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Abstract

Neuropathic Pain (NPP) is a chronic disorder of maladaptation
that may occur after an injury or disease which affects the so-
matosensory system and features as abnormal pain, nociceptive
hyperalgesia, spontaneous pain, and comorbidity triggering sleep
disorders, depression, and anxiety. Despite recent advances and
growing interest in understanding the pathogenesis of this disease,
neuropathic pain remains a significant challenge to treat. Stud-
ies have shown that neuroinflammation has a significant function
for the establishment and the development of neuropathic pain.
The chemokine CCL2 mediates responses to both inflammation
and immune responses within the nervous system, and new data
suggests that CCL2/CCR2 signaling performs a significant function
in neuroinflammation by participating in neuron-glial cell interac-
tions. Here, we provide evidence regarding the contribution of
CCL2/CCR2 in neuropathic pain. First, we reviewed the mechanisms
whereby CCL2-CCR2 promotes plasticity changes in neuropathic
pain conditions from three different anatomical sites: the nerve in-
jury site, the dorsal horn of the central spinal cord, and the dorsal
root ganglion. Then, we report on the study regarding CCL2-CCR2
as a potential therapeutic target for neuropathic pain: Can CCL2-
CCR2 induce neuropathic pain by bridging peripheral and central
neuroinflammation through altering the permeability of the Blood-
Spinal Cord Barrier (BSCB)?
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Introduction

periphery and spinal cord [4-7]. In addition, inflammatory me-
diators (including chemokines) also can be released from pri-
mary afferent neurons or spinal cord neurons to induce activa-
tion of glial cells [8-10]. In recent years, an increasing number of
researches reveal significance of chemokines in the context of
chronic pain: Among inflammatory mediators, chemokines are
proven to be associated with peripheral sensitization and cen-

Pain is an unpleasant experience of the body to the dam-
aged tissue or potential injury, which is a complex physiological
and psychological activity, as one of the most common clinical
symptoms [1]. Therefore, Neuropathic pain is a presentation
of common signs and symptoms that may originate in the pe-
ripheral and central nervous system, rather than a disease [2].
The perception of pain is usually associated with an inflamma-

tory response, in which the body responds to tissue damage
caused by disease and lesions with a complex biological re-
sponse involving in recruiting of immune cells and the release
of mediators that have adverse effects such as sensitization and
stimulation of nociceptor, leading to increased central synaptic
transmission. In 2014 Ji et al. fully reviewed the vital function
of neuroinflammation in the osteogenesis of chronic pain [3].
Neuroinflammation can result in the release of inflammatory
mediators like pro-inflammatory cytokines, growth factors as
well as chemokines by glial cells acting on neurons in both the

tral sensitization following nerve injury [11], from which both
are contributors to the development and maintenance of neu-
ropathic pain [3,12,13]. However, despite intensive research
on the nosogenesis of neuropathic pain, the mechanisms that
underlie it await elucidation, and there are currently no vali-
dated for neuropathic pain. Therefore, the exploration of novel
molecular mechanisms participating in Neuropathic pain may
facilitate the discovery and development of promising analgesic
drugs, which is therefore eagerly anticipated. Recently, chemo-
kine CCL2 has been considered as a significant new player in
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pain control for contributing to the development of neuropath-
ic pain after nerve injury. Moreover, a growing body of evidence
supports the contention that CCL2 has significant contributions
to the progression of neuropathic pain. Here, we discuss evi-
dence from studies on the pathogenesis of the promotion of
neuropathic pain by the upregulated chemokine CCL2 with its
receptor CCR2 at different anatomical sites (nerve injury site,
Dorsal Root Ganglion (DRG), and central spinal cord dorsal
horn) after peripheral nerve injury. We then discuss possible
mechanisms of the CCL2-mediated progression of neuropathic
pain through the blood-spinal cord barrier.

CCL2\CCR2 AND NPP

Chemokines are a small class of signaling proteins secreted
by cells of the immune system, which are named due to their
responsibility in regulating the activity of other cells to respond
to chemical stimuli (chemotaxis). Based on the location of N-
terminal cysteine residues, the chemokines are classified into
four major families: two major subgroups CXC and CC, and two
minor subgroups CX3C and C [14].

Functional expression of all chemokines is achieved by bind-
ing to their corresponding cell surface receptors (GPCRs) and
activating intracellular signaling cascades, including the MAPK
pathway, the PLC pathway, and the PI3K pathway [15], produc-
ing biological properties such as adhesion, polarization, as well
as chemotaxis. However, there is no a one-to-one correspon-
dence between chemokines and receptors; a chemokine can
bind to one or more chemokine receptors. And CCL2, a member
of the CCs family, also known as MCP-1, was first identified in
1989 [16] and, together with its major receptor CCR2, is known
to be one of the most prominent neuroactive chemokine pairs
regulating nociception ability, as well as a critical chemokine
pairs moderating the migration and infiltration of monocytes/
macrophages [17-20]. CCR2 is the preferred receptor for CCL2,
in addition to CCR1, CCR2, and CCR4, which are recognized by
CCL2 [21].

In 2015, Tracy et al. proposed that the CCL2-CCR2 signaling
is associated with some inflammatory responses and diseases,
one of which includes neuropathic pain [22,23]. Besides, re-
cently, there is also a growing piece of evidence affirming the
important function of the CCL2/CCR2 signaling in the nocicep-
tive production and transmission, particularly in the treatment
of neuropathic pain [19,20,24-26]. For example, Takahiro et
al. induced a sustained painful mechanical hypersensitivity
response by intrathecal injection of CCL2 in 2004 [27-29], and
Marc-André, Michael et al. verified these findings in 2008 and
2009; it has also been reported that CCR2 blockade can elimi-
nate nociceptive hypersensitivity in various rodent models of
neuropathic pain [6,29-31], such as Abbadie et al. in 2003, who
demonstrated that mice knocked out of the CCR2 gene do not
develop mechanical nociception in a CCl model [32-34]. Not
only that, substantial evidence suggests that chemokine CCL2
can produce inflammatory responses in different nerve sites,
including injured nerves, dorsal root ganglia, spinal cord, etc.,
from which it contributes to the management of chronic pain
[25,35-38]. Therefore, we explored the function of the CCL2-
CCR2 signaling pathway in the pathogenesis of neuropathic
pain according to different nerve sites.

Role of CCL2/CCR2 Signaling in PNS

Macrophages are critical in the peripheral nervous system
after nerve injury—neuroinflammation characterized by Walle-

rian degeneration intermediates the onset of pain after periph-
eral nerve injury, in which macrophages participate the removal
of myelin debris, something that is essential for the resolution
of inflammation. In 1993, Griffin et al. demonstrated that within
the majority of tissues, of which the nervous system is a part,
macrophages can be distinguished into two main categories:
resident macrophages, which exist under steady-state condi-
tions, and infiltrating macrophages, which infiltrate into tissues
as a result of injury or infection [39]. Infiltrating macrophages,
which originate from monocytes in the bone marrow, can mi-
grate to sites of damage or infection [40], and in 2003 Mueller
et al. found remarkable increases in infiltrating macrophages
on the seventh day after sciatic nerve transection with a ratio
of infiltrating to resident macrophages of approximately 3:1
[41], demonstrating the migration of infiltrating macrophages.
Martinez et al. in 2014 demonstrated that infiltrating macro-
phages arriving to the sites of nerve injury can differentiate into
the pro-inflammatory M1 type [42]. These infiltrating M1-type
macrophages further remove myelin debris through phagocy-
tosis, while releasing large amounts of inflammatory mediators
like IL-1B, IL-6, and TNFa to promote inflammation, leading to
increased peripheral sensitization and pain [43,44].

So what are the upstream signaling molecules that can in-
duce monocytes/macrophages to migrate to injured tissues to
function? Recent evidence suggests that the chemokine CCL2
is an important new player in pain contro. Numerous experi-
mental data validate the above arguments, Niemi and Siebert in
2013 and 2000 found a reduction of macrophage recruitment to
the remote sciatic nerve and its DRG on the modeling side after
the knockdown of CCL2 or CCR2 [39]. In addition, Lindborg et al.
in 2017 demonstrated that the use of antibodies against CCR2
leads to a decline in both blood and sciatic nerve accumulation
of monocytes/macrophages in blood and sciatic nerve [45]. As
the above arguments illustrate the relevance of CCL2/CCR2 sig-
naling to macrophages in response to nerve injury, we further
discussed the mechanism of CCL2/CCR2 signaling that mediates
peripheral sensitization leading to pain on the example of the
model of sciatic nerve injury.

It is well known that Wallerian degeneration occurs rapidly
in response to nerve injury correlated with monocyte/macro-
phage infiltration of the damaged nerve. Wallerian degenera-
tion refers to a typical series of changes which occur after nerve
fiber injury, including macrophage invasion, Schwann cell acti-
vation, and upregulation of neurotrophins and cytokines, and in
2011 Dubovy demonstrated that the above-mentioned chang-
es are responsible for both axon growth and the induction of
neuropathic pain [46]. Besides, Dubovy also demonstrated that
Wallerian degeneration is also connected with an inflammatory
response, mainly involving the immediate upregulation of im-
mune signaling elements like cytokines or chemokines factors,
with this in turn leads to inflammation and persistent nocicep-
tive hyperalgesia and allodynia [43].

CCL2, one of the most characterized chemokines that bring
monocytes into tissues, is mainly upregulated in Schwann cells
following nerve injury [47] as well as mediating the movement
of pro-inflammatory monocytes to sites of tissue with inflam-
mation, acting upon binding to CCR2 (CCR2 is mainly expressed
by monocytes and macrophages) [31,48]. In 1997, Bruck et al.
demonstrated that in the SNI state CCL2 drives the export of
mononuclear myeloid cells to the vasculature before infiltrat-
ing into inflammatory tissues and later differentiating into mac-
rophages and participating in Wallerian degeneration [49]. At
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the same time, Wallerian degeneration is thought to relate to
increases in pain behavior. It was found that when the time for
macrophage recruitment exceeds the time necessary for tissue
repair, then it would lead to tissue damage and the release of
inflammatory mediators which further exacerbate pain.

In summary, after nerve injury, the upregulated CCL2 in
Schwann cells mediates the infiltration of monocytes into the
site of nerve injury by binding to CCR2 on monocytes and dif-
ferentiating into macrophages, which are involved in axonal
degeneration of Wallerian degeneration, which itself increases
pain behavior and can be considered as a potential mechanism
for exacerbating peripheral sensitization. Also migrating mac-
rophages themselves release large amounts of inflammatory
factors leading to peripheral sensitization, which is one of the
other mechanisms involved in peripheral sensitization. Thus,
the CCL2/CCR2 signaling coordinates the neuroinflammatory
response and thus promotes pain production mainly through
the recruitment of monocytes [20,24] (Figure 1).
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Figure 1: Schematic representation of the role of CCL2/CCR2 after
peripheral nerve injury.
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Figure 2: Schematic representation of the role of CCL2/CCR2 in the
dorsal root ganglion.
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Figure 3: Schematic representation of the role of CCL2/CCR2 in the
spinal cord.

Role of CCL2\CCR2 Signaling in DRG (Dorsal Root Ganglion)

The DRG is related to the onset and maintenance of neuro-
pathic pain [50],

which is a swollen junction formed by the dorsal roots of the
spinal cord, distributed throughout the spinal cord on both sides
of the medial intervertebral foramina, with a total of 31 pairs,
housing the cell bodies of primary sensory neurons, and every
DRG is capable of holding up to 15,000 neurons, and depend-
ing on the diameter and origin of the neurons, the neurons in
the DRG can be divided into small, medium and large neurons,
regulating the impulse transduction from the periphery, includ-
ing pain perception [51]. In 2002, Xiao et al. demonstrated that
axotomy of rat DRG neurons leads to various changes in molec-
ular expression, including receptors, ion channels, and synaptic
vesicle proteins, moreover, Xiao suggested that cascade expres-
sion of these genes may be a trigger for neuropathic pain [52].
Later Krames et al. proposed in 2014 that upregulation of ion
channel expression and subsequent inflammatory responses
in response to nerve injury probably characterize chronic pain
[50,53], and Liem et al. also proposed in 2016 that nerve injury
can lead to functional changes such as ion channel expression
which further leads to peripheral sensitization of DRG neurons
by overexcitation resulting in neuropathic pain [53,54]. Not only
that, the function of DRG in neuropathic pain is increasingly
acknowledged within recent years which is considered to pro-
mote pain delivery and persistent state, so exploring the pain
mechanism of DRG is one of the ways to find a targeted treat-
ment for pain.

CCL2 and CCR2 do not express in DRG neurons of healthy
animals [55], whereas in 2007 Hosung et al. demonstrated the
up-regulation of CCL2 and CCR2 expression in DRG neurons in
pathological situations. Not only that, but later an increasing
number of studies found that CCL2 and CCR2 expression was
upregulated in DRG in multiple rodent models of neuropathic
pain [55-58], including sciatic nerve dissection [59,60], partial
sciatic nerve ligation [61], Chronic Constriction Injury [62-64],
Chronic Compression of the L4L5 DRG (CCD), spinal stenosis
[65], bone cancer pain [66,67] and yeast polysaccharide-in-
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duced inflammatory pain [58,68]. Zhang et al. [12] found that
following nerve injury, small to large-diameter DRG neurons ex-
press ATF-3, a marker of nerve injury, in addition to upregulated
CCL2 expression, thus suggesting that the expression of CCL2
rises in damaged neurons, and they also demonstrated that
CCL2 can directly stimulate sensory injured neurons through
autocrine and/or paracrine processes [63].

Hosung et al. demonstrated that CCL2 upregulation in DRG
neurons can be achieved through the cytokine TNF-a [69],
whose potential sources include cells relevant to sites of periph-
eral nerve injury and neuroglia cells (microglia and astrocytes)
in the central projection region of primary afferent neurons in
the spinal cord [70,71]. Thus, following nerve injury, TNF-a can
operate as an upstream factor regulating chemokine transmis-
sion pathways. Similarly, there is relevant confirmation regard-
ing the upregulation of CCR2 expression, for example, in 2006
Sun et al. proved that cultured DRG neurons in vitro express
multiple chemokine receptors containing CCR2, of which activa-
tion excites sensory neurons and produces hyperesthesia [65].

After nerve injury, it is synthesized of CCL2 in neurons in the
DRG which can be contained in vesicles containing and not con-
taining neuropeptides. In 1996 Huang et al. found that neuro-
peptides located in vesicles of DRG neurons are secreted from
the neuronal cytosol through Ca2+-dependent cytokinesis [72],
for example, substance P and CGRP, while Ouyang et al. verified
these findings in 2005 [73,74]. Whereas CGRP and substance P
were shown to be proinflammatory molecules associated with
pain sensitization by Hosung et al. [75], therefore CCL2-induced
excitation may coincide with the release of these pain-related
neurotransmitters [75,76]. It was found that CCL2 is synthesized
in cultured DRG neurons and then packaged into synaptic ves-
icles identical to the peptide neurotransmitter CGRP. Depolar-
ization of neurons results in the release of CGRP from somatic
cells or nerve endings in a Ca2+-dependent way, while the che-
mokine CCL2 can also be released to further sensitize neurons,
proving the above point [38]. In summary, the release of CCL2
from DRG neurons can depolarize and generate hyperexcitabili-
ty in the same neuron or neighboring CCR2-expressing neurons,
promoting the further release of CCL2 within the DRG and cre-
ating positive feedback. The released CCL2 continues to trans-
mit pain-related information after binding to CCR2-expressing
neurons or glial cells. Thus, CCL2/CCR2 signaling may be a sig-
nificant trigger for DRG hyperexcitability and maintenance of
chronic pain.

We believe that CCL2 results in the generation of neuro-
pathic pain by upregulating neurotransmitters which promote
peripheral sensitization and indirectly overexcite sensory neu-
rons. So, what is the molecular mechanism whereby CCL2 me-
diates the generation of excitation? Many molecular sensors on
primary nociceptive receptors, for instance, GPCRs, TRP, and
sodium channels (e.g., Nav1.8) [3,77], may be involved in the
formation of excitation. Oh and White, Jung et al. demonstrated
that released CCL2 acts on CCR2 expressed on the membranes
of nociceptive DRG neurons, which consequently causes strong
activation of nociceptive neurons [57,75,78], so the excitation
of these neurons implicates the ion channels mentioned above
as possible downstream targets of CCL2/CCR2 signaling. There
are a large number of experiments that prove the above point,
such as Kao et al. who demonstrated that CCL2 upregulates the
Nav1.8 current density and TRPV1 expression among DRG neu-
rons [79]. Also, Ruparel et al. proved that neuronal hyperexcit-
ability may be related to the transactivation of TRP like TRPV1

and TRPA1 expressed in the injurious neuronal population
[80,81]. Not only that, but evidence has also been proposed
to be related to voltage-gated sodium channels in nociceptive
neurons [38]. Therefore, we provide a detailed description of
several of these arguments.

First, it was shown that released CCL2 can sensitize nocicep-
tors through the transactivation of TRP channels upon binding
to CCR2, where sensitization triggered by TRP channels appears
to be responsible for pain hypersensitivity [72]. TRPV1 is the
main TRP channel that participates in cold and heat perception
and nociceptors sensitization which can be triggered by pain-
ful stimuli and some inflammatory mediators [82]. TRPA1 is an-
other TRP channel that has an important function in nocicep-
tion and participates in pain. Recently, Kao et al. demonstrated
that increased CCL2/CCR2 signaling strengthens and upregu-
lates the function as well as expression of TRPV1 ion channels,
causing peripheral sensitization of DRG injurious neurons and
driving nociceptive hypersensitivity states [34,75,79]. Also, Van
et al. demonstrated in vitro perfusion experiments that capsa-
icin induces the calcium-dependent release of CCL2 [28], while
Spicarova demonstrated that TRPV1 inhibition reduces CCL2-
induced nociceptive sensitization [83]. Thus, in summary, it can
be concluded that the CCL2/CCR2 signaling may lead to the hy-
perexcitability of DRG neurons via the TRP pathway.

Secondly, Voltage-Gated Sodium Channels (VGSC) have a vi-
tal effect on the electrophysiological onset and impulse conduc-
tion, which may therefore be responsible for the development
of peripheral hyperexcitability in neuropathic pain conditions.
Nav1.8 is one of the subtypes of VGSC, preferentially expressed
in primitive sensory neurons, that upon stimulation, generates
slowly inactivating Nav1.8 currents and accounts for action po-
tential propagation in sensory neurons of the DRG. It is found
that CCL2 concentration dependently increased Nav1.8 current
density in small and medium-diameter sensory neurons, which
was reversed by the CCR2 antagonist INCB [84]. Lampert et al.
demonstrated that functional knockdown or knockout of the
gene expressing Nav1.8 in rats reduced hyperalgesia in mod-
els of neuropathic pain. Similarly, Bear and Matulenko et al.
found that systemic or intrathecal injection of Nav1.8 blockers
reversed a portion of pain manifestations in preclinical animal
models of chronic pain [85-88]. At the same time, numerous
studies have also found increased reactivity of neurons express-
ing Nav1.8 that would lead to the generation of nociceptive
pain hypersensitivity, hyperalgesia, and persistent spontaneous
pain [89,90]. As such, Nav1.8 is considered the key reason for
the enhanced excitability and spontaneous ectopic discharge of
medium-sized and small neurons in the DRG [91-93], and may
also be the pathogenesis of primary sensory neurons mediating
chronic pain.

Several types of researches have been reported to demon-
strate the participation of CCL2/CCR2 in regulating the manifes-
tation and ampere density of Nav1.8 in DRG neurons [79,94],
Currently, several different potential mechanisms are suggested
on how pro-inflammatory mediators increase Nav1.8 currents
as well as enhance the excitability of nociceptors via GPCR (G
protein-coupled receptor) [88,90]. CCR2, as one of the basic GP-
CRs, couples to the Ga and Gy subunits of trimeric G proteins
to activate many signaling pathways, including PLC, ERK1/2,
and p38 MAPK [26,95], while the Nav1.8 channel has been de-
scribed as the ultimate co-target of multiple second messenger
cascades, involving p38 MAPK, PKC, and PKA [96]. Mounir found
that in the small and medium diameter neurons of the DRG,

Submit your Manuscript | www.austinpublishinggroup.com

Austin J Clin Neurol 10(1): id1160 (2023) - Page - 04



Austin Publishing Group

CCL2 binding to the receptor CCR2 stimulates PLCB by coupling
to GBy dimers released by G proteins, which mediates activation
of PKCe [84], a PKC isoform that enhances Nav1.8 currents and
produces voltage-dependent changes in activation and inactiva-
tion [97,98]. Zhao et al. found that PKC also regulates Nav1.8
expression by promoting Nav1.8 phosphorylation and activat-
ing NF-kB, which is involved in ccl2-induced inflammatory hy-
peralgesia [94]. Not only that, but Baker also found that PKC is
involved in TTX-R upregulation and sustained Na+ currents in
sensory neurons of rats and mice [99]. And in one latest study,
Abbadie proposed that Nav1.8 is a substrate for PKC [100], as
well and attributed pain hypersensitivity to altered Nav1.8 func-
tion after phosphorylation by PKCe. In medium diameter DRG
neurons, Wu et al. proved that CCL2/CCR2 signaling can modu-
late the function of its membrane surface Nav1.8 via the p38
MAPK pathway [101,102], which can be stimulated by dissoci-
ated By subunit stimulation [103]. In summary, chemokine CCL2
binds to receptor CCR2 to promote the expression of Nav1.8,
which mediates nerve impulse conduction and induces inflam-
matory stimulation. Thus, the CCL2/CCR2 signaling upregulates
Nav1.8 expression to increase nociceptors’ excitability, further
increasing the excitability of peripheral nociceptors in response
to nerve injury (Figure 2).

The Role of CCL2\CCR2 in the Spinal Cord

Neuropathic pain is a manifestation of neuroplasticity that
can manifest either as peripheral sensitization - increased sensi-
tivity and excitability of primary sensory neurons in the Periph-
eral Nervous System (PNS), such as the increased excitability of
DRG sensory neurons described above; or as central sensitiza-
tion - -increased activity and excitability of nociceptive neurons
in the spinal cord and brain in the Central Nervous System (CNS)
and leads to the development and maintenance of neuropathic
pain [104-106]. Nerve injury-induced central sensitization can
be manifested as increasing excitatory synaptic transmission
mediated by NMDA receptors and AMPA receptors in dorsal
horn neurons, or as decreasing or losing inhibitory synaptic
transmission mediated by GABA receptors and glycine recep-
tors [107,108]. In addition to this, recently it is increasingly
affirmed the relevance of glial cells (astrocytes and microglia)
to neuropathic pain, as they form close interactions with neu-
rons from which they can modulate nociceptive transmission in
pathological conditions. Studies showing that nerve injury can
trigger substantial changes in microglia and astrocytes in the
spinal cord demonstrating the critical function of microglia and
astrocytes in pain [109-111]. For example, Hua and Ledeboer et
al. found that the microglia inhibitor minocycline prevented/re-
tarded the progress of neuropathic pain by inhibiting microglia
activation [112-114]; Jin et al. confirmed that neuropathic pain
associated with astrocyte signaling pathways could be inhibited
and attenuated by inhibiting JINK [115-117]. And in recent years,
there is growing evidence by spinal cord glial cells can amplify
and persist neuropathic pain through the release of pro-inflam-
matory cytokines, chemokines, and cytokines [118-121].

CCL2/CCR2 and Microglia

Microglia originate from the yolk sac and later develop into
major immune cells (macrophages) in the central nervous sys-
tem, regulating homeostasis in the brain and spinal cord [122].
Microglia development is mediated by the CSF1R and its ligand
IL-34 [123,124]. In the CNS of healthy adults, microglia are pres-
ent for life and maintained by their renewal, while circulating
monocytes of bone marrow origin make little or no contribution
[125,126].

Guan et al. found that microglia in the dorsal horn of the
spinal cord are strongly activated in response to peripheral
nerve injury [127,128], as manifested as a remarkable growth
in number, as well as morphological changes, from branching to
amoeboid shape, and an increase in cell volume. It was demon-
strated that microglia needed activators to achieve activation,
including Colony-Stimulating Factor 1 (CSF1), several chemo-
kines, neuropeptide-1, and neuroproteases [127,129]. Here, we
focus on the exploration of the chemokine CCL2 and its recep-
tor CCR2, and although numerous researches show that they
are expressed in spinal cord dorsal horn neurons and glial cells
in both healthy rats and animal models of neuropathic pain
[29,56], the source of CCL2 in the spinal cord parenchyma and
the expression of CCR2 are still controversial of which further
confirmation is needed.

Zhang et al. found by immunohistochemistry that CCL2
translocates from the DRG to the spinal cord [34,63], confirm-
ing the contention that CCL2 translocates from the DRG to the
dorsal horn of the spinal cord. Dansereau also found that CCL2-
containing vesicles are released via axoplasmic translocation to
the dorsal horn of the spinal cord, acting on CCR2-expressing
microglia [28]. However, Dansereau et al. found CCL2 can also
be secreted from spinal cord dorsal horn explants prepared
from naive rats in a calcium-dependent way, demonstrating the
fact that CCL2 is released from neuronal cells [34]. Jung et al.
demonstrated in experiments with transgenic mice that CCL2
expression is restrictive to the damaged DRG [8], so the con-
jecture about the origin of CCL2 needs to be further confirmed.

CCR2 was demonstrated to be associated with microglia ac-
tivation in neuropathic pain [30,31], but CCR2 expression within
microglia in the dorsal horn of the spinal cord is not yet clearly
demonstrated; instead, Gao et al. reported CCR2 expression in
spinal cord neurons [6,56]. Since microglia originate from the
myeloid lineage and share many of the same commonalities
with monocytes/macrophages, there is a large literature indi-
cating that cells expressing CCR2 are considered microglia, as
well as CCR2 is characterized as a receptor in microglia which
can lead to microglia responding to peripheral nerve injury
[63,130]. In contrast, it is also evident that microglia do not
express CCR2; Butovsky et al. did not detect the expression of
CCR2 mRNA in microglia of adult mouse brain [131-134], and
Zuurman et al. did not find the expression of CCR2 mRNA earlier
in cultured microglia [135]. Thus further validation is needed
for the co-localization of CCR2 in microglia, but most of the cur-
rent literature still suggests that CCR2 is present in microglia,
where CCL2 binding to CCR2 leads to microglia activation and
proliferation, and that activated microglia produce many neuro-
modulators that rapidly modulate synaptic plasticity with what
is considered as a trriger of the formation of pain after tissue
and nerve injury [106,136].

So how does the activation of microglia by the CCL2/CCR2
signaling lead to pain? The p38 phosphorylation pathway in mi-
croglia was found to be a prevalent way following the activation
of their cell surface receptors. p38 is a member of Mitogen-Ac-
tivated Protein Kinases (MAPKs) [5,137-139], and Ji et al. found
that activation of the p38 phosphorylation pathway can further
result in the production and emission of multiple mediators in
microglia to promote the progression of neuropathic pain, for
instance, TNF-a, IL-1 IL-6, BDNF, PGE2, etc [5]: among them,
it was shown that BDNFk can induce central sensitization by
de-inhibition [107]; TNF-a increases excitatory synaptic trans-
mission by enhancing the frequency of spontaneous excitatory
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postsynaptic currents and the amplitude of currents induced by
AMPA or NMDAs; while IL-1f strengthens both k excitatory and
inhibitory synaptic transmission [107]. Taken together, this sug-
gests that activated microglia can release bioactive mediators
to promote pain signaling at the spinal cord level, leading to
neuropathic pain. In addition, the extracellular signal-regulated
kinases ERK1/2 and ERK5 were both demonstrated to impli-
cate in the regulation of neuropathic pain [140,141]. Calvo et
al. found phosphorylation of ERK1/2 and ERK5 following nerve
injury in spinal microglia, though inhibition of the ERK1 / 2 path-
way could reduce microglia proliferation as well as pain hyper-
sensitivity in response to peripheral nerve injury [142].

CCL2/CCR2 and Astrocytes

Interestingly, Gao et al. reported that CCL2 is expressed both
in microglia and spinal astrocytes with upregulation after nerve
injury [6]. TNF-a is known to be a key promoter of the inflam-
matory cascade reaction t which is the basis for the progression
of neuropathic pain following nerve injury [143-145]. Croitoru-
Lamoury et al. found that TNF-a induces JNK-dependent expres-
sion and release of CCL2 in activated astrocytes in vitro [146-
1448]. Not only that, but it was found that intrathecal injection
of TNF-ainduced JNK-dependent increase in CCL2 upregulation
in the spinal cord [6]. Secondly, Luo et al. found that chemo-
kines released from astrocytes (e.g., CCL2 and IP-10), could fur-
ther activate astrocytes to produce more CCL2 through a posi-
tive feedback loop [146,149]. Taken together, this suggests that
besides microglia, astrocytes are also quite important for the
maintenance of neuropathic pain [111,114,141,150].

Consequently, we can conclude that CCL2 is produced by the
JNK pathway of astrocytes and released to the spinal cord pa-
renchyma, acting on cells expressing CCR2 and being responsi-
ble for the progression of neuropathic pain. Gosselin also dem-
onstrated CCR2 can be constitutively expressed in spinal cord
dorsal horn neurons, in addition to in the microglia of the spinal
cord [151]. Thus, CCL2 can perform the function of a signaling
molecule between astrocytes and neurons and between glial
cells which is responsible for central sensitization after nerve
injury (Figure 3),

CCL2 and Neurons

In addition to DRG neurons, CCR2 is demonstrated to be
presented in the spinal cord neurons of the superficial or the
deep dorsal horn [31], and Gao et al. demonstrated CCR2 was
upregulated in spinal cord neurons after peripheral nerve injury
[31]. As for CCL2, expression of CCL2 is induced in spinal cord
astrocytes after nerve injury and activate neurons by binding
to CCR2 to increase excitatory synaptic transmission (astrocyte-
to-neuron signaling), further activating the ERK pathway in neu-
rons within minutes, which supports central sensitization and
the development of neuropathic pain [152]. This suggests that
CCL2 is released from the presynaptic membrane (astrocytes)
to act on CCR2 (CCR2 on neurons) expressed on the postsyn-
aptic membrane. Xie et al. found that CCL2 increased NMDA-
induced currents only in CCR2-positive excitatory neurons that
expressed VGLUT2 but not VIAAT, and not only that, CCL2 also
promoted NMDA currents in SOM excitatory interneurons
[153]. And in cultured spinal cord neurons, Gosselin et al. found
that CCL2 inhibited GABAergic transmission [151], providing
further evidence to support direct effects of CCL2 expressing on
neurons in spinal cord.

Second, Ji et al. demonstrated that ERK activation in dorsal

horn neurons is nociceptive-specific and contributes significant-
ly to the induction of central sensitization [154], which can be
used as a marker of central sensitization [155]. CCL2 has been
shown to rapidly activate ERK in dorsal horn neurons, which
later activates NMDA receptors to further regulate synaptic
transmission, thus providing further support for the idea that
CCL2 has a direct effect on spinal cord neurons and is involved
in central sensitization [107].

In summary, in addition to activating microglia, CCL2 can also
have direct, rapid effects on neurons through synaptic mecha-
nisms - promoting central sensitization by inducing ERK activa-
tion and enhancing the excitability of dorsal horn neurons (Fig-
ure 3).

CCL2\CCR2 Involving in Pain by Affecting the Blood-Spinal
Cord Barrier (BSCB)

The blood-spinal cord barrier is a physical barrier between
the blood and the spinal cord parenchyma, separating the pe-
ripheral and central into two relatively independent systems
that help protect and modulate the spinal cord parenchyma and
spinal cord homeostasis. The basic components of the BSCB are
capillary endothelial cells, basal lamina, pericytes, and astrocyt-
ic infarct endothelial cells, which were joined by tight junctions
providing a crucial function in determining barrier permeabil-
ity. Essential components of tight junctions include the plasma
membrane eliments claudin and occludin, and the cytoplasmic
protein component occluden -1 or ZO-1 [156]. Pan and Wang
et al. found that peripheral nerve injury results in the release
of TNFa from monocytes/macrophages, which regulates the
breakdown of BSCB. There is also evidence of elevated TNFa
expression in the spinal cord within hours after spinal cord com-
pression, caused both by early BSCB opening and by release of
infiltrating monocytes/macrophages [157,158].

The elevation of TNFa in the spinal cord has been shown to
lead to a rise in BSCB permeability, which occurs as a result of
TNF a-mediated reduction in the expression of ZO-1 and occlu-
din. Bradykinin, a vasodilator mediated through NF-kB activa-
tion, also indirectly regulates vascular permeability because
of its effect on TNFa expression. Thus, the production of TNF
a by monocytes/macrophages is induced following peripheral
nerve injury, which mediates a decrease in the expression of
the components of the BSCB, leading to altered permeability
of the BSCB. The chemokine CCL2 can recruit monocytes/mac-
rophages to the site of injury due to its induction properties,
and thus CCL2 may act as an upstream signal in the monocyte-
TNFa-alteration of the BSCB permeability pathway.

Currently, there is much evidence that the BSCB is disrupted
in neuropathic pain models of nerve injury, so we speculate
that the BSCB could act as a hub connecting the periphery and
the center, causing interaction between the periphery and the
center. However, many of the signaling molecular mechanisms
have not been studied clearly, so the BSCB could be a poten-
tial target for new pain treatment. In conclusion, there are still
many unknowns on the road to exploring neuropathic pain, and
we believe that with the in-depth study of neuropathic pain
mechanisms, this medical problem of neuropathic pain will be
gradually solved for the ultimate benefit of many neuropathic
pain patients.

Conclusion

The CCL2/CCR2 signaling pathway has been shown to act a
critical function in the generation and maintenance of neuro-
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pathic pain, and experimental evidence from various neuro-
pathic pain models suggests that CCL2 is an appealing objective
for intervention in neuropathic pain. However, to date, there is
a large clinical gap in therapeutic approaches targeting interfer-
ing CCL2/CCR2 chemokine pairs. CCL2 is involved in pain trans-
mission at all stages of the neurotransmission pathway and, in
the periphery (both in damaged nerves and within the DRG),
might work as a local autocrine\paracrine signal (neuronal sig-
naling), stimulating second-order neurons in the pain cascade
and/or attracting CCR2-expressing peripheral monocytes/mac-
rophages. Also, CCL2 in the center (spinal paracrine) contrib-
utes to neuronal-microglia signaling and is a key for the upreg-
ulation of spinal microglia and astrocyte expression, a crucial
step in the cascade response leading to neuropathic pain. Not
only that, but central BSCB has also been proven to relate to
neuropathic pain, and the pathway mediating pain production
is contributed to CCL2. Exploring the mechanism by which CCL2
mediates BSCB-induced neuropathic pain needs further insight.
Therefore, chemokine CCL2 has a significant function in the pro-
gression of neuropathic pain and is a potential drug target for
the prevention of peripheral nerve injury forming neuropathic
pain.
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