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Accumulating evidence suggests that spinal cord astrocytes play an important role in neuropathic pain sensitization by releasing

astrocytic mediators (e.g. cytokines, chemokines and growth factors). However, it remains unclear how astrocytes control the

release of astrocytic mediators and sustain late-phase neuropathic pain. Astrocytic connexin-43 (now known as GJ1) has been

implicated in gap junction and hemichannel communication of cytosolic contents through the glial syncytia and to the extra-

cellular space, respectively. Connexin-43 also plays an essential role in facilitating the development of neuropathic pain, yet the

mechanism for this contribution remains unknown. In this study, we investigated whether nerve injury could upregulate con-

nexin-43 to sustain late-phase neuropathic pain by releasing chemokine from spinal astrocytes. Chronic constriction injury

elicited a persistent upregulation of connexin-43 in spinal astrocytes for 43 weeks. Spinal (intrathecal) injection of carbenox-

olone (a non-selective hemichannel blocker) and selective connexin-43 blockers (connexin-43 mimetic peptides 43Gap26 and
37,43Gap27), as well as astroglial toxin but not microglial inhibitors, given 3 weeks after nerve injury, effectively reduced

mechanical allodynia, a cardinal feature of late-phase neuropathic pain. In cultured astrocytes, TNF-a elicited marked release

of the chemokine CXCL1, and the release was blocked by carbenoxolone, Gap26/Gap27, and connexin-43 small interfering RNA.

TNF-a also increased connexin-43 expression and hemichannel activity, but not gap junction communication in astrocyte cul-

tures prepared from cortices and spinal cords. Spinal injection of TNF-a-activated astrocytes was sufficient to induce persistent

mechanical allodynia, and this allodynia was suppressed by CXCL1 neutralization, CXCL1 receptor (CXCR2) antagonist, and

pretreatment of astrocytes with connexin-43 small interfering RNA. Furthermore, nerve injury persistently increased excitatory

synaptic transmission (spontaneous excitatory postsynaptic currents) in spinal lamina IIo nociceptive synapses in the late phase,

and this increase was suppressed by carbenoxolone and Gap27, and recapitulated by CXCL1. Together, our findings demonstrate

a novel mechanism of astrocytic connexin-43 to enhance spinal cord synaptic transmission and maintain neuropathic pain in the

late-phase via releasing chemokines.
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Introduction
Neuropathic pain is a major health concern that represents a con-

siderable social and economic burden worldwide. Patients diag-

nosed with neuropathic pain (i.e. pain that arises due to damage

or disease to the somatosensory nervous system) report more

severe pain and experience greater functional and quality of life

impairments than patients diagnosed with a non-neuropathic

mechanism (Jensen et al., 2007; van Hecke et al., 2013).

Effective treatment, however, is hampered by an incomplete under-

standing of neuropathic pain’s pathogenesis (Costigan et al., 2009).

It is generally believed that neuropathic pain is an expression of

neural plasticity in primary sensory neurons (peripheral sensitiza-

tion) (Hucho and Levine, 2007; Basbaum et al., 2009; Gold and

Gebhart, 2010) and CNS neurons, such as spinal cord dorsal horn

neurons (central sensitization) (Ji et al., 2003; Kuner, 2010).

However, a number of studies over the past decades have recog-

nized the importance of glial cells in maintaining homeostasis in

the CNS (Kimelberg and Nedergaard, 2010), whereas other stu-

dies have identified ways in which glial cells actively contribute to

synaptic events (Nedergaard and Verkhratsky, 2012). Astrocytes

are the most abundant type of glial cell in the CNS, and accumu-

lating evidence suggests that in the spinal cord they play an im-

portant role in neuropathic pain development and maintenance

through the release of astroglial mediators that increase the activ-

ity of spinal cord nociceptive neurons (Gao and Ji, 2010a; Chiang

et al., 2012). After nerve injury or spinal cord injury, spinal cord

astrocytes demonstrate long-lasting reactive changes, which are

associated with the persistence of neuropathic pain (Zhang and

De Koninck, 2006; Chen et al., 2012; Shi et al., 2012; Ji et al.,

2013). Spinal astrocytes also undergo proliferation in the first

week of nerve injury (Tsuda et al., 2011). In neuropathic pain

conditions, astrocytes have been shown to produce proinflamma-

tory cytokines (e.g. IL-1beta), proteases (e.g. MMP2) and growth

factors (e.g. FGF2), which promote neuropathic pain (Guo et al.,

2007; Kawasaki et al., 2008; Gao and Ji, 2010b). Spinal cord

astrocytes also produce proinflammatory chemokines, such as

CCL2 (previously known as MCP1), CCL7 (previously known as

MCP3), and CXCL1 (keratinocyte-derived cytokine), that have

been shown to maintain neuropathic pain (Gao et al., 2009;

Imai et al., 2013; Zhang et al., 2013). However, little is known

about the molecular mechanisms that control the release of che-

mokines from activated astrocytes. Moreover, previous studies of

neuropathic pain maintenance have focused on early phases that

occur in the first 2 weeks after injury (Kawasaki et al., 2008;

Tsuda et al., 2011), the specific role of glial cells in maintaining

late-phase neuropathic pain remains unclear.

Astrocytes in the adult CNS form interconnected networks

coupled by gap junctions. The major structural components of

gap junctions are connexins and the connexin 43 (Cx43, now

known as GJ1) subunit is the principal connexin expressed by

astrocytes (Bennett et al., 2012). After spinal cord injury (Chen

et al., 2012) and nerve stimulation (Wu et al., 2011; Yoon et al.,

2013) Cx43 expression is upregulated. Deletion of Cx43 has been

shown to attenuate neuroinflammation and improve functional

recovery after spinal cord injury (Cronin et al., 2008). Strikingly,

spinal cord injury-induced neuropathic pain was abolished in Cx43/

Cx30 double knockout mice, but not in Cx30 knockout mice, sug-

gesting an essential role of Cx43 in the development of central

neuropathic pain (Chen et al., 2012). However, the specific role of

Cx43 in the maintenance of late-phase neuropathic pain is unclear.

When unopposed by an adjoining hemichannel, Cx43 was shown to

control the astrocytic release of small molecules such as ATP and

glutamate to the extracellular space (Stout et al., 2002; Ye et al.,

2003; Bennett et al., 2012). We therefore investigated whether

Cx43 could sustain late-phase neuropathic pain through the release

of astrocytic chemokines. We found a persistent upregulation of

Cx43 in spinal cord astrocytes after nerve injury, which is critical

for the maintenance of late-phase neuropathic pain 3 weeks after

nerve injury. In particular, our data demonstrate that Cx43 is required

for tumour necrosis factor-alpha (TNF-�) elicited CXCL1 release by

astrocytes. Patch clamp recordings from lamina II neurons addition-

ally confirmed that CXCL1 released from astrocytic Cx43 potentiated

neuropathic pain by direct modulation of excitatory synaptic trans-

mission in the spinal cord.

Materials and methods

Animals and surgery
CD1 mice, obtained from Charles River Laboratories, were used for the

majority of experiments. Adult CD1 mice (male, 25–32 g) were used

for behavioural studies. Neonatal CD1 mice (postnatal Day 0–2) were

used for preparing primary cultures of astrocytes. For select experi-

ments, adult Gfap-GFP mice and Cx3cr1-GFP mice, obtained from

The Jackson Laboratory, were used. The numbers of mice used in

different experiments were shown in Supplementary Table 1. A total

of 418 mice were used for in vivo, ex vivo (spinal cord slices), and

in vitro (astrocyte cultures) studies. Neuropathic pain was produced

using the model of chronic constriction injury (CCI) of the sciatic nerve

(Bennett and Xie, 1988). In brief, animals were anaesthetized with

isoflurane, then the left sciatic nerve was exposed and three ligatures

(7-0 prolene) were placed around the nerve proximal to the trifurca-

tion with a distance of 1 mm between each ligature. The ligatures

were loosely tied until a short flick of the ipsilateral hind limb was

observed. Animals in the sham group received surgery identical to

those described but without nerve ligation. All animal procedures per-

formed in this study were approved by the Animal Care Committee of

Duke University Medical Centre.

Primary astrocyte cultures
Primary cultures of astrocytes were prepared as described previously

(Gao et al., 2009). In brief, astrocyte cultures were prepared from

cerebral cortices of neonatal mice on postnatal Day 0–2 and cultured

in a 75 cm2 flask at a density of 2.5 � 105 cells/cm2 in low-glucose

Dulbecco’s modified Eagle medium containing 10% foetal bovine

serum. We also prepared some astrocyte cultures from spinal cords

of neonatal mice. Approximately 3–4 cortices or 10 spinal cords

were used to prepare 12 cultures in a plate. The medium was replaced

twice a week. After reaching confluence (10–12 days), the cells were

shaken and re-plated on poly-D-lysine-coated glass coverslips or six-

well plates at 106 cells/cm2. Astrocytes formed a confluent layer 2–3

days after replating. In some cultures, immunostaining of GFAP and

FGFR4 (marker of fibroblast) was performed to confirm the identity of
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astrocytes in spinal cord cultures. Before experiments, 0.15 mM dibu-

tyryl cAMP (Sigma) was added for 48 h to induce differentiation (Gao

et al., 2009).

Fluorescence-activated cell sorting
Adult Gfap-GFP mice were anaesthetized and perfused with sterile

PBS. The spinal cord lumbar segments were immediately dissected

from the vertebral column, then cut into small pieces and dissociated

in 0.25% trypsin for 15 min at 37�C. Cell mixtures were then filtered

through a cell strainer (40 mm, Becton Dickinson) and resuspended in

cold sterile PBS containing 1% bovine serum albumin (2–3 � 106 cells/

ml) for fluorescence-activated cell sorting (FACS). Cells were sorted

using BD FACSVantage Cell Sorting System (13 psi sheath pressure,

Cell Quest software). GFP was excited by a 488 nm laser and emis-

sions were collected by a 530/30 nm discrimination filter. The signals

were manually compensated, and cells were sorted into cold PBS with

1% bovine serum albumin.

Drugs and administration
TNF-� and CXCL1 were obtained from R&D, carbenoxolone (CBX),

probenecid, L-�-aminoadipate, and minocycline were purchased from

Sigma. Cx43 mimetic peptides (43Gap26 and 37,43Gap27), scrambled

control peptide (Gap27 scrambled) and PANX1 mimetic peptide

(10Panx1) were purchased from AnaSpec. D-JNKI-1 was kindly pro-

vided by Dr Christopher Bonny, University of Lausanne, Switzerland

(Zhuang et al., 2006). We also purchased SB 203580 from

Calbiochem, SB 225002 from Tocris, CXCL1 neutralizing antibody

from Boster, and normal Rabbit IgG from Santa Cruz.

Cx43 small interfering RNA (CAAUUCCUCCUGCCGCAAU) and

non-targeting small interfering RNA (GACUUCGCGGGACACAUGA)

were synthesized by Thermo Scientific Dharmacon. Small interfering

RNA was dissolved in RNase-free water at 1 mg/ml as stock solution

and mixed with the transfection reagent polyethyleneimine

(Fermentas) and normal saline before use. Specifically, 1 mg small inter-

fering RNA was dissolved in 3.3 ml of polyethyleneimine and 66 ml of

normal saline (Gao et al., 2010c).

For intrathecal injection, spinal cord puncture was made with a 30-

gauge needle between the L5 and L6 level to deliver reagents (10 ml)

or cells (30 000 cells in 10 ml PBS) to the CSF. Before injection, astro-

cytes were washed with 0.01 M PBS three times, centrifuged for 5 min

at 3000g, and then resuspended in PBS.

Enzyme-linked immunosorbent assay
Mouse CCL2 and CXCL1 ELISA kits were purchased from R&D

Systems. For primary cultures of astrocytes, culture medium and cells

were collected separately after treatment. For astrocytes of adult mice,

30 000 astrocytes after cell sorting were used in each condition. For

spinal cord slices, four slices (with thickness of 600mm) were used in

each condition. For each reaction in a 96-well plate, 100 mg of pro-

teins, 100ml of culture medium, or 5 ml of CSF (collected from cisterna

magna 3 h after intrathecal injection of astrocytes) were used, and

ELISA was performed according to the protocol of the manufacturer.

The standard curve was included in each experiment.

Western blot
As we reported previously (Xu et al., 2013), spinal cord tissues (dorsal

parts) or astrocyte cultures were homogenized in a RIPA lysis buffer

(10� , Millipore) containing protease and phosphatase inhibitors.

Protein concentrations were determined by BCA Protein Assay

(Pierce). Thirty micrograms of protein were loaded for each lane and

separated by SDS-PAGE gel (4–15%; Bio-Rad). After the transfer, the

blots were incubated overnight at 4�C with polyclonal antibody

against Cx43 (1:2000, rabbit; Sigma), CXCL1 (1: 1000, rabbit;

Boster). For loading control, the blots were probed with GAPDH anti-

body (1:20 000, mouse; Millipore). These blots were further incubated

with horseradish peroxidase-conjugated secondary antibody (1:2000,

GE Healthcare) developed in ECL solution (Thermo), and exposed onto

ChemiDocTM MP Imaging System (Bio-Rad) for 1–10 min. Specific

bands were evaluated by apparent molecular size. The intensity of

the selected bands was analysed using NIH ImageJ software (http://

rsb.info.nih.gov/ij/index.html). The same size boxes were used to

select positive bands.

Immunohistochemistry and
immunocytochemistry
As we reported previously (Gao et al., 2009) animals were deeply

anaesthetized with isoflurane and perfused through the ascending

aorta with PBS, followed by 4% paraformaldehyde with 1.5% picric

acid in 0.16 M phosphate buffer. After the perfusion, the L4–L5 spinal

cord segments were removed and post-fixed in the same fixative over-

night. Spinal cord sections (30 mm, free-floating) were cut in a cryostat

and processed for immunohistochemistry as we described previously

(Xu et al., 2013). The sections were first blocked with 2% goat serum

for 1 h at room temperature. The sections were then incubated over-

night at 4�C with the following primary antibodies: GFAP antibody

(1:1000, mouse; Millipore Bioscience Research Reagents), Cx43 anti-

body (1:1000, rabbit; Sigma), NeuN antibody (1:1000, mouse;

Millipore Bioscience Research Reagents), CXCL1 (1: 200, rabbit;

Boster), and CXCR2 antibody (1: 200, rabbit; Boster). The sections

were then incubated for 1 h at room temperature with cyanine 3

(Cy3)- or FITC-conjugated secondary antibodies (1:400; Jackson

ImmunoResearch). For double immunofluorescence, sections were

incubated with a mixture of polyclonal and monoclonal primary anti-

bodies, followed by a mixture of FITC- and Cy3-congugated second-

ary antibodies. The stained sections were examined with a Nikon

fluorescence microscope, and images were captured with a CCD

Spot camera. We collected eight spinal cord sections from each

mouse for quantification of immunofluorescence. Some sections

were also evaluated with a confocal microscope (Zeiss 510 inverted

confocal). The specificity of the antibodies was tested in our previous

studies (Chen et al., 2012; Zhang et al., 2013).

For immunocytochemistry, cultured astrocytes, after incubation with

TNF-�, were fixed with 4% paraformaldehyde for 20 min and pro-

cessed for immunofluorescence with Cx43 (1:1000, rabbit; Sigma)

and GFAP (1:1000, mouse; Millipore) antibody as shown above. To

detect the contamination of fibroblasts in astrocyte cultures, we also

performed double staining with GFAP antibody (1:1000, rabbit;

Millipore) and FGFR4 antibody (1:100, mouse, Abcam). After immu-

nostaining, 4’, 6’-diamidino-2-phenylindole (DAPI; 0.1 mg/ml; Sigma)

was added for 5 min at room temperature to stain all the nuclei of cells

in the cultures.

Gap junction function analysis in
astrocytes
To determine the gap junction function in astrocytes, Lucifer

yellow (5% in 1 M lithium chloride, Sigma) was microinjected to cul-

tured astrocytes via a glass pipette (diameter of 2–4 mm) used for

Cx43 and astrocytic chemokine release Brain 2014: 137; 2193–2209 | 2195

http://rsb.info.nih.gov/ij/index.html
http://rsb.info.nih.gov/ij/index.html


patch-clamp recordings (Park et al., 2011). Diffusion of the dye to the

neighbouring astrocytes was observed for 10 min. Some astrocytes

were stimulated with TNF-� (10 ng/ml, 60 min) before the dye deliv-

ery. The images of labelled astrocytes were captured with a CCD Spot

camera and the number of labelled astrocytes was quantified with the

NIH ImageJ software.

Hemichannel function analysis in
astrocytes
As hemichannels are permeable to the dye ethidium bromide, we used

ethidium bromide uptake to measure the function of hemichannels.

Astrocytes were stimulated with TNF-� for 1 h and exposed to 0.5 mM

ethidium bromide (Sigma) for 10 min at 37�C. Then, cells were washed

with Hank’s balanced salt solution (HBSS) and supplemented with

1.2 mM CaCl2 (HBSS-Ca2 + , Gibco). Astrocytes were examined with

a Nikon fluorescence microscope, and images were captured with a

CCD Spot camera. The positive staining of ethidium bromide was

analysed with NIH ImageJ software.

Spinal cord slice preparation
As we reported previously (Park et al., 2011), a portion of the lumbar

spinal cord (L4–L5) was removed from mice under urethane anaesthesia

(1.5–2.0 g/kg, intraperitoneally) and kept in pre-oxygenated ice-cold

Krebs’ solution. Spinal segment was placed in a shallow groove formed

in an agar block and glued to the bottom of the microslicer stage.

Transverse slices (600 mm) were cut on a vibrating microslicer. The

slices were perfused with Krebs’ solution (8 ml/min) saturated with

95% O2 and 5% CO2 at 36 � 1�C for at least 1–3 h before experiment.

The Krebs’ solution contained the following (in mM): 117 NaCl, 3.6 KCl,

2.5 CaCl2, 1.2 MgCl2, 1.2 NaH2PO4, 25 NaHCO3, and 11 glucose.

Patch-clamp recordings in spinal cord
slices
The whole-cell patch-clamp recordings were made from lamina IIo

neurons in voltage-clamp mode (Kawasaki et al., 2008; Park et al.,

2011). Under a dissecting microscope with transmitted illumination,

the substantia gelatinosa (lamina II) is clearly visible as a relatively

translucent band across the dorsal horn. Patch pipettes were fabricated

from thin-walled, borosilicate, glass-capillary tubing (1.5-mm outer

diameter; World Precision Instruments). After establishing the whole-

cell configuration, neurons were held their holding potentials at

�70 mV for recording spontaneous excitatory postsynaptic currents

(EPSCs). The resistance of a typical patch pipette is 5–10 MV. The

internal solution contained the following (in mM): 135 potassium glu-

conate, 5 KCl, 0.5 CaCl2, 2 MgCl2, 5 EGTA, 5 HEPES, and 5 ATP-Mg.

Membrane currents were amplified with an Axopatch 200 A amplifier

(Molecular Devices) in voltage-clamp mode. Signals were filtered at

2 kHz and digitized at 5 kHz. Data were stored with a personal com-

puter using pClamp 6 software and analysed with Mini Analysis

(Synaptosoft). Those cells that showed 45% changes from the base-

line levels were regarded as responding ones (Kawasaki et al., 2008).

Behavioural analysis
Animals were habituated to the testing environment daily for at least 2

days before baseline testing. The room temperature and humidity re-

mained stable for all experiments. For testing mechanical sensitivity,

animals were put in boxes on an elevated metal mesh floor and

allowed 30 min for habituation before examination. The plantar sur-

face of each hindpaw was stimulated with a series of von Frey hairs

with logarithmically incrementing stiffness (0.02–2.56 g; Stoelting),

presented perpendicular to the plantar surface (3–5 s for each hair).

Based on Dixon’s up-down method (Dixon, 1980), six von Frey tests

were performed in each animal and the 50% paw-withdrawal thresh-

old was determined. The observer was blinded to the treatment.

Quantification and statistics
All data were expressed as mean � SEM. Six to nine separate astrocyte

cultures from different animals were included for data analyses.

Differences between groups were compared using Student’s t-test or

ANOVA, followed by Newman–Keuls test. The criterion for statistical

significance was P5 0.05.

Results

Nerve injury induces a persistent
upregulation of connexin-43 in spinal
cord dorsal horn astrocytes
After CCI, neuropathic pain was shown to fully develop at 10 days and

persist at 21 days (Xu et al., 2013). In the present study, we therefore

used western blot analysis to examine Cx43 expression in the spinal

cord dorsal horn at 10 and 21 days after CCI. Compared with sham

surgery at the same time points, CCI induced marked increases in

Cx43 expression at both the time points examined. This increase

was significant at 10 days (1.77 � 0.06-fold of sham, P5 0.05,

n = 4 mice) and remained at peak levels at 21 days (1.74 � 0.05-

fold of sham, P50.05, n = 4 mice) (Fig. 1A and B).

Immunohistochemistry in spinal cord sections of CCI mice showed

that Cx43 in the dorsal horn was co-localized with GFAP (Fig. 1C),

but not with the neuronal marker NeuN (Fig. 1D) and microglial

marker CX3CR1 (using Cx3cr1-GFP mice) (Fig. 1E). Quantification

of immunohistochemistry in the dorsal horn confirmed the upregula-

tion of Cx43 and GFAP on the ipsilateral side 10 and 21 days after CCI

when compared with the contralateral side (Supplementary Fig. 1, Fig.

1F and G) or sham surgery control (2.05 � 0.19-fold increase for Cx43

and 2.27 � 0.18-fold increase for GFAP in the late-phase, P5 0.05,

n = 4). These findings suggest that CCI induces a long-lasting increase

of Cx43 in spinal cord dorsal horn astrocytes, which is associated with

long-lasting neuropathic pain in this model (Xu et al., 2013).

Spinal injection of carbenoxolone and
connexin-43 mimetic peptides reduces
chronic constriction injury-induced
mechanical allodynia in late-phase
neuropathic pain
We next tested whether Cx43 blockade could reverse late-phase

neuropathic pain using several pharmacological approaches. First,

we treated mice exhibiting symptoms of neuropathic pain with

CBX (0.5 mg = 0.8 nmol, or 5 mg = 8 nmol, in 10 ml), a non-selective

gap-junction inhibitor, 21 days after CCI. As shown in Fig. 2A,
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Figure 1 Nerve injury induces persistent upregulation of Cx43 in astrocytes of the spinal cord dorsal horn. (A) Cx43 expression in the

spinal cord dorsal horn, as shown by western blotting, at 10 and 21 days after CCI and sham surgery. (B) Quantification of Cx43 levels in

the dorsal horn. The western blot results are presented as a fold of sham control. *P50.05, compared with sham group, Student’s t-test,

n = 4 mice/group. (C–E) Confocal images in the dorsal horn 21 days after CCI show co-localization of Cx43 with GFAP (red, C) but not

with the neuronal marker NeuN (red, D) and microglial marker CX3CR1 (green, E). Scale bar = 100mm. (F and G) Quantification of Cx43

(F) and GFAP (G) immunoflurorescence intensity in the ipsilateral (Ipsi) and contralateral (Contra) superficial dorsal horn (DH) 10 and 21

days after CCI. *P50.05, compared with the contralateral group, Student’s t-test, n = 4 mice/group. All data are mean � SEM.
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intrathecal CBX rapidly (50.5 h) reversed mechanical allodynia for

45 h, in a dose-dependent manner. This reversal recovered after

24 h (Fig. 2A). As CBX is not selective for Cx43 and may affect

other hemichannels such as pannexins (Chekeni et al., 2010), we

further tested the effects of Cx43 mimetic peptides (43Gap26 or
37,43Gap27) and scrambled control peptide (Gap27 scrambled)

(Retamal et al., 2007; Wang et al., 2012). Intrathecal injection of

Cx43 mimetic peptides, but not the scrambled peptide, also reduced

mechanical allodynia for 3 h (Fig. 2B). Because CBX is more effective

in suppressing allodynia than Cx43 mimetic peptides, it may hit tar-

gets other than Cx43. Together these data suggest that Cx43 is

required for the late-phase maintenance of neuropathic pain.

Spinal cord astrocytes and microglia are
differentially involved in late-phase
neuropathic pain
To further investigate the distinct roles of spinal astrocytes and

microglia in late-phase neuropathic pain, we tested the effects of

the astroglial toxin L-�-aminoadipate (50 nmol) (Zhuang et al.,

2006) and microglial inhibitor (minocycline) (100 nmol) (Wen

et al., 2011) on CCI-induced mechanical allodynia 21 days

after nerve injury. The late-phase mechanical allodynia was

reduced by L-�-aminoadipate, but not minocycline

(Supplementary Fig. 2A). We have previously shown that induc-

tion of c-Jun N-terminal kinase (JNK) in spinal astrocytes after

nerve injury contributes to neuropathic pain maintenance

(Zhuang et al., 2006). D-JNKI-1, a selective peptide inhibitor of

JNK, at a low dose (4 nmol), reduced late-phase mechanical

allodynia (Supplementary Fig. 2B). Nerve injury is also known

to induce p38 MAPK in spinal microglia especially in the acute

stages, although weak p38 activation in spinal cord microglia is

still evident in the late-phase (21 days) (Ji and Suter, 2007).

Intrathecal injection of the p38 inhibitor SB203580 (80 nmol)

reduced CCI-induced mechanical allodynia in the early-mainten-

ance phase (10 days), but not in the late-phase (21 days)

(Supplementary Fig. 2C and D). Thus, astrocytic, but not micro-

glial signalling in the spinal cord might play an important role in

late-phase neuropathic pain.

Connexin-43 contributes to chronic
constriction injury-induced synaptic
plasticity in spinal cord nociceptive
neurons in the late-phase
Spinal cord synaptic plasticity (central sensitization) plays an

essential role in driving pain hypersensitivity (Ji et al., 2003;

Kuner, 2010). We have previously shown that spontaneous

EPSCs in spinal cord lamina IIo neurons were increased in the

early-phase of nerve injury (3 days) (Xu et al., 2013). In the pre-

sent paper we therefore further investigated whether CCI would

produce a long-lasting increase in spontaneous EPSCs. Spinal cord

slices from sham and CCI mice (21 days) were prepared for patch-

clamp recordings in lamina IIo neurons which receive C-fibre noci-

ceptive input and also make synapses with lamina I projection

neurons (Todd, 2010; Park et al., 2011). Compared with sham

surgery, CCI induced a profound increases in spontaneous EPSC

frequency (from 6.6 � 0.4 Hz to 14.9 � 0.6 Hz, P5 0.05, n = 5

neurons) (Fig. 3A and B), indicating that nerve injury is associated

with long-lasting increases in spinal cord synaptic transmission.

Of interest, superfusion of spinal cord slices with CBX (10mM)

significantly inhibited the CCI-induced spontaneous EPSC

frequency increase (Fig. 3A and B). Similarly, Cx43 mimetic

peptide (Gap27, 100mM) also reduced spontaneous EPSC

frequency after CCI, without changing spontaneous EPSC

frequency in sham controls (Fig. 3A and B). For comparison,

superfusion of the scrambled peptide (Gap27 scrambled,

100 mM) had no effects on spontaneous EPSC frequency in both

CCI and sham conditions (Fig. 3A and B). CCI also increased the

amplitude of spontaneous EPSCs on Day 21, which was not

affected by CBX and Cx43 mimetic peptide, suggesting a unique

role of Cx43 in regulating spontaneous EPSC frequency (Fig. 3A

and C).

Figure 2 Spinal injection of CBX and Cx43 mimetic peptides 21

days after nerve injury reduces CCI-induced mechanical allody-

nia in the late phase. (A) Intrathecal injection of CBX (0.5 or

5 mg) rapidly (50.5 h) and completely reversed mechanical

allodynia for 5 h, in a dose-dependent manner. This inhibitory

effect recovered after 24 h. (B) Intrathecal injection of Cx43

mimetic peptides (43Gap26, or 37,43Gap27) also reduced mech-

anical allodynia for 3 h. However, the scrambled peptide (Gap27

scrambled) had no effect. All data are mean � SEM. The dif-

ferences between groups were analysed by ANOVA. *P50.05,

compared with vehicle, n = 6–7 mice/group.
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TNF-a induces CXCL1 release in
astrocytes through connexin-43

To explore the molecular mechanisms by which astrocytic Cx43

regulates mechanical allodynia, we tested whether Cx43 was re-

sponsible for chemokine release in cultured astrocytes. As we pre-

viously reported (Gao et al., 2009; Zhang et al., 2013), brief

incubation of astrocytes with TNF-� (10 ng/ml, 60 min at 37�C)

substantially increased the release of CXCL1 (Fig. 4A and B).

Notably, these increases were abolished by pretreatment of

Cx43 blockers for 60 min. CBX (20 and 100mM) dose-dependently

suppressed the TNF-�-induced CXCL1 release in astrocytes (Fig.

4A). The Cx43 mimetic peptides, Gap26 (100 mM) and Gap27

(100 mM), also significantly inhibited the TNF-�-induced CXCL1

release, whereas Cx43 scrambled peptide (Gap27 scrambled,

100mM) had no effects (Fig. 4B). Interestingly, probenecid

(500 mM) and the PANX1 mimetic peptide 10Panx1 (100 mM),

two inhibitors of the pannexin hemichannels (Pelegrin and

Surprenant, 2007; Chekeni et al., 2010) did not affect TNF-�-

evoked CXCL1 release (Fig. 4A), arguing against the involvement

of pannexins.

In addition to suppressing TNF-�-evoked CXCL1 release, CBX

(100 mM) also inhibited the basal release of CXCL1 in astrocytes, in

the absence of TNF-� treatment (Fig. 4C). However, low concen-

tration of CBX (20 mM) had no effects on basal release (Fig. 4C),

although this dose inhibited TNF-�-evoked CXCL1 release (Fig.

4A).

Apart from triggering chemokine release, TNF-� also increased

the cytosolic content of CXCL1 in astrocytes, indicating enhanced

expression of CXCL1. TNF-� induced increases in CXCL1 was

however not sensitive to CBX (Fig. 4D). Neither was the basal

unstimulated content (basal expression) of CXCL1 reduced by

CBX (Fig. 4E). In fact, CBX at a high dose (100 mM) increased

CXCL1 content (Fig. 4D). Similarly, Cx43 inhibition reduced

CCL2 release, but not content in TNF-� treated astrocytes

(Supplementary Fig. 3A–E). Combined, these observations suggest

that Cx43 controls the release of chemokines via a mechanism

that is independent of protein synthesis.

To confirm a selective role of Cx43 in chemokine release, we

also treated astrocyte cultures with a specific small interfering RNA

that targets the carboxy-terminal region of Cx43 messenger RNA

(Iacobas et al., 2008). Following the treatment of Cx43 small

interfering RNA (1 mg/ml, 18 h), we found a 66% reduction in

Cx43 expression in astrocyte cultures compared with non-target-

ing small interfering RNA treatment (Supplementary Fig. 4A).

Notably, this small interfering RNA treatment also inhibited TNF-

�-induced CCL2 and CXCL1 release by 53% and 47%,

Figure 3 Cx43 inhibition 21 days after nerve injury reverses CCI-induced increase in spontaneous EPSCs in lamina II neurons of spinal

cord slices. (A) Traces of spontaneous EPSCs. (B) Frequency of spontaneous EPSCs. CCI induced profound increases in spontaneous EPSC

frequency in the late-phase, which is suppressed by CBX (10mM) and Gap27 (100 mM). (C) spontaneous EPSC amplitude was not affected

by CBX and Gap27. Note that superfusion of the scrambled peptide has no effects on the frequency and amplitudes of spontaneous

EPSCs. *P50.05, compared with corresponding baseline (basal); #P5 0.05, compared with sham surgery, ANOVA followed by

Newman–Keuls test, n = 5 neurons/group.
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respectively. However, the non-targeting small interfering RNA did

not alter CCL2 and CXCL1 release (Supplementary Fig. 4).

To validate that astrocytes from spinal cords have similar re-

sponses to TNF-� as astrocytes from the cortices, we prepared

astrocyte cultures from spinal cords. Immunocytochemistry

showed that 498% cells were positive for GFAP and only

52% cell were labelled with FGFR4, a marker for fibroblasts,

confirming the identity of astrocytes (Supplementary Fig. 5A–F).

ELISA analysis demonstrated that in cultured spinal cord astrocytes

TNF-� also induced CXCL1 release, which was suppressed by

Cx43 inhibitor Gap26 but not by pannexin inhibitor 10Panx1

(Supplementary Fig. 5G). This result suggests that Cx43 is also

critically required for TNF-�-induced CXCL1 release in spinal

cord astrocytes.

We also used FACS to collect spinal cord astrocytes from adult

Gfap-GFP mice. Successful sorting of astrocytes was validated by

GFP staining (Supplementary Fig. 6A). Sorted cells were then incu-

bated (30 000 cells in each group) with TNF-� for 30 and 60 min

after pretreatment with Cx43 blockers. TNF-� also increased

CXCL1 release in spinal cord astrocytes, and this increase was

suppressed by CBX and the combined treatment of Gap26 and

Gap27, but not by the scrambled peptide (Supplementary Fig. 6B).

Figure 4 Cx43 is required for TNF-�-evoked and basal release of CXCL1 in astrocyte cultures. (A and B) CXCL1 release in astrocytes

following TNF-� stimulation (10 ng/ml, 60 min). Note the TNF-�-induced CXCL1 release is suppressed by pretreatment (60 min) of CBX

(20 and 100 mM, A) and Gap26 and Gap27 (100 mM, B) but not by the inhibitors of pannexin hemichannels probenecid (Prob, 500 mM, A)

and PANX1 mimetic peptide 10Panx1 (100 mM, A) and the scrambled peptide (Gap27 scrambled, 100 mM, B). *P5 0.05, compared with

control; #P50.05, compared with TNF-�. (C) Inhibition of basal release of CXCL1 by CBX in astrocytes. *P50.05, compared with

control. (D) Evoked expression (content) of CXCL1 in astrocytes following TNF-� stimulation (10 ng/ml, 60 min). Note the TNF-�-induced

CXCL1 expression is not suppressed by pretreatment (60 min) of CBX (20 and 100 mM) and inhibitors of pannexin hemichannels pro-

benecid (Prob, 500 mM) and PANX1 mimetic peptide 10Panx1 (100 mM). In contrast, a high dose of CBX (100 mM) increases CXCL1

expression. *P50.05, compared with control; #P50.05, compared with TNF-�. (E) Effects of CBX on the basal expression (content) of

CXCL1 in astrocytes. All data are mean � SEM. n = 8 cultures/group. The differences between groups were analysed by ANOVA followed

by Newman–Keuls test.
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Next we performed a similar experiment in spinal cord slices. TNF-

� increased CCL2 and CXCL1 release in spinal cord slices, and

again, these increases were reduced by CBX and the combined

treatment of Gap26 and Gap27 (Supplementary Fig. 6C and D).

Collectively, these data suggest that spinal cord astrocytes are able

to release the chemokines CCL2 and CXCL1 through Cx43 fol-

lowing TNF-� stimulation.

TNF-a increases connexin-43
expression and hemichannel activity
in astrocytes
Cx43 forms two types of channels in astrocytes: gap junction

channels for direct intercellular communication between astrocytes

and unopposed hemichannels that permit cytosolic exchanges with

the extracellular space. Previous studies have documented an in-

crease in astrocytic Cx43 expression after pathological events

including spinal cord injury and peripheral nerve injury (Wu

et al., 2011; Chen et al., 2012), however, the functional signifi-

cance of this increase remains unclear. A prerequisite to answering

this question is determining whether this increase corresponds to

the recruitment of new gap junctions or unopposed hemichannels.

We therefore investigated this question with the following set of

experiments in astrocyte cultures.

To verify that treatment with a known inflammatory mediator,

TNF-�, could directly reproduce pathological increases in Cx43

expression, we performed western blotting for Cx43. Our results

show that TNF-� treatment (3 h) evoked a significant increase in

Cx43 expression in astrocyte cultures (1.54 � 0.03-fold of control,

P5 0.05, n = 6 separate cultures) (Fig. 5A), and immunocyto-

chemistry confirmed a similar increase (Fig. 5B). In contrast, the

mix of cytokines IL1B and TNF-� treatment (24 h) was shown to

reduce Cx43 expression in cultured astrocytes (Retamal et al.,

2007). The discrepancy may result from different treatment and

culture conditions of astrocytes (e.g. including dibutyrlyl-cAMP) in

this study.

To detect the activity of gap junction channels, we microinjected

Lucifer yellow, a gap junction-permeable dye, into an astrocyte,

and the diffusion of the dye to adjacent astrocytes was examined.

As shown in Fig. 5C and D, there was no difference between

control and TNF-� (10 ng/ml, 60 min) treated group. Thus, TNF-

� does not directly modulate gap junction communication in astro-

cytes. Notably, the mix of cytokines IL-1b and TNF-� treatment

(24 h) was shown to reduce gap-junction activities (Retamal et al.,

2007).

Ethidium bromide uptake was previously taken as an index for

the activity of connexin hemichannels in astrocytes (Retamal et al.,

2007). We therefore adopted this approach to differentiate be-

tween TNF-�-induced hemichannel activity and gap-junction com-

munication. Under the control conditions and in the presence of

external calcium, only small numbers of astrocytes exhibited eth-

idium bromide uptake (21.3 � 2.6 positive cells/field; n = 9 cul-

tures). However, 1 h after TNF-� treatment, there was a 2-fold

increase in the number of ethidium bromide-positive cells

(64.4 � 8.3 positive cells/field; n = 9 cultures; P5 0.05) (Fig. 5E

and F). Notably, Gap27 (100 mM), but not the scrambled peptide

(Gap27 scrambled, 100 mM), significantly inhibited the TNF-�-

induced uptake of ethidium bromide (10.1 � 1.6 ethidium brom-

ide-positive cells/field after Gap27 treatment, n = 9 cultures;

P50.05). Interestingly, Gap27 also suppressed the basal ethidium

bromide uptake by 50% (Fig. 5E and F). These data suggest that

TNF-� induces upregulations of astrocytic Cx43 expression that

correspond to increased Cx43-mediated hemichannel activity but

not gap-junction communication.

Spinal injection of TNF-a-activated
astrocytes induces mechanical allodynia
via connexin-43-mediated CXCL1
release
To determine if the astrocytic release mechanism we have re-

vealed plays a role in chronic pain sensitization, we intrathecally

injected activated astrocytes (known to be present in chronic pain)

and measured astrocyte-induced mechanical allodynia. As we

previously demonstrated (Gao et al., 2009), TNF-�-activated

astrocytes elicited persistent mechanical allodynia for several

days (Fig. 6A). To demonstrate a role of astrocytic Cx43 in gen-

erating mechanical allodynia, we first treated astrocyte cultures

with Cx43 small interfering RNA or non-targeting control small

interfering RNA (1 mg/ml) for 18 h. Astrocytes were then stimu-

lated with TNF-� (10 ng/ml) for 15 min, washed with PBS three

times to remove TNF-� in the medium, and collected for intra-

thecal injection in naı̈ve mice. TNF-�-activated astrocytes were

sufficient to induce mechanical allodynia for 448 h, and this allo-

dynia was prevented by pretreatment of astrocytes with Cx43

small interfering RNA, but not non-targeting small interfering

RNA treatment (Fig. 6A).

In light of these findings we reasoned that activated astrocytes

might contribute to the maintenance of late-phase neuropathic

pain through the release of CXCL1. Consistently, CXCL1 levels

in CSF, collected from cisterna magna, were significantly increased

3 h after intrathecal injection of the activated astrocytes (Fig. 6B).

Intrathecal injection of a CXCL1 neutralizing antibody (4 mg) tran-

siently reversed mechanical allodynia induced by TNF-�-treated

astrocytes (Fig. 6C). This reversal began at 1 h, maintained at

3 h and diminished at 24 h following the antibody injection (Fig.

6C). In contrast, intrathecal injection of the control IgG antibody

had no effect on mechanical allodynia (Fig. 6C).

We next tested whether blocking CXCR2, a major receptor of

CXCL1 (Horuk et al., 1997; Nguyen and Stangel 2001; Valles

et al., 2006) would modulate astrocyte-induced pain hypersensi-

tivity. Intrathecal injection of SB225002 (20 mg), a potent and se-

lective CXCR2 antagonist (White et al., 1998; Zhang et al., 2013),

reversed mechanical allodynia by TNF-�-activated astrocytes for

43 h (Fig. 6D). This result further supports the involvement of

chemokine signalling in astrocytes-induced chronic pain.

CXCL1 signalling contributes to late-
phase neuropathic pain
Western blotting showed a profound upregulation of CXCL1 in

the spinal cord dorsal horn 21 days after CCI (Fig. 7A).
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Intrathecal injection of CXCR2 antagonist SB225002 (20 mg)

reduced mechanical allodynia in the late-phase for 43 h

(Fig. 7B). Double immunostaining of CXCL1/GFAP and CXCR2/

NeuN in the dorsal horn of CCI-21 days animals indicated that

CXCL1 and CXCR2 were localized in spinal cord astrocytes and

neurons, respectively (Fig. 7C and Supplementary Fig. 7A–C).

Thus, CXCL1 induction in spinal astrocytes may sustain late-

phase neuropathic pain by activating CXCR2 in neurons.

Figure 5 TNF-� increases Cx43 expression and hemichannel activity in cultured astrocytes. (A) TNF-� (10 ng/ml, 3 h) induces Cx43

expression (western blotting) in astrocyte cultures. *P50.05, compared with control, Student’s t-test, n = 8 cultures/group. (B) Double

staining showing increased Cx43 expression in GFAP-expressing astrocytes following the TNF-� treatment. Scale bar = 10 mm. (C) TNF-�

treatment (10 ng/ml, 60 min) does not alter gap junction communication in astrocytes, revealed by diffusion of Lucifer yellow following

microinjection into an astrocyte. Scale bars = 10 mm. (D) Number of Lucifer yellow-labelled astrocytes following dye injection into a single

astrocyte. P40.05, compared with control, Student’s t-test, n = 8 cultures/group. (E) TNF-� treatment (10 ng/ml, 60 min) increases

hemichannel function revealed by ethidium bromide (EthrBr) uptake in astrocytes. Note this increases is suppressed by Gap27 (100 mM).

Scale bar = 20 mm. (F) Number of ethidium bromide-positive astrocytes and the effects of TNF-�, Gap27 and its control peptide (scrambled

Gap27, 100mM). The differences between groups were analysed by ANOVA followed by Newman–Keuls test. n = 9 cultures/group.

*P5 0.05, compared with control without treatment; #P5 0.05, compared with TNF-� group.
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CXCL1 enhances excitatory synaptic
transmission in spinal cord neurons via
CXCR2
To dissect the synaptic mechanisms underlying CXCL1-elicited

pain, we investigated the impact of CXCL1 on spontaneous

EPSCs in lamina IIo neurons of spinal cord slices. CXCL1 super-

fusion (100 ng/ml) immediately increased spontaneous EPSC fre-

quency (Fig. 7D and E). Interestingly, CCI-induced spontaneous

EPSC frequency increase in the late phase (21 days) was sup-

pressed by the CXCR2 antagonist SB225002 (1 mM, Fig. 7F and

G), indicating a possible role of endogenous CXCL1 in regulating

nerve injury-induced synaptic plasticity in the late-phase.

Collectively, these findings indicated that CXCL1 can directly

modulate synaptic transmission to sustain late-phase neuropathic

pain via activation of neuronal CXCR2.

Discussion
In this study, we have demonstrated a novel mechanism of astro-

cytic Cx43 hemichannels in maintaining nerve injury-induced late-

phase neuropathic pain. The same mechanism produced spinal

cord synaptic plasticity via chemokine-mediated neuron-glial inter-

actions. The mechanism was dissected through multiple experi-

mental approaches: First, CCI elicited a persistent (421 days)

upregulation of Cx43 in spinal cord astrocytes. Second, spinal in-

jection of CBX and the Cx43 blocking/mimetic peptides Gap26

and Gap27 effectively reduced the neuropathic pain symptom

Figure 6 Spinal injection of TNF-�-activated astrocytes induces mechanical allodynia via Cx43-mediated CXCL1 release. (A) Intrathecal

injection of TNF-�-activated astrocytes elicited persistent mechanical allodynia for 448 h. Note this allodynia is reduced by pretreatment

of astrocytes with Cx43 small interfering RNA (1 mg/ml, 18 h). *P50.05, compared with TNF-� or TNF-� + non-targeting control small

interfering RNA treated group; n = 6 mice/group. (B) ELISA analysis shows increased CXCL1 release in the CSF at 3 h after the intrathecal

injection of TNF-�-activated astrocytes. *P5 0.05, compared with vehcile group; #P5 0.05, compared with non-activated astrocytes;

n = 4 mice/group. (C) Intrathecal injection of a CXCL1 neutralizing antibody (4 mg) transiently and partially reversed mechanical allodynia,

induced by TNF-�-treated astrocytes. *P50.05, compared with control IgG group; n = 6 mice/group. (D) Intrathecal injection of the

CXCR2 antagonist SB225002 (20 mg = 57 nmol) transiently and partially reversed mechanical allodynia, induced by TNF-�-activated

astrocytes. *P50.05, compared with vehicle (PBS); n = 5–6 mice/group. All data are mean � SEM. The differences between groups were

analysed by ANOVA followed by Newman–Keuls test.
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(mechanical allodynia) in the late phase (21 days). Third, nerve

injury induced a profound and persistent increase in spontaneous

EPSCs in lamina IIo neurons of spinal cord slices, and this increase

was suppressed by CBX and Gap26/Gap27. Fourth, TNF-�

increased Cx43 hemichannel, but not gap-junction activities in

cultured astrocytes and induced substantial release of the chemo-

kines CCL2 and CXCL1 in astrocytes via Cx43. Fifth, spinal injec-

tion of TNF-�-activated astrocytes was sufficient to induce

Figure 7 CXCL1, upregulated in spinal cord astrocytes after nerve injury, enhances excitatory synaptic transmission in spinal cord neurons

and maintains neuropathic pain via CXCR2. (A) Western blotting shows CXCL1 upregulation in the spinal cord dorsal horn 21 days after

CCI. Right, quantification of Cx43 levels in the dorsal horn. The western blot results are presented as a fold of sham control. *P50.05,

compared to sham control, Student’s t-test, n = 4 mice/group. (B) Intrathecal injection of SB 225002 (20 mg), 21 days after CCI, reduced

CCI-induced mechanical allodynia in the late phase. *P50.05, compared with vehicle (saline), Student’s t-test, n = 6 mice/group. (C)

Double immunostaining of CXCL1 and GFAP in the dorsal horn 21 days after CCI. Note CXCL1 is primarily colocalized with GFAP. Arrows

indicate doubled-labelled cells. Scale bar = 50 mm. (D and E) CXCL1 superfusion (100 ng/ml) increases spontaneous EPSC frequency

(revealed by patch clamp recordings) in lamina IIo neurons of spinal cord slices. (E) Spontaneous EPSC frequency. *P50.05, Student’s t-

test, n = 5 neurons/group. (F and G) CCI (21 d) increases spontaneous EPSC frequency, which is reversed by the CXCR2 antagonist

SB225002 (1 mM). *P50.05, Student’s t-test, n = 5 neurons/group.
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persistent mechanical allodynia, which was reduced by Cx43-small

interfering RNA pretreatment and reversed by the CXCL1 neutra-

lizing antibody and the CXCL1 receptor (CXCR2) antagonist.

Finally, CXCL1 increased spontaneous EPSC frequency in lamina

IIo neurons, and conversely the CXCR2 antagonist suppressed

CCI-induced spontaneous EPSC frequency increase and neuro-

pathic pain in the late-phase.

Spinal cord astrocytes, connexin-43 and
late-phase neuropathic pain
The emerging literature strongly implicates a role for spinal cord

glia, especially microglia and astrocytes in the genesis and main-

tenance of neuropathic pain (Tsuda et al., 2005; Watkins and

Maier, 2005; Gao and Ji, 2010b; Ren and Dubner, 2010;

Chiang et al., 2012; Ji et al., 2013). Microglia and astrocytes

play distinct roles in neuropathic pain induction and maintenance

(Raghavendra et al., 2003; Shi et al., 2012). Compared to micro-

glial activation, astroglial activation in neuropathic pain conditions

is more persistent and plays a more important role in neuropathic

pain maintenance (Raghavendra et al., 2003; Zhang and De

Koninck, 2006; Shi et al., 2012; Ji et al., 2013), although microglia

are also involved in neuropathic pain maintenance (Tsuda et al.,

2003; Katsura et al., 2006; Clark et al., 2007; Ji and Suter, 2007;

Kobayashi et al., 2008).

Notably, behavioural tests for neuropathic pain maintenance

were primarily performed in the first 2 weeks of nerve injury in

previous studies (Jin et al., 2003; Tsuda et al., 2003, 2011; Clark

et al., 2007; Kawasaki et al., 2008). To determine the unique role

of microglia and astrocytes in the late-phase neuropathic pain, we

examined CCI-induced mechanical allodynia, a cardinal feature of

chronic neuropathic pain, 3 weeks after nerve injury. As expected,

astroglial toxin L-�-aminoadipate but not microglial inhibitor mino-

cycline reduced this late-phase neuropathic pain (Supplementary

Fig. 2A). Consistently, previous studies showed that delayed mino-

cycline treatment only inhibited heat hyperalgesia but not mech-

anical allodynia (Mei et al., 2011; Vanelderen et al., 2013).

Although intrathecal p38 inhibitor SB203580 reduced mechanical

allodynia on Day 10 (Jin et al., 2003), it did not affect allodynia on

Day 21 (Supplementary Fig. 2C and D). In contrast, spinal inhib-

ition of JNK, induced in astrocytes after nerve injury (Zhuang

et al., 2006), was still effective in reducing the late-phase neuro-

pathic pain (Supplementary Fig. 2B). These findings indicate that

astrocytes and astrocytic signalling could be critical for driving late-

phase neuropathic pain. In particular, we demonstrated that Cx43

is also critically involved in late-phase neuropathic pain.

Cx43 and Cx30 are the principal connexins expressed by astro-

cytes and Cx43 is upregulated in the spinal cord after peripheral

nerve injury (Wu et al., 2011; Yoon et al., 2013) and spinal cord

injury (Chen et al., 2012). Inhibition of Cx43 was shown to pro-

tect ischaemia (Rami et al., 2001), attenuate inflammation, im-

prove functional recovery following spinal cord injury (Chen

et al., 2012; Huang et al., 2012), and block the development of

central neuropathic pain after spinal cord injury (Chen et al.,

2012). These reports are consistent with accumulating evidence

from multiple groups suggesting the Cx43 contributes to the

development of neuropathic pain (Spataro et al., 2004; Ohara

et al., 2008; Yoon et al., 2013). Notably, spinal cord injury-

induced central neuropathic pain was abolished in Cx43/Cx30

double knockout mice but not in Cx30 knockout mice (Chen

et al., 2012). The present study showed that persistent upregula-

tion of Cx43 in spinal cord astrocytes (43 weeks) is required for

generating late-phase neuropathic pain (Fig 2). In addition to CBX,

an extensively used but non-selective blocker of Cx43 (Spataro

et al., 2004), we also tested the mimetic peptides 43Gap26 and
37,43Gap27 for more selective blockade of Cx43 (Retamal et al.,

2007). Both CBX and the mimetic peptides reversed CCI-induced

neuropathic pain in the late-phase (Fig. 2). However, we should

not rule out that CBX may inhibit pain by hitting other targets.

Connexin-43 hemichannels and
chemokine release in astrocytes
Apart from forming gap junctions, Cx43 also forms unopposed

hemichannels, providing a pathway for molecular exchange be-

tween the cytoplasm and the extracellular compartment (Saez

et al., 2005). Under the resting conditions, these hemichannels,

located at non-opposed plasma membrane domains, present a low

open probability that can be modulated in the inflammatory and

stress conditions (Contreras et al., 2002; Saez et al., 2005;

Retamal et al., 2007). We found that TNF-� increased Cx43 ex-

pression and Cx43-mediated hemichannel activity in astrocytes

(Fig. 5). The opening of the hemichannels allows the release of

small molecules such as ATP and glutamate (Stout et al., 2002; Ye

et al., 2003; Bennett et al., 2012) providing a paracrine route for

intercellular communication. Interestingly, several studies have

shown a switch between two functional properties of Cx43 chan-

nels in well-defined conditions. For instance, the proinflammatory

cytokines IL-1b and TNF-� reduced the Cx43-mediated gap junc-

tion communication (GJC), but increased the Cx43-mediated

hemichannel activity (Retamal et al., 2007). Injury-induced upre-

gulation of Cx43 is associated with a diminishing of normal gap

junction communication (Contreras et al., 2002; Garré et al.,

2010). Our data showed that a brief (1 h) treatment of TNF-�

did not change gap junction communication but increased Cx43-

mediated hemichannel activity (Fig. 6C–F). These observations are

consistent with the hypothesis that it is upregulation of Cx43

hemichannels and enhanced release of astrocytic signalling mol-

ecules that is causally implicated in chronic pain, rather than a

downregulation of gap junction coupling or a change in gap junc-

tion communication.

One of the most striking findings in this study is the critical

involvement of Cx43 but not pannexin hemichannels in TNF-�-

induced release of the chemokines (CCL2 and CXCL1) in cultured

astrocytes, FACS-selected spinal cord astrocytes, and spinal cord

slices. TNF-�-induced chemokine release was blocked by Cx43

small interfering RNA, CBX and Gap26/Gap27, indicating a select-

ive role of Cx43. Cx43 was also required for the basal release of

CCL2 and CXCL1 in astrocytes. Interestingly, Cx43 was not

required for inducing the expression of CCL2 and CXCL1 in astro-

cytes following stimulation of TNF-�. Hence Cx43 is involved in

the release but not the increase in the cytosolic content of CCL2
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and CXCL1 in response to TNF-� exposure. Importantly, Cx43-

mediated astrocytic CXCL1 release is sufficient to induce mechan-

ical allodynia, as the CXCL1 neutralization could partially reverse

activated astrocytes-induced allodynia. Although hemichannels are

generally thought to facilitate direct transfer of small molecules

and ions 51 kDa, Cx43 is also known to control the secretion

of CXCL12 in bone marrow stromal cells (Schajnovitz et al.,

2011). Furthermore, CBX was shown to reduce IL-1b and IL6 re-

lease in the CSF, in response to intrathecal HIV1 gp120 (Spataro

et al. 2004). Although chemokines are small molecular weight

polypeptides, their size is too large to allow direct efflux via

Cx43 hemichannels. It is likely that nerve injury-induced hyper-

activity of Cx43-mediated hemichannels makes astrocytes ‘leaky’

through cytoskeleton changes (Cotrina et al., 2000). Future stu-

dies are needed to establish how Cx43 hemichannels regulates the

release of small polypeptides. Given the role of purinergic signal-

ling in astrocytic release, it is tempting to speculate that the in-

crease in purine mediated signalling associated with Cx43

expression may regulate the release of chemokines.

Cx43- and chemokine-mediated
astrocytic-neuronal interactions in
late-phase neuropathic pain
Spinal cord synaptic plasticity (central sensitization) plays an essen-

tial role in driving neuropathic pain (Ji et al., 2003; Costigan et al.,

2009; Kuner, 2010). In this study we focused on lamina IIo inter-

neurons for the following reasons. First, these are predominantly

excitatory neurons expressing vesicular glutamate transporter 2

(now known as SLC17A6; Park et al., 2011). Second, they form

a nociceptive circuit by receiving input from TRPV1-positive C-

fibres and synapse with lamina I projection neurons (Todd,

2010; Park et al., 2011). Third, they demonstrated robust changes

(increased EPSCs) in inflammatory and neuropathic pain conditions

(Xu et al., 2013; Berta et al., 2014). In particular, our data show

that CCI produced a persistent increase in spontaneous EPSC fre-

quency (43 weeks) in spinal cord lamina IIo neurons (Fig. 3).

Cx43 could directly modulate this long-term synaptic plasticity,

since the spontaneous EPSC frequency increase was suppressed

by CBX and Gap27 (Fig. 3). These findings provide a synaptic

mechanism by which Cx43 controls late-phase neuropathic pain.

CBX treatment also significantly attenuated the nerve injury-

induced mechanical hypersensitivity and central sensitization par-

ameters (increased receptive field size, reduction of mechanical

activation threshold and increases in noxious stimulation-evoked

responses) in the trigeminal system (Wang et al., 2014). Cx43-

mediated enhancement of excitatory synaptic transmission can be

recapitulated by CXCL1, as superfusion of spinal cord slices with

CXCL1 induced a significant and rapid (within 1 min) increase in

spontaneous EPSC frequency (Fig. 7). Conversely, CCI-induced

increases in spontaneous EPSC frequency in the late-phase was

reversed by blocking the major receptor of CXCL1 (CXCR2) with

SB225002 (Fig. 7).

Recent studies have indicated an important role of chemokines

in neuropathic pain (White et al., 2007; Zhang et al., 2007; Gao

and Ji, 2010a). Nerve injury induces upregulations of CCL2 (Gao

et al., 2009), CCL7 (Imai et al., 2013) and CXCL1 (Zhang et al.,

2013; Manjavachi et al., 2014) in spinal cord astrocytes to main-

tain neuropathic pain. Spinal CXCL1 upregulation persists 3 weeks

after nerve injury and double-staining showed that CXCL1 is pri-

marily expressed in spinal astrocytes. Notably, intrathecal injection

of the CXCR2 antagonist SB225002 reduced neuropathic pain in

the late-phase. Consistently, mechanical allodynia, induced by the

activated astrocytes, was also inhibited by SB225002, the CXCL1

antibody, and the Cx43 small interfering RNA. Together, these

results suggested that the activated astrocytes could promote

late-phase neuropathic pain via Cx43-mediated CXCL1 release

to enhance excitatory synaptic transmission in the pain circuitry

of the superficial dorsal horn. Given a well-documented role of

astrocytic Cx43 in controlling the release of ATP (Cotrina et al.,

2000; Kang et al., 2008) and a critical role of ATP in the activation

of spinal cord microglia via P2RX4 (Tsuda et al., 2003), P2RX7

(Kobayashi et al., 2011), and P2RY12 (Kobayashi et al., 2008;

Tozaki-Saitoh et al., 2008) and the development of neuropathic

pain, astrocytic Cx43 should also modulate microglial activation via

ATP release.

Conclusions and clinical
relevance
We have demonstrated a unique role of Cx43-mediated hemi-

channels in spinal cord astrocytes for driving late-phase neuro-

pathic pain after peripheral nerve injury. Mechanistically, Cx43

controls the astrocytic release of CXCL1, and CXCL1 maintains

late-phase spinal cord synaptic plasticity by activating CXCR2 re-

ceptors in primary afferent neuron central terminals and dorsal

horn neurons in the spinal cord (Fig. 8). Future studies are war-

ranted to fully investigate how Cx43-mediated hemichannels con-

trol chemokine release. Given the important roles of glial cells in

the pathogenesis in neuropathic pain, glia-targeting drugs may

help alleviate neuropathic pain. However, lessons should be

learned from the recent clinical trials with glia-targeting drugs in

patients with neuropathic pain (Ji et al., 2013). These drugs in-

clude the glial modulator propentofylline (Landry et al., 2012), the

CCR2 antagonist AZD2423 (Kalliomaki et al., 2013), and the p38

inhibitor losmapimod (Ostenfeld et al., 2013), which only show

limited effects, although the p38 inhibitor dilmapimod (SB-

681323) produces significant reduction in nerve injury-induced

neuropathic pain (Anand et al., 2011). The lack of efficacy of

these glial targeting drugs could reflect inadequate exposure at

central sites (Gao and Ji, 2010a; Ji et al., 2013; Ostenfeld et al.,

2013) or that neuropathic pain mechanisms in the late phase differ

fundamentally from those established at earlier time points. Our

data suggest that targeting neuropathic pain mechanisms in the

late-phase through astrocytic release with CNS permeable drugs

may lead to more effective therapies for the management of

chronic neuropathic pain. In particular, upregulation of Cx43

hemichannels is a stereotypic response to different types of injuries

and a critical upstream event of astrocytic release of inflammatory

chemokines.

2206 | Brain 2014: 137; 2193–2209 G. Chen et al.



Acknowledgement
We thank the Ben Kress for critical reading of the manuscript.

Funding
This study is partially supported by NIH RO1 grants DE17794

(R.R.J), NS67686 (R.R.J) and DE22743 (R.R.J and M.N).

Supplementary material
Supplementary material is available at Brain online.

References
Anand P, Shenoy R, Palmer JE, Baines AJ, Lai RY, Robertson J, et al.

Clinical trial of the p38 MAP kinase inhibitor dilmapimod in neuro-

pathic pain following nerve injury. Eur J Pain 2011; 15: 1040–8.

Basbaum AI, Bautista DM, Scherrer G, Julius D. Cellular and molecular

mechanisms of pain. Cell 2009; 139: 267–84.

Bennett GJ, Xie YK. A peripheral mononeuropathy in rat that produces

disorders of pain sensation like those seen in man. Pain 1988; 33:

87–107.

Bennett MV, Garre JM, Orellana JA, Bukauskas FF, Nedergaard M,

Saez JC. Connexin and pannexin hemichannels in inflammatory re-

sponses of glia and neurons. Brain Res 2012; 1487: 3–15.

Berta T, Park CK, Xu ZZ, Xie RG, Liu T, Lü N. Extracellular caspase-6
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