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ABSTRACT  46 
Clinical spinal cord injury (SCI) is accompanied by comorbid peripheral 47 

injury in 47% of patients. Human and animal modeling data have shown that 48 
painful peripheral injuries undermine long-term recovery of locomotion through 49 
unknown mechanisms. Peripheral nociceptive stimuli induce maladaptive 50 
synaptic plasticity in dorsal horn sensory systems through AMPA receptor 51 
(AMPAR) phosphorylation and trafficking to synapses. Here we test whether 52 
ventral horn motor neurons in rats demonstrate similar experience-dependent 53 
maladaptive plasticity below a complete SCI in vivo. Quantitative biochemistry 54 
demonstrated that intermittent nociceptive stimulation (INS) rapidly and 55 
selectively increases AMPAR subunit GluA1 Serine 831 phosphorylation and 56 
localization to synapses in the injured spinal cord, while reducing synaptic GluA2. 57 
These changes predict motor dysfunction in the absence of cell death signaling, 58 
suggesting an opportunity for therapeutic reversal. Automated confocal time-59 
course analysis of lumbar ventral horn motor neurons confirmed a time-60 
dependent increase in synaptic GluA1 with concurrent decrease in synaptic 61 
GluA2.  Optical fractionation of neuronal plasma membranes revealed GluA2 62 
removal from extrasynaptic sites on motor neurons early after INS followed by 63 
removal from synapses 2 hours later. As GluA2-lacking AMPARs are canonical 64 
calcium-permeable AMPARs (CP-AMPARs), their stimulus- and time-dependent 65 
insertion provides a therapeutic target for limiting calcium-dependent dynamic 66 
maladaptive plasticity after SCI. Confirming this, a selective CP-AMPAR 67 
antagonist protected against INS-induced maladaptive spinal plasticity, restoring 68 
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adaptive motor responses on a sensorimotor spinal training task. These findings 69 
highlight the critical involvement of AMPARs in experience-dependent spinal cord 70 
plasticity after injury and provide a pharmacologically-targetable synaptic 71 
mechanism by which early post-injury experience shapes motor plasticity.  72 

 73 
SIGNIFICANCE STATEMENT 74 
Recent findings have demonstrated that painful stimuli below a spinal cord injury 75 
can affect future locomotor training and recovery in spinal cord injured patients 76 
(Bouffard et al. J Neuroscience 2014), as well as in animal models (Ferguson et 77 
al., J Neuroscience, 2008; Baumbauer et al., J Neuroscience, 2009). However 78 
the cellular and molecular mechanisms for this experience-dependent modulation 79 
of spinal cord plasticity are poorly understood. This work uncovers a novel 80 
synaptic mechanism by which peripheral nociceptive (painful) input following a 81 
spinal cord injury can undermine future adaptive spinal cord plasticity, providing a 82 
novel target for improving recovery after spinal cord injury, and mitigating 83 
aberrant forms of spinal neuroplasticity.  84 
 85 
INTRODUCTION 86 

In the human SCI population there is a high incidence of concomitant 87 
peripheral injury, including lacerations, abrasions, and fractured limbs (Saboe et 88 
al., 1991; Wang et al., 2001; Sehkon & Fehlings, 2001; Hasler et al., 2011). 89 
While these injuries may be considered minor in comparison to the SCI, the 90 
nociceptive input to the spinal cord produced by these peripheral injuries may 91 
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have a lasting effect on recovery of sensory and motor function. A large body of 92 
preclinical work has demonstrated that peripheral nociceptive input produces 93 
lasting alterations in dorsal horn neurons through cellular mechanisms similar to 94 
those underlying hippocampal learning and memory (Sandkühler & Liu, 1998; 95 
Ikeda et al., 2006). These spinal cord ‘pain memory’ signatures have been 96 
suggested to underlie pain disorders such as hyperalgesia and neuropathic pain 97 
(Ji et al., 2003; Sandkühler, 2009; Ruscheweyh et al., 2011; Drdla-Schutting et 98 
al., 2012).   99 

Peripheral nociceptive input affects not only dorsal pain pathways, but 100 
also spinal motor systems. Peripheral intermittent nociceptive stimulation (INS) 101 
below a SCI produces nociceptive hyper-reflexia, acute deficits in adaptive spinal 102 
motor learning and lasting (> 6 wk) impairment in recovery of locomotor function 103 
(Grau et al., 1998; Grau et al., 2004; Garraway et al., 2011; Huie et al., 2012b; 104 
Grau et al., 2012; Garraway et al., 2014). Such findings suggest that the injured 105 
spinal cord is highly vulnerable to peripheral sensory input, with a heightened 106 
capacity for the spinal motor systems to encode maladaptive forms of synaptic 107 
plasticity. The clinical relevance of peripherally-induced spinal cord maladaptive 108 
plasticity was highlighted by a recent clinical study demonstrating that brief 109 
peripheral nociceptive input undermines the ability of human SCI patients to 110 
retain locomotor learning tasks (Bouffard et al., 2014).  111 

While a growing body of work has sought to determine the neural 112 
mechanisms underlying maladaptive plasticity in pain pathways, it is unknown 113 
whether nociception-induced alterations in motor circuits reflect these same 114 
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processes. One key aspect of spinal cord pain plasticity is the post-synaptic 115 
alteration of fast-excitatory glutamate AMPARs (Hartmann et al., 2004; Galan et 116 
al., 2004). Recent work has also highlighted the specific role of AMPAR subunit 117 
phosphorylation site Serine 831 in encoding activity-dependent spinal cord pain 118 
memory traces in dorsal spinal neurons following peripheral stimulation (Drdla-119 
Schutting et al., 2012).  120 

It has been recently shown that SCI specifically increases post-synaptic 121 
localization of GluA2-lacking, calcium-permeable AMPA receptors (CP-AMPARs) 122 
on motor neurons (Ferguson et al., 2008b). In addition, AMPAR activity impacts 123 
spinal cord motor training, suggesting potential for dynamic modulation of 124 
AMPARs in spinal cord motor systems (Hoy et al., 2013). The synaptic insertion 125 
and activation of CP-AMPARs are crucial to the induction of synaptic plasticity 126 
and homeostatic scaling in CNS neurons in vitro (Man, 2011; Garcia-Bereguiain 127 
et al., 2013). CP-AMPARs are normally highly regulated, and are trafficked out of 128 
synaptic sites; however, under pathophysiological conditions, CP-AMPAR activity 129 
may be dysregulated and sustained, overdriving excitation and ultimately 130 
inducing cell death (Kuner et al., 2005; von Lewinski and Keller, 2005; Liu et al., 131 
2006; Ferguson et al., 2008b; Spaethling et al., 2012; Oh et al., 2012; Dias et al., 132 
2013).  133 

Given these prior findings, we hypothesized that nociceptive input induces 134 
maladaptive spinal cord plasticity by over-driving CP-AMPARs in motor neurons 135 
in the injured spinal cord. We applied a well-established peripheral nociceptive 136 
stimulation procedure to induce maladaptive motor plasticity, and tested for 137 
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AMPAR and downstream signaling changes by quantitative biochemistry, robotic 138 
confocal image analysis, and behavioral assessments at acute time-points 139 
following complete SCI.  The results uncovered a time dependent overdrive of 140 
CP-AMPARs that was independent of cell death and pharmacologically-141 
targetable to reset spinal cord plasticity below SCI.  142 
   143 
MATERIALS AND METHODS 144 
Animals  145 
 Male Sprague-Dawley rats (Harlan), aged 100-120 days were housed 146 
individually and had ad libitum access to food and water (N = 64). All procedures 147 
were conducted in accordance with the National Institute of Health Guide for the 148 
Care and Use of Laboratory Animals, and all efforts were made to minimize 149 
suffering and limit the number of animals used. All protocols were approved by 150 
the University Laboratory Animal Care Committee at Texas A&M University.  151 
 152 
Experimental Methodology 153 
 In all experiments, experimenters were kept blind to treatment conditions 154 
throughout the entire study in accordance with recent quality standards for 155 
preclinical neurological research (Landis et al., 2012). Western blot loading order 156 
was determined a priori by a third party coder who insured that a representative 157 
sample from each condition was included on each gel in a randomized block 158 
design. For each experiment, the number of subjects per condition was kept 159 
consistent across groups to insure proper counterbalancing could be achieved 160 
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across independent western runs. All representative western images presented 161 
in the figures represent lanes from the same gel. Because of our randomized 162 
counterbalancing scheme, occasionally the critical comparisons of interest were 163 
not available on adjacent lanes (but do come from the same gel). The entire set 164 
of randomized western blot images are available upon request. Confocal image 165 
acquisition and subsequent data analyses were also performed by experimenters 166 
blind to treatment condition.  167 
 168 
Spinal Transection Surgery 169 
 All animal subjects received a complete transection of the spinal cord 170 
immediately rostral to the 2nd thoracic vertebra (T2). Animals were fully 171 
anesthetized with isoflurane gas (5%). Fur over the thoracic vertebra was 172 
shaved, and a 3cm incision was made over T2. The tissue immediately rostral to 173 
T2 was cleared away with rongeurs, and the underlying spinal cord was exposed. 174 
An electrical heat cautery device was used to transect the spinal cord and the 175 
resulting cavity was filled with gelfoam (Harvard Apparatus). The incision was 176 
then closed using Michel clips (Fine Science Tools). Animals received a 2.5 mL 177 
i.p. injection of 0.9% saline immediately following surgery, and twice daily for 178 
subsequent days to ensure proper hydration. Bladders were expressed twice 179 
daily. Given the nociceptive nature of this study, no analgesics were given 180 
following complete spinal transection.  181 
 182 
Intermittent Nociceptive Stimulation 183 
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 Twenty-four hours after complete spinal transection surgery, animals were 184 
placed in black Plexiglas tubes, 22 cm in length and 6.8 cm in diameter. The tail 185 
was allowed to hang freely from the end of the tube, and an electrode coated in 186 
ECG gel was fixed to the tail approximately 6 cm from the base of the tail using 187 
orthaletic tape. Constant-current 1.5 mA, AC stimulation was delivered to the 188 
electrode using a 660V transformer. Stimulation delivery was controlled by 189 
computer program, with each pulse 80 ms in duration delivered intermittently 190 
over 6 minutes, on a variable interstimulus interval (range 0.2-3.8 seconds; mean 191 
2 seconds). This schedule resulted in a total of ~180 stimulation presentations. 192 
Each animal received either a single 6-minute stimulation session, or an 193 
equivalent period of unstimulated restraint with the electrodes attached. 194 
 195 
Western blot 196 
 Animals were deeply anesthetized with pentobarbital (100 mg/kg, i.p.), 197 
decapitated, and spinal cords were harvested by rapid fluid expulsion with ice-198 
cold phosphate-buffered saline (PBS) at 20 minutes, 2 hours, or 24 hours 199 
following nociceptive stimulation. Spinal cords were immediately flash-frozen in 200 
liquid nitrogen, and then transferred to -80°C. The entire surgical procedure was 201 
timed to ensure time from decapitation to snap freeze was < 5 min. 202 
  Fresh-frozen spinal cords were subsequently rapidly thawed on a chilled 203 
petri dish at 4° C, and a 1cm section of the lumbar enlargement was dissected. 204 
This section was then split once along the midline, followed by a cut to separate 205 
the dorsal and ventral quadrants (Figure 1A). A single quadrant containing the 206 
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ventral horn was then placed in a Dounce homogenizer filled with 200 μm 207 
homogenization buffer (10mM Tris, 30 mM sucrose, pH=7.5) containing 208 
phosphatase and protease inhibitors (Roche). Following tissue disruption, the 209 
whole homogenate was placed in an Eppendorf tube, and spun at 5,000 RCF for 210 
5 min in a minicentrifuge at 4°C., This centrifugation procedure produced a 211 
supernatant (S1) and a nuclear pellet (P1). The S1 layer was removed and 212 
centrifuged a second time at 13,000 RCF for 30 min at 4°C, producing a 213 
modestly synaptoneurosomal-enriched pellet fraction (P2) that was subsequently 214 
used in Western blots (Figure 1B)(Galan et al., 2004; Ferguson et al., 2008b; 215 
Stuck et al., 2012). Total protein concentration was quantified using the Pierce 216 
BCA protein assay method. Each sample was then diluted 1:2 in room 217 
temperature Laemmli sample buffer, and 20 μg of total protein per sample was 218 
loaded into separate lanes on a precast 10-20% electrophoresis gel (Tris-HCl 219 
polyacrylamide; BioRad). Samples were counterbalanced across the gel by 220 
treatment condition, and the experimenter was kept blind to condition. A 221 
kaleidoscope ladder was loaded on each gel to confirm molecular weight. The 222 
gel was electrophoresed for 1 hour at 100 V in SDS buffer (25 mM Tris, 192 mM 223 
glycine, 0.1% SDS, pH = 8.3; BioRad). Protein was transferred to a nitrocellulose 224 
membrane in cold transfer buffer (25 mM Tris, 192 mM glycine, 20% methanol, 225 
pH = 8.3). The membrane was blocked for 1 hour in Odyssey Blocking Buffer 226 
(LiCor) containing 0.1% Tween 20, followed by an overnight incubation in primary 227 
antibody solution at 4°C. Primary antibody solution consisted of rabbit polyclonal 228 
anti-phosphorylated Serine 831 (1:200; Millipore), in Odyssey Blocking Buffer 229 
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plus 0.05% Tween 20. Following incubation, the membrane was washed 4 X 5 230 
min with Tris-buffered saline containing 0.1% Tween 20 (TTBS) and incubated in 231 
fluorescent-labeled secondary antibody (1:30K LiCor IRdye 680 goat anti-rabbit 232 
in Odyssey Blocking Buffer plus 0.2% Tween 20) for 1 hour in the dark. 233 
Subsequent to 4 X 5 minute washes in TTBS, followed by a 5-minute wash in 234 
TBS. The membrane was immediately scanned on the LiCor Odyssey Infrared 235 
Imaging System with a 680 nm laser to reveal protein bands. The membrane was 236 
then reblocked and reincubated with mouse anti-GluA1 primary antibody (1:200, 237 
Millipore) in Odyssey Blocking Buffer plus 0.05% Tween 20. The membrane was 238 
then washed as before, and incubated in fluorescent-labeled secondary antibody 239 
(1:30K LiCor IRdye 800 goat anti-mouse in Odyssey Blocking Buffer plus 0.2% 240 
Tween 20), washed as before, and rescanned with the 800 nm laser to reveal 241 
GluA1 protein bands. This same protocol was carried out for Serine 845 on 242 
GluA1, GluA2 and Serine 880 on GluA2. Loading controls were performed as the 243 
last step on each multiplexed western blot. Cell death marker assays (cFos, 244 
cJun, calpain I, and cleaved caspase), were performed on a separate set of gels 245 
that were performed on cytosolic (S2) fractions. Otherwise the western-blot 246 
protocols for cell death markers were identical to those used for AMPAR assays. 247 
 To ensure accurate protein quantification, we used protein dilution curves 248 
for each primary antibody to detect the linear range in which fluorescence was 249 
most highly correlated with changes in protein concentration using Odyssey 250 
Application Software Version 3.0. The optimal dilution and laser intensity at which 251 
protein concentration and fluorescence yielded the greatest linear correlation was 252 
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established separately for each antibody and then held constant for the duration 253 
of the experiment (all R2 > 0.98). Fluorescence for each band was quantified 254 
using Odyssey Software and normalized to median pixel density of background 255 
fluorescence.   256 
 257 
Immunohistochemistry 258 
  Animals (n = 4 per group) underwent intracardial perfusion under deep 259 
(100 mg/kg) pentobarbital anesthesia, either 20 minutes or 2 hours post-INS. 260 
Animals were perfused first with ice cold PBS, followed by 4% paraformaldehyde 261 
to fix tissue. The spinal cord was excised and post-fixed overnight (<18 h) in 4% 262 
paraformaldehyde then cryoprotected in 30% sucrose for 2 days. The tissue was 263 
embedded in OCT within 10mm blocks, flash frozen on dry ice, and sectioned 264 
into 20 µm thick coronal slices.  265 
 The L4-L5 region of the spinal cord was identified anatomically using 266 
Luxol Fast Blue (LFB) staining. The tissue was dried for 1 h and hydrated with 267 
1:1 95% ethanol to chloroform for 4 h. Slides were incubated in a solution of 268 
0.1% LFB for 18 h at 56˚C. The tissue was then washed in water and the LFB 269 
stain was differentiated by a 20 second 0.1% lithium carbonate wash. The tissue 270 
was washed again with water. Tissue was soaked in 95% ethanol for 2 min, 271 
100% ethanol for 5 min, and another bath of 100% ethanol for 5 minutes.  Slides 272 
were coverslipped with DPX mounting medium. 273 
 Four fixed tissue sections from the L4-L5 region of the spinal cord from 274 
each subject were antibody-labeled using a high-throughput staining station 275 
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(Sequenza; Thermo Scientific). Tissue was blocked and permeabilized with 5% 276 
normal goat serum and 0.3% Triton X-100 for 1 hour and incubated overnight at 277 
room temperature in primary antibody solution consisting of mouse monoclonal 278 
anti-presynaptic synaptophysin (1:200; Millipore) and either rabbit monoclonal 279 
antibody against GluA1 (1:200; Upstate) or rabbit polyclonal antibody against 280 
GluA2 (1:200; Chemicon). Slides were washed 2 X 5 minutes with 2 mL PBS 281 
then incubated for 1 hour at room temperature in a secondary solution containing 282 
1:100 Alexa 488 goat anti-rabbit and 1:100 Alexa 633 goat anti-mouse secondary 283 
antibodies. Slides were washed 2 X 5 minutes with 2 mL PBS then coverslipped 284 
with Vectashield containing DAPI (4’, 6-diamidino-2-phenylindole; Vector 285 
Laboratories).  AMPAR GluA1 and GluA2 subunits were assessed on adjacent 286 
slide sets from the same subjects. 287 
 288 
Robotic confocal microscopy sampling and deconvolution 289 
  A Nikon spinning disk confocal microscope (63x objective; NA = 1.4; 2x 290 
zoom) was used to collect confocal images of large ventral neurons. In order to 291 
systematically sample motor neurons, a custom VisualBasic program was used 292 
to automatically overlay a sampling grid on the ventral half of each spinal section, 293 
aligned to the central canal and ventral artery as fiduciary points. This grid 294 
contained 90μm x 90μm sampling windows that were spaced 100 μm apart both 295 
horizontally and vertically (Figure 1C). Large neurons were identified based on 296 
the distinctive synaptophysin outline surrounding the plasma membrane and 297 
characterized by a cell body diameter > 40 µm (Figure 1C). A microscopist blind 298 
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to condition used ImageJ software (v1.47, NIH) on the confocal microscope to 299 
advance through each sampling window, and gathered confocal images of 300 
neurons if they were encountered in the sampling window.  If a sampling window 301 
contained multiple neurons, a single neuron was chosen at random. Control 302 
tissue was used to optimize filter and laser settings, which were then held 303 
constant throughout the experiment. Confocal z-stacks consisted of slices 304 
collected at 0.25 µm z-intervals. Confocal stacks were batch deblurred offline 305 
using 3-D blind iterative deconvolution (AutoQuant, Figure 1E). Based on a 306 
random subset of images an experimentally-blind rater determined the number of 307 
iterations for the deconvolution algorithm to yield maximal resolution for each 308 
antibody (iteration = 4 for GluA1; iteration = 2 for GluA2). Once selected a priori, 309 
iteration numbers were held constant throughout the experiment. A total of 539 310 
cells were assessed for GluA1, and 484 cells were assessed for GluA2. A total of 311 
23,723 optical planes were analyzed, with an average number of 23 optical 312 
planes per cell. 313 
 We used automated image analysis to quantify the number of 314 
fluorescently-labeled AMPAR puncta that exceeded a predetermined pixel 315 
threshold that was based on control tissue.  Automated image analysis was 316 
performed using custom-designed MetaMorph (Molecular Devices) macros. One 317 
macro quantified AMPAR puncta at the level of the neuropil. This macro 318 
measured the amount of total AMPAR pixels as well as colocalized 319 
synaptophysin and AMPAR pixels in each plane of the z-stack. Another macro 320 
quantified fluorescently labeled AMPAR puncta on the plasma membrane of 321 
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motor neurons. This macro first identified the plane in the z-series with the 322 
highest amount of synaptophysin and AMPAR subunit (GluA1 or GluA2) synaptic 323 
colocalization.  The automated plane selection was monitored by a blinded 324 
researcher to prevent selection based on staining artifacts. A blinded researcher 325 
traced the synaptophysin labeled plasma membrane of the motor neuron on a 326 
single optical plane. The macro then generated a 2 µm-thick cut-out containing 327 
the plasma membrane ‘optical fraction’ of the cell from the single plane. From the 328 
plasma membrane containing cut-out, MetaMorph quantified total AMPAR 329 
subunit pixels and colocalized AMPAR pixels with synaptophysin pixels (Figure 330 
1D).  331 
 332 
Intrathecal Drug Delivery 333 
  To inhibit CP-AMPAR activity, the specific antagonist Naspm (Sigma-334 
Aldrich) was delivered intrathecally. A subset of animals (n = 12 per group) were 335 
fitted with an intrathecal cannula at the time of spinal transection. The 25cm 336 
cannula was threaded into the subarachnoid space at the 2nd thoracic vertebra, 337 
and slid 9 cm caudally so that the tip of the cannula rested on the dorsal surface 338 
of the L4-L5 section of the spinal cord. Immediately following nociceptive 339 
stimulation, a 10μL Hamilton syringe was fitted onto the exposed end of the 340 
cannula, and 10 μL of either Naspm (10 mM) or saline vehicle was delivered over 341 
the 3 minutes. This injection was followed by a 20 μL flush with saline, and the 342 
exposed end of the cannula was then heat sealed.  343 
 344 
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Spinal Sensorimotor Task 345 
 Testing of spinal learning was conducted 24 hours after complete spinal 346 
transection. Animals were loosely restrained in black Plexiglas tubes (22 cm in 347 
length x 6.8 cm in diameter). To limit the effects of trunk movement on hindlimb 348 
position while in the tube, a wire belt was wrapped around the animal’s trunk.  349 
Hindlimbs were allowed to hang freely from the tube. One hindlimb was shaved, 350 
and a wire electrode was inserted through the skin over the ankle, distal to the 351 
tibialis anterior muscle. A second electrode was inserted into the body of the 352 
tibialis anterior muscle, approximately 1.7 cm from the first electrode. This 353 
second electrode was connected to a wire running to a BRS/LVE constant 354 
current shock generator (60 Hz, AC). A stainless steel contact electrode (7 cm in 355 
length, 0.46 cm in diameter) was secured to the hindpaw between the second 356 
and third digits with a piece of porous orthaletic tape. A wire extending from the 357 
contact electrode was connected to a computer-monitored digital input. Prior to 358 
testing, intensity of the stimulation was adjusted for each animal so that a 0.4 N 359 
force in flexion was elicited. Force was recorded by attaching a monofilament 360 
plastic line around the animal’s hindpaw, and running this line to a strain gauge 361 
(Fort-1000; World Precision Instruments). This strain gauge was connected to a 362 
multimeter calibrated to convert a change in voltage to force in N. Brief (300 ms) 363 
shock pulses were then delivered to the anterior tibialis muscle, and the force of 364 
ankle flexion was recorded. Intensity was then adjusted until a 0.4 N force in 365 
flexion was achieved. After the intensity of stimulation was determined to elicit a 366 
0.4 N flexion, the monofilament line was removed. 367 
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  A rectangular plastic dish containing a salt solution was positioned 7.5 cm 368 
below the restraining tube. The level of salt solution was adjusted so that the 369 
contact electrode that extended from the rat’s hindpaw was submerged 4 mm in 370 
the solution. A stainless steel rod (1 mm in diameter) connected to a ground wire 371 
was then placed in the salt solution and the computer-controlled 30 minute 372 
testing session was started. Whenever the contact electrode was submerged in 373 
the salt solution, a circuit was completed, the state of which was relayed to the 374 
stimulator, and stimulation was delivered to the tibialis anterior. Whenever the 375 
contact electrode was raised from the salt solution, the stimulation was 376 
terminated.  377 
 Three behavioral measures were taken during the testing session: time in 378 
solution, response number, and response duration. The computer monitoring the 379 
state of the circuit recorded the total amount of time that the contact electrode 380 
was in the salt solution for each 1 minute time bin. Each time the contact 381 
electrode was lifted from the salt solution, response number was increased. 382 
Response duration was calculated from time in solution and response number 383 
according to the equation: Response Durationi = (60 sec - Time in 384 
Solutioni)/(Response Number + 1), where i is the current 1 minute time bin.  385 
 386 
Statistical Analyses 387 

 Statistical analyses were performed using SPSS Statistics (v.20, IBM). 388 
Parametric western blot data for each experiment were pooled across three 389 
independent replications and covariance corrected by beta-actin loading control, 390 
with replication statistically controlled as a random factor. A mixed-model 391 
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analysis of covariance (ANCOVA, with beta-actin loading control as covariate) 392 
was used to test for main effects and interactions between time and stimulation 393 
condition. Tests of main effects were followed by planned pairwise comparisons 394 
of control/experimental group estimated marginal means at each timepoint (Least 395 
Significant Difference). Confocal and behavioral data were assessed by analysis 396 
of variance (ANOVA), followed by Tukey’s post hoc tests of group means. Ratio 397 
data were analyzed with Student’s t test, followed by Mann-Whitney U to rule out 398 
non-parametric effects. Significance was assessed at p < 0.05. 399 
 400 
RESULTS 401 
Intermittent nociceptive stimulation (INS) drives GluA1 but not GluA2 402 
subunits into synaptoneurosomes in a time-dependent fashion  403 
To assess the role of AMPAR activity in maladaptive spinal plasticity we applied 404 
an intermittent nociceptive stimulation procedure (INS, Figure 2A) that induces 405 
maladaptive behavioral effects, including nociceptive hyper-reactivity, impaired 406 
spinal cord motor training, and impaired recovery of function after SCI (Crown et 407 
al., 2002b; Ferguson et al., 2006; Grau et al., 2004), and measured AMPAR 408 
changes within lumbar spinal cord synaptoneuromes by quantitative near-IR 409 
western blotting (Figure 2B). Time-series data indicated that INS increases 410 
GluA1 subunit localization to synaptic fraction by 20 min with no change in GluA2 411 
(Figure 2C). Analysis of covariance (ANCOVA, with beta-actin as covariate) 412 
revealed a significant Time X Stimulation interaction for GluA1 (F(1,43) = 13.10a, p 413 
< 0.05), but not GluA2 (F(1, 43) = 1.12b, p > 0.05). A Student’s t test revealed a 414 
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significant increase in the GLuA1/GluA2 ratio at 20 min-post INS (Figure 2D; p < 415 
0.05c). A Mann-Whitney U test was also used to rule out any non-parametric 416 
effects, and this test confirmed the t test result. These effects resolved by 2 h 417 
post-stimulation (Figure 2E-F).  Pairwise comparisons at each time-point 418 
revealed a significant increase in GluA1 in stimulated animals at 20 min (Figure 419 
2C; p < 0.05), but not at 2 h (Figure 2E; p > 0.05). In contrast, there was no 420 
significant pairwise effect of stimulation on GluA2 at either time point (Figure 421 
2C,E; p > 0.05). Together the results suggest that INS drives GluA2-lacking 422 
AMPARs into synapses in the ventral spinal cord in a time-dependent fashion.  423 
 424 
Serine 831 phosphorylation of synaptic GluA1 in the injured spinal cord. 425 
 Given that GluA2-lacking AMPARs are calcium permeable (Hollmann et 426 
al., 1991), the current study provide a potential mechanism for prior findings that 427 
INS engages calcium-dependent kinases, protein kinase C (PKC) and calcium-428 
calmodulin-dependent kinase II (CaMKII)(Baumbauer et al., 2007; Ferguson et 429 
al., 2008a; Huie et al., 2012a). PKC and CamKII modulate ongoing AMPAR 430 
activity by phosphorylating serine 831 (p-S831) on GluA1 and serine 880 (p-880) 431 
GluA2 (Roche et al., 1996; Matsuda et al., 1999). Quantitative phospho-western 432 
blot of these targets revealed that INS transiently increased p-S831 on GluA1 by 433 
20 min resolving by 2 h (Figure 2H-I).  No change was observed in p-S880 on 434 
GluA2 (Figure 3H-I).  ANCOVA (beta-actin covariate) confirmed Time X 435 
Stimulation interaction for GluA1 p-S831 (F(1,43) = 16.10d, p < 0.05), but no effect 436 
for GluA2 p-S880 (F(1,43) = 3.10e, p > 0.05). Pairwise comparisons at each 437 
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timepoint confirmed a significant increase in p-S831 at 20 minutes (Figure 3H; p 438 
< 0.05) but not 2 hours (Figure 3I; p > 0.05). As with GluA2, p-S880 expression 439 
was not affected by stimulation at either timepoint (p > .05). We also found no 440 
significant effect of time or stimulation on phosphorylated serine 845, the PKA 441 
binding site for GluA1 (p > 0.05, data not shown). The phospho-assay results 442 
confirm a selective and time-dependent increase in GluA1 p-S831, a known gain-443 
of-function modification of GluA1 conferred by PKC and CaMKII (Roche et al., 444 
1996; Lee et al., 2000). Together with the subcellular localization data, the results 445 
suggests that nociceptive stimulation increases neural excitability in two ways: 1) 446 
by increasing GluA2-lacking localization to synaptic sites; and 2) by increasing 447 
the function of these inserted AMPARs through PKC/CamKII-phosphorylation 448 
(Ferguson et al., 2006; Hook et al. 2008). 449 
 450 
Nociceptive stimulation below SCI does not induce acute cell death in 451 
lumbar ventral horns 452 
GluA2-lacking AMPARs have previously been shown to contribute to cell death 453 
of large motor neurons in the SCI lesion penumbra, leading us to ask whether 454 
INS modulates cell death in an experience-dependent fashion. We ran a panel of 455 
biomarkers for proteins associated with increased cellular activity, excitotoxicity 456 
and/or apoptotic cell death (Figure 3). Cytosolic subcellular fractions of ventral 457 
lumbar spinal homogenates were assessed for cFos, cJun, calpain I, and 458 
cleaved caspase 3 at 20 minutes, 2 hours, or 24 hours after stimulation. Despite 459 
a trend toward an early increase in cFos and cJun (Figure 3A), and a later 460 
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increase in calpain I and caspase 3 (Figure 3B), analysis of covariance 461 
(ANCOVA, with beta-actin as covariate) revealed no significant effect of 462 
stimulation on any of these biomarkers (Fs(1,65) < 0.53f, p > .05). These findings 463 
confirm that the synaptic effects observed in synaptoneurosomes were not likely 464 
from a small sample of cells that had survived a stimulation-induced cell death 465 
event. These findings also raise the possibility that the maladaptive effects of 466 
nociceptive input may be reversible.  467 
 468 
Nociceptive stimulation below SCI increases synaptic GluA1 and decreases 469 
synaptic GluA2 in the ventral horn neuropil in a time-dependent manner.  470 
 The observed synaptoneuromal changes in GluA1/GluA2 suggest a broad 471 
shift in total synaptic content toward a GluA2-lacking AMPAR profile, however, 472 
biochemical methods do not provide resolution at a single cell-level to assess 473 
whether these changes occur within a uniform population of cells to impact 474 
excitability. To test for GluA1/GluA2 ratio shifts in a well-phenotyped neuronal 475 
population of clinical significance, we targeted large motor neurons in the ventral 476 
horn. This was accomplished using a blinded, randomized analytical workflow of 477 
automated robotic high-resolution spinning disk confocal microscopy, followed by 478 
3D-blind iterative deconvolution, and automated image analysis to explicitly 479 
quantify synaptic and extrasynaptic AMPAR puncta on large ventral horn 480 
neurons and surrounding dendritic fields (see Figure 1). Large scale analysis of 481 
over 90,000 confocal images of large ventral motor neurons revealed a 482 
significant time-dependent increase in GluA1 puncta colocalized to 483 
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synaptophysin-labeled synapses in INS-treated subjects relative to unstimulated 484 
controls (Figure 4A-B). Analysis of variance (ANOVA) confirmed main effects of 485 
stimulation and time for synaptic GluA1 (Fs(1,536) > 30.20g, p < 0.01  and a 486 
significant Time X Stimulation effect for  synaptic GluA2 (F(1, 493) = 18.62h; p < 487 
0.01). Pairwise comparisons revealed that INS significantly increased synaptic 488 
GluA1 by 20 minutes post-stimulation (p < 0.05) whereas GluA2 levels remained 489 
unchanged (Figure 4E, p > 0.05). At 2 hours post-stimulation, synaptic GluA1 490 
expression remained elevated, whereas synaptic GluA2 was significantly 491 
diminished (Figure 4F; p < 0.05). The decrease in GluA2 between 20 minutes 492 
and 2 hours after nociceptive stimulation suggests turnover of AMPAR subtypes 493 
from a calcium-impermeable GluA2-containing population to calcium-permeable 494 
GluA2-lacking AMPARs.  495 
 496 
Nociceptive stimulation decreases GluA2 expression first at extrasynaptic 497 
sites, then at synaptic sites on ventral horn neurons in vivo. 498 
 Cell culture work has demonstrated activity-dependent AMPARs trafficking 499 
occurs in distinct phases. First, AMPARs are trafficked from intracellular 500 
endosomes into extrasynaptic plasma membrane. They are then moved laterally 501 
into the synapse by means of a distinct molecular mechanism (Park et al. 2004; 502 
Borgdorff & Choquet, 2002). We sought to determine whether in vivo INS 503 
engages distinct time-dependent changes in extrasynaptic and synaptic 504 
distribution of GluA1 and GluA2 in the injured spinal cord. Using custom 505 
designed automated image analysis macros, we narrowed the focus of analysis 506 
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to the plasma membrane compartment of lumbar ventral spinal motorneurons to 507 
assess the localization of GluA1 or GluA2 at extrasynaptic and synaptic sites 508 
(Figure 5A-L). Automated analysis of a single optical plane (algorithmically-509 
selected) from over 2400 motorneurons revealed changes in GluA1 that were 510 
tightly coupled between extrasynaptic and synaptic sites where as GluA2 showed 511 
distinct temporal features at extrasynaptic and synaptic sites, resulting in a net 512 
increase in GluA1:GluA2 ratio (Figure 5A-L), but through distinct mechanisms at 513 
different time-points. At extrasynaptic sites, GluA1 rapidly increased and GluA2 514 
decreased by 20 min post-INS (Figure 5M). However at synaptic sites only GluA1 515 
increases were seen, with no change in GluA2 (Figure 5N).  By 2 h post-516 
stimulation persistent GluA2 removal was observed at both extrasynaptic and 517 
synaptic sites, whereas GluA1 changes returned to control levels (Figure 5O-P).  518 
An ANOVA confirmed a significant Time X Stimulation interaction on GluA1 519 
expression at extrasynaptic sites (F(1, 535) = 8.94i, p < 0.01) and main effects of 520 
time and stimulation at synaptic sites (Fs(1, 534) > 7.88j; p < 0.01). Pairwise 521 
comparisons revealed that stimulation significantly increased extrasynaptic and 522 
synaptic GluA1 at 20 minutes (p < .05), and that these effects waned by 2 hours 523 
(p > 0.05). Analysis of GluA2 revealed significant main effects of time and 524 
condition at extrasynaptic sites (Fs(1, 493) > 15.16k, p < 0.01), and a significant 525 
Time X Stimulation interaction on synaptic GluA2 (F(1, 493) = 17.93l, p < 0.01). 526 
Pairwise comparisons revealed that INS significantly decreased extrasynaptic 527 
GluA2 20 minutes after stimulation (Figure 6M, p < 0.01), followed by a similar 528 
decrease in both extrasynaptic and synaptic GluA2 expression by 2 hours after 529 
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stimulation (Figure 5O and P, p < 0.01). These findings suggest that INS-induced 530 
maladaptive plasticity in the injured spinal cord may reflect an increased 531 
membrane expression of GluA2 lacking-AMPARs that is initiated 532 
extrasynaptically and then expressed at synaptic sites by 2 hours following 533 
stimulation. This has potential implications for timing of therapeutic interventions 534 
to reduce motorneuron hyperexcitability after SCI. 535 
 536 
Specific CP-AMPAR antagonist restores spinal motor training capacity in 537 
the face of nociceptive stimulation below a complete spinal cord injury. 538 
 To assess behavioral consequences and therapeutic targeting of CP-539 
AMPAR activity in INS-induced spinal plasticity we harnessed a behavioral assay 540 
of adaptive sensorimotor modification in the spinal cord (Grau et al., 1998, 2006). 541 
INS is known to impair spinal cord sensorimotor training and recovery of 542 
locomotor function after SCI (Crown et al., 2002a; Grau et al., 2004). To test 543 
whether CP-AMPAR over-activity mediates the INS-induced deficits in motor 544 
function, we intrathecally delivered a specific CP-AMPAR antagonist (Naspm) 545 
following INS and then tested spinal cord sensorimotor training capacity using a 546 
spinal instrumental (response-outcome) learning task. The spinal training assay 547 
requires rats with complete T2 spinal cord transection to increase the duration of 548 
hind-limb flexion (i.e. the response) to reduce exposure to nociceptive electric 549 
shock (outcome)(Figure 6A). Given that the lumbar spinal cord is surgically 550 
isolated from the brain, this sensorimotor training occurs in the spinal circuitry 551 
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itself providing an assay of endogenous spinal cord plasticity (Buerger and 552 
Fennessy, 1970; Grau et al., 1998).   553 
 Our findings indicate that INS induces an acute modification of AMPAR 554 
function, producing an increase in Ca++ permeability that we predict disrupts 555 
spinal sensorimotor learning. To explore this possibility, we assessed the impact 556 
of blocking CP-AMPARs using Naspm.  NS administration impaired spinal 557 
learning in vehicle-treated subjects (Figure 6B). Intrathecal delivery of Naspm 558 
immediately following INS produced a significant restoration of response duration 559 
over time (ANOVA, F(1,29) = 1.64m, p  < 0.05)(Figure 6C). This finding suggests 560 
that INS acutely undermines adaptive spinal plasticity through CP-AMPAR 561 
activity, and suggests that suppression of CP-AMPAR overdrive in the injured 562 
spinal cord may restore adaptive spinal synaptic modifications. Naspm has also 563 
been shown to be therapeutically effective when given 24 hrs after INS (Huie et 564 
al., 2012a). 565 
 566 
DISCUSSION 567 
 Our results demonstrate that peripheral nociceptive input below an acute 568 
complete spinal cord injury induces a form of AMPA-mediated maladaptive 569 
synaptic plasticity that impairs future spinal cord training. Nociceptive stimulation 570 
directed GluA1 into ventral horn synaptoneurosomes and enhanced its 571 
PKC/CamKII site phosphorylation (p-S831). Confocal imaging revealed time-572 
dependent increases in GluA1 and decreased GluA2 on large spinal 573 
motorneurons, with GluA2 removal occurring first at extrasynaptic sites followed 574 
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by synaptic removal 2 hours later. These findings suggest that nociceptive 575 
stimulation persistently increases trafficking of GluA2-lacking (calcium-576 
permeable) AMPARs to spinal synapses. The specific CP-AMPAR antagonist 577 
Naspm protected against INS-induced failure in a spinal sensorimotor learning 578 
task, indicating the necessity of CP-AMPAR activity for maladaptive spinal 579 
plasticity. Together these findings reveal synaptic GluA2-lacking AMPARs as 580 
mechanistic targets for restoring effective synaptic and behavioral plasticity in the 581 
injured spinal cord in vivo.  582 
 Prior in vitro work has revealed that activity-dependent CP-AMPAR 583 
expression is regulated by rapid receptor trafficking to synaptic sites in two 584 
stages: AMPARs first insert at extrasynaptic sites and then traffic laterally into the 585 
post-synaptic density (Ehlers, 2000; Bredt and Nicoll, 2003). Our findings indicate 586 
that nociceptive stimulation in vivo engages a similar trafficking cycle for CP-587 
AMPARs in the injured spinal cord (Figure 5 M and P). Data from models of 588 
neuronal insult suggest that injury-induced activation of protein kinase C (PKC) 589 
can mobilize the AMPA associated protein PICK1 to the post-synaptic density, 590 
where it binds specifically to GluA2 subunits and promotes the internalization of 591 
GluA2-containing AMPARs (Liu et al., 2006). Thus, GluA2-lacking CP-AMPAR 592 
expression at postsynaptic sites is amplified though calcium-sensitive PKC 593 
activation, and may be sustained. Our finding that nociceptive stimulation 594 
increases PKC/CaMKII site phosphorylation suggests a phenotypic switch to 595 
sustained CP-AMPAR expression that is in line with prior observations that PKC 596 
inhibitors can restore adaptive spinal cord plasticity in the face of nociceptive 597 
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stimulation (Malmberg et al., 1997; Zeitz et al., 2001; Ferguson et al., 2008a; 598 
Asiedu et al., 2011; King et al., 2012).  599 
 The current study builds on previous findings that both nociceptive stimuli 600 
and spinal cord injury saturate glutamatergic neurotransmission, undermining 601 
adaptive spinal motor plasticity (Tillakaratne et al., 2002; Chau et al., 2002; 602 
Ferguson et al., 2012b; Hoy et al., 2013). Prior work has also shown that both 603 
nociception and SCI generate inflammatory cytokines that amplify GluA2-lacking 604 
AMPAR tone (Choi et al., 2010; Ferguson et al., 2008b). Intermittent nociceptive 605 
stimulation (INS) below SCI has recently been shown to increase expression of 606 
the inflammatory cytokine tumor necrosis factor alpha (TNFα) leading to long-607 
term impairment in spinal learning (Huie et al., 2012a). Prior in vitro studies 608 
revealed that TNFα drives AMPAR currents, specifically by increasing synaptic 609 
GluA2-lacking CP-AMPAR expression (Beattie et al., 2002; Stellwagen et al., 610 
2005; Leonoudakis et al., 2008). Further, TNFα also increases CP-AMPAR 611 
expression in vivo to induce rapid motor neuron death near the site of SCI 612 
(Ferguson et al., 2008b). Inhibiting either TNFα or CP-AMPAR activity (using 613 
Naspm) 24 hours after INS restores the capacity for adaptive sensorimotor 614 
lumbar learning (Huie et al., 2012a), suggesting that CP-AMPAR activity not only 615 
mediates the acute impact of nociceptive stimulation but also plays a key role in 616 
sustaining maladaptive plasticity over time. Naspm efficacy implies that INS does 617 
not impair lumbar-sacral learning simply because of enhanced spinal cord cell 618 
death through over-excitation. We tested this possibility by assessing a canonical 619 
apoptotic cell death marker (caspase 3), and a marker for calcium-dependent cell 620 
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death (calpain I). We complemented these markers with cFos and cJun, two 621 
indicators of acute cell activity that have been shown in cell death models to be 622 
closely associated with both gluatmatergic excitotoxicity and apoptosis 623 
(Anderson et al., 1995; Hermann et al., 2001; Xu et al., 2005). Western blot 624 
analysis in the present paper showed that INS did not significantly increase 625 
expression of cFos, cJun, calpain I, or caspase 3. The lack of biochemical 626 
evidence for INS inducing cell death distal to injury indicates that INS drives a 627 
therapeutically-reversible form of maladaptive spinal cord plasticity in the lumbar 628 
circuitry controlling movement. In contrast, work focusing on the lesion penumbra 629 
has found that INS enhances development of ongoing apoptosis and cell loss 630 
(Grau et al., 2004; Garraway et al., 2014). Although the impact of CP-AMPARs in 631 
this effect remains unclear, it is possible that Naspm could reduce excitotoxic 632 
components of secondary injury in addition to its impact on lumbar sensorimotor 633 
training, yielding dual therapeutic effects. 634 
  Based on theoretical and experimental evidence, we suggest a working 635 
model that INS alone first engages GluA2-lacking AMPARs resulting in calcium 636 
influx and activation of calcium detectors PKC and CamKII (Ferguson et al., 637 
2008; Gomez-Pinilla et al., 2007; Roche et al. 1996; Barria et al., 1997)(Figure 638 
7A), which phosphorylate S831 to further strengthen synaptic GluA1 drive, but 639 
not GluA2 (Figure 2). For vehicle–treated subjects, the training session following 640 
INS exposure further strengthens this maladaptive plasticity. In contrast, Naspm 641 
treatment resets the metaplastic state of the spinal cord, giving subjects the 642 
opportunity to exhibit an adaptive spinal learning response, initiating a second 643 
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wave of AMPAR-mediated plasticity that involves a greater number of GluA2-644 
containing AMPARs. The data suggest that INS followed by a combined 645 
therapeutic effect of Naspm and spinal cord training, re-engages the PKC 646 
pathway, as evidenced by additional increases in both pS831 and GluA1 647 
expression.  Together the data suggest that Naspm and adaptive training 648 
produce an optimal balance of AMPAR drive for spinal cord learning (Figure 7B).  649 
 This model is consistent with the idea that both CP-AMPAR overactivity 650 
and underactivity may be problematic. Naspm treatment in cultured hippocampal 651 
neurons may block the normal rebound of synaptic strength following tetrodotoxin 652 
administration, indicating that CP-AMPARs are necessary for homeostatic 653 
plasticity in the brain (Hou et al., 2011). CP-AMPAR activity may produce a 654 
continuum of synaptic and behavioral effects, wherein moderate AMPAR-655 
mediated calcium influx can be beneficial and necessary for adaptive plasticity 656 
(as in the stabilization of LTP in the brain, and in performance on the adaptive 657 
spinal sensorimotor task), but as CP-AMPAR activity increases in response to 658 
insult or nociceptive input, an excitatory saturation level is reached at which point 659 
spinal neurons lose the capacity to encode subtle simulation patterns, as in the 660 
adaptive spinal training task (Figure 7B). Therapeutic interventions to restore 661 
homeostatic balance following injury or insult will likely be key in promoting the 662 
optimal glutamatergic regulation of adaptive plasticity. A growing body of 663 
evidence has shown that AMPAR antagonists including Naspm restore neural 664 
function and suppress excitotoxic cell death in models of epilepsy, ischemia, 665 
neuropathic pain, opioid-induced hypersensitivity, and motor neuron diseases 666 
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(Sorkin et al., 1999, 2001; Van Damme et al., 2003; Walters et al., 2005; 667 
Leonoudakis et al., 2008; Spaethling et al., 2008; Yin et al., 2012; Dias et al., 668 
2013; Cabanero et al., 2013).  669 
 The current study contributes to these findings by presenting a possible 670 
cellular mechanism by which peripheral nociceptive input drives maladaptive 671 
spinal cord plasticity. The high incidence of polytrauma associated with spinal 672 
cord injury in the human population (Saboe et al., 1991; Wang et al., 2001; 673 
Sehkon & Fehlings, 2001; Hasler et al., 2011) highlights the need to understand 674 
the impact of nociceptive input in the injured spinal cord. Beyond clearly-defined 675 
peripheral injuries, growing evidence suggests that the injured spinal cord may 676 
also be sensitive to aberrant peripheral input, including limb immobilization and 677 
stretching (Caudle et al., 2011, 2015). Recent work in SCI patients demonstrates 678 
that c-fiber activation impacts retention of motor learning tasks (Bouffard et al., 679 
2014). The present results provide a mechanism for these clinical findings, 680 
suggesting that CP-AMPARs represent a therapeutic target.  The data presented 681 
in this study provide insight into maladaptive spinal plasticity in an isolated spinal 682 
system at acute time-points following a complete SCI. Future work on CP-683 
AMPARs in other SCI models and at chronic time-points will be invaluable for 684 
testing the therapeutic potential of targeted CP-AMPAR antagonism for mitigating 685 
maladaptive plasticity to promote functional recovery after spinal cord injury.   686 
 687 
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Figure 1. Subcellular fractionation of ventral lumbar spinal cord. A, Ventral 961 
quadrant of lumbar spinal cord tissue was dissected and homogenized using a 962 
Dounce homogenizer. The whole homogenate was then centrifuged for 5 963 
minutes at 5,000 RCF, and the supernatant (S1) was removed. This S1 fraction 964 
was then centrifuged for 30 minutes at 13,000 RCF. The pellet from this fraction 965 
(P2) was then used for all subsequent Western blots. B, Plasma membrane 966 
enrichment in the P2 fraction was confirmed with N-cadherin expression, and 967 
modest synaptic enrichment (synaptoneurosome) was characterized by PSD-95, 968 
with beta-actin serving as loading control. C, Tissue-oriented coordinate grid 969 
placement for systematic cell selection. Large ventral horn neurons were 970 
systematically selected from spinal cord slices in L4-L5 region. A microscopist 971 
blind to experimental condition entered the stage coordinate location of four 972 
anatomical landmarks (central canal, anterior artery, left edge of tissue, right 973 
edge of tissue) into an Excel spreadsheet, and a custom VisualBasic macro 974 
generated a list of microscope stage coordinates that were then input into 975 
MicroManager and ImageJ software that controlled microscope stage movement. 976 
This system ensured that the orientation of the coordinate grid would always be 977 
relative to the specific orientation of the tissue. Each coordinate signified the 978 
center of an 80um X 80um sampling window, with each coordinate spaced 979 
100um apart. The blind microscopist cycled through these sampling windows at 980 
63X. When a large neuron (cell body > 40um) was encountered within a 981 
sampling window, the cell was centered in the frame and a stack of images was 982 
taken through the z plane, with separate images taken through a 650nm filter (for 983 
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synaptophysin) and a 490nm filter (for GluA1 or GluA2) at each level. D, Optical 984 
detection of synaptic AMPAR subunits. Yellow pixels produced by the 985 
overlapping of the presynaptic marker synaptophysin (red) and postsynaptic 986 
AMPAR subunit (green) puncta indicated colocalization and were quantified to 987 
determine the amount of synaptic AMPAR subunit expression. E, All image 988 
stacks were combined and deconvolved to correct for the diffusion of light using 989 
AutoQuant software. 990 
 991 
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 993 
 994 
 995 
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Figure 2. Plasma membrane GluA1 and GluA2 phosphorylation with 1007 
intermittent nociceptive stimulation delivered below complete spinal cord 1008 
injury. A, Intermittent nociceptive stimulation. Rats with complete spinal 1009 
transections received 6 minutes of intermittent nociceptive stimulation to the tail. 1010 
Unstimulated controls received an equivalent period of restraint.  B, Quantitative 1011 
fluorescent intensity optimized for linear detection of each target band using a 1:2 1012 
dilution curve of total protein. Laser scanning intensity for each target protein was 1013 
chosen based on closest linear relationship between fluorescent intensity and 1014 
total protein (all R2s > 0.98). All subsequent analyses for each target protein were 1015 
run at their respective optimal scanning intensities to ensure linearity of 1016 
fluorescence (see methods for details). C, Linear quantification of GluA1 and 1017 
GluA2 AMPAR subunits, 20 minutes post-stimulation. Stimulation significantly 1018 
increased GluA1 expression compared to unstimulated controls (p < 0.05), while 1019 
GluA2 expression was unchanged. D, The ratio of GluA1 to GluA2 subunit 1020 
expression was significantly increased in stimulated animals within 20 minutes 1021 
(Mann-Whitney U; p < 0.05). E-F, Linear quantification of GluA1 and GluA2 1022 
AMPAR subunits, 2 hours post-stimulation. Stimulation had no significant effect 1023 
on GluA1 or GluA2 after 2 hours (p > 0.05). G, Linear intensity optimization on 1024 
phosphorylated Serines 831 and 880. H, Linear quantification of p-S831 and p-1025 
S880 protein expression, 20 minutes post-stimulation. Stimulation significantly 1026 
increased phosphorylated serine 831 expression relative to unstimulated controls 1027 
(p < 0.05), whereas phosphorylated serine 880 was unchanged. I, Stimulation 1028 
had no significant effect on p-S831 or pS880 after 2 hours (p > 0.05). All bars 1029 
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represent mean for n = 4 subjects/per group (n = 8 for main effects, n =4 for 1030 
interaction) with three independent western blot runs per subject; error bars 1031 
represent standard error of the mean.  1032 
 1033 
 1034 
 1035 
 1036 
 1037 
 1038 
 1039 
 1040 
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Figure 3. Assessment of neuronal activity and cell death markers following 1053 
nociceptive stimulation. Linear western blot quantification of cell activity and 1054 
death in cytosolic fractions of ventral lumbar spinal cord, assessed at A, 20 1055 
minutes, B, 2 hours, or C, 24 hours after intermittent nociceptive stimulation. 1056 
ANOVA showed no significant increase in broad neuronal activity marker cFos, in 1057 
other more specific markers of apoptotic cell death (cJun, cleaved caspase3) or 1058 
in calcium-mediated cell death (calpain I). No significant differences were 1059 
observed for beta-actin loading control (p > 0.05). Bars represent mean for n = 4 1060 
subjects/factorial group (n =12 for INS main effect, n = 8 for time main effect, n = 1061 
4 for interaction) with three independent western blot runs per subject; error bars 1062 
represent standard error of the mean.  1063 
 1064 
 1065 
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Figure 4. Synaptic GluA1 and GluA2 expression in three-dimensional 1076 
synaptic field surrounding ventral horn neurons after intermittent 1077 
nociceptive stimulation below complete spinal cord injury. Large ventral 1078 
horn neurons in the L4-L5 region were assessed for colocalization of GluA1/2 1079 
(green) to synaptophysin-positive synapses (red) in nociceptive-stimulated and 1080 
unstimulated spinally-transected animals. A-D, Representative three-dimensional 1081 
confocal images of ventral horn neurons 2 hours after stimulation or control 1082 
demonstrating an increase in GluA1 expression (A and B, green), and 1083 
decreased GluA2 expression (C and D, green) after stimulation. Scale bar = 30 1084 
μm. E, Quantification of GluA1 and GluA2 through confocal stacks at 20 minutes 1085 
post-stimulation shows a significant increase in synaptic GluA1 (* p < 0.05) and 1086 
no change in GluA2. F, Quantification of GluA1 and GluA2 through confocal 1087 
stacks at 2 hours post-stimulation shows a significant increase in synaptic GluA1 1088 
and a concomitant decrease in synaptic GluA2 (* p < 0.05). Bars represent mean 1089 
colocalization through confocal z-series of ventral horn neurons (124-146 cells 1090 
per group assessed for GluA1, 105-154 cells per group assessed for GluA2; n = 1091 
4 subjects/per group; N = 16 rats total). Error bars represent standard error of the 1092 
mean.  1093  1094  1095  1096  1097  1098  1099  1100  1101  1102  1103 
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Figure 5. Extrasynaptic and synaptic expression of GluA1 and GluA2 on 1104 
plasma membrane of ventral horn neurons after intermittent nociceptive 1105 
stimulation below complete spinal cord injury. Large L4-L5 ventral horn 1106 
neurons in were assessed for colocalization (yellow) of GluA1/2 (green) to 1107 
synaptophysin-positive synapses (red) after nociceptive stimulation. 1108 
Algorithmically-selected single confocal planes of peak GluA1/synaptophysin 1109 
colocalization for unstimulated (A) and stimulated groups (B) and 1110 
GluA2/synaptophysin colocalization for unstimulated controls (C) and stimulated 1111 
groups (D). E-H, A 2 μm-wide cutout of the confocal image containing somatic 1112 
plasma membrane. I-L, Boxed plasma membrane fractions enlarged to illustrate 1113 
representative differences in extrasynaptic (green) and synaptic (yellow) GluA1/2 1114 
puncta on motor neuron plasma membranes. M-P, Quantification of 1115 
extrasynaptic GluA1/2 puncta and synaptic colocalization of subunit puncta with 1116 
synaptophysin. M, Extrasynaptic GluA1 was significantly increased 20 minutes 1117 
after stimulation, while extrasynaptic GluA2 is significantly decreased (ANOVA, p 1118 
< 0.05). N, Synaptic colocalization of GluA1 and synaptophysin was also 1119 
significantly increased (* p < 0.05), while synaptic GluA2/synaptophysin 1120 
colocalization is unaltered by stimulation. O, Two hours after stimulation, 1121 
extrasynaptic GluA1 expression is unchanged between stimulated and 1122 
unstimulated groups, while extrasynaptic GluA2 remains significantly decreased 1123 
in response to stimulation (* p < 0.05). P, Synaptic GluA1/synaptophysin 1124 
colocalization is unchanged at two hours post-stimulation, but synaptic 1125 
GluA2/synaptophysin colocalization is significantly decreased in response to 1126 
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stimulation (* p < 0.05). Bars represent means for 124-146 cells/group for GluA1, 1127 
105-154 cells per group for GluA2; n = 4 subjects/per group, N = 16 rats total. 1128 
Error bars represent standard error of the mean. 1129  1130 
 1131 
 1132 
 1133 
 1134 
 1135 
 1136 
 1137 
 1138 
 1139 
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 1141 
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 1147 
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Figure 6. Effect of CP-AMPAR antagonist on impaired adaptive 1151 
sensorimotor performance following intermittent nociceptive stimulation. 1152 
A, INS/spinal cord training paradigm. Rats with complete thoracic spinal 1153 
transection received 6 minutes of intermittent nociceptive stimulation (INS) to the 1154 
tail followed by intrathecal administration of the calcium-permeable AMPA 1155 
receptor antagonist Naspm (10mM). Spinal instrumental training task began 20 1156 
minutes later. B, Vehicle-treated subjects failed to exhibit a progressive increase 1157 
in response duration over time, indicative of the INS-induced impairment in spinal 1158 
adaptation. Naspm increased response duration over time, indicating that 1159 
blocking CP-AMPAR activity protects against INS-induced maladaptive spinal 1160 
plasticity. ANOVA revealed a significant increase in response duration over time 1161 
in the Naspm-treated group compared to Vehicle-treated animals, n = 12 1162 
subjects/per group (repeated measures, p < 0.05).  1163 
 1164 
 1165 
 1166 
 1167 
 1168 
 1169 
 1170 
 1171 
 1172 
 1173 
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Figure 7. A, Theoretical pathway underlying INS-induced maladaptive 1174 
plasticity. Following afferent intermittent nociceptive stimulation, increased 1175 
glutamate release engages postsynaptic AMPA receptors. Calcium influx via CP- 1176 
AMPARs activates the calcium detectors protein kinase C (PKC) and/or CamKI 1177 
phosphorylating the Serine 831 site on GluA1 AMPAR subunit. Serine 831 1178 
phosphorylation increases the open probability of AMPARs, creating a feed 1179 
forward loop that leads to membrane insertion of extrasynaptic CP-AMPARs. 1180 
These receptors are trafficked laterally to the synaptic membrane, further 1181 
strengthening this excitatory connection. B, Conceptual model of CP-AMPAR 1182 
effects on spinal plasticity after spinal cord injury. CP-AMPAR activity 1183 
critically shapes synaptic strength and use-dependent spinal cord plasticity after 1184 
injury. Peripheral stimulation below the injury engages CP-AMPAR-mediated 1185 
calcium influx, activating intracellular modulators of synaptic plasticity and 1186 
strengthening excitatory tone to promote adaptive spinal training. However, CP-1187 
AMPARs are hyper-responsive to peripheral input (e.g., limb positioning; skin 1188 
stimulation) and are easily overdriven, resulting in synaptic saturation that 1189 
overwhelms the capacity for adaptive spinal cord learning. As CP-AMPAR 1190 
activity further increased, excitotoxicity and cell death may occur. Therapeutic 1191 
intervention to decrease CP-AMPAR over-activity normalizes the balance of 1192 
synaptic GluA1 and GluA2, and restores optimal adaptive plasticity. 1193 
 1194 
 1195 
















