Accepted Manuscript

Involvement of TRPV1 and TDAGS in pruriception associated with noxious acidosis

Shing-Hong Lin, Martin Steinhoff, Akihiko Ikoma, Yen-Ching Chang, Yuan-Ren
Cheng, Ravi Chandra Kopparaju, Satoshi Ishii, Wei-Hsin Sun, Chih-Cheng Chen

PII: S0022-202X(16)32270-9
DOI: 10.1016/}.jid.2016.07.037
Reference: JID 494

To appearin:  The Journal of Investigative Dermatology

Received Date: 20 January 2016
Revised Date: 27 June 2016
Accepted Date: 18 July 2016

Please cite this article as: Lin S-H, Steinhoff M, lkoma A, Chang Y-C, Cheng Y-R, Chandra Kopparaju R,
Ishii S, Sun W-H, Chen C-C, Involvement of TRPV1 and TDAGS in pruriception associated with noxious
acidosis, The Journal of Investigative Dermatology (2016), doi: 10.1016/j.jid.2016.07.037.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to

our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.


http://dx.doi.org/10.1016/j.jid.2016.07.037

I nvolvement of TRPV1 and TDAGS8 in pruriception associated with noxious

acidosis

Shing-Hong Lif, Martin Steinhoff** Akihiko Ikomd', Yen-Ching Chany
Yuan-Ren Chenif, Ravi Chandra Koppardj, Satoshi Ishfi, Wei-Hsin Suf*,
Chih-Cheng Cherf" %

YInstitute of Biomedical Sciences, Academia Sinicpei 115, Taiwan

2UCD Charles Institute of Dermatology, Universityltége Dublin, Belfield, Dublin
4, Ireland

3Department of Dermatology, University of Californ®an Diego, California, USA
“Department of Dermatology, University of Californ@an Francisco, California,
USA

®Department of Life Sciences, National Central Ursity, Jhongli, Taoyuan City,
Taiwan

®Department of Life Science, National Taiwan Uniugrsaipei 106, Taiwan
"Taiwan International Graduate Program in Interghiicary Neuroscience, National
Yang-Ming University and Academia Sinica, TaipeblTaiwan

8Department of Immunology, Graduate School of MediciAkita University
*Taiwan Mouse Clinic — National Comprehensive Phgiog and Drug Testing

Center, Academia Sinica, Taipei 115, Taiwan

Title: acid-sensing ion channel and pruritus (itch)
Keywords: itch, pruriceptors, proton, DRG, TDAGS, ASIC3
*Corresponding author:

Dr. Chih-Cheng Chen, 128, Section 2, Academia Roaigpei 115, Taiwan;
chih@ibms.sinica.edu.tw; Phone: 886-2-26523917

Abbreviation: ASIC, acid-sensing ion channel; CP40/80, compowdifig} DCA,
deoxycholic acid, DRG, dorsal root ganglion; GPGRprotein-coupled receptor;

H1R, histamine H1 receptor; IB4, isolectin B4; Mrgias-related G protein-coupled

1



receptor; Nav1.8, voltage-gated sodium channelTRRV1, transient receptor
potential cation channel V1; TDAGS, T-cell deatls@sated gene 8



Abstract

Itch and pain are closely related but distinct aéoss. Intradermal injection of acid

generates pain in both rodents and humans; howeverstudies have addressed the

intriguing question of whether proton can evoké ilike other algogens at the basis

of spatial contrast activation of single nociceptdtere, we report that (1) citric acid

(0.2 M) pH-dependently induced a scratching respoims mice when applied

intradermally to nape or cheek skin; (2) acidifmdfer elevated intracellular calcium

levels in dorsal root ganglion (DRG) pruriceptof3) injection of intradermal citric

acid (pH 3.0) into the nape induced a pruritog&e-lbut not algogen-like c-Fos

immunoreactivity pattern in the cervical spinal cotJsing pharmacological and

genetic approaches, we identified potential acitss®gy channels/receptors involved

in acidic citrate-evoked itch. Results indicatettAi®®PV1 but neither ASIC3 nor

TRPAL are involved in the acidic citrate-inducedasthing response. Furthermore,

one of the proton-sensing G-protein-coupled reaspfbDAGS, was highly (~71%)

expressed in Nppb DRG pruriceptors. Acidic citrate but nat-methyl-5-HT,

chloroquine, compound 48/80 or bile acid-induceth tvas markedly decreased in



TDAGS8” mice. In a heterologous expression system, TDAGgermiated the
acid-induced calcium response by regulating TRPVHus, proton could evoke
pruriception by acting on TDAGS to regulate TRPWiiaation with its mechanism

of future therapeutic relevance.



I ntroduction

Itch is defined as an unpleasant sensation theitsethe desire or reflex to scratch.

The urge to scratch the affected skin physicallthes key episode defining itch and

thus protects mammals against possible contact potential “danger molecules”

like parasites or irritants (lkomet al., 2006). Pain is defined as an “unpleasant

sensory and emotional experience associated witlalaor potential tissue damage,

or described in terms of such damage” (by the hatgonal Association for the Study

of Pain). Although both somato-sensory sensatictigading sensory nerves, itch and

pain can be differentiated by psychophysiologicatl anolecular characteristics

(LaMotte et al., 2014). Dorsal root ganglion (DRG) pruriceptorsa@mically

represent a subpopulation of DRG nociceptors p@sfor transient receptor potential

cation channel V1 (TRPV1) (Haet al., 2013), for example.

Recent progress in itch studies have demonstrdited gruritogens, such as

histamine, serotonin, endothelin-1 and chloroquinduce itch sensations via direct

action on their specific receptors, histamine receptor (H1R), serotonin 5-HT

receptor, EX receptor and Mas-related G protein—coupled recgptblirgpr) Ag



receptor, respectively, in the DRG pruriceptorsutizdaet al., 2014). Most, if not all,

DRG pruriceptors are TRPV1-expressing, and withia population, only a subset of

Mrgprs™ pruriceptors express TRPA1. However, itch and @a somehow distinct

because of the recent discoveries of itch-specdftectors, modulators and

neurotransmitters (Suet al., 2007; Liuet al., 2009; Goswamgt al., 2014). The

label-line theory of itch has gained strong suppwetause genetic knockout or

pharmacological ablation of these itch-specific poments impede the itch response

and leave the pain behavior intact. One unsolvegstipn is why some well-known

algogens (e.g., capsaicin) also induces itch (&®il@ al., 2009). The opponent

theory emphasizes that mechanical/painful scragchinhibits itching, and

morphine-like analgesics suppress pain but enh&oheng. The opponent action

between itch and pain could occur at the spinadl @t not DRG level (Litet al.,

2011). Pattern theory, which claims that the ultenperceived sensation is encoded

across the pattern of peripheral nerve activatieiore being decoded by the central

brain, might provide the answer, but supportingdemce is limited (lkomaet al.,

2006). Spatial contrast theory reconciles conttadycfindings of itch studies, which



states that itch arises from a sharp contrast ftwedividual nociceptors firing

among the surrounding silent neighbors; pain wdddfelt if a more homogenous

activation of surrounding nociceptors (Namer & Rezd1.3).

Increasing evidence indicates that TRPV1 and TR&#&ldownstream effectors in

histamine- and Mrgpr—dependent itching, respectiy8himet al., 1997; Wilsonet

al., 2011). Histamine-induced itch is specificallglueed inTrpV1’ but notTrpAl”

mice, but chloroquine-induced itch is specificaitypeded inTrpA1” but notTrpV1”

mice. Histamine, when acting on H1R, may activdiespholipase £ (PLCB) and

thus functionally couple to TRPV1 to exert itch. wtver, chloroquine, activates

MrgprA3 to release & subunits to activate TRPAL.

Acid (proton) is a potent algogen inducing pain homans and rodents by

activating TRPV1, acid-sensing ion channels (ASICgnd proton-sensing

G-protein-coupled receptors (GPCRs) such as OGRAGS, G2A, and GPR4 (Sun

and Chen, 2016). Previously, we have shown thaiacitric buffer (pH 3.0) induced

itch in histamine-sensitized skin in healthy peophel lesional skin in patients with

atopic dermatitis (Ikomat al., 2004). However, the molecular mechanism undaglyi



the citrate-induced itch is unknown. In this studse provide evidence that acidic

citrate can act on TDAG8 coupled with TRPV1 to ioéunociception resulting in

itch-like behavior in mice.

RESULTS

Intrader mal acid solution induced scratching responsein mice

To verify whether proton can induce an itch-likensation in mice, we first

screened the scratching behavior in wild-type nmalee by intradermal injection of

formic acid. When 1QL formic acidic solution (pH 1.9, 3.0, or 4.7) wiagected into

the nape skin of mice, only at the highest acidit Jp9, mice displayed scratching

behavior (Figure 1a).

Since proton without a buffer system is easily @tLin the skin tissue, we next

used buffered citric acid to test the scratchingpomse. The amount of 0.2 M citric

acid was adjusted with 0.2 M tri-sodium citratepte 7.4, 4.7, 3.0 and 1.9. Compared

with normal saline, pH7.4 citric acid induced soswatching responses due to a

reduction of free calcium, as a similar effect vedso observed in mice treated with



EGTA-saline (Figure S1). With [fl concentration increased, citric acid

pH-dependently increased scratching behavior imtbase nape-skin model (Figure

1b).

We compared the itch-inducing capacity of citriadapH 3.0) with several

well-known pruritogens, including deoxycholic aci(DCA), a-methyl-5-HT,

chloroquine and compound 48/80 (CP40/80), in dffiergroups of wild-type mice.

The order of itch-producing potency in nape-skindelowas CP48/80 (10Qg) >

chloroquine (20Qug) > a-methyl-5-HT (30ug) > citric acid (pH 3.0) > DCA (2h9)

(Figure 1c). Because subcutaneous acid treatmenbéen reported to produce pain

in both humans and rodents, we verified whethaiccdcid (pH 3.0) was a pure

pruritogen or combined algogen property in the meetiseek assay. Compared with

pain-inducing algogen *“capsaicin,” which induced imha a wiping response,

itch-inducing pruritogen “chloroquine” induced migira scratching response. Citric

acid induced an equivalent wiping response to d¢ejpséwhich indicates that proton

is an algogen) and significantly more scratchingpomse than capsaicin (which

indicates that proton is also a pruritogen) (Figur@). Chlorpheniramine, an



anti-histamine drug, inhibited the citric acid-induced $ching in both nape and

cheek skin models (Figure S2). Similar to humansjcc(or even formic) acid

(pH3.0)-induced scratching was enhanced in histersénsitized skin (Figure 1e,f).

Our results support that proton not only inducesgeption but also pruriception.

Acid induced calcium transientsin DRG pruriceptors and generated itch-specific

c-Fosimmunoreactivity in the spinal dorsal horn

To harvest DRG pruriceptors for calcium imagingdstuve used the double transgenic

mice bearing Nav1.8-Cre and the Cre reporter CA@ST-Td-tomato to label

Nav1.8 DRG neurons, which cover most population of nquices and pruriceptors

(Shieldset al., 2012). After loading with Fura-2, Td-tomatsmall-to-medium sized

Nav1l.8-positive DRG neurons were sequentially emgléd with histamine (1QM),

chloroquine (1uM), acidic 1x HBSS (pH 3.0), capsaicin () and KCI (75 mM)

(Figure 2a-c). In 3 independent trials, 66% (148)2and 54% (118/215) of the

selected neurons responded to capsaicin and asigectively. About 20% (43/215),

~16% (36/215) and ~14% (32/215) of the selectedamsuresponded to histamine,
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chloroquine and both, respectively. All acid-resgige neurons were

capsaicin-responsive and all histamine- and/orrolglaine-responsive neurons were

acid-responsive (Figure 2d). DRG pruriceptors cgrddtch signals to the secondary

relay neurons, which are Ngrand Grp, in the laminae | and Il of the spinal dorsal

horn, where c-Fos expression is induced after fige®f 5-HT (Akiyamaet al., 2009)

or chloroquine (Zhangt al., 2014) in the nape-skin model. We verified whethe

citric acid at pH 3.0 could generate the same sjobeific c-Fos expression. For

comparison, we used capsaicin and CP48/80 as aiwveegmd positive control,

respectively, because capsaicin did not generataaching response and CP48/80

was the most potent pruritogen we found in Figure After 30 min of scratching

with CP48/80 and acid treatment, condensed c-Fowimoreactivity was observed in

the lateral superficial dorsal horn, which was abserved with capsaicin and saline

treatment (Figure 2e-h).

Acidic citrate-induced scratching is TRPV 1-dependent

In general, itch can be classified into two categor histamine- and
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non-histamine—dependent itch, modulated by dowastractivation of TRPV1 and

TRPA1 channels, respectively (Bautisth al., 2014). Furthermore, TRPV1 and

ASIC3 in the peripheral terminals of primary selysaeurons are well known to

sense tissue acidosis (Chatral., 2014). We pharmacologically and geneticallyadst

whether TRPV1, TRPAL, and ASIC3 are involved irdaccitrate-induced scratching.

In wild-type mice, capsazepine (a selective TRP\fitagonist), HC-030031 (a

selective TRPA1 antagonist) or amiloride (the pa&I& blocker) was co-injected

intradermally with citric acid (pH 3.0) in the napkin of wild-type mice. Intradermal

injection of capsazepine significantly inhibitecethcidic citrate-induced scratching

(Figure 3a). Capsazepine also inhibited the enhment of acidic citrate-induced

scratching in histamine-sensitized skin (Figure .SB) TrpVl” mice, acidic

citrate-induced scratching was, however, impedguaim as compared with wild-type

controls (Figure 3b). Intradermal HC-030031 hadeffect on acidic citrate-induced

scratching (Figure 3c); ifirpAL” mice, acidic citrate-induced scratching was normal

(Figure 3d). Intradermal amiloride had no effectamidic citrate-induced scratching

(Figure 3e); inAsic3” mice, acidic citrate-induced scratching was nor(Rajure 3f).
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From thesean vivo studies, we concluded that TRPV1 but not TRPA1l &IQs

played an important role in mediating acidic ciratduced scratching in mice.

TDAGS8 isthe most abundant proton-sensing GPCRsin DRG pruriceptors

Because acidic citrate-induced scratching was gigrtimpeded inTrpV1l’ mice,

activation of TRPV1 in DRG pruriceptors cannot yutxplain the mechanism of

acid-induced effect. We wondered whether any ofgm@ensing GPCRs is expressed

in DRG pruriceptors and involved in acidic citrameluced scratching. We thus

harvested DRG pruriceptors and performed singleRFEIPCR. A recent study has

shown that DRG pruriceptors are selectively locateithin the Navl.8 /IB4

population and are mainly Npplor GRP (Chiuet al., 2014). We verified the result

first with green fluorescence—IB4 staining in therwical DRG culture from

Nav1.8-Cre::Td-tomato mice. Td-tom&atBDRG neurons were divided into 1B4nd

IB4" by the appearance of green fluorescence and hedvies single-cell RT-PCR to

detect the expression of TrpV1l and Nppb. The peptior marker Nppb was

selectively detected in the Wh8/IB4 population (Figure 4a). Among the 128
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Na,1.8"/IB4" neurons collected, 48 (~38%) showed the expressiboth TrpV1 and
Nppb. No Nppb neurons were found in the \N&a8/IB4" population. These
Na,1.8/1B4" neurons were processed for detection of OGR1, T®AG2A, and
GPR4. Among the 48 NpptDRG pruriceptors, 13 were OGR{~27%); 34 were
TDAGS" (~71%); 10 were G2A (~21%) and 3 were GPR4~6%). Our result
suggested that TDAGS is the most abundant protosisg GPCR in cervical DRG

pruriceptors (Figure 4b).

TDAGS knockout conferred a selective phenotype in acidic citrate-induced itch
To verify whether TDAGS plays a role in acidic atte-induced itch, we screened the
scratching behavior induced by citric acid (pH 3r0)f DAG8-knockout (TDAGS)
mice. Compared with wild-type mice, TDAG8mice showed significantly reduced
acidic citrate-induced scratching response (Figard).

Interestingly, TDAGE mice showed normal scratching on challenge with
chloroquine o-methyl-5-HT or CP48/80 (Figure S4). Also, we fouRBAGS8’ mice

showed a normal scratching response to bile anwthar pruritogen that plays a role
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in chronic liver disease and acts on TGR5 to geeema itch sensation. Therefore, the

pruriception deficit in TDAG& mice was acid-specific.

TDAGS potentiated acid-induced calcium response by regulating TRPV 1

We previously demonstrated that TDAG8 activation diyd (pH 6.4) sensitized

TRPV1 response to capsaicin in inflamed DRG neu(@tenet al., 2009). To test

whether TDAG8 also sensitizes the TRPV1 responsactd, we first transfected

plasmid TDAGS8-pIRES-GFP into HEK293T cells. As ecigel, TDAG8 mediated

acid-induced cAMP accumulation at “all” pH valuested, with peak response at pH

6.0~6.8. (Figure 5a). [G§i level was increased by pH value (pH 7.6~5.0) in

TDAGS-transfected cells, especially at pH 5.5 ar@ (Figure 5b). [C&]i level was

increased at pH 5.0 in cells with IRES-vector cohtransfection, so we used pH 5.5

as a standard acid stimulus for further pharmadcédgtudy. Increased [E3i level

at pH 5.5 was completely inhibited by removal ofragellular calcium with 2 mM

EGTA, so [C&']i content after acid treatment was from calcium cleds (Figure

5c,d). Addition of the TRPV1 antagonist capsazepimgbited increased [GHi
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levels after pH 5.5 treatment. Treatment with th@-ASIC blocker amiloride at 30

uM had no effect under the same conditions (Figube Acid may activate TDAG8

and increase [Ggi levels via TRPV1, but not via ASICs. Co-transfeatbf TDAGS8

and TRPV1, TDAGS8 dose-dependently potentiated tRPW1-mediated calcium

response elicited by acid treatment (Figure 5e)ythéamore, this synergism was

completely impeded in the presence of the TRPVagontist capsazepine at gM.

Inhibitors for PLQ (U73122) and @y (gallein) significantly inhibited the calcium

response elicited by acid stimulation (pH 5.5) &fAG8/TRPV1 co-expressing cells

(Figure 5f). Thus, TDAG8 may mediate acidic citratduced itch by sensitizing

TRPV1 via PLE and @y pathways in DRG pruriceptors.

DISCUSSION

In sensitized skin all kinds of nociceptive stintida including the most unspecific

electrical stimulation evokes itch (lkoneaal., 2004; Hosogget al., 2006). Thus the

activation of nociceptors is essential for the ktchn of itch in eczema. In normal

skin — without pre-existing sensitization — nociep stimulation can induce itch,
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when the application is very focal. This is exp&nby the spatial pattern of

discharging nociceptors as the basis of spinaliapadntrast theory (Nameat al.,

2008; Schmelz, 2010; Namer & Reeh, 2013). Here ngeige evidence that acidosis

can be one of the causes to evoke itch-like semsati mouse skin. The acidic

citrate-induced itch-like sensation required adtoraof two proton-sensing receptors,

TRPV1 and TDAGS8. Especially, TDAG8-mediated prupiten was acid-specific,

because TDAG8 mice showed normal scratching responses to adirgituritogens.

Of note, TDAGS is more sensitive to acid than TRP®iven that acid is gradually

diffused in the injected skin and assumed to siam@ously activate a wide range of

sensory afferents, it is hard to explain the resblised on the labeled line theory.

Instead, similar to itch induced by localized negtor activation (Sikand et al., 2009),

the observed acidic citrate-induced scratching es may be based on the pattern

of discharge, including nociceptors, pruricept@sd low-threshold afferents being

activated by reduction of free calcium. Alternalyye¢he spatial contrast theory could

reconcile the dual roles of acid in itch and paince acid could evoke sharp contrast

activation of nociceptors with TDAG8-TRPV1 couplirgnong TDAGS8-negative

17



afferents. The interaction of TDAG8 and TRPV1 ichiike sensation is important

under pathological conditions because the numb&@D#G8" (or TDAGS /TRPVT)

DRG neurons is increased 24 h after intraplantak @fcarrageenan injection (Chen

et al., 2009). Thus, the results of acidic citrate-inetliccratching response indicate

that a sensitization process that is involved iflammatory pain could also be

operational in itch. Nevertheless, mice have lithitgoes of behavioral responses and

that we cannot determine what the mouse is ‘feglingthe responses are manifested

the way they are.

Algogen and pruritogen nature of protons

Almost 2 decades ago, the discovery of the acidisgncapacity in DRG sensory

neurons led to studies of acid signaling in paisesgch because tissue acidosis

accompanies many painful inflammatory and ischecoaditions (Krishtal and

Pidoplichko, 1981; Bevan and Yeats, 1991; Stetesd., 1992). Intradermal infusion

of acidic solution-induced pain was reported in has) with no reduction after

repeated capsaicin application; furthermore, ceetipn of amiloride (1 mM)
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inhibited pain induced by intradermal acid (Ugagtal., 2002; Jonest al., 2004).

Although these human studies highlighted the ingyaré¢ of ASICs in modulating the

proton-induced pain, the selectivity of amilorideim doubt as it also blocks TRPAL

(Banke, 2011). Here, we demonstrated that pharmogmal antagonism and genetic

ablation of TRPV1 but not TRPA1 or ASICs impairedidic citrate-induced

scratching in mice. A recent study suggested thegti@ acid (pH 3.5~4.0,

non-buffered) is not a potent pruritogen and ASI@8ys a role in acid-mediated

potentiation of SL-NHitch (Penget al., 2015). Our result is consistent with this

report because formic acid, without a pH bufferazagy such as acetic acid, induced

scratching response only at the extreme pH valuel.8f Under pH-buffered

conditions, 0.2 M citric acid at pH 4.7 could siigantly generate more scratching

responses than at pH 7.4. We conclude that undenataonditions, ASICs do not

play a role in an acute, acid-induced scratchisgease in mice. However, we cannot

exclude a possible role of TRPAL in acidic citratdeiced scratching, because human

(but not other species) TRPAL is exquisitely séresito acidosis (de la Roche et al.,

2013).
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Role of TDAGS8 in pruriception

Transcriptome studies of purified neurons indicatet TRPV1, H1R and Nppb are

enriched in Nal.8/IB4 populations and TRPA1 and MrgprA3 are enriched in

Na,1.8"/IB4" populations (Chiuet al., 2014). Among 4 proton-sensing GPCRs,

TDAGS8 was the most abundant in NPpPRG pruriceptors in the Na.8/IB4

populations. TDAG8 mice showed deficit to acidic citrate-induced szimang but

normal response to other pruritogens including rdgaine,a-methyl-5-HT, CP48/80

and bile acid. In cultured HEK293T cells with protstimulation, TDAG8 potentiated

a TRPV1-mediated calcium response viapa/BLCB pathway. TDAG8 may mediate

itch by regulating TRPV1 function. Previous studigso showed that TDAGS8

mediated acid-induced response via GS/CAMP/PKA g1 §RhoA pathway (Ishii et

al., 2005; Mogiet al., 2009; Iharaet al., 2010). Further studies should determine

whether the Gs/PKA or {314Rh0oA signaling is involved in the acidic citrateduced

itch-like sensation in DRG pruriceptors.
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Conclusion

Acid signaling is polymodal in a somatosensoryeysand is involved in nociception,

pruriception, antinociception, all of which are pted with distinguishable

proton-sensors in sensory neurons on the molemual. Briefly, ASIC3 and TRPV1

are involved in acid-induced nociception and hyjgesic priming, TRPV1 and

TDAGS are for pruriception, and a non-ASIC3, nonPNRL proton-sensing receptor

is required for antinociception in muscle afferemurons (Sun and Chen, 2016).

However, a limitation of the current work is thekaof differentiation between the

role of specific sensory transduction pathways.(&8.8PV1) and the role of spatial

contrast of activation patterns of single nociceptdrhis limitation is commonly

ignored in the discussion of the itch and the fi@id and required further clarified in

future studies.

MATERIALSAND METHODS

Mice
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Wild-type C57BL/6JNarl mice were purchased from Wegional Laboratory Animal

Center (Taipei, Taiwan) and used as a backcross fpoall lines of genetically

modified mutant mice. Mice with knockout ®fpV1 andTrpAl were obtained from

the Jackson Laboratory (Bar Harbor, MBsic3-knockout mice were generated in

our laboratory (Chest al., 2002); TDAG8-knockout mice were generated wih of

the Seeping Beauty transposon system (Horet al., 2003). Nav1.8-Cre mice were

obtained from Dr. John Wood (Stirlingt al., 2005), and crossed with

CAG-Td-tomato Cre-reporter mice. For behavioraldsts, all mutant mouse lines

were congenic after backcrossing to C57BL/6JNarldbleast 10 generations. All

experimental procedures with mice (12~18 weeksnoéde) were approved by the

Institutional Animal Care and Use Committee of Aeandla Sinica.

Drugs and administration

Chemical compounds including citric acid, sodiurtrate, formic acid, capsaicin,

chloroquine, amiloride, chlorpheniramine maleatstamine, and CP48/80 were from

Sigma-Aldrich. Capsazepine and HC-030031 were fiiaris. a-Methyl-serotonin

was from Abcam. Citric acid (0.2 M) at pH 4.7, 310 was obtained by mixing pure
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0.2-M citric acid and 0.2-M sodium citrate. Fornaicid at pH 4.7(~0.000001%, v/v),

3.0 (~0.01%) and 1.9 (~1%) was prepared by seqlafitution of 98% formic acid

in sterile saline. To compare the potency of ddfgrpruritogense-methyl-5-HT (30

ug/10uL), chloroquine (20Qug/10uL), DCA (25ug/10uL) and CP48/80 (10Qg/10

uL) were freshly prepared, with sterile saline uasda vehicle. To verify the role of

TRPV1, TRPALl and ASIC3 in acid-induced itch, capgaze (10uM), HC-030031

(20 pg), or amiloride (1 mM) was co-injected with 0.2 Wtric acid (pH 3.0)

intradermally (i.d.). Capsaicin (1Qg/10 uL) was dissolved in a vehicle of 7%

Tween-80 in saline. Capsazepine and HC-030031 diss®lved in 20% DMSO in

saline. Chlorpheniramine (10mg/kg) were intrapesaly injected 30 min before

acid injection.

Itch behavioral study

In the mouse cheek- and nape-skin assay modelss omcler anesthesia with

isoflurane were shaved at least 24 h before thererpnt. On the testing day, mice

were placed individually into a glass chamber (256xx 18 cm) with ~1-cm-thick
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fresh bedding sawdust (or without bedding in Figliegf) for 30-min habituation;

pruritogen was applied i.d. at a volume of @0 with use of a 30-G needle in a

Hamilton 25uL micro-syringe. After drug injection, scratchingelavior was

recorded for 30 min in the same chamber. For all bbehavioral studies, mouse

behavior was videotaped and scored by a well-tdainbserver blinded to the

treatment. In both the nape-skin and cheek modetstching was defined when the

mouse lifted the hindpaw, touched the shaved siea and returned the paw to the

floor. In the cheek assay, wiping/digging was definvhen the mouse wiped the

shaved skin on cheek unilaterally with the foreamndig to the bedding (Shimada

and LaMotte, 2008). For histamine conditioning,dagias injected to cheek skin at

0.5~0.7cm away from histamine injection site 30 haber (Figure S3).

I mmunohistochemistry

Mice were anesthetized with urethane (1.5 g/kg) BP min after the itch-behavioral

recording and perfused transcardially with 25 mLOdi2 M phosphate buffer saline

(1x PBS, pH 7.4, at 4°C), then 25 mL cold fixat(#&o[w/v] formaldehyde, 0.12 M
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PBS (pH 7.4, at 4°C). Cervical spinal cord at tkeel of C1~C6 was dissected and

post-fixed in the same fixative at 4°C for 16 h;AFixed mouse spinal cords were

sectioned at 100m thick with use of a vibrating tissue slicer (\absme 1000 Plus).

For free-floating staining, slides were first blead in PBS containing 0.03%,6;

for 30 min, blocked in PBST (PBS+0.1% Triton X-1@@ntaining 5% bovine serum

albumin (BSA) and 5% normal rabbit serum at roomgerature for 60 min, then

incubated with rabbit-anti-c-Fos antibody (1:10@®)locking solution overnight at

4°C. Sections were washed 3 times with PBST andbated for 1 h at room

temperature with biotinylated goat-anti-rabbit boties (1:500). After 3 PBST

washes, sections were incubated in Avidin-Biotie-prix solution (1:1000 in 1xPBS,

Vector Labs, Burlingame, CA) and immunoreactivitgnals were visualized by a

Nickel-DAB method. C-Fos immunoreactivity was quéed using ImageJ.

Calcium imaging

DRGs (C1~C6) were cultured as previously descrif@ten et al., 2014). To

measure the calcium response to different prumeg®RG neurons were washed
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with 1x HBSS and incubated with pM Fura-2-acetoxymethylester (Invitrogen,

Carlsbad, CA) containing 0.3% BSA for 45 min at @7Fluorescence measurements

involved use of the Zeiss Axioskop FS upright msoape fitted with an ORCA ER

CCD camera (Hamamatsu, Japan). Fura-2 was exctteg¥@ nm and 380 nm

(excitation time 200 or 300 ms) with a rapid swibgh monochromator (TILL

Photonics, Germany), and the emitted fluorescerafitered with use of a 510 nm

longpass filter. Background-subtracted mean flumgese intensity ratios (F340/F380)

were displayed by use of Metafluor software (MolaciDevices). The standard bath

solution 1x HBSS contained (in mM) 100 NacCl, 2 KCICaC}, 1 MgCh, 1 NaHPQ,

4.2 NaHCQ, 12.5 HEPES and 10 glucose (~300 mOsm/kg, pH 7.4).

For heterologous expression system, TDAG8 and TREIMIAs were cloned

into the vector pIRES-hrGFP-2a (pIRES-GFP) andsfiested to HEK293T for

calcium imaging studies as described (Chial., 2009). Briefly, at 17 to 19 h after

transfection, cells were pre-incubated at@%vith serum-free DMEM containing 2

MM Fura-2 acetoxymethyl ester (Invitrogen) for 40nnm HEPES/MES buffer (125

mM NaCl, 1 mM KCI, 5 mM CaG| 1 mM MgChk, 8 mM glucose, 10 mM HEPES
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and 15 mM MES, pH 7.6). After being washed, celisevsupplemented with 3Q0

HEPES/MES buffer (pH 7.6), then stimulated with théicated pH of HEPES/MES

buffer (600 pyL). For EGTA experiments, 5 mM CaClwas removed from

HEPES/MES buffer and 2 mM EGTA was added in thédouf

Single cell RT-PCR

Cultured DRG neurons from Nav1.8-Cre::CAG-Td-tomdtmble transgenic mice

were first processed for green-fluorescent AlexaoFl488-1B4 staining and then

immersed in the chamber filled with artificial cbrespinal fluid. Sensory neurons

were identified by the presence (or absence) oftofithto (Navl.8 and green

fluorescence (IB9 under fluorescence microscopy. Single DRG neuromse

collected for single-cell RNA isolation and RT-P@R previously described (Liet

al., 2016). Samples with GAPDH signals were seleeted processed for two-step

nested PCR with intron-spanning primers for TRPMppb, OGR1, TDAGS8, G2A

and GPR4 (Table S1).
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Satistical analysis

Data are presented as mean = SEM. Statistical sinalyvolved use of SigmaState

3.5 (Systat Software, San Jose, CA). Unless otkenspecified, analyses involved

Studentt test or ANOVA, with the Holm-Sidak method for pdgic analysis;

otherwise the non-parametric Mann-Whitney test wsead. P<0.05 was considered

statistically significant.
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Figurelegends

Figure 1. Proton induced scratching response in wild-type mice. (a) Non-buffered

formic acid and i§) buffered citric acid were injected intradermalty induce itch

behavior in the nape skin model (n=10). *P < 0.4. saline or pH 7.4.c)

Comparison of itch-inducing potency of well-knownruptogens, including

deoxycholic acid (DCA), citric acid (pH 3.0py-methyl-5-HT, chloroquine and

compound 48/80 (n=6~24)Y) In cheek assay, algogen “capsaicin” treatmeniced

wiping response and pruritogen “chloroquine” treatitninduced scratching response;

citric acid (pH 3.0) injection induced both wipiagd scratching response (n=8). *P <

0.05. ¢f) Effects of histamine conditioning on citric orfieic acid (pH 3.0)-induced

scratching in cheek assay (n=6). *P < 0.05. Daganagan + SEM.

Figure 2. Proton induced calcium response in DRG pruriceptors and generated

pruriception-specific c-Fos responsein the dor solateral cervical spinal cord. (a,b)
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Cervical DRG neurons from Navl.8-Cre::Td-tomato enieere cultured for calcium

imaging study. Scale bar = 1@@n. (c) A representative result demonstrates elevated

calcium level on treatment with histamine, acidiB¥$6 (pH=3.0), chloroquine, or

capsaicin. d) Proportion of Nav1.8-positive DRG neurons showiagponse to each

treatment (N=3, n=215)e{(h) Immunostaining of c-Fos-positive cells respondiag

capsaicin, citric acid, compound 48/80, or saliatiment 30 min after intradermal

injection. Scale bar = 200m. () To quantify the pruritus-related c-Fos signalsha

dorsolateral cervical spinal cord, immunoreactivitythe red dashed-line square in

(e-h) was calculated by using Image J (n=6). Data asamm+ SEM. *P<0.05,

**P<0.01.

Figure 3. TRPV1isinvolved in the acid-induced itch response in mice. (a) Citric

acid (pH 3.0, 10ul)-induced scratching response was decreased bgdarmal

co-injection of capsazepine (1) in nape skin of wild-type (WT) micebj Citric

acid-induced scratching behavior was partly dee@asTrpV1-knockout (KO) mice.

(c) Co-injection of HC030031 (20g/10uL, i.d.) in nape skin had no effect on citric
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acid-induced scratching response in WT miad. Citric acid-induced scratching

behavior was normal ifrpAl-KO mice. €) Co-injection of amiloride (1 mM) in

nape skin had no effect on citric acid-induced tetiiag response in WT micef) (

Asic3-KO and WT mice showed no difference in citric ariduced scratching

behavior. N=8~12. Data are mean + SEM. *P < 0.0Bmarison between groups.

Figure 4. A role for TDAGS in pruriception. (a) Single-cell RT-PCR analyses of

Navl.8 DRG neurons. TRPV1neurons were detectable in both the 1Bhd IB4

population, and the DRG pruriceptor marker Nppb watected only in the 1B4

population. ) To screen the expression of the four proton-sgen§&PCRs in the

pruriceptors, we used 64 Navl/I®4 DRG neurons for single-cell RT-PCR to detect

Nppb, OGR1, TDAG8, G2A and GPR4. TDAG8 was the maiundant

proton-sensing GPCR (~71%) in NgpbRG pruriceptors.d) Compared with WT

mice (n=6), TDAG8-KO mice (n=9) showed decreasechtshing behaviors after

intradermal injection of citric acid in the napearsknodel. () Cumulative scratching

response over the 30 min after injection. Datana@an = SEM. *P < 0.05 vs. WT.
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Figure 5. TDAGS8 potentiates TRPV1-mediated intracellular calcium in

HEK293T cells after proton stimulation. (a) The pH-dependent cAMP accumulation

in TDAG8-expressing cells or vector (IRES)-expragsiells. b) Time course of [CH];

signal after the addition of the indicated buffém) The pH-dependent curves of net

calcium increase in TDAGB8-expressing cells in thespnce or absence of EGTA (ng/ml)

or in IRES-expressing cells in the absence of EGA®each pH point, @ak values of

[Ca™];i signals (approximately 20 sec after the additibpt buffer) was presented

(d) Peak values of net calcium increase with pH SiBwgation with and without

capsazepine (10, 20M) or amiloride (30uM). (e) Net calcium increase of TDAGS-

and/or TRPV1-transfected cells exposed to pH 5.%ith and without capsazepine (20

uM). N=20~47. {) TDAGS8- and/or TRPV1-transfected cells exposeg@Hb5.5 with and

without U73122 (5uM) or gallein (10uM, 100 uM). N=16~35.Data are mean + SEM.

*P< 0.05, **P<0.01.

40



Q

Number of scratching

CCEPTED MANUSCRIP

(o}

Number of scratching

Event

120 Formic acid ** - L60 0.2M citric acid ok
100 £
%
80 E
60 s
=
3
40 £
=
20 z
0
Saline pH4.7 pH3.0 pH1.9 pH=7.4 pH=4.7 pH=3.0 pH=1.9
(pH7.0)
*
250
60
200 8 50
g
150 z 40
S 30
100 s
E 20
50 2 10
0 0
E g 2 E ?g 2 E Capsaicin Citric Cholroquine
2 3 > %— ,x g 3 acid(pH3.0)
= I > a 3 . . o
E w = c M Scratching  ® Wiping/Digging
2 o 3
T o
5
Histamine conditioning: citric acid Histamine conditioning: formic acid
*
=
c
o
&
Wiping Scratching Wiping Scratching
1 Contralateral Citric Acid (pH=3.0) 1 Contralateral FormicAcid (pH=3.0)
M Ipsilateral histamine M Ipsilateral histamine

u Ipsilateral CitricAcid (pH=3.0) u Ipsilateral FormicAcid (pH=3.0)



Navi.8 - Cre

X

caG ) stop ) [[iditomatol
3

e

c Cap~66%
1

8 0.8
Q
o
3 06
2 04
5
=4 - - =

0.2 Histamine  Acid (pH=3) Chloroquine Capsaicin

o KCI=100%

0 200 400 600 800

e WT: Capsaicin f WT: Acid

60

50

40

30

20

10 -
0

Saline Capsaicin Acid CP 48/80

c-fos immunoreactivity
count




Q

Scratching
= N w B w
o o o o o o

Scratching (9]
= N w B w
o o o o o o

()

NoW oA w
o © © o

Scratching

=
o

Capsazepinein WT

H
o
dd

[
[ ———

o

Scratching

50
40
30
20
10

TrpV1 knockout

"
-

[ -
{

1 2 3 4 5 6 2 3 4 5 6
Acid (3.0) WT -=TrpV1-KO
capsazepine (10uM)+Acid d

HC030031 in WT TrpA1 knockout
50
T w 40
! £
5 30
I . % 11 I T 1
M~ i < s 20 ¥ JI I v !
I 10 ¥
T T T T T 0 T T T T

1 2 3 4 5 6 2 3 4 5 6
Acid (3.0) WT -=TrpA1KO
HC030031 (20ug)+acid f

Amiloridein WT ASIC3 knockout
50

l w 40
I £ 30
I I g I h

v I 2 20 = |
s S SN A 3 t TN
R S s 10 i

0 T T T T

Acid (3.0)
Amiloride (ImM)+acid

1 block=5 minutes

WT ASIC3-KO

1 block=5 minutes



Nav1.8+,1B4- Nav1.8+, |B4+

GAPDH

Nppb

OGR1

TDAG8

G2A

GPR4

(o)

Scratching

Nav1.8+,1B4-

40
30
20
10

Acid-induced Itch in TDAG8 knockout d

Total scratching
5 ®©
S o

-
N
o

3 4 s
—-—wt ~ko

o

wt ko

1 block=5 minutes



a
— 180
:
Lo
== 120
<38
S, 100
52 80
ST
=T 60 *% % . x
§ 40 o *
5}
£ 20
0
# 7.2 6.8 6.4 6 5.5
pH BTDAG8 OIRES
C
015
2 £ T
o & 0.10
o m
c ~
£ £ 005 =
2o &
38 :
% E 0.00
z%8
< 005 L L L L L L ,
80 -75 -70 -65 -60 -55 -50 -45
pH
o-TDAG8 TDAGS8-EGTA —-IRES
e
. 0.20 * %
3
oo
58 0.15 o ox
g g 0.10
CR
Seo
BRK 005
Z
0.00
TDAGS8 - 0.75ug 1ug 1.5ug 1.5ug
TRPV1  0.75ug 0.75ug 0.75ug 0.75ug 0.75ug
Capsazepine - - - - +

o

TDAGB8-expressing cells

0.15
o E
17}
g5 010
R
£~
£ 0.05
Ss
23
S 5 0.00
=
S
Zv 905 . . . )
0 50 100 150 200
Time (second)
0.15 TDAGS8-expressing cells
o=
] g pH5.5
2o
@
g 2 o010
Ec
EX-)
o3
3 o 0.05 * *k
o]
Zx |—I—| |—I—|
0.00
- 10uM 20uM EGTA 30uM
o . " Amilorid
- 0.20
4
oo
g S 0.15
- E
ES oo Kok
53
8 o *% *x *x
g E 0.05
0.00
TDAG8 1.5ug 1.5ug 1.5ug 1.5ug 1.5ug
TRPV1 0.75pg 0.75ug 0.75ug 0.75ug 0.75ug
Capsazepine - + - - -
U73122 - - 5uM - -
Gallein - - - 10uM 100uM



