for 30 s for a duration of either 3 or 5 d. For assessing dry-skin-evoked itch behaviors in the
mouse caudal back, the mouse back was shaved (Fig. 1E) and treated twice daily with a
cotton swab immersed in either a 1:1 mixture of acetone and ether or water for 15 s,
followed by water for 30 s for a duration of either 3 or 5 d. For resiniferatoxin (RTX)
treatments, RTX (100 μg/ml, 10 μl in 0.05% ascorbic acid, and 7% Tween 80 vehicle) was
injected subcutaneously into the cheek 3 d before the first acetone, ether, and water (AEW)
treatment. All mice were videotaped for 25 min to assess scratching. The amount of time
each mouse spent scratching was quantified over a 20 min period. One bout of scratching
was defined as an episode in which a mouse lifted its paw and scratched continuously for
any length of time until the paw was returned to the floor. Mustard oil (10% in PBS,
377430; Sigma) was applied topically with a cotton swab to shaved mouse cheeks.
Nocifensive behavior was quantified for 2 min after application. Behavioral scoring was
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performed while the observer was blind to the experimental condition. All experiments were
performed under the policies and recommendations of the International Association for the
Study of Pain and were approved by the University of California, Berkeley, Animal Care
and Use Committee.

Histology
Skin specimens were dissected immediately after animals were killed and were then fixed in
4% paraformaldehyle overnight at 4°C, dehydrated in 70% ethanol, and embedded in
paraffin. Sections (8 μm) were stained with H&E or with rabbit anti-keratin-6 (KRT6)
polyclonal antibodies (Covance), followed by immunoperoxidase labeling. Slides were
imaged with a bright-field microscope outfitted with 10×, 0.3 numerical aperture (NA) and
20×, 0.4 NA lenses and an Axiocam color CCD camera (AxioObserver.Z1; Zeiss). All
specimens were blinded with respect to genotype and treatment before imaging. The
thickness of nucleated epidermal layers was measured from 20 × bright-field images taken at
2–3 random fields per section using ImageJ software.

Real-time quantitative PCR
Total RNA from skin was extracted using TRIzol reagent (Invitrogen) according to the
manufacturer’s specifications; 500 ng of total RNA was used to generate cDNA using
SuperScript III Reverse Transcriptase (Invitrogen). Real-time PCR was performed using
SYBR GreenER qPCR SuperMix for ABI PRISM (Invitrogen) on a StepOnePlus ABI
machine. To determine gene expression in keratinocytes, threshold cycles for each transcript
(Ct) were normalized to GAPDH (ΔCt). Calibrations and normalizations were performed
using the 2−ΔΔCt method in which GAPDH was used as the reference gene, samples from
vehicle-treated mice were used as the calibrator, and ΔΔCt = [(Ct (target gene) − Ct
(reference gene)] − [Ct (calibrator) − Ct (reference gene)]. Real-time PCR measurements
were performed in triplicate.

Microarray
Trigeminal ganglia (TG) were removed from either wild-type C57BL6 or Trpa1−/− C57BL6
6- to 8-week-old mice treated with either AEW or vehicle for 5 d and RNA was isolated
with TRIzol (Invitrogen) according to the manufacturer’s protocol. RNA integrity was
confirmed with an Agilent 2100 BioAnalyzer. RNA (100 ng) was used to make cRNA and
samples were analyzed for gene expression with Affymetrix Mouse Genome 430.2
GeneChip arrays, which cover transcripts and variants from 34,000 well characterized
mouse genes using standard Affymetrix reagents and protocols. Probe sets on this array are
derived from sequences from GenBank and dbEST. Samples from three independent mice
from each group were analyzed using one microarray per biological sample. Microarray data
were normalized using the GCRMA algorithm (Bolstad et al., 2003; Irizarry et al., 2003a;
Irizarry et al., 2003b); ratios of normalized probe set intensity values were calculated for
each sample pair, in which M = log2[ICAM1(+)/ICAM1(−)], and then averaged among the
three replicate pairs. Fold change was calculated to compare AEW- and VEH-treated mice
within the same group (fold change = average AEW M value/average VEH M value, e.g.,
WT AEW/WT VEH).

Data analysis
Data are shown as means ± SEM. Statistical significance was evaluated using a one-way
ANOVA followed by a Tukey–Kramer post hoc test, unpaired two-tailed Student’s t test for
comparing difference between two populations, or paired two-tailed Student’s t tests for
datasets containing in-animal controls.
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Results
Cheek model of dry skin pruritus induces itch behavior and epidermal thickening

To determine whether TRPA1 plays a role in chronic itch, we developed and validated a
cheek assay for analyzing the molecular and cellular mechanisms underlying dry-skin-
evoked chronic itch. Previous studies have shown that topical application of AEW to the
rostral back/neck area of mice for 3–7 d induces dry skin and increases scratching
significantly (Miyamoto et al., 2002b; Nojima et al., 2003). However, injection of both
algogens and pruritogens into the rostral back triggers scratching, making it difficult to
distinguish between itch and pain behaviors (Shimada and LaMotte, 2008). This ambiguity
confounds studies of pruritus because chronic itch lesions, which are described to be both
painful and itchy, develop in chronic itch models (Yosipovitch and Samuel, 2008; Ljosaa et
al., 2012). This uncertainty is particularly relevant when studying genes such as Trpa1,
which are implicated in both itch and pain (Bautista et al., 2006; Wilson et al., 2011). In the
cheek model of acute itch, injection of algogens triggers wiping with the forelimbs, whereas
injection of pruritogens leads to scratching with the hindlimbs (Shimada and LaMotte,
2008). We combined these approaches to develop a cheek model of AEW-evoked dry skin
in which the acetone/ether mixture and water are applied to the mouse cheek for 5 d (Fig. 1
A,B).

We observed that, like AEW treatment in the rostral back/neck, cheek AEW treatment
significantly increased scratching starting on the third day of treatment that doubled by day
five (DAY 3 VEH = 0 ± 0 s, DAY 3 AEW = 52.43 ± 12.39 s, DAY 5 VEH = 4.00 ± 5.23 s,
DAY 5 AEW = 114.33 ± 22.76 s; Fig. 1C). Consistent with previous studies in untreated
mice, topical application of mustard oil, a TRPA1 agonist and algogen, to the cheek evoked
robust nocifensive behaviors (cheek wiping, 20 s in 2 min), which were never observed
during AEW treatment (Matta et al., 2008). These data show that the AEW-cheek model
triggers robust itch behaviors in mice.

AEW treatment was shown previously to induce epidermal thickening in skin isolated from
the nape of the neck, a hallmark of psoriatic chronic itch in humans (Miyamoto et al.,
2002b). We performed quantitative histological analysis to investigate whether AEW-
evoked itching is accompanied by keratinocyte hyperplasia in the cheek skin. To control for
variability between mice, we modified our AEW protocol and treated one cheek with AEW
and the contralateral cheek with water (vehicle). Cheek skin treated with AEW for 3 d
showed a significant increase in the thickness of nucleated epidermal layers compared with
vehicle-treated contralateral cheeks (VEH = 7.4 ± 0.2 μm, AEW = 11.1 ± 0.8 μm; Fig.
1D,E). After 5 d of AEW treatment, the treated epidermis was ~4-fold thicker than the
contralateral control skin (VEH = 8.8 ± 0.4 μm, AEW = 35.6 ± 4.1 μm; Fig. 1E).

Epidermal hyperplasia may occur from dry skin treatment alone and/or from dry-skin-
evoked scratching (Mihara et al., 2004; Hashimoto et al., 2004; Takaoka et al., 2007;
Yamaoka et al., 2007; Sugimoto et al., 2007; Yamamoto et al., 2009; Hashimoto et al.,
2011). To examine the contribution of scratching to AEW-evoked hyperplasia, animals must
be prevented from scratching the AEW-treated skin. We were unsuccessful in preventing
AEW mice from scratching the cheek using all commercially available restraint methods.
Unlike water-treated mice, AEW-treated mice were highly motivated to remove such
restraints and succeeded in removing apparatuses within 24 h. Therefore, we instead
returned to the back model of dry skin to address this question, specifically focusing on a
caudal area of the back, just rostral to the tail, which mice cannot directly access to scratch,
bite, or wipe (Fig. 2A). Both the rostral and caudal back have been extensively used in
rodents to study acute and chronic itch (Kuraishi et al., 1995; Rojavin et al., 1998; Andoh et
al., 1998; Kim et al., 1999; Kamei and Nagase, 2001; Thomsen et al., 2002; Jinks and
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Carstens, 2002; Miyamoto et al., 2002a; Orito et al., 2004; Nakano et al., 2008; Yamaura et
al., 2009; Suwa et al., 2011). For example, pruritogen injection into the caudal back was
shown to cause a 3.4-fold increase in itch behavior adjacent to the injection site (off-site
scratching) and 5.4-fold increase in the activity of cutaneous nerves innervating the caudal
back (Maekawa et al., 2002). Likewise, an animal model of allergic chronic itch in the
mouse back triggered itch behaviors, as well as epidermal hyperplasia and immune cell
infiltration in the back skin of treated mice (Suwa et al., 2011). Indeed, a previous study in
rodents showed that off-site scratching (within 5–17 mm of a pruritogen injection site) was
antipruritic (Akiyama et al., 2012).

Several additional lines of data show that AEW on the caudal back is an effective model and
that mice treated with AEW on the caudal back display itch behaviors. First, these mice
spend a significant amount of time scratching areas of their body that can be reached (Fig.
2B). As observed on-site in the cheek and rostral back, mice treated with AEW on the
caudal back showed off-site hair loss and skin lesions consistent with repetitive scratching.
We observed similar off-site scratching after acute injection of the histamine-independent
pruritogen, chloroquine (Fig. 2B). In addition, mice with AEW treatment on the caudal back
spend a significant amount of time attempting to press their backs against the behavior
chamber wall (Fig. 2C). Moreover, these mice appeared hyperactive, spending considerably
more time moving around, with repetitive failed attempts to contact the site of treatment to
the wall (Fig. 2D). Such behaviors were never observed in control mice. AEW also induces
skin thickening on the caudal back, as it does on the cheek (Fig. 2E,F) and rostral back
(Miyamoto et al., 2002a). Interestingly, hyperplasia developed to a much lesser extent than
that observed in the presence of scratching (Fig. 2F). Based on these results, we conclude
that the AEW model induces itch behaviors, as well as scratch-dependent and -independent
epidermal hyperplasia, and thus represents a valid model for studying the cellular and
molecular mechanisms underlying chronic itch conditions.

A subset of TRPV1-expressing sensory neurons is required for dry-skin-evoked itch
behaviors

Primary afferent sensory neurons that express the ion channels TRPV1 and TRPA1 are
required for acute itch. TRPV1 is required for transducing histamine-dependent itch and
TRPA1 (expressed in a subset of TRPV1 fibers) is required for signaling in response to the
histamine-independent pruritogens chloroquine and BAM8-22 (Imamachi et al., 2009;
Mishra and Hoon, 2010; Mishra et al., 2011; Wilson et al., 2011). We thus assessed the role
of TRPV1-positive fibers in the generation of dry-skin-evoked chronic itch behaviors.
Previous studies have shown that ablation of TRPV1- and TRPV1/TRPA1-positive sensory
neurons with capsaicin or the capsaicin analog RTX results in axonopathy and,
consequently, suppression of acute pain and itch (Karai et al., 2004; Imamachi et al., 2009;
Mitchell et al., 2010; Mishra and Hoon, 2010). Consistent with previous studies, RTX
treatment of the cheek rendered mice insensitive to topical application of mustard oil,
whereas control mice displayed robust wiping of the cheek (Bánvölgyi et al., 2004; Fig. 3A).
No significant differences in skin thickness or integrity were observed between RTX- and
water-treated mice (data not shown). Interestingly, RTX-treated mice displayed a significant
decrease in AEW-evoked scratching behaviors compared with control mice on both day
three and day five of AEW treatment (Fig. 3B). These data show that the TRPV1- and
TRPV1/TRPA1-positive sensory neurons are required for chronic AEW-evoked scratch
behaviors and implicate TRPV1 and TRPA1 ion channels as candidate chronic itch
transducers.

To gain insight into the molecules responsible for transducing chronic itch signals in
TRPV1- and TRPV1/TRPA1-positive sensory neurons, we investigated whether dry skin
alters gene expression in trigeminal neurons that innervate the mouse cheek. RNA from the

Wilson et al. Page 5

J Neurosci. Author manuscript; available in PMC 2013 August 26.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



TG of AEW- and vehicle-treated mice was hybridized to Affymetrix Mouse Genome 430
2.0 microarrays. Of ~34,000 genes (45,102 probe sets), 1843 genes (2423 probe sets) were
significantly differentially expressed. We focused on genes that belong to functional classes
relevant to sensory neuron trans-duction, itch, and inflammation, as well as uncharacterized
receptors and ion channels (202 genes; Fig. 3C). These genes included the itch receptors
Mas-related G-protein coupled receptor A3 (MrgprA3) and Protease Activated Receptor-2
(PAR2) and the inflammatory bradykinin receptor (Bdkr2; von Banchet et al., 2000;
Bautista et al., 2006; Shimada et al., 2006; Stefansson et al., 2008; Liu et al., 2009; Russell
et al., 2010; Han et al., 2013; Grastilleur et al., 2013), all of which were more highly
expressed in the TG of AEW-treated mice compared with VEH-treated mice (Fig. 3C, green
stars). We and others have shown that activation of MrgprA3, PAR2, and a Bdkr family
member (Bdkr1) lead to opening of the ion channel TRPA1 and that TRPA1 activation is
required for MrgprA3-evoked itch and Bdkr1-evoked pain behaviors in mice (Bautista et al.,
2006; Dai et al., 2007; Wilson et al., 2011). These data, combined with the role of TRPA1 in
acute histamine-independent itch, strongly implicate a role for TRPA1 in chronic itch.

TRPA1 is required for dry-skin-evoked itch behaviors and morphological changes in the
skin

We next investigated the role of TRPA1 in mediating chronic itch behaviors in mice.
Trpa1−/− and wild-type littermates were treated using the AEW cheek assay. AEW treatment
triggered prolonged periods of scratching in wild-type mice (DAY 3 VEH = 0 ± 0 s, DAY 3
AEW = 52.43 ± 12.39 s, DAY 5 VEH = 4.00 ± 5.23 s, DAY 5 AEW = 114.33 ± 22.76 s;
Fig. 4A, black); this scratching behavior was significantly reduced in TRPA1-deficient mice
(A1−/− DAY 3 = 7.5 ± 2.5 s, A1−/− DAY 5 = 36.7 ± 10.39 s; Fig. 4A, red). In contrast, no
significant differences in itch behaviors were observed between Trpv1−/− mice and Trpv1−/−

(gray) littermates (V1−/− DAY 3 = 45.12 ± 11.23 s, V1−/− DAY 5 = 98.76 ± 15.71 s; Fig.
4A) or between TRPV1−/− and TRPA1−/− animals. These experiments demonstrate that
TRPA1 is selectively required for dry-skin-evoked chronic itch behaviors.

We next investigated whether acute inhibition of TRPA1 attenuates AEW-evoked
scratching. The TRPA1 inhibitor HC-030031 was injected subcutaneously into the cheek
immediately before recording AEW-evoked itch behaviors on treatment days three and five.
Like genetic ablation of TRPA1, HC-030031 significantly reduced AEW-evoked itch
behaviors (Fig. 4B). These data suggest that TRPA1 is required for the transduction of itch
sensation in chronic conditions. We also found that TRPA1 promoted epidermal hyperplasia
in this chronic itch model. In wild-type mice, 5 d treatment with AEW triggered a 4-fold
increase in the thickness of nucleated epidermal layers compared with vehicle-treated
contralateral skin samples (VEH = 8.7 ± 0.6 μm, AEW = 32.5 ± 6.4 μm; Fig. 4C,D, gray).
TRPA1−/− mice showed comparatively modest epidermal hyperplasia in response to AEW
(VEH = 9.7 ± 2.1 μm, AEW = 20.4 ± 1.9 μm) and the magnitude was significantly less than
in wild-type littermates (WT = 375 ± 50%, A1−/− = 210 ± 20%; Fig. 4D, red). These data
show that TRPA1 promotes disturbances in epidermal homeostasis in chronic itch and
supports a role for TRPA1, not only in the transduction of, but also in the development of
dry-skin-evoked itch.

Although dry skin treatment alone caused epidermal thickening, the itch-scratch cycle
further promoted hyperplasia (Fig. 1F). Therefore, a lack of scratching behaviors may
contribute to the decreased epidermal thickening in TRPA1-deficient mice. Indeed, dry-skin
evoked-epidermal hyperplasia was not significantly different between the “no-scratch” skin
versus TRPA1-deficient skin (Fig. 4D, gray). However, this does not rule out the possibility
that TRPA1 may also directly influence hyperplasia via signaling between sensory neurons
and keratinocytes. We next examined dry-skin-evoked gene expression changes in the skin
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to determine the relative contribution of scratching and TRPA1 to the phenotypic changes
observed in the skin.

TRPA1 is required for dry-skin-evoked expressional changes in the skin
Significant changes in epidermal gene expression are observed in the skin of patients with
chronic itch (Bowcock and Cookson, 2004; Olsson et al., 2006; Theoharides et al., 2010).
Studies have shown that the itch-scratch cycle contributes to the chronic itch disease-
associated changes observed in patient skin (Mihara et al., 2004; Hashimoto et al., 2004;
Takaoka et al., 2007; Yamaoka et al., 2007; Sugimoto et al., 2007; Yamamoto et al., 2009;
Hashimoto et al., 2011). Does the AEW model of chronic itch induce expressional changes
in the skin? If so, are these changes mediated by dry skin alone, by the dry-skin-evoked itch-
scratch cycle, or both? And to what extent does TRPA1 contribute to AEW-evoked
expression changes? To answer these questions, we used microarray analysis to examine
AEW-evoked gene expression in skin.

We compared changes in expression between AEW- and vehicle-treated skin in three sets of
animals: wild-type mice that were free to scratch the patch of dry skin on their cheek, wild-
type animals that could not scratch the patch of dry skin on their back, and TRPA1-deficient
animals that were free to scratch the patch of dry skin on their cheek (however, as shown in
Figure 4, these mice display significantly reduced itch behaviors). Vehicle-treated skin
isolated from the cheek and caudal back displayed few differences in gene expression
(<2%). However, to compare gene expression among all groups, expression was normalized
to vehicle treatments within the same tissue (e.g., AEW-treated back skin normalized to
VEH-treated back skin; Fig. 5A). Overall, AEW treatment of wild-type mice triggered a
significant change in expression in 9340 (14,884 probe sets) genes (Fig. 5A). We
categorized these AEW genes into three groups: (1) TRPA1-dependent genes (those that do
not display altered expression in the absence of TRPA1), (2) scratch-dependent genes (those
that do not display altered expression in the absence of scratching), and (3) scratch- and
TRPA1- dependent genes (those that do not display altered expression in the absence of
TRPA1 and scratching). Quantitative PCR validated expressional changes of several genes
that were previously linked to chronic itch (Sonkoly et al., 2006; Olsson et al., 2006;
Theoharides et al., 2010; Kawasaki et al., 2011; Nakahigashi et al., 2011). For example, the
scratch-independent gene Fillagrin (FLG) is upregulated by AEW treatment in a TRPA1-
independent manner. The scratch-independent genes Aquaporin 3 (AQP3) and interleukin
33 (IL33) were also differentially expressed in AEW-treated versus VEH-treated mouse skin
and were TRPA1 dependent. Likewise, the scratch-dependent gene IL31 receptor A
(IL31RA) was upregulated in AEW-treated versus VEH-treated mouse skin, but not in
TRPA1-deficient skin. Antibody staining was also used to validate the enriched expression
of the scratch-independent gene KRT6 (Fig. 5C), a hair follicle keratin upregulated in the
interfollicular epidermis upon injury (Rotty and Coulombe, 2012). Microarray analysis
showed that AEW increased the KRT6 signal intensity 9-fold in wild-type skin, but only 4-
fold in TRPA1−/− skin. Consistent with these data, immunohistochemistry demonstrated an
upregulation of KRT6 protein in the interfollicular epidermis, but not in the hair follicles of
AEW-treated skin (Fig. 5C). Although upregulation was observed in both genotypes, KRT6
expression was more abundant in the WT than in TRPA1−/− interfollicular epidermis (Fig.
5C).

Of the upregulated genes, most were scratch-dependent (76%), suggesting that the itch-
scratch cycle contributes greatly to AEW-evoked changes in the skin (Fig. 6A). The
majority of the upregulated genes (77%) were also TRPA1-dependent (Fig. 6A). TRPA1
also contributed to scratch-independent expressional changes; of the 24% of AEW genes
that were not affected by scratching, 45% were TRPA1 dependent. We next analyzed a
subset of the genes affected by itch that were previously implicated in processes related to
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chronic itch (195 genes); this subset includes genes altered by pathological pruritic diseases,
genes controlling neuronal growth, and genes involved in itch signal transduction (Fig. 6B).
Within this subset of itch genes, 42% were dependent solely on TRPA1, compared with only
9% percent observed for the larger dataset inclusive of all genes; only 57% of the itch subset
were scratch dependent, compared with 76% of the overall dataset of genes, suggesting that
independently of the role of TRPA1 in scratching, TRPA1 may play a more direct role in the
regulation of genes related to chronic itch disease.

To gain insight into the biological functions affected by dry, itchy skin and the role of
scratching and TRPA1 in promoting these changes, we performed Gene Ontology (GO)
analysis to identify classes of genes that are significantly affected by AEW treatment (Table
1). Most GO terms were both scratch- and TRPA1-dependent and were no longer enriched
in the absence of TRPA1 or scratching. These include many categories, such as regulation of
epithelial cell proliferation, regulation of axon extension, and activation of immune
response. However, GO terms for water transport were only dependent on TRPA1, which
was surprising because increased water loss, which has been linked to the water channel
AQP3, is a hallmark of chronic itch skin and disruption of skin barrier function
(Yosipovitch, 2004; Olsson et al., 2006; Hon et al., 2008; Nakahigashi et al., 2011; Lee et
al., 2012).

Discussion
Our findings demonstrate a new role for TRPA1 in multiple facets of chronic itch. Here we
used a dry skin mouse model of itch to probe the mechanisms of chronic itch in skin and
sensory neurons. We adapted the dry skin model to the cheek, which allowed for the
distinction between itch and pain behaviors (Miyamoto et al., 2002b). Then we adapted the
model to the caudal back, an area that the mouse cannot access for scratching, biting, or
wiping, to examine mechanisms of chronic itch in the absence of scratching. The cheek
model displays many of the phenotypes observed in human chronic itch, including itch
behaviors, epidermal hyperplasia, and expressional changes in the skin (Bowcock and
Cookson, 2004). This model triggers increased expression of many genes implicated in
human pruritic dry skin conditions: AQP3, Ccl27, FLG, and Tnc for atopic dermatitis; IL33,
Ccl20, Cxcl2, Cxcr2, lipocalin, and Slc9a3r1 for psoriasis; and S100a9, involucrin, and
Ccr5, which have been implicated in both psoriasis and atopic dermatitis (Bowcock and
Cookson, 2004; Olsson et al., 2006; Theoharides et al., 2010). Because the cheek AEW
model promotes dry itchy skin and the itch-scratch cycle, in which repetitive scratching
worsens chronic itch symptoms, we sought to look at these phenotypes in isolation (Mihara
et al., 2004; Hashimoto et al., 2004; Takaoka et al., 2007; Yamaoka et al., 2007; Sugimoto et
al., 2007; Yamamoto et al., 2009; Hashimoto et al., 2011).

We performed, for the first time, a comparison of hyperplasia and gene expression changes
in itchy, yet unscratched skin. The ideal experiment to determine the role of scratching in
AEW-evoked hyperplasia and gene expression would be to compare AEW-treated cheek
skin isolated from mice that were permitted to or prevented from scratching. However, we
were unsuccessful in preventing AEW mice from scratching the cheek using all
commercially available restraint methods. We thus instead turned to the back model of dry
skin to address this question, specifically focusing on a caudal area of the back just rostral to
the tail, which is inaccessible. In the caudal back model, mice display off-site scratching, but
the location of the AEW-treated skin is such that the mice cannot directly scratch, bite, or
lick the affected skin.

The caudal back model induced a 230% increase in epidermal thickness, whereas the cheek
model induced a 350% increase. Like the hyperplasia, dry-skin-evoked gene-expression
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changes in the skin were not entirely dependent on the itch-scratch cycle, because 24% of
the genes upregulated in the cheek model were also upregulated in the caudal back model.
These findings suggest that the itch-scratch cycle contributes greatly to dry-skin-evoked
changes in the skin, but many changes also occur in the absence of scratching. One caveat
with this interpretation is the assumption that cheek skin responds identically to AEW
treatment as caudal back skin. We see no significant differences in baseline epidermal
thickness and few differences in baseline gene expression between these different sites.
However, it is possible that differences in the dermis or epidermis, the prevalence and/or
distribution of itch-sensitive nerve fibers, or the resident immune cells that contribute to
inflammation may vary between the cheek and the back. Regardless of any differences
between the cheek and back, the genes identified in the caudal back AEW model represent
the first candidate genes that are altered by dry, itchy skin independently of scratching.

Chronic itch patients often experience increased sensitivity to itch stimuli, as well as
alloknesis, the perception of itch in response to a previously non-itchy stimulus (e.g., a light
brush of the skin that is normally perceived as innocuous touch induces an intense desire to
scratch) (Ikoma et al., 2004; Hong et al., 2011). The changes in sensitivity are hypothesized
to occur as a result of increased innervation of itch-sensitive primary afferent fibers and
expressional changes that drive hyperexcitabilty in sensory neurons (Ikoma et al., 2006;
Tominaga et al., 2007; Kamo et al., 2011; Tominaga et al., 2011; Ständer et al., 2011).
Whereas extensive transcriptome profiling of pruritic skin has been performed, much less is
known about the changes within the sensory neurons that innervate this skin. We show here
for the first time that AEW-evoked drying of the cheek skin leads to significant expressional
changes in the sensory neurons of the TG. Although we cannot distinguish whether these
changes are scratch dependent or independent, they are nevertheless a consequence of the
normal itch-scratch cycle associated with chronic itch. Therefore, these genes represent
novel candidate transducers of chronic itch. One such candidate is the bradykinin receptor 2.
Injection of bradykinin evokes weak itch and pain sensations in healthy subjects, whereas
bradykinin injection in patients with chronic itch triggers severe itch that is not relieved by
antihistamine treatment (Hosogi et al., 2006). Therefore, increased expression of the
bradykinin receptor in sensory neurons during chronic itch may result in alloknesis. In
general, this analysis now provides a list of novel genes that represent candidate neuron-
specific factors that might play a role in the pathophysiology of itch conditions. Future
studies will be required to test the roles of such candidates in chronic itch models.

The ion channel TRPA1 was previously shown to mediate acute histamine-independent itch:
TRPA1 is required for sensory neuron activation and itch behavior downstream of two
histamine-independent pruritogens, chloroquine and BAM8-22, which activate MrgprA3
and MrgprC11, respectively (Liu et al., 2009; Wilson et al., 2011). Likewise, a MrgprA3-
positive subset of neurons that express TRPA1 were recently shown to be required for acute
and chronic itch (Han et al., 2013). Our data now demonstrate a new role for TRPA1 ion
channels in multiple facets of chronic itch. We found that functional TRPA1 is required for
all of the dry-skin-evoked phenotypes documented here, including AEW-evoked scratching,
hyperplasia, and expressional changes in the skin. One striking result is that TRPA1
promotes dramatic changes in gene expression in the skin. Seventy-nine percent of the itch-
related genes upregulated in the cheek model are TRPA1-dependent, 11% of which are
independent of scratching. Among the human disease genes modulated in the cheek model,
TRPA1 regulates both scratch-dependent and scratch-independent changes: AQP3, IL-33,
Cxcr2, lipocalin, Slc9a3r1, and S100a9 require TRPA1 and are independent of the itch-
scratch cycle, whereas Ccl27 and Tnc are scratch and TRPA1 dependent. These genes play
diverse roles in the initiation and maintenance of chronic itch. For example, AQP3, the
predominant aquaporin in human skin, is upregulated in atopic dermatitis (Olsson et al.,
2006) and mice lacking AQP3 display reduced hyperplasia in mouse models of atopic
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dermatitis (Nakahigashi et al., 2011). Our findings that AQP3 expression is TRPA1
dependent in the absence of scratching support a model for sensory neurons signaling to
keratinocytes under chronic itch conditions. Another TRPA1-dependent gene, IL-33,
displays enhanced expression in psoriatic skin and may act in concert with substance P to
increase VEGF expression and release in psoriatic skin (Theoharides et al., 2010). This also
supports an active role for neuronal signaling in the periphery in the development of chronic
itch.

It is quite striking that TRPA1 channels mediate expressional changes of so many chronic
itch genes. Key next steps in characterizing the role of TRPA1 will include identifying the
endogenous upstream factors that activate TRPA1 during chronic itch and determining
whether hyperplasia is caused by a TRPA1-dependent release of inflammatory agents.
Peptide release promotes vasodilation, vascular leakage, recruitment of immune cells, and,
notably, epidermal hyperplasia in chronic itch through modulation of keratinocyte growth
(Basbaum et al., 2009; Roggenkamp et al., 2013). Indeed, a role for neurogenic
inflammation has been suggested in PAR2-mediated itch behavior in mice (Costa et al.,
2008). Consistent with this model, we show here that genes involved in the regulation of
leukocyte activation and chemotaxis are upregulated in AEW-treated mice in a TRPA1-
dependent fashion (Table 1). It is also possible that TRPA1 expression in keratinocytes
contributes to the AEW phenotype, although non-neuronal expression of TRPA1 is
controversial (Story et al., 2003; Bautista et al., 2005; Kobayashi et al., 2005; Nagata et al.,
2005; Kwan et al., 2009). Future studies using tissue-specific TRPA1-deficient animals are
required to resolve whether TRPA1 in neurons or non-neuronal cells is necessary for AEW-
evoked dry skin. Nonetheless, we show here for the first time a role for TRPA1 in epidermal
homeostasis under a disease state, provide new insight into the role of TRPA1 in chronic
itch, and highlight the potential benefit of TRPA1 antagonists as therapies for pathological
itch conditions.
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Figure 1.
Cheek model of dry skin pruritus induces scratching and epidermal thickening. A, Time
course for the dry skin assay in the mouse cheek. First day: the right cheek of each mouse
was shaved. Days one to five: the shaved cheek was treated twice daily with a 1:1 mixture of
acetone and ether, followed by water. Scratching behaviors were recorded for 20 min on
days three and five after the second AEW treatment. Mouse cheeks were removed for
histological analysis following recording on either day three or day five. B, Photo displaying
the area of treatment in the cheek model of itch C, Scratching behaviors were observed on
day three and day five of cheek treatment. The total time spent scratching was quantified for
20 min. Application of vehicle (VEH, water) failed to elicit scratching or wiping. All error
bars represent SEM (n ≥ 12 mice/group, **p < 0.01, one-way ANOVA). D, H&E-stained
cheek skin sections from mice treated for 3 d (top) or 5 d (bottom) with AEW on ipislateral
(right) and VEH on contralateral cheeks (left). E indicates epidermis; D, dermis. E,
Thickness of nucleated epidermal layers was quantified from AEW-treated and VEH-treated
skin. Means ± SEM are shown (n = 16 –24 sections from two mice per group, ***p < 0.002,
Student’s two-tail t test).
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Figure 2.
AEW caudal back model of dry skin pruritus induces off-site scratching, epidermal
thickening, and increased locomotor activity. A, Photo displaying the area of treatment in
the caudal back model of itch. This assay produces dry skin, but the inaccessible location
prevents scratching, wiping, or biting of the treated area. B, Image displaying location of
off-site scratching after treatment to the caudal back. Off-site scratching was observed in
response to both acute subcutaneous injection of chloroquine (CQ) and chronic (5 d) AEW
treatment to the caudal back. AEW-evoked scratching behaviors were recorded on day five
of treatment. After both treatments, the total time spent scratching or biting was quantified
for 20 min. Application of vehicle (VEH, water) failed to elicit scratching or biting toward
any site. C, Image displaying AEW site-to-wall contact behavior. Site-to-wall behaviors
were observed on day five of treatment. The total time spent in a back-to-wall configuration
was quantified for 20 min. Application of VEH failed to elicit back-to-wall contact. D,
AEW-treated mice display a significant increase in locomotor activity in which they move
and frequently attempt to contact the caudal back to the chamber wall. The percentage of
time spent moving was quantified for 20 min. E, H&E-stained caudal back skin sections
from mice treated for 5 d with AEW or VEH on the caudal back (VEH; water; left). E
indicates epidermis; D, dermis. F, Thickness of nucleated epidermal layers was quantified
from AEW-treated and VEH-treated skin. All error bars represent SEM (n ≥ 6 mice/group,
***p < 0.001, one-way ANOVA).
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Figure 3.
Sensory neurons are required for dry-skin-evoked itch behaviors. A, Mustard oil (MO, 10%
in PBS)-evoked wiping was measured in wild-type, vehicle (CONTROL, 0.05% ascorbic
acid, and 7% Tween 80, black), or RTX-injected (RTX ABLATED; 1 μg/ml RTX in 0.05%
ascorbic acid, and 7% Tween 80, red) mice 3 d after injection. Nocifensive behavior was
quantified for 2 min. All error bars represent SEM (n ≥ 4 mice/genotype, *p < 0.05). B, Dry-
skin-evoked scratching was measured in wild-type vehicle (CONTROL, 0.05% ascorbic
acid, and 7% Tween 80, black) or RTX-injected (RTX ABLATED; 1 μg/ml RTX in 0.05%
ascorbic acid, and 7% Tween 80, red) mice on days three and five of treatment. The total
time spent scratching was quantified for 20 min. Error bars represent SEM (n ≥ 9 mice/
genotype; *p < 0.05) C, Gene expression was measured in whole TG isolated from VEH-
and AEW-treated mice normalized to VEH-treated mice. Green indicates AEW-evoked
increase in expression; magenta, AEW-evoked decrease in expression. Differentially
expressed genes are clustered based on cellular function. Among differentially expressed
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receptors, the itch receptors MrgprA3 and Bdkr2 (*) were highly expressed in the TG of
AEW-treated mice relative to VEH-treated mice.
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Figure 4.
TRPA1 is required for dry-skin-evoked itch behaviors and morphological changes in the
skin. A, Dry-skin-evoked scratching was measured in wild-type (WT AEW; black),
TRPV1−/− (V1 AEW; gray), and TRPA1−/− (A1 AEW; red) mice after 3 and 5 d of AEW
treatment to the cheek. The total time spent scratching was quantified for 20 min. Treatment
with vehicle on wild-type mice (VEH, water) failed to elicit scratching or wiping (VEH;
white). All error bars represent SEM (n ≥ mice/genotype, **p < 0.01). B, Dry-skin-evoked
scratching was measured in wild-type mice on AEW treatment on days three and five
immediately after (≤ 2 min) subcutaneous injection with control PBS (CON) or the TRPA1
inhibitor HC-030031 (HC). The total time spent scratching was quantified for 20 min
postinjection and normalized to CON-treated mice. All error bars represent SEM (n ≥ 9
mice/genotype or treatment, **p < 0.01). C, H&E-stained skin sections from wild-type mice
(WT; top) and TRPA1−/− littermates (A1−/−; bottom) treated ipsilaterally with AEW (left)
and contralaterally with VEH. E indicates epidermis; D, dermis. D, The increase in
epidermal thickness induced by AEW was quantified from four to five mice per condition.
NS indicates the “no scratching” condition in the caudal back model. Means ± SEM are
shown (*p = 0.01, Student’s two-tail t test).
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Figure 5.
TRPA1 is required for dry-skin-evoked expressional changes in the skin. A, Gene
expression was measured in cheek skin biopsies isolated from VEH- or AEW-treated
TRPA1−/− mice that were free to scratch (WT SCR), and TRPA1−/− mice. Gene expression
was also measured in caudal back skin biopsies in which scratching was prevented (WT
NSCR). The AEW gene expression data are normalized to VEH for each genotype and
treatment area. Green indicates the AEW-evoked increase in expression; magenta, the
AEW-evoked decrease in expression. All genes significantly altered in WT mice are shown
( p < 0.05). B, Changes in gene expression with AEW treatment for FLG, IL31RA, AQP3,
and IL33 in WT (black) and A1−/− (white) mice as measured by quantitative PCR.
Expression is reported as ΔΔCt. C, Micrographs of WT and A1−/− skin are stained with
KRT6 (brown). In VEH-treated skin, KRT6 is localized to hair follicles (arrows), whereas
AEW-treated skin shows induction of KRT6 in the interfollicular epidermis (brackets).
Nuclei are stained in blue. Scale bar, 50 μm.
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Figure 6.
TRPA1 promotes scratch-dependent and scratch-independent expressional changes in the
skin. A, Venn diagram displaying relative numbers of scratch-dependent, TRPA1-
dependent, and scratch- and TRPA1-dependent genes significantly modulated in WT AEW
mouse cheek skin. B, Analysis of a subset of genes that were previously implicated in
processes related to chronic itch to determine dependence on scratching and/or TRPA1 (Fig.
5A). Green indicates AEW-evoked increase in expression; magenta, AEW-evoked decrease
in expression. C, Venn diagram displaying relative numbers of scratch-dependent, TRPA1-
dependent, and scratch- and TRPA1-dependent itch-related genes significantly modulated in
WT AEW mouse cheek skin.
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Table 1

GO terms are overrepresented in the skin of AEW-treated mice in a TRPA1- and scratch-dependent manner

GO term GO ID n % p-value

Neuronal growth and development

 Neurogenesisa 22008 49 7.2 4.96E-11

 Neuron differentiationa 30182 35 7.6 9.32E-09

 Neuron projection developmenta 31175 25 9.1 4.01E-08

 Regulation of neuron differentiationa 45664 22 10.8 1.22E-08

 Neuron developmenta 48666 29 8.1 3.84E-08

 Generation of neuronsa 48699 47 7.4 6.17E-11

 Neuron projection morphogenesisa 48812 21 9.8 1.34E-07

 Regulation of neurogenesisa 50767 24 9.5 3.08E-08

 Regulation of axon extensionb 30516 8 26.7 5.66E-07

 Regulation of axon extensionb 30516 8 26.7 5.66E-07

 Negative regulation of axon extensionb 30517 5 41.7 6.89E-06

 Negative regulation of axon extensionb 30517 5 41.7 6.89E-06

 Regulation of axon extension involved in axon guidanceb 48841 5 55.6 1.17E-06

 Regulation of axonogenesisb 50770 12 19.0 5.00E-08

Transport and ion homeostasis

 Transporta 6810 253 10.9 7.43E-96

 Regulation of transporta 51049 53 10.3 4.01E-18

 Positive regulation of transporta 51050 19 8.3 6.42E-06

 Water transportc 6833 6 40.0 1.04E-06

 Ion transportb 6811 151 21.0 3.47E-95

 Cation transportb 6812 114 21.0 3.68E-71

 Potassium ion transportb 6813 36 23.7 8.36E-25

 Sodium ion transportb 6814 43 32.6 7.74E-36

 Calcium ion transportb 6816 22 16.9 1.71E-12

 Anion transportb 6820 42 29.6 4.59E-33

 Chloride transportb 6821 18 27.7 2.30E-14

 Zinc ion transportb 6829 10 40.0 2.28E-10

 Neurotransmitter transportb 6836 14 16.3 3.18E-08

 Amino acid transportb 6865 30 36.6 4.10E-27

 Cellular ion homeostasis 6873 38 10.9 5.03E-14

 Cellular calcium ion homeostasisb 6874 20 12.2 6.87E-09

 Regulation of transporter activityb 32409 9 20.0 1.55E-06

 Regulation of ion transmembrane transporter activityb 32412 8 18.6 1.05E-05
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GO term GO ID n % p-value

 Regulation of calcium ion transport by v-gated calcium channelb 42391 15 10.6 3.00E-06

 Regulation of ion transportb 43269 31 17.9 8.81E-18

 Negative regulation of transportb 51051 16 12.6 1.39E-07

 Cytosolic calcium ion homeostasisb 51480 17 15.9 1.58E-09

 Regulation of calcium ion transportb 51924 12 15.0 7.63E-07

 Regulation of calcium ion transport by v-gated calcium channelb 51925 8 22.9 2.04E-06

 Metal ion homeostasisb 55065 20 10.9 4.48E-08

 Di-, tri-valent inorganic cation homeostasisb 55066 23 10.7 6.68E-09

 Monovalent inorganic cation homeostasisb 55067 8 20.5 4.87E-06

 Calcium ion homeostasisb 55074 20 11.9 1.04E-08

 Calcium ion transmembrane transportb 70588 12 22.2 7.91E-09

 Divalent metal ion transportb 70838 24 17.1 1.25E-13

 Sodium ion exportb 71436 14 38.9 8.51E-14

 Zinc ion transmembrane transportb 71577 6 50.0 2.05E-07

Epithelial growth and development

 Response to woundinga 9611 64 17.3 1.86E-34

 Epidermal cell differentiationa 9913 12 24.5 2.39E-09

 Keratinocyte differentiationa 30216 11 24.4 1.14E-08

 Epithelial cell differentiationa 30855 20 14.7 2.42E-10

 Wound healinga 42060 21 16.2 1.38E-11

 Epithelium developmenta 60429 41 12.2 7.45E-17

 Morphogenesis of a branching epitheliuma 61138 16 13.9 3.37E-08

 Epidermis developmentb 8544 25 19.2 2.38E-15

 Keratinizationb 31424 7 28.0 2.05E-06

 Regulation of epithelial cell proliferationb 50678 13 16.9 6.29E-08

 Positive regulation of epithelial cell proliferationb 50679 8 20.5 4.87E-06

Prostanoid process

 Prostaglandin biosynthetic processb 1516 5 45.5 4.11E-06

 Prostanoid metabolic processb 6692 6 42.9 6.39E-07

 Prostaglandin metabolic processb 6693 6 42.9 6.39E-07

 Prostanoid biosynthetic processb 46457 5 45.5 4.11E-06

Synapse

 Synaptic transmissionb 7268 21 8.8 9.03E-07

 Synapse organizationb 50808 9 16.7 7.60E-06

 Regulation of secretionb 51046 20 8.2 4.44E-06

 Negative regulation of secretionb 51048 10 14.3 9.96E-06
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GO term GO ID n % p-value

Stimulus response

 Regulation of response to external stimulusa 32101 21 12.3 2.54E-09

 Response to chemical stimulusa 42221 88 8.1 4.17E-22

 Regulation of response to stimulusa 48583 53 12.3 1.73E-21

 Positive regulation of response to stimulusa 48584 31 13.7 2.01E-14

 Negative regulation of response to stimulusa 48585 13 11.7 4.69E-06

 Response to stimulusa 50896 182 7.2 1.11E-39

 Positive regulation of response to external stimulusb 32103 15 20.8 2.82E-10

Immune process

 Immune response 6955 54 15.4 1.14E-26

 Regulation of cytokine productiona 1817 19 12.6 9.70E-09

 Positive regulation of cytokine productiona 1819 11 14.9 2.41E-06

 Immune system processa 2376 86 12.3 2.10E-34

 Immune system developmenta 2520 26 8.6 6.05E-08

 Regulation of immune system processa 2682 49 13.1 3.48E-21

 Positive regulation of immune system processa 2684 38 15.8 1.71E-19

 Defense responsea 6952 58 13.1 6.46E-25

 Inflammatory responsea 6954 43 18.9 3.52E-25

 Cytokine-mediated signaling pathwaya 19221 21 24.1 3.30E-15

 Innate immune responsea 45087 17 14.2 9.56E-09

 Leukocyte activationa 45321 23 9.8 3.31E-08

 Regulation of inflammatory responsea 50727 16 16.2 3.70E-09

 Regulation of immune responsea 50776 31 14.0 1.07E-14

 Lymphocyte activationc 46649 21 10.8 2.68E-08

 Regulation of cell activationc 50865 26 14.6 5.82E-13

 Regulation of leukocyte proliferationc 70663 18 19.1 2.10E-11

 Activation of immune responseb 2253 12 12.6 4.91E-06

 Regulation of acute inflammatory responseb 2673 10 26.3 2.45E-08

 Positive regulation of acute inflammatory responseb 2675 7 30.4 1.09E-06

 Negative regulation of immune system processb 2683 13 14.6 3.64E-07

 Regulation of leukocyte activationb 2694 26 15.1 2.56E-13

 Positive regulation of leukocyte activationb 2696 22 19.6 7.15E-14

 Regulation of immune effector processb 2697 19 17.1 4.57E-11

 Negative regulation of immune effector processb 2698 7 25.9 3.62E-06

 Regulation of production of molecular mediator of immune

responseb
2700 10 25.0 4.21E-08

 Immune response-activating signal transductionb 2757 10 16.4 2.78E-06
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GO term GO ID n % p-value

 Immune response-regulating signaling pathwayb 2764 12 18.5 7.21E-08

 Regulation of adaptive immune responseb 2819 12 18.8 6.01E-08

 T-cell differentiationb 30217 12 15.2 6.64E-07

 Leukocyte chemotaxisb 30595 10 31.3 3.84E-09

 Regulation of B-cell proliferationb 30888 14 38.9 8.51E-14

 Positive regulation of B-cell proliferationb 30890 13 48.1 2.19E-14

 Tumor necrosis factor-mediated signaling pathwayb 33209 5 45.5 4.11E-06

 T-cell activationb 42110 16 13.2 7.00E-08

 Regulation of T-cell differentiationb 45580 11 22.0 3.73E-08

 Positive regulation of T-cell differentiationb 45582 10 28.6 1.02E-08

 Regulation of lymphocyte differentiationb 45619 11 18.6 2.28E-07

 Positive regulation of lymphocyte differentiationb 45621 10 27.0 1.85E-08

 Regulation of lymphocyte proliferationb 50670 17 18.5 1.37E-10

 Positive regulation of lymphocyte proliferationb 50671 14 23.3 2.22E-10

 Positive regulation of inflammatory responseb 50729 12 25.5 1.42E-09

 Positive regulation of immune responseb 50778 19 12.8 7.76E-09

 Regulation of T-cell activationb 50863 16 14.3 2.30E-08

 Regulation of B-cell activationb 50864 15 25.9 1.01E-11

 Positive regulation of T-cell activationb 50870 14 19.7 2.39E-09

 Positive regulation of B-cell activationb 50871 14 34.1 7.03E-13

 Leukocyte migrationb 50900 12 25.0 1.84E-09

 Regulation of lymphocyte activationb 51249 25 16.1 1.63E-13

 Positive regulation of lymphocyte activationb 51251 22 21.0 1.74E-14

 Positive regulation of leukocyte proliferationb 70665 15 24.2 2.87E-11

A number of GO terms are overrepresented in the WT AEW-treated mice relative to WT VEH-treated mice. GO terms are listed with
corresponding p-values.

a
Scratch-dependent only (genes that are not significant in “no scratch” AEW- versus VEH-treated mice).

b
TRPA1- and scratch-dependent (genes that are not significant in Trpa1 −/− AEW- versus VEH-treated mice and no scratch AEW- versus VEH-

treated mice).

c
TRPA1-dependent only (genes that are not significant in Trpa1 −/− AEW- versus VEH-treated mice).
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