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Voluntary activation of ankle muscles is accompanied
by subcortical facilitation of their antagonists
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Flexion and extension movements are organized reciprocally, so that extensor motoneurones
in the spinal cord are inhibited when flexor muscles are active and vice versa. During and just
prior to dorsiflexion of the ankle, soleus motoneurones are thus inhibited as evidenced by a
depression of the soleus H-reflex. It is therefore surprising that soleus motor evoked potentials
(MEPs) elicited by transcranial magnetic stimulation (TMS) have been found not to be reduced
and even facilitated during a voluntary dorsiflexion. The objective of this study was to investigate
if MEPs, evoked by TMS, show a similar facilitation prior to and at the onset of contraction of
muscles that are antagonists to the muscle in which the MEP is evoked and if so, examine the
origin of such a facilitatory motor programme. Eleven seated subjects reacted to an auditory
cue by contracting either the tibialis anterior (TA) or soleus muscle of the left ankle. TMS was
applied to the hotspot of TA and soleus muscles on separate days. Stimuli were delivered prior to
and at the beginning of contraction. Soleus MEPs were significantly facilitated when TMS was
applied 50 ms prior to onset of plantar flexion. Surprisingly, soleus MEPs were also facilitated
(although to a lesser extent) at a similar time in relation to the onset of dorsiflexion. TA MEPs
were facilitated 50 ms prior to onset of dorsiflexion and neither depressed nor facilitated prior
to plantar flexion. No difference was found between the facilitation of the soleus MEP and
motor evoked responses to cervicomedullary stimulation prior to dorsiflexion, suggesting that
the increased soleus MEPs were not caused by changes at a cortical level. This was confirmed
by the observation that short-latency facilitation of the soleus H-reflex by subthreshold TMS
was increased prior to plantar flexion, but not prior to dorsiflexion. These findings suggest that
voluntary contraction at the ankle is accompanied by preceding facilitation of antagonists by a
subcortical motor programme. This may help to ensure that the direction of movement may be
changed quickly and efficiently during functional motor tasks.
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Introduction

It is now established as common textbook knowledge
that flexion and extension movements are organized
reciprocally, so that extensor motoneurones in the
spinal cord are inhibited when flexor muscles are
active and vice versa. Parallel control of the respective
spinal motoneurones and their corresponding reciprocally
organised Ia inhibitory interneurones from descending

motor tracts and sensory afferents has been shown in
cat, monkey and human experiments to be central for
this organization (Hultborn & Lundberg, 1972; Jankowska
et al. 1976; Crone et al. 1987; Crone & Nielsen, 1989,
1994). In the cat, Ia inhibitory interneurones projecting
to extensor motoneurones are active when their target
motoneurones are inactive and stimulation of the Ia
inhibitory pathway evokes the largest IPSPs in the target
motoneurones in their hyperpolarized phase during
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locomotion (Pratt & Jordan, 1987). Similarly, in human
subjects disynaptic Ia inhibition from ankle dorsiflexors
to ankle plantar flexors is largest in the swing phase of
gait (Petersen et al. 1999), in the upstroke phase during
bicycling (Pyndt et al. 2003) and during a voluntary ankle
dorsiflexion in sitting subjects (Crone & Nielsen, 1989).
At least partly as a consequence of this inhibition of soleus
motoneurones, the soleus H-reflex is reduced at a similar
time during these movements (Crone & Nielsen, 1989).

It is therefore surprising that soleus motor evoked
potentials (MEPs) elicited by transcranial magnetic
stimulation (TMS) have been found not to be reduced and
even facilitated during a voluntary dorsiflexion (Valls-Sole
et al. 1994; Goulart & Valls-Sole, 2001). Several possible
explanations may be provided. One is that disynaptic
reciprocal inhibition is mainly increased at the onset and
during the initial part of the dynamic phase of dorsiflexion,
whereas it is not or only little increased during static
dorsiflexion (Crone et al. 1987; Crone & Nielsen, 1989).
The reduction of the H-reflex during static dorsiflexion
may thus be mainly caused by presynaptic inhibition of the
Ia afferents, which would not affect the MEPs (Nielsen &
Petersen, 1994). Another explanation is that the inhibition
at the spinal motoneuronal level may be counteracted
by increased excitability of the corticospinal neurones
projecting to soleus motoneurones during dorsiflexion.
This would suggest that the corticospinal neurons are not
organized reciprocally and may show more flexibility in
their activity than what would be predicted from a strict
extension–flexion reciprocal organisation. Experimental
evidence for this has been described in monkey (Cheney &
Fetz, 1984; Fetz & Cheney, 1987) and human subjects
(Capaday et al. 1999; Roy & Gorassini, 2008). A third
possibility is that the inhibition of the motoneurones is
counteracted by some subcortical facilitatory input to the
soleus motoneurones. This could involve for instance a
subcortical motor programme for postural (anticipatory)
adjustments of the soleus muscle in order to support the
dorsiflexion movement (Cordo & Nashner, 1982).

The present project was initiated in order to investigate
these possibilities and thus clarify why soleus MEPs are
not suppressed during ankle dorsiflexion.

We demonstrate that soleus MEPs, in contrast to soleus
H-reflexes, are facilitated prior to the onset of dorsiflexion.
Control experiments demonstrated that this was not due
to increased cortical excitability and we therefore propose
that the facilitation of the MEPs prior to dorsiflexion may
involve activation of a subcortical motor programme.

Methods

Participants

Nineteen healthy human subjects (17 men) with an
average age of 27 ± 5 years participated in the study. Eleven

subjects participated in the first experiment, three in the
second and seven in the third. All subjects gave their
written, informed consent to the experimental procedures,
which were approved by the local ethics committee
(j.nr. (KF) 100.1969/1991). The study was performed in
accordance with the Declaration of Helsinki.

General organization of the studies

Subjects were comfortably seated in an armchair and the
left leg was positioned with the hip semi-flexed (120 deg),
the knee flexed (110 deg), and the ankle at a slightly plantar
flexed position (140 deg). The left foot was firmly attached
to a force pedal using adjustable straps. The torque exerted
on the foot plate was recorded by a strain gauge.

At the beginning of each experiment, subjects were
instructed to perform a maximal dorsiflexion (1–2 s)
to measure their maximal voluntary contraction (MVC)
strength. Subjects were verbally encouraged to produce
maximal torque. The torque was displayed as a moving
line on the monitor. At least three trials were performed
separated by 30 s rest periods and the peak torque was
used as the dorsiflexion MVC. Subsequently, the same
procedure was used to measure the plantar flexor MVC.

Subjects performed a reaction time task where an
auditory warning cue (Cwarning) prepared the subjects to
be ready. They were instructed to dorsiflex their ankle to
30% MVC as fast as possible (the dynamic phase lasted
around 100–200 ms) when a second auditory ‘go’ cue
(Cgo) was delivered 2.8–3.2 s after Cwarning. Prior to the
experiment, subjects trained the reaction time task in
order to reduce the variability of the reaction time and
the effect of learning. After about 5 min training sub-
jects could complete the task with little variation in their
reaction time.

EMG measurements

EMG activity was recorded from the anterior tibial (TA)
and soleus muscles by non-polarizable bipolar electro-
des (diameter 0.5 cm; Blue Sensor, Ambu, Ølstykke,
Denmark) placed over the belly of the muscles with
an interelectrode distance of 2 cm. The EMG signals
were amplified (500–5000×), filtered (band pass, 5 Hz
to 1 kHz), sampled at 2 kHz, and stored on a PC for
offline analysis (CED 1401+ with Signal 4.05 software,
Cambridge Electronic Design, Cambridge, UK). In three
subjects, EMG was measured from the vastus lateralis of
the quadriceps muscle (Q) with the same procedure.

Study 1. Motor evoked potentials (MEPs)

In study 1, we investigated the modulation of flexor
and extensor MEPs in the time period preceding either
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an agonist or antagonist contraction. The following
experiments were done for TA and soleus on separate days
in random order. Magnetic stimuli were delivered by a
Magstim 200 stimulator connected to a figure-of-eight
shaped bat-wing coil with an individual wing diameter
of 90 mm (The Magstim Co., Whitland, Dyfed, UK).
The site where stimuli of slightly suprathreshold intensity
consistently produced the largest MEPs in the resting
muscle (referred to as ‘motor hot spot’) was marked in
BrainSight 1.7 (Rogue Research Inc., Montreal, Quebec,
Canada) navigation software. The coil was then secured
in place and the resting motor threshold was found by
reducing the stimulus intensity to a level that elicited an
MEP in 3 out of 5 trials (66 ± 8% and 72 ± 7% of maximal
stimulator output for TA and soleus, respectively). Single
stimuli at 1.2 × resting motor threshold were applied to
the hotspot of the TA and soleus muscles, respectively,
at different intervals prior to and at the beginning of
contraction in random order. The intervals used were:
1 s prior to Cwarning (<Cwarning), 100 ms prior to Cgo (<Cgo)
and 0, 25, 50, 75, 100, 125 and 150 ms after Cgo (Fig. 1). At
least 12 MEPs were measured at each interval. Control
trials in which the cues were presented but no TMS

applied were interspersed 40% of the time. Thereby it was
possible to measure reaction times, the time between Cgo

and the onset of contraction (onset of agonist EMG),
during the course of the experiment to ensure the validity
of the estimates. The average reaction time was calculated
offline for each subject and the onset of EMG activity in
the agonist muscle was set as time 0. The MEP data of
each subject were grouped into 25 ms bins based on the
time of stimulation relative to the onset of contraction.
Peak-to-peak amplitudes of the MEPs were then averaged
and compared to MEPs elicited at <Cgo. It was checked
that similar results were obtained when measuring the
MEP area.

Trials in which the subject made a ‘false start’ or ‘missed’
Cgo were omitted from the analyses.

In separate control experiments, the soleus MEP size
at 25 ms prior to onset of dorsiflexion and at <Cgo were
compared under different conditions. In one condition,
subjects were required to react to a visual cue instead
of the auditory cue (Cgo). This was done to investigate
whether the modulation of the MEPs prior to dorsiflexion
could be related to the nature of the go signal and
reflect a possible startle reaction. In another condition,

Figure 1. Overview of experimental design
TMS was applied to the hotspot of TA or soleus at
different time points prior to and at the onset of
contraction. Single stimuli were delivered randomly
prior to the first (Cwarning) and second (Cgo) auditory cue
and at 25 ms intervals between 0 and 150 ms after Cgo

(Fig. 1). Control trials were also included in which the
auditory cues were presented, but TMS was not applied.
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the subjects were requested to perform the dorsiflexion
non-isometrically (the foot was not strapped to the
force pedal) and in a third condition the subjects were
requested to react as quickly as possible, but to perform the
actual dorsiflexion contraction non-ballistically, so that
the torque increased slowly (around 1 s). Finally, in order
to investigate the muscle specificity of the modulation, we
tested if MEPs from vastus lateralis (Q) were modulated
prior to dorsiflexion. As in the experiments with TA and
soleus, we found the hotspot and threshold for eliciting Q
MEPs at rest in 3 of 5 trials. We then stimulated with 1.2
× resting motor threshold and compared the MEP-size at
25 ms prior to onset of dorsiflexion and at <Cgo.

Solues H-reflexes

The modulation of soleus H-reflexes prior to plantar-
and dorsiflexion was investigated for comparison to the
soleus MEP modulation. Soleus H-reflexes were induced
by stimulation (1 ms rectangular pulses; model DS7A,
Digitimer, Welwyn Garden City, UK) of the posterior tibial
nerve using a ball-shaped monopolar electrode (Simon
electrode) placed in the popliteal fossa. The anode was
placed proximal to the patella. The reflex size at <Cgo was
adjusted to 15% of Mmax, since reflexes of this size have
previously been shown to be most sensitive to facilitatory
and inhibitory inputs (Crone et al. 1990). However, since
the soleus MEPs were much smaller, the modulation of
H-reflexes that were adjusted to 2% of Mmax at <Cgo was
also investigated.

Mmax

All MEP and H-reflex data were normalized to the
maximal M-response (Mmax) in the respective muscles.
In TA and soleus, Mmax was evoked by stimulation of the
common peroneal nerve and the posterior tibial nerve,
respectively. The posterior tibial nerve was stimulated as
described above and the common peroneal nerve was
stimulated through bipolar surface electrodes (diameter
0.5 cm; Blue Sensor, Ambu, Ølstykke, Denmark) placed
1–3 cm distal to the neck of the fibula. In these
measurements, the intensity of stimulation was increased
from a subliminal level until there was no further increase
in the peak-to-peak amplitude of the M-response with
increasing stimulation intensity.

Study 2. Cervicomedullary motor evoked potentials
(CMEPs)

To examine whether the observed facilitation in soleus
MEPs was of cortical origin, we compared responses to

TMS and brainstem stimulation. Electrical stimulation
through electrodes fixed over the mastoid processes can
evoke motor-evoked responses (CMEPs) in target muscles
(Ugawa et al. 1991, 1995). The electrical stimulator was a
Digitimer D180A with a maximal output of 1500 V. A
high-voltage electrical pulse (50–100 μs duration, up to
900 V) was passed between cup electrodes placed at the
posterior edge of each mastoid process.

The stimulus strength of the electrical stimulation was
adjusted so as to produce MEPs in soleus of a comparable
size to those produced by TMS at 1.2 × motor threshold.
As in study 1, the subjects had to dorsiflex their ankle
to 30% MVC while MEPs and CMEPs were randomly
evoked at <Cgo or 25 ms prior to onset of contraction
(measured individually for each subject). Non-stimulation
control trials were randomly interspersed. Peak-to-peak
amplitudes of MEP and CMEP responses were then
averaged for each condition in each subject.

Study 3: TMS conditioning of the H-reflex

We further investigated the origin of the observed changes
by looking at the modulation of TMS-conditioned soleus
H-reflex responses prior to contraction.

Soleus H-reflexes were evoked as described above. The
unconditioned test reflex size was kept at 15% of Mmax

while the reflex was conditioned by TMS at different
conditioning–test intervals (see details under study 3).
Reflexes with and without conditioning stimulation were
randomly alternated.

A time course of the TMS-conditioning effect on the
test H-reflex was obtained for each subject (Nielsen et al.
1993). The coil was placed over the soleus motor hotspot
and the intensity of the conditioning stimulation was
adjusted to 2–3% below the threshold for eliciting an
MEP in soleus during a slight tonic contraction (10%
MVC). The conditioning pulse was given at 1 ms inter-
vals after the test H-reflex (−5 to 0 ms) and 10 ms before
the test H-reflex during tonic plantar- and dorsiflexion
at 10% MVC and at rest. The following time intervals
were used for the experiment: (1) the earliest interval
where the TMS pulse had a facilitatory effect on the
H-reflex; (2) The earliest interval yielding an inhibitory
effect; and (3) a conditioning–test interval of 10 ms, at
which a long-latency facilitatory effect is seen (Nielsen
et al. 1993; Nielsen & Petersen, 1995a,b).

Similar to study 1, the subjects were instructed to
dorsiflex or plantar flex their ankle to 30% MVC as fast
as possible after Cgo. Dorsiflexion and plantar flexion
were investigated in separate session. In one dorsiflexion
session, stimulations were applied about 25–50 ms prior
to onset of dorsiflexion and in another the stimulations
were applied at <Cgo. The same procedure was used in
plantar flexion sessions.
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Statistics

Individual MEP, CMEP and H-reflex amplitudes
computed within the window from 30 to 60 ms after
stimulation were averaged for each condition in every
subject. The average value of the peak-to-peak amplitudes
for each condition was then divided (normalized) by the
value of the average control amplitude (<Cgo) and this
ratio was multiplied by 100 and graphed on a common
log scale. The peak-to-peak amplitude of conditioned
H-reflexes was expressed relative to the unconditioned
H-reflexes.

The statistical significance of differences obtained
during the different conditions was tested off-line using
Student’s t test for paired data in each subject. Statistical
analysis was done using SigmaStat 2.03 (Systat Software
Inc., San Jose, CA, USA). Before statistical comparison,
all data sets were tested for normal distribution by a
Kolmogorov–Smirnov test.

The modulation of MEPs was investigated by comparing
MEP size at <Cgo with MEPs evoked at different times
leading up to onset of contraction using repeated measures
ANOVA. For multiple-comparison analysis, Tukey’s
post hoc test was used for all pairwise comparisons between
the group mean responses. The same was used for TMS
conditioning of the H-reflex.

Data are presented as means ± standard error of the
mean (S.E.M.) unless reported otherwise.

Results

Soleus MEPs are facilitated prior to plantar-
and dorsiflexion

The average reaction time to Cgo was similar for
dorsiflexion (128.3 ± 13.7 ms) and plantar flexion
(130.4 ± 14.2 ms; P = 0.73).

Figure 2 shows the different behaviour of the soleus
H-reflex and MEPs prior to agonist and antagonist
contraction in one subject. At 25 ms prior to dorsiflexion
(−25 ms in Fig. 2), the soleus H-reflex was clearly
depressed (34 ± 3% of the H-reflex size at <Cgo) whereas
the MEP was facilitated (231 ± 24% of the MEP size at
<Cgo). Control experiments in three subjects showed that
reflexes of a similar small size as the MEPs at <Cgo were
still inhibited prior to dorsiflexion.

Figure 3 shows the size of soleus and TA MEPs prior to
dorsiflexion and plantar flexion relative to the MEP size
at <Cgo. There was a gradual increase in soleus MEP size
from around 75–100 ms prior to both plantar flexion and
dorsiflexion (Fig. 3A), but this did not reach significance
until 50 ms prior to onset of contraction (P = 0.001). In all
subjects, the size of the soleus MEPs increased significantly
25 ms prior to onset of plantar flexion (810 ± 105% of the
MEP size at <Cgo). At 25 ms prior to dorsiflexion, soleus

MEPs were also significantly increased in 10 out of 11
subjects (233 ± 34% of the MEP size at <Cgo). There was
no significant difference between the control MEP size
in the dorsiflexion and plantar flexion session for soleus
(P = 0.84) or TA (P = 0.53).

Separate experiments in three subjects demonstrated
that there was no increase in the size of Q MEPs at
25 ms prior to onset of dorsiflexion suggesting that the
facilitation was specific for soleus MEPs.

TA MEPs increased gradually from around 100 ms
prior to onset of dorsiflexion and reached statistical
significance at 50 ms (P < 0.001). However, there were
no significant changes in the TA MEPs prior to plantar
flexion (Fig. 3C). In 9 out of 11 subjects, TA MEPs
were significantly increased 25 ms prior to dorsiflexion
contraction (327 ± 77% of the MEP size at <Cgo). The
modulation of soleus MEPs at 25 ms prior to dorsiflexion
and plantar flexion in relation to <Cgo is shown in Fig. 3B
and for TA MEPs in Fig. 3D.

Since the test MEP size was much larger in TA than
in soleus at a stimulus intensity of 1.2 × resting motor
threshold, we performed a control experiment in three
subjects where we matched the size of TA MEPs to that
of soleus MEPs. To do this we had to reduce the stimulus
intensity to about threshold for evoking an MEP in TA.
These small TA MEPs (2–3% of Mmax) were similarly
modulated as the larger TA MEPs.

In three subjects, we performed control experiments
where soleus MEPs were tested under different conditions
to make sure that our observations were not due to startle
responses or the mode of contraction. These experiments
showed that the time course and extent of soleus MEP

Figure 2. Modulation of soleus H-reflexes and MEPs prior to
plantar- and dorsiflexion
The amplitude of soleus MEPs was increased prior to both dorsiflexion
and plantar flexion whereas the amplitude of the soleus H-reflex was
only increased prior to plantar flexion. Prior to dorsiflexion, the soleus
H-reflex was strongly depressed as has been shown by Crone &
Nielsen (1989). Data from one subject.
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facilitation prior to dorsiflexion was similar when the sub-
jects had to react to a visual cue instead of the auditory
Cgo. This was also the case when the contraction was
non-isometric (the foot was not strapped to the force
pedal) and when the movement was performed slowly
(non-ballistic).

Since MEP size depends on the excitability of spinal
motoneurones as well as the amplitude of the descending
corticospinal volley it is possible that some of the
changes in the MEP were caused by spinal rather than
cortical excitability changes. This led us to the following
experiments where we investigated the nature of this
facilitation.

Soleus CMEPs also increased prior to dorsiflexion

Transmastoid brainstem stimulation is thought to activate
the same axons in the corticospinal tract as those activated
by cortical stimulation. MEPs evoked by stimulation at
the two sites are therefore likely to be similarly influenced
by excitability changes at a spinal level, whereas only
responses to TMS may be influenced by cortical excitability
changes (Ugawa et al. 1991; Taylor et al. 2002). If the
increase in soleus MEPs prior to dorsiflexion was of
cortical origin, we would thus expect to see a different
modulation of CMEPs and MEPs. With comparable sizes
of the control MEP and CMEP at <Cgo (0.8 ± 0.4 and

Figure 3. Modulation of MEPs prior to dorsiflexion and plantar flexion
A, average soleus MEP size at rest, < Cwarning, <Cgo and at 25 ms intervals leading up to plantar flexion (�) and
dorsiflexion (•) as a percentage of MEP size at <Cgo (n = 11). The black and red insets are average responses
to TMS measured in soleus in one subject at <Cgo (1.9% of Mmax) and at 25 ms prior to dorsiflexion (4.3% of
Mmax), respectively. B, size of soleus MEP at 25 ms prior to dorsiflexion and plantar flexion for each subject as a
percentage of MEP size at <Cgo. C, like in A, but here TA MEP data are plotted. The black and red insets are
average responses to TMS measured in TA in one subject in a soleus experiment at <Cgo (17.8% of Mmax) and at
25 ms prior to dorsiflexion (34.3% of Mmax), respectively. Note the different shape of TA responses compared to
the soleus responses in A. These responses were evoked by the same stimulus in the same session. D, size of TA
MEP at 25 ms prior to dorsiflexion and plantar flexion for each subject as a percentage of MEP size at <Cgo.
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0.6 ± 0.3% of Mmax, respectively), both MEPs and CMEPs
were facilitated 25 ms prior to onset of dorsiflexion in all
3 investigated subjects (2.3 ± 1.6 and 2.3 ± 1.8% of Mmax,
respectively) (Fig. 4). This suggests that the facilitation
is in all likelihood caused by a subcortical mechanism.
A statistical analysis was not performed due to the low
number of subjects. Notice that the shape of the MEP and
the CMEP was similar at <Cgo and that all parts of the
responses increased similarly in amplitude and duration
when evoked prior to dorsiflexion (see insert, Fig. 4).

Short-latency facilitation of soleus H-reflexes

The MEP is a compound response, which is influenced
by transmission in direct and indirect facilitatory and
inhibitory pathways to the spinal motoneurones. To obtain
a more specific evaluation of transmission in some of these
pathways we conditioned H-reflexes with subthreshold
TMS at different conditioning–test intervals prior to
plantar flexion and dorsiflexion. In the beginning of each
experiment a time course of the TMS-conditioning effect
on the test H-reflex was made in order to determine the
onset of the earliest (presumed monosynaptic) facilitation
and the earliest (presumed disynaptic) inhibition (Nielsen
et al. 1993; Nielsen & Petersen, 1995a,b). Figure 5 shows
a time course of effect of TMS on the H-reflex in
a single subject. The short-latency facilitation had an
onset around −4 ms (P < 0.05) whereas the short-latency
inhibition was most clearly seen at −2 ms (P < 0.001). A
conditioning–test interval of 10 ms (P = 0.07) was used in
all subjects to examine long-latency facilitation (Nielsen
et al. 1993; Nielsen & Petersen, 1995a,b) which is believed
to be caused by different descending pathways than the
short-latency facilitation (Nielsen & Petersen, 1995b).

Changes in the short-latency facilitation before plantar
flexion and dorsiflexion are shown for each subject in
Fig. 6A. The amount of short-latency facilitation just prior
to plantar flexion (−25 ms) was significantly larger than
at <Cgo (167 ± 11% vs. 127 ± 7% of control H-reflex
size, P < 0.05) and prior to dorsiflexion (122 ± 6% of
control H-reflex size, P < 0.05). However, there was no
significant difference between the amount of short-latency
facilitation measured prior to dorsiflexion and at <Cgo

(P = 0.33).
Figure 6B shows changes in the short-latency inhibition

prior to plantar flexion and dorsiflexion. The amount of
short-latency inhibition was 92 ± 9% of control H-reflex
size at <Cgo. Prior to plantar flexion, the inhibition
was significantly reduced and actually turned in to a
facilitation (127 ± 12%, P < 0.05). Prior to dorsiflexion,
the short-latency inhibition significantly increased to
75 ± 5% of the control H-reflex size (P < 0.05), which
was also significantly larger than prior to plantar flexion
(P < 0.01). This is similar to what was observed by Nielsen
et al. (1993) and as discussed by them the increase of
the inhibition prior to dorsiflexion is likely to reflect
facilitation of Ia reciprocal inhibitory interneurones in the
spinal cord.

The long-latency facilitation was of similar size at <Cgo

and prior to dorsiflexion as well as plantar flexion for all
subjects (Fig. 6C; 119 ± 12% vs. 129 ± 16% for plantar
flexion and 115 ± 5% for dorsiflexion).

Discussion

The main finding in this study is that soleus MEPs, in
contrast to soleus H-reflexes, were facilitated prior to the
onset of dorsiflexion.

Figure 4. Modulation of MEPs and CMEPs
In three subjects, the responses to TMS and brainstem
stimulation were measured at <Cgo and 25 ms prior to
dorsiflexion (see Fig. 1). The average responses to TMS
(left inset) and brainstem stimulation (right inset) at
<Cgo (black) and 25 ms prior to dorsiflexion (red) are
illustrated from a single subject. The graphs below show
the size of the MEP (left) and CMEP (right) responses as
a percentage of Mmax at <Cgo and 25 ms prior to
dorsiflexion. Each symbol represents one subject.
Vertical lines represent S.E.M.
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As the amplitude of soleus MEPs was small, one could
fear that the facilitation was simply due to cross-talk
from the larger TA MEPs (Capaday, 1997), but this is
not very likely, since the shape of TA and soleus MEPs
to the same stimuli was clearly different both in the
control situation and just prior to the onset of dorsiflexion
(see insets in Fig. 3). Furthermore, it has been shown
by cross-correlation analysis that there is hardly any
cross-talk between the TA and soleus recordings with
similar electrode arrangements and amplification as in
the present study (Hansen et al. 2005). It should also
be noted that all recordings were made prior to the
onset of contraction. The EMG from the contracting
dorsiflexors therefore appeared later than the time of
the MEP recordings and did not contaminate the MEP
recordings in either the TA or the soleus muscles.

A similar facilitation of soleus MEPs as we have observed
here prior to the onset of dorsiflexion has been reported
in previous studies during static dorsiflexion (Valls-Sole
et al. 1994). Facilitation of extensor carpi radialis MEPs
has also been observed during wrist flexion (Izumi
et al. 2000). In these studies, it was proposed that the
facilitation of the antagonist MEP was due to a widespread,
non-specific increase of motoneuronal excitability to
corticospinal inputs. If so, the facilitation of soleus MEPs
prior to dorsiflexion may relate to other observations
of non-specific modulation of MEPs in relation to a
variety of movements and may thus not be specific for the

agonist–antagonist pair studied here and in the studies by
Valls-Sole et al. (1994) and Izumi et al. (2000). Increased
MEPs have been observed in finger muscles during face
movements (Andersen et al. 1999) and teeth clenching
(Furubayashi et al. 2003), in arm muscles during contra-
lateral elbow movements (Zijdewind et al. 2006) and in
arm muscles during ispilateral foot movements (Baldissera
et al. 2002).

However, the observation that Q MEPs were unchanged
prior to dorsiflexion suggests that the facilitation of
the soleus MEPs does not reflect a simple widespread
non-specific excitation, but that it is rather a specific part
of the motor programme for dorsiflexion.

We cannot say from our data whether a similar
facilitation of TA is also a part of the command for plantar
flexion. We did not observe any facilitation of the TA MEPs
prior to plantar flexion and this could suggest a specific
effect on soleus MEPs in relation to dorsiflexion. However,
it should be pointed out that the TA H-reflex has been
found to be reduced at the onset of and during plantar
flexion at least partly due to increased reciprocal inhibition
(Crone et al. 1987). The excitability of TA motoneurones
must therefore be relatively reduced prior to and during
plantar flexion and a reduction of the MEPs – similar to
the depression of the TA H-reflexes – would therefore have
been expected. The fact that this was not observed suggests
that there is a similar facilitatory drive to TA motoneurones
prior to plantar flexion as there is for soleus prior to

Figure 5. Time course of TMS conditioning of the H-reflex
A, an H-reflex was evoked at time ‘0 ms’ by stimulation of the posterior tibial nerve. A conditioning TMS pulse
was applied at different times before and after the H-reflex stimulation and the size of the conditioned H-reflex
response was then calculated for each conditioning–test interval. B, example of the time course of conditioned
H-reflex response as a percentage of the control H-reflex response that was obtained in each subject at rest and
during tonic plantar flexion and dorsiflexion. In this subject, the earliest facilitation during tonic planter flexion is
observed at a conditioning–test interval of −4 ms. During tonic dorsiflexion, inhibition is seen at −2 ms. These
intervals were then used for the following experiments.
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dorsiflexion. Although somewhat speculative, a plausible
explanation why this facilitatory drive was not revealed as
an actual facilitation of the TA MEP, but only as a lack of the
expected inhibition, is that disynaptic reciprocal inhibition
of TA motoneurones has been found to be larger than for
soleus motoneurones (Crone et al. 1987; Crone & Nielsen,
1994).

In previous studies, it has been assumed that cortical
excitatory changes could be at least a contributing factor
to the increase of the MEPs in the antagonist muscles.
However, our data suggest that a large part of the
facilitation takes place at a subcortical site. Firstly, a
similar facilitation of CMEPs evoked by cervicomedullary
stimulation was observed. Since one subject showed
slightly more and the other two slightly less facilitation, we
cannot exclude that there is also some cortical component
to the facilitation of soleus MEPs prior to dorsiflexion,
but the findings indicate that subcortical mechanisms at
least contribute to the observed modulation. CMEPs are
evoked by activation of the axons of corticospinal neurons
at a site far away from the soma and are therefore not
likely to be susceptible to changes in cortical excitability
(Taylor et al. 2002). Secondly, it could also be ruled out
that the facilitation of the MEPs was due to changes
in excitability of spinal interneurones activated by the
corticospinal volleys evoked by TMS, since no change
in any of the facilitatory or inhibitory effects of TMS
on soleus H-reflexes was observed prior to dorsiflexion.
These facilitatory and inhibitory effects have been shown
to be insensitive to changes in spinal motoneuronal
excitability and to provide a good estimate of transmission
through spinal interneurones contacted by corticospinal
pathways (Iles & Pisini, 1992; Nielsen et al. 1993; Nielsen,
1994). Not all corticospinal pathways were activated by
the conditioning pulse, so there may be corticospinal
pathways that we did not investigate with this technique.
Nevertheless, it may with some certainty be concluded
that the increased spinal motoneuronal excitability is not
mediated by the particular corticospinal tract pathways
we investigated, but must originate from some other
source. This suggests that corticospinal activation of
spinal motoneurones at the onset of voluntary movement
is accompanied by triggering of a facilitatory drive to
antagonist muscles from subcortical centres.

The generation of voluntary movement is thought
to begin with preparatory activity in higher motor
areas, propagating through the premotor and primary
motor cortex to the spinal cord. However, this sequential
activation may be more parallel than previously thought
thereby allowing movement-related activity to appear
simultaneously in many motor areas. In a study on
monkeys, Prut & Fetz (1999) observed pre-movement
activity in spinal interneurones in an instructed delay
task. This could indicate that even early in movement
preparation, the motor cortical areas may interact

Figure 6. Modulation of short-latency facilitation, short-latency
inhibition and long-latency facilitation prior to contraction
The soleus H-reflex was conditioned by subthreshold TMS at <Cgo and
25 ms prior to dynamic plantar flexion (PF −25 ms) and dorsiflexion
(DF −25 ms) contraction to 30% MVC. The size of the conditioned
reflex is presented as a percentage of the control reflex size. A, for
each subject, the conditioning–test interval eliciting the earliest
facilitation in the time course (Fig. 4) was used for measuring
short-latency facilitation. B, for short-latency inhibition, the earliest
conditioning–test interval giving inhibition during tonic dorsiflexion
was used. C, a conditioning–test interval of 10 ms was used to
measure long-latency facilitation in all subjects.
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continuously with subcortical networks (Prut & Fetz,
1999). Since MEPs may reflect excitability changes also in
such networks, this may explain the observed facilitation
of soleus MEPs prior to dorsiflexion.

Auditory startle reactions are motor responses evoked
by a sudden sound of adequate intensity and are believed to
be mediated through reticulo-spinal pathways (Davis et al.
1982; Delwaide & Schepens, 1995). It has been proposed
that such brainstem–spinal pathways may be involved in
releasing the motor programme in startle responses as well
as voluntary movements (Rothwell et al. 2002; Valls-Sole
et al. 2008). Such connections might explain the sub-
cortical facilitation of soleus MEPs observed in our study.
However, it should be pointed out that in the studies by
Valls-Sole and colleagues the facilitatory effect was seen
in relation to the warning signal and prior to the ‘go’
signal (Valls-Sole, 2004; Kumru & Valls-Sole, 2006). In
our study, we observed a similar small facilitatory effect
in a few subjects, but we corrected for this effect by
comparing all MEPs recorded after the ‘go’ signal to the
size of the MEP recorded 100 ms before the ‘go’ signal (at
<Cgo), which was almost 3 s after the warning signal. The
facilitatory effect we have observed is thus tightly linked
to the actual initiation of movement and is thus different
from the generalized ‘preparatory’ facilitation described
by Valls-Sole et al. (2008).

Earlier studies have also suggested that there is a sub-
cortical contribution to the MEP in antagonist muscles in
relation to fast wrist movements. MacKinnon & Rothwell
(2000) investigated the corticospinal contribution to the
agonist and antagonist EMG bursts in the triphasic ballistic
movement pattern accompanying rapid flexion/extension
of the wrist. They found that the agonist MEP amplitude
began to increase about 10–20 ms before onset of EMG
in the agonist muscle, whereas there was no increase in
the amplitude of MEPs in the antagonist muscle prior to
the antagonist EMG burst. They therefore suggested that
the corticospinal tract is not involved in generating the
antagonist EMG burst (MacKinnon & Rothwell, 2000),
raising the possibility that subcortical structures could be
involved (Rothwell et al. 2002).

The exact nature of the facilitatory mechanism cannot
be elucidated further at the present time, but possibilities
such as changes in the setting of spinal networks,
changes in recruitment properties of the motoneuronal
pool and changes in membrane properties of the spinal
motoneurones may all be considered.

What is the functional significance?

It seems somewhat contradictory that part of the supra-
spinal control of agonist–antagonist pairs appears to
involve a parallel activation pattern and another part
the classical reciprocal inhibitory activation pattern. Why

this apparent competition of facilitatory and inhibitory
influences? One possibility is that the facilitation of
the antagonist may help to ensure that quick trans-
itions from dorsiflexion into plantar flexion may be
made more efficiently than if the plantar flexors would
need first to be strongly depolarized from a hyper-
polarized state before becoming active. In this way
only small changes in the descending corticospinal drive
would be necessary to switch from one movement
direction to another. An organization pattern somewhat
like this has been described for finger motoneurones
where motoneurones to several finger muscles are
depolarized in relation to movement of any of the fingers
(Bremner et al. 1991). Because of the organization of
the corticospinal innervation of the finger motoneurones
only the motoneurones to one particular finger are
depolarized sufficiently to reach threshold whereas the
other motoneurones are maintained right below firing
threshold (Bennett & Lemon, 1996). A small change
in the descending drive may thus switch the activation
from one finger to the other, thereby making very
quick finger movements possible. We propose that our
observations may reflect that the control of antagonistic
ankle muscles is organized to ensure a similar quick switch
between activation of the muscles. Such quick switches
between antagonistic muscle activities may especially be
of importance in relation to high performance sports.

Where does this leave reciprocal inhibition and the
problem that stretch of the antagonist muscle at the onset
of agonist contraction may easily evoke stretch reflexes
when the antagonist motoneurones are not suppressed?
First, a very significant part of reciprocal inhibition is
caused by presynaptic inhibition of the antagonist Ia
afferents (Crone & Nielsen, 1989; Nielsen & Kagamihara,
1993). In this way, the stretch reflex may be efficiently
suppressed while maintaining a high excitability of the
antagonist motoneurones. Secondly, it may be argued that
the increased (postsynaptic) reciprocal inhibition at the
onset of movement, which has been demonstrated now
in numerous studies (and also evidenced from the pre-
sent study from the increase of TMS-induced inhibition
of the soleus H-reflex at the onset of dorsiflexion) is still of
importance to ensure that the antagonist motoneurones
do not reach threshold and thus prevent the agonist
movement from taking place. Indeed, it is notable that very
little EMG activity is generally seen in the soleus muscle
even at the onset of very quick dorsiflexion (Geertsen et al.
2008).

The findings in the study may potentially have relevance
for rehabilitation strategies in patients with stroke and
other lesions of the brain and spinal cord. Most inter-
ventions tend to focus on the possibility of promoting
reorganization at the cortical level, but if subcortical motor
programmes, as we suggest, are involved in the control
of voluntary movement there might be some benefit in
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targeting such programmes also. One way may be to take
advantage of a possible overlap with some of the circuitry
involved in startle reactions.

Concluding remarks

We have demonstrated that soleus MEPs, in contrast to
soleus H-reflexes, are facilitated prior to the onset of
dorsiflexion. We have not been able to find the origin of this
facilitation, but we propose that it may involve activation
of a subcortical motor programme. We propose that the
apparent parallel activation of agonists and antagonists
may be of importance for making quick switches in
movement direction.
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