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Abstract

Spinal cord injury induces maladaptive synaptic transmission in the somatosensory system that
results in chronic central neuropathic pain. Recent literature suggests that glial-neuronal
interactions are important modulators in synaptic transmission following spinal cord injury.
Neuronal hyperexcitability is one of the predominant phenomenon caused by maladaptive synaptic
transmission via altered glial-neuronal interactions after spinal cord injury. In the somatosensory
system, spinal inhibitory neurons counter balance the enhanced synaptic transmission from
peripheral input. For a decade, the literature suggests that hypofunction of GABAergic inhibitory
tone is an important factor in the enhanced synaptic transmission that often results in neuronal
hyperexcitability in dorsal horn neurons following spinal cord injury. Neurons and glial cells
synergistically control intracellular chloride ion gradients via modulation of chloride transporters,
extracellular glutamate and GABA concentrations via uptake mechanisms. Thus, the intracellular
“GABA-glutamate-glutamine cycle” is maintained for normal physiological homeostasis.
However, hyperexcitable neurons and glial activation after spinal cord injury disrupts the balance
of chloride ions, glutamate and GABA distribution in the spinal dorsal horn and results in chronic
neuropathic pain. In this review, we address spinal cord injury induced mechanisms in
hypofunction of GABAergic tone that results in chronic central neuropathic pain.
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1. Introduction

Spinal cord injury (SCI) causes central neuropathic pain (CNP) in as high as 70% of people
with SCI (Beric et al., 1988; Rintala et al., 1988). In terms of clinical pain behavior,
allodynia (pain behavior evoked by non-noxious stimuli) and hyperalgesia (exaggerated pain
behavior evoked by noxious stimuli) characterize CNP syndromes (Merskey and Bogduk,
1994). Patients with CNP suffer from altered quality of life that negatively influences the
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individual and often results in depression and suicide (Siddall and Loeser, 2001; Werhagen
et al., 2004). The majority of patients with SCI suffer from CNP; however, current treatment
strategies are inadequate and refractive because the cellular mechanisms that provide the
substrate for CNP are poorly understood (Beric et al., 1988; Davidoff et al., 1987;
Hulsebosch, 2005; Siddall and Loeser, 2001).

Descending and local interneuron inhibitory pathways, such as GABAergic pathways,
critically contribute to the modulation of the balance between excitatory and inhibitory tone
in synaptic transmission. The GABAergic interneurons produce synaptic inhibition, and
thereby prevent or inhibit CNP, via both GABA and GABAGg receptors in the spinal dorsal
horn (Hwang and Yaksh, 1997; Munro et al., 2008). Pharmacological blockade of GABAA
or GABAGg receptor in rats (Gwak et al., 2006; Malan et al., 2002) and transgenic mice of
GABA, (Knabl et al., 2008, 2009) or GABAg (Gangadharan et al., 2009) receptor
demonstrate increased sensitivity to external stimuli that results in various pain conditions
induced by spinal cord injury, peripheral nerve injury and inflammation. Mounting evidence
indicates that SCI induces a hypofunction of GABAergic tone in the spinal dorsal horn and
results in CNP (Gwak et al., 2006; Liu et al., 2004; Zhang et al., 1994). Thus, it is possible
that the hypofunction of spinal GABAergic inhibitory tone in the spinal dorsal horn is a key
factor in CNP after SCI (Drew et al., 2004; Liu et al., 2004).

Spinal systems are composed of both neuronal and non-neuronal cells, including astrocytes
and microglia. Spinal glia cells outnumber neurons and play important roles in maintaining
ionic balance, as well as glutamate and GABA concentrations in the central nervous system
(Anderson and Swanson, 2000; Chesler and Kaila, 1992; Largo et al., 1996; Schlue and
Deitmer, 1988). However, recent literature consistently reports that activation of astrocytes
and microglia contributes significantly to CNP following SCI (Gwak et al., 2008, Gwak and
Hulsebosch, 2009; Hains and Waxman, 2006). Neurons and astrocytes both contribute to
GABA uptake (also released from both neurons and glia) to control extracellular
concentrations of GABA (Chatton et al., 2003; Schousboe et al., 2004). Although, it is
known that SCI alters neuronal and glial activity; little is known about the mechanisms
underlying hypofunction of spinal GABAergic inhibitory tone following SCI. In this review,
we focus on mechanisms that lead to hypofunction of GABAergic tone that contributes to
CNP following SCI.

2. Central Neuropathic Pain and GABA
2.1 Central Neuropathic pain following SCI

Traumatic spinal cord injuries (SCI) directly and indirectly produce dramatic changes of
neuroanatomical and neurochemical shifts that result in maladaptive synaptic circuits in the
spinal dorsal horn. Upregulated glutamate receptors and ion channels, increased release of
proinflammatory cytokines and reactive oxygen species (ROS), activation of glial cells and
subsequent activation of intracellular downstream/upstream cascades (Crown et al., 2006;
Gwak et al., 2008; 2009a; Hains et al., 2003, Leem et al., 2010; Tan et al., 2008; Zinck et al.,
2007) are predominant events that lead to enhanced pain transmission following SCI.

Maladaptive synaptic circuits in the spinal dorsal horn induced by SCI, individually or
synergistically, contribute to the neuronal hyperexcitability in response to mechanical,
chemical and thermal stimuli. Electrophysiologically, neuronal hyperexcitability or central
sensitization is characterized by the enhanced spontaneous or evoked neuronal response
properties to external stimuli applied to peripheral receptive fields with lowered thresholds
for the activation, increased peripheral receptive field size and increased afterdischarge
activity (Drew et al., 2004; Gwak et al., 2008; Hains et al., 2003). Thus, neuronal
hyperexcitability is a substrate of central neuropathic pain following SCI. SCI is categorized
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by below-, at-, and above-level pain based on dermatomal regions that involves neuropathic
pain symptoms, such as mechanical allodynia and thermal hyperalgesia, following SCI
(Siddall et al., 1997, 1999, 2002). Clinically, below-level pain is defined as pain that occurs
several dermatomes caudal to the lesion. At-level pain is defined as pain that occurs at
dermatomes adjacent to the lesion. Above-level pain is defined as pain that occurs several
dermatomes rostral to the lesion (Siddall et al., 1997, 1999). The development of central
neuropathic pain syndromes take several weeks to months after SCI, but once developed,
persists for life. Consequently, the abnormal pain syndromes are important to understand for
effective treatment strategies (Carlton et al., 2009; Hulsebosch et al., 2009).

Mechanically and chemically induced mammalian SCI models were developed to study the
development and the maintenance of CNP after SCI. The models include; 1) spinal ischemic
injury via intravascular photochemical reaction (Hao et al., 1991); 2) clip compression of the
thoracic cord (Bruce et al., 2002); 3) excitotoxic injury via quisqualic acid injection into the
dorsal horn (Yezierski et al., 1998); 4) spinal hemisection injury (Christensen et al., 1996;
Gwak et al., 2006); 5) spinal contusion injury (Hulsebosch et al., 2000; Siddall et al., 1997).
It is a worthy to note that these SCI models showed CNP that correlates with hypofunction
of GABAergic inhibitory tone in the spinal dorsal horn (Drew et al., 2004; Eaton et al.,
2007; Gwak et al., 2006; Xu et al., 1993). Taken together, hypofunction of GABAergic tone
may provides a representative mechanism in CNP syndromes after SCI, although Polar and
Todd reported the GABAergic loss is not sufficient to induce neuropathic pain following
peripheral nerve injury (Polgar et al., 2003, 2005).

2.2. GABA Synthesis and Release

In the somatosensory system, GABAergic descending pathways originate from locus
ceruleus (LC), nucleus raphe-magnus (NRM) and periaquctal gray (PAG) and terminate in
the spinal cord (Willis and Westlund, 1997). Gamma-aminobutyric acid (GABA) is a widely
distributed inhibitory neurotransmitter in the spinal cord and plays a “counter balance” role
against enhanced synaptic transmission in the spinal cord as a result of glutamate-mediated
excitation of neurons following SCI. GABA is produced by the decarboxylation of L-
glutamate by glutamic acid decarboxylase (GAD, a rate-limiting enzyme) that is distributed
in GABA interneurons and glial cells (Bu et al., 1992; Erlander et al., 1991; Kaufman et al.,
1991; Mackie et al., 2003). GADgs (65 kDa) is a membrane associated protein that produces
vesicular GABA, released by exocytosis, and contributes to the rapid and focal
communication to individual postsynaptic site on neurons. GADg7 (67kDa) is a cytosolic
protein that produces cytosolic GABA release and contributes to both paracrine signaling
and intracellular metabolites. However, neurons are not the only cells that synthesize GABA
in the central nervous system. After ischemic injury, forebrain regions show increased
GFAP immunoreactivity (activated astrocytes) co-labeled with GABA and GAD that
indicate that glial cells also synthesize GABA, since GAD is the enzyme necessary in
GABA synthesis (Bellier et al., 2000; Kozlov et al., 2006; Lin et al., 1993; Liu et al., 2007;
New and Rabkin, 1998).

GABAergic neurons predominantly synapse axodendritically and axosomatically and only a
small number have axoaxonic synapses. Activation of NMDA receptors and other calcium
channels, largely located on neuronal dendritic or somatic membranes, trigger large influxes
of calcium ions, dependent on the depolarization of the membrane and initiate subsequent
Ca?* dependent GABA release via vesicular exocytosis (Isaacson, 2001; Koch and
Magnusson, 2009). Thus, the somatic and dendritic localized GABA release may produce
widespread inhibition in nociceptive transmission in synaptic and extrasynaptic terminals.
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2.3 GABA Receptors

GABA, released by neurons and glia, provides an inhibitory role via neighboring GABA
receptors that are distributed in presynaptic and postsynaptic membranes on both neurons
and glial cells (Barakat and Bordey, 2002; Malcangio and Bowery, 1996). There are three
types of GABA receptors: 1) GABAA, 2) GABAg and 3) GABA(. The GABAA, receptor is
an ionotropic ligand-gated CI~ channel and is present throughout the spinal cord gray matter
on both neurons and glial cells. Activation of GABA receptor increases the permeability of
chloride ions and hyperpolarizes postsynaptic neurons, which results in increases in the
resting membrane conductance of the cell (Jensen et al., 2002; Sieghart and Sperk, 2002).
The GABAGg receptor is a metabotropic receptor, coupled to a G-protein, and concentrated
in the superficial layers of the spinal dorsal horn on both neurons and glial cells (Albrecht et
al., 1986; Bowery et al., 1980; Charles et al., 2003a,b). Activation of the GABAg receptor
inhibits synaptic transmission at primary afferent terminals in the spinal cord via reduction
of calcium entry at the presynatic terminal and hyperpolarization at the postsynaptic
terminal through increased conductance of potassium ions (Bowery et al., 1980). The
GABA receptor is a subtype of GABAA and insensitive to benzodiazepine (Johnston,
1996; Shimada et al., 1992). Currently, the role of the ionotropic GABAC receptor in
somatosensory systems is unknown but it appears to be important in cognition and neuronal
processing (Johnston, 1996; Lukasiewicz et al., 1994).

2.4 Hypofunction of GABA and CNP

The evidence that hypofunction of GABAergic tone contributes to central neuropathic pain
following SCI is well documented by several experimental obervations. First,
pharmacological treatments that enhance GABAergic function attenuate central neuropathic
pain behavior and neuronal hyperexcitability following SCI. For example, intrathecal
administration of GABA attenuated mechanical allodynia and hyperexcitability of spinal
dorsal horn neurons following SCI (Figure 1). The attenuation of pain behavior and neuronal
hyperexcitability are mediated by both GABA and GABAg receptors (Drew et al., 2004;
Gwak et al., 2006). In addition, treatment with bicuculline (a GABA receptor antagonist)
produced neuronal hyperexcitability and pain behavior in normal rats (Drew et al., 2004).
Second, immunohistochemical studies demonstrated decreased numbers of GABAergic
interneurons and GAD expression in the spinal dorsal horn following SCI that correlated
well with central neuropathic pain behavior (Gwak et al., 2008; Meisner et al., 2010; Zhang
et al., 1994). Third, transplantation of herpes simplex virus (HSV)-mediated GADgs and
GADg7 producing gene vector or transfer of human foamy virus (HFV) mediated GADg7
gene, attenuated central neuropathic pain following SCI (Liu et al., 2004, 2008; New and
Rabkin, 1998). In addition, transplantation of the human neuronal NT cell line (NT2.17),
which synthesizes and releases GABA, attenuated SCI-induced mechanical allodynia and
thermal hyperalgesia (Eaton et al., 2007). Taken together, these pharmacological and
molecular approaches suggest that hypofunction of GABAergic tone is a substrate for the
central neuropathic pain following SCI.

3. Central Neuropathic Pain and Glial Activation

3.1 Glial activation after SCI

After SCI, dramatic neuroanatomical and neurochemical changes in the spinal cord are not
just neuronal events. Neurons and glia (astrocytes and microglia) compose the central
nervous system and paradoxically express similar receptors/ion channels and release similar
transmitters, cytokines and ROS that contribute to neuropathic pain behavior and neuronal
hyperexcitability following SCI (Gwak and Hulsebosch, 2010; Pineau and Lacroix, 2007;
Porter and McCarthy, 1997; Wang et al., 2009; Jarvis, 2010). These neurochemical and
neuroanatomical changes suggest that glial cells also modify input mediated by primary
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afferent fibers at synaptic clefts by neuronal-glial-neuronal interactions. Thus, neuronal
function is influenced via bidirectional communication in neuronal-glial and glial-neuronal
interactions (Scholz and Woolf, 2007).

Recently, the literature demonstrated that SCI directly and indirectly causes glial activation
in the dorsal horn in both the early phase (less than 3 days after injury) and the chronic
phase (over a month and longer) in rats (Gwak et al., 2009a; Knerlich-Lukoschus et al.,
2010; Nesic et al., 2005; Ritz and Hausmann, 2008) and mice (White et al., 2010). Somatic
hypertrophy, proliferation, thickened branches and activation of membrane surface markers,
such as CD11b, toll-like receptors and glial fibrillary acidic protein (GFAP), are
morphological characteristics of glial activation; whereas, increased release of glutamate,
ROS, ATP, CGRP, interleukin-1 (IL-1), interleukin-6 (IL-6) and tumor necrosis factor
(TNF)-o are physiological characteristics of glial activation, respectively (Chao et al., 1995;
Lieberman et al., 1989; Priller et al., 1995; Rischke and Krieglstein, 1991; Stanley et al.,
1994; Svensson et al., 1993). However, increased extracellular concentrations of glutamate,
ATP, neuropeptides, IL-1, IL-6 and TNFa are all associated with sensitization of sensory
circuits following SCI (Bennett et al., 2000a,b; Detloff et al., 2008). Thus, morphologically
and physiologically, activated glia produce increased release of pain-mediating substances
and contribute significantly to mechanisms that contribute to central neuropathic pain
following SCI (Hulsebosch, 2008).

In addition, following SCI, ionic imbalances are maintained by activated glia and are
important factors in both glial activation and CNP. First, high affinity glutamate transporters
in astrocytes accumulate glutamate and increase uptake of K* by Na*/K*—ATPase (Bender
et al., 1998). The accumulation of K* leads to anion channel opening, to enhance the passive
influx of CI~, K*, HCO3™, followed by H,0 accumulation in the astrocytes that results in
astrocytic hypertrophy. Second, SCI causes decreased expression of inwardly-rectifying
potassium channels 4.1 (Kir4.1) in astrocytes and facilitates astrocytic depolarization (Olsen
et al., 2010). Third, overexpression of intracellular glial ROS after SCI activates astrocytic
Na*/K*/CI~ (NKCC) cotransporters and increases intracellular uptake of K* ions with
release of Na* ions into the extracellular space (Jayakumar and Norenberg, 2010). The K*
and Na* ionic imbalance at glial-neuronal synaptic clefts causes the reduction of K*-
mediated resting potentials and initiates Na*-mediated depolarization of neuronal
membranes followed by Ca%*-mediated intracellular events that result in persistent
hyperexcitability of the spinal dorsal horn neurons following SCI.

3.2 Glial activation and CNP

The evidence that activated glia contribute to CNP following SCI is well documented from
both in vitro and in vivo studies (Gwak et al., 2008; Gwak and Hulsebosch, 2009; Hains and
Waxman, 2006; Zhao et al., 2007). Intrathecal treatments with glial cell inhibitor agents,
such as minocycline (microglial inhibitor) and propentophylline (phosphodiesterase
inhibitor and glial modulator), attenuated SCI-induced mechanical allodynia. In addition,
pain behaviors were attenuated using regimens that began pre- and post-SCI.
Electrophysiologically, treatments with minocycline or propentophylline onto the spinal
surface attenuated SCI-induced evoked hyperexcitability of wide dynamic range (WDR)
neurons in the spinal dorsal horn in response to mechanical stimuli applied to identified
peripheral receptive fields. Immunohistochemically, SCI produced astrocytic and microglial
hypertrophy in the spinal dorsal horn and restored their morphology to a quiescent state after
minocycline or propentophylline treatment, respectively. Pharmacologically both
minocycline and propentophylline, separately, are known to inhibit the roles of
proinflammatory cytokines (Bastos et al., 2007; Padi and Kulkarni, 2008; Sweitzer et al.,
2001), such as interleukins (IL-1, IL-6 and IL-8) and tumor necrosis factor (TNF)a, all
which initiate activation of glutamate receptors (Zhang et al., 2008) leading to massive
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influx of Ca2* ions into the intracellular space. Taken together, these data indicate that
activated glia produce neuronal ligand-receptor mediated cascades from proinflammatory
cytokines and glutamate that result in neuropathic pain behavior with dorsal horn neuronal
hyperexcitability following SCI.

It is well known that SCI produces high concentrations of extracellular glutamate at both
neuronal-neuronal and neuronal-glial cell appositions (Xu et al., 2004). Because neurons and
glial cells express similar receptors and ion channels, glial activation may trigger similar
intracellular cascades as those that occur in neurons. Briefly, after SCI, high concentration
of glutamate at neuronal-glial clefts activate astrocytic and microglial glutamate receptors,
both ionotropic and metabotropic, with subsequent membrane depolarization that triggers
huge influxes of Na* and Ca2* ions into cells. In turn, elevated Ca2* concentrations in
astrocytes and microglia initiate activation of mitogen-activated protein kinase (MAPK,
p38-MAPK and ERK) and phospholipase A, (PLA,) that result in the modulation of target
protein expression or phosphorylation of membrane receptor and ion channels via activation
of transcription factors, such as NF-xB or pCREB (Crown et al., 2006; Gwak et al., 2009b).
Finally, activated glial cells release glutamate, ATP, proinflammatory cytokines,
prostaglandins (PGs) as well as both reactive oxygen (ROS) and nitrogen species (NOS) into
the extracellular space. These pain mediating substances, released by activated glia, provide
for continued production of reactants that contribute to intracellular downstream
biochemical pathways that provide an intracellular feed forward mechanism for continued
phosphorylation/activation of receptors and ion channels that ensures persistent neuronal
hyperexcitability (Detloff et al., 2008; Hulsebosch et al., 2009; Keane et al., 2006; Scholz
and Woolf, 2007, Vallejo et al., 2010). Additionally, it is important to note that chronically
activated astrocytes lead to permanent blood spinal cord barrier breakdown that ensure
continued immune cell infiltration and feed forward continued activation of both astrocytes
and microglia (Nesic et al., 2005). These pharmacological and neuroanatomical changes in
glial cells also result in enhanced release of transmitters, proinflammatory cytokines, ROS
and chemokines (Johnstone et al., 1999). These substances continue to provide changes in
the activation state of receptors, for example all three general groups of glutamate receptors,
such as NMDA, kainate/AMPA and metabotropic, are involved in CNP after SCI (Bennett
et al., 2000a; Mills et al., 2001), and in the activation state of ion channels, for example
Nav1.3 (Hains et al., 2003) in neuronal membranes. Taken together, these data suggest that
glial activation is a key factor in developing and maintaining central neuropathic pain
following SCI (Gwak and Hulsebosch, 2010).

dulation of GABAergic Function

Neurons and glia cells control extracellular GABA concentrations via “GABA-glutamate-
glutamine cycle”. Neurons and glial cells both transport GABA from extracellular to
intracellular spaces via high affinity GABA transporters (Borden, 1996; Guastella et al.,
1990; Nelson, 1998). Once GABA is transported intracellularly, GABA is converted to
glutamate by GABA transaminase followed by conversion to glutamine by glutamine
synthase. Glutamine freely passes to neurons and serves as a substrate for the production of
either glutamate or GABA. Thus, release of GABA from GABAergic neurons and/or glial
cells into the extracellular space, and reuptake of extracellular GABA by neurons and
activated glia is a major mechanism for the control of GABA synthesis via concentration
dependent feedback mechanisms of the “GABA-glutamate-glutamine cycle” (Struzynska
and Sulkowski, 2004; Schousboe et al., 1993). However, the mechanism of GABAergic
hypofunction in the spinal dorsal horn following SCI is unclear. The following discussion
proposes four lines of hypotheses that result in hypofunction of GABA systems following
SCI.
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4.1 Decreased number of GABA neurons

It is well documented that SCI produces high extracellular concentrations of cytotoxic
agents, such as glutamate, inflammatory cytokines and ROS. Subsequently, neural cells
(both neurons and glial cells) undergo a secondary wave of cell loss that include the loss of
GABAergic interneurons in the spinal dorsal horn (Keane et al., 2006; Lee et al., 2008;
Rafati et al., 2008; Sah, et al., 2002; Song et al., 2001). The balance of apoptosis and anti-
apoptosis activators are critically important to cell death. However, SCI increases the
apoptotic gene activator, NK-xB p65/p50 and decreases the anti-apoptotic gene activator, c-
Rel, in neurons. NK-kxB p65/p50 produces inducible nitric oxide synthase (iNOS) and
cyclooxygenase-2 (COX-2) that contributes to cytotoxocity of neurons via oxidative stress,
such as lipid peroxidation, protein S-thiolation and nucleic acid degradation and
inflammation. Thus, SCI produces apoptotic gene activators and subsequent increases in
ROS and inflammation that results in the death of GABAergic neurons in lamina I-111 (Bao
and Liu, 2003; Rafati et al., 2008; Sah et al., 2002; Sharma and Sjoguist, 2002), which
predominantly receive nociceptive input from primary afferent As and unmyelinated C
fibers. In addition, proinflammatory cytokines and ROS, released by activated glial cells,
activate TNFR1 and initiate activation of cysteine proteinase family, such as caspases 3 and
8, that results in apoptosis of neurons, including GABA interneurons in the spinal dorsal
horn (Di Santo et al., 1996; Gavilan, et al., 2007; Kim et al., 2001).

Recently Meisner et al. reported that SCI causes caspase-3 activation in the spinal
superficial dorsal horn, resulting in selective losses of GABA neurons as well as decreased
expression of GADgs and GADgy in a central neuropathic pain animal model (Meisner et al.,
2010). The loss of GABAergic inhibitory tone may produce facilitation of sub-threshold
primary afferent Ad and unmyelinated C fibers to nociceptive transmission (Lu et al., 2008).
Normally, sub-threshold primary afferent input is not sufficient to cause action potentials in
post-synaptic neural membranes. The propagation of signal rapidly decays during
transmission due to the weak property of the input and the presence of GABAergic
inhibition in the spinal dorsal horn (Takazawa and MacDermott, 2010). However, the loss of
GABAEergic tone after SCI results in the temporal and the spatial summation of primary
afferent transmission and produces generation of action potentials in the post-synaptic
membranes that result in enhanced nociceptive transmission in second order neurons in the
spinal dorsal horn following SCI.

4.2 Downregulation of GAD expression

Several lines of evidence suggest that SCI results in neuropathic pain behaviors that appear
to be related to downregulation of GAD expression in the spinal dorsal horn (Gwak et al.,
2008; Liu et al., 2004, Meisner et al., 2010). Gwak et al. reported that SCI produced
downregulation of GADgs expression, mechanical allodynia and neuronal hyperexcitability
in the spinal dorsal horn. However, inhibition of glial activation prevented downregulation
of GADgg expression as well as attenuation of mechanical allodynia and hyperexcitability of
spinal dorsal horn neurons (Gwak et al., 2008). In addition, peripherally delivered HSV-
based vector, encoding GADg7, attenuated mechanical allodynia and thermal hyperalgesia
via decreased spinal calcitonin gene-related peptide (CGRP) expression following SCI (Liu
et al., 2004). These studies suggest that SCI produces neuropathic pain by downregulation of
GADgs5 and GADg7 expression in the spinal dorsal horn.

Although the literature suggests that downregulation of GAD expression occurs in the spinal
dorsal horn following SClI, it is not known which mechanisms account for the GAD
downregulation. One speculation is that the death of GABAergic neurons (see 4.1, above)
cause the loss of GAD expression following SCI. The other speculation is that GAD
downregulation occurs without the death of GABAergic neurons following SCI. After SCI,
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activated primary afferent fibers stimulate GABAergic interneurons and subsequently
initiate release of GABA into the extracellular space to prevent glutamate mediated
excitotoxicity (Diaz-Ruiz et al., 2007; Liu and McAdoo, 1993). Elevation of extracellular
GABA activates neighboring GABA receptors on second order neurons that result in
inhibitory roles of neurons in the somatosensory circuit. However, GABA transporters on
neurons and activated glial cells initiate uptake of GABA from the extracellular space. This
results in high concentrations of glutamate and GABA intracellularly. In addition, glutamate
and other pain stimulating agents, such as proinflammatory cytokines, ROS and ATP,
initiate activation of intracellular downstream events and modulate specific gene expression
that result in downregulation of GAD expression (Figure 2).

Glutamate transporters, which control extracellular glutamate concentrations, are an
important consideration for the control of GABA concentrations. High concentrations of
glutamate produce cytotoxic events in neurons, glia and other cells following SCI; thus
uptake by transporters is critical for maintaining extracellular homeostasis of glutamate
concentrations (Danbolt, 2001; Xu et al., 2004). GABA uptake by GABA transporters and
glutamate uptake synergistically combine to provide appropriate concentrations of
extracellular glutamate and GABA, providing substrates for GABA synthesis via
modulation of GAD expression (Broer et al., 2004; Struzynska and Sulkowski, 2004).

4.3. Decreased extracellular GABA concentration

Neurons and glia modulate extracellular GABA concentrations by GABA uptake via GABA
transporters (GATS) (Borden et al., 1996; Guastella et al., 1990; Schousboe et al., 2003).
GAT is divided into five different transporters: a vesicular GABA transporter (VGAT) and
four Na*-dependent transporters; GAT1, GAT2, GAT3 (high affinity GABA transporters)
and BGT1 (low affinity GABA transporter). GAT1-3 transporters are particularly dense in
the synaptic cleft and serve to keep the extracellular neurotransmitter concentrations below
neurotoxic levels and also serve to terminate the synaptic action of GABA as a
neurotransmitter. BGT1 is particularly dense extrasynaptically on both neurons and glial
cells (Nelson, 1998; Schoushoe et al., 2004). GATSs rapidly remove GABA and control the
extracellular GABA concentrations (Figure 2).

Overproduction of GATSs in neurons or in glial cells in pathophysiological conditions
facilitate GABA uptake and result in a loss of GABAergic tone in spinal circuits, called
disinhibtion, and results in hyperexcitability of neurons. For example, genetically enhanced
or decreased GAT1 expression resulted in hyperalgesic or hypoalgesic conditions,
respectively (Hu et al., 2003; Xu et al., 2008). Pharmacological blockade of GAT1 produced
attenuation of pain behavior; treatment with GAT1 inhibitors (NO-711 and tiagabine)
produced attenuation of spontaneous and evoked pain behaviors (Hu et al., 2003; Todorov et
al., 2005). These data suggest that GATSs contribute to nociceptive transmission in the spinal
dorsal horn.

4.4. Abnormal Cation-Chloride cotransporters

The chloride gradient in the neural membrane is critically important to GABAA receptor
mediated inhibitory function because the GABA receptor is anion-permeable (Kaila,
1994). Two chloride tranporters control intracellular CI~ concentration in the spinal cord;
Na*-K*-CI~ cotransporter 1 (NKCC1) transports CI~ into the cell and 2) K*-CI~
cotransporter 2 (KCC2) transports ClI™ into the extracellular space (Misgeld et al., 1986;
Payne et al., 2003).

SCI upregulates NKCC1 whereas KCC2 is downregulated in the spinal cord, which
correlates with allodynia and hyperalgesia (Cramer et al., 2008; Hasbargen et al., 2010). The
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upregulation of NKCC1 and downregulation of KCC2 produce high concentrations of
intracellular CI™ that facilitate efflux of CI~ when GABA receptor is activated (opened
state), and thereby generates depolarization. In axonal membranes, the final efflux of CI~
generates small amplitude (subthreshold for action potential) depolarizations, such as
primary afferent depolarizations (PADs) (Eccles et al., 1963). This depolarization interrupts
orthodromic propagation of action potentials from peripherally originated sources and
decreases the release of excitatory neurotransmitters, called presynaptic inhibition.
However, upregulation of NKCC1 generates sufficient depolarization a to surpass threshold
and produces action potentials which increases the release of excitatory transmitters,
resulting in enhanced nociceptive transmission (Garcia-Nicas, et al., 2006; Laird et al.,
2004). Downregulation of KCC2 produces increased intracellular CI™ concentrations.
Enhances GABA receptor activation (opened state) and triggers massive efflux of CI~,
generating depolarization of membranes. Finally, GABAaR-mediated membrane
depolarizations cause activation of cation channels, such as voltage-dependent Na* and Ca2*
channels that generate excitation of neurons (Aptel et al., 2007). Taken together, the
increased intracellular concentrations of CI™ contribute to the enhanced nociceptive
transmission, rather than inhibition, when GABA receptor is activated after SCI (Figure 3).

The contribution of glial cells on the modulation of the chloride gradient is not clear.
However, ATP-stimulated microglia release brain-derived neurotropic factor (BDNF) and
contributes to the shift of anion equilibrium potential (Eznion) Via activation of tyrosine
kinase receptor (TrkB). This Eanion Shift generates depolarizing rather than hyperpolarizing,
which correlates with decreased paw withdrawal thresholds (Coull et al., 2003, 2005). In
SClI, inhibition of microglial activation by minocycline produces decreased BDNF release,
attenuation of neuropathic pain behavior and decreased neuronal hyperexcitability (Hains
and Waxman, 2006). Taken together, microglia modulate chloride gradients that result in
neuronal hyperexcitability and enhanced nociceptive transmission in spinal circuits that
result in CNP following SCI (Lu et al., 2008).

5. Conclusion

Spinal cord injury causes maladaptive synaptic circuits and produces central neuropathic
pain. Neuronal cells are not the only neural cells that mediate pain mechanisms; activated
glial cells also actively contribute to pain mechanisms. Neurons and glial cells express
similar receptors and ion channels as well as release similar transmitters, cytokines and
ROS; all known as key candidates for pain transmission.

Neurons and glial cells synergistically control intracellular chloride ion gradients via
modulation of chloride transporters, extracellular glutamate and GABA concentrations via
uptake mechanisms and the intracellular “GABA-glutamate-glutamine cycle” to maintain
normal physiological homeostasis. However, hyperexcitable neurons and glial activation
after spinal cord injury disrupt the balance of chloride ions, glutamate and GABA
distribution and results in neuronal hyperexcitability and chronic neuropathic pain. Thus,
tight coupling of neuronal-glial and glial-neuronal interactions make major contributions to
the loss of GABAergic inhibitory tone following SCI. Selective pharmacological inhibition
of glial activation or molecular approaches that increase GABA synthesis are possible
therapeutic intervention strategies to alleviate persistent central neuropathic pain in patients
following SCI.

Highlights
* Mammalian SCI models were developed to study CNP after SCI
* SCI produces hypofunction of GABAergic tone
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* SCI directly and indirectly causes glial activation

* Neurons and glial cells control GABA concentrations

* Glial inhibition and increases in GABAergic tone are strategies to alleviate
CNP
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Figure 1.

Attenuation of mechanical allodynia and neuronal hyperexcitability by administration of
GABA. Spinal T13 hemisection injury results in bilateral mechanical allodynia on the
contralateral (A, uninjured side) and the ipsilateral (B, injured side) hindlimbs compared to
preinjury values before spinal hemisection (BH). On post operation day 28 (B i.t, before
intrathecal administration), intrathecal 0.1 (#) and 0.5 (*) ug GABA administration
significantly affects the mechanical allodynia in both hindlimbs compared to before
intrathecal administration (p<0.05). Arrow reflects the time point of intrathecal
administration. (C) displays the typical peri-stimulus histogram of lumbar wide dynamic
range (WDR) dorsal horn neurons produced after GABA administration. After T13
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hemisection, the lumbar WDR dorsal horn neurons show hyperexcitability (compare to
uninjured, before SCI). Topical administration of GABA (arrow, 0.1 pg) significantly
attenuated the hyperexcitability. (D) displays significant changes in evoked activity in the
lumbar WDR dorsal horn neurons among the three different groups (p<0.05). The data
reflect evoked activity at 30 min post injection (modified from Gwak et al., 2008).
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Figure 2.

Diagrams of inter- and intracellular mechanisms for the control of GABA following SCI.
(A) In the normal condition, GABA concentrations are controlled by neuronal and glial
GABA transporters and are dependent on the glutamate-GABA cycle. (B) After spinal cord
injury, activated primary afferent fibers release huge concentration of GABA to prevent
glutamate excitotoxicity. Elevation of extracellular GABA activates GABA transporters on
neurons and activated glial cells. Once GABA is taken up, GABA is converted to glutamate
and glutamine, which serves as a source of glutamate in neurons. This results in high
concentrations of glutamate and GABA. In addition, glutamate and other pain stimulating
agents, such as proinflammatory cytokines, ROS and ATP, released by activated glial cells,
initiate activation of intracellular downstream events and modulate specific gene expression
that result in downregulation of GAD expression. This positive feed forward cycle “GABA-
glutamate-glutamine” contributes to hypofunction of GABA and persistent neuronal
hyperexcitability, and plays a key role as a mechanism for neuropathic pain after SCI.
Abbreviations; EAAs : excitatory amino acids, CREB and Elk : transcriptional factors,
GAD : glutamic acid decarboxylase, GATs : GABA transporters, IL-1 : interleukin-1, IL-6 :
interleukin-6, MAPK : mitogen activated protein kinase, NO : nitric oxide, PGs :
prostaglandins, ROS : reactive oxygen species, SCI : spinal cord injury, TNF : tumor
necrosis factor.
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Figure 3.

GABAergic excitation facilitates pain transmission in the spinal dorsal horn neurons
following SCI. (A) After SCI, primary afferent fibers release excitatory neurotransmitters,
such as glutamate, and initiate activation of glutamate (ionotropic and metabotropic)
receptors. Massive influx of calcium ions trigger intracellular downstream pathways and
contribute to neuronal excitation that results in enhanced pain transmission. (B) After SCI,
upregulated NKCC1 induces influx of CI™ into the cell that results in increased intracellular
CI™. Activation (opened state) of the GABA, receptor facilitates efflux of CI™. Due to the
Cl- gradient, the final net of CI™ is efflux, producing membrane depolarizarion and
enhancing the release of excitatory neurotransmitters, such as glutamate. (C) BDNF,
released by activated microglia after SCI, activates trkB and contributes to the
downregulation of KCC2. Inhibition of CI™ efflux produces increased intracellular CI~
concentrations. However, activation (opened state) of GABAA, receptor facilitates a massive
efflux of CI™ and produces membrane depolarizarion that results in activation of voltage-
dependent cation channels, such as Na* and Ca2* channels. This leads to neuronal
hyperexcitability and neuropathic pain. Abbreviations; Glu : glutamate, iGIUR : ionotropic
glutamate receptor, mGIuR : metabotropic glutamate receptor, BDNF : brain-derived
neurotropic factor, NKCC1 : Na*-K*-CI~ cotransporter 1, KCC2 : K*-CI~ cotransporter 2,
APs : action potentials, TrkB : tyrosine kinase receptor.
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