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Neurobiology of Disease

Persistent Inflammation Induces GluR2 Internalization via
NMDA Receptor-Triggered PKC Activation in Dorsal Horn
Neurons
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Spinal cord GluR2-lacking AMPA receptors (AMPARs) contribute to nociceptive hypersensitivity in persistent pain, but the molecular
mechanisms underlying this event are not completely understood. We report that complete Freund’s adjuvant (CFA)-induced peripheral
inflammation induces synaptic GluR2 internalization in dorsal horn neurons during the maintenance of CFA-evoked nociceptive hyper-
sensitivity. This internalization is initiated by GluR2 phosphorylation at Ser®*° and subsequent disruption of GluR2 binding to its
synaptic anchoring protein (GRIP), resulting in a switch of GluR2-containing AMPARs to GluR2-lacking AMPARs and an increase of
AMPAR Ca’* permeability at the synapses in dorsal horn neurons. Spinal cord NMDA receptor-mediated triggering of protein kinase C
(PKC) activation is required for the induction and maintenance of CFA-induced dorsal horn GluR2 internalization. Moreover, preventing
CFA-induced spinal GluR2 internalization through targeted mutation of the GluR2 PKC phosphorylation site impairs CFA-evoked
nociceptive hypersensitivity during the maintenance period. These results suggest that dorsal horn GluR2 internalization might partic-

ipate in the maintenance of NMDA receptor/PKC-dependent nociceptive hypersensitivity in persistent inflammatory pain.

Introduction

AMPA receptors (AMPARs) are responsible for the majority of
excitatory synaptic transmission and play a critical role in synap-
tic plasticity in the mammalian CNS. They are heterotetrameric
cation channels composed of a combinational assembly of four
subunits, GluR1-GluR4 (Burnashev et al., 1992). In contrast to
GluR1, GluR3, and GluR4 mRNA, GluR2 mRNA undergoes ef-
ficient editing at a critical residue in the pore-forming M2 seg-
ment (Burnashev et al., 1992). Incorporation of these edited
GluR2 subunits into AMPARSs (GluR2-containing AMPARs) re-
duces AMPAR conductance, hinders Ca®" permeation through
AMPARs, and confers a linear current—voltage (I-V) relation-
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ship. Conversely, AMPARs assembled without the edited GluR2
subunits (GluR2-lacking AMPARs) have higher conductance,
are readily Ca”* permeable, and exhibit inwardly rectifying -V
relationships. Therefore, the presence or absence of synaptic
GluR2 in the AMPAR complex greatly influences AMPAR prop-
erties and synaptic functions.

In adult mammalian CNS, most AMPARs have low Ca?™" per-
meability because GluR?2 is fully edited throughout development
and widely expressed (Burnashev et al., 1992; Greger and Es-
teban, 2007). However, AMPAR Ca”" permeability in adult CNS
is not static. It can be modified dynamically by neuronal activity,
sensory experience, and neuronal insults via changes in traffick-
ing, expression, and RNA editing of the GIuR2 subunit (Isaac et
al., 2007; Liu and Zukin, 2007). These changes might underlie the
central mechanisms during physiological and pathological pro-
cesses, such as synaptic plasticity and stroke.

Although all four AMPAR subunits are found within the spi-
nal dorsal horn, GluR1 and GluR2 are the most abundant and are
highly concentrated on the postsynaptic neuronal membranes of
the superficial dorsal horn (Kerr et al., 1998; Lu et al., 2002).
Targeted disruption of GluR2 gene produces a deficiency of dor-
sal horn GluR2-containing AMPARSs, facilitates dorsal horn no-
ciceptive plasticity, enhances long-term potentiation of primary
afferent neurotransmission, and increases inflammatory hyper-
algesia (Hartmann et al., 2004; Youn et al., 2008). In contrast,
GluR1 and GluR3 knock-out mice display intact responses to
persistent inflammatory insult, although GluR1 deletion de-
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creases expression of dorsal horn GluR2-lacking AMPARs (Hart-
mann et al., 2004). These genetic studies indicate that GluR2, as a
key subunit in the AMPAR complex, determines activity-induced
nociceptive hypersensitivity and suggest that removal (or inter-
nalization) of synaptic GluR2 in dorsal horn neurons might con-
tribute to spinal central sensitization, a specific form of synaptic
plasticity, in persistent inflammatory pain. However, whether
and how GluR?2 are trafficked away from the synaptic membrane
in dorsal horn neurons under inflammatory pain conditions is
unknown.

Here we show that complete Freund’s adjuvant (CFA)-
induced peripheral persistent inflammation causes a time-
dependent increase in GIuR2 phosphorylation at Ser®?°
(GluR2-p Ser®®*) in dorsal horn. This phosphorylation is accom-
panied by reduced affinity of GluR2 to its synaptic anchoring
protein (GRIP), internalization of synaptic GluR2, and a switch
to synaptic GluR2-lacking AMPARs in dorsal horn neurons in
the maintenance of CFA-induced inflammatory pain. GluR2-p
Ser® and its internalization are dependent on activation of the
NMDA receptor (NMDAR)/protein kinase C (PKC) signaling
cascade. Interfering with CFA-induced dorsal horn GluR2 inter-
nalization by preventing GluR2 PKC phosphorylation at Ser **°
blunted CFA-evoked nociceptive hypersensitivity during the
maintenance period. Together, our studies imply an involvement
of dorsal horn GluR2 internalization in the maintenance of per-
sistent inflammation-induced nociceptive hypersensitivity.

Materials and Methods

Animal preparation. Male Sprague Dawley rats (250-300 g) were pur-
chased from Hilltop Lab Animals. For chronic intrathecal drug delivery,
a polyethylene (PE-10) tube was inserted into the subarachnoid space at
the rostral level of the spinal cord lumbar enlargement segment through
an incision at the atlanto-occipital membrane according to the method
described previously (Tao et al., 2000; Zhang et al., 2003). For persistent
sciatic nerve conduction blockade, an indwelling perisciatic catheter sys-
tem was developed based on previous studies (Chacur et al., 2001; Wei et
al., 2007). Perisciatic catheters were constructed from sterile gelfoam
(Upjohn) aseptically cut into 15 mm (L) X 5 mm (W) X 9 mm (H)
strips. One end was bisected (3.5 mm W) to a depth of 1 cm to allow a 4
cm sterile PE-10 tube to be sutured inside. The assembly was implanted
around the sciatic nerve at midthigh level. The animals were allowed to
recover for 5-10 d before being used experimentally. Rats showing any
neurologic deficits postoperatively were discarded from the study. The
position of the PE-10 catheter was confirmed in each animal after behav-
ioral testing.

GluR2K882A knock-in (KI) mice were created as described previously
(Chung et al., 2003; Steinberg et al., 2006). Adult GluR2K882A KI mice
and control wild-type (WT) littermates (10—12 weeks) were obtained by
interbreeding GluR2K882A heterozygous mice. Genotypes were deter-
mined by PCR analysis on digested mouse tail samples (Chung et al.,
2003; Steinberg et al., 2006). Male and female GluR2K882A KI mice are
viable and fertile without any observable developmental defects (Stein-
bergetal., 2006). They also display normal locomotor functions (supple-
mental Table SI, available at www.jneurosci.org as supplemental
material).

To produce inflammation and nociceptive hypersensitivity, CFA (My-
cobacterium tuberculosis; Sigma; 0.1 ml for rats and 0.02 ml for mice)
suspended in an oil-saline (1:1) emulsion was injected subcutaneously
into the plantar side of one hindpaw. Naive animals and saline (0.9%; 0.1
ml for rats and 0.02 ml for mice) injections were used as controls. The
animals were used in accordance with protocols that were approved by
the Animal Care and Use Committee at Johns Hopkins University.

Behavioral testing. Animals were acclimatized to the experimental set-
tings several times before the testing. The experimenters were blinded to
the treatment groups and the mouse genotypes. Paw withdrawal re-
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sponses to thermal and mechanical stimuli were measured in rats and
mice as described previously (Tao et al., 2000, 2003; Zhang et al., 2003).

To measure paw withdrawal response to noxious heat stimuli, each
animal was placed in a Plexiglas chamber on a glass plate located above a
light box. Radiant heat from a Model 336 Analgesic Meter (IITC/Life
Science Instruments) was applied by aiming a beam of light through a
hole in the light box through the glass plate to the middle of the plantar
surface of each hindpaw. When the animal lifted its foot, the light beam
was turned off. The length of time between the start of the light beam and
the foot lift was defined as the paw withdrawal latency. Each trial was
repeated five times at 5 min intervals for each paw. A cutoff time of 20 s
was used to prevent paw tissue damage.

To measure paw withdrawal response to repeated mechanical stimuli,
each animal was placed in a Plexiglas chamber on an elevated mesh
screen. For rats, a single trial of mechanical stimuli consisted of eight
applications of a calibrated von Frey filament (8.01 mN; Stoelting) within
a2-3 s period. Each trial was repeated 10 times at 5 min intervals on each
hindpaw. For mice, two calibrated von Frey filaments (0.24 and 1.24 mN)
were used. Each filament was applied to the hindpaw for ~1 s and re-
peated 10 times on each hindpaw. The occurrence of paw withdrawal in
each of these 10 repeats was expressed as a percentage response
frequency.

Locomotor function testing. Three reflexes (placing, grasping, and
righting) were tested as described previously (Tao et al., 2000; Zhang et
al., 2003). (1) Placing reflex: the experimenter held the mouse or rat with
hindlimbs slightly lower than the forelimbs and brought the dorsal sur-
faces of the hindpaws into contact with the edge of a table. The experi-
menter recorded whether the hindpaws were placed on the table surface
reflexively. (2) Grasping reflex: the experimenter placed the animal on a
wire grid and recorded whether the hindpaws grasped the wire on con-
tact. (3) Righting reflex: the experimenter placed the animal’s back on a
flat surface and noted whether it immediately assumed the normal up-
right position. Scores for placing, grasping, and righting reflexes were
based on counts of each normal reflex exhibited in five trials. In addition,
the animal’s general behaviors, including spontaneous activity (e.g.,
walking and running), were observed.

Antibodies. The following antibodies were used: rabbit anti-GluR2
(Millipore Bioscience Research Reagents), mouse anti-GluR2 (Millipore
Bioscience Research Reagents), rabbit anti-GluR2-p Ser **° (Chung et al.,
2003; Steinberg et al., 2006), rabbit anti-PICK1 (Steinberg et al., 2006),
rabbit anti-GRIP1 (Millipore), mouse anti-PSD-95 (Millipore), rabbit
anti-PSD-93 (Alomone Labs), rabbit anti-NR2B (Millipore Bioscience
Research Reagents), rabbit anti-NR1 (Millipore Bioscience Research Re-
agents), rabbit anti-NR2A/2B (Millipore Bioscience Research Reagents),
rabbit anti-PKCa (Santa Cruz Biotechnology), rabbit anti-PKC 8 (Santa
Cruz Biotechnology), rabbit anti-PKCy (Santa Cruz Biotechnology),
rabbit anti-N-cadherin (BD Transduction Laboratories), rabbit anti-
stargazin (Millipore), mouse anti-a-adaptin (Sigma), and mouse anti-3-
actin (Sigma).

Surface expression assay. Surface biotinylation expression experiments
were performed in dorsal horn neuronal culture and spinal cord slices as
previously described (Tao et al., 2003). High-density cultured spinal dor-
sal horn neurons (1.5 X 10° cells/ml) and live transverse dorsal horn
slices (400 um) were prepared. Briefly, the cultured neurons or slices were
incubated for 45 min on ice with artificial CSF (ACSF) containing 1.5
mg/ml sulfo-NHS-LC-biotin (Pierce) and then rinsed in ACSF to quench
the biotin reaction. The cultured neurons were lysed and the slices ho-
mogenized in modified RIPA buffer (1% Triton X-100, 0.1% SDS, 0.5%
deoxycholic acid, 50 mm NaPO,, 150 mm NaCl, 2 mm NaF, 1 mm PMSF,
1 mg/ml leupeptin, and 10 mm sodium pyrophosphate). The homoge-
nates were centrifuged at 10,000 X g for 15 min at 4°C, and the superna-
tant was harvested. After the measurement of protein concentration,
20% of the supernatant was removed to detect total expression of GluR2,
NR1, and NR2B. The remaining supernatant was incubated with 50%
NeutrAvidin agarose (Pierce) for 4 h at 4°C, and washed three times with
RIPA buffer. Total and biotinylated surface proteins were detected using
quantitative Western blots as described below. The surface/total ratio
was calculated.

Subcellular fractionation. Subcellular fractionation was performed as
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described previously (Matsuda et al., 2000) with minor modification.
Briefly, the tissues were homogenized in homogenization buffer [250 mm
sucrose, 10 mm Tris-HCI, pH 7.4, 1 mm EDTA, 1 mm PMSF, 1 mm
benzamidine]. The homogenate was centrifuged at 1000 X g for 10 min
at 4°C, and then the supernatant (S1, total soluble fraction) was collected.
After centrifugation at 20,000 X g for 20 min at 4°C, the supernatant (S2,
crude cytosolic fraction) and pellet (P1, crude plasma membrane frac-
tion) were collected. The S2 was subsequently centrifuged at 150,000 X g
for 1 h at 4°C, and the pellet was used as the 150,000 X g (150 k-g)
fraction.

Immunoprecipitation and immunoblotting. The sample proteins from
different fractions were prepared as described above. For immunopre-
cipitation, the affinity-purified antiserum, with or without preincuba-
tion with excess fusion protein, was incubated with 100 ul of a 1:1 slurry
of protein A-Sepharose for 1 h, and the protein—antibody complex was
spun down at 2000 rpm for 4 min. The solubilized fractions were then
added to the Sepharose beads and the mixture incubated for 2-3 h at 4°C.
The mixture was washed with the modified RIPA buffer. The proteins
were separated on 4% stacking/7.5% polyacrylamide gels by SDS-PAGE
and then electrophoretically transferred onto nitrocellulose membrane.
The membrane was blocked with 3% nonfat dry milk and subsequently
incubated with the primary antibody (see antibodies listed above) over-
night. The proteins were detected with horseradish peroxidase-
conjugated secondary antibody and visualized by chemiluminescence
reagents provided with the ECL kit (GE Healthcare) and exposure to
film. The intensity of blots was quantified with densitometry.

Postembedding immunogold labeling. Postembedding immunogold la-
beling was performed as described previously (Petralia et al., 1997; Tao et
al., 2003; Ho et al., 2007). Briefly, rats were perfused transcardially with
4% paraformaldehyde + 0.5% glutaraldehyde 1 d after CFA or saline.
Cryoprotected sections from the ipsilateral L, superficial dorsal horns
were frozen in Leica CPC and freeze-substituted into Lowicryl HM-20 in
a Leica AFS freeze substitution instrument. Thin sections were labeled
with monoclonal mouse (Ho et al., 2007) or polyclonal rabbit (Petralia et
al,, 1994) anti-GluR2 serum (Millipore Bioscience Research Reagents).
Controls for specificity and selectivity of these antibodies were per-
formed as described previously (Petralia et al., 1994; Ho et al., 2007).
Areas for study were selected at random from the superficial dorsal horn
at low magnification (i.e., synapses not visible) and then micrographs of
synapses were taken at high magnification. Immunogold counts at syn-
apses included all gold particles found in the synaptic cleft and postsyn-
aptic density (Ho et al., 2007).

Electrophysiology. Transverse slices (300—400 wm thick) of the L, ¢
spinal cord with attached long (8—15 mm) dorsal roots were prepared
from 17- to 25-d-old male rats at 1 d after CFA or saline as described
previously (Vikman et al., 2008). Whole-cell patch-clamp recordings
were taken from neurons located in lamina II [substantia gelatinosa
(SG)]. Slices were continuously superfused with external solution [(in
mm) 125 NaCl, 2.5 KCl, 1.25 NaH,PO,, 2 CaCl,, 1 MgCl,, 26 NaHCOj,
and 10 glucose (dextrose), pH 7.4; osmolarity adjusted to 310-320
mOsm/L with sucrose, equilibrated with 95% O,, 5% CO,]. Patch pi-
pettes (6—9 MQ)) were filled with internal solution [(in mm) 130 Cs-
methylsulfonate, 10 NaCl, 10 EGTA, 2 CaCl,, 10 HEPES, 0.1 spermine
tetrahydrochloride, 2 Mg-ATP, and 0.1 Na-GTP (pH adjusted to 7.2 with
CsOH, osmolarity adjusted to 290 mOsm/L with sucrose)]. QX-314 (5
mM) was added to the internal solution to block voltage-activated so-
dium currents. Cells were held at —70 mV under voltage-clamp control.
EPSCs were recorded at different membrane potentials from —70 mV to
+50 mV using 20 mV steps. Dorsal roots were stimulated with a suction
electrode. In most cases, stimulation intensities ranged from 70 to 400
MA (constant current output and consisting of 0.1 ms duration at fre-
quency 0.1 Hz). Stimulus intensity was gradually increased until the
maximal response was identified. The intensity was then adjusted slightly
higher to ensure consistent axon activation under control conditions.
Monosynaptic responses were selected based on the absence of synaptic
failures and low variability of latency at a stimulation frequency of 10 Hz.
At this frequency, polysynaptic responses tended to fail, and their latency
markedly changed, but monosynaptic responses kept a constant latency.
The latency was defined as the time interval between the stimulus artifact
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and the response onset. Latency values ranged from 5 to 20 ms. Neurons
with high or low reversal potentials (|E,.,| > 10 mV) for AMPA evoked
EPSCs (eEPSCs) were not included in the analysis.

To study eEPSCs at different voltages, the membrane potential was
stepped to a new value 350 ms before the dorsal root was stimulated.
Short hyperpolarizing voltage steps to —75 mV were applied every
minute to monitor input and access resistance. To isolate the synaptic
current, membrane currents recorded in the absence of dorsal root stim-
ulation at each membrane potential were subtracted from the synaptic
record. Peak amplitude measurement of synaptic currents was per-
formed on averages of five eEPSCs. The rectification index (RI) of the
AMPA eEPSC was determined by dividing the AMPA eEPSC amplitude
at +40 mV by the AMPA eEPSC amplitude at —70 mV. In experiments
that used the polyamine toxin philanthotoxin-433 (PhTx 433; Sigma),
EPSCs were evoked at a stimulation frequency of 0.1 Hz, and PhTx 433
was bath applied after the baseline was recorded. Clampfit 8.0 software
(Molecular Devices) was used to analyze evoked synaptic currents.

Statistics. All data are presented as mean = SEM. Student’s ¢ tests or a
one-way or two-way ANOVA followed by the post hoc Tukey tests were
used to determine statistically significant differences ( p < 0.05). The
statistical software package SigmaStat (Systat) was used to perform all
statistical analyses.

Results

CFA injection induces a time-dependent increase in dorsal
horn GluR2 phosphorylation at Ser ®*°

Evidence from in vitro studies shows that GluR2-p Ser®® is re-
quired for GIluR2 internalization (Perez et al., 2001; Dev et al.,
2004). To characterize GluR2 internalization in dorsal horn neu-
rons in persistent inflammatory pain, we first examined whether
CFA-induced peripheral inflammatory insult induced GluR2-p
Ser®in dorsal horn. The ipsilateral and contralateral L, s dorsal
horn tissues were collected from naive ratsand ratsat 0.5h to 14 d
after injection of CFA or saline into a hindpaw. Consistent with
the previous studies (Guo et al., 2002; Zhang et al., 2003), CFA,
but not saline, injection produced mechanical hypersensitivity
on the ipsilateral side, which developed over 0.5-2 h, reached a
peak level around day 1, lasted for at least 7 d, and disappeared at
day 14 (Fig. 1A). A time-dependent change in the level of
GluR2-p Ser®? in the ipsilateral dorsal horn was observed when
compared with naive rats (0 h) (Fig. 1B) (n = 5/time point). A
significant increase in GluR2-p Ser*** began at 2 h (160 = 20% of
naive group; p < 0.05) and was maintained for at least 7 d after
CFA injection (Fig. 1B). No significant changes were observed at
0.5 h (120 = 8%; p > 0.05) or 14 d (95 * 10%; p > 0.05) after
CFA. As expected, the expression level of GluR2-p Ser® in the
contralateral dorsal horn was not markedly altered during the
observed period (supplemental Fig. S1A, available at www.
jneurosci.org as supplemental material). Saline injection did not
change the basal level of GluR2-p Ser®* in either side of dorsal
horn (supplemental Fig. S1B, available at www.jneurosci.org as
supplemental material). These results indicate that the increase in
dorsal horn GluR2-p Ser®* is associated with CFA-induced pe-
ripheral inflammation.

We also examined whether persistent inflammatory insult af-
fects total GluR2 protein expression in dorsal horn. Consistent
with previous studies (Lee and Ro, 2007; Lu et al., 2008), quanti-
tative Western blot analysis indicated that CFA injection did not
lead to a significant change in the level of total GluR2 in either
side of dorsal horn within a 14 d period (Fig. 1 B; supplemental
Fig. S1 A, available at www.jneurosci.org as supplemental mate-
rial), indicating that CFA-induced inflammation alters GluR2
phosphorylation status rather than total GluR2 protein expres-
sion in dorsal horn neurons.
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Figure 1.  Increased mechanical hypersensitivity and dorsal horn GIuR2 phosphorylation at
Ser® (GluR2-p) after CFA injection. A, Paw withdrawal frequency changed over time in re-
sponse to mechanical stimulation on the ipsilateral side after CFA (n = 10/time point), but not
saline (n = 10/time point), injection into a hindpaw. B, Top, Representative Western blots
showing time-dependent changes of GluR2 phosphorylation at Ser %, but not of total GluR2, in
the ipsilateral dorsal horn after CFA injection; bottom, statistical summary of the densitometric
analysis expressed relative to the naive animals (0 h). *p << 0.05 versus the naive group.

CFA injection disrupts binding of spinal GluR2 to GRIP1 and
promotes synaptic GluR2 internalization in dorsal horn
neurons

The C terminus of GluR2 contains a PDZ-binding motif that
interacts with the PDZ domains of two scaffolding proteins,
PICK1 and ABP/GRIP. ABP/GRIP anchors and stabilizes GluR2
at synaptic membranes (Dong et al., 1997, 1999a,b), whereas
PICK1 presents PKC to ABP/GRIP-GluR2 complexes, leading to
phosphorylation of GIuR2 at Ser** (Staudinger et al., 1997; Perez
et al., 2001; Dev et al., 2004). GluR2 phosphorylated at Ser**°
loses its ability to interact with ABP/GRIP, but the interaction of
GluR2 with PICK1 remains intact (Chung et al., 2000; Perez et al.,
2001). This differential effect may arise from the different struc-
ture of the ABP/GRIP and PICK1 PDZ domains (Chung et al.,
2000). These in vitro results suggest that a CFA-induced increase
in GluR2-p Ser®° might affect the binding affinity of GIuR2 to
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ABP/GRIP (but not PICK1) and promote GluR2 internalization
in in vivo dorsal horn neurons.

To test this hypothesis, we examined the interaction of spinal
GluR2 with GRIP1 and PICK1 under CFA-induced inflamma-
tory conditions. Coimmunoprecipitation was performed in ipsi-
lateral L,_5 dorsal horn tissues at 1 d after CFA (n = 4) or saline
(n = 4).In the saline-treated groups, GluR2 was immunoprecipi-
tated with GRIP1 antibody or PICK1 antibody, indicating that
GluR2 binds to both proteins in dorsal horn (Fig. 2). Interest-
ingly, CFA injection significantly reduced the amount of GluR2
immunoprecipitated by GRIP1 antibody, although the amount
of GRIP1 immunoprecipitated remained unchanged (Fig. 2A).
The amount of GluR2 and PICK1 immunoprecipitated by PICK1
antibody in the tissues from CFA-treated rats was similar to that
from the saline-treated rats (Fig. 2 B). Total expression of GluR2,
PICK1, and GRIPI in dorsal horn from the CFA-treated rats was
similar to that from the saline-treated groups (Fig. 2). These find-
ings indicate a reduction in the binding affinity of GluR2 to GRIP,
but not to PICKI, in dorsal horn neurons under persistent in-
flammatory pain conditions.

Next, we investigated whether this reduced affinity affects syn-
aptic GluR2 membrane expression in dorsal horn neurons in
vivo. Because GluR2 is transported away from the synaptic mem-
brane mainly via clathrin-coated pit-dependent endocytosis
(Matsuda et al., 2000), we used differential centrifugation to col-
lecta 150 k-g spin fraction that contained abundant endocytosed,
clathrin-coated vesicles (Matsuda et al., 2000) from the ipsilateral
L,_s dorsal horn tissues of naive rats (0 h) and rats at 2 h to 3 d
after CFA (n = 5/time point) or saline (n = 5/time point). The
crude membrane fraction was also fractionated. Consistent with
previous studies (Matsuda et al., 2000; Tao et al., 2000), the 150
k-g spin proteins were effectively separated from the plasma
membrane proteins (data not shown). We found that the
amounts of GluR2 in the 150 k-g fraction were 195 = 11% and
185 * 5% higher than those of the naive group on days 1 and 3
after CFA, respectively, and correspondingly 67 * 6% and 63 =
8% lower in the membrane fraction at the same time points (Fig.
3A,B). Unexpectedly, the GluR2 level was not significantly
changed in either the 150 k-g (96 * 9% of the naive group; p >
0.05) or membrane (94 * 4% of the naive group; p > 0.05)
fractions at 2 h after CFA (Fig. 3A, B). No significant differences
were observed between the saline-treated and naive groups in
either the 150 k-g or membrane fractions at 2 h, 1 d, or 3 d after
saline (Fig. 3A, B).

To further confirm GluR2 loss in the membranes of dorsal
horn neurons, we used a surface biotinylation expression assay to
compare the surface expression of GluR2 in adult dorsal horn
neurons between the saline-treated and CFA-treated groups. Live
slices were prepared from the ipsilateral L, 5 dorsal horn 1 d after
CFA or saline. The surface receptors were labeled with biotin and
then precipitated (Tao et al., 2003; Holman and Henley, 2007).
The ratio of surface to total GluR2 was determined by quantita-
tive Western blotting. The biochemical analysis showed that sur-
face GluR2 in the CFA-treated group was 56% lower than that in
the saline-treated group (n = 5/group; p < 0.05) (Fig. 3C). CFA
injection had no effect on surface expression of NMDAR subunit
NR1 in dorsal horn 1 d after CFA (Fig. 3C), ruling out the possi-
bility of nonspecific changes.

To directly display the changes in synaptic expression of
GluR2 in the superficial dorsal horn neurons in persistent inflam-
matory pain, we used a combined approach of postembedding
immunogold labeling with electron microscopy. Ultrathin sec-
tions were prepared from rat ipsilateral L,_5 superficial dorsal
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(Fig. 3D). CFA injection produced a de- - 43 Total
crease in the number of GluR2-labeled .
particles in the postsynaptic membrane B Anti-PICK1 1B g 12, °CluR2 = PICKI1
and a corresponding increase in the cyto- P Sal CFA :‘é ~ 1
plasm (Fig. 3D). The number of GluR2- IB Input Sal CFA 808
labeled particles/synapse in the CFA- o . Total GluR2 | 5 s % E 0.6
treated group (n = 99 synapses) was 39%  GluR2 BB Total PICK] —————— & Lo4
lower than that of the saline-treated group ] . —_ & 02
(n = 109 synapses) (p < 0.05). In addi- PICK1 B8R Total B-actin [SSEG_—_—_— 0 P Total
tion, the ratio of the number of GluR2-
Figure2. Reduced binding affinity of GIuR2 to GRIP1, but not PICK1, in dorsal horn 1d after CFA. 4, Left, Coimmunoprecipita-

labeled particles in the synapse to the
number in the cytoplasm plus extrasynap-
tic membrane of the postsynaptic struc-
ture in the CFA-treated group was 54%
lower than that in the saline-treated group
(n = 47-64 profiles/group, p < 0.05).
These findings further support the results
obtained from the biochemical studies described above, indicat-
ing GluR2 internalization in dorsal horn neurons during the
maintenance period of persistent inflammatory pain.

To examine whether CFA-induced inflammatory noxious input
was required for dorsal horn GluR2 internalization, we infused ve-
hicle (saline) or the nerve conduction blocker bupivacaine (0.5%;
dissolved in saline; AstraZeneca) to the ipsilateral sciatic nerve for 1 d
viaan osmotic minipump (0.1 ml/h) beginning 3 h before or 2 d after
CFA injection. The mechanical behavioral test was performed before
infusion and on days 1, 2 or 3 after injection. L, 5 dorsal horns
ipsilateral and contralateral to injection were collected on days 1 and
3 after behavioral tests, and the 150 k-g fraction was prepared. Con-
sistent with previous reports (Beloeil et al., 2006; Wen et al., 2007),
infusion of bupivacaine induced sensory (responses to pinch and
von Frey filaments) and motor (responses to placing and grasping
reflexes) blockade within 2.5-3 h. This effect lasted for at least 5-6 h,
without signs of nerve damage, because all of these rats recovered to
full sensory and motor responsiveness after the block wore off (data
not shown). Therefore, none of the rats that were infused with bu-
pivacaine for 1 d responded to ipsilateral mechanical stimulus on
days 1 or 3 after CFA (Fig. 4A,C) (n = 5/group). Neither bupiva-
caine nor vehicle affected basal response to mechanical stimulus on
the contralateral side (data not shown). Importantly, GluR2 protein
expression in the ipsilateral dorsal horn 150 k-g fraction was signif-
icantly greater in the vehicle + CFA group than in the vehicle +
saline group on days 1 and 3 after CFA (Fig. 4B,D) (p <0.01;n =
4/group). CFA injection increased the amount of GluR2 by 1.75-fold
on day 1 and by 1.9-fold on day 3 compared with saline injection.
These increases were abolished in the bupivacaine + CFA group
(94 = 6.5% on day 1 and 90 = 8% on day 3) (Fig. 4B, D). Bupiva-
caine treatment alone did not alter the expression of GluR2 in the
150 k-g fraction (data not shown). These findings indicate that pe-
ripheral inflammatory input is required to induce and maintain
GluR2 internalization in dorsal horn neurons.

Synaptic GluR2-containing AMPARs in dorsal horn neurons of
substantia gelatinosa decrease strikingly after CFA injection
GluR2 determines the properties of AMPARs, including Ca*"
permeability (Burnashev et al., 1992; Swanson et al., 1997). If

tion of GluR2 and GRIP1 with anti-GRIP1; middle, total expression of GluR2 and GRIP1; right, statistical summary for the ratios of
the densities from the CFA-treated groups to those from the saline-treated groups. B, Left, Coimmunoprecipitation of GluR2 and
PICKT with anti-PICK1; middle, total expression of GIuR2 and PICK1; right, statistical summary for the ratios of the densities from
the CFA-treated groups to those from the saline-treated groups. B, Immunoblotting; IP, immunoprecipitation; Sal, saline. *p <
0.05 versus the saline-treated groups. 3-Actin was used as a loading control.

CFA-induced inflammation drives synaptic GluR2 internaliza-
tion, dorsal horn neurons would be expected to lose synaptic
GluR2-containing AMPARs after CFA-induced inflammation.
To test this hypothesis, we recorded EPSCs evoked by primary
afferent stimulation from visually identified SG neurons of ipsi-
lateral L, 5 dorsal horn 1 d after CFA or saline. The AMPAR
component was isolated by application of 50 um APV (an
NMDAR antagonist), 10 uM bicuculline methiodide (a GABAR
antagonist), and 2 uM strychnine hydrochloride (a glycine recep-
tor antagonist). There were no significant differences between the
saline-treated and CFA-treated groups in resting membrane po-
tential (—60 = 0.8 mV,n =38vs =58 = 0.7 mV,n=31,p>0.5),
neuronal input resistance (511.8 * 49.9, n = 38 vs 586.1 = 74.3,
n = 31, p > 0.5), or threshold to evoked action potentials
(—33.5*09mV,n=38vs —34.0 = 1.4 mV, n = 31, p > 0.5).
The eEPSCs were dramatically blocked by 95 = 2% by an AM-
PAR antagonist, GYKI52466 (100 M), but were not affected by a
kainate receptor antagonist, SYM 2081 (3 uMm), in either the
saline-treated (n = 4) or CFA-treated (n = 4) rats (Fig. 5A),
indicating that eEPSCs were mediated predominantly by AM-
PARs. Decay and rise times of eEPSCs revealed no significant
differences between the saline-treated and CFA-treated rats (de-
caytime: 1.3 £0.1ms,n=11vs 1.2 = 0.2msn = 10, p > 0.5; rise
time: 4.7 £ 0.5ms,n = 11vs5.7 = 0.6 msn =9,p > 0.2).

Polyamine toxin PhTx-433 is a selective blocker of Ca**-
permeable (GluR2-lacking) AMPARs (T6th and McBain, 1998).
Bath application of PhTx-433 (40 um) inhibited AMPAR-
mediated eEPSCs to a greater degree in SG neurons from the
CFA-treated groups than in those from the saline-treated groups
(Fig. 5B). Sixteen minutes after application of PhTx-433, eEPSC
amplitude was inhibited by 51 * 4% from baseline in the CFA-
treated groups (n = 4) but only by 23 = 3% from baseline in the
saline-treated group (1 = 4; p < 0.01). Given that AMPAR Ca**
permeability is greatly influenced by the presence or absence of
synaptic GluR2, this result indicates a reduction in the propor-
tion of synaptic GluR2-containing AMPARs in SG neurons at 1 d
after CFA.

As described above, another prominent feature of GluR2-
lacking AMPARs is an inwardly rectifying -V relationship
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saline or CFA. Top, Representative Western blots; bottom, statistical summaries of the densitometric analysis expressed relative to the naive animals (0 h). *p << 0.05, **p << 0.01 versus the naive
group. C, Surface expression of GIuR2 and NR1 in dorsal horn neurons at 1 d after CFA or saline. Top, Representative Western blot; bottom, statistical summary of the densitometric analysis. The
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(curve) of their eEPSCs, which can be quantitatively expressed as
a RI. As shown in Figure 5C, I-V curves obtained from SG neu-
rons of the saline-treated group had weak rectification at positive
potentials, whereas a well marked inward rectification was ob-
served in the SG neurons of the CFA-treated group. The SG neu-
rons from the saline-treated animals had an average RI value of
0.26 = 0.01 (range: 0.17-0.37, n = 16), whereas the average Rl in
SG neurons from the CFA-treated animals was 0.18 = 0.02
(range: 0.08—0.29, n = 12; p < 0.01). Given that a reduced RI
reflects the loss of synaptic GluR2-containing AMPARs (Tong
and MacDermott, 2006), this finding further demonstrates CFA-
induced synaptic GluR2 internalization in SG neurons of dorsal
horn at 1 d after CFA.

Interestingly, the amplitudes of synaptic AMPAR-mediated
eEPSCsat —70 mV (—191 £ 27 pA; n = 10) in the SG neurons of
the CFA-treated animals were not markedly different from those
of the saline-treated animals (—220 = 45 pA; n = 14; p > 0.6).
This suggests that the number of synaptic GluR2-lacking AM-
PARs in the SG neurons should be increased at 1 d after CFA. This
increase may partially compensate for synaptic AMPAR EPSC
reduction when synaptic GluR2-containing AMPARs are elimi-
nated by synaptic GluR2 internalization. Indeed, the data from
our laboratory and that of others showed that amount of GluR1
was increased in the postsynaptic density fraction from spinal
cord 1 d after CFA (Katano et al., 2008; Park et al., 2008). These
findings indicate a switch of GluR2-containing AMPARs to

GluR2-lacking AMPARSs at the synapses of dorsal horn neurons
at 1 d after CFA.

Spinal NMDA receptor and PKC activation are involved in
inflammation-induced phosphorylation and internalization
of GluR2 in dorsal horn neurons

The increase of [Ca”*]; that is required for PKC activation can
result from an inflow through NMDAR channels (Basbaum and
Woolf, 1999). Because spinal cord NMDARs and PKC are acti-
vated under persistent inflammatory pain conditions (Basbaum
and Woolf, 1999), we hypothesized that spinal NMDAR-
mediated triggering of PKC activation would induce GluR2-p
Ser®° and GIuR2 internalization in dorsal horn neurons during
the maintenance of CFA-induced inflammatory pain.

To study this hypothesis, we challenged an in vitro spinal dor-
sal horn neuronal culture with NMDAR agonist (NMDA, 40 um)
and antagonist (APV, 50 uM) or with PKC activator (PMA/TPA,
1 uMm) and inhibitor (chelerythrine chloride, 10 um). The drug
doses used were based on previous studies of in vitro cultured
brain neurons (Chung et al., 2000, 2003; Tigaret et al., 2006).
PMA significantly induced phosphorylation of GIuR2 at Ser®*
and GluR2 internalization in dorsal horn neurons (Fig. 6 A, B).
Compared with the control groups (GluR2-p Ser®**: 100%, n =
4; surface GluR2: 40 £ 5%, n = 4), the level of GluR2-p Ser®0
increased by 2.3-fold (n = 4; p < 0.01) and surface GluR2 de-
creased by 75% (n = 4; p < 0.01). PMA-induced effects were
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total GluR2 protein or surface NMDAR
subunit NR2B expression (used as a con-
trol) (Fig. 6).

Activation of AMPARs and group 1
metabotropic  glutamate  receptors
(mGluRs) induced GluR2 internalization in cultured hip-
pocampal neurons (Lin et al.,, 2000; Snyder et al., 2001).
[Ca®"]; may increase as a result of an inflow of extracellular
Ca’" through GluR2-lacking AMPARs and mobilization of
intracellular stores through the activation of the IP3 pathway
following group 1 mGluR activation. Thus, one might expect
GluR2-lacking AMPAR and group 1 mGluR activation in dor-
sal horn neurons to induce PKC GluR2-p Ser®° and GluR2
internalization. To test this possibility, cultured dorsal horn
and cortical neurons were treated with AMPA (100 um),
GYKI52466 (30 uMm), DHPG (50 mM; agonist of group 1
mGluRs), and MPEP (100 uM; antagonist of group 1 mGluRs).
The dosage of these drugs was based on previous in vitro stud-
ies (Lin et al., 2000; Snyder et al., 2001). In cultured cortical
neurons, stimulation with AMPA and DHPG reduced surface
GluR2 expression and was reversed by GYKI52466 and MPEP,
respectively (supplemental Fig. S2A,B, available at www.
jneurosci.org as supplemental material). However, in cultured
dorsal horn neurons, these agonists did not significantly
change basal levels of GluR2-p Ser ®*° or surface GIuR2 expres-
sion (supplemental Fig. S3, available at www.jneurosci.org as
supplemental material). These results suggest that in dorsal
horn neurons, activation of AMPARs and group 1 mGluRs is
not linked to induction of PKC GIuR2-p Ser®° and GIuR2
internalization.

Next we examined whether blocking spinal NMDAR and
PKC activation affects CFA-induced increases in GluR2 inter-
nalization in dorsal horn during the maintenance of inflam-
matory pain. The rats were infused intrathecally with vehicle
(n=30), APV (25 nmol/ul/h, n = 15), or chelerythrine chlo-

tion. Perisciatic nerve infusion of bupivacaine (Bup) for 1d beginning 3 h before (4, B) or 2 d after (C, D) CFA injection blocked paw
withdrawal responses to mechanical stimulation on the ipsilateral side at times shown (4, €). Bup also blocked CFA-induced
increases in the amount of GluR2 in the 150 k-g fraction (B, D). **p << 0.01 versus the vehicle (Veh) + saline group; *p < 0.01
versus the vehicle + CFA group.

ride (3 nmol/ul/h, n = 15) for 1 d via an osmotic minipump
beginning 1 h before or 2 d after CFA (or saline) injection. The
dosage of these two drugs was based on previous studies (Mc-
Nally and Westbrook, 1998; Granados-Soto et al., 2000; Sun et
al., 2006). The mechanical behavioral test was performed be-
fore drug infusion and on days 1, 2, or 3 after injection. L,_5
dorsal horns ipsilateral and contralateral to injection were
collected on days 1 and 3 after behavioral tests, and the 150 k-g
fraction was prepared. Pretreatment and posttreatment with
APV or chelerythrine chloride significantly attenuated CFA-
induced mechanical pain hypersensitivity on the ipsilateral
side on days 1 and 3 after CFA; neither drug affected basal paw
withdrawal responses to mechanical stimulation on either the
ipsilateral or contralateral side (Fig. 7A,B,E). As expected,
CFA injection markedly increased the amount of GluR2 in the
150 k-g fraction on days 1 and 3 after CFA compared with
saline injection; these increases were markedly blocked by pre-
treatment or posttreatment with chelerythrine chloride (pre-
treatment: 105 = 10% of the vehicle + saline group; posttreat-
ment: 90 = 7% of the vehicle + saline group) or APV
(pretreatment: 116 = 12% of the vehicle + saline group; post-
treatment: 105 = 4% of the vehicle + saline group) (Fig.
7C,D,F). Neither chelerythrine chloride (96 * 6% of the ve-
hicle + saline group) nor APV (110 * 4% of the vehicle +
saline group) treatment alone altered the expression of GluR2
in the 150 k-g fraction (Fig. 7C,D). These in vivo findings
indicate that spinal NMDARs and PKC activation are required
for induction and maintenance of CFA-induced GluR?2 inter-
nalization in dorsal horn neurons.
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Targeted mutation of the GluR2 PKC
phosphorylation site impairs pain
hypersensitivity during the
maintenance of CFA-induced
inflammatory pain

Finally, ~we investigated  whether
inflammation-induced GluR2 internaliza-
tion in dorsal horn neurons participates in
pain hypersensitivity under persistent in-
flammatory pain conditions. Our findings
presented above and previous studies
(Chung et al., 2003; Steinberg et al., 2006)
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potentials. **p << 0.01 versus the saline-treated group.

NMDARs and PKCa are physically coupled to AMPARs in
dorsal horn

The above findings suggest a physical link between AMPARs and
NMDARs or PKC at synapses in spinal cord dorsal horn. Using a
coimmunoprecipitation technique, we demonstrated a complex
assembled by PICK1 with GluR2 and PKCa or by a PSD-95-
stargazin linkage with GluR2 and NMDAR subunit NR2B in rat
spinal cord dorsal horn. PICK1 antibody immunoprecipitated
PICK1, GluR2, and PKCgq, but not PKCf1 and PKCy (Fig. 8A).
This finding is in agreement with previous in vitro studies dem-
onstrating that, among PKC isoenzymes, only PKCa contains a
unique PDZ ligand that binds to PICK1 PDZ domain
(Staudinger et al., 1997). In addition, GluR2 antibody immuno-
precipitated GluR2 as well as PICK1 and PKCa (Fig. 8 B), indi-
cating a triple GluR2-PICK1-PKCa complex in dorsal horn. Im-
munoprecipitation also revealed that NR2B and stargazin bind to
PSD-95 and that PSD-95 and GluR2 bind to stargazin in dorsal
horn (Fig. 8C,D), indicating that PSD-95 interaction with starga-
zin acts as a bridge to couple NMDARs and AMPARs. Our pre-
vious studies and those of others showed that NR2A/2B, PSD-95,
GluR2, and stargazin are highly expressed in superficial dorsal
horn and that GluR2 colocalizes with stargazin and PSD-95 in
this region (Tao et al., 2000, 2003, 2006; Polgar et al., 2008).
Under electron microscopy, superficial dorsal horn sections ex-
hibited double labeling for GluR2 and NR1 in the synapse (Fig.
8E), indicating colocalization of AMPARs and NMDARs. To-
gether, these findings present a molecular basis for the physical
coupling of NMDARs and PKC to AMPARSs in dorsal horn.

< ‘7 <
J7 JR

AMPAR-mediated evoked EPSCs at synapses between primary afferents and the SG neurons of dorsal horn. 4, The
evoked EPSCs were dramatically blocked by GYKI52466 (n = 4), but not by SYM 2081 (n = 4). Examples of EPSCs under control
conditions and blockers. B, Pooled data for EPSC amplitude (normalized to mean amplitude before PhTx-433 application) versus
time for experiments in which PhTx-433 (40 wum) was bath applied to spinal cord slices from rats 1 d after CFA (n = 4) or saline
(n = 4). C, IV curves at 1 d after saline or CFA. Inset at bottom, Examples of the eEPSCs at —70 mV and +40 mV holding

indicate that PKC GluR2-p Ser®? is the
key initial regulatory step for induction of
GluR2 internalization. Direct mutation of
GluR2 Ser®® to alanine disrupts binding
of GluR2 to GRIP (Dong et al., 1997; Osten
et al., 2000), whereas mutation of GluR2
Ser®? to alanine (K882A) disrupts the
PKC consensus site (S/T-T-K/R), prevents
PKC phosphorylation of GluR2 at Ser®®,
and interferes with GluR2 internalization
(but does not interfere with GluR2 bind-
ing to PICK1 and GRIP) in central neu-
rons (Chung et al., 2003; Steinberg et al.,
2006). Therefore, we used GluR2K882A
KI mice to investigate whether preventing
CFA-induced spinal GluR2 internaliza-
tion affects CFA-induced nociceptive
hypersensitivity.

Basal levels of GluR2-p Ser® and
GluR?2 in the 150 k-g fraction from either
side of the dorsal horn were similar in WT
and GluR2K882A KI mice (Fig. 94; sup-
plemental Fig. S4, available at www.
jneurosci.org as supplemental material). Consistent with the
findings in rats, CFA injection significantly increased the level of
GluR2-p Ser®° (170 + 5%, n = 3, p < 0.05) and the amount of
GluR?2 in the 150 k-g fraction (180 * 7%, n = 3, p < 0.05) from
the ipsilateral (but not contralateral) dorsal horn of WT mice 1 d
after injection (Fig. 9A; supplemental Fig. S4, available at www.
jneurosci.org as supplemental material). In contrast, those indi-
ces were unchanged in GluR2K882A KI mice at the same time
point (Fig. 9A; supplemental Fig. S4, available at www.jneurosci.
org as supplemental material). Saline injection did not alter basal
levels of GluR2-p Ser®® or the amount of GluR2 in the 150 k-g
fraction in WT or GluR2K882A KI mice (Fig. 9A; supplemental
Fig. S4, available at www.jneurosci.org as supplemental
material).

WT mice injected with CFA in one hindpaw developed long-
term thermal nociceptive hypersensitivity (indicated by a signif-
icant decrease in paw withdrawal latency) and mechanical hyper-
sensitivity (indicated by a marked increase in paw withdrawal
frequency) on the ipsilateral side (Fig. 9B—D). The nociceptive
hypersensitivity developed at 2 h, reached a peak on day 1, and
persisted for at least 7 d after CFA injection (Tao etal., 2003; Chu
etal., 2005). The basal paw withdrawal responses to thermal and
mechanical stimuli were similar between WT (n = 10/test) and
GluR2K882A KI (n = 10/test) mice (Fig. 9B-D). Although
GluR2K882A KI mice developed intact thermal and mechanical
nociceptive hypersensitivities 2 h after CFA, both types of hyper-
sensitivity were impaired during the remainder of the observa-
tion period (Fig. 9B-D). The magnitude of response latencies to



3214 - J. Neurosci., March 11, 2009 - 29(10):3206 -3219

Park etal. » Spinal Cord GluR2 Internalization in Inflammatory Pain

thermal stimulation was significantly in- A Chy+ APV + Chy+
creased and the magnitude of response fre- Control Chy PMA pyra Confrel. APV A NMDA NMDA
quencies to mechanical stimuli markedly — GluR2-p - . e— GluR2-p —— - -
reduced from day 1 to day 7 after CFA in Total Total
the GluR2K882A KI mice compared with  Glur2 GluR2
those in the WT mice ( p < 0.05). Nosig-  p-actin P-actin
nificant changes in paw withdrawal re- 200 — .
sponses to thermal and mechanical stimuli g 2501 oGuRr2p X 0 150 - T r 1 C;F _
. . . n
were seen on the contralateral side in ei- E 2001 & Total GluR2 = ol
ther WT or GluR2K882A KI mice after 0 150 ,QZ) 100
CFA injection (Fig. 9B-D). These findings 5 100 3 50
indicate that the GluR2K882A KI mice dis- E 50 ~ o
play blunted pain hypersensitivity during NMDA APV+  Chy +
the maintenance phase (from day 1 to day Control  Chy PMA Chy +PMA Control AR NMDA NMDA
7 after CFA), but not during the develop- B Ghy ST P
ment (2 h ?ﬁer CFA) of persistent inflam- Control Chy PMA | ppa D Control APV NMDA MDA NM)]I) A
matory pain. T 8T8 T & T § T ST ST ST S TS
Discussion GIUR2 M = oy = g - 8 = GIUR2 oy g e gy gy o o
Cumulative evidence suggests that
NR2B s — e == e —— em— — — - -

activity-dependent AMPAR trafficking at NRZ_B N ———
postsynaptic membranesis critical forsyn- A0t —  —  —  — Bractin (o o i s | S
aptic plasticity and structural remodeling g 60 o GluR2 = NR2B 0 60
(Liu and Zukin, 2007; Santos et al., 2009). qg o 50 é o 50 = Ghik2 = NRZB
However, the role of regulated AMPAR 2 .g 40 § S40
trafficking in spinal central sensitization % % 30 - i %30 Ged
associated with persistent painis muchless g é! %8 g & 20
understood. Here, we show that AMPAR g ° ) » 5 100
subunit GluR2 is internalized in dorsal Chy+ 8

‘ i ~ Control Chy PMA [ NMDA APV + Chy +
horn neurons after CFA-induced inflam- PMA Control - APV A NMDA NMDA

mation. This internalization is dependent
on spinal cord NMDAR/PKC activation
and is causally linked to CFA-
inflammatory pain.

Normally, AMPAR subunits are consti-
tutively recycled between the synaptic
membrane and the intracellular compart-
ment via membrane insertion (exocytosis) and clathrin-
mediated internalization (endocytosis). The number of subunits
expressed on the synaptic membrane is dependent on the balance
between these two processes (Adesnik et al., 2005; Greger and
Esteban, 2007). Using biochemical and morphological ap-
proaches, we found that GluR2 is internalized in dorsal horn
neurons during days 1-3 after CFA. These findings indicate that
inflammatory insult breaks the balance of GluR2 recycling be-
tween membrane insertion and internalization and promotes
GluR?2 trafficking away from synaptic membrane. Moreover, this
inflammatory noxious input may be indispensable for induction
and maintenance of dorsal horn GluR2 internalization because
this event could not be induced by preinfusion and postinfusion
of bupivacaine to the sciatic nerve or by saline injection.

Our results suggest that dorsal horn GluR2 internalization
requires PKC phosphorylation of GluR2 at Ser®® in persistent
inflammatory pain. Consistent with previous studies on cultured
brain neurons (Perez et al., 2001; Hanley and Henley, 2005),
PMA increased the level of GluR2-p Ser®° and reduced surface
expression of GluR2 in the cultured dorsal horn neurons; these
responses were blocked by chelerythrine chloride. Moreover, in-
trathecal preinfusion and postinfusion of chelerythrine chloride
or prevention of GluR2 PKC phosphorylation at Ser®*° attenu-
ated the CFA-induced increase in the level of GluR2 in the dorsal
horn 150 k-g fraction on days 1 and 3 after CFA. In addition, the
binding affinity of GluR2 to GRIP1 in dorsal horn neurons was

Figure 6.

Induction of GluR2 phosphorylation at Ser®&® (GluR2-p Ser®°) and GluR2 internalization in cultured dorsal horn
neurons after NMDAR and PKC activation. PMA stimulation increased expression of GluR2-p Ser ®&° (but not total GluR2) (4) and
reduced surface expression of GIuR2 (but not NR2B) (B); these changes were abolished by chelerythrine chloride (Chy). NMDA
stimulation increased expression of GluR2-p Ser®° (but not total GluR2) (€) and reduced surface expression of GIuR2 (but not
NR2B) (D); these changes were abolished by both APV and Chy. **p << 0.01 versus control group.

reduced on day 1 after CFA. These findings suggest that periph-
eral inflammatory insult activates spinal PKC and induces PKC
phosphorylation of GluR2 Ser**° in dorsal horn. This phosphor-
ylation disrupts GluR2 binding to ABP/GRIP and promotes dor-
sal horn GluR2 internalization under inflammatory pain condi-
tions (Fig. 10).

Interestingly, we found no significant change in the amount of
GluR2 in the dorsal horn 150 k-g spin fraction 2 h after CFA
injection, although the level of GluR2-p Ser®° at 2 h after CFA
was significantly increased compared with the naive group. This
unexpected result is most likely attributable to the limited sensi-
tivity of Western blot analysis. GluR2 internalization in dorsal
horn neurons might be insufficient to be detectable at 2 h after
CFA injection. Another possibility is that there may be a long
timescale of synaptic AMPAR exchange for intracellular recep-
tors in dorsal horn neurons because synaptic AMPAR trafficking
events in vitro and in intact brains have a slow rate time constant
of ~15-18 h (Adesnik et al., 2005; McCormack et al., 2006).

Our findings also suggest that spinal cord NMDAR activation,
as an upstream trigger, leads to PKC phosphorylation of GluR2
Ser® and GluR2 internalization in dorsal horn in persistent in-
flammatory pain. The AMPARs form multiprotein complexes
with postsynaptic density proteins, including receptors, adaptor
proteins, and protein kinases, at synapses (Derkach et al., 2007;
Santos et al., 2009). These complexes allow for efficient intracel-
lular signaling. The finding that NMDARs and PKCa are coupled
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(Dubner and Basbaum, 1997; Basbaum
and Woolf, 1999), we propose that, after
receiving strong primary afferent drive
generated from peripheral nociceptors by
4 inflammation, dorsal horn NMDARs are
activated, increasing Ca’" influx. The
Ca®" promptly activates PKC to phos-
phorylate GluR2 at Ser**° and to promote
GluR?2 internalization at postsynaptic dor-
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sal horn neurons (Fig. 10). This conclu-
sion is strongly supported by previous in
vitro studies (Iwakura et al., 2001; Tigaret
et al., 2006) which showed that NMDAR-
triggered GluR2 internalization requires
Ca*" influx directly through NMDARSs.
GluR?2 internalization may result in an
increase in synaptic AMPAR Ca’*" perme-
ability in dorsal horn neurons after CFA
injection. Under normal conditions, most
dorsal horn AMPARs are Ca”" imperme-
able. Our patch-clamp recording demon-
H## strated a marked increase in the number of
synaptic GluR2-lacking AMPARs in the
SG neurons of dorsal horn 1 d after CFA. A
previous study also reported an increase of
synaptic GluR2-lacking AMPARs in neu-
rokinin 1 receptor-positive lamina I neu-
rons of dorsal horn on day 3 after CFA
(Vikman et al., 2008). These results indi-
cate a switch of GluR2-containing AM-
PARs expressed on many dorsal horn neu-
rons to GluR2-lacking AMPARs (that is,
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NMDAR/PKC-dependent mechanical hypersensitivity and dorsal horn GIuR2 internalization on days 1 and 3 after

an increase of Ca®" -permeable AMPARSs)
after CFA injection. Although the cell
st types were not identified in our study or
those of others (Katano et al., 2008; Vik-
man et al., 2008), it is very likely that this
switch occurs on excitatory (but not inhib-
itory) neurons in the superficial dorsal
horn, because most neurons in rat super-
ficial dorsal horn (particularly in SG) are
excitatory (Todd and Sullivan, 1990; San-
tos etal., 2007). It should be noted that our
electrophysiological recording showed no

# 4

CFA. Intrathecal infusion of Chy (4) or APV (B) for 1 d beginning 1 h before CFA injection attenuated CFA-induced ipsilateral
mechanical hypersensitivity. **p << 0.01 versus the saline + vehicle group; *p << 0.05 versus the CFA + vehicle group. Intra-
thecal infusion of Chy (€) or APV (D) for 1 d beginning 1 h before CFA injection abolished CFA-induced increases in the amount of
GluR2 in the 150 k-g fraction. **p << 0.01 versus the saline + vehicle group; *p << 0.01 versus the CFA -+ vehicle group.
Intrathecal infusion of APV and Chy for 1 d beginning on day 2 after CFA reduced CFA-induced mechanical hypersensitivity (F) and
increased the amount of GluR2 in the 150 k-g fraction (F). **p < 0.01 versus the vehicle -+ saline group; *p << 0.05, *p < 0.01

changes in the amplitudes of synaptic
AMPAR-mediated eEPSCs 1 d after CFA
compared with the saline-treated groups.
Since single-channel conductance of
GluR2-lacking AMPARs is higher than

versus the vehicle + CFA group.

with AMPARs via PICK1, PSD-95, and stargazin in the postsyn-
aptic density of dorsal horn neurons provides a molecular basis
for an NMDAR-PKC-AMPAR signal cascade (Fig. 10). More-
over, NMDA stimulation increased the level of GluR2-p Ser 880
and reduced GluR2 surface expression in cultured dorsal horn
neurons; these responses could be significantly attenuated by
both APV and chelerythrine chloride. In vivo, intrathecal pre-
treatment and posttreatment with APV at the dose that signifi-
cantly attenuated CFA-induced mechanical hypersensitivity
markedly suppressed CFA-induced increases in the amount of
GluR?2 in the dorsal horn 150 k-g fraction at 1 and 3 d after CFA.
Given that spinal cord NMDARs are activated after CFA injection

that of GluR2-containing AMPARs (Bur-

nashev et al., 1992; Swanson et al., 1997), it
is very likely that after CFA injection, there are fewer GluR2-
lacking AMPARSs inserted in the synaptic membrane than inter-
nalized GluR2-containing AMPARs in dorsal horn neurons. In-
deed, we found that the number of internalized GluR2 subunits is
greater than the number of GluR1 subunits inserted in the mem-
brane on day 1 after CFA (Park et al., 2008). Thus, GluR2 inter-
nalization may be a major player in CFA-induced increase of
Ca*"-permeable AMPARs in dorsal horn neurons.

Dorsal horn GluR2 internalization may be involved in the
maintenance of CFA-induced inflammatory pain. We found that
CFA-induced time-dependent changes in dorsal horn GluR2 in-
ternalization correlated with the time course of changes in CFA-
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induced pain hypersensitivity during the maintenance period. Pe-
ripheral inflammatory input was required for induction and
maintenance of dorsal horn GluR?2 internalization. This finding in-
dicates that dorsal horn GluR2 internalization might be a marker for
inflammation-induced pain hypersensitivity during the mainte-
nance period. We also showed that CFA-induced dorsal horn GluR2
internalization during the maintenance period is dependent on spi-
nal cord NMDAR/PKC activation. Given that spinal cord NMDAR/
PKC activation plays a critical role in inflammatory pain (Dubner
and Basbaum, 1997; Basbaum and Woolf, 1999), dorsal horn GluR2
internalization may contribute to the mechanism by which
NMDAR/PKC activation maintains inflammatory pain. As indi-
cated above, GluR2 internalization leads to an increase in AMPAR
Ca®" permeability in dorsal horn neurons. Because the increase in
[Ca**]; should initiate or potentiate a variety of Ca**-dependent
intracellular cascades that are associated with the mechanisms of
pain hypersensitivity during inflammatory pain states, GluR2 inter-
nalization may participate in the maintenance of CFA-induced pain
hypersensitivity by increasing synaptic Ca**-permeable AMPARs
in dorsal horn neurons (Fig. 10). More importantly, our behavioral
study with GluR2K882A KI mice demonstrated that preventing
CFA-induced dorsal horn GluR?2 internalization through targeted
mutation of the GluR2 PKC phosphorylation site attenuated CFA-
evoked mechanical and thermal hypersensitivity during the mainte-
nance period. This finding provides strong evidence that dorsal horn
GluR2 internalization may underlie the mechanism of persistent
inflammatory pain maintenance. It bears noting that the

GluR2K882A KI mice, like conventional gene knock-out mice,
might generate compensatory mechanisms during development.
Thus, it will be necessary to confirm the role of dorsal horn GluR2
internalization in the maintenance of inflammatory pain by interfer-
ing with other mechanisms that determine GluR2 internalization
(e.g., by inhibiting spinal PKCa and targeting disruption of the
PICK1 gene).

Emerging evidence suggests that AMPAR subunit trafficking
is critically involved in activity-induced synaptic plasticity (Liu
and Zukin, 2007; Santos et al., 2009). Our study demonstrated
GluR2 internalization and GluR1 membrane insertion in dorsal
horn neurons after CFA-induced inflammation (Park et al.,
2008). Previous studies reported that acute inflammatory insult
(e.g., capsaicin) led to a significant increase in amount of GluR1,
without altering GluR2 level, in the dorsal horn plasma mem-
brane fraction (Galan et al., 2004; Larsson and Broman, 2008).
We recently found that neither GluR1 nor GluR2 expression lev-
els changed in either the cytosolic or plasma membrane fractions
of dorsal horn after mouse hindpaw incision (data not shown).
These findings suggest that different peripheral nociceptive in-
sults may induce distinct changes of spinal AMPAR subunit traf-
ficking. Thus, it will be very important to further examine
whether GluR2 is internalized in dorsal horn neurons under
other persistent pain conditions (e.g., neuropathic pain) and to
investigate additional potential molecular mechanisms to fully
understand the role of spinal AMPAR trafficking in spinal central
sensitization that underlies persistent pain.
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