
Introduction

Plasticity refers to the property of neurons to modify 
its structure and function changing the effectiveness 
in neural circuits in response to different stimuli 
(Castren et al., 2013). These changes may occur 
at different levels (neuronal, synaptic, protein, or 
genomic structure) and are defined as synaptic plas-
ticity (Cooke and Bliss 2013).
The mechanisms involved encompass the recruit-
ment of pathways that are functionally homologous 

but located in different anatomical areas and the 
reinforcement of existing synaptic connections, den-
dritic arborization, and synaptogenesis (Bliss et al., 
1973; Feldman et al., 2012). The modulation of syn-
aptic efficacy such as long term potentiation (LTP) 
and long term depression (LTD) play a central role 
for adaptive motor control and the formation of pro-
cedural memory, as demonstrated in animal models 
studies (Malenka et al., 2004).
Parkinson’s disease is a progressive neurodegenera-
tive disorder characterized by alterations of the basal 
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A B S T R A C T
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ganglia (BG) thalamocortical networks, primarily 
due to degeneration of nigrostriatal dopaminergic 
neurons (Lang et al., 1998).
These subcortical alterations may in turn lead to 
plastic changes in primary motor cortex (M1), 
which may compensate for the slow progression of 
Parkinson’s disease (Huang and Rothwell, 2003). 
In this context, an important point is to determine 
how much of the clinical picture is the result of the 
disease itself and how much comes from the plastic 
reorganization within cortical brain circuits located 
at distance from the primary site of damage in the 
BG. In particular, imaging studies have revealed 
that in patients with PD, the supplementary motor 
area (SMA) and especially the rostral portion, are 
less active than in normal subjects (Playford et al., 
1992). Decreased activation of this area is paral-
leled by increased activation in premotor and pri-
mary motor cortices (Samuel et al., 1997; Sabatini 
et al., 2000), which may play a compensatory role. 
In keeping with this hypothesis, Buhmann and co-
workers have suggested that this compensation is 
a gradual process developing over several years 
(Buhmann et al., 2003). In fact, in a functional 
magnetic resonance imaging (fMRI) study in de 
novo hemi-Parkinsonian patients, they found only 
a decreased activation of both SMA and primary 
motor cortex contralaterally to the affected side 
of the body. Therefore, it is likely that the reor-
ganisation seen in the later stage of the disease takes 
months or even years to develop.
A compensatory plastic reorganization occurs also at 
the subcortical level: indeed, in early PD, degenera-
tion of the nigrostriatal dopamine neurons is coun-
terbalanced by an increased turnover in the surviving 
neurons of the pathway (Morrish et al., 1998). Also, 
there is an enhanced function of the dopamine nigro-
pallidal projections that may serve to maintain a nor-
mal pallidal output in early PD (Whone et al., 2003).
Although it is generally regarded as an adaptive 
process, neural plasticity can also be maladaptive 
(Quartarone et al., 2006). For example, exces-
sive exercise can trigger maladaptive plasticity and 
produce focal dystonia by leading to inappropriate 
associations between inputs and outputs of the motor 
areas causing errors in selecting muscles used in vol-
untary movement (Quartarone and Hallett, 2013). 
In certain cases, maladaptive plasticity may be trig-
gered by other factors, such as chronic drug therapy: 

several lines of evidence suggest that hyperkinetic 
disorders such as levodopa-induced dyskinesias 
(LIDs) and tardive dyskinesias are caused by mal-
adaptive plasticity (Cenci et al., 2007; Quartarone et 
al., 2006; Teo et al., 2012). Aim of the present paper 
is to review the impact of plasticity on the clinical 
picture of PD and how non-invasive brain stimula-
tion techniques may modulate cortical plasticity as 
an adjuvant treatment in PD.

Primary motor cortex plasticity and 
non-invasive neuromodulation

Primary motor cortex (M1) is widely connected with 
a large number of areas including the parietal lobe, 
pre-motor cortex, supplementary motor area, BG 
and the cerebellum. This complex network guaran-
tees motor performance and motor learning (Ito et 
al., 2002). M1 contains a somatotopically-arranged 
representation of muscle synergies. These motor 
maps may be shaped and re-shaped by changing the 
weight of neural connections. The plastic changes in 
cortical map are thought to occur through a massive 
reorganization of cortico-cortical horizontal con-
nectivity mediated by changes in synaptic efficacy 
involving LTP and LTD (Rioult and Pedotti, 2000). 
The behavioural results of task-specific modifica-
tion in spatial and temporal organization of muscle 
synergies at the cortical level include for instance 
the smooth and accurate execution of movement 
sequences (Hammond, 2002).
The dynamic reorganization of motor maps during 
the acquisition of motor skills can be demonstrated 
with transcranial magnetic stimulation (TMS) tech-
niques or functional neuroimaging (Siebner et al., 
2003). TMS can also be used to induce LTP- and 
LTD-like changes in the brain and can be employed 
as adjuvant treatment of movement disorders (Chen 
et al., 2009). TMS protocols that increase corti-
cal excitability are defined as LTP-like protocols, 
while those that decrease cortical excitability are 
referred to as LTD-like protocols (Quartarone et al., 
2006). For instance, intermittent theta burst stimula-
tion (iTBS), high frequency rTMS (HF-rTMS) and 
paired associative stimulation 25 ms (PAS25) are 
considered LTP-like protocols; continuous theta-
burst stimulation (cTBS), low frequency rTMS 
(below 1 Hz) and PAS 10 ms are considered LTD-
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like protocols. Transcranial direct current stimula-
tion (tDCS) has also been used to induce plastic-
ity in M1. Anodal cortical tDCS typically induces 
LTP-like changes, while cathodal tDCS induces 
LTD-like effects (Nitsche et al., 2001). Protocols 
interacting on different sets of synapses such as 
PAS, which targets sensory and motor synapses, 
induce the so-called “heterosynaptic plasticity”. 
This is different from “homosynaptic plasticity” that 
is induced by stimulating repeatedly the same set of 
synaptic connections and whose after-effects depend 
on the frequency of stimulation (rTMS and TBS) 
(Christiakova et al., 2009).

Cortical plasticity in Parkinson’s disease

Animal models of PD have consistently shown an 
alteration of cortico-striatal plasticity (Calabresi et 
al., 1992), a direct link between impairment of neu-
roplasticity and the degeneration of the substantia 
nigra (Calabresi et al., 2007), and the restoration of 
LTP expression with dopamine treatment (Picconi 
et al., 2003). Alteration of synaptic plasticity within 
BG circuits has also been demonstrated in vivo in 
patients with PD. Indeed, Prescott and co-workers 
recorded evoked field potentials in the substantia 
nigra pars reticulata of patients undergoing subtha-
lamic nucleus (STN) stimulation. In these patients, 
high-frequency (HF) stimulation of STN in the OFF 
state did not induce a lasting change in field poten-
tial amplitude in the substantia nigra. However, the 
administration of levodopa potentiated the field 
potential amplitudes (LTP), supporting the hypoth-
esis of DOPA-dependent impaired LTP mechanisms 
in the BG of PD (Prescott et al., 2009).
Several TMS studies have also revealed impaired 
plasticity at level of primary motor cortex depend-
ing on age, disease duration, side of involvement, 
dopaminergic medications and the type of protocol 
employed (Udupa et al., 2013). PAS, probably the 
most used protocol, takes advantage of the princi-
ples of associative plasticity by repeatedly coupling 
a peripheral afferent input from the median nerve 
with a cortical TMS pulse applied over M1 with 
inter-stimulus intervals from 10-25 ms (Stefan et 
al., 2001; Quartarone et al., 2003). Changes in motor 
cortex excitability induced by PAS occur rapidly, 
last for at least 60 minutes, are topographically spe-

cific, and are blocked by dextromethorphan (NMDA 
receptor antagonist) or nimodipine (L-type voltage-
gated channel antagonist) (Stefan et al., 2002). Early 
studies in patients with PD have reported abnormal-
ly reduced responses to PAS compared to healthy 
subjects, thus pointing to a decreased cortical asso-
ciative plasticity (Morgante et al., 2006; Ueki et 
al., 2006). Dopaminergic medications modulate 
the altered plasticity in PD (Morgante et al., 2006; 
Ueki et al., 2006). This restoration correlates with 
decreased plasticity and disease severity as mea-
sured by Unified Parkinson’s Disease Rating Scale 
(UPDRS) scores (Ueki et al., 2006). Furthermore, 
only PD patients without dyskinesias showed res-
toration of M1 plasticity by levodopa (Morgante et 
al., 2006).
Slightly different results have been reported with a 
different TMS-technique, TBS. In particular, Suppa 
and co-workers have shown that iTBS, which usu-
ally induces LTP, cannot induce any effect in PD, 
both OFF and ON dopaminergic therapy, as well 
as with and without levodopa induced dyskinesias 
(Eggers et al., 2010; Suppa et al., 2011). Similar 
results were obtained by Kishore and associates in 
de novo patients: iTBS and cTBS (which induces 
LTD) did not induce any effect and levodopa did 
not revert plasticity back to normal levels (Kishore 
et al., 2012). The discrepancy with previous results 
may be due to the different stages of disease of 
patients recruited in the different studies. In a sub-
sequent study, Kishore and colleagues tested in a 
more systematic way the effects of different TBS 
protocols in both OFF and ON levodopa in differ-
ent groups of advanced PD patients. Patients were 
categorized according to their motor response to 
levodopa into stable responders, fluctuating non-
dyskinetics and fluctuating dyskinetics. The OFF 
stable responders showed both LTP and LTD after 
TBS; fluctuating non-dyskinetics had LTP but no 
LTD, while fluctuating dyskinetics lost both LTP 
and LTD. It is likely that cortical LTP-like and 
LTD-like plasticity phenomena rely on long-term 
levodopa effects. Therefore it is likely that the 
gradual reduction of long-term levodopa effects 
on plasticity, particularly for LTD may predis-
pose to the development of motor complications 
such as levodopa-induced dyskinesias (LIDs) as 
disease progresses (Kishore et al., 2013). Similar 
results have been reported in PD patients without 
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LIDs: they had normal LTP and LTD when they 
were under full levodopa dose but there was no 
LTP when they were on half dose (Huang et al., 
2011). In addition, in patients with LID, LTP 
was achieved just with half a dose even if they 
were unresponsive to depotentation (Huang et al., 
2011). In contrast with those results, two studies 
have reported an exaggerated plasticity on the less 
affected side in drug-naïve patients (Kojovic et al., 
2012; Bagnato et al., 2006) and in OFF conditions, 
which was normalized by dopaminergic medica-
tions (Bagnato et al., 2006). It is interesting to note 
that this exaggerated plasticity observed on the less 
affected side was associated with a less severe clin-
ical involvement. Interestingly, exaggerated plas-
ticity has also been observed in tremulous patients 
with scan without evidence of dopaminergic deficit 
(Schwingenschuh et al., 2010): alterations of corti-
cal plasticity in these patients are reminiscent of 
those in patients with focal dystonia (Quartarone et 
al., 2006). Are these alterations of cortical plastic-
ity related to the disease itself or are they induced 
by levodopa treatment? In a recent study, Kacar and 
coworkers compared responses to facilitatory PAS 
in two cohorts of patients with advanced PD: one 
included chronically and optimally treated patients 
while the other included patients with advanced PD 
who had never been treated with levodopa. Again, 
facilitatory responses to PAS were reduced in both 
patient cohorts when compared with healthy sub-
jects. Therefore, the reduction of cortical plasticity 
seems to occur independently of chronic exposure 
to levodopa, thus representing a primary feature of 
the PD (Kacar et al., 2013).
Overall these results of studies allows us to put for-
ward some interesting points that may have clinical 
and rehabilitative implications:
1. Cortical plasticity, as tested with TMS tech-

niques, is severely impaired very early in the 
course of PD;

2. The response of the motor cortex in PD may 
vary according to the disease progression and the 
onset of motor complications;

3. Plasticity alterations do not always respond to 
dopamine administrations;

4. The reactivity of motor cortex after these plastici-
ty protocols strictly follows the pattern of clinical 
improvement induced by dopamine administra-
tion (Kishore et al., 2012).

Clinical relevance of impaired plasticity 
in Parkinson’s disease

Unfortunately, PD can only partially be controlled 
by pharmacological and surgical treatment and in 
the advanced stages of the disease, there is no 
rescue therapy to treat mobility and postural prob-
lems. Therefore motor rehabilitation could be a 
valid strategy to improve quality of life and to train 
patients to learn useful compensatory motor strate-
gies. Rehabilitative practice is largely dependent on 
the efficiency of motor learning and plasticity phe-
nomena within the sensory-motor circuit. The altera-
tion of motor and sensory motor plasticity revealed 
in all neurophysiological and behavioural studies 
suggest that PD patients may have difficulties in the 
acquisition of new abilities. Indeed, despite patients 
with PD are able to improve their motor perfor-
mances through practice, the amount and persistence 
of clinical benefits are uncertain. Both implicit (or 
procedural) and explicit (or declarative) motor learn-
ing has been investigated in PD patients with serial 
reaction time paradigms and reaching movements 
(Nakamura et al 2001). Overall, the results of these 
studies have revealed an early impairment of explicit 
learning, while implicit motor learning is relatively 
preserved (Ghilardi et al., 2003). In addition, con-
solidation and retention of a given task is defective in 
PD and is not fully related to dopaminergic treatment 
(Marinelli et al., 2009; Isaias et al., 2011; Bedard 
and Sanes, 2011). Moreover, levodopa can worsen 
the acquisition of new motor sequences (Argyelan et 
al., 2008). This is in keeping with functional imaging 
studies where levodopa increases motor-related acti-
vation while a decrease is observed during the work-
ing memory task (Mattay et al., 2002). On the other 
hand, motor sequence learning is improved by deep 
brain stimulation of pallidum (Fukuda et al., 2002). 
Therefore, the knowledge of mechanisms underlying 
plasticity, as tested with TMS and related techniques 
and motor learning, are important starting points in 
order to conceive more effective rehabilitation proto-
cols in PD patients.
It is worthy to note that we recently used repetitive 
transcranial magnetic stimulation in PD for the pur-
pose of improving visuo-motor retention in PD. A 
group of patients with PD was tested in two two-day 
sessions, separated by one week (rTMS and sham 
session). The first day of each session, they learned 
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to adapt their movements to a step-wise 60° visual 
rotation. Immediately after the task, either real 
5Hz-rTMS or sham stimulation was applied over 
the right posterior parietal cortex (P6). In patients 
with PD, adaptation achieved at the end of training 
was comparable in the sham and rTMS sessions 
and was similar to that of a group of age-matched 
controls. However, retention indices tested on the 
following day were significantly lower in the sham 
compared to the rTMS session in which retention 
indices were restored to the level of the controls. 
Importantly, reaction and movement time as well 
as other kinematic measures were the same in the 
rTMS and sham sessions. These results suggest that 
rTMS applied after the acquisition of a motor skill 
over specific areas involved in this process might 
enhance skill retention in PD (Moisello et al., 2014).

Non invasive brain stimulation: a 
valuable therapeutic window in PD

In the previous sections we showed that non-invasive 
brain stimulation can be used to probe cortical plas-
ticity in PD. Here we review the evidence that rTMS 
might improve function in parts of the brain that are 
functioning sub-optimally after injury or in chronic 
diseases such as PD. In the past years, many stud-
ies have used techniques such as rTMS in order to 
reduce motor impairment in PD. These are based on 
the fact that rTMS produces after-effects that outlast 
the period of stimulation when applied repeatedly 
over several weeks. The nature of these after-effects 
depends on the number, intensity and frequency of 
stimulation pulses. For example, stimulation at fre-
quencies higher than 1 Hz tends to increase motor 
cortex excitability (Quartarone et al., 2005), whereas 
lower frequencies rTMS can transiently depress 
cortical excitability (Chen et al., 2001). Several 
randomized controlled trials used rTMS to treat the 
PD motor symptoms (see for a review Elahi et al., 
2009). However, the results of these studies are dif-
ficult to interpret for major limiting factors, such as 
the rather small sample size, heterogeneous patient 
profile (various pharmacological treatment, disease 
duration, severity, and type of motor symptoms) and 
the large variety of cortical targets. In general, these 
factors make the emergence of consensus for any 
stimulation procedures extremely difficult.

More in detail, some controlled studies in PD 
patients have demonstrated the therapeutic value of 
repeated sessions of high frequency rTMS (ranging 
from 5Hz to 25Hz) targeting M1 hand representa-
tion with a global improvement of UPDRS part III 
motor scores, especially regarding movement speed 
or also gait velocity (Siebner et al., 1999; Lefaucher 
et al., 2004; Kedhr et al., 2006). Interestingly, high-
frequency 5Hz rTMS over leg area followed by 30 
min of treadmill training over four weeks resulted in 
an increased walking speed (Mak et al., 2013).
Alternative target to M1 has been the supplementary 
motor area (SMA). One study showed that 5 Hz 
rTMS once a week for eight weeks induced some 
improvement of the global UPDRS score (Hamada 
et al., 2008). However, only a mild improvement 
in bradykinesia was reported in a subsequent study 
by the same group (Hamada et al., 2009). Indeed, 
such an improvement could have been related to an 
increase in dopamine release, but also to possible pla-
cebo effects (Khedr et al., 2007), that are common in 
PD. The stimulation targets to treat levodopa induced 
dyskinesias have been SMA using low frequency 
stimulation (1Hz) protocols (Koch et al., 2005; 
Brusa et al., 2006) and the cerebellum, exploiting the 
possibility of modulating cerebello-thalamo-cortical 
circuits (Kishore et al., 2013). Indeed, reduction of 
peak-dose dyskinesia up to four weeks has been 
described following repeated sessions of excitability-
decreasing cTBS (50Hz) bilaterally delivered to the 
lateral cerebellum (Koch et al., 2009).
Overall, a review of the current literature suggests 
that high-frequency rTMS might be a promising 
treatment of motor symptoms in PD. However, first, 
as we discussed, the results of the different stud-
ies are still ambiguous. Second, there is no direct 
evidence that the clinical improvement induced by 
stimulation is related to restoration of the altered 
plasticity mechanisms described above. Third, other 
issues needs to be clarified, such as the optimal 
stimulation parameters, how the different stages of 
PD affect the response to rTMS, and the effects of 
rTMS on other aspects of the disease, such as gait, 
cognition, and memory. Fourth, the effects of the 
different protocols might be stratified according 
to the different profile of LTP-like and LTD-like 
alterations probed with TMS. This could allows for 
the identification of responders or non-responder to 
a specific stimulation protocol.
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Future studies are needed to address the role of 
stimulation techniques in the context of motor and 
cognitive rehabilitation strategies in PD.
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