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The AMPA Receptor Subunits GluR-A
and GluR-B Reciprocally Modulate Spinal
Synaptic Plasticity and Inflammatory Pain

facilitated nociceptive plasticity and enhanced long-
lasting inflammatory hyperalgesia. Thus, AMPA recep-
tors are not mere determinants of fast synaptic trans-
mission underlying basal pain sensitivity as previously
thought, but are critically involved in activity-depen-
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membrane. GluR-A and GluR-B serve as key substrates

Ca2�-permeable AMPA receptors are densely ex- for activity-induced regulation of synaptic transmission
pressed in the spinal dorsal horn, but their functional via rapid and selective modifications in their phosphory-
significance in pain processing is not understood. By lation status and binding to scaffolding proteins involved
disrupting the genes encoding GluR-A or GluR-B, we in membrane trafficking, which, in turn, determine their
generated mice exhibiting increased or decreased synaptic availability and function (Shi et al., 2001; Liu
numbers of Ca2�-permeable AMPA receptors, respec- and Cull-Candy, 2000; Malinow and Malenka, 2002; Lee
tively. Here, we demonstrate that AMPA receptors are et al., 2003). Thus, the Ca2� permeability and ion conduc-
critical determinants of nociceptive plasticity and in- tance properties of synaptic AMPA receptors are not
flammatory pain. A reduction in the number of Ca2�- static features of a particular neuron but are modified
permeable AMPA receptors and density of AMPA dynamically by synaptic activity via rapid alterations in
channel currents in spinal neurons of GluR-A-deficient GluR-A and GluR-B subunits.
mice is accompanied by a loss of nociceptive plasticity The dorsal horn of the spinal cord shows a high den-
in vitro and a reduction in acute inflammatory hyperal- sity of Ca2�-permeable AMPA receptors, particularly in
gesia in vivo. In contrast, an increase in spinal Ca2�- the superficial spinal laminae (laminae I and II), where
permeable AMPA receptors in GluR-B-deficient mice primary afferents carrying nociceptive and thermore-

ceptive inputs terminate and synapse on spinal second-
order neurons (Engelman et al., 1999). Activation of*Correspondence: rohini.kuner@urz.uni-heidelberg.de
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Ca2�-permeable AMPA receptors in the spinal dorsal in the remaining GluR subunits of GluR-deficient mice
(Figure 1B; data not shown). Confocal immunofluores-horn can strengthen the AMPA receptor-mediated com-

ponent of synaptic transmission in slice preparations of cence of substance P- and isolectin-B4-positive afferent
terminals (Nagy and Hunt, 1982) revealed a grossly nor-the spinal cord (Gu et al., 1996). However, very little

is currently known about the functional significance of mal distribution of terminals of nociceptive and thermo-
receptive primary afferents (Figure 1B) in the superficialCa2�-permeable AMPA receptors in spinal processing

of nociceptive inputs in vivo. Furthermore, the involve- dorsal horn and a normal distribution of sensory neuron
subtypes in the dorsal root ganglia (data not shown) ofment of Ca2�-permeable AMPA receptors in mechanisms

underlying potentiation or sensitization of nociceptive adult GluR knockout mice.
transmission, which are associated with inflammatory and
neuropathic pain, has not yet been investigated. Another Striking Changes in Spinal Ca2�-Permeable AMPA
unusual feature of AMPA receptors in the spinal dorsal Receptors in GluR-Deficient Mice
horn is their presynaptic localization on terminals of To determine whether changes in the expression of the
primary afferent sensory nerve fibers (Lu et al., 2002; GluR subunits in spinal neurons altered the distribution
Lee et al., 2002). Macdermott and colleagues could dem- of Ca2�-permeable AMPA receptors in the different lami-
onstrate in an elegant set of experiments that activation nae of the spinal cord, we analyzed kainate-induced
of presynaptic AMPA receptors inhibits neurotransmit- cobalt uptake on live slices of spinal cords derived from
ter release at synapses between primary afferents and GluR-deficient mice and wild-type mice (Figure 2). In
spinal second-order neurons via primary afferent depo- initial experiments, spinal sections were colabeled with
larization, a process which was previously attributed to an anti-substance P antibody or isolectin-B4 to aid in
activation of GABA-A receptors alone (Lee et al., 2002; the recognition of the spinal laminae. The pattern of
Engelman and MacDermott, 2004). Thus, AMPA recep- cobalt uptake induced by bath application of kainate
tors in the spinal dorsal horn demonstrate several strik- (250 �M) in wild-type mice was essentially identical to
ing properties, but the significance of these properties previous reports (Engelman et al., 1999; Albuquerque et
to the spinal gating of nociceptive inputs and behavioral al., 1999). We found a large number of cells positive in
sensitivity to noxious stimuli has yet to be fully explored. laminae I, II, III, and IV (Figure 2A). Lamina II showed

Using mice lacking the genes for GluR-A, GluR-B, or the highest density of cobalt-positive cells (Figure 2A,
GluR-C, we address here the relevance of AMPA recep- summary in Figure 2C). To assess whether this pattern
tor composition in physiological pain and in synaptic reflected cobalt uptake selectively through AMPA re-
plasticity associated with inflammatory pain. We ob- ceptors, we preincubated spinal cord slices with a non-
serve that tuning AMPA receptor-mediated synaptic selective non-NMDA glutamate receptor channel blocker,
transmission at nociceptive synapses by a differential CNQX (50 �M; data not shown) or GYKI 53655 (100 �M),
incorporation of GluR-A and GluR-B reciprocally modu- which preferentially blocks AMPA receptors (only 20%
lates inflammatory pain-related behaviors. Our findings blockade of kainate receptor-mediated currents; Wild-
identify Ca2�-permeable AMPA receptors as key constit- ing and Huettner, 1995). CNQX and GYKI 53655 entirely
uents of activity-induced sensitization in pain pathways. abolished kainate-induced cobalt uptake in spinal

slices, whereas preincubation with an NMDA receptor
antagonist, D-APV (100 �M), did not have any effect onResults
kainate-induced cobalt uptake (Figure 2A). A quantita-
tive analysis of at least six independent lumbar spinalGluR Subunit Distribution and Nociceptive

Circuits in GluR-Deficient Mice slices from each mutant indicated that numbers of co-
balt-positive cells in laminae III and IV were not signifi-In wild-type spinal cord, immunohistochemistry re-

vealed a strong expression of GluR-A in spinal laminae cantly different across GluR-A�/�, GluR-C�/�, and wild-
type mice (see Figure 2B for examples, Figures 2C andI and II and a weaker and diffuse expression in deeper

dorsal horn laminae (Figures 1A and 1B), consistent with 2D for summary; p � 0.461). In contrast, laminae II and
I demonstrated major differences across the differentprevious reports (Brown et al., 2002; Engelman et al.,

1999). Although GluR-B immunoreactivity was observed genotypes of mice (see Figure 2B for examples). In GluR-
A�/� mice, the number of cobalt-positive cells in laminaethroughout the spinal dorsal horn, labeling was most

abundant in inner lamina II and only sparse in outer II and I was severely reduced as compared with wild-
type littermates (p � 0.001 for both; Figures 2B and 2C).lamina II (Figures 1A and 1B and data not shown), as

described previously (Engelman et al., 1999). The major- In striking contrast, GluR-B�/� mice exhibited a large
excess of cobalt-positive cells in lamina I, II, and III andity of the GluR-A and GluR-B immunoreactivity was

found in somata, whereas the spinal neuropil only IV (p � 0.001, 0.007, respectively; Figures 2B and 2D).
These results indicate that superficial spinal laminaeshowed a very weak and diffuse labeling. As expected,

spinal cords of GluR-A�/� mice and GluR-B�/� mice were naturally express a mixture of Ca2�-permeable and Ca2�-
impermeable AMPA receptors and that the number ofentirely devoid of GluR-A and GluR-B expression, re-

spectively (Figure 1B). An antibody recognizing both Ca2�-permeable AMPA channels is decreased in the
absence of GluR-A and increased in the absence ofGluR-B and GluR-C demonstrated diffuse labeling of

the spinal dorsal horn, which was reduced in intensity GluR-B. GluR-C�/� mice also demonstrate a significant
reduction in the number of cobalt-positive cells in spinalin GluR-B�/� mice and GluR-C�/� mice (data not shown).

Although the subcellular distribution of GluR subunits lamina I (p � 0.023) as well as in lamina II (p � 0.035)
(Figures 2B and 2C), suggesting that GluR-C also con-was not studied in detail here, no gross abnormalities

were observed in the strengths or patterns of expression tributes to the formation of Ca2�-permeable AMPA re-
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Figure 1. Immunohistochemical Analysis of the Spinal Cords of Wild-Type, GluR-A-Deficient, and GluR-B-Deficient Mice

(A) anti-GluR-A and anti-GluR-B immunoreactivity in the spinal cord of wild-type mice. (B) Immunolabeling of spinal dorsal horns of wt, GluR-
A�/�, and GluR-B�/� mice with antibodies recognizing GluR-A, GluR-B, or substance P (peptidergic terminals, green) and staining of isolectin-
B4-positive primary nociceptive afferent terminals (red). I–IV indicates spinal laminae I–IV. Scale bars represent 100 �m in all panels.

Figure 2. Identification of Ca2�-Permeable
AMPA Receptors in Spinal Dorsal Horn of
Wild-Type and GluR-Deficient Mice

(A) Representative examples of cobalt uptake
induced by kainate (250 �m) in the absence
or presence of the AMPA receptor antagonist
GYKI (100 �m) or D-APV (100 �m) in C57BL6
wild-type mice (wt). Dotted line in panel (A)
is an arbitrary line delineating the superficial
spinal laminae (I and II) from deeper spinal
dorsal horn laminae, which was drawn based
upon colabeling of sections with marker pro-
teins for spinal laminae (data not shown). (B)
Representative examples of cobalt uptake in-
duced by kainate (250 �m) in the presence
of D-APV (100 �m) in GluR-A-deficient (GluR-
A�/�), GluR-C-deficient (GluR-C�/�), and GluR-
B-deficient (GluR-B�/�) mice.
(C and D) Quantification of cells demonstra-
ting cobalt uptake in the spinal dorsal horn
laminae (I–IV) of GluR-A�/� and GluR-C�/�mice
their wild-type littermates of the C57BL6 stain
(wt in [C]) and of GluR-B�/� mice and their
wild-type littermates of the CD1 strain (wtCD1
in [D]). * and ** indicate statistically significant
differences (p � 0.05, ANOVA and post hoc
Fisher’s test) with respect to wild-type and
GluR-A�/� mice, respectively. Scale bars rep-
resent 100 �m in panels (A) and (B). n � 5–6
slices per genotype.
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Figure 3. AMPA and NMDA Receptor-Mediated Postsynaptic Current Responses Recorded from Superficial Spinal Dorsal Horn Neurons

(A and B) Averages of ten consecutive current responses recorded at �80 mV (AMPA) or at �40 mV and in the presence of NBQX (NMDA)
from GluR-A knock-out mice (GluR-A�/�) and their wild-type littermates (wt; both genoytpes from the C57BL6 strain, panel [A]) or in GluR-B
knockout (GluR-B�/�) mice and their wild-type littermates (wtCD1, panel [B]). (C and D) Average ratios (mean � SEM) of AMPA- and NMDA-
mediated EPSC amplitudes (left panels) and current integrals (right panels). *p � 0.05 (Student’s t test), n � 12–15 neurons for each genotype.

ceptors in spinal laminae that process pain inputs. How- sion in the spinal dorsal horn of mice lacking GluR-A or
GluR-B, we analyzed the integral of AMPA and NMDAever, the reduction of spinal cobalt uptake in GluR-C�/�

receptor-mediated synaptic currents in each spinal neu-mice was significantly less than that in GluR-A�/� mice
ron studied. In comparison with respective wild-typein lamina II (p � 0.02).
littermates, the mean AMPA/NMDA current integral ratio
was decreased in GluR-A�/� mice (p � 0.05) and in-GluR-A and GluR-B Differentially Modulate Spinal
creased in GluR-B�/� mice (p � 0.05).AMPA Channel Currents

To determine how the activation properties of AMPA
Intact Basal Neurotransmission and Wind-Upreceptors vary in spinal dorsal horn neurons of GluR-
in Spinal Circuits of GluR-Deficient Micedeficient mice, we recorded synaptic currents from visu-
Postsynaptic AMPA receptors on spinal neurons medi-ally identified neurons in lamina II of the spinal dorsal
ate basal neurotransmission of nociceptive as well ashorn. The AMPA receptor component of the synaptic
non-nociceptive sensory inputs from primary afferentcurrents was recorded at a membrane potential of �80
fibers (Davies and Watkins, 1983). Therefore, we ad-mV. The NMDA receptor component was pharmacologi-
dressed whether changes in the Ca2� permeability andcally isolated using NBQX and recorded at �40 mV (Fig-
current conductance profiles of spinal AMPA receptorsures 3Aa and 3Ba). To compensate for inherent variabil-
modulate the spinal transmission of primary afferentity in the amplitude of synaptically evoked currents
inputs in GluR-deficient mice by recording ventral rootacross different neurons and slice preparations, the am-
potentials (VRPs) in hemisected preparations of spinal

plitude of AMPA channel-mediated peak current was
cords (Heppenstall and Lewin, 2001). VRPs evoked by

normalized to the NMDA channel-mediated peak current stimulation of dorsal roots at A-	-fiber or C-fiber stimula-
for each neuron studied (Figures 3A and 3B). The AMPA/ tion intensities remained unchanged in both GluR-A�/�

NMDA peak current ratio was significantly reduced in (p � 0.929 and 0.421, respectively) and GluR-B�/� mice
spinal neurons derived from GluR-A�/� mice as com- (p � 0.298 and 0.973, respectively) in comparison with
pared to their wild-type littermates (see Figure 3A for their respective wild-type littermates (Figures 4A and
example and Figure 3C for summary, p � 0.05). In strik- 4B for examples and Figure 4E for summary).
ing contrast, spinal neurons of GluR-B�/� mice showed Moreover, the “wind-up” of VRPs (Heppenstall and
an increased mean AMPA/NMDA current ratio as com- Lewin, 2001) remained unaltered in GluR-A and GluR-B
pared to wild-type littermates (see Figures 3B and 3D; knockout mice (Figures 4C–4F), indicating that changes
p � 0.05). Thus, AMPA channel-mediated peak currents in AMPA receptor properties do not critically influence
on second-order spinal neurons were significantly re- the rapid summation of postsynaptic responses to re-
duced in GluR-A�/� mice, but significantly enhanced in petitive C-fiber inputs.
GluR-B�/� mice. The total charge transfer determines
the magnitude of postsynaptic depolarization evoked Reciprocal Changes in Spinal Activity-Induced
by AMPA receptor activation, which, in turn, is a function ERK1/2 Phosphorylation by GluR-A
of the magnitude of peak currents and the kinetics of and GluR-B
current decay. Therefore, to estimate the total charge To investigate the relevance of AMPA receptor composi-

tion for activity-dependent changes in nociceptive pro-transfer via AMPA receptors during synaptic transmis-
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Figure 4. Spinal Transmission in GluR-Deficient and Wild-Type Mice as Estimated by Recording VRPs and Wind-Up of VRPs in Hemisected
Spinal Cord Preparations

(A and B) Representative traces of VRPs in GluR-A-deficient mice (GluR-A�/�) and their C57BL6 wild-type littermates (wt) and in GluR-B-
deficient mice (GluR-B�/�) and their CD1 wild-type littermates (wtCD1). (C and D) Representative traces of wind-up of VRPs in GluR-deficient
mice and their wild-type littermates following repetitive C-fiber stimulation are shown. (E) Summary of mean amplitude in millivolts (mV) of
the A-fiber-mediated component and C-fiber-mediated component of the VRPs. (F) Summary of VRP wind-up in GluR-deficient mice and their
wild-type littermates. n � 6–14 mice per genotype.

cessing in individual spinal laminae, we determined ac- rons to high-frequency C-fiber inputs. In striking con-
trast to wild-type littermates, GluR-A�/� mice failed totivity-induced phosphorylation of the extracellular receptor-

activated MAP Kinases 1/2 (ERK1/2) in spinal cords of demonstrate ERK phosphorylation in the superficial
laminae of the spinal dorsal horn in response to high-GluR mutant and wild-type mice. ERK1/2 are implicated

in synaptic plasticity in the hippocampus (Thomas and frequency C-fiber stimulation (see Figure 5D for example
and Figure 5E for summary of densitometric analysis ofHuganir, 2004) and are known to be selectively activated

in the spinal dorsal horn by peripheral nociceptive input phospho-ERK immunoreactivity, p � 0.707). On the
other hand, GluR-B�/� mice demonstrated significantand contribute to inflammatory pain hypersensitivity (Ji

et al., 2002). Therefore, we asked whether phosphoryla- phosphorylation following high-frequency C-fiber stimu-
lation (Figures 5D and 5E; p � 0.018). These differencestion of ERK1/2 could be used as a spatial readout of

plasticity in spinal neurons in response to frequency- in phosphorylated ERK1/2 did not arise from variations
in basal expression of ERK1 and -2 across genotypesdependent stimulation of primary afferent fibers in a

slice preparation of the spinal cord with attached dorsal (Figure 5E; p 
 0.05 as compared to wild-type mice in
all cases). Thus, GluR-A-containing AMPA receptors areroots. In spinal slices derived from wild-type mice, we

found that high-frequency (100 Hz) stimulation of dorsal required for this paradigm of activity-induced plasticity
in the superficial nociceptive laminae of the spinal cord.roots at C-fiber intensity led to an increased phosphory-

lation of ERK1/2 selectively in the soma and neuropil of
spinal lamina I (p � 0.001), whereas the deeper laminae Functional Significance of GluR Subunits in Basal

and Inflammatory Pain In Vivodid not show any increase in ERK1/2 phosphorylation
(p � 0.656) (see Figure 5A for examples and Figure 5B To address the significance of these changes in AMPA

receptor properties and activity-induced plasticity in thefor summary of densitometric analysis of phospho-ERK
immunoreactivity). Low-frequency C-fiber intensity stimu- context of nociceptive processing in vivo, we analyzed

behavioral responses to noxious stimuli. When welation (1 Hz) did not alter phosphorylation of ERK1/2 in
lamina I (p � 0.667; Figures 5A and 5B). Moreover, activ- looked at the latency of the spinal nociceptive tail flick

reflex in response to noxious heat (Kolhekar et al., 1993),ity-induced phosphorylation of ERK1/2 was only ob-
served for maximally up to 180 �m in spinal segments all mutant mice were indistinguishable from their wild-

type littermates (Supplemental Figure S1A [http://www.along the rostrocaudal axis from the point of entry of the
stimulated dorsal root into the spinal cord (the average neuron.org/cgi/content/full/44/4/637/DC1/]), thereby

verifying our in vitro observations that basic transmis-value was derived from six slices; an example is shown
in Figure 5C). These observations indicate that ERK1/2 sion of nociceptive inputs in the spinal cord is intact

in GluR-deficient mice. Similarly, nociceptive reflexesphosphorylation is a selective and reliable marker for
spatially resolving postsynaptic responses in spinal neu- involving activation of higher brain centers, for example,
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Figure 5. Immunohistochemical Estimation of ERK1/2 Phosphorylation Induced by Stimulation of Dorsal Roots in Spinal Cord Slices Derived
from GluR-Deficient Mice and Their Wild-Type Littermates

In panels (B), (C), and (E), the staining intensity in the selected spinal laminae is depicted in units of “optical density” after subtracting
background staining values derived from unstained regions in the ventral horn in each individual slice. (A) Typical examples of immunoreactivity
for phosphorylated ERK1/2 in the superficial laminae (arrowheads) of spinal slices at 30 min following electrical stimulation of the ipsilateral
dorsal root (arrows) at a low frequency (1 Hz, LFS) or high frequency (100 Hz, HFS) or mock treatment (control) in C57BL6 wild-type mice
(wt). (B) Densitometric estimation of phospho-ERK1/2 immunoreactivity in superficial spinal laminae and deep dorsal horn following LFS or
HFS in wt mice (n � 9) (C) An example showing the intensity of phospho-ERK1/2 immunoreactivity in the superficial spinal laminae (fitted to
a Gaussian polynomial curve) as a function of distance along spinal segments (in microns) from the point of entry of the stimulated dorsal
root (0 �m, dorsal root entry zone [DREZ]) in a wt spinal slice following HFS. Horizontal solid line and gray areas indicate the average and
SEM, respectively, of staining intensity in control (unstimulated) slices. (D) Typical examples of immunoreactivity for phosphorylated ERK1/2
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hindpaw withdrawal in response to thermal or mechani- phase as compared to their wild-type littermates (p �
0.028; Figure 6C), GluR-B-deficient mice demonstratedcal stimuli (Hargreaves et al., 1988), remained un-

changed in GluR-deficient mice (Supplemental Figure a significantly higher magnitude of the phase II response
than wild-type littermates (p � 0.03; Figure 6C). GluR-CS1B). Thus, neither alterations in Ca2� permeability nor

changes in activation properties of AMPA receptors sig- mice failed to reveal any significant changes in the dura-
tion of phase I or phase II responses to formalin (p �nificantly affected basal behavioral responses to noci-

ceptive stimuli. We then tested the extent of sensitiza- 0.66 and 0.406, respectively; Figure 6C). The reciprocal
changes in the phase II response of the formalin test intion of responses to thermal and mechanical stimuli in

GluR-deficient mice in a model of chronic inflammatory GluR-A�/� and GluR-B�/� mice support that acute, short-
term plasticity at central nociceptive synapses is depen-pain involving unilateral hindpaw inflammation pro-

duced by intraplantar injection of complete Freund’s dent on AMPA receptors and their composition.
Surprisingly, both GluR-A�/� and GluR-B�/� mice dem-adjuvant (CFA; Hargreaves et al., 1988). The magnitude

of paw edema was comparable across mice of all geno- onstrated a significantly longer duration of nocifensive
behaviors during phase I of the formalin response intypes at 24 hr and 48 hr following unilateral CFA injection

(Supplemental Figure S2; p 
 0.05 for all genoytpes). comparison with wild-type controls (p � 0.036 and
0.009, respectively; Figure 6C). To test whether this ef-When tested 24 hr after unilateral CFA injection, mice

of all genotypes demonstrated significant decreases in fect reflects a loss of tonic inhibition of neurotransmitter
release via presynaptic AMPA receptors on nociceptorthe latency to withdraw from noxious heat (thermal hy-

peralgesia) and in the mechanical pressure threshold terminals, which has been reported in vitro (Lee et al.,
2002; Engelman and MacDermott, 2004), we performedfor paw withdrawal (mechanical hyperalgesia) in the in-

flamed paw in comparison with the control, uninjected the capsaicin test in GluR-A and GluR-B knockout mice
and their wild-type littermates. Intraplantar hindpaw in-paw (Figure 6). GluR-A�/� mice, GluR-C�/� mice, and

their respective wild-type littermates developed similar jection of capsaicin (0.06%) evokes neurogenic inflam-
mation and nocifensive behaviors due to an acute acti-magnitudes of thermal (p � 0.644 and 0.686, respec-

tively; Figure 6A) and mechanical hyperalgesia (p � vation of nociceptors (Laird et al., 2001). In accord with
the results from phase I of the formalin response (Figure0.146 and 0.946, respectively; Figure 6B). In contrast,

GluR-B�/� mice were significantly more sensitive to ther- 6C), both GluR-A and GluR-B knockout mice demon-
strated significantly increased spontaneous nocifensivemal and mechanical stimuli than their wild-type lit-

termates 24 hr but not at 48 hr following the induction responses to intraplantar capsaicin than their wild-type
littermates (Figure 6D), suggesting therefore that AMPAof inflammation (p � 0.021 and 0.005 at 24 hr after CFA,

respectively; Figures 6A and 6B). Thus, a lack of GluR-B receptors containing GluR-A and GluR-B are involved
in the tonic inhibition of neurotransmitter release frombut not of GluR-A or GluR-C can lead to changes in

long-term behavioral plasticity in pain pathways. primary nociceptive neurons in vivo.
To address how subunit properties of AMPA receptors

affect behavioral correlates of rapid sensitization in pain GluR Subunits Modulate Nociceptive Plasticity
at Multiple Avenues in Pain Pathwayspathways, we performed the plantar formalin test on

GluR mutant mice and wild-type controls (Tjolsen et Synaptic plasticity phenomena associated with hyperal-
gesia and allodynia in pathological pain states are notal., 1992; Vaccarino and Melzack, 1992). Intraplantar

injection of formalin in rodents evokes nocifensive be- restricted to the synapse between nociceptive afferents
and second-order spinal neurons but are potentially op-haviors such as licking, shaking, and lifting of the in-

jected paw in a biphasic manner. Phase I of the formalin erational in several brain regions that process the sen-
sory and affective components of pain, including theresponse (i.e., 0–10 min after injection) involves persis-

tent activation and acute sensitization of nociceptors thalamus, somatosensory cortex, anterior cingulate cor-
tex, hippocampus, and the amygdala (Johansen et al.,following peripheral release of peptide neuromediators,

whereas the phase II response (i.e., 15 min to 1 hr after 2001; Vaccarino and Melzack, 1992; Gebhart, 2004; Flor,
2000). GluR-A and GluR-B are expressed in many ofinjection) involves continual activation of nociceptors

and, importantly, a sensitization of central synapses via these regions as well as in supraspinal centers that mod-
ulate nociception via descending pathways, e.g., themechanisms which are triggered by repetitive stimula-

tion during the first phase (Vaccarino and Melzack, 1992; periaqueductal gray (PAG; Tolle et al., 1993). We there-
fore reasoned that changes in AMPA receptor-mediatedTjolsen et al., 1992; Ji et al., 1999). Interestingly, the

delayed nocifensive responses to formalin that are de- neurotransmission and synaptic plasticity in one or sev-
eral of these supraspinal sites could potentially contrib-pendent upon sensitization of central synapses were

reciprocally modulated in GluR-A�/� and GluR-B�/� mice. ute to the alterations in pain-related behaviors observed
in mice lacking GluR-A or GluR-B. To obtain an overviewWhereas mice lacking GluR-A show a reduced second

in the dorsal horn following HFS of dorsal roots (arrows) in spinal slices of GluR-A knockout mice (GluR-A�/�) and their wild-type C57BL6
littermates (wt) or in GluR-B knockout (GluR-B�/�) mice. (E) Densitometric estimation of HFS-induced phospho-ERK1/2-immunoreactivity and
total ERK1 immunoreactivity in the superficial spinal laminae of GluR-A�/� mice and their wild-type littermates (wt) and in GluR-B�/� mice and
wild-type littermates (wtCD1). (F) HFS-induced phospho-ERK1/2 immunoreactivity in wild-type and GluR mutant mice represented as a ratio
of staining intensities in the superficial spinal laminae ipsilateral to the stimulated root to the laminae contralateral to the stimulated root.
* indicates significant increase over control slices (p � 0.05, ANOVA, post-hoc Fisher’s test; n � 6–9 slices for each group per genotype).
Scale bars in panels (A) and (D) represent 100 �m.
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Figure 6. Behavioral Analysis of Postinflam-
matory Nociceptive Sensitivity in GluR-A�/�

and GluR-C�/� Mice in Comparison with Their
C57BL6 Wild-Type Littermates and in GluR-
B�/� Mice in Comparison with Their CD1 Wild-
Type Littermates

(A and B) Thermal hyperalgesia (changes in
latency of paw withdrawal in response to nox-
ious heat [A]) and mechanical hyperalgesia
(changes in mechanical threshold [B]), re-
spectively, applied to the hindpaw plantar
surface either before (pre) or at 24 or 48 hr
(h) following unilateral intraplantar injection
of complete Freund’s adjuvant (CFA). y axes
represent the percent difference in paw with-
drawal latency (panel [A], in seconds) or paw
withdrawal threshold (panel [B], force in
grams) between the injected and uninjected
paws calculated as (injected paw � unin-
jected paw) � 100/uninjected paw (negative
values therefore indicate hyperalgesia). (C)
Summary of duration of nocifensive behav-
iors in seconds (s) upon intraplantar injection
of 1% formalin during the first 10 min (phase
I) and 10–50 min (phase II) of the formalin
response. (D) Summary of duration of acute
nocifensive behaviors in seconds (s) upon
hindpaw intraplantar injection of 0.06% cap-
saicin. * indicates statistically significant dif-
ference as compared to the corresponding
wild-type mice. p � 0.05, ANOVA, post hoc
Fisher’s test; n � 10–12 mice per group per
test.

of the brain regions that contribute to the hypoalgesia laminae (Figure 7A for examples, Figure 7B for summary,
p � 0.02). Moreover, in contrast to wild-type littermates,and hyperalgesia observed in GluR-A- and GluR-B-defi-

cient mice, respectively, in the formalin test, we sought GluR-A�/� mice exhibited no Fos induction in the hind-
limb somatosensory cortex or cingulate cortex (Figuresa readout that permits a comprehensive comparison of

all of the chosen brain regions in every mouse subjected 7A and 7B; p � 0.013 and 0.018, respectively, as com-
pared to wild-type induction), whereas no differencesto the formalin test. The immediate early gene c-fos is

rapidly induced by synaptic activity at multiple avenues were detectable between wild-type mice and GluR-A�/�

mice in the hippocampus (p � 0.306) and PAG (p �in pain pathways in the formalin test and is considered
a reliable indicator for the activation status of postsyn- 0.054) (Figures 7A and 7B). The reduced Fos staining in

the cingulate cortex or hindlimb somatosensory cortexaptic neurons (Vaccarino and Melzack, 1992; Ma and
Woolf, 1996). Hindlimb intraplantar injection of formalin in GluR-A�/� mice at 1 hr after formalin injection does

not, however, represent a lack of cortical response toin wild-type mice produced a significant upregulation
of Fos in the spinal dorsal horn, the hindlimb somatosen- acute noxious stimulation, because Fos induction in the

cortex of GluR-A�/� mice at 30 min after formalin in-sory cortex, the cingulate cortex, limbic structures such
as the hippocampus, as well as descending-modulatory jection was comparable to that seen in wild-type mice

(Supplemental Figure S3 [http://www.neuron.org/cgi/centers in the PAG (Figure 7). Fos labeling was very
variable in the basolateral and medial amygdala (data content/full/44/4/637/DC1/]). In striking contrast to

GluR-A�/� mice, GluR-B�/� mice exhibited significantlynot shown). We then compared formalin-induced Fos
upregulation in several of these regions in GluR�/� mice greater Fos induction than their wild-type littermates in

the superficial spinal laminae (Figure 8A for examples,and wild-type mice. In comparison with wild-type lit-
termates, GluR-A�/� mice demonstrated significantly Figure 8B for summary, p � 0.04). They also showed

significant induction of Fos in all brain regions studied,less induction of the Fos gene in the superficial spinal
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Figure 7. Induction of the c-fos Gene in the Pain Pathway in the Formalin Model in Wild-Type Mice and GluR-A-Deficient Mice

Fos immunoreactivity was detected in the spinal dorsal horn, anterior cingulate cortex (ACC), hindlimb somatosensory cortex (S1H1), hippocam-
pal subfields (CA1/CA2), and the periaqueductal gray matter (PAG) at 1 hr following intraplantar injection of 1% formalin in GluR-A�/� mice
and their wild-type littermates (wt). Typical examples (A) and quantification (B) of either the number of Fos-positive cells (spinal laminae II
and I) or the intensity of Fos immunoreactivity (cingulate cortex, S1H1, CA1/CA2, or PAG) in control or formalin-treated mice (induced). * indicates
statistically significant differences (p � 0.05) between control and induced mice, whereas ** indicates statistically significant differences between
induced mice of wt or GluR-A genotypes (ANOVA, post hoc Fisher’s test; n � 3 mice per genotype). Scale bars in panel (A) represent 100 �m.

but this was not significantly different in magnitude that The spinal cord dorsal horn is unique within the CNS
because of its high density of Ca2�-permeable AMPAwas observed in wild-type mice (p 
 0.05 in all cases,

Figures 8A and 8B). receptors. We observed that both GluR-A and GluR-C
contribute to the formation of Ca2�-permeable AMPA
receptors in spinal laminae that process pain inputs.Discussion
However, the reduction of spinal cobalt uptake in
GluR-C�/� mice was significantly less than that in GluR-Cumulative evidence suggests that activity-dependent

changes in the efficacy of glutamatergic synapses in A�/� mice in lamina II, suggesting that a majority of Ca2�-
permeable AMPA receptors in spinal lamina II arepain pathways critically contribute to chronic pain asso-

ciated with tissue damage or nerve injury (reviewed in composed either of homomeric GluR-A channels or het-
eromers of GluR-A with GluR-D. The latter possibilityWoolf and Salter, 2000; Sandkühler, 2000; Gebhart,

2004). A large number of studies have addressed the appears less likely because of the very low level of ex-
pression of GluR-D in the adult spinal dorsal horn (Tollerole of NMDA receptors and metabotropic glutamate

receptors at synapses between primary afferent fibers et al., 1993; Brown et al., 2002). Because Ca2�-perme-
able AMPA receptors are expressed on principal neu-and spinal neurons and demonstrated that their activa-

tion is required for nociceptive hypersensitivity to de- rons as well as on GABA-ergic interneurons in the spinal
dorsal horn (Albuquerque et al., 1999), their net contribu-velop following peripheral tissue injury (Woolf and Salter,

2000). Much less is known about the contribution of tion to the processing of nociceptive inputs in vivo has
remained unpredictable. We observed that GluR-A andspinal AMPA receptors to the pathophysiology of

chronic pain. Using a combination of in vitro and in vivo GluR-B knockout mice demonstrated reciprocal changes
in the Ca2� permeability of AMPA receptors in spinalmethods, we show here that AMPA receptors in the

spinal cord and brain are causally linked to activity- laminae receiving nociceptive and thermoreceptive sen-
sory inputs and thus constitute good tools for ad-induced nociceptive hypersensitivity.
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Figure 8. Induction of the c-fos Gene in the Pain Pathway in the Formalin Model in Wild-Type Mice and GluR-B-Deficient Mice

Fos immunoreactivity was detected in the spinal dorsal horn, anterior cingulate cortex (ACC), hindlimb somatosensory cortex (S1H1), pyramidal
cells in hippocampal subfields (CA1/CA2), and the periaqueductal gray matter (PAG) at 1 hr following intraplantar injection of 1% formalin in
GluR-B and their wild-type littermates (wtCD1). Typical examples (A) and quantification (B) of either the number of Fos-positive cells (spinal
laminae II and I) or the intensity of Fos immunoreactivity (cingulate cortex, S1H1, CA1/CA2, or PAG) in control or formalin-treated mice
(induced). * indicates statistically significant differences between control and induced (p � 0.05, ANOVA, post hoc Fisher’s test; n � 3 mice
per genotype). Scale bars in panel (A) represent 100 �m.

dressing the functional significance of Ca2�-permeable composition would lead to aberrant processing of noci-
ceptive inputs.AMPA receptors in both nociception and nociceptive

plasticity. Because GluR mutant mice demonstrate nor- So far, the functional significance of GluR-A and
GluR-B in synaptic plasticity has been best studied inmal VRPs as well as unaltered behavioral withdrawal

responses to noxious stimuli, basal transmission of no- the context of long-term potentiation of synaptic trans-
mission in vitro in the hippocampus and the regulationciceptive inputs at spinal synapses does not appear to

be critically dependent upon subunit properties of of synaptic strength in paradigms underlying activity-
dependent learning in vivo (Takahashi et al., 2003; JiaAMPA receptors. However, a reduction in AMPA recep-

tor-mediated Ca2� influx and synaptic currents in spinal et al., 1996; Zamanillo et al., 1999; Reisel et al., 2002).
Recent evidence suggests that the molecular and cellu-dorsal horn neurons in GluR-A-deficient mice leads to

a loss of acute, short-term nociceptive plasticity in the lar mechanisms involved in cognitive and emotional
learning are also operational in leaving memory traces inspinal dorsal horn in in vitro as well as in vivo paradigms.

Conversely, an increase in AMPA receptor-mediated pain pathways, which become manifest as nociceptive
hypersensitivity and chronic pain (Ikeda et al., 2003;Ca2� influx and synaptic currents in the spinal dorsal

horn caused by a deletion of GluR-B is associated with Sandkühler, 2000; Flor, 2002). Interestingly, analogous
to a requirement for GluR-A in hippocampal LTP (Za-an increase in nociceptive activity-induced synaptic

plasticity in the spinal dorsal horn in vitro, which is paral- manillo et al., 1999), we observe that the GluR-A subunit
is required for a rapid sensitization in the spinal dorsalleled by an increase in the behavioral manifestations

of nociceptive hypersensitivity in vivo. Taken together, horn. Furthermore, consistent with a role for GluR-A in
short-term spatial memory, but not in long-term memorythese findings show that the composition of AMPA re-

ceptors is an important parameter governing excitability consolidation (Reisel et al., 2002), we observe selective
deficits in GluR-A knockout mice in paradigms of early,and plasticity in nociceptive pathways and suggest that

circumstances involving a change in AMPA receptor but not long-lasting, nociceptive hypersensitivity. Con-
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versely, GluR-B knockout mice are known to demon- Tinazzi et al., 2000) as well as in limbic structures such
strate enhanced hippocampal LTP (Jia et al., 1996), and as the hippocampus (Vaccarino and Melzack, 1992) and
we show here that they develop exaggerated sensitiza- amygdala, where AMPA receptor subunits are ex-
tion in paradigms of short-term as well as long-term pressed (Tolle et al., 1993; Geiger et al., 1995; Petralia
nociceptive hypersensitivity. Thus, our experiments with et al., 1997). Both short-term and long-term plastic
the GluR mutant mice consolidate the emerging view changes in cortical glutamatergic synaptic transmission
that sensitization phenomena in the spinal dorsal horn occur in the cortex in animal models of pathological
share common molecular mechanisms with hippocam- pain (Johansen et al., 2001) and in humans (Flor, 2002).
pal LTP (Willis, 1997; Sandkühler, 2002). Interestingly, GluR-A�/� mice demonstrated a specific

Furthermore, our data predict that a lack of GluR-B- reduction in activity-induced Fos upregulation associ-
containing AMPA receptors (or a corresponding enrich- ated with a sensitization of noxious inputs in the hind-
ment of GluR-A-containing AMPA receptors) would lead limb somatosensory cortex as well as in the anterior
to long-lasting nociceptive hypersensitivity in pathologi- cingulate cortex, a region responsible for emotional
cal states. When could such circumstances arise and learning and for encoding the affective “aversiveness” to
how would they modulate synaptic AMPA receptors? nociceptor stimulation (Johansen et al., 2001), although
First, peripheral injury could change spinal AMPA recep- cortical responsiveness to acute noxious stimulation
tor composition via transcriptional regulation of GluR was not affected. These data suggest that GluR-A-con-
genes, as reported in inflammatory pain models (Zhou taining AMPA receptors could contribute to pain-related
et al., 2001). Second, along the lines of rapid alterations plasticity in cortical regions involved in the perception,
in the composition of synaptic AMPA receptors induced memory, and emotional modulation of pain and provide
by activity in the cerebellum (Liu and Cull-Candy, 2000), a basis for testing these hypotheses in region-specific,
hippocampus (Shi et al., 2001), and the cortex (Taka- conditional GluR-deficient mice.
hashi et al., 2003), persistent activation of primary noci- In summary, the present study demonstrates that
ceptive afferent fibers could rapidly regulate synaptic AMPA receptors are important determinants of patho-
AMPA receptor composition on spinal neurons. This can logical nociceptive sensitivity and suggests their poten-
be achieved by modulating the phosphorylation status tial relevance in therapeutic approaches toward the pre-
of GluR-A and GluR-B subunits and their binding to vention and treatment of chronic inflammatory pain.
PDZ domain-containing synaptic scaffolding proteins,
thereby changing membrane targeting and synaptic

Experimental Procedures
availability of AMPA receptors (Malinow and Malenka,
2002; Takahashi et al., 2003). Interestingly, recent stud- Knockout Mice
ies report changes in the phosphorylation status of Null mutant mice were created by targeted removal of exon 11 from

GluR-A (GRIA1), GluR-C (GRIA3), and the GluR-B (GRIA2) genes,GluR-A in the spinal dorsal horn in postinflammatory
respectively, as described previously (Zamanillo et al., 1999; Borch-states (Fang et al., 2003a, 2003b; Nagy et al., 2004).
ardt, 2002; Shimshek et al., submitted). GluR-A�/� mice andFurthermore, rapid changes in PDZ domain protein inter-
GluR-C�/� mice were crossed back into the C57BL6 strain, and theactions of AMPA receptor subunits in the spinal dorsal
GluR-B�/� mice were crossed back into the CD1 strain, each for

horn are associated with serotonin-induced facilitation more than eight generations. GluR gene knockout mice and control
of spinal synaptic transmission (Li et al., 1999). Third, littermates were obtained by interbreading heterozygous GluR gene
rapid local dendritic synthesis of GluR subunits could knockout mice.
contribute to activity-dependent regulation of AMPA re-
ceptor composition at spinal synapses, as demon- Immunohistochemistry
strated recently in cultured hipppocampal neurons (Ju The following antibodies were used: rabbit polyclonal anti-sub-
et al., 2004). Finally, potential changes in the efficacy of stance P antiserum, rabbit polyclonal anti-GluR-B and anti-GluR-A

antisera (Chemicon International, Hofheim, Germany); rabbit poly-editing of the GluR-B mRNA in disease states could
clonal anti-Fos antibody (Merck Biosciences GmbH, Germany); rab-modulate pain pathophysiology by altering AMPA re-
bit anti-phospho-p44/42 Map Kinase (Thr202/Tyr204) antibody (Cellceptor composition in the spinal dorsal horn. Indeed,
Signaling Technology, Germany); and polyclonal rabbit anti-ERK-1dysfunctional GluR-B editing has been reported in the and anti-ERK-2 antisera (Santa Cruz Biotechnology, Heidelberg,

spinal cord of humans in neurodegenerative disease Germany). Mice were perfused with 4% paraformaldehyde (PFA)
states, such as amyotrophic lateral sclerosis (Kawahara and spinal cords, brains, or dorsal root ganglia were extracted and
et al., 2004), and it remains to be seen whether similar postfixed overnight in 4% PFA. Immunohistochemistry was per-

formed on vibratome sections (50 �m) or cryosections (20 �m) usingchanges occur in patients suffering from chronic inflam-
standard reagents and protocols (Vector Laboratories, Burlingame).matory or neuropathic pain. Thus, it will be very impor-
Sections from treatment groups to be compared were stained andtant to direct future studies at these and additional po-
photographed together, and care was taken to ensure that the stain-

tential molecular mechanisms to fully understand the ing reaction was within the linear range. Brightfield images were
contribution of spinal AMPA receptors to the develop- taken under similar illumination conditions. In some experiments,
ment of chronic pain syndromes. staining intensity per unit area was measured densitometrically

Peripheral injury- or disease-induced alterations in (Scion Image software) over selected areas using unstained areas
in the ventral horn or the intermediate zone between the dorsal andsynaptic efficacy occur not only at the first synapse
ventral horns in the same section for subtraction of backgroundmade by the primary nociceptive afferents in the spinal
staining. The values of background staining (but not white matterdorsal horn but are also operational in several regions
staining) were found to be very consistent across different sections

processing the sensorimotor as well as emotional- within one staining experiment and were subtracted from staining
affective components of pain, such as the thalamus, intensities over areas of interest. Data was averaged from at least
somatosensory cortex, cingulate cortex, brain stem nu- four areas/section and at least three sections/mouse. TRITC-conju-

gated streptavidin (Vector Laboratories) was used to detect biotinyl-clei, and PAG (Gebhart, 2004; Johansen et al., 2001;
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ated Isolectin-B4 and visualized using a laser-scanning confocal suction electrode at C-fiber intensity. Electrical stimulation was
done at 100 Hz (high frequency), 1 s duration each for five times atmicroscope TCS-AOBS (Leica, Bensheim, Germany).
10 s intervals or at 900 pulses at 1 Hz (low frequency). Thirty minutes
after stimulation, the tissue was fixed with 4% PFA overnight andCobalt Uptake in Mouse Spinal Cord Slices
then processed for immunohistochemistry with anti-pERK/ERK-1/We used kainate-induced cobalt uptake as a functional marker for
ERK-2. Control slices were treated the same way as the stimulatedcells expressing Ca2�-permeable AMPA receptors (Engelman et al.,
slices, with dorsal roots placed in suction electrodes, but were not1999). Lumbar spinal cord was rapidly removed from GluR-A�/� and
stimulated. To estimate the rostrocaudal distance over which ERKGluR-B�/� mice and their corresponding wild-type littermates under
phosphorylation occurs following dorsal root stimulation, pERK im-ether anesthesia and sliced at 400 �m on a vibratome in 95% CO2/
munoreactivity was estimated densitometrically (above) in serial5% O2-bubbled Kreb’s buffer, treated with 250 �m kainic acid
sections at every 40 �m along the rostrocaudal axis from the point(Sigma) and 1.5 mM cobalt chloride in Kreb’s buffer containing 0.5
of root entry.�m tetrodotoxin (Sigma) and D-amino-phosphonopentanoic acid

(D-APV, 100 �M; Tocris, Germany) at room temperature for 20 min
and processed for cobalt histochemistry with ammonium sulphide. Behavioral Analysis in Mice
Slices were fixed overnight with 4% PFA in PBS, immersed in su- All animal experimental protocols were approved by the local gov-
crose, cryosectioned at 20 �m, and subjected to silver intensifica- erning committee. All behavioral measurements were done in
tion. All cobalt-positive cells were counted in specified spinal lami- awake, unrestrained, age-matched adult (more than 3 months old)
nae, and the mean number per lamina was estimated from at least mice of both sexes. Mice were acclimatized to the experimental
six slices per genotype. set ups several times before the analysis. In all experiments, the

experimentor was blinded to the genotypes of the mice being ana-
lyzed.Spinal Cord Slice Preparation
Plantar Test and Paw Inflammationand Electrophysiological Recordings
Determination of latency of paw withdrawal in response to noxiousTransverse slices (250 �m thick) of the lumbar spinal cord were
heat and graded pressure was done using the plantar test apparatusprepared from 8- to 14-day-old mice of both sexes as described
(Hargreaves et al., 1988; Ugo Basile, Italy) with a sensitivity of 0.1 spreviously (Ahmadi et al., 2002). Whole-cell patch-clamp recordings
(Kolhekar et al., 1997) (n � 7–14 per group). Nociceptive thresholdswere performed from neurons located in spinal lamina II, which were
and the dimensions of the each hindpaw were recorded beforevisually identified using the infrared gradient contrast technique
and at defined intervals after intraplantar injection of CFA (20 �l).coupled to a video microscopy system (Dodt and Zieglgänsberger,
Dimensions of the hindpaw were measured using a fine calliper and1994). Slices were continuously superfused with external solution,
by plethysmometry. Paw edema was calculated as a change in pawwhich contained 125 mM NaCl, 26 mM NaHCO3, 1.25 mM NaH2PO4,
volume (length � breadth � height) as well as using a pleythsmo-2.5 mM KCl, 2 mM CaCl2, 1 mM MgCl2, 10 mM glucose (pH 7.30,
meter (Ugo Basile, Italy) as described in details by Cirino et al. (1989).315 mosmol/l) and was bubbled with 95% O2, 5% CO2. Patch pi-
Tail Flick Reflexpettes (4–5 M�) were filled with internal solution containing 130 mM
The nociceptive tail flick reflex was evoked by noxious heat appliedK-gluconate, 20 mM KCl, 2 mM MgCl2, 0.05 mM EGTA, 3 mM Na-
via an infrared light source (Ugo Basile, Italy) with a sensitivity ofATP, 0.1 mM Na-GTP, 10 mM Na-HEPES (pH 7.30). QX-314 (5 mM)
0.1 s as described previously (Kolhekar et al., 1993).was added to the internal solution to block voltage-activated sodium
Formalin Test and Capsaicin Testcurrents. Postsynaptic current responses (PSCs) were elicited at a
Formalin (1%, 20 �l) or capsaicin (0.06%, 10 �l) was injected into thefrequency of 1/15 s by extracellular electrical stimulation (100 �s,
plantar surface of the right hindpaw and the duration of nocifensive3–10 V) using a glass electrode filled with standard extracellular
behaviors, including lifting, licking, or flinching of the injected paw,solution and placed about 50 �m from the recorded neuron. Excit-
was measured for 5 min after capsaicin injection or in 5 min binsatory AMPA or NMDA receptor-mediated PSCs (AMPA EPSCs and
for 50 min after formalin injection as described previously (Laird etNMDA EPSCs) were recorded at room temperature in the continuous
al., 2001; Tjolsen et al., 1992).presence of strychnine (0.3 �M) and bicuculline (10 �M), which

were used to block glycine and GABAA receptor-mediated inhibitory
PSCs. AMPA EPSCs were recorded at a holding potential of �80 Data Analysis and Statistics
mV. NMDA EPSCs were recorded at �40 mV to relieve the Mg2� All data are presented as mean � SEM. Student’s t tests or the
block and in the additional presence of the AMPA receptor antago- analysis of variance (ANOVA) for random measures followed by
nist NBQX (10 �M). Short hyperpolarizing voltage steps to �90 mV post hoc Fisher’s LSD tests were utilized to determine statistically
were applied every minute to monitor input and access resistance. significant differences (p � 0.05).
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