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Abstract  44 

The limited recovery that occurs following stroke happens almost entirely in the first weeks post 45 

injury. Moreover, the efficacy of rehabilitative training is limited beyond this narrow time frame. 46 

Sprouting of spared corticospinal tract axons in the contralesional spinal cord makes a significant 47 

contribution to sensorimotor recovery, but this structural plasticity is also limited to the first few 48 

weeks after stroke. Here, we tested the hypothesis that inducing plasticity in the spinal cord 49 

during chronic stroke could improve recovery from persistent sensorimotor impairment. We 50 

potentiated spinal plasticity during chronic stroke, weeks after the initial ischemic injury, in male 51 

Sprague Dawley rats via intraspinal injections of chondroitinase ABC. Our data show that 52 

chondroitinase injections into the contralesional grey matter of the cervical spinal cord 53 

administered 28 days after stroke induced significant sprouting of corticospinal axons originating 54 

in the peri-infarct cortex. Chondroitinase ABC injection during chronic stroke without additional 55 

training resulted in moderate improvements of sensorimotor deficits. Importantly, this therapy 56 

dramatically potentiated the efficacy of rehabilitative training delivered during chronic stroke in 57 

a skilled forelimb reaching task. These novel data suggest that spinal therapy during chronic 58 

stroke can amplify the benefits of delayed rehabilitative training with the potential to reduce the 59 

permanent disability in stroke survivors.  60 

 61 

Significance Statement  62 

The brain and spinal cord undergo adaptive rewiring (“plasticity”) following stroke. This 63 

plasticity allows for partial functional recovery from stroke induced sensorimotor impairments. 64 

However, the plasticity that underlies recovery occurs predominantly in the first weeks following 65 

stroke, and most stroke survivors are left with permanent disability even after rehabilitation. 66 
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Using animal models, our data show that removal of plasticity-inhibiting signals in the spinal 67 

cord (via intraspinal injections of the enzyme chondroitinase ABC) augments rewiring of circuits 68 

connecting the brain to the spinal cord, even weeks after stroke. Moreover, this plasticity can be 69 

harnessed by rehabilitative training to significantly promote sensorimotor recovery. Thus, 70 

intraspinal therapy may augment rehabilitative training and improve recovery even in individuals 71 

living with chronic disability due to stroke.  72 

 73 

 74 

 75 

  76 
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Introduction 77 

While the central nervous system (CNS) possesses endogenous mechanisms for plasticity within 78 

spared circuits that enables partial recovery of function lost to brain damage  (Murphy and 79 

Corbett, 2009; Winship and Murphy, 2009; Overman and Carmichael, 2014), recovery after 80 

stroke is limited and most stroke survivors are left with persistent sensorimotor disability 81 

(Dobkin, 2008; Kessner et al., 2016). This incomplete recovery occurs almost exclusively in the 82 

first few weeks following the stroke: In rodent models, recovery plateaus around four weeks 83 

(Sist et al., 2014; Wahl and Schwab, 2014; Wahl et al., 2014; Figure 1A), while human stroke 84 

survivors complete most of their recovery within the first three months after stroke (Steinberg 85 

and Augustine, 1997; Green, 2003; Kitago and Krakauer, 2013). It has been suggested that the 86 

type and timing of rehabilitative training is a principal determinant of the degree of recovery 87 

(Krakauer et al., 2012; Wahl and Schwab, 2014). However, the optimal period for restoration of 88 

function appears to be finite. After this window, recovery stagnates and further rehabilitation has 89 

limited efficacy (Dimyan and Cohen, 2011). Moreover, numerous randomized clinical trials of 90 

rehabilitation therapies have reported neutral or negative results (Bernhardt et al., 2015; Winstein 91 

et al., 2016). Thus, the degree to which rehabilitative training can improve function above 92 

spontaneous biological recovery has been questioned, and improved strategies to reduce 93 

disability due to stroke are required (Lowry, 2010; Krakauer and Marshall, 2013).   94 

 Augmenting plasticity of spared neural circuits can improve recovery from CNS injury. 95 

Experimental plasticity-enhancing treatments are most effective when delivered early after CNS 96 

injury and accompanied by rehabilitative training (Van den Brand et al., 2012; Hara, 2015; Jones 97 

and Adkins, 2015). Notably, plasticity of the corticospinal tract (CST) originating in the 98 

uninjured contralesional motor cortex makes a significant contribution to recovery from stroke-99 
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induced sensorimotor impairment (Ueno et al., 2012; Wahl et al., 2014, Wahl and Schwab, 2014; 100 

Silasi and Murphy, 2014). However, the spinal plasticity elicited by cortical stroke has a finite 101 

temporal window and sensorimotor recovery plateaus after this period (Sist et al., 2014; Kessner 102 

et al., 2016; Figure 1A and B).  103 

One approach to augment plasticity is to manipulate chondroitin sulfate proteoglycans 104 

(CSPGs) in the extracellular matrix. These molecules are potent inhibitors of neurite growth, 105 

inducing growth cone collapse, sterically hindering dendritic rearrangement, and physically 106 

blocking growth promoting adhesion molecules (Silver and Miller, 2004; Afshari et al., 2010; 107 

Cua et al., 2013). CSPG’s also interact with tyrosine phosphate (Shen et al., 2009) and related 108 

leukocyte common antigen related phosphatase receptors (Xu et al., 2015) to induce growth 109 

inhibitory signaling. Modulation of CSPGs and their signaling pathways can induce in increased 110 

axonal growth after injury (Monnier et al., 2003; Fisher et al., 2011; Sharma et al., 2012). 111 

Digestion of CSPG’s with the bacterial enzyme chondroitinase ABC (ChABC) augments 112 

structural plasticity (Moon et al., 2001; Houle et al., 2006; Burnside and Bradbury, 2014; Maier 113 

and Schwab, 2006). ChABC injection into the spinal cord during the period of heightened spinal 114 

plasticity that follows stroke significantly plasticity of the uninjured CST and improves 115 

sensorimotor recovery (Soleman et al., 2012). However, it is not known whether such spinal 116 

therapies can be used during chronic stroke to reduce disability. Here, we assessed if spinal 117 

delivery of ChABC during chronic stroke enhance plasticity of the CST originating in peri-118 

infarct cortex and potentiate task-specific rehabilitative training (Figure 1C). While previous 119 

studies suggest that intraspinal ChABC delivered during the subacute period after stroke can 120 

induce plasticity of the uninjured CST (Soleman et al., 2012; Wahl et al., 2014), these studies did 121 

not evaluate the potentially important contribution of CST projections from the spared cortex 122 
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adjacent the infarct and did not evaluate the interaction between rehabilitative training and 123 

plasticity-enhancing therapy. Our findings demonstrate that removing inhibition of axonal 124 

growth by CSPGs in the spinal cord induces structural plasticity of the spared CST and facilitates 125 

rehabilitative training even during chronic stroke.  126 

 127 
 128 

Materials and Methods  129 

Animals 130 

Male Sprague Dawley rats (400-550 g, Charles River) were housed in pairs (2 per cage) under 131 

standard laboratory conditions (12:12 hour light: dark cycles). Water and standard laboratory rat 132 

chow were available ad libitum, except during the training period when feeding was reduced to 133 

50 g daily to maintain 85-90% ad libitum feeding body weight. All animal protocols were 134 

approved by the University of Alberta Animal Care and Use Committee in accordance with 135 

Canadian Council on Animal Care guidelines. 136 

 137 

Experimental design   138 

The general experimental design is shown in Figure 1. The first cohort of rats (n = 40) was 139 

divided into four experimental groups: Animals received photothrombotic stroke with a delayed 140 

spinal cord injection of ChABC enzyme (n = 11) or the control enzyme penicillinase (Pen, n = 141 

11) or sham-stroke with delayed injections of ChABC (n = 9) or Pen (n = 9). A second cohort of 142 

rats (n = 24) received photothrombotic strokes and injection of ChABC (n = 12) or Pen (n = 12) 143 

on post-stroke day 28 followed by either delayed high intensity rehabilitative training in a 144 

forelimb reaching task (n = 6 per group) or delayed moderate intensity training (n=6 per group). 145 

Finally, a third cohort of rats received photothrombotic stroke (n = 16) and moderate reaching 146 
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training that was initiated 3 days after stroke and continued until spinal injections of ChABC (n 147 

= 8) or Pen (n = 8) on day 28. Following injection, training recommenced for an additional 28 148 

days. Animals were randomly assigned to surgical groups. Following surgery, animals were 149 

randomly assigned a number code to ensure all experimenters were blind to treatment groups 150 

throughout behavioral assessment. At the conclusion of the experiment, extracted brains were 151 

assigned a letter code to ensure that the experimenter was blind to surgical and rehabilitative 152 

training groups. The animal number and letter codes were not decoded until all testing and 153 

analyses were completed.   154 

 155 

Surgical procedures 156 

Surgical procedures were performed in animals deeply anesthetized with 2-2.5% isoflurane (in 157 

70% nitrous oxide and 30% oxygen at a flow rate of 1 L/min). Body temperature was maintained 158 

at 37°C with a rectal temperature probe and heating pad. 159 

 160 

Photothrombotic stroke 161 

The forelimb sensorimotor cortex corresponding to the preferred limb in skilled reaching tasks 162 

was located using stereotaxic coordinates (1-4 mm lateral; -1 to +3 mm anterior of bregma 163 

(Watson and Paxinos, 2006)). Skull over this cortex was thinned followed by a tail vein injection 164 

of Rose Bengal (30 mg/kg in 0.01 M sterile phosphate buffered saline; Sigma). The cortex was 165 

illuminated using a collimated beam of green laser light (532 nm, 17 mW; ~ 4.0 mm in diameter) 166 

for 10 minutes to induce photothrombosis. Sham-stroke controls underwent identical procedures 167 

without skull illumination. 168 

 169 
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Spinal administration of ChABC 170 

ChABC was delivered unilaterally to the cervical spinal cord contralateral to the stroke. Briefly, 171 

a partial laminectomy of C4 and C5 was performed to expose the contralesional spinal cord. 172 

Using a 10 μl Hamilton syringe mounted on a stereotaxic arm and fitted with a pulled glass tip, a 173 

1.0 μl injection of either chondroitinase ABC (10 U/ml; Sigma) or Pen (same weight (μg) per 174 

volume (ml) as ChABC; Sigma) was injected (0.2 μl/min) at both C4 and C5. Injections were 175 

positioned to 1 mm lateral of the midline at a depth of 1 – 1.5 mm. The pipette was left in place 176 

for 1 minute after injection to reduce backflow.  177 

 178 

Anterograde anatomical tracing of the corticospinal tract 179 

Alexa-488 tagged dextran tracers were injected into peri-infarct motor cortex areas to label CST 180 

axons projecting to the cervical spinal cord. Two burr holes were made 1 mm medial to the 181 

ischemic lesion using stereotactic coordinates at 1 mm lateral of the midline and 1.5 mm anterior 182 

of bregma and 1mm lateral of the midline and -0.5 mm anterior of bregma (Figure 2D-F). Using 183 

a Hamilton syringe fitted with a pulled glass microtubule tip, 1 μl (0.2 μl/min) of Dextran, Alexa 184 

Fluor® 488; 10,000 MW (1 mg/μl; Life Technologies, D-22910) was injected 1.5 mm below the 185 

cortical surface at each location.  186 

 187 

Transcardial perfusion and tissue preparation 188 

At 68 days post stroke rats were perfused with 250 ml of saline heparin (0.02%) solution (37°C) 189 

followed by 250 ml of 4% formalin solution (4°C) at a flow rate of 25 ml/min. Brains and spinal 190 

cords were removed and submerged in 4% liquid formalin overnight at (4°C), then transferred to 191 

30% sucrose solution (4°C) until they lost buoyance.  192 
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 193 

Stroke volume and tracer injection analysis 194 

Brains were flash frozen and cryosectioned in 20 μm coronal slices. Infarct areas were 195 

determined in Image J for every slice spanning the lesion and integrated to determine the total 196 

stroke volume for each animal. Animals with stroke volume less than 2 mm3 were not included in 197 

the study (n=1). The location and depth corresponding the center of the tracer injections were 198 

determined by examining each coronal section under fluorescent microscopy with a Leica 199 

DMI6000B inverted microscope. Cortical maps showing the topographical location of induced 200 

stroke and tracer injections were created for each animal by recording the stereotaxic coordinate 201 

of stroke boundaries on each coronal slice of tissue spanning the lesion (Figure 2D-F). The 202 

average location of tracer injections was also obtained by averaging the stereotaxic coordinates 203 

of all injection sites (Figure 2G). Coronal sections for each animal at -1.0, 0.0, 1.0 and 2.0 from 204 

bregma were analyzed for depth of stroke and tracer injection (Figure 2H). The average stroke 205 

and tracer injection depth were obtained by averaging the depths from each animal.   206 

 207 

Spinal CSPGs Digestion 208 

To confirm the digestion of CSPGs in the cervical spinal cord following injection of ChABC, 209 

standard protocols were used to fluorescently label both intact CSPGs and stubs left by their 210 

enzymatic digestion. Full length undigested CSPGs were labelled with a Biotinylated Wisteria 211 

Floribunda Lectin (WFA) antibody (Soleman et al., 2012; Vector Laboratories, Cat no. B-1355 212 

;1:1000) and streptavidin Alexa Flour 647 secondary antibody (Life technologies Cat no. 213 

S32357: 1:400). Digested CSPG cleavage stubs were labelled with mouse anti-Chondroitin-4- 214 

sulfate antibody (MP Biomedical, Cat no. 0863651; 1: 1000) and donkey anti-mouse Alexa Flour 215 
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488 secondary antibody (Life technologies Cat no. S32357: 1:200). Slides were mounted with 216 

Vectashield fluorescent mounting medium containing DAPI (Vector laboratories, Cat No. H-217 

1500). 218 

 219 

Neuroanatomical tracer quantification 220 

Given the degradation of CSPGs in the cervical spinal grey matter by ChABC, we hypothesized 221 

that local increases in axonal sprouting would be reflected by increased number and length of 222 

axon fragments in the grey matter in treated animals relative to controls. To quantify this, spinal 223 

cord tissue from C3-C7 was cryosectioned in 30 μm transverse slices and mounted on 224 

Superfrost® Plus Gold slides (Fisher Scientific) with Fluoromount-G (Southern Biotech) 225 

mounting medium. Images were collected on a Leica SP5 Confocal microscope using a Leica 226 

HCX PL APO L 20 x 1.0NA water emersion objective lens and Leica LAS AF Software. 30 μm 227 

z-stacks (100 steps at 0.3 μm, 736x736 μm image plane) were collected and maximum 228 

projections of all the optical planes were created (i.e., each maximum projection collapses the 229 

fibres imaged over the 30 μm section into a single image). Tile scans were used to image the 230 

grey matter across both the ventral and dorsal horns and the CST. Images were coded and 231 

presented to the experimenter in random order to ensure the experimenter was blinded to 232 

experimental group. The number of labeled fibers in the CST of each animal in the most rostral 233 

section of C4 were counted by the experimenter using WCIF- ImageJ. Next, the experimenter 234 

counted the number of projections into the grey matter on both the contralesional and ipsilesional 235 

side of the spinal cord; these counts were repeated on 20 spinal cord sections of 30 μm thickness, 236 

spaced 210 μm apart (every 8 slices), spanning 5000 μm between C4 and C5 and the average 237 

number of axon segments on each side of the grey matter was determined. The experimenter also 238 
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measured the length of each axon segment greater than 1 m using ImageJ. The total length of 239 

axon segments in the grey matter was summed and divided by the number of traced axons 240 

counted in the CST at C4 to reduce variability due to inter-animal differences in tracer efficacy 241 

or uptake. This axon length analysis was repeated on 20 sections and an average normalized 242 

length was determined for each animal.  Stereological quantification of fiber density was 243 

performed using a 50 x 50 grid fitted over the grey matter. Dorsal to ventral lines were 244 

positioned from the tip of lamina 1 to the border of ventral horn grey mater, and medial to lateral 245 

lines where positioned from the midline the lateral grey matter border. This grid was custom fit 246 

over the grey matter to ensure that variation in tissue shrinkage, orientation and deformation 247 

would not affect the total fiber counts. The number of fibers over 5 m in each grid section was 248 

counted to determine the density and distribution of CST axons in the grey matter.  249 

 250 

Serotonin immunohistochemistry and densitometric quantification   251 

Standard immunofluorescence protocols were used to label serotoninergic fibers in the cervical 252 

spinal cord using a primary rabbit anti-serotonin antibody in (Sigma, Cat no. 5545; 1:500) and 253 

goat anti-rabbit Texas Red secondary antibody (Vector Laboratories, Cat no. TT-1000; 1: 500). 254 

Slides were mounted with Vectashield fluorescent mounting medium containing DAPI (Vector 255 

laboratories, Cat No. H-1500). Densitometric quantification of serotonergic axon density was 256 

performed on regions of interest in the ventral horn on both the contralesional and ipsilesional 257 

side (in 5 tissue slices per animal see Figure 8B) using a Leica DMI6000B inverted microscope 258 

(at 10x magnification). ImageJ software was used to quantify optical density.   259 

 260 

Skilled reaching tasks 261 
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On skilled reaching tasks, rats were trained twice per day (with 4 hours between sessions) on 28 262 

consecutive days and baseline values of performance were determined from performance over 263 

three days prior to stroke. Testing consisted of two test sessions, 4 hours apart, with the average 264 

scores for the two tests reported. All figures report the reaching success rate normalized to 265 

baseline prior to stroke. 266 

  267 

Montoya staircase task: Rats were placed in a clear Plexiglas box with a central platform and a 268 

thin staircase with indents on each of the seven stairs (21 pellets per side of the animal). Training 269 

consisted of 15 minutes uninterrupted in the Montoya staircase Plexiglas box and the number of 270 

pellets (45 mg rodent pellets in banana flavor, TestDiet) which rats successfully reached and 271 

consumed was recorded. Both the left and right staircase were filled with pellets during the first 272 

14 training sessions. Once a dominant forepaw was established, the staircase on only the 273 

dominant forelimb side of the animal was loaded with pellets. Those animals which did not meet 274 

the minimum criteria of successfully retrieving 9 out of 21 pellets with either forelimb were 275 

eliminated from the study (n = 4).  276 

  277 

The single pellet-reaching task: Animals were placed in a clear Plexiglas box (39.5 cm x 12.5 cm 278 

x 47.5 cm) with a 1 cm wide slit in the front wall running floor to ceiling and a shelf (4 cm x 4 279 

cm) outside the box mounted 6 cm above the mesh floor. Pellets were placed 1.5 cm from the 280 

interior wall on the shelf outside the slit. Rats reached for pellets through the slit and were 281 

trained to return to the back of the cage between each successful pellet retrieval. During training, 282 

animals were allowed to reach for a maximum of 100 pellets and those animals unable to 283 

successfully retrieve 10 pellets after 15 days of training were eliminated from the study (n = 11). 284 
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After the first 15 sessions, a preferred limb was established; in all subsequent training sessions 285 

only the platform contralateral the preferred limb was loaded with pellets. The number of 286 

reaching attempts and the number of successful retrievals were tracked.  287 

 288 

Spontaneous forelimb use  289 

The cylinder test was used to assess spontaneous forelimb use of animals when exploring vertical 290 

surfaces. Rats were placed in a clear Plexiglas cylinder (44 cm height x 35 cm diameter) with an 291 

open top and video recorded in the cylinder for 10 minutes. The first 20 rearing motions during 292 

exploration were analyzed and scored. We defined “left” or “right” forelimb contact as 293 

placement of a single fore paw against the wall of the cylinder with the whole palm to support 294 

the body weight of the animal. If the animals touched the vertical surface with both paws or with 295 

one paw quickly followed by the second paw, the touch was scored as ‘both’. The number of 296 

contacts with the impaired limb and unimpaired limb is reported as a percent of the total number 297 

of contacts.   298 

 299 

Mechanical sensitivity testing  300 

Mechanical sensitivity was assessed in the rat forepaw mid-plantar region using von Frey 301 

monofilaments. The procedure was modified for the forepaw from procedures using the staircase 302 

method with removal of monofilaments 9 (4.17) and 13 (4.93) as suggested by Bradmen et al. 303 

(2015). The filament application was standardized to 2 seconds on all trial with 10 applications. 304 

Animals were either scored as (i) responding or (ii) non-responding for each filament 305 

application, when a 50% withdrawal response was achieved, the target force of the filament was 306 

recorded as the paw withdrawal mechanical threshold (PWMT). We ensured a consistent blind 307 
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operator for every experiment and analysis was done using log stimulant values to avoid bias 308 

across the range.  309 

  310 

Rehabilitative training  311 

Rehabilitative motor training was conducted in the single pellet-reaching chamber. The moderate 312 

intensity animals reached for 15 minutes twice each day with a maximum of 100 pellets per 313 

session. In the high intensity group, animals were allowed to reach for 1000 pellets or a 314 

maximum of 2 hours, twice per day. During these training sessions animals were allowed to 315 

reach in place and did not have to return to the back of the cage before receiving the next pellet.  316 

 317 

Statistical analysis  318 

Statistical analyses were performed using GraphPad Prism (Version7, GraphPad software, 2016). 319 

Statistical analysis of behavioral tests was performed using two-way ANOVA. Holm-Sidak 320 

multiple comparisons were performed between groups when a significant main effect of 321 

treatment or a significant interaction of time x treatment was found.  When there was a 322 

significant main effect of time but no significant main effect of treatment or interaction we 323 

performed Holm-Sidak’s post hoc testing to identify within group differences at different time 324 

points. Fiber count and length statistical analysis was performed by two-way ANOVA testing 325 

followed by post hoc Holm-Sidak’s testing. Statistical evaluation of serotonergic fibers density 326 

was performed with one-way ANOVA, followed by Holm-Sidak’s post hocs to compare each 327 

treatment group to the un injured sham group. Data are reported as Mean ± Standard error to the 328 

mean (SEM). 329 

 330 
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 331 

 332 

 333 

 334 

Results  335 

Intraspinal ChABC without training reduces sensorimotor deficits in an animal model of 336 

chronic stroke 337 

The experimental timeline is illustrated in Figure 1C. Photothrombotic stroke was used to induce 338 

consistent infarcts lesioning the entire forelimb sensorimotor cortex (Figure 2A-F). Spinal 339 

injections of ChABC or the inactive control enzyme Pen were administered 28 days following 340 

stroke. At this time point, endogenous promoters of plasticity that are upregulated early after 341 

stroke have returned to baseline, and spontaneous functional recovery (with or without 342 

rehabilitation) has plateaued (Sist et al., 2014; Kessner et al., 2016; Figure 1A and B).  Spinal 343 

injections were targeted to the deinnervated contralesional side of the spinal cord at cervical level 344 

4 (C4), which represents a major termination point for CST axons originating in the forelimb 345 

motor cortex (Figure 1G). Digestion of CSPGs (reduced WFA staining and persistent C-4-S 346 

fluorescence) was evident in the grey matter on the contralesional side of the spinal cord at C4 347 

even 28 days after injection (Figure 2K-V). Prior to photothrombotic stroke, animals were 348 

trained and tested on a battery of sensorimotor tasks to establish pre-stroke baseline (Figure 3A). 349 

Animals were tested again 3, 7, 14, 28 days, 42 and 56 days post stroke to examine the time 350 

course of recovery before and after ChABC (or control) treatment (Figure 3A).  351 

Photothrombosis induced clear lesions of the forelimb sensorimotor cortex that were still 352 

apparent in both treatment groups 68 days after stroke (Figure 2A and D). Reaching performance 353 
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in the Montoya Staircase task was reduced to 42.9  7.1% and 43.2  7.10% of pre stroke levels 354 

at 7 days after injury in ChABC-treated and control animals, respectively. Rats spontaneously 355 

recovered to 62.7  4.9 and 61.6  4.7% of pre stroke levels (ChABC and Pen controls, 356 

respectively) by 28 days post stroke (prior to intraspinal injections). Multivariate analysis did not 357 

reveal a significant effect of ChABC treatment in stroke animals (Figure 3B) or sham-stroke 358 

controls (Figure 3C). However, a significant main effect of time (F(5, 100) = 25.52, P < 0.0001) 359 

was observed. Notably, ChABC treated rats showed significant improvement in reaching 360 

performance between 28 (pre-ChABC) and 56 days post-stroke (Holm-Sidak, P < 0.05), whereas 361 

reaching performance in control rats did not improve between 28 and 56 days post stroke (P > 0 362 

.05). 363 

Stroke induced forelimb use asymmetry in the cylinder task showed partial recovery by 364 

28 days post stroke then plateaued between 28-56 days (Figure 3D). There was no effect of 365 

treatment on limb use preference (P > .05), however there was a significant main effect of time 366 

(F(4, 80) = 40.21,  P < 0.0001). Similarly, mechanical sensitivity was impaired by stroke with 367 

complete recovery to a plateau at 28 days in both treatment groups. There was a significant effect 368 

of time (F(8,112) = 12.86, P < 0.0001) and a significant interaction of time and treatment group 369 

(F(8,112) =  2.38,  P = 0.0249), however there was no significant difference between groups at any 370 

time point using Holm-Sidak’s multiple comparisons (Figure 3F). There was no effect of 371 

treatment or time in ChABC-treated or control rats that did not receive stroke (F(8,112) = 0.9712, P 372 

= 0.4623)  (Figure 3C, E and G). Thus, ChABC administered in the spinal cord 28 days after 373 

stroke resulted in limited improvement of sensorimotor function relative to control animals.   374 

 375 

ChABC induces axonal sprouting during chronic stroke 376 
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Anterogradely labelled axon fragments originating at injection sites medial to the infarct (Figure 377 

2D-J) were imaged in the cervical spinal cord (vertebrae C4 and C5) using confocal microscopy. 378 

These axon fragments represent projections from the CST into the spinal grey matter of the 379 

cervical spinal cord originating at surviving neurons located medial to the infarct. Compensatory 380 

sprouting of these projections may act to restore connectivity between the damaged motor cortex 381 

and the partially deinnervated spinal networks. To assess this, the number and length 382 

(normalized to the total number of labeled fibers in the descending CST in the most rostral 383 

section of C4; Figure 4C) of labeled axon fragments derived from the CST found in the spinal 384 

grey matter was determined for each animal using a maximum projection of 100 optical planes 385 

acquired over a 30 μM depth. Analyses were then repeated for 20 tissue sections, each separated 386 

by 210 m, for each animal (for a sample spanning 5000 m). In ChABC treated rats, extensive 387 

innervation of the cervical spinal grey matter by fibers emanating from the CST was apparent 388 

(Figure 4A). In contrast, control animals had very limited innervation of the cervical grey matter 389 

by CST fibers originating in peri-infarct cortex (Figure 4B). Significant main effects of treatment 390 

and hemisphere were observed for the average number (Two-way ANOVA, Treatment, F (1,32) = 391 

17.42, P = 0.0002; Hemisphere, F (1,32) = 12.32, P = 0.0014; Interaction, F (1,32) = 9.378, P = 392 

0.0044) and mean length of axon fragments in the spinal grey matter (Treatment, F(1,20) = 11.04, 393 

P = 0.0034; Hemisphere F(1,20) = 7.747, P = 0.0115 Interaction, F (1,20) = 5.163 P = 0.0343). Post 394 

hoc comparisons revealed significantly more axon fragments (Mean difference of 58.6  11.5 395 

fibers between groups; Holm Sidak, P < 0.0001) and longer axon fragments (Mean difference of 396 

29.1  7.4 m axon length between groups; P = 0.0038) in the contralesional grey matter (Figure 397 

4D-G). Moreover, CST fibers crossing over from the contralesional to the ipsilesional grey 398 

matter were observed in ChABC treated animals but not controls (Figure 4D and E). Analysis of 399 
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contralesional spinal cord showed a greater dorsal to ventral (Figure 4F) and medial to lateral 400 

(Figure 4G) distribution of fibers in the grey matter of ChABC treated animals compared to 401 

control treated animals. This greater distribution of CST fibers throughout the cervical grey 402 

matter in ChABC treated rats is apparent in camera lucida diagrams (Figure 4H and I). Fiber 403 

density heat plots illustrating the mean distribution of axon fragments confirmed that ChABC 404 

treatment promoted axonal sprouting throughout the cervical spinal grey matter with extensive 405 

innervation of lamina VII and lamina VI nearest to the CST (Figure 4J and K). Importantly, these 406 

effects could not be explained by differences in infarct volume, location or differences in tracer 407 

injections between treatment groups (Figure 2 A-F). 408 

 409 

ChABC potentiates task specific rehabilitative training during chronic stroke 410 

ChABC injection induced significant CST plasticity but only a moderate (in comparison) 411 

sensorimotor improvement. Exposing rats to rehabilitative training early after injury can reduce 412 

functional deficits but becomes ineffective during chronic stroke, potentially due to a closure of 413 

the critical period for heightened plasticity that follows in the weeks after stroke. Our anatomical 414 

data suggests that ChABC can recreate a window of heightened spinal plasticity in chronic 415 

stroke, which could in turn potentiate task specific training. To test this, rats were trained on the 416 

single pellet reaching task prior to stroke and tested 3, 7, 14, 21, 28, 35, 42, 49 and 56 days post 417 

stroke (Figure 5A). One day after injection with ChABC or Pen control (28 days post-stroke), 418 

rats were divided into groups that received either moderate task specific rehabilitative training 419 

(100 reaching attempts twice per day in the single pellet reaching apparatus) or high intensity 420 

training (1000 reaching attempts twice per day) on days 29-56 post-stroke. These paradigms 421 

were chosen to model moderate and intense rehabilitative training and determine whether 422 
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ChABC could make limited training more effective and/or remove plateaus that occur with 423 

intense training. Multivariate analyses revealed a significant interaction of time and treatment on 424 

reaching performance for both delayed moderate training (F(8,80)  = 7.344, P < 0.0001; Figure 5B) 425 

and delayed high intensity training (F(8,80 ) = 2.682, P = 0.0115; Figure 5C). In moderate training 426 

conditions, ChABC-treated rats exhibited significantly better reaching success (relative to 427 

controls) at 42 (Holm Sidak, P < 0.01), 49 (P < 0.001), and 56 (P < 0.01) days post-stroke. 428 

Notably, controls had only limited improvement from delayed moderate training, while ChABC 429 

treated rats showed a dramatic improvement in testing on day 42. This delay between ChABC 430 

injection and sensorimotor improvement is consistent with ChABC enzyme kinetics and with 431 

previous work in various models of CNS injuries showing that the timing of spinal therapy 432 

relative to rehabilitative training is crucial (Soleman et al., 2012; Garcia-Alias et al., 2009; Wahl 433 

et al., 2014). Both injection groups showed significant improvement in reaching performance 434 

during the high intensity training. However, ChABC injected rats exhibited superior performance 435 

at 49 (P < 0.05) and 56 days (P < 0.01) after stroke relative to controls. Surprisingly, reaching 436 

performance at 56 days post stroke was improved relative to baseline performance in ChABC 437 

treated rats (P < .05). In both the moderate and high intensity training groups, ChABC did not 438 

alter performance on the cylinder or induce any changes to spontaneous forelimb use preference 439 

(Figure 5D and E), nor did ChABC treatment induce aberrant mechanical sensitivity in von Frey 440 

test scoring (Figure 5F and G). While a main effect of time was observed in both assays 441 

(Cylinder task, F(1,80) = 85.57, P < 0.0001; von Frey test, F(1,80) = 207.5 , P < 0.001), there were 442 

no main effects of treatment or significant interactions or significant Holm-Sidak comparisons 443 

between time points after treatment.  444 

 445 
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Effects of delayed ChABC with early rehabilitative training 446 

The final experimental paradigm was designed to model permanent disability due to stroke even 447 

after extensive rehabilitation. Ideally, rehabilitative motor training is initiated early after stroke, 448 

as an early onset has been shown to exceed the benefits of delayed therapy in restoring 449 

behavioral performance in human clinical studies (Ottenbacher and Jannell, 1993; Paolucci et al., 450 

2000; Musicoo et al., 2003; Langhorne et al., 2010) and  preclinical animal studies (Risedal et 451 

al., 1999;  Farrell et al., 2001; Biernaskie et al., 2004; for review, see Murphy and Corbett, 2009; 452 

Krakauer et al., 2012; Tennant, 2014;Teasell et al., 2005; ). Rehabilitative training is continued 453 

into chronic stroke, though it loses efficacy with time and most patients remain disabled. To 454 

model this scenario, we delivered moderate task specific training starting 3 days post stroke and 455 

continuing for 56 days (Figure 6A). Early rehabilitative training induced marked improvement in 456 

skilled reaching and forelimb asymmetry in all animals by 28 days post stroke (from 3.4  0.5% 457 

of baseline post stroke to 74.2  4.5% of baseline in controls prior to treatment and from 4.4  458 

0.5% to 65.2  4.5% of baseline in ChABC groups prior to spinal injections). However, control 459 

animals showed minimal improvement in reaching score (16.8  5.0% improvement) with 460 

additional training between 28 and 56 days post stroke, while ChABC injection on day 28 461 

significantly potentiated the efficacy of rehabilitative training after treatment (52.4  4.2% 462 

improvement). Multivariate ANOVA identified a significant interaction between treatment and 463 

time (F(8,112) = 10.84, P < 0.0001; Figure 6B), and Holm-Sidak’s multiple comparisons revealed 464 

that ChABC treated animals had significantly better reaching performance than control animals 465 

at 42 ( P < 0.01),  49 (P < 0.00001) and 56 ( P < 0.00001) days post stroke (despite an initial 466 

impairment relative to controls at 35 days post stroke (P < 0.05; Figure 6B)). There was no 467 

significant effect of treatment on cylinder reaching forelimb use scores; however, post hoc 468 
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comparisons based on a significant main effect of time (F(8,126) = 48.128, P < 0.0001) suggest that 469 

ChABC treated rats used their stroke affected limb significantly more on days 42 (P < 0.001), 49 470 

(P < 0.001) 56 (P < 0.0001) than on day 28 (pre-treatment). The same effect was not observed in 471 

controls (Figure 6C). As in the case of the delayed training groups, there was a significant effect 472 

of time (F(8,112) = 19.71, P < 0.0001) but no effect of ChABC injection on mechanical sensitivity 473 

or significant comparisons between time points after treatment (Figure 6D).  474 

 475 

Effects of combined therapy on CST and serotonergic innervation of the cervical cord   476 

Analysis of anterograde tracers injected into peri-infarct motor cortex shows that rats that 477 

received training paired with ChABC exhibited significantly higher fiber counts (contralesional 478 

grey matter, F(1,54) = 201.0, P < 0.0001; ipsilesional, F(1,54) = 130.3, P < 0.0001) (Figure 7G) and 479 

significantly greater fiber lengths (F(1,54) = 91.50, P < 0.0001) (Figure 7H) than rats that received 480 

training paired with Pen injection. High intensity training resulted in a greater number (but not 481 

length) of fibers on the contralesional side than the early (P < 0.05) or delayed moderate (P < 482 

0.001) training groups (Figure 7G and H). Notably, ChABC treated animals in the early 483 

rehabilitative training group exhibited a 20-fold increase in the number of fibers relative to 484 

controls, while animals in the delayed moderate and delayed high intensity training groups 485 

exhibited 5-fold and 16-fold increases in fiber number relative to controls. Importantly, there was 486 

no difference in infarct volume or locations of anterograde tracer injections between treatment 487 

groups in any of the studies involving rehabilitative training (Figure 2 A-F). 488 

ChABC induced significant sprouting of CST derived axons in the spinal cord. While 489 

nociceptive fibers in the dorsal spinal cord were not assessed, the lack of behavioral effects on 490 

tests of pain sensitivity suggests that significant sprouting did not occur. To further assess 491 
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whether structural plasticity induced by ChABC was specific to the CST, the density of 492 

serotonergic axons projecting to the grey matter of the cervical spinal cord at the C4 level was 493 

also assessed. Moreover, because the serotonergic system has been reported to be involved in 494 

compensatory mechanisms and recovery that follows spinal injury, and because serotonin has a 495 

crucial role in regulating the excitability of spinal motor neurons (Hounsgaard et al., 1988), 496 

plasticity of the serotonergic projections may contribute to recovery. A significant main effect of 497 

treatment paradigm on serotonergic fiber density in the contralesional spinal cord was observed 498 

(ANOVA, F(8, 36) = 7.428, P < 0.0001). Serotonergic fiber density was reduced by stroke (P < .05 499 

relative to sham-stroke controls), an effect that was not reversed by ChABC alone (P > .05 500 

relative to shams). However, when ChABC was paired with moderate or intense delayed 501 

rehabilitative training (Figure 8A and C), serotonergic innervation was not significantly different 502 

from sham-stroke controls. Pen controls still exhibited significantly reduced serotonergic fiber 503 

density relative to controls (P < 0.01). Notably, early rehabilitative training restored serotonergic 504 

axon density in controls and ChABC treated rats, though a trend toward synergistic effect 505 

remained.  506 

 507 

Discussion 508 

Almost all recovery after stroke occurs in the first few weeks after injury. Even with 509 

extensive and sustained rehabilitative training, sensorimotor recovery peaks by four weeks in 510 

rodents (Biernaskie et al., 2004; Hsu and Jones, 2006; Alaverdashcili et al., 2008) and three 511 

months in humans (Andrews et al., 1981; Skilbeck et al., 1983; Wade et al., 1983; Smith et al., 512 

1985; Duncan et al., 1992; Nakayama et al., 1994; Lo et al., 2010; for reviews see: Steinberg and 513 

Augustine, 1997; Krakauer et al., 2012; Wahl and Schwab, 2014; Teasell et al., 2005). Moreover, 514 
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the contribution of rehabilitative motor training to this recovery has been questioned. Neutral or 515 

negative results in randomized clinical trials have led to questions about the efficacy with which 516 

rehabilitative training can improve function above spontaneous biological recovery (Lowry, 517 

2010; Krakauer and Marshall, 2015; Bernhardt et al., 2015; Winstein et al., 2016). In this project, 518 

we investigated if ChABC therapy delivered to the spinal cord during the chronic phase of stroke 519 

recovery could improve recovery and augment rehabilitation even after the optimal window for 520 

recovery that follows early after stroke. Despite notable increases in the number, length, and 521 

distribution of CST axons originating in peri-infarct cortex and projecting to the cervical grey 522 

matter, there was only limited functional benefit of ChABC alone (without rehabilitative 523 

training). This is not entirely surprising as previous studies in C4 spinal cord injury models 524 

indicated that ChABC only allowed for improvement in sensorimotor function when combined 525 

with rehabilitation (Garcia-Alias et al., 2009). Similar findings have been reported with other 526 

plasticity promoting treatments such as intracortical brain derived neurotrophic factor (Vavrek et 527 

al., 2006; Weishaupt et al., 2013). To determine if this enhanced plasticity could be harnessed to 528 

rekindle the effectiveness of task specific training, we paired ChABC with delayed reaching 529 

training in the single pellet task. Delayed rehabilitative training of moderate intensity was 530 

ineffective when paired with control injection, but ChABC paired with training induced 531 

significant improvement. Rats that underwent intense reaching training starting after ChABC 532 

injection on day 28 showed significant improvement, with the ChABC treated animals again 533 

performing significantly better than controls. To model stroke patients who receive early 534 

rehabilitation that is continued through to chronic stroke, but who’s recovery plateaus in the 535 

weeks following the initial injury, another cohort of rats received moderate rehabilitative training 536 

starting three days after stroke and continuing for eight weeks. Notably, while rehabilitative 537 
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training efficacy plateaued by 28 days after stroke and was not significantly improved by control 538 

injection, rats exhibited amplified training-induced recovery after intraspinal ChABC at 28 days. 539 

These data suggest that intraspinal ChABC can significantly improve training induced recovery 540 

in a model approximating chronic stroke patients. Consistent with previous preclinical (Wang et 541 

al., 2016; El Amika et al., 2017) and clinical studies (Lang et al., 2009; Sunderland et al., 1992; 542 

Kwakkel et al., 1997 Kwakkel et al., 1999), our paradigm of extremely intense rehabilitative 543 

training (2000 reaches per day) was associated with the best sensorimotor improvement. More 544 

moderate rehabilitative training (200 reaches per day) was effective when initiated early after 545 

stroke (with a plateau in recovery after two to three weeks), but provided less benefit when 546 

initiated 28 days after stroke. In all groups, rehabilitative training was improved by intraspinal 547 

ChABC at 28 days after stroke, suggesting that optimal rehabilitation can be attained by 548 

combining pro-plasticity therapy with training.  549 

While our treatments were designed to “reopen” the window for plasticity, the efficacy of 550 

intense rehabilitative training in improving reaching performance during chronic stroke even 551 

without ChABC injection suggests that the window for plasticity was not completely ended by 552 

four weeks after stroke. Indeed, the magnitude of the gains due to rehabilitation (particularly 553 

intense training) were greater than the additional benefit of adding ChABC. However, our data 554 

suggests that ChABC can potentiate plasticity of the CST and improve delayed rehabilitative 555 

training. Spinal treatment improved the efficacy of a moderate level of rehabilitation and also 556 

amplified the efficacy of rehabilitative training performed at maximum intensities (overcoming 557 

potential ceiling effects of intense training). Given that the efficacy of training after stroke has 558 

been questioned in light of negative results in clinical trials, a treatment that can make moderate 559 

or intense rehabilitation paradigms more effective is promising. Studies using an even longer 560 



 

23 

recovery period would be needed to conclusively demonstrate a “reopening” of the critical 561 

period for recovery. The efficacy of intense rehabilitation administered during chronic stroke has 562 

been reported in stroke patients undergoing intense training. For example, clinical investigations 563 

of constrained induced movement therapy starting 3 to 9 months after stroke that demonstrated 564 

that intense training can induce improvement in arm function for stroke patients even during 565 

chronic stroke (Wolf et al., 2006; McIntyre et al., 2012; Lang et al., 2013). Similarly, preclinical 566 

studies of chronic spinal cord injury have shown that ChABC can improve outcome (Garcia-567 

Alias et al., 2009) and the effects ChABC administered at time points early after spinal injury are 568 

amplified with training (Garcia-Alias et al., 2009). 569 

Intraspinal ChABC exhibited a pro-plasticity effect on CST axons originating in peri-570 

infarct cortex. Several studies have shown that plasticity enhancing treatments increase sprouting 571 

of the uninjured CST into the stroke-deinnervated hemicord and improve recovery from cortical 572 

injury, and that blocking the sprouting of these fibers impairs sensorimotor recovery (Soleman et 573 

al., 2012; Wahl et al., 2014). However, while the plasticity of the uninjured CST has been 574 

elegantly demonstrated to contribute to recovery in animal models (stroke: Soleman et al., 2012; 575 

Wahl et al., 2014; traumatic brain injury model: Ueno et al., 2012; spinal injury: Cafferty and 576 

Strittmatter, (2006); Starkey et al., 2012; CST brain stem lesions: Thallmair et al., 1998) clinical 577 

studies of cortical reorganization after stroke suggest that better recovery is associated with 578 

reorganization close to the site of injury (Fridman et al.,  2004; Johansen-Berg et al., 2002a, 579 

2002b) as opposed to reorganization in distal regions such as the contralateral cortex (Calautti 580 

and Baron 2003; Schaechter, 2004). Thus, we were interested in whether significant sprouting of 581 

spared peri-infarct CST projections would occur with spinal therapy. Our data confirms plasticity 582 

of the perilesional CST, though the relative contributions of uninjured and spared CST to post-583 
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stroke recovery, as well as contributions from plasticity in local spinal connections, remain to be 584 

investigated.  585 

By inducing sprouting of nociceptive fibers, intraspinal ChABC could potentiate 586 

mechanical sensitivity and induce hyperalgesia. However, von Frey hair testing did not indicate 587 

the development of pathological pain circuitry, as hyperalgesia (reduced PWMTs relative to 588 

baseline) was not observed in any treatment groups. Our data did suggest an interaction between 589 

ChABC treatment, rehabilitative training, and the density of serotonergic innervation of the 590 

cervical spinal cord. While ChABC alone did not induce an increase in serotonergic fiber 591 

density, ChABC paired with delayed training significantly increased serotonergic innervation. 592 

Following spinal cord injury, serotonergic input is lost to regions of the spinal cord distal to the 593 

site of injury (Fong et al., 2005). Interestingly, our data suggest that cortical stroke also 594 

significantly reduces serotonergic innervation of the spinal cord, despite the lack of overt injury 595 

to serotonergic fibers. Direct application of serotonin to deinnervated spinal cord sites restores 596 

spinal excitability and can improve motor function (Fong et al., 2005), indicating that restoration 597 

of serotonergic innervation is important for motor recovery after injury (Giménez et al., 1995; 598 

Leszczynska et al., 2015). Removal of growth inhibitory factors in the glial scar potentiates 599 

regrowth of serotonergic fibers and improves recovery after spinal cord injury (Giménez et al., 600 

1995; Camand et al., 2004; Müllner et al., 2008). While spontaneous regrowth of serotonergic 601 

fibers after spinal injury occurs over the first four weeks after spinal injury (Leszczynska et al., 602 

2015), there is evidence that suggests serotonergic neurons have late intrinsic growth programs 603 

and continue to sprout over long periods (1-6 months) after injury (Li and Raisman, 1995; Hill et 604 

al., 2001; Filli et al., 2011). Increased serotonergic fiber density is one postulated mechanism of 605 

improved sensory motor recovery in ChABC treated and rehabilitated animals after spinal injury 606 
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(Jacobs et al., 2002). Moreover, increases in the length of serotonergic fibers after injury 607 

correlate with improvement in both inter- and intra limb coordination (Leszczynska et al., 2015), 608 

which are crucial in skilled reaching tasks.  609 

 In summary, our data show that removal of growth inhibitory CSPGs in the spinal cord of 610 

rats during chronic stroke can augment structural plasticity in the spared CST, amplify the 611 

functional benefit of delayed rehabilitative training, and induce improved training efficacy after 612 

the period for optimal rehabilitation efficacy. These data therefore suggest that the permanent 613 

disability affecting millions of individuals living with the chronic effects of stroke may be 614 

treatable with spinal therapy and rehabilitation initiated even months or years after the stroke. 615 

Our data also emphasize that inducing a state of plasticity is not sufficient to induce recovery, 616 

and that combining such therapies with rehabilitative training is required for optimal recovery 617 

(Girgis et al., 2007).  618 

 619 

  620 
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Figure Legends  841 

Figure 1. 842 

Experimental design. (A) Stroke induces sensorimotor impairment in rats that recover over the 843 

weeks following injury. Skilled reaching recovers over the first four weeks, but plateaus after 844 

this point. Spontaneous forelimb use preference shows a similar time course, with no further 845 

recovery after four weeks. If cortical lesions include the somatosensory cortex, mechanical 846 

sensitivity is impaired and shows partial recovery by four weeks. (B) The time course of post 847 

stroke recovery corresponds with relative changes in cervical spinal cord protein expression 848 

associated with plasticity and nerve regrowth promotion. Periods of heightened sensorimotor 849 

recovery coincide with periods of peak expression of trophic factor GAP-43 in the spinal cord. 850 

Plateaued recovery coincides with a return to baseline levels of this cytokine (Sist et al., 2014). 851 

Our experiments were designed to test the hypothesis that spinal microinjection of ChABC can 852 

augment plasticity of the corticospinal tract and improve recovery even during chronic stroke, 853 

after this period of heightened plasticity has ended. (C) The experimental timeline of task 854 

specific training and testing relative to the performed surgical procedures to test this hypothesis. 855 

(D) Schematic illustrating targeted ischemic stroke over the forelimb sensorimotor cortex (grey 856 

circle), the location of anterograde tracer injection medial to the ischemic infarct to label axons 857 

descending in the corticospinal tract (green line), and the location of spinal injection of ChABC 858 

or Pen (control enzyme) at 28 days post stroke (red triangle). (E) Illustration of coronal section 859 

(+1.00 anterior of Bregma) demonstrating average size and stereotactic location of induced 860 

ischemic lesion. (F) Representative confocal differential interference contrast image of infarct 68 861 

days post injury (10x, scale bar 1000 μm) (G) Illustration of a transverse section at cervical 862 

vertebrae 5, with tracer labeled axons in contralesional CST. (H) Representative image of rat 863 
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corticospinal tract axons labeled with Anterograde Alexa-488 tagged dextran tracers (visualized 864 

using spectral settings for the FITC emission spectrum on the confocal microscope) are shown in 865 

green. Images were also collected using a Rhodamine filter set to confirm that fluorescence from 866 

axon fragments were specific to the tracer as shown in red (10x, scale bar 2000 μm). 867 

 868 

Figure 2.  869 

Stroke volumes and location of stroke and anterograde tracer injections. Average stroke 870 

size of animals treated with ChABC or Pen receiving (A) no rehab, (B) delayed rehab or (C) 871 

Early rehab. (A) There were no significant difference in the stroke volumes between ChABC 872 

treated or Pen control groups which receiving no rehabilitative training (two tailed t-test; P = 873 

0.92, t=0.10, df=18), (B) delayed rehabilitative training (P = 0.78, t = 0.28, df = 14) (C) or early 874 

rehabilitative training (P = 0.67, t = 0.44, df =14).  (D-F) Cortical map showing the 875 

topographical location of induced stroke and tracer injections of ten animals from each of the (D) 876 

no rehab, (E) delayed rehab and (F) early rehab groups. (G) Topographical cortical map showing 877 

the average location and area of stroke across all experimental groups and the average location of 878 

the two tracer injections. (H) Stack of coronal brain sections showing the average location and 879 

depth of stroke and injected cortical tracers. (I, J) Representative images of the anterograde 880 

Alexa-488 tagged tracer cortical injection sites medial to stroke lesion, tracer in green (visualized 881 

using spectral settings for the FITC emission spectrum on the confocal microscope; 10 x, Scale 882 

bars, 2000 μm).  (K-N) Spinal cord cross sections showing full length or undigested CSPGs 883 

labeled with Wisteria Floribunda Lectin and Alexa flouro 647 (visualized using spectral settings 884 

for the CY5 emission spectrum on the confocal microscope) in purple (K) Pen treated and (M) 885 

ChABC treated animals 56 days after injection (5x; Scale bar, 4000 μm). (L, N) High 886 
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magnification images (20x; Scale bar 200 μm) of Wisteria Floribunda Lectin with Alexa flouro 887 

647 in purple from area delineated with white boxes in K, M. (O-R) Spinal cord cross sections 888 

showing digested CSPG stubs labeled with anti-chondroitin-4-sulfate and Alexa flouro 488 889 

(visualized using spectral settings for the FITC emission spectrum on the confocal microscope) 890 

in blue of (O) Pen treated and (Q) ChABC treated animals 56 days after injection (5x; Scale bar, 891 

4000 μm). (P, R) High magnification images (20x; Scale bar, 200 μm) of anti-chondroitin-4-892 

sulfate and Alexa flouro 488 in blue from area delineated with white boxes in O, Q. (S-V) 893 

merged images of undigested CSPG labeled with Wisteria Floribunda Lectin with Alexa flouro 894 

647 in purple and digested CSPG stubs labeled with anti-chondroitin-4-sulfate and Alexa flouro 895 

688 in blue from (K,O) Pen and (M,Q) Chabc treated animals at 5x (Scale bar, 4000 μm) (S,U) 896 

and 20x (Scale bar, 200 μm) (T,V) magnification. 897 

 898 

Figure 3.  899 

ChABC administered during chronic stroke without task-specific training moderately 900 

improves recovery. (A) Timeline showing behavioral testing and surgical procedures. (B) 901 

Skilled reaching in the Montoya Staircase Task. There was no significant main effect of ChABC 902 

(relative to Pen controls) or time x treatment interaction (P > 0.05), however a significant effect 903 

of time was detected (P < 0.0001). Holm-Sidak post hoc comparisons within each treatment 904 

group (between time points) identified impaired reaching performance at post-stroke day 7 that 905 

improved by post-stroke day 42 and 56 (P < .05). However, only the ChABC group showed 906 

significant improvement after spinal injections, with improved performance at post-stroke day 56 907 

(x, P < 0.05) relative to day 28. (C) There was no effect of time or treatment in sham-stroke 908 

controls (P > 0 .05). (D) There was no significant effect of treatment on spontaneous forelimb 909 
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use measured in the cylinder task (P > .05), however there was a significant main effect of time 910 

(P< 0.0001). There were also no significant differences in performance between 28 and 56 days 911 

in either group. (E) There was no effect of time or treatment in sham-stroke controls (P >.05). 912 

(F) A significant effect of time and interaction was detected in measures of mechanical 913 

sensitivity (time, P < 0.0001; interaction, P = 0.0249), but there were no significant differences 914 

between treatment groups at any time point after stroke. (H) There was no effect of time or 915 

treatment on mechanical sensitivity in sham-stroke animals.  916 

 917 

Figure 4.  918 

Delayed ChABC induces axonal sprouting of stroke deinnervated axons. (A,B) Confocal 919 

microscopy of axons labeled with anterograde Alexa-488 tagged dextran tracers (visualized 920 

using spectral settings for the FITC emission spectrum on the confocal microscope) are shown in 921 

in green. Images were also collected using a Rhodamine filter set to confirm that fluorescence 922 

from axon fragments were specific to the tracer (10 x, Scale bars, 2 mm). (A) terminals (arrows) 923 

in the contralesional (stroke-denervated) CST (outlined in red) and the contralesional and 924 

ipsilesional spinal cord grey matter in transverse sections spanning C4 and C5 of the cervical 925 

spinal cord of ChABC treated rat. (B) A transverse section through C4 in a Pen control rat. Note 926 

the reduced density of labeled axon fragments from the CST in the grey matter relative to the 927 

ChABC treated animal in (A). (C) Following stroke there was no significant difference in the 928 

number of labeled fibers in the CST between treatment groups (P = 0.38; two-tailed t = 0.91, df 929 

= 16). (D) A significant main effect of treatment on the number of labeled axon fragments in the 930 

cervical grey matter was detected (P = 0.0002). Significantly more fibers were found in the 931 

spinal grey matter contralateral to the cortical infarct of ChABC treated animals (***, P < 932 
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0.001). (E) There was a significant effect treatment (P = 0.0034) on the average length of axon 933 

fragments in the spinal grey matter (normalized within animals to the total number of labeled 934 

fibers in the CST), with post hoc comparisons confirming greater axon length in the contralateral 935 

spinal grey matter of ChABC treated animals (**, P < 0.01). (F) ChABC increases dorsal to 936 

ventral and (G) medial to lateral distribution of fibers in the grey matter of the contralesional 937 

cervical spinal cord. (H) Camera lucida overlay tracings and density heat maps (J, K) showing 938 

considerably increased density and distribution of axon fragments after ChABC treatment 939 

relative to Pen controls.  940 

 941 

Figure 5.  942 

ChABC with delayed rehabilitative training of moderate or high intensity improves 943 

functional outcome. (A) Timeline showing delayed rehabilitative training starting 28 days post 944 

injury. (B) Skilled reaching performance in the single pellet reaching task. There was a 945 

significant effect of time (P < 0.0001) and a significant time x treatment interaction (P < 0.0001). 946 

Holm-Sidak’s multiple comparisons were used to compare the reaching performance of ChABC 947 

treated animals with Pen controls receiving the same training at each time point. ChABC treated 948 

animals performed significantly better than the Pen controls after treatment at 42 (**, P <0.01), 949 

49 (***, P <0.001) and 56 (**, P <0.01) days post stroke. There were no differences at time 950 

points prior to intraspinal injections. (C) ChABC rats and Pen controls that received high 951 

intensity training recovered to pre-stroke forelimb reaching performance. There was a significant 952 

interaction of time x treatment (F(8,80 )= 2.682, P = 0.0115) as well as a significant effect of time 953 

(P < 0.0001). ChABC treated animals performed significantly better than Pen controls at 49 (*, P 954 

< 0.05) and 56 (**, P < 0.01) days after stroke. (D, E) Animals receiving ChABC or Pen 955 
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injections after injury combined with delayed rehabilitative training of moderate (D) or high 956 

intensity (D) exhibited no significant effect of treatment or interaction of time and treatment on 957 

the cylinder task to assess forelimb use preference. (F, G) Similarly, mechanical sensitivity was 958 

unaffected by ChABC or Pen treatment.  959 

 960 

Figure 6:  961 

ChABC paired with early moderate rehabilitative training induced significant recovery of 962 

sensorimotor function. (A) Timeline of testing, surgical procedures and training beginning 3 963 

days post stroke. (B) There was a significant effect of time (P < 0.0001) and a significant 964 

interaction of treatment x time (P < 0.0001) in rats treated with moderate rehabilitative training 965 

early after stroke. Notably, ChABC treated animals had significantly better reaching 966 

performance than Pen controls at 42 (**, P < 0.01), 49 (****, P < 0.00001) and 56 (****, P < 967 

0.00001) days post stroke (despite the fact that ChABC animals actually preformed significantly 968 

worse than Pen treated animals at 35 days post stroke (*, P < 0.05)). (C) There was no 969 

significant effect of treatment in the cylinder task testing, however there was a significant effect 970 

of time (P < 0.0001). Within group post hoc comparisons revealed that only the ChABC treated 971 

animals significantly increased use of their affected limb on days 42 (xxx, P < 0.001), 49 ( xxxx, P 972 

< 0.0001) and 56 ( xxxx, P < 0.0001) post stroke when compared to day 28 limb use preference. 973 

(D) There were no treatment effects or significant interactions on assays of mechanical 974 

sensitivity. 975 

 976 

Figure 7:  977 
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Histological analysis of anterograde tracer in animals receiving rehabilitative training. (A-978 

F) Confocal microscopy of transverse sections through C4 showing CST fibers originating from 979 

injections in the peri-infarct cortex labeled with Anterograde Alexa-488 tagged dextran tracers 980 

(visualized using spectral settings for the FITC emission spectrum on the confocal microscope) 981 

in green. Images were also collected using a Rhodamine filter set to confirm that fluorescence 982 

from axon fragments were specific to the tracer, in red. Representative sections are shown for 983 

animals receiving ChABC or Pen injection in the different rehabilitative training groups (Scale 984 

bars, 2mm). (G) Grey matter fiber counts showed a significant effect of treatment in both 985 

contralesional (P < 0.0001) and ipsilesional (P < 0.0001) grey matter. Significantly greater 986 

numbers of axon fragments were found in all ChABC treated groups relative to Pen controls 987 

receiving the same training (****, P < 0.0001). Notably, there was also a significant main effect 988 

of training on the contralesional side (P = 0.0153) and a significant interaction (P = 0.027), with 989 

delayed high intensity training significantly increased the number of labeled axon fragments in 990 

the grey matter in ChABC treated animals relative to ChABC treated animals receiving delayed 991 

(+++, P < 0.001) or early (+, P < 0.05) training at a moderate intensity. (H) A significant main 992 

effect of treatment (P < 0.0001) was found on measures of average axon length in the spinal grey 993 

matter, with significantly greater axon length in ChABC treated animals (****, P < 0.0001) 994 

relative to Pen controls in every training group. There was no main effect of training group or 995 

significant interaction.  996 

 997 

Figure 8:  998 

Changes in serotonergic fiber distribution in the cervical spinal cord (C4) grey matter. (A) 999 

Serotonergic fibers from the area of the ventral horn delineated in (B) from ChABC-treated rats 1000 
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or Pen controls under different training paradigms. Serotonergic fibers are labeled with anti-1001 

serotonin antibody and texas red (visualized using spectral settings for the Cy3 emission 1002 

spectrum on the confocal microscope) at 10x magnification Scale bar, 100 m. (B) Schematic 1003 

diagram of the C4/C5 transverse spinal cord. Red box delineates area of ventral horn grey matter 1004 

selected for optical density quantification. (C) There was a significant main effect of treatment 1005 

group on serotonergic density in the contralesional spinal grey matter (ANOVA, P < 0.0001). 1006 

Notably, stroke significantly reduced contralesional serotonergic density relative to sham 1007 

animals, and this effect was not altered by ChABC treatment alone (without rehabilitative 1008 

training; ***, P < 0.001). However, in ChABC treated animals receiving delayed training (both 1009 

moderate and high intensity), there was no statically significant difference relative to shams. Pen 1010 

controls receiving delayed training exhibited significantly reduced serotonergic density (**, P < 1011 

0.01; *, P < 0.05). Early rehabilitative training recovered serotonergic density, with no 1012 

significant difference between ChABC-treated rats and Pen controls.  1013 

 1014 

 1015 

 1016 

 1017 

 1018 

 1019 

 1020 

 1021 


















