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Metabotropic Glutamate Receptor 5 Modulates Nociceptive
Plasticity via Extracellular Signal-Regulated Kinase–Kv4.2
Signaling in Spinal Cord Dorsal Horn Neurons
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Metabotropic glutamate receptors (mGluRs) play important roles in the modulation of nociception. The group I mGluRs (mGlu1 and
mGlu5) modulate nociceptive plasticity via activation of extracellular signal-regulated kinase (ERK) signaling. We reported recently that
the K � channel Kv4.2 subunit underlies A-type K � currents in the spinal cord dorsal horn and is modulated by the ERK signaling
pathway. Kv4.2-mediated A-type currents are important determinants of dorsal horn neuronal excitability and central sensitization that
underlies hypersensitivity after tissue injury. In the present study, we demonstrate that ERK-mediated phosphorylation of Kv4.2 is
downstream of mGlu5 activation in spinal cord dorsal horn neurons. Activation of group I mGluRs inhibited Kv4.2-mediated A-type K �

currents and increased neuronal excitability in dorsal horn neurons. These effects were mediated by activation of mGlu5, but not mGlu1,
and were dependent on ERK activation. Analysis of Kv4.2 phosphorylation site mutants clearly identified S616 as the residue responsible
for mGlu5–ERK-dependent modulation of A-type currents and excitability. Furthermore, nociceptive behavior induced by activation of
spinal group I mGluRs was impaired in Kv4.2 knock-out mice, demonstrating that, in vivo, modulation of Kv4.2 is downstream of mGlu5
activation. Altogether, our results indicate that activation of mGlu5 leads to ERK-mediated phosphorylation and modulation of Kv4.2-
containing potassium channels in dorsal horn neurons. This modulation may contribute to nociceptive plasticity and central sensitiza-
tion associated with chronic inflammatory pain conditions.
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Introduction
The spinal cord superficial dorsal horn is a vital relay and a key
site of modulation for the transmission of pain sensation. Various
types of plasticity have been observed in the spinal cord dorsal
horn after peripheral tissue damage (Ji et al., 2003), and it is
thought that these forms of plasticity may contribute to the
pathophysiology of chronic pain states. The group I metabo-
tropic glutamate receptors (mGluRs), mGlu1 and mGlu5, have
been implicated as mediators of nociceptive plasticity (Fisher and
Coderre, 1996a,b; Karim et al., 2001; Varney and Gereau, 2002).
Intrathecal administration of mGlu1/5 antagonists attenuates
hypersensitivity attributable to nerve damage, inflammation, or
noxious visceral stimulation (Young et al., 1997; Chen et al.,
2000; Karim et al., 2001; Fisher et al., 2002). Pharmacological
activation of mGlu1/5 in the spinal cord induces spontaneous
pain-related behaviors, causes hypersensitivity to thermal and
mechanical stimuli in the absence of peripheral tissue damage,

and enhances formalin-induced spontaneous nociceptive behav-
ior and complete Freund’s adjuvant-induced mechanical hyper-
sensitivity (Fisher and Coderre, 1996a,b, 1998; Karim et al., 2001;
Adwanikar et al., 2004). These studies demonstrate that activa-
tion of mGlu1/5 in the spinal cord is necessary for the develop-
ment of hypersensitivity in models of pathological pain and is
sufficient to cause nociceptive behaviors in the absence of periph-
eral tissue damage.

Despite these recent advances, little is known about the cellu-
lar mechanisms that underlie mGlu1/5-mediated nociceptive
plasticity. Previous studies from our laboratory have demon-
strated that activation of mGlu1/5 leads to the activation of the
extracellular signal-regulated kinase (ERK) and that nociceptive
behavior resulting from the activation of spinal mGlu1/5 is ERK
dependent (Karim et al., 2001; Adwanikar et al., 2004). In a sep-
arate line of investigation, we identified the K� channel subunit
Kv4.2 as a downstream target of ERK. ERK phosphorylates Kv4.2,
modulates Kv4.2-mediated A-type K� currents, and regulates
neuronal excitability in dorsal horn neurons. Furthermore, ge-
netic elimination of the Kv4.2 subunit reduces ERK-dependent
nociceptive behavior, demonstrating that Kv4.2 is a functional
downstream effector of ERK in the dorsal horn and that it is
necessary for various forms of nociceptive sensitization (Hu et al.,
2006).

These results demonstrate that group I mGluRs modulate no-
ciceptive information in the spinal cord via ERK activation and
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that ERK activation modulates excitability and nociceptive be-
havior via modulation of Kv4.2-mediated A-type K� currents.
However, because ERK is responsive to many cell-surface signals
in the spinal cord and can have numerous downstream effectors
(Ji and Woolf, 2001; Obata and Noguchi, 2004), it remains to be
determined whether mGlu1/5-mediated activation of ERK in the
dorsal horn leads to ERK-mediated phosphorylation of Kv4.2
and the subsequent modulation of excitability and nociceptive
behavior or whether these two signaling events occur as indepen-
dent phenomena. We addressed this question in the present
study and show that ERK-mediated phosphorylation of Kv4.2 is
indeed downstream of mGlu5 activation in spinal cord dorsal
horn neurons. Our results provide insights into the cellular
mechanisms that underlie group I mGluR modulation of
nociception.

Materials and Methods
Animals. All experiments were done in accordance with the guidelines of
the National Institutes of Health and The International Association for
the Study of Pain and were approved by the Animal Care and Use Com-
mittee of Washington University School of Medicine. Male and female
CD1, 129 SvEv, and FVB mice were used. CD1, FVB, and 129 SvEv mice
were used for electrophysiology experiments, and FVB mice were used
for behavioral experiments (for details, see below). Current densities and
kinetics of A-type currents in neurons from 129 SvEv, FVB, and CD1
mice were not significantly different from each other (data not shown).
All experiments within each group were performed using only a single
strain.

Cell culture and spinal cord slice preparation. Primary cultures of spinal
cord superficial dorsal horn neurons were prepared from 4- to 6-d-old
CD1, FVB, and 129SvEv wild-type or Kv4.2 knock-out (Kv4.2�/�) mice
as described previously (Hu et al., 2003). Briefly, after decapitation, a
laminectomy was performed and the spinal cord was carefully removed.
The superficial dorsal horn was dissected with a surgical blade cut in
approximately lamina III. The superficial dorsal horn strips were incu-
bated for 35 min at 37°C in HBSS (Invitrogen, Carlsbad, CA) (in mM: 137
NaCl, 5.4 KCl, 0.4 KH2PO4, 1 CaCl2, 0.5 MgCl2, 0.4 MgSO4, 4.2
NaHCO3, 0.3 Na2HPO4, and 5.6 glucose) containing papain (15 U/ml;
Worthington Biochemical, Lakewood, NJ), rinsed three times with
HBSS, and placed in culture medium containing Neurobasal (Invitro-
gen), fetal calf serum (2.5%; Invitrogen), heat-inactivated horse serum
(2.5%; Invitrogen), L-glutamax-1 (2 mM; Invitrogen), and B-27 (2%;
Invitrogen). The strips were mechanically dissociated by gently triturat-
ing with a fire-polished Pasteur pipette. The resulting cell suspension was
plated onto 12 mm poly-D-lysine- and collagen-coated coverslips and
was cultured in humidified air with 5% CO2 at 37°C for 1–2 d for voltage-
clamp recordings, for 6 – 8 d for current-clamp recordings, or for 4 d for
immunocytochemistry. Lumbar spinal cord slices (300 –350 �m) were
prepared from 6- to 10-d-old CD1 or 129SvEv wild-type or Kv4.2�/�

mice as described previously (Takahashi and Berger, 1990). Briefly, after
decapitation, the vertebral column and surrounding tissue was isolated
and immersed in ice-cold oxygenated artificial CSF (ACSF) containing
the following (in mM): 118 NaCl, 3 KCl, 24 NaHCO3, 2 MgCl2, 1.25
NaH2PO4, 1 CaCl2, and 12 glucose. The lumbar enlargement of the spinal
cord was removed, glued down onto the cutting platform with the adhe-
sive loctite 404 (Loctite, Rocky Hill, CT), and cut with a Vibratome 1000
(Vibratome, St. Louis, MO). Slices were maintained in ACSF at room
temperature under continuous oxygenation and were allowed to recover
for 1 h before electrophysiological recording.

Transfection of dorsal horn neurons. Spinal cord dorsal horn neurons
were cultured for 24 h and then transfected with plasmid DNA constructs
(0.45– 0.9 �g/well) overnight using LipofectAMINE 2000 reagent ac-
cording to the protocol of the manufacturer (Invitrogen). Patch-clamp
recordings were performed 16 – 48 h after transfection. Kv4.2 point mu-
tations in ERK phosphorylation sites were generated as described previ-
ously (Hu et al., 2006).

Electrophysiological recording. Standard whole-cell recordings were

made at room temperature using either an Axopatch 200B amplifier and
Clampex 8.0 software (Molecular Devices, Palo Alto, CA) or an EPC-10
amplifier and Pulse version 8.62 software (HEKA Elektronik, Lambrecht,
Germany) as described previously (Hu and Gereau, 2003; Hu et al.,
2003). Electrode resistances were 3– 6 M� with series resistances of 6 –15
M�, which were compensated �60%. Resting membrane potentials
were �64.7 � 0.9 mV (n � 64) for neurons from slices and �56.4 � 0.7
mV (n � 58) for cultured neurons, and only neurons with a resting
membrane potential more hyperpolarized than �50 mV were used. All
neurons had leak currents �100 pA (at �80 mV), which were not sub-
tracted on-line. Access resistance and input resistance were monitored by
hyperpolarizing current injection throughout the course of the experi-
ment. The data were rejected if either of these parameters changed
�20%.

For voltage-clamp recordings in cultured neurons, the bath solution
was HBSS containing 500 nM TTX and 2 mM CoCl2 to block voltage-
gated Na � currents and Ca 2� currents. The electrode solution contained
the following (in mM): 140 KCl, 1 MgCl2, 0.5 CaCl2, 5 EGTA, 10 HEPES,
3 Na2ATP, and 0.3 Na2GTP, pH 7.4. The membrane voltage was held at
�80 mV, and transient potassium currents (IA) were isolated by a two-
step voltage protocol as described previously (Hu et al., 2003). To deter-
mine the voltage dependence of activation, voltage steps of 500 ms were
applied at 5 s intervals in �10 mV increments from �80 mV to a maxi-
mum of �70 mV. To determine the voltage dependence of inactivation,
conditioning prepulses ranging from �100 to �40 mV were applied in
�10 mV increments for 150 ms, followed by a step to �40 mV for 500
ms. For current-clamp recording, the intracellular solution contained
the following (in mM): 140 KMeSO4, 2 MgCl2, 1 EGTA, 10 HEPES, 3
Na2ATP, and 0.3 Na2GTP, pH 7.4. The bath solution for slices was ACSF
bubbled with 95% O2–5% CO2 and for cultures was HBSS. Action po-
tentials were generated by current injection from a holding potential of
�70 mV for cultured neurons and �75 mV for neurons from spinal cord
slices. Throughout the recording, the holding potential was maintained
by current injection. Intrinsic excitability was measured every 15 s using
a constant amplitude small depolarizing pulse (800 ms, 10 – 80 pA). The
amplitude that evoked two to eight action potentials during the baseline
period was selected and remained constant throughout the recording.
The first spike latency was measured as the time between the stimulus
onset and the first spike of the response. The spike frequency was mea-
sured by counting the number of spikes within a depolarizing pulse of
800 ms.

Western blot analysis. Six- to 7-week-old wild-type 129 SvEv or
Kv4.2�/� mice were decapitated, and the spinal cords were removed
quickly by hydraulic extrusion with saline. The lumbar section of the
spinal cord was dissected and homogenized using a dounce homoge-
nizer in ice-cold homogenization buffer (HB) (20 mM Tris, pH 7.5, 1
mM EDTA, 1 mM Na4P2O7, 25 �g/ml aprotinin, 25 �g/ml leupeptin,
0.2 mg/ml Na3VO4, and 0.4 mM PMSF). Homogenates were centri-
fuged at 4°C for 5 min at 3000 � g, and then the supernatants were
spun at 4°C for 20 min at 60,000 � g in a TLA100.2 rotor. The
precipitates from the 60,000 rpm spin were resuspended in HB and
were used for membrane protein analysis (mGlu5 and Kv4.2 assays).
The precipitates from the 3000 rpm spin were resuspended in the
supernatant from the 60,000 rpm spin and were used for cytosolic and
nuclear protein analysis (ERK assays). All samples were sonicated at a
constant intensity of 2.5 for 10 s. Protein concentrations were deter-
mined by the BCA assay kit (Pierce, Rockford, IL). Proteins were
heated at 95°C for 3 min (for ERK assay), 60°C for 5 min (for mGlu5
assay), or 60°C for 10 min (for Kv4.2 assay) and were electrophoresed
(10 �g of protein) in 10% (for total Kv4.2 and total ERK assays) or 8%
(for mGlu5 assay) SDS polyacrylamide gels and transferred onto ni-
trocellulose membranes (blots). The blots were blocked with 5% milk
(for mGlu5 and Kv4.2 assays) or 3% bovine serum albumin (for ERK
assay) for 1 h at room temperature and then incubated for 1 h at room
temperature with anti-Kv4.2 (1:500 in 5% milk; Chemicon, Te-
mecula, CA), anti-mGlu5 (1:1000 in 5% milk; Upstate Biotechnology,
Lake Placid, NY), or anti-ERK (1:2500 in 3% BSA; Cell Signaling
Technology, Beverly, MA) primary antibody. The blots were washed
and incubated for 1 h at room temperature with HRP-conjugated
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secondary antibody (1:20,000 in blocking solution; Cell Signaling
Technology). The blots were developed with SuperSignal West Pico
(for mGlu5 and ERK assays) (Pierce) or SuperSignal West Femto (for
Kv4.2 assay) (Pierce) and exposed onto hyperfilms. Densitometry of
bands corresponding to ERK1 (p44), ERK2 (p42), and mGlu5 was
performed using NIH ImageJ software.

Immunofluorescence. FVB wild-type and Kv4.2�/� mice were anesthe-
tized intraperitoneally with sodium pentobarbital (60 mg/kg) and per-
fused transcardially with 4% paraformaldehyde/phosphate buffer (PB)
solution. Lumbar spinal cords were dissected out and postfixed over-
night in 4% paraformaldehyde/PB at 4°C, followed by cryoprotection in
30% sucrose/PB at 4°C. Coronal sections (30 �m) were cut with a cryo-
stat (Leica, Nussloch, Germany) and were washed several times in 0.1 M

PBS. All incubations and washes were performed at room temperature
unless otherwise noted. Sections were then blocked in 3% normal goat
serum (Vector Laboratories, Burlingame, CA) and 0.3% Triton X-100 in
0.1 M PBS (3% NGST) for 1 h. All primary antibodies were diluted in 3%
NGST. Sections were incubated in a mixture of rabbit polyclonal anti-
mGlu5 (1:1600; Upstate Biotechnology) and mouse monoclonal anti-
Kv4.2 antibody (1:100; Antibodies Incorporated, Davis, CA) at 4°C over-
night. Sections were rinsed with 3% NGST three times for 10 min each
and were blocked in 10% NGST (10% normal goat serum, 0.3% Triton
X-100 in 0.1 M PBS) for 1 h, followed by incubation in a mixture of
secondary goat anti-rabbit cyanine 5 (Cy5)-conjugated antibody
(1:1000; Zymed Laboratories, South San Francisco, CA) and goat anti-
mouse Cy3-conjugated antibody (1:1000; Zymed Laboratories) in 10%
NGST. The sections were rinsed in PBS and observed under a confocal
laser-scanning microscope (Olympus Optical, Tokyo, Japan).

Cultured spinal cord neurons were fixed with 2% paraformaldehyde
for 5 min and further fixed with 4% paraformaldehyde for 10 min at 4°C.
Cells were rinsed with 0.1 M PBS four times for 5 min each and then
stained by the same procedure used for spinal cord sections except that
0.02% Triton X-100 was used. For double staining of mGlu5 and Kv4.2
subunit, cells were incubated in a mixture of rabbit polyclonal anti-
mGlu5 (1:1600; Upstate Biotechnology) and mouse monoclonal anti-
Kv4.2 (1:200; Antibodies Incorporated) primary antibodies and then
Cy3- and Cy5-conjugated secondary antibodies (1:1000). For double
staining of phosphorylated (p)-ERK and Kv4.2 subunit, cells were incu-
bated in a mixture of polyclonal anti-pERK (1:100; Cell Signaling Tech-
nology) and mouse monoclonal anti-Kv4.2 antibody (1:200; Antibodies
Incorporated) and then in a mixture of secondary anti-rabbit Alexa-488-
conjugated IgG (1:2000; Invitrogen) and anti-mouse Cy3-conjugated
antibody (1:1000) at room temperature. The intensity of pERK immu-
nostaining was quantified using Olympus Optical Fluoview software. All
the quantification was performed blind to experimental conditions. All
Kv4.2-positive cells were selected, and the average intensity of pERK in
the selected cell was measured. All values were normalized to the mean of
the average intensity in the vehicle-treated group.

Behavioral studies. Behavioral testing was performed with the in-
vestigator blind to genotype using 7- to 9-week-old FVB wild-type (11
male and seven female mice) and Kv4.2�/� littermates (seven male
and six female mice). Mice on the FVB background were used for
these experiments because mice on the 129 SvEv background did not
exhibit the stereotypical ( R, S)-3,5-dihydroxyphenylglycine
(DHPG)-induced spontaneous nociceptive behavior. Data from male
and female mice were pooled because there was no significant sex
difference ( p � 0.05, data not shown). Animals were placed in clean
plastic mouse housing cages for 1–2 h before beginning an experi-
ment. DHPG-induced nociceptive behavior was elicited by intrathe-
cal injection of DHPG (6 nmol) and assayed by recording the total
time spent in spontaneous nociceptive behavior (caudally oriented
licking of the flanks, tail, and hindpaw) in 5 min intervals for 15 min
as described previously (Karim et al., 2001).

Drug application. U0126 [bis[amino[(2-aminophenyl)thio]-
methylene]butanedinitrile] (Biomol, Plymouth Meeting, PA) and
PD98059 [2-(2-amino-3-methyoxyphenyl)-4 H-1-benzopyran-4-one]
(Sigma-Aldrich, St. Louis, MO) were prepared as concentrated stock
solutions in DMSO and diluted to final concentrations in HBSS or ACSF
for bath applications. DHPG, LY367385 [(�)-2-methyl-4-carboxy-

phenylglycine], and 2-methyl-6-(phenylethynyl)-pyridine (MPEP) were
purchased from Tocris Biosciences (Ballwin, MO). DHPG was dissolved
in HBSS or ACSF for bath application or in PBS for intrathecal injections.
LY367385 and MPEP were first dissolved in 0.1N NaOH and DMSO,
respectively, as stock solutions and then diluted to the final concentra-
tion in HBSS. For electrophysiology experiments, DHPG was applied for
3 min. For inhibitor or antagonist experiments, neurons were pretreated
with antagonists (LY367385 or MPEP) for 3 min or inhibitors (PD98059
or U0126) for 5 min, and then DHPG was coapplied with the antagonist
or inhibitor for 3 additional minutes. Drug concentrations were used as
described previously: 500 nM U0126, 20 �M PD98059 (Hu and Gereau,
2003; Hu et al., 2003); 100 �M DHPG, 50 �M LY367385, and 5 �M MPEP
(Mannaioni et al., 2001; Hu et al., 2002; Topolnik et al., 2006).

Data analysis. Off-line evaluation was done using Clampfit 8.0 soft-
ware (Molecular Devices) and Origin (Microcal Software, Northampton,
MA). Data are expressed as original traces or as mean � SEM. The
voltage dependence of activation and inactivation of IA was fitted with
the Boltzmann function. For activation, peak currents were converted to
conductances ( G) by the formula G � I/(Vm � Vrev), where Vm is the
membrane voltage of depolarization pulses, and Vrev is the calculated
potassium reversal potential (�84 mV). The function G/Gmax � 1/(1 �
exp[(V1/2 � V )/k] was used to normalize conductances, where Gmax is
the maximal conductance obtained with a depolarizing pulse to �70 mV,
V1/2 is the half-maximal voltage, and k is the slope factor. For inactiva-
tion, I/Imax � 1/(1 � exp[(V1/2 � V )/k] was used, where Imax is the
maximal current obtained with a �100 mV prepulse.

For all experiments, treatment effects were statistically analyzed by
one-way ANOVA, followed by the appropriate post hoc tests using Sta-
tistica software. Paired or two-sample Student’s t test was used when
comparisons were restricted to two means. Error probabilities of p � 0.05
were considered statistically significant.

Results
Activation of group I mGluRs increases excitability in dorsal
horn neurons
Previous studies have demonstrated that activation of spinal
mGlu1/5 causes nociceptive behaviors, which are ERK dependent
(Adwanikar et al., 2004). At the cellular level, ERK has been
shown to be an important modulator of neuronal excitability
(Yuan et al., 2002; Hu and Gereau, 2003; Kawasaki et al., 2004;
Sluka and Audette, 2006). Because mGlu1 and mGlu5 have been
shown to be upstream activators of ERK in the dorsal horn (Ka-
rim et al., 2001), it is reasonable to hypothesize that activation of
mGlu1/5 also modulates neuronal excitability in superficial dor-
sal horn neurons of the spinal cord. To test this hypothesis, we
performed whole-cell current-clamp recordings and investigated
the effects of DHPG, a group I mGluR agonist, on action poten-
tials evoked by current injection in spinal cord dorsal horn neu-
rons in culture and in acute slices from CD1 mice. In slices,
application of 100 �M DHPG decreased first spike latency by
35.1 � 5.3% and increased spike frequency by 45.5 � 13.4% (Fig.
1A–C). DHPG had similar effects on action potentials in cultured
neurons (Fig. 1A–C). These results are consistent with our hy-
pothesis that activation of group I mGluRs modulates neuronal
excitability in the spinal cord dorsal horn.

Activation of group I mGluRs decreases A-type currents in
dorsal horn neurons
We have shown previously that downregulation of A-type cur-
rents enhances neuronal excitability in dorsal horn neurons (Hu
and Gereau, 2003; Hu et al., 2003). We hypothesized that the
mechanism of mGlu1/5-induced increases in neuronal excitabil-
ity is via downregulation of A-type currents. To test this hypoth-
esis, we performed whole-cell voltage-clamp recordings on cul-
tured spinal dorsal horn neurons from CD1 mice. A large
outward current was evoked by a depolarizing step to �40 mV
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from a holding potential of �80 mV. The
A-type current was dissected away from
the sustained potassium current by a two-
step voltage protocol as described previ-
ously (Hu et al., 2003). We bath applied
DHPG (100 �M) and measured changes in
the peak amplitude of A-type and delayed
rectifier K� currents. DHPG at 100 �M

caused a reversible decrease in the peak of
A-type current by 21.0 � 1.6% (Fig.
1D–E) but had no significant effect on de-
layed rectifier currents (decreased by 3.2 �
1.3% with DHPG and 1.0 � 1.7% with
vehicle; n � 9 –21; p � 0.05). We also ex-
amined A-type current decay kinetics at a
depolarizing step of �40 mV. The decay
phase of A-type currents could be fit with a
double-exponential function with time
constants �fast of 17 � 2 ms and �slow of
346 � 40 ms (n � 12). The rates of inacti-
vation of A-type currents were not altered
by DHPG application (�fast of 16 � 2 ms
and �slow of 347 � 38 ms; n � 12). Steady-
state inactivation and activation curves
generated from these experiments show a
significant shift of the activation curve V1/2

to the right 7.3 mV and a shift of the inac-
tivation curve V1/2 to the left 7.2 mV in
response to 100 �M DHPG (Fig. 1F, Table 1). The slope factor of
the activation curve was also significantly changed, but the slope
of the inactivation curve remained the same (Table 1). These
nonparallel shifts in the activation and inactivation curves likely
reflect heterogeneity in the population of channels mediating the
A-type currents in these neurons.

Kv4.2 is required for mGlu1/5 modulation of A-type currents
and neuronal excitability in dorsal horn neurons
In a previous study, we demonstrated that A-type currents in
dorsal horn neurons are mainly mediated by subunits from the
Kv4 family (Hu et al., 2006). Accordingly, A-type currents in
cultured dorsal horn neurons from 129 SvEv Kv4.2�/� mice
were decreased by 60% when compared with wild-type cul-
tures from the same strain (note that A-type currents in the
129SvEv neurons were similar to those in CD1 neurons) (Hu
et al., 2006). For this reason, we hypothesized that DHPG
modulation of A-type currents and excitability are also medi-
ated by the Kv4.2 subunit. To test this hypothesis, we evalu-
ated the effects of DHPG on A-type currents and excitability in
Kv4.2�/� neurons. Consistent with the experiments described
above, bath application of 100 �M DHPG decreased A-type
currents by 20.0 � 3.3% in dorsal horn neurons from wild-
type mice; however, we found that DHPG had no significant
effect on A-type currents in dorsal horn neurons from Kv4.2
knock-out mice (Fig. 2 A, B). In current-clamp recordings
from mouse spinal cord slices, DHPG decreased first spike
latency and increased spike frequency in wild-type dorsal horn
neurons but had no significant effects on the firing properties
of Kv4.2�/� neurons (Fig. 2C,D). These results demonstrate
that Kv4.2 expression is necessary for DHPG-induced modu-
lation of A-type currents and neuronal excitability in mouse
dorsal horn neurons.

ERK is required for mGlu1/5 modulation of A-type currents
and neuronal excitability in dorsal horn neurons
As demonstrated above, activation of group I mGluRs decreases
A-type currents and increases neuronal excitability in spinal dorsal
horn neurons. We have shown previously that nociceptive behaviors
induced by activation of spinal mGlu1/5 are ERK dependent and
that the ERK signaling pathway is involved in modulation of A-type
currents and excitability (Hu et al., 2003, 2006; Adwanikar et al.,
2004). Therefore, we hypothesized that modulation of A-type cur-
rents and excitability by group I mGluRs is via the ERK signaling
pathway. To test this hypothesis, we first examined the effects of two
mitogen-activated protein kinase kinase inhibitors, PD98059 and
U0126, on DHPG-induced inhibition of A-type currents in dorsal
horn neurons from CD1 mice. Pretreatment with 20 �M PD98059
completely blocked DHPG-induced inhibition of A-type currents
and prevented the DHPG-induced shift of the activation and inacti-
vation curves (Fig. 3A–C, Table 1). Similar results were obtained
with 500 nM U0126 (Fig. 3A,C). Both PD98059 and U0126 alone
increased A-type currents as we reported previously (data not
shown) (Hu et al., 2003). We then tested whether ERK signaling is
necessary for DHPG-induced enhancement of neuronal excitability.
Pretreatment with 20 �M PD98059 completely blocked the effects of
DHPG on first spike latency and spike frequency (Fig. 3D,E). Alto-
gether, these results indicate that mGlu1/5 activation modulates
A-type currents and neuronal excitability through ERK signaling.

To confirm that DHPG induces activation of ERK in cultured
dorsal horn neurons, we treated cells with 100 �M DHPG for
various lengths of time. Analysis of confocal immunofluores-
cence images revealed that DHPG increased pERK staining inten-
sity when compared with vehicle-treated cells (Fig. 4). DHPG
induced a time-dependent activation of ERK that peaked at the 5
min time point (Fig. 4).

To test whether DHPG activates ERK in Kv4.2-expressing
neurons, we costained DHPG-treated dorsal horn neurons with
anti-Kv4.2 and anti-pERK antibodies. A total of 556 Kv4.2-

Figure 1. Group I mGluR activation increases excitability and decreases A-type currents in dorsal horn neurons. A, Represen-
tative action potentials recorded from dorsal horn neurons in spinal cord slices before (Pre-DHPG), 3 min after application of 100
�M DHPG, and 5 min after washout of the drug. B, C, Summary of changes in first spike latency (B) and spike frequency (C) induced
by DHPG in dorsal horn neurons in slices or cultures. Values represent mean � SEM; n � 8 –10 neurons each; *p � 0.05, paired
Student’s t test. D, Representative traces of A-type currents recorded before, 3 min after application of 100 �M DHPG, and 5 min
after washout. E, Time course of DHPG effects on A-type current peak amplitude. Values represent mean � SEM; n � 6 neurons.
F, Steady-state activation and inactivation curves before and after 3 min bath application of 100 �M DHPG. Values represent
mean � SEM; n � 8 –10 neurons each.
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positive neurons from three different cultures were examined. All
Kv4.2-positive neurons examined were also positive for pERK
(Fig. 4A), whereas only 71% (134 of 188) of the pERK-positive
cells were also Kv4.2 positive.

Phosphorylation site S616 mediates DHPG modulation
of Kv4.2
Previous studies using purified fusion proteins identified three
sites that can be phosphorylated by ERK in the Kv4.2 intracellular
domains in vitro (Adams et al., 2000). Of these three sites, only the

serine at residue number 616 (S616) is
necessary for modulation of A-type cur-
rents by PKC-mediated ERK activation in
dorsal horn neurons (Hu et al., 2006). To
identify which of these phosphorylation
sites (if any) mediates modulation of
A-type currents by DHPG-induced ERK
activation, we transfected dorsal horn
neurons from FVB Kv4.2�/� mice, which
show the same phenotype as 129SvEv
Kv4.2�/� mice, with either wild-type
Kv4.2 or alanine point mutants of the pu-
tative ERK phosphorylation sites T602,
T607, and S616 (Hu et al., 2006). Similar
to our previous report, transfection of
Kv4.2�/� dorsal horn neurons with wild-
type Kv4.2, T602A, or T607A restored
A-type currents (Fig. 5). These currents
were inhibited by 100 �M DHPG, similar
to what we observed in wild-type neurons
(Fig. 5). A-type currents were also restored
in Kv4.2�/� dorsal horn neurons trans-
fected with the S616A mutant of Kv4.2,
but DHPG-induced modulation of A-type
currents was absent in these transfected
neurons (Fig. 5).

DHPG-induced phosphorylation of
S616 may diminish A-type currents by al-
tering the voltage dependence of A-type
current activation, inactivation, or both.
To elucidate the effects of DHPG on these
gating properties, we transfected Kv4.2�/�

dorsal horn neurons with wild-type Kv4.2
or S616A constructs and evaluated the ac-
tivation and inactivation of A-type cur-
rents before and after application of
DHPG (100 �M). In wild-type-transfected
neurons, DHPG significantly shifted the
inactivation curve to more hyperpolarized
potentials without affecting the slope fac-
tor (pre-DHPG, V1/2 � �46.0 � 3.0, k �
10.4 � 1.1; DHPG, V1/2 � �53.6 � 3.0,

k � 10.4 � 0.8; p � 0.05 comparing V1/2, paired t test), which is
consistent with results obtained with wild-type neurons endog-
enously expressing Kv4.2 (Fig. 1F). In wild-type-transfected neu-
rons, DHPG significantly increased the slope factor of the activa-
tion curve (pre-DHPG, k � 16.7 � 0.7; DHPG, k � 19.9 � 1.2;
p � 0.05, paired t test) without significantly shifting V1/2 (pre-
DHPG, V1/2 � 2.8 � 1.6; DHPG, V1/2 � 5.3 � 2.1; p � 0.05,
paired t test). Although in transfected cells there was no statisti-
cally significant shift in the V1/2 of the activation curve, these data

Table 1. Effects of DHPG in the presence of vehicle or PD98059 on the voltage dependence of A-type current activation and inactivation

Activation Inactivation

V1/2 k n V1/2 k n

Pre-DHPG �2.2 � 1.2 17.2 � 0.9 10 �50.7 � 1.9 7.2 � 0.6 9
DHPG 5.1 � 2.3* 22.5 � 1.3* 10 �57.9 � 2.1* 7.9 � 1.3 9
PD treated �7.6 � 1.3 19.2 � 1.2 12 �46.8 � 2.2 9.0 � 0.8 11
PD � DHPG �6.8 � 1.7 19.4 � 1.5 12 �49.0 � 4.6 10.4 � 1.4 11
MPEP treated �2.4 � 3.6 19.5 � 1.2 9 �56.9 � 1.9 8.8 � 0.8 9
MPEP � DHPG �4.2 � 3.7 20.6 � 1.3 9 �58.2 � 1.9 9.3 � 1.0 9

*p � 0.05, paired t test. PD, PD98059.

Figure 2. Kv4.2 is required for mGlu1/5-mediated modulation of A-type currents and neuronal excitability. A, Representative
traces of A-type currents recorded before (Pre-DHPG) and 3 min after application of 100 �M DHPG to wild-type or Kv4.2�/� dorsal
horn neurons. B, Summary of the effects of DHPG on peak amplitude of A-type currents in wild-type or Kv4.2�/� neurons. Values
represent mean � SEM; n � 7–10 neurons each; ***p � 0.001, two-sample Student’s t test. C, Representative action potentials
recorded from lamina I–II dorsal horn neurons in spinal cord slices of wild-type or Kv4.2�/� mice before and 3 min after
application of 100 �M DHPG. D, Summary of changes in first spike latency and spike frequency induced by DHPG in dorsal horn
neurons from wild-type or Kv4.2�/� slices. Values represent mean� SEM; n � 6 –11 neurons each; *p � 0.05, paired Student’s
t test.
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trend toward a depolarizing shift, which is
consistent with our observations from
wild-type cells (Fig. 1F). Importantly, in
S616A-transfected neurons, DHPG did
not significantly affect either the activation
(pre-DHPG, V1/2 � 8.9 � 2.5, k � 19.9 �
2.0; DHPG, V1/2 � 7.1 � 2.5, k � 19.5 �
1.0) or inactivation (pre-DHPG, V1/2 �
�44.8 � 4.3, k � 13.5 � 2.7; DHPG, V1/2

� �47.9 � 3.9, k � 13.3 � 2.4) curves,
indicating that S616 is necessary for
DHPG-induced modulation of activation
and inactivation properties of A-type cur-
rents. Overall, these results indicate that
S616 is the phosphorylation site that me-
diates DHPG-induced modulation of
A-type currents via alteration of the volt-
age dependence of both activation and
inactivation.

mGlu5 mediates DHPG-induced
modulation of A-type currents and
neuronal excitability
DHPG is a selective group I mGluR ago-
nist that acts on both mGlu1 and mGlu5
receptor subtypes. To determine the con-
tribution of each group I mGluR subtype
to DHPG-induced modulation of A-type
currents, we tested the effects of specific
mGlu1 or mGlu5 antagonists on this mod-
ulation. First, we coapplied the mGlu1 an-
tagonist LY367385 with DHPG (100 �M)
to isolate the specific contribution of
mGlu5. In the presence of LY367385 (50
�M), application of 100 �M DHPG was still
able to reduce peak A-type currents by
20.0 � 1.5% and increase excitability of
spinal dorsal horn neurons (Fig. 6). How-
ever, pretreatment with 5 �M MPEP, an
mGlu5 antagonist, completely blocked
DHPG-induced inhibition of A-type currents and prevented the
DHPG-induced shift of the activation and inactivation curves
(Table 1). In addition, DHPG had no significant effect on neuro-
nal excitability in the presence of MPEP in cultured spinal dorsal
horn neurons (Fig. 6). Neither LY367385 nor MPEP alone altered
the A-type current amplitude (Fig. 6) or neuronal excitability
(data not shown). These results indicate that mGlu5 is the pre-
dominant mGluR mediating DHPG-induced inhibition of
A-type currents. Consistent with this finding, immunofluores-
cent staining of spinal cord slices revealed that mGlu5 is colocal-
ized with Kv4.2 in the superficial dorsal horn (Fig. 7A). We were
not able to clearly distinguish individual neurons in the stained
slices. Therefore, we performed double immunofluorescence
staining for Kv4.2 and mGlu5 in dissociated dorsal horn neurons
(Fig. 7B). A total of 208 neurons from four different cultures were
examined; 197 of these neurons were Kv4.2 positive, and 181
neurons were mGlu5 positive. Kv4.2 and mGlu5 colocalized in
170 (82%) of these neurons. Thus, 86% of Kv4.2-positive neu-
rons were mGlu5 positive, and 94% of mGlu5-positive neurons
were Kv4.2 positive. Kv4.2 was only expressed in neurons because
all Kv4.2-positive cells were also neuronal-specific nuclear pro-
tein positive (data not shown). Kv4.2 immunostaining was spe-

cific under our experimental conditions because it was not
present in Kv4.2�/� mice (Fig. 7).

DHPG-induced spontaneous nociceptive behavior is
impaired in Kv4.2 knock-out mice
Previous studies have demonstrated that activation of spinal
group I mGluRs generates spontaneous nociceptive responses
(Fisher and Coderre, 1998; Karim et al., 2001) and that this effect
of DHPG is at least partially mediated by ERK activation (Ad-
wanikar et al., 2004). The mechanisms underlying these re-
sponses are not clear. In the present study, we show that activa-
tion of group I mGluRs by DHPG modulates A-type currents and
neuronal excitability in the spinal cord dorsal horn through ERK-
mediated phosphorylation of Kv4.2. Given that DHPG effects on
cellular physiology are Kv4.2 dependent, it is reasonable to hy-
pothesize that DHPG-induced nociceptive behavior will also be
Kv4.2 dependent. To test this hypothesis, we gave a single intra-
thecal injection of 6 nmol DHPG to FVB Kv4.2�/� mice or wild-
type littermates and recorded the time spent in nociceptive be-
haviors for 15 min. Before DHPG administration, wild-type and
Kv4.2�/� mice exhibited no spontaneous nociceptive behavior.
Consistent with previous reports (Fisher and Coderre, 1996b;
Karim et al., 2001; Adwanikar et al., 2004), intrathecal injection

Figure 3. ERK activation is necessary for mGlu1/5-medited modulation of A-type currents and neuronal excitability. A, Rep-
resentative traces of A-type currents recorded before and after application of 100 �M DHPG in the presence of vehicle, 20 �M

PD98059 (PD), or 500 nM U0126 (U0). B, Steady-state activation and inactivation curves before and after 3 min bath application of
100 �M DHPG in the presence of PD98059. Values represent mean � SEM; n � 8 –9 neurons each. C, Summary of the inhibition
of peak amplitude of A-type currents by DHPG in the presence of vehicle, PD98059, or U0126. Values represent mean � SEM, n �
11–15 neurons each; ***p � 0.001, one-way ANOVA followed by Dunnett’s post hoc test to compare with DHPG group. D,
Representative action potentials recorded from dorsal horn neurons in spinal cord slices before and 3 min after application of 100
�M DHPG in the presence of 20 �M PD98059. E, Summary of changes in first spike latency and spike frequency induced by DHPG
in dorsal horn neurons of slices and cultures in the presence of PD98059. Values represent mean � SEM; n � 8 neurons each.

13186 • J. Neurosci., November 28, 2007 • 27(48):13181–13191 Hu et al. • mGlu5–ERK–Kv4.2 Signaling in Pain



of DHPG induced robust spontaneous nociceptive responses that
included caudally oriented licking of the flanks, hindpaws, and
tail in wild-type mice (Fig. 8A). Conversely, DHPG-induced
spontaneous nociceptive responses were significantly reduced 10
and 15 min after DHPG injection in Kv4.2�/� mice relative to
their wild-type littermates. These results demonstrate that Kv4.2
expression is necessary for DHPG-induced spontaneous noci-
ceptive behavior.

To determine whether the lack of DHPG-induced modulation
of Kv4.2 in the knock-out mice was attributable to altered expres-
sion of other proteins involved in the modulation of Kv4.2, we
examined protein levels of total ERK and mGlu5 by immuno-
blotting using ERK- or mGlu5-selective primary antibodies.
There was no significant difference in the amount of total ERK or
mGlu5 in spinal cord homogenates taken from wild-type and
Kv4.2�/� mice (Fig. 8B).

Discussion
Results from the present study reveal a functional link between
mGlu5, ERK, and Kv4.2 at both cellular and behavioral levels.
Activation of group I mGluRs dramatically affects the excitability
of spinal cord dorsal horn neurons in an ERK-dependent man-
ner. This effect on excitability is achieved by the modulation of
A-type currents through the ERK signaling cascade. Moreover,
we identified Kv4.2 as the subunit responsible for the portion of
the A-type current that is modulated by group I mGluRs. Our
point mutation experiments further demonstrated that modula-
tion of Kv4.2 is mediated by direct phosphorylation of the chan-

nel by ERK at the S616 phosphorylation site. These in vitro ob-
servations are borne out in vivo because we found that Kv4.2 is
necessary for nociceptive behaviors elicited by the activation of
spinal group I mGluRs.

In the present study, we identified group I mGluRs as novel
upstream modulators of Kv4.2-mediated A-type currents in spi-
nal dorsal horn neurons and demonstrate that this modulation
affects changes in excitability. These results are consistent with
the well known role of A-type potassium channels as important
regulators of neuronal excitability (Shibata et al., 2000; Hu and
Gereau, 2003; Jerng et al., 2004; Varga et al., 2004; Vydyanathan
et al., 2005). These findings also fit well with a large body of data
implicating a variety of G-protein-coupled receptors as modula-
tors of A-type currents and neuronal excitability (Wang et al.,
1997; Starodub and Wood, 2000; Burdakov and Ashcroft, 2002;
Tang et al., 2005). In addition, because group I mGluRs have been
implicated in various forms of synaptic plasticity (Balschun et al.,
1999; Andjus et al., 2005; Grueter et al., 2006; Jung et al., 2006),
modulation of A-type currents by group I mGluRs may represent
a strategy shared among different types of neurons to adjust their
output and might offer a potential mechanism for the effects of
group I mGluRs on other types of plasticity such as learning and
memory or drug addiction.

We further refined our understanding of these molecular
events by determining the relative contribution of each group I
mGluR subtype: mGlu1 and mGlu5. Our electrophysiology data

Figure 4. DHPG induces ERK activation in Kv4.2-expressing dorsal horn neurons. A, Repre-
sentative confocal images of Kv4.2 (red) and pERK (green) coimmunofluorescent staining in
cultured dorsal horn neurons treated with vehicle or 100 �M DHPG. Merge of Kv4.2 and pERK is
shown in yellow. Scale bars, 40 �m. B, Time course of DHPG-induced ERK phosphorylation.
Intensity of pERK is expressed as percentage of vehicle. Values represent mean � SEM; n �
140 –207 neurons from three different cultures; ***p � 0.001, one-way ANOVA followed by
Dunnett’s post hoc test to compare with vehicle group.

Figure 5. Phosphorylation of Kv4.2 by ERK at S616 mediates mGlu5 modulation of A-type
currents. A, Representative traces of A-type currents recorded from Kv4.2�/� neurons trans-
fected with enhanced green fluorescent protein (EGFP) plus wild-type (WT) Kv4.2 or EGFP plus
Kv4.2 phosphorylation site mutants (T602A, T606A, or S616A) before (Pre-DHPG) and 3 min
after application of 100 �M DHPG. B, Summary of the effects of DHPG on peak amplitude of
A-type currents in Kv4.2�/� neurons transfected with EGFP plus wild-type Kv4.2 or EGFP plus
Kv4.2 phosphorylation site mutants. Values represent mean � SEM; n � 6 – 8 neurons each;
**p � 0.01, two-sample Student’s t test.
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showed that blockade of mGlu5, but not mGlu1, in the superficial
dorsal horn completely abolished the modulation of A-type cur-
rents and neuronal excitability that we observe when we activate
group I mGluRs with DHPG. Despite this, many behavioral stud-
ies have demonstrated a functional role of mGlu1 activation in
various pain models (Neugebauer et al., 1999; Karim et al., 2001;
Varney and Gereau, 2002). From the present study, we can con-
clude that mGlu5, but not mGlu1, modulates A-type currents in
superficial dorsal horn neurons. The molecular mechanism un-
derlying the contribution of mGlu1 to nociceptive behavior re-
mains an outstanding question.

Three ERK phosphorylation sites have been identified previ-
ously in the C-terminal cytoplasmic domain of Kv4.2 (Adams et
al., 2000). In the present study, ERK-induced phosphorylation of
Kv4.2 at S616, but not T602 or T607, decreased A-type currents in
superficial dorsal horn neurons after the activation of group I
mGluRs. These results are consistent with our previous findings,
when we activated ERK in dorsal horn neurons via PKC (Hu et
al., 2006). However, a previous study in oocytes suggests that
phosphorylation of Kv4.2 at T607 decreases A-type currents and

phosphorylation at S616 increases A-type currents (Schrader et
al., 2006). In these experiments, Schrader et al. mimicked phos-
phorylation of T607 or S616 by mutating these sites to an aspar-
tate, whereas in our experiments, we mutated T607 or S616 to an
alanine to prevent endogenous phosphorylation of the channel.
It is possible that the mutations used by Schrader et al. to mimic
phosphorylation caused structural changes that affected the
Kv4.2-mediated A-type currents differently than endogenous
phosphorylation. Because we recorded from primary dorsal horn
neurons, in which Kv4.2 is endogenously expressed, and
Schrader et al. recorded from a heterologous Xenopus oocyte sys-
tem, in which Kv4.2 is not endogenously expressed, it is also
possible that the differences between our studies are attributable
to differences in the expression of accessory proteins that affect
the biophysical properties of Kv4.2 in neurons and oocytes.

Previous work in our laboratory has demonstrated that Kv4.2-
containing channels are primarily responsible for A-type potas-
sium currents found in superficial dorsal horn neurons and these
currents are critical modulators of excitability (Hu et al., 2006).
Moreover, Kv4.2 was found to be necessary for ERK-dependent

Figure 6. mGlu5 mediates DHPG-induced modulation of A-type currents and neuronal excitability in dorsal horn neurons. A, Representative traces of A-type currents recorded before and after
application of 100 �M DHPG in the presence of vehicle, 5 �M MPEP, or 50 �M LY367385 (LY). B, Summary of effects of MPEP or LY367385 alone or the effects of DHPG in the presence of vehicle, MPEP,
or LY367385 on peak amplitude of A-type currents. Values represent mean � SEM; n � 8 neurons each; ***p � 0.001, one-way ANOVA followed by Dunnett’s post hoc test to compare with the
vehicle group (Control). C, Representative traces of action potentials recorded before and after application of 100 �M DHPG in the presence of vehicle, 5 �M MPEP, or 50 �M LY367385 (LY). D,
Summary of percentage of changes in first spike latency and spike frequency induced by DHPG in cultured dorsal horn neurons in the presence of vehicle, MPEP, and LY367385. Values represent
mean � SEM; n � 8 –10 neurons each. **p � 0.01; ***p � 0.001, one-way ANOVA followed by Dunnett’s post hoc test to compare with vehicle group.
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modulation of A-type currents and excitability. In the present
study, we extend these findings by demonstrating that Kv4.2 is
also necessary for group I mGluR modulation of both A-type
currents and excitability. The fact that DHPG has no effect on

A-type currents or excitability of dorsal
horn neurons from Kv4.2�/� mice likely
represents the occlusion of a role normally
played by ERK. Thus, in Kv4.2�/� mice,
the reduced A-type currents attributable
to loss of the Kv4.2 protein leads to en-
hanced excitability of dorsal horn neu-
rons. Because Kv4.2 is the target of mGlu5-
activated ERK in these cells and ERK
reduces Kv4.2-mediated currents, the dor-
sal horn neurons are not made more hy-
perexcitable when DHPG is applied to the
Kv4.2�/� neurons.

In this study, we found that Kv4.2 ex-
pression is also necessary for group I
mGluR-mediated nociceptive behavior.
Thus, mice lacking functional Kv4.2
subunits show less nociceptive behavior
after intrathecal injection of a group I
mGluR agonist than their wild-type lit-
termates. This effect is not attributable
to compensatory changes in the expres-
sion of mGlu5 or ERK in Kv4.2�/� mice
because levels of these proteins are
equivalent between Kv4.2�/� and wild-
type littermates. Interestingly, at 5 min,
which is the earliest time point that we
evaluated after the intrathecal injection
of the group I mGluR agonist DHPG, we
did not observe a difference between
Kv4.2�/� and wild-type mice. This delay
is likely not attributable to a delay in the
action of DHPG after the intrathecal in-
jection because previous studies from
our laboratory have shown that ERK is
activated 5 min after DHPG injection
and that pretreatment with group I
mGluRs antagonists reduces DHPG-
induced nociceptive behavior at this

time point (Karim et al., 2001). At the same time, unpublished
observations from our laboratory suggest that blocking ERK
does not affect DHPG-induced nociceptive behavior at this
time point (H. Adwanikar, F. Karim, and R. W. Gereau, un-
published observations). A possible interpretation of these
data are that, although ERK is activated by DHPG at earlier
time points, its effect on downstream effectors such as Kv4.2
takes slightly longer to occur. Interestingly, activation of
group I mGluRs in the dorsal horn has been shown to be
involved in acute nociception, a process that is independent of
ERK activation (Karim et al., 2001). Altogether, these results
suggest that the initial effect of spinal group I mGluRs activa-
tion likely involves a different signaling pathway that is inde-
pendent of ERK activation and Kv4.2. One possibility is that
activation of group I mGluRs elevates cytosolic Ca 2� (Heinke
and Sandkuhler, 2007), which may activate Ca 2�-sensitive en-
zymes such as calcium/calmodulin-dependent kinase IV or
adenylyl cyclases to regulate acute pain transmission (Mizuno
and Giese, 2005).

The electrophysiological data presented in this paper support
the model that mGlu5 activates ERK, which then phosphorylates
Kv4.2, causing a decrease in A-type current and an increase in
neuronal excitability. These signaling events could occur within
the same neuron or it is also possible that the effects of group I

K
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K
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.2

Figure 7. Colocalization of Kv4.2 subunit and mGlu5 in the mouse dorsal horn. A, B, Representative confocal images of Kv4.2
(red) and mGlu5 (green) coimmunofluorescent staining in the mouse dorsal horn (A) or cultured dorsal horn neurons (B). Merge
of Kv4.2 and mGlu5 is shown in yellow. Scale bars: A, 200 �m; B, 40 �m.

Figure 8. Spontaneous nociceptive behavior induced by intrathecal DHPG is impaired in
Kv4.2 knock-out mice. A, Time course of DHPG-induced spontaneous nociceptive behavior in
wild-type or Kv4.2�/� littermate mice. Values represent mean � SEM; n � 13–18 mice each;
*p � 0.05, one-way ANOVA with Bonferroni’s correction. B, Immunoblot of Kv4.2, mGlu5, and
ERK in spinal cord samples from wild-type (WT) or Kv4.2�/�. The position of molecular weight
markers is indicated. KO, Knock-out.
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mGluRs are actually presynaptic and that there are other extra-
cellular signals and receptors involved in the postsynaptic activa-
tion of ERK and the subsequent modulation of Kv4.2. We have
shown previously that mGlu5 is coexpressed with pERK in the
dorsal horn after formalin-induced inflammation (Karim et al.,
2001). Therefore, the phosphorylation of ERK by activation of
mGlu5 likely occurs within the same neuron. In the present
study, we show that Kv4.2 is coexpressed with mGlu5 and that the
mGlu1/5 agonist DHPG increases pERK in Kv4.2-expressing
dorsal horn neurons. These results extend our model and suggest
that these three signaling events occur within the same neuron.
Our findings are also consistent with previous reports that have
shown that mGlu5, ERK, and Kv4.2 are expressed in the superfi-
cial dorsal horn (Karim et al., 2001; Huang et al., 2005; Hu et al.,
2006).

In summary, this study sought to determine the molecular
mechanism of group I mGluR effects on central sensitization
and nociceptive behaviors. We discovered that the activation
of mGlu5 reduces Kv4.2-mediated A-type currents and in-
creases neuronal excitability in the spinal cord dorsal horn via
ERK activation in vitro and that nociceptive behaviors caused
by activating spinal group I mGluRs require Kv4.2 expression
in vivo. These findings advance our understanding of the
mechanisms underlying the role of mGlu5 in pain processing
and further identify a cell-surface receptor that is coupled to
Kv4.2.
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