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Background: Reduced K�-Cl� cotransporter-2 (KCC2) function in spinal cords contributes to diminished synaptic inhi-
bition and neuropathic pain development.
Results: Nerve injury causes KCC2 protein breakdown by stimulating glutamate receptors and calcium-dependent calpain
activity in spinal cords.
Conclusion: Increased KCC2 proteolysis diminishes synaptic inhibition to maintain chronic neuropathic pain.
Significance: Understanding mechanisms of diminished synaptic inhibition is essential for improving neuropathic pain
treatments.

Loss of synaptic inhibition by �-aminobutyric acid and gly-
cine due to potassium chloride cotransporter-2 (KCC2) down-
regulation in the spinal cord is a critical mechanism of synaptic
plasticity in neuropathic pain. Here we present novel evidence
that peripheral nerve injury diminishes glycine-mediated inhi-
bition and induces a depolarizing shift in the reversal potential
of glycine-mediated currents (Eglycine) in spinal dorsal horn neu-
rons. Blocking glutamateN-methyl-D-aspartate (NMDA) recep-
tors normalizes synaptic inhibition, Eglycine, and KCC2 by nerve
injury. Strikingly, nerve injury increases calcium-dependent
calpain activity in the spinal cord that in turn causes KCC2
cleavage at the C terminus. Inhibiting calpain blocks KCC2
cleavage induced by nerve injury and NMDA, thereby normal-
izing Eglycine. Furthermore, calpain inhibition or silencing of
�-calpain at the spinal level reduces neuropathic pain. Thus,
nerve injury promotes proteolytic cleavage of KCC2 through
NMDA receptor-calpain activation, resulting in disruption of
chloride homeostasis and diminished synaptic inhibition in the
spinal cord. Targeting calpain may represent a new strategy for
restoring KCC2 levels and tonic synaptic inhibition and for
treating chronic neuropathic pain.

Chronic neuropathic pain, induced by damage to the periph-
eral or central nervous system, is a major clinical problem and
remains difficult to treat. The spinal cord dorsal horn is the first

site of synaptic integration in the pain pathway.Activity-depen-
dent synaptic plasticity at the spinal cord level is fundamentally
important to the development of neuropathic pain (1). The
mechanisms underlying neuropathic pain are complex andmay
include increased excitability of primary afferent nerves (2, 3),
sprouting of primary afferent terminals in the spinal dorsal
horn (4, 5), and increased glutamate-mediated input and
N-methyl-D-aspartate receptor (NMDAR)3 activity in the spi-
nal dorsal horn (6, 7). In addition, nerve injury transforms nor-
mally GABA-mediated synaptic inhibition to excitation of dor-
sal horn neurons, which constitutes another keymechanism for
neuropathic pain (8). However, the reciprocal relationship and
the potential link among the proposed mechanisms for neuro-
pathic pain are still poorly defined.
Activation of GABAA and glycine receptors opens Cl� chan-

nels and normally inhibits mature neurons in the brain and
spinal cord through Cl� influx to hyperpolarize the cell mem-
brane because of low intracellular Cl� concentrations (9, 10). In
spinal dorsal horn neurons, low intracellular Cl� concentration
is maintained by K�-Cl� cotransporter-2 (KCC2) (8), which
extrudes Cl�. Nerve injury reduces the level of KCC2 to cause a
depolarizing shift in the reversal potential of GABA-mediated
currents in dorsal horn neurons (8). Brain-derived neu-
rotrophic factor (BDNF) released fromactivatedmicroglia after
nerve injury can reduce KCC2 function in the spinal cord (11).
However, although acute BDNF treatment induces a transient
reduction in KCC2, BDNF paradoxically up-regulates KCC2 in
spinal cord neurons and corticospinal neurons after nerve tis-
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ates pain hypersensitivity induced by spinal nerve ligation (14),
and overexpression of BDNF at the spinal level reduces neuro-
pathic pain caused by sciatic nerve injury (15). At this time the
mechanisms underlying prolonged KCC2 down-regulation in
the spinal cord after nerve injury remain elusive.
In addition to GABA, glycine is another principal inhibitory

neurotransmitter in the adult spinal cord. Nerve injury causes a
greater reduction in the amplitude of glycine-mediated IPSCs
than that of GABA-mediated IPSCs in the spinal cord (16). The
impact of nerve injury-induced reduction in glycine-mediated
inhibition on the excitability of spinal dorsal horn neurons has
yet to be appreciated. We now show that nerve injury down-
regulates KCC2 and diminishes glycine-mediated inhibition,
thereby causing hyperexcitability of spinal dorsal horn neurons.
We present evidence for a previously undiscoveredmechanism
underlying KCC2 down-regulation and synaptic disinhibition
in the spinal dorsal horn induced by nerve injury; this mecha-
nism involves proteolytic cleavage of KCC2 at the C terminus
through the NMDAR and subsequent calpain activation,
resulting in disruption of Cl� homeostasis and increased excit-
ability of spinal dorsal horn neurons in neuropathic pain.

EXPERIMENTAL PROCEDURES

Animal Model and Implantation of Intrathecal Catheters—
We used male Sprague-Dawley rats (180–200 g; Harlan, Indi-
anapolis, IN) in this study. We used L5 and L6 spinal nerve
ligation as an experimental model of neuropathic pain. In brief,
we induced anesthesia with 2–3% isoflurane and then isolated
the left L5-L6 spinal nerves and ligated them tightly with 5–0
silk suture. Sham animals were used as controls, and they
underwent similar surgical procedures except nerve ligation. In
some experiments we induced neuropathic pain by loose liga-
tion of the sciatic nerve in rats.We isolated the left sciatic nerve
under a surgical microscope and placed four ligatures (1 mm
apart) around the nerve. The ligatures were tied so that the
nerve trunk was only slightly constricted. Final electrophysi-
ological recording and biochemical measurements were done
3–4 weeks after surgery. All of the surgical preparations and
experimental protocols were approved by the Animal Care and
Use Committee of the University of Texas MD Anderson Can-
cer Center and conformed to the National Institutes of Health
guidelines for the ethical use of animals.
We implanted intrathecal catheters in spinal nerve ligation

(SNL) rats during isoflurane-induced anesthesia 2–3 weeks
after surgery. Briefly, each animal was placed prone on a stereo-
taxic frame and a small incision was made at the back of the
animal’s neck. Then, a small puncture was made in the atlanto-
occipitalmembrane of the cisternamagna, and aPE-10 catheter
(8 cm) was inserted such that the caudal tip reached the lumbar
enlargement of the spinal cord (17). We then exteriorized the
rostral end of the catheter and closed the wound with sutures.
We allowed the animals to recover for at least 5 days before
intrathecal injections. Animals displaying signs of motor or
neurological dysfunction were excluded from the study. Drugs
and chitosan-siRNAs were injected intrathecally in a volume of
10 �l followed by a 10-�l flush with normal saline.

Spinal Cord Slice Preparation and Electrophysiological
Recordings—Lumbar spinal cord slices at the L5-L6 level were
prepared from adult rats as we described previously (18, 19).
We removed the lumbar spinal cord through laminectomy dur-
ing isoflurane-induced anesthesia. We sliced the spinal cord
(400�m) using vibratome and continually superfused the slices
with artificial cerebrospinal fluid containing 117.0 mM NaCl,
3.6 mM KCl, 1.2 mM MgCl2, 2.5 mM CaCl2, 1.2 mM NaH2PO4,
11.0 mM glucose, and 25.0 mMNaHCO3 (bubbled with 95%O2,
5%CO2). Because lamina II outer neurons preferentially receive
nociceptive afferent input (5, 19, 20), only neurons in the lamina
II outer zone of the spinal cord were recorded. We obtained all
perforated voltage-clamp recordings at 34 °C using glass
pipettes filled with a solution containing 140 mM CsCl, 5 mM

EGTA, 10 mM HEPES, pH 7.4, and 50 �g ml�1 gramicidin D
(21). Gramicidin D was first dissolved in dimethylsulfoxide
(DMSO) in a stock solution of 50 mg ml�1 before being added
to the above pipette solution. Focal electrical stimulation (�50
�m away from the recorded neuron) was used to evoke glycin-
ergic IPSCs in the presence of 10 �M 6-cyano-7-nitroquinoxa-
line-2,3-dione (a specific AMPA receptor antagonist), 10 �M

bicuculline (a selectiveGABAA receptor antagonist), and 50�M

AP-5 (a specific NMDAR antagonist), which were bath-applied
during the recording period (�6 min). A list of drugs used and
their intended targets is provided in supplemental Table 1.

Neurons were voltage-clamped at �60 mV, and glycinergic
IPSCs were recorded at different membrane potentials from
�90 to �20 mV using 20-mV steps. The Eglycine was deter-
mined by using linear regression to calculate a best-fit line for
the voltage dependence of glycine-mediated currents. The
intercept of the current-voltage line with the abscissa was taken
as Eglycine. In some experiments, glycine (300 �M) was directly
applied to lamina II neurons using a puff pipette, and themem-
brane voltage responses were measured and quantified. Excit-
atory postsynaptic potentials (EPSPs) were recorded in the cell-
attached mode using a pipette solution containing 0.9% NaCl
under the current-clamp condition without using any gluta-
mate, GABA, or glycine receptor antagonists. EPSPs were
evoked by electrical stimulation (0.2 ms, 0.6 mA, and 0.1 Hz)
through a bipolar stimulating electrode placed on the dorsal
root. Data acquisition and analysis of postsynaptic currents and
potentials were done as described previously (18, 19).
Western Blot Analysis—To determine the total protein levels

in the dorsal spinal cord tissues, rats were anesthetized with
sodium pentobarbital (60 mg/kg, intraperitoneally) and then
decapitated. The L5-L6 spinal dorsal quadrants were dissected
and homogenized in ice-cold buffer containing 20mMTris, pH
7.6, 0.5% Nonidet P-40, 250 mM NaCl, 3 mM EDTA, 3 mM

EGTA, 2 mM DTT, and cocktails of protease and phosphatase
inhibitors (Sigma). The homogenate was centrifuged at
12,000� g for 10min at 4 ºC.We collected the supernatant and
measured the protein concentration with use of the Lowry pro-
tein assay. For immunoblots, 30 �g of lysates were separated by
15% sodium dodecyl sulfate-polyacrylamide gel (SDS-PAGE)
and transferred to a polyvinylidene fluoride (PVDF)membrane.
We then probed the blots using anti-KCC2 (N terminus,
19419-R, Santa Cruz Biotechnology, Santa Cruz, CA), anti-
NKCC1 (T4, Developmental Studies Hybridoma Bank at the
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University of Iowa), anti-�-actin (4967, Cell Signaling Tech-
nology, Beverly, MA), anti-GAPDH (MAB374, Millipore,
Temecula, CA), anti-�-calpain (2556, Cell Signaling Technol-
ogy), anti-m-calpain (AB81023,Millipore), or anti-�II-spectrin
(MAB1622, Millipore) antibodies. Immunoblots were devel-
oped with an enhanced chemiluminescence kit. The amounts
of target proteins were quantified by normalizing the optical
density of the protein bands to that of GAPDHor�-actin in the
same samples.
To measure KCC2 protein levels in the plasma membrane

and “crude” cytoplasmic fractions, subcellular fractionations
were carried out according to the procedures described previ-
ously (22, 23). The L5-L6 spinal dorsal quadrants were homog-
enized in ice-cold buffer containing 10 mM Tris (pH 7.5), 1 mM

EDTA, 1 mM EGTA, 1 mM Na3VO4, 0.32 M sucrose, and cock-
tails of protease and phosphatase inhibitors. Homogenate was
centrifuged at 1,000� g for 10min at 4 ºC to remove nuclei and
large debris. The supernatant was then centrifuged at 25,000 �
g for 30 min at 4 ºC to separate the plasma membrane fraction
(the pellet) and cytoplasmic fraction (the supernatant). The pel-
let was resuspended in lysis buffer containing 20 mM Tris, pH
7.6, 0.5% Nonidet P-40, 250 mM NaCl, 3 mM EDTA, 3 mM

EGTA, 2mM dithiothreitol, and cocktails of protease and phos-
phatase inhibitors and sonicated for 5 s at 4 ºC. Equal amounts
of proteins in each sample were separated by 12% SDS-PAGE
and transferred to a PVDF membrane. The blots were then
probed with anti-KCC2C terminus (07-432,Millipore) or anti-
KCC2 N terminus (19419-R, KCC2b; Santa Cruz Biotechnol-
ogy) antibody. GAPDHwas used as a loading control because it
is not only a cytosolic protein but is also present on the plasma
membrane (24, 25). To determine whether the fractionation
method of the spinal cord tissues employed in our study can
effectively separate the proteins present in the plasma mem-
brane and cytosolic fractions, equal amounts of proteins in the
total tissue lysate, plasma membrane fraction, and cytosolic
fraction from the dorsal spinal cord tissues were subjected to
8%SDS-PAGE and transferred to a PVDFmembrane. The blots
were then probed with anti-N-cadherin (4061, Cell Signaling)
and anti-fragile X mental retardation protein (FMRP) (4524,
Cell Signaling) antibodies. N-cadherin is a well known mem-
brane protein marker, whereas fragile X mental retardation
protein is an intracellular protein in neural tissues (26, 27).
Quantitative PCR Analysis—Total RNA was purified with

the TRIzol reagent (Invitrogen). cDNA was synthesized from 1
�g of total RNA with use of the reverse transcription system
(Promega, San Luis Obispo, CA) and oligo-dT primers. The
cDNA was subjected to PCR amplification, detected with S18
rRNA primers (forward, 5�-AGAGGGCTGGGGAGCTC-
ACG-3�; reverse, 5�-GCTCCAGGTCCTCACGCAGC-3�),
KCC2 (forward, 5�-CGGATCTTCACCGTGGCGCA-3�;
reverse, 5�-CGGAGCCGAGTGTTGGCTGG-3�), �-calpain
(forward, 5�-CTCCGGGGCAGGAGTAGGCA-3�; reverse, 5�-
AACTGGCTGTGGGGCTCCCA-3�); m-calpain (forward, 5�-
CTCCGGGGCAGGAGTAGGCA-3�; reverse, 5�-AACTGGC-
TGTGGGGCTCCCA-3�). Real-time PCR was performed on
the iQ5PCR systemby using SYBRGreenPCRcore reagents kit
(Bio-Rad). All samples were run in triplicate using an annealing
temperature of 60 ºC. We confirmed the specificity of the PCR

products by using melting curve analysis and agarose gel elec-
trophoresis. The Ct value of each gene was normalized by using
that of S18 rRNA, and the relative mRNA level of the target
gene was quantified by using the comparative 2��CT method.
Small Interfering RNA (siRNA) Incorporated into Chitosan

Nanoparticles—An efficient method of delivering siRNA to the
spinal cord is by using chitosan nanoparticles (28). Briefly, chi-
tosan (Sigma) was dissolved in 1% acetate buffer and was
adjusted to pH 4.6 with 10 N NaOH. Sodium tripolyphosphate
solution (0.25%, w/v) containing the siRNA (70 �g/ml) was
added to the chitosan solution (5 mg/ml) with fast stirring.
After 30 min, the mixture was centrifuged at 9000 � g for
another 30 min at 4 ºC. The pellet was then diluted with sterile
RNase-free water to obtain the final concentration of 1 �g/�l
chitosan-siRNA nanoparticles. To knock down rat �-calpain
expression, we designed and selected two �-calpain-specific
siRNA (Integrated DNATechnologies, Coralville, IA). The two
antisense sequences for the �-calpain were as follows: GGAA-
CTGGGTCCCAATTCCTT (#1) andTGGGTAGATGTGGT-
TGTGGATGATT (#2). A scrambled sequence (GGACCAGC-
CGAGATCTTCTTT) was selected as a mismatch control
siRNA.
Behavioral Assessments of Nociception—To detect tactile

allodynia, we applied von Frey filaments to the left hind paw
(ipsilateral to SNL) of rats. Rats were individually placed in sus-
pended chambers on a mesh floor. After an acclimation period
for 30 min, a series of calibrated von Frey filaments (Stoelting,
Wood Dale, IL) was applied perpendicularly to the plantar sur-
face of both hind pawswith sufficient force to bend the filament
for 6 s. Brisk withdrawal or paw flinching was considered as a
positive response. In the absence of a response, the filament of
the next greater force was applied. After a response, the fila-
ment of the next lower force was applied. The tactile stimulus
producing a 50% likelihood of withdrawal response was calcu-
lated by using the “up-down” method (29).
To quantify the mechanical nociceptive threshold, we con-

ducted the paw pressure test on the left hind paw by using the
Ugo Basil Analgesimeter (Varese, Italy). To activate the device,
a foot pedal was pressed which activated a motor that applied a
constantly increasing force on a linear scale. When the animal
displayed pain by eitherwithdrawing of the pawor vocalization,
the pedal was immediately released, and the animal’s nocicep-
tive threshold was read on the scale. A maximum of 400 g was
used as a cutoff to avoid potential tissue injury to the animals
(17).
Data Analysis—We used Student’s t test to compare two

groups and one-way analysis of variance to compare more than
two groups. We used corresponding nonparametric analysis
(i.e.Mann-Whitney or Kruskal-Wallis test) when data were not
normally distributed. The level of significance was set at p �
0.05, and all error bars represent S.E. Single, double, and triple
asterisks denote statistical significance at the 0.05, 0.01, and
0.001, respectively.

RESULTS

Nerve Injury Switches Glycine-mediated Synaptic Inhibition
to Excitation in the Spinal Dorsal Horn—GABAA receptor-me-
diated inhibitory input to spinal lamina I neurons becomes
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excitatory after sciatic nerve injury (8).We used L5 and L6 SNL
in adult rats, a commonly used neuropathic pain model (30), to
determine whether the loss of synaptic inhibition occurs to gly-
cine-mediated input to spinal lamina II neurons, which also
receive nociceptive input (4, 5, 19, 31). We confirmed the pres-
ence of mechanical hyperalgesia and tactile allodynia in the
hind paw of rats 2 weeks after SNL. SNL caused a large reduc-
tion in the paw withdrawal threshold in response to the pres-
sure stimulus (pre-injury, 120.37 � 2.71 g; SNL, 77.41 � 2.02 g;
n 	 26, p � 0.01) and von Frey filaments (pre-injury, 22.16 �
1.16 g; SNL, 2.03 � 0.02 g; n 	 26, p � 0.01). Using Cl�-imper-
meable gramicidin-perforated patch-clamp recordings (21) in
adult spinal cord slices, we first examined the effects of the
glycine receptor antagonist strychnine on neuronal excitability.
Before strychnine application, electrical stimulation of the dor-
sal root evoked only excitatory postsynaptic potentials (EPSPs)
without triggering action potentials. During strychnine (2 �M)
application, dorsal root stimulation consistently increased
EPSPs and triggered action potentials of neurons in sham con-
trol rats (n 	 6; Fig. 1a). However, blocking glycine receptors
with strychnine had no further effect on the EPSP-spiking
activity of neurons already potentiated by SNL (n 	 6; Fig. 1a).
The resting membrane potential of neurons did not differ sig-
nificantly between sham control and SNL rats (n 	 15 in each
group, Fig. 1b).
We then carried out tight-seal cell-attached recordings and

assessed the effects of glycine on lamina II neurons with spon-
taneous firing activity. Bath application of 1 mM glycine rapidly
inhibited the firing activity of neurons from 3.18 � 0.45 to
0.14 � 0.02 Hz (n 	 6, p � 0.01) in sham rats but paradoxically
increased the firing activity of neurons from 3.98 � 0.37 to
7.81 � 0.57 Hz in SNL rats (n 	 6, p � 0.01; Fig. 1c). In the
presence of 50 �M DL-2-amino-5-phosphonovaleric acid (AP-
5), a specific NMDAR antagonist, glycine application still
increased the firing activity of these neurons in SNL rats, thus
ruling out the possibility that glycine activates NMDARs via
their glycine binding site. Furthermore, puff application of 300
�M glycine hyperpolarized the membrane potential of all 15
dorsal horn neurons tested in sham rats. However, puff glycine
application produced only a small hyperpolarization or para-
doxically depolarized the membrane potential of dorsal horn

FIGURE 1. Nerve injury causes diminished glycine-mediated synaptic
inhibition, a depolarizing shift in Eglycine of lamina II neurons, and KCC2
down-regulation in the spinal cord. a, perforated recordings show

EPSP-spike activity of lamina II neurons evoked by electrical stimulation of the
dorsal root in sham control (top) and SNL (bottom) rats before and during bath
application of 2 �M strychnine. Responses evoked by three consecutive stim-
ulations (at 15-s intervals) were superimposed. b, mean resting membrane
potentials of lamina II neurons in sham control (n 	 15) and SNL (n 	 15) rats
(p 	 0.92, Mann-Whitney test) are shown. c, cell-attached recordings show
the spontaneous firing activity of lamina II neurons from sham control (top)
and SNL (bottom) rats before and during bath application of 1 mM glycine. d,
perforated recordings (left) and mean membrane potential changes (right)
induced by puff application of 300 �M glycine to lamina II neurons in sham
control (n 	 15) and SNL (n 	 12) rats are shown. The downward arrows
indicate the time of puff glycine application. e, I-V plots show glycine-medi-
ated IPSCs (left) and mean changes in Eglycine (right) in lamina II neurons from
sham control (n 	 10) and SNL (n 	 8) rats. Inset, original traces of glycine-
mediated IPSCs recorded using perforated patch-clamp at different holding
potentials (VH) from �90 to �30 mV at 20-mV steps. f, I-V plots show glycine-
mediated IPSCs (left) and changes in Eglycine (right) in lamina II neurons (n 	 6)
of control rats before and during bath application of 200 �M furosemide. g, I-V
plots show Eglycine of lamina II neurons in spinal cord slices of SNL rats treated
with furosemide (n 	 6) or vehicle (n 	 7). VH, holding potential. **, p � 0.01;
***, p � 0.001, Mann-Whitney test. Error bars represent S.E.
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neurons in SNL rats (n 	 12, p � 0.01; Fig. 1d). These results
indicate that glycine-mediated synaptic inhibition is lost and
becomes excitatory in the spinal dorsal horn after nerve injury.
Nerve Injury Leads to theDepolarizing Shift in Eglycine through

Down-regulation of KCC2—We next tested whether a depolar-
izing shift in the reversal potential of glycine-mediated currents
(Eglycine) would explain the loss of synaptic inhibition in the
spinal dorsal horn after nerve injury. We first used gramicidin-
perforated patch-clamp recordings to determine SNL-induced
changes in Eglycine of lamina II neurons. Glycine receptor-me-
diated IPSCs were evoked by focal stimulation through an elec-
trode placed adjacent to the recorded neuron. Eglycine of neu-
rons was depolarized by �25 mV in SNL rats compared with
sham control rats (SNL,�44.3� 2.7mV, n	 8; sham,�69.6�
1.1 mV, n 	 10; p � 0.001, Fig. 1e).

To determine the contribution of KCC2 to nerve injury-in-
duced depolarizing shift in Eglycine, we bath applied an inhibitor
of KCC2, furosemide (200 �M, 20 min), to spinal cord slices
taken from sham and SNL rats. Furosemide caused a depolar-
izing shift in Eglycine of lamina II neurons (control, �67.8 � 2.1
mV; furosemide, �42.7 � 2.6 mV; n 	 6, p � 0.001; Fig. 1f) in
sham rats. However, furosemide had no significant effect on
Eglycine of neurons recorded from SNL rats (supplemental Fig.
1a). Furosemide at high concentrations may inhibit NKCC1
present in the spinal cord. We confirmed that bath application
of bumetanide (20 �M, 20 min) at a concentration that selec-
tively inhibits NKCC1 had no effect on Eglycine of neurons from
sham rats (control, �67.8 � 2.1 mV; bumetanide, �67.2 � 2.6
mV; n 	 6, p 
 0.05).

To examine whether the protein level of KCC2 in the spinal
cord is decreased in SNL rats, we analyzed the total protein level
of KCC2 in the dorsal spinal quadrants using immunoblotting.
The KCC2 protein band (140 kDa) in the dorsal spinal cord
ipsilateral to SNL was significantly reduced (�32% of control
level) 4 weeks after SNL (Fig. 2a, p � 0.01). Both monomer and
dimer forms of KCC2 in dorsal spinal cords were detected by
using 6% polyacrylamide gel, and the dimer form of KCC2 pro-
teins in the dorsal spinal cord was also diminished in SNL rats
(Fig. 2b). However, the mRNA level of KCC2 in the spinal cord
was not significantly changed by SNL (Fig. 2c). Sham operation
had no effect on the KCC2 protein level in the spinal cord (Fig.
2d). Moreover, the protein level of NKCC1 and its subcellular
distributionwere not significantly affected by SNL (supplemen-
tal Fig. 1). Together, these data suggest that nerve injury causes
the depolarizing shift in Eglycine of spinal dorsal horn neurons
through down-regulation of KCC2.
NMDARs Contribute to Diminished Synaptic Inhibition and

KCC2 Down-regulation in the Spinal Cord by Nerve Injury—
NMDARs in the spinal cord play a pivotal role in nerve injury-
induced chronic pain. Glutamate-mediated synaptic input and
NMDAR activity of lamina II neurons are increased in spinal
cords of SNL rats (32, 33). We determined whether increased
NMDAR activity contributes to synaptic disinhibition and the
shift in Eglycine of lamina II neurons caused by nerve injury. In
spinal cord slices taken from SNL rats, incubation with AP-5
(50 �M, 3 h) reduced the neuronal excitability to the control
level and restored the excitatory effect of strychnine (n	 7; Fig.

3a). Also,AP-5 treatment normalizedEglycine of neurons in SNL
rats (�67.2 � 1.9 mV, n 	 7; Fig. 3b).
We next examined the effect of NMDAR stimulation on the

excitability of lamina II neurons from sham control rats. In
spinal cord slices treated with NMDA (30 �M, 2.5–3 h), dorsal
root stimulation evoked EPSPs and triggered spike activity of
neurons. Moreover, strychnine no longer had any stimulatory
effect on the spike activity of these neurons (n 	 5, Fig. 3a). In
addition, NMDA treatment caused a depolarizing shift in
Eglycine of neurons from control rats (�43.1 � 3.1 mV; n 	 7,
p � 0.05, Fig. 3b) similar to that seen in SNL rats. However, in
the presence of the membrane-permeable Ca2� chelator

FIGURE 2. Nerve injury reduces the monomer and dimer KCC2 protein
levels, but not KCC2 mRNA levels, in the dorsal spinal cord. a, Western
blots (left) and quantification (right) of KCC2 (�140 kDa) in the dorsal spinal
cord ipsilateral (Ipsi) and contralateral (Cont) to SNL (n 	 8) are shown.
b, Western blots (left) and quantification (right) of protein levels of the mon-
omer and dimer KCC2 in the dorsal spinal cord ipsilateral (Ipsi) and contralat-
eral (Cont) to SNL (n 	 6) are shown. The tissue sample was subjected to 6%
polyacrylamide gel, and the KCC2 protein level was normalized to that of
GAPDH in the same sample. c, nerve injury does not change the KCC2 mRNA
level in the spinal cord. The histogram shows quantification of KCC2 mRNA
levels in the dorsal spinal cord ipsilateral (Ipsi) and contralateral (Cont) to SNL
4 weeks after SNL (p 	 0.39, Mann-Whitney test). The KCC2 mRNA level was
normalized by that of S18 rRNA (n 	 6). d, shown are Western blots (inset) and
quantification of KCC2 levels in the dorsal spinal cord from control and sham-
operated rats (n 	 6 in each group). * p � 0.05, ** p � 0.01, Mann-Whitney
test. Error bars represent S.E.
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BAPTA-AM (50 �M), NMDA treatment failed to shift Eglycine
(�69.2 � 2.2 mV; n 	 6, p 
 0.05, Fig. 3b).
To determine whether NMDARs contribute to down-regu-

lation of KCC2 in the spinal cord by nerve injury, we treated
SNL rats with intrathecal injection of AP-5 (10 �g, twice a day
for 3 consecutive days) or vehicle 4 weeks after surgery. AP-5
reversed tactile allodynia (supplemental Fig. 2, a and b) and
prevented the decrease in the total protein level of KCC2 in the
dorsal spinal cord ipsilateral to SNL (Fig. 3c). In addition, AP-5
treatment blocked the depolarizing shift in the reversal poten-
tial of GABA-mediated currents in dorsal horn neurons from
SNL rats (supplemental Fig. 2c). These results suggest that
nerve injury reduces KCC2 protein levels and synaptic inhibi-

tion in the spinal cord through activation of NMDARs and sub-
sequent Ca2� influx.
Nerve Injury Induces Proteolysis of KCC2 at the C Terminus

through NMDAR Activation—The KCC2 protein is present in
both the plasma membrane and cytoplasmic fractions (12, 34).
To determine whether nerve injury alters the subcellular distri-
bution of KCC2 in the spinal cord, we analyzed the protein level
of KCC2 in the plasmamembrane and cytosolic fractions in the
dorsal spinal cords of SNL rats. The protein level of KCC2 in the
plasma membrane fraction was significantly reduced in
the ipsilateral side compared with the contralateral side (Fig. 4,
a and b). Strikingly, an�20-kDa fragment band appeared in the
cytosolic, but not the plasma membrane, fraction of spinal tis-
sues ipsilateral to SNLwhen an antibody against theC terminus
of KCC2 was used (n 	 8, Fig. 4a). Moreover, we detected an
�120-kDa fragment band in the cytosolic, but not the plasma
membrane, fraction in the tissues ipsilateral to SNL using an
antibody against the N terminus of KCC2 (n 	 8, Fig. 4a). The
molecular mass of intact KCC2 is 140 kDa, which equals to the

FIGURE 3. Nerve injury diminishes synaptic inhibition and the depolariz-
ing shift in Eglycine of lamina II neurons through NMDAR activation. a, per-
forated recordings show the effects of bath application of 2 �M strychnine on
EPSP-spike activity of lamina II neurons evoked by dorsal root stimulation in
slices taken from control rats incubated with NMDA (30 �M, 2.5–3 h) or in
slices taken from SNL rats incubated with AP-5 (50 �M, 3 h). b, I-V plots show
changes in Eglycine of lamina II neurons from slices of control rats incubated
with NMDA alone (n 	 7) or NMDA plus BAPTA-AM (50 �M, n 	 6) and from
slices taken from SNL rats incubated with AP-5 (n 	 7). VH, holding potential.
c) shown are Western blots (left) and quantification (right) of KCC2 protein
(�140 kDa) amounts in the dorsal spinal cords ipsilateral (Ipsi) and contralat-
eral (Cont) to SNL in rats treated with intrathecal administration of AP-5 (n 	
7) or vehicle (saline, n 	 8). KCC2 was detected by using KCC2 N terminus
antibody. * p � 0.05, Kruskal-Wallis test. Error bars represent S.E.

FIGURE 4. Nerve injury induces truncation of KCC2 at the C terminus in
the spinal cord through NMDAR activation. a, shown are Western blots of
KCC2 proteins in the plasma membrane and cytosolic fractions of dorsal spi-
nal cord in ipsilateral (Ipsi) and contralateral (Cont) to SNL detected with the
KCC2 C terminus (top) and N terminus (middle) antibodies. GAPDH (bottom)
was used as a loading control. Note that the C-terminal (�20 kDa, CT) and
N-terminal (�120 kDa, NT) fragments of KCC2 were detected in the cytosolic
fraction. b, shown are Western blots (left) and quantification (right) of the
amount and fragment (�120 kDa) of KCC2 in dorsal spinal cords ipsilateral
(Ipsi) and contralateral (Cont) to SNL in rats treated with intrathecal adminis-
tration of AP-5 (n 	 7 rats) or vehicle (saline, n 	 8 rats). *, p � 0.05, Kruskal-
Wallis test. Error bars represent S.E.
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combined molecular weights of two fragment bands detected
by N- and C-terminal KCC2 antibodies.
Sciatic nerve constriction injury, another commonly used rat

model of neuropathic pain, also significantly reduced the KCC2
level in the plasmamembrane and induced KCC2 truncation in
the cytosolic fraction of dorsal spinal cords (supplemental Fig.
3a). We confirmed that the fractionation method can effec-
tively separate the proteins present in the plasma membrane
and cytosolic fractions of the spinal cord tissues (supplemental
Fig. 3b). Thus, KCC2 in the spinal cord is cleaved at a single site
in the C terminus after peripheral nerve injury.
We subsequently determined whether increased NMDAR

activity plays a role in the breakdownofKCC2 in the spinal cord
by nerve injury. In spinal cord slices taken from SNL rats, incu-
bation with AP-5 (50 �M, 3 h) prevented the truncation of
KCC2 and reversed the decrease in the protein level of KCC2on
the plasma membrane (Fig. 4b). These data indicate that
peripheral nerve injury causes proteolytic cleavage of KCC2
through NMDAR activation at the spinal level.
Nerve Injury Increases CalpainActivity Leading toKCC2Pro-

teolysis and Synaptic Disinhibition in the Spinal Cord—How
does peripheral nerve injury cause proteolysis of KCC2 at the
spinal cord level? Calpains are Ca2�-dependent neutral pro-
teases that determine the fate of proteins through regulated
proteolytic activity (35, 36). Because NMDAR activation is
involved in KCC2 proteolysis after nerve injury, we hypothe-
sized that nerve injury increases calpain activity through
NMDAR activation, which cleaves KCC2 and diminishes syn-
aptic inhibition in the spinal cord. Both �- and m-calpain are
widely expressed in the central nervous system (36). We first
measured the protein level of �- and m-calpain in the spinal
cord of SNL rats using immunoblotting. The protein level of
�-calpain, but not m-calpain, was significantly increased in the
spinal tissues ipsilateral to SNL compared with that in the con-
tralateral side (n 	 6, p � 0.01; Fig. 5a).
Spectrin is highly sensitive to proteolysis by calpain, and the

stable �II-spectrin breakdown product (150 kDa) is commonly
used as an immunological assay for calpain activation (37). We
thus analyzed the protein level of the �II-spectrin breakdown
product, which was significantly greater in the dorsal spinal
cord at the ipsilateral than at the contralateral side of SNL (n 	
6, p � 0.01; Fig. 5b). This increase was abolished by intrathecal
treatment with AP-5 (10 �g, twice a day for three consecutive
days) in SNL rats (Fig. 5b). Moreover, intrathecal treatment
with calpeptin (100 �g, twice a day for 3 consecutive days), a
specific cell-permeable calpain inhibitor (38), also completely
blocked the increase in the protein level of �II-spectrin break-
down product in the spinal cord of SNL rats (Fig. 5b). These
data indicate that nerve injury increases calpain activity in the
spinal cord through NMDAR activation.
We next investigated whether increased calpain activity con-

tributes to diminished synaptic inhibition and KCC2 cleavage
by nerve injury and NMDAR stimulation. Incubation of the
spinal cord slices of SNL rats with calpeptin (30 �M, 3 h) nor-
malized the excitability of lamina II neurons to the control level
and restored the excitatory effect of strychnine on EPSP-spik-
ing activity evoked by dorsal root stimulation (n 	 7, Fig. 6a).
Calpeptin treatment also normalized Eglycine of neurons from

SNL rats (�69.8 � 3.8 mV, n 	 7, Fig. 6b) to the sham control
level.Moreover, NMDA treatment failed to shift Eglycine of neu-
rons from control rats in the presence of calpeptin (�70.4� 2.1
mV, n 	 6, Fig. 6b). AP-5 abolished the effect of NMDA on
KCC2 cleavage and the reduction in plasma membrane KCC2
protein levels in the dorsal spinal cords (Fig. 6c). In addition,
intrathecal treatment with calpeptin also abolished KCC2
cleavage and normalized the total and plasma membrane pro-
tein levels of KCC2 in the spinal cord of SNL rats (Fig. 6, d and
e). These results collectively indicate that nerve injury leads to
proteolytic cleavage of KCC2 and synaptic disinhibition
through NMDAR-calpain activation in the spinal cord.
Increased Calpain Activity in the Spinal Cord Contributes to

Pain Hypersensitivity Induced by Nerve Injury—To determine
the contribution of spinal calpain to themaintenance of neuro-
pathic pain, we examined the effects of calpeptin on pain hyper-
sensitivity 4 weeks after SNL. Intrathecal administration of cal-
peptin (100 �g, twice a day for 3 consecutive days), not vehicle,
significantly increased the tactile and nociceptive withdrawal
thresholds in a time-dependent manner (Fig. 7a). Its effect
lasted for another day after the last injection. Also, a single
intrathecal calpeptin (100 �g) injection gradually and signifi-
cantly increased tactile threshold, an effect lasting for more
than 4 h (supplemental Fig. 4). However, intrathecal co-treat-
ment with calpeptin and furosemide failed to significantly
reverse the pain hypersensitivity in SNL rats (Fig. 7a).
Because nerve injury preferentially increased �-calpain, but

not m-calpain, protein levels in the spinal cord, we next used
�-calpain-specific siRNA to determine the contribution of spi-
nal �-calpain to pain hypersensitivity in SNL rats.We designed

FIGURE 5. Nerve injury increases calpain activity in the spinal cord
through NMDAR activation. a, shown are Western blots (left) and quantifi-
cation (right) of �-calpain (80 kDa) and m-calpain (80 kDa) protein amounts in
the dorsal spinal cords ipsilateral (Ipsi) and contralateral (Cont) to SNL (n 	 6 in
each group). b, shown are immunoblots (left) and quantification (right) of the
�II-spectrin breakdown product (spectrin BD, 150 kDa) in the dorsal spinal
cord ipsilateral (Ipsi) and contralateral (Cont) to SNL of rats treated with
intrathecal injection of vehicle (saline), AP-5, or calpeptin (n 	 6 in each group.
*, p � 0.05; **, p � 0.01, Kruskal-Wallis test with Dunn’s post test. Error bars
represent S.E.
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and selected two specific siRNA sequences targeting the �-cal-
pain and conjugated them to chitosannanoparticles for intrath-
ecal administration. We have shown that this approach effec-

tively knocks down specific targets in the spinal cord (28).
Quantitative PCR analysis revealed that the mRNA level of
�-calpain, but not of m-calpain, in the dorsal spinal cord was
significantly greater in the ipsilateral than in the contralateral
side of SNL (Fig. 7b). Intrathecal injection of either �-calpain-
specific siRNA (5 �g/day for 3 consecutive days) in SNL rats
caused a large reduction in the mRNA level of �-calpain, but
not of m-calpain, in the dorsal spinal cord (Fig. 7b). Further-
more, treatment with each �-calpain-specific siRNA reduced
the �-calpain protein level by�50% in the dorsal spinal cord of
SNL rats (Fig. 7c). Intrathecal injection of either �-calpain-spe-
cific siRNA, but not the scrambled control siRNA, significantly

FIGURE 6. Nerve injury causes down-regulation and cleavage of KCC2 and
changes in synaptic inhibition and Eglycine of lamina II neurons through
calpain activation. a, perforated recordings show the EPSP spike activity of
lamina II neurons before and during bath application of 2 �M strychnine in
spinal slices of SNL rats preincubated with calpeptin (30 �M, 3 h; n 	 7). b, I-V
plots show changes in Eglycine of lamina II neurons from slices of SNL rats
incubated with calpeptin (n 	 7) or vehicle (1% DMSO, n 	 9) and slices of
control rats incubated with NMDA plus calpeptin (n 	 6). VH, holding poten-
tial. c, shown are Western blots (left) and quantification (right) of the KCC2
protein levels in dorsal spinal cord slices of control rats treated with NMDA (30�M

for 3 h) or NMDA plus AP5 (50 �M for 3 h) (n 	 5 in each group). NT, N-terminal. d,
shown are Western blots (top) and quantification (bottom) of the total KCC2
amount in dorsal spinal cords ipsilateral (Ipsi) and contralateral (Cont) to SNL in
rats treated with intrathecal administration of calpeptin (n 	 7) or vehicle (1%
DMSO, n 	 8). e, shown are immunoblots (top) and quantification (bottom) of the
KCC2 amount and fragment (�120 kDa) in the plasma membrane and cytosol
fractions of dorsal spinal cords ipsilateral (Ipsi) and contralateral (Cont) to SNL in
rats treated with intrathecal administration of calpeptin (n 	 6) or vehicle (1%
DMSO, n	6). KCC2 was detected by using KCC2 N terminus antibody. *, p�0.05,
Kruskal-Wallis test. Error bars represent S.E.

FIGURE 7. Inhibition of calpain or knockdown of �-calpain at the spinal
level reduces SNL-induced pain hypersensitivity. a, shown are mean
effects of intrathecal administration of calpeptin (100 �g, twice a day for 3
consecutive days, n 	 10 rats), vehicle (1% DMSO, n 	 7 rats), or calpeptin plus
furosemide (100 �g twice a day for 3 consecutive days, n 	 7 rats) on the
withdrawal thresholds in response to von Frey filaments (left) or noxious pres-
sure (right) applied to the left hind paw of rats 4 weeks after SNL. Each mea-
surement was conducted 2 h after intrathecal injection (indicated by arrows).
b, shown is quantification of the mRNA levels of �-calpain (top) and m-calpain
(bottom) in the dorsal spinal cord ipsilateral (Ipsi) and contralateral (Cont) to
SNL in rats treated with control siRNA or two different �-calpain-specific
siRNA for 3 days (n 	 6 in each group). c, shown are Western blots and quan-
tification of �-calpain proteins in the dorsal spinal cord ipsilateral (Ipsi) and
contralateral (Cont) to SNL in rats treated with control siRNA or two different
�-calpain-specific siRNA for 3 days (n 	 6 in each group). d, shown are the
mean effects of intrathecal administration of scrambled control siRNA (n 	 8
rats) and two different �-calpain-specific siRNA (5 �g, once a day for 3 con-
secutive days; #1 sRNA, n 	 9 rats; #2 sRNA, n 	 7 rats) on the withdrawal
thresholds in response to von Frey filaments (left) or noxious pressure (right)
applied to the left hind paw of rats 4 weeks after SNL. Measurements were
performed before siRNA injection each day (indicated by arrows). #, p � 0.05
compared with the control siRNA group; * p � 0.05; **, p � 0.01, compared
with the baseline or contralateral side, one-way analysis of variance test. Error
bars represent S.E.
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increased tactile and nociceptive withdrawal thresholds in a
time-dependent fashion (Fig. 7d). These data indicate that
increased �-calpain activity at the spinal level contributes to
pain hypersensitivity caused by nerve injury.

DISCUSSION

Loss of synaptic inhibition at the spinal level is a key mecha-
nism for neuropathic pain (8, 39). In addition to GABA, glycine
is another principal inhibitory neurotransmitter in the spinal
dorsal horn. Glycine normally inhibits neuronal excitability by
hyperpolarizing the cell membrane and by activation of a
shunting conductance, which inhibits propagation of EPSPs
along the dendrites of neurons (12, 40). We show that EPSP
spike activity of lamina II neurons evoked by primary afferent
stimulation is potentiated after blocking glycine receptors.
Nerve injury causes an �25-mV depolarizing shift of Eglycine in
lamina II neurons, and glycine is either less effective to inhibit
action potential firing or paradoxically increases the firing
activity of dorsal horn neurons after nerve injury. The depolar-
izing shift of Eglycine can exert a facilitative action on excitatory
input such that subthreshold excitations can generate action
potentials. Hence, peripheral nerve injury transforms normally
glycine-mediated synaptic inhibition to excitation and causes a
net excitation of dorsal hornneurons that contributes to central
sensitization in neuropathic pain.
KCC2 plays a key role in regulating the transmembrane Cl�

gradient and in shaping synaptic inhibition (10). Down-regula-
tion of KCC2 in the spinal cord has been demonstrated in var-
ious animalmodels of neuropathic pain (8, 39). Impaired KCC2
activity can disrupt neuronal Cl� homeostasis in dorsal horn
neurons, which plays a pivotal role in diminished synaptic inhi-
bition because of a reduced capacity for Cl� extrusion. We
show that inhibition of KCC2 with furosemide causes a depo-
larizing shift in Eglycine of dorsal horn neurons in control rats, as
is observed in SNL rats. However, furosemide has no effect on
altered Eglycine of lamina II neurons in SNL rats. Thus, down-
regulation of KCC2 plays a major role in the loss of glycine
inhibition and the depolarizing shift in Eglycine of dorsal horn
neurons by nerve injury. Increased NMDAR activity in the spi-
nal dorsal horn is crucially involved in neuropathic pain caused
by nerve injury (6, 41). We show that stimulation of NMDARs
mimics nerve injury-induced changes in spinal lamina II neu-

rons: diminished glycine-mediated inhibition and a depolariz-
ing shift inEglycine.Moreover, blocking ofNMDARs completely
normalizes synaptic inhibition, Eglycine shift, and KCC2 down-
regulation in the spinal cord caused by nerve injury. Of note,
increasedNMDARactivity and loss of synaptic inhibition at the
spinal level have been previously considered independent
events in neuropathic pain. Our findings show that glutamate-
mediated excitatory input is directly linked to the loss of syn-
aptic inhibition in the spinal dorsal horn, thus providing a new
understanding to the mechanisms of synaptic plasticity in neu-
ropathic pain (Fig. 8).
Neurons in lamina II (and all other laminae) are heterogene-

ous, and paired neuronal recordings suggest that the vast
majority of lamina II neurons are glutamate-releasing interneu-
rons (42). We show that nerve injury or NMDAR stimulation
consistently induced a depolarizing shift in Eglycine in lamina II
neurons. Because nerve injury converts GABA- and glycine-
mediated inhibition to excitation in the spinal dorsal horn,
stimulation of GABAA and glycine receptors can promote neu-
ronal excitation after nerve injury. Still, GABA releasemay limit
the excitability of the network by causing primary afferent
depolarization (43, 44) and by activating GABAB receptors.
Diminished synaptic inhibition of dorsal horn neurons causes
neuronal hyperexcitability and increases glutamate release to
facilitate the network excitation and nociceptive transmission
in neuropathic pain. This reciprocal interaction between
increased NMDAR activity and reduced KCC2 function may
form a vicious cycle to maintain central sensitization and last-
ing neuropathic pain.
We found unexpectedly that nerve injury causes KCC2 trun-

cation at the C terminus in the cytosolic fraction in the spinal
cord. This surprising finding prompted us to search for the
specific mechanisms involved in proteolytic cleavage of KCC2
after nerve injury. The Ca2� chelator BAPTA-AM abolishes
NMDA-induced changes in Eglycine of dorsal horn neurons,
suggesting that the signalingmolecules activated byCa2� influx
through NMDARs are involved in KCC2 down-regulation.
Increased NMDAR activity leads to Ca2� influx, and subse-
quent increases in intracellular Ca2� concentrations can acti-
vate calpain, a cytoplasmic cysteine protease that is activated by
Ca2� at neutral pH (45). Calpain has numerous substrates

FIGURE 8. Diagram depicting the relationship between increased NMDAR activity and diminished synaptic inhibition at the spinal level in chronic
neuropathic pain. Peripheral nerve injury increases NMDAR activity in the spinal dorsal horn, which stimulates calcium-dependent calpain activity and
up-regulates �-calpain. Increased calpain activity induces KCC2 proteolytic cleavage and impairs KCC2 activity, thereby leading to an increase in intracellular
chloride level and diminished synaptic inhibition normally maintained by GABA and glycine. Conversely, diminished synaptic inhibition can also increase
synaptic glutamate release and subsequent NMDAR activation. Both diminished synaptic inhibition and increased NMDAR activity contribute to augmented
nociceptive input and persistent neuropathic pain.
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including membrane, cytosolic, and structural proteins such as
spectrin (46). By analyzing�II-spectrin breakdown product, we
show that nerve injury increases calpain activity in the spinal
cord through NMDAR activation. Both �-calpain and m-cal-
pain (also known as calpain 1 and calpain 2, respectively) are
highly expressed in the central nervous system with different
sensitivity to intracellular Ca2� (36). Whereas m-calpain
requires 0.4–0.8 mM Ca2� for half-maximal proteolytic activ-
ity, �-calpain requires only 3–50 �M for its activity (47) and is
the form most concentrated at synaptic sites (48). Of note, the
mRNA and protein levels of �-calpain, but not of m-calpain, in
the dorsal spinal cord are increased by peripheral nerve injury.
Moreover, we show that inhibition of calpain with calpeptin or
blocking of NMDARs prevents KCC2 cleavage and restores
changes inKCC2protein levels, glycine synaptic inhibition, and
Eglycine of spinal dorsal horn neurons by nerve injury. The bio-
chemical evidence that KCC2 is a direct substrate of calpain is
still lacking. A structural feature of KCC2 is an expanded
domain of �100 amino acids at the C terminus (49) that is rich
in prolines, serines, and charged residues and consists of
the predicted PEST (proline/glutamate/serine/threonine)
sequences (50). PEST sequences within the protein structure
are suggested as the recognition site of substrates by calpain
(35). The C-terminal domain of KCC2 is essential for constitu-
tive activity of KCC2 (49). Thus, cleavage of KCC2 at the C
terminus and the subsequent down-regulation of plasma-
lemmaKCC2 account for impairedKCC2 function in the spinal
dorsal horn after nerve injury.
Oligomerization also may be important for KCC2 function

(51), and the KCC2 C terminus is likely a key site of dimer
interaction. Consistent with this concept, we show that nerve
injury diminishes the dimer form of KCC2 in the spinal cord.
The KCC2 protein fragment is detected primarily in the cyto-
plasmic fraction, suggesting that cleavage of KCC2 occurs pre-
dominantly in the cytoplasm. Because of the high turnover rate
of KCC2 (52), increased KCC2 degradation in the cytoplasm
and reduced trafficking of KCC2 to the plasma membrane
could account for consequent reduction in plasmalemma
KCC2 levels in the spinal cord. Protein phosphatase 1-mediated
KCC2 dephosphorylation plays a role in reduced KCC2 func-
tion by NMDAR activation (53), whereas protein kinase C-me-
diated KCC2 phosphorylation increases KCC2 stability on the
cell surface (54). It is not yet clear whether KCC2 dephosphor-
ylation is involved in KCC2 down-regulation in the spinal dor-
sal horn by nerve injury, because protein kinase C activity in the
spinal cord is increased and associated with neuropathic pain
(55, 56). It seems that protein phosphatase 1-mediated KCC2
dephosphorylation cannot fully explain the profound reduction
in the KCC2 protein level in the spinal cord by nerve injury. It
has been shown that NR2 subunits are substrates of calpain and
that activation of NMDARs can activate calpain, which in turn
down-regulates the NMDAR function (57, 58). However,
PSD-95 clustering and direct association of NR2 and PSD-95
may prevent calpain cleavage of NMDARs (59). Our study
uncovers an important post-translational mechanism through
which increased calpain activity induces proteolytic cleavage of
KCC2 and the loss of synaptic inhibition in the spinal dorsal
horn in neuropathic pain. Regulated KCC2 proteolysis by fine-

tuning of �-calpain activity serves as a unique signaling mech-
anism that alters integrity and activity of KCC2 and neuronal
function.
We show that inhibiting calpain activity with calpeptin at the

spinal level reverses tactile allodynia and hyperalgesia induced
by SNL.Moreover, specific knockdownof spinal�-calpainwith
siRNA also attenuates SNL-induced pain hypersensitivity.
Because calpeptin fails to reverse pain hypersensitivity in the
presence of the KCC2 inhibitor, inhibiting abnormal calpain
activity can restore synaptic inhibition and reduce neuropathic
pain by preventing KCC2 cleavage. Blocking NMDARs or cal-
pain at the spinal level attenuates nerve injury-induced pain
hypersensitivity within 30 min, suggesting that these treat-
ments can prevent further cleavage of KCC2 to allow new
KCC2 being synthesized and trafficked to the plasma mem-
brane to extrude sufficient amounts of Cl�. Our findings pro-
vide a framework for an integrated view about the signaling
network involved in maintaining chronic neuropathic pain
(Fig. 8).
To conclude, nerve injury promotes proteolytic cleavage of

KCC2 throughNMDAR-calpain activation, resulting in disrup-
tion of Cl� homeostasis and diminished synaptic inhibition by
GABA and glycine in the spinal cord. The signaling cascade
NMDAR-Ca2�-calpain-KCC2 proteolysis plays a critical role
in the loss of KCC2 function and synaptic inhibition in spinal
cords induced by increased glutamatergic input after nerve
injury. Our study not only reveals a new post-translational
mechanismunderlying sustainedKCC2down-regulation in the
spinal cord after nerve injury but also opens new avenues for
research into signaling mechanisms of synaptic plasticity and
neuropathic pain. Normalizing calpain activity may represent
an important mechanism through which NMDAR antagonists
produce long-lasting analgesic effects in patients with neuro-
pathic pain caused by nerve injury (60, 61). On the basis of our
evidence, reducing abnormal calpain activity could represent a
new strategy for restoringCl�homeostasis and for treatment of
chronic neuropathic pain.
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