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Abstract

Persistent itch is a common symptom of allergic contact dermatitis (ACD) and represents a 

significant health burden. The chemokine CXCL10 is predominantly produced by epithelial cells 

during ACD. Although the chemokine CXCL10 and its receptor CXCR3 are implicated in the 

pathophysiology of ACD, it is largely unexplored for the itch and pain accompanying this 

disorder. Here, we showed that CXCL10 and CXCR3 mRNA, protein and signaling activity were 

upregulated in the dorsal root ganglion (DRG) after contact hypersensitivity (CHS), a murine 

model of ACD, induced by squaric acid dibutylester. CXCL10 directly activated a subset of 

cutaneous DRG neurons innervating the area of CHS through neuronal CXCR3. In behavioral 

tests, a CXCR3 antagonist attenuated spontaneous itch- but not pain-like behaviors directed to the 

site of CHS. Injection of CXCL10 into the site of CHS elicited site-directed itch- but not pain-like 

behaviors, but neither type of CXCL10-evoked behaviors was observed in control mice. These 

results suggest that CXCL10/CXCR3 signaling mediates allergic itch but not inflammatory pain in 

the context of skin inflammation. Thus, the upregulation of CXCL10/CXCR3 signaling in sensory 

neurons may contribute to itch associated with ACD. Targeting the CXCL10/CXCR3 signaling 

might be beneficial for the treatment of allergic itch.
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1. Introduction

Spontaneous itch and pain are the most common symptoms in various skin diseases, 

including allergic contact dermatitis (ACD) [2]. Although the pathophysiology of ACD is 

well studied [16], little is known of the cellular mechanisms underlying pruritus 

accompanying ACD. That the itch is resistant to treatment with antihistamines [13], suggests 
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its mediation by histamine-independent pruritic pathways and the need to develop 

alternative antipruritic therapies..

Cytokines have been implicated in the development of ACD inflammation [7; 18; 21; 42]. 

Of these cytokines, CXCL10, a chemokine attracting T cells and dendritic cells, is 

predominantly produced by epidermal cells in the challenged skin of contact 

hypersensitivity (CHS) [9; 15; 46]. Moreover, the level of CXCL10 is specifically 

upregulated in the skin of allergic but not irritant contact dermatitis [8; 9]. During the 

elicitation phase of ACD, CXCL10 specifically attracts activated T cells bearing its receptor 

CXCR3 to the site of allergen reaction. CXCL10 knockout mice displayed an impaired CHS 

response with reduced inflammatory cell infiltrates into the skin, indicating the involvement 

of CXCL10 in the amplification of the inflammatory process [7]. Although CXCL10 is 

regarded as a key proinflammatory mediator in the pathogenesis of ACD, a possible 

contribution of CXCL10 to itch and pain that accompany ACD has not been explored.

Itch and pain are normally initiated and mediated by nociceptive primary afferents with their 

cell bodies in dorsal root ganglia or trigeminal ganglia. Although many studies have shown 

that CXCL10 acts on immune cells to regulate immunity through CXCR3 [19; 45], little is 

known of the role of CXCL10/CXCR3 signaling in sensory neurons. Increasing evidence 

indicates that both CXCL10 and CXCR3 are expressed in the nervous tissues [20; 31], 

including primary sensory neurons [1]. Moreover, CXCL10/CXCR3 signaling in sensory 

neurons was upregulated under inflammatory or neuropathic pain conditions and was 

implicated in the maintenance of a chronic pain state [1; 10; 43]. Our recent study showed 

that cutaneous primary sensory neurons innervating the CHS skin became more excitable 

[34]. Particularly, these neurons, or a subset, are implicated in the encoding of itch or pain 

[4; 17; 27; 39]. However, the mechanisms underlying neuronal hyperexcitability in the 

context of skin inflammation remain unknown. The nerve terminals of these neurons in the 

skin of CHS are readily exposed to a cytokine milieu containing CXCL10 [6; 22; 48]. Thus, 

CXCL10 may exert its pruritic or nociceptive effects directly, by exciting sensory neurons 

through CXCR3, indirectly, by activating immune cells to induce the release of 

inflammatory mediators that target sensory neurons, or both. Although the action of 

CXCL10 on immune cells is well studied, its effects on primary sensory neurons, and its 

contribution to the genesis of pruritus and pain associated with CHS, have not been 

explored. Our purpose was to investigate whether CXCL10 directly activated cutaneous 

sensory neurons through CXCR3, and mediated allergic itch and inflammatory pain using a 

mouse model of CHS induced by a hapten, squaric acid dibutylester (SADBE). Preliminary 

results of this study are available in abstract form [35].

2. Methods

2.1. Animals

C57BL/6 male mice used in the study were, 2 to 3 months of age and weighed 20–30 g. 

Some of these were either of two types of transgenic mice, one having a green fluorescent 

protein (GFP) in neurons that expressed the MrgprA3 receptor for chloroquine (“MrgprA3+ 

neurons) [17] whereas the other type of mice exhibiting the GFP in neurons that expressed 

MrgprD receptor (MrgprD+ neurons) [53]. The breeders used to develop our colonies of 

Qu et al. Page 2

Pain. Author manuscript; available in PMC 2016 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



these transgenic mice were provided by Dr. Xinzhong Dong’s laboratory at Johns Hopkins 

University. All the experimental procedures were approved by the Institutional Animal Care 

and Use Committee of Yale University School of Medicine and were consistent with the 

guidelines provided by the National Institute of Health and the International Association for 

the Study of Pain.

2.2. Model of allergic contact dermatitis

Allergic contact dermatitis (ACD) or contact hypersensitivity (CHS) was elicited by using 

contact sensitizer squaric acid dibutylester (SADBE; Sigma, St. Louis, MO), as described 

previously [11; 34]. The mice were sensitized with 1% SADBE (25 μl) topically applied to 

the shaved abdomen once daily for three consecutive days. Five days later, mice were 

challenged with 1% SADBE (25 μl) topically applied, in different behavioral tests, either to 

the calf of one hind leg or to the right cheek or, for the in vitro studies, to the hairy skin of 

foot and the calf of hind leg once daily for two consecutive days. Separate groups of mice 

were challenged with the same amount of acetone alone and serviced as controls.

2.3. Behavioral testing

The behavioral tests of CHS were performed before the 1st challenge with SADBE (or 

vehicle) and 24 h after each challenge. For the “calf model” (lower hindlimb), behavioral 

responses were video recorded with a camcorder for 2 h. The video recording was played 

back offline in slow-motion to assess the time spent biting and licking the treated calf. The 

duration of each biting or licking action was measured and summed to provide the 

cumulative biting or licking time [23]. Licking behavior was manifested by a series of long-

stroke bobbing of the head (about 4 Hz) during which the tongue was occasionally seen as 

moving across the skin. Biting behavior consisted of gnawing-like movements of the 

mandible (which apparently scraped across the skin at about 15 Hz) [23].

In some experiments, a selective antagonist of the chemokine receptor CXCR3, or its 

vehicle, was administered 1h before testing at 24 h after the 2nd SADBE challenge. The 

CXCR3 antagonist AMG487, a generous gift from Amgen (Thousand Oaks, CA) was 

injected subcutaneously at a location on the caudal back with a dose of 5 mg/kg, in a vehicle 

of 20% of hydroxypropyl-β-cyclodextrin (HPCD in saline; Sigma). The dose of AMG487 

was chosen based on pilot tests and published dose-response findings [3; 24].

For the “cheek model”, the total number of spontaneous scratching bouts with the hind paw 

and wiping with the forepaw were measured for 30 min [41]. In some tests, either CXCL10 

(2 μg/10 μl in PBS; R&D Systems or BioLegend) or its vehicle alone (10 μl PBS) was 

injected i.d. into the right cheek 24 h after the 1st SADBE challenge (when the skin was 

inflamed but in less fragile condition than after the 2nd challenge). Either AMG487 (5 

mg/kg) in vehicle (20% of HPCD) or its vehicle alone was injected s.c. into the caudal back 

1 h before the cheek injection of CXCL10.

2.4. Retrograde labeling of cutaneous neurons

For in vitro studies, DRG cell bodies were identified as cutaneous and as having innervated 

the area of CHS (or vehicle treatment) by the presence of a retrogradely transported red 
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fluorescent dye, DiI (Invitrogen). Dil (1.7 mg/ml in 1% DMSO) was injected i.d. to the calf 

of one hind leg and hairy skin of foot of mice at three sites (10 μl per site) at least 1 week 

before the 1st challenge with SADBE or acetone vehicle.

2.5. Cultures of dissociated DRG neurons

At 24 h after the 2nd challenge, L3–L5 lumbar DRGs, ipsilateral to either the acetone- or 

SADBE-treated skin, were harvested and placed in oxygenated complete saline solution 

(CSS) for cleaning and then mincing. The CSS consisted of (in mM): 137 NaCl, 5.3 KCl, 1 

MgCl2, 3 CaCl2, 25 Sorbitol, and 10 HEPES, adjusted to pH 7.2 with NaOH. For 20 min the 

DRGs were digested with 0.35 U/ml of Liberase TM (Roche Diagnostics Corp., 

Indianapolis, IN) and then for 15 min with 25 U/ml of Liberase TL (0.25 U/ml; Roche 

Diagnostics Corp.) and papain (30 U/ml, Worthington Biochemical, Lakewood, NJ) in CSS 

containing 0.5 mM EDTA at 37°C. The tissue was triturated with a fire-polished Pasteur 

pipette. The DRG neurons were suspended in DMEM medium containing 1 mg/ml trypsin 

inhibitor and 1 mg/ml bovine serum albumin (Sigma) and then plated onto poly-D-lysine/

laminin coated glass coverslips (BioCoat, BD Biosciences, MA). The DMEM medium had 

equivalent amounts of DMEM and F12 (Gibco, Grand Island, MD) with 10% FCS (Sigma) 

and 1% penicillin and streptomycin (Invitrogen). The cells were maintained in 5% CO2 at 

37°C in a humidified incubator and used within 24 h after plating.

2.6. Quantitative RT-PCR

The L3, L4, L5 DRG, ipsilateral to either the acetone- or SADBE-treated skin, were 

harvested 24 h after the first or the second challenge with SADBE (or acetone vehicle alone) 

and flash-frozen in liquid nitrogen. Total RNAs were extracted using the RNeasy Mini Kit 

(Qiagen). Quantitative RT-PCR was performed on a Bio-Rad machine using SYBER Green 

reagents (Life Technologies). The primers used were as follows: CXCR3 forward, 5′-AGA 

ATC ATC CTG GTC TGA GAC AA-3′ and reverse, 5′-AAG ATA GGG CAT GGC 

AGC-3′; CXCL10 forward, 5′-CCC ACG TGT TGA GAT CAT TG-3′ and reverse, 5′-CAC 

TGG GTA AAG GGG AGT GA-3′; GAPDH forward, 5′-CCA TGA CAA CTT TGG CAT 

TG-3′ and reverse, 5′-CCT GCT TCA CCA CCT TCT TG-3′ [44; 50]. Each sample was 

performed in triplicates. The expression level of the target genes was quantified relative to 

the level of GAPDH gene expression using the 2−ΔΔCT method.

2.7. Fluorescence-activated cell sorting (FACS) analysis

The surface expression of CXCR3 on DRG neurons was measured using FACs analysis. 

DRG neurons were acutely dissociated as described and stained with Alexa Fluor 488 mouse 

monoclonal anti-GFAP (1:50; BD Biosciences) and APC hamster monoclonal anti-mouse 

CXCR3-173 (1:500; BD Pharmingen; Cat. # 562266) for 40 min at 4°C. APC Hamster IgG1 

(BD Pharmingen; Cat. # 553974) served as controls. The specificity of APC hamster 

monoclonal anti-mouse CXCR3-173 for CXCR3 was tested in CXCR3 knockout mice 

previously [47]. The portion of glial cells was first gated out using an excitation wavelength 

for fluorescence of 448 nm. The remaining GFAP negative cells were subsequently gated 

using an excitation fluorescence wavelength of 647 nm. Only the Dil-labeled neurons were 

counted.

Qu et al. Page 4

Pain. Author manuscript; available in PMC 2016 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2.8. Single-cell reverse-transcription PCR

After cell sorting, the individual CXCR3 immunopositive neurons were harvested in a PCR 

tube. For the negative control, a sample of the FACs solution without any cell contents was 

used. The total RNA was extracted from individual DRG neuron using an RNeasy Plus 

Micro kit (Qiagen) as described [36]. The RNA was reverse transcribed using Superscript 

Reverse Transcriptase II (Invitrogen) according to the manufacturer’s instructions. PCR 

amplification was then performed using a Titanium TaqPCR Kit (Clontech). The CXCR3 

primers were the same as those used for the above quantitative RT-PCR. Beta III-tubulin 

was used as an internal control. The PCR products were displayed on an ethidium bromide-

stained 2% agarose gel.

2.9. Calcium imaging

Calcium imaging was performed on cultured mouse DRG neurons, as described [37]. Only 

small-diameter neurons (≤ 25 μm) were used that were labeled as cutaneous by the presence 

of DiI and innervated the chemically treated areas. In the experiments using transgenic mice, 

some neurons were additionally labeled by a GFP indicating that it expressed either 

MrgprA3 or MrgprD and innervated the epidermis[17; 53]. DRG neurons were first loaded 

with 2 μM Fura 2-acetoxymethyl ester (Invitrogen) in the dark for 45 min at 37°C and 

subsequently washed twice in a HEPES buffer containing (in mM): 145 NaCl, 3 KCl, 2 

MgCl2, 2 CaCl2, 10 glucose and 10 HEPES (adjusted to pH 7.4 with NaOH). Neurons were 

then incubated with 10 μg/ml isolectin B4 conjugated to fluorescein isothiocyanate (IB4-

FITC; Sigma) for 10 min, washed with HEPES buffer, and visualized with FITC filters. 

Only neurons with a complete ring of FITC stain around the perimeter of the soma were 

considered as IB4 positive neurons (IB4+). After the detection of the fluorescence of IB4-

FITC, these cells were alternatively excited at 340 nm and 380 nm using a Polychrome V 

Monochromator (TILL Photonics). Images were recorded at 2-s intervals at a room 

temperature of 20–22°C using a cooled CCD camera (Sensicam, PCO, Germany) that was 

controlled by a computer with Image Workbench 5.2 software (Indec Biosystems, CA). The 

ratio of 340 nm to 380 nm fluorescence intensity [R(340/380)] within a certain region of 

interest was used as a relative measure of the intracellular concentration of calcium 

([Ca2+]i). At the end of the experiment, the viability of the neurons was confirmed by an 

increase in [Ca2+]i evoked by a 5-s application of 50 mM K+. Cells were considered to be 

responsive to a chemical if an increase in R340/380 was equal or greater than 15% above 

baseline [50]. All agents were dissolved in HEPES buffer and applied locally to the neuronal 

cell bodies through a micropipette with a tip diameter of 100-μm-diameter and connected to 

an 8-channel pressure-controlled drug application system (AutoMate Scientific, CA). The 

Ca2+-free external solution was equivalent to the normal HEPES buffer but with CaCl2 

removed and 1 mM EGTA added [37]. The dose of each chemical was chosen based on 

previous findings [24; 26; 32]. Mouse recombinant CXCL10 (50 nM, R&D Systems) or 

AMG487 (10 μM in 0.1% DMSO) was added to HEPES buffer. AMG487 was shown to 

suppress CXCR3-mediated Ca2+ responses in a dose dependent manner and the dose of 10 

μM AMG487 was able to inhibit about 60% of CXCR3-mediated Ca2+ response [24]. 

Histamine (His; 100 μM; 30 s) or the TRPV1 agonist, capsaicin (CAP; 1 μM; 10 s), was 

applied at the end of recordings to identify His- and CAP- sensitive nociceptors, 

respectively.
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2.10. Electrophysiological recordings

Whole-cell recordings were made from small-diameter (≤25 μm), DiI-labeled DRG neurons 

– typically those that had been identified as responsive to CXCL10 using calcium imaging. 

Whole-cell current clamp experiments were performed at room temperature of 20–22°C by 

means of a Multiclamp 700A amplifier and pClamp 9 software (Molecular Device, 

Sunnyvale, CA), as described [36; 37]. Signals were sampled at either 10 kHz or 20 kHz and 

were filtered at 2 kHz. The patch pipettes were pulled from borosilicate glass capillaries 

with a P97 horizontal puller (Sutter Instruments, Novarto, CA). The patch pipettes, after 

filled with internal solution, had a resistance of 3–4 MΩ and their series resistance was 

routinely compensated at 60–80%. The DRG neurons were continuously perfused with 

HEPES buffer. The internal solution contained (in mM): K+-gluconate 120, KCl 30, 

MgCl2·6H2O 2, HEPES 10, MgATP 2, CaCl2·2H2O 1, EGTA 11, with pH adjusted to 7.2 

using Tris-base. Only neurons with a resting membrane potential more negative than −40 

mV were included in the study.

2.11. Statistical analysis

Data were presented as means ± SEM. Student’s t-test was used to test the significance of 

differences between means between two groups. Comparisons for more than three groups 

were carried out using a one-way analysis of variance (ANOVA) followed by Bonferroni 

post test comparisons. Comparisons of proportions were made using Fisher’s exact test. The 

probability criterion for significant differences was p < 0.05. The type of statistical tests 

used for each comparison was indicated in the figure legends.

3. Results

3.1. CHS upregulated neuronal expression of CXCL10 and CXCR3

The mean levels of CXCL10 and CXCR3 mRNA expression in the DRG were significantly 

greater for SADBE- vs. vehicle treated skin both after the first as well as the second 

challenge (Fig. 1A, B). At the protein level, FACs analysis revealed that a significantly 

larger percentage of Dil-labeled cutaneous DRG neurons of CHS mice stained CXCR3 

compared with controls (Fig. 1C–E), indicating an increased number of cutaneous sensory 

neurons expressing CXCR3 after the development of CHS. In contrast, when Dil-labeled 

cutaneous DRG neurons from either vehicle or SADBE-treated mice were treated with the 

control IgG1 antibody, no CXCR3 staining was observed in these neurons (data not shown), 

indicating that the anit-CXCR3 used for FACs was specific for CXCR3. Single-cell RT-

PCR confirmed that all the tested CXCR3 immunopositive neurons obtained after FACs 

possessed CXCR3 mRNA (data not shown).

3.2. CHS increased the incidence and magnitude of CXCR3-mediated Ca2+ responses to 
CXCL10 in cutaneous DRG neurons with pruriceptive, nociceptive properties

To determine whether the function of CXCL10/CXCR3 signaling in primary sensory 

neurons was enhanced under skin inflammatory conditions, we compared Ca2+ responses 

evoked by CXCL10 between the Dil-labeled cutaneous small-diameter DRG neurons from 

control and CHS mice using ratiometric Ca2+ imaging (Fig. 2). Few cutaneous DRG 

neurons from control mice responded to CXCL10 (50 nM; 2 min; Fig. 2A). In contrast, there 
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were significantly more neurons responsive to CXCL10 in CHS mice (Fig. 2B, C). 

Moreover, the magnitude of CXCL10-induced Ca2+ response in neurons from CHS mice 

was significantly greater than that in neurons from control animals (Fig. 2D). Of CXCL10-

responsive neurons (CXCL10+) in CHS mice, 52.9% (37 of 70) and 64.3% (45 of 70) 

showed a [Ca2+]i rise in response to capsaicin (CAP, 1 μM) and histamine (His, 1 mM), 

respectively (Fig. 2A, E). Thus, transactivation of TRPV1 by CXCL10 may in part 

contribute to an increase in the peak of CXCL10-induced Ca2+ response observed in DRG 

neurons from CHS mice. In addition, of the CXCL10+/CAP+ responsive neurons, 67.6 % 

(25 of 37) responded to histamine (Fig. 2E). When the dissociated neurons were stained with 

IB4-FITC, 51 of 61 (83.6%) CXCL10-responsive neurons were IB4+. Competence of viable 

cells was confirmed by a robust Ca2+ response observed in all cells exposed to high K+ 

levels (Fig. 2A, B).

Since MrgprA3+ and MrgprD+ neurons were shown to play a role in mediating allergic itch 

[17; 34], we next tested whether CXCL10 directly activated MrgprA3+ and MrgprD+ 

pruriceptive nociceptors under the condition of skin inflammation. Local application of 

CXCL10 evoked a robust Ca2+ response in a greater percentage of MrgprA3+ or MrgprD+ 

neurons from CHS- vs. control mice (Fig. 2F). These data suggest that an increased number 

of cutaneous DRG neurons express functional CXCR3 receptors following CHS.

To test whether neuronal CXCR3 mediated the CXCL10-induced [Ca2+]i response, DRG 

neurons were pretreated with a specific CXCR3 antagonist, AMG487 (10 μM in a vehicle of 

0.1% DMSO), for 5 min. AMG487 at this dose was shown to block approximately 60% of 

the CXCR3-mediated Ca2+ response [24]. In accordance with previous findings [24], the 

proportion of CXCL10-responsive neurons was significantly decreased by 67.5% in the 

presence of AMG487 as compared with the effects of vehicle alone (Fig. 3A–C). In 

addition, AMG487 significantly attenuated the magnitude of CXCL10-induced Ca2+ 

response (Fig. 3D). By contrast, vehicle alone had no such significant effects (Fig. 3C, D). 

These results suggest that CXCL10 induces a [Ca2+]i increase via the activation of CXCR3 

expressed on DRG neurons. To determine the Ca2+ source of CXCL10-evoked [Ca2+]i 

increase, Ca2+ response was measured in Ca2+-free extracelluar solution. Removal of 

extracellular Ca2+ significantly reduced the percentage of CXCL10-responsive neurons (Fig. 

3E, F) and the mean magnitude of CXCL10-evoked [Ca2+]i rise (Fig. 3G), indicating that 

CXCL10 induces Ca2+ increase mainly through calcium influx from extracellular space.

3.3. CXCL10 increased the membrane excitability of DRG neurons innervating CHS skin 
through neuronal CXCR3

To determine whether CXCL10 directly altered the membrane excitability of neurons 

innervating SADBE-treated skin of mice, whole-cell current clamp recordings were made on 

DiI-labeled DRG neurons with CXCL10 responsiveness initially identified by calcium 

imaging. Local application of CXCL10 caused a significant depolarization of the resting 

membrane potential (RMP) of DRG neurons (Fig. 4A, B). Furthermore, membrane 

depolarization was sufficient to induce action potential discharges upon CXCL10 activation 

in the majority of these activated neurons (Fig. 4A, F). The mean input resistance was 

markedly reduced (Fig. 4C) during exposure to CXCL10, suggesting an increase in the 
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opening of resting ion channels. Pretreatment with AMG487 (10 μM) for 3 min significantly 

attenuated CXCL10-induced membrane depolarization (Fig. 4E). Moreover, AMG487 

markedly reduced the percentage of neurons that fired with APs in response to CXCL10 

(Fig. 4F). These findings suggest that neuronal CXCR3 mediates the direct excitatory effect 

of CXCL10 on primary sensory neurons after CHS.

3.4. CXCL10/CXCR3 signaling mediated itch- but not pain-like behaviors in CHS mice

To determine whether CXCR3 was involved in itch and pain that accompany CHS, we 

examined the effects of AMG487, a specific CXCR3 antagonist, on spontaneous itch- and 

pain-like behaviors on the calf of mice 24 h after the 2nd SADBE challenge. Consistent with 

our previous study [34], mice challenged with SADBE exhibited a significant increase in the 

cumulative durations of site-directed, spontaneous biting and licking (itch- and pain-like 

behaviors, respectively directed) in comparison with mice treated with only the acetone 

vehicle (Fig. 5A, B). The mean cumulative duration of spontaneous biting observed on the 

calf of CHS mice was significantly reduced 1 h after s.c. injection of AMG487 as compared 

to vehicle (20% HPCD) (Fig. 5A). There was no significant difference in the mean 

cumulative duration of spontaneous biting between acetone-treated animals and AMG487-

treated CHS mice. By contrast, s.c. injection of AMG487 did not significantly affect the 

mean cumulative duration of spontaneous licking on the calf of CHS mice (Fig. 5B) 

compared with vehicle (20% HPCD).

To explore the behavioral effects of CXCL10 after CHS, we used the cheek model which, 

like the calf model, allows the differentiation of side-directed itch- and pain-like behaviors 

in response to pruritic and algesic chemical stimuli [41]. At 24 h after the 1st challenge, mice 

with SADBE-induced CHS displayed more site-directed spontaneous scratching and wiping 

behaviors than acetone-treated control mice (Fig. 5C, D). Intradermal (i.d.) injection of 

CXCL10 (2 μg/10 μl) into the cheek of CHS mice significantly increased the number of 

scratching bouts but not the number of wipes as compared to the injection of vehicle (PBS) 

(Fig. 5C, D). In contrast, injection of CXCL10 to control mice did not significantly change 

the number of scratching and wipes as compared to vehicle (PBS) (Fig, 5C, D). These 

results suggest that CXCL10 elicits more itch than pain within an area of CHS. We next 

asked whether CXCR3 was required for CXCL10-evoked scratching in CHS mice. S.c 

injection of the CXCR3 antagonist, AMG487 (5 mg/kg) but not its vehicle (20% HPCD) 

completely inhibited the exogenous CXCL10-evoked scratching (Fig. 5C). No significant 

differences in scratching bouts were observed between PBS (Veh1)-treated and AMG487-

treated CHS mice. These findings indicate that CXCL10 acts on CXCR3 to trigger itch 

behaviors in vivo under the inflammatory skin conditions.

4. Discussion

Our findings support the hypothesis that CXCL10/CXCR3 signaling is enhanced in 

cutaneous sensory neurons and that CXCL10 evokes itch, but not pain sensation, by directly 

activating CXCR3 expressed on cutaneous, small diameter, primary sensory neurons.

Although CXCR3 is typically expressed in specific subsets of immune cells, CXCR3 and its 

agonist CXCL10 have also been detected in DRG neurons [1]. Moreover, CXCL10 can 
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directly excite nociceptive primary sensory neurons though neuronal CXCR3 [1; 32]. 

However, few studies addressed the role of neuronal CXCL10/CXCR3 signaling in the 

context of skin inflammation. This study provides translational and functional evidence that 

support the increased CXCL10/CXCR3 signaling within DRG after the development of 

ACD. First, RT-PCR revealed an upregulation of CXCL10 and CXCR3 mRNA expression 

in DRG innervating SADBE-treated skin. Second, at the protein level, FACS showed that 

the increased number of cutaneous DRG neurons became CXCR3+ following CHS. Since 

there is no reliable commercial primary anti-CXCR3 available for immunohistochemical 

staining in mouse tissues, we were unable to immunostain CXCR3 expressing neurons to 

obtain histological information about the expression pattern of CXCR3 in DRG neurons. 

Instead, we employed FACS to evaluate the CXCR3 expression on the surface of DRG 

neurons. Finally, consistent with the anatomical observations of increased CXCR3 

expression, calcium imaging experiments clearly demonstrated a considerable degree of 

functional CXCR3 upregulation in cutaneous DRG neurons that innervated a skin area of 

CHS. A larger proportion of dissociated cutaneous DRG neurons became responsive to 

CXCL10 after CHS that they seldom exhibited under normal conditions. Moreover, this 

Ca2+ response was remarkably attenuated by a CXCR3 antagonist. The upregulated 

CXCL10/CXCR3 signaling within DRG was also observed in the context of inflammatory/

neuropathic pain [1; 10; 43]. Two variants of CXCR3 (CXCR3-A and CXCR3-B) have been 

identified [40]. Further investigations are needed to determine which variant of CXCR3 is 

upregulated following CHS.

The mechanisms by which CHS induces the upregulation of CXCL10/CXCR3 signaling in 

the cell bodies of sensory neurons require further study. It is probably due to the activation 

of a signaling cascade of cytokines and other mediators upstream of CXCL10/CXCR3 

expression, such as IFN-γ or nuclear transcription factors [30; 49; 51]. FACS analysis 

revealed that many more DRG neurons began to express CXCR3 after CHS. And, many 

more sensory neurons from CHS mice became responsive to CXCL10 in calcium imaging 

experiments. Thus, it is likely that these additional neurons develop responsive to CXCL10 

that they previously did not have as a result of cutaneous inflammation. Moreover, these 

findings implied the possibility that neurons that were originally non-pruriceptive (not 

responsive to pruritic chemicals) might become pruriceptive after they become responsive to 

CXCL10.

Recently we functionally characterized a subset of cutaneous sensory neurons that became 

hyperexcitable after CHS [34]. Here, we provide a cellular mechanism that might contribute 

to neuronal hyperexcitability and thus the itch behavior that accompanies this inflammatory 

disorder. Our findings support a direct action of CXCL10 on small-diameter sensory 

neurons innervating the area of inflamed skin. First, calcium imaging experiments revealed 

that CXCL10 directly evoked a calcium response though neuronal CXCR3 in a subset of 

small-diameter DRG neurons.. In addition, our electrophysiological analyses provide novel 

evidence that CXCL10 directly depolarized the membrane potential and triggered action 

potential discharges in these cutaneous neurons after CHS. However, the ionic mechanisms 

underlying CXCL10-induced neuronal activation remain to be determined. In murine 

microglia, CXCL10 was shown to trigger a Cl− current via CXCR3 [38]. Our preliminary 

data showed that CXCL10 induced an inward current at resting membrane potential of DRG 
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neurons [35]. Moreover, this current was modulated by intracellular Cl− and inhibited by the 

general Cl− channel antagonists (unpublished data) [35]. Therefore, it is possible that the 

neuronal excitatory effects of CXCL10 are mediated by the triggering of a Cl− current 

downstream to the activation of CXCR3. Indeed, previous studies have demonstrated that 

Cl− channels can be activated by several pruritogen and algogen, such as endothelin, 

bradykinin, and histamine [5; 26]. Additionally, DRG neurons express multiple voltage-

gated and TRP channels that may also be involved in CXCL10-induced neuronal activation. 

These mechanisms await further investigation.

This study showed that CXCL10-evoked Ca2+ response in DRG neurons depended on the 

presence of extracellular Ca2+, suggesting that Ca2+ influx from extracellular space is the 

main source of the increase in [Ca2+]i. Moreover, CXCL10 directly depolarized the 

membrane potential of DRG neurons, which might result in the activation of voltage-gated 

Ca2+ channels (VGCCs) and a subsequent influx of extracellular calcium through VGCCs. 

In addition, other Ca2+ permeable mechanisms such as certain TRP channels [14] may be 

also involved in CXCL10-induced Ca2+ influx in DRG neurons.

Although the role of CXCL10/CXCR3 signaling in the cause of ACD inflammation is well 

established [7; 44], little is known of its contribution to itch and pain that accompany this 

disorder. The upregulated excitatory CXCL10/CXCR3 signaling has been implicated in the 

chronic inflammatory pain state [1]. In present study of CHS, the murine model of ACD, we 

observed that systemically administration of a specific CXCR3 antagonist attenuated 

spontaneous itch but had no effects on pain-like behavior. In addition, cutaneous injection of 

CXCL10 evoked site-directed itch- but not pain-like behaviors in the animals with CHS. In 

contrast, CXCL10 failed to elicit both types of behaviors in control animals, which is likely 

attributable to the paucity of functional CXCR3 expressed on cutaneous DRG neurons under 

normal conditions. The findings indicate that CXCL10/CXCR3 signaling mediates itch but 

not pain in the context of CHS. Since these behaviors were assessed right after 

administration of a CXCR3 antagonist, the antipruritic effects of CXCR3 antagonist may be 

due to the immediate, inhibitory effects on hyperexcitable CXCR3-expressing pruriceptive 

cutaneous sensory neurons (as observed in our in vitro experiments) rather than secondary to 

the reduction in the cutaneous inflammation. These data suggest that CXCL10/CXCR3 

signaling may contribute to allergic itch through the direct excitation of pruriceptive DRG 

neurons. In this study, spontaneous scratching directed to site of CHS on the cheek may 

appear less than that elicited by injection of the cheek of untreated, healthy mice with 

commonly used pruritogens, such as choloroquine, BAM 8-22 and histamine [28; 41; 50]. 

The pruritogen-evoked stronger scratching behavior may be related to the concentration of 

injected vs. endogenous pruritogens. When the lower doses of pruritogen are of histamine (5 

μg/10 μl) or BAM8-22 (1 μg/10 μl) was injected into the cheek of control mice[12], the 

numbers of scratching bouts are comparable to those occurring spontaneously in our CHS 

mice.

The present study did not identify which subtypes of sensory neurons were the major 

elements responsible for CXCR3-mediated itch in the setting of skin inflammation. We 

found that a significant number of MrgprA3+ and MrgprD+ neurons became responsive to 

CXCL10 following CHS. These two distinct types of cutaneous sensory have been 
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implicated in acute and chronic itch [17; 27]. Therefore, it is possible that CXCL10 activates 

a larger percentage of these itch-mediating sensory neurons during CHS, leading to neuronal 

hyperexcitability and thus partially contributes to pruritus accompanying CHS. Since mouse 

MrgprA3 and MrgprC11 (or MrgprX1) are mostly co-expressed in the same DRG neurons 

[52], CXCR3 is likely expressed in the MrgprC11 subset of MrgApr3 neurons. However, it 

is unclear whether the CXCL10+ neurons responded to other common algogens and 

pruritogens besides capsaicin and histamine, such as BAM8-22, chloroquine, and AITC. 

Further study is required to characterize fully the CXCL10+ population.

Epidermal cells, especially keratinocytes, appear to be a major source of CXCL10 in vivo 

during CHS [9; 15; 46]. In addition to keratinocytes, CXCL10 was detected in the cell 

bodies of DRG neurons [1]. Previous studies have proposed that chemokines can be 

packaged into secretory vesicles and released by DRG neurons upon depolarization [1]. We 

here showed that CXCL10 expression was upregulated in the DRG following CHS. 

Moreover, CHS increased the incidence of activation of cutaneous DRG neurons by 

CXCL10. Therefore, we postulate that the increased CXCR3 activation in DRG neurons of 

CHS mice in vivo might, in part, result from enhanced tonic release of CXCL10 from 

sensory neurons, in addition to keratinocytes, in a paracrine or autocrine manner.

Although our results support a neuronal mechanism of CXCR3 for allergic itch, we cannot 

exclude the involvements of non-neuronal cells. CXCR3 is expressed on activated T cells 

and is thought to recruit T cells to inflammation sites where a variety of proinflammatory 

mediators are released [29; 33], such as substance P, nerve growth factor and interleukin-6 

[25]. It seems likely that at least some of these mediators might assist in the development of 

allergic itch. Future studies, including those using neuronal-specific CXCR3 knockout mice, 

are required to determine the relative contributions of sensory neurons and immune cells to 

allergic itch accompanying CHS.

In conclusion, our findings indicate that the increased CXCL10/CXCR3 signaling in sensory 

neurons may contribute to the pathogenesis of the chronic itch accompanying CHS. We 

suggest that neuronal CXCR3 emerges as a molecular target for pharmacological agents that 

can be developed to treat the sensory symptoms of inflammatory disease, such as ACD, in 

humans.
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Figure 1. 
Effects of CHS on the expression of CXCR3 and its ligand CXCL10 in DRG. A–B, 

Quantitative RT-PCR showed a significant increase in the mRNA expression levels of 

CXCL10 and CXCR3 in L3–L5 DRG from CHS mice compared to those from acetone-

treated control animals. The number of animals in each group is given in parentheses. * p < 

0.05, CHS vs. control, unpaired t test. C–D, Representative scatter plot depicting the 

expression of CXCR3 on the surface of the Dil-labeled cutaneous DRG neurons obtained 

from control (acetone-treated) and CHS (SADBE-treated) mice 24 h after the 2nd challenge. 

DRG neurons were stained with monoclonal antibody against CXCR3. The number in the 

upper right corner of each box indicates the percentage of DiI-labeled neurons stained with 

CXCR3. E, FACS analysis revealed that the mean percentage of DRG neurons stained with 

CXCR3 from CHS mice was significantly greater as compared to control animals. Twelve 

mice were used per condition. *p < 0.05 versus control, Fisher’s exact test.
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Figure 2. 
Effects of CHS on the incidence and magnitude of CXCL10- evoked Ca2+ responses in 

DRG neurons with pruriceptive or nociceptive properties. A–B, Representative traces of 

changes in [Ca2+]i (R340/380) evoked by CXCL10 (50 nM, 2 min) in cutaneous (DiI labeled) 

DRG neurons from control (A) and CHS (B) mice. Application of histamine (His; 100 μM, 

30 s), capsaicin (CAP; 10 s) and KCl (50 mM, 5 s) evoked Ca2+ transients, respectively. 

Black bars above the traces indicate the timing of chemical application. C, The percentage 

of cutaneous DRG neurons that responded to CXCL10 was significant greater for CHS mice 

than for acetone treated control mice. p < 0.05 versus control, Fisher’s exact test. Numbers 

of responsive neurons divided by total number tested are given in parentheses. D, The mean 

magnitude of Ca2+ response evoked by CXCL10 was significantly great for neurons from 

CHS- than control mice. Magnitude is expressed as peak percentage increase over base – see 

methods). *p < 0.05 versus control, unpaired t test. E, Venn diagram showed the overlap of 

CXCL10-, capsaicin (CAP)-, and histamine (His)-responsive neurons from CHS mice. F, 

The percentages of CXCL10-responsive MrgprA3+ and MrgprD+ neurons were significantly 

higher in CHS- than in control mice. The numbers of responsive cells vs. total tested are in 

parentheses. *p < 0.05 versus control, Fisher’s exact test.
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Figure 3. 
The dependence of CXCL10-induced Ca2+ responses on functional CXCR3 receptors and 

the presence of extracellular Ca2+. A–B, Representative Ca2+ response to CXCL10 (50 nM, 

2 min) in the presence of a specific CXCR3 antagonist AMG487 (10 μM in 0.1% DMSO 

vehicle) vs. in the presence of the vehicle alone. C–D, Pretreatment with AMG487 for 3 min 

but not vehicle significantly reduced the percentage of CXCL10-responsive neurons 

(Fisher’s exact test) and the mean magnitude of CXCL10-evoked Ca2+ response (unpaired t 

test). *p < 0.05 versus vehicle. E, Representative Ca2+ response in a neuron to CXCL10 in 

the absence of extracellular Ca2+ (0 mM) and KCl (50 mM) in presence of 2 mM 

extracellular Ca2+, respectively. F–G, Removal of extracelluar Ca2+ almost abolished 

CXCL10-evoked Ca2+ rise. Numbers of neurons tested are in parentheses.*p < 0.05 versus 2 

mM Ca2+; Fisher’s exact test (F) or unpaired t test (G).
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Figure 4. 
CXCL10 increased neuronal membrane excitability after CHS. In each panel, neurons were 

tested that exhibited DiI labeling transported from SADBE challenged skin. A, Typical 

current clamp recordings of CXCL10-induced membrane potential depolarization and action 

potential discharges. Black bars above the traces indicates the duration of CXCL10 (50 nM; 

2 min) application. B–C, Mean resting membrane potential (RMP) and mean input 

resistance (Rin) before (control) and during application of CXCL10. CXCL10 significantly 

depolarized the RMP and reduced the Rin. *p < 0.05 versus control, paired t tests. D, 

Representative current clamp recordings of CXCL10 application in presence of AMG487 

(10 μM). E–F, Pretreatment with AMG487 significantly reduced the mean magnitude of 

CXCL10-induced membrane depolarization (paired t test) and decreased the incidence 

(percentage) of neurons exhibiting action potentials (Fisher’s Exact test). The number of 

cells responding and/or tested are in parentheses. *p < 0.05 versus control.
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Figure 5. 
CXCL10 and CXCR3 mediated itch- but not pain-like behaviors after CHS. A–B, The 

effects of CHS on the calf on the cumulative durations of site-directed biting and licking 

(itch- and pain-like behaviors, respectively). The mean durations (time spent) of each 

behavior were significantly increased 24 h after the 2nd challenge with SADBE (CHS, 

closed bars) vs. c acetone vehicle treatment (control, open bars)). Prior subcutaneous 

injection of the CXCR3 antagonist AMG487 (5 mg/kg in 20% HPCD) significantly 

attenuated the spontaneous biting but not the licking behaviors to the level of acetone-treated 

mice. In contrast, prior injection of just the antagonist vehicle (Veh; 20% HPCD) had no 

significant effects on either type of behavior. The cumulative durations of behaviors were 

quantified for 2 h starting 1h of after AMG487 or vehicle injection. C–D, The effects of 

CHS on the cheek on spontaneous and CXCL10-evoked, site-directed scratching with the 

hind limb and wiping with the forepaw (itch- and pain-like behaviors, respectively) 24 h 

after the 1st challenge with SADBE (CHS, closed bars) or acetone vehicle (control, open 

bars). The mean numbers of each type of spontaneous behavior were significantly greater 

after challenge with SADBE (vs. acetone alone), Intradermal (i.d.) injection of CXCL10 (2 

μg/10 μl in PBS vehicle) into the SADBE challenged cheek significantly increased the site-

directed scratching (C) but not the wiping (D) in comparison with the non-significant effects 

of injecting the PBS vehicle alone (Veh1; PBS). When injected into the acetone control 

cheek, CXCL10 evoked no significant differences beyond PBS vehicle alone. The 
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exogenous CXCL10-evoked scratching in the SADBE challenged cheek was almost 

abolished by preinjection, 1 h before, with AMG487 (5 mg/kg; s.c.) in comparison with 

prior injection of the antagonist’s vehicle 20% HPCD (Veh2). There was no significant 

difference (ns) in scratching bouts between PBS (Veh1)-treated and AMG487-treated CHS 

mice. The number of bouts of scratching or wipes was quantified for 30 min immediately 

following CXCL10 injection. The number of animals tested is in the parentheses. *p < 0.05; 

**p < 0.01; ***p < 0.001, one-way ANOVA followed by Bonferroni post test.
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