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Abstract Recent studies have shown that the chemokine

receptor CXCR3 and its ligand CXCL10 in the dorsal root

ganglion mediate itch in experimental allergic contact

dermatitis (ACD). CXCR3 in the spinal cord also con-

tributes to the maintenance of neuropathic pain. However,

whether spinal CXCR3 is involved in acute or chronic itch

remains unclear. Here, we report that Cxcr3-/- mice

showed normal scratching in acute itch models but reduced

scratching in chronic itch models of dry skin and ACD. In

contrast, both formalin-induced acute pain and complete

Freund’s adjuvant-induced chronic inflammatory pain were

reduced in Cxcr3-/- mice. In addition, the expression of

CXCR3 and CXCL10 was increased in the spinal cord in

the dry skin model induced by acetone and diethyl ether

followed by water (AEW). Intrathecal injection of a

CXCR3 antagonist alleviated AEW-induced itch. Further-

more, touch-elicited itch (alloknesis) after compound 48/80

or AEW treatment was suppressed in Cxcr3-/- mice.

Finally, AEW-induced astrocyte activation was inhibited in

Cxcr3-/- mice. Taken together, these data suggest that

spinal CXCR3 mediates chronic itch and alloknesis, and

targeting CXCR3 may provide effective treatment for

chronic pruritus.
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Introduction

Chemokines are a family of small secreted proteins,

which are well-known regulators of peripheral immune

cell trafficking [1]. Chemokines are also expressed in the

central nervous system, where they regulate its function

under both physiological and pathological conditions,

including neuronal development, synaptic transmission,

and disease-associated neuroinflammation [1–3]. Several

chemokines have been shown to mediate neuroinflamma-

tion in the spinal cord and contribute to chronic pain

[4, 5]. Chronic itch is a debilitating symptom of inflam-

matory skin conditions, such as contact dermatitis and

atopic dermatitis, as well as systemic diseases, for which

existing treatment is largely ineffective [6]. Recent

studies have revealed that chronic itch and chronic pain

share some common mechanisms [7, 8]. For example,

toll-like receptor 4 (TLR4) in the spinal cord contributes

to neuropathic pain, arthritis pain, and chemotherapy-

induced pain [9–11]. TLR4 also plays an important role in

mediating the chronic itch induced by dry skin and

allergic contact dermatitis (ACD) [12]. Whether chemoki-

nes in the spinal cord are involved in chronic itch remains

to be investigated.

Chemokines consist of[50 members and 4 subfamilies.

CXCL10 belongs to the CXC subfamily and exerts its

biological function via the G-protein coupled receptor

CXCR3 [13]. CXCL10/CXCR3 signaling has been impli-

cated in a variety of human diseases including chronic

inflammation, immune dysfunction, cancer, and metastasis

[14, 15]. Our recent study showed that CXCL10 and

Peng-Bo Jing and De-Li Cao contributed equally to this work.

& Yong-Jing Gao

gaoyongjing@ntu.edu.cn; gaoyongjing@hotmail.com

1 Pain Research Laboratory, Institute of Nautical Medicine,

Jiangsu Key Laboratory of Neuroregeneration, Nantong

University, Nantong 226019, China

2 Co-innovation Center of Neuroregeneration, Nantong

University, Nantong 226001, China

123

Neurosci. Bull. www.neurosci.cn

DOI 10.1007/s12264-017-0128-z www.springer.com/12264

http://crossmark.crossref.org/dialog/?doi=10.1007/s12264-017-0128-z&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s12264-017-0128-z&amp;domain=pdf
www.springer.com/12264


CXCR3 are upregulated in the spinal cord after peripheral

nerve injury and contribute to the maintenance of neuro-

pathic pain [16]. Spinal CXCL10/CXCR3 is also involved

in experimental autoimmune encephalomyelitis-evoked

hyperalgesia [17] and bone cancer-induced pain hypersen-

sitivity [18]. Recently, Qu et al. reported that CXCL10 and

CXCR3 are increased in the dorsal root ganglion (DRG) in

an ACD model, and CXCL10 directly activates a subset of

cutaneous DRG neurons through neuronal CXCR3 [19]. In

peripheral tissues, CXCL10 is produced by epidermal cells

and is upregulated in the challenged skin of contact

hypersensitivity [20, 21]. These studies suggest a role of

peripheral CXCL10/CXCR3 in mediating ACD-induced

itch. Whether spinal CXCR3 contributes to chronic itch has

not been explored.

In this study, using acute itch models induced by

compound 48/80 or chloroquine, and chronic itch models

induced by dry skin or ACD, we investigated whether

Cxcr3-deficiency affects acute or chronic itch. Given that

astrocyte activation in the spinal dorsal horn is associated

with chronic itch [22], we also checked the expression of

the astrocytic marker GFAP in the spinal cord in the dry

skin model.

Materials and Methods

Animals

Adult C57BL/6 mice (male, 8 weeks old) were purchased

from the Experimental Animal Center of Nantong Univer-

sity. Cxcr3-/- mice (B6.129P2-Cxcr3tm1Dgen/J, stock num-

ber 005796) were purchased from the Jackson Laboratory.

The animals were maintained in a specific-pathogen-free

facility under a 12:12 h light-dark cycle at a room

temperature of 22 ± 1 �C. All animal procedures were

reviewed and approved by the Animal Care and Use

Committee of Nantong University.

Drugs and Administration

The potent and selective CXCR3 antagonist (±)-NBI-

74330 was from Tocris (Bristol, UK); compound 48/80,

chloroquine (CQ), and complete Freund’s adjuvant (CFA)

were from Sigma-Aldrich (St. Louis, MO); diphenylcyclo-

propenone (DCP) was from Shanghai Aladdin Biochem

Technology Co., Ltd (Shanghai, China); and 2,4-dinitro-1-

fluorobenzene (DNFB) was from TCI (Shanghai) Devel-

opment Co., Ltd (Shanghai, China). Intrathecal injection

was done with a 30 G needle into the intervertebral space

between L5 and L6 to deliver reagents to the cerebrospinal

fluid.

Behavioral Analysis

Neck Models of Acute Itch

Mice were habituated to the testing environment for 2 days.

The back of the neck was shaved 2 days before experiments.

On the day of behavioral testing, mice were individually

placed in small plastic chambers (15 9 15 9 15 cm3) on an

elevated metal mesh floor and allowed at least 30 min for

habituation. Under brief anesthesia with isoflurane, mice

were given an intradermal injection of 50 lL of compound

48/80 (100lg) or CQ (200lg) via a 30 G needle into the nape

of the neck [12]. Immediately after the injection, mice were

returned to the chambers and recorded for 30 min. The video

was subsequently played back offline and the scratching

behavior was quantified in a blinded manner. A scratch was

counted when a mouse lifted the hindpaw to scratch the

shaved skin and returned the paw to the floor or mouth [23].

Cheek Model of Acute Itch

The animal’s cheek was shaved 2 days before experiments.

On the day of experiment, after brief anesthesia with

isoflurane, 10 lL of compound 48/80 (100 lg) or CQ (200

lg) was injected into the cheek, and the animal’s behavior

was recorded for 30 min [12]. The numbers of wipes and

scratches were counted offline in a blinded manner. Wipes

were defined as a unilateral wipe with the forelimb.

Scratches were defined as a lifting of the hindpaw toward

the injection site on the cheek and then returning the paw to

the floor or to the mouth [24].

Dry Skin-Induced Mouse Model of Chronic Itch

The hair of the nape was shaved 2 days prior to treatment.

Dry skin was induced by application of a 1.5 mL 1:1

mixture of acetone and diethyl ether for 10 min, followed

by clean water for 30 s (AEW) twice a day (morning and

evening) for 7–8 days [12]. Control animals were treated

with water only. The spontaneous scratching behavior was

recorded for 1 h. Bouts of scratching were then counted in

a blinded manner.

Diphenylcyclopropenone (DCP)-Induced ACD in Neck

Skin

The hair of the nape was shaved and then DCP (1% in

acetone, 0.2 mL) was painted onto it. Seven days later, the

mice were challenged by painting the nape skin with 0.2

mL 0.5% DCP [12], which was applied daily for 10 days.

The spontaneous scratching behavior was video-recorded

for 1 h after each DCP application. Bouts of scratching

were then counted in a blinded manner.
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2,4-Dinitro-1-fluorobenzene (DNFB)-Induced ACD

in Neck Skin

DNFB was dissolved in a mixture of acetone and olive oil

(4:1). The surface of the abdomen and the nape of the neck

were shaved 2 days before sensitization. Mice were

sensitized with 50 lL of 0.5% DNFB by topical application

to the shaved abdominal skin. Five days later, the mice

were challenged with 30 lL of 0.25% DNFB by painting

the nape of neck, and then on days 3, 5, and 7 [12]. The

scratching behavior was video-recorded for 1 h on days 4,

6, and 8. Bouts of scratching were then counted in a

blinded manner.

Formalin-Induced Spontaneous Pain

Mice were habituated in an individual observation cage for

at least 30 min prior to an injection of 5% formalin (20 lL)

into the ventral surface of the right hindpaw using a 30 G

needle. After the injection, they were immediately placed

into the observation cage and video-recorded for 45 min.

The time spent licking, biting, and flinching of the injected

paw was recorded in 5-min intervals in a blinded manner.

Von Frey Test

The animals were put in boxes on an elevated metal mesh

floor and allowed 30 min for habituation before examina-

tion. The plantar surface of the hindpaw was stimulated

with a series of von Frey hairs with logarithmically

incremental stiffness (0.02–2.56 g; Stoelting, Wood Dale,

IL) presented perpendicular to the plantar surface (2–3 s for

each hair). The 50% paw withdrawal threshold was

determined using Dixon’s up-down method [25].

Hargreaves Test

The animals were put in a plastic box placed on a glass

plate, and the plantar surface was exposed to a beam of

radiant heat through a transparent glass surface (IITC

model 390 Analgesia Meter; Life Science, Woodland Hills,

CA). The baseline latencies were adjusted to 10–14 s with

a maximum of 20 s as a cutoff to prevent potential injury.

The latencies were averaged over 3 trials, separated by

5-min intervals [26].

Rota-Rod Test

Mice were trained on the rota-rod for 3 min at a speed of 10

rpm, until they no longer fell off. For testing, the speed was

set at 10 rpm for 60 s and subsequently accelerated to 80

rpm in 5 min. The latency to fall after the beginning of the

acceleration was recorded [27].

Real-Time Quantitative PCR (qPCR)

Total RNA from the spinal cord or DRG was extracted

using TRIzol reagent (Invitrogen, Carlsbad, CA). One

microgram of total RNA was reverse-transcribed using an

oligo(dT) primer according to the manufacturer’s protocol

(Takara, Shiga, Japan). The qPCR analysis was performed

in the Real-time Detection System (Rotor-Gene 6000,

Hamburg, Germany) by SYBR green I dye detection

(Takara). The cDNA was amplified using the following

primers: Cxcr3 forward (50-TAC CTT GAG GTT AGT

GAA CGT CA-30) and reverse (50-CGC TCT CGT TTT

CCC CAT AAT C-30); Cxcl10 forward (50-TGA ATC CGG

AAT CTA AGA CCA TCA A-30) and reverse (50-AGG

ACT AGC CAT CCA CTG GGT AAA G-30); and Gapdh

forward (50-AAA TGG TGA AGG TCG GTG TGA AC-30)
and reverse (50-CAA CAA TCT CCA CTT TGC CAC TG-

30). The PCR amplifications were performed at 95 �C for

30 s, followed by 40 cycles at 95 �C for 5 s and 60 �C for

45 s. Gapdh was used as an endogenous control to

normalize differences. Melting curves were constructed on

completion of the cycles to ensure the absence of

nonspecific products. Quantification was performed by

normalizing Ct (cycle threshold) values with the Gapdh Ct

and analyzed with the 2-DDCT method.

Immunohistochemistry

Animals were deeply anesthetized with isoflurane and

perfused through the ascending aorta with PBS followed by

4% paraformaldehyde in 0.16 mol/L phosphate buffer.

After perfusion, the C1–2 spinal segments were removed

and postfixed in the same fixative overnight. Spinal cord

sections (30 lm, free-floating) were cut on a cryostat and

processed for immunofluorescence as we described previ-

ously [28]. The sections were first blocked with 5% donkey

serum for 2 h at room temperature, then incubated

overnight at 4 �C with the following primary antibodies:

CXCR3 (rabbit, 1:200, Boster Biological Technology),

CXCL10 (goat, 1:100, R&D Systems), and glial fibrillary

acidic protein (GFAP, mouse, 1:5000, Millipore). The

sections were then incubated for 1 h at room temperature

with Cy3- or FITC-conjugated secondary antibodies

(1:400, Jackson ImmunoResearch, West Grove, PA). The

stained sections were examined under a Leica fluorescence

microscope, and images were captured with a CCD Spot

camera.

Quantification and Statistics

All data are expressed as mean ± SEM. For the analysis of

CXCR3, CXCL10, and GFAP immunoreactivity, images of

the cervical dorsal horn were captured and numerical
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values of the intensity were calculated with a computer-

assisted imaging analysis system (ImageJ) [29]. Three

nonadjacent sections were randomly selected from each

mouse, and 3–4 mice were included in each group. The

behavioral data were analyzed by two-way repeated

measures ANOVA followed by the Bonferroni test as the

post-hoc multiple comparison analysis. Student’s t-test was

applied if only 2 groups were to be compared. The criterion

for statistical significance was P\ 0.05.

Results

Cxcr32/2 Mice Show Normal Acute Itch Induced

by Compound 48/80 or CQ

It is known that acute itch can be characterized as

histaminergic itch induced by compound 48/80, and non-

histaminergic itch induced by CQ. We found that com-

pound 48/80- and CQ-induced itch were comparable

between WT (C57BL/6) and Cxcr3-/- mice (Fig. 1A).

To further define the possible role of CXCR3 in pain and

itch, a cheek model was used to distinguish pain versus

itch, as indicated by distinct pain-like wiping by forelimbs

and itch-like scratching by the hindlimbs [24]. Cheek

injection of compound 48/80 or CQ induced marked

scratching behavior but very mild wiping behavior. The

number of wipes and scratches did not differ between WT

and Cxcr3-/- mice after compound 48/80 (Fig. 1B) or CQ

(Fig. 1C) injection. These data suggest that CXCR3 is

dispensable for both histaminergic and non-histaminergic

acute itch.

Chronic Itch Induced by Dry Skin or ACD is

Reduced in Cxcr32/2 Mice

We then checked the effect of CXCR3 on chronic itch.

AEW treatment causes skin dehydration and induces

chronic itch [30], and we found that the number of

scratches gradually increased from day 3 to day 7 after

daily treatment with AEW in WT mice (Fig. 2A). AEW

also induced scratching in Cxcr3-/- mice, but the number

of scratches was significantly less than that in WT mice.

The area under the curve also showed decreased scratch

responses in Cxcr3-/- mice (Fig. 2B).

To further confirm the role of CXCR3 in chronic itch,

we treated the animals with either DCP or DNFB to induce

ACD [31, 32]. Treatment with DCP induced robust and

persistent itch in WT mice, which was substantially

reduced in Cxcr3-/- mice (Fig. 2C, D). In addition,

treatment with DNFB also induced spontaneous itch on

days 4, 6, and 8 in WT mice (Fig. 2E), and the number of

scratches was dramatically reduced in Cxcr3-/- mice

(Fig. 2E, F). These data suggest that CXCR3 is involved in

dry skin- and ACD-induced chronic itch.

Formalin-Induced Spontaneous Pain and CFA-In-

duced Pain Hypersensitivity are Reduced in Cxcr32/2

Mice

Our recent study showed that CXCR3 plays an important

role in nerve injury-induced chronic neuropathic pain [16].

We then asked if CXCR3 is involved in acute or chronic

inflammatory pain. Formalin (5%) injection into the paw

induced typical two-phase spontaneous pain in WT mice,

which was reduced in Cxcr3-/- mice (Fig. 3A). Further

analysis showed that the nociceptive response in the first

phase was similar in WT and Cxcr3-/- mice, while the

response in the second phase in Cxcr3-/- mice was

significantly less than that in WT mice (Fig. 3B).

Intraplantar injection of CFA is a widely-used model of

chronic inflammatory pain. As shown in Fig. 3C and D,

CFA injection induced rapid and persistent mechanical

allodynia and heat hyperalgesia in WT mice, starting from

day 1 and continuing for[10 days. However, in Cxcr3-/-

mice, the CFA-induced mechanical allodynia was

Fig. 1 CXCR3 is not required in models of acute itch in the neck and

cheek. A Acute itch induced by intradermal injection of compound

48/80 (48/80, 100 lg) or chloroquine (CQ, 200 lg) into the neck skin

was comparable in WT and Cxcr3-/- mice. B, C Acute itch and pain,

which were induced by intradermal injection of 48/80 (B) or CQ

(C) into the cheek, induced similar wipes and scratches in WT and

Cxcr3-/- mice.
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alleviated from day 3, and CFA induced mild heat

hyperalgesia on day 1, which recovered after day 3. These

data suggest that CXCR3 is involved in both acute and

chronic inflammatory pain.

AEW Increases the Expression of CXCR3

and CXCL10 in the Spinal Cord

To check if spinal CXCR3 is involved in chronic itch, we

examined the expression of CXCR3 and CXCL10 in the

spinal cord 7 days after AEW treatment. Compared to the

water-treated control animals, AEW treatment increased

both Cxcr3 mRNA and Cxcl10 mRNA in the spinal cord

(Fig. 4A). Immunostaining further showed increased

CXCR3-immunoreactivity (Fig. 4B–D) and CXCL10-

immunoreactivity (Fig. 4B, E, F) in the cervical dorsal

horn, indicating that spinal CXCL10 and CXCR3 are

involved in chronic itch.

CXCR3 Antagonist Attenuates AEW-Induced

Chronic Itch

To confirm the effect of spinal CXCR3 on chronic itch, we

intrathecally injected a CXCR3 antagonist, NBI-74330 (20

lg) [16], on day 7 of AEW treatment. One hour after

injection, scratching behaviors were counted for 1 h. NBI-

74330 significantly reduced scratching compared to the

vehicle group (Fig. 5A). The same treatment did not affect

motor function, as assessed by the rota-rod test. These

results suggest that (1) the reduction in the number of

scratches after NBI-74330 injection was not due to a defect

in locomotor activity, and (2) spinal CXCR3 may con-

tribute to AEW-induced chronic itch.

Fig. 2 CXCR3 is required for

chronic itch in the dry skin and

allergic contact dermatitis mod-

els. A AEW treatment induced

chronic itch in WT mice, which

was reduced in Cxcr3-/- mice

(*P\ 0.05, two-way repeated

measures ANOVA). B Area

under the curve of

(A) (*P\ 0.05, Student’s

t test). C Chronic itch induced

by DCP was substantially

reduced in Cxcr3-/- mice

(*P\ 0.05 two-way repeated

measures ANOVA). D Area

under the curve of

(C) (*P\ 0.05, Student’s

t test). E Chronic itch induced

by DNFB was markedly

reduced in Cxcr3-/- mice (*P\
0.05, two-way repeated mea-

sures ANOVA). F Area under

the curve of (E) (*P\ 0.05,

Student’s t test).
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Fig. 3 CXCR3 is required for both formalin-induced and CFA-

induced inflammatory pain. A Intraplantar injection of formalin-

induced spontaneous pain was reduced in Cxcr3-/- mice (*P\ 0.05,

two-way repeated measures ANOVA). B Spontaneous pain in the first

phase (0–10 min) was comparable between WT and Cxcr3-/- mice,

but that in the second phase (10–45 min) was reduced in Cxcr3-/-

mice (*P\ 0.05, Student’s t test). C Mechanical allodynia induced

by intraplantar injection of CFA declined from day 3 to day 10 in

Cxcr3-/- mice (*P\ 0.05, two-way repeated measures ANOVA

followed by Bonferroni test). D CFA-induced heat hyperalgesia was

greatly attenuated from day 1 to day 10 in Cxcr3-/- mice (*P\ 0.05,

two-way repeated measures ANOVA followed by Bonferroni test).

Fig. 4 The expression of

CXCR3 and CXCL10 is upreg-

ulated in the spinal cord after

AEW treatment. A qPCR

showed increased Cxcr3 and

Cxcl10 mRNA 7 days after

AEW (*P\ 0.05, Student’s

t test, n = 6–8 mice/group). B,

C The intensity of CXCR3-IR

(B) and CXCL10-IR (C) was

also increased 7 days after

AEW (*P\ 0.05, student’s

t test, n = 3–4 mice/group). D,

E Representative images of

CXCR3 immunostaining from

control (D) and AEW-treated

(E) mice. F, G Representative

images of CXCL10 immunos-

taining from control (F) and

AEW-treated (G) mice.
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Compound 48/80- or AEW-Induced Alloknesis is

Reduced in Cxcr32/2 Mice

Touch-evoked itch (alloknesis) is mediated by central

sensitization [33]. We scored alloknesis by counting the

bouts of scratching after application of 0.7 mN von Frey

stimuli 30 min after compound 48/80 injection [12].

Cxcr3-/- mice displayed a significant reduction in allok-

nesis score during a 60-min period (Fig. 6A, B). Alloknesis

was also induced after AEW treatment in WT mice,

starting from day 3 and reaching a high level on day 5

(Fig. 6C). However, the AEW-induced development of

alloknesis was reduced in Cxcr3-/- mice (Fig. 6D). These

data suggest that CXCR3 plays an important role in

alloknesis after acute itch and during chronic itch.

AEW-Induced Astrocyte Activation is Reduced

in Cxcr32/2 Mice

Given that astrogliosis is important in the maintenance of

chronic itch [12, 34], we checked the expression of the

astrocytic marker GFAP in the spinal cord of WT and

Cxcr3-/- mice 7 days after AEW treatment, and found

that AEW increased GFAP expression in WT mice, but

not in Cxcr3-/- mice (Fig. 7A). Quantitative analysis of

the intensity of GFAP? immunofluorescence further

showed that the GFAP expression was significantly

increased in WT-AEW mice, compared to either WT-

control or Cxcr3-/--AEW mice (Fig. 7B), suggesting an

association of CXCR3 with astrogliosis in the chronic itch

state.

Fig. 5 Spinal CXCR3 is required for AEW-induced chronic itch.

A Intrathecal injection of the CXCR3 antagonist NBI-74330 (20 lg)

on day 7 of AEW treatment reduced scratching behavior (*P\ 0.05,

two-way repeated measures ANOVA followed by Bonferroni test).

B The same dose of NBI-74330 did not affect motor function as

assessed by the rota-rod test.

Fig. 6 CXCR3 is required for

touch-evoked scratching (allok-

nesis) after compound 48/80 or

AEW treatment. A Alloknesis,

induced 30 min after compound

48/80 treatment, was reduced in

Cxcr3-/- mice (*P\ 0.05,

two-way repeated measures

ANOVA). B The total allokne-

sis score was reduced in Cx-

cr3-/- mice (*P\ 0.05,

Student’s t test). C Alloknesis,

induced after AEW-induced dry

skin, was reduced in Cxcr3-/-

mice (*P\ 0.05, two-way

repeated measures ANOVA).

D The total alloknesis score was

reduced in Cxcr3-/- mice

(*P\ 0.05, Student’s t test).
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Discussion

In the present study, we provide the first evidence that

CXCR3 is involved in chronic itch and chronic pain.

Particularly, CXCR3 in the spinal cord plays an important

role in mediating chronic itch, and this process may be

associated with spinal astrogliosis.

Compound 48/80 and CQ are commonly used to induce

acute itch. Compound 48/80-evoked itch is mainly medi-

ated through mast-cell degranulation, a process causing

histamine release. This kind of itch can be blocked by

histamine receptor H1 and H4 antagonists [35]. However,

CQ-induced itch cannot be treated effectively by antihis-

tamine drugs, and may act through MrgprA3 (Mas-related

G-protein coupled receptor member A3) and PAR2 (pro-

tease activated receptor 2) [36, 37]. Cxcr3-deficient mice

exhibited normal scratch responses to compound 48/80 and

CQ. These mice also show normal responses to noxious

heat and mechanical stimuli [16], implying that CXCR3

does not appear to be essential for the spinal transmission

of itch and pain signaling.

Chronic itch is usually associated with inflammatory

skin diseases, such as dry skin, atopic dermatitis, and ACD

[38]. In Cxcr3-deficient mice, chronic itch was substan-

tially reduced in the dry skin and ACD models, confirming

the involvement of CXCR3 in chronic itch. Our recent

study showed that spinal nerve injury-induced neuropathic

pain is persistently reduced in Cxcr3-deficient mice [16].

These mice also showed mild mechanical allodynia and

heat hyperalgesia after CFA injection (Fig. 3B), indicating

that CXCR3 is also necessary for the pathogenesis of

chronic pain. However, different from acute itch, formalin-

induced acute pain was decreased in Cxcr3-deficient mice,

with the reduction in the second phase. It is known that the

first-phase of formalin-induced spontaneous pain is a result

of direct activation of nociceptors and peripheral

Fig. 7 AEW-induced astrocyte

activation is reduced in Cxcr3-

deficient mice. A Immunostain-

ing of GFAP shows activated

astrocytes 7 days after AEW

treatment in WT mice, but not

in Cxcr3-/- mice. B Quantita-

tive analysis of GFAP-IR in WT

and Cxcr3-/- mice (*P\ 0.05,

Student’s t test, n = 3–4

mice/group).
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sensitization, while the second-phase pain may be a result

of central sensitization [39–41]. The reduction of sponta-

neous pain behaviors in the second phase in Cxcr3-

deficient mice suggests that CXCR3 is involved in pain via

regulating central sensitization. Indeed, intrathecal injec-

tion of CXCL10 induces CXCR3-dependent pain hyper-

sensitivity and extracellular signal-regulated kinase

activation in dorsal horn neurons [16]. Perfusion of spinal

cord slices with CXCL10 increases spontaneous excitatory

postsynaptic currents and NMDA- and AMPA-induced

currents of lamina II neurons [16], supporting a role of

CXCR3 in central sensitization.

Peripheral and central sensitization contribute to both

chronic pain and chronic itch [7, 38, 42, 43]. Intradermal

injection of CXCL10 cannot induce either pain or itch

under normal conditions [19]. However, CXCR3 and

CXCL10 are increased in DRG neurons after ACD-induced

chronic itch [19]. CXCL10 also directly activates DRG

neurons via neuronal CXCR3. In addition, administration

of a CXCR3 antagonist to the site of ACD attenuates

spontaneous itch [19]. These data suggest that CXCR3 in

the DRG is involved in chronic itch via peripheral

sensitization. We showed that AEW treatment increased

the expression of CXCR3 and CXCL10 in the spinal cord.

Intrathecal injection of the CXCR3 antagonist NBI-74330,

targeting spinal CXCR3, reduced the number of AEW-

induced scratches, supporting the role of spinal CXCR3 in

the persistence of dry skin-induced itch. Furthermore,

alloknesis was reduced in Cxcr3-deficient mice during

compound 48/80-induced acute itch or AEW-induced

chronic itch. Alloknesis is a result of central sensitization

in the spinal cord, as activation of low-threshold

mechanoreceptors excites sensitized itch-signaling neurons

in the dorsal horn [12, 33]. These data suggest that CXCR3

is involved in chronic itch and alloknesis via central

sensitization. As we only checked the spinal effect of a

CXCR3 antagonist in dry skin-induced itch, future studies

are needed to determine the role of such antagonists in

acute itch, in chronic itch other than the dry skin model,

and in alloknesis.

Glial cells such as astrocytes and microglia are impor-

tant in the development and maintenance of chronic pain.

Tissue damage or nerve injury induces spinal gliosis, and

inhibition of glial activation attenuates chronic pain

[44, 45]. Recent studies have shown that chronic itch is

associated with astrogliosis [12, 34], but not with

microgliosis in the spinal cord [12]. In addition, the

transcription factor signal transducer and activator of

transcription 3 (STAT3) and TLR4 are expressed in

astrocytes and mediate astrocytic activation under chronic

itch conditions [12, 34]. Consistent with previous reports,

AEW treatment increased expression of the astrocytic

marker GFAP in WT mice (Fig. 7). Also, using an

Elizabethan collar to protect mice from scratching, AEW-

induced astrogliosis is prevented in the cervical spinal cord

[12], indicating that scratching-induced sensory input is

essential for astrogliosis in the dry skin model. In this

study, Cxcr3-deficient mice did not show astrogliosis after

AEW treatment. This may be due to the decreased

scratching in Cxcr3-/- mice during AEW treatment. On

the other hand, as CXCL10 can increase excitatory

synaptic transmission via CXCR3 [16], the blocked

astrogliosis in Cxcr3-/- mice may also be attributed to

the decreased central sensitization. Further studies, includ-

ing the effects of intrathecal injection of CXCR3 antago-

nists on astrogliosis and the cellular distribution of CXCR3

and CXCL10 in the cervical spinal cord after AEW

treatment are required to clarify the correlation between

CXCR3 and astrogliosis in chronic itch.

In conclusion, our findings demonstrate that CXCR3 is

involved in chronic itch and alloknesis, but not acute itch.

Particularly, CXCR3 in the spinal cord plays a pivotal role

in the pathogenesis of chronic itch induced by dry skin and

ACD. Taken together with our previous data [16], these

results suggest that targeting spinal CXCR3 may offer

effective treatment for both chronic itch and chronic pain.
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