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Abstract

Background: Chemokine-mediated neuroinflammation plays an important role in the pathogenesis of neuropathic pain. The
chemokine CC motif ligand 7 (CCL7) and its receptor CCR2 have been reported to contribute to neuropathic pain via
astrocyte-microglial interaction in the spinal cord. Whether CCL7 in the trigeminal ganglion (TG) involves in trigeminal
neuropathic pain and the involved mechanism remain largely unknown.

Methods: The partial infraorbital nerve transection (pIONT) was used to induce trigeminal neuropathic pain in mice. The expression of
Cd7, Cerl, Cer2, and Ccr3 was examined by real-time quantitative polymerase chain reaction. The distribution of CCL7, CCR2, and CCR3
was detected by immunofluorescence double-staining. The activation of extracellular signal-regulated kinase (ERK) was examined by
Western blot and immunofluorescence. The effect of CCL7 on neuronal excitability was tested by whole-cell patch clamp recording. The
effect of selective antagonists for CCRI, CCR2, and CCR3 on pain hypersensitivity was checked by behavioral testing.

Results: Ccl7 was persistently increased in neurons of TG after plONT, and specific inhibition of CCL7 in the TG effectively
relieved plONT-induced orofacial mechanical allodynia. Intra-TG injection of recombinant CCL7 induced mechanical allodynia
and increased the phosphorylation of ERK in the TG. Incubation of CCL7 with TG neurons also dose-dependently enhanced the
neuronal excitability. Furthermore, plONT increased the expression of CCL7 receptors Ccrl, Ccr2, and Ccr3. The intra-TG
injection of the specific antagonist of CCR2 or CCR3 but not of CCR alleviated plONT-induced orofacial mechanical allodynia
and reduced ERK activation. Inmunostaining showed that CCR2 and CCR3 are expressed in TG neurons, and CCL7-induced
hyperexcitability of TG neurons was decreased by antagonists of CCR2 or CCR3.

Conclusion: CCL7 activates ERK in TG neurons via CCR2 and CCR3 to enhance neuronal excitability, which contributes to
the maintenance of trigeminal neuropathic pain. CCL7-CCR2/CCR3-ERK pathway may be potential targets for treating
trigeminal neuropathic pain.

Keywords
Chemokine ligand 7, chemokine ligand 2, chemokine receptor 3, trigeminal ganglion, trigeminal neuropathic pain

Date Received: 16 February 2023; Revised || March 2023; accepted: 26 March 2023

Institute of Pain Medicine and Special Environmental Medicine, Co-Innovation Center of Neuroregeneration, Nantong University, Nantong, China

fLin-Peng Zhu and Meng-Lin Xu contributed equally to this work.

Corresponding Authors:

Ling-Jie Ma, Institute of Pain Medicine and Special Environmental Medicine, Co-Innovation Center of Neuroregeneration, Nantong University, 9 Seyuan Road,
Nantong 226019, China.

Email: malingjie@ntu.edu.cn

Yong-Jing Gao, Institute of Pain Medicine and Special Environmental Medicine, Co-Innovation Center of Neuroregeneration, Nantong University, 9 Seyuan Road,
Nantong 226019, China.
Email: gaoyongjing@ntu.edu.cn

@ @ Creative Commons Non Commercial CC BY-NC: This article is distributed under the terms of the Creative Commons
Attribution-NonCommercial 4.0 License (https://creativecommons.org/licenses/by-nc/4.0/) which permits non-commercial use,

reproduction and distribution of the work without further permission provided the original work is attributed as specified on the SAGE and
Open Access pages (https://us.sagepub.com/en-us/nam/open-access-at-sage).



https://us.sagepub.com/en-us/journals-permissions
https://doi.org/10.1177/17448069231169373
https://journals.sagepub.com/home/mpx
https://orcid.org/0000-0003-0664-6163
https://orcid.org/0000-0002-7432-7458
mailto:malingjie@ntu.edu.cn
mailto:gaoyongjing@ntu.edu.cn
https://creativecommons.org/licenses/by-nc/4.0/
https://us.sagepub.com/en-us/nam/open-access-at-sage

Molecular Pain

Introduction

Trigeminal nerve damage-induced neuropathic pain is a se-
verely debilitating chronic orofacial pain syndrome and often
refractory to treatment. However, the pathological mecha-
nisms of this neuropathic pain are still poorly understood.'
Neuroinflammation mediated by chemokines and cytokines
plays an important role in the development and maintenance
of chronic pain.2 Chemokines including CCL2, CCL7,
CXCL10, CXCL12, and CXCL13 and their corresponding
receptors are up-regulated in the dorsal root ganglion (DRG)
and spinal cord after nerve injury, and inhibition of their
expression relieves neuropathic pain.>® Moreover, CCL2,
CXCL13, and CXCL10 are also increased in the trigeminal
ganglion (TG) after trigeminal nerve injury and contribute to
trigeminal neuropathic pain.’"!

CCL7, also known as monocyte chemoattractant protein
(MCP)-3, is a member of CC chemokine subfamily and plays
pivotal roles in numerous inflammatory diseases.'* '* It was
first identified from the supernatant of cytokine-stimulated
human osteosarcoma cells.'> CCL7 exists in a variety of cell
types and involves in innate and adaptive immunity and
cardiovascular, diabetes, and kidney diseases.'® It can be up-
regulated by cytokines such as interleukin (IL)-1, tumor
necrosis factor (TNF)-a and down-regulated by 1L-4 and IL-
10.'°2% In the rapidly growing transcriptome database, it
showed that chronic constriction injury (CCI) of sciatic nerve
increased CCL7 expression in the DRG, spinal cord, and
anterior cingulate cortex of rats.*** Moreover, CCL7 is
highly up-regulated in spinal astrocytes after partial sciatic
nerve ligation (pSNL).” Our gene microarray data showed
that partial infraorbital nerve transection (pIONT) induces
CCL7 up-regulation in the TG of mice.”* However, the
function of CCL7 in the TG in orofacial neuropathic pain has
not been studied yet.

Many CC chemokines have more than one receptor.”
CCL7 binds to several receptors including CCR1, CCR2,
CCR3, and CCRS5."*2® Imai et al.’ investigated the role of
CCL7/CCR2 in neuropathic pain by pSNL model. CCL7 is
produced by spinal astrocytes and acts on CCR2 in microglia,
thereby inducing spinal microglial activation. CCL7 can also
activate CCR1>” and CCR3.*® However, CCL7 binds CCRS
with high affinity without eliciting a functional response and
therefore is considered a natural antagonist of CCR5.>’

The binding of chemokine and receptor leads to the activation
of intracellular signaling pathways, such as the mitogen-
activated protein kinases (MAPKs), phospholipase C (PLC)
pathway, and phosphoinositide 3-kinases (PI3K).***' The
MAPKSs members including extracellular signal-regulated kinase
(ERK), p38, and c-Jun N-terminal kinase (JNK) are activated in
the DRG and spinal cord by peripheral nerve injury.** Similarly,
phosphorylated ERK, p38 and JNK are accumulated, increasing
excitability of sensory neurons and thus facilitating mechanical
allodynia in trigeminal neuropathic pain models.'®'"**3*
Activation of MAPKSs leads to the expression of new proteins

(e.g. pro-inflammatory mediators) or enhancing the function of
key ion channels or receptors (e.g. sodium channels and
TPRV1).* Intra-ganglionic injection of a p38 selective inhibitor
SB203580 or ERK inhibitor PD98059 attenuated partial in-
fraorbital nerve ligation (pIONL)-induced pain and the ex-
pression of TNF-a and IL-1p in the TG.'** Up to now, whether
ERK mediates the function of CCL7 has not been investigated.

Here, we investigated the function and mechanism of
CCL7 in regulating neuronal excitability and trigeminal
neuropathic pain using pIONT model in mice, hypothesizing
that downstream receptors are activated by CCL7 in the TG,
which further enhances ERK-dependent neuronal excitability
and exacerbates trigeminal neuropathic pain.

Materials and methods

Animals and surgery

ICR mice (male, 6-8 weeks old) were purchased from the
Experimental Animal Center of Nantong University. All mice
were housed in standard polycarbonate cages under controlled
ambient temperature (22—24°C) and humidity range of 40—60%,
with a 12:12 h dark-light cycle, and allowed ad libitum access to
water and food. The experimental and surgical procedures were
reviewed and approved by the Animal Care and Use Committee
of Nantong University. Animal treatments were performed in
accordance with the guidelines of the International Association
for the Study of Pain. For the pIONT surgery, the mouse was
anesthetized and laid on the back. The oral cavity was exposed.
A 1-mm longitudinal incision on the left buccal mucosa and at
the level of the maxillary first molar was made to expose the
infraorbital nerve (ION). The ION was then isolated and ap-
proximately one half of the nerve was tightly ligated with 6-0
silk suture and then transected just distal to the ligature. The
buccal mucosa tissue was then sutured.*® For the sham-operated
mice, the [ON was exposed but not ligated or transected.

Drugs and administration

The recombinant mouse CCL7 was purchased from Sino Bio-
logical (Beijing, China). Cc/7 siRNA and negative control siRNA
(NC siRNA) were designed by Gene Pharma (Suzhou, China).
The selective CCR1 antagonist BX471, CCR2 antagonist
RS504393, and CCR3 antagonist SB328437 were purchased
from Tocris (Bristol, UK). For Intra-TG injection, the animals
were anesthetized with isoflurane and drugs were injected with a
30 G needle from the infraorbital foramen to the foramen ro-
tundum. The tip of the needle terminated at the medial part of the
TG, and the siRNA or antagonists (5 uL) were slowly delivered.

Real-time quantitative polymerase chain
reaction (qPCR)

The total RNA of the TG was extracted using TRIzol reagent
(Invitrogen, Carlsbad, CA, USA) as described previously.*®
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Table 1. The primer sequences of genes for qPCR.

Gene  Primers  Sequences (5'-3)

Ccl7 Forward CCA CAT GCT GCT ATG TCA AGA
Reverse =~ ACA CCG ACT ACT GGT GAT CCT

Cerl Forward GCC AAA AGA CTG CTG TAA GAG CC
Reverse  GCT TTG AAG CCT CCT ATG CTG C

Cer2 Forward GCA AGT TCA GCT GCC TGC AA
Reverse = ATG CCG TGG ATG AAC TGA GGT AA

Cer3 Forward TCG AGC CCG AACTGTGACT
Reverse = CCT CTG GAT AGC GAG GAC TG

Gapdh  Forward AAA TGG TGA AGG TCG GTG TGA AC
Reverse = CAA CAA TCT CCA CTT TGC CAC TG

The qPCR analysis was performed in a real-time detection
system (ABI StepOne Plus cycler, Foster City, USA) by
SYBR green I dye detection (Takara, Japan). The sequences
of primers were listed in Table 1. PCR amplification was
performed at 95°C for 30 s 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 —AACt method (224"

Immunohistochemistry

For immunofluorescence staining, mice were deeply anes-
thetized and transcardially perfused with 4% paraformaldehyde.
TG sections were cut at 15 um on a cryostat and processed for
immunostaining as previously described.’” The following pri-
mary antibodies were used: ATF3 (rabbit, 1:1000, Santa Cruz),
CCL7 (rabbit, 1:200, Biorbyt), CCR2 (rabbit, 1:50, Bioss),
CCR3 (rabbit, 1:50, Boster), TUJ1 (mouse, 1:500, R&D Sys-
tems), IBA-1 (goat, 1:500, Abcam), glutamine synthetase
(GS, mouse, 1:1000, Millipore), NF200 (mouse, 1:500, Sigma),
CGRP (goat, 1:3000, Millipore), IB4-FITC (1:200, Sigma),
pERK (rabbit, 1:400, CST). The sections were then incubated
with Cy3-or Alexa 488-conjugated secondary antibodies
(1:1000, Jackson, West Grove, PA, USA). A Nikon Electron
Microscope (Nikon Eclipse NiE, Japan) was used to examine
the stained sections and capture images.

Western blot

The TG tissues were homogenized in a lysis buffer containing
protease and phosphatase inhibitors (Sigma). The BCA
Protein Assay was used to determine the protein concen-
trations. SDS-PAGE and Western blot were performed as
previously described.*® The following antibodies were used:
pERK (rabbit, 1:1000, CST), ERK (rabbit, 1:1000, CST), and
IRDye 800CW donkey anti-rabbit secondary antibody. The
images were captured by the Odyssey Imaging System
(LI-COR Bioscience). Specific bands were evaluated by
apparent molecular size. The intensity of the selected bands
was analyzed using Image J software (NIH, Bethesda, MD).

Behavioral testing

Before assessing the facial pain baseline, the mice were habituated
to the behavioral test cage for 30 min every day for more than
2 days in the behavioral test environment. As previously
described,*®* two von Frey filaments (0.02 g and 0.16 g) were
used to stimulate the ipsilateral infraorbital nerve region, and the
response of the mice was recorded. The filaments were applied to
stimulate for 3 times. The final nocifensive behavior score of three
measurements was calculated according to the following criteria:
score 0, no response or looked around; score 1, exploratory
behavior - the mouse detected the von Frey filament; score 2,
slight withdrawal response—the mouse slowly retracted its face
from the stimulation; score 3, quick and intense withdrawal re-
sponse with paw lifting; score 4, the mouse wiped its face with the
forepaw toward the stimulated facial area less than 3 times; score
5, the mouse wiped its face with the forepaw toward the stim-
ulated facial area more than 3 times.

TG neurons preparation and
electrophysiological recording

ICR mice (6—8 weeks) were decapitated after being an-
esthetized with isoflurane, and then the TGs were quickly
removed and placed in ice-cold 95% O, and 5% CO,-
saturated artificial cerebrospinal fluid (ACSF) containing
the following (in mM): 125 NaCl, 3 KCI, 2.4 CaCl,, 1.2
MgCl,, 1.25 NaH,PO4, 26 NaHCOj;, 10 Glucose, 5
HEPES, adjusted with NaOH to pH 7.4. Under the mi-
croscope, the connective tissues of the TG were carefully
stripped and then the ganglia were transferred to 1 mL of
enzyme solution containing collagenase type I (3.54 mg/
mL Gibco, ThermoFisher) and Dispase II (1.65 mg/mL;
Roche) for 30 min at 37°C, shaking every 5 min. The
ganglia were taken from the enzyme solution, washed and
mechanically dissociated with a flame-polished Pasteur
pipette. Cells were plated on glass cover slips coated with
0.5 mg/mL poly-d-lysine (Gibco, ThermoFisher) and
cultured in a Neurobasal medium (Gibco, ThermoFisher)
supplemented with 10% FBS, 2% B27 supplement
(Gibco, ThermoFisher), and 1% penicillin—streptomycin
(Gibco, ThermoFisher) at 37°C in 5% CO, for 8-12 h
before recording.

The patch-clamp recording experiments were performed at
room temperature, and the ganglia were continuously per-
fused with ACSF saturated with 95% O, and 5% CO,, where
TG neurons could be identified using a x40 water-immersion
objective on a microscope (BX51WI; Olympus). The patch
pipettes were pulled from borosilicate glass capillary using a
flaming micropipette puller (P-97; Sutter Instruments), and
had initial resistance 4~8 M{) when filled with the internal
pipette solution. Membrane voltage and current were am-
plified with a Multiclamp 700B amplifier (Molecular De-
vices). Data were filtered at 2 kHz and digitized at 10 kHz
using a data acquisition interface (1440A, Molecular
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Figure |. pIONT increases CCL7 expression in TG neurons. (a) plONT induced mechanical allodynia which started from 3 days and
maintained for more than 21| days *p < .05, **p <.001. Two-way RM ANOVA followed by the Bonferroni’s test. (b) The ATF3 was rarely
expressed in sham-operated mice but was increased after plONT. (c) The percentage of ATF3" neurons in sham and plONT groups. *p <
.001, student’s t-test. (d) The Ccl7 mRNA expression in the TG from naive, sham-, and plONT-operated mice. ***p < .001 vs. corresponding
sham group. Student’s t-test. n = 7-8 mice per group. (€) Representative images of CCL7 immunofluorescence in the TG from sham and
plIONT mice. CCL7 had low expression in sham-operated mice and was increased in plONT-operated mice. (f) The percentage of CCL7"*
neurons in sham and pIONT groups. ***p < .001, student’s t-test. (g—i) Double immunofluorescence staining shows that CCL7 was mainly
colocalized with the neuronal marker TUJI (g), but not with the satellite marker GS (h), or the macrophage marker IBA-I (i) in the TG

3 days after plONT. (j) The percentage of CCL7/TuJ| double-stained neurons in CCL7" neurons. (k-m) Immunofluorescent images show the
colocalization of CCL7 with NF200 (k), IB4 (I), and CGRP (m) in the TG 3 days after plONT. (n) The percentage of CCL7/NF200, CCL7/1B4,

and CCL7/CGRP in CCL7" neurons.

Devices). The pClamp10 software (Axon Instruments) was
used for signal acquisition and analysis.

Small diameter TG neurons (<25 um) were chosen for
recording.*® For current-clamp, the pipette solution
containing the following (in mM): 121 potassium glu-
conate, 20 KCl, 10 Hepes, 0.2 EGTA, 2 MgCl,, 0.4 GTP-
Tris, 4 Na,ATP, which was adjusted with KOH to pH 7.4.
To study neuronal excitability, action potentials (APs)
evoked by a series of square current stimulation (1000 ms
in duration and 10 pA increments) were recorded.

Quantification and statistics

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’s
test. The qPCR data were analyzed by one-way ANOVA
followed by the Bonferroni’s test. For Western blot, the
density of specific bands was measured with Imagel
(NIH, USA). Differences between two groups were
compared using Student’s #-test. GraphPad Prism v8.0
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Figure 2. CCL7 contributes to plONT-induced mechanical allodynia. (a) Intra-TG injection of Ccl7 siRNA after plONT attenuated plONT-
induced mechanical allodynia. *p < .05, *p < .0l, two-way repeated-measures ANOVA followed by the Bonferroni’s tests. The arrow

indicates the time of plONT and siRNA injection. (b) The qPCR showed that Ccl7 siRNA decreased the Ccl7 mRNA level in the TG 48 h after
injection. *p < .05, student’s t-test, n = 6 mice/group. (c—d) Intra-TG injection of Ccl7 siRNA 7 days after plONT attenuated mechanical
allodynia (c), and also reduced Cc/7 mRNA expression in the TG (D). *p < .05, n = 5—-6 mice/group. The arrow in C indicates the time of

siRNA injection. (e) Intra-TG injection of recombinant CCL7 induced facial mechanical allodynia in a dose-dependent manner, *¥p < .01,
*kp <.001, two-way RM ANOVA followed by Bonferroni’s test, n = 8 mice in each group. The arrow indicates the time of CCL7 injection.
(f) Intra-TG injection of CCL7 (10 ng) increased pERK level in the TG. ***p < .001, student’s t-test, n = 4 mice/group. (g-i) The pERK

distribution in the TG after injection of PBS (g) or CCL7 (10 ng, h). CCL7 induced marked ERK activation in the TG (i). **p < .01, student’s
t-test, n = 3 mice/group.
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was used for statistical analyses. p < .05 was considered
to be significant (*p < .05, **p < .01, ***p < .001).

Results

pIONT increases CCL7 expression in TG neurons

As previously reported,”* pIONT induced persistent me-
chanical allodynia, which started from day 3 and lasted for
more than 21 days after the operation (Figure 1(a)). In
addition, compared to sham-operated mice, pIONT dra-
matically increased ATF3-immunoreactivity (IR) neurons
in the TG (Figures 1(b) and (c)). We then checked the
expression of Cc/7 mRNA in the TG after pIONT or sham-
operation. The qPCR showed that Ccl7 mRNA was in-
creased on days 1, 3, 10, and 21 after pIONT (Figure 1(d)).
Furthermore, immunofluorescence staining showed that
CCL7 has low expression in sham-treated mice and was
increased in plONT-operated mice (Figures 1(e) and (f)). To
characterize the cellular localization of CCL7 in the TG, we
performed double-staining of CCL7 with the neuronal
marker TUJ1, the satellite cell marker GS, and the mac-
rophage marker IBA-1. CCL7 is largely co-localized with
TUJ1, but not with GS or IBA-1 (Figures 1(g)—(j)). Fur-
thermore, the double-staining of CCL7 with NF200
(a myelinated neuronal marker), IB4 (a nonpeptidergic
nociceptor marker), and CGRP (a peptidergic nociceptor
marker) showed that CCL7 is distributed in all neuron types
and mainly co-localized with NF200 (Figures 1(k)—(n)).

CCL7 contributes to plIONT-induced
mechanical allodynia

To determine whether CCL7 plays a role in the development
of pIONT-induced trigeminal neuropathic pain, we intra-TG
injected Ccl7 siRNA in the TG soon after pIONT and tested
pain behaviors 24 h after injection. Behavioral data showed
that Ccl7 siRNA decreased the nocifensive score 48 h and
72 h after pIONT, compared with NC siRNA-injected mice
(Figure 2(a)). To confirm the knock-down effect of Ccl7
siRNA, we checked mRNA level in another sets of animals
48 h after pIONT. The qPCR showed that Ccl7 siRNA de-
creased the Cc/7 mRNA level in the TG (Figure 2(b)). To
check whether CCL7 is involved in the maintenance of
pIONT-induced mechanical allodynia, we injected Ccl7
siRNA 7 days after pIONT. Ccl7 siRNA attenuated me-
chanical allodynia (Figure 2(c)) at 48 h and also reduced the
expression of Ccl7 mRNA (Figure 2(d)).

To investigate whether CCL7 is sufficient to induce me-
chanical allodynia, we injected recombinant CCL7 into the
TG of naive mice at a series of doses (1, 10, 100 ng). As
shown in Figure 2(e), CCL7 at 10 ng and 100 ng significantly
increased the nocifensive score 3 h and 6 h after injection. As
ERK plays an important role in trigeminal neuropathic pain,*
we checked whether CCL7 can activate ERK in the TG.

Western blot showed that, compared to PBS injection, CCL7
increased pERK level 3 h after injection (Figure 2(f)). Im-
munostaining also showed that pERK had low expression in
PBS group, but was increased after CCL7 injection (Figures

2(g)-(1))-

CCL7 increases the excitability of TG neurons

The excitability of nociceptive neurons is closely related to
neuropathic pain.***' To investigate whether CCL7 affects
TG neuronal excitability, we performed whole-cell mem-
brane clamp recordings after treatment with CCL7 on small-
diameter nociceptive TG neurons. Incubation the neurons
with CCL7 (10 ng/mL, 100 ng/mL) for 30 min decreased the
rheobase of TG neurons compared with the PBS group
(Figures 3(a) and (b)). In addition, CCL7 increased the
numbers of APs in response to 160 pA, 1000 ms current
injection (Figures 3(c) and (d)). We also examined the effect
of CCL7 on the intrinsic membrane properties of TG neurons
by analyzing the first AP evoked by step depolarizing current
stimulation. Compared with the vehicle, the resting mem-
brane potential (RMP) and APs maximum rise slope (S-Rise)
of TG neurons were significantly increased after CCL7
treatment, and the APs threshold and medium AHP amplitude
were significantly decreased after CCL7 treatment (Figures
3(e)—(h)). APs amplitude, half-width, maximum decay slope
(s-decay), and fast-AHP parameters were not significantly
changed (Figures 3(i)—(1)). Collectively, these results suggest
that CCL7 enhances the excitability of nociceptive neurons in
the TG.

pIONT increases the expression of CCRI, CCR2,
and CCR3

CC chemokine receptor CCR1, CCR2, CCR3, and CCRS5 are
known as the functional receptors of CCL7.%® As it was
reported that the binding of CCL7 with CCRS did not elicit a
functional response,”’ we examined the mRNA levels of
Ccerl, Cer2, and Ccr3 in the TG after pIONT. The qPCR
showed that Ccrl, Ccr2, and Ccr3 were all increased from
days 1-21 after pIONT (Figures 4(a)—(c)). We then intra-TG
injected BX471 (selective CCR1 antagonist), RS504393
(selective CCR2 antagonist), or SB328437 (selective CCR3
antagonist) 7 days after plONT to test the analgesic effect. As
shown in Figure 4(d), these drugs at the dose of 2 nmol did
not affect plONT-induced mechanical allodynia. However,
intra-TG injection of 20 nmol of RS504393 significantly
decreased the nocifensive score started from 1 h, maintained
at 3 h, and recovered at 6 h (Figure 4(e)). Similarly, intra-TG
injection of 20 nmol of SB328437 also relieved mechanical
allodynia, which showed effect at 3 h and 6 h. However, the
same dose of BX471 had no effect on nocifensive behavior
score. We then checked pERK expression in the TG after
intra-TG injection of these antagonists (20 nmol) by Western
blot. As shown in Figures 4(f)—(h), compared to vehicle



Zhu et al.

injection, intra-TG injection of RS504393 or SB328437, but
not BX471 decreased pERK level. These data suggest that
CCL7 mediates the activation of ERK signaling via CCR2
and CCR3, thus causing mechanical allodynia.

CCR2 and CCR3 are expressed in TG neurons

We further checked the expression and distribution of
CCR2 and CCR3 by immunostaining. The CCR2-IR was
low in the TG of naive and sham-operated mice, but was
increased after pJIONT (Figures 5(a)—(d)), confirming the
upregulation of CCR2 by pIONT. In addition, double
staining showed that CCR2 was colocalized with TUJ1
(Figures 5(e)—(h)), indicating the neuronal expression in
the TG. Meanwhile, CCR3 was also increased after plIONT
(Figures 5(i)—(1)) and highly colocalized with TuJl
(Figures 5(m)—(p)). These results suggest that CCR2 and
CCR3 are distributed in TG neurons.

RS504393 and SB328437 reduced CCL7-induced
neuronal hypersensitivity

To investigate whether CCL7 enhances TG neuronal excit-
ability by binding CCR2 and CCR3, the TG neurons were
preincubated with RS504393 (25 uM) or SB328437 (25 uM)
20 min before CCL7. Whole-cell current-clamp recordings
showed that pretreatment with RS540393 significantly in-
creased the rheobase of TG neurons compared with CCL7
only group (Figures 6(a) and (b)). The numbers of APs in
response to 160 pA, 1000 ms current injection in the
RS504393- and SB328437-pretreated neurons was signifi-
cantly decreased (Figures 6(c) and (d)). In addition, the APs
RMP, S-Rise of TG neurons was significantly decreased and
the APs threshold, and half-width was significantly increased
in the RS504393-pretreated TG neurons (Figures 6(e)—(h)).
The APs threshold of TG neurons in SB328437-pretreated
neurons was also significantly increased compared with the
CCL7-treated (Figure 6(g)). In addition, parameters such as
APs amplitude, medium AHP, s-Decay, and fast AHP were
not significantly changed (Figures 6(i)—(1)). These data
suggested that CCR2 antagonist and CCR3 antagonist re-
duced CCL7-induced neuronal hypersensitivity.

Discussion

In the present study, we report the function of CCL7 in
regulating TG neuronal excitability and trigeminal neuro-
pathic pain. We found that CCL7 was increased in TG
neurons after pIONT, and specific inhibition of CCL7 in the
TG effectively alleviated plONT-induced orofacial me-
chanical allodynia. Furthermore, CCL7 enhanced the excit-
ability of TG neurons and increased the phosphorylation of
ERK in the TG. Moreover, pIONT induced the upregulation
of CCR1, CCR2, and CCR3 in the TG. However, intra-TG

injection of specific antagonists of CCR2 or CCR3, but not of
CCR1, attenuated pIONT-induced orofacial mechanical al-
lodynia, reduced ERK activation, and decreased CCL7-
induced TG neuronal hyperexcitability. Thus, our results
indicate that CCL7 mediates trigeminal neuropathic pain via
CCR2/CCR3-ERK pathway in TG neurons.

CCLY7 is up-regulated in TG neurons and
contributes to the development and
maintenance of trigeminal neuropathic pain

Previous studies have shown that trigeminal nerve injury
changes the expression of several chemokines in the TG
including CCL2, CXCL1, and CXCL13.”"" Here we show
that Ccl7 was persistently up-regulated in the TG. Further-
more, CCL7 is mainly distributed in NF200" large myelin-
ated type A fiber mechanoreceptors and also distributed in
CGRP" and IB4" nociceptive neurons. As chemokines are
secreted proteins, the increased CCL7 can be released from
these neurons and acts on adjacent neurons or non-neuronal
cells. Previous studies showed that CCL7 was mainly
identified in astrocytes in the spinal dorsal horn after CCI or
pSNL,>** indicating the different cellular distribution of
CCL7 in different tissues.

As important inflammatory mediators, chemokines are key
components of chronic disease pathology.** CCL7 plays a role
in the inflammatory response by attracting macrophages
and monocytes to further amplify the inflammatory process and
promote the progression of cardiovascular disease, diabetes,
and kidney disease.'* Several studies have shown that CCL7 can
promote tumor invasion and metastasis; however, other studies
have suggested a tumor suppressive role for CCL7.** In pain-
related research, Imai et al.” demonstrated that a single intra-
thecal injection of CCL7 induces mechanical allodynia and heat
hyperalgesia, whereas an intrathecal injection of blocking an-
tibody to CCL7 inhibits pSNL-induced neuropathic pain . Our
behavioral data demonstrated that intra-TG injection of siRNA
targeted CCL7, soon after pIONT as well as 7 days after the
procedure effectively alleviated the plONT-induced mechanical
allodynia. Intra-TG injection of CCL7 recombinant protein
induced orofacial mechanical allodynia in naive mice with a
dose-dependent manner. Similarly, application of CX3CLI,
CCL2, CXCLI1, CXCL13, or CXCL10 to TG resulted in or-
ofacial mechanical allodynia,”''**434¢ suggesting that che-
mokines are important mediators in the pathogenesis of
trigeminal neuropathic pain.

CCL7 mediates trigeminal neuropathic pain
via CCR2/CCR3-ERK cascade in TG neurons

Chemokines exert their biological effects through G protein-
coupled receptors.*>*” CCR1, CCR2, and CCR3 are known
as the functional receptors of CCL7.'*?° Pawlik et al.*® re-
ported that CCL2/7/8/CCR1 and CCL7/8/CCR3 signaling
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Figure 3. CCL7 increases the excitability of TG neurons. (a) The representative traces of APs evoked by a rheobase current from vehicle and
CCL7 (10 ng/mL, 100 ng/mL)-treated TG neurons. (b) CCL7 reduced the rheobase current required to evoke an AP. ¥**p <.001 vs. vehicle,
one-way ANOVA followed by the Bonferroni’s tests. n = 20—25 neurons/group from 3—4 mice. (c) The representative traces of APs evoked
by depolarizing current steps recorded from vehicle and CCL7 (10 ng/mL, 100 ng/mL)-treated TG neurons. (d) CCL7 (10 ng/ml, 100 ng/mL)
increased the number of APs in response to 160 pA, 1000 ms current injection. ***p < .001 vs. vehicle. Two-way RM ANOVA followed by
Bonferroni’s tests. (e) CCL7 (100 ng/mL) reduced the RMP of TG neurons. **p < .01l vs. vehicle. One-way ANOVA followed by the
Bonferroni’s tests. (f) CCL7 (10 ng/mL, 100 ng/mL) increased the APs s-rise of TG neurons. *p <.05, **p < .01 vs. vehicle. One-way ANOVA
followed by the Bonferroni’s tests. (g) CCL7 (10 ng/mL, 100 ng/mL) decreased the APs threshold of TG neurons. *p < .01 vs. vehicle. One-
way ANOVA followed by the Bonferroni’s tests. (h) CCL7 (100 ng/mL) decreased the APs medium AHP of TG neurons. *p <.05 vs. vehicle.
One-way ANOVA followed Bonferroni’s tests. (i-1) No difference in the APs amplitude (i), half-width (j), s-Decay (k) and fast AHP (I) between
vehicle- and CCL7 (10 ng/mL, 100 ng/mL)-treated TG neurons. One-way ANOVA followed by the Bonferroni’s tests.
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not significant. n = 4 mice/group.
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Figure 5. CCR2 and CCR3 are expressed in TG neurons. (a—c) Representative images of CCR2 immunofluorescence in the TG. CCR2-IR
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are important in the modulation of neuropathic pain. We show
that intra-TG injection of specific antagonist of CCR2 or
CCR3, but not of CCR1, reversed the mechanical allodynia
induced by pIONT. Consistently, specific antagonist of CCR2
or CCR3 alleviated CCL7-induced hyperexcitability of TG
neurons. Furthermore, CCR2 and CCR3 were persistently up-
regulated in the TG neurons after pIONT, indicating that
CCL7 and these receptors in the TG mediate trigeminal
neuropathic pain via neuron-neuron interaction. CCL2-
CCR2, CXCL10-CXCR3, and CXCL13-CXCRS5 are also
involved in trigeminal neuropathic pain via the similar
way.”'! A previous study demonstrated that CCL7 is pro-
duced by spinal astrocytes and acts on CCR2 in microglia,
thereby inducing spinal microglial activation and contribut-
ing to sciatic nerve injury-induced neuropathic pain.” Dif-
ferently, nerve injury increases CXCL10 and CXCR3 in

spinal astrocytes and neurons, respectively,®” and CXCL13
and CXCRS5 in spinal neurons and astrocytes, respectively.’
Thus, chemokine and receptor pairs mediate neuropathic pain
via different mechanisms in different tissues.

It is well known that MAPKs, including ERK, p38, and
JNK are activated in the DRG and spinal cord by peripheral
nerve injury.’”> In trigeminal neuropathic pain models,
ERK, p38, and JNK are activated and contribute to me-
chanical allodynia.'®'"?*33-** Inhibitor of p38 or ERK
attenuated plONL-induced pain by reducing the expression
of pro-inflammatory mediators such as TNF-a and IL-1f in
the TG.'?** Here we show the activation of ERK by CCL7
via CCR2 and CCR3. A range of chemokines, including
CCL2, CXCL10, and CXCL13, binding with receptor
leads to the activation of ERK,'%*!'>® whereas intrathe-
cal CXCL9 or CXCL1l did not induce ERK
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Figure 6. CCR2 antagonist and CCR3 antagonist reduced CCL7-induced neuronal hypersensitivity. (a) The representative traces of APs
evoked by a rheobase current from CCL7-, CCL7+ RS504393-, and CCL7+ SB328437-treated TG neurons. (b) RS504393 increased the
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phosphorylation.”' Certainly, ERK is not always expressed
in neurons. CXCL13 induces ERK-dependent astrocytic
activation in the spinal cord and pain hypersensitivity.” In
addition to ERK, phosphorylated AKT is up-regulated after
CCR2 or CCR3 activation.”®>® Up-regulation and acti-
vation of CCR1, CCR2, and CCRS5 activate the associated
JAK/STAT1/STAT3 pathway at different stages of a model
for rheumatoid arthritis.>* Thus, CCL7 may also act
through other downstream pathways to contribute to
neuropathic pain.

CCL7-CCR2/CCRS3 is involved in regulating
neuronal hyperexcitability after pIONT

Aberrant hyperexcitability of sensory neurons is a key
contributor of chronic pain.*' Voltage gated sodium
channels (VGSCs) play a key role in regulating neuronal
excitability.”> Chemokines including CCL2, CXCL1, and
CXCL13 modulate Na" currents in DRG neurons by in-
creasing the expression of Navl.7 and Navl.8 or in-
creasing current density.®>*>* CCL2 promotes peripheral
sensitization by acting on the biophysical properties of
Nav1.8 currents via a CCR2/GBy-dependent mechanism.>’
Similarly, CXCL12 increased Navl.8 expression in an
ERK-dependent manner and triggered intracellular cal-
cium influx in Navl.8-positive DRG neurons, leading to
hyperexcitability of DRG neurons.®®°' Besides VGSCs,
ligands of CXCR2 participated in mechanical allodynia via
down-regulation of voltage-gated potassium channels
(VGPCs, such as Kv1.4 and Kv1.1)*> or TRPV1 chan-
nels.®? In addition, ERK plays a role in the modulation of
VGPCs, such as Kv4.2 and Kv4.3.>%* We showed that
CCL7 increased hyperexcitability in small-diameter no-
ciceptive TG neurons, which was reduced by CCR2/CCR3
antagonist. As CCL7 also activates ERK, it is possible that
CCL7-CCR2/CCR3 excites primary sensory neurons and
peripheral sensitization by regulating the function of so-
dium channels or potassium channels, which needs further
investigation in the future.

In summary, we provided the first evidence that CCL7,
CCR2 and CCR3 in the TG neurons were involved in pIONT-
induced orofacial mechanical allodynia. Our results dem-
onstrated that CCR2 and CCR3 can be activated by CCL7
and induces downstream ERK activation, which increases
neuronal excitability and further contributes to the mainte-
nance of neuropathic pain. Thus, targeting the CCL7-CCR2/
CCR3-ERK pathway in the TG may provide a novel ther-
apeutic approach for the treatment of the trigeminal neuro-
pathic pain.
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