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Summary
Movement disorders of different aetiology are characterized by an impairment in several
interconnected areas of the motor system. Among the non-pharmacological options to
improve motor symptoms, repetitive Transcranial Magnetic Stimulation (rTMS), represent a
promising therapeutic tool due to its ability to induce long-term modulation of synaptic
plasticity and its low incidence of side effects. Theta burst stimulation (TBS), a patterned
protocol of rTMS, is able to induce long lasting excitatory (intermittent TBS) and inhibitory
(continuous TBS) effects on cortical excitability and its very tolerable for patients due to its
short duration. The high variability of response to TBS limits its use in clinical practice, thus
research is focused on the characterization of predictors of response and biomarkers of
efficacy. Among these, a common polymorphism of Brain Derived neurotrophic Factor (BDNF)
gene, valébmet, may influence the onset and progression of several neurodegenerative
disorders and may alter the response to different TMS protocols, in particular TBS, but results
are conflicting.
Cerebellum is considered an interesting area of stimulation for rTMS protocols in movement
disorders due to its ability to influence motor learning and control through its connections with
all the areas of the motor system and its role in sensory-motor integration. Indeed, it is
currently used as a target for neuromodulation in movement disorders involving different
pathological mechanisms.
The aim of the present study was to test the efficacy of inhibitory and excitatory cerebellar TBS
in three movement disorders with different aetiology and to search possible biomarkers
influencing its therapeutic effect.
In the first project a single session of cerebellar continuous TBS (cTBS) was able to reduce

levodopa-induced Dyskinesia in patients affected by Parkinson’s Disease (PD) and this effect



was accompanied by a decrease in serum BDNF levels. Moreover, the presence of the
Val66Met polymorphism of the BDNF gene was associated with a better response.

In the second project 15 sessions of cerebellar intermittent TBS (iTBS) were able to improve
motor symptoms in patients affected by Multiple system atrophy (MSA). No variations in
serum BDNF levels after iTBS treatment were observed and apparently Val66Met
polymorphism did not influence the clinical response.

In the third project the excitability of primary motor cortex (M1) was increased by a single
session of cerebellar iTBS in patients affected by Spino-Cerebellar ataxia 38 (SCA 38), an
inherited disease characterized by mutation in the EVLOV-5 gene. iTBS was then applied for 10
sessions to the cerebellum of patients leading to an improvement of motor symptoms,
especially postural stability. The Val66Met polymorphism did not influence the clinical
response and the changes in motor cortex excitability.

Overall, these data provide evidence for the use of cerebellar TBS in movement disorders;
moreover, they suggest that BDNF Val66Met polymorphism may influence response to TBS but
results vary depending on experimental model. Finally, they underline that measures of
cortical excitability may provide information about the responsivity of the motor network to
neuromodulation and may help to select an appropriate therapeutic protocol. Future studies
will help to select other genetic, neurophysiological and imaging biomarkers leading to a better

prediction and characterization of the clinical response to TBS.



1. Introduction
Movement disorders are neurological diseases characterized by an impairment in different
interconnected areas of the motor system, due to genetic, degenerative, toxic and other acquired
aetiology [1]. Among the non-pharmacological strategies employed to improve clinical symptoms
non-invasive brain stimulation (NIBS) techniques, such as repetitive transcranial magnetic
stimulation (rTMS), represent a promising therapeutic tool due to their low incidence of side

effects and their ability to induce long-term modulation of synaptic plasticity [2].

1.1 Transcranial Magnetic Stimulation

Transcranial magnetic stimulation (TMS) is a non-invasive method introduced by Baker in 1985 to
stimulate motor cortex [3]. Briefly, a short high intensity current pulse is produced in a wire
(magnetic coil) producing a high intensity magnetic field which penetrates the scalp and induces
an electric field in the targeted cerebral cortex thus causing ions to flow in the brain which
ultimately induce brief activation or inhibition of neurons [2,4] (Fig.1.1). The shape and orientation
of the coil influence the pattern and direction of the induced electric field which trigger axons
rather than cell bodies.

Single pulse TMS of the motor cortex has been widely used for 30 years to assess the conduction
of the descending cortico-nuclear and cortico-spinal connections in primary motor cortex (M1) by
recording the induced motor evoked potentials (MEPs) [2]. Paired pulse and paired associative
protocols offer the possibility to study M1 excitability through facilitation and inhibition of MEPs,
with diagnostic and research purposes [5]. In early 90s it has been shown that delivering many
pulses of TMS in sequence, so called repetitive TMS (rTMS), it is possible to induce neuroplastic
changes in the brain which outlast the stimulation period and can be applied for therapeutic

intents [6,7]. rTMS may exert facilitative or inhibitory effects which have been well described in



the motor cortex, while less studied in other brain areas until the last decade when coupling rTMS
with functional brain imaging and EEG has brought new acquaintance on the effects of TMS in
different brain regions [8]. TMS evokes a series of descending waves of corticospinal activity which
can be recorded with epidural electrodes. The earliest wave is termed the D-wave because it is
caused by direct activation of the axon of corticospinal neurons in the subcortical white matter.
This wave is elicited only at high intensities of stimulation. The later waves are called I-waves
because they are due to synaptic activation of the same corticospinal neurons and they are
numbered in order of appearance [5]. These waves are mainly prompted during rTMS protocols.
Pyramidal neurons have a high threshold of activation so they are not directly stimulated by
intensities normally used in rTMS protocols, usually close to the motor threshold (MT). Conversely,

they undergo a synaptic activation by surrounding interneurons displaying lower thresholds [9].
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Fig. 1.1: Schematic representation of TMS action on M1. Modified from [4,10]

1.1.1 Conventional and patterned rTMS protocols. rTMS is able to excite or inhibit neuronal

activity depending on the frequencies and pattern of stimulation. Classic rTMS protocols are



delivered at high frequencies (HF), with stimulus rates > 5Hz, which exert an excitatory effect; low
frequency protocols (LF), with stimulus rates < 1Hz, produce an inhibitory effect on neuronal
excitability. Patterned rTMS protocols use short rTMS burst interleaved by pauses of no
stimulation such as theta burst stimulation (TBS) and quadripulse stimulation (QPS) [11] (Fig.1.2).

TBS frequencies are derived from the observation of burst discharge (4—7 Hz) of the hippocampus
of rats during exploratory behaviour. TMS pulses are delivered as a 3-pulse 50-Hz burst applied at
5 Hz (i.e., 50 Hz burst of 3 pulses delivered every 200 ms). Intermittent TBS (iTBS) involves 600
pulses delivered as 20 trains of 2-s of TBS followed by an 8 s rest for about 3 min and increases
motor cortex excitability. Continuous TBS (cTBS) is obtained with application of one TBS train for
40 s which decreases motor cortex excitability. The produced long lasting effects on cortical
excitability are based on long term potentiation and depression mechanisms (LTP and LTD) and
exceed those seen with conventional rTMS protocols [12,13]. Accordingly, TBS was thought to
induce effects that would have lasted more than conventional protocols but clinical studies
conducted so far have shown similar efficacy over time compared to conventional protocols
[14,15]. The main advantages of TBS is its short duration, making it more acceptable to
participants, and the stability of stimulation parameters, which decreases the variability of

parameters among different studies.
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Fig. 1.2 Examples of conventional and patterned rTMS protocols [11].

1.1.2 Mechanism of action of TBS: Both excitatory and inhibitory protocols are able to induce
short and long lasting changes at the primary site of activation and at secondary related areas [16—
18]. The specific mechanisms of action determining therapeutic effects of rTMS and TBS protocols
are still object of study and involve synaptic long term potentiation (LTP) and long term depression
(LTD) mechanisms, modulation of neurotransmitter release and receptor expression, growth
factors expression and activation of neuroprotection pathways [19]. It has been recently proposed
a three stages theoretical model for TBS, involving mainly glutamatergic and gabaergic pathways,
which initially elicits post synaptic calcium influx leading to activation of different kinases which
determine whether the synapsis undergoes LTP or LTD. Afterwards synaptic long-term changes

occur resulting from the sum of facilitatory and inhibitory activities in the previous stages [20]. The
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secondary modulation of distant cortical and subcortical related areas by rTMS and TBS relies
mostly on neurotransmitters release and secondary areas show plastic changes which may have
an opposite direction of modulation from the primary target [21,22]. Thus, the resulting
therapeutic effect is probably due to the modulation of large scale brain networks involving
several areas controlling different physiological features [17]. Nowadays conventional and
patterned protocols have been extensively applied for therapeutic purposes in several

neurological and psychiatric disorders and FDA approved protocols have been released [23].

1.1.3 Variability of response. Both conventional and patterned protocols show high variability of
response, depending on several factors [16,24,25]. Indeed physiological features such as age, sex,
hormones, and genetic polymorphisms may influence cortical excitability and TMS response;
moreover, stimulation parameters are a big source of variability. This is particularly true for
conventional protocols, with many features varying among different studies thus lowering
reliability, while patterned protocols such as TBS are more fixed, so less prone to be changed.
Nevertheless, TBS has shown high inter- and intra-individual variability in healthy controls and in
different population of patients depending on several factors such as coil orientation, genetic
factors, brain state and muscle activation at the time of stimulation and others [13,26].
Consequently, technical solutions for lowering variability and better selection of individuals
sensitive to different rTMS and TBS protocols have been proposed [20,24,25,27] in order to

routinely employ this techniques in clinical practice.

1.2. Brain Derived Neurotrophic Factor (BDNF): influence on TMS variability. Among genetic

factors modulating brain plasticity, a common polymorphism of the BDNF gene, Val66Met, which
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is present in 35% of Caucasian population, is able to influence the onset and progression of several
neurodegenerative disorders [28,29]. Moreover, BDNF Val66Met polymorphism has been
described as an important factor contributing to the variability of response to different TMS
protocols, in particular TBS [13,26]. Indeed, the polymorphism is able to alter the balance between
mature BDNF and pro-BDNF, thus altering LTP and LTD mechanisms of synaptic plasticity [30].

In fact, mature BDNF is able to induce LTP trough the binding to its specific TRK-B receptor, while
the interaction between pro-BDNF and p75 receptor promotes LTD. These effects involve a
modulation of calcium entry in the post-synaptic membrane through the activation of specific
kinases and an interaction with NMDA, AMPA and GABA receptors [30,31]. The altered
physiological balance between the two forms of BDNF induced by the Val66Met polymorphism
has been associated with the onset and progression of several neurodegenerative disorders with
conflicting results [32]; moreover the altered synaptic plasticity associated with the presence of
the polymorphism may induces changes in cortical excitability [33] and a lack of response to TMS
treatment and especially to TBS protocols [13,34] which are highly dependent by LTP and LTD

mechanisms and whose action is mediated by glutamatergic transmission.

1.3. Cerebellar stimulation in movement disorders: In the last years the cerebellum has gained
interest as a target for neuromodulation in movement disorders [35]. In fact it plays a crucial role
in motor learning and control due to its ability to modulate sensory-motor integration; moreover,
it has direct and indirect connections with all cortical and sub-cortical areas of the motor system
so is able to modulate different neuronal networks [36]. In physiological conditions Purkinje cells
(PC) receive external sensory information and represent the only output from cerebellar cortex,
targeting cerebellar deep nuclei with inhibitory synapses; dentate nucleus exerts a tonic

facilitatory influence on motor areas and other regions of the neo-cortex through the interposition
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of the thalamus, modulating motor and cognitive functions [36]. Thus it has been shown that
targeting cerebellar cortex with single pulse TMS or inhibitory and excitatory protocols of rTMS
such as iTBS and cTBS leads to short and long term changes in motor cortex excitability which may
be exploited for therapeutic purposes [37]; indeed, cerebellar TMS is currently used for diagnostic

and therapeutic purposes in several movement disorders with different aetiology [38-42].

Overall, among rTMS protocols TBS represent a promising therapeutic tool for movement
disorders, especially due to the fact that lower intensities and shorter stimulation times make this
paradigm more tolerable for patients suffering from these disabling diseases; Unfortunately the
high variability of response and heterogeneity of results lower the level of evidence for its use in
routinely clinical practice. Thus, ongoing research is focused in the search of predictors of
response and markers of efficacy in order to select accurate conditions and appropriate
population of patients suitable for treatment.

Based on these observations, the aim of the present study is to test the efficacy of TBS in three
movement disorders with different aetiology and to search possible biomarkers influencing its

therapeutic effect.
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2. Project 1: Cerebellar continuous theta burst stimulation (cTBS) in levodopa-induced

dyskinesias: role of BDNF Val66Met polymorphism and effect on serum BDNF levels.

2.1 Rationale: Patients with Parkinson Disease (PD) on chronic Levodopa therapy are likely to
experience motor complications such as levodopa-induced dyskinesias (LIDs). The risk of
developing LIDs has been found to be around 40% after 4-6 years of levodopa treatment and up to
94% after 15 years [43,44]. Among the genetic risk factors BDNF Val66Met polymorphysm has
been reported to be associated with an early onset of LIDs [45] The complex pathophysiology of
LIDs, which involves pre- and post-synaptic modifications [46,47], is not yet completely
understood but several clinical and preclinical evidence consider LIDs the clinical manifestation of
an aberrant plasticity involving cortical regions, basal ganglia and cerebellum [48,49]. It has been
proposed that an altered sensory-motor plasticity in the striato-thalamo-cortical circuits may lead
to a compensatory increase in cerebellar activity with maladaptive plastic changes. The abnormal
dopaminergic levels during the peak-dose and the increased cerebellar activity make motor
neurons incapable to discriminate between salient and non-salient external stimuli with an
inappropriate selection of motor programs and the generation of abnormal movements [48].
Neurophysiological studies confirm an altered plasticity in PD patients with LIDs with an
impairment of LTP mechanisms [50,51]. Among the different brain areas targeted with TMS to
improve LIDs [38,42,52] it has been shown that cTBS applied to cerebellum is able to reduce LIDs
after an acute and a chronic treatment [53] with a concomitant reduction of cerebellar
metabolism as revealed by PET imaging [54]. The precise mechanism of cerebellar cTBS in

improving LIDs and potential factors influencing clinical response are still unclear.
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The aim of the present project is to test whether a single session of cerebellar cTBS is able to
affect LID severity and BDNF serum levels in PD patients. The study also explores a possible

involvement of BDNF Val66Met polymorphism in influencing the response to cTBS.

2.2 Methods

Patients: Eleven patients with PD and LIDs were enrolled. Patients underwent a complete
neurological examination and Unified Parkinson's Disease Rating Scale (UPDRS) evaluation [55].
Inclusion criteria were: age < 80 years, diagnosis of idiopathic PD according to Brain Bank criteria
[56], stable dopaminergic treatment producing the best control of symptoms for at least 1 month
before and during the study, presence of bothersome (item 33 of UPDRS > 2) LIDs > 25% of waking
hours (item 32 of UPDRS 2 2). Exclusion criteria were: previous surgery for PD, inability to
understand and sign the informed consent, other neurological disorders, contraindication to rTMS.
All experimental procedures were approved by local Ethical Committee. All patients signed the
informed consent. The study endorsed the Principles of Human Rights, as adopted by the World
Medical Association (18th WMA General Assembly) in 1964 in Helsinki (Finland) and then

amended by the 64th WMA General Assembly in 2013 in Fortaleza (Brazil).

Experimental procedures: A double blind, cross over, sham-control study was performed (Fig. 2.1).
Experiments were performed in the morning, between 8 and 10 am. According to Core
Assessment Program for Surgical Interventional Therapies (CAPSIT) [57], patients were in
withdrawal of therapy and had been fasting for 12 hours. As previously described by other Authors
[53], patients received 125% of their usual morning Levodopa equivalent dose as immediate-
release Levodopa/Carbidopa. After Levodopa administration patients underwent to cTBS

treatment, and UPDRS IIl and CAPSIT dyskinesia scale were administered every 15 min for 90 min
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(to, t15, 130, t45, 160, t90). LIDs were assessed individually in seven body regions (face, neck,
trunk, and right and left upper and lower limbs) and were scored as follows: 0, none; 1, mild; 2,
moderate; 3, severe; and 4, extreme (total score: 0-28). Sessions were video-recorded and
evaluated by two independent blinded raters.

rTMS procedure: Each patient was exposed to sham and real cerebellar cTBS stimulation in two
separate sessions performed at least one week apart. The order of sessions was randomized and
the patients were told that they were going to be exposed to two different protocols, causing
different scalp sensation. Stimulation was applied immediately after tO over the lateral cerebellum
ipsilateral to the side in which LIDs were predominant [53]. An EB Neuro STM9000 ultra-fast
stimulator connected to a 90 mm air-cooled circular coil (EB Neuro SpA, Florence, Italy) was
employed. The targeting sites of the cerebellum were 1 cm inferior and 3 cm left/right to the
inion. Sham stimulation was performed with the coil angled at 90° to the skull decreasing the
power to 40% of AMT. The cTBS consisted of three-pulse bursts at 50 Hz repeated every 200 ms (5
Hz) for a total of 600 pulses (total time 40 s). Stimulator intensity was set at 80% of the active
motor threshold (AMT) of first dorsal interosseous [12], defined as the lowest intensity to evoke a
MEP of at least 200 nV in 5 out of 10 trials during slight isometric contraction of the tested muscle
[2].

Genotyping: Blood was collected in appropriate EDTA coated tubes and stored at -80 °C until use.
DNA was extracted from blood using a commercial kit (Sigma-Aldrich, Milan, Italy) and used as
template to amplify the BDNF gene DNA region containing the rs6265 polymorphism (Genebank
accession number: AB038670). In order to be 100% sure of the results, two sets of polymerase
chain reaction (PCR) primers, selective for two amplicons of 401 and 273-bp both containing a
common PCR-RFLP region detected using Nlalll restriction enzyme, were used as previously

described with slight modifications [58,59]. Briefly, DNA was amplified by running in parallel two
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PCR reactions using 0.4 uM of each set of primers (forward 5’-
CCTACAGTTCCACCAGGTGAGAAGAGTG-3’; reverse 5'-ATGGATCTACGACGTTTGTACAGGTACT-3’ or
forward 5° AAAGAAGCAAACATCCGAGGACAAG-3’; reverse 5-GGAGAAGAGAAAGACGACCTCCTTA-
3’). The reaction mix contained: 20 ng of genomic DNA in 75 mM Tris-HCI (pH 9.0), 20 mM
ammonium sulfate, 0.01% Tween 20, 1.5 mM magnesium chloride, 0.4 mM dNTP, and 1U Taq
polymerase. After an initial denaturation for 5 min at 95°C, 35 cycles of denaturating at 95°C for
30 s, annealing at 55°C for 40 s, and extension at 72°C for 50 s were performed, followed by a final
extension at 72°C for 5 min. Both PCR products were digested with Nlalll to detect the G - A SNP.
All samples were double-checked genotyped with each set of primers producing identical results.
Serum BDNF: Blood was collected in appropriate serum collecting tubes before (T0) and at the end
(T90) of each session. Samples were centrifuged at 900 x g for 10 minutes. The resulting serum
supernatant was frozen at —-80 °C until use for BDNF assay. The amount of BDNF in each sample
was detected with an enzyme-linked immunosorbent assay (ELISA) commercial kit (Sigma-Aldrich,
Milan, Italy) as previously described [60]. ELISA was performed according to the manufacturer's
instruction using a 96-well plate that was pre-coated with a primary antibody against rat BDNF.
Each sample was run in duplicate. Data are presented as the mean + SEM and are expressed as
pg/ml of serum BDNF.

Statistical analysis: Graph-Pad Prism 6.01 software (La Jolla, California, USA) was used for
statistical analysis. Non parametric Friedman analysis of variance was used to evaluate the effect
of sham and real cerebellar cTBS on LIDs and BDNF serum levels. Post -hoc comparisons were

performed by Wilcoxon tests.
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Fig. 2.1. Experimental design

2.3. Results

Participants and genotype: Table 2.1 shows the baseline characteristics, the AMT and the
genotype of the patients. RFLP analysis revealed four Val66Val and seven Val66Met patients who
did not differ in clinical features and in Levodopa equivalent daily dose (LEDD).

Effect of a single session of cerebellar cTBS on LIDs and influence of Val66Met polymorphism: The
procedure was well tolerated by all patients and no major adverse effects were reported. Fig. 2.2A
displays the effect of lateral cerebellar cTBS and sham stimulation on CAPSIT dyskinesia scores in
all patients. Friedman analysis showed a significant difference between sham and real cTBS (Q=
9.49, p = 0.01). Wilcoxon post-hoc analysis showed a significant reduction in dyskinesia score at
t60 for cTBS with respect to sham stimulation (p = 0.04). Fig. 2.2B shows the effect of cTBS on LIDs
in Val66Val carriers. A significant difference was found between the two groups (Q=9.01 p = 0.04).

The reduction of CAPSIT score with cTBS compared to sham stimulation was significant at t45 (p =
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0.03) and t60 (p = 0.03). Fig. 2.2C shows the effect of cTBS in Val66Met subjects. No significant

difference between groups was found at any time point (p > 0.05)

Effect of cerebellar cTBS on serum BDNF levels: A preliminary study was conducted to investigate

the effect of a single dose of Levodopa on BDNF serum levels in seven PD patients with LIDs.

Levodopa alone didn’t induce any significant change in serum BDNF levels (p > 0.05, data not

shown). Wilcoxon test showed a significant reduction of BDNF serum levels only for real cTBS (Fig.

2.3A) (p = 0.01) but not for sham stimulation (p = 0.13). Stratifying by BDNF polymorphism, real

cTBS significantly reduced serum BDNF levels in Val66Val group (Fig. 2.3B), but not in the

Val66Met group (Fig. 2.3C) (p=0.03; p 0.13, respectively).

Disease
Patient # Age Sex H&Y UPDRS duration LEDD GeBn[t)JItV:pe
(years)
1 55 M 3 47 11 665 Val/Val
2 72 M 2 36 14 300 Val/Met
3 74 F 3 48 7 600 Val/Val
4 62 M 3 53 15 1038 Val/Val
5 60 M 2 36 18 200 Val/Vval
6 80 F 3 49 6 800 Val/Met
7 57 M 2 40 11 935 Val/Vval
8 79 M 2 42 5 475 Val/Val
9 66 F 2 33 11 650 Val/Met
10 76 M 2 42 12 700 Val/Met
11 68 M 3 34 10 703 Val/Val

Table 2.1: Demographic, clinical and genetic features of patients.
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Fig.2.2: Panel A displays the effect of one session of cerebellar real and sham cTBS on dyskinesia
score for all patients. Panel B shows the effect at different time points for Val66Val carriers; panel
C shows the effect of cTBS at different time points for Val66Met carriers. Black and white columns
indicate real and sham cTBS, respectively. Data are presented as mean + SEM. *p < 0.05 cTBS vs

sham.
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Fig. 2.3 Panel A shows the effect of one session of cerebellar real and sham cTBS on serum BDNF
levels for all patients. The effect of cerebellar cTBS on serum BDNF levels in Val66Val and
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levodopa administration) and grey columns indicate T1 (90 min after levodopa administration)
time points. Data are presented as mean + SEM. *p <0.05 TO vs T1.
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2.4 Discussion: This study confirms the efficacy of cerebellar cTBS in reducing LIDs [53,54] and
shows that the clinical effect is accompanied by a decrease in serum BDNF levels. Moreover,
Val66Met BDNF polymorphism is able to influence the clinical and biological response to cTBS.

The observed decrease of BDNF serum levels after an inhibitory TMS protocol applied to the
cerebellum might be considered a LTD like mechanism which reduces motor cortex hyper-
excitability as previously described in patients with LIDs [61]. The observed decrease in BDNF
serum levels associated with cTBS is in agreement with a recent preclinical report on a rat model
of LIDs showing that overexpression of BDNF is associated with increased susceptibility to
development of LIDs, probably due to a serotoninergic hyper-innervation of basal ganglia, which in
turn may exacerbate maladaptive responses to Levodopa [62]. Data on BDNF serum levels
associated with rTMS are controversial, depending on the protocol and on the patients population
[63,64].

This study has been published on Neurosci Lett. 2020 Jan 18;716:134653. doi:

10.1016/j.neulet.2019.134653.
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3. Project 2: Effects of cerebellar intermittent theta burst stimulation (iTBS) on motor symptoms

in Multiple System Atrophy (MSA)

3.1 Rationale: Multiple-system atrophy is a neurodegenerative disease characterized by
progressive autonomic failure, parkinsonian features, and cerebellar and pyramidal features in
various combinations [65].

The neuropathological hallmark of MSA are glial cytoplasmic inclusions consisting of misfolded a-
synuclein. Selective atrophy and neuronal loss in striato-nigral and olivopontocerebellar systems
underlie the division into two main motor phenotypes of MSA-parkinsonian type (MSA-P) and
MSA-cerebellar type (MSA-C) A prodromal premotor phase include sexual dysfunction, urinary
urge incontinence or retention, orthostatic hypotension, inspiratory stridor, and rapid-eye-
movement sleep behaviour disorder which appear months to years before the first motor
symptoms appear. Current pharmacological therapies target rigidity and bradykinesia, such as
Levodopa, but response is inadequate and short lasting [66,67].There is no disease-modifying drug
available and treatment is mostly symptomatic. There is thus an urgent need to develop new non-
pharmacological therapeutic strategies to improve motor function in patients affected by MSA.
Motor dysfunction in MSA is related to a cerebellar atrophy and to an altered plasticity and
neuronal excitability in motor cortex and connected areas with a peculiar involvement of
cerebellum, [68,69] Only few studies have explored the potential therapeutic role of rTMS in MSA,
showing an improvement with conventional protocols targeting motor cortex and cerebellum, but
data are still preliminary [70,71].

The aim of this study is to investigate the efficacy of iTBS applied to cerebellum, in improving

clinical signs of MSA and to elucidate possible mechanisms of action.

23



3.2 Methods

Patients: Four patients affected by MSA-C and two patients affected by MSA-P were enrolled.
Patients underwent a complete neurological examination and Unified Multiple System Atrophy
Rating Scale (UMSARS) evaluation [72].

Inclusion criteria were: age < 80 vyears, diagnosis of probable MSA with predominantly
parkinsonian (MSA-P) and cerebellar (MSA-C) features according to the established consensus
criteria [73]. Exclusion criteria were: Inability to understand and sign the informed consent, other
severe neurological disorders, significant medical or psychiatric illnesses, history of epilepsy or
seizures, pregnancy, or mental diseases. All of these patients did not respond well to the levodopa
treatment. All experimental procedures were approved by local Ethical Committee. All patients
signed the informed consent. The study endorsed the Principles of Human Rights, as adopted by
the World Medical Association (18th WMA General Assembly) in 1964 in Helsinki (Finland) and
then amended by the 64th WMA General Assembly in 2013 in Fortaleza (Brazil).

Experimental procedures: A chronic double blind cross-over treatment was performed (Fig. 3.1).
Patients were randomized to receive 15 sessions of real and sham bilateral cerebellar iTBS
separated by 45 days. Clinical evaluation was made by Unified Multiple System Atrophy Rating
Scale (UMSARS) [72] at the beginning and at the end of each trial; patients were video-recorded
and a blinded evaluator generated UMSARS scores. Blood sample were collected at the beginning
and at the end of each trial.

rTMS: An EB Neuro STM9000 ultra-fast stimulator connected to a 90 mm air-cooled circular coil
(EB Neuro SpA, Florence, Italy) was employed. The targeting sites of the cerebellum were 1 cm
inferior and 3 cm left/right to the inion. Sham stimulation was performed with the coil angled at
90° to the skull decreasing the power to 40% of AMT. The iTBS consisted of 20 cycles of 2 sec of

three-pulse bursts at 50 Hz repeated every 200 ms (5 Hz) repeated every 10 sec for a total of 600
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pulses (total time 191 sec). Stimulator intensity was set at 80% of the active motor threshold
(AMT) of first dorsal interosseous. Two-minute pause wase set between left/right stimulation.
Genotyping and serum BDNF analysis were performed as described in project 1.

Statistical Analysis: Graph-Pad Prism 6.01 software (La Jolla, California, USA) was used for
statistical analysis. Non parametric Friedman analysis of variance was used to evaluate the effect
of sham and real cerebellar iTBS on UMSARS motor score and BDNF serum levels. Post -hoc

comparisons were performed by Wilcoxon tests.

iTBS
-TUE- E MO-TUE-WED-FRY MO-TUE-WED-FRY MO-TUE-WED
UMSARS + BLOOD gl UMSARS + BLOOD
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TO Tl
Wash out 2 45 days
UMSARS + BLOOD MO-TUE-WED-FRY MO-TUE-WED-FRY MO-TUE-WED-FRY MO-TUE-WED UMSARS + BLOOD
(DNA + SERUM) I I [DNA +SERUM)
T0 Tl
SHAM

Fig 3.1: Experimental design

3.3 Results:

Patients. Table 3.1 shows the baseline characteristics, the UMSARS basal score, the AMT and the
BDNF genotype of the patients. All patients completed the study without serious adverse events.
Effect of 15 sessions of cerebellar iTBS on motor score in MSA patients: Fig. 3.2 shows that

cerebellar iTBS is able to induce a significant reduction of UMSARS motor score, while no effect is
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observed for the sham treatment. Preliminary analysis shows that the clinical effect of iTBS was

not accompanied by changes in serum BDNF (p>0.05) as show in Fig. 3.3

Disease

Patient # Age Sex UMSARS duration Geiz’:l:pe
(years)

1 73 F 52.0 7 val/val
2 72 F 46.5 3 val/val
3 65 F 48.5 > val/Met
4 71 F 57.5 4 val/val
5 61 F 92.5 5 Val/Met
6 75 F 49.5 5 Val/Val

Table 3.2: demographic, clinical and genetic features of MSA patients.
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Fig. 3.2: effect of one session of cerebellar real (panel A) and sham (panel B) iTBS on UMSARS

score for all patients. Data are presented as mean + SEM. *p < 0.05 T1 vs TO.
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Fig. 3.3: Panel A shows the effect of one session of cerebellar real (panel A) and sham (panel B)

iTBS on serum BDNF levels for MSA patients. Data are presented as mean + SEM. *p < 0.05 TO vs

T1.

3.4 Discussion: These preliminary data show a clinical effect of bilateral cerebellar iTBS on motor
score in MSA patients, confirming the potential role of cerebellar NIBS in this neurodegenerative
disorder described by other authors [70,71,74]. fMRI studies have shown that HF applied to
bilateral M1 is able to increase activation of the cerebellum [70]; moreover, excitatory stimulation

of both cerebellum and bilateral M1 has been shown to be able to improve motor control in
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patients with MSA and to increase in the physiologic complexity of the motor network. In MSA an
impaired M1 excitability has been described, with a lack of response to cTBS and iTBS, probably
due to an impairment in LTD/LTP plasticity [75]. This may explain the lack of modification in serum
BDNF levels.

A paper with the data of the present study is in preparation.
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4. Project 3: Therapeutic use of cerebellar intermittent theta burst stimulation iTBS in
spinocerebellar ataxia 38 (SCA 38)

4.1 Rationale Spinocerebellar Ataxias (SCAs) are autosomal dominant neurological disorders
characterized by progressive cerebellar ataxia, resulting in unsteady gait, clumsiness, and
dysarthria often associated with other neurological signs such as pyramidal or extrapyramidal
signs, ophthalmoplegia, and cognitive impairment. Atrophy of the cerebellum and brainstem are
most often the prominent features, but other structures can be affected, leading to several
phenotypes [76]. They are considered rare diseases with a prevalence ranging from 0 to 5.6 cases
per 100,000 individuals. Genetically, they are grouped as repeated expansion SCAs and rare SCAs,
caused by conventional mutations. The latter are generally less severe and show a slower disease
progression [76,77]. The prominent clinical feature is progressive cerebellar ataxia, which usually
start with unsteadiness of gait and lately involves the loss of fine motor skills; dysarthria and
dysphagia are common and on clinical examination oculomotor abnormalities are present.
Depending on the SCA, pyramidal and extrapyramidal signs may be present as well as sensory
symptoms, epilepsy and cognitive and psychiatric disturbances [77].

SCA 38 is an autosomal dominant disorder caused by mutations in the ELOVL5 gene which
encodes an enzyme involved in the synthesis of very long fatty acids, with a specific expression in
cerebellar Purkinje cells [78]. Three Italian families carrying the mutation, one of which is of
Sardinian descent, have been identified and characterized [79]. Brain MRI showed a selective
cerebellar atrophy with normal brainstem and cerebral cortex; The disease is slowly progressive
with onset at 39.1 years (range 26-50) with no sex differences. Initial clinical features are gait
ataxia associated with hyposmia and pes cavus, followed by limb ataxia, dysarthria, dysphagia,
ophtalmoparesis and sensory loss. By the fourth decade of the disease patients are wheel-chair

bounded and dependent in daily basic activities. Mean disease duration from onset to death is 41
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years. Patients do not display cognitive impairment, while anxiety disorder and hearing loss has
been found in the Sardinian family [79]. Docosahexanoid acid (DHA) supplementation has been
proved to be effective for improving clinical features and brain metabolism in SCA 38 at short and
long term follow up [80,81], thus patients keep taking this medication daily in order to delay
progression of the disease.

NIBS techniques have been proved to be effective in diagnosis and therapy of different form of

ataxias [82—-84] showing promising results.

The aim of this study is to investigate the efficacy of two weeks of iTBS applied to cerebellum, in

improving clinical signs of SCA-38.

4.2 Methods

Patients: six patients previously diagnosed with SCA-38 [78], belonging to the same Sardinian
family (Fig 4.1), were enrolled. Patients underwent a complete neurological examination and
Modified International Cooperative Ataxia Rating Scale (MICARS) evaluation [85].

Inclusion criteria were: age < 80 years, diagnosis of SCA 38. Exclusion criteria were: Inability to
understand and sign the informed consent, other severe neurological disorders, significant
medical or psychiatric illnesses, history of epilepsy or seizures, pregnancy, or mental diseases.

All experimental procedures were approved by local Ethical Committee. All patients signed the
informed consent. The study endorsed the Principles of Human Rights, as adopted by the World
Medical Association (18th WMA General Assembly) in 1964 in Helsinki (Finland) and then
amended by the 64th WMA General Assembly in 2013 in Fortaleza (Brazil).

Experimental procedures: Changes in motor cortex excitability were evaluated after one session of

cerebellar iTBS applied to 6 SCA 38. Then a chronic double blind cross over treatment (Fig 4.2) was
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performed. Patients were randomized to receive 10 sessions of real and sham iTBS separated by
45 days. Clinical evaluation was made by MICARS at the beginning and at the end of each trial;
patients were video-recorded and a blinded evaluator generated MICARS scores. Blood samples
were collected at the beginning and at the end of each trial. Before clinical assessment nerve
conduction studies were performed to evaluate the presence of polyneuropathy.

Effects of iTBS of the lateral cerebellum on MEPs: subjects were asked to relax and keep their eyes
open. Single-pulse TMS was delivered through a Magstim super rapid 2 stimulator (The Magstim
Company Ltd, Whitland, UK) connected to a figure of- eight coil placed over the left M1 in the
optimal position for eliciting MEPs in the right FDI muscle. 20 single pulses delivered at the
intensity able to evoke 1-mV MEPs were collected before and 10 after iTBS protocol applied to
lateral right cerebellum [37,75]. iTBS was delivered at 80% of AMT as described in project 2.

rTMS procedure: Real and sham iTBS were delivered as described in project 2 every weekday for
two weeks for a total of 10 sessions.

Statistical analysis: t-test was used to evaluate differences in MEP amplitude, Wilcoxon test for

analysis of MICARS scale and subscales.

SCA38-02-CA

b A—— A— 5 T
1 |

Fig. 4.1 Pedigrees of the Sardinian family with SCA38. Solid black symbols indicate affected

members. Arrows indicate subjects recruited for the present study. Modified from [79]
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Fig. 4.2: Experimental design. Panel A shows the procedure to assess the effect of one session of

cerebellar stimulation on MEP. Panel 2 shows the procedure of the chronic cerebellar iTBS

treatment.
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4.3 Results

Patients: table 4.1 shows demographic features, MICARS score at baseline and BDNF genotype.
Nerve Conduction studies: among 6 patients only one showed signs of a sensory-motor axonal
neuropathy. Other patients resulted within normal range.

Effect of a single session of cerebellar iTBS on MEPs: Fig. 4.3 shows a significant increase of MEP
amplitude 10 minutes after cerebellar iTBS (1.0 + 0.03 vs 1.7 + 0.13; p = 0.0005). Segregating for

BDNF genotype, no difference was found between Val66Val and Val66Met patients (p>0.05).

Effect of 10 sessions of cerebellar iTBS on motor symptoms: Fig. 4.4 shows a significant decrease in
MICARS score after real iTBS applied to cerebellum. The total and the subscale scores were tested
pre-TBS and post-TBS. Mean MICARS total scores decreased after iTBS treatment (18.83 + 3.3 vs
14.42 + 2.9 p=0.03). Considering the subscales, only the Posture and gait disturbance section
displayed a significant decrease (Wilcoxon test p=0.02). Segregating for BDNF genotype, no

difference was found between Val66Val and Val66Met patients (p>0.05).

Patient # Age Sex A ge at. MICARS score BDNF
diagnosis genotype
1 56 F 47 30 Val/val
2 45 M 34 21 Val/val
3 54 M 45 18 Val/val
4 53 M 43 15 Val/Met
5 50 F 41 6 Val/Met
6 44 F 35 24 Val/Met

Table 4.1: Demographic, clinical and genetic features of SCA 38 patients.
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4.4 Discussion: this is the first repost showing a significant effect of cerebellar iTBS in improving
motor symptoms in SCA-38 patients. The main effect was seen for the posture and gait section of
MICARS. This data is in accord with a previous study performed on post stroke ataxic patients
displaying an improvement in the same items [82]. Increasing the length of the treatment and the
number of patients could eventually show a significant improvement in other clinical features
which only show a non-significant tendency to improvement such as the kinetic functions and
dysarthria. The observed increase of MEP in M1 after one session of cerebellar iTBS is comparable
with that previously described for healthy subjects [37] and involves the cerebello-thalamus-
cortical (CTC) pathway. It has been proposed that the CTC projections activated by cerebellar iTBS
directly contract synapses with the GABA(B) inhibitory cortical interneurons decreasing their
activity. The observed effect may be used as a predictor of response to TBS protocols in patients
with neurodegenerative disorders, in which neuroplasticity is often altered, compromising
response to different stimulation protocols.

A paper with the data of the present study is in preparation.
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5. General discussion

The results of the present study show that excitatory and inhibitory TBS is able to improve motor
symptoms in three movement disorders of different origin. In project 1 one session of cerebellar
CTBS was effective in decreasing LIDs in PD patients with a concomitant reduction of serum BDNF
levels. The presence of BDNF val66met polymorphism seems to impair the response to the LTD-
like treatment, although the experimental sample is too small thus no conclusive assumption can
be made. Nevertheless this result is in agreement with previous published data showing that the
polymorphism may reduce the response to cTBS [86], although results in literature are conflicting
[13,26]. The ability of cTBS to improve LIDs may be due to a decrease in the salience of external
stimuli in the motor cortex which arise from an excessive cerebellar activation during L-Dopa peak
[49,53].

In project 2 a chronic iTBS treatment was able to ameliorate motor symptoms in MSA patients. No
changes in serum BDNF have been detected after 15 sessions of iTBS and two out of six patients
are carriers of the Val66Met BDNF polymorphism. Previous studies have shown an improvement
after high frequency stimulation of the cerebellum with conventional protocols either as a unique
target or in combination with the motor cortex; moreover the clinical effect was associated with
an increased functional connectivity in the motor system [70,71]. A clinical efficacy of cerebellar
iTBS in MSA patients hasn’t been described so far and needs to be confirmed with a higher
number of patients. Previous studies have shown an altered cortical excitability in MSA patients in
which iTBS or cTBS failed to alter MEPs when acutely administered to M1, suggesting an
impairment of LTP/ LTD like plasticity. This alteration may be due to an intrinsic M1 abnormality or

to an anomalous input from basal ganglia and other motor areas [75]; present data suggest that
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cerebellum may be considered better target for stimulation than M1 in order to influence motor
network which often display a maladaptive plasticity in degenerative disorders.

Results of project 3 show that a chronic treatment with iTBS was able to improve motor symptoms
in SCA 38 patients. The analysis of MEPs, performed before and after one session of cerebellar
iTBS showed that iTBS is able to increase M1 excitability in SCA 38 patients likewise healthy
controls [37]. This neurophysiological marker gives information about the integrity of the
cerebellar-thalamus-cortical pathway and may be used as a predictor of response before a chronic
treatment with TBS or other rTMS protocols. The effect on cortical excitability was displayed by all
patients and was not influenced by Val66Met BDNF polymorphism, which was found in 3 out of 6
subjects included in the study. The extent of clinical improvement after two weeks of cerebellar
iTBS treatment was not apparently influenced by the polymorphism either, but a correlation

analysis with a bigger sample is needed.

6. Conclusion and future directions: Overall, the data presented underline the crucial role of
cerebellum as a target for movement disorders of different aetiologies either to decrease an
aberrant plasticity or to improve a defective functionality of the motor network. TBS protocols due
to their short duration and long-lasting effects are very manageable for operators and tolerable
for patients. Unfortunately, they display an high inter and intra-individual variability of response
which limit their clinical use [27]. Among predictors of response to TBS Val66Met polymorphism
has shown limited value, with results varying depending on the population of patients, target area
and experimental setting; other polymorphisms in genes implicated in regulating synaptic
plasticity and neurodegeneration have been studied, among which polymorphisms in Catechol-O-
methyltransferase (COMT), dopamine transporter (DRD2), glutamate ionotropic NMDA receptor

subunits (NMDAR) have been described to play a role in influencing TMS response in physiological
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and pathological conditions [16,34] but results are still controversial. Neurophysiological tests of
cortical excitability have shown to be very accurate and reliable to probe the after effect of rTMS
and TBS [37]; indeed they allow exploration of different neuronal pathways and an altered M1
excitability might be found even in early stages of several diseases thus leading to an early
diagnosis and treatment [75,87,88]; on the other hand their execution require adequate
equipment and experienced personnel thus they may be only used in a research setting. Ongoing
research is combining TMS with other neurophysiological techniques such as quantitative EEG or
TMS-evoked potentials in order to find better measures of efficacy and outcome
parameters[20,89]. Finally, increasing the number of patients enrolled in the studies would lower
the variability and increase the reliability of the observed effect, but this objective is not always

achievable when treating rare and disabling diseases.
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