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ABSTRACT

Itch is an unpleasant sensation that evokes aedesgcratch. Pathologic conditions such
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as allergy or atopic dermatitis produce severeirigghsensation. Mas-related G protein
receptors (Mrgprs) are receptors for many endogermuritogens. However, signaling
pathways downstream to these receptors in dorsélganglion (DRG) neurons are not yet
understood. We found that Anoctamin 1 (ANO1), & @ativated chloride channel, is a
transduction channel mediating Mrgprs-dependeiht signals. Genetic ablation éhol in
DRG neurondlisplayed a significant reduction in scratchingdebrs in response to acute
and chronic Mrgprs-dependent itch models and thdeemal hyperplasia induced by dry
skin. In-vivo C&* imaging and electrophysiological recording revéateat chloroquine and
other agonists of Mrgpr receptors excited DRG nesirea ANO1. More importantly, the
overexpression oinol in DRG neurons afnol-deficient mice rescued the impaired itching
observed imnol-deficient mice. These results demonstrate that AM@diates the Mrgprs-
dependent itch signaling in pruriceptors and presictlues to treating pathologic itch

syndromes.
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INTRODUCTION

Itch is a distinct sensation from pain, characetiby an unpleasant skin sensation.
Acute itch works as a warning sign against traridianmful environments such as mosquito
bites. Skin diseases such as atopic dermatitigjgss® and cholestatic liver, kidney, and
metabolic disorders cause chronic ifcif ** ?® Among diverse endogenous and exogenous
pruritogens, histamine is the best-known itch-cagisubstanc&. When tissues are inflamed

or stimulated by allergens, histamine is releasethfmast cell§®. Although antihistamines
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are the current drug of choice for treating pr;itonany types of pruritic disorders, including
atopic dermatitis, are poorly treated with antiwisines?’. Thus, histamine-independent
mechanisms appear to be involved in chronic itch.

Mas-related G protein-coupled receptors (Mrgprsigrge class of receptors expressed
solely in dorsal root ganglion (DRG) neurons, amvnknown to transduce histamine-
independent itcif® " °* Among the Mrgprs family in mice, MrgprA3 is stifated by
chloroquine (CQ), an anti-malarial drug whose cdoaion is a severe itch sensatioh
BAM8-22, an endogenous bovine adrenal medulla gepievokes itch via activation of
MrgprC11°%. Ser-Leu-lle-Gly-Arg-Leu (SLIGRL) is an agonist mfotease-activated receptor
2 (PAR?2) that induces neuronal excitation and shiag behaviors in micé”. SLIGRL is
now known to cause itch through MrgprC11 rathentRAR2 because scratching responses
by SLIGRL was attenuated iMrgprCl1-deficient mice rather than PAR2-null miéé
TRPA1 was reported as a downstream channel to M&jpand MrgprCll-induced itch
mainly because BAMS8-22 and CQ-evoked itch and tkeit&ion of itch fibers require
TRPA1 ", However, this mechanism is challenged becausethitation of cutaneous c-
fibers by CQ or BAMS8-22 in the skin-nerve prepawatis not reduced by the application of a
TRPAL blocker or inTrpal-deficient mice*”. On the other hand, the CQ-induced action
potential discharge and scratching behaviors weagsifeantly decreased by an ANOL1
specific blocker, suggesting a role of ANO1 in itsnsatior?. Therefore, the signaling
pathway underlying histamine-independent itchilswgiclear.

Anoctamin 1 (ANO1, also known as TMEM16A) is a’Gactivated chloride channel
mediating numerous physiological functions® ®© ANO1 regulates mucus secretion in
airway epithelia, fluid secretion in intestines asdlivary glands, and affects vascular
contractility ** *° ANO1 promotes tumorigenesis in numerous cancks ¢€° and induces

testosterone-dependent benign prostate hyperpfasidNO1 regulates the radial glial
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function in the developing braitf. More importantly, ANO1 is expressed in a subdet o
small-diameter DRG neurons, thereby mediating thépain as a heat sengoiNociceptive
behaviors to heat, inflammation, or neuropathicditions are substantially reduced by
ANOL1 blockers or genetic deletion Afol 8" 2% 2° Because ANOL1 is expressed in small-
sized DRG neurons, which are primarily associatétl itch ® 2 it is tempting to assume
that ANO1 may mediate itch. Using mice with DRG-@fie genetic ablation oAnol, this
study was aimed to determine whether ANO1 mediMegprs-related iich. As a result,
Anol-deficient mice showed a substantial reductiondratehing behaviors in response to

Mrgprs-related pruritogens or various chronic itcbdels.

RESULTS

Genetic ablation of Anol in DRG neurons reduces Mrgprs-related scratching

To determine whether ANO1 is involved in itch seitsg we tested ifAdv"cAno1™""
mice, the DRG neuron-specific conditional knock-@@KO) mice that lackedinol in DRG
neurons®, showed reduced scratching behaviors in respansartous pruritogens. We first
tested if the genetic ablation 8hol affects Mrgprs-dependent itch. Because CQ, an anti
malarial drug, and SLIGRL are known to cause nataminergic, Mrgprs-dependent itcf:
8 CQ (200pg/100pl) and SLIGRL (65ug/100ul) were injected into the neck of littermate
control (CTL; Ano1"™) and cKO mice. When CQ and SLIGRL were injected@L Gnice
scratched the neck skin vigorously with the hindbs. In contrast, cKO mice scratched
significantly less than CTL mice in response to @@ and SLIGRL injections (Fig. 1A).
Also, CQ-induced scratching behaviors were sigaiftty reduced when CQ was co-injected

with an ANOL1 inhibitor,N-((4-methoxy)-2-naphthyl)-5-nitroanthranilic aciffQNNA, 35
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ng/100ul) (Fig. 1B)%.

When histamine (20Qg/100ul) and endothelin-1 (125 ng/1Q0), which are Mrgprs-
independent pruritogens' 2 were injected into the neck of CTL mice, thesaritmgens
evoked scratches comparable to those observedHeysdt. Anol cKO mice's scratching
behaviors in response to these Mrgprs-independemitggens did not differ from those of
CTL mice (Fig. 1C). In addition, when serotonin (5-HT, g0/100 ul), another pruritogen
released from mast celf§ > was injected, the two genotype mice scratchechéok with

comparable frequencies (Fig. 1C).

Genetic ablation of Anol reduces scratching in Mrgprs-dependent chronic itch models

Cholestasis is a common disease characterizedréyuaed bile acid floW?. One of its
complications is pruritus®. The systemic increase in bile acids and othemgedous
substances causes prurittfs ‘Recently, molecular and neuronal mechanisms Uyidgr
cholestatic pruritus have been identified: Bilimulim the skin is now known to evoke itching
via MrgprX4 or MrgprAl in humans or mice, respeetiv®?. Therefore, we tested whether
ANO1 contributes to cholestatic pruritus. The sudnaous injection of bilirubin (60g/ 50
ul) to the nape of CTL mice elicited scratching. dontrast, the cKOmice scratched
significantly less than the CTL mice in responsébilirubin injection (Fig. 1D).

Dry skin causes itcfP, which is now classified as non-histaminergic ibgttause the dry
skin-evoked scratching is not affected by antilistee treatment' *> > Moreover, MrgprA3
is known to mediate the dry skin-evoked itchifig®® Therefore, we tested whether the
genetic ablation ofAnol affects dry skin-induced scratching. We generated dry skin
model after a gentle wash on cheeks with the aeedmd ether mixture followed by a wash
with water (AEW)' 3> ® The repeated applications of AEW for 3 or 5 dayshe cheek

caused scratchings in CTL mice compared to thervicated mice (Fig. 1E). In contrast, the
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cKO mice scratched significantly less than CTL miceeraf8 and 5 days of the AEW
treatment (Fig. 1E).

The repeated application of AEW is known to caysidezmal hyperplasi& *® Indeed,
the repeated application of AEW to the skin cayserninent epidermal hyperplasia in CTL
mice compared to the epidermis of the water-treakadl (Fig. 2A). In contrast, the repeated
application of AEW also caused epidermal hypergplasi cKO mice but with much less
extent than in CTL mice (Figs. 2B and C). Therefdiese results suggest that ANO1
mediates dry skin-induced itch, a MrgprA3-depenaémonic itch modet* ©3

Psoriasis is a chronic skin disease characterizgdthickened stratum corneum
(hyperkeratosis) that causes severe prufftuRepeated topical application of imiquimod, an
agonist of Toll-like receptor 7 in DRG neuronsaisnodel for psoriasis-like itch in mice and
humans'® #° %3 We, therefore, determined whether ANO1 involwegsoriatic itch. When
imiquimod cream was applied to mice's necks evay fdr 7 days, the CTL mice elicited
pronounced spontaneous scratches from as early day8 after the application. The
spontaneous scratches of cKO mice were comparalthose of the CTL mice in 3, 5, and 7
days of the imiquimod application (Fig. S1, avdi#alas supplemental digital content at
http://links.lww.com/PAIN/B585). Thus, these resu#itrongly suggest that ANO1 mediates

non-histaminergic, Mrgprs-dependent itch

ANOL1 expression in MrgprA3 positive DRG neurons

Because ANOL1 is expressed mainly in small DRG n&ftowe thus examined whether
it is also expressed in itch sensory neurons. BerdArgprA3 is considered a marker for itch
fibers ** °” we determined the co-localization of ANO1 and M#B3 in MrgprA3°FFcre
transgenic micé’. As shown in Fig. 3A, ANO1 is expressed in many@®Reurons, where

GFP-positive neurons were also co-localized. Amam2 ANO1L-positive neurons, 403
8



(28.1%) were also positive for MrgprA3 (Fig. 3Bmportantly, 93.9% of MrgprABositive
neurons were also positive to ANO1 (Fig. 3B). Thesslts suggest that a large proportion
of MrgprA3-positive DRG neurons overlaps with AN@dasitive neurons. In contrast, the
proportion of histamine H1 receptor (H1R)-positheurons was low in ANO1-positive DRG
neurons (Fig. 3C). Among 993 ANO1-positive neuramdy 96 neurons (9.7%) were H1R-
positive (Fig. 3D). Similarly, 31.5% of H1R-posivneurons (305 neurons) were ANO1
positive (96 neurons) (Fig. 3D). These results amesistent with the lack of phenotype of

Anol-cKO mice to histamine (Fig. 1C).

ANO1 mediates CQ- and SL1GRL-induced excitation of DRG neurons

Although ANOL is a chloride ion _channel, it was o to depolarize DRG neurons
when activated. Therefore, we determined whether ANO1 mediates@® or SLIGRL-
induced neuronal excitation of DRG neurons. We naeth membrane potentials of relatively
small-diameter DRG neurons (<30 pm) isolated frofiL ©r Anol cKO mice. The 1 mM
CQ application caused depolarization with multigletion potentials in cultured DRG
neurons from CTL mice (Fig. 4A). Some neurons slibWeng with depolarization, while
some other neurons showed depolarization withautgti The CQ application triggered
action potential firings in 22 out of 107 DRG nens0(20.6%) isolated from CTL mice. In
contrast, the CQ application failed to evoke acpotential firings in the majority of DRG
neurons obtained fromAnol cKO mice (Fig. 4A). Only 1 out of 35 DRG neurons (2.9%)
isolated fromAnol cKO mice responded to the CQ. In addition, the appboadf an ANO1
inhibitor MONNA (10 uM) also inhibited these action potentials evoked@® in DRG
neurons from CTL mice (Fig. 4B). The CQ applicatotepolarized the neurons with 29.7
4.8 mV (n = 7), which was significantly reduced1®.9 + 4.1 mV (n = 7) by MONNA (10

uM) (Fig. S2A, available as supplemental digital teonh at http://links.lww.com/PAIN/B585).
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In addition, CQ (1 mM) evoked small but robust imdv@urrents in DRG neurons of CTL
mice. The CQ-induced inward currents were reducgdl® uM MONNA (Fig. S2B,
available as supplemental digital content at htipks.lww.com/PAIN/B585). Thus, these
results indicate that ANO1 mediates the CQ-induaditation of DRG neurons.

Similarly, the application of 1 mM SLIGRL also cadsa barrage of action potentials
when applied to DRG neurons from CTL mice (Fig. 40)e proportion of DRG neurons of
CTL mice responding with action potential firingttee SLIGRL application was 35.4% (23
out of 65 DRG neurons) (Fig. 4C). In contrast, oh0/5% of DRG neurons (4 out of 38)
from Anol cKO mice responded to the SLIGRL application (). In addition, 10 uM
MONNA completely blocked the SLIGRL-induced examat of DRG neurons (Fig. 4D).
These results suggest that ANO1 also mediates Eh&R&-induced excitation in DRG

neurons.

Pharmacological block of ANO1 inhibits CQ-evoked DRG neuron activity in vivo

To determine if CQ activates a subset of DRG neurxaa ANO1Lin vivo, GCaMP-based
optical C&* imaging was attempted on DRG neurons in anes#tetizice. CaMKlla-based
GCaMP6f-expressingdaMKIla“*EGCaMP6f"*) male mice were deeply anesthetized. Their
L4 DRGs were exposed and placed under a two-phoioroscope to measure the activities
of DRG neuronsin vivo " ?°. Representative images of neurons that showedefiaence
responses before (left) and after (right) intradai©Q injection are indicated by arrowheads
(Fig. 5A). Applying KCI (250 mM) directly on the DR neurons evoked robust fluorescence
signals of GCaMP6f-expressing DRG neurons (Fig. &8) (400ug/10ul) was injected into
the ipsilateral hind paw (at time 0 min, arrow)gFbC). The intraplantar injection of CQ
evoked spiking or prolonged fluorescence signalgs(F5A and C). When MONNA was

coinjected with CQ, the fluorescent activity wasikaigly reduced (Figs. 5D and E).
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Background fluorescence signals with 4 1.0 or with a slow and gradual increase were
excluded as non-responders. In addition, the ptmpoof responding neurons to the CQ
injection was significantly reduced by the MONNAmection: 60 out of 425 neurons (14%)
were active in response to CQ injection alone, eagionly 56 out of 699 (8%) neurons were
active in response to the CQ+MONNA injection (Far). We assessed the total number of
functional neurons after counting fluorescent naarm response to-the direct application of

250 mM KCl to DRGs (Fig. 5B).

Stimulation of MrgprA1l, A3, or MrgprC11 activates ANO1

MrgprA3 is a G-protein coupled receptor essental the CQ-induced signaling in
sensory neurons and the CQ-evoked ifth Therefore, we determined whether the
stimulation of MrgprA3 could activate ANOL1 in a Baslogous system. Mougdrgpra3 and
Anol were transfected to human embryonic kidney 293EKHcells. To measure the Cl
currents, bath and pipette solutions contained im0 NMDG-CI to make Clas a sole
charge carrier. As shown in Figure 6A, the appicatof 500 uM CQ induced robust CI
currents in HEK cells transfected wiitirgpra3 andAnol at the holding potential of -60 mV.
However, the CQ failed to evoke currents in HEK298HIs transfected wittMrgpra3 or
Anol alone (Fig. 6A and B).

Similarly, because MrgprC11 is known to be a remefair SLIGRL for itch sensatioff,
we also tested whether ANO1 is a downstream effefcio MrgprC11. Because SLIGRL
evoked currents in native HEK293T cells, presumaig to the PAR2 signaling pathwHy
Chinese hamster ovarian K-1 (CHO) cells were usstkad for the reconstitution study. The
application of 1 mM SLIGRL evoked robust Qurrents in CHO cells transfected with
Mrgprcll andAnol, whereas the SLIGRL application failed to evokerents in CHO cells

transfected wittMrgprcll or Anol alone (Figs. 6C and D).
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Bilirubin is known to stimulate mouse MrgprAl andrian MrgprxX4>** Thus, ANO1
should be activated by the bilirubin-stimulated byl if ANO1 is the downstream
transduction channel for MrgprAl. Indeed, the aggilon of 50uM bilirubin to HEK293T
cells transfected witiMrgpral and Anol evoked strong currents. However, the bilirubin
failed to produce currents in HEK293T cells trantéd withMrgpral or Anol alone (Figs.
6E and F). Thus, these results suggest that AN@ldswnstream effector to MrgprAl, A3,
and C11.

Mutants of yellow fluorescence protein (YFP) hawe®ib used to measure  €Channel
activity as they have the potential to exhibit sgdiuorescence by binding with chloride,
whereas it loses fluorescence with iodide bindihg® Therefore, after adding an iodide-
containing solution to a chloride-containing exafdar solution, we measured the quenched
fluorescence as an indicator of ANO1 activity. YAP48Q/I152L/F46L, a widely-used
halide sensor, was uséd Thus, the fluorescence intensity of HEK293T célinsfected
with MrgprA3, Anol, andYfp-H148Q/I152L/F46L was measured. Upon 1 mM CQ treatment,
the fluorescence showed robust extinction in HEK288lls expressing botlrgprA3 and
Anol (Fig. 7A). However, wherMrgprA3 or Anol alone was transfected, the fluorescence
failed to show an abrupt decay. Likewise, the Yk®rescence showed robust extinction
upon 100uM SLIGRL treatment to CHO cells transfected withrgprC11 and Anol.
However, whervirgprC11 or Anol alone was transfected, the fluorescence failedetmay
(Fig. 7B). Similarly, the application of 1QM bilirubin caused a rapid quenching of the YFP
fluorescence in HEK293T cells expressidggprAl and Anol, whereas it failed to show a
guenching fluorescence of YFP in HEK293T cells ¢fanted withMrgprAl or Anol alone
(Fig. 7C). Thus these results further support tlstion that stimulation of MrgprA3,

MrgprC11, and MrgprAl with their respective ligaratgivates ANOL1.
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PLC signaling mediates the ANOL/MrgprA3 or MrgprC11 pathway

ANOL1 is activated by intracellular €avia the phospholipase C (PLC)Ipathway™.
Therefore, we determined whether the PLC signaiéngequired for the SLIGRL-evoked
excitation of DRG neurons. We applied 1 mM SLIGRiice to DRG neurons in a 5-min
interval to see the PLC inhibitor’s effect on thelGRL-induced neuronal excitation. The
application of 1uM U73122, a PLC inhibitor, completely blocked th&lGRL-evoked
excitation of DRG neurons (Figs. S3A and B, avadat#s supplemental digital content at
http://links.lww.com/PAIN/B585).

Similarly, we also determined the involvement oftPin the MrgprA3/ANOL1 pathway
in the reconstitution study. CQ induces inward ents with mild desensitization in
HEK293T cells transfected wittMirgpra3 and Anol (Figs. S3C and D, available as
supplemental digital content at http://links.lwwntPAIN/B585). The second CQ application
evoked about 49.7 + 17.2% (n = 5) of thkclirrent amplitudes. However, the application of
1 uM U73122 along with CQ inhibited the CQ-induced reats to 8.3 * 4.1% of the®'1
current amplitudes. Thus, these results indicaePhC mediates the MrgprA3/ANO1 and

MrgprC11/ANO1 signaling pathways.

Overexpression of Anol in the DRGs of Anol cKO mice rescues the CQ-induced
itching

To confirm the role of ANO1 in mediating the Mrgaisependent itch, we systemically
overexpressednol in the Anol cKO mice to see if the impaired CQ-induced itchiag
rescued. We injected AAV2-hSyn-mCherry (mock virus) AAV2-hSyn-Anol-mCherry
(rescue virus) into the temporal vein of newbornLGfid cKO mice'®. As shown in Figure
8A, mCherry, the reporter gene, was well expressddRG neurons of virus-injected mice,

suggesting the successful targeting of the viriD®G neurons. The subcutaneous injection
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of CQ (400ug/100ul) into the neck caused robust scratching in theknarus injected CTL
mice, whereas it caused a significantly less fratjseratching in the mock virus injected
cKO mice (Fig. 8B). In contrast, the subcutaneo@3 iGjection evoked almost identical
numbers of scratching in both the CTL and cKO gradnen the rescue virus was injected,
suggesting that the reduction in CQ-induced itclobgerved in cKO mice was rescued by

the overexpression @hol in the DRGs of cKO mice (Fig. 8B).

DISCUSSION

Itch is a distressful sensation for scratchingskie to avoid harmful stimuli. Severe and
lasting itch often deliberates the patient's qyabif life, disturbing sleep and moct.
Harmful environmental stimuli such as mosquito-leweke acute itch that does not last long.
Meanwhile, chronic itch is defined as a prolongeth icondition longer than six weeRS
Chronic itch accompanies severe pathological camditsuch as atopic dermatitis, psoriasis,
and allergies. These skin abnormalities cause brarable itch that brings intense scratching.
These scratches aggravate dermatitis conditionghwlads to the vicious itch-scratch-itch
cycle. The current treatment for the itch is amtdmines. However, the pharmacological
effects of antihistamines on chronic itch are miaiffl. Therefore, therapeutic options for the
histamine-independent itch become an essentia fgsutch treatment.

The present study identified the role of ANO1 indiaing Mrgprs-dependent itch
because scratching evoked by Mrgprs-dependenttpgens was significantly reduced in
Anol-deficient mice. In addition, a portion of spontang@nd persistent itch induced by dry

skin conditions was also reduced. Applications @ GLIGRL, and bilirubin activate ANO1
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in sensory neurons via MrgprA3, MrgprC11, and MAfprrespectively. More importantly,
in-vivo C&* imaging of DRG neurons revealed CQ-induced neartity's antagonism by
an ANOL1 blocker. Thus, ANO1 appears to contribotéransmitting the Mrgprs-dependent

itch in the periphery.

Itch signaling pathway in pruriceptors

Many ion channels with a role in nociception alsb @ downstream effectors in itch
signaling pathway 2 TRPV1, a key channel for nociception; is alsowndao mediate
histamine-induced itcA®. A subset of DRG neurons were both activated Ipsaigin and
histamine. In addition, histamine-evoked?Csignals in DRG neurons, as well as itching, are
not observed ifrpvl” mice®. Activity-dependent silencing of TRPV1-expressimgurons
with a pore-permeable Niahannel blocker, QX-314, silences histamine-evaadtching'.
In addition, a downstream channel for MrgprA3 antilGvas reported to be TRPAL. A
subset of DRG neurons that respond to mustardcaoifagonist for TRPAL, also respond to
CQ and BAMS8-22°". The numbers of DRG neurons responding to thesstqggens are
significantly reduced iffrpal’ mice. In addition;Trpal’” mice show less scratching after
subcutaneous injection of CQ and BAM8-22. TRPADb appears to mediate the dry skin-
induced chronic itcfi®. However, the role of TRPA1 in mediating the hisiige-insensitive
itch is challenged because CQ-evoked itch and heaxetation of DRG neurons from
Trpal” mice are comparable to those of the WT nifcén the present study, we showed that
ANO1 contributes to itching via the downstream sigio the Mrgprs. ANOL1 is a Cthannel
activated by intracellular & and voltage®®. Many physiological ligands such as ATP,
acetylcholine, histamine, and endothelin-1 canvatti ANO1 via PL@ stimulated by their
respective receptor®. Bradykinin, which induces inflammatory pain, alepens ANO1

through PLC signaling by tethering of ANO1 andRP” % Therefore, it is not surprising to
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know that CQ, SLIGRL, and bilirubin open ANOL1 viespective Mrgpr receptors in DRG

neurons.

Common transducersfor pain and itch in DRG neurons

Itch and pain are distinct unpleasant sensatiansthiey are closely related. For example,
pain and itch are antagonistic. Scratching the skispresses the itch sensatfanThe close
relationship between pain and itch partly comesfitbe fact that many iich fibers overlap
with nociceptors? In addition, spinal neurons activated by prurifeg are also activated by
painful stimuli*> *° >’ Therefore, the neural conduction pathway foritble is considered a
part of the pain pathway. According to this ‘Intéypsheory’ model, when nociceptors in the
skin are stimulated intensely, pain sensation isinbd, whereas when the same nerves are
lightly activated, then itch sensation ensieS However, the discovery of itch-specific
sensory neurons, interneurons, and projection msurothe spinal cord supports the ‘labeled
line’ theory °. Mice deficient of MrgprA3-positive DRG neurons hébited decreased
scratching behaviors, but not pain behavidts Gastrin-releasing peptide(GRP)- and
natriuretic polypeptide B-positive neurons in thginal cord evoke itch but not pain
responses supporting the labeled line the8ry* However, these two theories are not
mutually exclusive: Sun and colleagues proposeshlayl gate model theorly, where GRP-
positive interneurons in the dorsal horn of thenapcord receive both pain and itch sensory
inputs and evoke pain and itch when activated. Rggceeven stimulation of MrgprA3-
positive c-fibers evokes either itch or pain-likehlaviors depending on the metabotropic or
ionotropic stimulation, suggesting that differehtistimulation of the same neuronal
population results in itch or paffi

In this context, it is worth noting that some kegletules in DRG neurons mediate itch

and pain. For example, TRPV1 and TRPAL, transdabannels for nociception, are also
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known to mediate itcA” °” *® Similarly, ANO1 is thought to be a heat sensspomsible for
thermal pain and is now considered to mediate §t¢h % The majority of ANO1-positive
neurons were Mrgpr-negative (Fig. 3). Thereforegsth ANO1-positive, Mrgpr-negative
DRG neurons may participate in pain signaling> @aflux through TRPV1 activates ANO1
*> In addition, more complex mechanisms for the fiamal coupling between TRPV1 and
ANO1 were suggested: €ainflux through TRPV1 activates &asensitive PLC, which
releases IPand induces C4 release from the ER, thereby activating AN&1*’. This
synergistic action of TRPV1 and ANOL1 induces a fihancing effect. Thus, the dual roles
of these transducer channels for pain and itchatsgn a subset of DRG neurons may further
support the idea that pain and itch share commadieaular and neural components in their
conduction pathways.

In summary, current study identified that ANO1 na#ds Mrgpr-dependent itch.
Because chronic itch reduces the quality of lif@leaular mechanisms underlying Mrgpr-
dependent itch in the present study would providéua to cure some types of chronic itch.

Therefore, ANO1 could be a new therapeutic targeit€h treatment.

METHODS

Generation of Anol cKO mice

The generation ofAnol cKO mice was described previousfy Briefly, the Anol
targeting construct was built by conventional ahaniln the construct, exon 8 was flanked by
loxP sites followed by an FRT-flanked neo cassette. tahgeting vector was linearized and

inserted into embryonic stem cells (Sv129/R1) weictroporation. Neomycin-resistant cells
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were selected with geneticin (G418). The positilmnes were confirmed by Southern blot
analysis using a probe after digestion wstl. Cloned embryonic stem cells were injected
to blastocysts of C57BL/6 mice, which produced agdanumber of chimeric mice. To

generate heterozygous mice carrying one floxedea{fsno1™"

), these chimeric mice were
bred with C57BL/6 mice. The neo cassette was rechbyecrossingAnol™* to Deleter-FIpE
mice (Jackson Laboratory, stock #003800). &hel"" mice without neo-cassette were then
crossed withAdv®™ to produceAdvcFEAno1l™* mice. TheAdv*FEAN01™* mice were crossed

" (cKO) mice in DRG neuronsAnol™ mice

with Ano1™ mice to generat@dv-FEANC'
without Cre-expression were used for CTL mice.

Behavioral tests

Animal care: All experiments were performed on 7-15 weeks oldemiThese animals
were housed in a controlled environment, on a ligHt/dark cycle, with free access to food
and water. Animal experiments were carried outdecoad with the Ethical Guidelines of the
International Association for the Study of Painl &timal experiments were approved by the
Institute of Laboratory Animal Resources of the &institute of Science and Technology.

Pruritic compound preparation: Pruritogens such as CQ (200 or 406/100 pl,
Sigma), SLIGRL (65:9/100ul, Tocris), histamine (20Qg/100ul, Sigma), serotonin (5-HT,
20 pg/100 pl, Sigma), endothelin-1 (ET-1, 125 ng /1Q0 Sigma) were dissolved in the
Ringer solution. MONNA (35.g/100 ul, Tocris) was dissolved in DMSO and diluted with
Ringer solution before use. Bilirubin (¢@/50 ul, Frontier Scientific) was freshly prepared
before the behavior test in 0.01N NaOH and themtasied in the dark. For whole cell
current recording test, bilirubin was dissolvedDMSO and then diluted into bath solution
with final DMSO concentration < 0.5%.

Pruritogen-induced scratching test: Both male and female mice were used for

behavior tests. Mice were anesthetized by intrégeeal injection of a mixture of Zoletil 50
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and Rompun at a ratio of 2:%When mice were anesthetized, they were shavedealdtsal
neck or cheeks for the application of pruritogelce were allowed to acclimate to a
chamber for 30 min before behavioral tests, ana theiritogens were injected into the
shaved nape of the neck of mice. One scratch wiisedeas a lifting of hind limbs near the
nape or cheeks and a replacing of the hind limlk bad¢he floor. After injection, mice were
placed back in the chamber and recorded by a wdetera for 30 min. All behavioral tests
were conducted blinded to genotype or treatment.

Dry skin-evoked scratching test: To generate dry skin-induced itch behaviors in the
cheeks of mice, both cheeks were shaved, and aimixif acetone and ether (1:1) were
treated lightly with a cotton swab at shaved chedk®ice for 15 s, followed by wash with
water for 30 seconds. This treatment was carrié¢dloae times a day for 5 days. Scratching
behaviors of the acetone, ether, and water-traaied were recorded by a video camera for
30 min.

Imiquimod-induced scratching test: Mice older than 2 months were used. After
anesthesia, the nape of the neck of mice were dhawel 42 mg of Aldara cre&nfDongA-
ST, 5% Imiguimod) was applied to the nape of thekn&f mice for 7 days. At 3rd, 5th, 7th
day of the experiment, mice were allowed to acdarta a chamber for a 30 min after 4
hours of the application, and then mice were rembrdy a video camera for 1 hour. The
number of scratching bouts were counted.

Viral injection: Overexpression odnol in theAnol cKO mice was obtained with AAV
virus infection. AAV2-hSyn-mCherry or AAV2-hSyn-AdemCherry was injected into the
temporal vein of the newborn (P1) cKO and CTL midéh a 31-gauge insulin syring@.
Ten weeks-old mice were tested for CQ-evoked duiragc After the scratching test, mice
were sacrificed for confirming the mCherry expreasi

I mmunofluorescent staining
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Immunofluorescent staining of DRGs for ANO1, Mrg@rAand H1R was performed as
previously described. Briefly, dissected mouse DRGs from wild type adcgprA3°ce
mice were sectioned on a cryostat atub® and fixed in methanol. Sections were washed,
incubated with blocking buffer (4% bovine serumuaitin in phosphate-buffered saline with
TWEEN 20) for 30 min. For ANO1 and MrgprA3, sectowere incubated with rabbit
ANO1 monoclonal antibody raised against mouse AN@&dcam, Cambridge, MA) (diluted
1:50), rabbit anti-GFP (diluted 1:500, in blockiaglution, Chemicon Intl. Inc., Temecula,
CA) for overnight at 2C. Samples were then washed and incubated witmdaop antibody
Alexa Fluor 594-conjugated donkey anti-rabbit (t#bh 1:400, Molecular Probe) for ANO1
and FITC-conjugated Donkey anti-guinea pig (diluied00, Chemicon Intl. Inc.) at room
temperature for 1 hour. Labeled DRG sections weraged using the Leica TCS confocal
system (Leica Microsystems, Heidelberg, Mannheinern@any). For ANO1 and HI1R,
sections were incubated with rabbit ANO1 monoclaribody raised against mouse ANO1
(Abfrontier, diluted 1:200), mouse H1R monoclonatilaody raised against mouse H1R
(Santa Cruz, diluted 1:150) for overnight 8€4 Samples were then washed and incubated
with secondary antibody Alexa Fluor 488-conjugatbctken anti-rabbit (diluted 1:300) and
Alexa Fluor 555-conjugated donkey anti-mouse (ddufl:300) at room temperature for 1
hour. Labeled DRG sections were imgaed using Z€lssfocal System (Carl Zeiss,
LSM800):

Hematoxylin and eosin staining

Mouse skin was dissected and fixed with 4% paraéddehyde overnight. The next day,
the skin was immersed in 30% sucrose solution agktnthen embedded in Tissue-Tek
O.C.T. compound (Sakura Finetek). The skin wasi@eati on a cryostat at 1,0m. The
sections were rinsed with PBS and then with destilwater, and stained with hematoxylin

and eosin (Abcam, ab245880). The stained secti@re wovered with coverslips and then
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imaged with a microscope (Axioplan 2, Carl Zeiss).

Cdll culture and heterologous expression of ANO1

HEK293T cells and CHO cells were cultured in DMEM$%o FBS, 2 mM L-glutamine,
Penicillin/streptomycin). To induce ANO1 expressinrHEK293T or CHO cells, cells were
transfected with mousa@nol, Mrgpra3, Mrgprcll or Mrgpral cDNA mixed with FuGene
HD or XtremeGene HD transfection reagent (Rochegbiatics, Penzberg, Germany).
Transfected cells were plated onto glass coverslipsir current responses were recorded 24
to 48 hr after transfection.

Primary cultures of DRG neurons

Primary cell cultures of DRG neurons were conducésd previously described
Thoracic and lumbar DRGs were dissected from CTKO anice and collected in cold
culture medium (4°C) containing a mixture of DMEMdaF-12 solution, 10% fetal bovine
serum (Gibco BRL), 1 mM sodium pyruvate, 50-100nmigherve growth factor (Alomon,
Jerusalem, Israel), and 100 units/ml of penicslirdptomycin. Ganglia were washed with
culture medium and incubated for 30 min in a waB"*C) DMEM/F-12 mixture containing
1 mg/ml of collagenase (Type II; Worthington Biontad). DRGs were then washed 3 times
with Mg?*- and C&'-free Hank's solution and incubated with gentleksitain Hank's
solution containing 2.5 mg/ml of trypsin (Roche gnastics) for 30 min at 37°C. The
trypsin-containing solution was then centrifugedl@0 g for 10 min. The pellets obtained
were washed gently 2-3 times with culture mediur sisspended in culture medium. Then,
cells gently triturated with a fire-polished Pastqipette were plated onto round glass
coverslips (Fisher), which had been previouslyta@awith poly-L-lysine (0.5 mg/ml), in
small Petri dishes (35 x 12 mm). Cells were thexwgd in a 37°C incubator in a 95% air/5%

CO, atmosphere. Cells were used 2-4 days after plating.

Whole-cell patch clamp recordings
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Whole-cell current recordings were obtained usingpliage clamp or a current clamp
technique with an Axopatch 200B amplifier (Moleaulevices) as described previouély
Whole cells were formed after breaking the plasmanibirane under the pipette tips. The
resistance of glass pipettes was abouttB dunctional potentials were canceled to zero. For
recording currents in cell lines, the pipette dolutcontained (in mM): 140 NMDG-CI, 2
MgCl,, 2 ATP, and 0.3 GTP, adjusted to pH 7.2. The kathtion contained (in mM): 140
NMDG-CI, 2 MgCb. For DRG neuron recordings, the pipette solutiomtained (in mM): 30
KCI, 110 K-Aspartate, 2 MgGJ| 10 HEPES, adjusted to pH 7.2. The bath solut@rtained
(in mM): 140 NacCl, 2 MgGJ, 2 CaC}, 10 HEPES, adjusted to pH 7.2. The osmolarityllof a
solutions was adjusted to 290-300 mOsm by addingadnitol. Holding potential was set at
-60 mV. Whole-cell currents were amplified with Aaich 200B (Molecular Device). The
output of the amplifier was filterd at 1 kHz, digi#d using Digidata 1440 (Molecular
Devices), and stored in a personal computer.

Measurements of CQ-induced activity of DRG neuronsin vivo

Experiments were conducted as previously described ¢ CaMKlla-dependent
GCaMP6f mice were made by crossing CaMKlla-CRE KSac lab, #005359) mice and
GCaMP6f (Jackson lab, #024105) mice, apaMKlla“"EGCaMP6f” were used for the
experiment. For two-photon imaging experiments, enalice older than 3 months were
intraperitoneally injected and anesthetized withigture of Zoletil 50 and Rompun (Bayer)
at a ratio of 2:1. The body temperatures of miceewmaintained at about 37°C with a
heating pad. After deep anesthesia, the back oé mas shaved, and the skin was incised
upto about 2 cm based on the pelvic bones. Thebme of L3 to L6 were exposed. The
vertebrae between the ribs and the pelvic bones alamped. The mice were gently tilted so
that the DRGs could be as horizontal as possibleelto hold artificial cerebrospinal fluid

(ACSF) was made with resin around the custom-mdaepm and the skin. With a small
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rongeur, transverse process and spinous processimgvthe L4 DRG were carefully
removed. Bleeding was controlled with continuougation using normal saline and ACSF.
The well was filled with ACSF and the L4 DRG of thece was placed under a two photon
microscope. The ACSF contained (in mM): 135 NaC4 BCIl, 1 MgC}, 1.8 CaC}, 5
HEPES, and the pH was adjusted between 7.3-7.§5 adirKOH.

For chemical stimulus, 10l of CQ (40 mg/ml) with 2 mM MONNA or vehicle (0.2%
DMSO) were injected into the plantar of the ipgtal hind paw, and two-photon imaging
was started right after the chemical injection.agses the total number of functional neurons
in DRGs, 250 mM of KClI dissolved in ACSF were tezhover DRG in the well.

Two-photon imaging was performed on a Leica TCS BRSoscope combined with a
Maitai (Spectra Physics) mode-locked Ti-sapphiseig920nm for GFP). Emission of green
light (500-550nm) was collected. Fluorescence imagere acquired through a 20x water-
immersion objective (Leica HCX APO L 20 x 1.0; NA); 512 x 512 pixel images were
acquired at 0.76 Hz. Total 550 image frames wehleaed for each experiments, right after
intraplantar chemical injection. All images wergaiced at a single focal plane near surface
of DRG.

Total 6 mice were used in the analysis, 3 micedQrinjection and other 3 mice for CQ
coinjected with MONNA. All images were analyzed ngsithe ImageJ (NIH). Regions of
interest were chosen and calcium signals were megsund expressed as F4S a function
of frames of each images. Fluorescence signals elittinct C&" spikes or with sudden
increase followed by gradual decrease were coumtedresponders. The background
fluorescence signals with /K 1.0 or with a slow and gradual increase weresiclaned as
non-responders and excluded.

Y FP fluorescence assay

HEK293T cells or CHO-K1 cells were plated on a pollysine coated 8-well plate. The
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next day, cells were transfected wiiip-H148Q/I152L/F46L and/or Anol and/or one of
MrgprA3, MrgprC11, andMrgprAl. After 48 hours of transfection, the medium was el
with the pre-warmed Na-HEPES solution. Then YFPoriiscence was measured with a
confocal microscope (LSM800, Carl Zeiss). CQ (1 mMLIGRL (100uM), or bilirubin
(100 uM) —containing Nal-HEPES solution was applied te tells. The YFP fluorescence
was imaged with excitation 508 nm and emission 524 After the experiments, the
fluorescence intensities of the cells were analymadg the Image J program (NIH). Regions
of interest were chosen. The fluorescence extincti@as measured in the regions and
expressed as R{fas a function of frames of each image. Na-HEPH&isa contained (in
mM) 140 NaCl, 10 HEPES, 2 Mg£12 CaCj, and 10 D-Mannitol (pH 7.2). Na-I-HEPES
solution contained (in mM) 140 Nal, 10 HEPES, 2 Mg@ CaC}, and 10 D-Mannitol (pH
7.2). We added the Nal solution with twice the vo&iof the Na-HEPES solution. Therefore,
the concentration ratio of Cand I in the bath was 1:2, with the final concentratiohsCl
and [ in the bath solution were 46.7 and 93.3 mM, respely.

Statistics

Data in the figures are shown as the mean + SEM:ohapare multiple means, one-way
ANOVA was used with Tukey’s or Bonferroni’'s postchtest. An unpaired or paired two-
tailed Student’'d-test was used to compare two means. The Chi-sdeatewas used to
compare the effects of two variables. P valuegss$ than 0.05 were considered significantly

different.
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FIGURE LEGENDS

Figure 1. Genetic deletion of Anol in DRGs reduces scratching behaviors in Mrgprs

(A)

dependent itch models.

Chloroquine (CQ) and SLIGRL induced scratchinglittermate control (CTL) and
AV EAN01™ (cKO) mice. Scratching behaviors were counted fm8n in CTL and
cKO mice after subcutaneous injection of vehicleQ(iul), SLIGRL (65 ug/100ul), or
CQ (200pg/200pl) into the nape of the neck. * p < 0.05, ** p <00, ** p < 0.001,

one-way ANOVA followed by Tukey’s post hoc test.tBaepresent the mean + SEM.

(B) CQ (200ug/100pul) and CQ + MONNA (3519/100ul) induced scratching in CTL mice

(©)

(D)

(E)

after subcutaneous injection into the nape of gekn** p < 0.01, Student’stest.
Histamine (His), endothelin-1 (ET-1), and 5-HTdiwed scratching in CTL and cKO
mice after subcutaneous injection of vehicle (1) histamine (200ug/10Qul),
endothelin-1 (125 ng/1@®), and 5-HT (20ug/10Qul) into the nape of the neck. Data for
Veh injection in each group are identical. ns: sighificant, * p < 0.05, ** p < 0.01, ***

p < 0.001, one-way ANOVA followed by Tukey’s postdtest.

Bilirubin-induced scratching in CTL and cKO miedter the subcutaneous injection of
vehicle (50ul) and bilirubin (60ug/50ul) into the nape of the neck. ns : not significént,
p < 0.05, ***p < 0.001, one-way ANOVA followed blyukey’s post hoc test.

Dry skin-evoked scratching in CTL and cKO mice3rand 5 days after the repeated
treatments of acetone, ether, and water (AEW) erctieek. Total time spent scratching
was recorded for 30 min. The vehicle group wagédaaith water only. * p < 0.05, ** p
< 0.01, *** p < 0.001, ns : not significant, onesywANOVA followed by Tukey’s post

hoc test.

33



Figure 2. Genetic ablation of Anol reducesthe AEW-induced epidermal hyperplasia.

(A-B) H&E staining of the cheek skin of CTL (A) and cK@ice (B) after 5-day AEW
treatment. Water was applied for control on thet@dateral cheek of mice. Arrows
indicate the epidermis. Scale bar:|50.

(C) Comparison of the thickness of the epidermisra&€W in both CTL and cKO mice. ns:

not significant, *** p < 0.001, one-way ANOVA folleed by Bonferroni’s post hoc test.

Figure 3. The expression patternsof ANO1, MrgprA3, and H1R in DRG neurons.

(A) L4-L6 DRG sections fromMrgprA3%T7 < transgenic mice were double-stained with
antibodies to mouse ANO1 (red) and GFP (green)eSx: 20um.

(B) Venn diagrams showing the proportion of ANO1 andyMA3 positive neurons.

(C) L4-L6 DRG sections double-stained with antibodiesntouse ANO1 (red) and H1R
(green). Scale bar: 1Q0n.

(D) Venn diagrams showing the proportion of ANO1 andRHibsitive neurons.

Figure 4. ANO1 mediatesthe CQ and SLIGRL -induced excitation of DRG neurons.

(A) Representative traces showithg depolarization with action potential firingso&ed by
CQ (1 mM) application in a DRG neuron isolated fr@mL mice but not in a DRG
neuron from cKO miceRight, pie charts of DRG neurons of CTL aAdol cKO mice
illustrate the number of cells responsive to thedpRlication. p < 0.05, Chi-square test.

(B) The excitation of DRG neurons induced 6® (1 mM) and its block by the treatment

with ANO1 specific blocker, MONNA (1@M). Right, a summary of the inhibition of
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CQ-induced action potential by MONNA. * p < 0.03u@ent’st-test.

(C) SLIGRL (1 mM) evoked the depolarization with actipotential firings in a DRG neuron
isolated from CTL mice but not in a DRG neuron froKkO mice.Right, pie charts of
DRG neurons of CTL and cKO mice illustrate the nemif cells responsive to SLIGRL.
p < 0.05, Chi-square test.

(D) SLIGRL-induced action potential firings in DRG nens of CTL mice was significantly

attenuated by 10M MONNA. * p < 0.05, Student’'s-test.

Figure 5. The phar macological block of ANOZ1 inhibits CQ-induced Ca*" signals of DRG
neuronsin vivo.

(A) Representative fluorescence images of DRG neyamswheads) that showed GCaMP-
dependent GA signals before (left) and after (right) the CQeitjon. Fluorescence
intensities of GCaMP6i-expressing DRG neurons weeasured with a two-photon
microscope after CQ injection (4@@/10pl) into the ipsilateral hind paw. Scale bars: 20
nm.

(B) Representative fluorescence images of GCaMP6fesspg DRG neurons after direct
KCI (250 mM) application to a DRG. Scale bar: 100.

(C-D) GCaMP optical in-vivo C&* imaging of DRG neurons in L4 DRGs in
CaMKIla“EGCaMP6f"* mice. CQ (40Qug/10 ) injection into the ipsilateral plantar of
the hindlimb (injected at 0 min, arrow) evoked?Ceesponses in DRG neurons (C),
which was markedly reduced when CQ + MONNA (2 mMgrevinjected (D). Only
responders were presented (see Methods).

(E) The average values of responders from both graugps plotted against the fluorescence

intensity (F/l) for every 30 seconds (CQ, n=60; CQ+MONNA, n=5¢).< 0.05, ** p
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< 0.01, Student'stest.
(F) Pie charts of DRG neurons dfaMKlla“EGCaMP6f"'* mice responding to the
intraplantar injecton of CQ or CQ+MONNA. After tl@&Q injection, 250 mM KCI was

applied to assess the total numbers of DRG neupor€.05, Chi-square test.

Figure 6. Agonist stimulations of Mrgprs activate ANO1 in the heterologous expression
system.

(A) Representative traces of 500 CQ-induced currents in HEK293T cells transfecoteith
Mrgpra3 andAnol, Mrgpra3 alone, orAnol alone.

(B) A summary of ANO1 currents induced by CQMIngpra3 andAnol expressing cells. * p
< 0.05, one-way ANOVA followed by Tukey’s post hiest.

(C) Representative traces of 500 SLIGRL-induced currents in CHO cells transfectath
Mrgprcll andAnol, Mrgprcll alone, ofAnol alone.

(D) A summary of MrgprC11-stimulated ANO1 currents ByIGRL. * p < 0.05, one-way
ANOVA followed by Tukey’s post hoc test.

(E) Representative traces of pM bilirubin-induced currents in HEK293T cells tréested
with Mrgpral andAnol, Mrgpral alone, orAnol alone.

(F) A summary of MrgprAl stimulated ANO1 currents byjirubin. * p < 0.05, one-way

ANOVA followed by Tukey’s post hoc test.

Figure 7. Stimulation of Mrgprs quenchesthe YFP fluorescencein cells expressing Anol
and Mrgprs.

(A) YFP fluorescence traces in YFP-H148Q/I152L/FAGEK293T cells expressing
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MrgprA3 andAnol, Anol alone, orMrgprA3 alone after 1 mM CQ treatment. (right) A
summary of quenching ratios of the HEK293T cellpressingMrgprA3 and Anol,
Anol alone, orMrgprA3 alone after 1 mM CQ treatment. *** p < 0.001, omay
ANOVA followed by Tukey’s post hoc test.

(B) YFP fluorescence traces of YFP-H148Q/I152L/FAGHEEK1 cells  expressing
MrgprC11 and Anol, Anol alone, orMrgprC11 alone after 10@M SLIGRL treatment.
(right) A summary of quenching ratios of the CHO-Kélls expressind/irgprC11 and
Anol, Anol alone, orMrgprC11 alone after 10M SLIGRL treatment. *** p < 0.001,
one-way ANOVA followed by Tukey’s post hoc test.

(C) YFP fluorescence traces in YFP-H148Q/I1152L/FAGEK293T cells expressing
MrgprAl and Anol, Anol alone, orMrgprAl alone after 10QM bilirubin treatment.
(right) A summary of quenching ratios of the HEKZ9&eIIs expressiniirgprC11 and
Anol, Anol alone, orMrgprC11 alone after 10@M bilirubin treatment. *** p < 0.001,

one-way ANOVA followed by Tukey’s post hoc test.

Figure 8. Overexpression of Anol in the Anol cKO mice rescues the impaired
scratching behavior of cKO mice.

(A) Immunofluorescence images of L4-L6 DRG neuromsnfrCTL andAnol cKO mice
injected with AAV2-hSyn-mCherry or AAV2-hSyn-Anol@merry virus. Scale bars: 20
um.

(B) A summary of scratching responses to CQ #@@00ul) of AAV2-hSyn-mCherry or
AAV2-hSyn-ANO1-mCherry-treated CTL andnol cKO mice. Note that the CQ-
induced scratching was reducedAnol cKO mice treated with AAV2-hSyn-mCherry

virus, which was rescued iAnol cKO mice when treated with AAV2-hSyn-Anol-
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mCherry virus. * p < 0.05, ns : not significantu@ent’st-test.
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