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Metabotropic Glutamate Receptor Subtypes 1 and 5 Are Activators
of Extracellular Signal-Regulated Kinase Signaling Required for

Inflammatory Pain in Mice
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Metabotropic glutamate receptors are expressed abundantly in
the spinal cord and have been shown to play important roles in
the modulation of nociceptive transmission and plasticity. Most
previous studies have focused on the group | metabotropic
glutamate receptors (mGIuR1 and mGIuR5) and activation of
phospholipase C signaling by these receptors in modulating
nociception. Recently, it was shown that the extracellular
signal-regulated kinases (ERKs)/mitogen-activated protein ki-
nases are activated in spinal cord dorsal horn neurons in re-
sponse to stimulation of nociceptors and that ERK signaling is
involved in nociceptive plasticity. In the present studies, we
sought to test the hypothesis that group | mGluRs modulate
nociceptive transmission or plasticity via modulation of ERK
signaling in dorsal horn neurons. We show that activation of

mGIuR1 and mGIuR5 leads to activation of ERK1 and ERK2 in
the spinal cord. Furthermore, we find that inflammation-evoked
ERK activation, which is required for nociceptive plasticity, is
downstream of mGluR1 and mGIuR5. Finally, we show colocal-
ization of group | mGluRs with activated ERK in dorsal horn
neurons. These results show that mGIuR1 and mGIuR5 are
activated in dorsal horn neurons in response to peripheral
inflammation and that activation of these group | mGluRs leads
to activation of ERK1 and ERK2, resulting in enhanced pain
sensitivity.
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The mechanisms associated with chronic inflammatory condi-
tions, such as painful neuropathy, are not clearly understood. It is,
however, thought that continuous activation of peripheral affer-
ent fibers by noxious stimulation results in sensitization of dorsal
horn neurons, which can subsequently produce aberrant activity
in primary afferent fibers (Neugebauer et al., 1994; Rees et al.,
1996). Together, the peripheral and central mechanisms contrib-
ute to a cycle of persistent nociception. Persistent activation of
peripheral afferents may result in central changes in neurotrans-
mitter release or receptor states, resulting in chronic nociceptive
activation.

Subsequent to activation of sensory neurons, glutamate is re-
leased in the spinal dorsal horn, in which it acts via activation of
ionotropic ligand-gated ion channels and G-protein-coupled
metabotropic glutamate receptors (mGluRs) (Conn and Pin,
1997). The eight cloned mGluRs (mGluR1-mGluR8) are broadly
classified into groups I (mGluR1 and mGlIuR5), IT (mGluR2 and
mGluR3), and III (mGluR4, mGluR6, mGluR7, and mGIuRS)
based on their sequence homology, pharmacology, and associa-
tion with intracellular effector systems (Conn and Pin, 1997).
Several mGluR subtypes are expressed in the spinal cord; in
particular, there is strong expression of mGluR5 and possibly
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mGluR1 in dorsal horn neurons (Valerio et al., 1997a,b; Alvarez
et al., 2000).

Behavioral studies show that intrathecal application of the
mGluR1/5 agonist 3,5-dihydroxyphenylglycine (DHPG) induces
spontaneous nociceptive behavior (Fisher and Coderre, 1996a),
as well as thermal hyperalgesia and allodynia in rats, and en-
hances pain in the second phase of the formalin test (Fisher and
Coderre, 1998; Fisher et al., 1998). DHPG also potentiates noci-
ceptive responses of spinothalamic tract cells to cutaneous stimuli
(Neugebauer et al., 1999). Furthermore, mGluR antagonists re-
duce sustained nociceptive inputs evoked by intraplantar formalin
in rats and reduce capsaicin-induced sensitization (Fisher and
Coderre, 1996b; Neugebauer et al., 1999). Finally, antisense
knockdown of group I mGluRs reduces responses of dorsal horn
neurons to repeated cutaneous mustard oil applications (Young
et al., 1998). Together, these reports suggest a role for group I
mGluRs in spinal modulation of nociception.

The cellular mechanisms by which mGluRs modulate nocicep-
tion are not clear. Group I mGluRs activate phospholipase C,
leading to release of calcium from intracellular stores and activa-
tion of PKC. Although most studies of group I mGluRs focus on
this cascade, recent studies suggest that they can activate other
downstream kinases, such as the extracellular signal-regulated
kinase (ERK)/mitogen-activated protein (MAP) kinase (Peavy
and Conn, 1998; Ferraguti et al., 1999). Both ERK1 and ERK2
are expressed in the spinal cord and are activated in rat dorsal
horn neurons after inflammation (Thomas and Hunt, 1993; Ji et
al., 1999). Inhibitors of ERK signaling reduce pain in the second
phase of the formalin test, suggesting a selective role for ERKs in
nociceptive sensitization (Ji et al., 1999).

The studies mentioned above suggest critical roles for ERK
signaling and mGluRs in inflammatory pain plasticity. In the
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present study, we test the hypothesis that activation of mGluR1
and/or mGluRS is necessary for ERK activation after peripheral
inflammation and, furthermore, that this pathway is necessary for
nociceptive sensitization.

MATERIALS AND METHODS

Animals. All experiments were done in accordance within 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
Committee of Baylor College of Medicine. Male C57BL/6 mice weighing
20-25 gm were purchased from Baylor College of Medicine, were housed
in 12 hr light/dark cycles, and were given food ad libitum.

Drug administration. The following compounds were purchased from
Tocris Cookson (Ballwin, MO): (RS)-DHPG, an mGluR1 and mGluRS5-
selective agonist, was dissolved in 0.9% saline; 7-(hydroxyimino)cyclo-
propa[b]chromen-1a-carboxylate ethyl ester (CPCCOELt), a noncompet-
itive mGluR1-selective antagonist, was prepared as a 50 mMm stock
solution in an equimolar solution of NaOH and then diluted in HEPES
(100 mMm, pH 7.4); and 2-methyl-6-(phenylethynyl)-pyridine (MPEP), a
noncompetitive mGluR5-selective antagonist, was dissolved in HEPES
(100 mMm, pH 7.4). 2-(2-amino-3-methoxyphenyl)-4H-1-benzopyran-4-
one (PD98059), an MAP kinase kinase (MEK) inhibitor (Sigma, St.
Louis, MO), was dissolved in 10% DMSO. All drugs or their appropriate
vehicles were injected intrathecally in a volume of 3 wl by lumbar
puncture using a Hamilton syringe and 30 gauge needles (Hylden and
Wilcox, 1980).

Nociceptive testing. The total time spent in spontaneous pain behavior
was recorded after intrathecal injection of (RS)-DHPG in mice for 5 min.
Spontaneous pain behavior was defined as caudally oriented licking of
the flanks, tail, and hindpaws after intrathecal (RS)-DHPG. In separate
experiments, mice were pretreated intrathecally for 15 min with the
mGluR1 or mGluRS antagonists or vehicle before (RS)-DHPG injection.
The formalin test was done as described previously (Karim et al., 1993).
Mice were conditioned in a transparent Plexiglas test box (5 X 5 X 10
inches) before any drug injections for 1 hr. Mice were pretreated intra-
thecally for 15 min with the antagonists or appropriate vehicles. Formalin
solution (2%) was injected subcutaneously into the right hindpaw, and
the mouse was returned to the test box immediately. The total time spent
in nociceptive behavior (licking and lifting of the injected paw) was
recorded in blocks of 5 min for 1 hr. Additional experiments were done
in which a combination of MPEP and CPCCOEt was administered
intrathecally 15 min before hindpaw formalin injection.

Sample preparation. Mice were killed 5 min after injection of different
doses of (RS)-DHPG or at different time points after hindpaw formalin
injection. The spinal cords were isolated, and lumbar sections from
individual mice were stored at —80°C. Lumbar spinal cord enlargements
(L4-S1) were homogenized using a dounce homogenizer in ice-cold
homogenization buffer (50 mm Tris HCI, pH 7.5, 50 mm NaCl, 10 mm
EGTA, 5 mm EDTA, 2 mM sodium pyrophosphate, 1 mMm sodium
orthovanadate, 200 uM paranitrophenylphosphate, 1 mm phenylmethyl-
sulfonyl fluoride, 20 ug/ml leupeptin, and 4 ug/ml aprotinin; Sigma).
Protein concentrations were determined by the DC assay kit (Bio-Rad,
Hercules, CA).

Immunoblotting for total and phospho-ERK. Proteins (10 ug) were
electrophoresed in 10% SDS polyacrylamide gels. Proteins were trans-
ferred onto protein-sensitive nitrocellulose membranes and blocked in
B-TTBS [3% bovine serum albumin (BSA), 50 mm Tris-HCI, pH 7.5, 150
mM NaCl, 0.02 mMm Na orthovanadate, 0.05% Tween 20, and 0.01%
thimerosal; Sigma] for 2 hr at room temperature. All antibody applica-
tions were done in B-TTBS. An anti-phospho-p44/42 ERK primary
antibody that detects ERK phosphorylation at both Thr202 and Tyr204
(1:1000 dilution in B-TTBS; Cell Signaling Technology, Beverly, MA)
was used for immunoblotting overnight at 4°C. An anti-p44/42 ERK
primary antibody (1:1000 dilution in 3% BSA; Upstate Biotechnology,
Lake Placid, NY) that detects total p44/42 isoforms was used for immu-
noblotting for 1 hr at room temperature. The blots were washed and
incubated in HRP-conjugated secondary antibody for 1 hr at room
temperature. Blots were developed with enhanced chemiluminescence
(ECL; Amersham Pharmacia Biotech, Arlington Heights, IL). Densito-
metric quantification of immunopositive bands for total or phospho-
p44/42 ERK were done using NIH Image software (Scion Corp., Fred-
erick, MD).

Immunocytochemistry for ERK and mGIluR. Mice were anesthetized
intraperitoneally with sodium pentobarbital (30 mg/kg). Eight minutes
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(determined from time course of ERK activation) after 2% subcutaneous
formalin injection into the hindpaw, mice were perfused transcardially
with warm saline (37°C, 0.9% NacCl), followed by 250 ml of ice-cold 4%
paraformaldehyde solution. L4—-S1 lumbar spinal cord sections were
dissected out and post-fixed at 4°C for 4 hr with paraformaldehyde,
followed by overnight cryoprotection at 4°C in 30% sucrose. Tissue
sections were embedded in OCT compound (Tissue-Tek, Miles Inc.,
Elkhart, IN) and stored at —80°C. Coronal sections (30 uM) were cut
using a freezing sliding microtome, and sections were kept in PBS (pH
7.4) for immunocytochemistry. Sections were rinsed in 10% methanol
and 0.3% H,0, in 0.1 M PBS for 30 min and then blocked in 3% normal
goat serum (NGS) with 0.2% Triton X-100 (NGST) two times for 10 min
each. All antibodies were diluted in 1% NGST. Sections were incubated
at 4°C for 36—48 hr in anti-phospho-p44/42 ERK primary antibody
(1:1000 dilution in B-TTBS; Cell Signaling Technology) or an anti-total
p44/42 ERK primary antibody (1:1000 dilution in 3% BSA; Upstate
Biotechnology). Sections were rinsed with 1% NGST two times for 10
min each, followed by incubation in a secondary biotinylated anti-rabbit
IgG antibody for 90 min (1:200; ABC kit; Vector Laboratories, Burlin-
game, CA). Sections were rinsed with 1% NGST two times for 10 min
each and incubated in ExtraAvidin peroxidase (1:1000; Sigma) for 1 hr at
room temperature. Sections were rinsed in 0.1 M PBS two times for 10
min each and then in phosphate buffer (two times for 10 min each) and
stained with 3,3’-diaminobenzidine tetrahydrochloride (DAB) solution
(0.025% DAB in phosphate buffer containing 0.0025% H,O,; Sigma) for
5-10 min. Sections were mounted onto gelatin-coated glass slides, air-
dried, dehydrated, cleared with xylene, coverslipped with DPX mounting
medium, and observed for total and phospho-ERK staining. For detec-
tion of mGluRS, sections were incubated 36—48 hr at 4°C in polyclonal
anti-mGluRS5 primary antibody (1:2000; Upstate Biotechnology). For
mGluR1a immunocytochemistry, sections were incubated 36—48 hr at
4°C in polyclonal anti-mGluR1a primary antibody (1:2000; DiaSorin,
Stillwater, MN). For double-staining of phospho-ERK and mGluRS5,
sections were first incubated in rabbit polyclonal anti-mGluRS antibody
at 4°C overnight, rinsed, and then incubated at 4°C in mouse monoclonal
phospho-ERK antibody overnight. Sections were rinsed and incubated in
a mixture of anti-rabbit IgG-rhodol green or anti-rabbit IgG-Oregon
green-488 and anti-mouse IgG-Cy3 (Molecular Probes, Eugene, OR) at
room temperature for 1 hr. Sections were dried, mounted on slides, and
viewed with a confocal microscope. In all cases in which cell counts were
taken, the person performing the counts was blind to the identity of the
treatments. Separate immunocytochemical experiments were done as
described above 5 min (as determined from behavioral and immunoblot
experiments) after intrathecal injection of (RS)-DHPG (10 nmol).

Reverse transcription-PCR. Total RNA was isolated from dorsal horn of
mouse lumbar spinal cord. Tissue was homogenized with disposable
plastic pestles in 300 ul of TRIZOL with 250 ug/ml glycogen (Life
Technologies, Gaithersburg, MD). The homogenate was incubated at
room temperature for 5 min. Chloroform (160 ul) was added to the
homogenates, vortexed, and centrifuged at 14,000 X g for 15 min at 4°C.
The aqueous phase was carefully pipetted to a clean tube, and 400 ul of
isopropanol was added. The tubes were incubated at room temperature
for 10 min and then centrifuged at 14,000 X g for 10 min at 4°C. The
supernatant was decanted, and the pellet was washed with 1 ml of 75%
DEPC ethanol. The pellet was air dried and resuspended in 50 ul of
DEPC water. Sample RNA was quantified from a standard curve made
from the RNA ladder. Reverse transcription (RT)-PCR was performed
according to the manufacturer-recommended protocol (Ready-to-go RT-
PCR beads) using random hexamer primers. Annealing of the mGluR-
specific primers during the PCR was performed at 50°C, and extensions
were 1 min each for 35 cycles.

RT-PCR was performed using primers based on rat mGluR sequences.
The following C-terminal upstream and downstream primers for
mGIluR5 (Minakami et al., 1993) and upstream and downstream primers
for mGluR1 (Soloviev et al., 1999) used were as follows: 5aRTPCRUI,
5" tgagttgcacgttctatgeg 3'; 5aRTPCRDI, 5'ggtactcttctcattctggg 3';
la RTPCRUI, 5" gctccaacaccttectcaac 3'; and 1aRTPCRD2, 5’
acaggccgtctcattggtet 3.

These primers will amplify all known C-terminal splice variants of
mGluR1 [with the exception of mGluR1c (Soloviev et al., 1999)] and
mGluRS.

Statistical analysis. Time course effects were analyzed using repeated-
measure ANOVA with the Prism statistical program (Graphpad Soft-
ware Inc., San Diego, CA). For comparisons of drug effects from con-
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trols, factorial ANOVA was used followed by appropriate post hoc tests.
Student’s ¢ test was used when comparisons were restricted to two means.

RESULTS

As mentioned above, previous studies had indicated that activa-
tion of spinal group I mGluRs leads to nocifensive behaviors in
rats. Furthermore, inflammatory pain plasticity in rats requires
ERK activation and also appears to involve activation of group I
mGluRs. In the present studies, we sought to test the hypothesis
that the group I mGluRs are activated after peripheral inflam-
mation and that this mGluR activation is necessary for
nociceptive-specific activation of ERKs and the resultant noci-
ceptive plasticity. This hypothesis makes several predictions: (1)
nociceptive activation should elicit an increase in ERK activation
in the spinal cord; (2) activation of spinal mGluRs should activate
ERKs; (3) blockade of spinal group I mGluRs should reduce the
inflammation-evoked increase in ERK activation; and (4) block-
ade of spinal group I mGluRs should reduce nociceptive plastic-
ity. We have tested each of these predictions using a combination
of behavioral, anatomical, and biochemical approaches, described
below.

Activation of Group | mGluRs in the spinal cord
activates ERK signaling

Intrathecal injection of (RS)-DHPG in mice induced spontaneous
nocifensive behaviors that included caudally oriented licking of
the flanks, hindpaws, and tail. This increase in nocifensive behav-
iors was dose dependent and significantly different from vehicle-
injected mice at the 1, 10, and 100 nmol doses of (RS)-DHPG
(Fig. 1A4). Intrathecal pretreatment with the mGluR1 antagonist
CPCCOEt (50 nmol) or the mGluR5 antagonist MPEP (50
nmol) significantly attenuated (RS)-DHPG-induced spontaneous
nocifensive behaviors (Fig. 1B). In separate experiments, mice
were killed 5 min after injection of intrathecal (RS)-DHPG, and
the spinal cord lumbar sections were homogenized and run on a
10% SDS-PAGE. Proteins were immunoblotted using a phospho-
ERK-selective antibody, which detects activated forms of both
ERKI1 and ERK2. A dose-dependent activation of ERK1 and
ERK?2 was observed (Fig. 1C) when compared with the vehicle-
injected controls. Although both ERK1 and ERK2 were acti-
vated, ERK2 was relatively more strongly activated than ERKI1.

ERK activation is required for inflammatory pain
plasticity in mice
The formalin model is used frequently in the study of inflamma-
tory pain states in rodents (Tjolsen et al., 1992). Injection of 2%
formalin subcutaneously in the hindpaw of mice results in a
typical biphasic nociceptive response (Hunskaar and Hole, 1987).
The first phase, usually lasting <5 min, occurs a few seconds after
formalin injection and is characterized by intense licking or lifting
of the injected paw. This phase is attributable to acute stimulation
of nociceptors. The second phase is characterized by licking and
lifting of the injected paw beginning at ~20-25 min after forma-
lin injection and lasts until ~45-60 min after formalin injection,
although the duration and amplitude of the second phase depends
on the concentration of formalin used. This second phase of
inflammatory nociception is thought to involve central sensitiza-
tion of dorsal horn neurons, as well as peripheral sensitization
associated with the inflammation (Coderre and Melzack, 1992).
Injection of 2-5% formalin subcutaneously into the hindpaw
induces activation of phospho-ERK in the lumbar spinal cord, as
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Figure 1. The group 1 mGluR agonist DHPG increases nociceptive
behavior and activates ERK1/2 in mouse spinal cord dorsal horn. 4, Total
time (in seconds) spent in spontaneous nocifensive behaviors after intra-
thecal injection of (RS)-DHPG. Mice were given a single intrathecal
injection of various doses of (RS)-DHPG, and the time spent in nocifen-
sive behaviors was recorded for 5 min. Points represent the mean = SEM;
n = 4-5 animals per dose. B, Effect of the mGIuR5 antagonist MPEP and
the mGluR1 antagonist CPCCOEt on DHPG-induced spontaneous no-
cifensive behavior. Mice were pretreated intrathecally with 50 nmol of
either antagonist 15 min before intrathecal (RS)-DHPG (1 nmol), and the
time spent in nocifensive behaviors was recorded for 5 min. Points
represent the mean = SEM; n = 4 animals per dose. *p < 0.05; **p <
0.01. C, Immunoblot analysis of phosphorylated ERK1 and ERK2 bands
in mouse spinal cord homogenates from mice injected intrathecally with
(RS)-DHPG. Points represent the mean = SEM densities of phospho-
ERKI1 and phospho-ERK2 bands normalized to total ERK for each
sample from four separate experiments. In C, all points are significant at
p < 0.05 compared with vehicle-injected controls, with the exception of
the p44 signal at the 0.1 nmol dose.

shown by immunoblotting using the phospho-ERK-selective pri-
mary antibody (Fig. 24,B). The phospho-ERK bands were quan-
titated and normalized to total ERK immunoblotted from the
same samples using an anti-total ERK1/2 antibody. Compared
with the contralateral cord, blots of tissue taken from the side of
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Figure 2. Subcutaneous injection of forma- A
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the cord ipsilateral to the formalin injection showed significant
stimulation of both ERK1 and ERK2 at 3 min after formalin
injection but not when the animals were killed immediately after
formalin injection (Fig. 2B). Similarly, formalin induced ipsilat-
eral activation of ERK that was localized to cell bodies and
dendrites of dorsal horn neurons as seen in sections probed with
the primary antibody for phospho-ERK (Fig. 2C; see Fig. 6G).
We observed no significant contralateral ERK activation in the
cord. Figure 2D shows the time course of the number of dorsal
horn neurons that have detectable levels of phosphorylated ERK
in response to subcutaneous injection of formalin (2%). There is
a time-dependent activation of ERK, which is optimal at the 3
and 8 min time points. There was no significant change in total
ERK signal (Fig. 2A4).

These results show that ERK1 and ERK?2 are strongly activated
in spinal nociceptive pathways in response to inflammation in
mice and suggest that ERK activation may be involved in sensi-
tization. To test this hypothesis, we pretreated mice with the
MEK inhibitor PD98059, which inhibits ERK activation, and
investigated whether this treatment attenuates nociceptive behav-
iors in response to formalin-induced inflammation. We found that
intrathecal pretreatment with 25 nmol of PD98059 for 20 min
reduced the time spent in total pain behaviors (licking and lifting
of injected paw) in the second phase of the formalin test when
compared with the vehicle-pretreated mice with no significant
effect on the first phase response (Fig. 34). Figure 3B shows
significant dose-dependent attenuation of the total time spent in
the second phase by intrathecal PD98059 when compared with
vehicle-pretreated mice.

Consistent with our hypothesis that the effects of PD98059 are
mediated by MEK inhibition, intrathecal pretreatment with 25
nmol of PD98059 for 20 min attenuated formalin-induced ERK
activation as observed in sections immunostained with phospho-
ERK antibody. This attenuation of ERK activation by PD98059
was statistically significant when compared with the sections
stained from vehicle-pretreated mice (Fig. 3C).

These results are consistent with previous studies in rat and
further show that ERK1 and ERK2 are activated in response to

0 3 8 25 60min

inflammation or stimulation of group I mGluRs in mouse spinal
cord dorsal horn. Because we have shown that activation of
mGluR1 and/or mGIuRS induces pain and increases activation of
ERKs, we wanted to test the hypothesis that mGluR1 and
mGIuRS are necessary upstream activators of ERK by testing
whether antagonists of mGluR1 and mGluRS5 attenuate formalin-
induced nociceptive behavior and ERK activation.

Blockade of spinal group | mGluRs reduces
inflammation-induced ERK activation and
inflammatory pain plasticity in mice

We tested whether blocking mGluR1 and mGluRS would reduce
inflammatory pain behaviors in the formalin test. We found that
both the mGluR1 antagonist CPCCOEt and the mGluRS5 antag-
onist MPEP significantly reduced pain behaviors in the second
phase of the formalin test in a dose-dependent manner (Fig. 4).
Interestingly, we found that, at higher doses, MPEP (50 nmol)
and CPCCOEt (100 nmol) also significantly attenuated the first
phase, suggesting a role for mGluRs in mediation of both the
acute and chronic phases of this model. Intrathecal coinjection of
both CPCCOEt (50 nmol) and MPEP (50 nmol) significantly
attenuated the second phase pain behaviors after subcutaneous
formalin in the hindpaw. Coinjection of the antagonists reduced
the second phase pain behaviors by 47% (p < 0.05) when com-
pared with the intrathecal vehicle-treated mice. This effect was
not additive, because no significant differences were observed
between the effects of coinjection of MPEP and CPCCOEt
versus the effects of either antagonist injected alone.

These results show that mGluR1 and mGIluRS5 are involved in
nociceptive plasticity after peripheral inflammation. We there-
fore tested the hypothesis that this modulation of plasticity was
attributable to decreased ERK activation by the mGluR1/5 an-
tagonists. The effects of MPEP and CPCCOEt on formalin-
induced activation of ERK were investigated. A 15 min pretreat-
ment with either MPEP (50 nmol) or CPCCOEt (50 nmol)
significantly attenuated formalin-induced ERK phosphorylation
detected with immunocytochemistry (Fig. 5).
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Figure 3. The MEK inhibitor PD98059 attenuates the second phase of
formalin-induced nociceptive behavior and decreases ERK activation. A4,
Effect of a 20 min pretreatment with a single intrathecal injection of
PDY8059 (25 nmol) in the mouse formalin test. B, Effect of 5 and 25 nmol
doses of PD98059 in the second phase of the formalin test (15-30 min).
Each bar represents the mean = SEM; n = 5-7. *p < 0.05. C, Effect of
PD98059 on activation of spinal ERK after formalin injection determined
by cell counts of phospho-ERK-positive neurons. n = 3 each. *p < 0.05.

Colocalization of inflammation-evoked ERK activation
and group | mGluRs

Given that mGluR antagonists reduce ERK activation after in-
flammation, it is reasonable to hypothesize that mGluRs couple
to ERK activation in these dorsal horn neurons. However, it is
formally possible that mGluRs do not couple to ERKs but rather
regulate synaptic transmission in the complex dorsal horn cir-
cuitry, leading to increased ERK activation by other receptors. If
mGluRs couple directly to intracellular ERK activation rather
than indirectly through modulation network activity, then a nec-
essary condition is that the receptors should be expressed in the
cells in which ERK activation occurs. We therefore investigated
the localization of mGluR1 and mGluRS in relation to the phos-
phorylated ERK by costaining spinal cord lumbar sections with
the mGIuRS5 and phospho-ERK antibody after intrathecal (RS)-
DHPG or subcutaneous formalin injection in the hindpaw. The
pattern of phospho-ERK immunostaining in the dorsal horn
neurons after intrathecal injection of (RS)-DHPG (10 nmol) (Fig.
6A) was very similar to that seen after subcutaneous injection of
formalin in the hindpaw (Fig. 6E). Consistent with previous
reports in rat, we found that mGIuRS staining is localized in the
dorsal horn of the mouse spinal cord (Fig. 6A4,E). Phospho-ERK
immunoreactivity is seen as dense staining within cell somata and
dendrites (Fig. 6B-D, F-H') of mostly the superficial dorsal horn
laminas. Using confocal microscopy, we found that, in many
instances, the mGluRS staining was present as a distinct annulus
surrounding phospho-ERK-positive somata, and colocalization
could also be seen in processes.
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Figure 4. Intrathecal MPEP and CPCCOEt attenuate formalin-induced
nociceptive behavior. A, C, Time course graphs of 15 min pretreatment
with 50 nmol of CPCCOE?t and 50 nmol of MPEP. B, D, Dose-response
curves of CPCCOEt (B) and MPEP (D) on the first phase (the 5 min
time point; filled squares) and the second phase (sum of 15-30 min points;
open squares). Points represent the mean * SEM; n = 5 - 11 per dose.
*p < 0.05 for phase 2 only; *p < 0.05 for phase 1 and phase 2.

Many cells positive for phosphorylated ERK showed no detect-
able signal for mGluRS5 in the membrane or cytoplasm. It is
possible that some of these mGluR5-negative cells may express
mGluR1. However, spinal cord sections stained with an
mGluR1a-selective antibody resulted in no detectable amounts of
mGluR1a in the superficial dorsal horn of the spinal cord (data
not shown). This suggests that mGluR1a may not be expressed in
the superficial dorsal horn neurons, and perhaps different splice
variants of mGlIuR1 are responsible for the mGluR1-dependent
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Figure 5. Intrathecal MPEP and CPCCOEt attenuate formalin-induced
ERK activation in the spinal cord dorsal horn. Representative spinal cord
lumbar sections immunostained with phospho-ERK antibody after a
unilateral injection of formalin subcutaneously into the right hindpaw.
Mice were pretreated with either vehicle (4) (100 mm HEPES, pH 7.4) or
MPEP (B) (50 nmol). D and E show staining of spinal cords from vehicle-
and CPCCOEt-pretreated mice. Quantitation of the total number of
phospho-ERK-positive neurons in the dorsal horn of the lumbar spinal
cord after pretreatment with either vehicle or MPEP (C) or vehicle or
CPCCOEt (F) before subcutaneous formalin injection. Bars represent
the mean = SEM; n = 3-6 for each treatment. *p < 0.05; **p < 0.01.

ERK activation in these dorsal horn neurons. Unfortunately,
there are no commercially available antibodies at present for the
other splice variants of mGluR1.

To examine the expression of other known splice variants of
mGluR1, we performed RT-PCR on total RNA extracted from
mouse spinal cord dorsal horn using primers that amplify
mGluR1a, mGluR1b, mGluR1d, and mGluR1f (Minakami et al.,
1993; Soloviev et al., 1999). Our results from the RT-PCR show
that there are three RNA splice variants of mGluR1 present in
the spinal cord dorsal horn: mGluR1a, mGluR1b, and mGluR1d
(Fig. 7A4). The relative abundance of the mGluR1 splice variants
in the dorsal horn rank in the order mGluR1a > mGluR1d >
mGluR1b. These results, combined with the results showing that
CPCCOEt reduces formalin-induced nociceptive plasticity and
formalin-induced activation of ERKs, suggest that mGluR1d or
mGluR1b may be expressed in dorsal horn neurons and respon-
sible for the behavioral and molecular changes observed. We also
confirmed the presence of the two known splice variants of
mGIluR5 (mGluR5a and mGluR5b) in the mouse spinal cord
dorsal horn (Fig. 7B), with mGluR5b being more abundant than
the mGluR5a splice variant.

DISCUSSION

The present study reports several important findings. Intrathecal
administration of DHPG, a group I mGluR agonist, stimulated
spontaneous nociceptive behavior that included licking of the
flanks, hindpaws, and the tail. Intrathecal administration of the
selective mGluR1 and mGIuRS antagonists CPCCOEt and
MPEDP, respectively, attenuated DHPG-induced nociceptive be-
havior. This suggests that activation of spinal group I mGluRs
generates nociceptive responses. Although a previous study
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showed a similar behavioral effect in rats (Fisher and Coderre,
1996b), we have extended these findings and have shown that
nociceptive activation by group I mGluRs is correlated with
activation of ERK1 and ERK2 in the spinal cord, identifying this
cascade as a potential mediator of mGluR-induced enhancement
of nociception.

Immunoblot analysis of spinal cord homogenates after intra-
thecal DHPG revealed a dose-dependent increase in phosphory-
lation of ERK1 and ERK2, with stronger activation of ERK2.
Stimulation of nociceptive behavior and activation of ERKs by
intrathecal DHPG occurred at similar doses, suggesting that
mGluR1/5 activation in the dorsal horn may induce nociception
through activation of ERKs. Furthermore, immunocytochemistry
using a phospho-ERK-selective antibody localized the activation
of ERKs by DHPG primarily to the superficial dorsal horn
neurons. Spinal ERK activity has been shown to be induced by
peripheral noxious stimuli in rats (Ji et al., 1999); however, our
data are the first to report activation of spinal ERKs by selective
stimulation of mGluR1/5.

We found that injection of the inflammatory agent formalin
subcutaneously into the hindpaw of mice stimulates ERK activa-
tion in the ipsilateral dorsal horn. In addition, we found that
intrathecal pretreatment with the MEK inhibitor PD98059 de-
creases the second phase of formalin-induced nociceptive behav-
ior and decreases dorsal horn ERK activation. Similar results
have been obtained in rats (Ji et al., 1999), but we have extended
these findings in mice to show that inflammatory nociceptive
activation correlates with quantitative increases in activation of
both ERK1 and ERK2. We found a more pronounced and longer-
lasting activation of ERKSs in response to formalin than was
observed in the previous study. This may relate to differences in
formalin doses, which are difficult to compare because of differ-
ences in species, formalin concentration, and injection volume.

The mGluR5-selective antagonist MPEP and the mGluR1-
selective antagonist CPCCOEt reduced the second phase of the
formalin test in a dose-dependent manner, suggesting that each of
these receptor subtypes contributes to the second phase nocicep-
tive behavior. We also found that these antagonists attenuated
the first phase of the formalin test at higher doses, suggesting that
mGluR1 and mGluRS are also involved in acute nociceptive
transmission. This is consistent with previous studies showing a
reduction of acute nociceptive transmission by intravenous
MPEP and by group I mGluR antisense knockdown (Young et
al., 1998; Bordi and Ugolini, 2000). It is interesting to note that,
whereas the mGluR antagonists reduced the first phase, the MEK
inhibitor PD98059 did not. This suggests that, although modula-
tion of the second phase by group I mGluRs involves ERK
activation, the role of group I mGluRs in acute nociception likely
involves a different signaling pathway. Intrathecal coinjection of
both the mGIluR1 and mGIluRS antagonists decreased second
phase nociceptive behavior to the same magnitude as when each
antagonist was given alone. The reason for the lack of an additive
effect is not clear. One possibility is that mGluR1 and mGIluRS
are both required for the mGluR-mediated component of ERK
activation induced by nociceptive stimulation. Indeed, we found
the behavioral response to intrathecal DHPG was inhibited by
>50% by each individual antagonist, suggesting functional over-
lap between these two receptors.

In addition to attenuating inflammatory nociceptive behavior,
the group 1 mGluR antagonists also reduced formalin-induced
spinal ERK activation. Attenuation of ERK induction by each
antagonist was partial; this is not surprising because spinal noci-
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Intrathecal DHPG

ceptive processing is very complex and involves interplay between
several neurotransmitters or peptides that originate from de-
scending inputs from the brain, primary inputs from the periph-
ery, and transmission within the dorsal horn itself. Although our
data show activation of ERKs by selective stimulation of spinal
mGluR1/5, other glutamate receptors participate in ERK activa-
tion; for example, an NMDA receptor antagonist also decreased
formalin-induced spinal ERK activation (Ji et al., 1999). There is
evidence that points to interaction between mGluRs and NMDA
receptors, suggesting that NMDA receptor-mediated nociceptive
processing may be regulated by mGluRs (Jones and Headley,
1995). It is possible that part of the mechanism involved in
mGluR antagonist-mediated reduction in ERK activation and
nociceptive plasticity reflects decreased modulation of NMDA
receptors. Future studies will address this possibility.

Attenuation of the inflammatory nociceptive responses by
MPEP likely occurs postsynaptically in neurons of the superficial
dorsal horn. Previous reports have demonstrated the expression
of mGluR1 and mGluRS5 in the soma and dendrites of rat super-
ficial dorsal horn neurons, as well as in vesicle-containing profiles
(Jia et al., 1999; Tao et al., 2000), suggesting that these neurons
are apposed closely to nociceptive primary afferents. In addition,
the mGluRS5 containing neurons receive inputs from GABAergic
terminals from interneurons in the spinal cord, perhaps modulat-
ing the incoming nociceptive stimuli (Tao et al. 2000). mGIuRS in
these neurons may thus have a major role in spinal nociceptive
processing. Our RT-PCR analysis from dorsal horn RNA, to-
gether with the immunolocalization of mGIluRS5, confirms the
expression of mGluR5a and mGluR5b in laminas I and II of the
mouse dorsal horn. We further investigated the relationship of
the ERK-positive dorsal horn neurons to the distribution of the
mGIluR1/5 receptors in the spinal cord dorsal horn and showed
that some of the lamina I neurons that show activated ERK do
indeed express mGluRS.

The effects of CPCCOE:t are also likely mediated in the dorsal
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Figure 6. Colocalization of phospho-ERK
and mGluRS in mouse dorsal horn after
intrathecal DHPG (10 nmol) (A-D) or in-
traplantar formalin injection (E-H). A4, E,
Fluorescence images showing the distribu-
tion of mGluRS ( green) and phospho-ERK
(red) immunoreactivity in the lumbar spi-
nal cord dorsal horn 5 min after DHPG
(A) or 8 min after 2% subcutaneous injec-
tion of formalin in the right hindpaw (E). B
and F show higher-power examples of con-
focal images showing the distribution of
mGluRS5 (green) in relation to phospho-
ERK (red) in the dorsal horn. Note that
some phospho-ERK cells also have appar-
ent membrane labeling for mGIuRS (ar-
rows), whereas other phospho-ERK-positive
cells contain no detectable mGIuRS5 (arrow-
heads). C and G show higher magnifications
of phospho-ERK staining of dorsal horn
neurons. Note the labeling of dendritic pro-
cesses (arrowheads), which are typically
seen when cells are observed using a confo-
cal microscope. D and H show higher mag-
nification of additional example neurons
with apparent membrane labeling for
mGluRS5 and somatic phospho-ERK. These
images are representative of similar results
obtained from three separate animals.

horn neurons. However, because of lack of commercially available
antibodies that detect all of the different splice variants of
mGluR1, we cannot yet confirm which splice variants of mGluR1
mediate the effects of CPCCOEt. We and others have found that

A Dorsal Cortex
Hom

B Dorsal Cortex
Hom

Figure 7. Expression of various splice variants of mGluR1 and mGIuRS in
mouse spinal cord dorsal horn. RT-PCR amplification of the alternatively
spliced forms of mGluR1 (A4) and mGIuRS5 (B) from total RNA prepared
from dorsal horn of the mouse spinal cord and mouse cortex. The position
of predicted band sizes for mGluR1a, mGluR1b, mGluR1d, mGluR1f,
mGluR5a, and mGluR5b are indicated. Molecular markers are shown in
base pairs.
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several commercially available antibodies for mGluR1la show
cross-reactivity with mGIluRS5 (B. Nadin and R. W. Gereau,
unpublished findings; Jia et al., 1999). There are six known splice
variants of mGluR1: mGluR1a, mGluR1b, mGluR1c, mGluR1d,
mGluR1e, and mGluR1f (Soloviev et al., 1999). Using RT-PCR
of mouse spinal dorsal horn RNA, we confirm the presence of
three splice variants in the dorsal horn of the mouse spinal cord:
mGluR1a, mGluR1b, and mGluR1d. It seems likely that the
superficial dorsal horn contains mGluR1b and/or mGluR1d be-
cause immunocytochemistry using an antibody selective for
mGluR1a shows staining in only the deeper laminas of the dorsal
horn. Thus, attenuation of the inflammatory nociceptive re-
sponses to formalin by CPCCOEt is most likely mediated via
mGluR1b or mGluR1d. A recent study has reported the expres-
sion of low levels of mGluR1b in lamina II neurons (Alvarez et
al., 2000). There are no reports to date of mGluR1d expression in
the mouse spinal cord, and our findings are the first that show the
presence of this splice variant in the spinal cord dorsal horn.

The role of ERK pathway in inflammation-induced sensitiza-
tion is not clear. Activation of ERKs may regulate transcription
of a variety of gene products, for example, through phosphoryla-
tion of the cCAMP response element-binding protein, which has
been shown to be activated in the spinal cord dorsal horn by
noxious peripheral stimulation (Ji and Rupp, 1997; Impey et al.,
1999). Peripheral inflammation by formalin also causes unilateral
increased expression of dynorphin, enkephalin, neuropeptide Y
(NPY), NPY receptor, and galanin mRNAs (Dubner and Ruda,
1992; Ji et al., 1994, 1995a,b; Donaldson et al., 1995; Woolf and
Costigan, 1999; Ruda et al., 2000). Some of these could result
from transcriptional activation by ERKs, because they are all
expressed in the superficial dorsal horn.

Activation of spinal mGluR1 and mGluR5 may increase the
excitability of spinal cord nociceptive neurons, a phenomenon
referred to as central sensitization. Central sensitization may also
contribute to mechanisms that cause secondary hyperalgesia. A
recent electrophysiological study by Neugebauer et al. (1999) has
shown that the mGluR1-selective antagonist CPCCOEt reverses
capsaicin-induced central sensitization and blocks modulation by
DHPG. Central sensitization may be related to windup, which is
a frequency-dependent increase in excitability of spinal neurons
evoked by electrical stimulation of afferents (Herrero et al., 2000).
mGluRs have also been implicated in generation of windup
processes in the spinal cord (Boxall et al., 1996; Budai and
Larson, 1998). Although the relationship between mechanisms of
windup and central sensitization are not understood, our results
suggest that the mGluRs may mediate these effects partly by
activation of ERK signaling.

In summary, our data suggest that mGluR1 and mGIuRS in the
spinal cord are involved in functional plasticity during inflamma-
tion and that their modulatory effects involve activation of down-
stream ERKs. These mGluRs and the ERKs may therefore be
potential targets for novel treatments for different types of in-
flammatory pain. Our ongoing studies include an analysis of
downstream targets of ERKs in the dorsal horn, as well as
electrophysiological characterization of the functional conse-
quences of ERK activation.
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