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Abstract
Inflammation plays a central role in the manner that the nervous system responds to injury. These
effects include vasodilatation, increased vascular permeability, plasma extravasation, cell migration,
and pain. Extracellular signals associated with inflammation may also lead to increased levels of pro-
nociceptive chemokines/receptors that directly contribute to persistent or chronic pain behavior. To
date, research focused on improving the treatment of chronic pain has largely ignored the role of
inflammation-associated transcription factors such as nuclear transcription factor in activated T cells
(NFAT). Herein we discuss the idea that activation of this transcription factor may be responsible
for the production of chemokines receptors in both neuronal and non-neuronal cells of the peripheral
nervous system. Taken together, a better understanding of the transcription of these pro-nociceptive
genes may lead to the development of novel analgesic targets.

Peripheral nerve injury triggers a wide variety of cellular changes in the neurons of the
associated sensory ganglia and is frequently accompanied by nociceptive behavior such as
tactile allodynia (pain in response to light touch/pressure) and hyperalgesia (an increased
sensitivity to pain). It has been proposed that these ongoing symptoms are due to enhanced
excitability or sensitization of primary afferents in the dorsal root ganglia (DRG) (Devor,
2009; Ma et al., 2003; Suter et al., 2009). In turn, signal amplification by hyperexcitable sensory
neurons may trigger changes in the response pattern of spinal cord dorsal horn neurons, a
mechanism also known as central sensitization (Woolf, 1983; Woolf and Thompson, 1991).
Although it is clear that molecular and possibly anatomical changes in the spinal cord dorsal
horn are responsible for some attributes of chronic pain, primary afferent neuron-associated
discharge is critical to the development and maintenance of chronic inflammatory or
neuropathic pain.

One mechanism in which somatosensory afferent neurons may be induced to exhibit enhanced
excitability following nerve injury is through the action of proalgesic inflammatory mediators
(Miller et al., 2009). These include pro-inflammatory cytokines such as tumor necrosis factor-
α (TNFα) and interleukin-1β (IL-1β), growth factors such as nerve growth factor (NGF) and
other mediators such as prostaglandins or adenosine triphosphate (ATP), all of which can
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induce peripheral sensitization. The release of these factors by cells such as leukocytes in
damaged peripheral targets or glial cells in damaged nerves may directly excite sensory neurons
or induce the production of further mediators of peripheral sensitization: the chemokines. As
we shall discuss, numerous chemokines have been shown to produce excitatory effects on
cultured (Oh et al., 2001) and previously injured adult DRG sensory neurons and may act as
downstream mediators of increased neuronal excitability (Bhangoo et al., 2007a; Bhangoo et
al., 2009; Jung et al., 2009; Sun et al., 2006; White et al., 2005).

Chemokines and Chemokine Receptors
Chemokines constitute a large family of relatively low molecular weight proteins classified by
the presence of a cysteine motif in the N-terminal region of the protein. Initial characterization
of chemokines divided the family into α- and β- chemokines. In α chemokines, one amino acid
separates the first two cysteine residues (cysteine-X amino acid-cysteine or CXC), whereas in
β-chemokines, the first two cysteine residues are adjacent to each other (cysteine-cysteine, or
CC). Two additional classes were added for the chemokines, lymphotactin (single cysteine,
XC) and fractalkine (first two cysteines are separated by three amino acids, CX3C). The
chemokine nomenclature uses XC, CC, CXC and CX3C, indicating the class to which the
chemokine belongs, followed by the letter “L” (for ligand) and then a number. The numbering
system corresponds to that already in use to designate the genes encoding each chemokine. In
addition all chemokines also have a “trivial” name that describes their possible function,
localization or other property. So, for example, the chemokine stromal cell derived factor -1
(SDF1) is also CXCL12 and breast and kidney derived chemokine (BRAK) is also CXCL14.
However, most current studies utilize the official numbering system.

All chemokines exert their biological effects through the activation of an extended family of
seven transmembrane G-protein-coupled receptors (GPCRs). Nineteen chemokine receptors
have been cloned including seven CXC receptors (CXCR1–7), 10 CC receptors (from CCR1–
10) and two single receptors each for lymphotactin (XCR1) and fractalkine (CXC3CR1).
Chemokines and their receptors are frequently promiscuous as single chemokines can often
activate several different chemokine receptors. There are, however, instances when a
chemokine receptor is uniquely activated by a single chemokine. For example, the CXCR4
receptor has only one known signaling ligand, the chemokine CXCL12/SDF1.

Chemokines and their receptors in the Immune System
Chemokine influences in the immune system can be largely separated into two functional roles;
they act as chemoattractants during inflammation and as traffickers of hematopoietic stem cells
during development and differentiation (Charo and Ransohoff, 2006; Lapidot et al., 2005).
Chemokines associated with inflammation coordinate leukocyte migration following tissue
injury and/or disease processes; actions typically affiliated with the innate immune cell
response. For example, monocyte chemoattractant protein-1 (MCP1; also known as CCL2)
acting via CCR2 predominantly attracts monocytes (Charo et al., 1994). Not surprisingly,
MCP1 knockout mice exhibit severe defects in monocyte recruitment to sites of inflammation
(Lu et al., 1998) and CCR2 knockout mice exhibit marked attenuation of monocyte recruitment
in response to various inflammatory stimuli together with a reduction of inflammatory lesions
(Boring et al., 1997; Kurihara et al., 1997). Alternatively some inflammatory chemokines also
have broad target cell selectivity and act on cells of the innate and adaptive immune system
(Forster et al., 2008). Chemokines that influence hematopoiesis, in contrast, enable immature
myeloid cells and leukocytes to navigate through bone marrow and thymus (Lapidot et al.,
2005). These hematopoietic chemokines also act during initiation of adaptive immune
responses in the spleen and lymph nodes, and in immune surveillance of healthy peripheral
tissues (Ma et al., 1998). Some chemokines also have recognized angiogenic properties
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associated with the neovascularization that occurs during cancer growth, trauma and disease
(Ceradini and Gurtner, 2005; Kakinuma and Hwang, 2006). One clinically important viral
disease that is served by the presence of the chemokine receptors on leukocytes is HIV-1. Co-
expression of CXCR4 and CD4 on a cell allow T-tropic HIV isolates to fuse with and infect
T cells. CCR5 (the chemokine receptor for Regulated upon Activation, Normal T-cell
Expressed, and Secreted; RANTES; also known as CCL5) which is expressed on macrophages
and on some populations of T cells, can also function in concert with CD4 to allow HIV-1
membrane fusion (Alkhatib, 2009). In addition to the direct effect of HIV-1 on cells of the
immune system, the virus is also known to be neuroinvasive, neurotrophic, and neurovirulent
with the most common CNS manifestation being HIV-1-associated neurocognitive disorders
(Kraft-Terry et al., 2009). The most frequent neurological complication of HIV-1 in the
peripheral nervous system is HIV-1 sensory neuropathy (Luciano et al., 2003). This peripheral
neuropathy can be further divided into distal sensory polyneuropathy (DSP) and antiretroviral
induced toxic neuropathy (ATN). Both forms involve sensory loss and neuropathic pain
(Bouhassira et al., 1999; Hewitt et al., 1997).

Chemokine/Receptors and Neuropathic Pain
There is considerable data indicating that chemokines can act as pro-nociceptive mediators
following tissue injury and disease in the nervous system. However, direct neuronal effects
produced by chemokine receptor signaling remains an understudied field (Miller et al.,
2009). From the point of view of the present discussion it should be noted that Oh and
colleagues (Oh et al., 2001) first demonstrated that cultured neonatal rodent DRG neurons
expressed numerous types of chemokine receptors. Addition of chemokines to these cultured
neurons resulted in increased intracellular calcium ([Ca]i) signals and increased neuronal
excitability. The authors therefore suggested that chemokine receptor expression by sensory
neurons might act as a conduit allowing these inflammatory mediators to directly excite DRG
neurons producing increased ectopic excitability and tactile allodynia. Also of importance, Oh
and colleagues (Oh et al., 2001) observed that gp120, the viral coat protein of HIV-1, which
interacts with either CCR5 or CXCR4 chemokine receptors (depending on the strain of the
virus), could also produce DRG excitation. Considering that HIV-1 infection is associated with
painful polyneuropathies (i.e. DSP and ATN) that affect up to 67% of infected patients, it is
quite possible that direct interaction of HIV-1/gp120 with chemokine receptors expressed on
sensory neurons may be central to the etiology of HIV-1 associated pain (Bhangoo et al.,
2009; Oh et al., 2001; Wallace et al., 2007). Taken together, studies on HIV-1 associated painful
neuropathies opened the door to the possibility that chemokines and their receptors represent
a class of peptides that may directly or indirectly contribute to a number of acute and/or chronic
pain conditions.

To better understand the degree to which chemokine/receptor signaling plays a functional role
in acute and chronic nociceptive events requires a precise knowledge of the normal and injury-
induced distribution of the peptides within the peripheral and central nervous system. Although
there does appear to be active signaling by chemokine receptors in sensory neurons derived
from neonatal animals (Oh et al., 2001), the naïve adult peripheral nervous system is largely
devoid of functional neuronal chemokine receptor candidates. These include the chemokine
receptors CCR2, CCR5, and CXCR4 (Bhangoo et al., 2007a; Bhangoo et al., 2007b; Sun et
al., 2006; White et al., 2005). This observation is not surprising as there is relatively little
evidence of pro-nociceptive chemokine receptor mRNA or protein in the naïve rodent PNS.
One notable exception is the chemokine receptor, CXCR4. The distribution of CXCR4 mRNA
and protein, however, is largely localized to non-myelinating satellite glial cells in the DRG
under naïve and sham injury conditions (Bhangoo et al., 2007a; Bhangoo et al., 2007b;
Bhangoo et al., 2009).
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Following nerve or tissue injury and/or disease, functional chemokine receptor signaling in the
adult peripheral nervous system appears to be upregulated [see review, (White et al., 2007)].
For example, chronic compression of the lumbar L4L5 DRG (CCD) produces increased MCP1/
CCR2 dependent membrane depolarization in small, medium and large diameter neurons of
intact DRGs derived from injured animals and action potential discharges in some large
neurons (Sun et al., 2006; White et al., 2005); focal demyelination of the sciatic nerve
upregulates CCR2, CCR5, CXCR3 and CXCR4 functional signaling in both nociceptive and
non-nociceptive neurons (Bhangoo et al., 2007a; Jung et al., 2009); and both CCR2 and CXCR4
neuronal signaling is increased in nociceptive and non-nociceptive sensory neuron populations
following a combination of gp120 to the sciatic nerve and systemic injection of the nucleoside
reverse transcriptase inhibitor (NRTI), 2′,3′-dideoxycytidine two weeks later (Bhangoo et al.,
2009).

Among the assayed chemokine receptors to date, CCR2 and CXCR4, appear to be well placed
to play a major role in chronic pain behavior in rodents. Abbadie and colleagues (Abbadie et
al., 2003) observed that while CCR2 knockout and wild-type mice exhibited equivalent
responses to acute pain tests, CCR2 knockout mice exhibited a 70% reduction in phase 2 of an
intraplantar formalin challenge and following partial nerve ligation these mice did not develop
tactile allodynia, unlike their wildtype counterparts (Abbadie et al., 2003). Further
demonstration of the importance of MCP1/CCR2 in pain behavior is observed in transgenic
mice engineered to overexpress MCP1 using a glial fibillary acidic protein promoter. These
transgenic mice, in contrast to wildtype controls, exhibited enhanced nociceptive behavior
following acute pain challenges. Assayed behavioral changes included thermal (hot plate) and
chemical (formalin test) stimulus modalities. However, whether this increased nociceptive
behavior was due only to MCP1 acting through CCR2 or the increased levels of
proinflammatory cytokines (IL-1β, IL-6, or TNFα) present in the skin, DRG or spinal cord is
unclear (Menetski et al., 2007). Regardless, these data alone make a strong case for CCR2
regulation of elements of pain behavior in rodents.

The direct role of CXCR4 signaling on peripheral nervous injury and the resultant neuropathic
pain behavior in rodent models is made more difficult to understand due to the lethality of
CXCR4 or SDF1 gene deletion late in embryogenesis (Nagasawa et al., 1996; Zou et al.,
1998). However, there is good evidence to suggest that NRTI injury-induced rodent pain
behavior is due, in part, to increased SDF1/CXCR4 signaling. As noted previously, CXCR4
is restricted to satellite glial cells in the DRG. Following the administration of the NRTI, 2′-3′-
dideoxycytidine, CXCR4 mRNA (Bhangoo et al., 2007) and protein is upregulated in mostly
small TRPV1-immunopositive or IB4 populations of sensory neurons (Bhangoo et al., 2009).
These neuronal changes in CXCR4 following NRTI administration was also accompanied by
the presence of tactile allodynia. Subsequent systemic administration of the highly specific
receptor antagonist for CXCR4, AMD3100, did not affect the pain behavior in vehicle-treated
control animals, but convincingly reversed the bilateral tactile allodynia in animals previously
exposed to NRTIs (Bhangoo et al., 2007b; Bhangoo et al., 2009).

The chemokine MCP1/CCL2
Not unlike the receptor, CCR2, an understanding of the functional role of its major agonist the
chemokine MCP1 in different pain states is dependent on the tissue localization, before and
after injury. Within the naïve DRG of rats and mice, MCP1 is largely absent (Bhangoo et al.,
2007a; Bhangoo et al., 2009; Jeon et al., 2008; Jung et al., 2009; Tanaka et al., 2004; Thacker
et al., 2009; White et al., 2005; Yang et al., 2007; Zhang and De Koninck, 2006). However,
following the induction of different injury models, there is a robust and long lasting
upregulation of MCP1 mRNA and protein by numerous small peptidergic and non-peptidergic
subpopulations of sensory neurons in the DRG (Bhangoo et al., 2007a; Jeon et al., 2008; Tanaka
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et al., 2004; Thacker et al., 2009). Interestingly, following its injury induced de novo synthesis,
neuronal MCP1 is packaged into large dense core vesicles that colocalize with the
neuropeptide, calcitonin gene-related peptide (CGRP), and these peptides may function
together in the transmission of pain (Jung et al., 2008). Moreover, when these MCP1 containing
neurons were depolarized, the MCP1 could be released in a calcium dependent manner (Jung
et al., 2008). The mere suggestion that vesicles containing both MCP1 and CGRP could be
released following depolarization of the neurons indicates a potential neurotransmitter role for
MCP1 expressed under these conditions (Jung et al., 2009; Jung et al., 2008). A working
example of the role for MCP1 and CGRP is in the painful autoimmune disease, rheumatoid
arthritis. Given the vesicular colocalization of neuropeptide and chemokine, perhaps it is not
surprising that while CGRP knockout mice fail to demonstrate the development of tactile
hyperalgesia following knee joint inflammation (murine model of arthritis), these same
knockout mice continue to exhibit the expected decrease in paw withdrawal latency to thermal
stimuli observed in CGRP wildtype mice (Zhang et al., 2001). The converse is difficult to prove
as CCR2 and CCL2 knockout mice are protected from inflammatory diseases, including
experimental autoimmune encephalomyelitis (EAE; a mouse model for multiple sclerosis),
rheumatoid arthritis and neuropathic pain (Abbadie et al., 2003; Brodmerkel et al., 2005; Fife
et al., 2000; Lu et al., 1998).

As activation of CCR2 receptors appears to be a critical event in the pathogenesis and
maintenance of chronic pain, it is important to know the locus of MCP1/CCR2 signaling. Some
evidence suggests that release of the MCP1 into the spinal cord dorsal horn via central
projections of primary afferent neurons following nerve injury is an important element of
mechanical allodynia (Dansereau et al., 2008; Thacker et al., 2009; Zhang and De Koninck,
2006). However, in order for activity dependent release of MCP1 to facilitate either second
order neuron excitability or microglial activation, one must assume that CCR2 necessarily
needs to be present in the CNS parenchyma. There are several publications that support CCR2
dependent microglial activation in rodents (Abbadie et al., 2003; Dansereau et al., 2008;
Menetski et al., 2007; Thacker et al., 2009), or CCR2 positive neurons in the dorsal horn (Gao
et al., 2009). However, a recent publication using bitransgenic reporter mice in which the
chemokine receptor CCR2 and its ligand MCP1 were labeled by the fluorescent proteins
enhanced green fluorescent protein and monomeric red fluorescent protein-1 failed to yield
evidence of CCR2 positive cells in the spinal cord (neuronal or glial) following peripheral
nerve injury (see Fig. 1), acute inflammation or EAE (see Fig. 2) (Jung et al., 2009). This
experimental outcome was also supported by a previous publication by Mahad and colleagues
(Mahad et al., 2006) which demonstrated that as CCR2-positive leukocytes crossed the blood-
brain barrier in response to MCP1, these cells downregulated CCR2 receptor expression.
Perhaps more importantly, the rapid antinociceptive effects of peripherally administered
receptor antagonists for CCR2 (CCR2 RA) that have been observed under these circumstances
strongly suggest that CCR2 RA may ameliorate tactile allodynia by inhibiting CCR2 receptor
activation in the periphery (see Fig. 3) (Bhangoo et al., 2007a; Bhangoo et al., 2009; Jung et
al., 2009). Taken together, CCL2/CCR2 signaling and/or CXCL12/CXCR4 signaling by
sensory neurons may be critical events in the pathogenesis and maintenance of neuropathic
pain states in rodents and one might hypothesize, in humans as well.

Transcription factors in chemokine receptor mediated pain behavior in
rodents

Given the above discussion, it is clear that chemokines and their respective receptors may be
attractive therapeutic targets for modulating both inflammatory responses to injury and disease
processes in all areas of medicine including chronic pain syndromes. Understanding the
underlying mechanism(s) leading to the upregulated expression of both chemokines and their
receptors in the peripheral nervous system, and the identification of the signaling cascades
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responsible, may provide new strategies for effectively diminishing or eliminating chronic pain
syndromes.

The regulation of CCR2 receptor expression serves as a good example, particularly considering
the evidence discussed above that CCR2 signaling is frequently involved in chronic pain
behavior in rodents. Recently published data have demonstrated that the upregulated
expression of CCR2 in DRG neurons is mediated by the Ca dependent transcription factor
nuclear factor of activated T cells (NFAT) (Jung and Miller, 2008). Both the Ca dependent
phosphatase calcineurin and its target NFAT were detected in these neurons and calcineurin
was shown to be activated by Ca influx. Furthermore, the observed up modulation of CCR2
expression was inhibited by drugs such as FK506 and cyclosporine which inhibit NFAT
signaling. Indeed, we have observed that administration of FK506 inhibits the development of
neuropathic pain in some models (Jung et al, unpublished observations). These data indicate
that levels of chemokine receptor expression, including CCR2 receptors, may respond to the
overall electrical activity of DRG neurons. Increased action potential generation would result
in increased neuronal Ca levels leading to increased NFAT activity and upregulated expression
of CCR2. It is possible that some upstream cytokine such as TNFα or IL-1β is generated by
events that initiate the signaling that leads to chronic pain. These agents can directly excite
sensory neurons (Inoue et al., 1999; Jin and Gereau, 2006; Miller et al., 2009; Obreja et al.,
2002; Opree and Kress, 2000) leading to increased Ca influx and also the upregulation of genes
such as those for CCR2. The action of CCL2 on upregulated CCR2 is also excitatory and would
lead to further increases and maintenance of excitation.

CONCLUSIONS
The above discussion indicates that upregulation of chemokine signaling in the DRG and
peripheral nerve may be one common pathway through which many agents can produce chronic
pain behaviors. The general model we suggest is that different kinds of stimuli such as those
resulting from tissue damage, administration of NRTIs or other means would lead to the
synthesis of “upstream” cytokines. The action of these molecules on DRG neurons may lead
to direct depolarization, Ca influx and/or other signaling molecules and the activation of
transcriptional pathways that upregulate chemokine and chemokine receptor expression by
DRG neurons. The activation of these receptors following the local release of chemokines will
then produce enhanced neuronal excitation (White et al., 2009). Indeed current studies with
CCR2 receptor antagonists appear to support this hypothesis. Thus targeting chemokine
signaling may result in novel approaches to numerous types of previously intractable chronic
pain syndromes.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
After demyelination injury, CCR2 signaling was not activated in the spinal cord. A,
MCP1::MCP1–mRFP1; CCR2::CCR2–EGFP mice were subjected to
lysophosphatidylcholine (LPC)-induced focal demyelination of the sciatic nerve. There was
no expression of MCP1 or CCR2 in the associated lumbar spinal cord level at detectable levels.
Leukocytes outside the spinal cord were clearly visible (green arrow). B, CCR2 expression
was also examined at the mRNA level by in situ hybridization. The spinal cord does not contain
significant CCR2 expressing cellular components, whereas many cells in the sciatic nerve
(C) express and DRG (D) express CCR2 receptors in the LPC group. DH, dorsal horn; DC,
dorsal column. Scale bars 60μm. Courtesy of the Society for Neuroscience.
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Figure 2.
Activation of CCR2 receptors in peripheral leukocytes during the pathogenesis of EAE can be
visualized in the BAC transgenic mice. EAE was induced in MCP1:mRFP1; CCR2::CCR2–
EGFP mice (B) and MCP1::MCP1-mRFP1; CCR2::CCR2-EGFP mice (C). The pictures were
taken from the white matter from coronal cerebellar sections. Unlike control conditions (A),
there was a marked infiltration of leukocytes (B, C; CCR2-EGFP+) into the parenchyma of
the cerebellum (examined on postoperative day 14). Magnified views of the boxed areas are
shown below B and C. Although there were close interactions between MCP1 (red arrow, cell
body; red arrowhead, cellular process)- and CCR2-expressing cells (green concave arrow)
(B, C), onlyMCP1–mRFP1(C), but not mRFP1 alone (B), was transferred to CCR2–EGFP-
expressing leukocytes as indicated from the appearance of yellow internal vesicles (yellow
arrow and arrowhead). Scale bars, 20μm. Courtesy of the Society for Neuroscience.
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Figure 3.
CCR2 signaling is activated in the DRG. MCP1::MCP1–mRFP1; CCR2::CCR2–EGFP mice
were subjected to lysophosphatidylcholine (LPC)-induced demyelination of the sciatic nerve.
A–F, In the DRG ipsilateral to the injury, expression of both MCP1 and CCR2 increased (D–
F), whereas there was little expression of MCP1 or CCR2 under naive conditions (A–C).
MCP1-mRFP1 mainly localized to neurons (large red arrow) and, to some extent, to satellite
glia (small red arrow; D). CCR2–EGFP localized to neurons (large green arrow) and satellite
glia (small green arrow; E). Most CCR2–EGFP-expressing neurons and satellite glia also
contained MCP1-mRFP1 (yellow arrow; F). Systemic injection of a receptor antagonist for
CCR2 (CCR2-RA) eliminated MCP1-mRFP1 in satellite glia (G–I; small green arrow). Also,
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after CCR2-RA treatment, MCP1-mRFP1- and CCR2-EGFP-expressing cells existed as
separate populations (G–I; large green and red arrows). Cross-sectional images across the white
lines are shown right to F and I. J, K, Intensities of mRFP1 and EGFP in shorter white lines
in F and I are expressed in arbitrary units to compare relative signal intensities among different
cells. J, In the LPC group, most neurons which express CCR2–EGFP also contain MCP1
mRFP1. Also, the CCR2–EGFP signal in neurons is relatively weaker than the signal in satellite
glia (J). K, In the LPC plus CCR2–RA group, however, most CCR2–EGFP-expressing cells
do not contain significant amount of MCP1 mRFP1 signal. In addition, the CCR2–EGFP signal
in neurons is now as strong as the signal in satellite glia (K). Scale bars, 15μm. Courtesy of the
Society for Neuroscience.
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