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Abstract

Increasing evidence suggests that Toll-like reaeptfTLR4) contributes importantly to
spinal cord glial activation and chronic pain s@mnation; however, its unique role in
acute and chronic itch is unclear. In this studg,imvestigated the involvement of TLR4
in acute and chronic itch models in male mice usioth transgenic and pharmacological
approachesTIr4”~ mice exhibited normal acute itch induced by commubé8/80 and
chloroquine, but these mice showed substantialatezhs in scratching in chronic itch
models of dry skin, induced by acetone and dietigrefollowed by water (AEW),
contact dermatitis, and allergic contact dermatdrs the neck. Intrathecal (spinal)
inhibition of TLR4 with lipopolysaccharidBhodobacter sphaeroides (LPS-RS) did not
affect acute itch but suppressed AEW-induced clordgoh. Compound 48/80 and AEW
also produced robust alloknesis, a touch-eliciteth in wild-type mice, which was
suppressed by intrathecal LPS-RS a4’ deletion. AEW induced persistent
upregulation of TIr4 mRNA and increased TLR4 expression in GFAP-exjmgss
astrocytes in spinal cord dorsal horn. AEW alsougetl TLR4-dependent astrogliosis
(GFAP upregulation) in spinal cord. Intrathecalentjon of astroglial inhibitor la-
aminoadipate reduced AEW-induced chronic itch diakmesis without affecting acute
itch. Spinal TLR4 was also necessary for AEW-induckronic itch in the cheek model.
Interestingly, scratching plays an essential mleginal astrogliosis, since AEW-induced
astrogliosis was abrogated by putting Elizabethasila® on the neck to prevent
scratching the itchy skin. Our findings suggest #mnal TLR4 signaling is important for
spinal astrocyte activation and astrogliosis thay minderlie alloknesis and chronic itch.
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1. Introduction

Toll-like receptors (TLRs) are evolutionarily comged type | transmembrane proteins
that can mediate innate and adaptive immunity e@ognition of exogenous ligands,
pathogen-associated molecular patterns (PAMP)Watlg viral and bacterial infection
as well as detection of endogenous ligands, daasmeiated molecular patterns
(DAMPs) produced after tissue injury [2;50]. Diféet TLRs detect distinct PAMPs and
DAMPs. For example, TLR3 and TLR7/8 sense doubimasied and single-stranded
RNAs, respectively and TLR4 binds to lipopolysacaia (LPS) [33]. Most TLRs
(except TLR3) signal through the intracellular adamrotein MyD88 [3;6]. In immune
or glial cells, activation of TLRs produces a wigeay of pro-inflammatory mediators,
including cytokines and chemokines, as well asthreaoxygen/nitrogen intermediates,
via activation of NFkB and MAP kinase pathways [33]. TLR4 is the besidisd
member of the TLR family. Emerging evidence suppan important role of TLR4 in
spinal cord glial activation in neuropathic pain0Jéand chronic arthritis pain [9].
Additionally, spinal TLR4 was implicated in opioidduced glial activation [20].
TLR4/MyD88 in DRG neurons was also involved in cloginerapy-induced neuropathic
pain [31]. However, the role of TLR4 in differechronic itch conditions has not been
investigated.

Glial cells such as microglia and astrocytes haenlshown to play an important
role in promoting chronic pain [11;16;39]. Chromain could be a result of gliopathy
[25]. It is generally believed that glia promoteimpay producing proinflammatory and
pronociceptive mediators (e.g., proinflammatoryokiytes and chemokines and growth
factors) to activate and sensitize spinal cord ceptive neurons [26;27;63]. Despite a
prominent role of glial cells in the genesis ofafic pain, it is unclear how glial cells
regulate itch. During the submission of the manpséor this study, Shiratori-Hayashi et
al. demonstrated an important role of reactive apoord astrocytes in chronic itch via
astrocytic activation of the transcriptional fac®FAT3 [53].

Itch and pain are two distinct somatic sensatidng, they also share many
similarities [4;18;29;34;36;47;68;69]. Itch evokesratching response, while pain elicits



withdrawal reflex [22]. Like acute pain, acute itsbrves to protect our body against
harmful irritants [24]. However, whether chroniccht is operated by different
mechanisms or shares similar mechanisms with chimain is elusive [34;66;67]. In the
present study, we investigated the distinct rol&'bR4 in acute and chronic itch. We
found that spinal TLR4 signaling is dispensable &oute itch but indispensable for
chronic itch and alloknesis, the itch induced bycta We also found that TLR4 is both

sufficient and necessary for spinal astrocyte atitm and astrogliosis in chronic itch.

2. Materials and methods

2.1. Animals

Male Tir4 knockout mice TIr4™"; stock#007227) anMlyd88™ (stock#009088) mice and
their wild-type control (C57BL/6) male mice were rpbased from The Jackson
Laboratory and maintained at Duke University Aninfacility. TIr4”" mice have a
homozygous deletion of 74 kb at thked4 locus with all three exons removed. For
pharmacological studies, we also used CD1 micegin®lL0 weeks) from Charles River.
Young mice (4-6 weeks of both sexes) were usedlémtrophysiological studies in DRG
neurons. All other studies used adult male miceesslotherwise noted. Animals were
maintained at Duke Animal Facility with ambient {@enature and humidity and under a
12-hour light/12 hour dark cycle witld libitum access to food and water. All the animal
procedures were approved by the Institutional AhiBere and Use Committees of Duke
University.

2.2. Drugs and administration

We purchased compound 48/80, chloroquine, diphgolpropenone (DCP), 2,4-
dinitrofluorobenzene (DNFB), kaminoadipate (L-AA), LPS Hscherichia coli
serotype 0111:B4) from Sigma-Aldrich and LHRBodobacter sphaeroides (LPS-RS)
from R&D Systems. We injected the pruritic agemsnipound 48/80 and chloroquine)
intradermally with a 28-Gauge needle in the naeKlof the neck, 5Ql) or cheek (10
pl). According to previous reports [7;15;19;55], aiso injected the following reagents



intrathecally to target spinal cord cells: LPS-RX 1g) and L-AA (100 nmol) [70].
Intrathecal injection was performed by a lumbargture to deliver reagent into cerebral
spinal fluid. A valid spinal puncture was confirthby a brisk tail-flick after the needle
entry into subarachnoid space [21]. We injected bPE-AA 24 hours before itch assay
and injected LPS-RS 30 min prior to itch assay.geats were dissolved in sterile saline

as vehicle if not specified.

2.3. Behavioral analysis

2.3.1. Neck models of acute itch. Mice were habituated to testing environment dély
two days before analysis. The back of the neckhohals were shaved on the day before
testing. Mice were put in plastic chambers (14 »1B2 cm) on an elevated metal mesh
floor and allowed 30 min for habituation. We inteahally injected 50ul of pruritic
agents in the nape of neck and video-recordedcéingt behavior for 30 min in the
absence of any observer. A scratch was counted whemuse lifted its hindpaw to
scratch the shaved region and returned the pawetdldor or to the mouth for licking.
The following doses for pruritic agents were chodé®ug for compound 48/80 and 200
ug for chloroquine. The spontaneous itch was vidmmirded and assessed blindly.

2.3.2. Cheek models of acute itch. The cheek model was developed to distinguish
itch and pain [52]. We shaved mouse cheek (appt»8 mm) two days before
experiments. On the day of experiment, after arefsthesia with isoflurane, we injected
10 pl of reagent (10Qug compound 48/80 or 200g chloroquine) into the cheek and
counted the number of wipes and the number of doeatfor 30 min. We counted the
unilateral wipes with the forelimb. We also counsmlatches, which were defined as a
lifting of the hind paw toward the injection sita the cheek and then returning the paw
to the floor or to the mouth.

2.3.3. Dry skin-induced chronic itch in the neck and cheek. We produced a dry
skin model to induce chronic itch, as describediipresly [42], by painting the neck or
cheek skin with acetone and diethyether (1:1) ¥oihg by water (AEW) twice a day
(9:00 am and 16:00 pm) for 5 days. The spontansowadching was video recorded for 1
hour on day 6 and total number of scratches wastedwlindly. As previously reported

[23], we let mouse wear an Elizabethan Collar oa tleck to prevent mouse from



scratching the cheek skin so that we can test ffeeteof scratching on AEW-induced
spinal cord astrogliosis.

2.3.4. DNFB-induced allergic contact dermatitis in neck skin. We generated the
allergic contact dermatitis (ACD) model of chrontith by applying the hapten 1-fluoro-2,
4-dinitrobenzene (DNFB) onto the back skin as mresty described [30]. DNFB was
dissolved in a mixture of acetone:olive oil (4:.Ihe surface of abdomen and the nape of
neck were shaved 1 day before sensitization. Mieeewsensitized with 501 0.5%
DNFB solution by topical application to a 2 tarea of shaved abdomen skin. 5 days
later, mice were challenged with 30 0.25% DNFB solution by painting the nape of
neck, then on day 1, 3, 5, and 7. Spontaneouschangtbehaviors were video-recorded
on day 8 for 60 min.

2.3.5. DCP-induced contact dermatitis in neck skin. To induce contact dermatitis,
we shaved the back of neck and painted the bacth wi 0.2 ml of
diphenylcyclopropenone (DCP; 1% dissolved in aceXojp8]. Seven days after the
sensitization, we challenged mice by painting taekbskin with 0.2 ml of 0.5% DCP.
Mouse itch behavior was video-recorded for 60 ngauimmediately after each DCP
application.

2.3.6. Alloknesis assay in neck and cheek models. According to a previous report
[5], alloknesis after acute itch and chronic itelas evaluated. For testing alloknesis after
acute itch, a von Frey filament (0.7 mN) was agplie the skin area 5 mm outside the
injection site-and 30 min after the compound 48r86ction. A scratch bout directed to
the site of mechanical stimulation was considerea positive response. The alloknesis
score was determined by calculating the total nundfescratches elicited by five
mechanical stimuli and was evaluated at 10-minrwalde post-injection. For testing
alloknesis in dry skin model, von Frey stimuli wexpplied at the border of the AEW
treatment area 12 hours after each treatmentdib &tratching response.

2.3.7. Hot plate test. The hot plate was set at 82 A mouse was put on the plate

and the latency for the mouse to lick a hindpayuomp from the hot plate was recorded.

2.4. Patch clamp recordings in DRG neurons



DRGs were removed aseptically from mice (4-6 weeks) incubated with collagenase
(12.25mg/ml, Roche)/dispase-Il (2.4 units/ml, Roche37°C for 90 min, then digested
with 0.25% trypsin for 8 min at 37°C, followed by26% trypsin inhibitor. Cells were

mechanically dissociated with a flame polished &aspipette in the presence of 0.05%
DNAse | (Sigma). DRG cells were plated on glassecalips and grown in a neurobasal
defined medium (with 2% B27 supplement, Invitrogesth 5 uM AraC and 5% carbon

dioxide at 36.5°C. DRG neurons were grown for 2dredefore use. As we previously
reported [45], whole-cell patch clamp recordingsevperformed at room temperature
using an Axopatch-200B amplifier (Axon InstrumentEhe patch pipettes were pulled
from borosilicate capillaries (Chase Scientific €&dnc.). Pipette resistance was 4-8.M

2.5. Immunohistochemistry

As we previously reported [8], mice were terminadligesthetized with isoflurane and
perfused through the ascending aorta with PBSvi@tbby 4% paraformaldehyde. After
the perfusion, the cervical spinal cords segme@is@2 in the cheek model and C3-C4
in the neck model) were collected and post-fixedhe same fixative overnight. The
spinal cord sections (30m; free floating) from the cervical spinal cord eaftnape
treatment or lumbar spinal cord after hindpaw tremit were cut in a cryostat and
processed for immunohistochemistry as we previoascribed. Briefly, the tissue
sections were blocked with 2% goat serum, and ia@gb over night at°€ with the
primary antibodies: mouse GFAP antibody (1:2000llipdire), rabbit IBA-1 antibody
(1:5000, Wako), rabbit anti-TLR4 antibody (1:2000d8er, China). The sections were
then incubated for 1 h at room temperature with -Gy3FITC-conjugated secondary
antibodies. Immunostained tissue sections were eahunder a Nikon fluorescence
microscope, and images were captured with a higloludon CCD Spot camera
(Diagnostic Instruments Inc.) and analyzed with NIrhage software or Adobe
PhotoShop. Five nonadjacent spinal cord sectioms veedomly selected from a cervical
spinal cord segment (C3-C4 from the back model@i¥C2 from the cheek model) and
4-5 mice were included for each group. The intgnsitGFAP and IBAL staining in the
superficial dorsal horn (laminae I-Ill) was measuvadth a computer-assisted imaging

analysis system (Image J, NIH).



2.6. Skin histology

Mice were terminally anesthetized with isofluramel ahe back hairy skins were collected to
perform histological examination. Tissues were fpesti in 4% paraformaldehyde
overnight and skin sections were cut (™) in a cryostat. The sections were stained with
toluidine blue (TB) for mast cells and also proeesdor hematoxylin & eosin (H&E)
staining. The stained sections were then driecarete and covered for observation and
photomicrography. The number of mast cells and fadlicles at different cycle stages was
quantified by individuals that are blinded for tpenotype using 10 sections per mouse and

4 mice per group [32].

2.7. Real-time quantitative RT-PCR

We rapidly collected cervical spinal cord in RNdisse conditions and isolated total
RNAs using RNeasy Plus Mini kit (Qiagen, Valendizd). RNA (1 ug) was reverse-
transcribed for each sample using SuperScript Tl(Rvitrogen). The sequences of the

forward and reverse primers for

Ibal: Forward: GGACAGACTGCCAGCCTAAG;
Reverse: GACGGCAGATCCTCATCATT;

Gfap: Forward: GAATCGCTGGAGGAGGAGAT;
Reverse: GCCACTGCCTCGTATTGAGT;

Tir4: Forward: AAACTTGCCTTCAAAACCTGGC;
Reverse: ACCTGAACTCATCAATGGTCACATC;

Gapdh: Forward: AGGTCGGTGTGAACGGATTTG

Reverse: GGGGTCGTTGATGGCAACA
Quantitative PCR amplification reactions contaitieel same amount of RT product in a
final volume of 15ul. The thermal cycling conditions comprised 3 mesibf polymerase
activation at 95C, 45 cycles of 10 second denaturation a(@®@%nd 30 second annealing
and extension at 6%, and a DNA melting curve was included to test dmeplicon
specificity. Triplicate gPCR analyses were perfadrising the SYBR Green master mix
(KAPA) and Opticon real-time PCR Detection SysteBio{Rad, Hercules, CA) as

described previously [7].



2.10. Statistical analysis

All the data were expressed as mearSEM. Behavioral data were analyzed using
Student’st test or one-way ANOVA followed by Dunn’s post htest. Two-Way
repeated measured ANOVA wifbost hoc Bonferroni’s test was used to analyze two
group data with multiple time points. The criterifor statistical significance was set at
P<0.05.

3. Results

3.1. Acute itch is not affected after Tlr4 deletion and spinal inhibition of TLR4

We first employed genetic and pharmacological apgiies to assess the involvement of
TLR4 in acute itch sensation. Based on the seitgitiy antihistamines, acute itch can be
characterized as histaminergic itch, induced by pmmd 48/80 and nonhistaminergic
itch, induced by chloroquine (CQ). Notably, compout8/80 or CQ-induced acute itch
was not affected iMlr4” mice (Fig: 1A). MyD88 is a scaffold protein and rises
canonical signaling of the majority of TLRs incladi TLR4 [33]. Interestingly, acute
itch was also intact in mice lackiridyd88 (Fig. 1B). Furthermore, intrathecal injection
of the TLR4 antagonist LPS-RS (@) did not affect compound 48/80 and CQ-induced
scratching in wild-type (WT) mice (Fig. 1C). To faer determine the possible role of
TLR4 in pain and itch, we used a cheek model that distinguish pain versus itch, as
indicated by distinct pain-like wiping by forelimlasd itch-like scratching by the hind
limbs [52]. TIr4™" mice displayed comparable responses in the compé8id-and CQ-
induced wiping and scratching (Fig. 1D). Thus, TL&dgnaling is dispensable for acute
itch, regardless of histaminergic and nonhistangjiedtch.

3.2. Tlrd and spinal TLR4 are required for the development of chronic itch

Dry skin, caused by skin dehydration, is associat#kd several chronic itch conditions,

such as atopic dermatitis and xerosis [18]. Wetékaice with acetone and diethyether
followed by water (AEW) on neck or cheek skin fodays to mimic the symptoms of

dry skin in patients [42]. Five days after AEW treant, WT mice showed robust

spontaneous scratching on day 6 (56.8.6 scratches/hour; Fig. 1E), which was



drastically decreased iir4”~ mice (15.2t5.0 scratches/hour, Fig. 1E). Notably, AEW-
induced chronic itch on day 6 was also compromisedice lackingMyd88 (16.81+-2.3
scratches/hour; Fig. 1E). AEW-induced chronic itchboth neck and cheek models was
also largely inhibited by intrathecal injectionld?S-RS (Fig. 1E).

To validate a critical role of TLR4 in chronic itckve generated an allergic
contact dermatitis mouse model by application optéa 2,4-dinitroflucrobenzene
(DNFB). After initial sensitization, treatment ofNBFB on day 1, 3, 5, and 7 induced
robust spontaneous itch on day 8, which was sutisligreduced inTir4”" mice (Fig.
1F). Additionally, we tested the involvement of R4 in dermatitis-induced chronic itch.
Treatment with  diphenylcyclopropenone (DCP) wa®wsh to  induce contact
dermatitis-associated chronic itch [64]. DCP-trdal®T mice exhibited robust and
persistent itch for more than 2 weeks, but the lbgveent of persistent itch was
compromised inTlr4” mice (P<0.05, two-way ANOVA, Fig. 1G). Collectively, our
results suggest that TLR4 is critically involved ¢hronic itch after dry skin injury,

allergic contact dermatitis, and atopic dermatitis.

3.3. TLR4 isrequired for compound 48/80 and AEW-induced alloknesis

Alloknesis (touch-evoked itch) is induced by ligbtich at the skin near an itchy site.
Scratching responses following intradermal injattid compound 48/80 declined over a
30-min period. Immediately after that period, klesis score was assessed by counting
the number of bouts of scratching following appii@a of 0.7 mN von Frey stimuli [5].
TIr4” mice displayed a significant reduction in allokisescore during a 60 min period
(i.e; 30-90 min after the compound 48/80 injectidiig. 2A). Intrathecal LPS-RS
inhibited compound 48/80-induced alloknesis (Fig).2Alloknesis was also induced
after AEW treatment (dry skin) in WT mice, begingian day 1 and reaching to a high
level on day 5 (Fig. 2C). Notably, AEW-induced dieyenent of alloknesis was reduced
in TIr4™ mice (Fig. 2C). Furthermore, dry skin-induced laflesis in both neck and
cheek models was substantially inhibited by inati LPS-RS (Fig. 2D). Together,
these data demonstrate that TLR4 is critically lmed in alloknesis after acute itch and

also during chronic itch.
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3.4. Intrathecal LPS enhances acute pain, alloknesis, and chronic itch but suppresses
acuteitch
To study the relationship between pain and itch, fueher tested whether direct
activation of peripheral and spinal TLR4 with LP8uld affect pain or itch. Whole cell
patch-clamp recordings in dissociated small-siz€dsDnheurons showed that LPS, even
at a very high concentration (100 mg/ml), failedrtduce inward currents (Fig. 3A) and
action potentials (Fig. 3B). As positive controgpsaicin (100 nM) induced marked
inward currents and actions potentials in the saseorded neurons (Fig. 3A,B).
Therefore, LPS cannot directly excite nociceptiveficeptive neurons in the peripheral
nervous system. Consistently, intradermal inject@nLPS (10 pg) did not induce
scratching behavior in mice (data not shown).

Next, we examined the central effects of LPS om @aid itch. Intrathecal LPS
(10 ng) induced heat hyperalgesia, as revealed by atieduin response latency 24 h
after the LPS injection (Fig. 3C). Moreover, intratal LPS did not evoke scratching
behavior (data not shown). Interestingly, intratelcPS suppressed compound 48/80
and CQ-induced acute itch (Fig: 3D), but enhanaedpound 48/80-induced alloknesis
(Fig. 3E). Further, intrathecal LPS enhanced AEMumed chronic itch (Fig. 3F).
Together, these data suggest that activation afabfdiLR4 can (1) evoke pain but not
itch, (2) suppress acute itch, and (3) enhancé&radlsis and chronic itch.

3.5. AEW-induced skin pathology is not compromised after Tlr4 deletion

We also examined whether AEW-induced skin pathologyuld be affected in
TIr4”" mice. Histological evaluation in the AEW-treatedpeaskin revealed that the
thickness of epidermis and dermis significantlyré@sed in both WT an@lir4”~ mice
following AEW treatment, and no difference in skihickness was found between
genotypes (Fig. S1A,B). The total number of immuaeds in the skin (including both
epidermis and dermis) was also significantly inseshin dry skins of both WT and
TIr4”~ mice (Fig. S1A,B). We also checked the number oftroalls with Toluidine blue
staining in control and dry skins and found the humber of mast cells was unaltered
following dry skin injury, in agreement of a preusreport [42]. Neither di@llr4”~ mice

show changes in mast cells before or after skurynfFig. S1A,B). Together, these data
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suggest that TLR4 plays no major role in skin pktgp. However,TIr4 expression was
increased in dry skins 5 days after the AEW treatm@ig. S1C), indicating that

peripheral TLR4 might regulate chronic itch viaitiedent mechanism.

3.6. TLR4 is upregulated and essential for spinal astrocyte activation in chronic itch

To assess glial changes in chronic itch, we emplogenunohistochemistry to examine
microglia and astrocyte activation (gliosis, a refband persistent activation state of glial
cells) in the spinal cord dorsal horn in a dry skimdition. GFAP and IBA-1 are two of
the most frequently used markers for astrogliogSISAP) and microgliosis (IBA-1) in the
spinal cord dorsal horn and show dramatic changeseuropathic pain [25]. AEW
treatment in nape for 5 days significantly increbge expression of GFAP but not IBA-
1 in the cervical dorsal horn, and moreover, theABRipregulation was abolished in
Tir4”" mice (Fig. 4A,B). Western blot analysis in cervichdrsal horn tissues further
confirmed the TLR4-dependent GFAP increase 5 dtgs the AEW treatment (Fig. 4C).
Of interest, basal GFAP expression was hot affeated@ir4”’ mice (Fig. 4A-C). In
contrast, compound 48/80 failed to increase GFAPression in both WT and
TIr4" mice (Fig. S2A-C). Furthermore, intrathecal LPS-&$ reduced AEW-induced
GFAP expression (Fig. S3A-C). Collectively, thessuits suggest that chronic itch but
not acute itch is associated with TLR4-dependembgisosis in spinal cord.

To determine whether scratching is essential ftnogkosis in chronic itch, we
used Elizabethan collar to protect mice from s¢iatg the AEW-treated cheek skin. Dry
skin-induced astrogliosis in the cervical spinatdc§C1-C2) was prevented by mouse
wearing of Elizabethan Collar (Fig 5A-C). Thustatching could promote chronic itch
by inducing astrogliosis.

To localize TLR4 expression in the dorsal horn, wenducted double
immunostaining in the spinal cord of AEW-treatecceniFig. 6 shows that both TLR4
and GFAP-immuno-reactivity (IR) were increased envical spinal cord (C3-C4) 5 days
after AEW treatment, especially in the ipsilatesade of the dorsal horn (Fig. 6A,B).
Notably, there was more co-localization of TLR4 &BAP in the dry skin condition.
TLR4 was primarily localized in GFAP-expressingrasytes after AEW treatment,
although TLR4 was also expressed in other cellgypey. 6C).
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We employed quantitative PCR (qPCR) analysis toréxa the time courses of
glia-related gene expression in the spinal dorgahhl, 3, and 5 days after AEW
treatment. AEW induced rapid and persist&ht4 mRNA expression at all the time
points (Fig. 7A). AEW also induced delay&ap expression and rapid but transient
Ibal expression (Fig. 7A). Together, these data fursiugport the involvement of spinal
TLR4 and astrocytes in chronic itch. As expecte&WAevokedGfap expression was
also abrogated aftditr4 deletion (Fig. 7B).

Next, we tested if TLR4 activation is sufficient ppoduce spinal glial changes.
Intrathecal LPS resulted in significant increase3lr4 and Gfap mRNA expression in
cervical spinal cord (Fig. 7C). However, the inaean lbal expression after LPS

treatment was statistically insignificaf®=0.09, Fig. 7C).

3.7. Spinal astrocyte activation contributes to chronic itch and alloknesis not acute itch
L-alpha aminoadipate (L-AA) is an astroglial toxamnd has been shown to inhibit
astrogliosis and neuropathic pain [70]. Intrathesddninistration of L-AA had no effect
on compound 48/80 and CQ-induced acute itch (F&). 8lowever, intrathecal L-AA
effectively inhibited compound 48/80-induced inddicloknesis (Fig. 8B) and AEW-
induced chronic itch and alloknesis (Fig. 8C, Dygé&ther, these results support an active

role of spinal cord astrocytes in alloknesis an@uolt itch.

4. Discussion

4.1. TLR3, TLR4, and TLR7 play distinct rolesin itch

In the past decade, great progress has been matntifying itch-specific receptors and
neural circuit [4;18;29;34;36;41,48;57;65]. Howewieris still unclear whether acute itch
and chronic itch are operated by different mechasisIn this study we have

demonstrated that TLR4 specifically regulates clurdoh but not acute itch. Strikingly,

chronic itch was substantially reducedlin4 KO mice in three different models after dry
skin, atopic dermatitis, and allergic contact deitisa Dry skin-induced chronic itch was

also abrogated by intrathecal pharmacological amiagn of TLR4 with LPS-RS.
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Our previous work and current study have clearipwshthat TLR3, TLR4, and
TLR7 are all involved in itch but act through diat mechanisms. TLRs are typically
expressed by immune cells and glial cells and sigmaugh MyD88 (except TLR3
signaling) [33;44]. Notably, functional TLR3 and R are present in DRG pruriceptive
neurons, and TLR3 agonist poly(l:C) and TLR7 agommsguimod not only cause direct
activation of pruriceptive neurons but also induseratching in mice [32;35].
Intriguingly, certain microRNAs such as Let-7b ast endogenous ligands of TLR7 to
directly activate primary sensory neurons via TLRRPAL coupling [45]. Although
both TLR3 and TLR7 were implicated in acute it¢h,3 deficiency lead to impairment
in both histaminergic and non-histaminergic itchewdasrir7 deficiency only resulted in
reduction in non-histaminergic itch [32;35]. Ofen¢st acute itch (histaminergic or non-
histaminergic) was intact iklyd88 KO mice. MyD88 is well known to mediate canonical
signaling of TLR7 via gene transcription in-immuecells (2). HoweverMyd88 is not
required for non-canonical signaling of TLR7 in reus. TLR7 may modulate acute itch
via activation of TRPAL, since there-is functiomgkraction between TLR7 and TRPA1
in mouse DRG neurons [45]. TLR4 is also expressedRG and trigeminal neurons and
modulates TRPV1 expression and sensitization [13(88 Unlike TLR3 and TLR7
agonists, TLR4 agonist LPS failed to induce inwatdrents and action potentials in
DRG neurons (Fig. 3A,B) and evoke scratching bedravi mice. However, it was also
shown thafTlr4 deficiency lead to a reduction in histamine-indudeh due to reduced

TRPV1 expression in primary sensory neurons [40].

4.2. Spinal astrocytes have different rolesin acute and chronic itch

Although spinal astrocytes have been strongly icapéid inflammatory and neuropathic
pain [17;25;59;62], their involvement in acute amonic itch remains largely unknown.
Our results indicated that intrathecal injection adtrocyte inhibitor L-AA did not
modulate compound 48/80 and chloroquine induceteatch but substantially reduced
dry skin-induced chronic itch, supporting an invatwvent of spinal astrocytes in chronic
itch. During the submission of this manuscript, r&tari-Hayashi M et al. reported that
signal transducer and activator of transcription(STAT3)-dependent astrogliosis

contributes to atopic dermatitis-induced chronet iitn mice [53], which further supports
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an important role of astrocytes in chronic itchaimifferent chronic itch condition. Our
data revealed that AEW treatment caused persisi&mR4 upregulation in spinal
astrocyte, which is consistent with a recent stsidgwing astrocyte induction of TLR4
in rat spinal cord after chemotherapy-induced neaitoy [31]. Our data also showed
that chronic itch is associated with delayed asweig (GFAP upregulation) in spinal
cord, which was abolished aft&lr4 deletion or intrathecal LPS-RS treatment. On the
other hand, spinal TLR4 activation by intrathecBS.was sufficient to increa3&4 and
Gfap expression. However, we only saw mild and transiaicrogliosis (e.g.,Ibal
upregulation) in the spinal dorsal horn after AEMYatment. This is consistent with the
observations that (1) microgliosis is often assedavith deep tissue injury (e.g., joint)
or nerve injury and (2) astrogliosis is more peesit than microgliosis in chronic pain
states [10;25;56]. However, we should not excludele of microglia in chronic itch due
to the absence of microgliosis. An active rolemfial microglia in chronic itch deserves
further investigation. High mobility group box-1gbein (HMGB1) was regarded as one
of the endogenous ligands of TLR4. Spinal HMGBluitetl TLR4-mediated long-
lasting pain hypersensitivity and glial activationexperimental arthritis [1]. It will also
be of great interest to investigate the possible id HMGB1 in chronic itch. An
interesting observation of this study is that AENduced astrogliosis in spinal dorsal
horn could be blocked by preventing mouse fromtshimag using Elizabethan Collar.
Thus, scratching-induced sensory input (presumaigiceptive afferent input) is
essential for astrogliosis in the dry skin modeabn€istently, cutting the nails of mouse
can also prevent astrogliosis in atopic dermgt8§, suggesting that scratching induced
noxious afferent input might be critical to drivestagliosis (reactive changes of
astrocytes). These results also suggest that Borgtcould promote chronic itch by

inducing astrogliosis, as an important mechanisdetlging itch-scratch-itch cycle.

4.3. Involvement of TLR4 and astrocyte signaling in alloknesis

Alloknesis, i.e. touch-evoked itch in itchy skis,dommonly seen in chronic itch patients
[54]. Alloknesis may result from spinal cord modida (central sensitization), since
activation of low-threshold mechanoreceptors escensitized itch-signaling neurons in

the dorsal horn [5]. We are the first to demonstthat spinal cord astrocytes play a role
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in alloknesis. Our data showed that TLR4 and ab#dogctivation were both required for
alloknesis after compound 48/80-induced acute @t during AEW-induced chronic
itch. This study also showed that AEW but not coommb 48/80 induced GFAP
upregulation, indicating that chronic itch but maoute itch is associated with astrogliosis
in spinal cord. However, intrathecal injection stracyte inhibitor L-AA still suppressed
alloknesis, suggesting that astrocyte activatianiccalso be involved in the development
of alloknesis. Thus, we speculated that distindivaton states of astrocytes may
differentially regulate acute and chronic itch:rasyte activation without astrogliosis
regulates alloknesis after acute itch, whereaogigisis is involved in chronic itch.
Further studies are necessary to dissect out signphthways that mediate different
activation states in astrocytes. Compared to mmecaklallodynia, a painful response
induced by low-threshold mechanical stimulation,thb@lloknesis and mechanical
allodynia can be operated by central sensitizatidnch is driven by activation of TLR4
and astrocytes. On the other hand, alloknesis diodlyaia are distinct behaviors:
mechanical allodynia is a withdrawal response, w&eralloknesis is a scratching

response.

4.4. Concluding remarks

Our findings demonstrate that spinal cord TLR4 axdroglial signaling play an
important role in chronic itch and allokensis witth@ffecting acute itch. Given a well-
known role of TLR4 and astrocyte signaling in checopain, our results suggest that
chronic pain and chronic itch share similar meckasi such as central sensitization.
While scratching can relieve acute itch via a dpooad circuit [12], it can also provoke
chronic itch, and an itch-scratch-itch cycle cdter be seen in chronic itch patients.
Notably, scratching-induced astrogliosis can prandtronic itch. Although our data
support a central mechanism of TLR4 signaling ¢h itontrol, we should not ignore the
peripheral role of TLR4 expressed by other celle/in diverse skin diseases, such as
mast cells, keratinocytes, and immune cells [14;4Bgspite the fact that scratching is
substantially reduced in TIr4 KO mice, the residgeatching may still be sufficient to
cause skin pathology after AEW treatment in KO mgiece we did not put Elizabethan

Collar on these mice to prevent them from scratghire itchy skin. Future studies are
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needed to fully investigate the pathological changs well as biochemical changes
(expression of itch mediators and inflammatory ratais such as cytokines and
chemokines) in skins of WT and KO mice with andhwiit Elizabethan Collars. Since
TLR4 is upregulated in dry skin, it is possiblettidéR4 may regulate the expression of
certain cytokines and chemokines to facilitate ofoatch, despite the fact we did not see
obvious changes in AEW-induced skin pathology Tim4”™ mice. In future study,
conditional deletion ofTlr4 in keratinocytes and mast cells will help to addrehis
guestion.

Chronic itch remains a major health problem in sHliseases such as atopic
dermatitis (AD), contact dermatitis, allergic carttalermatitis and xerosis [66]. It also
occurs in systemic diseases such as cholestatic tiseases, kidney diseases (e.g.
uraemia), and diabetes [28]. To date, there didastk of mechanism-based therapies for
chronic itch [66] and antihistamines do not work foost chronic itch conditions [61].
Therefore, targeting TLR4 and glial signaling mawyvyde novel anti-itch therapies.
Notably, there are established links betwe@m polymorphisms and individual
susceptibility to chronic itch diseases in huma8;48], and glial activation has been
implicated in human pain conditions [37;51], sugipgy translational potential of our

preclinical findings.
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Figure legends

Figure 1. TLR4 signaling is required for chronic itch budtracute itch in the back and
cheek models.

(A, B) Acute itch induced by intradermal injection on theck skin of compound 48/80
(48/80, 100pg) and chloroquine (CQ, 20fg) is not altered inMr4™ mice (A) and
Myd88™~ mice (B). n = 5 mice per groufC) Intrathecal LPS-RS (2f)g) does not affect
48/80 and CQ-induced acute itch. n = 5 mice peugr{D) Acute itch and pain In
mouse cheek model. Note that intradermal injectibd8/80 or CQ induced comparable
wiping and scratching in WT anfr4”" mice. n=5-7 mice per grouge) Dry skin after
treatment with AEW (acetone and diethyether folldvizy water) induces chronic itch,
which is substantially reduced Tr4”~ mice andVlyd88™ mice and also suppressed by
intrathecal LPS-RS. Top, paradigm of AEW treatmémw right, intrathecal LPS-RS
administered 5 d after AEW treatment in either newdel or cheek model suppressed
AEW-evoked scratching on day 6P< 0.05, compared with WT mice or corresponding
vehicle groups, n = 5-7 mice per grouf=-G) Chronic itch in the neck models after
contact allergic dermatitis, evoked by 2,4-dinilmofobenzene (DNFB, F), and atopic
dermatitis, evoked by diphenylcyclopropenone (D@, is substantially reduced in
TIr4™" mice. Top panels, paradigms of DNFB and DCP treatmeR&0*05, compared
with WT control mice, student t-test (F) and TwoywaNOVA (G); n = 5-6 mice per
group. Note that the neck models were tested fahalexperimental conditions but the
cheek models were only used for some conditions spatifically indicated in each

graph. Data are presented as means = S.E.M.

Figure 2. Alloknesis under both acute and chronic itch candi is impaired inAlr4™"
mice and suppressed by intrathecal LPS-RS in tblke &rad cheek models.

(A) Alloknesis, induced 30 min after compound 48/88/80) injection, is partially
reduced inTIr4” mice. (B) Alloknesis, induced 30 min after 48/80 injectiois,
suppressed by intrathecal injection of LPS-RS (8. (C) Alloknesis, induced after
AEW-induced dry skin, is partially reduced Tir4™ mice.(D) AEW-induced alloknesis
at Day 6 in either neck model or cheek model ipsegsed by intrathecal LPS-RS (20
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ug). Data are presented as means + S.ER40%05, **P<0.01, ***P<0.001, compared
with WT mice or saline vehicle group, Studerittest; n = 5-6 mice per group.

Figure 3. LPS has no direct effects on neuronal excitgbiht cultured DRG neurons
after bath application but enhances acute painchnzhic itch and suppresses acute itch
in the back model after intrathecal injection.

(A, B) LPS (100ug/ml) fails to induce inward currents (A, n=25 neus) and action
potentials (B, n=8 neurons) in dissociated smaka&iDRG neurons. Note that capsaicin
(200 nM) induces inward currents and action potésiin these neuronéC) Intrathecal
LPS (10 ug) induces heat hyperalgesia 1 day after the iojectBL, baseline.(D)
Intrathecal LPS (1@ig) suppresses 48/80 and CQ-induced acute itchn{i&gthecal LPS
(10 pg) increases compound 48/80-induced allokne@t$. Intrathecal LPS (1Qug)
potentiates AEW-induced chronic itch. Data are gmésd as means + S.E.MP< 0.05,

** P< 0.01, **P< 0.001, compared with vehicle group, Studenht&sst; n = 6-8 mice per

group.

Figure 4. AEW treatment for 5 days in the back model induassogliosis but not
microgliosis in cervical spinal cord dorsal horr8(C4) via TLR4.

(A) Immunohistochemical staining showing the expressibastrogliosis marker GFAP
and microgliosis- marker IBA-1 following AEW treatmte for 5 Days in WT and

TIr4" " mice. Scale bars, 10@m. (B) Quantitative analysis of GFAP and IBA-1
immuofluorescence intensity (as fold of WT vehictetrol) in spinal cord dorsal horn of
WT.and TIr4"" mice 5 days after AEW treatmentP<0.05; “P<0.05, n = 5 mice per
group. (C) Western blot analysis of GFAP expression in spauati dorsal horn of WT
and TIr4"™ mice 5 days after AEW treatment. Right, quantiatanalysis of GFAP
western band intensity (as fold of WT control, natzed to GAPDH). P<0.05,

Student’s test; n = 5 mice per group.

Figure 5. Scratching the dry skin is necessary for spimatl @strogliosis in the cheek

model.
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(A) Representative pictures of immunohistochemicahistg showing the expression of
astrogliosis marker GFAP in C1-C2 cervical spinaidcfollowing AEW treatment for 5
days in cheek skin. Scale, 1. (B) Enlarged images in the boxes of (A). Scaleps0
(C) Quantitative analysis of GFAP immuofluorescenceersity (Arbitrary Units) in
spinal cord dorsal horn of CD-1 mice 5 days aft&WA treatment. Note that AEW-
induced GFAP expression in the C1-C2 cervical dpioad following AEW treatment
was blocked by mouse wearing of an ElizabethanaCdoHlat can prevent mouse from
scratching the itchy skin*P<0.05; *P<0.05, compared with corresponding group;

Student’s t test; n = 4 mice per group.

Figure 6. AEW treatment for 5 days in the back model increaBeR4 expression in

spinal cord astrocytes.

(A,B) Double immunostaining of TLR4 with GFAP in thersglicord dorsal horn (C3-C4)
of vehicle (A) and AEW (5 d)-treated mice. Note ttAEW increases GFAP-IR and
TLR4-IR. Also note there is much more GFAP/TLR4 lgcalization in chronic itch.

Scale bar, 5am. (C) High magnification images from the boxes in B.|8dzars, 2qum.

Figure 7. Quantitative RT-PCR shows the expressionio#f and glia-related genes in
cervical spinal cord dorsal horn (C3-C4) after ABY¥atment on the back skin or
intrathecal LPS injection.

(A) Relative expression levels dir4, Gfap, andlbal 1, 3, and 5 days after AEW
treatment. P<0.05, *P<0.01, **P<0.001, compared with corresponding vehicle control
n = 4 mice per grougB) Relative expression levels Gfap andlbal in the dorsal horn
of WT andTIr4”™ mice 5 d after AEW treatmentP%0.05; “P<0.05, n = 5 mice per
group. Note that dry skin induce$lr4-dependentGfap expression.(C) Relative
expression ofTlr4, Gfap, and Ibal in cervical spinal cord dorsal horn 24 h after
intrathecal LPS (1Qug) injection. Data are presented as means = S.ER40.05,

compared with corresponding vehicle control, Stéiddrtest; n = 4 mice per group.

Figure 8. Intrathecal astroglial inhibitor L-alpha aminopalie (L-AA, 100 nmol) reduces

chronic itch and alloknesis without affecting acitité.
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(A) Acute itch induced by compound 48/80 (48/80, k§Pand chloroquine (CQ, 20®)

is not affected intrathecal L-AA. n = 6 mice peogp. (B) 48/80-induced alloknesis is
inhibited by intrathecal L-AA. P<0.05, **P<0.01, compared with saline control, n = 6
mice per group(C-D) AEW-induced chronic itch (C) and alloknesis (Dyigopressed by
intrathecal L-AA. *P<0.01, **P<0.001, compared with saline control, Studehtsst;

n = 6 mice per group. Data are presented as medtis.M.
Supplemental figure legends

Figure S1. AEW induces comparable pathological clmes in dry skins of WT and
TIr4™ mice but increasedTIr4 expression in dry skins of wild-type mice in the ack
model.

(A) H&E staining images (upper panels) and toluidineebstaining images (TB, lower
panels) in back skins showing the morphologicalnges between in dry skins from WT
and TIr4™"™ mice. Scale, 10um. (B) Quantification of the thickness of epidermis and
dermis, total number of cells, and number of ma#isan the normal and dry skins from
WT control andTlr4™" mice. Note that WT an@lir4”~ mice exhibit comparable changes in
dry skins. *P<0.05, compared to vehicle control, n=4 mice perupgr¢C) gPCR shows
time-dependent up-regulation @fr4 mRNA levels in dry skins after AEW treatment.
** P<0.01, compared with corresponding vehicle contnot 4 mice per group. Notably,
these WT and KO mice did not wear Elizabethan Coliich can prevent them from

scratching the itchy skin.

Figure S2. Acute itch by 48/80 in the back model ds not induce astrogliosis in
spinal cord dorsal horn.

(A) Immunohistochemical staining showing GFAP staird@gmin after 48/80 injection
in WT and TIr4" mice. Scale bars, 10am. B) Quantitative analysis of GFAP
immunofluorescence intensity (as fold of WT contiol dorsal horn of WT andlr4™~
mice 5 days after AEW treatment. n = 5 mice peugrdC) Western blot analysis of

GFAP expression in dorsal horn of WT afid4”~ mice 30 min after 48/80 injection.

21



Right, quantitative analysis of GFAP western bangnsity (as fold of WT control,

normalized to GAPDH). n = 5 mice per group.

Figure S3. Spinal TLR4 is required for astrogliosign chronic itch in the back model.

(A, B) GFAP immunofluorescence in the cervical spinabadorsal horn (C3-C4) after
intrathecal injection of vehicle injection (A) ahdPS-RS (20ug, B), given 5 days after
AEW. Animals were sacrificed 6 d after AEW. Scak) um. (A’, B’) High

magnification images of the boxes in A and B. BoxesA’ and B’ show increased
GFAP-IR in the lateral dorsal horn. Scale, 5. (C) Intensity of GFAP-IR in the lateral
superficial dorsal horn of the cervical spinal corB<0.05, n = 5 mice per group. Ipsi,

ipsilateral side; Contra, contralateral side; met,significant.

References
[1] Agalave NM, Larsson M, Abdelmoaty S, Su J,hBgoor A, Lundback P,
Palmblad K, Andersson U, Harris H, Svensson ClLn&8pHMGB1 induces
TLR4-mediated long-lasting hypersensitivity andaplactivation and regulates

pain-like behavior in experimental arthritis. Pabil4;155:1802-1813.

[2] Akira'S, Uematsu S, Takeuchi O. Pathogengat®mn and innate immunity. Cell

2006;124:783-801.

[3] Akira S, Uematsu S, Takeuchi O. Pathogengai®mn and innate immunity. Cell

2006;124:783-801.

[4] Akiyama T, Carstens E. Neural processingtoffi.i Neuroscience 2013;250:697-

714.

22



[5]

[6]

[7]

[8]

[9]

[10]

[11]

Akiyama T, Carstens MI, lkoma A, CevikbasSteinhoff M, Carstens E. Mouse

model of touch-evoked itch (alloknesis). J Investiatol 2012;132:1886-1891.

Barton GM, Medzhitov R. Toll-like receptor gsialing pathways. Science

2003;300:1524-1525.

Berta T, Park CK, Xu ZZ, Xie RG, Liu T, Lu N,iu YC, Ji RR. Extracellular
caspase-6 drives murine inflammatory pain via ngkab TNF-alpha secretion. J

Clin Invest 2014;124:1173-1186.

Chen G, Park CK, Xie RG, Berta T, Nedergast,dJi RR. Connexin-43 induces
chemokine release from spinal cord astrocytes totaia late-phase neuropathic

pain in mice. Brain 2014;137:2193-2209.

Christianson CA, Dumlao DS, Stokes JA, DenBi&, Svensson Cl, Corr M,
Yaksh TL. Spinal TLR4 mediates the transition topersistent mechanical
hypersensitivity after the resolution of inflamnuettiin serum-transferred arthritis.

Pain 2011;152:2881-2891.

Colburn RW, DelLeo JA, Rickman AJ, Yeager MRwon P, Hickey WF.
Dissociation of microglial activation and neuropatpain behaviors following

peripheral nerve injury in the rat. J Neuroimmuh®97;79:163-175.

Coull JA, Beggs S, Boudreau D, Boivin D, @iauM, Inoue K, Gravel C, Salter
MW, De Koninck Y. BDNF from microglia causes theifsin neuronal anion

gradient underlying neuropathic pain. Nature 2088;4017-1021.

23



[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

Davidson S, Zhang X, Khasabov SG, Simone Bfesler GJ, Jr. Relief of itch by
scratching: state-dependent inhibition of primatmathalamic tract neurons. Nat

Neurosci 2009;12:544-546.

Diogenes A, Ferraz CC, Akopian AN, Henry MAargreaves KM. LPS
Sensitizes TRPV1 via Activation of TLR4 in TrigeralrSensory Neurons. J Dent

Res 2011.

Ermertcan AT, Ozturk F, Gunduz K. Toll-likeceptors and skin. J Eur Acad

Dermatol Venereol 2011;25:997-1006.

Gao YJ, Zhang L, Ji RR. Spinal injection ©NF-alpha-activated astrocytes
produces persistent pain symptom mechanical aliadigg releasing monocyte

chemoattractant protein-1. Glia 2010;58:1871-1880.

Gosselin RD, Suter MR, Ji RR, Decosterd liaGceells and chronic pain.

Neuroscientist 2010;16:519-531.

Grace PM, Hutchinson MR, Maier SF, WatkinR.LPathological pain and the

neurocimmune interface. Nat Rev Immunol 2014.

Han L, Dong X. Itch mechanisms and circuAsinu Rev Biophys 2014;43:331-

395.

Hutchinson MR, Coats BD, Lewis SS, ZhangSprunger DB, Rezvani N, Baker

EM, Jekich BM, Wieseler JL, Somogyi AA, Martin Do#le S, Judd CM, Maier

24



SF, Watkins LR. Proinflammatory cytokines opposéompinduced acute and

chronic analgesia. Brain Behav Immun 2008;22:117891

[20] Hutchinson MR, Zhang Y, Shridhar M, Evans, Buchanan MM, Zhao TX,
Slivka PF, Coats BD, Rezvani N, Wieseler J, Hugh®sLandgraf KE, Chan S,
Fong S, Phipps S, Falke JJ, Leinwand LA, Maier @R, H, Rice KC, Watkins
LR. Evidence that opioids may have toll-like recept and MD-2 effects. Brain

Behav Immun 2010:;24:83-95.

[21] Hylden JL, Wilcox GL. Intrathecal morphina mice: a new technique. Eur J

Pharmacol 1980;67:313-316.

[22] lkoma A, Steinhoff M, Stander S, Yosipovit®) Schmelz M. The neurobiology

of itch. Nat Rev Neurosci 2006:;7:535-547.

[23] Inan S, Dun NJ, Cowan A. Inhibitory effedt l@ocaine on pain and itch using
formalin-induced nociception and 5'-guanidinonativle-induced scratching
models in mice: behavioral and neuroanatomical ewid. Eur J Pharmacol

2009;616:141-146.

[24] Jeffry J, Kim S, Chen ZF. Itch signaling the nervous system. Physiology

(Bethesda ) 2011,26:286-292.

[25] Ji RR, Berta T, Nedergaard M. Glia and pdichronic pain a gliopathy? Pain

2013; 154 Suppl 1:510-28.

25

Copyright © 2015 by the International Association for the Study of Pain. Unauthorized reproduction of thisarticleis prohibited.



[26]

[27]

[28]

[29]

[30]

[31]

[32]

Ji RR, Xu ZZ, Gao YJ. Emerging targets irure@nflammation-driven chronic

pain. Nat Rev Drug Discov 2014;13:533-548.

Kawasaki Y, Zhang L, Cheng JK, Ji RR. Cytuki mechanisms of central
sensitization: distinct and overlapping role oken¢ukin-1beta, interleukin-6, and
tumor necrosis factor-alpha in regulating synajtnci neuronal activity in the

superficial spinal cord. J Neurosci 2008;28:5189461

Kremer AE, Feramisco J, Reeh PW, Beuers WjeElferink RP. Receptors, cells
and circuits involved in pruritus of systemic diders. Biochim Biophys Acta

2014;1842:869-892.

LaMotte RH, Dong X, Ringkamp M. Sensory nens and circuits mediating itch.

Nat Rev Neurosci 2014:15:19-31.

Lee JH, Park CK, Chen G, Han Q, Xie RG, Liwi RR, Lee SY. A monoclonal
antibody that targets a NaV1.7 channel voltage@eios pain and itch relief. Cell

2014;157:1393-1404.

Li Y, Zhang H, Zhang H, Kosturakis AK, Jaw&d, Dougherty PM. Toll-like
receptor 4 signaling contributes to Paclitaxel-icehli peripheral neuropathy. J

Pain 2014,15:712-725.

Liu T, Berta T, Xu ZZ, Park CK, Zhang L, I\, Liu Q, Liu Y, Gao YJ, Liu YC,
Ma Q, Dong X, Ji RR. TLR3 deficiency impairs spiicard synaptic transmission,

central sensitization, and pruritus in mice. J @hvest 2012;122:2195-2207.

26



[33]

[34]

[35]

[36]

[37]

[38]

[39]

Liu T, Gao YJ, Ji RR. Emerging role of Tdlke receptors in the control of pain

and itch. Neurosci Bull 2012;28:131-144.

Liu T, Ji RR. New insights into the mechansgs of itch: are pain and itch

controlled by distinct mechanisms? Pflugers Arcth®0

Liu T, Xu ZZ, Park CK, Berta T, Ji RR. Tdlke receptor 7 mediates pruritus.

Nat Neurosci 2010;13:1460-1462.

Liu Y, Abdel SO, Zhang L, Duan B, Tong Q,pes C, Ji RR, Lowell BB, Ma Q.
VGLUT2-dependent glutamate release from nocicepsorsquired to sense pain

and suppress itch. Neuron 2010;68:543-556.

Loggia ML, Chonde DB, Akeju O, Arabasz G,t@#a C, Edwards RR, Hill E,
Hsu S, Izquierdo-Garcia D, Ji RR, Riley M, Wasan,Adrcher NR, Albrecht
DS, Vangel MG, Rosen BR, Napadow V, Hooker JM. Ewnick for brain glial

activation in chronic pain patients. Brain 2015;588-615.

Meseguer V, Alpizar YA, Luis E, Tajada S,meger B, Fajardo O, Manenschijn
JA, Fernandez-Pena C, Talavera A, Kichko T, Navié&SBnchez A, Senaris R,
Reeh P, Perez-Garcia MT, Lopez-Lopez JR, VoetsélmBnte C, Talavera K,
Viana F. TRPA1 channels mediate acute neurogerflammation and pain

produced by bacterial endotoxins. Nat Commun 20342%5.

Milligan ED, Watkins LR. Pathological andqgbective roles of glia in chronic

pain. Nat Rev Neurosci 2009;10:23-36.

27



[40] Min H, Lee H, Lim H, Jang YH, Chung SJ, L€d, Lee SJ. TLR4 enhances
histamine-mediated pruritus by potentiating TRPV&tivity. Mol Brain

2014:;7:59.

[41] Mishra SK, Hoon MA. The cells and circuitiyr itch responses in mice. Science

2013;340:968-971.

[42] Miyamoto T, Nojima H, Shinkado T, Nakahadhi Kuraishi Y. Itch-associated
response induced by experimental dry skin in miden J Pharmacol

2002;88:285-292.

[43] Mrabet-Dahbi S, Dalpke AH, Niebuhr M, Frey, @raing C, Brand S, Heeg K,
Werfel T, Renz H. The Toll-like receptor 2 R753Q tation modifies cytokine
production and Toll-like receptor expression inpidodermatitis. J Allergy Clin

Immunol 2008;121:1013-1019.

[44] Nicotra L, Loram LC, Watkins LR, HutchinsokIR. Toll-like receptors in

chronic pain. Exp Neurol 2011.

[45] Park CK, Xu ZZ, Berta T, Han Q, Chen G, LXJ, Ji RR. Extracellular
MicroRNAs Activate Nociceptor Neurons to Elicit Ravia TLR7 and TRPAL.

Neuron 2014:82:47-54.

[46] Paus R, Schmelz M, Biro T, Steinhoff M. Ftiers in pruritus research:
scratching the brain for more effective itch thgrap Clin Invest 2006;116:1174-

1186.

28

Copyright © 2015 by the International Association for the Study of Pain. Unauthorized reproduction of thisarticleis prohibited.



[47]

Ross SE. Pain and itch: insights into theurak circuits of aversive

somatosensation in health and disease. Curr Opinolml| 2011.

[48] Ross SE, Mardinly AR, McCord AE, ZurawskiGohen S, Jung C, Hu L, Mok SI,

[49]

[50]

[51]

[52]

[53]

Shah A, Savner EM, Tolias C, Corfas R, Chen S,imbert P, Xu Y, Mclnnes
RR, Rice FL, Corfas G, Ma Q, Woolf CJ, Greenberg.NBss of inhibitory
interneurons in the dorsal spinal cord and elevatddin Bhihb5 mutant mice.

Neuron 2010;65:886-898.

Salpietro C, Rigoli L, Miraglia Del GM, Cupp C, Di BC, Salpietro A, Maiello
N, La RM, Marseglia GL, Leonardi S, Briuglia S, @pdi G. TLR2 and TLR4
gene polymorphisms and atopic dermatitis in Itathitddren: a multicenter study.

Int J Immunopathol Pharmacol 2011;24:33-40.

Schnare M, Barton GM, Holt AC, Takeda K, AkiS, Medzhitov R. Toll-like
receptors control activation of adaptive immunepoeses. Nat Immunol

2001;2:947-950.

Shi Y, Gelman BB, Lisinicchia JG, Tang Shr@nic-pain-associated astrocytic
reaction in the spinal cord dorsal horn of humamimodeficiency virus-infected

patients. J Neurosci 2012;32:10833-10840.

Shimada SG, LaMotte RH. Behavioral differahbn between itch and pain in

mouse. Pain 2008;139:681-687.

Shiratori-Hayashi M, Koga K, Tozaki-Saitoh, HKohro Y, Toyonaga H,

Yamaguchi C, Hasegawa A, Nakahara T, Hachisuk&ida/s, Okano H, Furue

29



[54]

[55]

[56]

[57]

[58]

[59]

[60]

M, Inoue K, Tsuda M. STAT3-dependent reactive aginsis in the spinal dorsal

horn underlies chronic itch. Nat Med 2015;21:927-93

Simone DA, Alreja M, LaMotte RH. Psychophgel studies of the itch sensation
and itchy skin ("alloknesis") produced by intracgaus injection of histamine.

Somatosens Mot Res 1991:8:271-279.

Sorge RE, LaCroix-Fralish ML, Tuttle AH, Sainal SG, Austin JS, Ritchie J,
Chanda ML, Graham AC, Topham L, Beggs S, Salter MAgil JS. Spinal cord
Toll-like receptor 4 mediates inflammatory and mgathic hypersensitivity in

male but not female mice. J Neurosci 201.1;31:1545464.

Sun S, Cao H, Han M, Li TT, Pan HL, Zhao Zhang YQ. New evidence for
the involvement of spinal fractalkine receptor mrpfacilitation and spinal glial

activation in rat model of monoarthritis. Pain 2(¥0:64-75.

Sun YG, Chen ZF. A gastrin-releasing peptiseptor mediates the itch

sensation in the spinal cord. Nature 2007;448: T0R-7

Sun YG, Zhao ZQ, Meng XL, Yin J, Liu XY, CheZF. Cellular basis of itch

sensation. Science 2009;325:1531-1534.

Svensson ClI, Brodin E. Spinal astrocytepamn processing: non-neuronal cells

as therapeutic targets. Mol Interv 2010;10:25-38.

Tanga FY, Nutile-McMenemy N, DeLeo JA. Th&lE€ role of Toll-like receptor 4

in innate neuroimmunity and painful neuropathy.dxatl Acad Sci U S A 2005.

30



[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

Tey HL, Yosipovitch G. Targeted treatmentpobiritus: a look into the future. Br

J Dermatol 2011;165:5-17.

Tsuda M, Inoue K, Salter MW. Neuropathic rpand spinal microglia: a big

problem from molecules in "small" glia. Trends Nesgi 2005;28:101-107.

Tsuda M, Shigemoto-Mogami Y, Koizumi S, Mkashi A, Kohsaka S, Salter
MW, Inoue K. P2X4 receptors induced in spinal mgtia gate tactile allodynia

after nerve injury. Nature 2003;424:778-783.

van der Steen P, van de Kerkhof P, der K&n ¥, |, Happle R. Clinical and
immunohistochemical responses of plantar wartopocél immunotherapy with

diphenylcyclopropenone. J Dermatol 1991;18:330-333.

Wilson SR, The L, Batia LM, Beattie K, Ka#ib GE, McClain SP, Pellegrino M,
Estandian DM, Bautista DM. The epithelial cell-ded atopic dermatitis

cytokine TSLP activates neurons to induce itchl 2@13;155:285-295.

Yosipovitch G, Bernhard JD. Clinical pragicChronic pruritus. N Engl J Med

2013;368:1625-1634.

Yosipovitch G, Carstens E, McGlone F. Chooitch and chronic pain: Analogous

mechanisms. Pain 2007;131:4-7.

Yu J, Fang Q, Lou GD, Shou WT, Yue JX, Tafig Hou WW, Xu TL, Ohtsu H,

Zhang SH, Chen Z. Histamine modulation of acute iggption involves

31



regulation of Nav 1.8 in primary afferent neuronsmice. CNS Neurosci Ther

2013;19:649-658.

[69] Yu J, Lou GD, Yue JX, Tang YY, Hou WW, ShoMT, Ohtsu H, Zhang SH,
Chen Z. Effects of histamine on spontaneous nethapgain induced by

peripheral axotomy. Neurosci Bull 2013;29:261-2609.

[70] Zhuang ZY, Wen YR, Zhang DR, Borsello T, BgrC, Strichartz GR, Decosterd
I, Ji RR. A peptide c-Jun N-terminal kinase (JNKhibitor blocks mechanical
allodynia after spinal nerve ligation: respectioées of INK activation in primary
sensory neurons and spinal astrocytes for neurapathin development and

maintenance. J Neurosci 2006;26:3551-3560.

32

Copyright © 2015 by the International Association for the Study of Pain. Unauthorized reproduction of thisarticleis prohibited.



A B C D Cheek model

gwr gwrt [ saline O wrt
400y W74 4007 B Mydss+ 400,  ELPS-RS  go. M Tir4+ 48/80 80 - CQ
] . 1 60 -
., 300 g 300 , 300 860
2 < 2 c
] L G S
g 5 Ju o 40
S 200 3 2007 G 200+ L 401 iy
5 ° 5 °
= o e ©
£ 3 5 3
£ 1001 £ 1007 g 1004 5 201 20 4
2 ] : s ln
0 - 0 - 0 0 - 0 -
48/80 caQ 48/80 cQ 48/80 cQ wipe scratch wipe scratch
E F G
AEW treatment twice daily 0.5% DNFB for sensitization 1% DCP for sensitization
oyl l 0.25% DNFB challenge l 0.5% DCP challenge
L1 ! A
Lyl | 1 [ VY N I S B
0 1 2 34 5 8 das 501 3 5 7 g days 7 01 4 5 6 7 10 1114 days
. v v ) Tt Tt
Recording for 60 min Recording for 60 min Recording for 60 min
Cheek model
£ 80y 80 80 £ 300] £ 3003 —~2
—— -
2 S 2501 & 250 Tir4
$ 601 60 60 ? B
£ 2 2007 2 2001
L2 L ]
3 401 40 x 407 S 1507 £ 1501
2 * @ * ”n
° * ok ‘s 1007 ‘5 1001 *
& 201 20 201 5 5
g 2 504 £ 507
5 o i £ ] £ ,J—&N—Li—l
& @ @ & & <2 & 4
N & N %&\0&% PR 14567 101114
v > Time (day)

Copyright © 2015 by the International Association for the Study of Pain. Unauthorized reproduction of thisarticleis prohibited.



>
W

14- 48/80 -=WT 14- 48/80 —+-Saline
1o =TIr* +LPS-RS
o o
S 101 S 10-
[72] [72]
© 8 % © 8-
$ *%k% $
% 6- 5 % 6
< 4 =4
2 2-
0 v v v Al Al L] 0 v v v L] Ll Ll
10 20 30 40 50 60 10 20 30 40 50 60
Time (min) Time (min)
C AEW D AEW AEW (Cheek)
14 - Wt 10- 10-
+Tir4
o 121 o 8 O 8-
® 8- » 67 » 6+
D »n 0
o ) )
£ 61 P £ 4- £ 44 *%
(@] (@]
2 4 *% X = =
e < 5 k% < 9.
2_
0 — 0- 0-
@ S S
BL 1 2 3 4 5 & @
Time (day) > o7

Copyright © 2015 by the International Association for the Study of Pain. Unauthorized reproduction of thisarticleis prohibited.



A Voltage-clamp recording B Current-clamp recording
40
LPS (100 pg/ml) CAP (100 nM) S 28
£ 20
£-40
100 pA | > -60 -
1 min 30Sec LPS CAP
(100 pg/ml) (500 nM)
C 52°C Hot plate D
20 - B Saline = 400 m Saline
B .psS € W LPS
o
15 - % 300 -
0 5
> ® ]
% 10 - § 200
© 5
=g 3 100 -
S
=)
0 - < o-
BL 1 day 48/80 cQ
E 48/80 _ F Dry skin .
—— Saline . I Saline
141 = LPS £ 160 W LPS
- o
g 12_ *  kkk % 120
2 10 *kk %
® 8- ®
0 5 80
c 6 ]
g 5
< S 40
21 £
0 T L T L} L} 1 Z 0
10 20 30 40 50 60

Time (min)

Copyright © 2015 by the International Association for the Study of Pain. Unauthorized reproduction of thisarticleis prohibited.



Fold change

wr Tird

Vehicle AEW Vehicle AEW

GFAP IBA-1 c WT n— B WT .
a /-
209 _* # 2,07 B Vehicle P o 251 Tir
B AEW % = % = 2.04
1.5 1 1.5+ 2 < 2 < o
— = V.51
1.0 - 1.0 GFAP | ’ e s 175
B\
e
0.5 1 0.5 GAPDH | i <l ssm 9
0.
0 - 0 - Vehicle AEW

WT T4+ WT  Tird



Sham (vehicle}

AEW + Collar./

140 1 * #

120 1
100 1
80 1 I

60 1
40 1

N
o
2

Intensity of GFAP staining
(Arbitrary units)

o

Sham AEW AEW + Collar

Copyright © 2015 by the International Association for the Study of Pain. Unauthorized reproduction of thisarticleis prohibited.



Vehicle

Copyright © 2015 by the International Association for the Study of Pain. Unauthorized reproduction of thisarticleis prohibited.



Fold change

Fold change

N
o
1

-
(&)}
1

-
o
1

o
(6}
1

Tir4

o

N
o
]

N
[&)]
1

N
o
1

o
&
1

o
|

WT

3

Gfap

5 (Day)

Tir4 -+

Fold change

Fold change

2.57

2.07

1.57

1.07

0.57

Gfap

X ¥

n
o
]

-
[é,]
1

-
o
1

o
o
1

o
|

WT

3 5 (Day)

Ibat

I Vehicle
. AEW

Tir4 =

Ibat
2.5
2.0
(]
2
* %k
S15{
(]
2 1.0
[T
0.5
0 .
1 3 5(Day)
C
3.57 * O Saline
3.0 HLPS
)] *
S 2.5
©
S 2.0
2 157
L
1.0
0.5
0 T T
Tir4 Gfap Ibat



>
W

48/80
W Saline 14+ - Saline -
3501 B L-AA 1
0 12] *=L-AA
S © 10
@© o
— O
3 @ 81
“é g 6 . *k
[(h] *%*
-g ié 4 ] * *
E < 2| *
0 —
48/80 cqQ 10 20 30 40 50 60
Time (min)
C AEW D AEW
£100 7 m saline 10 - W Saline
. L-AA
3 80 - H L-AA g |
2 o
c o
G 60 - 3 e
® 0 ®
3 40 8 ,
8 2 *k*
3 20 *x I 2- -
=
>
Z (0 - 0 -

Copyright © 2015 by the International Association for the Study of Pain. Unauthorized reproduction of thisarticleis prohibited.



