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Abstract

Background: Pain is reported as the leading cause of disability in the common forms of inflammatory arthritis
conditions. Acting as a key player in nociceptive processing, neuroinflammation, and neuron-glia communication, the
chemokine CCL2/CCR2 axis holds great promise for controlling chronic painful arthritis. Here, we investigated how the
CCL2/CCR2 system in the dorsal root ganglion (DRG) contributes to the peripheral inflammatory pain sensitization.

Methods: Repeated intrathecal (i.t.) administration of the CCR2 antagonist, INCB3344 was tested for its ability to reverse
the nociceptive-related behaviors in the tonic formalin and complete Freund's adjuvant (CFA) inflammatory models.
We further determined by gqPCR the expression of CCL2/CCR2, SP and CGRP in DRG neurons from CFA-treated rats.
Using DRG explants, acutely dissociated primary sensory neurons and calcium mobilization assay, we also assessed the
release of CCL2 and sensitization of nociceptors. Finally, we examined by immunohistochemistry following nerve
ligation the axonal transport of CCL2, SP, and CGRP from the sciatic nerve of CFA-treated rats.

Results: We first found that CFA-induced paw edema provoked an increase in CCL2/CCR2 and SP expression in ipsilateral
DRGs, which was decreased after INCB3344 treatment. This upregulation in pronociceptive neuromodulators was
accompanied by an enhanced nociceptive neuron excitability on days 3 and 10 post-CFA, as revealed by the CCR2-
dependent increase in intracellular calcium mobilization following CCL2 stimulation. In DRG explants, we further
demonstrated that the release of CCL2 was increased following peripheral inflammation. Finally, the excitation of
nociceptors following peripheral inflammation stimulated the anterograde transport of SP at their peripheral nerve
terminals. Importantly, blockade of CCR2 reduced sensory neuron excitability by limiting the calcium mobilization and
subsequently decreased peripheral transport of SP towards the periphery. Finally, pharmacological inhibition of CCR2
reversed the pronociceptive action of CCL2 in rats receiving formalin injection and significantly reduced the neurogenic
inflammation as well as the stimuli-evoked and movement-evoked nociceptive behaviors in CFA-treated rats.
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mobilization, Dorsal root ganglion

Conclusions: Our results provide significant mechanistic insights into the role of CCL2/CCR2 within the DRG in the
development of peripheral inflammation, nociceptor sensitization, and pain hypersensitivity. We further unveil the
therapeutic potential of targeting CCR2 for the treatment of painful inflammatory disorders.
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Introduction

The interaction between the immune and central ner-
vous systems, through neuron-glia communication or
immune cell infiltration, represents an expanding topic
rallying the scientific community. Amongst the various
immuno-inflammatory mediators, chemokines appear to
behave as important modulators of brain functions.
Initially identified and named for their chemotactic
properties on immune cells (for review, see [1, 2]), accu-
mulating studies pinpointed many roles for chemokines
during brain development as well as in normal brain
functions and various pathological conditions [3-6],
making them key actors at both immune and nervous
system levels [7].

Over the last decade, it has become more evident that
immune cells, glia, and neurons form a complex regula-
tory network that is able to alter pain sensitivity and to
mediate the transition from acute to chronic pain [8].
The monocyte chemoattractant protein 1 (formerly
MCP-1, now named CCL2) and its main receptor CCR2
are amongst the most characterized neuroactive chemo-
kine couple in respect to their ability to modulate noci-
ception [9-12]. Growing evidence supports that CCR2
activation by CCL2 contributes to both acute and
chronic pain behaviors. For instance, the spinal adminis-
tration of CCL2 induces sustained painful mechanical
hypersensitivity [13—15]. In addition, there is an abun-
dant literature supporting the role of the CCL2/CCR2
axis in the regulation of nociceptive transmission, espe-
cially for the management of chronic neuropathic pain
[11, 12, 16-18]. Accordingly, CCR2 is increased in
neuropathic and HIV-associated chronic pain, and
CCR2-KO mice do not develop mechanical allodynia fol-
lowing chronic constriction of the sciatic nerve [19-22].
In contrast, the role of the CCR2/CCL2 axis in regulat-
ing chronic inflammatory pain and peripheral inflamma-
tion remains poorly defined.

Pain is reported as the leading cause of disability in
the two most common forms of arthritis, rheumatoid
arthritis (RA), and osteoarthritis (OA), with 90% of pa-
tients consulting rheumatologists classifying pain as one
of their three main priorities [23-25]. Although RA and
OA are two very different conditions, they share some
common symptoms, such as joint pain, stiffness, and
swelling. Furthermore, while inflammation is usually

associated with RA, there is now growing evidence indi-
cating that OA is also tied to inflammation [26, 27]. Con-
sequently, ongoing joint inflammation is thought to play a
key role in peripheral and central pain sensitization in in-
flammatory arthritis [28]. Conventional pharmacological
treatments used to manage chronic painful arthritis in-
clude paracetamol, oral or topical non-steroidal anti-
inflammatory drugs (NSAIDs), opioids, and intraarticular
corticosteroids [29, 30]. However, benefits from these
medications are limited and not suitable for many OA and
RA patients given their adverse effect profiles (e.g., gastro-
intestinal complications, cardiovascular risks or abuse, and
dependence potential). Accordingly, a recent meta-
analysis reporting 40 years of cases of knee OA concludes
that opioids and oral NSAIDs fail to show pain-relieving
effects over placebo [31, 32]. Disease-modifying antirheu-
matic drugs (DMARDs), such as methotrexate or anti-
TNF monoclonal antibody biologics are also used to treat
inflammatory forms of arthritis [33]. Although DMARD
therapy indirectly manages pain symptoms by preserving
joint tissues, a large proportion of patients still reports
feeling pain [34]. Consequently, new pharmacological
treatment options are needed to manage pain in patients
dealing with inflammatory arthritis.

Chemokine and chemokine receptors, such as CCL2/
CCR2 play a key role in the migration of monocytes/
macrophages and T cells and are therefore potential tar-
gets in the treatment of chronic inflammatory disorders.
In that respect, it was shown that CCL2 levels are higher
in the joint synovial fluid, surrounding synovial tissue
and peripheral blood of RA [35, 36] and OA [37, 38] pa-
tients. This is further accompanied by an increase in
CCR?2 expressing cells in synovial tissues [39-42]. Inter-
estingly, CCL2 upregulation in synovial fluid and injured
tissue is positively correlated with pain intensity [37, 43].
These clinical findings thus suggest that the persistent
pain experienced by RA and OA patients is mainly
driven by a peripheral input. Likewise, in preclinical
models of arthritis, both CCL2 and CCR2 were found to
be upregulated in joints and peripheral tissues and to
drive monocyte/macrophage recruitment and inflamma-
tion [42, 44-46]. Furthermore, in rodents developing
chronic inflammatory arthritis, pharmacological treat-
ment with either a cleaved form of CCL2, a neutralizing
CCL2 monoclonal antibody, or systemic small molecule
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CCR2 antagonists all exhibited reduced severity of the
pathology by reducing local inflammation [47-49].

Given the important role played by the CCL2/CCR2
axis in peripheral inflammation, nociceptor sensitization,
and nociceptive processing, we have investigated here
the mechanisms by which the CCL2/CCR2 axis could
induce inflammatory hypernociception. To achieve this
goal, we first evaluated the analgesic potential of re-
peated intrathecal (i.z.) administration of the CCR2 an-
tagonist, INCB3344 [49-51] in two painful peripheral
inflammatory conditions, namely the tonic formalin test
and the complete Freund’s adjuvant (CFA) model of
chronic inflammatory pain. We further determined how
the blockade of CCR2 affected the expression of CCL2/
CCR2 couple and of the proalgesic neuropeptides, sub-
stance P (SP), and calcitonin gene-related peptide
(CGRP) in primary sensory neurons from CFA-treated
rats. Using dorsal root ganglion (DRG) explants, acutely
dissociated sensory neurons and calcium mobilization
assay, we also investigated if the peripheral inflammation
and pharmacological inhibition of CCR2 modulated the
release of CCL2 and sensitization of nociceptors. Finally,
we studied the anterograde axonal transport of CCL2,
SP, and CGRP from the sciatic nerve of CFA-treated ani-
mals to determine their relative contribution to periph-
eral inflammation.

Methods

Animals

Male Sprague-Dawley rats (200-225g, Charles River, St.
Constant, Quebec, Canada) were maintained on a 12-h
light/dark cycle, with access to food and water ad libi-
tum. They were allowed at least 5 days to habituate to
the housing facility prior to manipulation, and 1 h to the
experimentation room before any experiment. All animal
procedures were approved by the ethical committee for
animal care at the Université de Sherbrooke, in compli-
ance with the policies and directives of the Canadian
Council on Animal Care and guidelines from the Inter-
national Association for the study of Pain (IASP).

Drugs and intrathecal injection

One hour prior to behavioral experiments, lightly anes-
thetized animals (isoflurane 5% Abbott Laboratories,
Montreal, Quebec, Canada) received a 25-pl intrathecal
(i.t.) injection between the L5 and L6 vertebrae of either
6% DMSO in 0.9% saline (vehicle), 3 pg/kg of CCL2
(Peprotech, Rocky Hill, NJ, USA) either alone or in com-
bination with 45 pg/kg INCB3344 (Pfizer, Pure Sub-
stance Program), or 45 pg/kg INCB3344 alone. The
procedure is performed under 1 min, once the animal is
asleep.
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Tonic inflammatory pain

Rats were allowed to habituate 1 h to the apparatus for
three consecutive days prior to testing. On the experi-
mental day, animals received an intradermal injection of
50 pl of 1% formaldehyde (i.e., 2.5% formalin, Fisher Sci-
entific, Montreal, QC, Canada) in the left hind paw 1 h
after their i.t. injection. They were then placed in a clear
plexiglass enclosure (30 x 30 x 30 cm) for a 1-h observa-
tion trial. Pain was assessed using the weighted score
method [52, 53]. Briefly, a nociceptive mean score was
determined for every 3-min period of the recording time
by measuring the amount of time spent in each of four
behavioral states: 0, the injected paw is comparable to
the contralateral paw; 1, the injected paw has little or no
weight placed on it; 2, the injected paw is elevated and is
not in contact with any surface; and 3, the injected paw
is licked, bitten, or shaken. Rats exhibited typical bi-
phasic nociceptive behaviors during the 60-min observa-
tional period after formalin administration. The two
distinct phases of spontaneous pain behaviors that occur
in rodents are proposed to reflect a direct effect of for-
malin on sensory receptors (phase I occurring within the
first 5-10 min) and a longer-lasting pain due to inflam-
mation and central sensitization (phase II beginning
about 20 min and continuing for at least 40 min). These
2 phases are separated by a period of quiescence, the
interphase, which is characterized by active inhibition of
the formalin-induced nociceptive behaviors. The total
area under the curve (A.U.C.) for the inflammatory
phase was calculated between 21 and 42 min.

Chronic inflammatory pain

Complete Freund’s adjuvant (CFA) (Calbiochem, La
Jolla, CA, USA) was complemented with 7 mg/mL of
mycobacterium butyricum (Difco laboratories, Detroit,
MI, USA), then emulsified 1:1 with saline 0.9%. Under
light anesthesia (isoflurane 5%), rats received an intra-
plantar injection of 100 ul of the freshly emulsified mix-
ture. Pain-related behaviors were assessed on the same
animals before and on days 3, 8, 9, and 10 following
CFA injection. Animals received an i.t. injection of either
vehicle or 45 pg/kg INCB3344 on days 8, 9, and 10 1 h
before behavioral examination. Sham animals received
an intraplantar injection of 100 pl saline.

Mechanical sensitivity

To measure mechanical sensitivity, a dynamic plantar
esthesiometer (Stoelting (Ugo Basile), Illinois, USA) was
used. The metal probe, placed underneath a mesh floor,
was aimed at the plantar surface of the hind paw and
triggered when the animals were standing firmly on the
mesh. The probe exerted a linearly increasing pressure
(3.33 g/s) and was automatically stopped when either it
reached the threshold of 50 g (cut-off) or the animal
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withdrew its hind paw. Four measures were taken on
each hind paw, alternatively. Animals were habituated to
the apparatus for 3 days before testing.

Weight bearing

Discomfort was measured by a dynamic weight bearing
apparatus (Bioseb, Boulogne, France), as described previ-
ously [54, 55]. Briefly, animals were allowed to move
freely for 5 min on a floor-instrumented enclosure (22 x
22x 30 cm) allowing independent measures of the
weight bore by each limb in synchronicity with a video
capture. Zones stable for at least 0.4 s and triggering at
least three captors with over 1 g of stimulation, with one
of them recording over 4 g, were considered for analysis.
Animals were not acclimatized to the setup before the
initial testing period to maximize exploration behaviors.

Edema

To follow the evolution of the inflammatory response in-
duced by CFA intraplantar administration, the volume
of the rats’ hind paws was determined with a plethysm-
ometer, using the inflexion point of the ankle joint as
anatomical reference (Stoelting (Panlab), Illinois, USA).
Based on Archimedes’ principle, the volume displaced
by the limb provokes a change in the conductance of an
adjacent platinum electrode further converted in ml.

Isolation and primary cell culture of dorsal root ganglion
(DRG) neurons

Cultures of dissociated sensory neurons from adult rat
DRG were prepared as described previously [56]. Under
terminal anesthesia, rats were decapitated, and L4-L6
lumbar DRGs were dissected under aseptic conditions,
then incubated with 1 mg/ml of collagenase (Roche
Diagnostics, Indianapolis, IN, USA) in 0.6% of glucose in
PBS for 1 h 30 min followed by trypsin-EDTA treatment
(0.025% W/V; Gibco, Montréal, Québec, Canada) for 30
min at 37 °C. To stop enzymatic digestion, a 10x volume
of DMEM high-glucose was added. After triturating the
ganglia using heat-polished Pasteur pipettes, the sensory
neurons were centrifuged (3 min at 800 rpm) and resus-
pended in DMEM high glucose with equal volume of
HAM'’s medium mixture F12 (Wisent inc, St-Bruno,
Québec, Canada) supplemented with 10% fetal bovine
serum heat inactivated (FBS, Wisent inc, St-Bruno, Qué-
bec, Canada), 2% of penicillin and streptavidin (Gibco,
Montréal, Québec, Canada), and 50 ng/ml of nerve
growth factor (NGF, Sigma-Aldrich, St-Louis, MO,
USA). Finally, neuronal cells were plated onto poly-D-ly-
sine-laminin-coated coverslips (Sigma-Aldrich, St-Louis,
MO, USA) mounted on cell culture dishes (Mattek
Corporation, Ashland, MA, USA). Cells were maintained
during 15 h for calcium imaging at 37 °C in a water-
saturated atmosphere with 5% CO,.
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Intracellular calcium imaging

DRG neuronal cells grown on coverslips were loaded
with 2 pM of Fura2-AM (Invitrogen, Eugene, OR, USA)
in Tyrode’s solution (Sigma-Aldrich, St-Louis, MO,
USA) [in nM 12 NaHCOg3;, 6 D-glucose, and 10 HEPES]
for 20 min at room temperature in the dark. Cells were
then washed twice with 0.1% bovine serum albumin
(BSA, EM Science, Darmstadt, Germany) and incubated
20 min in Tyrode’s solution to de-esterify the dye.
Calcium responses were determined by measuring
fluorescence intensity changes using an epifluores-
cence microscope equipped with Metafluor software
(Olympus Canada, Markham, ON, Canada). Isolated
Fura2-AM loaded cells were selected and real-time
calcium responses were monitored by alternating the
excitation wavelengths between 340 and 380 nm every
second. Intracellular calcium levels were expressed as
relative total fluorescence [%AF/Fq=[(Fs— Fo)/Fo] x
100: Changes in fluorescence (AF), baseline (F,), and
stimulated (F,) fluorescence].

qPCR

Ipsilateral L4 to L6 DRGs were freshly extracted on day
10 post-CFA, 3 h following the last scheduled ..z injection
of vehicle or INCB3344. Tissue samples were immediately
snap-frozen, and mRNA extraction was performed using
the RNeasy® mini kit (Qiagen, Mississauga, ON, Canada).
mRNA quality and quantity were then analyzed with a
NanoDrop® 1000 spectrophotometer (Thermo Fisher
Scientific, Wilmington, DE, USA). Reverse transcription
was achieved with the TagMan® Reverse Transcription Kit
(Applieb Biosystems, Carlsbad, CAL, USA) with 400 ng
RNA. Real-time reactions were done using TagMan® Gene
Expression Master Mix (Applied Biosystems) on a Rotor-
Gene 3000 (Corbett Life Science, Kirkland, Quebec). Re-
sults for every TagMan primers (CCR2 (Rn01637698_s1),
CCL2 (Rn00580555_ml), CGRP (Rn01511354_ml),
Tachykinin 1 (Rn01500392_m1), GFAP (Rn01460868_
m1l), IL-1 (Rn00580432_m1), TNF-a (Rn00562055_m1),
iNOS (Rn00561646_m1), IL6 (Rn00561420_m1l), and
COX2 (Rn00568225_m1) were normalized to the riboso-
mal protein S18 (Rn01428915_gl) and analyzed by the
relative standard curve method.

DRG superfusion

Ipsilateral L4 to L6 DRG were freshly extracted on day
10 post-CFA, 3 h following the last scheduled i.t. injec-
tion of vehicle or INCB3344. Ganglia were maintained
in artificial cerebrospinal fluid (aCSF, in mM: NaCl, 136;
NaHCOs;, 16.2; KCl, 54; NaH,PO, 1.2; CaCl,, 2.2
MgCl,, 1.2; Na,SOy, 0.5; glucose, 5.0, adjusted to pH 7.3
by bubbling with an O,/CO, mixture, 95:5, v/v). The
three DRG were inserted in a thermostated (37°C) Plexi-
glas chamber. Samples were continuously superfused at
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a flow rate of 125 pL/min and allowed to equilibrate for
20 min before superfusate collection. Following the col-
lection of five 0.5 mL fractions (20 min), KCl concentra-
tion was increased to 30 mM (and NaCl decreased to
111.4 mM) for 8 min to depolarize the DRG. Eleven
fractions were collected following KCl depolarization.
CCL2 levels for each fraction were evaluated in 96-wells
Nunc Maxi-Sorp plates (VWR, Mississauga, ON,
Canada) by BD OptEIA™ Set Rat MCP-1 ELISA (BD Bio-
sciences, Mississauga, ON, Canada) according to manu-
facturer’s instructions.

Sciatic nerve ligation

A tight nerve ligation was performed on the ipsilateral
sciatic nerve 8 days following CFA administration.
Under isoflurane anesthesia (2% in O,; Abbott Labora-
tories, Montreal, QC, Canada), the ipsilateral common
sciatic nerve was exposed at mid-thigh level and a single
tight ligature (5.0 prolene suture) was performed prox-
imal to the trifurcation. The skin was sealed with two
4.0 silk sutures. Animals were fixed 48 h later by intra-
cardiac perfusion with 500 ml of paraformaldehyde 4%
in 0.1 M phosphate buffer, pH 7.4. Animals received
daily iz injection of 45 pg/kg INCB3344 starting 8 h be-
fore sciatic nerve ligation.

Immunohistochemistry
Sciatic nerves were post-fixed at 4 °C for 24 h and cryo-
protected in 0.1 M PBS containing 30% sucrose at 4 °C
for another 24 h. The tissues were frozen at —20 °C in
O.CT. Compound (Sakura Finetek U.S.A., Inc,
Torrance, USA), cryo-sectioned longitudinally at 20 pm
and mounted on gelatin-coated pre-cleaned microscopic
slides. Sections were washed in PBS (twice) and blocked
in 0.2% triton X-100, 5% normal goat serum, and 2% al-
bumin in PBS for 1 h at room temperature. Sections
were then incubated in 0.1 M glycine solution and anti-
CCL2 (polyclonal rabbit anti-MCP-1, 1:500, Torrey
Pines Biolabs Inc., Secaucus, NJ, USA), or anti-substance
P (polyclonal guinea-pig anti-substance P, 1:500 Neuro-
mics, Edina, MN, USA) primary antibodies were incu-
bated overnight at 4 °C. Sciatic nerve sections were
washed twice and incubated in appropriate secondary
fluorescent antibody, goat anti-rabbit IgG Alexa Fluor™-
488, or goat anti-guinea-pig IgG Alexa Fluor™-488 (1:
500, Invitrogen Molecular Probe, Burlington, ON,
Canada) for 1 h at room temperature. Tissue sections
were mounted with Aqua-Poly/Mount (Polysciences
Inc., Warrington, USA). The specificity of each assay
was determined by omitting the primary or secondary
antibody.

Using a Leica DM4000B epifluorescence microscope
(Leica Microsystems, Toronto, Canada), images were ac-
quired using the same acquisition parameters (gain and
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exposure time). Captured images were analyzed using
MetaMorph Offline Software. For each animal, 10 ran-
domly selected sections were used for CCL2 or sub-
stance P fluorescence quantification. Regions of interest
consisted in 600 pm next to the central side of the nerve
ligation. Three rats per experimental condition were
analyzed.

Statistical analysis

One-way or two-way analysis of variance followed by
Bonferroni post-test to account for appropriate compari-
sons were used to analyze behavioral measurement and
CCL2 release. The percentage of inhibition of mRNA in-
crease measured by qPCR was analyzed with a Wilcoxon
signed-rank test since a Gaussian distribution could not
be assumed by d’Agostino and Pearson omnibus normal-
ity test. Calcium mobilization induced by CCL2 in CFA
animals compared to naive rats was evaluated by one-
way ANOVA followed by Bonferroni post-test. The in-
hibitory effect of INCB3344 on calcium mobilization was
assessed by a Student’s ¢ test. Statistical analyzes were
performed by GraphPad Prism 7.0 (GraphPad software
Inc, San Diego, CA, USA). A P value under 0.05 was
considered significant.

Results

Formalin-induced tonic inflammatory pain

In order to determine the contribution of the CCL2-
CCR2 chemokine axis to the development of pain asso-
ciated with inflammatory conditions, we first investi-
gated whether spinally administered CCL2 and/or the
CCR2 antagonist, INCB3344 affected the nociceptive be-
haviors observed in the chemically induced formalin
tonic pain model. Our results revealed that a 3 pg/kg i.t.
injection of CCL2 exacerbates the nociceptive behaviors
evoked by an intraplantar administration of 1% formalde-
hyde during the inflammatory phase of the formalin test
(Fig. 1). Rats receiving a single it. injection of INCB3344
(45 pg/kg) alone did not exhibit reduction of their pain
behaviors. However, co-administration of the CCR2 an-
tagonist INCB3344 with CCL2 completely prevented
CCL2-induced pain hypersensitivity to a mild formalde-
hyde injection (P < 0.05), indicating that CCL2 elicited
pain facilitation via a CCR2-dependent mechanism.

Intrathecal injection of a CCR2 antagonist reverses
mechanical hypersensitivity and movement-evoked pain
in rats receiving CFA

To further address the role of CCR2 in the development
of chronic inflammatory pain, we next examined the ef-
fect of INCB3344 on the nociceptive behaviors evoked
by unilateral injection of complete Freund’s adjuvant
(CFA) into the plantar surface of the rat’s hind paw.
Intraplantar injection of CFA provoked a massive
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Fig. 1 The chemokine CCL2 induces a CCR2-dependent pain hypersensitivity in the formalin model of persistent pain. Intrathecal administration
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unilateral inflammatory reaction that pertains over 10
days. This inflammation was accompanied by a progres-
sive and sustained hypersensitivity to a non-painful
mechanical stimulation elicited by a von Frey filament
that began as early as day 3, stabilized at day 8 and
lasted at least up to day 10 post-CFA injection (P < 0.01,
Fig. 2a). No modification of the pain threshold was ob-
served on the contralateral side (not shown). Intrathecal
injection of 45 pg/kg INCB3344 exerted no pain relief
on the first day of treatment (D8 post-CFA). However,
repeated treatment increased the weight required to
elicit a painful withdrawal by 44% at day 9 and 47% at
day 10 (P < 0.05), thus producing anti-allodynic effects.

Concomitantly, CFA-injected animals exhibited a de-
crease in the weight bore on their injured limb, of ap-
proximately 50% after 10 days (Fig. 2b, P < 0.01).
Interestingly, this shift in weight bearing was not accom-
panied by an increased percentage of the body weight
resting on the contralateral hind paw, but rather on the
forepaws. The time course of these movement-evoked
pain-related behaviors closely resembles that of the
hypersensitivity to mechanical stimuli. Importantly, this
reduction of weight bearing observed on the ipsilateral
hind limb was reversed following repeated INCB3344
treatment, with a maximal effect of 43% (P < 0.05, D10
post CFA, Fig 2b).

The inflammation primed by CFA also resulted, at the
peripheral level, in a progressive swelling only of the ip-
silateral hind paw. The hind paw doubled in size on day
3 and was still slightly increasing at day 8 post-CFA (P <
0.001, Fig. 3). More importantly, INCB3344-injected rats
exhibited a 31% decrease in their paw volume on the

third day of treatment, compared to their vehicle-treated
counterparts (P < 0.01).

Repeated i.t delivery of a CCR2 antagonist reduces the
expression level of pronociceptive markers promoted by
CFA

We next examined whether inhibition of the CCL2-
CCR2 axis was able to modify the expression patterns of
different pronociceptive markers in rats receiving CFA.
To this aim, we measured the changes in CGRP and SP
expression as well as CCL2, CCR2 by qPCR using
mRNA extracted from ipsilateral DRG L4-L6. Following
CFA administration, we observed a significant increase
in SP, CCR2, and CCL2 mRNA levels, with no signifi-
cant change in CGRP expression (P < 0.01, Fig. 4).
Importantly, repeated i.t. treatment with INCB3344 re-
duced by approximately 50% the CFA-induced increase
in CCL2 and SP mRNA (P < 0.05, Fig. 4). It had, how-
ever, no effect on CCR2 mRNA expression.

The calcium mobilization elicited by CCL2 under chronic
inflammation is blocked by a CCR2 antagonist

To investigate whether the development of inflammatory
pain induced changes in DRG neuron responsiveness to
CCL2, we compared the effect of CCL2 stimulation on
calcium mobilization in primary cell culture from naive
rats and from rats exposed for 3 or 10 days to CFA. We
observed significant elevation in Ca** mobilization as de-
termined by the change in ratio of fura-2-AM fluores-
cence, when sensory neurons from CFA animals were
treated with 50 nM of CCL2 compared to those of naive
rats (P < 0.001) (Fig. 5a—d). Furthermore, considering
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Fig. 2 Effect of CCR2 antagonism on pain-related behaviors of CFA-treated rats. Animals received an intraplantar injection of 100 pyL CFA with 4
mag/mL of M. butyricum in the left hind paw. Rats were treated daily by i.t. administration of 45 ug/kg INCB3344 starting at day 8 post-CFA
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shown correspond to mean + SEM (n = 8 for each group). * *P < 0.05, **P < 0.01, ***P < 0001; two-way ANOVA followed by Bonferroni post-tests

the cellular response as more than 30% of fluorescence
change from baseline, we did not observe [Ca®*]; re-
sponse to CCL2 in DRG neurons from naive animals, as
compared to CFA-treated rats (Fig. 5e).

We next assessed if the blocking of CCR2 by pre-
incubating INCB3344 prior to CCL2 stimulation re-
duced the calcium mobilization. At day 3 post-CFA, only
4% of INCB3344-treated neuronal cells responded to
CCL2 compared to 66% in absence of the antagonist
(Fig. 5d, e). Furthermore, inhibition of CCR2 on day 10

post-CFA was less effective in reducing the [Ca**]; level.
Indeed, 31% of cells were still able to respond to CCL2
in the presence of INCB3344.

CCL2 release is increased under inflammatory pain
condition

To determine the underlying mechanisms by which
blockade of CCR2 reduces the course of inflammatory
pain, we measured the release of CCL2 by ipsilateral rat
L4-L6 DRGs, 10 days following CFA injection. We
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observed a 1.5-fold increase in CCL2 release following
K" depolarization (Fig. 6, P < 0.05). However, daily injec-
tions of 45 pg/kg INCB3344 for 3 consecutive days failed
to reverse the CFA-induced CCL2 release.

Repeated treatment with INCB3344 blocks the
anterograde transport of substance P induced by CFA
treatment

We further investigate the possible relation between
CCL2-induced calcium mobilization and the develop-
ment of peripheral inflammation associated with CFA.
To this aim, we blocked the peripheral anterograde
transport through a tight sciatic nerve ligation at day 8
post-CFA. Forty-eight hours after the surgery, we found
that the ligature caused a reduction in the ipsilateral
hind paw volume in CFA animals compared to non-
ligatured CFA-treated rats (Fig. 7, P < 0.05). However,
spinal INCB3344 delivery did not further reduce the
hind paw edema.

We next determined whether the peripheral transport
of CCL2 or of the neurogenic mediators, substance P
and CGRP was affected following repeated INCB3344
treatment. We found a 26% higher accumulation of SP
labelling at the central side of the ligature in rats receiv-
ing CFA, compared to sham animals treated with

INCB3344 (Fig. 8, P < 0.05). In sharp contrast, we did
not detect any change in CCL2 accumulation. Import-
antly, repeated INCB3344 treatment reverted the accu-
mulation of substance P back to the level of sham rats
(P < 0.01), while also increasing CCL2 accumulation (P
< 0.05). No difference in CGRP accumulation could be
observed.

Discussion

Historically, pain among patients developing inflamma-
tory arthritis has been thought to be mainly attributed to
peripheral inflammation. This has notably led to the de-
velopment of a new class of therapeutics acting on key
tissues to decrease inflammation, called DMARDs [33].
Although conventional DMARDs indirectly manages
pain symptoms by slowing down the disease progression,
patients still report feeling moderate to severe pain [34].
Recently, more attention has therefore been directed to-
wards the treatment of pain itself, with the development
of new analgesic agents targeting peripheral nociceptive
pathways, such as CNTX-4975, a synthetic form of cap-
saicin which selectively targets the TRPV1 receptor or
Tanezumab, an anti-nerve growth factor (NGF) mono-
clonal antibody. The promising analgesic results ob-
tained in recent phase III clinical trials with these new
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treatment options further encourage the development of
new pharmacological strategies that successfully target
nociceptors [57].

Among the therapeutic options, inhibition of the
CCL2/CCR2 chemokine axis holds great promise for
controlling chronic painful arthritis. Indeed, the CCL2/
CCR?2 signaling has been found to play key roles in per-
ipheral and spinal nociceptive processing, mediating
nociceptor sensitization and increase in the synaptic
transmission in the spinal dorsal horn [4, 9, 11, 18, 58].
Standing at the crossroads of the immunobiology and
neurobiology, the CCL2/CCR2 chemokine system is also
able to trigger peripheral inflammation at the distal site,
to promote neuron-glia interaction, and to orchestrate
the neuroinflammation response through the recruitment
of peripheral T cells and monocytes and/or activation of
resident glial cells [12, 16]. Here, we provide significant
mechanistic insights into the role of the CCL2/CCR2

signaling within the DRG in the development of periph-
eral inflammation, nociceptor sensitization and pain
hypersensitivity. As schematically represented in Fig. 9,
peripheral tissue injury followed by intraplantar injection
of CFA, which results in paw edema and inflammation in-
duces an increase in CCL2/CCR2 and SP expression in ip-
silateral DRGs. This upregulation is accompanied by an
enhanced excitability of primary nociceptive neurons on
days 3 and 10 post-CFA, as revealed by the CCR2-
dependent increase in intracellular calcium mobilization
following CCL2 stimulation. As shown using the ex vivo
superfusion of DRG explants of CFA-treated rats, this is
followed by a calcium-dependent release of CCL2. Finally,
the excitation and sensitization of nociceptors following
peripheral inflammation drives the anterograde transport
of SP at their peripheral nerve terminals as well as paw
swelling. Importantly, our results highlight that blockade
of the CCL2/CCR2 signaling following repeated i.t.
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administration of the CCR2 antagonist, INCB3344 re-
duces the expression of both CCL2 and SP in DRGs of
CFA-treated rats, dampens sensory neuron excitability by
limiting the intracellular calcium mobilization, and subse-
quently decreases peripheral transport and release of SP at
the terminal nerve endings. Then, this pharmacological
inhibition of CCR2 significantly reduces the neurogenic
inflammation as well as the stimuli-evoked and
movement-evoked nociceptive behaviors in CFA-treated
rats.

The results of the present study reinforce the previous
concept on the neuromodulator/neurotransmitter role of
CCL2 [58, 59]. Indeed, our data support the idea that
CCL2, synthesized and released by the soma of DRG
neurons, directly excites sensory nociceptive neurons by
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autocrine and/or paracrine processes under peripheral
chronic inflammation. Accordingly, CCL2-positive DRG
neurons were found to be increased in inflamed rat
tissues [60, 61]. The specific downstream signaling path-
ways by which CCL2 drives the neuronal hyperexcitabil-
ity under chronic inflammatory pain conditions yet
remain to be uncovered. However, since we demonstrate
that following acute (D3) or chronic (D10) CFA treat-
ment, CCL2 elicits a greater calcium elevation in sensory
neurons through a CCR2-dependent mechanism com-
pared to naive DRG neurons, we can hypothesize that
functional changes in extracellular calcium influx and/or
CCL2-induced calcium release from internal stores
might underlie CCL2-induced neuronal activation. In
that sense, it has been shown that inhibition of N-type
Ca®* channels by the omega-conotoxin GVIA channel
blocker or treatment with either thapsigargin or ryano-
dine significantly reduced CCL2-induced intracellular
calcium influx and the concomitant release of CGRP by
primary sensory neurons [62]. Other modes of action of
CCL2/CCR2 could also drive the neuronal hyperexcit-
ability. Indeed, we and others have demonstrated that
CCL2 enhanced sensory neuron excitability by increas-
ing the functional activity of tetrodotoxin-resistant
(TTX-R) sodium channel Na,1.8 currents [56, 63]. This
effect is CCR2-mediated as treatment with INCB3344
blocked the potentiation of Na,1.8 currents by CCL2 in
a concentration-dependent manner [56, 64]. Similarly,
the increase in CCR2/CCL2 signaling observed following
tissue inflammation could cause the peripheral sensitization
of DRG nociceptive neurons and drive the hyperalgesic
state by upregulating the expression and function of the
capsaicin-sensitive TRPV1 ion channel [22, 59, 63]. This
idea is supported by the presence of CCL2/CCR2 within
TRPV1-expressing sensory neurons [14, 59, 60]. In turn, as
demonstrated in in vitro superfusion assay, capsaicin evokes
calcium-dependent release of CCL2 [14, 22] and TRPV1 in-
hibition decreases CCL2-induced hyperalgesia [65]. Collect-
ively, these results demonstrate that the CCL2/CCR2 axis
and TRPV1 may act in unison to sensitize nociceptors.

To gain further insights into the mechanisms by which
CCR?2 activation induces inflammatory hypernociception,
we determined whether the increase in intracellular
calcium mobilization was translated into a greater CCL2
secretion by DRG explants from CFA-treated rats. As pre-
viously observed in naive and neuropathic animals [14,
22], K* stimulation inducing neuronal depolarization in-
creases CCL2 release from CFA-exposed DRGs compared
to controls. It is widely accepted that extracellular calcium
influx and calcium-induced calcium release (CICR) from
internal stores play an important role in the release of
the pro-nociceptive neuropeptides SP and CGRP from
nociceptors [62, 66]. Therefore, since CCL2 stimulates
intracellular calcium elevation through both ryanodine-
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sensitive calcium stores and N-type Ca”* channels, the
release of CCL2 from CFA-exposed DRGs may thus in-
fluence the transport and release of these pain-related
neuropeptides by presynaptic mechanism. Accordingly,
our results demonstrate for the first time that the an-
terograde transport of SP (but not CGRP) towards the
peripheral nerve terminals was inhibited by blocking
CCR2 using INCB3344. Interestingly, despite the in-
creased expression and release of CCL2 by CFA-
exposed nociceptors, immunohistochemical analysis of
ligated nerves does not reveal any increase in CCL2 im-
munoreactivity in CFA-treated animals, ruling out the
contribution of a DRG-derived CCL2 release toward
the periphery, at least at day 10 post-CFA. This is con-
sistent with the demonstration that CCL2 is locally pro-
duced at the inflammation site by macrophages/
monocytes in CFA inflamed rats and that treatment
with INCB3344 dose-dependently inhibits macrophage
influx [49, 67]. As previously shown [22], CCL2 is prob-
ably conveyed to the terminals of nociceptors and re-
leased at the spinal dorsal horn to modulate the activity
of post-synaptic neurons and surrounding glial cells.
Although we did not further investigate the cellular
mechanisms behind the relation between CCL2 and SP,
CCR2 is known to sensitize TRPV1 [59], whose stimula-
tion induces the release of SP from sensory nerve fibers
[68, 69]. Surprisingly, i.t. treatment with INCB3344 does
not induce a decrease in the anterograde transport of

CCL2 and even increases its accumulation centrally to the
sciatic ligature. This seems to indicate that chronic block-
ade of CCR2 activation leads to increased CCL2 expres-
sion, as previously reported in a clinical study in patients
with advanced solid tumors treated with an anti-CCL2
human monoclonal antibody [70].

Primary afferent neurons can directly contribute to
peripheral inflammation and immune cell recruitment
through the release of neuropeptides, such as SP and
CGRP (71, 72]. As superfusion experiments does not
distinguish between CCL2 release toward the spinal cord
or the periphery, we initially thought that CCL2 would
be concomitantly released with SP and/or CGRP follow-
ing CFA intraplantar administration, thus contributing
to the neurogenic inflammation process. Contrary to SP,
CCL2 does not seem to be transported to the peripheral
inflammation site. Accordingly, we and others previously
reported that CCL2 can be packaged into SP-containing
vesicles as well as SP-free vesicles [14, 59]. This might
suppose that these two CCL2-containing populations of
secretory vesicles can be alternatively released in response
to nociceptive signals and then enhanced nociceptor
sensitization and pain hypersensitivity. Interestingly, our
results also reveal that the nerve ligation reduces periph-
eral inflammation, indicative of a contribution of neuro-
genic inflammation to the CFA-induced peripheral
edema. Moreover, the reduction in hind paw volume was
similar to INCB3344-treated rats, suggesting that CCR2
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activation at the DRG level contributes to peripheral in-
flammation, probably through the release of SP. Accord-
ingly, administration of NK1 antagonists (i.e., the main SP
receptor) reduces the plasma extravasation induced by
intra-articular administration of carrageenan [73, 74].
Finally, as joint inflammation directly contributes to pain
[28], this peripheral reduction in swelling could contribute
to the observed analgesic efficacy of INCB3344.

Here, we further unveil the therapeutic potential of a
CCR?2 antagonist to relieve the pain behaviors associated
to painful inflammatory conditions. We first demon-
strated that CCL2 exerted a pronociceptive action in the
formalin inflammatory phase through the exacerbation
of the pain-related behaviors induced by a mild injection
of formaldehyde. As expected, co-administration of the
CCR2 antagonist completely prevented CCL2-induced
pain hypersensitivity, thus indicating that CCL2 elicited
pain facilitation via a CCR2-dependent mechanism.
Similarly, mice overexpressing CCL2 were hypersensitive
to chemical-induced nociception [75], while mice defi-
cient for CCR2 displayed decreased nociception in the
inflammatory phase of the formalin test [19, 75].
Accordingly, intracisternal administration of CCL2 also fa-
cilitated formalin-induced scratching behavioral responses

in the orofacial area [76]. Mechanistically, it is well ac-
cepted that the inflammatory phase of the formalin test
results from the combination of activation of primary
afferent fibers by peripheral inflammatory mediators and
functional changes in the dorsal spinal horn, notably
through NMDA and NK1 receptor activation, thus leading
to central sensitization [77]. Interestingly, in addition to
sensory neuron modulation, CCL2 participates in central
sensitization by potentiating the activity of NMDA recep-
tor currents in CCR2-expressing excitatory neurons
located in lamina Ilo of the spinal dorsal horn under per-
ipheral inflammation [78—80]. Thus, these results further
emphasize that CCL2 is anterogradely transported by pri-
mary afferent neurons to be released in the spinal dorsal
horn in inflamed rats.

Chronic pain in patients with RA or OA leads to im-
portant physical distress as well as to the loss of patients’
autonomy and quality of life. Weight bearing activities
are the main source of severe pain episodes in people
suffering from arthritis [81, 82]. In addition, it is clinic-
ally demonstrated that most pharmacological agents
relieve pain at rest while being less effective on
movement-evoked pain [83]. Here, we demonstrated
that repeated it. injection of INCB3344 exerted anti-
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allodynic effects, as previously observed in neuropathic,
postoperative, and cancer-induced bone pain models
using anti-CCL2 antibodies or small molecule antago-
nists of CCR2 [15, 84-91]. In contrast, inhibition of
CCR2 using intraplantar or subcutaneous injection of
the antagonist RS504393 was only effective in reversing
thermal hyperalgesia in CFA inflamed mice [67]. Import-
antly, this decrease in mechanical hypersensitivity was
accompanied by a reduction in the ambulation-evoked
pain behaviors in freely moving CFA-treated rats. Indeed,
in line with clinical reports, CFA-induced paw inflamma-
tion generated an important load redistribution on the
contralateral non-injured limb. Following repeated adminis-
tration with INCB3344, we observed a partial recovery of
the weight borne on the ipsilateral limb. This reversal in
pain-induced weight redistribution was of a similar extent
than the reversal in stimulus-evoked mechanical allodynia.
Interestingly, Longobardi et al. recently showed that sys-
temic blockade of CCR2 by RS504393 improved the weight
redistribution in a murine model of injured-induced OA
(i.e., destabilization of medial meniscus; DMM) [92]. Like-
wise, mice invalidated either for CCL2 or CCR2 exhibited
less pain-related behaviors post-DMM [93].

Conclusion

Altogether, these results identify a promising dual action
of CCR2 blockade, acting on both nociceptor sensitization
and peripheral inflammation, that could lead to the devel-
opment of more adequate pharmacological agents to
manage chronic painful arthritis.

Abbreviations

CCL2: Chemokine (C-C motif) ligand 2; CCR2: CC chemokine receptor 2;
MCP-1: Monocyte chemoattractant protein 1; CFA: Complete Freund's
adjuvant; RA: Rheumatoid arthritis; OA: Ostearthritis; DRG: Dorsal root ganglia;
SP: Substance P; CGRP: Calcitonin gene-related peptide; i.t. Intrathecal; DMAR
D: Disease-modifying antirheumatic drugs; TRPV1: Transient receptor
potential cation channel subfamily V- member 1; NK1: Neurokinin 1;

NMDA: N-methyl-p-aspartate; DMM: Destabilization of medial meniscus

Acknowledgements

MAD held scholarships from the CIHR and the Canadian Arthritis Network.
EM was supported by a research fellowship from the Fonds de Recherche en
Santé du Québec (FRQ-S). VBL received a CIHR scholarship award. PS is
recipient of the Canada Research Chair in Neurophysiopharmacology of
Chronic Pain, director of the Sherbrooke’s Neuroscience Centre and member
of the FRQS-funded Centre de Recherche du Centre Hospitalier Universitaire
de Sherbrooke (CR-CHUS).

Authors’ contributions

MAD and EM carried out the in vivo behavioral tests and drafted the
manuscript. VBL and MB performed primary cell culture of DRG neurons and
calcium-mobilization assay. NB and JML participated in the design and
coordination of the study. SMP and PS conceived, designed, and coordinated
the study. PS wrote the final version of the manuscript. The authors read and
approved the final manuscript.

Funding
This work was supported by a grant MOP-74618 from the Canadian Institutes
of Health Research (CIHR) awarded to P. S and SMP.

Page 15 of 18

Availability of data and materials
The datasets used and/or analyzed during the current study are available
from the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate

The experimental procedures were approved by the Animal Care Committee
of the Université de Sherbrooke and were in accordance with policies and
directives of the Canadian Council on Animal Care.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing financial interests.

Author details

'Département de Pharmacologie & Physiologie, Institut de Pharmacologie de
Sherbrooke, Faculté de médecine et des sciences de la santé, Université de
Sherbrooke, 3001, 12e Avenue Nord, Sherbrooke, Quebec J1H 5N4, Canada.
“Centre de Recherche Institut de la Vision, Université Pierre et Marie Curie,
INSERM, UMR_S968, CNRS, UMR_7210, Paris, France.

Received: 16 October 2020 Accepted: 5 March 2021
Published online: 23 March 2021

References

1. Fernandez EJ, Lolis E. Structure, function, and inhibition of chemokines.
Annu Rev Pharmacol Toxicol. 2002;42(1):469-99. https://doi.org/10.1146/a
nnurev.pharmtox.42.091901.115838.

2. Bonecchi R, Galliera E, Borroni EM, Corsi MM, Locati M, Mantovani A.
Chemokines and chemokine receptors: an overview. Front Biosci. 2009;14:
540-51.

3. Mines M, Ding Y, Fan GH. The many roles of chemokine receptors in
neurodegenerative disorders: emerging new therapeutical strategies. Curr Med
Chem. 2007;14(23):2456~70. https://doi.org/10.2174/092986707782023636.

4. Rostene W, Kitabgi P, Parsadaniantz SM. Chemokines: a new class of
neuromodulator? Nat Rev Neurosci. 2007;8(11):895-903. https://doi.org/10.1
038/nrn2255.

5. Cardona AE, Li M, Liu L, Savarin C, Ransohoff RM. Chemokines in and out of
the central nervous system: much more than chemotaxis and inflammation.
J Leukoc Biol. 2008;84(3):587-94. https://doi.org/10.1189/jlb.1107763.

6. Tran PB, Miller RJ. Chemokine receptors: signposts to brain development
and disease. Nat Rev Neurosci. 2003;4(6):444-55. https://doi.org/10.1038/
nmi11e6.

7. Ransohoff RM. Chemokines and chemokine receptors: standing at the
crossroads of immunobiology and neurobiology. Immunity. 2009;31(5):711-
21. https://doi.org/10.1016/1.immuni.2009.09.010.

8. JiRR, Xu ZZ, Gao YJ. Emerging targets in neuroinflammation-driven chronic
pain. Nat Rev Drug Discov. 2014;13(7):533-48. https://doi.org/10.1038/
nrd4334.

9. Melik-Parsadaniantz S, Rostene W. Chemokines and neuromodulation. J
Neuroimmunol. 2008;198(1-2):62-8. https://doi.org/10.1016/jjneuroim.2008.
04.022.

10.  Semple BD, Kossmann T, Morganti-Kossmann MC. Role of chemokines in
CNS health and pathology: a focus on the CCL2/CCR2 and CXCL8/CXCR2
networks. J Cereb Blood Flow Metab. 2010;30(3):459-73. https://doi.org/10.1
038/jcbfm.2009.240.

11. White FA, Feldman P, Miller RJ. Chemokine signaling and the management
of neuropathic pain. Mol Interv. 2009;9(4):188-95. https://doi.org/10.1124/mi.
94.7.

12. Zhang ZJ, Jiang BC, Gao YJ. Chemokines in neuron-glial cell interaction and
pathogenesis of neuropathic pain. Cell Mol Life Sci. 2017,74(18):3275-91.

13. Tanaka T, Minami M, Nakagawa T, Satoh M. Enhanced production of
monocyte chemoattractant protein-1 in the dorsal root ganglia in a rat
model of neuropathic pain: possible involvement in the development of
neuropathic pain. Neurosci Res. 2004;48(4):463-9. https://doi.org/10.1016/j.
neures.2004.01.004.

14.  Dansereau MA, Gosselin RD, Pohl M, Pommier B, Mechighel P, Mauborgne
A, Rostene W, Kitabgi P, Beaudet N, Sarret P, Melik-Parsadaniantz S. Spinal


https://doi.org/10.1146/annurev.pharmtox.42.091901.115838
https://doi.org/10.1146/annurev.pharmtox.42.091901.115838
https://doi.org/10.2174/092986707782023686
https://doi.org/10.1038/nrn2255
https://doi.org/10.1038/nrn2255
https://doi.org/10.1189/jlb.1107763
https://doi.org/10.1038/nrn1116
https://doi.org/10.1038/nrn1116
https://doi.org/10.1016/j.immuni.2009.09.010
https://doi.org/10.1038/nrd4334
https://doi.org/10.1038/nrd4334
https://doi.org/10.1016/j.jneuroim.2008.04.022
https://doi.org/10.1016/j.jneuroim.2008.04.022
https://doi.org/10.1038/jcbfm.2009.240
https://doi.org/10.1038/jcbfm.2009.240
https://doi.org/10.1124/mi.9.4.7
https://doi.org/10.1124/mi.9.4.7
https://doi.org/10.1016/j.neures.2004.01.004
https://doi.org/10.1016/j.neures.2004.01.004

Dansereau et al. Journal of Neuroinflammation

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

(2021) 18:79

CCL2 pronociceptive action is no longer effective in CCR2 receptor
antagonist-treated rats. J Neurochem. 2008;106(2):757-69. https://doi.org/1
0.1111/1.1471-4159.2008.05429.x.

Thacker MA, Clark AK, Bishop T, Grist J, Yip PK, Moon LD, Thompson SW,
Marchand F, McMahon SB. CCL2 is a key mediator of microglia activation in
neuropathic pain states. Eur J Pain. 2009;13(3):263-72. https://doi.org/10.101
6/j.6jpain.2008.04.017.

Ramesh G. Novel therapeutic targets in neuroinflammation and neuropathic
pain. Inflamm Cell Signal. 2014;1:e111.

Abbadie C, Bhangoo S, De Koninck Y, Malcangio M, Melik-Parsadaniantz S,
White FA. Chemokines and pain mechanisms. Brain Res Rev. 2009,60(1):125—
34, https://doi.org/10.1016/j.brainresrev.2008.12.002.

Gosselin RD, Dansereau MA, Pohl M, Kitabgi P, Beaudet N, Sarret P, Melik
Parsadaniantz S. Chemokine network in the nervous system: a new target
for pain relief. Curr Med Chem. 2008;15(27):2866-75. https://doi.org/10.2174/
092986708786242822.

Abbadie C, Lindia JA, Cumiskey AM, Peterson LB, Mudgett JS, Bayne EK,
DeMartino JA, Macintyre DE, Forrest MJ. Impaired neuropathic pain
responses in mice lacking the chemokine receptor CCR2. Proc Natl Acad Sci
U S A. 2003;100(13):7947-52. https://doi.org/10.1073/pnas.1331358100.
Knerlich-Lukoschus F, Juraschek M, Blomer U, Lucius R, Mehdorn HM, Held-
Feindt J. Force-dependent development of neuropathic central pain and
time-related CCL2/CCR2 expression after graded spinal cord contusion
injuries of the rat. J Neurotrauma. 2008;25(5):427-48. https://doi.org/10.1089/
neu.2007.0431.

Bhangoo SK, Ripsch MS, Buchanan DJ, Miller RJ, White FA. Increased
chemokine signaling in a model of HIV1-associated peripheral neuropathy.
Mol Pain. 2009;5:48.

Van Steenwinckel J, Reaux-Le Goazigo A, Pommier B, Mauborgne A,
Dansereau MA, Kitabgi P, Sarret P, Pohl M, Melik Parsadaniantz S. CCL2
released from neuronal synaptic vesicles in the spinal cord is a major
mediator of local inflammation and pain after peripheral nerve injury. J
Neurosci. 2011;31(15):5865-75. https.//doi.org/10.1523/JNEUROSCI.5986-10.2
011.

Torres L, Dunlop DD, Peterfy C, Guermazi A, Prasad P, Hayes KW, Song J,
Cahue S, Chang A, Marshall M, Sharma L. The relationship between specific
tissue lesions and pain severity in persons with knee osteoarthritis.
Osteoarthr Cartil. 2006;14(10):1033-40. https://doi.org/10.1016/jjoca.2006.03.
015.

Fitzcharles MA, DaCosta D, Ware MA, Shir Y. Patient barriers to pain
management may contribute to poor pain control in rheumatoid arthritis. J
Pain. 2009;10(3):300-5. https://doi.org/10.1016/jjpain.2008.09.012.

Walsh DA, McWilliams DF. Mechanisms, impact and management of pain in
rheumatoid arthritis. Nat Rev Rheumatol. 2014;10(10):581-92. https://doi.
0rg/10.1038/nrrheum.2014.64.

Berenbaum F, Walker C. Osteoarthritis and inflammation: a serious disease
with overlapping phenotypic patterns. Postgrad Med. 2020;132(4):377-84.
https://doi.org/10.1080/00325481.2020.1730669.

He Y, Li Z, Alexander PG, Ocasio-Nieves BD, Yocum L, Lin H, Tuan RS.
Pathogenesis of osteoarthritis: risk factors, regulatory pathways in
chondrocytes, and experimental models. Biology. 2020;9:194.

Schaible HG, Ebersberger A, Von Banchet GS. Mechanisms of pain in
arthritis. Ann N Y Acad Sci. 2002,966(1):343-54. https://doi.org/10.1111/].174
9-6632.2002.tb04234.x.

Kidd BL, Langford RM, Wodehouse T. Arthritis and pain. Current approaches
in the treatment of arthritic pain. Arthritis Res Ther. 2007,9:214.

Kolasinski SL, Neogi T, Hochberg MC, Oatis C, Guyatt G, Block J, Callahan L,
Copenhaver C, Dodge C, Felson D, et al. American College of
Rheumatology/arthritis foundation guideline for the management of
osteoarthritis of the hand, hip, and knee. Arthritis Rheum. 2019;2020(72):
220-33.

Bjordal JM, Klovning A, Ljunggren AE, Slordal L. Short-term efficacy of
pharmacotherapeutic interventions in osteoarthritic knee pain: a meta-
analysis of randomised placebo-controlled trials. Eur J Pain. 2007;11(2):125—
38, https://doi.org/10.1016/j.ejpain.2006.02.013.

Bijlsma JW. Patient centred outcomes in osteoarthritis. Ann Rheum Dis.
2005;64(1):1-2. https://doi.org/10.1136/ard.2004.025072.

Abbasi M, Mousavi MJ, Jamalzehi S, Alimohammadi R, Bezvan MH,
Mohammadi H, Aslani S. Strategies toward rheumatoid arthritis therapy; the
old and the new. J Cell Physiol. 2019;234(7):10018-31. https://doi.org/10.1
002/jcp.27860.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

Page 16 of 18

Lee YC. Effect and treatment of chronic pain in inflammatory arthritis. Curr
Rheumatol Rep. 2013;15(1):300. https://doi.org/10.1007/511926-012-0300-4.
Koch AE, Kunkel SL, Harlow LA, Johnson B, Evanoff HL, Haines GK, Burdick
MD, Pope RM, Strieter RM. Enhanced production of monocyte
chemoattractant protein-1 in rheumatoid arthritis. J Clin Invest. 1992,90(3):
772-9. https://doi.org/10.1172/JCI115950.

Ellingsen T, Buus A, Stengaard-Pedersen K. Plasma monocyte
chemoattractant protein 1 is a marker for joint inflammation in rheumatoid
arthritis. J Rheumatol. 2001;28(1):41-6.

Li L, Jiang BE. Serum and synovial fluid chemokine ligand 2/monocyte
chemoattractant protein 1 concentrations correlates with symptomatic
severity in patients with knee osteoarthritis. Ann Clin Biochem. 2015;52(2):
276-82. https.//doi.org/10.1177/0004563214545117.

Stankovic A, Slavic V, Stamenkovic B, Kamenov B, Bojanovic M, Mitrovic DR.
Serum and synovial fluid concentrations of CCL2 (MCP-1) chemokine in
patients suffering rheumatoid arthritis and osteoarthritis reflect disease
activity. Bratisl Lek Listy. 2009;110(10):641-6.

Katschke KJ Jr, Rottman JB, Ruth JH, Qin S, Wu L, LaRosa G, Ponath P,
Park CC, Pope RM, Koch AE. Differential expression of chemokine
receptors on peripheral blood, synovial fluid, and synovial tissue
monocytes/macrophages in rheumatoid arthritis. Arthritis Rheum. 2001;
44(5):1022-32. https://doi.org/10.1002/1529-0131(200105)44:5<1022::AID-A
NR181>3.0.CO;2-N.

Haringman JJ, Smeets TJ, Reinders-Blankert P, Tak PP. Chemokine and
chemokine receptor expression in paired peripheral blood mononuclear
cells and synovial tissue of patients with rheumatoid arthritis, osteoarthritis,
and reactive arthritis. Ann Rheum Dis. 2006;65(3):294-300. https://doi.org/1
0.1136/ard.2005.037176.

Zhebrun DA, Totolyan AA, Maslyanskii AL, Titov AG, Patrukhin AP, Kostareva
AA, Gol'tseva IS. Synthesis of some CC chemokines and their receptors in
the synovium in rheumatoid arthritis. Bull Exp Biol Med. 2014;158(2):192-6.
https.//doi.org/10.1007/510517-014-2720-9.

Raghu H, Lepus CM, Wang Q, Wong HH, Lingampalli N, Oliviero F, Punzi L,
Giori NJ, Goodman SB, Chu CR, Sokolove JB, Robinson WH. CCL2/CCR2, but
not CCL5/CCRS, mediates monocyte recruitment, inflammation and
cartilage destruction in osteoarthritis. Ann Rheum Dis. 2017,76(5):914-22.
https://doi.org/10.1136/annrheumdis-2016-210426.

Wang XM, Hamza M, Wu TX, Dionne RA. Upregulation of IL-6, IL-8 and CCL2
gene expression after acute inflammation: correlation to clinical pain. Pain.
2009;142(3):275-83. https://doi.org/10.1016/j.pain.2009.02.001.

Dawes JM, Kiesewetter H, Perkins JR, Bennett DL, McMahon SB. Chemokine
expression in peripheral tissues from the monosodium iodoacetate model
of chronic joint pain. Mol Pain. 2013;9:57.

Haas CS, Martinez RJ, Attia N, Haines GK 3rd, Campbell PL, Koch AE.
Chemokine receptor expression in rat adjuvant-induced arthritis. Arthritis
Rheum. 2005;52(12):3718-30. https://doi.org/10.1002/art.21476.

Liu SH, Wong CS, Chang DM. Increased monocyte chemoattractant protein-
1 in knee joints of rats with adjuvant-induced arthritis: in vivo microdialysis.
J Rheumatol. 2005;32(11):2205-11.

Ogata H, Takeya M, Yoshimura T, Takagi K, Takahashi K. The role of
monocyte chemoattractant protein-1 (MCP-1) in the pathogenesis of
collagen-induced arthritis in rats. J Pathol. 1997;182(1):106-14. https://doi.
0rg/10.1002/(SIC1)1096-9896(199705)182:1<106:AID-PATH816>3.0.CO;2-A.
Gong JH, Ratkay LG, Waterfield JD, Clark-Lewis I. An antagonist of monocyte
chemoattractant protein 1 (MCP-1) inhibits arthritis in the MRL-lpr mouse
model. J Exp Med. 1997;186(1):131-7. https://doi.org/10.1084/jem.186.1.131.
Brodmerkel CM, Huber R, Covington M, Diamond S, Hall L, Collins R, Leffet
L, Gallagher K, Feldman P, Collier P, Stow M, Gu X, Baribaud F, Shin N,
Thomas B, Burn T, Hollis G, Yeleswaram S, Solomon K, Friedman S, Wang A,
Xue CB, Newton RC, Scherle P, Vaddi K. Discovery and pharmacological
characterization of a novel rodent-active CCR2 antagonist, INCB3344. J
Immunol. 2005;175(8):5370-8. https://doi.org/10.4049/jimmunol.175.8.5370.
Shin N, Baribaud F, Wang K, Yang G, Wynn R, Covington MB, Feldman P,
Gallagher KB, Leffet LM, Lo YY, Wang A, Xue CB, Newton RC, Scherle PA.
Pharmacological characterization of INCB3344, a small molecule antagonist
of human CCR2. Biochem Biophys Res Commun. 2009,387(2):251-5. https://
doi.org/10.1016/j.bbrc.2009.06.135.

Xue CB, Wang A, Meloni D, Zhang K, Kong L, Feng H, Glenn J, Huang T,
Zhang Y, Cao G, Anand R, Zheng C, Xia M, Han Q, Robinson DJ, Storace L,
Shao L, Li M, Brodmerkel CM, Covington M, Scherle P, Diamond S,
Yeleswaram S, Vaddi K, Newton R, Hollis G, Friedman S, Metcalf B. Discovery


https://doi.org/10.1111/j.1471-4159.2008.05429.x
https://doi.org/10.1111/j.1471-4159.2008.05429.x
https://doi.org/10.1016/j.ejpain.2008.04.017
https://doi.org/10.1016/j.ejpain.2008.04.017
https://doi.org/10.1016/j.brainresrev.2008.12.002
https://doi.org/10.2174/092986708786242822
https://doi.org/10.2174/092986708786242822
https://doi.org/10.1073/pnas.1331358100
https://doi.org/10.1089/neu.2007.0431
https://doi.org/10.1089/neu.2007.0431
https://doi.org/10.1523/JNEUROSCI.5986-10.2011
https://doi.org/10.1523/JNEUROSCI.5986-10.2011
https://doi.org/10.1016/j.joca.2006.03.015
https://doi.org/10.1016/j.joca.2006.03.015
https://doi.org/10.1016/j.jpain.2008.09.012
https://doi.org/10.1038/nrrheum.2014.64
https://doi.org/10.1038/nrrheum.2014.64
https://doi.org/10.1080/00325481.2020.1730669
https://doi.org/10.1111/j.1749-6632.2002.tb04234.x
https://doi.org/10.1111/j.1749-6632.2002.tb04234.x
https://doi.org/10.1016/j.ejpain.2006.02.013
https://doi.org/10.1136/ard.2004.025072
https://doi.org/10.1002/jcp.27860
https://doi.org/10.1002/jcp.27860
https://doi.org/10.1007/s11926-012-0300-4
https://doi.org/10.1172/JCI115950
https://doi.org/10.1177/0004563214545117
https://doi.org/10.1002/1529-0131(200105)44:5<1022::AID-ANR181>3.0.CO;2-N
https://doi.org/10.1002/1529-0131(200105)44:5<1022::AID-ANR181>3.0.CO;2-N
https://doi.org/10.1136/ard.2005.037176
https://doi.org/10.1136/ard.2005.037176
https://doi.org/10.1007/s10517-014-2720-9
https://doi.org/10.1136/annrheumdis-2016-210426
https://doi.org/10.1016/j.pain.2009.02.001
https://doi.org/10.1002/art.21476
https://doi.org/10.1002/(SICI)1096-9896(199705)182:1<106::AID-PATH816>3.0.CO;2-A
https://doi.org/10.1002/(SICI)1096-9896(199705)182:1<106::AID-PATH816>3.0.CO;2-A
https://doi.org/10.1084/jem.186.1.131
https://doi.org/10.4049/jimmunol.175.8.5370
https://doi.org/10.1016/j.bbrc.2009.06.135
https://doi.org/10.1016/j.bbrc.2009.06.135

Dansereau et al. Journal of Neuroinflammation

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

(2021) 18:79

of INCB3344, a potent, selective and orally bioavailable antagonist of human
and murine CCR2. Bioorg Med Chem Lett. 2010;20(24):7473-8. https://doi.
0rg/10.1016/jbmcl.2010.10.020.

Dubuisson D, Dennis SG. The formalin test: a quantitative study of the
analgesic effects of morphine, meperidine, and brain stem stimulation in
rats and cats. Pain. 1977;4(Supp C):161-74. https.//doi.org/10.1016/0304-3
959(77)90130-0.

Coderre TJ, Fundytus ME, McKenna JE, Dalal S, Melzack R. The formalin test:
a validation of the weighted-scores method of behavioural pain rating. Pain.
1993;54(1):43-50. https://doi.org/10.1016/0304-3959(93)90098-A.

Tétreault P, Beaudet N, Perron A, Belleville K, René A, Cavelier F, Martinez J,
Stroh T, Jacobi AM, Rose SD, Behlke MA, Sarret P. Spinal NTS2 receptor
activation reverses signs of neuropathic pain. FASEB J. 2013;27(9):3741-52.
https://doi.org/10.1096/fj.12-225540.

Tetreault P, Dansereau MA, Dore-Savard L, Beaudet N, Sarret P. Weight
bearing evaluation in inflammatory, neuropathic and cancer chronic pain in
freely moving rats. Physiol Behav. 2011;104(3):495-502. https://doi.org/10.1
016/}.physbeh.2011.05.015.

Belkouch M, Dansereau M-AA, Réaux-Le Goazigo A, Van Steenwinckel J,
Beaudet N, Chraibi A, Melik-Parsadaniantz S, Sarret P. The chemokine CCL2
increases Nav1.8 sodium channel activity in primary sensory neurons
through a GPy-dependent mechanism. J Neurosci. 2011;31(50):18381-90.
https://doi.org/10.1523/JNEUROSCI.3386-11.2011.

Ghouri A, Conaghan PG. Update on novel pharmacological therapies
for osteoarthritis. Ther Adv Musculoskelet Dis. 2019;11:
1759720X19864492.

Rostene W, Dansereau MA, Godefroy D, Van Steenwinckel J, Reaux-Le
Goazigo A, Melik-Parsadaniantz S, Apartis E, Hunot S, Beaudet N, Sarret P.
Neurochemokines: a menage a trois providing new insights on the
functions of chemokines in the central nervous system. J Neurochem. 2011;
118(5):680-94. https://doi.org/10.1111/}.1471-4159.2011.07371 x.

Jung H, Toth PT, White FA, Miller RJ. Monocyte chemoattractant protein-1
functions as a neuromodulator in dorsal root ganglia neurons. J
Neurochem. 2008;104(1):254-63. https://doi.org/10.1111/j.1471-4159.2007.04
969.x.

Yang HY, Mitchell K, Keller JM, ladarola MJ. Peripheral inflammation
increases Scya2 expression in sensory ganglia and cytokine and endothelial
related gene expression in inflamed tissue. J Neurochem. 2007;103(4):1628-
43, https://doi.org/10.1111/.1471-4159.2007.04874X.

Jeon SM, Lee KM, Park ES, Jeon YH, Cho HJ. Monocyte chemoattractant
protein-1 immunoreactivity in sensory ganglia and hindpaw after adjuvant
injection. Neuroreport. 2008;19(2):183-6. https://doi.org/10.1097/WNR.0b013
€3282f3c781.

Qin X, Wan Y, Wang X. CCL2 and CXCL1 trigger calcitonin gene-related
peptide release by exciting primary nociceptive neurons. J Neurosci Res.
2005;82(1):51-62. https://doi.org/10.1002/jnr.20612.

Kao DJ, Li AH, Chen JC, Luo RS, Chen YL, Lu JC, Wang HL. CC chemokine
ligand 2 upregulates the current density and expression of TRPV1 channels
and Nav1.8 sodium channels in dorsal root ganglion neurons. J
Neuroinflammation. 2012;9:189.

Zhao R, Pei GX, Cong R, Zhang H, Zang CW, Tian T. PKC-NF-kappaB are
involved in CCL2-induced Nav1.8 expression and channel function in dorsal
root ganglion neurons. Biosci Rep. 2014;34:¢00111.

Spicarova D, Adamek P, Kalynovska N, Mrozkova P, Palecek J. TRPV1
receptor inhibition decreases CCL2-induced hyperalgesia.
Neuropharmacology. 2014;81:75-84. https://doi.org/10.1016/j.neuropharm.2
014.01.041.

Tang HB, Inoue A, lwasa M, Hide |, Nakata Y. Substance P release evoked by
capsaicin or potassium from rat cultured dorsal root ganglion neurons is
conversely modulated with bradykinin. J Neurochem. 2006,97(5):1412-8.
https.//doi.org/10.1111/j.1471-4159.2006.03830.x.

Llorian-Salvador M, Pevida M, Gonzalez-Rodriguez S, Lastra A, Fernandez-
Garcia MT, Hidalgo A, Baamonde A, Menendez L. Analgesic effects evoked
by a CCR2 antagonist or an anti-CCL2 antibody in inflamed mice. Fundam
Clin Pharmacol. 2016;30(3):235-47. https://doi.org/10.1111/fcp.12182.
Szolcsanyi J. Capsaicin-sensitive sensory nerve terminals with local and
systemic efferent functions: facts and scopes of an unorthodox
neuroregulatory mechanism. Prog Brain Res. 1996;113:343-59. https://doi.
0rg/10.1016/50079-6123(08)61097-3.

Kichko TI, Reeh PW. TRPV1 controls acid- and heat-induced calcitonin gene-
related peptide release and sensitization by bradykinin in the isolated

70.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Page 17 of 18

mouse trachea. Eur J Neurosci. 2009;29(9):1896-904. https.//doi.org/10.1111/
J.1460-9568.2009.06747 x.

Sandhu SK; Papadopoulos K, Fong PC, Patnaik A, Messiou C, Olmos D, Wang
G, Tromp BJ, Puchalski TA, Balkwill F, Berns B, Seetharam S, de Bono JS,
Tolcher AW. A first-in-human, first-in-class, phase | study of carlumab (CNTO
888), a human monoclonal antibody against CC-chemokine ligand 2 in
patients with solid tumors. Cancer Chemother Pharmacol. 2013;71(4):1041—
50. https://doi.org/10.1007/500280-013-2099-8.

Holzer P. Neurogenic vasodilatation and plasma leakage in the skin. Gen
Pharmacol. 1998;30(1):5-11. https://doi.org/10.1016/50306-3623(97)00078-5.
Saito T. Neurogenic inflammation in osteoarthritis of the knee. Mod
Rheumatol. 2003;13(4):301-4. https://doi.org/10.3109/510165-003-0253-6.
Denadai-Souza A, Camargo Lde L, Ribela MT, Keeble JE, Costa SK, Muscara
MN. Participation of peripheral tachykinin NK1 receptors in the carrageenan-
induced inflammation of the rat temporomandibular joint. Eur J Pain. 2009;
13(8):812-9. https//doi.org/10.1016/j.ejpain.2008.09.012.

Uematsu T, Sakai A, Ito H, Suzuki H. Intra-articular administration of
tachykinin NK(1) receptor antagonists reduces hyperalgesia and cartilage
destruction in the inflammatory joint in rats with adjuvant-induced arthritis.
Eur J Pharmacol. 2011,668(1-2):163-8. https://doi.org/10.1016/j.ejphar.2011.
06.037.

Menetski J, Mistry S, Lu M, Mudgett JS, Ransohoff RM, Demartino JA,
Macintyre DE, Abbadie C. Mice overexpressing chemokine ligand 2 (CCL2)
in astrocytes display enhanced nociceptive responses. Neuroscience. 2007;
149(3):706-14. https.//doi.org/10.1016/j.neuroscience.2007.08.014.

Ahn DK, Lee KR, Lee HJ, Kim SK, Choi HS, Lim EJ, Park JS. Intracisternal
administration of chemokines facilitated formalin-induced behavioral
responses in the orofacial area of freely moving rats. Brain Res Bull. 2005;
66(1):50-8. https://doi.org/10.1016/j.brainresbull.2005.03.015.

Sawynok J, Liu XJ. The formalin test: characteristics and usefulness of the
model. Rev Analg. 2003;7(2):145-63. https://doi.org/10.3727/000000003783
992982.

Zhang H, Ma SB, Gao YJ, Xing JL, Xian H, Li ZZ, Shen SN, Wu SX, Luo C, Xie
RG. Spinal CCL2 promotes pain sensitization by rapid enhancement of
NMDA-induced currents through the ERK-GIUN2B pathway in mouse lamina
I 'neurons. Neurosci Bull. 2020,36(11):1344-54. https//doi.org/10.1007/5122
64-020-00557-9.

Xie RG, Gao YJ, Park CK, Lu N, Luo C, Wang WT, Wu SX, Ji RR. Spinal CCL2
promotes central sensitization, long-term potentiation, and inflammatory
pain via CCR2: further insights into molecular, synaptic, and cellular
mechanisms. Neurosci Bull. 2018;34(1):13-21. https://doi.org/10.1007/512264-
017-0106-5.

Gao YJ, Zhang L, Samad OA, Suter MR, Yasuhiko K, Xu ZZ, Park JY, Lind AL,
Ma Q, Ji RR. JNK-induced MCP-1 production in spinal cord astrocytes
contributes to central sensitization and neuropathic pain. J Neurosci. 2009;
29(13):4096-108. https://doi.org/10.1523/JNEUROSCI.3623-08.2009.

O'Reilly SC, Muir KR, Doherty M. Knee pain and disability in the Nottingham
community: association with poor health status and psychological distress.
Br J Rheumatol. 1998;37(8):870-3. https://doi.org/10.1093/rheumatology/37.
8.870.

van der Leeden M, Steultjens MP, Terwee CB, Rosenbaum D, Turner D,
Woodburn J, Dekker J. A systematic review of instruments measuring
foot function, foot pain, and foot-related disability in patients with
rheumatoid arthritis. Arthritis Rheum. 2008;59(9):1257-69. https://doi.
0rg/10.1002/art.24016.

Petrella RJ, DiSilvestro MD, Hildebrand C. Effects of hyaluronate sodium on
pain and physical functioning in osteoarthritis of the knee: a randomized,
double-blind, placebo-controlled clinical trial. Arch Intern Med. 2002;162(3):
292-8. https://doi.org/10.1001/archinte.162.3.292.

Peters CM, Eisenach JC. Contribution of the chemokine (C-C motif) ligand 2
(CCL2) to mechanical hypersensitivity after surgical incision in rats.
Anesthesiology. 2010;112(5):1250-8. https://doi.org/10.1097/ALN.0b013e31
81d3d978.

Zhang ZJ, Dong YL, Lu Y, Cao S, Zhao ZQ, Gao YJ. Chemokine CCL2 and its
receptor CCR2 in the medullary dorsal horn are involved in trigeminal
neuropathic pain. J Neuroinflammation. 2012;9:136.

Piotrowska A, Kwiatkowski K, Rojewska E, Slusarczyk J, Makuch W, Basta-
Kaim A, Przewlocka B, Mika J. Direct and indirect pharmacological
modulation of CCL2/CCR2 pathway results in attenuation of neuropathic
pain - In vivo and in vitro evidence. J Neuroimmunol. 2016;297:9-19.
https://doi.org/10.1016/jjneuroim.2016.04.017.


https://doi.org/10.1016/j.bmcl.2010.10.020
https://doi.org/10.1016/j.bmcl.2010.10.020
https://doi.org/10.1016/0304-3959(77)90130-0
https://doi.org/10.1016/0304-3959(77)90130-0
https://doi.org/10.1016/0304-3959(93)90098-A
https://doi.org/10.1096/fj.12-225540
https://doi.org/10.1016/j.physbeh.2011.05.015
https://doi.org/10.1016/j.physbeh.2011.05.015
https://doi.org/10.1523/JNEUROSCI.3386-11.2011
https://doi.org/10.1111/j.1471-4159.2011.07371.x
https://doi.org/10.1111/j.1471-4159.2007.04969.x
https://doi.org/10.1111/j.1471-4159.2007.04969.x
https://doi.org/10.1111/j.1471-4159.2007.04874.x
https://doi.org/10.1097/WNR.0b013e3282f3c781
https://doi.org/10.1097/WNR.0b013e3282f3c781
https://doi.org/10.1002/jnr.20612
https://doi.org/10.1016/j.neuropharm.2014.01.041
https://doi.org/10.1016/j.neuropharm.2014.01.041
https://doi.org/10.1111/j.1471-4159.2006.03830.x
https://doi.org/10.1111/fcp.12182
https://doi.org/10.1016/S0079-6123(08)61097-3
https://doi.org/10.1016/S0079-6123(08)61097-3
https://doi.org/10.1111/j.1460-9568.2009.06747.x
https://doi.org/10.1111/j.1460-9568.2009.06747.x
https://doi.org/10.1007/s00280-013-2099-8
https://doi.org/10.1016/S0306-3623(97)00078-5
https://doi.org/10.3109/s10165-003-0253-6
https://doi.org/10.1016/j.ejpain.2008.09.012
https://doi.org/10.1016/j.ejphar.2011.06.037
https://doi.org/10.1016/j.ejphar.2011.06.037
https://doi.org/10.1016/j.neuroscience.2007.08.014
https://doi.org/10.1016/j.brainresbull.2005.03.015
https://doi.org/10.3727/000000003783992982
https://doi.org/10.3727/000000003783992982
https://doi.org/10.1007/s12264-020-00557-9
https://doi.org/10.1007/s12264-020-00557-9
https://doi.org/10.1007/s12264-017-0106-5
https://doi.org/10.1007/s12264-017-0106-5
https://doi.org/10.1523/JNEUROSCI.3623-08.2009
https://doi.org/10.1093/rheumatology/37.8.870
https://doi.org/10.1093/rheumatology/37.8.870
https://doi.org/10.1002/art.24016
https://doi.org/10.1002/art.24016
https://doi.org/10.1001/archinte.162.3.292
https://doi.org/10.1097/ALN.0b013e3181d3d978
https://doi.org/10.1097/ALN.0b013e3181d3d978
https://doi.org/10.1016/j.jneuroim.2016.04.017

Dansereau et al. Journal of Neuroinflammation

87.

88.

89.

90.

91.

92.

93.

(2021) 18:79

Kwiatkowski K, Ciapala K, Rojewska E, Makuch W, Mika J. Comparison of the
beneficial effects of RS504393, maraviroc and cenicriviroc on neuropathic
pain-related symptoms in rodents: behavioral and biochemical analyses. Int
Immunopharmacol. 2020;84:106540. https//doi.org/10.1016/j.intimp.2020.1
06540.

Wu XB, Jing PB, Zhang ZJ, Cao DL, Gao MH, Jiang BC, Gao YJ. Chemokine
receptor CCR2 contributes to neuropathic pain and the associated
depression via increasing NR2B-mediated currents in both D1 and D2
dopamine receptor-containing medium spiny neurons in the nucleus
accumbens shell. Neuropsychopharmacology. 2018;43(11):2320-30.
https://doi.org/10.1038/541386-018-0115-8.

Hu J-HH, Zheng X-YY, Yang J-PP, Wang L-NN, Ji F-HH. Involvement of spinal
monocyte chemoattractant protein-1 (MCP-1) in cancer-induced bone pain
in rats. Neurosci Lett. 2012;517(1):60-3. https://doi.org/10.1016/j.neulet.2012.
04.026.

Pevida M, Lastra A, Hidalgo A, Baamonde A, Menendez L. Spinal CCL2 and
microglial activation are involved in paclitaxel-evoked cold hyperalgesia.
Brain Res Bull. 2013;95:21-7. https://doi.org/10.1016/j.brainresbull.2013.03.
005.

Pevida M, Gonzalez-Rodriguez S, Lastra A, Garcia-Suarez O, Hidalgo A,
Menendez L, Baamonde A. Involvement of spinal chemokine CCL2 in the
hyperalgesia evoked by bone cancer in mice: a role for astroglia and
microglia. Cell Mol Neurobiol. 2014;34(1):143-56. https://doi.org/10.1007/s1
0571-013-9995-7.

Longobardi L, Temple JD, Tagliafierro L, Willcockson H, Esposito A, D'Onofrio
N, Stein E, Li T, Myers TJ, Ozkan H, Balestrieri ML, Ulici V, Loeser RF, Spagnoli
A. Role of the C-C chemokine receptor-2 in a murine model of injury-
induced osteoarthritis. Osteoarthr Cartil. 2017;25(6):914-25. https://doi.org/1
0.1016/jjoca.2016.11.004.

Miotla Zarebska J, Chanalaris A, Driscoll C, Burleigh A, Miller RE, Malfait AM,
Stott B, Vincent TL. CCL2 and CCR2 regulate pain-related behaviour and
early gene expression in post-traumatic murine osteoarthritis but contribute
little to chondropathy. Osteoarthr Cartil. 2017;25(3):406-12. https://doi.org/1
0.1016/jjoca.2016.10.008.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Page 18 of 18

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://doi.org/10.1016/j.intimp.2020.106540
https://doi.org/10.1016/j.intimp.2020.106540
https://doi.org/10.1038/s41386-018-0115-8
https://doi.org/10.1016/j.neulet.2012.04.026
https://doi.org/10.1016/j.neulet.2012.04.026
https://doi.org/10.1016/j.brainresbull.2013.03.005
https://doi.org/10.1016/j.brainresbull.2013.03.005
https://doi.org/10.1007/s10571-013-9995-7
https://doi.org/10.1007/s10571-013-9995-7
https://doi.org/10.1016/j.joca.2016.11.004
https://doi.org/10.1016/j.joca.2016.11.004
https://doi.org/10.1016/j.joca.2016.10.008
https://doi.org/10.1016/j.joca.2016.10.008

	Abstract
	Background
	Methods
	Results
	Conclusions

	Introduction
	Methods
	Animals
	Drugs and intrathecal injection
	Tonic inflammatory pain
	Chronic inflammatory pain
	Mechanical sensitivity
	Weight bearing
	Edema
	Isolation and primary cell culture of dorsal root ganglion (DRG) neurons
	Intracellular calcium imaging
	qPCR
	DRG superfusion
	Sciatic nerve ligation
	Immunohistochemistry
	Statistical analysis

	Results
	Formalin-induced tonic inflammatory pain
	Intrathecal injection of a CCR2 antagonist reverses mechanical hypersensitivity and movement-evoked pain in rats receiving CFA
	Repeated i.t delivery of a CCR2 antagonist reduces the expression level of pronociceptive markers promoted by CFA
	The calcium mobilization elicited by CCL2 under chronic inflammation is blocked by a CCR2 antagonist
	CCL2 release is increased under inflammatory pain condition
	Repeated treatment with INCB3344 blocks the anterograde transport of substance P induced by CFA treatment

	Discussion
	Conclusion
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Declarations
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

