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The cerebellum has been shown to be important for skill learning, including

the learning of motor sequences. We investigated whether cerebellar transcran-

ial direct current stimulation (tDCS) would enhance learning of fine motor

sequences. Because the ability to generalize or transfer to novel task variations

or circumstances is a crucial goal of real world training, we also examined

the effect of tDCS on performance of novel sequences after training. In

Study 1, participants received either anodal, cathodal or sham stimulation

while simultaneously practising three eight-element key press sequences in

a non-repeating, interleaved order. Immediately after sequence practice with

concurrent tDCS, a transfer session was given in which participants practised

three interleaved novel sequences. No stimulation was given during transfer.

An inhibitory effect of cathodal tDCS was found during practice, such that the

rate of learning was slowed in comparison to the anodal and sham groups.

In Study 2, participants received anodal or sham stimulation and a 24 h

delay was added between the practice and transfer sessions to reduce

mental fatigue. Although this consolidation period benefitted subsequent

transfer for both tDCS groups, anodal tDCS enhanced transfer performance.

Together, these studies demonstrate polarity-specific effects on fine motor

sequence learning and generalization.

This article is part of the themed issue ‘New frontiers for statistical

learning in the cognitive sciences’.
1. Introduction
Individuals can implicitly acquire the structure of visuomotor response sequences

through practice. An extensive body of research using the serial reaction time

(SRT) task has shown that reaction time for a repeating sequence of keystrokes

in response to locations is reduced compared with that of novel sequences,

even when subjects are not aware of the sequence (e.g. [1–3]). Additionally,

memory-impaired patients show normal sequence learning in this task, indicating

that learning can occur independently of brain structures that support declarative

memory including the hippocampus [1,4–6]. Learning structure in the form of

motor sequences appears to depend on plasticity in brain regions involved in

motor control, including the basal ganglia, motor cortical areas and the cerebel-

lum [7–9]. While these areas certainly interact to produce effective motor

behaviour, it is possible that they contribute to different aspects of learning. For

example, practising visuomotor sequences leads to improvement that is

sequence-specific, but it can also result in transfer to a new sequence. This transfer

can be negative, in that learning the original sequence could interfere with per-

formance of new sequences, or it could be positive, with better performance on

new sequences than would be seen in a naive subject. Practice could lead to for-

mation of a ‘learning set’ whereby benefits of practice on sequences would

facilitate learning of new sequential structures. Here, we are particularly inter-

ested in those components of the visuomotor sequence-learning system that can
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support transfer to new sequences. Using transcranial direct

current stimulation (tDCS), we can manipulate brain activity

to examine the causal role of distinct brain areas in different

processes supporting statistical learning, including those

related to the generalization of sequence learning.

In a typical sequence-learning study, participants practise a

repeating sequence during a training session. Response times

will usually decrease over time; this speed-up reflects non-

specific and sequence-specific learning. The presentation of a

novel sequence or randomized elements after training is used

as a way to determine the amount of sequence-specific learn-

ing. Participants’ response times should increase when given

a new order of elements if a repeating sequence that was

learned has disappeared. However, we were interested in

maximizing transfer performance on novel sequences and

therefore have used training procedures that facilitate transfer.

Following work showing that interleaved practice of tasks is

beneficial to learning, we have found in previous work using

the SRT task that presenting sequences in an interleaved

order (e.g. A-B-C, B-C-A, C-B-A, where each letter represents

a different sequence) is beneficial for transfer performance on

both repetitive and interleaved novel sequences, compared

with a repetitive order (e.g. A-A-A, B-B-B, C-C-C) [10]. The

non-repetitive order may lead to greater benefits for learning

owing to more opportunities for comparison and contrasting

among the sequences [11,12]. This could facilitate encoding

of the patterns by allowing the learner to more easily detect

the differences and similarities among the different sequences.

Interleaved training may therefore lead to fundamentally

different representations of the individual sequences [12],

which would also enable improved generalization to novel pat-

terns. We next conducted a neuroimaging study to investigate

the neural bases of transfer to interleaved novel sequences after

interleaved training. Blood oxygen level-dependent (BOLD)

activity in the cerebellum during practice and transfer were

positively associated with transfer performance. Based on

another study that suggests internal models representing

specific input–output mappings might be blended together

when faced with a novel tool [13], representations of specific

learned sequences might be formed through error-based learn-

ing and then the relevant features from those representations

could be applied when novel sequences are encountered.

Those participants who were better at transfer may be more

sensitive to error signals and therefore have more refined

internal models that allow for improved transfer performance

on novel sequences. Interleaved training could improve the

development of internal models and therefore ultimately lead

to an improved foundation for transfer performance.

Although our research highlights the role of the cerebel-

lum in transfer learning, other previous work has shown

that the cerebellum is crucial for motor sequence learning,

which is supported by the fact that sequence learning is abol-

ished or impaired in patients with cerebellar damage [14–16].

Healthy participants also exhibit cerebellar activity during

motor sequence learning (see meta-analysis in [17]) and cer-

ebellar grey matter volume has been associated with the

rate of improvement in sequence learning [18]. The cerebel-

lum is hypothesized to be crucial to the instantiation of

internal models of different actions [19]. In particular, feed-

forward control requiring anticipation of upcoming events

in a sequence may be a role for the cerebellum [16,20,21].

Using a visuomotor tracking task, Imamizu and co-workers

[22] have shown that the cerebellum is activated in response
to errors, which could act to refine the internal model. Similar

to some other sequence-learning studies [23–25], BOLD

activity in some regions of the cerebellum was highest

during the beginning of learning and decreased over time,

suggesting less reliance on error feedback as learning contin-

ued. Although Imamizu et al.’s study [22] did not examine

sequence learning, their results might also imply that errors

can shape internal models and can allow for anticipatory

responding as different sequences are learned. Furthermore,

the cerebellum’s role in prediction is not limited to motor

tasks, but may also form internal models of mental represen-

tations [26]. This hypothesis is based on many studies that

have found cerebellar involvement in more cognitive tasks

[27] and the uniform microanatomy throughout the cerebel-

lum that suggest similar computations in both motor and

cognitive domains [28]. Probably more relevant to sequence

learning and generalization, the cerebellum is involved in

cognitive functions such as applying rules that constrain

responses [29] and language [30].

We hypothesize that deeper encoding (promoted by

interleaved training) of the abstract rules that can shape expec-

tancies of forthcoming elements in the task would benefit

transfer, as they are common to the trained and novel sequences

and thus might be more beneficial to encode [31]. Because the

cerebellum appears to be involved in feed-forward control

and sequence detection, it could be a promising target for

tDCS in facilitating transfer learning to novel motor sequences.

tDCS is a non-invasive brain stimulation technique that induces

small membrane potential changes that can act to facilitate or

inhibit learning, depending on the polarity of stimulation [32].

In particular for cerebellar tDCS, polarity-specific effects

have been demonstrated, with anodal stimulation facilitating

excitability and cathodal stimulation resulting in diminished

excitability [33]. Other studies indicate that the effects of cerebel-

lar tDCS are specific to the cerebellum, without significant

spread to the occipital cortex [34–36] and do not significan-

tly affect autonomic function [37,38]. It has been hypothesized

that tDCS may affect Purkinje cells [33,39], which receive

error signals from climbing fibres and in turn modulate deep

cerebellar nuclei output to the cortex.

Only one study thus far has examined the effect of cerebellar

tDCS on sequence learning [39]. As a pre-stimulation measure,

participants were given a repeating sequence to practice

and then a retention test. They then received 20 min of anodal

or sham stimulation, and then performed the same task

as before as a post-stimulation test 35 min after the end of stimu-

lation. Total learning during the course of practice and retention

of the practised sequence were examined. After sham stimu-

lation, participants did not show significant learning over

practice or sequence-specific learning. By contrast, participants

demonstrated greater total learning and sequence-specific

knowledge during practice after anodal tDCS, suggesting that

the cerebellar stimulation enhanced subsequent acquisition of

the same task. Cerebellar tDCS therefore may have improved

error detection during subsequent acquisition [33]. However,

the lack of a cathodal stimulation group leaves it unclear as to

whether this effect is polarity-specific or a general enhancement

regardless of the polarity of stimulation.

Although we are especially interested in enhancing trans-

fer performance, which would suggest the use of anodal

stimulation, we have included a cathodal stimulation con-

dition in order to be able to better interpret the results. As

anodal and cathodal stimulation appear to have differential

http://rstb.royalsocietypublishing.org/
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effects on cerebellar excitability [33], we hypothesize that there

will be polarity-specific effects on learning, such that anodal

cerebellar tDCS will facilitate learning and cathodal tDCS

will have an inhibitory effect on learning. More specifically,

we anticipate that anodal tDCS will lead to improvements in

transfer performance, whereas cathodal tDCS will have a det-

rimental effect on transfer. Furthermore, as in [39], we expect

to see a facilitatory effect of anodal tDCS on overall learn-

ing and sequence-specific learning, whereas cathodal tDCS

would have the opposite effect. In this way, tDCS may have

a facilitatory or inhibitory effect on error detection by affecting

Purkinje cells [33], leading ultimately to stronger or weaker

representations (internal models) in the cerebellum.
 rans.R.Soc.B
372:20160050
2. Study 1
In this study, we administered cerebellar tDCS during inter-

leaved practice of three motor sequences. Immediately after

practice and concurrent stimulation were finished, partici-

pants were given three novel sequences in an interleaved

order during the same visit.
3. Material and methods
(a) Participants
Eighty-two young adults with a mean age of 21.28 years

(s.d.age ¼ 4.52 years; 45 women, 36 men, 1 declined to state; 69

right-handed, 10 left-handed, 3 ambidextrous) were recruited

and underwent an informed consent process as approved by

the Institutional Review Board at UCLA. Inclusion requirements

were that participants were between the ages of 18 and 35 years,

had normal or corrected-to-normal vision, and were able to make

quick movements with fingers, hands or arms. Exclusion criteria

were a current medical, neurological or psychiatric diagnosis;

chronic medication (excluding contraceptive pills) that could

affect sensory processing, movement or cognition; or metals

located in the head. Participants rated handedness on a modified

questionnaire based on the Edinburgh Handedness Inventory

[40]. Participants who did not perform the task with 90% accuracy

or greater during practice, or 75% accuracy or greater during trans-

fer were excluded from the analysis. Accuracy was determined by

taking the average number of correct key presses over the six

blocks of practice or transfer. These criteria were determined

a priori and were meant to rule out participants exhibiting large

speed–accuracy trade-offs or those who did not follow instruc-

tions concerning accuracy. However, we set a lower threshold for

the transfer session in order to be able to capture accuracy changes

owing to stimulation, if any. One participant was excluded owing

to technical difficulties with the stimulation device; four participants

were excluded owing to use of an incorrect montage; and 12 more

were excluded owing to low accuracy during the task. This yielded

a final count of 65 participants (Mage ¼ 21.11 years, s.d.age ¼ 3.91

years; 33 women, 31 men, 1 not stated; 58 right-handed, 5 left-

handed and 2 ambidextrous). Participants were compensated with

course credit or with cash at a rate of $15 per hour.

(b) Behavioural task and procedure
Stimulus presentation and data collection were performed on a

2.6 GHz Macintosh computer using MATLAB release 2012 with the

Psychophysics Toolbox extensions [41–43]. Four white circles out-

lined in black were presented on a white background. A target

circle was filled with the colour black as a cue for the participant

to respond by pressing the spatially corresponding key. The other

three circles remained white while the target circle was filled. The
participant had 800 ms to respond by pressing a key. An error was

recorded if the key press was incorrect or if no key was pressed

within the 800 ms response interval. Once a response was made,

the target circle turned white for the remainder of the 800 ms. At

the end of the response interval, the next target circle turned black.

For each sequence, each of the four possible stimulus cues appeared

twice for a total of eight elements. Once all eight elements of a

sequence were presented, a fixation cross lasting 600 ms appeared

before the onset of the next sequence. Between every six sequences,

a fixation cross lasting 6 s appeared, and turned red for the final 2 s to

alert participants to upcoming sequences.

Two sets of three eight-item sequences were devised so that for

each participant, one set was presented during the practice session

and the other set during the transfer session. The order of sets was

counterbalanced across participants. Sequences could not contain

trills (e.g. 1-2-1-2), consecutive runs (e.g. 1-2-3-4) or immediate rep-

etitions (e.g. 2-2). Each element appeared twice within each

sequence. The practice session was divided into six blocks of 24

sequences each; thus, each of the three sequences was presented

48 times for a total of 144 sequence presentations in each session.

At the end of each block, feedback appeared on the screen for 5 s

that showed the average key press reaction time (RT) in milli-

seconds and the percentage of correct key presses for that block.

If the percentage correct was equal to or greater than 90%, a mess-

age appeared indicating that performance was satisfactory.

However, if the percentage correct was below 90%, a message

appeared encouraging the participant to aim for greater accuracy

in the following blocks. The format of the transfer session was

the same as the practice session except that three novel sequences

from the opposite sequence set were presented.

All participants received a non-repeating, intermixed order of

sequences during the practice and transfer sessions. The order of

the sequences within every group of six sequences that occurred

between the 6 s fixation crosses was determined pseudo-

randomly with the constraints that a sequence could not repeat

and that each sequence must appear twice.

At the beginning of the experiment, participants were seated

in front of the computer at a comfortable distance of their choos-

ing in a private testing room and were instructed to place the

four fingers of the dominant hand on the four consecutive keys

C, V, B and N of a keyboard (for a right-handed person, the

index finger would be on C, whereas for a left-handed person,

the index finger would be on N ). If the participant was ambidex-

trous, the right hand was used. On the screen, instructions told

the participants to respond as quickly as possible but also to

aim for an accuracy rate of 90% or better. They were informed

that they would receive intermittent feedback, and should use

it to improve performance. Participants were not aware of prac-

tice or transfer schedules they were to receive, nor that novel

sequences (the transfer session) would be presented later. After

the instructions were read, the participant went through a

short practice session. Sequences presented for the practice ses-

sion were consecutive runs (e.g. 1-2-3-4-3-2-1-2). Once the

instructions and the practice session were complete and partici-

pants confirmed that they understood the task, participants

began the actual experiment. Figure 1 illustrates the experimental

procedure and stimuli.

Key press RT was measured as the time from cue onset to

key press. The eight key press RTs for each sequence were

summed to obtain the total RT to complete the sequence to be

used in data analysis. The number of errors in each block was

also recorded.
(c) Transcranial direct current stimulation procedure
tDCS was delivered by a 9 V battery-driven ActivaDose Ionto-

phoresis Delivery Unit produced by ActivaTek, Inc. Two

carbon electrodes were inserted into 5 � 7 cm2 sponges soaked

http://rstb.royalsocietypublishing.org/
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in saline solution and held in place on the scalp with plastic

and rubber straps. The active electrode was centred 2 cm below

the inion in order to target the cerebellum [6,12]. The reference

electrode was placed on the cheek ipsilateral to the dominant

hand in order to keep the path of current flow similar relative

to the hand being used. In both real and sham stimulation

conditions, stimulation was automatically ramped up from

0 milliamps (mA) to 2.0 mA over 20 s and the behavioural task

began once stimulation reached 2.0 mA. In real stimulation con-

ditions, 2.0 mA current was delivered for 20 min and then

automatically ramped down to 0 mA. In sham stimulation con-

ditions, 2.0 mA current was delivered for only 30 s and then

switched to 0.1 mA for the remainder of the 20 min. Each partici-

pant experienced only one tDCS condition (anode, cathode or

sham stimulation). Stimulation was only applied during the prac-

tice session of the behavioural task. At the end of the practice

session and the concurrent tDCS, the stimulation device was

turned off but the electrodes remained in place while the partici-

pants completed the transfer session. The researcher remained in

the testing room with the participant during the entire experiment

to monitor stimulation.

For each participant, the median RT of each block to complete

each sequence during practice and transfer was calculated. As a

significant difference in RTs at the beginning of the task was

found between the anodal and sham groups ( p ¼ 0.044), the

mean of the median RTs to complete each sequence for each

block during the practice and the transfer sessions was normalized

to the first practice block’s average median RT so that any initial

differences in RT between stimulation groups were controlled

for. Normalization was performed by dividing each block’s aver-

age median RT by the first practice block’s average median RT.

Figure 2 shows the normalized RTs and the average key press

error rates for each stimulation group throughout the practice

and transfer sessions. Analyses performed on normalized RT

data excluding the first block to which the RT scores were normal-

ized, and analyses on the raw RT data are presented in electronic

supplementary material, S1. The results are similar regardless of

the way in which the RT data are analysed.
4. Results
Using normalized RT as the dependent variable, total learn-

ing during practice and transfer were examined for each

stimulation group by testing for a main effect of block.

Sequence-specific learning was defined as the difference

between the normalized RTs of the first transfer block and

the final practice block. Finally, transfer learning was defined

as the difference between the normalized RTs of the first prac-

tice block and the first transfer block. The same learning

scores were calculated using the average number of key

press errors for the relevant blocks.

The normalized RTs from practice and transfer sessions

were analysed with MANOVAs, with tDCS condition

as a between-subjects factor and practice block as a within-

subjects factor. MANOVAs were preferred as the assumption

of sphericity was not met, and sphericity indices were less

than 0.85, suggesting that MANOVAs would be more

http://rstb.royalsocietypublishing.org/
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powerful than univariate corrections [44]. A significant inter-

action between tDCS condition and practice block was found,

F10,116 ¼ 2.34, p ¼ 0.015. Post hoc univariate ANOVAs and

t-tests were then conducted to look for significant differences

in RT among the tDCS groups at each practice block.

A significant main effect of tDCS condition was found

for the fourth practice block, F2,62 ¼ 3.67, p ¼ 0.031. This

was because the cathodal group was significantly slower

than the sham group at this point, t40 ¼ 2.35, p ¼ 0.024,

and significantly slower than the anodal group as well,

t42 ¼ 2.37, p ¼ 0.023. However, the anodal group was

not significantly different from the sham group, t42 ¼ 0.071,

p ¼ 0.944. No other significant differences between RTs

among tDCS conditions during practice were found, all p’s�
0.170. This pattern of results indicates that the cathodal group

slowed during practice in comparison to the first practice block,

but this effect was eliminated later in practice. A main effect of

block was found during practice, F5,58 ¼ 5.139, p¼ 0.001, indicat-

ing that participants generally were faster over time. No main

effect of tDCS condition was found during practice, p¼ 0.201.

For subsequent stimulation-free performance during trans-

fer, no interaction was found between tDCS condition and

block, p¼ 0.944. Furthermore, no main effects of tDCS condition

or block were found on normalized RTs during the transfer ses-

sion, p¼ 0.959 and p¼ 0.202, respectively. Finally, there were

no differences among tDCS groups in sequence-specific learning,

p¼ 0.432, or transfer learning scores, p ¼ 0.861.

Next, accuracy rates were analysed with MANOVAs,

using the number of key press errors as the dependent vari-

able. During practice, there was no interaction between

tDCS condition and block for practice, p ¼ 0.223, nor any

main effects of tDCS condition or block on the number of

errors, p ¼ 0.463 and p ¼ 0.108, respectively. This indicates

that despite the increase in RT during practice for the catho-

dal group, it was not accompanied by a significant change in

accuracy. During the stimulation-free transfer session, there

was no interaction between tDCS condition and block for

practice on accuracy rate, p ¼ 0.736, nor a main effect of

block, p ¼ 0.738. There was a main effect of tDCS condition

during transfer, F2,62 ¼ 3.27, p ¼ 0.045, such that the cathodal

group had significantly fewer errors. No significant differ-

ences were found among tDCS groups in sequence-specific

learning, p ¼ 0.394, or transfer learning scores, p ¼ 0.328.
5. Study 2
Participants in the first tDCS study performed practice and

transfer sequences in one visit. Although the majority of partici-

pants were able to perform with high accuracy in both sessions,

participants from all tDCS conditions (sham and real) often

commented on being tired or bored. It is possible that mental

fatigue overcame any effects of stimulation, so for the following

study, we added a period of 24 h in between practice and trans-

fer. We also asked participants to rate their level of attention and

level of mental fatigue before and after tDCS using visual ana-

logue scales (VASs) to ensure no differences occurred between

sham and real stimulation groups.

By testing for transfer a full day after stimulation, we

were able to examine effects on learning separate from the

online effects or immediate aftereffects of stimulation on per-

formance. Given our hypothesis that increased cerebellar
excitability during practice leads to better transfer, Study 2

compared only sham and anodal tDCS conditions.
6. Material and methods
(a) Participants
A total of 38 participants with a mean age of 20.55 years

(s.d.age ¼ 2.13 years; 18 women; 35 right-handed) were recruited

from the undergraduate student population at UCLA. The same

inclusion and exclusion criteria were applied as in Study 1, and

all participants underwent an informed consent process as

approved by the Institutional Review Board at UCLA. Two par-

ticipants were excluded owing to low accuracy during practice,

one participant was excluded owing to incomplete data and

one participant felt dizzy during the initial ramp-up of stimu-

lation and the study was stopped. Thus, our final sample

consisted of 34 participants (Mage ¼ 20.32 years, s.d.age ¼ 1.82

years, 17 women, 31 right-handed), with 20 participants in the

anodal stimulation group and 14 participants in the sham group.

(b) Behavioural task and transcranial direct current
stimulation procedure

The behavioural task was the same as described previously with

some exceptions. First, the experiment took place over two visits.

Once the practice session was finished, participants were asked

to return 24 h later to complete the experiment. The next day

during the transfer session, participants performed the three

novel sequences. On VASs consisting of 100 mm horizontal

lines, participants were asked to draw one vertical line on each

to indicate levels of mental fatigue and attention. The number

of millimetres out of 100 mm indicated by the participants’ ver-

tical line was recorded. Participants were asked to complete the

two VASs three times: once during the first visit before practice

and concurrent tDCS, again during the first visit immediately

after practice and tDCS, and finally during the second visit

before performing novel sequences.
7. Results
Figure 3 shows the normalized RTs and the error rates

throughout the practice session and the transfer session on

the following day for the anodal and sham groups. Transfer

learning and sequence-specific learning were evaluated as

described for Study 1. MANOVAs did not reveal a signifi-

cant interaction between tDCS condition and practice block,

p ¼ 0.699, nor a significant interaction between tDCS con-

dition and transfer block, p ¼ 0.900, meaning that both

groups were similar in their rates of learning during practice

and during transfer. There were small trends toward main

effects of block during practice and transfer, suggesting learn-

ing by both tDCS groups over time, p ¼ 0.089 and p ¼ 0.096,

respectively. We also did not observe an effect of tDCS con-

dition during practice, p ¼ 0.358, or transfer, p ¼ 0.138. We

next examined transfer learning by comparing the RTs of

the first practice and first transfer blocks for each of the stimu-

lation groups. As shown in figure 4, both the sham and

anodal groups showed significant positive transfer, t13¼ 3.49,

p ¼ 0.004, and t19¼ 5.95, p , 0.001, respectively. Furthermore,

there was a significant difference between transfer performance

of the sham versus anodal groups, t32¼ 2.45, p ¼ 0.020. Finally,

no significant differences were found between stimulation

groups for sequence-specific learning, p ¼ 0.281. Both the
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sham and anodal groups performed better at the beginning of

the transfer session than at the end of the practice session,

t13¼ 2.17, p ¼ 0.049 and t19¼ 3.58, p ¼ 0.002, respectively.

This finding suggests that knowledge expressed in the second

session was not specific to sequences in the practice session.

Electronic supplementary material, S1 contains additional ana-

lyses on normalized and raw RT data. As for Study 1, the results

are similar regardless of the way the data are analysed.

MANOVAs were also carried out to examine accuracy.

There was a trend during practice towards a main

effect of block on the number of key press errors, F5,28¼ 2.16,

p ¼ 0.087, suggesting that participants tended to make more

errors over time. There was no main effect of tDCS condition,

p ¼ 1.00, nor an interaction between tDCS condition and

block during practice, p ¼ 0.678. During transfer, there was a

significant main effect of block, F5,28 ¼ 2.79, p ¼ 0.037, indicat-

ing that both groups made significantly more errors as the

transfer session progressed. However, there was not a main

effect of tDCS condition, p ¼ 0.303, nor an interaction between

tDCS condition and block, p ¼ 0.512. There were no significant

differences between the tDCS conditions for sequence-specific

or transfer scores, p ¼ 0.319 and p ¼ 0.246, respectively.

The ratings of mental fatigue and attention levels were

analysed next. There was a main effect of the time of the

VAS for mental fatigue, F2,31 ¼ 5.19, p ¼ 0.011, meaning that

participants in both the sham and anodal groups gave ratings

of higher mental fatigue immediately after practice compared
to immediately before transfer, p ¼ 008. There was also a

trend towards a significant main effect of test time for atten-

tion, F2,31 ¼ 2.93, p ¼ 0.068, such that participants tended to

rate themselves as more attentive before transfer in compari-

son to before practice, p ¼ 0.024. However, there were no

main effects of tDCS on ratings of mental fatigue and

attention, p ¼ 0.547 and p ¼ 0.130, respectively, and no inter-

actions with tDCS and VAS rating time for mental fatigue and

attention, p ¼ 0.654 and p ¼ 0.489, respectively.
8. Discussion
In the experiments reported here, tDCS applied to the cer-

ebellum was shown to affect performance and learning of

motor sequences. In Study 1, the finding that cathodal stimu-

lation impaired performance of the sequences during practice

but improved accuracy during transfer is a novel finding con-

cerning tDCS and sequence learning. In Study 2, anodal tDCS

improved transfer learning in comparison to sham.

The participants who received cathodal stimulation

initially exhibited longer RTs, but they performed as quickly

as the sham and anodal groups during the transfer session.

At transfer, the sham and anodal groups exhibit increased

error rates but the cathodal group appears to maintain a simi-

lar level of accuracy achieved in practice. This pattern may

suggest that cathodal tDCS induces a more conservative cri-

terion for movement execution. It could have led to initially

slower RTs owing to processes such as a longer internal simu-

lation time. However, while anodal and sham group

participants appear to eventually sacrifice some accuracy to

move quickly during the transfer session, the cathodal

group is able to maintain a relatively low level of errors.

One imaging study examining the neural bases of voluntary

focus on speed or accuracy while performing a task found

that the cerebellum was part of a network of regions involved

in response preparation and decision making that was more

activated when the participants focused on speed [45]. It is

possible that cathodal tDCS acted to increase the threshold

for motor execution, which initially led to slower RTs but

better accuracy in relation to the sham and anodal tDCS

groups after the consolidation period.
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The online effect of cathodal stimulation on RTs does not

appear to be inhibitory for the entire length of practice, as the

initial increase in practice RTs was eliminated during the

final two practice blocks. An improvement in accuracy is also

seen later during the transfer session. It is possible that homeo-

static plasticity mechanisms are responsible for these changes

owing to neurons engaging in compensatory regulation of

their excitability. One study examining anodal stimulation of

1.0 mA delivered to the primary motor cortex (M1) for either

13 or 26 min found evidence of homeostatic plasticity [46].

M1 excitability increased after 13 min of tDCS, which was the

expected excitatory effect of anodal tDCS. By contrast, M1

excitability was reduced after 26 min of stimulation. Thus,

there appears to be a reversal in the expected effect of tDCS

between 13 and 26 min. In the current experiment, stimulation

only lasted for 20 min, and the fourth practice block (where

the slowest average median RT occurs) took place between

approximately the 10th and 14th minute of stimulation. The

decrease in RTs in the fifth and sixth practice blocks is consist-

ent with a reversal in the direction of excitability change

between 13 and 26 min. However, homeostatic plasticity mech-

anisms could have been engaged after a certain amount of time

to counteract the excitability shift owing to cathodal stimu-

lation. Synaptic scaling, a type of homeostatic plasticity, can

be caused by prolonged changes in neuronal excitation and

serves to reduce or increase the strength of all synapses accord-

ingly [47]. This could possibly explain why increasingly faster

RTs at the end of practice and improved accuracy during the

transfer session become apparent. It is important to note that

the comparison of the findings in [46] to those of this study

should be interpreted cautiously. Although they measured

changes in cortical excitability, we have inferred changes in

excitability owing to changes in performance. Additionally,

the sites and intensities of stimulation were different, although

it is hypothesized that Purkinje cells are polarized in a similar

fashion as motor cortical neurons by an applied electric field

(for a brief overview, see [48]).

Another recent study examined the effects of cerebellar

tDCS on a sequential pinch task [49]. Over three consecutive

days, anodal, cathodal, or sham tDCS was given during prac-

tice of the task. Anodal stimulation to the cerebellum was

found to improve acquisition starting on the first day, mainly

by reducing error rates. Our finding of an online effect of stimu-

lation is consistent with theirs. However, it is unclear why we

observed an online effect of cathodal stimulation on RT and an

offline effect on accuracy whereas they observed an online

effect of anodal stimulation. These results together might

suggest that cathodal stimulation does not lead to the exact be-

havioural inverse of anodal tDCS [49], and might depend on

characteristics of the task. Differences in task or stimulation

protocol may also explain the lack of effects of anodal tDCS

on total learning during practice or sequence-specific learning,

which was not consistent with the enhanced learning that Fer-

rucci et al. [39] observed after anodal tDCS was applied after

the baseline SRT task. We stimulated during practice of the

sequences whereas they stimulated between two sessions of

SRT task performance. The effect of stimulation might also

be modulated by the relative difficulty of the task, as we pre-

sented three interleaved sequences that could have led to

greater interference whereas only one repeating sequence was

presented by Ferrucci and co-workers.

Our results concerning transfer performance are consist-

ent with the idea that the cerebellum is important for
sequence detection and anticipatory responses. This would

also predict improvement for sequence-specific learning, but

we did not observe sequence-specific learning nor effects of

stimulation on sequence-specific learning. It is typical for

participants to show learning throughout practice and

sequence-specific learning in the SRT task, and we have seen

these occur in addition to transfer learning in our own prior

work with multiple interleaved sequences [10]. Despite that,

the lack of sequence-specific learning was not completely sur-

prising. Training with interleaved sequences is relatively

difficult and additionally the tDCS set-up may have been

generally distracting for all groups. We expect that with

longer training times, decreases in RT during practice and

sequence-specific learning would have been observed, and

perhaps effects of tDCS also on sequence-specific learning.

The results of Study 2 highlight the importance of distinguish-

ing between learning and performance in motor learning

studies. While the conditions of practice revealed no mea-

sureable improvement, learning necessarily occurred during

the practice session given the improvement measured the

following day over initial performance.

It has been found that interleaved practice is more ben-

eficial for retention and transfer for a variety of motor skills

in comparison to repetitive practice [50,51]. In Study 2, it

appears that anodal tDCS to the cerebellum was able to

increase the benefit of interleaved training on transfer perform-

ance. Both the sham and anodal tDCS groups appeared to

benefit from a 24 h period of consolidation as demonstrated

by significant positive transfer achieved by both groups. Con-

solidation would better support transfer performance than

the more labile memory traces that were probably present in

Study 1 owing to a lack of a prolonged consolidation period.

However, the anodal tDCS group demonstrated greater trans-

fer than the sham group. This difference does not appear to be

owing to effects of tDCS on levels of attention or mental fati-

gue. There was no difference in subjective ratings between

the two stimulation groups, and the effects of stimulation

were apparent the next day, which is unlikely to be a non-

specific enhancement of attention or arousal. This result is

similar to other research indicating that the effects of tDCS

are better observed at a delay [35,39,52] and to Study 1 in

that no differences between the sham and anodal group were

observed on the same day. It is possible that the aftereffect of

cerebellar tDCS, which can last for up to 30 min after stimu-

lation is over [33], could be directly enhancing consolidation

processes. However, although the cerebellum may be involved

in the consolidation of adaptation skills [53,54], consolidation

of motor sequence tasks seem to be more dependent on the

striatum [55] and/or M1 [56] while the cerebellum may be

more crucial for early learning [17].

Thus, we instead hypothesize that anodal tDCS in

combination with interleaved learning may facilitate the instan-

tiation of more generalized internal models during acquisition

by increasing the prediction error sensitivity of Purkinje cells

[33]. It has been hypothesized that interleaved learning allows

for more opportunities to compare and contrast different

tasks, leading to better encoding of abstract features that

would be useful to retrieve during transfer [11,12]. Both sham

and anodal groups practised sequences in an interleaved

fashion, but perhaps anodal stimulation led to improved detec-

tion and encoding of general rules and features that were

relevant to the practised and novel sequences in the task. The

encoding of more abstract rules during practice is not
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inconsistent with the idea that learning-specific representations

are instantiated in the cerebellum [13], and it could be that

interleaving facilitates the integration of these abstract features

into the model for more generalized predictive ability. Consoli-

dation also took place for both stimulation groups, which

appeared to be beneficial even without stimulation because

both the sham and anodal groups showed positive transfer,

but consolidation of a more developed internal model would

better support transfer performance. It is also possible that

the cerebellum may encode rules for mapping spatial locations

onto motor responses [57] and it may also be important for

shifting attention to different locations [58] and rapid stimu-

lus-response remapping [59]. Our work is consistent with the

hypothesis that the cerebellum encodes internal models that

ultimately allow for improved cognitive control [26]. In our

task, there were general rules that govern practice and transfer

sequence structure and presentation (e.g. no trills within a

sequence, one sequence cannot consecutively repeat) and

these higher-order aspects may have been encoded in the cer-

ebellum. For example, in our task the learner might generate

a prediction of the upcoming sequential element based on the

mental model of task structure that had developed through

training. This could aid retention performance on trained

sequences, but we believe that interleaved training would also

lead to better encoding of more abstract features. Once the lear-

ner realizes there are multiple sequences, the rules that an

element cannot consecutively repeat or that a sequence

cannot consecutively repeat could lead to better predictions of

the upcoming response to make.
9. Conclusion
Manipulating cerebellar excitability during practice of visuo-

motor sequences in the SRT task affected both learning and

performance. Our results suggest that enhancing plasticity

in the cerebellum during practice leads to the formation of

a learning set for visuomotor sequences as measured by

this task. This may be a specific role of the cerebellum in

motor sequence learning, with other structures supporting

sequence-specific representations. Further research with

more extensive training and more complex motor skills is

needed to test this idea, along with comparison of the effects

of cerebellar and motor cortical tDCS.
The SRT task has typically been used as a way to examine

implicit learning (e.g. [1]), but a few studies have already taken

advantage of the SRT task to examine learners’ ability to

anticipate upcoming sequential elements while considering

statistical structure [5,60,61]. Implicit and statistical learning

studies share a common goal in understanding the extraction

of regularities in the environment during learning [62]. The

cerebellum may play a role in optimizing performance in a

learned context that requires feed-forward control and predic-

tion, in both motor and cognitive domains. Statistical learning

may in part be supported by chunking (e.g. [63,64]), which is

typically thought to be a function of the basal ganglia [65–67].

Computations of transitional probabilities that could enable

chunk formation might be formed in cortical areas and an

efference copy would be sent to the cerebellum [26]. The

mental model of probabilities formed in the cortex could be

used to anticipate upcoming events. This hypothesis is consist-

ent with work suggesting that computations of transitional

probabilities are carried out by temporal and parietal regions

[68–70]. Research showing that the cerebellum supports

prediction in language [30,71] and the application of higher-

order rules [29] might suggest a role for the cerebellum in

representing abstract rules, such as transitional probabilities

that could guide responses, for more efficient performance in

a learned context. Techniques such as tDCS that can influence

behaviour through modulation of brain activity could be used

to test specific hypotheses concerning the particular causal role

of the cerebellum and other cortical areas in statistical learning.
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