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Abstract
To clarify the involvement of GluR2 and GluR3 subunits of AMPA receptor in orofacial
neuropathic pain, we studied changes in nocifensive behavior and extracellular-signal regulated
kinase (ERK) phosphorylation followed by infraorbital nerve (ION)-partial transection model
applied to GluR2 or GluR3 delta7 knock-in (KI) mice. In these animals, last seven amino acids of
GluR2 or GluR3 subunit, the binding sites of interacting protein, are deleted in vivo. Head-
withdrawal threshold to mechanical stimulation of the whisker pad skin ipsilateral to ION-partial
transection was significantly reduced at 1, 3, 5, 7, 11 and 14 days after transection compared with
that before transection in wild-type mice. In the GluR2 and GluR3 delta7 KI mice, the head-
withdrawal threshold did not change following ION-partial transection. The number of pERK-LI
cells examined in Vc and C1–C2 in wild-type mice after the non-noxious stimulation was larger
than that of GluR2 and GluR3 delta7 KI mice.

The present findings suggest that GluR2 and GluR3 subunits of AMPA receptor play roles in the
trigeminal nerve injury-mediated enhancement of Vc and C1–C2 neuronal excitability, and
hyperalgesia.
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Noxious stimulation of the primary nociceptive neurons that innervate orofacial area
activates second-order neurons in the trigeminal spinal subnucleus caudalis (Vc) and upper
cervical spinal cord (C1–C2) [10,12,34]. The neuronal excitability of these neurons is
significantly enhanced after peripheral inflammation [9,13,20]. This increase in excitability
of Vc nociceptive neurons after injection of algesic agents into the temporomandibular joint
can be suppressed by intrathecal administration of the AMPA receptor (AMPAR)
antagonist, and NMDA receptor antagonist. These findings emphasize the role of AMPAR
and NMDA receptors in modulating nociceptive transmission in Vc.

Emerging evidence indicates that AMPAR membrane trafficking plays an important role in
synaptic plasticity in CNS [18,29]. Many reports indicate important role of AMPAR-
interacting proteins in regulation of receptor trafficking at synaptic sites
[1,3,19,21,22,24,28,31,37]. In particular, GluR2 and its interacting proteins appear to play
essential roles in cerebellar Purkinje cell long-term depression (LTD) [32,33]. Recently, it is
documented that the AMPAR binding proteins, PICK1 and NSF, dynamically regulated the
synaptic delivery of GluR2-containing receptors during the calcium-permeable AMPAR
plasticity and thus regulated the calcium permeability of AMPARs at excitatory synapse [6].

All subunits of AMPARs are also highly expressed in the spinal cord dorsal horn (DH), and
involved in somatosensory processing there [4]. Numerous GluR2 subunits were present in
the gray matter of DH, with the strongest existence in laminae I–II, whereas GluR3 subunits
are strongly distributed throughout the laminae III–IV, with the low existence in laminae I–
II [27]. It has also been reported that AMPAR is present in the presynaptic terminals of
primary afferent neurons in the DH and involved in the modulation of DH nociceptive
neuronal excitability [8]. The activation of presynaptic receptors inhibits neurotransmitter
release at synapses between primary afferents and DH secondary neurons via primary
afferent depolarization [5,16]. These findings indicate the role of AMPAR subunits in the
modulation of nociceptive transmission in the DH.

All four AMPAR subunits, in particular GluR1 and GluR2, are abundantly expressed in the
spinal dorsal horn, sequential genetic studies using AMPAR subunit knockout (KO) mice
have revealed that GluR2 enhances nociceptive plasticity, resulting in increased
inflammatory hyperalgesia. Moreover, GluR1 and GluR3 KO mice show subtle
abnormalities to inflammatory pain [8,39]. The role of the GluR2 and GluR3 in development
and maintaining of the trigeminal neuropathic pain remains unclear. We have examined how
the reduced expression of these subunits affects excitability of the nociceptive neurons. To
monitor the changes in the neuronal excitability, we have measured the levels of the
phosphorylation of the extracellular signal-regulated kinase (ERK) in naïve and GluR2 and
GluR3 delta7 KI mice following partial ION-transection.

The ERK is known to be one of the mitogen-activated protein kinases that are activated by
calcium influx in neurons and therefore used as a marker of neuronal activity [14]. In this
report, we addressed the hypothesis that GluR2 and GluR3 subunits may play an important
role in Vc and C1–C2 neuronal activity associated with orofacial neuropathic pain. We
analyzed nocifensive behavior and pERK expression in Vc and C1–C2 in GluR2 and GluR3
delta 7 KI mice and found that the nocifensive threshold of KI mice were significantly
higher than wild-type mice, and pERK expression was significantly decrease in KI mice
compared to wild-type mice. These results suggest that GluR2 and GluR3 subunits are
involved in the enhancement of the Vc and C1–C2 neuronal excitability, resulting in the
trigeminal nerve injury-mediated hyperalgesia in orofacial region.

Adult male C57BL/6, wild-type and GluR2 and GluR3 delta7 KI mice (21–28 g) were used
in these experiments. Genetic information about GluR2 and GluR3 delta7 KI mice was

Miyamoto et al. Page 2

Neurosci Lett. Author manuscript; available in PMC 2011 September 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



briefly described previously [32]. Each genotype was examined by regular three primer
polymerase chain reaction (PCR) systems. PCR was performed on the isolated genomic
DNA using taq DNA polymerase (TaKaRa Ex Taq™, Takara, Otsu, Japan) and primer sets
(primer #21–23 for GluR2 delta7: #21, 5′-ACA GAG GAA GGT AGT GGA AGG GAG-3′;
#22, 5′-CTT GGT TTG GTT GTT GGT CAT AGC-3′; #23, 5′-CTA GTG AAC CTC TTC
GAG GGA C-3′; primer #31–33 for GluR3 delta7: #31, 5′-CCA ATA CTC CAC AGG
GGC AAT TTA TC-3′; #32, 5′-CCG TTG ACT GTT TTG AAT CTC ACA CC-3′; #33, 5′-
CTA GTG AAC CTC TTC GAG GGA C-3′). Size of the amplification product was
estimated by gel electrophoresis for genotyping (210 bp for wild-type and 350 bp for GluR2
delta7; 440 bp for wild-type and 300 bp for GluR3 delta7). These mutant mice were viable
and showed normal appearances.

The mice were housed under 12 h light/dark cycle conditions and had free access to food
and water except during the experimental period. To minimize animal suffering, the number
of animals used was based on the minimum required for statistically valid results. All
methods and experimental approaches were approved by the Animal Care Committee of
Nihon University and by the Committee for DNA transformation of Nihon University.

A total of 33 mice were used in this study (ION-transected mice: mechanical nocifensive
behavior; n = 18, immunohistochemistry; n = 15). Mice were anesthetized with halothane
(2%) mixed with oxygen during surgery. For the ION-partial transection, mice were placed
on a warm mat and a small incision was made on the maxillary oral mucosa to expose the
ION. The left ION was exposed and free from surrounding tissues, separated into deep and
superficial branches, and the deep branch of ION was transected. After ION-partial
transaction the incision was closed using 8–0 nylon sutures.

At least, 3 training sessions on successive days were given to provide baseline values of
their head-withdrawal threshold before the ION-partial transection. Then, the ION-partial
transected mice were examined for their head-withdrawal threshold to mechanical
stimulation of the whisker pad skin ipsilateral and contralateral to the ION-partial
transection by von Frey filaments. The head-withdrawal threshold was measured at day 0 (1
h before the ION-partial transection) and at 1, 3, 5, 7, 11 and 14 days after ION-partial
transection.

The mice at day 7 after ION-partial transection were transcardially perfused with 1%
paraformaldehyde (PFA) (50 ml) followed by 4% PFA in 0.1 M phosphate buffer (pH 7.4,
50 ml) at 5 min after applying non-noxious mechanical stimulation (2 g by von Frey
filament for 10 min, n = 15) to the whisker pad. Since the mean head-withdrawal thresholds
after ION-partial transection in ipsilateral side in wild-type, GluR2 and GluR3 delta7 KI
mice were 0.005, 5.6 and 2.13 g respectively, we decided 2 g pressure was the intense non-
noxious stimulus. The bilateral medulla and C1–C2 were removed and post-fixed with 4%
PFA for 3 days at 4 °C. The tissues were then transferred to 20% sucrose (w/v) in
phosphate-buffered saline (PBS) overnight for cryoprotection. Sections (30 μm-thick/
section/19 sections) were cut from the brain stem and collected in PBS. The sections were
reacted with rabbit anti-Phospho-p44/42 MAP kinase (Thr202/Tyr204) antibody (1:1000;
Cell Signaling Technology, Danvers, MA) for 72 h at 4 °C. Next, the sections were then
incubated in biotinylated goat anti-rabbit IgG (1:600; Vector Labs, Burlingame, CA) for 2 h
at room temperature. After washing, the sections were incubated in peroxidase-conjugated
avidin–biotin complex (1:100; Vector Labs) for 1 h at room temperature. After washing in
0.05 M Tris Buffer (TB), the sections were incubated in 0.035% 3,3-diaminobenzidine-tetra
HCl (DAB, Tokyo Chemical Industry), 0.2% nickel ammonium sulfate, and 0.05% peroxide
in 0.05 M TB (pH 7.4). The sections were washed in PBS, serially mounted on gelatin-
coated slides, dehydrated in alcohols and cover slipped. The pERK-LI cells were drawn
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under a light microscope with an attached camera lucida drawing tube (Neurolucida 2000
Micro-BrightField, Colchester, UT). The number of pERK-LI cells was counted from every
fourth section. The total number of pERK-LI cells from nineteen of every fourth section was
calculated and the mean number of pERK-LI cells (/19 sections/mouse) was obtained from
each animal.

Double immunofluorescence histochemistry was also carried out to determine if pERK is
expressed in neurons. Free-floating tissue (30 μm) sections were rinsed in PBS, 3% normal
goat serum in PBS for 2 h, and then incubated in rabbit anti Phospho-p44/42 MAPK
antibody (1:300, Cell Signaling Technology) for 72 h at 4 °C and rats anti-NeuN antibody
(1:1000, Chemicon, Temecula, CA) for 1 h and secondary antibodies conjugated with Alexa
Fluor 488 and 568 (1:100; Molecular Probes) for 1 h at room temperature in a dark room.
Sections were mounted on slides and cover slipped in PermaFluor (Sigma). Photographs
were taken with a confocal laser microscope (LSM 510, Zeiss, Germany).

Results are presented as mean ± SEM and one-way analysis of variance with Tukey test was
used for the behavioral and immunohistochemical data. Differences were considered as
significant at p < 0.05.

To identify the genotype of each mice PCR-based genotyping analysis was performed as
previously described (Fig. 1A) [6]. The exposed left ION (Fig. 1B, a) was separated into two
parts and the deep branch was transected (Fig. 1B b).

The mechanical head-withdrawal threshold in ION-partial transected wild-type, GluR2 and
Glu3 delta7 KI mice was measured for 14 days after ION-partial transection (Fig. 1C and
D). Head-withdrawal threshold to mechanical stimulation of the whisker pad skin ipsilateral
and contralateral to the ION-partial transection were significantly decreased at 1, 3, 5, 7, 11
and 14 days after ION-partial transection compared to that of pre-transection in wild-type
mice respectively. On the other hand, we could not observed any changes in head-
withdrawal threshold to mechanical stimulation of the whisker pad skin in either GluR2 or
GluR3 delta7 KI mice (Fig. 1C; pre vs. after ION-partial transaction, p < 0.05).

In the superficial laminae of Vc, all pERK-LI cells induced by non-noxious mechanical
stimulation (2 g) of the whisker pad skin ipsilateral to the ION-partial transaction at day 7
also showed NeuN immunoreactivity (Fig. 2A–C). Many pERK-LI cells were expressed in
the superficial laminae of the Vc and C1–C2 following non-noxious mechanical stimulation
(2 g pressure) at 7 days after ION-partial transection in wild-type, GluR2 and GluR3 delta7
KI mice (Fig. 2D–F). The largest number of pERK-LI cells was observed at 1440 μm and
1320 μm caudal to the obex in the ipsilateral and contralateral Vc and C1–C2 respectively
following non-noxious mechanical stimulation of the whisker pad skin in wild-type mice.
The peak expression of pERK-LI cells in GluR2 and GluR3 delta7 KI mice ipsilateral and
contralateral to transection was 1320 μm caudal to the obex (Fig. 2G). There were no peaks
in GluR2 and GluR3 delta7 KI mice contralateral to transaction, and the small number of
pERK-LI cell expression was observed (Fig. 2H). The number of pERK-LI cells in Vc and
C1–C2 was significantly larger in wild-type mice compared with that of GluR2 and GluR3
delta7 KI mice at day 7 after ION-partial transection ipsilateral to ION-partial transection
(Fig. 2I). We could not observe any differences in the number of pERK-LI cells between
GluR2 and GluR3 delta7 KI mice.

In order to evaluate the involvement of GluR2 and GluR3 subunits in orofacial allodynic
pain, we studied the nocifensive behavior and ERK phosphorylation in Vc and C1–C2
neurons in ION-partial transected wild-type, GluR2 and GluR3 delta7 KI mice. The GluR2
and GluR3 delta7 KI mice used in the present study have deficits in membrane trafficking
due to a missing interaction with their binding proteins, such as GRIP1/2 and PICK1 [6,32].
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Therefore, these mutant mice are a valid model to investigate the functional significance of
GluR2 or GluR3 membrane trafficking in Vc and C1–C2 neurons activated by noxious
stimulation. We measured the head-withdrawal threshold to non-noxious mechanical
stimulation of the whisker pad skin by von Frey filament to evaluate allodynic nocifensive
behavior in ION-partial transected wild-type, GluR2 and GluR3 delta7 KI mice.

It has been reported that spinal nerve axotomy causes a marked increase in the excitability of
primary afferent neurons [17,36]. The hyperexcitability of peripheral nerves also affects
CNS neuronal activity, resulting in the central sensitization of the DH neurons [38]. In the
trigeminal system, it has been shown that ION ligation causes the central sensitization of Vc
neurons, and a variety of behavioral abnormalities in rats that includes face-grooming
behavior and reduction in escape threshold to mechanical and/or heat stimulation of the face,
which is thought to be involved in neuropathic pain [11,35]. In this study, we found the
significant decrease in the head-withdrawal threshold following ION-partial transection in
wild-type mice, whereas no changes in mechanical head-withdrawal threshold were
observed in GluR2 and GluR3 delta7 KI mice, and also no differences in head-withdrawal
threshold between GluR2 and GluR3 delta7 KI mice. Many pERK-LI cells were expressed
in Vc and C1–C2 following non-noxious mechanical stimulation of the whisker pad skin at
day 7 after ION-partial transaction in wild-type mice. The number of pERK-LI cells in Vc
and C1–C2 was significantly larger in wild-type mice compared with that of GluR2 and
GluR3 delta7 KI mice at day 7 after ION-partial transaction in ipsilateral to transection. It is
well known that AMPA and NMDA receptors produce the functional interaction each other
in dorsal horn neurons for sensory processing [2]. The functional deficit of AMPAR is
thought to cause a decrease in the NMDA receptor activity. Together with previous results,
our findings suggest that GluR2 and GluR3 subunits in AMPAR are indirectly involved in
ERK phosphorylation via NMDA receptor mechanisms. We observed lowering of the head-
withdrawal threshold but not ERK phosphorylation in the contralateral side to ION partial
transection in the wild-type mice. It has been known that the ERK phosphorylation is one of
possible mechanisms to enhance the nocifensive behavior following noxious stimulation of
the peripheral structures. It is probable that other intracellular mechanisms may be involved
in the change in head-withdrawal threshold in the contralateral side to ION transection. It
has also been reported that Ca2+-permeable-AMPAR contributes to LTP in hippocampus
[15,25] and in the spinal dorsal horn (DH) [7]. Recently, it have also reported that GluR2
subunit is involved in the induction of LTP and/or LTD in the superficial DH [39]. The LTP
and/or LTD are thought to be involved in modulation of superficial DH neuronal
excitability. These suggest that LTP and/or LTD also occur via GluR2 in Vc and C1–C2
following peripheral inflammation, resulting in modulation of Vc and C1–C2 neuronal
activities.

GluR2 internalization is also known to be involved in pain abnormalities following CFA
injection into the hind paw [23]. Furthermore, intrathecal administration of a selective
blocker of GluR2 attenuates secondary mechanical allodynia following thermal injury, tight
spinal nerve ligation or inter planter injection of carrageenan [30]. Together with these
previous findings, the present results suggest that the membrane trafficking of GluR2 and
GluR3 subunits of AMPAR in Vc is possible mechanism that the induction of orofacial
neuropathic pain following trigeminal nerve injury. It has also been reported that GluR1 and
GluR4 subtypes are distributed superficial DH neurons [26,27]. Although we do not have
any direct evidence whether GluR1 and GluR4 subtypes are involved in nociceptive
processing in VC and C1–C2, it is probable that these two subtypes may be involved in
nociceptive processing in VC and C1–C2 based on these DH data.
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Fig. 1.
(A) Genotype in each generation of mutant mice confirmed by PCR analysis on isolated
genomic DNA. PCR was performed on the isolated genomic DNA using taq DNA
polymerase and primer sets (#1 and #2 are for wild-type and GluR2 delta7 KI, #3 and #4 are
for wild-type and GluR3 delta7 KI). Size of the amplification product was estimated by gel
electrophoresis for genotyping (210 bp for wild-type and 350 bp for GluR2 delta7 KI by
primer #1 and #2; 440 bp for wild-type and 300 bp for GluR3 delta7 KI by primer #3 and
#4). (B) Photomicrographs of intact (a) and partial-transected ION (b). (C and D)
Nocifensive behavior following mechanical stimulation of the whisker pad skin after ION
partial transaction in the wild-type, GluR2 and GluR3 delta7 KI mice. ((C) Ipsilateral to
ION partial transection; (D) contralateral to ION partial transection). Mechanical
nocifensive behavior was measured before ION-partial transaction and at 1, 3, 5, 7 and 14
days after the transaction. The arrows in Bb indicate stump ends of ION. **p < 0.01, ***p <
0.001.
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Fig. 2.
(A–C) Photomicrographs of NeuN positive cells (A), pERK-LI cells (B) and pERK-LI cells
double stained with NeuN antibody (C) in the wild-type mice. (D–F) Photographs of pERK-
LI cells in the wild-type mice (D) and GluR2 7 mutant mice (E) and GluR3 7 mutant mice
(F) at 5 min after 2 g mechanical stimulation of the whisker pad skin at 7days after ION
partial transaction. The photomicrographs in A–F were taken from sections at 1440 μm
caudal to the obex. (G–I) Rostro-caudal distribution (G and H) of pERK-LI cells in the wild-
type, GluR2 and GluR3 delta7 KI mice. ((G) Ipsilateral side with ION partial transection;
(H) contralateral side with ION partial transection). (I) The mean number of pERK-LI cells
in the both sides Vc and C1/C2 ION-transected mice. ***p < 0.001.
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