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Review Article

Spinal Gap Junction Channels in Neuropathic Pain
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Damage to peripheral nerves or the spinal cord is often accompanied by neuropathic pain, which is a 
complex, chronic pain state. Increasing evidence indicates that alterations in the expression and activity of 
gap junction channels in the spinal cord are involved in the development of neuropathic pain. Thus, this review 
briefly summarizes evidence that regulation of the expression, coupling, and activity of spinal gap junction 
channels modulates pain signals in neuropathic pain states induced by peripheral nerve or spinal cord injury. 
We particularly focus on connexin 43 and pannexin 1 because their regulation vastly attenuates symptoms of 
neuropathic pain. We hope that the study of gap junction channels eventually leads to the development of 
a suitable treatment tool for patients with neuropathic pain. (Korean J Pain 2015; 28: 231-235)
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INTRODUCTION

Neuropathic pain often occurs after damage to the 

peripheral nervous system (PNS) or central nervous system 

(CNS), and its symptoms include spontaneous pain, aug-

mented pain from noxious stimulation (hyperalgesia), and 

pain induced by normally non-noxious stimulation (allody-

nia). Since multiple mechanisms are involved in the early 

and late pathophysiological processes of neuropathic pain 

[1], the treatment of neuropathic pain is complicated and 

the need is yet unmet. Many of the suggested mechanisms 

of neuropathic pain are related to the neuronal system in 

the PNS and CNS. However, findings continuously demon-

strate critical involvement of immune cells and glia and gap 

junction channels expressed on these non-neuronal cells 

in the pathophysiological changes following damage to the 

PNS or CNS [2]. It is hoped that these findings will offer 

an avenue toward the development of a new armamenta-

rium for the treatment of neuropathic pain. 

Gap junctions are specialized transmembrane channels 

that allow the rapid passage of electrical signals and direct 

cytoplasmic communication between opposing cells such as 

astrocytes, oligodendrocytes, and ependymal cells [2]. In 

this review, we will briefly summarize recent findings that 

address the significant role of spinal gap junction channels, 

such as connexin 43 and pannexin 1 in the development 

of neuropathic pain.
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GLIAL CELLS AFTER INJURY OF 
PERIPHERAL NERVES AND SPINAL CORD

In the early period of the pathophysiology of neuro-

pathic pain development, resident macrophages rush to the 

lesion site and secrete matrix metalloproteinases, leading 

to an interruption of the blood-nerve barrier [3]. Within 

two days of injury, the lesion site is further infiltrated by 

many neutrophils, monocytes, T lymphocytes, and mast 

cells from peripheral blood; the infiltration is regulated by 

chemokines, e.g., C-C motif ligands (CCLs) 2 and 3. 

Following infiltration, the immune cells, together with 

Schwann cells, release prostaglandins and proinflamma-

tory cytokines [interleukins (ILs)-1, 6, 12, and 18, inter-

feron (IFN)-, tumor necrosis factor (TNF)-, and leuke-

mia inhibitory factor (LIF)] [2]. These immune and in-

flammatory substances contribute to the peripheral mech-

anism of neuropathic pain.

In addition to the activity at the peripheral lesion site, 

peripheral nerve injury causes population and morpho-

logical changes in immune and glial cells in the dorsal horn 

(DH) of the spinal cord, an important region that transmits 

and integrates sensory and pain signals from the 

periphery. Typically, recruitment and activation of micro-

glia in the spinal DH reaches its peak within a week after 

peripheral nerve injury, followed by a slow decline of mi-

croglia but a further invasion of T lymphocytes over several 

weeks [2]. In contrast, proliferation and activation of as-

trocytes begins relatively late and progresses slowly, but 

is sustained for a longer period. It has been known that 

microglia and astrocytes are activated by various mole-

cules that are released from inflammatory cells and injured 

cells and nerves or leaked from injured vessels, e.g., glu-

tamate, ATP, K+, Ca2+, reactive oxygen species (ROS), ni-

tric oxide (NO), proinflammatory cytokines (TNF-, IL-1, 
IFN-, etc.), and neurotrophic factors. Although glial cells 

in the CNS play an important role in maintaining neural 

homeostasis by scavenging excess K+ or debris, the acti-

vated glial cells release various substances that may be 

neuroprotective or neurotoxic. In the early period of injury, 

the substances may protect neural tissues or reduce the 

size of the injured area [4-6]. However, the sustained ac-

tivity of glial cells causes further release of neurotoxic 

substances such as ATP and glutamate. In peripheral nerve 

injury-induced neuropathic pain, ATP signaling is asso-

ciated with pain transduction within the spinal cord via ac-

tivation of microglia through P2X4 receptors, a type of 

ionotropic ATP-gated receptor [7]. On the other hand, the 

activation of microglia and astrocytes is also prominent in 

the spinal DH after traumatic, compressive, or ischemic 

spinal cord injury (SCI) [8]. The sustained activity of glial 

cells after SCI produces high levels of ATP at the site of 

injury in the spinal cord [9,10], leading to abnormal activity 

of neurons and glial cells [4,11]. This ATP-mediated vicious 

cycle induces the release of proinflammatory cytokines 

(e.g., TNF-, IL-1, IL-6, and IFN-) [10,12], which re-

sults in the central sensitization of the neuropathic pain 

mechanism [13] and the broadening of the injured spinal 

area following SCI [14].

FUNCTION OF GAP JUNCTION CHANNELS IN 
GLIAL CELLS OF INJURED NEURAL TISSUES

On the other hand, recent studies indicate that the ac-

tivated glial cells use gap junction channels to release var-

ious neurotoxic substances into the surrounding neural 

tissue. Gap junction channels are homomeric or hetero-

meric hexamers that are composed of connexin (Cx) pro-

teins (Fig. 1A); 21 mammalian genes produce Cx proteins. 

Each Cx has four transmembrane domains, one intra-

cellular and two extracellular loops, and intracellular N- 

and C-terminals. Homotypic or heterotypic couplings of 

gap junction channels form cell-to-cell connections [15]. 

Gap junction channels become open after depolarization, 

extracellular alkalization, metabolic inhibition, mechanical 

stimulation, or in the presence of low concentrations of 

extracellular Ca2+ [15]. Although various types of Cxs exist 

in glia, Cx32, Cx36, and Cx43 are predominantly expressed 

in microglia, and Cx30 and Cx43 are expressed in as-

trocytes [16]. Generally, gap junction channels play a role 

in passing molecules less than 1 kD (e.g., Ca2+, IP3, cAMP, 

cGMP, glutamate, glucose, ATP, and ADP) between cells 

(Fig. 1B) [17]. However, some gap junction channels in glia 

are not opposed by existing gap junctions in other neigh-

boring glial cells; these unopposed channels are called 

“hemichannels” (Fig. 1B). It has been shown that glia re-

lease cytotoxic substances (e.g., ATP, glutamate, and 

prostaglandins) through the unopposed hemichannels to 

the extracellular space, affecting neighboring glia and 

neurons [16,18-21]. In practice, the Cx hemichannel acti-

vator quinine evokes ATP release, and the mechanical 

stimulation-induced release of ATP is inhibited by the Cx 
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Fig. 1. Diagram showing the topological structure of con-
nexin and roles of gap junction channels and hemichannels.
(A) A connexin (Cx) protein has one intracellular and two 
extracellular loops and intracellular N- and C-terminals, and
six homomeric or heteromeric Cx proteins compose a func-
tional gap junction channel. (B) Homotypic or heterotypic
gap junction channels coupled between cells pass molecules 
less than 1 kD, such as Ca2+, IP3, cAMP, cGMP, glutamate,
glucose, ATP, and ADP, but unopposed hemichannels, upon
their activation, release those molecules, particularly, ATP, 
glutamate, and prostaglandins.

channel inhibitor flufenamic acid [22], indicating the medi-

ation of unopposed hemichannels in ATP release. In the 

case of glutamate, its extracellular release through the Cx 

hemichannels is induced by lowering the extracellular Ca2+ 

concentration because of the extracellular location of the 

Ca2+ binding site and the release is not related to gluta-

mate transporters or P2X7 receptors [23], indicating that 

the extracellular release of glutamate is specific to the 

opening of Cx hemichannels. Recently, it has been shown 

that TNF- stimulates the release of the chemokine 

CXCL1, and this release is blocked by Cx43-specific pep-

tide inhibitors, indicating that the CXCL1 release is medi-

ated by Cx43-hemichannels on astrocytes [24]. This result 

is somewhat unusual because the molecular weight of 

CXCL1 (8 kD) is beyond the classical molecular weight limit 

(∼1 kD) for the passage of gap junction channels [17]. 

Therefore, it would be interesting to investigate whether 

certain activity of gap junction channels changes the size 

of channel pores [24]. Altogether, these results suggest 

that the unopposed hemichannels release various sub-

stances, toxic or nontoxic, to the extracellular space, po-

tentially aggravating pathophysiological conditions after 

injury of neural tissues. In addition, this kind of mecha-

nism may contribute to the development of neuropathic 

pain [25].

ROLE OF SPINAL GAP JUNCTIONS IN 
NEUROPATHIC PAIN DEVELOPMENT: 

CONNEXIN 43 AND PANNEXIN 1

In the spinal cord, there is increasing evidence that the 

expression of gap junction channels is increased under 

various pathological conditions and may contribute to 

chronic pain states including neuropathic pain. Under 

pathological conditions, abnormal release of neurotrans-

mitters, growth factors, peptides, and cytokines may in-

crease connexin expression and the permeability of gap 

junction channels [25]. Although the augmented activity of 

gap junction channels may be neuroprotective through the 

removal of harmful substances, it may also cause ex-

tensive Ca2+ waves through coupled cells, facilitating the 

release of proinflammatory cytokines and pain-enhancing 

molecules such as ATP, glutamate, and prostaglandins. 

These changes may occur in the spinal cord after injury 

to the spinal cord and peripheral nerves, contributing to 

central sensitization [1,2]. Following this notion, recent 

studies have reported on the role of spinal gap junction 

channels in neuropathic pain modulation. Intrathecal deliv-

ery of carbenoxolone, a non-specific and reversible gap 

junction decoupler [26], has been shown to ameliorate 

neuropathic pain induced by inflammation or chronic con-

striction injury (CCI) of the sciatic nerve in a dose-de-

pendent manner [27]. In addition, intrathecal admin-

istration of carbenoxolone reversed SCI-induced neuro-

pathic pain by inhibiting astrocyte activation via gap junc-

tion decoupling [28].

Regarding specific types of Cxs related to neuropathic 

pain, an early report has shown that expression of Cx43 

increases rapidly after facial nerve axotomy in the facial 

nucleus [29]. In astrocytes of the spinal DH that densely 

express Cx43 [30], the Cx43 protein is upregulated follow-

ing SCI [31-34], involving the release of ATP by forming 

hemichannels and then activation of neighboring as-

trocytes [14]. This consequence may lead to the expansion 
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of the injured area of the spinal cord [32,35]. Thus, a pep-

tide (so-called “peptide 5”), mimicking the extracellular 

loop of Cx43, is able to recover the loss of motor function 

after SCI [34]. Interestingly, thermal hyperalgesia and me-

chanical allodynia induced by SCI is prevented in transgenic 

mice with Cx43/Cx30 deletions [33]. In addition, Cx43 is 

persistently upregulated in the spinal astrocytes in models 

of neuropathic pain with peripheral nerve injury such as 

spinal nerve ligation (SNL) [36] and CCI [24]. Notably, sup-

pression of Cx43 with siRNA decreases mechanical hyper-

sensitivity in the SNL pain model [36], and the Cx43-spe-

cific peptide inhibitors Gap26 and Gap27 alleviate mechan-

ical allodynia established by CCI [24], suggesting that Cx43 

is a potential target for neuropathic pain treatment. 

In addition to Cx proteins, pannexins also form gap 

junction channels and are widely expressed in mammalian 

tissues. Pannexins have a similar structure to that of Cxs, 

comprising four transmembrane domains, one intracellular 

and two extracellular loops, and N- and C-terminals. 

Pannexin 1 is the most ubiquitously expressed pannexin, 

while pannexin 2 is predominantly expressed in the CNS, 

and pannexin 3 is expressed in skin and bone [37]. 

Pannexin 1 is mechanosensitive, has large conductance, 

and is permeant for ATP by forming hemichannels [38]. It 

has recently been suggested that pannexin 1 plays a role 

in the mechanisms underlying central sensitization in a 

neuropathic pain model with sural nerve transection [39]. 

Although western blot analysis shows similar levels of pan-

nexin 1 expression in the DH of the lumbar spinal cord from 

sham-operated and neuropathic rats, pannexin 1 blockers 

suppress spinal C-reflex wind-up activity and mechanical 

hypersensitivity in the neuropathic rats [39]. In contrast 

to Cx43, it is of interest that pannexin 1 channels can be 

opened by ATP and glutamate, which mediate acute and 

chronic pain signaling in the spinal DH. Therefore, pan-

nexin 1 may not only release pain-related substances 

through its hemichannels but also may enhance the release 

by responding to ATP and glutamate, exacerbating neuro-

pathic pain.

CONCLUSIONS

 In the present review, we briefly address the im-

portance of gap junction channels in the development of 

neuropathic pain that is tightly related to immunological 

reactions in the spinal DH after various types of injury in 

the spinal cord and peripheral nerves. The gap junction 

channels may be activated, or upregulated, by proin-

flammatory cytokines following injury of the spinal cord or 

peripheral nerves, for example, the increased activity of 

Cx43 hemichannels by TNF- after CCI [24]. Alternatively, 

immunological and inflammatory molecules released through 

gap junction hemichannels further reinforce adverse im-

munological reactions, eventually causing exacerbation of 

the pathological conditions in the spinal cord. These proc-

esses are important in the development of neuropathic 

pain. Therefore, to prevent and inhibit the mechanisms 

underlying neuropathic pain after damage to the spinal 

cord or peripheral nerves, it would be essential to control 

the activity and expression levels of gap junction channels, 

particularly Cx43 and pannexin 1, in the spinal DH.
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