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Abstract 28 

When new motor learning changes the spinal cord, old behaviors are not impaired; their key features are 29 

preserved by additional, compensatory, plasticity. To explore the mechanisms responsible for this 30 

compensatory plasticity, we transected the spinal dorsal ascending tract (DA) before or after female rats 31 

acquired a new behavior – operantly conditioned increase or decrease in the right soleus H-reflex – and 32 

examined an old behavior – locomotion.  Neither DA transection nor H-reflex conditioning alone impaired 33 

locomotion. Nevertheless, when DA transection and H-reflex conditioning were combined, the rats developed a 34 

limp and a tilted posture that correlated in direction and magnitude with the H-reflex change. When the right H-35 

reflex was increased by conditioning, the right step lasted longer than the left and the right hip was higher than 36 

the left; when the right H-reflex was decreased by conditioning, the opposite occurred. These results indicate 37 

that ascending sensory input guides the compensatory plasticity that normally prevents the plasticity underlying 38 

H-reflex change from impairing locomotion. They support the concept of the state of the spinal cord as a 39 

negotiated equilibrium that reflects the concurrent influences of all the behaviors in an individual’s repertoire; 40 

and they support the new therapeutic strategies this concept introduces. 41 

 42 

 43 

Significance Statement  44 

The spinal cord provides a reliable final common pathway for motor behaviors throughout life. Until recently, its 45 

reliability was explained by the assumption that it is hardwired; but it is now clear that the spinal cord changes 46 

continually as new behaviors are acquired. Nevertheless, old behaviors are preserved. This study shows that 47 

their preservation depends on sensory feedback from spinal cord to brain: if feedback is removed, the 48 

acquisition of a new behavior may disrupt an old behavior. In sum, when a new behavior changes the spinal 49 

cord, sensory feedback to the brain guides further change that preserves old behaviors. This finding 50 

contributes to a new understanding of spinal cord function, and to development of new rehabilitation therapies.  51 
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INTRODUCTION 52 

 It has long been commonly assumed that learning depends entirely on plasticity in the brain. 53 

Nevertheless, it is now clear that the neural substrate of a motor behavior often includes plasticity in the spinal 54 

cord as well (Wolpaw and Tennissen, 2001; Doyon et al., 2009; Wolpaw, 2010, 2012;  Dayan and Cohen, 55 

2011; Penhune and Steele, 2012; Pierrot-Deseilligny and Burke, 2012; Vahdat et al., 2015). Since the spinal 56 

cord, together with its analogous brainstem nuclei, is the final common pathway for motor behaviors, the spinal 57 

cord plasticity associated with the acquisition of a new motor behavior can affect existing (i.e., old) behaviors 58 

that use the same spinal neurons and synapses. In spite of this, new behaviors do not normally disrupt old 59 

ones; the normal central nervous system acquires and maintains an extensive repertoire of motor behaviors 60 

throughout life. Recent studies indicate that the brain and spinal cord plasticity associated with a new behavior 61 

includes compensatory plasticity that preserves the key features of old behaviors (e.g., right/left symmetry in 62 

locomotion) (Chen et al., 2011, 2014a). Compensatory spinal cord plasticity may also occur when trauma 63 

impairs motor function (Frigon and Rossignol, 2009).   64 

We hypothesize that sensory feedback to the brain guides this compensatory plasticity. When the 65 

spinal cord plasticity underlying a new behavior impairs an old behavior, the impairment is reflected in the 66 

sensory feedback associated with performance of the old behavior. Discrepancies between this feedback and 67 

the feedback associated with normal performance guide further plasticity that reduces the discrepancies and 68 

preserves the key features of the old behavior. This hypothesis predicts that the loss of sensory feedback to 69 

the brain will allow the spinal cord plasticity underlying a new behavior to impair an old behavior. 70 

We tested this prediction by examining the impact of a new motor behavior – an operantly conditioned 71 

increase or decrease in the soleus H-reflex (Wolpaw, 1987; Chen and Wolpaw, 1995; Thompson et al., 2009) 72 

– on an old motor behavior – locomotion – in rats in which mid-thoracic transection of the dorsal column 73 

ascending tract (DA rats) had greatly reduced proprioceptive feedback to the brain (Sengul and Watson, 2014). 74 

Specifically, we assessed in DA rats the impact of H-reflex conditioning on two key features of locomotion: 75 

right/left symmetry in step-cycle timing and hip height. In normal rats, H-reflex conditioning does not disturb 76 

these symmetries; that is, it does not cause the rats to limp or to walk with a tilted posture (Chen et al., 2005, 77 

2011).  In DA rats, we found that the effects of H-reflex conditioning are substantially different. 78 
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MATERIALS AND METHODS 79 

Experimental Design 80 

Subjects were 32 young adult female Sprague-Dawley rats weighing 214-266 g (mean 237(±15SD) g) 81 

at the beginning of the study. The use of female rats reduced the need for bladder expression in the first few 82 

days after DA transection. H-reflex conditioning is comparable in females and males (e.g., Chen and Wolpaw 83 

1995, 1997, 2002; Chen et al. 1996, 2005, 2014a). All procedures satisfied the "Guide for the Care and Use of 84 

Laboratory Animals" (National Academies Press, Washington, D.C., 2011) and had been reviewed and 85 

approved by the Institutional Animal Care and Use Committee of the Wadsworth Center.  86 

Figure 1A shows the two studies. Study 1 transected the DA at thoracic level T9 and then exposed rats 87 

to up- or down-conditioning of the right soleus H-reflex for the standard 50-day period, or to no conditioning. 88 

Study 2 exposed rats to H-reflex up- or down-conditioning for 50 days, transected the DA, and then continued 89 

the conditioning for 50 more days. We assessed the impact of these procedures on locomotor right/left 90 

symmetries during walking on the treadmill. 91 

The procedures for electrode implantation, dorsal column ascending tract (DA) transection, postsurgical 92 

care, assessment of locomotion, H-reflex conditioning, histological evaluation, and data analysis have been 93 

described previously ((Chen and Wolpaw, 2012; Thompson and Wolpaw, 2014) for review). They are 94 

summarized here.  95 

Electrode Implantation 96 

 Rats were implanted under general anesthesia (ketamine HCl (80 mg/kg) and xylazine (10 mg/kg), 97 

intraperitoneal) and aseptic conditions with chronic stimulating and recording electrodes as described 98 

previously (Chen and Wolpaw, 1995, 1997, 2002; Chen et al., 2001, 2002, 2005, 2006). To elicit the right 99 

soleus H-reflex, a silicone rubber nerve cuff containing a pair of fine-wire electrodes was placed around the 100 

right posterior tibial (PT) nerve just above the triceps surae branches. The cuff was closed by a suture that 101 

encircled the cuff. To record electromyographic (EMG) activity, a pair of fine-wire EMG electrodes with final 102 

0.5-cm segments stripped and separated by 0.2-0.3 cm were placed in the right soleus muscle. The wires from 103 

the nerve cuff and the muscle were led subcutaneously to a connector plug mounted on the skull. In addition, 104 

small (2-mm) dots were tattooed bilaterally on the skin over the lateral aspects of the knees, hips (i.e., 105 
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trochanter major), and iliac crests at the 5th lumbar vertebra to guide placement of markers during locomotor 106 

sessions (see below).  107 

After surgery, the rat was kept warm and given an analgesic (Demerol, 0.2 mg, intramuscular), and was 108 

returned to its cage and allowed to eat and drink freely (Chen and Wolpaw, 1995, 2002). 109 

Spinal Cord Dorsal Column Ascending (DA) Tract Transection 110 

Prior to H-reflex conditioning (Study 1), or after a 50-day exposure to H-reflex up- or down-conditioning 111 

(Study 2), each rat received a spinal cord dorsal ascending (DA) tract transection at T9 as described previously 112 

(Chen et al., 2001; Chen and Wolpaw, 2002). Briefly, under the anesthesia regimen described above, a partial 113 

dorsal laminectomy was performed at T8-9 with minimal disturbance of the dural envelope. The animal was 114 

then mounted on a stereotaxic frame with the nearby dorsal processes rigidly fixed. The T9 transection was 115 

performed by electrocautery. The cauterizer, which was mounted on the stereotaxic frame, was activated in 116 

brief pulses to minimize thermal damage to adjacent tissue. The transection extended 0.4 mm to either side of 117 

the midline and 0.7 mm into the spinal cord from the dorsal surface; thus it cut the DA bilaterally and left the 118 

underlying corticospinal tract (CST) wholly or largely intact. After transection, the site was rinsed with normal 119 

saline and covered with Durafilm to minimize connective tissue adhesions to the dura. The muscle and skin 120 

were then sutured in layers. Care in the days immediately after the transection included analgesia, antibiotics, 121 

bladder expression, and high-calorie dietary supplementation as previously described in detail (Chen and 122 

Wolpaw, 1997, 2002; Chen et al., 2001, 2006, 2014a, 2014b). Bladder function returned 1-3 days (mean 123 

1.3(±0.6SD)) after transection. Open-field locomotion was assessed according to the rating scale of Basso et 124 

al. (1995) (i.e., the BBB test; perfect score 21). In all animals, the BBB score returned to ≥20 in 2-6 days (mean 125 

3.4(±1.0SD) days). Thus, although kinematic analysis (see below) focused on the hindlimbs and did not assess 126 

the possible effects of DA transection on forelimb/hindlimb coordination (e.g., English, 1980, 1989), it was clear 127 

that DA transection did not produce a persistent visible disturbance of locomotion.   128 

Soleus H-Reflex Monitoring and Conditioning 129 

Data collection started at least 30 days after electrode implantation and continued 24 hrs/day, 7 130 

days/week for at least 70 days (Study 1) or 120 days (Study 2) (Fig. 1A). During this period, each rat lived in a 131 

standard rat cage with a 40-cm flexible cable attached to the skull plug. The cable, which allowed the animal to 132 
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move freely about the cage, conveyed the wires from the electrodes to a commutator above the cage, and 133 

from there to an EMG amplifier and a stimulus isolation unit. The rat had free access to water and food, except 134 

that during H-reflex conditioning it received food mainly by performing the task described below. Animal well-135 

being was carefully checked several times each day, and body weight was measured weekly. Laboratory lights 136 

were dimmed from 2100 to 0600 each day. 137 

Stimulus delivery and data collection were under the control of a computer system, which monitored 138 

ongoing EMG activity (gain 1000, band-pass 100-1000 Hz, sample rate 5000 Hz) continuously 24 hr/day, 7 139 

days/week, for the entire period of data collection. Whenever the absolute value (equivalent to the full-wave 140 

rectified value) of right soleus background (i.e., ongoing) EMG activity remained within a defined range for a 141 

randomly varying 2.3-2.7 s period, the computer initiated a trial. In each trial, the computer stored the most 142 

recent 50 ms of EMG activity from the muscle (i.e., the background EMG interval), delivered a monophasic 143 

stimulus pulse to the nerve cuff, and stored the EMG activity for another 100 ms. Stimulus pulse amplitude and 144 

duration were initially set to produce a maximum H-reflex and an M response that was typically just above 145 

threshold. (The M response (the direct motor response) is the EMG activity produced by the few motoneuron 146 

axons that are directly excited by the nerve cuff stimulus.) In each rat, pulse duration remained fixed (typically 147 

0.5 ms) throughout study. Pulse amplitude was adjusted by the computer after each trial to maintain the right 148 

soleus M response (i.e., average absolute value of EMG activity in the M-response interval (typically 1.5-4.0 149 

ms after PT nerve stimulation)) unchanged at a target size. This ensured that the effective strength of the 150 

nerve stimulus was stable throughout the study despite any changes that occurred in nerve-cuff electrode 151 

impedances or in other factors (Wolpaw, 1987; Chen and Wolpaw, 1995). H-reflex size was calculated as 152 

average absolute value of EMG activity in the H-reflex interval (typically 5.5-10.0 ms after stimulation) minus 153 

average absolute value of background EMG activity at the time of stimulation, and was expressed in units of 154 

average absolute value of background EMG activity at the time of stimulation. 155 

To determine the initial size of the H-reflex, data were collected for 20 days under the control mode, in 156 

which the computer simply digitized and stored soleus EMG activity for 100 ms following the stimulus. Then, 157 

the rat was exposed to right soleus H-reflex up-conditioning (HRup rats) or down-conditioning (HRdown rats) 158 

for 50 days (Study 1) or 100 days (Study 2) (Fig. 1A). Under the up- or down-conditioning mode, the computer 159 
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gave a reward (i.e., a 20-mg food pellet) 200 ms after PT nerve stimulation if the absolute value of right soleus 160 

EMG activity in the H-reflex interval was above (up-conditioning) or below (down-conditioning) a criterion value. 161 

The criterion value was set and adjusted as needed each day so that the rat received an amount of food that 162 

met its daily requirement (e.g., about 700 reward pellets (i.e., 14 g) per day for a 300-gm rat).  163 

In every rat, the impact on H-reflex size of the initial 50 days of conditioning was determined by 164 

expressing the average daily H-reflex size for Days 41-50 of conditioning in percent of the average daily H-165 

reflex size for the final 10 control-mode days. (For example, a value of 150% indicated that the H-reflex had 166 

increased by 50%.) In the Study-2 rats, the impact on H-reflex size of the second 50 days of conditioning (i.e., 167 

after DA transection) was determined by expressing the average daily H-reflex size for Days 91-100 of 168 

conditioning in percent of the average daily H-reflex size for Days 41-50.  169 

Locomotor Data Collection 170 

At the beginning of study, prior to electrode implantation, each rat learned to walk quadrupedally on a 171 

motor-driven treadmill at 9-13 m/min over 1-2 training sessions of 20-30 min. each (Chen et al., 2005, 2006, 172 

2011, 2014a, 2014b). These training sessions were effective: when the rats were placed on the treadmill for 173 

actual locomotor data collection later on, they typically walked immediately. Subsequently, locomotor data 174 

were collected from each rat in two (Study 1) or three (Study 2) treadmill sessions as shown in Figure 1A.  175 

Prior to each locomotor session, the hindlimbs were shaved and, guided by the tattooed dots (see above), 176 

3-mm reflective adhesive markers were placed on the lateral aspects of the fifth metatarsophalangeal joint, the 177 

ankle joint (i.e., lateral malleolus), the knee joint, the hip joint (i.e., trochanter major), the iliac crest at the 5th 178 

lumbar vertebra, and the midpoint between the ankle and knee joints of each leg to enable later analysis of 179 

locomotor kinematics. In each rat, treadmill speed was the same for all sessions. During locomotion, soleus 180 

EMG activity was continuously recorded (bandpass 100-1000 Hz), digitized (4000 Hz), and stored. In addition, 181 

locomotor kinematics were recorded bilaterally with a 3-D video data collection and analysis system (100 182 

frames/sec) (Vicon Motion Systems). Data were collected under two conditions. One was undisturbed 183 

locomotion. In the other, the soleus H-reflex was elicited just after the middle of the stance phase (i.e., the 184 

‘locomotor H-reflex’) as described in (Chen et al., 2005, 2006, 2014a, 2014b). About 5 min (i.e., ~500 step 185 
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cycles) of data were collected under each condition. At the end of each session, the femur and tibia lengths in 186 

each leg were measured externally.  187 

Analysis of Locomotor Data 188 

The EMG activity recorded during undisturbed locomotion was rectified and used to calculate soleus 189 

locomotor H-reflex size and (after low-pass filtering by a 50-ms running average) soleus locomotor burst 190 

amplitude. As for the H-reflex elicited in the conditioning protocol (i.e., the ‘protocol H-reflex’), locomotor H-191 

reflex size were calculated as average absolute value of EMG activity in the H-reflex interval minus average 192 

absolute value of background EMG activity at the time of stimulation, and was expressed in units of average 193 

absolute value of background EMG activity (See Chen et al. (2005) for full description of this measurement). 194 

Soleus locomotor burst amplitude was calculated as average absolute value of EMG activity between burst 195 

onset and offset and was expressed in μV (Chen et al., 2005, 2006). 196 

The concurrent 3-D locomotor kinematic data were analyzed with the Vicon Motus software (Vicon Motion 197 

Systems) to assess two measures that reflect the right/left symmetry of the step cycle. The first measure was 198 

step symmetry, defined as the average time from right foot contact (RFC) to left foot contact (LFC) divided by 199 

the average time from LFC and RFC (i.e., a value of 1.0 indicates that the step cycle is perfectly symmetrical). 200 

The second measure was hip-height symmetry, defined as the average right hip height during right stance 201 

divided by the average left hip height during left stance (i.e., a value of 1.0 indicates that the hip heights are 202 

equal). We selected these measures for two reasons. First, they are clearly key features of locomotion: if step 203 

symmetry differs from 1.0, the rat is limping; and if hip height differs from 1.0, the rat is tilted as it walks. 204 

(Furthermore, such asymmetries might have long-term musculoskeletal consequences (e.g., osteoarthritis in 205 

the spine or limbs).) Second, in the absence of appropriate compensatory plasticity, these key features 206 

seemed likely to be impaired by unilateral conditioning of the soleus H-reflex (Chen et al. 2011). For these 207 

reasons, they appeared to provide a good test of our hypothesis that the dorsal column ascending tracts guide 208 

the compensatory plasticity that prevents H-reflex conditioning from impairing locomotion: the hypothesis 209 

predicts that, in DA rats, H-reflex conditioning should produce asymmetry in the step cycle and in hip height.   210 

Perfusion, Postmortem Examination, and Lesion Verification 211 
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At the end of data collection, each rat was anesthetized, the right soleus muscle was injected with cholera 212 

toxin subunit B-conjugated Alexa Fluor488 (for retrograde labeling of soleus motoneurons), and three days 213 

later the rat was perfused through the heart for postmortem examination and lesion verification, and for later 214 

anatomical and immunohistochemical studies (e.g., Wang et al., 2006, 2009).  215 

The nerve cuff, EMG electrodes, and tibial nerve were examined, and the right and left soleus muscles 216 

were removed and weighed. The femur and tibia were exposed and their lengths were measured. The spinal 217 

cord was removed and blocks including the transection were embedded in OCT compound (Tissue-Tek) and 218 

frozen on dry ice. Transverse 20-μm-thick serial sections from these blocks were cut with a cryostat, mounted 219 

onto precoated glass slides (Superfrost; Fisher), and analyzed to define the location and size of the DA 220 

transection and any associated damage to the CST or other tracts (Chen and Wolpaw, 1997, 2002; Chen et 221 

al., 2002). 222 

Statistical Analysis 223 

The data consist of protocol H-reflexes (i.e., H-reflex sizes measured throughout the day whenever the 224 

rats satisfied the background EMG criteria), locomotor H-reflexes (i.e., H-reflex sizes measured during the 225 

stance phase of locomotion), soleus locomotor EMG burst amplitudes, and putative key locomotor features 226 

(i.e., right/left symmetry in step-cycle timing, right/left symmetry in hip height).  227 

The first objective was to compare the impact of H-reflex up- or down-conditioning on these measures in 228 

normal rats to the impact in DA-transected rats (DA rats). We compared the rat groups (i.e., up-conditioned 229 

normal rats, down-conditioned normal rats, unconditioned DA rats, up-conditioned DA rats, down-conditioned 230 

DA rats) by ANOVA. The normal rats were the Study-2 rats prior to DA transection; the DA rats were the 231 

Study-1 rats (Fig. 1A). If the groups differed significantly, we then compared for each group the data prior to 232 

conditioning to those at the end of up- or down-conditioning or no conditioning by paired t-test.  233 

The second objective was to evaluate for normal rats and for DA rats the correlations between 234 

conditioning-induced change in H-reflex size and changes in key locomotor features. The normal rats were the 235 

Study-2 rats prior to DA transection; the DA rats were the Study-1 rats and the post-DA transection Study-2 236 

rats (Fig. 1A). These correlations were evaluated by linear regression.   237 
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RESULTS  238 

Animal Well-Being and Postmortem Examination 239 

Animals remained healthy and active throughout data collection.  Body weight increased from 214-266 240 

(237(±15SD)) g at the beginning of the study to 295-459(347(±40)) g at the time of perfusion. Right and left 241 

soleus muscle weights (measured as percent of body weight), averaged 0.049(±0.009SD)% for the right and 242 

0.048(±0.008)% for the left. They did not differ significantly from each other (p=0.39 by paired t-test), and did 243 

not differ from soleus muscle weights of normal rats (Chen and Wolpaw, 1995, 1997, 2002; Chen et al., 1996, 244 

1999, 2001, 2002, 2005, 2006). Examination of the nerve cuffs revealed the expected connective tissue 245 

investment of the wires and apparent good preservation of the nerve inside the cuff. 246 

DA Transection 247 

Quantitative analysis indicated that DA transection was usually complete or nearly complete in most of the 248 

rats.  On average, 19(±20SD)% (range: 0-67%) of the right and 16(±19)% (range: 0-60%) of the left DA 249 

remained. Figure 1B shows a T9 transverse section from a representative rat. As Figure 1C also shows, DA 250 

transection itself did not disturb the normal right/left symmetries in step-cycle timing or hip height during 251 

locomotion.   252 

The right and left lateral columns (LC) were entirely intact in all 32 rats; and the right and left corticospinal 253 

tracts (CST) were entirely intact in 26 rats. Six rats had sustained CST damage, indicating that the transection 254 

had extended too deep. This CST damage is potentially important because the CST is essential for acquisition 255 

and maintenance of H-reflex down-conditioning and for acquisition of up-conditioning (Chen and Wolpaw 2002; 256 

Chen et al. 2002, 2003). In these 6 rats, the percentages of the right and left CST that remained were 100 and 257 

69%, 88 and 68%, 68 and 100%, 43 and 38%, 11 and 31%, and 0 and 0%, respectively. The latter three rats, 258 

with large or complete CST lesions, were excluded from the data analysis.  259 

The Rats Studied 260 

The Study-1 results include data from 18 DA rats, 6 exposed to H-reflex up-conditioning, 6 to down-261 

conditioning, and 6 to no conditioning (NC). The Study-2 results include data from 10 rats that were exposed to 262 

either up-conditioning (5 rats) or down-conditioning (5 rats) before DA transection and then continued to be 263 
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conditioned for another 50 days.  (One additional Study-2 down-conditioned rat did not finish the study due to 264 

breakage of the nerve-cuff wires.) 265 

For the purpose of this investigation (to determine whether the loss of sensory feedback to the brain 266 

caused by DA transection allows the spinal cord plasticity underlying the new behavior of H-reflex conditioning 267 

to impair the old behavior of locomotion), the results provide three sets of data. The data gathered from the 268 

Study-2 rats prior to DA transection assess the impact of H-reflex conditioning on locomotion in normal rats. 269 

The data gathered from the Study-1 rats assess the impact of H-reflex conditioning on locomotion in rats in 270 

which the DA was transected prior to conditioning. Finally, the data gathered from the Study-2 rats after DA 271 

transection assess the impact of further H-reflex conditioning on locomotion in rats in which the DA was 272 

transected after the initial 50 days of H-reflex conditioning had increased or decreased the H-reflex.      273 

H-Reflex Conditioning 274 

As Figure 2A shows, conditioning had its expected effects on the right soleus H-reflex in both the DA-275 

transected rats of Study 1 and the not-yet-transected (i.e., normal) rats of Study 2: H-reflex size changed 276 

gradually in the rewarded direction over the 50-day period of up-conditioning (HRup rats) or down-conditioning 277 

(HRdown rats). Down-conditioning decreased the H-reflexes of the Study-2 rats somewhat more than those of 278 

the Study-1 rats, although this difference did not reach significance (p=0.06 by t-test).  In neither the Study-1 279 

rats nor the Study-2 rats did the average H-reflex increases (or decreases) in the final 10 days of the 50-day 280 

period of up-conditioning (or down-conditioning) differ significantly from those in the many normal rats studied 281 

previously ((Chen and Wolpaw, 2012, Thompson and Wolpaw, 2014) for review).  282 

After the Study-2 rats underwent DA transection and conditioning continued for another 50 days, the H-283 

reflex tended to rise further in the HRup rats (p=0.07 by paired t-test) and remained about the same in the 284 

HRdown rats. (In the Study-2 rats, the transient increase 1-2 days after DA transection is a nonspecific effect 285 

of the surgery and/or anesthesia (Chen et al., 2001).) 286 

Locomotor H-Reflexes and Soleus Locomotor EMG Activity  287 

In the DA rats of Study 1 and the not-yet-transected (i.e., normal) rats of Study 2, the change in the H-288 

reflex elicited during the conditioning protocol (i.e., the protocol H-reflex) was accompanied by corresponding 289 

change in the locomotor H-reflex (i.e., the H-reflex elicited during the stance phase of locomotion) and in the 290 



 

 12 

right soleus locomotor burst, which supports stance. Figure 2B summarizes and illustrates these effects. Thus, 291 

in DA rats as in normal rats, H-reflex conditioning changed the soleus contribution to locomotion. 292 

Locomotor Symmetry 293 

Despite their similarity in the effects of H-reflex conditioning on H-reflexes and soleus locomotor EMG 294 

activity, normal rats and DA rats differed markedly in the impact of conditioning on locomotor symmetry. Figure 295 

3A summarizes these results. As expected in normal rats (Chen et al., 2005, 2011), H-reflex conditioning did 296 

not affect the normal right/left symmetries in step-cycle timing or hip height in the not-yet-transected Study-2 297 

rats. After 50 days of up- or down-conditioning (i.e., just before DA transection), right/left step-cycle timing and 298 

hip heights remained symmetrical. In contrast, in the DA rats of Study 1, H-reflex conditioning produced 299 

significant right/left asymmetries in step-cycle timing and hip heights that correlated with the direction of H-300 

reflex change. Up-conditioning made the right step last longer than the left and it made the right hip higher than 301 

the left; down-conditioning made the right step briefer than the left and the right hip lower than the left. 302 

Furthermore, when, after 50 days of conditioning, the normal rats of Study 2 underwent DA transection and 303 

continued to be conditioned for another 50 days, those that developed further change in H-reflex size also 304 

developed corresponding asymmetries in step-cycle timing and hip height.  305 

Figure 3B shows for normal rats and DA rats the correlations between H-reflex change and right/left 306 

symmetries in step cycle timing and hip height. In normal rats, H-reflex change had no detectable effect. In DA 307 

rats, H-reflex conditioning produced asymmetries in both measures that correlated with the direction and 308 

magnitude of the concurrent change in H-reflex size. Thus, the more the H-reflex increased with up-309 

conditioning, the more the right step became longer than the left and the right hip became higher; and the more 310 

the H-reflex decreased with down-conditioning, the more the right step became shorter than the left and the 311 

right hip became lower. Figures 3C and D illustrate these effects.  312 

In summary, H-reflex conditioning does not disturb locomotion in normal rats. In DA rats, it does disturb 313 

locomotion: the step-cycle asymmetry is manifested as a limp and the hip-height asymmetry as a tilted 314 

hindlimb posture. The direction and magnitude of these abnormalities correlate with the direction and 315 

magnitude of H-reflex change. 316 

317 
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DISCUSSION 318 

The primary significance of these results is their contribution toward a new understanding of spinal cord 319 

function. The work of recent decades has made it clear that the spinal cord changes throughout life as growth 320 

and aging occur, as new behaviors are acquired, and in response to trauma and disease (reviewed in (Wolpaw 321 

and Tennissen, 2001; Wolpaw, 2010, 2012; Pierrot-Deseilligny and Burke, 2012)). Thus, the traditional concept 322 

of a hardwired spinal cord that does not change after early development is no longer viable. However, it has 323 

not been clear how a continually changing spinal cord remains a reliable final common pathway for all the 324 

behaviors in an individual’s repertoire. The present results help to answer this question. They thereby support 325 

a new concept of spinal cord function that reconciles its long recognized reliability with its newly appreciated 326 

plasticity. 327 

Maintenance of Motor Behaviors 328 

The acquisition of a new motor behavior can certainly affect an old behavior. The distinctive walk of 329 

professional ballet dancers is a striking example (Kilgannon, 1996; PBS SUNDAYARTS, 2011). The changes 330 

in spinal reflex pathways (e.g., Nielsen et al., 1993) (and presumably in other pathways) that underlie the 331 

acquisition of this specialized behavior change the old behavior of locomotion. Nevertheless, locomotion is not 332 

disrupted; it looks different (i.e., its kinematics change), but it remains satisfactory. In rats, soleus H-reflex 333 

conditioning has an analogous impact. Because it changes the spinal pathway of the reflex ((Wolpaw and Lee, 334 

1989; Thompson and Wolpaw, 2014) for review), it affects the pathway’s contribution to other behaviors, such 335 

as locomotion. Locomotor EMG activity and kinematics change (Chen et al., 2005, 2011) (e.g., Fig. 2B). 336 

Nevertheless, in normal rats, the features that characterize normal locomotion (e.g., right/left symmetry in step 337 

timing and hip height) are preserved. As Bernstein (1967) emphasized, motor behaviors have key features that 338 

are much more precisely controlled than other features. This principle has been formalized in the “uncontrolled 339 

manifold” concept, which partitions the variance in kinematic variables into the part that impairs key features 340 

(e.g., right/left step symmetry) and the part that does not (Scholz and Schöner, 1999; Latash et al., 2007; 341 

Chang et al., 2009).   342 

Recent studies indicate that, when acquisition of a new behavior (i.e., soleus H-reflex conditioning) 343 

changes the lumbosacral spinal cord, the preservation of normal locomotion entails compensatory plasticity 344 
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involving other spinal pathways (Chen et al., 2011, 2014a). The resulting changes in locomotor EMG activity 345 

and kinematics preserve key locomotor features (e.g., right/left symmetry in hip height). For example, when 346 

soleus H-reflex down-conditioning decreases ankle angle (i.e., decreases plantarflexion) during locomotion 347 

(which by itself would lower the hip), an associated increase in hip extension may preserve hip height (Chen et 348 

al., 2011). 349 

Studies that take advantage of the anatomical separation between brain and spinal cord illuminate the 350 

compensatory plasticity that preserves old behaviors. After denervation of an important leg muscle in cats, 351 

locomotion gradually recovers. By assessing the locomotor impact of subsequent spinal cord transection, 352 

Carrier et al. (1997) showed that this recovery depends on plasticity in both brain and spinal cord. Frigon and 353 

Rossignol (2009) further extended this work. In another example, unilateral operant down-conditioning of the 354 

triceps surae H-reflex in monkeys has little or no effect on the contralateral H-reflex (Wolpaw et al., 1989, 355 

1993). Terminal studies that assessed the impact of spinal cord transection showed that the preservation of an 356 

unchanged contralateral H-reflex depended on plasticity in both brain and spinal cord (Wolpaw and Lee 1989). 357 

Thus, just as the initial acquisition of a motor behavior may involve plasticity in both brain and spinal cord, its 358 

subsequent preservation as further behaviors are acquired may do so as well. Each behavior rests on a 359 

network of brain and spinal plasticity that changes as needed to maintain the key features of the behavior.  360 

The present results illuminate the process that maintains a motor behavior; they show that this process 361 

is driven and guided by sensory feedback from the spinal cord to the brain. DA transection, which eliminates 362 

much of that feedback, allows H-reflex conditioning to disrupt key locomotor features such as step-cycle and 363 

hip-height symmetry, producing a limp and a tilted posture. After DA transection, the brain no longer receives 364 

feedback reflecting the impact of H-reflex conditioning on locomotion; and/or the limited feedback that it does 365 

receive is inadequate for guiding appropriate compensatory plasticity. The result is that appropriate 366 

compensation does not occur and locomotion becomes abnormal.  367 

In a similar fashion, loss or distortion of ascending sensory feedback may contribute to the disabilities 368 

of people with spinal cord injury, stroke, or other disorders that impair interactions between the brain and the 369 

spinal cord. These disorders do not merely impair the brain’s descending control over the spinal cord, they can 370 

also impair the ascending sensory feedback that guides this control. Thus, motor disabilities may occur and 371 
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persist not only because the disorder creates them, but also because the disorder disrupts the feedback 372 

needed to guide their correction and/or because the limited feedback that remains is inadequate for guiding 373 

appropriate compensatory plasticity. 374 

Function of the Spinal Cord 375 

By demonstrating that DA transection allows H-reflex conditioning to disrupt locomotion, the present 376 

results help to explain how the highly plastic spinal cord remains a reliable final common pathway for motor 377 

behaviors throughout life. We have recently proposed that new motor behaviors are acquired and old 378 

behaviors are preserved through a process in which the substrate of brain and spinal plasticity underlying each 379 

behavior operates as an independent agent: each behavior repeatedly induces spinal cord (and brain) 380 

plasticity that maintains its key features despite the plasticity induced by other behaviors (Wolpaw, 2010; 381 

Thompson et al., 2013; Chen et al., 2014a). Whenever the behavior is performed, the associated sensory 382 

feedback is compared to the expected feedback (i.e., the feedback associated with normal performance). This 383 

comparison (which may occur in the cerebellum (D’Angelo et al., 2016; Popa et al., 2016)) detects deviations 384 

from the key features of the behavior. These deviations constitute error signals that guide appropriate changes 385 

in the brain and spinal substrate responsible for the behavior.  386 

As a result, the spinal cord is continually modified by the many behaviors that use it. The aggregate 387 

process is a negotiation among the behaviors: they negotiate the properties of the spinal neurons and 388 

synapses that they all use. The negotiation ensures that spinal neuronal and synaptic properties are 389 

maintained in an equilibrium – a negotiated equilibrium – that serves all the behaviors in an individual’s 390 

repertoire (Wolpaw, 2010; Thompson et al., 2013; Chen et al., 2014a). This model assumes that sensory 391 

feedback to the brain guides the plasticity that maintains each behavior despite the plasticity produced by other 392 

behaviors. Thus, the model predicts that loss of sensory feedback will allow the spinal cord plasticity underlying 393 

a new behavior to impair old behaviors. The present results confirm this prediction. 394 

Experimental and Clinical Uses of H-Reflex Conditioning 395 

 This demonstration of the importance of ascending sensory input in preserving an old behavior when 396 

new learning changes the spinal cord was made possible by a distinctive attribute of the H-reflex conditioning 397 

protocol. Unlike most motor learning, H-reflex conditioning is not guided by the ascending somatosensory 398 
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feedback generated during performance; it is guided principally by the food reward (i.e., by the visual, auditory, 399 

and/or gustatory input associated with the reward). Thus, H-reflex conditioning can occur in DA-transected 400 

rats, in which its impact on old behaviors is apparent.  401 

This attribute of the conditioning protocol underlies its promising therapeutic applications. In the present 402 

study, the protocol was used to disrupt normal locomotion. Applied in a clinical context, it represents a new 403 

therapeutic approach called “targeted neuroplasticity” (Thompson and Wolpaw, 2014, 2015). In rats in which a 404 

lateralized spinal cord injury has weakened stance on one side and created a limp, up-conditioning of the 405 

soleus H-reflex on that side strengthens stance and restores locomotor symmetry (Chen et al., 2006). 406 

Similarly, in people with spasticity due to incomplete spinal cord injury, down-conditioning of the hyperactive 407 

soleus H-reflex reduces limping and increases walking speed (Thompson et al., 2013). Furthermore, the global 408 

improvement in their walking cannot be attributed simply to the plasticity that reduces the H-reflex (i.e., the 409 

plasticity targeted by the reward contingency). The introduction of a new motor behavior – a smaller soleus H-410 

reflex – appears to trigger a wider process (i.e., a new negotiation) that leads to beneficial plasticity at many 411 

sites and improves locomotor muscle activity in the proximal and distal muscles of both legs (Thompson et al., 412 

2013). Recent animal studies provide additional evidence for and insight into this initiation of wider beneficial 413 

plasticity (Chen et al., 2014b).   414 

Summary 415 

This study helps to explain how the highly plastic spinal cord reliably serves all the motor behaviors in 416 

an individual’s repertoire. By showing that DA transection allows the acquisition of a new behavior to disrupt an 417 

old behavior, the results support the conclusion that sensory feedback to the brain enables each behavior to 418 

exert continuing influence over spinal neuronal and synaptic properties and to thereby ensure its continued 419 

satisfactory performance.  420 



 

 17 

REFERENCES 421 

Basso DM, Beattie MS, Bresnahan JC (1995) A sensitive and reliable locomotor rating scale for open field 422 

testing in rats. J Neurotrauma 12:1-21. 423 

Bernstein NA (1967) The Co-ordination and Regulation of Movements. Oxford: Pergamon Press. 424 

Carrier L, Brustein E, Rossignol S (1997) Locomotion of the hindlimbs after neurectomy of ankle flexors in 425 

intact and spinal cats: model for the study of locomotor plasticity. J Neurophysiol 77:1979-1993. 426 

Chang YH, Auyang AG, Scholz JP, Nichols TR (2009) Whole limb kinematics are preferentially conserved over 427 

individual joint kinematics after peripheral nerve injury. J Exp Biol 212: 3511-3521. 428 

Chen XY, Carp JS, Chen L, Wolpaw JR (2002) Corticospinal tract transection prevents operantly conditioned 429 

increase of H-reflex in rats. Exp Brain Res 144:88-94. 430 

Chen XY, Chen L, Wolpaw JR (2003) Conditioned H-reflex increase persists after transection of the main 431 

corticospinal tract in rats.  J Neurophysiol 90:3572-3578. 432 

Chen XY, Feng-Chen KC, Chen L, Stark DM, Wolpaw JR (2001) Short-term and medium-term effects of spinal 433 

cord tract transections on soleus H-reflex in freely moving rats. J Neurotrauma 18: 313-327. 434 

Chen XY, Wolpaw JR (1995) Operant conditioning of H-reflex in freely moving rats. J Neurophysiol 73: 411-435 

415. 436 

Chen XY, Wolpaw JR (1997) Dorsal column but not lateral column transection prevents down-conditioning of H 437 

reflex in rats. J Neurophysiol 78:1730-1734. 438 

Chen XY, Wolpaw JR (2002) Probable corticospinal tract control of spinal cord plasticity in the rat. J 439 

Neurophysiol 87: 645-652. 440 

Chen XY, Wolpaw JR (2012) Operant conditioning of spinal cord reflexes in rats. In: Animal models of acute 441 

neurological injuries. II: Injury and mechanistic assessments. (Chen J, Xu ZC, Xu XM, Zheng JH, eds), 442 

Chapter 44, pp. 543-551. New York: Humana Press. 443 

Chen XY, Wolpaw JR, Jakeman LB, Stokes BT (1996) Operant conditioning of H-reflex in spinal-cord injured 444 

rats. J Neurotrauma 13:755-766. 445 

Chen XY, Wolpaw JR, Jakeman LB, Stokes BT (1999) Operant conditioning of H-reflex increase in spinal-cord 446 

injured rats. J Neurotrauma 16:175-186. 447 



 

 18 

Chen Y, Chen L, Liu RL, Wang Y, Chen XY, Wolpaw JR (2014a) Locomotor impact of beneficial or non-448 

beneficial H-reflex conditioning after spinal cord injury. J Neurophysiol 111:1249-1258. DOI: 449 

10.1152/jn.00756.2013 450 

Chen Y, Chen L, Wang Y, Wolpaw JR, Chen XY (2011) Operant conditioning of rat soleus H-reflex oppositely 451 

affects another H-reflex and changes locomotor kinematics. J Neurosci 31:11370-11375. 452 

Chen Y, Chen L, Wang Y, Wolpaw JR, Chen XY (2014b) Persistent beneficial impact of H-reflex conditioning 453 

in spinal cord injured rats. J Neurophysiol 112: 2374-2381. 454 

Chen Y, Chen XY, Jakeman LB, Schalk G, Stokes BT, Wolpaw JR (2005) The interaction of a new motor skill 455 

and an old one: H-reflex conditioning and locomotion in rats. J Neurosci 25:6898-6906. 456 

Chen Y, Chen XY, Jakeman LB, Chen L, Stokes BT, Wolpaw JR (2006) Operant conditioning of H-reflex can 457 

correct a locomotor abnormality after spinal cord injury in rats.  J Neurosci 26: 12537-12543. 458 

Dayan E, Cohen LG (2011) Neuroplasticity subserving motor skill learning. Neuron 72:443-454. 459 

D’Angelo E, Mapelli L, Casellato C, Garrido JA, Luque N, Monaco J, Prestori F, Pedrocchi A, Ros E (2016)  460 

Distributed circuit plasticity: new clues for the cerebellar mechanisms of learning. Cerebellum 15:139-151. 461 

DOI 10.1007/s12311-015-0711-7. 462 

Doyon J, Bellec P, Amsel R, Penhune V, Monchi O, Carrier J, Lehéricy S, Benali H (2009) Contributions of the 463 

basal ganglia and functionally related brain structures to motor learning. Behav Brain Res 199: 61-75. 464 

English AW (1980) Interlimb coordination during stepping in the cat: effects of dorsal column section. J 465 

Neurophysiol 44:270-279. 466 

English AW (1989) Interlimb coordination during locomotion. Integ Compar Biol 29:255-266. 467 

Frigon A, Rossignol S (2009) Partial denervation of ankle extensors prior to spinalization in cats impacts the 468 

expression of locomotion and the phasic modulation of reflexes. Neuroscience 158:1675-1690. 469 

Kilgannon C (1996) By their walk shall you know them. New York Times, November 10, 470 

http://www.nytimes.com/1996/11/10/nyregion/by-their-walk-shall-you-know-them.html  471 

Latash ML, Scholz JP, Schöner G (2007) Toward a New Theory of Motor Synergies. Motor Control 11: 276-472 

308. 473 



 

 19 

Nielsen J, Crone C, Hultborn H (1993) H-reflexes are smaller in dancers from the Royal Danish Ballet than in 474 

well-trained athletes. Eur J Appl Physiol 66:116-21. 475 

PBS SUNDAYARTS (2011) Sara Mearns, Principal Dancer, New York City Ballet (Online), 476 

http://video.pbs.org/video/2135346634/ (see time 13:25-13:55). 477 

Penhune V, Steele C (2012) Parallel contributions of cerebellar, striatal and M1 mechanisms to motor 478 

sequence learning. Behav Brain Res 226: 579-591. 479 

Pierrot-Deseilligny E, Burke D (2012) The Circuitry of the Human Spinal Cord: Spinal and Corticospinal 480 

Mechanisms of Movement. Cambridge, UK: Cambridge Univ Press. 481 

Popa LS, Streng ML, Hewitt AL, Ebner TJ (2016) The errors of our ways: understanding error representations 482 

in cerebellar-dependent motor learning. Cerebellum 15: 93-103. doi:10.1007/s12311-015-0685-5. 483 

Reinkensmeyer DJ, Guigon E, Maier MA (2012) A computational model of use-dependent motor recovery 484 

following a stroke: optimizing corticospinal activations via reinforcement learning can explain residual 485 

capacity and other strength recovery dynamics. Neural Networks 29-30: 60-69. 486 

Scholz JP, Schöner G (1999) The uncontrolled manifold concept: identifying control variables for a functional 487 

task. Exp Brain Res 126:289-306. 488 

Sengul G, Watson C (2014) Ascending and descending pathways in the spinal cord. In: The rat nervous 489 

system (Paxinos G, ed), Chap 8, pp. 115-130. Amsterdam: Elsevier. 490 

Thompson AK, Chen XY, Wolpaw JR (2009) Acquisition of a simple skill: task-dependent adaptation plus long-491 

term change in the human soleus H-reflex. J Neurosci 29: 5784-5792. 492 

Thompson AK, Pomerantz F, Wolpaw JR (2013) Operant conditioning of a spinal reflex can improve 493 

locomotion after spinal cord injury in humans. J Neurosci 33: 2365-2375. 494 

Thompson AK, Wolpaw JR (2014) Operant conditioning of spinal reflexes: from basic science to clinical 495 

therapy. Frontiers in Integrative Neurosci 8:1-8. 496 

Thompson AK, Wolpaw J R (2015) Targeted neuroplasticity for rehabilitation. Prog Brain Res 218:57-72. 497 

Vahdat S, Lungu O, Cohen-Adad J, Marchand-Pauvert V, Benali H, Doyon J (2015) Simultaneous brain- 498 

cervical cord fMRI reveals intrinsic spinal cord plasticity during motor sequence learning. PLoS Biol 13:  499 

e1002186 doi:10.1371/journal.pbio.1002186. 500 



 

 20 

Wang Y, Pillai S, Wolpaw JR, Chen XY (2006) Motor learning changes GABAergic terminals on spinal 501 

motoneurons in normal rats.  Eur J Neurosci 23:141-150. 502 

Wang Y, Pillai S, Wolpaw JR, Chen XY (2009) H-reflex down-conditioning greatly increases the number of 503 

identifiable GABAergic interneurons in rat ventral horn.  Neurosci Lett 452: 124-129. 504 

Wolpaw JR (1987) Operant conditioning of primate spinal reflexes: the H-reflex. J Neurophysiol 57:443-459.  505 

Wolpaw JR (2010) What can the spinal cord teach us about learning and memory? Neuroscientist 16: 532-549. 506 

Wolpaw JR (2012) Harnessing neuroplasticity for clinical applications. Brain doi: 10.1093/brain/aws017. 507 

Wolpaw JR, Herchenroder PA, Carp JS (1993) Operant conditioning of the primate H-reflex: factors affecting 508 

the magnitude of change. Exp Brain Res 97:31-39. 509 

Wolpaw JR, Lee CL (1989) Memory traces in primate spinal cord produced by operant conditioning of H-reflex. 510 

J Neurophysiol 61:563-572. 511 

Wolpaw JR, Lee CL, Calaitges JG (1989) Operant conditioning of primate triceps surae H-reflex produces 512 

reflex asymmetry. Exp Brain Res 75:35-39. 513 

Wolpaw JR, Tennissen AM (2001) Activity-dependent spinal cord plasticity in health and disease. Ann Rev 514 

Neurosci 4: 807-843.  515 



 

 21 

FIGURE LEGENDS  516 

 517 

1. Study Design.  A: Studies 1 and 2. The times of electrode implantation, dorsal ascending tract (DA) 518 

transection, H-reflex data collection, locomotor assessment on the treadmill, and perfusion are indicated.  B: 519 

DA Transection. Camera lucida drawings and transverse sections of T9 spinal cord from a normal rat and a DA 520 

rat. (DC: dorsal columns; LC: lateral column; dotted areas at base of dorsal columns: corticospinal tracts.) The 521 

DA transection is apparent; corticospinal tracts and lateral columns are intact.  C: Average (±SD) values for 522 

right/left step symmetry and hip height symmetry for DA rats before H-reflex conditioning (1.0 is perfect 523 

symmetry). DA transection alone does not produce locomotor asymmetry.  524 

 525 

2. H-reflex conditioning and its effects on soleus locomotor EMG activity.  A: Average (±SE) H-reflex size 526 

(in % of average control value) for HRup rats (red up-triangles) and HRdown rats (blue down-triangles) of 527 

Study 1 (solid symbols) and Study 2 (open symbols) for each day during the final 10 days of the control-mode 528 

period and the 50 (Study 1) or 100 days (Study 2) of HRup or HRdown conditioning. DA transection in the 529 

Study-2 rats is indicated.  B: Effects of H-reflex conditioning on H-reflexes and locomotor bursts in DA rats. 530 

Top: Average ( ±SE) protocol H-reflexes (i.e., the H-reflexes measured in the conditioning protocol), 531 

locomotor H-reflexes (i.e., the H-reflexes measured in the stance phase of locomotion), and soleus locomotor 532 

bursts for the DA rats of Study 1 at the end of HRup or HRdown conditioning (***p<0.001, **p<0.01, *p<0.05 533 

vs. initial (i.e., pre-conditioning) value by paired t test). Bottom: Data from representative HRup and HRdown 534 

DA rats. Average post-stimulus EMG activity in the conditioning protocol (left) or during locomotion (middle), 535 

and average locomotor bursts (right), in the control mode (solid) and after conditioning (dashed) are shown. M 536 

responses and H-reflexes are indicated. The effects of conditioning on H-reflexes and locomotor bursts are 537 

evident. 538 

 539 

3. Impact of H-reflex conditioning on key locomotor features in normal rats and DA rats.   540 

A: Left: Average (±SE) right/left step symmetry after up- or down-conditioning or no conditioning (NC) (in 541 

percent of initial value). In normal rats (Study-2 rats before DA transection), conditioning does not affect 542 
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symmetry. In DA rats (Study-1 rats), conditioning produces step asymmetry: up-conditioning increases and 543 

down-conditioning decreases the ratio of the time between right foot contact (RFC) and left foot contact (LFC) 544 

to the time between LFC and RFC. Right: Average (±SE) right/left hip height symmetry at the end of up- or 545 

down-conditioning or no conditioning (in percent of initial value). In normal rats, conditioning does not affect hip 546 

height symmetry. In DA rats, the right hip is higher after up-conditioning and lower after down-conditioning. 547 

(**p<0.01, *p<0.05 vs. initial value by paired t-test.)   548 

B: Step symmetry (top) and hip-height symmetry (bottom) versus final H-reflex size after up-conditioning (red) 549 

or down-conditioning (blue) for normal rats (left) and DA rats (right). The normal rats are the Study-2 rats 550 

before DA transection. Their final H-reflex size is their H-reflex size at the end of the initial 50 days of 551 

conditioning just prior to DA transection; it is expressed in percent of their H-reflex size for the control mode 552 

period prior to conditioning. The DA rats with solid symbols are the Study-1 rats. Their final H-reflex size is their 553 

H-reflex size at the end of the 50 days of conditioning; it is expressed in percent of their H-reflex size for the 554 

control mode period prior to conditioning. The DA rats with open symbols are the Study-2 rats after DA 555 

transection. Their final H-reflex size is their H-reflex size at the end of the second 50 days of conditioning; it is 556 

expressed in percent of their H-reflex size at the end of the initial 50 days of conditioning just prior to DA 557 

transection. In normal rats, H-reflex up- or down-conditioning does not affect step or hip symmetry. In contrast, 558 

in DA rats transected prior to conditioning (solid symbols), conditioning creates asymmetries that correlate with 559 

the direction and magnitude of the 50 days of conditioning. Similarly, in DA rats transected after 50 days of 560 

conditioning, the subsequent 50 days of conditioning creates asymmetries that correlate with any further 561 

change in H-reflex size.  562 

C: Step-cycle symmetry in two DA rats of Study 1 before (black) and after up-conditioning (HRup rat; red) or 563 

down-conditioning (HRdown rat; blue). Symmetry values for 5 consecutive step-cycles are shown. Perfect 564 

symmetry is 1.0. Before conditioning, the step cycle is symmetrical in both rats; after conditioning, the right 565 

step is longer than the left in the HRup rat and shorter in the HRdown rat. Thus, the rats are limping.  D: 566 

Average right and left hindlimb positions during stance in two DA rats before and after up-conditioning or down-567 

conditioning. The rats walk toward the right. Hip (H), knee (K), and ankle (A) angles are marked. Before 568 
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conditioning, right and left hip heights are equal. After up-conditioning, the right hip is higher than the left; after 569 

down-conditioning, it is lower. Thus, the HRup rat tilts to the left; and the HRdown rat tilts to the right.570 
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