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Role of Cation-Chloride-Cotransporters (CCC) in Pain and Hyperalgesia
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Abstract: The importance of the GABAergic system in spinal nociceptive processing has long been appreciated but we
have only recently begun to understand how this system is modulated by the regulation of anion gradients. In neuronal
tissues, cation-chloride cotransporters regulate Cl- homeostasis and the activity and/or expression of these transporters has
important implications for the direction and magnitude of anion flow through GABA-A channels. Here we review recent
evidence that two cation-chloride cotransporters, NKCC1 and KCC2 are involved in pain and enhanced nociception. On
the one hand, NKCC1 activity is upregulated in primary afferents following an inflammatory insult and this produces
excessive GABAergic depolarization in primary afferents leading to cross excitation between low and high threshold
afferents. On the other hand, KCC2 expression is reduced in dorsal horn neurons following peripheral nerve injury
resulting in a loss of GABA-/glycinergic inhibitory tone and, in some cases, inverting its action into net excitation.
Pharmacological targeting of these cation chloride cotransporters to restore normal GABA-/glycinergic transmission in
the spinal cord represents an entirely novel approach to the development of analgesics.
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INTRODUCTION

Traditional pharmacological approaches to the treatment
of pain and to the development of new analgesics have
focused on the manipulation of receptor-transmitter targets
through direct action at membrane receptors (such as
opioids) or on the antagonism of enzymes responsible for
transmitter production (such as NSAIDs). This approach has
been successful in many areas but there are still numerous
pain conditions resistant to current pharmacological
treatments. In this paper we review a novel approach to the
development of analgesic procedures based on the
manipulation of anion gradients at the interface of the
peripheral and central nervous systems and in spinal cord
neurons. Intracellular CI- anion gradients in neurons are
largely controlled by cation-chloride cotransporters and these
cotranporters are responsible for setting the reversal potential
for GABA-A and glycine receptor channels as well as other
Cl- channels [1]. The relevance of GABA-/glycinergic
mechanisms in the control of afferent messages in the dorsal
horn of the spinal cord, where the first synaptic contacts in
the pain pathway take place, make cation-chloride
cotransporters a novel target for the manipulation of neural
transmission in the pain pathway. This article will review the
current evidence that cation-chloride cotransporters play a
role in animal models of pain and will present a rationale for
how these molecules could be modified to achieve pain
control in humans.

CATION-CHLORIDE COTRANSPORTERS
NEURONAL CHLORIDE BALANCE

Cation-chloride cotransporters play a number of
physiological roles ranging from ion secretion and fluid
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homeostasis between luminal cavities to volume regulation
in response to osmotic alterations [2-4]. In nervous tissue,
cation-chloride transporters play a key role in modulating
GABA-A and glycine-mediated currents because they are a
dominant mechanism for regulating intracellular CI-
concentrations [1]. Potassium chloride cotransporters
(KCCs) and sodium potassium chloride cotransporters
(NKCCs) comprise the two classes of cation-chloride
transporters and are integrally involved in CI- transport in
neurons. KCCs normally reduce intracellular K+ and CI-
ions while NKCCs increase intracellular Na+, K+ and ClI-
ions. Hence, KCCs and NKCCs have characteristically
opposing effects on the CI- reversal potential for the flow of
anions through GABA-A and other anion channels. Because
these transporters are electroneutral they do not require
energy themselves and are driven by Na+-K+ ATPase pump
gradients. The known KCC and NKCC genes are
summarized in (Table 1). In nervous tissue KCC2 and
NKCC1 are thought to be the major players in maintaining
ClI- balance [1], hence, this review will focus on these two
cotranporters.

NKCC1 and KCC2 are regulated by a number of kinases
which modulate their activity. However, their predominant
influence on neuronal intracellular Cl- levels appears to be
regulated mainly by gene expression (e.g. whether or not the
gene is expressed by a given neuron and to what extent). It is
generally accepted that in early developmental stages GABA
acts primarily as an excitatory neurotransmitter in the brain
[5-7]. This is due, to a large extent, to the developmental
regulation of cation-chloride transporters [8-11]. At early
developmental stages, NKCC1 expression levels are high
and KCC2 levels are low, making NKCC1 the dominant
cation-chloride cotransporter in the brain. Therefore,
intracellular CI- is maintained at a high level and this causes
a membrane depolarization when GABA-A receptors are
activated due to a net outward flow of anions. Eventually
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Table 1

Protein Name Accession # Tissue Distribution KO phenotype Rank Order Potency of Antagonists

NKCC1 NM_001046 kidney, epithelium, CNS, sensory Male infertility, deafness, shaker, bumetanide >> piretanide >
neurons (DRG, TG, olfactory) hypoalgesia furosemide
NKCC2 NM_000338 Kidney specific Renal insufficiency, Barrter
syndrome
KCC1 NM_005072 Ubiquitous No KO mice
KCC2 AF208159 CNS, not DRG, TG CNS hyperexcitability, epileptic piretanide > furosemide » bumetanide
activity

KCC3 AF314956 Ubiquitous Sensorymotor neuropathy
KCC4 NM_006598 Ubiquitous, little in CNS Deafness

NKCC1 expression diminishes, and KCC2 expression
increases, causing a shift in CI- ion gradients leading to a
reduction in the concentration of intracellular CI-. This
results in a reversal of GABA-A receptor mediated currents
which now produce a net inflow of anions and an inward
hyperpolarizing potential [12]. In certain experimental
paradigms, such as peripheral nerve injury (as reviewed
below [13]) or experimentally induced seizure [14], KCC2
expression is decreased leading to a decrease in the
hyperpolarizing GABA-A mediated currents and, in some
cases, its conversion to depolarization leading to net
excitation (Fig. 1). This mechanism, which appears to be
regulated by BDNF in the adult CNS [14-16], has been
proposed as the molecular mechanism of the pathology
associated with the loss of GABAergic inhibition.
Interestingly BDNF appears to act in opposite directions in
the adult vs the immature CNS [14, 16] and this may be due
to a differential coupling of trkB receptors to intracellular
pathways [17]. On the other hand, NKCC1 expression in the
peripheral nervous system (PNS) is maintained throughout
development and into adulthood leading to depolarizing
GABA-A responses in primary sensory neurons throughout
the life of the animal.

PRIMARY AFFERENT DEPOLARIZATION (PAD),
DORSAL ROOT REFLEXES (DRRs) AND GABA

The “Gate Control Theory [18]” of pain mechanisms
proposed that large, myelinated Ab-fibers could antagonize
nociceptive primary afferent inputs to the dorsal horn
through inhibitory mechanisms mediated by interneurons.
The physiological substrate for this mechanism was
proposed to be primary afferent depolarization (PAD). PAD
refers to the commonly observed phenomena that a barrage
of impulses in primary afferents evokes depolarization in
other primary afferent terminals in the spinal cord. Because
PAD shunts the magnitude of incoming action potentials and
decreases excitatory amino acid release, this mechanism has
been proposed to explain the presynaptic inhibition that
occurs in the dorsal spinal cord (for review see [19, 20]).
Importantly, the pharmacological mechanism underlying
PAD appears to be GABA as GABA-A antagonists reverse
PAD [21-25].

It is known that under normal conditions, Ab-fibers
conduct action potentials to the spinal dorsal horn where
glutamate mediates excitation of GABAergic interneurons
[24, 26]. These interneurons, in turn, release GABA which
activates GABA-A receptors on primary afferents nerve
terminals in juxtaposition to these GABAergic interneurons
[27] (Fig. 2). Importantly, both myelinated and un-
myelinated primary afferents make synaptic contacts with
spinal GABAergic interneurons and these interneurons, in
turn, make axo-axonic and dendro-axonic contacts with
primary afferent central terminals [28, 29]. Furthermore,
GABAergic interneurons appear to be presynaptic to un-
myelinated axons in the dorsal horn suggesting that GABA
is involved in presynaptic inhibition of these fibers as well
[30]. Together, these findings indicate that GABAergic
interneurons might constitute the morphological substrate for
PAD.

An important development in theories concerning the
functional significance of PAD was the observation that
primary afferents have the unusual property of maintaining a
high intracellular CI- concentration [31, 32]. Due to this,
activation of GABA-A receptors produces an outward anion
flux, leading to depolarization [31, 33]. This outward anion
current is absent in NKCC1 knockout mice, indicating that
NKCC1 expression is responsible for maintaining GABA-A
reversal potentials (Fig. 1). Depolarizing GABA-A currents
reduce the magnitude of incoming action potentials, leading
to a reduction of neurotransmitter release in the dorsal horn
[20].

As explained above, under normal conditions, an
incoming afferent barrage from Ab-fibers leads to inhibition
of nociceptive afferents through PAD. However, in inflamed
conditions PAD might be enhanced such that it now leads to
excessive depolarization of AY- and C-fibers above their
thresholds for action potential generation (Fig. 1). This
activation, termed dorsal root reflexes (DRRs), could
produce a novel Ab input to the nociceptive channel which it
has been hypothesized to be a potential mechanism for
touch-evoked pain in inflammatory conditions (Fig. 2) [34,
35]. Multiple lines of evidence suggest that the generation of
DRRs is enhanced in inflammatory conditions which
provoke touch-evoked allodynia [24, 36-38]. This process
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Fig. (1). Role of Cation Chloride Cotransporters in regulation of CI” gradients and flux.

Cation-chloride cotransporters are responsible for setting the reversal potential for GABA-A or glycine receptor channels. In adult dorsal
horn neurons, the anion reversal potential is maintained hyperpolarizing due to CI extrusion via KCC2. Trans-synaptic loss of KCC2
expression following peripheral nerve injury causes an intracellular CI" accumulation which inverts the anion flux upon GABA-A or glycine
receptor activation, and thus reverses their action. In primary afferents, GABA-A receptor activation is already depolarizing due to a slightly
depolarizing CI" reversal potential, maintained by the lack of KCC2 expression and by a weak NKCCL1 expression. This depolarization
remains inhibitory by causing Na* channel inactivation and decreasing Ca™ influx upon action potential invasion in the terminal. Following
acute inflammation, upregulation or enhanced activity of NKCC1 causes further accumulation of intracellular CI" which produces an
enhanced GABA-A receptor-mediated depolarization that can trigger action potentials effectively converting presynaptic inhibition into

cross excitation between afferents.

confers the ability to Ab-fibers of stimulating Af- and C-
fiber terminals thus evoking anti and orthodromic action
potential generation in small afferent fibers. Importantly, Lin
et al. [38] have demonstrated that Af- and C-fiber DRRs are
evoked by mechanical stimulation of the hindpaw following
intraplantar injection of capsaicin. In experiments designed
to demonstrate that Ab-fibers can evoke DRRs in C- and AT-
fibers, the sural nerve was stimulated at Ab-fiber strength
and blood flow was measured in the immediately
surrounding area before and after mustard oil- or capsaicin-
induced inflammation [36]. Ab-fiber stimulation led to
increases in blood flow, following capsaicin or mustard oil
application, that were attenuated by dorsal root transection,
sciatic nerve cut and peripheral calcitonin gene-related
peptide (CGRP) receptor antagonism. This finding is
consistent with the hypothesis that Ab-fiber stimulation can
lead to centrally-mediated antidromic action potential
generation in AfY- and C-fibers. Additionally, DRRs
modulate the propagation of signaling of Af- and C-fibers
onto ascending neurons of the outer spinal lamina. This

effect was demonstrated by recordings from neurons in
lamina | of the dorsal horn of anesthetized rats [39]. Prior to
capsaicin or mustard oil application, Ab-fiber stimulation
was incapable of inducing action potential generation in
lamina | neurons. However, following capsaicin or mustard
oil application Ab-fiber stimulation produced lamina |
neuron excitation [39]. This excitation of lamina | neurons
was dose-dependently reversed by topical spinal application
of the GABA-A antagonist bicuculline, indicating that the
alteration in lamina | neuron activity was dependent on
GABAergic mechanisms. Together, these lines of evidence
support the hypothesis that conditions leading to touch-
evoked allodynia involve a GABA-A receptor-dependent
unmasking of low threshold excitatory input to lamina |
neurons and ascending activation of nociceptive pathways.

INVOLVEMENT OF NKCCl1 [IN SENSORY
PROCESSING AND NOCICEPTION

NKCC1 is expressed by both DRG and trigeminal (TG)
neurons as demonstrated by in situ hybridization and
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Fig. (2). Three mechanisms of altered CI" homeostasis that enhance nociception by facilitating low threshold input to nociceptive neurons.
The general diagram on the left illustrates how gating of the nociceptive input at spinal level can affect pain perception at the cortical level.
The enlarged diagram on the right serves to illustrate distinct mechanisms by which low threshold (innocuous) input from large caliber
afferents may be conveyed to nociceptive relay neurons, offering a substrate for touch evoked allodynia. For the sake of simplicity, the green
GABA- and or glycinergic interneuron is represented as a single cell, but different interneuronal pathways may be involved. The numbers
next to the interneuron represent one of the three possible mechanisms:

1) Exaggerated Primary Afferent Depolarization (PAD): Activity in low threshold non-nociceptive afferents activates GABAergic
interneurons (shown in green) that release GABA onto the nociceptive afferent terminals. The activation of GABA-A receptors opens CI
channels and CI" ions flow out, partially depolarizing the membrane of the primary afferents (PAD). Enhanced activity of NKCC1 in the
nociceptive afferent terminal would lead to an increased intracellular CI" concentration, and therefore to a larger GABA-induced
depolarization. This enhanced depolarization can reach firing threshold, producing action potentials in the nociceptive afferent terminal
evoked by impulses in the low threshold afferent.

2) Disinhibition of polysynaptic pathways to nociceptive neurons: Low threshold afferents can excite feed-forward excitatory interneurons
contacting nociceptive projection neurons. Excitability of these neurons can be maintained low by local GABA/glycinergic interneurons.
Decreased KCC2 expression/activity in both the feed-forward and/or the nociceptive projecting neuron can unmask normally subliminal
input to the latter from low threshold afferents.

3) Direct relay of low threshold input to nociceptive neurons via GABA/glycinergic interneuron: Following decreased KCC2
expression/activity in nociceptive projecting neurons input from low threshold afferents that would normally cause inhibition of the relay cell
can now cause a net excitation of this neuron.

immunohistochemistry [32, 40-42]. These results indicate lamina of the dorsal horn and neurons of the ventral grey
that many sensory neurons express NKCC1 but the precise areas [11, 43].
population of NKCC1-expressing neurons have yet to be The first indication that NKCC1 might be involved in the

defined. While depolarizing responses to GABA are : P :
; . pain pathway originated from the demonstration that
generally observed in all DRG or TG neurons this could be NKCC1 knockout mice have deficits in thermal nociceptive

g?: :gciltoefr??ggz ': efgsr:{zsr:qg géj:s;(r) c#;turgrr:g fghz'lqufs thresholds [31]. Subsequently it was shown that NKCC1-KO
Xpression 1 y neu [40, 41]. mice display a decrease in Ab-fiber-mediated touch-evoked

ﬁzztt rzgardr,e SCZAE@"(A:‘O?O??S a;(f’tl.i(fr? digfgrtlltya}og]gsgors.?: allodynia following capsaicin injection into the hindpaw

upp e _compou ction potenti y ! [44]. These results are consistent with the hypothesis that
slowly conducting fibers suggesting a possible heterogeneity N\ ccc1 s involved in alterations in spinal processing
in NKCC1 expression within the ganglion [42]. NKCC2,0n o2 4ing" o Ab-fiber-mediated touch-evoked allodynia. In
the other hand, is not expressed by sensory neurons [1], and 20" quin. bumetanide and furosamide inhibit itch and
has not been detected in neuronal tissue to date. NKCCL1 is flare responses to histamine [45]. Moreover, in the formalin

also expressed in the spinal cord of adult animals; however, 401 "¢ tissie injury induced pain, peripheral bumetanide
its expression appears to be mostly restricted to the inner
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attenuated phase | and Il behavioral responses and
intrathecal delivery attenuated phase Il responses [46]. These
spinal effects were mimicked by piretanide and furosemide
(inhibitors of both NKCCs and KCCs) and the effects of
bumetanide were not blocked by naloxone. A number of
findings have also been reported in abstract form from the
Willis group indicate that bumetanide inhibits neurogenic
inflammation [47] and DRRs [48] evoked by mechanical and
electrical stimulation following capsaicin injection into the
hind paw. Together, these results indicate that NKCC1 is
involved in altered spinal processing in pain states.

REGULATION OF NKCC1 IN PAIN STATES

Neuronal CI- balance is not only maintained by
differential expression of cation-chloride cotransporters but
is altered by the state-dependent transport Kinetics of cation-
chloride cotransporters. Phosphorylation has been pinpointed
as an important regulator of NKCC1-mediated Cl- transport.
NKCC1 is phosphorylated on the intracellular N-terminus of
the protein [49] and phosphorylation leads to an increase in
transport of ions through the cotransporter [50, 51].
Furthermore, NKCC1-dependent Cl- accumulation has been
shown to be upregulated by a number of kinases including
JNK [51], PKCT [52, 53], CamKlla [54] and ERK [52].
NKCC1 activity can be modified by mGIuR and AMPA
agonists and the mGIluR-mediated upregulation of NKCC1
activity is attenuated by CamKlla inhibition [54]. The
afferent barrage associated with central sensitization
increases the activity of multiple kinases in the spinal dorsal
horn [55-58] suggesting that an increase in NKCCL1 activity
may accompany this enhanced afferent discharge and
facilitate the transition of PAD into DRRs in primary
afferent terminals under conditions that generate touch-
evoked allodynia (Figs. 1 and 2). In support of this
hypothesis, intra-colonic capsaicin injection in mice induced
a significant increase in dorsal, spinal phosphorylated
NKCC1 that was rapid (occurred within 10 min of injection)
and transient [59]. Long lasting changes where also observed
in membrane delivery of NKCC1 in the dorsal spinal cord
lasting for at least 180 min after the stimulus and were likely
not dependent on transcriptional alterations [59]. These
results suggest that phosphorylation of NKCC1 might play a
role in the initiation of hyperalgesia whereas trafficking is
involved in maintenance of the hyperalgesic state.
Additionally, they provide a novel therapeutic potential in
that proteins involved in targeting NKCCL1 to the membrane
might be advantageously antagonized in a manner analogous
to the targeting of scaffolding proteins for the NMDA-SRC
complex [60, 61].

There are also indications that NKCC1 expression is
altered in models of persistent inflammation. In a rodent
model of arthritis NKCC1 mRNA expression was unchanged
in ipsilateral DRG while increases were observed in the
spinal dorsal horn [43]. Although the neurons showing an
increase in NKCC1 expression were not identified it is
tempting to speculate that these increases might accompany
KCC2 downregulation in the same neurons, which will
produce a direct GABAergic excitation in projection neurons
(see below). This finding also raises the intriguing possibility
that regulation of NKCC1 activity in primary sensory
neurons might be mediated by kinases or alterations in
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membrane trafficking (as discussed above) whilst increases
in spinal  NKCC1 expression could lead to dual
hyperexcitability of the spinal GABAergic system through
alterations in anion gradients in the neurons of the superficial
layers of the dorsal horn.

NKCC1 AND NON-GABAergic CL- CHANNELS

In olfactory neurons, GPCRs that respond to chemical
stimulation stimulate cAMP accumulation which leads to the
activation of cAMP gated Ca++ channels. This Ca++ influx
then leads to the gating of a Ca++-activated CI- channel.
Because olfactory neurons express NKCC1, activation of
Ca++-gated CI- channels transduces an outward CI- flux
leading to depolarization of the neuron and propagation of
the signal to the brain [62, 63]. The finding that NKCC1
antagonism in the periphery attenuates formalin induced
nociceptive responses [46] and histamine-induced itch and
flare [45] raises the possibility that NKCC1 might be
involved in more than just GABAergic responses in sensory
neurons. Although exogenous GABA leads to depolarization
of DRG fibers in the periphery [64], the source of
endogenous GABA in the periphery is unclear. On the other
hand, inflammatory mediators couple to second messenger
pathways that lead to both Ca++ entry and release of Ca++
from intracellular stores. Since sensory neurons also express
Ca++-activated Cl- channels [65-67] and NKCCL1 is found in
the peripheral axons of sensory neurons [42, 68] this might
provide a mechanism for NKCC1-mediated hyperexcitability
in the periphery (as proposed by [46]).

GABA-A/GLYCINE-MEDIATED
DORSAL HORN NEURONS

While inhibition of central endings of sensory nerves in
the spinal dorsal horn (via PAD) constitutes a first level of
control of input and appears to be largely mediated by
GABA acting on GABA-A receptors, as mentioned above, a
large proportion GABA-A and glycine receptor mediated
inhibition is via a postsynaptic action on dorsal horn neurons
[69-74]. Thus, another important site where modulating the
Cl- reversal potential can have a dramatic impact is on the
postsynaptic action of GABA and glycine on dorsal horn
neurons. Indeed, disinhibition of local dorsal horn circuits
can unmask polysynaptic inputs (normally repressed by local
inhibitory neurons) from low threshold afferents to
nociceptive pathways [75, 76] (Fig. 2). Furthermore, the
conversion of GABA/glycine mediated transmission into net
excitation may, itself, provide a direct excitatory link from
low threshold input to nociceptive neurons (Fig. 2).

A ROLE FOR KCC2 IN NOCICEPTION AND
DEVELOPMENT

As mentioned above, KCC2 expression increases
throughout development leading to conversion of GABA-A /
glycine mediated mechanisms from being net excitatory to
inhibitory [77, 78]. In correlation with this developmental
change, the threshold for nociceptive withdrawal reflexes is
low in neonates and increases with age [79-82]. Because
cutaneous primary afferent properties at birth are similar to
those in adults, it has been suggested that central rather than
peripheral mechanisms are responsible for the post-natal
changes in cutaneous sensory reflexes [83]. A likely

INHIBITION OF
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mechanism is that of disinhibition [84]. It appears however
that the shift in reversal occurs at a different time scale
(~postnatal day 7) than that of the change in nociceptive
threshold (>postnatal day 14) [85]. Yet, it is interesting to
note in this context that quantitative measurements of the CI-
extrusion of the neurons reveal that full extrusion capacity is
only achieved beyond postnatal day 14 in spinal lamina I
[86]. This is functionally relevant because this deficiency in
Cl- extrusion capacity is associated with a greater
susceptibility of the cells to a collapse of the Cl- gradient in
response to Cl- influx through GABA-A or glycine receptor
themselves when activated. This leads to an inversion of the
anion currents during the response to GABA or glycine from
inhibitory to excitatory. This type of mechanism has been
extensively described in other systems and suggested to
underlie conditions of hyperexcitability such as epilepsy
[87]. Thus, beyond changes in CI- reversal potential
affecting the extent and polarity of GABA-A / glycine
receptor-mediated responses, incomplete extrusion capacity
can affect the excitability of the tissue via a facilitated
dynamic switch in CI- flux during GABA [/ glycine
responses.

A ROLE FOR KCC2 IN NEUROPATHIC PAIN

A depolarizing shift in CI- reversal potential has also
recently been shown to occur in the adult spinal dorsal horn
neurons following peripheral nerve injury [13]. This shift
occurred in lamina | neurons, one of the main spinal
nociceptive output pathways, and it was due to a reduction in
KCC2 expression in these cells (Fig. 1). The net effect of a
depolarizing shift in CI- reversal was disinhibition, and, in a
subset of cells, the resulting shift could cause GABAergic
mechanisms to switch to excitatory. Indeed, responses to
applied GABA as well as GABA-A mediated synaptic
potentials could trigger Ca++ influx as well as actions
potentials in lamina | neurons. Local blockade or knock-
down of the spinal KCC2 exporter in intact rats markedly
reduced nociceptive threshold, confirming that the reported
disruption of anion homeostasis in lamina | neurons was
sufficient to cause neuropathic pain. As mentioned above,
two mechanisms can be considered to contribute to this: 1)
disinhibition of polysynaptic A-fiber input to lamina |
neurons as well as 2) conversion of an inhibitory pathway
activated by low-threshold inputs into an excitatory one
(Fig. 2).

Particularly relevant to therapeutics is the question of
whether endogenous factors are involved in the regulation of
anion reversal potentials in dorsal horn neurons. Recent
results are promising in this respect. Indeed, consistent with
findings in the hippocampus, acute BDNF action also caused
a depolarizing shift in anion reversal potential in spinal
lamina I neurons and, inversely, blocking endogenous BDNF
action with a function blocking antibody [88] reversed the
depolarizing shift in anion reversal in animals with
peripheral nerve injury [16]. The latter result showed not
only that it is possible to modulate anion reversal potential in
spinal lamina | neurons, it also shows that the depolarizing
shift in anion reversal is due to an on-going modulatory
mechanism. More recently, it has also been shown that ATP-
stimulated microglia, which have been suggested to underlie
nerve injury-induced allodynia [89] produce a depolarizing
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shift in anion reversal potential in adult neurons [90],
suggesting that the latter may be the biophysical mechanism
by which microglia alter neuronal excitability in these
conditions.

Beyond disinhibition and or net excitation, GABA/glycine-
mediated depolarization may also serve as a gating
mechanism to enable or facilitate other excitatory
mechanisms such as those mediated by voltage sensitive
Ca++ channels (VSCCs) and NMDA receptor/channels [87].
Given that Ca++ influx via these channels is thought to be
critical for the sensitization of spinal neurons [91, 92],
KCC2, and possibly NKCC1, in spinal dorsal horn neurons
may be critical targets to manipulate these forms of
plasticity. Indeed, use of non-competitive NMDA
antagonists [93] have been associated with undesirable side
effects. Because GABA/glycine-mediated depolarization
may be upstream of these mechanisms, this may provide a
more adequate means to control activation of Ca++ influx.

PHARMACOLOGICAL CONSIDERATIONS

The only known specific inhibitor of NKCCs,
bumetanide, is both an NKCC1 and NKCC2 antagonist. This
loop diuretic would undoubtedly cause unwanted side effects
in patients without renal difficulties and this may outweigh
its potential analgesic properties in a clinical setting.
Bumetanide has equal potency at both NKCC1 and NKCC2
(IC50 ~ 100-300nM); however, these measurements are
derived from studies of hypertonically activated (presumably
phosphorylated [51]) NKCC1. NKCC1, at basal activity
levels, has a reduced bumetanide sensitivity (IC50 ~ 3niv
[94]). This finding potentially supports an interesting route
of pharmacological treatment in that specific antagonists for
NKCC1 with enhanced activity at phosphorylated NKCC1
might be feasible. On the other hand, furosemide (NKCC1
IC50 ~ 10nmM) and piretanide (NKCC1 IC50 ~1 M [94])
are only slightly more potent antagonists of KCCs than
NKCCs. Bumetanide and furosemide have similar potencies
at KCCs [1]. Considering that blocking spinal KCC activity
may raise excitability, blockers acting on both classes of
transporters are unlikely to be useful therapeutics for pain.
From another perspective, the pharmacology of many
experiments is potentially muddled by the possibility that
bumetanide also alters GABA-A channel function through a
direct antagonist action [31]. Clearly, the development of
improved NKCC1 antagonists are needed not only for
experimental use but for potential therapeutics as a role for
NKCC1 is emerging not only in the pain pathway but in
neuroprotection following ischemic injury [95, 96].

In the case of KCC2, the fact that it is a loss of
expression that is associated with the neuropathic pain
condition poses a greater challenge for therapeutics.
Potential avenues include positive modulators of the efficacy
of the transporter and/or it expression. The results obtained
with BDNF suggest that targeting intracellular second
messenger systems may be viable avenues for therapeutic
intervention. From a therapeutic stand point, it is also
worthwhile stressing that targeting KCC2 or NKCC1 activity
does not affect neuronal excitability directly, but, in turn,
will modulate the efficacy of endogenous inhibition, similar
to allosteric modulators such as benzodiazepines. Restoring
endogenous inhibition rather than imposing inhibition may
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yield strategies that are more specific to the neuronal nuclei
affected as well as providing safer therapeutic windows (e.g.
comparison between benzodiazepines and barbiturates).

GENERAL CONCLUSIONS AND FUTURE
DIRECTIONS

In this review we presented three general mechanism by
which Cation Chloride Cotransporters may affect neuronal
excitability in the spinal dorsal horn and cause hyperalgesia
and allodynia: 1) cross talk between low and high threshold
afferents via exaggerated PAD due to enhanced NKCC1
expression / activity, 2) disinhibition of low threshold input
via polysynaptic pathways to nociceptive neurons via
decreased KCC2 expression/activity and possibly enhanced
NKCC1 expression/activity and 3) direct relay of low
threshold input to nociceptive neurons via inverted inhibitory
interneuron  pathways  following  decreased KCC2
expression/activity and possibly enhanced NKCC1
expression/activity. These three mechanisms are summarized
in (Fig. 1). Manipulation of anion gradients at these levels
represent entirely novel therapeutic avenues for the treatment
and prevention of chronic pain.

Several issues remain unsolved which will be important
for the design of novel therapeutics targeting cation-chloride
cotransporters. These include: do changes in KCC2 and
NKCC1 expression parallel all phases of the chronic pain
conditions in which they are involved or do they play
transient roles in the etiology of the syndromes? Which
kinases modulate the activity of KCC2 and NKCC1 and are
these kinases under the control of endogenous spinal and
peripheral neuromodulators? Moreover, what directs the
trafficking of KCC2 and NKCC1 to the membrane and
might scaffolding proteins represent unique targets such as
has been suggested for the NMDA-SRC kinase complex?
Finally, what is the role of NKCC1 in the periphery and
might peripheral GABA play a role in inflammatory or nerve
injury induced pain or might other CI- channels, such as
Ca++ activiated CI- channels also be involved.
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