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Abstract

Chronic pruritus is a prominent symptom of allergimtact dermatitis (ACD) and represent a
huge unmet health problem. However, its underlgeiiular and molecular mechanisms remain
largely unexplored. TRPC3 is highly expressed imary sensory neurons and has been
implicated in peripheral sensitization induced bgipflammatory mediators. Yet, the role of
TRPC3 in acute and chronic itch is still not wedfided. Here, we show that, among mouse
trigeminal ganglion (TG) neurons, Trpc3 mMRNA isgweinantly expressed in nonpeptidergic
small diameter TG neurons of mice. Moreover, Trpd3NA signal was present in the majority
of presumptively itch sensing neurons. TRPC3 agomgluced TG neuronal activation and
acute nonhistaminergic itch- and pain-like behassiarnaive mice. In addition, genetic deletion
of Trpc3 attenuated acute itch evoked by certammon nonhistaminergic pruritogens,
including endothelin-1 and SLIGRL-NH2. In a murim@del of contact hypersensitivity (CHS),
Trpc3 mMRNA expression level and function were uptegd in the TG following CHS.
Pharmacological inhibition and global knockout opd3 significantly alleviated spontaneous
scratching behaviors without affecting concurrartaoeous inflammation in the CHS model.
Furthermore, conditional deletion of Trpc3 in pripmaensory neurons but not in keratinocytes
produced similar antipruritic effects in this madehese findings suggest that TRPC3 expressed
in primary sensory neurons may contribute to aant&chronic itch via a histamine independent
mechanism and that targeting neuronal TRPC3 mighefit the treatment of chronic itch

associated with ACD and other inflammatory skirodilers.
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1. Introduction

Persistent pruritis is a major symptom of allergpnitact dermatitis (ACD) with a profound
impact on patients’ quality of life[45]. Despite jprevalence, chronic itch Is underappreciated
and difficult to manage. Although antihistamines tre first choice for antipruritic treatments,
many of them can produce severe side effects, asicdhowsiness and dizziness. In addition,
most chronic itch conditions are resistant to astifmines, indicating the existence of
nonhistaminergic itch mechanisms [31]. Yet, sucleimaa@isms remain incompletely undefined.

TRPC3 is a member of the canonical subfamily®RPTchannels (subtypes 1-7) [9]. Within

sensory ganglia, TRPC3 is predominantly expressedsubset of nonpeptidergic (NP) small
diameter primary sensory neurons [6; 9]. Singlé RBIAseq analysis has identified that the
Trpc3 gene is expressed across all three distinct popogaof itch sensory neurons: NP1 [which
expess Mas-related G protein—coupled receptor @KD)]; NP2 (which express MrgprA3);
and NP3 [which express the peptides natriureti¢igpe (Nppb) and somatostatin (Sst)] [19;
50], indicating a potential role of TRPC3 in itciopessing. However, this notion is challenged
by recent findings that genetic deletion and Igdermacological blockade of TRPC3 did not
alter MrgprD- or MrgprA3-mediated acute itch, resipeely[6; 41]. Double knockout ofrpc3/6
had no significant effects on CQ- evoked cutaneamsory fiber firing [39]. Although these
studies failed to establish a clear role of TRP€8&dute itch elicited by CQ or the MrgprD
agonistB-alanine[6; 41], it is unclear whether activatidif®RC3 alone induces acute itch. In
addition, the role of TRPC3 in chronic itch in exfhmatory skin disorders remains controversial.

Pharmacological inhibition of TRPC3 was shown te\ahte chronic itch in a mouse model of



contact dermatitis [43]. A more recent study fotimat deletion offrpc3 increased scratching
responses in mice with contact dermatitis inducedduaric acid dibutylester (SADBE) [4].
Unlike the published standard SADBE-induced derisatiodel [10; 13], this study remarkably
prolonged SDABE challenge which may cause differembune responses and pathology in the
inflamed skin and peripheral neural circuits.

Pruritogens are thought to induce itch by éxgisensory neurons largely via activation of
Gq protein-coupled receptors (GPCRS) [48]. TRPG8okls are commonly activated by Gq
protein coupled GPCRs and serve as a versatile stosam effector in multiple signaling
pathways, including those activated by endothel{(ig-1), ATP and proteinase [2; 34; 47].
Given that many of these mediators and their recegre key players in nonhistaminergic itch
[1; 12; 42], it is conceivable that TRPC3 mightdtian as an integrator of these itch signaling
pathways. In addition, TRPC3 was shown to be fonetlly coupled to receptors for multiple
inflammatory mediators that trigger peripheral s&region in sensory neurons [2]. Our previous
study identified TRPC3 as a key downstream trantssluchannel of IgG immune complex
(IgG-IC)/FeyRI signaling in sensory neurons, suggesting thdT&might be involved in
sensory symptoms associated with inflammatory d=se§38]. Therefore, we hypothesized that

TRPC3, particularly in primary sensory neurons,tgbates to both acute and chronic itch.

2. Material and methods

2.1. Animals

Adult mice of both genders that were 2 to 4 momtldsand 20 to 30 g weight were used for all
the experiments. Animals were housed under a 124ght/12-hour dark cycle with ad libitum

access to food and water. The breeders of glfitpaB knockout andrrpc3™ mice were



provided by Drs. Barbara Miller (Pennsylvania Stateversity) and Lutz Birnbaumer (National
Institute of Environmental Health Sciences), reigely. Conditional deletion ofrpc3 in

primary sensory neurons or in keratinocytes wageaeh by crossingrpc3”" mice with a
PirtCre mouse line [18] or a K14Cre mouse line (Stock B8964; Jackson lab). All mice were
maintained on a C57BL/6 background. All experimeptacedures were approved by the
Institutional Animal Care and Use Committee of Johtopkins School of Medicine and were
consistent with the guidelines provided by the dlai Institute of Health and the International
Association for the Study of Pain.

2.2. RNAScope in situ hybridization and immunohistochemistry

Mice were deeply anaesthetized with 20% urethaddramscardially perfused with phosphate
buffered saline (PBS) followed by 4% paraformaldihyPFA). Mouse trigeminal ganglia (TG)
were harvested and postfixed for 2 hrs in 4% PFA&. TG were subsequently washed three
times with PBS, followed by cryopreservation in 38&erose overnight at 4 °C. Tissues were
then embedded in Tissue-Tek OCT compound (Sakmatdk, Torrance, CA) and
cryosectioned at 12 pm. In situ hybridization (RNABe) was performed using the Multiplex
Fluorescent Kit v.2. [Advanced Cell Diagnostics (3CNewark, CA] according to the
manufacturer’s instructions. Pre-hybridization, hgitzation and washing were performed
according to standard protocols as described puslyjf21]. The probes were designed by the
manufacturer and available from ACD (Newark, CA)eTollowing probes were used in this
study: Mm-Trpc3-C1 (#572151), Mm-Trpal-C2 (#400214), Mm-Nppb-C3 (#42502-C3), and
Mm-Sst-C2 (#404631-C2). A negative control probaiasft the bacterial DapB gene
(cat#700141, ACD, Newark, CA) was used to checlnfor-specific/background signals. The

RNAScope signal was visualized by using Opal 5769fr (Akoya Biosciences, Marlborough,



MA). Following the completion of the RNAScope protd, immunohistochemistry was
performed. After blocking with 10% donkey serunPBST (0.1% Triton X-100 in PBS) for 1

hr at room temperature, sections were incubatethmle at £C with the following primary
antibodies: chicken anti-NeuN (1:200; Aves); ralaiti-CGRP (1:500; Immunostar); sheep
anti-TH (1:1000; Millipore); rabbit anti-GS (1:100Rbcam); and guinea pig anti-P2X3 receptor
(1:2000; Millipore). Sections were then washedéhimes and incubated with the following
complementary secondary antibodies: Donkey abtitdgG Cy3 or Alexa 647 (1:500; Jackson
ImmunoResearch); Donkey anti-sheep IgG Alexa 6450(I; Jackson ImmunoResearch);
Donkey anti-Guinea pig IgG Alexa 488 (1:500; JackbomunoResearch); and Donkey anti-
chicken IgG Alexa 488 (1:500; Jackson ImmunoRe$gatCRT for 1 hr. For IB4 staining,
sections were incubated with Alexa Fluor 647-coafad isolectin B4 (1B4; 1:200; Invitrogen)
along with other secondary antibodies. To visealirgprA3 TG neurons, TG tissues from
MrgprA3°¢ S mice [14; 22] were stained with chicken anti-GFELQDO; Aves) followed by
Donkey anti-chicken 1gG Alexa Fluor 488 (1:500; kKsmn ImmunoResearch). Images were
captured using a confocal microscope (Nikon Al+Mille, NY). Three sections per TG at
different depth were analyzed in a blinded manisargiNIS-Elements software (Nikon,

Melville, NY). A semi-quantitative scoring systermopided by the manufacturer (ACD, Newark,
CA) was used to analyze RNAScope signals (Scone Btaining or <1 punctum/10 cells; Score
1: 1-3 puncta/cell; Score 2: 4-9 puncta/cell antenar very few dot clusters; Score 3: 10-15
puncta/cell and/or <10% dots in clusters; Scoreld puncta/cell and/or >10% puncta in
clusters). For the expression of a given gene, (E:gc3 mRNA), positive signals were defined
as puncta or clusters present around the nuclalierazytoplasm of a single neuron with a score

>2. For the coexpression dfpc3 and other genes (i.&rpal, Sst, andNppb), puncta clusters of



C1 and C2/C3 channels associated within a TG oely vere considered as double positive,
whereas neurons with only C1 or C2/C3 puncta ctastere counted as single positive [3].
2.3. Culture of dissociated mouse TG neurons

Mouse TG neurons were isolated and cultured asqusly described [37]. Briefly, mouse TGs
were removed quickly and transferred to ice-colshplete saline solution (CSS) for cleaning
and mincing. The CSS contained (in mM): NaCl 13¢] K.3, MgC} 1, CaC} 3, Sorbitol 25,
and HEPES 10, adjusted to pH 7.2 with NaOH. Maduss were then digested with Liberase
TM (0.35U/ml; Roche, Mannheim, Germany) for 20 miés) and for another 15 minutes with
Liberase TL (0.25 U/ml; Roche, Mannheim, Germamg papain (30 U/ml; Worthington,
Lakewood, NJ) in CSS containing 0.5 mM EDTA (Inegen, Vilnius, Lithuania) at 37°C. After
enzymatic digestion, cells were dissociated bylgénturation in a cultured medium containing
1 mg/ml bovine serum albumin (Sigma, St Louis, M@YJ 1 mg/ml trypsin inhibitor (Sigma, St
Louis, MO), and placed on poly-D-lysine (100 pg/®igma, St Louis, MO)/laminin (80 pug/ml;
Sigma, St Louis, MO) coated glass coverslips. Thieiee medium contained equal amounts of
DMEM and F12 (Gibco, Grand Island, NY) with 10% tieeactivated FBS (Hyclone,
Marlborough, MA), 1% penicillin and streptomycinif@o, Grand Island, NY) and nerve growth
factor (50 ng/ml; Sigma, St Louis, MO). Cells wenaintained at 37°C in a humidified
atmosphere of 95% air and 5% CO2 and used withi4llrs.

2.4. Calcium imaging of cultured TG neurons

Mouse TG neurons were loaded with Fura-2-acetoxyphesster (Fura-2 AM; 1 uM; Invitrogen,
Vilnius, Lithuania) in the dark for 30 minutes at°€. After loading, TG neurons were washed
in HEPES buffer to remove extracellular dye and@dbin a recording chamber continuously

perfused with HEPES buffer at a flow rate of 1 mifrat room temperature. The HEPES buffer



contained (in mM): NaCl 145, KCI 3, Mg&£2, CaCl 2, glucose 10 and HEPES 10 (adjusted to
pH 7.4 with NaOH). Ratiometric calcium imaging waesformed at room temperature (20—
22°C) using an invert microscope (Nikon ECLIPSE U&2Melville, NY). TG neurons were
alternatively excited at 340 and 380 nm and image® recorded at 2-s intervals using a cooled
CCD camera (DC-152Q-CO00-FI; ANDOR, Belfast, North&reland) controlled by a computer
with NIS-Elements AR software (Nikon, Melville, NYJhe ratio of 340 nm to 380 nm

fluorescence intensity [Bio3s0] Within a certain region of interest was used aslative
. . L2 .
measure of the intracellular concentration of u:aic([Ca+]i). At the end of the experiment, the

viability of the neurons was confirmed by an ing@&a [C621+]i evoked by a 20-s application of
50 mM KCI. Neurons were considered to be respornsiechemical if an increase in R340/380
was equal or greater than 15% above baseline [53K1702934A (GSK, FOCUS
biomolecules, PA or TOCRIS, Bristol, UK) was dissad in 100% ethanol and then diluted to
the concentration of 0.1, 1, 10 and 100 uM. Theeddther chemicals was chosen based on
previous studies [25; 37]: 1 mM Chloroquine (C(@r8a, St Louis, MO), 100 uM allyl
isothiocyanate (AITC; Sigma, St Louis, MO), andNl papsaicin (Cap; Sigma, St Louis, MO).
2.5. Mouse model of contact hypersensitivity (CHS)

CHS was induced using the contact sensitizer SADRIKyo Chemicals Inc., Japan) or 1-
Chloro-2,4-dinitrobeneze (DNCB, Acros Organics,dd@in, NJ) as reported previously [29; 33].
DNCB induced CHS was used only for pharmacologsgleriments. Briefly, mice were
sensitized by topical application of 1% SADBE (#5n acetone) or 2% DNCB (50 pl in
acetone) onto the abdominal skin once daily foeghoonsecutive days. Five days later, mice
were challenged with 1% SADBE or 1% DNCB (25in acetone) topically applied, either to the

right ear (for behavioral tests) or cheek (for itnosstudies) once daily for three consecutive days



Separate groups of mice were sensitized and clgaitewith acetone alone and served as
controls. For pharmacological experiments, TRPQGagonist Pyr3 (0.1 mg/kg, 1Q0; TOCRIS,
Bristol, UK) or vehicle (0.1% DMSO in saline) wagnainistered intraperitoneally (i.p.) once
daily starting on the day of thé' thallenge for six consecutive days.

2.6. Behavioral testing

For behavioral measurements, the experimenters bliaged to genotypes and treatments.
Animals were habituated to the behavioral testipgeaatus for 1 h once daily for three
consecutive days before the testing day.

For the cheek model of acute itch, the fur andheek was shaved 3 days before testing. On
the day of the experiment, 10 ul of GSK at difiereémses (5, 10, and 20 pug) was subcutaneously
(s.c.) injected into the left cheek of awake naivee. Control animals received the equivalent
volume of the vehicle (20% HPCD). Immediately aftgections, the mouse was placed in the
recording chamber and video recorded for 30 mihe. {btal number of spontaneous scratching
with the hind paw and wiping with the forepaw weqrentified in a blinded manner. A bout of
scratching was defined as a hind paw scratchiregthd at the area of injection, and a bout of
wiping was defined as a single forepaw strokingitijection site. In some experiments, either
histamine receptor 1 (H1R) antagonist, cetirizid@ ifng/kg, 100 pl, TOCRIS, Bristol, UK) or
vehicle (saline; 100 pl) was administered i.p. 30 before GSK was injected into the cheek.

For the neck model of acute itch, the fur on tretred back was shaved 3 days before
behavioral testing. Mice were administered withraradermal (i.d.) injections of 50 ul of the
following pruritogens into the nape: histamine (20§), PAR2 agonist SLIGRL-NH2 (100 ug),

ET-1 (25 ng), and-Me-5-HT (20 pg). All agents were dissolved in saliScratching responses



were video recorded for 30 min and subsequentiytified by observers blinded to genotype
and treatment.

For the CHS model, site-directed spontaneous strgfevas videoed for 30 min on day 3
after the &' challenge and the total number of scratches wasted by observers blinded to
treatments and genotypes. Mouse ear thickness wasured three times with a digital caliper
before and after each challenge.

2.7. Quantitative reverse transcription polymerase chain reaction (QRT-PCR)

TG, DRG, thalamus, cerebellum, and ear tissues &itmer control or CHS mice were collected
at day 3 after the'3challenge. Total RNA was extracted using the RMdip&l tissue mini kit
(QIAGEN, Hilden, Germany) according to the manufiaet's suggestions and then reverse-
transcribed to complimentary DNA using the iScapiNA synthesis kit (Bio-Rad, Hercules,
CA). Quantitative real-time PCR was performed ara-time PCR system (QuantStudio 3;
Applied Biosystems Corp., Beverly Hills, CA) usitige PowerUp SYBR Green Master Mix
(Applied Biosystems, Beverly Hills, CA). The prinsansed are summarized in Supplemental
Table 1 (available at http://links.lww.com/PAIN/B&3 Each sample was performed in duplicate.
The expression levels of the target genes weretidiearelative to the level gf-actin (Actb)

gene expression using thé*2™ method.

2.8. Skin histology

Mouse ears were collected on day 3 after fhetallenge, post-fixed in 4% paraformaldehyde
for 24 hours, and dehydrated in ethanol and thdmeeloted in paraffin. Sections were cut at a
thickness of 5 um and stained with hematoxylin &erdH&E). Three sections at different
depth from each mouse were chosen for analysisefiidermal thickness was evaluated by

observers blinded to treatments and genotypes UsiageJ software (NIH).

10



2.9. Cdll preparation and flow cytometry

On day 3 after theBchallenge with either acetone or SADBE, the essui was excised using
a 4 mm biopsy punch (Miltex, Inc., York, PA), cato small pieces and placed in RPM1640
media containing 1.25 mg/ml Dispase Il (Sigma, &tik, MO), 2 mg/ml Collagenase 1l (Gibco,
Grand Island, NY) and 2 mg/ml Collagenase IV (GilBoand Island, NY). The ear tissue was
incubated at 3 for ~75 min. The digested ear tissues were passedgh a 70 um cell
strainer, pelleted and washed in phosphate bufigade. Cells were then stained with Aqua
Live/Dead viability dye (Biolegend, San Diego, C&)exclude non-viable cells. Cells were
treated with CD16/CD32 Fc block (1:100; eBioscigriganta Clara, CA) for 10 min prior to
staining with CD45-FITC (1:100, Biolegend, San @ie@A). Data were acquired with a
CytoFLEX LX (Beckman Coulter, Indianapolis, IN) flocytometer, and analyzed using FlowJo
v10 software (TreeStar).

2.10. Measurement of extravasation of Evans Bluein the skin

Evans Blue dye (1.5 mg/ml; 200 pl in saline; Sigmva} injected retro-orbitally to adult mice
anesthetized with ketamine/xylazine (i.p; ketanif® mg/kg; xylazine 10 mg/kg). Five minutes
later, GSK (20 pg, 10 ul in 20% HPCD) and vehi@@% HPCD; 10 ul) were injected s.c. into
each mouse hind paws, respectively. Substanc®P®BuM, 10 ul in saline) served as a
positive control. Photographs were taken 15 minates injection. Mice were then euthanized
by CO; inhalation, paw tissue was collected, dried foh2at 50°C, and weighed. The Evans
Blue dye was extracted from the tissue by a 24tbation in 1 ml of formamide at 50°C, and
the OD was read at 600 nm with the correction wavgth at 740 nm using a FlexStation3 plate

reader (Molecular Devices) [28].11. Statistical analysis
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Data are presented as means + SEM. Sample sizesh@sen based on our pilot experiments
and field conventions to accurately detect statisgignificance and considering ethical animal
use, experiment design, resource availability, tactinical feasibility. Comparisons of
proportions were made using Chi-square test. Atiiled Student’s t test was used to test the
significance of differences between two groups. Gamnsons for multiple groups or multiple
time points were carried out using a one-way ortvay ANOVA for random measures, or
repeated measures followed by Bonferroni’s posttestcomparisons. P value less than 0.05
was considered significant. The types of statistests used for each comparison are noted in

each figure legend.

3. Results

3.1. TRPC3isexpressed in a subset of mouse TG neurons

To define the expression profile of TRPC3 in prignsensory neurons, we performed
RNAScope in situ hybridization on mouse TGs usiognmercialTrpc3 RNA probesTrpc3
MRNA signal was expressed in 37.2 + 2.5% of TG oesirthe majority of which were small-
sized neurons (Fig. 1A, B). The specificityToppc3 mRNA detection was validated by a loss of
RNAScope signal in wildtype TG sections stainechwitnegative probe (Fig. 1C). To further
map the expression pattern of TRPC3 in TG neurnvagerformed double staining forpc3
mMRNA and markers of different cell populations (Fig. ER-Trpc3 mRNA signal was highly
co-expressed with IB4 (a maker for non-peptidengiorons) but had a little overlap with CGRP
(a marker for peptidergic neurons). However, werttittobserve obvious colocalization of
Trpc3 mRNA signal with tyrosine hydroxylase (TH; a markar C-type low-threshold

mechanoreceptors) or glutamine synthetase (GSgHiteaglial cell marker).
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Since TRPA1 and P2X3 receptor (P2X3R) are considasatch related receptors [42; 53; 54],
we asked whether TRPC3 is colocalized with thesept®rs. Approximately 50% of Trpaar
P2X3R neurons coexpress@dpc3 mRNA signal (Fig. 2A, B). Given that MrgprA3, Nipand
SST are exclusively expressed in small-diameteramsuand sensory neurons that express these
markers are critical to transmit itch signals [18; 30], we next sought to assess whether
TRPC3 is expressed in these itch-specific neurdssexpected, the majority &t*, or all
Nppb" andMrgprA3®™* neurons coexpress@dpc3 mRNA signal (Fig. 2C-E). These results
provide an anatomical basis for a potential rol@ ®PC3.in itch sensation.

3.2. TRPC3 agonism directly activates mouse TG neurons
We next performed ratiometric €dmaging to determine whether TRPC3 is functional i
mouse TG neurons. TRPC3 agonist GSK1702934A (G8Khbt vehicle caused a significant

+/+

increase in Ro3s0in a subset of TG neurons frofmpc3™ ™ mice in a dose dependent manner
(Fig. 3A-G). Such effect was significantly dimineshin globalTrpc3” mice (Fig. 3G). Since the
majority of pruritogen receptors are usually codpl® TRPV1 or TRPAL [17; 53], we further
determined whether GSK -responsive neurons ovezthppth these two cell populations . We
found that 55.9% and 86.1% of GSK-responsive neuatsp responds to the TRPV1 agonist
capsaicin and the TRPAL agonist AITC, respectiyElg. 3H). In addition, about half of GSK-
responsive neurons were sensitive to CQ, an agimmisrgprA3. These data suggest that
functional TRPC3 is expressed in a heterogenousesuh primary sensory neurons that may
play distinct roles in itch processing.

3.3. TRPC3 activation elicits acute non-histaminergic itch

Given that TRPC3 was expressed in a subpopulafion@ceptors and pruriceptors [6; 7], we

next asked whether activation of peripheral TRPZ&BK is sufficient to trigger itch and/or
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pain behaviors in the naive state. To test thssibdity, we used a mouse cheek model of itch
that allows us to distinguish pain versus itchingécated by distinct pain-like wiping by
forelimbs and itch-like scratching by the hind lisnfg-ig. 4) [36]. In naive mice, subcutaneous
(s.c.) injection of GSK into the cheek of wildtypéce significantly increased the number of site-
directed scratching bouts in a dose-dependent macwmpared to vehicle (Fig. 4A-C). Notably,
mice injected with GSK (20 ug; 10 pl) scratched imdimtely and intensively for 15 min (Fig.
4C). In addition, s.c. injection of GSK also evoledignificant greater number of bouts of
wiping than vehicle (Fig. 4B). However, there waresignificant differences in the number of
wiping bouts evoked by GSK among doses. The pead of GSK induced wiping responses
occurred within the first 5 min after the injecti@fig. 4D). To further examine whether GSK
induced scratching behavior is histamine-depend€tR antagonist cetirizine (Ctz) or vehicle
was administered i.p. 30 min before i.d. injectdrSK to the mouse cheek. However, no
significant differences were observed in GSK-indLseratching behaviors between treatments,
suggesting that GSK-evoked itch is non-histamireefgig. 4E).

Since GSK was shown to activate both TRPC3 and |3, 55], we further assessed
whether TRPCS3 is necessary for pruriceptive andgeieptive effects of GSK using global

+/+

Trpc3”™ mice. GSK-induced scratching and wiping respoosesrved infrpc3*’" mice was
markedly diminished in globdlrpc3’ mice, indicating the involvement of TRPC3 in this
process (Fig. 4F, G). Overall, these data indictitatiactivation of TRPC3 by GSK is sufficient
to evoke both acute itch and pain behaviors.

To determine whether GSK induces edema and inflalromave investigated the effects of

GSK on vascular permeability in the hind paw ofdiype mice using Evans Blue dye.

Intraplantar injection of either GSK or a posita@ntrol, Substance P, induced obvious

14



extravasation of Evans Blue in the hind paw of tyiid mice compared to vehicle
(Supplemental Figure 1A, B, available at http:ktinww.com/PAIN/B634). To further examine
whether sensory neuron expressed TRPC3 is invatvids process, we compared GSK-
induced extravasation of Evans Blue between wileltgpd sensory neuron specifigpc3
knockout mice. This mouse line was achieved bysingsTrpc3"" mice with aPirtCre mouse
line (PirtCre:: Trpc3"™: Supplemental Figure 1C, available at http://like.com/PAIN/B634).
gRT-PCR analysis iRirtCre:: Trpc3"™ mice confirmed that the decreaseTofc3 mRNA
expression specifically occurred in the TG and DiRGnot in the thalamus or cerebellum
(Supplemental Figure 1D, available at http://lihkg..com/PAIN/B634). There were no
significant differences in Evans Blue extravasatiothe hind paw evoked by GSK between
PirtCre:: Trpc3"™ andPirtCre negative control littermates (Supplemental FigLEe F, available
at http://links.lww.com/PAIN/B634). This result sygpts that GSK is able to induce edema and
inflammation, but that it does so independentiyieiironal TRPC3.
3.4. TRPC3 mediates acute itch evoked by non-histaminergic pruritogens

To further explore a potential role of TRPC3 irhigensation, we next set out to evaluate
scratching behaviors in wildtype and gIoB’qch"‘ mice after i.d injection of histaminergic or
non-histaminergic pruritogens into the nape ofrteek. Compared with wildtype animals, global
Trpe3” mice exhibited a significant reduction in scratghbehaviors evoked by histaminergic-
independent pruritogens, including endothelin-1ETthe PAR2 agonist SLIGRL-NHFig.
5A, B). However, we did not observe obvious differes in scratching responses elicited by
histamine and the serotonin receptor 2B aganidie-5-HT between genotypes (Fig. 5C, D). We
next asked whether neuronally expressed TRPC3mnsible for acute itch evoked by these

two nonhistaminergic pruritogens usiRigtCre:: Trpc3"™ mice. Specific deletion dfrpc3 in
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primary sensory neurons attenuated scratching b&iseevoked by both pruritogens (Fig. 5E, F),
suggesting that TRPC3 may serve as a pruritogéfeicter for those itch signaling pathways.
3.5. Genetic deletion and pharmacological inhibition of TRPC3 attenuates allergic itch in the
CHS model

Given that TRPC3 has been implicated in allerggeases[51; 52], we next asked whether
TRPC3 plays a role in allergic itch associated V@thS, a mouse model of ACD, induced by
SADBE (Fig. 6A). On day 3 after th&?2hallenge, wildtype mice subjected to SADBE
challenge displayed more site-directed spontansoiagching behaviors on the ear than acetone-
treated control animals (Fig. 6B). However, globgdc3”™ mice scratched much less than
wildtype littermates during CHS (Fig. 6B). To fuer dissect the contributions of neuronal and
non-neuronal TRPC3 to chronic itch, we geneticdéietedTrpc3 expression in one or more
selected cell populations before the inductionefuhtitis, includingK14Cre:: Trpc3™ (to

target keratinocytes) arirtCre:: Trpc3™" (to target peripheral sensory neurons). In theednt
of CHS, PirtCre:: Trpc3"" mice showed significantly reduced spontaneougddtiray responses
compared td?irtCre negative controls. (Fig. 6C). However, no sigafitdifferences in
spontaneous scratching responses were observeddretvildtype and14Cre:: Trpc3"" mice
(Fig. 6D). These results support the notion thaPTR expressed in sensory neurons but not
keratinocytes mediates inflammatory itch associatighd CHS. To circumvent potential
confounds of genetic deletion dfpc3, we explored whether acute pharmacological bloelatd
TRPC3 attenuated allergic itch following CHS. Irceniwith CHS, systemic administration of
Pyr3 but not vehicle significantly attenuated spoebus scratch responses (Fig. 6E).

3.6. TRPC3isnot involved in skin inflammation in the CHS model
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Given that TRPC3 is widely expressed in immunescatid acts as a key player in the regulation
of immunity [8; 15; 46], we assessed whether disfirdl scratching responsesTipc3” mice

are secondary to reduced skin inflammation. Intergly, we did not observe obvious
differences between genotypes in ear swelling twe (Fig. 7A) or in epidermal thickening as
analyzed by H&E staining on day 3 after tfitchallenge (Fig. 7B, C). In-addition, gPCR
revealed an upregulation of MRNAs encoding a nurabproinflammatory markers (e.4-6,
1-1b, cxcl1, andexcl10) in mouse ear tissues on day 3 after fA&BDBE challenge compare to
vehicle controls (Fig. 7D). However, these changere not significantly different between
genotypes (Fig. 7D). We next performed flow cyttipéo compare immune cell infiltration in
the ear skin between wildtype and glolﬁqbc3"' mice. Compared to vehicle, SADBE treatment
caused an enrichment of immune cells in the earessured by CD4%ell percentage on day 3
after the ' challenge. However, we did not observe obvioufedifices in CD45cell

percentage between genotypes (Fig. 7E, F).

3.7. CHS upregulates TRPC3 signaling in TG neurons

We performed gPCR on TG tissues from wildtype nhicassay for alterations irpc3 mRNA
expression level following CHS. On day 3 afterfﬁff’echallenge, the mean expression level of
Trpc3 mMRNA in the TG was significantly greater in micemCHS than in vehicle-treated mice
(Fig. 8A). To determine whether the function of remal TRPC3 is upregulated in the setting of
CHS, we compared Earesponses evoked by GSK in TG neurons from coménsus CHS

mice on day 3 after thé%challenge. The percentage of GSK responsive newas

significantly greater in CHS mice compared to ihatontrol animals (Fig. 8B-D), Among GSK
responsive TG neurons, we observed larger propartdd CQ- and Cap-responding neurons in

CHS mice compared to those in control animals (&t9).
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4. Discussion

In this study, we provide novel evidence that atton of TRPC3 in sensory neurons is
sufficient to trigger acute histamine-independécstt in naive states. TRPC3 is also involved in
acute itch evoked by certain types of nonhistangiicgsruritogens. In addition, neuronal TRPC3
contributes to spontaneous itch independent of iskimmmation in the context of CHS.

TRPC3 is predominantly expressed in nonpeptidenigiall diameter sensory neurons,
including MrgprA3 and MrgprD itch-mediating neurons[6]. Although previous stsifailed to
establish that TRPC3 was involved in MrgprA3 an@mD mediated acute itch[6; 40], little is
known about whether activation of TRPC3 itself ioesl acute itch and whether neuronal
TRPC3 contributes to chronic itch in the contextlefmatitis. In this study, we provide several
complementary lines of evidence that support angiaterole of peripheral neuronal TRPC3 in
itch processing. First, RNAScope revealed Tr@c3 mRNA is coexpressed with certain itch
related receptors, such as TRPAL and P2X3R. Algm3 mRNA signal is present in the
majority of NP3 itch sensory neurons (Nppb+ and $&urons), consistent with previous single
cell RNAseq data[50]. In addition, RNAseq analysishuman tissues has revealed TRPC3
expression in human TG and DRG [11; 32]. MoreoVepc3 mRNA transcripts were
coexpressed with itch-related transcripts in huB®& neurons[32]. These findings provide an
anatomical basis for a potential role of TRPC3¢h sensation. Second, the TRPC3 agonist
GSK directly induced sensory neuron activationagmeement with above anatomical
observations, GSK responsive neurons also overthpjid the neurons that responded to the
agonists for MrgprA3 and TRPAL. Third, in naive @iexogenous administration of GSK

evoked scratching responses in the cheek of thesen@uch effects were diminished in mice
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lacking Trpc3, suggesting the involvement of TRPC3. In additi@®K-evoked scratching
responses were likely independent of histamineesamcH1 receptor antagonist failed to inhibit
this effect. Given the time window of rapid modigatof neuronal activity by ligand (minutes to
hours), these transient changes in itch behaviwkesl by GSK are likely mediated by neuronal
activation. Given that TRPC3 and TRPC6 have sinstarctures, there are no commercial
specific TRPC3 agonists available. Thus, we canaotpletely rule out the additional
involvement of TRPC6 in neuronal and/or behavieftdcts of GSK. Further experiments are
needed to test this possibility using availafipc6” mice: Fourth, TRPC3 is involved in certain
forms of histamine-independent itch elicited by @eom pruritogens, including ET-1 and
SLIGRL-NH,. Given that TRPC3 channels are commonly activete@q protein-coupled
GPCRsJ[2; 34; 47], it is possible that TRPC3 acta dewnstream target of signaling pathways
activated by ET-1 and SLIGRL-NHIndeed, TRPC3 was reported to be functionallyptedi to
receptors for these two molecules|2; 34].

A previous study reported that intrathecally daledepharmacological inhibition of TRPC3
alleviated chronic itch in mice with contact derigatinduced by diphenylcyclopropenone,
possibly through effects on spinal microglia [A8Je have complemented these findings by
showing that global deletion and conditional deletof Trpc3 in primary sensory neurons each
significantly alleviated spontaneous itch in theSHodel. Other than sensory neurons, many
other cell types express TRPC3, including kerajtex{8; 15; 20]. Yet, genetic deletion of
Trpc3 in keratinocytes failed to attenuate chronic ittithe setting of CHS, suggesting that
TRPC3 expressed in keratinocytes is not requiredlfergic itch.

Unlike another recent study [4], we observed tledetibn of Trpc3 attenuated rather than

enhanced scratching responses in mice with SADBIHeed contact dermatitis. This
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discrepancy might be explained by different proceddor SADBE challenge. Our present study
strictly followed a published procedure in whicmsiéized mice were challenged by topical
application of SADBE for three consecutive days, [IB]. By contrast, the other study involved
longer (i.e., 5 days) SADBE challenge, which milgave evoked different inflammatory
processes and pathology in the inflamed skin anighperal neural circuits [4]. In addition,
observation time points and affected skin arederaifl between our studies. In the other study,
the investigators also found that the somata anttalderminals of MrgprD neurons were lost in
Trpc3 ™ mice after SADBE challenge[4]. They also reporteat both peptidergic and MrgprD
epidermal nerve fibers were lost in the SADBE modghardless of genotype, though there was
no difference between wildtype and Trfcice in dermal MrgprD nerve fiber density[4].
Given that MrgprD neurons are reportedly critical iich transmission [24], the loss of MrgprD
neurons might have been expected to reduce prtiiegpput and thus diminish, rather than
increase itch responses. Indeed, in our previous/mand in vitro studies, MrgprD neurons
became hyperexcitable following SADBE challenge] [Bwever, loss of epidermal
innervation or ablation of MrgprD neurons increasest cell degranulation and cutaneous
inflammation [56]. The other study proposed that #ffect might explain the enhanced
scratching responses observediipc3” mice during dermatitis [4], although this intergtin
appears inconsistent with the apparently similas lof epidermal MrgprD fibers between
genotypes [4]. Our present study found that knotkdédirpc3 did not alter skin inflammation in
the CHS model. Another potentially important diéfiece between studies was the use of
different Cre mouse lines for the generation ofditonal TRPC3 knockout mice. We employed
PirtCre mice to genetically omit TRPC3 expression in alnadlsprimary sensory neurons

whereas th@rpvlCre mouse line was used in the other study [4]. lusthde noted that TRPC3
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is expression is low in TRPV1 expressing adult sgneeurons [6]. Although the entire TRPV1
lineage is targeted iRRPV1Cre mice, potentially including nonpeptidergic MrgpeRpressing
neurons, TRPC3 deletion in this population of nearmight be less efficient in

TrpviCre:: Trpc3"™ mice than inPirtCre:: Trpe3™ mice. In addition to sensory neurons, TRPV1
is expressed in various types of non-neuronal ¢edls immune cells, astrocytes and microglia)
[44]. These genetic differences may contributédneodpparent discrepancies between studies. All
mice used in present study were on a C57 backgrduisdunclear whether the same strain was
used in the other study.

Given that TRPC3 is expressed in a heterogenousopulation of nociceptors and
pruriceptors [6; 7], TRPCS likely signals both it@hd pain sensations. In support of this notion,
GSK induces both pain and itch in the cheek mdsiece GSK injection may activate multiple
cell types, including neurons, keratinocytes anthime cells, there are multiple pathways
potentially activated by GSK. We also cannot codelwhether our data support a labeled line
or intensity theory of pain and itch coding. Redesd, a lack of specificity for sensory modality
does not weaken the potential importance of TRPGR®h sensation. Indeed, many receptors or
ion channels (e.g., histamine receptors, endothetieptors, TRPV1 and TRPAL1) that are
involved in itch transduction also play pivotaleslin pain processing [26]. In addition, even the
same cell population (e.g., MrgprABeurons) can encode pain or itch in responseffereint
stimuli [41].

Our study also provides transcriptional and fuorai evidence that supports the
enhancement of Trpc3 signaling within TG after diegelopment of CHS. First, gRT-PCR
revealed an upregulation dfpc3 mMRNA expression in the mouse TG following CHS. @el;

calcium imaging experiments clearly demonstratedresiderable degree of functional TRPC3
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upregulation in TG neurons following CHS. A largeoportion of dissociated TG neurons
became responsive to GSK after CHS. The mecharigmsich CHS induces the upregulation
of TRPC3 signaling in the cell bodies of sensoryroas require further study. They might
include the activation of a signaling cascade iimmatory cytokines (i.e., IL{]) in the

context of skin inflammation, which upregulates T3Pexpression [5]. Also, certain
inflammatory cytokines are able to sensitize neafr@iRPC3 and enhance its functional activity
[2; 38]. Neuroinflammation within the TG may alspregulate TRPC3 expression and function
in non-cutaneous TG neurons.

In this study, we did not define the mechanismsvhich TRPC3 channels mediate chronic
itch in the setting of CHS. Dermal inflammationjdgsmal hyperplasia, and immune cells
infiltration appear to be a key contributor to thduction and maintenance of chronic itch in
allergic skin disorders [27; 57]. Yet, we foundttg@bal deletion offrpc3 had no obvious
effects on skin inflammatory processes in the CHSleh Thus, these anti-pruritic effects seem
to be dissociable from skin inflammation. We sugdiest TRPC3 signaling, specifically in
primary sensory neurons, contributes to chronit tkzrough a mechanism that parallels skin
inflammation. Given that nociceptive neurons angatde of regulating innate and adaptive
immune responses[35; 56], we cannot completelyuebecthe contributions of neuronal TRPC3
to inflammatory process beyond the sensitivity wf loistological and biochemical assays.

In summary, we have demonstrated that TRP@Biimary sensory neurons mediates non-
histaminergic itch and may contribute to the pa#masis of chronic itch accompanying CHS via
a mechanism that parallels skin inflammatory precé¢e suggest that TRPC3 may serve as a
new potential therapeutic target for the treatnedérhronic itch associated with contact

dermatitis in which antihistamines are poorly tated or ineffective.
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Figurelegends

Figure1l. TRPC3 is expressed in a subset of mouse TG ney®nRNAScope in situ
hybridization (ISH) ofTrpc3 mRNA expression in a subset of TG neurons of yjidtmice.
Trpc3 mRNA signal (red) was colocalized with NeuN, a paaronal marker (green). n = 3 mice;
scale bar, 100 um. (B) Size frequency distributbiiirpc3 positive neurons. (C) RNAScope
images showing the absencelopc3 mRNA signal in wildtype TG sections stained wath
negative probe (n = 3 mice). (D) Fluorescent imdgethe co-expression dirpc3 mRNA

signal with IB4, CGRP, TH, and GS. Scale bar, 160 (E) Coexpression characterization of
Trpc3 positive neurons (n = 3 mice).

Figure 2. TRPC3 is colocalized with itch related receptord present in itch sensory neurons.
(A-E) Representative image of the coexpressiofr pt3 mRNA with Trpal mRNA (A), P2X3
(B), Sst mRNA (C), Nppb mRNA (D), and GFP signals (MrgprA8™“"mouse; E) in mouse TG

neurons (n = 3 mice), along with quantitative asalyf percentage overlap. Scale bar, 50 pm.

Figure 3. TRPC3 agonism evokes 2C)fatesponses in mouse TG neurons. (A) Representative
fluorescence images of mouse TG neurons loadedRwith-2 at baseline and after stimulation
with GSK1702934A (GSK; 100 pM) and KCI (50 mM). rBws indicate TG neurons
responsive to a given treatment. Scale bar: fi0(B-F) Representative traces of2 baasponses
evoked by vehicle (veh; 0.1% ethanol; B), 0.1 (C{D), 10 (E), 100 uM (F) of GSK (1 min)

and KCI (50 mM, 20 s) in TG neurons from wildtypé&e Black bars above the traces indicate
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the timing of chemical application. (G) Summarymrahowing that GSK evoked dose-

+/+

dependent Caresponses in TG neurons frdfrpc3™* mice. This effect was diminished in TG
neurons from globalrpc3” mice.”p < 0.05 vs vehiclép < 0.05 vs wildtype 100 uM, Chi-
square test. The numbers of responsive cells abtedted are given in parentheses. (H)
Summary graph showing the overlap of GSK-, chlongCQ; 1 mM)-, allyl isothiocyanate
(AITC, 100 uM)-, and capsaicin (Cap; 1 uM)- respead G neurons from wildtype mice. The
numbers of responsive cells vs total tested arengin parentheses.

Figure 4. Activation of TRPC3 elicits acute histamine-indegent itch in naive mice. (A)
Schematic of cheek injection, behavioral assessn@t C) The total scratching (B) and wiping
bouts (C) were elicited in response to subcutané&aag injection of vehicle (20% HPCD, 10
ul), and GSK at the different doses (10 plin 20893D) into the cheek of wildtype mice. n =8
-10 mice per group; **p < 0.01, ***p < 0.001 vs vele; one-way ANOVA with Tukey'’s test.
(D-E) Time course of scratching (D) and wiping (E3ponses before and after s.c injection of
GSK at different doses (10 pl) or vehicle (20% HRQD pl). n =8 -10 mice per group; *p <
0.05, **p < 0.01, ***p < 0.001 vs vehicle; two-waNOVA for repeated measures followed by
Bonferroni's post hoc test. (E) Summary graph singvihe effects of H1R blocker cetirizine
(i.p.; 30 mg/kg, 100 ul) or vehicle (saline, 100 uh scratching responses induced by s.c.
injection of GSK (20 pg, 10 plin 20% HPCD) inteetbheek of naive mice. n = 8 mice per
group. P > 0.05, unpaired Student’s t test. (FE@nmary graph showing the effects of global
deletion ofTrpc3 on scratching (F) and wiping (G) behaviors evolkgd.c. injection of GSK

(20 nug,10 pl in 20% HPCD) into mouse cheek. nmsi@ per group; **p < 0.001 VErpc3*’*;

unpaired Studentstest.

Figure5. Genetic deletion ofrpc3 attenuates acute itch induced by histamine-inddg@n
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pruritogens. (A-D) The total number of scratche80mmin induced by i.d. nape injection of 50
ul of pruritogens, including ET-1 (25 ng; A), SLIGRIH, (100ug; B), histamine (10Qg; C)
ando-Me-5-HT (20pg; D) in wildtype and globalrpc3” mice. n = 8 -12 mice per group; *p <
0.05, vsTrpc3*"" mice; Unpaired Studenttgtest. (E, F) Summary of scratching responses
evoked by ET-1(E; 25 ng; 50 pl) and SLIGRL-N@F; 100 ug; 50 pl) in wildtype and

PirtCre:: Trpc3" mice. n = 9 -12 mice per group; *p < 0.05Trpc3™™ mice; unpaired Student’s
t test.

Figure6. TRPC3 mediates allergic itch in the CHS mode). EAperimental diagram showing
the induction of CHS on mouse ear, drug deliveny laehavioral procedures. (B-D)
Measurements of spontaneous scratching bouts azathef wildtype, globalrpc3” mice (B),
sensory neuron specifitpc3 knockout mice RirtCre:: Trpc3™: C) and keratinocyte specific
Trpc3 knockout mice14Cre:: Trpe3"™: D) subjected to vehicle control (Ctrl group) and
SADBE challenge (CHS group). The number of sporgasecratching events was counted over

+/+

a 30 min period. n =8-11 mice per group; **p.8Dvs Ctrl; # p < 0.05 vBrpc3™, two-way
ANOVA with Bonferroni’s post hoc test. (E) Spontans scratching bouts in mice treated with
Pyr3 (i.p.; 0.1 mg/kg, 100 pl) compared to thosated with vehicle (veh; 0.1% DMSO, 100 ul)
on day 3 after CHS induction. n = 8 mice per grotip;< 0.01 vs Ctrl; unpaired Studentsest.
Figure7. TRPC3 does not contribute to cutaneous inflammatidghe CHS model. (A) Time
course of ear thickness in wildtype and globaic3” mice treated with vehicle (Ctrl) and
SADBE (CHS). n = 6 - 8 mice per group; *¥0.01, ##p < 0.01, vs Ctrl, two-way ANOVA for
repeated measures followed by Bonferroni’s posttest (B) Representative images of H&E-

stained ear sections taken from wildtype and gldbat3” mice treated with vehicle (Ctrl) or

SADBE (CHS) on day 3 after th&2hallenge. Scale bar, 200 um. (C) Quantificatibn o
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epidermal thickness. n = 4 mice per group; *p $0t&o-way ANOVA with Bonferroni’s post
hoc test. (C) gRT-PCR analysis of the mRNA expoeskevels ofil6, cxcll, il1b andcxcl10 in
the ear of wildtypend globallrpc3” mice on day 3 after challenge. n = 3 - 4 micegueup. *p
< 0.05, two-way ANOVA with Bonferroni’s post hocste (E) Representative flow cytometry
plots of vehicle (Ctrl)- and SADBE (CHS)-treated skin of Trpc3™* andTrpc3” mice.

Numbers indicate the percentage of positive celisimwboxes. (F) Quantification of the

proportion of CD45 leukocytes per biopsy from vehicle (Ctrl)- and SB(CHS)-treated ear
skin of wildtype andrrpc3” mice. n = 5 - 6 mice per group. **p < 0.01, twoywaNOVA with
Bonferroni’s post hoc test.

Figure 8. CHS upregulates the expression and function of TRIAR@ouse TG neurons. (A)
gRT-PCR analysis dfrpc3 mRNA expression normalized to thatAsdtb in in the TG of control

(Ctrl; n = 3 mice) and CHS mice (n = 4 mice) ong dter the 5 SADBE challenge. *p < 0.01

vs Ctrl; unpaired Student’s t test. (B-C) Repreatwe traces of Czaresponses evoked by GSK
(200 uM, 1 min) in TG neurons from control (Ctrly &d CHS (C) mice. Black bars above the
traces indicate the timing of chemical applicati@) The percentage of TG neurons that
responded to GSK was significantly larger in CH®8erthan that in control mice. *p < 0.05 vs
Ctrl, Chi-square test. The numbers of responsilis ge total tested are given in parentheses. (E)
The percentage of GSK responsive neurons tharedgmnded to CQ or Cap was significantly
increased in CHS mice compared to that in contighals. *p < 0.05, **p < 0.01 vs control,

Chi-square test. The numbers of responsive cellstabtested are given in parentheses.
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Fig. 8
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