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Abstract 34 
 
 After an incomplete spinal cord injury (SCI) spontaneous motor recovery can occur in 35 

mammals, but the underlying neural substrates remain poorly understood. The motor cortex is 36 

crucial for skilled motor learning and the voluntary control of movement and is known to 37 

reorganize after cortical injury to promote recovery. Motor cortex plasticity has also been shown 38 

to parallel the recovery of forelimb function after cervical SCI, but whether cortical plasticity 39 

participates in hindlimb recovery after SCI remains unresolved. Using intracortical 40 

microstimulation (ICMS) mapping, behavioural and cortical inactivation techniques in the 41 

female Long-Evans rat, we evaluated the spontaneous cortical mechanisms of hindlimb motor 42 

recovery 1-5 weeks after lateral hemisection of the thoracic (T8) spinal cord that ablated the 43 

crossed corticospinal tract (CST) from the contralesional motor cortex while sparing the majority 44 

of the CST from the ipsilesional motor cortex. Hemisection initially impaired hindlimb motor 45 

function bilaterally but significant recovery occurred during the first three weeks. ICMS revealed 46 

time-dependent changes in motor cortex organization, characterized by a chronic abolishment of 47 

hindlimb motor representation in the contralesional motor cortex and the development of 48 

transient bilateral hindlimb representation in the ipsilesional motor cortex 3 weeks after 49 

hemisection, when significant behavioural recovery occurred. Consistently, reversible 50 

inactivation of the ipsilesional, but not the contralesional motor cortex, during skilled ladder 51 

walking 3 weeks after hemisection reinstated deficits in both hindlimbs. These findings indicate 52 

that the ipsilesional motor cortex transiently reorganizes after lateral hemisection of the thoracic 53 

spinal cord to support recovery of hindlimb motor function.  54 
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Significance Statement 55 

Partial motor recovery can occur after an incomplete spinal cord injury and is 56 

hypothesized to result from the reorganization of spared descending motor pathways. The motor 57 

cortex is crucial for the control of voluntary movement and contains topographical movement 58 

representations (motor maps) that are highly plastic. We examined the organization of hindlimb 59 

motor maps bilaterally after a lateral hemisection of the spinal cord to show that while motor 60 

maps are abolished in the de-efferented cortex, the spared ipsilesional cortex transiently 61 

reorganizes to gain a representation of the affected hindlimb after injury that relates to recovery. 62 

This finding demonstrates that plasticity in the ipsilesional motor cortex at early time points after 63 

spinal cord hemisection is initially important to support motor recovery. 64 

Introduction 65 

The motor cortex is crucial for skilled motor learning and voluntary control of movement. 66 

Motor repertoire is somatotopically mapped onto the cortex, and cortical movement 67 

representations (motor maps) are highly plastic in humans (Cohen et al., 1991; Classen et al., 68 

1998; Karni et al., 1998), primates (Nudo et al., 1996), and rats (Kleim et al., 2004), exhibiting 69 

reorganization tuned by experience. Following damage to the motor cortex, motor maps can 70 

reorganize to regain representation of affected body parts that were lost initially after the injury 71 

(Wittenberg, 2010). Motor map reorganization is observed after damage to the motor cortex in 72 

both stroke (Nudo and Milliken, 1996; Traversa et al., 1997; Biernaskie and Corbett, 2001; 73 

Touvykine et al., 2016) and traumatic brain injury (Nishibe et al., 2010; Combs et al., 2016), as 74 

well as after spinal cord injury (SCI) (Girgis et al., 2007; Martinez et al., 2010; Oza and Giszter, 75 

2014; Hilton et al., 2016). 76 
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After unilateral cervical SCI in the rat that disrupts corticospinal tract (CST) fibers from 77 

the opposite motor cortex (contralesional), the forelimb on the side of the lesion (ipsilesional) 78 

partially recovers spontaneously during the first month, despite persistent deficits in distal 79 

movements (Martinez et al., 2010). While the overall forelimb motor map size in the de-80 

efferented contralesional motor cortex is drastically reduced after injury, the representation of 81 

proximal movements is significantly increased and is consistent with recovery (Martinez et al., 82 

2010). Skilled training of the ipsilesional forelimb after SCI has further been shown to facilitate 83 

recovery of distal movements and is paralleled by an expansion of wrist representation in the 84 

contralesional motor cortex (Girgis et al., 2007). Although the cortical mechanisms of forelimb 85 

recovery after SCI have received attention, there are only a few reports on the reorganization of 86 

hindlimb motor cortex and hindlimb motor recovery after SCI. Among these studies, almost all 87 

have focused on examining spontaneous reorganization of the de-efferented motor cortex and 88 

consistently show an abolishment of hindlimb motor maps for up to four weeks after injury 89 

(Fouad et al., 2001; Frost et al., 2015; Manohar et al., 2017). Hindlimb motor maps are re-90 

established in the de-efferented cortex 12 weeks after unilateral SCI due to intraspinal axonal 91 

remodeling, however, this occurs long after the time in which maximal recovery is observed 92 

(Bareyre et al., 2004). After unilateral motor cortex injury, reorganization of motor maps in the 93 

uninjured hemisphere is observed and may contribute to functional recovery (Axelson et al., 94 

2013). The question of whether similar plasticity in hindlimb motor cortex with residual CST 95 

connectivity to the spinal cord at early time points after unilateral SCI participates in hindlimb 96 

motor recovery is not known.  97 

 In this study, we combined behavioral, electrophysiological and in vivo cortical 98 

inactivation techniques to evaluate whether hindlimb motor cortex spontaneously, in the absence 99 
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of any specific rehabilitation training, reorganizes after unilateral SCI and whether cortical 100 

plasticity relates to functional motor recovery. Following lateral hemisection of the thoracic (T8) 101 

spinal cord in rats, in which the main dorsomedial and the minor dorsolateral CST fibers from 102 

the ipsi- and contralesional motor cortex are respectively spared and disrupted, we evaluated 103 

locomotor performance and hindlimb motor map organization bilaterally in the intact state and 104 

for five weeks after injury using intracortical microstimulation (ICMS). Hemisection initially 105 

impaired hindlimb motor function bilaterally but significant partial recovery occurred by the 106 

third week. Recovery was paralleled by dynamic bilateral cortical changes, characterized by a 107 

transient re-establishment of representation of the affected hindlimb in the ipsilesional motor 108 

cortex and a chronic abolishment of hindlimb motor maps in the contralesional motor cortex. 109 

Consistently, cortical inactivation of the ipsi-, but not contralesional, motor cortex induced 110 

bilateral hindlimb deficits three weeks after hemisection, but not in the intact state. Results 111 

suggest a role for transient ipsilesional motor cortex plasticity in supporting spontaneous partial 112 

hindlimb motor recovery after unilateral SCI in the rat. This work has been presented in abstract 113 

form (Brown and Martinez, 2016). 114 

Materials and Methods 115 

Animals 116 

 One hundred and twenty-seven young-adult female Long-Evans rats between 12-16 117 

weeks of age (221-307g) at the time of electrophysiological mapping were used in this study. All 118 

rats were obtained from Charles River (rat line 006, Kingston, NY) and housed individually in 119 

clear polycarbonate cages in a colony room maintained on a 12h light/dark cycle at 21°C. Rats 120 

were provided free access to food and water (Prolab RMH 2500 lab diet, PMI Nutrition 121 

International, Brentwood, MO, USA) throughout the duration of their housing. For ICMS 122 
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experiments, 69 rats were excluded from analyses due do either incomplete damage to the 123 

ipsilesional dorsal CST or overextended damage to the contralesional CST and right cord (n = 124 

65), or inconsistent anaesthetic plane and evoked movements during ICMS (n = 4). For cortical 125 

inactivation experiments, 4 rats were excluded from analyses due do overextended damage to the 126 

contralesional CST (n = 3) or headcap loss (n = 1). Of the 54 rats included in the results, 127 

experimentation for 22 was conducted at Université de Montréal, and for 32 at the University of 128 

Calgary. No differences were observed between experiments performed at the two different 129 

locations with respect to lesion size, behavioural measures, or motor map organization (t-tests, 130 

all p > .05). All procedures followed the guidelines of the Canadian Council on Animal Care and 131 

were approved by the Health Sciences Animal Care Committee of the University of Calgary 132 

(protocol #AC14-0145) and the ethics committee at the Université de Montréal (protocol #15-133 

125).  134 

Experimental approach 135 

 Global locomotor and postural abilities were first examined during locomotion in the 136 

open-field. On the same day, ICMS was used to assess the organization of hindlimb motor maps 137 

within both cortices either in the intact state or at the end of a recovery period ranging 1-5 weeks 138 

following a lateral hemisection of the thoracic (T8) spinal cord in a between-groups time-course 139 

design in separate groups of rats (6 groups, n = 8 per group; Figure 1A-B). Next, we investigated 140 

the contribution of the ipsi- and contralesional motor cortex to hindlimb recovery using 141 

reversible cortical inactivation during ladder walking prior to and following hemisection in a 142 

within-subjects design in 3 rats with 5 trials conducted under each inactivation condition and 143 

time point (Figure. 1C). Cortical inactivation was achieved using chronically implanted 144 

cryoloops targeting the hindlimb motor cortex bilaterally. Following a week of recovery, 145 
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baseline horizontal ladder walking performance was assessed before and during inactivation of 146 

either the ipsi- or contralesional cortex. Implanted rats were then subjected to a lateral 147 

hemisection of the thoracic (T8) spinal cord and underwent weekly behavioural assessment on 148 

the horizontal ladder before and during inactivation of either the ipsi- or contralesional motor 149 

cortex for 5 weeks.  150 

Spinal cord injury 151 

 Anesthesia was induced with a mixture of isoflurane (3% induction, 0.5-3% 152 

maintenance) and oxygen. Once anaesthetized, the trunk was shaved, disinfected with iodine, 153 

and the rat placed in a stereotaxic frame. Core body temperature was monitored continuously by 154 

rectal thermometer and maintained at 37°C using a feedback-controlled heating pad. Under 155 

aseptic conditions, a 2 cm midline incision in the skin was made overlaying the T6-T10 156 

vertebrae, identified by palpitation from the protuberance of the 2nd thoracic vertebra (Vichaya et 157 

al., 2009). The skin and superficial muscles were retracted and the paravertebral muscles 158 

inserting on the dorsal aspect of the T7-T9 vertebra were dissected. A bilateral laminectomy of 159 

the T8 vertebra exposed the dorsal surface of the spinal cord, the dura was incised, and droplets 160 

of Lidocaine (2%) were applied to the spinal cord to decrease spinal reflexes. A lateral 161 

hemisection of the left side of the spinal cord was performed under microscope visualization 162 

with a dissecting knife and completed with iridectomy scissors. Gelfoam (Pfizer) was placed 163 

over the exposed cord as well in the cavity formed from the muscle dissection. Finally, the 164 

muscle layers and skin were sutured. Buprenorphine hydrochloride (0.05 mg/kg s.c.) was 165 

provided prophylactically for pain 20 minutes before the end of the surgery and for 3 days after. 166 

Rats also received Baytril® (10 mg/kg s.c., Bayer Animal Health) antibiotic and 5 ml of lactated 167 

ringer’s solution (i.p) for fluid resuscitation. Rats were monitored throughout the postoperative 168 

period to ensure proper micturition. Manual expression of the bladder was not required.  169 
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Cryoloop implantation for cortical inactivation 170 

Cryoloop construction has been described previously (Brown and Teskey, 2014). Loops 171 

fashioned from 23 gauge (0.635 mm O.D x 0.33 mm I.D) hypodermic stainless steel tubing. A 172 

linear 2 mm portion of the loop was shaped to conform to the surface to the cortical surface. A 173 

microthermocouple made from 30 AWG gauge Teflon insulated copper and constantan wire was 174 

soldered to the union of the inlet and outlet tubes, which were led through a plastic, outside-175 

threaded, cylinder pedestal (1.7 mm height, 3.5 mm diameter). The microthermocouple wire was 176 

attached to terminating connector pins (Omega Engineering, Laval, QC) and dental acrylic was 177 

used encase the cryoloop tubes, pedestal, and microthermocouple assembly. A detailed 178 

description of cryoloop manufacturing and operation is provided by Lomber et al (1999). Rats 179 

were placed under general, surgical plane anaesthesia with isoflurane (3% induction, 0.5-3% 180 

maintenance) and oxygen and fixed in a stereotaxic instrument (Kopf, Tujunga, CA) with the 181 

incisor bar set to skull flat. The local anaesthetic lidocaine (2%) was administered 182 

subcutaneously at the incision site in the scalp. The skull was exposed, a partial craniotomy of 183 

frontal bones was made over the sensorimotor cortex, and dura reflected. Five stainless steel 184 

jeweler screws were placed in the skull adjacent to the craniotomy to permit firm anchoring of 185 

the cryoloop headcap assembly. The cryoloop assembly was disinfected with 70% ethanol and 186 

positioned in place over the exposed cortex, resting on the pial surface. Loops targeting the 187 

hindlimb motor cortex were implanted bilaterally -1.5 mm posterior to bregma and 1.5-3.5 mm 188 

lateral to midline. Dura was replaced and a silicone elastomer (Kwik-Sil, World Precision 189 

Instruments, Sarasota, FL) was used to fill the cranial vault. Dental acrylic was used to secure the 190 

cryoloop assembly to the skull and screws. The scalp was sutured around the cryoloop and 191 

acrylic headcap. Buprenorphine hydrochloride (0.05 mg/kg s.c.) was provided prophylactically 192 
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for pain 20 minutes before the end of the surgery and for 3 days after. Rats also received 193 

Baytril® (10 mg/kg s.c., Bayer Animal Health) antibiotic.  194 

The surgical procedure to implant cryoloops, their presence in contact with the cortex, 195 

and their operation has been shown not to disrupt the structural or functional integrity of the 196 

cerebrum (Lomber and Payne, 1996; Yang et al., 2006; Brown and Teskey, 2014). Cryoloop 197 

dimensions, holding temperature, and implantation coordinates were chosen to provide effective 198 

inactivation of the hindlimb cortical representation based on cortical temperature recordings 199 

revealing an inactivation area of 7 mm2 where tissue temperatures at depth (1.5 mm) were held 200 

below 20°C (Lomber et al., 1999) in addition to the abolition of evoked ICMS responses (Brown 201 

and Teskey, 2014). In validation experiments, acute inactivation of the hindlimb motor cortex 202 

was shown to reversibly abolish ICMS-evoked hindlimb, but not forelimb movement in the 203 

anesthetized rat indicating selective targeting of the hindlimb cortex. Following behavioural 204 

assessment, implanted rats underwent electrophysiological mapping to validate correct loop 205 

placement over hindlimb motor cortex and verify cortical integrity after implantation by 206 

assessing evoked responses to ICMS stimulation. We observed hindlimb-responsive sites to 207 

ICMS within the ipsilesional cortex underlying cryoloop coordinates in all cases. 208 

Inactivation of hindlimb motor cortex 209 

The cortex was cooled by pumping chilled methanol from a methanol/dry ice bath 210 

mixture through Teflon tubing connected to cryoloop inlet/outlet tubes with a reciprocating 211 

piston pumps (QG150-Q1-CSC, Fluid Metering Inc., Oyster Bay, NY) to maintain a constant 212 

loop temperature of 4°C. Loop temperatures were monitored (HH-25TC digital thermometer, 213 

Omega Engineering, Stamford, CT) and controlled to ± 1°C of the desired value by controlling 214 

the rate of methanol flow. Cortical inactivation was terminated by stopping methanol flow and 215 
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allowing passive re-warming of the cortex. The order of behavioural testing between inactivation 216 

conditions (ipsilesional, contralesional) was counterbalanced between sessions. Five minutes 217 

were given in between testing sessions to allow cortical temperatures to return to normal values. 218 

Behavioural assessment 219 

Open-field score  220 

 In order to evaluate spontaneous recovery of global locomotor and postural abilities, rats 221 

were assessed in an open field and scored using an adapted version of a neurological scoring 222 

scale originally developed for evaluating locomotor function after cervical SCI (Martinez et al., 223 

2009). Rats were tested individually for 4 minutes in a circular Plexiglas open-field (96 cm 224 

diameter, 40 cm wall height) under low light to encourage exploratory behaviour. Testing 225 

sessions were recorded for offline analyses (30 frames/s). Behavioural deficits were categorized 226 

for both hindlimbs separately by evaluating specific parameters of articular movement 227 

amplitude, weight support, fine distal positioning, stepping abilities, and forelimb-hindlimb 228 

coordination. Scores were tallied by evaluating: 1) Articular movement amplitude of hip, knee, 229 

and ankle (0 = absent, 1 = slight, 2 = normal); 2) Stationary and active weight support of the limb 230 

(0 = absent, 1 = present); 3) Digit position of hindlimb (0 = flexed, 1 = atonic, 2 = extended); 4) 231 

Paw placement at initial contact (0 = dorsal, 1 = internal/external rotation, 2 = parallel); 5) Paw 232 

orientation during lift (1 = internal/external rotation, 2 = parallel); 6) Movement during swing (1 233 

= irregular, 2 = regular); 7) Coordination between the fore- and hindlimb (0 = absent, 1 = 234 

occasional, 2 = frequent, 3 = consistent); and 8) tail position (0 = down, 1 = up) for a maximum 235 

of 20 points. A sample scoring rubric is provided in Extended Data Figure 4-1. 236 
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Horizontal ladder-rung walking  237 

 To evaluate skilled voluntary control of the limbs, motor performance was assessed 238 

before and during independent inactivation of the ipsi- and contralesional hindlimb motor cortex 239 

using the horizontal ladder-rung walking test (Soblosky et al., 1997). Rats were trained to walk 240 

across a ladder (130 cm long; rungs of 3 mm diameter regularly spaced by 2 cm). A mirror was 241 

positioned 45° under the ladder to facilitate video recording of paw placement and movement 242 

from both lateral and ventral views. The percentage of foot-faults made over the number of total 243 

consecutive steps for each limb was used to characterize locomotor performance (Metz and 244 

Whishaw, 2002). Foot-faults were defined as either 1) a total miss, where a deep fall of the limb 245 

occurs after the rat misses the rung and fails to touch it, 2) a deep slip, where a deep fall of the 246 

limb occurs after the rat slips off the rung causing a loss of balance and body posture, or 3) a 247 

slight slip, where the limb slips off the rung but does not cause a loss of balance or body posture 248 

and the animal continues to walk. The percentage of fore- and hindlimb foot-faults for each rat 249 

was calculated as the number of foot-faults made by each limb referenced to the number of steps 250 

made by each limb. Five trials were conducted per rat under each testing condition and time 251 

point and the total percentage of foot-faults was used for analyses. Testing sessions were 252 

recorded for later offline analyses (30 frames/s). 253 

Electrophysiological mapping of hindlimb motor cortex 254 

Standard intracortical microstimulation (ICMS) techniques (Neafsey et al., 1986; Brown 255 

et al., 2009; Martinez et al., 2010), detailed below, were used to generate motor maps of the 256 

hindlimb motor cortex. Rats were anaesthetized with ketamine hydrochloride (80 mg/kg i.p.) and 257 

xylazine (5 mg/kg i.p.) and secured in a stereotaxic frame with the incisor bar set to skull flat. 258 

Supplemental alternating injections of either ketamine (25 mg/kg) or a mixture of ketamine (17 259 
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mg/kg) and xylazine (2 mg/kg) were given i.p. as required throughout surgery to maintain a 260 

constant level of anaesthesia as determined by monitoring vibrissae whisking, breathing rate, and 261 

foot and tail reflex in response to a gentle pinch. A 7 x 5 mm craniotomy was performed over 262 

both sensorimotor cortices. The window roughly extended between 3 mm anterior to and 4 mm 263 

posterior to bregma and from midline to 5 mm lateral. A small puncture was made in the cisterna 264 

magna with an 18-gauge hypodermic needle to reduce cortical edema. Dura was removed and 265 

silicone fluid (Factor II, Inc. Lakeside, AZ) heated to body temperature was used to cover the 266 

cranial window. A 32x image of the exposed portion of the brain was captured using digital 267 

camera (Canon Canada Inc., Mississauga, ON) coupled to a Stemi 2000-C stereomicroscope 268 

(Carl Zeiss, Thornwood, NY), and displayed on a personal computer. A grid of 500 μm squares 269 

was then overlaid on the digital image using Canvas imaging software (v11, ACD systems Inc., 270 

Miami, FL). Penetrations were performed at the intersections of the grid lines and in the center of 271 

each square to give an interpenetration distance of 354 μm, except when located over a blood 272 

vessel in which case a penetration was not performed. 273 

Glass-coated platinum/iridium microelectrodes with an input impedance of 0.5 ± 0.1 MΩ 274 

(1000 Hz, 10 nA) were used (FHC Inc., Bowdoin, ME). Electrode impedance was monitored 275 

throughout mapping experimentation and electrodes were discarded when impedance 276 

measurements dropped below 0.3 MΩ. Electrodes were guided into the neocortex to a depth of 277 

1,550 μm via microdrive (David Kopf Instruments model 2650, Tujunga, CA), corresponding to 278 

the somatic region of neocortical layer V pyramidal neurons (Teskey et al., 2002). Movements 279 

can be readily elicited within a large (1550 ± 150 μm depth from surface) profile of the motor 280 

cortex with negligible effect on their nature or threshold (Young et al., 2011). An isolated pulse 281 

stimulator (Model 2100, A-M Systems, Carlsborg, WA) was used to deliver electrical current. A 282 
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ground stimulation lead was placed in contact with exposed neck musculature from the incision 283 

to puncture the cisterna magna. Stimulation trains were 40 ms long and consisted of 13 biphasic 284 

cathodal-lead pulses, each 200 μs in duration, delivered at a frequency of 333 Hz with a train rate 285 

of 1 Hz.  286 

The hip was affixed to a spinal unit allowing free range of motion of the hindlimbs, with 287 

the abdomen supported by an elevated homeostatic heating pad. To determine a movement 288 

threshold, current intensity was increased from 0 μA, until a movement was elicited or to 289 

maximum of 100 μA, and then decreased until the movement was no longer present. Any 290 

penetration site that failed to elicit a movement at this maximum intensity was considered non-291 

responsive. A maximum of 10 trains of pulses were delivered to any given penetration site. The 292 

border of the hindlimb motor map was first defined consisting of either non-hindlimb 293 

movements (neck, jaw, vibrissae, trunk, tail, and forelimb) or non-responsive points in a 294 

systematic fashion. Once the border was defined, the central hindlimb map was filled in. 295 

Hindlimb movements were classified as either flexion or extension of the hip, knee, ankle, or 296 

toes. This procedure was used to minimize the likelihood of the microstimulation session 297 

affecting the map boundaries (Nudo et al., 1990). Throughout the surgery, anaesthetic levels 298 

were monitored every 15 minutes by verifying the thresholds for previously defined positive-299 

response sites. Movements were monitored visually during electrophysiological mapping and 300 

video-recorded for subsequent analysis (30 frames/sec). A light-emitting diode synchronised 301 

with stimulator output was fixed to the stereotaxic frame in the camera field of view. Each 302 

responsive site was taken to represent 0.125 mm2 of cortical surface (354 x 354 μm). Mean 303 

stimulation thresholds for hindlimb movements were also calculated. A change in map 304 

organization was considered as alterations in the total hindlimb representation size as well as the 305 
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size of representation of each hindlimb joint, and the lateralization of the evoked movement 306 

(ipsilateral, contralateral, or bilateral limb movement) between groups. Threshold analyses were 307 

also performed to assess group differences in the minimum current intensity required to elicit 308 

hindlimb movements during ICMS.  309 

Histological controls 310 

 Following ICMS, rats were given a lethal dose of sodium pentobarbital and transcardially 311 

perfused with 150 ml of 0.1M phosphate buffer saline (PBS) followed with 250 ml of cold 312 

paraformaldehyde (PFA, 4%) in PBS. The spinal cord between T6 and T10 vertebral segments 313 

was carefully dissected out and post-fixed for 12h in PFA. Tissue was then cryoprotected in 30% 314 

sucrose for 48h or until sunk. A Cryostat was used to cut 40μm frozen coronal sections. Every 315 

third section was mounted onto gelatin-coated slides and stained with cresyl violet (0.5%) to 316 

visualize cell bodies in the spinal grey matter and luxol fast blue (0.1%) to visualize myelin in 317 

the spinal white matter. Hemisection lesion extent was quantified by evaluation of the maximal 318 

percent of damaged tissue of the cord observed in the coronal plane as described previously 319 

(Martinez et al., 2010).  320 

Experimental design and statistical analyses 321 

  The experimental design for the different experiments is described in previous 322 

subsections. All rats were randomly assigned to experimental groups. All experiments were 323 

conducted by A.R.B. and behavioural experiments were blindly analyzed by M.M. to avoid 324 

experimental bias. To compare the hemisection lesion size between postoperative groups, one-325 

way Analysis of Variance (ANOVA) was used. Ordinal open field locomotor scores were 326 

assessed with the Kruskal-Wallis non-parametric tests supplemented with Dunn’s multiple 327 

comparison tests (Benjamini-Hochberg FDR correction) to examine differences between intact 328 
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and postoperative time points. As hindlimb responses were not elicited one week after 329 

hemisection, ANOVA supplemented with Tukey HSD multiple comparison tests were used to 330 

compare electrophysiological mapping data (motor map size and movement thresholds) between 331 

intact and postoperative time points 2-5 weeks after hemisection (5 groups, n = 8 rats/group). 332 

ANOVA supplemented with Tukey HSD multiple comparison tests were also used to examine 333 

the differences between all intact and postoperative hemisection time points for the amounts of 334 

ketamine and xylazine anaesthetic delivered during ICMS (6 groups, n = 8 rats/group). The 335 

percent of cortical stimulation sites evoking bilateral movement at 3 weeks after hemisection 336 

compared to the intact state were not normally distributed due to an absence of bilateral 337 

movements being evoked in the intact state, and were assessed using a non-parametric Mann-338 

Whitney test (2 groups, n = 8 rats/group). A two-factor repeated measures ANOVA 339 

supplemented with Bonferroni-corrected multiple comparison tests, using intact and postlesion 340 

time points as one factor and inactivation condition as a second factor, was used to assess 341 

horizontal ladder crossing performance for cortical inactivation behavioural data. Post hoc 342 

comparison testing was only performed when a main effect was observed. Statistical analyses 343 

were performed using R 3.4.3 (R Core Team, Vienna, Austria; https://www.R-project.org/) and 344 

GraphPad Prism 6 (GraphPad Software Inc., La Jolla, CA). All analyses were two-tailed. An 345 

experiment-wide α level of .05 was used. Data are presented as group mean ± standard deviation 346 

(SD). *p < .05, **p < .01, ***p < .001.  347 

Results 348 

Extent of spinal cord lesions 349 

 In all rats, hemisections targeted the left side of the spinal cord, and although somewhat 350 

variable between rats, the lesions were mainly confined to the left side of the cord. The 351 
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hemisections disrupted the crossed CST from the contralesional motor cortex while sparing the 352 

majority of the crossed CST from the ipsilesional motor cortex (Figure 2A-B). No significant 353 

difference in hemisection lesion size, calculated as the maximal percentage of damaged cross-354 

sectional cord area, was found between postlesion groups (F(4,35) = 1.515, p =  .219, ANOVA; 355 

Figure 2C, Extended Data Figure 2-1). To ensure that the lesion technique spared the majority of 356 

the CST on one side only ICMS was performed in an additional 3 rats to probe hindlimb motor 357 

maps in the intact state and one hour after injury. Hemisection abolished hindlimb movements 358 

evoked in the contralesional hemisphere and preserved 87.1 ± 4.1 % of hindlimb responses in the 359 

ipsilesional hemisphere (Figure 3). 360 

SCI results in spontaneous open-field locomotor recovery  361 

For the first 2–3 days following hemisection, the primary consequence of the injury was a 362 

flaccid paresis of the ipsilesional hindlimb. Performance of the ipsilesional hindlimb was 363 

significantly impacted by the lesion (H(6,47) = 36.8, p = 2.65E-07, Kruskal-Wallis; Figure 4A, 364 

Extended Data Figure 2-1) over the first three weeks (Week 1: p = 6.48E-07, Week 2: p = 3.20E-365 

03, Week 3: p = .0105, Dunn’s tests). A residual deficit in the ipsilesional hindlimb was notable 366 

external rotation of the paw during lift. A persistent disruption of fore-hindlimb coupling was 367 

also observed on the side of the lesion. The contralesional hindlimb exhibited significant 368 

(H(6,47) = 32.1, p = 5.68E-06, Kruskal-Wallis; Figure 4B), but smaller, alterations in hindlimb 369 

performance by comparison to the ipsilesional hindlimb during the first two weeks (Week 1: p = 370 

6.0E-06, Week 2: p = .0043, Dunn’s tests) that could reflect compensation for the opposite limb 371 

or deficits resulting from a lack of postural stability, weight support and consistent stepping. The 372 

hemisection did not impact forelimb function in any rat. 373 
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Hindlimb motor maps in the intact state 374 

In intact rats, ICMS evoked movement of the contralateral hindlimb exclusively up to 375 

100 μA. Hindlimb motor maps were centered between 0.5 – 3.0 mm posterior to bregma and 1.0 376 

– 3.0 mm lateral from midline (Figures 5, 6A, 6F). Total hindlimb motor map size was 2.4 ± 0.3 377 

mm2 (Figure 7A, Extended Data Figure 2-1). Hindlimb representations were bounded in the 378 

anterior aspect by the caudal end of central forelimb motor area, consistent with previous work in 379 

male Long-Evans rats (Neafsey et al., 1986). In some rats, hindlimb and forelimb representations 380 

were bounded by an intervening strip of trunk or tail representation. Evoked hindlimb responses 381 

comprised flexions of the hip (12.6 ± 9.0 % of total hindlimb area), knee (19.7 ± 12.3 %), ankle 382 

(50.0 ± 11.0 %), and toe (17.7 ± 9.5%) (Figure. 7B). Mean stimulation intensity to evoke 383 

hindlimb movement was 54.1 ± 9.3 μA (Figure. 7C, Extended Data Figure 2-1). Hindlimb motor 384 

map size, location and movement thresholds observed presently in the female Long-Evans rat is 385 

similar to previous reports in Lewis (Fouad et al., 2001) and Fisher-444 (Frost et al., 2013) rats, 386 

indicating that hindlimb motor map organization is conserved across these strains. 387 

Dynamic reorganization of hindlimb motor maps after SCI 388 

One week following hemisection we observed a marked absence of hindlimb motor maps 389 

in both the ipsi- (Figure 6B) and contralesional (Figure 6G) motor cortices. Hindlimb 390 

representations remained absent from contralesional motor cortex from 1 to 5 weeks after injury 391 

(Figure 6G-J). While forelimb movements could be evoked from the caudal end of the central 392 

forelimb representation, there was no encroachment of either the neighboring forelimb 393 

representation or any other somatic movement representation within hindlimb cortical territory in 394 

the contralesional motor cortex. In the ipsilesional cortex, we observed a dynamic reorganization 395 

of hindlimb motor maps 2-4 weeks after hemisection (Figure 6C-E). The ipsilesional cortex 396 
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regained a representation of the contralesional hindlimb 2 weeks after hemisection that was 397 

significantly smaller (0.9 ± 0.3 mm2) than in intact rats (2.4 ± 0.3 mm2, F(4,35) = 35.9,  p = 398 

6.19E-12, ANOVA, Tukey post hoc p = .001; Figures 6C, 7A, Extended Data Figure 2-1). The 399 

ipsilesional cortex then gained transient, bilateral access to the spinal cord below the hemisection 400 

3 weeks after injury demonstrated by ICMS evoking movement in both hindlimbs in 43.3 ± 401 

13.6% of hindlimb-responsive stimulation sites compared to only contralateral movements in the 402 

intact state (Mann-Whitney U = 0.0, p = .0002; Figures 6A, 6D, 7A). Bilateral movements 403 

primarily involved hip or ankle flexion at the same movement threshold between hindlimbs. No 404 

significant difference in movement thresholds were observed between unilateral and bilateral 405 

hindlimb movements evoked 3 weeks after hemisection (t(14)=0.0238, p = .981). Hindlimb 406 

motor map size in the ipsilesional cortex 3 weeks after hemisection was still significantly 407 

reduced (1.2  ±  0.3 mm2) compared to intact rats (2.4 ± 0.3 mm2; Tukey post hoc p = .001; 408 

Figure 7A). Smaller hindlimb motor maps after hemisection were due to a significant reduction 409 

in the cortical area eliciting knee flexion 2 weeks after injury (p = .019) and ankle flexion 2-3 410 

weeks after injury (2 weeks: p = .0012, 3 weeks: p = .0004) compared to intact controls (Figure 411 

7B), indicating a graded proximal to distal recovery of joint representation over time. Four and 412 

five weeks after hemisection, the ipsilesional motor cortex regained a normal representation of 413 

the contralesional hindlimb (Figures 6E, 7A). The results on map size were not due to significant 414 

changes in movement thresholds between groups, although a trend for increased thresholds was 415 

observed 2-3 weeks after hemisection (F(4,35) = 2.38,  p = .0701, ANOVA; Figure 7C). As the 416 

amount of ketamine-xylazine anesthesia administered during ICMS has been shown to influence 417 

both movement thresholds and map size (Tandon et al., 2008), this parameter was systematically 418 

controlled for in ICMS experiments. The mean amount of ketamine administered during 419 
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electrophysiological mapping was 0.123 ± 0.022 mg/g/hr and did not differ between groups 420 

(F(5,42) = 0.868, p = .511, ANOVA). Similarly, the mean amount of xylazine administered was 421 

0.0317 ± 0.0083 mg/g/hr and did not differ between groups (F(5,42) = 0.959, p = .454, 422 

ANOVA). 423 

Inactivation of the ipsilesional motor cortex three weeks after SCI impairs hindlimb 424 

performance bilaterally on the horizontal ladder 425 

 We next sought to determine whether the dynamic reorganization of ipsilesional 426 

hindlimb motor maps after hemisection relate to behaviourally-functional compensation of 427 

ipsilesional cortical control over the ipsilesional hindlimb after injury. We hypothesized that if 428 

the bilateral cortical hindlimb representations observed transiently 3 weeks after hemisection 429 

were functionally relevant to locomotor recovery of the affected limb, then reversible 430 

inactivation of ipsilesional hindlimb motor cortex at this time point would impair locomotor 431 

performance bilaterally. To address this question, we used reversible cryogenic inactivation of 432 

the motor cortex in behaving rats (Brown and Teskey, 2014). In validation experiments, 433 

inactivation of hindlimb motor cortex was shown to reversibly abolish ICMS-evoked hindlimb 434 

movement the anesthetized rat (Figure 8). Cryoloops targeting ipsilesional and contralesional 435 

hindlimb motor cortex were chronically implanted and rats were trained on the horizontal ladder-436 

rung walking test. Ladder crossing performance was assessed in the intact state and for five 437 

weeks following hemisection before and during separate inactivation of the ipsilesional and 438 

contralesional cortices.  439 

Before cortical inactivation, rats showed partial spontaneous hindlimb recovery in the 440 

ladder task (Figure 9). There was a significant increase in foot-faults made by the ipsilesional 441 

hindlimb one week after hemisection (84.7 ± 15.7%) compared to the intact state (3.5 ± 3.6%; 442 
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F(5,10) = 75.85, p = 1.27E-7, ANOVA simple effect, Bonferroni post hoc p = 1.01E-14). Ladder 443 

crossing performance significantly improved for the ipsilesional hindlimb over the next two 444 

weeks after hemisection (Week 2: 58.9 ± 4.7%, p = 6.45E-6; Week 3: 46.7 ± 5.2%, p = .035) 445 

until week 4 (35.7 ± 7.4%; p = .075). A residual deficit in performance remained at 5 weeks 446 

(25.1 ± 9.2%) compared to the intact state (p = 8.00E-5). There was also a significant 447 

impairment in contralesional hindlimb performance during ladder walking one (20.6 ± 12.6%)  448 

and two (11.5 ± 6.7%) weeks after hemisection compared to intact values (2.4 ± 2.1%, F(5,10) = 449 

9.56, p = .00014, ANOVA simple effect, Bonferroni post hocs p = 5.5E-10, p = 5.6E-5) that 450 

quickly recovered the following week (7.8 ± 3.9%, p = .187). Inactivation of the ipsilesional 451 

hindlimb motor cortex three weeks after hemisection significantly increased the percentage of 452 

hindlimb foot-faults made by both the ipsi- (F(2,4) = 23.55, p = .0061, ANOVA simple effect, 453 

Bonferroni post hoc p = .0001) and contralesional hindlimbs (F(2,4) = 7.02, p = .049, ANOVA 454 

simple effect, Bonferroni post hoc p = 9.41E-9) during ladder walking (Figure 9). In contrast, the 455 

same cortical inactivation applied to the contralesional cortex after hemisection or applied in the 456 

intact state had no impact on either hindlimb (all p > .05). Importantly, the impact of ipsilesional 457 

cortical inactivation on disrupting hindlimb function was only effective on the third week after 458 

hemisection, demonstrating that the bilateral representations of hindlimb movements observed in 459 

the motor maps were functionally relevant to recovery. No significant changes in the percentage 460 

of foot-faults made by the forelimbs were observed during inactivation of either cortex in the 461 

intact state or three weeks after hemisection (all p > .05; Figure 10). 462 

Discussion 463 

 We performed behavioural, electrophysiological, and cortical inactivation experiments to 464 

determine the time course of hindlimb motor cortex plasticity and its role in spontaneous partial 465 
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hindlimb recovery after hemisection of the thoracic spinal cord in a rat model of unilateral SCI. 466 

We demonstrate that while hindlimb motor maps in the contralesional cortex are abolished for 467 

five weeks after hemisection, the  ipsilesional cortex undergo dynamic plasticity to gain a 468 

transient representation of both hindlimbs three weeks after injury. This result indicates that after 469 

CST projections from the contralateral motor cortex were severed by the hemisection, the 470 

ipsilesional motor cortex gained access to the spinal cord below the lesion to produce movements 471 

of the ipsilesional hindlimb. We next evaluated whether cortical plasticity functionally relates to 472 

hindlimb motor recovery by reversibly inactivating the ipsi- or contralesional hindlimb motor 473 

cortex during ladder walking. Inactivation of ipsilesional hindlimb motor cortex three weeks 474 

after hemisection impaired performance of both hindlimbs. These findings indicate a role for 475 

ipsilesional motor cortex plasticity in supporting spontaneous hindlimb motor recovery after SCI. 476 

Spontaneous hindlimb motor recovery after SCI 477 

 Locomotion was initially affected in both hindlimbs after hemisection. Importantly, the 478 

ipsilesional hindlimb was critically more affected than the contralesional hindlimb. Spontaneous 479 

recovery of joint articulation, active stepping, and weight support during locomotion in the open-480 

field occurred within three weeks, consistent with other studies using this SCI model in the rat 481 

(Ballermann and Fouad, 2006; Arvanian et al., 2009; Leszczynska et al., 2015). The coordination 482 

between fore- and hindlimbs on the side of the hemisection was also affected (see: Helgren and 483 

Goldberger, 1993; Bem et al., 1995; Barriere et al., 2010) and is likely due to interruption of 484 

various pathways connecting cervical and lumbar segments that couple the fore- and hindlimb 485 

locomotor circuits (Sherrington and Laslett, 1903; English, 1980; Courtine et al., 2008). During 486 

horizontal ladder walking, hindlimb foot-faults were significantly increased on both sides the 487 

first week after hemisection. The contralesional hindlimb recovered to intact values the 488 
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following week. The ipsilesional hindlimb showed progressive improvement during the first 489 

three weeks after hemisection with residual deficits remaining until the end of experimental 490 

evaluation similar to a previous report (Ballermann and Fouad, 2006). 491 

Contralesional hindlimb motor maps are abolished after SCI 492 

Hindlimb responses could not be evoked by ICMS in the contralesional cortex for five 493 

weeks after hemisection, suggesting that it remained disconnected from its interneuronal and 494 

motoneural targets in the spinal cord below the lesion. Hindlimb motor maps are known to 495 

remain absent for up to four weeks after SCI disrupting both crossed CSTs (Fouad et al., 2001; 496 

Frost et al., 2015; Manohar et al., 2017). Selective lesions of both dorsal cervical CSTs in mice 497 

leads to a re-emergence of forelimb and hindlimb motor maps within both cortices during 498 

behavioural recovery, but recovery is prevented by subsequent silencing of spared dorsolateral 499 

CST projections (Hilton et al., 2016). As the injury model used in our study transects both dorsal 500 

and dorsolateral CST outputs from the contralateral cortex, the mouse result suggests that a 501 

combined lesion of both projections in the rat is required to prevent motor map re-emergence for 502 

up to five weeks after SCI. Expansion of adjacent forelimb or orofacial movement representation 503 

into hindlimb cortical territory was not observed, in contrast to selective bilateral dorsal 504 

funiculus lesions (Fouad et al., 2001). A lack of remapping in the hindlimb motor cortex is 505 

consistent with this area representing extensive sensorimotor overlap (Donoghue and Wise, 506 

1982) that has been suggested to limit the extent of motor remapping after injury (Donoghue and 507 

Sanes, 1988; Giszter et al., 1998).  508 

Ipsilesional hindlimb motor maps reorganize after SCI 509 

 Dynamic reorganization of hindlimb motor maps was observed in the ipsilesional cortex 510 

after hemisection. Hindlimb movements were not evoked in the ipsilesional cortex the first week 511 
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after injury and hindlimb cortical area was smaller than normal the following week. A decline in 512 

transmission from uninjured contralesional CST fibers has been previously reported and linked 513 

to a temporary demyelination of intact axons during the first two weeks after hemisection 514 

(Arvanian et al., 2009). Decreased responsiveness of the ipsilesional hindlimb motor cortex to 515 

ICMS in the initial period after hemisection may also reflect a reduced ability to summate 516 

descending volleys at the spinal level (Cirillo et al., 2016) due to reduced interhemispheric 517 

(Aguilar et al., 2010) or spinal (Ditunno et al., 2004) excitability. Three weeks after hemisection, 518 

during the time of spontaneous hindlimb recovery, the ipsilesional motor cortex reorganized to 519 

develop a novel representation of both hindlimbs in a subset of stimulation sites. 43 ± 13% of 520 

hindlimb-responsive stimulation sites evoked movements of the two hindlimbs at this time point 521 

whereas in the intact state, ICMS evokes contralateral hindlimb movements (Neafsey et al., 522 

1986; Fouad et al., 2001). A role for cortical plasticity in the intact hemisphere after unilateral 523 

CST damage may also generalize to other injury models. After a controlled unilateral contusion 524 

to the motor cortex, reorganization of motor maps is observed in the uninjured motor cortex 525 

where ICMS begins to evoke bilateral movement of the limbs (Axelson et al., 2013). Following  526 

unilateral cortical stroke (Witte et al., 2000; Shimizu et al., 2002; Rehme et al., 2012) and SCI 527 

(Frost et al., 2015) there is increased motor cortex activity contralateral to the lesion that may be 528 

capable of significant compensation for contralateral cortical dysfunction in humans (Strens et 529 

al., 2003). Midline-crossing CST fibers arborize in the intermediate laminae of contralateral 530 

spinal gray matter after SCI (Fouad et al., 2001; Raineteau et al., 2002; Ghosh et al., 2009; 531 

Ghosh et al., 2010). Collateral sprouting of undamaged ipsilesional CST fibers could innervate 532 

contralateral interneuronal and motoneuronal pools and allow movements of both hindlimbs 533 

from stimulation of the ipsilesional cortex. Although the uncrossed ventral CST projection from 534 



 

24 
 

the ipsilesional cortex (Brosamle and Schwab, 1997) can also promote functional recovery after 535 

unilateral injury, it was not consistently spared between rats. From the fourth week after 536 

hemisection, bilateral hindlimb movements were no longer evoked by ICMS. At this time point 537 

cortical synaptic remodeling and pruning occurs (Kim et al., 2006). The loss of bilateral 538 

hindlimb representations after hemisection may reflect a refinement of synaptic connections in 539 

subcortical motor circuits including the cerebellum (Proville et al., 2014), basal ganglia (Turner 540 

and Desmurget, 2010), reticular formation (Zorner et al., 2014) or spinal cord (Alluin et al., 541 

2009; Martinez et al., 2011, 2012a, b; Martinez et al., 2013; Gossard et al., 2015) that may be 542 

shaped to support hindlimb control after injury .  543 

Cortical plasticity participates in hindlimb motor recovery after SCI  544 

 Inactivation of the ipsilesional hindlimb motor cortex three weeks after hemisection, at 545 

the time in which it expressed a bilateral representation of the hindlimbs, impaired ladder 546 

walking performance of both hindlimbs. Performance was impaired to levels observed one week 547 

after hemisection, suggesting that plasticity of the ipsilesional motor cortex is participating in 548 

hindlimb motor recovery after injury. Inactivation of hindlimb motor cortex did not affect 549 

hindlimb performance on the ladder in the intact state or at other time points after hemisection. 550 

This would also suggest that in the intact state hindlimb motor performance in the rat is less 551 

sensitive to cortical inhibition than the forelimbs (Brown and Teskey, 2014) and ipsilesional 552 

cortical plasticity after hemisection strengthened corticospinal input to spinal circuits below the 553 

lesion bilaterally that were sensitive to cortical inhibition. Similar results have also been reported 554 

where focal lesions of the hindlimb and trunk motor cortex in rats produce no treadmill 555 

locomotor deficits in the intact state, but do after spinal transection indicating that locomotor 556 

recovery becomes cortically-dependent in some SCI models (Giszter et al., 2008).   557 
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 The contralesional cortex may resume voluntary control over the ipsilesional hindlimb at 558 

later stages after injury. Movements evoked by ICMS predominantly reflect CST connectivity of 559 

the motor cortex to the interneuronal and motoneuronal pools in the spinal cord as they are 560 

abolished by pyramidotomy (Brus-Ramer et al., 2009) and ICMS of the motor cortex three 561 

months after dorsal spinal hemisection evokes hindlimb movements that are also abolished by 562 

subsequent pyramidotomy (Bareyre et al., 2004). An absence of motor maps, however, does not 563 

preclude activity in the motor cortex from influencing descending motor control via indirect 564 

spinal cord projections which can be influenced by cortical synaptic block provided by cooling 565 

inactivation, particularly after CST injury. After unilateral CST damage in the macaque, 566 

precision grasping of the affected forelimb increases regional cerebral blood flow in both motor 567 

cortices in the early (≤ 1 month) recovery stage, and then solely in the contralesional motor 568 

cortex in the late (≥3 months) recovery state (Nishimura et al., 2007). A similar process may 569 

occur in the rat where the contralesional hindlimb motor cortex gains enhanced indirect access to 570 

the spinal cord that is not activated by ICMS. In parallel, cortical (Giszter et al., 2008), 571 

subcortical (Ballermann and Fouad, 2006; Filli et al., 2014; Zorner et al., 2014) and spinal 572 

(Alluin et al., 2009; Martinez et al., 2011, 2012a; Gossard et al., 2015) networks can 573 

spontaneously reorganize to assume control of the affected hindlimb after CST damage.  574 
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Figure legends 854 

Figure 1:  Spinal cord injury model and experimental design. 855 

A) Schematic representation of the spinal cord injury (SCI) model. Lateral hemisection of the 856 

thoracic (T8) spinal cord severs the crossed corticospinal tract (CST) originating from the 857 

contralesional hindlimb motor cortex, which no longer has access to the motoneurons that 858 

innervate the ipsilesional hindlimb. In contrast, crossed CST projections from the ipsilesional 859 

motor cortex are spared by the hemisection and still have an access to the spinal motor circuits. 860 

B) Hindlimb motor performance was assessed using a neurological rating scale in an open field 861 

and bilateral cortical hindlimb motor maps were derived using intracortical microstimulation 862 

(ICMS) in separate groups of rats before and 1-5 weeks after hemisection (n = 8 rats/group). C) 863 

Cryoloops targeting ipsilesional and contralesional hindlimb motor cortices were chronically 864 

implanted in 3 rats. Ladder walking was assessed before and during separate inactivation of the 865 

ipsilesional or contralesional hindlimb motor cortex before and for 5 weeks after hemisection in 866 

the same rats.  867 

Figure 2: Extent of the spinal lesions.  868 

A) Microphotograph of a coronal spinal cord section at thoracic (T8) level after lateral 869 

hemisection stained with cresyl violet (cell bodies, purple) and luxol fast blue (myelin, blue) 870 

indicating damage to grey and white matter in the left hemicord including the dorsal 871 

corticospinal tract (shown in B) with majority sparing of the right dorsal corticospinal tract. 872 

Scale bar: 500 μm. B) Schematic drawings of the largest (black fill) and smallest (white dashed 873 

lines) lesion area within each group. D, dorsal; V, ventral; L, left; R, right. C) Comparisons of 874 

the extent of maximum cross section lesion area as a percentage of total cross section area in 875 

hemisection groups (n = 8 rats/group). No statistical differences in lesion size was observed 876 
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between groups (ANOVA, p = .219). Data are plotted as group mean ± SD. See also Extended 877 

Data Figure 2-1 for individual values and Figure 3 demonstrating that contralesional hindlimb 878 

motor maps are abolished, while the majority of ipsilesional hindlimb motor map area is 879 

preserved acutely (1 hr) after hemisection. 880 

Figure 3: Ipsilesional hindlimb motor maps are preserved one hour after hemisection. 881 

A) Surface plots showing the frequency distribution of hindlimb motor maps derived with 882 

intracortical microstimulation (ICMS) in the intact state and one hour after hemisection (n = 3 883 

rats). After hemisection, hindlimb motor maps were abolished in the contralesional cortex and 884 

preserved in the ipsilesional cortex. B) Quantification of hindlimb motor map area after 885 

hemisection relative to the intact state (%). Data are plotted as group mean ± SD. 886 

Figure 4: Postoperative time course of changes in locomotor performance in the open-field.  887 

A) Ipsilesional and B) contralesional hindlimb performance was significantly impaired from 888 

intact values during the first 3 and 2 weeks after hemisection. Data are plotted as group mean ± 889 

SD (n = 8 rats/group). Statistical evaluation was performed with Kruskal-Wallis and Dunn’s 890 

multiple comparison tests, asterisks indicate significances: *p < .05, **p < .01, ***p < .001. See 891 

also Extended Data Figure 2-1 for individual values and Extended Data Figure 4-1 for the 892 

scoring rubric. 893 

Figure 5: Representative hindlimb motor maps in an intact rat derived with intracortical 894 

microstimulation (ICMS).  895 

Stimulation sites evoking contralateral hindlimb movements of the hip (purple), knee (pink), 896 

ankle (dark blue), and toe (light blue) at ≤ 100 μA. The hindlimb representation is bounded by 897 

forelimb responses at its anterior border (green). Tail movement is indicated in orange. 898 
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Unresponsive stimulation sites (showed by X) mark the medial, lateral, and posterior hindlimb 899 

representation borders.  900 

Figure 6: Dynamic reorganization of hindlimb motor maps after hemisection. 901 

A, F) In intact rats, hindlimb motor maps contain representations of contralateral joints (hip, 902 

knee, ankle, toe) exclusively. B, C) Ipsilesional hindlimb motor maps disappear in the initial 903 

week after hemisection and reappear two weeks after SCI. D) Three weeks after hemisection, the 904 

ipsilesional hindlimb motor maps reorganize to produce movements of both hindlimbs. E) 4-5 905 

weeks after hemisection, the ipsilesional motor maps return to normal. G-J) Following 906 

hemisection, contralesional hindlimb motor maps remain absent for up to 5 weeks.  907 

Figure 7: Quantification of ipsilesional motor map reorganization  908 

A) Intracortical microstimulation (ICMS) of the ipsilesional motor cortex evoked movement in 909 

both hindlimbs 3 weeks after hemisection, but not in the intact state. Statistical differences in the 910 

cortical area evoking bilateral hindlimb movement after hemisection from the intact state is 911 

showed by ### (p < .001, Mann-Whitney test). Statistical differences in the cortical area evoking 912 

contralateral hindlimb movement is showed by ** (p < .01, ANOVA supplemented with Tukey 913 

HSD). B) The smaller hindlimb motor maps in the ipsilesional motor cortex 2-3 weeks after 914 

hemisection were related to a significant decrease in ankle (showed by **, p < .01; and ***, p < 915 

.001; Tukey HSD) and knee (showed by #,  p < .05, Tukey HSD) representation. C) Movement 916 

thresholds did not significantly differ between postlesion groups (p = .0701, ANOVA). All data 917 

are plotted as group mean ± SD (n = 8 rats/group). See also Extended Data Figure 2-1 for 918 

individual values.  919 

Figure 8: Inactivation of hindlimb motor cortex. 920 
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 A) Schematic representation of the cortical inactivation area centered on the hindlimb motor 921 

map. B) Photomicrograph of the cryoloop assembly placed over the hindlimb motor cortex. 922 

Scale bar: 500 μm. D, dorsal; V, ventral; A, anterior; P, posterior. C) Contralateral hindlimb 923 

movement evoked by intracortical microstimulation (ICMS) is abolished during cooling 924 

inactivation and reinstated following passive rewarming of the cortex. White markers indicate 925 

the initial position on hindlimb joints (hip, knee, ankle, metatarsophalangeal, and toe) prior to 926 

stimulation. Red markers indicate maximal joint displacement during ankle flexion, if observed, 927 

from baseline during a 40 ms stimulation trial at 100 μA. 928 

Figure 9: Effect of hindlimb motor cortex inactivation on hindlimb motor performance.  929 

Acute inactivation of the ipsilesional hindlimb motor cortex significantly increased foot faults of 930 

both A) ipsilesional and B) contralesional hindlimbs during ladder walking 3 weeks after 931 

hemisection compared to before inactivation and during contralesional cortical inactivation. Data 932 

are plotted as group mean ± SD in 3 rats. Statistical evaluation was performed with a two-factor 933 

ANOVA supplemented with Bonferroni multiple comparison tests, asterisks indicate 934 

significance: **p < .01 , ***p < .001.  935 

Figure 10: Effect of hindlimb motor cortex inactivation on forelimb motor performance.  936 

Acute inactivation of the either the  ipsilesional and contralesional hindlimb motor cortex in the 937 

intact state or 3 weeks after hemisection did not affect the foot-faults made by the A) ipsilesional 938 

or B) contralesional forelimbs during ladder walking (all p > .05, two-factor ANOVA 939 

supplemented with Bonferroni multiple comparison tests). Data are plotted as group mean ± SD 940 

in 3 rats.  941 

Legends for Extended Data Figures  942 
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Figure 2-1: Individual subject measures.              943 

This Extended Data table supports Figures 2, 4, 7. Individual values for lesion size, open-field 944 

locomotor scores, and hindlimb motor map measures. An entry of ‘/’ reflects data points with no 945 

values and an entry of ‘n/a’ reflects data points in which the measure was absent and not 946 

amenable for analysis. 947 

Figure 4-1: Open-field locomotor assessment rubric.  948 

This Extended Data table supports Figure 4. Open-field hindlimb locomotor assessment rubric 949 

with potential scores applied for each behavioural index. I, internal; E, external; P, parallel, FL-950 

HL, forelimb-hindlimb. All parameters are measured during stepping pace. 951 






















