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Abstract
The N-methyl-D-aspartate (NMDA) receptor in the spinal cord dorsal horn (SCDH) is one of the
mechanisms involved in central sensitization during chronic pain. Previously, this laboratory created
a spatio-temporal knockout (KO) of the NMDA receptor I (NR1) subunit in the mouse SCDH. The
NR1 KO completely blocks NR1 gene and subsequent NMDA receptor expression and function in
SCDH neurons. In the NR1 KO mice, the mechanical and cold allodynia induced at 24 h after
Complete Freund’s adjuvant (CFA) was reduced. However, the protective effects of KO were
transient and were not seen at 48 h after CFA. These observations suggest the presence of NMDA-
independent pathways that contribute to CFA-induced pain. CFA induces the activation of several
signaling cascades in the SCDH, including protein kinase C (PKC)γ and extracellular signal-
regulated kinases (ERK1/2). The phosphorylation of PKCγ and ERK1/2 was inhibited in the SCDH
of NR1 KO mice up to 48 h after CFA treatment, suggesting that these pathways are NMDA receptor-
dependent. Interestingly, neuronal cyclooxygenase (COX)-2 expression and microglial p38
phosphorylation were induced in the SCDH of the NR1 KO at 48 h after CFA. Our findings provide
evidence that inflammatory reactions are responsible for the recurrence of pain after NR1 KO in the
SCDH.
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Introduction
Chronic inflammatory pain is a major cause of disability in the world. There is strong evidence
that peripheral inflammatory insults increase the excitability of spinal cord neurons, resulting
in enhanced pain. This process involves the alteration of multiple neurotransmitters and
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intracellular signaling events in the spinal cord dorsal horn (SCDH) and is termed “central
sensitization” (Woolf and Salter, 2000, Woolf, 2007).

Once SCDH sensory neurons are activated by an initial peripheral noxious stimulus, the
depolarization of postsynaptic terminals in SCDH neurons triggers the activation of the N-
methyl-D-aspartate (NMDA) receptor (Costigan and Woolf, 2000, Woolf and Salter, 2000).
Membrane depolarization activates the NMDA receptor, removing magnesium blockade from
the ion channel and allowing for the influx of calcium. The elevation of the intracellular calcium
triggers a series of calcium-sensitive signal cascades, including protein kinase C (PKC) and
mitogen activated protein kinases (MAPK) and ultimately leads to altered gene expression
(Costigan and Woolf, 2000, Haddad, 2005). The end result of central sensitization is a
prolonged postsynaptic depolarization in SCDH neurons that enhances nociceptive messages.

The NMDA receptor consists of tetramers of 2 NR1 subunits and 2 NR2 subunits. The NR1
subunit is required for this ionotropic glutamate receptor to function as an ion channel
throughout the CNS including the SCDH. Previously, our laboratory developed a spatio-
temporal knockout (KO) of the NR1 subunit that was confined to the lumbar (L4-L5) SCDH
(South et al., 2003, Inturrisi, 2005). This spatial knockout was achieved using Cre-LoxP
technology: The gene for Cre DNA recombinase was introduced by a recombinant adeno-
associated viral vector (rAAV) microinjected into the spinal cord dorsal horn of NR1 floxed
transgenic mice. This approach successfully deleted the NR1 gene and expression of the
NMDA protein in the SCDH and served as a powerful tool to dissect regional NMDA receptor-
dependent and -independent signaling events (South et al., 2003, Inturrisi, 2005).

NMDA receptor activation triggers multiple signaling pathways. One secondary messenger
downstream of the NMDA receptor is PKCγ. PKCγ is an important mediator of pain behaviors
in a variety of animal models (Malmberg et al., 1997, Basbaum, 1999). Mice with a deletion
of the PKCγ gene exhibit less neuropathic pain than wild type controls (Malmberg et al.,
1997). In inflammatory pain models, PKCγ also mediates phase 2 pain behaviors induced by
formalin (Sweitzer et al., 2004). In SCDH, PKCγ is expressed by neurons within the inner
layers of lamina II and lamina V that comprise a subset of NMDA-dependent spinal circuits
underlying persistent pain (Basbaum, 1999, Polgar et al., 1999, Martin et al., 2001).

Mitogen activated protein kinases (MAPK) are a family of serine threonine kinases, the
members of which include extracellular signal-regulated kinases (ERK1/2), p38, and c-jun N-
terminal protein kinases (JNK). All members of the MAPK family are reported to mediate pain
in the spinal cord (Ji et al., 2002, Svensson et al., 2003, Obata and Noguchi, 2004). Among
these, ERKs 1 and 2 are activated by NMDA currents in the SCDH (Ji et al., 1999, Haddad,
2005). The activation of ERK1/2 induces phosphorylation of downstream transcription factors
to alter gene expression. In contrast, p38 activation in the SCDH appears localized to microglia
(Svensson et al., 2003). Microglial p38 activation mediates NMDA receptor-induced
prostaglandin E2 release and hyperalgesia (Svensson et al., 2003). The activation of microglial
p38 could upregulate cyclooxygenase (COX)-2 expression (N'Guessan et al., 2006). Since the
p38-COX-2 pathway is not known to be a downstream signaling event of NMDA receptor
activation, it could be a potential NMDA-independent mechanism mediating inflammatory
pain.

In the current study, we observed that the protective effects of NR1 KO against inflammatory
pain induced by Complete Freund’s adjuvant (CFA) diminished after 24 h. Since the NR1
subunit is permanently deleted in the SCDH of NR1 KO mice, there must be NMDA receptor-
independent mechanisms that mediate the recurrence of pain. We have characterized the
activation of PKCγ, ERK1/2, and p38, as well as COX-2 expression, in SCDH after CFA
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injection and determined the signaling mechanisms that may contribute to the recurrence of
pain in NR1 KO mice.

Experimental procedures
The floxed NMDA receptor I subunit (fNR1) gene was described previously (Tsien et al.,
1996) . These mice have a loxP site placed in the intron between exons 10 and 11 and a second
loxP site down stream after exon 22. The two loxP sequences flank a region of the NR1 gene
which encodes the four membrane domains (three transmembrane (TM) domains and the M2
recurrent loop) and the entire C-terminal sequence of the polypeptide chain. Adult (30–40 gm)
fNR1 mice of both sexes were used in these studies. The animals used for breeding the fNR1
line were tested for homozygosity of the loxP sites using Southern blot procedures, and the
MAX-BAX (Charles River Laboratories, Wilmington, MA) background strain
characterization procedure was used to identify breeders that were at of least 92–95% C57BL/
6 background. Each study was approved by Institution Animal Care Committee of Weill
Medical College, Cornell University.

The Cre-expressing rAAV vector
Construction, production, and purification of the Cre-expressing rAAV vector were as
described by Kaspar and colleagues (Kaspar et al., 2002). The rAAV is a single stranded DNA
parvovirus (4.7 kb) engineered without viral coding sequences. The inserted transgene included
a cytomegalovirus promoter and the coding sequence for a fusion protein of green fluorescent
protein (GFP)-Cre. Control animals received the same dosage of the rAAV-GFP vector that
lacked the coding sequence for the Cre recombinase.

Intraparenchymal injection (IPI) of rAAV
Mice were anesthetized with ketamine-xylazine and placed in a spinal frame to support the
abdomen and pelvis. Laminectomy was performed at the level of L2-3 and three unilateral
injections of 1 μl (1X 106 viral particles/ml) were administered 0.5 mm apart, to the right side
of the SCDH at the depth of 0.3 mm (SCDH), using a glass pipette with a 40 μm diameter tip
attached to a 5 μl Hamilton syringe. The syringe was mounted on a microinjector (model 5000;
David Kopf Instruments, Tujunga, CA) attached to a stereotaxic unit (model 960; David Kopf
Instruments). Mice were evaluated as described below after at least 14 d post IPI administration
of vehicle (PBS), rAAV-GFP-Cre, or rAAV-GFP.

Two weeks following the application of rAAV, inflammatory pain was induced by injecting
5 μl of Complete Freund’s adjuvant (CFA, 1mg/ml of heat killed Mycobacterium tuberculosis
in 85% paraffin oil and 15% mannide monoleate, Sigma) into the right hind paw of a lightly
restrained mouse.

Mechanical stimulus threshold
The threshold for a non-noxious mechanical stimulus was assessed using a set of von Frey
filaments. The animal was placed in a Plexiglas cage with mesh flooring and allowed to
acclimate for 15 min. The filaments were applied perpendicularly against the midplantar
surface of the foot. A predetermined mean von Frey hair was presented to each foot, and the
subsequent presentation of additional filaments was determined using the up–down method of
Dixon (Dixon, 1980). Although all responses were noted, counting of the critical 6 data points
did not begin until the response threshold was first crossed. The resulting pattern of the 6
positive and negative responses was tabulated and 50% gram threshold was calculated using
the formula provided by Chaplan and colleagues (Chaplan et al., 1994).
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Cold (cooling stimulus) threshold
Cold sensitivity was assessed using the acetone drop application method (Bridges et al.,
2001). Animals were placed in Plexiglas cages with mesh flooring at a level above the
researcher and allowed to acclimate for 15 min. A drop of acetone was placed against the
midplantar surface of each hind paw, and a positive response (score of 1) was recorded if the
animal withdrew (flinched) the paw after application, whereas the absence of a response was
given a value of 0. The score was the number of positive responses observed in five consecutive
trials.

Immunohistochemistry
Following the intraplantar injection of 5 μl CFA or saline into the right hind paw, and behavioral
testing (see below) the mice were perfused transcardially with 4% paraformaldehyde. The
spinal cord was dissected and placed into 4% paraformaldehyde for 1 h prior to cryoprotection
in 30 % sucrose for a minimum of 72 h. Spinal cords were rapidly frozen into a mold with
mounting media (OCT). Twenty μm cryosections were cut using a cryostat. The sections were
permeablized with 0.1 % Triton X100 in TBS and incubated with primary antisera overnight
at RT. Subsequently, the sections were rinsed 3 X 10 min in TBS and incubated with secondary
antiserum conjugated with different fluorophores (AlexaFluor 488, 594, or 647 Invitrogen,
Carlsbad, CA) or biotin (Vector Laboratories, Burlingame, CA) for the avidin-biotin-
peroxidase complex-3,3-diaminobenzidine tetrahydrochloride technique (Hsu et al., 1981,
Cheng et al., 1996). The control slides were exposed to diluted normal goat serum instead of
primary antibody. For quantification of ERK1/2 positive sensory neurons, seven sections from
the L4 L6 lumbar spinal cord were randomly selected, and the numbers of pERK1/2-positive
neurons in the superficial laminae (I II) were counted. Total 4 animals were counted for each
condition with the person conducting the counting unaware of the treatment to avoid bias.

NR1 in situ hybridization
Slide-mounted spinal cord and DRG sections (12 μm) were hybridized with a 2.2 kb [33P]UTP-
labeled (Perkin-Elmer Life Sciences, Boston, MA) antisense or sense probe directed to the
region of the NR1 subunit that includes the entire sequence that is flanked by the loxP sites.
Hybridization was performed according to methods described previously (South et al., 2003).
After the posthybridization washes, slides were dried by dehydration, dipped in NTB-2
emulsion from Eastman Kodak (Rochester, NY), and incubated at 4°C for 16–18 d. Slides were
then developed and counterstained with hematoxylin and eosin.

Immunoblots
Following CFA or saline injection to right hind paws, lumbar spinal cords (L4-6) were dissected
from mice anesthetized by isofluorane and rapidly homogenized with ice cold modified RIPA
buffer (50 mM Tris-HCl, pH 7.4, 1% Nonidet P-40, 150 mM NaCl, 1 mM EDTA) with protease
inhibitor cocktail (1:10, Sigma),1 mM sodium orthovanadate, and 1 mM sodium fluoride. The
lysates were sonicated, centrifuged, and supernatants containing 50μg of protein from each
sample were separated by SDS-PAGE and transferred to PVDF membranes. The membranes
were rinsed, and incubated with primary antibodies overnight at 4°C. The next day, membranes
were rinsed and incubated with HRP-conjugated secondary antibodies for 1 h at RT. The
membranes were then rinsed and processed for ECL chemiluminescence and exposed to
Hyperfilm (Amersham) for 30 sec to 10 min (Cheng et al., 2000a, Cheng et al., 2000b).
Densitometry was performed using the Image J program and density for each protein was
normalized to an actin loading control. Results were expressed as a fold change over the saline-
treated control.
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Antibodies
The primary rabbit polyclonal antibodies against phosphorylated(p) ERK1/2, ERK1/2, pp38,
p38 and pPKCγ (1:1000 for immunoblots, and 1:100 for immunohistochemistry) were
purchased from Cell Signaling Technology ( Danvers, MA). Polyclonal rabbit antibody against
PKCγ (1:1000 for immunoblots, and 1:500 for immunohistochemistry) was purchased from
Santa Cruz Biotechnology (Santa Cruz, CA). Rabbit anti-COX-2 (1:1000 for immunoblots and
1:100 for immunohistochemistry), chicken anti-neuron specific enolase (NSE, 1:200) and rat
monoclonal macrophage (1:500) antibodies were purchased from Abcam Inc. (Cambridge,
MA). Rat monoclonal anti-OX42/CD11b antibody (1:500) and mouse anti-NeuN (1:500) was
purchased from Invitrogen (Carlsbad, CA)

Data presentation and statistical analyses
All data are presented as group means + SEM. Where appropriate, between-group comparisons
were made by unpaired student’s t test or one-way ANOVA followed by a post hoc Tukey’s
multiple comparison test. A p of 0.05 value or less was considered statistically significant.

Results
Viral transduction and recombination in the SCDH

Two weeks after IPI of rAAV-GFP-Cre into the adult mouse lumbar spinal cord, a highly
localized pattern of expression of GFP was observed, one that was restricted to the ipsilateral
dorsal horn (circled area) and part of the ipsilateral ventral horn (Fig. 1A). Region-specific
Cre-mediated recombination was evident where reduction in NR1 mRNA labeling was
measured in an adjacent section (Fig. 1B) by in situ hybridization using an anti-sense riboprobe,
the sequence of which spans the loxP sites that will be deleted by the Cre-mediated
recombination (Tsien et al., 1996). The extent of the GFP label correlated almost perfectly with
the area of reduced NR1 mRNA (Fig. 1A, B). Using this injection protocol, the entire ipsilateral
dorsal horn was effectively depleted of NR1 mRNA, leaving the contralateral dorsal horn and
nonlumbar spinal cord completely intact. This finding is consistent with our previously
published data (South et al., 2003).

NR1 KO decreases mechanical and cold allodynia at 24 h, but not 48 h, after CFA injection
Two weeks after IPI, mechanical thresholds and cold sensitivity scores were measured and
serve as the baseline comparisons before CFA injection (Fig. 2A, B). The spatial KO of NR1
was performed by IPI of rAAV-GFP-Cre (Cre) into the right side of the SCDH of adult NR1
floxed mice. For the control group, rAAV-GFP (GFP) was used for IPI. Hind paw injection
with 5 μl of CFA reduced the mechanical thresholds in comparison to baseline 24 h after
treatment (Fig. 2A). In parallel, CFA treatments induced cold allodynia presented as increased
cold sensitivity score compared to baseline 24 h after treatment (Fig. 2B). CFA-induced
mechanical and cold allodynia were detected in both Cre and GFP mice but the allodynia was
significantly less in Cre than GFP mice, suggesting NR1 KO in the SCDH inhibited CFA-
induced mechanical and cold allodynia at 24 h. However, the protective effects of NR1 KO
were not significant 48 h after CFA injection (Fig. 2).

CFA induced PKCγ activation is inhibited by NR1 KO
To elucidate the signaling cascades underlying CFA-induced pain, we examined the potential
for CFA-induced PKCγ activation to be dependent on NMDA receptor function. First, PKCγ
immunohistochemistry was performed to localize PKCγ expression in the SCDH (Fig. 3A, B).
In saline-injected control mice, PKCγ immunoreactivity was detected in neurons (arrows) and
their processes (arrowheads) at the inner layer of lamina II (Fig. 3A, arrows). The PKCγ
immunoreactivity in the ipsilateral SCDH within 10 min after CFA treatment demonstrated
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similar anatomical distribution of PKCγ as saline treated mice (Fig. 3B, arrows). To quantify
PKCγ activation, immunoblots of both PKCγ and pPKCγ were performed (Fig. 3C). CFA
injection significantly increased the level of PKCγ protein expression in the ipsilateral SCDH
in comparison to control (Fig. 3C). In addition, the level of expression of pPKCγ was also
increased 10 min after CFA injection (Fig. 3C). To test the effects of NR1 KO on CFA-induced
PKCγ activation, CFA was injected into both Cre and GFP mice. NR1 KO significantly reduced
the levels of CFA-induced PKCγ phosphorylation 10 min after CFA treatment when compared
with CFA-treated GFP mice (Fig. 3D, E). The inhibitory effects of NR1 KO on PKCγ last for
at least 48 h (Fig. 3E).

CFA-induced ERK1/2 phosphorylation is inhibited by NR1 KO
We next examined the roles of ERK1/2, known downstream kinases of the NMDA receptor,
in CFA-induced pain. The right halves of spinal cords were collected from NR1 floxed mice.
To determine the time course of ERK1/2 phosphorylation following CFA, immunoblots of
pERK1/2 were performed in no treatment and 10 min, 1 h, and 24 h after intraplantar CFA
(Fig. 4A). Densitometric measurement demonstrated significant ERK phosphorylation 10 min
after CFA with a maximum level (a 5.5 fold increase) activation detected at 1 h. The
phosphorylation of ERK1/2 decreased by 24 h (Fig. 4B). The density of total ERK1/2 from
each condition was used as the loading control. To study the roles of NR1 KO on peak CFA-
induced pERK1/2 activation, pERK1/2 immunoblots were performed using spinal cords from
GFP and Cre mice 1 h after CFA injection. Cre mice had significantly decreased levels of
ERK1/2 phosphorylation following CFA treatment compared to the levels of saline treated
control mice, whereas the same effects were not detected in GFP mice (Fig. 4C, D).

The anatomical distribution of pERK1/2 was examined by immunohistochemistry employing
the same antibody used for the immunoblots. In GFP mice, pERK1/2 was detected in neurons
of the superficial layer of the ipsilateral dorsal horn 10 min after intraplantar CFA (Fig. 5A).
In contrast, pERK1/2 immunostaining was rarely detected in CFA treated Cre mice (Fig. 5B).
Statistic evaluation indicated a 3.5 fold decrease of pERK1/2-positive neurons in Cre mice
compared to GFP mice 10 min after CFA treatment (Fig. 5C). The inhibitory effects of NR1
KO on pERK1/2 phosphorylation in SCDH neurons lasted for at least 48 h (Fig. 5C).

Increased neuronal COX-2 expression in Cre mice after CFA treatment
We next investigated NMDA receptor-independent signaling events that could be responsible
for the recurrence of pain 48 h after CFA treatment. COX-2 expression is a commonly detected
marker of pain conditions in a variety of pain models. COX-2 expression and activation are
not known to be NMDA-receptor dependent. COX-2 immunohistochemistry was performed
to examine COX-2 expression in response to intraplantar CFA. COX-2 immunoreactivity was
not detected in GFP mice with or without CFA treatment (data not shown). However, COX-2
expression was detected in macrophages of the spinal cord in saline treated Cre mice 48 h after
CFA treatment (Fig. 6A, arrows). Moreover, CFA treatment induced intense COX-2 expression
in neurons (Fig. 6B, arrowheads) of the ipsilateral SCDH, in addition to macrophages (arrows),
48 h after CFA injection (Fig. 6B). The neuronal staining was confirmed with double labeling
by anti-neurons specific enolase (NSE) antibody (compare Fig. 6C and 6D). The neuronal
COX-2 expression was not detected at 10 min and 24 h (data not shown). COX-2 immunoblots
demonstrated increased COX-2 protein levels in saline treated Cre mice compared to GFP
control (Fig. 6E, F). A maximal level (5 fold increase) of COX-2 was detected in CFA-treated
Cre mice 48 h after CFA injection compared to GFP control (Fig. 6E, F).

Increased microglial p38 activation after NR1 KO
Spinal microglial p38 activation is demonstrated in a variety of painful conditions. Microglial
activation is NMDA-independent and contributes to chronic pain. We next studied p38
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activation 48 h after CFA treatment in GFP and Cre mice. Immunoblotting detected low pp38
levels in GFP mice (Fig. 7A). CFA treatment did not affect pp38 levels in GFP mice (Fig. 7A,
B). However, pp38 levels were significantly elevated after intraplantar CFA, but not saline in
Cre mice (Fig. 7A). To localize pp38 expression in SCDH, we performed pp38
immunohistochemistry 48 h after CFA treatment. Adjacent sections were processed for GFP,
pp38, and OX42/CD11b (a microglial marker). GFP immunoreactivity was detected in SCDH
neurons, confirming the neurons were infected with r-AAV-GFP-Cre (Fig. 7C). In serial
adjacent sections, pp38 immunoreactivity was detected in cells (Fig. 7D) with features of
microglia in SCDH and adjacent white matters (Fig. 7E). Double immunofluorescent studies
with high power confocal microscopy was able to determine that OX42 antibody labeled the
cellular processes of microglia (Fig. 7F, green) whereas pp38 was detected in the nuclei (Fig.
7F, red). Microglial p38 activation was not detected at 10 min and 24 h after CFA injection
(data not shown).

Discussion
Spatio-temporal KO of the NR1 gene in the SCDH effectively eliminates NR1 expression and
NMDA channel function (South et al., 2003). Although the effect of KO is permanent, the
protection against CFA-induced allodynia is transient. This phenomenon is unique and has not
been documented previously. Similar findings have not been observed in pain studies using
intrathecal administration of NMDA receptor blockers, or antisense knockdown (Shimoyama
et al., 2005). Our selective regional KO is specific for lumbar SCDH whereas the intrathecal
administration of NMDA receptor inhibitors could affect the whole central nervous system. In
addition, while our selective regional KO is specific for the lumbar SCDH, it also results in a
permanent functional deletion of the NMDA receptor. This approach circumvents the transient
pharmacokinetics often seen with intrathecal administration of NMDA receptor antagonists.
NMDA receptor-independent mechanisms for post-incisional pain were proposed by Zahn and
colleagues (Zahn et al., 2005). Their reports suggest non-NMDA ionotropic excitatory amino
acid receptors, instead of NMDA receptor, mediate dorsal horn neuronal sensitization after
incision. Using the spatial NR1 KO, we are able to dissect regional spinal molecular events
and characterize spinal pain mechanisms that are independent of NMDA receptor.

The current findings strongly suggest early PKCγ activation is dependent on NMDA receptor
function. A similar finding was reported in the hippocampus. PKCγ activation and relocation
to the cell membrane and dendritic branches of hippocampal neurons are dependent upon
diacylglycerol and NMDA receptor-mediated calcium influx (Codazzi et al., 2006). Our
findings are consistent with other published data, suggesting that PKCγ is NMDA receptor-
dependent in the SCDH and does not participate in the recurrence of allodynia 48 h after CFA
treatment in our NR1 KO model.

NMDA receptor activation induces ERK1/2 phosphorylation in a variety of systems (Haddad,
2005). ERK1/2 activation contributes to inflammatory pain by induction of NK1 and
prodynorphine expression (Ji et al., 2002). In the current study, pERK1/2 is located to the
lamina I of the SCDH, consistent with published data by Ji and colleagues (Ji et al., 2002).
Here we report ERK1/2 activity is attenuated by NR1 KO in SCDH, suggesting ERK1/2 is
regulated in a NMDA receptor-dependent manner within 48 hr after CFA treatment and does
not participate in the recurrence of pain 48 h after CFA treatment. Our findings are supported
by Ji and colleagues, who demonstrated that the NMDA receptor blocker MK801 attenuates
the ERK1/2 activation in the superficial SCDH after capsaicin treatment (Ji et al., 1999). In
addition to NMDA receptor mediated ERK1/2 activation, metabotropic glurtamate receptor
(mGlu) 1 and 5 could also activate ERK1/2 in spinal cord dorsal horn neurons by subcutaneous
injection of formalin (Karim et al., 2001). Interestingly, the mGlu-mediated nocifensive
behaviors require persistent ERK activation 7 days after 10 μl CFA treatment (Adwanikar et
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al., 2004). However, we did not detect significant ERK1/2 activation in our NR1 KO mice,
suggesting there is no significant mGlu-mediated ERK activation following low dose CFA
treatment.

We found enhanced COX-2 expression in Cre mice before CFA treatment in macrophages. It
is possible that injection of rAAV could induce a certain degree of inflammation. However,
this is very unlikely due to lack of COX-2 upregulation in GFP mice. COX-2 expression in
invading macrophages was reported in the peripheral nerves following traumatic injuries (Ma
and Eisenach, 2003). Although the mechanism of macrophage activation in Cre mice is still
unknown, our findings suggest NMDA independent mechanisms are involved. CFA injection
triggers additional release of glutamate in the SCDH, which normally would bind to NMDA
receptors. In the absence of NMDA receptors, the CFA induced increased levels of glutamate
in SCDH would likely bind to other glutamate receptors and/or glutamate transporters.
Glutamate could induce neuronal COX-2 expression, as reported by Strauss and colleagues in
cultured cerebellar granular cells (Strauss et al., 2000). In their report, glutamate-induced
COX-2 expression is mediated by both NMDA and kainate receptors. Therefore, we may have
observed kainate receptor-mediated COX-2 upregulation in SCDH neurons following CFA
treatment.

Spinal microglial activation is detected in multiple pain models. However, most of this
evidence is derived from models of neuropathic pain (Inoue, 2006). Nerve injury-induced
microglial activation is likely mediated by ATP through purinergic receptors (Inoue, 2006). A
high dose (0.1 ml) of CFA injection to hind paws also induces microglial activation in rats
(Raghavendra et al., 2004). This microglial activation is associated with increased astrocytes
and elevation of proinflammatory cytokines (Raghavendra et al., 2004). We did not detect
significant microglial activation in GFP mice with 5 μl of CFA injection, indicating CFA
induced microglial activation is probably dose-dependent. The mechanism of microglial
activation after NR1 KO is unclear. Our results suggest that it is a NMDA independent event.
Microglia express glutamate transporters, and are activated by glutamate via the metabotropic
glutamate receptors in cell culture (Taylor et al., 2005). Activated microglia release tumor
necrosis factor-α (TNF-α) and Fas ligand which could stimulate adjacent sensory neurons to
increase pain (Taylor et al., 2005).

Peripheral nerve injury induces spinal cord microglial p38 activation (Tsuda et al., 2004).
Microglial p38 activation is dependant on nerve activity and could be a downstream event of
P2X7 or P2X4 ATP receptors (Tsuda et al., 2004, Inoue, 2006, Wen et al., 2007). It is unknown
how NR1 KO promotes microglial p38 activation after CFA treatment. One of the potential
mechanisms could be that NR1 KO increases local interleukin-1β production which, in turn,
triggers p38 activation in microglia (Sung et al., 2005). In addition, microglial p38 activation
could lead to upregulation of inducible nitric oxide synthase and promote pain (Sung et al.,
2005).

In summary, our unique approach of spatio-temporal NR1 KO provides a powerful tool to
assess local events in the SCDH that mediate CFA-induced pain. We observe activation of
NMDA receptor-dependent pathways, including PKCγ and ERK1/2, and the activation of
inflammatory mechanisms, including COX-2 expression and microglial p38 activation. Our
findings provide evidence that NMDA receptor blockade is not enough to complete relieve
chronic inflammatory pain. The most effective treatment for chronic inflammatory pain can
only be achieved by approaches that target multiple mechanisms, covering both NMDA-
dependent and -independent pathways.
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Figure 1.
IPI of rAAV-GFP-Cre into the SCDH of a floxed NR1 mouse results in viral transduction,
Cre-mediated recombination, and a spatiotemporal knock-out of the NR1 gene. (A) On the side
ipsilateral to the injection of rAAV-GFP-Cre, viral transduction results in the expression of
GFP immunoreactivity in the SCDH (circled area). (B) Decreased NR1 gene expression as
measured by in situ hybridization in the circled area of SCDH in an adjacent section,
demonstrating successful NR1 KO. Bar = 250 μm.

Cheng et al. Page 13

Neuroscience. Author manuscript; available in PMC 2009 August 26.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Mechanical allodynia (A) and cold allodynia (B) resulting from the intraplantar injection of
CFA are significantly attenuated at 24 h but not 48 h after CFA treatment in mice with a spatial
KO of NR1 in the SCDH (Cre). (A) Mechanical allodynia was measured as a reduction in the
baseline mechanical threshold (50% gm threshold) using von Frey hairs applied to the CFA
treated paw while (B) Cold allodynia was measured as an increase in the number of responses
after applying a drop of acetone to the CFA treated paw. Measurements were made before
(baseline) and 24 and 48 hours after intraplantar CFA. Baseline values were not altered in GFP
(n = 8) or Cre (n = 13) mice when measured before and after ipsilateral viral vector injection
into the SCDH (data not shown). Data are the mean ± SEM (*p< 0.05).
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Figure 3.
CFA-induced activation of PKCγ and its phosphorylation in the SCDH are attenuated in NR1
KO (Cre) mice at 1h and 48 h after CFA treatments. Confocal images of lumbar SCDH sections
show the expression of PKCγ (red) and NeuN (green) 10 min after intraplantar saline (A) or
CFA (B) Bar = 50 μm. PKCγ expression was detected in the inner layer of lamina II
(arrowheads) while neuronal PKCγ expression is show as yellow labeling (arrows). (C)
Immunoblots of lumbar SCDH samples at 10 min after the injection of intraplantar saline or
CFA into the right (R) paw of NR1 floxed mice show increased expression of pPKCγ and
PKCγ ipsilateral to the CFA injected paw. (D) Immunoblots of samples of the right lumbar
SCDH collected at 10 min after the injection of intraplantar saline (S) or CFA into the right
paw of GFP or Cre mice show decreased expression of pPKCγ and PKCγ in the SCDH of Cre
mice. Actin immunoblots serve as loading controls. (E) Densitometric analysis of pPKCγ
immunoblots. The data were normalized to saline treated GFP mice. The CFA induced
expression of pPKCγ in lumbar SCDH is significantly reduced at 10 min and 48 h after
intraplantar CFA in Cre compared to GFP mice. Data are the mean ± SEM (n = 3) (* p< 0.05).
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Figure 4.
CFA-induced activation of phospho (p) ERK1/2 in the SCDH is attenuated in NR1 KO (Cre)
mice. (A) The time course of ERK1/2 and pERK1/2 after intraplantar CFA. Immunoblots of
pERK1/2 in samples of the right lumbar SCDH of NR1 floxed mice before and at 10 min, 1
h, and 24 h after no treatment (NT) or intraplantar CFA. (B) Densitometric analysis of the
immunoblots for pERK1/2 after treatments as described in (A). Data are normalized to the
band intensity of total ERK1/2 and presented as the fold change over the untreated control
(NT). (C) Immunoblots of pERK1/2 and ERK1/2 in samples of the right lumbar SCDH at 1 h
after the injection of intraplantar saline (S) or CFA into the right paw of GFP or Cre mice. (D)
Densitometric analysis of the immunoblots for pERK1/2 at 1 h after treatment as described in
(C) shows the attenuation of CFA-induced pERK1/2 activation in Cre compared to GFP mice.
Data are normalized to the band intensity of total ERK1/2 and presented as the fold change
over the saline treated control. Data are the mean ± SEM (n = 3) (* p< 0.05).
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Figure 5.
CFA-induced activation of phospho (p) ERK1/2 is attenuated in pERK1/2 labeled neurons in
the SCDH of NR1 KO (Cre) mice 10 min and 48 h after CFA treatments. Immunolabeling of
pERK1/2 in the right lumbar SCDH of GFP (A) and Cre (B) mice at 10 min after intraplantar
CFA. pERK1/2 labeled neurons (arrows) were detected in the superficial layers of the SCDH
in Control (A) but not Cre (B) mice, Bar = 50 μm. Representative images from n = 4 animals
per group. (C) The number of CFA–induced pERK1/2 labeled neurons is significantly reduced
in Cre compared to GFP mice after 10 min and 48 h after CFA treatments. Data are the mean
± SEM (* p< 0.05).

Cheng et al. Page 17

Neuroscience. Author manuscript; available in PMC 2009 August 26.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6.
COX-2 expression is upregulated in the SCDH of NR1 KO (Cre) mice. Sections of the right
lumbar SCDH were obtained from Cre mice at 48 h after the intraplantar injection of saline
(A, Cre/saline) or CFA (B, Cre/CFA) and labeled for COX-2. Saline treated Cre mice show
COX-2 expression in macrophages (arrows) (A), while CFA treated Cre mice show COX-2
expression in both macrophages (arrows) and neurons (arrowheads) (B), Bar = 50 μm. The
neuronal expression of COX-2 in CFA-treated Cre mice (C, arrowheads) was confirmed by
double labeling with anti-NSE (D, arrowheads). E: Immunoblots demonstrate an enhanced
expression of COX-2 in Cre compared to GFP mice 48 h after CFA treatment as described
above. F: Densitometric analysis of COX-2 immunoblots demonstrates increased COX-2
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expression in Cre mice 48 h after CFA treatment. The highest level of COX-2 expression was
seen in Cre mice after CFA injection. Data are the mean ± SEM (n = 3) (* p< 0.05).
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Figure 7.
Phospho(p)p38 is activated by CFA in the SCDH of NR1 KO (Cre) mice. (A) Immunoblots
of pp38 and p38 in samples of the right lumbar SCDH at 48 h after the injection of intraplantar
saline (S) or CFA into the right paws of GFP or Cre mice. (B) Densitometric analysis of the
immunoblots shows that increased expression of pp38 was only seen in CFA-treated Cre mice.
(C) The expression of GFP in the SCDH of a Cre mouse. (D) pp38 labeling of an adjacent
section shows pp38 expression in the nuclei of microglia (arrows). (E) OX42 labels the cell
membrane and processes of microglia on an adjacent section (arrows). (E) Confocal
microscopy shows labeling of pp38 (red) and OX42 (green) and demonstrates that pp38 was
activated in microglial nuclei (arrowheads). In contrast, OX42 labeled the cell processes
(arrows). C, D, E, bar = 50 μm F, bar = 15 μm. Representative images from n = 4 animals per
group.
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