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Learning motor tasks involves distinct physiological processes in the cerebellum (CB) and primary
motor cortex (M1). Previous studies have shown that motor learning results in at least two important
neurophysiological changes: modulation of cerebellar output mediated in-part by long-term depression
of parallel fiber-Purkinje cell synapse and induction of long-term plasticity (LTP) in M1, leading to
transient occlusion of additional LTP-like plasticity. However, little is known about the temporal
dynamics of these two physiological mechanisms during motor skill learning. Here we use non-
invasive brain stimulation to explore CB and M1 mechanisms during early and late motor skill learning
in humans. We predicted that early skill acquisition would be proportional to cerebellar excitability
(CBI) changes, whereas later stages of learning will result in M1 LTP-like plasticity modifications. We
found that early, and not late into skill training, CBI changed. Whereas, occlusion of LTP-like plasticity
over M1 occurred only during late, but not early training. These findings indicate a distinct temporal
dissociation in the physiological role of the CB and M1 when learning a novel skill. Understanding the
role and temporal dynamics of different brain regions during motor learning is critical to device optimal
interventions to augment learning.

The ability to acquire and retain motor skills is critical to the animal kingdom. Here, we refer to motor skills as the
ability to improve movement speed and accuracy with repeated practice. For instance, a novice tennis player first
serves tennis balls at lower speeds and with limited accuracy, but with training is able to hit high-speed balls with
improved accuracy. This skill improvement likely involves multiple stages, including an early component where
rapid within-session improvements are observed and are likely a result of a rapid acquisition of task dynamics
(i.e. tennis racket weight, ball conditions, etc.), and a second slower phase where memories are stored and readily
available for retrieval2

Several studies including functional MRI, non-invasive brain stimulation studies (NIBS) and behavioral inves-
tigations in patients with cerebellar diseases have indicated a critical role of the cerebellum (CB) earlier on during
motor learning®-'°. Some of these investigations also showed that after an initial increase in cerebellar activity
there is a decrease of activation over time'''*. However, other studies also implicated the CB in retention or later
phases of learning!>-2°.

Activity in the primary motor cortex (M1) has also been critically implicated during motor learning. While
some studies showed increased activation with motor practice'*?"?2, others described decreasing activity with
training?*?*. Similarly, behavioral and NIBS research has indicated that the CB is critically involved in the acqui-
sition of motor tasks*”1%25, whereas M1 is involved in the encoding of learned movements”*%-?%, suggesting
that distinct stages of skill learning weight the cerebellar and M1 roles differently. Part of the inconsistencies
across investigations might result from different studies testing different motor tasks with different techniques.
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Figure 1. Experimental design for all groups. Long group (n = 10) individuals participated in two days

of motor skill training (Day1; Day2), completing five blocks of 30 trials each day (Dayl and Day2). TMS
measurements (black arrows) for this group was assessed prior to training (Pre) and after the first (P1), third
(P2), and final behavioral block (P3). On each training session, individuals in the short group (n=11) trained
only on one block of the skill task and TMS physiological assessments for these individuals were recorded prior
to and after completion of 1 block (Pre; P1). Random group (n = 8) was identical to the Long group, except
that Random group individuals performed in a randomized version of the task. In all groups, MEP amplitudes
(black arrows) were measured before and after application of A-tDCS (grey ray). This was assessed on separate
days, when there was no training (Day0) and after training (Dayl and Day2).

Therefore, the specific temporal contributions of the CB and M1 during different stages of skill learning remains
incompletely understood.

The CB is thought to contribute to motor learning by predicting and accounting for systematic changes to the
body or the environment, resulting in the correction of errors on a trial-by-trial basis. Animal work has shown
that this form of adaptive learning is mediated, in part, by long-term depression of parallel fiber-Purkinje cell
synapse in cerebellar cortex***!. In humans, studies using transcranial magnetic stimulation (TMS) to assess the
inhibitory tone the CB exerts over M1 (cerebellar inhibition, CBI) have described changes in cerebellar excita-
bility during motor adaptation studies®. On the other hand, both animal and human research have shown that
motor learning elicits long-term potentiation (LTP) changes in M1, resulting in a reduced capacity to induce
more LTP-like changes, a phenomenon known as occlusion®*-*2. Evidence for occlusion of M1 LTP-like plas-
ticity immediately after skill learning can be assessed by applying anodal transcranial direct current stimulation
(AtDCS) combined with TMS***4. While changes in cerebellar excitability and occlusion of M1-plasticity repre-
sent physiological markers of cerebellar and M1 contributions to learning, these mechanisms have never been
directly tested on the same motor skill task.

Here we sought to assess neurophysiological mechanisms in the CB and M1 of humans during early and late
skill learning using TMS and AtDCS to understand the temporal contributions of cerebellar and M1 networks
during skill learning. We hypothesized that CBI would change early during skill learning, whereas occlusion
of LTP-like plasticity in M1 would be more prominent later on as the skill is sufficiently practiced and stored.
Importantly, to understand the specificity of these markers, we also assessed other measures of cortical and intra-
cortical excitability.

Results

Experimental Design.  All participants trained for two consecutive days on the sequential visual isometric
pinch task (SVIPT), where squeezing a force transducer with the right thumb and index finger controls the
movement of an on-screen computer cursor'>?4>%, We randomly assigned participants to one of three distinct
behavioral groups: Long (n = 10), Short (n=11) or Random (n = 8). On each day, the Long and Random groups
completed 150 trials (5 blocks; 1 block = 30 trials) of the SVIPT, whereas the Short Training Group only com-
pleted 1 block of 30 trials (Fig. 1). In addition to motor training, all participants underwent physiological meas-
urements to assess changes in CBI, M1 LTP-like capacity (occlusion) and corticomotor excitability (s1Mv, SICI;
see the Methods below for description of each neurophysiological measurement). For the Long and Random
groups, we assessed CBI, sImV, and SICI before training was initiated, as well as after behavioral blocks 1, 3,
5 (Fig. 1, Pre-P3) on each training session (Dayl, Day2). We recorded all physiological measures for the Short
group only prior to and after completion of one behavioral block (i.e. early stage of learning). For each group, we
measured AtDCS induced M1-LTP-like plasticity aftereffects at rest (Day0) and after completion of each training
session (Dayl, Day2).
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Figure 2. Skill learning. Skill performances are presented for the Long (blue), Short (green), and Random
(red) groups. The vertical grey solid line represents the separation between Day1 and Day?2 of training. The
y-axis shows the skill measure and x-axis depicts the blocks of training. We also present the mean & SEM of the
first 5 trials for all groups. Note that all individuals started with similar skill level, but with more training the
Long and short groups continue to improve their skill measure. Random group participants do not improve
their skill measure across training sessions. Data are means - SEM.

The short and long training groups learned the skill, but not the random group.  To assess skill
learning, we compared skill measure (see equation 1 in Methods) differences across training blocks and days in
the Long, Short and Random training groups. Given the different number of observations between the 3 groups,
first we compared the performance of block 1 across the 3 groups for day 1 only. Performance was significantly
better in the Long (p = 0.023) and the Short groups (p = 0.020; Fig. 2) relative to the Random Group. Moreover,
there was no early performance difference between the Short and Long groups (p > 0.5), suggesting that individ-
uals from these two groups were similar at acquiring the skill. Additionally, the skill measure for all three groups
was similar after the first five trials (p > 0.5). This indicates that all groups started with a similar level of knowledge
of the task and that learning occurs within block 1 for the Long and Short groups only. We also compared the skill
measure of each block across both training sessions between the Long and Random groups, where the amount
of performance was matched. ANOVAy,, revealed a significant difference for GROUP (F; ;5= 6.859; p=0.019),
DAY (F ;15 =4.878; p=0.042) and DAY x GROUP interaction (F(; ;5 =4.779; p=0.044). These results show
that participants exposed to a consistent sensorimotor mapping acquired the skill, whereas individuals who
trained on an inconsistent mapping were unable to improve their performance.

CBI changes are specific to early skill learning. We compared the amount of CBI changes across the
groups before, during and after the skill training blocks. Since stimulation time points before training (Pre) and
after 1 block of training (P1) was matched between each group, we first assessed the early changes in CBI across
block 1 for each day. ANOVAyy, revealed a significant effect of CBI for TIME (F; 55 = 21.106; p < 0.001) and
TIME x GROUP interaction (F, ,5)= 5.684; p = 0.009). CBI following early skill learning in the Long and Short
groups were significantly decreased compared to Pre (p < 0.001, p = 0.001, respectively; Fig. 3), whereas we found
no difference for the Random group (p = 0.955). This finding shows that CBI changed early on, only when sub-
jects learn.

To determine whether CBI returns towards baseline values late in skill learning, we additionally compared CBI
between Long and Random groups across days for each time point (Pre, P1, ..., P3). ANOVAyy, revealed a signif-
icant effect of CBI for TIME (F3 45) = 3.362; p = 0.026), GROUP (F;,5)= 7.462; p=0.015) and TIME x GROUP
interaction (F; 44,= 3.597; p=0.02). Subjects in the Long training group showed significant CBI changes from
pre-training to early skill learning (Pre-P1, p = 0.001; Pre-P2, p=0.003), but no differences from pre-training to
late skill learning (Pre-P3, p=0.307). This result suggests that the reduction of CBI occurs early during learning
with a progressive return towards baseline despite further overall skill improvements. Interestingly, we found
no significant differences in DAY x TIME (F 3 45) = 0.086; p=0.967) or DAY x TIME x GROUP (F; 44,=0.163;
p=20.921) in the Long and Random groups, indicating the CBI dynamic changes during learning were similar
across training session.

Importantly, the changes in CBI were not due to simple changes in test stimulus responses from M1. MEP
amplitudes generated by the unconditioned TS were not different over TIME or SESSION in all groups (Table 1;
all p> 0.1). This is because we controlled for potential M1 excitability changes by adjusting the stimulator
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Figure 3. Cerebellar Excitability (CBI). Bar graphs show the mean CBI amplitude for Long (blue), Short
(green), and Random (red) groups. The y-axis represents the CBI Ratio and the x-axis represents stimulation
time-points before (Pre), during (P1, P2) and after (P3) training on each day. The ratio increases (less inhibition)
early in learning for both the Long and Short groups, but not for the Random group. Data are means & SEM.
*p<0.05.

CBI (Unconditioned TS)
Long 1.17+0.08 1.10+0.15 1.14£0.12 1.20£0.16 1.15£0.09 1.17£0.08 1.20£0.12 1.13£0.10
Short 1.11£0.07 1.18+0.14 — — 1.13£0.11 1.20£0.13 — —

Random 1.15+0.11 1.174£0.18 1.12+0.12 1.174+0.11 1.18+0.09 1.214+0.09 1.13+0.13 1.234+0.14
MEP
Long 1.07£0.09 1.39+0.16 1.37+0.15 1.461+0.08 1.05+0.11 1.3440.16 1.40+0.17 1.37+£0.13
Short 1.06 £0.08 1.234+0.19 — — 1.03+£0.09 1.10£0.12 — —
Random 1.09+0.12 1.26+0.16 1.37+£0.21 1.384+0.24 1.02+0.13 1.21+£0.20 1.23+0.25 1.39+0.23
SICI Ratio
Long 0.4640.07 0.4510.09 0.5040.10 0.65+0.12 0.4240.08 0.514+0.11 0.4140.12 0.47+0.10
Short 0.4140.08 0.524+0.10 — — 0.4540.06 0.5340.09 — —
Random 0.4240.16 0.40+0.15 0.4540.14 0.4140.08 0.4840.13 0.411+0.14 0.38+0.13 0.4140.12

Table 1. M1 excitability measures. There were no differences in test MEP amplitudes during CBI assessment
in any of the groups (adjusted stimulator output). When assessing corticomotor excitability using a fixed
stimulation intensity (s1mV = intensity that elicited ~1 mV MEP at baseline), we found a significant increase

in excitability over time for all groups, but no changes were associated with learning. Finally, we assessed short-
latency intracortical inhibition to explore intrinsic inhibition within M1. We observed a reduction of SICI, in all
groups, again indicating that changes were related to performance rather than learning. Data are means + SEM.

intensity. Thus, our results indicate that changes in CBI, probed by CB-M1 stimulation, are present early on
within a skill training session, but not late.

CBI changes are proportional to skill acquisition.  Previous investigations have shown AtDCS over the
cerebellum increased on-line skill learning, with the most noticeable difference after the first training block®.
Moreover, changes in CBI were previously found to correlate with the amount of locomotor adaptation®. Here,
we tested whether a similar relationship between change in CBI and early skill learning exists. To calculate early
skill improvement, we divided the first training block in half and re-calculated two new skill measure scores for
each half. Thus, we subtracted the skill score from the second half vs. the first half (within block 1 skill improve-
ment) and performed a correlation analysis with CBI changes between pre-training and after the first training
block (Pre-P1) in the Long and Short training groups. We found a relationship between skill improvement within
the first block and early change in CBI (r=0.518; p=0.001; Fig. 4), where participants who showed more CBI
changes were better at acquiring the skill.

Occlusion of LTP-like plasticity occurs later during the skill practice. We compared the amount of
AtDCS-induced potentiation before and after training in the Long, Short and Random groups. We found a signif-
icant effect of AtDCS on MEP amplitudes for TIME (F; 5, = 32.892, p <0.01), TIME x GROUP (F; 5,)= 16.618,
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Figure 4. Correlation between early CBI changes and behavior. y-Axis represents early skill acquisition on
day 1, and the x-axis represents early CBI change (P1-Pre). Blue circles represent individual subjects of the Long
group and the green circles correspond to Short group individuals. To calculate early skill acquisition, we split
the first behavioral block (B1) in half and computed two separate skill measures (first 15 trials vs. next 15 trials)
and calculated the difference in skill measure. Note that both groups experienced the same amount of trials to
allow for this comparison. Subjects who had the largest CBI change improved the most in the first block of D1.

P <0.01) and DAY x TIME x GROUP interactions (F, s, = 2.629, p= 0.045). All groups experienced an increase
in MEP amplitudes in the baseline session (p < 0.01). However, while the Short and Random groups showed
similar increase in MEP amplitudes following application of AtDCS after the training (p < 0.01), the Long group
failed to show differences in MEP amplitudes (p = 0.186, Fig. 5a). To further quantify the amount occlusion of
LTP-like capacity after training, we computed an occlusion index (OI) (see equation 2 in Methods) for each
group. The Ol represents the difference between the peak MEP response following application of AtDCS at base-
line and following AtDCS after training. We found that only the Long training group experienced occlusion (i.e.
alarge OI) in both days (F; ;)= 14.634, p = 0.440), but not the short and random training groups (F; ,, = 0.621,
p=0.001; F; ;)= 0.354, p=0.561). Altogether, these results indicate that more skill training leads to interference
or occlusion of AtDCS potentiation effects.

Motor skill retention is proportional to the amount of occlusion.  We conducted a correlation anal-
ysis between offline behavioral changes in the Long training group (Day2 B1-Dayl B5) and the first day OI. We
found that those who retained the most experienced the largest occlusion (r=0.464; p = 0.025; Fig. 6). This find-
ing is consistent with prior studies showing that occlusion is proportional to skill retention**4,

M1 excitability changes are not specific to learning. First, we compared early simV changes across
days for block 1 in all groups. ANOVAy,, showed a significant effect of slmv changes for TIME (F, ,5 = 10.256;
p = 0.004), but no differences for GROUP (F(, ,5)= 0.169; p = 0.845), DAY (F(, 55y= 0.906; p = 0.350) or their
TIME x GROUP interaction (F; 55 = 0.793; p=0.463).

Second, we used ANOVAg,; to compare sImV changes in the later time points in the Long and Random
groups. Again, we found a significant difference for TIME (F; 45 = 6.022; p = 0.001), but no differences for
GROUP (F(; ;6= 0.229; p=0.639), DAY (F; ;)= 0.122; p=0.732) or their TIME x GROUP interaction
(F(226=0.511; p=0.677). These results indicate that changes in s1mV excitability were not specific to learning,
but rather due to motor execution.

Finally, we performed a similar analysis for SICI. When comparing early SICI changes for all groups,
ANOVAy,, did reveal significant effect of TIME (F|; ,5) = 5.546; p = 0.027), but there were no differences within
GROUP (F ;55 = 0.421; p=0.661) or between TIME x GROUP interaction (F, ,5)= 0.508; p=0.607). When
comparing SICI at the other time points in the Long and Random training groups, we found no significant
changes (all p > 0.2). Thus, our results showed that early changes in SICI are due to motor execution or the simple
passage of time, but not to skill learning.

Discussion. Our study demonstrates an important temporal dissociation in the neurophysiological role the
cerebellum and M1 play during skill learning. Specifically, we found a reduction in CBI early in skill learning,
but not late. The magnitude of the CBI change correlated with early skill acquisition; participants who initially
improved the most on their ability to perform a new skill had the largest reduction of CBI. On the other hand,
occlusion of M1 LTP-like plasticity only occurred after a significant amount of training has taken place. In addi-
tion, we found that those participants who occluded the most on their first training session had better skill reten-
tion on the following day. Critically, these changes were only observed with learning, but not when subjects
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Figure 5. M1 LTP-Like Plasticity Aftereffects. (A) MEP amplitude ratios for pre and post AtDCS. y-Axis
represents the mean MEP amplitude normalized to the pre-AtDCS MEP amplitude, and the x-axis presents
TMS measurements taken before application of AtDCS (pre), immediately after AtDCS (Post 1, P1) and
repeated every 5 minutes up to 25 min after AtDCS (P2...P6). The left, middle and right portion of the graph
depicts MEP amplitudes for individuals of the Long, Short and Random group respectively. Colored lines
represent the timeline of MEP amplitude responses for all subjects on Day0 (baseline session), whereas dark
grey and grey present responses after Dayl and Day?2 training session. The gray shadowed columns represent
the time when AtDCS was applied. Note, all groups demonstrated an increase in excitability in response to
AtDCS for the baseline session. (B) The bar graphs show the peak MEP amplitude response following AtDCS
for each session. Only participants of the Long group showed significant occlusion of LTP-like plasticity after
each training session when compared to baseline responses. Data are means - SEM. *p < 0.05.

performed a randomized task that does not lead to learning. Indeed, overall motor execution, rather than learn-
ing, resulted in primary motor cortex excitability changes and a reduction in SICI.

There is growing evidence from both animal and human studies demonstrating that learning induces changes
in synaptic plasticity in both the cerebellum®®3%3145-47 and the primary motor cortex3-444849_ Gpecifically,
the cerebellum is critical to error-based learning tasks, such as motor adaptation, where motor commands are
rapidly adjusted for new predictable demands®>**>!. On the other hand, M1 has an important role in motor
retention?6-2843:445253 Tn this region, Hebbian, such as use-dependent learning, and operant reinforcement mech-
anisms where learning is influenced by the repetition of prior successful movements has been described?6:*83%4%51,
Despite the distinct roles for the cerebellum and M1 during skill learning, physiological mechanisms related to
these structures have never been tested directly in the same task throughout the different stages of skill learning.

As we have previously shown in motor adaptation studies®>>*, we found that CB-M1 connectivity changed
early in the (long and short) skill-learning groups only, and returned to baseline levels as training proceeded.
Given that we controlled for M1 excitability modifications when assessing CBI (by adjusting TMS intensities) and
the fact that M1 excitability changed similarly in all groups and in all the post-training time points, we interpreted
the specific CBI findings as driven by cerebellar plasticity. This suggests that error-based learning processes,
which heavily contribute to motor adaptation tasks, might play a similar role early on during skill acquisition. We
reason that to be able to learn a new skill first it is crucial to calibrate the appropriate motor outputs to interact
with either the device being used and or the dynamics of the environment. In our experimental setup, learning the
relationship between the force transducer and cursor movement could be interpreted as similar to a perturbation
of a previously known map in a motor adaptation task. Participants have to account for this force-visual display
map and adjust their movements to make a successful action. We therefore conclude that learning this mapping
(i.e. the dynamics of the task) is what drives early engagement of the cerebellum, as denoted here by CBI changes.
Indeed, we found that when participants performed the skill on an inconsistent trial-to-trial force-distance map
task, CBI did not change. This finding is consistent with previous studies that found AtDCS over the cerebellum
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Figure 6. Correlation between Occlusion of LTP-like Plasticity and Behavior. Y-axis represents the retention
of the skill measure and x-axis represents the Occlusion Index. Blue circles represent individuals of the Long
group. Note that subjects who had the largest OI after training had the best skill retention measured on day 2.

reduced the error rate when learning the same task lead to improved skill acquisition!?, as well as visuomotor,
locomotor and force field adaptation”*>*¢. We also predicted that the early CBI changes should correlate with the
amount of early skill acquisition. Of note, although we did not find an association between CBI and error rate,
early CBI changes correlated with improvement in early skill measure scores, which reflects improved trade-off
between error rate and movement time.

Previous animal and human investigations have shown that after learning a motor task the ability to artificially
induce LTP-like changes is reduced, an effect explained by the saturation of the synaptic modification range®~4.
According to this model, if skill learning uses up some of the plasticity available at motor cortical synapses, then
additional synaptic strengthening through LTP-like mechanisms should be reduced. In other words, there is
a reduced capacity for further LTP-plasticity after learning. We observed this phenomenon, named occlusion
of LTP-like plasticity, only in participants who were able to learn the motor task. This result supports the idea
that motor learning-induced plasticity interacts with NIBS protocols that lead to plastic changes in M138-404344,
Consistent with Cantarero, et al.**, we also found an association between the magnitude of occlusion on day 1
and retention of the skill on the next day, supporting the evidence that occlusion is a critical mechanism of skill
retention. Of note, previous studies have shown that retention of the SVIPT motor task is unaffected by AtDCS
application immediately after training*>**. In addition, while recent studies have found that consecutive AtDCS
sessions can lead to cumulative increases in cortical excitability*”*%, we found no differences in the baseline TMS
measures across days. This indicates that any potential tDCS aftereffects on excitability were not present on Day 2.
Furthermore, although the intra-subject variability of AtDCS aftereffects remains poorly understood, it might be
a potential limitation of the occlusion measurement. However, the lack of AtDCS potentiation was present only
in the Long training group, but not in the Short and Random groups. Thus, despite this potential limitation, the
effect size found in the Long group was larger and beyond the variability that can be expected in all groups. This
supports the concept that occlusion of LTP-like plasticity is only observed during learning, but not with simple
motor execution.

In our study, however, we found that occlusion of LTP-like mechanisms was not present early on during skill
learning. A possible explanation for this result is that early skill learning may rely more on error-dependent forms
of learning. This would suggest that at early stages of skill learning error-based learning is weighted more to
acquire the dynamics of the task before movements are worth encoding. This is not to say that other mechanisms
within M1 that support early rapid plasticity, such as unmasking of pre-existing connections® or awakening of
silent synapses by insertion of postsynaptic AMPA receptors™® are not occurring in the early stages of learning.
Alternatively, it is also possible that some synaptic strengthening via LTP-like mechanisms is taking place early on
during learning, but our measures to detect these changes are not sensitive enough.

In this study, we show that occlusion also occurs after significant performance improvement on the second
training session. This result is in agreement with previous studies in rats, which showed occlusion of LTP plasticity
up to five days after skill learning®. In humans, however, Rosenkranz, et al.*° failed to observe persistent LTP/
LTD-like plasticity after five days of training. The authors suggested that this effect could be attributed to learning
via a different mechanism other than LTP/LTD-like plasticity; however, it is also possible that in that study, little
learning took place in the last session of training. This would be consistent with our random skill-training group,
which did not experience learning or occlusion.

Previous studies have shown that M1 excitability and short-interval intracortical inhibition (SICI) changes
with motor learning®*-%2. However, these investigations did not control for movement execution vs. true perfor-
mance improvement. Here, we found that both the learning and non-learning groups experienced changes in cor-
ticomotor excitability and SICI. This indicates that motor execution leads to M1 excitability changes, an effect that
is not necessarily tied to learning. This observation is consistent with our previous findings in healthy individuals
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learning motor adaptation tasks®®. Of note, it is possible that other forms of SICI (e.g. SICI at 1 msec) not tested in
this study might also modulate with learning®, a question that needs to be addressed in future studies. Altogether,
these results indicate that occlusion of M1-AtDCS effects may be a better marker for learning-related plasticity
rather than simple changes in M1 excitability or SICI.

This study demonstrates the temporal dynamic role of the cerebellum and M1 when learning new motor skills.
Our results suggest that skill learning, which likely relies on many different forms of learning, incorporates early
on cerebellar-dependent error-based processes, and later on engages M1-LTP like plasticity that might be linked
to other forms of learning such as reinforcement or use-dependent. This is in agreement with recent work that
suggests that learning different motor tasks involves error-based and other forms of learning®%46>. Altogether,
our findings indicate that early on during motor skill learning, cerebellar-dependent learning mechanisms (i.e.
error-based process) are needed to learn the task dynamics before the primary motor cortex, incorporating other
forms of learning (i.e. reward-based or use-dependent), is engaged. This concept is critical to design rational
interventions that target specific neural regions to affect specific processes to augment motor learning.

Methods

We recruited a total of 29 young, healthy right-handed individuals (mean age =22.04 & 0.56 years; 16 female)
with no history of neurological disorders. Participants were screened prior to enrollment in the study to ensure
that they did not have conditions that would exclude them from non-invasive brain stimulation. Exclusion cri-
teria included the use of nicotine, alcohol, recreational drug use and absence of prescribed medication affecting
the central nervous system, all of which may alter plasticity and motor learning. All participants provided written
informed consent to participate in this study and the Johns Hopkins School of Medicine Institutional Review
Board (IRB) approved all experimental procedures. All experiments were performed in accordance with relevant
guidelines and regulations.

Behavioral Measurements. Motor Skill task: Sequential Visual Isometric Pinch Task (SVIPT).  As pre-
viously described!®¥#>#, participants were seated in front of a computer screen and held a force transducer
between the right thumb and index finger. Pinching the force transducer controlled the movement of an
on-screen cursor with an overall goal to move the cursor between a HOME position and 5 targets (the sequence
of movements: HOME-1-HOME-2-HOME-3-HOME-4-HOME-5). This sequence was held consistent through-
out training. Long and Short training groups were exposed to a consistent and learnable logarithmic sensorimo-
tor mapping between forces applied to the transducer and cursor movement, whereas Random group individuals
were exposed to a variation of the SVIPT where the force-distance mapping and sensitivity was randomized
trial-by-trial. All participants were informed that both movement time and accuracy contributed to the overall
skill score and were encouraged to improve in both domains. Movement time was considered as the total time
from movement onset until target 5 was reached. A trial was considered correct only if participants hit each target
in the correct order. Thus, accuracy for a trial was calculated in a binary fashion (i.e. no error or error), regardless
of participants committing multiple errors.

To assess the skill performance of participants, we used a speed-accuracy trade-off function (SAF)?. The func-
tion used to estimate the SAF throughout performance is the skill measure described in equation 1:

Skill Measure = 1 — error rate

error rate(ln (movement time)b) (1)

As done in previous studies!®**446%, average movement time and error rate (proportion of trials with at least 1
error) were calculated for each block of 30 trials, and the value of b was held constant at 5.424.

EMG Recording.  Electromyographic (EMG) activity was captured using electrodes placed over the right first
dorsal interosseous muscle (FDI) muscle. EMG signals were sampled at 2 kHz, amplified at 1kHz and band-pass
filtered (10-500 Hz) using an amplifier (Octopus AMT 8; Bortec Biomedical, Alberta, Canada) and data acquisi-
tion software (Signal 4.02; CED, Cambridge, England). Data was stored on another computer to complete off-line
analysis using a variety of custom Matlab scripts (MathWorks, MA, USA).

Transcranial magnetic stimulation (TMS). For all TMS measures, we used a 70 mm-diameter figure-of-eight
TMS coil (Magstim 200%) over M1. We used a neuronavigation system (BrainSight; Rogue Research) to ensure
stimulation over the desired M1 location occurred at the same spot from session to session. To do this, we iden-
tified and marked the spot over the M1 with the best representation of the right FDI muscle. In this location,
we found the resting motor-threshold (rMT) for the FDI, or the minimum intensity needed to elicit an MEP
of 50 uV on 5 out of 10 pulses®”. The rMT values collected from individuals within each group can be found
in Supplementary Table S1. For all analysis, we recorded peak-to-peak amplitudes of motor evoked potentials
(MEP) using electromyography (EMG).

Transcranial Direct Current Stimulation (tDCS).  Using a Chattanooga Ionto Phoresor II Auto device (model
PM850; IOMED, UT, USA), we delivered anodal transcranial direct current stimulation (AtDCS) through two
sponge 25 cm? electrodes soaked in a saline solution. Electrodes were placed on the contralateral (left) M1 cor-
ticomotor representation of the right FDI muscle and the ipsilateral supra-orbital area. Stimulation was applied
for 7 minutes at an intensity of 1 mA as participants were instructed to relax and remain seated. We used AtDCS
as our LTP-like inducing protocol since this form of stimulation can increase cortical excitability via NMDA
receptor, BDNF and calcium-dependent mechanisms in humans®-"°, and is capable of assessing occlusion after
motor learning*#4,
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Recent studies have indicated that AtDCS aftereffects can show variability between-subjects’!-7?, where

some individuals do not show potentiation of MEPs after AtDCS application. We therefore screened out
non-responders to AtDCS based on post-AtDCS MEP changes in the baseline session. A non-responder was clas-
sified when the mean of normalized MEP amplitude across each post-AtDCS time points did not exceed 1.1 (i.e.,
smaller or equal than pre-AtDCS MEP). Six individuals did not meet this criterion and were therefore excluded
from the study. Importantly, the intra-subject consistency of AtDCS responses across multiple sessions is poorly
understood, but might be a factor that can influence the group occlusion magnitude’7274,

Measures of Cerebellar Excitability (CBI). For cerebellar stimulation, we placed a double-cone coil (110 mm
mean diameter) 3 cm lateral to the inion, with the stimulator current directed downward”. As previously
described, we assessed CBI by using a paired-pulse stimulation paradigm®®47>-78, For each measurement, we
collected 20 TMS test stimuli (TS) over left M1. In half of these exposures, selected randomly, a TMS conditioned
stimulus (CS) was delivered over the right cerebellum 5ms prior to the TS. Accordingly, a total of 10 CS+ TS
and 10 TS pulses were administered. CBI was calculated as the ratio of the mean MEP amplitude in the CS+ TS
relative to TS. The CS maximum stimulator output (MSO) for all participants was set to 70% since no MEPs were
evoked via brainstem pathways at 75% MSO. Throughout each stimulation time point, the intensity of the TS was
adjusted to evoke an MEP of ~1 Mv. The mean stimulus intensity for the adjusted TS throughout this study was
less than 1% (see Supplementary Table S2). Thus, the CBI response reflects cerebellar inhibition of M1 regardless
of changes in excitability of M1 after training.

Measures of Primary Motor Cortex (M1) Excitability. To assess corticomotor excitability, we determined the
MSO intensity needed to evoke an MEP amplitude of ~1 mV at rest (s1mV). At this MSO intensity, we recorded
10 MEPs at each stimulation time point. Furthermore, to assess short-intracortical inhibition (SICI), we used
an interstimulus interval of 2 ms between subthreshold CS and suprathreshold test stimulus for the paired pulse
paradigm”. We set our subthreshold CS set at 80% of rMT and suprathreshold TS intensity set to elicit ~1 mV#3!,
Similar to CBI, we established SICI as a ratio of 10 CS+ TS over 10 TS MEPs. The intensity of the TS used to
measure SICI was adjusted to the same intensity used for CBI.

Measures of LTP-like saturation (Index of Occlusion).  To assess occlusion after motor performance, we applied
AtDCS as done in Cantarero, et al.**#%. On each experimental day, prior to applying AtDCS, we collected 10
MEPs at the intensity used for sIMV. If participants M1 excitability increased after training, we adjusted the
sIMV intensity to elicit ~1 mV amplitude and used this adjusted intensity for all post AtDCS measurements.
This allowed us to compare potentiation effects of AtDCS at rest and after training. After applying stimulation
for 7 minutes, we recorded 10 MEPs (at sImV or adjusted slmV intensities) every 5 minutes until 30 minutes
post AtDCS application. At each time point, we averaged the recorded 10 MEP amplitudes and normalized these
values to the average of 10 MEP amplitudes prior to AtDCS application.

To quantify the magnitude of occlusion, we calculated the occlusion index (OI) for each participant. We
selected the peak MEP amplitude after AtDCS application normalized to the MEP amplitude prior to AtDCS
application for each subject. The peak MEP amplitude was selected as the largest mean MEP on any one of the six
post measurement time points. This measurement was done after each session: Baseline (no training), Dayl and
Day2. The OI represents a comparison between the rest and post training measures, thus we subtracted baseline
day amplitudes to both training session amplitudes in equation 2:

Post Peak MEP
Pre MEP

Post Peak MEP
Pre MEP

OI, , = Baseline 12

()

This measurement was used as an index of how much potentiation plasticity was used during training, where
larger values for the OI are indicative of more occlusion, which would imply more resources were used to induce
plasticity changes during learning.

Data Analysis.  For all statistical data analysis, SPSS (IBM; Version 20) was used and effects were considered
significant if p <0.05. All data are given as means = SEM. We used separate polynomial nested repeated measures
of ANOVA (ANOVAyy,) for all behavioral and physiological measures. Furthermore, we used Mauchly’s sphe-
ricity test to validate that the variances between each group tested in ANOVAy,, are equal. When appropriate,
Bonferroni corrected post hoc analysis was done to account for multiple comparisons.

We used skill measure as our primary behavioral outcome measure. To assess differences in early performance
on Day 1, we used a one-way ANOVAy,, with between factor GROUP (Long, Short, Random) and within factor
TIME (B1). Skill measure scores were also compared across participants who engaged in extended training (i.e.
Long and Random). Here, we used ANOVAyy with GROUP (Long, Random) as the between factor and DAY
(Dayl, Day2) and TIME (Blockl, Block2...Block5) as within-factors.

To determine early changes in CBI, SICI, and s1IMV, we used ANOVAy,, with GROUP (Long, Short, Random)
as the between factor and DAY (Dayl, Day2) and TIME (PRE, P1) as within factors. In a separate analysis, we
assessed these TMS measurements when all stimulation time points were matched between GROUP (Long and
Random) across DAY (Dayl, Day2) and TIME (PRE, P1, P2, P3).

Using the peak-to-peak MEP amplitudes as the primary outcome measure, the amount of potentiation plas-
ticity aftereffects via AtDCS application was compared using ANOVAy,, with the between factor GROUP (Long,
Short, Random), and the within factors DAY (Base, Dayl, Day2) and TIME (Pre-AtDCS, mean of Post-AtDCS
[P1, P2, P3, P4, P5, P6]). Additionally, we used peak AtDCS response as our primary measure to assess how much
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LTP-like plasticity was used during training. For each day, peak MEP amplitudes aftereffects were compared using
ANOVAyy, between each GROUP (Long, Short, Random) and within each DAY (Base, Dayl, Day2).

To determine associations between early cerebellar physiological changes and behavior (Dayl), we com-

bined data from both Long and Short groups and performed a correlation analysis between early changes in
CBI (P1-Pre) and early skill improvement within the first block (first 15 trials vs. next 15 trials). Similarly, to
determine associations between OI, and behavior (offline changes Day2 B1- Dayl B5) in the Long group, we also
performed correlations using Spearman’s p.
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