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Abstract Chemokines and receptors have been implicated

in the pathogenesis of chronic pain. Here, we report that

spinal nerve ligation (SNL) increased CXCR3 expression

in dorsal root ganglion (DRG) neurons, and intra-DRG

injection of Cxcr3 shRNA attenuated the SNL-induced

mechanical allodynia and heat hyperalgesia. SNL also

increased the mRNA levels of CXCL9, CXCL10, and

CXCL11, whereas only CXCL10 increased the number of

action potentials (APs) in DRG neurons. Furthermore, in

Cxcr3-/- mice, CXCL10 did not increase the number of

APs, and the SNL-induced increase of the numbers of APs

in DRG neurons was reduced. Finally, CXCL10 induced

the activation of p38 and ERK in ND7-23 neuronal cells

and DRG neurons. Pretreatment of DRG neurons with the

P38 inhibitor SB203580 decreased the number of APs

induced by CXCL10. Our data indicate that CXCR3,

activated by CXCL10, mediates p38 and ERK activation in

DRG neurons and enhances neuronal excitability, which

contributes to the maintenance of neuropathic pain.

Keywords CXCR3 � CXCL10 � DRG � Neuropathic pain �
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Introduction

Neuropathic pain is caused by disease or injury of the

sensory nervous system and affects up to 8% of the

population [1]. However, the mechanisms underlying

neuropathic pain remains elusive. Accumulating evidence

supports the idea that chemokine-mediated neuroinflam-

mation plays an important role in the development and

maintenance of neuropathic pain [2–4]. Several chemoki-

nes, such as CX3CL1, CCL2, CXCL1, CXCL13, and

CXCL10 are increased in the spinal cord after tissue

inflammation or nerve injury and contribute to inflamma-

tory pain and neuropathic pain via different forms of

neuron–glial interaction [5–9]. However, the roles and

mechanisms of chemokines and chemokine receptors in the

dorsal root ganglion (DRG) in mediating chronic pain have

been less investigated.

CXC chemokine receptor 3 (CXCR3), the receptor of

the three ligands CXCL9, CXCL10, and CXCL11, is

expressed in various cells, including endothelial cells,

monocytes, T cells, and dendritic cells [10]. The activation

of CXCR3 by its ligands contributes to the progression of

autoimmune diseases and infections [10, 11]. Recent

studies have shown that CXCR3 is expressed in spinal

neurons and is increased after spinal nerve ligation (SNL)

[7] or inoculation of cancer cells into the tibia [12]. SNL

also increases the expression of CXCL9, CXCL10, and

CXCL11 in spinal astrocytes [7, 13]. Perfusion of neurons

in lamina II of the dorsal horn with CXCL10 enhances

excitatory synaptic transmission via neuronal CXCR3,

whereas CXCL9 and CXCL11 increase both the excitatory

and inhibitory synaptic transmission of lamina II neurons

[7, 13]. Previous studies have implied that the three ligands

of CXCR3 have different temporal and spatial patterns of

expression, and are regulated by different stimuli during
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the course of the immune response [14, 15]. How CXCR3

and its ligands are regulated in the DRG after SNL and

whether they are involved in neuropathic pain remain

unknown.

Peripheral nerve injury is associated with changes in the

excitability of sensory neurons in the DRG [16]. Several

chemokines are expressed in the DRG and contribute to the

regulation of neuronal excitability [16]. For example,

CCL2 increases Na? currents in DRG neurons [17];

CXCL1 enhances the excitability of DRG neurons by

regulating Na? and K? currents [18, 19]; CXCL13 is

increased in DRG neurons after SNL as does Nav1.8

current density [20]. Whether the ligands of CXCR3

regulate the neuronal excitability of DRG neurons is of

interest.

Chemokine receptors belong to the 7-transmembrane

G-protein-coupled receptors, which can activate intracel-

lular kinases, including mitogen-activated protein kinases

(MAPKs) [4]. Members of the MAPK family, including

extracellular signal-regulated kinase (ERK), p38, and c-Jun

N-terminal kinase (JNK), are activated in the spinal cord

by peripheral nerve injury [21]. ERK and p38 are also

expressed and increased in the DRG under chronic pain

conditions [22]. In addition, activated ERK increases the

expression of the Na? channel Nav1.8 or phosphorylates

Nav1.7 and alters its gating properties [23, 24], while

activated p38 directly regulates the phosphorylation of

Nav1.8 in DRG neurons [25]. Our previous data showed

that intrathecal injection of CXCL10 induces rapid ERK

activation in the spinal cord [7]. Thus, we hypothesized

that CXCR3 can be activated by CXCL10 and further

enhances MAPK-dependent neuronal excitability and

exacerbates neuropathic pain after SNL. To test the

hypothesis, we examined the mRNA and protein expres-

sion of CXCR3 in the DRG after SNL. We further

investigated the direct role of CXCR3 ligands on regulating

neuronal excitability in DRG neurons. Our results demon-

strated that CXCR3 is activated by CXCL10 and enhances

neuronal excitability via p38 MAPK and contributes to the

maintenance of neuropathic pain.

Materials and Methods

Animals and Surgery

ICR mice and C57BL/6 mice (6–8 weeks old, male) were

purchased from the Experimental Animal Center of

Nantong University. Cxcr3-/- mice were purchased from

the Jackson Laboratory (stock No. 005796). All mice had

free access to food and water. The animal facility was

maintained at 23�C ± 1�C on a 12:12 h light-dark cycle.

All experimental procedures were approved by the Animal

Care and Use Committee of Nantong University. Animal

treatments were performed in accordance with the guide-

lines of International Association for the Study of Pain. For

the SNL surgery, we isolated the left L5 spinal nerve and

tightly ligated it with 6–0 silk suture. In sham-operated

animals, the same procedure was performed except for

ligation.

Drugs and Administration

Recombinant CXCL10 (murine) was from PeproTech

(Rocky Hills, NJ, USA) and the p38 MAPK inhibitor

SB203580 was from Tocris (Bristol, UK). For intrathecal

injection, the animals were anesthetized with isoflurane,

and the reagents were injected into the subarachnoid space

through a 30G needle.

Real-Time Quantitative PCR

The total RNA of the DRG was extracted using TRIzol

reagent (Invitrogen, Carlsbad, CA, USA) as described

previously [26]. Quantitative polymerase chain reaction

(qPCR) analysis was performed in a real-time detection

system (RotorGene 6000, Qiagen) by SYBR green I dye

detection (Takara, Japan). The following primers were

used: Cxcr3 forward, 50-TAC CTT GAG GTT AGT GAA

CGT CA-30; Cxcr3 reverse, 50-CGC TCT CGT TTT CCC

CAT AAT C-30; Cxcl9 forward, 50-GGA GTT CGA GGA

ACC CTA GTG-30; Cxcl9 reverse, 50-GGG ATT TGT

AGT GGA TCG TGC-30; Cxcl10 forward, 50-TGA ATC

CGG AAT CTA AGA CCA TCA A-30; Cxcl10 reverse, 50-
AGG ACT AGC CAT CCA CTG GGT AAA G-30; Cxcl11
forward, 50-GGC TTC CTT ATG TTC AAA CAG GG-30;
Cxcl11 reverse, 50-GCC GTT ACT CGG GTA AAT TAC

A-30; Gapdh forward, 50-AAA TGG TGA AGG TCG GTG

TGA AC-30; and Gapdh reverse, 50-CAA CAA TCT CCA

CTT TGC CAC TG-30. PCR amplification was performed

at 95�C for 3 min followed by 40 cycles of cycling at 95�C
for 10 s and 60�C for 30 s. Gapdh was used as an internal

control for normalization. The ratios of mRNA levels were

calculated using the -DDCt method (2-DDCt).

Immunohistochemistry

For immunofluorescence staining, mice were deeply anes-

thetized and transcardially perfused with 4% paraformalde-

hyde. DRG sections were cut at 15 lm on a cryostat and

processed for immunostaining as previously described

[27]. The following primary antibodies were used: CXCR3

(rabbit, 1:200, Boster Biological Technology, Wuhan,

China), CXCL10 (goat, 1:100, R&D Systems, Min-

neapolis, MN, USA), b3-tubulin (mouse, 1:500, R&D

Systems), IBA-1 (goat, 1:1000, Abcam, Cambridge, MA,
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USA and rabbit, 1:3000, Wako, Japan), and GFAP (mouse,

1:5000, Millipore, Billerica, MA, USA). The sections were

then incubated with Cy3- or Alexa 488-conjugated sec-

ondary antibodies (1:1000, Jackson, West Grove, PA,

USA). A Leica SP8 confocal microscope was used to

examine the stained sections and capture images.

ND7/23 Cell Culture

ND7/23 cells were maintained in high-glucose Dulbecco’s

modified Eagle’s medium (DMEM, Corning, USA) sup-

plemented with 10% fetal bovine serum and 1% penicillin-

streptomycin. The cells were plated in 12-well plates under

5% CO2 and 95% O2 at 37�C. Experiments were performed

when the cells had grown to 90% confluence. Prior to

stimulation with CXCL10 (10 ng/mL), high glucose

DMEM was replaced with Opti-MEM (Corning, USA).

Cells were incubated with CXCL10 for 30 min, 60 min, 3

h, or 6 h depending on the experiment. After treatment, the

cells were collected for Western blot.

Western Blot

The DRG tissue and cells were homogenized in a lysis

buffer containing protease and phosphatase inhibitors

(Sigma, St. Louis, MO, USA). The BCA Protein Assay

was used to determine the protein concentrations. SDS-

PAGE and western blot were performed as previously

described [27]. The following antibodies were used: pp38

(rabbit, 1:1000, Cell Signaling, Boston, MA, USA), p38

(rabbit, 1:1000, Cell Signaling), pERK (rabbit, 1:1000, Cell

Signaling), ERK (rabbit, 1:1000, Cell Signaling), and

IRDye 800CW secondary antibody. The images were

captured by an Odyssey Imaging System (LI-COR Bio-

science, Lincoln, NE, USA).

Lentiviral Vector Production and DRG

Microinjection

shRNAs targeting the sequence of mouse Cxcr3 (50-CTG
AAC TTT GAC AGA ACC T-30. Gene Bank Accession:

NM_009910.2) and a scrambled sequence (50-TTC TCC

GAA CGT GTC ACG T-30, negative control, NC) were

designed. Recombinant lentivirus containing Cxcr3 shRNA

(LV-Cxcr3 shRNA) or NC shRNA (LV-NC) was packaged

using the pGCSIL-GFP vector by Shanghai GeneChem.

The knockdown effect of the Cxcr3 shRNA had been tested

in our previous study [26]. Before the DRG microinjection,

we exposed the unilateral L5 DRG. The LV-Cxcr3 shRNA

(2 lL) was injected into the DRG through a glass

micropipette. The same volume of LV-NC shRNA was

used as a control. The glass micropipette was removed 10

min after administration.

Behavioral Testing

Mice were habituated to the testing environment daily for 2

days before experiments. For mechanical allodynia, the

mice were put in metal mesh boxes and allowed *1 h for

habituation. The paw withdrawal threshold was measured

according to the logarithmically incremental stiffness of

von Frey filaments (0.02 g, 0.04 g, 0.07 g, 0.16 g, 0.40 g,

0.60 g, 1.0 g, and 2.0 g) with an up-down method to assess

tactile allodynia [28]. To test heat hyperalgesia, the mice

were put in a plastic box placed on a glass plate. A beam of

radiant heat was applied to the plantar surface through the

transparent glass surface [29] and the paw withdrawal

latency was recorded. The baseline latency was adjusted to

10 s–15 s, and 20 s was used as the cutoff to prevent

potential injury.

Preparation of DRG Neurons and Electrophysiolog-

ical Recording

DRG neurons from mice 4–6 weeks old were dissociated

and cultured as described previously [20]. In brief, the mice

were deeply anesthetized by exposure to isoflurane.

Lumbar DRGs (L4–L6) were quickly excised and placed

in ice-cold oxygenated artificial cerebrospinal fluid (ACSF)

[27]. After removing the connective tissue, the ganglia

were transferred to a dissecting solution containing colla-

genase D and trypsin, and then washed and transferred into

normal oxygenated ACSF at room temperature for

recording.

The electrophysiological recording was performed as

previously described [20]. In brief, neurons were visualized

under an upright infrared-differential interference contrast

microscope (BX51WI, Olympus). The patch pipettes were

pulled from borosilicate glass capillaries using a P-97

Flaming micropipette puller (Sutter Instruments). The

initial resistance was 4 MX–8 MX when filled with the

internal solution. A Multiclamp 700B amplifier (Molecular

Devices) was used for the whole-cell patch-clamp record-

ing. Signals were acquired and analyzed with pClamp 10

software (Axon Instruments).

We chose neurons with diameters \ 25 lm for

recording. Membrane potential was measured with a

pipette solution containing (in mmol/L): 120 potassium

gluconate, 2 MgCl2, 0.3 EGTA, 10 HEPES, 20 KCl, and 4

Na2ATP. To study the excitability of neurons, the resting

potential (RP) and action potentials (APs) were recorded.

APs were evoked by a series of ramp currents (Current

intensity, 100 pA–300 pA; duration, 1 s).

For drug treatment, the ganglia were incubated with

CXCL9, CXCL10, or CXCL11 for 30 min before record-

ing. The P38 inhibitor SB203580 was incubated for 30 min
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before co-treatment with CXCL10. Experimental data were

analyzed using Clampfit (version 8.0; OriginLab).

Quantification and Statistics

GraphPad Prism v5.0 was used for statistical analyses. All

of the results are presented as mean ± SEM. The

behavioral data were analyzed by two-way repeated

measures (RM) ANOVA followed by the Bonferroni test.

The qPCR data were analyzed by one-way ANOVA

followed by the Bonferroni test. For western blot, the

density of specific bands was measured with ImageJ (NIH,

Bethesda, MD, USA). Differences between two groups

were compared using Student’s t-test. For all experiments,

P \ 0.05 was considered to be significant (*P \ 0.05,

**P\ 0.01, ***P\ 0.001).

Results

SNL Increases CXCR3 Expression in DRG Neurons

We first used qPCR to check the time-course of Cxcr3

mRNA expression in the DRG after SNL or sham-

Fig. 1 SNL increases CXCR3 expression in DRG neurons. A Time-

course of Cxcr3 mRNA expression in the DRG from naı̈ve, sham-,

and SNL-operated mice. The mRNA expression of Cxcr3 was

increased at days 3, 10, and 21 after SNL. n = 4–6 mice per group.

*P \ 0.05 vs corresponding sham group; Student’s t-test. B, C
Representative images of CXCR3 immunofluorescence in the DRG

from naı̈ve and SNL mice. CXCR3 was constitutively expressed in

naı̈ve mice (B) and increased in SNL-operated mice (C). D–L Double

immunofluorescence staining showing that CXCR3 mainly co-

localized with the neuronal marker b3-tubulin (D–F), but not with
the macrophage marker IBA-1 (G–I) or the satellite marker GFAP

(J–L) in the DRG 10 days after SNL.
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operation. Compared with sham-operated mice, Cxcr3

mRNA was significantly increased from 3–21 days after

SNL (day 3, 5.75 ± 2.16-fold, P\ 0.05; day 10, 5.84 ±

1.55-fold, P\ 0.01; day 21, 6.85 ± 2.09-fold, P\ 0.05;

Student’s t-test; Fig. 1A). We then checked the CXCR3

distribution in the DRG by immunofluorescence staining.

CXCR3-immunoreactivity (IR) was shown in the DRG

from naı̈ve mice (Fig. 1B), and a marked increase in

CXCR3-IR was induced 10 days after SNL (Fig. 1C). To

define the cellular localization of CXCR3 in the DRG, we

used double-staining of CXCR3 with the neuronal marker

b3-tubulin, the macrophage marker IBA-1, and the satellite

cell marker GFAP. The results showed that the CXCR3

largely co-localized with b3-tubulin (Fig. 1D–F), but not

with IBA-1 (Fig. 1G–I) or GFAP (Fig. 1J–L), suggesting

neuronal expression of CXCR3 in the DRG.

Inhibition of CXCR3 Level in the L5 DRG Alleviates

SNL-Induced Pain Hypersensitivity

To investigate the role of CXCR3 in the DRG in the

pathogenesis of neuropathic pain, we microinjected control

lentivirus (LV-NC) and Cxcr3 shRNA lentivirus (LV-

Cxcr3 shRNA) into the L5 DRG after SNL. Five days after

lentivirus injection, GFP was evident in many DRG

neurons (Fig. 2A, B). We then compared the Cxcr3 mRNA

level in the DRG of sham, LV-NC-treated, and LV-Cxcr3

shRNA-treated SNL mice. qPCR showed that Cxcr3

mRNA was significantly higher in LV-NC shRNA-injected

SNL mice than in sham-operated mice (1 ± 0.31 vs 4.53 ±

0.74, P \ 0.001, one-way ANOVA). In addition, DRG

injection of LV-Cxcr3 shRNA caused a significant reduc-

tion of Cxcr3 mRNA expression compared to LV-NC

shRNA injection (0.60 ± 0.28 vs 4.53 ± 0.74, P\ 0.001,

one-way ANOVA, Fig. 2C), confirming the knockdown

effect of LV-Cxcr3 shRNA in the L5 DRG. We then

checked pain behaviors of the three groups of mice. As

shown in Fig. 2D, E, compared to sham, the mice in the

SNL?LV-NC group showed dramatic decreases in

mechanical allodynia and heat hyperalgesia (P \ 0.001,

two-way RM ANOVA followed by the Bonferroni test).

Furthermore, LV-Cxcr3 shRNA markedly attenuated the

SNL-induced mechanical allodynia at days 5, 10, and 14

after SNL (Treatment, F1,59 = 20.48, P\ 0.0001; Time,

F3,59 = 51.12, P\ 0.0001; Interaction, F3,59 = 3.366, P\
0.05; two-way RM ANOVA; Fig. 2D). LV-Cxcr3 shRNA

treatment also reversed the SNL-induced heat hyperalgesia

at days 5, 10, and 14 (Treatment, F1,62 = 55.30, P\0.0001;

Time, F3,62 = 77.76, P\0.0001; Interaction, F3,62 = 10.04,

P\0.0001; two-way RM ANOVA; Fig. 2E). Collectively,

the results suggest that CXCR3 in the DRG is involved in

the pathogenesis of neuropathic pain.

Fig. 2 Inhibition of CXCR3 in the DRG attenuates neuropathic pain.

A, B GFP fluorescence in a DRG injected with LV-Cxcr3 shRNA (A),
whereas the contralateral DRG has no fluorescence (B). C The mRNA

expression of CXCR3 was increased in the SNL ? LV-NC shRNA

group, and this was decreased in LV-Cxcr3 shRNA group (n = 6 mice

per group; ***P\0.001, one-way ANOVA). D, E Microinjection of

LV-Cxcr3 shRNA lentivirus in the DRG after SNL persistently

alleviated SNL-induced mechanical allodynia (D) and reversed heat

hyperalgesia (E) (n = 8–9 mice per group; *P\ 0.05, **P\ 0.01,

***P\0.001 vs LV-NC group, ###P\0.001 vs sham group; two-way

RM ANOVA followed by the Bonferroni test).
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SNL Increases the mRNA Levels of CXCL9,

CXCL10, and CXCL11, but Only CXCL10

Increases the Excitability of DRG Neurons

Before checking whether the ligands of CXCR3 can

increase neuronal excitability, we briefly examined the

mRNA levels of CXCL9, CXCL10, and CXCL11 in the

DRG after SNL. QPCR showed that Cxcl9 mRNA was

increased on day 21 after SNL (day 21, 21.03 ± 3.99-fold,

P\ 0.01. SNL vs sham, Student’s t-test, Fig. 3A). Cxcl10

mRNA was increased from days 3–21 after SNL (day 3,

5.61 ± 1.68-fold, P\0.05; day 10, 16.71 ± 1.62-fold, P\
0.001; day 21, 21.89 ± 5.51-fold, P\0.001, SNL vs sham,

Student’s t-test, Fig. 3B). Cxcl11 mRNA was increased on

days 10 and 21 (day 10, 2.40 ± 0.36-fold, P\0.01; day 21,

3.25 ± 0.30-fold, P\0.001, SNL vs sham, Student’s t-test,

Fig. 3C). These data suggest that CXCL10 is increased in

the early and late phases, whereas CXCL9 and CXCL11

are increased in the late phase.

We then compared the evoked APs in whole-mount

DRG neurons incubated with CXCL9, CXCL10, or

CXCL11 at 100 ng/mL for 30 min. In responding to 100

pA, 200 pA, and 300 pA ramp currents, the numbers of

APs in control (PBS) neurons were 5.5 ± 0.43, 9.5 ± 0.89,

and 12.4 ± 1.2, respectively. After incubation with CXCL9

or CXCL11, the number of APs was not significantly

changed (CXCL9 vs PBS: Treatment, F1,54 = 0.012, P[
0.05; CXCL11 vs PBS: Treatment, F1,56 = 0.2086, P [

Fig. 3 CXCL10 increases the excitability of DRG neurons. A–
C Time-course of Cxcl9, Cxcl10, and Cxcl11 mRNA expression in

the DRG in naı̈ve, sham-, and SNL-operated mice (n = 5–6 mice per

group; *P\0.05, **P\0.01, ***P\0.001 vs corresponding sham

group; Student’s t-test). D Examples of membrane potential responses

from WT mice evoked by 1000 ms ramp current injection of 100 pA,

200 pA, and 300 pA in neurons incubated with CXCL9, CXCL10, or

CXCL11. E Histogram showing the numbers of APs in DRG neurons

from CXCL9-, CXCL10-, or CXCL11-incubated WT mice (*P \
0.05, **P \ 0.01 vs PBS; two-way RM ANOVA followed by

Bonferroni test). F, G The Resting Potential (F) and CM (G) after

treatment with PBS, CXCL9, CXCL10, or CXCL11. There were no

differences between these groups.
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0.05, two-way ANOVA. Fig. 3D). However, the number of

APs was significantly increased in DRG neurons incubated

with CXCL10 (Treatment, F1,54 = 9.342, P \ 0.01;

Current, F2,54 = 203.2, P \ 0.0001; Interaction, F2,54 =

1.165, P [ 0.05, two-way ANOVA, Fig. 3D, E). We

further compared the RP and the membrane capacitance

(CM), and found no significant difference after incubation

with CXCL9, CXCL10, or CXCL11, compared to PBS

(P[0.05, Student’s t-test, Fig. 3F, G). These data suggest

that CXCL10, but not CXCL9 or CXCL11 increases the

excitability of DRG neurons.

Fig. 4 The neuronal excitability enhanced by CXCL10 or SNL is

decreased in Cxcr3-/- mice. A Examples of membrane potential

responses evoked by 1000-ms current injection of 100 pA, 200 pA,

and 300 pA in PBS- and CXCL10-treated neurons from Cxcr3-/-

mice. B Histogram showing no difference in the numbers of APs in

PBS- and CXCL10-treated DRG neurons from Cxcr3-/- mice (two-

way ANOVA). C, D No difference in resting potential (C) and CM

(D) between PBS- and CXCL10-treated neurons from Cxcr3-/- mice

(Student’s t-test). E Examples of membrane potential responses

evoked by 1000-ms ramp current injection of 100 pA, 200 pA, and

300 pA in neurons from naı̈ve WT and Cxcr3-/- mice. F Histogram

showing no difference in the numbers of APs in DRG neurons

between WT mice and Cxcr3-/- mice (two-way ANOVA). G,

H Both the resting potential (G) and CM (H) were comparable in WT

and Cxcr3-/- mice (Student’s t-test). I Examples of membrane

potential responses evoked by 1000-ms ramp current injection of 100

pA, 200 pA, and 300 pA in neurons from SNL-treated WT and

Cxcr3-/- mice. J Histogram showing a difference in the numbers of

APs in DRG neurons between WT and Cxcr3-/- mice when the

injection current is 200 pA (*P \ 0.05 vs WT; two-way ANOVA

followed by the Bonferroni test). K The resting potential of neurons

from Cxcr3-/- mice is significantly higher than that in WT mice

(**P\ 0.01; Student’s t-test). L There is no difference between the

two groups in CM.
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The Enhanced Excitability of DRG Neurons After

CXCL10 Incubation or SNL is Dependent

on CXCR3

To check if the increased neuronal excitability induced by

CXCL10 is dependent on CXCR3, DRG neurons from

Cxcr3-/- mice were incubated with PBS or CXCL10. In

responding to 100 pA, 200 pA, and 300 pA ramp currents,

CXCL10 induced numbers of APs similar to PBS in DRG

neurons from Cxcr3-deficient mice (Treatment, F1,56 =

0.003, P [ 0.05; Current, F2,56 = 132.3, P \ 0.001;

Interaction, F2,56 = 2.427, P [ 0.05, two-way ANOVA;

Fig. 4A, B). In addition, the number of APs induced by

CXCL10 in Cxcr3-/- mice was much smaller than that in

WT mice (data shown in Fig. 3E: Treatment, F1,54 = 8.875,

P\ 0.01; Current, F2,54 = 268.8, P\ 0.001; Interaction,

F2,54 = 4.440, P\ 0.05, two-way ANOVA). In Cxcr3-/-

mice, the RP and CM were comparable in the PBS and

CXCL10 groups (P[ 0.05, Student’s t-test; Fig. 4C, D).

These data suggest that CXCL10 increases neuronal

excitability via CXCR3.

The excitability of DRG neurons increases after SNL

[27]. To further determine if CXCR3 is involved in this

increased excitability, we dissected DRGs from WT and

Cxcr3-/- mice with or without SNL. In naı̈ve mice, there

was no significant difference of the AP numbers from WT

and Cxcr3-/- mice (Treatment, F1,52 = 0.380, P[ 0.05;

Current, F2,52 = 262.2, P\0.001; Interaction, F2,52=0.055,

P[0.05, two-way ANOVA; Fig. 4E, F). The RP (Fig. 4G)

and CM (Fig. 4H) were also comparable in the two groups.

In WT and Cxcr3-/- mice 7 days after SNL, in responding

to 100 pA, 200 pA, and 300 pA ramp current stimulation,

the APs of DRG neurons in Cxcr3-/- mice were signif-

icantly fewer than those in WT mice (Treatment, F1,54 =

5.506, P \ 0.05; Current, F2,54 = 126.9, P \ 0.001;

Interaction, F2,54 = 2.856, P\ 0.001, two-way ANOVA;

Fig. 4I, J). The RP of neurons from Cxcr3-/- mice was

significantly higher than that in WT mice (P \ 0.01,

Student’s t-test; Fig. 4K), and there was no significant

difference between the two groups in CM (P [ 0.05,

Student’s t-test; Fig. 4L). These results confirm the role of

CXCR3 in enhancing neuronal excitability after SNL.

Fig. 5 SNL increases CXCL10 expression in DRG neurons. A–
C Fluorescence immunostaining of CXCL10 in the DRG of naı̈ve

(A), sham (B), and SNL (C) mice. CXCL10 has low expression in

naı̈ve and sham mice, and is increased in SNL mice. D–F Double

immunostaining of CXCL10 with b3-tubulin (D), IBA-1 (E), and
GFAP (F). CXCL10 is co-localized with b3-tubulin, but not with
IBA-1 or GFAP. G–I Double staining of CXCL10 (G) and CXCR3

(H) showing high co-localization (I).
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CXCL10 is Expressed in DRG Neurons

As CXCL10 plays a major role in mediating neuronal

excitability, we further checked the expression and distri-

bution of CXCL10 by immunostaining. CXCL10-IR was

low in the DRGs of naı̈ve (Fig. 5A) and sham-operated

mice (Fig. 5B), but was higher in the DRGs of SNL mice

(Fig. 5C), confirming the upregulation of CXCL10 after

SNL.

To examine CXCL10 distribution in the DRG, we

double-stained for CXCL10 with b3-tubulin, IBA-1, and
GFAP. This showed that CXCL10 was co-localized with

b3-tubulin (Fig. 5D), but not with IBA-1 (Fig. 5E) or

GFAP (Fig. 5F), indicating the predominant expression of

CXCL10 by neurons in the DRG. Furthermore, double-

staining of CXCL10 and CXCR3 showed that 94.0% of

CXCL10? neurons also expressed CXCR3, and 96.4% of

CXCR3? neurons expressed CXCL10 (Fig. 5G–I), indi-

cating high co-localization of CXCL10 and CXCR3.

CXCL10 Induces CXCR3-Dependent p38 and ERK

Activation

P38 and ERK are important MAPKs in mediating chronic

pain [21]. To determine whether CXCL10 can activate p38

and ERK, we checked the pp38 and pERK expression in

ND7/23 cells after incubation with CXCL10 (10 ng/mL).

The results showed that pp38 expression was significantly

increased after 30 min, 1 h, and 3 h of incubation (30 min,

1.43 ± 0.04-fold, P\ 0.001; 1 h, 1.27 ± 0.08-fold, P\
0.05; 3 h, 1.23 ± 0.04-fold, P \ 0.05, Student’s t-test;

Fig. 6A, B). pERK expression did not significantly change

Fig. 6 CXCL10 increases pERK and P38 activation via CXCR3. A,
B Incubation of CXCL10 (10 ng/mL) increases pp38 expression at 30

min, 1 h, and 6 h (n = 3/group; *P\ 0.05, ***P\ 0.001 vs control
group; Student’s t-test). C, D Incubation with CXCL10 (10 ng/ml)

increases pERK expression at 3 h (n = 3/group; *P\0.05 vs control

group; Student’s t-test). E, F Intrathecal injection of CXCL10 (100

ng) induces the activation of p38 and ERK in WT mice, but not in

Cxcr3-/-mice (n = 3/group; **P\0.01, ***P\0.001 vs PBS group;

Student’s t-test).
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after 30 min or 1 h, but significantly increased after 3 h of

incubation (1.28 ± 0.09-fold, P \ 0.05, Student’s t-test;

Fig. 6C, D).

Based on this in vitro data, we further checked the pp38

and pERK expression in the DRG 3 h after intrathecal

injection of CXCL10 in WT and Cxcr3-/- mice. As shown

in Fig. 6E, CXCL10 induced a significant increase in pp38

expression (P \ 0.001, Student’s t-test) and pERK

expression (P \ 0.01, Student’s t-test) in WT mice.

However, pp38 and pERK expression did not significantly

change after CXCL10 injection in Cxcr3-/- mice (P [
0.05, Student’s t-test; Fig. 6E). These results suggest that

CXCL10 induces the activation of pERK and pp38 through

CXCR3 in DRG neurons.

P38 Mediates CXCL10-Induced Neuronal

Hyperexcitability

As CXCL10 induced rapid (30 min) p38 activation in

ND7-23 cells, we asked whether the CXCL10-induced

hyperexcitability of DRG neurons (incubation for 30 min)

is mediated by p38. We pre-incubated whole-mount DRGs

with the p38 MAPK inhibitor SB203580 (10 lmol/L) [20]

for 30 min before CXCL10 treatment. In contrast to

vehicle, the number of APs in DRG neurons pretreated

with SB203580 was significantly less than neurons treated

with CXCL10 only (Treatment, F1,44 = 25.23, P\ 0.001;

Current, F2,44 = 274.6, P \ 0.0001; Interaction, F2,44 =

4.799, P\ 0.001, two-way ANOVA; Fig.7 A, B). There

was no difference between the two groups in RP (P[0.05,

Student’s t-test, Fig. 7C) and CM (P[ 0.05, Student’s t-

test, Fig. 7D). These results suggest that p38 mediates the

CXCL10-induced hyperexcitability of DRG neurons.

Discussion

A growing body of evidence shows that several chemokine

receptors are upregulated in the spinal cord and contribute

to the pathogenesis of neuropathic pain [2, 5, 7, 8].

However, the role of chemokine receptors in the DRG in

neuropathic pain has not been fully investigated. We

showed that CXCR3 was persistently increased in DRG

neurons after SNL, and specific inhibition of CXCR3 in the

DRG attenuated the SNL-induced mechanical allodynia

and heat hyperalgesia. In addition, although the three

ligands of CXCR3 were upregulated in the DRG after SNL,

only CXCL10 increased neuronal excitability in the whole-

mount DRG, and this was CXCR3-dependent. In addition,

the SNL-induced neuronal hyperexcitability was reduced

in Cxcr3-deficient mice. We also found that CXCL10

induced CXCR3-dependent activation of p38 and ERK in

the DRG. Inhibition of p38-MAPK decreased the

CXCL10-induced hyperexcitability of DRG neurons

(Fig. 7E). Thus, our data reveal an important role of

CXCL10/CXCR3 in the DRG in regulating neuronal

excitability and neuropathic pain.

Upregulation of CXCR3 in DRG Neurons

and the Involvement of CXCR3 in the Pathogenesis

of Neuropathic Pain

Previous studies have demonstrated that CXCR3 is consti-

tutively expressed in a subpopulation of neurons in the

neocortex, hippocampus, striatum, and spinal cord where it

plays a vital role in the pathogenesis of a variety of

neuroinflammatory and neurodegenerative diseases,

including Alzheimer’s disease, bipolar disorder, multiple

sclerosis, and chronic itch [26, 30–32]. In the spinal cord,

CXCR3 expression is increased in neurons, microglia, and

astrocytes in animal models of neuropathic pain and cancer

pain [7, 12]. Here, we showed that CXCR3 was expressed

in DRG neurons and increased after SNL. In agreement

with our results, CXCR3 is increased in DRG neurons in

the bone cancer pain model in rats and in the chronic

constriction injury model in mice [12, 33]. In addition,

CXCR3 is distributed in non-peptidergic, peptidergic, and

A-type neurons in the DRG [12, 33], suggesting wide

expression in all DRG neurons.

We previously reported that Cxcr3-/- mice show

normal basal pain thresholds and motor function [7],but

SNL-induced mechanical allodynia and heat hyperalgesia

are alleviated from day 3 to day 28 [7]. Intrathecal injection

of the CXCR3-specific antagonist NBI-74330 alleviates the

chronic pain symptoms induced by SNL, chronic constric-

tion injury, or bone cancer [7, 12, 33]. Intraspinal injection

of LV-Cxcr3 shRNA to specifically inhibit CXCR3 in the

spinal cord attenuates the SNL-induced mechanical allo-

dynia and heat hyperalgesia [7], indicating a role of spinal

CXCR3 in the maintenance of neuropathic pain. In the

present study, we injected LV-Cxcr3 shRNA into the DRG

immediately after the SNL operation. As it usually takes

3–4 days for shRNA to show an effect [5, 6], we started to

examine the pain behaviors 5 days after injection. The

behavioral data showed that SNL-induced mechanical

allodynia and heat hyperalgesia were attenuated from day

5 after SNL and maintained for[14 days, suggesting that

CXCR3 in the DRG also plays a role in the maintenance of

neuropathic pain.

CXCL10, but not CXCL9 or CXCL11, Regulates

Neuronal Excitability of DRG Sensory Neurons via

CXCR3

Hyperexcitability of injured DRG neurons is critical in the

development and maintenance of neuropathic pain
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following peripheral nerve injury [34, 35]. Voltage-gated

Na? channels (VGSCs) are well-known to play critical

roles in regulating the excitability of neurons [36]. Nav1.3,

Nav1.7, Nav1.8, and Nav1.9 have been demonstrated to be

linked to pathological pain by regulating the AP and firing

properties of DRG neurons [36]. Accumulating evidence

supports the idea that the function of VGSCs can be

regulated by inflammatory mediators, such as pro-inflam-

matory cytokines and chemokines [16]. Recent studies

have shown that chemokines including CCL2, CXCL1, and

CXCL13 regulate the Na? currents of DRG neurons via

increasing the expression of Nav1.7 and Nav1.8 or

increasing the current density [17, 18, 20, 37]. Accord-

ingly, inhibition or deletion of Nav1.7, Nav1.8, and Nav1.9

attenuates neuropathic pain [38, 39].

In the present study, SNL increased the expression of

CXCL9, CXCL10, and CXCL11 with different time-

courses. CXCL9 and CXCL11 were only increased in the

late phase but CXCL10 was persistently increased after

SNL. Surprisingly, incubating DRG neurons with CXCL10

increased their excitability, whereas the same dose of

CXCL9 and CXCL11 did not affect the numbers of APs.

Fig. 7 P38 mediates CXCL10-

induced neuronal hyperex-

citability. A Examples of mem-

brane potential responses

evoked by 1000-ms ramp cur-

rent injection of 100, 200, and

300 pA in neurons treated with

SB203580?CXCL10 and

CXCL10 only. B Histogram

showing a significant decrease

in the numbers of APs in DRG

neurons pretreated with

SB203580 compared to

CXCL10 only (**P\ 0.01,

***P\ 0.001; two-way

ANOVA followed by the Bon-

ferroni test). C, D DRG neurons

incubated with

SB203580?CXCL10 and

CXCL10 show no differences in

resting potential (C) and CM

(D) (Student’s t-test).
E Schematic of the mechanism

by which CXCL10/CXCR3

mediates neuropathic pain. SNL

increases the expression of

CXCL10 and CXCR3 in DRG

neurons. CXCL10 is released

and acts on CXCR3 to induce

the activation of p38 and ERK,

which further phosphorylate

VGSCs, enhance the excitability

of DRG neurons, and contribute

to neuropathic pain.
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Our previous study also found that intrathecal injection of

CXCL9 or CXCL11 does not induce pain hypersensitivity

in naı̈ve mice [13]. In addition, CXCL10 increases the

frequency and amplitude of spontaneous excitatory post-

synaptic currents (sEPSCs) [7], and CXCL9 and CXCL11

increase the frequency of both sEPSCs and spontaneous

inhibitory PSCs in lamina II neurons [13], suggesting a

distinct and presynaptic effect of CXCL9 and CXCL11. It

has been reported that CXCL9, CXCL10, and CXCL11

have different binding affinities for CXCR3 [40–42], and

activation of CXCR3 by the three ligands requires distinct

intracellular domains and causes differences in the down-

stream responses [43]. Whether the different roles of

CXCL9/CXCL11 and CXCL10 in DRG neurons are due to

the special intracellular structure of CXCR3 needs to be

further investigated. In addition, here we only examined

the effect of CXCL9/CXCL10/CXCL11 on the excitability

of small-diameter neurons. As CXCR3 is also expressed in

large DRG neurons, and these neurons could be sensitized

by cell-type switching through over-expression of the

hyperpolarization-activated cyclic nucleotide-gated chan-

nel (HCN1/2) and COX1 and are important in the

maintenance of inflammatory pain [44], it is important to

test the roles of the three chemokines in the excitability of

large DRG neurons in future studies.

CXCL10/CXCR3 Activates p38 and ERK MAPKs

in the DRG

Microarray assays showed that CXCL10 is one of the

highly upregulated chemokines in the spinal cord after

SNL [7]. In addition, CXCL10 is constitutively expressed

in dorsal horn neurons but induced in astrocytes after SNL

and mediates neuropathic pain via astrocyte-neuron inter-

action in the spinal cord [7]. We also found an increase of

CXCL10 in the DRG from 3 to 21 days after SNL, a time-

course similar to that in the spinal cord [7]. In contrast,

CXCL10 is expressed in neurons of the DRG in both naı̈ve

and SNL animals. As CXCR3 is also expressed in neurons

and CXCL10 and CXCR3 are highly co-localized,

CXCL10/CXCR3 signaling may have an autocrine/para-

crine function within the DRG. It is noteworthy that the

cellular distribution of chemokines and receptors may vary

depending on tissues and conditions. For example, CCL2 is

expressed in astrocytes in the spinal cord but in neurons in

the nucleus accumbens [45] and DRG [46]. In addition,

different chemokines and their receptors may have differ-

ent cellular distributions in the DRG. For example,

CXCL12 and its receptor CXCR4 are respectively

expressed in satellite glial cells and neurons in the DRG,

and participate in the MAPK-mediated up-regulation of ion

channels (such as Nav1.8, HCN1/2, and COX1) via glial-

neuronal interactions [37, 47]. On the contrary, CX3CL1 is

released from DRG neurons and binds to CX3CR1 on

satellite cells, resulting in the production of proinflamma-

tory cytokines [48].

The binding of chemokines to their cognate receptors

triggers structural rearrangements of the receptor and leads

to the activation of intracellular signaling pathways, such

as the phospholipase C pathway, the phosphatidyl inositol-

3 kinase (PI3K) pathway, and the MAPK pathway [4].

Previous studies have demonstrated that CXCR3 can

activate several intracellular kinases, such as Ras/ERK,

PI3K/AKT, and STAT3 [49, 50]. CXCL10/CXCR3

induced ERK activation in dorsal horn neurons [7]. In

ND7-23 neuronal cells, CXCL10 induced a rapid p38

activation a delayed ERK activation. Intrathecal injection

of CXCL10 induced the activation of p38 and ERK in WT

mice, but not in Cxcr3-deficient mice, suggesting that p38

and ERK are downstream of CXCL10/CXCR3. pp38 and

Nav1.8 are co-localized in DRG neurons [24], and p38

directly phosphorylates Nav1.8 to increase Nav1.8 current

density [25]. Here, we showed that a p38 inhibitor reduced

the CXCL10-induced hyperexcitability of DRG neurons,

which may also be mediated by regulation of the function

of Nav1.8. As the DRG neurons were incubated with

CXCL10 for 30 min before electrophysiological recording,

but ERK activation was induced 3 h after incubation, we

did not examine the effect of an MEK inhibitor on the

hyperexcitability induce by CXCL10. Given that CXCL10

was persistently increased in the DRG after SNL, ERK

may also be involved in the increased neuronal excitability

by directly regulating the function of Nav1.7 [24] or

increasing the expression of Na? channels [23].

In summary, we explored the role of CXCR3 signaling

in the DRG in neuropathic pain. Our results demonstrated

that CXCR3 can be activated by CXCL10 and induces

downstream p38 and ERK activation, which increases

neuronal excitability and further contributes to the main-

tenance of neuropathic pain. Combined with the important

role of CXCL10/CXCR3 in the spinal cord in central

sensitization, the CXCL10/CXCR3 pathway may be a

promising target for the treatment of neuropathic pain.
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