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Abstract
Chronic central neuropathic pain following CNS injuries remains refractory to therapeutic
interventions. A novel approach would be to target key intracellular signaling proteins that are
known to contribute to continued activation by phosphorylation of kinases, transcription factors,
and/or receptors that contribute to changes in membrane excitability. We demonstrate that one
signaling kinase, calcium/calmodulin-dependent kinase II (CaMKII), is critical in maintaining
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aberrant dorsal horn neuron hyperexcitability in the neuropathic pain condition following spinal
cord injury (SCI). Following T10 contusion SCI, activated CaMKII (phosphorylated, pCAMKII)
expression is significantly upregulated in the T7/8 spinal dorsal horn in neurons, but not glial cells,
and in oligodendrocytes in the dorsal column in the same rats that displayed at-level mechanical
allodynia. Furthermore, identified spinothalamic neurons demonstrated significant increases of
pCaMKII after SCI compared to sham controls. However, neither astrocytes nor microglia showed
pCaMKII expression in either sham or SCI rats. To demonstrate causality, treatment of SCI rats
with KN-93, which prevents CaMKII activation, significantly attenuated at-level mechanical
allodynia and aberrant WDR neuronal activity evoked by brush, pressure, pinch stimuli and a
graded series of von Frey stimuli, respectively. This is the first evidence that persistent CaMKII
activation contributes to chronic central neuropathic pain by mechanisms that involve maintained
hyperexcitability of WDR dorsal horn neurons. Furthermore, targeting key signaling proteins is a
novel, useful therapeutic strategy for treating chronic central neuropathic pain.
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INTRODUCTION
Over 70 % of people with spinal cord injury (SCI) suffer intractable and chronic central
neuropathic pain (CNP) [2,7,45,46]. Neurosurgical treatment is generally disappointing [31]
and management with ion channel blockers [18], morphine [1,44], anticonvulsants [19],
antidepressants [5] and other strategies [4,25,48,51] including acupuncture [15] have limited
efficacy due to the lack of understanding the detailed pathophysiological mechanisms.

A novel mechanism of CNP following SCI is activation of intracellular signaling cascades in
the spinal dorsal horn [11,12], similar to those that result in hippocampal long-term
potentiation (LTP), that may contribute to neuropathic pain [27,47,55]. In LTP, glutamate
receptor mediated activation of a number of intracellular signaling kinases lead to increased
mitogen activated protein kinases (MAPKs; e.g., ERK1/2, p38 MAPK) and phosphorylation
of transcription factors such as cAMP responsive element binding protein (CREB) and Elk-1
[28, 30,32]. Activation of MAPK signaling pathways and CREB following peripheral
injection of chemical irritants (e.g., formalin, capsaicin) or peripheral nerve injury
[33,36,37] are linked indirectly to central sensitization, a persistent increase in
electrophysiological activity (background and to evoked stimuli) of spinal dorsal horn
neurons. We previously reported increases in spinal levels of the phosphorylated (and thus
activated) forms of the MAPKs, extracellular signal related kinase (ERK) 1/2 and p38
MAPK, and the transcription factor, CREB, in SCI rats experiencing at-level mechanical
allodynia [11,12]. However, upstream signaling pathways that lead to the spinal LTP-like
pathways after SCI are not known.

A critical key signaling molecule in LTP is calcium/calmodulin-dependent protein kinase II
(CaMKII), a molecule phosphorylated through IP3 pathways initiated by glutamate receptor
activation, which regulates calcium signaling, influences synaptic function by
phosphorylation of membrane receptors and is an important upstream enzyme to MAP
kinase signaling pathways, including ERK1/2, p38 MAPK, and transcription factors such as
CREB [33,4243]. Phosphorylation of CaMKII allows continued activation of downstream
pathways even after the calcium influx, that is known to accompany SCI, subsides [34].
Given the known roles of SCI produced glutamate receptor activation [38,39], the roles of
MAP kinases [11,12] and the pivotal role of CaMKII in LTP signaling pathways, the current
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studies test and provide the first converging evidence (combining behavioral, protein,
cytochemical and electrophysiological analyses) that persistent activation of CaMKII plays a
critical role in “at level” mechanical allodynia, or chronic CNP following SCI.

EXPERIMENTAL PROCEDURES
Subjects

Male Sprague Dawley rats (n=100) weighing between 225-250 g (Harlan Inc, Houston TX)
received a contusion injury at spinal level T10 using an Infinite Horizon impactor (150
kdynes, 1 s dwell) or were given a laminectomy only to serve as sham controls, or received
no manipulation to serve as age-matched naïve rats. Only data from SCI rats that developed
“pain” were examined as a SCI group (this level of injury routinely produces 90% of SCI
rats that develop pain). SCI rats that did not develop “pain” were excluded from these
analyses. Following surgery, injured rats were given supplemental injections of Baytril
(enrofloxacin, 0.03%) twice daily for 3 days to prevent infection, and bladders were also
expressed twice daily until the rats began to void on their own. All procedures were
reviewed by the UTMB Animal Care and Use Committee and are consistent with the
guidelines of the International Association for the Study of Pain and the NIH Guide for the
Care and Use of Laboratory Animals.

Behavioral Procedures
For the study involving measurement of at-level mechanical allodynia, age matched rats
were divided into 3 groups: 1) 10 naïve rats (naïve), 2) 10 rats given a laminectomy at T10
(sham) and 3) 10 injured rats (SCI). During the course of recovery, naïve, sham and injured
rats were examined for the development of mechanical allodynia rostral to the injury using
the procedure outlined in Crown and colleagues [10,11] with a few modifications. Briefly, a
grid map of the girdle zone for allodynic responses was made on the rats using an indelible
marker. A von Frey hair with bending force of 204.14 mN (26 gm-force) was applied to
each point on the grid, and supraspinally mediated nociceptive responses (e.g., escape,
biting, or vocalization) were recorded and mapped onto a grid map of that animal. The
scoring of these complex behaviors excludes simple hyperreflexia, which is a segmental
response [51,56,57]. Since animals do not normally display supraspinal responses to this
stimulus, a positive response was interpreted to demonstrate that a noxious stimulus was
experienced. In mapping the area of response, the number of responses was recorded (Nr)
and normalized by the following formula: (Nr x 100)/total number of applications,
indicating the percent responding out of the total number of applications. For both
behavioral studies, data were analyzed only for the dermatome (T5-T10, between mid
thoracic area and upper abdominal area) corresponding to the site of injury.

To test whether increases in activated CaMKII expression corresponded to the maintenance
of at-level mechanical allodynia, animals from each condition (naïve, sham and SCI) were
baseline tested prior to injury and then were tested weekly until 35 days post injury. The
percent of supraspinal responses to a 4 mm blunt probe, a more natural stimulus, were also
recorded and analyzed using the same method. In all cases, test order (26 g force von Frey
filament or probe) was counterbalanced across conditions, with half the subjects in each
condition being exposed to the probe first and half the subjects being exposed to the probe
last. At none of the testing sessions did animals respond in the absence of mechanical
stimulation. In addition, behavior was assessed by an experimenter blinded to experimental
condition. For behavioral studies of the effects of CaMKII inhibition on at-level mechanical
allodynia, three doses of KN-93 (a CaMKII inhibitor, 1, 10, or 100 μM in 50 μl saline,
EMD Biosciences, San Diego) or the inactive enatiomer KN-92 (100 μM in 50 μl saline,
EMD Biosciences, San Diego) were administered by intraspinal injection into the lumbar L4
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space to SCI rats (n=5) over the course of ten days starting at 35 days post injury (drug dose
was counterbalanced across groups and one day was allowed in between exposure for drug
washout). Sham rats (n=5) were tested at the same time intervals but received the highest
dose of KN-93 (100 μM in 50 μl). As an additional control, sham and SCI rats also received
KN93’s inactive enantiomer, KN-92; at a dose that was equivalent to the highest dose of
KN-93 (100 μM in 50 μl saline). Each SCI and sham rat received every dose of the drug
over the course of the experiment starting at postinjury day 35 (dose order was randomized
across the subjects to ensure there were no carryover effects from test session to test session
on nociceptive reactivity in a cross over study design).

All rats were tested for supraspinal nociceptive responses (escape behaviors, biting, or
vocalization, as above) to a 26 g force von Frey hair and a 4 mm blunt probe prior to drug
administration (baseline). Briefly, rats were given inhalation anesthesia with isofluorane
(1.5%) and the L4/L5 vertebral segment was identified by determining the location of the
iliac crest. The injection needle was inserted into the L4/L5 space for drug delivery and a tail
flick response to needle insertion was taken as evidence for successful lumbar puncture. To
ensure that drug delivery into the lumbar space affected responses in the midthoracic region,
a group of naïve rats were injected with 50 μl of a 2% lidocaine solution and tested for the
loss of reflexive responses to a 100 gm-force von Frey stimulus applied to the rat’s dorsum.
This volume of lidocaine was confirmed to produce a loss of reflexive and supraspinal
responses throughout the region to be tested (data not shown). Following drug
administration, rats were tested at 15, 45 and 75 minutes post injection.

Western Immunoblotting
At a time point consistent with the beginning of behavioral testing (35 days post SCI; when
the maximal level of allodynia was observed), a separate age matched sham, naïve and SCI
group of rats was sacrificed for Western immunoblotting. To test for persistent changes in
pCaMKII expression following spinal cord contusion injury by Western Blot, all subjects
were overdosed with pentobarbital (100 mg/kg) and perfused intracardially with 250 ml cold
heparinized (1ml/1L) saline (0.9%) and 0.5 cm segments of spinal cord tissue immediately
rostral to the injury site (the site corresponding to T8) were removed and dissected while on
dry ice. For the tissue used in Western immunoblotting, the dorsal aspects of the spinal cord
were microdissected and frozen on dry ice for subsequent analysis (Note: for
immunocytochemical analyses the entire spinal cord at this level was analyzed to look at
differences in gray and white matter expression of activated CaMKII, pCaMKII). The
collected tissue was mechanically homogenized in ice-cold tris-buffered saline containing
40 mM Tris-HCl (pH 7.5), 2% SDS, 2 mg/ml aprotinin, 2 mg/ml antipain, 2 mg/ml
chymostatin, 2 mg/ml bestatin, 2 mg/ml pepstatin-A, 2 mg/ml leupeptin, 1 mM
phenylmethylsulfonyl fluoride, 1 mM dithiothreitol, and 1 mM EDTA. Homogenates were
centrifuged at 10,000 x g for 10 min. The supernatant was collected and centrifuged again at
10,000 x g for 10 min and then stored at −80°C. Protein concentrations of the homogenate
were determined using the BCA Protein Assay Kit (Pierce, Rockford, IL). We have shown
previously that this extraction method is efficient at collecting both the cytoplasmic and
nuclear protein fractions [11,12].

Five samples from each group (naïve, sham, SCI) were used for Western immunoblotting.
The samples were heated for 4 min at 95°C in an equal volume of sample buffer (100 mM
Tris, pH 6.8, and 2% SDS, 2% 2-mercaptoethanol, 0.001% bromophenol blue, 20%
glycerol) and then loaded onto a polyacrylamide gel in equal protein amounts (10 μg per
lane). The stacking gel was 4% acrylamide, prepared in 0.13 M Tris, pH 6.8, and 0.1% SDS,
and the separating gel was 10% acrylamide, prepared in 0.38 M Tris, pH 8.8, and 0.1% SDS.
Samples were separated by electrophoresis in Tris-glycine buffer (25 mM Tris, 250 mM
glycine, 0.1% SDS) at 300 V for approximately 30 min. Proteins were transferred overnight
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(12-14 hrs) to a PVDF membrane at 30 V in transfer buffer containing 20% MeOH, 20 mM
Tris, 150 mM glycine, pH 8.0. Membranes were incubated for one hour at room temperature
in blocking buffer containing 5% non-fat powdered milk in tris buffered saline (TBS)-
Tween (20 mM Tris, 137 mM NaCl, 0.1% Tween-20), then washed for 10 min in TBS-
Tween. Membranes were incubated overnight with primary antibodies to both the
phosphorylated and nonphosphorylated forms of the alpha subunit of CaMKII (1:1000;
Upstate Biotechnologies). Serial dilutions of the primary antibody were first tested on the
protein samples using dotblotting to ensure that the results were not influenced by a ceiling
effect. To control for equal protein loading, glyceraldehyde-3-phosphate dehydrogenase
(GAPDH; 1:5000; Upstate Biotechnologies) immunoreactivity was used to verify equal
loading of proteins on the PVDF membrane and this method found no significant differences
between the naïve, sham, and SCI rats (all Fs < 1.0, p > 0.05). For statistical analyses, the
data from each subject was normalized to the value for GAPDH expression. After washing
off the primary antibody, membranes were incubated in horseradish peroxidase-conjugated
anti-rabbit IgG diluted 1:20000 for one hour and washed 3 times in TBS for 5 min.
Peroxidase activity was detected using an Amersham ECL Plus detection system, images
were collected by exposing the membranes (exposure time varied from 30 s to 5 min) on
chemiluminescence film (Hyperfilm ECL, Amersham Pharmacia Biotech, England), and
integrated density values were calculated using LabWorks software (UVP, Upland, CA).
Each membrane contained samples from sham, naïve, and SCI rats to allow for valid
intergel comparisons. In addition, all membranes were exposed at the same time following
CaMKII, p-CaMKII and GAPDH immunoblotting to allow for valid intragel comparisons.

Immunocytochemistry
For immunocytochemical studies, 5 age matched sham rats were compared to 10 injured
rats. Thirty-five days after injury, rats were overdosed with pentobarbital (100 mg/kg) and
perfused intracardially first with 300 ml of heparinized warm 0.9% saline followed by 500
ml of cold 4% paraformaldehyde. The T8 spinal cord was removed and post fixed for 4
hours in 4% paraformaldehyde prior to protection for 2 days in 30% sucrose at 4°C. The
tissue was then embedded in OCT compound, frozen, mounted, and sectioned with a sliding
microtome (model HM 400, Microm International, Waldorf Germany). Thirty micron
sections from the T8 tissue were blocked in 5% normal goat serum for 30 minutes and
incubated overnight in rabbit polyclonal pCaMKII antibody (alpha subunit, 1:200, Upstate
Biotechnologies). The sections were then rinsed in phosphate buffered saline (PBS) and
incubated in goat anti-rabbit antiserum conjugated to Alexa Fluor 568-Red (1:400,
Molecular Probes). After rinsing, the floating sections were mounted on gelatin-coated
slides and coverslipped with non-fade media. Expression of pCaMKII was quantified in the
spinal cord gray and white matter rostral to the site of injury (T7/8) and in the individual
lamina of the dorsal horn [42] in sham and injured rats by measuring the density of the
reaction product for activated CaMKII and comparing between sham and SCI rats using
MetaMorph Software (Universal Imaging Corporation, Downingtown, PA). To examine the
cellular populations within the spinal cord that expresses pCaMKII, double labeling with
either the neuronal marker NeuN (Chemicon, MAB377, 1:500), the astrocytic marker GFAP
(Chemicon, MAB360, 1:1000), the microglial marker OX-42 (Serotec Ltd, MCA275G,
1:100) or the oligodendrocytes marker APC (CC-1, Calbiochem, Ab-7, 1:100) was
performed. Omission of the primary antibodies or use of non-specific secondary IgG’s in the
immunostaining process resulted in negative staining of the tissue sections.

For immunofluorescent staining, data from three channels were collected by Sequential scan
(BioRad Radiance 2100 Confocal Laser System coupled to a Nikon E800) to avoid bleeding
through between channels. Localization of pCaMKII and one of the cell marker images were
collected with Krypton lasers of 568 nm excitation and 488 nm excitation. Red emission (a
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result of excitation of the conjugated AlexaFluor 568 to the pCaMKII antibody)
demonstrated localization of pCaMKII; whereas, green emission (a result of excitation of the
conjugated AlexaFluor 488 to the appropriate antibody) demonstrated localization of
immunoreaction product in neurons, microglia, astrocytes or oligodendrocytes. Blue
emission (DAPI) demonstrated nuclear localization. The yellow structures in merged images
indicated the co-localization of the two antigens (Red+Green). Digital images were
collected, saved and processed with MetaMorph Software.

For FluoroGold labeling, 5 age matched sham rats were compared to 5 injured rats. Seven
days prior to sacrifice, rats used for the spinothalamic tract cell (STT) immunocytochemical
colocalization study were given injections of FluoroGold (2%) into the ventral posterior
lateral (VPL) nucleus of the thalamus to co-localize retrogradely labeled STT cells with
immunocytochemical markers for the alpha subunit of pCaMKII. Briefly, while rats were
deeply anesthetized and 0.1 μl injections of Fluorogold were delivered into one hemisphere
of the VPL using the following the stereotaxic coordinates (distance from bregma, distance
from the midline, distance from the surface of the skull) based on Paxinos and Watson [42]:
-3.0 mm, 2.8 mm, 5.7/5.4 mm; -3.5 mm, 2.2 mm, 6.0/5.6 mm; -3.5 mm, 2.6 mm, 6.0/5.6
mm; -3.5 mm, 3.3 mm, 5.5/5.2 mm; -4.0 mm, 2.2 mm, 6.0/5.6 mm; -4.0 mm, 2.6 mm,
6.0/5.6 mm; -4.0 mm, 3.3 mm, 5.5/5.2 mm. FluoroGold labeled STT cells in sham and
injured rats were confirmed under a fluorescence microscope (E1000, Nikon) and tested for
the intensity of pCaMKII expression. Briefly, dorsal horn sections were viewed at 400X
magnification and the FluoroGold positive STT cells were identified using a 330-380 nm
wave band filter cube. Pictures of spinothalamic tract cells were captured using MetaMorph
software on the CoolSnap digital camera, following which a 532-587 nm wave band (red)
filter cube was used to visualize the expression of pCaMKII positive cells. Pictures were
then taken of STT cells through the red filter cube to localize expression of pCaMKII within
the same STT cells. All pictures for imaging pCaMKII expression were taken with the same
exposure conditions. The average intensity of pCaMKII expression was measured with
MetaMorph for sham and injured rats. Increases in the staining intensity of pCaMKII in STT
cells are interpreted as an increase in the expression of pCaMKII within that cell type. Note
that for both Western immunoblotting and immunocytochemistry, the same antibody was
used to detect activated CaMKII expression.

Electrophysiology
In vivo extracellular single-unit recordings were made from age matched sham rats (n=10)
and spinally contused rats 35 days after injury (n=10). Rats were anesthetized with sodium
pentobarbital (50 mg/kg i.p.) and supplemented with sodium pentobarbital (5 mg/kg/h)
infused intravenously through a jugular vein catheter. Adequacy of anesthesia was
monitored by the lack of withdrawal reflexes to noxious stimuli and the absence of corneal
blink reflexes. Core temperature was maintained at 37°C by a thermostatically controlled
heating blanket. Laminectomy was performed to expose the thoracic spinal segments T8-
T10. Cells were isolated from thoracic segments (T7-T8) rostral to the site of contusion
injury (T10). In vivo extracellular single-unit recordings were made with a low impedance
(0.4-0.8 M at 1KHz; Kation Scientific) glass carbon fiber microelectrode. After isolation of
single wide dynamic range (WDR) neuron, which is characterized by graded response
patterns to increased stimuli intensity [8,50], background activity was measured followed by
cutaneous receptive field mapping with von Frey filaments and brief pinches. Peripheral
stimuli during electrophysiology included the following: brush (with a makeup brush; force
range [±SEM]= 2-4 [±0.5] g), pressure (with a large arterial clip at 144 g/mm2), pinch (with
a small arterial clip at 583 g/mm2), and von Frey filament application (with 5 filaments: 0.6
gm, 2 gm, 6 gm, 26 gm and 60 gm). Each stimulus was applied for 10 seconds with a 20
second break between stimuli.
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Electrical signals were amplified and input to a window discriminator, displayed on analog
and digital storage oscilloscopes, processed by a data collection system (CED 1401+;
Cambridge Instruments, Cambridge, UK), and stored on a computer (Pentium Computer,
Dell, Austin, TX, USA) to construct peristimulus time histograms. The stored digital record
of unit activity was analyzed offline with Spike 2 software (v4.07, Cambridge Electronic
Design, Cambridge, UK). Responsiveness to peripheral stimulus was calculated by
subtracting the baseline activity from evoked activity to calculate a net increase in discharge
rate. The effects of spinally applied KN-93 (100 μM in 50 μl) or KN-92 (the inactive
enantiomer) were tested on cells rostral to the site of contusion at 35 days post injury. The
35 day time point was chosen for two reasons: 1) all SCI rats developed maximal at-level
mechanical allodynia by this time and 2) we find activated CaMKII expression is
significantly upregulated. Recordings in response to the set of peripheral stimuli were made
and the same cells then received KN-93 or KN-92 application and were recorded at 15, 45
and 75 minutes after application. To ensure a single WDR unit was held for the duration of
the recording experiment, we used the Spike2 program to compare the action potential shape
and amplitude. All recorded single WDR neurons used in this study had the same
reproducible shape and amplitude, or signature amplitude, throughout the recording period
[10,21].

Statistics
Supraspinal responses during the girdling test for at-level mechanical allodynia were
analyzed by a one way repeated measures analysis of variance (ANOVA) using SPSS 11.5
for Windows (SPSS; Chicago, IL). The effects of KN-93 administration on at level
mechanical allodynia were analyzed using a one way repeated measures analysis of
covariance (ANCOVA; with baseline reactivity as the covariate). To compare the group
means for the electrophysiological data for reactivity to brush, press, and pinch, 1 between-1
within repeated measures ANOVAs were performed. The group means for the Western
immunoblot data were analyzed using one way ANOVAs. To compare average intensity of
pCaMKII alpha subunit expression in both the spinal cord and STT cells, Student’s t tests
were performed using SigmaPlot 9 (Systat Software, Point Richmond CA). Laminar
distributions of pCaMKII positive cells in the dorsal horn were analyzed using 1 between-1
within ANOVAs. Neuronal responses to von Frey stimuli applied just rostral to the site of
injury were analyzed using 1 between-1within ANCOVAs with baseline reactivity as the
covariate. Post hoc tests were performed using Duncan’s New Multiple Range Test. In all
cases, the alpha level for statistical significance was set at p < 0.05. All data are represented
as mean ± SEM.

RESULTS
SCI Rats Display At-Level Mechanical Allodynia by 35 Days After Injury

Spinal T10 contusion injured rats developed mechanical allodynia over the course of 35
days, as evidenced by a significant increase in the percentage of supraspinal responses (e.g.,
escape, biting, vocalization) to both the 26 gm-force von Frey filament and the 4 mm blunt
probe applied to the dermatomes of the body trunk between mid thoracic areas and upper
abdominal areas of the back (T5-T10) corresponding to the area rostral to the site of injury
compared to presurgical and sham control responses (p < 0.0001, repeated measures
ANOVAs, Figure 1A&B). Analyses of the baseline scores for supraspinal responses to the
von Frey and blunt probe stimuli found no significant differences between the groups prior
to injury (p > 0.05).
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At-Level Mechanical Allodynia is Reversed by the CaMKII Inhibitor, KN-93
To examine the effects of inhibiting the activation of CaMKII on at-level mechanical
allodynia, SCI and sham rats were tested prior to drug administration, exposed to one of
three doses of the CaMKII inhibitor KN-93 (1, 10 or 100 μM in 50 μl) and then tested at 15
min, 45 min and 75 min after drug application. Naïve rats were not significantly different
compared to sham groups in terms of supraspinal behavioral reactivity or pCaMKII
expression levels. First, we performed an analysis on the baseline data for reactivity to the
von Frey and blunt probe stimuli of the SCI and sham rats over the course of the drug
treatment regimen to ensure that repeated exposure to KN-93 did not have lingering effects
on supraspinal behavioral responses that would interfere with the ability to observe the acute
effects of KN-93 administration. These analyses found no significant differences between
the groups for either of the tests at any day during the dosing regimen (p > 0.05, repeated
measures ANOVA), indicating that drug administration did not have any carryover effects
on behavioral reactivity.

Prior to KN-93 administration on 35 days post SCI, SCI rats displayed significant at-level
mechanical allodynia relative to sham rats (p < 0.0001, ANOVA, Figure 1 C&D). Injections
of KN-93 led to a significant dose-dependent reversal of the at-level mechanical allodynia in
SCI rats over the 45 minute testing interval (p < 0.0001 for all comparisons; repeated
measures ANOVAs with baseline reactivity serving as the covariate, Figure 1C and D). Post
hoc analyses of the group means for reactivity to the von Frey and blunt probe stimuli
determined that sham groups had significantly fewer responses compared to any of the SCI
groups (p < 0.05 for all comparisons). In addition, administration of 10 μM and 100 μM of
KN-93 led to a significant reversal of at-level mechanical allodynia, as these 2 groups had
significantly fewer supraspinal responses to both the von Frey and blunt probe stimuli than
either the SCI KN-92 or SCI 1 μM KN-93 groups (p < 0.05). Finally, the SCI KN-92 and
SCI 1 μM KN-93 groups had significantly greater response values compared to all other
groups to both the von Frey and blunt probe stimuli, (p < 0.05).

Increases in Activated CaMKII Protein Levels in Dorsal Spinal Cord Correspond to At-Level
Mechanical Allodynia Following SCI

By 35 days post SCI, tissue was taken and used in Western immunoblot analyses to
determine whether rats that displayed at-level mechanical allodynia also expressed an
increase in the activated form of CaMKII. To control for differences in loading, each sample
was normalized to GAPDH expression for the sample and statistics were performed on these
ratios. SCI rats displayed significant upregulation in pCaMKII expression following injury
relative to either sham or naïve rats (Figure 2A, p < 0.01, ANOVA). In addition, there were
no significant differences between the groups in terms of nonphosphorylated CaMKII
expression (Figure 2B, p > 0.05, ANOVA), suggesting that SCI does not cause an increase
in the expression of CaMKII but instead leads to a change in the phosphorylation state of the
kinase.

SCI Rats Demonstrate Increases in Activated CaMKII Protein Intensities in the Dorsal
Spinal Cord Gray and White Matter, in Neurons, and in Spinothalamic Tract Cells

To determine whether CaMKII activation is related to at-level mechanical allodynia after
SCI, the dorsal spinal cords of injured and sham rats were compared at 35 days post injury
using immunocytochemistry. SCI rats had significantly greater expression of pCaMKII in
the cytoplasmic compartment of neurons in the dorsal horn (sensitivity threshold set high to
illustrate the cellular specificity of the most intense reaction product, Figure 3A and D)
including white matter and gray matter (Figure 3C) compared to sham rats (p < 0.05;
Student’s t-test). Note that sham specimens have considerably less staining in laminae I and
II compared to SCI specimens (Figure A). With the image capture sensitivity threshold set to
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high laser intensity maximize all detectable labeling for regional comparisons (Figure 3E)
pCaMKII expression was present in the white matter (dorsal column) and in neuronal cells
but not microglial and astrocytes in the gray matter (see Figures 5A, B), whereas images
taken with the laser intensity set low (Figure 3A) clearly showed neuronal cytoplasmic
staining that was upregulated after SCI (Figure 3A, G, H). To further analyze changes within
the dorsal horn of sham and SCI rats, pCaMKII expression was examined in each lamina of
the dorsal horn, laminae I-V. Again, SCI rats displayed significant increases in pCaMKII
expression in the all dorsal horn lamina relative to sham rats (p < 0.0001, repeated measures
ANOVAs, Figure 3E-H).

To further test whether neurons known to be involved in pain transmission upregulate
pCaMKII following SCI, FluoroGold injections were made stereotaxically into the ventral
posterior lateral (VPL) nucleus of the thalamus to localize retrogradely labelled
spinothalamic (STT) cells rostral to the injury. Three to five STT cells were counted per
single section from SCI and sham groups, respectively and the total number of STT cells (21
cells for SCI and 22 cells for Sham) did not show significant difference. Figure 4A depicts
examples of FluoroGold labeled pCaMKII positive cells in the contralateral dorsal horn of
both sham (top) and injured (bottom) rats. SCI produced a significant increase in the average
intensity of pCaMKII expression within the labeled STT cells (p < 0.001; Students t-test,
Figure 4B).

In order to determine if glial cell populations expressed activated CaMKII in the spinal cord
after SCI, double immunofluorescent staining was performed using antibodies that recognize
GFAP (to localize astrocytes), OX-42 (to localize microglia) and APC (to localize
oligodendrocytes). Following SCI, astrocytes (Figure 5A) and microglia (Figure 5B) did not
show the localization of pCaMKII expression, despite lowering the threshold of laser
capture to maximize the detection of immunoreactivity throughout the gray and white
matter.. However, oligodendrocytes in the dorsal column (Figure 5D), but not in lamina I-V
(Figure 5C), showed significantly increased localization of pCaMKII expression. These data
suggest that the activation of CaMKII occurs exclusively in neurons in all dorsal lamina and
in oligodendrocytes in the dorsal column.

SCI Produces Hyperexcitability in Dorsal Horn Neurons in the Thoracic Spinal Cord
Rostral to the Site of Injury

At 35 days post injury, background and neuronal activity in response to brush, pressure,
pinch and graded von Frey filaments stimuli were compared between sham and SCI rats.
Figure 6A shows typical waveforms of wide dynamic range (WDR) neuronal activity to
gradual intensity of mechanical stimuli in sham (top) and SCI (bottom) rats. SCI rats prior to
drug administration showed significantly greater neuronal activity in the absence of
stimulation (background) and to brush, press, and pinch stimuli compared to sham rats (all
ps < 0.05; ANOVA, Figure 6B). In addition, similar analyses of neuronal responding to a
graded series of von Frey stimuli found that SCI rats prior to drug application displayed
significantly increased neuronal activity to the 6 gm, 26 gm and 60 gm force stimuli
compared to sham rats (p < 0.01, ANOVA, Figure 6B). There were no significant
differences in responses between the groups for the 0.6 gm or 2 gm von Frey stimulus (p >
0.05).

Inhibition of CaMKII with KN-93 Attenuated Neuronal Hyperreactivity to Brush, Pressure,
and Pinch

The next goal of the current set of experiments was to determine the effects of KN-93
administration on neuronal hyperexcitability in SCI rats 35 days after injury. Our
electrophysiological study of the effects of KN-93 focused on administration to the SCI rats,
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as the current study indicated that KN-93 had no effect on the behavior of sham rats at all
doses tested, including the highest dose of KN-93 (100 μM), the dose that significantly
diminished at-level mechanical allodynia after SCI in our behavioral study.

First, we sought to determine the effects of CaMKII inhibition on background activity as
well as the evoked activity to brush, pressure and pinch stimuli (Figure 7A-D). The CaMKII
inhibitor, KN-93, significantly decreased the background rate of neuronal firing in SCI rats
(p < 0.05, repeated measures ANOVA). CaMKII inhibition also produced a significant
decrease in neuronal responses to the brush, pressure and pinch stimuli in SCI rats treated
with 100 μM KN-93 (all ps< 0.01, repeated measures ANOVA). Taken together, these data
indicate that CaMKII inhibition with KN-93 diminishes neuronal hyperexcitability
following SCI not only in the absence of stimulation (background) but also to both non-
noxious (brush) and noxious (pressure, pinch) stimuli in dermatomes corresponding to the
site rostral to SCI. Figure 7E depicts neuronal responses in spikes per second at the time
point of maximal drug effectiveness, 15 minutes post injection.

Inhibition of CaMKII with KN-93 Diminishes Neuronal Responses to von Frey Stimulation
In addition to the pCaMKII inhibition on reactivity to brush, pressure, and pinch, we
examined the effects of KN-93 on dorsal horn neuronal activity in response to graded von
Frey stimuli applied to the dermatome rostral to the site of SCI. KN-93 treatments
significantly reduced neuronal firing to the 2 gm, 6 gm, 26 gm and 60 gm von Frey stimuli
(Figure 8 A-E, ps < 0.05 for all comparisons, repeated measures ANOVA with baseline
reactivity as the covariate). However, KN-93 had no effect on reactivity to the 0.6 gm von
Frey stimulus (Figure 8E, p > 0.05),

DISCUSSION
These data provide the first convergent evidence that chronically activated calcium/
calmodulin-dependent protein kinase II (CaMKII) contributes to central neuropathic pain
following spinal cord injury (SCI).

We report that SCI rats show increased neuronal activation of CaMKII on POD 35 after SCI
that play a causal role in at-level mechanical allodynia (a pathophysiological condition in
which non-noxious stimuli becomes noxious) since we are able to demonstrate that an
inhibitor of pCaMKII activation, KN-93, dose dependently reversed the mechanical
allodynia. In colocalization studies, we report that SCI develops significant increases in
phosphorylated CaMKII (pCaMKII) expression in neurons, but surprisingly not in astrocytes
and microglia, rostral (in regions of the body trunk where at-level mechanical allodynia
developed) to the spinal lesion site, that included spinothalamic tract cells in the dorsal horn
gray matter. In addition, pCaMKII was upregulated in oligodendrocytes in the dorsal
column, but not in dorsal horn spinal lamina at both at-level (T7/8, current study) and
below-level regions (L4/5) [22] in rats with T10 contusive SCI compared to controls. These
data suggest that SCI produces CamKII activation of both spinal gray matter neurons,
including STT cells, and of dorsal column cells, including oligodendrocytes. These findings
demonstrate altered intracellular mechanisms in sensory synaptic transmission results in
central neuropathic pain after SCI. In electrophysiological studies, WDR dorsal horn
neurons rostral to the site of injury displayed significant differences in both evoked and
background neuronal activity to a broad range of stimuli (e.g., brush, pressure, pinch and
graded von Frey stimuli) following spinal cord contusion injury compared to sham controls.
Importantly, KN-93 significantly reduced the hyperexcitability of WDR dorsal horn
neurons, indicating a pivotal role for CaMKII phosphorylation in the altered membrane
excitability. Taken collectively, these novel results demonstrate that activation of CaMKII
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plays a pivotal role in intracellular pathways that underlie the neuronal hyperexcitability and
provides the substrate for central neuropathic pain.

In the hippocampus and other CNS structures, synaptic efficacy can be modulated by
NMDA receptor mediated activation of protein kinases by phosphorylation. One key
signaling protein kinase, CaMKII, is activated by phosphorylation that is triggered by
increased intracellular Ca2+ concentrations, which in part occurs through influx by NMDA
receptor activation in response to increased extracellular amino acid concentrations by
synaptic, and extrasynaptic mechanisms [9,47] that occur after SCI. Once CaMKII is
phosphorylated, it remains active through autophosphorylation mechanisms [60] even after
Ca2+ concentrations return to normal [34]. CaMKII increases the activation state of
postsynaptic receptors, principally the NMDA and AMPA glutamate receptors (see below),
by increased duration of activation state and/or an increase in activated receptor number
leading to increased postsynaptic responses to excitatory transmission or long term
potentiation (LTP).

LTP can last for hours and shares a number of molecular similarities with dorsal horn
neuron hyperexcitability during central sensitization [16,27,54]. For example, both LTP and
central sensitization involve activation of the NMDA receptor, followed by subsequent
activation of downstream intracellular enzymatic cascades involving adenylyl cyclase,
protein kinase A, protein kinase C, and/or CaMKII. Stimulation of these cascades leads to
activation of a number of mitogen activated protein kinases (MAPKs), including ERK 1/2
and p38 MAPK which then, in turn, can lead to phosphorylation of transcription factors and
changes in gene transcription [11,27,59]. The transcription factor CREB has received a great
deal of attention for its role in the formation of long-term memory, largely due to the
importance of CREB activation in the late phases of both long-term facilitation and long-
term potentiation [3,14]. Recent research on models of central sensitization following
peripheral insults (such as injections of formalin or capsaicin, or sciatic nerve injury)
[17,29,40,41,58] and SCI [10,12] highlight the role of activated CaMKII, ERK 1/2, p38
MAPK and CREB in nociceptive hyperreactivity. However, the role of CaMKII and
subsequent downstream pathways leading to transcriptional changes had not been described
in a model of persistent pain (months to years) after SCI and the cellular localization of key
signaling molecules was unknown. It is reasonable to expect the existence of persistent
phosphorylated levels of CaMKII and other intracellular signaling molecules that would
feedback to contribute to continued activation of glutamate receptors or other receptors, if
continued neuronal hyperexcitability is expected. Additionally, phosphorylated CaMKII
increases in specific pain projection neurons would be expected if activated CaMKII is
involved in persistent pain, which is what we report in the present manuscript.

The role of phosphorylated CaMKII in pain involves several mechanisms that lead to
increased receptor activation. The increased distribution of pCaMKII in laminae I and II of
the spinal dorsal horn during activation of small diameter primary afferent neurons indicates
its importance in nociceptive processing since this is the terminal projection laminae for
nociceptive neurons [55]. Furthermore, phosphorylated CaMKII is upregulated through
NMDA activation via ERK ½ pathways which in turn results in increased phosphorylation
of CREB in the spinal dorsal horn [17,39]. In addition, there is evidence of a feedback
mechanism since activated CaMKII induces phosphorylation of NMDA channels, increasing
Ca2+ influx, leading to increased adenylate cyclase and subsequent increases in signaling
pathways including ERK 1/2, which then leads to CaMKII activation [13,16]. Postsynaptic
upregulation of pCaMKII activity in the spinal dorsal horn has been demonstrated in
response to peptidergic primary afferent activity [6] and is thought to contribute to increased
AMPA receptor trafficking, specifically the GluR1 subunit, by endosomal integration into
the neuronal plasma of dorsal horn neurons, with the resultant increased post synaptic
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efficacy of those neurons [20]. Point mutation in mice of the alpha-CaMKII gene at position
Thr-286 resulted in loss of the ongoing secondary pain produced by the formalin test,
supporting a critical role of alpha-CaMKII autophosphorylation in spontaneous/ongoing
pain syndromes [60]. Finally, more recent work has indicated a required role of pCaMKII in
TRPV1 ligand binding [49]. TRPV1 is a ligand gated cationic channel expressed in small
diameter sensory neurons, that is activated by heat, acid and capsaicin. Thus, a persistent
increase in pCaMKII would be expected to result in increased nociceptive sensitivity via
increased TRPV1 activation of the C fiber polymodal primary afferent population.

Our data indicates that a key kinase, CaMKII, upstream of ERK1/2 and p38 MAPK, remains
persistently activated following SCI. Whereas our former studies determined a tight
correlation between upregulation of activated ERK1/2 and p38 MAPK, and the expression
of at-level mechanical allodynia [10,11], the current work demonstrates that spinal
application of an inhibitor of CaMKII phosphorylation leads to significant decreases in both
at-level mechanical allodynia and neuronal hyperexcitability rostral to the site of injury. In
other studies, a causal role for one MAP kinase, p38 MAPK, in the maintenance of below-
level pain was suggested [23] since application of minocycline led to decreased activated of
p38 MAPK and diminished mechanical allodynia in the hindlimbs after moderate to severe
spinal contusion injury. However, minocycline, which acts in part by inhibiting p38 MAPK
signaling pathways, has a broad array of biological effects such as inhibition of
inflammatory cytokines, free radicals and matrix metalloproteases, all which can contribute
to improved recovery after SCI [51,52], including decreased pain symptoms [26]. Thus,
specific inhibitors are desirable. Inhibiting the activation of ERK1/2 by PD98059 following
excitotoxicity lesion of the spinal cord, diminishes the development of excessive grooming
behavior, which is one indication of central neuropathic pain [59]. The findings in the
current study indicate CaMKII and downstream cascades play a crucial role in persistent
central neuropathic pain. Activated components of the intracellular signaling cascades
associated with central sensitization and LTP, specifically activated ERK1/2, p38MAPK and
the transcription factor CREB, are upregulated in animals that experience mechanical
allodynia after SCI but not in SCI animals with no mechanical allodynia [11,12]. CaMKII is
thought to activate CREB, a transcription factor at least in part by ERK pathways [40].
Furthermore, both activated forms of CaMKII and CREB are upregulated in spinothalamic
tract neurons, which are part of the neural circuitry mediating pain [11, 55, present study].
These data provide further support for the hypothesis that intracellular signaling pathways
provide critical substrates for central sensitization and persistent pain in the spinal dorsal
horn after injury. Furthermore these pathways are similar to those that occur in LTP in the
hippocampus and other CNS regions [16,47]. The paradox, however, is that LTP results in
neuronal hyperexcitability that persists for minutes to hours; whereas, hyperexcitability of
WDR dorsal horn neurons after SCI is persistent. For example, spinal dorsal horn neurons
showed consistent neuronal hyperexcitability following SCI via loss of endogenous
GABAergic tone [21], decreased serotonergic system [24] and glial activation [23].

However, the significance of the differential expression of pCaMKII in glial cells between
gray matter and whiter matter in the present study is unclear; oligodendrocytes showed
upregulated pCaMKII in the spinal dorsal column, but not in dorsal horn lamina whereas
astrocytes and microglia did not show pCaMKII expression. In conclusion, our study
suggests that pCaMKII is critical in determining the driving mechanisms underlying the
persistent intracellular signaling pathways that contribute to neuronal membrane
hyperexcitability after SCI.
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Figure 1.
Attenuation of at-level mechanical allodynia by inhibition of pCaMKII activation following
contusive SCI. The percentage of supraspinal nociceptive responses (y axis) made by naïve
(Naïve), sham (Sham) and spinal injured rats (SCI) tested weekly for 35 days post injury is
graphed. The SCI rats showed a significant increase in supraspinal responses to both von
Frey stimulation (A, p < 0.0001) and stimulation with a 4 mm blunt probe (B, p < 0.0001).
Prior to KN-93 injection, SCI rats displayed at-level mechanical allodynia (as evidenced by
an increased percentage of supraspinal nociceptive responses). Administration of KN-93
dose dependently reversed this at-level mechanical allodynia to both von Frey stimulation
(C) and stimulation with a 4 mm blunt probe (D). Administration of KN-93 had no effect on
sham rats. *: significant differences between before and after KN-93 treatment.
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Figure 2.
Upregulation of pCaMKII is evident at 35 days after contusive SCI. (A) Western blot data
from the same naïve, sham and SCI rats indicated that SCI rats had significantly greater
levels of activated pCaMKII than the other groups (p < 0.0001). (B) No differences existed
between the groups in terms of nonphosphorylated CaMKII expression (p > 0.05). (C)
Representative Western blots for CaMKII (middle) and pCaMKII (top). GAPDH (bottom) is
included as the loading control.
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Figure 3.
Spinal cord injury increases pCaMKII expression within the whole spinal cord. (A) Example
of phosphorylated CaMKII (pCaMKII) expression in sham (left panel) and SCI (right panel)
rats with low laser intensity. Quantifications analysis show the significant increase in
pCaMKII expression in white matter (B), gray matter (C) and spinal dorsal horn (D)
following SCI (p < 0.05). (E) Example of the laminar distribution of pCaMKII expression in
sham (left panel) and SCI (right panel) rats with high laser intensity. (F) Quantification of
the significant increase in pCaMKII following SCI in lamina I-V of the dorsal horn (p <
0.05). Example of neuronal pCaMKII expression in both lamina I-II (G) and lamina III-V
(H), respectively.
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Figure 4.
Example of STT cells that express pCaMKII in sham and SCI rats. (A) Injections of
Fluorogold into one hemisphere of the VPL showed STT cells in the spinal dorsal horn at
T7/8 level. (B) Quantification of the significant increase in the average intensity of
pCaMKII expression in STT cells in lamina V of injured rats compared to sham rats (p <
0.05).
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Figure 5.
Activated CaMKII expression in glial cells. pCaMKII (red) double immunofluorescent
staining using astrocytes marker GFAP (green, A), microglia marker OX-42 (green, B) or
oligodendrocytes marker CC-1 (green, C and D) indicated that activated CaMKII
colocalized and showed significant difference in only oligodendrocytes in the dorsal column
(p<0.05, D).
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Figure 6.
SCI produces dorsal horn neuronal hyperexcitability. (A) Typical waveforms of neuronal
activity in sham (top) and SCI (bottom) rats. (B) SCI significantly increased background
(B.G.) activity and evoked neuronal responses to brush, pressure, pinch, and 6 gm, 26 gm
and 60 gm graded von Frey stimuli compared to sham rats (p < 0.001) as demonstrated by
the histograms of dorsal horn neuronal responses in spikes/sec.
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Figure 7.
CaMKII inhibition significantly decreases background activity and evoked neuronal
responses to brush, pressure, and pinch stimulation at the near rostral level of contusive SCI.
(A-D) show spike frequency histograms of neuronal activity to brush, pressure and pinch
stimuli before (A) and 15 mins (B), 45 mins (C) and 75 mins (D) after KN-93
administration. (E) Mean activity (±SEM) expressed as a percentage activity of baseline
(background, B.G.) and to brush, pressure and pinch for KN-92 (open bars) and KN-93
treated (filled bars) rats at 15 min post administration. KN-93 not only significantly
attenuated background activity but also produced significant decreases in neuronal
responding to brush, pressure and pinch (p < 0.001). KN-92 had no effect on neuronal
activity.
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Figure 8.
CaMKII inhibition significantly decreases neuronal responses to graded von Frey
stimulation at the near level of contusive SCI. (A-D) show spike frequency histograms of
neuronal activity to graded von Frey stimuli before (A) and 15 mins (B), 45 mins (C) and 75
mins (D) after KN-93 administration. (E) Mean activity (±SEM) to 0.6 gm, 2 gm, 6 gm, 26
gm, and 60 gm von Frey stimuli applied to the skin rostral to the site of SCI 15 minutes after
drug administration. KN-93 significantly attenuated neuronal activity to 0.6 gm, 2 gm, 6 gm,
26 gm and 60 gm von Frey stimuli (p < 0.001) whereas KN-92 had no effect.
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