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ABSTRACT

The glutamate «-amino-3-hydroxy-5-methyl-4-isoxazole pro-
pionic acid receptors (AMPARs) are critically involved in the
excitatory synaptic transmission, and blocking AMPARSs at the
spinal level reverses neuropathic pain. However, little is known
about changes in the composition of synaptic AMPARSs in the
spinal dorsal horn after peripheral nerve injury. AMPARSs lacking
the GIUA2 subunit are permeable to Ca®*, and their currents
show unique inward rectification. We found that AMPAR-
mediated excitatory postsynaptic currents (AMPAR-EPSCs) of
spinal dorsal horn neurons exhibited a linear current-voltage
relationship in control rats, whereas AMPAR-EPSCs of dorsal
horn neurons displayed inward rectification in rats with spinal
nerve injury. In nerve-injured rats, compared with control rats,
the GIuA2 protein level was significantly less in the plasma
membrane but was greater in the cytosolic vesicle fraction in the

dorsal spinal cord. However, the GluA1 protein levels in these
fractions did not differ significantly between nerve-injured and
control rats. Blocking N-methyl-p-aspartate receptors (NMDARs)
abolished inward rectification of AMPAR-EPSCs of dorsal horn
neurons in nerve-injured rats. Furthermore, inhibition of calpain or
calcineurin, but not protein kinase C, completely blocked nerve
injury—induced inward rectification of AMPAR-EPSCs of dorsal
horn neurons. In addition, blocking GluA2-lacking AMPARs at the
spinal cord level reduced nerve injury—induced pain hypersensi-
tivity. Our study suggests that nerve injury increases GIuA2
internalization and the prevalence of GluA2-lacking AMPARs in the
spinal dorsal horn to maintain chronic neuropathic pain. Increased
prevalence of spinal GluA2-lacking AMPARSs in neuropathic pain is
mediated by NMDARs and subsequent stimulation of calpain and
calcineurin signaling.

Introduction

Chronic neuropathic pain, caused by a lesion to or dys-
function of the peripheral or central nervous system, is a
significant and unmet clinical problem. Conventional analge-
sics are less effective in alleviating symptoms and are often
associated with various adverse effects. The cellular and
molecular mechanisms underlying various neuropathic pain
conditions are complex and remain to be fully defined. Several
changes in the peripheral and central nervous system are
closely associated with neuropathic pain, which include
augmented primary afferent excitability (Campbell et al.,
1988; Matzner and Devor, 1994), increased glutamatergic
input to spinal dorsal horn neurons (Wang et al., 2007; Zhang
et al.,, 2009), and diminished 7y-aminobutyric acid— and
glycine-mediated synaptic inhibition of spinal dorsal horn
neurons (Coull et al., 2003; Zhou et al., 2012).
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Glutamate a-amino-3-hydroxy-5-methyl-4-isoxazole propionic
acid receptors (AMPARs) are predominantly involved in the fast
excitatory synaptic transmission and plasticity in the mamma-
lian central nervous system. AMPARs are heterotetrameric
cation channels composed of a combinational assembly of four
subunits, GluAl through GluA4. The subunit composition de-
termines the electrophysiological properties of AMPARs and
their permeability to Ca?* (Burnashev et al., 1992; Mayer and
Armstrong, 2004). The GluA2 subunit is particularly important
for the biophysical properties of AMPARs because an arginine
residue (Arg607) in the pore-lining region makes GluA2-containing
AMPARs impermeable to Ca®" (Hollmann et al., 1991; Isaac
et al., 2007). In contrast, GluA2-lacking AMPARs have a high
Ca®?' permeability and show inward-rectifying currents
(Burnashev et al., 1992). We have shown that blocking of
spinal AMPARs reverses pain hypersensitivity induced by
nerve injury (Chen et al., 2000). However, little is known
about changes in the synaptic AMPAR composition in the
spinal dorsal horn in neuropathic pain.

Altered AMPAR compositions can significantly change
neuronal and synaptic functions in the brain (Plant et al.,
2006; Li et al., 2012). Acute inflammatory pain is associated

ABBREVIATIONS: AMPAR, a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid receptor; AP5, pL-2-amino-5-phosphonovaleric acid; CVF,
cytosolic vesicle fraction; EPSC, excitatory postsynaptic current; FK-506, C44HegNO12; GRIP, glutamate receptor-interacting protein; IEM-1460,
C19H37N2Br.HBr; NMDAR, N-methyl-p-aspartate receptor; PKC, protein kinase C; SNL, spinal nerve ligation.
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with increased insertion of GluAl-containing AMPARSs in the
spinal dorsal horn (Galan et al., 2004; Larsson and Broman,
2008), and GluA2 internalization mediated by protein kinase
C (PKC) activation is associated with persistent inflammatory
pain (Park et al., 2009). In addition, stimulation of N-methyl-
D-aspartate receptors (NMDARS) can induce GluA2 internal-
ization in the hippocampus and hypothalamus (Tigaret et al.,
2006; Li et al., 2012). Although peripheral nerve injury
increases NMDAR activity in spinal dorsal horn neurons
(Isaev et al., 2000), the AMPAR plasticity in the spinal cord
and its associated functional significance in neuropathic pain
have not yet been investigated.

In the present study, we determined whether peripheral
nerve injury alters synaptic AMPAR composition in the spinal
dorsal horn. We showed that nerve injury causes internalization
of the GluA2 subunit and increases the prevalence of synaptic
GluA2-lacking AMPARSs in spinal dorsal horn neurons. Block-
ing GluA2-lacking AMPARs at the spinal level reverses nerve
injury—induced pain hypersensitivity. We also provide new
evidence that increased prevalence of spinal GluA2-lacking
AMPARSs induced by nerve injury results from activation of
NMDARs and subsequent stimulation of calpain and calci-
neurin activity. These new findings should greatly improve our
understanding of signaling mechanisms involved in spinal
synaptic plasticity associated with neuropathic pain.

Materials and Methods

Animal Model of Neuropathic Pain. Male Sprague-Dawley
rats (8-10 weeks old; Harlan, Indianapolis, IN) were used in this
study. A total of 65 rats were used throughout this study. All the
experimental protocols were approved by the Animal Care and Use
Committee of The University of Texas M.D. Anderson Cancer Center
and conformed to the National Institutes of Health guidelines for the
ethical use of animals. We used left Ls and Lg spinal nerve ligation
(SNL) in rats as the neuropathic pain model (Kim and Chung, 1992;
Chen et al., 2000). In brief, we induced anesthesia with 2-3%
isoflurane and then isolated the left Ls; and Lg 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. We confirmed tactile allodynia in all SNL rats before
they were used for the final electrophysiological and biochemical
experiments, which were done 3—4 weeks after surgery.

Intrathecal catheters were implanted in some SNL rats during
isoflurane-induced anesthesia 1 week after surgery. In brief, we made
a small opening in the atlanto-occipital membrane of the cisterna
magna and inserted a PE-10 catheter such that the caudal tip reached
the lumbar spinal cord (Chen et al., 2009). The animals were allowed
to recover for 5 days after the catheter cannulation.

Assessment of Tactile Allodynia. To assess pain hypersensi-
tivity in response to an innocuous stimulus (allodynia), rats were
individually placed in suspended chambers on a mesh floor. The
tactile stimulus producing a 50% likelihood of withdrawal response
was calculated by using the modified “up-down” method without using
15.1 g as the cutoff (Chaplan et al., 1994). A series of calibrated von
Frey filaments (Stoelting, Wood Dale, IL) were applied perpendicu-
larly to the plantar surface of the left hindpaw with sufficient force to
bend the filament for 6 seconds. Brisk withdrawal or paw flinching
was considered a positive response.

Spinal Cord Slice Preparation and Electrophysiological
Recordings. Lumbar spinal cord slices at the Ls—Lg levels were
prepared from sham control and nerve-injured rats as we described
previously (Li et al., 2002; Zhou et al., 2008, 2011). We removed the
lumbar spinal cord through laminectomy during isoflurane-induced
anesthesia. We sliced the spinal cord (400 um) using a vibratome

slicer and continuously superfused the slices with artificial cerebro-
spinal fluid containing (in mM) 117.0 NaCl, 3.6 KCl, 1.2 MgCl,,
2.5 CaCl,, 1.2 NaH,PO,, 11.0 glucose, and 25.0 NaHCOj3; (bubbled
with 95% Os/5% COg; pH 7.3).

Neurons in the lamina II outer zone of the spinal cord were iden-
tified with use of differential interference contrast/infrared illumina-
tion on a fixed-stage microscope (BX50WI; Olympus, Tokyo, Japan).
We selected these neurons for recording, because they can be visual-
ized in adult spinal cord slices and receive predominantly nociceptive
input from unmyelinated primary afferents (Woolf et al., 1992; Pan
et al., 2003). All whole-cell recordings were obtained at 34°C by using
borosilicate pipettes that were filled with a solution containing (in
mM) 110 Cs2S0y4, 5 TEA, 2.0 MgCly, 0.5 CaCl,, 5.0 HEPES, 5.0 EGTA,
5.0 ATP-Mg, 0.5 Na-GTP, 0.1 spermine, and 10 lidocaine N-ethyl
bromide (adjusted to pH 7.2-7.4 with 1 M CsOH, 290-300 mOsm). We
included 0.1 mM spermine in the intracellular solution to compensate
for a possible loss of endogenous polyamines from intracellular di-
alysis during whole-cell recordings. Neurons were voltage-clamped at
—60 mV, and AMPAR-mediated excitatory postsynaptic currents
(AMPAR-EPSCs) were recorded in the presence of 2 uM strychnine,
10 uM bicuculline, and 50 M DL-2-amino-5-phosphonovaleric acid
(AP5). We used electrical stimulation (0.3-0.6 mA, 0.2 millisecond) of
the dorsal root to evoke EPSCs. Monosynaptic EPSCs were identified
on the basis of the constant latency of evoked EPSCs, and the absence
of conduction failure of evoked EPSCs in response to a 20-Hz electrical
stimulation as we described previously (Li et al., 2002; Zhou et al., 2008).
The input resistance was monitored, and the recording was abandoned if
it changed more than 15%. To determine the current-voltage relation-
ship, AMPAR-EPSCs were recorded at various membrane potentials
ranging from —70 to +70 mV in 20-mV steps. The rectification index
was calculated by dividing the amplitude of AMPAR-EPSCs recorded
at +50 mV by that at —50 mV (Li et al., 2012).

AP5 and bicuculline were obtained from Ascent Scientific (Prince-
ton, NJ). IEM-1460 and calpeptin were purchased from Tocris
Bioscience (Ellisville, MO). Chelerythrine and FK-506 were obtained
from Sigma-Aldrich (St. Louis, MO). All of the drugs were freshly
prepared in artificial cerebrospinal fluid before the experiments and
delivered by using syringe pumps at the final concentrations
indicated.

Western Blot Analysis. To quantify subcellular protein levels in
the dorsal spinal cord tissues, rats were killed with sodium pentobar-
bital (80 mg/kg i.p.). The rats were then decapitated, and the Ls—Lg
spinal dorsal horn quadrants were collected. Subcellular fractionation
was carried out according to the procedures described previously (Park
et al., 2009). The tissue was homogenized in ice-cold buffer containing
10 mM Tris (pH 7.4), 1 mM EDTA, 1 mM Na3zVOy, 0.25 M sucrose, and
the phosphatase and protease inhibitor cocktail (Sigma-Aldrich). The
homogenate was centrifuged at 1000g for 10 minutes at 4°C to remove
nuclei and large debris. The supernatant was centrifuged at 20,000g for
30 minutes at 4°C to separate the crude plasma membrane and
cytosolic fractions. The cytosolic fraction sample was subsequently
centrifuged at 150,000g for 1 hour at 4°C, and the pellet was used as the
cytosolic vesicle fraction (CVF) samples. The plasma membrane fraction
and CVF pellets were prepared by using the lysis buffer containing 20
mM Tris (pH 7.6), 0.5% Nonidet P-40, 250 mM NaCl, 3 mM EDTA, 3
mM EGTA, 2 mM dithiothreitol, and the protease inhibitor cocktail
(Sigma-Aldrich). The samples were incubated for 30 minutes at 4°C and
then centrifuged at 12,000g for 15 minutes at 4°C. The supernatant was
collected, and the protein concentration was determined by using the
Lowry protein assay. For Western blotting, 50 ug of proteins were
separated by 10% sodium dodecyl sulfate polyacrylamide gel electro-
phoresis and transferred to a membrane (Millipore, Billerica, MA). The
immunoblots were probed with a rabbit anti-GluAl antibody (1:1000
dilution) (ab1504; Millipore), a rabbit anti-GluA2 antibody (1:1000
dilution) (ab10529; Millipore), and anti-B-actin antibody (1:5000 di-
lution) (4967; Cell Signaling Technology, Danvers, MA). The specificity
of anti-GluA1l and anti-GluA2 antibodies has been shown previously
(Park et al., 2009). An ECL kit (GE Healthcare, Pittsburgh, PA) was



used to detect the protein bands, and the band density was then
quantified and normalized to that of B-actin (as a loading control).

Data Analysis. Data are presented as mean + S.E.M. added. For
spinal cord slice recordings, —four to six rats were used in each
protocol. The amplitudes of AMPAR-EPSCs were analyzed offline
with Clampfit 9.2 (Molecular Devices, Sunnyvale, CA). Data were
tested for normal distributions using the D’Agostino-Pearson test.
The Student’s ¢ test was used to compare the nerve injury effects on
AMPAR-EPSCs and GluAl and GluA2 protein levels in the spinal
cord. One-way analysis of variance (with Tukey’s or Dunnett’s post
hoc test) was performed to compare the drug treatment effects on the
rectification index of AMPAR-EPSCs and paw withdrawal thresholds.
P < 0.05 was considered statistically significant.

Results

Nerve Injury Increases GluA2-Lacking AMPAR Prev-
alence of Dorsal Horn Neurons. To determine whether
nerve injury alters GluA2-lacking and GluA2-containing
AMPAR prevalence in the spinal dorsal horn, we examined
the current-voltage relationship of AMPAR-EPSCs of lamina
II neurons. GluR2-lacking AMPARs are highly permeable to
Ca®" and, because of a voltage-dependent block by intracel-
lular polyamines, exhibit inward rectification at positive
holding potentials (Bowie and Mayer, 1995; Isaac et al.,
2007). On the basis of this unique biophysical feature, we
assessed the I-V relationship of AMPAR-EPSCs in lamina II
neurons evoked by electrical stimulation of the dorsal root at
various holding potentials. In lamina II neurons of control rats,
the AMPAR-EPSCs recorded showed a near-linear I-V re-
lationship (Fig. 1A), indicating that synaptic AMPAR-EPSCs
are mediated predominantly by GluA2-containing AMPARSs. In
contrast, the amplitude of AMPAR-EPSCs of lamina II neurons
in SNL rats was reduced at positive membrane potentials (Fig.
1A). The rectification index (I, 50 ;v/I_50 mv) of AMPAR-EPSCs
of lamina IT neurons was significantly reduced in SNL rats
(047 = 0.04; n = 10 neurons) compared with that in sham
control rats (0.90 = 0.04; n = 13 neurons; P < 0.05; Fig. 1B).

To determine the contribution of GluA2-lacking AMPARs to
synaptic AMPAR activity of dorsal horn neurons, we used
IEM-1460, a selective blocker of GluA2-lacking AMPARs
(Samoilova et al., 1999; Rossi et al., 2008). Bath application of
TEM-1460 (100 uM) for 6—8 minutes normalized the rectifi-
cation index of AMPAR-EPSCs of lamina II neurons in SNL
rats (0.89 = 0.06; Fig. 1B). We also compared the effect of
TEM-1460 on AMPAR-EPSCs recorded with a holding poten-
tial at —60 mV in control and SNL rats. Treatment with IEM-
1460 (100 uM) decreased the amplitude of AMPAR-EPSCs in
lamina II neurons by 21.0 = 5.8% in sham control rats. The
reduction in the amplitude of AMPAR-EPSCs by IEM-1460
(51.4 * 6.1%) was significantly greater in SNL rats than in
control rats (Fig. 1C). Together, these results suggest that
nerve injury increases the prevalence of GluA2-lacking
synaptic AMPARSs in the spinal dorsal horn.

Nerve Injury Increases GluA2 Internalization in the
Spinal Cord. GluAl and GluA2 are the most abundant
AMPAR subunits and are highly concentrated on the post-
synaptic membranes of the superficial dorsal horn, although
all four AMPAR subunits are present in the spinal cord
(Polgar et al., 2008). We thus determined whether nerve
injury affects membrane protein levels of GluAl and GluA2
subunits in the dorsal spinal cord. To this end, we examined
the protein amount of GluAl and GluA2 subunits in the
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plasma membrane and CVF fractions in the dorsal spinal
cords obtained from sham control and SNL rats 3 weeks after
surgery. The CVF fraction was used to estimate the GluAl
and GluA2 protein levels present in the cytoplasm (Park et al.,
2009; Li et al., 2012). The protein level of GluA2 in the plasma
membrane fraction was significantly lower in the SNL group
than in the control group (n = 6; Fig. 2). Furthermore, the
protein level of GIuA2 in the CVF fraction was much higher in
the SNL rats than in the sham control rats. In contrast, the
protein amount of GluAl in the plasma membrane and CVF
fractions in the spinal cord did not differ significantly between
control and SNL groups (n = 6; Fig. 2). These results indicate
that nerve injury promotes GluA2 internalization in the
spinal dorsal horn.

Nerve Injury Increases the Prevalence of GluA2-
Lacking AMPARs of Dorsal Horn Neurons through
Calcineurin but Not PKC. It has been reported that GluA2
internalization in the spinal cord during tissue inflammation
requires PKC after NMDAR activation (Park et al., 2009). We
thus determined whether PKC mediates nerve injury—induced
increases in the prevalence of GluA2-lacking AMPARs of
dorsal horn neurons. Chelerythrine is a highly specific PKC
inhibitor (Herbert et al., 1990), and we have shown that
treatment of spinal cord slices with 10 uM chelerythrine blocks
PKC-dependent NMDAR activation (Zhao et al., 2012). In
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Fig. 1. Nerve injury induces a switch from predominantly GluA2-
containing to GluA2-lacking AMPARSs in spinal dorsal horn neurons. (A)
Original AMPAR-EPSCs traces (recorded at —50 and +50 mV) and I-V
curves of AMPAR-EPSCs of lamina II neurons recorded at holding
potentials ranging from —70 to +70 mV in sham control (n = 13 neurons)
and SNL rats (n = 10 neurons). (B) Comparison of the rectification index of
AMPAR-EPSCs of lamina II neurons in control rats, SNL rats, and SNL
rats treated with 100 uM IEM-1460 (n = 8 neurons). (C) Summary data
show the effect of 100 uM IEM-1460 on the amplitude of AMPAR-EPSCs
of lamina II neurons recorded at a holding potential of —60 mV in control
(n = 7 neurons) and SNL rats (n = 8 neurons). *P < 0.05 vs. sham or
baseline control group; *P < 0.05 vs. corresponding value in control group.
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Fig. 2. Nerve injury promotes GluA2 internalization in the dorsal spinal
cord. Representative gel images (A) and group data (B) show the GluAl
and GluA2 protein band density in the plasma membrane and CVF in the
dorsal spinal cords obtained from control and SNL rats (n = 6 samples in
each group, 1 sample/rat). *P < 0.05 vs. value in contralateral side.

spinal cord slices taken from SNL rats, treatment with the
specific PKC inhibitor chelerythrine (10 uM, 2—3 hours) had no
significant effect on the inwardly rectifying I-V relationship of
AMPAR-EPSCs and the reduced rectification index of AMPAR-
EPSCs of lamina II neurons caused by SNL (Fig. 3, A and B).

Calcineurin, a Ca®"-dependent protein phosphatase, plays
a role in GluA2 internalization in the brain (Beattie et al.,
2000; Lin et al., 2000; Li et al., 2012). Nerve injury increases
the activity of calcineurin in the spinal cord through NMDAR
activation and Ca®?" influx (Zhou et al., 2012). We next
determined the role of calcineurin in nerve injury—induced
increases in the prevalence of GluA2-lacking AMPARs of
dorsal horn neurons. Incubation of the spinal cord slices from
SNL rats with the selective calcineurin inhibitor FK-506

800 71 —@— SNL+vehicle
—O— SNL+FK-506 -
600 1 —w— SNL+chelerythrine

400 A SNL

+vehicle
200

(1 uM, 2-3 hours) (Liu et al., 1991; Li et al., 2012) abolished
the inward rectification of AMPAR-EPSCs of lamina II
neurons at the positive holding potentials (Fig. 3A). FK-506
also significantly increased the rectification index of AMPAR-
EPSCs of these neurons in SNL rats (Fig. 3B). In spinal cord
slices from control rats, treatment with FK-506 had no
significant effect on the rectification index of AMPAR-
EPSCs of lamina II neurons (Fig. 3B). These results suggest
that calcineurin, but not PKC, is involved in the increased
prevalence of GluA2-lacking AMPARs of dorsal horn neurons
caused by nerve injury.

NMDAR Activation and Calpain Signaling Contrib-
ute to Increased Prevalence of GluA2-Lacking
AMPARSs of Dorsal Horn Neurons by Nerve Injury.
Activation of NMDARs induces internalization of GluA2 in
the hippocampus and hypothalamus (Beattie et al., 2000; Li
et al.,, 2012). Because nerve injury potentiates NMDAR
activity in spinal lamina II neurons (Isaev et al., 2000), we
first determined whether NMDARs contribute to increased
prevalence of GluA2-lacking AMPARSs of dorsal horn neurons
after SNL. Incubation of the spinal cord slices from SNL rats
with the specific NMDAR antagonist AP5 (50 uM, 2—-3 hours)
abolished the inward rectification of AMPAR-EPSCs of
lamina II neurons (Fig. 4A). AP5 treatment also normalized
the rectification index of AMPAR-EPSCs of lamina II neurons
in SNL rats to the value seen in sham control rats (Fig. 4B).

We recently found that nerve injury increases the activity of
calpain, a Ca®"-activated cysteine protease (Molinari and
Carafoli, 1997), in the spinal cord through increased NMDAR
activity (Zhou et al., 2012). It is not clear how increased
NMDAR activity by nerve injury leads to a persistent increase
in calcineurin activity in the spinal cord. Calpain can cause
sustained increases in calcineurin activity through proteolytic
cleavage by removing the autoinhibitory domain of calcineurin
A (Wu et al., 2004; Shioda et al., 2006). Thus, we reasoned that
nerve injury—induced calpain activation may contribute to
increased prevalence of GluA2-lacking AMPARs of dorsal horn
neurons in neuropathic pain. To test this hypothesis, we used
a specific membrane-permeable inhibitor of calpain, calpeptin
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Fig. 3. Calcineurin, but not PKC, contributes to the nerve injury—induced switch to GluA2-lacking AMPARs of spinal dorsal horn neurons. (A) Original
AMPAR-EPSC traces (recorded at —50 and +50 mV) and summary data show the effects of incubation of spinal cord slices from SNL rats with FK-
506 (1 uM; n = 11 neurons), chelerythrine (10 uM; n = 9 neurons), or vehicle (n = 8 neurons) on the I-V relationships of AMPAR-EPSCs of lamina II
neurons. (B) Group data show the rectification index of AMPAR-EPSCs of lamina II neurons in SNL rats treated with vehicle, FK-506, or chelerythrine
(CHL) and in control rats treated with vehicle (n = 10 neurons) or FK-506 (n = 9 neurons). *P < 0.05 vs. SNL vehicle group.
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Fig. 4. NMDARs and calpain are involved in nerve injury—induced switch to GluA2-lacking AMPARs of spinal dorsal horn neurons. (A) Representative
AMPAR-EPSC traces (recorded at —50 and +50 mV) and summary data show the effects of incubation of spinal cord slices from SNL rats with AP5
(50 uM; n = 9 neurons), calpeptin (30 uM; n = 8 neurons), or vehicle (7 = 8 neurons) on the I-V relationships of AMPAR-EPSCs of lamina II neurons. Note that
SNL + vehicle group data were reproduced from Fig. 3A for comparison. (B) Group data show the rectification index of AMPAR-EPSCs of lamina II
neurons in SNL rats treated with AP5 or calpeptin (CPT) and in control rats treated with vehicle (n = 10 neurons) or CPT (n = 10 neurons). *P < 0.05 vs.

SNL vehicle group.

(Tsujinaka et al., 1988; Zhou et al., 2012). Incubation of the
spinal cord slices from SNL rats with calpeptin (30 uM, 2-3
hours) switched the I-V relationship of AMPAR-EPSCs from
inward rectifying to near linear (Fig. 4A). In addition, calpeptin
treatment completely normalized the rectification index of
AMPAR-EPSCs of lamina II neurons in SNL rats (Fig. 4B). In
spinal cord slices from sham control rats, treatment with
calpeptin had no significant effect on the rectification index of
AMPAR-EPSCs of lamina II neurons (Fig. 4B). Collectively,
these data suggest that nerve injury increases the GluA2-lacking
AMPAR prevalence of spinal dorsal horn neurons through the
NMDAR-mediated calpain and calcineurin signaling.

Increased GluA2-Lacking AMPAR Prevalence at the
Spinal Cord Level Contributes to Nerve Injury-Induced
Pain Hypersensitivity. The functional significance of in-
creased GluA2-lacking AMPAR prevalence in the spinal dorsal
horn has not been defined previously. In additional SNL rats,
we determined whether blocking GluA2-lacking AMPARs at
the spinal level attenuates nerve injury—induced pain hyper-
sensitivity. IEM-1460 was dissolved in normal saline and
administered in a volume of 5 ul, followed by a 10-ul flush with
normal saline. Intrathecal injection of normal saline has no
effect on the tactile withdrawal threshold in SNL rats (Chen
and Pan, 2005; Cai et al., 2013). In SNL rats, intrathecal
injection of 5-20 ug of IEM-1460 dose-dependently increased
the withdrawal threshold in response to von Frey filaments
applied to the left hindpaw (n = 8 rats in each group; Fig. 5).
Animals receiving intrathecal injection of IEM-1460 did not
exhibit any motor dysfunction, as judged by the placing-
stepping reflex and ambulation behavior. These results suggest
that increased GluA2-lacking AMPAR prevalence at the spinal
level contributes to maintaining the pain hypersensitivity
caused by nerve injury.

Discussion

The major objective of our study was to determine possible
nerve injury—-induced changes in the synaptic AMPAR

composition in spinal dorsal horn neurons and the underlying
signaling mechanisms. The unique biophysical property of
GluA2-lacking AMPAR currents is the inward rectification
because of the voltage-dependent block by intracellular
polyamines (Bowie and Mayer, 1995; Koh et al., 1995). Tissue
inflammation can increase the GluA2-lacking AMPAR prev-
alence and GluA2 internalization in the spinal dorsal horn
(Galan et al., 2004; Vikman et al., 2008; Park et al., 2009). In
the present study, we found that AMPAR-mediated EPSCs
displayed inward rectification in spinal dorsal horn neurons
after SNL. In addition, the selective GluA2-lacking AMPAR
blocker IEM-1460 (Rossi et al., 2008; Fortin et al., 2010)
produced a significantly greater reduction in the amplitude of
AMPAR-EPSCs in dorsal horn neurons in SNL than in sham
control rats. IEM-1460 blocked the inward rectification of
AMPAR-EPSCs of dorsal horn neurons of SNL rats. These
results suggest that peripheral nerve injury increases the
GluA2-lacking AMPAR prevalence in spinal dorsal horn
neurons.

We also investigated whether the increased GluA2-lacking
AMPAR prevalence of dorsal horn neurons after nerve injury
might be associated with increased GluA2 internalization. We
found that the GluA2 protein level in the plasma membrane of
the dorsal spinal cord was much lower in SNL rats than in
sham control rats. Notably, the GluA2 protein level in the
CVF of the dorsal spinal cord was significantly higher in
SNL rats than in control rats. However, the GluA1 protein
amounts in the plasma membrane and CVF were similar in
SNL and control rats. Our findings suggest that nerve injury
potentiates GluA2-lacking synaptic AMPAR activity by pro-
moting GluA2 internalization in the spinal dorsal horn.

GluA2-lacking AMPARs are Ca®?’-permeable (Hollmann
et al., 1991; Keller et al., 1992) and associated with larger
channel conductance than are AMPARs assembled by
a combination of GluAl, GluA3, and GluA4 subunits (Oh
and Derkach, 2005; Thiagarajan et al., 2005). Because of these
functional properties, increased prevalence of GluA2-lacking
AMPARs can increase excitatory synaptic strength (Terashima



Fig. 5. GluA2-lacking AMPARs at the spinal level contrib-
ute to pain hypersensitivity induced by nerve injury. Group
data show the time course of the effect of injection of 5, 10,
and 20 ug i.t. IEM-1460 on tactile allodynia measured with
von Frey filaments applied to the left hindpaw (n = 8 rats in
each group). *P < 0.05 vs. baseline control value (time 0).
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et al., 2004) and is involved in long-term potentiation con-
solidation in the hippocampus (Plant et al., 2006) and neu-
ronal hyperactivity in the hypothalamus (Li et al., 2012). We
showed in the present study that intrathecal injection of IEM-
1460 readily reversed tactile allodynia induced by SNL. Our
results suggest that the increased GluA2-lacking AMPAR
prevalence at the spinal cord level contributes to the main-
tenance of pain hypersensitivity induced by nerve injury.

We provide new information about the signaling mecha-
nisms involved in increased GluA2-lacking AMPAR preva-
lence in the spinal cord after nerve injury. It has been
reported that increased PKC activation after tissue inflam-
mation can result in GluA2 internalization in the spinal cord
(Park et al., 2009). However, we found that inhibition of PKC
with chelerythrine failed to change the inward rectification of
AMPAR-EPSCs of dorsal horn neurons in SNL rats. It has
been shown that PKC mediates primarily GluA2-lacking
AMPAR translocation from perisynaptic to synaptic sites in
the hippocampus (Yang et al., 2010). The spinal cord NMDAR
activity is increased in the spinal cord of SNL rats (Isaev et al.,
2000), and NMDAR-triggered Ca®" influx plays a critical role
in GluA2 internalization in the brain (Tigaret et al., 2006; Li
et al., 2012). In the present study, we found that blocking
NMDARs abolished the inward rectification of AMPAR-
EPSCs of dorsal horn neurons caused by nerve injury. Thus,
activation of NMDARs, but not PKC, plays a prominent role in
the increased prevalence of GluA2-lacking AMPARs of spinal
dorsal horn neurons in neuropathic pain.

The Ca?*/calmodulin-dependent phosphatase calcineurin
can dephosphorylate proteins involved in the endocytosis
process, such as dynamin, synaptojanin, and the adaptor
protein AP180 (Clayton et al., 2007), and is involved in GluA2
internalization caused by insulin and NMDAR stimulation
(Beattie et al., 2000; Lin et al., 2000; Li et al., 2012). We found
in this study that inhibition of calcineurin with FK-506
normalized the I-V relationship of AMPAR-EPSCs of dorsal
horn neurons from inwardly rectifying to linear in SNL rats,
suggesting that calcineurin plays an important role in
increased GluA2-lacking AMPAR prevalence in the spinal
cord after nerve injury. In addition, calpain is a family of
cysteine proteases that are activated by Ca®* at neutral pH
(Croall and Ersfeld, 2007). Activation of NMDARs induces

Ca?" influx to activate calpain (Adamec et al., 1998; Hewitt
et al, 1998) and cleaves the autoinhibitory domain in
calcineurin A, which converts calcineurin to a constitutively
active form (i.e., no longer requiring Ca%* and calmodulin for
activation) (Wu et al., 2004; Shioda et al., 2006). We have
shown that nerve injury increases calpain activity in the
spinal dorsal horn through NMDAR activation (Zhou et al.,
2012). In the present study, we found that inhibition of
calpain completely blocked nerve injury-induced inward
rectification of AMPAR-EPSCs of dorsal horn neurons. Thus,
our data suggest that calpain may be the missing link
between increased NMDARs and persistent calcineurin
activation in the spinal dorsal horn after nerve injury, which
together could constitute the signaling cascade responsible for
nerve injury-induced increases in GluA2-lacking AMPAR
prevalence of dorsal horn neurons. Nevertheless, calpain may
not be an essential upstream signaling of calcineurin in the
regulation of GluA2-lacking AMPAR prevalence after nerve
injury, because enhanced NMDAR activity may activate
calcineurin via Ca®*/calmodulin-dependent activation with-
out the involvement of calpain.

One of the limitations of this study is that we did not
examine whether increases in the prevalence of GluA2-
lacking synaptic AMPARs in the spinal dorsal horn are
associated with other neuropathic pain conditions such as
painful diabetic neuropathy and postherpetic neuralgia. Also,
it is not clear what other AMPAR subunits can replace the
internalized GluA2 subunits in GluA2-lacking AMPARs in
the spinal cord after nerve injury. It is possible that some
extrasynaptic Ca?*-permeable AMPARs are present in the
membrane (Kopach et al., 2011), which could replace the
GluA2-containing AMPARs at postsynaptic sites once they
are internalized after nerve injury. Nerve injury may increase
the postsynaptic insertion of GluA3 and/or GluA4 subunits
in spinal dorsal horn neurons. In addition, the glutamate
receptor—interacting protein (GRIP) functions as an AMPAR-
targeting and synaptic-stabilizing protein (Dong et al., 1997).
Increased calpain activation caused by nerve injury may also
result in GRIP degradation (Lu et al., 2001) and disruption of
GRIP binding to GluA2 (Lu et al.,, 2001) to cause GluA2
internalization in the spinal dorsal horn. These unanswered
questions should be addressed in future studies.



In summary, our study demonstrates that nerve injury
increases the prevalence of GluA2-lacking synaptic AMPARs
and GluA2 internalization in the spinal dorsal horn. Further-
more, the NMDAR-calpain-calcineurin signaling pathway is
critically involved in the phenotype switch from predomi-
nantly GluA2-containing to GluA2-lacking AMPARs in the
spinal dorsal horn in neuropathic pain. Thus, the NMDAR
activation—mediated calpain and calcineurin signaling plays
a critical role in glutamatergic synaptic plasticity in the spinal
cord after nerve injury. This new information is important to
our understanding of the mechanisms underlying synaptic
plasticity associated with neuropathic pain. Reducing GluA2-
lacking Ca?*-permeable AMPAR activity in the spinal dorsal
horn may represent a potentially important strategy for
treating neuropathic pain.
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