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Brief Communications

Operant Conditioning of Rat Soleus H-Reflex Oppositely
Affects Another H-Reflex and Changes Locomotor
Kinematics

Yi Chen, Lu Chen, Yu Wang, Jonathan R. Wolpaw, and Xiang Yang Chen
Laboratory of Neural Injury and Repair, Wadsworth Center, New York State Department of Health and State University of New York at Albany, Albany,
New York 12201-0509

H-reflex conditioning is a model for studying the plasticity associated with a new motor skill. We are exploring its effects on other reflexes
and onlocomotion. Rats were implanted with EMG electrodes in both solei (SOLg and SOL, ) and right quadriceps (QDy, ), and stimulating
cuffs on both posterior tibial (PT) nerves and right posterior femoral nerve. When SOL; EMG remained in a defined range, PTj stimu-
lation just above M-response threshold elicited the SOL, H-reflex. Analogous procedures elicited the QD and SOL; H-reflexes. After a
control period, each rat was exposed for 50 d to a protocol that rewarded SOL, H-reflexes that were above (HRup rats) or below (HRdown
rats) a criterion. HRup conditioning increased the SOL; H-reflex to 214 * 37% (mean = SEM) of control (p = 0.02) and decreased the
QD H-reflex to 71 = 26% (p = 0.06). HRdown conditioning decreased the SOL, H-reflex to 69 % 2% (p << 0.001) and increased the QDy
H-reflex to 121 = 7% (p = 0.02). These changes remained during locomotion. The SOL; H-reflex did not change. During the stance phase
oflocomotion, ankle plantarflexion increased in HRup rats and decreased in HRdown rats, hip extension did the opposite, and hip height
did not change. The plasticity that changes the QD H-reflex and locomotor kinematics may be inevitable (i.e., reactive) due to the
ubiquity of activity-dependent CNS plasticity, and/or necessary (i.e., compensatory) to preserve other behaviors (e.g., locomotion) that
would otherwise be disturbed by the change in the SOL, H-reflex pathway. The changes in joint angles, coupled with the preservation of

hip height, suggest that compensatory plasticity did occur.

Introduction

The spinal stretch reflex (SSR) (i.e., the tendon jerk) and its elec-
trical analog, the H-reflex, are the simplest motor behaviors.
They are produced primarily by a two-neuron, monosynaptic
pathway comprised of the primary afferent fiber, its synapse on
the motoneuron, and the motoneuron itself (Wolpaw et al., 1983;
Wolpaw, 1987). Because it is affected by descending activity from
the brain, this pathway can be operantly conditioned. In response
to a conditioning protocol, monkeys, humans, rats, and mice can
gradually increase (i.e., up-conditioning) or decrease (i.e., down-
conditioning) the SSR or the H-reflex (for review, see Wolpaw,
2010). The larger or smaller reflex that results is a simple motor
skill [i.e., “an adaptive behavior acquired through practice”
(Chen et al., 2005)]. H-reflex conditioning is accompanied by
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neuronal and synaptic plasticity at multiple sites in the spinal
cord and brain (for review, see Wolpaw and Chen, 2009).

H-reflex conditioning is a powerful model for exploring the
mechanisms and principles of skill acquisition and maintenance
(Wolpaw, 2010). The spinal cord is the final common pathway
for all motor behavior, and spinal cord plasticity has a part in the
acquisition and maintenance of many motor skills. Furthermore,
by virtue of their simplicity, accessibility, separation from the
brain, and closeness to behavior, the spinal cord in general and
the H-reflex in particular are uniquely suited for studying how
activity-dependent plasticity (particularly gradual plasticity) ex-
plains behavior, and for formulating concepts and identifying
principles that may apply to learning throughout the CNS.

Because the spinal cord is the final common pathway for motor
output, the spinal cord plasticity associated with H-reflex condition-
ing affects other behaviors. For example, in normal rats, right soleus
H-reflex up- and down-conditioning produce corresponding
changes in the right soleus burst during locomotion (Chen et al.,
2005). Nevertheless, despite this change, the right/left symmetry of
the step cycle is preserved. This suggests that changes in other reflex
pathways compensate for the locomotor effects of the change in the
soleus H-reflex pathway. This hypothesis is supported by other evi-
dence that the functional effects of H-reflex conditioning extend
beyond the conditioned reflex, and even to the contralateral side of
the spinal cord (Wolpaw and Lee, 1989).

The present study is the first effort to determine whether so-
leus H-reflex conditioning affects the H-reflex of a hindlimb
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muscle group [i.e., quadriceps (QD)] that operates about differ-
ent joints (i.e., knee and hip rather than ankle), and whether it
affects joint angles during locomotion. The data show that soleus
H-reflex conditioning has a markedly different effect on the QD
H-reflex and produces distinctive multijoint kinematic changes
during locomotion. They indicate that the acquisition of an os-
tensibly simple new skill has an impact that extends beyond the
new skill to affect a crucial older skill, and they raise important
new questions.

Materials and Methods

Twenty-six male Sprague Dawley rats [439 * 44 g (mean = SD) initially]
were studied. All procedures satisfied the Guide for the Care and Use of
Laboratory Animals, and had been approved by the Wadsworth Center
Institutional Animal Care and Use Committee. The methods have been
fully described previously (Chen and Wolpaw, 1995, 2002; Chen et al.,
2005; X. Y. Chen et al., 2006; Y. Chen et al., 2006) and are summarized
here.

Electrode implantation. Under general anesthesia [ketamine HCI (80
mg/kg) and xylazine (10 mg/kg) (both i.p.) or sodium pentobarbital (60
mg/kg, i.p.), supplemented as needed] and aseptic conditions, each rat
was implanted with chronic stimulating and recording electrodes in the
rightand left legs. To elicit H-reflexes in the right and left solei (SOLy and
SOL,), cuffs were placed on the right and left posterior tibial (PTy and
PT, ) nerves just above the triceps surae branches. To elicit the H-reflex of
the right quadriceps muscle group (QDy), a similar cuff was placed on
the right posterior division of the femoral (PFy) nerve. To record SOLy,
SOL,, and QD EMG, a pair of stainless steel fine-wire electrodes was
implanted in each. The soleus acts about the ankle joint to plantarflex the
foot. The QD group comprises four muscles: vastus lateralis, medialis,
and intermedialis, and rectus femoris. All four act about the knee to
dorsiflex (i.e., extend) the calf, and the rectus femoris also acts about the
hip to flex the thigh (i.e., to move it forward and up). The two QD EMG
electrodes were placed laterally (targeting vastus lateralis) and medially
(targeting vastus medialis), respectively, so that their data would repre-
sent the entire QD muscle group. The Teflon-coated wires from all the
electrodes passed subcutaneously to a connector on the skull.

After surgery, the rat was placed under a heating lamp and given an
analgesic (Demerol, 0.2 mg, intramuscular). Once awake, it received a
second dose of analgesic and was returned to its cage and allowed to eat
and drink ad libitum.

Experimental design and SOLj, H-reflex conditioning. Data collection
began at least 20 d after surgery and continued 24 h/d, 7 d/week for at
least 70 d. During this period, the rat lived in a standard rat cage with a 40
cm flexible cable attached to the skull connector. The cable, which al-
lowed the animal to move freely about the cage, connected to a commu-
tator above the cage that connected to EMG amplifiers (gain 1000,
bandwidth 100—1000 Hz) and the nerve-cuff stimulation units. The rat
had ad libitum access to water and food, except that during H-reflex
conditioning it received food mainly by performing the task described
below. Animal well-being was carefully checked several times each day,
and body weight was measured weekly. Laboratory lights were dimmed
from 9:00 P.M. to 6:00 A.M. daily.

Stimulus delivery and data collection were controlled by a computer,
which sampled (5 kHz) SOLy, SOL,; , and QD EMG continuously for the
entire period of study. SOL; and SOL; H-reflexes were elicited simulta-
neously as follows. Whenever the absolute value (i.e., the full-wave rec-
tified value) of background (i.e., ongoing) EMG in each muscle remained
within a predefined range for a randomly varying 2.3-2.7 s period, the
computer initiated a trial. In each trial, the computer stored the most
recent 50 ms of EMG from all three muscles (i.e., the background EMG
interval), delivered simultaneous monophasic stimulus pulses through
the cuffs on the PTy; and PT; nerves, and stored the EMG from all
muscles for another 100 ms. A comparable procedure elicited the QDy
H-reflex by stimulating the PF; nerve whenever ongoing QD EMG
remained within a predefined range. Because SOL and QD H-reflex trials
occurred only when the muscles satisfied their background EMG re-
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quirements, SOL and QD H-reflex trials seldom occurred in close prox-
imity to each other.

Stimulus pulse amplitude and duration were initially set to produce a
maximum H-reflex (and an M response that was typically just above
threshold) in the muscle served by the stimulated nerve. Pulse duration
remained fixed (typically 0.5 ms). After each trial, pulse amplitude was
adjusted automatically to maintain the M response [i.e., average EMG
amplitude in the M response interval (typically 2.0-5.0 ms in SOL and
SOL, and 1.5-4.5 ms in QDy)] unchanged throughout data collection.
[This ensured that the effective strength of the stimulus was stable
throughout (Wolpaw, 1987; Chen and Wolpaw, 1995).] H-reflex size was
defined as average EMG amplitude in the H-reflex interval (typically
6—10 ms in SOLy and SOL; and 4.5-8.5 ms in QDy) minus the muscle’s
average background EMG amplitude.

Under the control mode, the computer simply digitized and stored the
EMG from each muscle for 100 ms following the stimulus. Under the
SOLy, up-conditioning (HRup) or down-conditioning (HRdown) mode,
it also gave a food pellet reward 200 ms after the PT, nerve stimulation if
the average amplitude of SOL; EMG in the H-reflex interval was above
(HRup) or below (HRdown) a criterion. The criterion was set and ad-
justed daily as needed, so that the rat received an adequate amount of
food (~1000 pellets/d for a 500 g rat).

Each rat was first studied under the control mode for ~20 d. It was
then exposed to SOL; up-conditioning (HRup rats) or down-
conditioning (HRdown rats) for 50 d. The last 10 control-mode days and
the last 10 HRup or HRdown days (i.e., days 41-50 of conditioning)
provided the data used to assess the impact of SOL H-reflex condition-
ing on SOLy, QDy, and SOL; H-reflexes.

H-reflex and kinematic measurements during treadmill locomotion.
SOLy and QDy locomotor H-reflexes and right hindlimb kinematics
were studied in two treadmill sessions, one during the control-mode days
and one near the end of SOL, HRup or HRdown conditioning. Tread-
mill speed was the same in both sessions (typically 1012 m/min), and
EMG was continuously recorded (0.1-1.0 kHz bandpass), digitized (4.0
kHz), and stored. In each session, reflex data were collected for two 45
min periods. In one, the PT nerve was stimulated to elicit the SOLy
H-reflex, and in the other the PFy nerve was stimulated to elicit the QDy
H-reflex. The nerve was stimulated when its muscle’s EMG had remained
in a specified high range for 200 ms. Thus the stimulus typically occurred
in the later part of the right stance phase of the step cycle (~100 ms past
the middle of the muscle’s locomotor burst). Stimulus amplitude was
kept just above M-response threshold as described above. (H-reflex elic-
itation during stance meant that the reflex was measured at a time when
its pathway is likely to affect locomotion.) In addition, the rat was video-
taped (60 frames/s) from the right side during 4—5 min of treadmill
walking without nerve stimulation.

Those trials for which SOL, or QD EMG amplitude for the 20 ms
immediately before the stimulus and M-response size satisfied specified
criteria were averaged by triggering on the stimuli. Thus, the average
prestimulus EMG amplitudes and M-response sizes were the same for the
two treadmill sessions.

In video analysis, we identified the right stance-phase images and,
using marks on the ankle, knee, and hip, calculated for the entire stance
phase the average anterior hip angle (i.e., hip extension: the angle of the
thigh to a horizontal line projecting forward from the hip), posterior
knee angle, and anterior ankle angle (i.e., ankle plantarflexion), and the
average height of the hip above the treadmill surface.

Statistical analysis. The data fell into three categories. The first category
consisted of SOLy, QDy, and SOL; H-reflexes elicited under the condi-
tioning protocol, that is, throughout the day as the rat moved freely about
its home cage. These are henceforth called “conditioning H-reflexes.”
The second category consisted of SOL, and QDy H-reflexes during the
right stance phase of locomotion. These are called “locomotor
H-reflexes.” The third category consisted of average right stance-phase
ankle, knee, and hip angles and average hip heights.

For each conditioning reflex, a paired t test compared the average value
for the last 10 d of SOL, HRup or HRdown conditioning to that for the
last 10 control-mode days. For each locomotor reflex and joint angle and
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Figure 1.  Effects of SOL; HRup and HRdown conditioning. Average final conditioning
H-reflex, background EMG, and M response (in percentage of their initial values) of SOLg, QDg,
and SOL, for the successful HRup and HRdown rats. p values for difference from initial value by
paired t test are shown. *p << 0.05; ***p < 0.001.

for hip height, a paired ¢ test compared the value for the second treadmill
session to that for the first treadmill session.

Animal perfusion and anatomical study. At the end of study, each rat
received an overdose of sodium pentobarbital (i.p.) and was perfused
through the heart. The EMG electrodes, nerve cuffs, and PT and PF
nerves were examined and the SOL muscles of both sides were removed
and weighed.

Results

Animals remained healthy and active throughout study. Body
weight increased from 439 * 44 g (mean * SD) at implantation
to 568 * 54 g at perfusion. In all rats, postmortem examination
found that the cuffs were in place and covered by connective
tissue, and that the nerves were well preserved. SOL; and SOL;
weights did not differ significantly, nor did they differ from those
of 113 normal rats previously studied.

Effects of SOLy H-reflex conditioning on SOLg, QDy, and
SOL, conditioning H-reflexes

To determine the final effect on each muscle’s conditioning
H-reflex size of SOL; HRup or HRdown conditioning, the mus-
cle’s average H-reflex size for the final 10 d of conditioning was
calculated as percentage of its initial H-reflex size (i.e., average of
final 10 control-mode days). As in previous studies, successful
SOLg H-reflex conditioning was defined as a change =20% in the
correct direction. By this criterion, SOL, H-reflex conditioning
was successful in 9 HRup and 8 HRdown rats. In the remaining
rats (4 HRup and 5 HRdown), the final SOL H-reflex was within
20% of its initial value.

Figure 1 shows the average final values (*SEM) of SOLy,
QDy, and SOL; H-reflexes, M responses, and background EMG
in the successful HRup (left) and HRdown (right) rats in percent-
age of their initial values. In accord with the goal of the condi-
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Figure 2.  Effects of SOL HRup and HRdown conditioning on the conditioning H-reflexes of rep-

resentative rats. Average poststimulus SOL, and QDg EMG for a control day (solid) and a day near the
end of conditioning (dashed) for an HRup rat and an HRdown rat. After HRup conditioning the SOL,
H-reflexis larger and the QD H-reflexis smaller, while after HRdown conditioning the SOLg H-reflexis
smaller and the QD H-reflex is larger. Background EMG (EMG at time 0) and M-responses do not
change. Peaks in the first -2 ms after stimulation are stimulus artifacts.

tioning protocol, the final SOL; H-reflex is markedly and
significantly increased in HRup rats (p = 0.02, paired ¢ test) and
decreased in HRdown rats (p < 0.001). In contrast, SOL, HRup
or HRdown conditioning oppositely affected the QD H-reflex:
the final QDy H-reflex appears to be smaller in SOL; HRup rats
(p = 0.06), and is larger in SOL, HRdown rats (p = 0.02). At the
same time, neither SOLy HRup or HRdown conditioning has a
noticeable effect on SOL; H-reflexes. In all rats, M responses and
background EMG do not change.

Figure 2 shows initial and final SOL, and QDy H-reflexes for
an HRup rat (left) and an HRdown rat (right). In the HRup rat,
the SOLy, H-reflex is markedly larger after conditioning, while the
QDy H-reflex is smaller. Conversely, in the HRdown rat, the
SOLy H-reflex is much smaller after conditioning, while the QDy
H-reflex is larger.

Effects of SOL; H-reflex conditioning on SOLy and QDy
locomotor H-reflexes

In 7 of the 9 successful HRup rats and 6 of the 8 successful
HRdown rats, SOL, and QDy locomotor H-reflexes were also
studied during the stance phase of locomotion before and after
SOLy H-reflex conditioning. For these rats, Figure 3A shows av-
erage final values (*SEM) of SOLp and QDy locomotor
H-reflexes in percentage of their initial control values. SOLy
H-reflex conditioning has effects on the SOL and QD locomo-
tor H-reflexes comparable to its effects on the conditioning
H-reflexes. Indeed, the effects on the locomotor H-reflexes are
even more prominent. Final SOL; locomotor H-reflexes are
markedly and significantly increased in HRup rats (p = 0.004)
and decreased in HRdown rats (p = 0.01). In contrast, SOLy
HRup or HRdown conditioning has an opposite effect on the
QDy locomotor H-reflex: it appears to be smaller in SOL; HRup
rats (p = 0.07) and is significantly larger in SOL; HRdown rats
(p = 0.004).

Figure 3B shows initial and final SOL, and QDy locomotor
H-reflexes for one HRup rat (left) and one HRdown rat (right).
In the HRup rat, the SOLy H-reflex is markedly larger after con-
ditioning, while the QDy H-reflex is smaller. Conversely, in the
HRdown rat, the SOL, H-reflex is smaller after conditioning,
while the QDy H-reflex is larger.
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Figure 3.  Effects of SOL; HRup and HRdown conditioning on the locomotor H-reflexes. A, Average final locomotor H-reflexes (in
percentage of their initial values) of SOL, and QD muscles for successful HRup (left) and HRdown (right) rats. p values for difference from
initial value by paired t test are shown. *p << 0.05; **p << 0.01. B, Effects of SOL; HRup and HRdown conditioning on the locomotor
H-reflexes in representative rats. Average poststimulus SOL; and QD; EMG in the stance phase of locomotion during the control-mode
(solid) and near the end of conditioning (dashed) for an HRup rat and an HRdown rat. After HRup conditioning, the SOL H-reflex is larger
and the QDg H-reflex is smaller, while after HRdown conditioning, the SOL, H-reflex is smaller and the QD H-reflex s larger. Prestimulus
EMG (EMG at time 0) and M-responses are stable. Peaks in the first 1-2 ms after stimulation are stimulus artifacts.
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Figure4. Kinematic effects of SOL, HRup and HRdown conditioning. Individual and average (*SEM) final right stance-phase

anterior ankle, posterior knee, and anterior hip angles (see inset), and hip height (in percentage of their nitial values) for successful
HRup (left) and HRdown (right) rats. The dashed horizontal line is parallel to the treadmill surface. p values for difference from the
initial value by paired t test are shown (*p << 0.05; **p << 0.01).
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In the unsuccessful rats, final SOLy
and QDjy locomotor H-reflexes varied
widely across animals. The SOLy locomo-
tor H-reflex actually increased in 3 of the 5
unsuccessful HRdown rats, despite the
fact that the SOLy conditioning H-reflex
did not change in any of them. This result
is consistent with an earlier study (Chen et
al., 2005), and suggests that the lack of
change in the conditioning H-reflex does
not necessarily mean that conditioning
has had no impact (for discussion, see
Chen et al., 2005).

Effects of SOL, H-reflex conditioning
on ankle, knee, and hip angles and

hip height

In 5 successful HRup rats and 6 successful
HRdown rats, average right ankle, knee,
and hip angles and hip height during the
stance phase of treadmill locomotion
were determined before and after SOL,
H-reflex conditioning. Figure 4 shows, for
each rat, the final values (*=SEM) of these
measures in percentage of their initial val-
ues. In HRup rats, final anterior ankle an-
gles were larger (p = 0.04) (i.e., the ankle
was more plantarflexed) and final anterior
hip angles tended to be smaller (i.e., the
hip was less extended) (p = 0.13). In con-
trast, in HRdown rats, final ankle angles
were smaller (p = 0.008) and final hip an-
gles were larger (p = 0.03). Neither HRup
nor HRdown conditioning significantly
affected knee angle or hip height.

Discussion

Operant conditioning of the rat SOLy
H-reflex has an opposite effect on the
QDy H-reflex: in SOL; HRup rats the
QDy H-reflex usually goes down, and in
SOL; HRdown rats the QDy H-reflex
goes up. These QD H-reflex changes, like
the SOLy changes, are still present, per-
haps even greater, during locomotion.
They occur despite the fact that they do
not affect reward probability; the QDy
H-reflex is elicited at different times from
the SOLy H-reflex and is never associated
with a reward. Nevertheless, it changes.
Furthermore, SOL; H-reflex condition-
ing has effects on ankle angle during loco-
motion that are consistent with the SOLy
H-reflex changes; and, in addition, it has
opposite effects on hip angle, the etiology
of which is not known at present.

The plasticity responsible for change

in the QD H-reflex

The QDy H-reflex is the earliest possible
CNS-mediated QD response to the PFy
nerve stimulus. Thus, the changes in QDy
H-reflex size associated with SOL, H-reflex
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conditioning could reflect plasticity in the reflex pathway itself or
plasticity in neurons or synapses that provide tonic input to the
pathway, input that is there before the nerve stimulus. At present,
evaluation of these two possibilities rests mainly on what is known
about the change in the H-reflex that controls the reward (i.e., the
conditioned H-reflex).

Physiological and anatomical studies [for review, see Wolpaw
and Chen (2009) and Wolpaw (2010)] indicate that the change in
the reflex being conditioned (i.e., the SOL, H-reflex) is due
mainly to plasticity in the motoneuron and/or the afferent path-
way from the nerve stimulus, and that this plasticity is caused by
change in corticospinal tract (CST) activity (which may pass
through GABAergic interneurons in spinal laminae 6 and 7). For
example, down-conditioning appears to be due mainly to a pos-
itive shift in motoneuron firing threshold (Carp and Wolpaw,
1994). Furthermore, the change in the conditioned reflex is still
evident when tonic inputs are greatly reduced or entirely elimi-
nated (Wolpaw and Lee, 1989).These findings suggest that the
QDy H-reflex change reflects comparable plasticity in the QDy
H-reflex pathway. This conclusion is supported by the fact that
the QDy H-reflex change is still evident during locomotion,
which would be expected to modify tonic inputs.

The etiology of the change in the QD H-reflex and in

hip angle

The plasticity that changes the QDy H-reflex or hip angle might
occur in two ways. First, it might be an inevitable consequence of
the fact that the capacity for activity-dependent plasticity is ubiq-
uitous in the CNS. For example, the same CST activity that
changes the SOL; H-reflex pathway might also produce an op-
posite change in the QDy H-reflex pathway. Such inverse effects
on different muscles can occur with supraspinal lesions (e.g.,
Thompson et al., 2009b). Furthermore, the plasticity in the SOLy
H-reflex pathway, by changing ongoing activity in intraspinal
pathways, might itself induce plasticity in the QDy H-reflex.
Comparable plasticity in spinal pathways that affect hip muscles
might account for the change in hip angle. Plasticity created in
such ways reflects the activity-dependent properties of individual
neurons and synapses. Thus, its etiology is local, and it can be
called “reactive” plasticity (Wolpaw, 1997). A simple example of
reactive plasticity is synaptic desensitization caused by increased
synaptic input (e.g., Otis et al., 1996).

The second possible etiology of the QD H-reflex change or
the hip angle change is that it is adaptive, that it helps to compen-
sate for the impact of SOL, H-reflex conditioning on other be-
haviors. Because the spinal cord is the final common pathway for
many behaviors, the plasticity in the SOL, H-reflex pathway that
increases reward probability affects other behaviors that also use
this pathway. Indeed, SOL, H-reflex conditioning can be used to
improve locomotion after a partial spinal cord injury (Y. Chen et
al., 2006). In normal rats with normal locomotion, such side effects
of H-reflex conditioning may induce additional activity-dependent
plasticity that preserves normal locomotion (or other important be-
haviors). Chen et al. (2005) found that conditioning of the SOL,
H-reflex changed SOL locomotor activity, but did not affect step-
cycle length or symmetry, suggesting that other changes had pre-
served these major parameters of the step-cycle. This additional
plasticity can be called “compensatory” (Wolpaw, 1997). Unlike re-
active plasticity, which originates locally, compensatory plasticity is
induced and shaped by interactions between the CNS and the exter-
nal world (Wolpaw, 2010 for discussion).

The present kinematic results suggest that SOL, H-reflex con-
ditioning does produce compensatory plasticity. SOL, H-reflex
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conditioning had effects on stance-phase ankle plantarflexion
that are consistent with the SOL, H-reflex change: increase in
HRup rats and decrease in HRdown rats. At the same time, it had
opposite effects on hip extension: decrease in HRup rats and
increase in HRdown rats. These opposite changes in hip angle
appear to explain why hip height was not significantly changed
despite the changes in ankle angle (i.e., Fig. 4).

A unilateral change in hip height during locomotion would
presumably twist the thorax, which would probably have wide-
spread short-term and long-term musculoskeletal effects. Noci-
ceptive or other sensory inputs produced by this twisting might
operantly condition compensatory plasticity that eliminates the
twisting and preserves hip height. Thus, like step-cycle symmetry
(Chen etal., 2005), hip-height symmetry during locomotion may
be a functionally important parameter; and an intervention that
disrupts it, such as SOL, H-reflex conditioning (which changes
stance-phase foot plantarflexion), may induce compensatory
plasticity that prevents the disruption. Whether the change in hip
angle does reflect compensatory plasticity, whether reflex
changes account for it, and why knee angle does not change in-
stead (or in addition) are questions that will hopefully be eluci-
dated by the comprehensive kinematic and reflex studies now
underway (Liu et al., 2010).

Therapeutic applications of spinal reflex conditioning
H-reflex conditioning can improve locomotion in rats after a
partial spinal cord injury (Y. Chen et al., 2006). Initial studies
suggest that it can be effective in humans with spinal cord inju-
ries, and they indicate that it requires only a small fraction of the
conditioning trials normally used in animals (Thompson et al.,
2009a; Pomerantz et al., 2010). The ability to target specific path-
ways could enable reflex conditioning protocols to supplement
other therapeutic interventions such as locomotor training
(Harkema et al., 2011). These protocols could be particularly
useful when spinal cord regeneration becomes possible and
methods are needed for guiding plasticity to produce a func-
tionally effective spinal cord.

In the context of such therapeutic possibilities, the present
results are both sobering and encouraging. They indicate the
complexity of the effects that might accompany this new ap-
proach. At the same time, by suggesting that the plasticity
induced by reflex conditioning may target the preservation (or
restoration) of important functional parameters (e.g., hip
height), they encourage further exploration of its therapeutic
applications.

Conclusions

Soleus H-reflex conditioning also affects the H-reflex of the
quadriceps muscle group, which operates about different joints,
and it changes locomotor kinematics at both the ankle and the
hip. The quadriceps H-reflex change remains evident during lo-
comotion, and is probably due to plasticity in that H-reflex path-
way. The change in hip angle is likely to reflect compensatory
plasticity that preserves hip height despite the change in ankle
angle. These results are striking evidence of the complex effects of
acquiring an ostensibly simple skill. Their further study may illu-
minate the etiology and functional impact of the complex plas-
ticity associated with new skills, and may guide development of
new methods to improve function after trauma or disease.
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