The Journal of Neuroscience, February 18, 2015 - 35(7):3285-3290 - 3285

Behavioral/Cognitive

Cerebellar Direct Current Stimulation Enhances On-Line
Motor Skill Acquisition through an Effect on Accuracy

Gabriela Cantarero,' Danny Spampinato,' Janine Reis,> Loni Ajagbe,' “Tziporah Thompson,' Kopal Kulkarni,'

and Pablo Celnik'>
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The cerebellum is involved in the update of motor commands during error-dependent learning. Transcranial direct current stimulation
(tDCS), a form of noninvasive brain stimulation, has been shown to increase cerebellar excitability and improve learning in motor
adaptation tasks. Although cerebellar involvement has been clearly demonstrated in adaptation paradigms, a type of task that heavily
relies on error-dependent motor learning mechanisms, its role during motor skill learning, a behavior that likely involves error-
dependent as well as reinforcement and strategic mechanisms, is not completely understood. Here, in humans, we delivered cerebellar
tDCS to modulate its activity during novel motor skill training over the course of 3 d and assessed gains during training (on-line effects),
between days (off-line effects), and overall improvement. We found that excitatory anodal tDCS applied over the cerebellum increased
skill learning relative to sham and cathodal tDCS specifically by increasing on-line rather than off-line learning. Moreover, the larger skill
improvement in the anodal group was predominantly mediated by reductions in error rate rather than changes in movement time. These
results have important implications for using cerebellar tDCS as an intervention to speed up motor skill acquisition and to improve motor

skill accuracy, as well as to further our understanding of cerebellar function.
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Introduction

Learning motor skills is essential in contemporary daily living.
Our ability to learn new motor patterns depends on multiple
behavioral and neural mechanisms. For instance, plastic changes
have been described in the primary motor cortex (M1; Karni et
al., 1995; Cantarero et al., 2013b) and its interconnected regions
(i.e., the cerebellum; Black et al., 1990; Anderson et al., 1996;
Kleim et al., 2002).

The process of motor learning has been dissected into distinct
stages: acquisition, evidenced by performance improvements
during practice (on-line changes), and retention, defined by per-
formance after a break period (off-line changes). Recent studies
have suggested that M1 and the cerebellum play different roles in
the acquisition and retention of motor tasks (Reis et al., 2009;
Galea et al., 2011). The cerebellum has been implicated in the
updating of motor commands during error-dependent learning
(Schlerfetal., 2012), playing a prominent role during acquisition
of motor adaptation tasks (Smith and Shadmehr, 2005; Donchin
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etal., 2012). In contrast, M1 is involved in the retention of motor
learning, including adaptation and skill tasks (Muellbacher et al.,
2002; Robertson et al., 2004; Richardson et al., 2006; Cantarero et
al., 2013a).

Studies in healthy individuals (Diedrichsen et al., 2005; Donchin
etal., 2012) and cerebellar degeneration patients (Martin et al., 1996;
Smith and Shadmehr, 2005) demonstrated the cerebellar role during
adaptation. This feedforward form of error-dependent learning has
a timescale of minutes to hours where predictions about motor out-
come are compared with actual motor outcomes (Bastian, 2008).
These investigations, however, do not provide information about
cerebellar involvement in motor skill tasks. Learning skills entails
bringing performance to a new level by acquiring new knowledge
(Krakauer and Mazzoni, 2011). This process occurs on a timescale of
hours to days (Dayan and Cohen, 2011), has been operationalized as
shifts in the speed—accuracy tradeoff function, and likely engages
error-based learning in addition to other mechanisms of motor
learning, such as strategic learning, reinforcement (driven by re-
ward), and use-dependent learning (learning that favors repetition
of prior movements).

Transcranial direct current stimulation (tDCS), known to
modulate M1 cortical plasticity through NMDA, GABA, BDNF,
and calcium-dependent mechanisms (Liebetanz et al., 2002;
Stagg et al., 2009; Fritsch et al., 2010), can also induce changes in
cerebellar excitability. Namely, anodal tDCS increases cerebellar
excitability, whereas cathodal tDCS decreases it (Galea et al.,
2009). Importantly, cerebellar anodal tDCS improves acquisition
in reaching (Galea et al., 2011) and locomotor adaptation para-
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Figure 1.  Experimental design. A, Subjects participated in 3 d of motor training, practicing
six blocks of 30 trials each day, followed by a 1 week post-test of 30 trials. Two milliamperes of
anodal, cathodal, or sham tDCS was applied over the right cerebellar cortex during Blocks 25 of
training (gray blocks). On-line effects were calculated as the sum of the difference between
Blocks 1and 6 for each day. Off-line gains were estimated as the sum of differences between the
first block of day 2 and 3 minus the last block of day 1and 2 respectively. B, Participants used a
pinch force transducer to control the cursor on a computer screen. Subjects were instructed to
complete the sequence HOME-1-HOME-2-HOME-3-HOME-4-HOME-5 by alternating the pinch
force exerted onto the transducer. C, Target region for cerebellar stimulation. One electrode was
centered over the right cerebellar cortex (3 cm lateral to the inion) and the other electrode was
placed on the right buccinator muscle.

digms (Jayaram et al., 2012), as shown by rapid decreases in the
number of movements required to correct errors.

Here we investigated three issues: (1) the impact cerebellar
tDCS (ctDCS) has on motor skill learning, (2) the impact ctDCS
has on the stage of learning affected (on-line vs off-line), and (3)
the effects of ctDCS on specific behavioral components (accuracy
vs speed). Since ctDCS enhances adaptation and error-based
learning mechanisms are likely present during early stages of skill
learning, we hypothesized that anodal ctDCS would improve
motor skill through the facilitation of on-line acquisition. Fur-
thermore, we predicted that this effect would be predominantly
mediated by reduction of errors.

Materials and Methods

We recruited 33 healthy right-handed individuals (13 males and 20 fe-
males) with no history of neurological or psychiatric conditions. All gave
written informed consent to participate in this study, which was ap-
proved by the Johns Hopkins Institutional Review Board and in accor-
dance to the Declaration of Helsinki.

Experimental procedure. All subjects trained at the same time of day on
a visuomotor skill task over the course of 3 consecutive days. Each day
subjects trained 180 trials (six blocks of 30 trials). In a double-blind
fashion, participants received 2 mA (80 wA/cm?) of either anodal (n =
11; mean age, 23.18 * 1.20 years; four male; seven female), cathodal (n =
11; mean age, 27.90 = 2.56 years; five male; six female), or sham (n = 11;
mean age, 23.82 = 1.36 years; four male; seven female) tDCS applied over
the ipsilateral cerebellum to the training hand. No subjects reported any
knowledge or awareness of having received sham versus real stimulation.
Training Blocks 1 and 6 were always performed without stimulation (Fig.
1A). Long-term retention of skill performance (30 trials of sequential
visual isometric pinch task) was tested 1 week after training.

tDCS. tDCS was delivered through two 25 cm? sponge electrodes
soaked in a saline solution. We implemented a bipolar electrode montage
with one electrode centered over the right cerebellar cortex, 3 cm lateral
to the inion (Galea and Celnik, 2009), and the other electrode placed on
the right buccinator muscle (Fig. 1C). In this manner, subjects received
anodal, cathodal, or sham tDCS over the cerebellum during Blocks 2—5 of
training using a Phoresor II Auto (model PM850, Iomed), which lasted
~20 min. The intensity of stimulation was ramped up to 2 mA before
beginning training on Block 2 and ramped down to 0 after completion of
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Block 5 (and before beginning Block 6). In the sham session, anodal tDCS
was applied for 30 s and then shut off. This form of stimulation and
montage is known to affect cerebellar-M1 connectivity (Galea and Cel-
nik, 2009) as well as adaptation-learning paradigms (Galea et al., 2011;
Jayaram et al., 2011, 2012; Schlerf et al., 2012). In addition, it has been
shown in modeling studies that this montage is effective at targeting one
cerebellar hemisphere with little diffusion to other brain regions (Ramp-
ersad et al., 2014). Although the exact underlying mechanisms of this
stimulation in the cerebellum are unknown, in the motor cortex this
form of stimulation has been shown to increase cortical excitability
through NMDA receptors, GABA, BDNF, and calcium-dependent
mechanisms (Islam et al., 1995; Liebetanz et al., 2002; Nitsche et al.,
2003a; Stagg et al., 2009; Fritsch et al., 2010) and induce LTP in mice slice
preparations (Fritsch et al., 2010).

Skill task: sequential visual isometric pinch task. The generalities of the
skill task have been previously described (Reis et al., 2009; Cantarero et
al., 2013a). Subjects held an isometric force transducer between the
thumb and index finger of the right hand and used the transducer to
control the movement of an on-screen cursor. A logarithmic transduc-
tion of pinch force onto cursor movement was imposed to make the task
more difficult and prolong learning. The force values set for maximum
rightward movement was identical to that identified by Reis et al. (2009).
Participants were instructed to navigate the cursor between a HOME
position and five gates (the sequence was HOME-1-HOME-2-HOME-
3-HOME-4-HOME-5) by alternating the pinch force exerted onto the
transducer (Fig. 1B). A STOP signal appeared once subjects had reached
and held their cursor over Gate 5, cuing the end of the trial. Subjects were
instructed to perform the task as quickly and accurately as possible.
Other than a repetition of the task instructions, no other verbal feedback
was provided.

Movement time per trial was defined as the time from movement
onset to reaching Gate 5. Error rate was the proportion of trials with =1
overshooting or undershooting movement per block, where each block
was the average of 30 consecutive trials. In addition, we also quantified
changes in accuracy in terms of total sum of errors across blocks and force
distance error from the target across blocks. The total sum of errors is the
total number of missed targets per trial (i.e., =4 errors per trial if all
targets are missed). The force distance error from target is defined as the
absolute value of the distance between the peak pinch force applied by
the subject and the correct pinch force necessary to correctly navigate the
cursor inside the target. For example, larger values are indicative of miss-
ing the target by a larger distance.

To quantify motor learning, we determined changes in the speed—
accuracy trade-off function (SAF). The proposed estimate of changes in
the SAF is the skill measure, a, expressed as follows:

1 — error rate

a= ;
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 calculated total online,
total off-line, and total gains, defined as follows:

sum on-line effects
= (Sklll measure[)ayl, lastepoch Sklll measurel)ayl, first epoch)
+ (skill measurep,y, jast epoch — SKill measurep,ys firse epoch)

+ (skill measurep,ys, s poen — SKill measurep,ys, irst cpocn)3

sum off-line effects
= (Sklll measureDayZ, first epoch skill measureDayl,last epoch)

+ (skill measurep,y, firstcpocn — kil measurepys ast epocn)3

total gains = skill measurep,ys jastepocn — SKill measurep,y:, frst epoch-
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Figure 2.  Skill measure. Red diamonds are the average performances of the Anodal group.

Blue triangles represent the Cathodal group. Black circles denote the Sham group. A, y-axis
represents the skill measure and x-axis depicts blocks of training across days. Note that although
all subjects started with similar skill level, those who trained with anodal tDCS outperformed
both the Cathodal and Sham stimulation groups. B, The bar graph shows groups averages of the
skill measure for the sum of on-line and off-line changes. Subjects with anodal stimulation
showed largerimprovementsin on-line changes and larger losses in off-line changes compared
with Cathodal and Sham groups. Data are means = SEM. *p < 0.05.

Data analysis. Differences in performance of the skill measure were
compared using a polynomial nested repeated measure of ANOVA
(ANOVAL,,) with GROUP (Anodal, Cathodal, Sham) as the between
factor and DAY (D1, D2, D3) and BLOCK (B1, B2, B3, B4, B5, B6) as
within factors. Differences in on-line and off-line effects were compared
using a one-way ANOVA. Least significant difference post hoc analysis
corrected for multiple comparisons was done when appropriate with
two-tailed ¢ tests. Identical polynomial nested ANOVAL,, and one-way
ANOVA statistical measures were done for error rate (proportion of
trials with =1 overshooting or undershooting movement per block)
and movement time (time in seconds from initial movement to reach-
ing Gate 5).

Results

Cerebellar anodal tDCS significantly improved skill learning
relative to sham and cathodal tDCS

To assess learning, we compared group differences in the skill
measure across days and blocks in the Anodal, Cathodal, and
Sham groups. We found a significant effect on the skill measure
for DAY (Fy.40) = 15.96, p < 0.01), BLOCK (Fi5.,50) = 7.82, p <
0.01), and BLOCK X GROUP interaction (F 4,50y = 2.80, p <
0.01), indicating that all groups experienced significant improve-
ment in total skill learning over the course of training. Of note, we
also found a significant effect for GROUP (F, o) = 7.38, p <
0.01) where the Anodal tDCS group exhibited significantly
greater overall skill learning compared with both the Sham (p <
0.01) and Cathodal tDCS (p < 0.01) groups (Fig. 2A). In con-
trast, subjects in the Cathodal group did not show a significant
difference in total learning compared with subjects in the Sham
group (p = 0.93). Additionally, there was a significant effect for
better long-term retention in the Anodal group after a 1 week
follow-up (Fp, 5, = 9.39, p < 0.01) where the Anodal tDCS
group had better overall performance compared with both the
Sham (p < 0.01) and Cathodal tDCS (p < 0.01) groups (Fig. 2A).
Importantly, these findings were present in the absence of signif-
icant differences across groups in the first block of training for
skill (F(, 35y = 0.15, p = 0.86), error (F, 5,, = 0.58,p = 0.57), and
movement time (F, 3, = 0.66, p = 0.94). Thus, these results
indicate that anodal tDCS led to overall better performance in the
sequential visual isometric pinch task.

Cerebellar anodal tDCS enhanced acquisition through
on-line effects

After establishing a difference in total learning between the An-
odal, Sham, and Cathodal groups, we next determined the rela-
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tive impact of anodal tDCS on on-line (within-day) and off-line
(between-day) effects. We found a significant difference in on-
line effects between the three groups (F, ;;) = 3.75, p = 0.04),

with anodal-stimulated subjects showing larger gains over the
course of training compared with both Sham and Cathodal
groups (p = 0.04, p = 0.02 respectively; Fig. 2B). There was also
a significant difference for off-line changes (F,;,, = 3.29, p =
0.05; Fig. 2B) where the anodal tDCS subjects had larger negative
off-line effects compared with cathodal tDCS subjects (p = 0.02)
and a strong trend toward larger negative off-line effects relative
to sham subjects (p = 0.06). To understand whether the off-line
loss was proportional to the level of performance achieved at the
end of each session, we calculated the percentage decrement in
off-line changes for each group. We found no significant differ-
ences in the mean percentage loss across days (F, 35, = 0.99, p =
0.38). This indicates that although the Anodal group has larger
off-line changes in absolute terms, the relative percentage decre-
ment is not different across groups. In addition, when comparing
total gains across groups, the Anodal tDCS group (F, 5,) = 3.55,
p = 0.04) exhibited significantly greater overall learning com-
pared with both the Sham (p = 0.04) and Cathodal tDCS (p =
0.02) groups. Altogether these results showed that cerebellar an-
odal tDCS effects on total learning are mediated by facilitation of
on-line acquisition during motor skill learning.

Cerebellar anodal tDCS led to larger reductions in errors
during training

To understand the component of skill-learning ctDCS affected
the most, we dissected the skill measure back into its individual
components (error rate and movement time).

Although all groups started with similar error level, we found
a significant effect in the error rate for BLOCK (F s ,50, = 7.29, p
< 0.01), GROUP (F, 5, = 6.66, p < 0.01), BLOCK X GROUP
interaction (F ¢ 50y = 3.10, p < 0.01) and DAY X BLOCK X
GROUP interaction (F, 390y = 2.19, p < 0.01). Anodal subjects
produced overall fewer errors than subjects in the Sham (p <
0.01) and Cathodal groups (p = 0.03; Fig. 3A). There was no
significant difference between the Sham and Cathodal groups
(p = 0.19). Also, there was a significant difference in the 1 week
follow-up assessment (F, 5,y = 7.18, p < 0.01) with anodal sub-
jects overall maintaining better accuracy than subjects in the
Sham (p < 0.01) and Cathodal groups (p = 0.01; Fig. 3A).

In addition, we looked at two additional measures to quantify
accuracy: total sum of errors across blocks (i.e., the sum of the
total number of missed targets per trial) and the force distance
error from the targets (i.e., the distance between the peak pinch
force applied by the subject and the correct pinch force necessary
to correctly navigate the cursor inside each target). Similar to
error rate, we found for the total sum of errors a significant effect
for DAY (F(5.60) = 3.29, p = 0.04), BLOCK (F5.,50) = 4.93, p <
0.01), GROUP (F3.30, = 666, p < 0.01), BLOCK X GROUP
interaction (F ;4 150y = 1.99, p = 0.04), and DAY X BLOCK X
GROUP interaction (F, 390y = 1.66, p = 0.04). Anodal subjects
overall missed fewer targets per trial than subjects in the Sham
(p <0.01) and Cathodal (p = 0.03) groups. Moreover, when we
looked at the average force distance error from each of the targets,
we also found a significant effect for DAY (F(, ¢, = 7.40, p <
0.01), BLOCK (F5 150, = 8.99, p < 0.01), GROUP (F, 5, = 3.86,
p = 0.03), and DAY X BLOCK interaction (F g 150y = 7.74, p <
0.01). Here, anodal subjects showed significantly smaller peak
force distance errors across each of the targets compared with
subjects in the Sham group (p < 0.01). This indicates that the
amplitude of the overshooting and undershooting movements
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Figure3.  Errorrate versus movement time. Red diamonds are the average performances of

the Anodal group. Blue triangles represent the Cathodal group. Black circles denote the Sham
group. A, y-axis represents the error rate and x-axis denotes training blocks across days. Despite
all subjects having similar error-rate levels at the beginning of the study, those in the Anodal
group improved their accuracy beyond the levels achieved by the subjects in the Cathodal and
Sham groups. B, The bar graph shows group averages of the error rate for the sum of on-line and
off-line changes. Subjects with anodal stimulation showed larger improvements in on-line
changes compared with Cathodal and Sham groups. C, y-axis represents movement time and
the x-axis represents training blocks across days. All groups showed similar improvements in
movement time across training blocks. D, The bar graph shows group averages of movement
time for the sum of on-line and off-line changes. All groups showed similar changes in on-line
and off-line effects. Data are means == SEM. *p = 0.05.

when aiming at the different targets was smaller for the Anodal
group relative to the Sham group. However, there was not a sig-
nificant difference between anodal subjects compared with cath-
odal subjects (p = 0.22).

Similar to the skill measure, on-line effects in error rate were
significantly different across the three groups (F, 5,y = 5.34,p =
0.01). Namely, subjects in the Anodal tDCS group showed signif-
icantly larger on-line reductions in error rate over the course of
training compared with subjects in the Sham (p < 0.01) and
Cathodal groups (p < 0.01; Fig. 3B). In addition, when compar-
ing total gains across groups, the Anodal tDCS group (F(, 5, =
7.17, p < 0.01) exhibited significantly greater overall learning
compared with both the Sham (p < 0.01) and Cathodal tDCS
(p < 0.01) groups, while there was no significant difference be-
tween Sham and Cathodal groups (p = 0.91). There was no sig-
nificant difference across groups for off-line effects (F(, 3, =
0.24, p = 0.79).

On the other hand, although there were significant differences
in movement time for DAY (F, 40y = 173.41, p < 0.01), BLOCK
(Fs.150) = 106.76, p < 0.01), and a DAY X BLOCK interaction
(F10,300) = 21.20, p < 0.01), there were no significant differences
between GROUPS (F, 34y = 0.35, p = 0.71; Fig. 3C). Nor were
there any significant differences in on-line (F, 3,y = 2.44, p =
0.11) and off-line effects (F(, 5,y = 1.18, p = 0.32), in long-term
retention (F, 55, = 0.20, p = 0.82), or in total gains (F, s,y =
1.28, p= 0.29; Fig. 3D). This indicates that all groups showed
similar improvements in speed.

Altogether these results indicate that although subjects in
the Anodal group improved in both accuracy and movement
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time, the overall performance difference in skill learning be-
tween the groups was largely driven by differences in accuracy
with subjects in the Anodal group making overall fewer errors
during training.

Discussion

Anodal ctDCS increased overall skill acquisition relative to sham
and cathodal c¢tDCS. In contrast to M1 tDCS, the beneficial ef-
fects of anodal ctDCS relied on larger on-line rather than off-line
gains. Moreover, the larger skill improvement in the anodal
group was predominantly mediated by reductions in error rate
rather than movement time.

In motor learning, plastic changes occur in both M1 (Karni et
al., 1995; Pascual-Leone et al., 1995; Kleim et al., 1998b; Rosenk-
ranz et al., 2007; Cantarero et al., 2013a) and the cerebellum
(Anderson et al., 1996; Kleim et al., 1998a; Schlerf et al., 2012),
leading to acquisition and consolidation of new motor memories.
In particular, the cerebellum has been implicated as playing arole
in motor adaptation tasks. Learning this type of behavior relies in
part, but not exclusively, on error-dependent-learning mecha-
nisms (Huang et al., 2011), which allow performance to return to
baseline levels in the context of perturbations. This process oc-
curs on a timescale of minutes to hours by correcting prediction
errors (Bastian, 2008).

Similarly in motor adaptation task studies (Galea et al., 2011;
Jayaram et al., 2012; Herzfeld et al., 2014), we found that anodal
ctDCS applied during motor-skill training also improved learn-
ing, indicating that the cerebellum is relevant in both adaptation
and skill tasks. Our results suggest that error-base-learning,
thought to be cerebellar dependent, may be a relevant learning
mechanism that also underlies the acquisition of skill tasks. How-
ever, an alternative interpretation is that the cerebellum is also
involved in other mechanisms of learning, such as reinforcement
driven by reward, traditionally thought to be mediated by basal
ganglia connections to M1 (Taylor and Ivry, 2014; Ullsperger et
al., 2014), or strategic learning via the modulation of prefrontal
areas responsible for cognitive strategies and working memory
(Stoodley, 2012).

Cathodal ctDCS, an intervention shown to decrease cerebellar
excitability (Galea et al., 2009), did not affect motor behavior.
One might expect cathodal stimulation to impair motor learning
since it’s been shown in a force field adaptation task to affect error
sensitivity (Herzfeld et al., 2014). However, the lack of effect is
consistent with other studies applying cathodal-M1 tDCS during
skill training (Nitsche et al., 2003b; Reis et al., 2009). This nega-
tive finding highlights the issue that the mechanisms of tDCS
remain unclear and may suggest that cathodal stimulation was
not strong enough to interfere with cerebellar processes, is not
necessarily the behavioral inverse of anodal stimulation, or may
not be exclusively affecting the cerebellum (for review, see
Grimaldi et al., 2014). However, a recent modeling paper that
predicted both the strength and direction of the electric fields of
the most commonly used tDCS configurations (i.e., M1, dorso-
lateral prefrontal cortex, inferior frontal gyrus, occipital cortex,
and cerebellum) showed that the configuration montage for the
cerebellum (as used in this study) was the most accurate and
effective at targeting the intended area (Rampersad et al., 2014).
Nonetheless, given the similar sensations elicited by cathodal ct-
DCS, this group is an optimal control to rule out nonspecific
effects of anodal ctDCS.
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On-line versus off-line changes

Unlike previous research testing single-session ctDCS effects, we
studied these effects over several days to assess the relative con-
tribution of on-line and off-line changes on overall learning. We
found that larger learning at the end of 3 d of practice in the
Anodal group was mediated by larger on-line gains. Interestingly,
the Anodal group also had larger off-line losses between training
sessions. However, the percentage decrement in off-line changes
was no different across groups. Because anodal subjects reach a
higher level of performance at the end of each practice session,
they have more to lose in absolute terms. However, the magni-
tude of retention was not different between groups. This explains
why total learning was still better in the Anodal group. Alterna-
tively, it’s possible that there’s a maximum that can be retained
from a session; hence, despite better performance at the end of
the day, not all additional gains are stored.

Previously, we’ve shown larger total learning when anodal M1
tDCS was applied during skill training of the same task (Reis et al.,
2009). However, that study showed the beneficial effect of M1
anodal tDCS was driven primarily by enhanced off-line rather
than on-line gains (Reis et al., 2009). In other words, M1 tDCS
improved overall learning by increasing retention across days.
Importantly, these results are congruent with other human stud-
ies showing that disruptive TMS over M1 impaired retention but
not acquisition of motor learning (Muellbacher et al., 2002; Rob-
ertson et al.,, 2004, 2005; Richardson et al., 2006; Hadipour-
Niktarash et al., 2007). This dichotomy in the roles of the
cerebellum and M1 in motor learning is consistent with another
study showing that anodal ctDCS increased the acquisition rate
without affecting its retention and that anodal M1 tDCS modu-
lated the amount of retention without affecting acquisition of an
adaptation task (Galea et al., 2011). Thus, our results together
with those of prior studies support the notion that the cerebellum
is critically involved in the acquisition of motor learning, whereas
M1 is involved in the retention of motor learning.

Movement time versus error rate

Motor tasks contain two main components: speed (i.e., movement
time) and accuracy (i.e., error rate; Fitts, 1954). Recently skill learn-
ing has been operationalized as changes in the speed—accuracy trade-
off function to avoid falsely identifying improvements in speed while
accuracy worsens (or vice versa) as learning (Reis et al., 2009). For
our task, we have developed a measure that accounts for changes in
both components to assess true skill learning.

Using the skill measure, we found that anodal c¢tDCS in-
creased total learning via on-line changes. However, to better
understand the role of the cerebellum during skill learning, we
also analyzed whether the overall improvement was mediated by
changes in accuracy or speed. We hypothesized that given the
cerebellum’s role in forming internal models that predict the
consequences of movements (error-base-learning mechanisms),
increasing its excitability during skill training would help reduce
errors. By allowing both parameters to change freely during
training, we could determine which component of learning,
speed or accuracy, was more affected by ctDCS. We found that
the larger skill improvement in the Anodal group was predomi-
nantly mediated by larger reductions in error rate rather than
movement time. This is consistent in part with motor adaptation
studies where anodal ctDCS improved adaptation specifically by
decreasing movement errors without affecting the speed of
movements (Galea et al., 2011; Jayaram et al., 2012), albeit these
studies constrained movement time to perform the task. Overall,
our findings suggest that different components of motor-skill
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learning (i.e., error and speed) may be predominantly controlled
by different neural circuits with the cerebellum largely influenc-
ing error reduction.

Although not directly addressed in the current design, a po-
tential mechanism for the effects found here is that by increasing
cerebellar excitability, sensitivity to motor-error signals im-
proves, resulting in better trial-to-trial learning. Alternatively, it’s
possible that the on-line changes observed are not due to direct
cerebellar modulation, but rather facilitation of distant structures
connected to the cerebellum (i.e., prefrontal cortex). We think
this possibility is unlikely given that we found facilitation with
anodal ctDCS, thought to increase cerebellar cortex excitability,
resulting in more inhibition of the deep cerebellar nuclei (DCNs)
and consequently of distant areas (Galea et al., 2009). A recent
study found that cathodal ctDCS resulted in better performance
of working memory tasks thought to depend on the dorsal
lateral prefrontal cortex. This effect was interpreted as de-
creased excitability of the cerebellar cortex-released DCN in-
hibition with the subsequent facilitation of prefrontal areas
(Pope and Miall, 2012).

In M1, anodal tDCS increases excitability via NMDA recep-
tors, GABA, BDNF, and calcium-dependent mechanisms (Lie-
betanz et al., 2002; Nitsche et al., 2003a; Stagg et al., 2009) and
induction of LTP in mice slice preparations (Fritsch et al., 2010).
However, it’s unknown whether these mechanisms also underlie
increased cerebellar excitability and improvement in behavior
observed with anodal ctDCS. Importantly though, c¢tDCS has
been shown to affect cerebellar-M1 connectivity (Galea et al,,
2009) and behavior in adaptation paradigms (Block and Celnik,
2013; Hardwick and Celnik, 2014).

Implications
This study suggests that ctDCS can facilitate motor skill learning.
Since anodal tDCS allows subjects to acquire motor skills faster,
this intervention could reduce the time needed to train patients
with neurological conditions and speed up rehabilitation. How-
ever, there are important caveats to consider when thinking of
translating this intervention to the clinical setting. First, the pres-
ent motor task is a reductionist approach to assess skill learning.
Thus, future studies should explore whether the observed benefits
also transfer to more clinically relevant behaviors. Second, our re-
sults show some variability in responsiveness to the benefits of stim-
ulation across individuals. Future studies will need to consider
investigating the sources of interindividual responsiveness to brain
stimulation to help identify candidates who are more likely to ben-
efit from the application of cerebellar stimulation, as well as
shape stimulation parameters to optimize behavioral effects.
Another important consideration is whether we can selec-
tively enhance different components of motor learning by stim-
ulating different brain regions. Depending on the task, we could
apply anodal tDCS over the cerebellum to improve accuracy and
on-line learning. Perhaps even more exciting is to possibly apply
simultaneous M1 and cerebellar stimulation to maximize im-
provements in motor training by affecting both on-line and off-
line learning.
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