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Abstract
Functional motor declines that often occur withaating age - including reduced efficacy to learn
new skills - can have a substantial impact on thadity of life. Recent studies using non-invasive
brain stimulation indicate that priming the corspmal system by lowering the threshold for the
induction of long-term potentiation (LTP)-like ptesty before skill training may facilitate subsesqnt
skill learning. Here we utilized ‘priming’ protogdh which we used transcranial direct current
stimulation (tDCS) applying the cathode over thengry motor cortex (M1) prior to the anode placed
over M1 during unimanual isometric force contr@liting (FORCRaining). Older individuals who
received tDCS with the cathode placed over M1 godDCS with the anode placed over M1
concurrent with FORCEining Showed greater skill improvement and corticospaxaitability
increases following the tDCS/FOREing protocol compared to both young and older indigidu
who did not receive the preceding tDCS with thdngde placed over M1. The results suggested that
priming tDCS protocols may be used in clinicalisgt to improve motor function and thus maintain

the functional independence of older adults.

Key words:healthy aging; skill acquisition;homeostatic metaplasticity; transcranial direct current
stimulation; primary motor cortex



1. Introduction

Aging is often accompanied by a decline in many diosof motor function including slowing of
movements (e.g., Ketcham and Stelmach 2001), égthmovement accuracy and stability (e.qg.,
Fujiyama et al. 2013, Heuninckx et al. 2004), aedliced ability to learn new skills (e.g., Swinnén e
al. 1998, Wishart and Lee 1997). It has been sugdébkat neurophysiological changes that occur
with advancing age underpin these motor declinesi(Let al. 2014). Moreover, reduced capacity for
neuroplasticity with advancing age has been obslarvelder adults which can contribute to
behavioral impairments in the absence of signitigathology (Burke and Barnes 2006).
Interestingly, despite mounting evidence indicatimat older adults undergo neurophysiological
changes and show a decline in motor function, biéyato acquire new skills in later life is, agdst,

to some extent, preserved (Voelcker-Rehage 2008).

Previous studies have shown that the functiorgdrization of the primary motor cortex (M1)
in adult mammals is constantly reshaped by behaziale¢mands in order to learn new motor skills
(e.g., Nudo et al. 1997). This reorganisation,europlasticity, is mediated, at least in part, biyvaty
or use-dependent processes that involve synapifilification inducing either long-term potentiation
(LTP) or long-term depression (LTD) of synapsesSaand Donoghue 2000). As well as the brain
reorganization that occurs in response to actimityse (use-dependent neuroplasticity), there aslgo
evidence to suggest that non-invasive brain stititrlgNIBS) also induces similar neuroplastic
changes in the central nervous system, at least $twort period of time (<1hr) (Nitsche et al. 2008
Transcranial direct current stimulation (tDCS) ieuch form of NIBS which involves the
application of a weak electrical current to thelgcand that has been extensively used to mimic-LTP
and LTD-like processes in humans (e.g., NitscheRaudus 2001). tDCS is thought to induce shifts in
transmembrane neuronal potentials and, thus, imflieorticospinal excitability (Nitsche et al. 2008
It is assumed that the neuronal changes assoeigiethe persisting effects of tDCS are analogaus t
activity-dependent synaptic plasticity (i.e., LTI TD; Di Lazzarro et al. 2012) which is N-methyl-

D-aspartate (NMDA) receptor dependent (Di Lazzaral.€2012). The application of tDCS over the
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primary motor cortex (M1) elicits changes in caspinal excitability in a polarity specific manner:
motor evoked potentials (MEPSs) evoked by transafanagnetic stimulation (TMS) are potentiated
by tDCS with the anodal electrode placed over M1suppressed by tDCS with the cathodal
electrode placed over M1 (Nitsche and Paulus 2@Q@)gesting the facilitatory and inhibitory nature
of anodal and cathodal under the stimulation s#gpectively.

Despite the abundance of research reporting tEf&sts on plasticity, in recent years large
inter-individual variability in response to tDCSshlaeen recognized (Datta et al. 2012, Fujiyamé& et a
2014, Puri et al. 2015, Wiethoff et al. 2014). Egample, Fujiyama et al. observed that
approximately 20% of participants (8 out of 39) dt show the expected corticospinal excitability
increase following tDCS with anode placed over K particular relevance is a recent paper that
considered responses to tDCS in 54 healthy oldeafnage = 66.9 years) (Puri et al. 2015), in which
participants underwent two sessions receiving tb@B the anode placed over M1 with different
stimulation durations (i.e., 10 min and 20 min)s&¢han half (46%) of older adults exhibited the
expected potentiation in corticospinal excitabilityboth sessions.

One plausible explanation for the large intervmlial variability in response to NIBS is the histo
of synaptic activity prior to the stimulation (Ridd and Ziemann 2010). It appears that the human
motor system is regulated by homeostatic metaplgstnechanisms (Muller et al. 2007, Murakami et
al. 2012, Siebner et al. 2004). According to thernBnstock-Cooper-Munro (BCM) theory of
homeostatic metaplasticity (Bienenstock et al. J9gfasticity at a synapse is bidirectional, rasglt
in either LTP or LTD. The threshold for the indwetiof LTP versus LTD at synapses varies
according to the history of postsynaptic activitythe presence of low previous activity of thetpos
synaptic neuron, the synaptic modification thredhi®@creases, favouring the induction of LTP over
LTD. In contrast, if the previous postsynaptic aityiwas high, the synaptic modification threshold
increases which leads to the increased probabilitiie occurrence of LTD over LTP (Bienenstock et
al. 1982). It is apparent, therefore, that thednisbf post-synaptic activity can affect the resgmio

NIBS techniques.
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Based on the aforementioned theory, an inteigstirategy to facilitate motor skill acquisition

Is to decrease the threshold for induction of Like-Eynaptic plasticity by lowering neuronal adiyvi
in the M1 prior to commencing a motor training ragi(Ziemann et al. 2004). Using this idea, a
recent study by Christova and colleagues (201%aled that the application of tDCS with the
cathode placed over M1 prior to tDCS with the anpldeed over M1 resulted in greater improvement
in motor performance (conducted simultaneously WithtDCS with the anode placed over M1)
relative to the improvement in motor function olveer when tDCS with the anode placed over M1
and motor training were proceeded by sham stinalatDCS with placing anode over M1 during
skill acquisition is thought to facilitate the neaoal firing rates in task specific networks impasin
additional strengthening of specific synaptic cartioas (Fritsch et al. 2010) and additional
application of tDCS with the cathode placed over priibr to the tDCS with the anode placed over
M1 during task acquisition is beneficial for skatquisition by lowering theynaptic modification
threshold favouring the induction of LTP. Thus, tlwenbination of two functionally opposite tDCS
protocols appeared to promote larger gains in nfédiormance, possibly due to homeostatic
metaplasticity. However, the utilization of two rhaaistically opposing tDCS protocols has never
been investigated in the context of aging. Thegod evidence to suggest that the responsiveoess t
tDCS (in terms of improving motor behaviour) isapex in older adults compared to younger adults
(Hummel et al. 2010, Zimerman et al. 2013) andicospinal excitability increases following tDCS
with the anode placed over M1 are comparable betweang and older adults (Fujiyama et al.
2014). As such, tDCS may have substantial poteasia clinical intervention tool to facilitate moto
learning in older adults thereby potentially maiimitag functional independence. In this study, we
investigated the effect of tDCS with the anode @thover M1 primed with tDCS with the cathode
placed over M1on motor learning and neurophysialaigthanges in older adults. Based on the
homeostatic metaplasticity hypothesis we expedtattbCS with the cathode placed over M1
followed by tDCS with the anode placed over M1 vebrdsult in a greater skill gain and larger

neurophysiological changes (e.g., greater increasesrticospinal excitability) relative to tDCS thi
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the anode placed over M1 in the absence of pretionutig by tDCS with the cathode placed over M1
in both young and older adults. However, we expuktiat the benefit of the priming protocol (down-
regulation of corticospinal excitability) on subseqt skill acquisition and neurophysiological chang
would be limited in older adults since the abitibyflexibly modulate synaptic activity declines kit

advancing age (Eisen et al. 1996).

2. Methods
2.1 Participants

Thirty healthy young (16 femalel| = 24.8,3D = 3.0 yrs) and 30 healthy older volunteers (15
femalesM = 68.0,SD = 4.6 yrs) were recruited for the study. All paipiants were right-handed, as
assessed by the Edinburgh handedness questioidiield 1971 (scores 85.8 + 13.3%).
Participants were screened for cognitive impairmersing the Montreal Cognitive Assessment
(MOCA) (Nasreddine et al. 2005), with all partianps scoring within the normal range Z6).
Screening for contra-indications of tDCS and TM&{@hor electronic implants, chronic medical
conditions, neurological conditions, substance apsisin irritations and pregnancy) was conducted
prior to participation. A pre-experiment questiomeaevealed that no participants had any known
sensorimotor or neurological deficits. The protosak conducted in accordance with the Declaration
of Helsinki (1964) and was approved by the lochical committee of KU Leuven, Belgium. Written
informed consent was obtained from all participaonisr to participation. Participants were
financially compensated after the study.

2.2 Experimental design

The study consisted of two sessions conducted orcomsecutive days at the same time of the day.
Figure 1 outlines the experimental procedure. Tis¢ $ession involved eight blocks of motor tragin
(see section 2.5) with neurophysiological and bairalyassessments conducted before and after the
training. The second session served as a retetesbno examine behavioral performance and
neurophysiological measures. In the first sesgartjcipants were randomly allocated to either a

tDCS with the cathode placed over M1 followed bZ®with the anode placed over M1 (C-A) group
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(15 young, 9 femaled) = 25.3,SD = 2.7 yrs; 15 older, 8 femaldd, = 68.0,SD = 3.2 yrs) or a sham
followed by tDCS with the anode placed over M1 (Bgfoup (15 young, 7 femaled, = 25.5,3D =

3.3 yrs; 15 older, 7 femaleldl = 68.0,9D = 5.7 yrs). The C-A group received tDCS with tia¢hode
placed over M1 for 10 min at 1.5 mA intensity priorthe 26 min of motor training during which we
applied tDCS with the anode placed over M1 (20 rhif,mA). The first and last blocks of the
FORCE training were conducted without tDCS with é&ine@de placed over M1, whereby tDCS with
the anode placed over M1 was applied during theam@nmgy blocks (block 2-7). The S-A group
underwent an identical procedure as C-A groupptilg difference was that the cathodal stimulation
was replaced with sham stimulation. Motor perforogand corticospinal excitability were assessed
by means of FORGE: (see section 2.5 Isometric force control task (B&Rsection) and AURC

TMS (see section 2.3 Transcranial magnetic stinargifMS) and electromyography (EMG)
recording section), respectively. The assessmeet pioints were before (Pre 1) and after (Pre 2) the
first stimulation (cathodal for C-A group and sh&mS-A group), immediately (O min, Post 0), 20

min (Post 20), 40 min (Post 40), and 24 h (Pos) 2ftkr cessation of last training block.

2.3 Transcranial magnetic stimulation (TMS) and electromyography (EMG) recording

TMS was applied to the right M1 to assess the akiity of projections from the cortical
representation of the left first dorsal interosseowscle (FDI). Single-pulse TMS was administered
through a standard figure of eight coil (7 cm ditenef each wing) connected to a Magstim BiStim
unit (Magstim Company, Dyfed, UK). The TMS coil wiasld tangentially over the scalp to induce a
posterior-anterior current flow and to optimallycélmotor evoked potentials (MEPS) in the left FDI
(motor hotspot). EMG surface electrodes (Ag/AgCérevplaced over the left FDI in a belly-tendon
montage and signals were amplified with a gainGffQl band pass filtered (10 — 500 Hz) and
sampled at 2000 Hz using a 16-bit AD system (CEOR21€ambridge, UK). EMG data were fed to

disk for offline analysis. At the beginning of easdssion each individual's resting motor threshold
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(rMT) was determined as the lowest intensity thatked MEPs in the FDI of greater than 50V in at
least three out of five consecutive trials (Caretll. 2008). To maintain constant coil positi@nin
over the M1 hotspot of the right FDI throughout dredween sessions, the position and angles of the
coil were monitored by a neuronavigation system TAEnschede, The Netherlands). For navigation,
a standard 3D anatomical MRI was used which wagistered with the positions of the
participant’s nasion, left ear, right ear and hglagpe. After localization of the hotspot of the DI
muscle in the right M1, the position was markedchveitsemi-permanent marker for tDCS electrode
placement. With both upper limbs relaxed and rgsbim a pillow on the participant’s lap, baseline
MEP recruitment curves were constructed by applgiimguli in steps of 20% between 90% and
150% of rMT. At each intensity, 8 pulses were dalad at an inter-stimulus interval of 5 seconds
(Carson et al. 2013). Accordingly, each recruitnamize took approximately 3 minutes to collect.
TMS stimulation and EMG recording were controllgdSignal Software (Version 4.0, Cambridge
Electronic Design, UK) and were fed to a disk féilime analysis. MEP amplitude was determined as
the peak-to-peak amplitude following TMS. Trialswhich root mean squared (RMS) EMG exceeded
10 pV (Carson et al. 2004) during the 40 ms imntetigreceding the TMS pulse were discarded.
MEPs were averaged across all trials at each tmg (Prel, Pre2, Post0, Post20, Post 40 and Post
24h) for each intensity (90%, 110%, 130%) for epafticipant. The mean MEP amplitude was used
to calculate the area under the recruitment culN#RC) for each time point. The curve was bounded

by TMS intensity using the trapezoidal rule (Carsbal. 2013, Potteiger et al. 2002). More

20(a+b)
T2

specifically, the following formula was useg , Where a and b represent MEP amplitudes at

consecutive stimulus intensities, e.g., 90% rMT ah@% rMT. We also used short-latency
intracortical inhibition (SICI) to assess GARAeceptor (Di Lazzaro et al. 2006) mediated
intracortical inhibition and glutamatergic and adortical facilitation (ICF) to examine N-methyl-D-
aspartate (NMDA) receptor mediated intracorticallf@tion (Ziemann et al. 1998). For the
assessment of SICI and ICF, two Magstim units werdigured to deliver paired pulse stimulation

with an interstimulus interval (I1SI) of 3 ms and k3, respectively (Kossev et al. 2003, Kujirailet a
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1993). The intensity of the test TMS pulse (TS) weisto elicit an MEP of approximately 1.0 mV in
the left FDI during rest, while the intensity otthonditioning stimulus (CS) was set at 80% of rMT.
At each assessment time point (i.e., Pre 1, PPe& 0, Post 20, Post 40 and Post 24h), 12 TS2nd 1
CS-TS (3 ms ISl), and 12 CS-TS (13 ms ISI) weréevdedd in a random order while the participant

remained at rest. SICI and ICF were expressedtias (@onditioned MEP/ unconditioned MEP).

2.4 Transcranial direct current stimulation (tDCS)

Direct current was generated by a battery-drivarstamt-direct current stimulator (HDCStim
class lla; Model: HDCel EN-05, Newronika s.r.l., |0 20122, Italy). The current was applied
through two rubber electrodes that were placediépre-saline soaked and gelled sponges with
conductive gel. For the stimulation during the tasgkning, the positively charged electrode (anode)
(5 cm x 5 cm) was placed over the left FDI hotgjpight M1) and the negatively charged electrode
(cathode) (5 cm x 5 cm) was located over the ctaitaal supraorbital region. For the priming
stimulation, the opposite montage was used, he.cathodal electrode was placed over the left FDI
hotspot and the anodal electrode over the congralasupraorbital region. For sham stimulation, the
stimulation set up had the same montage as thedaltktimulation; However, the current was
ramped down to zero over a period of 30 seconds¢hi et al. 2008). The cortical representation of
the left (hon-dominant) FDI was selected as thgetaregion for tDCS because of the greater
likelihood of observing motor improvements in th@rdominant hand. For priming tDCS with the
cathode placed over M1, a constant current of JASxas delivered for 10 minutes, while for tDCS
with the anode placed over M1 the same currenhsitgwas applied for 20 minutesring the motor
training (see more details in “ISOMETRIC FORCE CAROL TASK (FORCE)” section). There is a
growing body of literature to suggest that a curietensity of 1.5 mA applied during tDCS to M1 is
effective at improving behavioral performance iskmincluding reaction time (Karok and Witney
2013), force endurance (Cogiamanian et al. 200id) sequence learning in healthy young adults.
Indeed, Cuypers and colleagues (2013) recentlyrteghthat a current of 1.5 mA tDCS with the

anode placed over M1 was more effective at impvaiention in a sequence learning task than
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sham stimulation, while 1 mA tDCS with the anodaceld over M1 failed to exhibit any gains above
those observed with sham stimulation. At neuropdigsical level, tDCS placing anode electrode
placed over M1 with the current intensity of 1.5 nmareases MEP amplitude in young (Karok and
Witney 2013, Tremblay et al. 2013a, Williams et213) and older adults (Puri et al. 2016, Puri et

al. 2015).

All participants and experimenters were blind relgag the nature (sham vs tDCS with the
cathode placed over M1) of the tDCS priming. Te #md, we highlight the specific features of tDCS
which make it a preferred NIBS technique: Firstligam tDCS conditions can easily be applied such
that both participant and experimenter are ‘blif@andiga et al. 2006). This particular facet pesmit
completely unbiased assessment of measures (usirtdedblind sham-controlled protocols), as is
required in strict trials of neurorehabilitationgfpand Altman 2000). Secondly, tDCS is significant!
cheaper and smaller than apparatus used for rTM$sarery simple to use. The electrodes placement
requires minimum experience. Accordingly, shoule ttchnique be found to be beneficial as a

clinical tool, it would be relatively straightforwagto transfer to clinical settings.

2.5 Isometric for ce control task (FORCE)
We used a sequential visual isometric index firgetuction task, henceforth referred to as the
FORCE task (Saucedo Marquez et al. 2013). The FORR€KEs a modified version of a task
developed by Reis and colleagues (Reis et al. 2B@8)icipants sat in an armchair, positioned 60 cm
from a 20 inch screen monitor, with their left fare placed on a horizontal board at a table sitbiate
in front of them. The left palm faced down with #leows slightly bent (100-120°). Vertical wooden
pegs designed to restrict movements to the secatacarpophalangeal joint (Carroll et al. 2008, Lee
et al. 2010), inserted into the board helped ppdits to maintain a consistent posture with harl a
forearm muscle relaxed throughout the experimemdet et al. 2012, Hinder et al. 2011).

Using their left index finger, participants weratiructed to control a cursor (green square)

displayed on the PC monitor by applying force darae transducer (Load cell model 1042, TEDEA
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Huntleigh, USA) by isometrically abducting theiftlandex finger. The green cursor represented the
force level and corresponded to the width of Suattunits (VU). The task was to move the green
square between a home position (force 0) and amget zones (flanked with vertical dotted linegtth
were displayed in a fixed order (6-3-1-7-2-9-5-8-4)

The targets were equally distributed over the scrdeich corresponded to 100 virtual units
(VU). The force was non-linearly transduced inte tlisplacement of the green cursor using a
formula; screen position = a x In (force) + b, wdharand b were adjusted for each participant imya w
that reaching the furthest target required 40%mefrhaximal voluntary contraction (MVC). MVC was
measured prior to the first FORCE test (Pre 1)ngkhe greatest value of three isometric left index

finger abduction trials.

2.5.1 FORCE;eq

At each assessment time point, participants peddrintrials each at 6 different speeds (0.5, A.75,
1.33, 1.67, 1.83 Hz) in a random order. For exangil& Hz participants were instructed to move the
cursor to a new gate in every second. During § paticipants were instructed to isometrically
abduct their left index finger against the foransducer to move the cursor as quickly and as
accurately as possible back and forth betweendh®elposition and a target gate (i.e., Home-6-
Home-3- Home-1- Home-7 Home-2- Home-9- Home-5- H@nklome-4). Participants were
instructed to complete a cycle (i.e., move theauis the target and return to home) in time with a
auditory metronome.

2.5.2 FORCEtraining

The training time was divided into nine blocks, wéi®y the participants performed the FORCE task
for 2 minutes followed by 1 minute of rest, havangptal duration of 27 min. The execution speed
was self-determined as a new target zone was gegplanly after the green cursor came back to the

home position after each attempt to locate theocwsthin the specified target zone.

2.7 Questionnaires
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Participants reported the number of hours of seepthe quality of sleep in the night before the
session on a 10 point scale. In addition, we a$tethe number of units of alcohol and caffeine
intake in the last 12 hours before the sessionleThBummarizes the means (M) and standard
deviations (SD) for each item by group.

After the FORClaining With tDCS with the anode placed over M1, usingiasgionnaire
developed by Brunoni et al. (2011) and Fertonani.g2010), we asked participants to report the
presence and severity (none-mild-moderate-conditiesdrong) of feelings of itchiness, tingling,
headache, neck pain, scalp pain, burning, warmdy/péching, iron taste, fatigue, concentration
difficulties and acute mood changes. In additibe, dtart (beginning, middle or end of stimulation)
and duration (stopped soon, in the middle or tow&neé end of the stimulation) of these sensations
was questioned and participants were asked iféhsagions influenced their performance (not ataall,

little, considerably, much, very much). The mea@#sensation score is presented in Table 1.

2.8 Data processing and analysis

Following previous studies (Reis et al. 2009, Sdoddarquez et al. 2013), a skill measure (skill
index, SI) which reflects a shift in the task’s sgeaccuracy trade-off function was utilized in the
current study. Such a parameter is very usefutitmtfy skill learning because it enables us to
compare performance between trials which invol¥edint speed and accuracy features, e.g., fast
movements with many errors and slow movements f@itherrors. The consideration of speed-
accuracy trade-off is particularly important in t@ntext of aging since older adults achieve alami
level of motor performance with slower speed in panson to young adults (e.g., Fujiyama et al.
2013, Heuninckx et al. 2004).

As in previous studies (Lopez-Alonso et al. 2018&isket al. 2009, Saucedo Marquez et al.
2013), we determined the speed-accuracy tradedfOsCE empirically. By pacing each subject at
different movement frequencies, we can model tse@ated changes in accuracy. For each
movement frequency, we obtained an error rate wikithe proportion of trials with at least one over

(the force level exceeds the target gate) or ustieot (the force level did not reach the targeg¢)gat
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movement, i.e., Skill index, which considers spaeddracy trade-off by considering movement
duration and accuracy, was modeled according tdotineula:

(1 — error rate)

Skill index = (error rate)(In(duration)?)

, Whereb is the dimension free parametemor rate is the average error within a trial, athatation is

the movement time. Although Reis and colleague®8420sed a constant b-value of 5.424 based on
results obtained from a small control group, weedgb calculate b-values for each individual
participant based on post-training data (i.e., BoBtost 20, Post 40, Post 24h) (Saucedo Marquez et
al. 2013). Figure 2 illustrates the shifts in aemyrand speed in each stimulation group for yourt a

older adults.

2.9 Statistical analysis

Data are expressed as mean (M) £ 95% confideneevals (Cl) and were tested to ensure normality
(Kolmorogov-Smirnov test) prior to parametric tefd@@mographic measures were analyzed using 2
(AGE GROUP: young, older) x 2 (STIM GROUP: C-A, S+ peated measures ANOVAs. Resting
motor thresholds (rMT) and 1mV TS intensity, boxpeessed as a percentage of maximum stimulator
output (%MSO) were analyzed by 2 (AGE GROUP: yowider) x 2 (STIM GROUP: C-A, S-A) x 2
(SESSION: session 1 and session 2) repeated meashf@VAs. Skill index obtained from
FORCEestand TMS measures were normalized for each paatitio the mean value obtained at Pre
1 to quantify the extent of changes from the Pr&slsuch, a normalized value larger than 1 reflects
an increase in the measure relative to the PreodmBlized skill index and TMS data (AURC, SICI,
and ICF) were analyzed using 2 (AGE: young, olde2)(STIM: C-A, S-A) x 5 (TIME: Pre2, Post0,
Post20, Post40, Post 24h) repeated measures ANQAdaitionally, the specific effect of tDCS with
cathode placed over M1 was analyzed using a 2 (B&BUP: young, older) x 2 (STIM GROUP: C-

A, S-A) x 2(TIME: Pre 1, Pre 2) ANOVA.
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We also examined whether there were any relatipsdietween neurophysiological changes
and performance improvement. Using the normalizddes, Pearson product-moment correlation
coefficients were computed to assess the relatipri#tween the performance changes and
neurophysiological changes at each time pointentwo stimulation conditions (S-A and C-A) for
each age group separately.

Inter-individual variability in response to tDCS svalso assessed. We performed chi-square
tests to evaluate the percentage of respondemsandesponders in two stimulation groups (i.e., S-A
and C-A) divided on the basis of age or sex. N@poaders were defined operationally according to
the ratio between pre (Pre2) and average of atlgps3S with the anode placed over M1 AURC
values across time points (Post0, 20, and 40) Heatmyv 1.1, resulting to categorize those who
showed a 10% increase in post tDCS with the anta®@ over M1 during training as responders
(Goldsworthy et al. 2016). We chose this critetiomccept more than 10% increases in AURC (ratio
> 1) as physiologically meaningful (Hinder et a012).

For ANOVA, if the sphericity assumption was violdte < 0.7) then we applied Huynh-Feldt
degrees of freedom adjustment. For post-hoc asalygiey HSD was used, as necessary. The level
of significance §-value) was set at 0.05. Plp)(@nd partial eta-squareq F(2) values are provided as
measures of effect size, where appropriate. Cstzoff.1 small> 0.3 medium 0.5 large were
applied for Phip, > 0.01 small> 0.06 medium, and 0.14 large were applied fgp , and> |0.10|

small,> |0.30| medium, ard |0.50| large were applied fo(Sink and Stroh 2006).

3. Results

3.1 For ce performance

ill index. To meet the assumption of normality a log tramefttion was applied to the skill index
data. For clarity, non-transformed data are replari¢he text and figures. ANOVA revealed main
effects of AGEF(1, 56) = 17.08p < 0.001n,” = 0.23, STIMF(1, 56) = 6.59p = 0.013,n,% = 0.11,
and TIME,F(4, 224) = 56.45p < O.OOl,n,o2 = 0.50. These main effects were best interpreidd w

reference to the significant interaction betweerEAdhd TIME,F(4, 224) = 3.50p = 0.008n,” =
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0.06, and a significant interaction between STIM &atME, F(4, 224) = 5.61p < O.OOl,np2 =0.09.
Post-hoc comparisons for the interaction of AGE &iME showed that the skill index at all post
time points was significantly higher than at Pre®oth young and older adults (plk 0.001).
Additionally, in young adults the skill index atf40 was significantly higher than at PogiG=(
0.001). The interaction was driven by the lowetl shdex values in older adults following tDCS with
the anode placed over M1 during FOR&g (all p < 0.05) relative to young adults (at all post-
training time points), suggesting that older adshtewed reduced skill learning ability compared to
young adults.

Post-hoc comparison for the interaction betweeiMSand TIME revealed that both STIM
groups showed skill improvement following tDCS wikie anode placed over M1 during
FORCEaining(all p < 0.05). C-A group showed significantly higherliskidex scores at Postp €
0.01) and Post4(@ (= 0.04) relative to the S-A group (Figure 3). (tleer critical aspect of these
results was that there were no differences in skiéinges between C-A and S-A group following
priming tDCS with the cathode placed over M1, sstjgg that 10 min of tDCS with the cathode
placed over M1 did not have an apparent effectkdhacquisition, but indeed primed the system to
subsequent training and for tDCS with the anodegalaver M1 to magnify the gain. Of note, the
three-way interaction between AGE, STIM, and TIMBswiot significanti-(4, 224) = 1.00p = 0.39,
> = 0.09.

In sum, these results indicate that older adultsarestrated a reduced ability to acquire a new
skill relative to young adults. However, for boteagroups, the application of priming tDCS with the
cathode placed over M1 induced greater learningimgubsequent FORG&ingconducted with
simultaneous tDCS with the anode placed over M1paoed to the motor learning exhibited when

priming tDCS was not applied.

3.2 TM S measures
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Resting motor threshold (rMT). ANOVA revealed no significant main effects or irgetion,Fs <
2.75,ps > 0.10,11pzs < 0.05, suggesting that rMT did not vary as afiom of session (Sessiond: =
40.98 + 2.68; Session Bl =41.42 + 2.67), age (younlt = 39.72 £ 2.32; olde = 42.68 + 2.89),
or stimulation condition (S-A groupd = 41.15 £ 3.01; C-A groupg = 41.25 + 2.30).
1mV TS Although higher TS intensity was required toielicmV MEP amplitude in older adult&(
= 65.34 + 3.84; corresponding to approx. 135% rkElative to young adult$v{ = 52.01 + 2.90;
corresponding to approx. 116% rMT), the main eftdcAGE just failed to reach conventional
significance levelF(1, 56) = 3.86p = 0.054,1],[,2 = 0.06. There were no other main effect or
interactions, alF < 1.50, allp > 0.23, alh1|o2 < 0.03, suggesting that 1 mV TS intensity did venty
significantly as a function of session (SessidWit 58.48 + 4.09; Session &t = 58.90 + 3.98), age,

or stimulation group (S-A groupd = 58.33 = 4.43; C-A groupgM = 59.05 + 4.02).

Corticospinal excitability (AURC). To meet the assumption of normality a log transtirom was
applied to the AURC data. For clarity, non-transfed data are reported in the text and figures. The
effect of tDCS with cathode placed over M1 was exaoh using a 2 (AGE GROUP: young, older) x
2 (STIM GROUP: C-A, S-A) x 2(TIME: Pre 1, Pre 2) AVA. There were no significant main
effects or interactions, al < 1.84, allp > 0.18, alh1|o2 < 0.03, indicating that corticospinal excitability
did not change after tDCS with cathode placed &Eiin both young and older adults.

To investigate the overall changes in AURC, noireal AURC data were analyzed using 2
(AGE: young, older) x 2 (STIM: C-A, S-A) x 5 (TIMERre2, Post0, Post20, Post40, Post 24h)
repeated measures ANOVASs. There were significdattf of STIM,F(1, 56) = 4.05p = 0.049,11|02
=0.07, and TIMEF(4, 224) = 8.64p < O.OOl,n,o2 = 0.13, which are best interpreted with referetioce
the significant interaction between STIM and TIME4, 224) = 2.79p = O.Of:’»,n,o2 = 0.05. As shown
in Figure 4A and B, in the C-A group (for both yguand older adults), AURC values were
significantly higher at all time points followin@€CS with the anode placed over M1 and
FORCEaining (PostO, Post20, Post40) relative to Pre2< 0.05). Furthermore AURC at Post20 and

40 was significantly higher than Post24is € 0.01) across both age groups. In contrasS{hAe
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groups (for both young and older adults) did navekignificant changes in AURC values across
time points. Furthermore, AURC values at Post20Rost40 in the C-A group were significantly
higher than S-A group (afl < 0.03). These results suggest that corticosgxeitability was
significantly potentiated following tDCS with theade placed over M1 with FORGing in the
group receiving priming tDCS with the cathode pthoger M1 (i.e., C-A group), but not in the group
receiving anodal stimulation over M1 with FOR&GRng (i.€., S-A group) without priming tDCS with
the anode placed over M1. Importantly, there wamam effect of AGE or interactions including
AGE as a factor, alf < 2.72, allp > 0.10, alh],[,2 < 0.05, suggesting that the modulation of
corticospinal excitability following stimulation Wi FORCEaining did not vary significantly as a
function of age. With respect to the effect of gngitDCS with the cathode placed over M1, similar
to skill acquisition, 10 min of tDCS with the catteoplaced over M1 at 1.5 mA did not overtly change
corticospinal excitability in both young and oldetults (95% CI error bars at Pre2 include baseline

(Prel)(Figure 4).

Short-latency intracortical inhibition (S CI). Non-normalized SICI values indicate that young TGt5
0.05) and older adults (0.67 + 0.16) exhibited lee# inhibition at Prel that did not vary signdiatly
(independent-test,p = 0.17). ANOVA to assess changes in SICI indugetDS with the anode
placed over M1 during training (i.e., SICI normalizto Pre 1 revealed no significant main effects or
interactionsFs < 1.56ps > 0.19x,°s < 0.03.

Intracortical facilitation (ICF). An independent-test on raw (non-normalized) ICF values revealed
that young adults (1.86 = 0.16) had greater ICFpuam@d to older adults (1.46 + 0.15) at Pre% (
0.005). As with normalized SICI, ANOVA to assessampes in ICF (ICF normalized to Pre 1)

revealed no significant main effects or interacidfs < 1.85ps > 0.18,11pzs <0.03.

3.3 Association between skill acquisition and neur ophysiological changes
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In young adults, there were no significant corietz between skill changes and changes in TMS
measures at any time point. In contrast, oldertadiilboth stimulation groups showed significant
positive correlations between skill changes and AUfRanges at Post0, Post40, and Post24h (Table
1, Figure 5). Although correlation coefficientsRaist20 in older adults of both stimulation groujus d
not reach significance, these correlation coeffitseachieved medium effect sizes ¢ 0.3). No
significant correlations were evident for SICI dudF. In sum, these results suggest that in older
adults, greater changes in corticospinal excitigtidillowing tDCS with the anode placed over M1

during training were associated with more pronodrsiell acquisition.

3.4 Inter-individual variability of responsesto tDCS
We further investigated whether the applicatiotD€S with the cathode placed over M1 prior to

tDCS with the anode placed over M1 reduces the-intividual variability in neurophysiological
measures. Since we only observed modulations in @Uft not in other TMS measures (SICI and
ICF)following tDCS with the anode placed over M1 durtrgning, we only consider AURC for this
analysis. In line with previous work (e.g., Fujiyaret al. 2014), some individuals did not displag th
anticipated increase in AURC following tDCS witletAnode placed over M1 during FORCE training
(Figure 6). In the S-A group, 40 % of total papeints, specifically 6 young (4 females) and 6 older
(3 females) adults, were identified as non-respmdehibiting average AURC values across all post
tDCS with the anode placed over M1 time pointsestlthan 1.1 (i.e., less than 10% increase in
AURC). In contrast, all young, except one femald &h older participants (5 males and 6 females) in
the C-A group exhibited AURC values larger thanfblibwing tDCS with the anode placed over M1
during training. Response to tDCS with the ano@egd over M1 did not differ by age(1, N = 60)
=1.00,p = 0.51,p < 0.13, or sexy’(1, N = 60) = 0.208p = 0.65,¢ = 0.06. Importantly, however, a
significantly larger number of participants werentified as responders to tDCS with the anode

placed over M1 in the C-A group compared to the §@up,x*(1, N = 60) = 4.02p = 0.04,¢ = 0.26.
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4. Discussion

The present study was designed to investigateftbet ®f tDCS with the anode placed over M1
during motor learning when it was preconditioned.(iprimed) by tDCS with the cathode placed over
M1. Although the extent of skill acquisition duritige application of tDCS with the anode placed
over M1 was reduced in older adults compared togadults (e.g., Pauwels et al. 2015, Zimerman
et al. 2013), priming this tDCS with the anode pthover M1 during motor learning with tDCS
applying the cathode to M1 resulted in greatei gkiprovement than priming with sham tDCS for
both young and older adults. Similarly, for botleagoups, corticospinal excitability changes indlice
by the tDCS with the anode placed over M1 duriny skining protocol were also greater and more
reliable (across participants) following real comgzhto sham priming tDCS with the cathode placed
over M1. Notably, correlation analyses suggestatigheater increases in corticospinal excitability

were associated with more training-induced improgetnbut only for older adults.

4.1 Behavioral effects of tDCSwith the cathode placed over M1 prior to combined tDCSwith the

anode placed over M1 and motor learning

Although skill gain was reduced in older adults pamed to young adults, the level of skill gain was
commensurate in young and older adults, suggestatgplder adults did not show age-related
reductions in the ability to learn a fine motorliskihen it was undertaken concurrently with tDCS
placing the anode over M1. This result confirmsv/mas work reporting that older adults maintain
the ability to learn new motor skills (Seidler 20&&vinnen et al. 1998). Previous studies have
demonstrated the effect of tDCS with the anodegalaver M1 on motor behaviour when the
stimulation was applied during training of a funcil motor task (Hummel et al. 2010), sequence
learning (Zimerman et al. 2013), and visuo-motacking tasks (Goodwill et al. 2015, Goodwill et al.
2013). Here we demonstrated that tDCS with the ampdaced over M1 also improved a unimanual

isometric force control task (Reis et al. 2009, &ao Marquez et al. 2013) in both age groups.
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Importantly, the skill acquisition in both olderdagiounger adults was significantly improved when
priming tDCS with the cathode placed over M1 wasiaistered prior to the tDCS with the anode
placed over M1 during motor training. Recently, #pplication of tDCS with the cathode placed over
M1 prior to tDCS with the anode placed over M1 @althy young adults resulted in a greater
improvement in a functional motor task performaf@eoved pegboard test) relative to tDCS with
the anode placed over M1 preceded by sham stironl&@ihristova et al. 2015). Accordingly the
current study, for the first time, reveals that ®®ith the anode placed over M1 during skill tragi
in combination with preceding tDCS with the cathqiteced over M1 is also effective in facilitating

motor learning in older adults.

4.2 Neurophysiological effects of tDCSwith the cathode placed over M1 prior to combined tDCSwith
the anode placed over M1 and motor learning

The current study demonstrated that plastic chaimgiga® corticospinal system largely follow theeul
of homeostatic metaplasticity by showing greateticospinal excitability increases in the C-A group
compared to S-A group, which is in agreement withvipus studies using tDCS (Christova et al.
2015) and other forms of NIBS protocols in healgbyng adults (lyer et al. 2003, Muller et al. 2007,
Murakami et al. 2012, Siebner et al. 2004).

In view of the fact that tDCS may be an importajuact to motor training rehabilitation
programs, an important novel finding of the curretoidy is that older adults showed comparable
corticospinal excitability increases to those ekkibby young adults. This suggests that, at letast
the neural level, the ability to undergo plastiamges in the central nervous system is maintaimed i
healthy aging. Another important aspect of theenirresults is that the extent of potentiation in
corticospinal excitability was positively correldteith skill changes in both groups of older adults
(i.e., C-A and S-A), suggesting that the respoms#gs of the corticospinal system to external siimul
(combined tDCS and motor training) is possiblyrastental in driving short-term skill acquisition in

older adults.
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Interestingly, the application of tDCS with theluade placed over M1 (10 min, 1.5mA) did
not induce overt decreases in corticospinal exityabr performance decline in the FORCE task. In
fact, the lack of changes in corticospinal excligbiollowing tDCS with the cathode placed over M1
over M1 is in agreement with recent studies (Stretia. 2016, Wiethoff et al. 2014). In this redpec
the tDCS with the cathode placed over M1 protooedhe current study acted to amplify the effect of
subsequent tDCS with the anode placed over M1 gwhil training on performance improvement
without overtly increasing corticospinal excitatyiisuggesting the priming nature of the particular
protocol. Priming with a relatively short applicatiof tDCS (10 min, 1.5mA) with the cathode placed
over M1 is thought to lower neuronal activity taluee the threshold for subsequent tDCS with the
anode placed over M1 to increase corticospinaltefiity (Siebner et al. 2004, Ziemann and Siebner
2008). This priming or pre-conditioning effect likeesulted in the greater increases in corticaapin
excitability (and improved skill acquisition duritigaining) in the C-A group relative to the S-A
group. Furthermore, the significantly lower numb&non-responders in the C-A groups relative to
the S-A groups not only further supports this viewt also provides a good basis for the application
of tDCS as a promising intervention tool to asauiring novel skills in older adults by reducing
inter-individual variability in response to tDCS.

The priming effect observed here with tDCS with taéhode placed over M1 is consistent
with the priming effect obtained following appli@at of a continuous theta burst stimulation protoco
(cTBS), a form of repetitive TMS (rTMS). The stardlaTBS protocol involves delivery of trains of
three subthreshold stimuli at 50 Hz every 200 nn€or 40 sec (for a total of 300 or 600 pulses —
cTBS300 or cTBS600, respectively), which elicit gases in corticospinal excitability when applied
over M1 (Huang et al. 2005). Notably, a shorteration of cTBS involving 150 pulses (cTBS150) —
without itself inducing overt changes in corticasgdiexcitability — reverses the subsequent efféct o
cTBS300 from the expected LTP-like effects to LTikeleffects of cTBS300 (Huang et al. 2010).
Using a cTBS150 priming protocol, Canterero andeegjues (2013) elucidated the interaction of

motor learning and occlusion of LTP-like effectsMEP amplitude following skill training.
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Specifically, the expected corticospinal excitabiincrease following skill learning was abolish®d
the application cTBS150 (see Hinder et al. 2013fshort review). Accordingly, the results of the
study by Cantarero and colleagues (2013) togetithrtie results of the tDCS with the cathode
placed over M1 protocol in the current study pregidtrong evidence that short applications of NIBS
that do not overtly alter corticospinal excitalyilihave the capacity to prime (e.g., significantly
modulate or even reverse) the expected effectlefesyuent LTP/LTD-like inducing protocols such as
motor learning or NIBS.

The current study also examined SICI and ICF tcidate changes in GABA(DI Lazzaro et
al. 2006) and glutamatergic N-methyl-D-aspartat®I[M) receptors (Ziemann et al. 1998) following
tDCS/motor learning, respectively. A magnetic resuare spectroscopy study by Stagg and colleagues
(2011a) revealed that tDCS (1mA, 10min) with thedeplaced over M1 reduces local GABA
concentration and tDCS with the cathode placed Mdgeduces glutamatergic activity. In a
subsequent study, Stagg and colleagues (2011bjl fgignificant correlations between GABA
concentration level and 1 ms ISI SICI which is thlauto reflect extrasynaptic GABA tone (Stagg et
al. 2011b) as well as corticospinal excitabilitylagiutamate level. However, there was no assoaatio
between GABA concentration level and SICI with &8 ISI which is thought to reflect synaptic
GABA activity. Similarly, in the current study, neith®ICI nor ICF showed any modulations in the
course of the assessment. Although a number oiesthdve reported reduced SICI (i.e., released
inhibition) following tDCS with the anode placedesvM1 (Amadi et al. 2015, Cengiz et al. 2013,
Christova et al. 2015, Heise et al. 2014, Kidgelle2013), other studies report no change in SICI
and ICF following tDCS with the anode placed ovek {&iebner et al. 2004) or increased SICI and
reduced ICF (Batsikadze et al. 2013). These appdretrepancies may originate from the fact that
both tDCS (duration, current intensity, electrot®sand TMS parameters (inter-stimulus interval,
intensities of conditioning pulse) vary somewhabas the studies. Alternatively, SICI and ICF may
not be the optimum TMS protocols to reflect changeSABA and glutamatergic activity following

tDCS, as Tremblay and colleagues (2013b) showadthpTMS-induced silent period duration was
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significantly correlated with glutamate and glutamconcentrations. Therefore, a comprehensive
study controlling these parameters and considexiwigde range of TMS measures is warranted in the
future.

There are several potential limitations in the prestudy. Firstly, a group who received
priming tDCS with the cathode placed over M1 folemhby sham stimulation during training was not
included in the current study. Such a group wowldehenabled us to directly investigate, for the
FORCEaining task, whether the priming protocol alone couldie& level of skill acquisition during
training that was comparable to the combinatioprofhing together with tDCS with the anode placed
over M1 during training. However, given that (a)uamber of studies have consistently shown that
skill training conducted with concurrent tDCS wilie anode placed over M1 results in better learning
compared to skill training without tDCS with theoaie placed over M1 (e.g., Christova et al. 2015)
and (b) the tDCS with the cathode placed over Medwss our priming protocol has been shown to
have no observable effect on subsequent motoritep(Stagg et al. 2011c), it is highly likely thae
greater skill gains and larger corticospinal exility changes in the C-A group (compared to tha S-
group) in the current study were facilitated by #pplication of tDCS with the anode placed over M1
during skill training. Second, at post 24h, theerawno statistically significant group differendes
skill index. While in older adults the primed gro(fp-A) had better skill scores compared to the non-
primed group (S-A) at Post 24h (Figure 3B), in yp@aadlults the advantages gained by the primed
group (C-A) in skill acquisition was not apparehpast 24h. In this respect, future studies invagvi
stimulating participants over multiple days as gid=et al. (2009), are warranted to establish the

effectiveness of the priming approach for long-teetention of motor skill.

4.3 Conclusion

The application of priming tDCS with the cathodagad over M1 prior to the application of tDCS
with the anode placed over M1 during motor trainegdjto enhanced skill acquisition in younger and
older adults. Particularly in older adults, imprdwskill acquisition during training was most likely

driven by the increased corticospinal excitabildfowing tDCS with the anode placed over M1
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during training, which was more robust (i.e., gee@hange) and reliable (between participants)
following the priming. Thus, it appears that prigioptimises the corticospinal system for upcoming
combined input of tDCS and motor training. Thishis first empirical evidence that homeostatic
metaplasticity may be utilised to promote new skafjuisition in older adults. Priming or
preconditioning the corticospinal system using tD&G® the cathode placed over M1 prior to tDCS
with the anode placed over M1 during training mayalpromising intervention protocol to improve
the impact of tDCS by reducing variability acroabjects. Such protocols may serve to facilitate the
functional independence of the aging population@ndd also be applied to intervention protocols

for clinical populations such as stroke patients.

Disclosur e statement

The authors have no conflicts of interest to diselo

Acknowledgments: This work was supported by KU Leuven ResearchdRarant (C16/15/070),
Flanders Fund for Scientific Research (FWO) GréB13708.14), and the Interuniversity Attraction
Poles Program initiated by the Belgian Sciencedydliffice (P7/11). HF was supported by the
Flanders Fund for Scientific Research (FWO postatatfellowship). MRH would like to thank the
Australian Research Council for support throughAREC DECRA (DE120100729) and ARC Future

Fellowship (FT150100406) schemes.



25

References

Amadi, U., Allman, C., Johansen-Berg, H., Stagd, €015. The Homeostatic Interaction Between Anodal
Transcranial Direct Current Stimulation and Mot@akning in Humans is Related to GABAA
Activity. Brain Stimulation 8(5), 898-905. doi:htffilx.doi.org/10.1016/j.brs.2015.04.010.

Batsikadze, G., Moliadze, V., Paulus, W., Kuo, MNitsche, M.A. 2013. Partially non-linear stimudst
intensity-dependent effects of direct current statian on motor cortex excitability in humans. J
Physiol 591(Pt 7), 1987-2000. doi:10.1113/jphy&i@1.2.249730.

Bienenstock, E.L., Cooper, L.N., Munro, P.W. 198Reory for the development of neuron selectivity:
orientation specificity and binocular interactionvisual cortex. J Neurosci 2(1), 32-48.

Brunoni, A.R., Fregni, F., Pagano, R.L. 2011. Ttatmsnal research in transcranial direct curremsliation
(tDCS): a systematic review of studies in animBksv Neurosci 22(4), 471-81.
doi:10.1515/rns.2011.042.

Burke, S.N., Barnes, C.A. 2006. Neural plastiaityhie ageing brain. Nature Reviews Neurosciencg 3(t
40.

Cantarero, G., Lloyd, A., Celnik, P. 2013. Reverfdbng-term potentiation-like plasticity processsdter
motor learning disrupts skill retention. The Joliwfaneuroscience : the official journal of the &g
for Neuroscience 33(31), 12862-9.

Carroll, T.J., Lee, M., Hsu, M., Sayde, J. 2008il&taral practice of a ballistic movement causdatdial
increases in performance and corticospinal exditahl Appl Physiol 104(6), 1656-64.
doi:10.1152/japplphysiol.01351.2007.

Carson, R.G., Nelson, B.D., Buick, A.R., Carroll).T Kennedy, N.C., Cann, R.M. 2013. Characterizing
changes in the excitability of corticospinal prajens to proximal muscles of the upper limb. Brain
stimulation 6(5), 760-8. doi:10.1016/j.brs.201305.

Carson, R.G., Riek, S., Mackey, D.C., MeichenbadrR,, Willms, K., Forner, M., Byblow, W.D. 2004.
Excitability changes in human forearm corticospiprajections and spinal reflex pathways during
rhythmic voluntary movement of the opposite limbeTJournal of physiology 560(Pt 3), 929-40.
doi:10.1113/jphysiol.2004.069088.

Cengiz, B., Murase, N., Rothwell, J.C. 2013. Opjmosffects of weak transcranial direct current station on
different phases of short interval intracorticdlibiition (SICI). Exp Brain Res 225(3), 321-31.
doi:10.1007/s00221-012-3369-0.

Christova, M., Rafolt, D., Gallasch, E. 2015. Cuatie effects of anodal and priming cathodal tD®@S o
pegboard test performance and motor cortical ebitiita Behav Brain Res 287, 27-33.
doi:10.1016/j.bbr.2015.03.028.

Cogiamanian, F., Marceglia, S., Ardolino, G., BarhiS., Priori, A. 2007. Improved isometric foredurance
after transcranial direct current stimulation otrexr human motor cortical areas. Eur J Neurosci)26(1
242-9. doi:10.1111/.1460-9568.2007.05633.x.

Cuypers, K., Leenus, D.J.F., van den Berg, F.HsdNe, M.A., Thijs, H., Wenderoth, N., Meesen, R.2013.
Is motor learning mediated by tDCS intensity? P& 8(6), e67344.
doi:10.1371/journal.pone.0067344.

Datta, A., Truong, D., Minhas, P., Parra, L.C.,&ik, M. 2012. Inter-individual variation duringrnsranial
direct current stimulation and normalization of eosing MRI-derived computational models.
Frontiers in psychiatry / Frontiers Research Fotioda, 91.

Day, S.J., Altman, D.G. 2000. Statistics notesiditig in clinical trials and other studies. BMJi(@ial
research ed) 321(7259), 504.

Di Lazzaro, V., Manganelli, F., Dileone, M., Nottar, F., Esposito, M., Capasso, M., Dubbioso, RcePH.,
Ranieri, F., Minicuci, G., Santoro, L., Uncini, 2012. The effects of prolonged cathodal directenirr
stimulation on the excitatory and inhibitory cirtsuof the ipsilateral and contralateral motor carte
Neural Transm 119(12), 1499-506. doi:10.1007/s08¥120845-4.

Di Lazzaro, V., Pilato, F., Dileone, M., Ranieri, Ricci, V., Profice, P., Bria, P., Tonali, P.&Ziemann, U.
2006. GABA(A) receptor subtype specific enhanceneéirhibition in human motor cortex. Journal
of Physiology-London 575(3), 721-6.

Eisen, A., EntezariTaher, M., Stewart, H. 1996.tiCal projections to spinal motoneurons: Changedh aging
and amyotrophic lateral sclerosis. Neurology 461306-404.

Fertonani, A., Rosini, S., Cotelli, M., RossinilMR, Miniussi, C. 2010. Naming facilitation inducés
transcranial direct current stimulation. Behav Briges 208(2), 311-8. doi:10.1016/j.bbr.2009.10.030.




26

Fritsch, B., Reis, J., Martinowich, K., SchambrayH Ji, Y.Y., Cohen, L.G., Lu, B. 2010. Direct cent
stimulation promotes BDNF-dependent synaptic piagtipotential implications for motor learning.
Neuron 66(2), 198-204. doi:10.1016/j.neuron.201083.

Fujiyama, H., Hinder, M., Garry, M., Summers, J120Slow and steady is not as easy as it sountstiinb
coordination at slow speed is associated with édelattentional demand especially in older adults.
Exp Brain Res 227(2), 289-300. d0i:10.1007/s002P3-8511-7.

Fujiyama, H., Hyde, J., Hinder, M.R., Kim, S.J., Grmack, G.H., Vickers, J.C., Summers, J.J. 2014.
Delayed plastic responses to anodal tDCS in oldeits Front Aging Neurosci 6, 115.
doi:10.3389/fnagi.2014.00115.

Gandiga, P.C., Hummel, F.C., Cohen, L.G. 2006. oeamial DC stimulation (tDCS): a tool for doublkéad
sham-controlled clinical studies in brain stimudati Clinical neurophysiology : official journal tie
International Federation of Clinical Neurophysiolddl7(4), 845-50.
doi:10.1016/j.clinph.2005.12.003.

Goldsworthy, M.R., Hordacre, B., Ridding, M.C. 20Minimum number of trials required for within- and
between-session reliability of TMS measures oficospinal excitability. Neuroscience 320, 205-9.
doi:10.1016/j.neuroscience.2016.02.012.

Goodwill, A.M., Daly, R.M., Kidgell, D.J. 2015. Theffects of anodal-tDCS on cross-limb transferldeo
adults. Clin Neurophysiol 126(11), 2189-97. doilliL6/j.clinph.2015.01.006.

Goodwill, A.M., Reynolds, J., Daly, R.M., KidgeD.J. 2013. Formation of cortical plasticity in ofcelults
following tDCS and motor training. Front Aging Nesci 5. doi:10.3389/fnagi.2013.00087.

Heise, K.-F., Niehoff, M., Feldheim, J., Liuzzi,,&erloff, C., Hummel, F.C. 2014. Differential effs of
anodal transcranial direct current stimulation eéalthy adults of younger and older age: inhibitory
neurotransmission and behavior. Front Aging Neur@sdoi:10.3389/fnagi.2014.00146.

Heuninckx, S., Debaere, F., Wenderoth, N., Versanes., Swinnen, S.P. 2004. Ipsilateral coordimati
deficits and central processing requirements agggtiwith coordination as a function of aging.
Journals of Gerontology Series B, Psychologicaé&ms and Social Sciences 59, 225-32.
doi:doi:10.1093/geronb/59.5.P225.

Hinder, M.R., Fujiyama, H., Summers, J.J. 2012nfxter-motor interhemispheric inhibition is releaskoting
movement initiation in older but not young aduR&0S One 7(12), e52573.
doi:10.1371/journal.pone.0052573.

Hinder, M.R., Goss, E.L., Fujiyama, H., Canty, AQarry, M.l., Rodger, J., Summers, J.J. 2014 rirzed
Intra-individual Variability Following Intermittentheta Burst Stimulation: Implications for
Rehabilitation and Recovery. Brain Stimul 7(3), 365 doi:10.1016/j.brs.2014.01.004.

Hinder, M.R., Schmidt, M.W., Garry, M.l., CarroNll,J., Summers, J.J. 2011. Absence of cross-linmsfea of
performance gains following ballistic motor praetio older adults. J Appl Physiol 110(1), 166-75.
doi:10.1152/japplphysiol.00958.2010.

Huang, Y., Edwards, M., Rounis, E., Bhatia, K., iRell, J. 2005. Theta burst stimulation of the hamator
cortex. Neuron 45, 201 - 6.

Huang, Y., Rothwell, J.C., Lu, C.S., Chuang, Wlin, W.Y., Chen, R.S. 2010. Reversal of plastidike
effects in the human motor cortex. J Physiol 588(3683-93.

Hummel, F.C., Heise, K., Celnik, P., Floel, A., &#; C., Cohen, L.G. 2010. Facilitating skillegyht hand
motor function in older subjects by anodal polar@aover the left primary motor cortex. Neurobiol
Aging 31(12), 2160-8. doi:10.1016/j.neurobiolagiz@08.12.008.

lyer, M.B., Schleper, N., Wassermann, E.M. 2008nfxg stimulation enhances the depressant effelcvof
frequency repetitive transcranial magnetic stimafat) Neurosci 23(34), 10867-72.

Karok, S., Witney, A.G. 2013. Enhanced motor laagribllowing task-concurrent dual transcranial ciire
current stimulation. PLoS One 8(12), e85693. doi:2@1/journal.pone.0085693.

Ketcham, C.J., Stelmach, G.E. 2001. Age-relatedirdexin motor control. in: Birren, J.E., & Schale,W.
(Ed.). Handbook of the Psychology of Aging. Acadefiess, San Diego, CA, pp 313-48.

Kidgell, D.J., Daly, R.M., Young, K., Lum, J., Ty, G., Jaberzadeh, S., Zoghi, M., Pearce, A.J3.201
Different current intensities of anodal transcrhdieect current stimulation do not differentially
modulate motor cortex plasticity. Neural Plast 200.310i:10.1155/2013/603502.

Kossev, A.R., Siggelkow, S., Dengler, R., Rollnlk). 2003. Intracortical inhibition and facilitatian paired-
pulse transcranial magnetic stimulation: effeatafditioning stimulus intensity on sizes and latesic
of motor evoked potentials. J Clin Neurophysiol22064-8.



27

Kujirai, T., Caramia, M.D., Rothwell, J.C., Day,lB. Thompson, P.D., Ferbert, A., Wroe, S., Asselnfan
Marsden, C.D. 1993. Corticocortical inhibition inrhan motor cortex. J Physiol 471, 501-19.

Lee, M., Hinder, M.R., Gandevia, S.C., Carroll,. 2010. The ipsilateral motor cortex contributesnass-
limb transfer of performance gains after ballistiotor practice. J Physiol 588(1), 201-12.
doi:10.1113/jphysiol.2009.183855.

Levin, O., Fujiyama, H., Boisgontier, M.P., Swinn&P., Summers, J.J. 2014. Aging and motor inbiibitA
converging perspective provided by brain stimulatmd imaging approaches. Neurosci Biobehav Rev
43(0), 100-17. doi:http://dx.doi.org/10.1016/j.newbv.2014.04.001.

Lopez-Alonso, V., Cheeran, B., Fernandez-Del-OlM02015. Relationship Between Non-invasive Brain
Stimulation-induced Plasticity and Capacity for FioLearning. Brain Stimul 8(6), 1209-19.
doi:10.1016/j.brs.2015.07.042.

Muller, J.F., Orekhov, Y., Liu, Y., Ziemann, U. ZDMHomeostatic plasticity in human motor cortex
demonstrated by two consecutive sessions of passdciative stimulation. Eur J Neurosci 25(11),
3461-8. doi:10.1111/j.1460-9568.2007.05603.x.

Murakami, T., Muller-Dahlhaus, F., Lu, M.-K., Ziema, U. 2012. Homeostatic metaplasticity of cortmoal
excitatory and intracortical inhibitory neural aiits in human motor cortex. J Physiol 590(22), 5765
81. doi:10.1113/jphysiol.2012.238519.

Nasreddine, Z.S., Phillips, N.A., Bedirian, V., @hanneau, S., Whitehead, V., Collin, I., Cumminds,,
Chertkow, H. 2005. The Montreal Cognitive AssesdmoCA: a brief screening tool for mild
cognitive impairment. J Am Geriatr Soc 53(4), 69%#6i:10.1111/j.1532-5415.2005.53221 .

Nitsche, M.A., Cohen, L.G., Wassermann, E.M., Rriéar, Lang, N., Antal, A., Paulus, W., Hummel, F.,
Boggio, P.S., Fregni, F., Pascual-Leone, A. 2008n3cranial direct current stimulation: State @f th
art 2008. Brain Stimulation 1(3), 206-23.

Nitsche, M.A., Paulus, W. 2000. Excitability chaageduced in the human motor cortex by weak tramrsal
direct current stimulation. The Journal of Physigi®27(3), 633-9. doi:10.1111/j.1469-7793.2000.t01-
1-00633.x.

Nitsche, M.A., Paulus, W. 2001. Sustained excitgbdlevations induced by transcranial DC motorteor
stimulation in humans. Neurology 57(10), 1899-901.

Nudo, R.J., Plautz, E.J., Milliken, G.W. 1997. Ateap Plasticity in Primate Motor Cortex as a Congstpe of
Behavioral Experience and Neuronal Injury. Semimaideuroscience 9(1-2), 13-23.
doi:http://dx.doi.org/10.1006/smns.1997.0102.

Oldfield, R.C. 1971. The assessment and analydisrdedness: the Edinburgh inventory. Neuropsydielo
9(1), 97-113.

Pauwels, L., Vancleef, K., Swinnen, S.P., BeefsM. 2015. Challenge to promote change: both yoamd
older adults benefit from contextual interfererfémnt Aging Neurosci 7, 157.
doi:10.3389/fnagi.2015.00157.

Potteiger, J.A., Jacobsen, D.J., Donnelly, J.E2280comparison of methods for analyzing glucose iasulin
areas under the curve following nine months of @gerin overweight adults. Int J Obes Relat Metab
Disord 26(1), 87-9. doi:10.1038/sj.ij0.0801839.

Puri, R., Hinder, M.R., Canty, A.J., Summers, 201L6. Facilitatory non-invasive brain stimulationalder
adults: the effect of stimulation type and duratonthe induction of motor cortex plasticity. Expaih
Res. d0i:10.1007/s00221-016-4740-3.

Puri, R., Hinder, M.R., Fujiyama, H., Gomez, R.r&m, R.G., Summers, J.J. 2015. Duration-dependent
effects of the BDNF Val66Met polymorphism on anot®CS induced motor cortex plasticity in older
adults: a group and individual perspective. Froging Neurosci 7. doi:10.3389/fnagi.2015.00107.

Reis, J., Schambra, H.M., Cohen, L.G., Buch, BzRtsch, B., Zarahn, E., Celnik, P.A., Krakauew/J2009.
Noninvasive cortical stimulation enhances motol skiquisition over multiple days through an effect
on consolidation. Proceedings of the National Acagef Sciences 106(5), 1590-5.
doi:10.1073/pnas.0805413106.

Ridding, M.C., Ziemann, U. 2010. Determinants & ihduction of cortical plasticity by non-invasibeain
stimulation in healthy subjects. J Physiol 588(2291-304. doi:10.1113/jphysiol.2010.190314.

Sanes, J.N., Donoghue, J.P. 2000. Plasticity anthpy motor cortex. Annu Rev Neurosci 23, 393-415.

Saucedo Marquez, C.M., Zhang, X., Swinnen, S.Pedde, R., Wenderoth, N. 2013. Task-specific efféct
transcranial direct current stimulation on mot@rkeng. Front Hum Neurosci 7.
doi:10.3389/fnhum.2013.00333.




28

Seidler, R.D. 2007. Older Adults can Learn to Lddew Motor Skills. Behav Brain Res 183(1), 118-22.
doi:10.1016/j.bbr.2007.05.024.

Siebner, H., Lang, N., Rizzo, V., Nitsche, M., ReyW., Lemon, R., Rothwell, J. 2004. Preconditignbf
low-frequency repetitive transcranial magnetic station with transcranial direct current stimulatio
evidence for homeostatic plasticity in the humananoortex. J Neurosci 24, 3379 - 85.

Sink, C.A., Stroh, H.R. 2006. Practical significanthe use of effect sizes in school counselinganesh.
Professional School Counseling 9, 401-11

Stagg, C.J., Bachtiar, V., Johansen-Berg, H. 20Lha.role of GABA in human motor learning. Curr Bio
21(6), 480-4. d0i:10.1016/j.cub.2011.01.069.

Stagg, C.J., Bestmann, S., Constantinescu, A.Oeip L.M., Allman, C., Mekle, R., Woolrich, M., g J.,
Johansen-Berg, H., Rothwell, J.C. 2011b. Relatipnsbtween physiological measures of excitability
and levels of glutamate and GABA in the human mototex. J Physiol 589(Pt 23), 5845-55.
doi:10.1113/jphysiol.2011.216978.

Stagg, C.J., Jayaram, G., Pastor, D., Kincses, Klatthews, P.M., Johansen-Berg, H. 2011c. Polarity
timing-dependent effects of transcranial directeuoir stimulation in explicit motor learning.
Neuropsychologia 49(5), 800-4. doi:http://dx.dai/d0.1016/j.neuropsychologia.2011.02.009.

Strube, W., Bunse, T., Nitsche, M.A., Nikolaeva, Ralm, U., Padberg, F., Falkai, P., Hasan, A. 2016
Bidirectional variability in motor cortex excitaltif modulation following 1 mA transcranial direct
current stimulation in healthy participants. Phimiical reports 4(15). doi:10.14814/phy2.12884.

Swinnen, S.P., Verschueren, S.M.P., H., B., Douasl, Lee, T.D., Stelmach, G.E., Serrien, D.R8RAge-
related deficits in motor learning and differenoefeedback processing during the production of a
bimanual coordination pattern. Cognitive Neuropsyogy 15(5), 439-66.
doi:10.1080/026432998381104.

Tremblay, S., Beaule, V., Lepage, J.F., Theore(.3a. Anodal transcranial direct current stimatat
modulates GABA(B)-related intracortical inhibitiamthe M1 of healthy individuals. Neuroreport
24(1), 46-50. doi:10.1097/WNR.0b013e32835c36b8.

Tremblay, S., Beaule, V., Proulx, S., de BeaumbntMarjanska, M., Doyon, J., Pascual-Leone, Asdande,
M., Theoret, H. 2013b. Relationship between traarsat magnetic stimulation measures of
intracortical inhibition and spectroscopy measwieSABA and glutamate+glutamine. J Neurophysiol
109(5), 1343-9. doi:10.1152/jn.00704.2012.

Voelcker-Rehage, C. 2008. Motor-skill learning Idey adults—a review of studies on age-relatecediifices.
European Review of Aging and Physical Activity 5@&)16. doi:10.1007/s11556-008-0030-9.

Wiethoff, S., Hamada, M., Rothwell, J.C. 2014. \dhility in response to transcranial direct curmgimulation
of the motor cortex. Brain Stimulation 7(3), 468-d6i:http://dx.doi.org/10.1016/j.brs.2014.02.003.

Williams, P.S., Hoffman, R.L., Clark, B.C. 2013ePminary evidence that anodal transcranial dicectent
stimulation enhances time to task failure of aa@nsd submaximal contraction. PLoS One 8(12),
€81418. doi:10.1371/journal.pone.0081418.

Wishart, L.R., Lee, T.D. 1997. Effects of aging aaduced relative frequency of knowledge of resoits
learning a motor skill. Percept Mot Skills 84(319t 1107-22. doi:10.2466/pms.1997.84.3.1107.

Ziemann, U., Chen, R., Cohen, L.G., Hallett, M. 899extromethorphan decreases the excitabilithef t
human motor cortex. Neurology 51(5), 1320-4.

Ziemann, U., llic, T.V., Pauli, C., Meintzschel, Ruge, D. 2004. Learning modifies subsequent induof
long-term potentiation-like and long-term depresdike plasticity in human motor cortex. J Neurosci
24(7), 1666-72. doi:10.1523/jneurosci.5016-03.2004.

Ziemann, U., Siebner, H.R. 2008. Modifying motaarlging through gating and homeostatic metaplagticit
Brain Stimulation 1(1), 60-6. doi:http://dx.doi.ét§.1016/j.brs.2007.08.003.

Zimerman, M., Nitsch, M., Giraux, P., Gerloff, ©ohen, L.G., Hummel, F.C. 2013. Neuroenhancemettiteof
aging brain: restoring skill acquisition in old $adts. Annal of Neurology 73(1), 10-5.
doi:10.1002/ana.23761.




29
Figure captions

Figure 1. Schematic illustration of the experimental desigrcathodal-anodal (C-A) group, 10 min
of tDCS with the cathode placed over M1 was appbedr to the application of tDCS (20min) with
the anode placed over M1during FORCE training, wagin sham-anodal (S-A) group sham
stimulation REPLACED tDCS with the cathode placedravil. Neurophysiological assessment
using transcranial magnetic stimulation (TMS) aetidvioral assessment (Forgewere conducted
before (Prel) and after (Pre2) the tDCS with tlieade placed over M1 (C-A group) or sham (S-A
group) and immediately (Post0), 20 min (Post20)m® (Post40), and 24 h (Post24h) after the
cessation of FORCE training.

Figure 2. Speed-Accuracy Tradeoff Function for each AGE @®RJyoung and older adults) and
STIM GROUP (C-A and S-A). Blue diamond represehespire data set (average across Prel and
Pre2), red square represents post data (averaggsd®ostO, 20, and 40) and the greamgle
represents the retention data (Post 24h).

Figure 3. Mean normalized skill index for A) Young and B)d@r adults at each time point. All error
bars (95% CI) which include the value 1 (baseldwted horizontal line) indicate non-significant
differences at that time relative to the baselioedition. Asterisks denote significant differences
between groupsp(< 0.05).

Figure 4. Mean normalized AURC values for A) Young and BYl€ adults at each stimulation time
point. All error bars (95% CI) which include thelwa 1 (baseline: dotted horizontal line) indicate
non-significant differences at that time relatigdlte baseline resting condition. Asterisks denote
significant differences between groups<(0.05).

Figure 5. Association between changes in corticospinaltakiity (indexed by AURC change
relative to Prel) and degree of skill acquisitimméxed by skill index change relative to PrelAgt
Post0, B) Post20, C) Post40, and D) Posi@4iider adultsNote: Bold r values depict significant
correlation coefficients (critical = + .51).

Figure 6. Mean (filled square C-A group and filled diamdnd S-A group, error bars denotes 95% CI
and individual AURC ratios (pooled AURC across Pp&0, and 40 divided by baseline Pre2) in
young and older adults. A ratio larger than 1 iatks AURC increases following tDCS with the
anode placed over M1 during FORCE training.
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Table 1. Summary of demographic information andstjaenaires
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Table 1
Summary of demographic information and questiomsair
Young Older
C-A S-A C-A S-A p-
(n =15) (n =15) (n =15) (n=15) values
Demographic information M(SD) M(SD) M(SD) M(SD)
Age 25.3(2.7) 25.5(3.3) 68.0 (3.2) 68.0(5.7) -
Sex 6M/9F 8M/T7TF 7TM/8F 8M/TF -
deep, alcohol and caffeine intake
Sleep quality 7.7 (1.8) 7.4 (1.1) 7.1 (2.5) 76(2.3) >0.46
Sleep duration 6.7 (1.8) 7.2(1.1) 6.6 (1.6) 6.7(1.7) >0.52
alcohol intake 0.6 (0.9) 0.6 (0.7) 0.5(1.6) 06(1.4) >043
caffeine intake 0.2 (0.4) 0.0 (0.0) 0.3 (0.6) 05(1.1) >0.16
tDCSquestionnaire
tDCS sensation 0.2 (0.4) 0.3 (0.4) 0.2 (0.1) 0.2(0.2) >0.15
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Highlights
- Preconditioning tDCS facilitates subsequent tDCS effect on skill acquisition
- Homeostatic metaplasticity is preserved in healthy aging

- Increasein corticospinal excitability is associated with skill acquisition in elderly



