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Abstract Mounting evidence supports an important role of
chemokines, produced by spinal cord astrocytes, in pro-
moting central sensitization and chronic pain. In particular,
CCL2 (C-C motif chemokine ligand 2) has been shown to
enhance N-methyl-D-aspartate (NMDA)-induced currents
in spinal outer lamina II (Ilo) neurons. However, the exact
molecular, synaptic, and cellular mechanisms by which
CCL2 modulates central sensitization are still unclear. We
found that spinal injection of the CCR2 antagonist
RS504393 attenuated CCL2- and inflammation-induced
hyperalgesia. Single-cell RT-PCR revealed CCR2 expres-
sion in excitatory vesicular glutamate transporter subtype
2-positive (VGLUT2") neurons. CCL2 increased NMDA-
induced currents in CCR2*/VGLUT2" neurons in lamina
Ilo; it also enhanced the synaptic NMDA currents evoked
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by dorsal root stimulation; and furthermore, it increased the
total and synaptic NMDA currents in somatostatin-
expressing excitatory neurons. Finally, intrathecal
RS504393 reversed the long-term potentiation evoked in
the spinal cord by C-fiber stimulation. Our findings suggest
that CCL2 directly modulates synaptic plasticity in CCR2-
expressing excitatory neurons in spinal lamina Ilo, and this
underlies the generation of central sensitization in patho-
logical pain.

Keywords Chemokines - C—C motif chemokine ligand 2
(CCL2) - Monocyte chemoattractant protein 1 (MCP-1) -
Neuron—glial interaction

Introduction

Chemokines are a family of small, functionally-related
secreted molecules that play important roles in the patho-
genesis of chronic pain via peripheral and central mecha-
nisms [1-7]. C—C motif chemokine ligand 2 (CCL2), also
known as monocyte chemoattractant protein 1, is the best
studied chemokine in pain modulation. Although it rec-
ognizes several receptors, its receptor CCR2 is preferred
[8, 9]. Mice lacking CCR2 display a substantial reduction
in mechanical allodynia after partial ligation of the sciatic
nerve [10, 11]. Nerve injury induces the upregulation of
CCL2 in primary sensory neurons in dorsal root ganglia
(DRG) [12, 13], and CCL2 induces peripheral sensitization
in DRG nociceptive neurons via CCR2 [12]. Sensory
neuron-derived CCL2 has also been implicated in the
activation of monocytes in the DRG [14] and microglia in
the spinal cord [15, 16] in neuropathic pain.
Accumulating evidence indicates that chemokines in the
central nervous system play a pivotal role in neuron—glial
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interactions in chronic pain [2, 6, 17]. Chemokines not only
regulate neuron-microglial interactions [15, 16, 18-20], but
also neuron-astroglial interactions in the spinal cord
[21-23]. Our previous study has shown that nerve injury
also induces CCL2 expression in spinal cord astrocytes,
and this is critical for the maintenance of neuropathic pain
[23]. In the spinal cord, CCL2 serves as a neuromodulator
and induces central sensitization via activation of extra-
cellular-signal regulated kinase (ERK), leading to
enhanced N-methyl-D-aspartate (NMDA) currents in
spinal lamina II neurons [23].

However, the exact molecular, synaptic, and cellular
mechanisms by which CCL2 modulates central sensitiza-
tion remain unclear. There are several outstanding ques-
tions. (1) Does CCL2 directly act on neurons to modulate
central sensitization? (2) Is CCR2 critical for the mediation
of CCL2-induced central sensitization? (3) Does CCL2
modulate central sensitization in excitatory neurons? (4)
Can CCL2 modulate NMDA receptor (NMDAR) activity
at nociceptive synapses? (5) Can CCL2/CCR2 modulate
long-term synaptic plasticity in the spinal cord? The pre-
sent study was designed to address these questions using
behavioral, pharmacological, and electrophysiological
approaches. In particular, we combined single-cell PCR
and patch-clamp recording to determine the cellular
mechanism by which CCL2 regulates NMDAR function.
Our findings showed that CCL2 acts directly on CCR2-
expressing excitatory neurons to enhance NMDA-induced
currents.

Experimental Procedures
Animals and Pain Models

C57BL/6 background WT control mice were purchased
from Jackson Laboratory and bred in the Animal Facility of
Duke Medical Center. Spinal cord slices from young mice
of both sexes (4—6 weeks old) were used to obtain high-
quality electrophysiological recordings. Of note, spinal
pain circuits are well-developed by 2 weeks postnatally
[24]. We also used transgenic C57BL/6 mice (5 weeks old)
for some electrophysiological experiments. These trans-
genic mice, from the Jackson Laboratory, express tdTo-
mato fluorescence in somatostatin-positive (SOM™)
neurons, after Som-Cre mice were crossed with tdTomato
Cre-reporter mice (Rosa26-floxed stop tdTomato mice,
Jackson Laboratory), to generate conditional transgenic
mice that express tdTomato in SOM™ neurons [25]. Adult
CD1 mice (male, 8-10 weeks old) were used for behav-
ioral and pharmacological studies. All the animal proce-
dures were approved by the Animal Care Committee of
Duke Medical School. To induce persistent inflammatory
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pain, complete Freund’s adjuvant (CFA, 20 pL, 1 mg/mL,
Sigma) was injected into the plantar surface of a hind paw.

Drugs and Administration

RS504393, a potent and selective antagonist of CCR2, was
from Tocris Bioscience (Bristol, UK). CCL2 was from R &
D Systems (Minneapolis, MN). For intrathecal injection,
under brief anesthesia with isoflurane a lumbar puncture
was made at L5-L6 with a 30-gauge needle [20].

Behavioral Analysis

Animals were habituated to the testing environment daily
for at least 2 days before baseline testing. Animals were
put in plastic boxes for 30 min habituation before exami-
nation. Heat sensitivity was tested by radiant heat using
Hargreaves [26] apparatus (IITC Life Science Inc.) and
expressed as paw withdrawal latency (PWL). The PWLs
were adjusted to 9—12 s, with a cutoff of 20 s to prevent
tissue damage. The experimenters were blinded to
treatments.

Spinal Cord Slice Preparation and Patch-Clamp
Recordings

We prepared spinal slices as previously reported [27]. A
portion of the lumbar cord (L4-L5) was removed from
mice under urethane anesthesia (1.5-2.0 g/kg, i.p.) and
kept in pre-oxygenated ice-cold Krebs’ solution. We cut
transverse slices (450 pm) on a vibrating microslicer and
perfused the slices with Krebs’ solution (8—10 mL/min)
saturated with 95% O, and 5% CO, at 36 £1°C for at least
1-3 h before experiments. The Krebs’ solution consists of
(in mmol/L): 117 NaCl, 3.6 KCl, 2.5 CaCl,, 1.2 MgCl,,
1.2 NaH,PO,, 25 NaHCO3;, and 11 glucose. Whole-cell
patch-clamp recordings were made from outer lamina II
(ITo) neurons in voltage-clamp mode. Patch pipettes were
fabricated from thin-walled borosilicate and glass-capillary
tubing with an outer diameter of 1.5 mm (World Precision
Instruments, Sarasota, FL) and resistance of 5-10 MQ.
To measure evoked EPSCs (¢eEPSCs) in lamina Ilo
neurons, we stimulated the dorsal root entry zone via a
concentric bipolar electrode using an isolated current
stimulator [28]. The internal solution contained (in mmol/
L): 110 Cs,S0Oy4, 0.1 CaCl,, 2 MgCl,, 1.1 EGTA, 10
HEPES, and 5 ATP-Mg. After establishing the whole-cell
configuration, neurons were held at the potential of
—70 mV to record eEPSCs. QX-314 (5 mmol/L) was
added to the pipette solution to prevent discharge of action
potentials. Test pulses of 0.1 ms at 0.5-3 mA were given at
30-s intervals to record monosynaptic C-fiber responses.
The responses were considered to be monosynaptic if (1)
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the latency remained constant and (2) there was no failure
during stimulation at 20 Hz for 1 s, or failures did not
occur during repetitive stimulation (2 Hz, 10 s) [29, 30].
Synaptic strength was quantified by the peak amplitudes of
eEPSCs. The spinal slice was kept in the holding chamber
for >1 h and then transferred to a recording chamber
containing normal Mg>"-free artificial cerebrospinal fluid
with 2 pmol/L CNQX, bubbled with 95% O, and 5% CO,
at 22°C. After establishing the whole-cell configuration,
neurons were held at +40 mV to record NMDAR-medi-
ated eEPSCs [31]. Total NMDA currents were also recor-
ded in lamina Ilo neurons by perfusion with NMDA
(50 pmol/L, 30 s). Membrane currents were amplified with
an Axopatch 700B amplifier (Molecular Devices, Sunny-
vale, CA) in voltage-clamp mode, and signals were filtered
at 2 kHz and digitized at 5 kHz. Data were stored and
analyzed using pCLAMP10 software (Molecular Devices,
Sunnyvale, CA).

Spinal Cord LTP Recordings in Anesthetized Mice

Mice were anesthetized with urethane (1.5 g/kg, i.p.) for
in vivo electrophysiology. In order to maintain electrolyte
balance, phosphate-buffered saline (0.5-1 mL, i.p.) was
injected before surgery and then every 2 h after surgery. A
laminectomy was performed at vertebrae T13-L1 to expose
the lumbar enlargement for spinal recording. The vertebral
column was firmly suspended by rostral and caudal clamps
on a stereotaxic frame. The left sciatic nerve was exposed
for bipolar electrical stimulation. The exposed cord and
sciatic nerve were covered with paraffin oil. Colorectal
temperature was kept at 37-38°C with a feedback-con-
trolled heating blanket. Field potentials were recorded in
the ipsilateral L4-L5 segments with glass microelectrodes,
100-300 pm below the surface of the cord, following
electrical stimulation of the sciatic nerve. In vivo long-term
potentiation (LTP) was recorded as previously reported
[34, 35]. After obtaining stable responses to test stimuli
(0.5 ms every 5 min for >40 min, at 2x the C-fiber
threshold), we induced LTP of C-fiber-evoked field
potentials by applying conditioning tetanic stimuli to the
sciatic nerve (5x C-fiber threshold, 100 Hz, 1 s duration, 4
trains at 10-s intervals). The CCR2 antagonist was deliv-
ered intrathecally through a PES catheter inserted at the
L5-L6 level via lumbar puncture.

Single-Cell Reverse-Transcription PCR (RT-PCR)

Single-cell RT-PCR was conducted as previously reported
[30]. Briefly, after whole-cell patch-clamp recordings in
spinal cord slices, lamina Ilo neurons were harvested into
patch pipettes (tip diameter, 15-25 um). The cells were

carefully put into reaction tubes containing reverse tran-
scription reagents and incubated for 1 h at 50°C (Su-
perScript III, Invitrogen, Grand Island, NY). We used the
cDNA products in separate PCR reactions. We conducted
the first round of PCR in 50 pL PCR buffer containing
0.2 mmol/L. dNTPs, 0.2 umol/L “outer” primers, 5 uL. RT
product, and 0.2 pL. platinum TagDNA polymerase (In-
vitrogen, Grand Island, NY). The protocol included an
initial 5-min denaturizing step at 95°C followed by 40
cycles of 40 s denaturation at 95°C, 40 s annealing at
55°C, and 40 s elongation at 72°C. The reaction was
completed with 7 min of final elongation. For the second
round of amplification, the reaction buffer (20 puL) con-
tained 0.2 mmol/L. dNTPs, 0.2 umol/L. “inner” primers,
5 pL of the first round PCR products and 0.1 pL platinum
TagDNA polymerase. The amplification procedure for the
inner primers was the same as that of the first round. A
negative control was also included by putting pipettes that
did not contain cells in the bath solution. The PCR products
were displayed on 1% ethidium bromide-stained agarose
gels. The sequences for all the inner and outer primers are
listed in Table 1.

Statistical Analysis

All data are expressed as mean = SEM. We collected the
recording data before and after drug treatment for statistical
analysis using paired or unpaired two-tailed Student’s ¢ test
[34]. LTP data were tested using two-way ANOVA [29].
Behavioral data were analyzed using two-way ANOVA
followed by the post-hoc Bonferroni test. The criterion for
statistical significance was P < 0.05.

Results

CCR2 Mediates CCL2- and CFA-Induced Heat
Hyperalgesia

To investigate the mechanisms by which CCL2 elicits
central sensitization, we tested the involvement of spinal
CCR2 in CCL2- and CFA-induced hyperalgesia. As we
previously reported [23], intrathecal CCL2 (100 ng)
induced rapid heat hyperalgesia (Fig. 1A). Intraplantar
CFA injection induced marked heat hyperalgesia on day 1
(Fig. 1B). Notably, this heat hyperalgesia was completely
reversed by RS504393 (20 ng, i.t.) at 3 h after injection
(Fig. 1B). This reversal was also transient and recovered
6 h after antagonist treatment (Fig. 1B). These results
suggest that CCR2 is required to mediate both CCL2- and
inflammation-induced heat hyperalgesia.
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Table 1 List of primer sequences used for RT-PCR.

Target gene (product length)*

Outer primers

Inner primers G enbank No.

GAPDH (367, 313 bp) Forward AGCCTCGTCCCGTAGACAAAA TGAAGGTCGGTGTGAACGAATT XM_001473623.1
Reverse TTTTGGCTCCACCCCTTCA GCTTTCTCCATGGTGGTGAAGA

vGluT2 (267, 199 bp) Forward TCATTGCTGCACTCGTCCACT TTGCCTCAGGAGAGAAACAACC NM_080853.3
Reverse GCGCACCTTCTTGCACAAA TCTTCCTTTTTCTCCCAGCCG

VIAAT (560, 468 bp) Forward GCTGGTGATGACGTGTATCTT GTATCTTGTACGTCGTGGTGAG NM_009508.2
Reverse CGAAGAAGGGCAACGGATAG GGTTATCCGTGATGACTTCCTT

CCR2 (456, 214 bp) Forward CTGCTCTTCCTGCTCACATTAC AGCCAGGACAGTTACCTTTG NM_009915.2
Reverse CCTGTGCCTCTTCTTCTCATTC GCAGATGACCATGACAAGTAGA

* Numbers in parentheses indicate sizes of PCR products obtained from outer and inner primers, respectively.

Fig. 1 Inhibition of CCL2- and A

CFA-induced heat hyperalgesia O Vehicle + CCL2 (100 ng), n =6 E \é?srgglfa 5;260 e
by intrathecal injection of 14, RS504393 (20 pg) + CCL2, n =5 14 renTE
RS504393. A Prevention of
CCL2 (100 ng, i.t)-induced heat 12 12
hyperalgesia by RS504393 z )
(20 pg, i.t.). B Reversal of g 10 g 10
CFA-induced heat hyperalgesia 2 g
by RS504393 (20 pg, i.t.) given 5 81 5 8
1 day after CFA injection. 2 3
*#%P < 0.001 vs vehicle control }:‘3 61 2 6 drug
(10% DMSO), two-Way E 4l s,
ANOVA followed by post-hoc 2 3
Bonferroni test; n = 5-6 &, . 2
mice/group; data are expressed
as mean = SEM. 0 ; : i 0
Baseline 05h 1h 3h Baseline CFA 1h 3h 6h 24h
1d

Time after drug injection

CCL2 Enhances NMDA Currents in CCR2-
Expressing Excitatory Neurons in Spinal Cord Slices

CCL2 is known to induce central sensitization via
enhancing the NMDA-induced currents in lamina Ilo
neurons in spinal cord slices [23]. However, it is unclear if
these lamina Ilo neurons are excitatory, although most are
[35]. We combined patch-clamp recording (Fig. 2A) and
single-cell PCR (Fig. 2B) to define whether the neurons we
recorded are excitatory, using vesicular glutamate trans-
porter 2 (VGLUT?2) as a marker. To improve the sensitivity
and selectivity of single-cell PCR, we performed two
rounds of PCR using two sets of primers (outer and inner
primers, Table 1), and found that 4 out of 5 lamina Ilo
neurons expressed VGLUT?2, while the negative control
showed no signal (Fig. 2B). In contrast, the VGLUT2-
negative neurons expressed vesicular inhibitory amino-acid
transporter (VIAAT), a marker of inhibitory neurons
(Fig. 2B). Patch-clamp recording revealed that all the
VGLUT2" neurons but not VIAAT neurons had NMDA-
induced currents (Fig. 2A). Moreover, CCL2 treatment
showed increased NMDA currents in 2 of 5 neurons
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Time after drug injection

(Fig. 2A). Consistently, only these CCL2-responsive neu-
rons expressed CCR2 (Fig. 2B). Together, the findings
from this experiment suggest that CCL2 acts directly on
CCR2" excitatory neurons to regulate central sensitization
via postsynaptic NMDARs.

CCL2 Enhances NMDA Currents in Somatostatin-
Expressing Dorsal Horn Neurons

Spinal cord lamina Ilo neurons are predominantly excita-
tory [36] and form a nociceptive circuit: they receive input
from C-fiber afferents and send output to lamina I projec-
tion neurons [37, 38]. These excitatory interneurons
express somatostatin (SOM) [39]. We also recorded CCL2
responses in SOM™ neurons in lamina Ilo of spinal slices
from transgenic mice showing SOM expression with
tdTomato [25]. These neurons were easily identified by
bright fluorescence (Fig. 3A). CCL2 perfusion caused a
marked increase in NMDA currents in all 5 lamina Ilo
SOM™ neurons recorded (Fig. 3B, C). This result further
supports the hypothesis that CCL2 facilitates NMDAR
function in excitatory neurons in the pain circuit.
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Fig. 2 A combination
approach of patch-clamp
recordings and single-cell PCR
showed enhancement of
NMDA currents by CCL2 in
CCR2-expressing excitatory
neurons in lamina Ilo neurons
of spinal cord slices. A Patch-
clamp recording shows NMDA
(50 pmol/L)-induced currents
in lamina Ilo neurons and the
effect of CCL2 (100 ng/mL).
CCL2 treatment increased
NMDA currents in 2 of 5
neurons. B Single-cell PCR
from the recorded neurons
demonstrated that 4 out of 5
lamina Ilo neurons expressed
VGLUT2. GAPDH was used as
positive control. Negative
control (NC), no cells in the
reaction buffer. Positive bands
are indicated by stars. Note that
only two CCR2-expressing
neurons displayed increased
NMDA currents after the CCL2
treatment. Also note that all the
VGLUT2" but not the
VIAAT™" neurons exhibited
NMDA currents.

Fig. 3 CCL2 enhances NMDA
currents in SOM™ neurons in
lamina Ilo of spinal cord slices.
A SOMT™ neurons in lamina Ilo
of spinal cord slices from
transgenic mice, as shown by
tdTomato fluorescence (scale
bar, 20 pm). B Traces of
NMDA-induced currents in
SOM™ neurons before and after
CCL2 perfusion. C Amplitude
of NMDA-induced currents.

*P < 0.05, paired two-tailed
Student’s ¢ test; n = 5
neurons/group; data expressed
as mean + SEM.

CCL2 Enhances Synaptic NMDA Currents Evoked
by Dorsal Root Stimulation

To further assess if CCL2 can modulate excitatory synaptic
transmission at nociceptive synapses, we recorded o-
amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid

A Patch clamp recordings B Single-Cell PCR

= NMDA (50 pmol/L, 0.5 min)
— CCL2 (100 ng/mL, 2 min)

Cell number
#1 NNDA . Cell number ™
o . - . . - OO0
MW1 2 3 4 5 =z Zz
* * * ok
VgluT2
_—
o
——"% *
u V CCR2
#4 —
1 ‘\r GAPDH
CCLZJ
#5 NMDA
E -200 1
SOM?* neurons < *
g -150 {
5 [
® -100 {
S
2 I
< -50 1
a
; n=35 n=>5
0
Vehicle CCL2

50 pmol/L NMDA

100 ng/mL CCL2

100 pA |_

30s

(AMPA) and NMDA currents evoked by dorsal root
stimulation at C-fiber intensity. Test pulses of 0.1 ms at
0.5-3 mA were delivered at 30-s intervals and monosy-
naptic C-fiber responses were recorded as previously
reported [31]. At a holding potential of +40 mV, stimu-
lation of the dorsal root entry zone in the presence of the
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AMPAR antagonist CNQX isolated NMDAR-mediated
evoked EPSCs (eEPSCs) in lamina Ilo neurons, and these
eEPSCs were enhanced by CCL2 superfusion for 2 min
(Fig. 4A, B). We also recorded AMPAR-induced eEPSCs
in lamina Ilo neurons by holding cells at —70 mV and
blocking the NMDARSs with APV. Notably, CCL2 did not
increase the AMPAR-induced eEPSCs (Fig. 4A, B).

CCR2 Antagonist RS504393 Reverses Spinal LTP
in vivo

LTP in the dorsal horn is a unique form of synaptic plas-
ticity in the spinal pain circuit and has been strongly
implicated in the genesis of chronic pain [40-42]. In
anesthetized mice, spinal LTP was induced by tetanic
stimulation (100 Hz, 1 s, 4 trains) in all C57/B6 WT mice;
it lasted for >3 h, with an amplitude increase of >100% at
1 h (Fig. 5). Strikingly, a single intrathecal administration

Fig. 4 CCL2 enhances A

NMDAR-mediated synaptic

currents in lamina Ilo neurons

evoked by dorsal root

stimulation of spinal cord slices.

A Traces of evoked NMDAR- 14
mediated and AMPAR-
mediated currents (eEPSC)
before and after CCL2 treatment
(100 ng/mL, 2 min).

B Amplitude of NMDAR-
mediated and AMPAR-
mediated currents (eEPSC).

*P < 0.05, paired two-tailed
Student’s ¢ test;

n = 5-6 neurons/group; n.s.,
not significant. Note that CCL2
only enhanced NMDAR-
mediated but not AMPAR-
mediated synaptic currents. The

NMDAR eEPSC+

AMPAR eEPSC

-70mV

of RS504393 (45 pg/15 pL) at 2 h after the induction of
LTP was still able to rapidly reverse the established spinal
LTP (Fig. 5). This result supports a critical role of CCR2 in
the maintenance of spinal LTP.

Discussion

Increasing evidence suggests that chemokines play a crit-
ical role in neuron—glial interactions in chronic pain [2].
However, it is incompletely known how chemokines con-
trol the interactions between neurons and glia. Early studies
showed that primary sensory neuron-derived CCL2 acti-
vates spinal microglia [15, 16, 43], suggesting an active
role of chemokines in the neuron-to-glia interaction.
However, CCR2 is mainly expressed by macrophages but
not microglia [44]. An in situ hybridization study demon-
strated that CCR2 is primarily expressed by neurons in the

data are expressed as B
mean £+ SEM. -150 - n.s. 200 - *
'[' T
< : <
3 i g 150 -
8 -100 § -
o
L w 100 -
o) (O]
T 50 =
[an Q 50 -
s =
< pd
0 r 1 x 0 ; ‘
Control CCL2 Control CCL2

n = 6 neurons
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Fig. 5 Reversal of LTP of
C-fiber-evoked field potentials
in the dorsal horn of

—e— Vehicle
—8— RS504393

o)

anesthetized mice by RS504393 ‘?_—) . 300 1

(45 pg, 15 L, i.t), 2 9 250 4
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induced by tetanic stimulation IR
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intensity in C57/B6 mice. S a
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ANOVA, n = 5 mice/group. 270 Tetani
22 9
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< -30 0 30 60 90 120 150 180

Time (min)

dorsal horn [23]. Since CCL2 is induced in spinal astro-
cytes after nerve injury, we proposed a novel role of CCL2
to mediate glia-to-neuron interaction and identified CCL2
as a neuromodulator in the spinal cord [23]. However, the
exact molecular, synaptic, and cellular mechanisms by
which CCL2 drives central sensitization are still unclear.

In this study, we have provided new mechanistic
insights into the CCL2 regulation of neuronal and synaptic
plasticity underlying the generation of central sensitization
[41, 45]. First, CCL2 appears to have a direct action on
dorsal horn neurons to modulate central sensitization.
Second, CCR?2 is required to mediate CCL2-induced cen-
tral sensitization such as spinal CCL2-induced heat
hyperalgesia. Third, CCL2 induces central sensitization in
VGLUT2" and SOM™ excitatory neurons via CCR2.
Fourth, CCL2 increases NMDAR-mediated but not
AMPAR-mediated eEPSCs at nociceptive synapses.
Finally, CCR2 is necessary for the maintenance of spinal
LTP in vivo.

By combining patch clamp recording and single-cell
PCR in the recorded neurons, our findings showed that
CCL2 increased NMDA-induced currents exclusively in
CCR2-positive excitatory neurons that express VGLUT2
but not VIAAT. We also confirmed that CCL2 facilitates
NMDA currents in SOM™ excitatory interneurons. This
population of interneurons is essential for pain transmission
and forms a nociceptive circuit by receiving input from
TRPVI1 (transient receptor potential cation channel sub-
family V member 1)-expressing C-fiber afferents and
sending output to lamina I projection neurons [35, 46, 47].
It is likely that CCL2 increases NMDAR activity via the
phosphorylation of ERK [23, 48], a marker for central
sensitization [49, 50]. Further study is needed to determine
how CCL2 facilitates NMDARSs via the CCR2/ERK path-
way. In addition to heat hyperalgesia (Fig. 1), this pathway
may also regulate mechanical allodynia [23].

Our data also demonstrated that CCL2 enhanced
NMDAR-mediated synaptic currents evoked by dorsal root

stimulation. This effect could be mediated by both presy-
naptic and postsynaptic modulation of NMDARs by CCL2/
CCR2. Presynaptic NMDARs have been implicated in pain
hypersensitivity [31, 51] (but also see [52]). Although we did
not find potentiation of AMPAR-mediated synaptic currents
by CCL2, application of CCL2 to spinal slices increased the
frequency of spontaneous EPSCs in lamina I1o neurons of the
dorsal horn [23], suggesting a possible presynaptic mecha-
nism by which CCL2 enhances glutamate release. Further
recordings of miniature EPSCs may provide new insights
into the presynaptic modulation of AMPAREs.

One of the most exciting findings of this study was
reversal of the C-fiber stimulation-induced spinal LTP by
the CCR2 antagonist RS504393, even when applied 2 h
after the induction of LTP. This result suggests a critical
involvement of CCL2/CCR2 in the maintenance of spinal
LTP. A recent study has illustrated a new type of spinal
LTP induced by spinal glial cells [53]. It appears that
activation of spinal glia by the ATP receptor P2X7 is both
sufficient and necessary for the induction of spinal LTP.
Furthermore, this gliogenic LTP is diffusible [53]. Since
CCL2 is mainly derived from astrocytes, especially under
pathological conditions, it is of great interest to investigate
whether activation of P2X7 in astrocytes can induce spinal
LTP via triggering CCL2 release.
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