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Reversal of Long-Term Potentiation-Like Plasticity
Processes after Motor Learning Disrupts Skill Retention

Gabriela Cantarero,' Ashley Lloyd,? and Pablo Celnik'23
Department of Neuroscience, School of Medicine, Johns Hopkins University, Baltimore, Maryland 21205, and Departments of 2Physical Medicine and
Rehabilitation and *Neurology, Johns Hopkins Medical Institution, Baltimore, Maryland 21287

Plasticity of synaptic connections in the primary motor cortex (M1) is thought to play an essential role in learning and memory. Human
and animal studies have shown that motor learning results in long-term potentiation (LTP)-like plasticity processes, namely potentiation
of M1 and a temporary occlusion of additional LTP-like plasticity. Moreover, biochemical processes essential for LTP are also crucial for
certain types of motor learning and memory. Thus, it has been speculated that the occlusion of LTP-like plasticity after learning,
indicative of how much LTP was used to learn, is essential for retention. Here we provide supporting evidence of it in humans. Induction
of LTP-like plasticity can be abolished using a depotentiation protocol (DePo) consisting of brief continuous theta burst stimulation. We
used transcranial magnetic stimulation to assess whether application of DePo over M1 after motor learning affected (1) occlusion of
LTP-like plasticity and (2) retention of motor skill learning. We found that the magnitude of motor memory retention is proportional to
the magnitude of occlusion of LTP-like plasticity. Moreover, DePo stimulation over M1, but not over a control site, reversed the occlusion
of LTP-like plasticity induced by motor learning and disrupted skill retention relative to control subjects. Altogether, these results
provide evidence of a link between occlusion of LTP-like plasticity and retention and that this measure could be used as a biomarker to
predict retention. Importantly, attempts to reverse the occlusion of LTP-like plasticity after motor learning comes with the cost of

reducing retention of motor learning.

Introduction

Changes in the plasticity of synaptic connections are widely be-
lieved to play an essential role in learning and memory (Martin et
al., 2000). When rats are trained on a motor skill, the evoked
potentials elicited from the involved primary motor cortex (M1)
are larger (Rioult-Pedotti et al., 1998; Monfils and Teskey, 2004;
Hodgson et al., 2005). Interestingly, motor learning temporarily
occludes artificially induced long-term potentiation (LTP) and
increases induction of long-term depression (LTD) (Rioult-
Pedotti et al., 1998, 2000, 2007). Although occlusion of LTP after
motor learning indicates that M1 engages LTP mechanisms to
strengthen synapses, the behavioral correlate of this physiological
observation is not completely known.

Evidence suggests that M1 plays a vital role in retention, i.e.,
the process by which acquisition of skilled motor performance
can be translated into long-lasting behavioral changes (Nudo et
al., 1996; Kleim et al., 1998, 2002, 2003; Sanes and Donoghue,
2000; Remple et al., 2001; Muellbacher et al., 2002; Conner et al.,
2003; Hadipour-Niktarash et al., 2007; Reis et al., 2009; Galea et
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al., 2011). Similar to animal studies, work in humans has shown
that motor learning potentiates corticospinal excitability (Liepert
etal., 1998; Muellbacher et al., 2001; Perez et al., 2004; Ziemann et
al., 2004; Rosenkranz et al., 2007) and results in a temporary
occlusion of induction of LTP-like plasticity (Ziemann et al.,
2004; Stefan et al., 2006; Rosenkranz et al., 2007; Cantarero et al.,
2013). Of note, the temporary occlusion of LTP-like plasticity
coincides with a temporary period of instability after motor
learning during which motor memories are susceptible to inter-
ference by either disruptive stimulation (Muellbacher et al., 2002;
Robertson et al., 2004, 2005; Cothros et al., 2006; Richardson et
al., 2006; Hadipour-Niktarash et al., 2007; Korman et al., 2007) or
subsequent training on a similar motor task (Brashers-Krugetal.,
1996; Shadmehr et al., 1997; Bock et al., 2001; Goedert et al., 2002;
Wigmore et al., 2002; Walker et al., 2003; Robertson et al., 2004;
Krakauer et al., 2005; Krakauer and Shadmehr 2006; Ghilardi et
al., 2009; Criscimagna-Hemminger et al., 2008; Cantarero et al.,
2013). These properties suggest a link between occlusion of LTP
processes and retention of motor memories. Therefore, in this
study, we hypothesized that, if LTP-like changes leading to occlu-
sion after skill motor learning are essential for retention, then
artificially reversing occlusion immediately after training
should interfere with skill retention.

Previously, it has been shown that, in animals and humans, it
is possible to reverse LTP/LTP-like effects with depotentiation
stimulation protocols (DePo) (Lee et al., 2000; Huang et al.,
2010). In humans, this consists of short bursts of transcranial
magnetic stimulation (TMS) that on their own have no clear
effect on cortical excitability (Huang et al., 2010). To assess the
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Table 1. Gender, age, and handedness information for all subjects
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Parameters DePo—M1 DePo-FZ DePo—M1-NOtDCS No TBS ANOVA
Gender 5females, 5 males 7 females, 3 males 4 females, 6 males 7 females, 6 males NS
Age 240+ 14 262 + 2.1 242 +1.0 248 +09 NS
Handedness 10right, 0 left 9right, 1left 9right, 1left 10right, 1 left NS
All groups were similar across gender, age, and handedness. Data are means = SEM.
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Figure1.

Experimental protocol for all groups. Subjectsin group DePo—M1 (n = 10) participated in three separate sessions: baseline, training, and retention sessions. In the baseline session (D0),

subjects sat at rest and underwent 5 min of AtDCS applied over M1 (gray ray) to assess their capacity for AtDCS-induced potentiating aftereffects. MEP amplitudes (black arrows) were assessed before
AtDCS application and againimmediately [Post1 (P1)], 2 min (P2), and 4 min (P3) after AtDCS application. In the training session (D1), subjects trained four epochs of 30 trials (120 trials) of the SVIPT.
After motor training, DePo was applied over M1. To assess changes in corticomotor excitability as a function of training and DePo, MEP amplitudes were measured Pre-MT, Post-MT, and again
Post-DePo. Finally, after application of DePo, 5 min of AtDCS was again applied over M1, followed by post-AtDCS aftereffects assessment at 0 — 4 min as done in DO. Subjects returned the following
day for the retention session (D2) and trained 120 trials of the SVIPT. Subjects in group DePo—FZ (n = 10) were identical to group DePo—M1 except that DePo was applied over the control site, FZ.
Group DePo—M1-NOtDCS (n = 10) was identical to group DePo—M1, except that no tDCS was applied and no TMS measurements were made in conjunction with tDCS.

relationship between occlusion and retention, we applied DePo
over M1 immediately after motor training to reverse motor
learning-induced LTP-like plasticity and measured its effects on
skill performance the following day (retention session).

Materials and Methods

Subjects. The study was approved by the Johns Hopkins School of Med-
icine Institutional Review Board in accordance to the Declaration of
Helsinki, and written informed consent was obtained from all partici-
pants. The experiment was performed on 31 healthy subjects (14 men, 17
women, ranging from 18 to 39 years old) with no history of neurological
or psychiatric disorders. There were no significant differences in age,
gender, and handedness across groups (Table 1).

Experimental procedures. All subjects in the different groups trained
the identical amount of the sequential visuomotor isometric pinch task
(SVIPT) in which squeezing an isometric force transducer moves a com-
puter cursor into a set of small windows (Reis et al. 2009, Cantarero et al.
2013). In the training session [day 1 (D1)], subjects trained 120 trials
(four epochs of 30 trials) of the SVIPT and then received DePo after
training. The following day in the retention session [day 2 (D2)], partic-
ipants returned for a retention test of the SVIPT (four epochs of 30 trials).
In addition to motor training, each subject underwent two physiological
measurements: (1) assessing changes in corticospinal excitability and (2)
assessing changes in LTP-like capacity (i.e., occlusion) as a function of
motor training and DePo. To assess changes in corticospinal excitability,
we compared motor-evoked potential (MEP) amplitude before motor
training (pre-MT), immediately after motor training (post-MT), and
immediately after DePo (Post-DePo) (Fig. 1). To assess capacity to un-
dergo LTP-like changes, we recorded MEP amplitudes before and imme-

diately after application of anodal transcranial direct current stimulation
(AtDCS) on a day when subjects were at rest the entire session [day 0
(D0), baseline session], as well as before and after application of AtDCS
after subjects had engaged in the motor training task and after appli-
cation of DePo (D1, training session). The difference in magnitude of
AtDCS-elicited aftereffects across days (D0-D1) was the occlusion
index (OI).

To assess the relationship between occlusion and retention, subjects
were randomly divided in two main groups. In the training session (D1),
group DePo—-M1 (1 = 10) received DePo over M1 after motor training,
whereas subjects in the DePo—FZ group (n = 10) received DePo over
control site FZ.

To determine whether AtDCS applied after training influenced behav-
ior, we recruited an additional control group, DePo-M1-NOtDCS (n =
10) in which subjects trained identically to group DePo—M1, but no tDCS
was applied and no TMS measurements were made in conjunction with
tDCS (Fig. 1).

Finally, to ensure that DePo effects over FZ did not affect motor
behavior, we performed an additional comparison using data from a
previously published group (Cantarero et al., 2013). Group No DePo
(n = 11; AA group from the study by Cantarero et al., 2013) performed
the same training and received AtDCS as the DePo-FZ group except that
no DePo was applied.

Skill task: SVIPT. As done by Reis et al. (2009) and Cantarero et al.
(2013), subjects were seated in front of a computer monitor and held an
isometric force transducer between the thumb and index finger of the
dominant hand. Pinching the force transducer controlled the movement
of an on-screen cursor. Participants were instructed to navigate the cur-
sor as quickly and accurately as possible between a HOME position and



12864 - J. Neurosci., July 31,2013 - 33(31):12862-12869

five gates by alternating the pinch force exerted onto the transducer. The
sequence is HOME-1-HOME-2-HOME-3-HOME-4-HOME-5. We
defined the movement time per trial as movement onset to reaching gate
5. We calculated the error rate as the proportion of trials with at least one
overshooting or undershooting movement per epoch (epoch is the aver-
age across 30 consecutive trials).

To quantify motor learning, we determined changes in the speed—
accuracy tradeoff function (SAF). The proposed estimate of changes in
the SAF is the skill measure, a:

1 — error rate

error rate(In(movement time)?)’

where error rate and movement time are averages over 30 trials, and the
value of b is 5.424 (Reis et al., 2009).

To measure performance of the motor skill, we quantified online and
offline effects, D2 performance, and D2 relative to D1 performance (D2—
D1), defined as follows:

Online effects

= skill MeASUICpayy, Jast epoch skill MEASULC,y 1, first epoch?

Offline effects

= skill measurel)a),z) first epoch skill measurel)ayl, last epoch>

D2-D1 performance

= mean(skill measurey,,,) — mean(skill measurep,,,,).
TMS and recording. Focal TMS was performed using a flat figure-eight-
shaped magnetic coil connected to a Magstim Rapid? stimulator (Mag-
stim). The coil was held tangentially to the skull with the handle pointing
backward and laterally at a 45° angle to the sagittal plane.

Electromyographic (EMG) activity was recorded using disposable sur-
face electrodes placed over the first dorsal interosseous (FDI) muscle of
the dominant hand. Signals were sampled at 2 kHz, visually displayed
online, and analyzed offline using MATLAB (MathWorks).

Corticospinal excitability measures. Using a frameless neuronavigation
system (BrainSight; Rogue Research), we coregistered the subjects’ heads
to a standard magnetic resonance image. We then identified and marked
as the “hotspot” the optimal M1 area for eliciting MEPs in the resting FDI
muscle. In this location, we determined the resting motor threshold
(rMT) as the minimum TMS intensity that evoked an MEP of 50 'V in at
least 5 of 10 trials in the resting FDI muscle (Rossini et al., 1994). Muscle
relaxation was monitored by visual feedback of the EMG recording.

To assess corticospinal excitability, we determined the stimulus inten-
sity needed to evoke an MEP with peak-to-peak amplitude of ~1 mV
[stimulus intensity 1 mV (SImV)]. Ten MEPs were recorded for each
S1mV intensity measurement. MEP measures took ~1 min to complete.

DePo. The protocol used for depotentiation was based on those that
were reported previously in humans (Huang et al., 2010, 2011). Depo-
tentiation comprised a shorter form of continuous TBS containing 150
pulses (cTBS150) lasting 10 s. Importantly, in humans, cTBS150 was
designed to reverse potentiating plasticity but, when applied at rest, has
no effect on cortical excitability (Huang et al., 2010). This is consistent
with animal studies in which depotentiation is normally induced by a
protocol milder than those used to induce LTD but on its own has no
effect on a resting cortex (Zhou and Poo, 2004). Therefore, stimulation
consisted of bursts of three pulses at 50 Hz repeated at 200 ms intervals
(i.e., at 5 Hz), given over the motor hotspot or over a control site at an
intensity of 70% of the rMT. Based on previous studies (Cohen et al.,
1997; Block et al., 2013), we chose FZ as a control site, which was deter-
mined using the 10-20 electroencephalogram coordinate system (Lager-
lund et al., 1993).

Transcranial direct current stimulation. As done previously, we applied
AtDCS to assess the capacity of M1 to undergo LTP-like plasticity at rest
and after motor training/depotentiation (Cantarero et al., 2013). We
chose this because AtDCS aftereffects have been stable and consistent
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across human subjects and are easily tolerated. AtDCS was delivered via
two conducting 25 cm? electrodes covered with saline-soaked sponges.
Using a Phoresor II Auto device (model PM850; IOMED), we imple-
mented a bipolar electrode montage (contralateral M1 and ipsilateral
supraorbital area). In this manner, we applied AtDCS for 5 min over the
corticospinal hand representation of the FDI muscle, as identified by
TMS, atan intensity of 1 mA. This form of stimulation has been shown to
increase cortical excitability through NMDA receptors, GABA, BDNF,
and calcium-dependent mechanisms in humans and animals (Islam et
al., 1995; Liebetanz et al., 2002; Nitsche et al., 2003; Stagg et al., 2009;
Fritsch et al., 2010) and induce LTP in mice slice preparations (Fritsch et
al., 2010; Ranieri et al., 2012).

Quantification of LTP-like plasticity. This measurement was described
previously by Cantarero et al. (2013). To assess the baseline effect of
AtDCS on cortical excitability, SImV was used to record MEP ampli-
tudes before and after application of 5 min of AtDCS on a separate day,
when subjects were at rest the entire session (DO0). To assess the duration
of the AtDCS aftereffects, SImV was repeated immediately, 2 min, and 4
min after application of AtDCS (Fig. 1). For each subject the average of 10
MEP amplitudes for each time point was calculated. Changes in MEP
amplitudes were expressed as a ratio of the MEP amplitude at post-time
points relative to the pre-AtDCS MEP amplitude. On D1 after training,
we performed identical measurements of MEP amplitudes before and
after application of AtDCS.

To quantify the magnitude of occlusion of LTP-like plasticity, we cal-
culated the OI for each subject. The peak mean MEP amplitude after
application of AtDCS was normalized to the MEP amplitude before
AtDCS for each individual subject. This measurement was done for both
DO and D1:

Post-MEP Post-MEP
Ol = D —

Pre-MEP ! Pre-MEP

This measurement serves as an indirect index of how much LTP-like
plasticity was used during training, in which larger values for the OI are
indicative of more occlusion.

Data analyses. We used separate polynomial nested repeated-measures
ANOVA (ANOVAy,,) for the different measures. Post hoc analysis was
done with two-tailed t tests when appropriate correcting for multiple
comparisons when necessary.

The primary outcome measure for corticospinal excitability was the
peak-to-peak MEP amplitudes. The amount of corticospinal excitability
changes attributable to training and or DePo was compared using
ANOVAgy, with factors group (DePo-MI1, DePo-FZ, DePo-MI-
NOtDCS) as the between factor and time (Pre-MT, Post-MT, Post-DePo) as
within factors. To understand the effects of depotentiation on corticomotor
excitability after training, we subtracted the Post-DePo from the
Post-MT MEP amplitude within subjects. These deltas were compared
across groups (DePo-M1, DePo-FZ, DePo-MI1-NOtDCS) with an
ANOVA and a subsequent independent # test.

The amount of potentiation plasticity aftereffects after AtDCS was
compared using ANOVA,, with the between factor group (DePo-M1,
DePo-FZ) and the within factors day (D0, D1) and time (Pre-AtDCS and
mean of 0, 2, 4 min post-AtDCS).

The primary behavioral outcome measure was the skill measure. Differ-
ences in performance of the motor skill were compared using ANOVAg,,
with group (DePo-M1, DePo-FZ, DePo—M1-NOtDCS) as the between fac-
tor and day (D1, D2) and epoch (Epochl, Epoch2, Epoch3, Epoch4) as
within factors. We performed a subsequent analysis comparing the
DePo-FZ and No DePo groups using ANOVAy,, with factors group, day,
and epoch.

To determine associations between OI and behavior (offline changes
and D2-D1) in the DePo-M1 and DePo-FZ groups, we performed cor-
relations using Spearman’s p.

Statistical analyses were performed using SPSS (IBM). Effects were
considered significant if p = 0.05. All data are given as means = SEM.
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Figure 2.  Corticospinal excitability changes for Pre-MT, Post-MT, and Post-DePo. y-Axis
represents the MEP amplitudes in millivolts, and x-axis represents successive TMS measure-
ments taken Pre-MT, immediately Post-MT, and again immediately Post-DePo. Black circles are
the mean MEP amplitude for all DePo—M1 subjects, dark gray circles are mean MEP amplitudes
for all DePo—FZ subjects, and light gray circles are mean MEP amplitudes for all DePo—M1—
NOtDCS subjects. After training, all groups showed a significant increase in MEP amplitude.
However, after application of DePo over M1, subjects in groups DePo—M1 and DePo—M1-
NOtDCS showed a decrease in mean MEP amplitude. In contrast, subjects in the DePo—FZ group
showed similar MEP amplitude before and after application of DePo over FZ. Data are means =
SEM. *p << 0.05.
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In summary, motor learning induced an increase in corticospinal
excitability, as described by an increase in mean MEP amplitude.
DePo stimulation over M1 decreased the training-induced
potentiation of corticospinal excitability, whereas DePo over
control site FZ had no effect.

Occlusion of LTP-like plasticity after motor skill learning
The amount of potentiation plasticity aftereffects after AtDCS was
compared between the groups DePo-M1 and DePo—FZ.

We found a significant effect on MEP amplitudes for day (p <
0.01), time (p < 0.01), and day X group (p = 0.04) and day X
time (p = 0.03) interactions . Before AtDCS (Pre-AtDCS mea-
sures), MEP amplitudes on DO and D1 were not significantly
different across groups (DO, p = 0.13; D1, p = 0.14). After appli-
cation of AtDCS on D0, MEPs in the DePo—FZ and DePo-M1
groups were significantly larger (p < 0.01, p < 0.01, respectively;
Fig. 3). However, on D1, the same AtDCS protocol failed to in-
crease MEPs when applied after training in the DePo—FZ group.
Specifically, the mean MEP amplitudes after AtDCS in the base-
line session (D0) were significantly larger than in the training
session (D1) (p = 0.02). This indicates
that skill training occluded AtDCS poten-
tiating aftereffects. In contrast, DePo—M1
subjects showed similar increases in MEP
amplitudes on both D0 and D1 after ap-
plication of AtDCS (DO, pre-AtDCS vs
post-AtDCS, p < 0.01; D1, pre-AtDCS vs
post-AtDCS p = 0.03) but no difference
in the amount of AtDCS aftereffects when
comparing post-AtDCS effects across
days (p = 0.37; Fig. 3). These results sug-
gest that the occlusion of AtDCS-induced
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Figure3.  MEP amplitude ratios for pre-AtDCS and post-AtDCS. y-Axis represents the average MEP amplitude standardized to

the pre-AtDCS MEP amplitude, and x-axis represents successive TMS measurements taken before application of AtDCS (Pre),
immediately after AtDCS (P1), 2 min post-AtDCS (P2), and 4 min post-AtDCS (P3). Black circles are the mean MEP amplitude for all
subjects on DO (baseline session). Gray circles are the mean MEP amplitude for all subjects on D1 (training session). Bar graphs
depict the average MEP amplitude for 0, 2, and 4 min post-AtDCS for the baseline session (B) and for the training session (T). Left
graph is MEP amplitudes for DePo—FZ subjects, and right graph is MEP amplitudes for DePo—M1 subjects. After motor training,
DePo—FZ subjects showed a significant reduction of AtDCS-induced potentiating aftereffects compared with application after a
period of rest (i.e., occlusion). In contrast, subjects who trained on the DePo—M1 group showed similar amounts of AtDCS-induced
potentiating plasticity either at rest or after training, demonstrating a lack of occlusion when DePo is applied over M1 after motor

training. Data are means = SEM. *p << 0.05.

Results
Corticospinal excitability changes after training and DePo
To assess changes in corticospinal excitability as a function of
training and depotentiation, we assessed MEPs on D1 before
training (Pre-MT), immediately after training (Post-MT), and
immediately after application of DePo (Post-DePo) in the DePo—
FZ, DePo-M1, and DePo-M1-NOtDCS groups (Fig. 2).
Pre-MT MEP amplitudes were not significantly different (p =
0.27). After training, all groups showed a similar significant in-
crease in corticospinal excitability ( p < 0.01). However, when we
subtracted the Post-DePo from the Post-MT MEP amplitude to
assess changes in excitability attributable to depotentiation, we
found an effect for group (p = 0.05) in which subjects trained in
either the DePo—M1 or DePo—M1-NOtDCS group showed a sig-
nificant decrease in Post-DePo MEP amplitude relative to sub-
jects in the DePo—FZ group (p = 0.02, p = 0.05, respectively).
Moreover, no significant differences were found between De-
Po-M1 and DePo-M1-NOtDCS (p = 0.67).

potentiation was specifically observed af-
ter learning, and this process was reversed
after the application of DePo over M1.

Altogether, these results show that, af-
ter motor learning, subjects had a signifi-
cant reduction of the typical enhancement
of excitability expected from the applica-
tion of AtDCS. This reduced facilitatory
response to a stimulation protocol after
learning has been characterized as occlu-
sion of LTP in animal studies (Rioult-
Pedotti et al.,, 1998, 2007; Monfils and
Teskey, 2004; Hodgson et al., 2005) and
occlusion of LTP-like plasticity in humans (Ziemann et al., 2004;
Stefan et al., 2006; Rosenkranz et al., 2007; Cantarero et al., 2013).
Importantly, when we assessed excitability after training plus
DePo over M1, the magnitude of AtDCS aftereffects was similar
to DO, indicating that occlusion of LTP-like capacity was dis-
rupted by DePo after learning of the skill task.

Behavioral interference in motor skill learning

To assess changes in the skill measure, we compared differences
in performance across days and blocks in the DePo-FZ, DePo—
M1, and DePo-M1-NOtDCS groups.

We found a significant effect on the skill measure for day (p <
0.01), epoch (p < 0.01), group (p = 0.05), and a day X group
interaction (p < 0.01). All subjects started at a similar level of skill
performance (no significant differences in performance across
groups for the first epoch of training, p = 0.62) and learned
similar amounts on D1 (p = 0.90). However, subjects in the
DePo-M1 and DePo-M1-NOtDCS groups experienced poorer
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performance on the second day of practice compared with sub-
jects who trained in the DePo-FZ (p = 0.03, p = 0.03, respec-
tively; Fig. 4A). Moreover, whereas online (within-day) learning
was not different between groups for either D1 or D2, offline
changes and performance on D2 relative to D1 (D2-D1) were
significantly better in the DePo—FZ group relative to the DePo-M1
(offline changes, p = 0.03; D2-D1, p < 0.01) and DePo-M1-
NOtDCS (offline changes, p = 0.01; D2-D1, p = 0.01; Fig. 4B)
groups. These results indicate that DePo immediately after skill
training disrupted retention on D2. There were no significant
differences in behavior found between subjects in the DePo-M1
and DePo-M1-NOtDCS groups, indicating that AtDCS applied
after skill training did not affect performance or the effects of
depotentiation.

It is possible that application of DePo over FZ could have
affected motor performance. To address this, we performed an
additional analysis and comparison using previously pub-
lished data (Cantarero et al., 2013). Here we compared motor
performance in DePo-FZ and No DePo groups and found
no significant differences between groups, indicating that ap-
plication of DePo over FZ did not affect motor performance
(Fig. 4C).

Behavioral-physiological correlation of motor skill learning
In previous work, we found that larger occlusion effects (sugges-
tive of more LTP-like plasticity resources used) after learning is
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Figure 5.  Correlation between occlusion of LTP-like plasticity and behavior. y-Axis repre-
sents offline changes, and the x-axis represents the Ol. Black diamonds represent individual
subjects of group DePo—FZ. Note that subjects who had the largest Ol after training had the best
retention, whereas subjects who had the smallest Ol after training showed the poorest
retention.

associated with better performance of the skill the following day.
We performed a correlation between physiological changes (OI)
and behavior (offline changes and D2-D1) in all subjects. We
found a significant correlation between OI and offline changes
(R*=0.64, p < 0.01) for subjects in the DePo—FZ group (Fig. 5).
In addition, we also found a significant correlation between the
OI and the skill performance difference between practice days
(D2-D1, R* = 0.5, p < 0.01). These results replicate previous
findings indicating an association between occlusion of AtDCS
aftereffects and skill retention (Cantarero et al., 2013).

Discussion

The main findings of this study include the following: (1) DePo
reduces learning-induced potentiation; (2) depotentiation dis-
rupts the occlusion of LTP-like plasticity observed after learning;
(3) depotentiation applied after training impairs retention of
motor skill learning; and (4) the magnitude of occlusion after
motor training correlated positively with retention as determined
by offline changes and D2-D1 performance. Importantly, we also
showed in our DePo-M1-NOtDCS control group that AtDCS
applied after skill training did not affect the interaction between
training and DePo. Finally, a separate control group (No DePo)
behaved similarly to DePo-FZ, suggesting that DePo over FZ did
not affect motor training or retention.

Changes in the strength of synaptic connections are widely
believed to play a role in learning and memory (Martin et al.,
2000). In both animals and humans, motor learning induces an
increase in motor cortical excitability (Rioult-Pedotti et al., 1998;
Monfils and Teskey, 2004; Hodgson et al., 2005) that is blocked
with NMDA receptor antagonists (Martin and Morris, 2001).
Consistent with these studies, we found that training on the
SVIPT led to an increase in corticospinal excitability. In addition,
evidence in animals that learning and memory engage LTP mech-
anisms in M1 stems from the finding that motor learning is also
associated with occlusion of LTP, i.e., a reduced capacity to elec-
trically induce LTP (Rioult-Pedotti et al., 1998, 2000, 2007). A
principle property of LTP and LTD induction are that they satu-
rate. In other words, the motor cortex has a finite capacity for
artificially modulating motor cortical plasticity, termed the syn-
aptic modification range (Rioult-Pedotti et al., 1998, 2000, 2007).
Thus, if motor skill learning uses up some of the plasticity avail-
able at motor cortical synapses, then additional strengthening of
motor cortical synapses through LTP-like mechanisms should be
blocked or occluded. Evidence of this phenomenon of occlusion
of LTP in animals (Rioult-Pedotti et al., 1998, 2000, 2007) has
also been demonstrated in humans using non-invasive brain
stimulation (Ziemann et al., 2004; Stefan et al., 2006; Rosenkranz
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et al., 2007; Cantarero et al., 2013) and is consistent with the
current study, again suggesting that motor training engages an
LTP-like mechanism to strengthen synapses.

The motor cortex has been implicated to play a fundamental role
in retention of motor learning (Muellbacher et al., 2002; Robertson
et al.,, 2004, 2005; Cothros et al., 2006; Richardson et al., 2006;
Hadipour-Niktarash et al., 2007; Korman et al., 2007; Reis et al.,
2009; Galea etal., 2011). Thus, we argue that LTP processes resulting
in occlusion of additional LTP-like plasticity in M1 might be one of
the mechanisms fundamental for retention. Here we applied DePo
over M1, which resulted in reduced learning-dependent potentia-
tion and disrupted occlusion of LTP-like plasticity. Note that the
disruption of occlusion was demonstrated as artificially restoring the
capacity for AtDCS to induce LTP-like plasticity, even after motor
training. Importantly, this reversal of occlusion was associated with
impairment of skill retention. This is not only compatible with the
properties of the reversibility of LTP but also suggests that, if syn-
apses are moved back toward the midpoint of the synaptic modifi-
cation range (i.e., so that additional strengthening of synapses
through LTP-like mechanisms is possible), it affects the mechanisms
supporting retention.

It is possible that, although occlusion of LTP-like plasticity is
essential for retention, it may also play a role for acquisition of learn-
ing. Although the current study was not designed to test this directly,
we did find that the magnitude of occlusion of LTP plasticity corre-
lated with offline changes, as well as with overall performance of the
motor task on D2 but did not correlate significantly with acquisition
during the first day of training. Thus, our findings would suggest that
occlusion plays a critical role in retention rather than acquisition of
motor learning. This finding is consistent with other studies suggest-
ing that blocking of protein synthesis (McGaugh, 2000) and/or ap-
plication of enhancive or disruptive stimulation over M1 affects
retention without affecting acquisition of motor learning (Mu-
ellbacher et al., 2002; Robertson et al., 2004, 2005; Cothros et al.,
2006; Richardson et al., 2006; Hadipour-Niktarash et al., 2007; Kor-
man et al., 2007; Galea et al., 2011).

Importantly, it is unlikely that use of AtDCS to quantify the mag-
nitude of occlusion of LTP-like plasticity could have affected behav-
ioral performance. Indeed, we found that DePo-M1-NOtDCS
control group had similar motor performance to those who received
AtDCS, DePo-M1. This is consistent with previous work showing
that application of AtDCS over M1 after training does not affect
behavior (Fritsch et al., 2010; Cantarero et al., 2013). Moreover, it is
possible that DePo over FZ may influence surrounding motor areas
known to be involved in motor learning, such as the supplementary
motor area and premotor cortex. However, this was not the case
because a direct comparison between the DePo-FZ and the No
DePo groups did not show a difference in motor learning. This find-
ing indicates that DePo applied over FZ did not affect motor perfor-
mance of our task.

Our study shows that depotentiation is capable of impairing
performance. This is an interesting and subtle technique consid-
ering that depotentiation alone has no effect on corticospinal M1
excitability (Huang et al., 2010). Importantly, animal studies in
reduced preparations have shown that depotentiation engages
distinct cellular mechanisms compared with LTD and that depo-
tentiation is not simply a summation of LTP and LTD (Zhou and
Poo, 2004). For instance, it has been shown that some forms
of depotentiation may activate protein phosphatase-1 and
phosphatase-A and reverse the phosphorylation of Ser831 on the
GluR1 subunit of the AMPA receptor caused by LTP induction,
thereby stopping ongoing LTP (Huang et al., 2001). In contrast,
the Ser845 on GluR1, which is dephosphorylated to produce
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LTD, is unaffected during depotentiation (Zhou and Poo, 2004).
Thus, depotentiation protocols have been suggested to specifi-
cally reverse LTP-like induction by targeting synapses that were
recently potentiated (Lee et al., 2000). For this reason, depoten-
tiation in humans can be helpful to probe the presence of LTP
plasticity mechanisms. However, one limitation of the present
interpretation is that, because the work exploring the underlying
mechanism of depotentiation is based on animal studies, whether
DePo in humans is dependent on the exact same mechanism in
humans cannot be made with absolute certainty.

An alternative explanation may be that the disruptive effects
of DePo applied over M1 on physiology and retention was simply
attributable to the application of “noise” after the motor training.
However, evidence in both our current study and previous work
(Reis et al., 2009; Fritsch et al., 2010; Cantarero et al., 2013) has
shown that application of tDCS over M1 after motor training
does not affect motor performance. This would suggest that ap-
plication of any type of noise (i.e., tDCS) is not sufficient to
disrupt performance. Similarly, the assessment of corticomotor
excitability commonly done with single or paired-pulse TMS be-
fore and after motor training does not typically result in differ-
ences in motor behavior. Thus, the lack of behavioral effects by
these forms of stimulation eliciting some type of noise, together
with the consequences of DePo in humans (Huang et al., 2010,
2011) and in animals (Lee et al., 2000; Huang et al., 2001; Zhou
and Poo, 2004), support the idea that the DePo protocol has a
specific effect on depotentiation.

Depotentiation affords some advantages over the usage of
other repetitive TMS (rTMS) protocols. First, unlike depotentia-
tion 1 Hz rTMS applied during rest has been shown to elicit
cortical inhibition (Chen et al., 1997; Gangitano et al., 2002; Ro-
mero et al.,, 2002) as well as widespread, nonsynaptic specific
motor cortex excitability changes (Ziemann et al., 1998; Trippe et
al., 2009). Second, rTMS elicits longer lasting changes in short
intracortical inhibition (SICI) than in MEP amplitude (Wu et al.,
2000); moreover, application of dextromethorphan (NMDA re-
ceptor antagonist) only blocks rTMS changes in SICI but not
MEP amplitudes (Ziemann et al., 1998). Collectively, these stud-
ies suggest that rTMS changes in MEP amplitude may be driven
by changes in cortical inhibition. Finally, aftereffects elicited with
rTMS can engage metaplasticity mechanisms known to prevent
the neuronal system from moving to instability by reversing LTP/
LTD induction rather than abolishing it. These mechanisms have
also been implicated in modifying NMDA receptors, NMDAR-
mediated calcium influx (Abraham, 2008), and activity of some
types of potassium channel (Surmeier and Foehring, 2004).

Altogether, our results suggest that LTP-like plasticity in M1,
as reflected by occlusion, is at least one of the mechanisms under-
lying skill retention. Motor-learning induced LTP-like plasticity
after training is essential for performance the following day; re-
versal (i.e., depotentiation) of these LTP-like aftereffects impairs
retention. Our results also suggest that determining the magnitude
of occlusion after motor training could be used as a biomarker for
the magnitude of motor learning retention. Importantly, the find-
ings of this study indicate that attempts to reverse the occlusion of
LTP-like plasticity after motor learning, for instance to reestablish
learning capacity, may come with the cost of reducing retention of
motor learning.
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