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The soleus H-reflex amplitude is deeply modulated during 
locomotion in humans (Capaday and Stein, 1988). Moreover, 
at a constant stimulus intensity, the slope of the relationship 
between the amplitude of the soleus H-reflex and the back- 
ground electromyogram (EMG) changes with different lo- 
comotor tasks (Capaday and Stein, 1987a). Two further as- 
pects are studied here. First, we recorded the reflex during 
overlapping speeds of walking (2.0-7.5 km/hr) and running 
(5-9 km/hr) to determine whether the speed, the motor out- 
put, or the form of locomotion was most important in setting 
the slope of this relationship between H-reflex and back- 
ground EMG. Second, we determined the time course of 
change in the H-reflex amplitude and the possible site of 
action for the reflex depression during the transition from 
standing to walking. The primary determinant of the slope 
was found to be the form of locomotion. The differences 
between running and walking could not be explained entirely 
by either movement speed or motor output. For walking, the 
slope varied inversely with the speed and the motor output 
of locomotion. This compensation in slope as a function of 
motor output may prevent saturation of the motoneuron pool. 
The appropriate reflex amplitudes for a particular locomotor 
pattern are activated rapidly and completely within a reaction 
time, and simultaneously with the activation of muscle ac- 
tivity for the initiation of walking. Mechanisms for the rapid 
change seen during the initiation of locomotion most likely 
act presynaptically on the muscle spindle afferents. The time 
course and magnitude of this change are correlated with the 
activity of the tibialis anterior muscle. 

Spinal reflexes are modulated to adapt motor programs to 
changing conditions, but the mechanisms underlying this mod- 
ulation are still uncertain. Even the simplest reflex, the mono- 
synaptic stretch reflex between primary muscle spindle (group 
Ia) afferents and alpha motoneurons, can be modified through 
the action of gamma motoneurons on the receptors, by presyn- 
aptic inhibition of the sensory terminals, or by postsynaptic 
mechanisms acting on the alpha motoneurons. Electrical stim- 
ulation of the group Ia afferents was first shown by Hoffmann 
(19 18) to elicit a monosynaptic reflex and is now referred to as 
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the H-reflex. This electrical analog of the stretch reflex elimi- 
nates the effects of gamma motoneurons. 

The H-reflex is strongly modulated in a number of human 
muscles during cyclical movements as a function of the time in 
the movement cycle (Capaday and Stein, 1986, 1987a; Crenna 
and Frigo, 1987; Boorman et al., 1989; Collins et al., 1989; 
Dietz et al., 1990). Moreover, the relation between the H-reflex 
amplitude and the background electromyogram (EMG) is very 
different for different tasks such as standing, walking, and run- 
ning (Capaday and Stein, 1986, 1987a). This reflex is highest 
in standing, substantially lower in walking, and lower still in 
running. For clarity, we will refer to the cyclical modulation of 
the reflex amplitude within a locomotor task as “time depen- 
dent,” and the different reflex amplitudes achieved under dif- 
ferent locomotor conditions as “task dependent.” This paper is 
primarily concerned with the task-dependent changes in reflex 
amplitude. 

The relationship between the reflex amplitude and the level 
of the background EMG can often be fitted by a straight line 
(e.g., Fig. 2A,B, c>. The differences between walking and running 
consist largely of a change in the slope relating these 2 variables 
(Capaday and Stein, 1987a). Since the input is approximately 
constant and the output varies, the difference in slope represents 
a modulation in central reflex gain that is distinct in the 2 forms 
of locomotion (Capaday and Stein, 1987b). Changes in the slope 
will be referred to here as changes in reflex gain for simplicity, 
although this is an operational definition of reflex gain rather 
than one derived rigorously from an input-output relationship. 

What are the factors that determine the task-dependent reflex 
gain? What mechanisms does the CNS use in setting reflex gain? 
What are the dynamics with which reflexes are modified when 
the task is changed? These questions form the subject of this 
study. 

Materials and Methods 
Details of the experimental procedures and the data analysis methods 
have been described elsewhere (Capaday and Stein, 1986, 1987a) and 
are summarized briefly here. Modifications made in the present exper- 
iments will also be described. 

Eliciting and recording the soleus H-reflex 
The EMG of the soleus (SOL) and the tibialis anterior (TA) muscles 
were recorded with surface silver/silver chloride electrodes (Beckman 
type, 8-mm diameter) in a bipolar configuration, after reducing the skin 
impedance by light abrasion and cleaning. The myoelectric signal was 
bandpass filtered (lo-10 kHz) to eliminate artifacts. The same type of 
electrode was used as a cathode to stimulate the tibia1 nerve in the 
popliteal fossa. The electrode was placed over the tibia1 nerve in a 
nosition that ontimized the H- and M-waves of the SOL. and was taDed 
io the skin. The anodal electrode was placed above the patella. The 
stimuli (1 msec duration) were delivered randomly to the tibia1 nerve 



The Journal of Neuroscience, February 1991, 1 I(2) 421 

by an isolated, constant-voltage stimulator (interstimulus intervals l- 
2 set). The stimulus intensities used generated a small direct motor 
response (M-wave) and a near maximal H-reflex (i.e., near the plateau 
phase of the H-reflex recruitment curve). 

Experiments on d$erent walking and running conditions 
In the first series of experiments, we determined whether the speed, the 
motor output, or the form of locomotion was most important in setting 
the task-dependent reflex gain. If  the form of locomotion is most im- 
portant, then one might expect that the gain would be the same at 
different speeds of walking, but would differ between walking and run- 
ning at the same speed. On the other hand, if gain depends on the speed 
of movement (or motor output), it might be the same in different forms 
of locomotion at the same speed, and change gradually as speed (and 
motor output) varied in both gait patterns. H-reflexes of the SOL muscle 
were obtained from 6 human subjects during various speeds of walking 
(2.0-7.5 km/hr) and running (5.0-9.0 km/hr) on a treadmill. A single 
subject performed 2 or more different kinds of locomotor tasks in 1 
day. A total of 37 conditions were studied. 

reflex and SOL EMG. Moreover, the trailing limb remains relatively 
stationary and the SOL remains minimally active for nearly 1 set after 
the auditory tone, until the push-off phase is initiated. This background 
activity is important because it reflects the excitability of the motoneu- 
ron ~001 durine the oerformance of the task. Changes observed in the 
H-reflex can then be attributed either to postsynaptic changes of the 
SOL motoneuron pool (as reflected by the background activity) or to 
presynaptic factors independent of the excitability of the motoneuron 
pool. 

Reflexes were averaged based on the time at which they were elicited 
with respect to the auditory start signal. Generally, the reflex changes 
were followed for the duration of approximately 1 set from the time of 
the start signal. This I-set time period was divided into 16 equal seg- 
ments and those reflexes that occurred within the same segment were 
averaged together (approximately 10 sweeps per segment). 

Changes in reflex gain seen during the initial step were compared with 
those during normal treadmill walking for the same subject. Similarities 
between these conditions indicated whether the early changes in reflex 
gain were representative of the normal walking pattern. 

The EMG patterns associated with the initiation of walking were 
averaged on-line from the time of the start signal. It was clear that a 
large TA burst was the first consistent activity found in all subjects. To 
determine whether this TA burst was important in modifying the SOL 
H-reflex, experiments were performed in which subjects started from a 
forward lean while supported by a chair. This starting position reduced 
the TA burst while the SOL remained relatively unchanged. 

The H-reflexes were averaged based on the time in the step cycle at 
which they were elicited. The beginning of a step cycle was defined as 
the time when a switch placed on the heel of the shoe was closed by 
contact with the ground. The latency between the step marker and the 
stimulus marker was used to determine in which of the 16 phases of 
the step cycle the stimulus occurred. Those responses that occurred in 
the same phase were averaged together (usually lo-20 sweeps). Within 
a phase, the M- and H-waves varied little from sweep to sweep (standard 
error lo-20%, see Fig. 20. 

To acquire H-reflexes evoked by the same stimulus strength at each 
phase ofthe step cycle, the corresponding M-waves were used as in- 
dicators of the effective stimulus strength (Capaday and Stein, 1986). 
The M-waves were closely matched across the 16 phases of the step 
cycle (varying less than 36%) by repeating the experiment at various 
stimulus intensities. Thus. H-reflexes occurrina at each of the 16 phases Results 

Experiments were also performed to determine the strength of recip- 
rocal inhibition from the TA under static conditions. Subjects tried to 
mimic the background activation levels of the muscles during the ini- 
tiation of walking, by cocontracting the SOL and TA statically. H-reflex 
depression elicited with increasing levels of TA activation indicated the 
strength of reciprocal effects from the TA under static conditions. 

of the step cycle could be compared at a stimulus intensity that excited 
the same number of motor axons and presumably the same number of 
sensory axons. Although there are substantial changes in the muscle 
length and shape during movement which could change the M-wave 
recorded (Myklebust et al., 1984), these changes result in little variation 
in the M-wave and do not modify the H-reflex amplitude substantially 
(Llewellyn, 1989). Because the experiments generally required 46 hr 
to complete, control trials were interspersed in which the M versus H 
relationship was verified under static conditions. A constant M to H 
relationship was a further check that the stimulating and recording 
conditions were relatively constant throughout the experiment. 

Determinants of H-reflex gain during locomotion 
Figure 1 shows the pattern of EMG activity generated in the 
SOL of a normal human subject walking and running on a 
treadmill, both at 6 km/hr. Each trace begins at the time of heel 
contact which initiates the stance phase. The SOL activity in- 
creases during the stance phase, and more or less coincides with 
the duration of the stance phase. Electrical stimuli applied to 
the tibia1 nerve elicit a small M-wave from direct stimulation 
of motor axons and a reflex H-wave from stimulation of muscle 

The EMG activity associated with the-undisturbed locomotor cycle 
was averaged on-line after full-wave rectification and low-pass filtering 
(30-Hz RC filrer). The averaging was triggered by the contact switch 
placed under the heel. This procedure was repeated at the beginning 
and the end of an experiment to ensure that the pattern of activity 
remained the same throughout the duration of the experiment. 

To examine the reflex gain, the peak-to-peak amplitude ofthe H-reflex 
(mV) was plotted as a function of the mean EMG level (mV) during the 
phase in which the reflex occurred, and the slope of the least-squares 
fitted line (mV/mV) was calculated. The relationship between the H-re- 
flex and background EMG can be defined unambiguously only when 
there is a nonzero level of EMG activity. Therefore, in calculating the 
regression line we only used data obtained during the stance phaseand 
the first time segment ofthe swing phase when the EMG level is declining 
toward zero. 

Experiments on the transition from standing to walking 
Since the reflex gain is dramatically different between standing and 
walking (Capaday and Stein, 1986), how is the change brought about? 
This can be studied by examining the transition in the reflex from the 
high value in standing to the low value in walking. H-reflexes were 
elicited in 4 subjects while they went from a quiet standing posture to 
walking. Subjects were instructed to start walking as soon as they heard 
an auditory signal, and to lead with the left leg. Generally, subjects took 
4-5 steps before stopping to prepare for the next trial. Reflexes were 
elicited randomly from the trailing leg (i.e., right leg). The reflexes were 
studied in this leg because the contralateral leg enters into the swing 
phase early. The very low SOL EMG and H-reflex in the swing phase 
could interfere with the determination of the relationship between the 

spindle afferents. 
Various stimulus strengths were used and levels were chosen 

at each part of the step cycle that stimulated an approximately 
constant fraction of motor axons (the M-wave showed no sig- 
nificant trend, but varied randomly with a standard deviation 
of 16% across the different phases of walking and running in 
Fig. 1). Presumably, an approximately constant fraction of Ia 
muscle spindle afferents were also stimulated. Even with a con- 
stant afferent input, the reflex H-wave increased in parallel with 
the increase in SOL voluntary activity, as previously shown 
(Capaday and Stein, 1987a). Note that the H-reflex never reached 
as high values during running as during walking, though the 
peak EMG activity was 19% greater during running. 

This difference between walking and running is seen more 
clearly in Figure 2, A, in which the H-reflex is plotted against 
the mean EMG level in each part of the step cycle. Although 
more complex curves could be used, the data are well fitted by 
a straight line (linear correlation coefficient of 0.90 and 0.76 for 
walking and running, respectively). The slopes of the straight 
lines are 12.5 +- 2.0 for walking, and 3.7 Ifr 1.4 for running 
(mean k SE), which are significantly different at the 0.005 level 
ofconfidence. The intercepts were 0.68 f  0.39 and 0.59 * 0.40, 
respectively, which were not significantly different from zero or 
from each other. The differences in slope clearly do not result 
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Figure I. Comparison of SOL H-re- 
flex and background EMG pattern in 1 
subject walking and running at same 
speed (6 km/hr) on same day. The SOL 
EMG rises in a ramplike fashion through 
the stance phase and is silent in swing 
phase during both locomotor tasks. The 
peak SOL EMG achieved is slightly 
higher in running. Each trace represents 
the average of 50 steps. The H-reflex 
elicited from the SOL rises and falls 
more or less in parallel with the back- 
ground SOL EMG. The modulation in 
the H-reflex amplitude (filled circles) is 
seen despite a constant effective stim- 
ulus strength through the step, as re- 
flected by the relatively constant 
M-wave amplitude (open circles). 
Moreover, the average M-wave ampli- 
tude (solid line through the open circles) 
was well matched for both tasks. 
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from saturation of the motoneuron pool, because the reflex am- 
plitude is lower for running at all levels of background EMG, 
as previously shown (Capaday and Stein, 1987a). Similar results 
were seen for a second subject on 2 different days (Fig. 2B,CJ 
in which the data were well fitted with straight lines. The vari- 
ability of the H-reflex from stimulus to stimulus (SE bars in Fig. 
2C) and from day to day (compare Fig. 2B with 2C) were quite 
small. 

This difference in slope was noted previously (Capaday and 
Stein, 1987a), but in the previous study, a comparison was made 
between walking at 4 km/hr and running at 8 km/hr. Thus, 
speed and motor output, as well as type of locomotion, varied 
and the relative importance of these factors could not be de- 
termined. Figure 2, D, in which the slope of the relationship 
between background EMG and SOL H-reflex is plotted as a 

Figure 2. H-retlex amplitudes ob- 
tained during walking and running at 
same speed of 6 km/hr (from same sub- 
ject as in Fig. 1). A, H-reflex amplitudes 
plotted against the average background 
activation level of the SOL at the cor- 
responding times in the step cycle. The 
best-fitting regression lines for the 2 
tasks have similar intercepts but differ- 
ent slopes, indicating that the reflex gain 
was lower in running than in walking. 
B and C, Similar results were obtained 
from another subject walking and run- 
ning at 6 km/hr on 2 different days. D, 
Slope of the regression lines for 4 dif- 
ferent locomotor conditions in this sub- 
ject, all measured with the electrodes in 
the same position on 1 day, clearly 
shows that the reflex gains associated 
with running were lower than those as- 
sociated with walking. Standard error 
bars were computed for the H-reflexes 
in (C) and for the slopes in (0). 
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function of locomotor speed for the subject of Figure 2, B and 
C, illustrates that the form of locomotion is the important de- 
terminant. This subject also walked at 3 km/hr and ran at 9 
km/hr on the same day. There is some decrease in slope at the 
faster walking speed, but both values are a factor 3 or 4 times 
higher than the values for running. 

Six normal subjects ran and walked at the same speed. Speeds 
5-7 km/hr were used for different subjects, depending on their 
preference. The relation between H-reflex and mean EMG in 
running had values of slope only 56.6 * 10.9% of those in 
walking at the same speed. The slope value, averaged across 
subjects, was significantly lower in running than in walking at 
a probability level less than 0.05 (paired t test). 

The EMG levels and slopes on different days and between 
subjects were substantially different. To compare different sub- 
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Figure 3. Slope of relationship between H-reflex amplitude and back- 
ground SOL EMG for all subjects in walking (open circles) and running 
(filled circles) normalized to values at 6 km/hr walking (as described in 
the text). A, This slope is a function of locomotor speed in walking, as 
reflected by the strong linear correlation (solid line). The values for 
running were all lower than walking and generally more variable. The 
slope of the regression line (not shown) for running was not significantly 
different from zero. Locomotor speed is clearly not the only factor that 
determines the reflex gain. B, The slope is also correlated with the peak 
SOL EMG obtained in walking. Again, the slopes obtained in running 
were all lower than those in walking, suggesting that background EMG 
is not the only factor that determines the reflex gain. Both A and B 
suggest that reflex gain is largely a function of the locomotor task. 

Trailing Leg Leading Leg 
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jects, the slope at 6 km/hr was normalized to 1. The slopes in 
3 subjects, who walked at both 4 and 6 km/hr, were on average 
35% greater at 4 km/hr. Thus, for another 3 subjects who walked 
at 4, but not 6 km/hr, the values were normalized to 1.35 for 
4 km/hr and in 1 subject who walked at 5, but not 6 km/hr, to 
1.18 at 5 km/hr. With this normalization the values for 10 
different running and 10 different walking conditions could be 
compared over a 2-9 km/hr range of speeds. 

The results are shown in Figure 3, A. There was a significant 
trend for the slope to decrease with increasing speed during 
walking (correlation coefficient r = -0.82, variance accounted 
for significantly different from zero atp -C 0.05, Ftest; Pedhazur, 
1982). A similar trend was evident during running, but the data 
were more scattered and the trend was not significant (r = -0.4 1). 
The slopes obtained during running were a fraction of that pre- 
dicted for walking by the regression line (average fraction: 0.47 
f 0.20) and all fell below the regression line. The probability 
of this happening is less than 0.00 1 (run-test, Feller, 1957). 

However, higher EMG levels are reached during running than 
during walking at the same speed. The reflex gain could con- 
ceivably be controlled by the EMG level, rather than the task. 
To test this possibility the data were replotted against the peak 
EMG level reached in each condition. The EMG values were 
also normalized to 1 for walking at 6 km/hr. In those subjects 
who walked at both 4 and 6 km/hr, the normalized peak EMG 
level was on average 0.58 at 4 km/hr, so this value was used to 
normalize data from subjects who walked at 4, but not 6, km/ 
hr and a value of 0.79 was used to normalize the data from the 
1 subject who walked at 5, but not 6, km/hr. 

As seen in Figure 3, B, the trend for the slope to decrease at 
increasing EMG levels during walking is even tighter (r = -0.89) 
than that for slope to vary with speed. Again, the values for 
running are more scattered and the trend was not significant (r 
= -0.02). Nonetheless, 9 of the 10 values for running fall below 
the trend line for walking; the probability of this happening is 
less than 0.01 (run-test, Feller, 1957). This result further sup- 

Figure 4. EMGs of SOL and TA mus- 
cles show characteristic patterns during  ̂ . . . 
initiation of walkmg. All traces begm at 
the time of the auditory tone to the sub- 
ject. The pattern for quiet standing re- 
mains unchanged for at least 100 msec 
and is characterized by low levels of 
SOL activity. At approximately 200 
msec (in this subject), a large burst of 
TA EMG is seen bilaterally, with a con- 
current decrease in the SOL EMG. In 
the leading Ieg, a second TA burst in- 
itiates the swing phase while concur- 

0.251 

Step Cycle (13) 

rently, in the trailing leg, a SOL burst 
0 1.0 2.0 generates the first push-off phase. This 

Step Cycle (s) 
is followed by the typical SOL and TA 
EMG patterns of normal walking. 
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Figure 5. Slightly different EMG pat- 
terns of trailing leg observed in different 
subjects. Subject #2 exhibited a pattern 
similar to that shown in Figure 4, while 
Subject #I showed a higher level of SOL 
activity. H-reflexes elicited from the 
SOL were initially high as in standing, 
then decreased dramatically within 200 
msec from the time ofthe auditory tone 
(time zero). The change in reflex am- 
plitude occurred despite the constant 
stimulus strength, as reflected by the 
M-wave. The time course of the reflex 
change appeared to be negatively cor- 
related with the time course of the TA 
activity. Step Cycle (s) 

ports the idea that the reflex modulation is set differently for 
running than for walking, even after differences in speed and 
EMG levels are taken into account. 

The initiation of walking 
Quiet standing is usually characterized by very low levels of 
SOL contraction and very high H-reflexes. The transition from 
standing to walking is achieved by a large TA burst bilaterally 
at approximately 200 msec (average reaction time) after the start 
signal (Fig. 4), presumably to pull the body forward. The SOL 
EMG decreases simultaneously with the initiation of the TA 
burst in some subjects. The TA burst is prolonged (for approx- 
imately 700 msec) bilaterally and decreases as the body rotates 
forward over the foot. Then, in the leading leg, a second TA 
burst initiates the first swing phase in parallel with the first push- 
off of the trailing leg from its SOL burst. Finally, the trailing leg 
begins its first swing phase, with the characteristic double burst 
pattern seen in human TA, accompanied by a push-off on the 
other leg. 

0 1st Step l Treadmill 

a a 
0.12 

Background EMG (mV) 

Figure 6. Relationship between H-reflex amplitude and background 
SOL EMG was similar for first step (open circles) and for normal tread- 
mill walking (filed circles). The reflex gain appears to be switched to 
the value observed in steady state walking within the first step. 

+----a H-reflex 

Step Cycle (s) 

The SOL H-reflex is modulated at the initiation of walking 
as shown in Figure 5 for 2 subjects. The H-reflex amplitude 
during the first 100 msec after the auditory tone is high, and is 
representative of the reflex amplitude in standing, as shown by 
averages obtained prior to the tone (not shown). A sudden de- 
pression of the reflex occurs within 200 msec, coincident with 
the rise in TA EMG and the slight depression of SOL activity. 
The depression in the reflex extends approximately 400-600 
msec, relatively independently of the SOL activation pattern 
(e.g., Subjects #l and #2 in Fig. 5), but the depression seems to 
be inversely correlated with the activity of the TA EMG. Even- 
tually, the reflex slowly rises, either in parallel with, or slightly 
in advance of, the SOL burst of push-off. All subjects exhibited 
this dramatic reflex depression within the reaction time, al- 
though the time course of the later rise in the reflex differed 
slightly between subjects (e.g., Subject #l versus #2 in Fig. 5). 

The reflex during the first step was compared with that during 
maintained walking on a treadmill, to determine whether the 
dramatic depression in the first step might be related to con- 
ditions unique to that step. One of the obvious differences be- 
tween the 2 conditions is the large initial TA burst, which occurs 
only in the first step. The H-reflexes of the first step were similar 
to those of normal treadmill walking at 4 km/hr (Fig. 6), so the 
reflex depression seen in the first step represents a rapid and 
complete switch to the reflex gain for walking. 

Modification of the starting position can dramatically change 
the amplitude of the initial TA burst. When subjects leaned 
forward holding on to a chair, the background activation level 
of the SOL could be maintained at much the same level as in 
the normal transition task while the TA burst was largely elim- 
inated (Fig. 7). Under these conditions, the reflex depression 
was still present, though to a lesser extent. 

The importance of the reciprocal effect from the TA was 
further demonstrated in 2 experiments. Under static conditions, 
different degrees of TA contraction were produced with a level 
of SOL EMG approximating the levels seen during the transi- 
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tion task. The reciprocal effects were strong under both static 
and dynamic conditions, with a stronger effect seen during the 
dynamic transition (Fig. 8). 

Discussion 
The H-reflex amplitude of the SOL muscle appears to be de; 
termined primarily by the form of locomotion. A task-depen- 
dent change in the reflex gain occurs rapidly at the time loco- 
motion is initiated. This new gain is representative of that 
normally seen in steady state walking, suggesting that the ap- 
propriate reflex gain is elicited rapidly at the start of the move- 
ment. The following discussion suggests that the site of action 
for the task-dependent gain change is presynaptic and correlated 
with the activity of the TA. 

What are the determinants of reflex gain in locomotion? 

The form of locomotion largely determines the gain of the SOL 
H-reflex. If the speed of locomotion were the primary deter- 
minant of the reflex gain, then one would expect the relationship 
between reflex gain and speed of locomotion to be identical, 
regardless of the type of locomotion. The reflex gains during 
walking and running would fall along the same regression line, 
which was clearly not the case (Fig. 3). Substantial differences 
in the reflex gain were found between walking and running, for 
which we could not account by either the speed of locomotion 
or the motor output (i.e., EMG pattern). 

Why the 2 forms of locomotion require different reflex gains 
is not certain, although some possibilities may be suggested. A 
primary difference between the 2 tasks is the proportion of time 
spent in the stance versus the swing phase. By definition, the 
stance phase must occupy less than 50% of the total step cycle 
time during running, and more than 50% during walking. This 
means that even when these 2 tasks are performed at the same 
speed of forward progression, the time spent in the stance phase 
is substantially shorter for running. Moreover, the requirement 

Figure 7. Starting subject from a for- 
ward lean while supported by a chair 
(supported lean) largely eliminated the 
large TA burst associated with normal 
initiation of walking. The SOL activa- 
tion pattern was largely unchanged by 
this maneuver at least for the first 500 
msec. The depression in the SOL H-re- 
flex normally seen during the initiation 
of walking was considerably less dra- 
matic when the TA burst was reduced, 
though the reflex depression could not 
be eliminated. The stimulus intensity 
was constant for the duration of both 
tasks, as reflected by the relatively con- 
stant M-wave amplitude. 

of a flight phase (i.e., when both feet are off the ground) in 
running necessitates a greater vertical excursion of the total 
body. These 2 factors (a shorter stance phase and a greater 
vertical displacement) together make for a more impulsive im- 
pact at foot contact and a more powerful push-off in late stance. 
The more rapid and forceful nature of both these events may 
lead to more synchronous firing of afferents. Muscle spindle 
sensory fibers are very sensitive to velocity, so the more rapid 
movements could lead to large reflex responses, which could 
disturb rather than aid the forward progression during running. 
A lower reflex gain may also be necessary to prevent saturation 
of the reflex pool. 

Within a particular form of locomotion, the reflex gain is 
negatively correlated with both the background activation level 
of the homonymous muscle and the speed of locomotion (Fig. 
3). This correlation is much higher for walking than for running, 
again highlighting differences between these 2 tasks. Because the 
speed of locomotion and the SOL EMG are highly correlated, 
these 2 factors could not be separated. In either case, the be- 
havior of the reflex gain is consistent with the possibility that 
it is lowered in proportion to the background activation level 
or locomotion speed in order to prevent saturation of the mo- 
toneuron pool (Capaday and Stein, 1987a). If the afferent input 
from the muscle spindles contributes in an important way to 
locomotor activity of the SOL muscle, preventing saturation of 
this pathway would be essential. 

How are these task-dependent reflex gains activated? 

The H-reflex gain of the SOL muscle was shown to change 
rapidly from the high levels during standing to the low levels 
of walking. Moreover, the reflex gain of the first step was not 
different from that of the later steps, suggesting that conditions 
unique to the first step did not modify the reflex gain in a special 
way. The reflex depression seen in the first step was complete 
in that the reflexes were indistinguishable from those of steady 
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Figure 8. SOL H-reflex varied inversely (Y = -0.86, slope = -29.0) 
with activation level of TA in transition from standing to walking (open 
circles). These activation levels observed in the transition task were 
matched under static cocontraction (filled circles). An inverse relation- 
ship between the SOL H-reflex and the TA EMG was again observed, 
but to a lesser extent (r = -0.82, slope = - 13.2). The slopes of these 
2 regression lines are significantly different at the p < 0.05 level (t test). 

state walking (Fig. 6). Apparently, the reflex gain of the SOL is 
switched immediately into the appropriate levels for walking at 
the time walking is initiated. 

The gain change occurred within a reaction time and was 
coincident with the activation of the TA. This suggests that the 
central command to initiate walking affected the prime mover 
(TA) and the reflex gain of its antagonist (SOL) simultaneously. 
A similar depression of the SOL H-reflex with activation of the 
TA has been observed in single joint movements (Gottlieb et 
al., 1970) and more recently in a postural adjustment task (Ya- 
mashita and Moritani, 1989). Two possible mechanisms might 
be proposed to explain the decreased reflex: postsynaptic or 
presynaptic inhibition. For example, the central command to 
initiate walking may project to the TA motoneurons and their 
Ia inhibitory interneurons in parallel, as has been shown for 
several descending systems such as the corticospinal tract (Bal- 
dissera et al., 1981). The reflex depression would then reflect 
the postsynaptic effects of the Ia inhibitory interneurons on the 
SOL motoneuron pool. Alternatively, descending systems or 
spinal mechanisms could produce presynaptic effects on the Ia 
sensory terminals. 

If the first possibility were true, the TA motoneurons would 
be activated in parallel with their Ia inhibitory interneurons, 
and one would expect the SOL EMG to vary in a reciprocal 
fashion to the TA. The H-reflex amplitude would then simply 
vary with the SOL activation pattern. This was clearly not the 
case. The SOL EMG pattern did not always vary reciprocally 
with the TA (e.g., Subject #I in Fig. 5) and the time course of 
the H-reflex modulation was independent of the SOL EMG in 
some subjects (e.g., Subject #2 in Fig. 5). 

Alternatively, the reciprocal effects from the TA may be acting 
presynaptically on the muscle spindle afferents from the SOL. 
This mechanism has been suggested previously (Tanaka et al., 
1974), although evidence for its existence remains indirect. The 
pre- and postsynaptic effects of reciprocal inhibition were sep- 
arated by static cocontraction experiments. Subjects maintained 
a constant SOL EMG level coupled with varying degrees of TA 
activation. The data of Figure 8 suggest that reciprocal inhibition 
associated with the activation of the antagonist also acts pre- 
synaptically on the agonist Ia afferents. The amplitude of the 
reciprocal effect was smaller under static conditions than during 
the dynamic conditions of walking, suggesting that the presyn- 
aptic effects may have phasic as well as tonic components. 

Computer simulation (Capaday and Stein, 1987b) and tests 
in decerebrate cats (Capaday and Stein, 1989) have shown that 
various mixtures of postsynaptic excitation and inhibition lead- 
ing to the same level of EMG activity have little effect on the 
level of the H-reflex. Thus, the task-dependent changes in H-re- 
flex gain observed here suggest that presynaptic inhibition cor- 
related to the activity in TA is involved (Fig. 7). Some contro- 
versy remains regarding the possibility of altering the gain of 
the motoneuron pool by postsynaptic factors (Kernel1 and Hult- 
born, 1990). The postsynaptic mechanisms that are most effec- 
tive in altering the gain of the motoneuron pool are those that 
generate synaptic inputs that are systematically different from 
the normal order of small to large. Synaptic inputs that exert 
this type of differential effect on the motoneuron pool may also 
generate reversals in recruitment order. Reversals in motor unit 
recruitment order have not been shown in locomotion (Hoffer 
et al., 1987; Jakobssen et al., 1988) so we favor the explanation 
that presynaptic mechanisms alter the reflex gain in locomotion. 

Future experiments will be needed to determine whether there 
are indeed separate mechanisms to control the time-denendent 
modulation of the reflex that is characteristic of all forms of 
rhythmic movement (Forssberg et al., 1977; Akazawa et al,. 
1982; Lund and Olsson, 1983; Mackay et al., 1983; Capaday 
and Stein, 1987a; Collins et al., 1989) and the different reflex 
gains that characterize different movement tasks (Capaday and 
Stein, 1986, 1987a). 
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