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Abstract The medium spiny neurons (MSNs) in the

nucleus accumbens (NAc) integrate excitatory and inhibi-

tory synaptic inputs and gate motivational and emotional

behavior output. Here we report that the relative intensity

of excitatory and inhibitory synaptic inputs to MSNs of the

NAc shell was decreased in mice with neuropathic pain

induced by spinal nerve ligation (SNL). SNL increased the

frequency, but not the amplitude of spontaneous inhibitory

postsynaptic currents (sIPSCs), and decreased both the

frequency and amplitude of spontaneous excitatory post-

synaptic currents (sEPSCs) in the MSNs. SNL also

decreased the paired-pulse ratio (PPR) of evoked IPSCs

but increased the PPR of evoked EPSCs. Moreover, acute

bath application of C–C motif chemokine ligand 2 (CCL2)

increased the frequency and amplitude of sIPSCs and

sEPSCs in the MSNs, and especially strengthened the

amplitude of N-methyl-D-aspartate receptor (NMDAR)-

mediated miniature EPSCs. Further Ccl2 overexpression in

the NAc in vivo decreased the peak amplitude of the

sEPSC/sIPSC ratio. Finally, Ccr2 knock-down improved

the impaired induction of NMDAR-dependent long-term

depression (LTD) in the NAc after SNL. These results

suggest that CCL2/CCR2 signaling plays a role in the

integration of excitatory/inhibitory synaptic transmission

and leads to an increase of the LTD induction threshold at

the synapses of MSNs during neuropathic pain.
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Introduction

The nucleus accumbens (NAc) plays a critical role in

mediating reward, motivation, depression, and chronic

pain. Medium spiny neurons (MSNs), the main projection

neurons in the NAc, are involved in a decrease of

motivation under chronic pain conditions [1], as well as

an increase of pain sensitivity and the induction of

depression after nerve injury [2, 3]. Interrupting the

activity of the MSNs in the medial shell of the NAc

relieves peripheral nerve injury-induced neuropathic pain

in rats [4]. Electrophysiological studies have shown that

nerve injury changes the excitatory glutamatergic trans-

mission at synapses of MSNs in the NAc [1, 2], manifested

as a decreased ratio of a-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid receptor (AMPAR)- to N-methyl-

D-aspartate receptor (NMDAR)-mediated currents [1] and

changes in the function of specific AMPAR and NMDAR

subunits [1, 5]. Accordingly, the expression levels of the

GluA1 subunit of the AMPAR and the GluN2B subunit of

the NMDAR are increased on the postsynaptic membrane

surface in MSNs of the NAc under neuropathic pain

conditions [1, 5–7]. Although chronic pain-induced neural

adaptations at excitatory glutamatergic synapses have been

investigated, little is known about how inhibitory synaptic

input to MSNs of the NAc is affected during neuropathic

pain.
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The MSNs integrate GABAergic inhibitory synaptic

inputs from intrinsic and extrinsic sources [8, 9]. Finely-

tuned excitatory and inhibitory synaptic transmission to a

neuron regulates the functional state for action potential

discharge and gates synaptic plasticity [10–12]. It has been

demonstrated that impaired excitatory/inhibitory (E/I)

balance in the spinal cord contributes to central sensitiza-

tion and chronic pain [12]. In the brain, disruption of the

E/I balance in the somatosensory cortex is linked to large-

scale neuronal plasticity and pain sensitivity in mice with

multiple sclerosis [13]. More recent evidence has shown

that nerve injury attenuates the overall E/I balance of

basolateral amygdala inputs to prefrontal cortex neurons

[14]. The NAc shell plays an important role in mediating

neuropathic pain [2, 15]. Whether the E/I synaptic balance

in the MSNs of NAc shell is altered under neuropathic pain

condition deserves investigation.

Chemokine CCL2 (also called monocyte chemoattrac-

tant protein 1) and its receptor CCR2 are involved in the

pathogenesis of neuropathic pain via increasing gluta-

matergic synaptic transmission in the spinal cord [16]. In

addition, our recent study showed that peripheral nerve

injury increases the expression of CCL2 and CCR2 in the

MSNs of the NAc shell. Importantly, inhibition of CCR2 in

the NAc shell by shRNA or an antagonist attenuates spinal

nerve ligation (SNL)-induced neuropathic pain and the

associated depressive behaviors in mice [3]. Consistent

with this, overexpression of CCL2 in the NAc induces pain

hypersensitivity and depression-like behaviors [3]. In

addition, CCL2/CCR2 increases NMDAR-mediated cur-

rents in the cells via activating extracellular signaling-

regulated kinase (ERK) [3, 17]. It has been reported that

the enhanced function of NMDARs modulates the magni-

tude of long-term depression (LTD) induced by low-

frequency stimulation (LFS) at MSN synapses in the NAc

[18, 19]. Moreover, nerve injury- or inflammation-induced

chronic pain attenuates and even impairs the induction of

LTD in the anterior cingulate cortex [20, 21]. Whether

CCL2/CCR2 signaling in the NAc shell regulates neuro-

pathic pain and depression [3] via modulation of the E/I

balance and NMDAR-mediated LTD remains unknown.

In the current study, we first assessed the impact of SNL

on the excitatory-inhibitory current ratio at MSN synapses

in the NAc shell and confirmed that the E/I balance was

disrupted under SNL-induced neuropathic pain conditions.

We also found that the increased CCL2/CCR2 in the NAc

after SNL contributed to the disrupted E/I balance and

NMDAR-mediated LTD in the NAc shell.

Materials and Methods

Animals and Surgery

Male ICR mice (8–12 weeks) were purchased from the

Experimental Animal Center of Nantong University and

housed in the Animal Facility of Nantong University. The

SNL model was created as previously described [22].

Briefly, mice were anesthetized with 2% isoflurane and the

bilateral L5 spinal nerves were exposed and ligated. For

sham operation, the L5 spinal nerves were exposed but not

ligated. All the procedures were approved by the Animal

Care and Use Committee of Nantong University and

performed in accordance with the institutional guidelines

for the International Association for the Study of Pain.

Lentiviral Vector Construction and Intra-NAc

Injection

The Ccl2-overexpression lentivirus (LV-Ccl2) and nega-

tive control lentivirus (LV-NC) were generated as

described in our previous study [3]. In brief, recombinant

lentivirus expressing Ccl2 vector was designed by using the

pGV365 lentiviral expression vector to generate pLV-Ubi-

Ccl2-3FLAG-CMVEGFP (LV-Ccl2). A lentiviral vector

that expressed GFP alone (LV-NC) was produced as

control. In addition, shRNAs targeting the mice Ccr2 and

negative control (NC) were also designed as described

previously [3]. The recombinant lentivirus shRNA-ex-

pressing vectors containing NC (LV-NC, scramble-

shRNA) or Ccr2 (LV-Ccr2 shRNA, 5’-TGC ATT AAT

CCT GTC ATT T-3’) were constructed using pGCSIL-

GFP vector by Shanghai GeneChem. To inject the

lentivirus, mice were anesthetized using isoflurane. The

head was fixed in a stereotaxic apparatus. Two holes were

drilled on the skull (anteroposterior: bregma ?1.53 mm,

lateral: ±0.8 mm, depth: 4.82 mm). The lentivirus (0.25 lL

per side) was injected into the NAc through a 32G needle

(Hamilton) within 10 min. After the injection, the needle

remained in the position for 5–6 min, and the scalp was

sutured.

NAc Slice Preparation

NAc slices were prepared and patch-clamp recordings were

made as previously described [3]. Briefly, each mouse was

deeply anesthetized with 5% isoflurane and sacrificed 14 to

21 days after SNL or sham operation. The brain was

quickly removed, and sagittal slices (300 lm) containing

the NAc and prefrontal cortex were cut on a Vibratome

(VT1000S; Leica, Germany) in sucrose-rich ice-cold

artificial cerebrospinal fluid (aCSF) containing (in mmol/
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L): 235 sucrose, 25 NaHCO3, 2.5 KCl, 1.2 CaCl2, 1.25

NaH2PO4, 2.5 MgCl2, and 10 glucose (pH 7.2–7.4 when

bubbled with 95% O2 and 5% CO2). Slices were incubated

in normal aCSF (oxygenated with 95% O2 and 5% CO2)

containing (in mmol/L): 125 NaCl, 1.25 NaH2PO4, 3 KCl,

1.2 MgCl2, 2.4 CaCl2, 26 NaHCO3, and 11 glucose for 30

min at 34�C and subsequently kept at room temperature

until transfer to the recording chamber.

Patch-clamp Recording from NAc Shell Slices

MSNs within the NAc shell were visualized under a

BX51WI infrared-differential interference contrast micro-

scope (Olympus, Japan). Patch-clamp recordings of

inhibitory or excitatory postsynaptic currents (IPSC/EPSC)

at synapses of NAc shell neurons were conducted with a

patch-clamp amplifier (Multiclamp 700B; Axon Instru-

ments, Burlingame, CA). Currents were filtered at 2 kHz

and sampled at 10 kHz with a digitizer (DigiData 1440A;

Axon Instruments). All recordings were analyzed using

Clampfit 10.4 software (Molecular Devices, Sunnyvale,

CA). MSNs in the NAc slice were identified by their small

size (\ 20 lm) and hyperpolarized resting membrane

potential (– 75 to – 85 mV). The tip of the electrode was

4–8 MX when filled with patch pipette internal solution

containing (in mmol/L): 120 CsMeSO3, 2 NaCl, 20

HEPES, 5 tetraethylammonium-Cl, 2.5 Na2ATP, 0.4

EGTA 0.3 GTP-Tris, and 2.5 mmol/L QX-314 (pH

7.2–7.4, adjusted with CsOH). A concentric bipolar

electrode was placed at the border between the prefrontal

cortex (PFC) and NAc, which mainly stimulated the PFC-

synaptic transmission input to the MSNs [23]. Synaptic

afferents were stimulated at 0.1 Hz (100-ls pulses) by a

programmable stimulator (Master-8, A.M.P.I., Jerusalem,

Israel). The stimulation intensity that evoked a half-

maximum synaptic response was used in the experiments.

Input resistance was monitored online with a depolarizing

step voltage (? 5 mV, 200 ms) following each afferent

stimulus, and the data were discarded if the resistance

changed by[ 25%. Total evoked postsynaptic currents of

NAc shell MSNs containing AMPAR-mediated EPSCs and

GABAA-receptor-mediated IPSCs were recorded at a

holding voltage of – 70 mV in normal aCSF. After

recording a stable total postsynaptic current baseline, the

AMPAR-mediated EPSC was isolated by perfusing with

the GABAA receptor antagonist picrotoxin (PTX, 100

lmol/L), and digital subtraction of the AMPAR-mediated

EPSC from the total postsynaptic current in the same

neuron yielded the GABAA-receptor-mediated IPSC. For

sEPSC recording, the membrane voltage was held at – 70

mV and the cells were perfused by aCSF with 100 lmol/L

PTX and 1 lmol/L strychnine. The sIPSCs were recorded

with the voltage held at 0 mV (because the reversal

potential for EPSCs was near 0 mV), and 1 lmol/L

strychnine was added to the aCSF to block glycine

receptor-mediated IPSCs. To calculate ratios of sEPSC/

sIPSC peak amplitude and frequency, the sIPSCs and

sEPSCs were recorded from the same neuron. Traces for

the analyzed ratios were averaged from 80–100 consecu-

tive sIPSCs or sEPSCs. To determine the paired-pulse ratio

(PPR), which reflects the transmitter release probability at

presynaptic sites, two IPSCs or EPSCs were evoked at an

inter-stimulus-interval of 50 ms or 200 ms. The PPR value

was calculated by dividing the amplitude of the second

event by that of the first event. LTD was induced by low-

frequency stimulation (LFS, pulse duration 100 ls, 1 Hz,

900 pulses). The stimulating electrode was positioned at

the same location as that in the evoked EPSCs and IPSCs

recording.

The total spontaneous miniature EPSCs (mEPSCs) that

contain both NMDAR- and AMPAR-mediated components

were recorded in the presence of tetrodotoxin (1 lmol/L)

and PTX (100 lmol/L) and patch-clamped at –60 mV with

Mg2?-free aCSF perfusion. The AMPAR- and NMDAR-

mediated mEPSCs were isolated by perfusing with the

NMDAR antagonist AP–V (50 lmol/L). AMPAR- and

NMDAR-mEPSC components were analyzed as previously

described [23]. NMDA-induced currents were recorded by

puff application of NMDA (20 lmol/L; Sigma-Aldrich) at

a holding potential of –45 mV.

Data Analysis and Statistics

Results are expressed as the mean ± SEM. Each data set to

be tested statistically was first tested for normality by the

Shapiro-Wilk test. If data were not normally distributed,

we used the non-parametric Mann-Whitney test. Other-

wise, the data were analyzed via Student’s t-test, one-way

or two-way ANOVA with repeated-measures (RM) or

regular ANOVA measures, followed by the LSD post hoc

test. The inter-event intervals and amplitudes for the

distribution of sIPSCs or sEPSCs were measured with

Kolmogorov–Smirnov (K–S) analysis and the unpaired

Student’s t-test. The criterion of statistical significance was

set at P\ 0.05.

Results

SNL Decreases the E/I Ratio in MSNs of the NAc

Shell

Our previous study has shown that SNL induces persistent

pain hypersensitivity and depression-like behaviors [3]. To

understand the synaptic mechanism underlying the behav-

ioral changes after SNL, we performed whole-cell patch-
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clamp recordings of EPSCs and IPSCs from the same

MSNs in the NAc shell. The stimulating electrode was

positioned at the border of the PFC and NAc within the

brain slice to elicit a compound postsynaptic current, which

contains both EPSCs and IPSCs. After recording a

stable total current, we perfused the slice with PTX to

selectively inhibit IPSCs, then subtracted the PTX-insen-

sitive current to get the IPSC component (Fig. 1A). We

found that the EPSC/IPSC ratio was markedly reduced in

mice with SNL (P\0.01, Student’s t-test, Fig. 1B, C). To

identify the effect of SNL on the strength of the excitatory

and inhibitory synaptic transmission, we examined the

input-output (I–O) curves from the glutamatergic and the

GABAergic synapse-mediated currents. Compared with the

sham group, SNL significantly suppressed the amplitude of

the evoked EPSCs (F1,30 = 8.065, P \0.01, two-way

ANOVA with repeated-measures, Fig. 1D), and markedly

increased the amplitude of the evoked IPSCs in MSNs

(F1,20 = 8.179, P\0.05, two-way ANOVA with repeated-

measures, Fig. 1E). These data suggest that the E/I balance

in MSNs of the NAc shell is disrupted after SNL.

Fig. 1 SNL disrupts the excitatory/inhibitory (E/I) balance at MSN

synapses in the NAc shell. A Sample traces showing total current, an

EPSC, and an IPSC in the same MSN. B Sample traces showing

EPSCs (black traces) and IPSCs (grey traces) in the same MSN from

sham- and SNL-operated mice. C The mean EPSC/IPSC ratio is

decreased in SNL-operated mice (**P \ 0.01, Student’s t-test).

D Upper panel, sample traces of EPSCs evoked by stimulation

intensity from 20 lA to 120 lA. Each trace is averaged from 6–10

EPSCs at the same stimulus intensity. Lower panel, summary data

showing that SNL decreases the input–output response of eEPSCs

(15–17 neurons from 4–5 mice, **P\ 0.01, two-way ANOVA with

repeated-measures). E Upper panel, sample traces of GABAergic

receptor-mediated IPSCs evoked by stimulation intensity from 20 lA

to 120 lA from sham- and SNL-operated mice. Each trace is averaged

from 6–10 IPSCs at the same stimulus intensity. SNL increases the

input–output response of eIPSCs in NAc shell MSNs (10–12 neurons

from 4–5 mice, *P \ 0.05, two-way ANOVA with repeated-

measures). Both EPSCs and IPSCs are shown at the peak of the

current responses.
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SNL Increases Inhibitory Synaptic Transmission

in MSNs

To study the detailed changes of inhibitory and excitatory

synaptic transmission in MSNs of the NAc shell after SNL,

we first examined the inhibitory synaptic component. The

sIPSCs were recorded in MSNs from the sham- or SNL-

operated mice by holding the membrane potential at 0 mV

(Fig. 2A). We analyzed the cumulative probability distri-

butions of inter-event intervals of sIPSCs and found that

the cumulative fraction was significantly shifted to the left

in SNL mice compared with sham-operated mice

(P \ 0.01, K–S test, Fig. 2B). The mean frequency of

sIPSCs was significantly increased in SNL animals

(P \ 0.01, Mann-Whitney test, Fig. 2C). There was no

significant difference in the amplitude of sIPSCs between

sham and SNL-operated mice (P [ 0.05, Mann-Whitney

test, Fig. 2D, E).

SNL Decreases Excitatory Synaptic Transmission

in MSNs

To determine whether the disrupted balance was affected

by excitatory synaptic transmission in SNL animals, we

directly measured the sEPSCs by holding the membrane

potential at – 70 mV in MSNs of NAc slices from sham- or

SNL-operated mice in the presence of PTX (100 lmol/L)

and strychnine (1 lmol/L) to exclude GABAA receptor-

and glycine receptor-mediated inhibitory synaptic inputs

(Fig. 3A). The cumulative probability distribution of inter-

event intervals of sEPSCs shifted to the right after SNL

(P \ 0.01, K–S test, Fig. 3B). The mean frequency of

Fig. 2 SNL enhances the sIPSC

frequency in MSNs in the NAc

shell. A Sample traces of

sIPSCs recorded from MSNs in

sham- and SNL-operated mice.

B Cumulative probability dis-

tribution of sIPSC inter-event

intervals is shifted to the left

after SNL (P\ 0.01, K–S test).

C The mean sIPSCs frequency

is increased in MSNs after SNL

(**P\ 0.01, Mann-Whitney

test). D Cumulative probability

distribution for sIPSC amplitude

is not significantly different in

sham- and SNL-operated ani-

mals (P[ 0.05, K–S test).

E The mean sIPSC amplitude is

comparable in the two groups

(P[ 0.05, n.s., not significant,

Mann-Whitney test).
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sEPSCs was significantly decreased in SNL-operated

animals (P \ 0.001, Student’s t-test, Fig. 3C). The

distribution of sEPSCs amplitudes shifted to the left after

SNL (P\ 0.05, K–S test, Fig. 3D). The mean amplitude of

sEPSCs was decreased in SNL-operated animals (P\ 0.01,

Mann-Whitney test, Fig. 3E).

SNL Leads to Different Changes in the PPR

of eIPSCs and eEPSCs in MSNs

To further determine the change of presynaptic GABA and

glutamate release, we compared the paired-pulse ratio

(PPR) in NAc slices from sham- and SNL-operated mice.

The PPR of eIPSCs was elicited by two pulses at 50-ms or

200-ms inter-pulse intervals in the presence of the AMPAR

antagonist DNQX and the NMDAR antagonist AP-V. The

PPR of eIPSCs was significantly lower in SNL mice than in

sham-operated mice with the 50-ms inter-pulse interval,

but no such change was found with the 200-ms inter-pulse

interval (50 ms, P\0.01; 200 ms, P[0.05. Student’s t-test,

Fig. 4A, B). The same was found in the eEPSC PPR, which

was elicited in the presence of the GABAA receptor

antagonist PTX and the glycine receptor antagonist strych-

nine. In contrast, the PPR of eEPSCs was significantly

higher in the SNL group than in the sham group at the

50-ms inter-pulse interval; no difference was found at the

200-ms inter-pulse interval (50 ms, P \0.01; 200 ms,

P[0.05, Student’s t-test, Fig. 4C, D).

Fig. 3 SNL suppresses the

sEPSC frequency and amplitude

in MSNs in the NAc shell.

A Sample traces of sEPSCs

recorded from NAc shell MSNs

in sham- and SNL-operated

mice. B Cumulative probability

distribution of sEPSC inter-

event intervals is shifted to the

right after SNL (P\ 0.01, K–S

test). C The mean sEPSC fre-

quency is decreased in MSNs

after SNL (***P\ 0.001, Stu-

dent’s t-test). D Cumulative

probability distribution for

sEPSC amplitude in MSNs from

SNL-operated mice is shifted to

the left relative to the sham-

treated group (P\ 0.01, K–S

test). E Mean sEPSC amplitude

is decreased in MSNs after SNL

(**P\ 0.01, Mann-Whitney

test).
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CCL2/CCR2 Signaling Regulates Inhibitory

and Excitatory Synaptic Inputs in MSNs of the NAc

Shell

To explore the molecular mechanisms underlying the

disruption of E/I balance after SNL, we tested the role of

CCL2/CCR2 in synaptic transmission in MSNs, as CCL2

and CCR2 are markedly increased in the NAc shell after

SNL [3]. We first determined whether CCL2 affects

inhibitory GABAergic synaptic transmission and found

that the frequency and amplitude of sIPSCs were signif-

icantly increased by acute CCL2 perfusion compared with

baseline (frequency, 149.9% ± 13.7%, P \ 0.05; ampli-

tude, 134.5% ± 9.9%, P \ 0.05, paired Student’s t-test,

Fig. 5A and B). Similarly, bath application of CCL2 also

increased the frequency and amplitude of sEPSCs (fre-

quency, 144.3% ± 8.1%, P\ 0.001; amplitude, 110.5% ±

4.2%, P \ 0.05, paired Student’s t-test, Fig. 5C, D). As

SNL persistently increased CCL2 expression in the NAc

shell [3], we further investigated how chronic activation of

CCL2/CCR2 signaling regulates E/I input to NAc shell

MSNs. The Ccl2-overexpressing lentivirus (LV-Ccl2) or

LV-NC was microinjected into the NAc shell. Ten days

later, we recorded the sEPSCs and sIPSCs from the same

MSN, and then calculated their mean peak amplitudes.

Compared with the LV-NC-treated mice, LV-Ccl2 moder-

ately weakened the sEPSC/sIPSC frequency ratio and

significantly decreased the peak amplitude ratio in NAc

shell MSNs (P\ 0.05, Student’s t-test, Fig. 5G), similar to

the results from SNL-operated mice.

Fig. 4 SNL differentially changes the PPR of eIPSCs and eEPSCs in

MSNs in the NAc shell. A Sample traces of IPSCs evoked by paired-

pulse stimulation with inter-pulse intervals of 50 ms (left) and 200 ms

(right) in MSNs from sham- and SNL-operated mice. B The mean

PPR of eIPSCs is decreased after SNL at inter-pulse intervals of 50

ms (**P\ 0.01, Student’s t-test), but not at inter-pulse intervals of

200 ms. C Sample traces of EPSCs evoked by paired-pulse

stimulation with inter-pulse intervals of 50 ms (left) and 200 ms

(right) in MSNs from sham- and SNL-operated mice. D The mean

PPR of eEPSCs is increased after SNL at inter-pulse intervals of 50

ms (** P\ 0.01, n.s., not significant, Student’s t-test), but not at 200

ms.
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Acute CCR2 Activation Strengthens NMDAR

Function in MSNs

Our previous study showed that SNL increases the

NMDAR currents in MSNs, and that they are reduced by

Ccr2 shRNA or a CCR2 antagonist [3]. We further

assessed the effect of acute activation of CCR2 by CCL2

on NMDAR-mediated EPSCs in the MSNs. The

amplitudes of NMDAR- and AMPAR-mEPSCs were

compared in the presence or absence of CCL2 (Fig. 6A,

B). The amplitude of NMDAR-mEPSCs was larger in

CCL2-incubated neurons than that in vehicle control

(P \ 0.05, paired Student’s t-test, Fig. 6C), but no

statistical difference was found in the mean amplitude of

AMPAR-mEPSCs between the two conditions (P[ 0.05,

paired Student’s t-test, Fig. 6C). In addition, the amplitude

Fig. 5 Effects of CCR2 activation on the sIPSC/sEPSC ratio in

MSNs in the NAc shell. A Sample traces of sIPSCs from NAc shell

MSNs in naive mice after CCL2 (100 nmol/L) application. a1, a2
Expanded traces of sIPSCs recorded in the absence (a1) and presence

(a2) of CCL2. B sIPSC frequency and amplitude is increased by

CCL2 application (*P \ 0.05, paired Student’s t-test). C Sample

traces of sEPSCs from NAc shell MSNs in naive mice after CCL2

(100 nmol/L) bath application. a1, a2 Expanded sEPSC traces

recorded in the absence (a1) and presence (a2) of CCL2. D sEPSC

frequency and amplitude are increased by CCL2 application

(*P\ 0.05, ***P\ 0.001, paired Student’s t-test). E Sample traces

of sIPSCs (held at 0 mV) and sEPSCs (held at – 70 mV) from the

same MSN in naı̈ve mice pretreated with LV-NC or LV-Ccl2.
F Representative averaged traces of sIPSCs and sEPSCs from NAc

shell MSNs (data from E). G Histograms of ratios of EPSC/IPSC

frequency and amplitude from mice pretreated with LV-NC or LV-
Ccl2. (LV-NC vs LV-Ccl2: frequency: P [ 0.05; amplitude:

*P\ 0.05, Student’s t-test)
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of inward current evoked by 20 lmol/L NMDA was

markedly increased by CCL2 application, and this effect

was prevented by the CCR2 antagonist RS504393

(P\ 0.05, paired Student’s t-test, Fig. 6D, E). These data

suggest that CCL2/CCR2 contributes to the imbalance of

inhibitory and excitatory synaptic transmission on MSNs

via regulating NMDAR function after SNL.

CCR2 Knock-down Improves the Impaired

NMDAR-dependent LTD Induction in the NAc Shell

after SNL

To determine whether LTD occurs in vivo at MSN

glutamatergic synapses after SNL, we used LFS (1 Hz,

900 pulses) to evoke LTD in NAc slices. Robust LTD was

evoked (45.8% ± 4.8% of baseline, P\ 0.001 vs baseline,

Student’s t-test) at MSN synapses in the naive mice. This

LTD was attenuated by the GluN2B-containing NMDAR-

selective antagonist Ro 25-6981 (85.2% ± 7.3% of

baseline), but was unaffected by the GluN2A-containing

NMDAR-selective antagonist TCN-201 (55.5% ± 10.3%

of baseline, P \ 0.05 vs baseline, Student’s t-test). The

magnitude of LTD was different in the control and Ro

25-6981-treated groups (F2,19 = 9.66, P\ 0.01, one-way

ANOVA followed by LSD test, Fig. 7A, B). We then

examined the LTD induction in the sham and SNL-

operated groups. The magnitude of LTD was lower in the

SNL group (73.3% ± 6.4 % of baseline, P \ 0.01 vs

baseline, Student’s t-test) than that in the sham group

(47.9% ± 3.2% of baseline, P\ 0.001 vs baseline; Sham

vs SNL, P \ 0.01, Student’s t-test, Fig. 7C, D). To

determine whether CCR2 in the NAc was involved in the

impairment of NMDAR-dependent LTD induction after

SNL, we injected Ccr2 shRNA lentivirus (LV-Ccr2

shRNA) into the NAc shell 7 days before SNL. Compared

with control lentivirus treatment, LV-Ccr2 shRNA pre-

vented the decrease in the magnitude of NMDAR-depen-

dent LTD induction after SNL (LV-NC-SNL: 79.9% ±

8.9% of baseline; LV-Ccr2-SNL: 59.8% ± 4.1% of

baseline, P\ 0.01 vs baseline, LV-NC vs LV-Ccr2-SNL,

P = 0.06, Student’s t-test, Fig. 7E, F). These results indicate

that the reduction of the magnitude of NMDAR-dependent

LTD in the NAc was rescued by the knock-down of Ccr2

in SNL animals.

Fig. 6 Activation of CCL2/CCR2 signaling strengthens NMDAR-

mediated EPSCs in NAc shell MSNs. A Sample traces of mEPSCs

from NAc shell MSNs patch-clamped at –60 mV in Mg2?-free aCSF.

Total mEPSCs (left) include both NMDAR- and AMPAR-mediated

components. AMPAR-mediated mEPSCs (right) were isolated by

perfusing with the NMDAR antagonist AP-V (50 lmol/L) in the

absence and presence of CCL2. B Average traces of total mEPSCs,

AMPAR-mEPSCs, and NMDAR-mEPSCs from MSNs in the absence

and presence of CCL2. C Histograms of AMPAR- and NMDAR-

mEPSC amplitude in the absence (vehicle) and presence of CCL2 in

aCSF (*P \ 0.05, Student’s t-test). D Sample trace of NMDA (20

lmol/L, 30 s)-induced current recorded in Mg2?-free aCSF solution;

this is enhanced in the presence of CCL2 and prevented by RS504393

(10 lmol/L), a selective antagonist of CCR2. E Histograms of the

amplitude of NMDA-induced currents with or without CCL2

incubation and pre-incubation with RS504393 in the aCSF

(*P\ 0.05, paired Student’s t-test).
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Fig. 7 CCR2 knock-down improves the attenuated NMDAR-depen-

dent LTD in MSNs of the NAc shell after SNL. A Left panel,

normalized values of evoked EPSCs amplitude showing long-term

synaptic plasticity [grey band, LFS duration (1 Hz; 900 pulses)]. LFS

decreases eEPSC amplitude in the NAc shell under control condition.

LTD induction is impaired by Ro 25-6981 (3 lmol/L), but is not

changed by TCN-201 (1 lmol/L). Right panel, sample eEPSCs before

and 30 min after LTD induction in control and Ro 25-6981- or TCN-

201-treated slices. B Normalized mean magnitude of LTD measured

30 min after LFS stimulation in control, Ro 25-6981-perfused, or

TCN-201-perfused slices (*P \ 0.05, ***P \ 0.001, vs baseline,

Student’s t-test. ### P \ 0.001, vs control, one-way ANOVA

followed by LSD test). C Left panel, LFS induced-LTD is reduced in

SNL-operated mice. Right panel, sample eEPSCs before and 30 min

after LTD induction in sham- and SNL-operated mice. D Normalized

mean magnitude of LTD measured 30 min after LFS stimulation in

sham and SNL mice (**P\ 0.01, *** P\0.001, vs baseline. ## P\
0.01, vs. sham. Student’s t-test). E SNL leads to impaired NMDAR-

LTD in LV-NC-injected mice, and this is rescued by LV-Ccr2-

shRNA injection. Right panel, sample traces before and 30 min after

LTD induction in SNL mice. F Normalized mean magnitude of LTD

measured 30 min after LFS stimulation in LV-NC or LV-Ccr2-

shRNA injected mice (**P\ 0.01, vs baseline. Student’s t-test).
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Discussion

In the current study, we for the first time showed that

CCL2/CCR2 contributed to the altered excitatory and

inhibitory balance in the MSNs of NAc shell. The NAc

plays a crucial role in the transition from acute to chronic

pain [24, 25], and is involved in the affective component

during a chronic pain state [15]. As an important area in

pain regulation, the output dynamics of the NAc depends

on the intrinsic neuronal excitability and overall balance of

excitatory and inhibitory synaptic inputs. Recent work has

indicated that peripheral nerve injury increases the intrinsic

excitability of NAc shell MSNs [2]. Furthermore, inacti-

vating these cells reverses the pain sensitivity, and exciting

these cells exacerbates tactile allodynia [2]. Blocking

NMDARs in the NAc alleviates nociceptive behaviors and

the related affect [3]. Here we found that the EPSC/IPSC

ratio was decreased in the SNL-induced neuropathic pain

model, and this was partly caused by reduced excitatory

synaptic strength. Consistent with this, a previous study

showed that the AMPAR/NMDAR current ratio, which

reflects basal synaptic transmission strength [23], is

decreased in the NAc MSNs of mice with spinal nerve

injury [1]. NAc neurons mainly receive excitatory gluta-

matergic synaptic inputs from the PFC, ventral hippocam-

pus, and basal lateral amygdala [26], and integrate

inhibitory GABAergic synaptic inputs from local neurons

and the PFC [27, 28]. Spinal nerve injury strengthens the

AMPAR/NMDAR current ratio at ventral hippocampus-

NAc synapses in dopamine D2 receptor-positive MSNs,

but decreases this ratio at PFC-NAc synapses in these

MSNs [2]. Similarly, we found a significant reduction in

the I-O curves of PFC-NAc excitatory glutamatergic

synaptic inputs after SNL. In addition, the reduced

EPSC/IPSC ratio may also be caused by increased

inhibitory synaptic strength. We also found that SNL

increased the I-O curves of inhibitory GABAergic synaptic

inputs to the MSNs. In the NAc, synaptic inhibition is

mainly mediated by local GABAergic interneurons, which

also express parvalbumin or somatostatin [29]. MSNs, as

GABAergic projection neurons, can regulate local circuitry

by lateral inhibition [28, 29]. Thus, the origin of the

changed synaptic inputs to MSNs needs further study.

Our data also showed that the frequency of sIPSCs in

NAc MSNs was significantly increased, while the sIPSCs

amplitude was not changed, suggesting enhanced presy-

naptic GABAergic transmitter release at the synapses of

NAc MSNs after SNL. Scaling of GABAergic transmission

can be triggered by postsynaptic NMDAR-mediated cal-

cium increase, which subsequently enhances GABA

release through retrograde activation of the presynaptic

NMDARs of interneurons [30]. It has been reported that

brain-derived neurotrophic factor (BDNF) increases inhi-

bitory GABAergic synaptic efficacy in the hippocampus

and cortex [31, 32]. BDNF is increased in the NAc during

neuropathic pain [33, 34]. Thus, BDNF in the NAc might

play a role in regulating inhibitory GABAergic synaptic

efficacy on MSNs through presynaptic TrkB signaling in

the GABAergic interneurons [35, 36]. In contrast to the

inhibitory synapse, we found a reduction of excitatory

synaptic inputs which may be caused by decreased

presynaptic glutamate release or a decrease in the activity

of postsynaptic glutamatergic receptors after SNL. It has

been reported that the decreased postsynaptic AMPAR-

mediated currents after SNL may contribute to the

attenuation of glutamatergic synaptic transmission in

neuropathic pain [1, 2]. SNL also led to differential

changes in the PPR of eIPSCs and eEPSCs, further

indicating that a presynaptic mechanism plays a role in

the disruption of E/I balance in NAc MSNs, which may

contribute to neuropathic pain and depression.

Our recent study showed that the expression of CCL2

and CCR2 are persistently increased in the NAc shell after

SNL, and CCL2/CCR2 signaling is involved in the

regulation of SNL-induced neuropathic pain and depres-

sive-like behaviors [3]. Bath application of CCL2 increased

the frequency and amplitude of sIPSCs in NAc shell

MSNs, suggesting that CCL2/CCR2 signaling increases the

presynaptic transmitter release from GABAergic synapses

and increases the activity of GABAA receptors. However,

previous studies have reported that the frequency, not the

amplitude of sEPSCs is increased in dorsal horn neurons

[37] and hippocampus neurons [17] after CCR2 activation,

suggesting that CCL2/CCR2 signaling has a presynaptic

site of action in the spinal cord and hippocampus. We also

found that bath application of CCL2 caused an increase of

sEPSCs, suggesting that acute activation of CCR2 poten-

tially leads to transient homeostatic synaptic plasticity to

maintain the balance of excitatory and inhibitory inputs to

the MSNs [38]. In contrast, persistent activation of CCR2

by LV-Ccl2 decreased the E/I ratio in the MSNs in the

NAc, similar to the changes after SNL, suggesting that

persistent CCL2/CCR2 upregulation contributes to reset-

ting of E/I ratio under chronic pain conditions. It has been

reported that resetting the E/I balance may increase

NMDAR activation and further regulate the long-term

form of glutamatergic synaptic plasticity [38]. Indeed,

SNL-induced CCR2 activation amplifies the NMDAR-

mediated currents in NAc MSNs [3]. We found that the

amplitude of NMDAR-mEPSCs, but not of AMPAR-

mEPSCs was increased after CCR2 activation. Direct

perfusion of the NAc slice with CCL2 increased the

NMDA-induced inward current in MSNs, and this was

suppressed in the presence of the CCR2 antagonist

RS504393. Similarly, bath application of CCL2 enhances
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both NR2A- and NR2B-subunit-containing NMDAR

EPSCs in hippocampal neurons [17]. Moreover, overex-

pression of CCL2 by intra-NAc injection of Ccl2-express-

ing lentivirus increased the protein level of phosphorylated

NR2B via the mitogen-activated protein kinase signaling

pathway in the NAc [3]. Overall, these results suggest that

CCR2 may regulate the strength of synaptic transmission

via both presynaptic and postsynaptic effects in the NAc.

Abnormalities of excitatory synaptic function in chronic

pain include changes in the frequency and amplitude of

sEPSC and the input-output of evoked EPSCs, as well as

impairments in the threshold for LTD/LTP induction [39].

Here, LTD was induced at synapses of NAc MSNs with

LFS [40, 41]; it was blocked by the selective GluN2B

antagonist Ro 25-6981, but was not affected by the

GluN2A-containing NMDAR antagonist TCN-201. The

enhancement of GluN2B-containing NMDAR at postsy-

naptic sites might be required for the synaptic depression

[42]. Recent investigation indicated that spinal nerve injury

induces a significant increase in NMDAR-mediated cur-

rents, and impairs LFS-induced LTD at synapses on NAc

dopamine D2-positive MSNs [1]. Here, knockdown of

Ccr2 rescued the impaired LTD induction after SNL. In

addition, knockdown of Ccr2 expression in the NAc

relieved SNL-induced neuropathic pain and depression via

suppressing NMDAR function [3]. Thus, CCL2 and CCR2

may contribute to the disruption of E/I input to the MSNs,

which further caused the damage of LTD induction in SNL.

The forms of synaptic transmission abnormalities may be

different in different brain regions and cell types, or under

different experiment conditions, and these abnormalities

may contribute to the sensory and affective behavior

adaptations during chronic pain [43, 44].

In summary, the current study showed that SNL

disrupted the E-I balance at the synapses of NAc shell

MSNs. This maladaptation was related to changes in both

excitatory glutamatergic synaptic transmission and inhibi-

tory GABAergic inhibitory synaptic transmission. The

enhancement of inhibitory synaptic inputs may be due to an

increase of presynaptic GABAergic transmitter and the

suppression of excitatory glutamatergic synaptic inputs.

CCL2/CCR2 signaling may contribute to the excitatory and

inhibitory synaptic adaptations which potentially modulate

LTD induction at the synapses of NAc MSNs during

chronic pain.
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