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Abstract Repetitive transcranial magnetic stimulation
(rTMS) has been shown to induce adaptations in cortical
neuronal circuitries. In the present study we investigated
whether rTMS, through its effect on corticospinal path-
ways, also produces adaptations at the spinal level, and
what the neuronal mechanisms involved in such changes
are. rTMS (15 trains of 20 pulses at 5 Hz) was applied
over the leg motor cortical area in ten healthy human
subjects. At rest motor evoked potentials (MEPs) in the
soleus and tibialis anterior muscles were facilitated by
rTMS (at 1.2×MEP threshold). In contrast, the soleus H-
reflex was depressed for 1 s at stimulus intensities from
0.92 to 1.2×MEP threshold. rTMS increased the size of the
long-latency depression of the soleus H-reflex evoked by
common peroneal nerve stimulation and decreased the
femoral nerve facilitation of the soleus H-reflex. These
observations suggest that the depression of the H-reflex by
rTMS can be explained, at least partly, by an increased
presynaptic inhibition of soleus Ia afferents. In contrast,
rTMS had no effect on disynaptic reciprocal Ia inhibition
from ankle dorsiflexors to plantarflexors. We conclude that
a train of rTMS may modulate transmission in specific
spinal circuitries through changes in corticospinal drive.
This may be of relevance for future therapeutic strategies
in patients with spasticity.
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Introduction

Repetitive transcranial magnetic stimulation (rTMS) is
used to an increasing extent to study cognitive functions in
human subjects (Amassian et al. 1989; Epstein et al. 1996;
Walsh and Cowey 2000), and it may also be of therapeutic
value in the treatment of depression (George et al. 2000;
Iyer et al. 2003; Rohan et al. 2004) and motor disorders
(Homberg et al. 1991; Ghabra et al. 1999; Siebner et al.
1999, 2000; Huang et al. 2004). It is of great importance to
understand how rTMS interacts with the neuronal
circuitries in order to elucidate the physiological mechan-
isms underlying these behavioral effects.

Several studies have documented that rTMS induces
long lasting adaptations in cortical neuronal circuitries (for
reviews, see Pascual-Leone et al. 1998; Peinemann et al.
2000, 2004; Fierro et al. 2001; Di Lazzaro et al. 2002;
Gilio et al. 2003; Kobayashi et al. 2004). In humans and
primates, corticospinal cells exert modulation over a large
group of spinal interneurones (Jankowska 1992). Some of
these interneurones mediate presynaptic inhibition of Ia
afferents (Valls Sole et al. 1994; Iles 1996; Meunier and
Pierrot–Deseilligny 1998) or reciprocal Ia inhibition
(Hultborn et al. 1976; Jankowska et al. 1976; Nielsen et
al. 1993). It is possible that activating corticospinal
neurons by rTMS may also induce long-lasting changes
in spinal neuronal circuitries.

H-reflex recording has been used in some studies as a
control measure of spinal motoneuronal excitability
following rTMS (Berardelli et al. 1998; Valero-Cabre et
al. 2001; Modugno et al. 2001; Touge et al. 2001). No
change, an increase, and a decrease have all been reported
in these studies. This variability in the observed effects is
likely due to differences in the intensity, frequency and
duration of the stimulation protocols used. This illustrates
that studies addressing directly whether and how rTMS
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interacts with the spinal neuronal circuitries, in addition to
its well-documented effects at the cortical level, are
required. Such studies would open new avenues for
investigating the interaction and plastic adaptability of
cortical and spinal control centers and could potentially
lead to the development of new treatment strategies for the
rehabilitation of subjects with motor disorders such as
Parkinsonism and spasticity. The purpose of the present
study was therefore to investigate whether rTMS produces
any changes in the size of the soleus H-reflex, which
outlast the duration of the stimulus train, and if so to test
the effect of rTMS on spinal neuronal mechanisms that

may underlie these effects, such as presynaptic and
reciprocal Ia inhibition.

Methods

Subjects

Ten healthy volunteers (six female, four male) with an
average age of 29±8 years took part in the study. Not all of
the subjects participated in every experiment. All subjects
gave their informed consent to the experimental proce-
dure, which was approved by the local ethics committee.

Fig. 1A–C Experimental set-up. A Diagram of the experimental
set-up. B Effect of rTMS (20 pulses at 5 Hz at a conditioning-test
interval of 200 ms) on the SOL H-reflex in a single subject. C Time
course of the long-latency depression of the SOL H-reflex (D2
inhibition), femoral nerve facilitation of the SOL H-reflex (the
arrow indicates the time at which FN facilitation was measured) and
the short-latency depression of the SOL H-reflex (disynaptic
reciprocal Ia inhibition) in three different subjects. The ordinate

shows the size of the conditioned SOL H-reflex (as percentage of the
control reflex size). The abscissa shows conditioning-test intervals,
positive values indicate that the conditioning pulse preceded the
control pulse and negative values indicate that the control pulse
preceded the conditioning pulse. At each interval, 15 control and 15
conditioned H-reflexes were averaged. Bars indicate standard errors.
TMS transcranial magnetic stimulation; FN femoral nerve; PTN
posterior tibial nerve; CPN common peroneal nerve
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The study was performed in accordance with the
Declaration of Helsinki. Subjects were seated in an
armchair with the examined left leg flexed in the hip
(120°), the knee (120°) and the ankle in 110° of
plantarflexion. The foot was attached to a plate, which
was connected to a torque meter.

Data recording

Bipolar surface electrodes (interelectrode distance, 2 cm)
were used to record motor evoked potentials (MEPs) and
H-reflexes from the soleus (SOL) and tibialis anterior (TA)
muscles. The amplified EMG signals were filtered (band-
pass, 25 Hz to 1 kHz), sampled at 2 kHz, and stored on a
PC for off-line analysis (CED 1401+ with Signal software,
Cambridge Electronic Devices, Cambridge, UK).

Experimental design

The experimental design is illustrated in Fig. 1. In all
experiments we investigated the effect of rTMS over the
leg cortical area on MEPs or spinal circuitries. rTMS was
applied by a magnetic stimulator (Magstim super rapid
stimulator, Magstim company, Dyfed, UK) with the
capacity to deliver a magnetic field of 2 T for 100 μs
through a figure-of-eight coil (loop diameter, 9 cm; type
no.: 8809). The coil was positioned with the center of the
coil 2 cm to the right of the vertex and secured by straps to
ensure that the same area of the cortex was stimulated
during the testing. rTMS consisted of 15 trains of 20
pulses at 5 Hz separated by inter-train intervals of 10 s.
MEPs and H-reflexes were evoked in separate trials at
different intervals (200 ms to 3 s) after each train of rTMS.
This sequence was repeated every 2 min in the experi-
ments where multiple intensities and conditioning-test
intervals were tested (see below). In all experiments the
stimulus intensity for the rTMS was adjusted in relation to
the threshold of the TA MEP as the SOL muscle usually
has a higher threshold, and at that stimulus intensities leg
movements were elicited. Since cortical excitability
increases during rTMS (Berardelli et al. 1998), MEPs
were nevertheless often elicited by the last pulses in the
train even when the intensity of the stimulation had been
adjusted to be below MEP threshold following single
pulses. In such cases MEP threshold was determined as
the intensity where no MEPs were observed during rTMS.
All measurements were performed at rest.

In different sessions, separated by at least two days, we
assessed the effect of rTMS on: A) SOL and TA MEPs, B)
SOL H-reflex, C) presynaptic inhibition of SOL Ia
afferents evoked by stimulation of the common peroneal
nerve, D) the size of the monosynaptic femoral nerve
facilitation of the SOL H-reflex, which may also be used
as a measure of presynaptic inhibition of Ia afferents, E)
disynaptic reciprocal Ia inhibition of the SOL H-reflex
evoked by stimulation of the common peroneal nerve, and

F) motor evoked responses elicited by transmastoid
electrical stimulation.

A: SOL and TA MEPs

In six subjects we investigated the effect of rTMS
delivered to the leg motor cortex on the size of the TA
and SOL MEPs. The MEP threshold was determined at
rest as the lowest intensity of magnetic stimulation
required to evoke MEPs of 50 μV in peak-to-peak
amplitude in at least three of five consecutive trials in
the TA and SOL muscles (Rossini et al. 1994). The
stimulation intensity for the train of pulses was adjusted to
1.2×MEP threshold for each muscle, and the conditioning-
test intervals tested were 200 and 2000 ms. A computer
program automatically delivered rTMS and a single pulse
(control MEP) at the desired intensities and conditioning-
test intervals through the same coil. The program did not
allow us to test the effect of rTMS at different stimulus
intensities on the MEPs, through the same coil, when the
difference in intensity between the rTMS train of pulses
and the control MEP was larger than 5%. The control
MEP for both muscles was adjusted to obtain an MEP
about 0.5 mV in size. In all experiments the MEPs were
evoked at an interval of 10 s.

B: SOL H-reflex

In six subjects we investigated the effect of rTMS
delivered to the leg motor cortex on the size of the SOL
H-reflex. We measured the effect of different stimulus
intensities ranging from 0.75 to 1.2×MEP threshold, and
different conditioning-test intervals ranging from 200 to
3000 ms. The SOL H-reflex was evoked by stimulating
the posterior tibial nerve through a monopolar stimulating
electrode (1 ms rectangular pulse) in the popliteal fossa.
The reflex response was measured as peak-to-peak
amplitude of the non-rectified reflex response, and
recorded by surface electrodes placed over the SOL
muscle. The sensitivity of the H-reflex to facilitatory or
inhibitory conditioning effects has been shown to depend
crucially on its size (Crone et al. 1990). During
measurements of the effect of a conditioning stimulus,
the size of the SOL control H-reflex was therefore
maintained at 20–25% of the maximal motor response
(M-max). To measure the SOL M-max the posterior tibial
nerve was stimulated with supramaximal intensity at the
beginning of each session. In all experiments the SOL H-
reflexes were evoked at an interval of 10 s.

C–E: Presynaptic inhibition and reciprocal Ia
inhibition

In six subjects we investigated the effect of rTMS on the
short and long latency depression of the SOL H-reflex and
the size of the monosynaptic femoral nerve facilitation of
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the SOL H-reflex. The SOL H-reflex was conditioned by
stimulation of the common peroneal nerve (CPN) and the
femoral nerve (FN). The CPN was stimulated (1 ms
rectangular pulse) by bipolar surface electrodes placed
distal to the neck of the fibula. Electrodes were placed in a
position to evoke a threshold motor response in the TA
muscle without activation of a motor response in the
peroneal muscles. The stimulus strength was expressed in
multiples of the motor threshold (MT) in the TA muscle.
CPN stimulation elicits a significant depression of the
SOL H-reflex at conditioning-test intervals of 2–3 ms
(Crone et al. 1987). This depression has been shown in all
likelihood to be mediated by the disynaptic reciprocal Ia
inhibitory pathway (Crone et al. 1987). In order to
investigate the effect of rTMS on this pathway we selected
a conditioning-test interval at which the largest amount of
inhibition was observed. At longer conditioning-test
intervals of 60 to 80 ms, CPN stimulation elicits a
depression of the SOL H-reflex, which has been termed
D2 inhibition (Mizuno et al. 1971). This inhibition is
believed to be caused by presynaptic inhibition of the
terminals of Ia afferents on SOL motoneurones.

The FN was stimulated through a monopolar ball
electrode placed over the femoral triangle. The indifferent
electrode was placed just below the gluteus maximus
muscle. The intensity for stimulating the FN was above the
threshold for a motor response in the quadriceps muscle
(1.2×MT). In each experiment the time course of the effect
of the FN facilitation was recorded for every subject. FN
elicits a significant facilitation of the SOL H-reflex at
conditioning-test intervals of −8 to −4.5 ms (the negative
values indicate that stimulation to the FN was given after
stimulation to the posterior tibial nerve; Hultborn et al.
1987a, 1987b). The onset of facilitation was considered to
be the earliest conditioning-test interval at which the
conditioned reflex was 10% larger than the control reflex.
The interval used during the testing was 0.5–1 ms longer
than this interval. The size of the facilitation measured at
this conditioning-test interval reflects the size of the
monosynaptic excitatory postsynaptic potential in the SOL
motoneurones evoked by the activation of Ia afferents
from the quadriceps muscle (Meunier et al. 1993), and
changes in its size are considered to indicate changes in
presynaptic inhibition of these afferents (Hultborn et al.
1987a, 1987b). It is considered that presynaptic inhibition
of Ia afferents from the SOL and quadriceps are controlled
in parallel (Hultborn et al. 1987a, 1987b). We measured
the effect of rTMS on both D2 inhibition and FN
facilitation because both measurements provide indepen-
dent information about presynaptic inhibition and help us
to exclude changes in recruitment gain in the SOL
motoneurones (Nielsen and Kagamihara 1993). D2 inhi-
bition reflects the level of presynaptic inhibition evoked by
peripheral nerve stimulation and FN facilitation reflects
the level of ongoing presynaptic inhibition of SOL Ia
afferents.

The following five conditions were randomly tested:

1. H (control H-reflex)

2. rTMS + H
3. rTMS + H1 (control H-reflex elicited by a different

stimulator)
4. CPN (or FN) + H
5. rTMS + CPN (or FN) + H1

Condition 1 corresponds to the control H-reflex, which
was maintained at 20–25% of M-max. In condition 2,
rTMS was applied prior to the control H-reflex at different
conditioning-test intervals to assess the effect of rTMS on
the SOL H-reflex size. H-reflexes of different sizes have
different sensitivities to conditioning inputs (Crone et al.
1990). In order to evaluate the effect of rTMS on the
femoral nerve facilitation, disynaptic reciprocal inhibition
and D2 inhibition it was therefore essential to ensure that
the H-reflex had the same size with and without rTMS.
Since rTMS evoked a depression of the H-reflex (see the
“Results” section), it was necessary to compensate for this
depression by using a second stimulator set at a higher
stimulation intensity to evoke the H-reflex (H1) in
conditions 3 and 5. In this way the H-reflex conditioned
by femoral nerve stimulation and peroneal nerve stimula-
tion had the same size with and without rTMS (condi-
tions 1 and 3) in all experiments.

F: Transmastoid electrical stimulation

We measured the effect of rTMS on SOL CMEPs
(cervicomedullary motor evoked potentials) elicited by
transmastoid electrical stimulation in a single subject. It
was not possible to perform this experiment in more
subjects because of the high threshold for evoking
responses in the SOL muscle and the discomfort evoked
by the stimulation. Transmastoid electrical stimulation was
delivered by passing an electrical pulse (100 μs, D18
stimulator, Digitimer, Welwyn Garden City, UK) between
Ag-AgCl surface electrodes fixed below the mastoids with
the cathode on the right. Stimulus intensity was 20% of
stimulator output (300–525 V) to produce control CMEPs
with a size of 4–6% of the M-max. The size of the control
SOL H-reflex was maintained 3–5% of the SOL M-max.
The following four conditions were randomly tested:

1. H (control H-reflex)
2. rTMS + H
3. CMEP (control CMEP evoked by transmastoid

electrical stimulation)
4. rTMS + CMEP

The intensity of the posterior tibial nerve stimulation
was adjusted to evoke a control H-reflex with a similar
magnitude to the control CMEP. To measure the effect of
rTMS on the size of the H-reflex we compared conditions 1
and 2. To measure the effect of rTMS on the size of the
CMEP we compared conditions 3 and 4.
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Data analysis

During all measurements at least 30 peak-to-peak H-
reflexes and MEPs were averaged during each trial
(15 control and 15 conditioned responses). A repeated
measures ANOVA test was used to determine the effect of
rTMS on the amplitude of the SOL H-reflex at different
intensities and conditioning-test intervals, MEP ampli-
tudes, short and long latency depression of the SOL H-
reflex and FN facilitation. Post hoc testing to determine
significant comparisons was performed using a criterion of
p<0.05. A paired t-test was used to compare the effect of
rTMS on the CMEPs evoked by transmastoid electrical
stimulation. The mean and the standard error of the mean
were calculated for each condition.

Results

Modulation of MEPs by rTMS

First we wanted to confirm that rTMS increases the size of
MEPs in leg muscles, as has been previously demonstrated
for arm muscles (Berardelli et al. 1998). Figure 2
illustrates the effect of rTMS on the amplitude of TA
and SOL MEPs at conditioning-test intervals of 200 and
2000 ms in six subjects. Repeated measures ANOVA
showed a significant effect of rTMS on the peak-to-peak
amplitude of the TA MEPs (ANOVA, F=5.25, p<0.05).
Post hoc testing revealed that the TA MEPs were
significantly increased at conditioning-test intervals of
200 (p<0.05) but not 2000 ms (p=0.9). We also observed a
significant effect of rTMS on the peak-to-peak amplitude
of the SOL MEPs (ANOVA, F=10.18, p<0.01) at 200
(p<0.05) but not 2000 ms (p=0.9) conditioning-test
interval.

Modulation of the SOL H-reflex by rTMS

Figure 3A illustrates the effect of different intensities of
rTMS on the amplitude of the SOL H-reflex (conditioning-
test interval 200 ms) in six subjects. Repeated measures
ANOVA showed a significant effect of the intensity of
stimulation on the amplitude of the SOL H-reflex
(ANOVA, F=20.80, p<0.001). From the figure, the
inhibition appears to have a threshold at around
0.84×MEP threshold. Post hoc testing revealed that the
SOL H-reflex was significantly depressed at 1.2
(p<0.001), 1.0 (p<0.001), 0.97 (p<0.001) and 0.92×MEP
threshold (p<0.01).

Figure 3B illustrates the effect of rTMS (1.0×MEP
threshold intensity) at different conditioning-test intervals
on the amplitude of the SOL H-reflex in six subjects.
Repeated measures ANOVA showed a significant effect of
the conditioning-test intervals on the amplitude of the SOL
H-reflex (ANOVA, F=3.89, p<0.001). From the figure it
appears that the SOL H-reflex was depressed at condi-
tioning-test intervals up to 2000 ms. Post hoc testing

revealed that the SOL H-reflex was significantly depressed
at conditioning-test intervals of 200 (p<0.001), 400
(p<0.001), 600 (p<0.001), 800 (p<0.01) and 1000 ms
(p<0.05). In order to test if the SOL H-reflex depression
induced by rTMS was specific to stimulation of the leg
motor cortical area, we investigated the effect of moving
the coil lateral in two subjects. Whereas stimulation at
1.0×MEP threshold effectively depressed the SOL H-
reflex when the coil was placed over the leg area, no
depression was observed when the coil was moved 4 cm
lateral.

Modulation of presynaptic inhibition of Ia afferents

Figure 4A illustrates the effect of rTMS on the long-
latency depression of the SOL H-reflex (D2 inhibition)

Fig. 2A–B The effect of rTMS on MEPs. The graphs show the
effect of rTMS on TA (A) and SOL (B) MEPs in six subjects. rTMS
was given at 200 ms conditioning-test intervals and 1.2×MEP
threshold. The ordinate shows the size of the conditioned MEP (as a
% of the control MEP). The abscissa shows the control MEPs and
the conditioning-test intervals. 15 control and 15 conditioned MEPs
were averaged at each interval. Bars indicate standard errors
(*p<0.05)
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evoked by stimulation of the CPN at conditioning-test
intervals of 60–80 ms in six subjects. A time course of the
effect of CPN stimulation on the SOL H-reflex was
obtained at the beginning of the experiment to determine a
suitable interval for measurement of the D2 inhibition
(Fig. 1C). As it was ensured that there was no difference
between the size of H and H1, a comparison of the size of
the D2 inhibition with and without rTMS was possible.
Repeated measures ANOVA showed that the D2 inhibition
was significantly increased 200 ms after rTMS (before
rTMS=83% and after rTMS=57% of the control reflex

size; p<0.05; see conditions CPN + H and rTMS + CPN +
H1 in Fig. 4A). In the same testing paradigm, the SOL H-
reflex was significantly depressed by rTMS (37% of the
control reflex size, p<0.01; see conditions H and rTMS +
H in Fig. 4A). Raw data from one of the subjects is
provided in Fig. 4A. At an interval of 1000 ms after rTMS
(not illustrated) there was still an increase in D2 inhibition
in four of the subjects, but for the overall population of
subjects there was no significant effect. D2 inhibition was
also not increased at 2000 ms after rTMS.

Figure 4B illustrates the effect of rTMS on the
monosynaptic FN facilitation of the SOL H-reflex at
conditioning-test intervals between −8 to −4.5 ms in six
subjects. A time course was obtained at the beginning of
the experiment to determine the interval for measurement
of the FN facilitation (Fig. 1C). rTMS depressed the SOL
H-reflex, but this was compensated for by increasing the
intensity of the stimulator, which evoked the H-reflex in
the conditioned situation. The effect of rTMS on the FN
facilitation could therefore be evaluated. Repeated mea-
sures ANOVA showed that the facilitation of the SOL H-
reflex was significantly decreased 200 ms after rTMS
(before rTMS=132% and after rTMS=103% of the control
reflex size; p<0.05; see conditions FN + H and rTMS +
FN + H1 in Fig. 4B). In the same testing paradigm, the
SOL H-reflex was significantly depressed by rTMS (55%
of the control reflex size, p<0.001; see conditions H and
rTMS + H in Fig. 4B). Raw data from one of the subjects
is provided in Fig. 4B. The facilitation was also
significantly (p<0.01) decreased 1000 ms after rTMS
(not illustrated). No significant changes in the amount of
facilitation were observed 2000 ms after rTMS.

Modulation of disynaptic reciprocal Ia inhibition

Figure 4C illustrates the effect of rTMS on disynaptic
reciprocal Ia inhibition evoked by stimulation of the CPN
at conditioning-test intervals of 2–3 ms in six subjects
(stimulation to the CPN was given prior to stimulation of
the posterior tibial nerve). A time course measured at the
beginning of the experiment revealed the interval at which
disynaptic reciprocal Ia inhibition was measured (Fig. 1C).
Repeated measures ANOVA showed that the depression of
the SOL H-reflex was unchanged 200 ms after rTMS
(before rTMS=86% and after rTMS=82% of the control
reflex size; p=0.6; see conditions CPN + H and rTMS +
CPN + H1 in Fig. 4C). In the same testing paradigm, the
SOL H-reflex was significantly depressed after rTMS
(49% of the control reflex size, p<0.001; see conditions H
and rTMS + H in Fig. 4C). Raw data from one of the
subjects is provided in Fig. 4C.

Effect of rTMS on CMEPs evoked by transmastoid
stimulation

Figure 5 illustrates the effect of rTMS on the amplitude of
the SOL CMEPs evoked by transmastoid electrical

Fig. 3A–B The effect of different intensities and conditioning-test
intervals of rTMS on the amplitude of the SOL H-reflex. The graphs
show the data from six subjects. A The effect of rTMS at stimulus
intensities ranging from 0.75 to 1.2×MEP threshold (conditioning-
test interval 200 ms). The ordinate shows the size of the conditioned
SOL H-reflex (as a percentage of the control reflex size) and the
abscissa shows the stimulus intensity expressed as a percentage of
the MEP threshold. B The effect of rTMS (1.0×MEP threshold
intensity) at conditioning-test intervals ranging from 200 to
3000 ms. The ordinate shows the size of the conditioned SOL H-
reflex (as a percentage of the control reflex size) and the abscissa
shows the conditioning-test interval. 15 control and 15 conditioned
H-reflexes were averaged at each interval. Bars indicate standard
errors (*p<0.05)
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stimulation in one subject. A paired t-test showed that the
SOL H-reflex was significantly decreased 200 ms after
rTMS (60% of the control reflex size, p<0.01). In contrast,
the SOL CMEP evoked by transmastoid electrical stim-
ulation was significantly increased 200 ms after rTMS
(100% of the control reflex size p<0.001).

Discussion

In the present study we have demonstrated that: 1) rTMS
induced a decrease in the SOL H-reflex at stimulus
intensities ranging from 0.92 to 1.2×MEP threshold for up
to 1 s; 2) rTMS increased the level of presynaptic
inhibition at the terminals of Ia afferent fibers, and; 3)

Fig. 4A–C The effect of rTMS on presynaptic inhibition and
disynaptic reciprocal Ia inhibition. A The effect of rTMS (1.0×MEP
threshold intensity, and conditioning-test interval 200 ms) on the
long-latency depression of the SOL H-reflex (D2 inhibition, 60–
80 ms conditioning-test interval). B FN facilitation of the SOL H-
reflex (conditioning test interval −8 to −4.5 ms; the negative value
indicates that the control pulse preceded the conditioning pulse). C
Short-latency depression of the SOL H-reflex (2–3 ms conditioning-
test interval) at 200 ms conditioning-test interval. The bar graphs

show data from six subjects, and the traces are from three different
subjects. The following conditions were tested: 1 H (control H-
reflex), 2 rTMS + H, 3 rTMS + H1 (control H-reflex elicited by a
different stimulator), 4 CPN (or FN) + H, 5 rTMS + CPN (or FN) +
H1. The ordinate shows the size of the conditioned SOL H-reflex (as
a percentage of the control reflex size), and the abscissa shows
testing conditions from 1 to 5. 15 control and 15 conditioned SOL
H-reflexes were averaged at each condition. Bars indicate standard
errors (*p<0.05)
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rTMS did not change the level of disynaptic reciprocal Ia
inhibition. These results indicate that rTMS-induced
changes in spinal cord excitability are, at least in part,
mediated by changes in presynaptic inhibition at the
terminals of the Ia afferent fibers.

The changes in SOL H-reflex excitability are related to
rTMS intensity

Our finding that rTMS depressed the SOL H-reflex
confirms earlier observations by Berardelli et al. (1998)
for H-reflexes in the flexor carpi radialis muscle. In the
study by Berardelli et al. (1998) a stimulation intensity of
1.3×MEP threshold was used. We investigated only
stimulation intensities ranging from 0.75 to 1.2×MEP
threshold, since stronger stimuli were too uncomfortable
for most subjects. As there was a linear relation between
the intensity of rTMS and the depression of the SOL H-
reflex for the investigated stimulus intensity range (see
Fig. 3A) it is likely that larger descending volleys to the
spinal cord elicited by stronger stimuli would have
produced an even larger depression of the SOL H-reflex.

A depression of the SOL H-reflex excitability could also
be elicited by a train of rTMS pulses at intensities lower
than the MEP threshold. Experiments in monkeys have
shown that the threshold for a detectable MEP is higher
than that of the direct (D) wave evoked by TMS (Baker et
al. 1994). In humans, epidural recordings from the thoracic
region have shown that D and I-wave generation using
magnetic stimulation can be elicited at stimulus intensities
at which no EMG activity is recorded from the TA muscle
(Houlden et al. 1999; Di Lazzaro et al. 2001), suggesting
that, as reported in the monkey, the threshold for a
detectable MEP is higher than the threshold for descend-
ing D and I waves. Indirect evidence of this in humans is
also obtained by the short-latency facilitatory effect of
subthreshold TMS on the H-reflex (Nielsen et al. 1993).
The most likely explanation of the depression of the SOL
H-reflex by subthreshold rTMS is therefore that descend-
ing volleys were evoked by the rTMS train of pulses even
when they were below the threshold for elicitation of the
MEP.

In addition to the relation between the depression of the
SOL H-reflex and rTMS intensity, our observations also
suggest that the effects of rTMS are specific to the area of
stimulation, since stimulation 4 cm lateral to the leg area
had no effect. Previously, the specificity of the effects of
rTMS has been reported in cortical neuronal circuits
(Siebner and Rothwell 2003).

rTMS increases presynaptic inhibition but not
disynaptic reciprocal Ia inhibition

Pyramidal tract neurons have widespread terminations in
the spinal gray matter and control the motoneurones
through non-monosynaptic connections in addition to the
direct corticomotoneuronal connections in human subjects
(for specific comments see Lundberg 1975; Petersen et al.
2003). Interaction between corticospinal activation and
local interneurones in the spinal cord has been documen-
ted physiologically in the cat (Baldissera et al. 1981;
Jankowska 1992), monkey (Jankowska et al. 1976;
Alstermark et al. 1999) and humans (Iles and Pisini
1992; Nielsen et al. 1993; Iles 1996; Meunier and Pierrot-

Fig. 5 The effect of rTMS on CMEPs. The graph shows the effect
of rTMS (1.0×MEP threshold intensity, conditioning-test interval
200 ms) on CMEPs in a single subject. The ordinate shows the size
of the responses expressed as a percentage of the SOL M-max. The
abscissa shows the following testing conditions: 1 H (control H-
reflex), 2 rTMS + H, 3 CMEP (control CMEP evoked by
transmastoid electrical stimulation), and 4 rTMS + CMEP. Bars
indicate standard errors (*p<0.05)
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Deseilligny 1998). The rTMS-induced suppression of the
SOL H-reflex may be mediated through such corticospinal
projections to local inhibitory interneurones. We therefore
investigated the effect of rTMS on the transmission in the
pathways mediating presynaptic inhibition of SOL Ia
afferents and disynaptic reciprocal Ia inhibition of SOL
motoneurones from ankle dorsiflexors. We found that
rTMS increased the inhibition of the SOL H-reflex evoked
by CPN stimulation at conditioning-test intervals of 60–
80 ms (D2 inhibition). The D2 inhibition is generally
accepted to be mediated by presynaptic inhibition of the
SOL Ia afferents (Mizuno et al. 1971). The increase of this
inhibition at an interval of 200 ms following rTMS is
therefore consistent with increased presynaptic inhibition
of the Ia afferents. However, changes in motoneuronal
excitability and recruitment gain within the motoneuronal
pool induced by the conditioning rTMS stimulation may
also explain the observed change in the D2 inhibition
(Hultborn et al. 1987a, 1987b; Kernell and Hultborn 1990;
Nielsen and Kagamihara 1993). We therefore also
investigated the effect of rTMS on the monosynaptic Ia
mediated FN facilitation of the SOL H-reflex. The size of
this facilitation may be used as a measure of the level of
presynaptic inhibition of femoral nerve Ia afferents on the
SOL motoneurones (Hultborn et al. 1987a, 1987b). The
FN facilitation of the SOL H-reflex was measured in
addition to the D2 inhibition evoked by CPN stimulation
because both measurements provide independent informa-
tion about presynaptic inhibition. The D2 inhibition
reflects the amount of presynaptic inhibition evoked by
peripheral nerve stimulation, and FN facilitation reflects
the level of ongoing presynaptic inhibition of SOL Ia
afferents (Hultborn et al. 1987a, 1987b). Also, the
assessment of both measurements will allow us to exclude
the possibility that the depression of the SOL H-reflex was
related to changes in recruitment gain in the SOL
motoneurones (Nielsen and Kagamihara 1993). An
increased D2 inhibition may reflect increased presynaptic
inhibition or increased recruitment gain, and a decrease in
FN facilitation might be explained by increased presyn-
aptic inhibition or increased recruitment gain. Thus, it is
only when changes in D2 inhibition and FN facilitation are
observed in opposite directions, as in the present study,
that the changes are likely to be explained by changes in
presynaptic inhibition. As presynaptic inhibition appears
generally to be controlled according to the motoneurones
on which they terminate rather than according to their
origin, our observation of decreased FN facilitation
following rTMS strongly supports that rTMS induces
increased presynaptic inhibition of SOL Ia afferents and
that this is a main explanation of the decrease of the H-
reflex. We also believe that this applies to the depression at
1000 ms after rTMS, although at this interval only the FN
facilitation was significantly depressed, whereas there
were no significant changes in the D2 inhibition for the
population of subjects (although an increase was observed
in four subjects). However, this lack of significant change
is likely caused by the large intra- and interindividual
variability in the D2 inhibition, and that presynaptic

inhibition must be assumed to be only marginally
increased by rTMS at the1000 ms interval as judged
from the weak effect of rTMS on the H-reflex at this
interval (see Fig. 3B).

The observation that the MEPs evoked by both TMS
and transmastoid stimulation were increased following
rTMS are most easily explained if the depression of the
SOL H-reflex is caused by presynaptic inhibition of the Ia
afferents rather than a decrease in the excitability of the
motoneurones. Indeed, the observation that the MEPs
evoked by transmastoid stimulation were facilitated by
rTMS may suggest that the motoneuronal excitability was
in fact increased following rTMS.

It is possible that the effects of rTMS on presynaptic
inhibition are related to peripheral feedback from muscle
twitches elicited during the rTMS train of pulses. How-
ever, the SOL H-reflex was strongly suppressed with
subthreshold rTMS stimulus intensities during which
muscle twitches are not evoked (see Fig. 3A). Further-
more, if significant changes in peripheral feedback had
been evoked, it would be expected to result in post-
activation depression of the SOL H-reflex, which lasts for
a period of >8 s (Crone and Nielsen 1989). This is much
longer than the effects observed in this study, which only
lasted 1 s. Experiments in the cat have demonstrated that
the classic GABAergic presynaptic inhibition of Ia
afferents lasts for no more than a few hundred milli-
seconds (Eccles 1964). How do we then explain the longer
duration of the suppression of the H-reflex? Previous
studies have shown that a single TMS pulse depresses
transmission in the pathways, which mediate presynaptic
inhibition of Ia afferents (Valls-Sole et al. 1994; Iles 1996;
Meunier and Pierrot-Deseilligny 1998). Also, in the cat, a
single stimulation of the sensorimotor cortex decreases
presynaptic inhibition evoked in Ia terminals by stimula-
tion of group I fibers from flexor muscles (Lundberg and
Vycklicky 1963; Rudomin et al. 1983). A possible
explanation for the long lasting increase of presynaptic
inhibition observed in our study may then be that rTMS
has produced a decrease in the spontaneous activity of
corticospinal neurons. This is supported by observations in
the cat demonstrating that repetitive high frequency
stimulation to the motor cortex caused a decrease in
spontaneous corticospinal neuron activity (Phillips 1956;
Branch and Martin 1958; Krnjevic et al. 1966). Possibly,
this continuous background corticospinal discharge main-
tains a relatively low level of presynaptic inhibition of the
Ia afferents, so that when it is removed transiently
following rTMS, presynaptic inhibition is increased.
However, we observed an increase in the amplitudes of
both TA and SOL MEPs, which goes against this idea.
This increase may be explained by changes in cortical,
interneuronal and/or spinal motoneuronal excitability.
Previous evidence from the arm suggests that a train of
rTMS pulses at 5 Hz increases motor cortical excitability
(Berardelli et al. 1998) and reduces the excitability of
intracortical circuits (Pienemann et al. 2000; Fierro et al.
2001; Di Lazzaro et al. 2002). From the present data it is
unclear whether cortical excitability changes are also
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responsible for the increased MEPs in leg muscles
following rTMS, but based on the data from the arm this
would not be unlikely and would point to a larger rather
than smaller corticospinal activity following rTMS. On the
other hand, the increase of the MEP evoked by
transmastoid stimulation was similar to the increase of
the MEPs evoked by TMS, which indicates that increased
spinal motoneuronal excitability rather than increased
cortical excitability may be involved.

Implications for investigations of neuronal plasticity
and rehabilitation

The observations in the present study suggest that rTMS
may modify transmission in neuronal circuitries not only
in the cortex, but also in deeper lying structures such as the
basal forebrain, basal ganglia, and spinal cord through
modification of the cortical projections to these structures.
Such modifications may be of importance for the clinical
effect of rTMS on depression (George et al. 2000),
Parkinsonism and other basal ganglia disorders (Homberg
et al. 1991; Ghabra et al. 1999; Siebner et al. 1999, 2000),
and potentially also motor disorders involving the spinal
cord. In fact, it was recently demonstrated that a train of
rTMS pulses at 1 Hz could temporarily modify transmis-
sion in spinal cord circuitries in patients with dystonia
(Huang et al. 2004).

Patients with spasticity present large H-reflexes at rest
and during voluntary movement (Morita et al. 2001; Crone
et al. 2003), which may contribute to the abnormal muscle
activation during motor behaviors such as locomotion
(Fung and Barbeau 1989). One of the most effective
antispastic drugs, diazepam, acts by increasing presynaptic
inhibition (Abbruzzese 2002). Our observation that rTMS
increases presynaptic inhibition and thereby decreases the
SOL H-reflex suggests that rTMS may potentially be of
value in the treatment of spasticity. The depression of the
H-reflex, however, lasted only about one second after the
end of the train. For rTMS to be of any therapeutic value,
effects lasting considerably longer than this are necessary.
Future studies need to address if long-lasting changes in
spinal cord excitability can be induced by trains of rTMS
with durations longer than the four second trains used in
the present study.
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