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Spinal use-dependent plasticity of synaptic transmission
in humans after a single cycling session
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The spinal cord is able to express use-dependent plasticity, as demonstrated in spinalized
cats following treadmill training. In humans, spinal use-dependent plasticity is inferred from
modifications in the size of H reflex, which are often more prominent after skilled motor training.
Plasticity can develop at synaptic connections between afferent fibres and/or descending tracts
and motoneurones or interneurones interposed in the spinal pathways. Here we explore whether
skilled traininginduces a change in synaptic efficacy at the synapse between Ia afferentsand soleus
(Sol) motoneurones. Synaptic efficacy can be modulated presynaptically through changes of
the probability of transmitter release (homosynaptic depression, HD). The frequency-related
depression of the Sol H reflex, thought to reflect HD, was tested at rest, before and after one single
skilled (14 subjects) or non-skilled (9 subjects) cycling training session. Performance improved
in both groups but to a larger extent with skilled training, while HD increased immediately after
and the day following skilled training in the absence of changes with non-skilled training. These
results support the view that spinal cord function is able to encode a local motor memory.
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Activity-dependent plasticity associated with performance
improvements takes place at multiple sites in the central
nervous system, including the spinal cord (Wolpaw &
Tennissen, 2001). Cortical plasticity has been extensively
documented during motor learning (Sanes & Donoghue,
2000), and the traditional view has been that most of
the lasting changes in spinal cord function accompanying
motor learning are driven by changes in descending
inputs to spinal motor and interneurones (Schneider
& Capaday, 2003; Perez et al. 2005). There is now
growing evidence that the spinal cord is able to express
use-dependent plasticity, as demonstrated in spinalized
cats following treadmill training (de Leon et al. 1998).
Functional improvements depend on the nature of the
training regimens (de Leon et al. 1998). The timing of
somatosensory input during training plays a prominent
role in the development of plastic changes (Bouyer et al.
2001), as shown in the isolated spinal cord of cats,
rats and dogs (Mendell & Wall, 1965; Kandel, 1977;
Durkovic, 1985; Liu & Sandkuhler, 1997). Plasticity in
the nervous system can be achieved through sprouting
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of new synapses or unmasking of silent ones, but also
through activity-dependent changes in the efficacy of
the synaptic transmission occurring either presynaptically
(Zalutsky & Nicoll, 1990) or postsynaptically (Malinow &
Malenka, 2002). On the presynaptic side, synaptic efficacy
can be adapted through activity-dependent changes of the
probability of transmitter release (short-term facilitation,
homosynaptic depression (HD), post-tetanic facilitation;
Kitago et al. 2004).

In humans, the existence of spinal use-dependent
plasticity has been inferred from modifications in the
size of H reflexes (soleus (Sol) or wrist flexors H reflexes
(Nielsen et al. 1993; Voigt et al. 1998; Trimble & Harp, 1998;
Kato et al. 2003; Motl et al. 2003). Motor skill training, as
opposed to non-skilled or passive motor training, appears
to be a critical factor in driving plastic reorganization
at the spinal level and in the motor cortex (Perez ef al.
2005, 2006). Consistent with these studies, Mazzocchio
et al. (2006) have shown that skilful establishment of a
constant cycling speed despite changing pedal resistance
was associated with a persistent downregulation of the Sol
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H reflex which was absent after cycling at the same speed
without change in pedal resistance.

Changes in Hreflexes can be the consequence of
modifications in synaptic connections between afferent
fibres and/or descending tracts with motoneurones and
interneurones interposed in the spinal pathways. The
purpose of the present study was to determine whether
encoding of a motor memory in spinal cord function relies
on changes in the synaptic efficacy between Ia afferent
fibres and motoneurones. We used the cycling task
developed by Mazzocchio et al. (2006) and assessed HD
at the synapse between Ia afferents and Sol motoneurones
atrest, before and immediately after or later after one single
cycling training session. We were interested in finding
whether training-induced changes of synaptic efficacy
could be expressed as persistent changes in HD at rest. To
address the role of motor learning versus motor training in
the development of changes in HD, we compared changes
in HD after a complex and a simple cycling training task,
as Mazzocchio et al. (2006) did for the Sol H reflex. To
assess HD we used the frequency-related depression of
the Sol H reflex (Kohn et al. 1997; Hultborn & Nielsen,
1998; Aymard et al. 2000). This method was designed
from animal experiments. A frequency-related depression
of the monosynaptic reflex discharge has been described in
cats (Brooks ef al. 1950) and ascribed (using intracellular
recordings) to HD because the reduction of the mono-
synaptic Ia EPSP occurred without change in membrane
potential or conductance (Hultborn ef al. 1996). Homo-
synaptic depression results from changes in the probability
of transmitter release at the synapse (Kuno, 1964) and
depends on the preceding activity of Ia afferents. Homo-
synaptic depression is thought to minimize afferent input
from stretch receptors during sustained or repeated muscle
stretch and to concentrate the damping effect on lower
threshold motoneurones (Floeter & Kohn, 1997).

Methods

Participants

The experiments were performed on 23 healthy volunteers.
All subjects gave their written informed consent to the
experimental procedure according to the Declaration of
Helsinki, and the NINDS Institutional Review Board.
The subjects were randomly allocated to two different
motor training groups. One group (n =14, 6 women,
8 men) was trained with a ‘complex’ visuo-motor cycling
task (group C) and the other (n=19, 5women, 4 men)
with a ‘simple’ visuo-motor cycling task (group S). The
two groups were matched for age (groupC, mean
age, 33.2 £ 10 years; group S, mean age, 28.4 & 5.6 years;
Mann—Whitney U test P =0.3) and for usual physical
activity. To rate their usual physical activity, subjects filled
out a questionnaire. They were asked how many times a
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week they trained and what kind of training they practiced
(jogging, cycling, training with elliptical machine or
treadmill). Subjects performed mild physical activities on
average 2.3 = 1.8 days (range 0—4) a week in group S and
2.07 £ 1.6 days (range 0-5) in group C (Mann—Whitney
U test P =0.5). Subjects were grouped as ‘sedentary’ or
‘active’ according to the frequency of exercising (less or
more than twice a week). In group C, seven subjects were
active and seven sedentary. In group S, five subjects were
active and four sedentary. In addition, we used the mean
heart rate at rest and during cycling to compute, for each
subject, an objective measure of the difficulty of the task.
Mean value of this ‘hardness coefficient’ was comparable
in the two groups (0.4 £0.13 in group S; 0.35+0.14 in
group C; Mann—Whitney U test P =0.5). Subjects were
divided into two groups (easy versus difficult) according
to the hardness coefficient (below or above 0.3). Results of
one subject in group C were discarded from the H reflex
analysis because it was impossible to keep a stable size of the
H reflex at the 9 s interstimulus interval (ISI) throughout
the experiment (see below).

Experimental schedule

All subjects participated in at least three experimental
sessions. During the first session, they initially received
baseline pretraining assessment of HD. Subsequently, they
were tested on their ability to establish a constant cycling
speed on a recumbent bicycle despite frequent changes
in pedal resistance. The coefficient of variation of speed
(CVpeeds Schabort et al. 1998) measured their ability to
perform this task. Previous work demonstrated down-
regulation of the Sol Hreflex after complex but not
simple training (Perez et al. 2005; Mazzocchio et al. 2006).
Our working hypothesis was therefore that HD increases
(and may participate in a decrease of the Sol H reflex
size) after complex training (establishment of a constant
cycling speed on a recumbent bicycle exposed to frequent
changes in pedal resistance, which requires calibrated
compensatory action), but not after simple training
(maintenance of a constant cycling speed against constant
pedal resistance, which requires less compensatoryaction).
These two types of training engage comparable physical
activity, but different levels of skill acquisition during
cycling.

After baseline determinations, subjects trained for
16 min (with either of the two tasks; see training section
below). Immediately post-training, the day after (day2)
and 48h later (day4), HD and CVg,q were tested
again.

Eight out of the 14 subjects (group C7) who had
performed the complex task, came for a fourth visit a
week after the training (day 7). Seven out of the 14 subjects
(group C30) who had performed the complex task (not all
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the same as those who came on day 7) came for a follow-up
fifth visit 30—45 days after the training. During visits on
days 7 and 30, subjects underwent physiological recordings
and measurement of CVpeed.

Training

Each subject participated in a single training session.
The subjects sat on a recumbent cycle ergometer (Cateye
EC 3700, VacuMed, Inc., Ventura, CA, USA). The sub-
ject was asked to cycle for 16 min at a constant speed
(60 r.p.m.). The cycle display provided continuous feed-
back of instantaneous speed. In the complex training
session, pedal resistance (range 0.5-1.6 kg) changed every
15sin a preprogrammed sequence. In the simple training
session, pedal resistance was fixed at the mean overall
torque level (0.9 kg) of the complex training session.

Performance

Performance was assessed by the subject’s ability to
maintain a constant speed of 60 r.p.m. during a 4 min
cycling session in the presence of variable pedal resistance.
Performance was quantified by the coefficient of variation
of speed (CVpeea). The coefficient of variation is
defined by Schabort et al. (1998) as the within-subject
variation, expressed as a percentage of the subject’s mean
(CV =s.p./mean). The CVpeeq was calculated before and
immediately after training, and also at day 2, 4, 7 and 30
in the absence of any further training.

Task difficulty

Heart rate was continuously monitored during each
measurement of CV,eeq and during the training session
using an earlobe sensor. The hardness coefficient was
defined as:

Exercise level (%) =
(Pulse rate in exercise minus pulse rate at rest)

(Maximum heart rate minus pulse rate at rest)

Heart rate in exercise was defined as the mean heart rate
during the 4 min cycling preceding the training session
(calculation of baseline performance). Maximum heart
rate was calculated by the standard formula (220 minus
age; Karvonen et al. 1957; American College of Sports
Medicine Position Stand, 1998).

Physiological recordings

Soleus H reflex. Elecromyogram was recorded from the
right Sol muscle through a pair of surface electrodes.
The recording electrode was on the mid-line of the calf,
4 cm below the inferior margin of the gastrocnemius
muscle, and the reference electrode was over the Achilles
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tendon. The signal was amplified and filtered (5Hz to
1kHz) by a Dantec EMG machine, and then digitized
at 4 kHz by a PC-based data acquisition and processing
system (Labview, National Instruments, Austin, TX,
USA). Electrical stimulation (pulse width, 1 ms) to evoke
a Sol Hreflex was delivered to the posterior tibial
nerve with the cathode in the popliteal fossa and the
anode over the patella, from a Grass S88 stimulator
(Grass Instruments). Physiological recordings started by
calculating the amplitude of the Sol maximal M wave
(M max) after a supramaximal stimulation of the posterior
tibial nerve. Peak-to-peak amplitudes of the H reflexes
were measured off-line and expressed as a percentage of
the M ,.x amplitude.

Homosynaptic depression (HD) measurements. The
experimental set-up was based on that developed by
Crone & Nielsen (1989) and Aymard et al. (2000).
Homosynaptic depression at the level of the synapse
between Sol Ia afferents and motoneurones was assessed
by comparing the effects of different stimulus rates on
H reflex size. Here we used ISIs of 9, 8, 6, 3 and 1s. At
the beginning of the pretraining physiological recordings,
the intensity of the stimulation was adjusted so that
the amplitude of the Sol Hreflex at the 9s ISI (HD is
considered to be absent or minimal at this frequency) was
between 10 and 30% of M .. At the beginning of the
following recordings (post-training, day 2, 4, 7 and 30),
the intensity of the stimulation was carefully adjusted so
that the size of the Hreflex at the 9s ISI was the same
as that during the pretraining recordings. It was verified
throughout the experiment that the amplitude of the
reflex at the 9s ISI remained constant. If this amplitude
changed, the intensity of the stimulation was adjusted.
After averaging 20 reflexes using a 9 s ISI, four other series
of 20 reflexes were obtained, using in each of them a
different ISI (1, 3, 6 and 8s). The sequence of stimulus
rates randomly varied.

A curve of the size of the Sol H reflex against the ISIs (1,
3, 6 and 8 s) was drawn (size—ISI curve). The mean size of
the 20 reflexes obtained at each ISI tested was expressed as
a percentage of the mean size of the 20 reflexes obtained at
the 95 ISI.

To ascribe a unique value to each size—ISI curve, we also
calculated the area under each curve between 1 and 8 s on
the abscissa (AUC).

Calculation of AUC. Each curve used to calculate AUC
had four points. Abscissas of these points were always 1,
3, 6 and 8s ISIs, and the corresponding ordinates were
the mean size (n = 20) of the Sol Hreflex at 1 (1), 3 (y3)
6 (ys) and 8 ISIs (ys). The curve fitting these points was
described by the function P:

p(x) = asx® + ax* + a1x + ap
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The area (A) between the curve and the two vertical lines
with x = 1 and x = 8 as abscissas was calculated as follows:

A 4095a; n 511a, n 63a, 47
= a
4 3 2 0

Control experiments

To eliminate a confounding effect of a training-induced
change inside the Sol motoneuronal pool (‘recruitment
gain’; see Discussion), recruitment curves of the Sol
Mwave and Hreflex were built up before and after
training. To that end, the intensity of the posterior tibial
nerve stimulation was increased by steps of 0.1MT, from
0.5t0 1.5-2.0MT (MT = intensity evoking a Sol M wave of
5% of M 4x)- Fifteen reflexes were evoked at each intensity.

To be sure that we compared over the time the H reflexes
elicited by equivalent afferent volleys, the recruitment
curves of M waves were exactly matched between pre- and
post-training as well as at days 2, 4 and 7. The steepest part
of the ascending limb of the recruitment curve was fitted
to a linear regression function. The slope of the fitted line
was taken as witness of the ‘recruitment gain’ (Kernell &
Hultborn, 1990). If training induced any damaging effect
on Sol muscle fibres or a change in the neuromuscular
transmission, it would mean that M waves of same size
would not reflect activation of a same number of motor
units. To eliminate such a bias, we recorded, in parallel with
Sol M wave and H reflex, the M wave (and H reflex when it
existed) of plantar foot muscles (mainly flexor digitorum
brevis), which was considered to be ‘non-trained’ muscle
but is also innervated by the posterior tibial nerve.

The recruitment curves were built up in eight
different experiments: (1) in four subjects, the curves were
constructed in parallel with two different ISIs (1's, where
the HD is prominent, and 12 s, where the HD is absent)
pre- and post-training, and at days 2 and 4 (also day 7 in
2 subjects); (2) in two subjects, the curves were built while
evoking the reflexes at the 10s ISI (a frequency at which
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HD is absent or minimal) pre- and post-training, and at
day 2; (3) in two subjects, the curves were built up while
evoking the reflex at 4 s ISI only pre- and post-training.

Statistics

The effect of training on CVpeeq and on AUC was assessed
using a repeated-measures ANOVA with the four measures
of CVpeea and AUC (time: pre- and post-training, days 2
and 4) forming the repeats. A fifth measure was added
(day 7 or 30) when looking at the duration of the effects.
The effect of training on frequency-related depression of
the H reflex was assessed by a two-level repeated ANOVA
with the 16 sizes of the Sol H reflex forming the repeats
(four different ISIs: 1, 3, 6 and 8 s; and four different times:
pretraining, immediate post-training, days 2 and 4).

To compare the effect of simple versus complex training
on changes in CVpe.q and AUC we performed a two-group
repeated-measures ANOVA with the three measures
of the normalized CVgyeeq or normalized AUC (time:
post-/pretraining, day 2/pretraining, day4/ pretraining)
forming the repeats and assignment to S or C training
forming the two groups.

The effect of physical activity on changes in CVgeeq and
AUC was tested separately in group C and group S by using
a two-group factorial ANOVA (assignment to ‘sedentary’
or ‘active’ forming the 2 groups). For this analysis, the
three values of the normalized CV peeq or normalized AUC
(post-/pretraining, day 2/pretraining, day 4/pretraining)
were grouped, forming a unique variable. Fisher’s test was
used for the post hoc analysis.

Age, number of training days a week (regular physical
activity), coefficient of hardness and baseline CV peeq were
compared between the group C and the group S using a
non-parametric Mann—Whitney U test.

Results

Influence of training type on motor performance
(Fig. 1)

The two groups (C and S) had comparable mean baseline
performance levels (mean & 5.0.; CVpeeq = 0.036 £ 0.016
in group C and 0.028 £ 0.007 in group S; Mann—Whitney
U test P =0.2). In both groups, performance improved
significantly over time. The CV,e.q decreased by 24% in
group C immediately after training (Fig. 1A and Table 1)
and by 15% in group S (Fig. 1B and Table 1). Performance
improved slightly in the absence of further training
between post-training and day 2 and between days 2 and 4
(Fig. 1A and B and Table 1). A repeated-measure ANOVA
was performed with the type of the training (complex
versus simple) as interindividual variable. This analysis was
performed after normalizing the CVpeeq values to control
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for differences in mean baseline performance between the
two groups. Improvement of performance was larger in
group C than in group S (Fig. 1C) but the difference did
not reach statistical significance (P = 0.06).

Influence of training type on HD (Fig. 2)

Baseline HD (Fig.2A). In the baseline condition (22
subjects) Sol H reflex size exhibited a frequency-related
depression (ANOVA effect of ISI P < 0.0001, Fisher’s post
hoc test 1s/3 s P < 0.0001,3s/6s P < 0.0001, 6s/8 sn.s.).
A typical example is shown in Fig. 2A. In this subject, the
mean size (n = 20) of the Sol H reflex was adjusted to be
around 10% of M., at the 9s ISI. Sol H reflex size was
maximal (around 13% of M ,,,x) when the interval between
two consecutive reflexes (ISI) was 8 s. AsISI decreased from
8 to 1 s, Sol H reflex size dropped progressively to 2.8% of
M pnax at the 1s ISL. Out of the 22 subjects tested for HD,
the curve reached a plateau at the 8 s ISI in 15 of them, at
the 6 s ISI in one, and had not yet reached its plateau at
the 9 s ISI in the six remaining subjects.

Effect of training on HD (Fig. 2B and C). Training with
the complex task had a significant effect on HD (Fig. 2B
and Table 2). Immediately after training, HD increased,
which means that at a given interval of stimulation the
mean size of the reflex was smaller after the training than
before, and it was true at all tested ISIs. The most striking
result of this study was the unexpectedly long duration
of the training-induced increase of HD, in that 24 h after
the training (day 2) but also 3 days after (day 4) HD was
still increased, keeping about the same level as immediately
after training (see the statistical significance of Fisher’s post
hoc test in Table 2).

Results were similar when using the AUC to assess HD
(see Table 1 and Fig. 3B and D).

Training with the simple task did not modify HD
(Fig. 2C and Table 2), either immediately after training or
in the following days. Results were the same using either
the size—ISI curves (Table 2) or the AUC (Table 1).

After normalizing the AUC values to the AUC
pretraining value, the effect of the complex training on
AUC was compared with that of the simple training using
an ANOVA with training as interindividual variable. The
effect of complex training was significantly different from
that of the simple training (ANOVA: effect of training on
AUC P < 0.05).

Time course of modifications of CV and HD (Fig. 3)

Eight out of the 14 subjects trained with the complex
task came for an additional experiment a week after
the training, and seven out of the 14 came for a last
session 30—45 days after the training. Statistical analysis
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was performed for each group (groupsC7 and C30)
separately.

In groups C7 and C30, as in the whole group, CVpeed
and AUC dropped immediately after training and slightly
decreased further at days 2 and 4 (Fig. 3A—D and Table 1).
In group C7, at day 7 performance was still better than
before training and not significantly different from that
at day 4 (Fig. 3A and Table 1). Homosynaptic depression
was still increased at day 7 compared with the baseline
level, yet the difference did not reach statistical significance
(Fig. 3B). In group C30, at day 30, performance was still
improved compared with the baseline level, almost the
same as at day 4 (Fig. 3C and Table 1) but there was then
a clear dissociation between the decreased CVgeeq and the
AUC, which was almost back to its baseline level (Fig. 3D
and Table 1).

A
0.05
0.04
Cvspeed
0.03
0.02
pre post day 2 day 4
B 0.051
0.04 1
Cvspeed {
0.034 [ {
|
0.02
pre post day 2 day 4
C 1.2
o
>
3 1
©
[0)
2
© .
g 0.8
o
c
0.6

pre post day 2 day 4

Figure 1. Improvement of performance after training
Performance was assessed by the CV peeq. IN A and B, CVgpeeq is
plotted against time, pretraining, immediately post-training, 24 and
96 h after training. In A, subjects were trained with the complex
cycling task. Each dot represents the mean of 14 values. In B, subjects
were trained with the simple cycling task. Each triangle represents the
mean of 9 values. In C, the normalized value of CVgyeeq
(CVgpeea/pretraining CVspeeq) is plotted against time. Improvement of
performance was better after complex training (@) than after simple
training (A).
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Table 1. Effect of time on performance (CV) and HD (AUCQ)

J Physiol 579.2

CV Cgroup (n=14)

CV Sgroup(n=9)

P : post hoc Fisher test CVv P : post hoc Fisher test
pre < & O 036 + O 016 pre < <« 0.028 +0.007
post Z & 0.026+0.012 Jp<o. OOﬁP <0.0001 | 5 _ 0 000 post B & 0.024+0.006 BLE 0‘034] P<0025| (00
day 2 <Z( 3 0.025 + 0.01 day 2 <Z( v 0.023 £ 0.007 ’
day4 < o 0.024£0.011 day4 = & 0.022+ 0.004

AUC C group (n=13) AUC S group (n =9)
AUC P : post hoc Fisher test AUC P : post hoc Fisher test
pre < © 6.15+2.06 pre < 5.36 +1.36 j
post JZ 8 481+12 j P< 0'00‘1 P<0.0006 | 5 _ 4009 post B o 51%1 ns ns
day2 Z S 451098 ’ day2 2 S 535+1
day4 T o 457+073 day4 = 491+0.9
CV group C7 (n=8) AUC group C7 (n =8)

P : post hoc Fisher test AUC P : post hoc Fisher test
pre < 5 004z 0 02 pre < 53+0.9
post 3 8 003+oo14jp<000 P <0.0001 | 5 _ 0 0001 post 3 = 4.98%1 I P<0.02| b_00s
day2 Z S 0027:0012 : P < 0.0001 day2 Z S 46+1 : ns
day4 < ; 0.026 +£0.015 day4 T & 464+08
day 7 0.026 £ 0.012 day 7 4.86+0.7

CV groupC30(n=7) AUC groupC30(n=7)

P : post hoc Fisher test P : post hoc Fisher test
pre < & 0.038+0.02 pre < 6.8+2.6 j
post 3 S 0025+0.012 JP<0.001] 50003 P < 0.00012 post 3 S 472+14 P< 0'015} P<002 | o oo
day 2 <Z( S 0.023+0.08 ’ P < 0.0008 day 2 <Z: ‘f," 477+1.2 ’ ns
day4 T o 0.022+0.006 day4 T o 46%09
day 7 0.024 + 0.009 day 7 6.05+2.1

Effect of fitness level and hardness of the task
on change in performance and HD (Fig. 4)

Baseline performance. Performance measured in the
baseline condition (23 subjects) differed according to the
fitness level, in that active subjects (7 =13, CVpeed =
0.027 £ 0.006) performed better than sedentary ones (n =
10, CVipeed = 0.04 £ 0.02; Mann—Whitney U test, P <
0.007). Performance was not influenced by the difficulty
of the task by itself (easy, # =9, CVpeeq = 0.03 £ 0.007;
difficult, n = 14, CVpeed = 0.035 & 0.016; Mann—Whitney
U test, P =0.6).

Effect of complex training on performance improvement
and HD (Fig. 4). The fitness level significantly influenced
the training-induced changes in performance and
HD. Immediately after the complex training but
also at days2 and 4, active subjects improved their
performance less than sedentary subjects (Fig. 44; ANOVA
effect of activity on CVyeeq post-/pretraining + day 2/
pretraining + day 4/pretraining, P = 0.007).

Fitness level also influenced the modulation of
HD after training but in the opposite way, in that
normalized AUC decreased more in active than in
sedentary subjects (Fig.4B; ANOVA effect of activity
on AUC post-/pretraining + day 2/pretraining + day 4/
pretraining, P < 0.005). This means that, despite a better

improvement of performance, HD increased less in the
sedentary subjects than in the physically trained ones.

Control experiments: assessment of the gain
in the soleus motoneurone pool

The recruitment curves of the Sol M wave and H reflex
(ISI 12s) of a representative subject are presented in
Fig. 5A and B. Only the ascending part of the H reflex
recruitment curve is presented because, in this part,
motoneurones are recruited in an orderly sequence by
the Ia input from the smallest to the largest according to
Henneman’s size principle (Henneman & Mendell, 1981).
In the descending part, owing to the collision in the axons
of the largest motoneurones, only the small motoneurones
are responding (Pierrot-Deseilligny & Mazevet, 2000).
These curves were repeated before training (dark blue
lines), immediately after training (pink), at day2 (red),
day 4 (light blue) and day 7 (violet). Soleus M waves were
correctly matched (Fig. 5A), and it was verified that foot
plantar muscle responses also matched over time. It is clear
thatthe slope of the ascending part of the recruitment curve
of the H reflex (Fig. 5B) was not increased after training
(see Discussion) and was probably even slightly decreased
immediately after training. The same results were obtained
in the eight experiments shown in Table 3. Owing to the
small number of experiments and the different ISIs used,
statistical evaluation of the result has not been done.
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Table 2. Effect of stimulation frequency and time on Sol H reflex
size

Intrinsically encoded spinal plasticity after motor training 381

The Sol Hreflex was downregulated after training
(compare light blue and pink lines in Fig.5B) and

1 3 6 8

C group upregulated at days 2 and 4 (compare dark blue line with
H reflex size (% of size at the 9 sec frequency) + SD red and light blue lines in Fig. 5B). This result has been
1s 3s 6s confirmed in the whole of group C using a calibrated
r ANOVA P < 0.0001 Fishertest  stimulation of the posterior tibial nerve (results not
pre © [31.7£18 79 + 30 103+ 30 8] § shown). The downregulation of the H reflex immediately
s g 818’ ini described by Mazzocchio et al. (2006
. 0 8l22+15 61+ 18 84 + 20 S|g v pO(Sit—tralnllngdwaSheSCI'l ed by aZZOCCf io et al. ( )
post =z o Slv & and correlated with improvement in performance.
< v|18£10 52+ 20 83£16 |o ) T S
gayi Yo 16410 56415 80+ 11 v & At the 12s IS, HD is absent or minimal, while it is
i - - - & prominent at the 1s ISI. Comparison of the recruitment
S group curves obtained at 12 and 1s ISIs over time is another
H reflex size (% of size at the 9 sec frequency) + SD way to display the increase Qf .frequenc.y—l‘related depression
1s 3s 6s of Sol Hreflex after training. This is done for one
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Figure 2. Changes in homosynaptic depression of the soleus H reflex

A, homosynaptic depression in one representative subject. Homosynaptic depression was assessed by the
frequency-related depression of the Sol H reflex, as the decrease of size of the H reflex when decreasing the
time interval between two consecutive stimulations (here from 9 to 15). In this subject, the curve reached a
plateau at 8 s ISI. Each point represents the mean of 20 reflexes. B and C, modulation of homosynaptic depression
of the Sol H reflex by the training in the two groups: subjects performing the complex cycling task (B); and subjects
performing the simple cycling task (C). For each time (pre- and post-training, 24 and 96 h after training), sizes of
the Sol H reflexes were normalized to the size of the reflex at the 9 s ISI. To compare the amount of HD at the
different times, the intensity of the stimulation was adjusted in order that the size of the reflex at the 9 s ISI was
the same during the three post-training measurements as during the pretraining one. B, after complex training,
HD was increased and maintained the same level at days 2 and 4. Each point represents the mean of 260 reflexes.
C, after simple training, HD was not modified. Each point represents the mean of 180 reflexes.
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was almost back to its pretraining value at day 7. Similar
results were found in three out of the four subjects tested.
One subject did not show any difference in size of the
H reflex when evoked at the 12 or 1s ISIs either in the
baseline condition or after training.

Discussion

Here we show that a brief period of training, consisting
of keeping a constant cycling speed against frequent
changes in pedal resistance, led to enduring changes of
the frequency-related depression of the Sol H reflex, in
that frequency-related depression of the Sol H reflex was
increased, which can be interpreted as a decreased synaptic
efficacy at the level of the synapse between Ia afferent
and Sol motoneurone (HD). The same cycling task, but
against a constant pedal resistance, did not induce any
modification of the frequency-related depression of the
Sol H reflex. The amount of training-induced change of
HD depended on the degree of usual physical training and
not on the difficulty of the task by itself.

Frequency-related depression of Sol H reflex in the
baseline condition reflects homosynaptic depression
at the level of the synapse between la afferent

and Sol motoneurone

In the cat, depression of the size of the monosynaptic
reflex discharge induced by repetitive activation of the

J Physiol 579.2

synapse between Ia fibre and motoneurone hasbeen shown
to occur without concomitant changes in membrane
potential or conductance (Hultborn er al. 1996) and
has been ascribed to a presynaptic mechanism. This
presynaptic mechanism (called postactivation depression
or homosynaptic depression) differs from the classical
presynaptic inhibition (transmitted through GABAergic
axo-axonal synapses; see review by Hultborn & Nielsen,
1998; and Wood et al. 1996). Homosynaptic depression
regulates the synaptic transmitter release, as presynaptic
inhibition does. Cellular mechanisms supporting HD are
not yet fully understood and several candidates have been
put forward: depletion of releasable vesicles; failure of
action potential conduction at axonal branches (Brody
& Yue, 2000); decrease of presynaptic quantal size (Chen
etal. 2004); reduced release probability of readily releasable
pool (Schneggenburger et al. 2002); and adaptation of
exocytosis machinery (Hsu et al. 1996). Even postsynaptic
influence may play a role in regulating HD, which would be
exerted through retrograde signalling (Davis & Murphey,
1994). This fits with the recent view that the degree of
HD may depend on the type of group I afferents activated
and even for the same afferents on the type of the target
neurons (Hammar et al. 2002). The level of HD depends
on the level of preceding activity of the afferent fibres.
Since HD is decreased in spastic patients (Faist et al.
1994; Nielsen et al. 1995), it has been suggested that HD
might also be susceptible to descending suprasegmental
influence. Hultborn & Nielsen (1998) stressed that the
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Figure 3. Comparison of the time courses of performance and HD after a bout of complex cycle training
A and C, time courses of the performance (assessed by the CVypeeq). B and D, time courses of the HD (assessed by
the AUC, area under the curve size/ISI). The results of two different groups of subjects are presented in A and B and
in C and D, respectively. A and B, CVspeeq Was still improved 6 days after a single bout of complex cycle training
while the AUC was still decreased, indicating an increase in HD. C and D, CVgpeeq Was still improved 30 days after
a single bout of complex cycle training while the AUC was almost back to its pretraining control value. In A and
B, each dot represents the mean of 8 values. In C and D, each dot represents the mean of 7 values.
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decreased HD seen in patients with a spinal or brain
lesion may be secondary to the disuse of motoneurones
and Ia fibres that follows the lesion and may not result
from the interruption of descending pathways alone,
since: (1) reduction of HD does not immediately follow
the lesion but develops with the transition from flaccid
to spastic paralysis, even though reduced HD precedes
clinically observable spasticity (Schindler-Ivens & Shields,
2000); (2) contrary to several other electrophysiological
changes explored, HD is unchanged on the unaffected
side of patients with hemiplegia (Aymard et al. 2000); and
(3) synaptic efficacy of primary afferents can be up- and
downregulated by disuse or use of synapses, respectively
(Gallego et al. 1979).

In practice, two methods have been used to assess
homosynaptic depression at the synapse between Ia fibre
and motoneurone in humans: the frequency-related
depression of the Sol (Kohn et al. 1997; Hultborn &
Nielsen, 1998) and wrist flexors H reflexes (Rossi-Durand
et al. 1999; Aymard et al. 2000) or the Sol H reflex
depression following passive stretch of the test muscle
(Hultborn et al. 1996). The main characteristics of
HD, as described in cat experiments using intra-
cellular recordings, have also been found in human
experiments: long duration (several seconds up to
10s); restriction to synapses previously activated;
occurrence without concomitant decreased motoneuronal
excitability; involvement of a different mechanism
from that supporting ‘classical’ presynaptic inhibition
(Hultborn et al. 1996; Wood et al. 1996); and different
degree according to the type of the group I afferent or the
postsynaptic cells (Lamy et al. 2005).

According to data in the literature, frequency-related
depression (ISIs of 1-9s) of the Sol H reflex observed
in the naive subjects before training in this study can
be ascribed to homosynaptic depression at the level of
the synapse between Ia afferents and Sol motoneurones.
At short ISIs (less than 1s), mechanisms other than HD
could participate in the reflex depression (Taborikova &
Sax, 1969). In the next section we will discuss whether
training-induced modifications of the frequency-related
depression of the Sol Hreflex reflect true adaptative
changes of the HD after training or are contaminated by
experimental bias or by other pre- or postsynaptic events
induced by the training.

Do changes in frequency-related depression of the
H reflex after training faithfully reflect changes
in homosynaptic depression?

Background contraction. A possible confounding factor
in the interpretation of post-training modulation of HD
would be different levels of background Sol activity
over recording sessions. Indeed, HD is decreased during
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voluntary contraction of the tested muscle (Hultborn &
Nielsen, 1998). Special care was taken to ensure that the Sol
muscle was at complete rest during testing (see Methods).
It cannot be completely ruled out that small remote
muscle activity was not picked up by the surface recording
electrodes. If such activity existed, its role in modulating
HD was probably marginal.

Increased ~ activity. Increased HD could result from
increased traffic in Iaafferent axons at rest after
training. There are converging arguments suggesting
that, in humans, there is little, if any, activity in
static y motoneurones innervating resting muscles. Could
training induce a change in the descending control to
y motoneurones and an increase in the static y activity?
It is still uncertain whether y drive plays a role in the
acquisition of a new motor skill. Attempts to produce
spindle activation in advance of EMG by providing
a warning cue or in learning paradigms have been
unsuccessful so far (Vallbo & Al-Falahe, 1990). Therefore,
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Figure 4. Comparison of changes in performance and HD
modulation between sedentary versus physically trained
subjects after a bout of complex cycle training

A, changes in performance were assessed by the normalized CVypeeq
(CVgpeea/pretraining CVspeed)- B, changes in HD were assessed by the
normalized area under the curve (AUC/pretraining AUC). Sedentary
subjects (m) improved their performance better than physically trained
ones (®). In contrast, HD was less increased in the sedentary group
than in the physically trained one. In A and B, each dot represents the
mean of 6 values and each square represents the mean of 7 values.
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while unlikely, it is possible that a post-training increase ~ Table 3. Effect of time on the mean (+s.D.) slope of the
in Ia traffic was caused by an increase of the static ascending part of the Sol H reflex recruitment curve
y drive. Slope

Pre Post

. . ISl traini traini Day 2 Day 4
Increased recruitment gain. It has been shown that the n ramning raining ay i

recruitment gain of the human corticospinal pathway 4 12s 242+16  227+15 2+14 237+14
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Figure 5. Effect of training on Sol H reflex recruitment curve

A and B, effect of training on the recruitment curves of the Sol M wave (4) and H reflex (B) in one representative
subject at different times: at day 1 before training (dark blue lines), immediately after training (pink lines), at day 2
(red lines), day 4 (light blue lines) and day 7 (violet lines). Stimulation frequency was 12 s. C, effect of changing
the stimulation frequency (ISI) from 12 to 1 s on the Sol H reflex recruitment curve at different times: pretraining,
post-training, and at days 2, 4 and 7. Same colour code and subject as in A and B. Size of the Sol M waves (4), of
the Sol H reflexes (B), and differences in size of the Sol H reflex at the 12 and 1 s ISls are expressed as a percentage
of Mmax and plotted against the intensity used to stimulate the posterior tibial nerve. Intensity is expressed as
a percentage of the intensity evoking an M response of 5% of Mmax (threshold intensity). A, the Sol M waves
matched correctly at the different times, a prerequisite for comparison of the H reflexes. B, there was no significant
increase of the slope of the ascending part of the recruitment curve of the Sol H reflex at any time after training.
The slope is slightly decreased immediately post-training (compare dark blue and pink lines). C, the difference
between the size of the Sol H reflex ata 12 sISIand at a 1 s ISlis enhanced immediately after training, at day 2 and
at day 4, and is back to the pretraining level at day 7. This shows that homosynaptic depression at the synapses
between la afferents and Sol motoneurones was enhanced after training until day 4.
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of slope) during standing was demonstrated in highly
trained dancers compared with non-trained subjects
(Mynark & Koceja, 1997); recently a depression of the Sol
H reflex recruitment curve [decrease of the maximal H
reflex value (H yax )/ M max ratio and a decrease of the slope]
has been described immediately after a single visuo-motor
skill training session involving ankle muscles (Perez et al.
2005). An increase in the slope of the input—output
relationship for the Sol motoneurone pool after training
mightinduce an apparentincrease in the frequency-related
depression of the Sol H reflex even in the absence of any
change of the relative efficacy of the Iaafferent volley.
To further assess whether increase in frequency-related
depression of the Sol H reflex after training resulted from
a shift of the slope of the input—output curve towards
the left or reflected genuine modifications of HD, we
looked at the effect of the training on the slope of the
Sol H reflex recruitment curve. From results presented in
Table 3, it appears that the slope of the ascending part of
the recruitment curve was not increased by training but
even slightly decreased immediately after training.

By adjusting the stimulus intensity to obtain H reflexes
of similar sizes at the 9 s ISI, in order that a comparable
proportion of the motoneuronal pool was activated at
the different times, we tacitly assumed that the 9s
frequency was slow enough to induce little, if any, HD.
This was not verified in all our subjects. In six out of
the 22 subjects, the size of the reflex had not reached
yet a plateau at the 9 s frequency. Between the pre- and
immediately post-training recordings we had to increase
the stimulus intensity; indeed, there was a depression
of the Hreflex evoked by a calibrated stimulation (data
not shown). Since it has been shown that ‘reflexes whose
postactivation depression was adjusted by increasing the
stimulus intensity exhibited less depression that reflexes of
the same size without a recent history of activity’ (Floeter
& Kohn, 1997), our adjustment can certainly not explain
an increase of HD but, in contrast, leads to an under-
estimation of training effects on HD.

We suggest that the changes in frequency-related
depression of the Sol Hreflex that we describe after
complex training do reflect adaptative changes in HD
at the level of the synapse between Ia afferents and Sol
motoneurones, with a training-induced decrease in the
efficacy of the synapse.

Synaptic plasticity induced by the complex task

Itis difficult to appreciate exactly for how long after a single
16 min bout of training the synaptic efficacy maintained
a decreased level, since the small trainings (4 min) done
on days 2 and 4, to assess the performance, probably acted
as reinforcements. Decreased synaptic efficacy lasted for
at least 24 h after the first training, since HD maintained
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the same decreased level at day 2 in the absence of any new
training. These enduring modifications of HD observed
outside any movement are in keeping with the view that
a synaptic spinal plasticity has developed. We can only
speculate about mechanisms possibly supporting such
a long-term modification of the amount of transmitter
release. This might result from structural modifications
of the synapse, such as modification of the density of
the synaptic boutons or desensitization of postsynaptic
receptors.

Source of HD modifications

Progressive adaptation of H reflexes during acquisition
of various motor learning tasks in humans and animals
has been mainly attributed to changes in the descending
control exerted on spinal circuits (Wolpaw & Tennissen,
2001; Schneider & Capaday, 2003). Here we did not find
any correlation between the overall level of excitability of
Sol motoneurones as assessed by the size of Sol H reflexand
the HD level, in that immediately post-training HD was
increased and the Sol H reflex was depressed, but later on
HD remained stable (days 2 and 4) while the Sol H reflex
became slightly facilitated (see Fig. 5). Furthermore, there
is no anatomical evidence for a descending control of
HD. Taken together, these observations do not fit with the
view that modulation of HD after complex cycle training
could originate in descending drive. Instead, we suggest
that HD modulation may be related to the pattern of
incoming sensory inputs, since the pattern and magnitude
of the incoming proprioceptive inputs were very different
between the two tasks. There is now considerable evidence
from animal experiments that, after loss of supraspinal
inputs to spinal circuits, the sensory feedback can lead
to a reorganization of spinal networks which plays a
crucial role in the process of functional recovery (Muir,
1999). In humans recovering from spinal cord injury,
progressively increasing weight bearing improves stepping
ability (Harkema et al. 1997). There is evidence for
restoration of H reflex frequency-dependent depression
by an exercise regimen (using a motorized bicycle
trainer) in an animal model with complete spinal cord
transection (Skinner et al. 1996; Reese et al. 2006) and in
humans with complete spinal cord injury (Schindler-Ivens
& Shields, 2000; Kiser et al. 2005). Even in the presence
of intact descending tracts, repetition of a patterned
sensory feedback is able to induce adaptive changes in
the spinal pathway of reciprocal Ia inhibition (Perez et al.
2003). At a neural level, the pattern of Ia stimulation
has been shown to influence the amplitude of mono-
synaptic Ia EPSPs. In anaesthetized cats, Koerber &
Mendell (1991) used three different patterns of stimulation
of Ia afferents derived from spindles discharging in
association with specific tasks: ‘paw shake) ‘burst’ and
‘stepping’. During high-frequency stimulation the greatest
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decrease in amplitude of the EPSP was observed for
the ‘paw shake), i.e. the task associated with the highest
frequency of spindle discharge. Taken together, all these
findings support the hypothesis that an intrasegmental
reorganization after skilful training, induced by highly
differentiated somatosensory input, is possible.

Functional significance

Based on the following points, we propose that modulation
of HD does not participate in acquisition of the motor
task but rather in the encoding of a motor memory
in the spinal cord, probably in frame of habituation
mechanisms. (1) Modulation of HD is not directly related
to the performance by itself. Subjects improved their
performance in both the simple and the complex task,
while HD was only modified by the complex task;
performance slightly but continuously improved between
post-training and later measurements while HD kept the
same decreased level; when comparing sedentary and
active subjects, the former had a better improvement
of performance but a smaller decrease of HD than the
latter. (2) Modulation of HD outlasted the training session
for around 24h and, during the following weeks, in
adapted subjects, returned immediately to its increased
level after few minutes of training. (3) Subjects who were
used to exercising using a treadmill, elliptical or stepping
machines exhibited alarger adaptation of HD after training
than sedentary people. (4) The prevailing view, from
animal studies, has been that HD of primary sensory
afferents underlies short-term habituation (Bailey & Chen,
1988; Bristol & Carew, 2005), a simple form of learning.
Long-term modifications of transmitter release have also
been demonstrated and suggested to contribute to the
storage of memory lasting one or more days. By means
of microcultures (in which single sensory and motor
neurons of Aplysia were plated together) and of quantal
analysis (in which the size of the miniature excitatory
postsynaptic potential released spontaneously from the
presynaptic terminal was used as a reference), it has
been demonstrated that long-term facilitation induced by
repeated applications of 5-hydroxytryptamine was caused
byan increase in the number of transmitter quanta released
by the presynaptic neuron (Dale et al. 1988).

During acquisition of a new visuo-motor skill involving
ankle muscles, ‘classical’ presynaptic inhibition of Sol
Ia afferents is increased (Perez et al. 2005) without
concomitant decrease of somatosensory evoked potentials.
The role of such a gating of sensory input to spinal
motoneurones but not to supraspinal centres during skill
learning is unclear. Perez et al. (2005) propose that such a
gating might optimize the integration at the cortical level
of visual and sensory feedbacks and devote the control
of muscle activity to the cortex. Increased presynaptic
inhibition probably participates in the downregulation of

J Physiol 579.2

Sol H reflex immediately post-training (Perez et al. 2005).
Bothincreased presynapticinhibition and downregulation
of the H reflex are short lasting after the end of training.
Plasticity in the efficacy of HD in relation to the pattern of
incoming sensory input could have the functional effect of
improving contrast during behaviourally relevant changes
in afferent activity (Frerking & Ohliger-Frerking, 2006).
Both presynaptic inhibition and HD would contribute to
the gating of sensory input during skill learning but with
different time scales, in that presynaptic inhibition would
be involved in the acquisition of the task while HD would
be involved in its retention.
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