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ABSTRACT

Ruotsalainen, llona 2014. The effects of PAS-induc€&P-like plasticity on visuomo-
tor learning. Department of Biology of Physical &ily, University of Jyvaskyla. Mas-
ter's thesis in biomechanics, 45 pages.

Brain adapts in response to motor learning by cimgngeuroanatomical and functional
properties. One proposed model for these chandesddasting enhancement of synap-
tic strength called long-term potentiation (LTP)R-like changes in motor cortex are
possible to induce artificially with paired assamia stimulation (PAS). Further, evi-
dence exist that PAS can enhance specific typ@sovdr learning. The aim of this re-
search was to study the effect of PAS-induced Lik@-lasticity on early acquisition
phase of brief visuomotor learning task.

A motor learning task was conducted three timewviohg PAS. The learning perfor-
mance was calculated as a magnitude of averagetkeromghout the task. Transcranial
magnetic stimulation was applied before (PRE) PA8 after each learning task to
measure motor-evoked potentials (MEP) from solewsahe. In addition, electrical
nerve stimulation was used to measure the Hoffraetlex (h-reflex) and maximal com-
pound muscle action potential (Mmax). The subjeatse divided into three different
groups: control (CON), responders (RES, PAS indukieP facilitation) and non-
responders (NON, PAS did not increase MEP sizd)g/Adups improved their perfor-
mance between learning task 1 and 3 (L1 and L3)y @ RES group improved be-
tween L2 and L3. The improvement was significanthpared with CON and almost
significant with NON. MEP amplitudes following PAScreased in RES group; 138.0
1+ 98.6 % (POST1), 227.8 £ 130.2 % (POST2, p < 0.@22 228.4 + 152.9 % (POSTS3,
p < 0.012). In the NON group MEP amplitudes wered8335.2 % (POST1) 70.7 +
21.7 % (POST2, p < 0.020) and 72.0 = 15.5 % (POSTBgre were no changes in
CON compared with PRE measurement. Both the hxeftel Mmax did not change
significantly between conditions.

Thus, the learning performance did not differ betwéhe groups when compared the
total amount of learning (between L1 and L3). Hoerewat the end of the learning task
as the learning proceeded, PAS seems to have afidd@himpact on visuomotor learn-
ing task.



TIVISTELMA

Ruotsalainen, llona 2014. Parillisen assosiatiivisBmulaation vaikutus visuomotori-
seen oppimiseen. Liikuntabiologian laitos, Jyvagkyliopisto, 45 s.

Aivojen hermostollisissa rakenteissa ja toiminnatgaahtuu adaptaatiota motorisen
oppimisen seurauksena. Eras ehdotetuista mall@siay muutokset voivat perustua on
hermoliitoksen voimakkuuden pitkaaikainen tehoshanieli pitkdkestoinen potentiaa-
tio (LTP). Keinotekoisesti LTP:n kaltainen vaikutwsidaan tuottaa parillisella as-
sosiatiivisella stimulaatiolla (PAS). Liséksi tutkiistulokset osoittavat, ettd PAS voi
parantaa tietyn tyyppista motorista oppimista. Tiatudkimuksen tarkoituksena on sel-
vittdd miten PAS:n tuottama LTP:n kaltainen plasis vaikuttaa visuomotorisen oppi-
misen alkuvaiheeseen.

Visuomotorinen oppimistehtava suoritettiin kolmetka PAS:n jalkeen. Oppimistehta-
va oli tarkkuustehtava, jossa koehenkilon piti ataresimerkkivoimakayraa mahdolli-
simman tarkasti tuottamalla voima plantaarifleKsiolranskraniaalisella magneettisel-
la stimulaatiolla tuotettiin motorisia heratepotaateja (MEP) ennen PAS:ta ja jokaisen
oppimistehtavan jalkeen. Lisdksi hermon sahkodistédaatiota kaytettin Hoffman
refleksin (h-reflex) ja maksimaalisen m-aallon amdttniseen (Mmax). Koehenkil6t jaet-
tiin kolmeen ryhmaan: kontrolli (CON), vastaajatH&® PAS tuotti MEP:n fasilitoitu-
mista) ja ei-vastaajat (NON, PAS ei kasvattanut MEgkoa).

Kaikki ryhmat paransivat suoritustaan oppimistetg@vl ja 3 valilla (L1 ja L3). Vain
RES-ryhma paransi suoritustaan valilla L2 ja L3oi8uksen parantuminen oli merkit-
seva verrattuna CON-ryhméén ja lahes merkitsevéattena NON-ryhmé&an. MEP:n
amplitudit PAS:n jalkeen olivat seuraavat: RES 038 98,6 % (POST1), 227,8 +
130,2 % (POST2, p < 0,022) ja 228,4 + 152,9 % (P®$PT< 0,012), NON 83,0 £ 35,2
% (POST1) 70,7 + 21,7 % (POST2, p < 0,020) and #1%,5 % (POST3). MEP:n
koossa ei tapahtunut muutoksia CON-ryhmassa. Myiiskérefleksissa tai Mmax:ssa
ei tapahtunut merkitsevid muutoksia eri mittaudepdtien valilla.

Kaikissa kolmessa ryhmassa suoritus parani samaanvealilla L1 ja L3. Kuitenkin
oppimistehtavan lopussa PAS:lla nayttda olevanussentvaikutus visuomotoriseen op-
pimistehtavaan.
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ABBREVIATIONS

AMPA a-amino-3-hydroxyl-5methyl-4-isoxazolepropionic acid
BDNF brain-derived neurotrophic factor

C carboxyl

CaM calmodulin

EEG electroencephalography

EMG electromyography

GABA gamma-Aminobutyric acid

H-reflex the Hoffmann reflex

ICF intracortical facilitation

ISI interstimulus interval

LICI long-interval intracortical inhibition
LTD long-term depression

LTP long-term potentiation

M1 primary motor cortex

MEP motor-evoked potential

Mmax maximal compound muscle action potential
MT motor threshold

MVC maximal voluntary contraction

N amino

NMDA N-Methyl-D-aspatrtic acid

PAS paired associative stimulation

PAS. 1p depressive PAS

PAS 1p facilitatory PAS

RMT resting motor threshold

SD standard deviation

SEP somatosensory-evoked potential
SICF short-interval intracortical facilitation
SICI short-interval intracortical inhibition
tDCS direct current stimulation

™S transcranial magnetic stimulation



1 INTRODUCTION

Life is a continuous learning process. Every dayfaee challenges that demand motor
learning. Our daily life challenges that requirarleng of new motor skills are for ex-
ample: riding a bike, dancing, playing an instrumeaying games or driving a car.
Many of these activities require combination ofs@y feedback and movement. One
example is while driving a car, the driver needadfust the speed of the car to maintain
the car position. Thus, the driver has to pushatteelerator according to visual feed-
back. Also, certain diseases or accident could impator functions and the patients

have to relearn the skills of everyday living.

Non-invasive brain stimulations have become moi rmore popular recently in both
clinical and research use. Several studies denatedinat non-invasive brain stimula-
tion are able to modulate brain plasticity and eleamotor learning (e.g. Boggio et al.
2006; Hamada et al. 2014; Jung & Ziemann 2009). ©pe of non-invasive brain sti-
mulation is paired associative stimulation (PASASPcombines a peripheral neural
stimulation with transcranial magnetic stimulatiboFMS). It is assumed that PAS is

able to modify synaptic strength and thus, modutadén plasticity. (Stefan et al. 2000.)

The aim of the present study was to investigateetfext of PAS on visuomotor learn-
ing. The PAS induces long-term potentiation (LTHRe- plasticity in primary motor
cortex (M1). The LTP-like plasticity induced by novasive brain stimulation has
been shown to either interfere (Cantarero et al3BY or enhance (Jung & Ziemann
2009) motor learning. The focus of the presentystudl be on the early acquisition
phase of visuomotor tracking type of learning. didiion, most of the studies have fo-
cused on upper limb muscles and in the preseny shedfocus will be on lower limb

muscles.



2 MOTOR LEARNING

2.1 Brain Plasticity

Humans learn new skills and adapt their behavioougghout life. In response the hu-
man brain needs to be adaptable. The brain's ¢ggaathange and to adapt is termed
brain plasticity. (Thickbroom 2007.) Brain also pt&in response to motor learning
processes by changing the neuroanatomical struotuitenctional recruitment patterns
(Bezzola et al. 2012). The adult brain can expegeeorganization as a result of learn-
ing. A simple repetitive motor activity however,edonot induce reorganization (repre-
sentational map plasticity). Instead, skill acdiosi, learning or practice of a novel mo-
tor task does induce map plasticity. Thus, spepiitterns of motor activity are required
to produce functional motor cortex plasticity. Maosms for plasticity include unco-
vering latent or existing connections, activatidnsiblent synapses, activity-dependent
synaptic plasticity, or excitability changes in mymaptic neurons. (Classen et al. 1998;
Rioult-Pedotti& Donoghue 2003.) More specificallyowe mentioned mechanisms can
occur due to modulation of synaptic transmissiaipperative changes in networks of
neurons, neurotransmitter and ionic regulationngea in the properties of individual
neurons, nonsynaptic electrical communication,sereuronal effects or morphological
and anatomical modifications. These mechanismsocauar simultaneously or in some
serial order. (Thickbroom 2007.)

Long-term potentiation (LTP) and long-term depression (LTD). Plasticity of the synap-
tic transmission is not a recent finding. It waggested already in the 40s that " When
an axon of cell A is near enough to excite cellnf eepeatedly or persistently takes part
in firing it, some growth process or metabolic apartakes place in one or both cells
such that A’s efficiency, as one of the cells fyiB, is increased". This interaction is
termed Hebb's law. (Hebb, 1949). This was lateratestrated in rabbits' hippocampus,
in which high-frequency stimulation caused an iasee in the efficacy of synaptic
transmission and thus long-term potentiation (L{Btiss &L@mo, 1973). Thus, LTP is
long lasting enhancement of synaptic strength anggsed to be a model for learning

and memory processes. On the contrary, LTD is aedsmn of synaptic strength and



also proposed to be involved in learning. (Dan & P2006; Iriki et al. 1989.) Proper-
ties of LTP include specificity (only the activatsginapses show LTP), cooperativity
(intensity threshold for induction) and associayiiweak input can be potentiated if
activated concurrently with another synapse onsidmme cell) (Bliss & Collingridge

1993).

An important factor determining if LTP or LTD isquuced is the temporal correlation
between presynaptic input and postsynaptic spikepotentiation is traditionally in-
duced when the postsynaptic spikes peak within Qafter presynaptic input and de-
pression occurs when postsynaptic spikes are imdupeto 20-100 ms before presy-
naptic input. There is a narrow transition betwédi® and LTD that is ~ 1-5 ms. In
addition, induction of plasticity requires multigbairs of pre- and postsynaptic spiking.
(Bi & Poo 1998; Feldman 2012.) Recently, a new terapwindow for LTD induction
was reported. By using the PAS-method the depnessczurred when presynaptic
spikes peaked 250 and 450 ms after postsynapkmgpiSchabrun et al. 2013). How-
ever, the temporal rules for LTP and LTD inductame not fixed. The site of dendritic
interaction with the afferent input determines tlection of plastic changes and inte-
restingly different neuronal populations and atyi\state of the cortex also seem to
have an effect on the directions of plastic chamgesced with PAS. (Koch et al. 2013;
Sjostrom & Hausser 2006.) The temporal order iy @me of the several factors that
influences the induction of LTP and LTD. The otlf@ctors include synaptic coopera-
tivity (Sjostrom et al. 2001), firing rate (Sjostndet al. 2001), postsynaptic voltage
(Markram et al. 1997), neuromodulators (Pawlak & rKe2008), gamma-
Aminobutyricacid (GABA) ergic inhibition (De Beaumbet al. 2012; Elahi et al. 2012)
and baseline synaptic weight (Bi & Poo 1998). Tin@artance of each component va-

ries across specific dendritic zones and activaymens. (Feldman 2012.)

Both the LTP and the LTD are prevalent at excitagynapses, however they can also
occur in inhibitory synapses (Kullmann et al. 2089stréom et al. 2001). Different
forms of LTP and LTD exist and they are influendsda large amount of factors, and
in spite of the large body of research there isesammcertainty considering the detailed
mechanisms underlying the LTP and LTD. However, exgus factors that mediate or
modulate LTP and LTD have been uncovered. (MaléhBear 2004.) It is well recog-

nized that distinct forms of LTP occur dependingtioa cell type, age or other experi-



mental conditions. If these factors are kept constlistinct forms of LTP still exist.
Hippocampal LTP is the most widely studied typelLd®P. The hippocampal LTP is
divided into three discrete groups. Further, it hbasn observed that different stimula-
tion protocols induce distinct forms of LTP. It aaps that these distinct types of LTP
affect differently on the phases of learning. Hoam\wt remains to be elucidated if dif-
ferent stimulation protocols induce distinct formisLTP also in motor cortex. (Ray-
mond 2007.)

Pharmacological studies have shown that PAS-indtioedg dependent LTP and also
LTD are N-Methyl-D-aspartic acid (NMDA) receptorfgendent (Stefan et al. 2002;
Wolters et al. 2003). A calcium influx into postsyatic spine is a trigger for LTP induc-
tion, and in NMDA receptor-dependent LTP the paségyfic increase in calcium is
mediated through activation of the NMDA receptoottBpresynaptic and postsynaptic
activation are needed for LTP induction. This chtmastic of LTP may be explained
by the properties of NMDA receptor. In which preaptic activity (glutamate ligation)
and postsynaptic depolarization (release of volgajed magnesium block which al-
lows calcium influx) are required. Thus, when stuéfntly strong stimulus arrives to
synapse, glutamate is released and it binds to NMBdwa-amino-3-hydroxyl-5methyl-
4-isoxazolepropionic acid (AMPA) receptors. As ansequence the AMPA receptor
generates excitatory post-synaptic potential relgasnagnesium block from the
NMDA receptor. This enables influx of large amounfsN* and C4&" ions. (Feldman
2012; Malenka & Bear 2004; Thickbroom 2007) Thduxfof calcium is mediated by
calmodulin (CaM). Calcium binds to CaM, which ha® tcalcium binding lobes, a car-
boxyl (C) lobe and an amino (N) lobe. If there isapid increase in the postsynaptic
calcium level, the C lobe binding occurs and ondbmtrary a slow increase in the cal-
cium concentration induces calcium binding to NeloAs a result of rapid increase in
postsynaptic calcium level and thus C lobe bindthg, number of AMPA receptors is
increased. This means that stimulus of same strendlt induce a stronger response
and the synapse is "enhanced”. On the contrarngialbinding to N lobe will de-
crease the number of AMPA receptors and permegbnihich means that the synapse
is said to be "depressed”. Thus, a single messasgesponsible for triggering both
LTP and LTD (Fig 1.). (Feldman 2012.)
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Figure 1. A model of NMDA receptor-dependent LTRI&TD. A.) A presynaptic glu-

tamate binds to NMDA and AMPA receptors and opemsnoels in both receptors.
However, the NMDA receptor stays blocked by magmesiB.) Sufficiently strong

stimulus releases magnesium block allowing calciodioix. Calcium binding to either

C lobe or N lobe will cause changes in AMPA receptdVhether the LTP or the LTD
is induced depends of these AMPA receptor modulatifT hickbroom 2007.)

2.2 Involvement of primary motor cortex (M1) in motor learning

The primary motor cortex (M1) is a part of cerelmaitex. It is a controller for different
voluntary movements and it sends commands directigdirectly (via interneurons) to
motoneurons. More specifically, pyramidal cellscoftical layer V located in the M1
send their axons to spinal cord, where they caivadet target motoneurons directly.
These projections are called corticospinal neur@usticospinal tract). In addition,

these projections also activate interneurons inadpiord and brain stem (indirect acti-
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vation). These indirect pathways are rubrospinaistibulospinal and reticulospinal
tracks. Corticospinal and rubrospinal tracks havmesvhat overlapping functions in
control of muscles and movements. Vestibulospimal eeticulospinal tracks have a
function in posture regulation, mediating commatwditiate locomotion and perturba-
tion corrections. Other brain areas such as basajlg, thalamus and cerebellum are
also involved in motor control. (Griliner 2008.) 8des of its role in movement control,
the M1 has been proposed to participate in motnlag. M1 has the intrinsic circuitry
to enable reorganization and thus plasticity. Téredodate substrate for plasticity in M1
is the extensive horizontal pathways that sparstiperficial layers Il and 11l and layer
V. However, to induce long-term persistent chanigeborizontal connections, stable
form of synaptic modification is required. LTP ab@D, which have also been demon-
strated in M1, are mechanisms that can provide-teng synaptic modulation. The
synaptic strength of the horizontal connectiongvih can be enhanced or depressed
through activity-sensitive mechanisms. These mealifbns occur as a consequence of
appropriate activity patterns. (Sanes& Donoghued200

The definition of motor learning is not unanimousl aseveral different types of motor
learning have been proposed to exist (Hardwickl.eP@l3; Richardson et al. 2006;
Sanes & Donoghue 2000; Seidler et al. 2012). Famgte, motor learning can be con-
sidered as "acquisition of new spatiotemporal nassctivation patterns"” or "combining
of individually known movements to form a novel neovent sequence” (Sanes & Do-
noghue 2000). Various types of motor learning tdekee reported to influence the M1.
Both animal and human experiments have reportddashed modifications to repre-
sentational maps of the M1. Single-cell activitgrr the M1 of two monkeys was rec-
orded during perturbed reaching movement and it feaad that cells changed their
tuning properties during learning (Gandolfo et24100). In humans a learning task in-
volving rapid sequences of finger tapping showeanges of representational map of
the M1 (Karni et al. 1995). Other types of motarheng tasks that have demonstrated
involvement of M1 in motor learning include e.g.visuomotor gain adaptation task
(Hamada et al. 2014), a skilled sequential reachingement to visual target (Matsuza-
ka et al. 2007), a precise grip of an object (Netlal. 1996) and practicing already
learned movements (Classen et al. 1998).
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It is somewhat controversial to which extent the pétticipates in motor learning and
how important the role of the M1 is at differenpé&g of motor learning. Several studies
suggest that M1 has a role in acquisition of a howator skill (e.g. Hlustik et al. 2004;
Hosp et al. 2011; Karni et al. 1995; Nudo et aP@)9in addition it has been suggested
that M1 also has a role in retention of the mokilt ¢e.g. Cantarero et al. 2013a; Karni
et al. 1995; Muellbacher et al. 2002). Furthermaftr cortical lesions the M1 seem to
have an important role in the recovery of previgustquired skills (Shmuelof & Kra-
kauer 2011). On the contrary, some studies sughasM1 does not have role in early
phase of the motor skill adaptation (Cherian eR@l3; Paz et al. 2005). Gandolfo et al.
(2000) found variety of neuron types in monkey’'stonaortex. Some of the neurons
appear to have "dynamic" properties and some "megmaperties”. The neurons with
"memory" properties might provide a necessary satestfor skill retention, 40% of
responsive cells were classified as "memory célldiereas, about 16% were "dynamic
cells", which may have a role in adaptation, butyably not in skill retention. This may

explain some discrepancy in the results concentagole of M1 in motor learning.

A learning of sequential motor behavior consistscombining of already known
movements into new spatiotemporal sequences. #apghat M1 is involved in either
acquisition or read-out of knowledge about movenmsaguences in motor-sequence
learning. However, it seems that M1 does not hakeyarole in actual learning of se-
qguential motor behavior. A sensory-motor assoamt&arning contains a previously
known movement and sensory clue, but the relatiprsttween the two stimuli is nov-
el at the beginning of the task. The role of the iIM$ensory-motor association learning
is contradictory; it may be that M1 participatesanjustments needed during repetition
of actions rather than formation of associationsvben stimuli. (Sanes& Donoghue
2000.) A meta-analysis of motor learning imagingdgts showed that during both sen-
sory-motor association learning and motor-sequéeaming, the M1 and the dorsal
premotor cortex were consistently activated. Howethee involvement of the M1 was
suggested to occur mostly at the level of movenegetution. In spite of this, the au-
thors conclude that M1 may have involvement in mtarning through use-dependent
mechanism. (Hardwick et al. 2013.) Thus, the rdl#&a& in motor learning is complex
and it seems to vary between tasks.
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2.3 A contribution of brain plasticity to motor learning

As seen above and in next chapter many studies m&nate that brain plasticity is in-
volved in motor learning. Martin et al. (2000) ohathat to ensure the involvement of
plasticity in learning, several criteria need todo@firmed. First criterion isorrelation:

"Is the expression of properties of LTP correlatéith characteristics of learning?".
Evidence exist that this criteria is fulfilled ihe M1: Nudo et al. (1996) demonstrated
that motor learning induces reorganization on regméation maps in the M1. Further,
significant correlation has been demonstrated betwAS-induced LTP-like plasticity
and motor skill acquisition (Frantseva et al. 20@)cond criterion iscclusion: "Does
saturation of LTP or LTD prevent the retrieval &l anformation of encoding of new
memory traces" (Martin et al. 2000). It has beemwshthat motor learning impaired the
subsequent LTP induction (Rioult-Pedotti et al. @00n addition, Ziemann et al.
(2004) demonstrated that learning of a rapid thumdvement prevented subsequent
PAS-induced LTP-like plasticity in M1, but enhandetD-like plasticity. Third crite-
rion is intervention: "Does blockade or enhancement of the neural nmesims respon-
sible for LTP and LTD have commensurate effectdeamning” (Martin et al. 2000).
NMDA receptor-dependent LTP has been suggesteddoran M1. It was shown that
NMDA receptor antagonist blocks training induceamfpes in humans (Butefisch et al.
2000). Indirect evidence shows that induction ofSP#efore motor training enhanced
performance (Jung & Ziemann 2009). Fourth criteigerasure: "Does the reversal of
LTP cause forgetting" (Martin et al. 2000). Mueltbar et al. (2002) showed that low-
frequency repetitive stimulation of M1 disrupteck tretention of the motor behavior
improvements. Fifth criterion isduction: "is M1-dependent learning associated with
the induction of LTP?" (Martin et al. 2000). Thisans that synaptic changes must oc-
cur during learning. Evidence for this in M1 has\pded studies with primates. A sta-
ble reorganization of motor map was produced witifi@al stimulation (Jackson et al.
2006). Thus, all the criteria to ensure the retetiop between plasticity of the M1 and
the motor learning are at least indirectly dematstt. However, as stated above there
are various types of motor learning, which may Iaedifferent systems. It may be that

all five criteria mentioned above may not applet@ry motor learning paradigm.
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3 PAIRED ASSOCIATIVE STIMULATION (PAS)

Candidate mechanisms for learning are lasting abmmgsynaptic efficacy such as LTP
and LTD. (Rioult-Pedotti et al. 2000.) LTP and Lhias been generated by pairing two
stimuli. As mentioned earlier, the LTP is usuatiguced when presynaptic input occurs
before postsynaptic cell fires. On the contraryPLi§ usually produced when the post
synaptic spiking occurs before presynaptic activisroemke et al. 2010.) Both LTP
and LTD can be induced in human brain with pairesbaiative stimulation (PAS). In
which electrical stimulation of peripheral nervepaired with transcranial magnetic
stimulation (TMS). (Stefan et al. 2002.) PAS-inddigaasticity develops rapidly (< 30

min) and is long lasting (> 60 min), yet reversiffidefan et al. 2000).

3.1 Overview of the method

The paired associative stimulation is a methochttuce plasticity in the human motor
cortex (Stefan et al. 2000). With the method ipassible to induce either potentiation
or depression of synaptic efficacy (LTP and LTD¥ Mentioned earlier, these are sug-
gested to be cellular mechanisms underlying legrr{iRioult-Pedotti et al. 2000; Stefan
et al. 2002; Wolters et al. 2003.) In the PAS métheo consecutive stimuli are ap-
plied. An electrical stimulus is applied over péepal nerve and TMS is applied over
motor cortex (fig. 2). (Stefan et al. 2000.) TMS3iates a variety of axons belonging to
different populations of neurons. Some of the axameslocal to the area of cortex under
the coil, others project to or from the site ofrsilation; some are excitatory, others
inhibitory. (Rothwell 2011.) Further, TMS produasscending volleys in corticospinal
neurons and the response can be measured as aawoked potential (MEP) from
EMG signal of a target muscle (Rossi et al. 200@Yipheral nerve stimulation evokes
signals that arrive at the somatosensory cortexfanioer reaches the motor cortex in a
highly somatotopically organized fashion. Thuseedht signals can modulate the mo-

tor cortical processes. (Classen et al. 2000.).
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Test Test

Interventional paired
pre stimulation post

Figure 2.Modified from Stefan et al. (2000). Expagntal design of the PAS protocol.
The corticospinal excitability is measured with TM&ore the induction of PAS for the
baseline measurements. To measure the extend ofireld8ed plasticity the same
measure is repeated after PAS. In PAS the elettiitaulation of nerve is followed by
TMS.

The timing between the peripheral and the corstiahuli is important factor in deter-
mining if the PAS intervention will induce potent@an or depression. If the afferent
signal evoked by peripheral nerve stimulation reacthe motor cortex before TMS,
PAS intervention usually produces a potentiatiorthi@ corticospinal excitability. On
the contrary, a depression is often produced iftNES is induced before the afferent
signal reaches the motor cortex. (Wolters et al.320This type of plasticity is referred
to as spike timing-dependent plasticity (Dan & FafiD4). Several approaches have
been used to determine interstimulus interval (E&f\ween the peripheral stimulus and
TMS. A fixed stimulus interval has been used in ynstudies (e.g. Fratello, et al. 2006)
as well as MEP latency (e.g. Stinear & Hornby 20@%) another approach is to record
the latency of somatosensory-evoked potential (SER) Kumpulainen et al. 2012;
Mrachacz-Kersting et al. 2007). When stimulating sloleus muscle Kumpulainen et al.
(2012) showed that optimal ISI for induction of L-Tike plasticity is SEP latency +
18ms. SEP latency was determined on the occurrehtiee first negative peak P32.
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This peak corresponds to the activations of thenany cortical somatosensory receiv-

ing area. (Kumpulainen et al. 2012.)

The paired stimulation (a pair of TMS and peripherve stimulation) is usually re-
peated 90-225 times to induce changes in cortinabpkcitability (Carson & Kennedy
2013). The PAS method in which a single periphstimhulus is followed by a single
TMS -stimulus is often used. Some studies haveetila protocol in which single pe-
ripheral stimulus is replaced with trains of stiatidn (e.g. 10 Hz trains of 1ms square
waves for 500 ms and TMS is applied 25 ms afteotiset of the train). (McKay et al.
2002; Ridding & Taylor 2001.) TMS intensity duritige PAS protocol can be adjusted
to produce MEPs of certain size (i.e. ~ 1.0mv) toa a@esignated percentage of resting
motor threshold (RMT) (i.e. 120% of RMT). The inséty of the peripheral nerve sti-
mulation is typically adjusted using perceptuaksimold or motor threshold. (i.e 150%
of motor threshold) (e.g. Kumpulainen et al. 203&fan et al. 2000.) In addition, the
rate of delivery of the stimulation pair varies weén 0.02-0.5 Hz between different
studies (Carson & Kennedy 2013).

A challenge with PAS is that the subjects' respasnsreghly variable. There are several
factors that affect to the response. Some of themlisted below.The history of the
synaptic activity influence the response. The threshold for LTP/LiiBuction is not
fixed, instead it is flexible and depend on thevpes synaptic activity. High activity
preceding PAS increases the LTP threshold and ewrdhtrary, low activity decreases
the LTP threshold. The effects for LTD inductior #ne opposite. (Ridding & Ziemann
2010.) Motor learning has a similar effect, leagniof a rapid novel movement pre-
vented PAS-induced LTP-like plasticity but enhanBéd-induced LTD-like plasticity
(Ziemann et al. 2004). The interference of motarieng with PAS-induced plasticity
Is temporary. In a study by Rosenkranz et al. (20@btor learning was demonstrated
to modify the PAS-induced plasticity after the fiday of learning. Subjects’ perfor-
mance continuously improved the following five dayfslearning, but during the fifth
day the PAS-induced plasticity was not affectedrmtor training. This proposes that
the early and the late phases of motor learninglifierent mechanisms. The authors of
the study suggested that the early improvementth@ftask occurred through pre-
existing connections and increasing the synaptimneotions by LTP-like plasticity.

However, by day five new synapses might have beendd. (Rosenkranz et al. 2007.)
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In addition,behavioral engagements such as muscle contraction during PAS might also
affect the response (Ridding & Ziemann 2010). Thakdvioral engagements influence
the activity state of the cortex, which have beleove to be important factor in the in-
duction of LTP (Koch et al. 2013).

Individual characteristics such age, sex, genetics, diseases andphysical activity may
also influence the PAS-induced plasticity. Cirido al. (2009) found that participation
in regular physical activity improves the respots®AS, and thus enhances neuroplas-
ticity. The authors concluded that improved neuassptity may be beneficial for motor
learning and neurorehabilitation. It seems that @gfermines the magnitude of motor
cortical plasticity studied with PAS. The plastycis large within young subjects and
smaller in the elderly subjects. (Muller-Dahlhatigle 2008; Fathi et al. 2010.) Howev-
er, in a study by Tecchio et al. (2008) the ageeddpncy was present only in post me-
nopausal women, not men. It is unclear to whatrekggender influences the results of
PAS. The gender affects on modulation of the stewrtr neuroplasticity when tran-
scranial direct current stimulation (tDCS) is usethwever, the difference between
genders is not present in all tDCS protocols. (Ehat al. 2008.) There are also several
diseases such as depression (Player et al. 20d8xophrenia (Franzeva et al. 2008)
and dystonia (Meunier et al. 2012) that influere® ¢ortical plasticity and thus produce
different response to PAS compared with healthyiddals. In addition to individual
characteristics mentioned above, the plasticitthen motor cortex is at least partly de-
termined by genetics. Brain-derived neurotrophatda (BDNF) is involved in learning
by facilitating LTP and mediating use-dependentsiut#ty. (Schinder & Poo 200).
There are three variants of the BDNF, which all olate differently motor cortex exci-
tability and also the response to PAS is diffeteetiveen the genotypes (Cirillo et al.
2012; Kleim et al. 2006).

Other factors that have to take into accounttiame of the day, attention anddrugs. It
has been reported that PAS is more effective duaiitgrnoon than morning (Sale et
al.2008). Stefan et al. (2004) studied the rolatténtion and noticed that when atten-
tion is focused to the target hand, PAS facilitatesl corticospinal excitability. Interes-
tingly, when the attention was directed towards-teovget hand, the plasticity was com-
pletely blocked. Further, the authors demonstréttatithe plasticity was greatest when

the subjects viewed their target hand. Recentlynkaet al. (2014) further examined
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the role of the visual spatial attention. When alsattention was directed near thumb
targeted by PAS, the LTP-like effects increased lanD-like effects decreased com-
pared with visual attention targeted on the otlardh The authors concluded that visual
spatial attention has opposite effects on LTP- BhD-like plasticity. In addition to
factors mentioned above, drugs that affect therabnérvous system can also influence
the cortical synaptic plasticity. These are for apée drugs that have influence on
NMDA receptors or on GABAergic inhibition. (Riddirg Ziemann 2010.)

3.2 Mechanisms of PAS-induced changes

The mechanisms through which PAS influences thstipley are not entirely known.
With pharmacological interventions it is possildenodulate plasticity induced by PAS
and get more knowledge about the mechanisms of iRd&ed changes. This can be
done by targeting neurotransmitters and ion chanrfeharmacological intervention
studies have revealed several systems that infludrec non-invasive brain stimulation
(NIBS)-induced (i.e. PAS-induced) plasticity. Thestems that have been demonstrated
to influence the NIBS-induced plasticity are thatgmatergic system, the GABAergic
system, voltage-gated ion channels, the dopaminexyggtem, the cholinergic system,
the serotonergic system and the adrenergic sygiditsche et al. 2012.) In addition to
pharmacological studies it is important to know tieural circuits through which the
PAS influences. Next few paragraphs focus on tars p

PAS seems to have an impact upon certain intr@aabmieural circuits. It is possible to
investigate specific intracortical neural circuig using paired pulse TMS. In this me-
thod, introduced by Kujirai et al. (1993), two censtive stimuli are delivered through
the same TMS coil. By adjusting the intensity af gtimuli and the interstimulus inter-
val it is possible to investigate both either fa@ibry or inhibitory circuits. (Kujirai et
al. 1993; Valls-Solé et. al. 1992; Ziemann et &9@.) Intracortical inhibitory circuits
are divided to a short-interval intracortical iniidn (SICI) and a long-interval intracor-
tical inhibition (LICI). These inhibitions are meded by different cell populations and
are detectable at different interstimulus interv®aired-pulse TMS is needed to pro-
duce both of these inhibitions, but ISI is arour® Ins for SICI and 50-200ms for LI-
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Cl. Intracortical facilitation (ICF) can be alsovitled to two parts. ICF occurs at ISls of
8-30 ms and short-interval intracortical faciliati(SICF) at I1SIs of 1-5 msFigher et al.
2002;1li ¢ et al. 2002; Ziemann et al. 1996.)

SICI is suggested to be, at least in part, an etieGGABAergic inhibition within the
motor cortex (Hanajima et al. 1998). The effecP&S on SICI is not consistent (Mu-
rase et al. 2010; Russmann et al. 2009; Singh. &04K). Thus, it is possible that the
state of interneuronal networkinfluences the etfijcaf the intervention and further the
SICI measurements (Carson & Kennedy 2013). Inhipifghenomenon occurring at
longer interstimulus intervals is less known. Sarejeal. (2001) demonstrated that dif-
ferent cell populations mediate SICI and LICI. Wadth et al. (1999) suggested that
LICI is related to GABA receptor dependent inhibitory postsynaptic possiiiPSP).
The facilitating PAS protocol decreases LICI whiee intensity of the cortical stimulus
iIs moderate (Meunier et al. 2012; Russmann et08l9R Another measurement of cor-
tical inhibition is cortical silent period. It ioosidered to reflect GABAergic inhibition.
There are indications that the late part of cortsti@nt period is infected by both GA-
BAA and GABA; receptors. (Inghilleri et al. 1993; Nakamura et1#97.) In several
studies facilitative PAS protocols have inducedetongation of cortical silent period
(e.g. Cirillo et al. 2009; Stefan et al. 2000) orahange (Di Lazzaro et al. 2011).

The facilitatory effect to the test stimulus iseneéd to ICF and it is thought to be influ-
enced by glutamatergic interneurons, NMDA recepéord GABA, activity (Reis et al
2008). When the facilitating PAS protocol has beenducted, no changes in ICF have
been detected (e.g. Di Lazzaro et al. 2011; R@}.€2007). SICF is proposed to occur
mainly at cortical level, and probably reflectseirgctions within the circuits involved in
production of I-waves in the corticospinal tradokimura et al. 1996.) It has been re-
ported that SICF increases at short ISIs (0.8—ZPfallowing paired stimulation (Rid-
ding & Taylor 2001). A Stimulation of afferent nerpreceding the transcranial mag-
netic stimulation causes a diminution in MEP anoplé at specific ISIs. To a some de-
gree GABAergic inhibitory interneurons are respblesiof this phenomenon. (Alle et
al. 2009; Sailer et al. 2002.) However, effect®Af to this phenomenon are contradic-
tory (e.g. Meunier et al. 2012; Stefan et al. 2002 addition to impact that the PAS has
on intracortical neural circuits, there are evidetitat some changes in excitability may

occur at the level of the spinal cord. These chamgay depend upon alteration of des-
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cending inputs to presynaptic interneurons actimghe la pathway, or changes in pre-

synaptic networks at the spinal level. (Carson &iedy 2013.)

3.3 PAS and motor learning

Two types of approaches have been used when stutlygnconnections between the
PAS and the motor learning. First, the motor leagrtask has been conducted prior to
induction of the PAS and the changes in PAS-indyatasticity have been compared to
non-motor learning control group. Secondly, the B¥aS been induced prior to the mo-
tor learning and the changes in motor learning amexgb to control group have been

monitored. (Jung & Ziemann 2009; Ziemann et al.200

Applying the first approach, Ziemann et al. (2084bwed that practicing rapid thumb
movements that resulted learning, prevented PASeed LTP-like plasticity and on
the contrary, learning enhanced LTD-like plasticithis type of interaction was not
present when equivalent amount of slow thumb mowvesneere repeated. It was con-
cluded that motor practice resulted in a shifthreshold of LTP/LTD induction. Thus,
giving a support to the view that the LTP-like mactsms are involved in motor learn-
ing in human motor cortex. (Ziemann et al. 2004ef&h et al. (2006) had similar find-
ings; after motor learning the PAS-induced LTP-Ifasticity was abolished, but the
LTD-like plasticity remained unaffected. As mengohabove in chapter 2.1, the motor
learning appears to interfere with the PAS-indupkasticity only a certain period of
time. It was concluded that lack of interferencemyithe fifth day of training may have
been caused by transfer of motor memories to neaic connections. (Rosenkranz et
al. 2007.)

Recently, other non-invasive brain stimulation {noels have been applied to study
further interaction between motor learning and asicin of the LTP-like plasticity. It
seems that when the motor training-induced occtusiothe LTP-like plasticity is dis-
rupted, the skill retention is impaired. In othewrds, the motor practice-induced occlu-
sion of the LTP-like plasticity is important forilketention. (Cantarero et al. 2013a.)

Muller-Dahlhaus & Ziemann (2014) conclude that hostatic metaplasticity is in-
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volved in the LTP-like plasticity in human motorrtex and it is a limiting factor for
learning when same neural networks are involvetha$t been also demonstrated that
both the excitatory corticospinal pathway and tit@hitory intracortical neural circuits
are regulated by homeostatic metaplasticity (Mumaket al. 2012). Homeostatic me-
taplasticity refers to a bidirectional plasticityhich can result both, the LTP and the
LTD. The plasticity is affected by the history ofngptic activity. The threshold for
LTP and LTD induction is not stable, in a preseateecent high level of postsynaptic
activity the threshold for LTP-like plasticity indreased and controversially decreased

for LTD-like plasticity. (Bienenstock et al. 1982arding to Murakami et al. 2012.)

The second approach was applied by Jung & Ziem2d@9). They studied how LTP-
and LTD-like plasticity induced by PAS influencesining of rapid thumb movements
(acceleration). Two motor practice sessions wenmedgoted in two different experi-
ments. In the experiment 1 the first motor practuas done immediately after the PAS
protocols and in the experiment 2, the motor pcactvas delayed and started 90 mi-
nutes following PAS. In both experiments, the depinee PAS (PASp) significantly
enhanced learning compared to the facilitatory KRA&S tp) and to the control PAS
(which did not produce changes in MEP size). Ingkperiment 1 PASp also facili-
tated learning, compared to control PAS. Theseltseesupport the view that, in certain
conditions, the enhancement of learning following PAS occurs through homeostatic
interactions. However, when the motor practiceasedimmediately after the PAS, the
nonhomeostatic mechanisms may influence, this \was/s by the enhanced learning
after PAS+tp induction. (Jung & Ziemann 2009.) Rajji et al. 120 studied the effect of
facilitatory PAS on learning of rotary pursuit motask. The PAS did not result in en-
hanced motor learning immediately after the protolbat resulted in enhanced motor
learning at one week following the PAS, when coradao control group. The authors
concluded that the delayed enhancement of the nesaning might be due to the com-
plex nature of rotary pursuit task. The task i®aglex motor task, which is believed to
involve also other systems in brain than only matmtical system. (Rajji et al. 2011.)
Both of these studies (Jung & Ziemann 2009; Rajple2011) used a motor learning
task in which the contribution of both agonists amtgonists muscles are essential for
the improved performance. One of the propertidsid? is specificity which means that
only the activated synapses show LTP. PAS protiypatally is targeted to specifically

activated certain muscles. To my knowledge nonthefstudies which investigate the
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effect of PAS on motor learning has used a motarniag task in which antagonist

muscles are not used during the motor learning task

The dose-response of facilitatory PAS was recestilylied. The number of stimulus
pairs influences the cortical plasticity. In adalitj the interaction between the PAS and
the motor learning depends also on the numbeitiratifis pairs and the state of cortical
excitability prior to motor training. However, tleewere no changes in motor learning
following different number of stimulus pairs in shstudy. Thus, the motor learning,
measured as a accuracy of the performed task, etaaffected by the number of stimu-
lus pairs. (Elahi et al. 2012.) In addition to fast mentioned above, the direction of the
TMS current affects critically to the induced plesy and motor learning. It was dem-
onstrated that activation of posterior-anterioruitgpinstead of anterior-posteriorinputs

can modulate model-free motor learning. (Hamadd 2014.)
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4 THE PURPOSE OF THE STUDY

Motor learning involves several brain areas inaligdM1. Mechanisms responsible of
motor learning include long-term potentiation amgbibssion of synaptic efficacy. It has
been previously demonstrated that PAS is abledade LTP-like plasticity in the hu-
man M1. Further studies have demonstrated that iRéi&ed LTP-like plasticity can
enhance subsequent motor learning through nonhadateasteractions.

The aim of this study was to examine the effedPAB-induced LTP-like plasticity on
brief visuomotor learning task performed with pemfiexors. Thus, the focus was on
early acquisition phase of motor learning. Thernewy task consisted of adjustment of
isometric plantar flexion force according to viseak. The learning performance was
calculated as a magnitude of average error thraugthe task. The isometric plantar
flexion was chosen as a motor task, because it doesequire the activation of anta-
gonist muscles. Thus, the improvement in perforraatepend on the agonist/synergist
activation. The motor learning in this study isidefl as a short-term acquisition of vi-
suomotor task which results in enhanced performg@adio et al. 2011). It was hy-
pothesized that PAS-induced LTP-like plasticitylviniduce improved motor learning
compared with control group.
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5 METHODS

5.1 Subjects

Twenty healthy volunteers (8 females, 12 males;=a86.6 + 4.3; height = 174.4 + 8.7,
weight = 75.5 £ 12.5; mean = standard deviation])Sfarticipated in this study. Sub-
jects were informed verbally and in writing of tegperimental procedures and asso-
ciated risks. All the subjects were in good healthe procedures used in this study
were approved by the university ethics board aeddélcommendations contained in the
declaration of Helsinki were followed. A writtenfatmed consent was obtained for

each participant.

5.2 Experimental design

The measurements were conducted during two sepsgasgons. The first session con-
sisted of the PAS, learning tasks, TMS and eleatistimulation -measurements. The
second session was conducted two weeks afterrteséssion. The second session in-
cluded only two learning tasks separated with 1But@ break and it was considered as
a control measurement for learning task. The stdbjeerformed a short warm-up be-
fore the measurements at both sessions. In addmiaximal voluntary contraction
(MVC) was determined after warm-up. Three isomepiantar-flexion MVCs were
performed and the highest value was considered\&.Mhe control measurement for
learning task was conducted two weeks after thesoreaents, since it has been shown
that motor learning prior PAS may prevent subsetiB&s-induced LTP-like plasticity
(Ziemann et al. 2004). During the first sessionasuweements of MEP, maximal com-
pound muscle action potential (Mmax) and the Hoffimeeflex (H-reflex) preceded the
PAS (PRE). The PAS was followed by five minutesareluring which the subjects
could move their legs in order to avoid numbnedterAhe break a learning task 1(L1)
was conducted. There was a 15 minutes break bettheeconsecutive learning tasks
(three learning tasks), during these breaks MEP akliand H-reflex were measured
(POSTL, POST2 and POSTS3) (Fig 3.). During the mreasent subjects were seated in
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a custom-made ankle dynamometer (University of dkyi@d) with following angles:
hip 110°, knee, 180° and ankle 90°.

PAS L1 L2 L3

_ = =

Warm-up 5 min 15 min 15 min MEP
Mmax

MEP MEP MEP H-reflex

Mmax Mmax Mmax

H-reflex H-reflex H-reflex

Figure 3. lllustration of the protocol of the firsession. The PRE measurements pre-
ceded the PAS, which was followed by three leartasis (L1, L2 and L3). Between
the learning tasks (during the 15 min break) arndrahe third task, measurements of

MEP, Mmax and H-reflex were conducted.

5.3 PAS

PAS consisted of 200 electrical stimuli deliveredite posterior tibial nerve at popliteal
fossa, paired with a single TMS pulse of the sobmas over the contralateral M1. The
rate of paired stimulation was 0.2 Hz. Subjectsevasked to count the electrical stimuli
and after every 20 stimuli produce a slight plaifiizxion force (Stefan et al. 2004). The
ISI between electrical stimuli and TMS was SEPraje+ 18ms (Kumpulainen et al.
2012). The SEP latency was determined at thedession before warm-up. SEPs were
recorded with two conventional electroencephaldgya(fEEG) needle electrodes in-
serted into the skin 2 cm behind and 5 cm in fieinthe vertex. The amount of traces
that were recorded and averaged was 200 (ampidical00,00; filtering: 1-500Hz;
Neuropack Four Mini, MEB-5304 K, Nihon Kohden, Takyapan). The occurrence of

the peak P32 was determined. The measure of doptitantials were evoked by a sti-
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mulation of tibial nerve. A circular cathode wasg®#d over the tibial nerve at popliteal
fossa (Unilect, Ag/AgCl, Unomedical Ltd.,RedditdbK) and the anode above the pa-
tella (V-trodes electrodes, Mettler Electronicspcp@Anaheim, USA). During the PAS
the TMS was delivered at the intensity of 120 %haf RMT and electrical stimuli was
deliverer 150 % of motor threshold (MT), which waefined as a minimal intensity that

produced a muscle twitch in the soleus muscle.

5.4 Learning task

The patrticipants performed the same visuomotoniegrtask three times (L1, L2 and
L3). Before each learning task the subjects weosvatthe force line they had to follow
during the actual task. During the learning tadijects were asked to follow the force
line as precisely as possible. The force line ctadiof several peaks, and the highest
peak was 60 % of the participants MVC (Fig 4.). endth of a single task was 25
seconds. Subjects were seated in a ankle dynamotusigersity of Jyvaskyld) and
the force was produced with right leg (isometrianpar-flexion). Force was collected
with 16 bit AD board (CED 1401, Cambridge Electmmesign, Cambridge, UK).

MVC was determined following warm-up as a highesdtie of three trials.

Figure 4.The force line of the learning task.
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5.5 Procedures

TMS. TMS was delivered (posterior-anterior currenthgsa 9-cm double batwing coil

attached via a BiStim unit to a Magstim 2@@imulator (Magstim, Whitland, UK). A

single pulse was applied over the left M1 to pref@ally activate the soleus muscle.
The position was marked on a tightly fit swim c&wsition and orientation was held
with custom-made coil holder and rubber bands. R was defined as the minimum
intensity that elicit three out of five MEPs whiamplitude was minimum 50uV. Inten-
sity of stimulation for MEP measurement was 120 %the RMT. The soleus muscle
was relaxed during the TMS measurement and subyeets asked to count silently

backwards from 100 during stimulation (Kumpulairral. 2012).

Electrical stimulations. In order to produce the Mmax, a rectangular pofséms was
delivered. The cathode was placed over the posttial nerve at popliteal fossa and
the anode above the patella (as in SEP measureriéetsite of the stimulating elec-
trode was determined to produce greatest responseleéus and minimal response in
tibial anterior muscle. Stimulus intensity was eesed gradually until it reached pla-
teau. The stimulus intensity used in the actualsuesnents was set 120 % above this.
As in the Mmax measurements, a rectangular puldensfwas delivered to tibial nerve

to elicit h-reflex.

Electromyography (EMG) recordings. For EMG measurements two types of electrode
arrangements were used. A pseudomonopolar setupseasto record MEPs and bipo-
lar setup to record Mmax and H-reflex. The pseudwopolar electrode (10 mm diame-
ter, Blue Sensor N, N-00-S, Ambu A/S, Denmark) piased over soleus and the refer-
ence electrode (Unilect, Ag/AgCl, Unomedical LtRedditch, UK) over tibia. The bi-
polar electrodes were placed over soleus and amttdtbialis anterior. The EMG elec-
trodes were attached to soleus and tibialis antadoording to SENIAM recommenda-
tions (Hermens et al. 2000). The reference eleetrhilect, Ag/AgCl, Unomedical
Ltd., Redditch, UK) was placed over the head ofatifhe skin under the electrodes
was shaved, part of the dead skill cells were adataohd cleaned with alcohol. The inte-
relectrode distance (bipolar setup) was 20 mm haddsistance between the electrodes
was <2 K2. The EMG signals were amplified (x1000) and féigr(10-1000Hz)
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(NL900OD & NL844, Digitimer Ltd., Hertfordshire, UK.EMG and force were sampled
at 2 kHz with a data acquisition system (CEDPowt11with Spike2 software, Cam-
bridge ElectronicsDesign Limited, UK).

5.6 Data analysis

Peak-to-peak amplitudes of ten MEPs, three Mmaxtanek h-reflex were analyzed
and averaged after each learning task and durirtg lABasurements (POST1, POST2,
POST3 and PRE) according to Martin et al. (2008)) tiikee were measured form so-
leus muscle. The h-reflex were normalized to thec@ding m-wave. The results con-
cerning h-reflex are expressed H/M -value. For gaafticipant It was made sure that
the h-reflex measured was on the ascending painiedf-reflex curve. This is necessary

in order to detect facilitation or inhibition sintd®e last motoneurons recruited are sensi

tive to the changes (Pierrot-Deseilligny & BurkeD8D There were quite large differ-
ences between subjects at the point (as a pereenfagimax) in which the h-reflex
curve reached its peak. Thus, a variation in m-wareeeding h-reflex was 10-20% of
Mmax. However, for each participant a point frora #scending curve was selected e.g.
15% of Mmax and the H/M -value was calculated fritmee successful trials in which
the preceding m-wave was e.g. 15% + 2.5% of MmaxXCMvas defined as a peak val-

ue of three trials.

The target force line and force trace produced bylgect were compared to define the
learning task performance. Continuously throughbatlearning task an average track-
ing error between the two traces were calculatéw dverage tracking error of each
learning task was normalized to MVC value and farthormalized to average tracking

error of the second session. Averaging to the sksession values (control values) was
performed in order to minimize possible differenbeswveen the groups. At the second
session two learning trials were averaged. Baseth@subjects' response to PAS inter-
vention, they were divided into two groups (respamsdand non-responders). Subjects
who had increased (>1) MEP amplitude after thimtneng task, compared with PRE

measurements, were placed on the responder grd&f, (R=8). In addition, the subjects

who did not experience MEP facilitation (after thiearning task) were placed to non-
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responder group (NON, n=6). This division into R&® NON groups was done be-
cause when targeting soleus muscle PAS may noedd&$ facilitation in all subjects
(Kumpulainen et al. 2012). Third group in the catrstudy was control group (CON,
n=6), instead of PAS intervention the subjectshm ¢ontrol group sat in the same posi-
tion equivalent time than subjects in the PAS w#ation group. Subjects in the CON

group did not also have any stimulations during timae.

5.7 Statistical analysis

All data are presented as mean * SD. The results amalyzed using IBM SPSS statis-
tics 22 -program. The normality of the variableswested with Shapiro-Wilk test. Re-
peated measures ANOVA was used with normally digted variables (h-reflex,
Mmax and learning task) and the non-parametricdfmen’'s repeated-measures ANO-
VA by ranks was used when appropriate (MEP). Nolyndistributed results were
compared with repeated-measures ANOVA with LSD puast. If the sphericity was
violated, the Grenhouse-Geisser correction factas applied to compensate for non-
sphericity. To define the differences between gsoigqy MEPs the Kruskal-Wallis test
was applied. Pearson correlation coefficients veateulated between MEP amplitudes

and learning tasks. The significance level wasaspt< 0.05.
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6 RESULTS

Learning task. An average tracking error normalized to controluesl for RES were
1.28 £ 0.22, 1.11 + 0.27 and 0.94 + 0.21 for the LA and L3, respectively (Fig 5.). A
decrease in the tracking error was significant betwlL1/L3 (p < 0.001) and L2/L3 (p <
0.015). There was a tendency for decreased ertareba L1/L2 (p < 0.068). NON
group task values for L1, L2 and L3 were 1.41 #80B03 £ 0.27 and 1.02 = 0.28. Sig-
nificant changes were only detected between L1f.3 (0.02), the changes were not
significant between L2/L3 (p < 0.90), but there vghght decrease in the error between
L1/L2 (p < 0.054). The average errors for CON werkt + 0.21, 0.88 £ 0.10 and 0.93
+ 0.17 during the L1, L2 and L3 respectively. COMyp exhibit significant changes
between L1/L2 (p < 0.014) and L1/L3 (0.010), on domtrary there were no changes
between L2/L3 (p < 0.470). A statistically signéitt interaction between group and
task was found for L2/L3 between RES and CON (pG2D) and near significant inte-
raction between RES and NON for the L2/L3 (p < 8)08n addition, learning task
performance did not correlate with MEP amplitudéewanalyzed among groups or all
subjects together .

15 A
——RES
NON

13 =A—CON
1,2 \
1,1 \

0,9

1,4

Average error
(normalized to control)

0,8
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Figure 5. A) Average errors during the three cousee learning tasks. B) Change in
average errors between consecutive learning takk2land L2-L3. Asterisk represent
a significant (p < 0.05) difference between RES @@N groups. Data expressed as

mean.

MEP amplitudes. The MEP amplitudes normalized to PRE values tier RES group
were; 138.0 + 98.6 % (POST1), 227.8 + 130.2 % (PO < 0.022) and 228.4 +
152.9 % (POSTS3, p < 0.012). In the NON group MERlanodes were 83.0 + 35.2 %
(POST1) 70.7 £ 21.7 % (POST2, p < 0.020) and 7216.5 % (POST3). There were no
changes in CON compared with PRE measurement, 1324¥7.4, % 100.2 £ 25.7 %
and 91.6 + 20.4 % (POST1, POST2 and POST3, respBotiMEPs were significantly
larger in POST3 condition in RES -group when coragato NON (p < 0.017) and
CON (p < 0.020). In addition, MEPs in RES -grouprevsignificantly larger in POST2
condition compared with NON (<0.017) and almosh#igantly larger than CON (p <
0.053). However, there were no changes betweegrthegs in POST1. Fig. 6. shows
the MEP amplitudes normalized to PRE values.
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Figure 6. The effect of PAS on MEP values. Theanase in MEP values between PRE-
POST2 and PRE-POST3 was significant for RES, aecktivas a small, but significant
decrease between PRE-POST2 for NON. Asterisks septesignificant (p < 0.05) dif-
ferences between PRE and POST measurements, additron between groups. Data

presented as mean + SD.

Mmax. Mmax did not change significantly between thedibons and in addition there
were no significant differences between the grodp® mean amplitudes were 6.26 £
2.33 (PRE), 6.37 + 2.88 (POST1), 6.28 + 3.02 (PQSr2l 6.12 + 3.08 mV (POST3)
for RES group. For the NON group mean values weté & 1.21 (PRE), 6.69 + 1.58
(POST1), 6.74 + 1.50 (POST2) and 6.94 £ 1.47 mV 3P8). Values for the CON
group were 5.79 + 2.29 (PRE), 6.33 £ 2.75 (POS®HY7 + 2.85 (POST2) and 6.40 +
2.82 mV (POST3).

H-reflex. The average H/M values for the RES were 0.62.3% QPRE), 0.59 = 0.27
(POST1), 0.62 £ 0.28 (POST2) and 0.60 + 0.28 (POQSar&l for the NON were 0.63 +
0.13 (PRE), 0.59 + 0.17 (POST1), 0.61 £+ 0.16 (PQS&®”l 0.60 + 0.11 (POST3). In
addition mean values for CON were 0.67 + 0.30 (PRE2 £ 0.35 (POST1), 0.60 +
0.32 (POST2) and 0.60 £ 0.32 (POST3). No signifiezffects were found neither for

condition nor group.
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7 DISCUSSION

The present experiment demonstrates that the dweattaint of learning was similar for
all groups. Thus, all groups improved their perfante through L1 to L3 in a similar
manner. However, only the RES group improved betwigeand L3 and the improve-
ment was significantly different compared with C@Nd almost significantly different
compared with NON (group * task interaction). PAS dot have an effect on the peri-
pheral and spinal excitabilities as shown by hesethtnd Mmax measurements. In addi-
tion the motor learning task did not elicit change$-reflex and Mmax or in corticos-

pinal excitability measured with MEPs from the sleénuscle.

Previous findings show that PAS-induced LTP-likaspicity either improve (Jung &
Ziemann 2009) or do not affect (Rajji et al. 20dtor learning immediately after
PAS. Other non-invasive brain stimulation studits® dave contradictory results, de-
monstrating either enhanced (Antal et al. 2008patrchanged (Agostino et al. 2007;
Agostino et al. 2008) motor learning after factiigy brain stimulation. Improved learn-
ing after LTP induction has been proposed to resofh nonhomeostatic mechanisms
such as LTP-induced blockade of LTD or nonsaturdi&€®-induced facilitation of
learning (Jung & Ziemann 2009). It might be thatd@@te increase in background ex-
citability may lower the threshold at which the apse efficacy is strengthened (Antal
et al. 2008). On the contrary, if the increasehia background excitability is large the
synapses might approach the upper limit of synapiodification range, and further
strengthening through LTP would be blocked (Ridddotti et al. 2007). If PAS would
induce large synaptic enhancement in the synapsetsed in motor learning, the sub-
sequent motor learning would be impaired. In theent study the overall learning per-
formance was not reduced following PAS. Thus, agioln of LTP did not probably
occur. Interestingly the participants in RES graligp improve their performance be-
tween L2 and L3 compared with CON group. Incredsackground excitability might
have lowered the threshold for synaptic strengtigenrhus, it is possible that acquisi-

tion of brief visuomotor learning occurs througmhomeostatic interactions.
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MEP amplitudes has been demonstrated to incretesevesuomotor learning (Cirillo et
al. 2011). The increased amplitudes following leagrare thought to occur due to LTP-
like changes in synaptic efficacy, thus reflectirsge-dependent plasticity (Butefisch et
al. 2000). In this study, the MEP amplitudes did mzrease after motor learning in
CON group. However, there was a significant improgat in the learning task between
L1 and L3. It appears that the improvements afterlrief visuomotor learning task ( 3
* 25 seconds) are not due to changes in corticasgnack. Previously it has been
shown that several brain areas are involved in meerning. The importance of each
area seem to vary between different types of legrtasks. (Hardwick et al. 2013.) In
simple repetitive learning tasks M1 appears to haeee important role than in com-
plex sensimotor learning task. (Hardwick et al 20BR8tz et al. 2012). In addition,
TMS does not seem to disrupt the initial error aiun phase of reaching movement
learning, instead it appears to impair the motarrigang when the performance has pla-
teaud (Orban de Xivry et al. 2011). Thus, it canspeculated that improved perfor-
mance in the present study was, at least partly tdwther cortical and subcortical net-

works than M1 and corticospinal track.

Even though increase MEP amplitudes following lesgrare thought to reflect LTP-
like plasticity, as stated above, there might beassociation between the change in
MEP amplitude and the magnitude of motor learni@gil{o et al. 2011). Also in this
study there were no correlation between motor lagrand MEP amplitude. During the
initial phase of motor learning the errors are éarigut the reduction in errors occurs
rapidly. It has been suggested that the excitgwlitactive M1 decreases after an error
(Amengual et al. 2013). Thus, during the initialaph when the amount of errors is
large, the excitability of M1 might be alternatibgtween correct and erroneous res-
ponses. Further, this could explain why the MEP lanoge measured following the
learning task did not associate with the learniaggrmance.

In previous studies concerning leg muscles, theflext has not been reported to change
as a result of PAS (Mrachacz-Kersting et al. 20Ra@y et al 2007). In alignment with
these studies, there were no change in the h-raftgditude following PAS in the cur-
rent experiment. In addition, similarly with theegent study, the Mmax has not been
reported to change due to PAS (Wolters et al. 2001)s, this supports the assumption

of cortical origin of PAS-induced after effects.
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The learning task was relatively short in the pnéseéudy ( 3* 25 seconds). Currently it
is not known how and when different plasticity macisms (e.g. LTP) involved in
learning are used as learning evolves. Howevemileg probably results from multiple
plasticity mechanisms that might operate at difiestes and times. (Yang & Lisberger
2014.) It is unclear if the LTP-like plasticity wase of the mechanisms responsible of
improved performance in the current study. Previstuslies have found that a simple
motor learning task preceding PAS prevents PASdadU TP-like plasticity (Ziemann
et al. 2004). Thus, it can be concluded that Lke-lnechanism contribute to motor
learning in M1, and the LTP-like plasticity induclky both the PAS and motor learning
influence through mutual neural circuits. Howevr,the current study the overall
learning performance was similar between groups ffossible that a longer training
period should have been required to induce intenadietween PAS and overall motor
learning. Interestingly the RES group improved tipeirformance significantly between
L2/L3 when NON and CON did not experience perforagaimprovements. In addition
the improvement was significantly larger than COMup. It may be that during the
later part of the motor learning task, the plastiocnechanisms responsible of the per-

formance improvement involved similar neural citsuds PAS.

Previous studies investigating the effect of PASnaotor learning (Jung & Ziemann
2009; Rajji et al. 2011) used a motor learning taskvhich activation of antagonist
muscles was important. In the present study legrtask consisted of adjustment of
isometric plantar flexion force according to visaak. Thus, antagonist muscles did not
have a significant role in the motor learning. Acling to specificity property of the
LTP (only the activated synapses show LTP) it miggnte been possible that the effect
of PAS on motor learning would have been strongantin studies mentioned above.
However, in the current study PAS seemed to hawffact on learning only at the end
of the task. Probably other factors in additiorP#&S were responsible of the improved

performance, as mentioned above.

There are some limitations in the current studystFthe amount of subjects per group
is relatively small, and larger sample would bedsek Secondly, there was no sham-
condition for the experiment. Thus, it may be polgsthat condition (PAS or control)

may have affected results. However, the subjects wet aware that the main purpose

of the study was to investigate the effect of PASywtor learning. Instead it was stated
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that "The main purpose of this study is to examfneorticospinal and motor cortex
excitability changes differently when paired-asatee stimulation (PAS) precedes
motor learning compared with motor learning with®AS". In addition, the partici-
pants were divided into two groups based on tlesponse to PAS, neither did the sub-
jects nor the experimenters know which group padiats belonged during the mea-
surements. Collection and analysis of the datatiser automated, thus the experimen-
ters will unlikely have a significant influence dine results. Third, the results of this
study are limited to plantar flexion and visuomadtarning (tracking), and do not give

information about other types of learning tasksnotor tasks.

In summary, the present findings show that PAS-eeduLTP-like plasticity did not
improve visuomotor learning immediately after PA8ervention. However, as the
learning proceeds PAS might have a beneficial efiadearning. This might be due to
delayed effect of PAS, which was shown as highelPM&lues in POST2 and POST3
than in POSTL1. Visuomotor learning occurs througinyndifferent mechanisms. In the
current study visuomotor learning (CON group) dat affect MEP amplitudes. Thus,
other cortical and subcortical networks than cogpinal track may have been respon-

sible of the improved performance.
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