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Abstract (word limit 243/250) 52 

The precise location and functional organization of the spinal neuronal locomotor-related 53 

networks in adult mammals remains unclear. Our recent neurophysiological findings provided 54 

empirical evidence that the rostral lumbar spinal cord segments play a critical role in the 55 

initiation and generation of the rhythmic activation patterns necessary for hindlimb locomotion 56 

in adult spinal rats. Since added epidural stimulation at the S1 segments significantly enhanced 57 

the motor output generated by L2 stimulation, these data also suggested that the sacral spinal 58 

cord provides a strong facilitory influence in rhythm initiation and generation.  However, 59 

whether L2 will initiate hindlimb locomotion in the absence of S1 segments, and whether S1 60 

segments can facilitate locomotion in the absence of L2 segments remains unknown. Herein, 61 

adult rats received complete spinal cord transections at T8 and then at either L2 or S1. Rats with 62 

spinal cord transections at T8 and S1 remained capable of generating coordinated hindlimb 63 

locomotion when receiving epidural stimulation at L2 and when ensembles of locomotor related 64 

loadbearing input were present. In contrast, minimal locomotion was observed when S1 65 

stimulation was delivered after spinal cord transections at T8 and L2. Results were similar when 66 

the non-specific serotonergic agonists were administered. These results demonstrate in adult rats 67 

that rostral lumbar segments are essential for the regulation of hindlimb locomotor rhythmicity. 68 

In addition, the more caudal spinal networks alone cannot control locomotion in the absence of 69 

the rostral segments around L2 even when loadbearing rhythmic proprioceptive afferent input is 70 

imposed. 71 

 72 

 73 

 74 
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New and Noteworthy 76 

The exact location of the spinal neuronal locomotor-related networks in adult mammals 77 

remains unknown. The present data demonstrate that when the rostral lumbar spinal segments 78 

(~L2) are completely eliminated in thoracic spinal adult rats, hindlimb stepping is not possible 79 

with neurochemical modulation of the lumbosacral cord. In contrast, eliminating the sacral cord 80 

retains stepping ability. These observations highlight the importance of rostral lumbar segments 81 

in generating effective mammalian locomotion.  82 

 83 

 84 
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Spinal cord transection; epidural spinal cord stimulation; central pattern generation; 86 
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Introduction 90 

Core components of the spinal neuronal networks that regulate hindlimb locomotion 91 

consist of what has become known as central pattern generators.  Studies in the isolated neonatal 92 

rat spinal cord have shown that although the rhythm-generating networks are distributed within 93 

spinal cord segments L1-L6, the ability to generate fast and regular rhythmic activity decreases 94 

in the caudal direction. (Kjaerulff & Kiehn, 1996). Also it was demonstrated  that either cervical, 95 

thoracic, lumbar, or sacrococcygeal networks can be activated in the neonate independently to 96 

generate a rhythmic fictive locomotor pattern (Cazalets et al., 1995; Cowley & Schmidt, 1997; 97 

Kremer & Lev-Tov, 1997; Gabbay et al., 2002; Cherniak et al., 2014; Beliez et al., 2015). In 98 

addition, a strong coupling between rostral and caudal networks with the rostral segments of the 99 

lumbar cord playing a leading role in the initiation of hindlimb locomotion has been reported in 100 

neonatal rats (Cazalets & Bertrand, 2000).  These data suggest the existence of independent 101 

locomotor –related networks in cervical, thoracic, and lumbar spinal segments.  In interpreting 102 

the above studies addressing issues of hindlimb locomotion in isolated preparations, it is 103 

important to recognize that the present in vivo, adult experimental model of load-bearing spinal 104 

locomotion is distinctly different from those models in which there is neither supraspinal nor 105 

peripherally-derived locomotion linked proprioceptive and cutaneous input to the lumbosacral 106 

segments of neonatal or adult animals. 107 

In the adult rat after a thoracic spinal transection, epidural stimulation (ES) at either 108 

rostral lumbar (L2) or sacral (S1) spinal segments can enable step-like locomotor behaviors 109 

(Ichiyama et al., 2005). Originally S1 stimulation was suggested by us empirically to control 110 

tonic activity of hindlimb muscles and provide optimal conditions for locomotion regulation 111 

during L2 stimulation.  Indeed, we observed that simultaneous stimulation of the L2 and S1 112 

segments evokes stronger stepping responses than stimulating at either segment alone (Courtine 113 
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et al., 2009).  The main objective of the present study is to elucidate whether there are distinct 114 

contributions of the rostral vs. caudal segments of lumbosacral spinal cord in controlling and 115 

regulating hindlimb locomotion in adult rats.  A key question is:  Are there independent neuronal 116 

networks in the lumbar and sacral spinal segments controlling locomotor behavior? 117 

We hypothesized that the sensorimotor networks intrinsic to the more rostral lumbar 118 

segments in the adult rat are more uniquely competent in generating rhythmic hindlimb 119 

locomotor patterns as compared to the sacral cord. To test this hypothesis, we used a double 120 

spinal transection model in adult rats, i.e., a complete spinal transection at T8 and then 22 days 121 

later a second transection at either the L2 or S1 spinal level; that is, we determined the locomotor 122 

ability in rats without either  the rostral (L2) or caudal (S1) spinal segments. Our data indicate 123 

that rostral segments are essential and critical for regulation of hindlimb locomotor behavior and 124 

that caudal spinal networks alone cannot initiate or generate effective locomotion. However, they 125 

can modulate and control locomotor-related motor output when the rostrally localized networks 126 

are intact.  127 

 128 

 129 

 130 

 131 

 132 

 133 

 134 

 135 

 136 

 137 
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Materials and Methods 138 

All research on animals reported in this manuscript was prospectively approved by the 139 

Institutional Animal Care and Use Committee of University of California Los Angeles and 140 

complied with the guidelines of the National Institutes of Health Guide for the Care and Use of 141 

Laboratory Animals (National Research Council, 2011). All data analysis procedures were 142 

performed at Stony Brook University, New York.  143 

 144 

Experimental design 145 

Twelve adult female Sprague-Dawley rats (200-250 g body weight) underwent 146 

electromyographic (EMG) recording and epidural stimulating electrode implantations and a 147 

complete first spinal cord transection (ST) at T8 as previously described (Shah et al., 2012). Of 148 

these, eleven rats survived all surgical procedures and data herein are reported from eleven rats. 149 

Twenty-two days after the first ST at T8 (1ST), the rats underwent a second complete ST at 150 

either L2 (2ST-L2, n=5) or S1 (2ST-S1, n=5). One rat underwent a 2ST at L1. Surgical and 151 

housing conditions and post-operative care have been described in detail previously (Shah et al., 152 

2016). The timeline for the experimental procedures is detailed in Figure 1A. 153 

 154 

Spinal cord transection procedures 155 

Spinal cord transections were performed as previously described (Shah et al., 2012). For 156 

the first spinal transection within the T8 segment (1ST-T8), a dorsal mid-line skin incision was 157 

made from ~T6 to T10 vertebral level and the paravertebral muscles and fascia from ~T7 to T9 158 

were reflected laterally to expose the vertebrae. A partial laminectomy was performed via 159 

removal of the spinous processes and a portion of the lateral bodies of the T8 and T9 vertebrae to 160 

expose the spinal cord. For the second transections within L2 (2ST-L2) and S1 segments (2ST-161 
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S1), the mid-line skin incision was made from ~T10 to L6 vertebral level. Laminectomies 162 

involved removal of the spinous processes and a portion of the lateral bodies of the T12 and T13 163 

vertebrae or L1 and L2 vertebrae to expose the L1/L2 and S1 spinal cord segments, respectively. 164 

For all spinal transections, the dura was picked up using fine forceps and micro-scissors were 165 

used to completely transect the spinal cord (including the entire extent of the dura) at each site. 166 

Two surgeons independently verified a complete spinal transection by gently passing a fine glass 167 

probe through the transection site and by lifting the cut ends of the spinal cord. Gel foam was 168 

inserted in the transection site to minimize bleeding and to separate (~2-3 mm) the cut ends of 169 

the spinal cord. 170 

 171 

Electromyography (EMG) and epidural stimulation (ES) electrode implantation procedures 172 

The EMG and ES implants were performed as previously described (Shah et al., 2012). 173 

Chronic EMG electrodes were implanted into the tibialis anterior (TA) and medial gastrocnemius 174 

(MG) muscles bilaterally. For two rats, electrodes were also implanted into the vastus lateralis 175 

and semitendinosus muscle to obtain standing evoked response data (see results). All wires for 176 

the EMG and ES electrodes were connected to a common connector that was implanted on the 177 

skull. 178 

Details of the location of the laminectomies and ES implant sites on the spinal cord are 179 

illustrated in Figure 1B (modified from Waibl, 1973). Briefly, a laminectomy at T12 vertebral 180 

body allowed accessing the L2 spinal segment and a partial laminectomy of the lower L1 and 181 

upper L2 vertebrae allowed access to the S1 segment (Waibl, 1973; Gelderd & Chopin, 1977; 182 

Harrison et al., 2013). Wires were pulled from below the vertebral bodies, approximately 2 mm 183 

of the Teflon coating was removed over the wire to make an electrode, and the electrode then 184 

was secured over the spinal segment with 8-0 ethilon sutures. These surgeries are routinely 185 
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performed in our laboratory and in our experience the electrodes continue to be held in place for 186 

as long as three to four months. All EMG and ES wires were pulled subcutaneously to be secured 187 

on the skull  as described previously (Roy et al., 1991). Note that after the 1ST-T8, the spinal 188 

cord was epidurally stimulated at both segments. After the 2ST-L2 or 2ST-S1, the L2 or S1 wires 189 

at the transection site were removed to accommodate for the ST. As such, after the 2ST, only 190 

monopolar stimulation was used, where a single wire implanted epidurally over the spinal 191 

segment site served as the stimulating monopolar electrode. Accordingly, stimulation was 192 

delivered at L2 after 2ST-S1 and stimulation was delivered at S1 after 2ST-L2. In the rat with 193 

2ST-L1 transection, the electrode was cut at the L2 spinal segment and spinal segment 194 

stimulated at S1. The reference electrodes for EMG and ES stimulation were placed under the 195 

skin at the level of inferior angle of the scapula. 196 

 197 

Locomotor training procedures 198 

After initial handling and training on the treadmill to step bipedally, rats underwent a 199 

two-week step-training period beginning 7 days after each transection surgery (Figure 1A). The 200 

rats were trained for 20 min/day, 3 days/week. The treadmill speed was gradually increased from 201 

6 to 13.5 cm/s during each two-week period. An upper body harness system was used to position 202 

the rats over a treadmill belt and partially support their body weight during bipedal locomotion 203 

(Shah et al., 2012). Bipolar ES at L2 and S1 (40 Hz, 500μs rectangular pulses) was delivered 204 

continuously during the training sessions after the first ST as previously described (Shah et al., 205 

2012), except that no pharmacological agents were administered in the present study during 206 

training. The training sessions after the second ST were divided into three 10-min sessions. The 207 

first session involved delivery of monopolar epidural stimulation (‘ES’ condition) at the same 208 

frequency and pulse duration as described above at the remaining site, e.g., L2 after transection 209 
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at S1. The second session (‘Drugs’ condition) involved administering two serotonergic agonists, 210 

i.e., quipazine (0.3 mg/kg of body weight, i.p.) and 8-hydroxy-dipropylamino-tetralin (8-OH-211 

DPAT) (0.1 mg/kg of body weight, i.p.), as previously described (Courtine et al., 2009). A 10-212 

min period was allowed for the Drugs to take effect prior to the subsequent training session.  The 213 

third session (‘ES+Drugs’ condition), after another 10-min break, involved testing the rats to step 214 

with the serotonergic agonists in the presence of ES. 215 

  216 

Behavioral and EMG testing procedures 217 

Kinematics and EMG data were collected from all rats (n=11) at day 3 prior to and then 218 

at 21 days after the 1ST-T8, and 21 days after the 2ST. Testing was performed with ES alone 219 

after the 1ST-T8, and with ES and the Drugs after the 2ST. Bipolar ES (40 Hz and 500μs 220 

duration rectangular pulses) between L2 and S1 was used during the training period after the 221 

1ST-T8 due to its effectiveness in enabling locomotion in SCI rats (Lavrov et al., 2008; Shah et 222 

al., 2012). Locomotor ability, however, was tested using monopolar L2 or S1 stimulation so as to 223 

compare these data after a 2ST (because the electrode at L2 or S1 was surgically removed after 224 

the 2ST). After the 2ST, monopolar stimulation at the same frequency and pulse duration was 225 

used for both training and testing. The rats were tested with the above-mentioned ES, Drugs and 226 

ES+Drugs conditions 21 days after the 2ST.  For all testing sessions, the optimal stimulation 227 

intensity used was that producing the best stepping ability as determined subjectively by the 228 

tester. This stimulation intensity, ranging from 1.0 to 3.5 V, was used during the kinematics and 229 

EMG data collection for all trials.   230 

 231 

Kinematics data were collected using 3-D video recordings at 100 fps as described 232 

previously (Shah et al., 2012; Shah et al., 2013).  The SIMI motion capture system (SIMI Reality 233 

Downloaded from www.physiology.org/journal/jn at Univ of California Los Angeles (131.179.060.254) on April 29, 2019.



Page | 11  
 

Motion Systems, Unterschleissheim, Germany) was used to obtain 3-D coordinates of limb 234 

markers attached bilaterally to bony landmarks (iliac crest, hip joint, knee joint, ankle joint, and 235 

fifth metatarsophalangeal joint) of the hindlimbs. EMG data were collected from eight to twelve 236 

consistent, consecutive step cycles bilaterally under conditions when bipedal stepping was 237 

possible, and for 60 continuous seconds when it was not (to ensure if stepping was indeed 238 

possible with the various conditions). The EMG signals were filtered (band passed, 30 Hz - 1 239 

KHz) and amplified (x1000) using an analog amplifier (differential AC amplifier, AM-systems 240 

Inc., USA). The signal then was digitized at a 10 KHz sampling rate and stored on a computer 241 

using a data acquisition card (NI-DAQ; National Instruments Inc., US). 242 

 243 

Kinematics analyses 244 

The body of the rat was modeled as an interconnected chain of rigid segments. Joint 245 

trajectories were generated for both the swing and stance phases of the step cycles as previously 246 

described (Shah et al., 2012). Six to twelve step cycles were taken when the rats were stepping 247 

consistently for each experimental condition. In the case when such continuous steps were not 248 

available, discrete steps were individually analyzed. A step was defined as complete if 1) the 249 

ankle joint was placed anterior to the hip joint at the beginning of the stance phase and as the 250 

foot went through mid-stance the ankle joint was placed posterior to the hip joint by the end of 251 

the stance phase, 2) the toe was lifted from the treadmill surface with concurrent hip and knee 252 

flexion to transition into the swing phase of the step cycle, and 3) the toe joint moved anterior to 253 

the knee joint during the swing phase. Partial steps were characterized by a reduction in the 254 

anterior-posterior excursions of the ankle and toe joints resulting in shorter stance durations and 255 

were not included in the calculation of step numbers. Rapid twitching or inconsistent non-256 

rhythmic repetitive flexion-extension foot or leg movements were also not considered in the 257 
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quantification of complete steps. Instead, rats that exclusively exhibited these types of 258 

movements are described as non-stepping in the results. In addition to quantifying the number of 259 

partial and complete steps, qualitative observations of non-step related hip and knee movements 260 

were made.  261 

 262 

Several kinematic gait parameters including the total number of complete steps, step 263 

cycle duration, step height (vertical ankle displacement) and stance length (horizontal toe 264 

displacement) were measured for each gait cycle. Complete steps were quantified as described 265 

above. Step cycle duration was measured from the onset of one swing phase in a step cycle to the 266 

onset of the next swing phase. Onset of swing was determined by the frame at which the foot 267 

initially ascended from the treadmill. Step height (vertical ankle displacement) was measured 268 

using the ankle joint marker: the ankle joint was chosen because it minimizes foot variability 269 

during swing without strongly impacting the magnitude of the vertical displacement during 270 

swing. Stance length (horizontal toe displacement) was measured using the toe joint since it best 271 

incorporates pre-swing drag of the foot in assessing total horizontal displacement during a stance 272 

phase.  273 

 274 

Spectrum analysis of EMG Activity 275 

Power spectra of EMG stepping was obtained to identify the unique spectral properties of 276 

each group and condition, to eventually decipher differences in EMG responses between 277 

stimulation and non-stimulation conditions. Fourier transforms were performed on ~10 steps of 278 

each limb for each group and condition. Activity synchronized with the application of ES was 279 

associated with spectral peaks at the 40 Hz stimulation frequency and at integer harmonics (i.e. 280 

80 Hz, 120Hz, etc.). Power integrals across each of the ES harmonics were calculated between 0-281 
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1000 Hz and normalized to the total power. Integral values were compared between 2ST-S1 and 282 

2ST-L2 rats, when stimulation was delivered with and without administration of Drugs. Due to 283 

the similarities seen in the frequency spectrums between the TA and MG, spectral data from both 284 

muscles were combined to assess the integral power between conditions. 285 

 286 

Evoked response analysis 287 

Responses evoked in the TA and MG muscles by ES (40 Hz) were measured to report the 288 

functional state of the spinal cord. EMG bursts corresponding to best steps (each burst containing 289 

one evoked response window for every 25ms duration of the burst) were analyzed from each 290 

experimental condition as described previously (Lavrov et al., 2006). Briefly, the middle 291 

response was considered as the result of a monosynaptic motor response from the ES that 292 

typically occurs 4-6ms after the ES pulse (Lavrov et al., 2006). The full late response window, 293 

reflecting spinal polysynaptic activity that is predictive of the potential of the spinal circuitries to 294 

generate stepping (Lavrov et al., 2006; Gad et al., 2015), was set as 9-25ms, originating after the 295 

completion of the middle response and truncated by the onset of the subsequent ES pulse at 296 

25ms. The 3ms gap between the middle and late response was included to insure no lingering 297 

components of the middle response were included in the late response due to the variabilities 298 

seen in the timing of the middle response. The number of unique peaks, was assumed to 299 

represent polysynaptic activity, during the late response waveform was determined using a 300 

custom MATLAB (Mathworks) script. Threshold for accepting a peak was set by an amplitude 301 

greater than 80% of the mean amplitude of the rectified burst during the LR. Note that an early 302 

response, reflecting direct stimulation of ventral roots, can be elicited only at higher stimulation 303 

intensities (Gerasimenko et al., 2006; Lavrov et al., 2006). The current stimulation protocol 304 

utilized stimulation intensities that were adequate to elicit the middle and late responses. 305 
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Since a more randomly generated late response waveform in an EMG burst is linked with 306 

a more successful stepping pattern (Lavrov et al., 2006; Gad et al., 2015), we quantified this 307 

variation using coefficient of variation (CV) values for the late response. This CV was calculated 308 

at each point for each animal over the course of all late responses from each burst. Thus, greater 309 

variations in the late response amplitude would suggest greater modulation of the spinal 310 

interneuronal circuitry to generate stepping and would yield higher values of CV. The MG has a 311 

longer activation period in a gait cycle and therefore the number of windows that were averaged 312 

per muscle burst were greater in the MG EMG burst (about 5 windows of the late response 313 

waveform per burst for TA and 30 for MG). At 10kHz sampling rate each late response contains 314 

160 samples. The mean and standard deviations at each of the 160 points from the late responses 315 

were calculated to determine the CV at each point. The CV’s at all 160 points were then 316 

averaged together for a single CV value per animal. The signals were rectified before calculation 317 

such that the CV reflected only variations in the magnitude of muscle activation. reflected 318 

variations in magnitude of muscle activation over time from onset of the ES pulse.  319 

 To verify if motoneuronal pools along the lumbosacral cord remained viable and were 320 

responsive to stimulation, in two rats from each group, spinally evoked  motor response data 321 

were obtained from four hindlimb muscles including the vastus lateralis, semitendinosus, tibialis 322 

anterior and gastrocnemius (0.3Hz, ~10 responses, 0.5ms pulse, 1-10V intensity). Data 323 

from 4V stimulation voltages are presented here.  324 

 325 

Statistical analyses  326 

Datasets in this experiment underwent the Shapiro-Wilk test for normality. Statistical 327 

comparisons were performed to determine the effects of ES, Drugs, and ES+Drugs only between 328 

the two groups, i.e., 2ST-S1 and 2ST-L2 using a standard two-way multiple comparisons 329 
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ANOVA. Paired t-tests were run between the 2ST rats with the ES condition and their 330 

corresponding 1ST ES data. Control pre-injury data served to provide reference values for 331 

relevant outcomes i.e., number of steps, cycle duration, and step height and length. In all cases 332 

significance was set at p< 0.05 and a Bonferroni correction was performed to account for 333 

multiple comparisons. Of these comparisons, the resulting plots and graphs highlight the 334 

comparisons where the main variable is different at transection locations (2ST-L2 vs. 2ST-S1), 335 

which was our main outcome of interest. All statistical tests were performed using SPSS (IBM). 336 

Given the complexity of experiments involving two spinal transections, we analyzed each 337 

hindlimb separately in each rat. As such, each hindlimb per rat was treated as an independent 338 

unit. Statistical data are therefore from 6-10 limbs per group, depending upon whether the limb 339 

stepped or not and hence upon the availability of step data for the specific outcome.  340 

 341 

 342 

 343 

 344 

 345 

 346 

 347 

 348 

 349 

 350 

 351 

 352 

 353 
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 354 

 355 

Results 356 

Bipedal stepping ability is retained after a spinal transection at S1 in rats previously 357 

spinalized at the T8 spinal segment.  358 

Figure 2A shows kinematics of step movements from a representative non-injured rat 359 

(Figure 2A: i-iv). Three weeks after the 1ST-T8, L2 monopolar stimulation successfully enabled 360 

all rats (n=5, rats 1-5) to execute at least six continuous steps on the treadmill with at least one 361 

hindlimb (Figure 2B, C;  representative rats 1 and 2 are shown). This level of stepping 362 

performance after 3 weeks of spinalization, with periods of co-activation between the extensor 363 

(MG) and flexor (TA) muscles, was expected with a monopolar stimulation configuration 364 

(Ichiyama et al., 2005; Shah et al., 2016).  365 

After a 2ST-S1 in the same rats (n=5 rats), stepping was retained in all rats in the 366 

presence of stimulation (Figure 2D,E; two representative rats shown). Note that because the S1 367 

segment was transected, stimulation in these rats was only possible and delivered at L2. All rats 368 

stepped continuously with complete steps. In most instances, the stepping was also bilaterally 369 

rhythmic. Interestingly, step heights, toe trajectories, and cycle durations were more consistent 370 

after the 2ST-S1 compared to after the 1ST-T8 (Figure 2E: ii-iii), The raw EMG signals showed 371 

distinctive reciprocal EMG bursts between the MG and TA muscles after than before the 2ST-S1 372 

(Figure 2D, E: iv). This is most likely due to the longer time allowed for the lumbosacral 373 

networks to adapt to stepping behavior after the initial traumatic insult to the cord. 374 

To assess the effects of activating the entire lumbosacral cord (versus predominantly the 375 

proximal lumbar segments alone as was done with the epidural stimulation alone) in facilitating 376 

stepping in the double spinalized rats, the serotonergic agonists quipazine and 8OH-DPAT were 377 
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administered (Barbeau & Rossignol, 1991; Ichiyama et al., 2008). Four of the 5 rats retained 378 

bilateral  stepping and consistency, taking 8+ consecutive steps with distinct stance and swing 379 

phases (Figure 2F-H: i-iii, representative rats, 1, 2 and 3 shown). Overall, the stepping patterns  380 

with Drugs more closely resembled stepping observed in non-injured rats. Raw EMG showed a 381 

clear antagonistic relationship between the TA and MG muscles in four out of the five animals 382 

tested in this group (Figure 2F-H: iv). The one rat that did not show this relationship generated 383 

only a few continuous complete steps and the majority of these steps exhibited strong ankle 384 

dorsiflexion associated with relatively brief bursts of MG activity and longer bouts of TA 385 

activity (Figure 2I, rat 4). Mean statistical data of multiple steps from the ten hindlimbs (all five 386 

rats), that quantifies systematically the number of steps, step cycle durations, step height and step 387 

length data are presented in Figure 4C and contrasted to similar outcomes after 2ST-L2.  388 

 389 

Bipedal stepping ability is abolished after a spinal transection at L2 in rats previously 390 

spinalized at the T8 spinal segment. 391 

Three weeks after 1ST-T8, stepping enabled by monopolar stimulation applied at S1 in 392 

five rats (rats 6-10) was similar to the stepping ability of rats 1-5 that were stimulated at L2 alone 393 

(compare Figure 3A-B versus Figure 2B-C, two representative rats shown). Such kinematics 394 

and EMG stepping patterns with S1 monopolar stimulation have been reported (Ichiyama et al., 395 

2005; Shah et al., 2016). 396 

After 2ST-L2 in the same rats, stimulation did not enable any complete steps in any of 397 

the 5 rats (Figure 3C, D; representative rats 6 and 7 are shown). Note that because the L2 398 

segment was transected, stimulation in these rats was only possible and delivered at S1. Raw 399 

EMG signals from the TA and MG were saturated with unmodulated tonic activity induced by 400 

the ES, indicating strong, direct activation of both muscles without any distinct patterning of 401 
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activity that is typical of the activation of interneuronal/motoneuronal locomotor spinal 402 

circuitries (Figure 3C: iv). Similar observations were made from all rats in this group. In the 403 

best-case scenario, one of the 5 rats exhibited occasional repetitive dorsiflexion in one foot 404 

(Figure 3D; rat 7). Although these movements were correlated with distinct bursts of EMG in 405 

the TA, the ankle never elevated from the treadmill surface as would be required for normal 406 

plantar stepping.  407 

After administration of Drugs, some minimal limb movement, particularly at the hip and 408 

knee, was observed in 3/5 rats in this group (Figure 3E-G; rats 6, 7, and 8). These joint 409 

movements, observed by watching videos, were arrhythmic, lacked any bipedal coordination, 410 

and involved sporadic and non-synchronous flexion-extension movements at the hip, knee, 411 

and/or ankle joints of one or both limbs. However, none of these rats were able to execute 412 

complete steps consistently. In the best-case scenario, rats occasionally elicited around 1-2 413 

continuous or discrete complete steps per limb throughout the testing trial. Hindlimb movements 414 

and the accompanying muscle activity are shown in Figure 3E-G. One rat occasionally produced 415 

partial step movement of one hindlimb with toe-curling as the foot mainly dragged on the 416 

moving treadmill belt (Figure 3E, rat 6). These partial step movements were accompanied by 417 

moderate and rhythmic EMG bursts in the TA with some co-contraction of the MG, albeit at 418 

lower amplitudes. Two rats (Figure 3F-G, rats 7 and 8) produced bilateral non-alternating 419 

flexion-extension jump-like movements in the ankle and feet. This behavior is commonly 420 

observed in spinal rats after quipazine administration even in the absence of afferent feedback 421 

from the treadmill (Ichiyama et al. 2008). Importantly, the visible hindlimb joint movements did 422 

not display consistent or rhythmic swing and stance step cycle phases as normally occurs during 423 

treadmill walking. Although some patterned bursting was observed, there were co-contractions 424 
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of the MG and TA in all 3 rats (Figure 3E-G: iv, vertical red hashes). Lastly, rats 9 and 10 did 425 

not produce any movement either with ES or the Drugs (Figure 3H; rat 9 shown). 426 

 427 

Stepping kinematics after the second spinal transection at S1 or L2:   428 

Data from all rats (Figure 4) confirmed our observations on the stepping behavior 429 

demonstrated in Figures 2 and 3.  In contrast to 2ST-S1, stepping in all rats after a 2ST-L2 was 430 

heavily compromised irrespective of the technique used in facilitating the lumbosacral circuitry 431 

to step. For the rats that showed some step-like movements (rats 6, 7, and 8), the number of 432 

complete steps in a trial averaged about 2 steps per hindlimb per trial. When these steps were 433 

used in the analysis of step kinematics, all mean measures of step kinematics confirmed that 434 

stepping quality was significantly compromised both in the timing (cycle duration) and the 435 

components of step trajectory length (step and stance lengths) compared to the corresponding 436 

stimulation condition after the 1ST. Additionally, all outcome measures were significantly lower 437 

in all stimulation and drug conditions when compared to 2ST-S1 rats (Figure 4A-D and Table 438 

1).  439 

 440 

EMG Spectral analysis  441 

The power spectra in Figure 5A show the unique spectral properties of each group (2ST-S1, 2ST-442 

L2), condition (stimulation and/or Drug), and muscle. The power spectra analysis displays the 443 

distribution of the evoked response signal’s energy capability in the frequency spectrum. Within 444 

each muscle-group plot it was observed that the ES power spectra had spectral peaks at each 40 445 

Hz harmonic that decreased in amplitude as a function of frequency. Spectral peaks at ES 446 

harmonics are a result of the sum of spectral characteristics of action potentials of motor units 447 

(Okkesim et al., 2012) taking part during walking secondary to the stimulation and can be 448 
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associated with the direct application of ES. The Drugs spectra, in contrast, had no obvious 449 

spectral peaks, reflecting a frequency-independent effect of the Drugs. Within both groups, the 450 

interaction between Drugs and ES (ES+Drugs) resulted in reduced ES harmonic power relative 451 

to the ES condition, indicating a modulatory effect of the drug on ES facilitated muscle activity. 452 

Between groups, both muscles showed significantly larger spectral power in conditions with ES. 453 

ES harmonic power was significantly higher in 2ST-L2 than 2ST-S1, both before and after the 454 

addition of the Drugs (Figure 5B). This corresponded to the proportionally higher burst 455 

amplitudes seen in 2ST-L2. These data suggest that the energy resulting from the sum of spectral 456 

characteristics of action potentials of motor units was higher during L2 stimulation. 457 

Spectral data for the Drugs condition were not different across groups and muscles. 458 

Hashed black line in Figure 5B refers to the Drugs-only power integrals using the same regions 459 

of integration that were used in the conditions where harmonics were present (ES, ES+Drugs). 460 

Note that the ES harmonic power for both ES and ES+Drugs conditions was larger than the 461 

power in the Drugs condition in the same region.  462 

 463 

ES evoked waveforms as a window into the functional state of the spinal cord 464 

 After 1ST-T8, and with stimulation at either L2 or S1, all rats showed a step-phase dependent 465 

modulation that strongly inhibits the middle response (MR) during specific cycle periods, in the 466 

MG during the swing phase and the TA during the stance phase (Figure 6A,B i, ii,; one 467 

representative burst shown), as previously described for non-injured (Gerasimenko et al., 2006) 468 

and spinal rats (Gad et al., 2015). Such modulation of the MR wave has been linked to the ability 469 

of the spinal locomotor circuitry to effectively respond to feedback from the epidural stimulation. 470 

Physiologically, a balance is likely established in the excitatory and inhibitory networks between 471 
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the flexors and extensors to optimize stepping ability and coordination secondary to the 472 

stimulation (Gad et al., 2015). 473 

A classic late response waveform with multiple peaks was also observed in all rats during the 474 

corresponding step phase from both the muscles (Figure 6A, B; iii).  This modulation of the MR 475 

along with the presence of the LR was present in all rats subsequently spinalized at S1 (Figure 6 476 

C), but not in those spinalized at L2 (Figure 6D). This LR consisted of randomly generated 477 

action potentials within the bursts, indicating engagement of polysynaptic spinal circuitry during 478 

locomotion. These data are suggestive of an association between the ability to take steps (Figure 479 

4) and the production of evoked waveforms from stimulation at L2.  480 

The middle response in the 2ST-L2 group stayed elevated throughout the step cycle, and 481 

the late response barely consisted of one or two peaks. In the presence of Drugs, the middle 482 

response modulation and late response waveform with peaks continued to prevail in the 2ST-S1 483 

rats (Figure 6E). After 2ST-L2 however, in trials where some steps were observed with the 484 

drugs, there was some inhibition of the middle response in the TA and MG muscles, but the 485 

signal was not completely suppressed during the step cycle, indicating co-contraction of muscles 486 

during stepping (Figure 6F).  487 

The number of peaks in the late response waveform were also significantly less after 488 

2ST-L2 than before the injury or even when compared with 2ST-S1 (Figure 7A). The coefficient 489 

of variation was used to capture the variation in the peak amplitudes during the late response that 490 

was linked to better stepping. Larger coefficient of variation values reflect the temporal variation 491 

at which the peaks occur in reference to the ES pulse, indicating their non-time-locked nature. 492 

These values were lower in rats after 2ST-L2 in comparison to before the injury for the TA 493 

muscle; and significantly lower than in rats with a 2ST-S1 (Figure 7B). These values were low 494 
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in the MG muscle too, but did not reach statistical significance, most likely due to the minimal 495 

number of EMG bursts that were actually available in the 2ST-L2 rats to detect the variation.  496 

 497 

The motor evoked responses (waveforms, latency and amplitudes) from the vastus 498 

lateralis, semitendinosus, tibialis anterior and medial gastrocnemius muscles were identical after 499 

2ST-S1 and 2ST-L2 (Figure 8, shown are raw data from one representative rat per group). Since 500 

elicitation of spinal evoked responses is mediated via stimulation of the low threshold dorsal root 501 

afferents (Gerasimenko et al., 2006;  Lavrov et al., 2008), these responses would not be 502 

obtainable if the nerve roots were accidentally cut during the transection surgery. As such, 503 

presence of evoked response data from multiple muscles by ES of the spinal cord verified the 504 

functional viability of the dorsal and ventral roots in the rostral lumbar segments after 2ST-L2.  505 

 506 

Lastly, in one rat in whom the lumbar cord was transected at the L1 spinal segment (and 507 

not L2), the kinematics of stepping, EMG activity and characteristics of evoked responses during 508 

stepping were similar to before the spinalization (compare left and right panels in Figure 9A-D). 509 

The hindlimbs executed consecutive steps to result in full steps with adequate step height and 510 

lengths similar to what was seen prior to the 2ST-L1 (Figure 9A and 9E). The corresponding 511 

stepping EMG data were also similar before and after 2ST-L1, showing rhythmic high amplitude 512 

bursting from the agonist and antagonist muscles (Figure 9B). Evoked monosynaptic and 513 

polysynaptic responses specific to the step phase cycles waveforms in the TA and MG muscles 514 

also were comparable (Figure 9C-D).  The number of late responses in the late response 515 

waveform were also similar (Figure 9E). These data indicate differences between outcomes 516 

obtained with a 2ST-L2 versus a 2ST-L1, and support our findings from this work that spinal 517 

neural networks at L2 play a predominant role in eliciting a stepping response.  518 
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 519 

 520 

 521 

 522 

 523 

 524 

 525 

Discussion 526 

 Our main finding here is that adult rats with a spinal transection at T8 were able to 527 

perform well-coordinated locomotion during ES at L2 even after a 2ST-S1. In contrast, S1 528 

stimulation did not induce locomotion after a 2ST-L2 (Figure 10). We conclude that 1) rostral 529 

segments are essential and critical for regulation of locomotor behavior and 2) the more caudal 530 

spinal networks alone cannot initiate or generate effective locomotion. However, they alone can 531 

initiate and control locomotor-related networks when the rostrally localized networks are intact.  532 

 533 

Rhythm-generating hindlimb locomotor networks in the lumbosacral spinal cord  534 

In the original study performed by Iwahara and colleagues (Iwahara et al., 1992), 535 

locomotion  in decerebrated and spinal cats was induced effectively when epidural stimulation 536 

was applied to  cervical or lumbosacral pre-enlargements. It has been suggested that the pre-537 

enlargement spinal segments integrate descending information from motor pathways controlling 538 

stepping movements (Iwahara et al., 1992).  Further studies have shown that in the cat, the 539 

rostral segments of the lumbar cord are critical for the initiation of stepping movements 540 

(Marcoux & Rossignol, 2000; Langlet et al., 2005) and for inducing rhythmic activity (Deliagina 541 

et al., 1983). Experiments with spinal cord transection and with pharmacological blocking of 542 
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restricted spinal lumbar segments have demonstrated that the integrity of the L3–L4 segments in 543 

cats is necessary to sustain the locomotor activity, and that the stepping movements in the cat 544 

hindlimbs could not be generated after a spinal cord transection below the L4 spinal segment 545 

(Marcoux & Rossignol, 2000).  546 

At the same time there are experimental data showing that intraspinal microstimulation at 547 

L7-S1 or ES at S1 can elicit stepping movements in the hindlimbs in spinal cats (Guevremont et 548 

al., 2006) and in spinal adult rats (review in (Shah & Lavrov, 2017), although it is unclear 549 

whether these movements were the result of direct activation of caudal networks or mediated by 550 

indirect activation of rostral networks. Recently, we demonstrated that initiating ES at L2 prior to 551 

S1 almost always brought about consistent stepping in spinal rats in comparison to initiating the 552 

stimulation at S1 spinal segment, suggesting that the rostral lumbar segments are the prime 553 

controllers of rhythm generation (Shah et al., 2016).  554 

In the present study we clearly demonstrate that ES at a caudal segment (S1) is not 555 

effective for inducing locomotor activity in spinal rats without rostral (L2) spinal segments. 556 

These observations suggest that the rostral segments of lumbar spinal cord are critical for 557 

generating rhythmic locomotor patterns and that ES of the caudal segments can generate well-558 

coordinated, rhythmic stepping when L2 is intact.  This issue is supported by the results of 559 

examination of one rat in whom locomotion was possible to induce with S1 stimulation when the 560 

spinal cord was transected at L1, instead of at L2 (Figure 9). Collectively, these data indicate 561 

that the CPG driving hindlimb locomotion is centered at L2. This conclusion is consistent with 562 

Cazalets et al. (1995) showing that locomotor network in newborn rats is restricted to a specific 563 

part of the spinal cord (L1-L2), but is not distributed segmentally (Cazalets et al., 1995).  564 

Note that after the second transection at L2 or S1, the cord was stimulated at the intact 565 

spinal segment and not at L3-L4. As such, the differences in stimulation site with different 566 
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conditions might have confounded our interpretation of the data (questioning for example, if the 567 

observed stepping possible with S1 stimulation is due to an intact S1 or the intactness of other 568 

spinal segments). Lastly, since the stepping quality was better after a S1 and T8 transection 569 

compared to a transection at T8 alone (Figure 2B-E), it is possible that the pattern generation 570 

circuits in the sacral spinal cord, such as those for swimming (Katz, 2016), conflicted with the 571 

hindlimb locomotion circuits. This could also help explain why an injury at L2 stopped 572 

locomotion, since the CPG networks for swimming located in the sacral region would have a 573 

conflicting influence on the CPG for hindlimb locomotion.  574 

To examine the functional state of main locomotor hindlimb muscles after second spinal 575 

transection at L2 or S1 we have tested the motor evoked potentials in response to stimulation of 576 

S1 and of L2 spinal segments, correspondingly.  We observed that after second spinal transection 577 

at L2, motor evoked potentials secondary to S1 stimulation were present and in fact similar to 578 

those seen with L2 stimulation both for the rostrally (vastus lateralis, tibialis anterior) and 579 

caudally situated motoneuronal pools (semitendinosus, and medial gastrocnemius) for the 580 

hindlimb muscles, but no stepping occurred with S1 stimulation at 30 Hz. In fact, lack of or 581 

moderate modulation of the evoked responses with the 40Hz S1 stimulation further suggested 582 

that crucial locomotion mediated neuronal pool activity was compromised after the L2 segment 583 

transection. The extent of polysynaptic activity was also heavily compromised with the L2 584 

transection, reflecting lack of interneuronal coordination required to generate spinal stepping 585 

(Lavrov et al., 2006). At the same time the motor evoked potentials, their modulation as well as 586 

locomotion was unchanged with L2 stimulation after second spinal transection at S1.  These data 587 

lead us to conclude that the degradation of locomotion during S1 stimulation after a spinal 588 

transection at L2 is related to elimination of part of the neuronal locomotor network with trigger 589 

properties rather than directly destroying the locomotor motoneuronal pools themselves. Lastly, 590 
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tonic activity with S1 stimulation was observed not only in muscles that receive their innervation 591 

from motoneurons located close to L2, but also in muscles whose motoneurons are not close to 592 

the injury site, such as the medial gastrocnemius and semitendinosus muscles. These 593 

observations indicate that the tonic activity does not necessarily reflect muscle spasms secondary 594 

to the injury at L2, but instead a non-uniform excitation of motoneurons with S1 stimulation. 595 

 Lev-Tov and colleagues described ascending propriospinal circuits in caudal lumbar and 596 

sacrococcygeal networks which project into and have an excitatory effect on rostral lumbar 597 

locomotor networks (Lev-Tov et al., 2000; Gabbay et al., 2002; Cherniak et al., 2017). These 598 

combined results are consistent with our hypothesis that ES enables the sacral networks to 599 

project locomotor-related sensory input to the more rostral networks (Etlin et al., 2010; Lev-Tov 600 

et al., 2010; Cherniak et al., 2014). How much of the caudally derived sensory input to the spinal 601 

networks is processed by the more caudal networks vs. by the more rostral networks cannot be 602 

determined by the present data. Based on these data and the results using unique spatiotemporal 603 

epidural stimulation parameters of the lumbar (L2) and sacral spinal segments (S1) (Shah et al., 604 

2016), we suggest that rostral lumbar networks play a primary role in controlling locomotion 605 

whereas the more caudal networks re-enforces the locomotor rhythmicity derived primarily from 606 

the more rostral networks.   607 

 608 

Pharmacological modulation of neuronal locomotor related networks 609 

The discrepancy in rhythmogenic capacity of rostral and caudal segments of the lumbar 610 

spinal cord might be explained by different types and/or concentrations of transmitter agonists 611 

and/or receptors located in those segments (Kiehn, 2006). Selective application of 5-HT to upper 612 

lumbar cord segments induced rhythmic activity, whereas application of 5-HT to lower lumbar 613 

cord segments failed to generate any hindlimb locomotor rhythm, and instead produced tonic 614 
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activity only (Cazalets et al., 1995; Cowley & Schmidt, 1997). There is growing evidence that a 615 

functional segregation of 5-HT receptor subtypes exists in the spinal cord, and recently clusters 616 

of specific subtypes have been identified. Using synthesized receptor antibodies, dense 617 

populations of cells that are positive for the 5-HT7 receptor subtype have been localized in the 618 

low thoracic-high lumbar spinal cord (Hochman, 2001), (Jordan & Schmidt, 2002). Thus, 5-HT7 619 

appears to have an active role in the region of the spinal cord suggested to be responsible for the 620 

generation of rhythmic stepping (Cazalets et al., 1995). In a double-labeling experiment using 621 

the 5-HT7 receptor antibody and the locomotor activity-dependent label sulforhodamine, the 622 

concentration of 5-HT7-positive cells during fictive locomotion was significantly higher in the 623 

upper (rostral) lumbar spinal cord than in the lower (caudal) segments (Hochman, 2001).  624 

In in-vitro experiments with neonatal rat preparations, Jordan and colleagues (Liu & 625 

Jordan, 2005) showed that blocking of the 5- HT7 receptors in the rostral segments of the lumbar 626 

cord by clozapine decreased step cycle duration, whereas blocking of the 5-HT2 receptors in the 627 

caudal segments of the lumbar cord by ketanserin did not influence step cycle duration. Also, it 628 

was concluded that the receptor subtypes 5-HT1A and 5-HT7, l located in rostral lumbar segments 629 

are associated with an “induction” of locomotion, whereas 5-HT2A/2C receptors located in caudal 630 

lumbar segments are associated with “promotion” of locomotion (Jordan & Schmidt, 2002; 631 

Landry & Guertin, 2004; Landry et al., 2006). The greater hindlimb locomotor rhythmicity 632 

intrinsic to the more rostral lumbar segments also seems consistent with data showing that these 633 

rostral segments contain interneurons controlling the hip muscles that largely define the 634 

kinematics of the hip joint during locomotion (Kiehn, 2006). Collectively, these data are 635 

consistent with the present results showing that elimination of the rostral lumbar segments by a 636 

complete spinal cord transection at L2 highly compromises the generation of a locomotor rhythm 637 

even when serotonergic agonists were administered after the L2 transection. In fact, the presence 638 
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of modest number of steps with the drugs was most likely due to the modest activation of 639 

neuronal circuits at the more caudal (L3 and downwards) lumbar segments.  640 

 641 

Rhythmicity as a feed-forward mechanism regulation of hindlimb locomotion 642 

Based on the examples noted above, the rhythmicity of locomotor patterns appears to 643 

follow a feed-forward mechanism, i.e., the rhythmicity is intrinsic to CPGs placed in the more 644 

rostral lumbar spinal cord segments, which drives hindlimb locomotion in a feedforward manner 645 

not needing sensory feedback (Gerasimenko et al., 2017). The evidence that the fine details of 646 

the rhythmicity can be defined by the dynamics of the ensembles of its sensory input to all 647 

lumbosacral segments during locomotion (stepping forward, backward, sideways), however, is 648 

equally compelling (Courtine et al., 2009; Shah et al., 2012). On one hand, it seems obvious 649 

from numerous studies that the control of rhythmicity during locomotion is derived from a 650 

combination of the rhythmicity that is intrinsic particularly to the more rostral segments. On the 651 

other hand, it is equally obvious that the extrinsic sources of input generated by massively 652 

divergent proprioceptive and cutaneous sensors projecting to the spinal networks play a key role 653 

in defining a critical level of integrated bilateral hindlimb rhythmicity among multiple joints, 654 

which could not be effectively controlled by a single rhythmic network. We argue that this 655 

proprioceptive control of locomotion is derived from peripheral afferents projecting to the more 656 

sacral networks. The functional significance of these rostrally projecting, highly orchestrated and 657 

intricately timed locomotor generated signals that form the ongoing dynamic ensemble inputs, 658 

however, becomes greatly amplified within the more rostral networks. Perhaps, it is here where 659 

the analogy of the “final common pathway”, i.e., those interneurons that project, to one or more 660 

motor pool at any given time fits with a comparable concept of “final common networks” 661 
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projecting to  more rostral spinal and multiple supraspinal networks that could provide 662 

continuous updates of earlier locomotor patterns (Figure 10). 663 

 664 

 665 

 666 

Concluding remarks 667 

 A key question persists: what are the features of these rostral spinal networks that make 668 

them so critical? It cannot be their unique ability to generate a locomotor rhythm because it is 669 

clear that the eventual rhythm pattern is determined by the specific movements being generated. 670 

During forward, backward, or sideward spinal stepping or at any given speed, periodicity is 671 

controlled by the dynamics of sensory ensembles rather than the uniqueness of the rhythmicity 672 

intrinsic to the central pattern generators. We propose that the more rostral segments for 673 

locomotion is a reflection of the intrinsic properties of these networks that enables central pattern 674 

generation itself, i.e., its feed-forwardness. It is this feed-forwardness, not its rhythmicity per se, 675 

that provides the features necessary to process massive amounts of locomotor-linked data in real 676 

time to drive, with temporal precision, all of the necessary motor pools to generate load bearing 677 

stepping. The kinetics and kinematics of locomotion seems to be dictated by the dynamics of the 678 

sensory signatures generated by stepping in the chronic spinal rat. This sensory input provides a 679 

mechanism for synergizing the intrinsic mechanisms of rhythmicity within the more rostral 680 

segments with the peripherally derived sensory input. The present data derived from adult rats, 681 

without supraspinal control, under in vivo conditions with and without pharmacological 682 

modulation and free of any anesthetics, seems remarkably consistent with the above system-level 683 

concepts. 684 

 685 
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Abbreviations used:  686 

ES : epidural stimulation 687 

1ST-T8 : first spinal transection at the T8 spinal segment 688 

2ST-S1 : second spinal transection at the S1 spinal segment 689 

2ST-L2 : second spinal transection at the L2 spinal segment 690 

2ST-L1 : second spinal transection at the L1 spinal segment  691 

MG : Medial Gastrocnemius 692 

TA : Tibialis Anterior 693 

8-OH-DPAT : 8-hydroxy-dipropylamino-tetralin 694 

CPG : central pattern generator 695 

CV : coefficient of variation  696 
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Figure and Table Legends: 916 

Figure 1: Experimental design and timeline. (A) After initial handling and pre-training to 917 

bipedally step, adult rats (n=11) underwent chronic bilateral EMG recording electrode 918 

implantation in the medial gastrocnemius and tibialis anterior muscles. Pre-injury testing (EMG 919 

recordings from the implanted hindlimb muscles and 3-D video kinematics) for bipedal hindlimb 920 

stepping on the treadmill was followed by a 1ST-T8 and epidural electrode implantation over the 921 

rostral lumbar (L2) and rostral sacral (S1) spinal segments. After one week of recovery, the rats 922 

were step-trained bipedally on a treadmill for two weeks. Bipedal stepping ability was re-923 

evaluated at 21d in the presence of ES at L2 and S1. Rats then underwent a 2ST-S1 or 2ST-L2 924 

(n=5/group) or 2ST-L1 (n=1). After two weeks of additional bipedal step training, stepping 925 

ability was tested with ES (either at L2 or S1) with and without the administration of Drugs. (B) 926 

Schematic representation of the spinal cord and vertebral levels displaying the sites of the 1ST-927 

T8 (thick black vertical line), the epidural electrode implants at L2 and S1 (black filled 928 

rectangles), and the sites of 2ST-L2 (red vertical line), 2ST-S1 (blue vertical line) or 2ST-L1 929 

(green vertical line).  930 

1ST-T8 : first spinal transection at T8; 2ST-S1: second spinal transection at S1; 2ST-L2 : second 931 

spinal transection at L2; 2ST-L1 : second spinal transection at L1; ES : epidural stimulation. 932 

 933 

Figure 2: Stepping kinematics and EMG features before and after a second transection of 934 

the spinal cord at spinal segment S1. Data are during bipedal stepping from (A) a 935 

representative non-injured rat; (B,C) two rats after a 1ST-T8 enabled to step with ES at L2; 936 

(D,E) the same rats after a 2ST-S1 enabled to step with ES; (F-I) four rats after a 2ST-S1 937 

enabled to step with the Drugs. Shown are representative: (i) stick figures during the swing and 938 

stance phases of a step cycle (red marks the foot distance from metatarsophalangeal joint to tip of 939 
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the toe), (ii) vertical ankle displacements (step heights) during consecutive steps, (iii) toe 940 

trajectories of consecutive steps, and (iv) 3s of band pass filtered EMG signals from the tibialis 941 

anterior (TA) and medial gastrocnemius (MG) muscles during bipedal treadmill stepping. Note 942 

in B, C that rats are able to step with ES after the 1ST-T8 (although uncoordinated). After the 943 

2ST-S1, stimulation continues to facilitate stepping as shown in D, E. In the presence of Drugs 944 

(F-I), stepping persists in all rats in this group (four rats shown). In all cases, the EMG patterns 945 

illustrate antagonist activity between the TA and MG muscles during stepping. In the schematic 946 

representation of the spinal cord on the far right, the red circle represents delivery of stimulation 947 

at L2 during testing and the horizontal blue line a 2ST-S1 in rats spinally transected at T8. 1ST-948 

T8 : first spinal transection at T8; 2ST-S1: second spinal transection at S1; ES : epidural 949 

stimulation. 950 

 951 

Figure 3: Stepping kinematics and EMG features before and after a second transection of 952 

the spinal cord at spinal segment L2. Data are during (attempted) bipedal stepping from (A, B) 953 

two rats with ES at S1 after 1ST-T8; (C, D) the same rats after a 2ST-L2 enabled to step with 954 

ES; and (E-H) four rats after a 2ST-L2 enabled to step with Drugs. Shown are representative: (i) 955 

stick figures during the swing and stance phases of a step cycle (red marks the foot distance from 956 

metatarsophalangeal joint to tip of the toe), (ii) vertical ankle displacements (step heights) during 957 

consecutive steps, (iii) toe trajectories of consecutive steps, and (iv) 3s of band pass filtered 958 

EMG signals from the tibialis anterior (TA.) and medial gastrocnemius (MG) muscles during 959 

bipedal treadmill stepping. Note in A and B that stepping is facilitated with stimulation at S1 960 

after the 1ST-T8; but is almost completely abolished after the 2ST-L2 despite the stimulation (C, 961 

D). EMG activity is seen in the form of non-bursting tonic activity. In the presence of Drugs, few 962 

bilateral non-rhythmic flexion-extension movements of the hip, knee and/or ankle joint are 963 
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observed in three rats, with corresponding co-contraction observed between the TA and MG 964 

muscles (brown vertical lines in E-G, iv). In two rats, the Drugs did not elicit any joint 965 

movements and no EMG activity was detected (H, only one rat shown). The blue circles in the 966 

schematic representation of the spinal cord on the far right represents delivery of stimulation at 967 

S1 and the horizontal blue line a 2ST-L2 in rats spinally transected at T8. 1ST-T8 : first spinal 968 

transection at T8; 2ST-L2 : second spinal transection at L2; ES : epidural stimulation. 969 

 970 

Figure 4: Average stepping kinematics after the second spinal cord transection. Mean (±SE) 971 

(A) number of steps, (B) step cycle duration, (C) step height, and (D) stance length from both 972 

limbs in rats (n=total of 6-20 limbs per group, depending on the rat group) after 1ST-T8 and 973 

2ST-T8. 1ST-T8 data are in the presence of ES and 2ST data are under ES, Drugs, and 974 

ES+Drugs conditions. Note in A that the number of complete plantar steps significantly 975 

decreased after the 2ST-L2 in comparison to after the 2ST-S1. The individual or combined 976 

effects of ES and Drugs in the 2ST-L2 rats enabled a mean of ~2 complete steps per limb 977 

throughout a trial. These steps taken for kinematics analysis in B-D revealed significantly shorter 978 

cycle durations and joint movement trajectory measures (step height and length) in comparison 979 

to step kinematics obtained in rats with a 2ST-S1. The horizontal purple dotted line represents 980 

normative pre-injury data for each outcome. *, significant difference between groups at p< 0.05. 981 

1ST-T8 : first spinal transection at T8; 2ST-S1: second spinal transection at S1; 2ST-L2 : second 982 

spinal transection at L2; ES : epidural stimulation. 983 

 984 

Figure 5: Frequency spectral analysis after the second spinal transection.  (A) Mean (±SE) 985 

power spectrum in the frequency domain of the tibialis anterior (TA) and medial gastrocnemius 986 
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(MG) muscles in response to ES), Drugs and ES+Drugs conditions after 2ST-L2 and 2ST-S1. 987 

For each muscle, in both injury types, 40Hz harmonics are observed with the ES condition, but 988 

not with the Drugs. The amplitude of harmonics is mid-way in the ES+Drugs condition. (B) 989 

Mean percentage (±SE) of the integral of power associated with harmonics in the presence of ES 990 

and Drugs. Black hashed horizontal line represents expected power in a given region of 991 

integration without ES modulated excitation (only Drugs condition). *, significant differences 992 

between groups at p< 0.05. 2ST-S1 : second spinal transection at S1; 2ST-L2 : second spinal 993 

transection at L2; ES : epidural stimulation. 994 

 995 

Figure 6: Characteristics of spinal evoked responses during stepping before and after the 996 

second spinal transection. The evoked responses generated for each stimulation pulse in the 997 

tibialis anterior (TA) and medial gastrocnemius (MG) EMG bursts from two representative rats 998 

before (A, B) and after a 2ST-S1 (C, E) or 2ST-L2 (D, F) with and without the Drugs. Shown 999 

for each condition are: (i) raw EMG signals (1.5s) from the antagonistic muscles during treadmill 1000 

stepping in the presence of 40 Hz ES; (ii) the 1.5s signal from (i) is depicted as a stack of sixty 1001 

consecutive 25ms responses (that correspond to each stimulation pulse) from top to bottom 1002 

chronologically, showing the middle response (MR) and late responses (LR); (iii) the average 1003 

waveform during the late response window of the evoked responses obtained in (ii). The red 1004 

horizontal hash lines in (iii) represent the amplitude threshold for peak acceptance, the midpoint 1005 

between the hashed lines indicates baseline amplitude of 0mV, and the blue circles represent 1006 

peaks that were accepted and included as late responses (see Methods for threshold criteria for 1007 

peak acceptance). Note that in the presence of ES and the Drugs conditions, there is the presence 1008 

of several polysynaptic peaks during the LR along with marked retention in their variability in 1009 

both muscles after a 2ST-S1, but not after 2ST-L2. The evoked responses are heavily time 1010 
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locked to the stimulation between 5-8ms for the MG and 7-9ms for the TA after a 2ST-L2, 1011 

especially in the ES condition (D), implying a lack of polysynaptic activity and hence lack of 1012 

modulation of circuitry to generate a stepping pattern. 1ST-T8 : first spinal transection at T8; 1013 

2ST-S1 : second spinal transection at S1; 2ST-L2 : second spinal transection at L2; ES – epidural 1014 

stimulation. 1015 

 1016 

Figure 7: Analysis of the late response wave. (A) Mean (±SE) number of peaks during the late 1017 

response (LR) before and after a 2ST-S1 and 2ST-L2 in the presence of ES. The number of 1018 

peaks in the LR are significantly greater in the 2ST-S1 group as compared to the 2ST-L2 group 1019 

and reflects greater polysynaptic reflex EMG activity secondary to the presence of stepping 1020 

movements seen in 2ST-S1 rats (observed in Figure 4). (B) Coefficient of variation (CV) values 1021 

during the late response that indicate the presence of muscle activity not time-locked to the ES 1022 

pulse is significantly high in the 2ST-S1 group in comparison to the 2ST-L2 group for the TA 1023 

muscle. *, significant differences between groups at p< 0.05. 2ST-S1 : second spinal transection 1024 

at S1; 2ST-L2 : second spinal transection at L2; ES : epidural stimulation.  1025 

  1026 

Figure 8: Representative spinal evoked motor response data during standing after the first 1027 

and second spinal transection. (A-B) Raw EMG traces in a representative rat during treadmill 1028 

stepping after the 1ST-T8 and after the 2ST-S1  from the vastus lateralis (VL), semitendinosus 1029 

(ST), tibialis anterior (TA) and medial gastrocnemius (MG) muscles in response to L2 1030 

stimulation at 40Hz. (C) In the same rat, shown are an average of ~10 motor evoked responses 1031 

during weight-bearing bipedal standing after 1ST-T8 and after 2ST-S1 with L2 stimulation at 1032 

0.3Hz. (D-E) Raw EMG traces in a representative rat during treadmill stepping after the 1ST-T8 1033 
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and after the 2ST-L2 from the same muscles in response to S1 stimulation at 40Hz. (F) In the 1034 

same rat, shown are an average of ~10 motor evoked responses during weight-bearing bipedal 1035 

standing after 1ST-T8 and after 2ST-L2 with S1 stimulation at 0.3Hz. Note that the evoked 1036 

response profiles are comparable whether rats were transected at the S1 and L2, reflecting the 1037 

responsiveness and therefore viability of dorsal and ventral roots after the second transection. 1038 

1ST-T8 : first spinal cord transection at the T8 spinal segment; 2ST-S1 : second spinal 1039 

transection at S1; 2ST-L2 : second spinal transection at L2. 1040 

 1041 

Figure 9: Stepping kinematics and EMG features before and after a second transection of 1042 

the spinal cord at spinal segment L1 in one rat. The left panel shows data after the 1ST-T8 1043 

and the right panel shows data after a 2ST-L1 in the same rat. Note that the overall stepping 1044 

kinematics and electrophysiology data are similar before and after the 2ST-L1. (A) 1045 

Representative stick figures during the swing and stance phases of a step cycle (red marks the 1046 

foot distance from metatarsophalangeal joint to tip of the toe) along with vertical ankle 1047 

displacements (step heights) and toe trajectories of consecutive steps; (B) 3s of band pass filtered 1048 

EMG signals from the tibialis anterior (TA.) and medial gastrocnemius (MG) muscles during 1049 

bipedal treadmill stepping; (C) the EMG signal from B is depicted as a stack of consecutive 1050 

25ms responses (that correspond to each stimulation pulse) from top to bottom chronologically 1051 

show middle response (MR) and late response (LR); (D) the average waveform during the late 1052 

response window of the evoked responses obtained in C. The red horizontal hash lines in 1053 

represent the amplitude threshold for peak acceptance, the midpoint between the hashed lines 1054 

indicates baseline amplitude of 0mV, and the blue circles represent peaks that were accepted and 1055 

included as late responses; (E) Mean (±SE) cycle duration, step height, stance length and total 1056 

number of peaks in the late response waveform before and after 2ST-L1. *, significant 1057 
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differences between groups at p< 0.05. 1ST-T8 : first spinal cord transection at the T8 spinal 1058 

segment; 2ST-L1 : second spinal transection at L1. 1059 

Figure 10: Schematic of the conceptual hypotheses for the observed results. (A) Cartoon of 1060 

the lumbosacral cord after the 1ST-T8 shows that when the L2 and S1 spinal segments are intact, 1061 

ES at L2 or S1 (yellow thunderbolt arrows) modulates the locomotor circuitry at L2 in the 1062 

presence of proprioceptive feedback from the hindlimbs. The resultant outcome is a robust 1063 

stepping response from one or both hindlimbs, as evidenced by the foot trajectory plots. (B) 1064 

After a 2ST-S1, ES at L2 and proprioceptive feedback from the hindlimbs continue to activate 1065 

the rostral lumbar locomotor circuitry to evoke less robust stepping. (C) After 2ST-L2, however, 1066 

the rostral locomotor circuitry is compromised after the injury. Despite the presence of 1067 

proprioceptive feedback and ES at S1, stepping ability is almost lost. 1ST-T8 : first spinal cord 1068 

transection at the T8 spinal segment; 2ST-S1 : second spinal transection at S1; 2ST-L2 : second 1069 

spinal transection at L2. 1070 

 1071 

Table I: Statistics on kinematics and EMG data. Red letters represent significance after 1072 

Bonferroni correction for multiple comparisons. 1073 

 1074 
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