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Operant Conditioning of H-Reflex Can Correct a Locomotor
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This study asked whether operant conditioning of the H-reflex can modify locomotion in spinal cord-injured rats. Midthoracic transec-
tion of the right lateral column of the spinal cord produced a persistent asymmetry in the muscle activity underlying treadmill locomo-
tion. The rats were then either exposed or not exposed to an H-reflex up-conditioning protocol that greatly increased right soleus
motoneuron response to primary afferent input, and locomotion was reevaluated. H-reflex up-conditioning increased the right soleus
burst and corrected the locomotor asymmetry. In contrast, the locomotor asymmetry persisted in the control rats. These results suggest
that appropriately selected reflex conditioning protocols might improve function in people with partial spinal cord injuries. Such proto-
cols might be especially useful when significant regeneration becomes possible and precise methods for reeducating the regenerated
spinal cord neurons and synapses are needed for restoring effective function.

Key words: H-reflex conditioning; spinal cord plasticity; motor control; spinal cord injury; locomotion; rehabilitation; learning; memory

Introduction
The spinal cord, like the rest of the CNS, undergoes activity-
dependent plasticity in development, during skill acquisition,
and in response to trauma and disease (Goode and Van Hoven,
1982; Myklebust et al., 1982, 1986; Casabona et al., 1990; Koceja
et al., 1991; O’Sullivan et al., 1991; Nielsen et al., 1993; Straka and
Dieringer, 1995; Levinsson et al., 1999; Wolpaw and Tennissen,
2001) (for review, see Wolpaw, 2006). The activity that induces
spinal cord plasticity comes from peripheral sensory receptors via
dorsal root input pathways and from the brain via descending
pathways. Appropriate peripheral input can modify the spinal
cord so as to improve motor function after spinal cord injury (for
review, see Edgerton et al., 2004; Rossignol et al., 2004). The
present study explores the possibility that appropriate descend-
ing input can also be used to improve the function of the injured
spinal cord.

In normal animals and humans, operant conditioning of the
spinal stretch reflex (SSR) (i.e., the tendon jerk) or its electrical
analog the H-reflex can modify descending activity and thereby
induce spinal cord plasticity that can affect motor function
(Wolpaw et al., 1983; Wolpaw, 1987, 2001; Evatt et al., 1989;
Chen and Wolpaw, 1995; Segal, 1997; Chen et al., 2005). This

suggests that such conditioning might be used to improve defec-
tive motor function.

In a first test of this possibility, the present study demonstrates
that H-reflex conditioning can correct a physiologically defined
locomotor abnormality caused by an anatomically defined spinal
cord lesion in rats. Although the full impact on locomotion and
the potential clinical significance of this conditioning remain to
be determined, the results suggest that reflex conditioning proto-
cols that affect descending activity might provide a precise and
practical new method for improving specific aspects of motor
function in people with spinal cord injuries or other chronic CNS
disorders.

Materials and Methods
Subjects were 13 female Sprague Dawley rats that were �90 d old and
weighed 221–257 g (mean � SD, 235 � 11 g) at the beginning of the
study. All procedures satisfied the Guide for the Care and Use of Labora-
tory Animals of the Institute of Laboratory Animal Resources, Commis-
sion on Life Sciences, National Research Council (National Academy
Press, 1996) and had been reviewed and approved by the Institutional
Animal Care and Use Committee of the Wadsworth Center. In each rat,
the right lateral column (LC) was transected at the T8 –T9 vertebral level.
After treadmill locomotion and locomotor H-reflexes were assessed, the
rat was (eight HRup rats) or was not (five control rats) exposed to the
H-reflex up-conditioning (HRup) protocol, and then treadmill locomo-
tion and locomotor H-reflexes were assessed again. The procedures for
LC transection, electrode implantation, treadmill locomotion, H-reflex
conditioning, histological evaluation, and data analysis are described
have been described in detail previously (Chen and Wolpaw, 1995, 1996,
1997, 2002; Chen et al., 1996, 1999, 2001a, 2002a, 2005) and are summa-
rized here. Figure 1 A shows the experimental sequence. Throughout the
study, all rats were individually housed in standard rat cages. Laboratory
lights were dimmed from 9:00 P.M. to 6:00 A.M. daily.

Electrode implantation. Under anesthesia (80 mg/kg ketamine HCl and
10 mg/kg xylazine, i.p.), each rat was implanted with chronic stimulating
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and recording electrodes. To elicit the H-reflex, a nerve cuff was placed
on the right posterior tibial nerve just above the triceps surae branches.
To record soleus EMG activity, pairs of fine-wire electrodes were placed
in the right and left soleus muscles. The wires from the nerve cuff and the
muscles were led subcutaneously to a connector plug mounted on the
skull. After surgery, the rat was kept warm and given an analgesic
(Demerol, 0.2 mg, i.m., twice) and was returned to its cage and allowed to
eat and drink freely.

LC transection. Two to 4 weeks (mean � SD, 20 � 6 d) after electrode
implantation, each rat was anesthetized (as described above) for LC tran-
section. A one-vertebra dorsal laminectomy was performed at T8 –T9,
the cord was visualized with a dissection microscope, and the entire right
LC (i.e., the lateral half of the right side of the cord) was transected by
electrocautery. This procedure destroyed the rubrospinal, vestibulospi-
nal, and reticulospinal tracts (Tracey, 2004), but it left intact the main
corticospinal tract (CST), which is located at the base of the dorsal col-
umn in the rat (Tracey, 2004) and is the only major descending path
known to be essential for H-reflex conditioning (Chen and Wolpaw,
1997, 2002; Chen et al., 2002a). The site was rinsed and covered with
Durafilm to minimize dural adhesions, and the muscle and skin were
sutured in layers. The rat was kept warm and received analgesia (see
above).

Our standard postinjury care protocol (i.e., bladder management, an-
tibiotics, food, and vitamin supplements) has been described in detail
previously (Chen and Wolpaw, 1997, 2002; Chen et al., 1996, 1999,
2002a, 2003). Bladder function returned within 5 d, and rats resumed
gaining weight within 22 d. All rats regained their pretransection weights
by 29 d after LC transection, remained healthy and active, and continued
to gain weight until the end of study. Body weight increased from 306 �
24 g (mean � SD) just before LC transection to 373 � 83 g at the time of
perfusion.

Treadmill locomotion and the locomotor H-reflexes. Before implanta-
tion surgery, each rat learned to walk quadripedally on a motor-driven
treadmill at 9 –10 m/min (Burghardt et al., 2004; Chen et al., 2005). After
implantation and LC transection, locomotor data were collected in one
treadmill session after the Basso, Beattie, and Bresnahan (BBB) score
(Basso et al., 1995) had returned to 20 –21 and in a second session 49 –72
d after the first. Between these two sessions, the HRup rats underwent

up-conditioning of the right soleus H-reflex, whereas the control rats did
not. In each rat, treadmill speed was the same for both sessions. During
locomotion, EMG was continuously recorded (0.1–1.0 kHz bandpass)
from right and left soleus muscles, digitized (4.0 kHz), and stored.

In each treadmill session for each rat, we first recorded right and left
soleus EMG during undisturbed locomotion for 300 – 600 step cycles.
The EMG was rectified, low-pass filtered by a 50 ms running average, and
used to calculate the following: step cycle duration (time in seconds
between one right burst onset and the next right burst onset); step-cycle
length (treadmill speed in centimeters per second times step-cycle dura-
tion in seconds); right and left burst amplitudes (EMG area between
burst onset and offset); right and left burst widths (burst amplitude
divided by its peak value); right and left burst durations (time from burst
onset to offset); and step-cycle symmetry. Burst onset was defined as the
time at which the rectified EMG reached 10% of its peak value, and burst
offset was defined as the time at which it fell below 10%. Step-cycle
symmetry was defined as the time from right burst onset (RBO) to left
burst onset (LBO) divided by the time from RBO to the next RBO (i.e.,
the time of a full step cycle). Thus, a value of 0.5 indicates that the
right/left timing of the step cycle, as assessed by the soleus bursts, was
symmetrical. In addition to calculating for each rat in each treadmill
session the mean value of each of these measures, we also calculated the
coefficient of variation of each measure. This measure assessed the con-
sistency across step cycles of these locomotor measures.

In each treadmill session, after recording undisturbed locomotion, we
went on to elicit right soleus H-reflexes during the right stance and swing
phases of the step cycle for 300 – 600 step cycles. As previously described
and supported by video recording, the times of soleus burst onset and
offset were used to define the stance phase (Chen et al., 2005). By these
criteria, stance-phase H-reflexes were elicited just past the middle of the
stance phase, and the swing-phase H-reflexes were elicited late in the
swing phase. From the rectified EMG, these locomotor H-reflexes were
measured as average EMG amplitude in the H-reflex interval minus av-
erage background EMG amplitude at the time of stimulation and were
expressed in units of average background EMG amplitude (Chen and
Wolpaw, 1995, 1996, 1997, 2002; Chen et al., 2005). We measure H-reflex
size in this manner because the typically high variability in the form of the
rat H-reflex makes a simple peak-to-peak measure inappropriate.

The HRup protocol. During the HRup protocol, the rat continued to
live in a standard rat cage and had a 40 cm flexible cable attached to the
skull plug continuously (i.e., 24 h/d). The cable, which allowed the ani-
mal to move freely in the cage, carried the wires from the EMG and nerve
cuff electrodes to a commutator above the cage that connected to EMG
amplifiers and a nerve-cuff stimulation unit. The rat had access to water
ad libitum throughout. During the 50 d exposure to the HRup mode, it
obtained most of its food by performing the task described below. Ani-
mal well-being was carefully checked several times each day, and body
weight was measured weekly.

A computer system continuously monitored (24 h/d) right soleus
EMG and controlled the nerve-cuff stimulus and a reward (i.e., a 20 mg
food pellet). If the absolute value of background (i.e., ongoing) EMG
(i.e., equivalent to the full-wave-rectified value) remained within a spec-
ified range for a randomly varying 2.3–2.7 s period, a stimulus pulse
(typically 0.5 ms in duration) was delivered by the nerve cuff. Pulse
amplitude was initially set just above M-response (i.e., the direct muscle
response to nerve stimulation) threshold and then continuously adjusted
by the computer to maintain constant M-response size for the whole
period of data collection. Under the control mode, the computer simply
measured the absolute value of soleus EMG for 50 ms following the
stimulus. Under the HRup mode, a reward was dispensed 200 ms after
nerve stimulation if EMG in the H-reflex interval (e.g., 5.5–9.5 ms after
stimulation) exceeded a criterion value. In the course of its normal activ-
ity, the animal usually satisfied the background EMG requirement and
thus received nerve-cuff stimulation, 3000 –9000 times per day. H-reflex
size was calculated as average EMG amplitude in the H-reflex interval
minus average background EMG amplitude at the time of stimulation
and was expressed in units of average background EMG amplitude. This
H-reflex elicited in the conditioning protocol is called “the conditioning

Figure 1. A, Experimental sequence. After learning to walk on the treadmill, each rat was
implanted with soleus EMG electrodes and nerve-cuff stimulating electrodes. Several weeks
later, it was subjected to an LC transection. After the BBB score (Basso et al., 1995) had returned
to 20 –21, the first treadmill session assessed locomotion and locomotor H-reflexes. Then, the
rats were (HRup rats) or were not (control rats) exposed to the HRup conditioning protocol.
Finally, the second treadmill session reassessed locomotion and locomotor H-reflexes. B, Cam-
era lucida drawings of transverse sections of T8 –T9 spinal cord. Left, A normal rat with LC,
dorsal column CST, dorsal column ascending tract (DA), and ventral column (VC) labeled. Right,
An LC-transected rat. In the LC rat, the section shown is at the lesion epicenter. Hatching
indicates gray matter, and stippled areas are the main corticospinal tract. Scale bar, 1 mm. Most
of the right LC is gone.
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H-reflex” to distinguish it from the locomotor H-reflexes elicited during
the stance and swing phases of locomotion.

Data were collected under the control mode for at least 10 d to deter-
mine the initial size of the rat’s conditioning H-reflex. It was then ex-
posed to the HRup mode for 50 d. To determine the final effect of HRup
mode exposure on conditioning H-reflex size, the average H-reflex size
for the final 10 d of the exposure was calculated as percentage of initial
H-reflex size (i.e., average of final 10 control-mode days). As in the past,
successful conditioning was defined as a change of �20% in the correct
direction (Wolpaw et al., 1993; Chen and Wolpaw, 1995).

Statistical analysis. The primary objective of this study was to deter-
mine whether H-reflex up-conditioning, which occurred between the
first and second treadmill sessions, affected locomotion and locomotor
H-reflexes. To do this, we compared, for the HRup and control rats, the
data from the two treadmill sessions by one-way repeated-measures
ANOVA, followed (if significant variation was detected) by pairwise
multiple comparison (Tukey’s test).

Perfusion, postmortem examination, and lesion verification. After data
collection was completed, each rat received an overdose of sodium pen-
tobarbital (intraperitoneal) and was perfused through the heart (Chen
and Wolpaw, 1997, 2002; Chen et al., 2002a). Nerve cuff, EMG elec-
trodes, and tibial nerve were examined, and soleus muscles of both sides
were removed and weighed. Soleus muscle weights (measured as per-
centage of body weight) were symmetrical and did not differ significantly
between HRup and control groups, nor did they differ from soleus mus-
cle weights of normal rats (Chen and Wolpaw, 1995, 1996, 1997, 2002;
Chen et al., 2002a, 2005). The spinal cord was removed, and blocks
encompassing the transection were embedded in paraffin. Transverse
20-�m-thick serial sections from the paraffin-embedded blocks were
processed and used to determine the location and size of the lesions as
described previously (Chen and Wolpaw, 1997, 2002; Chen et al., 2002a).

Figure 1 B shows camera lucida drawings of T8 –T9 transverse sections
from a normal rat (left) and from a rat with right LC transection (right).
In the 13 LC-transected rats of this study, 72 � 18% (mean � SD) of the
right LC was destroyed, whereas other structures were left mostly or
totally intact. All of the left LC, 93 � 25% of the right and 96 � 13% of the
left dorsal column CST, 76 � 28% of the right and 97 � 7% of the left
dorsal column ascending tract, and 91 � 22% of the right and all the left
ventral column remained. There was no significant difference between
the HRup rats and the control rats in any of these measures ( p � 0.2 for
all comparisons by t test).

Results
Effects of LC transection on the step cycle
Locomotion, which was markedly impaired immediately after LC
transection, improved rapidly in subsequent days. On day 1, the
BBB score averaged 1 � 2 (mean � SD) on the right and 12 � 2
on the left. By day 18, the BBB score was 20 –21 in both legs.
Although all rats scored 21 (i.e., normal) on the left, 12 of 13
scored 20 on the right, reflecting the persistence of some lateral
instability on the right (Basso et al., 1995). In the first treadmill
session, which was conducted after the BBB score (Basso et al.,
1995) had returned to 20 –21, all rats walked well on the treadmill
at a speed of 9 –10 m/min [comparable with speeds used for
normal rats (Burghardt et al., 2004; Chen et al., 2005)]. Never-
theless, quantitative assessment of treadmill locomotion revealed
a persistent locomotor asymmetry.

The LC rats displayed a clear asymmetry in the onset times of
the right and left soleus bursts. The time from RBO to LBO was
less than the time from LBO to RBO. The time from RBO to LBO
averaged 0.43 � 0.02 (mean � SEM) of the step cycle, signifi-
cantly different ( p � 0.009 by t test) from the 0.50 characteristic
of normal symmetrical locomotion. [For example, in the 11 nor-
mal rats of a previous study (Chen et al., 2005), the average value
was 0.50 � 0.03 (mean � SEM).] Thus, in the LC rats of this
study, the time from RBO to LBO averaged only 77% of the time

from LBO to RBO, implying that the right stance phase of loco-
motion was shortened by the spinal cord injury.

In none of the other locomotor parameters did the LC rats
differ significantly from normal rats. At the same time, it should
be noted that absolute measures such as soleus burst amplitude
differ widely across normal rats and even between the right and
left legs of individual rats. This is doubtless attributable in con-
siderable part to the unavoidable differences among rats and be-
tween legs in the placements of the soleus EMG electrode pairs.
This wide inter-rat variability means that very large groups of LC
and normal rats would be needed for intergroup differences to
become significant. Of additional note is the fact that for none of
the measures did LC rats and normal rats differ significantly in
coefficient of variation. Thus, LC transection did not appear to
affect the consistency of the step cycle over a treadmill session.

Effects of H-reflex up-conditioning on locomotor H-reflexes
and soleus locomotor bursts
H-reflex up-conditioning was successful [i.e., increase �20%
from control H-reflex size (Wolpaw et al., 1993; Chen and Wol-
paw, 1995)] in seven of the eight rats exposed to the HRup pro-
tocol (i.e., success rate of 87.5%). In these rats, the size of the
conditioning H-reflex (i.e., the H-reflex elicited by the condition-
ing protocol) rose to 212 � 49% (mean � SEM) of control,
whereas background EMG and M-response size did not change.
The success rate and average final increase were comparable with
previous values for normal rats and LC rats (Chen and Wolpaw,
1995,1997, 2002; Chen et al., 1996, 1999, 2001b, 2002a,b; Carp et
al., 2001) and thus further confirmed that LC transection does
not impair H-reflex up-conditioning. The seven successful rats
constituted the experimental group of HRup rats for evaluation
of the effects of up-conditioning on treadmill locomotion. The
five rats not exposed to up-conditioning constituted the control
group.

To assess the effects of H-reflex up-conditioning on locomo-
tor H-reflexes and soleus locomotor bursts, we compared (see
Materials and Methods) the data from the first and second tread-
mill sessions. Figure 2A summarizes the results for the sizes of the
right soleus locomotor H-reflexes and for the amplitudes, widths,
and durations of the right and left soleus locomotor bursts. In the
control group, the results for the second session are not signifi-
cantly different from those of the first session. In contrast, in the
HRup group, the locomotor H-reflexes and the right soleus burst
amplitudes and widths are significantly larger in the second ses-
sion than in the first ( p � 0.001, p � 0.02, and p � 0.03,
respectively).

As in normal rats (Chen et al., 2005), the increase in the stance
H-reflex in the HRup group of LC rats was comparable with the
increase in the conditioning H-reflex [i.e., the H-reflex elicited by
the conditioning protocol; increases to 280 � 38% (mean �
SEM) and 212 � 49% for the stance H-reflex and the condition-
ing H-reflex, respectively]. At the same time, the right soleus
burst amplitude increased to 158 � 22% (mean � SEM). On
average, an increase in the stance H-reflex was accompanied by
an increase 0.32 times as large in soleus burst amplitude (r � 0.60;
p � 0.04). This relationship is consistent with previous results
from normal rats (Chen et al., 2005) and with other data on the
contribution of primary afferent input to the locomotor burst
(Yang et al., 1991; Bennett et al., 1996; Stein et al., 2000). The
increases in burst amplitude and width are likely to reflect an
increase in the number of motoneurons responding to this input.
The width increase also suggests that after up-conditioning the
individual motoneurons tend to fire more action potentials. That
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these H-reflex and locomotor burst increases in the HRup rats
were specific effects of the HRup protocol is indicated by a pre-
vious study (Chen et al., 2001a) showing the long-term stability
of H-reflex size in unconditioned LC rats and a recent study
(Chen et al., 2005) showing that H-reflex up- and down-
conditioning each has its expected effect on soleus burst ampli-
tude (i.e., increase and decrease, respectively).

Although the HRup rats showed no significant change in total
duration of the right soleus burst, the significant increase in burst
width indicates that the burst became wider as well as larger. That
is, the increase in burst amplitude was greater than that ac-
counted for by the increase in its peak value: the soleus EMG both
increased and became more broadly distributed.

In both HRup and control groups, the coefficients of variation
for soleus burst amplitude, width, and duration did not differ
significantly between the first and second treadmill sessions.

Figure 2B illustrates the effects of up-conditioning on the
stance H-reflex and on the right burst amplitude and width. In
the HRup rat, the H-reflex and the burst are much larger and the
burst is broader in the second session. In the control rat, the
H-reflex and the burst do not change from the first to the second
session.

Effects of H-reflex up-conditioning on the step cycle
Figure 3A summarizes the effects of up-conditioning on step-
cycle duration and on the right/left asymmetry in the step-cycle
present in the first session. Step-cycle duration did not change in
the HRup group or the control group. Because for each rat tread-
mill speed was the same in the two sessions, this result also indi-
cates that the length of the step-cycle (i.e., right stride plus left
stride) did not change. For neither step-cycle duration nor right/
left asymmetry did the coefficient of variation change from the
first to the second treadmill session.

Figure 2. Effects of H-reflex up-conditioning on locomotor H-reflexes and soleus locomotor
bursts. A, Average � SEM locomotor H-reflexes and left and right soleus burst amplitudes,
widths, and durations for control rats (open bars) and HRup rats (solid bars) for the second
treadmill session as percentage of their values for the first (i.e., initial) session. Asterisks indicate
significant changes from the first to the second session (*p � 0.05; **p � 0.01). Locomotor
H-reflexes and right soleus burst amplitudes and widths are increased in the HRup rats. The
control rats show no significant change. B, The main traces are average right soleus bursts and
the inset small traces are average stance H-reflexes from a control rat and an HRup rat for the
first (solid) and second (dotted) treadmill sessions. [For the H-reflexes shown, average back-
ground EMG and M-response size were the same for the first and second sessions (for methods,
see Chen et al., 2005).] Calibration: horizontal bars, 2 ms for both the control and HRup rats;
vertical bars, 50 and 200 �V, respectively. The fine horizontal lines in the bottom graph indicate
burst half-width (i.e., the width at half the peak value). (Half-width is shown here only for
illustrative purposes. Materials and Methods describes the more comprehensive measure used
to assess the effects of conditioning on burst width.) In the second session, the stance H-reflex
and the right soleus burst amplitude and half-width are increased in the HRup rat. The control
rat shows no change in the H-reflex or in the burst.

Figure 3. Effects of H-reflex up-conditioning on the step-cycle. A, Average � SEM step-
cycle duration and RBO–LBO duration (time from right soleus burst onset to left soleus burst
onset) for control rats (open bars) and HRup rats (solid bars) for the second treadmill session as
percentage of their values for the first (i.e., initial) session. **p � 0.01, significant change from
the first to the second session. Step-cycle duration is unchanged in both control and HRup rats.
RBO–LBO duration (which was lower than normal in the first treadmill session; see Results) is
increased in HRup rats only. B, Right and left soleus bursts (rectified EMG) from an HRup rat for
the first (i.e., before up-conditioning) treadmill session and the second (i.e., after up-
conditioning) session. Calibration: horizontal bar, 0.5 s; vertical bar, 100 and 150 �V for the
right and left bursts, respectively. Each RBO (F) or LBO (E) is marked. The short vertical dashed
lines mark the midpoints between RBOs (i.e., the midpoints of the step-cycles), which is the
time when LBOs should occur (as in normal rats). Before H-reflex up-conditioning, LBO occurs
too early; after up-conditioning, it occurs on time.
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However, as Figure 3A indicates, the right/left asymmetry
mean values were different for the control and HRup groups. In
the control group, the right/left asymmetry persisted in the sec-
ond session: the time from RBO to LBO remained shorter than
the time from LBO to RBO. In contrast, in the HRup group, the
asymmetry disappeared ( p � 0.008). Figure 3B illustrates the
elimination of the asymmetry in an HRup rat. It shows right and
left soleus bursts before and after up-conditioning, with each
RBO (F) and LBO (E) marked. The short vertical dashed lines
mark the midpoints between successive RBOs, which is the time
when LBO should occur (as it does in normal rats). Before up-
conditioning, LBO occurs too early; after up-conditioning, it oc-
curs on time.

Discussion
Right LC transection created a clear locomotor abnormality that
was evident in both HRup and control LC rats in the first tread-
mill session. The time from RBO to LBO was substantially shorter
than the time from LBO to RBO. In light of evidence for the close
relationship between the onset of the soleus burst and the onset of
the stance phase of locomotion (Chen et al., 2005), this timing
asymmetry implies that right LC rats did not sustain right stance
normally (i.e., they limped).

In the second treadmill session, this locomotor asymmetry
was present only in the control rats. In the HRup rats, symmetry
was restored: the time from RBO to LBO equaled that from LBO
to RBO. The correspondence between soleus and gastrocnemius
activity and the similar although smaller effect that soleus
H-reflex conditioning has on the gastrocnemius H-reflex (Chen
et al., 2005) imply that this restored symmetry occurs also in
stance onset. The probable origin is the marked increase in loco-
motor burst amplitude that results from H-reflex up-
conditioning (i.e., Fig. 2). As noted above, this increase is consis-
tent with the expected increased contribution of primary afferent
input to the burst (Yang et al., 1991; Bennett et al., 1996; Stein et
al., 2000; Chen et al., 2005). The increase in right burst width
could also contribute to the restoration of symmetry.

HRup conditioning increases locomotor H-reflexes and the
ipsilateral soleus locomotor burst in normal rats (Chen et al.,
2005) just as it does in the LC rats of the present study. In normal
rats, however, neither HRup nor HRdown conditioning affects
right/left symmetry: the time from RBO to LBO remains equal to
the time from LBO to RBO, and it is not longer in normal HRup
rats or shorter in normal HRdown rats. In normal rats, it is likely
that adjustments by other muscles, and possibly additional adap-
tive activity-dependent plasticity, compensate for the change in
the soleus locomotor burst so as to preserve normal locomotor
symmetry (Chen et al., 2005). In contrast, when a locomotor
asymmetry is already present before H-reflex conditioning, as it is
in the LC rats of this study, the same automatic adjustments and
the same impetus for adaptation to eliminate the impact of con-
ditioning on locomotion are likely to be impaired or entirely
absent. Indeed, in LC rats, H-reflex up-conditioning is itself
adaptive because it restores locomotor symmetry. Thus, it is ex-
plicable that, in LC rats, unlike in normal rats, H-reflex up-
conditioning actually changes locomotion.

These results suggest that H-reflex conditioning could help to
restore function to people with partial spinal cord injuries who
retain a functioning CST, which appears to be the only major
descending trace essential for H-reflex conditioning (Chen and
Wolpaw, 1997, 2002; Chen et al., 2002a). This hypothesis is sup-
ported by evidence that H-reflex conditioning is possible in rats
with substantial spinal cord contusion injuries and that biceps

SSR conditioning is possible in people with partial spinal cord
injuries (Segal and Wolf, 1994; Chen et al., 1996, 1999) [and is not
possible in people with strokes involving sensorimotor cortex,
the principal origin of the CST (Segal, 1997)]. Furthermore, hu-
man data suggest that the thousands of trials per day obtained
from rats are not essential and that conditioning can be achieved
with three to five sessions per week of several hundred trials each
(Segal and Wolf, 1994; Thompson et al., 2006).

At the same time, however, it must be recognized that the
present results merely validate the principle that spinal reflex
conditioning can affect a complex motor function after spinal
cord injury. Much remains to be learned before the potential
clinical significance of this principle can be properly assessed. The
data presented here rely on the right and left soleus locomotor
bursts to assess specific aspects of locomotion. Although these
measures appear to parallel the right and left stance phases of
locomotion (Chen et al., 2005), future studies need to measure
the stance and swing phases more directly and to assess other
aspects of limb movement during locomotion, as well as the ac-
tivity of the other muscle groups that contribute to locomotion. It
is highly probable that conditioning affects these other measures
as well. Such effects could come directly from the plasticity un-
derlying H-reflex conditioning and/or could be secondary effects
triggered by the changes in soleus activity (Wolpaw and Tennis-
sen, 2001; Chen et al., 2005). Most important, the practical func-
tional impact of reflex conditioning requires assessment. For ex-
ample, it is not as yet clear whether the soleus EMG asymmetry
created by the LC lesion is associated with an actual limp in
walking or whether there is a limp and whether it, like the EMG
asymmetry, is corrected by up-conditioning. These issues be-
come more critical and complex in considering the application of
spinal reflex conditioning to humans with spinal cord injuries
and in determining the degree to which the effects noted in a
simple highly controlled laboratory environment persist outside
the laboratory. The extent to which the effects of conditioning on
treadmill locomotion in the quadripedal rat predict its effects on
over-ground locomotion in the bipedal human remains to be
determined.

Furthermore, the long-term persistence of the effects of
H-reflex conditioning is not yet well defined. In humans with
partial spinal cord injuries, the effects of down-conditioning are
still evident 4 months later (Segal and Wolf, 1994). In normal
monkeys, the effects of SSR up-conditioning decline with a half-
life of �17 d, whereas the effects of down-conditioning appear to
last considerably longer (Wolpaw et al., 1986). It is possible that
the functional effects of H-reflex conditioning might require pe-
riodic reinforcement by reexposure to the conditioning protocol.
Conversely, in individuals with partial spinal cord injuries in
which conditioning has improved locomotion, the improved lo-
comotion itself might be sufficient to ensure the persistence of the
adaptive reflex change.

The two sources of activity-dependent spinal cord plasticity
are sensory inputs from the periphery and descending inputs
from the brain. Many studies in animals and humans indicate
that the patterned sensory inputs induced by locomotor training
regimens can induce spinal cord plasticity and improve function
after spinal cord injury (for review, see Edgerton et al., 2004;
Rossignol et al., 2004; Dobkin et al., 2006). The present study
shows that an operant conditioning protocol can produce de-
scending input that also induces spinal cord plasticity and mod-
ifies function.

These two new therapeutic approaches might conceivably
complement each other. Although a locomotor training regimen
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creates a complex stereotyped pattern of sensory inputs that is
aimed at restoring a complex behavior (i.e., locomotion), oper-
ant conditioning protocols can focus on changing specific spinal
cord pathways, that is, the individual elements that underlie and
support the complex behavior. Furthermore, as the present re-
sults demonstrate, the effects of an operant conditioning proto-
col are not necessarily limited to the protocol: they can also affect
the CNS activity underlying another motor behavior, specifically
locomotion.

Conditioning protocols might be designed to address the par-
ticular deficits of individual patients. H-reflex conditioning of-
fers several possibilities (e.g., up- or down-conditioning of right
or left soleus/gastrocnemius or tibialis anterior muscles). In peo-
ple with inadequate stance, H-reflex up-conditioning of soleus/
gastrocnemius might be used to strengthen stance (as in the
present study), whereas in people with hyperactive reflexes that
disturb the step cycle, H-reflex down-conditioning might help to
reduce the disturbance. Reciprocal inhibition can also be condi-
tioned (Chen et al., 2006). This may provide additional possibil-
ities for reducing functional deficits. Reflex conditioning proto-
cols could be largely automated so as to require minimal therapist
involvement. Moreover, they might possibly be used to address
other functional abnormalities associated with spasticity (St.
George, 1993; Boorman et al., 1996; Hiersemenzel et al., 2000) or
even disorders of autonomic function (Colachis, 1992; Weaver et
al., 2002).

The ability to target specific reflex pathways and deficits could
be particularly important once significant spinal cord regenera-
tion becomes possible (Schwab and Bartholdi, 1996; McTigue et
al., 2000; Selzer, 2003; Liverman et al., 2005). A partially or even
wholly regenerated spinal cord will probably not support effec-
tive function immediately. Methods for inducing adaptive plas-
ticity that restores effective function will probably be essential. In
this context, H-reflex conditioning and comparable conditioning
of other simple reflexes could help to shape spinal cord function
so as to maximize the recovery of motor control.

In summary, this study shows that H-reflex conditioning can
correct a specific locomotor abnormality in spinal cord-injured
rats. The full effects, functional impact, and potential clinical
significance of such conditioning remain to be defined. Never-
theless, these initial results suggest that operant conditioning
protocols might be used to modify aspects of the locomotor and
other functional abnormalities associated with spinal cord inju-
ries or other chronic disorders of motor control and might
thereby help to restore more effective function.
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