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Abbreviations.

ACD: Allergic contact dermatitis

BNP: Brain-derived natriuretic peptide
DRG: Dorsal root ganglion

ET-1: Endothelin-1

GRP: gastrin-releasing peptide

GRPR: gastrin-releasing peptide receptor



eGFP: Enhanced green fluorescent protein

GAPDH: Glyceraldehyde-3-phosphate dehydrogenase

GFP: Green fluorescent protein

H&E: Hematoxylin and eosin

NMB: Neuromedin B

NMBR: Neuromedin B receptor

NPR1: Natriuretic peptide receptor A

gPCR: Quantitative real-time PCR

SADBE: Squaric acid dibutylester

SST: somatostatin

SST2A: somatostatin receptor subtype 2A

TRPAL: Transient receptor channel potential catioannel ankyrin subtype 1
TRPV1: Transient receptor potential cation chamaeilloid subtype 1
TRPV4: Transient receptor potential vanilloid 4

TSLP: Thymic Stromal Lymphopoietin

WT: Wild-type

Abstract

Recurrent and intractable chronic itch is a woridevproblem but mechanisms, especially the
neural mechanisms, underlying chronic itch stithaen unclear. In this study, we investigated
the peripheral and spinal mechanisms responsiblerédonged itch in a mouse model of allergic
contact dermatitis (ACD) induced by squaric acioutlylester (SADBE). We found that repeated
exposure of mice to SADBE evoked persistent sp@aias scratching and significantly aberrant
cutaneous and systemic immune responses lastingefeks. SADBE induced itch requires both
nonhistaminergic and histaminergic pathways, whaeh likely relayed by gastrin-releasing

peptide receptor (GRPR) and natriuretic peptideeptr A (NPRA) in the spinal cord

respectively. Employing genetic, pharmacology, Rbix= assay and cell-specific ablation



methods, we dissected a neural circuit for the gmgéd itch formed a&rpr™ neurons act
downstream ofNpr1® neurons in the spinal cord. Taken together, oua daiggested that
targeting GRPR and NPRA may provide effective treatts for ACD associated chronic

pruritus.
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Introduction

Itch is an unpleasant sensation accompanied bychang behavior or a desire to scratch. Even
though acute itching is a protective reaction & body to stimuli from either the internal or
external environment, chronic itch is an importaranifestation of dermatologic diseases (e.qg.,
allergic dermatitis, atopic eczema, psoriasis) ai &s a variety of non-cutaneous disorders that
exacerbates skin discomfort and affects qualityifef (Dong, 2018, Nattkemper et al., 2018,
Yosipovitch and Bernhard, 2013). The lack of untderding of the pathogenesis of persistent
and recurrent itch hampers the emergence of eftectires.

In many cases, chronic itch reflects the resilieatthe pruriception system in a manner similar
to pain that is prolonged even after healing of itjared tissues. In chronic pain settings,
significant neural plasticity of the central newoand circuits occurs and is considered
responsible for long-lasting and persistent paimpéengensitivity, even when peripheral
inflammation and nerve injuries no longer existgBaum et al., 2009, Ji et al., 2016). Currently,

there are at least two peptides, gastrin releagemide (GRP) and natriuretic polypeptide b



(Nppb, also known as BNP), that are claimed tadespecific neuropeptides (Mishra and Hoon,
2013, Sun and Chen, 2007). The cells expressirgptexs for these two neuropeptides, gastrin-
releasing peptide receptor (GRPR) and natriuregptide receptor A (NPRA, or NPR1)
respectively, have been identified as itch specigarons in the spinal cord(Mishra and Hoon,
2013, Sun et al., 2009). However, whether and Hoay play a certain role in persistent and
recurrent itch remained unclear.

Allergic contact dermatitis (ACD) is one of the ma®mmon skin diseases worldwide and
patients may report prolonged itch that lasts westes the original allergens or chemicals have
been cleared (Alikhan and Maibach, 2014, LaMot,68). Squaric acid dibutylester (SADBE),
a small molecule hapten, was previously used asdiane for alopecia areata, and recently has
been used as a popular ACD inducer in mice (Ferad},e2017, LaMotte, 2016, Luo et al., 2018,
Qu et al., 2014, Qu et al., 2015). Unlike the cleaihapten, 2, 4-dinitrofluorobenzene (DNFB)
-induced itch model that has been used for manysyeat the exact working mechanism is still
unclear, remarkable progress has been achieveditieda understanding the peripheral
mechanisms of SADBE-induced chronic itch (Fend.e2817, LaMotte, 2016, Luo et al., 2018,
Qu et al., 2014, Qu et al., 2015). Therefore, is study, we employed this animal model to
investigate whether GRPR and NPRA are critical ks and circuits in the spinal cord for

persistent and prolonged itch associated with ACD.

Results
SADBE challengeslead to prolonged itch and increased inflammation
In this study, SADBE was used as an ACD induceC47BL/6J (referred as “C57”) mice via

pre-sensitization and subsequent challenges (citatéion). We modified the protocol (Feng et



al., 2017, LaMotte, 2016, Luo et al., 2018, Qulet2014, Qu et al., 2015) by challenging the
nape of neck skin instead of the ear skin in micg @bserved the scratching behavior up to 5
weeks (Figure 1a). As expected, SADBE initiatedsgeration and elicitation phases in mice

that manifested as spontaneous scratching beh@eaog et al., 2017, LaMotte, 2016, Luo et al.,
2018, Qu et al., 2014, Qu et al., 2015). SurpriginBADBE induced a very prolonged itch with

a peak time approximately 3-7 days after the I#8dDEBE painting and lasted about ~ 5 weeks
(Figure 1b), which had never been reported befbeng et al., 2017, Huang K. et al., 2018,

LaMotte, 2016, Luo et al., 2018, Qu et al., 2014,6Dal., 2015, Zhao et al., 2013).

We then focused on the cellular and molecular cesnig the immune and nervous systems of
mice with SADBE-induced prolonged itch (referred'88DBE mice”). SADBE mice exhibited
elevated serum IgE levels (Figure 1c), increasdedespweight (Figure 1d), thickening of the
epidermis (Figure 1e, 1g-1h), and increased iafithn of mast cells in the dermis (Figure 1f and
1i). Multiplex Luminex assay (Figure Sla) and qitative PCR (gPCR) analysis (Figure 1j-1l
and Figure S1b) revealed that the treated napeak skin of SADBE mice displayed significant
up-regulation of the transcripts or secreted cyteki at the protein level of genes recently
reported to be associated with itch (Alikhan andlddeh, 2014, Dong, 2018, Feng et al., 2017,
LaMotte, 2016, Luo et al., 2018, Mishra and Hoo®1 2 Qu et al., 2014, Qu et al., 2015, Sun
and Chen, 2007, Sun et al., 2009) such as thoselegcvarious cytokines including 1L-4, IL-23,
IL-33, IL-27, IL-1B, TNF-a, TSLP (Figure Sla-b)Yrpm8 (Figure 1j),Mrgprx1 (Figure 1k),Grp
andNppb (Figure 1l) in the afflicted skin area.

GRPR relays SADBE-induced persistent itch in the spinal cord

GRPR is an itch-specific mediator that has beenpgsed primarily for relaying non-

histaminergic itch in the spinal cord (Sun and ChH&d07) and continues to be the focus of



numerous itch-related studies. On day 7 after dbe $ADBE painting, the cervical spir@atpr
MRNA level was significantly increased in SADBE midetected by both RNAscope ISH
(Figure 2a) and qPCR (Figure 2c). Similarly antifG&ntibody staining also showed that GFP
cells were increased in the GRPR-eGFP mice (Zha.,e013) 7 days after the last SADBE
painting (Figure 2b).

To further elucidate the role of GRPR in SADBE-indd prolonged itch, we used either
pharmacological and genetic blockade of GRPR sigga(Sun and Chen, 2007) or the
neurotoxin, bombesin-saporin (BB-sap), to seletfiabdlate GRPRneurons (Sun et al., 2009).
The robust spontaneous scratching in SADBE micdayn7 was significantly decreased by i.t.
injection of the GRPR antagonist deamino-Phel19,|&24 D-Pro26-D-Phe27-GRP(Zhao et al.,
2013) (Figure 2d) or was remarkably reducedsnpr KO mice (Figure 2e), and notably, was
abolished in BB-sap mice (Figure 2f). Together,ultss from these different approaches
demonstrate that GRPR in the spinal cord is esddoti SADBE-induced prolonged itch.

We further examined the molecular expression ofouar markers in their spinal cords. As
predicted, the majority o&rpr+ cells were ablated in the cervical spinal dorsah of BB-sap
mice (Figure 2g). The superficial dorsal horn nebhsmical markers, like CGRP (Figure S2a)
and PKG (Figure S2b) are comparable in BB-sap mice andkbap mice. The expression of
three itch related markerdlprl (Figure 4f),Sstr2 (Figure S2c), and the dynorphin precursor,
prodynorphinePdyn) (Huang J. et al., 2018, Kardon et al., 2014) FégS2d), were comparable
in BB-sap mice and blank-sap mice. Thus, theseltsesonfirm that theGrpr® neurons were
selectively ablated. We double-stain@€dpr * neurons withVglut2 (a glutamatergic neuronal

marker) and/gat (an inhibitory neuronal marker) in SADBE mice. Gmtent with previous data



(Aresh et al., 2017), the majority Grpr* neurons in the spinal cord are excitatory interoes
(Figure 2h-2i).

NPRA relays SADBE-induced itch in the spinal cord

By qPCR analysis, we found that mRNA leveldNppb in DRG were significantly enhanced on
days 3 (Figure 3a), and mRNA levelsNyr1 in spinal cord were significantly enhanced on days
7 and 21 (Figure 3b) after the last SADBE treatmBMNAscope analysis results also supported
Nppb was upregulated in the DRGs of SADBE mice (FigBeg. SADBE induced prolonged
scratching was significantly attenuated by i.teatjon of the NPRA antagonist anantin (2 and 10
nmol) (Figure 3d), and was also significantly dased in botiNpr1 KO mice (Figure 3e) and
after used a neurotoxin, BNP-saporin (BNP-sap)electively ablatéNprl® neurons (Huang J.
et al., 2018, Mishra and Hoon, 2013) (Figure 3®. [€arn more about the neuronal circuitry
involved, we also examined expression of variouskera in the cervical spinal cord of BNP-sap
mice treated with SADBE. Consequently, about 63f%mw 1" neurons (Figure 3g) were ablated.
A small proportion ofPdyn” neurons were also ablated (Figure S3b) confirnivedr partial
overlapping (Huang J. et al., 2018, Mishra and H&®13).We also double-staindpr1® with
Vglut2 and Vgat and the results showed that the majorityNpf1® neurons expressedglut2

(Figure 3h-3i).

GRPR’- and NPR1"-expressing neurons in the spinal cord are two distinctive populations

for itch signal processing

To examine how itch signal is processed in spimat dy GRPR- and NPR1-expressing
neurons, we used intrathecal injections to evokeeaitch in BB-sap mice and BNP-sap mice,
which have no deficits in motor activity(Huang tlak, 2018, Mishra and Hoon, 2013, Sun et al.,

2009) (Figure 4a). Firstly, when compared with thank-sap group, scratching responses to



intrathecal BNP (Figure 4b), octreotide (an anatdgsomatostatin) and the KOR antagonist
norbinaltorphimine (nor-BNI) (Figure S4a) were abhdully abolished in BB-sap mice.
Treatment of BB-sap mice abolished the scratchetgabior in all acute and chronic itch models
that we and other labs have tested so far (Huaegal., 2018, Mishra and Hoon, 2013, Sun et
al., 2009, Zhao et al., 2013), supporting that @poord Grpr-expressing neurons function as
“itch labeled line” cells. Secondly, we confirmdthat elimination of NPRA neurons attenuated
scratching responses to intrathecal BNP (Figure Ha) not to intrathecal GRP (Figure 4d),
octreotide and nor-BNI (Figure S4b), confirmingttirathe spinal cord GRP, somatostatin and
dynorphin act downstream (Huang J. et al., 201&hkéi and Hoon, 2013) or independently of
Nprl® neurons. Thirdly, double staining results furthedicated thatNprl, Grpr, Sstr2 and
Nmbr expression largely did not overlap in the spinaldc{Figure 4e and S4c-e), which is
consistent with the observation that BB-sap treatrdél not significantly impadtprl® (Figure

4f) and Sstr2* neurons (Figure S2d), and that BNP-sap mice trestrdid not significantly
impactGrpr™ (Figure 4g), andstr2” neurons (Figure S3a). Thus, although these sulbgiigs

in the spinal cord are relatively independent, thayn a neural circuit in the spinal cord to

convey itch sensation (Huang J. et al., 2018, Mistmd Hoon, 2013, Sun et al., 2009).

Both histaminergic and non-histaminergic pathways contribute to SADBE-induced
prolonged itch

Our evidence showed that SADBE treatment resuttexdlevated levels of histamine (Figure 5a),
and genes encoding histamine receptor subtyp&tl) and 4 Hrh4), or the enzymes critical to
histamine synthesis in the nape skin and cervid®GP (Figure 5b-5d, S5a-5b). In particular,
RNAscope double staining results also supportetithBRGs of SADBE mice, 70.9% (61 of

86 cells) ofNppb™ cells co-stained witkirh1* (Figure S2B), but only fewarp® cells co-stained



with Hrh1™ (Figure 5e) andNppb” (Figure 5g), which are consistent with previousad&tuang J.
et al., 2018, Solinski et al., 2019) and indicatithgt the BNP/NPRA pathway is histamine-
responsive (Solinski et al., 2019) and importar8£&DBE induced prolonged itch.

Finally we again performed behavior tests to asedsther SADBE-induced prolonged itch
is affected by targeting histamine or non-histanpatghways. Targeting histamine pathways by
using the selective H1R antagonist olopatadineHdid antagonist JINJ7777120 (Dunford et al.,
2007, Ohsawa and Hirasawa, 2012), significantlgrathted histamine-induced (Figure 6a) but
not affected GRP intrathecal induced acute itchgyfé 6b). We found SADBE-induced
prolonged scratching was inhibited after intraperdal (i.p.) (Figure 6¢), intrathecal (i.t.) (Figur
S5c¢-5d) or intradermal (i.d.) (Figure S5e-5f) adistiation of olopatadine and JNJ7777120. The
remaining SADBE induced scratching behavioiGrpr KO mice could be further reduced by
co-injection of olopatadine and JNJ7777120 (Fig6d). l.p. or i.t. injection of the first
generation H1R antagonist diphenhydramine (Duné&ral., 2007, Ohsawa and Hirasawa, 2012)
also significantly reduced prolonged itch in SADBftce (Figure S5g-5h). As supplemental
evidence, CQ-induced acute itch waignificantly reduced irGrpr KO mice (Figure 6e) or
abolished BB-sap micgun et al., 2009) (Figure 6f), whereas histamimiced acute itch was

significantly attenuated iNpr1l KO mice (Figure 6g) and BNP-sap mice (Figure 6h).

4. Discussion

In this study, we have delineated the importan¢ fl spinal GRPR and NPRA in the central
sensitization and prolonged pruritus associatedh wiperimental allergic contact dermatitis
(ACD). By using a combination of neurochemical, gg and neurotoxin methods our work

identified both GRPR and NPRA relay the chronib istgnal transmission. In SADBE induced



prolonged itch both histamine and non-histamineaigg pathways are activated, which are
mainly processed by BNP/NPRA and GRP/GRPR respygt{¥igure 6i) with a unique spinal
neurocircuit asrpr* neurons act as a downstream switchNfl™ neurons (Figure 6j).

SADBE induced aberrant responses in the immunesyand activation of neurons and thus
complicated neuro-immune interactions mediating disease progression. Our data indicated
that SADBE-induced ACD resulted in significant wggulation of genes encoding various
cytokines in afflicted skin, significantly increasserum IgE, increased spleen weight, etc. In
skin or DRGs, the mRNA levels of pro-inflammatomgtakines (e.g., IL-4, IL-§, TNF-o) and a
number of known itch molecules such as TRPA1, H1&R, GRP, BNP, MRGPRAS3, etc., were
significantly elevated. Some cytokines or itch nagolis, namely IL-4, GRP, BNP, and H4R,
were still expressed at high levels in skin or DRIGseeks after the last SADBE painting. As
recent data suggested, IL-4, IL-5, IL-31 and IL{&8/e receptors, expressed in both mouse and
human sensory neurons, that facilitate local defaiion and the action potential by which
chronic itch was evoked and maintained (Dong, 2&i§uchi et al., 2016, Nattkemper et al.,
2018). In all, epidermal hyperplasia, dermal inflaation, mast cell infiltration and upregulation
of cytokines and itch mediators make up the inraatd adaptive immune system responses
induced by SADBE, and multifaceted interactionswaein the nervous and immune systems
may account for the induction and maintenance aliopiged itch.

Our study also provided several lines of evidemoe proposing a spinal circuit for
BNP/NPRA and GRP/GRPR in SADBE-induced prolonget.ifThe expression of GRPR and
NPRA was increased in the spinal cord of SADBE micgrathecal injection of GRPR and
NPRA antagonists alleviated SADBE-induced prolongetd. Consistently, SADBE-induced

prolonged itch was significantly inhibited in miaéer genetic blockade of GRPR or NPRA, or



selective ablation oGrpr* or Npr1* neurons. Finally our cell population characterization data

supportedGrpr®, Nprl1®, and Sstr2" neurons overlapped very little in the dorsal spicard
(Huang J. et al., 2018, Mishra and Hoon, 2013)(figte and S4) and almost Gitpr* (Aresh et
al., 2017) andNprl1® neurons are excitatory (Figure 2h-i and 3h-i) whilsis” neurons are
inhibitory as previously reported (Kardon et aD]12). Together, the staining results and mouse
behavioral data are consistent with the notion B activatedNpr1" neurons and then activate
Grpr* neurons in spinal cord (Huang J. et al., 2018,hkdisand Hoon, 2013). Since GRPR
neurons act as a downstream switch, the ablatifgRPR neurons with BB-sap resulted in a
blockade of signaling from NPRA, S&I NMBR, etc., and consequently led to itch abolishin

A variety of cell types within the skin can sechiftamine and, in turn, histamine can act on a
large variety of cell types in the skin and neutdissues in cases of allergy, inflammation and
itch because its receptors are widely expresseor€aht and Dittrich, 2015). However, chronic
itch is generally believed to be histamine-indememidand resistant to antihistamines. We found
SADBE treatment significantly increased the exporssf histamine and their synthases in skin,
and the expression bfrhl andHrh4 in the skin and DRGs. When given peripherallynafy or
systemically, selective H1R and H4R antagonistsisagintly attenuated SADBE-induced long-
term itching. Mast cells, as one of the main sasiroé histamine release in the skin, were
significantly increased in the dermis after SADBEatment (Figure 1f and 1i). On the other
hand, our analysis revealed a significant up-reaguiaof genes encoding different cytokines in
the nape skin (Figure Sla-b), TRP channdigprs, and peptides lik&rp andNppb in the nape
skin (Figure 1j-I) and cervical DRGs (S1c) indicgtithat the pathogenesis involved was not

restricted to only a histamine dependent pathway.



In all, our findings demonstrated that both pleeral and central sensitization occurs in chronic
itch settings. In SADBE mice, peripheral sensit@atmay be initiated by aberrant cutaneous
immune responses and promoted by the crosstalkeketwhe immune system and sensory
neurons. In the spinal cord, central sensitizatakes place using a complicated network that
includes the primary afferents, spinal cord neuramsl glia, and even descending fibers
(Basbaum et al., 2009, Dong, 2018, Ji et al., 20C6)mbined strategies for refractory itch are
needed that target both peripheral and centralitezat®on, and related to our work more
specifically, either directly or indirectly targBINP/NPRA or GRP/GRPR systems. One of the
priorities of our work in clinical research is tewklop more specific, small molecule inhibitors
with fewer side effects that would target either BNPRA or GRP/GRPR systems. Our work
also suggests that combined interventions thaetdrgth histamine and non-histamine pathways
could achieve better therapeutic effects for AQDall these intervenes could reduce the use of
immunosuppressants or steroids, which are stillmomtreatments for chronic itch (Leslie et al.,
2015).

Materials and M ethods
Mice

C57BL/6J mice were purchased from the Model AniRasearch Center of Nanjing University
(Nanjing, China). Breeding breeders@fpr KO mice (Hampton et al., 1998, Zhao et al., 2013)
GRPR-eGFP mice (Zhao et al., 201Blprl1 KO mice (Oliver et al., 1997), were from Dr.
Zhoufeng Chen at Washington University in St Lou&pr KO mice were continuously
backcrossed to C57BLGbackground. GRPR-eGFP mice mice were continuduesticrossed
to CD1 background. All mice used for behavior testsre genotyped and allocated to

experimental groups or control groups. Animals wersased in SPF rooms at a 12 h light-dark



cycle with suitable relative humidity (55 + 5%) anemperature (22 + 2°C). All animal
experiments were performed under protocols apprdwedhe Animal Studies Committee of

Guangzhou Medical University.
Itch behavioral tests

Acute and chronic behaviors were performed as pusly described (Sun and Chen, 2007, Zhao
et al., 2014). The contact sensitizer squaric akiitylester (SADBE; Sigma) was used to
induce mouse model of allergic contact dermatkisng et al., 2017, LaMotte, 2016, Luo et al.,
2018, Qu et al., 2014, Qu et al., 2015). NeurotmxXaombesin-saporin (BB-sap) and BNP-
saporin (BNP-sap) were administered to C57BL/6Jenfic spinal GRPRneurons (Sun et al.,

2009) or NPRA neurons (Huang J. et al., 2018, Mishra and Ho@132 Sun et al., 2009)

ablation. Detailed information of all drugs and geats used in this study please see the

Supplementary Materials and Methods.
Immunohistochemistry and RNAscope in situ hybridization (ISH) assay

Skin tissues were fixed in 4% paraformaldehyde, esdbd in paraffin, sectioned, and stained
with hematoxylin and eosin (H&E) or toluidine bly&B), or immunofluorescent staining
following the standard protocols. Immunofluoreseerstaining and RNAscope ISH assay of
DRG and spinal cord tissues were performed as ibesc(Munanairi et al., 2018). Information
for all antibodies and probes were used and imagimajysis see the Supplementary Materials

and Methods.
RNA extraction and Quantitative RT- PCR (qPCR) analysis

Freshly obtained samples of mouse skin, DRG anuabkpbrd tissues were stored in RNAlater

solutions (Qiagen) in a refrigerator at -80 °C. &dract whole tissue RNA, the samples were



homogenized using a homogenizer and processed tre#nBNeasy Mini Kit (Qiagen). After
total RNA extraction, samples were treated with B&l§Turbo DNA Free Kit, Invitrogen).
cDNA was prepared using SYBR Green Fast Master (@at#A25742, Thermo Fisher). All of
the above operations were performed following thenafiacturer’s instructions. qPCR was
performed with SYBR Premix Ex Taq enzyme (TAKARA)dhall samples were assayed in
triplicate. NCBI primer blast was used for desige primers and in general, genomic sequences

across introns were selected. The primer sequemedssted in Table S1.

ELISA and multiplex Luminex assay

Serum samples were taken from mice at differene tpoints after the last SADBE painting
followed by centrifugation at 3000 g for 10 minutgs4°C. The total IgE and different cytokines
levels at different time points in mouse serum kin svere measured using an ELISA kit
(Biolegend, Cat #432404) and multiplex Luminex gdga(Invitrogen, Cat #PPX-20) following

the manufacturer’s instructions.

Statistical analyses

Values were presented as the mean + standarddaérttoe mean (SEM). Statistical analyses were
performed using GraphPad Prism 5 (GraphPad, SagoDi€A). Unpaired-test was used to
analyze statistical comparisons between two grolhstiple comparisons were compared by
one-way analysis of variance (ANOVA) followed by Berroni’s post hoc tests.P < 0.05 was

considered statistically significant.
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FigureLegends

Figure 1. Analysis of skin and immune system in mice with SADBE-induced prolonged itch.
(a) Schematic experimental protocdd) Spontaneous scratching until 5 weeks after |AREE
treatment If = 7). (, d) Elevated serum IgEc) and increased spleen weightd).((ei)
Representative H&E stainingg)( immunostaining of the epidermal marker Krt1lH) (and
toluidine blue stainingi) of the neck skin sections. Quantitative analgdienhanced epidermal
thickness €) and increased mast cell infiltration in the dexrfi), n = 3-4. {-I) gPCR analysis
showed mRNA levels of the indicated target geneskin,n = 5. All scale bars, 5am. *P <

0.05, *P < 0.01, **P < 0.001, compared to day O.

Figure 2. GRPR is essential for SADBE-induced prolonged itch. (a-c) Increasedsrpr levels
7 days after the last SADBE painting in C57 mic¢éeded by RNAscope ISHa(n = 3) or
gPCR ¢, n = 5), or in GRPR-eGFP mice detected with anti-GRERbady @, n = 3). (d-f)
SADBE-induced prolonged itch in C57 mice decreasfter i.t. GRPR antagonistl,(n = 9), or
in Grpr KO (e, WT n =11, KOn = 8), or C57 mice after BB-sap (400 ng, i.t,)n(= 10). @)
RNAscope ISH assay showed abolishmer®igdr* neurons in BB-sap mice (n=4h-{) Double
RNAscope ISH ofGrpr* with Vglut2® or Vgat™ in cervical spinal cord (c4-c6)n,= 3. In @-i),

all quantitative data as mean + SEMP* 0.01, ***P < 0.001t test. All scale bars=2&m.

Figure 3. NPRA is required for SADBE-induced prolonged itch. (a,b) Increased mRNA
levels ofNppb in DRG (a) andNprl in spinal cordb) at 3, 7, and 21 days after the last SADBE
treatment detected by gPCR analysis= 5. €) RNAscope ISHassays ofHrhl on frozen
cervical (c2-c7) DRG sections in SADBE mice at Zlyslafter the last SADBE paintingl-f)
Impaired SADBE-induced prolonged itch in C57 SADBtice after injection of the NPRA

antagonist Anantin (2 and 10 nmol i.d) 6 = 6-8),Npr1 KO mice €, WT n= 12, KOn = 8), or



BNP-sap treated micé, (Controln = 14, BNP-sap n = 8)g] Npr1* neurons were significantly
ablated in the cervical (c4-c6) spinal cord of BbHp treated micey = 4. (h,i) RNAscope ISH
double staining foNpr1 with Vglut2 or Vgat. All scale bars = 2fum. All bar graphs represents

mean + SEM. P < 0.05, *P < 0.01, **P < 0.001,t test compared to vehicles.

Figure 4. GRPR" neurons act downstream of NPRA™ neuronsin the spinal cord for itch. (a)
Motor function assessed by the Rotarod test wagacable in mice 14 days after BB-sap (400
ng/mouse, i.t.), or the first BNP-sap (650 ng /m&ud., twice) and blank-sap (650 ng/mouse,
i.t.). P> 0.05.n = 8 each groupbfd) i.t. injection of BNP (5 pgn = 13) induced scratching in
mice 14 days after bombesin-sap or blank-sap tes#tn®r i.t. injection of BNP (c, 5 pg,= 7,

8), GRR (d, 0.1 nmoln = 8, 9) induced scratching in mice 14 days aftdPBsap and blank-sap
treatment. €g) RNAscope staining showed th@tpr* rarely co-localized wittNpr1* neurons in
the cervical (c4-c6) spinal cord. Al$dprl+ neurons were not significantly ablated in the BB-
sap {), or Grpr* neurons were not significantly ablated in the BR-§) mice. All scale bars =

25um.n=3.

Figure 5. Histamine dependent pathways were activated in skin and sensory neurons in
SADBE mice. (a) Representative immunostaining against histamintghé neck skin sections.
(b-c) RNAscope ISH assays éfrhl andHrh4 on nape skin paraffirbj or frozen €) cervical
spinal (c2-c7) sections in the mice 21 days afterlast SADBE paintingd) RNAscope assays
on frozen sections of cervical DRG (c2-c7) wilhhl probes in SADBE mice at 21 days after
the last SADBE paintinge-g) Double RNAscope staining &frhl with Grp (€) or Nppb (f), or
Grp with Nppb (g) on frozen cervical (c2-c7) DRG sections. Countlatp is showed at the right

of each paneh = 3/ group. All scale bars, 20n.



Figure 6. BNP/NPRA and GRP/GRPR convey histamine-dependent and -independent
components of SADBE-induced prolonged itch respectively. (a andb) Acute itch in C57 mice
induced by histamine (500 pg, i.ch) but not by GRP (0.1 nmol, i.th) was significantly
reduced after treatment with H1R antagonist olapa&a (i.p. 10 mg/kg) and H4R antagonist
JNJ7777120 (i.p. 30 mg/kg) or their co-injectioft). Chronic itch induced by SADBE in C57
mice, orGrpr KO mice was significantly reduced by treated watbpatadine and JNJ7777120
or their co-injection(e-h) Acute itch induced by choloroquine (CQ, 200 pg,)iid Grpr KO
mice (e), bombesin-sap treated mig@, or induced by histamine (500 pg, i.d.)Nprl KO mice

(9), BNP-sap treatment mid¢é) respectively(i-j) Schematic diagram of proposed model of the
itch microcircuit in SADBE-induced prolonged itdRepeated exposure of SADBE results in the
release of a variety of inflammatory mediators, ckhact at least directly or indirectly through
two distinctive itch peptides (GRP, BNP) and spiimakerneurons expressing neuropeptide
receptors (GRPR, NPRA). Histamine-dependent componsies on BNP and its receptor
NPRA, and histamine-independent component relie&RBR and its receptor GRRR. Dorsal
hon interneurons, to a large extent, do not coesgpthese two receptors but after activation of
NPRA" (also others like SSEK and NMBR neurons etc) neurons, itch information is
transmitted by GRPRneurons to the spinal projection neurons thenht lrain, thereby

forming or maintaining the prolonged itgh).(



a b c

7]
Sensitize Challenge o —— Control - ke
(abdomen) (nape) ::9 250 —e— SADBE _EI 2000 P
Day 2 012 89101357911 14 21 28 35 gzoo 1500 *;c*
N 272 1 Y O » 150 51000 wk
I 'rr/77 1T Trrrrrr 11717 1 %5 100 : * *
Shave Ace Ace Recording 2o o oo, w
or or E Ot T T T 1T 1T 1 > 0
SADBE SADBE 3 1357 91114212835 0 3 7 14 21 35
d e Time (day) f Time (day)
7]
D 012 Kk FHE e FE o 300 wkk 200 K dokk
= [o] * § k%% @ 150 *kk
< —
S 0.08 2 H
g - % 100
H » -
c 0.04 ' 2 o & Fkk
[ - s
< )
2 0.00-L ke 0
@ 0 7 14 21 & 0 3 7 14 21 35 0 3 7 14 21 35
Time (day) Time (day) Time (day)
g od 3d 14d 35d

H&E

=

Krt14

LT

o

2

5

o A

£

8

2

o

= »
c Skin - c
2 30 .9 S
8 8 g
£ 20 g :
x X x
© ) )
g 10
s = s
s = &
s 0 ) ©
[+ 14 4

Trpal  Trpv1 Trpv4 Trpm8 Mrgpra3 Mrgprc11 Mrgprx1 Mrgprd



518

8
(o]
% S N >
x Owe a = N~
¢ ] =)
% ® >
+Rv¢ 1]
° ° I~ 4. om [ 4 ©
&v o (V] o~ S
%, = (G 5 ©
| T T = O —
=] =] =] =] O
4 o o o
% e oN -

saY9Je.as Jo "ON

f

X o

“ﬁ o

00— :T:
O%o
&

00

o

SADBE
800
200

© <
say2)eIs J0 "ON

e

*¥o WO|OI|%AI \a.,\A\
%,
%, %,
&\0 N\Q
Fero1 % |4

0

I
o o
o
-

S9Y23JRI9S JO "'ON
©

300
200+

Ctrl

© adig o dd49-dddo

e wv Q 2 3
N -~ -~ o

(p10}) YNy W 4di9

o =



(2}

b
53 DRG 2.0 Spinal cord Control SADBE
° S 223 Sk
w L15 * % o O
* - 22
< 2 < L£32
z Z 1.0 a =
E1 E g 28 1
g - 0.5 2 S
g ol ..2_ 0
290 0.0 XS5
0d 3d 7d 21d 0d 3d 7d 21d Ctrl SADBE
€ 400- f 300
300+
» o Control b4 o
2 o °  Anantin (2 n mol) < 3004 ° = °
7] | °o  Anantin (10 n mol) - 2 2009 o
"‘-“' 200 E o E
s | T g2 T 5 oF
3 . 5 ° 5 100] | |
o 100 | 540 ° . 1004 o ° o
. rd e ° S 5
4 3 [ Q 00
0 T T T 0 T J 0 J T
WT Npr1KO Ctrl BNP-sap
[72]
g Ctrl BNP-sap w
+
Iy S
2
°
o
- Z ctrl BNP-sap
h Npr1
Npr 1 Vglut 2
| Y 30 318 845
Npri Vgat
320 24 752

i




__ 350
£ 300
© 250
200-
150
100
50

Holding tim

Rotarod test

ns ns

I

250+
200+
150+
100

NO. of scratches

BNP

o

3
kS

k&%

=S

T T
Ctrl BNP-sap

o
o
o

Ctrl
BB-sap
BNP-sap

b

NO. of scratches

NO. of scratches

150 -

100

50 1

00

5

BNP

300

200+

100+

ofo ek
2 e Y
Ctrl BB-sap
GRP
o ns
x 00
T 1

Npr1
451

o o
1 |

N B O O®
o © ©
[

Ctrl BB-sap

o
|

ns

= N W b
o o
||

o
1

0

NO. of Grpr+ cells NO. of Nprf neurons

Ctrl BNP-sap

16

Grpr
286



a Ctrl . Histamine %D,B!E_‘»;,Hisfgmi‘ng

@ o | > i i '.
‘ £ e

2 Ctrl Hrh4 § SADBE Hrh4

£

X

(2]

No. of Histamine+ cells

No. of Hrh4+ cells

= N W
o o o o

150

100

50
0

Ctrl SADBE

Ctrl SADBE

b

d

skin

Ctrl

Hrh1 ] SADBE

Hrh1j SADBE

Grp
28 5
Nppb

25 61
Grp

74 1

Hrh1

Hrh1

60

Nppb
170

No. of Hrh1+ cells

NO. of Hrh1 neurons

20
10
0

Ctrl SADBE

*k%

Ctrl SADBE



a 250 Histamine 150 GRP C , 400- SADBE o Ctrl
2 2 2 ° o Olop
§2007 o S 1004 03001 . p . owe o JINJT
© 150 o 4 o o olop+JNJ7
S o o S 200 %
2 100+ % - - o o ek
s o o o) 50 040 o i %%o o
> 5o _ > 100 fol Pa
g 3, [ 5 5 :
z o T T T =z 0 T T T T =z 0 T T T T
*kk
d 600 [ wax e f
3 400 cQ o 2007 Histamine , 200 ca
= o ("] 1 O
O 2 ns =
® 400+ § %007 ° S 2000 < % S 200] %
5 o © o P NS o J_
® ** g 2004 ¢ @ DY T ] s
‘S 200+ 5 *k s 100 ° ‘s 100
S Eo o o g 100 g‘}g o o o ok
z z z .
z ol 4o °IE !%_ oLl % g ol . 01l
Grpr KO - - + + WT  GrprKO WT  GrprKO Ctrl BB-sap
Olop+JNJ7 - + - +
¢ Control
g 400 cQ 1501 Histamine h 2 600 . =  BNP-SAP
o 0 ° =
o ns o ‘T o ns oy
§ 3004 5 % 100 o ® 400 £ .5 s
faef £ T 4] # 8 4 TEOLE 4l
o L . . - .I. 3 .I
5 t T 5 50 B3 G 2007 . xx . e - .
g 1007 ° o o 2. . 3 ‘ .
=z 4 ° 2 0 "
0 T T 0 T T . .
WT  Npr1 KO WT  Nprf KO Histamine CQ  SLIGRL Com40/80 5-HT ET-1
! BNP &
Histamine dependent , o © =
\ o
- 50 e NPRAg
/ @ ° =
O o =
SADBE o Oo
° \ GRP &
Histamine independent , o © =2
A o
O @;:.,0 @ GRPRg
() ° &
=2
j BN
Histamine dependent . o, NPRA
776 >
()
Chronlc itch
O o
SADBE o © °
° GRP
\ Histamine independent o o o® GRPR
A °
®
0 o




(2]

Skin cytokines (pg/mL)

Skin cytokines
Relative expression

Relative expression

Relative expression

0d
3d
7d
14 d
21d
354

Fx - Skin

[

L-13  IL-4 IL-33 IL-6 TNF-a TSLP IL-23 IL-25 IL-27 IL-5 IL-10 IL-13 IL-31

podl Skin 3 0d
20-L Il 3d
20 7d
* k%

15 +x+ HH 14d

Kk mm 21d
104 k% Il 35d

*k*k *kk
5- ** * I Kk .
0- [l il ul
118 -4 1I-5 -6 I-10  1I-13 1-23 1-25  1I-27  1I-31 1I-33  Tnfa Tslp
gg Fkk DRG c DRG
101 B 225
20 g 2.0
15 * g 15
10 o 1.0
0.5 £ 0.5
0.0 é 0.0
Grp Nmb  Sst Mrgpra3 Mrgprc11 Mrgprx1 Mrgprd
DRG
c

2.0 .% 5
1.5 g 4
1.0 % g
0.5 29
0.0 g 0

Trpal Trpvl Trpv4 Trpm8 Cxcl10  Cxcr3



BB-sap

Ctrl

Ctrl BB-sap

Ctrl BB-sap
Ctrl BB-sap
Ctrl BB-sap

o O ©O o o © ©O o
© < © <

suounau uAqg Jo ‘ON Suoinau zJjss Jo "ON

noumwowmo
NN ™«

|eseq pjo4 Alisuap suoinau + AD)d
dy9d

0w 9 v 9
- - O O

dyo)d ADMd ulpd Z2i1ss




BNP-SAP

Ctrl

|
(=4

S1199 +Z4JSS 30 "'ON

(=]
Te]

s|199 +uApd 40 "ON




a 200 . e Control 400 e Control
» ° »
o = BB-sa ] o = BNP-sa
5 150+ P S 3004 . . P
N ; £ | X
S 1004 o 2004 S
@ = & +
o * [5) ° .
o 50 o Kk *kk o 100 . o ta
z . - =z ~=
O = L 0 ]
Octreotide norBNI Octreotide norBNI
C
Sstr2 Grpr
455 11 265
d
Sstr2 Npr1
262 26 233
e
Nmbr Npr1
145 10 199
f
Pdyn Npr1

394 54 674




5 Skin 54 DRG _ — 04
» 10 wx [ 0d g
o 8 mm 3d e 3 mm 34
g g 7d
< 6 7d g 2 *k
5 4 L . 21d it . 21
g =1
2 2 mm 35d 2 0
8 0 00:.)
& Hrh1 Hrh4 Hdc Hrh1  Hrh4  Hdc

d e f,

- 250 :
® 250 JNJ7 (i.t.) @ 400- Olop (i.t.) E 2004  JNJ7 (id) @ Olop (i.d.)
S x S S 150 5 e
G 200 @ 3 S g 2
< 150 o S 100 Q
£ 100 et > w
© 5 o o 50 o en 9
s 0 E! S o G F % g
z 0 = & O O
PR < & E
[OES IR ot o

h (7]
o 8 250
S S 200
s S 150
@ @
- 2 100
° ° 50
2 2 o

Ctrl Diph Ctrl 0.3 ug 1.0 ug

(i.p.) Diph (i.t.)



Supplemental Information for
Spinal GRPR and NPRA contribute to chronic itch ina murine model of allergic

contact dermatitis.

Xueting Liu*, De Wang, Yuhuan Weh Liping Zend, Yangyang Li, Tianyu Tad,

Zhonggqiu Zhat® Ailin Tao™*

The Second Affiliated Hospital, The State Key Lattory of Respiratory Disease,
Guangdong Provincial Key Laboratory of Allergy &idital Immunology, Center for
Immunology, Inflammation, & Immune-mediated diseasguangzhou Medical
University, Guangzhou 510260, China.

“Center for the Study of Itch, Department of Anestblegy, Washington University
School of Medicine.

®Barnes-Jewish Hospital, St. Louis, MO 63110, USA.

Corresponding author: Ailin Tao, PhD, The Second Affiliated Hospital of
Guangzhou Medical University, Guangzhou 510260 n&hirel: 86-020-34153520,

Fax: 86-020-34153520, E-mail: taocailin@gzhmu.edu.cn

Inventory of supplementary materials submitted:

l. Supplementary figures and legends
Il Table S1

[l Supplemental Methods and References



Supplementary figure legends

Figure S1. Strong up-regulation of cytokines and @h mediators in nape skin and
cervical DRG from SADBE mice. (a)The secreted cytokines at the protein levels in
nape skin from SADBE mice analyzed by multiplex Loex assay.(b,c) g°PCR
analysis showing mRNA levels of the indicated tamgenes in skin and DRGP*<
0.05, *P < 0.01, **P < 0.001, one-way ANOVA followed by Bonferroni’s tesll

compared to day O.

Figure S2. Molecular expression in cervical spinatord of BB-sap mice mice(a-d)
The number of CGRP(a) and PKG" (b) cells detected by immunostaining, or
Prodyn+(d), Sstr2+ (d) cells detected by RNAscope ISH were comparabBBrsap
mice and blank-sap mice. Bar figures in (a-d, Dig# the quantitative analysis data

represented mean = SEM. Studemiest,n = 4 mice / group. All scale bars, hfh.

Figure S3. Molecular expression in cervical spinalcord of BNP-sap mice.
Pdyn’(b) but notSstr2*(a) cells were significantly ablated in the cervisginal cord
of the BNP-sap group compared to that of the blsagk-group (***P < 0.001). Scale

bars = 5Qum. Student’'s-test,n = 4 mice / group. All scale bars, pfn.

Figure S4. Characterization of SST»", NPRA" and GRPR' neurons in the spinal
cord for itch. (a) Intrathecal injection of octreotide (100 ng,= 11, 7), or nor-
binaltorphimine (nor-BNI, 75 pgy = 5) induced scratching decreased in mice after
bombesin-sap bl Intrathecal injection of octreotide (100 ng=9), and nor-BNI (75
Mg, n = 8, 9) induced scratching decreased in mice &bdP-sap. In &,b) all data
represent means £+ SEMP*< 0.05, *P < 0.01, ** P < 0.001, versus the blank-sap,

unpairedt test. ¢-f) Double RNAscope staining show&dtr2” rarely co-localized



with Grpr*(c), andNpr1® rarely co-localized wittstr2*(d) , Nmbr™ (€) andDyn’ (f)

cells in the superficial dorsal horn. Scale barsu2bn = 3.

Figure S5. SADBE-induced prolonged itch was driverby histamine dependent
systems.(a, b) gPCR analysis showing increased mRNA levelblidfl andHrh4 in
skin @) and cervical (c2-c7) DRGD) in mice with SADBE-induced chronic itch.
For day 0, 3, 7 and 21 im,p), n = 5. (c-f) Itch behavior tests in C57 mice 7 days after
the last SADBE painting and treated with the selecH1R antagonist olopatadine
(i.p. 10 mg/kg) and H4R antagonist JNJ7777120 eittteathecally (i.t. 3 and 10g)

(c, d, n=7), or intradermally (i.d. 0.3 and Quénol ) (e,f, n =7). (g, h) Prolonged itch 7
days after the last SADBE painting was significamtenuated by diphenhydramine

(10 mg/kg, i.p.) @), (0.3 and 0.9ug, i.t.) ().

Table S1.Primers used for real-time quantitative PCR

Target Forward primer ('5 to 3) Reverse primer ("5 to 3’)

Mrgpra3 GAATGGGAGAAAGCAACACCAGT GTCATTGTCGAGGCTGAGGTGT
Mrgprd  TTTGCGGAAGGACAGATTGG TGCTGTCAAGAGTGGAGTTCA

Mrgprcll ACTCTCTGCTACGGATCATTGA TGATTGCTGCATTGCCTAAGATA

Mrgprxl1  ACAAGTCAGCTCCTCAACTCC GTGTCGTGGGATGAGATGGTT
Trpal ATGGGATGACCCCTCTCCAC AAAGCAGTCCAGCCATTGTG
Trpvl ACCACGGCTGCTTACTATCG CGGAAATAGTCCCCAACGGT
Trpv4 TGGAGGAGAAAGGTCGTGGA GTCCATCTAGGTCCGCAGTG

Trpm8 AAACATCCCCTTCCCCTTCG GTTGTCGTTGGCTTTCGTGT



Gapdh
Actb
Grp
Nppb
Grpr
Nprl
Tdlp
1-18
-4
-5
-6
11-10
11-13
[1-25
11-27
11-33
11-31
11-23
Tnf-a
Hrhl
Hrh4
Cxcr3
Cxcl10

Hdc

CCCAGCAAGGACACTGAGCAA

TGTTACCAACTGGGACGACA

TGGGCTGTGGGACACTTAAT

GTCAGTCGTTTGGGCTGTAAC

TGATTCAGAGTGCCTACAATCTTC

TGGAGACACAGTCAACACAGC

AAGCCAGCTTGTCTCCTGAA

CACTCATTGTGGCTGTGGAGAAG

TGTAGGGCTTCCAAGGTGCT

GACAAGCAATGAGACGATGAGG

TGTATGAACAACGATGATGCACTT

GCGCTGTCATCGATTTCTCC

CAACATCACACAAGACCAGACTCC

CCCAGCAAAGAGCAAGAACC

TGTCCACAGCTTTGCTGAATC

AGACCAGGTGCTACTACGCT

CCACACAGGAACAACGAAGCCT

GGTTGTGACCCACAAGGACT

AGAGGCACTCCCCCAAAAGAT

AGAGGCTTCGCTCACATTCC

GGCTATTTCTGACTTCCTCGTG

AGAATCATCCTGGTCTGAGACAA

CCCACGTGTTGAGATCATTG

CGTGAATACTACCGAGCTAGAG

TTATGGGGGTCTGGGATGGAAA

GGGGTGTTGAAGGTCTCAAA

GCTTCTAGGAGGTCCAGCAAA

AGACCCAGGCAGAGTCAGAA

CTTCCGGGATTCGATCTG

CGAAGACAAGTGGATCCTGAG

TGTGCCATTTCCTGAGTACC

TTGTTCATCTCGGAGCCTGTAG

TGATGCTCTTTAGGCTTTCCAG

CGTCTCTCCTCGCCACACTTCT

CTCTGGCTTTGTCTTTCTTGTTATC

CACACTGCAGGTGTTTTAGCTT

GGTATCGGGGAGGCTGGAG

ACCCGATTCAAGTCCCTGTC

CGAAGTGTGGTAGCGAGGAA

ACGTCACCCCTTTGAAGCTC

CCCGGTCCAGGCTGAAACACG

AGGGAGGTGTGAAGTTGCTC

GGGTCTGGGCCATAGAACTGAT

CTTCCGCTCTCGGTTCAAGT

TGCAGATTCCACTTCCAAAA

AAGATAGGGCATGGCAGC

CACTGGGTAAAGGGGAGTGA

ACTCGTTCAATGTCCCCAAAG



Supplementary Materials and Methods

Drugs and reagents

GRPg.7(Cat# H-3120)BNP (Cat# H-7558), SLIGRL-NH2 (Cat# H-5078), GRPR
antagonist deamino-Phel9,D-Ala24,D-Pro26-D-Phe2RGat# H-2756) were
from Bachem (King of Prussia, PA). Histamine (CH#Z250), chloroquine (CQ, Cat#
C6628), squaric acid dibutylester (SADBE, Cat# 3897 compound 48/80 (Cat#
C2313), serotonin (5-HT, Cat# H9523), histamine HitRRagonist olopatadine (Cat#
00391), diphenhydramine (Cat# D3630), and H4R amiisty INJ7777120 (Cat#
J3770) were purchased from Sigma (St. Louis, MQ)mBesin-saporin (BB-sap,
Cat# IT-40-25), BNP-saporin (BNP-sap (Cat# 1T-69-86d blank-saporin (Cat# IT-
21-25) were made by Advanced Targeting Systems (Hago, CA). Endothelin
(Cat# 1160), octreotide (Cat# 1818 ), Nprl antagiominantin (Cat# A2278),
A967079 (Cat# 4716) and norbinaltorphimine (nor-BRa&t# 0347) were purchased
from Tocris (Minneapolis, MN). Doses of drugs angection routes are indicated in

figure legends.

Acute scratching behavior tests

Male mice (8-12 weeks old) were used for behavitasiing unless otherwise stated.
All mice were acclimated to the environment for labst one day before the
experiment. Scratching behavior was video recofdmd a side angle (HDR-CX190
camera, Sony). The video was then viewed by persdrs were unaware of the

treatments or mouse genotypes in order to quamitiyse scratching behavior.

Itch behaviors were performed as previously deedrifdun and Chen, 2007, Zhao et

al., 2014). 30 minutes prior to the experiment, enigere transferred to plastic



chambers (10 x 10.5 x 15 cm) from which they weugckly removed for drug
injection. The injection volume was A for intrathecal (i.t.) administration into the
subarachnoid space or pQ intradermal (i.d.) injection into the skin of osede of
the nape of neck. After the injection, the mice eveuickly placed back into the
chambers. The scratching behavior was identifietiftuyg the hind limbs to the neck
(i.d.) or trunk (i.t.) injection sites and the reting of the hind limbs back. The
scratches to the side of i.d. injection site werented for the i.d. test and scratches to
both sides of the lower limbs were counted forithéest. The dosages used are listed

below (exceptions will be mentioned in the figuegends).

For intradermal injection: histamine (500 pg), ecbbuine (200 pg), endothelin-1 (50
ng), 5-HT (10 pg), compound 48/80 (100 pg), andGRIL-NH2 (100 pg) were

dissolved in sterile saline and administered imlame of 50 pl per mouse.

For intrathecal injection: Nppb (5 pg), GRP (0.5ahnGRPR antagonist deamino-
Phel9,D-Ala24,D-Pro26-D-Phe27-GRP (0.5 nM), Npriaganist anantin (2 and 10
nmol), kappa-opioid receptor antagonist norbinglanine (nor-BNI, 75 pug) and the
somatostatin-receptor agonist octreotide (100 ngre all prepared in sterile saline

and administered in a volume of 5 pl per mouse.

For the antihistamine pharmacological experimeatfirst-generation antihistamine,
diphenhydramine (10 mg/kg), or the H1R antagorigpatadine (10 mg/kg) and H4R
antagonist JNJ7777120 (30mg/kg), were tested ustngperitoneal (i.p.) injections
30 minutes before the start of behavior recordf®gecific doses are listed in the

figure legends.

Assessment of motor function



As previously described (Sun et al., 2009), a nogedystem for accelerated treadmills
was used to assess coordinate motor activity andrgemotor function of the mice.
The animals were tested 3 times at 15 minute iatenand the average latency of

each drop of the animals from the rotating rod axaeraged as the result.

Mouse model of allergic contact dermatitis

The contact sensitizer squaric acid dibutylest&DBE; Sigma) was used to induce
contact allergic dermatitis in mice. 2. of 1% SADBE (dissolved in acetone) was
applied to the shaved abdomen skin of mice oncayafar three consecutive days.
Five days later, the SADBE treatment group waslehged with 2QuL 1% SADBE

topically applied to the shaved nape skin onceydait 3 consecutive days, while

acetone alone was used as a vehicle control.

Spontaneous scratching behavior with the hind paas quantified by recording the
number of scratches for 60 minutes. The behavi@sults of the first day refer to
observations 24 hours after the last SADBE appbtioatin order to obtain a time
course of SADBE-induced chronic itch, scratchingswansistently observed at 10
amondays 1, 3,5,7,9, 11, 14, 21, 28 and 35 #fe last SADBE painting. Also, at
3,7, 14, 21 and 35 days after the last SADBE pagnsamples of the back skin after
SADBE application, blood, spleen, cervical (c2-&RRG and spinal cord tissues
were collected from the SADBE-treated mice andrtbentrols (painted with acetone
only) for a comprehensive analysis including hsggi, ELISA, immunostaining,

gPCR and RNAscope analysis as shown in results.

Histology and immunostaining of skin or spinal cordtissue



Skin tissues were fixed in 4% paraformaldehyde, esddbd in paraffin and sectioned
in 5 um sections on a microtome. The sections w&amed with hematoxylin and
eosin (H&E) or toluidine blue (TB) following the astdard protocols. HE and TB
stained sections were photographed with a lightrasmope. The thickness of
epidermis was measured and the number of mastwehs counted using Image J
software and the mean of at least 10 randomly wslesections was calculated for

each mouse.

For immunofluorescent staining, skin paraffin saasi (5 um) were deparaffinized
and then incubated in a blocking solution contajr3® goat serum and 0.1% Triton
X-100 in PBS (PBS-T) at room temperature for 2 BouBpecimens were then
incubated with primary antibodies in blocking sautat 4°C overnight. A mouse
anti-Krtl4 antibody (cytokeratin 14; 1:300, Cat N&b7800, Abcam) was used for
labeling keratinocytes. FITC-conjugated avidin (@D, Cat No. 434411; Thermo
Scientific) was used for labeling mast cells. Abitanti-histamine antibody (1:500,

Cat No. 22939, ImmunoStar Inc) was used. Secondasat anti-rabbit antibody

conjugated to Alexa Fluor 568 (Cat No. A11011, Therisher) and goat anti-mouse
antibody conjugated to Alexa Fluor 488 (Cat No. 801, Thermo Fisher) was used
for staining for 2 hours at room temperature. DAIRVitrogen) was used for staining
of nuclei. After washing, tissue sections were nmednusing Fluoromount-G and

imaged after drying.

Immunofluorescence staining of spinal cord tissuas performed as described (Zhao
et al., 2007). Briefly, following the standard pyobl, mice were anesthetized and
perfused, spinal cord tissues were immediately vwe@wp post-fixed in 4%

paraformaldehyde overnight at 4°C and cryoprotecte2b% sucrose. 20 um spinal

cord sections were obtained via a cryostat and werédated in blocking solution for



2 hours at room temperature. The sections were theabated with primary
antibodies overnight at 4°C, washed three time®BS-T and incubated with the
secondary antibodies for 2 hours at room tempezat@ifter washing the sections
were mounted on slides with Fluoromount-G (South@iotech) and coverslipped.
The following antibodies were used: mouse anti-CGRB000; Cat No. AB1971,
Abcam), rabbit anti-PK& (1:500; Cat No. sc-211, Santa Cruz); GFP (1:5G; ND.
ab13970, Abcam), goat anti-rabbit Alexa 488 conjedgCat No. A11008, Thermo
Fisher), goat anti-mouse Alexa 488 conjugated (@t A11001, Thermo Fisher),
goat anti-rabbit Alexa 568 conjugated (Cat No. AllLOThermo Fisher), goat anti-
mouse Alexa 568 conjugated (Cat No. A11004, TheFister). All imaging and
analysis were performed on a Nikon C2+ Confocal rbicope. At least three
mice/group and 10 cervical spinal cord (c4-6) s&difrom each mouse were

included for statistical comparison.

RNAscopein situ hybridization (ISH) assay

RNAscope ISH assay was performed as described (Mumat al., 2018, Wang et al.,
2012). Briefly, slides were incubated with hydrogpmoxide for 10 minutes, washed,
mildly boiled in target retrieval reagents for 15inotes, washed, dried and
hydrophobic barriers were added around the sectiémstease Il Plus Reagent was
applied for 15 minutes, washed and sections wengbisted with target probes for 2
hours. The following probes consisting of 20 ZZgohucleotides and obtained from
Advanced Cell Diagnostics were usétthl (Cat No. 318771, target region bases 549
- 1453; accession number NM_001252642th4 (Cat No. 528021, target region
bases 246 - 1224; accession No. NM_15308Rigpb (Cat No. 425021, target region
bases 4 - 777; accession No. NM_008726&) (Cat No. 317861, target region

bases 22 - 825; accession No. NM_175012\p),1 (Cat No. 484531, target region



bases 941 - 1882; accession No. NM_00872GE); (Cat No. 317871, target region
bases 463-1596; accession No. NM_008177.2), Nmldr (Cat No. 406461, target
region bases 25 - 1131; accession No. NM_00870B®B) (Cat No. 318771, target
region bases 33 - 700; accession No. NM_018863s8) (Cat No. 437681, target
region bases 2 - 1159; accession No. NM_001042506dgbut2 (Scl7a6, Cat No.

319171, target region bases 1986 - 2998; acceddmn NM_080853.3),Vgat

(9c32al, Cat No. 319191, target region bases 894 - 203Gession No.

NM_009508.2). Slides were counterstained with DARlolecular Probes) and
coverslips were mounted with Fluoromount-G (SouthBiotech). Sections were
subsequently imaged on a Nikon C2+ confocal mi@pedNikon Instruments, Inc.)
in three channels with a 20X objective lens. Cel&ye considered positive if three
punctate dots were present in the nucleus and/tplasm. For co-localization
studies, dots associated with single DAPI staineclen were counted as co-positive.

Cell counting was performed by a person who wasdelil to the experimental design.

Bombesin-saporin treatment

The mice were given a single i.t. injection of basin-saporin (BB-sap, 400 ng
/mouse) or blank-saporin (blank-sap, 400 ng /mou$bgse mice were used for

behavioral experiments 14-21 days after toxin iipec

BNP-saporin treatment

Mice were treated with twice by i.t. injection ofNB-saporin (BNP-sap, 650 ng
/mouse) or blank-saporin (650 ng /mouse) on dagdlLday 8. These mice were used

for behavioral experiments 14-21 days after theseéBNP-sap injection.
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