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a b s t r a c t

Background: Motor training usually increases the excitability of corticospinal outputs to the trained
muscles. However, it is uncertain to what extent the change in excitability is a critical component of
behavioral learning or whether it is a non-specific side effect.
Objective/Hypothesis: We used a depotentiation protocol to abolish the training-induced increase of
corticospinal excitability and tested whether this had any immediate effect on the improved motor
performance.
Methods: We used an index finger abduction task in which behavioral improvement is known to be
associated with M1 excitability changes as monitored by the amplitude of motor-evoked potentials
produced by single-pulse transcranial magnetic stimulation (TMS). These effects could be reversed by a
depotentiation protocol using a short form of continuous theta-burst stimulation (cTBS150). Participants
underwent three experimental interventions: ‘motor training’, ‘motor training plus cTBS150’ and
‘cTBS150’. M1 excitability and TMS-evoked finger movements were assessed before the experimental
interventions and 5 min, 15 min, and 30 min thereafter. Motor retention was tested 45 min after the
experimental interventions.
Results: During training, acceleration of the practiced movement improved. At the end of training, M1
excitability and the acceleration of TMS-evoked index finger movements in the direction of training had
increased and the enhanced performance was retained when tested 45 min later. The depotentiation
protocol, delivered immediately after the end of training, reversed the excitability changes in M1 but did
not affect the acceleration of the TMS-evoked finger movement nor the retention of performance. The
depotentiation protocol alone did not modify M1 excitability.
Conclusions: The present study indicates that in the short term, increases in corticospinal excitability are
not related to immediate changes in behavioral motor outcome.

� 2015 Elsevier Inc. All rights reserved.
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Introduction

Studies on animals demonstrate that repeated stimulation of a
pathway can produce long lasting changes in the efficiency of
synaptic transmission known as long-term potentiation (LTP) and
long-term depression (LTD) and it is postulated that they are the
basis of learning and memory [1]. In humans, it is possible to
investigate mechanisms related to synaptic plasticity in the motor
system by applying repetitive transcranial magnetic stimulation
(rTMS) protocols to the motor cortex [2e6]. The result (which de-
pends on the rTMS protocol used) is an increase or decrease in
corticospinal excitability, that is N-methyl-D-aspartic acid receptor-
dependent and therefore thought to involve LTP and LTD-like pro-
cesses [7,8]. We can refer to these rTMS methods as ‘exogenous’
probes of probes of LTP- and LTD-like plasticity.

‘Endogenous’ plasticity in contrast is produced by natural be-
haviors. In humans, repeated performance of a voluntary move-
ment leads to effects that can be termed motor memories [9e19]
which are thought to involve LTP-like changes at synaptic con-
nections [20,21]. Motor practice-related plasticity changes at the
level of primary motor cortex (M1) can be quantified by various
methods such as (i) increases in corticospinal excitability, (ii)
changes in TMS-evoked movements and (iii) retention of the
improved performance achieved after practice [9e19]. The question
we ask here is whether all three methods measure the same thing.

In order to test this we made use of a phenomenon known as
depotentiation (DePo) [22,23]. A short rTMS protocol that is alone
insufficient to produce any lasting change in corticospinal excit-
ability can abolish the lasting increase evoked by an excitatory rTMS
protocol [3,4]. We ask whether DePo applied immediately after a
period of repeated voluntary movement will abolish all three
measures of endogenous plasticity. Previous work by Canterero
et al. [24], has shown that DePo abolishes/reduces the immediate
increase in corticospinal excitability that usually accompanies
motor training. They also showed that DePo interfered with task
consolidation since it reduced performance when tested 24hr after
training. The conclusion was that the motor-training related effects
on corticospinal excitability assessed shortly after performance
were strongly related, and perhaps causal to the long-term reten-
tion of improvements in performance when tested the next day.
However, they did not examine whether DePo had an immediate
effect on performance tested on the day of training.

Previous work has shown that the mechanisms of short term
improvementdiffer fromthosetested24h later:Hotermansetal. [25],
found that 1Hz rTMS given immediately after training abolished the
immediate improvement in performance but did not affect perfor-
mance tested 24 h later. The present experiment was therefore
designed to examine the effect of DePo on the behavioral conse-
quences of a training protocol shortly after trainingwas complete and
compare this with its effect on corticospinal excitability as assessed
with single-pulse TMS. The results are relevant to studies investi-
gating plasticity mechanisms and measure of immediate changes in
corticospinal excitability as a proxy for expected behavioral gains.

Materials and methods

Participants

Fifteen healthy right-handed subjects (8 females; mean age � 1
standard deviation: 27.6 � 4.4 years, age range: 24e39 years)
participated in the study. None of the subjects had a history of
neurological or psychiatric disorders and were not taking any
medications at the time of experiments. None of the subjects had
ever been engaged in professional training in music. All gave their
informed consent to the experimental procedures, which were
approved by the local Institutional Review Board and conducted in
accordance with international safety recommendations [26]. All
experiments adhered to the tenets of the Declaration of Helsinki.
None of the participants reported fatigue or adverse effects during
or after the experiments.

TMS and electromyographic recordings

Single-pulse TMS was delivered to the dominant M1 using a
Magstim 2002 magnetic stimulator with a monophasic current
waveform. Repetitive TMS was delivered using a Magstim Rapid
with a biphasic current waveform (Magstim, Carmarthenshire,
Wales, UK). The magnetic stimulators were connected to a focal
figure-of-eight-shaped coil (outer diameter of each wing, 90 mm).
The intersection of the coil was placed tangentially to the scalp with
the handle pointing backward and laterally at w45� angle away
from the midline. During the experiments, the hot spot of the
dominant first dorsal interosseous (FDI) muscle, i.e. the optimal
scalp position for eliciting motor-evoked potentials (MEP) of
maximal amplitudes, was defined in the contralateral M1. To ensure
consistency of coil positioning over the FDI hot spot we used a
neuronavigation system (SofTaxic Neuronavigation System for TMS,
EMS Corporation, Italy).

Corticospinal excitability was tested with single-pulse TMS on
the dominant FDI hot spot with the hand at complete rest as
confirmed by visual inspection of the EMG records. Traces with
background electromyographic (EMG) activity exceeding 50 mV in
the 200 ms time window preceding stimulation were rejected on-
line (w1% of trials). Visual feedback of EMG level was provided to
help subjects maintain the hand at complete rest. We first deter-
mined the resting motor threshold (RMT) to the nearest 1% of the
maximal stimulator output (MSO). This was defined as the minimal
stimulus intensity required to produce MEPs larger than 50 mV
peak-to-peak amplitude, in the contralateral FDI, in at least five out
of 10 consecutive trials. Evaluation of RMT was followed by mea-
surement of the MEP inputeoutput (I/O) curve using single-pulse
TMS stimuli at 3 intensity levels: 100%, 120% and 140% of RMT.
Fifteen trials were recorded at each intensity level. Recordings at
each intensity level were randomly collected in order to avoid the
hysteresis effects on I/O curves [27].

DePo protocol was a short form of continuous theta burst
stimulation, i.e. cTBS150 [3,4,24]. In brief, cTBS150 consists of a 10 s
train of stimuli, with bursts of three pulses delivered at 50 Hz over
the FDI hot-spot repeated at 5 Hz (i.e. 200 ms intervals). The
stimulation intensity was set to 80% active motor threshold (AMT)
[3,4,24] which was defined as the minimum stimulation intensity
required to produce an MEP of greater than 200 mV onmore than 5
out of 10 trials while the subject maintained a w20% maximal
voluntary contraction of the FDI. Visual feedback of EMG level was
provided to help subjects maintain a constant level of contraction.

MEPs were recorded from the dominant FDI, abductor pollicis
brevis (APB) and abductor digiti minimi (ADM) using silver-chloride
surface cup electrodes (9 mm in diameter), taped in a belly tendon-
montage with the active electrode centered over the muscle belly
and the reference electrode over the metacarpophalangeal joint of
the respective fingers (inter-electrode distance w2 cm). The raw
EMG signals were amplified (1000 X) and band-pass filtered (20 Hz
to 2 kHz) by a Digitimer D360 amplifier (Digitimer, Welwyn Garden
City, Hertfordshire, UK), digitized at a sampling rate of 4 kHz by an
analog-to-digital interface (Micro 1401; Cambridge Electronic
Design, UK) and stored on a laboratory PC for offline analyses. The
EMG recordings were analyzed using Signal� version 4.00 (Cam-
bridge Electronic Design, UK). The MEP peak-to-peak amplitude
was measured within a time window of 20e40 ms after the TMS
artefact.
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Motor training and kinematic recordings

The motor training task was adopted from previous studies
[8e11,28]. In brief, participants were comfortably seated in a chair
with the arms slightly abducted from the trunk (w45e50�) and the
elbow flexed (w90�). The dominant forearm and wrist rested pro-
nated on a desk. Participants extended their index finger in line
with the forearm and made rapid abductions of their finger, so as to
achieve the highest acceleration possible following a ‘go’ signal,
given every 5 s with a random jitter of�0.5 s. Participants were also
instructed to return to the starting position after the movement by
allowing the finger to relax back to original position. In each motor
training session 225 movements were collected; 15 consecutive
movements were considered as a trial block and averaged (15
acquisition trials). A rest interval of 15e20 s was left between
acquisition blocks to avoid fatigue. The motor training task lasted
approximately 20 min. One retention trial block (15 movements)
was collected 45 min after the end of motor training (Fig. 1). Before
starting the motor training, one practice trial was allowed for the
participants to become familiar with the experimental setting.

Index finger abductions were recorded using a 3D optoelec-
tronic system (SMART motion system, BTS Engineering, Milan,
Italy). This system comprises three infrared cameras (sampling
rate, 120 Hz) that follow the 3D displacement of reflective markers
taped on the hand of the subjects. We used four reflective markers
(5 mm in diameter) of negligible weight. One marker was placed
on the tip of the index finger. Three additional reflective markers
were placed on the hand (one marker on the head of the 2nd
metacarpal bone, one marker on the base of the 2nd metacarpal
bone and one marker on the base of the 5th metacarpal bone) to
define a reference plane that was used to mathematically exclude
from index finger recordings possible contamination due to hand
movements. A dedicated software (SMART Analyzer, BTS Engi-
neering, Milan, Italy) reconstructed the 3D spatial displacement of
the reflective markers offline and determined the acceleration of
index finger movements over the abduction axis (horizontal axis).
The first acceleration peak of each index finger abduction was
expressed in m/s2.

To quantify motor performance, we measured changes in the
peak acceleration of the index finger abduction throughout the
motor training task (Fig. 2) and quantified online and offline effects,
as defined by Cantarero et al. [24,29], and by Reis et al. [30]. The
online effect was quantified as the acceleration peak in the 15th
trial block minus (D) the acceleration peak in the 1st trial block. The
offline effect was measured as the acceleration peak in the reten-
tion trial block minus (D) the acceleration peak in the 15th trial
block (Fig. 3). We also quantified the effects of training or DePo in
terms of increased acceleration of the movement evoked by a single
TMS pulse in the same direction as the practiced movement. For
this purpose we delivered single-pulse TMS over the FDI hand area
at an intensity of 150% RMT while the subjects kept their index
finger actively extended and in line with the forearm and measured
the first acceleration peak of the TMS-evoked index finger move-
ment in the direction of training. At the same time of the TMS-
evoked index finger movement we recorded the MEPs from the
FDI, APB and ADM.We asked the subjects to keep their index finger
actively extended because in our preliminary observations we
found that it was not always possible to record reliable TMS-evoked
index finger movements by stimulating the M1FDI area with the
hand at complete rest (unless using higher stimulation intensities).
In addition, without keeping the finger extended the TMS-evoked
movements could have been affected by friction against the plane
of the desk; whereas by keeping the arm slightly supinated TMS-
evoked finger movements could have been affected by gravity.
Finally, since the FDI is not the prime mover for keeping the index
finger slightly extended and the fact that the duration of the muscle
activation during TMS-evoked movements was so short (w1 min
for each measurement time point), we do not believe that these
methodological issues would affect the results.

Experimental design

Participants underwent three main sessions consisting of
different experimental interventions: (i) ‘motor training’, (ii) ‘motor
training plus cTBS150’ (in this session the cTBS150 was delivered
1 min after the end of motor training) and (iii) ‘cTBS150’. The order
of the three main experimental sessions was randomized between
subjects. Recordings of MEP I/O curves were performed in all the
three main experimental sessions at four time points: before the
interventions and 5 min, 15 min and 30 min thereafter (Fig. 1). At
each measurement time point we also collected ten TMS-induced
index finger movements.

In a first control experiment, performed after the three main
experimental session (on the 15 subjects who participated in the
main experiments), we tested the time specificity of the DePo
protocol on M1 excitability changes. For this purpose the ‘cTBS150’
was deliveredw5min after the end ofmotor training. Recordings of
I/O curves were made at four time points: before the intervention
and 5 min, 15 min and 30 min thereafter. In this control experi-
ments we did not collect TMS-evokedmovements since in themain
experimental session we observed that the DePo protocol had no
effects on these measures (Fig. 1).

In a second control experiment, performed after the previous
experiments (on 9 of the original 15 subjects), we tested the
possible confounding effect of over-training. Participants under-
went two experimental sessions: (i) ‘short-motor training’ con-
sisting of 3 trial blocks of 15 movements each and (ii) ‘short-motor
training plus cTBS150’, in this session the cTBS150 was delivered
1 min after the end of motor training (Figs. 1 and 2). One retention
trial block (15 movements) was collected 45 min after the end of
the ‘short motor training’ in both sessions. The order of the two
sessions of the second control experiment was randomized be-
tween subjects. In both sessions MEP and TMS-evoked movements
were collected following the samemethods of themain experiment
(Fig. 1). In control experiments we did not collect MEPs from the
APB and ADM since they had shown no effect of motor training in
the main experimental session.

Statistical analysis

To evaluate the time course of peak acceleration during motor
training, absolute values (m/s2) were entered into a repeated
measures analysis of variance (ANOVA) using SESSION (two levels:
‘motor training’ and ‘motor training plus cTBS150’) and TRIAL
NUMBER (sixteen levels: 1st to 15th acquisition trial blocks, plus
the retention trial block) as within-subject factors. Online and off-
line effects of motor performance were also compared across the
two training sessions using two-tailed paired samples t-tests
(Fig. 3). Peak acceleration (m/s2) from both the first and second
control experiments was analyzed in distinct repeated measures
ANOVAs because these control experiments were performed
separately, i.e. after the three main experimental sessions; more-
over the second control experiment testing the possible con-
founding effect of over-training was performed on 9 of the original
15 subjects and it consisted of a different number of acquisition
blocks (Figs. 1 and 2). In the first control experiment (evaluating the
time specificity of the DePo protocol) we used the within-subject
TRIAL NUMBER (fifteen levels: 1st to 15th acquisition trial blocks)
and in the second control experiment (evaluating the short period
of training) we used thewithin-subject factors SESSION (two levels:



Figure 1. Experimental design. Participants underwent three main experimental sessions (upper panel) consisting of different interventions: (i) ‘motor training’, (ii) ‘motor training
plus cTBS150’ and (iii) ‘cTBS150’. In a control experimental session (middle panel), we tested the time specificity of the of DePo protocol effects on M1 excitability by delivering the
‘cTBS150’ w5 min after the end of motor training. In a second control experiment (lower panel), consisting of two sessions: (i) ‘short-motor training’ and (ii) ‘short-motor training
plus cTBS150’ we tested the possible confounding effects of over-training.
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‘short-motor training’ and ‘short-motor training plus cTBS150’) and
TRIAL NUMBER (four levels: 1st to 3rd acquisition trial blocks, 4th
retention trial block).
Comparisons of baseline RMT/AMT values across the three main
experimental sessions and the three control experiments were
performed using one-way ANOVA with the between-group factor



Figure 2. Course of the acceleration peak expressed in m/s2 (y axis) throughout the motor task. The x axis refers to the timeline of acceleration measurement in the two training
sessions of the main experiment and in the control experiments examining the time specificity of the DePo protocol (left panel), consisting of 15 acquisition trials and in 1 retention
trial collected 45 min after the end of training. The right panel refers to the control experiment evaluating the effects of a short period of training, consisting of 3 acquisition trials
and in 1 retention trial collected 45 min after the end of training. Vertical bars indicate 1 standard error of the mean.
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SESSION. Motor training-related changes of M1excitability (MEP I/O
curves) in the three sessions of the main experiment were evalu-
ated using a repeated measures ANOVAwith within-subject factors
MUSCLE (three levels: FDI, APB, ADM), SESSION (three levels:
Figure 3. Motor performance in the two training sessions of the main experiment. The
online effect (black histograms) was quantified as the acceleration peak in the 15th trial
block minus (D) the acceleration peak in the 1st trial block (y axis). The offline effect
(gray histograms) was measured as the acceleration peak in the retention trial block
minus (D) the acceleration peak in the 15th trial block (y axis). Vertical bars indicate 1
standard error of the mean. Two-tailed paired t-tests showed no significant difference
in online and offline effects in both the ‘motor training’ and ‘motor training plus
cTBS150’ sessions.
‘motor training’, ‘motor training plus cTBS150’ and ‘cTBS150’), TIME
POINT (four levels: before the intervention and 5 min, 15 min and
30 min after the intervention) and STIMULUS INTENSITY (three
levels: 100%, 120% and 140% RMT), as within-subject factors. The
first control experiment employed the within-subjects factors TIME
POINT (four levels: before the intervention and 5 min, 15 min and
30 min after the intervention) and STIMULUS INTENSITY (three
levels: 100%, 120% and 140% RMT). The second control experiment
employed SESSION (two levels: ‘short-motor training’ and ‘short-
motor training plus cTBS150’), TIME POINT (four levels: before the
intervention and 5 min, 15 min and 30 min after the intervention)
and STIMULUS INTENSITY (three levels: 100%,120% and 140% RMT),
as within-subject factors.

Analysis of the acceleration peak (m/s2) of the TMS-evoked
finger movements in the three sessions of the main experiment
used a repeated measures ANOVA with SESSION (three levels:
‘motor training’, ‘motor training plus cTBS150’ and ‘cTBS150’) and
TIME POINT (four levels: before the intervention and 5 min, 15 min
and 30 min after the intervention) as within-subject factors. The
within-subject factorMUSCLE (three levels: FDI, APB and ADM)was
added when evaluating the MEP collected during TMS-evoked
finger movements recordings. Analysis of the TMS-evoked finger
movements in the second control experiments employed SESSION
(two levels: ‘short-motor training’ and ‘short-motor training plus
cTBS150’) and TIME POINT (four levels: before the intervention and
5 min, 15 min and 30 min after the intervention) as within-subject
factors. If needed, GreenhouseeGeisser correction was applied to
ANOVAs. Tukey’s honest significant difference test was used for
post-hoc analysis following the ANOVAs and results were corrected
for multiple comparisons using Bonferroni’s method.

Pearson’s productemoment correlation coefficient was calcu-
lated to evaluate possible associations between M1 excitability
changes in ‘motor training’ and ‘motor training plus cTBS150’ ses-
sions of the main experiments. For this purpose we used the MEP
ratio: average MEP at 5 min post intervention/average MEP at
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baseline in both sessions. We also evaluated possible associations
between the reversal of M1 excitability in the ‘motor training plus
cTBS150’ session (with respect to the M1 excitability changes in the
‘motor training’ session) and motor retention. To do so we calcu-
lated a ‘reversal index’: [MEP ratio in the “motor training”
session] � [MEP ratio in the ‘motor training plus cTBS150’ session],
larger values for the ‘reversal index’ indicates a more significant
effect of the DePo protocol. Then, we tested a possible correlation
between the ‘reversal index’ of the MEP and offline changes of
motor performance in the ‘motor training plus cTBS150’ session
[29,30]. Unless otherwise stated, all results are indicated as mean
values � 1 standard error of the mean (SEM). In all tests the level of
significance was set at P < 0.05. Data were analyzed using
STATISTICA� (StatSoft, Inc).
Results

Main experiment

Motor training task
The time course of the acceleration peak throughout the motor

task in the two training sessions of the main experiments is shown
in Fig. 2. Two-way repeated-measures ANOVA showed a significant
effect of TRIAL NUMBER [F(15,210) ¼ 5.56, P < 0.001]. Post-hoc
analysis revealed higher acceleration values in the 3rd to 15th
acquisition trial blocks and for the retention trial block, in com-
parison to the 1st acquisition block, indicating that participants
improved performance of the practicedmovement and retained the
improvement at 45 min after training (P values all <0.001). How-
ever, there was no effect of SESSION [F(1,14) < 0.01, P ¼ 0.94] and no
interaction TRIAL NUMBER � SESSION [F(15,210) ¼ 0.87, P ¼ 0.59].
These results were further confirmed by two-tailed paired t-tests
showing no significant difference in online (‘motor training’
session:4.80 � 1.10 m/s2, ‘motor training plus cTBS150’ session:
6.81 � 0.92 m/s2; P ¼ 0.38) and offline effects (‘motor training’
session:�1.64 � 3.17 m/s2, ‘motor training plus cTBS150’
session: �4.19 � 1.20 m/s2; P ¼ 0.20) of motor performance (Fig. 3).
We conclude that participants’ performance was the same in the
two training sessions of the main experiment and that motor per-
formance was retained to the same extent in both sessions when
tested 45 min after training. Thus the DePo protocol did not inter-
fere with practice-related motor retention.

M1 excitability
Baseline motor thresholds (expressed as percentage of MSO) are

summarized in the Table 1. There was no difference in motor
thresholds between experimental sessions [RMT: F(5,72) ¼ 0.04,
P¼ 0.99; AMT: F(5,72)¼ 0.08, P¼ 0.99]. Results onMEP I/O curves for
FDI are shown in Fig. 4 (data for the APB and ADM muscles are re-
ported in the Supplementary Table 1). The overall excitability of the
Table 1
Baseline resting motor threshold (RMT) and active motor threshold (AMT) values in
the three sessions of the main experiment and in the control experiments. Plus and
minus values are means � 1 standard error of the mean (SEM). Resting motor
threshold (RMT) measured in experiments using a monophasic transcranial mag-
netic stimulator. Active motor threshold (AMT) measured in experiments using a
biphasic repetitive transcranial magnetic stimulator.

Main experiment Control experiments

Motor
training

Motor
training
plus
cTBS150

cTBS150 Motor
training
plus
cTBS150 (50)

Short
motor
training

Short motor
training
plus
cTBS150

RMT 44.6 � 1.4 44.1 � 1.7 44.2 � 1.8 44.9 � 1.6 44.4 � 1.7 44.6 � 1.7
AMT 37.1 � 1.8 38.1 � 1.9 37.7 � 2.1 36.4 � 1.9 37.4 � 1.5 37.1 � 1.2
FDI output (but not of the APB or ADM) increased in the ‘motor
training’ session (but not in the ‘motor training plus cTBS150’ or in
the ‘cTBS150’ sessions), indicating a focal effect of trainingon cortical
representations of the involved muscle without spread to surround
muscles. This was supported by a repeated-measures ANOVA,
showing a significant MUSCLE � TIME POINT interaction
[F(6,84) ¼ 4.32, P ¼ 0.01], and most importantly, a significant
MUSCLE � SESSION � TIME POINT interaction [F(12,168) ¼ 3.09,
P ¼ 0.02]. Post-hoc analysis revealed that the excitability of the FDI
output was enhanced 5 min after motor training with respect to
baseline measures (P < 0.001) and then gradually returned to the
baseline (baseline vs. post 150: P¼0.10; baseline vs. post 300:P¼1.00,
Fig. 3). As expected, repeated measures ANOVA also revealed a sig-
nificant effect of the factors MUSCLE [F(2,28) ¼ 55.3, P < 0.001], with
higherMEPs values being recorded in the FDImuscle than in the APB
(P < 0.001) and ADM (P < 0.001) and of STIMULUS INTENSITY
[F(2,28)¼ 80.0, P< 0.001] confirming that the meanMEPs amplitude
increased with increasing stimulus intensity. The interaction term
MUSCLE � STIMULUS INTENSITY was also significant [F(4,56) ¼ 41.4,
P< 0.001] due to a steeper MEP I/O curve in the FDI than in the APB
and ADMmuscles. There were no other significant main or interac-
tion effects: SESSION [F(2,28) ¼ 1.39, P ¼ 0.26]; TIME POINT
[F(3,42)¼ 2.07, P¼ 0.14]; MUSCLE� SESSION [F(4,56)¼ 2.13, P¼ 0.13];
SESSION � TIME POINT [F(6,84) ¼ 2.43, P ¼ 0.07];
SESSION � INTENSITY [F(4,56) ¼ 1.14, P ¼ 0.32]; TIME
POINT � INTENSITY [F(6,84) ¼ 0.92, P ¼ 0.43];
MUSCLE � SESSION � INTENSITY [F(8,112) ¼ 1.72, P ¼ 0.18];
MUSCLE � TIME POINT � INTENSITY [F(12,168) ¼ 1.23, P ¼ 0.30];
SESSION � TIME POINT � INTENSITY [F(12,168) ¼ 1.36, P ¼ 0.25];
MUSCLE � SESSION � TIME POINT � INTENSITY [F(24,336) ¼ 1.40,
P ¼ 0.16]. We conclude that training fast index finger abductions
selectively increased the excitability of the FDI output and that this
was abolished if motor training was followed by the cTBS150 pro-
tocol;finallycTBS150alonehadnoeffect on corticospinal excitability
(Fig. 4).

TMS-evoked movements
As shown in Fig. 5, after motor training, the acceleration peak of

the TMS-evoked index finger movement increased in the direction
of training (finger abduction axis). Analysis of the acceleration peak
revealed no significant effect of SESSION [F(2,28) ¼ 2.64, P ¼ 0.09]
although there was a significant effect of TIME POINT [F(3,42) ¼ 4.67,
P ¼ 0.02] and SESSION � TIME POINT interaction [F(6,84) ¼ 3.0,
P ¼ 0.03]. Post hoc analysis revealed that the acceleration peak of
the TMS-evoked index finger movement increased at 5 min after
training in both the ‘motor training’ (baseline vs. post 5 min:
P ¼ 0.002) and ‘motor training plus cTBS150’ session (baseline vs.
post 5 min: P ¼ 0.001).

Results on MEP recordings during TMS-evoked movements for
FDI, APB and ADM muscles are reported in the Supplementary
Table 2. Repeated measures ANOVA revealed no significant effect
of SESSION [F(2,28) ¼ 0.96, P ¼ 0.39], TIME POINT [F(3,42) ¼ 0.69,
P ¼ 0.55] and interactions MUSCLE � SESSION [F(4,56) ¼ 1.09,
P ¼ 0.36], MUSCLE � TIME POINT [F(6,84) ¼ 0.57, P ¼ 0.74],
SESSION � TIME POINT [F(6,84) ¼ 0.99, P ¼ 0.43] and
MUSCLE � SESSION � TIME POINT [F(12,168) ¼ 0.97, P ¼ 0.47]. As
expected, the only significant factor was MUSCLE [F(2,28) ¼ 2.64,
P ¼ 0.09], with higher values being observed in the FDI, than in the
APB and ADM (both P < 0.001) and in the ADM than in APB
(P < 0.001). These results indicate that training fast index finger
abductions increased the acceleration of TMS-evoked movements
in the direction of training. However these kinematic changes were
unaffected by the DePo protocol. Finally changes in TMS-evoked
movement were not associated with any clear changes in the
amplitude of evoked MEPs measured in the same task.



Figure 4. Cortical excitability changes (motor evoked potentials e MEP amplitude in mV e y axis) in the FDI area in the three main experimental sessions and in controls ex-
periments. Vertical bars indicate 1 standard error of the mean. In the main experiment, motor training increased the excitability of corticospinal output to FDI (but not to muscles
unrelated to the task: APB and ADM); the cTBS150, however, was able to erase the increased corticospinal excitability produced by motor training; finally, cTBS150 alone had no
effect on corticospinal excitability (significant MUSCLE � SESSION � TIME POINT interaction [F(12,168) ¼ 3.09, P ¼ 0.02] by repeated measure ANOVA). In the control experiment
testing the time specificity of the of DePo protocol effects on M1 excitability higher MEPs values occurred 5 min after motor training in comparison to baseline thus indicating that
the cTBS150 did not reverse the increase in M1 excitability if it was delivered w5 min after motor training (significant effect of the main factors TIME POINT [F(3,42) ¼ 8.7, P ¼ 0.02]
and TIME POINT � STIMULUS INTENSITY [F(6,84) ¼ 3.86, P ¼ 0.02 by repeated measure ANOVA). Finally the excitability of the FDI output did not change after ‘short-motor training.’
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Correlation analysis
There was no evidence of a correlation between M1 excitability

changes in the ‘motor training’ and ‘motor training plus cTBS150’
sessions (r ¼ �0.21, P ¼ 0.44). Similarly, no relationship emerged
between the ‘reversal index’ of the MEP and offline changes of
motor performance in the ‘motor training plus cTBS150’ sessions
(r ¼ �0.29, P ¼ 0.28). Thus at this stage in learning, changes in M1
excitability were unrelated to motor performance.

Control experiments

Time specificity of the of DePo protocol effects on M1 excitability
The time course of the acceleration peak in this control

experiment is shown in Fig. 2. Repeated-measures ANOVA dis-
closed a significant effect of TRIAL NUMBER [F(14,196) ¼ 4.53,
P ¼ 0.001]. Post-hoc analysis revealed higher acceleration values of
the index finger abductions for the 3rd to 15th acquisition trial
blocks in comparison to the 1st acquisition block, confirming that
participants increased their acceleration during training (P values
all <0.001). As the original 15 subjects trained on the same
behavioral task consisting of 15 acquisition trials blocks on three
different occasions, we tested for any possible carry-over effects
across sessions on baseline measurements using a repeated mea-
sures ANOVA using SESSION ORDER as within-subject factor (three
levels: 1st, 2nd and 3rd training session), the analysis revealed no
significant effect, thus indicating no effects of practice order
[F(2,28) ¼ 0.27, P ¼ 0.76].

Repeated-measures ANOVA on I/O MEP values also revealed a
significant effect of the main factors TIME POINT [F(3,42) ¼ 8.7,
P ¼ 0.02] and STIMULUS INTENSITY [F(2,28) ¼ 64.81, P < 0.001]
together with a significant interaction TIME POINT � STIMULUS
INTENSITY [F(6,84) ¼ 3.86, P ¼ 0.02]. Post hoc analysis showed that
higher MEPs values occurred 5 min after motor training in com-
parison to baseline (P < 0.001), indicating that the DePo protocol
did not reverse the increase in M1 excitability if it was delivered
w5 min after motor training, in contrast to its effect when applied
1 min after training (Fig. 4). We also tested for any possible differ-
ence across sessions (Motor training alone vs. DePo delivered 5 min
after training) on percentage changes in FDI MEPs (average MEP at
5 min post intervention/average MEP at baseline in both sessions)
using a two-tailed paired samples t-test. The analysis revealed that
the percentage MEP change at 5 min in the motor training session
(main experiment) and in the DePo delivered 5 min after training
session did not significantly differ (141.63 � 8.36 vs.130.96 � 5.90;



Figure 5. Course of the acceleration peak, expressed in m/s2 of the TMS evoked index finger movements toward the direction of training in the four measurements time points:
baseline, 5 min, 15 min and 30 min in the three main experimental sessions (left panel) and in control experiment evaluating the effects of a short period of training (right panel).
Vertical bars indicate 1 standard error of the mean. Asterisk indicates significant SESSION � TIME POINT interaction [F(6,84) ¼ 3.0, P ¼ 0.03] by repeated measure ANOVA (post-hoc
analysis: ‘motor training’ session e baseline vs. post 5 min: P ¼ 0.002; ‘motor training plus cTBS150’ session e baseline vs. post 5 min: P ¼ 0.001).
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P ¼ 0.33). It is worth noting that in the present control experiment
MEPs were tested immediately after cTBS150 whereas in the main
experimental session cTBS150 was applied at 1 min after training
and MEPs were tested at 5 min after training, i.e. there was a delay
of 4 min between cTBS150 and MEP testing. Thus, there is no time-
matched testing of MEPs with respect to cTBS150. A more detailed
evaluation of the timing-dependency of the DePo protocol is
beyond the aim of the study.

Effects of short period of training
Figure 2 depicts the time course of the acceleration peak in the

two sessions of this control experiment. Repeated-measures
ANOVA showed a significant effect of TRIAL NUMBER
[F(3,24) ¼ 19.19, P < 0.001]. Post-hoc analysis revealed higher ac-
celeration values in the 3rd acquisition trial blocks (P < 0.01), but
not for the retention trial block (P ¼ 0.99), compared with the 1st
acquisition block, indicating that participants improved perfor-
mance of the practiced movement during a short period of training,
but they did not retain it when tested 45 min after training. In
addition, the participants’ performance was the same in both of the
short-training sessions in this control experiment as revealed by no
significant effects of SESSION [F(1,8) ¼ 0.02, P ¼ 0.87] or TRIAL
NUMBER � SESSION interaction [F(3,24) ¼ 0.43, P ¼ 0.73] (Fig. 2).

The excitability of the FDI output did not change after ‘short-
motor training’: there were no significant effects of SESSION
[F(1,8) ¼ 0.15, P ¼ 0.70] or TIMEPOINT [F(3,24) ¼ 1.02, P ¼ 0.39]. As
expected, the only significant factor was STIMULUS INTENSITY
[F(2,16)¼ 54.9, P< 0.001]. Finally therewas no significant interaction
between the main factors of analysis [SESSION � TIME POINT:
F(3,24) ¼ 0.25, P ¼ 0.85; SESSION � STIMULUS INTENSITY:
F(2,16) ¼ 0.49, P ¼ 0.61; SESSION � TIME POINT � STIMULUS IN-
TENSITY: F(2,16) ¼ 0.39, P ¼ 0.87].

There was also no significant effect of the factors SESSION
[F(1,8)< 0.01, P¼ 0.97] or TIME POINT [F(3,24)¼ 0.58, P¼ 0.62] and no
significant interaction SESSION � TIMEPOINT [F(3,24) ¼ 0.06,
P ¼ 0.97] in the analysis of TMS-evoked finger movements (Fig. 5).

We conclude that a short training session did not increase the
excitability of the FDI output and did not induce significant
behavioral effects.
Discussion

As expected we found that subjects improved performance
during training. Second, motor training transiently and focally
increased the excitability of corticospinal output to FDI but not to
muscles unrelated to the task (APB and ADM). Third, motor training
encoded the kinematics of the practiced movement in M1 as
revealed by an increased peak acceleration of the TMS-evoked in-
dex finger movements in the direction of training. Finally, subjects
retained the enhanced performance when tested 45 min after
training. However, the effects of training on M1 excitability and
TMS-evoked peak acceleration lasted only 5 min whereas retention
of the motor skill lasted at least 45 min following training. The
differences in time course suggest that the effects are mechanisti-
cally distinct. This hypothesis is further supported by the effects of
the DePo protocol. The DePo protocol abolished the practice-related
potentiation of MEPs if it was given 1 min after the end of training
but it had no effect when delivered alone or w5 min after training.
Thus, the DePo protocol could interact with the motor practice-
related changes of corticospinal excitability. Despite this, the
DePo protocol had no effect on the increased acceleration of TMS-
evoked movements or on the retained performance gain at
45 min after training.
Depotentiation abolishes motor-training related short term
increases of corticospinal excitability

The DePo protocol, which by itself has no effect on excitability of
corticospinal output, was able to erase the increased corticospinal
excitability produced by motor training. The effect is not explained
by different levels of motor performance during training, since
participants improved their index finger acceleration at similar
rates in the two training sessions of the main experiment. Since
baseline corticospinal excitability was constant in the different
experimental sessions we also can exclude this as a possible
confound. Nor is it likely that the reversal of motor-training related
increases of corticospinal excitability reflects any carry-over effect
between experimental sessions since these were randomized and
performed at least one week apart. We can also exclude the pos-
sibility that non-specific factors related to cortical stimulation (e.g.
scalp sensation or noise of stimulation) were responsible since
there was no effect if cTBS150 was delivered 5 min rather than
1 min after the end of training.

Our results are in line with previous studies showing that the
effect of DePo on corticospinal excitability is time-dependent, i.e.
that DePo is less effective if there is a longer interval between the
corticospinal excitability changes induced by applying rTMS
protocols to M1 and delivery of DePo [3]. We conclude that
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reversal of practice-related excitability changes in M1 is a process
that results from the interaction between ‘endogenous’ mecha-
nisms involved in repetition of a simple movement and the DePo
intervention. The results confirm and extend previous observa-
tions by Canterero et al. [24] who showed that increases in M1
excitability produced after a different training protocol were also
abolished by applying the DePo protocol immediately after
training.

The nature of the reversibility of the corticospinal excitability
changes in M1 is still matter of debate. It is still not entirely clear
whether the mechanisms underlying the reversal of exogenously
or endogenously induced M1 plasticity reflect a partial ‘homeo-
static’ interaction [3,24,30e32] due to the relative weakness of
the DePo protocol [3]. In our experiments there was no correla-
tion between the increase in corticospinal excitability elicited by
motor training and its reversal in the ‘motor training plus
cTBS150’ session. This is consistent with the idea that the effects
of DePo on endogenously induced plasticity in healthy humans
reflects phenomena similar to those observed in animal studies
[22,23] and in humans [3,4,24].

Depotentiation has no effect on the practice-related acceleration
changes of TMS-evoked movements

In the present study we observed that repeated abduction of the
index finger increased the acceleration of TMS-evoked index finger
movements in the direction of training. Classen et al. [12], proposed
that training ‘established a change in the cortical network repre-
senting the thumb, which encoded kinematic details of the prac-
ticed movement’. They suggested that this could be ‘regarded as a
short-term memory for movement and be the first step of skill
acquisition’. The process has also been termed ‘use-dependent
learning’, to emphasize that it is acquired automatically after
repetition of any, usually attention demanding, movement [33]. It
may be that when TMS is applied to this changed network, then the
movement evoked is changed in the same way as the practiced
movement.

Changes in TMS-evoked movement, however, were not associ-
ated with any clear changes in the amplitude of MEPs recorded
simultaneously in FDI. One possibility is that the lack of changes of
the MEPs is due to a ceiling effect. An alternative explanation is that
the change in the cortical network produced during learning in-
volves not only outputs to FDI, but also to other agonist and
antagonist muscles. Thus the change in TMS-evoked movement
could reflect different patterns of activation of these muscles rather
than FDI. Indeed, Butefisch et al. [34], found that a period of practice
increased MEPs in the relaxed agonist muscle whereas those in the
antagonist decreased. Applied to the present results, this could
mean that after practice, TMS evokes a smaller MEP in the antag-
onist and that this was responsible for the larger movement.
However as we did not examine excitability in the antagonist, this
needs to be confirmed in future experiments with careful mea-
surement of all agonist and antagonist muscle MEPs involved in the
evoked movement.

An original finding of the study was that changes in TMS-
evoked movement were unaffected by the DePo protocol.
Similarly, the DePo protocol had no effect on MEPs recorded
during TMS-evoked movements despite the clear effects on the
practice-induced increase in M1 excitability measured at rest.
The probable reason is that we measured movement produced by
TMS pulses while subjects actively held their index finger
extended. This movement activates the FDI muscle to a small
extent, and it is possible that effects of practice or DePo differ
when cortical motor areas are stimulated at rest vs. activation.
This is true, for example for 1Hz rTMS: the usual MEP
suppression is no longer present when tested during active
muscle contraction [35].

Depotentiation has no effect on short-term retention of the practiced
movements

Reversal of motor-practice related changes of corticospinal
excitability did not affect early retention of the practiced move-
ments. Ghilardi et al. [36] demonstrated that motor retention was
prone to disruption by a subsequent period of training but that
this depended on the duration of the first training period. If
subjects performed only few trials during the first session,
retention was easily disrupted by subsequent training of a second
motor task. However, if subjects were over-trained on the first
task, then retention of motor performance was no longer dis-
rupted by subsequent training of a second behavioral task. In the
current study performance plateaued quite quickly after the
initial sessions of training, potentially leading to over-training
effects. We tested for this by examining the effects of a short
period of training. In this case, training produced an immediate
increase in finger acceleration but this was not retained when
tested 45 min later. The short training session also failed to
produce significant changes in M1 excitability. A possible expla-
nation is that changes of M1 excitability and motor retention
processes started later on during the training. However, if this
task requires more than three sessions to produce any retention
(and MEP changes), then it seems unlikely that the total of 15
training sessions used in the main experiment would have
resulted in significant over-training, although without testing
additional training durations we cannot exclude this as a
potential explanation of our results.

As shown by Muellbacher et al. [14], and Baraduc et al. [37], 1Hz
rTMS applied immediately after practicing a ballistic movement
task completely abolished all the improvement in performance
when participants were tested a few minutes later. However, in
both cases, the TMS pulses were supra-threshold, causing muscle
twitches in the targeted muscle. A later investigation by Lundbye-
Jensen et al. [38], showed that the motor memory could be
abolished purely by stimulation of the peripheral muscle nerve,
suggesting that suppression of performance gains was due to
re-afference from the movement evoked by the TMS pulse rather
than interference with a memory encoded in cortex.

More recently Cantarero et al. [24], used the same sub-threshold
DePo technique as employed in the present experiments, and found
that it suppressed both MEPs and performance gain. However, they
tested MEPs immediately after practice whereas retention of per-
formance was tested 24 h later. Thus it appears from the present
results that DePo has no effect on immediate performance gains
even though the data from Canterero et al. [24], show that it de-
presses long-term retention. A similar, but inverse dissociation was
described byHotermans et al. [25], who found that 1Hz rTMS at 90%
resting threshold could abolish the immediate improvement in
performance of a finger tapping task, but had no effect on retention
of the task 24 h later. These studies suggest that different mecha-
nisms are involved in immediate improvements in performance vs.
longer-term retention, 1Hz rTMS appears to interfere with early
improvement whereas DePo interferes with late retention. We
conclude that in the short term, increases in corticospinal excit-
ability are not related to immediate changes in performance. An
alternative explanation for the different effects of DePo on motor
retention in the study by Cantarero et al. [24], could relate to dif-
ferences in the behavioral tasks. The task used in this study likely
relies on use-dependent learning mechanisms whereas Cantarero
et al. [24], used a skill task, which might involve forms of rein-
forcement learning that may have a different neurophysiology.
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Limitations

In the present studywe specifically examined the effects of DePo
protocol on electrophysiological and behavioral effects of a rela-
tively short duration motor training task and therefore whether
results will generalize to other stages of motor learning, such as
consolidation is unknown [18,39]. For example, Walker et al. [40],
showed that it is possible to interfere with motor performance the
following day by training 2 skills in close succession. However, if
performance was probed immediately after motor training (rather
than the next day), therewas no difference in performance between
subjects who trained one task in isolation vs. 2 tasks in an inter-
ference paradigm. Also, since we examined the movement reten-
tion 450 after the end of training we cannot exclude the possibility
that performance gains earlier in the time course could be modu-
lated by the DePo protocol. Finally, it is important to note that in the
present study we adopted a simple motor training task; further
experiments are needed to clarify the effects of DePo on more
complex forms of motor learning.

Conclusions

The present study further explores the mechanisms of DePo in
healthy humans. The present experiments suggest that in the short
term, increases in corticospinal excitability are not related to im-
mediate changes in motor performance and therefore immediate
changes in corticospinal excitability are not necessarily a good in-
dicator of expected behavioral gains. They might also be helpful to
prompt further research on mechanisms that reverse plasticity in
other forms of motor learning in healthy humans and in patho-
logical conditions.

Supplementary data

Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.brs.2015.01.405.
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